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Abstract

In this paper, we obtain some Jensen’s and Hermite-Hadamard’s type inequalities for
lower, upper, and strongly convex functions defined on convex subsets in normed linear
spaces. The case of inner product space is of interest since in these case the concepts of
lower convexity and strong convexity coincides. Applications for univariate functions
of real variable and the connections with earlier Hermite—Hadamard’s type inequalities
are also provided.

Keywords Jensen’s inequality - Hermite—Hadamard inequality - Strongly convex
functions - Lower convex functions

Mathematics Subject Classification Primary 26A51; Secondary 26D15 - 39B62

1 Introduction

The classical Jensen inequality and Hermite—Hadamard inequality are ones of the
most important inequalities in convex analysis and they have various applications in
mathematics, statistics, economics and engineering sciences. The aim of this paper is
to present counterparts of these inequalities for m-lower convex and strongly convex
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functions in normed spaces. The theorem obtained by us extend and complement some
earlier results on Jensen and Hermite—Hadamard inequalities obtained, among others,
in [3,7,13,14,16,19].

Let X be a real linear space. Assume that a, b € X, a # b and let [a, b] =
{1 —=A)a+ Ab, A €0, 1]} be the segment generated by a and b. We consider
the function f : [a,b] — R and the attached function g (a,b) : [0,1] — R,
ga,b) ()= fl—1)a+1b],t €[0,1].

It is well known that f is convex on [a, b] iff g (a, b) is convex on [0, 1], and the
following lateral derivatives exist and satisfy the properties:

(i) g4 (@.b)(s) = (vefId—s)a+sb) (b—a)se©1);
(ii) g (a,0) (0) = (V4 f (@) (b—a);
(i) g~ (a,b) (1) = (v-f ) (b —a);

where (V4 f (x)) (y) are the Gdteaux lateral derivatives. Recall that

h _
(Vi f ()0 = lim [f (x +hy) f(x)}
h—0+

h
k —
(V—f () () = kgrg_[f(” ) f(x)] x yex.

Now, assume that (X, [|-||) is a normed linear space. The function fj (x) = % I|x ||2,
x € X is convex, and thus, the following limits exist

Iy+exP=lyI2 ] .
2t ’

(W) (x.y), = (Ve fo 0) (@) = lim [

W) (3 = (T fo () () = tim [T

for any x, y € X. They are called the lower and upper semi-inner products associated
to the norm ||-||, respectively.

For the sake of completeness, we list here some of the main properties of these
mappings that will be used in the sequel (see for example [6]), assuming that p,
q € {s,i} and p # ¢q. Recall also that a function f : X — R is called subadditive
(superadditive) if f(x1 + x2) < f(x1) + f(x2) (f(x1+x2) = f(x1) + f(x2)) for
all x1, x € X.

(@ (x,x), = |x|*forallx € X;
(aa) (ax, By), =af(x,y),ifa,f>0andx, y € X;
(aaa) [(x,y),| < x|l Iyl forallx, y € X;
(av) (ax +y,x)p =« (x,x)p + (y,x)p ifx,ye Xanda € R;
W) (—x, y)[, = —(x, y>q forall x, y € X;
(va) (x +y,2), < x|l llzll +(y, z), forall x, y, z € X;
(vaa) The mapping (-, -), is continuous and subadditive (superadditive) in the first
variable for p = s (or p =i);
(vaaa) If the norm ||-]| is induced by an inner product (-, -), then (y, x); = (y, x) =
(y,x), forallx,y € X.
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The following inequality is the well-known Hermite—Hadamard integral inequality
for convex functions defined on a segment [a, b] C X :

f<a+b> /f(l—l)a+tb]dt<w, (HH)

which easily follows by the classical Hermite—Hadamard inequality for the convex
function g (a, b) : [0, 1] — R. For other related results, see the monograph [14].

Applying inequality (HH) for the convex function fy (x) = [x||>, one may deduce
the inequality

2 1 2 2
5/ 1= tyx + oyl dr < M (L)
0

for any x, y € X. The same (HH) inequality applied for f; (x) = ||x||, will give the
following refinement of the triangle inequality:

X4y llxIl + 11yl

1
5/ 10—t oylar < PEERT e x
0

The distance between the first and second term in (1.1) has the lower and upper
bounds [9]:

1
05 g[(y—x,Y‘i‘x)S_(y_x,)"i‘xh]

2

1 1
5/0 ||(1—r>x+ry||2dr—H¥ sz[<y—x,y>,-—<y—x,x>s] (1.2)

while the distance between the second and third term in (1.1) has the same upper and
lower bounds, namely [10]

1
0= g[b—xy+x),——xy+x]

1% + Iyl

< A IE fn(l x4 1y12d0 < 2 [(y = x0 ¥ — (y — x.1),]

(1.3)

N |

for any x, y € X. The multiplicative constants % and % are best possible in (1.2) and

(1.3).

2 Some Jensen'’s Type Inequalities

Let (X, ||-||) be a real or complex normed linear space, C € X a convex subset of X
and f : C — R. Let m, M € R. The mapping f will be called m-lower convex on
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ciff—-3 |- is a convex mapping on C. The mapping f will be called M-upper

convex on C if % ||-> — f is a convex mapping on C. The mapping f will be called
(m, M)- convex on C if it is both m-lower convex and M -upper convex on C. Note
that if f is (m, M)-convex on C , thenm < M.

Furthermore, assume that c is a positive constant. A function f : C — Ris called:
strongly convex with modulus c if

fax+ (0 =ny) <tf @)+ A =0 f() —ct(l=)x — y|? 2.1

forall x, y € C and ¢ € [0, 1]. In addition, it is called: strongly Jensen-convex with
modulus c if (2.1) is assumed only for r = % that is

2
I

, forall x, ye C.

f<x+y> _S@EI0) e

2 - 2 4

The usual concepts of convexity and Jensen-convexity correspond to the case ¢ =
0, respectively. The notion of strongly convex functions have been introduced by
Polyak [23] and they play an important role in optimization theory and mathematical
economics. Many properties and applications of them can be found in the literature
(see, for instance, [1,2,5,15-18,22-26]. Let us mention also the paper [21] by the
second author which is a survey article devoted to strongly convex functions and
related classes of functions.

Denote by SC(C, ¢) the class of all functions f : C — R strongly convex with
modulus ¢ and by LC(C, m) the class of all functions f : C — R m-lower convex. It
is known that [22] if X is an inner product space then

m

SC (C, 5) — £C(C, m).

However, in arbitrary normed spaces the above classes differ in general.
The following examples shows that neither £LC(C, m) is included in SC (C, %),
nor conversely.

Example 2.1 ([22]) Let X = R? and x|l = |x1] + |x2], for x = (x1, xp). Take
f=1-1?Theng = f — | - ||? is convex being the zero function. However, f is not
strongly convex with modulus 1. Indeed, for x = (1, 0) and y = (0, 1), we have

f(x;ry>:1>0: S+ fO) —l||x—y||2

2 4 ’

which contradicts (2.1).

Example2.2 Let X = R? and ||x|| = |x1| + |x2|, for x = (x1, x2). Take f(x) =
x12 + x%. Then, f is strongly convex with modulus ¢ = % Indeed, for arbitrary
x = (x1,x2) and y = (y1, y2) in R2, we have

xX+y 1
f( 5 )=Z(x12+2x1y1+y%+xg+2x2y2+yg)
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and
SO+ 11 2
e ol =yl
2 2 4
_§x2+2+2+2+l _ _ _
=gyt +y 4(X1y1+X2y2 [x1 — yillx2 — y20).
Hence

I 1 1
—f(x);f(y)—z.znx—yllz—f(—x;ry)=§(IX1—y1|—|x2—y2|)220~

This shows that f is strongly Jensen-convex with modulus ¢ = % Since f is contin-
uous, it is also strongly convex with modulus ¢ = % On the other hand, the function
g=f-— %H . ||2 is not convex. Indeed, for x = (—1, 1) and y = (1, 1), we have

(x+y>_l>0_g(X)+g(y)
S\ ) 727" T

The following Jensen’s type inequality holds [7].

Proposition2.3 Let f : C € X — R, Cbeconvexon X,x; € C,p; >0 =1,...,n)
n

with Y p; = 1. If f is m-lower convex on C, then we have the following inequality
i=1
(for m > 0O - refinement of Jensen’s inequality)

2 n n
<Y pif)—f (Z pm) N3
i=1 i=1

n

m

5 > pillxill® -
i=1

n
3 pix
i=1

As a consequence of the above proposition, we get the following corollary for
functions defining on inner product spaces.

Corollary 2.4 Let (X, (-, -)) be an inner product space, ||-|| := +/(-, -), C € X a convex
n

subseton X, f : C - Randx; € C, p; >0( =1,...,n)with) p; = L If fis
i=1

m-lower convex on C, then
m 2 n n
5 Z pipj||xi — x| < Zpif(xz') - f (ZPW) .
l<i<j<n i=1 i=1

The case of the mappings defined on real intervals have been obtained by Andrica
and Rasa in [3].

Furthermore, let us assume that § (x) := minj<; << Hxi —Xj || . Then, the follow-
ing corollary also holds.

@ Springer



1342 Bulletin of the Iranian Mathematical Society (2018) 44:1337-1349

Corollary 2.5 Let X, C, f, x;, pi (i =1, ...,n) be as in Corollary 2.4. If f is m-lower
convex on C withm > 0, then we have the following refinement of Jensen’s inequality:

n
0< ( Zp,) (3 (0)* < Zplf(x,) - (me) :
i=1 i=1
Counterparts of Proposition 2.3 and Corollaries 2.4, 2.5 for M-upper convex and
(m, M)-convex functions can be also found in [7].
Now, we will prove the following Jensen’s type inequality for strongly convex

function with modulus c.

Theorem 2.6 Let f : C € X — R be a function strongly convex with modulus ¢ on
C that is open and convex in X, the normed linear space (X, ||1|), xi € C, pi =0

(i=1,..,n) with Z pi =landx), = Z pixi € C. Then, we have the following
=1 i=1
refinement of Jensen s inequality:

ZP: S xi)— _ = CZP: Xi —Xp H2 : (2.3)

If y € C is such that
n n

S b (T f G0 =Y pi (v f () (x0) s (2.4)

i=1 i=1
where (V1 f () (+) is Gdteaux lateral derivative of f, then the following refinement
of Slater’s inequality holds

n n
FO)Y=eY pilxi—yIP =) pif (xi). 2.5)
i=1 i=1
We have the following reverse of Jensen’s inequality as well

Zp, (V4 () <xl>—2pl (Ve f () (%p) Z pillxi =X, l°

i=1 i=1

> pif i) = f (%) (2.6)

i=1
Proof By the definition of c¢-strongly convex function on C, we have
L) =)= f(A=Dx+1) — f @) +et(=Dllx =yl
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forany x, y € C and ¢ € [0, 1]. This implies that

FO) = f@) = f(”t(y_tx”_f(x)+c(1—r>||x—y||2

fort € (0,1).

Since f is convex on open convex subset C, then the lateral derivative
(V+f (x)) (y — x) exists for any x, y € C and by taking the limit over t — 0+,
we get the gradient inequality

FO) = f @)= (T4f @)y —x)+elly—x|? 2.7)

for any x, y € C.
If we take in (2.7) y = x;, i € {1, ...,n} and x = X, then we get

Fa) = f(xp) = (vaf (X)) (xi = %p) +cllxi —=Xp 117 (2.8)
foranyi € {1, ...,n}.
Multiply (2.8) by p; > 0,i € {1, ..., n} and sum over i from 1 to n to get
n
szﬂxl)— Zpl Vi f (%)) (xi =%p)+e D pillxi =%, 1% (2.9)
i=1

This is an inequality of interest in itself.
Since (V+ f (fp)) (+) is a subadditive and positive homogeneous functional on X,
we have

il’i (V+f (xp) (xi =Xp) = (V4 f (x (Z pixi — )
= (V+/ (%)) 0) =0

and by the inequality (2.9), we get the desired result (2.3).
From (2.7), we have for any x;, y € C, i € {1, ..., n} that

)= f )+ (Ve f 0) (v = xi) + ellxi — yII?

foranyi € {1, ..., n}. If we multiply this inequality by p; > 0, i € {1, ..., n} and sum
over i from 1 to n, then we get

FO =D pif G+ pi (v f @) —x)+e Y pillxi —yI*. (2.10)

i=1 i=1 i=1

By the subadditivity of (v f (x;)) () we have
(V+f ) (v —xi) = (V4 f () () = (V4 f (x0) (i),

@ Springer
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which implies that

Dopi (U f GG =x) =Y pi (v f (D)) () = Y pi (v f () (%),

i=1 i=1 i=1

and by (2.10), we get

FOY =Y pif )+ Y pi (Vi f @) () = Y pi (v f () (x0)

i=1 i=1 i=1

n
+e Y pillxi = yI% 2.11)
i=1

n
forany x;, y € C,i € {l,...,n}and p; > 0,i € {1, ...,n} with ) p; = 1. This is an
i=1
inequality of interest in itself.
If the condition (2.4) is valid for some y € C, then by (2.11 ), we get the desired
result (2.5).

Now, if we take in (2.11) y =X, € C, then we get

FE) =) pif G+ pi (Vi f ) (Fp) = D pi (V4 f () (1)

i=1 i=1 i=1

n

- 12

+e) pilly =X,
i=1

that is equivalent to the desired result (2.6). O

Remark 2.7 For inequalities in terms of the Gateaux derivatives for convex functions
on linear spaces, see [11] while for Slater’s type inequalities for convex functions
defined on linear spaces and applications, see [12]. The inequalities (2.3)—(2.6) are
improvements of the corresponding inequalities for convex functions on normed spaces
in which the term ¢ Z?:l pi llxi — y||2 vanishes. We observe that, if X is an inner
product space, then using the inner product properties, we have that

2
2
= > pipj|xi—x]

I<i<j<n

n n
- 2 2
> pillxi =%, 17 =Y pilxil® -
i=1 i=1

n
S o
i=1

and the inequality (2.2) for m > 0 and the inequality (2.3) for ¢ = 5 are the same.
However, in the general case of normed spaces, they are different. Inequality (2.3) in
the case where X is an inner product space was obtained in [16].
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3 Some Hermite-Hadamard'’s Type Inequalities

The classical Hermite—Hadamard double inequality plays an important role in convex
analysis and it has a huge literature dealing with its applications, various generaliza-
tions and refinements (see for instance [4,9,10,14,20] and the reference therein). In this
section, we present Hermite—-Hadamard’s type inequalities for m-lower and strongly
convex functions.

Theorem 3.1 Let f : C € X — R, where C is a convex subset in the normed linear
space (X, ||-|)) and x, y € C with x # y. Assume also that m > 0. If f is m-lower
convex on C, then

1

0= om0 —xy+x)—{y—xy+x]
1 2
glm[/ ||(l—t)x+ty||2dt—Hm }
2 0
1
s/ f[(l—r)x+ry]dz—f(¥) 3.1
0

and

1
0<—m[(y—x,y+x),—(y—x,y+x)]

16

2 2
_%M[M /||(1—t)x+ty|| dr}
sM ff[(l—t)x+ty1 G2

Proof The first two inequalities in (3.1) and (3.2) follow by (1.2) and (1.3).
Since f is m-lower convex on C, hence g (x) := f (x) — %m llx |2 is convex on C.
Using the Hermite—Hadamard inequality (HH), we have

x + 1 [x+y|? ! 1
f 2) = ~m Y s/ f[(l—t)x+ty]——mll(l—t)x+ty||2 dt
2 2 2 0
_!
[f (x) — —m X1+ f () — —m ||y||2}
which imply the third inequalities in (3.1) and (3.2). O

Remark 3.2 If the positivity condition for m is dropped, then only the third inequalities
in (3.1) and (3.2) remain true.

Corollary 3.3 Let f : C € X — R, where C is a convex subset in the inner product
space (X, (-,-)) and x, y € C with x # y. Assume also that m > 0. If f is m-lower
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convex on C, then

1 ! n
il =yI? = fo f[(l—t)x+ty]dt—f<¥> (3.3)

and )
Lolx =P sM—/ FlA—Dxtnld. (G4

12 2 0

Proof Since (X, (-, -)) is an inner product, then for any x, y
1
/ 10— 0)x o+ 1yl de
0
1
= [ o= 021 v 2 = oRe ) + 2 117
0

1 1 1
:||x||2/0 (l—t)zdt+2Re(x,y)/0 t(l—t)dt+||y||2/0 2dr

1
3 (112 +Re (r.3) + 1y112)
Therefore, for any x, y

x4y
2

1
f ||(1—t)x+ty||2dt—H
0
1 1
= 3 (1012 +Re (. 3) + 1312) = 5 (Ix1? +2Re (x. ) + Iy1%)

1 1
(117 = 2Re x, ) + IYI12) =  llv = »1?

12
and
2 2
X +
lxl1”+ [yl / 11— 1) x + ry|2dr
=5 (||x|| FI17) = 5 (Il +Re (e, ) + 1)
1 2
=% lx —yl~.
Using Theorem 3.1, we get the desired results (3.3)—(3.4). m]

Remark 3.4 If f : [a,b] C R — R is twice differentiable and f” (r) > m for any
t € [a, b], then by (3.3) and (3.4), we have

b
21—4m (b —a)? < ﬁ/ fs)ds — f (#) see [8, Eq. (5.1)]
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and

s _f@+fk)
- 2

1 1 b
Em b —a) b—a,/a f (s)ds, see [13],[14, p. 40].

The next theorem gives a counterpart of the Hermite-Hadamard inequality for
strongly convex functions.

Theorem 3.5 Let f : C € X — R be a function strongly convex with modulus c¢ on
C that is open and convex in the normed linear space (X, ||-||) and x, y € C with
x #y. Then

1
iﬁliﬁﬁ—/,ﬂﬂ—ﬂmHﬂmzldu—Nz (3.5)
2 0 6
and '
/Lﬂﬂ—0x+nmh—f<£il>zlfh—yW- (3.6)
0 2 12

Proof If we integrate condition (2.1) in the definition of strongly convex functions,
we have

1 1
f(x);f(y) _/ f(tx+(1—t)y)dtZCHX_)’”z/ t(1 — t)dt

0 0

:éﬂx—ﬂﬁ

for any x, y € C, which proves (3.5).
By taking in the definition of strong convexity ¢ = %, we have

f@+fb  (at+b [
2 f( 5 )z4lla bll*, 3.7

foralla, b € C.
If wetakein (3.7)a=(1—t)x +tyand b =tx + (1 —¢t) y, then we get

2
f((l—t)x+ty)J2rf(tx+(1—f)y) _f<¥) Zc(t—%) Ix = ylI?

forany x, y e Candt € [0, 1].
Integrating over ¢ € [0, 1], we have

1 [ 1 ! xX+y
— / f1 —t)x+ty)dt+/ fax+( —t)y)dti| —f(—)
21 A 2

1 1 2
zdh—yW/ Q—z)dt (3.8)
0
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and since
1 1 1 1 2 1
/ f((l—t)x+ty)dt=/ f(tx+(1—t)y)dtand/ t——|) dt = —,
then by (3.8), we get (3.6). O

Remark 3.6 If f : [a, b] C R — R is a function strongly convex with modulus ¢ on
the interval [a, b], then by (3.5) and (3.6), we get

b
f(a)-;f(a)_bia/a f(s)dszéc(b—a)z
and ,
1 a+b 1 )
m‘/‘; f(S)dS-f( 3 >ZEC(b—d) .

These inequalities were obtained in this form in [16].

Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 Interna-
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