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Abstract: In the recent era of research, the field of integral inequalities has earned more recognition
due to its wide applications in diverse domains. The researchers have widely studied the integral
inequalities by utilizing different approaches. In this present article, we aim to develop a variety
of certain new inequalities using the generalized fractional integral in the sense of multivariate
Mittag-Leffler (M-L) functions, including Grüss-type and some other related inequalities. Also,
we use the relationship between the Riemann-Liouville integral, the Prabhakar integral, and the
generalized fractional integral to deduce specific findings. Moreover, we support our findings by
presenting examples and corollaries.

Keywords: fractional integrals; generalized fractional integrals; Prabhakar integral; Mittag-Leffler
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1. Introduction

The field of fractional calculus is the branch of mathematical analysis which deals
with the study of arbitrary order integrals and derivatives. In the last few years, this
field has gained more recognition and significance due to its wide applications in diverse
domains. The researchers have considered that this field is the most powerful tool in
determining the anomalous kinetics and its wide applications in diverse domains. Several
problems such as statistical, mathematical, engineering, chemical, and biological can
be easily modelled by employing ordinary differential equations containing fractional
derivatives. The researchers have extensively studied a variety of types of fractional
integrals and derivatives operators such as Riemann-Liouville, Caputo, Riesz, Hilfer,
Hadamard, Erdélyi-Kober, Saigo, Marichev-Saigo-Maeda and so on. We suggest the readers
to see [1–4].

Khalil et al. [5] proposed the notion of fractional conformable derivatives operators.
Abdeljawad [6] gave the properties of the fractional conformable derivative operators.
Jarad et al. [7] proposed the fractional conformable integral and derivative operators.
Anderson and Unless [8] propose the idea of the conformable derivative by considering
local proportional derivatives. Abdeljawad and Baleanu [9] investigated certain monotonicity
results for fractional difference operators with discrete exponential kernels. In [10], Abdeljawad
and Baleanu proposed the fractional derivative operator involving an exponential kernel
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and their discrete version. Atangana and Baleanu [11] proposed a new fractional derivative
operator with the non-local and non-singular kernel. Fractional derivative without a
singular kernel can be found in the work of Caputo and Fabrizio [12].

Recently, the researchers have studied the field of fractional calculus extensively and
developed certain new and interesting fractional integral and derivative operators. These
new operators have gained more attention from researchers due to their wide applications
in the field of both applied and pure. Inequalities are well recognised to have potential uses
in technology, scientific research, and analysis as well as in a wide range of mathematical
topics including approximation theory, statistical analysis, and the social sciences; see for
example [13–15]. Regarding wider uses, these versions have received a lot of attention.
Authors have now presented a new version of these inequalities, which may be useful in
the research of various integro-differential and difference equation forms. Sousa et al. [16]
presented Grüss-type and some other integral inequalities by employing the Katugampola
fractional operator. In particular, many remarkable inequalities, properties and applications
for the fractional conformable integrals and generalized proportional integrals can be found
in the literature [17–19].

Alzabut et al. and Rahman et al. [20–23] explored the modified proportional derivative
and integral operators recently, and they produced certain Gronwall inequality and the
Minkowski inequalities that include the above proportional fractional operators.

2. Preliminaries

In this section, recalling the following well-known results:

Theorem 1. [24] Let h̄1, h̄2 : [r, s] → R be two positive functions with m ≤ h̄1(ξ) ≤ M and
n ≤ h̄2(ξ) ≤ N for all ξ ∈ [r, s], then the following inequality holds:∣∣∣∣ 1

s− r

∫ s

r
h̄1(ξ)h̄2(ξ)dξ − 1

s− r

∫ s

r
h̄1(ξ)dξ

1
s− r

∫ s

r
h̄2(ξ)dξ

∣∣∣∣ ≤ 1
4
(M−m)(N − n), (1)

whereM, m, N , n ∈ R and 1
4 is the best constant such that the inequality (1) is sharp.

Definition 1 ([25,26]). A function h̄1(ξ) is said to be in the Lp,r[0, ∞) space if

Lp,r[0, ∞) =

{
h̄1 : ||h̄1||Lp,r [0,∞) =

(∫ s

r
|h̄1(ξ)|pξrdξ

) 1
p
< ∞, 1 ≤ p < ∞, r ≥ 0

}
. (2)

If we apply (2) for r = 0, then it follows

Lp[0, ∞) =

{
h̄1 : ||h̄1||Lp [0,∞) =

(∫ s

r
|h̄1(ξ)|pdξ

) 1
p
< ∞, 1 ≤ p < ∞

}
.

Definition 2 ([27]). Let n ∈ N, ζ1, σ1, γ ∈ C, <(ζ1) > 0, <(σ1) > 0 and <(γ1) > 0, then the
three parameter M-L function is given by

Eγ1
σ1,ζ1

(z1) =
∞

∑
l1=0

(γ1)n(z1)
l1

Γ(σ1l1 + ζ1)l1!
.

Definition 3 ([28]). The multivariate M-L function is defined as

E (γj)

(σj),ζ
(z1, z2, . . . , zj) = E

(γ1,γ2,...,γj)

(σ1,σ2,...,σj),ζ
(z1, z2, . . . zj)

=
∞

∑
m1,m2 ...mj=0

(γ1)m1(γ2)m2 . . . (γj)mj(z1)
m1 . . . (z)mj

Γ(σ1m1 + σ2m2 + . . . σjmj + ζ)m1! . . . mj!
, (3)
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where zi, σi, ζ, γi ∈ C; i = 1, 2, . . . , j, <(σi) > 0, <(ζ) > 0 and <(γi) > 0.

The M-L functions with different parameters that have been extensively studied
by [29–31] and the references cited therein.

Definition 4 ([1,2]). The Riemann–Liouville (R-L) fractional integral (left and right sided) x1Iζ

and x2Iζ of order ζ > 0, is defined by(
x1I

ζ h̄2

)
(υ) =

1
Γ(ζ)

∫ υ

x1

(υ− ν)ζ−1h̄2(ν)dν, x1 < υ,

and (
x2Iζ h̄2

)
(υ) =

1
Γ(ζ)

∫ x2

υ
(ν− υ)ζ−1h̄2(ν)dν, x2 > υ.

Definition 5 ([27]). The Prabhakar type fractional integral is defined by

(x1I
γ,λ
σ,ζ h̄2)(υ) =

υ∫
x1

(υ− ν)ζ−1Eγ
σ,ζ(λ(υ− ν)σ)h̄2(ν)dν.

Definition 6. The one-sided Prabhakar type fractional integral is defined by

(Iγ,λ
σ,ζ h̄2)(υ) =

υ∫
0

(υ− ν)ζ−1Eγ
σ,ζ(λ(υ− ν)σ)h̄2(ν)dν. (4)

Definition 7 ([28,32]). The Prabhakar integral operator having multivariate M-L function in the
kernel is defined by(

x1I
(γ)j ,(λ)j
(σ)j ,ζ

h̄2

)
(ξ) =

(
x1I

(γ1,··· ,γj),(λ1,··· ,λj)

(σ1,··· ,σj),ζ
h̄2

)
(ξ)

=
∫ ξ

x1

(ξ − ν)ζ−1E (γ1,··· ,γj)

(σ1,··· ,σj),ζ
(λ1(ξ − ν)σ1 · · · λj(ξ − ν)σj)h̄2(ν)dν,

where ζ, σi, λi, γi ∈ C, <(σi) > 0, <(ζ) > 0, <(γi) > 0 for i = 1, 2, . . . , j.

Definition 8. The one-sided Prabhakar integral operator having multivariate M-L function in the
kernel is defined by(

I (γ)j ,(λ)j
(σ)j ,ζ

h̄2

)
(ξ) =

(
I (γ1,··· ,γj),(λ1,··· ,λj)

(σ1,··· ,σj),ζ
h̄2

)
(ξ)

=
∫ ξ

0
(ξ − ν)ζ−1E (γ1,··· ,γj)

(σ1,··· ,σj),ζ
(λ1(ξ − ν)σ1 · · · λj(ξ − ν)σj)h̄2(ν)dν, (5)

where ζ, σi, λi, γi ∈ C, <(σi) > 0, <(ζ) > 0, <(γi) > 0 for i = 1, 2, . . . , j.

Remark 1. i. If we take mi = 0 for i = 2, 3, . . . , j, then (5) reduce to (4). ii. If we consider one of
λi = 0, then (5) reduce to the classical R-L fractional integral Γ(ζ)

(
x1Iζ h̄2

)
(υ).

The objective of this article is to establish integral inequalities such as Grüss-type
and several other related inequalities by employing the generalized Prabhakar fractional
integral (5). The mentioned inequalities via the Prabhakar operator containing the three
parameters M-L function are discussed. Also, some examples and corollaries are discussed
which are the special cases of our main results.
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3. Grüss-Type Inequalities via Generalized Fractional Integral

In this section, we present generalization of certain inequalities by utilizing the integral
operator (5) having the multi-parameters M-L function.

Theorem 2. Let the function h̄1 be integrable on [0, ∞). If the two functions ℵ1 and ℵ2 be
integrable on [0, ∞) such that

ℵ1(ξ) ≤ h̄1(ξ) ≤ ℵ2(ξ), ξ ∈ [0, ∞). (6)

Then, for ξ ≥ 0, σi, ζ, η, λi > 0 (where i = 1, 2, . . . , j), we have

I (γ)j ,(λ)j
(σ)j ,ζ

ℵ2(ξ)I
(γ)j ,(λ)j
(σ)j ,η

h̄1(ξ) + I
(γ)j ,(λ)j
(σ)j ,ζ

h̄1(ξ)I
(γ)j ,(λ)j
(σ)j ,η

ℵ1(ξ)

≥I (γ)j ,(λ)j
(σ)j ,ζ

ℵ2(ξ)I
(γ)j ,(λ)j
(σ)j ,η

ℵ1(ξ) + I
(γ)j ,(λ)j
(σ)j ,ζ

h̄1(ξ)I
(γ)j ,(λ)j
(σ)j ,η

h̄1(ξ). (7)

Proof. Applying (6) for all $ ≥ 0 and υ ≥ 0, we have

(ℵ2($)− h̄1($))(h̄1(υ)− ℵ1(υ)) ≥ 0.

It follows that

ℵ2($)h̄1(υ) + ℵ1(υ)h̄1($) ≥ ℵ2($)ℵ1(υ) + h̄1($)h̄1(υ). (8)

Taking the product of (ξ − $)ζ−1E (γ1,··· ,γj)

(σ1,··· ,σj),ζ
(λ1(ξ − $)σ1 · · · λj(ξ − $)σj) with (8) and

then the integration of the obtained inequality with respect to $ from 0 to ξ gives

h̄1(υ)
∫ ξ

0
(ξ − $)ζ−1E (γ1,··· ,γj)

(σ1,··· ,σj),ζ
(λ1(ξ − $)σ1 · · · λj(ξ − $)σj)ℵ2($)d$

+ℵ1(υ)
∫ ξ

0
(ξ − $)ζ−1E (γ1,··· ,γj)

(σ1,··· ,σj),ζ
(λ1(ξ − $)σ1 · · · λj(ξ − $)σj)h̄1($)d$

≥ℵ1(υ)
∫ ξ

0
(ξ − $)ζ−1E (γ1,··· ,γj)

(σ1,··· ,σj),ζ
(λ1(ξ − $)σ1 · · · λj(ξ − $)σj)ℵ2($)d$

+h̄1(υ)
∫ ξ

0
(ξ − $)ζ−1E (γ1,··· ,γj)

(σ1,··· ,σj),ζ
(λ1(ξ − $)σ1 · · · λj(ξ − $)σj)h̄1($)d$,

which in view of (5) follows

h̄1(υ)I
(γ)j ,(λ)j
(σ)j ,ζ

ℵ2(ξ) + ℵ1(υ)I
(γ)j ,(λ)j
(σ)j ,ζ

h̄1(ξ)

≥ℵ1(υ)I
(γ)j ,(λ)j
(σ)j ,ζ

ℵ2(ξ) + h̄1(υ)I
(γ)j ,(λ)j
(σ)j ,ζ

h̄1(ξ). (9)

Again, taking the product of (ξ − υ)η−1E (γ1,··· ,γj)

(σ1,··· ,σj),ζ
(λ1(ξ − υ)σ1 · · · λj(ξ − υ)σj) with (9)

and then the integration of the obtained inequality with respect to υ from 0 to ξ gives

I (γ)j ,(λ)j
(σ)j ,ζ

ℵ2(ξ)I
(γ)j ,(λ)j
(σ)j ,η

h̄1(ξ) + I
(γ)j ,(λ)j
(σ)j ,ζ

h̄1(ξ)I
(γ)j ,(λ)j
(σ)j ,η

ℵ1(ξ)

≥I (γ)j ,(λ)j
(σ)j ,ζ

ℵ2(ξ)I
(γ)j ,(λ)j
(σ)j ,η

ℵ1(ξ) + I
(γ)j ,(λ)j
(σ)j ,η

h̄1(ξ)
ΨI (γ)j ,(λ)j

(σ)j ,ζ
h̄1(ξ), (10)

which proves the inequality (7).
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Corollary 1. Let the function h̄1 be defined and integrable on ξ ∈ [0, ∞) and satisfying
m ≤ h̄1(ξ) ≤M, ξ ∈ [0, ∞). Then, for ξ ≥ 0, σi, ζ, η, λi > 0 (where i = 1, 2, . . . , j), we have

MξζE (γ)j ,(λ)j
(σ)j ,ζ+1 (λ1ξσ1 · · · λjξ

σj)I (γ)j ,(λ)j
(σ)j ,η

h̄1(ξ) +mξηE (γ)j ,(λ)j
(σ)j ,η+1(λ1ξσ1 · · · λjξ

σj)I (γ)j ,(λ)j
(σ)j ,ζ

h̄1(ξ)

≥mMξζ+ηE (γ),(λ)j
(σ)j ,ζ+1(λ1ξσ1 · · · λjξ

σj)E (γ)j ,(λ)j
(σ)j ,η+1(λ1ξσ1 · · · λjξ

σj) + I (γ)j ,(λ)j
(σ)j ,ζ

h̄1(ξ)I
(γ)j ,(λ)j
(σ)j ,ζ

h̄1(ξ).

Example 1. Let the function h̄1 be integrable on ξ ∈ [0, ∞) and satisfying ξ ≤ h̄1(ξ) ≤ ξ + 1,
ξ ∈ [0, ∞). Then, for ξ ≥ 0, σi, ζ, λi > 0 (where i = 1, 2, . . . , j) and put ζ = η in Theorem 2,
we have[

2ξζ+1E (γ)j ,(λ)j
(σ)j ,ζ+2 (λ1ξσ1 · · · λjξ

σj) + ξζE (γ)j ,(λ)j
(σ)j ,ζ+1 (λ1ξσ1 · · · λjξ

σj)

]
I (γ)j ,(λ)j
(σ)j ,ζ

h̄1(ξ)

≥
[

ξζ+1E (γ)j ,(λ)j
(σ)j ,ζ+2 (λ1ξσ1 · · · λjξ

σj) + ξζE (γ)j ,(λ)j
(σ)j ,ζ+1 (λ1ξσ1 · · · λjξ

σj)

](
ξζ+1E (γ)j ,(λ)j

(σ)j ,ζ+2 (λ1ξσ1 · · · λjξ
σj)

)
+

(
I (γ)j ,(λ)j
(σ)j ,ζ

h̄1(ξ)

)2
.

Theorem 3. Let the two functions h̄1 & h̄2 be positive and integrable on [0, ∞). Assume that (6)
holds and the functions Υ1, Υ2 are integrable on [0, ∞) such that

Υ1(ξ) ≤ h̄2(ξ) ≤ Υ2(ξ), ξ ∈ [0, ∞). (11)

Then for ξ ≥ 0 and ζ, η, σi, λi > 0, then the following four inequalities hold:

I (γ)j ,(λ)j
(σ)j ,ζ

ℵ2(ξ)I
(γ)j ,(λ)j
(σ)j ,η

h̄2(ξ) + I
(γ)j ,(λ)j
(σ)j ,ζ

h̄1(ξ)I
(γ)j ,(λ)j
(σ)j ,η

Υ1(ξ)

≥I (γ)j ,(λ)j
(σ)j ,ζ

ℵ2(ξ)I
(γ)j ,(λ)j
(σ)j ,η

Υ1(ξ) + I
(γ)j ,(λ)j
(σ)j ,ζ

h̄1(ξ)I
(γ)j ,(λ)j
(σ)j ,η

h̄2(ξ), (12)

I (γ)j ,(λ)j
(σ)j ,η

ℵ1(ξ)I
(γ)j ,(λ)j
(σ)j ,ζ

h̄2(ξ) + I
(γ)j ,(λ)j
(σ)j ,ζ

Υ2(ξ)I
(γ)j ,(λ)j
(σ)j ,η

h̄1(ξ)

≥I (γ)j ,(λ)j
(σ)j ,ζ

ℵ1(ξ)I
(γ)j ,(λ)j
(σ)j ,η

Υ2(ξ) + I
(γ)j ,(λ)j
(σ)j ,ζ

h̄1(ξ)I
(γ)j ,(λ)j
(σ)j ,η

h̄2(ξ), (13)

I (γ)j ,(λ)j
(σ)j ,ζ

ℵ2(ξ)I
(γ)j ,(λ)j
(σ)j ,η

Υ2(ξ) + I
(γ)j ,(λ)j
(σ)j ,ζ

h̄1(ξ)I
(γ)j ,(λ)j
(σ)j ,η

h̄2(ξ)

≥I (γ)j ,(λ)j
(σ)j ,ζ

ℵ2(ξ)I
(γ)j ,(λ)j
(σ)j ,η

h̄2(ξ) + I
(γ)j ,(λ)j
(σ)j ,ζ

h̄1(ξ)I
(γ)j ,(λ)j
(σ)j ,η

Υ2(ξ), (14)

I (γ)j ,(λ)j
(σ)j ,ζ

ℵ1(ξ)I
(γ)j ,(λ)j
(σ)j ,η

Υ1(ξ) + I
(γ)j ,(λ)j
(σ)j ,ζ

h̄1(ξ)I
(γ)j ,(λ)j
(σ)j ,η

h̄2(ξ)

≥I (γ)j ,(λ)j
(σ)j ,ζ

ℵ1(ξ)I
(γ)j ,(λ)j
(σ)j ,η

h̄2(ξ) + I
(γ)j ,(λ)j
(σ)j ,ζ

h̄1(ξ)I
(γ)j ,(λ)j
(σ)j ,η

Υ1(ξ). (15)

Proof. To derive (12), we use (6) and (11) for $, υ ∈ [0, ∞) yield

(ℵ2($)− h̄1($))(h̄2(υ)− Υ1(υ)) ≥ 0.

It follows that

ℵ2($)h̄2(υ) + h̄1($)Υ1(υ) ≥ ℵ2($)Υ1(υ) + h̄1($)h̄2(υ). (16)
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Multiplying (ξ− $)ζ−1E (γ1,··· ,γj)

(σ1,··· ,σj),ζ
(λ1(ξ− $)σ1 · · · λj(ξ− $)σj) with (16) and then taking

the integration with respect to $ from 0 to ξ, we have

h̄2(υ)
∫ ξ

0
(ξ − $)ζ−1E (γ1,··· ,γj)

(σ1,··· ,σj),ζ
(λ1(ξ − $)σ1 · · · λj(ξ − $)σj)ℵ2($)d$

+Υ1(υ)
∫ ξ

0
(ξ − $)ζ−1E (γ1,··· ,γj)

(σ1,··· ,σj),ζ
(λ1(ξ − $)σ1 · · · λj(ξ − $)σj)h̄1($)d$

≥Υ1(υ)
∫ ξ

0
(ξ − $)ζ−1E (γ1,··· ,γj)

(σ1,··· ,σj),ζ
(λ1(ξ − $)σ1 · · · λj(ξ − $)σj)ℵ2($)d$

+h̄2(υ)
∫ ξ

0
(ξ − $)ζ−1E (γ1,··· ,γj)

(σ1,··· ,σj),ζ
(λ1(ξ − $)σ1 · · · λj(ξ − $)σj)h̄1($)d$,

which in view of (5) follows

h̄2(υ)I
(γ)j ,(λ)j
(σ)j ,ζ

ℵ2(ξ) + Υ1(υ)I
(γ)j ,(λ)j
(σ)j ,ζ

h̄1(ξ) ≥ Υ1(υ)I
(γ)j ,(λ)j
(σ)j ,ζ

ℵ2(ξ) + h̄2(υ)I
(γ)j ,(λ)j
(σ)j ,ζ

h̄1(ξ). (17)

Again, multiplying (ξ − υ)η−1E (γ1,··· ,γj)

(σ1,··· ,σj),ζ
(λ1(ξ − υ)σ1 · · · λj(ξ − υ)σj) with (17), taking

the integration with respect to υ from 0 to ξ and utilizing (5) gives

I (γ)j ,(λ)j
(σ)j ,ζ

ℵ2(ξ)I
(γ)j ,(λ)j
(σ)j ,η

h̄2(ξ) + I
(γ)j ,(λ)j
(σ)j ,ζ

h̄1(ξ)I
(γ)j ,(λ)j
(σ)j ,η

Υ1(ξ)

≥I (γ)j ,(λ)j
(σ)j ,ζ

ℵ2(ξ)I
(γ)j ,(λ)j
(σ)j ,η

Υ1(ξ) + I
(γ)j ,(λ)j
(σ)j ,ζ

h̄1(ξ)I
(γ)j ,(λ)j
(σ)j ,η

h̄2(ξ)

which completes the inequality (12). Similarly, one can prove (13)–(15) by utilizing the
following results:

(Υ2($)− h̄2($))(h̄1(υ)− ℵ1(υ)) ≥ 0,

(ℵ2($)− h̄1($))(h̄2(υ)− Υ2(υ)) ≤ 0

and

(ℵ1($)− h̄1($))(h̄2(υ)− Υ1(υ)) ≤ 0,

respectively.

Corollary 2. Let the two functions h̄1 & h̄2 be integrable and positive on [0, ∞) and satisfying
m ≤ h̄1(ξ) ≤ M and n ≤ h̄2(ξ) ≤ N; ξ ∈ [0, ∞). Then, for ξ ≥ 0, σi, ζ, η, λi > 0 (where
i = 1, 2, . . . , j), we have

MξζE (γ)j ,(λ)j
(σ)j ,ζ+1 (λ1ξσ1 · · · λjξ

σj)I (γ)j ,(λ)j
(σ)j ,η

h̄2(ξ) + nξηE (γ)j ,(λ)j
(σ)j ,η+1(λ1ξσ1 · · · λjξ

σj)I (γ)j ,(λ)j
(σ)j ,ζ

h̄1(ξ)

≥Mnξζ+ηE (γ)j ,(λ)j
(σ)j ,ζ+1 (λ1ξσ1 · · · λjξ

σj)E (γ)j ,(λ)j
(σ)j ,η+1(λ1ξσ1 · · · λjξ

σj) + I (γ)j ,(λ)j
(σ)j ,ζ

h̄1(ξ)I
(γ)j ,(λ)j
(σ)j ,η

h̄2(ξ),

mξηE (γ)j ,(λ)j
(σ)j ,η+1(λ1ξσ1 · · · λjξ

σj)I (γ)j ,(λ)j
(σ)j ,ζ

h̄2(ξ) +NξζE (γ)j ,(λ)j
(σ)j ,ζ+1 (λ1ξσ1 · · · λjξ

σj)I (γ)j ,(λ)j
(σ)j ,η

h̄1(ξ)

≥mNξζ+ηE (γ)j ,(λ)j
(σ)j ,ζ+1 (λ1ξσ1 · · · λjξ

σj)E (γ)j ,(λ)j
(σ)j ,η+1(λ1ξσ1 · · · λjξ

σj) + I (γ)j ,(λ)j
(σ)j ,ζ

h̄1(ξ)I
(γ)j ,(λ)j
(σ)j ,η

h̄2(ξ),

MNξζ+ηE (γ)j ,(λ)j
(σ)j ,ζ+1 (λ1ξσ1 · · · λjξ

σj)E (γ)j ,(λ)j
(σ)j ,η+1(λ1ξσ1 · · · λjξ

σj) + I (γ)j ,(λ)j
(σ)j ,ζ

h̄1(ξ)I
(γ)j ,(λ)j
(σ)j ,η

h̄2(ξ)

≥MξζE (γ)j ,(λ)j
(σ)j ,ζ+1 (λ1ξσ1 · · · λjξ

σj)I (γ)j ,(λ)j
(σ)j ,η

h̄2(ξ) +NξηE (γ)j ,(λ)j
(σ)j ,η+1(λ1ξσ1 · · · λjξ

σj)I (γ)j ,(λ)j
(σ)j ,ζ

h̄1(ξ),
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mnξζ+ηE (γ)j ,(λ)j
(σ)j ,ζ+1 (λ1ξσ1 · · · λjξ

σj)E (γ)j ,(λ)j
(σ)j ,η+1(λ1ξσ1 · · · λjξ

σj) + I (γ)j ,(λ)j
(σ)j ,ζ

h̄1(ξ)I
(γ)j ,(λ)j
(σ)j ,η

h̄2(ξ)

≥mξζE (γ)j ,(λ)j
(σ)j ,ζ+1 (λ1ξσ1 · · · λjξ

σj)I (γ)j ,(λ)j
(σ)j ,η

h̄2(ξ) + nξηE (γ)j ,(λ)j
(σ)j ,η+1(λ1ξσ1 · · · λjξ

σj)I (γ)j ,(λ)j
(σ)j ,ζ

h̄1(ξ).

4. Some Other Related Inequalities via the Generalized Prabhakar Integral

In this section, we establish certain other inequalities which involve the generalized
Prabhakar integral (5) containing multivariate perimeters.

Theorem 4. Let the two functions h̄1 and h̄2 be positive and integrable on [0, ∞). If p1, q1 > 1 be
such that 1

p1
+ 1

q1
= 1. For ξ ≥ 0, we have

1
p1
I (γ)j ,(λ)j
(σ)j ,ζ

h̄p1
1 (ξ)I (γ)j ,(λ)j

(σ)j ,η
h̄p1

2 (ξ) +
1
q1
I (γ)j ,(λ)j
(σ)j ,ζ

h̄q1
2 (ξ)I (γ)j ,(λ)j

(σ)j ,η
h̄q1

1 (ξ)

≥I (γ)j ,(λ)j
(σ)j ,ζ

h̄1(ξ)h̄2(ξ) I
(γ)j ,(λ)j
(σ)j ,η

h̄2(ξ)h̄1(ξ), (18)

1
p1
I (γ)j ,(λ)j
(σ)j ,ζ

h̄p1
1 (ξ)I (γ)j ,(λ)j

(σ)j ,η
h̄q1

2 (ξ) +
1
q1
I (γ)j ,(λ)j
(σ)j ,ζ

h̄q1
2 (ξ)I (γ)j ,(λ)j

(σ)j ,η
h̄p1

1 (ξ)

≥I (γ)j ,(λ)j
(σ)j ,η

h̄q1−1
2 (ξ)h̄p1−1

1 (ξ)I (γ)j ,(λ)j
(σ)j ,ζ

h̄1(ξ)h̄2(ξ), (19)

1
p1
I (γ)j ,(λ)j
(σ)j ,ζ

h̄p1
1 (ξ)I (γ)j ,(λ)j

(σ)j ,η
h̄2

2(ξ) +
1
q1
I (γ)j ,(λ)j
(σ)j ,ζ

h̄q1
2 (ξ)I (γ)j ,(λ)j

(σ)j ,η
h̄2

1(ξ)

≥I (γ)j ,(λ)j
(σ)j ,η

h̄
2

p1
1 (ξ)h̄

2
q1
2 (ξ)I (γ)j ,(λ)j

(σ)j ,ζ
h̄1(ξ)h̄2(ξ) (20)

and

1
p1
I (γ)j ,(λ)j
(σ)j ,ζ

h̄2
1(ξ)I

(γ)j ,(λ)j
(σ)j ,η

h̄q1
2 (ξ) +

1
q1
I (γ)j ,(λ)j
(σ)j ,ζ

h̄2
2(ξ)I

(γ)j ,(λ)j
(σ)j ,η

h̄p1
1 (ξ)

≥I (γ)j ,(λ)j
(σ)j ,η

h̄p1−1
1 (ξ)h̄q1−1

2 (ξ)I (γ)j ,(λ)j
(σ)j ,ζ

h̄
2

p1
1 (ξ)h̄

2
q1
2 (ξ), (21)

where σi, λi, ζ, γi, η > 0.

Proof. To prove (18), we use the following Young’s inequality [33] given by:

1
p1

up1 +
1
q1

vq1 ≥ uv, u, v > 0,
1
p1

+
1
q1

= 1. (22)

Applying (22) for u = h̄1($)h̄2(υ) and v = h̄1(υ)h̄2($), $, υ > 0, we have

1
p1

(h̄1($)h̄2(υ))
p1 +

1
q1
(h̄1(υ)h̄2($))

q1 ≥ (h̄1($)h̄2(υ))(h̄1(υ)h̄2($)). (23)

Multiplying (ξ − $)ζ−1E (γ1,··· ,γj)

(σ1,··· ,σj),ζ
(λ1(ξ − $)σ1 · · · λj(ξ − $)σj) with (23) and taking the

integration with respect to $ from 0 to ξ gives

h̄p1
2 (υ)

p1

∫ ξ

0
ξ − $)ζ−1E (γ1,··· ,γj)

(σ1,··· ,σj),ζ
(λ1(ξ − $)σ1 · · · λj(ξ − $)σj)h̄p1

1 ($)d$

+
h̄q1

1 (υ)

q1

∫ ξ

0
ξ − $)ζ−1E (γ1,··· ,γj)

(σ1,··· ,σj),ζ
(λ1(ξ − $)σ1 · · · λj(ξ − $)σj)h̄q1

2 ($)d$

≥h̄1(υ)h̄2(υ)
∫ ξ

0
ξ − $)ζ−1E (γ1,··· ,γj)

(σ1,··· ,σj),ζ
(λ1(ξ − $)σ1 · · · λj(ξ − $)σj)h̄1($)h̄2($)d$
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which in view of (5) follows

h̄p1
2 (υ)

p1
I (γ)j ,(λ)j
(σ)j ,ζ

h̄p1
1 (ξ) +

h̄q1
1 (υ)

q1
I (γ)j ,(λ)j
(σ)j ,ζ

h̄q1
2 (ξ) ≥ h̄1(υ)h̄2(υ)I

(γ)j ,(λ)j
(σ)j ,ζ

h̄1(ξ)h̄2(ξ). (24)

Now, multiplying (ξ − υ)η−1E (γ1,··· ,γj)

(σ1,··· ,σj),η
(λ1(ξ − υ)σ1 · · · λj(ξ − υ)σj) with (24), taking

the integration with respect to υ from 0 to ξ and using (5), we have

1
p1
I (γ)j ,(λ)j
(σ)j ,ζ

h̄p1
1 (ξ)I (γ)j ,(λ)j

(σ)j ,η
h̄p1

2 (ξ) +
1
q1
I (γ)j ,(λ)j
(σ)j ,η

h̄q1
1 (ξ)I (γ)j ,(λ)j

(σ)j ,ζ
h̄q1

2 (ξ)

≥I (γ)j ,(λ)j
(σ)j ,ζ

h̄1(ξ)h̄2(ξ)I
(γ)j ,(λ)j
(σ)j ,η

h̄1(ξ)h̄2(ξ),

which gives the inequality (18). The inequalities (19), (20) and (21) can be easily derived by
substituting the following identities in (22), respectively.

u =
h̄1($)

h̄1(υ)
, v =

h̄2($)

h̄2(υ)
, h̄1(υ), h̄2(υ) 6= 0, (25)

u = h̄1($)h̄
2

p1
2 (υ), v = h̄

2
q1
1 (υ)h̄2($) (26)

and

u = h̄
2

p1
1 ($)h̄1(υ), v = h̄

2
q1
2 ($)h̄2(υ). (27)

Theorem 5. Let the two functions h̄1 and h̄2 be positive and integrable on [0, ∞). If p1, q1 > 1 be
such that 1

p1
+ 1

q1
= 1. Then for ξ ≥ 0 and η, ζ > 0, the following inequalities hold:

p1I
(γ)j ,(λ)j
(σ)j ,ζ

h̄1(ξ)I
(γ)j ,(λ)j
(σ)j ,η

h̄2(ξ) + q1I
(γ)j ,(λ)j
(σ)j ,ζ

h̄2(ξ)I
(γ)j ,(λ)j
(σ)j ,η

h̄1(ξ)

≥I (γ)j ,(λ)j
(σ)j ,ζ

(
h̄p1

1 (ξ)h̄q1
2 (ξ)

)
I (γ)j ,(λ)j
(σ)j ,η

(
h̄q1

1 (ξ)h̄p1
2 (ξ)

)
, (28)

p1I
(γ)j ,(λ)j
(σ)j ,ζ

h̄p1−1
1 (ξ) I (γ)j ,(λ)j

(σ)j ,η

(
h̄1(ξ)h̄

q1
2 (ξ)

)
+ q1I

(γ)j ,(λ)j
(σ)j ,ζ

h̄q1−1
2 (ξ)I (γ)j ,(λ)j

(σ)j ,η

(
h̄q1

1 (ξ)h̄2(ξ)
)

≥I (γ)j ,(λ)j
(σ)j ,η

h̄q
2(ξ)I

(γ)j ,(λ)j
(σ)j ,ζ

h̄p
1 (ξ), (29)

p1I
(γ)j ,(λ)j
(σ)j ,ζ

h̄1(ξ)I
(γ)j ,(λ)j
(σ)j ,η

h̄
2

p1
2 (ξ) + q1I

(γ)j ,(λ)j
(σ)j ,ζ

h̄q1
2 (ξ)I (γ)j ,(λ)j

(σ)j ,η
h̄

2
q1
1 (ξ)

≥I (γ)j ,(λ)j
(σ)j ,η

h̄p1
1 (ξ)h̄2(ξ) I

(γ)j ,(λ)j
(σ)j ,ζ

h̄q1
2 (ξ)h̄2

1(ξ) (30)

and

p1I
(γ)j ,(λ)j
(σ)j ,ζ

h̄
2

p1
1 (ξ)h̄q1

2 (ξ) I (γ)j ,(λ)j
(σ)j ,η

h̄q1−1
2 (ξ) + q1I

(γ)j ,(λ)j
(σ)j ,ζ

h̄q1−1
2 (ξ) I (γ)j ,(λ)j

(σ)j ,η
h̄

2
q1
1 (ξ)h̄p1

2 (ξ)

≥I (γ)j ,(λ)j
(σ)j ,η

h̄2
1(ξ)I

(γ)j ,(λ)j
(σ)j ,ζ

h̄2
2(ξ). (31)

Proof. Recall the arithmetic mean and geometric mean inequality (AM-GM) given by

p1u + q1v ≥ up1 vq1 , ∀ u, v ≥ 0, p1 + q1 = 1. (32)
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By substituting u = h̄1($)h̄2(υ) and v = h̄1(υ)h̄2($), $, υ > 0 in (32), we have

p1h̄1($)h̄2(υ) + q1h̄1(υ)h̄2($) ≥ (h̄1($)h̄2(υ))
p1(h̄1(υ)h̄2($))

q1 . (33)

Multiplying (ξ − $)ζ−1E (γ1,··· ,γj)

(σ1,··· ,σj),ζ
(λ1(ξ − $)σ1 · · · λj(ξ − $)σj) with (33) and taking the

integration with respect to $ from 0 to ξ yields

p1h̄2(υ)
∫ ξ

0
(ξ − $)ζ−1E (γ1,··· ,γj)

(σ1,··· ,σj),ζ
(λ1(ξ − $)σ1 · · · λj(ξ − $)σj)h̄1($)d$

+q1h̄1(υ)
∫ ξ

0
(ξ − $)ζ−1E (γ1,··· ,γj)

(σ1,··· ,σj),ζ
(λ1(ξ − $)σ1 · · · λj(ξ − $)σj)h̄2($)d$

≥h̄p1
2 (υ)h̄q1

1 (υ)
∫ ξ

0
(ξ − $)ζ−1E (γ1,··· ,γj)

(σ1,··· ,σj),ζ
(λ1(ξ − $)σ1 · · · λj(ξ − $)σj)Ψ′($)h̄p1

1 ($)h̄q1
2 ($)d$,

which in view of (5) follows,

p1h̄2(υ)I
(γ)j ,(λ)j
(σ)j ,ζ

h̄1(ξ) + q1h̄1(υ)I
(γ)j ,(λ)j
(σ)j ,ζ

h̄2(ξ) ≥ h̄p1
2 (υ)h̄q1

1 (υ)I (γ)j ,(λ)j
(σ)j ,ζ

(
h̄p1

1 (ξ)h̄q1
2 (ξ)

)
. (34)

Again, multiplying (ξ − υ)η−1E (γ1,··· ,γj)

(σ1,··· ,σj),ζ
(λ1(ξ − υ)σ1 · · · λj(ξ − υ)σj) with (34), taking

the integration with respect to υ from 0 to ξ and using (5), we obtain (28) as,

p1I
(γ)j ,(λ)j
(σ)j ,ζ

h̄1(ξ)I
(γ)j ,(λ)j
(σ)j ,η

h̄2(ξ) + q1I
(γ)j ,(λ)j
(σ)j ,ζ

h̄2(ξ)I
(γ)j ,(λ)j
(σ)j ,η

h̄1(ξ)

≥I (γ)j ,(λ)j
(σ)j ,ζ

(
h̄p1

1 (ξ)h̄q1
2 (ξ)

)
I (γ)j ,(λ)j
(σ)j ,η

(
h̄p1

2 (ξ)h̄q1
1 (ξ)

)
,

which completes the desired inequality (28). One can derive the inequalities (29), (30) and (31)
by substituting the following identities in (32), respectively.

u =
h̄1(υ)

h̄1($)
, v =

h̄2($)

h̄2(υ)
, h̄1($), h̄2(υ) 6= 0, (35)

u = h̄1($)h̄
2

p1
1 (υ), v = h̄

2
q1
1 (υ)h̄2($) (36)

and

u =
h̄

2
p1
1 ($)

h̄2(υ)
, v =

h̄
2

q1
1 (υ)

h̄2($)
, h̄2($), h̄2(υ) 6= 0. (37)

Theorem 6. Let the two functions h̄1 and h̄2 be positive and integrable on [0, ∞). If p1, q1 > 1 be
such that 1

p1
+ 1

q1
= 1. Suppose

K := min
0≤$≤ξ

h̄1($)

h̄2($)
H := max

0≤$≤ξ

h̄1($)

h̄2($)
. (38)

Then for ξ ≥ 0, the following inequalities hold:

0 ≤ I (γ)j ,(λ)j
(σ)j ,η

h̄2
1(ξ)I

(γ)j ,(λ)j
(σ)j ,η

h̄2
2(ξ) ≤

(K+H)2

4KH

(
I (γ)j ,(λ)j
(σ)j ,η

h̄1(ξ)h̄2(ξ)

)2
, (39)
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0 ≤
√
I (γ)j ,(λ)j
(σ)j ,η

h̄2
1(ξ) I

(γ)j ,(λ)j
(σ)j ,η

h̄2
2(ξ)−

(
I (γ)j ,(λ)j
(σ)j ,η

h̄1(ξ)h̄2(ξ)

)
≤
√
H−

√
K

2
√
KH

(
I (γ)j ,(λ)j
(σ)j ,η

h̄1(ξ)h̄2(ξ)

)
(40)

and

0 ≤ I (γ)j ,(λ)j
(σ)j ,η

h̄2
1(ξ)I

(γ)j ,(λ)j
(σ)j ,η

h̄2
2(ξ)−

(
I (γ)j ,(λ)j
(σ)j ,η

h̄1(ξ)h̄2(ξ)

)2
≤ H−K

4KH

(
I (γ)j ,(λ)j
(σ)j ,η

h̄1(ξ)h̄2(ξ)

)2
. (41)

Proof. From (38), we have(
h̄1($)

h̄2($)
−K

)(
H− h̄1($)

h̄2($)

)
h̄2

2($) ≥ 0, 0 ≤ $ ≤ ξ.

It follows that

h̄2
1($) +KHh̄2

1($) ≤ (K+H)h̄1($)h̄2($). (42)

Multiplying (ξ − $)ζ−1E (γ1,··· ,γj)

(σ1,··· ,σj),ζ
(λ1(ξ − $)σ1 · · · λj(ξ − $)σj) with (42) and taking the

integration with respect to $ from 0 to ξ and using (5), we get

I (γ)j ,(λ)j
(σ)j ,η

h̄2
1(ξ) +KHI

(γ)j ,(λ)j
(σ)j ,η

h̄2
2(ξ) ≤ (K+H)I (γ)j ,(λ)j

(σ)j ,η
h̄1(ξ)h̄2(ξ). (43)

Now, since KH > 0 and(√
I (γ)j ,(λ)j
(σ)j ,η

h̄2
1(ξ)−

√
KHI (γ)j ,(λ)j

(σ)j ,η
h̄2

2(ξ)

)2

≥ 0,

which follows that

2
√
I (γ)j ,(λ)j
(σ)j ,η

h̄2
1(ξ)

√
KHI (γ)j ,(λ)j

(σ)j ,η
h̄2

2(ξ) ≤ I
(γ)j ,(λ)j
(σ)j ,η

h̄2
1(ξ) +KHI

(γ)j ,(λ)j
(σ)j ,η

h̄2
2(ξ). (44)

Hence, by using (43) and (44), we have

4KHI (γ)j ,(λ)j
(σ)j ,η

h̄2
1(ξ)I

(γ)j ,(λ)j
(σ)j ,η

h̄2
2(ξ) ≤ (K+H)2

(
I (γ)j ,(λ)j
(σ)j ,η

h̄1(ξ)h̄2(ξ)

)2
, (45)

which gives the inequality (39).
Now, from (45), we have√

I (γ)j ,(λ)j
(σ)j ,η

h̄2
1(ξ)I

(γ)j ,(λ)j
(σ)j ,η

h̄2
2(ξ) ≤

K+H
2
√
KH

(
I (γ)j ,(λ)j
(σ)j ,η

h̄1(ξ)h̄2(ξ)

)
. (46)

Now, subtracting
(
I (γ)j ,(λ)j
(σ)j ,η

h̄1(ξ)h̄2(ξ)

)
from (46) gives the inequality (40). Also, one

can easily derive the inequality (41) by applying (39).

5. Special Cases

In this section, we present certain new inequalities via the Prabhakar fractional integral
which are the special cases of inequalities proved in Sections 3 and 4 by applying certain
conditions on parameters.

If we consider mi = 0 for i = 2, 3, . . . , j in Theorem 2, we get the following inequality
for (4) having the three parameters M-L function.
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Theorem 7. Let the function h̄1 be positive and integrable on [0, ∞) and let the two functions ℵ1
and ℵ2 be integrable on [0, ∞) such that

ℵ1(ξ) ≤ h̄1(ξ) ≤ ℵ2(ξ), ξ ∈ [0, ∞).

Then, for ξ ≥ 0, σ, λ > 0 (where i = 1, 2, . . . , j), we have

Iγ,λ
σ,ζ ℵ2(ξ)Iγ,λ

σ,ζ h̄1(ξ) + Iγ,λ
σ,ζ h̄1(ξ)Iγ,λ

σ,ζ ℵ1(ξ)

≥Iγ,λ
σ,ζ ℵ2(ξ)Iγ,λ

σ,ζ ℵ1(ξ) + Iγ,λ
σ,ζ h̄1(ξ)Iγ,λ

σ,ζ h̄1(ξ).

Corollary 3. Let the function h̄1 be positive and integrable on [0, ∞) and satisfyingm ≤ h̄1(ξ) ≤M,
ξ ∈ [0, ∞). Then, for ξ ≥ 0, σ, ζ, η, λ > 0, we have the following inequality for the Prabhakar
fractional integral (4) as:

MξζEγ1,λ1
σ1,ζ+1(λ1ξσ1)Iγ1,λ1

σ1,η h̄1(ξ) +mξηEγ1,λ1
σ1,η+1(λ1ξσ1)Iγ1,λ1

σ1,ζ h̄1(ξ)

≥mMξζ+ηEγ1,λ1
σ1,ζ+1(λ1ξσ1)Eγ1,λ1

σ1,η+1(λ1ξσ1) + Iγ1,λ1
σ1,ζ h̄1(ξ)Iγ1,λ1

σ1,ζ h̄1(ξ).

Example 2. Let the function h̄1 be positive and integrable on [0, ∞) and satisfying ξ ≤ h̄1(ξ) ≤
ξ + 1, ξ ∈ [0, ∞). Then, for ξ ≥ 0, σi, ζ, λi > 0 (where i = 1, 2, . . . , j) and put ζ = η in
Theorem 7, we have[

2ξζ+1Eγ1,λ1
σ1,ζ+2(λ1ξσ1) + ξζEγ1,λ1

σ1,ζ+1(λ1ξσ1)
]
Iγ1,λ1

σ1,ζ h̄1(ξ)

≥
[
ξζ+1Eγ1,λ1

σ1,ζ+2(λ1ξσ1) + ξζEγ1,λ1
σ1,ζ+1(λ1ξσ1)

](
ξζ+1Eγ1,λ1

σ1,ζ+2(λ1ξσ1)
)

+
(
Iγ1,λ1

σ1,ζ h̄1(ξ)
)2

.

Remark 2. i. If we take mi = 0 for i = 2, 3, . . . , j in Theorems 3–6, we get the inequalities via the
Prabhakar fractional integral (4) having the three parameters M-L function. ii. If we consider one of
λi = 0 for i = 2, 3, . . . , j, then we get the result derived by Tariboon et al. [34].

6. Conclusions

In this present investigation, we established certain new Grüss type and other AM-GM
inequalities for the generalized fractional integral having multivariate M-L function in the
kernel. We also presented the mentioned inequalities for the fractional integral containing
the three parameters M-L function. Additionally, we discussed some special cases and
support our finding with examples. In any case, we hope that these results continue to
sharpen our understanding of the nature of fractional calculus and their applications in
different fields. For future developments, we will derive several new interesting inequalities
via Hölder–İşcan, Chebyshev, Markov, Young and Minkowski inequalities using fractional
calculus for the generalized fractional integral having multivariate M-L function in the
kernel. Moreover, the interested reader can consider the mathematical equivalence (see
e.g., [35]) among these proposed results.
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