FACTA UNIVERSITATIS (NIS)
SER. MATH. INFORM. Vol. 35, No 3 (2020), 577-593
https://doi.org/10.22190/FUMI20035771

NEW INEQUALITIES ON LIPSCHITZ FUNCTIONS

Imdat i§can, Cuma Altunsoy and Huriye Kadakal

(© by University of Ni3, Serbia | Creative Commons Licence: CC BY-NC-ND
Abstract. In this study, some inequalities of Hermite Hadamard type obtained for p-
convex functions are given for Lipschitz mappings. Also, some applications for special
means have been given.
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1. Preliminaries and fundamentals

Definition 1.1. [21] A function f : I C R — R is said to be convex if the inequal-
ity

fltr+ (1 =t)y) <tf(z)+ (1 -1)f(y)

is valid for all z,y € I and ¢ € [0, 1]. If this inequality reverses, then the function f
is said to be concave on interval I # @ .

This definition is well known in literature. Convexity theory has appeared as a
powerful technique to study a wide class of unrelated problems in pure and applied
sciences.

One of the most important integral inequalities for convex functions is the
Hermite-Hadamard inequality. The following double inequality is well known as
the Hadamard inequality in literature.

Theorem 1.1. Let f: 1 C R — R be a conver function defined on the interval I
of real numbers and a,b € I with a <b. Then the inequality

(1.1) f(a;rb>§bia/abf(:z:)dx§f(a);f(b)

is known as the Hermite-Hadamard inequality.
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Some refinements of the Hermite-Hadamard inequality on convex functions have
been extensively investigated by a number of authors (e.g., [2, 3, 4, 11, 17, 20, 23,
24]).

Let us recall some definitions of several kinds of convex functions:

Definition 1.2. [5] Let I C R\ {0} be a real interval. A function f: I — R is
said to be harmonically convex, if

zy
Moy ) < v+ -5

for all ,y € T and ¢t € [0,1]. If this inequality is reversed, then the function f is
said to be harmonically concave.

Definition 1.3. [7] Let I C (0,00) be a real interval and p € R\ {0}. A function
f I — R is said to be a p-convex function, if

7 (It + (1 =) 97]7 ) @)+ (1= 01 ()

for all ,y € T and ¢t € [0,1]. If this inequality is reversed, then the function f is
said to be p-concave.

According to this definition, it can be easily seen that for p = 1 and p = —1,
p-convexity is reduced to ordinary convexity and harmonical convexity of functions
defined on I C (0, 00), respectively.

Hermite-Hadamard inequalities for the p-convex function are the following:

Theorem 1.2. [7] Let f : I C (0,00) — R be a p-convex function, p € R\ {0} and
a,b € I witha <b. If f € L|a,b] then we have

i ([T g [ et

2 —wr—ab f, xt7P T T

These inequalities are sharp [7]. We refer the reader to the recent papers related
to p-convexity (see [13, 14, 15, 16, 18, 19]) and references therein.

The purpose of this article is to obtain new inequalities on the right and left
sides of the inequality (1.2) for Lipshitz functions.

Definition 1.4. [22] f: I — R is said to satisfy the Lipschitz condition if there is
a constant M > 0 such that

[f(x) = fy)| < M|z —y|, Ve,yel.

Theorem 1.3. [22] If f : I — R is convex, then f satisfies a Lipschitz condition
on any closed interval [a,b] contained in the interior I° of I. Consequently, f is
absolutely continuous on [a,b] and continuous on I°.
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Lemma 1.1. [1] Let the function f : I C R — R a differentiable function on
interval I, a,b € I with a <b and M = sup,¢(, 4 |f'(t)| < 0o. Then the function f
is an M -Lipschitzian functions.

In [1], Dragomir et al. obtained new inequalities on the right and left sides of
the inequality (1.1) for Lipshitz functions as follows.

Theorem 1.4. [1] Let f : I C R — R be an M-Lipschitzian mapping on I and
a,b e I with a <b. Then we have the inequalities:

a+b 1 b M
|f< ) -5 [ f < oo
and
f@+fm) 1 M
‘ : —b_a/a Fla)da| < % (b~ a)

Corollary 1.1. [1]Let f : I C (0,00) = R be a convex and differentiable function
on interval I and a,b € I with a < b and M := sup,c(,y |f'(x)| < 0o. Then we
have the inequalities:

o<1/abf(3;)dx—f<a;b) S%(b—a)

“b—-a

and

Some results obtained in this study are reduced to the results of Theorem 1.4 and
Corollary 1.1 in special cases. For more recent results connected with inequalities
of the Hermite-Hadamard type on Lipschitzian functions, see [6, 8, 9, 10].

In the following part, we will give some necessary definitions and simple math-
ematical inequalities that will be used to achieve our main results.

Definition 1.5. [12] The beta function denoted by 5 (m,n) is defined as
1
B(m,n) = / 2™ (1 —2)"  da.
0

Definition 1.6. [12] The hypergeometric function denoted by o Fy (a, b; ¢; 2) is de-
fined by the integral equality

1 1
oFy (a,b;¢;2) = ) / 11— )N (1 — 2t) 7%t ¢ > b >0, |z < 1.
0

B(b,c—
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The following Lemmas are well known in literature. Especially, Lemma 1.3 and
Lemma 1.4 are easily seen from the Lagrange mean value theorem.

Lemma 1.2. Let 0 <z <y. Then the following inequality holds for 0 < a < 1:

ly® — x| < |y —z|".

Lemma 1.3. Let 0 < x <y. Then the following inequality holds for a < 0:

a—1

ly* =2 <y —2z[(-a)z

Lemma 1.4. Let 0 <z <y. Then the following inequality holds for o > 1:

— 2% < |y — ooy

(0%

ly

Let 0 < z < y, throughout this paper we will use

Tty
A = Alx,y) = 5
G = G(xy) =y
2zy
H = H( 7y)—x+y
$P+yp %
M, = Mp(x,y)—( 2 >
| g
I =1 =—- (=
(z,y) e(mw)
Ty
L= L(gc’y):hlx—lny
B gt g 5
LP - Lp(xay)((p+1)(y_$) 7p7é 130

for the arithmetic, geometric, harmonic, power mean of the order p, identric, loga-
rithmic and p-logarithmic mean, respectively.

2. Main results

In this section, we shall establish some Hermite-Hadamard-type inequalities for
Lipschitzian functions.

Theorem 2.1. f:I C (0,00) = R be an M-Lipschitzian function on the interval
I of real numbers and a,b € I with a <b. Then following inequalities hold:
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a) For p > 1;

. f(a)+£(b) b f(x) > 2
7’) ‘ 2 T bp pap fa zl— Pd ‘ <2M |bp | (p+1ﬁ2p+1)

bpfal’ fab gflmz’d f ([a”;ﬂ#’];;)‘ < M(%) |bp—ap|p
b) For p < 0;

0[O e ]
< MY¥=ad® bP—a? {2F1

\
b 1= (&)7) +1],

bz'pap cffl(wpdx ( ap+bp >'
o (

<m—tat | Lus1— (2)) +1]

1— 1
2p( aP+bP

i)

¢) For 0 <p<1;

bp—ar Ja zl-P
b P pP
s 1! B - f@%ﬁ?ﬂ

< M_—_b'=a® _ p (1 _
— 4p(up~2¢»bl’)1*%

’L) ‘f(a);—f(b) _ P fb f(w)d < Mbp—a” [ 1-p _|_b1—P} ,

i)

aP—b?
P’ 2; 3; aPJ,-b:D) :

Proof. a) For p > 1:

(i) Using Lemma 1.2 and taking into account that f is an M-Lipschitzian func-
tion on interval I, we have

t7(@)+ (1= 0)7®) ~ £ (Ita? + (0 1))
= Je(r@ =1 (o + = 0p1E)) + -0 (10) — £ (0 + (0 -0
| (
1

< tlf@ - s (e + =01 )|+ A= 0]ro) - £ (1" + (1 - 0] )]
< tM‘a—(ta"Jr(l—t)b”)% +( —t)M‘b—(tap+(1—t)bP)%
< M[t\(ap)%—(muu—t)bp)% +(1—t)\(bp)%—(tap+(1—t)bp)%}

M [£](1 =) (5 = a")|F + (1= ) [t (0" — a”)]7 |
- M[t(l—t) P — aP|7 + (1 — t)t7 |bP — aP|? }
So, for all ¢ € [0, 1], we can write the following inequality:
(2.1) ‘tf (@) + (1= ) f(b) — f ([mp F(1-1) bpﬁ)\
< M[H1= 67 = ar]F 4 (1= 0t B — a7
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Integrating this inequality on [0, 1] over ¢ we get the inequality:
1 1 1 .
(2.2) ’f(a)/ t + f(b)/ (1 t)dt _/ 7 (1ta” + (- 1))7) dt’
0 0 0
1 1 1 1 1
< M-l U {1 —t)EdH—/ el —t)dt} .
0 0

Here, it is easy to see that

. B 1 e _L

(2.3) /0 tp(l—t)dt_/o t(1—t)rdtdt = pr D)@+ 1)

(2.4) f(a) /01 tdt + £(b) /01(1—t)dt— M

and

(2.5) / f([mp+(1—t)bp]%) dt:bpp bf@dx.
0 — aP a xP

Using the inequalities (2.3), (2.4) and (2.5) in the inequality (2.2), we can derive
the desired inequality:

fla) + f(b) P v f(z)
‘ o bp_ap/a xlfpdx

p2

1
<2M |bP — aP|P —4m80F———
S AM = e e )

2

(ii) Putting t = 1 in the inequality (2.1), we have
p D % % 1
(2.6) ‘f(a);f(b)—fga ;b} ) <M(;> P — | .

If we replace a by (ta? 4 (1 —t) bp)% and b by ((1 —t)a? + tbp)% in the inequality
(2.6), we obtain

on | (fta” + (1 = t)pr)7) ;f (10 = tyar + tr)7) ., Qap;bp];)
< M(;);W@t—l)(bp—ap)ﬁ

1 v 1 1
= M<2> |2t — 1|7 |bP — aP|P

all t € [0,1]. Now, if we integrate the inequality (2.7) on [0, 1] over ¢ we can state
that

/1 f([tap+(1—t)bp]i)dt+/1 f([(l—t)a“rtbp]zlv)dt_f <{ap+bpr>

2 2 2
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1

1 g P 1
(2.8) <M 3 |bp—ap|P/ |2t — 1|7 dt.
0

Here, it is easy to see that

1 ) 1 . by
/Of([tap+(1—t)bp]5)dt:/o 7 (10~ tyar + 077 ) —bpfap/a iffﬂ)jdx

(2.9)
and

(2.10) / 2 — 1% dt =

If we put the equalities (2.9) and (2.10) in the 1nequahty (2.8), then we have the
desired inequality:

b 1
P f(z) aP +bP P

b —a? J, xlpd$_f<[ 2

b) For p < 0:

(i) Taking into account that f is an M-Lipschitzian function on interval I, we
have

(2.11) ‘tf(a) +(1—t)f(b) = f ([tap T (1—1) bpﬁ)’
= [r(s@ =1 (e + @ = 0w1)) + 00 (50) - £ (10" + 0= 0)0717) )|
‘f (mp 1—t)bp]%)‘+(17t)‘f(b)7f([tap (1—t) A)‘

< M |(@)F — (1P + (1= )P | + (L= M |7)7 = (ta” + (1= )17 .

1
1
<M (=) —arp -2
= (2) o] D1

IN

Also, using Lemma 1.3, we get

(2.12) }(ap)% ~ (ta? + (1 — t)bP)¥

IN

1
|laP — taP — bP + tbP| (—) (ta? + (1 —t)bP) 7 "
p

(1= t)aP — (1 — t)bP| (]1)) (ta? + (1 —t) bP)»

b — i
T (ta? + (1 —t)oP)r !

T

and

S =
S =

(2.13) |(0)% — (ta? + (1 — t) bP)

1
< |bp—tap—b”+tbp< ) Co
p
1

e -l (-3 ) 09
oo

p

t bl—P,
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If we put the equalities (2.12) and (2.13) in the inequality (2.11), we obtain the
following inequality:

(2.14) Vﬂ@*%l—ﬂﬂw—f<mf+(y_”mﬁ)

bP — aP

p

t(1—1)
(ta? 4+ (1 —t)b»)' "%

<

1+ﬂ1—ww—ﬂ.
If we integrate the inequality (2.13) on [0, 1] over ¢ we get

(2.15) ’f(a) /Oltdt+f(b)/01(1t)dt/olf([tap+(1t)bp]é)dt‘

b —a? | [* t(1—t !
< M- Q/ (1-1) : ¢ﬁ+bkp/)ﬂ1—wﬁ
p 0 (taP 4 (1 —t)br) » 0
for all t € [0,1]. Here, we can write the following equality:
1 1
t1—t t1—t
(2.16) /ﬁ i) 1ildt::/ k) —rdt
0 (tor+ (=)o et [L-e (1 (3)")]

Further, if we calculate the equality (2.16) using the definitions of the beta and
hypergeometric functions, then we obtain

! t(1 —t)dt _ B(2,2) 1, a\P
(2.17%0 PR S T 2P (1 -l (g) )
1 1 a\P

where

3(2,2) :/O t(1 — t)dt = é

If we put the equalities (2.5) and (2.17) in the inequality (2.15), then we have the
desired inequality as follows:

‘f(a) O )

2 bp—ar J, zl-P

b — a? 1 b\
o [ (=52 (0))

(ii) If we take t = % and % = @ in the inequality (2.14), we have

Fla) + £(b) aP + P> b — a?| 1 -
)

dzx

=

(2.18)
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If we replace in the inequality (2.18) a with (ta? + (1 — 1) bp)% and b with ((1 — t)a? + tbp)%,
we can write the following inequality for all ¢ € [0, 1]:

£ (It + 0 =0w7) + £ ([0 = +w7)7) ; ({M] )

(2.19) 5 5

(1 —t)a? + th? — (ta? + (1 — t) bP)
_4p

d

X 1\p—1
(ap-l-bp 1 _ t ar + tbp);)

T
Mmpt-1 2 [ !
y

arsbr) 1=y ((1 —t)ar + )7

Integrating the last inequality (2.19) on [0, 1] over ¢t we get

(“3
(
f([ap+ (1—t)b?]7 ) +

(2.20)

) (l—ta”—i-tbp] )_qu];)

2

bP — gP 1 1 2t —1
< M- — /|2t—1\dt+/ | | —rdt
4p (22$2) 0 ((1—=t)ar +tbr) >

where

1
(2.21) / |2t — 1|dt = =
0
Now, let calculate the second integral in the inequality (2.22):
1
2t —1
(2.22) / | | T dt
0 (1—t)ar +tbr) ">

2 1—2t ! 2 —1
= —rdt + —dt.
0 ((1—t)ar +tbr)' ¥ L (1= t)ar + tor)' 7w

2

-

It is easy to see that

1
2 1—2t)dt 2,1 1 P — pP
(223)/ ( ) T = B( . )1 —.oF (1—,2;3; a)
0 ((1—t)ar +tbP) "> 2 (abr)' Ty 2 aP + br
1 1 P —bP
= 71-2F1 (1 = 2;3; a>
4 (aP+bP) D aP + bp
and
1
2t — 1 1 1 P — bP
(2.24% —rdt = —————F (1 - =23 a)
(1 —t)ar +tbr)' v 4 (2gny Ty p ar +bp
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where

1
5(2,1):/0 tdt:%.

Adding the equalities (2.23) and (2.24), we get

1
2t -1 1 1 P —bP
D e )
0o ((1—t)ar +1tbP) " » 2 (4br)' Ty P a? + bp

If we put the equalities (2.21) and (2.25) in the inequality (2.20), then we obtain
the following inequality for all ¢ € [0, 1]:

b 1
P f(z) aP +bP|»
w—ar J, zlpdm_fq 2
D __ 4P p
< oy [2F1 (1—1,1;3;1— (b> )+1] .
2p(ap-2-bp)1—; p a

¢)For0<p<1:

Using the inequality (2.11), we can write the inequality

(226)  [tf(a)+ (1= 0)f®) — f (Ita” + (1= )V]7)|

< tM’(ap) — (taP + (1 — t)bP)>

(=M |(07)F ~ (ta” + (1= Db

for all t € [0,1]. Also, by using Lemma 1.4, we get

(2.27) ‘(ap)% — (taP + (1 — t)bP)»

1 1_
S |ap_ta;0_bp+tbp| (p) (aiﬂ)p 1

W —aP |
a

p

—-p

= (1-1)

and

(2.28) |(b)7 — (ta? + (1 — )bP) 7| < [bP —taP — bP + tbP| (;) (bP)r

From the inequalities (2.27) and (2.28), the inequality (2.26) can be wriiten as

(2.29) 15(a) + (1= 05 0) ~ 7 (e + (1 )71},
bP — aP

p

< M

[t(1—t)a' P + (1 —t)b' 7] .
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Integrating the inequality (2.29) on [0, 1] over ¢ we obtain
1 1 1 )
(2.30) ’f(a)/ ¢t + f(b)/ (1— t)dt —/ 7 (1ta? + (1 = 1)) dt’
0 0 0

P 1 1

< w2 {al—P/ t(1—t)dt+b1—P/ t(l—t)dt}
p 0 0

where

(2.31) /115(1 —t)dt =
0

If we put (2.4), (2.5) and (2.31) in the inequalit
inequality for all ¢t € [0,1]:

< S| =

(2.29), then we get the following

f(a)+f(b) p b f(l') |bp_ap| 1—p 1-p
(2.32) ’ 5 “a ), Tl SMT [a' 7P +b" ]
Putting t = % in the inequality (2.29), we have
P v P _ qP
(2.33) ’f(a);—f(b) —f ({a;—bp] ”) < Mu [al—p + bl_p} .

If we replace in the inequality (2.33) a with (ta? + (1 —t) bp)% and b with ((1 — t)a? + tbp)%,
we can write the following inequality for all ¢ € [0, 1]:

(2.34) f<[mp+(1_t)bp]%) ;f<[(1—t)ap+tbp]rl’) - f qﬁ;()p]’l’)
< 0= 0a 4 17)" — (o + 0 - op)7)'|

4p
. {([tap +(1- t)bp]%)l_p + ([(1 —t)aP + tbp];>1_p}

BP — aP

4p

1—L

2t — 1] |2t — 1| 1
(ta? + (1 — )b)' "5 (1 — t)ap +thp)' "7 |

Integrating the inequality (2.34) on the interval [0, 1] over ¢ we have

/1 7 (It + (1 - 1) bp]i)dH/l 7(la t)ap+tbp]i>dt_f <{My>
0 0

2 2 2

p—qp | [ 2t —1 ! 2t — 1
(235 M9 / 2¢ — 1| - 1dt+/ 12 1| —rdt|.
4p 0 (taP + (1 —t)bp)' "% 0 ((1—t)ap +tbp)' " »
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Here, using (2.22) we see that the following equalities

/1 12t — 1] /1 |2t — 1| "
0 (ta? + (1 —t)op)' "> 0 ((1—t)ar +tbv)' "7

1 1 'ap—bp>

2.36 SR — S ) B P
(2:36) 2(ar'+bp)1—% ? 1( p aP + br
2

hold for all ¢ € [0,1]. Finally, writting the equalities (2.9) and (2.25) in (2.35)
b P ¥ D _ P 1 P _pp
p f(x)dx—f al + b7 | v gMb—agFl 1_,72;3~u
b» —ar J, xl-P 2 P

ap (250! ar b
Thus, the proof of the Theorem is completed. [

Remark 2.1. If we choose p =1 in Theorem 2.1, then the results we obtained coincide
with the Theorem 1.4.

If we choose p = —1 in Theorem 2.1, then we can also give the following
corollary.

Corollary 2.1. f:I C (0,00) = R be an M-Lipschitzian function on the interval
I of real numbers and a,b € I with a < b. Then, following inequality it holds that:

) ‘f(a)Q ~ /f

o [ Lhan s ()| < et o (2 =) 4]

By using Theorem 1.2, Lemma 1.1 and Theorem 2.1, we can state the following
corollary:

M [ (220461 - 5) +1]

Corollary 2.2. Let the function f : I C (0,00) — R a differentiable p-convex
function on interval I, a,b € I with a <b and M = sup,¢[, 4 |f'(t)] < o0. Then:

For p > 1;

b b 1 2
(@ +i®) __»_ a 1) go <on - aryp P

-- bf p+bp% 1 v 1
s st ([ oo

i) 0

IN
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For p < 0;

b b
i) 0 < bpfap ) gfl’idm_fqap;bp] )

b — aP 1 b\”
< Mm———% LR (1-= 31— (2) )+1].
ap (252) 0 P “

For0<p<1;

J@+f®) o [P, ]
2 w—ar J, 22T =gy

b P
i) 0 < bpfap a;;(i)’dx_fqa; } )

o bP — aP (1 12.3_ap—bp
ap () U T )

)0 <

IN

Remark 2.2. If we choose p =1 in Corollary 2.2, then the results we obtained coincide
with the Corollary 1.1.

Proposition 2.1. Forp>1 and 0 < a < b, the inequalities

1
, (or — C#’)5 2p3
)0 < HT@W) = L7 e ) < o e
.. —1(.p 3P\ _ A—1/,.p D _ap v 1 v
ZZ) 0 < L (a ,b ) A (a ,b ) ap.l,.l (2

hold.

Proof. The function f : (0,00) = R, f(z) =27P (p > 1) is a differentiable p-convex
function. By using Corollary 2.2 for p > 1:

(i) Since |f'(z)| = |—pz™P7| = pa~P~, we obtain

p

— / — —p—1 _
M_ sup |f (Jf)l— sup px - ap+1)

z€[a,b] z€[a,b]

f(a);—f(b) a_p—;b—p:;(l 1>:1<ap+bp>

- ar P (ab)?
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and

/ xl dx:/ —dxr =Inb—1Ina.
a x P a x

a? +0b"  p(nb—Ina) < (bp—ap)% 2p3
2 (ab)? bp—a?  —  aPtt (p+1)(2p+1)

Hence we have

(ii) It is easy to see that
f a’ + 50" B aP + bP _p_ aP + bP _1_ 2
2 B 2 S\ 2 CoaP b’

p(nb—1Ina) 2 (bp—ap)% 1 » p?
bP — aP abP +bp —  qrtl 2) p+1°

=

O

Proposition 2.2. Forp < —1 and 0 < a < b, the following inequalities hold:

)0 < H'(aP,bP) — L™ (a®,bP)

b — a?| 1 (b
S W 2F1 1_5727471_ g +1 ’
L (aP,b7) — AL (P, bP)

b — a? 1 b\”
< L [2F1<1—71;3;1—(>>+1].
92qp+1 (a”-Qi-bp)l_E p a

Proof. The function f : (0,00) —» R, f(z) = 2P (p < —1) be a differentiable p-
convex function. By using Corollary 2.2 for p < 0, we obtain desired inequalities. [

i) 0

IN

Proposition 2.3. For0<p <1 and 0 < a <b, the following inequalities hold:

bP — aP

. 1—
)OS A(@) - L7} (0h) L (ab) <~

A(al7,b17)

= 1—1

—aP 1 p_
i) 0< LY7P (a.b) If (a.b) ~ My (a.h) € — 0 Ry (1 — =232 b") :
ap (#52) P
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Proof. The function f : (0,00) = R, f(z) = z (0 < p < 1) be a differentiable
p-convex function. By using the Corollary 2.2 for p < 1, we can write

fla)+f(b) _ a+tbd
2 2
by prtl — gptt
[ o P
o TP p+1
M = sup |f'(z)] =1
z€Ja,b]

So, we obtain followings for Corollary 2.2 (i)-(ii) for 0 < p < 1, respectively:

a+b p Pl — gPtl
2 b —ar p+1

+1 +1
_a+t b p T —aP < bP — apA (a7, 517)
2 bp —a?r  p+1 3p

and

p+1 _ - pt+1 D P% —qP D _
P (Y e (- L2,
“or ap () P

O

3. Conclusion

In this paper, using the definition of M-Lipschitzian function and some simple
mathematical inequalities, we obtained new inequalities related to the right and
left sides of the inequality (1.2) for Lipshitz functions. Some results obtained in
this study are reduced to the results obtained in [1] in special cases.
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