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Abstract

These generalizations of Hardy’s Integral Inequality are generalizations of some inequalities of B. G. Pach-
patte.

1991 Mathematics subject classification (Amer. Math. Soc.): 26D15.

In [5] B. G. Pachpatte added one more to the multitude of papers generalizing Hardy’s
Inequality; and the present paper, inspired by [5], is yet another. The proof of our
leading theorem is modelled on that of Pachpatte, and our theorem generalizes his.
We have added iterated versions of our theorems. Our reference list mentions a few
related papers.

THEOREM 1. Let 0 < a < b < 00, ¢ > 0, p > 0and q > 0 be constants.
Let r(x) be positive and locally absolutely continuous in [a, b), and f (x) be almost
everywhere non-negative and measurable on (a, b). Let

r(t)f(t) .
@))] F(x) = s / tlog(b/t) < oo forall xinla,b),
and
2) F(x):o((b——x)“’/") asx - b—.
If p>1and
p xr'(x) b 1
(3) 1+;r(x) log;z;

for almost all x in (a, b), then

b -1 1/p b -1 1/p
@ (f FWJM dx) < % (/ £y 208G/ dx) .
a a X

If 0 < p < 1 and the reverse inequality (3) holds, then the reverse inequality (4)
holds also.
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2] Still more generalizations of Hardy’s inequality 215

PROOF. We may suppose that f is not null.
(i) Suppose also that a > 0. The pth power of the left side of (4) is equal to

) [—F(x)p(log(b/x))q]b
q a

b !
o [ O i (LT k) a

xlog(b/x) r(x)
_p [* (og(b/x))""!
g / x

F)P ' f(x)dx

b s
_P f "X Log(b/x)) F(x)? dx:
qJ:, rx)

the integrated term at x = a has vanished because F(a) = 0 and log(b/a) < oo,
while that as x — b— has modulus, for x > b/2,

— q _ q
F(x)? (log (1 N b x)) < F(x)? (b x) < l1 F)P (b — x)f.
q X q X q(5b)?

which tends to zero by (2).
Now (5) can be re-written

b 1 —1
©) f <1+5” %) 1og é) Q0B (1ye dx
a q r(x) x X
3 B b 1)/ (log(b/x))q—(q—l)(p—l)/p
‘qlxpp logo/my Y

x x—(p—l)/p(log(b/x))(q—l)(p—l)/pF(x)p—l dx.

(i1) If p > 1 and (3) holds, (6) and Holder’s Inequality give

1 " (log(b/x))"" p ([ ,_ (log(b/x))r+r! 1/p
;‘/; _———‘x F(X)p dx =< ; (l x? xp(log(b/x))p f(_x)P dx)

I-1/p

b
X (/ x~'(log(b/x))" ' F(x)? dx)

The last integral factor is non-zero since F is not null. Dividing by it gives the required
inequality (4). Similarly if 0 < p < 1 and (3) is reversed, the reverse inequality (4)
is obtained.

(iii) Suppose instead thata = 0. If 0 < a’ < b, all the hypotheses hold with a
replaced by a’, under their respective conditions on p and in (3). Call these inequalities
(4). Asa’ \ a+, the modified F (x) increases towards the value given in (1); and both
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sides of (4') tend to the corresponding sides of (4), using the monotonic convergence
theorem for the left sides. This limit process thus produces the inequality (4) as
required.

REMARK. Pachpatte’s Theorem 2 in {5] is the case of Theorem 1 (above) in which
p>1,qg=1, c =8, la,b)is replaced by [0, 1] and f(x) by f(x)log(1/x). (The
assumed integrability of f in [5] should have been integrability of »(¢) f (¢) /¢, in order
that F should exist.)

COROLLARY 1. Let a, b, ¢, p, q, r be as in Theorem 1. Let f(x) be almost
everywhere non-negative and locally integrable in [a, b). Let

@) F(x)= /X f@)yde forallxinla,b), and
(8) F(x) =0((b—x)_"/”r(x)) asx - b —.

If p > 1 and (3) holds, then

b p 1p
© [ (55) +ttopory as]
a \7(x)
b 4 1/p
<P {f (&) X7 (log(b/x))P ™! dx} :
q lJ. \r(x)

If 0 < p < 1 and the reverse inequality (3) holds, then the reverse inequality (9)
holds also.

PROOE. In Theorem 1 replace f(x) by xlog(b/x)f(x)/r(x) and F(x) by
Fx)/rx).

REMARK. In fact Corollary 1 is equivalent to Theorem 1; for, replacing f(x) by
r(x)f(x)/xlog(b/x) and F(x) by F(x)r(x), Corollary 1 becomes Theorem 1.

COROLLARY 2. Let 0 <a <b <00, p>0, g >0andk <q/p. Let f(x) be
almost everywhere non-negative and locally integrable in [a, b). Let (7) hold, and

(10 Fx)=o0(b-x)"""} asx—>b—.
If p > 1 then
b 1/p
(11) ( / F(x)Px ' (log(b/x))* ! dx)
’ b i/p
T ( | #erariogo e dx) ,

while if 0 < p < 1 the reverse inequality holds.

https://doi.org/10.1017/51446788700038611 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788700038611

[4] Still more generalizations of Hardy’s inequality 217

PROOF. In Corollary 1 let r(x) = (log(b/x))* and ¢ = q/(q — kp). Inequality (3)
and its reverse are then satisfied simultaneously, because they are equalities.

COROLLARY 3. Let0 <a < b <00, p >0, q > 0. Let r(x) be positive and
locally absolutely continuous in [a, b). Let f(x) be almost everywhere non-negative
and locally integrable in [a, b). Let F(x) satisfy (7) and (8).

If p > 1 and r(x) is also increasing, then (9) holds with ¢ = 1, that is,

b P 1/p
(12) {/ (f—@) x‘l(log(b/x))q“dx}
a \r(x)
b P t/p
55{/ (M) x”“(log(b/x))”*""dx} .
q lJa \r(x)

If 0 < p < 1and r(x) is also decreasing, then the reverse inequality (12) holds.

PROOF. Immediate from Corollary 1 and (3).

REMARKS. Theorem 5.1 in [4], withu =1 —¢g, R = b and w(x) = 1/r(x)?,
gives inequality (12) under almost the same conditions as Corollary 3 with p > 1.
The only significant differences are that » is not required to be locally absolutely
continuous and F is not required to satisfy (8). More generally, the same can be said
of Theorem 5.1 withu =1—¢q, R > b and

_ (logb/x)\"7 1
“’(x)_(logm/x)) r”

provided this last expression is decreasing in (a, b); differentiation shows that this is
certainly so if ¢ > 1 and r(x) is increasing,.

Theorem4.2in[4], withu=1—-qg,A—-1Dk =g >1,0< R<a<b < o0,
f(x) =0forx > b and F(b) = 0, together with

(log(b/x) )""‘ x*!
wx) = ==
log(x/R) r(x)?

supposed increasing in (a, b), gives the inequality (12) reversed, as in Corollary 3
with 0 < p < 1. The first factor in this w(x) is clearly decreasing, but the second
factor is certainly increasing if 7(x) is decreasing; and so w(x) is increasing if r(x)
decreases sufficiently rapidly.

THEOREM 2. Let 0 <a <b < o0, ¢ >0, p> 0, g >0, n > 0 be constants, n
being an integer. Let r(x) be positive and locally absolutely continuous in [a, b), and
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f (x) be almost everywhere non-negative and measurable on (a, b). Let

F(x) = = _l D /a*x fft) (log ;)n_l dt <oo fora<x<b

and
Fx) = 0((b —x)_"/”r(x)) asx > b —.

If p > 1, together with

(13) 1+ Exr((};) ogg > % and 14+ T L D x:(’/(:;) logg > %
q+n—1)p :
for almost all x in (a, b), then
b 14 - 1/p
(14) {/ (F(X)> (log(b/X))" ldx}
a \T(x)

i[ (f(x)>l’ (log(b/x))np+q—l dx}l/l’
(q/p)n r(x) x ‘

Here (z2), =z(z+1)---(z4+n-1).
If 0 < p < 1 and the reverse inequalities (13) hold, the the reverse inequality (14)
holds also.

PROOF. The case n = 1 is Corollary 1 with f(x) replaced by f(x)/x.

First suppose the a > 0. Write F,(x) instead of F(x). We show that the theorem
with @ > 0 results from iterating the case n = 1.

Suppose that the theorem holds for a particular positive integer n, and that its
hypotheses with n replaced by n 4 1 are satisfied (the inductive hypothesis). We aim
to show that the conclusion with n replaced by # + 1 then holds.

Fora < x < b,

fF(s) = /ds/f(t) inldt
. S n—l)'
_ Q) "1 ds
= n_l)'/ dt[ lOg;) T

t n
= = f fj ) (og ;) dt; call this expression F,,(x).

By the inductive hypothesis F,,;(x) < oo fora < x < b, and so F,(s)/s is locally
integrable in [a, b), and of course non-negative. Also since a > 0

log(b/a) 1 F@) g xyd
Fonl) = = (n—l)!,/a ‘ (log?) di
= O(F,(x))
=0 ((b—x)™"r(x))
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as x — b—. The case n = 1, with f replaced by F, and consequently F by F,,,, is
thus applicable, giving

1) { f”(Fm(x))”(log(b/x))q-‘ dxl‘“’
. U r) X

< £ U" (Fn(x))” (log(b/x))r+e! dx]l/p
g/p \J. \ r(x) x

if p > 1, and the reverse inequality if 0 < p < 1 and (13) is reversed.
We can now apply the assumed case of the theorem, with g replaced by ¢ + p,
giving

b p -1 1/p
(16) {/ (Fn(x)> (log(b/x))?*? dx}
a \ 7(x) x
C

- n {/b (f(x))P (log(b/x))np+q+p—l dx}l/P
=@mn+y U e x

if p > 1, and the reverse inequality if 0 < p < 1 and the inequalities (13) are reversed.
Together (15) and (16) give (14) with n replaced by # + 1. The case a > 0 of the
theorem follows by induction.
The extension to the case a = 0 is made in the same way as the corresponding
extension of Theorem 1 in part (iii) of its proof, replacing (3) and (4) by (13) and (14).

THEOREM 3. Let 0 <a < b <00, ¢ > 0, p > 0and q > 0 be constants. Let
r(x) be positive and locally absolutely continuous in (a, b), and let f(x) be almost
everywhere non-negative and measurable on (a, b). Let

r(t)f(t) .
(17) Fx) = 0 f tlog(t/a) < oo forall xin (a,b],
and
(18) F(x):o((x—a)“”/") asx — a+.
If p>1land
pxr'(x) X 1
(19 b= L

for almost all x in (a, b), then

b -1 1/p b 1 1/p
20) (/ F(x)p%"_))"_dx) 5%(/ f(x)pg‘&xx/aldx) _

If 0 < p < 1 and the reverse inequality (19) holds, then the reverse inequality (20)
also holds.
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PROOF. On the same lines as the proof of Theorem 1, but supposing that b < 00,
we obtain, instead of (5),

(log(x/a))?~! de = P /
VOBW/A))”  4x =P
x q Ja

b -1
F(x)”_l f(x)w dx

b
(21) / F(x)?

b ,
+£2 / Fr—2 (log(x a))? dx;
q Ja r(x)

the integrated term at x = b has vanished because F(b) = O and log(b/a) < oo,
while that as x — a+ tends to zero even more simply than before, by (18). Equation
(6) is changed only in that log(b/x) is replaced by log(x /a) throughout, and + on the
left is replaced by —.

Corresponding to part (iii) of the proof of Theorem 1, we let a < b’ < oo, apply
the parts already proved with b replaced by »’, and make b’ 7' oo using monotony.

REMARK. Pachpatte’s Theorem 1 in [5] is the case of Theorem 3 (above) in which
p>1,9g=1c=a,aisreplaced by 1 and f(x) by f(x)log(x).

COROLLARY 4. Let a, b, ¢, p, q, r be as in Theorem 3. Let f(x) be almost
everywhere non-negative and locally integrable in (a, b],

b
(22) F(x) = / f@)ydr forallxin(a,b]
and
(23) F(x)=o((x —a)™’r(x)) asx—>a+.
If p > 1 and (19) holds, then

b p 1/p

4) { / (F(x)) x~1(log(x/a))~! dx}
a \r()
- % i/b (F(X))pxp_l(log(x/a))p+q—ldx}l/l"
g Ua \r)

If 0 < p < 1 and the reverse inequality (19) holds, then the reverse inequality (24)
holds also.

PROOF. In Theorem 3 replace f(x) by xlog(x/a)f(x)/r(x) and F(x) by
F(x)/r(x).

REMARK. In fact Corollary 4 is equivalent to Theorem 3.
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COROLLARY 5. Let0 <a <b <00, p>0, g >0andk < q/p. Let f(x) be
almost everywhere non-negative and locally integrable in (a, b]. Let (22) hold, and

(25) Fx)=o((x—a)""") asx—>a+.
If p > 1 then
b —kp—1 1/p
(26) ( f F (e LB/ z))q ’ dx)
b —k —1 l/p
<P ( f Foxy? (log(x /a))?~*7+» dx) ’
q—kp \Ja x!=p

while if 0 < p < 1 the reverse inequality holds.

PROOF. In Corollary 4 let r(x) = (log(x/a))* and ¢ = q/(q — kp). Inequality (19)
and its reverse are now satisfied simultaneously, because they are equalities.

COROLLARY 6. Let 0 <a <b <00, p > 0andq > 0. Let r(x) be positive and
locally absolutely continuous in (a, b]. Let f(x) be almost everywhere non-negative
and locally integrable in (a, b, and let (22) and (23) hold.

If p > 1 and r(x) is also decreasing, then (24) holds with ¢ = 1.

If 0 < p < 1 and r(x) is also increasing, then the reverse inequality (24) holds
withc = 1.

PROOF. Immediate from Corollary 4 and (19).

REMARK. Theorem 5.4 in [4], with © = 1 — ¢ and w(x) = 1/r(x)?, gives
inequality (24) reversed with ¢ = 1 under almost the same conditions as Corollary
6 with 0 < p < 1. However there does not seem to be in [4] any approximate
counterpart of Corollary 6 with p > 1.

THEOREM 4. Let 0 <a <b <00, ¢ >0, p> 10, g >0, n > 0 be constants, n
being an integer. Let r (x) be positive and locally absolutely continuous in (a, b}, and
f (x) be almost everywhere non-negative and measurable on (a, b). Let

b n—1
F(x) = ! / A0 (log L) dt <oo fora<x<b
n-N0D'J, t X

and
Fx)=o((x—a) " r(x)) asx—>a+.
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If p > 1, together with

27 1- Exr (x) ogl > ! and — b ) Ogi > !
() a ¢ g+ n—"Dp r(x) a” ¢
for almost all x in (a, b), then
b p -1 1/p
(28) {/‘ (F(X)) (log(x/a))? dx}
a \r(x) X

¢ { /” ( f(x))” (log(x/a))"”+e~! }””
= dx .
(q/p)n WJa \r(x) x

If 0 < p < 1 and the reverse inequalities (27) hold, then the reverse inequality
(28) holds also.

PROOF. The case n = 1 is Corollary 4 with the function f(x) replaced by f(x)/x.

First suppose that b < oc. Write F,(x) instead of F(x).

Suppose that the theorem holds for a certain positive integer n, and that its hypo-
theses with n replaced by n + 1 are satisfied.

Fora < x < b,

F(s) ds [* f() £\
/X s B= (n—l)'/ / ( _) @
(= f@® n=lds
= n—l)'/ dt/ 0 t) T

__1yn-1 n
_ D / f(’){_<_1og_) }dt

n! PR x
f(t)

t n
= ( og —) dt; call this expression F, . (x).
n' t X

By the inductive hypothesm F.i1(x) < ocofora < x < b, and so F,(s)/s is locally
integrable in (a, b], and of course non-negative. Also since b < 00,

b n—1
Foalx) < logb/a) 1 / fft) (log L) dt

n (n—1YH X
= O(F,(x))

=0 ((x —a)™"r(x))

as x — a+. The case n = 1, with f replaced by F, and consequently F by F,,,, is
thus applicable, giving

29) { / ’ (Fm(x))" log(x/a ! ]‘/P
a r(X) x
< ’ (Fn(x))p (log(x/a))Pta~! p 1/p
p {/a r(x) X X}
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if p > 1, and the reverse inequality if 0 < p < 1 and (27) is reversed.

We can now apply the assumed case of the theorem with ¢ replaced by ¢ + p,
because g + p > 0 and the conditions corresponding to (27) are fulfilled. The latter
of these conditions, namely

P xr/(x)l
q+np r(x)

X 1
Og_ 2 )
a C

is provided by the inductive hypothesis, while the former,

p  xr'(x)
q+p rx)

x 1
log - > —,
a”c
holds because p/(q + p) lies between p/q and p/(q + np). Thus

b P -1 1/p
(30) {f (F,,(X)) (log(x/a))?*? dx}

r(x) X

- c { f”(f@))" (log(x/a))yrrta+r-! dx}w
“(@/py+1), s \rx) x

if p > 1, and the reverse inequality if 0 < p < 1 and the inequalities (27), with n
replaced by n + 1, are reversed.

Together (29) and (30) give (28) with n replaced by n + 1. This completes the
induction proof of the theorem in the case b < oc.

If b =o00,leta < b < oc. All the hypotheses hold with b replaced by &', and
consequently (28) and its reverse hold with b replaced by &', under their respective
conditions on p and conditions (27). This replacement affects F, but at ' 7 oo the
modified F tends increasingly to the original F. So, using the monotonic convergence
theorem, this limit process gives (28) with b = occ.
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