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Abstract. In this paper we characterize the validity of the multidimensional reverse Hardy in-

equalities
t dy
v( ) /EB(OJ) g(y)

lgwllz, gy < C
Ly (0,42)

and

el <ot [, )iy
JB(0,1) Ly(0,4+20)

for non-negative measurable functions on R", where B(0,7) is the closed ball in R” centered

. . C .
at zero with radius 7, B(0,7) =R"\B(0,t), 0 < p <1, 0<g <+, wand v are weight
functions on R" and (0,+ee), respectively. Obtained conditions are the natural extensions of
one-dimensional conditions.

1. Introduction

The characterization of weights w, v for which the one-dimensional Hardy in-

equalities
(/ab (W(x) /jf(t)dt)q dx) % <C </ah(v(X)f(x))pdx> ’ (L.1)

and

_—

</ab (W(x> / W (t)dt>qu>

hold for every non-negative Borel measurable functions f on the interval (a,b), —oo <
a<b< oo, 0<g< +oo, 1 < p < 4o have been extensively studied during the last
two decades. A detailed account of the history of the topic can be found in the book [5]
(see also [9] and [6]).
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2 A. GOGATISHVILI AND R. CH. MUSTAFAYEV

In [2], W. D. Evans, A. Gogatishvili and B. Opic give a complete characterization
of weights w and v on (a,b) for which so-called reverse Hardy inequalities

(/ab (W(x) /xbf(t)dt>q dx)ll] >C </ab(\)(x)f(x))1’dx>% (1.3)

and

(/ab (W(x) /:f(t)dty dx)ll] >C </ab(\)(x)f(x))1’dx>% (1.4)

hold for every non-negative Borel measurable functions f on the interval (a,b), with
—coLa<b< oo, 0<g< 4o, 0< p < 1. In[2] the inequalities (1.3) and (1.4) were
considered for non-negative Borel measures on (a,b) and above mentioned inequalities
are a special case if we take an absolute continuous measures with respect to Lebesgue
measure.

In [1], P. Drabek, H. P. Heinig, A. Kufner extended the inequalities (1.1) and (1.2)
to n-dimensional case. In particular, in [1] it was shown that a necessary and sufficient
conditions for validity of the inequalities

</n<4“““”f@0quw> <C</$ﬂ@wad0%

_—=

and

_—=
<=

UAVALIRED

for every non-negative Borel measurable functions f on R", with weights u,v on R",
1 < p <+, 0< g < +oo, are analogous to the corresponding conditions for the one-
dimensional case.

In this paper, we will deal with multidimensional analogue of reverse Hardy in-
equalities (1.3) and (1.4). We make a comprehensive study of general inequalities of

the form
t g d
v( )/BB(OJ) (y) Y

<o [ uwriar)

lgwllz, @) < C (1.5)

L‘] (07+°°)

and

lgwllz,®n <C (1.6)

v(t) /B o) g(y)dy

with complete proofs and estimates of the best constants C.
The basic idea in [1] was to use polar coordinates in R". Our method to study the
inequalities (1.5) and (1.6) is different from the method used in [1]. Our approach for

Ly (0,4-e0)
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the inequality (1.5) based of the n-dimensional analogues of a discretization of func-
tion norms as in [2]. The discretization technique was investigated by K.-G. Grosse-
Erdmann [4], where it is called the blocking technique. In [4] the discrete analogues of
(1.3) and (1.4) were considered and it is also remarked that the techniques used in the
proofs may be applicable to the continuous versions of the inequalities, namely to (1.3)
and (1.4).

By changing variables we reduce the characterization of the inequality (1.6) to that
of the inequality (1.5). But it should be noted that the discretization method works also
for this inequality.

The paper is organized as follows. Main results, the necessary and sufficient con-
ditions for the validity of the inequality (1.5) and (1.6), are formulated in Section 2.
In Section 3, we give general discretization formulas of weighted function norms. In
section 4, proofs of main results are given.

2. Main results

We start with some notations. Given a nonempty Borel subset £ of R” and f is a
Lebesgue measurable function on E, then we put

o
(JelfG)[Pdy)r if 0<p<eo,
”fHL,,(E) =
esssup,cp|f(y)| if p=ece.

If I = (a,b) is a nonempty interval from (0,4o0) and f is a measurable function
on I, then we define || f||.,(a5) = lfllz,n and | fllzeian) = 1 f i) -

For x e R" and r > 0, let B(x,r) :={y € R" : |x—y| < r} be the closed ball
centered at x of radius r and CB(x,r) =R"\B(x,r).

Throughout the paper, u#, v and w will denote weights, that is, locally integrable
non-negative functions.

By A < B we mean that A < CB with some positive constant C independent of
appropriate quantities. If A < B and B S A, we write A ~ B and say that A and
B are equivalent. We shall use throughout the paper the convention 1/(4o0) =0,
0-(£e) =0, 0/0=0, and oo/ = 0. We put

= if 0<p<l,

p
/. +°° lf p:17
p S i 1< p<teo,
1 if p=oo,
When p < g, we define r by
1 1 1

Our first main result describes the necessary and sufficient condition for the valid-
ity of inequality (1.5) for all non-negative measurable g on R” when 0 < g < p < 1.
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THEOREM 2.1. Assume that 0 < g < p < 1. Let w and v be weight functions on
R™ and (0,e0), respectively. Let ||v||1 0,) < +e° forall t € (0,). Then the inequality
(1.5) holds for all non-negative measurable g if and only if

Avi= sup wle, oa V7o, <+
te(0,00

The best possible constant C in (1.5) satisfies C =~ A;.

Our next result concerns the characterization of the inequality (1.5) when 0 < p <
I, p<q< oo,

THEOREM 2.2. Assume that 0 < p < 1, p < q < 4o and r is given by (2.1).
Let w and v be weight functions on R" and (0,+o0), respectively. Let v satisfies
IVllLy(0.4) < oo for all t € (0,+<0) and v # 0 a.e. on (0,+<). Then the inequality
(1.5) holds for all non-negative measurable g on R" if and only if

1
r ||WHL/(]R")
A2::</ wl|’ d(—|v|I;" ) +—F <+
01 Mtaon @ (Plifon) )+ R

)

The best possible constant C in (1.5) satisfies C ~ A;.

Our next assertion is a counterpart of Theorem 2.1 and concerns the characteriza-
tion of the inequality (1.6) when 0 < g < p < 1.

THEOREM 2.3. Assume that 0 < q < p < 1. Let w and v be weight functions
on R" and (0,+oe), respectively. Let |[v|r( o) < +o° for all t € (0,+c0). Then the
inequality (1.6) holds for all non-negative measurable functions g on R" if and only if

By := sup HWII
1€(0,00)

N R (2.2)

The best possible constant C in (1.6) satisfies C ~ Bj.

Our last result concerns to the characterization of the inequality (1.6) when 0 <
p<l, p<qg<tee.

THEOREM 2.4. Assume that 0 < p <1, p < g < +oe and r is given by (2.1). Let
w and v be weight functions on R" and (0,+co), respectively. Let v satisfy ||v||z, Ly(re) <

+oo forall t € (0,+0) and v # 0 a.e. on (0,+o0). Then the inequality (1.6) holds for
all non-negative measurable functions g on R" if and only if

1
v HWHL,(Rn)
By:= / w|" d(|v|;” T
2 ((O&w) ”LP,(CB(OJ)) (H ||L,,(r,oo>>) M2y 0-+o

The best possible constant C in (1.6) satisfies C ~ B;.
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3. Discretization of function norms

We start with some basic definitions. We follow [2].
Let Z = ZU{—oo,+oo}.

DEFINITION 3.1. Let NM € Z, N < M. A positive non-increasing sequence
{n ¥ is called almost geometrically decreasing if there are o € (1,+0) and L € N
such that

1
T < aTk_L forall ke {N+L7...,M}.

A positive non-decreasing sequence {O'k}kM: y is called almost geometrically increasing
if there are o € (1,4<0) and L € N such that

oy > aop_ forall ke{N+L,...,M}.

REMARK 3.2. Definition 3.1 implies that if 0 < g < 4o, then the following three
statements are equivalent:

i) {m }Q’Iz y 1s an almost geometrically decreasing sequence;

(i1) {TZ }Q”: y 1s an almost geometrically decreasing sequence;

i) {7, q}kM: » 18 an almost geometrically increasing sequence.

Let NNM €7, N <M, 0<q< +e and let {w} = {w}*, be a sequence of
positive numbers. We denote by £9({w;},N,M) the following discrete analogue of a
weighted Lebesgue space: if 0 < g < 4o, then

M

1
C{wid, NoM) = Hahily o Nallagpug v = (X lawi]?) 7 < +eo}
k=N

and

{weh NM) = {{adtin s lakll ey v = sup |agwi| < +oo}.

If wy =1 forall N < k <M, we write simply ¢9(N,M) instead of £9({wy},N,M).
We quote some known results. Proofs can be found in [7] and [8].

LEMMA 3.3. Let N,M € Z, N < M. Then, for any positive sequence {7 }}.
and all m € 7. satisfying N <m < M,

M
2 Tk S Tm (3.1
k=m
or
m
2 Tk S Tm (3.2)
k=N

if and only if the sequence { Tk}yz N is almost geometrically decreasing or increasing,
respectively.
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LEMMA 3.4. Let g € (0,+<|, N.M €Z, N <M and let {7 }}, be an almost
geometrically decreasing sequence. Then

k
T Y, an ~ || tearl vy (3.3)
m=N"llea(n.m)
and
1T sup am|lpav.m) = || Teakl cav i) (3.4)

SULS

for all non-negative sequences {ay}i’ .

LEMMA 3.5. Let g € (0,4, N\M € Z, N <M and let {o;}} be an almost
geometrically increasing sequence. Then

M
O 2 am ~ HO’kangq(N’M) 3.5)
m=k || ga(N M)
and
lox sup  amlleaqwar) = || Oxall eaqnan) (3.6)
k<m<M

for all non-negative sequences {a; ¥ .

If ¢ is a non-negative and monotone function on (a,b), then by ¢(a) and ¢(b)
we mean the values @(a+) :=lim,—,+ @(z) and @(b—) :=1lim,_,,_ @(t), respectively.

LEMMA 3.6. ([2, Lemma 3.1]) Let ¢ be a non-negative, non-decreasing, fi-
nite and right-continuous function on (a,b). There is a strictly increasing sequence
{a ¥, —e0 <N < M < oo, with elements from the closure of the interval (a,b),
such that:

(i) if N > —oo, then @(xn) > 0 and ¢(x) =0 for every x € (a,xy); if M < oo,
then xy+1 =b;

() (1 —) <20(xx) if N<k<M;

(i) 20(x—) < (xky1) if N<k<M.

DEFINITION 3.7. ([2]) Let ¢ be a non-negative, non-decreasing, finite and right-
continuous function on (a,b). A strictly increasing sequence {x 2’[;;\,1, —o N <
M < +oo, is said to be a discretizing sequence of the function @ if it satisfies the con-
ditions (i) — (iii) of Lemma 3.6.

REMARK 3.8. ([2]) We shall use the following convention: if N = —eo, then we
put xy = limg_,_ox;. It is clear that if N = —eo and xy > a, then ¢(x) =0 for all
x € (a,xn) (cf. condition (i) of Lemma 3.6).
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THEOREM 3.9. ([2, Theorem 3.4]) Let v be a non-negative Borel measure on
1= (a,b) such that the function @(t) = v(a,t) is finite on I. If {x; }¥] is a discretizing
sequence of the function @, then

2 h(xp)v(a,xy] (3.7)
(a7b)

for all non-negative and non-increasing functions h on I.

THEOREM 3.10. ([2, Theorem 3.5]) Let I = (a,b) and u be a weight function
on I such that the function ||ul|e. 4 < +oo forall t € 1. If {38 is a discretizing
sequence of the function ¢(t) = ||u||Lm (aa+]))> T €1, then

Ihull . (@py) = sup Ao llull (@) (3.8)
N<ksM

for all non-negative, non-increasing and right-continuous functions h on I.

Let ¢ be a non-negative, non-decreasing, finite and right-continuous function on
(0,00). Using a discretizing sequence {x;}} ! of ¢, we define the sequence {J; }}
and {S; 12 as follows:

Ji= (x,-,x,urﬂ, ifN<i<M, andJy = ()CM,OO) if M < +oo. 3.9

S,-=B(07x,-+1)\B(O,xi)7 if N<i<M, and
c (3.10)
Sy = B(0,xpy) if M < oo

THEOREM 3.11. Let 0 < g < +o0. Suppose that v be a weight function on (0,0).

Let v be such that the function ¢(t) = Hv||q (0.) 18 finite on (0,0). If {xe}¥ is a

discretizing sequence of @, then

M q 5
= 8Ly dy) VIIZ, 0 (3.11)
Lg(0,0) (kZN </Sk ( ) H ”L,,(O, k>>

v(?) /EB (Ol)g(y) dy

and

1
q

M
~ H P 3.12

for all non-negative measurable g on R", where {Sk}ﬁ’[:N is defined by (3.10).

[EGIFIR.

Proof. We prove (3.11) only (the proof of (3.12) is analogous). By Theorem 3.9,

. : %
' d J dy) [v]¢
0 fyg s <kZN< o EO00) ||qu<0,xk)>

( (%/g dy) Iv o)

Q
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The condition (iii) of Lemma 3.6 implies that {”VHZ‘,(O,X,()}Q/[:  is an almost geo-
metrically increasing sequence. (We can take oo = L = 2 in Definition 3.1. Indeed, by
the monotonicity of ¢ and the condition (iii) of Lemma 3.6, 20 (x;_1) < 20 (x—) <
@ (xr41) if N<k<M,and, on putting k— 1 =m— 2, we arrive at 2¢ (x—2) < @(x)
if N+2<m<M.) Thus {HV”L,,(O,xk)}Q/I:N is also an almost geometrically increasing
sequence and (3.11) follows by applying Lemma 3.5. O

THEOREM 3.12. Suppose that v be a weight function on (0,00). Let v be such

that the function @(t) = |[v|l_ (0, is finite on (0,00). If {4 is a discretizing

sequence of the function Q(t) = |[v||r_(as+) = liMs—rt V|1 (ays), ¢ € (0,00), then

0 fyo 00 s ([ 0)a) Ml 613
B(0,) Lo(000)  N<ksM \JS
and
[Pl a0 gy =, 302, I8t Mo (3.14)

for all non-negative measurable g on R", where {Sk}ﬁ’[:N is defined by (3.10).
Proof. This follows from Theorem 3.10 and Lemma 3.5. [

4. Proofs

In the proof of the necessity parts of our main theorems we will need the following
two lemmas which are discrete versions of the classical Landau resonance theorems.
Proofs can be found, for example, in [3].

LEMMA 4.1. Let 0 < p< g < 4o, NM €7, N <M and let {vk}ﬁ’[:N and
{wk}kM: ~ be two sequences of positive numbers. Assume that, there is a constant C >0
such that

lawll eaiwer vy < Cllarller( vy v 4.1)

for every sequence {ay}. Then
Hweve Hlemwan <€, (4.2)

LEMMA 4.2. Let 0 < g < p < +o0, NNM € Z, N < M and let {vk}ﬁ’[:N and
{wk}kM= N be two sequences of positive numbers. Assume that (4.1) holds. Then

H{wive Hleoan < C, 4.3)

where 1/r:=1/q—1/p
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Proof of Theorem 2.1. Let 0 < g < 1. By Theorem 3.11,

M q 3
! d ~ / d a 4.4
" )/:B(Ovt)g(y) Y Ly(0,00) (kz;v< Skg(y) y) v”Lq(vak)> (44)

for all non-negative measurable g on R", where {x}; M Jg\,l is a discretizing sequence

of the function @(¢) = ||v HLq (o) L E (0,00), and {Sk}k=1v is defined by (3.10). By
Lemma 3.6 (cf. also Remark 3.8),

if xy >0, then [v]L (0. =0 (4.5)

if M<+°°7 then XM+1 = 9,
V17, 0 ) S 2IVIT 0y I N <A< M; (4.6)

if N<k<M. 4.7)

a(0.x¢11)
2 0 < IV 00

Assume that A| < +eo. This condition and (4.5) imply that
IWllL, B0y =0 if xv >0, (4.8)

thus w =0 a.e. in B(0,xy), consequently, |||z, (B(0.xy)) = 0 if xy > 0. Therefore,

1

M
lgwllL, () = (,{;Ngw”z’“w) 4.9)

for any non-negative measurable g on R”.
If E is a measurable subset of (0,4o) and g is a non-negative measurable func-
tion on (0,+-co), then by Hélder’s inequality (with the exponents 1/p and p’/p),

HgWH{p(E) < HgHzl(E)”WHZp/(Ey (4.10)

Identity (4.9) and (4.10) (with £ = S, N < k< M) give

|-

”gWHLp R") (2 HgHLl sk HL o sk)>

1 M 5
- p p
< NS;EM”WHLP/(SIC)Hv”Lq(O"Xk) k;}\lHgHLl(Sk)”vHLq(vak) .

Moreover, using the inequality 0 < g/p < 1 and (4.4), we arrive at

<k

1
q
HgW”L,,(R") < ( sup ||WHLP/(S/€)HV||Z‘]1(OXA ) (2 ||g|| Ly(S) || HLq ()xk)>

.11

N<k<M

z( sup [l (s, IV °>H ¢0)dy

Lq (0,00)
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Applying (4.6), we get

SUP ||WHL (Se) HVHquXA)

<k<

_ =

1
<24 sup ”WHL B(0,x¢41)) ” Hquka)gqub (4.12)

EUES

The inequality (1.5) (with C < A;) follows from (4.11) and (4.12).
We now prove necessity. The validity of the inequality (1.5) and (4.4) imply that

" 1 M 1
P q q
(kanngp(Sk)) §C<kz;v</skg(y)dy> IIVZq(O,xk)> (4.13)

for all non-negative measurable g on R".
Let gr, N < k < M, be non-negative measurable functions that saturate Hélder’s
inequality (4.10) with E = S;, N < k < M, that is, functions satisfying

suppgx C S lgellzysy =1 and lgewlly s, || Iz, (4.14)

Then we define the test function g by

M=

8= Ak 8k> (4.15)

k

I
=

where {a;} is a sequence of non-negative numbers. Consequently, (4.13) yields

M 1 M 1
P q
<Za£wll” Sk) ,sc(zaznvzqm,xk)) , (4.16)
k=N k=N
and, by Lemma 4.1,
sup [[wllz (s IVl 0.0 S C- (4.17)

Assuming that xy > 0, testing (1.5) with g = xp(o.xy) and using (4.5), we arrive
at Wl B(o.xy)) = 0. This implies that [B(0,xy)| =0 or w =0 ae. in B(0,xy).
Consequently, (4.8) holds.

Therefore,

Ay = sup supllwl, s

(0.%) HVHZI(O X)
N<k<Mx€Jy, KA

and, on using (3.9), we obtain that

Ar< sup wll s

NkeM B(0,x111)) ” HLquk)

Applying (4.8) and (3.10) again, we arrive at

1

r
A< sup (zwn” )) WMoy i 0<p<1

N<ksM
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and

Ap < sup (Sup W||Lp,(s,~)> ||VHZ;(0,X,€) if p=1

N<ksM \ N<i<k

Now, using the fact that {|| v||qu(0.)%)}k1"’=  is almost geometrically decreasing (cf. (4.7))
and Lemma 3.4 we obtain

Alg sup HW”L,,/(Sk)HVHZ;(O,xk)?

<k<

which, together with (4.17), yields A; < C. O

REMARK 4.3. Let A; be the number defined in Theorem 2.1. If p =1, then

A= [0 g -

Indeed, exchanging essential suprema, we obtain

A= HW||L°Q(B(OJ))HV||qu(0J) L (0e)

-1
= 1O g00 a0

Loo(0,0)

= W(X)XB(OJ)(X)Hv”qu(o,t) La(BRM) ||, (0,40)

= ez,

Lel31:9) || . )

1
= IV, 0, ’Lw(R").

Proof of Theorem 2.2. The proof of Theorem 2.2 is analogous to the proof of
Theorem 4.4 from [2], the only difference is that the role of the interval (x;,x;y1] is
played by the set S; defined by (3.10). U

In the proof of the Theorem 2.3 and Theorem 2.4 we are going to use the substitu-
tion y = F(x) := ﬁ , x # 0. Note that for the Jacobian of this mapping the equality

|detJr(x)] = x| 72", x#0

holds. Indeed, observe at first that
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It is easy to calculate that

\X\zfzx% _2axy . 2x1x
Jx[* [x[* [x*
_ 2xpx) |x|2_2x% R 2x2%n
Jr(x) = [x[* [x[* [x*
2o 2w |x|2—242
Jx[* Jx[* I+
and
|)c|2 — 2x% —2X1Xy -+ —2X1Xp
—2xox1 X2 —2x2 - —2xx
S (F() = | TR AR e )
—2XpX1  —2XpXp - \x\2—2xﬁ
Therefore
Jro1 (F(x)) = |x[*"Jr (x). (4.18)
Since

Jp-1(F(x))Jr(x) =1,
by (4.18) we get
x| *" I (x)JF (x) = 1.

Thus
|detJr(x)| = |x|‘2".

Proof of Theorem 2.3. Writing the inequality (1.6) for \y\_zng(#) instead of g

and 7= 1 on the

Y — 2
t

v
Iy

on the left-hand side and x = TE

and using the substitutions x =
right-hand side, we obtain

(o v ()7 )
co( [ ([, swa)ar)

Consequently, the inequality (1.6) holds for all non-negative measurable g on R" if and
only if the inequality (4.19) holds for all non-negative measurable g on R". We deduce
from Theorem 2.1 that the inequality (1.6) holds for all non-negative measurable g on
R" if and only if

/ L 1
NP N o 1N\
sup / (w (%) |x] P’) dx (/ v (—) —2d‘c> ! < oo,
1€(0,40) \ /B(0) x| 0 T) T

that is,

sup

) < oo, t (4.20)
1€(0,4-00)

-1
91, 0 1 e
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REMARK 4.4. Let By be the number defined in Theorem 2.3. If p =1, then

B = HW VL, +°°>HLN(R">'

Indeed, using the idea of the proof of Theorem 2.3, we obtain the result from Re-
mark 4.3.

Proof of Theorem 2.4. Suppose first that g < 4. As in the proof of Theorem 2.3,
one can show that the inequality (1.6) holds if and only if the inequality (4.19) is sat-
isfied for all non-negative measurable g on R”. Thus, by Theorem 2.2, the inequality
(1.6) holds if and only if

x _a\ P\ 1N 1\ 4
/ / (w (—2> |x| P’) dx d (—/ v (—) —2d’5>
(0,4+) \ /B(0,1) |x| 05) \7/) 7T

that is,

Ifg=

(1]

[2]
[3]
(4]
[3]
(6]
(71

~ =

r
! o

1

e (w2 ) )

+ : < oo,
(f5=v (&) &ar)?
. ; Wiz, &)
Lol gy d (M) )+ o < 40
(0,4) Lp’( HV||L,,(0,+oo)

+-oo, the statement can be proved analogously. [
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