Unit 4, Section 1: Inner Products and Norms

Inner Products and Norms

We would like to have a better understanding of the geometry of a given vector space; in particular,
we would like to have some notion of “length” of a vector and “angle” between a pair of vectors.
Of course, we already have a way to talk about lengths and angles in Euclidean space using the
dot product. In this section, we will generalize the dot product to arbitrary vector spaces and use
the generalization to discuss the inherent geometry of those spaces.

Review of the Dot Product
Definition 6.2. Given

x1 Y1
€2 Y2

€r = y y = S Rn,
Tn Yn

the dot product x -y is the number
T-Y=2x1Y1 + T2y2 + ...+ TpYn.

On first inspection, the dot product seems a bit useless; however, it does actually give us tools
to measure length and angles in R™.
Indeed, the length ||z|| of vector x € R™ is precisely

lzll = /a3 +ad+...+a2
= \T-T.

In addition, you probably remember from calculus that

cost) = ———,
[EIRIET]

where 6 is the angle between x and y.

Thus the dot product really is a helpful geometric tool-it provides us with data about lengths
and angles in R"™.

Inherent in the utility of the dot product are its many properties. It is easy to see that

L. ||z|| > 0;
2. ||z|| = 0 if and only if z = 0;

. z-y=y-.
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Generalization of the Dot Product

The following definition for the inner product is a generalization of the dot product. We will see
shortly that this definition will give us the same geometric tools as does the dot product:

Definition 6.3. An inner product on a vector space V over I is a function (-,-) : V. x V — F (that
is, (u, v) € IF) satisfiying the following properties:
1. (v, v) >0 forallveV;

2. (v, v) =0 if and only if v = 0;

4.

(
(
3. (u+wv, w) = (u, w)+ (v, w) for all u, v, w e W;
(Au, v) = Au, v) for all u, v € V;

-

u, v) = (v, u) for all u, v € V.

Example. In R™, the dot product
(z,y)==z-y
is an example of an inner product (as we would expect, given that the dot product was our moti-

vation for defining the inner product). We will not check the conditions explicitly, but it is easy to
see that the dot product obeys all of the conditions from the theorem.

Example. We can build an inner product on C” in a similar manner: given

z1 n
Z2 Y2

xr = . y Y= . S Cn:
TIn Yn

set
(x, y) =211 + 22Y2 + - .. + TnYn.

Notice that the definition is a bit more complicated than in R™; indeed, we have to take the
complex conjugate of each entry of the second vector in order to guarantee that property 5 from
the definition is satisfied.

Again, we will not prove that the function defined above is an inner product on C"; it is
relatively easy to see that our definition satisfies all of the requisite properties.
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Example. Given A, B € M, (F), we define an inner product by
(A, B) =tr(B*A),

where A* = AT,
Again, it is easy to see that this definition satisfies the requirements to be an inner product on
€ M,,(FF); let’s check that property 5 holds:

(B,A) = tr(A*B)
= w((A"B))
- (@(BA)
= <B7A>7

as required.

Example. The set Cla,b] of all continuous real-valued functions on an interval [a,b] is a vector
space under the usual notion of function addition and scalar products. For example,

1
x—m/2

f(z) =tanx and g(z) =

are both vectors in C[—m/4, 7/4].
A function that is continuous on an [a, b] is also integrable on [a, b]; we can use this fact to define
an inner product on Cla, b] by

b
mm:/fwm@m.

2

For example, f(z) =1 and g(z) = x* are both vectors in C[—1,1]. The inner product (f,g) is

given by

(. 9) =/drfm

WD W =
W =

Again, it is easy to see that this function does satisfy the definition, and is thus an inner product
on Cla,b].
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Example. Given vectors
f(x)=ap+arz+...+apz™ and g(z) = by + b1z + ...+ bya”
in P,(R), the standard inner product is defined by

(f,g) = aobo + aiby + ... + anby.

For example, the inner product (f, g) of vectors f(z) = 1 — 2% + 22° and g(z) = 22 — 22 + 23

is given by

(frg) = 1:04+(0-2)+(0--1)+(-1-1)+(2-0)
= -1

Remark. The standard inner products defined above are not the only examples of inner products
on the spaces; indeed, a particular vector space may have many different inner products, as indicated
by the next example.

Example. Given wi, wo, ..., w, € R with each w; > 0, the weighted inner product with weights
wy, W3, ..., wy is defined on C™ by

(z, y) = W1 T1Y1 + WaT2Y2 + - . . + Wy Ty T

Once more, the function is clearly an inner product; in particular, it is easy to see that there are
infinitely many such inner products on C".

Inner Product Spaces

An inner product endows a vector space with extra structure; thus when we wish to understand a
vector space in the light of this extra structure, we indicate that fact with new terminology:

Definition 6.5. An inner product space is a vector space V along with an inner product on V.

The basic definition of an inner product actually gives us a great deal more structure than that
indicated in the definition for an inner product. Indeed, the following theorem follows immediately
from the definition:
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Theorem 6.7. Let V' be an inner product space with inner product (-, -).

(a) Given fixed u € V, the function (-,u) : V — F that sends v € V to (v,u) is a linear
transformation.

0,u)=0foralluecV.

) (

) (u,0) =0 for all u € V.

) (u, v+ w) = (u,v) + (u,w) for all u, v, w € F.
) (

u, W) = Mu,v) for all u, v €V, A € F.

Proof. (a) Follows immediately from parts 3 and 4 of the definition of an inner product.

(b) Since
(0,u) = (0+0,u)
= <0a u> + <O7U>a
so that
<07u> = <07 u> + <07u>;
thus

(0,u) = 0.
(¢) Follows from the proof of (b) and part 5 of the definition.

(d) Again, this follows from the definition, since

(u,v +w) = (v+w,u)

(e) Clearly

(u, \w) = (Av,u)
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Inner Products and Geometry

As promised, an inner product on a vector space gives us a tool for talking about lengths and angles
in the space. With the formula for the length of a vector in R™ in mind, we introduce the idea of
a norm:

Definitions 6.8. Given v € V, where V is an inner product space over F equipped with (-, -), the
norm of v, denoted ||v|, is given by
vl = v/ (v, v).

Again, the norm is our analogue for the length of a vector in an arbitrary space.

Example. In R™ with the standard inner product
(T,y) = z1y1 + T2y2 + . .. + TnYn,
the norm is given by

Izl = (z,z)

= \/x%—l—x%—i—...—i—x%;

thus the norm correpsonds to the standard notion of length of a vector in R™.

Example. The inner product defined on M,,(F) by
(A, B) =tr(B*A)

yields norm

||A|| = V/tr (A*A).

This norm is known as the Frobenius norm.
As a specific example, set

then || A|| is given by
Al = Vir(4*A)
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Example. The standard inner product in P,(R), defined by

(f,g) = aobo + a1by + ...+ anby,

yields norm

£ = \Jad + a3 + ...+ a2

Given f = f(z) = 1 — 2% + 22°, we see that

Il = VT T+ = V6.

Before moving on to the notion of angle, we record a few more helpful facts on norms:
Theorem 6.10. Let V be an inner product space, v € V and A € F. Then
(a) [lv]| =0 if and only if v = 0;
(b) ||[Mv]| = |A| ||v]|, where |\ indicates the modulus |A| = vaZ + b2 for A = a + bi, a, b € R.

Proof. (a) By the definition of the inner product, (v,v) = 0 if and only if v = 0. The result
follows immediately.

(b) Clear since
1Mol = v (A, Av)
= A (v, v)

= AV (v,v).

Orthogonality

Recall that, in R™, the angle 6 between a pair x and y of vectors may be calculated using the
formula

cos= Y
[l[] {yl]
In particular, if = and y are orthogonal (nonzero) vectors, so that § = 7/2, we see that

x-y T

————— =cos — = (;

([ {lyl] 2 7

in particular, this implies that
z-y=0.

We generalize this idea to arbitrary inner product spaces with the following definition:
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Definition 6.11. Vectors u, v € V are orthogonal if (u,v) = 0.

With the example of R™ in mind, you should think of orthogonal vectors as being “perpendic-
ular”.

Example. All of the vectors in the standard basis for F” are mutually orthogonal under the
standard inner product: indeed, given e;, e; with 7 # j, we have

(€i, ;) =0-14+1-0=0.

Example. Find a vector in M, (F) orthogonal to

My = (@s # —sin 9)

sinf cos@

under the standard inner product
(X,Y) =tr(Y"X).

In order to find vector Xy orthogonal to My, we need to guarantee that the trace of XjMp is
0. The most obvious way to do this is to force each of the diagonal entries of the product to be 0.
So a first guess for Xy is the rotation matrix

xo= (St o)~ (aly Z50)

Let’s evaluate the inner product-recall that X* = X T since X has all real entries:

<M9,X@> = tI‘(X;Mg)
_ —sinf  cosf cos —sinf
o —cosf —sinf/ \sinf cosé
_ —cos«981n9+cosﬁsm0 sin? @ + cos2 0
o —sin%6 — cos? 6 —cosfsinf + cos 6 sin 0

(0>

Thus for any 8 € R, matrices

cos) —sin6 —sinf —cosf
Ma_(sin& cos@)andX0_<cosﬁ —sin9>

are orthogonal.
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One of the most important inequalities in all of mathematics, the Cauchy-Schwarz inequality,
relates the inner product of a pair of vectors with their associated norms. The inequality is a bit
hard to interpret initially, but it immediately implies that a version of the triangle inequality holds
in vector spaces. We will return to that interpretation momentarily.

Cauchy-Schwarz Inequality. Let V be an inner product space, and let u, v € V. Then
[{w, 0)[ < [ful] [[v]]-

Equality holds if and only if v and v are scalar multiples.

Example. Given the inner product on M, (F) defined by by
(A, B) =tr(B*A),

let us consider the Cauchy-Schwarz inequality for

() e (5 15

We calculate the norms of A and B as follows:

Al = vir(A*A)

1 0
= tr<0 1)

N

1Bl = Vtr(B*B)

1 0
= tr<0 1)

_

Next, we find
(A,B) = tr(B*A)
_ —1/2  /3/2
- (—ﬁm —1/2)
= —1.
Thus

(A, B)l =1<v2v2=||A]l ||B],

as implied by the theorem.
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Again, the Cauchy-Schwarz inequality seems a bit abstract on the surface, but it has an imme-
diate geometric consequence—the Triangle Inequality:

Triangle Inequality. For any w, v in an inner product space V,
[+l <l + [Jo]|-

Proof. The proof is a straightforward application of the definition of norm and the Cauchy-Schwarz
inequality:

lu+v]> = (u+v,u+0)
= (u,u) + (u,v) + (v,u) + (v,v)

(u, u) + (u,v) + (u,v) + (v, )
= |[ull* + 2Re(u,v) + [|v]|?

IN

[l + 2[(u, v)| + [[o]?

IN

[Tl + 2[full [[o]| + [Jv][?
(full + [Joll)?.

Remark. The Triangle inequality is really a generalization of the idea that the shortest path
between a pair of points is a straight line connecting them. Indeed, the graph in R? is as follows:

u+v
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