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HERMITE -HADAMARD-TYPE INEQUALITIES FOR r-CONVEX FUNCTIONS
USING RIEMANN - LIOUVILLE FRACTIONAL INTEGRALS"

HEPIBHOCTI THITY EPMITA - ATAMAPA JIJISI r-ONIYKJINX ®YHKIIA
I3 BUKOPUCTAHHAM JPOBOBUX IHTEI'PAJIIB PIMAHA -JIIYBLJIJIA

By using two fundamental fractional integral identities, we derive some new Hermite — Hadamard-type inequalities for
differentiable r-convex functions and twice-differentiable r-convex functions involving Riemann-Liouville fractional
integrals.

I3 BUKOpUCTaHHAM ABOX (yHIAMEHTAIbHHUX APOOOBUX IHTETPAILHHX TOTOXXHOCTEH OTPHMMaHO HOBi HepiBHOCTI Ty Ep-
MiTa— Anamapa s AudepeHniioBHIX r-onykinx GyHKIiH Ta ABivi JudepeHIiHoBHIX r-0nyKIuX (YHKLIH, I10 MiCTATh
npoOoBi iHTerpamu Pimana — JliyBimis.

1. Introduction. It is well-known that one of the most fundamental and interesting inequalities for
classical convex functions is that associated with the name of Hermite — Hadamard inequality which
provides a lower and an upper estimations for the integral average of any convex functions defined
on a compact interval, involving the midpoint and the endpoints of the domain. More precisely, if
f:[a,b] — R is a convex function, then it is integrable in sense of Riemann and

f<a+b> < blaa/bf(t)dt < M_ (1)

2 2

This above inequality (1) was firstly discovered by Hermite in 1881 in the journal Mathesis (see
Mitrinovi¢ and Lackovi¢ [1]). But, this beautiful result was nowhere mentioned in the mathematical
literature and was not widely known as Hermite’s result (see Pecari¢ et al. [2]). For more recent
results which generalize, improve, and extend this classical Hermite - Hadamard inequality, one can
see [3—13] and references therein.

Meanwhile, fractional integrals and derivatives provide an excellent tool for the description of
memory and hereditary properties of various materials and processes. It draws a great application
in nonlinear oscillations of earthquakes, many physical phenomena such as seepage flow in porous
media and in fluid dynamic traffic model. For more recent development on fractional calculus, one
can see the monographs [14-21].

Due to the widely application of Hermite - Hadamard-type inequalities and fractional integrals,
many researchers turn to study Hermite — Hadamard-type inequalities involving fractional integrals
not limited to integer integrals. Recently, more and more Hermite— Hadamard-type inequalities in-
volving fractional integrals have been obtained for different classes of functions; see for convex
functions [22] and nondecreasing functions [23], for m-convex functions and (s, m)-convex func-
tions [24, 25], for functions satisfying s-e-condition [26] and the references therein.
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The notion of r-convexity undoubtedly plays a dominant role in almost all aspects of mathemati-
cal programming [27] and Hermite — Hadamard-type inequalities [28]. However, Hermite — Hadamard-
type inequalities for r-convex functions involving fractional integrals have not been studied. Thus,
the purpose of this paper is to establish Hermite — Hadamard-type inequalities for r-convex functions
via Riemann—Liouville fractional integral by using two fundamental fractional integrals identity in
Sarikaya et al. [22] and Wang et al. [25].

2. Preliminaries. In this section, we introduce notations, definitions, and preliminary facts.

In [28], Pearce et al. introduced the definition of r-convex function via power means.

Definition 2.1. The function f: [0,b*] — R is said to be r-convex, where r > 0 and b* > 0, if
Sor every x,y € [0,b*] and t € |0, 1], we have

flte+ (1= t)y) < [t(f@)" + A - (@) r+0,
fltz+ @1 —t)y) < (F@)' ()" r=o0.

Remark 2.1. Clearly, a r-convex function must be a convex function, however, the inverse is
false. For example, f(z) = z'/?(z > 0) is a 4-convex function, but it is not a convex function in
anyway.

We also give some necessary definitions of fractional calculus which are used further in this
paper. For more details, one can see Kilbas et al. [16].

Definition 2.2. Let f € L[a,b]. The symbols ppJ, f and rpJ;' f denote the lefi-sided and
right-sided Riemann— Liouville fractional integrals of the order o € R™ are defined by

T

(reJ% f) () = F(la) /(3: _ 0oL f(t)dt, 0<a<a<b,

and
1 b
(i e) = g [ =" 0. 0<a<as,

xT

respectively. Here I'(-) is the Gamma function.
The following results will be used in the sequel.
Lemma 2.1 (see Lemma 4.1 [26]). For a > 0 and k > 0, we have

I(a, k) == /t"‘ ktde = kZ ) 1h1]?<+oo7

where
()i =ala+1)(a+2)...(a+i—1).

Moreover, it holds

| In k| <|1nkye>m1
T ay2r(m—1) \m—1 .
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Lemma 2.2. Fora > 0andk >0,z >0, we have

o0 1 i—1
Yottt = Zﬂ < 400,

O\H
.

A

—

Q

=

[ o tptat = oy (2l BT
=z < +00.

H(a,k,z) : 2 @)

I
o,

Proof. By using Lemma 2.1, we obtain

1 1 ,
a1t a—1p1—t ~1 (In k)"
J(onk) = [(1—t)* T kdt = [ 27k dt = kI(ok™!) =) —— < 400,
0 0 '

z 1 -
H(a, k, 2) = /to‘lktdt = za/T"‘l(kz)TdT = 2%I(a,k*) = 2°k* Y - o)
. «);

0 0 =1

which implies the desired results.
Lemma 2.3. Fora>0and k> 0,12> 2> 0, we have

R(Oz, k,z) = /(1 _ t)a—lktdt Z M (1 _ k,z( o z)a+z‘—1) ‘

0 i=1 (a)i

Proof. By using Lemma 2.1 and Lemma 2.2, we obtain

1 1
R(a,k, 2) / Yo kb dt — /( —t)ktar =
0 z

1—2

— / t Ukt = J(ou k) — kH(a, k™11 —2) =
0

_ - (k) Joge Z ln kY-
OO

Lemma 2.3 is proved.

Finally, we recall the following elementary inequalities.

Lemma 2.4. For A>0, B> 0, it holds

(A4 B)? <2071(A% + BY) when 6> 1,
(A+B)? < (A’ +B%) when 0<6<1.

3. Hermite — Hadamard-type inequalities for differentiable r-convex functions. In this sec-
tion, we apply the most fundamental fractional integrals identity given by Sarikaya et al. [22] to
present some new Hermite — Hadamard-type inequalities for differentiable r-convex functions.
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Lemma 3.1 (see Lemma 2 [22]). Let f: [a,b] — R be a differentiable mapping on (a,b) with
a <b. If f € Lla,b], then the following equality for fractional integrals holds:

fla) + f(b) _ T(a+1)
2 2(b—a)™

[rRLg+ f(b) +Rre Jy- f(a)] =

—a
2

1
/[(1 — ) —t*f (ta + (1 — t)b)dt. )
0

By using the above lemma, we can obtain the main results in this section.

Theorem 3.1. Let f: [0,b*] — R be a differentiable mapping with b* > 0. If | f'| is measurable
and r-convex on [a,b] for some fixed 0 < r < 00, 0 < a < b, then the following inequality for
fractional integrals holds:

fla)+ f(b) _Tla+1)

[reJgs f(0) +re Ty f(a)]| < Ky,

2 2(b—a)~
where
K, T”QﬂﬁWV—wﬂwwn+wwm Jor 0<r<1,
K= (@B o o
- ool @] [k (in k)22 vk
Ko := ; (o +1)2 _k)—~_(a‘i‘1)2i—1(kﬁ_l_w—m_g)]7
1/ (a)]
dk= .
o 17/(0)]

Proof. Case 1: 0 < r < 1. By Definition 2.1, Lemmas 2.4 and 3.1, we have

'f(a)+f(b) _ Dle+1)
2(b—a)™

<

[RLJg+ f(b) +re Jy- f(a)]

1
2“/\ (1= 6) — || (ta + (1 — t)b)|dt <
0

1
<250 [la- ot = s @r + -0l ror] Y de <
0
b 1
<250 [l -0 et [0 @)+ - o) di =
0

1

—ot/r2(p >(f<>/<1twwﬂﬁﬁ+

0
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4¢Nw/(1tWWOﬂWﬁ)

0
1
=2M/r=2(p — a)l+|f'(b /y (1—t)> — |t/ dt =
0

1/2

=220 = 0) (If' ()] + 11/ ()) )@+ (=) M)dt <

o \
—~
~—~

—
|
o~
S~—

<2720~ a) (If @)+ |FO)) [ (@0 )t =
0

— 21/T211__|_2;)é(b —a) (|f' (@) + | (b)]) .

Case 2: 1 < r. Like in Case 1, we obtain

'f(a) +/f0)  Tla+1)

2(b—a)™ =

[rRLJ g+ f(b) +RrL Jy- f(a)]

1
b a a r / r1/r
o [1a=07 = e [ @r + (-0l de <
0

—a

1
= /\1—t — e [2) 1 @)+ (1= ) )] dt =
0

1

(!f’(a)\ / (1 — )™ — [tV dt+

0

_bfa

1 1
Hﬂw/m—w—ﬂm—wwgzbg D +17O) [ 1= 0 - ehra =
0 0
1/2

’ (1= t)* =t + (1 —t)/")dt <

=22 (1 @l + 17O

o

1/2

<o Uy - )Of(!+UW@D/«1—W“%%ﬁ=

0

QAﬁﬂ]ifwwafmn+uwoy
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Case 3: r = 0. By using Definition 2.1 and Lemmas 2.1, 2.3, 3.1, we have

'ﬂ@+f®>_FW+1MM4aﬂw+MJ:ﬂ@]<

2(b—a)~

1
za/\ (1= 8% — 2|/ (ta + (1 — £)b)|dt <
0

1 1
<252 [1a -0 - enr@rser-ta = C=UEOL [ e o =
0 0
) 1/2 1/2 1 1
= U)_G;W /(1 — 1)k dt — /t%tdt+ /to‘ktdt— /(1 —t)*Kdt | =
0 0 1/2 1/2
( 1/ 1/2 1 1
_ - ‘f / Yokt dt — /t“ktdt+ /t“k:tdt— /(1 —t)%ktdt | =
0 0 0 0
/ 2@ 1 21—2
(b—a) ’f 2 Z‘i ) (Slfi)%_l <k+ 1- W‘/f_?))]

Theorem 3.1 is proved.
Theorem 3.2. Let f: [0,b*] — R be a differentiable mapping with b* > 0. If | f'|7, ¢ > 1,

is measurable and r-convex on [a,b] for some fixed, 0 < r < 00, 0 < a < b, then the following

inequality for fractional integrals holds:

b r
OIS g £0) e T (@) < K
where
—or _ o—pa\ 1/ / ! 1/
Ky a2 (L220) L0 g
_ ba (1=2p\ P (@) + 1))
Kr':211/P<pa+1> [ ——l } Jor r>1,
_(b—a) (127N — )\ , ,
005 (art) (il emipmn) e V@0
b—a) (1—2Pa\'/P
%=§HJ(}H1> F@)] when | f'(a)l = |f'(b)],
and}—}—}:l.

p g
Proof. Case 1: 0 < r < 1. By Definition 2.1, Lemmas 2.4, 3.1 and using Holder inequality, we
have
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'f(a) +f(b) T(a+1)

2 T2 —a) [rL g+ (D) +re Jy- f(a)]| <

—a

1
Pt [l = s+ (- o<
0

1 /p 1 1/q
b_ !
<2t {/(1t)atwdt] {/f (ta+(1t)b)‘1dt] _
0 0
1/2 1/p

1 1/q
= b;a 2 /((1 —t)a _ta)pdt |:/ ]f'(ta—k (1 t)b)th] <
0

0

1/2 1/p

1 1/q
b—a o o
S S /((1_t)p — tP)Pdt [/f/ ta+ (1-1) )th] =
0

0

1
boa (1—2p\V2 [ fa
- 91-1/p ( po+ 1 ) /|f (ta+ (1 —t)b)|9dt <
0

1

1/q
b—a (1—27Pa\'P )
= 21712} ( pot 1 ) [/ [t1f (@)1 + (1= )| £/ (0)| ] dt} <

0

1

1/q
b—a (1—2P\'YP| ) T
< o1—1/p < pat 1 > {21/ 1/ [tl/ 1f/(a)|?+ (1 — 1)/ |f/(b)|‘1] dt] =

0

pa+1 r+1

—(h—a)2 <1—2)/ [r(!f’(a)\q + !f’(b)lq)] e

Case 2: 1 < r. By Definition 2.1, Lemmas 2.4, 3.1 and using Holder inequality, like above we
obtain

2 26— aya bTar O re Jit (@)

1
b—a [1—27P2 ip [ L / o /4
< (S20) | [ @ s a- oo a] <
0

b—a (1—27Pa\'P
<
= 91-1/p < pa+ 1 )
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<

O\H

1/q
tl/rlf +(1— t)l/r|f’(b)|q} dt] _
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Cb—a (1=277N\ VP el @)+ | ()] ]
21—1/p<pa+1> [ r+1 ] '

Case 3: r = 0. By Definition 2.1, Lemma 3.1 and using Holder inequality, like above we have

'f(a) ; ) 5((;_212! [Rr gy f(b) +re Ji- f(a)]] <
b—a) (12 r\7 [ v
S (21—17;;) ( pa+1 > /\f’(ta—i—(l—t)b)\th <
0

1/q

1

b—a) (1—2P\'/?P .

< (21_1/;,) ( a1 ) / F @ |f Bt
0

Since

/ : ’ F@I 17O N
(it i) - (i) e @10

| F(a)] — gl | £ , | ,
! ! F (@) when [f'(a)] = |7/ ()]

Theorem 3.2 is proved.

4. Hermite — Hadamard-type inequalities for twice-differentiable r-convex functions. In this
section, we will first recall from our previous work an important fractional integrals identity including
the second order derivative of a function. Then, we apply this new fractional integrals identity to
present some new Hermite — Hadamard-type inequalities for twice-differentiable r-convex functions.

Lemma 4.1 (see Lemma 2.1, [25]). Let f: [a,b] — R be twice-differentiable mapping on (a,b)
with a < b. If f" € Lla,b], then the following equality for fractional integrals holds:

fla)+f(b)  Tla+1) [

JEf(b) +re S fa)] =

2 2(b — a) HRL
1
= O R [AUE I a1 - @)
0

Now we are ready to present the main results in this section.

Theorem 4.1. Let f: [0,b*] — R be a twice-differentiable mapping with b* > 0. If | f"|%(q >
> 1) is measurable and r-convex on [a, b] for some fixed 0 < r < 0o, 0 < a < b, then the following
inequality for fractional integrals holds:

fla)+f(b)  Tla+1) [

_ (0% Oi < I’r'7
where
1—r—qr ) 1
T _ p
=2 (b—a) (1_2> y
a+1 pa—+p+1
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1/q 1/q
(@i o) () e o<rsa

_ (b—a)? 2 l/p Vg [ ¢+ \Y4
IT*2(0¢+1) <1 pa+p+1> <‘f )7+ 117 )|) (r—i—l) for 1<r,

N2 1/p
2(a+1) pa+p+1

y ( [ (@) = | B)|?

1/q
qln\f”(a)l—qlnlf”(b)l) when TN ZLE O

_ (b= a)’|f (o) 2\ P

1 1
and — + — =

P q
Proof. Case 1: 0 < r < 1. By Definition 2.1, Lemmas 2.4, 4.1 and using Hoélder inequality, we

have

<

'f(a) +10) F(ba_+ ;) ke J% F(b) +rp T f(a)]

- (b—a)2 / 1— (1 _t)a+1 _ta+1

|0+ (1 - ) dt <

1 1/p 1 1/q
M _ _ o+l gotlyp " a B q
< 2ot 1) (0/(1 (1—1t) ot dt) (/f (ta + (1 —t)b)| dt) <

0

o )2 1 1/p
< EFE) (0/(1 — (1 = g)plotl) tp(a“))dt) x

1 1/q
X (/[tf"(a)‘”' +(1— t)f”(b)q’"]l/"dt) <
1

1/q
- 2 N e [ o)
<3t () (21/ 1 @+ =01 o) Jdt) )

0

1—r—qr

2 7 (b—a)? 2 e, " g / r \Y
S22 ) (P er) " ()

Case 2: 1 < r. By Definition 2.1, Lemmas 2.4, 4.1 and using Holder inequality, like above we

obtain
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‘f(a) : 1) _ 2F(<ba_+a;i [ F(0) +re Tg- f(a)] ‘ S

1

1/q
(b—a)? 1/p . -
< (U pares) (/tf W+ -l ) ) <

0

1/q
(b_a)2 2 e / r g’ q r g q _
=2+ 1) <1_pa+p+1> (O/ [t @)+ (=Y f @) dt | =

—a)2 p , ) VN
:2(?04+)1) <l_pa+2p+1) (|f (@) +1f (b)’q>1/ <T+1> '

Case 3: r = 0. By Definition 2.1, Lemma 4.1 and using Holder inequality, like above we have

‘f (@) + f(b) ;“((bﬁag [ I F(0) +Re TP f(a)] ‘ <

1

1/q
(b—a)? 2 1/p ., .
= 2(a+1) <1_pa+p+1> /|f (ta+ (1 —t)b)| dt) <

0

1/q
b—a)? 2 ip [ 7 , )
= Z((a ?1) <1pa+p+1> /!f (a)|”|f (b)q<1t)dt> :
0

Since

] £ @ = 1 @) i
[15 @1 w0 = R F@ el O
0

£ ()] when [f"(a)] = [f" ().

Theorem 4.1 is proved.

Corollary 4.1. Suppose that the assumptions of Theorem 4.1 hold. Moreover, |f"(x)| < M on
[a,b]. Then

+ /b Hatl @ @ /
V@2ﬂ) ﬁi®ﬁm%ﬁ@+m%4mﬂ§%
where
1—qr
, 20 M(b—a)? 2 Up s \1a
I, = (a+1) (1_pa+p+1> <r+1> for 0<r<1,
1—q

2 ¢ M(b— a)? 2 Yp oy NV
Iy = 1- — 1
2 (a+1) < pa—l—p—i—l) r+1 for 1<,

I/_M(b—a)2<1_ 2 )VP
O 2(a+1) pa+p+1 ’
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1 1
and — + — = 1.
p g
Next, we give another Hermit—Hadamard-type inequality for powers in terms of the second

derivatives.

Theorem 4.2. Let f: [0,b*] — R be a twice-differentiable mapping with b* > 0. If | f"|%(q >
> 1) is measurable and r-convex on [a, b] for some fixed 0 < r < 00, 0 < a < b, then the following
inequality for fractional integrals holds:

fla)+ f(b)  T(a+ 11 [pr o £ () +rL T3 f(a)] ‘ < I,

2 2(b—a)
where
1—r—gr
2 ar (b—a)2 " 1/q
I, = q ()9
(a+1) <|f (@)|* 4 |7 (b)] X
r r r 1/q
- L) = <1
X(T+1 B<T+1,aq+q+ ) aqr+qr+r+1> for D<=t
— (bia’)2 1" q 17 q l/q
= st (@I 1)
1/q
r r r
X<T+1 ﬁ(’"+17aq+q+ ) qur+qr+r—|—1> for 1<t
Io = (b—a)Q( (@) = [f"()?
2(a+ 1) \qg(n|f"(a)] —In|f"(b)])
- (1n\f”(a)|—1n\f”(b)|)"_1[ 1| 1) Dl/q
_ 7 b q_|_ EPAY a q
D s el O AU G O
when | (a)| # 11" (1),
(b—a)?|f"(a)] 2 /e , ,
Iy = 1— _
0= St ) i) when I @I=170))
and}+1:1‘
p g
Proof. Case 1: 0 < r < 1. By Definition 2.1, Lemmas 2.4, 4.1 and using Holder inequality, we
have

S e T S0 S T (@) <

'f(a) +f00) _ Tla+1

|f"(ta + (1 — t)b)|dt <

1
- (b_a)2/1_(1_t)a+1_ta+1
a+1
0

1/p 1 1/q

1
M _ _ o+l qatlNg| g/ a _ q
S O/ldt 0/(1 (1 — 0o+ 0 (a4 (1 — Db)%dt | <
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1
/q
([ —nem s @ i eera) s
0

1 1/q
_2 7 (b—a)? ( /(1_(1—t)(0<+1) — tlotD) >{1/Tf<>q+<1t)l/ff”w)q}dt) =
0

1—r—qr
2 o (b

_a)2 1/q
LT )<|f”(a)!q+|f”(b)|q> x

r 1/q
X - B aq—i—q—l—l .
r—I—l aqr+qr+r+1

Case 2: 1 < r. By Definition 2.1, Lemmas 2.4, 4.1 and using Holder inequality, like above we
obtain
fla)+f(b)  Tla+1)

2 - 2(b—a)™ [rRLJ g+ f(0) +re Jy- f(a)]

<

1/
(1= (= = e @+ (- 0l @) <

IN

N[ —
T
tle
2
N
o—__

e 1 B 1/
< f-a) (/<1—<1—t><a+l> — o )17 £ (@)] 4 (1 — )17 f @'q]dt) -
0

- (b ) " 1" Y r r r Y
- 2(a+1 )<|f()|q+|f (b)|q> (T+1_5<r+1’aq+Q+l>_aqr+qr+r+1> '

Case 3: r = 0. According to Lemmas 2.1, 2.2, 4.1, using Holder inequality, like above we have

'f(a) /() T(a+1) §

[RrJgs f(b) +re Jy- f(a)]

2(b—a)~ =
(b )2 L 1/q
SCICES) (O/(l — (=) —2F 4| f(ta + (1~ t)b)th> <
1
(b—a)? o athe (e e 1/q
S 2at D) <0/<1 (1= )+ — gt hay| 1 (@) 9| £ (1) dt> |

Since
1
[ =gt gl £ @y )0t -
0
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|f"(a)]? — | £ (b) i (In|f"(a)| — In|f" (b))
g (In]f"(a)| —lnlf” pa aq+q+ 1);
- x qi-1|f”<b>|Q+(—q)"-1|f”<a>|ﬂ when |f"(a)] # [ (b)],
1f" (a)] when |f"(a)| = [f"(b)].

Theorem 4.2 is proved.

Theorem 4.3. Let f:[0,b*] — R be a twice-differentiable mapping with b* > 0. If |f"]4,
q > 1, is measurable and r-convex on [a, b] for some fixed 0 < r < 00, 0 < a < b, then the following
inequality for fractional integrals holds:

fla)+f(b)  Tla+1)

(6% a_ <
2 2(b _ a)a [RLJa+f(b) +RL Jb f(a’)] < I,
where
1,1 ) 1
n—r—ngr m -
e sl VUL UL R

(a4 Dfa+2)r*mm

1

r n—i—r r qn
— 2| - —FF 0 <
X(n—H’ B( @t ) ar+2r+n) Jor <rsm
1,1 , 1
aP am(b—a qn
I, = ( 1) i <|f”(a)|q” + If”(b)lq"> X

2+ 1)(a+2)p am

1

n-i—r T qn
X — 2] ———— <
(n—i—r B( +> ar+2r+n> Jor m<,

l—}—L " "
fo 07T 0)? < £ (@~ 1f B
0=

o+ Dt 2)b s \naln | @)= [ 7O

< (ng) ™" (inls @] =l ®)) (1O + 1 @0 g
i—1 (a+2); >

when ]fﬂ(a)| #* \f//(b)‘7

1
op Tt (b—a)?|f" ()] p ’

11 Wwhen |f (a)|=|f (b)],

2(a+1)(a+ 2)5+%+qn

Iy =

1 1 1
and +-=1, —+——1 n > 1.
q m

Proof Case 1: 0 <r < n. By Lemmas 2.4, 4.1 and using Holder inequality, we have

fla) + f(b) _ T(a+1)
2 2(b—a)~

[rLJg+ f(0) +Rre Jy- f(a)]| <
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1
< (b—a)? / 1— (1 —¢t)ott —¢otl |f" (ta + (1 — t)b)|dt <

- 2 a+1
0

1 1/p
< a+1 (/ —t )dt) X
0

1 1/q
« (/(1 (1= )t e (a4 (1 — t)b)th) <
0

al/ 1 1/q
p " T " r11l/r
2o+ 1)( a+2 i/p (/ D @Y £ (@) + (1 )] £ (b)) dt) <
0
) 1
qm
_ 1/p (a+1) (a+1))dt y
T 2a+1)(a+ 2 1/p
0

1

1 4
( Ja=a =0 — e s @+ - ol ) 7dt) " <
0

1. 1
apam (b—a)?
= 1, 1

2(a+1)(a+2)r am

X

1

' o
( % 1/ _ a+1) _ t(a+1)) [tn/T|fH(a)’qn + (1 _ t)n/r|f//(b)|qn] dt) —_
0
1,1 1
n—r—ngr Oép+ qm (b a)2 " o " o qn
_ U (I @+ ) "
(a+ 1)(a+2)p T

1
(e (P ) o)™
n+r ar +2r+n

Case 2: For 1 < n < r, like in Case 1, we have

‘f(a) + /() ;&“jﬁ (AL T2 F(b) +Re JE [(0)]

1,1
apam (b—a)?
1,1

2o+ 1)(a +2)p Tam

IN

1

1 qn
(/ (1— (1= )@ — ) (@) + (1 - )1 O] " dt ) <
0
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a5+%(b a)?
= 1.1
2(a+1)(a+2)p am

1

1 an
( / (1= (1= ) D) — o DY [/ (@) 4 (1 — 1)/ | £ (b) ] dt) <
0

1,1

apam (b—a)?

X

= 1,1
2(a+1)(a+2)p am

1

1 qn
x ( / (1= (1= 6)@FD) — ¢ty | " (@)™ + (1 — t>’?f”<b>q"]dt) <
0

1
< (IF"(@)[™ + [ f"(®)|*") am x

1

NESET
n+r r ar+2r+n
Case 3: r = 0. Denote
" nqg
o (@™
|f"(a)]
If | £ (a)| # | f" (b)], we obtain

'f(a) Il 2F(<ba + ? (RL IS () +re T f(a)]

<

1
(b _ a)2 / 1— (1 B t)a—l—l _ o+l ‘f//(ta + (1 _ t)b)‘dt <

<
- 2 a+1
0

1 1/p
< a+1 a+1
S et 1 (/ —t )dt) X
0
1 1/q
(/ £t — | (ta + (1 — t)b)th) <
0

1/q

ol /P(b — a)? / , ,
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0
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1 qm

1/p
/ Oz+1) t(a+1))dt «
~ 2(a+1)( a+2 1/p

0

qn

1
/(1 — (L=l D @) )1 ra | =
0

Ll . 1
p gm - 7
= O e[ fa-a-ne i) -
2(a+1)(a+2)p " am 9

1 1

1
+ 00 an
aram(h—aq k—1 In k)i—1 Ji- L(Ink)i-tya
- (])ufm«mk—ZﬂHQ-%Z aﬁ%> -
2(a+1)(a+2)p+qm i—1 i

1,1 " "
~ ar an(h—a) [ " (@) — |f" (b))
L g [l | (@) = In [£7 (8)]]

2+ 1) (a + 2)p+%

oo (ng)"~! (ln £ (a)] — ln\f"(b)\)i_l (’f”(b”nq + ’f”(a)‘nq(_l)iq) } L
i1 (a+2)i '
If |fﬁ(a)| = ’f”(b)!, we have

'f(a) +f(0) _ Tla+1)
2

~[rrJgs f(b) +RL Jbo‘—f(a)]‘ <

2(b—a
1
ai—‘rqim(b a)? ! an
= D fa-a et e wmar ) =
2a+1)(a+2)p @ \p
1,1 1
ot an () /(@)

2o+ (at2)r mta

Theorem 4.3 is proved.
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