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1 Introduction

Classical inequalities are of great importance for the development of several areas both
within the mathematical sciences and beyond. Hence, it is not surprising that the area
“Inequalities” has been developed to an independent area of increasing interest. Several
wonderful generalizations, sharpening, and applications have been presented. In partic-
ular, fairly lately even refinements of these inequalities have been derived. See e.g. [1-
4,12, 14, 20] and the references given there.

In this paper we derive new such refinements of some classical inequalities. More ex-
actly, the main content of this paper is as follows:

In Sect. 2 some new refinements of Jensen’s inequality can be found (see Theorems 2.3
and 2.4). In Sect. 3 we state, prove, and apply some new refinements of the Minkowski
inequality and new Beckenbach—Dresher type inequality (see Theorems 3.3 and 3.6). In
Sect. 4 we derive some corresponding refinements of Hardy’s inequality even in a Banach
function space setting. Finally, in Sect. 5 we give some concluding remarks and results,
which in particular put our results to a more general context.

In all our results we use the concept of superquadratic function, so we finish this section
with the following crucial information.

Definition 1.1 (See [2, Definition 2.1]) A function ¢ : [0,00) — R is superquadratic pro-
vided that for all x > 0 there exists a constant C, € R such that

9() - o) - p(ly —x[) = Ce(y - %)

forally > 0.
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We say that f is subquadratic if —f is superquadratic.

We cite the following result, which is very useful in the proofs of our main results (see
[2, 3], and [21] for further details).

Theorem 1.2 (See [2, Theorem 2.3]) Let (2, 1) be a probability measure space. The in-
equality

w( /Q I8 du(S))
< /Q o (F() duls) - /Q st/(S)— /Q £ du(s)

holds for all probability measures  and all nonnegative p-integrable functions f if and

) du(s) (1)

only if ¢ is superquadratic. Moreover, (1) holds in the reversed direction if and only if ¢ is

subquadratic.

If ¢ is a nonnegative superquadratic function, then ¢ is convex (see [2, Lemma 2.2]) and

inequality (1) is a refinement of the Jensen inequality for a convex function which states

w( /Q f(s)du(s)) < /Q o (F($)) du(s).

Convention. Throughout this paper we assume that f is a measurable function on the

considered measure space.

2 Refinements of Jensen’s inequality
We need the following useful special case of Theorem 1.2.

Lemma 2.1 Let ¢ be a superquadratic function, and let t be a nonnegative measurable
Sfunction such that T = [, t(s) ds. The inequality

_ 1 1 _
o = 7 [ €lfo) - 7 [ wo(lre) 7)o @

holds for all nonnegative functions f, where f = % Jo t(s)f (s) ds. Moreover, (2) holds in the

reversed direction if ¢ is subquadratic.
Proof Setdu(s) = i;) ds. Then (2) follows from (1). The proof is complete. O

Example 2.2 Let ¢ be a superquadratic function, let x;, x; be two nonnegative real num-
bers and A € [0,1]. Then

<p(kx1 +(1- A)xz) (3)

<Ap(x1) + (1= Vpxz) — Ap((1 = 1) 1x1 —x2]) = (1= M (Alxy — x2]).

Moreover, (3) holds in the reversed direction if ¢ is subquadratic.
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In fact, by taking € = [0,1], £(s) = 1, and

) = x1:5€[0,A],

x:8€ (A, 1],
we see that (3) follows from (2).

Consider the nonnegative measurable functions « and § satisfying
afs)+B(s)=1 forallse Q.
Denote

T:/;Zt(s)ds, Q= / s)ds, R:/S;ﬁ(s)t(s)ds.

Our first main result in this section reads as follows.

Theorem 2.3 Let ¢ : [0,00) — R be a superquadratic function, and let f be a nonnegative

and measurable function. Then the following refined variant of Jensen type inequality

<ﬂ(f)<—<ﬂ(fQ)+ ‘P(fR)—Q ( lfQ fR) R < lfQ fR)
- LoGg)+ w0l - (g —F1) - o (e -T1) @

holds, where

f

— 1 - 1
1 [ er©ss Fo-g [a0isrods  Foeg [ porr0ds
QJa R Ja
Moreover, (4) holds in the reversed direction if ¢ is subquadratic.
Proof Set x; :fQ, %y =fp and A = % It is clear that
R —
1—)\.:? and )Lx1+(1—k)x2:f.
Then from Example 2.2 it follows that
~_Q - R - Q R
o) = 2000+ Fo7) - 2o 300-Tul) - Fo( 070
Moreover, using the fact that
R_ - - = Q- - - =
?IfQ ~frl= IfQ -fl and ?IfQ ~frl=fr =S

we obtain inequality (4). The proof is complete since the proof of the reversed inequality
is similar to the proof above, and we can omit the details. O
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By making a further restriction of ¢, we can also state the following version of Theo-
rem 2.3.

Theorem 2.4 Let ¢ : [0,00) — R be a nondecreasing and superquadratic function such
that

pla+b) < c((p(a) + ga(b)) for some ¢ > 0. (5)

Then the following refined variant of Jensen-type inequality

_ 1 1 7
o =17 [ 900) - [ 16 -7l)ds

holds for all nonnegative measurable functions f, where
Q - R — Q - -, R
I= ?‘p(fQ) + ?Qﬂ(fR) - ?w(lfQ _f|) - ?QO(IfR _f|)'
Proof We proved the first inequality ¢(f) < I in Theorem 2.3, so we only need to prove

the second inequality.
By applying Lemma 2.1 in the first two terms of I, we get that

1= fQ ()¢ (f(9)) ds— A, ~ By,

where

R - _

A= %‘P(U?Q _J?|) + ?‘P([fk _f|)

and
1 - 1 _
Bii= = fg A (|f(5) ~Fol) ds+ fg BEH(f(5) — Fl) ds.

To finish the proof, it is enough to prove that

1 -

7 | 1000 -7 s <141 ©

cT Q
Now, by using the triangle inequality, the nondecreasing property of ¢, and (5), we obtain
that

1 —

7 | a0 (lre) -7 &

Q
1 _ Q - -
< c(? f a(s)t(s)(p([f(s) —fQ’) ds + ?go([fQ —f|)>
Q

and

1 -
7 | 00 -Fl) s
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1 - R - -
SC(? / PO (If () ~l) ds + Ze(If —f|))~
Q
Hence (6) follows as a sum of the above two inequalities. The proof is complete. d

3 Refinements of continuous Minkowski inequality

In the following discussion we consider the measurable spaces (X, 1), (X,1), and (Y, v).
Moreover, du, d, and dv are notations for du(x), di(x), and dv(y), respectively. First, we
remind about the following interesting refinement of the Holder inequality by G. Sinna-
mon [21, Theorem 1.1].

Lemma 3.1 Letp>2 and}% + é =1. Then

fro=(Lir-w10) (o)

holds for any two nonnegative v-measurable functions f and g, where

el & Jafedv
Jogidv |

Moreover, (7) holds in the reversed direction if 1 < p <2.
The continuous Minkowski inequality reads as follows (see [17, p. 41]).

Theorem 3.2 Let f be a nonnegative measurable function on X x Y with respect to the
measure L X v, and let p > 1. Then

(L ey d“); <[ ([ du)‘l’ .

Our first main result in this section is the following refinement of the Minkowski in-
equality.

Theorem 3.3 Let f be a nonnegative measurable function on X x Y with respect to the
measure L X v, and let p > 2. Then

(/X(/devydu)% sfy(/x(f”—hp)dufdu, ®)

where

H [y fHP du

h=
S Hr dp

, H(x):/yf(x,y)dv.

If1<p <2, then (8) holds in the reversed direction.

Proof Let H(x) = [, f(x,y)dv. Let p > 2 and }7 + %{ = 1. Using Lemma 3.1, by replacing f (x)
and g(x) with f(x, y) and H?~1(x), respectively, we get that

foras(fir-mw) ()’



Nikolova et al. Journal of Inequalities and Applications (2022) 2022:86 Page 6 of 15

where

H P14
h(x,) = p-#‘

HP dp

We integrate inequality (9) over Y, apply Fubini’s theorem on the left side of the inequality
to find that

([ o) =( [an) [([-m1a) a o

Since H(x) = fyf(x,y) dvand1- é = 1%, we deduce that

(/}((Lfdv>pdu>é5/}/(/}((1517_],117)(1“);(11).

The proof of the case 1 < p < 2 is similar so we omit the details and the proof is com-
plete. d

Next, we point out the following discrete version of the above theorem.

Corollary 3.4 Let p > 2 and let fi,fs,...,f, be nonnegative p-measurable functions. Then

</X<Xn"fi>pdﬂ)é Sg:(/x(ﬂp_hf) d“);’ (11)

i=1

where

n

, Vi=1,...,n, and H(x):E fi(x).

i=1

H [, fiH' " dp

Iy =
Jx HP dp

If1<p <2, then (11) holds in the reversed direction.

Proof Let Y = |J., Y;, where Y; = [i — 1,i), for all i = 1,...,n, and let dv = dy be the
Lebesgue measure.
Define f(x,y) = > 1, fi(*) xv,(y). Then

Hx) = | fx,y)dv= ) fi(x)
Jere-3
and

H [, fH"1d ‘ H [, fH"'d
h(x,y) = _M‘_Zm/z_@)i_w

SxHPdp | JxHP dp

i=1

=Y 1),
i=1
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where
., H [, fiH du
t— Yi fX HP d/,,l,
Therefore, by applying Theorem 3.3, one can complete the proof. d

The continuous form of the Beckenbach—Dresher inequality was first derived in [9, The-
orem 3.1] (see also [22]). It has the following form.

Theorem 3.5 Let f and u be nonnegative measurable functions on X x Y with respect to
the measures |1 X v and ). X v, respectively, and let

(i) s>1,9g<1<p,(g#0)or

(i) s<0,p<1=<gq (p#0).
Then

Ul oy dw? [ Jf?dm?

Sofyudvyadn)® — Iy ([ uada)

provided all occurring integrals exist.
If0<s<1,p<1,and q <1 (p,q#0), then inequality (12) is reversed.

Our new result related to the continuous Beckenbach—Dresher inequality reads as fol-

lows.

Theorem 3.6 Let f and u be nonnegative measurable functions on X x Y with respect to
the measures ju X v and A X v, respectively, andlet 1 <q <2 <p,s>1. Then

(fx(fyfd‘))p dﬂ)i (fX(fp hP) dpL)P

(S (fy wdv)? S Y ([ (u - r1)da)'T
where
H [ fH" du
P XdeM ) H(x)=/yf(x,y)dv,
- A [ uf du N
r= ”_W’ H(x)—/yu(x,y)dv.

Proof Let 1 < g <2 <p. Then, in view of Theorem 3.3, for p > 2 and 1 < g < 2, we have
that

S f P d)e (o flf? — 1) dp)? vy’
Sy udv)a cuf7 (7 = 79 da)7 dvy=t

s 1-s
:</a%dv> (/bﬁdv>
Y Y
S/abdv,
Y
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where a5 = (P =hP) du)t% and bTs = ([ -r1) d)»)é .In the last inequality we used the
reverse Holder inequality for two functions a and b when one exponent (1 — s) is negative

and the other exponent s is positive. The proof is complete.

By using Theorem 3.6 and similar arguments as those in the proof of Corollary 3.4, we

can also derive the following discrete version.

Corollary 3.7 Let1<q<2<p,s>1, f,u;: X - [0,00), ip,u? el foralli=1,...,n.

Then

UTiaf d? - (0 = dwh
(fx(ZL ui)qd)»)% -

where
H [, fiHP du i
hi=|fi- —2———|, H(x) = E fi(x),
fXde’u i=1
1:[ il:[qfld ~ "
n:mulﬂr—iL H®) =Y ).
foqu i=1

As an application of Corollary 3.7, by making the substitution s = p%q, p # q, we obtain
the following Beckenbach—Dresher type inequality.

Example3.8 Letl<q<2<p,q#p,fiu;: X — [0,00),f,ul € L' foralli=1,...,n. Then

(M>— Si<M)#

fX(ZZl u;)7dr v, fx(u? - r?) dx

where /4; and r; are as in Corollary 3.7.

4 Refinements of Hardy'’s inequality

The results in this section may be seen as complements and further generalizations of

some results in [14] and [19]. In [6, Theorem 2.1] the following Hardy-type inequality was

given.

Theorem 4.1 Let0< b < 00, —00 <a < ¢ < 00, let ¢ be a positive convex function on (a, c)

and E be a Banach function space on [0,b). If E has the Fatou property and a < f(x) < c,

then

(2[00

provided that both sides have sense.

To prove our main results, we need the following lemma (see [13, 18]).

= (a7

b 1
ES/O (p(f(t))H;X[t,b)(x) i

Page 8 of 15
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Lemma 4.2 (See [18]) Assume that the Banach function space E has the Fatou property.

1
Letf(x,t) > 00on Q x T and let for almost every t € T, f(x,t) € E. If the function ||f"(x,t)| }
is integrable on T, then, for r > 1,

[(freoae)],

Our first main result in this section reads as follows.

< /T 1776, dt.

Theorem 4.3 Let 0 < b < 00, —00 < a < ¢ < o0, let ¢ be a positive and superquadratic
function on (a,c) and E be a Banach function space on [0,b). If E has the Fatou property
and a < f(x) < c, then

oG )],

b o(If () - 1fof(s)dsn)
1- L dt, 12
ffow(f(t))"< o (©) e 12
provided that both sides have sense.
Proof Let D ={(x,t):0 <x <b,0 <t <x}. Then
xp(%,2) = Xjo.x1(E) = X[1,61(%). (13)

By using Theorem 1.2, the lattice property of E, Lemma 4.2 with » = 1, and (13), we find

that
1 X
oG f o),
B / WO -(fO -1 [y /) dsD)
=1/, x i
b _ _ 1 d
| O WO -3 [T
0 X E
1
i / O -0 -1 [FOSD
0 X E
l X
_/ p(f(®)) - o(If (2) - xfof(S)dS')XD(x,t)
0 X E
o(f() = p(If (&) - ; [ f(s)ds])
/ X[t,b](x)
0 X
b -2 [of(s)ds)
‘”(f(t))H<1_ w(f(t)) )5,
The proof is complete. g

Here we just give one example of application of Theorem 4.3 (cf. [19, Proposition 2.1]
and [14, Theorem 2.3]).

Page 9 of 15
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Corollary 4.4 LetO <b <00, u:(0,b) > R be a nonnegative weight function such that the
function x — 2 is locally integrable on (0, b), and define the weight function v by

2

b
W) = t/ @ dx, te(0,b).

If the real-valued function ¢ is positive and superquadratic on (a,c), 0 < a < ¢ < 00, then

the inequality

/u(x ( /f(t dt) (14)
5/ V(t)w(f(t)——// (P(t)—— f()ds’)—dxdt

holds for all f witha < f(x) <c,0<x <b.

Proof 1t is known that E = L'((0, b), £2 dx) satisfy the Fatou property (see e.g. [7]). More-

over,
H (1 RACEING ds|))
G0
:/,hug) - ¢(ft))/ (L/(t) /f()dD
:@_w(f(t) (W / fld D =
Therefore, (14) follows from (15) and Theorem 4.3. The proof is complete. 0

Next we state a “dual” version of Theorem 4.3. Note that the natural dual operator of
the Hardy operator H : H(f)(x) = 1 f; F()dtis H: H(f)(x) = foo 19 4¢, but here we use its
alternative H* : H*(f)(x) = xfoo f(t dt.

Theorem 4.5 Let —0co < a < ¢ < 00, let ¢ be a positive and superquadratic function on
(a,¢) and E be a Banach function space on [b,0), b > 0, with the Fatou property. Then,

whenever a < f(x) < c,

Hw(x ] ft’? t)
dt

x o(f@®) —x [°f(s)
S/h w(f(t))H (1— o) >xX[b,t](x) oz

E

Proof Let D = {(x,t): b <x,x <t<oo}. Then

XD(®t) = Xix00)(£) = X, (%). (16)
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By using (16) and the same arguments as in the proof of Theorem 4.3 we obtain that

Hg"(x/fﬂ” )],
< <¢(f(t qo@/(t) x/ f(sd—2
AL
R
< [Tl -o(fo-s [0S
[lfom-lpo-of s

e o (0) —x [ %))
‘fb “’(f(”)H<1' PTE0)

The proof is complete. d

v

yal,
I
1) ozt

>xXD(xr t)

\/

\_/

v

Et2

\_/

)xX b4] (x)

dt
X @) | —
gt

N———"

We give the following example of application of Theorem 4.5 (cf. [19, Proposition 2.2]).

Corollary 4.6 Let 0 < b < 00, u: (b,00) — R be a nonnegative locally integrable function
on (b,00), and define the function v by

v(t) = %/:u(x) dx, te(b,o00).

If the real-valued function ¢ is positive and superquadratic on (a,c), 0 < a < ¢ < 00, then

the inequality

[ uwe(x [ 0% (17)
S/h V(e (f (1)) ——/ / Q/(t ff(S)— )u(x)dx—

holds for all f with a < f(x) <c, x > b.

Proof It is known that E = L([b, 00), “ dx) satisfy the Fatou property (see e.g. [7]). More-

over,
” ( @ —xffof(S);%l)>x ”
so(f(t)) A
Ty (R
=tv(t) — (f(t) Oj(t) x/ f(s)— ) (x) dw. (18)

Therefore, (17) follows from (18) and Theorem 4.5, so the proof is complete. O
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5 Concluding remarks and results

Remark 5.1 The natural “turning point” in Minkowski and Beckenbach—Dresher type in-
equalities is 1, but in our versions of these inequalities, we have proved the first inequalities
of this type with turning point 2 (see Theorem 3.3 and 3.6).

Our first new result of this type in this section is the following improved version of the
inequality in [23, Theorem 1.2].

Proposition 5.2 Let p, s, and t be different real numbers such that s > 2, t > 2 and (s —
t)/(p — t) > 1. Then, for any positive .-measurable functions fi,..., [y,

n 14 st n S _ 1S %s(p—t)
</ (Zﬁ) dﬂ) = 19)
X\ =1

Tl - dy e

where

H [Hsfld " H th—ld
hi: i_w’, H: E ’i, ﬂnd r; = i_M
Sy He dv i=1 S H dp

Moreover, ifp #0,1<t<2,1<s<2,and (s—t)/(p—t) <1, then (19) holds in the reversed
direction.

Proof Lets>2,t> 2 such that ;;_i > 1. Then, by Holder’s inequality,

-p

n b . )
ﬁ((;ﬁ) dM:/);[(fl+"'+ﬂ1)s]r[(ﬁ+"'+ﬂ1)t]gdﬂ

s(/x(m---mrdu) (fxcﬁ+---+m‘du)”.

In view of Corollary 3.4, the above inequality becomes

]
&
@

“
EN

no\? " = 1y 5%
/(Zﬁ) dM§<Z</(ﬂs_h;)dM) ) <Z</(fi’_rl?)d,u> ) ,
X\i=1 i=1 WX =1 WX

where
H [, fiH! d,u,’ " HfoiH“ld,u,'
hi=\fi-—————| H= pli=i—-—F
fXHSd'U’ i=1 fXth'u’

The proof of the other case is similar, so we omit the details and the proof is com-
plete. O

Remark 5.3 In [23, Theorem 1.2] only the case # = 2 was considered, so Proposition 5.2 is

both a generalization and refinement of this result.

Proposition 5.4 Suppose that v is a measure, and f1 and f, are nonnegative measurable
functions such that f’ are v-integrable fori = 1,2.
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() Ifp>0,then

2 p

2

i=1

2 p 2
1
< (Z MMW)) +5 D Wi+ hullyg,
i=1 i=1

LP(v)
) Ifp> %, then

2 p

)

i=1

2

(wa) + Z(Ilf+h||p — A1)

i=1

LP(v)

where

fp"gl”LPv .
= g,p TR LS , gGi=h+h)-fiui=12.
LP(v)

i

Proof In view of [2, Theorem 4.3], we have

117 4 1 p ,‘1; p
—<1+(/qu> ) 5—/(1+F1’) d,u+/<1+ F—/Fd,u' ) du (20)
for p >0 and
117 P 1 }9 p
—<1+</qu) ) +1§—/(1+Fﬁ)pdu+](1+ F—/qu‘ ) du (21
forp> 3 1
By substltutlngF = fp and du = f (20) and (21), we obtain
that
WA +Allon) < (Willze) + Wallw)” + I +mallGng, (22)
for p >0 and
2 p
1A +f2||[}7(,, = <Z ”fi”b”(v)) + |+ hl”fp(l,) - ”fl”?p(,,) (23)
i=1

forp> 3 1 where

A
2
A

By interchanging the role of f; and f; in the above discussion, we have that

Wi+l < (Willze) + allow)” + 1 + b2l (24)
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for p >0 and
2 14
WA +fallpy < D Willrwy |+ W+ 2l = Wl (25)
i=1
forp > %, where

p

P P
o P_lelflllua(v)
T AR

21lzp(v)

Consequently, by taking the sum of inequalities (22) with (24) and (23) with (25), we get
the results in (a) and (b). The proof is complete. O

Remark 5.5 The concept of superquadratic function was formally introduced in [2, 3] but
this idea seems to be known even before (see e.g. [21] and the references therein).

Remark 5.6 The first important book in the area of inequalities was (the bible) [11], but
after that more than 30 books or monographs in this area have been published.

Remark 5.7 Concerning Hardy-type inequalities in Sect. 4, the first result was proved in
1925 (see [10]). The dramatic history and prehistory up to 2007 is described in the book
[15] (see also [20]). The corresponding history up to 2017 is given in detail in the book [16].
Our results in Sect. 4 are just one example of the fact that the development of the theory
of this fascinating inequality still continues. For the development of classical inequalities
in a continuous and/or Banach function space setting, we refer to [18] and the references
given there, see also [5, 6], and [8].
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