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We characterize the weighted Hardy inequalities for monotone functions in R’} . In
dimension n = 1, this recovers the standard theory of B, weights. For n > 1, the
result was previously only known for the case p = 1. In fact, our main theorem is
proved in the more general setting of partly ordered measure spaces.

1. Introduction

The theory of weighted inequalities for the Hardy operator, acting on monotone
functions in R, was first introduced in [2]. Extensions of these results to higher
dimensions have been considered only in very specific cases: in particular, in the
diagonal case, for p = 1 only (see [3]). The main difficulty in this context is that
the level sets of the monotone functions are not totally ordered, contrary to the
one-dimensional case, where one considers intervals of the form (0,a), a > 0. It is
also worth pointing out that, with no monotonicity restriction, the boundedness
of the Hardy operator is known only in dimension n = 2 (see [11,13] and for an
extension in the case of product weights see [4]).

In this work we characterize completely the weighted Hardy inequalities for all
values of p > 0, namely, the boundedness of the operator

S L (u) — LP(u),

dec
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where

1 s t
sie =5 [ [ ey
and L%

Pec(u) is the cone of positive and decreasing functions, on each variable, in
LP(u) = LP(RZ,u(z)dz) (we consider, for simplicity, n = 2, although the result
holds in any dimension).

The techniques we will use were introduced in [6] for the one-dimensional case,
and also apply to a more general setting, which we now define.

We will consider a family of o-finite measure spaces (X, u,) (where p, is a mea-
sure on X, for each x € X), with a partial order ‘<’ satisfying the following condi-
tions.

(i) If X, :={u € X : u <z}, then < restricted to X, is a total order.

(ii) If D is a decreasing set, with respect to the order < (i.e. xp is a decreasing
function), then D is measurable.

(iii) pz(Xz) =1 (observe that X, is a decreasing set).
(iv) T u € X, then djiy(y) = fra(X,) dpru(y). Tn particular, s, (X,)u (X,) = 1.
The main examples are as follows.

(a) X =R, with the usual order, and p,(FE) = z~!|E|. This is the case consid-
ered in [2].

(b) X is a tree with the usual order on geodesics, and p.(E) = Card(E)/|z|,
where |z| = Card(Jo,z]) and [0, 2] is the geodesic path joining the origin o
with any vertex z of the tree. (For more information on this case, see [10] and

the references quoted therein.)

(c) Ri with the order given by (a1, b1) < (ag,b2) if and only if a; = ag and by < b
(we could also choose to fix the second coordinate). For z = (a,b) € R2,

. (E) = b_l/ dt.
BEn({a}xR,)

(d) In many cases, we can easily obtain the existence of the family of measures i,
by taking a non-negative measure p on X, and defining p, = p/pu(Xz).

We now define the Hardy operator as follows:
S7@) = [ $0) dustu)
X,

This definition is similar to the one considered in [3]. For the case of R,
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On a tree,

Z f

y€lo,x]

b
b):%/o fla,t)dt

One of the main techniques we will use is the following lemma. This is a kind of
integration by parts.

and, for Ri,

LEMMA 1.1. Let (X, p, <) be a finite measure space with a total order <, and o € R.
There then exists a constant, Cq, which depends only on o (and not on (X, p, <)),

such that .
(] o (] )
X X \J X,
Proof. Since pu(X) < oo, by dividing both sides by (u(X))® it suffices to show that

<o [ o wantn

where ¢p(u) = p(X,) and pu(X) =
If @ < 1, then, using the fact that 0 < ¢ < 1, we obtain goo‘_l(u) > 1, and

/X O u) dp(u) = p(X) = 1.

If 1 < a <2, then p*~1(u) > ¢(u) and, hence, it suffices to prove it for a = 2.
If 2 < «, using Jensen’s inequality,

( /. w(u)du(u))al< [ et dnto)

and as before, this reduces to the case a = 2.
Finally, if a = 2,

/X(/X du(w‘)) dpu(u) :/x(/{x@} du(u)) du(z)
= (=) ) nt
- _/ /{u<x} u) dpu(z) + /X /{u=x} dp(w) dps(x)

(here we have used the fact that the order is total). Thus,

/X(/udu(@) au(u) > 1.
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2. The weighted Hardy inequality

In this section we will prove the main theorem. In order to include all the examples,
we need to consider a second, weaker order < satisfying the following conditions.
(i) If x < y, then x < y.
(ii) If f is <-decreasing, then Sf is <-decreasing.
We recall that we still keep < to define the operator S.

REMARK 2.1. We can (and will in some cases) take < to be <. In fact, we need

only to check that the second condition holds for <: if f is <-decreasing, and u < =,
then Sf(x) < Sf(u) if and only if

/ F@ — po(X)] dia(y) — / F @)t (X) dpuy) > 0
X X\ Xu

(here we have used the fact that du,(y) = . (Xy) dpw(y)), and this follows from
the fact that inf f|x, > sup f|x,\x,-

If a function f, or a set D, is <-decreasing, it is also <-decreasing.

The main example we have in mind is < in Ri as before, and < the order given
by the rectangles (which is clearly a weaker order): (a1,b1) < (ag,bs), if and only
if a1 < ag and by < by (i.e. the rectangle in Ri determined by the origin and
(a1,b1) is contained in that determined by the origin and (a2,b2)). To show the
second condition, assume that f is a function decreasing on each variable. It is then
obvious that

y
y ! / flz,t)dt
0
is also decreasing on each variable.

We denote by L, (dv) the class of <-decreasing functions in L?(dv). As a general
assumption, we will only consider cases for which measurability of the functions
involved always holds.

THEOREM 2.2. Let (X, i, <) and < satisfy the conditions given above, for all x €
X. Let dv be a measure on X, and p > 0. The Hardy operator then is bounded:

S : L (dv) — LP(dv),

if and only if there exists a constant C' > 0 such that, for all <-decreasing sets D,

/ pP (DN X,)dv(z) < Cv(D). (2.1)
X\D

Proof. Consider f = xp, where D is <-decreasing. Then (Sf)P(z) = p2(D N Xy,),
and hence

15V niany = [ 2D 1 X))

:/ uﬂ;(DmXx)dy(zH/ ph (DN X,)dv(z)
D X\D

< Cv(D).
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Thus,
/ (DN X,)dv(z) < Cv(D).
X\D

Observe that, since D is also <-decreasing, if x € D, then X, C D, and so
(DN X,) = pb(X,) = 1. Therefore,

/ (DN X,)dv(z) = v(D).
D

Conversely, if p > 1 and f € L% (dv), using the lemma with (X,,p, <) and
dp(u) = f(u) dpg(u), for a constant C' that does not depend on either f or x, we

have
o= ([ ) dux<u>)p <cf (/ 5w dux(y)>p_1f(U) s ()
¢/ ( / ) duu(y)>plf( 2 (o) s (1)

_C/ /{g>t}ﬂX )dﬂl( )dt
where g(u) = (Sf)P~1(u)f(u). Hence,

||SfHLP(dy) C/ / / ;; 1 )duaj(u) dtdl/(.%')
{g>t}NX,

/ / " /{g>t}mx 127N (X ) dptg (u) dt du(z)
//q(m) Aq>t}mxl e (Xu) dpa ) dt d(o)

=1+1I.

Since X, C X, if u € X, and p > 1, then

g(z)
< [ [ e o () dtavta) = [ gle) o).

Since both Sf and f are <-decreasing, and p > 1, g is <-decreasing and {g > t} is
a <-decreasing set. Also, if u € {g >t} N X,, then X, C{g >t} N X,, and hence

/{ ) ) < (g > 101X,
g>tin

Therefore, using the hypothesis,

H</ / 12 ({g > ) N X,) du(z) dt
X\{g>t}

<C / / ) dt=C /
{g>t}
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Therefore, using Holder’s inequality,

wmaw<cﬂwﬁﬂ@m> v(@) < CISFI L 1 Loy

From this a priori estimate, one may obtain the general result by a standard
density argument.
If0<p<1,and f € LX(dv), set D; = {f > t}, and

%mzémxmmw

Then, using the embedding Lf_ (*~1) < L' (see [14]), we have (observe that g,
is a decreasing function)

F(w) dpa () pdV(m) " = Oogi(t) dt pdu(m) N
x \JX,

1/p
(/ / P~ (g, (t))P dt dv(x )) .
Since ¢, (t) < pz(Xz) = 1, we then have

> 1
/ ot [ opa@ars [ et [ ave) = i,

On the other hand, using the hypothesis (observe that D; N X, is a decreasing
set),

/ tpl/ (go(£)) dv( c/ tpl/ dv(a) dt = ||f\|L,,(dV)
X\D, Dy

Therefore,
P 1/p
([ ([ rwamm)w@) <l
X X

The following results follow easily by particularizing on each case condition (2.1)
of theorem 2.2.

O

COROLLARY 2.3.

CaAsE 1 (equality of orders < and <). Let (X, u,, <) satisfy the conditions given
above. Let dv be a measure on X, and p > 0. Then, the Hardy operator is bounded
as

S L2 (dv) — LP(dv)

if and only if there exists a constant C' > 0 such that, for all <-decreasing sets D,

/ (DN X,)dv(z) < Cv(D).
X\D
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CASE 2 (Ry). Condition (2.1) of theorem 2.2 is

/TOO (;)p dv(z) < c/or dv(z)

for all » > 0, which is B, (see [2]).
CASE 3 (tree T'). Condition (2.1) of theorem 2.2 is

2 lxidD <O vl

ze€T\D zeD
where = V D is the largest vertex in [o,z] N D.

Caske 4 (R?). Condition (2.1) of theorem 2.2 is

|D,|P
——dv(z,t) < C | dv(zx,t),
tp
R3\D D

where D, = {t > 0: (z,t) € D}, and D is any decreasing set (on each variable).

REMARK 2.4. As mentioned above, the case of Ry was first considered in [2].
B, weights are well understood and enjoy a very rich structure (see also [7,8,14]
for an account of B,, and normability properties of weighted Lorentz spaces).

The discrete case N is a particular case of a tree, and can be found in [8]. Weights
for a general tree were studied, without the monotonicity condition, in [1,9]. It is
easy to prove that a weight satisfying case 3 of corollary 2.3 must necessarily be in
B, (N) (uniformly) on each geodesic (see [8]), but the converse is not true in general.

3. Weights in B,(R"})

We will now show how to apply our previous result to obtain the weighted inequal-
ities for the multidimensional Hardy operator, acting on decreasing functions. For
simplicity, we will only consider the case n = 2, the general case being an easy
extension. We first introduce the following notation:

S1f(z,y) = /fsy Saf(z,y) = /f:rt
(3.1)

Sf(z,y) / / f(s,1)dtds = 8y(Saf) (1. ) = S2(S1f) ().

We denote by D, = {t > 0: (2,t) € D}, and DY = D N ([0, ] x [0,y]). L. (u) is
the usual cone of functions in LP(u), which are decreasing on each variable. We
then have the following theorem.

THEOREM 3.1. If 0 < p < 00, the following conditions are equivalent:
(a) S Le(u) = LP(u);
(b) there exists a constant C' > 0 such that, for every decreasing set D,

Dy|P
/]R2 w» LI;qu(x,y) dzdy < C/Du(x,y) dz dy; (3.2)
2

(€) 51,8 1 Ljee(u) = LP(u).

dec
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Proof. The fact that (a) implies (b) follows as usual: taking f = xp, and using the

fact that |Dy|
Sf(x,y) = :
zy

we then see that (3.2) is a consequence of the hypothesis.

To show that (b) implies (c), we observe that if (z,y) € D, then
[0,2] x D, C DY

and, hence, z|D,| < |D¥|. Therefore,

D, [P Dylp
[Pl < [ Py asay
R c

2\ Y (zy)P
<C/ u(z,y) dz dy,
D

and the result follows from case 4 of corollary 2.3. A similar result holds for S;.

(c) implies (a): iterate and observe that S, f is decreasing if f is decreasing. [

REMARK 3.2. The iteration technique used to prove theorem 3.1 can be extended
very easily to other settings. For example, we could consider in N? the operator

S({an,m}n,m = % Z Z Aj ks

j=1k=1

acting on decreasing two-index sequences, and obtain the characterization of the
boundedness of S on the weighted sequence spaces 7 ({wn m }n,m), for general
weights {tn m }n,m, which improves some of the results in [4] proved only for product
weights.

Condition (3.2) in R”} takes the form

p
/ |D N ([0, z1] x X [0, ,])] w(zy, ... xn)dey - day,
\D (xl"'l.n)p

C/ w(xy, ..., x,)dey - - - day,

which will be denoted by u € B,(R"). Observe that, since |D N ([0,z1] x --- X
[0,2,])| < 212y, we obtain B,(R}) C Be(R%), if p < q.

We will now prove that, as in the one-dimensional case (see [2] for the original
result and [12] for a different proof, related to the one we will use), B,,(R ) satisfies
the p — e condition.

THEOREM 3.3. If u € B,(R"}), 1 < p < oo, then there exists an € > 0 such that
u € By o(R?).

Proof. We will consider the case n = 2 only (n > 3 follows similarly). Using theo-
rem 3.1, it suffices to show that S; : L5 " (u) — LP~¢(u), j = 1,2, and, by symmetry,

dec
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we may consider only the case j = 2. Take any decreasing set D C Ri. There then
exists a decreasing function h : R; — R, such that

D={(s,t) €R%; 0 <t <h(s)}

Therefore, case 4 of corollary 2.3 gives

(s h(s)
/ / u(s,t)dtds < C/ / (s,t)dtds.
h(s)

With f = xp, we have

if 0 <t < h(s),

1
S2f(s:1) = @ if 0 < h(s) < t.

By iterating, we can prove that, for every m € N,
if 0 <t < h(s),

if 0 < h(s) <t
Hence, if h(s) < t, we find that the inequality

m p h(s) ! 1 m—1 4

follows easily and that

1 ¢ oo ph(s)
log™ ! ——u(s, t)dtds < C’m/ / u(s,t)dtds.
//M)(t) e AN TO R o Joo MY

Thus, taking o > max(C, 1/p), and summing over m gives

/OOO /h: <h(tS))p§z O—mfl(:n ) log™ ! %u(s,t) dtds
= /Ooo h:) (h(:)y_l/au(s,t) dtds
<> (%) /°° [ s aras
= / / u(s,t)dtds,

and the result follows with e = 1/0. O

It was proved in [3] that, for the case of the identity operator (i.e. when consid-
ering embeddings), one cannot, in general, replace the condition on all decreasing
sets just by taking rectangles of the form [0,a1] X - -+ X [0, ay], a; > 0. However, in
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the case of product weights, both conditions were equivalent (see [3, theorem 2.5]).
We will now show that, in this context,

u(@) = [J us(x;) € By(RY)
j=1
factorizes very nicely as u; € By, for all j € {1,...,n}.
THEOREM 3.4. Let N
u(w) =[] ujx;)
j=1
be a product weight. The following conditions are then equivalent:
(a) u € By(RY);
(b) for everya; >0, j€{l,...,n},

- - p
/ (0, a1) [0, n]) 0L (0 2ad - X[0 a4 g
Ri\([oaal]x-“X[O,an]) (1’1 RN xn)p
< C U(Jj) dxl e dl‘n;

[0,a1]%x---%x[0,a,]
(c) uj € By, je{l,...,n}.
Proof. As before, and by simplicity, we will work the details only for n = 2.
If u € B,(R3), then by evaluating (3.2) for rectangles of the form [0, a1] x [0, as]
we get (b).
Assuming now that (b) holds, we evaluate the condition and obtain
/ |([07 al] X [07&2]) n ([071'1] X [vaQ])
B2\ ([0,a1)x[0,az]) (z122)P

_ (/O ul(xl)dm)ag /OO “235";52) dzs + (/O uz(xg)d:@)alf /oo “13(;,;1) dz;
([ ) [ 1)
< c(/o ul(xl)dxl) (/0 uz(xz)dm),

from which we easily deduce that, for j =1, 2,

a?/ %d% <C/O uj(x;) ey,

j J

p
| Ul((El)UQ(fEQ) dl’l d.’EQ

and, hence, u; € B,,.
Finally, by iterating the one-dimensional Hardy operator, and using the fact that
u is a product weight, we deduce that

S L?P

dec

(u) = LP(u),

which is equivalent to (a). O
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REMARK 3.5. The equivalence between theorem 3.4(c) and the boundedness of the
Hardy operator S : ¥, (uiuz) — LP(ujusz), for the range p > 1, was proved in [5],
by using an indirect argument related to the characterization of the normability
property of some multidimensional analogues of the weighted Lorentz spaces (in
particular this proof did not make use of the B, (R ) condition). For the case p = 1,
one can even prove a quantitative estimate of the constant in the B; condition,
namely, if we set

fRi Sxp(s,t)u(s,t)dsdt

U 2y = sup
|| HBl (R+) D decreasing fD U(S, t) dS dt ’
then ||U1(x1)u2(x2)||Bl(R3_) = |lu1ll B, luz| 5, -

As we pointed out in remark 3.2, similar results to theorem 3.4 may be obtained,
for product weights, in more general settings (for example, in N? [4]).
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