SHARP INEQUALITIES FOR GEOMETRIC MAXIMAL
OPERATORS ASSOCIATED WITH GENERAL MEASURES
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ABSTRACT. We determine the best constants in the weak-type (p,p) and LP
estimates for geometric maximal operator on (R, p). It is also shown that in
higher dimensions such inequalities fail to hold.

1. INTRODUCTION

Let p be a nonnegative Borel measure on R™. The maximal geometric mean
operator associated with p is an operator acting on measurable functions f : R® —
R by the formula

G () = sup exp {H(lB) /Blog(lf(y)l)du(y)} ,  T€ER",

where the supremum is taken over all balls B in R™ containing = such that the
integral is defined and 0 < p(B) < oo; if no such B exists, we put Gy(z) = 0. This
operator was introduced in the one-dimensional setting by X. Shi, who studied
weighted LP estimates for this object. More precisely, it was proved in [14] that if
0 < p < oo is fixed and pu is Lebesgue measure on R, then the inequality

[ Gsaru@ant) < ¢ [ 1f@)rue)duts)

holds for all f € LP(wdy) if and only if w satisfies Muckenhoupt’s (A ) condition

sup (1 [ w@au) (exo{ 47 [1os/wonanta}) < ca

Here the supremum is taken over all intervals I (see [8], [11]). Hu et. al. [9] showed
that for each 0 < p < oo, the latter requirement is equivalent to the validity of the
weak-type estimate

[t} < [voruannia}”

for all f € LP(wdp). These results have been extended in many directions, including
two-weight case (see Cruz-Uribe [3], Cruz-Uribe and Neugebauer [4], Hu et. al. [9],
Yin and Muckenhoupt [12]) and one-sided case (Luor [10], Ortega and Ramirez
[13]). The concept of maximal geometric mean operator has been also transferred
to probability theory: see [1], [2] and [15].
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The purpose of this paper is to determine best constants in the weak- and strong-

type inequalities for maximal geometric operators associated to general Borel mea-
sures in the one-dimensional setting. For a given measure p on R and a measurable

f:R—=R, put
1/p
UMNMQ—{Auuwﬂmm}

1/p
1 los ey = sup { Wu({e s Gra) > A}
A>0

Our main results can be stated as follows.

and

Theorem 1.1. For any 0 < p < oo and any measurable function f,

2 1/p
1.1 oo < P .
(1) 6 e < (o5)  IMlev

If 1 is Lebesgue measure, then the inequality is sharp for each p.

Theorem 1.2. For any 0 < p < oo and any measurable function f,

(1.2) G sl e @) < Cl/p”fHLP(]R,u)a
where ¢ = 3.5911 ... is the unique solution to the equation
1
(1.3) logc = et .
c

If p is Lebesque measure, then the inequality is sharp for each p.

We have organized this note as follows. In the next section we prove Theorem 1.1,
as well as its extension concerning the more general class of weak-® estimates. In
Section 3 we deal with the strong-type estimate. The final part of the paper concerns
the following negative, higher-dimensional result: neither weak- nor strong-type
estimate for Gy holds in R", n > 2.

2. WEAK-TYPE ESTIMATE
We start with the following auxiliary fact.

Lemma 2.1. For any x € R we have

e elog 2
2.1 > -
21) R
and

log 2

(2.2) e > gz 42982
Proof. This follows from a straightforward calculus. We leave the details to the
reader. O

Proof of (1.1). We must prove that for any p, A > 0 and any function f € LP(R, p)

we have
2

o3 [ @),

Replacing f with Af if necessary, we may assume that A\ = 1. Similarly, plugging
|£]'/P in the place of f, we see that it suffices to establish the above bound for p = 1
and nonnegative f.

Nu({zeR:Ge(x) > A}) <
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By the definition of Gy, if Gy(x) > 1, then there is a non-degenerate interval I,
containing x such that

1
w(lz)

and we have Gy > 1 on I,. By Lindelof’s theorem, we may pick a countable
subcollection {I;},>1 such that

(2.3) /1 log f(y)du(y) >0

UL =U{L:Gs)>1}
j=1

For a fixed integer N, put Zy = {I1, I, ..., In} and let
FV=J I
IeTN

By Lemma 4.4 in [6], there are two subcollections Z; and Z, of ZVV such that the
intervals in each of these are pairwise disjoint and

FN:OUI

i=1I€e7;

(this splitting is possible only in the one-dimensional case; the argument breaks
down in R™, n > 2). Therefore, we can write FV as the sum AU B, where A is the
set of those € FN | which belong to exactly one element of Z; U Z, and B is the
set of those x, which lie in one element of Z; and one element of Z,. By (2.1),

/A f@)dp(z) = /A o8 () > © /A log £ (2)dpu(x) +
and, similarly, by (2.2),
[ t@aua) = [ o aua) = § [ 10 flajanta) +

Summing these two estimates, we get

Fdut) > $ Y / log / ()du(x) +

I€T ULy

elog 2
2

1(A)

elog 2
5 —H(B)-

elog 2
2

p(FY).
FN

However, by (2.3), each term under the above sum is positive. Therefore,
elog 2
f(r)du(z) > ——

FN

u(FN)

and letting N — oo yields

A

> 2
utte: Grto) > ) = | U | < s /{GPl}f(x)du(x)

2
~ elog2

/R f(2)du(a),

which is the desired estimate. We turn to the sharpness of this bound: assume
that p is the Lebesgue measure. First note that by the arguments presented at the
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beginning of the proof, it suffices to focus on the case p = 1. Consider the function
f:R — R given by

e e
flz)= 5X{|x|51}($) + 1X{1<|m|§1/(210g2—1)}~
We compute that
/1 log f(x)d (m)—<1—1>loge+2loge—0
1/log2-1) a 2log2 — 1 1 2

and, similarly,

1/(2log2—-1)
/ log / ()du(x) = 0.
-1

This implies Gy > 1 on the interval (—1/(2log2 —1),1/(21log2 — 1)) and hence

2
o0 > H>—-:.
G rllLroe @y = u(Gp > 1) > 2log2 — 1
On the other hand, we easily check that
elog 2 2
d = . .
[ s@ante) = SR S
This shows the optimality and completes the proof of Theorem 1.1. [

Remark 2.2. The reasoning presented above can be used to obtain much wider
class of weak ®-estimates. Suppose that ® : [0,00) — [0,00) is a C' function
satisfying ®(0) = 0, lim, o 2®'(z) = 0, lim,;_,o ®'(x)z = oo and such that the
composition z — ®(e”) is strictly convex on R. We will show how to determine the
best constant Cg in the inequality

S()p({x € R: Gy(x) > 1}) < Co / &(| ()] dpa(z).

For any 8 € [0,®(1)], let a_(B), ar(B) (a—(8) < ai(B)) be the slopes of two
lines passing through (0, 3), tangent to the graph of the function = — ®(e*). By
Darboux property, there is a unique By for which oy (8y) = 2a_(5y) (indeed: we
have a4 (0) > 0 =2a_(0) and a—_(®(1)) = a4 (P(1)) > 0). Replace (2.1) and (2.2)
with the estimates

®(e”) = a—(Bo)z + Bo, ®(e”) = at(Bo)z + Bo
and repeat all the above arguments to obtain the inequality

@) eWalls eR: Gyl > 1)) < T [ a(1f@)auo)
0 R

To see that this bound is sharp, let p be the Lebesgue measure and let x4 be
numbers satisfying ®(e*+) = ay(6y)xs + Po. Define f : R — R by the formula

f(x) = ™ X_a,q (@) + € X[=1,1)\[-a,a) (T),

where the number a € (0, 1) is chosen to satisfy fia log fdu = 0 (then, by symmetry,
we also have ffl log fdu = 0). Directly from this property of a and the definition of
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the geometric maximal operator, we have Gy > 1 on (—1,1); thus, {G; > 1}| > 2.
On the other hand,

O(f)du = d(e®+)d d(e®)d
A(ﬂﬂ_ﬁm]@>u5[mww]@>u
= /[ ] [y (Bo)a +50]du+/[ [~ (Bo)z— + Bo]dp

—1,1]\[—a,aq]

= a—(fo) V log fdu+/ log fdu
[—a,1] [—1,a]
=28
and hence both sides of (2.4) are equal.

+ 28y

3. LP-ESTIMATE
We start with two auxiliary results.

Lemma 3.1. For any nonnegative function f on R such that the integral fR log fdu
is well-defined, we have

(3.1) / log fdu +/ log fdu > 0.
{Gr>1} {r>1}

Proof. Let N be an arbitrary integer and let FV, {I;}j>1, Z;, A and B be as in
the proof of (1.1) above. Write

/ logfd,u:/logfdu+/ log fdu = Z /logfd,uf/ log fdpu.
FN A B renoz, /1 B

However,

/bwws/ mﬂms/ log fdu,
B BN{f>1} {f>1}

which combined with the previous identity (and the fact that |, ;log fdu > 0 for
any I € 7y UZ,) gives

/ log fdp +/ log fdu > 0.
FN {r>1}

It remains to let N — oo to get the claim. O

We will also need the following technical fact. Recall the number ¢ given by the
equation (1.3).

Lemma 3.2. For any x, y > 0 we have
(3.2) ylogx —ylogy +z +y < (cx — y) logec.
Proof. By continuity of both sides, we may assume that y > 0. Divide throughout
by y to transform the inequality into
logs+1+4+s<(cs—1)loge,

which follows by a straightforward analysis: the left hand side is a concave function
of s, the right-hand side is a linear function of s, and both these functions agree,
along with their derivatives, at the point s = 1/c (see (1.3)). O
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Proof of (1.2). Arguing as in the previous section, it suffices to establish the es-
timate for p = 1. Fix a function f : R — R; we may and do assume that f is
integrable, since otherwise the right-hand side of (1.2) is infinite and there is noth-
ing to prove. Pick A > 0, apply the inequality (3.1) to |f|/A and integrate the
obtained bound over \. We get

/0 /Rlog(lfl//\){X{cf»} + X{|f>} pdpd > 0.

Since f is integrable, the use of Fubini’s theorem is allowed and we obtain
/R [Gf log |f| — Gylog Gy + Gy + |f”du > 0.

This, by (3.2), implies [, c|[f| — Gydu > 0, and we are done. O

Sharpness. Again, we may restrict ourselves to p = 1. Let p be the Lebesgue
measure on R. Fix € € (0,1/2) and consider the function f on R given by

f(@) = e "X ai<e) T 12T Xgec|o<e—1}-

We have ||f:||L1(,) = 2(1 — 2loge). Furthermore, for any x € (ce,e™!), we easily
derive that

1 r 1 2¢e
_— 1 dp=1-1 1 -
o a,a]] J_por, I =TT lo8e o lose oy,
1 1 2e
=logec—logx — —————
& & (I+c¢Ha
and consequently, Gy, (x) > £ exp <_u4ﬂ2:7€1)9c) By symmetry, we have Gy (x) >
ﬁ exp (—ﬁ) whenever z € (—e~!, —ce), and therefore,
G.d = 2
M 20(1—210g6)_1/ — exp (—5_1) dz
||fEHL1(R,p,) ce T (1 +c )JI

L 2
:C(l—?logf) 1/ ;exp (_(]_—I—C]-)jt) dz.

It remains to note that, by I'Hospital rule, the latter expression converges to ¢ as
€ — 0. This proves the desired sharpness. O

4. HIGHER-DIMENSIONAL SETTING

There is a natural question about the analogues of the previous results in the
higher-dimensional case. Unfortunately, the answer is negative: if n > 2, then the
geometric maximal operator is in general not bounded on L? for any p > 0. In fact,
as we will prove now, it does not even map LP(R"™, i) into LP*°(R™, ) for general
measures p. Consider the following example (similar constructions can be found in
[5] and [7]). Let By, Ba, ... be closed balls in R™ such that the origin lies on the
boundary of each ball and such that for every B; there is a point z; € B; \U#j B;.
In addition, put zg = 0 and define the measure y on R™ by

B = Z(sa:jv
=0
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where d,, stands for Dirac measure concentrated on x. Let f be given by

oo

F@)=> 0+ 1)y (@),

=0

Then
1/p

Al e @) = (G+1)72 < 00,

but, on the other hand,

1
Gelz;) > e 7/ log fd
1@ 2o\ gy Jy, s

J

log 1 + log(j + 1)—3/(2p)
_exp<0g + Og(]+ ) >—(]+1>3/(4p)7 j:O7 17 2’

2
Consequently,

. 1/p
1G] o iy > 50D {(j + 17O (G > G+ )T }
J

= sup {j1/7(j + )7/ | = o0
J

and hence the weak-type bound does not hold for G.
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