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ABSTRACT. In this paper some new inequalities, associated with discrete and integral Jensen’s
inequalities, for operator s-convex functions are given. It is also shown that these inequalities,
under some special conditions, are refinements of classic Jensen’s inequalities for s-convex
functions.
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1. Introduction

Let f be a continuous convex function defined on an interval I C R. In 1905,
Jensen showed that for any finite subset {z; | j € J} of I, and for any family of
non-negative scalars {A; | j € J} in R, with >, ; A; =1,

ORI ED BPWIEN (1)

jed jed
(see [15, 16]). One can also pass from the discrete case to a more general case and
obtain an integral formula extending (1). Let (X,X, ) be a probability measure
space; i.e. X be a o-algebra of subsets of a non-empty set X and p: 3 — [0,1] be a
probability measure. Then for an integrable function ¢ : X — R, with ¢(X) C I, we

have
£([ en) < [ (o) @)

The above inequalities, widely known as Jensen’s inequalities, can be generalized to
more general contexts. (see [1, 4, 6, 7,9, 12, 13, 17, 18]).

If f is a real continuous function on some interval I in R and A is a bounded self-
adjoint operator on a Hilbert space with spectrum in I, we can use spectral theory
to define a bounded self-adjoint operator

+oo
f(4) = / FOVAEA(N), 3)

—0o0
where E 4 is the spectral measure of A. A continuous function f : I — R is said to
be operator convex if

fleA+ (1 —a)B) <af(A)+(1—a)f(B) (4)
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for any a € [0,1] and every pair of self-adjoint operators A and B on an infinite-
dimensional Hilbert space H with spectra in 1.

In [13], Hansen and Pedersen proved that if f is a continuous, operator convex
function defined on an interval I, then for each natural number n, Jensen’ s operator
inequality

f( Z afﬂ%ai) < Z a; f(wi)a; (5)
i=1 i=1

holds for every n-tuple (1, ...,x,) of bounded, self-adjoint operators on an arbitrary
Hilbert space ‘H with spectra contained in I and every n-tuple (a1, ..., a,) of operators
on H with Y | afa; = 1.

In [9], a Bochner integral formation of Jensen’s inequality is presented for self-
adjoint matrix-valued functions and measures. Farenick and Zhou proved that for
a matrix-valued probability measure space (X,X%,u), if I is an open interval such
that [«, 8] C I and if ¢ is a measurable map from X to the real vector space of all
self-adjoint operators on C™ for which the spectra o(¢(z)) C [a, ] for every z € X,

then
f(/Xstu) < /X(fw)du (6)

for every operator convex function f: I — R.
The aim of this paper is to generalize Jensen’s inequality to operator s-convex
functions.

2. Preliminaries

First, we review the operator order in B(#) and the continuous functional calculus
for a bounded selfadjoint operator. For selfadjoint operators A, B € B(H) we write
A < B(or B> A) if (Ah,h) < (Bh,h) for every vector h € H, we call it the operator
order. Now, let A be a bounded selfadjoint linear operator on a complex Hilbert space
(H;{(.,.)) and C(c(A)) the C* -algebra of all continuous complex-valued functions on
the spectrum of A. The Gelfand map establishes a x-isometrically isomorphism
between C'(c(A)) and the C*-algebra C*(A) generated by A and the identity operator
14 on H as follows (see for instance [10, p.3]): For f,g € C(c(A)) and o, € C

(i) Y(af + Bg) = av(f) + BY(g);

(ii) ©(fg) = »(f)¥(g) and ¥(f*) = ¥(f)";

(iii) [ (NI = [If1l == Suptea(A [f @)

(iv) ¥(fo) = 13 and (f1) = A, where fo(t) =1 and f1(t) = ¢, for

teo(A).

If f is a continuous complex-valued functions on o(A), the element ¥ (f) of C*(A)
is denoted by f(A), and we call it the continuous functional calculus for a bounded
selfadjoint operator A.

If A is a bounded selfadjoint operator and f is a real-valued continuous function
on o(A), then f(t) > 0 for any t € o(A) implies that f(A4) > 0, i.e., f(A) is a positive
operator on H. Moreover, if both f and g are real-valued functions on o(A) such that
f(t) < g(t) for any t € o(A), then f(A) < g(A) in the operator order in B(H).
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A real valued continuous function f on an interval [ is said to be operator convex
(operator concave) if

f(A=XNA+AB) < (2)(1 = A)f(A) + Af(B) (7)

in the operator order in B(H), for all A € [0, 1] and for every bounded self-adjoint
operators A and B in B(H) whose spectra are contained in I. When considering n-
by-n symmetric or hermitian matrices, an operator convex function is called a matrix
convex function of order n.

J. Bendat and S. Sherman in [3] proved the following lemma:

Lemma 2.1. A function is an operator convex function in (a,b) if and only if it is a
matriz convex function in (a,b) for all finite orders n.

As examples of such functions, we give the following examples, another proof of
them and further examples can be found in [10].

Example 2.1. (i) The convex function f(t) = at> + Bt +v (o > 0,8,7 € R) is
operator convex on every interval. To see it, for all self-adjoint operators A and B:

f(A) + f(B) f<A+B> a<A2+B2 - (A+B>2>

2 2 2 2
A+B A+B
+8 (22 -2 v -

:%(A2+B2—AB—BA):%(A—B)QZO.

3

(ii) The convex function f(¢) = ¢* on [0, 00) is not operator convex. In fact, if we put

3 -1 10
A:[—l 1 ]&B:[o 0]’

then

A3+B3<A+B>3 1 { 67 —34
-8

2 2 ~34 17 }*)—40'

In this section, we also mention some useful lemmas, which is frequently applied
in the next sections (see [10]).

Lemma 2.2. Let H be a Hilbert space. If A € B (H) is selfadjoint and U is unitary,
i.e. U'U = UU* = 1y, then f(U*AU) =U*f(A)U for every f € C(c(A)).

Lemma 2.3. Let H be a Hilbert space, I be an interval in R and A; € Bp(H),
(4 =1,2,...,n), be selfadjoint with c(A;) C I. If f is a real value function on I, then

Ay 0 f(A1) 0
Ao f(A2)

0 a4, 0 (A
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3. Some discrete inequalities of Jensen’s type for operator s-convex func-
tions

In this section we establish an operator Jensen’s inequality and some new inequal-
ities of Jensen’s type, for operator s-convex functions. Then, we compere these in-
equalities. First, we recall some definitions and properties of s-convex and operator
s-convex functions.

Definition 3.1. i) A function f : [0,00) — R is said to be s-convex in the first sense
if
flax+ By) < a’f(x) + 5 f(y)
holds for all z,y € [0,00) and «, 8 > 0 with @® + 8° = 1. The class of s-convex
functions in the first sense is usually denoted with K.
ii) A function f : [0,00) — R is said to be s-convex in the second sense if

fOz+(1=Ny) <A f(z)+(1-N)fy)
holds for all z,y € [0,00), A € [0, 1] and for some fixed s € (0, 1]. The class of s-convex

functions in the second sense is usually denoted with K?2. It can be easily seen that
for s = 1, s-convexity reduces to ordinary convexity of functions defined on [0, 00).

It is proved in [14] that if s € (0,1) then f € K2 implies f([0,)) € [0,00), i.e.,
they proved that all functions from K2, s € (0, 1), are nonnegative.

In [5], Chen proved that f : [0,00) — R is an s-convex function in the second
sense if and only if for every x1, ...z, > 0 and no-negative real number aj, ...a;,, with
o o =1, we have

f (Z m> <> atf(w). (8)

In the special case, if o; = % for every i € {1,2,...,n}, we have

f (i 2}:) <3 ), ©)

for every s-convex function f. Note that (8) is Jensen’s inequality for s-convex function

I
We denoted by B(H)™ the set of all positive operators in B(H) and

C(H):={Ae€ B(H)": AB+ BA>0,for allB € B(H)"}
It is obvious that C(H) is a closed convex cone in B(H).

Definition 3.2. Let I be an interval in [0, 00) and K be a convex subset of B(H)™".
A continuous function f: I — R is said to be operator s-convex on I for operators in
K if

J(A=XA+AB) < (1-X)°f(A) + X f(B) (10)

in the operator order in B(H), for all A € [0, 1] and for every positive operators A and
B in K whose spectra are contained in I and for some fixed s € (0, 1]. For K = B(H)™"
we say f is operator s-convex on I. It is easy to show that every operator s-convex
function on I is s-convex in the second sense on I.
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When considering n-by-n real symmetric or hermitian matrices with non-negative
eigenvalues, an operator s-convex function is called a matrix s-convex function of order
n.

The following lemma will turn out to be useful in the proof of results (see [2,
Lemma 4.1]).

Lemma 3.1. Let (A,)nen be a sequence of self-adjoint operators in B(H) converging
to some A € By (H) (in the norm topology of B(H)). Suppose I is an open interval of
R which encompasses o(A) and o(Ay,) for everyn € N. If f: I — R is a continuous
function, then f(A,) — f(A).

Lemma 3.2. A function is an operator s-convex function on I if and only if it is a
matriz s-convex function on I for all finite orders n.

Proof. It is obvious that an operator s-convex function on [ is a matrix s-convex
function on I for all finite orders n. To see the converse, without loss of generality,
assume that f(z) defined in interval I containing the origin. Let A be a bounded
positive operator in a Hilbert space H, with spectrum in I, represented in a special
coordinate system (z1,Z2, ..., Tp, ...) of H by the matrix (ai;)$5—,. Define A, by the
matrix

ailr ... Qin

an1 ... Qpn
Now the strong limit, lim, .o 4, = A4, i.e. ||Apz — Az|| — 0 for each = in H. Since f
is a matrix s-convex function on I for all finite order n, f is continuous on I. So, by
Lemma 3.1, we have lim,,_,o f(A,) = f(A). Let A and B be two bounded positive
operators with spectrum in I. Then f ((1 — A\)A, + AB,) < (1=X)°f(A4n)+A°f(Bn),
since s-convexity of the nth order is assumed. Now, letting n — oo, we obtain
F(A=XNA+AB) «+ f(1=NA,+ ABy)
S A =XN)°f(An) + X f(Bn) = (1= A)°f(A) + X f(B)
or f((1=XNA+AB) < (1-=MX)?*f(A)+ A*f(B), since f(x) converges uniformly in the
closed convex hull of the combined spectra of A and B contained in I. It proves that
f(x) is an operator s-convex function. O

Lemma 3.3. If f is operator s-convex on [0,00) for operators in K, then f(A) is
positive for every A € K.

One can see the proof of this lemma in [11].
In [19], Moslehian and Najafi proved the following theorem for positive operators as
follows:

Theorem 3.4. Let A, B € B(H)" . Then AB + BA is positive if and only if f(A+
B) < f(A) + f(B) for all non-negative operator monotone functions f on [0, 00).

As an example of operator s-convex function, we give the following example.

Example 3.1. Since for every positive operators A, B € C(H), AB + BA > 0,
utilizing Theorem 3.4 we get

(1 —t)A+tB)* < (1—t)*A® + £°B°.
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Therefore the continuous function f(t) = ¢* (0 < s < 1) is operator s-convex on [0, 00)
for operators in C'(H).

Proposition 3.5. (Jensen’s inequality) Let H be a Hilbert space, I be an interval
in [0,00) and f be a real valued continuous function on I. The following statements
are equivalent:

(i) f is an operator s-convex function on I,

(ii) For every Ay, ..., A, € B(H)T with spectra contained in I, and non-negative
real number A1, ..., A\, with Z;.Lzl A; =1, we have

n

£ NA; SZA‘;ﬂAj)- (11)

Jj=1

Proof. Suppose that f is an operator s-convex function on I. We will prove (ii) by
induction on n € N;n > 2. For n = 2, the inequality is obvious by definition. Suppose
that the above inequality is valid for n. For natural number n + 1, let Ay, ..., A,,41 €

B(H)* with spectra contained in I, and Ay, ..., A\,11 € RT with Z?;l Aj = 1. Then

n+1 n
s
f Z AAj | =11 (1= Anga) Z 1_7;7&114]' + Ant1dnp
j=1 j=1
< (I =Xg1)'f En: LAJ' + A1 f(Ang)
j=1 1- An-|-1
N WY s
< (1= Ant) F—— JA) + X1 f(Anta)
j=1 - \n+1
n+1
=Y Af(4)),
j=1
then, (ii) is proved.
It is obvious that (ii) implies (i). O

Theorem 3.6. Let H and K be Hilbert space, I be an interval in [0,00) and f be a
real valued continuous function on I. Let A and A; be positive operators on H with
spectra contained in I (j = 1,2,...,n). If f is an operator s-convex function on I then
the following conditions hold:

(i) For every A € B(H)t and isometry C € B(K,H), i.e., C*C = 1x, we have

f(C*AC) < 21750 f(A)C. (12)

(ii) For every A; € B(H)* and Cj € B(K,H) with Y7, C5C; =1 (j = 1,...,n),
we have

FOCrA;Cy) <2173 Cr f(A)C. (13)
j=1 Jj=1
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A 0
0 B
with spectra contained in I and

U:(C D ),V:(% _D>EB(IC@’H,H@IC),

Proof. (i) Let X = ( ) € B(H @ K)* for some positive operator B € B(K)™*

0 -C c*

where D = /134 — CC*. Since C*D = /1 — C*CC* = 0 € B(H,K) and DC =
CV1lx —C*C =0 € B(K,H), it follows that both U and V are unitary operators on
‘H @& K. Then

UrxU = ( DAC DAD 4 CBC )
and
VEXV = ( o DAD 1+ OB )
So, we have
( CrAC 0 ) UXU 4+ VXV
0 DAD+CBC* )T 2 '

Hence, it follows from the operator s-convexity of f and Lemmas 2.2, 2.3 that

F(C*AC) 0 [ C*AC 0
0 f(p*ap+cscy )=/ 0 prap+ose

U'XU+V*XV
- (AL
< fFU*XU) + f(V*XV)
< .
g UU VXV

_gies ( C* f(A)C 0 )
- 0 D*f(A)D +Cf(B)C* |-

Thus we have f(C*AC) < 2175C* f(A)C by seeing the (1,1)-components.
(ii) Let

Ay 0 Ch

Ag CV2

A = . ’C = .
0 An Cy

Then A € B(H @ ... ® H) is a positive operator with spectra contained in I and
CeBK,H&...®H) is an isometry, i.e., C*C = 1. Hence it follows from (i) that

F(32C34,5) = F(OAC) £ 210 F(AIC =21 Y G (A,
j=1 =
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Corollary 3.7. Let H be a Hilbert space, I be an interval in [0,00) that contains 0
and f be a real valued continuous function on I. If f is an operator s-convex function
on I with f(0) =0 then for each natural number n, the inequality

FOCrA;Cy) <2173 Cr F(A)C
j=1 Jj=1

holds for every n-tuple (A1, ..., Ay) of bounded positive operators on H with spectra
contained in I and every n-tuple (C1, ..., Cy) of operators on H with Z?Zl CrC5 < 1y.

Proof. Define Cy,11 := (133 — Z?Zl C]’FCJ)%_ Then C,11 € B(H) and Zn+1 Cicy =
13. Put A,,4+1 =0, by Theorem 3.6, we obtain

n+1

N CrAC| =F D CrAC
Jj=1 j=1

n+1

< ol-s Z Crf(Ay)Cy =21—* Z C: f(A;)C;
j=1 j=1
O

Corollary 3.8. Let H be a Hilbert space and f an operator s-convex function on
[0,00) with f(0) =0 and A, B € B(H) with spectra contained in (0,00). If A < B,
then

“Hf(A) <2'7°BTHf(B)
Proof. We define C := B~Y/2A4Y/2 Then CC* = B~Y2AB1/2 <14, so C*C < 1y4.
Now by Corollary 3.7 we have
f(A) = f(C*BC) < 2173C* f(B)C = 215 AY2B~1Y2 f(BYB~1/241/2,

Using the commutativity of A and f(A) and the commutativity of B and f(B), we
have the desired result. (]

Remark 3.1. Let f : I C [0,00) — R be an operator s-convex function. Let A; €
B(H)* be positive operators on H with spectra contained in I, and \; € R* (j =
1,2,...) with 27, Aj = 1. Let

Ay 0 VAL
As V2

A= ) ,C =
0 An V /\n
It is easy to show that A € B(H®...®H) is a positive operator with spectra contained
in I and C is an isometry in B(H,H @ ... ® H). Using Theorem 3.6, we have

n

FO XA <2793 N f(4)). (14)

j=1 j=1
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We define

I
NE

(A A) NF(A) =277 A f(4y) (15)
j=1

.
Il
s

I
M=

Aj (AT =2170) f(4)).

.
Il
fa

where A = (A1, ..., A,) and A = (44,..., 4,). Note that if \; < % for j =1,2,...,n,
then v7(\, A) > 0 (since f(A4;),A; >0 for j =1,2,...,n). It shows that if \; < 1 for
j =1,2,...,n, then the inequality in (14) is a refinement of (11). But it is not true
generally. For example, let s € (0,1], f(t) =t*, Ay =0 and A > 5. By Example 3.1,
we know that f is an operator s-convex function on [0, 00). Using positivity of f, we
have

(1= )" f(A1) + X f(A2) = X f(A2) < 2'7°Af(A2) = 2177 (1 = A)f (A1) + Af(A2))

where As is an arbitrary operator in B(H)T. So, in this case, (14) is not refinement
of (11).

4. Davis-Choi-Jensen’s type inequality for operator s-convex functions

In this section, we introduce an inequality of Davis-Choi-Jensen’s type and making
use of it, we give another version of Jensen’s inequality for operator s-convex functions.
Now, we recall the definition of normalized positive linear maps which will be used
throughout this section.

Definition 4.1. A linear map ® : B(H) — B(K) is called positive if A € B(H)*"
implies ®(A) € B(K)*.

A linear map @ : B(H) — B(K) is called normalized if ®(1y) = 1x.

We denote P [B(H), B(K)] as the set of all positive linear maps ® : B(#) — B(K) and
Py [B(H), B(K)] as the set of all normalized positive linear maps ® € P [B(H), B(K)].

Theorem 4.1. Let ® be a normalized positive linear map in Pnx[B(H), B(K)], and
f is an operator s-convez function on an interval I. Then

f(@(4) <2'7°@ (£(4)) (16)
for every positive operator A on H with spectra contained in I.

Proof. Note that a C*-algebra C*(A) generated by A and 13 is a commutative C*-
algebra, since A is positive. By Stinespring decomposition theorem, ® restricted to
C*(A) admits a decomposition ®(X) = C*¢(X)C for all X € C*(A), where ¢ is a
representation of C*(A) C B(H), and C' is an isometry in B(XC, H). Hence it follows
from Theorem 3.6 that

F(@(A)) = F(C*H(A)C) < 2'7°C™ f($(A))C = 27 C (f(A))C = 2'°D(f(A))
O

Using Proposition 3.5, Theorem 4.1 and Remark 3.1 , we obtain the following
theorem.
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Theorem 4.2. Let I be an interval in [0,00) and Ai,...,A, € B(H) be positive
operators on H, with spectra contained in I. Let ®; € Py [B(H), B(K)] be normalized
positive maps and A1, ..., \, € R" be any finite number of positive real numbers with
Z?:l ANj=11Iff,g e C(), f < g and f is operator s-convex on I, then the following
inequalities hold:

f Zqu)j(Aj) SQl*SZA?I’j(g(AJ’))v (17)
FUD N®i(A4) | <472 X0, (9(4))) (18)
j=1 j=1

Proof. Using (11) and (16), we have

FUDSN®(A) | <D ONF(@5(47) <2753 X0, (f(4)))- (19)
Jj=1 j=1 j=1

On the other hand, by the spectral theorem and the positivity of ®;, it follows that
D, (f(4;)) < 2;(9(45)),j =1,2,..n. (20)

Now, by (19) and (20), we have (17).
Similarly, by (14) and (16), we have

PSR | <27 NS (@A) 4TSN (4. (@)

Now, by (20) and (21), we have the desired result. O

We note that, there is an analogue of Remark 3.1, for the inequalities in (17) and
(18). We omit the details.

Here we present converses of inequality in (18). Notice that we don’t assume the
operator s-convexity of f.
Let f : [m,M] C R™ — R be a continuous s-convex function on [m, M]. For conve-
nience, we define:

M) — f(m Mf(m) —mf(M
qu:f(J\}_frf ),Vf:: f(]w)’_mf( ) (22)

We remark that a straight line I(t) = pst 4 vy is a line thought two points (m, f(m))
and (M, f(M)). By (13) we have

FOm+ (1= X)M) <217° (Af(m) + (1 = \) f(M)),

for every A € [0,1]. Therefore we have f(t) < 217%1(t) for every t € [m, M], since
for every t € [m, M] there exist a unique A € [0,1] such that t = Am + (1 — A\)M, so
1) =1(m~+ (1 =XN)M)=Xf(m)+ (1 =N f(M).

Theorem 4.3. Let A; € B(H)" be positive operators with spectra contained in
[m, M|, ®; € Py [B(H), B(K)] normalized positive linear maps (j=1,...,n). Let Ay, ..., A\ €
Rt be any finite number of positive real numbers such that Z;Zl A;j = 1. Let
fyg € C([m, M]) and F(u,v) be a real valued continuous function defined on U XV,
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where flm, M| C U, g[m,M] C V. If F(u,v) is operator monotone on a first variable
u and f is s-convex on [m, M], then

ZA(I) ZA(I)

m<t<M

<{ w F (21t +v7),9(0) 1 (29

Proof. From f(t) < 2'751(t) = 217%(ust + vy) for every t € [m, M], it follows that
J(A) <2'7%(usA; +vsly) for all j = 1,...,n. Since ®; is normalized positive linear
map, we have

(I)j (f(AJ)) S (IDj (2175 (,U/fAJ + I/flf}.[)) = 2178 (/Lf(I)](AJ) + l/f].)c) s

for j = 1,...,n. Further, multiplying them with \;, summing of all j = 1,...,n, and
using 77, Aj = 1, we have

ZAQ) <2l-s WZA@ DESZr (24)

On the other hand, since mly < A; < M1y, we have mlg < Z?Zl \i®j(A4;) <

Mlg. ie. " Aj®;(A;) is a positive operator on K with spectra contained in
j=1 LjlAj

[m, M]. Using Operator monotonicity of F(.,v), we have

ZA@ ZA(I)

<F (275 | i Yo N@(A40) + sl | g | D A@5(4))
j=1 J=1

< {mgl&XMF[Zl (gt +vp), (t)]}ln- (25)

Therefore, desired result is proved. O

In the following theorems we consider complementary problems to Jensen’s type
inequality (18) in Theorem 4.2.

Theorem 4.4. Let Aj, ®;,)\;,j =1,...,n be as in Theorem 4.8 and f,g € C([m, M]).
If f is s-convex functzon on [m, M], then for every real number o € R, we have

DA (F(49) < ag | DoN®i(4)) | + Blx, (26)

where

B= max {27 (ust+vs) —ag(t)}.
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Proof. Tt is easy to show that mlx < 37 A\;®;(A4;) < M1x. Henceg (2?21 AP, (Aj))
is well defined.

Let F(u,v) = u—aw. Then F is operator monotone on u and hence it follows from
Theorem 4.3 that

DN () = ag | SoN®i(4) | < e F (217t + ). () 1
J= J=

— 1-s —
= max {27 (st +vp) —ag(t)} Lk,

which gives the desired inequality (27). O

If we let ¢ = f in Theorem 4.4, then we obtain the following corollary.

Corollary 4.5. Let A;, ®;,\;,j =1,...,n be as in Theorem 4.3 and f € C([m, M)).
If f is s-convez function on [m, M], then for every real number o € R we have

oA (F(4) < af | 3 A5(4)) | + B, 1)

where

1—s
B = max {27 (ust+vs) —af@®)}.
Theorem 4.6. Let A;, ®;,\j,j =1,...,n be as in Theorem 4.3 and f,g € C([m, M])
and suppose that either of the following conditions holds:
(i) g(t) > 0 for all t € [m, M],
(i) g(t) < 0 for all t € [m, M].
If f is s-convez function on [m, M|, then

NE

Aj®; (f(4;)) < aog Z/\j‘I’j(Aj) : (28)

1

<.
Il

where qg = MaXy,<i<M {2;(;; (st + I/f)} in the case (1),

or ap = Miny,<i<p {291@) (pept + I/f)} in the case (ii).

Proof. Suppose that (i) holds. let F(u,v) := v~'/?uv=/2. By Theorem 4.3 we have

SN (F(A,) < max {2_8<uft+uf>}g SN (45) ]
j=1 j=1

m<t<M | g(t)

then the proof in the case (i) is complete.
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Next, Suppose that (ii) holds. Let g1(t) = —g(t) > 0 for all ¢ € [m, M]. Then we
have

A
=)
5
»

- 21—5 n
jz:;/\j‘bj (f(4;)) < mStSM{gl(t) (Mft+Vf)}gl ;/\j@j(A])

21—5
—g(t)( ft—|-l/f} Z)\‘I’

I
|
3
B
~
N
g
—

) 21—5 n
= in {g(t)(uft + Vf)} g ; Aj®;(4;)
Then we have the desired results. O

If we let g = f in Theorem 4.6, then we obtain the following corollary.

Corollary 4.7. Let A;, ®;,\;,j=1,...,n be as in Theorem 4.6 and f € C([m, M]).
Suppose that either of the following conditions holds:

(i) f(t) >0 for allt € [m, M],

(i1) f(t) <0 for all t € [m, M].
If f is s-convex function on [m, M], then

Ai®; (F(A) < aof | D X®(4) ], (29)

1 j=1

NE

<.
Il

where ag = MaXy<i< M {21(;; (st + Vf)} in the case (i),

or ap = Min,, <4< {21 = (gt + l/f)} in the case ().

5. Some integral inequalities of Jensen’s type for operator s-convex func-
tions

If (X, ¥, i) is a measure space and B is a Banach space, a map ¢ : X — B is called
simple if there exist by, ...,b, € B and Ej, ..., E, € ¥ which satisfy that E, N E; =0
for i # j, such that

where xg,(z) =1if z € E; and xg,(z) =0if x ¢ E;. A map ¢ : X — B is called
p-measurable if there exists a sequence of simple maps ¢,, from X to B with

Jim |[on(z) = ()] =0

p-almost everywhere.

A map ¢ : X — B is called weakly p-measurable if for each ¥ € B* the function
U(p) is p-measurable, where B* is the dual space of B. By Pettiss measurability
theorem, a p-measurable map from a measure space to a Banach space is weakly
p-measurable [8].

Let H be a Hilbert space and B = B(H). If ¢ : X — B(#) is measurable, then it
is easily seen that for every pair of elements hi, hy in H, the function ¢p, p, : X = C
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defined by @p, h, (x) = (@(z)h1, he) is also measurable. If H is finite dimensional, then
clearly the converse is also true. This explains why in [9] the notion of measurability
is given in this latter form.

For A, B € By (H) the subsets (A, +o00) and [A, +00) of B(H) are defined as follows:

(A, +00) = {C € By(H)|o(C — A) C (0, +00)},
[A, +00) = {C € By(H)|o(C — A) C [0, +00)}.

The subsets (—oo, B) and (—oo, B] are defined similarly. Using these subsets, we may
define other intervals. For example (A, B) is defined as (—oo, B) N (A, +00).

Note that the subsets (—oo, B] and [A,+o00) are closed subsets of B(#), while,
unlike its apparent form, an interval in the form (A, B) is not necessarily open.

The following proposition asserts that for a measurable function ¢ : X — By (H)
the sequence of measurable simple functions which converges a.e. on X to ¢ maybe
chosen to satisfy some more properties.

Proposition 5.1. Let (X, X) be a measurable space and suppose that ¢ : X — Bp(H)
is a measurable function. If there is an open interval (o, ) C R with o(p(x)) C (o, 8)

for all x € X, then there is a sequence of measurable simple functions ¢, : X —
Bp(H) which converges a.e. on X to @, moreover satisfies

Vn eN, Vre X, U(‘Pn('r)) - (0‘76)

One can see the proof of this proposition in [2].

Let (X,X, ) be a measure space, and let B be a Banach space. A p-measurable
map ¢ : X — B is said to be Bochner integrable if there exists a sequence of simple
maps {p,} from X to B such that

lim / o) — n (@)l dp = 0. (30)

n— oo

In this case, for any £ € 3, the Bochner integral of ¢ over F is defined by
/ pla)dp = lim [ on(z)dp,
E N JE

in the sense of strong convergence in B, where [, ¢ (2)dp is defined in an obvious
way [8]. By [8, Chapter II, Theorem 2], a p-measurable function ¢ : X — B is
Bochner integrable if and only if [y [|¢[|du < co. Hence in the case where (X, X, u)
is a finite measure space, if a measurable function ¢ : X — B is bounded, then it
is integrable. We can see that the sequence {y, }nen satisfying (30) may be chosen
so that it converges everywhere on X to ¢ and [|¢,(2)| < ||¢(z)| for all n € N and
reX.

Since in the next section we will consider the special case B = B(H), the following
lemma will turn out to be useful (see [2, Lemma 3.4]).

Lemma 5.2. (i) If the measurable function ¢ : X — B(H) is integrable then
Jx wdp € B(H) satisfies

Vh e H, < (/X wdu) h, h> - /X<Lph, hYdy,
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where (ph,h) : X — C is given by (ph, h)(x) = (p(x)h, h).
(i) If o, : X — Bp(H) are integrable and if p(x) < (x) for all x € X, then

/X pdp < /X Ydp.

Theorem 5.3. Let (X, %, u) be a probability measure space, H be a Hilbert space, T
be an open interval in [0,00) and f : I — R be an operator s-convex function on I.
Suppose ¢ : X — B(H)T is a measurable function for which there exist o and 3 in R
such that

Ve e X, o(p(z)) Cla, ] C 1.
Then f oy is Bochner integrable and

f (/X sodu> < 21*S/Xfos0du~ (31)

Proof. First suppose ¢ is a measurable simple function in the form Z?:l ajxg; with
aj € B(H)" for all j =1...,n. Clearly, fop = Z;-L:l f(a;)xg, is also a measurable
simple function and hence Bochner integrable. Since o(a;) C [a, 8] for every j =
L,..,nand 77 p(E;) = 1, we have also

o([ o) =0 éuwj)aj C [ 6.

Hence f ([ @dp) is well defined and

o - Nas 1—s - . a:) = 1—s o .
f</Xs0du>f ;u@)j <2 ;u(Eg)f( =2 /Xf pdu

Now for the general case, using the assumption, there are o’ and 3’ in R with
Vi € X, o(p(x)) C la, f] C (o, 8') C [0, B C 1.

Then there is a sequence (p,)nen of measurable simple functions which converges
everywhere on X to ¢. and which satisfies

vneN, Vo € X, o(pn(z)) C (o, 5.

Hence (¢n)nen is uniformly bounded. By the dominated convergence theorem, [, |lo—
onlldp — 0, whence [y pndp — [y @dp. Note also, since aly < () < Bly for
all 2 € X, aly < [y pdu < Bly. Hence o ([ ¢du) C [o, 8] C I. Similarly,
o ([x endp) C [/, 8] C I. Thus, by Lemma 2.3, we have

/ ( /. sondu> ~f ( /. @du) . (32)

Moreover, the same lemma implies that the sequence (f oy, )nen of measurable simple
functions converges pointwise on X to f o . Hence fo : X — B(H)" is also
measurable. On the other hand,

Ve e X, [|f op(@)] = [[flloo.oota)) < Iflloo,fa.p1-
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Again by the dominated convergence theorem,

/X Fopndy— /X Fopd. (33)

Finally, by the first part of the proof, for each n € N we have

f (/X apndu> < 21‘3/Xfo%du.

By using (32) and (33) we have the desired result in (31). O
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