Inner Product Spaces

Introduction

Recall in the lecture on vector spaces that geometric vectors (i.e. vectors in two and three-dimensional
Cartesian space) have the properties of addition, subtraction, a zero vector, additive inverses, scal-
ability, magnitude (i.e. length), and angle. Moreover, the formal definition of vector space includes
all these properties except for the last two: magnitude and angle. In this lecture we introduce a
vector operation that allows us to define length and angle for vectors in an arbitrary vector space.
This operation is called the “inner product between two vectors”, and is a generalization of the dot
product that was introduced in the Matrices lecture.

The Dot Product Revisited

Recall that if v and v are vectors in R"™ then the dot product u - v is defined as
UV =UV + -+ UpUp.

Recall also how this operation is used when computing the entry of a the product C' = AB of two
matrices. In particular ¢;; = a;, - b ;.

We now describe how to use the dot product to obtain the length of a vector, and the angle between
two vectors in R2. Note that the same can also be done for vectors in R' and R?, but it seems more
illustrative and straightforward to show it for R?2.

Example 1. Show that the length of the vector v = (z,) in R?, denoted |v] is equal to /22 + y2.



In conclusion, the length of vector v = (x,y) is given as

|U|: Vx2+y2: VU,

and so the length of a vector in R? can be solely expressed in terms of the dot product.

The next step is to show how the angle between two vectors u and v can be expressed solely in terms
of the dot product.

Example 2. Show that the angle between the vectors u = (x1, ;) and v = (22, y2) can be given as

).

-1
cos” (——
Jul[v]

Conclude that the angle between two vectors can be expressed solely by the dot product.



Example 3. Given u = (3,5) and v = (—2, 1) determine the lengths of these vectors and the angle
between them.

The Inner Product

Our goal in this section is to generalize the concept of dot product so that the generalization may
be applied to any vector space. Notice how the dot product relies on a vector having components.
But not all vector spaces have vectors that have obvious components. For example, the function
space F(R,R) has vectors that are functions that do not necessarily have components. Therefore,
we cannot simply define the generalized dot product in terms of a formula that involves vector
components, as was done for the dot product. The next best idea is to list all of the important
algebaric properties of the dot product, and require that the generalized dot product have these
properties.

As a first step, notice that the dot product is a function that accepts two vector inputs u and v, and
returns a real-valued output u - v. Therefore, the generalized dot product should also be a function
that takes in two vectors v and v, and returns a real-valued output. But so as not to confuse the
generalized dot product with the original dot product, we use the notation <u,v> to denote the
real-valued output. Moreover, instead of using the term “generalized dot product”, we prefer the
term “inner product”. Thus, given a vector space V, we say that <, > is an inner product on V iff
<, > is a function that takes two vectors u,v € V and returns the real number <u,v>. Moreover,
<, > must satisfy the following properties.

Symmetry <u,v> = <v,u>
Additivity <u,v +w> = <u,v> + <u, w>

Scalar Associativity k<u,v> = <ku,v>



Positivity <u,u> > 0, and <u,u> =0 iff u = 0.

It is left as an exercise to show that for V = R?, if <u,v> = u - v, then the above four properties are
satisfied. In other words, the dot product is itself an innter product. If an inner product is defined
on a vector space V, then V is called an inner-product space.

Proposition 1. An inner product on a vector space V satisfies the following additional properties.

1. <0,u>=20
2. <u+v,w> = <u,w>+ <v,w>

3. k<u,v> = <u, kv>

Proof of Proposition 1. Property 2 is proved by invoking the symmetry and additivity properties,
while Property 3 is proved by invoking the symmetry and the scalar associativity properties. As for
Property 1,

<0,u> = <0u, u> = 0<u,u> = 0.

Examples

Example 4. Let

_ aq b1 o a2 b2
A—(c1 dl).%mdB—(c2 d2)

be real-valued matrices, and hence matrices of vector space Myy. We show that Moy is an inner
product space by defining
<A, B> = ajay + b1by + c1co + dids.

It remains to show that <, > has all the requisite properties.

Symmetry
<A, B> = a1a9 + blbg + c1Co + d1d2 =

asaq + baby + coc1 + dody = <B, A>.

Additivity Let

Then,
<A+ B,C> = (a1 + az)az + (by + b2)bs + (c1 + c2)e3 + (dy + do)ds =

aias + asas + blbg + bgbg + c1c3 + coc3 + d1d3 + dgdg =
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(CL1G3 + b1bs + ci1c3 + dldg) + ((lgag + bybs + cac3 + d2d3) = <A, C>+ <B, C>.

Scalar Associativity
/{<A, B> = k;(alag + b1bs + crco + dldQ) =

k(a1a2) + k(blbg) + k(Clcz) + k(dldz) =
(k:al)ag + (l{?bl)bg + (kCl)CQ + (kdl)dz = <k}A7 B>.

Positivity
<A, A>=al + bl +ci+dif >0,

and <A, A> = 0 implies A = 0, since this is only possible when all entries of A are zero.

Example 5. Let Cla, b] denote the set of all real-valued functions that are continuous on the closed
interval [a,b]. Since the sum of any two continuous functions is also continuous and f continuous
implies (kf) is continuous, for any scalar k, it follows that C|a, b] is a vector space (the proof of this
is exactly the same as the proof that F(R,R) is a vector space). Moreover, recall from calculus
that any continuous function over a closed interval can be integrated over that interval. Thus, given
continuous functions f, g € Cla, b, define

b
<tg>= [ J@gla)d
Prove that <, > has all the requisite properties of an inner product.

Example 5 Solution.



Measuring Length and Angle in Inner Product Spaces

Recall that for vectors in R? the length of a vector and angle between two vectors can be expressed
entirely in terms of the dot product. To review,

lv| = Vv - v,

while w-v
0(u,v) = cos  (———).
(u,v) (F—"7=)
So it makes sense to use these definitions for length and angle in an inner product space. In particular,
if vector space V has defined inner product <, >, then the length of vector v € V is defined as

lv| = v/<v,v>,
while the angle between vectors v and v is defined as

<u,v>
V<u, u>/<v,v>

0(u,v) = cos*(

).

Do the above definitions make sense? The following are three fundamental properties of length
relating to geometrical vectors that ought to also be valid for vectors in an inner product space.

Positivity |v| > 0 and |v| =0 iff v = 0.
Scalar Proportional Length |kv| = |k||v].

Triangle Inequality |u+ v| < |u|+ |v].

It is left as an exercise to prove that the length definition for vectors in any inner product space does
indeed satisfy the above properties.

As for the angle definition 6(u,v) we must verify that the expression

<u,v>
V<u, u>/<v,v>

is in fact a number between -1 and 1, since this is the valid range of the cos™! function. To prove
this we need the following important theorem.

Theorem 1 (Cauchy-Schwarz-Bunyakovsky Inequality). If u and v are vectors in some inner
product space, then
<u,v>2 < <u,u><v,v>.
Consequently,
<u,v>
1< <
V<u, u>/<v,v>
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Proof of Theorem 1. For any scalar t, by several applications of the four properties of inner
products, we get
0 < <tu+v,tu+v> = t><u,u> + 2t<u, v> + <v,v>,

which may be written as at?> + bt + ¢ > 0, where a = <u,u>, b = 2<u,v>, and ¢ = <v,v>. But
at®> + bt + ¢ > 0 implies that the equation at? 4 bt + ¢ = 0 either has no roots, or exactly one root.

In other words, we must have
b — 4dac <0,

which implies
d<u,v>% < d<u, u><v,v>,

or
<u,v>2 < <u,u><v,v>.
Another way of writing the Cauchy inequality is
|<u, v>| < |ullv|,

which is obtained by taking the square root of both sides and realizing that, e.g., |u| = /<u, u>.

-1 3 5 —4
A= (2 yman= (5 )

be vectors of the inner product space from Example 4. Determine the lengths of A and B, and
0(A, B).

Example 6. Let



Example 7. Let f(z) = z and g(x) = sinx be two vectors of the inner product space from Example
5, where we assume [a, b] = [0, 27]. Determine the lengths of f and g, and 6(f, g).

Unit and Orthogonal Vectors

Vector v of an inner product space V is said to be a unit vector iff [v| = 1. For example, in R?,
(0,1) and (\%, \%) are examples of unit vectors, since

1(0,1)] =vV02+12 =1,

and

V2’ V2
Note that, for any nonzero vector v, we can always find a unit vector that has the same direction as
v. This is done by scaling v with 1/|v|. Indeed
1 1

el = ool = 1
EIRT

1 1 1 2 1 2 _
( )’:\/<E> HE) =1/24+1/2=1.

When a nonzero vector v gets replaced by ﬁv, we say that v has been normalized, or that ﬁv is
the normalization of v.

Example 8. Normalize the vectors u = (3,4), v = (1,5,2),

-1 3
(L)



and f(r) = x?, where the latter is considered a vector of C[0,1].

In addition to unit vectors, another important concept is that of perpendicularity. Recall that two
geometric vectors u and v are perpendicular provided they make a 90° angle. In terms of the dot
product, this would imply that

cos90° =0 = u,

Jul[v]

which implies that v - v = 0. This gives us an idea of how to generalize the concept of perpendic-
ularity to an arbitrary inner product space. However, the term “orthogonal” is used instead of the
term “perpendicular”. To generalize, vectors u and v in some inner product space are said to be
orthogonal iff

<u,v> = 0.



Example 8. Show that the following pairs of vectors are orthogonal.
a. u=(1,-1,3) and v = (4, -2, —2)

-1 3 5 —1
A—( 9 _2)andB—<O _4>

c. Functions f(z) = cos(2x) and g(x) = cos(3z) that belong to C[0, 27].

b. Matrices

Orthonormal Bases

Recall that a basis for a vector space V is a linearly independent set of vectors B that spans V.
Moreover, basis B is said to be orthonormal iff

1. each basis vector is a unit vector, and

2. for any two basis vectors eq,es € B, <eq,es> = 0; i.e. e; and ey are orthogonal.

If B is an orthonormal basis consisting of n vectors, then we denote them by ey, ..., e,.
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As an example, e; = (1,0,0), e; = (0,1,0), and e3 = (0,0, 1) is an orthonormal basis for R?, since
all three vectors are clearly unit vectors (verify!), and, if i # j,

<ej,e;>=¢;-e; =0,

since e;’s only nonzero component is ¢, while e;’s only nonzero component is j, and ¢ # j. For
example,

<er,es> = ey - e3 = (1)(0) + (0)(0) + (0)(1) = 0.
Example 9. Consider the subspace W of C[0, 27| that is spanned by the vectors
1,cosx,cos2zx,....

Verify that these vectors are pairwise orthogonal, and then normalize them to form an orthonormal
basis for W.
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The following theorem provides one reason for the importance of orthonormal bases. It states that,
given an orthonormal basis, one can readily write any vector v as a linear combination of the basis
vectors, since the e; coefficient is none other than <v,e;>.

Theorem 2. Suppose ey, ..., e, is an orthonormal basis for an inner product space V. Then for any
vector v € V,
v=<w,e1>€e; + -+ <v,e,>e,.
Proof of Theorem 2. Since eq,...,e¢, is a basis for V, we have
V=c1e1+ -+ Cpép,
for some coefficients ¢4, ..., ¢,. Then,
<V, €;> = <€, 0> = <¢€;,C1€1 + -+ + Cpep> =

<e;,cre1> 4+ <, cpen> = 1<e, e1> + o ep<<ey, e >

But all the terms in the last expression are zero (why?) except for possibly
Ci<e;, ;> = ci]ei\z = Ci12 = C;.

Therefore, it must be the case that ¢; = <wv, e;>, and the proof is complete.

Theorem 3. Suppose vy, ...,v, are pairwise orthogonal nonzero vectors; i.e., <v;,v;> = 0 for all
1 # j. Then vy, ..., v, are linearly independent.

Proof of Theorem 3. Suppose
cvr+ -+ c,v, = 0.

Then
<03, 0> =0=<v;,c1v1 + -+ - + CLUp> = <V, CQUL> + - - - + <V, CURS> =

C1<V;, V1> + -+ + <V, Up>.

But all the terms in the last expression are zero (since the entire sum equals 0). In particular
ci<v;, v;> = cilv|* = 0.
But since |v;| # 0, it follows that ¢; = 0. Therefore, the equation
cvy+ -+ e, =0

has only the trivial solution, and vy, ..., v, are linearly independent.
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Figure 1: Projection of vector a on to the subspace spanned by b

Gram-Schmidt Algorithm

Suppose vy, ...,v, is a basis for inner product space V, but not necessarily an orthonormal basis.
We now provide an algorithm, called the Gram-Schmidt Orthonormalization Algorithm, for
converting a basis vy, ...,v, into an orthonormal basis ey, ...,e,. To describe the algorithm, it is
helpful to have the notion of the orthogonal projection of a vector on to a subspace.

Let W be a finite-dimensional subspace of vector space V, and having orthonormal basis ey, ..., e,.
Given v € V, the projection of v on to W, denoted proj(v, W), is defined as the vector
<v,e1>e; + -+ <v,e,>€,.

Later we show that this definition is independent of the given orthonormal basis (i.e. the same
projection vector will be computed, regardless of chosen orthonormal basis). We may think of
proj(v, W) as the component of v that lies in W, while v — proj(v, W) is the component of v that
lies outside of W. Figure 1 shows an example of this. Here the subspace W is the space spanned by
vector b. Moreover, a; is the component of a that lies in YW, while a is the component of a that lies
outside of of W. Notice how as looks perpendicular to b. This is no coincidence. It turns out that
the “outside” component is always orthogonal to WW. This is proven in the following theorem.

Theorem 4. Suppose W is a finite-dimensional subspace of a vector space V. Then for all v € V,
v — proj(v, W) is orthogonal to W, meaning that

<v — proj(v, W), w> = 0,
for all w € W.

Proof of Theorem 4. Let ey, ..., e, be an orthonormal basis for W (later we will prove that every
finite-dimensional vector space has such a basis). Then it suffices to prove that

<v — proj(v, W), e;> = 0,
for each i =1,...,n (see Exercise 14). But

<v — proj(v, W), e;> = <v — <v,e1>e1 + -+ + <V, e, >€,, ;> =
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<V, 6;> — <, e;><e;,6,> = <v,6;> — <v,e;> = 0.

We are now in a position to describe the Gram-Schmidt algorithm for converting a finite basis
v1,...,V, to an orthonormal basis eq,...,e, . The algorithm works in stages.

Stage 1 Let e; = v1/|v1|. Thus span(v;) = span(e; ), since the vectors are multiples of each other.

Stage k: k > 2 Assume that e, ..., ex_1 have been constructed, where each e; is a unit vector, and
the vectors are pairwise orthogonal. Moreover, assume that

span(vy, ..., vk 1) = span(ey, ..., €x_1)-

Then set

€ = Vg — pro.j(Ukv {617 BRI 6k’—1})/|(vk’ - proj(vkv {617 s 7€k—l})|-
In other words, e, is the normalization of the difference of v, with its projection on to the sub-
space generated by ey, ..., e,_1. Notice that vy — proj(vg, {e1,...,ex_1}) # 0, since, otherwise,
it would imply that vy is in

span(eq, ..., ex_1) = span(vy, ..., Vg_1),

which contradicts the linear independence of vy, ..., vg. Finally, by Theorem 4, e is orthogonal
to each of thee;, 2 =1,...,k— 1.

Example 10. Use the Gram-Schmidt algorithm for converting basis v; = (1,0,0), v, = (1,1,0),
v3 = (1,1, 1), to an orthonormal basis for R3.

Example 10 Solution. Since v; = (1,0,0) is already a unit vector, we have e; = v;.

Next
Vg — pI‘Oj(UQ, {61}) =V — <V2,€1>€1 = (17 17()) - (17070) = <Oa 17 0)

Since this vector is already normalized, we have es = (0,1,0).
Finally,
v — proj(vs, {e1, e2}) = v3 — <wz,e1>e; — <ws,ea>ey = (1,1,1) — (1,0,0) — (0,1,0) = (0,0, 1).

Again, since this vector is already normalized, we have e3 = (0,0,1). Therefore, the orthonormal
basis is e; = (1,0,0), e = (0,1,0), e3 = (0,0, 1).

Example 11. Repeat the previous example, but now assume the basis ordering is v; = (1,1, 1),
ve = (1,1,0), v3 = (1,0,0).
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More on Projections

Recall that proj(v, W) is defined in terms of an orthonormal basis for finite-dimensional subspace
W. In this section we first prove that proj(v, W) is independent of the chosen basis. This is proved
in the following theorem.

Theorem 5 (Projection Theorem). Let W be a finite-dimensional subspace of a vector space V.
Then, every v € V can be uniquely expressed as

v:w—i—wL,

where w € W and w* is orthogonal to W .

Proof of Theorem 5. Let v € V be arbitrary. Using the Gram-Schmidt algorithm, one can compute
an orthonormal basis ey, ..., e, for W. This basis can then be used to compute w = proj(v, W) and
wt = v—proj(v, W). Then by Theorem 4, w € W and w is orthogonal to W. Moreover, v = w+w= .

It remains to show that w and w* are unique.

Suppose also that v = wy + wy, where wy € W and wjy is orthogonal to W. Then
w4 wt = wy + w%,

which implies
w—wy = w — sz.

Now, since w’ and w;y are both orthogonal to W, then so is w — ws-, since, for any vector u € W,

L

<w —wj,u>:<wL,u>—<w2L,u>:0—0:0.

Now, since w — wy = w — wy, it follows that w; — ws is orthogonal to every vector in W. But
wy — wsq is itself in WW. Hence,

<wy — W, wy — we> =0,
which, by the positivity axiom, implies that w; —wy = 0; i.e. w; = ws. Therefore, we must also have
wt = wy, and this proves that w and w' are unique with respect to v, and are independent of the
chosen orthonormal basis for W.

The next fact to establish about proj(v, W) is that it is the closest vector in W to v. In other words,
if we want to approximate v with some vector in W, then proj(v, W) is the best choice, since it
minimizes the distance |v — w| amongst all possible vectors w € W. To prove this we first need to
establish the “Pythagorean Theorem” for inner product spaces.

Theorem 6 (Pythagorean Theorem). If V is an inner product space with inner product <, >
and u,v € V satisfy <u,v> = 0, then

lu+ v = |ul® + |v]*.
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Proof of Theorem 6. Suppose u,v € V satisfy <u,v> = 0. Then
lu+v]? = <u+v,u+v>=<u,u>+ <v,v> + 2<u, v> = |ul* + |[v]
Theorem 7. Let W be a finite-dimensional subspace of a vector space V. Then for v € V

argmin|v — w| = proj(v, W),
wew

meaning that w = proj(v, YW) minimizes the quantity |v — w|, amongst all possible w € W.

Proof of Theorem 7. Let v € V be arbitrary. Then for any w € W, we may write
v—w = (v —proj(v, W)) + (proj(v, W) — w).

Now, v —proj(v, W) is orthogonal to WW by Theorem 4, while proj(v, W) —w is a vector in W. Hence,
v — proj(v, W) is orthogonal to proj(v, W) — w, and, by the Pythagorean Thoerem,

v —w]* = v — proj(v, W) + |proj(v, W) — wl*.

In the above equation, notice how the first term on the right depends only on v. Thus, if |[v — w|?
(and hence |v — w]) is to be minimized, then the second term on the right must be made as small
as possible. But this term can be made to equal zero by assigning w = proj(v, W). Therefore,
w = proj(v, W) is the vector in W that minimizes |v — w].
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Exercises

1.

10.

Find the angle that is made between each of the following pairs of vectors.

a. u=(1,2), v = (6,8)

b. u=(-7,-3),v=(0,1)
cu=(1,-3,7),v=(8,—-2,-2)

d u=(-3,1,2), v = (4,2,5)

o

Show that for V = R?, if <u,v> is defined by <u,v> = w - v, then all four inner-product
properties are satisfied.

For u,v € R?, define function <u,v> as
<u,v> = 2u vy + 6ugvs.
Prove that <, > is an inner product on R2.

For p(x), q(x) € Ps, define the function <p, ¢> as

<p,¢> = p(0)q(0) + p(1/2)q(1/2) + p(1)q(1).
Prove that <, > is an inner product on Ps.

For p(z), q(x) € P,, define the function <p, ¢> as

<p,q> = p(0)q(0) + p(1)q(1).

Explain why <, > is not an inner product on Ps.

1 1 1 =2
A_(l _1)andB—(3 0)

be vectors of the inner product space from Example 4. Determine the lengths of A and B, and

0(A, B).
A:(? _63) andB:(i) g)

be vectors of the inner product space from Example 4. Determine the lengths of A and B, and
0(A, B).

Let

Let

Let p(z) = 2% and q(x) = z. Use the inner product from Exercise 4 to determine |pl, |¢|, and
0(p, q).

. Let p(z) = 22 — x + 2 and ¢(z) = 52 + 1. Use the inner product from Exercise 4 to determine

1!, |q|, and 0(p, q).

Use the inner product from Example 5 on the vector space C[—1, 1] to find |f], |g|, and ([, g)

for f(x) =z and g(z) = 2%

17



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Use the inner product from Example 5 on the vector space C[0, 27| to find |f], |g|, and 6(f, g)
for f(x) =z and g(x) = cosx.

2 -3 -1 3
A_(l 5)andB—(_3 O)

be vectors of the inner product space from Example 4. Normalize A and B.

Let

Let p(z) = 422+ 6z +1 and g(z) = 10z —4. Use the inner product from Exercise 4 to normalize
p and q.

Let eq,...,e, be an orthonormal basis for a subspace W of vector space V. Prove that if v is
orthogonal to each e;, then v is orthogonal to every vector w € W.

Is vy = (2/3,-2/3,1/3), va = (2/3,1/3,—-2/3), and v3 = (1/3,2/3,2/3) an orthonormal set of
vectors?

Is v; = (1,0,0), vy = (0,1/4/2,1/4/2), and v3 = (0,0, 1) an orthonormal set of vectors?

Use the Gram-Schmidt algorithm to transform v, = (1, —3), v = (2,2) into an orthonormal
basis.

Use the Gram-Schmidt algorithm to transform v, = (1,0), v, = (3,—5) into an orthonormal
basis.

Use the Gram-Schmidt algorithm to transform v; = (1,1,1), v, = (—1,1,0) v3 = (1,2,1) into
an orthonormal basis.

Use the Gram-Schmidt algorithm to transform v; = (1,,0,0), vo = (3,7, —2) vz = (0,4, 1) into
an orthonormal basis.

Given v = (—1,2,6,0), write v = w + w*, where w is in the subspace spanned by u; =
(—1,0,1,2) and uy = (0,1,0,1), and wt is orthogonal to this subspace.

Verify that e; = (1/4/10, —3v/10), e5 = (3/4/10, (1/4/10) is an orthonormal basis. Determine
coefficients ¢; and ¢y for which v = (—1,4) = c1e1 + cae9

Verlfy that €1 = (1/\/37 1/\/§7 1/\/§)7 €y = (_1/\/57 1/\/57 0)7 €3 = (1/\/67 1/\/67 _2/\/6>
is an orthonormal basis. Determine coefficients ¢1, ¢z, and ¢z for which v = (0.5,—2,3) =
cier + coeq + c3e3.

Verify that e; = (1,0,0), es = (0,7/v/53,-2/v/53), es = (0,30/+/11925,105/1/11925) is an
orthonormal basis. Determine coefficients ¢, ¢, and ¢z for which v = (0.5, —-2,3) = cie; +
Co€y + C3€3.
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Exercise Solutions

1. a) 10.3°, b) 113.2°, ¢) 0°, d) 142.8°

2. Let u = (u1,uz), v = (v1,v2), and w = (wy, wy).

Symmetry:
U -V = ULV + UV = V1U] + VoUy = U - U.

Additivity:
u- (v+w) =u(vy +wy) + uz(vy + wz) = (ugvy + uywy) + (ugvy + ugws) =
(w101 + ugve) + (ugwy + ugwe) = u - v + u - w.
Scalar Associativity:

k(u-v) = k(ujvy + ugvg) = k(uivy) + k(ugve) = (kuy)vy + (kug)vy = (ku) - v.

Positivity:
u-u=ul+us >0,

and can only equal zero when u; = uy = 0; i.e. u = 0.

3. Let u = (ug,us), v = (vy,v2), and w = (wy, wy).

Symmetry:
<u, v> = 2u101 + busvy = 2v1u; + 6vouy = <v,u>.

Additivity:
<u, v+ w> = 2uy(v) + wy) + 6ug(ve + wy) = (2ugvy + 2ugwy) + (6ugvy + bugwy) =
(2uivy + 6ugvy) + (2uiwy + bugwsy) = <u, v> + <u, w>.
Scalar Associativity:

k<u,v> = k(2ujv; + 6ugvy) = k(2uqv1) + k(6ugve) = 2(kuy)vy + 6(kug)vy = <ku,v>.

Positivity:
<u,u> = 2ui + 6us > 0,

and can only equal zero when u; = uy = 0; i.e. u = 0.

4. Let p,q,r be polynomials in Ps.
Symmetry:

<p,q> = p(0)q(0) + p(1/2)q(1/2) + p(1)q(1) = q(0)p(0) + q(1/2)p(1/2) + q(1)p(1) = <q, p>.
Additivity:
<p,q+71>=p(0)(q(0) +7(0)) + p(1/2)(q(1/2) + r(1/2)) + p(1)(q(1) + (1)) =
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(p(0)g(0) 4+ p(0)r(0)) + (p(1/2)q(1/2) + p(1/2)r(1/2)) + (p(1)q(1) + p(L)r(1)) =
(P(0)g(0) +p(1/2)q(1/2) + p(1)q(1)) + (p(0)r(0) + p(1/2)r(1/2) + p(1)r(1)) = <p,¢>+ <p,r>.
Scalar Associativity:
k<p,q> = k(p(0)q(0)+p(1/2)q(1/2)+p(1)q(1)) = k(p(0)q(0))+k(p(1/2)q(1/2))+k(p(1)q(1)) =

(kp(0))q(0) + (kp(1/2))q(1/2) + (kp(1))g(1) = <kp,q>.

Positivity:
<p.p> = (p(0))* + (p(1/2))* + (p(1))* > 0,

and can only equal zero when p(0) = p(1/2) = p(1) = 0. But the only way an (at most)
second-degree polynomial can have three zeros is if the polynomial is constant and eqauls zero
for all z; i.e. p(z) = 0.

. The positivity axiom is not satisfied. For if
<p,p> = (p(0))* + (p(1))* =0,

then it implies that p has roots at * = 0 and x = 1. For example, if p(z) = 2* — x, then
<p,p> =0, but p # 0.

Al = VA =2V3, |B| = VTT,
<A, B> = (1)(2) + (1)(=2) + (1)(3) + (~1)(0) = 3.

Therefore,
(A, B) = cos 1(3/(2V17) = 68.7°.

A = V30 = 5v2, |B| = V14,
<A,B>=(2)(3) + (6)(2) + (1)(1) + (—3)(0) = 19.

Therefore,

0(A, B) = cos ' (19/(5v/2v/14)) = 44.1°.
- ol = V1T7/4, lal = V5/2
<p,q> = (0)(0) + (1/4)(1/2) + (1)(1) = 9/8.

Therefore,

0(p,q) = cos 1(9/(V1TV5)) = 12.5°.
- pl = V156/4, lq| = v157/2
<p,q¢> = (2)(1) 4+ (7/4)(9/4) + (2)(6) = 287/16.

Therefore,
(287)(4)(2)

(16)(v156)(v/157)

0(p,q) = cos™*( ) = 23.5°.
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10.

11.

12.

13.

2 ! 2 ! 2 g
lfI° = lf(a:)dx:/ $dx:§|_1:2/3.

Therefore, |f| = 1/2/3. Similarly,

1 1 I,S
of = [ gaide= [ oo =TIt =25

1

Therefore, |g| = y/2/5. Finally,

1 4

<f,g>—/_11f(x)g(x)dx—/_ x?’dxz%ﬂlzo

1

Therefore, f and g are orthogonal, and the angle between them is 90°.

) 27 ) 27 ) 113 on 5
17 = f@m:/ e =2 7 =823
0 0

Therefore, |f| = 1/8m3/3. Similarly,
2m 27
9> = / g*(r)dr = / cos? xdx =
0 0

/0%(1 + cos(2x))/2dx = 7.

Therefore, |g| = /7. Finally,

2m 2w
<f,g>= /0 f(z)g(x)dx = /0 xcosxdr =

2
xsin z|2" — / sinz = cosz[3" = 0.
0
Therefore, f and g are orthogonal, and the angle between them is 90°.

|A| = /39, while |B| = v/19 Therefore,

2/V/39 _3/\/@) andB/yB|—<_1/\/1_9 3/\0/E).

aai= (T i YNt

| = V12 + 52 + 112 = V147,

while

gl = V/(=4)? + 12 + 62 = V/53.
Therefore, p/|p| = (42% 4 62 + 1)/v/147, while q/|q| = (10x — 4)//53.
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14.

15.
16.
17.
18.
19.
20.
21.

22.

23.

24.

Let w € W be arbitrary. Then w = ¢yeq + - - - + ¢,e, for some coefficients ¢4, ..., ¢,. Then
<V, W> = <V,C1€] + -+ Cpp> =

c<v,e1>+ -+ c,<v,e,> =0,

since <v,e;> = 0 for all « = 1,...,n. Notice that the second-to-last equality follows from
repeated uses of the additivity and scalar-associativity axioms for an inner product.

Yes, all vectors have unit length and are pairwise orthogonal.

No, <vy,v3> = 1/v/2 #0.

The orthonormal basis is e; = (1/4/10, —3v/10), e; = (3/4/10, (1/4/10).

The orthonormal basis is e; = (1,0), e5 = (0, —1).

The orthonormal basis is e; = (1/v/3,1/v/3,1/v3), e2 = (=1/v/2,1/v/2,0), e5 = (1/v/6,1//6, —2//6).
The orthonormal basis is e; = (1,0, 0), e; = (0,7/v/53, —2//53), es = (0,30/1/11925, 105//11925).
w=1/4(=5,-1,5,9) and wt = 1/4(1,9, 19, -9).

C1 = <U761> = \/757 Co = <U762> = %7 C3 = <U7€3> = %
- — V3 — — =5 — — =15
c=(v,e1) =%, 2= (v,e2) = 55, cs = (v,e3) = 55

c1=(v,e1) = 0.5, ¢ = (v, e2) = T, c3 = (v,e3) =
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