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Abstract: This paper develops fractional integral inequalities generated by integral operators whose
kernels contain an extended generalized Mittag-Leffler function. Under two-sided derivative bounds,
we establish Ostrowski-type, Ostrowski-Griiss-type, and Hermite-Hadamard-type estimates, together
with midpoint consequences and error bounds. The contribution is not limited to a formal replacement
of the classical power kernel: The kernel parameters enter the normalization, the fractional means,
and the derivative-controlled remainder terms simultaneously, thereby producing a unified family of
estimates. A concrete application to a fractional relaxation equation illustrates how the results provide
computable bounds for the discrepancy between a pointwise state and its Mittag-Leffler-weighted
fractional mean. Classical Riemann-Liouville inequalities are recovered through suitable parameter
choices.
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1. Introduction

Fractional calculus provides a natural framework for systems with memory, hereditary effects,
anomalous transport, and nonlocal interactions. Fractional integral inequalities complement this
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framework by giving quantitative bounds for approximation errors, weighted averages, and stability-
related functionals.  Such estimates are useful in control, signal processing, viscoelasticity,
and numerical analysis, where the Riemann-Liouville operator and its generalizations frequently
arise [1-3]. The Mittag-Leffler function is especially important because it replaces the exponential
response in many fractional evolution models and captures the slower relaxation associated with
memory-dependent dynamics [4,5].

A concrete example is the fractional relaxation equation “D§, y(r) = —ky(r), whose solution is
expressed through a Mittag-Leffler function. In computations, one often compares the state at a selected
time with a local or nonlocal average. An Ostrowski-type inequality supplies a rigorous upper bound
for this discrepancy, whereas an Ostrowski-Griiss estimate controls the interaction between the state
and its derivative bounds. Section 2 includes an explicit version of this application and shows how
the derived inequalities can serve as consistency and error indicators for numerical approximations of
fractional differential equations.

Integral inequalities are continuous counterparts of many classical inequalities for finite sums and
sequences. They are used in optimization, statistics, economics, physics, and engineering; standard
references include [6, 7]. Convexity is central to this theory because it converts qualitative shape
information into commutable upper and lower bounds. A real-valued function ¥ defined on a convex
set C is convex if

Y(Au+(1—2A)) <A¥(u)+ (1 —1)¥(v), u,veC, Ae|0,1].

For a convex function on [u,v], the classical Hermite-Hadamard inequality is

1 v ¥ b
V7 utv < / W(x)dx < M (1.1)
2 v—uJyu 2
Inequality (1.1) is the Hermite-Hadamard inequality. Its two gaps admit the following estimates [8]:
B(v—u)? | u—+v A(v—u)?
< Y(A)dA — ¥ < 1.2
24 T v—u /u ) ( 2 ) - 24 7 (1.2)

2

B(v—u)® _WP(u)+¥() L A(v—u)
< — Y(A)dA < ———
12 - 2 vV—u /u (R)dh < 12 7
provided that ¥ is twice differentiable and that the second derivative is bounded above by A and
bounded below by B. Under the same conditions, Ujevi¢ obtained the following refinements [9]:

— v—u)? v u-+v — v—u)?
(3.7 —24) (v —u) Sviu/u ‘P(x)dx—‘P( ; )S(wﬂ 2B)(v—u) (14

(1.3)

24 24 ’

— V—M2 u 1% v — v_uz
7 A ¥ );T()_viu/’l‘l’(x)dxé(&y DUt s

where . = (¥'(v) =¥ (u))/(v —u). Another integral inequality was established by Griiss in [10],
stated as follows:

— [wamar- (Viu/uvlp(z)dz) (viu/uvn(z)dx)' < JA-B)( A~ M)
(1.6)
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provided that B < W(A) < A and that 4] < n(A) < A for all A € [u,v]. Ostrowski proved the
following inequality [11]:

_utvy2
%+ M] (v—u)D, (1.7)

‘\p(c)—viu/uv\y(x)dz‘ <

(v—u)

provided that |¥'(¢)| < D for all 7 € [u,v]. Farid later established the following Ostrowski-Griiss-type
inequality [12]:

‘%‘P(c) (o V>‘P(2V(>v—_ (:) —u)P(u) : ! . / V\p(}L)d/l‘ (1.8)
(c—u?+(v-0)?,
= 4(v—u) (A-B),

provided that B < W/ (1) <A forall A € [u,V].

The relationships among these inequalities are as follows. Inequalities (1.2) and (1.3) estimate
the two gaps in the Hermite-Hadamard inequality, and (1.4) and (1.5) sharpen those estimates by
incorporating derivative information [9]. The Griiss inequality (1.6) and the Ostrowski inequality (1.7)
lead naturally to mixed Ostrowski-Griiss estimates such as (1.8) [13]. Fractional analogs have
subsequently been developed for Caputo derivative [14], k-Riemann-Liouville integral [15, 16],
Katugampola fractional integral [17], and Mittag-Leffler-based operators [18].

Several closely related contributions clarify the position of the present work. Rashid et al. derived
Hermite-Hadamard-type bounds for higher-order strongly h-preinvex functions through Riemann-
Liouville fractional integrals [19]. Zhou et al. studied weighted Cebysev and Pélya-Szeg6 functionals
for Hilfer generalized proportional fractional integral operators [20]. Rashid et al. introduced weighted
nonsingular operators associated with the Atangana-Baleanu framework [21]. These studies emphasize
generalized convexity, weighted functionals, or nonsingular proportional operators. By contrast, the
present manuscript uses two-sided derivative envelopes and an extended generalized Mittag-Leffler
kernel to obtain, within one framework, pointwise Ostrowski bounds, Ostrowski-Griiss estimates,
and Hermite-Hadamard error bounds. Thus, the novelty lies in the simultaneous interaction of the
generalized kernel, its normalization factors, and lower/upper derivative controls, rather than in a purely
formal substitution of one kernel for another.

Recent developments also include multi-index Mittag-Leffler operators that unify several fractional
constructions [22], four-parameter kernels used in geometric-function applications [23], and
incomplete matrix-valued Mittag-Leffler operators [24]. These advances demonstrate that the choice of
kernel affects both analytical structure and computational behavior. Motivated by this observation, we
study the extended generalized Mittag-Leffler function introduced in [25] and the associated integral
operators.

In [25], the Mittag-Leffler function Ef‘?lﬁ(p (z; p) is defined as follows.

Definition 1.1. [25] Let 7,v,y,8,¢ € C, R(1),R(v),R(y) >0, R(P) > R(S) > 0 with p > 0,

0>0and0 < p < 0+R(p). Then, the extended generalized Mittag-Leffler function Ef”\?, ,q;;,q) (z3p) is

defined by

5000, = Bp(0+np,0—06) (¢)np 2"
Pl ED = L R g8y o) (W 2
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Definition 1.2. [25] Under the same parameter assumptions as in Definition 1.1, let f € Ly[u,v).
The integral operators (86’6’p’¢ ‘P> (v;p) and (86,6,p,¢ ‘P) (v;p) containing the Mittag-Leffler

TV, W,0,0" TV, ¥,0,0~

function ET u ’{Z 9 (z;p) are given by
(2008 0) ) = [ =0 'ERIE (@G — )% p)f ), (1.10)
(e3008, £) tip) = [ (=0 BRSO (@l =2 p) f(0)ar (L1

Table 1 summarizes the principal notations that are frequently used throughout this paper.

Table 1. Principal notation and standing assumptions.

Symbol Meaning and assumptions

u,v Endpoints of the interval, with u < v.

c Evaluation point in [u, v].

v Real-valued differentiable function to which the inequalities are applied.
&n Integrable lower and upper controls for the derivative (¢) < W' (¢) < n(r).
T,V, ¥ Complex parameters with positive real parts.

0,0 Complex parameters satisfying R(¢) > R(5) >0

0.p,p Kernel parameters with 6 > 0, p > 0, and the restrictions stated in Definition 1.1.
(0] Scale parameter in the Mittag-Leffler kernel.

u Positive order parameter; the main derivative-based estimates use y > 1.
Eg ’3’5” Extended generalized Mittag-Leffler function defined in (1.9).

82 \?{;Z), Left- or right-sided integral operator defined in (1.10) and (1.11).

The following derivative identity is used repeatedly in the proofs.

Lemma 1.1. [25]IfmeN, w,p,0,7,8,c€C, R(p),R(0),R(7) >0, R(c) > R(S5) >0 withp >0,
r>0and0<qg<r+R(p), then

d\" 5 N
(d_z) T Eps (0ip)| =BG, (0Pip), K(o) > m. (1.12)

The proofs are motivated by derivative identities used in related Caputo-type estimates [14], but
the extended generalized Mittag-Leffler kernel requires different normalization factors and produces
a wider parameter family. Section 2 first establishes a two-sided Ostrowski estimate under the
envelope condition { < W' < 7. It then derives absolute-value Ostrowski bounds, Ostrowski-
Griiss refinements, and midpoint/Hermite-Hadamard consequences. Intermediate integration-by-parts
identities are displayed explicitly in the longer proofs. The section concludes with a fractional
relaxation example and a numerical comparison of exponential and Mittag-Leffler responses.

2. Main results
The following result gives the fractional version of the Ostrowski inequality with general conditions.
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Theorem 2.1. Let W : [uj,uy] — R be the function having first order derivative V' that satisfies
(L) <Y'(A) <n(A) forall A € [uy,uy], where §,n € Lluy,us). Then, for & € [uy,us], we have the

inequality given below:
JEA—u)PESS 0 (A —un) % p) (M)A — [22 (1 — MY EL 5 (0(12 — A) 75 p)n (A)dA
(6 —u)h1ES 0 (0(0 — )% p) + (w2 — 0 1EL 0 5% (0(uz — 6) 7 p)

6,6,p.¢ . 8,6.p,¢
((81;1 lwwG*T>(u1’p)+<gru lwcocﬁr sz)
Uz —

(0 —u)#ELL G (@(0 —w)¥ip) + (1~ o) Eciy* (0(w2 — 0)7: p)
_ )t B (0 — ) pIn (M)A — P = M) BTG (@G = 2)%sp)E (A)dA
- (6 — w1 ESEL (0(0 —u))Tp) + (2 — 0V ESTL? (0(uy — 0) % p)

2.1

<Y¥(o)-—

Proof. Under the stated assumptions, the following four weighted inequalities hold for ¢ € [uy,u):
° 5,0.p,0
[ = u BRI (@R — )i p) ¥ (2)d2

> / (2 —u P ELLL (@A — )T p) L (A)dA

1
° —17-6,0,0,0 T,
< [ G w) B (@2~ w) T pn(A)dA
/uz(uz—z)“ TEZOL9 (0(uy — 1) p)W'(A)dA
up
> / (12 = MY EZZD0 (@(uz — 2)%; ) (A)dA

/uz(uz CHTTESZL (@ — 1) p) W (A)dA

2 Q
N

< [T - 2 BN (@ - ) pn(2)dA.
(o3

Combining these four inequalities gives

[0 =) LG (@(h ) p)E ()2

uy

~ [ = 2 L (@G - AT pm(A)dA (2.2)

(o

¢ u— 1 8,9,[)(]) T. /
< [ —u) BRI @R ) p) P (A)aA

uj

up
—/ (12— M)ELESE L (00 (uy — )3 p) W (A )dA

o

°c o \U—12:6,0,p,0 T
< / (A= " ESEL (0(A — 1) p)n (A)dA

uj

_/uz(uz—l)ﬂ 1E5ﬁ7$¢(a)(u —A)%p)C(A)dA.

o
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To evaluate the middle expression, apply integration by parts separately on [u;,c] and [0, us].
By (1.12),

’ -1 53.0.p.0 Ty
[ = u) B (@ — )" p) ¥ (R) dA
ug

— 6,9, 5 . 6797 ) .
= (0w Eel §° (00— )" p)¥(0) — (e, o o ¥) (wrip)

17
/G (1 — MELESE L2 (0 (uy — 1)%: p)W (1) dA
= — (12— o) ELIE (0w — ) p)(0) + (62079, o ¥) (123 ).

f7‘u.—1,llf7(l)76+

Substitution of these identities into (2.2) yields
° 5.0.p,0
[ 0w B (@ - )T p)E(A)aA 3
ug

up
- / (2 = ) ESTL (0o (uy — )T ) (A)dA

(o

_ k) _ 5.0,
< ((G—ul)“ LEBOL9 (06— uy)T: p) + (1 — o) IET;,?;";"”(@(MZ—o)f;p>)\v<c>

8507 ) . 5767 s 3
B ((817”_pl7(])ll/7w76\{]> (ul’p) + <8T7.u_p17¢ly7w76+ql> (uz’p)>

O 18,000 Y
< / (A= ESEL0 ((A — uy)%s ) (A)dA

uj

_ / (s = MHEZZL (01— M) p)C(A)dA.

o

Dividing by the positive normalization factor in (2.3) proves (2.1).

Corollary 2.1. Setting 6 = (u; +up)/2 in (2.1), the following error estimation of the fractional
Hadamard-type inequality is obtained:

u1+u2
oh-2 (ful 2 Py, ) (A)dA 12,0, Q<u2,z>n<z>dz)
2
2.4)
(g — ur )M ES S0 (0 (12517, p)
2”—2 86797p7¢ _\P ; 86767P7¢ \Ij ;

< lII(ul +Ll2> ( ( T,ufl,w,w,w (ul p) * Tauflvlllvwaul;uzJﬁ (uz p)
-~ - K —

2 (up — Ml)“*lEaﬁ?’&q)(w(uzz—m)T;P)

22 (% Plun (LA~ [, Qi )E(R)a )

< 5.0.0.0
(w2 — ) )M 1ES, D (0(*251)7; p)

Y

where
_ u—176,0,p,0 7.
Pup,A)= A —u)" Ez)y" (0(A —u)";p),
Quz, A) = (uz = A)* TESE D ((uy — 1) p).
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The following Ostrowski-type inequality provides estimates for the operators
(85’6”) ? )(u, p) and (86’9”) & >(v; p) for bounded differentiable functions y to the

T7N_171I/7w707' T7V_17V/7w16+‘
Mittag-Leffler function E;-S ﬁ,’ﬁ’q) (sp).

Theorem 2.2. Ler y be differentiable on [u,v] and |V (t)| < n(t) for all t € [u,v], where N € L{u,v].
Then, for o € [u,v] and W, v > 1, we obtain

16,6 16,0
‘ ((6 —u)? 1E17p7’$’¢(a)(0 —u)p)+(v—o0)¥ IET7’\/77IJI;’¢(CO(V — G)T;p)) ¥(o) (2.5)
8,0.0.¢ : 6,0.0.0 )
- ((gr,u—l,w,w,o‘y> (w:p)+ (‘c’r,v—l,w,w,ﬁq’) (V’p)) ‘
° u—16,8,p,0 T, 1
< (0 —u) Ezyly (w(oc—u)*;p)n(A)d
! v—116,0,p,9 T.
+ | (v=0)""Ecyy T (0(v—0)"ip)n(A)dA.
o
Proof. Under given conditions, for A € [u, 5], we can have the following integral inequality:
° 5.0.p,0
| 0w BN (03— ) p) ¥ (A)ar (2.6)
u
¢ u—1r6,6,p,0 7.
+ [ A—=uw)"TE )y (oA —u)'p)n(A)dA > 0.
u
The first term of (2.6) is calculated as follows:

o u—156,6,0,0 T !
/ (A —wP ESELO (0(A —u)T: p) ¥ (A)dA.

u

Putting A —u = %, thatis, A = u+ % and using the formula (1.12), we have

o—u 5.0
| 2 B 02 et 2)a

o—u

H-2g8.0p0 (0Z " p)¥(u+2)dZ.

- 5’6’ b .
=(oc—u)* 1ET,M’$¢(a)(o—u)f’p)\y(a)— A Ty

Now, put u+ % = A in the second term of the above equation and use Definition 1.1 to get

—1,6,6.p, ) 8,0.p, .
(6 — W ESEL (00 —u)": p)W(u) - (ewflj‘:mo,w) (u; p). 2.7)

By using (2.7) and (6 —u)* 1ES S0 (0(6—u)T; p) > (A —u)* VES LD (0(A —u)T; p) in (2.6), we
have

—1.6,6, 0.0,p,
(o —u)! lEL’u’/V/i’q)(a)(G —u)%;p)¥(0) — <8r,p—p1,¢1,,’w,6—qj> (u;p) (2.8)

_ ° _ \H-1 5.0.p.0 _0\T.
> = [Co—w B (@0 —w) pm(A)di,
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Similarly, for A € [o,v], we have

| =2 B (@ — M) pn(A)dA 29
—/:(v—x)vlEﬁ;‘{W’(w(v—A)f;p)qﬂ(/l)da >0,

By using (v — G)V_1E57€7$’¢(w(v —0)%p) > (v— /l)"_'Eg’vq’l,’i’(P(a)(v — A)% p) in the first term
of (2.9) and for the second term of (2.9), following the same procedure as we did for the first term
of (2.6), we have

(v—0)" 1 ESEL (w(v— o)1 p)¥(0) (z-:ffj’l‘f’y ,w,a+‘P) (vip) (2.10)
>_ / (v=0) ELEL (0(v - 6)T: p)n(A)dA.
O

Adding (2.8) and (2.10) gives
((o—uw1Eﬁﬁ:$¢<w<o—u>f;p>+ <v—a>vIE?,%”(w(v—o)f;p))wo) @.11)
5,6.0.0 . 6.6.p.9 .
_ ((Sr,u_pl,y/,w,c‘ql) (u; p) + <€r,v—p1,w,w,c+ly) (v,p))
_ ° _ /J,—l 6767p7¢ o T.
> (G ”) Er,u,u/ ((D(G ”) ,P)Tl(l)dfl
—|—/V(v—G)V_IES’G’p"p(a)(v—G)T‘ ) (A)d/l)
- ARV, )N .
Because the expressions
1.8.0,p,
(A= ELL Y (02 —u) 7 p)(n(A) —¥'(2),

(v—0)"Ege Dl (0(v—0)":p)(N(A) +¥'(A)),

are non-negative, one can get

/M Y-t ESIR (0(h — )% p)(M(A) — W ())dA 20, (2.12)
/Gv(v—o)v—lEﬁvv‘{f;@(w(v—o)f;p)(n(z) +LW(A))dA > 0. (2.13)

Integrating by parts and then adding the above inequalities, the following inequality is obtained:

((o —uHESIL (w(6—u)%ip) + (v—0) TESYE (0(v—0)T; p))‘P(G) (2.14)

5797137(]) . 6767p7¢ .
- ( (81’-7”_17“/7(0767‘{]) (u’p) + <£T7V—1,l[/,(x),0'+l{]> (v’p))
< ° _ H_]E679,p7¢ _ T. A‘ dk v _ V_1E6797p7¢ _ T. A‘ dk
< | (o—w By (olo—uw)hpmA)di+ | (v=0) " Eryy " (o(v—0)5p)n(A)dA.
u
Combining (2.11) and (2.14) proves (2.5).
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Corollary 2.2. If 1 is increasing, then from Theorem 2.2, one can get
' ((c —uH T ELNY (@(o —u) s p)+ (v—0) T ELy (0(v— o>f;p>) ¥(o) (215
(078 o) i)+ (2058, 0 7) i0) )|
<((o -0 E225 @l —wspin(e) + - ) ELLE (@l 0)ipn () )
Corollary 2.3. If 1 is decreasing, then from Theorem 2.2, one can get
' ((c — T EL (@0~ 1) p) + (v —0) T B (v - o>f;p>)w<o> (2.16)
(078 o) i)+ (2058, 0o 7) 30 )|
<((o -0 E20E (@0 —wspint + (v ) ELE ! (@0 0)ipn(o) ).

The Hadamard-type inequality is proved in the next result.

Theorem 2.3. Let y be differentiable on [u,v], and |¥'(t)| < n(t) for all t € [u,v], where n € L[u,v].
Then, for © € [u,v], one can have

5,0.0,0 ) 0,0,0,9 .
“P(u} +W¥(v) _ <gr,u—1,w,w,v*lp> (u;p) + (81#—171//7@714*\{’) (vip)

< /vn(z)dx. 2.17)
2 2(v— u)#—lEgﬁ’ﬁ’(P(a)(v —u)%p) ‘ u

Proof. By putting ¢ = v in (2.8) and 6 = u in (2.10), respectively, the following inequalities are
obtained:

6aeapa¢ .
<8T7:u'_17W7w7V_ \P) (u, p)

5.0.p,
(v—uHTED D (0(v—u)T: p)

(85767p7¢ lI])

T,v—1, v, 0,u™

P(v) -

>~ ["nayaa,

P(u) -

(:p) >—/Vn(l)d7L
v—w)VEZTD (0(v—w)Tip)  Ju '

By adding the above two inequalities, we have

5797p7¢ . 6’9’p’¢ .
T ( (gr’u_hll/’w’v_q]) (u:p) + <gr,v—l,w,w,u+lp> (vip) )
2 Z(V_”)“_lEgﬁ”ﬁ’q)(a)(v—u)T;p) Z(V—M)v_lEg’\?,},e’q)(a)(v—u)T;p)

(2.18)
z—/vn(l)dk
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Similarly, by putting ¢ = v in the resulting inequality of (2.12) and 6 = u in the resulting inequality
of (2.13), respectively, then after adding, we get the following inequality:

6?97p?¢ .

n <8r,V—1,w,w,u+\P) (vip) )
6797 ) _— 6797 9

—uERTE Y (0(v—u)Tip)  2(v—u)V 1 Ege? (@(v—u)T;p)

Y(u)+¥(v) B ( <£iﬁ’_plv’¢w7w7v_‘lf> (u; p)
(2.19)

s/uvn(ft)cﬁL

From (2.18) and (2.19), we can write

“P(u) +¥(v) B ( (gfﬁvl’ffym v_‘P) (u; p)
2 2(v—u)

5,0,p, .
(817 \% plq;/,w u+lP) (V’p) ) ‘
+
)*:p)

HAESIDY (@(v—u)Tip)  2(v—u) T ESSD? ((v — )T

(2.20)
v
< [ n@az.
u
By taking pt = v in (2.20), the required inequality (2.17) is obtained.

Theorem 2.4. Under the assumptions of Theorem 2.3, the following inequality also holds:

2“2<( g2 0P - ‘P) (u;p)+< 200 um‘l‘) (v;p))
T.u—1y,0, T,V— 1;4/, , _\P(u—;—v) 2.21)
(v —ui= IEE’,?’W( <T> ;p>
< %/ n(A)dA

Proof. Putting o = (u+v)/2in (2.5), we get
u-1 ]
v—u 5,0 v—u V—1u 5.0 —u
((554)" et (o ) )+( ) "eage (o151 ))  em
u+vy 69p¢ 86,p¢ )
lP( 2 ) (( T.u—-1,y,0 7u+l ¥ (TV Ly,o 7LH—VJr‘II (V,p)

u+v

S/ P olmh(y )i 1Eaep¢( <V2 ) ,p)n(z)dk

u

v N T
+ WZI’V(V u)¥’ " 1Efv9$¢(w( Zu) ;p)n(l)dl.
2

By taking pt = v in (2.22), the required inequality (2.21) is obtained.

Theorem 2.5. Under the assumptions of Theorem 2.3, the following inequality also holds:

- 5797 . 697 .
(2 ®) o () )
o T’ = —‘P(T) (2.23)
4,0, —
(v—u)H ]Eruyeq)(w(Tu) ;p)

AIMS Mathematics Volume 11, Issue 9, 30355-30373.




30365

[,L—Z 6797p7¢ . 6,9,p,¢ .
2 ((Sf,mww,”?_c (u:p)+ 81#,%60,“%4 (v:p)

< T
— 679> ) —
A CICD

Proof. Let A € [u,(u+v)/2], and by using the given condition on ¥/, we have

u+v

T A= ESED (0(A —u)T p) P (A)dA (2.24)
utv

[T -t B 0 -0 p)S(A)aA > 0.
u
Let m = (u+v)/2. Applying (1.12) and integrating by parts gives
" —1,0,6,0,0 T /
/M (A —wPESL0 (0(A — )T p)¥(A) dA
—1-8,0.p, . 8,6,p, .
=(m =" EZE (0(m— ) p)¥(m) — (205, ¥) (wip).

Substituting this identity into (2.24) and dividing by the positive boundary kernel yields

(0098 e ¥) i) (098 e €) ap

1’-7”_17W7w7T ‘P(u‘l_v T7”_17W7(07T

<
u—1 T 2 ) — u—1 T :
(v;u) E’iﬁﬁ@ ((D (v;u) ;p) (v;u) E’?,ﬁjl/e@ ((D (v;u) ;p)

Similarly, for A € [(u+v)/2,v], we have
[ =BG (0020 ) (R)dA (2.26)

(2.25)

—/ (v— APTESELL (v — 1)7: p)¥(A)dA > 0.
Similarly,

| 0= B (0= 2)7p) P (A
== r=mP T ESIE ((v—m)T p)W(m) + (056, ) ().

T,ﬂ*l,‘[/,ﬂ),n’ﬁ»

Using this identity in (2.26) gives

67977 67977
(e ps W:P)(v;p) (e ps c) v:p)
2 2

T,u—1,y,0, _lP u-+v < T.u—-1,y.0, )
Hol 5o 0 ‘ 2 )" H1 s 0 ‘
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By adding inequalities (2.25) and (2.27), we have

_ 6,0, . 6,0 . u+v
2“ 2(( p(z) u+v lP) (I/l,p)"’( T“p1¢w7 u+»+lP) (V,p)) _‘P( —5 )
(2.28)

Tu—-1y,0,
T
(v—u)H IEC?G,P‘P(@(%M) ;p>
_ 69, ) 80,
2# 2((Tﬂ$¢u+v c)(u,p)+<1u$¢L,+v+C>( ))

< T
— 6797 ) —
(v lEf,u,v’i"’(w(V—zu) ;p)

Next, interchange the non-negative kernel terms (A — u)“_lEgﬁjﬁ’q)(a)(?L —u)%p) and (v —
AMHIESSL? ((v — 1)%;p) in inequalities (2.24) and (2.26). Then, by adding the achieved
inequalities after integrating the same as in (2.25) and (2.27), we get the following expression:

o (50 £5.6.
24 2(( o plqi//w M+V\P> (u; p) + ( i qu)% 7u+v+\P) (v;p)) —‘P(uTJrV)
= (2.29)
5.0, - .
(v—u)H- IET/.LIF;(P(O)(TM) ,p)
H—Z 5 0 P ¢ . 5,9,[) ¢
2 (( T[.Ll[/a),qurV C> (M,p)+( TUY,0 7quvJ"C)( ))

> - T
— 8797 ) —
(v—u)H 1Er,u,$¢ (a)(%) ;p)

From inequalities (2.28) and (2.29), the required inequality (2.23) is obtained.

Theorem 2.6. Let \P : [u,v] — R be differentiable, and suppose that (1) < W' (1) < n(A) for all

A € [u,v], where {,n € L[u,v|]. Then, for ¢ € [u,v], the following inequality holds:

186,09 P ¥ ()

(0 =W ELNY° (0(0 — )% p)P(u) + (v — o) EZNE? (0(v—0)"ip
"P(G)Jr (0 — )i~ 1Efﬁ$¢(w(6—u) p)+(v—o)H- 1 fi’ﬁ"l)(a)(v—c)f;p) (2.30)
) (2058, 0o ®) (:p)+ (€255, 0 ¥) (030)

(0 —wh1ESTE? (0(c —u)%p) + (v— ) ELTH? (0(v—0): p)
_ (Srsi?plqiywv ) ) £ ;?pla:ya)(ﬁ ) VP) ‘
(6 —wr1ES 0 (0(c —u)T; > (v— o LEZTE? (0(v— )i p)

<

(o —up B (00 —u)t -p>+< oPIELG  (0(v—0)7:p)
x{(o u)h- IEMM / n(A)dA+ (v—o)*~ 1E56p¢ /n
- /“(cw“—lEﬁ;f:si"P( ol nar— [ 2 1E53$¢<w<v1>f;p>c<z>dx].
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Proof. Let A € [u,c]. By using the positivity of (o — l)“*lng;ﬁ"p(a)(?L —u)%p)(P'(A) —E(A))
and (A — ) ESSD0 (@(A —u)®; p)(n (1) —W/(1)), we have

[ (o= LG (@(h T ) (P (R) ~ ()R @31
+ 70— BN (@G -0 p) (n () - W ()R >0,
That gives
[ o2 B (o - 1T pw Aaa— [ (-2 BN (@(o — )5 p)E A)dA
+ [C - B @0 —wspmar — [T (= B (@ — )T )W (A)d >

By using (A — ) 'ESOL 0 (0(A —u)%;p) < (6 —w)'ESIL? (w(0 — u)T; p) for A € [u,0] and

doing integration, we have
(0 —uF LS8 (0(0 —u);p) (‘P(u) +‘P<G>) (2.32)
5. W 53 W
- <<877;ue_p1’¢1//’w76—lp> (M,p) + (8175_1)1?;/70)#4_111) (G’p))
U—155,0,0,0 ey [°
<(o—u)' T Eryy (0(c—u)sp) [ n(A)dA
° [J*l 5797P7¢ T.
— [ (0=A)""Er)y" (0(c—2)"p)C(A)dA.
Similarly, for A € [o,Vv], we have
v _ ‘Ll,*l 6,97[),(1) o T. _ /
/6 (A=) Eyy” (@A —0)"ip)(n(A) —¥'(A))dA (2.33)
+ / (= AE LD (@(v— 2)%:p) (W (R) — £(2))dA > 0.
(o2
That gives
[ =0 BRI (03— o)Ak — [ (= o) B (0(2 — o) p) ¥ (M)A

[ o= ap L (00— 2P AR~ [ 6= AP ERL Y (0= A)p)E (M2 2 0.
o [}

By using (A — G)“*Eﬁf”f,’q)(a)(l —o)hp) < (v— G)“’lEgﬁ’ﬁ"P(w(v —0)%p) for A € [0,v] and
doing integration, we have

=P LG (00 - 0)7ip) (#lo) +0)) .34
6767 ) . 6767 , .
_ ((8,57”_1)] ,(Pq/,a)y—ql) (G,P) + (81_7”_[)1 ?’W@’GQP) (V,p))
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v

<o) ELIE (00— 0)%ip) [ m(A)ar

(e

- [[r=2r BN (@ - 1)) (R)aR.

(o2

Adding (2.32) and (2.34) gives

(6 —w! 'ESe (0o —u)%p)P(u) + (v— o) ' Egit? (0(v—0)%: p)¥(v)

¥ 2.35
ot (06—t ELD? (0(0 —u)%p) + (v— o) EL D (0(v—0)7: p) &
- (Ef ’,f’_P l’ff,,,a,,cf‘l’) (u:p)+ (Sf ’,f’f’ 1’,(6,,,@?“&) (o5p)
(6wt EZE? (0(0 —u)%:p) + (v— o)LL (0(v— 0)7:p)
. (2058, 0 ) (0:0) + (€255, o ¥) (vP) ‘
(0=t ELL D (0(0 —u)% p)+ (v— o) ELE Y (0(v— 0)%: p)
1
<
T (o—wHTELD (w0 — )T p)+(vfG)”*lEfﬁ’g’gb(w(vfc)f;p)
x [(o—quf,ﬁ;” “p) [ n@ah+ -0 BN (00— o)) [ n(h)aa
-/ G<o—W*'Eiﬁ:ﬁ"”(w(o—x>f;p>c<x>d1—'/6 <v—x>“'Eff:.';"z%w(v—mf;mm)dx].
We also have the following inequalities:
° u—16,8,p,0 T, /
A —w"Eyy” (@A —u)";p)(P'(A) — §(1))dA (2.36)
(o2
+ / (6= AP ELTE? (@A — )% p)(n(A) =W (A))dA > 0,
Y u—156,6,p,0 T, /
/(v—M Ezyy” (@(v—2)%p)(n(A) —¥'(A))dA (2.37)

/ (A= ESTL (@(A —0)%p) (W'(A) — L(A))dA > 0.

Applying integration by parts to (2.36) and (2.37) and then adding the resulting inequalities gives

¥Y(o)+

(0~ LG (@(0 — ) p)P(u) + (v - o) LG (0(v - o) )P () 238

8.0, 10,60,
(0 —ur—1EZZD? (0(c —u)®;p) + (v — ) EZS B2 (0(v —6)%: p)
8.0.p, . 8,0.p, )
(2028, o ®) p) + (22075, ,, W) (3p)

Tu—1,y,0ut
(o —up ESSD (0(0 —u)%i p) + (v— 0 ELLD (w(v— o) p)
CHAMIICT)
)
1

efﬁpli,w6+\}'> (vip) ‘
o 1 10,6,p, 5,0.p,
(o —u)+ lEr.u,'lﬁ'd)(w(G*“)T;p (v—o)H- 1ET,u,$'¢(w(V*G)T;P)

>

5,00, 1 -6.0.p,
(0~ E S0 (@(0 —u)%;p) + (v— 0 LE 5% (0(v— 0)7; p)

x [(o —Wt B (o —u)p) [ n(A)dA+ (v— o) ELTE (0(v—0)ip) [ m(A)dA
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~[Cto -2 B (0l win= [ - (0 2 p)E Ak

The upper and lower estimates (2.35) and (2.38) together prove (2.30).

Corollary 2.4. Setting 6 = (u; + uz)/2 in (2.30), the following error estimation of the fractional
Hadamard inequality is obtained:

8797P7¢ . 8797P7¢ .
W)+ W) (o W) 0:)+ (0000 0 ¥) (i)

2 22— B (@2 — )% p) =
S Uy —uy M- 1E‘S elp ¢(w(u2 —uy)%;p) [(uz - uﬂ“‘%fﬁjﬁ"”(m(uz —u)p)
/ n(A)d2 - /“oQ—AWIE%w¢me—M%mcaﬁM}
Hllustrative application to a fractional relaxation model
Consider the Caputo fractional relaxation problem
“Dfy(1)=—xy(t), y0)=y, O<a<l, k>0, (2.40)

whose exact response is y(¢) = yoEq (—Kkt%) [4]. Fix 0 < a < b < T so that y is differentiable on [a, b],
and define

Myp, = sup |y'(1)].
t€la,b]

Set 4 = v > 1 in Theorem 2.2, and choose 7 (¢) = M, . With

Ku(r) = T E20 0 (0% p),
we obtain, for every o € [a,b],
8.0, . 0,0,p, .
‘(Ku(a—a) +Ky(b—0))y(o) - (gw P o y) (a;p) — <£T’“_pl7¢%w76+y> (b; p)‘ (2.41)
<M,p((c —a)Ku(c—a)+ (b—0)Ku(b—0)).

At the midpoint m = (a+b)/2, division by 2K, ((b — a)/2) yields the transparent estimate

(m) — (8537p1¢w,w m_y> (a:p) + < f:”pﬂ,wmﬁ) (b:p) < Map(b—a) (2.42)
y 2K, (6 —a)/2) E |

Thus, the difference between the fractional state at the midpoint and its normalized Mittag-Leffler-
weighted mean is controlled by the interval length and a derivative bound. For a numerical
approximation yy, the same expression can be evaluated with a computable estimate of M,;; an
observed violation indicates either insufficient temporal resolution or excessive quadrature error. The
estimate can therefore be used as a local consistency indicator in simulations of relaxation, diffusion,
and other memory-dependent models.
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Figure 1 summarizes the analytical progression used in the manuscript. The first transition replaces
the classical integral mean by a fractional mean, and the second introduces the extended generalized
Mittag-Leffler kernel and its parameter-dependent normalization. The results of this paper retain the
classical inequalities as limiting or special cases, but also allow two-sided derivative envelopes and a
broader family of memory kernels.

Classical inequalities
(Hermite-Hadamard, Ostrowski, Griiss)

\

[ Fractional integral inequalities ]

(Riemann-Liouville, Hadamard)

I

Generalized inequalities
with Mittag-Leffler kernels
(This paper)

Figure 1. Hierarchy of inequalities: From classical convexity-based results to fractional
integrals, further extended in this paper by incorporating Mittag-Leffler kernels.

Figure 2 illustrates how the fractional order changes the effective growth of the kernel. Over the
plotted interval, the o = 0.9 truncation remains closer to the exponential response than the o = 0.5
truncation, whereas the latter exhibits a stronger departure from exponential behavior. The plot is
intended as a qualitative comparison of kernel shapes; because only terms k = 0, ...,4 are retained, it
should not be interpreted as a high-accuracy evaluation of E () near the right endpoint. Increasing the
truncation order provides a direct numerical refinement.

80 i I —
60 | --- Eo(t) (truncated) 1
§ """ Ey5(t) (truncated)
< ~
s
g 40| |
5 )
i 20 |
O i .

0 0.5 1 1.5 2 2.5 3

Figure 2. Comparison of ¢/ with the four-term truncations Y'{_#%/T'(1 + ak) of Eq(t) for
a=0.9and ¢ =0.5 on 0 <r < 3. The curves were generated directly in PGFPlots (TeX
Live, compatibility level 1.18) using the numerical coefficients displayed in the source code.
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3. Conclusions

This paper established a unified collection of Ostrowski-type, Ostrowski-Griiss-type, and Hermite-
Hadamard-type inequalities for integral operators containing an extended generalized Mittag-Leffler
kernel. The principal distinction from closely related Riemann-Liouville, Hilfer proportional, and
weighted nonsingular formulations is the simultaneous use of a highly-parameterized Mittag-Leffler
kernel, its associated normalization factors, and two-sided derivative envelopes. Consequently, the
results control both pointwise-to-mean deviations and mixed endpoint/midpoint errors within the same
operator framework. Suitable parameter choices recover classical Riemann-Liouville inequalities,
which provides a direct consistency check and clarifies the relation between the new estimates and
established results. The fractional relaxation example demonstrates a concrete use of the theory:
The discrepancy between a state value and a normalized Mittag-Leffler-weighted mean is bounded
by the interval length and a derivative estimate. This interpretation connects the abstract inequalities
with error estimation and local consistency testing for numerical solutions of fractional differential
equations. The two figures further clarify the hierarchy of the results and the effect of fractional
order on the kernel response. Several extensions are natural. In numerical analysis, the bounds can
be incorporated into adaptive quadrature and time-stepping algorithms. For fractional differential
equations, they may be developed into residual-based estimates, stability criteria, and a posteriori
error controls. In optimization and control theory, analogous inequalities could bound nonlocal cost
functionals and memory-dependent feedback terms. Further work may also replace ordinary convexity
assumptions by generalized convexity classes, including preinvex, h-convex, and strongly convex
functions. Finally, the same proof strategy can be investigated for Hilfer, Caputo-Fabrizio, Atangana—
Baleanu, Prabhakar, tempered, variable-order, and matrix-valued fractional operators, as well as for
multivariable and stochastic settings.
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