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Dot products in n-space. The dot product is an operation - : R® x R™ — R that takes
two vectors v and w and gives a scalar v-w by adding the products of corresponding elements,
that is,

v-w = (01,02, ...,0,) - (W1, ws, ..., w,) = V1w + VoWs + + - - + VW
The square of the length of the vector is a dot product:
Iv][* =v-v.
The dot product in n-space has all the usual properties that the dot product for 2-space

has. It’s commutative, and it’s linear in both coordinates.

Dot product and angles in n-space. Just as in the n = 2 dimensional case, the law of
cosines still applies (but it has to be used in the plane formed by the two vectors) to show

w-v = |v[|lw] cos 8,

equivalently,
cosf = — VY _
V1] [l

where 6 is the angle between the two vectors.
Note that since cos @ is between +1, therefore the absolute value of

WV
[l Fwll

is less than or equal to 1. Hence,
(W v| < [lwllv].

This last inequality is called the Cauchy inequality. More on it below.
As in the 2-dimensional case, two vectors v and w are orthogonal (also called perpendic-
ular), written v L w, if and only if w-v = 0.



The triangle inequality and the Cauchy inequality in n-space. The triangle inequal-
ity says
[w = vl < [lwll + v,

or, replacing —v by +v, it says
[w + vl < [lwll + vl

Let’s see if we can prove it algebraically.
Since all the quantities are nonnegative, the last inequality is logically equivalent to

w4+ > < ([wll + [IvI)*
We can rewrite the left hand side as

lwH+v|][? = (W+v) - (w+V)
W-WH+2W-V+V-V

= [wl*+2w-v+]v|’

and we can rewrite the right hand side as
(Iwll + IvID* = iwll* + 2l wi ]| + [[v]]*.
Thus, the triangle inequality with a sum,
[w + v < |wl + vl

is logically equivalent to
w-v < [jwll|[v]].

Likewise, the triangle inequality with a difference,
[w = vl < flwll + v,
is logically equivalent to
—w v < [wi vl

We conclude that together they are logically equivalent to the Cauchy inequality
(w v < [[w]{Iv],

which is also known as the Cauchy-Schwarz inequality or as Bunyakovsky’s inequality. Cauchy
mentioned this inequality in 1821. The others generalized it.

If you accept the statement above that the law of cosines applies in dimension n, then
we've already proved the Cauchy inequality, but we can prove it directly without resort to
n-dimensional geometry.

Here’s a clear, direct proof for the case n = 3. The argument works for general n.

In order to prove the Cauchy inequality, we’ll prove its square instead

(w-v)* < [lwlf* [Iv]]*.
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That says
(v1wy + vaws + vws)? < (v] + V3 + v3) (W] + Wi + w3),

which, when expanded, says

VIWIVIW]  + VjWiUeWe VW UsWs viw? + viwi 4+ viw?

+ W Wy + VoWalowy +  Vawouzws p < K+ visw? + viwd + viw3

+ UgwW3vIW, 4+ VsWslaWs +  UsWsUsws + viw! + vwd + viw?
Now, some of the terms are the same, so they can be eliminated to get

2,2 2,2

VW1 VW +  ViWiV3W3 vijw; + viws

+  vwoviwy + vowsvswsy p <+ viw} + viw?

+ vswsviw, + U3WsVaws + viw} + viws viw3

Note that each remaining term on the left appears twice. We can move all the terms to the
right hand side to get the equivalent inequality

2, 2 2, 2

viw; — 20wavw; + VW

0< + v%w% — 2vjwsvswy, + vgw%
+ viw?: — 2uwsvzws + viw3

which we can rewrite as )
(viwg — vown)

0 << +(vyws — vaws)?
+(U2’w3 — U3w2)2

which is obviously true, since a sum of squares is always greater than or equal to 0. Since
all these inequalities are logically equivalent, and the last is true, therefore they are all true.
Thus, we have proved the Cauchy inequality.
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