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CAUCHY-SCHWARZ FUNCTIONALS
Y.J. CHO, S.S. DRAGOMIR, S.S. KiMm AND C.E.M. PEARCE

We treat a class of functionals which satisfy the Cauchy—Schwarz inequality. This
appears to be a natural unifying concept and subsumes inter alia isotonic linear
functionals and sublinear positive isotonic functionals. Striking superadditivity
and monotonicity properties are derived.

1. INTRODUCTION

One of the oldest classical inequalities is that associated with the names Cauchy,
Buniakowski and Schwarz. This inequality, which for brevity we term the Cauchy-
Schwarz inequality, states in its discrete form that if a;,b; € R (i =1,2,...,n), then

Equality holds if and only if a; =rb; for all 1 =1,2,...,n, for some r € R.

Various proofs of this inequality, as well as results connected with it, are given
in the book of Mitrinovié¢, Pe€ari¢ and Fink [10, Chapter 4] along with further refer-
ences. Despite its antiquity, this result admits numerous recent developments in general
settings (see, for example (1, 2, 3, 4, 5, 6, 7, 8, 9]).

In integral form, the Cauchy—Schwarz inequality reads

[ r@a [ ¢Es (/ ' F)ole) dx)z;

where f,g: [a,b] = R are Riemann-integrable functions.
Let E be a nonempty set and L a class of real-valued functions on E possessing
the properties

(L1) f,geL=af+bge L forall a,b€R;
(L) 1€L,thatis,if f(¢()=1forallt€ E, then fe L.
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A functional A: L — R is termed a positive linear functional if the conditions

(41) A(af +bg) = aA(f) + bA(g) for f,g€ L and a,b € R;
(A2) fe€L and f(t) 20 on E imply A(f) 20

are satisfied.
If w>0 and wf?,wg? wfg € L, then the Cauchy~Schwarz inequality

A(wf?) A(ug?) > |A(wfg)|®

holds for each positive linear functional A on L.

We are now ready for an overview of the paper.

In Section 2 we introduce a natural class K of real-valued functions on a nonempty
set E and define the Cauchy—Schwarz class CS (K, R) of functionals on K, also in a
natural way. It is known that isotonic linear functionals on K belong to CS (K, R). We
show that sublinear positive functionals do also, as well as a further class of sublinear
functionals that we term solid. We conclude Section 2 by proving that CS (K, R) is a
convex cone in the linear space of real-valued mappings on K.

In Sections 3 and 4 we establish striking superadditivity and monotonicity prop-
erties of functionals related intrinsically to the class CS (K, R). Section 5 provides a
strengthening of the results of Section 4 in a particular case. In Section 6 we conclude
by remarking on a few basic examples.

2. CAUCHY-SCHWARZ FUNCTIONALS
Suppose E is a nonempty set and K = K(FE) a class of real-valued functions on
F with the properties
(K1) f.9€eK = f+geK;
(K2) feK, az20 = af€eK;
(Ks) fgeK = fgeK;
(Ks4) f€eK = |fleK.

DEFINITION 2.1: We say that a real-valued functional A : K — R is of Cauchy-
Schwarz type on K (written A € CS(K,R)) if

A(f2)A(e?) 2 [/1(fg)]2 forall f,ge K.
DEFINITION 2.2: An isotonic linear functional A: K — R is a mapping satisfying

(I,) A(ef + Bg) = aA(f) + BA(g) for all f,g € K and o, € R;
(I;) f€K and f >0 (thatis, f(t) >0 forall t € E) == A(f) 0.
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It is well-known that such an A satisfies A € CS (K, R) (see [15, p.135]).
DEFINITION 2.3: A functional A : K — R is sublinear and positive isotonic when

(S1) A(f+9) < A(f)+ A(g) forall f,ge K;
(S2) A(af)=caA(f) forall >0 and f € K;
(S3) If0< f<g,then A(f) < A(g);
(S0 |AD[<A(f]) forall f e K.

We now give our first result.

THEOREM 2.4. Every sublinear and positive isotonic functional on K belongs
to the class CS (K, R).

PROOF: Suppose A is sublinear and positive isotonic. For every ¢,z € E and
f,g € K(E), we have by the Cauchy-Schwarz inequality for real numbers that

F2()9%(2) + F2(2)9%(t) 2 2|F ()9 (®)]|f (2)9(2)],
so that
(2.1) FPB)g>+ g2 ()% 2 2|f()g(®)|Ifgl

for all t € E. Applying the functional A to this inequality yields

FAA(9%) + S2(DA(F?) = A[FP()g® + ¢2(1) %] by (S1)
> A[27®9(®)] Ifgl] by (21) and (S5)
=2|f(t)g(t)|A(Ifg]) by (S2)

for all t € E. Hence
A(g?) 2 + A(F%)g® 2 2A(If9l) I£gl.

Applying the functional A again provides

A(£)A(6%) > A[A) £ + A(D)e?] by (8)
A[24(fgl) Ifgl] by (2:2) and (S3)

=2[4(7g)]" by (S2).

Thus by {S,;) we have proved in particular that

AP A 2 [a(faD)]
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as required. 1}
DEFINITION 2.5: A functional A : K — R, is said to be sublinear and solid if

(01) A(f+9) < A(f)+ A(g) forall f,g€ K;
(02) Af(af)=caA(f) forall >0 and f € K;

(03) |fI<lgl = A(f) < Alg).
The following theorem also holds.
THEOREM 2.6. Every sublinear and solid functional on K belongs to the class
CS(K,R).

Proor: Conditions (O,) and (O,) are the same as (S;), (S2), while (O3)
matches (S3) for f,g > 0. As (S4) is used only in the last step in the proof of
the previous theorem, we have by the argument in that proof that

(2) A A@) 2 [a(sa)]”

Now ||f|| = |f|, so by (O3) we have both A(|f|) < A(f) and A(f) < A(|f]) and
thus A(|f]) = A(f) for all f € K. Hence

A(F2)A(?) > [A(fo)]?

by (2.3). 1]
REMARK 2.7. From the proofs, we have that sublinear and positive isotonic functionals
and sublinear and solid functionals both in fact satisfy (2.3).
We now address the structure of CS (K, R).
THEOREM 2.8. The set CS(K,R) is a convex cone in the linear space of all
real-valued mappings on K, that is,
(Ci) A,BeCS(K,R) = A+Be€CS(K,R);
(C;) AeCS(K,R)and a>0 = aA€CS(K,R).

PRrROOF: Suppose A, B € CS(K, R). Then

[40)] " [46)]) " 2 1G] aa [B(r)] " [B6?)]" > 1B(S0)
for all f,g € K, which give on addition that
[a] " [a6®]) " + [B62] " [B6D] " > 19 + |Bi9)]
> |(4+ B)(f9)]

https://doi.org/10.1017/50004972700019006 Published online by Cambridge University Press


https://doi.org/10.1017/S0004972700019006

(5] Cauchy-Schwarz functionals 483

for all f,¢ € K. On the other hand, from the elementary inequality
(a® + bz)l/2 (c2 + dz)l/2 > ac+bd
for a,b,c,d > 0,

|4(7%)]

1/2 [A(gz)] 1/2 N [B(fz)] 1/2 [B(gz)] 1/2
{4+ B} {4 + B}

= [a+B)()] [+ B ",

N

so that

[+ B [(a+ BY(eD)] > [(a+ B9
for all f,g € K, that is, A+ B € CS(K, R). The second condition is clear. a

3. SUPERADDITIVITY AND MONOTONICITY OF 4

Consider the functional u: CS (K, R) x K? = R given by

1/2 1/2
w4, f,9)=[a()] " [A6D)] T - 14Ul
We can verify immediately the following properties for all A € CS(K,R) and

f,ge K.

(1) w4, f,9)>0;
(i) w4, f,9)=u(4,g,f);
(iii) wpl(aA, f,g9)=au(A, f,g) forall a>0.

Further, we have the following result for the mapping u(:, f, g).
THEOREM 3.1.

(i) p is superadditive;

(ii) p is monotone nondecreasing.

PRrROOF: (i) We have for A, B € CS(K, R) that
w(A+ B, f,9)
= [0 + B[40 + BG)] " - |Af9) + B0

1/2

> [a()] " [a@)]" + [B(D)] " [B@]” - 1409 - |BU9)]
= (4, f,g) + (B, f,9).
(ii) Suppose A, B € CS(K,R) with A > B, that is, A~ B € CS(K, R).
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Then
A, f,9)=p((A-B)+ B,f,g9) > u(A— B, f,9) + u(B, f,9).

Since p is nonnegative, we have

n(A, f,9) 2 w(B, f,9),
completing the proof. 1]

Now, suppose that A(F) is a nonempty family of subsets of E satisfying
() I,Je A(E) = IUJ e A(E);
(P) I,Je A(E) = I\Jc A(E).

We represent by x; : E — {0,1} the characteristic mapping of I, that is,

o (1 itel
X =0 ifteEB\L

DEFINITION 3.2: A class of functions K defined on E is a hereditary class related
to the family A(E) if
(H) f € K implies that x;- f€ K for all I € A(E).

For such a class K, we introduce the mapping 7 : A(F) x CS(K,R) x K? - R,
defined by

n(I, A, f,g):= [A(x:fz)]l/2 [A(xw’)] vE_ |A(x1£9)|-

REMARK 3.3. For every fixed I € A(F), the mapping n(I,-, f,g) is superadditive and
monotone nondecreasing on CS (K, R). This follows by an argument similar to that in
the proof of the preceding theorem.
We now consider the properties of 7 as a function defined on A(E).
THEOREM 3.4. Let K be a hereditary class of functions related to the family
A(E). If A is an isotonic linear functional on K and f,g € K, then the following hold:
(i) =n(-, A, f,g) is superadditive on A(FE);
(i) n(-, A, f,g) is monotone nondecreasing on A(FE).
PROOF:
(i) Suppose I,J € A(E)} with INJ =0. Then

n(IUJ, A, f.g)= [A(xzfz) + A(Xsz)] v [A(x;yz) + A(xs9%)

— |A(x1f9) + A(xsf9)]|
1/2 1/2

2 [A()(Ifz)]l/2 [A(Xlgz)]l/2 + [A(Xsz)] [A(Xng)]
— |A(x1f9)| - |A(xs£9)]

]1/2

= n(IaAafag)+n(JvAafag)'
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(ii) Suppose I,J € A(FE) with J C I. Then by part (i)
(1A f,9) =n(I\NJ)VJ, A, f,9) 2n(I\J A f,9) +n(J, A, f,g)

Since n is nonnegative, it follows that

(I, A, f,9) =2 1(J, A, f,9),

and we are done. 0

CoROLLARY 3.5. If ¢(-) is monotone nondecreasing and superadditive, then
¢(p) inherits the properties of p in Theorem 3.1 and ¢(n) those of n in Remark 3.3
and Theorem 3.4.

4. SUPERADDITIVITY AND MONOTONICITY OF 7y

Suppose that K is a hereditary class related to A(F) and consider the mapping
v: A(E) x CS(K,R) x K = R given by

V(L A, f£,9) = (A(xf?)A(as?) - [A(leg)]2)1/2

It is evident that for all A € CS(K,R), I € A(E) and f,g € K, we have

(i) v, A fg)=0;
() (LA f9)=vU4,49Ff);
(i) (I, k, f,9) = kv(I, A, f,g) for all k> 0.

An important property of this functional is given by the following theorem.
THEOREM 4.1. The mapping v(I,-, f,g) is superadditive on CS (K, R).
ProoF: Suppose A, B € CS (K, R). We have

(4.1)
V(I A+ B, £,9) = [4(x: £?) + B(x1f?)| [A(as?) + B(xig?))

— ([40af9))” + 240 f9)BGu f9) + [B(xi£9)]°)
= 72(I$A$fig) +72(1’Baf1g) + A(XIfz)B(XIgz)
+ B(x1f*) A(x19°%) — 2A(x1£9)B(x1 f9)-

We now prove that

(4.2) A(x1 ) B(x19) + B(x1f*) A(x19%) - 2A(x1f9)B(x1f9)
> 2v(L, A, f,9v(, B, f,9).
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Set
1/2

1/2
a=[A0usM)] ", b=[40ug)] ", == A0ufe),
c= [B(x:fz)] ds [B(x:gz)]m, y = B(x1f9).
By the definition and nonnegativity of v, we have
(4.3) ab—z>0 and de>y.
We have to prove that
a®d? + b%c? — 2zy > 2(a%b® - a:"’)l/2 (d?c® - v?) 172
By (4.3), both sides are nonnegative, so our task is to establish
(a®d® + b%c® — 2zy)2 > 4(a®b® — z?) (d%c* — y?).
By a simple calculation,
(abed — zy)? > (a2® — 22) (d*c® - °)
so it suffices to show that
(a®d® + b?c? — 23:y)2 > 4(abed - zy)*
or, since again both expressions in parentheses are nonnegative, that
a’d? +b%c? - 2zy > 2(abcd — zy),

which is immediate.
We have from (4.1) and (4.2) that

(4.4)
Y*(I,A+ B, f,9) 2 v*(I, A, f,9) +¥*(I, B, f,9) + 2v(I, A, f,gv{I, B, f, 9)

= (v(1, A, f,9) +7(I, B, f,9))?,

and so by the nonnegativity of v

y(I,A+ B, f,9) 27U, A,9,f)+~(I,B, f,9),

as required. 1]
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REMARK 4.2. The class K is trivially a hereditary class related to A(E) = {E, 0}.
Thus the map vo(4, f,9) :== v(E, 4, f,9), which is given by

Tol4. £.9) = (A(7) (%) - [ACro))?) ",

is superadditive on CS (K, R).

THEOREM 4.3. Let A be an isotonic linear functional on K. Then the mapping
(-, A, f,g) is superadditive as an index-set mapping on A(F).

PRrROOF: Suppose I,J € A(F) with INnJ =0. Then
YU A, f,9) = (A0 f?) + A(xs ) (A(xrg?) + Axsg?))

- (A(x1f9) + A(xsf9))”
= 72(13 Aa f:g) + 72(‘]’ A) f’ g) + A(XIfz)A(Xng)
+ A(xsf?) A(x19%) — 2401 f9)A(xs £9)-

Arguing as in the previous theorem, we have

(4.5) A(x1f?)A(xs9%) + A(xsf2)A(x19°) — 2A(x1 f9)A(xs f9)
2 2v(1, A, f,9)7(J, A, f, 9),

so that
YIUJ A, f,9) 21,4, f,9)+7(J, A, f,9)

and the proof is complete. 1

COROLLARY 4.4. If ¢(.) is monotone nondecreasing and superadditive, then
¢(v) inherits the properties of v in Theorems 4.1 and 4.3.

REMARK 4.5. We have from Corollary 4.4 or (4.4) that

B, A, f,9):=7*I,Afg)

is superadditive on CS (K, R). However stronger results exist, as we shall see in the
next section.

5. STRONG SUPERADDITIVITY AND MONOTONICITY OF 3

In this section, we study the nonnegative functional # introduced in the preceding
section, and given by

B, A, f,9) = A(x1f?)A(x19%) - [Alxif9)]*.
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THEOREM 5.1. The following hold:

(1) B(.f,g) is strongly superadditive on CS(K,R), that is, if A,B €
ﬁ(I,A+B,f,g)—,B(I,A,f,g)—,B(I,B,f,g)
1/2 1/2
. (det [46ar)] ™ [AGas?)]

CS(K,R), then
2
20
[B(X]fz)]l/z ]1/2 ) 2

(i) B(-, f,9) is strongly monotone nondecreasing on CS (K, R), that is, i

A > B, then
2
) 5.

[B (x19®

~

:B(I’A»fag)—ﬁ(IaB’fag) .
( [AGur) - Bour?)]” [Aus®) - Blus?)]
> | det

1/2 1/2
[B(x:fz)] [B(X192)]
PROOF: (i) Suppose A, B € C(S, K). We have from (4.1) that

1/2

(51) :B(I1A + B’ f’g) = ﬁ(IaAaf’g) +ﬂ(I’B’f7g) + A(XIfZ)B(XIgz)
+ B(x1*)A(x19%) — 2A(x1£9)B(x1 f9)-

Since A,B € CS(K,R),

|A(x1£9)] < [A(xzfz)A(x:gz)]l/z, |B(x1f9)] < [B(x:fz)B(ngz)]l/2

and thus

A(x1f9)B(x1£9) < |A(x1£9)B(x1f9)|

< [A (x:f*)B (x:gz)] v [A (x19*)B (x:fz)] 2

The desired result is immediate from this result and (5.1).
(i1) If A > B, we have

B, A, f,9)~ B, A~ B, f,g)~ B, B, f.9)

2 1/2 2 1/2
[B(ar)] [B(xug?)]
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and we are done. 0

THEOREM 5.2. Suppose A is an isotonic linear functional on K. We have the
following.

(i) B(,A, f,g) is strongly superadditive on A(E), that is, if INJ =0, then
ﬂ(IUJ,A;f,g) _ﬂ(lvAsfag) _ﬁ(JyA’fag)
/ 2
[4Gar)]” [AGue»]™
2 | det 1/2 1/2
[40u)] " [Awe?)]

(ii) B(-, A, f,g) is strongly monotone nondecreasing on A(E), that is, if I, J €
A(FE) and J C I, then

ﬂ(I,A,f,g)—ﬂ(J,A,f,g)

> (det [A(X1f2) QA(Xsz)]m [A(Xlgz) —A(Xlgz)]

[40crr)]™ [AGesed)]”
PROOF: (i) Let I,J € A(E) with INnJ = 0. Then
BUU LA, f.9) = (A f?) + Axs %)) (ALug®) + A(xss?))
— (AGuf9) + Alxaf9))*

= ﬂ(I7 A) f1 g) + ﬂ('L Aa f:g) + A(lez)A(Xng)
+ A(xsf*) A(xr9?) — 2401 f9)Alxs f9)-

As in Theorem 5.1, we deduce the inequality of part (i), which implies in turn that of
part (ii). 0

2

) |

1/2

6. APPLICATIONS

In this short section we note some immediate applications. First we define the
classes of sequences

J={a=(an),ey:0n € Rforallne N},
P ={I C N : I is finite},
J+ ={P=(Pn)pen :Pn 20 foralln e N}.

Consider the functional u: P x J, x J2 = R given by

1/2
/J’(I’paaab) = [Zpta? Zptb?] - Zpiaibi

iel icl iel
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We have
M(I, b a, b) = “(Al,pv a, b)v

where Ajp(z) = ) piz; is an isotonic linear functional which belongs to CS(J,R).
i€l
Theorems 3.1 and 3.4 apply to px.
Similarly Theorems 4.1 and 4.3 apply to the mapping v: P x J, x J? = R given
by
211/2
v(I,p,a,b) := [Zpia?ZPib? - (Zpiaibi) }
i€l iel iel
and Theorems 5.1 and 5.2 to the mapping 3: P x J x J2 = R given by
2
B(1,p,a,b) := Zpia?ZPib? - (Zpiaibi) .
i€l i€l iel

Similar applications hold for Riemann-integrable functions. Let [a, b] be a real interval
and denote by Rla,b] the algebra of Riemann-integrable functions on [a,b] and by
R.[a,b] the class of nonnegative functions belonging to R{a,b]. Define the functional
u: Ryla,b] x R?[a,b] - R by

ula,bh, fq) = [ /
Then

b b 1/2

(h(z) f2(z) dz) /

a

b
h(z)(c) dx} [ #a)s@gta) da

“(a, bv ha fa g) = ll'(A[a.,b],h’ f’ g))

where Apg p0(f) = [, : h(z)f(z) dz, is an isotonic linear functional which belongs to
CS(R[a,b], R). Clearly Theorems 3.1 and 3.4 apply to p.

Similarly Theorems 4.1 and 4.3 apply to the mapping v : Ry[a,b] X R[a,b] = R
given by

1/2

b b b 2
Aatinf,9) = | [ (o)) s) [ b)) da] - [ hia)s@rato)aa) |
and Theorems 5.1 and 5.2 to the mapping 8 : Ry[a,b] x R%[a,b] — R given by
b b b 2
Blabinf.0):= [ 0@ @) de [ o)) i ([ b s@gtas)
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