Chapter

Definitions and basic results

1.1 Convex functions

Convex functions are very important in the theory of inequalities. The third chapter of
the classical book of Hardy, Littlewood and Pélya [51] is devoted to the theory of convex
functions (see also [82]). In this section we give some of the results concerning convex
functions.

Definition 1.1 Let I be an interval in R. A function ®: I — R is called convex if
DO(Ax+ (1—2A)y) <AD(x)+ (1 —21)D(y) (1.1)

for all points x,y € I and all A € [0,1]. It is called strictly convex if the inequality (1.1)
holds strictly whenever x and y are distinct points and A € (0,1).

If —@ is convex (respectively, strictly convex) then we say that @ is concave (respec-
tively, strictly concave). If @ is both convex and concave, @ is said to be affine.

Remark 1.1 (a) Forx,y €1, p,q>0,p+qg >0, (1.1)is equivalent to

cb(px+qy)§ P o)+ —T—a(y).
p+q ptaq pt+q

(b) The simple geometrical interpretation of (1.1) is that the graph of ® lies below its
chords.
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(¢) If x1,x2,x3 are three points in / such that x; < x; < x3, then (1.1) is equivalent to

X1 (I)(xl) 1
xy @(x2) 1| = (x3—x2)P(x1) 4 (x1 —x3)P(x2) 4+ (x2 — x1)P(x3) >0
X3 (I)(x3) 1

which is equivalent to

D(xy) < M(I)(xl)Jr n-n

TX1—X3 X1 —X3

D(x3),

or, more symmetrically and without the condition of monotonicity on xy,x>,x3
D(x;) D(xy) D(x3)

(x1 —x2)(x1 —x3)  (x2 —x3)(x2 —x1) (x3—x1)(x3—x2)>0

Definition 1.2 Let I be an interval in R. A function ®@ : I — R is called convex in the
Jensen sense, or J-convex on I (midconvex, midpoint convex) if for all points x,y € I the

inequality
) 0]
2 2
holds. A J-convex function is said to be strictly J-convex if for all pairs of points (x,y),x #
y, strict inequality holds in (1.2).

In the context of continuity the following criteria of equivalence of (1.1) and (1.2) is
valid.

Theorem 1.1 Let @ : I — R be a continuous function. Then @ is a convex function if and
only if ® is a J-convex function.

Inequality (1.1) can be extended to the convex combinations of finitely many points in
I by mathematical induction. These extensions are known as discrete and integral Jensen’s
inequality.

Theorem 1.2 (THE DISCRETE CASE OF JENSEN’S INEQUALITY) A function® : I — R
is convex if and only if for all xy , ...,x, € I and all scalars py, ....,p, € [0,1] with P, =Y p;
we have

1< 1 &
@ (}T 21’[&') < FZP,'(D()Q). (1.3)

Inequality (1.3) is strict if @ is a strictly convex function, all points x;,i =1,...n,n € N
are disjoint and all scalars p; are positive.

Now, we introduce some necessary notation and recall some basic facts about convex
functions, log-convex functions (see e.g. [65], [82], [92]) as well as exponentially convex
functions (see e.g [15], [79], [81]).

In 1929, S. N. Bernstein introduced the notion of exponentially convex function in [15].
Later on D.V. Widder in [100] introduced these functions as a sub-class of convex function
in a given interval (a,b) (for details see [100], [101]).
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Definition 1.3 A positive function © is said to be logarithmically convex on an interval

I C R iflog® is a convex function on I, or equivalently if for all x,y € I and all o, € [0,1]
D(0x + (1 - a)y) < 0% (x)®'*®(y).

For such function @, we shortly say @ is log-convex. A positive function ® is log-convex
in the Jensen sense if for each x,y € 1

@ () <ewen)

holds, i.e., if log® is convex in the Jensen sense.

Remark 1.2 A function @ is log-convex on an interval /, if and only if for all x;,xp,x3 € 1,
X1 < xp < x3, it holds

[ @) <D )[2 2 [ D)= (1.4)

Furthermore, if x1,x,y1,y2 € I are such that x; < yy, x; <y, X1 # X2, y1 # y2, then

@) e

Inequality (1.5) is known as Galvani’s theorem for log-convex functions ®: I — R.

We continue with the definition of exponentially convex function as originally given in
[15] by Berstein (see also [9], [79], [81]).

Definition 1.4 A function ®: (a,b) — R is exponentially convex if it is continuous and
n
z t,'qu)(x,'—l—xj') >0, (1.6)
ij=1

holds for every n € N and all sequences (t,), cN and (xn),, cN ©of real numbers, such that
xi+x;€(a,b), 1<i,j<n

Moreover, the condition (1.6) can be replaced with a more suitable condition

n . .
> it ® (x‘;x’) >0, (17

i,j=1

which has to hold for all n € N, all sequences <t")nEN of real numbers, and all sequences
(¥n) ey in (@,b). More precisely, a function ®: (a,b) — R is exponentially convex
if and only if it is continuous and fulfils (1.7). Condition (1.7) means that the matrix

. . qn
{(b(]#)} - is positive semi-definite matrix. Hence, its determinant must be non-
ij=
negative. For n = 2 this means that it holds

D (x;)D(xy) — D? (’%) >0,
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hence, exponentially convex function is log-convex in the Jensen sense, and, being contin-
uous, it is also log-convex function.

We continue with the definition of n-exponentially convex function.
Definition 1.5 A function ® : I — R is n-exponentially convex in the Jensen sense on I if

n . .
2 titjq) (XI—;xJ> >0

i,j=1

holds for all choices of t; R, x; €1, i=1,...,n.
A function @ : I — R is n-exponentially convex on I if it is n-exponentially convex in the
Jensen sense and continuous on 1.

Remark 1.3 Ir is clear from the definition that 1-exponentially convex functions in the
Jensen sense are in fact non-negative functions. Also, n-exponentially convex functions in
the Jensen sense are k-exponentially convex in the Jensen sense for every k € N, k < n.

Proposition 1.1 Ler I be an open interval in R. If ® is n-exponentially convex in the
NEY 4
Jensen sense on J then the matrix [(ID (%)} is positive semi-definite matrix for all

i,j=1
k € N, k <n. Particularly

k

det [(b (’%)} >0, forall ke N, k<n.
ij=1

Definition 1.6 Let I be an open interval in R. A function ® : I — R is exponentially

convex in the Jensen sense on I if it is n-exponentially convex in the Jensen sense on I for
alln e N.

Remark 1.4 Iz follows that a function is log-convex in the Jensen sense if and only if it is
2-exponentially convex in the Jensen sense.

Also, using basic convexity theory it follows that a function is log-convex if and only if it is
2-exponentially convex.

It is easily seen that a convex function is continuous on the interior of its domain, but
it may not be continuous at the boundary points of the domain.

Theorem 1.3 [f®: [ — R is a convex function, then @ satisfies the Lipschitz condition
on any closed interval [a,b] contained in the interior of I, that is, there exists a constant K
so that for any two points x,y € [a,b],

|@(x) — D(y)| < K|x—y|.

Now, we continue with derivative of a convex function. The derivative of a convex
function is best studied in terms of the left and right derivatives defined by
/ . Oy)—D(x) . D(y)—D(x)

el e
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The following result concerning the left and the right derivative of a convex function can
be seen e.g. in [92].

Theorem 1.4 Let I be an interval in R and ®: I — R be convex. Then

. / / . . . / / . . .
(i) ®_ and @ exist and are increasing on I, and ®_ < @, (if O is strictly convex, then
these derivatives are strictly increasing);

(i) @ exists, except possibly on a countable set, and on the complement of which it is
continuous.

Theorem 1.5 (a) ®: [a,b] — R is (strictly) convex if there exists an (strictly) increas-
ing function f: a,b] — R and a real number ¢ (a < ¢ < b) such that for all x and
a<x<b,

o) = () + [ "ty

(b) If ® is differentiable, then ® is (strictly) convex if @ is (strictly) increasing.

(c) If®" exists on (a,b), then @ is convex if ®" (x) > 0. If D" (x) > 0, then @ is strictly
convex.

Example 1.1  (a) The exponential function @ : R — R, ®(x) = ¢* is a strictly convex
function.

(b) Let ®: R, — R be defined by ®(x) = x”, p € R\ {0}. Obviously, ®'(x) = px’~!
and the function @ is convex for p € R\ [0, 1), concave for p € (0, 1], and affine for
p=1

Remark 1.5 Let I be an open interval and let & € C?(I) be such that 4" is bounded, that
is, m < h" < M. Then the functions @, ®, defined by

(1) = %tz —h(r), @) = ht) — 22

are convex.

The geometric characterization depends upon the idea of a support line. The following
result can be seen e.g. in [92].

Theorem 1.6 (a) @: (a,b) — R is convex if there is at least one line of support for ®
at each xy € (a,b), i.e.,

D(x) > P(xp) + A (x—x0),Vx € (a,b),
where A depends on xo and is given by A = ® (xo) when @ exists, and
A€ [D_(x0), D@, (x0)] when ®_(xq) # D (x0).

(b) @: (a,b) — R is convex if the function ®(x) — D®(xg) — A(x —xq) (the difference
between the function and its support) is decreasing for x < xy and increasing for
X > Xp.
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Definition 1.7 Let @ : I — R be a convex function, then the sub-differential of ® at x,
denoted by 0D (x), is defined as

0P(x)={axeR: O(y)—P(x)—a(y—x)>0,yel}.

There is a connection between a convex function and its sub-differential. It is well-
known that d®(x) # 0 for all x € Int/. More precisely, at each point x € Int/ we have
—o0 < P (x) <D/ (x) <ooand

IP(x) = [@(x), P, (x)],

while the set on which @ is not differentiable is at most countable. Moreover, each function
¢ : I — R such that ¢(x) € dP(x), whenever x € Int/, is increasing on Int/. For any such
function ¢ and arbitrary x € Int/, y € I we have

O(y) = @(x) — p(x)(y—x) =0

and further

O(y) —O(x) — @(x)(y —x) = |P(y) — P(x) — @(x)(y —x)|
> |[@(y) — @(x)| = [@(x)] - [y —x]|.
(1.8)

On the other hand, if ® : I/ — R is a concave function, that is, —® is convex, then
00(x) ={a eR : ®(x) —D(y) —a(x—y) > 0,y € I} denotes the superdifferential of ®
at the point x € 1. For all x € Int/, in this setting we have —eo < @/, (x) < @' (x) < oo and
0D (x) = (@', (x), D"_(x)] # 0. Hence, the inequality

D (x) —D(y) — @(x)(x—y) >0

holds for all x € Int/, y € I, and all real functions @ on I, such that ¢(z) € 0®(z), z € Intl.
Finally, we get

O(x) —D(y) — o(x)(x —y) = |P(x) = D(y) — @(x)(x—y)|
[@(y) — @(x)| — @ (x)| - [y —x]].
(1.9)

Note that, although the symbol d®(x) has two different notions, it will be clear from the
context whether it applies to a convex or to a concave function ®. Many further information
on convex and concave functions can be found e.g. in the monographs [82] and [92] and
in references cited therein.
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1.2 Superquadratic and subquadratic functions

The concept of superquadratic and subquadratic functions is introduced by Abramovich,
Jameson and Sinnamon in [4] (see also [3]).

Definition 1.8 (See [4, Definition 2.1].) A function ¢ : [0,0) — R is superquadratic
provided that for all x > 0 there exists a constant Cy € R such that

o) — o) —o(ly—x[) > Cc(y—x), (1.10)

for all y > 0. We say that ¢ is subquadratic if —@ is superquadratic. We say that @ is a
strictly superquadratic function if for x # y,x,y # 0 there is strict inequality in (1.10). We
say that ¢ is a strictly subquadratic function if — @ is a strictly superquadratic function.

Lemma 1.1 (See [4, Theorem 2.3].) Let (Q, ) be a probability measure space. The
inequality

o ([ r6au)) < [orenane) - [0 (|0 [ s

>du(s) (1.11)

holds for all probability measures ¢ and all non-negative y —integrable functions f if
and only if ¢ is superquadratic. Moreover, (1.11) holds in the reversed direction if and
only if ¢ is subquadratic.

Proof. See [4] and [3] for the details. O
Definition 1.9 A function f : [0,e) — R is superadditive provided f(x+y) > f(x)+ f(y)
forall x,y > 0. If the reverse inequality holds, then f is said to be subadditive.

Lemma 1.2 (See [4, Lemma 3.1].) Suppose ¢ : [0,00) — R is continuously differentiable

and ¢(0) < 0. If ¢’ is superadditive or @ is nondecreasing, then ¢ is superquadratic.

Proof. See [4] for details. O

Remark 1.6 By Lemma 1.2, the function ¢(x) = x? is superquadratic for p > 2 and
subquadratic for 1 < p < 2. Therefore, by Lemma 1.1, for p > 2 the inequality

(/Qf(s)du(s))pg/Qf!’(s)du(s)—/Q‘f(s)_/gf(s)du(s)

holds and the reversed inequality holds when 1 < p <2 (see also [2, Example 1, p. 1448]).

Caus)
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1.3 Operator convex functions

We shall first recall the definition of an operator convex function.

Definition 1.10 Ler I be a real interval of any type. A continuous function f : I — R is
said to be operator convex if

fAx+(1=2A)y) <Af(x)+ (1 =2)f(y)

holds for each A € [0,1] and every pair of self-adjoint x and y (acting) on an infinite
dimensional Hilbert space H with spectra in I (the ordering is defined by setting x <y if
Yy — X is positive semi-definite ).

Let f be an operator convex function defined on an interval /. Ch. Davis [34] proved a
Schwartz type inequality

f(@(x)) < D(f(x)),

where ® : A — B(H) is a unital completely positive linear map from a C*-algebra A to
linear operators on a Hilbert space H and x is a self-adjoint element in A with spectrum in
I.

Let us recall the definition of a unital field. Assume that there is a field (D, ),;e7 of pos-
itive linear mappings @; : A — B from A to another C*-algebra B. We say that such a field
is continuous if the function # — @, (x) is continuous for every x € A. If the C*-algebras
are unital and the field 7 — @, (1) is integrable with integral 1, that is [ ®,(1)du(r) =1,
we say that (®;),er is unital.

In particular, F. Hansen et al. [46] proved the following result:
Theorem 1.7 Let f : 1 — R be an operator convex function defined on an interval I, and
let A and B be unital C*-algebras. If (®;);er is a unital field of positive linear mappings

@, : A — Bdefined on a locally compact space T with a bounded positive Radon measure
U, then the Jensen type inequality

f( / d)z(Xz))du(t)) < [ @(st)anto)

holds for every bounded continuous field (x;),et of self-adjoint elements in A with spectra
contained in I.
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1.4 Fractional integrals and fractional derivatives

First, let us recall some facts about fractional derivatives needed in the sequel, for more
details see e.g. [9], [43].

Let 0 < a < b < oo. By C"([a,b]) we denote the space of all functions on [, b] which
have continuous derivatives up to order m, and AC([a,b]) is the space of all absolutely
continuous functions on [a,b]. By AC™([a,b]) we denote the space of all functions g €
C"!([a,b]) with g1 € AC([a,b]). For any @ € R we denote by [o] the integral part of
o (the integer k satisfying k < oo < k+ 1) and [« ] is the ceiling of o (min{n € N,n > a}).
By Li(a,b) we denote the space of all functions integrable on the interval (a,b), and by
Le.(a,b) the set of all functions measurable and essentially bounded on (a,b). Clearly,
Lo(a,b) C Li(a,b).

Now, we give well known definitions of the Riemann-Liouville fractional integrals,
see [67]. Let [a,b] be a finite interval on real axis R. The Riemann-Liouville fractional
integrals I%, f and I} f of order o > 0 are defined by

X
19 f(x) = /f (x—»)*dy, (x>a)
a

and

b
I f(x) = /f (y—x)*""'dy, (x<b)
X

respectively. Here T'(o¢) is the Gamma function. These integrals are called the right-
sided and left-sided fractional integrals. Some recent results involving Riemann-Liouville
fractional integrals can be seen in e.g [10], [11], [61] and [63]. We denote some properties
of the operators It‘lﬁf and Ij* f of order o > 0, see also [96]. The first result yields that the
fractional integral operators Ig‘+ fand I f are boundedin L,(a,b), 1 < p < eo, that is

122 fllp <Kl fllps M fllp < KIFlps (1.12)
where
_(b—a)®
- al(a)

Inequality (1.12), that is the result involving the left-sided fractional integral, was proved
by G. H. Hardy in one of his first papers, see [49]. He did not write down the constant, but
the calculation of the constant was hidden inside his proof. Inequality (1.12) is referred to
as inequality of G. H. Hardy.

Next we give result with respect to the generalized Riemann-Liouville fractional deriva-
tive. Let us recall the definition.
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Let o > 0 and n =[] + 1 where [] is the integral part. We define the generalized
Riemann-Liouville fractional derivative of f of order ¢ by

0500 = oot () [ w0

n—a)
In addition, we stipulate
DUf:=f=1°f [;% :=D%f if o >0.

If o € Nthen DY f = ”dlZ—,{, the ordinary o-order derivative.

The space I¢(L(a,b)) is defined as the set of all functions f on [a,b] of the form f =
I%@ for some ¢ € L(a,b), [96, Chapter 1, Definition 2.3]. According to Theorem 2.3 in
[96, p. 43], the latter characterization is equivalent to the condition

I %f € AC"[a,b], (1.13)

o .
Ela fl@)=0, j=0,1,...,n—1.

A function f € L(a,b) satisfying (1.13) is said to have an integrable fractional derivative
DY f, [96, Chapterl, Definition 2.4].

The following lemma summarizes conditions in identity for generalized Riemann-
Liouville fractional derivative.

Lemma 1.3 Ler B > a >0, n=[B]+1, m=[o]+ 1. Identity

DESW) = gy [ =) DAYy, xlat].

is valid if one of the following conditions holds:
(i) feIP (L(a,b)).
(i) 1" P £ € AC"a,b] and DP ¥ f(a) = 0 fork=1,...n.
(iii) D% feCla,b)fork=1,....n, DE' f € AC[a,b] and DP ™ f(a) =0 fork=1,...n.

(iv) f € AC"[a,b], DPf € L(a,b), Df € L(a,b), B— o ¢ N, DE ¥ f(a) =0 for k =
1,...,nand D *f(a) =0fork=1,...,m.

(v) f € AC"[a,b], DEf € L(a,b), D¥f € L(a,b), B—a =1€N, DP*f(a) =0 for
k=1,...,1.

(vi) fE€AC"[a,b], DEf e L(a,b), Df € L(a,b) and f(a) = f'(a) = --- = f"=D(a) = 0.

(vii) f € AC"[a,b), DPfe L(a,b), DY f € L(a,b), B ¢ N and DE'f is bounded in a
neighborhood of t = a.
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The definition of Canavati-type fractional derivative is given in [9] but we will use the
Canavati-type fractional derivative given in [13] with some new conditions. Now we define
Canavati-type fractional derivative (v —fractional derivative of f). We consider

v ([0, 1)) = {f € C([0,1)) : iz e C'([0, 1))},

v >0,n=[v],[] is the integral part,and v =v —n,0 < v < 1.
For f € CV(]0,1]), the Canavati-v fractional derivative of f is defined by

D' f =Dl 3",
where D = d /dx.

Lemma 1.4 Lerv >y >0, n=[v], m=[y]. Let f € C¥([0,1]), be such that f)(0) =
0,i=mm—+1,...n—1.Then

(@) fecr([o,1))

(i) (Df)(0) = g | (=07 (0" o)
forevery x € [a,b].

Next, we define Caputo fractional derivative, for details see [9, p. 449]. Let v > 0,
n=[v], g € AC"(|a,b]). The Caputo fractional derivative is given by

18"
v —
D*ag<t) - 1—«<n_ V) / (x_y)V*nJrldy’

for all x € [a,b]. The above function exists almost everywhere for x € [a,b].
We continue with the following lemma that is given in [12].

Lemma1.5 Letv>y>0,n=[v]+1, m=[y]|+1and f € AC"([a,b]). Suppose that
one of the following conditions hold:

(a) v,y€Ngand fO(a)=0fori=m,...n—1
(b) v ENy,y¢ Ny and fO(a)=0fori=m,...n—2
(¢) v No,yeNgand fO(a)=0fori=m—1,...n—1
(d) veNy,yeNyand f)(a)=0fori=m—1,...n—2.
Then )
DIf(w) = sy [ =) 7 Dlaf )y

a

foralla <x <b.
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Now, we define Hadamard-type fractional integrals. Let (@, b) be finite or infinite inter-
val of R and o > 0. The left- and right-sided Hadamard-type fractional integrals of order
o > 0 are given by

(Ja, f)(x) = ﬁ/x <log§)a1 f(y)dy’ x>a

Yy
and )
1 e f(y)dy
o)) = log? ) b
UENW = g [ (10e3) " FEE w<
X
respectively.

We continue with definitions and some properties of the fractional integrals of a func-
tion f with respect to a given function g. For details see e.g. [67, p. 99].

Let (a,b), —e < a < b < e be a finitive or infinitive interval of the real line R and
o > 0. Also let g be an increasing function on (a,b] such that g’ is continuous on (a,b).
The left- and right-sided fractional integrals of a function f with respect to another function
g in (a,b) are given by

) = ey | g 2> (119
and
b ’
(Il?f;gf)(x) = l—-(la) /x [g(é;)(t_){;gi))c]llta7x <b, (1.15)
respectively.

Remark 1.7 If g(x) = x, then I’ ., f reduces to [, f and I}/ . f reduces to [} f, that is to
Riemann-Liouville fractional integrals. Notice also that Hadamard fractional integrals of
order ¢ are special case of the left- and right-sided fractional integrals of a function f with
respect to another function g(x) = log(x) in [a,b] where 0 < a < b < oo,

We also recall the definition of the Erdelyi-Koéber type fractional integrals. For details
see [96] (also see [35, p, 154]).

Let (a,b),(0 < a < b < ) be finite or infinite interval of R} Let o > 0,06 > 0, and
n € R. The left- and right-sided Erdelyi-Kéber type fractional integral of order o2 > 0 are
defined by

X

ox—olatn) / tcnﬂklf(t)dt

(L& :om f) (x) = T(o) (x0 — o)l

(x>a)

and
oxon b roll=n—a)=1¢(1)qy

U5 a0 = Y | ey (<)

respectively.
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We conclude this section with multidimensional fractional integrals. Such type of frac-
tional integrals are usually generalization of the corresponding one-dimensional fractional

integral and fractional derivative.
Forx = (x1,...,x,) € R" and @ = (@, ..., 0, ), we use the following notations:

[(e) = (D(ou)---T(on)), [a,b] = [ar, b1] -+~ x [an, bal,

and by x > a we mean x| > ay,...,X; > a,.
We define the mixed Riemann-Liouville fractional integrals of order oc > 0 as

N0 = g [ [ rOE=07 . x>

and

U109 = gy [ = [ 1O "at (x <)

X1 Xn



