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ABSTRACT. We aim to find the complements of the Bennett-Leindler type
inequalities in nabla time scale calculus by changing the exponent from 0 < ¢ <
1 to ¢ > 1. Different from the literature, the directions of the new inequalities,
where ¢ > 1, are the same as that of the previous nabla Bennett-Leindler type
inequalities obtained for 0 < ¢ < 1. By these settings, we not only complement
existing nabla Bennett-Leindler type inequalities but also generalize them by
involving more exponents. The dual results for the delta approach and the
special cases for the discrete and continuous ones are obtained as well. Some
of our results are novel even in the special cases.

1. INTRODUCTION

The theory of inequalities containing series or integrals has been shown to be of
great importance due to their effective usage in differential equations and in their
applications after the celebrated discrete and continuous inequalities of Hardy have
been obtained. In 1920, when Hardy [24] tried to find a simple and elementary
proof of Hilbert’s inequality [32]
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o0 o0
where a,,, ¢, > 0 and Z a?, and Z ¢2 are convergent, he showed the following
m=1 n=1
pioneering discrete inequality

Z(nZ“) <(5) Tean =0 o 0

and pioneering continuous inequality for a nonnegative function I' and for a real
constant { > 1, as

/OOO (1 /Otr(s)ds>cdt < (CEI)C/OOO ¢ (8)dt, @)

where / I¢(t)dt < co. In fact, Hardy only stated inequality (2) in [24] but did

0
not prove it. Later in 1925, the proof of inequality (2), which depends on the
calculus of variations, was shown by Hardy in [25].

¢
The constant (C%l) that appears in the above inequalities also has been found
as the best possible one, since if it is replaced by a smaller constant then inequalities
(1) and (2) are not fulfilled anymore for the involved sequences and functions,
respectively.
Hardy et al. [26, Theroem 330] developed inequality (2) and derived the following

integral inequality for a nonnegative function I' as

W () ¢ |° e
/O . dt<‘9_1‘/0 D >, 3)

¢
/ I(s)ds, if#>1,
where U(t) = (NS

I(s)ds, if6 < 1.

The exhibition (t)f the results containing the improvements, generalizations and
applications of the discrete and continuous Hardy inequalities can be found in the
books [7,26,32,33,38] and references therein.

Since various generalizations and numerous variants of the discrete Hardy in-
equality (1) exist in the literature, all of which can not be covered here, we only
focus on the extensions which have been established by Copson [15, Theorem 1.1,
Theorem 2.1]. We refer these inequalities as Hardy-Copson type inequalities. The
discrete Hardy inequality (1) or Copson’s discrete inequalities were generalized
in [9,14,34-37] and references therein.

The investigation of the reverse Hardy-Copson inequalities, which are called
Bennett-Leindler inequalities, were started almost at the same time with the origi-
nal inequalities.
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The first reverse discrete Hardy-Copson inequalities were obtained by Hardy and
Littlewood [23] in 1927 for 0 < ¢ < 1 without finding the best possible constants.
Then Copson [15], Bennett [10] and Leindler [35] established discrete Bennett-
Leindler inequalities by means of the following: Assume that the sequences z and
h are nonnegative. If 0 < { < 1, then

¢
mi_l [G% ]ihu)z(j) > cﬁgzm)h%m) Cm) ", 0<o<t,

: (1)

where G(m) = Zz(j) and
> @(;”‘))}9 S| > = 32 2mném @] 0 <0
5)

andfor0<L§Z(;§Ti>l),

¢

=~ z(m - ‘X i
> [Gfms]g Zh(j)z(j) > <0L<1> > z(m)né(m) [Gm)]*™", 6>1.
(6)

There are some results in [36] about the reverse discrete Hardy-Copson inequalities
different than the above ones and in [19] about finding conditions on the sequence
z(m) for 0 < ¢ < 1 to obtain best possible constant.

The following results are interesting due to the fact that in contrast to the
literature, discrete Bennett-Leindler inequalities were obtained for ¢ > 1, which
is the same interval as for the Hardy-Copson inequalities. In 1986, Renaud [45]
established the following discrete Bennett-Leindler inequality for the nonnegative
and nonincreasing sequence h(m) whenever ¢ > 1 as

¢
> (S| =203 Kom), (7)
m=1 j=1 m=1

where Z(() is Riemann-Zeta function.

Similar to the discrete Hardy inequality (1), the continuous versions (2) or (3)
have attracted many mathematicians’ interests and expansions of these continuous
inequalities have appeared in the literature. The first continuous refinements were
obtained by Copson [16, Theorem 1, Theorem 3] and after these results many papers
were devoted to continuous analogues and continuous improvements of the discrete
Hardy-Copson inequalities, see [8,27,39,41,42].
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The first continuous Bennett-Leindler inequality, which is the reverse version of
the continuous Hardy-Copson inequality (3), when § = (, was established in [26,
o0

Theorem 337 for 0 < ¢ < 1 and for H(t) = / h(s)ds as

> @dt > (<>C /OO RS (t)dt, h(t) > 0. (8)

o ¢ “\1-¢/ o
Then Copson derived continuous analogues of the discrete Bennett-Leindler in-
equalities (5) and (6), which are called continous Bennett-Leindler inequalities,

in [16, Theorem 4, Theorem 2], respectively, for z(t) > 0 and h(t) > 0 and
t t

G(t) = / z(s)ds, H(t) = / 2(s)h(s)ds, H(t) = /OO z(s)h(s)ds in the follow-
ing manngrs: fo<¢<i, 0 2 1 then '
by ¢
A[GgpmﬁWﬁz(lfQ Az@[@%*#@ﬁ,0<b§m. (9)
fo<(<1<86, a>0,then

(b ¢\ [
/ [G(t)]G[Hu)thz(H) | soreron o

Unlike the above classical results, for ¢ > 1, the continuous counterpart of the
discrete Bennett-Leindler inequality (7) was obtained in [45] as follows: Let ¢ > 1
and for nonnegative and decreasing function h, we have

/OOO ti( [/Ot h(s)ds} C dt > % b RS (t)dt. (11)

- 0

Following the development of the time scale concept [6,12,13,20,21], the analysis
of dynamic inequalities have become a popular research area and most classical
inequalities have been extended to an arbitrary time scale. The surveys [1, 46]
and the monograph [3] can be used to see these extended dynamic inequalities
for delta approach. Although the nabla dynamic inequalities are less attractive
compared to the delta ones, some of the nabla dynamic inequalities can be found
in [5,11,22,40,43].

The growing interest to Hardy-Copson type inequalities take place in the time
scale calculus as well and delta unifications of these inequalities are established in
the book [4] and in the articles [2,18,44,47,48,50-54] whereas their nabla counter-
parts and extensions can be seen in [29-31] for ¢ > 1.

In the delta time scale calculus, the reverse Hardy-Copson type inequalities,
which are called delta Bennett-Leindler inequalities, can be found in [17,47,49,54,55]
for 0 < ¢ < 1. These results are unifications of discrete and continuous Bennett-
Leindler inequalities mentioned above except the ones in [45]. In addition to delta
calculus, the above discrete and continuous Bennett-Leindler inequalities can be
unified by nabla calculus and the previous reverse Hardy-Copson type inequalities
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can be obtained for the nabla case, see [28] for 0 < ¢ < 1. Then these inequalities
are called nabla Bennett-Leindler inequalities.

For our further purposes, we will show the nabla Bennett-Leindler inequalities
established for 0 < ¢ < 1 in [28] and use them in the sequel. As is customary, p
denotes the backward jump operator and f°(t) = (f o p)(t) = f(p(t)).

The following theorem presented in [28, Theorem 3.1] asserts a nabla analogue of
the delta Bennett-Leindler type inequalities given in [55, Theorem 2.1] for 0 < ¢ < 1.

Theorem 1. [28] For nonnegative functions z and h, let us define the functions

G(t) = /too 2(s)Vs and H(t) = /t z(s)h(s)Vs. If 0 <0< ¢ < 1, then

H)Vt> [ —— YR ()[GP ()] VL. 12
| aaatrnsvez (£55) [ ooty a2
The following theorem presented in [28, Theorem 3.9] asserts a nabla analogue of
the delta Bennett-Leindler type inequalities given in [55, Theorem 2.3] for 0 < ¢ < 1.
Theorem 2. [28] For nonnegative functions z and h, let us define the functions
t o)
G(t) :/ 2(s)Vs and H(t) :/ z(s)h(s)Vs. If 0 <0 < ¢ < 1, then
a t
oo Z(t) — < ¢ )C/oo - 0
L [H (t)°Vt > | —— 2()RS (1) [G(1)]S V. 13
/a [G(t)]e[ I ’ (®)h°@)[G(1)] (13)

The following theorem presented in [28, Theorem 3.12] asserts a nabla analogue of
the delta Bennett-Leindler type inequalities given in [55, Theorem 2.4] for 0 < ¢ < 1.

Theorem 3. [28] For nonnegative functions z and h, let us define the functions

o o _ LG
G(t) —/a z(s)Vs and H(t) = /a z(s)h(s)Vs. For L = %Ielﬁfr o) >0,if0< (<
1 <6, then
0] CLY ¢ [ N
| e (557) [ sonomerse ay

The following theorem presented in [28, Theorem 3.4] asserts a nabla analogue of
the delta Bennett-Leindler type inequalities given in [55, Theorem 2.2] for 0 < ¢ < 1.

Theorem 4. [28] For nonnegative functions z and h, let us define the functions
oo

G(t) = /too 2(s)Vs and H(t) = /t z(s)h(s)Vs. If 0 < ¢ <1< 0, then

o) Py _ ¢ o
/ [Gp((tt))]e[H”(t)FVt2<e—C1)/ ARED[GPW)IVE (15)

Although delta and nabla Bennett-Leindler type inequalities for the case 0 <
¢ < 1 have been deeply analyzed, the case ¢ > 1 has been investigated neither
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via nabla and delta approaches nor for continuous and discrete cases. Hence the
main aim of this article is to complement aforementioned Bennett-Leindler type
inequalities obtained for 0 < ¢ < 1 to the case ¢ > 1 by using nabla and delta
time scale calculi without changing the directions of the inequalities derived for
0 < ¢ < 1. We preserve the directions of the known inequalities since otherwise
we obtain the reverse Bennett-Leindler type inequalities, which are called Hardy-
Copson type inequalities and have already been established for the case ¢ > 1
in delta [53] and nabla settings [29]. Our results are inspired by the papers [28]
and [55] which contain nabla and delta Bennett-Leindler type inequalities for the
case 0 < ¢ < 1. We notice that the cases § < 0 and 6 > 1 were considered in [28]
and [55] while the case 0 < 6 < 1 was not investigated therein. By taking account
of another constant > 0, we not only generalize the nabla and delta Bennett-
Leindler type inequalities presented in [28] and [55] for > 0, but also complement
them from the case 0 < ¢ < 1 to the case ( > 1. Furthermore novel discrete
and continuous Bennett-Leindler type inequalites, which are complementary and
generalized inequalities of inequalities (4)-(11), are established for ¢ > 1 and n > 0.

The organization of this paper can be seen as follows. The nabla time scale
calculus and its main properties are introduced in Section 2. The delta version can
be obtained similarly. The contribution of Section 3, which includes the main result,
is to extend the recently developed nabla and delta results, which were established
for 0 < ¢ < 1 and presented in [28,55], to the case ( > 1 by using the properties of
nabla and delta derivatives and integrals. Then the special cases of the nabla and
delta ¢ > 1 type inequalities, which are continuous and discrete inequalities, are
stated.

2. PRELIMINARIES

This section is devoted to present the main definitions and theorems of the nabla
time scale calculus. The fundamental theories of the delta and nabla calculi can be
found in [6,12].

If T # 0 is a closed subset of R, then T is called a time scale. If ¢+ > inf T, we
define the backward jump operator p : T — T by p(t) := sup{r <t:7 € T}. The
backward graininess function v : T — R is defined by v(t) :=t — p(t), for t € T.

The V-derivative of I' : T — R at the point ¢t € T, = T/[inf T, o(inf T)) denoted
by I'V(t) is the number enjoying the property that for all ¢ > 0, there exists a
neighborhood V' C T of t € T, such that

T (s) = T(p(t) = LY (£)(s — p(t))] < e|s — p(t)]

for all s € V.
The nabla derivative satisfies the following.

Lemma 1. [6,12] Let A: T — R and t € T,.
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(1) If A is continuous at a left scattered point t, then A is nabla differentiable
at t with AV (t) = A®) = Ap(®).
v(t)
(2) A is nabla differentiable at a left dense point t if and only if the limit
AV (t) = lim Alt) — Als)
s—t t—s

(3) If A is nabla differentiable at t, then AP(t) = A(t) — v(t)AVY (¢).

exists as a finite number.

A function I' : T — R is ld-continuous if it is continuous at each left-dense points
in T and lim+ I'(s) exists as a finite number for all right-dense points in T. The set
s—t

C14(T,R) denotes the class of real, 1d-continuous functions defined on a time scale
T

If T € Cjy(T,R), then there exists a function I'(¢) such that fv(t) =TI'(t) and
b

the nabla integral of I' is defined by / I'(s)Vs =T(b) — T'(a).

Some of the properties of the nablaaintegral are gathered next.

Lemma 2. [6,12] Let t1,to,t3 € T witht; <t3 <ty anda,beR. IfAT:T—-R
are ld-continuous, then

1) /t2[aA(s) +BI()] Vs :a/t2A(s)V(s)+b/t:2 I'(s)Vs.

t1 ty
t1

2) A(s)V(s) = 0.

ty
t3

tz tl

3) A(s)Vs +/ A(s)Vs = A(s)Vs = —/ A(s)Vs.
tl tg tl t2

4) integration by parts formula holds:

to

to

/ ATV (5)Vs = Alto)D(ta) — A(t)D (1) — / AV (s)T(p(s))Vs.

t1 t1

Lemma 3 (Holder’s inequality). [40] Let t1,ta € T. For A,T" € Ciq([t1, t2]T,R) and

for constants k,w > 1 with — + — = 1, Holder’s inequality
kK w
ta ta 1/’i ta 1/w
/ [A(s)T(9)|Vs < [/ |A(s)|“Vs] {/ |F(s)|st} holds true.
t1 t1 (31

1 1
If0< k<1 ork <0 with —+ — =1, then the reversed Holder’s inequality
kK w

/tz |A(s)T(5)|Vs > [/tt |A(s)|”Vs} . Ut |r(5)wvs} Ve (16)

t1 t1

is satisfied.
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Lemma 4 (Chain rule for the nabla derivative). [22] If A : R — R is continuously
differentiable and T : T — R is nabla differentiable, then AoT" is nabla differentiable
and

(AoT)¥(s) = T(s) [ [ A T an].

3. BENNETT-LEINDLER TYPE INEQUALITIES

In the sequel, we will obtain several Bennett-Leindler type inequalities for non-
negative, ld-continuous, V-differentiable and locally nabla integrable functions z
and h and for the functions G, H, G and H defined in Theorem 1-Theorem 4.

The next theorem, which is proven for ( > 1, n > 0 and n + 6 < 0, provides
complements and generalizations of some of the abovementioned Bennett-Leindler
type inequalities given for 0 < ( < 1, n = 0 and 6 < 0. These previous Bennett-
Leindler type inequalities are listed as follows:

(a) The discrete inequality obtained by Saker et al. [55, Remark 2] or Kayar et
al. [28, Remark 3.3].

(b) The continuous inequality obtained by Saker et al. [55, Remark 1] or Kayar
et al. [28, Remark 3.2].

(c¢) The delta counterpart of the nabla inequality (12) in Theorem 1 obtained
by Saker et al. [55, Theorem 2.1].

(d) The nabla inequality (12) in Theorem 1 obtained by Kayar et al. [28, The-
orem 3.1].

Theorem 5. Let the functions z,h,G and H be defined as in Theorem 1. For a

constant L1 > 0, assume that Cé:((tt)) < Ly fort € (a,00)r. Let ¢ > 1, n >0 be real
constants. If n+ 6 <0, then we have
(1)
= OHAOP o L0+ Q) [ ORI O]
/a [G(t)]+? vtz 1-n—-10 /a [G(t)]7 0T Vi, (17)
= [ m+ Q] @@t
/a WVt = 1—777—9 /a [G(t)]n+0—% Vi.
(18)
(2)
> 2()[HP ()] n+C¢ [ z(OhE)[HP ()]
/a [GP(t)|nt? viz 1-n—-10 /a [G()]7 0T Vi, (19)
=@ (L 9] e an @)t
/a WVt Z ﬁ /a [Gp(t)}n-i-ﬁ—% Vit.
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Proof. The same methodology used in the proof of [28, Theorem 3.1] works for the
proof of this theorem except some steps.

(1) We start by the following equation similar to (3.2) in the proof of [28,
Theorem 3.1] as

© P(£)]n+¢ 00
/a WW = / —u(t) [H" (1] Vi, (21)
B < z(s i
where u(t) = —/t WV& Observe that since n + ¢ > 1,
[HT O] = (0 + Q2RO HP (O], (22)

which is different than (3.3) in the proof of [28, Theorem 3.1]. In our case,
when 7+ 6 < 0, since

e v 2(t) 1)
GO 2 === O gy 2~ =) g e

using (22) and
[ 2e)Vs L[] Vs LG
)= [ G 2 -

1—n—10 1—-n—10
in (21) implies the desired result (17). In order to obtain inequality (18), we
apply reversed Holder inequality (16) to inequality (17) with the constants

1 1
(2) When the above process is repeated for the left hand side of inequality (19)

oo
with u(t) = — AVs, the desired results can be obtained.
o [GP(s)]rT?

]

Remark 1. The nabla Bennett-Leindler type inequalities (17)-(20) obtained for
C>1, n7>0and n+6 < 0 are complements and generalizations of the nabla
Bennett-Leindler type inequalities given in [28, Theorem 3.1] for0 < (<1, n=0
and 0 < 0.

Corollary 1. From inequalities (17)-(20) obtained by the nabla calculus, we can
get the dual inequalities in the delta setting by replacing G°,G, HP, H presented in
Theorem 1 by G,G?, H, H?, repectively, where

G(t):/too z(s)As  and H(t):/ z(s)h(s)As (23)

and o : T — T denotes the forward jump operator defined by o(t) :==inf{r >t:7 € T}
with f7(t) = (foo)(t) = f(a(t)).



358 7. KAYAR, B. KAYMAKCALAN

Let z and h be nonnegative functions and G and H be defined as in (23). For
G(t)
Go(t)
¢>1,n>0 and n+ 6 <0, nabla Bennett-Leindler type inequalities (17)-(20)
become nowvel delta Bennett-Leindler type inequalities, two of which obtained from
(18) and (20) can be written as follows

a constant My > 0, assume that < M for t € (a,00)r. In this case for

EIOIEI0) N M+ ]S o e @)

/a [G"(t)]””Atzll—n—G / T
and

REGILI0 Gy BT il UES5) R T 01110
A i el B M= st
respectively.

The delta variants of the nabla Bennett-Leindler type inequalities (17)-(20) ob-
tained for ¢ > 1, n > 0 and n+ 60 < 0 are complements and generalizations of
the delta Bennett-Leindler type inequalities given in [55, Theorem 2.1] for 0 < { <
1, n=0and 0 <O0.

Remark 2. If the time scale is the set of real numbers, then for allt € R, the back-
ward jump operator results in p(t) =t and Ly =1 in (17)-(20). Hence inequalities
(17) and (19) as well as inequalities (18) and (20) coincide and their delta versions
become exactly the same inequalities as them. Therefore together with their coin-
cident inequalities, inequalities (17) and (18) reduce to the following inequalities
as

/°° 2(H)[H (t)]"F¢ s +¢ o0 Z(t)h(t)[H(t)]n+<—1dt

[G(t)]+? “1-n-60), [G(t)]r+o-1

and

/Oo 2O { nte T/C /°° A EOHOE

[G(@)]+e 1—n—0 [G(t)]o—¢

respectively, where { > 1, n > 0 and n+ 0 < 0 and the functions G and H are
defined as

G(t) = /t T ds)ds  and H(t) = / +(s)h(s)ds. (24)

For the continuous case, when 0 < ( <1, n =0 and 0 < 0, the first Bennett-
Leindler type inequalities were established in [55, Remark 1] and [28, Remark 3.2]
for the given aforementioned functions G and H. These inequalities are extended to
the cases ¢ > 1, n > 0 and n+60 < 0 by the above novel continuous Bennett-Leindler
type inequalities.
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Remark 3. If the time scale is the set of natural numbers, then for allt € N, the
backward jump operator results in p(t) =t —1 in (17)-(20).

Using / z(s)Vs = Z z(k), we have G*(t) = G(t — 1) Zz , where
¢ k=t+1 k=t
oo t
G(t) = Z z(k). Moreover H(t) = Z z(k)h(k). For a constant Ly > 0, let us
k=t+1 k=a+1
G(t—-1) )
assume that W <Li. Fora=0,(>1, n>0andn+6 <0, in the set of

natural numbers, inequalities (17)-(20) become novel discrete Bennett-Leindler type
inequalities, two of which obtained from (18) and (20) can be written as follows

1/¢ «

$°2OUHE - D lLZ’”’(nH) $ HORVOLE(E ]
= e L=n=0 | = Gy
and
izt (H)[H (t — 1)]"F¢ - [ n+¢ ]1/4 > (¢ hl/C [ (t—l)]”*cf%
= Gt-1) o L=n—90 t=1 1)]n+9—* ,
respectively.

For the discrete case, when 0 < ( < 1, n = 0 and 0 < 0, the first Bennett-
Leindler type inequalities were established in [55, Remark 2] and [28, Remark 3.3]
for the given aforementioned series G and H. These inequalities are extended to
the cases ¢ > 1, n >0 and n+ 0 < 0 by the above novel discrete Bennett-Leindler
type inequalities.

The next theorem, which is proven for ( > 1, n > 0 and 0 <7+ 60 < 1, provides
complements and generalizations of some of the abovementioned Bennett-Leindler
type inequalities given for 0 < ( < 1, 7 = 0 and 6 < 0. These previous Bennett-
Leindler type inequalities are listed as follows:

(a) The discrete inequality obtained by Saker et al. [55, Remark 2] or Kayar et
al. [28, Remark 3.3].

(b) The continuous inequality obtained by Saker et al. [55, Remark 1] or Kayar
et al. [28, Remark 3.2].

(c¢) The delta counterpart of the nabla inequality (12) in Theorem 1 obtained
by Saker et al. [55, Theorem 2.1].

(d) The nabla inequality (12) in Theorem 1 obtained by Kayar et al. [28, The-
orem 3.1].

Theorem 6. Let the fuctions z,h,G and H be defined as in Theorem 1. For
GP(t 1
a constant Ly > 0, let us assume that 1 < G((t)) < I. for t € (a,00)y. Let
2
¢>1, n>0 be real constants. If 0 <n+ 6 < 1, then we have
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(1)
> 2(t)[HP (1)) LI+ ¢) [ 2(t)h(t)[HP(£)]7+¢
/a Gr@pT VT o= 0 / = )
> 2(t)[HP(t)] " Lo+ O 1S [ 2(0)hYS (@) [HP (1)]7T¢ ¢
/a Ww > {1—77—9} /a o Vt.  (26)
(2)
> () [HP ()] nHC [ 2()[HP ()]
/a [G(e)]rte ViET T o [G()te Vi, (27)

[T, ] v I ORCOHO T G oy

(G L—n—0 [Ge)ree

Proof. The same methodology used in the proofs of [28, Theorem 3.1] and Theorem
6 works for the proof of this theorem except that for 0 <7+ 60 < 1, we have

0] > (1 - 9)[(}’;()?7”'

O

Remark 4. The nabla Bennett-Leindler type inequalities (25)-(28) obtained for
(>1,n>0and 0 <n+6 <1 are complements and generalizations of the nabla
Bennett-Leindler type inequalities given in [28, Theorem 3.1] for0 < (<1, n=0
and 6 < 0.

Corollary 2. From inequalities (25)-(28) obtained by the nabla calculus, we can
get the dual inequalities in the delta setting by replacing GP, G, HP, H presented in
Theorem 1 by G,G°, H, H° defined in (23), repectively.
Let z and h be nonnegative functions and G and H be defined as in (23). For
G(t 1
a constant Moy > 0, let us assume that 1 < GU<(t)) < — fort € (a,00)r. In
2
this case for ¢ > 1, n > 0 and 0 < n+ 0 < 1, the nabla Bennett-Leindler type
inequalities (25)-(28) become novel delta Bennett-Leindler type inequalities, two of

which obtained from (26) and (28) can be written as follows

> 2 (t)[H ()] n+C VS [ (@R ) H ()]
/a WALL = |:M21—77—9:| /a [G(t)]n+0—%

At

and

00 z(t H(t)]ﬂ-‘r( n+¢ 1/¢ oo z(t)hl/c(t)[H(t)]WC*%
AR o e =

respectively.
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The delta variants of the nabla Bennett-Leindler type inequalities (25)-(28) ob-
tained for ( > 1, n > 0 and 0 < n+ 0 < 1 are complements and generaliza-
tions of the delta Bennett-Leindler type inequalities given in [55, Theorem 2.1] for
0<(¢<1l,n=0and 0 <0.

Remark 5. If the time scale is the set of real numbers, then for allt € R, the back-
ward jump operator results in p(t) =t and Ly = 1 in (25)-(28). Hence inequalities
(25) and (27) as well as inequalities (26) and (28) coincide and their delta versions
become exactly the same inequalities as them. Therefore together with their coin-
cident inequalities, inequalities (25) and (26) reduce to the following inequalities

[P _nk¢ Ol
. GO T T oI

It
0—

——dt

and

7

% Z(t)[H(t)]"te N+ OGS Z(t)hl/c(t)[H(t)]"""C_%
o ] / coprt

respectively, where ( > 1, n >0 and 0 <1+ 6 <1 and the functions G and H are
defined as in (24).

For the continuous case, when 0 < ( <1, n =0 and 0 < 0, the first Bennett-
Leindler type inequalities were established in [55, Remark 1] and [28, Remark 3.2]
for the given aforementioned functions G and H. These inequalities are extended
to the cases ¢ > 1, n > 0 and 0 < n+ 0 < 1 by the above novel continuous
Bennett-Leindler type inequalities.

Remark 6. If the time scale is the set of natural numbers, then for all t € N, the
backward jump operator results in p(t) =t —1 in (25)-(28). Suppose that the series
G and H are defined as in Remark 3. For a constant Ly > 0, let us assume that
Glt-1) _

G(t) — L2
natural numbers, inequalities (25)-(28) become novel discrete Bennett-Leindler type
inequalities, two of which obtained from (26) and (28) can be written as follows

pREILLEDIARY PREES T/C = (A (@) H( — 1))

1< Fora=0,(>1,n>0and 0 <n+6 <1, in the set of

el (U L=n=01 = lee-pie
and
iz OH(E = 1)) [ ¢ ]”C 2OV ()[H (t — 1)) E
= lemr L-n-0] H Gy ’
respectively.

For the discrete case, when 0 < ( < 1, n = 0 and 0 < 0, the first Bennett-
Leindler type inequalities were established in [55, Remark 2] and [28, Remark 3.3]
for the given aforementioned series G and H. These inequalities are extended to the
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cases (¢ >1, >0 and 0 <n+6 <1 by the above novel discrete Bennett-Leindler
type inequalities.

The next theorem, which is proven for ¢ > 1, n > 0 and n 4+ 6 < 0, provides
complements and generalizations of some of the abovementioned Bennett-Leindler
type inequalities given for 0 < ¢ < 1, n = 0 and n 4+ 8 < 0. These previous
Bennett-Leindler type inequalities are listed as follows:

(a) The discrete inequality (5) obtained by Copson [15, Theorem 2.3] and by
Bennett [10, Corollary 1] or Leindler [35, Proposition 6].

(b) The continuous inequality (8) obtained by Hardy et al. [26, Theorem 337]
and the continuous inequality (9) obtained by Copson [16, Theorem 4].

(c¢) The delta counterpart of the nabla inequality (13) in Theorem 2 obtained
by Saker et al. [55, Theorem 2.3].

(d) The nabla inequality (13) in Theorem 2 obtained by Kayar et al. [28, The-

orem 3.9].
Theorem 7. Let the fuctions z, h,G and H be defined as in Theorem 2. For a
constant L3 > 0, assume that Cfp(;t)) < L3 fort € (a,00)r. Let { > 1, n >0 be real
constants. If n+ 60 <0, then we have
(1)
> 2([H)]" LI (n+Q) [ 2(0)h()[H(®)]"?
L w2 L e @
> 2(H )] LI (n+¢) e g ()RS ([ ()] ¢
[ ewr e A O
(30)
2)
> 2(H)]* n+¢ [ 2Oh)[HE)]!
[ o el S @)
> 2(O)[HB)" LI+ e (BRS¢
| G [ e B M =t
(32)

Proof. The same methodology used in the proof of [28, Theorem 3.9] works for the
proof of this theorem except some steps.

(1) We start by the following equation similar to (3.11) in the proof of [28,
Theorem 3.9] as
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where u(t) = /t [Z(S])

( " Vs. Observe that since n+ ¢ > 1,
s) "

)
+< -
—[H" O = (n+ Q=R H B, (34)
which is different than (3.12) in the proof of [28, Theorem 3.9]. In our case,
when n + 6 < 0, since

2(t)

- (1)
] = g <0

W

using (34) and

p(t) v p(t) LIT? [él_n_e(s)]v Vs pnt0@? (y1-n—0
ul(t) :/ jp(s) S > / _ L3 [G7(¢)]
a [G"(s)]t0 u 1—-n—10 1—n—40
in (33) implies the desired result (29). In order to obtain inequality (30), we
apply reversed Holder inequality (16) to inequality (29) with the constants

1 1
(2) When the above process is repeated for the left hand side of inequality (31)

t

with u(t) = ﬂw, the desired results can be obtained.
a [G(s)]7+0

(I

Remark 7. The nabla Bennett-Leindler type inequalities (29)-(32) obtained for
¢(>1,n1>0andn+0 <0 are complements and generalizations of the nabla
Bennett-Leindler type inequalities given in [28, Theorem 3.9] for0 < (<1, n=0
and 6 < 0.

Corollary 3. From inequalities (29)-(32) obtained by the nabla calculus, we can
get the dual inequalities in the delta setting by replacing ép,@, Fp,ﬁ presented in
Theorem 2 by G, ég,ﬁ, " defined as

t e}
G(t) = / 2(s)As and H(t) = / z(s)h(s)As, (35)
a t
respectively. - o
Let z and h be nonnegative functions and G and H be defined as in (35). For a
G'(1)

constant Ms > 0, let us assume that

— < Mjs fort € (a,00)r. In this case for
G = 3 [ (a,00)T f

¢>1,7>0and n+ 0 <0, the nabla Bennett-Leindler type inequalities (29)-(32)
become nowvel delta Bennett-Leindler type inequalities, two of which obtained from
(30) and (32) can be written as follows

M (n +¢)
1—-n—10

[,

G 2 A

e [ (YO (1))
a G(t))Ho=<
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and

JRECLECIAY R i, Ed v [ ARSI O
O -8 A O

respectively.

The delta variants of the nabla Bennett-Leindler type inequalities (29)-(32) ob-
tained for ¢ > 1, n > 0 and n+ 60 < 0 are complements and generalizations of
the delta Bennett-Leindler type inequalities given in [55, Theorem 2.3] for 0 < { <
1, n=0and 0 <O0.

Remark 8. If the time scale is the set of real numbers, then for allt € R, the back-
ward jump operator results in p(t) =t and Ly =1 in (29)-(32). Hence inequalities
(29) and (31) as well as inequalities (30) and (32) coincide and their delta versions
become exactly the same inequalities as them. Therefore together with their coin-
cident inequalities, inequalities (29) and (30) reduce to the following inequalities
as

/oo 2(t) [F(t)]mr( . n+ ¢ * ()h(t) [F(t)]nJrC*l W
« [G)te T T 1-m—0J, [G(1)]+o—1

and

Gort

< z(t)[H(@)]" n+¢ /¢ poo z(t)hl/é(t)[ﬁ(t)]n-S-C—%
/a O L —n —e] /

respectively, where ¢ > 1, n > 0 and n + 0 < 0 and the functions G and H are
defined as

é(t):/ z(s)ds and H(t)/toO z(s)h(s)ds. (36)

These novel inequalities complement and generalize the continuous inequality (8)
obtained by Hardy et al. [26, Theorem 337] for 0 < ( <1, n =0 and 6 = ¢ and the
continuous inequality (9) obtained by Copson [16, Theorem 4] for0 < (<1, n=0
and 0 < 1 to the cases ( > 1, n >0 andn+6 <0.

Remark 9. If the time scale is the set of natural numbers, then for all t € N, the
backward jump operator results in p(t) =t —1 in (29)-(32).

t t t—1
Using G(t) = / 2(s)Vs = Z 2(k), we have G*(t) = G(t — 1) = Z z(k).
a k=a+1 k=a+1
Moreover H(t) = Z z(k)f(k). For a constant L3 > 0, let us assume that
k=t+1
G(t) .
m < Ls. Fora=0, (>1, 7>0, and n+0 <0, in the set of nat-

ural numbers, inequalities (29)-(32) become novel discrete Bennett-Leindler type
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inequalities, two of which obtained from (30) and (32) can be written as follows

PEUILIVIAEN ng”’(nH) e

h1/< H(t 77+C**
E 2(t)hVC ()[H ()

=1 [ét_l M S tened —~  [Gt-1)tie
and
S B [ 0] §5 s st
= ot T 1-n-0 =1 [G(e)]Ho=< ’
respectively.

The discrete Bennett-Leindler type inequality (5) obtained by Copson [15, The-
orem 2.3] and by Bennett [10, Corollary 1] or Leindler [35, Proposition 6] for
0< (<1, n=0, 0 <0 is complemented and generalized to the cases ( > 1, n >
0, n+60 <0 by Theorem 7 and particularly by this remark.

The next theorem, which is proven for ( > 1, n > 0 and 0 <7+ 60 < 1, provides
complements and generalizations of some of the abovementioned Bennett-Leindler
type inequalities given for 0 < ¢ < 1, n > 0 and n + 6 < 0. These previous
Bennett-Leindler type inequalities are listed as follows:

(a) The discrete inequality (4) obtained by Copson [15, Theorem 2.3].

(b) The continuous inequality (8) obtained by Hardy et al. [26, Theorem 337]
and the continuous inequality (9) obtained by Copson [16, Theorem 4].

(c¢) The delta analogue of the inequality (13) in Theorem 2 obtained by Saker
et al. [55, Theorem 2.3].

(d) The nabla inequality (13) in Theorem 2 obtained by Kayar et al. [28, The-

orem 3.9].
Theorem 8. Let the functions z,h,G and Fl)@ deﬁned as in Theorem 2. For
G(t
a constant Ly > 0, let us assume that 1 < Gp((t)) < L— for t € (a,00)r. Let

0< (<1, n>0 be real constants. If 0 < n+ 0 < 1, then we have

(1)

C WA, L (40 [ 2R [H(H)]E?
A e e M <
< 2(O)[H ()] La(n+Q1"¢ = 2(0)n/<()[H ()} ¢
/ GO w>{1—77—9} / GO Ve
(2)
< 2(8)[H ()] S R OO O
A G ) e e
< 2(O)[H®)]"C n+ ¢ 1Y 2RV H )]
/a [G”(t))"+ wz[l—n—ﬂ} / (G ()"0 ¢ vt (40)
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Proof. The same methodology used in the proofs of [28, Theorem 3.9] and Theorem
7 works for the proof of this theorem except that for 0 <7+ 6 < 1, we have

—1-n—0,.1V z(t)
{G (t)] S(l—ﬁ—e)w-

(]

Remark 10. The nabla Bennett-Leindler type inequalities (37)-(40) obtained for
(>1, n>0and 0<n+860 <1 are complements and generalizations of the nabla
Bennett-Leindler type inequalities given in [28, Theorem 3.9] for 0 < (<1, n=10
and 6 < 0.

Corollary 4. From inequalities (37)-(40) obtained by the nabla calculus, we can
get the dual inequalities in the delta setting by replacing @p,é, FP,F presented in
Theorem 2 by G,G°, H,H’ defined in (35), repectively.

Let z and h be nonnegative functions and G and H be defined as in (35). For

G (t 1
a constant My > 0, let us assume that 1 < G(Eﬁ)) < — fort € (a,00)r. In
4
this case for ¢ > 1, n > 0 and 0 < n+ 6 < 1, the nabla Bennett-Leindler type
inequalities (37)-(40) become novel delta Bennett-Leindler type inequalities, two of

which obtained from (38) and (40) can be written as follows

JE A VR PR S Ry G D e Y
« e T ee—0) G ()t
and
S z(t)[ﬁa(t)]nJrC n+C 1/¢  poo z(t)hl/ﬁ(t)[ﬁ”(t)]nﬂ—%
e e N A s
respectively.

The delta variants of the nabla Bennett-Leindler type inequalities (37)-(40) ob-
tained for ¢ > 1, n > 0 and 0 < n+ 60 < 1 are complements and generaliza-
tions of the delta Bennettl-Leindler type inequalities given in [55, Theorem 2.3] for
0<(<1l, n=0and 6 <0.

Remark 11. If the time scale is the set of real numbers, then for all t € R,
the backward jump operator results in p(t) = t and Ly = 1 in (37)-(40). Hence
inequalities (37) and (39) as well as inequalities (38) and (40) coincide and their
delta versions become ezxactly the same inequalities as them. Therefore together
with their coincident inequalities, inequalities (37) and (38) reduce to the following
inequalities as

/oo %(t) [F(t)}wc . n+ ¢ oo z(t)h(t)[H(t)]""’_C_l o
« (Gt T T 1-m—0J, [G(1)]+o—1
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and

/OO z(t)[ﬁ(t)]”“(ﬁ > { n+¢ ]UC /°° z(t)hl/C(t)[ﬁ(t)]an%dt

[G(t)]n+e 1—-n—106 [é(t)]n+9—%

respectively, where ( > 1, >0 and 0 < n+ 60 < 1 and the functions G and H are
defined as in (36).

These novel inequalities complement and generalize the continuous inequality (8)
obtained by Hardy et al. [26, Theorem 337] for 0 < (<1, n=0 and 6 = ¢ and the
continuous inequality (9) obtained by Copson [16, Theorem 4] for 0 < (<1, n=0
and 0 <1 to the cases ( >1, n>0and0<n+6 < 1.

Remark 12. If the time scale is the set of natural numbers, then for all t € N,

the backward jump operator results in p(t) =t — 1 in (37)-(40). Suppose that the

series Ciand H are defined as in Remark 9. For a constant Ly > 0, let us assume

G

that = <
G(t—1) L4

natural numbers, inequalities (37)-(40) become novel discrete Bennett-Leindler type

inequalities, two of which obtained from (38) and (40) can be written as follows

PECLICELSY T“ = (Ot ()7

Fora=0,¢>1, n>0and0<n+0 <1, in the set of

& G T=n—0] & [@uyt
and

t=1[ n+0— 1-n-9 t=1 t_l)} -
respectively.

The discrete Bennett-Leindler type inequality (4) obtained by Copson [15, The-
orem 2.3] for0 < ( <1, n=0, 0 <6 <1 is complemented and generalized to the
case ( >1, n>0, 0<n+0 <1 by Theorem 8 and particularly by this remark.

The next theorem, which is proven for ( > 1, > 0 and n + 6 > 1, provides
complements and generalizations of some of the previous Bennett-Leindler type
inequalities given for 0 < ( <1, n =0, 8§ >1or (> 1, n =0, § = (. These
previous Bennett-Leindler type inequalities are listed as follows:

(a) The discrete inequality (6) obtained by Copson [15, Theorem 1.3] and Ben-
nett [10, Corollary 3] or Leindler [35, Proposition 7] as well as the discrete
inequality (7) obtained by Renaud [45, Theorem 1].

(b) The continuous inequality (10) obtained by Copson [16, Theorem 2] and
the continuous inequality (11) obtained by Renaud in [45, Theorem 3].

(¢) The delta counterpart of the nabla inequality (14) in Theorem 3 obtained
by Saker et al. [55, Theorem 2.4].

(d) The nabla inequality (14) in Theorem 3 obtained by Kayar et al. [28, The-
orem 3.12].
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Theorem 9. Suppose that the functions z, h,G and H are defined as in Theorem 3
and the constant Ly is defined as in Theorem 8. Let ( > 1, n > 0 be real numbers.
If n 460 > 1, then we have

(1)
> 2(t)[HA ()] LT +¢) [ 2(t)h(t)[HP ()]
/a | [)c[xt)](nﬁa vtz f7+(977 = / . [(G)é)]nfe”l Vi ()
R0 0) L D7 U 'S | A G O A0 0 K
/a [7(15)]77-"-9 Vit > D01 /a [@(t)]"“"% Vt.
) (42)
> 2()[HP ()] FC [ 2(O)h(t)[HP ()]
/a [G”(t)]n+0 Vi z 7 Z 0-1/, [G(t)]n+6-1 Vt, (43)
JaE ey I URT IR I OO0 e
a [ép(t)]y]+9 B n + 0—1 a [ép (t)]r,—,+07% .
(44)

Proof. The same methodology used in the proof of [28, Theorem 3.12] works for
the proof of this theorem except some steps.

(1) We start by the following equation similar to (3.16) in the proof of [28,
Theorem 3.12] as

<z P ()]1+¢ o
/ WW :/ —u(t) [H7(0)] 7 v, (45)

where u(t) = /t‘x’ [C;(Z:._;(;]i—s-evs- In our case, when n+ 6 > 1, since

20 ()

@ ey LG ()]t

@) 2 ~mre-)

using (22) and
0 [~1—n—0 v _
= [T [ e Vs g
o [Gs)r T, n+6—1 B n+6-—1
in (45) implies the desired result (41). In order to obtain inequality (42), we
apply reversed Holder inequality (16) to inequality (41) with the constants

1 1
(2) When the above process is repeated for the left hand side of inequality (43)

with u(t) = / fpzivts, the desired results can be obtained.
e (G (s)"r?



NABLA BENNETT-LEINDLER INEQUALITIES 369

d

Remark 13. The nabla Bennett-Leindler type inequalities (41)-(44) obtained for
¢(>1,n1>0and n+0 > 1 are complements and generalizations of the nabla
Bennett-Leindler type inequalities given in [28, Theorem 3.12] for0 < <1, n=0
and 6 > 1.

Corollary 5. From inequalities (41)-(44) obtained by the nabla calculus, we can
get the dual inequalities in the delta setting by replacing ép,é, H? H presented in
Theorem 3 by G, G, H, H? defined in (35) and (23), repectively.

Let z and h be nonnegative functions and G and H be defined as in (35) and
(23), repectively, and the constant My be defined as in Corollary 4. In this case for
¢(>1, >0 and n+ 0 > 1, the nabla Bennetl-Leindler type inequalities (41)-(44)
become nowvel delta Bennett-Leindler type inequalities, two of which obtained from
(42) and (44) can be written as follows

/Oo AOHEHOC | MI 0+ 0 e /°° AR OE @Y
a [aa' (t)]n-‘r@ - n + -1 " [éa' (t)]77+0*%
and
< AEO L M 0] e RS E o
[ Tgoprez [T L g
respectively.

The delta variants of the nabla Bennett-Leindler type inequalities (41)-(44) ob-
tained for ¢ > 1, n > 0 and n+ 6 > 1 are complements and generalizations of
the delta Bennett-Leindler type inequalities given in [55, Theorem 2.4] for 0 < { <
1, n=0and 6 > 1.

Remark 14. If the time scale is the set of real numbers, then for all t € R,
the backward jump operator results in p(t) =t and Ly = 1 in (41)-(44). Hence
inequalities (41) and (43) as well as inequalities (42) and (44) coincide and their
delta versions become exactly the same inequalities as them. Therefore together
with their coincident inequalities, inequalities (41) and (42) reduce to the following
inequalities as

J R APy o 01 e

cope “Eave-1), — gopet "

and

RG]0 AR IR S R ATV 0112 ()
/a [G(t)]n+? dt > {77+91] /a [@(t)]n%—% dt

respectively, where ¢ < 1, 1 > 0 and n+ 0 > 1 and the functions G and H are
defined as in (36) and (24), respectively.
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These novel inequalities complement and generalize the continuous inequality
(10) obtained by Copson [16, Theorem 2] for 0 < ( <1, n =10 and 8 > 1 and the
continuous inequality (11) obtained by Renaud in [45, Theorem 3] for ( > 1, n =0
and 0 = ( to the cases ( > 1, n >0 andn+6 > 1.

Remark 15. If the time scale is the set of natural numbers, then for allt € N, the
backward jump operator results in p(t) =t — 1 in (41)-(44). Let the constant Ly be
defined as in Remark 12. Fora =0, ( > 1, n > 0 and n+ 0 > 1, in the set of
natural numbers, inequalities (41)-(44) become novel discrete Bennett-Leindler type
inequalities, two of which obtained from (42) and (44) can be written as follows

= @HE - DI (2 m+ 0] & o @ - et
tzzl [7(t)]77+0 2 n+6-—1 g (t)]nJrg I
and
i 2(H)[H(t = 1))t > LZ+071(77 +¢) > z(t)hl/C(t)[H(t _ 1)]71-1-4—%
t=1 t — Dt~ n+0—1 pot Gt — 1)]n+07% )

respectively, where the series G and H are defined as in Remark 9 and Remark 3,
respectively.

The discrete Bennett-Leindler type inequality (6) obtained by Copson [15, Theo-
rem 1.3] and Bennett [10, Corollary 3] or Leindler [35, Proposition 7] for 0 < ¢ <
1, =0, 6 > 1 as well as the discrete inequality (7) obtained by Renaud [45, The-
orem 1] for ¢ > 1, n =0, 0 = ( are complemented and generalized to the cases
(>1,n>0, n+6>1 by Theorem 9 and particularly by this remark.

The next theorem, which is proven for ¢ > 1, n > 0 and n 4+ 6 > 1, provides
complements and generalizations of some of the previous Bennett-Leindler type
inequalities given for 0 < ¢ < 1, n =0 and 6 > 1. These previous Bennett-Leindler
type inequalities are listed as follows:

(a) The discrete inequalities obtained by Saker et al. [55, Remark 4] and by
Kayar et al. [28, Remark 3.8].

(b) The continuous inequalities obtained by Saker et al. [55, Remark 3] and by
Kayar et al. [28, Remark 3.7].

(c¢) The delta counterpart of the nabla inequality (15) in Theorem 4 obtained
by Saker et al. [55, Theorem 2.2].

(d) The nabla inequality (15) in Theorem 4 obtained by Kayar et al. [28, The-
orem 3.4].

Theorem 10. Suppose that the functions z, h,G and H are defined as in Theorem
4 and the constant Ly is defined as in Theorem 6. Let { > 1, n > 0 be real numbers.
If n 46 > 1, then we have
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1)
> 2(O[H()]" LI 4¢) [ 2(t)h(t)[H(t)]rH¢1
/a (G (1)) vtz n+60—1 /a [GP ()]0 Vi, (46)
= WEO [ 0] e o omEmt
/a [GP ()]0 Vit > n+6—1 /a [G"(t)]’”‘e—% Vi
(47)
(2)
> 2(OH )] n+C [ 2()h)[H ()]
/a [G(t)]"H? Vit > -1, G Vi, (48)

_ 1/¢
LI '+

n+0-—1

/°° AORCOEBC
g o)

(49)
Proof. The same methodology used in the proof of [28, Theorem 3.4] works for the
proof of this theorem except some steps.

(1) We start by the following equation similar to (3.7) in the proof of [28,
Theorem 3.4] as

/ ~ WVt -/ T u) {_ ")) V} Vi, (50)

¢
where u(t) = /a [GPZ(S})WVS' In our case, when 7+ 6 > 1, since

z(t)

)
(G0 W] < (0 1) < (0 - e

[G()]*
using (34) and

(1) = /“” 2(s)Vs /Pw L3 [ 0)] T Vs _ LG )

B AR (O k-1 gto-1
in (50) implies the desired result (46). In order to obtain inequality (47), we
apply reversed Holder inequality (16) to inequality (46) with the constants

1 1
E < 1 and TC < 0.
(2) When the above process is repeated for the left hand side of inequality (48)

¢
with u(t) = &Vs, the desired results can be obtained.
o [G(s)]™?
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Remark 16. The nabla Bennett-Leindler type inequalities (46)-(49) obtained for
¢(>1, 7n>0and n+6 > 1 are complements and generalizations of the nabla
Bennett-Leindler type inequalities given in [28, Theorem 3.4] for0 < (<1, n=0
and 6 > 1.

Corollary 6. From inequalities (46)-(49) obtained by the nabla calculus, we can
get the dual inequalities in the delta setting by replacing G?, G,Fp,ﬁ presented in
Theorem 4 by G,G°, H,H’ defined in (23) and (35), repectively.

Let z and h be nonnegative functions and H be defined as in (23) and (35),
repectively, and the constant Ms be defined as in Corollary 2. In this case for
¢(>1, n>0and n+ 0 > 1, the nabla Bennetl-Leindler type inequalities (46)-(49)
become nowvel delta Bennett-Leindler type inequalities, two of which obtained from
(47) and (49) can be written as follows

R0 S /TR ) Ry OV RA 0100 G
/a [G(t)]7+0 At > n+o—1 /a G-t At
and

<A O M O] o S )
EA [Go (H)]7+? At > n+0—1 EA oot At,

respectively. The delta variants of the nabla Bennett-Leindler type inequalities (46)-
(49) obtained for ¢ > 1, n >0 and n+ 0 > 1 are complements and generalizations
of the delta Bennett-Leindler type inequalities given in [55, Theorem 2.2] for 0 <
(<1, n=0and 6 >1.

Remark 17. If the time scale is set of real numbers, then for all t € R, the back-
ward jump operator results in p(t) =t and Ly =1 in (46)-(49). Hence inequalities
(46) and (48) as well as inequalities (47) and (49) coincide and their delta versions
become exactly the same inequalities as them. Therefore together with their coin-
cident inequalities, inequalities (46) and (47) reduce to the following inequalities

JAE LA Ay L T UL
o« GO T pt+0-1, [G(1)]r+0—T

\

dt

and

/°° Z“)[H“””“dtz{ n+¢ ]”C /°° OROEBE

[G()]+e n+6-—1 [G(t)]"0—¢

respectively, where ¢ > 1, 1 > 0 and n+ 0 > 1 and the functions G and H are
defined as in (24) and (36), repectively.

For the continuous case, when 0 < ( <1, n =0 and 0 > 1, the first Bennett-
Leindler type inequalities were established in [55, Remark 8] and [28, Remark 3.7]
for the given aforementioned functions G and H. By this remark, these inequalities
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are extended to the cases ( > 1, 1> 0 and n+60 > 1 by the above novel continuous
Bennett-Leindler type inequalities.

Remark 18. If the time scale is the set of natural numbers, then for all t € N, the
backward jump operator results in p(t) =t — 1 in (46)-(49). Let the constant Lo
be defined as in Remark 5. Fora =0, ( > 1, n >0 and n+ 6 > 1, in the set of
natural numbers, inequalities (46)-(49) become novel discrete Bennett-Leindler type
inequalities, two of which obtained from (47) and (49) can be written as follows

1/¢

S WEM [ L8+ Q) (R (O]
; G- = 727+9— 1 Z:: G(t —1)7Ho—¢
and
sz I (28 s O] G s E ()
= n+0-1 = ewrte

respectively, where the series H and G are defined as in Remark 9 and Remark 3,
respectively.

For the discrete case, when 0 < ( < 1, n = 0 and 6 > 1, the first Bennett-
Leindler type inequalities were established in [55, Remark 4] and [28, Remark 3.8]
for the given aforementioned series G and H. By this remark, these inequalities
are extended to the cases ¢ > 1, n > 0 and n+ 60 > 1 by the above novel discrete
Bennett-Leindler type inequalities.

Author Contribution Statements The authors jointly worked on the results
and they read and approved the final manuscript.

Declaration of Competing Interests The authors declare no potential conflict
of interests.

REFERENCES

[1] Agarwal, R., Bohner, M., Peterson, A., Inequalities on time scales: A survey, Math. Inequal.
Appl. 4(4) (2001), 535-557. https://doi.org/dx.doi.org/10.7153 /mia-04-48

[2] Agarwal, R. P., Mahmoud, R. R., Saker, S., Tung, C., New generalizations of Németh-
Mohapatra type inequalities on time scales, Acta Math. Hungar. 152(2) (2017), 383-403.
https://doi.org/10.1007/s10474-017-0718-2

[3] Agarwal, R., O'Regan, D. and Saker, S., Dynamic Inequalities on Time Scales, Springer,
Cham, 2014. https://doi.org/10.1007/978-3-319-11002-8

[4] Agarwal, R., O’Regan, D., Saker, S., Hardy Type Inequalities on Time Scales, Springer,
Cham, 2016. https://doi.org/10.1007/978-3-319-44299-0

[5] Anderson, D. R., Time-scale integral inequalities, J. Inequal. Pure Appl. Math., 6(3) Article
66 (2005), 1-15.

[6] Atici, F. M., Guseinov, G. S., On Green’s functions and positive solutions for bound-
ary value problems on time scales, J. Comput. Appl. Math., 141(1-2) (2002), 75-99.
https://doi.org/10.1016 /S0377-0427(01)00437-X



374

(7]

8

[9

(10]

(11]

(12]

(13]
14]
(15]
(16]

(17)

(18]

19]

[20]

21]

22]

23]

(24]
[25]
[26]

27)

7. KAYAR, B. KAYMAKCALAN

Balinsky, A. A., Evans, W. D., Lewis, R. T., The Analysis and Geometry of Hardy’s Inequal-
ity, Springer International Publishing, Switzerland, 2015. https://doi.org/10.1007/978-3-319-
22870-9

Beesack, P. R., Hardy’s inequality and its extensions, Pacific J. Math., 11(1) (1961), 39-61.
http://projecteuclid.org/euclid.pjm /1103037533

Bennett, G., Some elementary inequalities, Quart. J. Math. Ozford Ser. (2), 38(152) (1987),
401-425. https://doi.org/10.1093/qmath/38.4.401

Bennett, G., Some elementary inequalities II., Quart. J. Math., 39(4) (1988), 385-400.
https://doi.org/10.1093 /qmath/39.4.385

Bohner, M., Mahmoud, R., Saker, S. H, Discrete, continuous, delta, nabla, and diamond-alpha
Opial inequalities, Math. Inequal. Appl., 18(3) (2015), 923-940. https://doi.org/10.7153 /mia-
18-69

Bohner, M., Peterson, A., Dynamic Equations on Time Scales, An Introduction With Ap-
plications, Birkh&user Boston, Inc., Boston, MA, 2001. https://doi.org/10.1007/978-1-4612-
0201-1

Bohner, M., Peterson, A., Advances in Dynamic Equations on Time Scales, Birkh&user
Boston, Inc., Boston, MA, 2003. https://doi.org/10.1007/978-0-8176-8230-9

Chu, Y.-M., Xu, Q., Zhang, X.-M., A note on Hardy’s inequality, J. Inequal. Appl., 2014(271)
(2014), 1-10. https://doi.org/10.1186,/1029-242X-2014-271

Copson, E. T., Note on series of positive terms, J. London Math. Soc., 3(1) (1928), 49-51.
https://doi.org/10.1112/jlms/s1-3.1.49

Copson, E. T., Some integral inequalities, Proc. Roy. Soc. Edinburgh Sect. A, 75(2) (1976),
157-164. https://doi.org/10.1017/S0308210500017868

El-Deeb, A. A., Elsennary, H. A., Khan, Z. A., Some reverse inequalities of Hardy type on
time scales, Adv. Difference Equ., 2020(402) (2020), 1-18. https://doi.org/10.1186/s13662-
020-02857-w

El-Deeb, A. A., Elsennary, H. A., Dumitru, B., Some new Hardy-type inequalities on time
scales, Adv. Difference Equ., 2020(441) (2020), 1-22. https://doi.org/10.1186/s13662-020-
02883-8

Gao, P., Zhao, H. Y., On Copson’s inequalities for 0 < p < 1, J. Inequal. Appl., 2020(72)
(2020), 1-13. https://doi.org/10.1186/s13660-020-02339-3

Guseinov, G. S., Kaymakgalan, B., Basics of Riemann delta and nabla in-
tegration on time scales, J. Difference Equ. Appl., 8(11) (2002), 1001-1017.
https://doi.org/10.1080/10236190290015272

Giirses, M., Guseinov, G. S., Silindir, B., Integrable equations on time scales, J. Math. Phys.,
46(11) 113510 (2005), 1-22. https://doi.org/10.1063/1.2116380

Givenilir, A. F., Kaymakcalan, B., Pelen, N. N., Constantin’s inequality for
nabla and diamond-alpha derivative, J. Inequal. Appl, 2015(167) (2015), 1-17.
https://doi.org/10.1186 /s13660-015-0681-9

Hardy, G. H., Littlewood, J. E., Elementary theorems concerning power series with positive
coefficients and moment constants of positive functions, Journal fir die reine und angewandte
Mathematik, 157 (1927), 141-158. https://doi.org/10.1515/crll.1927.157.141

Hardy, G. H., Note on a theorem of Hilbert, Math. Z., 6(3-4) (1920), 314-317.
https://doi.org/10.1007/BF01199965

Hardy, G. H., Notes on some points in the integral calculus, LX. An inequality between
integrals, Messenger Math., 54(3) (1925), 150-156.

Hardy, G. H., Littlewood and Pdélya, G., Inequalities, Cambridge University Press, London,
1934.

Iddrisu, M. M., Okpoti, A. C., Gbolagade, A. K., Some proofs of the classical integral Hardy
inequality, Korean J. Math., 22(3) 2014, 407-417. https://doi.org/10.11568 /kjm.2014.22.3.407



(28]

29]

(30]

(31]
(32]
33]
34]
(35]
(36]
37]

(38]

(39]

[40]
[41]
[42]

(43]

[44]
[45]
[46]
[47)

(48]

(49]

NABLA BENNETT-LEINDLER INEQUALITIES 375

Kayar, Z., Kaymakcalan, B., Pelen, N. N., Bennett-Leindler type inequalities for time scale
nabla calculus, Mediterr. J. Math., 18(14) (2021). https://doi.org/10.1007 /s00009-020-01674-
5

Kayar, Z., Kaymakgalan, B., Hardy-Copson type inequalities for nabla time scale calculus,
Turk. J. Math., 45(2) (2021), 1040-1064. https://doi.org/10.3906/mat-2011-38

Kayar, Z., Kaymakgalan, B., Some extended nabla and delta Hardy-Copson type inequalities
with applications in oscillation theory, Bull. Iran. Math. Soc., Accepted. https://doi.org/
10.1007/s41980-021-00651-2.

Kayar, Z., Kaymakgalan, B., Complements of nabla and delta Hardy-Copson type inequalities
and their applications, Submitted.

Kufner, A., Maligranda, L., Persson, L. E., The Hardy Inequality. About Its History and
Some Related Results, Vydavatelsky Servis, Pilsen, 2007.

Kufner, A., Persson, L. E., Samko, N., Weighted Inequalities of Hardy Type, World Scientific
Publishing Co. Pte. Ltd., Hackensack, NJ, 2017. https://doi.org/10.1142/10052

Lefevre, P., A short direct proof of the discrete Hardy inequality, Arch. Math. (Basel)., 114(2)
(2020), 195-198. https://doi.org/10.1007/s00013-019-01395-6

Leindler, L., Some inequalities pertaining to Bennett’s results, Acta Sci. Math. (Szeged).,
58(1-4) (1993), 261-279.

Leindler, L., Further sharpening of inequalities of Hardy and Littlewood, Acta Sci. Math.,
54(3-4) (1990), 285-289.

Liao, Z.-W., Discrete Hardy-type inequalities, Adv. Nonlinear Stud., 15(4) (2015), 805-834.
https://doi.org/10.1515/ans-2015-0404

Masmoudi, N.,; About the Hardy Inequality, in: An Invitation to Mathematics. From Com-
petitions to Research, Springer, Heidelberg, 2011. https://doi.org/10.1007/978-3-642-19533-
411

Nikolidakis, E. N., A sharp integral Hardy type inequality and applications to
Muckenhoupt weights on R, Ann. Acad. Sci. Fenn. Math., 39(2) (2014), 887-896.
https://doi.org/10.5186/aasfm.2014.3947

C)zkan, U. M., Sarikaya, M. Z., Yildirim, H., Extensions of certain integral inequalities on time
scales, Appl. Math. Lett., 21(10) (2008), 993-1000. https://doi.org/10.1016/j.am1.2007.06.008
Pachpatte, B. G., On Some Generalizations of Hardy’s Integral Inequality, J. Math. Anal.
Appl., 234(1) (1999), 15-30. https://doi.org/10.1006/jmaa.1999.6294

Pecari¢, J., Hanjs, Z., On some generalizations of inequalities given by B. G. Pachpatte, An.
Sttiing. Univ. Al 1. Cuza lagi. Mat. (N.S.), 45(1) (1999), 103-114.

Pelen, N. N., Hardy-Sobolev-Mazya inequality for nabla time scale calculus, Eskisehir Tech-
nical University Journal of Science and Technology B - Theoretical Sciences, 7(2) (2019),
133-145. https://doi.org/10.20290/estubtdb.609525

Rehsk, P., Hardy inequality on time scales and its application to half-linear dynamic equa-
tions, J. Inequal. Appl., 2005(5) (2005), 495-507. https://doi.org/10.1155/JIA.2005.495
Renaud, P., A reversed Hardy inequality, Bull. Austral. Math. Soc., 34 (1986), 225-232.
https://doi.org/10.1017/S0004972700010091

Saker, S. H., Dynamic inequalities on time scales: A survey, J. Fractional Calc. & Appl.,
3(S)(2) (2012), 1-36.

Saker, S. H., Hardy—Leindler Type Inequalities on Time Scales, Appl. Math. Inf. Sci., 8(6)
(2014), 2975-2981. https://doi.org/10.12785/amis/080635

Saker, S. H., Mahmoud, R. R., A connection between weighted Hardy’s inequal-
ity and half-linear dynamic equations, Adv. Difference Equ., 2014(129) (2019), 1-15.
https://doi.org/10.1186/s13662-019-2072-x

Saker, S. H., Mahmoud, R. R., Peterson, A., Some Bennett-Copson type inequalities on time
scales, J. Math. Inequal., 10(2) (2016), 471-489. https://doi.org/10.7153 /jmi-10-37



376

[50]

[51]

[52]

(53]

[54]

[55]

7. KAYAR, B. KAYMAKCALAN

Saker, S. H., Mahmoud, R. R., Osman, M. M., Agarwal, R. P., Some new generalized
forms of Hardy’s type inequality on time scales, Math. Inequal. Appl., 20(2) (2017), 459-
481. https://doi.org/10.7153 /mia-20-31

Saker, S. H., O’Regan, D., Agarwal, R. P., Dynamic inequalities of Hardy and Copson type
on time scales, Analysis, 34(4) (2014), 391-402. https://doi.org/10.1515/anly-2012-1234
Saker, S. H., O’Regan, D., Agarwal, R. P., Generalized Hardy, Copson, Leindler
and Bennett inequalities on time scales, Math. Nachr., 287(5-6) (2014), 686-698.
https://doi.org/10.1002/mana.201300010

Saker, S. H., Osman, M. M., O’Regan, D., Agarwal, R. P., Inequalities of Hardy type and
generalizations on time scales, Analysis, 38(1) (2018), 47—62. https://doi.org/10.1515/anly-
2017-0006

Saker, S. H., Mahmoud, R. R., Peterson, A., A unified approach to Copson and Bee-
sack type inequalities on time scales, Math. Inequal. Appl., 21(4) (2018), 985-1002.
https://doi.org/10.7153 /mia-2018-21-67

Saker, S. H., O’Regan, D., Agarwal, R. P., Converses of Copson’s inequalities on time scales,
Math. Inequal. Appl., 18(1) (2015), 241-254. https://doi.org/10.7153/mia-18-18



