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THE MULTIDIMENSIONAL REVERSE HARDY
INEQUALITIES.

A. GOGATISHVILI AND R.CH. MUSTAFAYEV

ABSTRACT. In this paper we characterize the validity of the inequalities

v(lﬁ)/B(O ) g(y)dy

llgwllz, @y < C

L4 (0,00)

and

lgwllL, @ny < C

v(t)/c g(y)dy
B(0,t) Lq(0,00)

for non-negative measurable functions on R", where 0 < p < 1,0 < ¢ < 400,
w and v are a weight functions on R™ and (0, co) respectively.

1. INTRODUCTION

The classical Hardy inequality

/Uoo <; /Oa:f(t)dt>pd$§ (&) /0°° Pa)de, 1<p<oo,  (L1)

for functions f > 0 defined on (0, 00) is equivalent to the inequality

[ () () e

for functions f > 0 defined on (—o0, 400).

Now, let us denote, for x € R™ by B(x) the ball {y € R : |y| < |x|}
and by |B(z)| its volume. In M.Christ, L.Grafakos [4], it is shown that the
"n-dimensional Hardy operator” H,, defined by

1 n
(@) = gy L Fwys < B

satisfies
P
| tts@ras < (2) [ if@pde 1< p <o
R” p— 1 n
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2 A. GOGATISHVILI AND R.CH. MUSTAFAYEV

P
the constant (%) being again the best possible. In P.Drabek, H.P.Heinig,

A Kufner [7], this ”Hardy inequality” was extended to general n-dimensional
weights u, v and to the whole range of parameters p, ¢, 1 < p < 00, 0 < g < 00.
The necessary and sufficient conditions for the validity of the inequality

</R ‘an<x>|qu<x>dx> ", < [ e r%mdx);

are exactly analogous of the corresponding conditions for dimension one; hence,
for 1 < p < ¢ < oo this condition reads
1

U

sup (/ u(y)dy> (/ vl—p’@)dy) < .
z€R™ R™\ B(z) B(x)

In [11] G.H. Hardy proved the following celebrated inequality: Let 1 < p <
+00 and f a non-negative measurable function on (0, 4+00). Then, ife < 1/p’ =

1-1/p,
/0+°° <x5_1 /Of” f(t) dt>p dr < C/0+°° (:ng(x))p do (1.3)

for some constant ¢ independent of f. If ¢ > 1/p/, the inequality takes the form

/O+°° <x51 /;OO £(t) dt>p de < c/0+°0 (a° f(2))" de. (1.4)

The best possible constants ¢ in (1.3) and (1.4) are equal and this common
value was determined by E. Landau in [14] as

c=le—1/p|P. (1.5)
In [3] G.A. Bliss established the inequality

(/O+°° (”“"_‘11_”1/ /Oxf(t) dt>q dx>; < C( O+°° (x)pdx>é

for 1 < p < g < +o00 and proved that the best possible constant is

1.\ 1/q _ -r/q
() PE)
q r r

where 7 = ¢/p — 1 and B is the classical beta function.
During the last two decades, many authors have considered extensions of the

form 1 l
</ab <w(x) /ar f(t) dt>q dx) ! <c (/:(v(a:)f(;p))P da;) ? (1.6)
(/ab <w(az) /:f(t) dt>q dm)é <c (/ab(v(x)f(x))p dx); ’ (1.7)

with —oo < a < b < 400 , w,v weights on (a,b), 0 < ¢ < 400, 1 < p < +o0.
The weights w and v for which (1.6) and (1.7) hold for all non-negative f have
been completely characterized. The solution of this problem (under different
assumptions on p and ¢) is associated with the names M. Artola, J.S. Bradley,

and
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V. Kokilashvili, V.G. Maz’ja, B. Muckenhoupt, A.L. Rozin, E. Sawyer, G. Sin-
namon, G. Talenti, G. Tomaselli and others. We refer to [17] and [13] for
a survey of results.

In [19] E. Sawyer noted that if 0 < p < 1, then the inequalities (1.6) and (1.7)
hold only for trivial weights. This observations led to a study of the so-called
reverse Hardy inequalities

([ (s [ 03 )
</ab (W(a:) /: f(t) dt)q d:v)é >c (/ab(v(x)f(x))l’ dx>; (1.9)

in the case 0 < p < 1.

However, these are integral forms of inequalities first considered by E.T. Cop-
son in [5, 6] for infinite series; such reverse inequalities for infinite series were
also investigated by G. Bennett [2] and K.-G. Grosse-Erdmann [10]. Condi-
tions on the weights w, v, which are either necessary or sufficient for (1.8) and
(1.9) to hold when 0 < ¢ < p < 1 were established by P. R. Beesack and H.
P. Heinig [1]. Discrete analogues of (1.8) and (1.9) were proved in [10], where
it is also remarked that the techniques used in the proofs may be applicable
to the continuous versions of the inequalities, namely to (1.8) and (1.9). No
estimates of the constants ¢ are mentioned in [10].

In [8] W.D.Evans, A.Gogatishvili and B.Opic have characterized the validity
of inequalities

Q=

> (o) ) dw)’l’ (18)

and

19llp,(ap)x <€ u(w)/ g(y) du
(a,2) q,(a,b),v

and

9l ana < e ut@) [ glo)dn
(.0) q,(a,b),v

for every non-negative Borel measurable functions g on the interval (a,b) CR,
where 0 <p <1,0< g <400, A\, u and v are non-negative Borel measures on
(a,b), and u is a weight function on (a,b).

By motivation of study Morrey-type spaces it is very important to get mul-
tidimensional analogous of reverse Hardy inequalities. In this paper we make a
comprehensive study of general inequalities of the form

v(t) /B o 9(y)dy

lgwll L, @) < C

L4(0,00)

and

lgwll L, @) < C

v(t) /;B(O’t) 9(y)dy

with complete proofs and estimates for ¢, using technique from [8].

L4(0,00)



4 A. GOGATISHVILI AND R.CH. MUSTAFAYEV

2. NOTATION AND PRELIMINARIES

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

Let © be a non-negative Borel measure on R” and v be a non-negative Borel
measure on (0, +00). We denote by B (0,00) and B+ (R") the set of all non-
negative Borel measurable function on (0,00) and R™ accordingly. If E is a
nonempty Borel measurable subset on R™ and f is a Borel measurable function
on E, then we put

1
P
ol (5 = ( /E !f(y)lpdu) L 0<p< 400,

1l =supla: p{y € E:|f(y)| = a} > 0}.

If I a nonempty Borel measurable subset on (0, +00) and g is a Borel measurable
function on I, then we define ||g]|1,(7,,) and ||g]|z. (1) correspondingly. In the
notation || f||z, (g, 0 < p < +00, we omit the symbol p if u is the Lebesgue
measure.

By A < B we mean that A < C'B with some positive constant C' independent
of appropriate quantities. If A < B and B < A, we write A ~ B and say that
A and B are equivalent.

We put

L if 0<p<l,
. 400 if p=1,
' 5 if 1<p<+4oo,
1 if p=+4o0,
and 1/(4+00) =0,0/0=10,0- (+o0) =0 and Z = Z U {—00, +c}.

Definition 2.1. Let N, M € Z, N < M. A positive non-increasing sequence
{m L is called almost geometrically decreasing if there are a € (1, +00) and
L € N such that

1
T < aTk_L for all kE{N+L,...,M}.

A positive non-decreasing sequence {ak}ﬁ/[: ~ is called almost geometrically in-
creasing if there are o € (1,400) and L € N such that

o > aog_y forall ke {N+L,... M}

Remark 2.2. Definition 2.1 implies that if 0 < ¢ < 400, then following three
statements are equivalent:

(i) {m}Ly is an almost geometrically decreasing sequence;

(i) {7 M- is an almost geometrically decreasing sequence;

(iii) {r, Y} is an almost geometrically increasing sequence.

Let 0 # Z CZ,0 < q¢ < +oco and let {wy} = {wy}rez be a sequence of
positive numbers. We denote by ¢4({wy}, Z) the following discrete analogue of



a weighted Lebesgue space: if 0 < ¢ < 400, then

1
O{weh 2) = {antrez + lNawlloquy,z) = (D larwg|?) s < +o0}
keZ

and
*(wi}, 2) = Hartrez  llawlleo(quy,2) = Zug|akwk| < +oo}.
€
If w,, =1 for all k € Z, we write simply ¢9(Z) instead of ¢¢({wy}, Z).

We quote some known results. Proofs can be found in [15] and [16].

Lemma 2.3. Let N,M € Z, N < M. Then, for any positive sequence {1y }2L
and all m € Z satisfying N < m < M,

M
> 7 S Tm (2.1)
k=m
or
m
> 7% S Tm (2.2)
k=N

if and only if the sequence {Tk}]kviN 18 almost geometrically decreasing or in-
creasing, respectively.

Lemma 2.4. Let g € (0,+00], NM €Z, N<M, Z={N,N+1,...,M —
1, M} and let {Tk}]szN be an almost geometrically decreasing sequence. Then

k
T Y ~ || Traklle2) (2.3)
m=N La(2)
and
[T sup amllea(zy = |Tkak||0a(2) (2.4)

for all non-negative sequences {ay}M ;.

Lemma 2.5. Let ¢ € (0,+00], N< M, NM €Z, Z={N,N+1,...,M —
1, M} and let {O'k},]y:N be an almost geometrically increasing sequence. Then

M
Ok Y am ~ ||okak|lea(z) (2.5)
m=k L4(Z2)
and
ok sup  amllia(z) = lloraklle(z) (2.6)
k<m<M

for all non-negative sequences {ay}_;.

The following two lemmas are discrete version of the classical Landau reso-
nance theorems. Proofs can be found, for example, in [9)].
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Lemma 2.6. Let 0 < p < q < +oo, ) # Z C7Z and let {vy rez and {wy}rcz
be two sequences of positive numbers. Assume that

{or}, Z2) = U({wy}, 2). (2.7)
Then

{wrv, Yo (z) < C, (2.8)
where C' stands for the norm of the embedding (2.7).

Lemma 2.7. Let 0 < ¢ < p < +00, ) # Z C 7 and let {vp}rez and {wi}trez
be two sequences of positive numbers. Assume that (2.7) holds. Then

{wrvg Hlerz) < C, (2.9)
where 1/r :=1/q — 1/p and C stands for the norm of the embedding (2.7).

3. DISCRETIZATION OF FUNCTION NORMS

In this section we define a discretizing sequence for a non-negative, non-
decreasing, finite and right-continuous function ¢ on (a,b) C R. We use this
sequence to discretize function norms, more precisely, we find discrete norms
equivalent to the original ones.

If ¢ is a non-negative and monotone function on (a,b), then by ¢(a) and

©(b) we mean the values p(a+) = limy_q1 p(t) and p(b—) := limy_,— (1),
respectively.
Lemma 3.1. ([8]) Let ¢ be a non-negative, non-decreasing, finite and right-
continuous function on (a,b). There is a strictly increasing sequence {xk}fyjj\},
—o00 < N < M < 400, with elements from the closure of the interval (a,b),
such that:

(i) if N > —oo, then p(zn) > 0 and p(z) = 0 for every x € (a,zn); if
M < 400, then xpr41 = b;

(il) p(zp1—) < 2p(z) if N <k<M;

(iii) 2¢(zr—) < p(zr+1) of N<k<M.

Definition 3.2. ([8]) Let ¢ be a non-negative, non-decreasing, finite and right-
continuous function on (a,b). A strictly increasing sequence {xk}ﬁ/[: '*]'\}, —o00 <
N < M < +o00, is said to be a discretizing sequence of the function ¢ if it
satisfies the conditions (i) — (iii) of Lemma 3.1.

Remark 3.3. ([8]) We shall use the following convention: if N = —oo, then we
put xy = limg_,_ o zk. It is clear that if N = —oo and xy > a, then ¢(z) =0
for all € (a,zy) (cf. condition (i) of Lemma 3.1).

Theorem 3.4. ([8]) Let v be a non-negative Borel measure on I = (a,b) such

that the function ¢(t) = v(a,t] is finite on I. If {wx}olly is a discretizing

sequence of the function o, then

M
/ h(t) dv(t) =~ Z h(zk)v(a, zk) (3.1)
(a.b) k=N

for all non-negative and non-increasing functions h on I.
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We shall need an analogue of Theorem 3.4, where L!(v)-norm is replaced
by a weighted L°°(v)-norm. But there is a substantial difference between these
two cases. While the function ¢(t) := v(a,t], t € I, corresponding to the former
case is right-continuous on I, the function

o(t) = Hu||Loo((a’t]7,j), tel, with ue B+(I), (3.2)
cannot be right-continuous on I. (To see it, let I = (0,2), u = X(0,1] + 2X(1,2)
and let v be the Lebesgue measure on I. Then ¢(1) = 1 but ¢(1+) = 2).
Therefore, in the following theorem we consider the function ¢ defined by

p(t) = llull Lo (@t = Ml (@), t€L (3.3)

instead of ¢ given by (3.2). Note also that the assumptions on h are more
restrictive there.

Theorem 3.5. ([8]) Let v be a non-negative Borel measure on I = (a,b) and
let w € BY(I) be such that the function lulloo,(a,y < o0 for all t € I. If

{z}2hY is a discretizing sequence of the function ¢(t) = lull Lo ((ait1,0), t €L,
then

Ihull Lo ((apy) = sup  h(@e)l|ull Lo ((azp+]0) (3.4)
N<k<M
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
n (0,00). Using a discretizing sequence {z5}2h! of ¢, we define the sequence
{Je 1M and {Sk 1 as follows:
Ji = (x5, iy, if N<i<M, and Jy = (xp,00) if M < +4o0.
(3.5)

S; = B(0,2;41)\B(0,z;), if N <i<M, and (3.6)

Sy =R™"N\B(0,zp) if M < +oc.
Corollary 3.6. Let 0 < g < 4o00. Suppose that v be a weight function on
(0,00). Let v be such that the function p(t) = HUHqu(Qt) is finite on (0,00). If

{xk}MH is a discretizing sequence of p, then

~ (f (f kg(y)dy)qnvuq omf (37)

k=N

L4(0,00)

q
Hv(t)||g||Loo(cB(0’t))HLq(m (legnqw sy 0% (Oxk> (3.8)

for all non-negative measurable g on R™, where { Sy} is defined by (3.6).

Proof. We prove (3.7) only (the proof of (3.8) is analogous). By Theorem 3.4,

M q 3
v(t / g(y) dy ~ / g(y) dy v -
O fy 40 (k:ZN( e, SO | 101

)

L4(0,00)
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(S (S o) i)

The condition (iii) of Lemma 3.1 implies that {Hv”q J0.8) }%:N is an al-
most geometrically increasing sequence. (We can take a = L = 2 in Defini-
tion 2.1. Indeed, by the monotonicity of ¢ and the condition (iii) of Lemma 3.1,
20(z—1) < 2¢(xp—) < p(xp41) if N <k < M, and, on putting k — 1 =m — 2,
we arrive at 2p(zm—2) < @(zp) if N 4+2 <m < M.) Thus {||v]|1, 0,00} ey 8
also an almost geometrically increasing sequence and (3.7) follows on applying

Lemma 2.5. 0

Corollary 3.7. Suppose that v be a weight function on (0,00). Let v be such
that the function p(t) = |[vll1 0, is finite on (0,00). If {:Uk}MH is a dis-

cretizing sequence of the function ¢(t) = |v|1(att) = ims—iy |V]L (a,s)s
€ (0,00), then
oo [, o~ s () lionn (39
B(0,t) Loo(000) NSKEM \Js;
and
[, mmll, g = o202, M9t iy (310)

for all non-negative measurable g on R™, where {Si}2L \ is defined by (3.6).

Proof. This follows from Theorem 3.5 and Lemma 2.5. ([l

4. THE MULTIDIMENSIONAL REVERSE HARDY INEQUALITY

In this section we characterize the validity of the inequality

v(t) /c 9(y) dy
B(0,t) Ly(0,00)

for all non-negative measurable g on R™. Our first result concerns the case
when 0 < g <p< 1.

lgwllz, @) <c (4.1)

Theorem 4.1. Assume that 0 < ¢ <p < 1. Let w and v be a weight functions
on R"™ and (0,00) respectively. Let |[v||r, o < +oo for all't € (0,00). Then
the inequality (4.1) holds for all non-negative measurable g if and only if

Ar= sup lwllz, o)V, < +oo
t€(0,00)

The best possible constant ¢ in (4.1) satisfies c = Aj.
Proof. Let 0 < ¢ < 1. By Corollary 3.6,

~ (% </Sk 9(y) dy)q”v”qu(O,xk)>; (4.2)

k=N

L4(0,00)
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}M—i—l

for all non-negative measurable g on R", where {zx is a discretizing se-

quence of the function ¢(t) = HUqu( " € (0,00), and {Sk}M , is defined
by (3.6). By Lemma 3.1 (cf. also Remark 3.3),
if xnx >0, then [jv] (0zy) =0; (4.3)
if M <400, then xp41 = o0;
||lv qu(o _— 2||v|]q 0y I N<k<M; (4.4)
2||’U||Lq(07xk) <|lv HLq (Oaney) T N<k<M. (4.5)

Assume that A; < +oo. This condition and (4.3) imply that
lwllzy Bowy) =0 if zn>0. (4.6)

If £ is a measurable subset of (0,00) and ¢ is a non-negative measurable
function on (0, 00), then by Hélder’s inequality (with the exponents 1/p and

?'/p),
||9w||ip(E) < HQHZ(E)”wHip/(E)- (4.7)

Taking here g = 1 and E' = B(0, 2x), we obtain from (4.6) that ||wl|,(B0,xy)) =
0 if xy > 0. Therefore,

" 1
p
lgewllz, ) = (;:V ugwuip(sk)) (4.8)

for any non-negative measurable g on R™.
This identity and (4.7) (with £ = Si, N <k < M) give

gl ) < (Z g1, 5 Il Sk))
M
—1 P
< (Ng;gMuwHLp,wk)Hvqu(O,zk ) (g lgll?, Sk)\rv|qu(0,xk)>

Moreover, using the inequality 0 < ¢/p < 1 and (4.2), we arrive at

P

P

lgwl| ., &n)
1

-1
< (NgganHLp,(sk)Hv\quk)) (Z l911Z, (s l1v HLQ(M)

-1
~ sup ||w|g, v U;r/ gly) dy 4.9
<N<k<M|| Iz, (sl ILq(o,xk)) H (x) 0 () o (4.9)

q Hl
Applying (4.4), we get
-1
s [0l sl 0,
1 -1 1

<20 sl n Pl on ) 240 (@10
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The inequality (4.1) (with ¢ < A;) follows from (4.9) and (4.10).
We now prove necessity. The validity of the inequality (4.1) and (4.2) imply
that

3 =

<e (f) ([ stway) Hv\l‘iq(o,mk)y (411)

k=N \’ Sk

M
(];V ngnip(sk))

for all non-negative measurable g on R".
Let g, N < k < M, be non-negative measurable functions that saturate
Hélder’s inequality (4.7) with E'= S, N < k < M, that is, functions satisfying
1
wppge € i Norllzsy =1 and lgwwll g > slully g (412

Then we define the test function g by

M
9= ak gk, (4.13)

where {ay} is a sequence of non-negative numbers. Consequently, (4.11) yields

M : M b
(Z ai’wH[]ip/(sk)) Sec <Z aZHU”%q(o,xk)> ) (4.14)

k=N k=N
and, by Lemma 2.6,

L5l 5 1917 )y S (4.15)

Assuming that zy > 0, testing (4.1) with ¢ = xp(0,2,) and using (4.3), we
arrive at ||w||z,(B(0,zy)) = 0- This implies that |B(0,2x)| =0 or w =0 a.e. in
B(0,zx). Consequently, (4.6) holds.

Therefore,

A; = sup sup ||wl, vl !
and, on using (3.5), we obtain that

-1
A]_ S N;lligM Hw||Lp/(B(O,CEk+1))||U||Lq(07mk)'

Applying (4.6) and (3.6) again, we arrive at

S

k
Ap < sup wl? . ol =1 i 0<p<1
Newew (i:N” ”Lp/(Sz) 1VI1Z, 0,

and

Ars s sup Jwllz,cs,) | Ivllz, if p=1.
P, (Ngz};kn Iz, (sl)> I0lL, 00 i P

Now, the fact that {HUHZ;(O,@)};cw:N is almost geometrically decreasing (cf. (4.5))
and Lemma 2.4 imply that
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-1
A s [l 0] 700,
which, together with (4.15), yields A; < c. O
Remark 4.2. Let A; be the number defined in Theorem 4.1. If p = 1, then

A = Hw(fc)HUHZ;(O,IwI) ‘LOO(R").

Indeed, exchanging essential suprema, we obtain

Ay = HwHLoo(B(o,t))HUHqu(o,t)HL (0,00)

_ —1
= w(x)HUHL‘?(Oat)HLOC(B(O,t)) Loe (0,00)

= e@xson@nol o], g -

= ||||w(z)

—1
HUHLq(O:t)HLOO[\xLoo) Loo(R")

-1
= [[w@)lIvllz 0 ‘me)'

In the rest of the paper we shall need the Lebesgue-Stieltjes integral. To this
end, we recall some basic facts.

Let ¢ be non-decreasing and finite function on the interval I := (a,b) C R.
We assign to ¢ the function A defined on subintervals of I by

Ale, B]) = (B+) — pla—), (4.16)
Mo, 8)) = ¢(6-) = p(a—), (4.17)
A(a, B]) = @(6+) — p(at), (4.18)
A(a, 8)) = ¢(6-) — p(at). (4.19)

The function A is a non-negative, additive and regular function of intervals.
Thus (cf. [18]), it admits a unique extension to a non-negative Borel measure
Aon I. The Lebesgue-Stieltjes integral [, f dy is defined as [} f d.

In this section the role of the function ¢ will be played by a function h which
will be non-decreasing and right-continuous on I. Consequently, the associated
Borel measure A will be determined by (cf. (4.18))

M@ B)) = h(B) — hla) for any (a,f] C I (4.20)
(since the Borel subsets of I can be generated by subintervals («, 5] C I).
Consider now the inequality (4.1) in the case when 0 < p <1, p < ¢ < 400

and define 7 by
1 1 1
—=-—-. (4.21)
r p g

In such a case we shall write a condition characterizing the validity of inequal-

ity (4.1) in a compact form involving f(o o0) / dh, where f(t) = [Jw|} L(BO.1)
I’ P k)
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and h(t) = *H“HZ:(O,H)’ t € (0,00). (Hence, the Lebesgue-Stieltjes integral
[ (0,00) f dh is defined by the non-decreasing and right-continuous function h on
(0,00)). However, it can happen that |[ul| (o) = 0 for all ¢ € (0,c) with
a convenient ¢ € (0,00) (provided that we omit the trivial case when u = 0
a.e. on (0,00)). Then we have to explain what is the meaning of the Lebesgue-
Stieltjes integral since in such a case the function h = —oo on (0,¢). To this
end, we adopt the following convention.

Convention 4.3. Let [ = (a,b) CR, f: 1 — [0,+00] and h : [ — [—00,0].
Assume that h is non-decreasing and right-continuous on I. If h : I — (—o00, 0],
then the symbol [ ; [ dh means the usual Lebesgue-Stieltjes integral. However,
if h = —o0 on some subinterval (a,c) with ¢ € I, then we define [; f dh only if
f=0on (a,c] and we put

/ fdh= [ fdh.
I (e,b)

In the proof of the next theorem we shall use frequently the Lebesgue-Stieltjes
integral [ 7 dp, where @ is a non-decreasing, finite and right-continuous function
on I = (a,b) and J is a subinterval of I of the form («, ), [a, B) or («, ]. The
formulae (4.19), (4.17) and (4.18) imply that

/ do = o(5—) — p(a), (4.22)

(a,3)

/ dp = p(6—) — pla—), (4.23)
[, )

/ do = (8) — p(a). (4.24)
(a0, 3]

Theorem 4.4. Assume that 0 < p < 1, p < ¢ < 400 and r is given by
(4.21). Let w and v be a weight functions on R™ and (0,00) respectively. Let v
satisfy [|v|| 0, < +oo for allt € (0,00) and v # 0 a.e. on (0,00). Then the
inequality (4.1) holds for all non-negative measurable g on R™ if and only if

T flwll /(R™)
Ay = / w||’ d{—|v|;7" +—F < 400
: ( oy 1102 4 (] ”Lq<°7t+>)) ol y000

The best possible constant ¢ in (4.1) satisfies ¢ =~ As.
Remark 4.5. Let ¢ < +00 in Theorem 4.4. Then

lullLy0,04) = lull L0 forall t e (0,00),

which implies that

1
T lwllz e
A = / w n d —||U -r +7p.
) ((Om) lolls, a0y @ (| ||Lq(o,t>)> oo

Proof of Theorem 4.4. Let 0 < p <1 and p < g < +o0.
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(i) Suppose first that ¢ < +oc. Let {xk}MH be the discretizing sequence
of the function ¢(t) = Hquq (0.4’ € (0,00). Then (4.3)—(4.5) are satisfied.
Moreover, by Corollary 3.6, (4.2) holds, where {Si}M ,; is given by (3.6).

Assume that A2 < +oo. This condition, (4.3) and Convention 4.3 imply that
(4.6) holds and, as in the proof of Theorem 4.1, we arrive at (4.8). Thus, using
(4.7) (with E = S, N < k < M), the discrete version of Hélder’s inequality
(with the exponents ¢/p and r/p) and (4.2), we obtain

lgwll L, rn)
M v
< (Z HQHLI (Sk) H ||p sk)>
k=N
1 1
M s / M r
< (Z gl sy I0llE M,C) (Z uwuzp/(sk)Hvu;;(o,wk))
k=N k=N
M T
~ () /BB(O 9 dy (Z ||wuzp,<sk)|vr\L;(O,wk)) . (4.25)
’ Lq(0,00) \k=N
By (4.5),
2HUHLq Opir) = <|lv HLq (Ozp i) = \|U||%q(0,mk+3) if N<k+1<M.
Therefore,
HUHZ:(O,MH) < 276”“‘1;:(0@“1)’
which yields
Il ey~ 100 0y = (1= 20 0y 1 N < k<M -2

Assume that N < M — 2. On using (4.4) and the last estimate, we arrive at

M
Dl s 101 0,0
k=N

M
T -Tr
S HwHLp/(Sk)H’UHLq(O,mk+1)
k=N
M-—2
S 3 wls s (101770000 = 12 00
k=N
1l sy (10170000 = 1017 000
0l sy V1 000 + uwuLp,(sM)||vuL;"(0,m). (4.26)
Now, by (423) with So(t) = _HUHZ:((Lt)? le (0700)7 and [a718) = [‘rk+1axk+3)7

N<k<M-2 or|a,f) = [rrm,o0), we obtain that
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M

Z H ”L /(Sk)H HL (0 k)

k=N
M-2
< Z ”wHEp/(Sk)/ ( H’UHL (Ot))
k=N )

0l s /[ d (=017 0 ) + 210l% oy 1017 0 )

T MO0

Z / ||w||2p,(B(o,t)) d <_||U||Z:(0,t)>
[Thy1,Tr43)

¥ /[ ol 0y 4 (<1012 0) + 20005 oy Tl
TM,

[Thy1,Th43

=2 /( oIz, 00 4 (=017 0 ) + 20l oy 1017 0 )
< A5

(note that we have used (4.6) and Convention 4.3), that is,

M
Sl s 01 0y < Ab: (4.27)
k=N

If N > M — 2, then (4.27) can be proved analogously. The inequality (4.1)
(with ¢ < Ajg) follows from (4.25) and (4.27).

For necessity we apply the same argument as in the proof of Theorem 4.1 to
get (4.14). Next, by Lemma 2.7,

T

(Z lwllz,, (s IVl Z¢ Oxk) Se (4.28)

As in the necessity part of the proof of the Theorem 4.1, we can show that (4.6)
holds. Together with (3.5), (4.24) and (4.22), this yields

M
A=y lwllz,, (o) 4 (_”UHZ:(O,t)) Hlwllz, @) 1V11Z, 0,00
k=N 7Tk
M-—1
< 3 ol 0y [ 4 (<I01200)
k=N k
+ \w||gp,(Rn)/( ) d (—HvH;;“(O,t)) Flwllz, @l 0,00
X p\g,O0
M—-1
< Yl 50 mes 101 0y + 1005 Il gy (4:29)

k=N
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Thus, using (4.6) and (3.5) again, we arrive at

M

k::N

and

M T
4553 ( sup. [, ) Il gny i P=1.

Now, the fact that {||v||z7"(0 ;ck)}l]cW:N is almost geometrically decreasing (cf. (4.5))
g\
and Lemma 2.4 imply that

M

4553 Nl s 11 0 ey (4.30)
k=N

which, together with (4.28), yields A2 < c.
(ii) Suppose now that ¢ = 4+o00. Let {l‘k}M+1 be a discretizing sequence of the
function ¢(t) = |v||1..(0,44), t € (0,00). By Lemma 3.1 (cf. also Remark 3.3),

if xnx >0, then [[vl|L_(02y) =0; (4.31)
if M <400, then x4 = o0;

10 L 0,0011) < 20 Loy I N <k <M (4.32)
A0ltomn < Wiy i N<k<M.  (433)

Moreover, by Corollary 3.7,

o(t) /CBM o(y) dy

for all non-negative measurable g on R", where {Sj}L \; is given by (3.6).

Assume that Ay < 4o0o0. This condition, (4.31) and Convention 4.3 imply
that (4.6) holds, and, as in the proof of Theorem 4.1, we arrive at (4.8). Thus,
using (4.7) (with E = Sk, N <k < M) and (4.34), we obtain

~ swp ( /S g(y)dy) Il 0y (4:30)
k

Loo(0,00)  NSk=M

lgwll L, &)

(Z HQHLl Sk Hp Sk))
1
P
< <N§22M \grm<sk>uvum<o,m>) (Z ol s Il om)

P

D

(Zu I sl ||Lm0xk+> . (435)

Lo (0,00)
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Analogously as in the case (i), we arrive at

1
P
(Zuwup P sollt HLOO(W) < As. (4.36)

Therefore, (4.1) (with ¢ S As) follows from (4.35) and (4.36).
Now, we prove necessity part. The validity of the inequality (4.1) and (4.34)
imply that

1
(Z!Ig wly, sk) Sc sup </S g(y)dy> 10| Lo (0,244) (4.37)
k

N<k<M

for all non-negative measurable g on R™. Let gi, N < k < M, be non-negative
measurable functions satisfying (4.12) and define the test function g by (4.13).
Consequently, (4.37) yields

M v
Z a?||w|¥ < sup ag|v
( ol Sk)> L

k=N

and, by Lemma 2.7,

M v
(Z ol ,(Sk)nvuLi(om)) e (438)
k=N g
The same idea as that used in part (i) shows that (cf. (4.29)—(4.30))
M
AL ol 5 Il 00 (439)
k=N
which, together with (4.38), yields As < c. O

5. THE REVERSE HARDY INEQUALITY FOR THE DUAL OPERATOR

The aim of this section is to characterize the validity of the reverse Hardy
inequality involving the operator H* given by

9O = [ g)dy, te(0.%)
B(0,t)
which is the dual operator to that one given by
(H9(0) = [, glw)dy, xel
B(0,)
where ¢ is a non-negative measurable g on R™. To this end, we are going to

make use of the results for the Hardy operator H proved in Section 4. Our next
assertion is a counterpart of Theorem 4.1.
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Theorem 5.1. Assume that 0 < ¢ <p < 1. Let w and v be a weight functions
on R™ and (0,00) respectively. Let ||v||p, (1,00) < +00 for all t € (0,00). Then
the inequality

lgwlz, e << o®) [ g)dy (5.)
B(0,t) Ly(0,00)
holds for all non-negative measurable g on R™ if and only if
o -1
By = tes(ggo) HwHLp,(EB(O,t))HUHLq(t,OO) < +o0. (5.2)

The best possible constant ¢ in (5.1) satisfies ¢ =~ Bj.

Proof. By writing the inequality (5.1) for ]y|_2"g(ﬁ) instead of g and using

the substitutions z = # on the left-hand side and = = ﬁ and 7 = % on the

right-hand side we obtain

LorC o))
<e </0°°v (i)q % (ﬁB(O,r) g(:E)daf:)da> " (5.3)

Consequently, the inequality (5.1) holds for all non-negative measurable g on
R™ if and only if the inequality (5.3) holds for all non-negative measurable g
on R™. We deduce from Theorem 4.1 that the inequality (5.1) holds for all
non-negative measurable g on R” if and only if

2 N i t/1\Y 1 —4
sup / <w <2> |z| p’) dx </ v <) 2d7’> < 00,
te(0,00) \ / B(0,t) 2] 0 T) T

that is,

sup

-1
v < 4o00. 5.4
tE(O, ) )” ”Lq(t,oo) ( )

HwHLp/(CB(O,t)
O
Remark 5.2. Let B; be the number defined in Theorem 5.1. If p = 1, then

_ -1
B1 = o @l o, oy
Indeed, using the idea of the proof of Theorem 5.1, we obtain the result from
Remark 4.2.

Consider now the inequality (5.1) in the case when 0 < p <1, p < ¢ < 400

and define 7 by

1 1 1
1 5.5
S0 (5.5)

As in Section 4, in such a case we shall write a condition characterizing the va-
lidity of the inequality (5.1) in a compact form involving the Lebesgue-Stieltjes
integral f(a b) fdh, say. In contrast to Section 4, now the Lebesgue-Stieltjes
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integral f(a b) f dh will be defined by a non-decreasing and left-continuous func—

tion h on I. We shall see in our next theorem that f(t) = ||w HT (B0

h(t) = Hu||*’(”t by = My Hu||£(’;(87oo), € (0,00). However, 1t can happen
that ||ul[z,¢—p) =0 for all t € (¢,b) with some ¢ € (a,b) (provided that we omit
the trivial case when u = 0 a.e. on (a,b)). Then we have to explain what is
the meaning of the Lebesgue-Stieltjes integral since in such a case the function

h = 400 on (¢,b). To this end, we adopt the following convention.

Convention 5.3. Let [ = (a,b) CR, f: I — [0,+00] and h : I — [0, +00].
Assume that h is non-decreasing and left-continuous on I. If h: I — [0, 4+00),
then the symbol | ; [ dh means the usual Lebesgue-Stieltjes integral (the mea-
sure A associated to h is given by A([a, 5)) = h(B) — h(a) if [a, B) C (a,b) —
cf. (4.17)). However, if h = +oo on some subinterval (¢, b) with ¢ € I, then we
define [, f dh only if f =0 on [c,b) and we put

/fdh fdh.

Theorem 5.4. Assume that 0 < p < 1, p < q < +oo and r is given by (5.5).
Let w and u be a weight functions on R™ and (0, 00) respectively. Let u satisfy
ullLy(t,00) < +00 for all t € (0,00) and u # 0 a.e. on (0,00). Then the
inequality (5.1) holds for all non-negative measurable if and only if

1
T fwllp / (R™)
By = / wl|” + —r— < +o0.
) ((WMHHL(%UU (Il )) om)

The best possible constant ¢ in (5.1) satisfies ¢ = Ba.
Remark 5.5. Let ¢ < +00 in Theorem 5.4. Then
Jull 2y (t—00) = Il Ly(t,00)  for all t € (0, 00),

which implies that

1
T wlz /(R™)
B | | J oy B,
(m7HHL(Bmt m\u@w)> e

Proof of Theorem 5.4. As in the proof of Theorem 5.1, one can show that the
inequality (5.1) holds if and only if the inequality (5.3) is satisfied for all non-
negative measurable g on R™. Thus, by Theorem 4.4, the inequality (5.1) holds
if and only if

1
_z\P O\ N1 ) 7))
/ / <w <m2> |z i’) de | d —/ v() —dr
(0,00) \/B(0,t) 2] (0,t) T) T
) _2n
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that is,
T wl /(R™)
bl e @ (1120 ) |+ e <
/(O,oo) Ly ("B(0.,1)) Lq(t=,00) w2, (0,00)
]
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