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JENSEN’S INEQUALITY FOR FUNCTIONS
SUPERQUADRATIC ON THE COORDINATES

S. BANIC AND M. KLARICIC BAKULA

(Communicated by S. Varosanec)

Abstract. Jensen’s type inequalities for functions superquadratic on the coordinates are given.
Obtained results are used to prove several Holder-type inequalities.

1. Introduction

A function ¢ : C — R is said to be convex on a convex subset C of a real linear
space X if
px+(1-1)y)<to(x)+(1-1)p(y) (1.1)

holds for all x,y € C and 0 <t < 1. A function ¢ is said to be strictly convex if the
inequality in (1.1) is strict whenever x #y and 0 <7 < 1.

A function ¢ : I xJ — R, IxJ C R2, is called convex on the coordinates if the
partial mappings ¢, : I — R defined by ¢, (1) :== ¢ (u,y), and ¢, : J — R defined by
¢ (v) == @ (x,v), are convex for all y € J and x € I. Analogously we define functions
which are concave on the coordinates.

Therefore, for the function ¢ convex on the coordinates, we have (by the well
known characterizations of convex functions) the following.

For each u € I there exists C, € R such that

Oy (2) = @y (u)+Cy(z—u), Vzel, (1.2)
and for each v € J there exists D, € R such that
Ooc(w) = o (v)+ D, (w—v), Yw e J. (1.3)

forallyeJ and x € 1.

Obviously, if the function ¢ : I x J — R is convex (concave), then it is also convex
(concave) on the coordinates, but functions which are convex (concave) on the coordi-
nates need not to be convex (concave) in the standard sense. For instance, the function
¢ :[0,00)> — R defined by

¢ (x7y) =xPyl,
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where p,q > 1, is convex on the coordinates, but it is not convex in the standard sense.
This means that the class of convex functions is a proper subclass of the class of func-
tions which are convex on the coordinates. Analogously, for 0 < p <1l and 0<g< 1
the function ¢ is concave on the coordinates, but not concave in the standard sense
unless p+g < 1.

Jensen’s inequality has many integral analogues. Here we recall the simplest one
expressed in the language of the abstract Lebesgue integral (see [6, p. 45] or [5, p. 10]):
if (Q, 47, ) is a measure space with 0 < p (Q) < oo and if f: Q — I is from L' (u)

then
1

(p(ﬁ/gfdu) < m/ﬂ(‘l’of)d“ (1.4)

holds for any convex function ¢ : I — R. In the case when ¢ is strictly convex we
have equality in (1.4) if and only if ¢ is constant. Of course, if set [ is bounded then
function f needs to be measurable only. This inequality is well known as the integral
Jensen’s inequality.

The following inequality, proved by M. L. Slater in the paper [4], is also related to
Jensen’s inequality (1.4).

If (Q, <, 1) is probability measure space and the function ¢ :7 — R is a con-
vex and increasing (decreasing) on interval / C R, then for any measurable function

f:Q—1 suchthat pof, ¢\ of, (¢, of)feL(u)and [(¢,of)du+#0 the

inequality
fg(‘Pﬁrof)deJ
of)du < —_
/Q(w fdu w(ﬁ:((piof)cﬂt)

holds. If, in addition, ¢ is strictly convex, then (1.5) becomes equality if and only if
¢ = const. p-a.e. on Q. This inequality remains valid if instead of @', (x) we take any
value Cy € [@” (x), ¢ (x)]. Of course, if ¢ is differentiable then we take ¢’. In the
rest of the paper we call this inequality — Slater’s inequality.

Jensen-type inequalities for functions which are convex on the coordinates were
investigated in [3]. In the same paper the following two theorems were proved:

(1.5)

THEOREM A. Suppose that
(i) (Qq,o7,1) and (p,PB,V) are measure spaces;

(i) p:Q —R, peL(u),andw:Qy —R, we L' (v), are nonnegative functions
such that [ pdp # 0 and [o, wdv #0;

(tii) g: Q1 —1, g€l (u),and h:Qy —J, heL”(v), ILJCR;
(iv) @ :1xJ— R is convex on the coordinates on I X J.

Then the following inequalities hold:
_ 1 (1 — 1
g.h) < =< = Jh)d — g,h)d
¢ (8.h) 2{P/lerp(g ) u+W/02w<p(g ) V}

1
< — W) dudv, 1.6
PW,/QI/QZPW(P(g )du (1.6)
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where

1 _ 1
du, h:—/ whdv.
P/legu W Jo,

If the function @ is concave on the coordinates inequalities (1.6) are reversed. The
above inequalities are sharp.

THEOREM B. Ler I =[m,M| and J = [n,N|, where —eo <m <M < oo and —eo <
n < N < oo. Let the functions p and w be as in Theorem A, and let the functions
g: Q) — 1, h:Qy — J be measurable. If the function ¢ : I x J — R is continuous and
convex on the coordinates on I x J, then the following inequalities hold:

1
- / / pwep (g,h) dudv

N-hl
{ /p<P gn du+——/ po(g,N

N—nP
+11\‘44—:i% W“’(’”h)dvﬂLM—m% <P(M,h)dV}
<Ei:f<p(mn>+%x:: (M,n)

Hfz:’; o)+ £ S .. (1.7)

If the function @ is concave on the coordinates inequalities (1.7) are reversed. The
above inequalities are sharp.

Now, we give a version of Slater’s inequality (1.5) for functions which are convex
on the coordinates.

THEOREM 1. Suppose that:

(Qy,7,1) and (p,PB,V) are probability measure spaces;

—
~
-~

)
i) ILJCR, ¢ :1xJ— R is convex on the coordinates on I X J;
) Cand D areasin (1.2) and (1.3);

)

g:Q) — I and h: Q) — J are measurable functions such that

@(g,h) €L (uxv),
Cq, 8Cq € L' (1), Dy, hDy € L' (v), Jo, Cedit #0 and [o, Cypdv #0.

If
~ Ja, 8Cdu ol  Jo, hDydv

=2 e, =22 ¢y,
Ja, Cedut Ja, Dndv
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then the following inequalities

/Ql /(22<P(g,h)dudv< % [/Qlﬁo(g,H)du—f—/Qz(p(Qh)dv] <¢(G.H).

(1.8)
hold.

Proof. Applying inequality (1.5) twice to the first and the second variable of the
function @ respectively (with C; and Dy instead of @/, o f, respectively), we get:

| [ oenauav< [ oleman<o.m,
Q, Jo, Q

[ [ onduav< [ o@Gmav<oG.n),
Q, Jo, Q

and hence the inequalities in (1.8) immediately follow. O

In paper [1], the concept of superquadratic functions of one variable was intro-
duced.

DEFINITION 1. A function ¢ : [0,) — R is said to be superquadratic if for any
t > 0 there exist a constant C; € R such that

P(s) =) +C(s—1)+o(ls—1]) (1.9)
holds forall s > 0.

Note that if ¢ (x) = x? the condition above reduces to the identity
12— (s—1)? =2 (s—1).

At first glance the condition (1.9) seems to be much stronger than the convexity
condition, but if ¢ takes negative values it may be considerably weaker. In [1] it was
proved that if ¢ > 0, then ¢ is convex.

Recently, in paper [2] authors have investigated superquadratic functions of m
variables, which were defined in the following way.

DEFINITION 2. A function ¢ : [0,0)" — R is said to be superquadratic if for
every x € [0,o0)" there exists a vector ¢(x) € R™ such that

() = ¢(x) + (c(x),y —x) + ¢(ly —x[) (1.10)

holds for all y € [0,c0)", where [y —x| = (|y1 —x1|,...,[ym —Xm|). @ is said to be
strictly superquadratic if (1.10) is strict for all x # y.

Analogously as it was done for convex functions, we define functions which are
superquadratic on the coordinates in the following way:



JENSEN’S INEQUALITY FOR SUPERQUADRATIC FUNCTIONS 1369

DEFINITION 3. We say that a function ¢ : [O,<><>>2 — R is superquadratic on the
coordinates if the partial mappings @, : [0,00) — R defined by ¢, (u) := ¢ (u,y), and
@y 1 [0,00) — R defined by @y (v) := @ (x,v), are superquadratic for all y € [0,) and
x € [0,00).

Therefore, by Definition 1, for the function ¢ which is superquadratic on the
coordinates (for arbitrary x,y > 0) the following holds: for each u > 0, there exists
C, € R such that

¢ () = @) +Culz—u)+@y(fz—ul),  Vz=0, (1.11)

and for each v > 0, there exists D, € R such that

O (W) = (V) + Dy (w—v)+ @ (lw—v]), Yw > 0. (1.12)

Obviously, we do not have to restrict ourselves to the case n = 2 (that is, we can
do everything with n variables) but for the sake of the simplicity we proceed with two
variables only.

According to (1.2) and (1.3) it is obvious that any nonnegative function which is
superquadratic on the coordinates is exactly convex on the coordinates. This fact allows
us to get refinements of the inequalities which are valid for the functions convex on the
coordinates.

In this class we can also find functions which are superquadratic on the coor-
dinates, but not superquadratic in the standard sense. For instance, the function ¢ :
[0,00)> — R defined by

¢ (x,y) =xlyl,
where p,q > 2, is superquadratic on the coordinates, but not superquadratic. We must
emphasize here that functions of several variables which are superqgadratic are not nec-
essary superqadratic on the coordinates.

In paper [1] the following two theorems were proved.

THEOREM C. The inequality

w(/fdu) </<P0f—<p<‘f—/fdu')du (1.13)

holds for all probability measures | and all nonnegative, |l -integrable functions f if
and only if a function @ is superquadratic.

THEOREM D. Suppose that ¢ is superquadratic and that C is given as in (1.9).
If 1 is a probability measure, f is a nonnegative | -measurable function, [Crdu #0,
and m and M are defined by

J fCrdu

m= [ fdu, M= ;
/ H JCrdp

then

o)+ [o(f-mhdu< [gofau<on - [o(lf-Mhdu. (114
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It is obvious that if function —¢ is superquadratic inequalities (1.13) and (1.14)
are reversed.

In Section 2 we use Theorem C and Theorem D to establish results analogous to
those given in Theorem A, Theorem B and Theorem 1, but now for functions which are
superquadratic on the coordinates. In Section 3 we show how we can use those results
to obtain several Holder-type inequalities.

2. Main result

Throughout the rest of this section we assume that:
(i) (Qq,o7,u) and (Q,, %, V) are probability measure spaces;
(i) g:Qp—[0,0), g€ L' (1), and h:Qy — [0,00), h€ L' (v);

(iii) @ :[0,00)> — R is superquadratic on the coordinates on [0,e0)* and ¢ (g,h) €
L' (uxv).

THEOREM 2. Let ¢,g and h be as the above. Then the following inequalities

hold:
“A{foma-ot

< 20(g,h)— ¢ (g.|h—h|) — o (|g—3|.h)dudv
QJQ,
1 — _
—EM w(lg—?l,h)dwfg <p(§,|h—h|)dv} 2.1)

g= [ gdu, E:/ hdv.
Q Q,

h—T|) dv+/ (g.h) — w(lg—?lﬁ)du]

NI'—‘

where

Proof. Since the function ¢ is superquadratic on the coordinates, we can use
(1.13) on the first and on the second variable to obtain

0 @) < [ 0(e) ~o(ls—7. B

D [ o@n-o

from which we can easily obtain the first inequality in (2.1). Applying (1.13) twice
again (i.e. on ¢ (g,h) and ¢ (g,h)) we obtain

/ ¢ (g.h)du < / / ¢(g.h)— o (g,|h—h|)dudv,
|oo@nav< [ [ o(en—pls—zl.nduav.
Q Q Jy

and the second inequality in (2.1) immediately follows. [

h—h|)d
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REMARK 1. It can be easily seen that if the function ¢ is also nonnegative (and
therefore convex on the coordinates) Theorem 2 represents a refinement of Theorem A
(with p=w=1).

THEOREM 3. Let ¢,g and h be as in the previous theorem. Let C and D be as in
(1.11) and (1.12) and suppose that Cq, gCq € L' (), Dy, hDj € L' (v), Jo, Cedlt #
0 and [o, Dpdv # 0. If

Jo, Cedpt = Jo, Dndv- =

then the following inequalities hold:
|| ognauay
Qp JQy
1
s—[/ w(g,H)du+/ ¢ (G,h)dv
2 /o foR
~ [, [ oteln—t)+ o (s Gl.mavau] 22
Q, Jo,
1
<0Gt - | [ ole-clmdu [ oG n-pav]
Q Q
1
~5 | | @llg=Glh)+ o (e.n—H]) duav.
Q J,

Proof. From (1.14) we have

/Ql quo(ng)dua'v</Qz |:(P(G7h)—/glq)(|g_G|,h)du:| dv,

/QI/QZQD(&h)dIJdVé/Ql {(p(g,H)—/Qz(p(th_Hde] du,

and from these we can easily obtain the first inequality in (2.2). Applying again (1.14)
on the right sides of the above inequalities, we obtain

/Qz oG~ [ ole—lmdu|av
0 (G,H)— /(PG\h H\dv// (Ig— G|,h)dudv,

and

91[ /(pg7|h HI)dV}du
<o(G.H)~ [ o(s—cl.H)au~ [ [ (e h-H)duav

from which the second inequality in (2.2) immediately follows. [
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REMARK 2. If the function ¢ is also nonnegative, then it is also convex on the
coordinates, so the conditions of the both Theorem 3 and Teorem 1 are satisfied. Since
in this case all the integrals in (2.2) are nonnegative it is obvious that the result of
Theorem 3 represents a refinement of the result of Theorem 1.

3. Applications

In this section we show how Theorem A, Theorem B, Theorem 1, Theorem 2 and
Theorem 3 can be used to obtain some Holder-type inequalities.

EXAMPLE 1. Let @ : (0,00)> — R be defined by ¢ (x,y) = x%y$7 where p,q €
(—eo,1]\ {0}, and let (2,7, 1) and (Q,,%,Vv) be probability measure spaces. Let
the functions g : Qi — (0,0) and & : Qy — (0,c0) be such that g” € L' (1) and h9 €
L' (v). Since the function ¢ is convex on the coordinates, from Theorem A we have:

(horae) (fome)
<%{(/ng”du> ! /thdv+ (/thqdv)q/glgdu}

< / / ghdudv. 3.1)
Q Jo,

If the functions g” and h? are bounded, i.e., g” : Q| — [m,M] and h?: Q; — [n,N],
where 0 <m <M < o and 0 < n < N < o, then from Theorem B we also have

//ghdudv
Q /o,

1 (/N-hi 1 hi—n 1
< = N d
2{<N—nnq+N—n q)/glg”
M—gP 1 gP—m 1 /
M hdv 3.2
(et + G ) v} e
M—oP N—hd P — —ha
< "N m%n1 mN hM%n}l
M—m N—n M—m N—n
— 9P hd — 0P —m hd —
M—ghht—n inip 8 —mhny Ny
M—m N—n M—mN—n
where
g = | gPdu, hi= [ hidv.
Q Q

If p,q € [1,+0) inequalities (3.1) and (3.2) are reversed.

EXAMPLE 2. Let ¢, g, h, u and v be defined as in the previous example, and
let p,g € <O, %] . In this case the function ¢ is superquadratic on the coordinates, so
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from Theorem 2 we get:

5 i
(o) (L)
o Q
1 ’
<—[</ g”du) / h—
2 Q Q
1
q
+ (/ hqdv) / g—
Q Q
1
<—/ 2eh—g hq—/ hidv
2J)o,Jo, Q

1
Jl(/ pav) ' [ oo [
2 Q Q Q
1
P
+</ gpdu) / h‘f—/ hdy
Q Q Q

Also, if Cgr, gPCor € L' (1), Dya, h¥Dpa € L' (V) [o, Cordut #0 and [ Dpadv #0,
then for

1
q
dv

1
P
du]

ha — / hidv
Q

g”—/ ghdu
Q

1 1
" h gp—/ grdy|” dudv
Q

1
P
du

1
! dv] . (3.3)

. fgl nggl)d‘LL >0 H— fQZ hthqu

G 20,
Ja, Cerdpt Ja, Dradv

applying Theorem 3, we get:

//ghdudv
o, /o,
1 1 1
<—[/ qudu+/ G7hdv
2 [ Jo, Q,
—/ / gh‘f—H5+|g1’—G%hdvdu]
o, Ja,
111 11 1 1
gGPHq——{/ |gP—G|Pquu+/ GP|h‘1—H|qdv]
2 | Jg Q
1 ' .
- / " — G| h+g|h? — H|7 dudv. (3.4)
2J)o, )

If pge [%,+oo> inequalities (3.3) and (3.4) are reversed.

REMARK 3. As we can see, in the case p,q € (0, %] inequalities in (3.3) are the

refinements of inequalities in (3.1). If p,q € (3,1) combining (3.3) and (3.1) we
1 1
q

obtain the following sequence of four inequalities with < Jo, 87d u) ! ( Jo, hd v) in
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the middle of it:

/ ghdudv
o Ja,

1
q
dv

na — / hidy
Q
1
P
- / g”du' du]
Q

1
h gp—/ gpd,u’pdudv
Q

1

q
2¢h—g|h?— | hidv
Q

> —
~ 2 /g, Ja,

1 1
. 1 1
- l(/ h’fdv) / gl’—/ gpd,u’pdu
2 Q Q
1
q
( Pdu) B — / nav|" avl .
Q) Q)
REMARK 4. In the case p,q € (0,3] inequalities (3.4) refine

1 , ' -
//ghdudvg—[/ ch':dy+/ Gfl’hdv}gGl’H‘lu
Q Jo, 2 g @

which are obtained applying Theorem 1 for the function ¢ : (0,e0)? — R defined by
1 1

¢ (x,y) =x?ryd for p,q € (—eo,1]\ {0} under the above conditions (for (3.4)) and with

the substitutions

g— g and h <« h.
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