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GENERAL HARDY-TYPE INEQUALITIES WITH
NON-CONJUGATE EXPONENTS
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Communicated by Mohammad Sal Moslehian

ABSTRACT. We derive whole series of new integral inequalities of
the Hardy-type, with non-conjugate exponents. First, we prove
and discuss two equivalent general inequalities of such type, as well
as their corresponding reverse inequalities. General results are then
applied to special Hardy-type kernel and power weights. Also, some
estimates of weight functions and constant factors are obtained.
In particular, we obtain generalizations and improvements of some
recent results, in the literature.

1. Introduction

Let p and ¢ be real parameters satisfying

1 1
(1.1) p>1,¢g>1, —+->1,
P q
and let p/ = % and ¢ = qiil, respectively, be their conjugate expo-
nents, that is, % + 1% =1 and % + % = 1. Further, define
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and observe that 0 < A < 1 holds for all p and ¢ as in (1.1). In particular,
equality A = 1 holds in (1.2) if and only if ¢ = p/, that is, only if p and
q are mutually conjugate. Otherwise, we have 0 < A < 1, and such
parameters p and g will be referred to as non-conjugate exponents.

These exponents, in conjugate or non-conjugate form, appear in nu-
merous classical inequalities. One of them is the Hardy inequality. In
1925, G. H. Hardy stated and proved in [5] the following integral ine-
quality:

wy [T rwa) de< (S25) 1lom,

where, p > 1, and f € LP(0,00) is a non-negative function. This is the
original form of the Hardy integral inequality, which later on has been
extensively studied and used as a model example for investigations of
more general integral inequalities.

During subsequent decades, the Hardy inequality was generalized in
several different ways. Roughly speaking, the Hardy inequality was ex-
tended to what we call nowadays the general Hardy inequality, or the
Hardy-type inequality:

(1.4)

[/ab </: () dy>QI u(z) dx] v <Chy (/ Pz dm) F>0,

with parameters a, b, p,q’, such that —co < a < b < 00, 0 < ¢ < o0,
1 < p < o0, and with v and v as the given weight functions. The
main problem in connection with the Hardy inequality is to determine
conditions on the parameters p and ¢’ and on the weight functions v and
v under which the inequality holds for some classes of functions.

The Hardy inequality also plays an important role in various fields
of mathematics, specially in functional and spectral analysis, where one
investigates properties of the Hardy operator, like continuity and com-
pactness, and also behavior in more general function spaces. For more
details about the Hardy inequality, its history and related results, see
[?, 10, 11] and [12].

Although classical, the Hardy inequality is still a field of interest for
numerous mathematicians. In papers [2] and [3], Cizmesija and Pecarié
investigated finite sections of the Hardy inequality, i.e., inequalities of the
same type, where the integrals are taken over certain subsets of (0, co).
In such a way, they obtained some generalizations and refinements of



General Hardy-type inequalities with non-conjugate exponents 79

inequality (1.3). For example, in [3], they proved the inequality
(1.5)

/Obx_k </Oxf(y) dy)pdxg <k€1>p/ob [1_ (2,*)]“;1] xp—kfp(m)d%

where, 0 < b < 00,1 <p,k <oo, f>0, and xl_gf € LP(0,b).

The Hardy inequality is closely related to another important classical
inequality, the so-called Hilbert inequality. That relation may be ex-
plained in a more general setting. Namely, in a recent work [7], Krnié
and Pecari¢ provided an unified treatment of the Hardy and Hilbert in-
equalities in general form and extended them to cover the case when
p and p’ are conjugate exponents. More precisely, they obtained the
following two inequalities:

/ab /ay(hg)(y)f(o’ﬂ) dps (z)dpso(y)
< [ /ab & (x) ( /: H(y) dm(y)> () dun (m)]é‘

(1.6) | W) ([ o @an@) o )

/ab H(y) (/ay o7 () dm(x)) - (/ay i) dﬂl(m))p e v)

(1.7) < /a b(?/fp'h)(y) ( /a "o (@) dm(ﬂf)) 9 (y) dusa(y),

1

p/

where, p > 1, u1, o are positive o-finite measures, h, f, g, ¢, 1 are mea-
surable, positive functions a.e. on (a,b) and H = hi)~P. Inequalities
(1.6) and (1.7) are equivalent in the sense that one is a consequence of
another. Also, the same authors obtained inequalities (1.6) and (1.7) in
a more general manner, with arbitrary measurable kernel instead of fun-
ction h (see [7], Theorem 1). Such inequalities are generalizations of the
classical Hilbert and Hardy inequalities. So, inequalities deduced from
(1.6) will be referred to as the Hilbert-type inequalities and inequalities
deduced from (1.7), as the Hardy-type inequalities. Hence, inequality
(1.7) generalizes the inequality (1.5), as well as some other results in [2]
and [3] and numerous other results, in the literature.
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Very recently, Cizmesija et al. [1] developed a unified treatment of the
general Hilbert-type inequalities extended to the case of non-conjugate
exponents. Our aim here is also an extension of the general Hardy-
type inequalities to the case of non-conjugate exponents. Similarly, as
in [1], we use one Bonsall’s idea, developed in [!], about reducing the
case of non-conjugate parameters to the case of conjugate exponents.
In particular, we obtain a series of integral Hardy-type inequalities for
some special Hardy-type kernels. All results are given in two equivalent
forms, analogous to (1.6) and (1.7).

The remainder of our work is organized in the following way: in Sec-
tion 2 we state and prove a pair of new equivalent Hilbert and Hardy-
type inequalities with non-conjugate exponents p and ¢, related to gen-
eral measure spaces with positive o-finite measures, and to the Hardy-
type kernels. These relations are also discussed with respect to param-
eters p and ¢, in order to obtain the corresponding reverse inequalities.
We also give necessary and sufficient conditions for equality in the in-
equalities obtained. In Section 3, we discuss duality in the Hardy-type
inequalities. Moreover, we obtain dual analogues of the results in Se-
ction 2. Also, we prove the equivalence of these results in the case of the
Lebesgue measure. Further, in Section 4, we apply our general results to
the special Hardy-type kernels and power weights with integrals taken
over intervals in Ry. We obtain a whole series of inequalities with ex-
plicit constant factors on their right-hand sides. In Section 5, we further
estimate the inequalities from the previous section. More precisely, we
estimate some factors included in integrals of the inequalities from the
previous section, depending on non-conjugate parameters and the expo-
nents of power weights. Section 6 is dedicated to some uniform bounds
for constant factors in the Hardy-type inequalities. We perform a de-
tailed analysis for optimal constant factor, depending on non-conjugate
factors p and ¢ which give the Hardy-type or the reversed Hardy-type
inequality. Finally, in the last section, we synthesize the methods deve-
loped in Sections 4, 5, and 6, and consider some special cases. In that
manner, we obtain both generalizations and refinements of some known
results.

Conventions. Throughout, let 7’ be the conjugate exponent to a posi-
tive real number r # 1, that is, %4— % =1, or v’ = 5. All measures are

assumed to be positive and o-finite, and functions to be a non-negative
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and measurable. A weight function is assumed to be a non-negative mea-
surable function. Further, LP(u) denotes measure space LP ({(a, b); ) and

Il ey = (fab fP(x) du(x)) " is the corresponding norm. Moreover, in

the case of the Lebesgue measure, LP(u) will be simply denoted as LP.

Expressions of the form 0 - co 2 and % are taken to be equal to
Z€ero.

) 507 00’
2. General Inequalities of the Hardy-Type

Here we prove our main result that extends relations (1.6) and (1.7)
to the case of non-conjugate exponents.

Let (a,b) be an interval in R, let T = {(x,y) € R? : a < x < y < b},
and let puq and pg be positive o—finite measures on {(a,b). We define the
Hardy-type kernel K : {(a,b) x {a,b) — R as:

@) K@) =l ={ " ISy

where, h is a measurable a.e. positive function on (a,b). Further, we
define the functions F': (a,b) - R and G : (a,b) — R as:

F(z) = [ /:h(yw_q/(@/)duz(y)];, z € {a,b),

1
o’

e a6 = 1) [ e @dn)]” L ve @,

where, ¥ and ¢ are measurable a.e. positive functions on (a,b).
We also introduce the related Hardy-type operator by the formula

(2.3) ) = [ " f@)du(@), v e (ab).

Now, we are ready to state and prove our main result.

Theorem 2.1. Let real parameters p, q, and X be as in (1.1) and (1.2),
and let py and po be o-finite measures on {(a,b)y, —o0o < a < b < oo. Let
h, ¢, 1 be measurable, a.e. positive functions on {(a,b) and let H be the
operator defined by (2.3). If the functions F' and G are defined by (2.2),
then the inequalities

b
(2.4) / (R*9)(y) (Hf) (y) dua(y) < IF f 1| o) 190Gl L)
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and

q 1
2 q’

b ’ y / _p ’
{ [ [ [erw dm(fc)] Y () duz(y)}
(2.5) < 1o F Fllorgun

hold for all non-negative functions f and g on {a,b), such that pFf €
LP(u1) and yGg € Li(us2), and are equivalent.

Proof. We prove the inequality (2.4) first. Let h, ¢, and 1) be as given in
the statement of the theorem and let f and g be arbitrary non-negative
measurable functions on (a,b). Let L denote the left-hand side of in-
equality (2.4). Since % + ]% + (1 —\) =1, the left-hand side of (2.4) can
be rewritten as follows:

L= /ab /ay(hAg)(y)f(flf) dpy () dpa(y)
= /ab /ay [(W)_q/)(y)(SDPFp_q/fp)(x)] 7.

[ @) (G g ()]
(2.6) (PFf)? () (¥Gg)! (9)]' ™ dpa(2)dpa(y).

Further, by using the Hoélder inequality, either with the parameters

q,pv, 1E>\ > 1 in the case of non-conjugate exponents p and ¢, or with

the parameters p and p’ when ¢’ = p (that is, when A = 1), and then
applying the Fubini theorem, we obtain that L is not greater than

1
o

r-{f b | ")) da()| (PP 1)) i) |

1

p/

{/ b 1) [ @) din@)] (e ) ) duats)

{/ab (¥Gg)? (y) /ay (Ff)P (z) dul(gc)duz(y)}l_A .
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Now, by considering definitions (2.2) of functions F' and G, the above
expression can be rewritten as

P a
R = HSDFf”zp(M) ’WGQHZq(M)'

{||g0Ff||7£p(m)||¢Gg||%q(u2) -

boopb 1-A
- / / (GF ) () (ng)q(y)dm(fv)duz(y)} |

(2.7)

Of course, from relations (2.6) and (2.7) we obtain the inequality
(2.8) L<R.

Finally, considering (2.7), we easily have

Btp(1-X) Z+q(1-X)
R < oF Ty 16Go iy = I9F Flnun) Gl o).

and so (2.4) is proved. The further step is to prove that (2.4) implies
(2.5) to hold for all non-negative measurable functions f on (a,b). In
particular, for any such f and the function g defined by

(2.9)

o) = W TN () { [ dul(l’)]

applying the Fubini theorem, the left-hand side of (2.4) becomes

’
N
I

(H)T My), ye (ab),

/
49
I’y

L= [ ) (w) [ @an)| 7 0 dim),

that is, we get the integral on the left-hand side of (2.5), while on the
right-hand side of (2.4) we have

’
q
I

Ry = HSOFfHL”(m){ /ab(f“ﬂql)(y) [/ay o7 () dﬂl(“)]

1
q

(HF)" (y) dﬂz(y)} = loF fll o L -

Hence,
1
Ly < [F fllLo(u)Lye,
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which directly yields (2.5), and so the implication (2.4) = (2.5) is proved.
Conversely, by using the Holder inequality for the conjugate exponents
q and ¢/, together with relation (2.5) and definitions (2.2), for arbitrary
f,9 >0, we have

b
/ (19) () (HF)(y) dpualy)

b
= / (VGg)(y) [(wG)_l(y)hA(y)(H f)(y)} dpz(y)

q
p/

< ||ng||Lq<u2>{ / () (w) [ @dn)

1

q/

(H)? (y) duz(y)}

< e fllLeun) 190Gl o uo)-

Thus, (2.5) implies (2.4), so these inequalities are equivalent. The proof
of Theorem 2.1 is now complete.

Remark 2.2. Note that equality in (2.4) holds if and only if it holds
in the Holder inequality and in (2.8). Equality in the Holder inequality
holds if and only if the functions hip=7 GPFP=1 fP ho P paGQIr g1, and
(@F f)P(¢vGg)? are effectively proportional on the set T. Clearly, this
trivially happens if at least one of the functions involved in the left-hand
side of (2.4) is a zero-function. To discuss other non-trivial cases of
equality in (2.4), we can, without loss of generality, assume that the
functions f and g are positive. Otherwise, instead of T, we consider
the set S = {(x,y) € T : f(x)g(y) > 0}, which has a positive measure.
Under such assumptions, equality in (2.4) occurs if and only if there
exist positive real constants ay, B1, and 71, such that the relations

ar (M) (y) (PP FP~7 fP)(z) = Brp ¥ () (MpIGT g7)(y)
=y (eFf)? (x) (¥Gg)? (y)

hold for a.e. a < x <y <b. Further, these relations can be rewritten in
a more suitable, equivalent form, as:

(2.10)
al(goerple*qlfp)(a:) = Bl(zbq*q/Gq*p/gq)(y), forae a<z<y<hb,
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and
(2.11) alqu/(x) = ’yl(hfllqurqung)(y), fora.e. a<z<y<b.

Since the left-hand side of (2.10) depends only on = € (a,b), while the
right-hand side of this relation is a single-variable function iny € (a,b),
(2.10) holds only if

PPV P4 P — 0P = const.  a.e. on (a,b)

and
YItT QI g9 = BP = const. a.e. on (a,b),

for some positive real constants o« and 3. Considering 1 + % =p and

1+ %l = ¢, these identities can be finally transformed to:

(2.12) f= agofpqu?fl and g = Bl/}fqu%fl a.e. on {(a,b).

By using the same argument, we obtain from (2.11) that F = const.
Further, by inserting (2.12) in (2.11), we also get that h~'GP" = const.
Hence, considering definitions (2.2), we arrive at a contradiction since
the functions h,y, and 1 are positive a.e. on (a,b). So, equality in the
Hélder inequality holds only if f =0 or ¢ =0 a.e. on (a,b). Clearly, in
that case, equality holds in (2.8) and consequently in (2.4). Moreover, it
is clear from the proof of Theorem 2.1 that equality in (2.5) holds only
if it holds in (2.4), that is, if f =0 a.e. on (a,b). O

Remark 2.3. Note that the sign of inequality in (2.4) depends only
on the parameters p', ¢, and \, since the crucial step in proving this
relation was an application of the Holder inequality. Therefore, besides
p,qd >1and X € (0,1], as in (1.1) and (1.2), we can consider exponents
which provide the reversed sign of inequality in (2.4). Specially, if the
parameters p and q from Theorem 2.1 are such that

1,1
(2.13) P<0,¢e{01), “+-<1,

and X is defined by (1.2), we have p’ € (0,1), ¢ <0, and 1-X <0, and so
the sign of inequality in (2.4) is reversed as a direct consequence of the so-
called reversed Holder inequality (for details, see e.g., [12, Chapter V] ).
The same result is also obtained with the parameters p and q satisfying

1 1
(214) p€<071>a q<07 Z;‘i‘ggl,
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since from (2.14) one obtains p' < 0, ¢ € (0,1), and 1 — X\ < 0. Fur-
ther, it is obvious that for all cases of the parameters p', ¢', and X, the
relations (2.4) and (2.5) hold with the same sign of inequality since they
are equivalent. O

Remark 2.4. In the case of conjugate exponents, that is, when q = p
and A = 1, inequalities (2.4) and (2.5) reduce to relations (1.6) and
(1.7) from the Introduction. Thus, our Theorem 2.1 may be regarded as

an extension of the corresponding results from [7] to the case of non-
conjugate exponents. Clearly, reversed inequalities in (1.6) and (1.7)
hold if 0 £ p < 1. g

Remark 2.5. In the proof of Theorem 2.1, we have obtained the ine-
quality (2.8), which is a refinement of inequality (2.4). Let us write that
inequality once again:

b a
/(hA )(y) (H) (y) dua(y) < HsoFfHLp G 10Gl o

215 / [ r 7 @ 6oy ()dul(x)duz(y)}l_A-

Clearly, by substituting the function g, defined by (2.9), in the preceding
imequality, we obtain its equivalent Hardy-type form

{ / () (w) [ [ e dmx)} T )duz(y)};
< IeF { [ w ][ [ e @ ] e

1—X\
(216)  (HN () / (@Ff)pdul(w)duz(y)} |

Inequality (2.16) is also a slight refinement of (2.5). Note that these
refinements hold only in the non-conjugate case. Further, the reversed
sign of inequality in (2.15) and (2.16) holds as in Remark 2 (conditions
(2.13) or (2.14)) and also in the case when p,q € (0,1). O
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3. General Inequalities with Dual Hardy-Type Kernel

One important property of the Hardy inequality is duality. Here, we
obtain dual analogues of the relations in the previous section.

Let (a,b) be an interval in R, let T = {(z,y) € R2:a < y < z < b},
and let 1 and pg be positive o—finite measures on (a, b). We define the
dual Hardy-type kernel K : (a,b) x (a,b) — R as:

(3.1) K(z,y) = h(y)xz(z,y) = { h(oy’)’ . i z

where, h is a measurable a.e. positive function on (a,b). Moreover, we
define the functions F': (a,b) — R and G : (a,b) — R as:

1
o

Fa) = | [ o] e ),

Q

1
P’

(32 G - [h(y) [ <x>dm<x>} . ye (ab),
Y

where, 1) and ¢ are measurable a.e. positive functions on (a,b) with
respect to the corresponding o-finite measures.

Further, the dual Hardy-type operator to the operator H in (2.3) is
defined in the following way:

_ b
(3.3) (Ff)(y) = / f@dm(@), g€ {ab)
Y

In this setting, we obtain a dual analogue of Theorem 2.1.

Theorem 3.1. Let real parameters p, q, and X be as in (1.1) and (1.2),
and let py and po be o-finite measures on {(a,b)y, —oo < a < b < oo. Let

h, ¢, 1 be measurable a.e. positive functions on {(a,b) and let H be the

operator defined by (3.3). If the functions F and G are defined by (3.2),
then the inequalities

b ~ ~ ~
(3.4) / (B*9) (W) (H ) (y) duz(y) < 10F fll o) 19 Gl L)



88 Cizmesija, Krni¢ and Pecari¢
and

1

q/

LGN

(L[]

(3.5) <N OFf | o)

(Hf) (y) duz(y)}

hold for all non-negative functions f and g on (a,b), such that goﬁf €
LP(uy1) and ¥vGg € L (us2), and are equivalent.

Proof. Follows the same lines as the proof of Theorem 2.1. O

Remark 3.2. Similarly as in Remark 2.2, one obtains that equality in
(3.4) holds if and only if f =0 or g =0 a.e. on (a,b). Equality in (3.5)
holds if and only if f =0 a.e. on (a,b). Finally, the reversed inequalities
of (3.4) and (3.5) hold under the same assumptions as in Remark 2.3.0]

Remark 3.3. In the case of conjugate exponents, that is, when q = p’

and A =1, Theorem 3.1 reduces to Theorem in [7], and so our Theorem
3.1 can be regarded as an extension of the mentioned results to mon-
conjugate exrponents. O

Remark 3.4. Similarly as in Remark 2.5, one easily obtains a refine-
ment of (3.4) in the non-conjugate case:

b ~ ~ o5 =
/ (h*g) () (H )W) dpi2(y) < NF F I 1oy 1GNPy

(36) { / / (F )Y ng><>dm<x>du2<y>}“,

with sharp inequality for f,g # 0 a.e. on {(a,b). Furthermore, by substi-
tuting the function g, defined by

~

9(y) = W) (y) [ /y b oV (2) dm(w)]
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in (3.6), we obtain the inequality

{ / (b)) [ / o ) dm<x>] ) d#z(y)};
gusaﬁfuzp;(m){ [ - [/ybso Y ) (o) ’

b
67 (@ /chfpdul( Yoy >} ,

which can be regarded as a refinement of (3.5). Of course, the reversed
sign of inequality in (3.6) and (3.7) holds as in Remark 2.5. O

The most interesting case in our work appears when the interval (a, b)
is a subset of the set of non-negative real numbers, that is, 0 < a < b <
oo. Namely, we show that Theorems 2.1 and 3.1 are equivalent in the
case of Lebesgue measures.

Theorem 3.5. Let 0 < a < b < 0o and under conditions of Theorem 2.1
and Theorem 3.1, let duy(x) = dx, dus(y) = dy. Then, the inequalities
(2.4) and (3.4) are equivalent. Moreover, the inequalities (2.5) and (3.5)
are equivalent as well.

Proof. Suppose that the inequality (2.4) holds for an arbitrary interval
(a,b) C R, and arbitrary non- negative measurable functions ¢, v, h, f,

n (a,b). We define a = $ and b =1 with conventions @ = 0 for b =
and b = oo for a = 0. We also deﬁne the functions h, go,zp, f, and g on
~ N T 1\ ~ (1 T Zo (1) Fi —2p (1

and g(t) =t"2g (1) .
Rewrite (2.4) with these new parameters. More precisely, by using
the substitutions = L and y = 1, the left-hand side of (2.4) becomes:

b _ b b
[ (D) )t HF)(y) dy = / (Fg)() / f(u) dudo,

that is, the left hand side of inequality (3.4). Analogously, for the first
factor on the right-hand side of (2.4), we have

b
Id

ey N R e



90 Cizmesija, Krni¢ and Pecari¢

which obviously represents the first factor on the right-hand side of ine-
quality (3.4). The same argument holds for the second factor on the
right-hand side of (2.4). Thus, inequality (2.4) implies (3.4). In the
same manner, one obtains the reverse implication, and so inequalities
(2.4) and (3.4) are equivalent.

Finally, the pairs of inequalities (2.4) and (2.5) as well as (3.4) and
(3.5) are equivalent (see Theorems 2.1 and 3.1), which implies the equi-
valence of (2.5) and (3.5). O

4. Some Special Hardy-Type Kernels and Weight Functions

Here, we consider the case with Lebesgue measure for some particular
Hardy-type kernels and weight functions. Namely, let 0 < a < b < o0
and h,p,1 : {(a,b) — R be, respectively, defined by h(y) = i, o(z) =
x4 (y) = y*2, A1, Ay € R. As shown in the previous section, it is
sufficient to consider only the Hardy-type inequalities in Theorem 2.1,
since their duals are equivalent with them.

In particular, we have to distinguish the cases

(4.1) 0<a<b<oo,
(4.2) 0=a<b< oo,
(4.3) 0<a<b=oo,
(4.4) 0=a<b= o0,

since one obtains different integration formulas for the functions F' and
G, defined by (2.2).
Specially, if 0 < a < b < oo, then

-5 - z\4'A
45)  Fla) =4 104l TR 420,
: 1
(hl g) q/, Ay =0,
and
1
_1 1-p' A1 |7
(6) G =] MTrATR (5) Ay
1 1
y v (]n%)p’7 Aq :%.

Note that we have, in previous two relations, included the cases A; > 1%
and Ay < 0, by means of the modulus function. In this setting, we
obtain four corollaries arising from Theorem 2.1.
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If Ay # }% and As # 0, then we have the following result.

Corollary 4.1. Let —o0 < a < b < 00, let real parameters p, q, and A
be as in (1.1) and (1.2), let Ay, A be real parameters such that Ay #
%, As # 0, and let H be the operator defined by (2.3). Then, the

inequalities

b
/ y o) (L) (y) dy

1
-7 b
S ‘1 _p/Al‘ P [/ :L,(Al—Ag)p
a

L

lq’ Aa| o'

b
(4.7) / y(A2—A1)q
a

b ) a 1-p' Ay
/ y(A1,A2,)\)q 1— ()
a )

—L/ b /
(1) < 1=PALY /a:(AlA?)p 1—(5)”’42
g/ Ao @ b

hold for all non-negative measurable functions f and g on (a,b), and are
equivalent.

In the case A1 # z%’ As = 0 we have the following result.

Corollary 4.2. Let —o0 < a < b < 00, let real parameters p, q, and A
be as in (1.1) and (1.2), let Ay be real parameter such that Ay # ﬁ, and

let H be the operator defined by (2.3). Then the inequalities

b o[yt b\ 7 P
[ sty < - | [t () f”(w)dw] -

b a 1—p' Ay
(4.9) / y e 1—( >
a y
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and

/ =

pl

Q
~|

b 1-p'A
/ y(Ar/\)fI’ 1— <a> '
a Yy

b q
(4.10) <1 —p’Aﬂfi [/ AP (ln Z) fP(x) dx

D=

hold for all non-negative measurable functions f and g on (a,b), and are
equivalent.

If A = ﬁ and A # 0, we obtain the following corollary

Corollary 4.3. Let —o0 < a < b < 00, let real parameters p, q, and A
be as in (1.1) and (1.2), let Ay be real parameter such that Ay # 0, and
let H be the operator defined by (2.3). Then, the inequalities

b
/’y*g@xﬂfxwdy

b 1A | 5 P
< ‘q,AQ‘_i [/ x(l—Az)p—l 1 <%>q 21 fp($) dxl
" (Aa=Lya (1 YN 4 a
(4.11) M y oo (lna) g(y)dy]
and
, 1
—q'As—1 1 Yy _% H )4 d «
/ (0 2) ™ ) ()
I A (1—Ag)p—1 A |V ’
(4.12) < |q'A| ¥ /x 2)p 17(3) FP(z) d

hold for all non-negative measurable functions f and g on {(a,b), and are
equivalent.

Finally, if A; = ]% and As = 0, then we have the following result.
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Corollary 4.4. Let —oco < a < b < 00, let real parameters p, q, and
A be as in (1.1) and (1.2), and let H be the operator defined by (2.3).
Then, the inequalities

[ awnwa < ! [t ()7 pe d:c]

LA

(4.13) Ub v (m %> i ) dy] :
and
[/ab y_l (ln Z)Zi (Hf)q/(y) dy] v < [/ab 2Pl <ln 2) 7 (2) dx] P
(4.14)

hold for all non-negative measurable functions f and g on (a,b), and are
equivalent.

Now, we consider the second case, (4.2), where, a = 0. Then, F is
defined by (4.5), and

(4.15) Gly) = (1—p/A) Ty, ye (o),

where, 1 — p’A; > 0. In this setting, we obtain two results, depending
on value of the parameter Az (A # 0 or Ay = 0).

Corollary 4.5. Let real parameters p, q, and X be as in (1.1) and (1.2),
let 0 < b < o0, let Ay, Ay be real parameters such that p’ Ay < 1, Ay #0,
and let H be the operator defined by (2.3). Then, the inequalities

(4.16) [ / by(AQ‘A“"gq(y) dy] q

0
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and

1
v

[ /0 by(Al_AQ_”q'(H 7w dy} '

— [ b '
(4.17) < % / pAi—A2)p |1 _ (E)q A2
g/ Aa| 7 0 b

hold for all non-negative measurable functions f and g on (0,b), and are
equivalent.

v fP(x) dx] ’

Corollary 4.6. Let real parameters p, q, and X be as in (1.1) and (1.2),
let 0 < b < oo, let Ay be real parameter such that p’A; < 1, and let H
be the operator defined by (2.3). Then, the inequalities

/Ob y () (Hf)(y) dy < (1— p’Al)_ﬁ [/Ob e <ln z) : . dx] .
(4.18) [ /0 yagigy) dy} %
and

1

[yt w ]

0
(4.19) <(1—pA) 7 [/Obxf‘w (m i) () dx]

hold for all non-negative measurable functions f and g on (0,b), and are
equivalent.

=

The next case (4.3) includes b = co. Then, G is defined by (4.6), and

(4.20) Fx) = (dAs) 722, z¢€ (a,00),

where, ¢’ A5 > 0. In this setting, we get two results, depending on value
of the parameter Ay (A; # 2% or Ay = }%)

Corollary 4.7. Let 0 < a < oo, let real parameters p, q, and A be as in
(1.1) and (1.2), let Ay, Ay be real parameters such that A; # ]%, q'As >
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0, and let H be the operator defined by (2.3). Then, the inequalities

/ Ty W) H ) () dy

=

_ 1
| 7

o 0o
< |1 PAl% P [/ x(A1*A2)pfp(‘,L,) da:} P

(q'Az)«
1
o0 a 1—-p' Ay ﬁ a
(4.21) / A 1_<y) g'(y) dy
and
1
[e'e) A A N a 1—10/141 7% , !
[y 1—(y> (HF)7 () dy
b e !
(4.22) < H(fj:l)ﬂlp [/ x(Al—Az)pfp(x) dx} P
q'Ag) 7 a

hold for all non-negative measurable functions f and g on (a,0), and
are equivalent.

Corollary 4.8. Let real parameters p, q, and X be as in (1.1) and (1.2),
let 0 < a < oo, let Ay be real parameter such that ¢’ As > 0, and let H
be the operator defined by (2.3). Then, the inequalities

[ P < [ oot a]

a4
7

) Uoo 7 ()7 dy] %

a

and

p

(1.24) < (a7 | [t )

hold for all non-negative measurable functions f and g on (a,0), and
are equivalent.
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Finally, we consider the case (4.4), that is, with a = 0 and b = oo.
In that case, the functions F' and G are respectively defined by (4.20)
and (4.15), where, 1 —p’A; > 0 and ¢’A2 > 0. Hence, we have only one
possibility, given in the following corollary.

Corollary 4.9. Suppose p, q, and \ are as in (1.1) and (1.2), Ay and
As are real parameters such that p’A; < 1, ¢ As > 0, and H is the
operator defined by (2.3). Then, the inequalities

[/OO g (A1 A2)p £7 () d:z:] .
0

(4.25) [ /O "y Ay dy] '

/Ooo y—kg(y)(Hf)(y) dy < (1_p’Al)llp

and
[Ty gy ) ]
0
(4.26) < w [/Oo x(ArAg)pfp(x) d:c] P
(¢'A2)7 0

hold for all non-negative measurable functions f and g on Ry and are
equivalent.

Remark 4.10. Some results from this section, specialized to the case of
conjugate exponents, can be found in [7] (see Corollaries 1-3). Hence,
our results generalize the mentioned results in [7]. Note that the in-
equalities in this section hold with the reversed signs of inequality if the
exponents p and q satisfy conditions (2.13) or (2.14). O

Remark 4.11. As already mentioned, we can easily obtain related re-
sults which correspond to the dual Hardy-type kernel. Here, they are
omitted. Also, in [8] (see Section 4), one can find the results that are
similar to the ones in this section. O
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5. Further Analysis of Parameters

We proceed with estimates of some factors included in integrals in
the inequalities of the previous section, depending on non-conjugate ex-
ponents and the real parameters A; and As. Applying these estimates,
we shall get closer to the classical Hardy inequality. More precisely, by
using the same notation as in the previous section, the estimates

17])’141 1—p' A
a a P A 1
. — (= <|1-—(= =
(51) 1 <y> —‘1 <b> ) y€<a7b>7 Al#p,a
and
T\ 7 Az a\ q Az
(= <1 (Z
(5.2) 1 (b) _‘1 (b) , ze(ab), Ay 0,
hold, where 0 < a < b < oco. Further, estimates
b b
. In— <In-— b
(5.3) n— <, x € (a,b),
and
(5.4) m?<m® yeiab
* a — a7 y b )

are obviously valid for the natural logarithm function, where, 0 < a <
b < o0.

Our aim is an application of these estimates to the results obtained
in Section 4. In such a way, we shall simplify these inequalities and
obtain new constant factors included in the right-hand sides of appro-
priate inequalities as well. Constant factors will be expressed in terms
of function k£ : R — R, defined by the formula

(5.5) k(a) = { S oz,

lng, a=0,

with 0 < a < b < oo. Obviously, k is a continuous function, since
limg—0 k() = Ek(0).

By combining Corollary 4.1 and estimates (5.1) and (5.2), we obtain
the following result.

Corollary 5.1. Suppose p, q, and X are as in (1.1) and (1.2), —oo <
a < b< oo, Ay and Ay are real parameters such that Ay # ﬁ, Ay #£0,
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and H is the operator defined by (2.3). Then, the inequalities

[yt gy ]

a

=

1
b ,
(1= P AT (' As) [ [ e ) ae|

a

(5.7) < kr

hold for all non-negative measurable functions f and g on (a,b), and are
equivalent.

Note that inequality (5.7) has a form of the classical Hardy inequality
(1.3). Now, let us compare inequalities (4.8) and (5.7). The left-hand
side of inequality (4.8) is not less than the corresponding side of (5.7),
while the right-hand side of (4.8) is not greater than the corresponding
side of (5.7). Thus, we can regard (4.8) as both a generalization and a
refinement of the classical Hardy inequality. The same argument will be
valid for the remaining results of the Hardy-type in Section 4.

Of course, in a similar way, we obtain the results that correspond to
Corollaries 4.2, 4.3 and 4.4.

Corollary 5.2. Let —0o < a < b < oo, let p, q, and X be as in (1.1)
and (1.2), let Ay be real parameter such that Ay # 1&%’ and let H be the

operator defined by (2.3). Then, the inequalities

s b >
v / 1P fP () d$]

b
/ y () H () dy < k¥ (1§ Ay)ki

=
| —

(0)

(5.8) [ /a b y~Magi(y) dy]
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and

(5.9) < kY (1= p/ Ak (0) [ / " A () dx}

hold for all non-negative measurable functions f and g on {(a,b), and are
equivalent.

Corollary 5.3. Suppose p, q, and X are as in (1.1) and (1.2), 0 < a <
b < 00, Ao is real parameter such that Ao # 0, and H is the operator
defined by (2.3). Then, the inequalities

1 S
7 7

b ,
(aa) | [ a0 o) s

b
/ Yy g(y)(Hf)(y) dy < kv (0)ka
b ) H
(5.10) U y g (y) dy]
and

a

(5.11) < k¥ (0)k7 (¢ As) [ / - Ap (x) dm] ’

hold for all non-negative measurable functions f and g on (a,b), and are
equivalent.

Corollary 5.4. Let 0 < a < b < co. Further, suppose p, q, and \ are
as in (1.1) and (1.2) and H is the operator defined by (2.3). Then, the
inequalities

b
/ g () (Hf)(y) dy

(5-12) < kN0) [/ab o’ fP () dmr [/ab y 7 g%(y) dy]}l
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and

4
7

1
b , q b P
s13) | [ wal” <o [ ere )
hold for all non-negative measurable functions f and g on (a,b), and are
equivalent.

Remark 5.5. It is easy to see that inequalities with the reversed in-
equality sign do not hold in Corollaries 5.1-5.4, since inequalities with
opposite inequality signs are combined. ]

Finally, by using the established estimates, we can also obtain results
that correspond to Corollaries 4.5 and 4.7. Since ¢ = 0 or b = 0o, we do
not need to express the constant factors in terms of the function k.

Corollary 5.6. Let 0 < b < oo, let p, q, and X\ be as in (1.1) and (1.2),
let Ay, Ay be real parameters such that p’Ay < 1, ¢ Ay > 0, and let H
be the operator defined by (2.3). Then, the inequalities

[/b x(ArAz)pfp(x) dw}
0

1
7

(1-p'Ay) »
S LS

hSA

b
/0 () (HF) () dy <

(q'Az)e
b @
(5.14) [/ y(A2= A ga () dy]
0
and
b 3
[ e )
(5.15) < M [/b 1;(A1_A2)pfp(:v) d;v] »
(¢’ Ag) 0

hold for all non-negative measurable functions f and g on (0,b), and are
equivalent.

Remark 5.7. If the parameters p and q satisfy conditions (2.13), then
the sign of inequality in (5.14) and (5.15) is reversed. O
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Corollary 5.8. Suppose p, q, and X are as in (1.1) and (1.2), 0 < a <
oo, Ay and As are real parameters such that p’ Ay <1, ¢’ Ay >0, and H
is the operator defined by (2.3). Then, the inequalities

1
v

_ 00 1
a _p/Ali ’ [/ e(A1=A2)p g9 (1) dm} .
1

(¢’ Az)q

(5.16) [ /a Ty anaga(y) dy] '

/ Ty ) () () dy <

and
[ / Ty (g () dy] !
(5.17) < M [/OO x(Al—Az)pfp(x) d:):] »
(q¢'A2)7 a

hold for all non-negative measurable functions f and g on (a,0), and
are equivalent.

Remark 5.9. If non-conjugate exponents p and q satisfy conditions
(2.14), then the sign of inequality in (5.16) and (5.17) is reversed. O

6. Uniform Bounds for Constant Factors

We investigate here some further estimates for the Hardy-type kernels.
First, recall that Corollary 5.1 was obtained from Corollary 4.1 by means
of the estimates (5.1) and (5.2). On the other hand, we may apply the
uniform upper bound 1 —t* < 1, ¢t € (0,1), z > 0, to Corollary 4.1.
A corresponding result, under some stronger conditions, is contained in
the following corollary.

Corollary 6.1. Let 0 < a < b < o0, let p, q, and X be as in (1.1) and
(1.2), let Ay, Ay be real parameters such that p’Ay < 1, ¢’ A2 > 0, and
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let H be the operator defined by (2.3). Then, the inequalities
1 1
1— /A — b P
(1-p 1)1 P [/ x(Al—Az)pfp(m) d:r}
(¢'A2)7 @
1

(6.1) [ / by(Az‘Al)ng(y) dy] q

a

b
/ y () (Hf)(y) dy <

and
b 7
[ [ o gy ) dy}
(6.2) U= 7 /AIIF [ / bx<A1—A2>Pf”(x) dx] ’

(¢ Az)e
hold for all non-negative measurable functions f and g on (a,b), and are
equivalent.

Remark 6.2. If we compare Corollaries 4.9, 5.6 and 5.8 with Corollary
6.1, we easily conclude that Corollary 6.1 holds also if a =0 or b = co.
O

The constant factor involved in the right-hand sides of the inequal-
ities (6.1) and (6.2) depends on the parameters A; and Aj, while the
integrals are dependent only on the parameter A = A; — As. Hence, it is
interesting to consider that constant factor for a fixed value of A. Then,
Ay = A1 — A and the constant factor can be regarded as the function,

1 1
(6.3) C(A1) =(1-p'A) ¥ (dA—qA) 7.
It is interesting to find an optimal value for the constant factor (6.3).
More precisely, depending on sign of inequality, we find maximal or

minimal values for that factor. Having Remark 2 in mind, we have to
consider three cases:

1.pg>1, 2> 1.
In this case, we have A < z% and A; € <A, z%>’ and so we have
to find
inf C(z)= inf (1-—p'z)»

A<a< A<a< L
P p

[~

1
—

(dx—qA) 7.
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(6.4)

One easily obtains that C’(z) = 0 if and only if

1+4A
xTo = .
T U +d

Further, since g € <A, 1%> and C”(x¢) > 0, we conclude that

C(z) attains its minimal value on the interval <A, %> at the

point zg. Hence, a straightforward computation gives the form
of the minimal constant factor:

inf a@:0@@:<1ﬂ y.

A<z<; 1—p'A

2.p<0,ge(0,1), \>1

It is easy to see that Ay € <—oo,min {I%,A}>, and so we dis-
tinguish two cases, depending on the relationship between the
parameters A and 1%'

IfA< 1%’ then we conclude, by a similar reasoning as in the pre-

vious case, that the function C'(z) attains its maximal value on
the interval (—oo, A), at the point xo defined by (6.4). Finally,
since C'(A) = 0, we have

P\

If A> 1%’ then the stationary point (6.4) does not belong to

1
)
interval. Further, since hmwﬁ%f C(x) = oo, there is no upper

the interval <—oo > and C(z) is strictly increasing on that

P
bound for the constant factor C'(z) in that setting.

3.pe(0,1),g<0, A >1.

Here, we have to find the optimal value on the interval

<max {z%’ A} , oo>. Similarly, as above, we have to consider two
cases.
For A < I%, we easily obtain that the function C(x) attains its

maximal value on the the interval <1%’ oo> at the point defined



104 Cizmesija, Krni¢ and Pecari¢

by (6.4). Moreover, since C' (1%) = 0, we have

A\
Cx)=C =(—F7) .
:;13 (z) = C(x0) <1 _p,A>
- p

If A> 1%, then the stationary point (6.4) is not contained in

the interval (A, oo) and C(z) is strictly decreasing on that inter-
val. Since lim,_, 44 C(z) = 0o, there is no upper bound for the
constant factor C'(x) in that case.

According to the previous analysis, we have just proved the following
result.

Theorem 6.3. Let 0 < a < b < o0, let p, q, and X be as in (1.1) and
(1.2), let A be real parameter such that A < 1%, and let H be the operator

defined by (2.3). Then, the inequalities

/aby—kg(y)(ﬂf)(y) dy < <1 f’;\/A>A [/abprfp(x) dmf?

(6.5) [ /a by‘quq(y) dy} %

and

o) [ [ v wa i (+25a) [ d:f

a

hold for all non-negative measurable functions f and g on (a,b), and
are equivalent. Moreover, if a =0 and p, q, \ are as in (2.13), then the
signs of inequality in both relations are reversed. Further, if b = oo and
D, ¢, A are as in (2.14), the the signs of inequality are reversed as well.

7. Applications

Finally,we consider some interesting special cases involving the op-
timal constant factor in the Hardy-type inequality established in the
previous section. Namely, we shall synthesize the methods developed
in sections 4, 5 and 6 for such cases. By means of the established esti-
mates, we obtain the whole series of interpolating inequalities which will
provide both generalizations and refinements of recent results, known in
the literature.
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We can gather the previous discussion in the following two series of
inequalities:

b
/ y () (HF)(y) dy

A b
< A /:UPA 1—<£> !
“\1-pA a b
l—p/A- !

b 7
_ a Ap
/ y 41— <y> 9%(y) dy

1—p/A ]

(7.1)
and
[t
p/)\ A a 1;;;’IA i
= <1—p’A> 1= (5) ]
b T 1—p£A 5 %
{ | [1—(5) K ] f2(@) da
A\ ay 52 o ,
() [ O] [[=re]
/ A b %
(7.2) < (162&4) Ua prfp(x)dx] ,
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which hold under assumptions of Theorem 6.3. Of course, these set
of inequalities are equivalent and reversed signs of inequalities hold as
described in Theorem 6.3. For A = 0, the above set of inequalities (7.1)
and (7.2) reduce, respectively, to:

b
/)yAg@XHfﬂwdy

<o [

-

SR
N—
4
*@\)—‘
| I
v::\‘v@
Kﬁ
/E
&
Q.
3
—
L3

Q=

an
b

1
p

SN SOMSTAROMETE

(7.4) g@wﬂu(ﬂwrwmgwmem

Remark 7.1. We can easily show that inequalities (7.3) and (7.4), with
A = 0, are equivalent to inequalities (7.1) and (7.2), with condition
A< }%. Namely, if we put
alvA A xﬁflf(xﬁ)j y(lﬂ\)%g(yﬁ)

in (7.3), respectively instead of a,b, f(x),g(y), and then apply the vari-
able substitution theorem, the set of inequalities (7.3) become (7.1). So,
the case with condition A < 1% 1s equivalent to the case with condition
A = 0. Thus, it is enough to observe the cases with A = 0, since all
others follow by suitable substitutions. O
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Finally, to conclude our work, we compare the results obtained here
with some recent results in the literature and observe the corresponding
generalizations and refinements.

Remark 7.2. If we substitute a = 0 and b = oo in (7.4) and isolate
outer expressions, then we obtain the inequality

1

q/

oo
[Tant ] < 63 1l
which coincide with Opic’s estimate (see [10]). Clearly, for A = 1, we
obtain the Hardy inequality (1.3) in the original form. That inequality
can also be found, however, in the conjugate case, in Kufner’s work [9].
So, our results may be regarded as both generalizations and refinements
of the mentioned results. O

Remark 7.3. Clearly, if A=\ — 5, k>1, then A<\ — % = ﬁ, and
so by setting A = X\ — g in inequalities (7.1) and (7.2), the optimum

constant factor established in Theorem 6.3 takes the form:

(7.5) C= <kAf/1>A.

In this setting, we see that inequalities (7.1) and (7.2) provide an exten-
sion to non-conjugate case of the corresponding results in [7] (see [7],
Remark 3,4). Further, relation (7.2) can be seen as both a refinement
and an extension of the results from the [2] and [3]. Namely, in the
conjugate case, that is, when p = ¢ and A = 1, with C' defined by (7.5),
from relation (7.2) we obtain related results from the mentioned works
(for example, see [2], Theorem 2, [3], relation (13) and also relation (1.5)
from the Introduction). O
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