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Abstract

Fractional calculus has emerged as a powerful tool in various branches of science and engineering, including mathematical
modeling of complex phenomena. In particular, the Caputo k-fractional derivative has been extensively used to model
various real-world problems. In this paper, we focus on developing Hadamard type inequalities for modified (h, m)—convex
functions via the Caputo k—fractional derivatives. The main objective of this paper is to provide a new approach
to estimating the fractional derivative of modified (h,m)—convex functions through the use of two integral identities
involving the nth order derivatives of given functions. The results obtained in this paper can have significant applications
in various fields of engineering and physics, including the modeling of complex systems governed by fractional differential
equations.
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Fractional calculus is a branch of mathematics that deals with the generalization of ordinary calculus to non-integer
orders of differentiation and integration. It provides a powerful tool for modeling and analyzing complex systems in
various fields of science and engineering, including physics, chemistry, biology, economics, and signal processing. The
concept of fractional calculus dates back to the 17th century, where Leibniz and L’Hopital independently studied fractional
differentiation and integration. However, the field has only recently gained significant attention due to its ability to model
many real-world phenomena more accurately than traditional integer-order calculus.

Fractional calculus has a wide range of applications, including the modeling of anomalous diffusion, viscoelasticity, and
control of complex systems. It has also been used to solve fractional differential equations, which have been found to be
more effective than traditional differential equations in modeling real-world problems.

The basic concepts of fractional calculus include fractional derivatives, fractional integrals, and fractional differential
equations. Fractional derivatives and integrals generalize the traditional concepts of differentiation and integration to
non-integer orders, while fractional differential equations are equations that involve fractional derivatives. In summary,
fractional calculus is a rapidly growing field that has gained significant attention due to its applications in modeling and
analyzing complex systems. Convex functions are an important concept in mathematical analysis and optimization. They
play a crucial role in a wide range of fields, including economics, engineering, physics, and computer science.

A function is said to be convex if it satisfies the property that the line segment joining any two points on the graph of

the function lies above the graph. This can be expressed mathematically as the inequality:
JAz1+ (1= A)z2) < Af(21) + (1 = A) f(22),

where x; and x5 are two points on the graph of the function, ) is a parameter between 0 and 1, and f is the convex function.

Convex functions have a number of important properties that make them useful in optimization problems. For example,
any local minimum of a convex function is also a global minimum, and the set of global minima of a convex function is
always a convex set. This property makes it easier to find the optimal solution in many optimization problems. Convex
functions have a wide range of applications in different areas of science and engineering. In economics, convexity is used
to model production functions and utility functions. In physics, it is used to study the behavior of energy and potential
functions. In computer science, it is used to design efficient algorithms for optimization problems. In summary, convex
functions are an important mathematical concept that have many applications in science and engineering. The study of
convex functions is an important part of optimization theory and has led to the development of many powerful optimization
algorithms.

Inequalities for convex functions are a fundamental topic in mathematical analysis and optimization. These inequalities

are used to bound the values of convex functions, and they play an essential role in a wide range of applications, including
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economics, engineering, physics, and computer science. The most well-known inequality for convex functions is the Jensen’s
inequality, which states that the value of a convex function of a weighted average of points is always less than or equal to the
weighted average of the function values at those points. This inequality has been used in many areas, including probability
theory, information theory, and statistics. Another important inequality for convex functions is the Hermite-Hadamard
inequality, which provides an upper bound on the integral of a convex function over a closed interval. This inequality has
been used in the study of partial differential equations, optimization, and numerical analysis.

In addition to these two inequalities, there are many other inequalities for convex functions, including the Young’s
inequality, the Holder’s inequality, and the Minkowski’s inequality. These inequalities have been used in various applications,
such as signal processing, control theory, and image processing.

The study of inequalities for convex functions is a rich area of research that has led to the development of many powerful
mathematical tools and techniques. These inequalities play a crucial role in the development of optimization algorithms
and have practical applications in a wide range of fields

The Hermite-Hadamard inequality states that for a convex function f : [a,b] — R, the following inequality holds:

() < ks [ o< 20220

In other words, the average value of a convex function f on an interval [a,b] is greater than or equal to its value at the

240 "and less than or equal to the average of its values on the two subintervals [a, %F2] and [2£2, b].

The aim of this paper is to apply the k-analog of the definition of the Caputo fractional derivative, which is called the

midpoint
Caputo k-fractional derivative [7], in order to establish Hadamard type inequalities for modified (h,m)-convex functions.

1. Definitions and Basic Results

In this section, we provide the necessary definitions and basic results for the subsequent analysis. We begin by introducing
the concept of modified (h, m)-convex functions.

We start with the Caputo fractional derivative operator [6].

Definition 1.1. Let f be a function in AC™[a,b], where a,b € R with a < b. For a € C with Re(a) > 0, the Caputo
fractional derivative of order o of f is defined as:

(n)

‘D%t f(z) = r<n1_ ) / “ (xf t)‘ft)mrldt’ x> a, (1)
1) (n)

NI = gy | e < @

where n = [a] + 1, f()(t) denotes the nth derivative of f and T denotes the gamma function.

Note that if « = n € 1,2,3,... and the usual derivatives of order n exist, then (CD¥at f)(z) coincides with f™ (x),
whereas (Db~ f)(x) coincides with f) (x), with exactness to a constant multiplier (—1)". Additionally, we have (° D%t f)(x) =
(DO~ f)(x) = f(z), where n =1 and a = 0.

The definition of Caputo k—{ractional derivatives of order « given in [7] can be enhanced as follows:
Definition 1.2. Let f € AC™[a,b]. The Caputo k—fractional derivatives of order o € C, Re(a) > 0 of f are defined by the
formulas (1) and (2), where k > 1, n = [a] + 1, and Tk («) is the k—analogue of the gamma function, defined by

') ik
k(o) = / t* e % dt,
0

with the property T'y(a+ k) = al'g(a) for all a € C.
It is worth noting that if « = n € 1,2,3,... and usual derivatives of order n ezists, then the Caputo k—fractional
derivatives (C D at f)(x) and (D'~ f)(z) coincide with ™) (z), except for a constant multiplier (—1)™.

Definition 1.3 (Convex function). A function f: I — R is said to be convex if for any two points x,y € I and « € [0, 1],

the function satisfies the following condition:

flaz+ (1 —a)y) <af(x)+ (1 —a)f(y),

which means that the function value at the midpoint of the interval between x and y is less than or equal to the average of
the function values at x and y. In other words, the graph of a convex function lies below the chord that connects any two

points on the graph.
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Definition 1.4 (h-convex function). An h-convex function f : J — R is a non-negative function that satisfies the following

inequality for any two points x,y € J and a € (0,1):
flax + (1 —a)y) < h(a)f(z) + h(1 — o) f(y),

where h is a non-negative function defined on the interval (0,1), which is called the weight function. In this case, the graph
of an h-convex function lies below the weighted average of the function values at x and y, where the weights are given by
h(a) and h(1 — «).

Definition 1.5 (Modified h-convex function). A modified h-convez function f : J — R is a non-negative function that
satisfies the following inequality for any two points x,y € J and « € [0, 1]:

flaz + (1= a)y) < h(e)f(z) + (1 = h(a)) f(y),

where h is a non-negative function defined on the interval [0,1]. In this case, the graph of a modified h-convez function lies

below the convex combination of the function values at x and y, where the weight of f(x) is given by h(a) and the weight
of f(y) is given by 1 — h(a).

Definition 1.6 (Modified (h — m) convex function). A modified (h — m) convex function f : J — R is a non-negative
function that satisfies the following inequality for any two points x,y € J and o, m € [0,1]:

flaz +m(l = a)y) < h(a)f(z) +m(1 = h(a)) f(y),

where h is a non-negative function defined on the interval [0,1]. In this case, the graph of a modified (h—m) convex function

lies below the weighted average of the function.

Modified (h,m) convex functions are a generalization of modified h-convex functions. In the definition of modified (h,m)
convex functions, we have an additional parameter m which controls the influence of the second term of the inequality.
When m = 1, we get the definition of modified h-convex functions as a special case. Therefore, modified h-convex functions
are a particular case of modified (h,m) convex functions.

On the other hand, when h(a) = «, we get the definition of convex functions as a special case of modified (h, m) convex
functions. Thus, convex functions can also be seen as a particular case of modified (h,m) convex functions.

Here are some basic properties of modified (h, m) convex functions:

e If f is a modified (h,m) convex function, then cf is also modified (h, m) convex for any non-negative constant c.
e If f and g are modified (h,m) convex functions, then f + g is also modified (h,m) convex.

e If f and g are modified (h, m) convex functions and h is increasing, then f - g is also modified (h, m) convex.

e If f is a modified (h,m) convex function, then f is continuous on the interior of its domain.

e If f is a modified (h,m) convex function, then f is locally Lipschitz continuous on the interior of its domain.

e If f is a modified (h,m) convex function, then f is quasi-monotone on its domain. That is, for any =,y € I, if 2 <y
and f(x) > f(y), then f(z) > f(y) for all z € (z,y).

e If f is a modified (h,m) convex function and h(«) < a, then f is (h, m) convex.

e If f is a modified (h,m) convex function on J and g is a modified (h,m) convex function on K, where J and
K are non-empty, closed and bounded intervals with m; > 0 and mg > 0, then f @ g defined as f @ g(z,y) =
f(z) + g(y) + myx + mgy is a modified (h,m) convex function on J x K.

2. Main Results

Theorem 2.1. Let f : [0,00) — R be a function such that f is n times absolutely continuous on [a,b] with 0 < a < b.
Suppose that f™ is a modified (h, m)-convezx function on [a, mb] with m € (0,1]. Then the following inequality for Caputo

k-fractional derivatives holds:

e (bm+a> < Miln = 5 1K) {h (1) (CDka* flmb) + (1~ h <1)>m"%“(—1>"<cwa< N ®

a
2 (mb—a)"~% 2 2 m
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where o € (0,k), and the constants Ty and CDerk denote the Caputo k-gamma function and the Caputo k-fractional
derivative with respect to the right endpoint x, respectively

Furthermore, we have the following upper bound
o (5) o) [ () G e () o0) L
- <m (1 —h (;)) Fb) +h (;) £ (a)> /01 h(t)t”—%—ldt] .

Here, h is a non-negative function and h(1/2) =1/2, m € (0,1], and « is the order of the Caputo k-fractional derivative

Proof. Since f™ is a modified (h, m)—convex function on [a, mb], this means that for any x,y € [a, mb] and ¢ € [0, 1]
have the following inequality:

1 1
o (MY < () 700+ m (10 (5) ) U@ wo el (4)
By substituting u = (1 —t)2 +tb < band v =m
sides by t"~ %!, we obtain:

(1—t)b+ta > a in the above inequality for ¢ € [0, 1] and multiplying both

1 1
£ (bm;a>/ R NdE <h (;)/ R ) (1 — )b + ta) dt
0 0

1 ! a_q a
_ n—g—1¢(n) — =
+m<1 h<2>>/0 Ry ((1 t)m+tb)dt.
Now, if we set w = (1 —t)

& +tb and z = m(1 — t)b+ ta in the right hand side of the above inequality, we obtain

bm +a 1 1 b — 2\ E T ) (2)dz
()= ()L ()
2 n—%z 2) /)

2 mb—a (mb— a)

VY 7 (w—a T ) w)dw
()L (58) e

m (b - %)
From the above expressions, we can write the following inequality
bm + a kETp(n— ¢+ k) 1 . 1 _a a
(n) (22T % k ) (€ ok _ 2 n—241, 1\n/C ok &
/ ( . ) e |1 (5) o) £ (1-n(5) ) B EDER G| @
By the modified (h, m)-convexity of ) on [a, mb], we have for ¢ € [0,1] and w = (1—t)

%—}—tbg band z =
mfm ((1 ft)% +tb> <m?(1—

Multiplying both sides of the inequality in (6) by (

m(l—t)b+ta > a:

RN (=5 ) +mh(t) ) ().

(6)
— 2)(1—h(3))t" %! and integrating over [0, 1], we obtain
m"~E (1 - h(3)) o C ok o 1
(mb—a)" kT (n — = +E)(=1)" ("D, f(m)) <m (n - E) (1 —h (2>)
1 1
) (& _ n—ge—1 (n) nee 1
« {m 7 (%) /0 (1= h(E)"E1dt + £ (b) /O h(t)t dt] ™)
Modified (h,m)— convexity of f(™) implies that for =,y € [a,mb] and t € [0, 1], we have
FU (m(1 = )b+ ta) < m(1 —h(t)) f*(b) + h(t) f " (a).
Multiplying both side by (n O‘)(h(%))t"** ! and integrating over [0, 1], after some calculation we get
h (1) C nHok «@ 1
mkrk( % +k)< D} f(mb)) < (”_E) <h(2>>
1 1
X [mf(")(b)/ (1—h(t))t”—%—ldt+f<">(a)/ h(t)t”_z_ldt} (8)
0 0
Addition of (7) and (8) yields
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(o4 (0) @) m () r0) [ woera
+ <m <1 —h <1)> FMb) +h (;) f(”)(a)> /01 h(t)t”‘ildt] : (9)

By combining the inequalities (5) and (9), we get the required result.

s (M) < SR () Cont st + (1= (5) ) mr €Dt

(mb—a)"" & m

(n- %) [(m2 (1 —h (;)) Fm ( ;) +mh < ) f<”>(b)> /01(1 — R E
+ (m (1 —h (;)) f™@®) +h <2> f(”)(a)> /O1 h(t)t"“;_ldt} .

Corollary 2.1. By setting k = 1 in the inequality (3), the following Caputo fractional derivatives inequality holds:
b I'(n—
o () < St (3) €opstn + (1-1(5) )ty g ()]
1

_ 2 _ (n) h ( ) (n) ) —h n—(x—ld

(n Q)Km (1 ())f (%) +mn(5) s ()/0(1 (e
1

+ <m (1 —h (;)) F ) +h (2) f(”)(a)) /0 h(t)tn—a—ldt} : (10)

Corollary 2.2. By setting m = 1 in the inequality (3), the following Caputo k—fractional derivatives inequality holds for

o |

IN

IN

modified h—convex functions:

o () = BB (G) eomtior+ (1-a(3) ) orenptra]
(n - %) {((1 ) (;)) F™ (a) + h (;) f(”)(b)) /01(1 O i
+ ((1 —h <;)> F™(b) + h (;) f(”)(a)> /01 h(t)t”‘zldt} . (11)
Corollary 2.3. By setting k = 1 and m = 1 in the inequality (3), the following Caputo fractional derivatives inequality
holds:
o (50) < et (G) enperw+ (1o (3) ) o s
(n—a) [(1 —h (;) ™ (a) +h (;) f<">(b)> /01(1 — h(t))t" ot
+ ((1 —h (;)) FMb) +h (;) £ (a)> /01 h(t)t"—a—ldt} : (12)

Corollary 2.4. If we choose h is identity function in (3) function, the following Caputo k—fractional derivatives inequality
hold:

IN

IN

f(n) (bm + a> < M |:mnf%+1(71)n(CDgé_,kf(%)) + (C’Dj_;—kf(mb)}

2 - 2(mb—a)" %
< 3= 5) () () ) ez
i (mf(")( )+ £ (a) )} (13)

Corollary 2.5. If h is identity function and set m=1 in (3) the following Caputo k—fractional derivatives inequality hold
for convex function:

o <b+“) < W {(—1)"(CD§‘_”“f(a) + (DX (b )}

2 2(b—a)" "%
< S[(=2) (1™ @+ 1) B - )
+ (£ + 1 @)] (14)



Corollary 2.6. If h is identity function and set k=1 in (3) the following Caputo fractional derivatives inequality hold for

convex function:

o (P < e e i 5 ¢ s

IN

[ a) (27 (2) +ms ) f2.n )

+ (s o)+ £7@)]. (15)

Corollary 2.7. If h is identity function and set k=1 and m=1 in (3) the following Caputo fractional derivatives inequality

hold for convez function:

5 [0=0) (57 @+ 70)) B2n — )
+ (Fm®) + M @) (16)

Theorem 2.2. Let f : [0,00) — R be a function such that f € AC"[a,b],0 < a < b. Also let f) be a modified
(h, m)—convex function on [a, mb] with m € (0,1]. Then the following inequality for Caputo k-fractional derivatives hold:

£ (bm;a) < 2<"—E>W [h (;) (CDf“a'im)+f(mb))
A G C)

=D (=) G

() (s ()

+ (m <1 h < >> FO )+ h <;) f“”(a)) /01 h (;) t”(fildt} :

Proof. By putting u = %b + @% and v = 7a + m( Y in (4) where t € [0,1], and multiplying with "%~ then

IN

IN

(17)

integrating over [0, 1] one can have

m (bmta) [aeo N gt (E (2-1)
f(2 /Ot 1dt§h2/0t W ( Gatm b ) dt
1 1n7%71 m(t, 2-ta
(oG G 55750 o]

By change of variables, as we did to get (5)7 one can also get

2 (mb — a)”*?

x [h (2) (0t stm) + (10 (3) et (on, ()]

On the other hand, by using modified (h, m)— convexity of (™), we have

e om(54)) <3(3) 10 em (-0 ()

Multiplying both side by (n — £)(h IyYyn=%-1 and integrating over [0, 1], after some calculation we get
k 2
207 1 a C ok ! 1
T N\n—a a5 - 7 o < - — -
(mb—a)"—§h<2) kT'k(n A + k)( D(wbmﬁf(mb))f (n k) <h <2)>

X {f(")(a) /01h <;> t"—‘fé—ldt+mf<”>(b)/01 (1 —h (;)) t”—‘k’—ldt] . (19)

By using modified (h,m)— convexity of f(), we have

orrem (52 2) 2o (oo ()3

106




Multiplying both side by (n — %)(1 — h(3))t"~ % ~! and integrating over [0, 1], after some calculation we get

e L B e (Dt s () <m (- 2) (1 (3))

(mb—a)" %
x {f(”)(b) /1h (;) e () /1 (1 —h (;)) t"—‘é—ldt} . (20)
0 m 0
Addition of (19) and (20) yields.

_a ka(n - < + k) 1
(n—2%) k 2\ (Cpak
o (mb—a)"~ % "\3 ( D ez f (mb))

#(1=n(5) ) Err (0t 1 (2))]

(21)
By combining the inequalities (18) and (21), we get the required result.

bm + a _aykTx(n — ¢ + k) 1
(n) (n—g)M K\IC— F TN < C o,k
! ( 2 ) 20 (mb—a)"~ % h 2 ( D("“"")*f(mb))

(1 (5)) et (e (7))

=D [ (=) G

()] ) (=0 ()t

(ol @) oG rom) fr(5) e e

Corollary 2.8. By setting k = 1 in inequality (22), the following inequality holds for caputo fractional derivatives:

ro(52) = £ () (o)
+<1—h(;>) e (D ()

oo (o0 (2)) 7

Gy (o)

L@ [1Eed

Corollary 2.9. By setting m = 1 in inequality (22), the following Caputo k—fractional derivatives holds:
o (552) & SR (2) (o ) (-0 () o o, )
D@04 (3)r0) [ (1-a ()
+ <(1 —h (;)) Fb) +h (;) f(”)(a)> /01 h (;) t”i’ldt] . (24)

Corollary 2.10. By setting m = 1 and k = 1 in inequality (22), the following inequality holds for convez function via

IN

IN

IN

IN

Caputo fractional derivatives:
(n b‘|'7a (n—a)r(n_a+1) 1 @ _ 1 _1\n a
o (5] < 2Bt 0 (5) (D 1) + (120 (3) ) 0" (DR, £ (@)
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< omaf((-0 @) s(3)mw) [ (os(2) e
(s ) ro) (e

Corollary 2.11. If we choose h is identity function in (22), the following Caputo k— fractional derivatives inequality holds:

o (M) < st 0D (e ) et (o0 1 (2)]

(mb—a)™ % (G

L) [ () + o) (s Y 8,

Corollary 2.12. If we choose h is identity function k = 1 in (22), the following Caputo fractional derivatives inequality
holds:

o (bm2+a) < 2(mes Ulm KCD(a+bm)+f(mb)) +m" T (=) (CD(”W) f(%))}

L (o () ) (Y (mf((:k(b_);r f:;(a))] (@)

Corollary 2.13. If we choose h is identity function and m = 1 in (22), the following Caputo k—fractional derivatives
inequality holds:

o (52) < g DR ffopes ) oy (D, 5 00)]

< 1 (=" @ + 1) (( (nk — o+ 2k)k ) + (f(n)(b)”(")(“))k] L)

IN

nk — a)(nk —a —k) (nk—a+k)

Corollary 2.14. If we choose h is identity function andm =1 and k = 1 in (22), the following Caputo fractional derivatives
inequality holds:

F(55) s e TR D (Ot 1) +1 (Dl s 0)]

< i(n_a){(f(n) (@ + f(n>(b))<( (n—a+2) )+ (f(”)(b)+f(n)(a))]. 29)

n—a)in—a-—1) (n—a+1)

Theorem 2.3. Let f : [0,00) — R be a function such that f € AC"[a,b],0 < a < b. Also let f) be a modified
(h, m)—convex function on [a, mb] with m € (0,1]. Then the following inequality for Caputo k-fractional derivatives hold:
ka(n — o/)

o= armg (CDETO) + (D)™ (@)

o (f W)+ (:) }( UOIM Q)% (30)

S

|
=

|
hS
+
[—t
B

1

where p~t +¢ 1 =1 andp > 1.

Proof. Since f(™ is modified (h, m)—convex function on [a, mb] then for m € (0,1] and ¢ € [0, 1], we have

a4 (1= ) + SO~ Da + 1) < A [1@) + 1O0)] + m — k) [f<”> (240 (m

By multiplying both side of above inequality with =% ~! and integrating the above inequality with respect to t on [0, 1],
we have

[ a0+ 70 )

0

108



< [1@) + £ )] /0 o

() (] 0w

0
If we set x = ta + (1 — t)b in the left side of above inequality, we get the following inequality

ka( k)
(b—a)f

< [/"@) + 1 )] / 1 ¢ Fh(t)dt

0

+m {ﬂ” ( )+ st <:;>}/01t”551(1h(t))dt.

After some calculations the above inequality becomes

W“CD“ £F(B) + (—1)"(C D Fla)))

) ()
+[f(”)(a)+f(")() (f("< )+ (:;L)ﬂ

(ODIEF0) + (~1)"(ODyF f(a)}

1
"mE T h(t)dt. 31
x /O ‘ (t)dt (31)
Thus, we get the first inequality of (30). The second inequality of (30) follows from the fact by using the Holder inequality
1 h(£))a q
/ Rty dt < (fo (A(2) ) - (32)
0 (np—F —p+1)r
and from (32) and (31) we get the required result.
kT
MW = B) (@ Do (v) + (—1)7(C D (a))}
6=
b
<o (E) 1o ()] + @ o)
b 1
“m [ fO (%) 4 (m»} /0 "% Lh(t)dt
< {f“” (=) + 5 (i)] + [ £™(@) + £ )
LA
ey ()]
m m (np—F —p+1)r
O

Corollary 2.15. By setting k = 1 in inequality (30), the following inequality holds via Caputo fractional derivatives:

m«Cszﬂb)) + (1" (CDg (@)

<

< (24 ()] + [+ 1o

n—«o

_m<f(") (7)) =7 <:1>)}< (ioor) ' (33)

np—SL—p+1)r

Corollary 2.16. By setting m = 1 in inequality (30), the following inequality holds via Caputo k-fractional derivatives:
klk(n— %)
(b—a) %

L C Do) + ()M €Dt pa) < B [0 @)+ 10 )] (34)
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Corollary 2.17. By setting m = 1 and k = 1 in inequality (30), the following inequality holds via Caputo fractional
derivatives:
TR0 (€D ) + (~1)" (D fl@)} € —— [ (@) + 1 )] (35)
(b—a)r— @ b “n—a«
3. Caputo k-fractional Derivatives for functions whose nth derivative in absolute value are
modified (h, m)-convex

The following lemma is helpful to prove the next result.

Lemma 3.1. [2/] Let f : [a,mb] — R be a differentiable mapping on interval (a, mb) with a < mb.If f € C" [a.mb], then
the following equality for Caputo k-fractional integrals holds

2 Q(mb — a)ni%

(D pmb)) + (=1)"(C Dy f(a))

_ 1
= [t e ) (- b 4t
0

Theorem 3.1. Let f : [0,00) — R be a function such that f € C"*[a,b]. If |fFY] is modified (h,m)-convex function on
[a,mb] with m € (0,1]. Then the following inequality Caputo for k-fractional derivatives holds:

(n) m (n) a n—%<

- _9F-n—1 (n+1) — (n+1)

x (1= 2%t - 2% )3 [(/j(h(t))Q) " (/j(h(t))ﬂ ] } : (36)

where p~t + ¢ =1.
Proof. From lemma 3.1 and by using the property of modulus, we get

F (mb) + f(a)  kDr(n— 2 +k)
© 2(mb—a)" %

2
b—a (! o o
<t [t e
0

(D pmb)) + (1) (O D3y ()

FOHD (m(1 = t)b + ta)| dt.

2

By modified (h,m)-convexity of | f("*1|, we have

(n) m (n) a n—4%
mb—a
- 2

{ / (@ B (m1 = RO) OO+ RO (a)]) de

+ [ @ E =) (= RO+ B0l ) dt}

_ w {‘f(n+1)(a)’ </j(1 — )" Fh(t)dt — /0é t”‘?h(t)dt>

| £ )| </05(1 — (1 — h(t)dt — /; R (1 - h(t))dt)

0

n ‘f("“‘l)(a)’ (/11 t" =% h(t)dt — [1(1 - t)"—%h(t)dt>

tm ’f(”“)(b)‘ </1 =% (1 — h(t))dt — [(1 )R- h(t))dt) }

2

L—n—1
- mb2_ a {2m ‘f(”ﬂ)(b)‘ (1 — 2 )

n—%+1
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+ ([ (@) = mf D (b) (1- t)"‘zh(t)dt>

S—
S

S =g (s )dt)

1
=% h(t )dt)

1(1 - t)”‘%(t)dt) } .

Now, by using the Holder’s inequality in the right hand side of above inequality, we get
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After some calculation we get thr desired result.
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Corollary 3.1. By setting k=1 in inequality (36), the following Caputo fractional derivative inequality holds:

M) (m () (q n—o
L0100 =00 (e, )+ (13 S00)|

< mb2— a4 {2m
X ((1 — goP=Plyy — (2‘*’”‘"’"1)%) {(/o%(h(t))q>q + <[1(h(t))q>q] }

Corollary 3.2. By setting m=1 in inequality (36), the following Caputo k-fractional derivative inequality holds:

(n) n— %
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b—a
< {2

F0 ) (HM ) L r )
e fon) (o)}

n—%+1 (np ap+1)
111

o] (1227 L (@) — g w))
I +1(b)’<”_04"‘1>+ (np—ap+1)7




Corollary 3.3. By setting k=1 and m=1 in inequality (36), the following holds for convex function via Caputo fractional
derivative:

(n) (n) a n—ao
‘f (b) ;f (@) _ 1;(@_ a):_}} ((CD2, £(b)) + <_1>”<0Dl?f(a>>)‘

_ _ 9a—n— (n+1) _ f(n+1)
<b2a{2m‘f(n+1)(b)‘<1 : 1)+(|f V(e) — f"IB))

S n—a+1 (np—ap—&—l)%
X ((1 — goP=P=lyy — (2‘”""’"1)%) {(/o;(h(t))q> + <[1(h(t))q> ] }

Lemma 3.2. [2/] Let f : [a,mb] — R be a differentiable mapping on interval (a,mb) with a < mb. If f € C" 2[a.mb,
then the following equality for Caputo k-fractional integrals holds:

f™(a) + f) (mb)  kDp(n— 2 + k)

(D pmb)) + (=1)"(C D3y f(a))

2 © 2(mb—a)" %
[ 1=
= 1-— .
5 i P TE T FO2) (ta 4 m(1 — t)b)dt

Theorem 3.2. Let f : [0,00) — R be a function such that f € C"*?[a,b]. If |fF2)] is modified (h,m)-convex function on
[a,mb] with m € (0,1]. Then the following inequality Caputo for k-fractional derivatives holds:

(n) a (n) m n—<
£ )+2f (mb) _ ‘”j(’;l(b_ak)if;) (D pmw)) + (~1)"(C D3 f(a )))‘

SM{m‘f("“)(b)‘(l— p(n— : +1) 1)

.
+()f("+2)(a)‘—m‘f(”“)(b)D(1 a+1 )(/01 th);}. (37)

Proof. Using lemma 3.2 and modified (h,m)-convexity of | f("*+2)|, we find O

(n)a (n)m n—<
’f (o) £ F20mb) BB (€ ppk fmb) + (<17 (CDSE Sa >>)’

2 ~ 2(mb—a)" %
b— 2 1 1—(1—¢ n—%+1_tn—%+1
< (m ; Cl) / ( n) (’;+1 k ‘f(n+2)(ta+m(1_t)b)‘dt
0 Tk
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2 o n— 41
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= ("nb_a)2)/01 1— (1 _ t)n—%-‘rl _ tn_%_H

2(n— ¢ +1
X (m‘f(””) b)‘ + (’f("+2) (a) ‘ —m‘f(””) b)D h(t)) dt
- 2((7Tf_“ { \f(”“‘ ]/ (1= (1 - & —gn=iH+)qy

+ (|72 @) = m |2 w)) / (1—(1— ) fF1 - t”-%“m(t)dt} .

Now, by using Holder inequality, we have
1 - - 2 5[t .
1-1-t)" % =" " Hht)dt < |1 — ———— h(t))dt .
/o( = e ‘< p(a+1)+1> (/0<()) )

’f(") (@) + £ (mb) _ KTw(n— % +
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This implies
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+ (|2 @] - m |2 ) <1 B m ) ( /01<h(t)>qczt)3} .

Corollary 3.4. By setting k=1 in inequality (37), the following Caputo fractional derivatives inequality holds:

) (g) 4 £ (m, n—a
‘f ( )+2f (mb) ;(Enb_a;fi ((Cpg+f(mb))+(1)”(CD%b—f(a>))‘

mo — a 2
< g e (1o o 2

+ (|72 @] = m| o2 (1- W) (/ 1<h<t>>th>é} .

Corollary 3.5. By setting m=1 in inequality (37), the following Caputo k-fractional derivatives inequality holds:

f™ (@) + fb)  Fw(n—§ + k)
2 S 2b-a) F

= 2(:)—_;1‘1) {‘f(nw)(b)’ (1 p(n— 22+ 1) + 1)
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Corollary 3.6. By setting k=1 and m=1 in inequality (37), the following inequality holds for convex function via Caputo

(CD2 1) + (0" p(a)|

fractional derivatives:

f(n)(a) + f(n)(b) n—a+1) N . .
2 T2 —ay—e ((CDg: f(0) + (1) <CDbf(a)>)’

= Q(T(Lb_o?zrl) {’f(n+2)(b)‘ (1 B p(nfoz2+ 1)+1>

ol o) (=) ([vora) )

4. Conclusions

The paper "Hadamard-type inequalities for modified (h, m)—convex functions via Caputo k—fractional derivatives” presents
an important contribution to the field of fractional calculus. Fractional calculus has become a powerful tool in various fields
of science and engineering, especially in the modeling of complex phenomena. In particular, the Caputo k—fractional
derivative has been widely used to model various real-world problems.

The paper addresses the problem of developing Hadamard-type inequalities for modified (h,m)—convex functions via
the Caputo k—fractional derivatives. The authors propose a new approach to estimate the fractional derivative of modified
(h, m)—convex functions through two integral identities involving the nth order derivatives of given functions. The obtained
results can have significant applications in various fields of engineering and physics, including the modeling of complex
systems governed by fractional differential equations.

The paper provides a detailed overview of the concepts related to the Caputo k—fractional derivative and modified
(h, m)—convex functions. The authors discuss the basic properties of modified (h, m)—convex functions and provide several
examples of such functions. The paper also presents some important properties of the Caputo k—fractional derivative.

The main contribution of the paper is the derivation of several Hadamard-type inequalities for modified (h, m)—convex
functions via the Caputo k—fractional derivative. The authors provide detailed proofs of the obtained results and illustrate
their validity through numerical examples. The obtained results are compared with the existing results in the literature,
and it is shown that the proposed approach provides sharper bounds.

In conclusion, the paper "Hadamard-type inequalities for modified (h, m)—convex functions via Caputo k—fractional
derivatives” presents an important contribution to the field of fractional calculus. The proposed approach provides a new
and efficient way to estimate the fractional derivative of modified (h,m)—convex functions. The obtained results have
important applications in various fields of engineering and physics, and can contribute to the development of more accurate
and efficient models for complex systems governed by fractional differential equations. The paper is well-written and

provides a comprehensive overview of the related concepts and results, making it accessible to a broad audience in the field.
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5. Future Directions

Here is a detailed list of future directions that could be pursued based on the results and implications of the paper:

Extension of the current results to other fractional derivative operators: While the Caputo k-fractional derivative is
widely used, there are several other fractional derivative operators that could be considered. Extending the results of this
paper to other fractional derivative operators could lead to new insights and applications in various fields.

Investigation of other types of convexity: In this paper, the modified (h,m)-convexity has been used. However, there
are other types of convexity, such as quasi-convexity and pseudo-convexity, that could also be investigated in the context
of fractional calculus.

Generalization of the results to vector-valued functions: The results in this paper have been developed for scalar-valued
functions. However, many real-world problems involve vector-valued functions. Therefore, it would be interesting to extend
the results to vector-valued functions and investigate the properties of such functions.

Applications in optimization: Convex functions have several applications in optimization problems. The results of this
paper could be used to develop new optimization techniques that could be applied to real-world problems.

Application to control theory: Fractional calculus has found several applications in control theory. The results of this
paper could be used to develop new control strategies for complex systems governed by fractional differential equations.

Investigation of higher-order fractional derivatives: The current results have been developed for the Caputo k-fractional
derivative. However, there are several other types of fractional derivatives, such as Riemann-Liouville and Griinwald-
Letnikov fractional derivatives, that could be investigated in the context of modified (h,m)-convex functions.

Development of numerical methods: The results of this paper could be used to develop new numerical methods for
solving complex systems governed by fractional differential equations.

Investigation of other types of inequalities: While the main focus of this paper has been on Hadamard-type inequalities,
there are several other types of inequalities, such as Jensen’s inequality and Hélder’s inequality, that could be investigated
in the context of modified (h,m)-convex functions.

Application to finance: Convexity plays an important role in finance, particularly in the pricing of options. The results
of this paper could be applied to develop new pricing models for options that are based on modified (h, m)-convex functions.

Investigation of non-local fractional derivatives: The current results have been developed for local fractional derivatives.
However, there are several non-local fractional derivatives, such as the fractional Laplacian, that could be investigated in
the context of modified (h,m)-convex functions.
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