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Abstract

Extension of Montgomery’s identity is used in derivation of Popoviciu-
type inequalities containing sums > .~ | p; f(x), where f is an n-convex
function.

Integral analogues and some related results for n-convex functions at
a point are also given, as well as Ostrowski-type bounds for the integral
remainders of identities associated with the obtained inequalities.

1 Introduction

Pecari¢ [7] proved the following result (see also [10, p.262]):

Proposition 1. The inequality
sz‘f(ffi) >0 (1)
i=1

holds for all convex functions f if and only if the m—tuples x = (x1,...,2Tm),
p=(p1,...,pm) € R™ satisfy

m

Zpi:() and Zpi|a:ika|EOforkG{l,...,m}. (2)

=1 =1
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Since

m

m m
i=1 =1 =1

where y = max(y, 0), it is easy to see that condition (2) is equivalent to

Zpi =0, Zpimi =0 and Zpi(xi—xk)Jr >0forke{l,...,m—1}.
i=1 i=1 i=1
(3)

Let A denote the linear operator A(f) = >"1", p; f(x;), let w(z,t) = (z —
t)4 and (1) < 29y < ... < 2y, be the sequence x in ascending order. Notice
that A(w(-,zx)) = > oiey pi(@; — @) 4. For t € [z, (41)] we have

Aw( 1) = A(w(,z) + @w =) Y i
{t:zi>w ) }

so the mapping ¢ — A(w(-,t)) is linear on [r(y),Z(x4+1)]. Furthermore,
A(w(-, () = 0, so condition (3) is equivalent to

m

m m
Zpi =0, Zpia:i =0 and Zpi(xi —t)4 >0 for every t € [z(1), Z(m—1)]-
i=1 i=1 i=1

(4)

It turns out that condition (4) is appropriate for extension of Proposition

1 to the integral case and the more general class of n-convex functions (see
e.g. [10]).

Definition 1. The nth order divided difference of a function f : I — R at
distinct points T;, Tiy1,...,Titn € I = [a,b] C R for some i € N is defined
recursively by:

[z f] =f(z;), je{i....i+n}
[, Tigns f] = [wi+17""xi+";ﬁ;[_1;;“wwi+n—1;f]'

It may easily be verified that

- f(zivr)
i+k
[xi,~-7$z'+n§f]zz in : :
k=0 j:i,j¢i+k($i+k — ;)
Remark 1. Let us denote [xi,...,%itn;f] by Ay f(zi). The wvalue
[y ooy Tign; f] is independent of the order of the points T, Tit1,. .., Titn-
We can extend this definition by including the cases in which two or more
points coincide by taking respective limits. (|
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Definition 2. A function f: I — R is called convex of order n or n—convex
if for all choices of (n+1) distinct points x;, . .., Tiyn we have Aq) f(2;) > 0.

If nth order derivative f(") exists, then f is n-convex if and only if f(™ > 0.
For 1 < k < n —2, a function f is n-convex if and only if f*) exists and is
(n — k)-convex.

The following result is due to Popoviciu [11, 12] (see [14, 10, 9] also).

Proposition 2. Let n > 2. Inequality (1) holds for all n-convezx functions
f:[a,b] = R if and only if the m—tuples x € [a,b]™, p € R™ satisfy

m

Zpixsz, forallk=0,1,...,n—1 (5)
i=1
Zpi(xi - t)ﬁfl >0, foreveryt€ [a,b]. (6)
i=1

In fact, Popoviciu proved a stronger result - it is enough to assume that (6)
holds for every ¢t € [x(1), Z(m—n+1)] and then, due to (5), it is automatically
satisfied for every ¢ € [a,b]. The integral analogue (see [13, 10, 9]) is given in
the next proposition.

Proposition 3. Letn > 2, p: [o,8] = R and g : [a, B] — [a,b]. Then, the
iequality

B
/ p(2)Fg(x)) dz > 0 (7)

holds for all n-convex functions f : [a,b] — R if and only if

B
/ p(z)g(x)*de =0, forallk=0,1,...,n—1
Jo 3)
/ p(z) (9(z) — t)ifl dz >0, for every t € [a,b].

In this paper we will prove inequalities of type (1) and (7) for n-convex
functions by using the following extension of Montgomery’s identity via Tay-
lor’s formula obtained in [1].

Proposition 4. Let n € N, f : I — R be such that f™ 1 is absolutely
continuous, I C R an open interval, a,b € I, a < b. Then the following
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identity holds

2 (o) @ =)

1 b
flz) = HLf<f>dt+§k!(k+2) b—a

n—2 k42
FED (b) (2 — )™ 1 b
—kl(k+2) b-a +(n,1)!/aTn(,)

where

+ =2 (x—s)"_l, a<s<ux,
T, (v,s) = (10)

_ (z—s)"

) F2b (5", 2 <s<bh

In case n = 1 the sum Zz;g .-+ is empty, so identity (9) reduces to the
well-known Montgomery identity (see for instance [6])

b b
f@):ﬁ/ f(t)dt+/ P(a,s) f' (s)ds

where P (z, s) is the Peano kernel, defined by

8 5 a<S<IE,
b—a = =
.1 (.r,S)—

s=b p<s<b

The outline of the paper is as follows: in Section 2 we will use the exten-
sion of Montgomery’s identity (9) to obtain inequalities of type (1) and (7) for
n-convex functions. In Section 3 we will give related inequalities for n-convex
functions at a point, a generalization of the class of n-convex functions intro-
duced in [9]. In Section 4 we will will give bounds for the integral reminders
of identities obtained in earlier sections by using Cebysev type inequalities. In
the last section we will prove certain properties of linear functionals associated
with the obtained inequalities. In particular, we will construct new classes of
exponentially convex functions and Cauchy type means.

2 Popoviciu type identities and inequalities via extension
of Montgomery identity

Theorem 1. Suppose all the assumptions from Proposition 4 hold and let
T, be given by (10). Furthermore, let m € N, z; € [a,b] and p; € R for
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i€{1,2,...,m} be such that Y .~ p; = 0. Then
Em: ) . 1 = 1 (k+1) B k+2
i:1pzf(xz) b—a [Z k! (k+2) f sz Zi
n—2 m
_ Zm k+1 Zpl k+2]
+ ﬁ/ (sz n (2,8 )f(n)( ) ds (11)

Proof. We take extension of Montgomery identity (9) to obtain
m 1 b m
if () = 77— t)dt i
;pf(w) bfa/af() ;p
m n—2 o k+2 n—2 k+1) L k+2
&Y (a) (v, —a 1 b) (z; — b
b ( (@) (i =)™ (b) (i = b)
=1

| — ' —
— kl(k+2) b-a Sk (k+2) b-a
! Y ' (n)
* (n_ly;p/ T, (i, ) £ (5) ds.
By simplifying this expressions we obtain (11). 0

We may state its integral version as follows.

Theorem 2. Let g : [a, 8] — [a,b] and p : [a, 8] = R be integrable functions
such that f(fp(x)dx =0. Letn € N, I C R be an open interval, a,b € I,

a < b, T, be given by (10) and f : I — R be such that f™=Y is absolutely
continuous. Then

B - ﬁ
/a p(z) fl9(z))de = bia [Z k! k+2)f(k+1)( )/a p (@) (g(z) — a)"? da
1 X 5 2
. kz::omf(k+ >(b)/a p(z) (g(z) — b)** dJ

s A ([ renewea) 1@ a2

Proof. Our required result is obtained by using extension of Montgomery iden-
tity (9) in the following expression

B
/ p () F(g(x)) da

and then using Fubini’s theorem. O
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Now we state inequalities derived from the obtained identities.

Theorem 3. Let all the assumptions of Theorem 1 hold with the additional
condition

Z}%‘Tn(ﬂ% s) >0, foralls€la,b. (13)
i=1

Then, for every n—convex function f : 1 — R the following inequality holds

m 1 n—2 1 ( : m .
;pif(l'i) > — ;k!(’fﬂ)f k1 (a);pi(xi—a)
n—2 m
2 mf D) pi (i =) (14)
k=0 " i=1

If the inequality in (13) is reversed, then (14) holds with the reversed sign of
inequality.

Proof. The function f is n-convex, so f(®) > 0. Using this fact and (13) in
(11) we easily arrive at our required result. O

Remark 2. If reverse inequality holds in (13) then reverse inequality holds in
(14).

Now we state an important consequence.

Theorem 4. Suppose all the assumptions from Theorem 1 hold. Additionally,
letjeN,2<j<nandletx=(z1,...,Zm) € [a,0]", p= (p1,...,DPm) E R™
satisfy (5) and (6) with n replaced by j. If f is n-convex and n — j is even,
then

m n—2 m
Zpif(l‘i) > bi Z ﬁf(k-l—l) (G)Zpi(l‘i—a)k”
=1 o | Gk E+2) |
n—2 m
SR T ) SR i BECD
k=j=2 i=1

Proof. Let s € [a,b] be fixed. Notice that
(b—a)T,(z,s) = Ly(z) + (b —a)(z — s)7 ", (16)

where
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Using the Pochhammer symbol (y)x = y(y—1)---(y — k + 1) we have

L(a) = (0= Dyalo = 97 4 (§) o = D= D = 5"

+ (i) (TL - l)j_l(l‘ — S)nij
= (=Dl =" - D@—s)+(n-j)@-b]. 17
Therefore, (16) and (17) for s < z < b yield

@,
a0 =5,
(n—1);-1

- ﬁ(x —8)" (= 1)z —s)+ (n—j)(x—a)] >0, (18)

LY () + (n = 1)j(x — s)" 77

while for a < x < s we have

(71)7173-%%(%5) = ()" i - L)) ()

= (s—a)" T (- V(s —2) + (n = j)(b—x)] 2 0.
(19)

From (16) it is clear that x — %Tn(aj, s) is continuous for j < n — 2. Hence,
if j <n—2and n—jis even, from (18) and (19) we can conclude that the
function = +— T, (x,s) is j-convex. Moreover, the conclusion extends to the
case j = m, i. e. the mapping = — T, (x,s) is n-convex, since the mapping
x %Tn(x, s) is 2-convex.

Now, by Proposition 2, we see that assumption (13) is satisfied, so inequal-
ity (14) holds. Moreover, due to assumption (5), >, p; P(x;) = 0 for every
polynomial P of degree < j — 1, so the first j — 2 terms in the inner sum in
(14) vanish, i. e., the right hand side of (14) under the assumptions of this
theorem is equal to the right hand side of (15).

O

Corollary 1. Suppose all the assumptions from Theorem 1 hold. Additionally,
letjeN,2<j<n,letx=(x1,...,%m) € [a,0]™, p= (p1,...,Pm) € R™
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satisfy (5) and (6) with n replaced by j and denote

1 n-2 1 2
B k;Q mf(kﬂ) (a) (z — a)**
n—2 ) 1 2
: ’f;z e EAMOICEL Ml CY

If H is j-convex on [a,b] and n — j is even, then

> pif(wi) > 0.
i=1

Proof. Applying Proposition 2 we conclude that the right hand side of (15) is
nonnegative for the j-convex function H. O
Remark 3. For example, since the functions x +— (z — a)**? and z —
(—=1)k=I(x — b)**2 are j-conver on [a,b], the function H given by (20) is
j-convez if f*tD(a) >0 and (=1)*1=7I fE+AD () >0 fork =35—2,...,n—2.

In the remainder of the section we will state integral versions of the previous
results, the proofs of which are analogous to the discrete case.

Theorem 5. Let all the assumptions of Theorem 2 hold with the additional
condition

B
/ p(x) T, (g9(x),s) de >0, for all s € [a,b)].
Then, for every n—convex function f : I — R the following inequality holds
[ @ sz L g [ p@ 6@ e
P 9 b—a K (k + 2) Piz)\g

k=0 o

n—2 1 L B )
kZ:O mf“€+ ) (b)/a p(x) (g(x) — b)k+ dx:| - (21)

Theorem 6. Suppose all the assumptions from Theorem 2 hold. Additionally,
letjeN,2<j<nandletp:|a,B] =R andg: [a,f] — |a,b] satisfy (8)
with n replaced by j. If f is n-convex and n — j is even, then

2 B
> mﬂ“” (a) / p (@) (9(x) — )" da

n
k=j—

b 1
| p@ s daz ;1

| ) 5 )
2 w0 [ e - dm] |
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Corollary 2. Let j,n, f,p and g be as in Theorem 6 and let H be given by
(20). If H is j-conver and n — j is even, then

B
| sty s> o

3 Related inequalities for n-convex functions at a point

In this section we will give related results for the class of n-convex functions
at a point introduced in [9].

Definition 3. Let I be an interval in R, ¢ a point in the interior of I and
n € N. A function f: I — R is said to be n-convex at point c if there exists a
constant K such that the function

K

CEm] 1)!95"_1 (22)

F(z) = f(z) -
is (n —1)-concave on IN(—o0,c| and (n —1)-conver on IN[c,00). A function
f is said to be n-concave at point c if the function —f is n-convex at point c.

A property that explains the name of the class is the fact that a function
is m-convex on an interval if and only if it is n-convex at every point of the
interval (see [2, 9]). Pecarié, Praljak and Witkowski in [9] studied necessary
and sufficient conditions on two linear functionals A : C([a,¢]) — R and
B : C([e,b]) — R so that the inequality A(f) < B(f) holds for every function
f that is n-convex at c. In this section we will give inequalities of this type for
particular linear functionals related to the inequalities obtained in the previous
section.

Let e; denote the monomials e;(z) = %, i € Ng. For the rest of this section,
A and B will denote the linear functionals obtained as the difference of the
left and right hand sides of inequality (14) applied to the intervals [a, ] and

[c, b] respectively. More concretely, let T,[La’c] and T,[Lc’b] denote the equivalent
of (10) on these intervals, i. e.,

_M_Fﬂﬁfa(x_s)"_l, a<s<zx

(a.c] n(c—a) c—a ’
" (1‘, S) = . (23)
et - a<s<e

b n(b—c) b—c =2 ="
Tl (2, 5) = (24)
- (nw(;f)c) + 2=t (2 — "N r<s<b



POPOVICIU TYPE INEQUALITIES FOR n—CONVEX FUNCTIONS VIA
EXTENSION OF MONTGOMERY IDENTITY 170

Let x € [a,d]™, p € R™, y € [¢,b]! and q € R! and denote

= Zpif (z;) — lz 1) . — (a) Zpi (x; — a)k+2
i=1 k=0 i=1
n—2 m
B < k! k+2)f(k+l)( ¢) Y pilw; —C)HQ] , (25)
i=1
l 1 S 1 (k+1) : k+2
f)ZZ;qz'f(yi)—b_c ;k!(k+2)f (C)Z;qi(yi—c)

n—2 1

-2 ﬁf(kﬂ) (0) D ai (i — b)kH] . (26)
k=0

i=1

Notice that, using the newly introduced functionals A and B, identity (11)
applied to the intervals [a, ¢] and [c, b] can be written as

m

A(f) = (n— 1 / (sz (24,8 ) o (s) ds, (27)
B(f)= (n_ 0 / (Zqz (yi: 5 >f<"> (s) ds. (28)

Theorem 7. Let x € [a,d]™, p € R™, y € [c,b]' and q € R! be such that

> piT (wi,8) >0, for every s € [a,d], (29)

=1

Z T, yu >0, Jor every s € [07 b]a (30)
/ (Zp Ty ) F (s) ds = / (Z G T ( ) £ (s) ds,

(31)
where T, TI*" A and B are given by (23), (24), (25) and (26) respectively.
If f :]a,b] = R is (n + 1)-convez at point c, then

A(f) < B(f). (32)

If the inequalities in (29) and (30) are reversed, then (32) holds with the
reversed sign of inequality.
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Proof. Let F = f— en be as in Definition 3, 4. e., the function F' is n-concave
on [a,c] and n-convex on [c,b]. Applying Theorem 3 to F on the interval [a, c]
we have

K
0> A(F) = A(f) ~ — Afen) (3)
and applying Theorem 3 to F' on the interval [c, b] we have

0 < B(F) = B(f) - gB(en). (34)

Identities (27) and (28) applied to the function e,, yield

Alen) = =y, /(sz (5 )ds,
Ble,) = — 1) /(qu (yi, s )ds.

Therefore, assumption (31) is equivalent to A(e,) = B(e,). Now, from (33)
and (34) we obtain the stated inequality. O

Remark 4. In the proof of Theorem 7 we have, actually, shown that

A() < 7 Alen) = 52Blen) < B,

In fact, inequality (32) still holds if we replace assumption (81) with the weaker
assumption that K (B(e,) — A(en)) > 0.

Corollary 3. Let ji,j2,n € N, < j1,jo < n, let f: [a,b] = R be (n+ 1)-
convex at point ¢, let m-tuples x € [a,c]™ and p € R™ satisfy (5) and (6) with
n replaced by jy, let I-tuples y € [c,b]' and q € R satisfy

l
Zqiyfzo, forallk=0,1,...,jo—1

Z(h yi —t) jz '>0, foreveryte [Y(1) Y(i—n+1)]

and let (31) holds. If n — j1 and n — js are even, then

A(f) < B(f).
Proof. See the proof of Theorem 4. O
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4 Bounds for identities related to the Popoviciu-type in-
equalities

Let f,h : [a,b] = R be two Lebesgue integrable functions. We consider the
Cebysev functional

v = [ somone - (1 [ o) (1 [ o).

(35)
The symbol Ly, [a,b] (1 < p < c0) denotes the space of p-power integrable func-
tions on the interval [a,b] equipped with the norm

b :
Hfu=</|fwfﬁ>

and L [a, b] denotes the space of essentially bounded functions on [a, b] with
the norm

[flloo = ess sup |f(£)].

t€la,b]

The following results can be found in [4].

Proposition 5. Let f : [a,b] — R be a Lebesgue integrable function and h :
[a,b] — R be an absolutely continuous function with (-—a)(b—-)[W']* € L|a, b].
Then we have the inequality

b 1/2
|TqmnsJg(beTUJn/Xx—@w—xwamFM> )

The constant % in (36) is the best possible.

Proposition 6. Let h : [a,b] — R be a monotonic nondecreasing function and
let f:[a,b] = R be an absolutely continuous function such that f" € Lola,b].
Then we have the inequality

b
U] < g I [ @=a=)in@). @)

The constant & in (37) is the best possible.

By using the aforementioned results we will obtain bounds for the integral
remainders of identities obtained in Section 2.
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For m—tuples p = (p1,...,0m), X = (1,...,Zm) with z; € [a,b], p; € R
(i =1,...,m) such that Y ;" p; = 0 and the function T,, defined as in (10),

denote
m

i(s) = ZpiTn(zi, s), fors € [a,b]. (38)

i=1
Similarly for functions ¢ : [, 8] — [a,b] and p : [o, 8] — R such that
ff p(z)dx = 0, denote

B
A(s) = / p(x) T, (g9(x),s) dz, for s € [a,b]. (39)

Now, we are ready to state the main results of this section.

Theorem 8. Let n € N, f : [a,b] — R be such that f is an absolutely
continuous function with (- —a)(b—-)[f"+tV]? € L[a,b], z; € [a,b] and p; € R
(i € {1,...,m}) such that ;" p; = 0 and let the functions T,,, T and & be
defined in (10), (35) and (38) respectively. Then

n—2 m

;pif (x;) = ; i - Lz_o . (lir 5 FOFD () Zpi (x; — a)k+2

=1
n—2 1
- gyl Zpl 2 k“]

[F =D (b) — f(" Y(a
(n—1)(b—

+ /5 (s)ds+ R.(f:a,b), (40)

>1/2

(41)

where the remainder RL(f;a,b) satisfies the estimation

|RL(f;a,b)| < ﬁ <b2 T(9, 5)/ (s —a)(b—s)[f "V (s)]?ds

Proof. If we apply Proposition 5 for f — § and h — £, then we obtain

b b b
= 6<s>f<”><s>ds—<bfa / 6<s>ds> (bfa / f(”)(s)ds>

b 1/2
< (blam,& / (s—a><b—s)[f("“)(s)]%zs) .
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Furthermore, we have

1 b . F=D(p) — f=D(q
(nfl)!/a 8()f " (s)ds - = [ (n—1Yb—-a) / o(s

+ R,(f;a,b).

where R!(f;a,b) satisfies inequality (41). Now from identity (11) we obtain
(40). O

Here we state the integral version of previous theorem.
Theorem 9. Let n € N, f : [a,b] — R be such that ™) is an absolutely
continuous function with (- — a)(b — -)[f™ V]2 € Lla,b], let g : [a, B] — [a, ]
and p : [a, B] = R be functions such that ff p(x)dxz = 0 and let the functions
Tn, T and A be defined in (10), (35) and (39) respectively. Then

8 1 [z . g k2
/a p () flg(@)) do=— L:o o (k+2)f(k+ )(a)/a p(z) (9(x) —a)" " do

n—2

N L ke O o) (ala) — Y g
;MkHyHWQAm>m>b>d]

[f(n—l)( ) f(n 1)
L P

where the remainder R%(f;a,b) satzsﬁes the estimation

/ A(s)ds + R2(f;a,b), (42)

1/2
1 b— b
Riaﬁa,w|s01_j01<f2“|71A,A>EL (s — a)(b— )[F" ) (s)]ds
(43)
Proof. This results easily follows by proceeding as in the proof of previous
theorem and by replacing (11) by (12). O

By using Proposition 6 we obtain the following Griiss type inequality.
Theorem 10. Let n € N, f : [a,b] — R be such that f" is an abso-
lutely continuous function with f*1) > 0 on [a,b], z; € [a,b] and p; € R
(i € {1,...,m}) such that Y ;" p; = 0. Also, let the functions T and & be
defined in (35) and (38) respectively. Then we have representation (40) and
the remainder RL(f;a,b) satisfies the following estimation

1 o [b—
il |7

[RL(f10,0)] < L) + 1)

= [P - s @] (@)
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Proof. If we apply Proposition 6 for f — 6 and h — f(™), then we obtain

b b b
| 6<s>f<”><s>ds—<bfa / 6<s>ds> (bia / f(")(s)ds>‘

b
< g9l [ =)o s )

Since

b b
/(s—a)(b—s)f nt) (g )ds—/ (25 — a — b) f™) (s)ds

= b=a) [/ IO + f V(@) =2 [£0D ) - 5D )] (45)
by using the identities (11) and (45) we deduce (44). O
Next we give the integral version of the above theorem.

Theorem 11. Let n € N, f : [a,b] — R be such that f™) is an absolutely
continuous function with f"tY > 0 on [a,b], let g : [o, B] — [a,b] and p :
[a, B] = R be functions such that fﬂ x)dx = 0. Also, let the functions T
and A be defined in (35) and (39) Tespectwely. Then we have representation
(42) and the remainder R2(f;a,b) satisfies the following estimation

R0 £ oA | 25 100+ 1)
— [F2) - @] ] 6)

Now we state some Ostrowski-type inequalities related to the obtained
identities.

Theorem 12. Let all the assumptions of Theorem 1 hold. Furthermore, let
(g,7) be a pair of conjugate exponents, that is 1 < q,r < oo, % + % =1. Let
f e L, [a,b] for somen € N, n> 1. Then we have

fz) — lz M) f(k+1) Z k+2

=1

-5 O L ]
_|_

3

3

m

Z n (Tiy )

=1

1F1lq (47)

5()

T
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The constant on the right hand side of (47) is sharp for 1 < ¢ < oo and the
best possible for ¢ = 1.

Proof. Let us denote

' sz n xz»

Now, by using identity (11) and applying Holder’s inequality we obtain

1 n—2 1 k+1) m k+2
@)= | L mmry! @ i

m

- i k! (k1+ 2) JED®) ) i - b)Hz]
k=0 "

i=1

<N NllA (48)

1/r
For the proof of the sharpness of the constant (f; IA(s)[" ds) , let us find a

function f for which the equality in (48) is obtained.
For 1 < ¢ < oo take f to be such that

F () = sgnA(s) - [A(s)] /071,
For ¢ = oo, take f such that
) (s) = sgnA(s).

Finally, for ¢ = 1, we prove that

/bx(s)ﬂ )(s)ds

is the best possible inequality.

Function T, (x,-) for n = 1 has a jump of —1 at point . But, for n > 2
it is continuous, and thus A(s) is continuous. Suppose that |A(s)| attains its
maximum at sg € [a,b]. First we consider the case A(sg) > 0. For e small
enough we define f.(s) by

< max |A(s \/ FM (s (49)

s€[a b]

0 ) a<s< 50,
fo(s) = Li(s—s0)" .,  so<s<sote,
7@,11); (s —so)" ', so+e<s<b.

We have

b
JRECTET
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Now, from inequality (49) we have

1 So+€ 1 So+€
7/ A(s)ds < A(sp) / ds = A(sp).
S0

€ Jsp €

Since
1 so+e€
lim — A(s)ds = A(so),

e—0 € S0

the statement follows.
In the case A(sg) < 0, we define fc(s) by

ﬁ(s—so—e)”_l , a<s < sg,
fe(s) = — (s —s0—€)" S0 < s < s0+e
0 , sp+e<s<b
and the rest of the proof is the same as above. O

Now we give the integral case of the above theorem.

Theorem 13. Let all the assumptions of Theorem 2 hold. Furthermore, let
(g,7) be a pair of conjugate exponents, that is 1 < q,r < oo, % + % = 1. Let
f™ € L,[a,b] for somen € N, n> 1. Then we have

B8
/ p () f(g(x)) da

b—a k+2

n—2 B
: [Z k! ( ! )f(k+1) (a)/ p(z)(9(z) — a)k+2 dx

n—2 B
_ 1 (k+1)
,;k!(wrz)f (b)/

(e

p(x) (g(x) = b)*+* dw] ‘

< 1
~ (n—=1)!

B
/ p(2)T, (9(x), 5)dz|| . (50)

1F1lq

T

The constant on the right hand side of (50) is sharp for 1 < ¢ < oo and the
best possible for ¢ = 1.

5 Mean Value Results and Exponential Convexity

In this section we will prove some properties of linear functionals associated
with the inequalities obtained in earlier sections. Under the assumptions of
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Theorem 3 using (14) and Theorem 5 using (21) we define the following func-
tionals respectively:

n—2 m

k! (k1_|_ 2) f(kJrl) (a) Z;pi (7 — a)k+2

M) =D mif ()~ [

k=0

- :Z_:: mf(k“) (b) im (@ — )2 (A1)
rah = [ " b (o)
b i a Lz_:_: ! (k1+ 2) FED (a) /jp(x) (9(x) — )" da
- :2_2: mf(k“) (b) /jp (z) (g(z) — )" 2 dz| (A2)

Now we give mean value theorems for A, k € {1,2}. Here fo(z) = %;.

Theorem 14. Let f € C™[a,b] and let Ay, : C™[a,b] — R for k € {1,2} be the
linear functionals as defined in (A1) and (A2) respectively. Then there exists
&k € [a,b] for k € {1,2} such that

Ae(f) = f(&)Ak(fo), Kk e{l,2} (51)

Proof. Since f(™ is continuous on [a,b], so L < f™(z) < M for x € [a,b]

where L = min f(") (r) and M = max f(n)(x).
z€[a,b] z€la,b]

Therefore the function
x’ﬂ
F(z) =M—5 = f(z) = Mfo(z) - f(2)
gives us
FO(2) =M — f™(z) >0

i.e. F is n—convex function. Hence A(F) > 0 and we conclude that for
ke {1,2}
Ag(f) < MAg(fo).

Similarly, for k € {1,2} we have

LAk(fo) < Ag(f).
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Combining the two inequalities we get

LAk (fo) < Ax(f) < MAg(fo)
which gives us (51). U

Theorem 15. Let f,h € C™[a,b] and let Ay, : C"[a,b] — R for k € {1,2}
be the linear functionals as defined in (A1) and (A2) respectively. Then there
exists &, € [a,b] for k € {1,2} such that

Alf) _ F™ (&)
Ax(h) ~ B0 (&)

assuming that both the denominators are non-zero.

Proof. Fix k € {1,2}. Let h € C"[a, b] be defined as
w=Ax(h)f — Ak(F)h.
Using Theorem 14 there exists & such that
0= Ag(w) = w!™ (&) Ax(fo)

[Ak(h) F (&) — A(F)R™ (&) AR(fo) =0

which gives us the required result. O

) (n) .
Remark 5. If the inverse of % exists, then from the above mean value
theorems we can give generalized means

() () en

5.1 Logarithmically Convex Functions

A number of important inequalities arise from logarithmic convexity of some
functions. In the following definitions I is an interval in R.

Definition 4. A function f: I — (0,00) is called log —convex in J—sense if

the inequality
(252 < rd )

holds for each x1,x2 € I.
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Definition 5. [10, p. 7] A function f : I — (0,00) is called log —convex if
the inequality

FO@ + (1= Na) < [fe)P )
holds for each x1,xo € I and X € [0, 1].

Remark 6. A function log-convez in the J—sense is log-convex if it is con-
tinuous as well.

5.2 n—Exponentially Convex Functions

Bernstein [3] and Widder [15] independently introduced an important sub-class
of convex functions, which is called class of exponentially convex functions
on a given open interval and studied some properties of this newly defined
class. Pecari¢ and Peri¢ in [8] introduced the notion of n—exponentially con-
vex functions which is in fact generalization of the concept of exponentially
convex functions. In the present subsection, we discus the same notion of
n—exponential convexity by describing related definitions and some impor-
tant results with some remarks from [8].

Definition 6. A function f : I — R is n—exponentially convex in the
J—sense if the inequality

n
t; +t;
S i f (ﬂ) >0
= 2
i,j=1
holds for each t; € I and u; € R, i € {1,...,n}.

Definition 7. A function f : I — R is n—exponentially convex if it is
n—exponen-tially convez in the J—sense and continuous on I.

Remark 7. We can see from the definition that 1—exponentially convez func-
tions in the J—sense are in fact nonnegative functions. Also, n—exponentially
convez functions in the J—sense are k—exponentially conver in the J—sense
for every k € N such that k < n.

Definition 8. A function f: 1 — R is exponentially convex in the J—sense,
if it is n—exponentially convex in the J—sense for each n € N.

Remark 8. A function f : I — R is exponentially convex if it is
n—exponentially convez in the J—sense and continuous on I.
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Proposition 7. If function f : I — R is n—exponentially convex in the
J—sense, then the matriz
UGN
2 ij=1

1s positive-semidefinite. Particularly

(5] o
i,j=1

for eachm e Nym <n and t; € I fori e {1,...,m}.

Corollary 4. If function f: I — R is exponentially converz, then the matrix

=),
[f( 2 ij=1

1s positive-semidefinite. Particularly

(5] =0
i,j=1

for eachm e N and t; € I forie{l,...,m}.

Corollary 5. If function f : I — (0,00) is exponentially convex, then f is
log —

COMVET.

Remark 9. A function f: I — (0,00) is log —convex in J—sense if and only
if the inequality

t1 + 1o
2

us f(tr) +2u1qu( ) +udf(ta) >0

holds for each t1,ts € I and ui,us € R. It follows that a positive function is
log-convex in the J—sense if and only if it is 2—exponentially convex in the
J—sense. Also, using basic convezity theory it follows that a positive function
1s log-convex if and only if it is 2—exponentially convex.

Here, we get our results concerning the n—exponential convexity and ex-
ponential convexity for our functionals Ay, k € {1,2} as defined in (A1) and
(A2). Throughout the section I is an interval in R.



POPOVICIU TYPE INEQUALITIES FOR n—CONVEX FUNCTIONS VIA
EXTENSION OF MONTGOMERY IDENTITY 182

Theorem 16. Let D1 = {f; : t € I} be a class of functions such that the
function t — [20,21,. .., 2n; ft] is n—exponentially convex in the J—sense on
I for any n 4+ 1 mutually distinct points zo,z1,...,2n € [a,b]. Let Ay be
the linear functionals for k € {1,2} as defined in (Al) and (A2). Then the
following statements are valid:

(a) The function t — Ax(f:) is n—exponentially convexr function in the
J—sense on I.

(b) If the function t — Ag(fi) is continuous on I, then the function t +—
Ak (ft) is n—exponentially convex on I.

Proof. (a) Fix k € {1,2}. Let us define the function w for ¢; € I, u; € R,
i €{1,...,n} as follows

n
w = E Uinfti+tj7
2

ij=1
Since the function ¢t — [z0, 21, ..., 2n; ft] IS n—exponentially convex in
the J—sense, therefore
n
(20,21, - - 5 2ns W] = E Uit;[20, 215 -« 5 205 frivy ] >0
2
ij=1

which implies that w is n—convex function on I and therefore Aj(w) > 0.
Hence
n
D wiwjAr(frry) 2 0.
ij=1 2
We conclude that the function t — Ag(f;) is an n—exponentially convex
function on I in J—sense.

(b) This part easily follows from definition of n—exponentially convex func-
tion.

O
As a consequence of the above theorem we give the following corollaries.

Corollary 6. Let Dy = {f: : t € I} be a class of functions such that the
function t — [z0,21,...,2n; ft] i an exponentially convex in the J—sense on
I for any n 4+ 1 mutually distinct points zo,z1,...,2n € [a,b]. Let Ay be
the linear functionals for k € {1,2} as defined in (Al) and (A2). Then the

following statements are valid:
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(a) The function t — Ag(f:) is exponentially convex in the J—sense on I.

(b) If the function t — Ag(f:) is continuous on I, then the function t —
Ak (ft) is exponentially convex on I.

m
(¢) The matriz {Ak (fti+tj ﬂ is positive-semidefinite. Particularly,
= /ig=1

o ()] >

for each m € N and t; € I wherei € {1,...,m}.

Proof. Proof follows directly from Theorem 16 by using definition of exponen-
tial convexity and Corollary 4. O

Corollary 7. Let D3 = {f: : t € I} be a class of functions such that the
function t v« [z0,21,...,2n; ft] i 2—exponentially convex in the J—sense on
I for any n 4+ 1 mutually distinct points zo,z1,...,2n € |a,b]. Let Ay be
the linear functionals for k € {1,2} as defined in (Al) and (A2). Then the
following statements are valid:

(a) If the function t — Ak (f;) is continuous on I, then it is 2—exponentially
convex on I. If the function t — Ap(ft) is additionally positive, then it
s also log-convex on I. Moreover, the following Lyapunov’s inequality
holds forr <s<t,r,s,t €l

(A (I < (A ()] [AR(f)]"" (53)

(b) If the function t — Ag(f:) is positive and differentiable on I, then for
every s,t,u,v € I such that s < u and t < v, we have

,U/s7t(Ak>a DB) < /’Lu,v(Akv DS) (54)

where 15 is defined as

(Ak(fs))sit S#t
st (Mg, Dg) = NG (55)
exp dsk(’fs)‘ ) , s=1

fO?" fsaft € D3'

Proof.  (a) It follows directly form Theorem 16 and Remark 9. As the func-
tion ¢t — Ag(f:) is log-convex, i.e., In Ag(f:) is convex we have

In[Ag (£ < W[Ap(fo)]7° + W[A(£)]7", ke {1,2}
which gives us (53).
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(b) For a convex function f, the inequality
fls) = f(&) _ flu) = fv)
s —1 - U — v
holds for all s,¢t,u,v € I C R such that s <wu, t <wv, s #t, u#v.
Since A(f;) is log —convex by (¢), setting f(¢) = In A(f;) in (56) we have

lnAk(fs) _lnAk<ft) < hlAk(fu)_lnAk(fv)

s—t - uU—v

(56)

(57)

for s < wu, t <w, s #t, u+# v, which is equivalent to (55). The cases
for s =t and/or u = v are easily derived from (57) by taking respective
limits.

O

Remark 10. The results from Theorem 16 and Corollaries 6 and 7 still
hold when any two (all) points zgp,z1,...,2n € [a,b] coincide for a family
of differentiable (n—times differentiable) functions fi; such that the function
t — [20,21,-..,2n; ft] is n—exponentially convex, exponentially conver and
2—expoenetially convex in the J—sense respectively.

Now, we give two important remarks and one useful corollary from [5],
which we will use in some examples in the next section.

Remark 11. We will say that ps (Mg, Q) defined with (55) is a mean if
a S :us,t(AkaQ) S b

fors,t € I and k € {1,2}, where Q = {f; : t € I} is a family of functions and
[a,b] C Dom(f:). O

Theorems 16 give us the following corollary.

Corollary 8. Let a,b € R and Ay be linear functionals for k € {1,2}. Let
Q= {f,:t €I} be a family of functions in C*[a,b]. If

d?f. ﬁ
2
a < (jfft> (&) <0,

dx?

for & €la,b], s,t €1, then pus (Mg, Q) is a mean for k € {1,2}.

Remark 12. In some examples, we will get means of this type:

d2f, s—t
<g§f2t> (5) :g’ f€[a7b], S#t

dx?
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6 Examples with Applications

In this section, we use various classes of functions Q = {f; : t € I}, where
I is an interval in R, to construct different examples of exponentially convex
functions and Stolarsky-type means. Let us consider some examples.

Example 1. Let Q@ = {¢: : R — [0,00) : ¢t € R} be a family of functions

defined by
etz
t# 0
wo={ & 0
n:
Since d”f:n i) = e > 0, the function 1 (z) is a n—conver on R for every
teRandt — ;gg—nl/)t (z) is exponentially convex by definition. Using analogous

arguing as in the proof of Theorems 16, we have that t — [20,21, ..., 2n; V4]
is exponentially convex (and so exponentially convex in the J—sense). Using
Corollary 6 we conclude that t — Ap(¢y), k € {1,2} are exponentially convex
in the J—sense. It is easy to see that these mappings are continuous, so they
are exponentially conver.

Assume that t — Ag(¢) > 0 for k € {1,2}. By introducing convex func-
tions ; in (52), we obtain the following means: for k € {1,2}

Ag (s
Sitln<A;Ewt§) ,  SF#£Ht,

M t(Ag, Q1) = %—% , s=t#0,
Ak (id.vpo) o
DAk (t0) , s=t=0

where id stands for identity function on R. Here M 1 (Ax, Q1) = In(ps,¢(Ag, 1)),
k € {1,2} are in fact means.

1

d" g s—t
Remark 13. We observe here that (;#L) (In¢) = £ is a mean for

dx™

€ € [a,b] where a,b € Ry.

Example 2. Let Qs = {¢; : (0,00) = R : t € R} be a family of functions
defined as
% , t€{0,...,n—1},
pi(x) = j

z)? In(z .
(71)%(1),]-].&”)717].)! , t=7€{0,....,n—1}.

Since pi(x) is n—convex function for x € (0,00) and t — %(pt(m) is
exponentially convex, so by the same arguments given in previous example we
conclude that A (vr), k € {1,2} are exponentially convez.
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We assume that Ap(pr) > 0 for k € {1,2}. For this family of convex
functions we obtain the following means: for k € {1,2}, J={0,1,...,n—1}

1
Ar(ps) s=t
(Refed) s #
Moo (A R2) = 4 exp (1) (- )igleegd 4 S0l G ) s =g

e A
exp ((=1)"(n — 1)! Q%f&iuzko,c#ﬁ) s=tel.

Here M, 1 (Ak, Q2) = ps 1 (Ag, Q2), k€ {1,2} are in fact means.

Remark 14. Further, in this choice of family Q2, we have

d" g s—t
(daﬁ> (&) = ¢, £€a,b], s#t, wherea,be (0,00).

So, using Remark 12 we have an important conclusion that ps+(Ax, Q2) is in
fact mean for k € {1,2}.

Example 3. Let Q3 = {6; : (0,00) = (0,00) : t € (0,00)} be a family of
functions defined by

Since t — dr" 0,5( ) = eV s exponentially convex for x > 0, being the

Laplace transform of a nonnegative function [5]. So, by same argument given
in Ezample 1 we conclude that Ax(0:), k € {1,2} are exponentially conver.

We assume that Ak (0:) > 0 for k € {1,2}. For this family of functions we
have the following possible cases of ps (Mg, 23): for k € {1,2}

Ar(6s)
M +(Ag,Q3) = (Ak(Qt)) . s#t,
o A(ido) o _,
exp _m ~ 2s ) s =1.

By (52), Ms (A, Q) = — (Vs + V) Inps (A, Q3), k € {1,2} defines a
class of means.

Example 4. Let Q4 = {¢; : (0,00) = (0,00) : t € (0,00)} be a family of
functions defined by

L t#1
€Tr) = (lrlllt)'" ’ ?
o) { @ t=1.

n )
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Since %q&t(:ﬁ) =t =" > 0 for x > 0, so by same argument given in
Ezample 1 we conclude that t — Ak(¢:), k € {1,2} are exponentially conver.

We assume that A (¢¢) > 0 for k € {1,2}. For this family of functions we
have the following possible cases of ps (Mg, Q4): for k € {1,2}

1
Ak(62) ) T
(Rxi3) » SFL
W (Ap 00) = exp (B ) s=i,
L Anlidér) L
exp ( — i /’“\k(m)l) , s=t=1.

By (52), M1 (Ak, Q) = —L(s, ) Inpusr, (Mg, Q4), k€ {1,2} defines a class
of means, where L(s,t) is Logarithmic mean defined as:

s—t
— ns—nt > 9 7& t,
Lt = { w07 (58)
Remark 15. Monotonicity of psi(Ax,Q;) follow form (54) for k € {1,2},
Jje{1,2,3,4}.
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