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Abstract. Hardy-type inequalities play an important role in mathematical analysis and have been exten-
sively studied due to their wide range of applications in inequality theory and related fields. In recent years,
various convexity generalizations have been used as effective tools to obtain new integral inequalities and
extend classical results. In this paper, we have obtained some new Hardy-type inequalities that general-
ize certain known Hardy-type inequalities in the literature by utilizing different convexity classes, such
as s—convex, quasi—convex, and n—convex functions, respectively. Also, our results reduce to previous
work on classical convexity for specific choices of the parameters in the definitions of s—convexity and
n—convexity.

1. Introduction

Hardy’s classical integral inequality, first formulated in the early 20th century, is given as follows [6]:

[)w (91_c Lxh(s)ds)p dx < ¢’ Lwhp(x)dx,

wherep > 1, % + % =1land x > 0, f is a nonnegative integrable function on (0, ). The constant g = p(p—1)~*
is the best possible.

In recent years, Hardy-type inequalities have continued to attract considerable attention due to their broad
applicability in mathematical analysis, integral inequalities, and fractional calculus. Various extensions
have been established by employing different generalized convexity classes, including preinvex, harmon-
ically convex, exponentially convex, and other generalized convex functions. At the same time, fractional
integral operators have provided an effective framework for deriving refined Hardy-type inequalities with
applications to fractional differential equations, numerical analysis, and mathematical physics. These de-
velopments demonstrate that generalized convexity and fractional calculus constitute two active research
directions in the modern theory of Hardy-type inequalities. For Hardy integral inequalities which lead
to many papers dealing with the alternative proofs, various generalizations, and numerous variants and
applications in analysis see, [1H3] 57, 18| 11H14) [16} [17].
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Building on the foundational results of Hardy-type inequalities, convexity theory offers a powerful and
versatile framework for investigating a wide range of problems in both pure and applied mathematics. Over
the years, numerous generalizations of convex sets and convex functions have been introduced, providing
essential tools for analyzing complex structures and functional relationships. Convexity has played a
central role in the development of inequalities, enabling sharper estimates and broader generalizations. Its
applications extend beyond classical analysis to areas such as fractional and quantum calculus, stochastic
processes, time-scale calculus, and fractal analysis, highlighting the deep connections between convexity
and modern mathematical research.

There are many convexity classes in the literature. Now, let’s continue by giving the definitions of
s—convex function, quasi—convex function and n—convex function, which we will use in this article, respec-
tively.

Definition 1.1. [4] A function ii : R* — R, is said to be s—convex in the second sense class as follows
h(tO + (1 — 1)9) < T°H(0) + (1 — ©)°A(S)
forall T €[0,1], 0,9 > 0 and for some fixed s € (0, 1].
Definition 1.2. [10] Let7i:1 C R — R forall T € [0,1] and 0,9 € I, if the following inequality
i(70 + (1 — 7)9) < max{fi(0), ()}
holds, then Ti is called a quasi—convex function on I.
Definition 1.3. [9] The function #i : [r,s] — R is said to be n—convex (or convex with respect to n) if the inequality
(10 + (1 - 1)9) < AS) + tn(A(0), i(I))
holds for all 6,9 € [r,s], T € [0, 1], and n is defined by n : Ii([r, s]) X i([r, s]) — R.

Given that A > B > 0 and p > 1, the following elementary inequalities, which are a consequence of the
convexity of the function 7i(x) = x*, are well known in the literature:

(A—BY < AP — B, 1

and
(A + By <2P°Y(AP + BP). )

The main contribution of this paper is twofold. First, we establish several new Hardy-type integral
inequalities for the classes of s-convex, quasi-convex, and 7-convex functions, which considerably extend
the classical Hardy-type inequalities available in the literature. Second, unlike the results in [14], which
are restricted to ordinary convex functions, the present work develops independent estimates for each
generalized convexity class by directly exploiting their structural properties. Consequently, the obtained
inequalities are not immediate consequences of the classical convex case but constitute genuine extensions
that recover previously known results only for particular parameter choices.

2. Main Results

2.1. Hardy type inequalities for s—convex functions

Theorem 2.1. Let fi : [0,9] C [0, 00) — R be a nonnegative s—convex function in the second sense for some fixed
ons€(0,1]andp > 1. Ifw : [0, 8] — [0, o) is an integrable function, then the following inequalities hold:

9 9
f a)(T)Tfh(I) dt < f w(t)(t — OY (H(O) + hi(T)) dt 3)
0 0

(s+ 1)
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and

S , 1 S
— 7\ 14
fe w(O)Toh(r) dr < T fe w(T)(S = T (i(9) + F(r)Y dr (4)

where

T 9
Tyhi(t) = fe n(kydk and Tohi(t) = f 1(k) dk.

Proof. By virtue of the s—convexity of /i in the second sense on the subintervals [0, T] and [z, 9] of [0, 9], one

can wrife
Tlh(1)=LTh(k)dk=f9Th(::ge+l;:Zr)dk )
< fg ((::g) n(6) +(I;:—Z)S h(r))dk
= Z=20x6) + ()
and
Tzh(t)zjfh(k)dkzj;sh(g:1;1+I‘;:zs)dk ©6)
< f ((g—:];)sh(’[) + (S:Z) h(S))dk
- f;f(rzw) + (7).

Utilizing (5) and (6), it follows that

9 9
f{; w(T)T’l’h(T) dt < ﬁ L w(t)(t — Oy (7(O) + hi(7)) dt

and

9 3
L w(T)TZh(T) dt < ﬁ fe w(T)(S = )P (:(S) + hi(7))P dr.

So the desired inequalities is obtained. [

Remark 2.2. If we choose s = 1 in Theorem then we obtain [15, Theorem 2.1]. This shows that our result
is a genuine extension of the classical Hardy-type inequality for convex functions, since s-convexity coincides with
ordinary convexity when s = 1.

Theorem 2.3. Under the same assumptions in Theorem the following
inequality holds:

f ) (1) (THA(T) + THA(T)) dr
0

2r-1(9P — or)

Gy w(Tt)iP (1) dr.

9 _ 9
[17(0) + 17 (9)] fe W)d”% 0
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Proof. By summing inequalities () and (4) side by side and taking inequalities (I) and (2) into account, we
obtain

f ! w(r) [TV(7) + Tyh(r)|d
0

<

S
G+ 1y fe w(T)[(t = O) + (8 = t)PI[(](O) + h(T)) + (A(D) + hi(7))P ] dt

. 3
< %ﬂl_)”ep) fg (D) (0) + 7P (9) + 217 (1)] dv

B 2r-1(9p — or)

? (9P —6r) (P
P [hP(9)+hF’(9)]L w(T)dT+Wj; (D) (7) dr.

This completes the proof. [

Remark 2.4. If we choose s = 1 in Theorem then we obtain [15, Theorem 2.3]. Therefore, the present theorem
generalizes the corresponding Hardy-type inequality from the classical convex setting to the broader class of s-convex
functions.

Theorem 2.5. Under the hypothesis of Theorem the following inequality holds:

S
j; w(T)T’{h(T) dt @)
h(6 S
e 91;((5 i Ty fg W(E)(T = OF ™ ((0) + (V) '[(T = O) + (8 — 7)’]dx
p

9
+ g O O [ W =0 0) + oy e

where

9
W(t) = f w(k) dk.

Proof. From the equality

S S
f w(T)T'h(t)dT = p f WO, () li(7) dr
0 0

obtained via integration by parts, and by virtue of (5) and s—convexity of 7 in the second sense, we get
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3
f a)(T)Tph(T) dt
0

< 1),, P f W(T)(x — O ((6) + h(x))’ ((

fi(6
T - er;%(s 1 T f@ W(D)(x - 0718 = T (1(0) + h(r))' " d
hi(9 P
e Gp)s((s -)i- 1)1 fg W(T)(T = O P (1(0) + h()) " dt
n(0 9
e e};%(s i Ty fe W(R)(x = 6 (1(0) + B(D)Y[(x = 0)° + (3 - 7] dr

p ’ - -
ey MO [ W= 070 oy e

So the proof of is completed. [

Remark 2.6. If we choose s = 1 in Theorem then we obtain [[15, Theorem 2.5].

Theorem 2.7. Under the hypothesis of Theorem the following inequality holds:

3
f a)(T)Tph(T) dt
0

()
< (9 Qr;s((s + 1)p 1 f H(T)(‘9 - T)p 1(h(19) + h(T))p 1[(\9 — T)S + (1 — 6) ldt

p stp—1 -1
+ © 0y + 1y [1(6) - h(S)]L H(T)(8 = )" (1(®) + h(r)) ™ drt

where

H(t) = LT w(s) ds.

Proof. From the equality

9 9
f a)(’c)Tgh(T) dt = pf H(T)[T’;_lh(f)]h(T) dt
0 0

obtained via integration by parts, and by virtue of (6) and s—convexity of 71 in the second sense, we have

;)5 7o) + (é:g)s h(S)) dr

26



E. Yidiz, E. Set, B. Celik /TJOS 11 (1), 22-32

3
f a)(T)Tgh(T) dt
0

Tl f H(@)(S — 0P (1(9) + A(0)) 1(( ) o)+ (3 Z) h(s)) it

h(6
T o- 6;;((5 i N fe H(@)(3 = 077 (1(9) + A(x)y " de
hi(S 9
(- 97;5((5 J)r 1)1 f H()(S = )" (x = 0)°(R(9) + Ti(x))' " dr

()

e er;%(s o f H(D)(S = 7' (1(9) + i)Y (S = 7" + (T = 0] d

p
+
(d=0)(s+ 1)t
This completes the proof. O

Remark 2.8. If we choose s = 1 in Theorem then we obtain [[15, Theorem 2.6].

[1(0) = (9] fe H(D)(S =17 (1(9) + () d.

2.2. Hardy type inequalities for quasi-convex functions

Theorem 2.9. LetTi : [0, 9] C [0, 00) — R bea nonnegative quasi—convex functionandp > 1. Ifw : [0, 9] —

is an integrable function, then the following inequalities hold:

9 3
f a)(T)T’l’h(T) dr < f w(7)(T — 0)Y max{h(0), i(1)}f dt
0 0

and

9 9
f a)(T)T;h(’c) dt < f w(1)(Q — 1)’ max{fi(t), ()} dt
0 0

where

T S
Tyh(7) = f n(k)dk and Tohi(t) = f h(k) dk.
0 T

27

[0, o)

(10)

Proof. By virtue of the quasi—convexity of /i on the subintervals [0, 7] and [z, 9] of [0, J], one can write

Tlh(T)th(k)dk fh(7:29+$_27)dk
fmax (6), hi(7)}dk
(t — 0) max{f(0), ii(7)}
S 9
Tzh(’[):f h(k)dk:f h(s_k1+k_TS)dk
. . d-1 d-1

9
< f max{fi(t), i(S)}dk
= (9 — ) max{fi(t), i(9)}.

and

(11)

(12)
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Utilizing (I1) and (12), it follows that

9 3
f w(T)T’fh(T) dt < f w(7)(T — 0)’ max{i(0), i(1)} dt
0 0
and
3 9
f a)(T)Tgh(T, dt < f w(T)(Q = 1)’ max{fi(7), i(9)} dr.
0 0
So the desired inequalities is obtained. [

Theorem 2.10. Under the same assumptions in Theorem the
inequality holds:

3
f (u(T)Tfh(T) dt
0
< pmax{fi(0), i(9)} fhetaSW(T)(T — 0P~ max{fi(0), ii(7))PLdt
t

where

9
W(T)Zf w(k) dk.

Proof. From the equality

S 9
f w(D)T'h(t)dT = p f W), () li(7) dr
0 0

28

following

(13)

obtained via integration by parts, and by virtue of and quasi—convexity of i on [0, 9], we have

S
f a)(’c)T’lah(’c) dt
0
S
<p fe W(t)(t — 0)P~! max{ii(6), i(7)}' ! max{fi(6), ii(9)}d.

This completes the proof of the inequality (13). O

Theorem 2.11. Under the same assumptions in Theorem the
inequality holds:

9
f a)(T)TZh(T) dt
0
9
< pmax{fi(9), ()} f H(7)(® — 7)P~t max{fi(z), i(9))P ' dr
0

where

H(t) = LT w(s)ds.

following

(14)
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Proof. From the equality

9 9
f a)(T)Tgh(T) dt = pf H(T)[Tg_lh(’[)]h(’[) dt
0 0

obtained via integration by parts, and by virtue of and quasi—convexity of i on [0, 9], we have

3
f a)(T)Tgh(T) dt
0
3
< pf@ H(7)(S — 7)P~t max{fi(7), i(9)}P max{fi(0), ii(9)}dz.

This completes the proof. O

Remark 2.12. This result extends the classical Hardy-type inequality to the quasi-convex setting, thereby enlarging
the class of admissible functions while preserving the structure of the Hardy inequality.

2.3. Hardy type inequalities for n-convex functions

Theorem 2.13. Letfi : [0,9] C [0, ) — IR be a nonnegative n—convex function and p > 1. If w : [0, 8] — [0, o0)
is an integrable function, then the following inequalities hold:

9 N
f ()T (r)d < f (1) ((T — O)(r) + ﬂq(ﬁ(e),h(r)))p dr (15)
0 0 2

and

9 9
f (D) T2 (T) dr < f (1) ((9 — DH(S) + %mh(q:),h(s»)p dr (16)
0 0

where

T S
Tih(7) = fe nk)dk and Toli(t) = f 1(k) dk.

Proof. By virtue of the n—convexity of i on the subintervals [0, T] and [z, 9] of [0, 9], one can write

t T (t—k k-0
mm:fg h(k)dsz@ h(T_69+T_61)dk (17)

g —k
< fe (h(’[) + (:_ G)U(h(e),h(T))) dk

= (0= 0)0) + = 20(0),ho)

and

S—-1 S—-1

S _
< f (h(T) + (::_—I;) T](h(T),h(S))) dk

200, B,

3 S
Tzh(T)Zf h(k)dk:f h(s_k7+k_TS)dk (18)

= (8 = D)(9) +
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Utilizing (I7) and (18), it follows that

9 S
f9 (DT (r)d < fe (1) ((T — OY(7) + %mh(@),hu)))p dr
and

S 9
fe (D) T2 (D) dr < f9 (1) ((9 — DH(S) + %n(h(v:),h(S)))p dr

So the desired inequalities is obtained. [

Remark 2.14. If we choose 1(fi(x), fi(y)) = fi(x) — fi(y) in Theorem then we obtain [15] Theorem 2.1].

Theorem 2.15. Under the hypothesis of Theorem the following inequality holds:

9

f A (19)
hi(t

< pzp( 1) f W(r)(z = 9 (2(6) + nli(r), W(O)))' ™" dr

* a0 f W(o)(x = 0 (20(6) + (), HO))) " d

where

9
W(t) = f w(k) dk.

Proof. From the equality

9 b
f w(T) TP h(T) dT = p f W()[T? ™ () li(7) de
0 a

obtanied via integration by parts, and by virtue of and n—convexity of i on [0, 9], we have

9
f w(T)T’;h(T) dt
0

9 p-1
<p [ W=y (o) + ge) icon) (o) + 5=

2r-1

Z0(9), (o))
9
| W= oy @)+ no,neny ! ae
0

p 9 i

So the proof is completed. [
Remark 2.16. If we choose n(fi(x), fi(y)) = fi(x) — fi(y) in Theorem then we obtain [15] Theorem 2.5]. Hence,

Theorem 2.8 recovers Theorem 2.1 of [[14]], confirming that the obtained inequality is a true extension of the classical
result.
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Theorem 2.17. Under the hypothesis of Theorem the following inequality holds:

9
L a)(T)Tgh(T) dt (20)
S
< pzj;ai) fe H(z)(8 = o (20(8) + n(a(x), ()Y " de
9
+(8—gy3ﬂmwxm&[Llﬂﬂw—rVQM®+nmﬁLM$D”1W

where
H(7) = f w(s)ds.
]
Proof. From the equality

3 9
j‘wﬁﬁ%@MT:pj\H@HﬂJMﬂmﬁMT
0 0

obtained via integration by parts, and by virtue of and n—convexity of i on [0, 9], we get

9
f a)(T)Tgh(T) dt
0

S—1
s-0"

N p-1
<p [ HEE =0 (1050 + n0c,m)) () +
_ PO

=

((6), () ) e
N
f HD)(S — 2P~ (0(9) + (), h()Y ™" de
0

p 9 i
+ m’?(h(e),h(s))ﬁ H(7)(S — 1) (20(8) + n(h(7), i(S)))’ g

This completes the proof. [J
Remark 2.18. If we choose n(fi(x), i(y)) = li(x) — fi(y) in Theorem then we obtain [15] Theorem 2.6].

3. Conclusion

In this study, we established several new Hardy-type integral inequalities by employing three important
generalized convexity classes, namely s-convex, quasi-convex, and 7-convex functions. The obtained
inequalities extend a number of previously known Hardy-type inequalities for classical convex functions
and demonstrate that the proposed approach provides a unified framework capable of treating different
convexity structures within a common analytical setting. In particular, the derived results reduce to
several well-known inequalities available in the literature for suitable choices of the defining parameters,
confirming the consistency and generality of the proposed approach.

The proofs are based on the intrinsic properties of the corresponding convexity classes together with
classical integral techniques and suitable estimates, leading to new bounds that are not direct consequences
of the existing convex case. Consequently, the present results enlarge the applicability of Hardy-type
inequalities to broader families of functions while preserving the structure of the classical inequalities.

The proposed framework also provides a useful basis for further developments in inequality theory.
In particular, similar techniques may be employed to derive new Hardy-type inequalities for other gen-
eralized convexity classes, including preinvex, harmonically convex, exponentially convex, and strongly
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convex functions. Furthermore, it would be of considerable interest to investigate analogous inequalities
involving fractional integral operators, weighted integral operators, and other generalized operators arising
in fractional calculus and related areas of mathematical analysis.
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