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Abstract

The goal of this study is to establish a new type of Milne-type inequality in the scope of frac-
tional calculus with the aid of proportional Caputo-hybrid operators. We will focus on two
different scopes of regularity, which contain functions whose first and second derivatives
are convex, and functions whose first and second derivatives are Lipschitz continuous. We
will base these estimates on a new integral identity of proportional Caputo-hybrid integrals.
We will show that the smoothness of the derivative influences the shape of the bounds.
Convexity will cause symmetry. Lipschitz continuity will contain bounds on the modulus
of continuity. To show that our results are accurate and easy to obtain, we included a full
numerical example with graphics and applications to quadrature error estimation.

Keywords: Milne-type inequalities; proportional caputo-hybrid; convex functions;
Holder’s inequality; power mean inequality; L-lipschitzian functions

MSC: 25D10; 25D15; 25A51

1. Introduction

Numerical integration without a primitive can be daunting. However, numerical
quadrature provides a solution to this problem by approximating the integral value through
a weighted sum of the integral’s values at pre-chosen points (or nodes). The trapezoidal and
Simpson’s rules offer a foundation for various modern numerical integration techniques.
However, the aforementioned rules’ accuracy depends on the smoothness and shape of the
function being integrated.

Numerous publications have focused on analyzing the precision of these methods,
particularly when the integrated function does not possess a high degree of smoothness.
Among the most successful functions to analyze smoothness is the convex function. Many
researchers have successfully used various degrees of convexity (classical, strong, general-
ized) to form inequalities that bound the differences between the true value of an integral
and its numerical approximation. For a pertinent review see [1].

Definition 1 ([2]). A function F :1 C R — R is deemed to be convex if

F(uo+ (1 —p)w) < puF(v) + (1 —pu)F ()
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is valid for all v,vo € Land all y € [0,1].

One of the most interesting extensions of the convexity notion is s-convexity in the
second sense, which is formulated as follows.

Definition 2 ([3]). A nonnegative function # : 1 C RT = [0,00) — R is deemed to be s-convex
in the second sense for some fixed s € (0,1] if

F(po+ (1= p)w) <7 (v) + (1 - p)°F(w)
is valid for all v,vo € Land p € [0,1].

Among the increasingly studied rules is the Milne-type quadrature, which shares the
three-point structure of Simpson’s formula but incorporates a distinct weighting that yields
different error characteristics and is given by

[
+29(a2)>: ! [7@da.
01

M(allobg\) = :13<Zﬁ(01) _g\(Dl—;Dz)

0y —0q

This rule has recently drawn attention due to its favorable convergence properties
and its utility in constructing refined integral inequalities. Several authors have explored
Milne-type inequalities under various convexity frameworks, including [4-8], where new
estimates and generalizations have been established in both classical and extended settings.

Parallel to these developments, fractional calculus has provided a fertile ground for
generalizing integral inequalities by introducing non-local operators that capture memory
and hereditary effects. Fractional variants of Milne-type inequalities have been investigated
using Riemann-Liouville fractional integrals [9-12], Ktugampola fractional integrals [13,14],
and conformable fractional integrals [15,16], revealing deeper connections between numer-
ical analysis and fractional modeling. For further results on Milne-type inequalities via
different types of integral operators, we refer the reader to [17-19].

In [10], Budak and Hyder established the following Milne-type inequality for differen-
tiable convex functions via Riemann-Liouville fractional integrals.

Theorem 1 ([10]). Let .Z : [01,02] — R be a differentiable mapping on (91,0,) such that
F € Ly([01,02]), where L1([01,02]) denotes the class of measurable functions that are absolutely

(%]
integrable with / |.Z (t)|dt < oo. If |.F'| is convex on [d1,03]. Then, we have
0

) +2y(az)) - m (ngj(az) +J§29’(01)>’

),

1 . (01102
’3<2/ (01) j( >
0y — 01

<
- 2

(B1(@) + Ba(e)) (|7 (21)| + [ 7' (22)

where ]g + and Jg; denote the left- and right-hand-sided Riemann—Liouville fractional integrals of

order g expressed as

1 ¥ _
ngj’(x} = m/bl(x—#)g YZ(wydu, x>0,

Y

T 7 = r(lg) /:2(# 0 F(dp, x <,
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1
where T () denotes the Euler Gamma function T(¢) = [u® le~"dpu, and B (o) and B, (o) are

0
given by
1
2 2)0 ™! 1 1 In3—In2
Bi(o) = m(é)Q "’m—g for 0< o< ™R
i- L for ~ In3-In2
3 20t(e+1) ¢ In2
and ) : 1 .
n
o+1 T 20t (g11) ~ 6 for 0<o< 5
Ba(e) = 1,
2 (1)e" 1 11 In3
ﬁ(é) tortgm e 2 for >y
respectively.

In [20], Baleanu et al. introduced a novel fractional operator based on a generalized
proportional derivative. This operator admits an equivalent representation as a Riemann-—
Liouville integral applied to the proportional derivative. Moreover, under certain key
specializations, it reduces to a linear combination of a Riemann-Liouville fractional integral
and a Caputo fractional derivative.

Definition 3 ([20]). Let .# : 1 C R™ — R be a differentiable function on 1° (the interior of the
interval 1), and #, F' € L(I). The proportional Caputo-hybrid operator of order ¢ is defined as

(K1(0,0).Z (0) + Ko(0,0)F'(v)) (@ —v) °dv,

S
)
)
)
|
4
o~——>5

—0)
where o € (0,1) and KCo and Ky are two variable functions (0,1) x I — R and satisfy

lim Ky(o,v) =0; lim Ky(o,0) = 1; with  Ko(o,0) #0,
0—0F 0—1-
and

lim K1(o,v) =0; lim K1(o,0) =0; with  K1(o,0) # 0.

0—0F 0—1~
Remark 1 ([20]). By assigning the boundary values ¢ = 0 and ¢ = 1, we deduce the following
distinct forms:

lim ¢D5.7 (@) = [ .7 (v)dv,
0—0

o~——5

and

lim (D% .7 (@) = F'(@).
o0—1

Subsequently, by using specific functions Ky and K1, Sarikaya presented the following
definition of proportional Caputo-hybrid fractional operators:

Definition 4 ([21]). Let .# : 1 C R™ — R be a differentiable function on 1° (the interior of the
interval 1), and F, F' € L1 (1). The left- and right-sided proportional Caputo-hybrid operators of
order g are defined, respectively, as follows:

1 %

Py 7(02) = F(l—e)a/(lcl(g'02 —0).7(v) + Ko(e,02 = 0).#'(v)) (92 — v) °dv,
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and
02
1 _
DL F00) = gy [ (K10 =207 (0) + Kolg,0 1) (0) (0 1),
01

where ¢ € (0,1) and Ko(0,0) = (1 — 0)?0' =% and K1(0,0) = 0*v°.
We emphasize that, consistent with the observations in Remark 1, choosing the values ¢ = 0
and ¢ = 1 results in

02
lim D, #(0;) = lim DY F(2;) = / F(0)do,
0—0 90 0—1 0 4

1

and

lim D, Z(02) = #'(02), LmD°_Z(v;) = F'(v1).

0—1 9 0—0 0
For the limiting case ¢ — 1, the convergence of the singular terms to the Dirac delta distribution
d(d2 — v) and 5(v — 01 act as an approximation to the identity, which, coupled with the vanishing
kernel KCq, directly extracts the first derivative F'(0;) and F'(01) from the integral.

In the same work [21], Sarikaya presented the Hermite-Hadamard and trapezium-
type inequalities using convexity via proportional Caputo-hybrid operators. Furthermore,
via the same operators and for functions whose first-order and second-order derivatives are
convex, Sarikaya [22] gave the Simpson-type inequality. In [23], Demir and Tung established
Newton-type inequalities for twice differentiable functions via proportional Caputo-hybrid
operators. More recently, Mehtab et al. [24] provided corrected Euler-Maclaurin-type
inequalities via convexity, along with computational analysis and applications.

In [25], Demir established the following Milne-type inequalities for functions whose
first-order and second-order derivatives are convex and ¢ € (0,1):

0% — 97)°
20

__T-9 (pe 0
29(0y — 01)17Q <D(012+02>?(01) + D(Wgaz)+y(02)> ‘

5Q2<02 _ 01)Q+1
<8 Ve )
3 x 20t3

1—0)(0p—07)' ¢
M(al,02,§)+( Q>(222_Q ) M (01,00, F)

(|7 (00)| + |7 (02)])

_3 _
1= Q= ot (Z 8 (7 ) |7 02

),

where M(01,0;,,.%) is defined as in (1).

In an additional publication [26], the author derived inequalities of the Milne type for
several categories of functions, such as bounded mappings, Lipschitz continuous functions,
and those of bounded variation.

In this work, we establish new variants of Milne-type inequalities via proportional
Caputo-hybrid operators, leveraging the convexity and Lipschitz continuity of .#’ and
Z". To this end, we begin by introducing a novel integral identity involving proportional
Caputo-hybrid integrals in Section 2. Building on this identity, we derive numerous Milne-
type inequalities in Section 3 for functions whose first-order and second-order derivatives
are either convex or Lipschitz continuous. To validate the sharpness and highlight the
practical implications of our results, in Section 4 we provide a numerical example with
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graphical illustration, along with some applications. The study concludes with a summary
of the main findings in Section 5.

2. Proportional Caputo-Hybrid Identity

To lay the analytical groundwork for our inequalities, we first establish a new integral
identity involving proportional Caputo-hybrid fractional integrals.

Lemma 1. Let .# : I — R be a twice differentiable function on 1° , where 91,0, € 1° satisfying
01 < 0yandlet F,F', F" € L1[01,0,). Then, for ¢ € (0,1), the following equality

1-— I'(1-o)
2 — ¢ 7))+ _7e N~V Te D° + D° )
0 (02 01) M(Dl,bz,f) (02 Dl)g 1M(01,02,J5') (02 al)l Q( Dgg@l) afy(DZ)

1
2

(o2 =0)? [ (=3 ) (F/( = w0 + ) = s + (1= o)
0

1
L a Q)(ai o) ¢ /<yzze - ?) (Z"((1 = p)or + uda) = F" (41 + (1= u)22)) dp
0

1
- (120~ 5) (70 = o+ o) = " Gon + (1= o)) |
2

holds, where M (01,02, F) is defined as in (1), and T'(-) is referred to as the well-known T-function.

Proof. Let

2

and

1 2 3
A= 0 (V - 3> (Z((1 = p)o1 + udp) + F(por + (1 — p)d2)) O
%
— oy (= o+ ) 7 (o + (1 o))
0
202101 [;(ﬁ(alﬂy‘(oz)) §ﬁ<°1;°2>}
1
2
" 1 o /(9((1 — )01 + u0y) + .Z (por + (1 — p)0y))dp. )
0

https://doi.org/10.3390/axioms15040280


https://doi.org/10.3390/axioms15040280

Axioms 2026, 15, 280 6 of 23

Likewise, we get

1
1 Ly 2 2
= (uz 20— 3) (F'(1 =)oy + pog) + F' (po1 + (1 — p)0y)) ’0
1
2-20
e /ﬂ1_29 (Z'((1 = p)or + pon) + F' (uog + (1 — p)v2) ) d
0
1 1\>% 2 ¥ +0\ 2
“o -0 H(z) - 3>9(122) +3(F @)+ 7))
1
2-20 ]
~ %0, /#HQ (Z((1 = w)or + pdp) + F' (o1 + (1 — u)o2))dp, 3)
0
and
1 220 LY\ (g ! !
73 “n_n\" T3 (' (1= w)or + po2) + F' (4or + (1= p)2)) ||
2
220 |
- ﬁ P2 F (1= p)or + uog) + F' (o1 + (1 — p)dy) ) dp
2
R N Y7 ST B ) R P IR
~5 lg(e/ (1) +7'(02)) <<2> 37 .
220 |
- ﬁ P2 (F (1 =)oy + pdp) + F (g + (1 — p)o2) ) d. )

Nl—

By performing a change of variables, (2) yields

1 (2700 - F(252) +27 (%) 1
= / 01 + ]/102) U
02 -0

3

= F (v)dov. 5
S - 0201)20/1 (v) 5)

. (zy(a1)9(°1”2)+zy(oz))_ .
(

Adding (3) and (4), then using change of variables, we obtain

’ (2gl(01>_y/(01+02) +2y1(02))

I+ I3 =

02— 0 3
2= 29 p 2 (F (1= p)oy + pdg) + F (por + (1 — p)dy))du
02 *01
5 zgf'(al) -7 (242) +27(22)
_02 — 01 3

07
_ 2= Zgz / 01)1 2.7 (v) dn+/a—nl2@ﬁ’()d G
Q
02—01 3

0
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- —0)%¢
Multiplying (5) by ¢%(02 — 01)' "¢, and (6) by (1-0) (Di %) , and summing the result-
ing equalities, we obtain
1-0)(0—01)*°
Q2(02—01)1+Q<ﬂ1+ ( o) Z ) (S + .73)
, 2.7 (1) fﬁ(@) +2.7(02) 1— ¢ 2.7 (01) —f’(@) +2.7(2,)
=0 (92 —1)" 3 + o1 3
2(02 — 1)
07 1 B )2 07 07
/ 7‘3 /(n — o) 2.F (v)do + /(a2 —0)1"22 2" (v)do
(02— a1 2(0-21)'7°
1 D] 01
. 27 (01) - 7 (25%) +27 (22) 1—o  (27(00) - F(252) +27 (%)
=¢" (02— 1) 3 + o1 3
2(02 — 1)

T ( [ (1= 0120 —00) 725 (0) + (0 —01)°7(9) ) (0 — 01) o

Thus we have proved the claim. O

3. Proportional Caputo-Hybrid Milne-Type Inequalities

Armed with the identity provided in Lemma 1, we derive Milne-type inequalities
under two distinct regularity assumptions. First, when the first-order and second-order
derivatives of the underlying function are convex; second, when these derivatives satisfy
Lipschitz continuity conditions.

Theorem 2. Let Z# : 1 C Rt — R be a twice differentiable function on 1°, where 91,0, € 1°
satisfying 91 < 0y, and let F,F',F" € Li[01,0,). If | F'| and |.F" | are s-convex on [01,02],
then the following inequality holds for o € (0,1):

1-— I'(1-o) < )
2 0 T g a! 9 ¢ o Q g
0 —01)"M(01,0, F —— M (01,00, F ) — ————L— [ D:_F (D D>, 7 (0
07 (0 1) (01,00, F) + 2(02_01)9—1 ( 1,02 ) 2(02_01)1—Q 9 (01) + of (02)

— j— 27
<2 =20 () (|00 + 17 @a)]) + T2 (54 0,5) + n(0,9) (15 00)] + | 2]

where €, 71, and D, are defined as in (7), (8), and (9), respectively.

Proof. From Lemma 1, the s-convexity of |.#’| and |.#"|, we have the next absolute values
inequality:
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1-— I“(l— )
2 0 T Q a! 4 Q ¢ g
0 —01)M(01,02, F)+ —————M (01,0, F ) — ———2—(D._F(0)+ D.. (v
9 ( 2 1) ( 1,92 ) 2(02 01)971 ( 1,02 ) 2(02 01)1*Q< 0, ( 1) of ( 2))’

<0* (92 —)°

= 2[4 2 )+ 170+ 1

O\N\H

1
ol 2
# Lm0 e 2151 oy + o)+ -+ (1 o)l
0
! 1
+/ﬂ“‘\"g’ﬂﬂ”((l—moﬁuaz)!H?”(H%Hl—”)%)’)dﬂ
1
2

<0 (02 —01)°

e %‘((1 =1+ ) (|77 @) + [ F(02) ) dp

o\m\»—\

1

(-9 —2)** 7

+ 4

- %‘((1 — 1) + 1) (|77 (00)] + |77 (22) ) d
0

+

- %’((1 =+ ) (|7 (@) + | 7" (02) )i

NI S~ —

27
:Q2(02 701)&@0(5)“&4(01)‘ + |y1(02)’) + (1- Q)(DZ—Ul) ¢ (21(0,9) +.@2(Q,S))(}j‘”(01)| + |ﬂ//(02)

),

where we have used

1
2 1
— _g . s s o 1 2s+1 1 s+
%(s) - { ]’l 3’((1 ]’l) —l—]/l )dl’l - (s+1)(s+2) ( 3 + (2> ’ (7)
1
g 2
Z1(0,s) =/ WA — 3'(#5 +(1—p)’)du ®)
0
1
22 2—2¢0 s s : In8—In3
{ 3 H (@ + (1 —p))du if 0<o<™ g™,
={ (2\72% 1
<3) ‘ 2 2-2 S 2 2-2 2 s . In8—In3
J (3—?‘Q)(#s+(1—u))d#+ Joo@R =)+ (- )dp if o> B
° (3=
2 22Q7§73
N o o . < In8—In3
3e+1) sta-2g 3@t if 0<o< Mg,
= s+l L\t s43-2
BT (-p)r T | :
212 SH ) —~ (352r3_29+B(2)212€7(3—2Q,s+1) , if o> 83
3
and
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(1 + (1 —p)*)du )

1
R 3> (#° + (1= p)*)dp if 0<o< iR,

1 ! . -
pre - 3> (#° + (1= p)*)dp + {\% — @R+ (L) i g > il

Ol ;
1— 2—(s+3—2g) 1
L UBB-2054+1)
s+3—2¢ +B( e s+1) 3GE)
s+3-2
p| R )T g 3_2 1)—B,(3-2 1
N * o ,S+ - - rs+
s13—20 (%)Flfg( 0 ) %( 0 )
= (1)2sj21g (l)s+1 (%)5+1 1_(1)2}Tg>5+1
+% e - 51 if 0<Q§%,
1722g—s—3 ,
S33-20 " BB-20 s+ =B1(3=2¢ s+1) = 3y if Ind_In3
s+3-2g TPOT2 s =B 3220 s ) - 5y if > Wik

where B(-, ) and By(-, -) represent the Beta and incomplete Beta functions, expressed as

1

Bler, o) = [0 (1= )= dp (10)
0
and .
Bi(cq,00) = /y‘lfl(l —w)2 7y, for 0<x <1,
0
respectively.

Thus, the proof is completed. [

Corollary 1. If we set s = 1, Theorem 2 becomes

1-— I(l—Q)
20—0 ¢ 01,02, % S 0,0,9’—(’])@90 —i—DQﬁD )
0 ( 2 1) /\/l( 1,02 )—1—2(02 Dl)gflM( 1,92 ) 2(02 01)17Q )y ( 1) °1+ ( 2)

2 _ Q
<5Q (02 01)
- 24

— J— 2_
(17" 00|+ |7 @) ) + L2222 5 6,1) + 9(0,1)) (|2 00) | + |7 22)]),

where 91(0,1) and 2, (0, 1) are defined as in (8) and (9), respectively.
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Corollary 2. If we attempt to tend ¢ — 1=, Theorem 2 gives

()
01+ 02 1

;(29‘(01) —y( ! ) +29’(02)> - |7 @)de

01

_ s+1
e le)(:iz) (23;1 * G) >(|5"'(°1)! + |7 (02)]).

Remark 2. For s =1, Corollary 2 yields the same result presented in [7] (Corollary 2.4).

Corollary 3. By tending ¢ — 0, Theorem 2 becomes

’é(Zﬁ’(Dl) —9'<012+02) +2ﬁ’(02)) _F() - F (™)

0 — 01
0 —0 " ol
< 22 LG(s) (|7 (01)] + | Z" (32)]),
where
s+1 s+3
G(s) = 45 + 14s +6 L2 (1)2_ 2 (1)2
“3(3+1)(s+2)(s+3)  3(s+1)\3 (s+3)\3

1 s+2 s+3
4 1\2(v3-1 4 V3-1
+(s+1)(s+2)(3> ( V3 ) +(S+1)(S+2)(S+3)< V3 ) '

Corollary 4. In Corollary 3, if we take s = 1, we get

(2700 - (252) +256n) - ZO2ZT 0

S%(%@JFM) (|Z" ()| + |7 (22)])-

Theorem 3. Let % : 1 C Rt — R be a twice differentiable function on 1°, where 91,0, € I°
satisfying 0 < 0y, and let F,.F', F" € L1[01,0]. If |.Z'| and |.F""|" are s-convex on [01,0;]
for q > 1 with % + % =1, then the following inequality holds:

1-— ra-
0P(02 — 01)°M (01,00, F) + —— % M (01,0, F) — %(Dngi(al) + Dgrﬂ(az))‘

200 —09)¢"! 200 —01)'7°
ir 1 1
<*(0— )" 2/3)P —(1/6)P T\ P | (1 (00)|T + (271 = 1)[.F (02)|T | 7 n @ =17 )| + |7 ()] | 1
=t p+1 2+ (s + 1) 2+ (s 1 1)
, ! [ 1 P
1— 0 —0 —0 2 p 1 P
EELICELY [l an| + /szze_g‘dy
0 :

1 1
(1 E0+ = )IF )T T (2 = 1)IF )+ F(@2)]) ]
25+1(S—|—1) 25+1(5+1) :

Proof. Applying Holder’s inequality to the identity presented in Lemma 1, then using the
s-convexity of |.#’|7 and |.Z"|7, we obtain
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1- r(1-o)
20y — 01)° M (01,00, F) + ——— & MD,D,9’77<DQ,9D +D990>
0" (02 —) (01,02,.7) 2(02701)%1 (1 2 ) 2(02701)11 3 (1) of (02)

1 1 1 ) 1
o V(3 2 !
3 du /| F'( H)01 + pdy) }qdy + /| Z' (o1 + (1 — p)dg) |qdy
0 0

1
(1- 9 —2)*® /
0

1

2
(02— 0)* (/ -

0

+ 4

P % a % q
217 '
w3 e (/W”((lu)alwaz){‘*du + | [17"on + (1= o)
0 0

1 1 1

1 G 7 1 a
117
+ (/ MHQ—g‘ dp (= oy + )" |+ | 17" or + (1= an) e
1 1
2

2

)

== N\»—'\H

1
1 1 q
2 2
(22— 01)° /yfg "an /((1fy)5|.92’(a1)|”’+;ﬁ|e?’(bz)|”’)du
0 0
1
! q
+ ( / (wﬁ/(amu(1—u>51ﬁ’<az>|")dy)
0
1 1

q
(@=pr[# @)+ P‘S|9”(°2)|q)dﬂ)

=
v
N
S
N
<
Q.
=
\—/
<
oS — NI

1
2
+ (/(ﬂs«ff”(bl)q+(1;t)s«‘f”(az)q)du
0
1
|/
1
2

+ (
_2 ane[ 2/3) P (1/6)"! ’ |7 (1) |7 + (22! = 1) |77 (32) | g I @ =17 @) + |7 (32) | 7
=0° (02 —01)° Pl 25+ (s + 1) 25+ (s +1)

) 1 1
1 [z [
-0 (2 L p
i (1-0) 02—01 / 2-20 ‘ ul o+ /Hzfzgié‘ du
0 1
2

<|yﬂ(al)|q T 1)@/,(02)“) % + <(ZSH — 1) @) + |7 (@) ) }7] )
) .

2 (s + 1 251 (s +1)

1 %
22 1 ) (/((1Hﬂ"g‘m(bl)}q+Vs|y”(02)|q>d”)
1
2

1

q
"(@0)]"+ u)slﬁ”(vz)q)du)

N‘,_.\,_.

The proof is completed. O

Corollary 5. By choosing s = 1, Theorem 3 yields
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o =) M@0 7) 4 - Moy, ) - UG (D8 o) + D, 7 (0a)) |
2 1

2(0 —07)%7! 2(0 — 7)1
1 1 1
p+1 _ p+1 / q ’ aN\ g ’ q ar! a\ g
<Q2<02_01)Q<<2/3> D )”{(I«? GO AZ G (A 1 0n) )q]

==

+

o 1)
W 2‘3—3‘ du

1
(1-—0)@—2)>°| | 7
|

P 1

L 2|7
#229—3’61# +/
1
2

1 1
Y [(Iﬁf Al L E AL <oz>|‘7)q].

Corollary 6. If we attempt to tend ¢ — 1=, Theorem 3 gives

02
Ty (0t . 1 P
3(1/(01) J(z )+2f(02)) 0z_ala/J(co)dcfo
1
1 1 1
<(0— ) 2/3)P = (1/6)P I\ (17 (00) |7 + (251 —1) |7 (02)|" "L @ =D @) + |7 ()"
<(02—0 P 25H1(s +1) 21 (s +1) ’
Moreover, by setting s = 1, we get
1 0940 1
1 2
3<zgf(al) y<2) +zy(az)) 5 _bla/y(w)dw
1
1 1 1
(2/3)"1 = (/6" I\ P | (120" + 317 @[T\ 1 | (31F @I +|F (02)]"\ 7
<(02—01) P 3 + 5 ,

which is equivalent to the result presented in the second inequality of Corollary 2.8 from [7].

Corollary 7. If we attempt to tend 0 — 07, Theorem 3 gives

ar _ g
1 zyl(al)_gl 01+02 +2y1(02) _‘/(02)_‘/(01)
3 2 02 — 01
) 1 1
1 p p
2 1
(0, —01)? / 2 5\ / , 17
<2 U Z_ _ =
< 3K duf +| [ -5 du
0 %

1 1
| (IZE0I 2 =) [F )TN T (2 - )T )]+ PR
25t1(s 4+ 1) 25t1(s 4+ 1)
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Moreover, by choosing s = 1, we get

‘; (23?’(01) - 9(0“2”2) +zgz’(a2)> _ F@) = F )

1
2 2 1

09— 2 b
§(241) /(3_#2) au | + /
0 1
2

1 1
[F" ()| +3[F"(0)|T\ 1 | (3[F"()|" +|F" (02)|T\ 4
(et Al

=
=

8

Theorem 4. Let % : 1 C Rt — R be a twice differentiable function on 1°, where 91,09, € I°
satisfying 0 < 0y, and let F,.F', F" € L1[01,0]. If |.Z'| and |.F""|" are s-convex on [01,0;]
for g > 1, then the following inequality holds:

1- I'(1-o)
2(09 —01)° M (0,00, F) + ——— & 0,0,9’—<DQ90 DQ54‘0>
Q(z 1) ./\/l(l 2 )+2(02_01)Q71M(1 2 ) 2(02_01)1*Q 0 (1)+ oF (2)

SIS

1-1 1
<0*(0 —01)Q<254) ! [(%(Sﬂfl(bl)w +<52(5)’52’(02)|q)q + (%2(5)|§/(01)|q +<51(S)|f,(02)|q>

1
+ (%(Q,S)\f”(mw +-@4(QIS)\?”(02)V) I

(1- )@ -0 [ (71(0,0)\""7
(e

1
+(-@4(Q/5)|3‘\”(01)’q + 93(@5”9"(02)“) q]

(2

= =

1 1
l(%(g,s)ygz"(al)\q + 75(0,5)| 7" (02)|") T +(Z6(0,5)[ " (21)|" + Fs(0,5)| 7" (22)]") "] )

Here, 91 and 2, are defined as in (8) and (9), and 61(s), €a2(s), D3, D1, Z5 and D are given by

1
2
_ 2 s l—s+(2s+1)252
Cgl(s)_{” 3‘(1 uy = 3x 25 2(s+1)(s 1 2)’ (11)
1
y 2 s+5
— _Sys =
%a(s) —{V 3 T I 2 E )51 2) (12)
1
y 2
75(0,5) :/ u2‘29—3‘(1—u)5d14 (13)
0
. In8 —1In3
2-2 .
= 1 s+1
-G . In8 —1In3
-2 % ( _— ) _Bg)ﬁ(?’_zQ’Hl) , if 0<Q<T,
3
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P4(0,8) = P1(0,8) — Z5(0,5), (14)

TR ‘(1 —u)°dp (15)

2—(s+1) In4—1In3

(3—2Q,S+1)—7 lf Q>T/

B(3—-20,s+1)—B 351 1)

1
2

= _le(l)zlzg(S_ZQ’S+1)_B§<3_2Q’S+1)

1 N\ s+l
_(5+1)_ _ 1 2-29
—2 (- ()7) f 0<g< nd-Ind
3(s+1) ' = "4
and
D6(0,8) = Z2(0,8) — Z5(0,5). (16)

Proof. Applying the power mean inequality to the identity presented in Lemma 1, then
using the s-convexity of |#'|7 and |7 |7, we obtain

1- r(1-
0%(02 —01)° M (01,05, F) + %M(al,az, F') — (79)17 (Dgy(al) + D§+9‘(az)>
2(02—01) ° 2 !

1
q

=

~

v

)

b=}

N

(o

=
O\Np—\

=

1
q
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==

1
T 3‘|5“”(u01 + (1 =)o) |"dp

2
1 =i [ /1 i
T2 2
<* (02— )" /‘y—3’du /14—3’((1—ﬂ)s|ﬁ’(01)l”+1f|3“’(°z)|q)d#
0 0
! q
| =3[ 17 @0+ @ el ) an
0
1 = 1 ]
1-0)(0—01)*° e 2 Loy 2
4 Q)(Z 3 G 2Q—3‘dy G 2‘3—3‘((1—V)S|ff”(01)|q+Vslﬁ"(02)|q)dﬂ
0 0

1

1 q
2
" 2
+ /HZ_ZQ—3‘(]43‘«?//(01)"14‘(1—H)s|yﬁ(02)|q)dﬂ
0
1 1
1 1 1 1
1
+ /V2_293‘dﬂ /ﬂ”g ’((1V)s!«?”(bl)\"+ﬂs|3"”(az)!q)du
1 1
2 2

= =
IR

1-1 1
=0’ (22 a1>@(5) ' [(Ws)\f’(al)r? +%(5)[ 7 (2)|7) T + (G(s)| 7 (@0)]" + G (5)| 7 (22)])

1
(75(0,)[ 2" (@1)|" + Za(0,5)| 7" (22)[")*

1
(1— 0)(22 —01)2 ¢ ((%(e,m)l—q
2

1
(0915700 + (0] 00|

= =

1-1 1
(2 [(%(e,s)w(alw+@6<e,s>|ﬁf“<az>|‘7) +(@6<e,s>\ﬂ*"<ol>|q+@5<e,s>|f”<az>rq)q]),

2

where we have used (8)-(16). The proof is completed. [

Corollary 8. By choosing s = 1, Theorem 4 yields
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1—
2 — Q Q agl\ _
0" (92 —01)°M(01,02,.F) + 2(02—01)971/\4(01’02”% )
577 /1 1 i /1
q q
ggz(oz—a1)9<24> [<6|ﬁ/(°1)|q+24|‘9/(02>|q> i <24

1

(1—0) (02 —01)>® q

4

+

2

{

1
+(@4(Q/1)‘3["(01)|q + @3(911)(y/’(02)‘q) q]

Z1(0,0) )

+ (92(2@0)> B [<95(Q,1)|9”(01)|" + 75(e,1)].7" (22)]")

where

= =

2(02 — 01)17@

[(%(Qflﬂﬂw(bl)\q + 94(Qf1)|32”(02)’q)

rd-o <D§3“(a1) + D§+3?(az)>|

1
@)+ 517 o))

1
q

+(Z5(e V|77 @) + 75(0,1)| 7" (22)[")

1)

z 2
71 = [ uz’zg—g‘du
0
1 D204 . In8 —1In3
_ _ <
3" ioag B%(3 20,2) f 0<o<
N (@7
2 1 2\ 22
1 /2\7= 2\ 72 3 ) In8 —In3
‘23<(3> _<1‘(3) ))‘ 1-2g TPy CTRA T e g
e
-@z(efl):/g—u“g du
1
2
1— 224 1
5 +BB-20,2) -
42 4-2¢
2-20
2 ()7 -() +B (3-20,2)—B;(3—20,2)
4—20 1)m ’ 3 ’
_ 3
1{/1\== N In4—1In3
—2¢ —2¢ n4—Iin
- il _ _ ; < -z 7
*3 (3) (1 (3) >) f0<es =g
1—22%0—4 . In4—1In3
1
¥ 2
7(e1) = [ w2 - 5‘(1 — p)dp
0
1 . In8 —In3
I _ > -
i B1B-22), N
B = In8—In3
2% _
2|s(1- 1—() _B oo
3 (3
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Z4(0,1) = 21(0,1) — Z3(0, 1),

1
_ 1
Z5(0,1) :/ u 29*5’(1*14)61#
1
2
1 . In4—1n3
B(3*2Q,2)7B%(372Q,2)7ﬂ, lf Q>T/
) (1))
1 1) 72
Z7(17 3 ) In4—1In3
_ _ _ ; <=
2{B;ﬁq(3 20, 2) - } f 0<o< =,

Z6(0,1) = 7a(0,1) — Z5(0,1).

Corollary 9. If we attempt to tend 0 — 1=, Theorem 4 gives

02
1 1
Hoz@) - 7(212) 1270y)) - /5;(@ do
3 2 02—010
1

 COIEAIERACIELA

&\H

==
[ I
N

_l
<(°2—01)<254>1 [(%1( )7 (0)|? + %a(s)| 7 (az)|)

where €1 (s) and €, (s) are defined as in (11) and (12).
Moreover, by setting s = 1, we get

s(27 00 - 7 (M5) 270 - z—m/‘/

5 >1 1 [<4|9/(01)|q+ 17 (d 2)|ﬂ)q N (|f’(al)|"+4|9’(bz)l");]/

<(2 _01)<24 24 24
which is equivalent to the result presented in the second inequality of Corollary 2.11 from [7].

Corollary 10. If we attempt to tend ¢ — 0", Theorem 4 gives

%(29’(01) fﬁ’(%ﬁ) +29"(02)) - w
17l 1 L
g(az—;l)z ((%(Zo,s)) {(%(o @) + 2:0,9| 2" @)]") T + (20,9 F" 00 + 2(0,5)| #" (22) )q]

1 1
|:(@5(0 S)| 01 ’q +@6 0 s ‘J 02)| )q +<96(0,S)|ﬁ”(01)‘q+95(0,S)|3‘\N(02)|q) q:|>/

where
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2 2—(s+3) 1
7105) =357y ~ 53 B2GsHD
5+3
.@2(0;5) _S—|—73 +B(3/S+1) - m - S+3 +B%(3,5+1) —B§(3,S+1)
2 1 s+1 1 s+1
SN
3s+ 1)\ \ 3 V3
2—27°%
23(0,s) =361 1) —B3(3,5+1),
—s —(s+3)
4(0,5) =2 2

3s+1) s+3"'

2o (1-g)”

2—(s+1)
— Bl = 1
75(0,5) =B(3,5+1) —B5(3,5s +1) — 3651 2 B\[(B s+1)— %(3 ,s+1) — 3611 ,
142706+ —2(L)s+3 2(L)s+1 Co(st1) g
P6(0,5) = 3 48
’ s+3 3(s+1)
Moreover, by choosing s = 1, we get
1 1+ ) Z(02) = F(n)
- 2 I SV N Vi
‘3( ( )+ Wm) 2% -2
(0—01)2 [ [ 7\ ANFE 13 7 13 43 0
2 — 01 q q ! q\1 11 g q\1
<2 U il
= 4 ((48) (192|f DI + 15517 (02)‘> +(192’ @)+ 35517 (02)|> ]

1-1 1
32327\ 1 43 137 "(oy)|" " 9
+( 432 ) (( 27 576>|y o) +%|y I

1
65 | q 43 137\, _, g\’
+<576V @'+ | 57 — 575 | |77 (@)

The following theorem presents a proportional Caputo-hybrid Milne-type inequality
for Lipschitzian functions. We recall that a function .# : [01,0,] — Ris said to be L-Lipschitz
continuous on the interval [01, 9;] if there exists a real constant L > 0 such that

|Z(v) — Z(u)| <Llo—u|, forallv,u € [01,0;].
Theorem 5. Let % : 1 C Rt — R be a twice differentiable function on 1°, where 91,0, € 1°

satisfying 01 < 0y, and let F, F', F" € L1|01,02]. If ' and F" are L- and H-Lipschitzian
functions, respectively, then the following inequality holds:
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o =) M@0 7) 4 - Moy, ) - UG (D8 o) + D, 7 (0a)) |
2 1

2(0 —07)%7! 2(0 — 7)1
2 _ ~\1+e _ _5.)3—¢
SQ (02 801) L+ (1 Q)(Di Dl) éa(Q)H,

where & (o) is expressed as in (17).

Proof. From Lemma 1, and the fact that %’ and .#" are L-Lipschitzian and H-Lipschitzian
functions, respectively, we have the next absolute values’ inequality:

1-— I'(1-o)

2 0 ar 4 / Q 0 g Q

0 —01)M(01,00, F) + —————M(01,0, %) — ————=— (D, F(01)+ D, .7 (0
07 (02 —01)" M(01,02, .7) 207 —0y)0 ! (01,02, 7) 20 01)179( . (01) oF (2))‘

<0%(02—07)°

F'((1 = p)oy 4 pdz) — F' (poy + (1 — p)oz)|du

2
k=3

o ~— NI~

(1-0) (22— °

* 4

(SR YN

2
e ZQ*g"g//((1*#)°1+l/l02)*yu(WlJr(l*V)oz)’dﬂ

_|_

1
w 2‘3—5‘\3“”((1—ﬂ)01+ﬂbz)—ﬁ”(mﬁ(l—mbz)\dﬂ

NI S—

1
2 B _ 3—0
0

4

o ~— NI

1
u? 29*3’\2u*1|d14

1
pre— %‘IZﬂfl\dp%/
3

2 _ 1+o _ _ 3—0
_@—o) " ()@ —n)T

3 1 (0)H,

where we have used

2 1
u—3‘~ll—2#|du—8,

o S— NI

and

1
2
&(e) = /uz 2Q‘I2u1|dﬂ+/ e ’IZulldu (17)
J 2
1 1 1 In4—1In3 In8 —In3
- g Y e 0T Y
2 20 3 20 = <S9S "
3—-2¢0 4-2¢
11 1 2 N 2u _In8—1In3
)4 - - 9= _ _ e <
N12t2-0 32 2{3(”0 4) 3-20 " 4-20/ = <est
l+ S S 2( V1 ) -w - (=) , if0<g<w,
127 2-¢ 3-20 1-20 3-20 3 In4

where

2\ 1/(2-20) 1\ 1/ (2-20)
Mo = (3> , and pp = <3) .
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The proof is completed. O

Corollary 11. If we attempt to tend ¢ — 1=, Theorem 5 gives

02 1+
1 [0+, (02—01) "
- _ — < .
3<2y(al) J( ; )+zy(az)) 02_013/3(w)da7 R s
1

Corollary 12. If we attempt to tend ¢ — 07, Theorem 3 gives

o (@ —0)%7° (11 14\/§>H'

Z(02) = 7 (01)
0 — 07

0+ 0y
2

1 e St

> +2‘9/(02)> - 2 27

‘%<23¢"(01) —9’(

4. Example and Applications

We complement the theoretical developments with a concrete numerical example, in-
cluding graphical visualization, and discuss potential applications in numerical integration
and error estimation.

4.1. lllustrative Example

To demonstrate the effectiveness of the derived inequalities, we present a numerical
example in which the theoretical bounds are computed explicitly and visualized through
graphical plots.

Example 1. Let % : [01,02] — R be defined on the interval [01,0;] = [0,1] by

(Os+2

y((@)—m, s (0,1]

This choice satisfies the required hypotheses: the first derivative F'(@) = @' and the second
derivative F'"' (@) = (s + 1)@® are both s-convex functions on [0,1].
Consequently, invoking Theorem 2 yields

3(s+2)<2_(§) >+T<2_<§) )‘ 2 [B(s+2’2_29)+3—2g+s T G+2)(5+3)

(1-0)(s+1)
4

<0*%(s) + (21(0,5) + Z2(0,9)), (18)
where € (s), 71(0,s), Z2(0,s), and B(s + 2,2 — 2p) are defined as in (7)—(9) and (10), respectively.

Figure 1 displays the left- and right-hand sides of inequality (18) over the domain ¢ € (0,1)
and s € (0,1]. As illustrated, the right-hand side consistently dominates the left-hand side, thereby
supporting the correctness of the established inequality.

[ Left term
2 Right term

Figure 1. Visual illustration of Theorem 2.
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4.2. Applications

We further explore practical implications of our results, focusing on their potential
use in error estimation for fractional quadrature formulas and in the analysis of numerical
schemes involving proportional Caputo-hybrid operators. We begin by recalling the
following special means of arbitrary real numbers 9; and 0;:

01+ 07
2 7

Arithmetic mean: 7 (91,0;2) =

Geometric mean: ¥(01,0;) = /0102,

. 2010
Harmonic mean: 7 (01,0;) = 172
01+ 02
. . ] .
Logarithmic mean: Z(01,02) = o "o 1,02 > 0 with 9 # 0,
2 — 1
Dngl _ D;lﬂrl

p-Logarithmic mean: .%,(21,02) = 01,02 > 0withd; # 0y and p € R\{—1,0}.

(p+1)(02—01)’

Proposition 1. Let 01,0, € Rwith 0 < 91 < 0y, then we have

1
4 (11 1 - 1\2
‘yf(,)—jf(al,az)—(az—olfz1(01,02) g% 3+8<3> %*1(0%,05).

3%2(01, 02)

Proof. Applying Corollary 4 to the function .# (@) = In @ yields

1/2 2 2 Indoy —In0q 02 — 01 1 1
==+ - < NV3+24)| 5+ 5.
’3<31 01402 02) -0 | 108\/§< ) 0 03

The assertion is obtained using the facts that

1/1 1 1 1
~\ ~ :,,Qf ~ 7~ |
2(01+02> <01 02)

2 o %(01,02)
01 +02  92(01,07)
Indo; —1Ino; 1
_— = 01,02),
0 — 01 (l 2)
and 1 1
-+t = 2%_1(01,02).
Lo
O

Proposition 2. Let 01,0, € Rwith 0 < 91 < 0 and s € (0,1], then we have

00— 1 s+1
4 (01,0571 ) — 1 (01,02) — 325 (01,0)| < o <2s+1+3(2) (05 +03).

Proof. Applying Corollary 2 to the function .7 (@) = @°*! yields

+1 +2 +2
1 (20?“ _ (01 + 02>s i ZD;H) _ BT -0
3

0 — 01 (25+1

s 3 +2(5+1>>(o§+a3).

2 (s+2)(02—09)

https://doi.org/10.3390/axioms15040280


https://doi.org/10.3390/axioms15040280

Axioms 2026, 15, 280 22 of 23

The assertion is obtained by multiplying both sides of the above inequality by 3, and using
the following equalities:

ot o5t 1 sl
7 = (o),
2 2 s+1
( 142- 2) :%Hl(al,az),
and
D§+2—0i+2 s+1
—t - =& 01,00).
(s +2)(02 —01) e (01,%2)
O

5. Conclusions

In this study, we have established Milne-type inequalities from the perspective of
proportional Caputo-hybrid fractional operators. We treat the first- and second-order
derivatives of the function as either convex or Lipschitz continuous. The inequalities
derived from the regularity, be it geometric (convexity) or metric (Lipschitz), explain the
error structure in fractional quadrature rules and also generalize classical results. The ac-
companying numerical experiment validates the sharpness of the theoretical bounds, and
the suggested applications provide promising pathways in adaptive numerical integra-
tion and uncertainty quantification. This work contributes both methodologically and
conceptually to the evolving interface between fractional calculus, functional inequalities,
and computational mathematics.
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