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Abstract In this paper, by using Jensen’s inequality and Chebyshev integral inequality, some
generalizations and new refined Hardy type integral inequalities are obtained. In addition,
the corresponding reverse relation are also proved.
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1 Introduction

In 1920, Hardy [2] proved the following inequality. If p > 1, f > 0, p—integrable on
(0, o0) and

F(x) 2/0 f(vydt, ey

then

LEY -Gy from o
0 X p—1 0

P
unless f = 0. The constant (%) is the best possible. Hardy’s inequality plays an important

role in analysis and applications.
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The previous inequality still holds for parameters a and b. That is, the inequality

b p p b
/ (F(x)) _ ( p ) / FP(x)dx,
a X p -1 a

is valid for 0 < a < b < o0, see [3].
In [4], the author gives a generalization and improvement for Hardy’s inequality in the
sens when f is non-decreasing. If f > 0, and non-decreasing, F is as defined by (1).

f>0,g>0, ﬁ is non-increasing, p > 1, 0 < a < 1 then

o0 p 00 p
[ N T R
o \g(x) a(l=p)d—ayr=! J 8(x)

The Hardy inequalities have applications in the theory of differential equations (ordinary
or partial) and led to many interesting questions and connections between different areas of
mathematical analysis. For example, Hardy inequalities are closely related to the quasiaddi-
tivity properties of capacities [1] and have recently been used to find the gaps between zeros
of differential equations which appear in the bending of beams [8].

In this paper, by using Jensen’s inequality and Chebyshev integral inequality, we first give
a generalization of Hardy’s inequality (2). Second, we prove some new refined Hardy type
integral inequalities.

2 Some preliminary Lemmas

In this section, we state the following Lemmas, which are useful in the proofs of our results.

Lemma 1 [5] (Jensen inequality) Let u be a probability measure and let ¢ > 0 be a convex
function. Then, for all f be a integrable function we have

/<p0fduzw(/fdu)~

Lemma 2 [6] (Chebyshev integral inequality) If f, g: [a, b] —> R are integrable functions,
both increasing or both decreasing, and p: [a, b] —> R is a positive integrable function,
then

b b b b
/ P(t)f(t)dt/ P(t)g(t)dtf/ P(l)dt/ p(0) f()g)dr “

Note that if one of the functions f or g is decreasing and the other is increasing, then (4) is
reversed.

A function ¢ is called submultiplicative, if ¢(xy) < @(x)@(y), for all x,y > 0. In
particular, for all n > 1, we have ¢(x") < ¢"(x) x > 0.
The next Lemma exist in [4].

Lemma 3 Let ¢ > 0 is submultiplicative, and ¢(0) = 0. Ifgol (x) is non-decreasing (non-

increasing), then @ is non-decreasing (non-increasing).

Lemmad Let g > 0, and G is as defined by (5). If the function % is non-decreasing
G(x)
x2

(non-increasing) on (0, 00), then the function
on (0, 00).

is also non-decreasing (non-increasing)

@ Springer



Some generalizations and refined Hardy type integral inequalities 453
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X

Proof For all x > 0, and suppose that the functio is non-decreasing

(G(x))’ _xg() —26() K@)

%2 3 I

and

K (x) = xg (x) — g(x) = x> (@) >0,
X

and Consequently, the function K is non-decreasing. Since K (0) = 0, then K (x) > 0, which

implies (%) > (. Therefore G(X) is non-decreasing. O

3 Main results
The following results gives a generalization of Hardy’s inequality.

Theorem 1 Let f >0, g > 0, 0<a<1,p>1,q>%and

Glx) = /O ()t ®)

If the function == o) is non-increasing function. Then the following inequality

/ F”(X)dx - 1 /°° (tf(t))”dt’ ©)
0o Gix) (@a=D(p—-D+2¢-DUA-a)~! Jo G1@1)

is valid. In particular, if we put a = ]%, q = g and G(x) = x? we obtain (2).

x2

G(x)

Proof From Lemma 4, we obtain that the function
Holder inequality we get

* FP(x) _ o —q * *a(p D a(p
/0 G’I(x)dx_/o G 1(x) (/0 f(t)dt) dx

pP— L

p=1 N P
5/ G~ (x) (/ t_“dt) g (/ t“(”_l)fp(t)dt)p dx
0 0 0
00 X p—1 rx
= / G~(x) ( / f“dr) / 1“P=D £P (1 drdx
0 0 0

l o0 o0
_ W/ ,a(p—l)fp(,)/ 2 =00=D G0 (1) dxdr
s A

1 t2 4 roo
- / 9= £p ) / LU= (=24 4, 4y
~(1-ap! G(1)

_ 1 /OO (tf(t))”dt
(@a=D(p-D+2¢-DU-a)~! Jo GI@1)

is non-increasing. By using the

@)
o

The following result concerns the converse inequality.
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Theorem 2 Let f >0, ¢>0, O<p<1,a>0, andq > p+a(p D] . If the function —=

g(x)
is non-increasing function. Then the following inequality

/ wdxz ! /OO QNS t. (8)
0o Gi(x) ((@a+D(p—D+2¢-DA+a)P' Jy  Gi(r)

is valid. In particular, if we put a = %, O<p<l, g= g and G(x) = x?, we obtain [4]

/W(F(x))dezlﬂ?(P)”/‘”(f(x))”dx, ©)
0 X 1—p\1+p 0 X

. . . 2. .
Proof By using Lemma 4, we obtain that the function # is non-decreasing. From the
x)

reverse Holder inequality we get

® FP(x) B x a<p ) 7a(p 1 p
| Grmax= [T ([ roar) ax

p—1 1

z/ G™(x) (/ t“dt) ! (/ t_“(p_l)fp(t)dt)p dx
0 0 0

%) x p=1 px
:/ G9(x) (/ t“dt) /t_“(p_l)f”(t)dtdx

0 0 0

1 o0 oo
— aT )p—l/ fa(pfl)fp(t)/ x(”“)(”’I)G’q(x)dxdt
a

1 12 4 (oo
- / == ¢p(p) / LU+ (=D=24 4, s
= (I +ayr-! G@)

B 1 /°° (tf )P
T @+ DA -p+2q-DA+ar )y GI)

dt. (10)
O
Remark 1 Theorems 1 and 2 are an answer to an open problem proposed by Sroysang [7].

The other type is given by the following.

Theorem 3 Let f, g > 0 and non-decreasing on (0, 00). F be as defined by (1) and G
defined by (5). Let ¢, {r are non-decreasing ,submultiplicative and convex. If o (f (x)r(g(x))
is integrable, then the following inequality

o0 1 o0
/0 P(F)Y(G(x)x'Pdx < -1 /0 P(f Y (gx)x'"Pdx.
holds for all p > 1.

Proof Since the functions ¢ and ¥ are convex and submultiplicative, we obtain

® Q(F())Y(Gx))x!=r / ( / ) ( / )
dx = d dt ) d
/o POV (x) = (x)w(m JOdr )| T wde fdx
— d dt ) d
/0 POt (/ F® I)‘/’(/o A t) *
5/ x' 7Py (f/ f(z)alt)w(l /xg(t)dt) dx.
0 X Jo X Jo
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So, by Lemma 1 and the previous inequality we get

00 1- o0 * *
/ P(F))Y(G(x))x de - / l-p (/ go(f(t))dt) (/ w(g(t))dt) dx.
0 p(x) Y (x) 0 0 0
(1)

Since the functions ¢, ¥, f and g are non-decreasing then the function ¢ o f and ¥ o g are
also non-decreasing and consequently we can applied Lemma 2 where p(x) = 1, and by the
inequality (11) we have

e F G I-p 00 x
/0 @( (x;)(f)(w((;))x dXE/O P (/0 (p(f(;))l/f(g(t))dt)dx

=/0 w(f(t))w(g(l))(/ x_”w(X)lﬁ(X)dX)dt
t

/0 so(f(t))W(g(t))(/ x_pdx)dt
t

1

=—— [ x"Po(f)¥(gx))dx. (12)
p—1Jo

[m}

Theorem 4 Let f > 0, non-decreasing, F is as defined by (1). Let g > 0, be a continuous
on (0, 00), G is as defined by (5). Let ¢ > 0, and non-decreasing, and 0 < b < oco. If g is

non-increasing, and ¢ (g((;\))) is integrable on 0 < b < oo, the following inequality is valid

b (Fx) b f(x))
—\d dx. 13
/o ¢(G<x>) XS/O ¢(g<x> ¥ (13)

In particular, by putting ¢ (x) = xP, p > 1, we obtain
b r b
/ (F(x)) dxf/ (f(x))pdx. (14)
0o \GK) 0o \gW)
Proof Since g is non-increasing, f and ¢ are non-decreasing, we get
b (F™)
fe(6e) = ¢(G< ;] ro)
b
xf (x))
/0 ¢ ( G )
/” o 2@
0 fO g(t)dt
[
0

xg(x)
The next theorem is a generalization of Theorem 2.5 in [4].

IA

IA

Theorem 5 Let ¢(x) > 0 be a twice differentiable function on (0, 00), convex, submulti-
plicative and 9(0) = 0. Let g € Nand p > 1. If x2~P (p(f(();)) is integrable, then the following
inequality
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/wxz_pwdx < ;/‘” U@, (1)
0 (pf1+2(x) p— 1 0 QD()C)

holds.

Proof Since the function ¢ (x) is convex, we have ‘p(x) is non-decreasing by Lemma 3. Then,

by the Jensen’s inequality, Fubini theorem and s1nce ¢ is submultiplicative (In particular
e(x") < ¢"(x) n = 1), we get

® Ly IF@) /'°° x2r (q+1F<x>)
/0 X 200 dx = ; ¢q+2(x)90 b T d

0 y2-p F(x)
/0 T e (T) >

<

< i a+1(x) F) d

“hoemm? U

)

Jo </J(X)(/J x

Z/o o0 ? ( / / mdt)dx
oox2 V| X

=/ (— / w(f(t))dt) dx
0o @) \x.Jo

- /OO o(F () (/wx—l’—x dx) di
0 t ‘P(X)

< /Oo oFO) (/Oox—de) dr
0 (1)

_ ! /xz,pw(f(x))dx
p—1 @(x)

So, the proof of Theorem 5 is complete. O

Theorem 6 Let f > 0, non-decreasing on (0, 00) and F is as defined by (1). Let g > 0, be
a non-decreasing on (0, 00) and G is as defined by (5). Let ¢ > 0, and non-decreasing, and
0 <a < b < oo. If the function ¢ (f (x)g(x)) is integrable on [a, b], then

b F(X)G
/ ¢(%)d < / ¢ (f(0)g(x) dx. (16)

In particular, by putting ¢ (x) = xP, p > 1 and g(x) = 1, we obtain

/b (F)(Cx))p dx < /b £P(x)dx.

Proof By the Chebyshev integral inequality and the assumption of the functions f, g and ¢,
and we consider the function p(x) = 1 for all x € [a, b] we obtain

o) ([ o) [ )
</ ¢[72 [ae [ f(t)g(t)dt]dx
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b B! X
- [l ] f(t)g(t)dt]dx
LX Jo
b r X
<[ o|L S‘) / g(r)dr]dx
L 0
b r X
[ wsw / dt} ”
L X 0

- / b (f(1)g(x) dx.

The following result concerns the converse inequality (16).

Theorem 7 Let f > 0, non-decreasing, F is as defined by (1). Let g > 0, non-decreasing,
G is as defined by (5). Let ¢ > 0, and non-increasing, and 0 < a < b < oo, then

b F()G(x
/ ¢(%)d > / 6 (f()g() dx. (17)

Proof By the Chebyshev integral inequality and the assumption of the functions f, g and ¢,
and we consider the function p(x) = 1 for all x € [a, b] we obtain

Lo on= o ([ i) (] )]
> ; ¢ x—z/o ldt/o f(t)g(t)dt]dx

1 X
=/ ¢ 7/ f(t)g(t)dt]dx
LX Jo
b T x
= fix)/ g(t)dt]dx
L 0

b T X
[ o[E [ a]us

a L

b
- [ ormgmax.
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