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The generating identity of
Cauchy-Schwarz-Bunyakovsky inequality
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1 Introduction

The Cauchy-Schwarz-Bunyakovsky inequality (CSB-inequality for short) is well-known
to pure and applied mathematicians for its application in different areas of mathematics
(algebra, analysis, geometry, probability theory, etc.). A complete account of its both in-
tricate and intriguing history can be found in a well documented paper by Schreiber [3] or
in the delightful book by Steele [4].

This important relationship can be formulated as follows:

CSB-inequality — Let V be a real or complex inner product vector space, and let x, y be
elements of V. Then

| x-yI<xI[{l¥ll
where equality holds if and only if x and y are linearly dependent.

Was Sie immer schon iiber die Schwarzsche Ungleichung wissen wollten, sich aber
nie zu fragen getrauten: Wo bleibt eigentlich die Differenz? Die Beweise in den
Lehrbiichern der linearen Algebra oder der Funktionalanalysis sind auf Knappheit
getrimmt und geben dartiber keine Auskunft. Es gibt allerdings eine Lagrange zuge-
schriebene Identitit, die diese Differenz als Quadrat eines gewissen schiefsymmetri-
schen Ausdrucks darstellt. Der Autor der vorliegenden Arbeit ist der Sache auf den
Grund gegangen und findet im Rahmen des Tensorprodukts V & V eine einleuchtende
und allgemeingiiltige Erklarung.
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To this author’s best knowledge, identities giving rise to the CSB-inequality have been
obtained in the past, but for particular cases only. Thus, Cauchy derived his version of the
inequality by deleting some summands in an arithmetical identity ascribed to Lagrange, i.e.

(e +dd +a"d" + ..+ (ad —d'0)? + (ad" —ad"a)* + @' —a"od) + ...

:(a2+a12+a’f2+...)2(012—I—otl2—l—ol”2—|—...)2

where a,a’,a”, ..., o, ', ", ... are two sequences of n real numbers each. The same
identity appears (adopting the self-evident notation of [2, pp. 33, 62]) in exterior algebra
or the theory of spatial vectors as

(a-by¥+|lanb)>=a’b or (@ b’ +|axb|®>=a’b’

respectively.

In the context of functional analysis, Courant and Hilbert [1, p. 49] reported (without
reference) an identity which can be rewritten as

1
(f. &% + Eff(f(X)g(E) — [(E)g(x)*dx dé = (f, )(g, &)

where f and g are real-valued functions which are piecewise continuous in some finite
interval G C R.

This paper proposes an identity which gives rise to the CSB-inequality for the general
case, based on the concept of tensor product of vector spaces. That is, first, a fundamental
relationship is established between the innet product in a vector space V and a particular
inner product in the tensor product of V' by itself. Then, a Pythagorean relation, involving
symmetric and antisymmetric parts of a tensor, is derived and manipulated to obtain the
desired identity. Finally, two examples are presented.

2 The identity behind the CSB-inequality

Let V be areal or complex inner product vector space, and let V @ V be the tensor product
of V by itself. If {h,;} is any basis of V, then {h,, & h,} is a basis of V @ V, and it
is referred to as the basis induced by {h,,}. An inner product can be introduced also in
V @ V by specifying proper values for the inner products of the induced basis elements.
In particular, if the basis {h,,} is orthonormal, i.e.,

hp-hg =3pg,
and the basis {h; ® Ay} is assumed as orthonormal, i.e.,
(hp @hg) - (hy @ Ttg) = 81 845,
then it is easily seen that for any a, b, ¢, d € V the following formula holds:
@@b)- c@dy=(a-cyb-d).

In fact, having set

a:Zaphp, b:quhq, c:Zcrhr, d:Za’shs,
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it turns out that

@eb) c@d = (Y aph, @Y bohy)- (D crh @ dih)
= Zapbq (hp ®hq)‘zcrds (hy @ hy)
= Zap qurEs (hp ®hq) ~(hy @ hy)

= 3 "ty by BBy Sgm'= ) Upbglplly= Y Oplp ¥ Bydy

=(a-c)b-d).

Under these assumptions, the symmetric and the antisymmetric part of the tensor product
X ® v, denoted Sym(x ® v) and Asym(x @ v) respectively, are orthogonal:

1 I
Sym(x @ ¥) - Asym(x @ v) = §(x®y+y®x)-§(x®y—y®x)
1
= 2 (X IP Y IR =y IR X 1P = @900+ O 5 3)) =0
and thus the Pythagorean relationship holds:
|| Sym(x @ y) |I> + || Asym(x @ ») |I* = || x @ ¥ |I*. (1)
Moreover, one can obtain
Ix@yIP=@ey) xey =Ix|y|? 2)
and
, 1 1
|| Sym(x @ y) ||” = 5(x®y+y®x» 5(X®y+y®x)
1 2 2 2 2
=z (IIXII Uy +Uy x4+ @2+ (yw)(x'y))
1
=3 (I IPuyIP+1x-3 7). 3
Hence, substitution of (2) and (3) into (1) yields the wanted identity:
[x -y P+ 20 Asymx @ y) |I” = (1 x 17 ] ¥ || 4)
According to (4), the term which completes the (squared) CSB-inequality can be inter-
preted and calculated as twice the squared norm of the antisymmetric part of the tensor

product of the involved elements, provided that the basis induced by an orthonormal basis
of V is assumed as an orthonormal basis of V @ V.

Sometimes, V ® V has some given inner product, and it is desirable to use it. In this case,
one must verify that the induced basis {h, & h,} is orthonormal with respect to this inner
product.
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3 Examples

In this section, two examples are considered which extend the results (LLagrange’s identity,
Courant-Hilbert’s identity) mentioned in the introduction. In both of them, the tensor pro-
duct V & V has a given usual inner product, and the basis of V ® V induced by an
orthonormal basis of V is orthonormal with respect to this inner product.

Let CY>N be the space of M x N matrices over C, and let C**¥ be endowed with its
usual inner product, i.e., if A, B € CM>*¥N,

A - B := trace (Xﬁ)

where the tilde stands for transpose. For any A, B € CM*N , consider the column parti-
tions

A:[a1 a) ay ], B:[bl b2 bN ],
then set N ~ N
ai bl a 22 ale
Aop—| ©bh az by aby
aN’EI ..... asz ............ aN ZN

and observe that CM*N @ CM*N — CMN)XIMN) Therefore, according to (4), if A =
(pg) and B = (byy), the term which completes the (squared) CSB-inequality in this
example amounts to
1
5 Z |apq brs — bpqars |2A
p.4q,n s

The real case of the above formula with N = 1 corresponds to Lagrange’s identity.

Let Cow(G, ©) be the space of complex-valued functions which are piecewise continu-
ous in some finite interval G < R¥, and let Cpw(G, C) be endowed with its usual inner
product, i.e. if f, g € Cpw (G, C)

frg=/ - ffx,....,xn)8(x1, ..., xn)dxy - - dxn.

For any f, g € Cpw(G, ©), set
f®g:G*=>cC

(fRx1, ..., xn, &1,...,8N) = fx1,...,xn) 861, ..., éN)

and observe that Cpw(G, C) @ Cpw(G, C) = CPW(Gz, ©). Therefore, according to (4), the
term which completes the (squared) CSB-inequality in this example amounts to

1 2,
Ef'-~f|f(x1,...,xN)g(§1,...,éiN)—g(xl,...,xN)f(él,...,§N)| dxp---dén.

The real case of the above formula with N = 1 corresponds to Courant-Hilbert’s identity.
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