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Abstract: The Hermite-Hadamard type inequalities involving fractional integral operations for p-convex functions with
respect to another function are studied. Then, the inequalities via Riemann-Liouville and Hadamard fractional integrals
are presented specially. Using the obtained results, some inequality relations among special functions including beta and

incomplete beta functions, gamma and incomplete gamma functions, and hypergeometric functions are presented.
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1. Introduction
Convex functions are mostly characterized by inequalities, some of which involve integral inequalities attributed
to Hermite-Hadamard, Ostrowski, Fejer inequalities. In the last five decades, the characterization of convex
functions has been improved by using more generalized integrals, namely, the fractional integrals, which have
been used in the vast area of science from engineering to medicine [31]. The leading fractional integrals may
be accepted as the Riemann-Liouville and Hadamard fractional operators among them. Also, there are many
like Caputo, Katugampola, conformable and general fractional operations with respect to the other functions
[19, 22, 25]. Recently, the Hermite-Hadamard inequalities and different inequalities for convex functions
are generalized via fractional integrals including Riemann-Liouville, Hadamard, and other types of fractional
integrals [6, 7, 12, 16, 23, 26, 27, 33].

During that time, on the other side, a lot of extensions and generalizations of convex functions are

I_convex, s-convex in different senses, and p-convex functions can be counted

introduced. B-convex , B~
among the most novel ones [2-5, 10, 21, 30]. The basic properties and characterizations via inequalities are
studied by different authors [11, 20, 21, 32]. In this study, we cope with p-convex functions. Different convexity
types called p-convexity are seen in the literature. The notion used in this paper is given in [15] with the
definition of p-convex sets. Then, the p-convex functions are defined in [30]. It has applications to the fixed
point theory, optimization, etc [13—15].

The characterization of different types of convex functions via Hermite-Hadamard inequality are studied
by many researchers [1, 8, 9, 28, 29, 33]. Based on these results, more generalized versions of some of

these inequalities via fractionals are given [16-18, 26, 33-36]. In this study, using some results based on
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the Hermite-Hadamard inequality for p-convex functions, we set the Hermite-Hadamard type inequalities via
general fractional operations p-convex functions with respect to another function. Since the used fractional
integral operators are generalizations of the Riemann-Liouville and Hadamard fractional, the results including
these main fractionals are also given with theorems. Furthermore, as applications, some inequality relations
between special functions including beta, incomplete beta and gamma, incomplete gamma, and hypergeometric

functions are presented by using the main results.

2. Preliminaries

2.1. Definitions and Notations of p-convexity

Before recalling definitions, the following notations which will be used throughout the paper should be given.

R™ denotes the n-dimensional vector space, i.e. RY = {(z1,--,z,) €R" :2; >0, i € {1,2,..,n}}.

Definition 2.1 [30] Let A C R™ and 0 < p < 1. The set A is called p-convex set if Az + py € A, for all
x,y € A and A\, € [0,1] such that \P + P =1.

All real intervals including zero or accepting it as a boundary point are p-convex.

Definition 2.2 [30] Let A C R™ be a p-convex set and f: A — R. If for all z,y € A and X\, u € [0,1] such
that \P + uP =1;
fOx +py) <M (z) +pf (y) (2.1)

then f is called p-convez function.

Example 2.3 [28] Let n is a positive integer. Then f (x) = 22" is a p-convex function in (0,+00).

With some different notations, (2.1) can be expressed in the following forms. From the equation

AP 4+ P =1, one has p= (1 — )\p)%; so (2.1) turns to
1 1
fQz+ (1 =A)ry) <Af(z)+ (1 =A)F f(y) .
Also, instead of \, one can be writen that t7, ¢ € [0,1], thus (2.1) converts into the below inequality

fre+ -t y) <tsf(z)+(1—t)7 f(y) .

In [9] where the Hermite-Hadamard inequality for p-convex is obtained, the following relations are also

included.

Lemma 2.4 Let f:[0,00) = R be a non-decreasing p-convex function. If a,b € [0,00) with a < b, then

e s (S (B +a-0t)) (22

and

=
=

P ra-0)) < e [r@ sen (-

)} . (2.3)
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2.2. Fractional integral types

In this subsection, the definition of the fractional integrals which are used for the results of the article are given.
Before the definitions, it is useful to remind the gamma and beta functions which are used further of the article,

respectively:

I'(a) = fooo e T tdx for a >0,

B(a,8) = [l 2t (1—2)" " dz for a,8>0.

Definition 2.5 [25] Let f : [a,b] — R where a,b € R such that a < b and f € Ly[a,b]. The left-sided
Riemann-Liouville integral J& f and the right-sided Riemann-Liouville integral J* f of order a > 0 are
defined by

Tt @)= pr [ @m0t W >

o)
and

Jef () = P(la)/:(t—a:)a_lf(t)dt, z<b
respectively.

Definition 2.6 [25] Let f : [a,b] — R where a,b € R such that a < b and f € Ly[a,b]. The left-sided
Hadamard fractional integral Jor of order o >0 of f is defined by

JZ‘+f(x):F(1a)/; (1n%)a71 @dt, x>a

provided that the integral exists. The right-sided Hadamard fractional integral Jy- of order o > 0 of f is

defined by
1Pt )

provided that the integral exists.

Definition 2.7 [25] Let f : [a,b] — R where a,b € R such that a < b and f € Ly]a,b]. Let g: [a,b] - R
be an increasing and positive valued function on (a,b], having a continuous derivative ¢’ (xz) on (a,b). The

left-sided fractional integral of f with respect to the function g on [a,b] of order a > 0 is defined by

N R aur0 .
Pead @ = 5 | st >

provided that the integral exists. The right-sided fractional integral of f with respect to the function g on [a, b
of order a > 0 s defined by

o L [T g
%?J()_Fmré[wﬂ—g

provided that the integral exists.
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3. Main results

The new types of Hermite-Hadamard inequalities via generalized fractional integrals will be proved in this
section. Additionally, because these general fractional integrals can be turned to the Riemann-Liouville and
the Hadamard fractional integrals that are the most famous fractional integrals, some new inequalities will be

obtained by this relation of the integrals.

Theorem 3.1 Let f : [0,+00) — R be non-decreasing p-convez function where a,b > 0 such that a < b,
f€Li[0,400) and o> 0. Let g: [a,b] = R be an increasing and positive valued function on (a,b], having a
continuous derivative g' (x) on (a,b). The following left-sided fractional inequality holds:

£ —atb gl et ) - atb : «
2%71 ] 2% ] 2%71 « atbd fla)+£(b) atb ath
<I )+ fler )| <=y —9\ 2
9

a+b 2p - T'(a+1)2P 2P
Z_
2P
atb
L e
b 2 @
iy [9(;’) —g(u)] du . (3.1)
a+b P
op 1t

Proof Let t e [%, 1} to get positive values of the following coefficient. To prove (3.1), both side of (2.2) is
multiplied by the coefficient

(2

5401 t)p>> 1 -
(aTb (ﬁ*l —(1-t)r" )) then integrate over ¢, one has

{CTERD)

()

v\w

After the substitution by 242 (t% +(1- t)%> = u and division by I' (o) to the both side of the inequality, one

2P
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has

To prove the other side of (3.1), using the same coefficient and the procedure as the first part of the proof
to the inequality (2.3) the following is obtained

1

e

Nl

<Z;[<f<a>+f<b>> (# +a-%)] p@g’(i’ii(:l (I)z);m“ (C;:pb( g 1>>dt
2P 2P

1
with the same substitution 9%t (t% +(1- t)E) = u and use the integration by parts,

F f (W) () o) a e u

/ (=) o] e / o () - 00] ’

L e ) )
e,
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ol (a) (a +b) A o
Ty ) e b () (520

Combining the both of the obtained sides, we have the deduced inequality.
Using the left part of (3.1), we have the following:

Corollary 3.2 Let f and g be given in Theorem 3.1. For x >0 and 0 <p <1,

! (25351) {g -9 (2;961)](1 < I v fla)

['(a+1) ( .

To prove (3.2), = ¢ is taken in (3.1).
2P

(3.2)

Theorem 3.3 Let a,be R, a<b and g: [a,b] = R be an increasing and positive valued function on (a,b],

having a continuous derivative ¢’ (x) on (a,b). Let f :[0,400) — R be non-decreasing p-convez function,

f€Li[0,400) and a > 0. The following right sided general fractional inequality holds:

f a+b g a+b —g a+b “ a
2%71 2% 2%71 < Jo f a+b < fla)+£(b) atb | _ a+tb
Plat1) - a+b>7iq 27 ) T Plat1)2r 9 2p g 95!
. g
+b
(6%
|:g(u)_g(2a§+b1>] du .

S -

S |

__f(@)+fb) f
T'(a+1)(a+d) 1

Q

3 |

2

Proof Let t € [%, 1] . The p-convexity of the function f yields (2.2), if this inequality is multiplied by

(3.3)
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g’<“—?(t%+<1—t)%)> 1 .
2F — (“}Lb (t?’l —(1 —t)p_1)> and integrated over t € [%71}, we have the
aty [, a+b 2pPp
(s (v0-08)) ()
2P 2P

left side of (3.3) following the same way as in the first part of proof of the Theorem 3.1. To prove the right side

g’(“—*f (t%+(1—t>%>)
of (3.3), the coefficient E— == (a-fb
[g(“—‘f’(t5+(l—t)5)>—g< a+bl>:| 2P p

2P 2P

and integration of both sides over t € [%, 1] gives

(' -a- t)il)> is multiplied by (2.3)

g/(aﬁb( 1_t;))
2p

i
1(tp+(1—tp> 9<2
P 2P

with the changing variable with %% (tv +(1-1)

10
—

|
<
=
@
[oW
@
Q.
[=]
Q
@
—+
=
@
=+

f (w) g’ (u) RIOESI0) i+ ug' (1) ’
A ) A e )
] s (5 ()

! / [““)‘ga(f?bl)rdu
o ] Tt e ) G
L0 [ = (520)] o
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Ty /G2 b (5) - ()]

1
2P

a+b

1

2P

fla)+f(b) / a+b\1”
- —g| - du .
T(a+1)(a+b) 9w =g 25~ ¢
o
2P
Finally, with the consideration of the inequalities together, (3.3) is proved. O

The fractional integrals with respect to the function g are given the Riemann-Liouville fractional.

Inequalities involving the Riemann-Liouville fractional integrals of p-convex functions are given below.

Theorem 3.4 Let a,b > 0 such that a < b, f :[0,400) — R be non-decreasing p-convex function, f €
L1 [0,400) and « > 0. The following inequality holds:

¥ (;;bl) (a +b)" (2 - 2)&
I (a+1)2%

=

< Jz y >+f <a22b> < (f (a) + £ (b)) (ﬁ;bj—zgzz?f) (2a+25) . (3.4)

Proof To prove (3.4), we use Theorem 3.1. In (3.1), if the function g (z) = z is taken, then (3.4) is obtained.
O

Theorem 3.5 Let a,b > 0 such that a < b, Let f : [0,400) — R be non-decreasing p-conver function,
f € L1]0,+00) and a > 0. The following inequality holds

a+b a9t 9\ o (ol @ 1
f<2§1>(a+b) ) . f(a+b><(f(a)+f(b))(a+b) (20 —2) (2+a2v) s
tarnzr () ) Fa+2)25 @
2P
Proof Taking g (x) =« in Theorem 3.3 yields the desired result. O

In the case of o =1, (3.4) and (3.5) give the following inequality

f (tl;rbl) 25 — 9 ?%b 2
2 23( ) < aib / f)dt < U (QHJ;(;K@ 4) (3.6)

The used general fractional integral operator in the article gives special essential fractional integrals,
one of these is Hadamard fractional integrals. Thus, inequalities for p-convex functions including Hadamard

fractional integral operators are proven in the following theorems.

Theorem 3.6 Let a,b > 0 such that a < b, f :[0,400) — R be non-decreasing p-convex function, f €
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Ly [0,+00) and o > 0. The following inequality via Hadamard fractional integrals holds

() a-pr ey o

a+b (f(a)+ f(b) | (In2)* (1 —p)*® 1 a+b\"
FlatDpe <"a(> 1(50) < e | o ) (n(55)) )

Proof Taking g(z) = Inx in (3.1), which is increasing and positive monotone function on (a,b], having a
continuous derivative g’ (z) =1 on (a,b), then one has

3 -

+f (Cl-‘rlb> < .f(a)+f(2b) |:1n <a+b> —1In ( a2+b >:|a
( atb > 27 ) T T(at+1)27 ' 2 2p !

a+b
2% @
f(a)+f(b) In[ett) —1 d
T T at1)(ath) 2 [n<2;> n(u)} L
2%_1
Afterwards,
f<%> (22 7)) o
2p < Jo anb < fla)+f(b |:1 (2 —1)]
T(at1) = (a2+b>+f<2p) Matn22 n=r
2_ 3
a+b
1 «@
f@+f)  *f ath
a+b u
Z_7

Thus, the desired inequality is obtained.

Theorem 3.7 Let a,b > 0 such that a < b, f : [0,400) — R be non-decreasing p-conver function, f €

Ly [0,400) and o > 0. The following inequality for p-convex functions including Hadamard fractional integral
operator holds

f(;gt‘z><1—p)a<mz>a<ﬁ () G [0y / NEEN
I'(a+1)p - (azb>7 2:=1) = T(a+1) 2% po a+ba+b a+b

(3.7)

Proof The general fractional integral operator turns to the Hadamard fractional when ¢ (z) = Inz. By using
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this in (3.3), the following is obtained.

atb atb | _ atb °
f T In T In T o
2P 2P 2P < Je —f ( a2+b1> < f(a)+f(b1) |:1H <a+b) —In ( a2+b ):|
b 2

I(a+1) 27 ) 7 I(a+1)2P

S |

a#ib
OO atv )]
R T QL [ln(u) —1In (2;1)] du .
2y
2P
Then,
f( z+_h1> [ln(ﬁ’ )}“ .
2p <3 f(axb | < S@+fO®) [1 (2571)}
T(a+1) = ("'ﬁb> f(2§1> = Mat1)2h n
27
atb
fayes) 22 \|”
T T(a+1)(a+td) fb |:1n< a+b >:| du .
T
2P
Hence, (3.7) is obtained after some editing. O

4. Applications

Some relations involving special functions can be deduced using the results in Section 3. In the following
propositions, we exemplified some of them pertaining to the functions which are expressed via integrals. The
integral calculations of the propositions have been made by Mathematica 13.1.

In the following proposition, a relation between beta and incomplete beta function is obtained via Theorem
3.4

Proposition 4.1 Let ne N, m=2"+4+1, a>0, 0<xz <1. Then

m—1 2\ ¢

T o\ (1’ T ) (ax +1)
_ < — <

T (z — %) B(m,«a) — Bzy(m, ) (o T 1 am—227Ta—m

where B_(-,-) is incomplete beta function, namely,

6
By (q,7) = /(1 )t (0<f<1, 0<q,r).
0

Proof Let us write f(z) = 2™~! in (3.4), which is nondecreasing p-convex function on [0,00) by Example
2.3 . Using the fact

/(:c — ) N ldt = 22t B (my ), (< @)
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we have

Ja

e
(%)

a a e
) L )

To obtain left piece of (4.1), let us use the left part of (3.4). Making some easy simplifications, the following

inequality obtained

2(m—1)(1—%) 2% —9 @
" y: < B(m,a) — B21,% (m, a). (4.2)
In a similar way, to show right piece of (4.1), we use right part of (3.4). Making some algebraic manipulations,
we have
1 o
(=1 + bm=1) <2p2_2> (2a+2p)
B(m,a) — B ,_1(m,a) < n 23:”
(a+b)"""27 (a+1)
Using % < 1, one can write
<2P22> (2a + 2%)
B(m,a)— B, 1(m,a) < ~22 2 . (4.3)
’ 277 (a+1)
Letting = = 2'"% in (4.2) and (4.3) where x € (0,1) and combining them, we have the desired result. O

The following propositions that set some relations between gamma and incomplete gamma (or upper

gamma) functions are obtained via Theorem 3.6.

Proposition 4.2 Let a > 0. If x > 0, then
2722 t al' (a,z) <T (a+1)

where T'(-,-) denotes incomplete gamma functions:

o0

I'(a,z) = /e_tto‘_ldt.

x

Proof Putting f(z) = 2? at left-hand side piece of (3.6), then using

2

/ (111 %)ailtdt - g—a (F (a,an %))

and making some simplifications, we have
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Making use of (4.4) and T' (o + 1) = (o) I' (o) thus simplifying the expressions in left-hand side piece of (3.6),

one has
20472(%71) n2)* /1 @ 1
(in2) ( - 1) <T(a)-T <a,2( - 1)1n2> .
o p p
Taking = = 2(In 2)(% — 1) where z > 0 for 0 < p < 1, we have the desired result. O

Proposition 4.3 Let a > 0. If x > 0, then
27w N (a+1)—al (,22) <2 w2z +T(a+1) - T (a+1,2)
where gamma and incomplete gamma functions are given as in Proposition /.2.

Proof Putting f(z) = 2? at right-hand side piece of (3.6) and using

2P a 1
/ (1 (“+ )) du:a—tb(af(a)—f‘(a—l—L(—1)ln2)>
2 2vu 2»

and making some simplifications, we have

a® + b?
a

1
I
202

(I‘(a) T (a,Q(; - 1)ln2>> (a+b)? <

(IHQQ):—qp; 2 (aF (@) =T (a +1, (]% —1) ln2>)] :

Dividing each side by (a + b)? and using % < 1, we have

2;2% (F(a) T (a,?(; _ 1)1n2)> gé [WJF (af(a) T <a+1,(; —1)1n2>>‘| .

After some algebraic manipulations and simplifications and using I' (a + 1) = («) ' («), one has

9~ (z—D-a-l (F (a41)—al <a,2(]1) - l)ln2>> <2 G-V ((; —1) ln2)a—|—F (a+1)-T (a +1, (% —1) ln2) :

Taking = (In 2)(% — 1) where > 0 for 0 < p < 1, we have the desired result. O

Using Theorem 3.1, the following result is obtained, which shows a relation between two hypergeometric

series with same coefficients.

Proposition 4.4 Let n,m,r positive integers such that m = 2" and a,b,p, « positive real numbers with a < b

and 0 < p < 1. Suppose 2(1 + logy(%f2))~ < p. Then

am-+n

(at by 5 (1 gn=) 21— T+ 12 4 2:1)

no

b n
—gFl(l—a,T—Fl;@%-Q; ( 221) )
n n a
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where F' denotes the hypergeometric function which is defined by

v By BB )2
2Fi(B,7imi2) = 14+ Tl S e e s

on |z| <1 where (+)y, is the Pochhammer symbol, i.e.

(Wn=p(p+1)(p+2)- - (p+n-—1).

Proof Let f(x)=2™ and g(z) = 2™ in Theorem 3.1, which satisfy the conditions of the theorem. Using

n—1im n
/ Mg = T grrmgn(ac) o Fy(1—a, = 4152 42 (t> )
n n X

(C m+n
we have
Jo f(a+b) 1 n (a+b)"(a1) (F(l TS
= —a, =+ 1= +2
<(12+b >+,g 9% F'(@)d+n \ 23 n n
2 _q ’
d d bz \"
-F(l—a,—+1;,—+2; B . 4.5
(-0 f4nten(2p2)) (4.5)

Note that o F1(3,7;7; z) is defined (i.e. series converges) on —1 < z <1 provided that S+ —n <0 and 7 is

.. . atbyy—1 .. b o2-1\"
not a negative integer or zero [24]. Since 2(1 +log,(%37))™" < p, it is clear that ( ;7527 < 1. Thus, the

hypergeometric functions in (4.5) satisfy the convergency conditions. Making use of the left part of (3.1) and

making some algebraic manipulations we have the desired result. O
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