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PERTAINING TO FRACTIONAL DIFFERENTIAL
OPERATORS

Muhammad Tariq, Sotiris K. Ntouyas, Asif Ali Shaikh and Jessada Tariboon

Abstract. A review on Hermite-Hadamard type inequalities connected with a different classes
of convexities and fractional differential operators is presented. In the various classes of convexities it
includes, classical convex functions, quasi-convex functions, p-convex functions, strongly-m-convex
functions, strongly-(6, m)-convex functions, (s, m)-convex functions, (0, h — m)-convex functions,
strongly (6, h—m)-convex functions, (h, m)-convex functions of the second type, m-convex functions,
h-convex functions, (h,m)-convex functions, relative-convex functions, exponentially (6,h — m)-
convex functions, harmonically h-convex functions and geometric-arithmetically s-convex functions.
In the fractional differential operators it includes, Caputo fractional derivative, k-Caputo fractional

derivative and Hilfer fractional derivative.

1 Introduction

The term convex function is a family of important functions that is widely acknowled-
ged in the field of mathematical analysis. This family represents significant parts
of the theory of inequality. Convex functions have also been extensively used
and applied in a variety of study areas, including physics, financial operations,
optimization, engineering etc. The notion of modified convexity and the theory
of inequality are frequently employed in optimization. Because of their prominence
and effectiveness, the Hermite-Hadamard (H-H) integral inequalities with convex
functions are a prominent research subject for many mathematicians.

The subject fractional calculus addressed the research of asserted fractional
derivatives and integrations over complex domains and their utilization. Fractional
calculus has gained considerable popularity over the past ten years. Numerous
investigators are researchers are intrigued by this topic due to its numerous applicati-
ons in various fields, for example, designing, material science, fluid mechanics,
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probability theory, image processing, biomathematics and viscoelasticity etc. Recent-
ly, it has been observed and reported that a number of mathematicians have been
employing their notations and methods to investigate various definitions that might
be applicable to fractional-order integrals and derivatives.

Due to its numerous implementations in physics and mathematics, mathematical
inequalities have major implications in both the study of mathematics and other
branches of mathematics, for example see the papers [1]-[4]. A convex function is one
of the most important functions used to investigate different intriguing inequalities,
which is stated that:

A real-valued function T is called convex, if

T(tv1 + (1 — t)VQ) < tT(Vl) + (1 — t)T(VQ)

holds true V vq,vy € I and t € [0,1].
The analysis of convex functions, and in specific, the H-H inequality, has gained
the attention and interest of many scholars in recent years, which is stated that:

Y <V1 _;”) <4 i - /v2 T(a)dy < L) FX(v2) ;r T(va) (1.1)

Vi

The above inequality (1.1) was studied first time by Hermite [5] and examined by
Hadamard [6] in 1893.

In [7], Dragomir investigated the H-H result for differentiable function, which is
given as:

Theorem 1. Assume that a real-valued function Y is differentiable on I°, vy, vo € I°
with vi < va. If |Y'] is convex on [v1,v3], then

T(Vl) + T(VQ) B 1
2 Vo — V1

[ @] < )+ YD) (2)

Vi

Very recently in [8] a comprehensive and up-to-date review on H-H-type inequaliti-
es for different kinds of convexities and different kinds of fractional integral operators
is presented. The present paper compliments the paper [8] presenting a comprehensive
and up-to-date review of H-H-type inequalities pertaining to fractional differential
operators (FDO). Thus, paper [8] and this paper are comprehensive and up-to-
date reviews on H-H-type inequalities for both integral and differential fractional
operators. We believe that the present review will motivate and provide a platform
for the researchers working on H-H-type inequalities to learn about the available
work on the topic before developing new results.

This review paper is constructed in the following manner. In Section 2, we
present H-H type inequalities via Caputo fractional derivative (CFD), in Section
3 we collect H-H type inequalities via k-CFD, while H-H type inequalities via
Hadamard fractional derivative (HFD) are included in Section 4. A variety of
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classes of convexities are associated with H-H type inequalities, like classical convex
functions, quasi-convex functions, p-convex functions, strongly-m-convex functions,
strongly-(6, m)-convex functions, (s, m)-convex functi-ons, (6, h—m)-convex functions,
strongly (6, h — m)-convex functions, (h, m)-convex functions of the second type,
m-convex functions, h-convex functions, (h,m)-convex functions, relative -convex
functions, exponentially (6, h—m)-convex functions, harmonically h-convex functions
and geometric-arithmetically s-convex functions.

Note that our aim here is a more comprehensive and complete review and the
incorporation of as many results as appropriate is considered to demonstrate the
development and progress on the subject. For this regard, any proofs (which are
very lengthy) are excluded, and the reader is directed to the related article as a
result.

2 Hermite-Hadamard Type Inequalities via Caputo
Fractional Derivative

Let us start with the definition of the left-sided and right-sided CFD.

Definition 2 ([9]). Let « > 0 and o € {1,2,3,...}, n=[a] + 1, T € AC™[vy,v2].
The CFD for right and left-sided of order o are stated that:

T (n)
(©Dg,_T)(x) = F(nl— ) / @ ft)a(t)nﬂdt, > v

and
o —1)" b ™) t
o= Y [T,

In the following we give H-H type inequalities for n-times differentiable convex
functions via CFD.

Theorem 3 ([10]). Let T : [vi,v2] = R, 0 < vy < va be such that T € C™[vy,va].
Also suppose Y™ be convez and positive mapping on [vi,vs|. Then fractional inequality
pertaining to CFD is given as:

m(ntvey o L=atlD) repa ym nCha )
T < 2 ) - 2(V2_vl)n—a DV1+T (V2)+( 1) Dv27T (Vl)

(™) (Vl) + 1) (V2)

< 5 .

Theorem 4 ([10]). Let Y : [vy,ve] = R, 0 < vy < vy be such that T € C" vy, vq).

Also let | YD ds convex on [vq,vsa]. Then fractional inequality pertaining to CFD
is given as:

T (vy) + Y (vyp) 'n—a+1

2 B 2(V2 — Vl)nfa

D¢, X (w2) + (~1)"CDg, T (w)]

Vo —
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V2 V1 1 (n+1) (n+1)
< — .
= 2n—atl) (1 zn—a) [’T (va)] + [T (v)]

Theorem 5 ([11]). Let Y : [v1,ve] — R be a positive mapping with 0 < vy < vo and
T € C™[vy,va]. If Y™ is a convex on [vq,vs], then fractional inequality pertaining
to CFD is given as:

o (12)

210 (n —a + 1)
(Vg _ Vl)n—a
Y (v1) + 10 (vy)
p— 2 .

[CD(¥)+T(VQ) +(=1)" CD‘(“¥)_T(V1)]

Theorem 6 ([11]). Let Y : [vq,ve] — R be a differential mapping on (vi,va) with
vi < vo and ¥ € C™ vy, vo). If [Y V| 45 convex on [vi,vs] for ¢ > 1, then
fractional inequalities pertaining to CFD are given as:

2" 10 (n —a + 1) [CD

(V2 — Vl)nfa (V1+V2)+T(V2) + (_1)n CD(Z[vl;ng)T(Vl)}

2

()

Vo —V 1 % . .
: 4(”2—Oﬁi1)<2(n—a+2) H(”_O‘“)’T( ()

Q= N

+(n— o+ 3T (w)[1] T + (0= a4 3T ()9

B

In the next theorems we give Hermite-Jensen-Mercer type inequalities via CFD.

S

+(n—a+ 1)yT<"+1>(V2)yq}

Theorem 7 ([12]). Suppose that Y : [vi,va] — R is a positive function, with 0 <
vi <vg and T € C™[vy,vol. If Y™ s a convex function on [v1, V2], then fractional
iequalities pertaining to CEFD are given as:

T (v +vs — “y)

2
< YT (v) + Y™ (v) — W [(0D§+T)(y) + (—1)”(CD§‘_T)(:(;)]
< YO () + T () — 0 (),

for all z,y € [vi,v2] and a > 0.
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Theorem 8 ([12]). Assume that Y is as in Theorem 7. If Y™ is a conver on
[v1, V2], then fractional inequalities pertaining to CFD are given as:

x—I—y) _ 2n—a—1r(n—a+1) [(CDQ
2 (y — l’)nfo‘ (V1+V2—%+y)+

HEDODY, ey T+ v2 =)

)
) (@) + 1) )
2 )

T (v1 + vy — T)(vi +v2 — )

< T () + 1M (vy) —

for all x,y € [v1,v2] and a > 0.

Theorem 9 ([12]). Let Y : [vi,ve] — R be a differentiable mapping on (vi,vs)
with vi < vo and ¥ € C" vy, vo). If |X" Y is a conver on [vi,vs], then inequality
pertaining to CFD is given as:

x—i—y) B 2010 (n — a + 1) [ ¢ po

~(n) ( _
Vi + V2 2 (y — ;E)nfa (v1+v2*%

)+T)(v1 +ve — 1)

+(=1)"(°D§ ) D1 v =)

(V1 tvy— 2ty

_ i)+ IT”“(y)I}’

y—x ) |:’Tn+1(vl)| + |Tn+1(V2)| ;

“2n—a+1
for all x,y € [v1,v2] and a > 0.

H-H type fractional inequalities are given in the next theorems for CFD by
utilizing the property of quasi-convex functions.

Definition 10 ([13]). A real-valued function Y is quasi-convez, if
Y(tz + (1 —t)y) < max{Y(z),Y(y)},
V z,yel andt € [0,1].

Theorem 11 ([14]). Let Y : [v1,vs] — R be a function such that T € AC™[vy, o).
(Here AC|vi,vs] is the space of absolutely continuous functions on [vi,va] and
AC™[vy,vs] is the space of all functions T € C™[vy,vs] with Y"1 € AC[vy,vy)).
Also let |[Y" V| be quasi-convex function on [vi,vs]. Then fractional inequality
pertaining to CFD is stated as:

(n) (v (") (v n—ao
T(v1) + T(va)  Tln—a+1) (908, 1) (v2) + (~1)"° D T><"1)H

2 2(V2 — Vl)”_a V2T

Vo — V1
n—a+1

(1 g ) max{[ T ), T ().
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Theorem 12 ([14]). Assume that T is as in Theorem 11. Then

(n) (v (") (v n—o
Y (1) + T (vy)  T(n—a+1) [Cpsgm)(wm1>”CD€;_T><v1>}‘

2 2(V2 — Vl)nfa

e max [T ()Y (w2)]),
(n—a+1)r
1 1

where — + — = 1.
p q

Theorem 13 ([14]). Let Y be as in Theorem 11. Then:

(n) (v (") (v n—ao
T (v) + T (v) I i [CD%J)(vzH(—D”CDS;-T)(‘”)”

2 2(V2 — Vl)n_a

Vo — V1
n—oa+1

(1 g ) max{[ T )1, [T ()1}

Now we present H-H type integral inequalities involving p-convexity via CFD.

Definition 14 ([15]). A function Y : I C (0,00) — R is said to be p-convez, if
T([ta? + (1= y"]r ) <40(@) + (1= O (y),

Ve,y € I and t € [0,1].

Theorem 15 ([16]). Let T : [vi,v2] C (0,00) — R be a function such that T €
C"™[vy,va]. Also let Y™ is positive p-convex. Then:

(i) for p >0 we have:
r(["5))

2(F (T—_ a;iza [(CDHHT)(M(WP)) + (=1)"™(“ Dypr 1) (1(v1?))
voP — v1P)

Y7 (vy) + Y7 (ve)
< 5 )

1
where pu(s) = sr, ¥ s € [viP, voP].

(i1) for p < 0 we have:

(Rl

2<F (?__ aj);ja (=1 Dy 1) (1(v27)) + (“ Do - 1) (1e(01))
Al \'P)
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T™(v1) + T™(v2)
— 2 b

1
where pu(s) = sr, ¥ s € [voP,viP].

Theorem 16 ([16]). Let T : [vi,v2] C (0,00) — R be a function such that T €
C™[v1,va], with vi < vo. Also let |[Y™ 1|9 is p-conver. Then:

(i) for p > 1 we have:

T(v1) 4+ Y™(vy) T(m—a+1) ,
1 2 - 2(voP — vyP)m—a {(CDW”T)(M(W )

H(=1)"™(“Dagr - 1) ((017))]

P _ P 1I-p 1 Pyq1-1 1 L
< o b )] )
2p 2 P voP 2m-a
NLARCNE T ERIIE
m—a-+1 ’
where q > 1.

(ii) for p <1 we have:

) [0 D Tt

H( DT (u(17)) |

< vol —vyP [Vzp_1 2F1(1— 1’1;2;1 B V2p)}17§<1_ 1 )(11
2p 2 P viP 2m—a
(T
m—a+1 ’
where(‘)F(.)(a, b; c; z) is the hypergeometric function.
Theorem 17 ([16]). Let T : [vi,va] C (0,00) — R be a function such that T €
C™[v1,ve], with v1 < va. Also let |[Y™ T4 be p-conver with q > 1, then:

(i) for p > 1 we have:

Tm(vl) + Tm(VQ) F(m — o+ 1)

2 - 2(voP — v P)m—@ [(CDVI”JFT)(M(VZP))
+(—1)m(CDv2p_T)(M(V1p))}
vl — P 2 -3 [Vzlp 1 viP ,
: F(l_’aQ; 71— )Tm+ q
= 2p (m—a+1) 2 241 » 3 - | (v1)]
vol=P 1 1P 1

5T )l

+ 2P (15,1531 -
b

V2
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(ii) for p <1 we have:

() + 1™ (v2) L(m—a+1) m P
1 2 o 2(vyP — voP)m—a [(_1) (“ Dyt 1) (1(v2"))

(O Dugr-T) (u(17)) |

P _ y,P 2 -1 ry,p—1 1 p
R ) A (1= s = T g
b

2p m—a+1 2 )
p—1 1 p L
+ R (- 231 - 2 (w))7)
p V1P

The next theorems concern H-H type inequalities for CFD and strongly convex
functions.

Definition 18 ([17]). A function Y : I — R is called strongly convex with modulus
C if it satisfies

Ttz + (1 - t)y) < £0() + (1~ )X(y) — Co(1 — )]z — g,
forallz,y eI, te0,1 and C > 0.

Theorem 19 ([18]). Let T : [vi,va] — R be the positive function such that T €
C"[vy,v2] and 0 < vy < vo. If 1™ g strongly convez function with modulus C, then
fractional inequalities pertaining to CFD are given as:

W (V1+V C(V2—V1)2[(Oz—n+2)+(n_a)2]
TU<122)+ TCET V)
'n—a+1 o . .
vs —vy)a [(ODg ) (v2) + (=1 (D%, T ) ()]

T®) (Vl) 4 T (n) (Vg) C(n — Oé)(V2 - V1)2

- 2 n—a+1)(n—a+2)’

with a > 0.

Theorem 20 ([18]). Let the statement of Theorem 19 is satisfied. Then

W (V1+V C(ve —vp)?
Tt )( 12 2) 2(n—a+21)(n1—a+2)
2 I —a+ 1) [0 e " C e
(v —vp)n@ [( D(¥)+T)(v2) +(=1)"( D(w)_T) (Vl)]
T(n)(vl) + T(n)(V2) B C(n—a)(va—v1)2(n —a+3)
2 4n—a+l)(n—a+2)

<

with a > 0.
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Theorem 21 ([18]). Let Y : [v1,va] — R be a function such that T € C"[vq,vo]
and 0 < vy < vo. If ]T("H)] is a strongly convex on [v1, va|, then fractional inequalities
pertaining to CFD are given as:

T (v) + T (vy) T(n—a+1)

2 2(V2 — Vl)n—a

<[(OD5T) (v2) + (=1 (D, X))

v — Vi 1 (n+1) (n+1)
< —
= mn—a+n<1 WﬂJfr (vi) £ (”ﬂ
C(vy —vi)? <1_n—a+4)
(n—a+2)(n—a+3) n—at2 )7

with o > 0.

Next, we give H-H results for strongly m-convexity with modulus C' > 0 via
CFD.

Definition 22 ([19]). A real-valued function Y is strongly m-convex with modulus
C>0if

Y(tvy + (1 —t)ve) < tY(vy) + m(l — )Y (ve) — Cmt(1l — t)|vy — vao|?,
Vvi,ve € I and t € [0,1].

Theorem 23 ([19]). Let T € AC"[vi,v2], 0 < vi < mvy be a positive function.
If T s a strongly m-convex with modulus C > 0, m € (0, 1], then fractional
inequality pertaining to CFD is given as:

o () OOy )
2((v1/m) — mvg)?
+(n—oz)(n—oz—i—l)}

< Sl (008 ) () ()]
< n—a«a {mQT(”) (vi/m?) + mY M) (vy)
~ 2(n—a+1) n—a«
. [m’r(") () + 0 (Vl)] B C’m((vz — v1:_—|—a(:_22— (Vl/m2))2) }7
with o > 0.
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Theorem 24 ([19]). Let T € AC"[vi,va]|, 0 < vi < mvy be a positive function.
If Y™ s a strongly m-convex with C > 0, m € (0,1], then fractional inequality
pertaining to CFD is given as:

n) (V2 + v mC(n —a) ((vo—vy1)?
T()< 22 1) 8(n—a—|—2){ 22 :
+(V2 — vl)((vl/m) — mvz)(n — o+ 3)

n—a+1

+

((vi/m) — mv2)?[(n — a)? + 5n — ba + §] }
2n—a)(n —a+1)

2"70‘711_‘(71 —a+ 1) S n o v
= (mvg —vy)"—@ [m T <CD(V1+%)_T) <El)
(P lasn) ) mv2)
_ e [ et DT + T )
T Adn-a+1) n-a
n n Cm(n — o+ 3)[(va — v1)? + m(va — (vi/m?))?]
Hm Y™ (vp) + T (vy)] — 2(n —a+2) }’
with a > 0.

Theorem 25 ([19]). Let Y € AC™[vy,vs], vi < vo be a differentiable mapping
on (vi,vo). If [YHD| is a strongly m-convex function with C > 0 on [a, mvs),
m € (0,1], then fractional inequality pertaining to CFD is given as:

T (v) + YW (vy)  T(n—a+1)

2 2(V2 — Vl)n—cx

<[ (CD5 1) (v2) + (<1)" (CDg, X ) () ‘
et (1~ ) [X e (]

Cm(Vz-V1)((V2/m)-V1)2 n—oa+4
 (n—a+2)(n—a+3) <1_ n—at2 )’

with a > 0.

Theorem 26 ([19]). Let T € AC™" [y, vs], vi < v be a differentiable mapping on
(vi,vo). If [XYHD|9 is q strongly m-convex with C > 0 on [vi,va], m € (0,1], for
q > 1, then fractional inequality pertaining to CFD is given as:

2" 10 (n — a4+ 1)

(mvg —vp)n—@

Vi

et (_1)n (CDC(“MQVW) ,T) (7)

m
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m> " mr<n>(

(D7) ] - [0 )

mvg — V1 ( 4
- 16 np—ap+1
2.1 .
_QCm(v; —v) >q n (((Sm)a
_2C0m(vs — (Vl/mQ))2>§}_
3

Next we present H-H type inequalities for strongly (6, m)-convex functions with
modulus C' > 0 via CFD.

) [((T 0]+ Gm) T+ )

T4 () 4 i )

Definition 27 ([20]). A real-valued function Y is strongly (6, m)-conver with C > 0,
if
Y(tz 4+ m(1 —t)y) <t¥ +m(1 —t)Y(y) — Cmt? (1 — %)y — z|?,

holds true ¥ w,y € [0,+o0], (§,m) € [0,1]%, and t € [0,1].

Theorem 28 ([20]). Let Y : [v1,va] — R be a positive function with T € C"[v1, V2],
(0,m) € [0,1]2, and 0 < vi < mva, m # 0. If Y is a strongly (6, m)-convex with
modulus C, then fractional inequality pertaining to CFD is given as:

T(n)<mv2+v1)+ mC(n — «) (1 1){(V2_V1)2

2 22(n —a+2)\" 20

2(vy —v1)((vi/m) — mvs) 2((v1/m) — mV2)2
* n—a+1 +(n—a)(n—a+1)}
M'n—a+1) 1 o " N v 1 N
(mvs —v1)ia [(1 - @)m (-1 (CDVQ_T)(El) + 55O D%, ) (mv)

n—o 1N\ m2Y @) (v /m2) + mYT™ (v mY ™ (v mY ™ (v
(O R

Cma(m(2” = 1)(v2 = (v1/m?)? + (v2 = v1)?)

B 20(n — a + 20) }’

with a >0 and n = [o] + 1.

The following results on H-H type inequalities are based on (s, m)-convex functions
and CFD.

Definition 29 ([21]). A real-valued function Y is (s, m)-convex in the 2" sense, if
Y(tx +m(l —t)y) < t°T(x) + m(l —1)°Y(y)

holds true ¥ x,y € [0,al], s,m € (0,1], and t € [0,1].
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Theorem 30 ([22]). Assume that a real-valued function Y is n-times differentiable.
If Y s (s,m)-convex, then for a,0 > 1, x € [vi,vs] with n > max{a, 8}, the
fractional inequality pertaining to CFD is given as:

T(n—a+1)(“DeT)(x) + T(n — 0+ 1)(°DI 1Y) (2)
(:U _ Vl)nfoﬁrlfr(n) (Vl) + (—1)”(v2 _ :L,)n79+1fr(n) (VZ)

= s+1
e O]

Theorem 31 ([22]). Assume that a real-valued function Y is n-times differentiable.
If Y™ is (s, m)-convex and integrable on [vy,va], Then fractional inequalities pertaining
to CFD are given as:

29 v + mvo I(n —a)
T(n) < N CDa T(n)
n—ao ( 2 ) (mv2 — vl)n—a( vi+ )(mVQ)

09 ynepa o) (2)

n—«
v m
(V2 — —1)

At

E)B(sqtl,nfa)

IN
+
3
—
z
A~

2
T (™) [ 1.1 — mi}
+ (v2)|mpB(s+1,n a)+n—a+s
where B represents Fuler Beta function.

H-H inequality results via strongly (6, h — m)-convexity pertaining to CFD are
presented in the following.

Definition 32 ([23]). A real-valued function Y is (6, h —m)-convez, if
Ttz +m(1 —t)y) < h(t))Y(z) + mh(1 —t9)T(y)

holds true V x,y € [0,b], where h be a non-negative real-valued function, t € [0, 1],
and (6, m) € [0,1]?

Definition 33 ([24]). A real-valued function Y is (6,h — m)-convexr with modulus
C >0, if

Ttz +m(1 —t)y) < ()T (z) + mh(l — )Y (y) — mCh(t®)h(1 — %) |y — =|?

holds true ¥ x,y € [0,b], where h be a non-negative real-valued function, t € [0, 1]
and (6, m) € [0,1]%.
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Theorem 34 ([25]). Suppose that T € C™[v1,va] and Y™ is a strongly (0, h —m)-
convez. Then

() B (e 3

2
2(ve —v1) (3 —mv 2( L —mv
— nl—gé-i-l 2>+( ( 2) )}
+h(55) (D5 D) 0mw)],

where m € (0,1], 0 < vy < mvy and a > 0.

Theorem 35 ([25]). Suppose that Y is as in Theorem 34. Then we have:

) ) )
vo — vq)? (v2 —v1) %_mv (n—a+3)
X{(221)+ : 1(n—a—i—2)1
(%—mV2)2[(n—o<)2+5n—5a+8]
2(n—a)(n—a+1) }

e (1= ) Dy 1)

_l’_

IN

+(55) Doz, V)]

2m
where m € (0,1], 0 < vy < mvy and a > 0.

Theorem 36 ([25]). Suppose that T € C"[vy,vs] and | Y™+ is a strongly (0, h —
m)-convex and h(z +y) < h(z)h(y). Then we have

Y (v) + YW (vy)  O(n—a+1) o n o
D ey [ D6 D(w) (1) (D))

_ v g vy { [Q,E%ZI:;H —1)r - 11} [|T(”+1)(V1)|<(/0

np—ap+1)r

([ o)y e (| ([ - ey

/2
1 th(1)<% - v1)2(2"*a ~1) }

1 1
+(/1/2(h(1_ue))qdu>q>} B 2n=a(n —a+1)

1/2

(h(ue))qdu)é
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1 1
where m € (0,1], 0 < vy <mve, « >0 and — + — = 1.
p q

Theorem 37 ([25]). Suppose that T € C" vy, vo] and [TV, ¢ > 1 is a strongly
convex function. Then we have

a

(sgem) D)

2" 10(n —a + 1) {CD
(mV2 — Vl)”_a

+m”_a+1(—1)n(ch(yn+%) 1 (%)}

e () e ()
mvy — V1

- | (I +1>(v1)|q/ n(5) wrodu
dn—a+1)» 0

| T (vy)[4 /0 1 h(1 - (g)a)umdu

~onteso? {1 () b1~ (5) o)
+(m’T("+1)<;12)‘q/01h<1 - (g)e)u”*adw P+ (7)) /Olh(;)eu"“du
~Cm(vs - mlz)Q/O h<§>9h<1 N (§)a)un du) ]

where m € (0,1], 0 < v; < mvy and a > 0.

IN

3 Hermite-Hadamard type Inequalities via k-Caputo
Fractional Derivatives

Definition 38 ([26]). The k-CFD for right and left-sided of order « are stated as:

1 S AU
(D T)(a) = e
ka(n—%) v (T — )%

and
« _ (_1)n b
(€D, T)(x) = ] / (

(1)
®) dt, = <b,
KTk (n - ¢

t— )k

where a >0 and n = [a] + 1, T € AC™[v1,v2] and T'y(a) represents the k-Gamma

_ 4k
function stated as I'y(a) = fooo 1o dt.
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H-H inequality results for n-th derivatives pertaining to k-CFD are presented in
the following.

Theorem 39 ([26]). Let Y : [vi,va] — R be a positive function such that Y €
C"[v1, V3], vi < va. If Y™ 45 q convez function on [v1, V2], then fractional inequalities
for k-CFD are given as:

o (52)

2"~y (0~ § + &)

T ) LERT S E T
1) (v1) + T®) (VZ).

<
- 2

Theorem 40 ([26]). Let T : [vi,v2] — R be a function such that T € C"[vy, V2],
vy < vo. If |T(”+1)|q is convex on [v1,va] for ¢ > 1, then fractional inequality for
k-CFD is given as:

2= 1k (n — ¢ + k)

(D). 1))+ 0 (D) 7))

(vo —vi)" "

() (Vl + V2> ‘

2

V2 — V1

A

4(n—g+1) (2(n —13: +2))q (=)D

+(n= 23T )]+ [(n— T+ 3) T ()8
1

(o 2 )]’

Theorem 41 ([26]). Let Y satisfies the assumptions of Theorem 40. Then fractional
mequality for k-CFED is given as:

2"‘ilkfk(”_g+k> DY\ )W)+ ()" (CDYE L, T)(v)
(1) (52)

(vo —v1)" "k

()

T g (T
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T () + [T (wa)[7 ¢
+( )')
4

1 1
with — + — = 1.

p q
Theorem 42 ([27]). Let T : [vi,v2] — R, 0 < vy < vy be the function such that
T € AC™[vy,vo]. If Y is convex on [v1,vs)], then fractional inequalities for k-CFD
are given as:

kI‘k(n— %+k)

(n) (V1+ V2 < C sk A~ (n) _\n Ok Ae(n)
T ( 2 ) - 2(V2—V1)n_% |:Dv1+T (V2)+( 1) sz_T (Vl)

Y (vy) + T (vy)
J— 2 .
Theorem 43 ([27]). Let T : [vi,ve] = R, 0 < vy < va be the function such that

T € AC™ vy, vo). If XD is convex on [vi,va|, then fractional inequality for
k-CFD is given as:

T(n) (v1) + T(n) (v2) kT, (n — % + k‘)

2 2(V2 —Vl)nf%

x| DEEX ) (v2) 4+ (=1 CDGETC) (v

Vo —

Vo — V1 1

1— T(n+1) T(n+1) .
2(n_z+1)< 2n—%>[| (V1)|+| (V2)|]

Theorem 44 ([27]). Let Y : [v1,v2] = R be a function such that T € AC"[v1, V2],

vy < vo. Also let Y™ be convex on [vi,vs] and g : [vi,va] — R be such that
VitV then

g € AC"[vy,val. If g™ s integrable, nonnegative and symmetric to
fractional inequality for k-CFD is given as:

n) (V1 + V2 Q, n Q,
T (B222) [(OD3k ) (v2) + (-1 (C DG g) (1)
(CDEET % g)(v2) + (=1)"“ D3I + g) (v1)
T (vp) 4+ Y0 (vy N " N
< P € pk o)) + (-1 (D ) )],

where the convolution Txg of the functions T and g for Caputo k-fractional derivatives
are defined as follows

IN

1 = Y®) () g (¢
CDa,k T _ /
( vi+ *g)(l‘) F(n _ Oé) . (I’ o t)a—n—‘,—l dta T > a,
—1)" by () g™ (¢t
Cpeky _ | / dt b
( Vo— *g)(l‘) F(n - Oé) . (t _ x)a—n—l—l » T <
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Theorem 45 ([27]). Let T : [v1,v2] — R be a function such that Y € AC™" [vy, v,
vi < vo. If |XHD| s convex function on [vi,vs] and g : [vi,v2] — R is such that

Vit V2, then fractional inequality for k-CFD

g € AC™[v1,vo], g™ is symmetric to

18 glven as:

1) (Vl) + () (VQ) |:(

; D3 9)(v2) + (~1)"(C DG g)(w)]

Vo —

(D3 g) ) + (—1)" DAY x g) ()] |

(v2 —v1)" 5 gl 1

< (1- ==
<n—%+1)Fk<n—%+k> 2"k

YT ()] 4 [T )],

where [|glloc = SUPsefy; vz [9(2)]-

Theorem 46 ([27]). Let Y : [v1,vs] — R be a function such that T € AC" vy, vy),
v < va. Also let Y|4 ¢ > 1 be convex function on [v1,va] and g : [v1,va] — R be
V1 + Vo

such that g € AC®[vy,vs|. If g™ is symmetric to , then fractional inequality

for k-CFD is given as:

T (vy) 4+ T (vy) [(

. D3k g)(v2) + (-1)"(C Dy g) (1)

—(ODEA X % g)(w2) + (—1)" ODEET % g) (1) ‘

<

1

(n— %+1)krk(n— %+k>(v2—v1)5

< (!T<“+1><V1>r + rr<n+l><w>u);
. .

2(vy = v1)" * |gllo (1_ 1 )
2

%

In the following we give H-H-Mercer type inequalities for k-CFD.

Theorem 47 ([28]). Suppose that T : [vi,v2] — R is a positive function with
0 < vy <vgand T € C"[vy,ve|. If Y™ s a conver function on [v1,ve] then
fractional inequalities for k-CFEFD are given as:

Fk(n—%—i-k)

2(V2 — Vl)n_%

< T () + YO (vy) - DA () + (1) D (@)

vo—
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< YO (1) + T () = 1) (£ ; 9,

for all x,y € [v1,va] and a > 0, k > 1.

Theorem 48 ([28]). Suppose that the statement of Theorem 47 are satisfied. Then
fractional inequalities for k-CFD are given as:

T (v +vp = L“f)

2
2" Ty (n— ¢+ k
< k k(n le + ) [CDa,k T(Vl vy — l’)
(y—ax)" " * (V1+V2—%)+
nC ok
—1)"C D% T ~)]
+(-1) (rva 50 (vi+v2—y)

< X (1) + 1O (wz) — T (7 g )

for all x,y € [v1,va] and a > 0, k > 1.

Theorem 49 ([28]). Suppose that if T : [vi,va] — R is a differentiable function on
(vi,v2) with 0 < vi < vy and T € C" vy, vo]. If YD) is a convex function on
[v1,Vve] then fractional inequalities for k-CFD are given as:

YO (vi + vy — 2) + T (vy + vy — y) B Fk(” T k)
2 2(V2 — Vl)ni%

(v1 +vo—x

a,k n a,k
X [CD(V’lJer_yHT(W +vy—x)+ (~1)" D )= T(vi+va — y)} ‘

y—z 1 (n41) 1)y XD (@) + YO ()
ot e g T

for all x,y € [v1,va] and a > 0, k > 1.

Theorem 50 ([28]). Assume that Y is as in Theorem 49. If |[XY™+V|4 is convex on
[v1,va], ¢ > 1, then fractional inequalities for k-CFD are given as:

() (Vl by, O y) 2R Ty (n— £ 4 k) [CDO‘"“

2 (y — q;)n*% (V1+VQ7:”T+-”)+T<V1 + vo — x)
—|—(—1)n CD(E:’,?JFVQf%)fT(VI + vy — y):| ‘
= ! z (n+1) q (n+1) q
4 (np—‘,jp+ 1) (1T D ()7 + 0D )|

kst sk ok sk ok ok s ok sk sk ok ok sk sk ok sk sk sk ok sk sk sk s sk sk sk ok sk sk sk sk ok sk sk sk s sk sk sk ok sk ok sk sk ok sk sk sk s sk sk sk sk ok sk sk ok ok sk ok sk sk ok ok sk skok ok sk ok

Surveys in Mathematics and its Applications 18 (2023), 223 — 257
https://www.utgjiu.ro/math/sma


https://www.utgjiu.ro/math/sma/v18/v18.html
https://www.utgjiu.ro/math/sma

Hermite-Hadamard type fractional inequalities 241

(n+1) () |a (n41) ()95 \ L
_(,T ()| +43|T (v)l ))q+(|T<n+1>(vl)|q+|r<"+1>(vz)lq

(n+1) () |4 (1) ()9 \ 2
_(3IT ()| :IT Dy )) }

for all x,y € [vi,v2] and a > 0, k > 1.

H-H inequalities for (h, m)-convex modified functions of the second type can be
presented, using the k-CFD, given in the next theorems.

Definition 51 ([29]). Let h : [0,1] — R nonnegative function, h # 0. A function
T :[0,+00) = [0,+00) is called (h, m)-convex modified of the second type, if

Y(tz +m(l —t)y) < h°(t)T(x) + m(1 — h(t))’Y(y)
holds for all z,y € [0,4+00) and t € [0, 1], where m € [0,1], s € [-1,1].

Theorem 52 ([29]). Let Y be a positive function such that T € C™[vy,va] vi < va.
If Y™ s a modified (h,m)-convex of 2" type with 0 < vi < mvy < 4oo and
m € (0,1] then fractional inequality is given as:

o (1)

Elp(n —a)(r+ )" "¢ ok
- 2(vy — vy)n e (2) +
n k‘Fk(TL - O{)(T + 1)n7a CDa,k

2(vg — vy)nm@ (mtez) -

(SN () + (1= (3) 1] [ oo (L a
QORI
a0 ()] [T (o n(CE Y )

where r € [0, 1].

T (va)

+(=1) Y (v1)

Theorem 53 ([29]). Assume that Y is as in Theorem 52. If |[XY™*V)| is a modified
(h,m)-convex of 2™ type on |v1, Zn—?], then fractional inequality is given as:

- (1) e T (M)

(r+ )" ERTx(n — ¢ +1) (OD oy TO)+ <—1>"CDE‘L'“V1+V2)+T<"2>)|

r+1 r+1

o

—=
(vg —vi)" "k
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IN

(e e o) [t (g

(e (s fre=n () [ et (a1 )

where r € [0, 1].

The above result can be improved, if we consider |Y™+1)]4.

Theorem 54 ([29]). Assume that Y is as in Theorem 52. If |19 is a modified

(h,m)-convex of 2™ type on [Vl, ] then fractional inequality is given as:

) e ()
(r4+ 1) %kDp(n— ¢ +1 |
T (P
_ 1 1

vi+‘1,1(pn_z 1 p{(IT"“ )|q/0 h%%)dt

1

)
e (O, (1 h(l 1))’
(

T(vy) + (—1)" CDC(";ﬁlm)+T(vQ)>‘

r+1

IN

r+1
1

(’T n-l—l) V2 q/ he
0
1- h(l ) )’

1

et ([

where r € [0, 1].
Next, H-H results involving m-convexity pertaining to k-CFD.
Definition 55 ([30]). A real-valued function Y is m-convez, if
T(tz +m(l —t)y) <tY(x) +m(l —1t)Y(y),
YV ax,y €[0,b], m€[0,1], and t € [0, 1].

Theorem 56 ([31]). Let T : [0,00) — R be a positive function such that T €
"0, 00). If Y™ s m-conver on [0,00) and 0 < vy < mva, then fractional inequalities
for k-CFD are given as:

() <V1 + va)
)

kL', (” -5t k‘g [ CDgliT )(mva) 4 (=1)"m"™ (CD‘?{?ET) (m)]

2(mvg —v1)"
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[0

< gy T )
-I-% [T(”) (va) +mY™ (%)} :

Theorem 57 ([31]). Assume that Y is as in Theorem 56. If |[Y™ | is m-convez on
[v1,Vva], then fractional inequality for k-CFD is given as:

a,k
“DYLT) (mvs)

n—2

T (n) (v1) + T(n) (mv) - kL, (n -7t k) [(
2 2(mvg —v1)" &

_i_(_l)nmaf%Jrl(CDa,k T)(Vl)}

mvo—

mvy — vy (1 1
n_ <&
2<n—%+1) 2"

YD (1) + mTO (v)),

Theorem 58 ([31]). Assume that Y is as in Theorem 56. If Y™ is m-convex on
[v1,ve]. Then fractional inequalities for k-CFD are given as:

() (Vl + mVQ)

2
DAy ) (n -2+ k)
C o,k
(mvy —vy)" "% [( D(w)_s_'f)(mw)
_ 1\, a—5+1(C ok Vi
HAmE Dy )

g [T - )]« e e ()]

Theorem 59 ([31]). Assume that Y is as in Theorem 56. If | XD is m-convex
on [v1,ve] for ¢ > 1, then fractional inequality for k-CFD is given as:

Pty S o (n - ¢+ k;)
o CDOé,k T
(mVQ — vl)”‘% |:( (W)_’_ )(mVQ)

(= 1) £ pok )_T)(Vl)]

(52) = \m
3l () e (|

R e )
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3m[ T ()[04 [T ()|
i i )"

1 1
where — + — = 1.
p q

The results regarding H-H type inequalities involving harmonic h-convexity and
harmonically symmetric functions for k-CFD are given in the following.

Definition 60 ([32]). A real-valued function Y is harmonic h-convez, if

(i, S MOTW + k=07 @),

YV x,y € [v1,ve] and t € [0, 1], where h is a real-valued positive function.

Definition 61 ([33]). A real-valued function Y is harmonic symmetric with respect

2v1vy
1
T) =T (111)
whwn e
for all x € [v1,va).

Theorem 62 ([34]). Let function Y : [v1,va] — R be differentiable such that T is

harmonic h-convex and T ¢ Li[v1,va]. If g : [v1,v2] — R is a function such that
2V1V2

Vi + Vo

g™ is non-negative, integrable and harmonic symmetric with respect to v
V1 AP
then fractional inequalities for k-CFEFD are given as:

(2o 0on ()
1

D3 (T xg) o) (50) + (~0PODF (X xgyon (1))

" (g(n) ° r) (2) E(m)dw,

Vi

IN

0 (1) + T (v5)] /

N CEES E
V2
where r(z) = 1 and h(z) = h(ﬁ(w - é)) + h(ﬁ(% - x)) for all xz €

%]
vl vy |
Theorem 63 ([34]). Let Y : I C (0,00) — R be a function such that T € Li[v1, V2],

where vi,vy € I with vy < vo. If T is harmonically h-convex function on [v1, V),
then fractional inequalities for k-CFD are given as:

1 vy — V1 )n—%,r(n)( 2v1v9 )

h(%)(n—z‘>< V1V2 Vi + Vo
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e (n - ) D3 (o (=) + (1 s (Ton(L)]

v Al Vi V2

IN

1

v 1 —

[P (1) + 1 (v2)]

where r(z) = % and h(x) = h(ﬁ (w - é)) + h(v‘;l_vjl (% - x)) for all z €
3]

Here we give the H-H type inequalities involving (h, m)-convexity pertaining to
k-CFD.

Definition 64 ([35]). A real-valued function Y is called (h, m)-convez, if
Y(tr +m(l —t)y) < h(t)Y(z) +mh(l —1t)Y(y).
YV x,y € [0,b], where m € [0,1], t € (0,1), and h : J — R is a nonnegative function.

Theorem 65 ([36]). Let Y : [0,00) — R be a function such that T € C"[vy,va].
Also, let Y™ be (h, m)-convex with m € (0,1]. Then fractional inequality for k-CFD
18 glven as:

T(ﬂ)(%"’“)

R4 (n = 5+ k)

< 0(3) o D () o)
< (= [mr (25) e [t 00—

+[m Y™ (vq) + T (v)] /0 1 t”—%—lh(t)dt} }

Theorem 66 ([36]). Assume that Y is as in Theorem 65. Then we have

o (1)

)R e

+m“+1(—1)n(ch(yﬁ*%)—T) G

(=G ex ) [ et (5
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1 _
+m Y™ (vy) / t”*%*1h<u)dt+[mT(”)(vQ)
0 2

) [ o=t (G)al )

Theorem 67 ([36]). Assume that Y is as in Theorem 65. If [Y™ V| is an (h,m)-
convex, then fractional inequality for k-CFD is given as:

Y(mvo) + T(vy) KT (n -5t k)

2 2(mV2 — Vl)n_%

(CDp) (mva) + (DG (1)

mvy — v (v m|Y! (v n—$p+1 _ .
< (mva 1)HT(21)|+ |T(2)HH2"%irl(np—%;—i—l)}
1 ’ 1/2 anle ! anle
L) v« [ oral’)

1 1
where —+ — =1, ¢> 1, m € (0,1] and h? € [0, 1].
P q

Theorem 68 ([36]). Suppose that Y is as in Theorem 65. If |[X"+2)| is an (h,m)-
convez, then fractional inequality for k-CFEFD is given as:

N—

Y0 (mvy) + T (vy) KT (n — Tk

Wbﬁﬁmmﬂ+@mﬁmwﬂ‘

2 2(mvy — vi)" "k
mvy — vq )2 : 1 ” :
= 2((n i a +1)1) (1 pla +21) + 1> </0 ((t) dt)

< [0 () |+l T (w)

1 1
where —+ - =1, ¢> 1, m € (0,1] and h? € [0, 1].
p q

We give in the next theorems certain H-H type inequalities involving relative
convexity pertaining to k-CFD.

Definition 69 ([37]). A real-valued set Ty is relative convex with respect to real-
valued function g, if

(1~ thu + tg(0) €Ty,
where u,v € R such that u, g(v) € Ty, t € [0, 1].
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Definition 70 ([38]). A real-valued function Y is relative convez, if there exists an
arbitrary real-valued function g such that

T((1 = t)u+tg(v)) < (1 =)L (u) + 1T (g(v)),
where u,v € R such that u, g(v) € Ty, t € [0,1].

Theorem 71 ([39]). Let Y : Ty — R be a positive function such that T € C™[vy, g(va)l,
v1 < g(va). If Y s relative convex on Ty, then fractional inequalities for k-CFD
are given as:

(o )(v1 + g(v2)>

KTk (n = § 41

2(9(V2) —v1)"”
™) (vy) + T ™) (g(v ))

)g (D35 0) (g(92)) + (1" DGE L T)(w1)

Theorem 72 ([39]). Assume that Y is as in Theorem 71. If |V is relative
convex on Ty, then fractional inequality for k-CFD is given as:

T (v) + T (g(v))  FLk (n A 1> [(

C o,k
2 2(g(va) —v1)" "k Do Dlglv2)

+(=1)" (CDQ(52) T)(Vl)}|

2(givi)g_: 11) (1 g ) [ D)+ T D g ]

IN

Theorem 73 ([39]). Assume that Y is as in Theorem 71. If Y(") is relative convex
on Ty, then fractional inequalities for k-CFD are given as:

) <9(Vl);‘9("2))
krk(n_%+1> C no,k nC o,k
2(g(va) — g(vy))" "% {( DG ) (g(v2)) + (—1)™( Dg(v2)7T)(V1)]

T (g(v1)) + T (g(v2))
i 2 .
Theorem 74 ([39]). Assume that Y is as in Theorem 71. If |Y V| is relative
convex on Ty, then fractional inequality for k-CFD is given as:

YOV (go)) + YO (o)) ATE(n—F 1) o, v
2 Q(Q(Vg) _ g(vl))nf% [( Dv1+T)(g( 2))
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1" DgE ) T)(g(n)] |

) w (1 5 ) [T+ oo+ TV g

Next, we give the H-H inequalities involving exponentially (0, h — m)-convexity
pertaining to k-CFD.

Definition 75 ([40]). A real-valued function Y is exponentially (6, h — m)-convez,
if

Yt -+ m(1 — ) < b)) 4 1 1) T8,

where t € (0,1), n € R, (§,m) € (0,1]? and h: J — R be a non-negative function.

Theorem 76 ([41]). Let « > 0, k > 1 and [vq1,v3] C [0,400), T : [0,400) — R
be a function such that T € AC™[vy,vo], where vi < mvy. Also, let Y™ pe an

exponentially (0, h — m)-convex. Then fractional inequalities for k-CFD are given
as:

1)T(n) (m"2 + V1> < krk<n -5t k:)

g(n 2 T (mvg —vy)" R

m

x <h(1 - %)mnf%+1(_1)"(01}32”ir)(ﬂ) h<2—19> (CD“;‘I’iT)(mVQ)>

IN

kn—a { (n(1 - 1)#% 4 h (5 )m Tty / Lt - )

k 20 em?2 20 envz

N

where (0,m) € (0,1)%2, n € R, g(n) = en% forn <0 and g(n) = ﬁ forn > 0.
e m

Theorem 77 ([41]). Assume that Y is defined with the conditions in the Theorem
76. If function Y™ is an exponentially (0, h — m)-convex, then we have:

2= FkTk(n - ¢ + k)

(mv2 — Vl)n_%

X (h(l - zle)mnzﬂ(—l)n(oD(ZM)T)(E)
+h (o) (CD?%W);)(mvz))
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kn;a{(h(l_ 1 mQT(T:jEvfz)

1 «
()T [ (3) )
(0= o) T o ) Se) [ ()|

where (0,m) € (0,12, n € R, g(n) = z3 forn <0 and g(n) = —k for n > 0.
e m

IN

Theorem 78 ([41]). Assume that Y is defined with the conditions in the Theorem
76. If function | YD is an exponentially (§, h—m)-convez, then fractional inequality
for k-CFD is given as:

1) (ms) + 1) (1) - kL, <n -7+ k)

[y

2 (mVQ — Vl)n_?

mva — Vi ( (2np—%p+1 - 1)% >
2 <2np—%P+1 (np — b+ 1>> -1
y (M(( [Foaay ([ owpa))

1

+mmm;7j;(m((/ol/2(h(l —te))th)}] + (/1/2(h(1—t9))th);>>,

1 1
where — + - =1, (6,m) € (0,12 and n € R.
p q

<[ (CDGT) (mva) + (CDj,_T) (1)

3=

4 Hermite-Hadamard Type Inequalities via Hilfer
Fractional Derivative

Let AC|v1, va] be the space of absolutely continuous functions on [vy, va] and AC™[vy, v
be the space of all functions Y € C™[vy,vo] with Y=Y ¢ AC[vy,vy]. We denote
!

L(y)

Definition 79 ([42]) Let YT € Ll[a.b], T*K(lfﬁ)(nf'y) € AC”[V1,V2], n—1<vy<n,

0 < pB<1,ne€N. Then the derivative

(D00 = (15 2 (10901 ()),

Kv@) =
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is called Hilfer fractional derivative (HFD).

Definition 80 ([43]). Let YT : I € RT — RT and s € (0,1]. A function f is
geometric-arithmetically s-convex function on I if for every xz,y € I and t € [0, 1],
we have

T(a'y'™) <tT(x) + (1= 1)°T(y).
Theorem 81 ([44]) Let T € Ll[Vl,VQ], T*K(l—,é’)(n—v) € AC”[Vl,Vg], n € N and

D&:’?}SJY)T : [v1,ve] = R be a positive function with 0 < vy < ve, n—1 <7y <mn,
0<B8<1and DZ:’?I(S_V)T € Ly[v1,va]. If function D?VJ; V(;)_V)T is convex on [v1,va]

and F(z) = Y(z) + Y(vi + v2 — z), then fractional inequality is given as:

v+B(n—v) V1 + V2 F(B(n - '7) + 1) v,8 v,8
Dy, w2) T( 2 ) = (vo — v1)Bn=) [D‘”*F(vz) + Dy;= F(v1)

D,H_'B(n_wF(Vg) + DV“‘B(”—'Y)F(VI)‘

vi+ vo—

IN

Theorem 82 ([44]). Assume that D'Hﬂv(nfw)HY is defined with the conditions in

(vi,v2)
the Theorem 81. If function D?vtﬁv(;_wﬂ'f is convexr on [vi,vs|, then fractional
mnequality is given as:

DI (vy) + DL ()
2

IBr—7)+1) [DzﬁF(W) +pYB F(V1)] ‘

2(V2 — VI)B(”*'Y) v2—

V2~ Vi 1 Y+B(n—)+1 YHB(n—)+1
< — .
= 2B -+ 1) 1 zﬁ(n—w) (ID7 M )| 4+ DL 0 () )

Theorem 83 ([44]). Assume that DAy defined with the conditions

(v1,v2)

in the Theorem 81. If |DZ‘:€,(27;_7)+2T] 18 measurable, decreasing and geometric-

arithmetically s-convex on [vi,va|, then fractional inequality is given as:

‘ DI (va) + DY ()
2

L(B(n—7)+1) [, |
2(vy — )P [DJl/iF(V?) + DzﬁF(Vl)}

(v2 = v1)? (ID3 020 (wa) |+ (D01 () )

(Vl,vg) (V17V2)

2(B(n =) +1)

<

1 1
X<s+1_ﬁ(n—7)+s+2)'
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Theorem 84 ([44]). Assume that D(WVJ:BVS_V)HT is defined with the conditions in the

Theorem 81. If function \D(WVJ;QS_W)HTP is measurable, decreasing and geometric-

arithmetically s-convex on [0,vs], then fractional inequality is given as:

F(/B(n _ PY) + 1) 7,8 7,8 Y+B(n—-) Vi + Vo
S —ery [P T02) + D2 ()| = DY (252)

(Vo — v1)? | DZJ,‘Z’T”“ﬂw)\q 4 D(vvtig—w)wr (vy)[2 1
2(B(n—7)+1) s+1
X (wn —9) + 1277 4 (B(n — 1) + 05"+ — (B(n — 7))p+1> g
P+ 1 )

1 1
where — + — = 1.
p q

5 Hermite-Hadamard Type Inequalities via y-Caputo
Fractional Derivative
Now we give H-H Inequalities for ¢-CFD.

Definition 85 ([45]). Let ¢'(t) # 0 and o > 0, n € N. The )-CFDs of a function
f with respect to another function v of order «, are defined by

C Hosp _ 1 1int’s — ()T (s)ds
D10 = ot (i) [ ¥ Ew0 - e T

and

_1\n n b
1) = ot () [ PO - v T

where n = [a] + 1, [a] is represent the integer part of the real number «.

Theorem 86 ([46]). For n € N,p,0 > 1, and let there be a real-valued n-times
differentiable function Y : [vi,vs] — R. Also, assume that v is differentiable and
strictly increasing such that with ¢ € Lq[vi,va]. If ¥ is a convex function on
[v1, V2], then:

T(n—p+1) (Cpggj’%) (\) +T(n—6+1) (CD(;;}W) )
[P(N) = p(v1)]"7

A—V

[ = v TP B = 1O (1))
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A
X = 1) [ os)ds]

SO OO 1 0 ) ) — T

V2—

—(T™ (vy) — T (A / U(s ds

Theorem 87 ([46]). Assume that T and v are as in Theorem 86. If function
WD ds convex on [vq,va)], then:

’F(n —p+ 1)(0D51+1W) (\) +T(n—6+1) (CDﬁ;l’wT) )

—[ (V) = p )] PO (1) + ($(v2) — (A" 0T (Vz)]‘

5 [0 = v = ) e )

+((v2) = (A" (v2 — A)!T("H)(w)\}

[T () [(uy(x) =) PN = v1) + (1 (v2) = (X)) (va — A)] :

IN

1
3
6 Conclusions

Our objective in this paper was to present a comprehensive and up to-date review on
H-H inequalities for fractional differential operators. We presented results including
inequalities of the H-H type for fractional differential operators through various
classes of convexity. We considered inequalities on Caputo fractional derivatives,
k-Caputo fractional derivatives and Hilfer fractional derivative operators. We think
that the current analysis will give a platform for the investigators studying H-H
inequality to learn more about previous research on the subject before coming up
with new findings.
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