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Abstract: Integral inequalities for p-convex functions are established by using a generalised fractional
integral operator based on Raina’s function. Hermite-Hadamard type inequality is presented for
p-convex functions via generalised fractional integral operator. A novel parameterized auxiliary
identity involving generalised fractional integral is proposed for differentiable mappings. By using
auxiliary identity, we derive several Ostrowski type inequalities for functions whose absolute values
are p-convex mappings. It is presented that the obtained outcomes exhibit classical convex and
harmonically convex functions which have been verified using Riemann-Liouville fractional integral.
Several generalisations and special cases are carried out to verify the robustness and efficiency of the
suggested scheme in matrices and Fox-Wright generalised hypergeometric functions.

Keywords: Hermite-Hadamard inequality; Ostrowski type inequality; p-convex function; gener-
alised fractional integral; matrices; Fox-Wright function

1. Introduction

A new calculus has been revolutionised with integrals and derivatives of arbitrary
order. Recently, several researchers introduced a bulk of novel fractional operators which
have made a significant contribution to the extension of fractional calculus. In real life, frac-
tional calculus is generated from various fractional operators such as Riemann-Liouville,
Caputo, Hadamard, Atangana—Baleanu, Caputo—Fabrizio, Gauss hypergeometric and so
on, due to its widespread use in different fields, for example, turbulence, electric networks,
exothermic chemical reactions or autocatalytic reactions, modelling, flow of fractional
Maxwell fluid and engineering, see [1-3]. Going in the same direction in the setting of
fractional operators, fractional differential equations have played a dominant role and
investigated useful results in modelling of several phenomena in biological systems with
memory and computer graphics [4-9].

As is well known, integral inequalities, which are based on fractional calculus, are
widely used in many real-life phenomena, such as coding theory, functional analysis,
and optimisation theory. To promote the investigation of fractional integral operator,
here, we demonstrate the concept which is extensively utilised for the development of
inequalities, namely the generalised fractional integral operator based on Raina’s function
along with the well-acknowledged concept of convexity that plays a vital role in operation
research, economics, fuzzy analysis and management sciences.
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Now, we recall the celebrated Hermite-Hadamard inequality as follows:

17 F(e1) + F(e)
p— e/P(x)dx < — 1)

IN

(2 %)

holds for all e1,e; € T and e1 < e.

Several refinements, improvements and variant forms of (1) have been contemplated
in the literature (see, e.g., [10-15]).

Another distinguished generalisation in inequality theory proposed in 1928, is the

Ostrowski inequality [16], which provides an upper bound for the approximation of the
[5

2
integral average ;—1— [ F(£)d{ by the value F(x) at x € [y, e5], can be described as follows

ex—e1
€1

i 1 (x— 81-562)2

(e2 —e1)F(x) — [ F0yt] < Mer — )| g + =2

@

€1

holds for all x € (e, ;) with the best feasible constant }.

The inequality (2) has a significant contribution in quadrature rules, numerical anal-
ysis and certain special areas of pure and applied sciences. An enormous heft of devel-
opments and speculations of (1) and (2) have been established with the aid of fractional
operators [17-22].

Here, we intend to derive a refinement of Hermite-Hadamard type integral inequality
by the use of generalised fractional integral operator. Taking into account the generalised
fractional integral operators, we also obtained an integral identity and more generalised
fractional integral inequalities of the Ostrowski type with respect to operators (4) and (5).
We now define some basic concepts, preliminaries, definitions and related consequences.

Definition 1. We call the mapping F : @ # K C R — R is convex on K if
Flx+ (1—20)y) <(lF(x)+(1—-0)F(y), Vx,y € K, £ € [0,1].

Definition 2 ([23]). Let p € R\ {0} and K C (0, 00). We call the mapping F : K C R — R is
gp-convex on K if

F([x¥ + (1 0)y?]¥) < 0F(x) + (1 - O)F(y), Vx,y € K, £ € [0,1].

A lot of researchers have been expanding p-convex functions and their characteristics.
For example, Abdeljawad et al. [24] derived Simpson’s type inequalities for p-convex func-
tions on fractal space. Chen et al. [25] explored the fractional approach for n-polynomial
@-convex functions. Iscan et al. [26] obtained some Hermite-Hadamard inequality for
p-quasi convex functions. More detailed implications for p-convex functions can be found
in the works [13,23,27].

Now, we recall the generalised fractional integral operators, which are necessary for
our main results.

Raina [28] introduced the following operator associated with the general class of functions.

70 () = Oy O(K) 0> 0; R), 3
pr(P(x) 0.9 ('x> K;OF(PK‘FGD)X (p ¢ > ‘x| < ) ( )
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where R is the set of real numbers and the coefficients o(x)(x € Ny = NU{0}) is the
bounded sequence of positive real numbers. With the aid of (3), author [28] proposed the
following left and right-sided fractional integral operators, respectively, as follows:

X
T et P (¥) = / (x = 0P LF, [@(x — O] B (x> er), @)
]
and
)
T () = / (0 —x)P FG [0 — xPP]F(O)dL (x < e), )
X
where ¢,p > 0,@ € R and F(?) is such that the integrals on the right side exists.
The operators mentioned in (4) and (5) are bounded on L1 (eq, e3), if
M= Fg o0 [@(x — €)F] < oo.
In view of F € Li(eq,e;), we have
175, o ol < (e2 — e1)? | Fll
and
172, o oFll < (ea = e1)?[Fl1,
where
€2 1
P P
IFle = ([ 1F@)7a0) " ©
e
In fact, the significance of these operators curtails over-simplification. Numerous
helpful integral operators can be obtained by specialising in the coefficient o ().
Here, we just mention that the left and right classical RL-fractional integrals of ath
order by replacing the values ¢ = &, ¢(0) = 1 and @ = 0 in (4) and (5) as follows
X
T8 F(x) = /(x 0RO (x> e), @)
e
and
e
T F(x) = /(e )R (x < ey). @®)
X
To derive inequality like (2), several researchers established different results pertaining
to convexity and fractional integral operators as follows:
Lemma 1 ([29]). Let there be a differentiable mapping F : I C R — R on I° with e; < ey and
e1,e1 € LIFF' € Ly([eq, e2]), then the following identity
e B P 1 B P 1
Flx) — — /F(E)dﬁ _x-e) /KF’(Ex + (1= )ey)de — (2= X /fF’(fx + (1 b)er)de )
62—6’16 € — €1 5 €y — €1 5
1
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holds for x € [e1, e3].

Lemma 2 ([30]). Let there be a differentiable mapping F : 1 C R — R on I° with ey < e and
e1,e1 € LIFF' € Li([e1, e2]), then the following identity

)’ + (eg— x)°

T e

_(XL/M' (tx+ (1— O)e )df—w/é”‘F’ (x + (1= O)ex)de (109
ex— e ' 2= 2

(" =) F(er) + (ef —x¥)°F(ea)  T(6+1)

holds for x € [e1, e3].

Lemma 3 ([31]). Let p > 0 and there be a differentiable mapping F : 1 C R — R on I° with
e1 < eyandey,ep € L. IFF' € Li([eq, e2]), then the following identity

(x9 —

T99F I9°F }
p— P [e; (e1) + of (e2)

_ eP)o+1 /1@1?’(@ T+ (= 0%) (8 —x9)" /1?51?’(@ Tes + (1— 0)x?)
Pt (ep —e1) /

de (11)

(e +(1— E)x@)lﬂ% P11 (er —er) 5 (e +(1— E)xﬁ?)l’i

holds for x € [e, e3].

Lemma 4 ([32]). Let J, p > 0 and there be a differentiable mapping F : 1 C R — R on I° with
e1 < eyandey,eq € LIfFF € Li([ey, ea]), then the following identity

(x¢ —e')°F(e1) + (e§ —x9)°F(e2) " T(0+1) [p0 00
. _81 S [zx, F(er) +I% F(ez)]

— ef)oH1 F/ (94/0x9 + (1 —£)ey)
/ (& - Y,
e-a (x4 (1—£)e) ™%

(e ) /1(1 e F VBT E)blﬁﬂ) "

A (0x9 + (1 —£)e§) v

(12)

holds for x € [e1, ey].

It is incontestable that fractional integral inequalities have played a vital role in pure
and applied analysis. Recently, the investigation of some well-known integral inequalities
for generalised fractional integral has been established by several researchers, (see [31,32]).
In [33], Rashid et al. obtained the inequality similar to (2) via K-fractional integral operator.
Chu et al. [22] derived the novel fractal bounds via generalised exponentially harmonically
s-convex functions. Thatsatian et al. [31] proved the inequality similar to (2) by employing a
generalised fractional integral operator. In [32], Glirbiiz et al. established some inequalities
by fractional integrals of positive real orders.

Inspired by the above works, here we established the fractional integral inequalities for
p-convex mappings by employing a generalised fractional integral operator depending on
the Raina’s function. A new integral identity correlated with generalised fractional integral
operator is presented. Several estimates of upper bounds concerned with Ostrowski type
inequalities are derived. The consequences established here, being very general, are figured
out to be specified to produce several existing results for classical convex and harmonically
convex mappings. Pertinent relations of the numerous outcomes established here with
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those comprising comparatively simple fractional integral operators are also directed.
Moreover, the proposed scheme is supported by applications to apply all established novel
outcomes and validate their supremacy.

The following Lemma will be necessary for proving our results:

Lemma 5 ([34]). For Y1 > 0,Y, > 0, we have

(i) M+Y) <271 (Yf+Y§), a>1 (13)
and

(i) V1+Y2)"<Y'+Y;, 0<a<l (14)

2. Hermite-Hadamard Type Inequality for p-Convex Functions

In what follows, our first result is the Hermite-Hadamard type inequality via gener-
alised fractional integral operator for p-convex functions.

Theorem 1. For o > 0 and let there be a p-convex mapping F : Q) = [eq, 3] C (0,00) — R with
e1,ep € Qand ey < ey such that F € Ly([eq,e3]), then the following inequality holds:

2 T 2(e) — e )PFS g (@(e3 —ef)P) 0. (ef) i@ 09.e8) 0

< F(ey) + F(ez)_
- 2

(15)

Proof. By the p-convexity of F, we have

o ey + el . Oy /ey + (1 —L)es + 94/ (1—£)ef + el
2 N 2
1 J J ] o]
< S[F(v\ftef + (1= 0ef) + (/1= e + 46| ). (16)

Conducting product on both sides by ¢~ F¢ (@(e§ — e} )¢¢) and then integrating
over [0,1], we have

zp(m/el ”2)/44) LF (06§ —ef)P)de

1

< / 91 FG (@ — ) eP) [F(K eef+(1—z)eg’) +1;(p (1-£)ef+ze§)}dz. (17)
0

Changing variable technique, we have
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ey + e
© 1 2
ZF( are )
1 ?
< . /(ep — )P FY (@(ef — x)) E(xV/9)dx
(€5 *61)”,‘3%1( (e5 —e7)P) {ff ? e ?
o
€
+ /(x — eﬁ’)‘“l]—"{‘,f,(p (@(x% — egj))F(xl/p)dx}
et
1 1/¢ 1/p
= > T o) 0F @)+ T7 o) o Fle”?) (18)
T Py O ) e s
It follows upon utilising the term-wise integration
/ g (x)0" (el — et
(01 F (@(ef —eD)eP)dl = 2 %) / (eero-ly
o/ Pr<P( 7 — o)) K;) I'(px + ¢)
) (DK(EZ gﬂ)p
= =Fy es —ey)P). 19
g(,) T(px + ¢ +1) (p+1( (e3 61)) 19)
Since F is p-convex on [eq, ¢;], we have
o p11/p
F([te} + (1= 0)e§]V") < tF(er) + (1= 0)F(es) (20)
and
F([u —0)ef + zeg’]”@) < (1—0)F(ey) + (F(ep). (21)

Adding inequalities (20) and (21), multiplying the resulting inequality by ¢¢~!F 09

(@(e§ — ey )¢r) and then integrating over [0, 1], we have

1

/ L Fg S (@(ef — e ) F([tef + (1 - 0)e5]"7 ) de

0

+/£‘P*1}"g,¢( (e —ey)0P)F ([(1 —E)ef—i—feﬁl/p)
0

< [Fler) + Flea)| [ 097175 (@(ef — &)t
Again, making change of variable, we get

1
(e =)y 1 (@(e —e7)F)

After appropriate arrangements, we get the desired inequality (15).

{jff ) F @)+ T o wF(e}/@)} < [F(el)w(ez)}.

(22)

(23)
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Remark 1. Theorem 1 leads to the conclusions that:

L letting o =1 = 0(0), ¢ = 6 and @ = 0, then we have a little simpler inequality (1).

IL letting p = —1, 0(0) =1, ¢ = 6 and @ = 0, then we have a little simpler inequality obtained
by [35].

3. Ostrowski Type Inequalitiy

Firstly, we present a lemma for differentiable mappings which is a basic tool to obtain
our main consequences. Then, we will show certain estimates which are the modifications
of earlier works.

To prove our main consequences, we need the following lemma.

Lemma 6. For« € [0,1] and o > 0and let there be a differentiable function F : Q) C (0,00) — R
on Q° (the interior of QO) with e; < ey. If F € Li([ey, ea]). Then the following identity holds:

P _ )P — x99 @_Psop © _ x9)PF
PERCAET: LG S MR RC R, SLLCYR o i)
]:p<p+1[ (€5 —e7)r] ]:p(erl[ (€5 —e7)’]
- pwﬁ T (@) + Tl v oFe2)|
]:p(p+1[ (e —ep)?]
P _ o8 <p+1 1
a“ o [ O a0 — P (e (= 0e) (2 e 0]
]:p (p+1 @(e5 —e7)F 3
( gj ng ak i @) oL —1 1
- oy [ (1 = 0 F a0 = )P0~ @] (05 (1= )T (/60 4 (1 )t
p¢+1 0
Proof. Integrating by parts, we have
1
1
/(w — ) F ey [@(e5 — )P (00 — a)] (£x¥ + (1~ e)eg’)wlp(@ 0x9 + (1 —E)el)dﬁ
0
1

I

= @(E(P _

w)Fo

1
% -1
. /w’ Fg, @

p <p+1 [‘O( ip -6 V)P (e — "‘H (bx? + (1 — f)eip)%*llfl(p

ey — o) SV O O

p_
p,9+1 [0(e —ef 0 —ef 0

(e§ — ef)PeP]F( o\ Joxo +(1— é)ef)dé

0x9 + (1 — e)elp)de

_xP —e
OF7 1 l@(ed —eb)P] ot
0,9+1 2 1 @) p
X9 —ef [(1 —a)F(x) +1xP(61)] - <m> qu)x oF(er). (24)
In a similar way, we have
1
[0 0Byl — (0 — )] (b + (1~ 0)65) 5 F (x4 (1 00 )t
0
OF 1 l@(ed —el)P] ot
0,9+1 2 1 0 o
ey —x¥ [(1 —@)F(x) + “F(ez)} a (eﬁ) - x@) otk (@) (25)
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(x‘f’fei))"’ﬂ (L,g)_xga)errl

Multiplying both sides of (24) and (25) b n , re-
plymg (24) (25) by o [w(ef—eﬁj)ﬂ] oo [(D(eg,@lw)p]
spectively, we have
(xp (P-H i e o1 (o
= / Fo g @ — )P (0 — )] (ex° + (1= ef)v TP (94 exw + (1= 0)e )t
<p+1 0
@(xp - ef)“" p(x? —e)? pf !
(1-a)F(x) + aF(er) - T o). (26)
F g le(eg — )] Fogerl@(es —er)f] Fopial@(ey —e)p] =0 e

1
(6@ _ xp p+1 1 .
2 / F pia [@(e5 = )P (17 = )] (09 + (1= 0)e§) 5 T F (9 oo + (1 = 0)¢f )t
0

p<p+1
p(eip - xg’)"’
T [@(e5 — )]

pleg —x)?
Fopia[@(es —ey)F]

Adding (26) and (27) gives the desired equality. So, this completes the proof. 0O

aF(er) —

p+1
(1—a)F(x) - o Ty (@) (27)

T oo+ [@(e3 —ey)P]

Remark 2. Lemma 6 leads to the following conclusions that:

Llettinga =1, ¢ =6, 0(0) = 1and @ = 0, then we get Lemma 4.

IL letting p =1, ¢ =6, 0(0) = 1 and « = @ = 0, then we get Lemma 1.

I letting=p =0 =1, ¢ =9, 0(0) = 1and p = @ = 0, then we get Lemma 2.

Throughout this investigation, for the sake of simplicity, we denote

(x7 —e{)? + (ef —x9)? (2~ ef)7F(er) + (e — x°)PF(ea)

Yr(p;a, @, p0,0;e1,€0) = (1-—a)p ‘ F(x) +ap
Ty o1 [@(e3 — )] Ty o1 [@(e3 — )]
il (T aF(e1) + T o F(e2)] (28)
F g l@(es —e)e] Lperi P

unless otherwise specified.
The incomplete beta function:

a
Ba(X,Y) = /eX—l(l 04, X,Y > 0,a € (0,1).

The following computations of definite integrals are required in Theorem 2.
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1
©1(B) :/f’f —a|Fy g [@(e —ef)P (Ep—zx)](ﬁo Iyl @4-(1_5)%—1‘31—@)‘15
0

0o — 09)FG oy [@(e§ — )P (10 — )] (6771219 4 (1 — £) 5119t

I
o 2
—
S
—

b [ U0 ) F (e — )P — )] (65 (1 O O

al/e

al/e
- C’OK(€2 - eip) / 140K _ prp+o+1\ (p2—1_1—p i1
; Toxt 1) J (wl 4 YT X T (1) Bl

1
+ / (ZKp-i-(P-I-l _ “€1+pK) (z%*lxl—p + (1 o E)KlJllBl_p)dg}

al/e

Kp+o+p
00 dﬁ e __eﬁ 1fpa£i‘$‘*
Z (e o) { +aB” By (0K +2,1/9) — B Bse (ko + 9 +2,1/p)

I'(px+¢+1) o+ +1
1-p w
ﬁ 1—al/¢ £, px ¢ 1 &ﬁ 1_al/e 0, pK
and
1
1 1

©2(p) / |09 —a|Fg pq [@(e5 —ef )P (£ —a)] (0o 9 1 (1= 0)v g0 ae

0
al/e

= / o — €9 7 1 [@(e5 — )P (£ — )] (712179 4 (1 - )5 g1t

0

+/ 69— 0| By a[@es — o)) (00 — )] (6572170 4 (1= )50t

al/e

ad (DK (6 — e‘{) axl— W{xzpi;ﬁq) 1 2x1=9 pPKO+o+9
Z o B (o +1,1/p) - 2
k=0 pK+§0+1) pK+*@ ¢+pK+E

+B B (@ + px +1,1/9) + B VB, 1/ (9+px+1,1/0) — BB, /e (0x +1,1/p) } G0

Theorem 2. For0 < p <1, (%)(P < « < 1 and let there be a differentiable function F : Q) C
(0,00) — Ron Q° with ey < ey such that F' € Ly([eq, e2]). If |F'| is p-convex on Q, then for all
x € (ey,en), the following inequality holds:

(a) For p € (0, %], we have

|Ye(psa, 9,0,0501,80)|

© _ p+1
52;—2{ a(x ep) [
‘Fp p+1 [ (62 ! )p}
(¢ —x0)o

Fopil@(e) —e)]

O1(e1)|F'(x)| + (O2(e1) —®1(€1))’FI(€1)\]

+

[O1(e2)| ()] + (©2(ez) ~ @1(e)|F'ea)] ]} 1)
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(b) For p € (1,1], we have

\YE(p; 0, 9,0, 05e1,02))|
< Aoy )|/ (5) + (@aer) — O en) ()|
T Tpgral@les —er)F]
e, — X 1
o o]+ e ~oel ]

+

where O1(B) and O, (B) are defined by (29) and (30), respectively.

Proof. (a) For p € (0, 3], using Lemma 6 and by p-convexity of |F'|, we have that

[Yr(p; 0, 9,0,0;51,05)]

(x0 —ef )9t

S o ol | | el @ ] (- 0e)
0,9+1 4

1

(v + 1 —e)ef)(de

(eg’—xf’ o+l N L 1]
= /|e — | Fg g1 [@(e§ — )P (00 — )] (6 + (1= 0)e§) 0 [P/ (940 + (1= )¢5 ) |ae
p90+1
o _ p+1
S ( (x P) 2\p
qu)—&-l[ (€5 —ey)f]

{/|z — | Fg g [@(e§ — )P (00 — )] (Ex° + (1= )ef) o | P (x |+(1—£)’P’(el)|}d£}

(¢ 29y

F g [@(ef = e))F]
1
{ / 07 — | Fy gy [@(ef —ef )P (£F — a) | (€x¥ + (1 — é)eg’)%fl{ﬂlf’(x)] +(1— E)’P’(ez)|}d£}. (33)
0
Since p € (0, %], utilising Lemma 5, we have that
(% + (1— 0)p)o L <20 205 =0 1 (1 - 0)v ' g179), Ve e[0,1],B € {e1,er). (34)

Therefore, we have

1
/ew — | FY [ — )P (80 — w)] (6x¥ + (1= £)ef) o de
0

1
< 2%’72/6‘” — | Fgpia[@(eS —el)P (£ — )] (€510 4 (1) v TR
0

= 27720, (p) (35)

and
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(1= —a|Fy iy [@(e5 — )P (0 — )] (€x¥ + (1 5)3g3)7_1d5

O\H

B

1
/1_ W) ]:qo+1[ (35}_31) (ép—“)](é" fxl- Y+ (1- ) /31 v)de

0
1
= 2077 (0,(B) — ©1())- (36)
Combining (34), (35) and (36), we get the desired inequality (31).

To prove (b), let p € (1,1], then we get the required inequality in (32) by employing
the inequality (14)

(¥ +(1—0)p)o L < (v =9 1 (1—0)v ' g19),  Vee[0,1],B ¢ {e1,er). (37)
O

Corollary 1. Theorem 2 with |F'| < M reduces to
(a) For p € (0, 1], the following inequality holds:

|Ye(p; 0, 9,0,0;501,02)|
1, (xgg )(p+1 (EP _ xga)(p-H
<29 M{ ©z(e1) + o7 ©2(e2)
Fopia[@(e3 —ef )] Fopiil@(& —e)]
(b) For p € (1,1], the following inequality holds:
|Ye(p; 0, 9,0,0;501,€2)|
(x9 — )91 (¢ — 2991
< M{ o7 @2(e1) + o 92(e2) ¢
Foprl@ (€§ &)’ Fopil@(& —e)]

Theorem 3. Forr > 1,0 < p <1, (%)(P < a < 1 and let there be a differentiable function
F:Q C (0,00) — Ron Q° with ey < ey such that F' € Ly([e1, ep]). If |F'|" is p-convex on Q,
then for all x € (e1,e), the following inequality holds:

(a) For p € (0, %], we have

[Ye(p;a, 90,0561, 02)|
L2 )T ) [ oo o e ]
<2 Sl ey [P @t @)

1-1
( gJ _ xg))qurl@ T (e )

Fogr1l@(ey =€)

(b) For p € (%,1], we have

[®1(€2)|F/(x)}r + (©2(e2) — ©1(e2)) |FI(€2)|7} Y}- (38)

\Ye(p; 0, @, 0,051, €2)|

o o) 1 % ;
(x¥ — eg)(’;+ @ (81)[ ©1(e1)| ’x)\r+(®2(€1)—@1(61))|F/(31)|r]r

B }—g(p—i-l[ p]
(eK xKJ)QDJrl@l }(82 / ) . %
f2§¢+l[ o] L[01(e)|F ()] + (@s(e2) — @1 (e2)) [F(ea)|'] ", (39)
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where O1(B) and O, (B) are defined by (29) and (30), respectively.

Proof. (a) For p € (0, 3] and using Lemma 6, we have that

|Ye(ps 0, 9,0,0;1,00)]
1
(xp _ e@)(p—&-l ) 1 X
G [w(elp Y] /W — | Fa [@(e — )P (80 — )] (ex® + (1 - 0)ef) 7" F'(f./exm (1 —Z)ef)‘dﬁ
0,9+1 2 1 0
(e —x9)oH! 1 p (7 O LOV0(pP o Vo1 0
=T 162 —a| 75y [@(e§ — )P (0 = )] (657 + (1= )7 P (7 /exo + (1= 0)eF )| e
0,9+1 2 1 0
Employing power-mean inequality, we have
IYe(p; 0, 9,0, 0501, 0)]
(x% — ef)‘f“rl
= Tl — o))
p.9+1 2 1
1 L 1-4
(Of 07—l Fyp 1 [@(ef = e )P (¢0 — )] (€x + (1= )ef) ¥ df)
X

(v e+ (1= 0)e}) ‘rdé)}

1
X (f |¢9 — zx‘}"g,(ﬁl [@(e5 — e )P (0F — )] (£x9 + (1 — é)e‘f)ﬁlfl
0

(e —x¥)9tt

Fogial@(es —et)]

1 1-1
(f |09 — ""]:gqoﬂ [@(ef —ef )P (0P — )] (0x% + (1 — E)eg");_ldo
0

X 1

1 T
X (f |¢9 — zx‘}"g,(ﬁl [@(e5 — e )P (0F — a)] (£x¥ + (1 — é)e‘f)ﬁlfl F’(W, [0x$ + (1 — E)eg)) ‘rdé) .
0

Since |F'|" is p-convex on (), we have
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Ye(pi, @,p,07e1,0)]
(xp_e@)<p+1
T e @(es —ep)F]
1 1-7
(f |£(P - ‘X| pq)Jrl[ —e )P (P — 06)} (x4 (1 — ﬁ)ef)w*ﬂ)
(f|€‘i’—¢x{]-" i1 @ (eg)—elp)P(fp—oc)](Exg’—l—(1—E)ef)s}?_l{ﬂl—"’(x)]r+(1—é)]F’(el)‘r}ﬂ)y
(EP )(p+1
Fenle (65—61“)@
1 . 1-1
(bf 69 = 0|7y [(e5 = D)0 ] (12 + (1 - )5) e
X 1 1 %
x(({|€ 2| F o [@(ef — )P (fp—a)](éxm(1—e)ef)w—l{zyF'(x)y’Jr(1—£)]F'(e2)\’}dz>
(xp_ep)(p+1
T e l@(es —ef)F]
1 1-1
(pr ‘ p¢+1[‘0(e§) el)P(EP—zx)](éxWJr(l—é)el) 1d€)
X (!F’ \f£|£¢—a| Wﬂ[co(eg—ef)ﬁ(ep—a)}(fxm(l—e)ef)%*lde
+ny<31)\’{(1_£)\£¢ 8|y [@(e§ — )P (zp_a)]<exp+(1—@e§’)é-ldz>’
(e —x9)o*!
FSpia[@(ef —e))F]
1 1-7
(160 = a1 a0 = e )6 + (1 - 1)+ )
« ><<|F’ ]f£\€¢—a| F7 1 [0 — )P (0 — )] (69 + (1 - 0)eg) s de (40)
—|—’F’(€2)‘rof(1— ‘f —1X| P<p+1[w( L

e — ef)P (1P — )] (£x¥ + (1 — £)e8) 1d€> .
Combining (40), (35) and (36), we get the desired inequality (38)
To prove (b), let p € (1,1], then we get the required inequality in (39) by employing
the inequality (14). So, this completes the proof. O

Corollary 2. Theorem 3 with |F'| < M reduces to
(a) For p € (0, %], the following inequality holds:

[YE(0;, 9, 0,051, €)|
1, (xp e@)q)—k—l ( g’ _ xgo)(p+1
S 2% M{ 2) > @2((31) =+ %) %) ®2<62) .
Fogi1l@(es —ef)P] Fogil@(es —ef)P]
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(b) For p € (1,1], the following inequality holds:

[Ye(p; 0, 9, 0,001, 05)|
(x# — )t (ef —x®)ott
< M{ @2(61) + @2(62)}.
Ty pr1l@(ed —e7)F] Ty o1 [@(e3 —ef)P]

Theorem 4. For p < 0, € [0,1],s,7 > 1land r~' +s~1 = 1. Let there be a differentiable
function F : Q) C (0,00) — R on Q° with ey < ey such that F' € Li([e, e2]). If |[F'|" is p-convex
on Q), then for all x € (ey, ep), the following inequality holds:

Yr(p;a, (P,P,U'elr€2)|

(x5 — e)? 15 (er) T o
tamee —e?)lp] (PN + @20 el ]

(e§ —x9)¢ Hq) (e2) L ' r }}
F O] F 41
Fopia[@( ez*ef)ﬁ][ 1(M)[F'(x)[" + @2 (r) | (62)” , (41)
where
ro+rpx+2
= (k)" (ef —ef) [ do 0 1 " }
0] = _
1) (Kgé) T(ox+¢+1) ) (er+2)(er+rq)+2)+rp1<+rq0+2 rpx+2)’
ro+rpr+1 rotrpr+2
Do(r) = (i‘f( K" (e ffi‘o)y[ 2rpa ¢ B da v
2 C\&Z T(ox+9+1) (rox +1)(rox +re +1)  (rox +2)(rpx +rp +2)
n 1 o’ ]
(rok +ro +1)(rox +re +2)  (rox +2)(rox +1) |
© x(=D(A-p)+1 _ g(s—1)(1-p)+1
q)3(ﬁ) = x@—ﬁp[ (S )( p)_|_1 :|/,BE{61132}'

Proof. By means of Lemma 6 and applying absolute, we have

[Ye(ps0, 9,0,051,00)]

(xg) p (P+1 oL 1] 0
< F o /V“’*w\ P a0 — P8 — )] 67+ (1= )5/ (0 foxo + (1 O0f)
p<p+1 2 1
1
(ef — x¥)9+1 ) 3 e J :
= 2[ (egj_egg)p] /W—"‘|f,§7,¢+1 [co(eg —el) (e° —tx)](fxg +(1 _g)eg)p 1 F/(g 0x9 + (1 _€)e§>
0,941 2 1 0

Employing Holder inequality, we have
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\Yr(p;0, 9,0,05e1,00)]
(xp _ e@)qﬂrl
T T g @& — )]
1 1
x(/(zxu(l— 0)ef)o Sdz) (/‘E"’—zx| v i l@(es — ) (zp—a)]) P9/t + (1—6)4’)‘@%)
0
(f —xryo

¢ —er)f]

‘Fg<p+l[ (

x(/l(éxp+(1€) Sdf) (/Wa\ FC i @le —el)P(ZPfoc)])rF’
0

1

r T
df) .

(K’ x4+ (1 — E)eé‘))

Since |F'|" is p-convex on (), we have

|YF(@/‘0¢1(PIPI‘T}€1,€2)|
(x@__ep)¢+1 l / o) o) r / r / r ¥
< e 5<0/ (Fronlates — et ) [AF ol + (1~ 0[F e or)
y —x9)¢tl 1 / o 4 / r / r ;
f,‘fﬁj[ (xeg) e<0/|€‘l’_a| or1@(es — el )P (I — ) ]) [£|P(x)| +(1—0)|F (e2)] W)
(x9 —ef)r+! 1 (|F’ ’ f£|£q)7tx‘]:0(/)+l[ (e5 —el)P(¢r —a)]dl
}—F(’Tfl’-i-l[ (eip_eip>p]q)3(ﬁ)s +|F'(e1)]" [(1— o PP — '
1)| 0f(1 0109 —a|Fg o [@(ef —ef)P (4 oc)}de)
1
(e§ — x9)9+1 ) (\F’<x)|rbf€!f | Fg o pq[@(es — e )P (¢ —a)]de

D;(B)

1
;

Frpn (@ — )] +\p/<ez>|f0}<1—e>|w | g [0lef =000 ~wae)

Considering the inequality (1 — p2)¢ < p§ — p§ forany 0 < pp < py and ¢ > 1, it
gives that

1 T
[ tler—al (Fo g loes — ey (e —))) e
0

1/(p

1
- U( (DK(EZ _eip> rp;c+1 @\ / rok+1pp _ N\
(Z%) Tt o+ ) /e —0oyde [ st (ee —gyar

al/e
00 e /
( 2 0. CDK( eip))r / €YPK+1 (DCT . éyq))dg + / EVPK-Fl(EV(P — 067)d€:|
=0 pK+§0+1) LY 1/¢
14

ro+rpx+2

(Z w”(ez—Ef)) o @ n 1 o }
T(ok+¢+1) | (rox+2)(rox+rp+2)  rpk+re+2  rok+2]°

Analogously, we have
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1
Ja=oler—af (.0 (e — )P (60 — )] )
0

1/q)
oo KJ r
( Z o(x (,'DK( 1)) / (1- e)er-‘rl( — 09 de+ / er-&-l(g(p _ “)rd€:|
= pK—I—qD—i-l) L) Dy
1/(0 1
(k)@ (ef —ef)
( Z 2 1 ) / ngJrl f””)d@—i— / ngJrl (quz _ txr)df}
= T(ox+e¢+1) 7
a
( Z CDK (659 B ef) ) _ 2rq)a rq7+r4§m+1 B 4a r<p+rq§7x+2
F pK—f—go—i—l) | (rox +1)(rpx +re+1)  (rox+2)(rpx +rp +2)

1 a’
Tlroxtre+ D(rpx +rg+2) <rpx+z><rpx+1>]‘

Using the fact that

1
Di(p) = /(w +(1—0)ef)55de
0

(s—1)(1—p)+1 _ p(s—1)(1—p)+1
=P {x & , B €{e e}

B (=11 -p)+1
So, this completes the proof. [

Corollary 3. Theorem 4 with |F'| < M reduces to

|Ye(p; 0, 9, 0,051, €2)|

o [ = )R ) + (ef — 1) 75 (o)
<s(mn o) | e

Theorem 5. Forr > 1,0 < p < 1, (%)qp < a < 1 and let there be a differentiable function
F:Q C (0,00) = Ron Q° with ey < ey such that F' € Ly([e1,e]). If |F'|" is p-convex on Q,
then for all x € (eq,ez), the following inequalities holds:

(a) For p € (0, H%], we have

Yr(p;o, @,p,0;e1,00)]
s o f (x9 —ef)PTI¥E (o) !
<2 1{ - 5 DIF (x)|" + ®@2(1)|F'(e1) |
P o e D OIF N+ eF el

(e —x¥)® Y3 (e)
e @

(b) For p € ( 1 1], we have

s+1

1)\F’(x)|’+¢2(1)|F’(e2)|r]’}. (42)



Mathematics 2021, 9, 1753 17 of 23

Yr(p;o, @,0,0;e1,00)]

(x7 = ef)P* 1Y (en) - L
= F @ — ey [@1(1)[F' ()" + @2 (1) F'(en) ]
(eg —x@)qﬂrl\lj;(ez) [

Fogiil@(e —er)]

1
r

(43)

1)[F'(x)]" + (1) |F (e2)|']

pp+1
where
+ox+2
&y () 7%0(;{)@"( eg))[ 4 P lx}
! 2 Tlk+o+1) [(px+2)(ox+9¢+2) pc+e+2 px+2]
K+1 K+2
PN A GaiC @[ 20”5 4"
2 = Tlox+o+1) [(ox+1)(ox+9o+1) (px+2)(ox+ ¢ +2)
n 1 B o
(oxk+@+1)(ox+@+2) (px+2)(px+1)
and
ppK+s—sp+2p OpK+pP+s—s O
() i w%—#qfw{a”w”*_ 2 1
= T(ox+9+1) pr+5—s+1l o+tpr+3—s+1 ¢+pxt+5—s+1
_ & s—sp _ _ _
TErer i [« (Buso(ox+1,5/ 0 =5 +1) =By _e(ox+1,5/p—s+1))

—Ba(¢p+px+1,5/p—s+1) —1—18%1%1/(,,(4)—}—()1(4—1,5/@—54—1))} }

Proof. (a) For p € (0, H%} and using Lemma 6, we have that

[Ye(ps0, 9,0,0;01,00)]
(e ) /1 |09 — &| F g [@(5 — ) (¢ — )] (€37 + (1= 0)ef) | F' (94 ex0 + (1= 0)e ) |ae
T Ty @(e5 —e])f] 0 otttz ! !

1

(¢§ — x0)0+1 , »
@ (eg_ef)p] 162 —a| 75y [@(e§ )P (0 = )] (65 + (1= )

das.

F ( O3/ lx9 + (1 — E)e?)

o
]:p p+1 0

Employing the weighted Holder’s inequality (see [36]),

‘/CF(X)Q(x)P(x)dx’ < (/Cyp(x)ysp(x)dxf(/c|Q(x)|’p(x)dx)}

forr > 1,571 + 77! = 1 and a non-negative mapping P on I has finite integral representa-

tion, we have
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[Ye(p; 0, 9, 0,001, 05)|

1

|69 — a|Fg oy [@(e§ — &) (£ — )] (€29 + (1= £)ef) ¥ W)

o

(xg) _ e@)(p+1

= 7o @ — )] |

1

|67 —af P<p+1[ (e —e})P (£F — )] F,(p fxp‘F(l—Z)elp)‘rdg)r

Cemms /N

1

i s g s
(ef —x9)9*! <0f 107 —a|Fy g [@(e5 — e )P (0P — )| (£x¥ + (1= £)ef)) ¥ dg)
fU’

ol (oo el 7y, ot e — [P (o o+ 0 08)
0

Since |F'|" is p-convex on (), we have

|Ye(9; 0, 9, 0,001, 05)|

(} |00 — a| F, q [@(ef — e )P (60 — )] (¢x9 + (1~ E)ef)é%w) )
0

(xp _ e@)(p-&-l

< ]—“gq}H[ (e5 —ey)P] x(’p/ X ‘ f£|£fl’—¢x| p¢+1[@(€§—e§J)P(£P_aH

1

+|F’(e1)|’bf(1—€)|€ &|FG, o [@(e§ —ef )P (ep—a)](u)
(fler=a i 906 P e+ 0 0 “ar)
( % )(p+1 0
ey (P alet e
0.9 1
—|—|F’(ez)]rbf(1—€)]£‘/’ ”“]:U(pﬂ[ (ef—ef)ﬁ(ép—zx)]dw) :

Therefore, we have

/M 0| FG o [@(ef — )P (8 — )]t
5 @+px+2
i a)"(ez—eﬁ)ﬂ 4o 9 N 1 o
= Tlex+e+1) (pk +2)(pxk + 9 +2) px+¢+2 px+2]

Analogously, we have

a|Fy gy [@(e5 —ef )P (0° —a)]dl

O\H

0,
o @+px+1 P+pr+2
i o(x)@" (5 —ey) 200 ¢ B 4o @
= T(ox+¢+1) [(ox+1)(ox+¢+1) (px+2)(px+ ¢ +2)
1 o

+

(ok+o+1)(ox+9+2)  (ox+2)(ox+1)]

Since p € (0, H%] , utilising Lemma 5, we have that

1
r 7
df) .

(44)
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(x + (1= 0)B9)o > <20 L(Uo 52550 4 (1 — )5 °p5%), WL € [0,1],B € {e1,e2}.

It follows that

0
) 1
<2571 / 169 — &| FG oy [@(e — )P (£ — )] (65550 4 (1 — )5 *p=0)d, (45)
0
where

1
/ |09 — | FT, q [@(e§ — e )P (€0 — )| (6535759 4 (1 — £) 5 °p59)dt
0

5 PPK+s—sp+2p PPK+pPP+s—sp+p
o(x)@*(e§ —ef) [xs_sp{ 20 7 2 9 N 1
‘ F(pK+(p+1) pr+2—s+1 @+px+i—s+1 @+pr+5—s+1

o _
_m +‘BS sgj[lX(Eal/go(pK_F].,S/p—S_"l) _Blial/q)(pK“‘l,S/p—S‘i_l))

Mg

K

Big(p+pox+1,s/p—s+1) +B17“1/¢(go+pk+1,5/p—S+1))] }

Combining (44) and (45), we get the desired inequality (46). So, this completes
the proof.

To prove (b), suppose that p € (H%, 1], then we get the required inequality in (47) by
using the inequality (14) |

(x8 + (1= 0)B9)0 > < (L0 x50 4 (1= 0) v °B™9), VL e[0,1],B € {e1, e}

So, this completes the proof. O

Corollary 4. Theorem 4 with |F'| < M reduces to
(a) For p € (0, " 1] the following inequality holds:

[YE(@;a, 9,p,05e1,2)]
<257 M (@ () + <I>2(V))% {(xp - ef)a);;;ﬁ?;&% e_%;f]) (PH%(EZ)} . (46)
(b) For p € ( + iy , 1], the following inequality holds:
|Ye(psa, 9,0,0501,00)|
1 , 1
<M (d)l(r) N d>2(r))% [(x@ - eip)(PJ;;};Jr(l [) (Zp(eé egj;;)wqus (62)} W)



Mathematics 2021, 9, 1753 20 of 23

4. Applications
4.1. Matrices

Consider C" represents the set of 11 X n completes matrices and M, denotes the algebra
of n x n complex matrices and M} be the strictly positive matrices in M, i.e., G € M| if
(Gx, x) > 0 for all nonzero x € C".

In [37], author derived the formula

F(w) = |G*YH'™ + G'"YH"||, G,HeM,},YeM, (48)

is convex for all w € [0,1]. Then, this non-negative function is p-convex on [0, 1]. Then,
by Theorem 1 having G, H € M}, Y € M, respectively, we have

Proposition 1. Let G, H € M}, Y € M. Then one has

. ;ueg e Lo \/egue@ \/efm
G YH' 2 +G YH
1
< 2(e? )q)]:(f ( 8 2\p
(€5 —ef p¢+1( e; —ef)f)

)T ety IG VEYHY Y L G PVBYHIVE| 4 g0 o IGPVAYHI VA 1 61V R Ve )

< % [||GWHH1 + G aYHY | 4 ||GRYH! "2 + Gl YH® ||] (49)

Proof. Let F(w) is p-convex on [0, 1]. Then the desired inequality (49) can be derived by
applying inequality (15) to the mapping (48). O

4.2. Fox—Wright Function

Let us take
H T'(a; + dix)
o(x) = (pKT ©) lq ) (50)
IIl l"(bj + ’Y]‘K)
=

In (3), then Raina’s function becomes the Fox-Wright function proposed by (see, [38])

4
(ai/ 51')1,}7 ) 1:11 F(ai + 51'K)XK
qu[x] =Y, ;x| o= Z l;—, (51)
(b], ,Y]')l,p x=0 1—11 F(b] + ’)/jK)K!
j=

forall x,a;,b; € C,4;, fyj(i =12,..,p,j=12,..,9),

q P
A=) 7= %
=1 iz

where the identity in the convergence condition holds true for appropriate bounded values
of |x| stated as

q Yj
"Y]| /
=1

P
[T 10;]°
i1

x| <n:=
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and |x| = 7, Then
ﬂi+7p_q >

b; — >

G = j

M-
o

I
L
I

j 1

Therefore, the left and right sided fractional integral operators derived from (4) and
(5) are presented by

X

@.0:(ap,0p) _ _ nNe—1 Y.
(U(D,ei*';(bq,'yq)F> (x) = /(x 0O pYql@(x — OFF(L)dL (52)
e
and
(a9.39) 7
9,03(ap, B 1
(Uw,eg;(zq,pyq)]:> (x) = /(6 =) pYg[@(€ — x)F]F()de. (53)

X
In addition, we have

P
T'(a; + §ik)@" (z — y)P~
oo F(pK+¢) il;Il (al+ ZK)CO (Z y)

'7:;7714’+1 [(O(Z - y)P] = g() r(pK+ ¢+ 1)

q
F(b] + ’)’jK)K!
i=1

]

(@,0),(ai,6i)1,p
;@(z —y)P

(¢+1,0),(bj, 7)1
= p1Yg1[@(z —y)°].

= pr1Yg41

(54)

Proposition 2. Let 0 < e; < ey and a € [0,1]. Then

(a) For p € (0, 3], the following inequality holds:

(x” — ef)?F(e1) + (e5 — x¥)?F(e2)
p+1Yq+1 [@(egj - eiW)p]

(x9 —ef')? + (e5 — x¥)?

p+1Yq+1 @ (eip - e? )]

e - [(uq,,p;(a,,,(s,,) F) (e1) + (ugv,p;(ap,ép) 1:) (62)”

F(x) +ap

(A—w)p

o Ygnlo(es —ef @x~(bg,7q) @x";(bg,7q)
B (x9 — )9+l (e — x¥)9+1
<2v 2,/\/[{ 1 @2(61) + 2 ®2(62)}' (55)
p1Yqe1[@(e5 —ef)P] p1Ygril@(ey —ef)F]

(b) For p € (1,1], the following inequality holds:

(x¥ —e])?F(e1) + (e§ — x¥)PF(ez)

7=y

(x9 —ef')? + (e5 — x¥)?
p+1Yq+1[‘O(32 -6

(1 - 0‘)@ 3]
’ pr1Yga@(ey —ef')P]

p(erl )p] Kuq;,p;(ap,&p) F) (31) + (U%P;(up,r5p) F) (62)] ’

F(x)+ap

- 7] —. +.
p1Yg41 (@(ef — e} @,x;(bg,vq) @,x;(bg,vq)

0 8 1 _
SM{ R Oz (e1) + (e xP)‘P“p ®2(€2)}' (56)

p1Yga@(e5 —ef')P] p+1Yqr1[@(ey —ef')P]

where ©1(B) and ©y(B) are defined by (29) and (30), respectively.

Proof. From (52) and (53), we know that the function ,,1Y,;1[@(z —y)*] is p-convex on
[e1, e2]. Therefore, inequality (55) and (56) can be derived by Theorem 2 immediately. [
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5. Conclusions

The fractional integral inequalities for p-convex functions in the sense of generalised
fractional integral operator have been successfully derived in this article. Here, we con-
centrate on all derived results in the current study that have been sustained for classical
harmonically and classical convex functions, which can be obtained by letting © = —1 or 1.
All the derived outcomes are supported by applications in matrices and Fox-Wright func-
tion to relate and validate them. Consequently, this investigation shed light on special
functions and existing fractional integral operators. Recently, author [39] has pondered
Hermite-Hadamard’s inequality on higher dimensions. Furthermore, it will be an ap-
pealing problem for ongoing research to analyse the outcomes achieved in this paper
on higher dimensions. Therefore, this fascinating topic of research stimulates all other
researchers to work on further investigation of n-polynomial p-convexity defined in other
fractional operators.
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