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Certain Inequalities Related to the Chebyshev’s Functional
Involving Erdélyi-Kober Operators

S.D. Purohit ® and S.L. Kalla ®

ABSTRACT. The object of the present investigation is to obtain certain Chebyshev
type integral inequalities involving the Erdélyi-Kober fractional integral operators.
Some consequent results and special cases of the main results are also pointed out.

1. Introduction

In the present paper, our work is based on a celebrated functional introduced by
Chebyshev ([5]), which is defined by

b b b
1(9) = 5 | f(x)g(x)dx<bia / f<:c>dx> (bia / g(x)dx>, (1)

where f and g are two integrable functions which are synchronous on [a, b], i.e.

{(f(z) = F(y)) (9(x) = 9(v))} = 0, (1.2)

for any x,y € [a, b], then the Chebyshev inequality is given by T'(f,g) < 0.

The functional (1.1) has applications in numerical quadrature, transform theory, prob-
ability, study of existence of solutions of differential equations and in statistical prob-
lems. Therefore, in the literature several generalizations of the Chebyshev type integral
inequality ([5]) are considered by many authors; for instance, Belarbi and Dahmani
[4], Dahmani et al. [7], Dahmani and Tabharit [8] and Sulaiman [18];and they derived
certain Chebyshev type integral inequalities involving Riemann-Liouville fractional in-
tegral operators. Recently, Purohit and Raina [14], and Purohit et al. [15] investigated
certain integral inequalities that are associated with Chebyshev functional, involving
the Saigo fractional integral operators ([16]), and also established the g-extensions
of the main results. Further, Baleanu et al. [2]-[3] established certain generalized
integral inequalities for synchronous functions that are related to the Chebyshev func-
tional using the fractional hypergeometric operator, introduced by Curiel and Galué
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[6]. Recently, Anastassiou [1] has considered the most general fractional representa-
tion formulae for a function in terms of the most general fractional integral operators
due to Kalla [10]-[11] and derived general fractional Ostrowski type inequalities.

In this paper, we add one more dimension to this study by introducing certain new
integral inequalities for synchronous functions, involving the Erdélyi-Kober fractional
integral operators. Further, we develop certain known and new integral inequalities
for the fractional integrals by suitably choosing the special cases of our main results.

First we give some necessary definitions and mathematical preliminaries of frac-
tional calculus operators which are used in our analysis.

Definition 1. Let a > 0, 8 > 0 and n € R, then the Erdélyi-Kober fractional
integral operators 17 of order « for a real-valued continuous function f(t) is defined
by (see [12, p. 14, eqn. (1.1.17)]):

By =S [ - i)
=~ T /0 T = 17) T f(r)dr (13)

Our results in this paper are based on the following preliminary assertions giving
composition formula of fractional integral (1.3) with a power function (see also as
special case of image formula [12, p. 29, eqn. (1.2.26)]).

P(1+n+3)

I {tr} = R %) " (A > —B(n+1)). (1.4)

2. Main results

In this section, we obtain certain fractional integral inequalities for synchronous func-
tions which are related to the Chebyshev functional ([5]) by using the Erdélyi-Kober
fractional integral operators (1.3) (defined above).

Theorem 1. Let f and g be two synchronous functions on [0,00) then

a I'l+ o na na
1 110a0) > S e ) 1 o) 2.)

forallt >0, a>0,8>0 andn € R such that n > —1.

Proof: Let f and g be two synchronous functions, then for all 7, p € (0,¢), t > 0,
we have

{(f(m) = F(p) (g(7) — g(p))} = 0,
which implies that

F(D)g(m) + flp)g(p) = f(T)g(p) + f(p)g(T). (2.2)
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Consider
B t—Bta)pBn+1)—1

F(t, )= (o)

We observe that «, 8 > 0 before, and hence each factor of the above function is posi-
tive in view of the conditions stated with Theorem 1, and hence, the function F (¢, 7)
remains positive, for all 7 € (0,¢) (¢ > 0).

(tF — 7By, (2.3)

Multiplying both sides of (2.2) by F(t,7) (where F(¢,7) is given by (2.3)) and
integrating with respect to 7 from 0 to ¢, and using operator (1.3), we get
I3 {fWg@)} + f(p)g(p) 15%{1} = g(p) 15 {f ()} + f(p) 15" {9(®)}.  (24)

Next, multiplying both sides of (2.4) by F(t,p) (p € (0,t), t > 0), where F(t,p) is
given by (2.3), and integrating with respect to p from 0 to ¢, and using formula (1.4)
(for A = 0), we arrive at the desired result (2.1).

The following result gives a generalization of Theorem 1.

Theorem 2 Let f and g be two synchronous functions on [0,00), then

I'(1 (1 N o .
MIE”* {f(t)g(t)}+m(+$fozgv (gD} > I L@} 157 {g(0)} +

IO} 13 {9()}, (2.5)
forallt >0, «>0,8>0, v>0,6 >0 andn,( € R such thatn > —1 and { > —1.

Proof: To prove the above theorem, we use the inequality (2.4). Multiplying both

sides of (2.4) by
§ 156+ pp(cH)-1

I'(7)
which remains positive in view of the conditions stated with (2.5) then integrating

with respect to p from 0 to t, we get
7L IF {f 090} + I {1} I3 {f (D9 (1)} >

WY 57 {9+ 17 {F0} 17 {9}
which on using (1.4) yields the desired result (2.5).

H(t,p) = (t° = p) 7, (2.6)

Theorem 3. Let (f;)i=1,....n be n positive increasing functions on [0,00), then

forallt >0, a«>0,8>0 andn € R such that n > —1.

Proof: We prove this theorem by mathematical induction. Clearly, for n = 1 in
(2.7), we have

I LAMY 2 I {AW®) (> 0,a>0).
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Next, for n = 2, in (2.7), we get
I 050) > D B A} I A0} (0.0 0)

which holds in view of (2.1) of Theorem 1.
By the induction principle, we suppose that the inequality

na L+a+m)]"? T e
L {Hfl }/[ Sienl B VLA

holds true for some positive integer n > 2.

Now (fi)i=1.....n are increasing functions which imply that the function 1—[;:11 fi(t) is
also an increasing function. Therefore, we can apply inequality (2.1) of Theorem 1 to
the functions H?:ll fi(t) =g and f,, = f to get

{Hfz }/w {Hfl }Ig’“{fn@)},

provided that ¢ >0, a > 0,8 >0, n > —1.
Making use of (2.8) now, this last inequality above leads to the result (2.7), which
proves Theorem 3.

Theorem 4. Let f and g be two synchronous functions on [0,00), h > 0, then
forallt >0, a>0,8>0,n>-1

I'(1 o a o
MIQ’ FOgOn() > I (£} T° {gt)h(e)} +

I3 L@} 15 {f OO} — 15" )} I3 {f()g(D)} . (2.9)
Proof: Usmg (1.2) and h >0, for all 7, p > 0, we have
{(f(m) = F(p)) (9() = 9(p)) (h(T) + h(p))} = 0, (2.10)

which implies that
F(m)g(m)h(T) + f(p)g(p)h(p) = f(T)g(p)h(p) + f(p)g(T)h(T) + g(T)f(p)h(p)

+9(p) f(T)M(T) = h(7) f(p)g(p) — h(p) f(T)g(T). (2.11)
Multiplying both sides of (2.11) by F(t,7) (defined above by (2.3)) and integrating
with respect to 7 from 0 to ¢, and using (1.3), we get

I {0} +F (p)g(p)h(p) 15 {1} = g(p)h(p) I {f ()} +f(p) 15" {g()h(t)} +
Fo)h(p) 15 {g(t)}+9(p) Iz {f(OR(E)} = f(p)g(p) I3 {h(t)}—Nh(p) I5* {f()g(t)} .

2.1
Next, multiplying both sides of (2.12) by F(t,p) (p € (0,t), t > 0), where F(¢, p)

given by (2.3), and integrating with respect to p from 0 to ¢, and using formula (1.4
we arrive at the desired result (2.9).
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Theorem 5. Let f and g be two synchronous functions on [0,00), and h > 0,
then

F(l + 77) Y F(l + C) 7,0 mn,0
Tty b YOIOMO}+ 5= 13 {F(O9r®)} > I3 (1)}

I {gtR®)} + IP* {gth(®)} 197 {F (1)} + 12 {g(O)} I {F(t)R(1)}
HIP{F R} I {g(t) =12 {h(t)} 197 {F()g(t)} — 12 {f(t)g(t)} 1§ {f(L@)}),
2.13
forallt >0, a>0,8>0, v>0,6 >0 and n,{ € R such thatn > —1 and { > —1.

Proof. To prove the above theorem, we start with the inequality (2.12). On
multiplying both sides of (2.12) by H(¢, p) (defined above by (2.6)) and integrating
with respect to p from 0 to ¢, we get

IV {1} I {F () g (0RO Y+ {1} 1§ {F(£)g(t)h@®)} = TP {f(D)} 17 {g(t)h(t)} +
I {gMn®)} I {F O} +T0 {g(t)} I {F R} + TP {F(0)h(t)} I3 {g(t)} —

PR} 197 {f(D9(t)}y — I3 {F()g(t)} I3 {h(t)},
which on using (1 4) yields the desired result (2 13).

Theorem 6. Let f, g and h be three monotonic functions on [0,00) satisfying the
inequality

{(f(m) = f(p)) (9(T) = g(p)) (h(7) — h(p))} = O, (2.14)
then for allt >0, a > 0,8>0, v> 0,0 >0 and n,{ € R such thatn > —1 and
C > _17
I'(1+n)
I'l+a+mn)

I 0000 ~ ey T8 UOaORO} > 11 (o)

IO} = IP*{ (O} 157 {g(®)h(t)} +
I {f(tht)} 137 {g(t)} — 12 {g(1)}
I {FOR)} — 12 {h(t)} I {F (g} + I {f(Dg()} 137 {h(t)}. (2.15)

Proof: By applying the similar procedure as of Theorem 2 or 5, one can easily es-
tablish the above theorem. Therefore, we omit the details of the proof of this theorem.
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Remark 1. It may be noted that the inequalities (2.1), (2.5), (2.9) and (2.13)
are reversed if the functions are asynchronous on [0, 00), i.e.

{(f(z) = f(y) (9(x) — g(y))} <0, (2.16)
for any z,y € [0, 00).

Remark 2. For v = o,§ = 8, = n, Theorems 2 and 5 immediately reduce to
the Theorems 1 and 4, respectively.

Remark 3. If we consider the function h(t) as a constant (> 0), the Theorems 4
and 5 immediately reduce to the Theorems 1 and 2, respectively.

Now, we consider some other variations of the fractional integral inequality of
Theorem 1:

Theorem 7. Let f and g be two functions defined on [0, 00), such that f is increasing,
g is differentiable and there exists a real number m = infi>09'(t), then

a I'l+ o na
1 {000} > St e ) 13 )

ml“(1+a+n)1“(1+n+%) o a
T tatar ey @ WOIEm @O @)

forallt >0, a>0,8>0 andn € R such that n > —1.

Proof: Consider the function h(t) = g(t) —mt, such that h and f are synchronous.
It is clear that h is differentiable and it is increasing on [0,00), therefore, by using
Theorem 1, we get

I {F W (g(t) —mt)}y > fatatn) po {r®)} 15°{g(t) —mt}

(1475 7

F(l+a+n) o, e F(l+a+n) a -
gy B VO B0 - =g B8 A0} m I )

= I {fg()) > DT atn)

I'(1+n)
I'l+a« o N N
SHEEE 0 I ) m I 0n)

Now, on making use of the formula (1.4) (for A = 1), we are lead to the result
(2.17) after some simplifications.

3 {rmy 15 {90}

Theorem 8. Let f and g be two functions defined on [0,00), such that f is de-
creasing, g is differentiable and there exists a real number M = Supi>0g'(t), then

1 {1000} > S e ) 13 )
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MT(A+a+nll+n+3) o
C T(l+a+n+3)I(1+n) I} + M=t (0)} (2.18)

forallt >0, a>0,8>0 andn € R such that n > —1.

Proof: Consider the function h(t) = g(t) — Mt, such that h and f are synchronous.
Then by applying the similar procedure as of Theorem 7, one can easily establish the
above theorem. Therefore, we omit the details of the proof of this theorem.

3. Special Cases

Following Kiryakova [12], a number of generalized integration and differentiation
operators introduced and used by various authors are included as special cases of
the operator (1.3). Some important special cases of the integral operator Ig’a are
mentioned below :

(1) If we set n =0, a = n (integer > 0) and § = 1, then the operator (1.3) yields the
following ordinary n-fold integrations:
n n 70,n 1 i n—
M{F6Y =t () = ﬁ/ (t—7)" " f(r)dr. (3.1)
n—1)!Jq

(2) For n =0 and 8 = 1, (1.3) contain the Riemann-Liouville fractional integral

operators, by means of the following relationships:
a e «@ 1 i a—
R (f(0) = 1" (1) = ey [ (¢ = p(yar (32)
(@) Jo

(3) Again, for n = 0, « = 1 and 8 = 1, the operator (1.3) leads to the Hardy-
Littlewood (Cesaro) integration operator:

Luo (F(8)} = I {F (1) / fr (3.3)

and as its generalization for integers m,n;n >m —1 (when n=n, a =1 and g = 1),
we have

t
Ly {f(0)} = " {f (1)} = t_m/ " f(T)dr. (3.4)
0
(4) When 8 = 1, operator (1.3) reduces to the fractional integral operator, which
originally considered by Kober [13] and Erdélyi [9]:
o

) =1 () = T [ P e 0ne R 65)

(5) Also for 8 = 2, the operator (1.3) yields the Erdélyi-Kober fractional integral
operator I, o (introduced by Sneddon [17]):

—2(n+a)
Iya =13 {f()} = 2L 2 o /O P02 2l ()dr (3.6)
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(6) Further, if we set n = —%, B = 2 and « replaced by «a + %, the Uspensky
integral transform ([19]), can easily be obtained as under:
afrn = Lprerh e o L [N ey
PO} = 3 IO} = 5 [a=mrtsenar e
For a detailed information about fractional integral operator (1.3) and its more
special cases one may refer the book [12, pp. 15-17].
We now, briefly consider some consequences of the results derived in the previous
section. To this end, if we consider § = 1 (and 6 = 1 additionally for Theorem 2, 5
& 6), and make use of the relation (3.5), the Theorems 1 to 6 provide, respectively,
the known fractional integral inequalities due to Purohit and Raina [14] and Purohit
et al. [15]. Again, for 8 = 1 the Theorems 7 & 8 provide, respectively, the known
integral inequalities involving the Erdélyi-Kober operators due to Baleanu et al. [3,
p.4, Corollary 14 & 15].

Further, if we take n =0, 5 =1 (( =0, § = 1 additionally for Theorem 2, 5 & 6)

and make use of (3.2), then the Theorems 1 to 3, 7 & 8 yields the known results due
to Belarbi and Dahmani [4], whereas the Theorems 4 to 6 provides the results due to
Sulaiman [18].
Indeed, by suitably specializing the values of parameters 7, « and § the results pre-
sented in this paper may generate some more known and possibly new inequalities
involving the various type of integral operator, on taking relations (3.1) to (3.7) into
account. Additionally, by suitably choosing the function h(t), one can obtain further
inequalities involving the fractional integral operators and various type of special func-
tions from our results Theorem 4, 5 & 6.

The integral operator Ig’a, has number of applications in the generalized axially
symmetric potential theory and other physical problems like in electrostatics, elastic-
ity, etc (se Sneddon [17]). The results derived in this paper are general in character
and give some contributions to the theory integral inequalities and fractional calculus.
Therefore, we conclude this paper with the remark that, the results derived here are
expected to find some applications in generalized axially symmetric potential theory
and for establishing uniqueness of solutions in fractional boundary value problems.
Moreover, one can further easily obtain additional integral inequalities involving the
various type of integral operators as special cases of our main results Theorems 1 to
8.
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