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GENERALIZATIONS OF HARDY INTEGRAL INEQUALITY

YouNG-Ho KiM AND THEMISTOCLES M. RASSIAS

ABSTRACT. In this paper, some new generalizations of Hardy type integral
inequalities are proved.

1. INTRODUCTION

The following Inequality is due to Hardy (cf. [1, Theorem 326)): If p >
l,a, >0 and A, = a1 +as + ... + a,, then

X <G T @)

unless all the a’s are zero. The coefficient constant is the best possible.

This inequality was discovered in the course of attempts to simplify the
proofs of the Hilbert’s double series theorem (cf. [4, Theorem 315]). In fact
Hilbert’s double series theorem was completed by the above inequality. More-
over, the corresponding Hardy’s inequality [1, Theorem 327] for integrals can
be stated as follows: If f(z) > 0,p > 1 and 0 < [;° fP(z)dx < oo, then

/Ooo [913 /Ox f(t)dt]pdx < (Z&)p/ooo Pt 12)

where (p/(p — 1))P is the best possible constant.

The inequalities given in (1.1) and (1.2), led to great many papers dealing
with alternative proofs, various generalizations, and numerous variants and
applications in analysis. For the earlier development of this kind of inequality
and several important applications in analysis one can see [1, Chapter IX]. It
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is obvious that, for parameters a and b such that 0 < a < b < oo, the following
inequality is also valid,

/Ob [i /Ow f(t)dt]pdx < <p€1>p/ab FP(t)dt, (1.3)

where 0 < / fP(z)dr < oo.
0

The main purpose of this paper is to establish some new generalizations of
inequality (1.2) by using a fairly elementary treatment. Our results as special
cases yield some recent generalizations of the Hardy’s inequality given in [5].

2. MAIN RESULTS

In this section the function @ is a real valued function such that 0 < Q(s) <
s for each s > 0 and Q(0) = 0. In all the theorems it is assumed, without
further mention, that the integrals exist on the respective domains of their
definitions. Our results are given in the following theorems:

Lemma 2.1. Let 0 < b < o0, pQ(1) > 1, 1/p+1/q=Q(1), f >0, and let
b

0 < / fP/RW(#)dt < co. Then there exists a real number xo € (0,b) such
0

that for any x € (z0,b), the following inequality is true:

z z 1/pQ(1)
/ f(t)dt < le(p—Q(l))/qu(l) (/ tQ(l)/quQ(l)(t)dt> 7 (2.1)
0 0

where Ky = (p/(p — QU))120) = (p/(p — Q1))+,
Proof. For any x € (0,b), by Holder’s inequality, we have

’ dt = ’ 1/pq —1/pag
/Of(t)t /Ot Flot t

x 1/pQ(1) z 1/qQ(1)
< (/ tQ(l)/quQ(l)(t)dt> (/ tQ(l)/pdt>
0 0 (2.2)

x 1/pQ(1)
= le(p—Q(l))/qu(l) (/ tQ(l)/quQ(l)(t)dt) 7
0

where K1 = (p/(p — Q1)) = (p/(p — Q(1)))?/(P+9) . We need to show
that there exists a real number zy € (0,b) such that for any x € (z,b), the
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equality in (2.2) does not hold. Otherwise, there exists z = z,, € (0,b), where
n=1,2,..., with z,, T b such that (2.2) becomes an equality. Then there exist
¢n, and d,, which are not always zero, and satisfy (Kuang [2, p. 29])

p/Q(1) q/Q(1)

en (tl/qu(t)) = d, (t—l/pQ) . ae.inf0, z,].

However f(t) # 0 a.e. in (0, b), thus there exists as integer N such that for

n > N, f(t) # 0 a.e. in (0,z,). Hence for both ¢, = ¢ # 0 and d,, = d # 0 for
n > N, we obtain

b Tn
/fp/Q(l)(t)dt: lim fp/Q(l)(t)dt
n—oo 0

0
ZTn 4—1/pQ(1)
~ fim & / L
0

n—oo C tl/QQ(l)
d [*
= lim / t~tdt = co.
n—oo C Jqo

This contradicts the fact that 0 < /bfp/Q(l)(t)dt < 00. Therefore (2.1) is
valid and this completes the proof of ‘ghe lemma. O
Lemma 2.2. Let a > 0, pQ(1) > 1, 1/p+1/q = Q(1), f > 0, and let
0< /oofp/Q(l)(t)dt < 0. Then there exists a real number xo € (a,00) such
that fgr any x > xq the following inequality is true:

/I ft)dt < K,y (Tj)l/qQ(l) (/z tQ(l)/quQ(l)(t)dt> l/pQ(l), (2.3)

where
K1 = (p/(p = QU)W = (p/(p = Q) #+

and
77 = £P=QM)/p _ (p=Q)/p,

Proof. For any x € (a,00), by Holder’s inequality as in Lemma 2.1, we have

z x 1/pQ(1) x 1/qQ(1)
/ ft)dt < (/ tQ(l)/quQ(l)(t)dt) (/ t—Q(l)/pdt>

1/qQ(1) T 1/pQ(1)
:Kl(:r;) ! ( / tQ(l)/quQ(l)(t)dt> , (2.4)
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where
Ky = (0 (p — Q)™ = (p/(p — Q1)+

and
T* = 2P=QMW)/p _ (p—Q(1))/p

We shall show that there exists a real number xy € (a, 00) such that (2.4) does
not assume equality for any x > xy. Otherwise, there exists z = x,, € (a, ),
where n = 1,2, ..., with z,, T oo such that (2.4) becomes an equality. By the
same argument as in Lemma 2.1 there exist ¢ > 0 and N such that for n > N,

<t1/qu(1)f(t))p/Q(l) _ C(t—l/qu(l))Q/Q(l), a.e.in[a, z,).

Hence

- Tn 4=1/pQ(1)
p/Q(1) —
/a f (t)dt = c/a 174000 dt
_ c/w" 4~ 1L/pQ+1/4Q(1)] g4

Tn
:c/ t7'dt — oo as n — oo.
a

This contradicts the fact that 0 < [ fP/@W(¢)dt < co. Hence (2.3) holds
true and the proof is complete. O

Remark 2.1. If we set Q(s) = s in Lemmas 2.1 and 2.2, then our results
reduce to the corresponding Lemmas 2.1 and 2.2 obtained in [5].

Theorem 2.3. Let0 <a<b<oo,pQ(1)>1,1/p+1/¢g=Q(1), f >0, and
b
let 0 < / fPRW(t) dt < co. Then

/b <; /x f(t)dt>pQ(1) o
< Kaghs <1 - (Z)Q“)/q) (z2)"" | " e (),

where K3 = (p/ (0= Q(1)*/% = (p/(p—Q(1)))"¥ V" and Ty = wr=Q()/p—
aP—Q()/p

(2.5)
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Proof. Using (2.3), we obtain

/ab (31: /:« f(t)dt>pQ(l) o

b T
1 2\ P4
< K2/a m(Ta) /a tQ(l)/QfPQ(l)(t) dt dx

b b p/q
:Kz/ {/ —PQ+(r—Q(1))/q [Ti/x] dx}tQ(l)/quQ(l)(t) it

t

b b p/q
<K2/ {/ +—PQ+r-Q(1)/q [Ti/b} dx}tcz(l)/qucz(l)(t) it

t

1p/a b b
— K, {Tal/b / {/t x—l—Q(l)/qdx}tQ(l)/quQ(l)(t) it

r pla b Q(1)/
= Kz Q?l) _T;/b] / [1 - (%) 1 fre e
r p/q b Q(1)/
<K2Q?1)_T;/b] / [1‘ (3) 1 q}fpw“)dt

g [ sa\Q)/a vl b
= sz _1 - (5> ] [Tal/b] /a M) dt,

where K3 = (p/(p—Q(1)))"/? = (p/(p—Q(1)))*) " and T = v~/ —
a®=QMW)/P_ This completes the proof of our theorem. O

Remark 2.2. If we set Q(s) = s in Theorem 2.3, then our results reduce to
the following inequality

b T p P rb
1 1/q
/ (/ f(t)dt> dz < ¢ <1 - (%) > / FP(t) dt
a € a a
which was obtained in [5]. This shows that inequality (2.5) is a generalization
of inequality (1.2). Also inequality (2.5) is an improvement of (1.3).

Theorem 2.4. Leta > 0, pQ(1) > 1, 1/p+1/q = Q(1), f > 0, and let
0 </ fP/RW(t) dt < co. Then

/aoo (;a /: ‘o dt)pQ(l) e < K /aoo [1 B ep(t)} FPRMW () dt, (2.6)
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where o« = 2 — Q(1)/p — 1/qQ(1), K35 = (p/(p — Q(l)))(p+q)/q = (p/(p —
Q(1)))PeM) and

LN (PR k(@RI (o)) s
9“””%@(1){2( L) (f) Jacermmanie

>1— @M1

with O,(a) =1 — aQ*W=1/pQ(1), fort > a and ¢ > 0.
Proof. Applying inequalities (2.3) and (2.4), we have

/:O (wla /x (1) dt)pQ(l) da

< K, /oo x—apQ(1)<T;>p/q /w tQ(l)/quQ(l)(t) dt dx
e o p/q
:KQ/G {/t w2/ (71 ) dz}tQ(l)/quQ(l)(t) it

o0 o0 /

_ Ks/ {/ (12,.)"" a(12,.) }a(@(l)—p)/ptczu)/qu@(l)(t) it
a t
o0 QM)

— K3/ _4 {1 _ (Ti/t>p }a(Q(l)p)/th(l)/quQ(l)(t) dt

_ K / h [1-0,0] o0 1y at,

where o = 2 — Q(1)/p — 1/qQ(1), Ky = (p/(p — Q(1)))?/?, K3 = (p/(p —
Q(l)))(zﬂrq)/q = (p/(p — Q(l)))pQ(l)’ T = 2(P—Q()/p _ a(pr(l))/p’ and

4 (YOO @) /e /g
0,(t) =1 p+q{1 (72) a tQW/a,

since

(z2,) " =3 (A5 as 0,
k=0

From this we easily obtain
1

1 Q*(1)—1
Op(a) - 1 pQ(l)a )
Op(t) =1+ Ql(l){i (ka(l)) (—1)k (j)k(pQ(l))/p}a(Q(l)—p)/th(l)/q
p

k=1
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for t > a > 0. Applying Bernoulli’s inequality (see [3, p. 65]), we obtain

i

(r—Q(1))/p (r—Q(1))/p]PLM)
;) <p-(3) ]

1 —pQ(l)(g "

and therefore one has

1 a\ (P—Q(1))/p
0.(6)>1— {1 _ [1 —pm(9) } }a(Q(l)—p)/th(l)/q
1 a\ (P—Q(1))/p
—1- L |on <7> ]a@(l)—p)/ptc?(l)/q
pQ(1) [ O
—1— tQQ(l)—l
Hence, the proof is complete. O

Theorem 2.5. Let0 <b<oo,r>pQ(l)>1,1/p+1/¢=Q(1), f >0, and
b
let 0 < / 27 PRW p/QM) (1) dx < 0o, Then

0
(i) For b € (0,00), we have

b T pQ(1)
/Ox (/0 f(t)dt) dx
b

t\r—rQ(1)+Q(1)/
< /3K2/ [1 _ (6) P q] t—r-i-pQ(l)pr(l)(t) dt,
0

2.7)

where 1/ = r — pQ(1) + Q(1)/q and Kz = (p/(p — Q())"/* = (p/(p —
Q(1)))PeLM=1 In particular, when r = pQ(1) we obtain

/Obcc /Ox o dt>pQ(1) N <K2Q?1)/Ob [1_ (Z)Q(l)/q} FPRW () dt. (2.8)

(ii) For b = oo, we have

o z pQ(1) o
/ w‘</ f(t)dt> do< gl [ 4RO G ar, (29)
0 0

0

where 1/8 = r — pQ(1) + Q(1)/q and K> = (p/(p — Q(1)))*/7 = (p/(p —
Q)R-
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Proof. For case (i), b € (0,00), we use (2.1) to obtain

/Obx—r </0 £ dt) Y

b
<K2/ - HE—Q() /g /th(l)/quQ(l)(t) gt da
0 0

b/ b
= K2/ (/ 2 He—QM)/q dx) tQMW/a g (4 gy
0 \Jt

b
_ _BKQ/ (b—r+1+(p—Q(1))/q _ t—r+1+(p—Q(1))/q)tQ(l)/quQ(l)(t) dt
0

b .
— oK | [1 (}) pQ(lHQ(l)/q]t—’“+pQ(”pr‘”(t) dt
b )

0

where 1/8 = r — pQ(1) + Q(1)/q and Kz = (p/(p — Q)" = (p/(p -
Q(1)))P2M =1, This proves (2.7).

For case (ii), b = oo, we use (2.1) to find,

/OOO o (/Oz £(1) dt> Y

< K, /°° T+ P-Q) /g /I 1QU/a (p@0) (1) gt d
0 0

=K, /oO (/oo 2 HP=Q1))/q d:g) tQMW/a ppR) (4 gy
0 t

= 8K, /OO t*?“erQ(l)fPQ(l)(t) dt,
0

where 1/5 = r — pQ(1) + Q(1)/q and K2 = (p/(p — Q(1)*/* = (p/(p —
Q(1)))PQM =1 This proves (2.9) and the proof of the theorem is complete.
U

Remark 2.3. In the limits as a—0 and b— oo, and the function as Q(s)=s,
(2.6) reduces to (1.2). This shows that inequality (2.6) is a generalization of
inequality (1.2). When r = p and Q(s) = s, inequality (2.9) reduces to (1.2).
This means (2.9) and (2.7) provide also a generalization of inequality (1.2).
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Remark 2.4. If we let Q(s) = s —1/c(c > 1), in (2.9), then we shall obtain
the following inequality:

/O T ( /0 N0 dt) P (2.10)
1

R (1-1/c) pp(1-1/c)
<K*<7“—(1—1/c)(p—1/q)>/0 E r (t) dt,

where K, = (p/(p— (1 —1/¢)))PA=Y)=1 [f we let ¢ — oo in (2.10), then one
obtains the following inequality:

/OOO - </Oz ‘o dt)p e e (T_;I)’q—i_l /0°° £TEP (1) dt. (2.11)

If we set r = p in (2.11) we shall get inequality (1.2).
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