SECTION 5.1 171

CHAPTER 5 REAL AND COMPLEX NORMED, METRIC, AND INNER PRODUCT SPACES

So far, our studies have concentrated only on properties of vector spaces that follow from
Definition 1.1. Spaces G2 and G> of geometric vectors, however, have additional properties
due to the fact that such vectors have lengths, dot products of vectors can be taken, and
there is a distance function. In this chapter, we extend these ideas to other vector spaces.
When a vector space is equipped with an inner product (the generalization of a dot product),
it is called an inner product space; when it is equipped with a norm (the generalization of
length), it is called a normed space; and when it is equipped with a metric (the generalization
of distance), it is called a metric space. Norms and metrics are often defined in terms of
inner products, but they can also be defined independently of inner products. To emphasize
this, we discuss each type of space separately, and then show that an inner product induces
a norm and a distance function so that every inner product space can be turned into a
normed space and a metric space.

§5.1 Normed Spaces
Norms in Real Spaces

The length of a vector v = (v,,v,) in G2 is

Vil = /vi + g, (5.1)

and the length of a vector v = (vg, vy,v,) in G3 is

vl = y/vZ +vi +v2. (5.2)

To introduce a norm into a real vector space (the generalization of length in G? and g3), we
ask what properties characterize lengths in equations 5.1 and 5.2. Convince yourself that
these lengths satisfy the following properties:

llev]] = || ||v]], where cis a constant, (5.3a)
|[v]] >0, and ||v|]| =0 if, and only if, v =0, (5.3b)
u+ v < fuf +[v]. (5.3¢)

The first of these requires the length of a multiple of a vector to be the absolute value of the
constant times the length of the vector itself; the second requires lengths of nonzero vectors
to be positive; the last is often called the triangle inequality. Geometrically, it requires
the length of any side of a triangle to be less than the sum of the lengths of the other two
sides. It is these properties that we use to define norms in other vector spaces.

Definition 5.1 A norm on a real vector space V is a real-valued function ||v| of vectors v in the space
that satisfies properties 5.3. A vector space equipped with a norm is called a real normed
space.

The most common norm for the space R" is the Euclidean norm. For a vector v =
(v1,v2,...,0y), it is defined as

IVl = /o3 + 03+ + 02, (5.4)

It is straightforward to verify that the Euclidean norm satisfies properties 5.3. It is the
generalization of length in G2 and G3. Equipped with the Euclidean norm, R" is called
Euclidean n-space, denoted by £".

Many norms can often be associated with a vector space. Which is the most useful
depends on the application in which the vector space arose. Here are some other norms for
R™:
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1. The 1-norm,

Ivlls = |vi] + |va| + -+ + [vnl. (5.5)
2. For any integer p > 1, the p-norm
IVllp = [oil? + o2l + - + Joa [F]H/P. (5.6)
3. The co-norm or sup-norm
maximum
o = . i|- 5.7
N 1 (57)

The 1-norm and the Euclidean norm are the special cases of the p-norm when p = 1 and
p = 2. We have used subscripts to denote these various norms in R™. When no subscript is
present, it is assumed to be the Euclidean norm.

Verify that in the space C°[a,b] of continuous functions on the interval a < z < b, the
maximum value of the absolute value of a function on the interval is a norm.

Solution It is not a trivial fact to prove, but you may recall that in your first calculus
class, it was stated that a continuous function on a closed interval must attain a maximum
value on the interval. This assures us that the norm is well-defined. If we denote the
maximum value by

maximum

7@ =T @),
we must show that it satisfies properties 5.3. Since
maximum maximum
lef@)l| = T e @) = kel 2 ) = el 1 @)1,

property 5.3a is satisfied. Clearly, || f(z)|| > 0, and the only way for || f(z)| to be equal to
zero is for f(xz) = 0. In other words, we have property 5.3b. Finally,
maximum
176)+ gl = 22 1) + g )
maximum maximum

- a§x§b|f($)|+a§x§b

1 @)+ Mg,

l9()]

the triangle inequality.e
Here is another norm for the space C[a, b].

Verify that

b
Hﬂ@H:/Iﬂ@Mx

is also a norm for C°[a, b].

Solution The fact that the definite integral of a continous functions exists once again
assures us that the norm is well-defined. Properties 5.3 are straightforward to check:

b b
les@l = [ les@lds =l [ 17@)]ds = il 171,
b b
||f(:C)H:/ |f(z)|dx >0, and / |f(z)|dx = 0 if, and only if f(z) =0,

b b b b
15@) + 92l = [ 17(@) + g@lde < [ 15@)] + lgta))de = [ 5@ da+ [ lg(o)]da
— 1@+ lg(z)].
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In G? and G3, the norm of a vector is geometric, the length of the vector as a line
segment. In other vector spaces, the norm of a vector cannot be interpreted geometrically.
For instance, in Example 5.2, there is no geometric interpretation for the norm of the
function. It is not, for instance, the length of the graph of the function from x = a to x = b.

When the norm of a vector is equal to 1, it is called a unit vector. We customarily
indicate that a vector is a unit vector by placing a hat on it v (just as we do for i, j, and k)
It is easy to find a unit vector in the same “direction” as any given vector v, simply divide
v by its norm,

v=— (5.8)

When we have converted a vector into a unit vector in the same “direction”, we say that we
have normalized the vector. A unit vector in the direction “opposite” to v is

Y= (5.9)

Normalize the vector (function) f(z) = x® — 2z in C°[0, 2] using the norm of Example 5.2.

Solution Since the norm of the function is

2 V2 2
|f(x)||—/0 |x3—2x|dx—/0 (2x—x3)d:17+/ (23 — 22) dx

V2
4y V2 4 2
1], 1 v

a normalized function is

Norms in Complex Spaces

Norms can also be introduced into complex vector spaces. They satisfy properties 5.3 where
le| is interpreted as the modulus of c. For instance, the modulus of a complex number is
a norm in the vector space C of complex numbers. The norm in C" corresponding to the
Fuclidean norm in R"™ is

(crs ez, sen)l = Ve +lea? + - + [eal?, (5.10)

where vertical bars denote moduli. The 1-norm, the p-norm, and the co-norm for R" are
also norms for C", where once again absolute values must be interpreted as moduli.

Normalize the vector v = (3 + 44, —2,3i) in C? using the norm in equation 5.10.
Solution Since the norm of the vector is

(34 44, -2,30)|| = /|3 + 442 + | — 2|2+ |3i]2 = V25 + 4 + 9 = V38,

a normalized vector is

V= ——(3+4i,-2 3i).0

5~
oo

EXERCISES 5.1

1. Verify that the 1-norm and the infinity norm in R™ satisfy properties 5.3.
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. With the Euclidean norm in G2, tips of vectors described by the inequality |[v|| < 1 lie inside and on the

unit circle centred at the origin. What does the equation describe with the 1-norm, the p-norm, and the
infinity norm?

. Repeat Exercise 2 with the Euclidean norm in G3.

(a) Show that in Py(z), the function

lla+ bz + ca?|| = Va2 + b2 + 2,

is a norm.
(b) Find a unit vector (function) in the same “direction” as p(z) = 1 — 2x + 322

. An important space in control theory is the space of complex, rational functions that do not have poles

on the unit circle |z| = 1. Show that

1/2

0= [ 1]

is well-defined and satisfies properties 5.3a,b.

Answers

2. Inside and on the square |v,| + |vy| = 1; inside and on the curve |vgy|P + |vy [P = 1; the square
-1 < v;,vy <1

3. Inside and on the cube |v;| + |vy| + |v.| = 1; inside and on the surface |vg|P + |vy|P + |v.|P = 1;
the cube —1 < vy, vy,v, <1

4.(b) (1 — 2z + 322)/V14
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§5.2 Metric Spaces

Definition 5.2

Example 5.5

When u = (ug, uy, u;) and v = (vg, vy, v,) are vectors in G2, the length of u — v is

[u—v|= \/(uw —vg)? + (uy —vy)? + (uz —v2)2 (5.11)

It can be interpreted as a distance in G, the distance between the points (ug, uy, u,) and
(vg, vy, v;) at the tips of the vectors. We also say that it is the distance between the vectors
themselves. In other words, if we denote the distance between two vectors u and v in G2 by
d(u,v), then

A(u,v) = /(= v2)2 + (g = 0)2 + (s — 02)?. (5.12)

Distances can be defined in many sets of entities that may, or may not, be vector spaces,
and we will illustrate some examples shortly. But first we ask what are the properties
that characterize distance. Convince yourself that the distance function d(u, v) defined by
equation 5.12 satisfies the following properties for any vectors u, v, and w:

d(u,v) >0 and d(u,v) =0 if, and only if, u = v, (5.13a)
d(u,v) =d(v,u), (5.13b)
d(u,v) < d(u,w) + d(w, V). (5.13¢)

The first of these requires the distance between unequal vectors to be positive; the second
requires the distance function to be symmetric in its arguments; and the last is the triangle
inequality that we saw for norms, but now in terms of distances. It is these properties that
we use to define a metric in other contexts.

A distance function or metric, d(u, v) on elements u and v in a set S is a real-valued
function of pairs of elements that satisfies properties 5.13. The set is said to be equipped
with a distance function or a metric.

Obviously, our intention is to introduce a distance function, or metric, into vector spaces,
but it is important to realize that distances can be defined in sets other than vector spaces.
In other words, although we have used vector notation to represent elements in Definition
5.2, these elements need not be vectors. Here are some examples, the first two of which are
metrics in sets that are not vector spaces.

Let S be the set of n-letter words in a k-character alphabet. Denote words as v =
(v1,v2,...,v,), where the v; are letters from the alphabet. Define the distance between
two words u = (uq,us,...,u,) and v = (v1,v2,...,v,) as the number of places in which
letters are different; that is,

0, ifu; =v;

d(u,v) = ij, where z; = {
j=1

1, if Uj 7§ ’Uj.
Show that d(u,v) satisfies properties 5.13.
Solution Properties 5.13a,b are clear. Suppose u = (u1,ug,...,Uy), v= (v1,02,...,0),
and w = (w1, wa, ..., w,) are words in S, and consider the j™ entries. If u; = v;, then this

entry contributes 0 to d(u,v). The j*® entries in d(u, w) + d(w,Vv) contribute either 0 or
2 depending on whether w; = u; or w; # u;. If u; # v;, then this entry contributes 1 to
d(u,v). The j* entries in d(u,w) + d(w,v) contribute 1 when w; = u; or w; = v;, or 2
when w; # u; and w; # v;. Thus, the contribution of the ;' entries of d(u,w) + d(w, v)
is greater than or equal to that of d(u,v). Since this is true for all n entries, property 5.13c
is verified.e
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Example 5.6 Let V be a metric space, a vector space with a metric. Does the metric on V, endow any
subset S of V' with a metric? Would you call S a metric space?

Solution The metric on V certainly induces the same distances between vectors in S, so
that S is endowed with a metric. But S is not defined to be a subspace of V', so that it
would imprudent to call S a metric space (although this is often done).e

Example 5.7 Using the norm of Example 5.2, we can define a metric for C°[0, 1] to be

A(f(@),9(2) = /(@) — g(@)]| = / (@) - g()) da.

Find d(1 + 22, 3z — 23).

Solution  Using the definition of the metric
1 1
d(1 + 22,3z — 2°) :/ |(1 4 2%) — 3z — 2%)| dz :/ | — 22 + 2% — 2| da.
0 0

Since —2x + 22 — 23 is always negative between z = 0 and = = 1, we can write that

1 3 4451
11
d(1+x2,3x—x3):/ (2 — 2 + 2%) dax = P A
0 3 4],

The metric in R™ corresponding to metric 5.12 in G is

d(u,v) = v/(u1 —v1)2 + (u1 — v2)2 + - + (un — vp)2. (5.14)

It is interpreted as the distance between the vectors in R™. A distance function for vectors
z and w in C" with complex components (z1, 22, . .., 2,) and (w1, wa, ..., wy,), respectively,
is

d(z,w) = /]z1 — w12+ |20 — w2 + - + |2, — wy |2, (5.15)

where vertical bars are moduli.

EXERCISES 5.2

1. Let S be the set of vectors in G which have their tips on the unit circle centred at the origin. Let
d(u,v) = ||lu — v||. Is this a metric on S? Would you call S a metric subspace of G2?

2. Let S be a finite collection of n objects denoted by x;, j = 1,...,n. Show that the function

0, ifj=k
d(%”x’c):{l it &

defines a metric on S. Is it possible for .S to be a vector space?
3. When n =1 in equation 5.15, does the distance function reduce to what you would expect?
Answers

1. Yes, No 2. No 3. Yes
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§5.3 Inner Product Spaces

Definition 5.3

Example 5.8

The dot or scalar product of two vectors u = uxi + uyj + qu and v = vxi + vyj + sz in G3
is defined as

UV = UgUy + UyVy + U0, (5.16)

This is not the only such product for G3, but it is the usual one. It is called the standard
dot product or standard scalar product. In this section, we generalization the dot
product to define what are called inner products in general vector spaces. Because they are
defined differently in real, as opposed to complex, vector spaces, we consider these spaces
separately.

Real Inner Product Spaces

The notation that we use for the inner product of two vectors in more abstract vector spaces
is (u,v). Although parentheses also denote scalar components of vectors, no confusion can
arise since scalar components of vectors are scalars, and entries in the inner product are
vectors. To see how to define inner products, we note that in the new notation, the dot
product in G2 and G? satisfies the following three properties. For any vectors u, v, and w,
and any real scalars ¢; and cs:

(cru+ cav,w) = c1(u, w) + c2(v, w), (5.17a)
(wv) = (v,u), (5.17b)
(u,u) >0, and (u,u) =0 if, and only if, u= 0. (5.17¢)

The first property requires the inner product to be linear in its first argument. Due to the
requirement of symmetry in property 5.17b, the inner product must also be linear in its
second argument,

(w,c1v + cow) = c1(u,v) + c2(u, w).

It is these properties of the dot product that we use to define inner products in other
vector spaces.

If V is a real vector space, then an inner product on V is any real-valued function (u,v)
of pairs of vectors in V' that satisfies conditions 5.17. A vector space endowed with an inner
product is called an inner product space.

Obviously, G? and G2 are inner product spaces, as is R™ with the inner product
(%,¥) = T191 + Taya + - + TnYn. (5.18)

This is called the standard inner product for R™. Here are further examples of inner
product spaces.

Show that when u(x) = ug +u17 + uzr? and v(x) = vg + v12 +v22? are vectors in the space
Py (z) of real polynomials of degree less than or equal to two, the function

(u,v) = upuo + u1v1 + ugvy

is an inner product.

2

Solution If w(z) = wy + w1z + wex? is a third vector, then

(cru+ cov,w) = ((Cluo + caup) + (crur + cav1)x + (crug + cove)?, wo + wiz + ngz)
= (c1uo + c2vo)wo + (crur + cov1)wi + (crug + cava)wo
= c1(uowo + urwy + usws) + c2(vowo + vViwy + vaws)

= c1(u, w) + ca(v, w).
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This verifies property 5.17a. The remaining properties 5.17b,c can be verified in a similar
way.e

Show that when u(z) and v(z) are vectors in the space C°[a,b] of continuous functions on
the interval a < x < b, the function

is an inner product.

Solution If w(z) is a third vector, then

b

b b
(cru + cav, w) :/ (cru+ cv)wdx = cl/ uvdw—i—cz/ vwdz = ¢1(u,w) + ca(v,w).

a

This confirms property 5.17a. The remaining properties 5.17b,c can be verified in a similar
way.e

Complex Inner Product Spaces
Inner products on complex vector spaces are defined as follows.

An inner product on a complex vector space V is a complex-valued function (u,v) on
pairs of vectors in V' such that for any three vectors u, v, and w in V', and any two complex
scalars ¢; and co:

(cru+ cov,w) =¢1(u, w) + cz(v, w), (5.19a)
(W,cru+ cav) = c1(w,u) + ca2(w, V), (5.19b)
(u,v) = (v,u), (5.19¢)
(u,u) >0, and (u,u) =0 if, and only if, u= 0. (5.19d)

A complex space equipped with an inner product is called a complex inner product
space.

The overline on &7 denotes the complex conjugate of ¢;. We say that the inner product
is linear in its second argument, conjugate linear in its first argument, and conjugate sym-
metric. Although we have listed property 5.19b as a separate requirement for a complex
inner product, in actual fact, it is a consequence of properties 5.19a,c¢ (see Exercise 1).

Most mathematics texts replace properties 5.19a,b with
(cru+ cav,w) = c1(u, w) + ca(v, w), (5.20a)
(W,cru+ cov) = ¢1(w,u) + cz2(w, v). (5.20b)
The inner product becomes linear in its first argument and conjugate linear in the second.

Physicists use properties 5.19a,b. With either choice, the ensuing theory unfolds in much
the same way. We will continue with the choice of physicists.

Corresponding to standard inner product 5.18 in R"™, the standard inner product
for two vectors u = (u1, u2,...,u,) and v = (v1,v2,...,v,) in C™ is

(u,v) =urv1 +Ugv2 + - - + Upvy,. (5.21)
(For mathematicians requiring properties 5.20, definition 5.21 is replaced by
(W, v) = w17 + uglz + - - - + upoy.) (5.22)

What is the standard inner product of the vectors (14 2i, —3+44,4—3¢) and (4,2 —3¢,4+ 5i)
in C3?
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Solution Using equation 5.21,

(1426, —3+i,4 — 30), (4,2 — 3i,4 + 5i)) = (1 — 20)(i) + (=3 — i)(2 — 3i) + (4 + 3i)(4 + 5i) =
= —6 +40i.e

Orthogonal Vectors

In G3, the natural basis {I,j,l;} has a special property not shared by bases in spaces that
do not have an inner product. The vectors are mutually perpendicular and all have length
one. We know that the test for perpendicularity of vectors in this space is that their inner
(dot) product is zero. In the following definition, we extend the idea of perpendicularity to
all real and complex, inner product spaces, but give it a new name.

Definition 5.5 Two nonzero vectors u and v in an inner product space are said to be orthogonal if their
inner product is zero,

(u,v) =0. (5.23)

A set of nonzero vectors {vy, va, ..., vy, } is said to be orthogonal if every vector is orthogonal
to every other vector; that is, whenever j # k,

(vj,vi) =0. (5.24)

Orthogonal is the more general terminology for perpendicular in spaces where there is
no geometric interpretation of what it means for vectors to be perpendicular.

Example 5.11 Show that the vectors p;(z) = 1 — 2+ 322 and pa(z) = —1+ 22+ 22 are orthogonal in P ()
with respect to the inner product in Example 5.8.

Solution Since the inner product of the vectors is
(1 —x+32% —1 422 +22) = (1)(=1) + (=1)(2) + (3)(1) = 0,
the vectors are orthogonal.e

Example 5.12 The set of functions {sin w}, where n > 1 is an integer, are used in finding the Fourier

sine series for odd functions of period 2L. The reason for this is that the functions are
orthogonal on the interval 0 < x < L with respect to the inner product

L
(f(x),9(x)) —/0 f(z)g(x)dz.
Verify this.

Solution The inner product of two of the functions is

. nwx . muT L nmz | mmx
sin —, sin = sin —— sin ——dx
0

L L L L
L (n+ m)rx (n—m)rx
=/ |- d
/0 [ co8 T + T T
1 L (n+ m)rx L (n—m)rz "
=—-<— sin sin =0.0
2 (n+m)m L (n—m)m L 0

Example 5.13 Are the vectors (3 + 4,2 — 4i,5¢) and (2 + 2i,14,3) orthogonal with respect to the standard
inner product 5.21 on C3?

Solution Since the inner product of the vectors is

((8+14,2 —44,50), (24 2i,i,3)) = (3 —i)(2+ 2) + (2 + 4i) (i) + (—5i)(3) = 4 — 94,
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the vectors are not orthogonal.e

Example 5.14 Show that the vectors (1+ 14,3 — 2i,6) and (2 — 4,3+ 5i, —3¢) are orthogonal with respect to
the standard inner product 5.21 in C3.

Solution Since the inner product of the vectors is
((1+14,3—2i,6),(2— 1,3+ 5i,—3i)) = (1 —4)(2 — i) + (3 + 2i)(3 + 5i) + 6(—3i) = 0,
the vectors are orthogonal.e
According to the following theorem, orthogonal vectors are linearly independent.
Theorem 5.1 If a set of vectors in an inner product space is orthogonal, then the set is linearly independent.

Proof Suppose the set {vi,va,...,v,,} of vectors is orthogonal, and consider finding
constants ¢y, ..., cy, so that

c1vi +cave + -+ v, = 0.
If we take inner products of vectors on both sides of this equation with vi, we obtain
(Vi,c1v1 + cava + -+ - + ¢ Vi) = 0.
Because the inner product is linear in its second argument, we can write that
1 (Vi, vi) + ca(vi, va) + - + e (Vie, Vi) = 0.
Since the vectors are orthogonal, all inner products are zero, except the k' one,
ek (v, vi) = 0.

Property 5.17¢ (or 5.19d) implies that (vg,vyk) # 0. Hence, ¢, = 0, and this is true for
k=1,...,m. The vectors are therefore linearly independent.u

EXERCISES 5.3
1. Verify that properties 5.19a,c imply property 5.19b.
2. Verify that inner product 5.21 satisfies properties 5.19.

In Exercises 3—4 use the inner product of Example 5.9 to determine whether the functions are
orthogonal on the interval 0 <z < 1.

3. 1—z,2+ 3z 4. 3 —5x, 22 — 23
In Exercises 5—6 determine whether the pair of vectors is orthogonal with respect to the stan-
dard inner product in C2.

5. (2+4¢,3—24), (1,—1+2i) 6. (1—5i,1+14), (3+14,9—Ti)
In Exercises 7-8 determine whether the pair of vectors is orthogonal with respect to the stan-
dard inner product in C3.

7. (24+44,3—2i,14 24), (i,—1424,3) 8. (1-5i,1+14,4), (3+19—"7i,1)

9. Determine the value for the constant a so that the functions f(z) = 422 — 1 and g(z) = 1 + az are

orthogonal on the interval 1 < x < 2 with the inner product of Example 5.9.

10. Let u = (uy,...,u,) and v = (v1,...,v,) be vectors in R™. Verify that for any nonnegative constants
ai,...,a,, but not all zero,

n
(u,v) = Z a;u;v;
j=1



11.

12.

13.

14.

15.

16.

SECTION 5.3 181

is an inner product. Is there a reason for demanding that the constants not be negative?

Show that if w(z) > 0 is a continuous function on the interval ¢ < z < b, and not identically equal to
zero, then

b
/ w(a) f (2)g(x) dx

is an inner product on C°[a, b].

With the inner product of two functions f(x) and g(x)

2L
f(x)g(x) de,
0
show that the set of functions {1,COS nLix,sin nLix} (n > 1 an integer) is orthogonal. These are the

functions forming the basis for Fourier series of 2L-periodic functions.

nmwx
With the inner product of Example 5.12, show that the set of functions {1, cos %} (n > 1 an integer)
is orthogonal. These are the functions forming the basis for Fourier cosine series of even, 2L-periodic
functions.

(a) The n*™-degree Legendre polynomial is defined as

[n/2]
(=DFen -2k
ZOEDY okl (n — 2k)(n — k) f, n=20

k=0

)

where |n] is the floor (or greatest integer) function. Find the first four polynomials.
(b) Show that if the inner product of two functions f(x) and g(x) is defined as

/ 11 f(2)g(w) d,

the four polynomials in part (a) are orthogonal.

(¢) All Legendre polynomials are in fact orthogonal on the interval —1 < z < 1. Find a set of functions
that are orthogonal on the interval a < x < b with respect to the same inner product, but with limits
of integration being a and b.

(a) The n*t-degree Hermite polynomial is defined as
dn
hn(x) = (—1)n€zzdw—n€7IQ, n Z 0.

Find the first four polynomials.
(b) Show that if the inner product of two functions f(x) and g(x) is defined as

| e i@,

the four polynomials in part (a) are orthogonal.
(a) The n*®-degree Chebyshev polynomial is defined by the recursive formula
To(x) =1, Ti(z)=2z, Thi1(z)=22T,(x)— Th-1(x), n>1.

Find T(z) and T5(x).
(b) Show that if the inner product of two functions f(x) and g(x) is defined as

[ L),
V=2



182

SECTION 5.3

the four polynomials in part (a) are orthogonal.

17. The trace of a real, square matrix A = (a;;j)nxn is defined to be the sum of its diagonal entries,

18.

19.

20.

21.

Trace(A) = Z @i
i=1

(a) Show that the function
(A, B) = Trace(AT B)

is an inner product on M, ,(R).
(b) Is the natural basis for M3 2(R) orthogonal with respect to this inner product?

(c) Find all matrices in M3 2(R) orthogonal to <_51 _83)

If p(x) and ¢(z) are polynomials in the space P,(z), is the function

an inner product?
If A= (aij)mxn and B = (bi;j)mxn are matrices in the space M, ,(R), is the function

n m

(A,B) =" aijbi;

i=1 j=1
an inner product?
In the space P»(z) of complex polynomials of degree less than or equal to two, is the function

(ap + a1z + a22”, by + b1z + ba2”) = Agby + @by + Azba,

an inner product?

Show that if u and w are vectors in a finite-dimensional, inner product space and (u,v) = (w,v) for
every vector v in the space, then u = w.

Answers

3.No 4.Yes 5.No 6.Yes 7.Yes 8 No 9.-50/81

322 —1 5a3 — 3x 2x b+a
4.(a) po(2) =1, pi(2) =2, p2(r) = —5—, ps(@)=—5— ()pn (b— a b— a>
15.(0) 1,20, 407 - 2,800~ 120 16.0)26° 14— 30 17 Yes (o (P70 D)

18. Yes 19. Yes 20. Yes
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85.4 Normed and Metric Spaces from Inner Product Spaces

Theorem 5.2

We have seen that G2 and G2 are inner product spaces, normed spaces, and metric spaces.
The reason for this is that in these spaces, the inner product is used to define a norm, and the
norm is then used to define a metric. But this is not peculiar to these spaces. In any inner
product space, the inner product induces a norm and a metric, so that any inner product
space can be turned into a normed space and a metric space. To be precise, suppose that
V' is an inner product space, and we define

vl =V (v, v). (5.25)

Ideally, we should prove that this definition of a norm satisfies properties 5.3. Properties
5.3a,b are obvious, but verification of triangle property 5.3c requires the Cauchy-Schwarz
inequality contained in the following theorem.

Cauchy-Schwarz Inequality If u and v are vectors in an inner product space V', then
(0, v)[* < (u,u)(v,v), (5.26a)

or, when a norm is defined by equation 5.25,
[(w, V)| < [[uf][v]l. (5.26b)

Equality holds when u = 0, or v = 0, or u and v are linearly dependent. Vertical bars on
the left are absolute values when V' is a real space, and moduli when V is complex.

Proof The result is obviously valid if either u = 0 or v = 0 since both sides of the
inequality are equal to 0. When u and v are linearly dependent, then v = cu, where c is a
nonzero constant. In this case,

[(u,v)? = [(u, cu)” = |e(u, u)]* = |¢? |(u, u)[*.
But,
(v,v) = (cu,cu) = |¢|*(u,u),
and therefore
|(u, v)]* = (u,u)(v, V).

Consider now the case when neither u nor v is the zero vector, and they are not linearly
dependent. We verify the inequality when V' is a real space. For every scalar ¢, the vector
u -+ tv is nonzero, and therefore

0< (u+tv,u+tv)
(u,tv) + (tv,u) + (tv,tv)
t(u,v) +t(v,u) + t*(v,v)

(u
= (u,
= (u,u) +
= (u,u) + 2t(u,v) + t3(v,v).

t
u) +
7)
7)

Because this quadratic expression in ¢ is always positive, it follows that the discriminant
must be negative; that is,

0 > 4t*(u,v)? — 4% (u,u) (v, v) = 4t*[(u, v)? — (u,u)(v,v)].
Hence,
(0, v)? < (w,u)(v,v)a

We can now verify that norm 5.25 induced by the inner product does indeed satisfy the
triangle inequality.
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lu+v|]?=(u+v,u+v) (by equation 5.25)
= (u,u) + (u,v) + (v,u) + (v,v) (by properties 5.17a,b)
= [u|* +2(u,v) + ||v|]? (by property 5.17c)
< [ + 2[[al||v]| + [[v]? (by the Cauchy-Schwarz inequality 5.26b)

= (l[ull + [IvI)*.

The triangle inequality results when we take positive square roots of this equality. Thus,
equation 5.25 does indeed turn an inner product space into a normed space. A metric on V
is

d(u,v) = |Jlu—v|. (5.27)
This turns V' into a metric space. (You should prove that this definition of a metric satisfies
properties 5.13.) In most instances, we continue to call V an inner product space, rather than
a normed space or a metric space. We do this because most of our discussions depend on a
vector space having an inner product as well as norms (and perhaps metrics), and normed
spaces (and metric spaces ) need not have inner products. Throughout the remainder of

these notes, we assume that in an inner product space, norms and metrics are those induced
by the inner product.

Prove that

b
1/ ()] = / [ ()]2da

defines a norm on the space of functions C°a, b].

Solution Properties 5.3a,b are straightforward. But to verify the triangle inequality 5.3¢c
directly is not easy. Instead, consider showing that

b
(f(2). g(x)) = / f(2)g(x) da

is an inner product on C°[a, b]. It is not difficult to show that it satisfies properties 5.17, so
that it is indeed an inner product. But the inner product induces the norm

b
@) =/ (F@), f(@) =4/ / ()] da

on the space, and this is what was to be proved.e

Here is a very simple example of using the Cauchy-Schwarz inequality in a problem that
can be solved with multi-variable calculus, but with much more difficulty.

Find the largest and smallest values of the function f(x,y,2) = 4z — 5y + 2z on the sphere
2?2+ + 22 =1.

Solution If we apply the Cauchy-Schwarz inequality to the vectors (x,y, z) and (4 —5,2)
in 93, we obtain

|(<47_572>a <I,y,2>)| S ||<47_572>|| H(x,y,z}”,

or,

|4z — 5y + 22| < V16 + 25 + 4y/22 + y2 + 22 = 3V/5.
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Hence —3v/5 < 4z — 5y + 2z < 3v/5. Maximum and minimum values are attained when
vectors (z,y,z) and (4,—5,2) are linearly dependent; that is when the vector from the
origin to the point (z,y, z) on the sphere is parallel to (4, —5,2). This occurs at the points

(£4/(3V5),¥5/(3v5), £2/(3V5)).e

Equation 5.25 expresses the norm of a vector in terms of the inner product of the vector
with itself. The following result expresses the inner product of two vectors in terms of the
norms of the vectors.

If v and w are vectors in an inner product space, then
1
(v, w) = 5[lIv+wl = [Iv]* = [Iw]*]. (5.28)
Proof

v+ w|* = [v]* = w]* =

Orthonormal Vectors

In G3, the natural basis {I,j,l;} has a special property not shared by bases in spaces that
do not have an inner product. The vectors are mutually perpendicular and all have length
one. In Section 5.3, we generalized the concept of perpendicularity to orthogonality. Two
vectors u and v in an inner product space are orthogonal if their inner product vanishes,
(u,v) = 0. In the following definition, we introduce the adjective to describe orthogonal
vectors that also have length one.

A set of nonzero vectors {vy,va,..., Vv, } in an inner product space is said to be orthonor-
mal if every vector is orthogonal to every other vector, and each vector has unit norm. This
is represented algebraically by

(Vj, Vi) = Ojk. (5.29)
The symbol ;1 is called the Kronecker delta; it has value zero when j # &, and value 1
when j = k.

Given an orthogonal set of vectors {vi,va,..., vy}, it is easy to construct an orthonor-
mal set, simply divide each vector by its norm; that is, replace v; with

Vi
/\‘ J
Vi

(5.30)

sl
We say that we have normalized the vectors.

In Example 5.11 of Section 5.3, we showed that the vectors pi(z) = 1 — z + 32% and
pa2(x) = —1+4 22 + 22 are orthogonal in P(x) with respect to the inner product in Example
5.8. Normalize the vectors.

Solution Since squares of the norms of the polynomials are

[MT—z+3222 =12+ (-1)2+3)?=11 and || —-1+2z+22>=(-1)2+2)>2+(1)?°=

normalized vectors are

1
(1—2+4+3%) and —=(—1+2z+27%).e
V6

| —
—

In Example 5.12 of Section 5.3, we showed that the set of functions {sin n—zx}, wheren > 1

is an integer, are orthogonal on the interval 0 < x < L with respect to the inner product

6,
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L
Umxmm>_A F@)g(x) de.

Normalize the functions.

Solution The square of the norm of the n*® function is

sinn—sz :/0 sin2?dx:/0 §<1—c0s n;x)da:

1 L . 2 r
:—{x——sin mrx} =1L.
0

2nm L

EXERCISES 5.4

. With the inner product of Example 5.18, show that the set of functions {1, cos R—ZI} (n > 1 an integer)

is orthogonal. These are the functions forming the basis for Fourier cosine series of even, 2L-periodic
functions. Normalize the functions.

. In Exercise 14 in Section 5.3, the first four Legendre polynomials were shown to be orthogonal. Normalize

the functions.

. In Exercise 15 in Section 5.3, the first four Hermite polynomials were shown to be orthogonal. Normalize

the functions. You will need the fact that

/ e~ dr = /7.

— 00

. In Exercise 16 in Section 5.3, the first four Chebyshev polynomials were shown to be orthogonal. Nor-

malize the functions.

. Find largest and smallest values for the function f(x,vy,2) = 32+ 10y — 22 on the sphere x? +y? + 2% = 5.

. Find largest and smallest values for the function f(x,vy,2) = 3z + 2y — 52z on the surface 2 — 2z + y? +

4y 4+ 22— 102+ 24 =0.

. Find largest and smallest values for the function f(z,y, z) = 2x—y+5z on the ellipsoid 322 +4y%+72% = 4.

. In &3, the parallelogram law states that

I + u = v][? < 2lfulf? + 2[[v]2.
Verify that it is valid for norms in any inner product space (although it loses its geometric interpretation).
(a) Verify that when v and w are vectors in a real, inner product space, then
v+ wlf* = [Iv]]* + 2(v, w) + [|w]*.
(b) Is this is valid in a complex, inner product space? If not, what is its replacement?
Verify that when v and w are orthogonal vectors in an inner product space, then
v+ wl* = [[v]* + [[w]*.
In £2 and &3, the angle 6 between two vectors v; and v is defined by

Vi1 Vg

cosf) = ————.
[val[[vall
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We can do the same thing in any real inner product space, although there is no geometric visualization
of the angle. We simply replace the dot product with the inner product

(vi,v2)

cosf) = —————.
[val[[vall

This only makes sense if the right side is between +1. How can we be sure that this is true?

Use the Cauchy-Schwarz inequality to prove that for any n real numbers rq,...,r,,
(ri+ra+ - +r)? <n(r+---+72).
(a) Show that for any three real numbers r1, 79, and 73,

172 + ror3 + 1r3ry < T% + r% + 7“32).
(b) Show that the result in part (a) is not always true for more than three numbers.
A metric on a vector space is said to be translation invariant if it satisfies
dlu+w,v+w)=d(u,v).
Verify that when a metric is induced by a norm, then this property is always satisfied.
Show that when V is a normed linear space, then

d(u V) ||u_VH
14 |Ju—v]|

is a metric. With this metric, all distances are less than one.

Answers

1 { 1 1 nmw 1 . m‘r:z} 1 3z \/5(3 2 _q) N

.y —F—, —F—=C0S —— —, — -1), —=
V2L VL L \/_ V2 2v/2
1 V2 222—-1 2% -3z 1 2 \/5 ) \/5 5

3. — 202 — 1), y/ = (42> — 3
ql/4 g1/4° \/§7T1/4’ \/3rl/4 \/E’ Wx, ﬁ( (4o @),

5. +£665 6. —26+2v57 7. £1/433/21  9.(b) |[v+w|? = ||v]? + (v, W) + (W, V) + [|w]?

11. The Cauchy-Schwarz inequality guarantees it.

N

(52° — 3x)
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§5.5 Orthogonal Complements and Orthogonal Components of Vectors

Definition 5.7

Theorem 5.4

Example 5.19

Theorem 5.5

Example 5.20

In Section 1.7, we learned how to take vector components along subspaces of a vector space
when the space is the direct sum of two subspaces. In this section, we specialize this
operation to the situation where every vector in one subspace is orthogonal to every vector
in the other subspace.

Orthogonal Complements

The following definition describes what it means for one subspace of a vector space to be
the orthogonal complement of another subspace.

Let W be a subspace in an inner product space V. The orthogonal complement of W,
denoted by W, is the set of vectors in V that are orthogonal to every vector in W.

According to the following theorem, W+ is a subspace of V.

The orthogonal complement W+ of a subspace W in an inner product space V is a subspace
of V.

Proof Suppose that u and v are any two vectors in W+, and a is a scalar. If w is any
vector in W, then

(w,u+v)=(w,u) + (w,v) =0, (w,au) = a(w,u) = 0.

This shows that u+ v and au are both in W+; that is, W= is closed under vector addition
and scalar multiplication, and must be a subspace of V.1

In G3, the orthogonal complement of the subspace of vectors along the z-axis is all
vectors in the yz-plane. The orthogonal complement of vectors (x1,—z1,x3) in £ are
vectors of the form (ws,w,0). This is obvious once you see it; try deriving it.

Let W be the subspace of a 4-dimensional inner product space spanned by the vectors
u=(1,1,1,1) and v = (1,2, 3,4). Find a basis for W=.

Solution We need two vectors orthogonal to u and v, because, if a vector is orthogonal to
these vectors, it is orthogonal to every linear combination of them. If (a, b, ¢, d) is orthogonal
to u and v, then

0= ((a,b,c,d),(l,l,l,l)) =a+b+c+d, 0= ((a,b,c,d),(1,2,3,4)) =a+ 2b+ 3¢+ 4d.

These can be solved for a and b in terms of ¢ and d, a = ¢+ 2d, b = —2c¢ — 3d. If we set
¢ =0 and d = 1, we obtain the vector (2,—3,0,1), and if we set ¢ =1 and d = 0, we get
(1,—2,1,0). These two vectors are a basis for W.e

The following result provides a superior way to find orthogonal complements.
The orthogonal complement of the row space of a matrix is the null space of the matrix.

Proof Let A be an m x n matrix. A vector v is in the orthogonal complement of the row
space of the matrix if the (standard) inner product of v with every row of A is zero. But
the product Av of matrices yields the m inner products of v with the rows of A. Hence, v
is orthogonal to every row of A if Av = 0; that is, v is in the null space of the matrix.m

What this means is that to find the orthogonal complement of a subspace W of a vector
space, find the null space of a matrix whose rows are a basis for W.

Find a basis for the orthogonal complement of the subspace W in Example 5.19.

Solution The reduced row echelon form for the matrix
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11 1 1 i 1 0 -1 -2
1 2 3 4 01 2 3 )
Components (21,22, x3,24) of vectors in the null space satisfy

T1 = 3 + 224, To = —2x3 — 314.

Vectors in W+ are therefore of the form

I3 —|— 2{E4 1 2
—21:3 — 3$4 o -2 -3
23 BT B

Ty 0 1

In other words, W+ is spanned by the vectors (1,—2,1,0) and (2,—3,0,1).e

Since a subspace W and its orthogonal complement W+ have only the zero vector in
common, it seems reasonable to expect that a vector space can be thought of as the direct
sum W @ W+, According to the corollary to Theorem 1.18 in Section 1.7, this will be the
case if we can show that every vector in the space can be expressed as the sum of a vector
from W and a vector from W+. The following discussion provides us with the tool to do
this.

Orthogonal Components of Vectors

In Section 1.7, we defined subspace components of vectors. A special case of this is when
the subspaces are orthogonal complements. The present discussion shows how to take what
are called orthogonal components of a vector. We begin with the familiar space G2.

Suppose that w is a fixed vector in G2, and v is any other vector in the space (Figure
5.1). Geometrically, we can decompose v into a vector along w and a vector u perpendicular
to w by dropping a perpendicular from the tip of v to w, extended if necessary. Vector v
is then the sum of u and a scalar multiple of Aw of w.

y y
Vo u Vau
w w
Aw Orthogonal component of v along w
g or, Orthogonal projection of v onto w
X X
Figure 5.1 Figure 5.2

If w denotes a unit vector in the direction of w, then the length of this scalar multiple is

IAw]| = [|v] cos 8 = |[v]|[|W||cosd = W - v = ¥
[[wl
To be specific, then,
W -V W -V
— W= —  w. 5.31
VER R T e (5:31)

What we have done is express every vector v in G2 as the sum of two vectors

WV
v=u+r, where 1= -—=w. (5.32)

[wl
Vector r is in the subspace W of vectors along w, and u is in the subspace W+ of vectors
perpendicular to W. This shows that G2 is the direct sum W@ W, and in the terminology of
Section 1.7, vector r is the vector component of v along the subspace W as determined by the
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subspace W, We shorten this description and call W the orthogonal component

of v along w (or the subspace spanned by w). It is also called the orthogonal projection
of v onto w (Figure 5.2), denoted by

WV
[[wil?

Oproj,v w. (5.33)

The following theorem indicates that we can do the same thing in any inner product
space, real or complex.

If w is a fixed vector in an inner product space V', and v is any other vector in the space,
then v can expressed in the form

v=u+r, (5.34a)
where u is orthogonal to w, and r is the orthogonal component of v along w,

r= (W’V)W. (5.34b)

[[wi|>

Proof Since r is uniquely defined by equation 5.34b, all that we need show is that the
vector u defined by equation 5.34a is orthogonal to w. If we solve for u and take inner
products with w, we get

(w,u) = (Wa"— (W’V)W) = (w,v) - 3w, w) (w,v) = (w,v) =0.

[[wil?

This implies that u is orthogonal to w.x

It is worthwhile noticing that had we taken the vectors w and u in the reverse order in
the proof, the calculation would have gone as follows:

ww) = (v Pl ) = (vow (v.w) ~ (v.w) =0

Two points need to be stressed about this result:

. Space V need not be 2-dimensional. When V has dimension n > 2, vector u is in the

(n — 1)-dimensional subspace W=, where W is the subspace of multiples of w.

. When the vector space is real, the order of v and w in the inner product defining the

orthogonal component r is immaterial. When the space is complex, however, it is crucial
that the order specified be maintained. Suppose for instance that we wrote the inner product
in the reverse order, and attempt to show that u as defined by equation 5.34 is orthogonal
to w as in Theorem 5.6,

= wv—(v’w)w =(w,v —7(V’W)(W’W) =(w,v) — (v,w
(W,U.)—( ’ HWH2 ) ( ’ ) ( ) ) (7 )

In a complex space, the inner product is not symmetric, so that this does not vanish, and
the vectors are not orthogonal.

Theorem 5.6 shows that a vector v can always be expressed as the sum of a vector along
a given vector w and a vector orthogonal to w. We now generalize this result to show that
vector w can be replaced by a set of orthogonal vectors.

If {wy, wa,..., W, } is a set of orthogonal vectors in an inner product space V, and v is any
vector in the space, then v can be expressed in the form

v=u+r, (5.35a)
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where u is orthogonal to every vector in the subspace spanned by the w;, and r is the sum
of the orthogonal components of v along the w;; that is,

m Wj,
Z HWJHQ (5.35b)

j=1

Proof Since r is uniquely defined by equation 5.35b, all that we need show is that the
vector u defined by equation 5.35a is orthogonal to each of the w;. If we solve for u and
take inner products with wg, we get

m

(Wk,u): Wk,V—Zi(Wjjv)Wj Wk, Z Wj’ WI;’WJ).
- o wil

Since the w; are orthogonal, (wy, w;) equals zero whenever j # k. Hence,

(Wi, V) (Wi, Wi)

= (wg,Vv) — (Wg,v) =0.
INAR

(kau) = (kav) -

Thus, u is orthogonal to each of the w;.n

Since r is a linear combination of the vectors in the set {w1, wa, ..., W, }, it is therefore
a vector in the subspace W spanned by the w;. Vector u being orthogonal to each of the
w; is in W, This verifies that V = W & W, Vector r is the vector component of v along
W as determined by W+. We call it the orthogonal component of v along the subspace
W spanned by the w;, or, the orthogonal projection of v onto subspace W,

(ij V)

OProjyyv =Y (5.36)
Jj=

w2

In &2, find the orthogonal component of (4, —1) along (2, 3).

Solution The orthogonal component of (4,—1) along (2, 3) is

(2:3), 4, -1) 5
13 ~ @3

If all three vectors u = (1,2,5), v = (—=2,1,4), and w = (1,-2,1) are in &3, find the
orthogonal component of u along the subspace spanned by v and w.

Solution Since v and w are orthogonal, the orthogonal component is

((—=2,1,4),(1,2,5)) ((1,-2,1),(1,2,5)) 20 1
51 (—=2,1,4) + G (1,-2,1) = 21( 2,1,4) + 3( ,—2,1)
= 21( 33,16,87).e

The Need for Orthogonal Bases

In Chapter 4, we demonstrated the value of eigenvalue bases in a number of applications.
There are advantages to using orthogonal bases for inner product spaces, or even better,
orthonormal bases. We demonstrate with three situations.

Scalar Components of Vectors in Inner Product Spaces

If v = v,i+ vyj + v.j is a vector in &3, its (scalar) components can be obtained from
inner products of the vector with the basis vectors,

Ve =V -i=(v,i), vy:v-j:(v,j), v, =v-k=(v,k). (5.37)
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The vectors by = 35, by = —2j, and by = 4k also form a basis for &3: it is orthogonal,
but not orthonormal. To obtain formulas for the components of a vector v.= v1by + vobs +
vsbs, we can once again take dot products of v with the basis vectors. When we do so with
b, we obtain

v-b
V'blz’l)l(bl'bl):’ule1”2 —— ’Ulzm.
When we write this with inner product notation, and include results for v, and vs, we obtain
(val) (VabQ) (Vab3)
V1 = y Vg = 5 . (538)
by [ [Ib2|? [[bs]|>

These equations are more complicated than 5.37 due to the fact that the basis {b1, bs, b3}
is orthogonal, but not orthonormal.

X lA\TowA consider the basis consisting of the vectors d; = 3i— 25, ds; = i— 21A<, and d3 =
i —2j + k. These vectors are not orthogonal and they do not have length one. If we take
dot products of a vector v = v1d; + vads + vod3 with the basis vectors, we obtain

v-dy = ’Ul(dl -dy) +’U2(d1 -da) +U3(d1 -ds),
v-dy = v (dg -dl) + ’Ug(dg . dg) + Ug(dz . d3), (5.39)
V- d3 = Ul(dg . dl) +1)2(d3 . dg) —I—’Ug(dg . dg)

We have a system of three equations to solve for the components of v. These are definitely
more complicated than equations 5.37 and 5.38.

What we have just seen in £2 occurs in every finite-dimensional inner product space V.
If {by,bs,...,b,} is an orthonormal basis for the space, and v = (v1,va,...,v,) are the
components of any vector, with respect to this basis, then

If {dy,ds,...,d,} is only an orthogonal basis, then

(v,d;) = vi(d;,d;) E v; = (((;’;,(f‘i:)) = (|V(i:;|112) (5.41)

If the basis is not orthogonal, then taking inner products of the vector with the basis vectors
yields a system of n equations in the n components of the vector.

Linear Operators on Inner Product Spaces

When L is a linear operator on an n-dimensional space V', its associated matrix, relative
to some basis {by, ba,...,b,} has columns that are images of the b; under L. When V is
an inner product space, and the basis is orthonormal, we can give a formula for the entries
of the matrix. We can demonstrate this with an operator on G2 such as

vi = 3vy — 2ug + 4ws,

L: vy=—v+vg,
vy = 2v1 — 20 + 3vs.

Because no mention of basis has been made, we assume that these are natural components
of v and v'. The matrix associated with the operator is

3 -2 4
A=]1-1 1 0
2 -2 3

The first column is the image of i under L; that is
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-1 | = L().
2

Inner products of this vector with the basis vectors are the components of the vector,

(i) =3  GIO)--2 (kL) -1

This is not a peculiarity of the first column; it is also valid for the second and third columns.
In other words, the (i,5)™ entry of A is the inner product of the i*" basis vector with the
image of the j*® basis vector. That this result is valid for any linear operator on any finite-
dimensional inner product vector space (provided an orthonormal basis of the space is used
to find the matrix associated with the operator) is proved in the next theorem.

The (i, j)*® entry of the matrix A associated with a linear operator L on an n-dimensional,
inner product space V' with orthonormal basis {b1,ba,...,b,} is

Qi = (bl,L(b])) (542)

Proof The j'" column of A is the image L(b;) of the j'!' basis vector b;. But according
to equation 5.40, the i*® component of this vector is (bi, L(bj)) a

The Matrix Associated With Inner Products

The action of a linear transformation between finite-dimensional vector spaces can be ac-
complished with the matrix associated with the transformation. The same can be done with
inner products; that is, we can associate matrices with inner products on finite-dimensional
vector spaces so that taking the inner product reduces to matrix multiplication. This is
very simple when the basis is orthonormal, not quite so simple when the basis is orthogonal,
and not at all simple when the basis is not orthogonal. We demonstrate with some simple

examples The inner product of two vectors u = ugi + u,j + uk and v = v,i + Uy + v,k
in £3 i

(W, V) = UgUy + UyVy + ULV,

We can use matrices to write this in the form

" 10 0\ /v
(u,v) = (ug, uy,uz) | vy | = (ug,uy,uz) [ 0 1 0 vy | . (5.43)
Uy 0 0 1 v,

The 3 x 3 identity matrix I3 is called the matrix of the inner product associated with
the natural basis. In £", the matrix associated with the natural basis is the n x n identity
I,,. This is not a peculiarity of natural bases. The following theorem shows that I, is the
matrix associated with any orthonormal basis in a real vector space.

Let V be a real, n-dimensional inner product space with orthonormal basis {by,ba,...,b,}.
If the components of two vectors with respect to this basis are u = (u1,us,...,u,) and
v = (v1,v2,...,0,), then their inner product is

v) = Zuﬂ)Z (5.44)

Proof Using the fact that an inner product is linear in its arguments, we can write that
n n
S PO SR I o) prAinee
j=1 i=1 j=1

Since the basis is orthonormal, (b;,b;) = ¢;;, and therefore
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n
(u,v) = Z w;v;
i=1

Because we can write equation 5.9 in the form
U1

V2

(w,v) = (ug,ug, ..., un)ln | . |, (5.45)
Up,

the matrix associated with the orthonormal basis is I,,.

Analogous to Theorem 5.9 for real inner product spaces, we have the following theorem
for complex inner product spaces.

If u=(uy,ug,...,u,) and v = (v1, 09, ...,v,) are components of vectors with respect to an
orthonormal basis {by,bs,...,b,} in a complex, n-dimensional inner product space, their
inner product is

(u,v) = Zu_jvj. (5.46)

Proof Using properties 5.19 for the inner product, we can write that
n n n n
) = (S Yot = 3 o b,

j=1 —

k=1 j=1k=1

Since the basis is orthonormal, (b;, by) = d;%, and therefore
n
(u,v) = Zu_jvj a
j=1

This shows that the matrix associated with an orthonormal basis is once again the
identity,

U1
U2

(w,v) = (U1, g,..., )l | . |- (5.47)
Un,

The vectors by = 31, by = —25, and bg = 4k also form a basis for &3; the vectors are

orthogonal, but not orthonormal. The inner product of two vectors u = u1b; +usbs + usbs
and v = v1b; + vebg + v3bg is
(u, V) = (u1b1 —+ u2b2 —+ U3b3, ’Ulbl —+ UQbQ + ’Ugbg)
= Uui1v1 (bl, bl) + ulvg(bl, bz) + ul’Ug(bl, bg)
+ usvq (bg, bl) + ugv9 (bg, b2) + ugvs3 (bg, b3)
+ ugvy (bg, bl) + u3vs (bg, b2) + usvs (bg, b3)
= Yuqv1 + 4usve + 16ugvs.

We can write this in matrix form as

9 0 O v
(u,v) = (u1,u2,u3) { 0 4 0 Vg
00 16/ \vs
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The 3 x 3 diagonal matrix is the matrix associated with the orthogonal basis.

~ Now consider the basis consisting of the vectors d; = 3i— 25, dy = i— 21A<, and ds =
i — 2j + k. These vectors are not orthogonal and they do not have length one. The inner
product of two vectors u = u1d; + uods + uzds and v = v1dy + vodo + v3d3 is

(u,v) = (u1d; + uads + uzds, v1d; + vada + v3ds)
= wujv1(dy,dy) + urve(dy, d2) + uyvs(dy, ds)
+ ugvy(da, d1) + ugva(da, da) + ugvs(da, ds)
+ uzvy(ds, d1) + usva(ds, da) + usvs(ds, ds)
= u1(13v1 + 3vg + Tvz) + u2(3v1 + Hvg — v3) + uz(Tvy — vy + 6v3).

This could be simplified further, but by leaving it in this form, we can write it in matrix
form

13 3 7 vy
(u,v) = (ug,u2,u3) | 3 5 -1 Vg
7 -1 6 V3

This time the matrix is not diagonal, but in all cases, the matrix is symmetric. When the
basis is orthogonal, the matrix is diagonal; and when the basis is orthonormal, the matrix
is the identity. If we denote the matrix by G, then its (i, 7)™ entry is the inner product of
the i*® and j*" basis vectors. If they are denoted by b; and bj, then

G = ((bi,b;)). (5.48)

These discussions have shown three advantages in using an orthogonal basis for an inner
product space, or even better, an orthonormal one. In Section 5.6, we give a systematic
procedure on how to develop an orthonormal basis from any given basis. The procedure is
not, always necessary however, and as we shall see, it does not always lead to the simplest
orthonormal basis.

Find an orthonormal basis for G2 if it must contain the vector (1, —2,3)/v/14.

Solution We need two orthogonal vectors that are also orthogonal to (1,—2,3); they can
always be normalized later. Let two such vectors be (a,b,c) and (d,e, f). Orthogonality
requires

a—2b+3c=0, d—2e+4+3f=0, ad+be+cf = 0.

We have three equations, two linear and one nonlinear, in six unknowns. This would seem
to give plenty of freedom to make other demands. Suppose for instance that we demand
that b =1, ¢c =0 and e = 1. The equations then reduce to
1 5
a—2=0, d—2+43f=0, ad+1=0 = a=2, d:_E’ fZE.
Thus, the vectors (2,1,0) and (—1/2,1,5/6) are orthogonal to each other, and both are
orthogonal to (1,—2,3). An orthonormal basis for G that contains (1,-2,3)/v/14 is
(1,-2,3) (2,1,0) (-3,6,5)
) ) .0
V14 V5 V70

EXERCISES 5.5

1. Find scalar components of the polynomial 3 + 2z + 1, as a vector in P3(z), with respect to the basis of
polynomials in part (a) of Exercise 14 in Section 5.3.
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. Find scalar components of the polynomial 2 + 222 + 1, as a vector in P3(x), with respect to the basis of

polynomials in part (a) of Exercise 16 in Section 5.3.

. Find scalar components of the polynomial 23 + 222 — z, as a vector in Ps(x), with respect to the basis of

polynomials in part (a) of Exercise 15 in Section 5.3.

. Find an orthonormal basis for G3 that contains vectors of unit length in the directions of the vectors

(3,5,1) and (2, —2,4).

. If W is the subspace of £° spanned by the vectors (1,-3,5,0,5), (—1,1,2,—2,3), and (0,—1,4,—1,5),

find a basis for W+.

In Exercises 6—8 find the orthogonal component of vector v along the subspace spanned by w.
All vectors are in £" for an appropriate value of n.

6.
7.
8.
9.
10.

11.

v=1(2,1);w=(4,-3)

v=(-1,2,5);w=(32,-1)

v=(3,-214);w=(4,5,6,7)

Find the orthogonal component of the vector (3,2 — 4) along the line 224+ y — 2z =0, 3 — 2y + z = 0.

Find the orthogonal component of the vector (1,—2,4) in R? along the subspace spanned by the vectors
(3,—-1,4) and (1,—1,-1).

Find the orthogonal component of the vector (2 — i, 1+ i) along the subspace of C? spanned by the vector
(3 —2i,1— 44).

Answers

1. (1,13/5,0,2/5) 2. (2,3/4,1,1/4) 3. (1,1/4,1/2,1/8)

4. (3,5,1)/v/35, (1,—1,2)/V6, (11,-5,-8)//210 5. (3,1,0,—1,0), (4,3,2,0,—1)
6. (4/5,-3/5) 7. (—=6/7,-4/7,2/7) 8. (8/7,10/7,12/7,14/7)

9. (—9/122,-24/122,—21/122) 10. (163/78, —37/78,278/78)

11. (1/30)(27 + 8i,29 — 14i)
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§5.6 Gram-Schmidt Process

In Section 5.5 we saw advantages in using orthonormal bases for inner product spaces. It is
straightforward to convert an orthogonal basis into an orthonormal basis, divide each vector
by its norm. Theorems 5.6 and 5.7 provide a way to develop an orthonormal basis from a
basis that is not orthogonal. It is called the Gram-Schmidt process.

The Gram-Schmidt Process

We illustrate the process geometrically in £3, and then develop it in an arbitrary inner
product space. Suppose that we have a basis {vi, v, v3} for £2 that we wish to convert
into an orthonormal basis. First we find an orthogonal basis; it can always be normalized
later to produce an orthonormal basis. Take w; = v; as the first vector in an orthogonal
basis. We use vy to find a vector wy orthogonal to wy. With equation 5.34b, we remove
the orthogonal component of vo along wi,

W9 = Vg —

(see Figure 5.3). Now, we use v3 to find a vector ws orthogonal to wy and ws. With
equation 5.35b, we remove the component of v along the subspace spanned by w; and wa,

Wi = v (vvl,V3)W1 B (W2’V3)wQ,

(see Figure 5.4). The three vectors wi, wa, and ws constitute an orthogonal basis. An
orthonormal basis can be obtained by normalizing these vectors.

W2
W=V, W=V,

Orthogonal projection
of Vv, onto w;
Orthogonal projection of V3

onto plane spanned by w; and Wy

P

Orthogonal projection
of v, onto w;

Figure 5.3 Figure 5.4

We do not normally use the Gram-Schmidt process to find an orthonormal basis for an
inner product space (as was done above); there are easier ways. It is useful when we require
an orthonormal basis of a subspace of an inner product space that is spanned by a given
set of vectors that are not orthogonal. Suppose then, that {vi,va,...,v;,} is a basis for an
m-dimensional subspace of an n-dimensional inner product space V', where n > m. From
this basis, we will construct an orthogonal basis for the subspace. It is then a simple matter
of rescaling to obtain an orthonormal basis.

Step 1 Take w; = vy as the first vector in the orthogonal basis.

Step 2  To obtain the second vector in the orthogonal basis, subtract from vy its orthogonal
component along wy (or vq). If we call the resulting vector wa, and use equation 5.34b to
find the orthogonal component, we obtain

(w1, v2)

W9 = Vg — Wi.

This vector is orthogonal to wi. To confirm this, we note that

(w1, v2) 1) = (w1,Vva) — M(Wl’wl) =0

Wi, Wo) = | W1,Vy —
( 1, 2) ( 1, V2 HW1H2
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Step 3 To obtain the third vector in the orthogonal basis, subtract from vj its orthogonal
component along the subspace spanned by wi and wy. If we call the resulting vector ws,
and use 5.35b to find the orthogonal component, we get

wy=va - ¢

This vector is orthogonal to w; and ws. We can confirm orthogonality to w; as follows:

Wi,V Wa,V
(Wi, w3) = (W17V3 - (|vlv’1”2) 1— (||;;|§)W2>
_ (le V3) (WQ, V3)
= (w1, v3) — W(lewl) - W(thz)

= (w1,v3) — (w1,v3) = 0.

A similar calculation confirms orthogonality to wa.

Step 4 To obtain the fourth vector in the orthogonal basis, subtract from v, its orthogonal
component along the subspace spanned by wi, wo, and ws. If we call the resulting vector
wy, and once again use 5.35b for the orthogonal component, we obtain

(le V4) (WQ, V4) (W37 V4)
Wy = Vg — 1 2+ 3 W3
w2 [[w2]|? [ws?
This vector is orthogonal to wi, wo, and ws.
Continuation of this process leads to m orthogonal vectors {wi, ws,...,w,,}. Since

these vectors are linear combinations of the vectors v;, they are in the subspace spanned by
the v;. Because orthogonal vectors are linearly independent, these vectors also constitute a
basis for the subspace. Division of each vector by its norm gives an orthonormal basis for
the subspace.

Here is an example in £ to illustrate.
Use the Gram-Schmidt process to construct an orthonormal basis for the subspace of £%

spanned by the linearly independent vectors vi = (1,2,2,0), vo = (—2,1,4,0), and v3 =
(3,2,0,—1).

Solution If we choose w; = v; as the first vector in an orthogonal basis, and use vy to
construct a vector orthogonal to wy

B (W1,V2)
W9 = Vg — 2 W1
[[wll
1,2,2,0),(=2,1,4,0
:(_2715470)_ (( )é ))(1527250)
8 26 7 20
=(-2,1,4,0)— =(1,2,2,0) = | ——, —=, — .
( ) ) ) ) 9(7 ) ) ) < 97 97 97 )

Since the length of wo at this point is irrelevant, we replace this wo with wo = (26,7, —20, 0).
Let us check our calculations by seeing if wy is indeed orthogonal to wy,

((1,2,2,0),(26,7,—20,0)) = 26 + 14 — 40 + 0 = 0.

We now construct a vector orthogonal to w; and wo,

(w1, vs) (W2,vs)
= Vaq — +
oUWl T el
1,2,2,0),(3,2,0, -1 26,7, -20,0),(3,2,0, -1
= (3,2,0,—1) — (( ) é ))(1,2,2,0)— (« 11)25( ))(26,7,—20,0)

7 92 12 —-16 2
=(3,2,0,-1)— =(1,2,2,0) — ——(2 -2 =-—=,—,=—,1].
3.2.0.-1) - 11,2,2.0) - 12672200 = (1. T35 1)
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Once again lengths are irrelevant and we replace this w3 with ws = (12, —16, 10, 125), and
check whether it is orthogonal to w; and wo,

(w1, w3) = ((1,2,2,0), (12,-16,10,125)) = 0,  (wa,w3) = ((26,7,-20,0), (12, —16,10,125)) = 0.

We now convert to an orthonormal basis by dividing each orthogonal vector by its norm,

“ W1 1
W1 = 5—7 = _(1725270)5
will ~ 3
“ Wo 1
W= 2 _ 1 (26,7,-20,0),
2= Twall ~ T35 )
. W3 1
Wy = 3 __—__(12,-16,10,125).e
3= Twall ~ 5V6E" )

The order in which vectors are used to produce orthogonal vectors by the Gram-Schmidt
process affects the outcome. Exercise 6 shows that a different set of orthonormal vectors is
obtained in Example 5.24 if vector (—2,1,4,0) is used first.

Example 5.25 The vectors f(x) = 1 —z and g(z) = 42 — 22 in the space Py(z) of real polynomials of degree
less than or equal to two on the interval 0 < z < 1 are not orthogonal with respect to the
inner product of Example 5.9. Use them to find an orthogonal basis on this interval for the
subspace spanned by the vectors.

Solution A vector (function) orthogonal to f(x) is

(f(x),9(x))

where
|f(x)||2—/0 (1—-2z)?dr= =, and (1—x,4x—x2)—/0 (1—x)(4x—x2)dx:%.
Hence,

h(z) = ﬂt%u_ )= a2+ 22T

An orthogonal basis for the subspace is therefore {1 — x,7 — 23z + 422} .0

Any set of vectors in a vector space spans a subspace. We can use the Gram-Schmidt
process to replace the given vectors with an orthonormal basis for the subspace. As pre-
sented, the process requires a set of linearly independent vectors. This is not entirely true,
but it is the best way to start. In other words, we would initially replace the given set of
vectors with a linearly independent set. Here is an example to illustrate. When it is finished
we discuss what happens when we start with a set of vectors that is linearly dependent.

Example 5.26 Find an orthogonal basis for the subspace of £° spanned by the vectors (1,2,3,2,—5),
(3,-2,4,0,—1), and (-1,6,2,4,-9).

Solution To determine whether the vectors are linearly independent, we row reduce

1 2 32 -5 1 0 7/4 1/2 —3/2
A= 3 -2 4 0 -1 to  Awes= |0 1 5/8 3/4 —7/4
-1 6 2 4 -9 00 0 0 0

This shows that the vectors are linearly dependent, and a pair of vectors that span the
same subspace is (4,0,7,2,—6) and (0, 8,5,6,—14). To find an orthogonal basis, we can use
(4,0,7,2,—6) as one vector, and find a vector perpendicular to it using the Gram-Schmidt
process
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((4,0,7,2,-6),(0,8,5,6,—14)) 4
4,0,7,2,—6) = — (—131, 210, —98,92, —171).
105 ( ) ) ) ) ) 105( 3 ) ) ) )

We take the second vector in the orthogonal basis to be (—131,210, —98,92, —171).e

(0,8,5,6,—14) —

Previous to this example, we suggested that it is not necessary to start with a set of
linearly independent vectors, but it is always best to do so. If we don’t, the Gram-Schmidt
process leads to the zero vector when it encounters a vector that is a linear combination of
previous vectors. We illustrate in the following very simple example, and discuss Example
5.26 in Exercise 25.

Example 5.27 Show that when the Gram-Schmidt process is applied to the vectors {i, i —I—j, i+ 23}, it leads
to the zero vector at the third stage.

Solution The vector orthogonal to ias produced by the Gram-Schmidt process is

< < i)i+:f B
v = (i) -

as expected. The third vector should be the component of i+ 2j orthogonal to iand j, which
does not exist. The Gram-Schmidt process should therefore gives us the zero vector,

L i+2): (+2))

vy = (i+2j) Tl . j=0.0

Example 5.28 Find an orthogonal basis for the kernel of the linear transformation with matrix

1 -2 10
A=|1-3 2 2 5
-1 -2 4 5

Solution We row reduce the matrix to find the kernel of the transformation,

1 0 -3/2 —5/2
Arref = 0 1 _5/4 —5/4

0 0 0 0
If we denote components of vectors in the space by (v1, va, vs,v4), then vectors in the kernel
satisty
3vs Huy Sv3 Sy
-—— - —=0 -————=0
T T T T Ty
Thus, the kernel consists of vectors of the form
U1 31)3/2+5U4/2 6 10
v | _ | Bus/d+5vg/d | _vs [ B +% 5
V3 B V3 o 4 4 4 0
V4 U4 0 4

A basis for the kernel is (6,5,4,0) and (10,5,0,4). We can use the Gram-Schmidt process
to replace the second vector by a vector orthogonal to vi = (6,5,4,0),

((6,5,4,0),(10,5,0,4)) 85
= (10,5,0,4) — 6,5,4,0) = (10,5,0,4) — —(6,5,4,0
V2 (777) 36+25+16 (777) (777) 77(777)
4
= —(85,—10,—85,77).
L (85,10, 85,77

We therefore take (85, —10, —85,77) as the second basis vector.e

There are many ways to produce an orthonormal basis for a vector space or subspace.
It is a question of what other demands are to be imposed on the basis. We just noted
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that if we want a basis for a subspace that is spanned by a given set of vectors, then the
Gram-Schmidt process replaces the given set with an orthonormal set that spans the same
space (or subspace). Suppose we want an orthonormal basis for £3, but we demand that it
contain a unit vector in the direction v; = (1,2,2). We could proceed in various ways. One
way would be to introduce two additional vectors which along with (1,2,2) form a linearly
independent set, and then use the Gram-Schmidt process to construct an orthonormal set.
Here is an alternative procedure. All vectors (a,b,c) orthogonal to vi must satisfy

0= ((a,b,¢),(1,2,2)) =a+2b+2c = a=—2b—2c.

The are many choices for b and ¢, a simple one being b = 0 and ¢ = 1, in which case a = —2,
and a vector orthogonal to vy is v = (—2,1,0). All vectors (d, e, f) orthogonal to v; and
vy must satisfy

0= ((d,e, f),(1,2,2)) = d + 2e + 2f, 0= ((d,e, f),(=2,1,0)) = —2d +e.

All solutions of these can be expressed in the form e = 2d, f = —5d/2. If we choose d = 2,
then e = 4 and f = —5. A vector orthogonal to v; and vs is v3 = (2,4, —5). Now that we
have an orthogonal set of vectors, we can re-scale for an orthonormal set,

~ Vi (1725 2) ~ V2. (_27 150) ~ V3 (2745 _5>

Vi = — = y Vo = — = 5 V3 = —— =
P vl V6 ° vl V5 P vl 3v5

Show that with the inner product of Exercise 14 in Section 5.3, the Gram-Schmidt process
applied to the polynomials 1, x, 2, and 3 leads to the normalized Legendre polynomials
of Exercise 2 in Section 5.4.

Solution The norm of the function fo(x) =1 is given by

1
@l = [ 12de = (), =2

A 1
A normalized function corresponding to 1 is therefore fo(z) = 75 Using the second poly-

nomial, a function orthogonal to fo(x) = x is

Since the norm of this function is given by

|f1<x>||2=/_11w2dw={””

e
Ve

Using 22, a polynomial orthogonal to fo(z) and fi(x) is

2 (sz) (I,IQ) 2 1
fale) = = 2 () - @) =at = 5 | 5 |

5 1 (a3 ! 3¢ (2] 5 1
=" — -9 -9 e — .
203)_, 2 (4)_, 3

Since the norm of this function is given by,

1 2 1 2 5 3 1
1 2z 1 T 2x T 8
2 _ 22 gr— TR N B LA _ S
I 2@ /_1 (w 3) * /_1 (w 3 79) 5 "9 Toy T

w| 8,
——
‘ —
L

I
Wl N

a normalized function is f (z)
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5 45 1 5
a normalized function is fo(z) = 3 (gc2 — §> = %

Using 23, a polynomial orthogonal to fo(x), fi(z), and fa(z) is

IB x IB x2 .IS
ho) = - S0 - S w) - G

1! 3z 7 4522 (!
23— = / 23(1) dx — o / x(2®) de — * / 2% (2®) da
2 2/, 8

-1 -1
5 1 (a2t ! 3¢ (25" 4522 (28" 3 3z
=2°—-q— - = - — 0 — —.
4 ), 2 15)_, 8 6)_; 5

Since the norm of this function is given by,

1 2 1 4 2 7 5 371
3z 6x 9z T 6x 3z 8
2 3 6
I f3()l /_1 <x 5 ) * /_1 (I 5 + 25) v { 7 25 + 25 }_1 175’

s 175 3 VT
a normalized function is f3(z) = / — (23 — —) = (5% — 3x).e
Ao =y (#* = 3) = Coet - 30
The Gram-Schmidt process can be applied to complex vectors as well as real ones, but,
as we mentioned earlier, due to the fact that the inner product is not symmetric, we must

be careful in the order of vectors in the inner product. Here is an example.

(32% —1).

\]

Example 5.30 Use the Gram-Schmidt process to construct an orthonormal basis of C? using the vectors
vi = (1+4,4i) and vo = (—¢,2 — i).

Solution A vector orthogonal to vy is

B (v1,va)
W92 = Vg — 3 Vi
[[vall
— (—i,2— i) - - (1+4,4)
(1 +,9)[2
. ) (1—=3d)(—i) —i(2—1) ..
=(—2,2—1) — 1
(—i, ) T2 P (1414,1)
2+ 31
:(—i,2—z’)+%(1+z’,i)
1
:§(—1+2i,3—i).
Since
(1 44,4)|* =3, (=142i,3—=0)|? = | —142i]> + |3 —i|> = 15,
an orthonormal basis is
1 1
v=—(1414,1), Wy = —(—1+2i,3—1).e

V3 V15

Theorems 5.6 and 5.7 gave instances when a vector space is the direct sum of orthogonal
complements. The following theorem verifies that a vector space can be considered as the
direct sum of any pair of orthogonal complements.

Theorem 5.11 If W is a subspace in a finite-dimensional inner product space V', then V is the direct sum
W @ W+ of W and and its orthogonal complement TW=.

Proof Since W and W+ have only the zero vector in common, all that we need show is
that every vector v in V' can be expressed in the form v = w; + wo, where wy is in W, and
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wo is in W (see the corollary to Theorem 1.18). Since V is finite-dimensional, so also is W.
Any basis of W can be converted to an orthonormal one (by the Gram-Schmidt process, for
instance). According to Theorem 5.7, v can be expressed in the form v = u +r, where u is
orthogonal to every vector in the basis of W, and r is the sum of the orthogonal components
of v along the basis vectors of W; that is, u is in W+ and r is in TV .»

EXERCISES 5.6

In Exercises 1-2 use the Gram-Schmidt process to construct an orthonormal basis for the
subspace of £ spanned by the given vectors.

1. (1,2,—4), (3,1,5) 2. (-1,3,7), (2,-5,6)

In Exercises 3—4 use the Gram-Schmidt process to construct an orthonormal basis for the
subspace of £* spanned by the given vectors.

3. (1,0,2,2), (-1,1,1,2), (0,1,1,-1) 4. (2,2,-1.0), (3,1,2,-4), (3,2,1,1)

5. Find an orthonormal basis for the subspace of £° spanned by the vectors (-1, —1,1,0,0), (0,—1,0,0,1),
and (1,-1,0,1,0).

6. Repeat Example 5.24 beginning with the vector (—2,1,4,0), followed by (1,2,2,0).
7. Repeat Exercise 1, but use the inner product ((:1:1, x2,x3), (Y1, Y2, yg)) = z1y1 + 2x2y2 + 3T3Y3.

8. Use the inner product ((z1,22,3), (y1,¥2,¥3)) = ®1y1 + 2a2y2 + 23y3/3 to construct an orthonormal
basis for the subspace of £2 spanned by the vectors (1,0,1) and (1, 1,0).

9. Find an orthogonal basis for the subspace of £% spanned by the vectors (1,0, —1,1,1), (0,1, —1,1,2), and
(0,-1,2,0,4).

10. Find a basis for the orthogonal complement of the subspace spanned by the vectors (1,—2,3, —4) and
(2,3,4,—1) in &%

11. Find an orthogonal basis for the subspace in Exercise 10.

12. Find an orthonormal basis for the subspace of C* spanned by the vectors (1,i, —1, —i), (1,2i, —3, —4i),
and (4,0, —2,0).

In Exercises 13—20 find the orthogonal component of vector v along the subspace spanned by
the given set of vectors. All vectors are in £” for an appropriate value of n.

13. v= (1,2,3); {(~2,3,7),(1,-4,2)}

14. v=1(1,2,3); {(-2,3,7),(1,—4,3)}

15. v=1(2,-2,4,1); {(1,1,2,2),(-3,-3,2,1)}

16. v=(2,-2,4,1); {(1,1,2,2),(-3,-3,2,2)}

17. v=1(2,3,1,-4); {(1,1,1,1),(-1,2,4,-5),(-5,-1,3,3)}

18. Find the orthogonal component of the vector (1,—2,3) along the plane 2z — 3y + z = 0.

19. Show that with the inner product (p1 (:c),pg(:c)) = apbo + a1b1 + as2ba + agbs of two vectors p1(z) =
ao + a1z +agw? +azx® and pa(z) = by + b1x + bax? + b3z in Py(z), the set {1, z, 22,23} is an orthonormal
basis.

20. (a) Consider the space of polynomials P (z) on the interval —1 < z < 1. Is the basis {1, z, 2} orthogonal
with respect to the inner product

(p1 ($)=p2($)) = [1P1 (2)p2(x) dz.
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21.
22.

23.

24.

25.

26.

27.

28.

SECTION 5.6

(b) Construct an orthonormal basis from the basis in part (a).
Repeat Exercise 20 but use the interval 0 < z < 1.

Rows of the matrix

[\

|

—_
— o W

—

|

—_

4 1 6 1 3

are vectors in €5 and columns are vectors in £*. Find bases for: (a) the row space of A, (b) the null
space of A, (¢) the orthogonal complement of the row space of A, and (d) the column space of A.

The vectors vi = (1,1,—1,1), vo = (1,0,2,1), and v3 = (—1,0,0, 1) are orthogonal in £*. Show that if
the Gram-Schmidt process is used to find a fourth orthogonal vector starting with any vector (a, b, ¢, d)
that is not in the span of {v1,va,v3}, the same vector is obtained.
Find a simple orthonormal basis for the row space of the matrix
11 -1 -1
3 2 0 1
1 0 1 0

Show if the Gram-Schmidt process is applied to the three given vectors in Example 5.26, the zero vector
is produced at the third stage.

Find the orthogonal component of the vector (2 — 4,1 + i,4) along the subspace of C* spanned by the
vectors (1,2,4) and (3 + 4,2 + 2i,4).

Show that with the inner product of Exercise 15 in Section 5.3, the Gram-Schmidt process applied to the
polynomials 1, z, 22, and 23 leads to the normalized Hermite polynomials of Exercise 3 in Section 5.4.

Show that with the inner product of Exercise 16 in Section 5.3, the Gram-Schmidt process applied to the
polynomials 1, z, 22, and 23 leads to the normalized Chebyshev polynomials of Exercise 4 in Section 5.4.

Answers

1. (1,2,-4)/V/21, (26,17,15)/y/1190 2. (—1,3,7)/+/59, (143, —370,179)/1/189 390
3. (1,0,2,2)/3,( 14,9, —1,8)//342, (0,1,1, — 1)/[

4. (2,2,-1,0)/3, (5,—1,8,—12)/(3v26), (21,1, 44,38)/(7V/78)

5. (=1,-1,1,0,0)v/3, (1,-2,-1,0,3)/V15, (4,-3,1,5,—3)/(2V/15)

6. (—2,1,4,0)/v/21, (37,34,10,0)/(5v/105), ( 2, 16,10, —125)/(51/645)

7. (1,2, —4)/\/57, (224,163,73)/\/119301 8. (v/3/2,0,4/3/2), (1/6,2/3,—1/2)

9 (1,0,—1,1,1), (=1,1,0,0,1), (1,—4,5, — 1,5) 10. (2,-1,0,1), (-17,2,7,0)

1
1. (2,-1,0,1), (=5,-4,7,6) 12. (1,i,—1,—i)/2, (3,i,1,3i)/(2V/5), (1,—2i,—1,0)//6
1112,1823,3551)/1302  14. (—5773,9152,18629/6773

3 (—
5. (—4,—4, 64 55)/23  16. 5(0,0,1,1)2 17. (55,51,33,-93)/23 18. (—8,5,51)/14
a

20.( ) No (b) 1/v2, \/3/2x, V5(32% — 1)/(2V/2)

21.(a) No (b) 1, vV3(2z — 1), V/5(62% — 62 + 1)

22.(a) (1,0,1,0,—1), (0,1,2,0,3), (0,0,0,1,4) (b) (=1,-2,1,0,0), (1,-3,0,—4,1)
(c) (=1,-2,1,0,0), (1,-3,0,—4,1) (d) (1,0,0,1), (0,1,0,6), (0,0,1,3)

23. (1,-3,-1,1) 24. (1,0,0,-1)/v2, (5,2,0,5)/(3v6), (1,-5,9,1)/(6v/3)

26. (1/68)(141 + 29i,210 + 76i, 55 + 784)



