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Abstract: In this paper, we present a generalization of Radon’s inequality on dynamic time scale
calculus, which is widely studied by many authors and an intrinsic inequality. Further, we present
the classical Bergstrom's inequality and refinement of Nesbitt’s inequality unified on dynamic time
scale calculus in extended form.
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1. Introduction

The beauty of Radon’s inequality is its utility in many practical applications. Radon’s inequality
and its generalized form are equivalent to Rogers—Holder’s inequality and Bernoulli’s inequality as
given in [1]. Recently, it has been proven that the dynamic generalized Radon’s inequality is equivalent
to Radon’s inequality, the weighted power mean inequality, Schlémilch’s inequality, Rogers-Holder’s
inequality and Bernoulli’s inequality on dynamic time scale calculus, as given in [2].

The following inequality is a generalization of Radon’s inequality as given in [3].

n n
Theorem 1. Let c1,¢,¢3,¢4, X, Y € (0,00), where k € {1,2,..,n}, X, = ¥ xpand Y, = ¥ yx. If
k=1 k=1

B € [1,00)and 7,1, \ € [0,00) are such that c3Y, > c4 Jmax Y}, then:
SKsn

(Cln’YXg+C + C2X5+’7>'y+1 1 Cng + oy >7+1 Blr+1)

1Yy (B =)= g (e3Yi *C4yk)73/k .

(czn? —¢

The following inequality is a generalization of Nesbitt’s inequality as given in [3].

Theorem 2. Letc; > 0, ¢3,¢3,¢4, % € (0,00), wherek € {1,2,...,n}, X, = Z xp and c3 X)) > ¢y max xk
k=1

<k<n
If ¥y > 1, then:
can+c 1 o1 X, + oox
<7,m<2i" k| @)
3N —cq C3X C4xk

We will prove these results on time scale calculus. Time scale calculus was initiated by Stefan
Hilger as given in [4]. A time scale is an arbitrary nonempty closed subset of the real numbers.
The theory of time scale calculus is applied to reveal the symmetry of being continuous and discrete
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and to combine them in one comprehensive form. In time scale calculus, results are unified and
extended. Time scale calculus is studied as delta calculus, nabla calculus and diamond-« calculus. This
hybrid theory is also widely applied on dynamic inequalities. Basic work on dynamic inequalities
using time scales was done by Agarwal, Anastassiou, Bohner, Peterson, O’Regan, Saker and and many
other authors.

In this paper, it is assumed that all considerable integrals exist and are finite and T is a time scale,
a,b € T, with a < b and an interval [a, b]T means the intersection of a real interval with the given
time scale.

2. Preliminaries

We need here basic concepts of delta calculus. The results of delta calculus are adapted from [5,6].
For t € T, forward jump operator o : T — T is defined by:

o(t):=inf{s € T:s > t}.

The mapping y : T — R{ = [0,00) such that u(t) := o(t) — t is called the forward graininess
function. The backward jump operator p : T — T is defined by:

p(t) :=sup{s € T:s < t}.

The mapping v : T — Rj = [0,00) such that v(t) := t — p(t) is called the backward graininess
function. If o(t) > t, we say that ¢ is right-scattered, while if p(t) < t, we say that ¢ is left-scattered.
Furthermore, if t < sup T and o(t) = ¢, then ¢ is called right-dense, and if t > infT and p(t) = ¢, then
t is called left-dense. If T has a left-scattered maximum M, then TX = T — {M}, otherwise T = T.

For a function f : T — R, the delta derivative f* is defined as follows:

Let t € T; if there exists f A(t‘) € R such that for all € > 0, there exists a neighborhood U of f,
such that:

fo(8)) = f(s) = fAD(e(t) = 5)| < elo(t) —s],

forall s € U, then f is said to be delta differentiable at ¢ and f2(¢) is called the delta derivative of f at t.
A function f : T — R is said to be right-dense continuous (rd-continuous), if it is continuous
at each right-dense point and there exists a finite left limit at every left-dense point. The set of all
rd-continuous functions is denoted by C,;(T, R).
The next definition is given in [5,6].

Definition 1. A function F : T — R is called a delta antiderivative of f : T — R, provided that F(t) = f(t)
holds for all t € T, then the delta integral of f is defined by:

b
/f(t)At — F(b) — F(a).

The following results of nabla calculus are taken from [5-7].

If T has a right-scattered minimum m, then Ty = T — {m}, otherwise Ty = T. For f : T — R,
a function f is called nabla differentiable at t € T}, with nabla derivative fV (t), if there exists f¥ (t) € R
such that for any given € > 0, there exists a neighborhood V of ¢, such that:

Fe(D) = £(s) = FY (1) (p(t) = 5)| < elp(t) —s|,

foralls € V.
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A function f : T — Ris said to be left-dense continuous (ld-continuous), provided it is continuous
at every left-dense point in T and its right-sided limits exist (finite) at all right-dense points in T. The set
of all 1d-continuous functions is denoted by C;;(T, R).

The next definition is given in [5-7].

Definition 2. A function G : T — R is called a nabla antiderivative of ¢ : T — R, provided that GV (t) = g(t)
holds for all t € Ty, then the nabla integral of g is defined by:

b
/g(t)Vt — G(b) — G(a).

Now, we present a short introduction of the diamond-« derivative as given in [8,9].
Let T be a time scale and f(t) be differentiable on T in the A and V senses. For t € ’]I‘i, where
Tk = TF N T, diamond-x dynamic derivative £ (t) is defined by:

o) =aff )+ (1—a)fY(t), 0<a<l.

Thus, f is diamond-« differentiable if and only if f is A and V differentiable.
The diamond-« derivative reduces to the standard A-derivative for & = 1, or the standard
V-derivative for & = 0. It represents a weighted dynamic derivative for & € (0,1).

Theorem 3. [9] Let f,g : T — R be diamond-« differentiable at t € T. Then:
(i) f+g:T — Risdiamond-w differentiable at t € T, with:
(f £g)™ (1) = fo () £ g™ (#).
(ii) fg:T — Ris diamond-w differentiable at t € T, with:
(f)™ (1) = fo(Dg(t) +af (g™ (1) + (1= ) fP(1)g" (1).
(iii) For g(t)g” (t)g°(t) # 0 : T — R is diamond-a differentiable at t € T, with:

(f>%(t):fO“(f)g"(t)gp(t)—“f"(t)g"(t g4 — (1= ) f (18" (g™ (1)
p 8057 (Hgh (1) |

Definition 3. [9] Let a,t € T and h : T — R. Then, the diamond-« integral from a to t of h is defined by:
t t t
/ h(s)oxs = oc/ h(s)As + (1 — oc)/ h(s)Vs, 0<a <1,
a a a
provided that there exist delta and nabla integrals of h on T, as given in Definitions 1 and 2, respectively.

Theorem 4. [9] Let a,b,t € T, c € R. Assume that f(s) and g(s) are oq-integrable functions on [a, b]r, then:

(1) fat[f( s) £g(s) Oas—f f(s) Oasif;g(s)oas
(it) fatcf <>sz_Cf f Ou S;

(i) Jy f(s)ous == [ f(s) ous;

(iv) fa:lf )Oas—f f(s) <>a5+fbtf(s)<>,xs;

(Z)) faf(s)ozxs_o

We need the following result.
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Definition 4. [10]: A function f : T — R is called convex on It = I N'T, where I is an interval of R (open or
closed), if:

A+ (1 =A)s) < Af(8) + (1= A)f(s), ®)
forallt,s € Iy and all A € [0,1] such that At + (1 — A)s € I.
The function f is strictly convex on Ir if (3) is strict for distinct t,s € It and A € (0,1).
The function f is concave (respectively, strictly concave) on Iy, if —f is convex (respectively,
strictly convex).

Theorem 5. [8]: Let a,b € T and c,d € R. Suppose that ¢ € C([a,b]r, (c,d)) and h € C([a,b], R) with
b

J 1h(s)|oas > 0. If® € C((c,d),R) is convex, then the generalized Jensen’s inequality is:
a

b b
J 11(s)|g(s) ous J |1(s)|@ (g(5)) ©a's
| ; <4 ) 4)

b
af|h(5)\<>rx5 af\h(s)|<>,xs

If ® is strictly convex, then the inequality < can be replaced by <.

3. Main Results

In order to present our main results, first we present an extension of Radon’s inequality by
applying Jensen’s inequality for a convex function via time scales.

Theorem 6. Let w, f,g € C([a,b]r, R — {0}) be o4-integrable functions and c1, ¢, c3,¢4 € (0,00). If B > 1,

A
7,804 € [0,00) and c3 ( [ [w(x)||3(x)] oax)" > c4 sup 1g(x)|", then:
x€la,b]T

(en (42 ot o0 ) (42 Tt 00 )™ 2 (U P llf e >|<>ax)ﬁ+”>7+l
(6 (wtlons) ' —ar) " (1 ollgto )™

1
) (y+1)(B+n—=1)—7A

(f [w(x)] ox x
(Cl (f w(x)|1£( )I<>.M)€+cz|f(x)|'7)’Hl |f(x)[BO+D)
<C3 (f [w(x)llg(x )|<>vcx)A—C4|8(x)|A)7|g(x)7

oxX. (5)

< [ )]

Proof. Set A = [ |w(x)| o x, Y = [ [w(x)[|f(x)] oxxand Q = [* [w(x)[|g(x)] o

Let j(x) = (1Y + ol f(0) ") | f(x)[P and k(x) = (e3" — calg(x)[*) [g(x)]-
The right-hand side of (5) can be written as:

[ i )
_ /\w(x)|k(x) (f((’;))yﬂw

- (/ Jw(x)[k(x) o0 >/ 0 |ZU< )k(xJ; » (ii?))wloax.
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Choosing ®(x) = x?*!, which for 7 > 0 is a convex function on x € (0,c0), then Jensen’s
inequality given in (4) takes the form:

' lw)lk() j(x) T ()l i)\
<L Jf““x”kUﬂOax<k“?>o“x> <) ﬁfmmxﬂux>qpx(kw>) wr @

Now, (6) takes the simplified form:

b .
o w(x)j(x) ox
<(ffbww9(cx)]kxx<> x */ [w(x ]Hl ) o @

Putting values of j(x) and k(x) in the right-hand side of (7), we get:

/ o [(e1YE + oo f(x

Op X
[(c30 — c4lg

)7) 1£(x)
(1) 13(x)[]”
UAMMHqW+QU&WHﬂ)W%x
[ ()] (0 = calg(6)1) [g(x)  ea 2]

[e1¥% 2 o)L £(x) P on x+ ca [ o) | F) 1B 0 2]

[ — e f7 ()] [+ o0 2]
LﬁYﬁ+é<k)ﬁ_ +12Yﬁ+ﬂ( )ﬁ+” ﬂ

AT
oot (3]

(cr YBHEAT + e YFm) !
(c3AM — cg) T QYD A(r D) (Brn—1)=74"

] y+1

y+1

completing the proof of our claim. [

Remark 1. Let « = 1, T = Z, w(x) = 1, f(x) = x; and g(x) = yx for k € {1,2,..,n} be sets of
n

n
positive values, X, = Y xx, Yn = Y yg and c1,cp,¢3,c4 € (0,00). If p > 1, v,(,n,A € [0,00) and

k=1 =1
Y} >y max y, then (5) reduces to (1).

N»

Remark 2. Leta =1, T =Z,w(x) =1, f(x) = x, € [0,00) and g(x) = yx € (0,00) fork € {1,2,...,n},
n
Xp= Y xpand Y, = i Ye f B=1and { = n = A =0, then (5) reduces to:
k=1 k=1

®)

which is Radon’s inequality, as given in [11].
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Remark 3. Leta =1, T =Z, w(x) =1, f(x) = xx € Rand g(x) = y; € (0,00) fork € {1,2,...,n},

n
X, = i xeand Y, = Y y. If p=1,v=1,0 =1n = A =0, then (5) reduces to:
k=1 k=1

— <)Y ©

which is called Bergstrom'’s inequality in the literature, as given in [12-15].

The inequality given in upcoming corollary is called Schlomilch’s inequality. Its other versions
are also given in [16,17].

Corollary 1. Letw, f € C([a, b]r, R) be o-integrable functions, where | ab |w(x)| oqx = 1. Ifyp > 157 > 0, then:

([ i enx)” < ([ Tacosoroc) ™. (10

Proof. If  =1and { = 7 = A = 0, then (5) reduces to:

1
(U eIl oax) ™ _ JREC TN )
() llg@) eax)” — o ls@m T
Lety+1= % >1fory > 0and g(x) = 1, then (11) becomes:
b nob n
([ eonx) ™ < [l o 12

Replacing |f(x)| by |f(x)|" and taking power >, then (12) gives our required result. [
The upcoming result is the generalized Nesbitt’s 1nequahty on dynamic time scale calculus.

Theorem 7. Let w, f € C([a,b]T,R — {0}) be o4-integrable functions. If ¢; € [0,00), c3,c3,¢4 € (0,00),
v
Y,,1n,A € [1,00) and c3 (f lw(x)]|f(x )|<>,xx) >cy sup |f(x)|7, then:

x€[ab]r

c fﬂb |w(x)| ox x Tie g YA+l nA=¢
E 1 Ef |w(x)| oa 93 ng (/ab wlen x) </ab Gl o x)

n A
</b|w(X)I(Cl Ur eIl o0 x) +62|f<x)n)g<>ax. (13)
C (e (Pl 0 w) el o))

Proof. Let |f(x) f |w(x)]|f(x)| o x. Then, fab |w(x)|g(x) oq x = 1.
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The right-hand side of (13) is

/ (S @) o0 x) + calfx))
lw(x)]
(f )] oxx) —aslfx)I7)’

A=C
B {C1+02g’7(x)}
(/ [w(x) [ f(x)] ax> [/| {03704g7(x)}§ x]. (14)

Let ®(g(x)) = % = {1 + 028" ()} {3 — cag (1)}

{e3—cag7(x)}

7 o X

1
Clearly, ®(g(x)) is a convex function on (O, (‘C;i) g ) , as it is the product of two convex functions.

Now, we apply Jensen’s inequality given in (4) and get:

A b
JP () g () oax | {c1+eag ()}
[”“2{ IR e H <uf 'w(x)|[{Cs—%ww}g}%x.

[%-%{M}yr f|w(x)|<>,xx l

f [w(x)|oax a

(15)

hence, Inequality (13) is clear from (15).
Therefore, the proof of Theorem 7 is completed. [

Remark 4. Leta =1, T = Z, w(x) = 1, f(x) = xx for k € {1,2,...,n} be a set of positive values and
n
=Y xp. Ifn e N—{1},c1 € [0,00), cp,¢3,¢4 € (0,00), 7,0, 1, A € [1,00) and X)) > ¢y lr£1ka<x xz,
k=1 <k<n

then (13) reduces to:
(1 X)) + czxZ)A

(c1n” +cp)* pre M AT i
(3 Xy} — cax])E

(c3n” — 04)5 (1o

as given in [18].

Remark 5. Leta =1, T=2 wx) =1, f(x) = x fork € {1 2,...,n} be a set of positive values and

Xy = 2 xi. If e € [0,00), ¢,¢3,¢4 € (0,00), ¥ > 1,{ =5 = A =1land 53X, > ¢4 max x;, then (13)
SKSn

reduces to (2).

Corollary 2. Let w, f € C([a, b1, R — {0}) be o4-integrable functions. If c3,c4 € (0,00), 7,5 € [1,00)
v
and cs ( P ()] (2)] <4 x) >cy sup |f(x)], then:

x€la,b]r

)7@*'7“

(f [w(x)| o x

(3 (S o) onx) " — )

([ wolserens)

' )"
< |w(x) o x. (17)
! (cs (S ro@l1F @) eax) = eslfx)I7)

Proof. Putc; =0,cp =1and A = 1in Theorem 7; we get our claim. O
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Remark 6. Leta =1, T =27 w(x) =1, f(x) = x¢ for k € {1,2,...,n} be a set of positive values and
X, = 2 xp. Ifn € N— {1}, c3,c4 € (0,00), 7,7 € [1,00) and c3X,] > ¢4 jmax x;, then the discrete
SKSn

version of (17) reduces to:
;/ﬂ/g*” n ’7

Z C3X ’

et (18)

cn"Y—c
(c3 4)¢

as given in [19].

Remark 7.Leta =1, T =7, w(x) =1, f(x) = x¢ for k € {1,2,...,n} be a set of positive values and
X, = Z xp. Ifn € N—{1}, ¢c3,¢4 € (0,00),7,{, 17 € [1,00) and caM? > ¢y max x 7 for M > 0, then the

dzscrete verszon of (17) takes the form:

n’YC*’IJrl R }7
(c3n" MY — ey X)))6 Z (csMy) — cqx] )’

(19)

as given in [19].

Corollary 3. Let w,f € C([ab]y,R — {0}) be on-integrable functions, cz,cs € (0,00) and
63f |w(x)||f(x)| oax >cq sup |f(x)|, then:

x€lab]t
. Sy € 16) o 20
©c3 [, [w(x)]onx —cy Yo ez [, [w(x)||f(x)] 0a x — ca|f(x)]

Proof. Putc; =0,cp =1and v = { = = A = 1in Theorem 7, then Inequality (20) is clear. [

Remark 8. Leta =1 T =7 w(x) =1, f(x) = x¢ for k € {1,2,...,n} be a set of positive values and
X, = Z X Ifn € N— {1}, ¢3,c4 € (0,00) and c3X, > ¢4 1mkax Xy, then the discrete version of (20) takes

theform
n
21
C3M — Cy4 ; C3Xn — C4xk 1)
as given in [20].
Further, if we set n = 3 and c3 = ¢4 = 1, then (21) takes the form:
3 bl X3 X3
5 + + / 22
2 7 xp+x3 x3+x1 x1+x (22)

where x1,x2,x3 > 0. Inequality (22) is called Nesbitt’s inequality, as given in [21].

Remark 9. If we set &« = 1, then we get delta versions, and if we set « = 0, then we get the nabla version of
dynamic inequalities presented in this article.

Furthermore, we get discrete versions, if we put T = Z, and we get continuous versions, if we put T = R,
of dynamic inequalities presented in this article.

4. Conclusions and Future Work

In this research article, we have presented some fractional dynamic inequalities on diamond-«
calculus. Recently, some dynamic inequalities on diamond-« calculus have been developed (see [17,22]).
Some researchers developed various results concerning fractional calculus on time scales to produce
related dynamic inequalities using the fractional Riemann-Liouville integral (see [23,24]). Similarly,
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we will continue to find further generalizations and applications of Radon’s inequality, Bergstrom’s
inequality, Nesbitt’s inequality and some other inequalities on dynamic time scale calculus.

In the future, we can generalize dynamic inequalities using functional generalization, the n-tuple

diamond-« integral, the fractional Riemann-Liouville integral, quantum calculus and «,8-symmetric
quantum calculus.

Conflicts of Interest: The author declares no conflict of interest.
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