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CHAPTER 4. VECTOR SPACES

4.1. SPACES AND SUBSPACES

A vector space is any set where the linear combination operation is defined on its elements.
In a vector space, also called a linear space, the elements are not important. The actual
elements that constitute the vector space are left unspecified, only the relation among them
is determined. An example of a vector space is the set F™ of n-vectors with the operation
of linear combination studied in Chapter 1. Another example is the set F™™ of all m x n
matrices with the operation of linear combination studied in Chapter 2. We now define
a vector space and comment its main properties. A subspace is introduced later on as a
smaller vector space inside the original one. We end this Section with the concept of span
of a set of vectors, which is a way to construct a subspace from any subset in a vector space.

Definition 4.1.1. A set V is a vector space over the scalar field F € {R,C} iff there
are two operations defined on V, called vector addition and scalar multiplication with the
following properties: For all u, v, we€ V the vector addition satisfies

(A1) u+veV, (closure of V');

(A2) u+v=v+u, (commutativity);

(A3) (u+v)+w=u+ (v+ w), (associativity);

(A4) 30€V : O+u=u YucV, (ezistence of a neutral element);

(A5)VueV 3 (—u) eV : u+(—u) =0, (existence of an opposite element);

furthermore, for all a, b € F the scalar multiplication satisfies

(M1) au eV, (closure of V' );
(M2) 1u=u, (neutral element);
(M3) a(bu) = (ab)wu, (associativity);
(M4) a(u+v) =au+ av, (distributivity);
(M5) (a+b)u=au+ bu, (distributivity).

The definition of a vector space does not specify the elements of the set V, it only
determines the properties of the vector addition and scalar multiplication operations. We
use the convention that elements in a vector space, called vectors, are represented in boldface.
Nevertheless, we allow several exceptions, the first two of them are given in Examples 4.1.1
and 4.1.2. We now present several examples of vector spaces.

EXAMPLE 4.1.1: A vector space is the set F" of n-vectors u = [u;] with components u; € F
and the operations of column vector addition and scalar multiplication given by

[w;] + [vi] = [wi + vi), alu;] = [aug).

This space of column vectors was introduced in Chapter 1. Elements in these vector spaces
are not represented in boldface, instead we keep the previous sanserif font, u € F”. The
reason for this notation will be clear in Sect. 4.4. <

ExXAMPLE 4.1.2: A vector space is the set """ of m x n matrices A = [A;;] with matrix
coefficients A;; € F and the operations of addition and scalar multiplication given by

[Aij] + [Bi] = [Aij + By],  a[Ay] = [ady],

These operations were introduced in Chapter 2. As in the previous example, elements in
these vector spaces are not represented in boldface, instead we keep the previous capital
sanserif font, A € F™". The reason for this notation will be clear in Sect. 4.4. <
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ExXAMPLE 4.1.3: Let IP,,(U) be the set of all polynomials having degree n > 0 and domain
U C T, that is,

]P’n(U):{p(:r):a0+alm+-~~—|—anm”, with ag, - - 7aneIFzmdoceUCIF}.

The set P,,(U) together with the addition of polynomials (p + ¢)(z) = p(z) + g(x) and the
scalar multiplication (ap)(x) = ap(x) is a vector space. In the case U = R we use the
notation P, = P, (R). <

ExAMPLE 4.1.4: Let C*([a, b],F) be the set of scalar valued functions with domain [a,b] C R
with the k-th derivative being a continuous function, that is,

C*([a,b],F) = {f : [a,b] = F such that o s continuous }.
The set C*([a,b],F) together with the addition of functions (f + g)(z) = f(z) + g(x) and

the scalar multiplication (af)(x) = a f(z) is a vector space. The particular case C*(R,R)
is denoted simply as C*. The set of real valued continuous function is then C©. <

ExaMPLE 4.1.5: Let £ be the set of absolute convergent series, that is,

o0
= {a:Zan : a, € F and Z|an| exists}.
n=0

The set ¢ with the addition of series a + b = > (a, + b,) and the scalar multiplication
ca =Y ca, is a vector space. <

The properties (A1)-(M5) given in the definition of vector space are not redundant. As
an example, these properties do not include the condition that the neutral element 0 is
unique, since it follows from the definition.

Theorem 4.1.2. The element 0 in a vector space is unique.

Proof Theorem 4.1.2: Suppose that there exist two neutral elements 0; and 0 in the
vector space V, that is,

O,+u=u and O,+u=wu forall weV

Taking u = 0, in the first equation above, and w = 0; in the second equation above we
obtain that
0, + 0> = 05, 0, + 0, = 0.

These equations above simply that the two neutral elements must be the same, since
0, =0,+ 0y =02+ 0, = Oy

where in the second equation we used that the addition operation is commutative. This
establishes the Theorem. (]

Theorem 4.1.3. It holds that 0w = 0 for all element u in a vector space V.
Proof Theorem 4.1.3: For every u € V holds
u=1lu=(14+0u=1u+0u=u+0u=0u+u = u=0u+u

This last equation says that Ow is a neutral element, 0. Theorem 4.1.2 says that the neutral
element is unique, so we conclude that, for all w € V holds that

Ou=0.

This establishes the Theorem. O

Also notice that the property (A5) in the definition of vector space says that the opposite
element exists, but it does not say whether it is unique. The opposite element is actually
unique.
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Theorem 4.1.4. The opposite element —u in a vector space is unique.

Proof Theorem 4.1.4: Suppose there are two opposite elements —u; and —uy to the
element u € V| that is,

u+ (—w) =0, u+ (—ux) = 0.

Therefore,
(—w) =0+ (—w)
=u+(—u)+ (—w)
=(—u2) +u+(—w)
=(—u)+ 0
=0+ (—u)
=(-w) = (-w)=(-w)
This establishes the Theorem. (|

Finally, notice that the element (—u) opposite to u is actually the element (—1)u.
Theorem 4.1.5. It holds that (—1) u= (—u).
Proof Theorem 4.1.5:
0=0u=(1-Nu=1lu+(-l)u=u+(-1)u

Hence (—1)w is an opposite element of u. Since Theorem 4.1.4 says that the opposite
element is unique, we conclude that (—1) u = (—u). This establishes the Theorem. O

4.1.1. Subspaces. We now introduce the notion of a subspace of a vector space, which is
essentially a smaller vector space inside the original vector space. Subspaces are important
in physics, since physical processes frequently take place not inside the whole space but in a
particular subspace. For instance, planetary motion does not take plane in the whole space
but it is confined to a plane.

Definition 4.1.6. The subset W C V' of a vector space V over I is called a subspace of
V iff for all w, ve W and all a, b € F holds that au+bv e W.

A subspace is a particular type of set in a vector space. Is a set where all possible linear
combinations of two elements in the set results in another element in the same set. In other
words, elements outside the set cannot be reached by linear combinations of elements within
the set. For this reason a subspace is called a closed set under linear combinations. The
following statement is usually helpful

Theorem 4.1.7. If W C V is a subspace of a vector space V', then 0 € W.

This statement says that 0 ¢ W implies that W is not a subspace. However, if actually
0 € W, this fact alone does not prove that W is a subspace. One must show that W is
closed under linear combinations.

Proof of Theorem 4.1.7: Since W is closed under linear combinations, given any element
u € W, the trivial linear combination 0 u = 0 must belong to W, hence 0 € W. This
establishes the Theorem. (]

EXAMPLE 4.1.6: Show that the set W C R® given by W = {u =[w;] €R® : uz = O} is a
subspace of R3:
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SOLUTION: Given two arbitrary elements u, v € W we must show that au 4+ bv € W for all
a, b € R. Since u, v € W we know that

Ul U1
u= [uz|, V= |V2
0 ] 0
Therefore
[auq + by
au+bv = |aus +bvy| € W,
0

since the third component vanishes, which makes the linear combination an element in W.
Hence, W is a subspace of R3. In Fig. 29 we see the plane uz = 0. It is a subspace, since
not only 0 € W, but any linear combination of vectors on the plane stays on the plane. <

u, ‘ W={u,=0}

FIGURE 29. The horizontal plane us = 0 is a subspace of R3.

EXAMPLE 4.1.7: Show that the set W = {u = [u;] € R* : uz =1} is not a subspace of R?.

SoLuTION: The set W is not a subspace, since 0 ¢ W. This is enough to show that W
is not a subspace. Another proof is that the addition of two vectors in the set is a vector
outside the set, as can be seen by the following calculation,

u:{ull]eI/V, v={vll}eW = U—&-v:{m;—vl]%W

The second component in the addition above is 2, not 1, hence this addition does not belong
to W. An example of this calculation is given in Fig. 30. <

F1GURE 30. The horizontal line us = 1 is not a subspace of R?.
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FIGURE 31. Three subsets, U, V, and W, of R2. Only the set U is a subspace.

EXAMPLE 4.1.8: Determine which one of the sets given in Fig. 31 is a subspace of R2.

SoLUTION: The set U is a vector space, since any linear combination of vectors parallel to
the line is again a vector parallel to the line. The sets V' and W are not subspaces, since
given a vector u in these spaces, a the vector au does not belong to these sets for a number
a € R big enough. This argument is sketched in Fig. 32.

R’ X, u R’ X, R X, au
w

au

77T, u
§PZ

Xy Xy X

FIGURE 32. Three subsets, U, V, and W, of R2. Only the set U is a subspace.

<

4.1.2. The span of finite sets. If a set is not a subspace there is a way to increase it into
a subspace. Define a new set including all possible linear combinations of elements in the
old set.

Definition 4.1.8. The span of a finite set S = {u1,--- ,u,} in a vector space V over I,
denoted as Span(S), is the set given by

Span(S) ={ueV : u=cius + - +cptly, c1,--,c, €F}.

The following result remarks that the span of a set is a subspace.
Theorem 4.1.9. Given a finite set S in a vector space V, Span(S) is a subspace of V.

Proof of Theorem 4.1.9: Since Span(S) contains all possible linear combinations of
the elements in S, then Span(S) is closed under linear combinations. This establishes the
Theorem. O

ExAMPLE 4.1.9: The subspace Spam({v})7 that is, the set of all possible linear combinations
of the vector v, is formed by all vectors of the form cwv, and these vectors belong to a line
containing v. The subspace Span({v, 'w})7 that is, the set of all linear combinations of two
vectors v, w, is the plane containing both vectors v and w. See Fig. 33 for the case of the
vector spaces R? and R3, respectively. <
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X R2 R X, Span{v, w}

Span{v}

FicUrE 33. Examples of the span of a set of a single vector, and the span
of a linearly independent set of two vectors.

4.1.3. Algebra of subspaces. We now show that the intersection of two subspaces is again
a subspace. However, the union of two subspaces is not, in general, a subspace. The smaller
subspace containing the union of two subspaces is precisely the span of the union. We then
define the addition of two subspaces as the span of the union of two subspaces.

Theorem 4.1.10. If Wy and W5 are subspaces of a vector space V', then W1 N Wy C V is
also a subspace of V.

Proof of Theorem 4.1.10: Let w and v be any two elements in W7 N W5. This means
that u, v € Wy, which is a subspace, so any linear combination (au + bv) € Wj. Since u, v
belong to W1 N Wy they also belong to Wy, which is a subspace, so any linear combination
(au + bv) € Wy. Therefore, any linear combination (au + bv) € Wi N Wa. This establishes
the Theorem. O

EXAMPLE 4.1.10: The sketch in Fig. 34 shows the intersection of two subspaces in R?, a
plane and a line. In this case the intersection is the former line, so the intersection is a
subspace.

X1

FIGURE 34. Intersection of two subspaces, Wi and W, in R3. Since the
line W5 is included into the plane W7y, we have that W, N Wy = Ws.

<

While the intersection of two subspaces is always a subspace, their union is, in general,
not a subspace, unless one subspace is contained into the other.
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EXAMPLE 4.1.11: Consider the vector space V = R2, and the subspaces W; and W» given
by the lines sketched in Fig. 35. Their union is the set formed by these two lines. This set
is not a subspace, since the addition of the vectors u; € W; with us € W5 does not belong
to W1 U Wa, as is it shown in Fig. 35.

[VEY B PR \\\ 2

F1cURE 35. The union of the subspaces W7 and Ws is the set formed by
these two lines. This is not a subspace, since the addition of u; € Wy and
up € Wy is the vector v which does not belong to Wy U Ws.

<

Although the union of two subspaces is not always a subspace, it is possible to enlarge
the union into a subspace. The idea is to incorporate all possible additions of vectors in the
two original subspaces, and the result is called the addition of the two subspaces. Here is
the precise definition.

Definition 4.1.11. The addition of the subspaces W1, Wy in a vector space V , denoted
as Wy + Wy, is the set given by

W1+W2:{’U,€V Cou = w, + we with wy € Wy, ’U)QEWQ}.

The following result remarks that the addition of subspaces is again a subspace.

Theorem 4.1.12. If W7 and Wy are subspaces of a vector space V', then the addition
W1 + Wy is also a subspace of V.

Proof of Theorem 4.1.12: Suppose that x € Wy + W5 and y € W7 + W5, We must
show that any linear combination az + by also belongs to W7 + Ws. This is the case, by
the following argument. Since x € W7 4+ W, there exist &; € W7 and x» € W5 such that
T = x + x». Analogously, since y € Wy 4+ W, there exist y; € Wi and y, € W5 such that
Y= 1y; + Y. Now any linear combination of x and y satisfies

az+by =a(zi + o) + b(y; + y)
= (az1 + by;) + (az2 + by,)

Since W7 and Wy are subspaces, (ax; + by,) € W1, and (axz + by,) € Wa. Therefore, the
equation above says that (ax+ by) € W7 + Wa. This establishes the Theorem. O

ExAMPLE 4.1.12: The sketch in Fig. 36 shows the union and the addition of two subspaces
in R3, each subspace given by a line through the origin. While the union is not a subspace,
their addition is the plane containing both lines, which is a subspace. Given any non-zero
vector wy, € Wi and any other non-zero vector wo, € Wy, one can verify that the sum of two
subspaces is the span of {wl, wg}, that is,

Wi + Wy = Span({w; } U {w,}).
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FIGURE 36. Union and addition of the subspaces W; and Ws in R3. The
union is not a subspace, while the addition is a subspace of R3.

4.1.4. Internal direct sums. This is a particular case of the addition of subspaces. It is
called internal direct sum in order to differentiate it from another type of direct sum found
in the literature. The latter, also called external direct sum, is a sum of different vector
spaces, and it is a way to construct new vector spaces from old ones. We do not discuss this
type of direct sums here. From now on, direct sum in these notes means the internal direct
sum of subspaces inside a vector space.

Definition 4.1.13. Given a vector space V', we say that V is the internal direct sum of
the subspaces Wy, Wy C V', denoted as V = W1 & Ws, iff every vector v € V' can be written
in a unique way, except for order, as a sum of vectors from Wy and Ws.

A crucial part in the definition above is the uniqueness of the decomposition of every
vector v € V as a sum of a vector in W plus a vector in W5. By uniqueness we mean the
following: For every v € V exist w; € Wy and wy € Ws such that v = w; + we, and if
v = w; + wy with wy; € Wy and wy € W, then w; = w; and wy, = ws. In the case that
V =W; @& Wy we say that Wi and Wy are direct summands of V', and we also say that W,
is the direct complement of Wy in V. There is an useful characterization of internal direct
sums.

Theorem 4.1.14. A wvector space V is the direct sum of subspaces W1 and Ws iff holds
both V.=W1 4+ Ws and W1 "Wy = {0}

Proof of Theorem 4.1.14:

(=) If V.= W; @ Wa, then it implies that V = Wy + Wa. Suppose that v € Wy N W,
then on the one hand, there exists wy € W7 such that v = w;, + 0; on the other hand, there
is wy € W3 such that v = 0+ wy. Therefore, wy; = 0 and we = 0, so W1 N Wy = {0}.

(<) Since V.= Wy + Wa, for every v € V there exist w; € Wi and wy € Wa such
that v = w; + wy. Suppose there exists other vectors wy, € Wy and wy € W5 such that
v = w; + we. Then,

0:(11)1—’&)1)4—(’11)2—’&)2) == (11)1—’&)1):—(’11)2—’&)2),
Therefore (w; — w;) € Wa and so (w; — wy) € Wi N Wa. Since Wi N Wy = {0}, we then

conclude that w; = w;, which also says ws = w,. Then V = W; & W,. This establishes
the Theorem. O
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ExaMPLE 4.1.13: Denote by Sym and SkewSym the sets of all symmetric and all skew-
symmetric n X n matrices. Show that F™"™ = Sym & SkewSym.

SOLUTION: Given any matrix A € F™", holds
A=A+ %(AT—AT) = %(A+AT) +%(A—AT).

We then can decompose matrix as A = B + C, where matrix B = (A + AT) /2 € Sym while
matrix C = (A—A”)/2 € SkewSym. That is, we can write any square matrix as a symmetric
matrix plus a skew-symmetric matrix, hence F™"™ C Sym + SkewSym. The other inclusion
is obvious, that is, Sym + SkewSym C F™", because each term in the sum is a subset of
F™™. So, we conclude that
F™"™ = Sym + SkewSym.

Now we must show that Sym N SkewSym = {0}. This is the case, as the following argument
shows. If matrix D € Sym N SkewSym, then matrix D is symmetric, D = DT, but matrix D
is also skew-symmetric, D = —D7. This implies that D = —D, that is, D = 0, proving our
assertion that Sym N SkewSym = {0}. We then conclude that

Fon — Syn] [as) SkewSyIn.



4.1.5. Exercises.
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4.1.1.- Determine which of the following
subsets of R, with n > 1, are in fact
subspaces. Justify your answers.

) {xeR"
{xeR"
{xeR"

(
(b)

)
(d) {xeR"
)
)

b
C
d
{xeR"

(
(e
(f) {xeR"

: oz =0}
Pz =0 n>2k

Cx 42 =0}

Pr et an =1}

. Ax=b, A#£0, b#0}.

7':17 7”};

4.1.2.- Determine which of the following
subsets of F™", with n > 1, are in fact
subspaces. Justify your answers.

a) {AeF™n
) {(AeFmn
) {AeFmn
) {(AeFmn
) {A c ]Fn,n
) {AeFm"
)

{AeFm"

Given a m

: A=AT}E

: A invertible};

: A not invertible};

: A upper-triangular};
: A=A}

: tr(A) =0}.

atrix X € F™", define
: [A,X] =0}

4.1.3.- Find W7 + W> C ]RS, where W7 is a
plane passing through the origin in R3
and Ws is a line passing through the
origin in R® not contained in Wj.

4.1.4.- Sketch a picture of the subspaces
spanned by the following vectors:

(17 3] [-2
SAn RNk
AL

1] ] [t
SAARARAL

4.1.5.- Given two finite subsets Si, S2 in a
vector space V', show that

Span(S; U Sz) =
Span(S1) + Span(S2).

4.1.6.- Let W7 C R? be the subspace

1 1
W1=Span<{ § , (1) })

Find a subspace W2 C R® such that
R® = Wp @ Wa.
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4.2. LINEAR DEPENDENCE

4.2.1. Linearly dependent sets. In this Section we present the notion of a linearly de-
pendent set of vectors. If one of the vectors in the set is a linear combination of the other
vectors in the set, then the set is called linearly dependent. If this is not the case, the set is
called linearly independent. This notion plays a crucial role in Sect. 4.3 to define a basis of
a vector space. Bases are very useful in part because every vector in the vector space can
be decomposed in a unique way as a linear combination of the basis elements. Bases also
provide a precise way to measure the size of a vector space.

Definition 4.2.1. A finite set of vectors {vl, e ,vk} in a vector space is called linearly
dependent iff there exists a set of scalars {c1,--- ,cx}, not all of them zero, such that,
c1v + - +epvp = 0. (4.1)

On the other hand, the set {vl, Sy vk} is called linearly independent iff Eq. (4.1) implies
that every scalar vanishes, ¢ = --- = ¢ = 0.

The wording in this definition is carefully chosen to cover the case of the empty set. The
result is that the empty set is linearly independent. It might seems strange, but this result
fits well with the rest of the theory. On the other hand, the set {0} is linearly dependent,
since ¢10 = 0 for any ¢; # 0. Moreover, any set containing the zero vector is also linearly
dependent.

Linear dependence or independence are properties of a set of vectors. There is no meaning
to a vector to be linearly dependent, or independent. And there is no meaning of a set
of linearly dependent vectors, as well as a set of linearly independent vectors. What is
meaningful is to talk of a linearly dependent or independent set of vectors.

EXAMPLE 4.2.1: Show that the set S C R? below is linearly dependent,

1 0 2
s={lo] 1] -3}
SOLUTION: It is clear that

2 1 0 1 5 |0 2 |0
R AR i R ]
Since ¢; =2, ¢ = 3, and ¢3 = —1 are non-zero, the set S is linearly dependent. <

It will be convenient to have the concept of a linearly dependent or independent set
containing infinitely many vectors.

Definition 4.2.2. An infinite set of vectors S = {vl, Vo, - } in a vector space V is called
linearly independent iff every finite subset of S is linearly independent. Otherwise, the
infinite set S is called linearly dependent.

ExAMPLE 4.2.2: Consider the vector space V = COC([—& f],R), that is, the space of infin-
itely differentiable real-valued functions defined on the domain [—¢,¢] C R with the usual
operation of linear combination of functions. This vector space contains linearly indepen-
dent sets with infinitely many vectors. One example is the infinite sets S7 below, which is
linearly independent,

S = {1,37,:[2,--- Jxlt e }
Another example is the infinite set Sy, which is also linearly independent,

2= {Leos(%75) sin(F5) )
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4.2.2. Main properties. As we have seen in the Example 4.2.1 above, in a linearly depen-
dent set there is always at least one vector that is a linear combination of the other vectors
in the set. This is simple to see from the Definition 4.2.1. Since not all the coefficients ¢;
are zero in a linearly dependent set, let us suppose that ¢; # 0; then from the Eq. (4.1) we
obtain

1

v = [61'01 GV GV e Ckvlc]7

j

that is, v; is a linear combination of the other vectors in the set.

Theorem 4.2.3. The set {v17--~ 7’01«} is linearly dependent with the vector vy being a
linear combination of the the remaining k — 1 vectors iff

Span({v1,~-~ ,vk}) = Span({v1,~- ,vk_l}).

This Theorem captures the idea behind the notion of a linearly dependent set: A finite
set is linearly dependent iff there exists a smaller set with the same span. In this sense the
vector v in the Proposition above is redundant with respect to linear combinations.
Proof of Theorem 4.2.3: Let S, = {vl, e ,’Uk} and Sip_1 = {'ul7 e 7v;g,l}.

On the one hand, if vy is a linear combination of the other vectors in .9, then for every
x € Span(S) can be expressed as an element in Span(Sk—_1) simply by replacing vy, in terms
of the vectors in S. This shows that Span(Sy) C Span(Sy_1). The other inclusion is trivial,
so Span(Sy) = Span(Sk_1).

On the other hand, if Span(Sy) = Span(Sk_1), this means that v, is a linear combination
of the elements in S;_;. Therefore, the set Si is linearly dependent. This establishes the

Theorem. O
-2 4 -2 —4

EXAMPLE 4.2.3: Consider the set S C R? given by S = { 201,1-6],]-3|,| 1 }
-3 8 2 -3

Find a set S C S having the smallest number of vectors such that Span(S) = Span(S).

SoLUTION: We have to find all the redundant vectors in S with respect to linear combina-
tions. In other words, with have to find a linearly independent subset of S C S such that

Span(S) = Span(S). The calculation we must do is to find the non-zero coefficients ¢; in
the solution of the equation

0 ) 4 ) 4 2 4 -2 4 21
0l =1 | 2|+ |—6| 4e3 -3+l 1| =]2 -6 -3 1 02
0 -3 8 2 -3 -3 8 2 -3 03

4

Hence, we must find the reduced echelon form of the coefficient matrix above, that is,

-2 4 =2 -4 1 -2 1 2 1 -2 1 2 1 0 T
A=|2 -6 -3 1|—=|0 -2 -5 =3|—=|0 2 5 3| —=|0 3| = Ea.

1
-3 8 2 =3 o 2 5 3 0 0 0 O 0 0

oot O
Owlw Ut

This means that the solution for the coefficients is
5 3

Cc1 = *663 — 504, Cy = ——C3 —

2 §C4, c3, ¢y free variables.

Choosing:

-2 4 -2 0
c1=0,c3=2 = c¢=-12 co=-5 = —12| 2|-5|-6]+2]|-3|=10],
-3 8 2 0
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-2 4 —4 0
C4:2, 0320 = 01:*107 co = —3 = —10 21 —-3|-6] +2 1 =10
-3 8 -3 0

We can interpret this result thinking that the third and fourth vectors in matrix A are linear
combination of the first two vectors. Therefore, a linearly independent subset of S having
its same span is given by

) -2 4.
ISR

Notice that all the information to find S is in matrix Ea, the reduced echelon form of
matrix A,

-2 4 -2 -4 106 5
A=|2 —6 -3 1|—= (0 1 5 32| =Ea.
-3 8 2 -3 000 0

The columns with pivots in Ea determine the column vectors in A that form a linearly
independent set. The non-pivot columns in Ep determine the column vectors in A that are
linear combination of the vectors in the linearly independent set. The factors of these linear
combinations are precisely the component of the non-pivot vectors in Ex. For example, the
last column vector in Ea has components 5 and 3/2, and these are precisely the coefficients
in the linear combination:

—4 -2 3 4

11 =5|2|+=-1]|-6

-3 —3] 2|s
<

In Example 4.2.3 we answered a question about the linear independence of a set S =
{v17 e 7vn} C F™ by studying the properties of a matrix having these vectors a column
vectors, that is, A = [vl, e 7vn]. It turns out that this is a good idea and the following
result summarizes few useful relations.

Theorem 4.2.4. Given A = [A;l, e ,A;n} € F™" the following statements are equivalent:
(a) The column vectors set {A.1,--- , A} CF™ is linearly independent;

(b) N(A) ={0};

(c) rank(A) =n

In the case A € F™™, the set {A.1, -+ A} CF" is linearly independent iff A is invertible.

Proof of Theorem 4.2.4: Let us denote by S = {v17 e 7vn} C F™ a set of vectors in a
vector space, and introduce the matrix A = [vl, e ,vn]. The set S is linearly independent
iff only solution ¢ € R™ to the equation Ac = 0 is the trivial solution ¢ = 0. This is equivalent
to say that N(A) = {0}. This is equivalent to say that Ea has n pivot columns, which is
equivalent to say that rank(A) = n. The furthermore part is straightforward, since an n x n
matrix A is invertible iff rank(A) = n. This establishes the Theorem. O

Further reading. See Section 4.3 in Meyer’s book [3].
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4.2.3. Exercises.

4.2.1.- Determine which of the following 4.2.3.- Show that any set containing the
sets is linearly independent. For those zero vector must be linearly dependent.
who are linearly dependent, express one
vector as a linear combination of the 4.2.4.- Given a vector space V, prove the
other vectors in the set. following: If the set

1 2 1 {v, w}CV
@ {|2| 1] [5] }: o .

3 0 9 is linearly independent, then so is

:1: :0: :0: 1 {(’U+ ’U}), (’U— w)}
® {[2].]4] [o] . 1] }: ,

3] [5] [6] [ 4.2.5.- Determine whether the set

3] M7 M7 { 1 2 2 1 4 -1 } c ngg
(c){ 0 1}_ 2 1’1 1|’ |-1 1

111 [0] |0} is linearly independent of dependent.

2 1 1 0 4.2.6.- Show that the following set in Py is
4.2.2.- Let A= |4 2 1 2}. linearly dependent,
6 3 23 {1, z, 2*, 14+ 2z +2°}.
(a) Find a linearly independent set con-
taining the largest possible number 4.2.7.- Determine whether S C P is a lin-
of columns of A. early independent set, where
(b) Find how many linearly indepen- S = {1 + 4227 — 3$2’2+$}.

dent sets can be constructed using
any number of column vectors of A.
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4.3. BASES AND DIMENSION

In this Section we introduce a notion that quantifies the size of a vector space. Before
doing that, however, we need to separate two main cases, the vector spaces we call finite
dimensional from those called infinite dimensional. In the first case, finite dimensional vector
spaces, we introduce the notion of a basis. This is a particular type of set in the vector
space that is small enough to be a linearly independent set and big enough to span the whole
vector space. A basis of a finite dimensional vector space is not unique. However, every
basis contains the same number of vectors. This number, called dimension, quantifies the
size of the finite dimensional vector space. In the second case above, infinite dimensional
vector spaces, we do not introduce here a concept of basis. More structure is needed in the
vector space to be able to determine whether or not an infinite sum of vectors converges.
We will not discuss these issues here.

4.3.1. Basis of a vector space. A particular type of finite sets in a vector space, small
enough to be linearly independent and big enough to span the whole vector space, is called
a basis of that vector space. Vector spaces having a finite set with these properties are
essentially small, and they are called finite dimensional. When there is no finite set that
spans the whole vector space, we call that space infinite dimensional. We now highlight
these ideas in a more precise way.

Definition 4.3.1. A finite set S C V is called a finite basis of a vector space V iff S is
linearly independent and Span(S) = V.

The existence of a finite basis is the property that defines the size of the vector space.

Definition 4.3.2. A vector space V' is finite dimensional iff V' has a finite basis or V is
one of the following two extreme cases: V =0 or V.= {0}. Otherwise, the vector space V
is called infinite dimensional.

In these notes we will often call a finite basis just simply as a basis, without remarking
that they contain a finite number of elements. We only study this type of basis, and we
do not introduce the concept of an infinite basis. Why don’t we define the notion of an
infinite basis, since we have already defined the notion of an infinite linearly independent
set? Because we do not have any way to define what is the span of an infinite set of vectors.
In a vector space, without any further structure, there is no way to know whether an infinite
sum converges or not. The notion of convergence needs further structure in a vector space,
for example it needs a notion of distance between vectors. So, only in certain vector spaces
with a notion of distance it is possible to introduce an infinite basis. We will discuss this
subject in a later Chapter.

ExAMPLE 4.3.1: We now present several examples.

{1 _fo

o'~ 1
e; = l;, that is, e; is the i-th column of the identity matrix ly. This basis Sy is called
the standard basis of R2.

(b) A vector space can have infinitely many bases. For example, a second basis for R? is

the set U = {ul = {ﬂ JUg = {711} } It is not difficult to verify that this set is a basis

(a) Let V = R?, then the set Sy = {el = } is a basis of F2. Notice that

of R?, since u is linearly independent, and Span(l/) = R?.
(¢) Let V =TF", then the set S,, = {el =4, e, = |;,,} is a basis of R™, where |.; is the
i-th column of the identity matrix l,,. This set S, is called the standard basis of F™.
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(d) A basis for the vector space F2:2 of all 2 x 2 matrices is the set Sz 2 given by

10 0 1 0 0 00
So0 = {En = {0 0} ,E12 = L) ()} yBa1 = |:1 (]:| Ba2 = L) 1}}7

This set is linearly independent and Span(Sz2) = F>2, since any element A € F22 can
be decomposed as follows,

C[An Aw] ., 10 0 1 0 0 0 0
/A\—Ll21 A22}—A11 [0 0}-1-1412 {0 0]+A21 [1 0}-1—1422 {0 1]-

(e) A basis for the vector space F™™ of all m x n matrices is the following:
Sm,n - {E117 E12~, Ty Emn}~,

where each m x n matrix E;; is a matrix with all coefficients zero except the coeflicient
(4,7) which is equal to one (see previous example). The set Sy, , is linearly independent,
and Span(S,, ,) = F™", since

A=[A;5] =)D AiEs;.
i=1 j=1

(f) Let V =P, the set of all polynomials with domain R and degree less or equal n. Any
element p € P,, can be expressed as follows,

p(z) =ap+ a1z + asx® + -+ apa®,
that is equivalent to say that the set
S:{p():l, p, =z, pQ:xQ, e, p, =2
satisfies P,, = Span(S). The set S is also linearly independent, since
qz)=co+azr+cr’ 4+ Fear"=0 = c¢=---=c,=0.

The proof of the latter statement is simple: Compute the n-th derivative of g above,
and obtain the equation n!c, =0, so ¢, = 0. Add this information into the (n — 1)-th
derivative of g and we conclude that ¢,,—; = 0. Continue in this way, and you will prove
that all the coefficient ¢’s vanish. Therefore, S is a basis of P,,, ands it is also called the
standard basis of P,,.

<
1 0 1
EXAMPLE 4.3.2: Show that the set U = { of,|1],] O } is a basis for R3.
1 1 —1

SOLUTION: We must show that U is a linearly independent set and Span(U) = R3. Both
properties follow from the fact that matrix U below, whose columns are the elements in U,
is invertible,

10 1 N
Uu=10 1 0 :>U‘1=§O 2 0
11 —1 1 1 -1

Let us show that U/ is a basis of R3: Since matrix U is invertible, this implies that its
reduced echelon form Ey = I, so its column vectors form a linearly independent set. The
existence of U™! implies that the system of equations Ux = y has a solution x = U~y for
every y € R3, that is, y € Col(U) = Span(U) for all y € R3. This means that Span(U/) = R3.
Hence, the set I is a basis of R3. <

The following definitions will be useful to establish important properties of a basis.
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Definition 4.3.3. Let V' be a vector space and S, C V be a subset with n elements. The set
Sn is a mazximal linearly independent set iff S, is linearly independent and every other
set Sm with m > n elements is lmearly dependent. The set S, is a minimal spannzng set
iff Span(S,) = V and every other set S,, with m < n elements satisfies Span(&S, m) & V.

A maximal linearly independent set S is the biggest set in a vector space that is linearly
independent. A set cannot be linearly independent if it is too big, since the bigger the set
the more probable that one element in the set is a linear combination of the other elements
in the set. A minimal spanning set is the smallest set in a vector space that spans the whole
space. A spanning set, that is, a set whose span is the whole space, cannot be too small,
since the smaller the set the more probable that an element in the vector space is outside the
span of the set. The following result provides a useful characterization of a basis: A basis is
a set in the vector space that is both maximal linearly independent and minimal spanning.
In this sense, a basis is a set with the right size, small enough to be linearly independent
and big enough to span the whole vector space.

Theorem 4.3.4. Let V' be a vector space. The following statements are equivalent:
(a) U is a basis of V;

(b) U is a minimal spanning set in V.

(¢) U is a maximal linearly independent set in V;

1 0 1
ExampPLE 4.3.3: We showed in Example 4.3.2 above that the set U = { Of,[1{,] O }
1 1 -1

is a basis for R3. Since this basis has three elements, Theorem 4.3.4 says that any other
spanning set in R? cannot have less than three vectors, and any other linearly independent
set in R? cannot have more that three vectors. For example, any subset of I/ containing two
elements cannot span R?; the linear combination of two vectors in I/ span a plane in R3.
Another example, any set of four vectors in R must be linearly dependent. <

Proof of Theorem 4.3.4: We first show part (a)-(b).

(=) Assume that U is a basis of V. If the set U is not a minimal spanning set of V, that
means there exists U = {ul, © Ly Up— 1} such that Span(U) V. So, every vector in U can
be expressed as a linear combination of vectors in i{. Hence, there exists a set of coefficients
C;; such that

uj:ZCij;[l’ii .7:177n

The reason to order the coefficients Cj; is this form is that they form a matrix C = [C};]
which is (n — 1) x n. This matrix C defines a function C : R® — R"~!, and since rank(C) <
(n — 1) < n, this matrix satisfies that N(C) is nontrivial as a subset of R™. So there exists
a nonzero column vector in R™ with components z = [z;] € R", not all components zero,
such that z € N(C), that is,

Z = i=1,---,(n—1).

What we have found is that the linear combination

n—1

n n—1 n
Z1u1+...+zn'um:zz]'uj‘—zzj Zcz]'u'l Z(Zczjzj)ﬁz:

j=1 i=1 j=1
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with at least one of the coefficients z; non-zero. This means that the set I/ is not linearly
independent. But this contradicts that U is a basis. Therefore, the set U is a minimal
spanning set of V.

(<) Assume that U is a minimal spanning set of V. If I is not a basis, that means U is
not a linearly independent set. At least one element in &/ must be a linear combination of
the others. Let us arrange the order of the basis vectors such that the vector u,, is a linear
combination of the other vectors in ¢. Then, the set U= {'u,7 e ,'u,n_l} must still span V,
that is Span(Z;{ ) = V. But this contradicts the assumption that ¢/ is a minimal spanning set
of V.

We now show part (a)-(c).

(<) Assume that U is a maximal linearly independent set in V. If U is not a basis, that
means Span (i) ; V, so there exists u,11 € V such that u,+1 ¢ Span(U). Hence, the set
U= {u, cee 'um_l} is a linearly independent set. However, this contradicts the assumption
that ¢ is a maximal linearly independent set. We conclude that U is a basis of V.

(=) Assume that U is a basis of V. If the set U is not a maximal linearly independent
set in V', then there exists a maximal linearly independent set U= {1]1, e ,ﬁk}, with
k > n. By the argument given just above, I is a basis of V. By part (b) the set &/ must
be a minimal spanning set of V. However, this is not true, since I is smaller and spans V.
Therefore, & must be a maximal linearly independent set in V.

This establishes the Theorem. O

4.3.2. Dimension of a vector space. The characterization of a basis given in Theo-
rem 4.3.4 above implies that the number of elements in a basis is always the same as in any
other basis.

Theorem 4.3.5. The number of elements in any basis of a finite dimensional vector space
is the same as in any other basis.

Proof of Theorem (4.3.5: Let V,, and V,, be two bases of a vector space V with n
and m elements, respectively. If m > n, the property that V), is a minimal spanning set
implies that Span(V,) & Span(V,,) = V. The former inclusion contradicts that V, is a
basis. Therefore, n = m. (A similar proof can be constructed with the maximal linearly
independence property of a basis.) This establishes the Theorem. O

The number of elements in a basis of a finite dimensional vector space is a characteristic
of the vector space, so we give that characteristic a name.

Definition 4.3.6. The dimension of a finite dimensional vector space V with a finite
basis, denoted as dim V', is the number of elements in any basis of V.. The extreme cases of
V =0 and V = {0} are defined as zero dimensional.

From the definition above we see that dim{0} = 0 and dim ) = 0.

ExaMPLE 4.3.4: We now present several examples.
(a) The set S, = {61 =11, - ,ep, = I;n} is a basis for F", so dimF" = n.
(b) A basis for the vector space F>? of all 2 x 2 matrices is the set Sa 2 is given by

10 01 0 0 0 0
52,2:{E11:{0 0]7&2:[0 O},EM:L 0},522:{0 1]}

so we conclude that dim F??2 = 4.
(¢) A basis for the vector space F™™ of all m x n matrices is the following:

S’m,n = {E117 E127 e 7EmTL}7
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where we recall that each m x n matrix E;; is a matrix with all coefficients zero except
the coefficient (4, j) which is equal to one. Since the basis Sy, , contains mn elements,
we conclude that dim """ = mn.

(d) A basis for the vector space P, of all polynomial with degree less or equal n is the set
S given by § = {Po =l,p=x,py=2%--,p,= m"} This set has n + 1 elements,
so dimP, =n + 1.

<

REMARK: Any subspace W C V of a vector space V is itself a vector space, so the definition
of basis also holds for W. Since W C V| we conclude that dimW < dim V.

ExaMpLE 4.3.5: Consider the case V = R3. It is simple to see in Fig. 37 that dimU = 1
and dim W = 2, where the subspaces U and W are spanned by one vector and by two
non-collinear vectors, respectively.

dim(U)=1 dim(wW)=2

FIGURE 37. Sketch of two subspaces U and W, in the vector space R3, of
dimension one and two, respectively.

ExXAMPLE 4.3.6: Find a basis for N(A) and R(A), where matrix A € R** is given by

-2 4 -2 —4
A=|2 -6 -3 1]. (4.2)
-3 8 2 -3

SoLuTION: Since A € R3% then A : R* — R3, which implies that N(A) C R* while
R(A) C R3. A basis for N(A) is found as follows: Find all solution of Ax = 0 and express
these solutions as the span of a linearly independent set of vectors. We first find Ea,

Tr1 = —6{1)3 - 5$4,
2 4 -2 _4 106 5 5 5
A=|12 —6 -3 1| =10 1 3 3|=Ex = Ty = —=x3 — = a4,
3 8 2 -3 000 0 2 2

x3, x4 free variables.

Therefore, every element in N(A) can be expressed as follows,

—6w3 — 14 —6 -5 —6] [-5
e de| _ | 5| L | v - son({ 2| |

X 25 = 3 + G|z = (A) = pan({ clol oo })
Ty 0 1 0 1
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Since the vectors in the span above form a linearly independent set, we conclude that a
basis for N(A) is the set A/ given by

We now find a basis for R(A). We know that R(A) = Col(A), that is, the span of the column
vectors of matrix A. We only need to find a linearly independent subset of column vectors
of A. This information is given in Ea, since the pivot columns in Ep indicate the columns in
A which form a linearly independent set. In our case, the pivot columns in Ea are the first
and second columns, so we conclude that a basis for R(A) is the set R given by

-2 4
([

<

4.3.3. Extension of a set to a basis. We know that a basis of a vector space is not unique,
and the following result says that actually any linearly independent set can be extended into
a basis of a vector space.

Theorem 4.3.7. If Sp = {ul7 e 7uk} is a linearly independent set in a vector spave V.
with basis V = {'ul, e ,'vn}, where k < n, then, there always exists a basis of V' given by
an extension of the set Sy of the form S = {ul, Cee Uk, Viy, ,'vin_k}.

The statement above says that a linearly independent set Si, can be extended into a basis
S of a a vector space V simply incorporating appropriate vectors from any basis of V. If a
basis V of V has n vectors, and the set S; has k < n vectors, then one can always select
n — k vectors from the basis V to enlarge the set S} into a basis of V.
Proof of Theorem 4.3.7: Introduce the set Sk,

Sk+n - {uly"' y U, U1, - -t ,'Un}.

We know that Span(Ski,) = V since ¥V C Skin. We also know that Sk, is linearly de-
pendent, since the maximal linearly independent set contains n elements and Sk, contains
n+ k > n elements. The idea is to eliminate the v; such that Sy U {v;} is linearly depen-
dent. Since the maximal linearly independent set contains n elements and the Sy, is linearly
independent, there are k elements in V that will be eliminated. The resulting set is S, which
is a basis of V containing Sj. This establishes the Theorem. (]

ExAMPLE 4.3.7: Given the 3 x 4 matrix A defined in Eq. (4.2) in Example 4.3.6 above,
extend the basis of N(A) C R* into a basis of R%.

SoLUTION: We know from Example 4.3.6 that a basis for the N(A) is the set A" given by
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Following the idea in the proof of Theorem 4.3.7, we look for a linear independent set of
vectors among the columns of the matrix

—6 -5 1.0 0 0
5 _ 3
-5 2 0100
- 2 2
M=11 ¢ 0010
0 1 0001

That is, matrix M include the basis vectors of N(A) and the four vectors e; of the standard
basis of R*. It is important to place the basis vectors of N(A) in the first columns of M. In
this way, the Gauss method will select these first vectors as part of the linearly independent

set of vectors. Find now the reduced echelon form matrix Ey,
00 10

0 0 0

Eum = 10 6

0 1 5

o o= O

1
0
0
0

W Ut =

Therefore, the first four vectors in M are form a linearly independent set, so a basis of R*
that includes N is given by

—6 -5 1 0
_35 _3 0 1
- 2 2
V_{ 117 0]7]0]" 0 }
0 1 0 0

<

4.3.4. The dimension of subspace addition. Recall that the sum and the intersection
of two subspaces is again a subspace in a given vector space. The following result relates
the dimension of a sum of subspaces with the dimension of the individual subspaces and the
dimension of their intersection.

Theorem 4.3.8. If W1, Wy C V' are subspaces of a vector space V', then holds
d1m(W1 + Wz) = dim Wy + dim Wy — dim(W1 N WQ)

Proof of Theorem 4.3.8: We find the dimension of W7 + W5 finding a basis of this sum.
The key idea is to start with a basis of Wy N Wy, Let By = {zl, e ,zl} be a basis for
W1 N Ws. Enlarge that basis into basis By for Wi and By for Wy as follows,

Blz{zlv"' s R, X1y 7$TL}7 82:{2:17"' 7zl7y17'“ 7y’rn}'

We use the notation | = dim(Wy N Wa), I +n = dim W and [ + m = dim W5. We now
propose as basis for Wy + Wy the set

B:{Zh'" y 2 L1y s Ypy 7ym}

By construction this set satisfies that Span(B) = Wy + Ws. We only need to show that B is
linearly independent. Assume that the set 5 is linearly dependent. This means that there
is non-zero constants a;, b; and cj, solutions of the equation

n m l
ZaiwiJerjyj +chzk =0. (4.3)
i=1 j=1 k=1
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This implies that the vector > ; a;x;, which by definition belongs to Wi, also belongs to
W5, since

Therefore, Z;L:l a;x; belongs to Wi N W, and so is a linear combination of the elements of
By, that is, there exists scalars dj such that

n l
E a;x; = E d 2.
i=1 i=1

Since B; is a basis of Wy, this implies that all the coefficients a; and dj vanish. Introduce
this information into Eq. (4.3) and we conclude that

m l
ijyj + chzk = 0.
j=1 k=1

Analogously, the set B; is a basis, so all the coefficients b; and ¢, must vanish. This implies
that the set B is linearly independent, hence a basis of W; + W5. Therefore, the dimension
of the sum is given by

dim(Wy + Wo) =n+m+k=mn+k)+ (m+k)—k=dimW; +dim Wy — dim(W; N Wy).

This establishes the Theorem. (]
The following corollary is immediate.

Corollary 4.3.9. If a vector space can be decomposed as V. = Wi @ Wy, then
dim(W; @ Wa) = dim Wy + dim Wha.

The proof is straightforward from Theorem 4.3.8, since the condition of subspaces direct
sum, Wy N Wy = {0}, says that dim(W; N W) = 0.
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4.3.5. Exercises.

4.3.1.- Find a basis for each of the spaces

N(A), R(A), N(AT), R(AT), where
1 2 2 3
A=1(2 4 1 3
3 6 1 4
4.3.2.- Find the dimension of the space
spanned by
1 1 2 1 3
{ 2 0 8 1 3 }
—1{’10]’ (=4’ (1]’ ]0
3 2 8 1 6

4.3.3.- Find the dimension of the following
spaces:

(a) The space P,, of polynomials of de-
gree less or equal n.

(b) The space F"™™ of m x n matrices.

(c) The space of real symmetric n X n
matrices.

(d) The space of real skew-symmetric
n X n matrices.

4.3.4.- Find an example to show that the
following statement is false: Given a ba-
sis {vi,va} of R?, then every subspace
W C R? has a basis containing at least
one of the basis vectors vy, va.

4.3.5.- Given the matrix A and vector v,
-8

5 1
81, v=| 3],
5 3
0

verify that v € N(A), and then find a
basis of N(A) containing v.

1 2 2 0
A=12 4 3 1
3 6 1 5

4.3.6.- Determine whether or not the set

2 1
B= { 30, ] 1 }
2 -1
is a basis for the subspace

1 5 3

Span({ ; , ? R 411 })CRa.
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4.4. VECTOR COMPONENTS

4.4.1. Ordered bases. In the previous Section we introduced a finite basis in a vector
space. Although a vector space can have different bases, every basis has the same number
of elements, which provides a measure of the vector space size, called the dimension of the
vector space. In this Section we study another property of a basis. Every vector in a finite
dimensional vector space can be expressed in a unique way as a linear combination of the
basis vectors. This property can be clearly stated in an ordered basis, which is a basis with
the basis vectors given in a specific order.

Definition 4.4.1. An ordered basis of an n-dimensional vector space V is a sequence
(vi,- -+ ,vy,) of vectors such that the set {vi,--- ,v,} is a basis of V.

Recall that a sequence is an ordered set, that is, a set with elements given in a particular
order.

EXAMPLE 4.4.1: The following four ordered basis of R? are all different,

1 0 0 0 1 0 0 0 1 0 0 1
(fol -1t o), (i) fol - o])s ({1]-Jof-fo]): (o] || [o]).
0 0 1 0 0 1 0 1 0 1 0 0
1 0 0
however, they determine the same basis S3 :{ 0f,|1],10 } <
0 0 1

4.4.2. Vector components in a basis. The following result states that given a vector
space with an ordered basis, there exists a correspondence between vectors and certain
sequences of scalars.

Theorem 4.4.2. Let V' be an n-dimensional vector space over the scalar field F with an
ordered basis (ul, s 'u,n) Then, every vector v € V determines a unique scalars’ sequence
(Ul, e ,vn) C F such that

V=01U + -+ VU, (44)
And every scalars’ sequence (v, --- ,v,) C F determines a unique vector v e V by Eq. (4.4).

Proof of Theorem 4.4.2: Denote by U = (ul, e ,un) the ordered basis of V. Since U
is a basis, Span(U) = V and U is linearly independent. The first property implies that for
every v € V there exist scalars vy, -+ ,v, such that v is a linear combination of the basis
vectors, that is,

V=V1U + U Uy,
The second property of a basis implies that the linear combination above is unique. Indeed,
if there exists another linear combination

V=v1Up + T Up Uy,

then 0 = v—v = (v1 —v1)w + -+ + (Vp, — Vn)uy,. Since U is linearly independent, this
implies that each coefficient above vanishes, so v1 = vy, -+, v, = Vjp.

The converse statement is simple to show, since the scalars are given in a specific order.
Every scalars’ sequence (vy, - - , v, ) determines a unique linear combination with an ordered
basis (ul, e ,un) given by viu; + - -+ + vpu,. This unique linear combination determines
a unique vector in the vector space. This establishes the Theorem. O

Theorem 4.4.2 says that there exists a correspondence between vectors in a vector space
with an ordered basis and scalars’ sequences. This correspondence is called a coordinate
map and the scalars are called vector components in the basis. Here is a precise definition.
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Definition 4.4.3. Let V be an n-dimensional vector space over F with an ordered basis

U= (uw, - ,u,). The coordinate map is the function [ ], : V — F", with [v], = v., and
U1
Vy = | ¢ & v=01U] U Uy
Un
The scalars vy, - -+ ,v, are called the vector components of v in the ordered basis U.

Therefore, we use the notation [v],, = v, € F™ for the components of a vector v € V in an
ordered basis U. We remark that the coordinate map is defined only after an ordered basis
is fixed in V. Different ordered bases on V determine different coordinate maps between
V and F". When the situation under study involves only one ordered basis, we suppress
the basis subindex. The coordinate map will be denoted by [ ] : V' — F”™ and the vector
components by v = [v]. In the particular case that V = F™ and the basis is the standard
basis Sy, then the coordinate map [ |5 is the identity map, so v = [v]s = v. In this case we
follow the convention established in the first Chapters, that is, we denote vectors in F™ by
v instead of v. When the situation under study involves more than one ordered basis we
keep the sub-indices in the coordinate map, like [ ],,, and in the vector components, like v,,,
to keep track of the basis attached to these expressions.

ExamMpPLE 4.4.2: Let V be the set of points on the plane with a preferred origin. Let
S= (61, 62) be an ordered basis, pictured in Fig. 38.

(a) Find the components v, = [v], € R? of the vector v = e; + 3ey in the ordered basis S.
(b) Find the components v,, = [v], € R? of the same vector » given in part (a) but now in
the ordered basis U = (u1; = e1 + €2, up = —e; + €3).

SOLUTION: Part (a) is straightforward to compute, since the definition of component of a
vector says that the numbers multiplying the basis vectors in the equation v = e; + 3eq are
the components of the vector, that is,

3

Part (b) is more involved. We are looking for numbers #; and 7 such that

s
v=-e + 3e < V= |,]-

V=01U + Uy & Vy = {21} . (4.5)
2

From the definition of the basis & we know the components of the basis vectors in U in
terms of the standard basis, that is,

1
U = e + e & UISZ|:1:|7

-1
Uy = —€1 + e = UQS:|:1:|.

In other words, we can write the ordered basis U as the column vectors of the matrix
US = [Z/{:IS = [[ul]sv [U’Q]a} given by

1 -1
Us = [u157u2s] = |:1 1:| .

Expressing Eq. (4.5) in the standard basis means

- - 1 ~ |1 . |—1
e1+3e=v="0(e1 +e)+0(—€e +e) < []:vl{l}Jrvg[l}.
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The last equation on the right is a matrix equation for the unknowns v, = {gl} ,

E ﬂ [Z;] - H o Uso, =vs.

We find the solution using the Gauss method,

1 -1 o |2 _ o —ow s
1 1 3 0 1 1 Vu =1 v=dt T U

A sketch of what has been computed is in Fig. 38. In this Figure is clear that the vector
v is fixed, and we have only expressed this fixed vector in as a linear combination of two
different bases. It is clear in this Fig. 38 that one has to stretch the vector u; by two and
add the result to the vector us to obtain wv. <

FIGURE 38. The vector v = e; + 3ey expressed in terms of the basis U =
{u1 =e +e,u=—e + 62} is given by v = 2u; + us.

ExaMPLE 4.4.3: Consider the vector space Py of all polynomials of degree less or equal two,
and let us consider the case of F = R. An ordered basis is S = (Po =1,p =2 p, = x2).
The coordinate map is [ |5 : Py — R3 defined as follows, [p]s = ps, where

a
ps = | b & px)=a+br+cz’
c

The column vector py represents the components of the vector p in the ordered basis S. The
equation above defines a correspondence between every element in P, and every element in
R3. The coordinate map depend on the choice of the ordered basis. For example, choosing
the ordered basis S = (Po =22, p =z, py, = 1), the corresponding coordinate map is
[]5 : P, — R3 defined by [p]; s, where

ls=p
Pg—[

& p(x) =a+br+cz?

IS~ oY
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The coordinate maps above generalize to the spaces P,, and R"*! for all n € N. Given
the ordered basis S = (po =1lp ==z ,p, = :L'”), the corresponding coordinate map
[1s: P, — R**! defined by [p], = ps, where

ps = | & p(x) =ag+ - +aa".

ExampLE 4.4.4: Consider V = P, with ordered basis S = (Po =1,p, =z, p,= x2).

(a) Find rg = [r];, the components of r(z) = 3 + 2z + 422 in the ordered basis S.
(b) Find r, = [r],, the components of the same polynomial r given in part (a) but now in
the ordered basis Q= (qy =1, ¢ =1+, ¢ =1+ x +22,).

SOLUTION:
Part (a):This is straightforward to compute, since r(z) = 3 + 22 + 422 implies that

r(2) =3py(a) + 2p;(2) +Apy(a) & 1= |2

Part (b): This is more involved, as in Example 4.4.2. We look for numbers 71, 72, 73 such
that

r(z) =70 qy(x) + 71 q(v) + T2 qy(x) & rg= |T1]. (4.6)

From the definition of the basis @ we know the components of the basis vectors in Q in
terms of the S basis, that is,

1
90(7) = py() e qos = |0},
_0_
=
q,(7) = py(z) + py (2) A Jis = (1)
=
4:(z) = po(x) + p1(x) + po(2) < J2s = }

Now we can write the ordered basis Q in terms of the column vectors of the matrix Qs =
[Q]g = [qﬂsv d1s, q25]7 as fOHOWSa

1 1 1
Q,=1(0 1 1
0 0 1
Expressing Eq. (4.6) in the standard basis means

1 1 1
=7 |0 +7 |1] +7 |1
0 0 1
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The last equation on the right is a matrix equation for the unknowns 7o, 71, and 7

1 1 1] [# 3
01 1 Ml =12 & Qurg =rs.
00 1] [7] |4
We find the solution using the Gauss method,
1 1 1 3 1 0 0 1
0 1 1 2l - 10 1 0 -21,
0 0 1 | 4 00 1 4
hence the solution is
[ 1
=2 e @) = ) - 24,6 +4g,().
4

We can verify that this is the solution, since
r(z) = qo(v) =2 q1(z) + 4 ()

=1-2(1+2)+4(1+2+2?)

=(1—2+4)+ (=2 +4)x + 42?

=3+ 2z + 4a?

=3py(z) +2p(z) + 4p,(2).

<

ExXAMPLE 4.4.5: Given any ordered basis U = (ul7 Us, u3) of a 3-dimensional vector space

V, find U, = [Z/{]u C 33, that is, find u; = [u], for i = 1,2, 3, the components of the basis
vectors u; in its own basis U.

SOLUTION: The answer is simple: The definition of vector components in a basis says that

o8
u; = u; +0up +0ug < u, = [0 =eq,
_0_
o
Uy = 0up + ug + 0 us = Ugy = | 1| = eg,
_0_
o
uz =0u; +0ux + us ~ Uy, = |0 =es.
_1_
In other words, using the coordinate map ¢, : V — F3, we can always write any basis U
as components in its own basis as follows, U, = [el, e, eg] = I3. This example says that
there is nothing special about the standard basis S = {e1, - ,e,} of F"  where e; = I.; is

the i-th column of the identity matrix l,,. Given any n-dimensional vector space V over F
with any ordered basis V, the components of the basis vectors expressed on its own basis is
always the standard basis of F”, that is, the result is always [V]U = . <
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4.4.3. Exercises.

4.4.1.- Let S = (e1,e27e3) be the standard
basis of R®. Find the components of the
vector v = e; + es + 2e3 in the ordered

basis U
1 0 1
<Uls: 0 ,U2s = 1 ,U3s = 1 )
1 1 0

4.4.2.- Let S = (e1,e2,e3) be the standard
basis of R®. Find the components of the

vector o
8
ve = |7
_4_
in the ordered basis U given by
1 [1] 1
<Uls: 1 s U2s = 2 ,U3s = 2 )
1 12] 3

4.4.3.- Consider the vector space V = Py

with the ordered basis S given by
S= (Po:L p=z p2:x2).

(a) Find the components of the poly-
nomial r(z) = 2 + 3z — 2% in the
ordered basis S.

(b) Find the components of the same
polynomial 7 given in part (a) but
now in the ordered basis Q given by

(qul’ QI:1_I7 q2:x+x2,).

4.4.4.- Let S be the standard ordered basis
of R?2, that is,

S = (E11,E12,E21,E) C R2’2,

1 0 0 1
en=lo o] E2=[o o

0 0 0 0
|521—{1 0}, E22—|:0 1]‘

(a) Show that the ordered set M below
is a basis of R?2?, where

M= (M17 M27 M37 M4) - R2,27
with

0 1 0 -1
R
10 1 0
wo= [y S m=l5 s

where the matrices above are writ-
ten in the standard basis.

(b) Consider the matrix A written in
the standard basis S,

ol

Find the components of the matrix
A in the ordered basis M.
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CHAPTER 6. INNER PRODUCT SPACES

An inner product space is a vector space with an additional structure called inner product.
This additional structure is an operation that associates each pair of vectors in the vector
space with a scalar. An inner product extends to any vector space the main concepts
included in the dot product, which is defined on R™. These main concepts include the length
of a vector, the notioin of perpendicular vectors, and distance between vectors. When these
ideas are introduced in function vector spaces, they allow to define the notion of convergence
of an infinite sum of vectors. This, in turns, provides a way to evaluate the accuracy of
approximate solutions to differential equations.

6.1. DOT PRODUCT

6.1.1. Dot product in R%2. We review the definition of the dot product between vectors
in R?, and we describe its main properties, including the Cauchy-Schwarz inequality. We
then use the dot product to introduce the notion of length of a vector, distance and angle
between vectors, including the special case of perpendicular vectors. We then review that
all these notions can be generalized in a straightforward way from R? to F*, n > 1.

Definition 6.1.1. Given any vectors x, y € R? with components x = [ij, y = Bj in the
standard ordered basis S. The dot product on R? with is the function - : R? x R? — R,
Xy = T1y1 + TaYo.
The dot product norm of a vector x € R? is the value of the function || || : R? — R,
x|l = V&%

The norm distance between x, y € R? is the value of the function d : R? x R? — R,
d(x,y) =[x —yl|.

The dot product can be expressed using the transpose of a vector components in the
standard basis, as follows,

x"y = (1, x2] Bj =21Y1 + T2yY2 =X Y.

The dot product norm and the norm distance can be expressed in term of vector components
in the standard ordered basis S as follows,

X = V(21)? + (@2)2 dxy) = V(@1 = y1)? + (22 — y2)2.

The geometrical meaning of the norm and distance is clear form this expression in com-
ponents, as is shown in Fig. 40. The norm of a vector is the Euclidean length from the
origin point to the head point of the vector, while the distance between two vectors in the
Fuclidean distance between the head points of the two vectors.

It is important that we summarize the main properties of the dot product in R?, since
they are the main guide to construct the generalizations of the dot product to other vector
spaces.

Theorem 6.1.2. The dot product on R? satisfies, for every vector x, y, z € R? and every
scalar a, b € R, the following properties:

(a) x-y=y-x, (Symmetry);

(b) x-(ay+bz) =a(x-y)+b(x-z), (Linearity on the second argument);

(c) x-x>=0, and x-x =0 iff x=0, (Positive definiteness).



Page = 34

G. NAGY -~ LINEAR ALGEBRA JuLy 15, 2012 177
R’ R’ R’
X X 2 2 2
2 [yl = (v.) + (v.) 1% [Ix=yll
y y
yz
[yl Y,
[yl
X, v, v,

FI1GURE 40. Example of the Euclidean notions of vector length and distance
between vectors in R2.

Proof of Theorem 6.1.2: These properties are simple to obtain from the definition of the
dot product.
Part (a): It is simple to see that

Xy =T1Y1 + TaY2 = Y121 + Y2Z2 =y - X
Part (b): It is also simple to see that
x - (ay 4+ bz) = x1(ay; + bz1) + x2(ays + bza)
= a(z1y1 + T2y2) + b (2121 + 2222)
=a(x-y)+b(x-z).
Part (c¢): This follows from
x-x = (z1)? + (22)* > 0;
furthermore, in the case x - x = 0 we obtain that
(x1)* 4+ (22)> =0 & a3 =125=0.

This establishes the Theorem. ]

These simple properties are crucial to establish the following result, known as Cauchy-
Schwarz inequality for the dot product in R2. This inequality allows to express the dot
product of two vectors in R? in terms of the angle between the vectors.

Theorem 6.1.3 (Cauchy-Schwarz). The properties (a)-(c) in Theorem 6.1.2 imply that
for all x, y € R? holds
Pyl < Iyl

Proof of Theorem 6.1.3: From the positive definiteness property we know that the
following inequality holds for all x, y € R? and for all a € R,

0< flax —yl* = (ax —y) - (ax —y).
The symmetry and the linearity on the second argument imply
0< (ax—y) - (ax—y) = a® [x]|* = 2a (x-y) + |ly|*. (6.1)

Since the inequality above holds for all a € R, let us choose a particular value of a, the
solution of the equation
X-y
alx*=(x-y)=0 = a= e
Introduce this particular value of a into Eq. (6.1),
Xy
0 = () oo+ VI = eyl < i Iyl

This establishes the Theorem. O
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The Cauchy-Schwarz inequality implies that we can express the dot product of two vectors
in an alternative and more geometrical way, in terms of an angle related with the two vectors.
The Cauchy-Schwarz inequality says

i x *y X 1
Ix[HIyll =
which suggests that the number (x-y)/(||x|| ||y||) can be expressed as a sine or a cosine of an
appropriate angle.

Theorem 6.1.4. The angle between vectors x, y € R? is the number 6 € [0, 7] given by

Xy
cos(l) = ———.
[l iyl
Proof of Theorem 6.1.4: It is not difficult to see that given any vectors x, y € R2, the
vectors x/||x|| and y/||y|| have unit norm. Indeed,

‘ C(@m)? | (2)? 1

x |12 2 2
2 = = =1.
il = T+ e = 07+ )
The same holds for the vector y/||y||. The expression
x-y X y

Xyl Iyl

shows that the number (x-y)/(||x|| |ly]|) is the inner product of two vectors in the unit circle,
as shown in Fig. 41.

FIGURE 41. The dot product of two vectors x, y € R? can be expressed in
terms of the angle § = 0; — 6> between the vectors.

Therefore, we know that
X [cos(@l)] Y |:COS(92):|
x| [sin(@)] " lyl  [sin(62) |
Their dot product is given by

[ET sin(0)
Using the formula cos(6;) cos(f2) + sin(f;)sin(f2) = cos(6; — 62), and denoting the angle
between the vectors by 6 = 6, — 05, we conclude that

Xy
——— = cos(6).
[l iy

This establishes the Theorem. O

x Yo [cos(61), sin(6y)] {COS(@Q)} = cos(61) cos(f2) + sin(6y) sin(6s).
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Recall the notion of perpendicular vectors.

Definition 6.1.5. The vectors x, y € R? are orthogonal, denoted as x L vy, iff the angle
0 € [0, 7] between the vectors is 0 = /2.

The notion of orthogonal vectors in Def. 6.1.5 can be expressed in terms of the dot
product, and it is equivalent to Pythagoras Theorem on right triangles.

Theorem 6.1.6. Let x, y € R? be non-zero vectors, then the following statement holds,
xLy & xy=0 & |x—yl[>=Ix+Iyl*

Proof of Theorem 6.1.6: The non-zero vectors x and y € R? are orthogonal iff § = 7/2,
which is equivalent to
Xy
[ Iyl
The last part of the Proposition comes from the following calculation,

Ix = ylI* = (1 — 91)* + (22 — y2)?
= (21)° + (22)” + (1)% + (12)° — 2(z101 + T292)
= x>+ lIyll* = 2x-y.

& x-y=0.

Hence, x L y iff x -y = 0 iff Pythagoras Theorem holds for the triangle with sides given by
x, y and hypotenuse x —y. This establishes the Theorem. O
ExaMmpPLE 6.1.1: Find the length of the vectors x = ; and y = E’], the angle between
them, and then find a non-zero vector z orthogonal to x.

SOLUTION: We first find the length, that is, the norms of x and vy,

I =xx=x"x=[1 2],

=1+t = IKI= s

3
W =y-y=yy=[3 1] [}| =941 = Ivl=vim

We now find the angle between x and v,

3
cos() = X'y —[1 ’ [1]51 - ="
vl VBVIO T sv2 V2 s

We now find z such that z 1 x, that is,
1 z = —222 -9
0= [Zl 22] [2] =an+2n = {22 free variablc} = = { 1} 22
<

6.1.2. Dot product in F". The notion of dot product reviewed above can be generalized
in a straightforward way from R? to F™, n > 1, where F € {R,C}.

Definition 6.1.7. The dot product on the vector space F", with n > 1, is the function
- F" X F? — F given by

x-y=x"y,
where x, y denote components in the standard basis of F'™*. The dot product norm of a
vector x € F™ is the value of the function || || : F* — R,

[IX]| = v/x - x.
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The norm distance between x, y € F" is the value of the function d : F* x F* — R,

d(x,y) =[x =yl
The vectors x, y € F" are orthogonal, denoted as x Ly, iff holds x -y = 0.

Notice that we defined two vectors to be orthogonal by the condition that their dot
product vanishes. This is the appropriate generalization to F™ of the ideas we saw in R2.
The concept of angle is more difficult to study. In the case that F = C is not clear what the
angle between vectors mean. In the case F = R and n > 3 we have to define angle by the
number (x-y)/(||x|||ly]]). This will be done after we prove the Cauchy-Schwarz inequality,
which then is used to show that the number (x-y)/(|Ix]| |lyll) € [-1,1]. The formulas above
for the dot product, norm and distance can be expressed in terms of the vector components
in the standard basis as follows,

Xy =2T1y1+  + Tn¥n,
IXII = Vi + - + a2,
d(xy) = Vl]rr =12+ + |20 — yal?,
L1 Y1
where we used the standard notationx = | : |,y = | ! |, and |z;

T Yn
In the particular case that F = R all the vector components are real numbers, so T; = x;.

|2 = Tx;, fori = 1,---n.

EXAMPLE 6.1.2: Find whether x is orthogonal to y and/or z, where

1 -5 4
|2 Al |8
T3l YT =3 2T 2
4 2 1

SoLuTION: We need to compute the dot products x -y and x - z. We obtain

o
T 4
xX"y=[1 2 3 4] g =-548-9+48 = xy=2 = x[ly,
_2_
0
xTz=[1 2 3 4] _23 =—4-6+6+4 = xz=0 = xlz
_1_
<
2+ 3 2i
ExAMPLE 6.1.3: Find x -y, where x = i and y = 1 .
1—14 1+ 3¢
SoLuTION: The first product x -y is given by
2i
xXy=[2-3i —i 1+1] 1| =(2—360)(20) — i+ (1+4)(1+ 3i),
14 3¢
sox-y=4i+6—i+1—3+4+14+ 3¢, that is, x -y =4+ 7i. <

The dot product satisfies the following properties.
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Theorem 6.1.8. The dot product on F™, with n > 1, satisfies for every vector x, y, z € F"
and every scalar a, b € F, the following properties:

(al) x-y=y-Xx, (Symmetry F =R);
(a2) x-y =y-X, (Conjugate symmetry, for F = C);
(b) x-(ay+bz) =a(x-y)+b(x-z), (Linearity on the second argument);
(c) x-x=0, and x-x =0 iff x=0, (Positive definiteness).
Proof of Theorem 6.1.8: Use the expression of the dot product in terms of the vector
components. The property in (al) can be established as follows,
Xy=Tiy1 + -+ TpYp =Y1T1+ -+ YnTp =Y - X
The property in (a2) can be established as follows,

Xy =T1y1+ -+ Tpyn = (Yy21 + - + 7 Tn) =YX
The property in (b) is shown in a similar way,
x-(ay +bz) =x"(ay+bz) =ax'y+bx*z=a(z - y)+b(x- 2).
The property in (c¢) follows from
X-x=x"x=|z1|2 4+ |z, > > 0;
furthermore, in the case that x - x = 0 we obtain that
lz1 )2+ +lznP=0 & = =2,=0 < x=0.

This establishes the Theorem. O
The positive definiteness property (c) above shows that the dot product norm is indeed a
real-valued and not a complex-valued function, since x-x > 0 implies that ||x|| = v/x-x € R.
In the case of F = R, the symmetry property and the linearity in the second argument
property imply that the dot product on R™ is also linear in the first argument. This is a
reason to call the dot product on R™ a bilinear form. Finally, notice that in the case F = C,
the conjugate symmetry property and the linearity in the second argument imply that the
dot product on C" is conjugate linear on the first argument. The proof is the following:

(ay +bz) - x=x-(ay +bz) =a(x-y)+b(x-z) =a(x-y) +b(x-2z),
that is, for all x, y, z € C" and all a, b € C holds
(ay +bz) - x=a(y-x)+b(z-x).
Hence we say that the dot product on C™ is conjugate linear in the first argument.

ExaMPLE 6.1.4: Compute the dot product of x = Eztgg] with y = F’;} .

SorLuTION: This is a straightforward computation
3i

xy=xy=1[2-3i —6i-9] {2

]:62'4-9—121'—18 = x-y=-9—06t.

Notice that x = (2 + 3i)x, with x = [312} , so we could use the conjugate linearity in the first

argument to compute

X-y= ((2 + 3Z)X) y=(2-3i) (x-y)=(2-3i) [l —31} [321 = (2 — 3i)(3i — 61),
and we obtain the same result, x -y = —9 — 6¢. Finally, notice that y - x = —9 + 61. <

An important result is that the dot product in F™ satisfies the Cauchy-Schwarz inequality.
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Theorem 6.1.9 (Cauchy-Schwarz). The properties (al)-(c) in Theorem 6.1.8 imply that
for all x, y € F™ holds

-y < Iy
REMARK: The proof of the Cauchy-Schwarz inequality only uses the three properties of the
dot product presented in Theorem 6.1.8. Any other function f : F™ x F* — F having these
three properties also satisfies the Cauchy-Schwarz inequality.
Proof of Theorem 6.1.9: From the positive definiteness property we know that the
following inequality holds for all x, y € F™ and for all a € F,
0< flax —yl* = (ax —y) - (ax —y).
The symmetry and the linearity on the second argument imply
0< (ax—y) - (ax—y) = aal|x|[* —a(x-y) —aly-x) + |lyl* (6.2)
Since the inequality above holds for all a € F, let us choose a particular value of a, the
solution of the equation
ag|x?—a(x-y)=0 = a= ﬁ
X
Introduce this particular value of a into Eq. (6.2),
Xy
0< () D +IE = eyl < Il IR,

This establishes the Theorem. O

In the case F = R, the Cauchy-Schwarz inequality in R™ implies that the number
x-y)/UIxI[ Iyl € [-1,1], which is a necessary and sufficient condition for the following
definition of angle between two vectors in R™.

Definition 6.1.10. The angle between vectors x, y € R™ is the number 6 € [0, 7] given by

X'y
cos(f) = .
©) = Ty

The dot product norm function in Definition 6.1.7 satisfies the following properties.

Theorem 6.1.11. The dot product norm function on F™, with n > 1, satisfies for every
vector x, y € F" and every scalar a € F the following properties:

(a) |IX|l = 0, and ||x|| = 0 iff x =0, (Positive definiteness);

(b) llax|| = lal [IX]], (Scaling);

(c) [Ix+yll <Xl + llyll, (Triangle inequality).

Proof of Theorem 6.1.11: Properties (a) and (b) are straightforward to show from the
definition of dot product, and their proof is left as an exercise. We show here how to
obtain the triangle inequality, property (c). The proof uses the Cauchy-Schwarz inequality
presented in Theorem 6.1.9. Given any vectors x, y € F" holds
Ix+y[? = (x+y) - (x+y)
=[xl + (< y) + (v %) + llyl?
[l +2 e -yl + [lyl®

<
2
I + 2 [yl + Tyl = (I + Tyl
We conclude that [[x + y[|* < (|[x]| + ||y||)2 This establishes the Theorem. O
A vector v € F" is called normal or unit vector iff ||v|| = 1. Examples of unit vectors are
the standard basis vectors. Unit vectors parallel to a given vector are simple to find.
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v
Theorem 6.1.12. Ifv € F™ is non-zero, then W s a unit vector parallel to v.
v
v
Proof of Theorem 6.1.12: Notice that u = W is parallel to v, and it is straightforward
v
to check that u is a unit vector, since
v 1
ull = || || = 7 vl = 1.
(v vl
This establishes the Theorem. O

1
ExAMPLE 6.1.5: Find a unit vector parallel to x = |2].
3

SOLUTION: First compute the norm of x,

x| = vI+4+9=14,

1
therefore u = 2| is a unit vector parallel to v. <
3

==
~
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6.1.3. Exercises.

6.1.1.- Consider the vector space R* with
standard basis S and dot product. Find
the norm of u and v, their distance and
the angle between them, where

2 1
u= ! VvV = -1
41 1
-2 -1

6.1.2.- Use the dot product on R? to find
two unit vectors orthogonal to

‘= 3
= 5|
6.1.3.- Use the dot product on C? to find a
unit vector parallel to

‘e {1 + 21]
2—1q|°
6.1.4.- Consider the vector space R? with
the dot product.
(a) Give an example of a linearly inde-
pendent set {x,y} with x Ly.

(b) Give an example of a linearly de-
pendent set {x,y} with x L y.

6.1.5.- Consider the vector space F" with
the dot product, and let Re denote the
real part of a complex number. Show
that for all x, y € F" holds

lIx = yII* = [IxII* + llyll* — 2Re(x-y).

6.1.6.- Use the result in Exercise 6.1.5
above to prove the following generaliza-
tions of the Pythagoras Theorem to F"
with the dot product.

(a) For x, y € R™ holds
xLy & |x+yl”=IxI”+yl*
(b) For x, y € C" holds
xLy = Ix+yl> ="+ yl*
6.1.7.- Prove that the parallelogram law

holds for the dot product norm in F",
that is, show that for all x, y € F™ holds

x4yl + lIx = yII* = 2[Ix]1* + 2[y]*.
This law states that the sum of the
squares of the lengths of the four sides
of a parallelogram formed by x and y

equals the sum of the square of the
lengths of the two diagonals.
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6.2. INNER PRODUCT

6.2.1. Inner product. An inner product on a vector space is a generalization of the dot
product on R™ or C" introduced in Sect. 6.1. The inner product is not defined with a
particular formula, or requiring a particular basis in the vector space. Instead, the inner
product is defined by a list of properties that must satisfy. We did something similar when
we introduced the concept of a vector space. In that case we defined a vector space as a set
of any kind of elements where linear combinations are possible, instead of defining the set
by explicitly giving its elements.

Definition 6.2.1. Let V' be a vector space over the scalar field F € {R,C}. A function
(,): VxV —F is called an inner product iff for every x, y, z€ V and every a, b € F
the function (,) satisfies:
(al) (z,y) = (y, ), (Symmetry, for F =R);
(a2) (z,y) = (y, ), (Congugate symmetry, for F = C);

(b) {z,(ay+b2)) = al{z, y) + b{z, z), (Linearity on the second argument);

(c) {(z,x) >0, and (z,x) =0 iff € =0, (Positive definiteness).

An inner product space is a pair (V7 (, >) of a vector space with an inner product.
Different inner products can be defined on a given vector space. The dot product is an

inner product in F. A different inner product can be defined in F", as can be seen in the

following example.

ExXAMPLE 6.2.1: We show that R™ can have different inner products.

(a) The dot product on R™ is an inner product, since the expression

Y1
<X7 y> = XZYS - [1‘1 e mn]s =x1y1 + -+ TpYn, (63)
Yn

satisfies all the properties in Definition 6.2.1, with S the standard ordered basis in R™.
(b) A different inner product in R™ can be introduced by a formula similar to the one in
Eq. (6.3) by choosing a different ordered basis. If I/ is any ordered basis of R™, then

S

(% y) =Xy Yu-
defines an inner product on R™. The inner product defined using the basis U is not equal
to the inner product defined using the standard basis S. Let P = |5 be the change of
basis matrix, then we know that x, = P~ !x,. The inner product above can be expressed
in terms of the S basis as follows,

boy) =xiMys, M= (P77 (P,
and in general, M # I,. Therefore, the inner product above is not equal to the dot

product. Also, see Example 6.2.2.
<

EXAMPLE 6.2.2: Let S be the standard ordered basis in R?, and introduce the ordered basis
U as the following rescaling of S,

1 1
Z/{:(ulzael,m:geg).

Express the inner product (x,y) = xTy, in terms of xs and ys. Is this inner product the
same as the dot product?
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SOoLUTION: The definition of the inner product says that (x,y) = x%y,. Introducing the
notation x, = [21} and y, = Bl} , we obtain the usual expression (x,y) = #1791 + T272.
2 u 2 u

The components x,, and x, are related by the change of basis formula

_ -1 o o 1/2 0 -1 _ 2 O o —1\T
Xu_P Xsy P_Ius_|:0 1/3uS = P 0 3su_(P )

Therefore,

— — 4 0 U1
(,y) =xlyu =xI(P7) Py, = [0, = { } { ]
( ) [1 2} 0 9], lvl,

where we used the standard notation x; = Bl} and ys = BI] . We conclude that
2 S 2 S

_1\2
xy) =xI(P™)y, & (xy)=4dz1y + 9729s.
The inner product (x,y) = x7y, is different from the dot product x -y = xTy,. <

EXAMPLE 6.2.3: Determine whether the function (,) : R® x R3 — R below is an inner
product in R3, where

(X,y) = T1y1 + T2y2 + T3y3 + 3T1Y2 + 3T2Y1.

SoLuTION: The function (,) seems to be symmetric and linear. It is not so clear whether
this function is positive, because of the presence of crossed terms. So, before spending time
to prove the symmetry and linearity properties, we first concentrate on the property that
might fail, positivity. If positivity fails, we don’t need to prove the remaining properties.
The crossed terms 3(x1y2 + z2y1) in the definition of the inner product suggest that the
product is not positive, since the factor 3 makes them too important compared with the
other terms. Let us try to find an example, that is a vector x # 0 such that (x,x) < 0. Let
us try with

1
x=|-1| = (xx)=1>4+(=1)2+0*+3[(1)(-1) + (-1)(1)] =2 -6 = —4.
0
Since (x,x) = —4, the function (,) is not positive, hence it is not an inner product. <

EXAMPLE 6.2.4: Consider the vector space F™"™ of all m x n matrices. Show that an inner
product on that space is the function (,)p : F™" x F™" — F

(A,B)r = tr (A*B).
The inner product is called Frobenius inner product.

SoLUTION: We show that the Frobenius function (,)r above satisfies the three properties

in Def. 6.2.1. We use the component notation A = [A4;;], B = [By], with i,k = 1,--- ,m
and j,l=1,---,n, so
. m 7T m o n n o
(A B)jl = Z(A )jiBil = Z AijBil = <A, B>F = Z Z AZJBZJ
i=1 i=1 j=1i=1

The first property is satisfied, since
n m

(A A =tr (AA) =35 |4,)" > 0,

j=1i=1
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and (A,A)r = 0iff A;; = 0 for every indices i, j, which is equivalently to A = 0. The second
property is satisfied, since

n n n

(A,B)r = ZZZUBU = Z BijAij = (B,A) .

j=11i=1 j=11i=1
The same proof can be expressed in index-free notation using the properties of the trace,
tr (A"B)) = tr (A’ B) =tr [(A' B)"] = tr (BT A) = tr (B A),

that is, (A,B)r = (B,A) .. The third property comes from the distributive property of the
matrix product, that is,

(A, (aB +bC))r = tr (A* (aB+bC)) = atr (A*B) 4+ btr (A*C) =a(A,B)r +b(A,C)r.

This establishes that (, )y is an inner product. <

EXAMPLE 6.2.5: Compute the Frobenius inner product (A, B) where

12 3 32 1] pes
A_b 41} B_{21 JER '

SOLUTION: Since the matrices have real coefficients, the Frobenius inner product has the
form (A,B)r = tr (ATB). So, we need to compute the diagonal elements in the product

7T % %
* 8 % = (AB=7+8+5 = (AB)r=20.
* % b

<

EXAMPLE 6.2.6: Consider the vector space P, ([—1,1]) of polynomials with real coefficients
having degree less or equal n > 1 and being defined on the interval [—1,1]. Show that an
inner product in this space is the following:

(p, @) = / p(@)g(z)dz. p qe P,

-1

SOLUTION: We need to verify the three properties in the Definition 6.2.1. The positive
definiteness property is satisfied, since

1
w.p) = [ [pla)]do>0.
-1

and in the case (p, p) = 0 this implies that the integrand must vanish, that is, [p(z)]?> = 0
which is equivalent to p = 0. The symmetry property is satisfied, since p(x)q(z) = q(z)p(x)
which implies that (p,q) = (g, p). The linearity property on the second argument is also
satisfied, since

)
)

(p, (aq +br)) = / p(2)]a g(x) + br(z)] dz

-1

a [ pla)a(o) dr -+ / p@)r(a) do
=a(p,q +b(p, ).

This establishes that (,) is an inner product. <
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EXAMPLE 6.2.7: Consider the vector space C*([a,b],R), with £ > 0 and a < b, of k-times
continuously differentiable real-valued functions f : [a,b] — R. An inner product in this
vector space is given by

b
<f79>:/ f(2)g(x) dx.

Any positive function p € C°([a, b], R) determines an inner product in C*([a, b],R) as follows

b
(F g)p = / () f(2)g(z) da.

The function p is called a weigh function. An inner product in the vector space C*([a, b], C)
of k-times continuously differentiable complex-valued functions f : [a,b] C R — C is the
following,

bi
(f.9 =/ f(z)g(z)dz.

An inner product satisfies the following inequality.
Theorem 6.2.2 (Cauchy-Schwarz). If (V,(,)) is an inner product space over F, then
for every x, y €V holds
(@, 9)* < (z.2) (3. y).

Furthermore, equality holds iff y = ax, with a = (x, y)/{x, ).
Proof of Theorem 6.2.2: From the positive definiteness property we know that for every
x, y € V and every scalar a € F holds 0 < ((ax — y), (ax — y)). The symmetry and the
linearity on the second argument imply

0<((az—y),(ax—y)) =at(z,z) —a(z,y) —a(y, ) + (4, 9. (6.4)
Since the inequality above holds for all a € F, let us choose a particular value of a, the
solution of the equation

aa({xz,z) —a{r,y)=0 = a=
Introduce this particular value of a into Eq. (6.4),

0<*(§Zii)@+<uw = oyl <(z2)(yy).

Finally, notice that equality holds iff ax = vy, and in this case, computing the inner product
with & we obtain a(x, ) = (x, y). This establishes the Theorem. O

6.2.2. Inner product norm. The inner product on a vector space determines a particular
notion of length, or norm, of a vector, and we call it the inner product norm. After we
introduce this norm we show its main properties. In Chapter 8 later on we use these
properties to define a more general notion of norm as any function on the vector space
satisfying these properties. The inner product norm is just a particular case of this broader
notion of length. A normed space is a vector space with any norm.

Definition 6.2.3. The inner product norm determined in an inner product space (V7 (, ))
is the function || || : V — R given by

2] = v/ (2, @).
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The Cauchy-Schwarz inequality is often expressed using the inner product norm as follows:
For every «, y € V holds

[z y)| < ll2ll |1yl
A vector € V is a normal or unit vector iff ||| = 1.

Theorem 6.2.4. If v# 0 belongs to (V, (,)), then H—v” is a unit vector parallel to v.
v

The proof is the same of Theorem 6.1.12.

ExAMPLE 6.2.8: Consider the inner product space (]Fm’", (, >F), where F™™ is the vector
space of all m xn matrices and (, ) ¢ is the Frobenius inner product defined in Example 6.2.4.
The associated inner product norm is called the Frobenius norm and is given by

1Al = /A A = \/ir (AA).
IfA= [Aij},WithiI 1,---,mand j=1,--- ,n, then
m n 1/2
|Allr = (ZZ|A13|2) .
i=1 j=1

<

EXAMPLE 6.2.9: Find an explicit expression for the Frobenius norm of any element A € F?:2,

A A
Az Ago

A An| [An Ar
All2 = tr( — — )
M = \[Z Taa) (A2 Az
Since we are only interested in the diagonal elements of the matrix product in the equation
above, we obtain

SoLuTION: The Frobenius norm of an arbitrary matrix A = { } € F?2 is given by

A |2 + |A21|2 *
A 2 —t ‘ 11
Al r [ % ‘A12|2 + |A22|2

which gives the formula

A% = [A11|* + |[Ar2]? + [Aa1|* + | A .

2 2 12
This is the explicit expression of the sum [|Al|r = (Z Z |Aij\2> . <
i=1 j=1

The inner product norm function has the following properties.

Theorem 6.2.5. The inner product norm introduced in Definition 6.2.3 satisfies that for
every x, y € V and every a € F holds,

(a) ||z|| =0, and ||z|| =0 iff =0, (Positive definiteness);

(b) llaxl = [al |||, (Scaling);

(c) llz+yll <zl + llyl. (Triangle inequality).

Proof of Theorem 6.2.5: Properties (a) and (b) are straightforward to show from the
definition of inner product, and their proof is left as an exercise. We show here how to
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obtain the triangle inequality, property (c). Given any vectors x, y € V holds
lz+ yllI* = (z+ ), (z+y))
= |lall* + (. y) + (y. 2) + |9l
< lal® + 2|z, 9l + [lyll?
< llall® +2 2] [yl + 1yl = (2] + [l9ll)

where the last inequality comes from the Cauchy-Schwarz inequality. We then conclude that
lz+ yl|? < (||« + Hy||)2 This establishes the Theorem. d

2
)

6.2.3. Norm distance. The norm on an inner product space determines a particular notion
of distance between vectors. After we introduce this norm we show its main properties.

Definition 6.2.6. The norm distance between two vectors in a vector space V with a
norm function || || : V' — R is the value of the function d: V x V — R given by

d(z,y) = |[z—y|.

Theorem 6.2.7. The norm distance in Definition 6.2.6 satisfies for every x, y, z € V that
(a) d(z,y) = 0, and d(z,y) = 0 iff =y, (Positive definiteness);

(b) d(z,y) = d(y, z), (Symmetry);
(c) d(z,y) < d(z, 2) + d(z,9), (Triangle inequality).

Proof of Theorem 6.2.7: Properties (a) and (b) are straightforward from properties (a)
and (b), and their proof are left as an exercise. We show how the triangle inequality for the
distance comes from the triangle inequality for the norm. Indeed
dlz,y) = lz—yll = l(z—2) — (y— 2)| <[z — 2| + [y — 2l| = d(z,2) + d(z y),
where we used the symmetry of the distance function on the last term above. This establishes
the Theorem. O
The presence of an inner product, and hence a norm and a distance, on a vector space

permits to introduce the notion of convergence of an infinite sequence of vectors. We say
that the sequence {x,}72, C V converges to x € V iff

lim d(x,,z) =0.

n—oo
Some of the most important concepts related to convergence are closeness of a subspace,
completeness of the vector space, and the continuity of linear operators and linear trans-
formations. In the case of finite dimensional vector spaces the situation is straightforward.
All subspaces are closed, all inner product spaces are complete and all linear operators and
linear transformations are continuous. However, in the case of infinite dimensional vector
spaces, things are not so simple.
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6.2.4. Exercises.

6.2.1.- Determine which of the following
functions (,) : R® x R® — R defines
an inner product on R®. Justify your
answers.

(a) (x,y) = z1y1 + 23¥3;

(b) {x,y) = z1y1 — T2y2 + T3Y3;
(€) (x,y) =2x1y1 + T2y2 + 4x3ys3;
(d) (xy) =T yf + a5 y3 + 23 3.
We used the standard notation

1 Y1
x=|z2|, y=|v2
X3 Y3

6.2.2.- Prove that an inner product func-
tion (,) : V x V — F satisfies the fol-
lowing properties:

(a) (x,y)=0forallz €V, then y= 0.
(b) {ax,y) =a(x,y) forall &, yc V.

6.2.3.- Given a matrix M € R%? introduce
the function (, ) : R? x R? = R,
(y,x)m =y Mx.

For each of the matrices M below de-
termine whether (,)as defines an inner
product or not. Justify your answers.

6.2.4.- Fix any A € R™" with N(A) = {0}
and introduce M = ATA. Prove that
(,)m : R" x R" — R, given by

(y,x) =y"Mx.
is an inner product in R™.
6.2.5.- Find k£ € R such that the matrices

A, B € R?? are perpendicular in the
Frobenius inner product,

SR

6.2.6.- Evaluate the Frobenius norm for the
matrices

010
A:Li f} B=1(0 0 1
100

6.2.7.- Prove that ||Allr = ||A™||r for all
AecFm™n.

6.2.8.- Consider the vector space P2([0, 1])
with inner product

1
w.a) = | pla)ao)
0
Find a unit vector parallel to

p(x) = 3 — 52°.
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6.3. ORTHOGONAL VECTORS

6.3.1. Definition and examples. In the previous Section we introduced the notion of inner
product in a vector space. This structure provides a notion of vector norm and distance
between vectors. In this Section we explore another concept provided by an inner product;
the notion of perpendicular vectors and the notion of angle between vectors in a real vector
space. We start defining perpendicular vectors on any inner product space.

Definition 6.3.1. Two vectors x, y in and inner product space (V, (, }) are orthogonal or
perpendicular, denoted as x L y, iff holds (x,y) = 0.

The Pythagoras Theorem holds on any inner product space.

Theorem 6.3.2. Let (V7 (, )) be an inner product space over the field F.
(a) [F=R, thenz Ly < |z—y|>=z|*+|yl*;
(b)) fF=C, thenz Ly = |z—y|*>=|zl*+][y]*
Proof of Theorem 6.3.2: Both statements derive from the following equation:
lz—yl* = {(z—y), (- y)

— 2l + lyil® — 2Re((z 9)). (6.5)
In the case F = R holds Re((w, y)) = (z, y), so Part (a) follows. If F = C, then (x, y) implies
IIx =% = ||x]|? + ||y]|?, so Part (b) follows. (Notice that the converse statement is not true
in the case F = C, since Eq. (6.5) together with the hypothesis ||x — y||? = ||x]|?> + ||y||? do
not fix Im((x, y)).) This establishes the Theorem. d

In the case of real vector space the Cauchy-Schwarz inequality stated in Theorem 6.2.2
allows us to define the angle between vectors.

Definition 6.3.3. The angle between two vectors x, y in a real vector inner product space
(V. (,)) is the number 6 € [0, 7] solution of

_ (zy)
«0s(6) = Tl Tl

ExAMPLE 6.3.1: Consider the inner product space (R2*2, (, }F) and show that the following

matrices are orthogonal,
1 3 -5 2
SRR L

SOLUTION: Since we need to compute the Frobenius inner product (A, B) -, we first compute

the matrix
re_ |1 =1 [-5 2| |-10 1
ATB= [3 4 5 1| | 5 10|°

Therefore (A,B)r = tr (A”B) = 0, so we conclude that A | B. <

EXAMPLE 6.3.2: Consider the vector space V = C*°([—¢, /], R) with the inner product

¢
(f,9) = /_Zf(x)g(x) dx.

Consider the functions u,(z) = cos (25%) and vy, (z) = sin (72), where n, m are integers.

(a) Show that w, L v, for all n, m.
(b) Show that u, L u,, for all n # m.
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(¢) Show that v, L v, for all n # m.

SOLUTION: Recall the identities

sin(6) cos(¢) = % [sin(f — ¢) + sin(6 + ¢)], (6.6)
cos(6) cos(¢) = %[cos(@ — @) + cos(6 + ¢)], (6.7)
sin(f) sin(¢) = % [cos(f — ¢) — cos(6 + ¢)]. (6.8)

Part (a): Using identity in Eq. (6.6) is simple to show that

(U, V) = /Z cos(ﬂ;) sin(?) dx
-

¢ n—m)mwT . n-+m)nr
=5 [ [ (=) () (6.9

First, assume that both n — m and n + m are non-zero,

%[(n_fm)ﬂ cos((n—;”n)wx)‘: — COS((ﬂ%—;ﬂ)mz)‘:] (6.10)

Since cos((n £ m)m) = cos(—(n £ m)m), we conclude that both terms above vanish.

Second, in the case that n —m = 0 the first term in Eq. (6.9) vanishes identically and
we need to compute the term with (n + m), which also vanishes by the second term in
Eq. (6.10). Analogously, in the case of (n +m) = 0 the second term in Eq. (6.9) vanishes
identically and we need to compute the term with (n — m) which also vanishes by the first
term in Eq. (6.10). Therefore, (u,, v,) = 0 for all n, m integers, and so w,, L v, in this
case.

Part (b): Using identity in Eq. (6.7) is simple to show that

(Un,, U = /_2 COS(?) cos(?) dx

¢ n—m)nx n+m)rx
= %/_e [COS(%) +COS(%)]- (6.11)

We know that n — m is non-zero. Now, assume that n + m is non-zero, then

s = 3 [ () g ()

2L(n—m)w 4 n+m 14 —¢

<uﬂ7 vm> - -

sin((n — m)m) + sin((n 4+ m)m). (6.12)

B (n—m)w (n+m)mw

Since sin((n & m)w) = 0 for (n £ m) integer, we conclude that both terms above vanish.
In the case of (n + m) = 0 the second term in Eq. (6.11) vanishes identically and we
need to compute the term with (n —m) which also vanishes by the first term in Eq. (6.12).
Therefore, (u,, u,) = 0 for all n # m integers, and so w,, L u,, in this case.
Part (c): Using identity in Eq. (6.8) is simple to show that

(U, V) = /Z sin(?) sin(?) dx
-

¢ n—m))mx n m)Tx
S R
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Since the only difference between Eq. (6.13) and (6.11) is the sign of the second term,
repeating the argument done in case (b) we conclude that (v,,v,) = 0 for all n # m
integers, and so v, L v, in this case. <

6.3.2. Orthonormal basis. We saw that an important property of a basis is that every
vector in a vector space can be decomposed in a unique way in terms of the basis vectors.
This decomposition is particularly simple to find in an inner product space when the basis
is an orthonormal basis. Before we introduce such basis we define an orthonormal set.

Definition 6.3.4. The set U = {w,--- ,up}, p > 1, in an inner product space (V, {, >) is
called an orthonormal set iff for alli,j =1,--- ,p holds

0 if i#7,
(i, uj) = {1 if Q=
The set U is called an orthogonal set iff holds that (u;, u;) =0 if i # j and (u;, w;) # 0.
ExAMPLE 6.3.3: Consider the vector space V = C>([—¢,/],R) with the inner product

¢
= dx.
9= | faga) s

Show that the set
U= {uo =

1 1 nw 1 . mmz >
T %(@ZWGOS(T)7 vm(a:):ﬁsm( 7 )}

is an orthonormal set.

n=1

SoLuTION: We have shown in Example 6.3.2 that U is an orthogonal set. We only need
to compute the norm of the vectors ug, w, and v,, for n =1,2,---. The norm of the first
vector is simple to compute,

¢ 1
— ., — 1.
<u0,u0> /g o dx

The norm of the cosine functions is computed as follows,

1 /f AL
(Un, un) = Z/_Zcos (T) dx

1 ¢ 2nmx
:ﬂle[1+c0s( 7 )}dm

2nmx, ¢
-1 —[ ’ } = (t, u) = 1.
+ Yo sin 7 ) ., (W, Up)
A similar calculation for the sine functions gives the result

1 é
<’Un7 vn) = Z [Z Sin2(E€$) dx
1 0

=5 y [1 — cos(zn;-x)} dx

V4 . 2nmx. |t
:lfﬁ{sm( )’

i| = <Una vn> =1.
Therefore, U is an orthonormal set. <

A straightforward result is the following:

Theorem 6.3.5. An orthogonal set in an inner product space is linearly independent.
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Proof of Theorem 6.3.5: Let U = {uy,--- ,u,}, p > 1, be an orthogonal set. The zero
vector is not included since (u;, w;) # 0 for all i = 1,--- ,p. Let ¢1,--- , ¢, € F be scalars
such that
cruy + -+ cpu, = 0.
Then, for any u; € U holds
0= (ug, (crug + -+ cpup) = cr{wg, ur) + - + cp(us, wp).
Since the set U is orthogonal, (u;, ;) = 0 for ¢ # j and (u;, u;) # 0, so we conclude that
ci{u,u)=0 = ¢ =0, i1=1,---,p.
Therefore, U is a linearly independent set. This establishes the Thorem. O

Definition 6.3.6. A basis U of an inner product space is called an orthonormal basis
(orthogonal basis) iff the basis U is an orthonormal (orthogonal) set.

ExXAMPLE 6.3.4: Consider the inner product space (RQ, ) Determine whether the following
bases are orthonormal, orthogonal or neither:

O o A T )

SOLUTION: The basis S is orthonormal, since e; -eo = 0 and e; - e; = eg - €3 = 1. The basis
U is orthogonal since u; - up = 0, but it is not orthonormal. Finally, the basis ) is neither

orthonormal nor orthogonal. <
Theorem 6.3.7. Given the set U = {u1,--- ,up}, p > 1, in the inner product space (IF", ~),
introduce the matriz U = [uy,--- ,up]. Then the following statements hold:

(a) U is an orthonormal set iff matriz U satisfies U*U = |,.
(b) U is an orthonormal basis of F™ iff matriz U satisfies U™! = U*.

Matrices satisfying the property mentioned in part (b) of Theorem 6.3.7 appear frequently
in Quantum Mechanics, so they are given a name.

Definition 6.3.8. A matriz U € F™" is called unitary iff holds U1 = U*.

These matrices are called unitary because they do not change the norm of vectors in F"”
equipped with the dot product. Indeed, given any x € F" with norm ||x||, the vector Ux € F"
has the same norm, since

|Ux||? = (Ux)*(Ux) =x*U*Ux = x*U~1Ux = x*x = ||x||%.
Proof of Theorem 6.3.7:
Part (a): This is proved by a straightforward computation,

uj ujup - ujuy Up-up -+ Up-Up
UU= || o sw] = | = L=
uy, upur o gl Up-Up -+ Up-Up
Part (b): It follows from part (a): If U is a basis of F", then p = n; since U is an
orthonormal set, part (a) implies U*U = I,,. Since U is an n x n matrix, it follows that
U* = U~!. This establishes the Theorem. U
1 2
ExaMPLE 6.3.5: Consider vi = |1|, vo = | 0 |, in the inner product space (RB, )
2 -1

(a) Show that vi L vo;
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(b) Find x € R? such that x L v; and x L vs.
(¢) Rescale the elements of {v1,vs,x} so that the new set is an orthonormal set.

SOLUTION:
Part (a):
2
11 2] 0|=240-2=0 = vi Lvy.
-1
1
Part (b): We need to find x = |22 | such that
T3
T T
vl-x:[l 1 2] ro| =0, v2-x:[2 0 71] zo| =0,
r3 3

The equations above can be written in matrix notation as

1 2
ATx =0, where A= [Vl,V2] =1 0
2 -1
Gauss elimination operation on AT imply
1
I = 9 T3,
L1o2] 1o -2 5
2 0 -1 0 1 5/2 Ty = =5 T3,
3 free.
1
There is a solution for any choice of x3 # 0, so we choose z3 = 2, that is, x = | —5|.
2

Part (c): The vectors vy, vo and x are mutually orthogonal. Their norms are:

Vil =6, vl = V5, x|l = V30.

Therefore, the orthonormal set is

{ 1 1 1 (2) 1 1:— }
uy = — LUy = —— ,u3 = —— |—5H
RV Y RV EVETIE
Finally, notice that the inverse of the matrix
1 2 1 1 1 2
V6 V5 V30 \/6 NG NG
U=|p 0 —5| s U=z 00— ="
%1 2 X s ¥
G V5 V30 V30 V30 V30

<

6.3.3. Vector components. Given a basis in a finite dimensional vector space, we know
that every vector in the vector space can be decomposed in a unique way as a linear com-
bination of the basis vectors. What we do not know is a general formula to compute the
vector components in such a basis. However, in the particular case that the vector space
admits an inner product and the basis is an orthonormal basis, we have such formula for
the vector components. The formula is very simple and is the main result in the following
statement.
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Theorem 6.3.9. If (V, (, )) s an n-dimensional inner product space with an orthonormal
basis U = {u1, - ,u,}, then every vector x € V can be decomposed as

= (up, @y u; + -+ (U, T) . (6.14)
Proof of Theorem 6.3.9: Since U is a basis, we know that for all € V there exist scalars
c1,-++ ,Cn such that
T=cCiru) + -+ ChUy.
Therefore, the inner product (u;, ) for any i = 1,--- ,n is given by
(ui, ) = 1 (ui, wr) + -+ cn (W5, wn).
Since U is an orthonormal set, (u;, ) = ¢;. This establishes the Theorem. O
The result in Theorem 6.3.9 provides a remarkable simple formula for vector components
in an orthonormal basis. We will get back to this subject in some depth in Section 7.1.
In that Section we will name the coefficients (u;, ) in Eq. (6.14) as Fourier coefficients of
the vector x in the orthonormal set U = {uy,- -, w,}. When the set U is an orthonormal
ordered basis of a vector space V, the coordinate map [ |, : V — F™ is expressed in terms
of the Fourier coefficients as follows,
<U1 ) m)
[z]. = :
(t, )
So, the coordinate map has a simple expression when it is defined by an orthonormal basis.

EXAMPLE 6.3.6: Consider the inner product space (R3, ) with the standard ordered basis
1
S, and find the vector components of x = | 2| in the orthonormal ordered basis

1 1
= = , Ug = —= , U3 = —/— 75 .
v IR K v )

9
<u1aX> \@
Xy = | (u2,X) = u=|"5
(g %) _

REMARK: We have done a change of basis, from the standard basis S to the U basis. In
fact, we can express the calculation above as follows

1 2 1
v o
Xy = P71x,, where P =l,, = 76 0 ~ 70| =V
2 1 2
V6 V5 V30
Since I is an orthonormal basis, U=! = U7, so we conclude that
1 1 2 9
/6 V6 V6 1 V6
Xy = UTxg = % 0 —% 2| = —%
RIS 3 _ 5
V30 V30 V30 V30
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6.3.4. Exercises.

6.3.1.- Prove that the following form of the
Pythagoras Theorem holds on complex
vector spaces: Two vectors x, y in an
inner product space (V, (,)) over C are
orthogonal iff for all a, b € C holds

llaz + byl|* = ||az]® + [|byl|*.
6.3.2.- Consider the vector space R® with

the dot product. Find all vectors x € R3
which are orthogonal to the vector

1
v= |2
3
6.3.3.- Consider the vector space R® with

the dot product. Find all vectors x € R?
which are orthogonal to the vectors

1 1
Vi, = 2 , Vo = 0
3 1

6.3.4.- Let P3([—1,1]) be the space of poly-
nomials up to degree three defined on
the interval [—1,1] C R with the inner
product

1
.0) = [ p@)ate) dr.
-1
Show that the set (py, Py, Py, P3) is an
orthogonal basis of P3, where

po(iﬂ) = 17
pl(x) =,
L,
pZ(x) = 5(31' - 1)7
Pa(r) = 5(52° — 32).

(These polynomials are the first four of
the Legendre polynomials.)

6.3.5.- Consider the vector space R® with
the dot product.

(a) Show that the following ordered ba-
sis U is orthonormal,
0 B B B
V2] VB 1] VB o
(b) Use part (a) to find the components
in the ordered basis U of the vector

—2

6.3.6.- Consider the vector space R*? with
the Frobenius inner product.

(a) Show that the ordered basis given
by U = (Ei, E2, Es, E4) is orthonor-
mal, where

T Y B O L
TR 0] TP a0 -1

11 -1 171 1
E3_§[1 1} E4_§[—1 1}'

(b) Use part (a) to find the components
in the ordered basis U of the matrix

1 1
A= [1 J.
6.3.7.- Consider the inner product space

(R*?,(,)r), and find the cosine of the
angle between the matrices

et 3ot )

6.3.8.- Find the third column in matrix U
below such that UL = U™, where

1/vV3  1/V1d U
U= [1/v3 2/V1d Uss
1/vV3 =3/V14 Uss
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6.4. ORTHOGONAL PROJECTIONS

6.4.1. Orthogonal projection onto subspaces. Given any subspace of an inner product
space, every vector in the vector space can be decomposed as a sum of two vectors; a vector
in the subspace and a vector perpendicular to the subspace. The picture one often has in
mind is a plane in R3 equiped with the dot product, as in Fig. 43. Any vector in R3 can
be decomposed as a vector on the plane plus a vector perpendicular to the plane. In this
Section we provide expressions to compute this type of decompositions. We start splitting
a vector in orthogonal components with respect to a one dimensional subspace. The study
of this simple case describes the main ideas and the main notation used in orthogonal
decompositions. Later on we present the decomposition of a vector onto an n-dimensional
subspace.

Theorem 6.4.1. Fiz a vector u # 0 in an inner product space (V, (, )) Given any vector
x €V decompose it as © = x, + x, where x, € Span({u}). Then, = L w iff holds

T, = <‘|12|r2> U. (6.15)

Furthermore, in the case that w is a unit vector holds x, = (u, T) u.

The main idea of this decomposition can be understood in the inner product space (]R2, )
and it is sketched in Fig. 42. It is obvious that every vector « can be expressed in many
different ways as the sum of two vectors. What is special of the decomposition in Eq. 6.15
is that @, has the precise length such that z, is orthogonal to x, (see Fig. 42).

X

FIGURE 42. Orthogonal decomposition of the vector x € R? onto the sub-
space spanned by vector u.

Proof of Theorem 6.4.1: Since z, € Span({u}), there exists a scalar a such that @, = aw.
Therefore w |, iff holds that (u, @ ) = 0. A straightforward computation shows,

u, T
0=(uz)=(uz)— (uxz)=(u,z)—aluu < a= <||"H2>
We conclude that the decomposition & = x, + x, satisfies
r lu & x= M Uu.
[ |
In the case that w is a unit vector holds ||u|| = 1, so =z, is given by x, = (u, z) u. This
establishes the Theorem. O

ExaAMPLE 6.4.1: Consider the inner product space (]R3, ) and decompose the vector x in
orthogonal components with respect to the vector u, where
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u-x .
SoruTioN: We first compute x, = W u. Since
u
3 1
u-x=[1 2 3] [2] =34+443=10, [uP=[1 2 3] 2| =1+449=14,
1 3
1
we obtain x, = = |2|. We now compute x, as follows,
_3_
3 5 1 1 21 1 5 1 16 4
X, =X—X,= |2 — 5 2 :7 14 — = 10 :? 4 = XL:? 1
1] 3 7 ] 15 -8 -2
Therefore, x can be decomposed as
(1 4
4
13 -2

REMARK: We can verify that this decomposition is orthogonal with respect to u, since

4
4 4

ux,=-[1 2 3] | 1|=-(44+2-6)=0.
7 o 7

<

We now decompose a vector into orthogonal components with respect to a p-dimensional
subspace with p > 1.

Theorem 6.4.2. Fiz an orthogonal set U = {wy,--- ,up}, with p > 1, in an inner product
space (V7 (,)). Given any vector © € V, decompose it as © = @, + ., where @, € Span(Uf).
Then, , L wu;, fori=1,--- p iff holds

<u’17 m) <UT7 $>
T, = U+ -+ Uy. (6.16)
[ [ lJupl2 7
Furthermore, in the case that U is an orthonormal basis holds
T, = <U1,.’)3> u1-|-—|—<'u,p,:1:> Up- (617)
REMARK: The set ¢/ in Theorem 6.4.2 must be an orthogonal set. If the vectors u;,--- , u,
are not mutually orthogonal, then the vector @, computed in Eq. (6.17) is not the orthogonal
projection of vector x, that is, (x — @) L w; for ¢ = 1,--- p. Therefore, before using

Eq. (6.17) in a particular application one should verify that the set U one is working with is
in fact an orthogonal set. A particular case of the orthogonal projection of a vector in the
inner product space (R3, ) onto a plane is sketched in Fig. 43.

Proof of Theorem 6.4.2: Since x, € Span(U), there exist scalars a;, for i = 1,--- ,p such
that @, = aju1+- - -+apuy. The vector @, L w; iff holds that (u;, x ) = 0. A straightforward
computation shows that, for i = 1,--- ,p holds

0= <u‘i7m¢> = <ulv$> - <'u‘i7mll>
= (u;, ) — a1 (wy, wr) — - — ap (Ui, Up)

= (u;, ) — a;{u;, u; a-:<ui’m>
7( (3] > 'L<uzau'z> a4 03 HUZHQ
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U

FIGURE 43. Orthogonal decomposition of the vector x € R? onto the sub-
space U spanned by the vectors u; and us.

We conclude that the decomposition & = x, + «, satisfies &, | u; for i =1,--- | p iff holds
Uy, T , X
T D U
[l ] (| |

In the case that U is an orthonormal set holds ||u;|| =1 for i = 1,--- ,p, so @, is given by
Eq. (6.17). This establishes the Theorem. O

EXAMPLE 6.4.2: Consider the inner product space (R3, ) and decompose the vector x in
orthogonal components with respect to the subspace U, where

1 2 —2

X = § , U:Span({ulz _51 , Uy = 1 })

SOLUTION: In order to use Eq. (6.16) we need an orthogonal basis of U. So, need need to
verify whether uy is orthogonal to uy. This is indeed the case, since

-2
uprup=1[2 5 —1] | 1| =-4+5-1=0.
1
So now we use u; and ug to compute x, using Eq. (6.17). We need the quantities
1 2
up-x=[2 5 —1] |2| =9, uprur=1[2 5 —1] | 5| =30,
3 -1
1 -2
uz-x=[-2 1 1] |2| =3, uzrug=1[-2 1 1] | 1| =6.
3 1
Now is simple to compute x,, since
2 -2 2 -2 6 10
9 3 3 1 1 1
X = o= 5 + = 1 = - 5 + = 1 = — 15 + — 5 s
30 1 6 1 10 1 2 1 10 _3 10 5
therefore,
1 —4 -2
L=— |20 ,=—- |10
X 10 = X
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The vector x, is obtained as follows,

1 -2 5 —2 7 1
1 1 1 1
X, =X—X, = 2 —g 10 :g 10 —5 10 :5 0 = XL:% 0
3 1 15 1 14 2
We conclude that _
-2 1
1 7
Sl 72
REMARK: We can verify that x, 1 U, since
. [1
up-x, =-1[2 5 —1] [0] =-(24+0-2)=0,
o 2
(1
up-x, =—[-2 1 1] [0 =z(2+0-2)=0.
2

<

6.4.2. Orthogonal complement. We have seen that any vector in an inner product space
can be decomposed as a sum of orthogonal vectors, that is, * = @, + @, with (x,, 2. ) = 0.
Inner product spaces can be decomposed in a somehow analogous way as a direct sum of
two mutually orthogonal subspaces. In order to understand such decomposition, we need to
introduce the notion of the orthogonal complement of a subspace. Then we will show that
a finite dimensional inner product space is the direct sum of a subspace and it orthogonal
complement. It is precisely this result that motivates the word “complement” in the name
orthogonal complement of a subspace.

Definition 6.4.3. The orthogonal complement of a subspace W in an inner product
space (V,(,)), denoted as W, is the set W- ={uecV : (u,w)=0 Vwe W}

EXAMPLE 6.4.3: In the inner product space (R3, ~), the orthogonal complement to a line is
a plane, and the orthogonal complement to a plane is a line, as it is shown in Fig. 44. <

FIGURE 44. The orthogonal complement to the plane U is the line U™,
and the orthogonal complement to the line V is the plane V.
As the sketch in Fig. 44 suggests, the orthogonal complement of a subspace is a subspace.

Theorem 6.4.4. The orthogonal complement WL of a subspace W in an inner product
space is also a subspace.
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Proof of Theorem 6.4.4: Let u;, up € W+, that is, (u;, w) = 0 for all w € W and
i =1,2. Then, any linear combination au; + bus also belongs to W=, since

((auy + bug), w) = @ (uy, w) + b (ug, w) =0+0 Yw e W.
This establishes the Theorem. O

-1
EXAMPLE 6.4.4: Find W+ for the subspace W = Span({wl =1 2 }) in (R3, )
3

SOLUTION: We need to find the set of all x € R? such that x - w; = 0. That is,

T
[-1 2 3] |z =0 = a1 =2w+ 33
x3
The solution is
2x9 + 3z3 2 3
X = T = x= 1| x2+ [0] 23,
X3 0 1
hence we obtain
2 3
wt = Span({ 1], {0 })
0 1

The orthogonal complement of a line is a plane, as sketched in the second picture in Fig. 44.
REMARK: We can verify that the result is correct, since

2 3
[-1 2 3] |1 =-2+2+0=0, [-1 2 3] |0]=-3+0+3=0.
0 1

<

})in (B3,).
SOLUTION: We need to find the set of all x € R3 such that x-w; = 0 and x-wy = 0. That is,

Tl
{1 2 3} | =0

=N W

1
EXAMPLE 6.4.5: Find W+ for the subspace W = Span({wl = 2|, wy =
3

3 2 1

We an use Gauss elimination to find the solution,

T1 = I3, 1

123 1o -1 2= —235 = x— |9
3 21 01 2 2 8 = T3
3 free. 1

hence we obtain

W = span({ [ 2| 1)

1

So, the orthogonal complement of a pane is a line, as sketched in the first picture in Fig. 44.
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REMARK: We can verify that the result is correct, since

1 1
1 2 3] |-2|=1-4+3=0, 3 2 1] [-2| =3-4+1=0.
1 1

<

As we mentioned above, the reason for the word “complement” in the name of an orthog-
onal complement is that the vector space can be split into the sum of two subspaces with
zero intersection. We summarize this below.

Theorem 6.4.5. If W is a subspace in a finite dimensional inner product space V', then
V=waew

Proof of Theorem 6.4.5: We first show that V = W + W+. In order to do that,

first choose an orthonormal basis W = {w,---,w,} for W, we here we have assumed

dimW =p <n=dimV. Then, for every vector € V holds that it can be decomposed as
T=x, + T, a:n:<w17$>w1+"'+<wpaw>wpa L =T — &y

Theorem 6.4.2 says that , 1 w; for i = 1,--- ,p. This implies that &, € W= and, since
x is an arbitrary vector in V, we have established that V = W + W~. We now show that
W NWL = {0}. Indeed, if u € W+, then (u,w) = 0 for all w € W. If u € W, then
choosing w = w in the equation above we get (u, u) = 0, which implies w = 0. Therefore,
W NW+ = {0} and we conclude that V = W @ W+, This establishes the Theorem. O

Since the orthogonal complement W+ of a subspace W is itself a subspace, we can
compute (W)L, The following statement says that the result is the original subspace W.

Theorem 6.4.6. If W is a subspace in an finite dimensional inner product space, then
(WH*" =w.
Proof of Theorem 6.4.6: First notice that W C (WJ-)L. Indeed, given any fixed vector

w € W, the definition of W+ implies that every vector u € W+ satisfies (w, u) = 0. This

condition says that w € (WJ-)L7 hence we conclude W C (WJ-)l. Second, Theorem 6.4.2
says that

V=wtae W'
In particular, this decomposition implies that dim V = dim W+ + dim(WJ-)J'. Again The-
orem 6.4.2 also says that
V=WeaeWw,
which in particular implies that dimV = dim W + dim W'. These last two results put
together imply dim W = dim(WJ-)l. It is from this last result together with our previous

result, W C (WJ‘)l, that we obtain W = (WJ-)L. This establishes the Theorem. O
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6.4.3. Exercises.

6.4.1.- Consider the inner product space
(R3,-) and use Theorem 6.4.1 to find
the orthogonal decomposition of vector
x along vector u, where

1 1
x= |2, u=|1
3 1

6.4.2.- Consider the subspace W given by

1 [ 2
Span({wlz ? ,Wo = _—31 })

in the inner product space (R3, . )

(a) Find an orthogonal decomposition
of the vector wy with respect to the
vector wi. Using this decomposi-
tion, find an orthogonal basis for
the space W.

(b) Find the decomposition of the vec-
tor x below in orthogonal compo-
nents with respect to the subspace
W, where

4
x= |3
0
6.4.3.- Consider the subspace W given by

2 2
0 ; Wo = —1 ,})

Span({wl = Y .

in the inner product space (RB, . ) De-
compose the vector x below into orthog-
onal components with respect to W,
where

-1
(Notice that wi £ wa.)

6.4.4.- Given the matrix A below, find a ba-
sis for the space R(A)*, where

1 2
A=(1 1
2 0
6.4.5.- Consider the subspace

1

W:Span{ -1 }
2

in the inner product space (Ra, . )

(a) Find a basis for the space W, that
is, find a basis for the orthogonal
complement of the space W.

(b) Use Theorem 6.4.1 to transform the
basis of W found in part (a) into
an orthogonal basis.

6.4.6.- Consider the inner product space
(]R4, . ), and find a basis for the orthog-
onal complement of the subspace W
given by

)

6.4.7.- Let X and Y be subspaces of a fi-
nite dimensional inner product space
(V. (,)). Prove the following:
(a) XCY = YrtcXxh
b)) X+)t=XtnYyt
(c) Use part (b) to show that
(Xny)"=xt+v*

D =R N

1
W = Span<{ g ,
3
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6.5. GRAM-SCHMIDT METHOD

We now describe the Gram-Schmidt orthogonalization method, which is a method to
transform a linearly independent set of vectors into an orthonormal set. The method is
based on projecting the i-th vector in the set onto the subspace spanned by the previous
(i — 1) vectors.

Theorem 6.5.1 (Gram-Schmidt). Let X = {1, -, z,} be a linearly independent set in
an inner product space (V,(,)). If the set Y = {y,,- - s Yp} is defined as follows,
Y = o1,

<y1,:c2>
Yy = I3 — Y1»
? AR

o 7<y17mp>y 77<y(17*1)/%>y
- 1 —=1)
P P ly—n 2 7¢Y
then Y is an orthogonal set with Span(Y') = Span(X). Furthermore, the set
Z:{z1:L7‘..7zp:i}
[ |

is an orthonormal set with Span(Z) = Span(Y’).

REMARK: Using the notation in Theorem 6.4.2 we can write y, = ¥, , where the projec-
tion is onto the subspace Span({y;}). Analogously, y; = x;,, for i = 2,--- ,p, where the
projection is onto the subspace Span({y;,- -, ¥;_1})-

Proof of Theorem 6.5.1: We first show that Y is an orthogonal set. It is simple to see
that y, € Span({y, })*, since

<y ,$2>
(Y1, %) = (Y1, 22) — ||1 2 (y1,91) = 0.

Y1
Assume that y; € Span({y;,--,y,_1})*, we then show that y, , € Span({y, -,y }H)*.
Indeed, for j =1,--- ,4 holds

(Y) Tiv1)

<yj7yi+l> = <yj7mi+1> - W<yj7yj> =0,
j

where we used that y; € Span({y,, - ,y;_;})*, for all j = 1,--- ,i. Therefore, Y is an

orthogonal set (and so, a linearly independent set).

The proof that Span(X) = Span(Y’) has two steps: On the one hand, the elements in YV
are linear combinations of elements in X, hence Span(Y) C Span(X); on the other hand
dim Span(X) = dim Span(Y’), since X and Y are both linearly independent sets with the
same number of elements We conclude that Span(X) = Span(Y’). It is straightforward to
see that Z is an orthonormal set, and since every element z; € Z is proportional to every
y;, € Y, then Span(Y’) = Span(Z). This establishes the Theorem. O

EXAMPLE 6.5.1: Use the Gram-Schmidt method to find an orthonormal basis for the inner
product space (]R37 ) from the ordered basis

1

—_

).

1 2
X:(X1: Ly xe=|1|,x3=
0 0 1
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SoLUTION: We first find an orthogonal basis. The first element is

1
yi=xi=[1| = [yiff=2
0

The second element is
Yo = Xo — y1i-X2 vi
llyel> 7

where
2
yi-xe=[1 1 0] [1] =3.
0
A simple calculation shows
2 1 4 3 1
3 1 1 1
0 0 0 0 0
therefore,
1 1 5 1
va=5 (-1 = lyl"=3.
2 2
0
Finally, the last element is
Y1 X3 Y2 © X3

Y3 = X3 — Y1, — Y2,
lly:l]? lly2]I?

where
1 1
yiexg=[1 1 0] |[1| =2, yz-xg==[1 —1 0] |1 =0.
1 1

Another simple calculation shows

1 1 0
2
va= |10 =3 [t] = o]
1 0 1
therefore,
0

ys= 0| = |ys|*=1
1

The set Y = {y1,y2,y3} is an orthogonal set, while an orthonormal set is given by

. e 0
Z:{z:— 11 ,2z0=— [—=1],2z3= 0}.
e ol Ve o T

EXAMPLE 6.5.2: Consider the vector space P3([—1, 1]) with the inner product
1
w.a)= | plo)aia)d.
-1

Given the basis {py = 1, p; = =, py = 2%, p; = 23}, use the Gram-Schmidt method
starting with the vector p, to find an orthogonal basis for Ps([—1,1]).
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SOLUTION: The first element in the new basis is
1
GQ=p=1 = HQOHZZ/ dz = 2.
-1

The second element is

(20, 1)
“@=P g o

It is simple to see that
1
1 .1
o= [ o= 2o =0
1 2
So we conclude that
2 ! 2 1 5t 2 2
¢=p=z = |ql :/ z d$:§$ ) = lql .
1 —1 3

The third element in the basis is

<¢107P2> (a1, py)
9> = Py — 9 —
? ? llgoll 0 AR

1-

It is simple to see that

Hence we obtain

21 1 1
§§q0:$2—§ = q2:§(3x2—1)
The norm square of this vector is

1 1
lgl® = §/1(3x2 —1)(3z% — 1) da

qd> = P2 —

1
:§/ (92* — 622 + 1) dx

-1

1,9 1
=9 (gm5 — 22 + x) ’_1
_ 8
45
Finally, the fourth vector of the orthogonal basis is given by
(9, P3) (@1, p3) (91, p3)

4 = p3 — 9 — q %
U el T el Tt el

It is simple to see that
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Hence we obtain
23 1
3 3
g3=p3—~--q =2 ——-r = @g3=—(dz” —3x).
3 37550 5 3 5( )

The orthogonal basis is then given by
1 1 .
{QU =L qg=z q¢= 3 (32" — 1), a3 = 5(5-773 - 3T)}
These polynomials are proportional to the first three Legendre polynomials. The Legendre
polynomials form an orthogonal set in the space Poo([—1,1]) of polynomials of all degrees.
They play an important role in physics, since Legendre polynomials are solution of a par-
ticular differential equation that often appears in physics. <
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6.5.1. Exercises.

6.5.1.- Find an orthonormal basis for the
subspace of R® spanned by the vectors

-2 1
{ul = 2 , U2 = -3 },
-1 1

using the Gram-Schmidt process start-
ing with the vector u;.

6.5.2.- Let W C R® be the subspace

0 3
Span{ul = (2], u2=|1 }
0 4

(a) Find an orthonormal basis for W
using the Gram-Schmidt method
starting with the vector uj.

(b) Decompose the vector x below as

X =X, + X,

with x, € W and x, € WL7 where

5
x= |1
0

6.5.3.- Knowing that the column vectors in
matrix A below form a linearly indepen-
dent set, use the Gram-Schmidt method
to find an orthonormal basis for R(A),
where

1 2 5
A=10 2 0
1 0 -1

6.5.4.- Use the Gram-Schmidt method to
find an orthonormal basis for R(A),
where

1 2 1
A=10 2 -2
1 0 3

6.5.5.- Consider the vector space P2([0,1])

with inner product

1
v.0) = [ p)gta)do.
0
Use the Gram-Schmidt method on the

ordered basis

(pO = 17 pl =, p2 = 562),
starting with vector p, to obtain an or-
thogonal basis for P2([0, 1]).



Page = 68

G. NAGY -~ LINEAR ALGEBRA JuLy 15, 2012 211

6.6. THE ADJOINT OPERATOR

6.6.1. The Riesz Representation Theorem. The Riesz Representation Theorem is a
statement concerning linear functionals on an inner product space. Recall that a linear
functional on a vector space V over a scalar field F is a linear function f : V — F, that is,
for all &, y € V and all a, b € F holds f(ax+ by) = a f(x) + b f(y) € F. An example of a
linear functional on R3 is the function

T

R3 > x= |z2| — f(x) =321 + 229 + 23 € R.
r3

This function can be expressed in terms of the dot product in R? as follows

3
f(x)=u-x, u= 1|2

The Riesz Representation Theorem says that what we did in this example can be done in the
general case. In an inner product space (V, (, )) every linear functional f can be expressed
in terms of the inner product.

Theorem 6.6.1. Consider a finite dimensional inner product space (V7 (, )) over the scalar
field F. For every linear functional f : V. — T there exists a unique vector uy € V' such that
holds

f(v) = (uy,v) Yvoe V.

Proof of Theorem 9.4.1: Introduce the set
N={veV : flv)=0}C VW

This set is the analogous to linear functionals of the null space of linear operators. Since f is
a linear function the set N is a subspace of V. (Proof: Given two elements v, vo € N and
two scalars a, b € F, holds that f(avi +bvs) = a f(v1)+b f(v2) = 0+0, so (avy +bvy) € N.)
Introduce the orthogonal complement of N, that is,

Nt={weV : (wv)=0YveV},

which is also a subspace of V. If Nt = {0}, then N = (NJ-)l = ({0})L = V. Since the
null space of f is the whole vector space, the functional f is identically zero, so only for the
choice u; = 0 holds f(v) = (0,v) for all v e V.

In the case that N+ # {0} we now show that this space cannot be very big, in fact it
has dimension one, as the following argument shows. Choose @& € N+ such that f(u) = 1.
Then notice that for every w € N+ the vector w— f(w)@ is trivially in N+ but it is also in
N, since

fw— f(w) @) = f(w) - f(w) f(@) = f(w) - f(w) =0.
A vector both in N and N must vanish, so w = f(w) & Then every vector in Nt is
proportional to %, so dim N+ = 1. This information is used to split any vector v € V as
follows v = a @+ « where z € V and a € F. It is clear that

flo)=flauta)=af(w)+ f(z) =af(u) =a

u
However, the function with values g(v) = <W, v> has precisely the same values as f,
U

since for all v € V holds

g(v):<ﬁ,v>:<”;‘“2,(aa+@>: “‘2 (ﬂ,'&)—l—ﬁ('&,m):a.
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Therefore, choosing u; = /| @||, holds that
(o) = (up,0) VoV

Since dim N+ = 1, the choice of uy is unique. This establishes the Theorem. O

6.6.2. The adjoint operator. Given a linear operator defined on an inner product space,
a new linear operator can be defined through an equation involving the inner product.

Proposition 6.6.2. If T € L(V) is a linear operator on a finite-dimensional inner product
space (V, (, >), then there exists a unique linear operator T* € L(V), called the adjoint of
T, such that for all vectors u, v € V' holds

(v, T"(u) = (T(v), w).

Proof of Proposition 9.4.2: We first establish the following statement: For every vector
u € V there exists a unique vector w € V such that

(T(v), w) = (v, w) Yve V. (6.18)

The proof starts noticing that for a fixed w € V the scalar-valued function f, : V. — F
given by fu(v) = (u, T(v)) is a linear functional. Therefore, the Riesz Representation
Theorem 6.6.1 implies that there exists a unique vector w € V such that f,(v) = (w,v).
This establishes that for every vector w € V there exists a unique vector w € V such that
Eq. (6.18) holds. Now that this statement is proven we can define a map, that we choose
to denote as T* : V — V, given by u — T”(u) = w. We now show that this map T~ is
linear. Indeed, for all u;, up € V and all a, b € F holds

(v, T (awy + bug)) = (T(v), (auy + bus)) VveV,
a(T(v), u1) + b (T(v), up))
(L(’U, T*(u1)> + b<’”7 T*(u2)>
= (v, [a T"(u1) + b T*(u2)]) YveV,
hence T*(awuy + buy) = a T*(uy) + b T*(uy). This establishes the Proposition. O
The next result relates the adjoint of a linear operator with the concept of the adjoint
of a square matrix introduced in Sect. 2.2. Recall that given a basis in the vector space,

every linear operator has associated a unique square matrix. Let us use the notation [T']
and [T”] for the matrices on a given basis of the operators T and T, respectively.

Proposition 6.6.3. Let (V, (, )) be a finite-dimensional vector space, let V be an orthonor-
mal basis of V, and let [T] be the matriz of the linear operator T € L(V') in the basis V.
Then, the matriz of the adjoint operator T* in the basis V is given by [T*] = [T]*.

Proposition 6.6.3 says that the matrix of the adjoint operator is the adjoint of the matrix
of the operator, however this is true only in the case that the basis used to compute the
respective matrices is orthonormal. If the basis is not orthonormal, the relation between
the matrices [T'] and [T*] is more involved.

Proof of Proposition 6.6.3: Let V = {ej, -, e,} be an orthonormal basis of V, that is,
0 if i#7,
<e“eﬂ'>_{1 it i=j.

The components of two arbitrary vectors u, v € V in the basis V is denoted as follows

u = E U; €;, V= E Vi €;.
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The action of the operator T can also be decomposed in the basis V as follows
T(e;) = [Tlje, [Tl =[T(e))i-
i
We use the same notation for the adjoint operator, that is,
T*(e;) = > [T e, [Ty =[T"(e))):.

The adjoint operator is defined such that the equation (v, T*(u)) = (T(v), u) holds for all
u, v € V. This equation can be expressed in terms of components in the basis V as follows
Z<viei,uj[T*(ej)}kek> = Z<vi[T(ei)]kek,ujej>,

ijk ijk
that is,

> v [T ks e en) = Y il Tlysuj(ex, €5).
ijk ijk
Since the basis V is orthonormal we obtain the equation
> v [Ty =Y [T u;,
ij ijk
which holds for all vectors u, v € V', so we conclude

[T7; =[T],, & [T1=[T] & [T7=[T]".

This establishes the Proposition. O

ExaMPLE 6.6.1: Consider the inner product space ((C3, ) Find the adjoint of the linear
operator T with matrix in the standard basis of C3 given by

Ty + 2120 + iT3 T
[T(z)] = ir) — x3 s 2=
T — To +1x3 T3

SoLUTION: The matrix of this operator in the standard basis of C? is given by

1 2 i
(T]=1{i 0 -1
1 -1

Since the standard basis is an orthonormal basis with respect to the dot product, Proposi-
tion 6.6.3 implies that

*

12 1 —i 1 T — iz + 3
[T ]=[T]*=|i 0 —-1| =|-2 0 -1| = [T*@)]=| -2iz;— 23
1 -1 —i =1 —i —imy — @9 — Ty

<
6.6.3. Normal operators. Recall now that the commutator of two linear operators T,
S € L(V) is the linear operator [T, S] € L(V) given by
[T, 8)(uw) = T(S(w)) — S(T(w))  VueV.

Two operators T, S € L(V) are said to commute iff their commutator vanishes, that is,
[T, S] = 0. Examples of operators that commute are two rotations on the plane. Examples
of operators that do not commute are two arbitrary rotations in space.
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Definition 6.6.4. A linear operator T defined on a finite-dimensional inner product space
(V7 (, >) is called a normal operator iff holds [T, T*| = 0, that is, the operator commutes
with its adjoint.

An interesting characterization of normal operators is the following: A linear operator
T on an inner product space is normal iff || T(w)|| = || T*(u)|| holds for all w € V. Normal
operators are particularly important because for these operators hold the Spectral Theorem,
which we study in Chapter 9.

Two particular cases of normal operators are often used in physics. A linear operator T
on an inner product space is called a unitary operator iff T* = T !, that is, the adjoint
is the inverse operator. Unitary operators are normal operators, since

TT" =1,

T"T—1

T =T"'! = {

Unitary operators preserve the length of a vector, since
0> = (v,0) = (v, T (T(v)) = (v, T"(T(v))) = (T(v), T(v)) = || T(v)[|*

Unitary operators defined on a complex inner product space are particularly important in
quantum mechanics. The particular case of unitary operators on a real inner product space
are called orthogonal operators. So, orthogonal operators do not change the length of a
vector. Examples of orthogonal operators are rotations in R3.

A linear operator T on an inner product space is called an Hermitian operator iff
T* = T, that is, the adjoint is the original operator. This definition agrees with the
definition of Hermitian matrices given in Chapter 2.

ExXAMPLE 6.6.2: Consider the inner product space ((Cg7 ) and the linear operator T with
matrix in the standard basis of C3 given by

1 — 19 + T3 I
[T(z)] = | dz1—2z3 |, (] = |22
xr1 — T2 + I3 €3

Show that T is Hermitian.

SOLUTION: We need to compute the adjoint of T. The matrix of this operator in the
standard basis of C? is given by

1 —i 1
T)=1{i 0 -1
1 -1 1

Since the standard basis is an orthonormal basis with respect to the dot product, Proposi-
tion 6.6.3 implies that

1 — 1 1 —i 1
[T*]=[T]"=|¢ 0 -1 =1|i 0 -1|=[T]
1 -1 1 1 -1 1
Therefore, T* = T. <

6.6.4. Bilinear forms.

Definition 6.6.5. A bilinear form on a vector space V over F is a functiona : VxV — F
linear on both arguments, that is, for all w, v1, vo € V and all by, by € F holds

a(u, (byvy + bovs)) = bra(u, v1) + baa(u, va),
a((blvl + b2'l)2), 'U,) = bla('ul, ’U,) + bga('l)g, ’U,).
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The bilinear form a:V xV — F is called symmetric iff for all u, v € V holds
a(u, v) = a(v, u).

An example of a symmetric bilinear form is any the inner product on a real vector space.
Indeed, given a real inner product space (V,(,)), the function (,) : V.xV — Ris a
symmetric bilinear form, since it is symmetric and

<’U,7 (bl’Ul —+ b2’l)2)> = bl(u, ’Ul> + bg(’d, ’02>.

We will shortly see that another example of a bilinear form appears on the weak formulation
of the boundary value problem in Eq. (7.30).

On the other hand, an inner product on a complex vector space is not a bilinear form,
since it is conjugate linear on the first argument instead of linear. Such functions are called
sesquilinear forms. That is, a sesquilinear form on a complex vector space V' is a function
a:V xV — C that is conjugate linear on the first argument and linear on the second
argument. Sesquilinear forms are important in the case of studying differential equations
involving complex functions.

Definition 6.6.6. Consider a bilinear form a : V. x V — F on an inner product space
(V, (, )) over F. The bilinear form a is called positive iff there exists a real number k > 0
such that for all w €V holds
a(u, u) > k [|ul*.
The bilinear form a is called bounded iff there exists a real number K > 0 such that for
all uw, ve 'V holds
a(u, v) < K [|ul| [|v]].

An example of a positive bilinear form is any inner product on a real vector space. The
Schwarz inequality implies that such inner product is also a bounded bilinear form. In fact,
an inner product on a real vector space is a symmetric, positive, bounded bilinear form. We
will shortly see that the bilinear form that appears on a weak formulation of the boundary
value problem in Eq. (7.30) is symmetric, positive and bounded. We will see that these
properties imply the existence and uniqueness of solutions to the weak formulation of the
boundary value problem.
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6.6.5. Exercises.

6.6.1.- . 6.6.2.- .
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CHAPTER 7. APPROXIMATION METHODS

7.1. BEST APPROXIMATION

The first half of this Section is dedicated to show that the Fourier series approximation of
a function is a particular case of the orthogonal decomposition of a vector onto a subspace
in an inner product space, studied in Section 6.4. Once we realize that it is not difficult to
see why such Fourier approximations are useful. We show that the orthogonal projection
x, of a vector  onto a subspace U is the vector in the subspace U closest to @. This is
the origin of the name “best approximation” for x,. What is intuitively clear in (R3, ) is
true in every inner product space, hence it is true for the Fourier series approximation of
a function. In the second half of this Section we show a deep relation between the Null
space of a matrix and the Range space of the adjoint matrix. The former is the orthogonal
complement of the latter. A consequence of this relation is a simple proof to the property
that a matrix and its adjoint matrix have the same rank. Another consequence is given in
the next Section, where we obtain a simple equation, called the normal equation, to find a
least squares solution of an inconsistent linear system.

7.1.1. Fourier expansions. We have seen that orthonormal bases have a practical ad-
vantage over arbitrary basis. The components [z], of a vector x in an orthonormal basis

U, = {u1,- -+, u,} of the inner product space (V, (, )) are given by the simple expression
<U1, .’13>
[z], = : & = (u, U+ + (Up, T) Up.
(tn, )

In the case that an orthonormal set U, is not a basis of V', that is, p < dim V', one can always
introduce the orthogonal projection of a vector € V onto the subspace U, = Span(l4,),

x, = (ur, @) wy + -+ (U, T) up.

We have seen that in this case, ¢, # «. In fact we called the difference vector ¢ = = — =,
since this vector satisfies that . 1 x,. We now give the projection vector x, a new name.

Definition 7.1.1. The Fourier expansion of a vector x € V with respect to an orthonor-
mal set Uy = {uy,--- ,u,} C (V,(,)) is the unique vector @, € Span(U,) given by

o, = (U, T) ur + -+ (U, T) Up. (7.1)

The scalars (u;, x) are the Fourier coefficient of the vector x with respect to the set U,.

A reason to the name “Fourier expansion” to the orthogonal projection of a vector onto
a subspace is given in the following example.

ExamMpLE 7.1.1: Given the vector space of continuous functions V = C’([—E, H],R) with

‘
inner product given by (f, g) = / f(z)g(z) dz, find the Fourier expansion of an arbitrary
¢

function f € V with respect to the orthonormal set
U { 1 1 (mra;) 1 . (mm:)}N
= =—, U, = —= cos| — ), v, = —= sin( — .
NEAMT U Ve ¢ Ve ¢ )=

SoLuTION: Using Eq. (7.1) on a function f € V' we get

N
£o= (o, f) o+ D [ (tn )t + (00 f) v
n=1
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Introduce the vectors in Uy explicitly in the expression above,

£u= gt )+ X[ ) cos(M7) + 7 om) ()|

Denoting by
1 1 1
ag = TE <u{)7f> anzﬁ<’u*n7f> bnzﬁ<un’f>’

then we get that

fi(x)=aop+ ng:l {a,,,, cos(n'?r) + by, sin(?ﬂ ,

where the coefficients ag, a,, and b,, for n = 1,--- , N are the usual Fourier coefficients,

ao—gg/if(m)d:r, an—z/if(m)cos(nzx)dx? bn—éfif(x)sin(n:f)dx.

<

The example above is a good reason to name Fourier expansion the orthogonal projection
of a vector onto a subspace. We already know that the Fourier expansion a;, of a vector x with
respect to a an orthonormal set U, has a particular property, that is, (z — x,) = @, € UpL.
This property means that x, is the best approximation of the vector x from within the
subspace Span(i,). See Fig. 45 for the case V = R3, with (,) = -, and Span(Us) two-
dimensional. We highlight this property in the following result.

Theorem 7.1.2 (Best approximation). The Fourier expansion x, of a vector ¢ with
respect to an orthonormal set U, in an inner product space, is the unique vector in the
subspace Span(U,) that is closest to , in the sense that

le—a| <llz—y| ¥ yeSpans,) —{a}.

Proof of Theorem 7.1.2: Recall that & = = — @, is orthogonal to Span(U), that is
(z—x,) L (@, — y) for all y € Span(U). Hence,

lz—yl* = [[(z— @) + (2 — Y)II* = |z — z[* + ||z — 9l (7.2)
where the las equality comes from Pythagoras Theorem. Eq. (7.2) says that ||z — y| is the
smallest iff y = @, and the smallest value is || — @,||. This establishes the Theorem. (]

(x=y)

Span (U

FIGURE 45. The Fourier expansion x, of the vector x € R? is the best
approximation of x from within Span(U).
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EXAMPLE 7.1.2: Given the vector space of continuous functions V = C/([-1, 1], R) with the

inner product given by (f, g) = / f(z)g(x) dz, find the Fourier expansion of the function
-1
f(z) = = with respect to the orthonormal set
Un = { _ L Uy = L cos(—mm) vy = L sin(—mm)}N
N 'U,O \/ﬂ? \/Z E y Un \/Z f n:1.

SOLUTION: We use the formulas in Example 7.1.1 above to the function f(z) = x on the
interval [—1, 1], since £ = 1. The coefficient ag above is given by

1
1/ :rd:czl(xﬂ;) = a9 =0.

Y 1

The coefficients ay,, b,, for n =1,--- | N computed with one integration by parts,

/xcos(mr:c) dr = = sin(nmwz) + % cos(nmz),

nm n2m

/msin(mm‘) dx = f;—ﬂ_ cos(nmz) + 33 sin(nrx).

The coefficients a,, vanish, since
1 T 1 1
an = /_1 z cos(nmzx) dx = [% sin(nﬂ'x)]‘ 1+ 2,2 cos(mrw)’i = a,=0

The coefficients b,, are given by
by, = /_11 xsin(nrz) de = — [% cos(mr:c)} ‘1—1+n271ﬂ? sin(nﬂ'm)‘l_l = b, = W
Therefore, the Fourier expansion of f(x) = & with respect to Uy is given by

(n+])

N
2 .
= E: sin(nmzx).

REMARK: First, a simpler proof that the coefficients ay and a,, vanish is to realized that we
are integrating an odd function on the interval [—1,1]. The odd function is the product of
an odd function times an even function. Second, Theorem 7.1.2 tells us that the function
f, above is only combination of the sine and cosine functions in Uy that approximates best
the function f(z) = « on the interval [—1,1]. <

7.1.2. Null and range spaces of a matrix. The null and range spaces associated with a
matrix A € F™" and its adjoint matrix A* are deeply related.

Theorem 7.1.3. For every matriz A € F™" holds N(A) = R(A*)* and N(A*) = R(A)*.

Since for every subspace W on a finite dimensional inner product space holds (W+)+ = W,
we also have the relations

N(A): = R(A"),  N(A")* = R(A).
In the case of real-valued matrices, the Theorem above says that

N(A) = R(AT)* and N(AT) = R(A)*.
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Before we state the proof of this Theorem let us review the following notation: Given
an m X n matrix A € F"™", we write it either in terms of column vectors A.;; € F™ for

j=1,---,n, or in terms of row vectors A;. € F" for i = 1,--- ,m, as follows,
A
A= [A 1 A:n] , A= :
Am:
Since the same type of definition holds for the n x m matrix A*, that is,
(A*)1.
A =[(A)a o (A, A=,
(A")n:

then we have the relations
(Ay)" = (A%);, (Ai)" = (A")..

For example, consider the 2 x 3 matrix
12 3 1 2 3] Au=[1 2 3],
A= = A= , Ap = , Aig = , .
[4 5 6} ! M ’ M ’ M Ao=[4 5 6].

The transpose is a 3 x 2 matrix that can be written as follows

1 4 1 4 (AT =[1 4],
AT=12 5| = (AT)a= (2|, (AT)a=|5], (AT =[2 5],
3 6 3 6 (AT)s: =[3 6

So, for example we have the relation
4
(As)" =[3 6] =(AT)s, (A2)" = |5 = (AT).a.
6

Proof of Theorem 7.1.3: We first show that the N(A) = R(A*)*. A vector x € F»
belongs to N(A) iff holds

Ay, [(A*);l]* (A*):l -x =0,
Ax=0 <& D lx=0 < : x=0 <& :
A [(A)n]” (A ) - x = 0.

So, x € N(A) iff x is orthogonal to every column vector in A*, that is, x € R(A*)+.

The equation N(A*) = R(A)* comes from N(B) = R(B*)* taking B = A*. Nevertheless,
we repeat the proof above, just to understand the previous argument. A vector y € F™
belongs to N(A*) iff

(A (Aa)" Ay =0
Ay=0 < Coly=0 & S ly=0 « :
(A")n: (Ain)” A -y=0.

So, y € N(A*) iff y is orthogonal to every column vector in A, that is, y € R(A)*. This
establishes the Theorem. (|
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ExampLE 7.1.3: Verify Theorem 7.1.3 for the matrix A = [zl)) ; i)] .
SoLUTION: We first find the N(A), that is, all x € R? solutions of Ay = 0. Gauss operations

on matrix A imply

123 [10 -1 ne !
- - _9 _ _
[3 9 1} — {O 1 2} = Z2 x3, = N(A) Span({ 2 })
x3 free, 1
It is simple to find R(AT), since
1 3
R(AT) = Span({ 20,12 })
3 1

Theorem 7.1.3 is verified, since

1 1
1 2 3] [-2| =1-443=0, [3 2 1] |-2| =3-441=0 = N(A)=R(A")".
1 1

Let us verify the same Theorem for AT. We first find N (A7), that is, all y € R? solutions of
ATy = 0. Gauss operations on matrix AT imply

13 10 0
2 2 = lo 1| = yz[o] = N(A")={0}.
31 0 0

The space R(A) is given by

e =sw({ [} . [ -sen ([} 1) =
Since (R?)* = {0}, Theorem 7.1.3 is verified. <

Theorem 7.1.3 provides a simple proof for a result we used in Chapter 2.
Theorem 7.1.4. For every matriz A € F™" holds that rank(A) = rank(A*).

Proof of Theorem 7.1.4: Recall the Nullity-Rank result in Corollary 5.1.8, which says
that for all matrix A € F”™ holds dim N(A) 4+ dim R(A) = n. Equivalently,

dim R(A) = n — dim N(A) = n — dim R(A*)*,

since N(A) = R(A*)*. From the orthogonal decomposition F" = R(A*) & R(A*)* we know
that dim R(A*) = n — dim R(A*)1. We then conclude that

dim R(A) = dim R(A*).
This establishes the Theorem. O
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7.1.3. Exercises.

7.1.1.- Consider the inner product space
(R3, ) and the orthonormal set U,

1 1 1 !
{UIZE —01 ,uz:% }}

Find the best approximation of x below
in the subspace Span(lf), where

—2

7.1.2.- Consider the inner product space
(R*?,(,)r) and the orthonormal set
U = {E1, E2}, where

e _ 101 g1 o
VR U] RV B [ RES |

Find the best approximation of matrix

A below in the subspace Span(f), where

11
AfLI}

7.1.8.- Consider the inner product space
P([0, 1)), with (p, g) = [; p(z)q(x) dx,
and the subspace U = Span(i/), where
u:{‘IOZL ‘11:(1’_%)}“

(a) Show that U is an orthogonal set.

(b) Find n,, the best approximation
with respect to U of the polynomial
r(z) = 2z + 327

(¢) Verify whether (r—r,) € U™ or not.

7.1.4.- Consider the space C*°([—4,(],R)
with inner product

Y4
mmzljwwmm

and the orthonormal set U given by

1

VT,

u 2z cos(g)
NZi J4
1 . /mx

v W sm(7)

Find the best approximation of
T 0<z <Y,
fla) = {—m —4 <z <O0.

in the space Span(Uf)

7.1.5.- For the matrix A € R>? below,
verify that N(A) = R(AT)* and that
N(AT) = R(A)*, where

2 1 1
A=]-1 -1 0
-2 -1 -1
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7.2. LEAST SQUARES

7.2.1. The normal equation. We describe the least squares method to find approximate
solutions to inconsistent linear systems. The method is often used to find the best parameters
that fit experimental data. The parameters are the unknowns of the linear system, and the
experimental data determines the matrix of coefficients and the source vector of the system.
Such a linear system usually contains more equations than unknowns, and it is inconsistent,
since there are no parameters that fit all the data exactly. We start introducing the notion
of least squares solution of a possibly inconsistent linear system.

Definition 7.2.1. Given a matrix A € F™" and a vector b € (Fm, . ), the vector x € F" is
called o least squares solution of the linear system Ax = b iff holds

[AX=b[l <[ly —bl  VyeR(A).

The problem we study is to find the least squares solution to an m X n linear system
Ax = b. In the case that b € R(A) the linear system Ax = b is consistent and the least
squares solution X is the actual solution of the system, hence ||AXx —b|| = 0. In the case that
b does not belong to R(A), the linear system Ax = b is inconsistent. In such a case the least
squares solution x is the vector in R™ with the property that Ax is a vector in R(A) closest
to b in the inner product space (Rm, ) A sketch of this situation for a matrix A € R>? is
given in Fig. 46.

A
R /—\

)

R(A)

FIGURE 46. The meaning of the least squares solution x € R? for the 3 x 2
inconsistent linear system Ax = b is that the vector Ax is the closest to b
in the inner product space (]R37 )

The solution to the problem of finding a least squares solution to a linear system is
summarized in the following result.

Theorem 7.2.2. Given a matric A € F™" and a vector b in the inner product space
(Fm, ~), the vector x € F™ is a least squares solution of the m X n linear system Ax = b iff x
is solution to the n X n linear system, called normal equation,

A*AX = A*b. (7.3)
Furthermore, the least squares solution X is unique iff the column vectors of matriz A form

a linearly independent set.

REMARK: In the case that F = R, the normal equation reduces to ATAx = ATb.
Proof of Theorem 7.2.2: We are interested in finding a vector x € F” such that Ax is the
best approximation in R(A) of vector b € F™. That is, we want to find x € F” such that

AL bl <[y —b]  ¥yeR(A).
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Theorem 7.1.2 says that the best approximation of b is when Ax = b,, where b, is the
orthogonal projection of b onto the subspace R(A). This means that

(Ax—b) € R(A)L =N(A*) & A*(Ax—b)=0.
We then conclude that X must be solution of the normal equation
A*Ax = A*b.
The furthermore can be shown as follows. The column vectors of matrix A form a linearly
independent set iff N(A) = {0}. Lemma 7.2.3 stated below establishes that, for all matrix
A holds that N(A) = N(A*A). This result in our case implies that N(A*A) = {0}. Since
matrix A*A is a square, n X n, matrix, we conclude that it is invertible. This is equivalent
to say that the solution X to the normal equation is unique; moreover, it is given by X =

(A*A)~'A*b. This establishes the Theorem. O
In the proof of Theorem 7.2.2 above we used the following result:

Lemma 7.2.3. If A € F™"  then N(A) = N(A*A).
Proof of Lemma 7.2.3: We first show that N(A) C N(A*A). Indeed,
xe€ N(A) = Ax=0 = A"Ax=0 = xe&N(A"A).

Now, suppose that there exists x € N(A*A) such that x ¢ N(A). Therefore, x # 0 and
Ax # 0, which imply that

0# |Ax||? = x*A*Ax = A*Ax#0.

However, this last equation contradicts the assumption that x € N(A*A). Therefore, we
conclude that N(A) = N(A*A). This establishes the Lemma. O

ExaMPLE 7.2.1: Show that the 3 x 2 linear system Ax = b is inconsistent; then find a least

squares solutions X = [gl} to that system, where

2

3 -1
2|, b=11
1 —1

A=

W N =

SoLUTION: We first show that the linear system above is inconsistent, since Gauss operation
on the augmented matrix [A|b] imply

1 3 -1 1 3 -1 1 3 —1
2 2 11— (0 —4 3| — 10 —4 3
31 -1 0 -8 2 0 O 1

In order to find the least squares solution to the system above we first construct the normal
equation. We need to compute

1 3 —1
a1 2 3 14 10 o 123 -2
AA7[321}227{10 14| Ab*321 L= '
3 1 —1
Therefore, the normal equation is given by
14 10] [2,] [-2
10 14| (2o — |-2|°

Since the column vectors of A form a linearly independent set, matrix ATA is invertible,

-1 1 [14 —10] _ 1[7 -5
(AA) 796{—10 14]748 -5 7|
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The least squares solution is unique and given by
4 - 117 -5/ (-1 o = 1 -1
245 T]|-1 12 -1

REMARK: We now verify that (A% — b) € R(A)L. Indeed,

13, [+ 1] [-1 o[ 1
Ax—b= |2 2 E[_J— 1l=—11]|-| 1 = Af(—b:§ -2
3 1 -1 1 -1 1
Since
1 3
1 -2 1] 2| =1-4+3=0, 1 -2 1]|2|=3-441=0,
3 1
we have verified that (Ax —b) € R(A)*. <

We finish this Subsection with an alternative proof of Theorem 7.2.2 in the particular
case that involves real-valued matrices, that is, F = R. The proof is interesting in its own,
since it is based in solving a constrained minimization problem.

Alternative proof of Theorem 7.2.2 for F = R: The vector X € R™ is a least squares
solution of the system Ax = b iff the function f:R™ — R given by f(x) = ||A%x — b||? has a
minimum at x = X. We then find all minima of function f. We first express f as follows,

f(x) = (Ax—Db) - (Ax—b)
= (Ax) - (Ax) —2b-(Ax)+b-b
=xTATAx — 2bTAx + bTh.

We now need to find all solutions to the equation V,f(x) = 0. Recalling the definition of a
gradient vector

of
Oz,
vxf = )
of
oz,

it is simple to see that, for any vector a € R™, holds,

Vi(@™x) = a, Vi(xTa) = a.
Therefore, the gradient of f is given by
Vf = 2ATAx — 2ATb.
We are interested in the stationary points, the x solutions of
Vif(x)=0 & ATAx=A"h.

We conclude that all stationary points x are solutions of the normal equation, Eq. (7.3).
These stationary points must be a minimum of f, since f is quadratic on the vector compo-
nents x; having the degree two terms all positive coefficients. This establishes the first part
of Theorem 7.2.2 in the case that F = R. O
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7.2.2. Least squares fit. It is often desirable to construct a mathematical model to de-
scribe the results of an experiment. This may involve fitting an algebraic curve to the given
experimental data. The least squares method can be used to find the best parameters that
fit the data.

ExAMPLE 7.2.2: (Linear fit) The simplest situation is the case where the best curve fitting
the data is a straight line. More precisely, suppose that the result of an experiment is the
following collection of ordered numbers

{(tlvbl)a"' 7(tm7b'm)}a m>27

and suppose that a plot on a plane of the result of this experiment is given in Fig. 47.
(For example, from measuring the vertical displacement b; in a spring when a weight ¢, is
attached to it.) Find the best line y(¢) = &2t + &; that approximate these points in least
squares sense. The latter means to find the numbers &5, Z; € R such that 2111 |Abi\2 is
the smallest possible, where

FIGURE 47. Sketch of the best line y(t) = ot + &1 fitting the set of points
(ti7bi), for 7 = 17 e ’10.

SOLUTION: Let us rewrite this problem as the least squares solution of an m x 2 linear
system, which in general is inconsistent. We are interested to find &3, 1 solution of the
linear system

y(t1) = by Ty + T2 = by 1 4 by
B
= = N =
: : : i
Y(tm) = b &1+ tmda = by, L tm bm

Introducing the notation
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we are then interested in finding the solution x of the m x 2 linear system Ax = b. Introducing
also the vector
Aby
Ab = I
Ab,,
it is clear that Ax — b = Ab, and so we obtain the important relation

m
A% —blJ? = 1 AB]2 = 3™ (k)"
i=1
Therefore, the vector x that minimizes the square of the deviation from the line, ", (Ab;)?,
is precisely the same vector x € R? that minimizes the number |A%X — b||%2. We studied the
latter problem at the begining of this Section. We called it a least squares problem, and the
solution x is the solution of the normal equation

ATA% = ATb.
It is simple to see that
1 t >
a1 -1 ool m t;
SO R R S
1 tn
b, ] -
B R T | o b;
Ab—Ll et : - Ztibi.
_bm

Therefore, we are interested in finding the solution to the 2 x 2 linear system
m Z ti ffl- _ I Z bz
Siti Mot |2 [ tibi]”

Suppose that at least one of the ¢; is different from 1, then matrix AT A is invertible and the
inverse is 5
- 1 2 _ .
(ATA) e ——— { 2t Ztl} :
my 2 — (o) l-xt m

We conclude that the solution to the normal equation is

] _ 1 2o =St [ b

2l mpe - (Se) xt o ] bl
So, the slope &2 and vertical intercept Z; of the best fitting line are given by
m 3 tibi — (30t bi) ()2 b) — (Ct) o tabi)

my 12 — (Zh)z mthf(Zti)z

5272 = i’1 =

<

EXAMPLE 7.2.3: (Polynomial fit) Find the best polynomial of degree (n — 1) > 0, say
p(t) = I t(=1) 4 ... 4 &, that approximates in least squares sense the set of points
{(tl,bl)v"' 7(tm7bm)}7 m)'n/

(See Fig. 48 for an example in the case that the fitting curve is a parabola, n = 3.) Following
Example 7.2.2, the least squares approximation means to find the numbers &,,--- ,Z; € R
such that > .-, |Ab;|? is the smallest possible, where

Abi=bi=plt;) & Abi=bi—(@nt!" V4 ), =1 m
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~ 2 —~ —~
A p(t)=x,t +Xx,t+ X,

FIGURE 48. Sketch of the best parabola p(t) = #3t% + 2ot + & fitting the
set of points (¢;,b;), for i =1,--- ,10.

SOLUTION: We rewrite this problem as the least squares solution of an m x n linear system,

which in general is inconsistent. We are interested to find &, -- , %1 solution of the linear
system
— - (n—=1) » B
p(t1) = b1 B4+t T, = by 1 ... tgn 1) 2 by
=4 : o : : _
(n—1) 5
p(tm) = by, B4+ t%“l)i'n = b, 1 oy Tn b

Introducing the notation

Y b
A= IS H L L
1 .- tg,?*l) i’n bm

we are then interested in finding the solution X of the m xn linear system Ax = b. Introducing
also the vector

Aby
Ab = o
Ab,,
it is clear that Ax — b = Ab, and so we obtain the important relation

1A% — b]|? = | Ab]2 = 3 (Ab;)%.

i=1

Therefore, the vector x that minimizes the square of the deviation from the line, "', (Ab;)?,
is precisely the same vector X € R? that minimizes the number ||AX — b||2. We studied the
latter problem at the begining of this Section. We called it a least squares problem, and the
solution x is the solution of the normal equation

ATAx = ATb. (7.4)
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It is simple to see that Eq. (7.4) is an n x n linear system, since

1 1 1 ... tgn—l)
ATA=| : : S
S SRR el I PR G
1 1 by
ATb=| e
tgnfl) . tfffl) b,

We do not compute these expressions explicitly here. In the case that the columns of A
form a linearly independent set, the solution X to the normal equation is

%= (ATA)T'ATb.

The components of X provide the parameters for the best polynomial fitting the data in least
squares sense. <

7.2.3. Linear correlation. In statistics a correlation coefficient measures the departure of
two random variables from independence. For centered data, that is, for data with zero
average, the correlation coefficient can be viewed as the cosine of the angle in an abstract
R™ space between two vectors constructed with the random variables data. We now define
and find the correlation coefficient for two variables as given in Example 7.2.2.

Once again, suppose that the result of an experiment is the following collection of ordered
numbers

{(t1,b1), -+, (tm,bm) }, m > 2. (7.5)
Introduce the vectors e, t, b € R™ as follows,
1 ty b1
e=1[:|, t=]|:], b=]:
1 tm bim

Before introducing the correlation coefficient, let us use these vectors above to write down
the least squares coefficients x found in Example 7.2.2. The matrix of coefficients can be
written as A = [e, t], therefore,

oA €T _lere t-e . €Tl |e-b
S AN I PR A TS (o

The least squares solution can be written as follows,

{i;] - (e.e)(t.tl) “(t-e) [_te .tt _ee. .et} {:tﬂ ’

that is,
o — (e-e)(t-b)—(e-t)(e-b) 4= (e-b)(t-t) — (e-t)(t-b)
? (e-e)(t-t)—(t-e)?2 ! (e-e)(t-t)—(t-e)?2
Introduce the average values
&t g_eb
e-e’ e-e

These are indeed the average values of ¢; and b;, since
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Introduce the zero-average vectors t = (t —fe) and b = (b —be). The correlation coefficient
of the data given in (7.5) is given by

t-b

cor t,b = .
() [1t[] o]

Therefore, the correlation coefficient between the data vectors t and b is the angle between
the zero-average vectors t and b in R™.

In order to understand what measures this angle, let us consider the case where all the
ordered pairs in (7.5) lies on a line, that is, there exists a solution X of the linear system
A% = b (a solution, not only a least squares solution). In that case we have

Zre+dot=b = Iy +at=0,
and this implies that
iy(t—tfe)=(b—be) & @t=b <« cor(t,b)=1.
That is, in the case that t is linearly related to b we obtain that the zero-average vectors t

and b are parallel, so the correlation coefficient is equal one.

7.2.4. QR-factorization. The Gram-Schmidt method can be used to factor any m x n
matrix A into a product of an m x n matrix Q with orthonormal column vectors and an
upper triangular n x n matrix R. We will see that the QR-factorization is useful to solve
the normal equation associated to a least squares problem.

Theorem 7.2.4. If the column vectors of matriz A € F"™" form a linearly independent set,
then there exist matrices Q € F™™ and R € F™™ satisfying that Q*Q = |,,, matriz R is upper
triangular with positive diagonal elements, and the following equation holds

A=QR.
Proof of Theorem 7.2.4: Use the Gram-Schmidt method to obtain an orthonormal set
{a1, -+ ,qn} from the column vectors of the m x n matrix A = [A.1,--- ,A,;], that is,
pP1 = A:l q1 = P1 )
([P
p2:A:27 (A:Z'ql) q1 Jz2 = P2 P
([P
_ _ Pn
Pn = A:n - (An : ql) qir — - — (An ) anl) qn—1 dn = .
[pnll
Define matrix Q = [q1, - ,qn], which then satisfies the equation Q*Q = I,,. Notice that the

equations above can be expressed as follows,

Ag = lpil a1,
Ao = [Ip2llaz + (a1 - A2) a1

A, = ”pn” qn + (ql : An) q1 + (q2 : An) g2 + -+ (qn—l : An) qn—1-
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After some time staring at the equations above, one can rewrite it as a matrix product

lprll (q1-A2) -+ (q1-An)
0 ||P2|| (qQ 'A:n)
Ad AL = a1, ,an] | : : (7.6)
0 0 coo (Ano1 - Au)
0 0 [[pn

Define matrix R by equation above as the matrix satisfying A = QR. Then, Eq. (7.6) says
that matrix R is n x n, upper triangular, with positive diagonal elements. This establishes

the Theorem. ]
1 2 1

ExaMPLE 7.2.4: Find the QR-factorization of matrix A= (1 1 1f.
0 01

SOLUTION: First use the Gram-Schmidt method to transform the column vectors of matrix
A into an orthonormal set. This was done in Example 6.5.1. The result defines the matrix
Q as follows

1 1
V2 V2
Q=L —-L o
T v2 V2
0 0 1

Having matrix A and Q, and knowing that Theorem 7.2.4 is true, then we can compute
matrix R by the equation R = QTA. Since the column vectors of Q form an orthonormal
set, we have that Q7 = Q !, and in this particular case Q! = Q, so matrix R is given by

1 1 B 3
o o2 V2 e V2
0 0 1/ [0 0 1 0 0 1

The QR-factorization of matrix A is then given by

A:%—%O 0%0
0 0 1 ]o o0 1

<

The QR-factorization is useful to solve the normal equation in a least squares problem.

Theorem 7.2.5. Assume that the matriz A € F™" admits the QR-factorization A = QR.
The vector x € F" is solution of the normal equation A*AXx = A*b iff it is solution of

Rx = Q"b.

Proof of Theorem 7.2.5: Just introduce the QR-factorization into the normal equation
A*Ax = A*b as follows,
(R"Q*)(QR)x=R*Q*b < R*Rx=RQ'b <« R*(Rf( - Q*b) =0.
Since R is a square, upper triangular matrix with non-zero coefficients, we conclude that R
is invertible. Therefore, from the last equation above we conclude that x is solution of the
normal equation iff holds
Rx = Q*b.
This establishes the Theorem. (|
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7.2.5. Exercises.

7.2.1.- Consider the matrix A and the vec-
tor b given by

10 1
A=1]o 1|, b= |1
11 0

(a) Find the least-squares solution X to
the linear system Ax = b.
(b) Verify that the solution x satisfies

(A% —b) € R(A)*.

7.2.2.- Consider the matrix A and the vec-
tor b given by

2 2 1
A=|0 -1/, b=|1
-2 0 -1

(a) Find the least-squares solution X to
the linear system Ax = b.

(b) Find the orthogonal projection of
the source vector b onto the sub-
space R(A).

7.2.3.- Find all the least-squares solutions
x to the linear system Ax = b, where

1 2 1
A= |2 4], b= |1
3 6 1

7.2.4.- Find the best line in least-squares
sense that fits the measurements, where
t1 is the independent variable and b; is
the dependent variable,

t = —2, by =4,
ty = —1, by =3,
t3 =0, by =1,
th =2, by = 0.

7.2.5.- Find the correlation coefficient cor-
responding to the measurements given
in Exercise 7.2.4 above.

7.2.6.- Use Gram-Schmidt method on the
columns of matrix A below to find its
QR factorization, where

1 1
A=12 3
2 1

7.2.7.- Find the QR factorization of matrix

1 1 0
A=11 0 1
0 1 1
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7.3. FINITE DIFFERENCE METHOD

A differential equation is an equation where the unknown is a function and both the
function itself and its derivatives appear in the equation. The differential equation is called
linear iff the unknown function and its derivatives appear linearly in the equation. Solutions
of linear differential equations can be approximated by solutions of appropriate n x n alge-
braic linear systems in the limit that n approaches infinity. The finite difference method is
a way to obtain an n X n linear system from the original differential equation. Derivatives
are approximated by difference quotients, thus reducing o differential equation to an alge-
braic linear system. Since a derivative can be approximated by infinitely many difference
quotients, there are infinitely many n x n linear systems that approximate a differential
equation. One tries to choose the linear system whose solution is the best approximation of
the solution of the original differential equation. Computers are used to find the vector in R™
solution of the n x n linear system. Many approximations of the solution to the differential
equation are obtained from this array of n numbers. One way to obtain a function from a
vector in R™ is to find a degree n polynomial that contains all these n points. This is called
a polynomial interpolation of the algebraic solution. In this Section we only show how to
obtain n x n algebraic linear systems that approximate a simple differential equation.

7.3.1. Differential equations. A differential equation is an equation where the unknown
is a function and both the function and its derivatives appear in the equation. A simple
example is the following: Given a continuously differentiable function f : [0,1] — R, find a
function w : [0, 1] — R solution of the differential equation

du
—(x) = f(z

To find a solution to a differential equation requires to perform appropriate integrations,
thus integration constants are introduced in the solution. This suggests that the solution of
a differential equation is not unique, and extra conditions must be added to the problem to
select only one solution. In the differential equation above the solutions u are given by

u(z) = /Ozf(t)dt—kc,

with ¢ € R. An extra condition is needed to obtain a unique solution, for example the
condition «(0) = 1. Then, the unique solution u is computed as follows

l—u(O)—/OOf(t)dt—i-c = c=1 = u(m):/ozf(t)dt—i-l.

The example above is simple enough that no approximation is needed to obtain the solution.

An ordinary differential equation is a differential equation where the unknown function
u depends on one variable, as in the example above. A partial differential equation is a
differential equation where the unknown function depends on more than one variable and
the equation contains derivatives of more than one variable. In this Section we use the finite
difference method to find a solution to two different problems. The first one involves an
ordinary differential equation while the second one involves a partial differential equation,
called the heat equation.

The first problem is to find an approximate solution to a boundary value problem for an
ordinary differential equation: Given a continuously differentiable function f : [0,1] — R,
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find a function w : [0, 1] — R solution of the boundary value problem

d’u du
@)+ T @) = 1) (77)
u(0) = (1) =0. (7.8)

Finding the function w involves doing two integrations that introduce two integration con-
stants. These constants are determined by the two conditions on z = 0 and x = 1 above,
called boundary conditions, since they are conditions on the boundaries of the interval [0, 1].
Because of this extra condition on the ordinary differential equation this problem is called
a boundary value problem.

The second problem we study in this Section is to find an approximate solution to an
initial-boundary value problem for the heat equation: Given the set D = [0, 7] x [0, 7], the
positive constant k, and infinitely differentiable functions f : D — R and ¢ : [0,7] — R,
find the function u : D — R solution of the problem

Ou 8%u
a(mﬂf) — ﬁ@(m,t) = f(x,t) (z,t) € D, (7.9)
u(0,t) = u(m,t) =0 t 10,7, (7.10)
u(z,0) = g(z) x € [0,7]. (7.11)

The partial differential equation in Eq. (7.9) is called the one-dimensional heat equation,
since in the case that function u is the temperature of a material that depends on time ¢
and one spatial direction z, the equation describes how the material temperature changes
in time due to heat propagation. The positive constant  is called the thermal diffusivity of
the material. The condition given in Eq. (7.10) is called a boundary condition, since they
are conditions on z = 0 and = = 7 that hold for all ¢ € [0,7], see Fig. 49. The condition
given in Eq. (7.11) is called an initial condition, since it is a condition on the initial time
t = 0 for all z € [0, 7], see Fig. 49. Because of these two extra conditions on the partial
differential equation this problem is called an initial-boundary value problem for the heat

equation.
T / /
u(0,t)=0 D u(7,t)=0

S e

/
a0)—" X

FIGURE 49. The domain D = [0,7] x [0,7] where the initial-boundary
value problem for the heat equation is set up. We indicate the boundary
data conditions u(0,t) = 0 and u(m,t) = 0, and the initial data function g.

7.3.2. Difference quotients. Finite difference methods transform a linear differential equa-
tion into an n X n algebraic linear system by replacing derivatives by difference quotients.
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Derivatives can be approximated by difference quotients in many different ways. For exam-
ple, a derivative of a function u can be expressed in the following equivalent ways,

du, . . ulz+ Az) —u(x)
i e v
~ im u(z) —u(x — A:v)7
Az—0 Az
— im u(x + Azx) —u(z — Am).
Az—0 2Ax

However, for a fixed nonzero value of Az, the expressions below are, in general, different.

Definition 7.3.1. The forward difference quotient d, and the backward difference
quotient d_ of a continuous function u: R — R at x € R are given by
u(z 4+ Az) — u(zx) u(z) —u(x — Ax)
dou(z) = Ax ; d-u(z) = Ax
The centered difference quotient d. of a continuous function u at x € R is given by
u(z + Az) —u(x — Ax)
2Ax
In the case that the function u has second continuous derivative, the Taylor Expansion
Theorem implies that the forward and backward differences differ from the actual derivative
by terms order Az. The proof is not difficult, since

dou(z) =

. (7.12)

u(z + Azx) = u(z) + ZZ () Az +O0((Az)%) = dau(z) = Z—z(az) +0(Az),
u(z — Azx) = u(z) — %(w) Az +0((Az)?) = du(z)= Z—Z(w) +O0(Az),

where O((Axz)™) denotes a function satisfying [O((Az)™)]/(Az)™ approaches a constant
as Az — 0. In the case that the function w has third continuous derivative, the Taylor
Expansion Theorem implies that the centered difference quotient differs from the actual
derivative by terms of order (Ax)2. Again, the proof is not difficult, and it is based on the
Taylor expansion of the function u. Compute this expansion in two different ways,

du 1 d%u 9 3
u(z + Azx) = u(z) + %(x) Az + 3 @(x) (Az)* + O((Ax)?), (7.13)
du 1 d%u
u(r — Az) = u(x) — %(1‘) Az + 3 @(x) (Az)* + O((Az)?), (7.14)
Subtracting the two expressions above we obtain that
u(z + Azx) — u(z — Az) = QZ—Z(J:) Az +0((Az)*) = dou(z)= %(m) +0((Az)?),

which establishes that centered difference quotients differ from the derivative by order (Az)2.
If a function is infinitely continuously differentiable, centered difference quotients are more
accurate than forward or backward differences.

Second and higher derivatives of a function can also be approximated by difference quo-
tients. Again, there are infinitely many ways to approximate second derivatives by difference
quotients. The freedom to choose difference quotients is higher for second derivatives than
for first derivatives. We now present two difference quotients to give an idea of this freedom.
On the one hand, one possible approximation is to use the centered difference quotient twice,
since a second derivative is the derivative of the derivative function. Using the more precise

notation ( Ar) ( Ax)
ulr + Axr) —ulx — Ax
chmu(x) = AT 3
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it is not difficult to check that (chx)Z = deaz(dens) i given by

1

(dCAI)Qu(m) = @A) [u(z + 2Az) 4+ u(z — 2Az) — 2u(z)]. (7.15)

On the other hand, another approximation for the second derivative of a function can be ob-

tained directly from the Taylor expansion formulas in (7.13)-(7.14). Indeed, add Egs. (7.13)-
(7.14), that is,

d?u

u(z + Az) + u(r — Az) = 2u(z) + -

(z) (Az)? + O((Aw)?’).

This equation can be rewritten as

d*u u(z + Azx) + u(x — Az) — 2u(x)
Z 2 (x) = Ax).
This equation suggests to introduce a second-order centered difference quotient (d?).a. as
(). awt() = @ [u(z + Az) + u(z — Az) — 2u(z)]. (7.16)
Using this notation, the equation above is given by
d*u

P(m) = (d*)epzu(z) + O(Ax).
i
Therefore, both (chz)2 and (d?).a, are approximations of the second derivative of a func-
tion. However, they are not the same approximation, since comparing Eqgs. (7.15) and (7.16)
it is not difficult to see that

(dc(Az)/2)2 = (d*)ca-
We conclude that there are many different ways to approximate second derivatives by dif-
ference quotients, many more ways than those to approximate first order derivatives. In
this Section we use the difference quotient in Eq. (7.16), and we use the simplified notation
given by d? = (d?).ax-

7.3.3. Method of finite differences. We now describe the finite difference method using
two examples. In the first example we find an approximate solution for the boundary value
problem in Egs. (7.7)-(7.8). In the second example we find an approximate solution for the
initial-boundary value problem in Egs. (7.9)-(7.11).

ExampPLE 7.3.1: Consider the boundary value problem for the ordinary differential equation

given in Eqgs. (7.7)-(7.8).

(a) Divide the interval [0, 1] into n > 1 equal intervals and use the finite difference method
to find a vector u = [u;] € R"! that approximates the function u : [0,1] — R solution
of that boundary value problem. Use centered difference quotients to approximate the
first and second derivatives of the unknown function w.

(b) Find the explicit form of the linear system in the case n = 6.

(¢) Find the degree n polynomial p, that interpolates the approximate solution vector
u = [u;] € R**L, which includes the boundary points.

SOLUTION:
Part (a): Fix a positive integer n € N, define the grid step size h = 1/n, and introduce
the uniform grid
{z:}, x; = ih, 1=0,1,---,n, on [0, 1].

(See Fig. 50.) Introduce the numbers f; = f(x;). Finally, denote u; = u(x;). The numbers
x; and f; are known from the problem, and so are the vy = «(0) = 0 and u,, = u(1) = 0,
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while the u; for ¢ = 1,--- ,n — 1 are the unknowns. We now use the original differential
equation to construct an (n — 1) x (n — 1) linear system for these unknowns w;.

[ I I I I I ]
L T T T T T 1

0=0/6 1/6 2/6 3/6 4/6 5/6 6/6=1

—
Ax=1/6 n=6  h=1/6=Ax

FIGURE 50. A uniform grid for n = 6 on the domain [0, 1].

We use centered difference quotient given in Eqs. (7.12) and (7.16) to approximate the first
and second derivatives of the function w, respectively. We choose Az = h, and we denote
the difference quotients evaluated at grid points z; as follows,

dou(z;) = doug, d*u(x;) = d?u;.
Therefore, we obtain the following formulas for the difference quotients,

Uj41 — Ui—1

Uip1 +Ui—1 — 2u,
2h ’ ’

2, —
dcui = h2

(7.17)

dcui =

Now we state the approximate problem we will solve: Given the constants {f;}7—', find

the vector u = [u;] € R™! solution of the (n — 1) x (n — 1) linear system and boundary
conditions, respectively,

d*u; +dou; = fi, i=1,---,n—1, (7.18)

ug = up = 0. (7.19)

Eq. (7.18) is indeed a linear system for u = [u;], since it is equivalent to the system
(2+h)ui+1f4ui+(27h)ui,1:2h2fi, i=1,---,n—1.

When the boundary conditions in Eq. (7.19) are introduced in the equation above, we obtain
an (n — 1) x (n — 1) linear system for the unknowns wu;, where ¢ = 1,--- ,(n — 1).

Part (b): In the case n = 6, we have h = 1/6, so we denote a =2 —1/6, b=2+1/6 and
¢ = 2/36. Also recall the boundary conditions ug = ug = 0. Then, the system above and
its augmented matrix are given by, respectively,

—4duy + bug = c f1,

-4 b 0 0 O cfi
auy — 4dug + bug = ¢ fo, o —4 b 0 0 et
aup —4duz +bus = cf3, & 0 a -4 b 0 cfs
ausg — duy + bus = ¢ fy, 0 0 a —4 b Cf4

0 0 O a —4 cfs

auy — 4us = c fs,

We then conclude that the solution w of the boundary value problem in Eq. (7.7) can be
approximated by the solution u = [u;] € R7 of the 5 x 5 linear system above plus the two
boundary conditions. The same type of approximate solution can be found for all n € N.

Part (c): The output of the finite difference method is a vector u = [u;] € R*+D. An
approximate solution to the ordinary differential equation in Eqgs. (7.7) can be constructed
from the vector u in many different ways. One way is polynomial interpolation, that is,
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to construct a polynomial of degree n whose graph contains all the points (z;,u;). Such
polynomial is given by

po(@) =Y uwigi(x), @) =]] (z—z5)
i=0

i (@ —z5)

It can be verified that the degree n polynomials ¢; when evaluated at grid points satisfies

0 ifi+j,
qz'(mj):{l ifi=j.

Therefore, the polynomial p,, has degree n and satisfies that p,(x;) = u;. This polynomial
function p,, approximates the solution u of the boundary value problem in Egs. (7.7)-(7.8).
<

ExaMmpPLE 7.3.2: Consider the boundary value problem for the partial differential equation
given in Egs. (7.9)-(7.11). Use the finite difference method to find an approximate solution
of the function u : D — R solution of that initial-boundary value problem.

(a) Use centered difference quotients to approximate the spatial derivatives and forward
difference quotients to approximate time derivatives of the unknown function wu.

(b) Repeat the calculations in part (a) now using backward difference quotients for the time
derivatives of the unknown function w.

SOLUTION:

Part (a): Introduce a grid in the domain D = [0, 7] x [0,T] as follows: Fix the positive
integers ng, n: € N, define the step sizes h, = 7/n, and hy = T'/n;, and then introduce the
uniform grids

{z:}, T = thy, 1=0,1,-- ,ng, on [0, 7]
{t;}, tj = jhe, j=0,1,--- ny, on [0,T].

A point of the form (x;,t;) € D is called a grid point. (See Fig. 51.)

(X, t)

4

n,=9 he=7"19
FIGURE 51. A rectangular grid with n, = 9 and n; = 5 on the domain
D =[0,n] x [0,T].

We will compute the approximate solution values at grid points, and we use the notation
u;; = u(z;,t;) and f;; = f(x;,¢;) to denote unknown and source function values at grid
points. We also denote g; = g(x;) for the initial data function values at grid points. In this
notation the boundary conditions in Eq. (7.10) have the form ug; = 0 and w,, ; = 0. We
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finally introduce the forward difference quotient in time d,; and the second order centered
difference quotient in space d2, as follows,

Ui, (j+1) — Uij 2 Uiit1),j  Ui—1),5 — 2Uij
i j = ~ h deyuij = h2 :
Now we state the approximate problem we will solve: Given the constants f; ; and g;, for
1=0,1,--- ,ngy and j =0,1,--- ,ny, find the constants u; ; solution of the linear equations
and boundary conditions, respectively,

s g — kd2uij = fij, (7.20)
Uo,j = Un,,j =0, (7.21)
Ui,0 = Yi- (722)

This system is simpler to solve than it looks at first sight. Let us rewrite it in as follows,

1 K
E(Ui,(j+1) — i) — 2 (uir),g + ug-1),5 — 2uiz) = fij,

which is equivalent to the equation
wi 1) = T (Uirn),g + wi-1)) + (1= 20) wij + hefi g, (7.23)

where r = kh,/h?,. This last equation says that the solution at the time t;;1 can be
computed if the solution at the previous time ¢; is known. Since the solution at the initial
time ¢y = 0 is known an equal to g;, and since solution at the boundary of the domain wug ;
and uy, ; is known from the boundary conditions, then the solution u;; can be computed
from Eq. (7.23) time step after time step. For this reason the linear system in Eqgs. (7.20)-
(7.22) above is an example of an explicit method.

Part (b): We now repeat the calculations in part (a) using a backward difference quotient
in time. We introduce the notation d_, for the backward difference quotient in time, and we
keep the notation d?, for the second order centered difference quotient in space,

_ Wi — Wi (j-1) o Wity T Ua-1),5 — Uiy
d-yuij = — deyuij = 3 :
Now we state the approximate problem we will solve: Given the constants f; ; and g;, for
1=0,1,--- ,ngy and j =0,1,--- ,ny, find the constants u; ; solution of the linear equations
and boundary conditions, respectively,

d_tum- — Kjdiuid‘ = fid‘y (724)
Ug,j = Up,j =0, (7.25)
U;,0 = YGi- (726)

This system is simpler to solve than it looks at first sight. Let us rewrite it in as follows,

1 K
E(“i’j — Ui (1)) — 5l (u(itn),j +uG-1),; — 2uij) = fij,

which is equivalent to the equation
(+2r)u;,; — T(U(i_‘_l);]‘ + U(i—l),j) =u;(j—1) T hifigs (7.27)

where 7 = rh,/h?,, as above. This last equation says that the solution at the time ¢;41 can
be computed if the solution at the previous time ¢; is known. However, in this case we need
to solve an (n, — 1) x (n, — 1) linear system at each time step. Such system is similar to the
one that appeared in Example 7.3.1. Since the solution at the initial time ¢y = 0 is known an
equal to g;, and since solution at the boundary of the domain ug ; and s, ; is known from

the boundary conditions, then the solution w; ; can be computed from Eq. (7.27) time step
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after time step. We emphasize that the solution is computed by solving an (n, —1) x (n, —1)
system at every time step. For this reason the linear system in Egs. (7.24)-(7.26) above is
an example of an implicit method. <

What we have seen in this Section is just the first part of the story. We have seen
how we can use linear algebra to obtain approximate solutions of few problems involving
differential equations. The second part is to study how the solutions of the approximate
problems approaches the solution of the original problem as the grid step size approaches
zero. Consider the approximate solution u € R"*! found in Example 7.3.1. Does the
interpolation polynomial p,, constructed with the components of u approximate the function
u : [0,1] — R solution to the boundary value problem in Eq. (7.7) in the limit n — oco?
A similar question can be asked for the solutions {u; ;} obtained in parts (b) and (c) in
Example 7.3.2. We will study the answers to these questions in the following Chapters.

One last remark is the following. Comparing parts (a) and (b) in Example 7.3.2 we see
that explicit methods are simpler to solve than implicit methods. A matrix must be inverted
to solve an implicit method, while this is not needed to solve an explicit method. So, why
are implicit methods studied at all? The reason is that in the limit n — oo the approximate
solutions of explicit methods do not approximate the solution of the original differential
equation as good as a solution of an implicit method. Moreover, the solution of an explicit
method may not converge at all, while the solutions of implicit methods always converges.

Further reading. See Section 1.4 in Meyer’s book [3] for a detailed discussion on dis-
cretizations of two-point boundary values problems.
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7.3.4. Exercises.

7.3.1.- Consider the boundary value prob-
lem for the function u given by

d*u
@(a:) =25z,
u(0) =0, u(l) =0,
z € [0,1].

Divide the interval [0, 1] into five equal
subintervals and use the finite difference
method to find an approximate solution
vector u = [u;] to the boundary value
problem above, where ¢ =0,--- ,5. Use
centered difference quotients given in
Eq. (7.17) to approximate the deriva-
tives of function wu.

7.3.2.- Given an infinite differentiable func-
tion v : R — R. apply twice the forward
difference quotient d+ to show that the
second order forward difference quotient
has the form

d2u(x) =
u(z + 2Az) — 2u(x + Az) + u(x)
(Az)? ’

7.3.3.- Given an infinite differentiable func-
tion u : R — R. apply twice the back-
ward difference quotient d. to show that
the second order backward difference
quotient has the form

d*u(z) =
u(z) — 2u(z — Az) + u(z — 2Ax)
(Az)?

7.3.4.- Consider the boundary value prob-
lem given in the Exercise 7.3.1. Di-
vide again the interval [0, 1] into five
equal subintervals and find the 4 x 4 lin-
ear system that approximates the orig-
inal problem using forward difference
quotients to approximate derivatives of
function u. You do not need to solve
the linear system.

7.3.5.- Consider the boundary value prob-
lem given Problem 7.3.1. Divide again
the interval [0, 1] into five equal subin-
tervals and find the 4 x 4 linear system
that approximates the original problem
using backward difference quotients to
approximate derivatives of function wu.
You do not need to solve the linear sys-
tem.

7.3.6.- Consider the boundary value prob-
lem for the function w given by

d*u du
E(I) + 2£(m) =25z,
u(0) =0, wu(l)=0,
x € [0,1].

Divide the interval [0, 1] into five equal
subintervals and use the finite differ-
ence method to find an algebraic lin-
ear system that approximates the origi-
nal boundary value problem above. Use
centered difference quotients given in
Eq. (7.17) to approximate derivatives of
function u. You do not need to solve the
linear system.
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7.4. FINITE ELEMENT METHOD

The finite element method permits the computation of approximate solutions to dif-
ferential equations. Boundary value problems involving a differential equations are first
transformed into integral equations. The boundary conditions are included into the inte-
gral equation by performing integration by parts. The original problem is transformed into
inverting a bilinear form on a vector space. The approximate problem is obtained when
the integral equation is solved not on the whole vector space but on a finite dimensional
subspace. By a careful choice of the subspace, the calculations needed to obtain the approx-
imate solution can be simplified. In this Section we study the same differential equations
we have seen in Sect. 7.3 when we described the finite difference methods. Finite differ-
ence methods are different form finite element methods. The former method approximates
derivatives by difference quotients in order to obtain the approximate problem involving an
algebraic linear system. The latter method produces an algebraic linear system by restrict-
ing an integral version of the original differential equation onto a finite dimensional subspace
of the original vector space where the integral equation is defined.

7.4.1. Differential equations. We now recall the boundary value problem we are inter-
ested to study. This is the first problem we studied in Sect. 7.3, that is, to find an approxi-
mate solution to a boundary value problem for an ordinary differential equation: Given an
infinitely differentiable function f : [0,1] — R, find a function u : [0,1] — R solution of the
boundary value problem

d?u du
@)+ @) = f(@), (7.25)
u(0) =u(l) =0. (7.29)

Recall that finding the function u involves doing two integrations that introduce two in-
tegration constants. These constants are determined by the two conditions on = 0 and
x = 1 above, called boundary conditions, since they are conditions on the boundaries of
the interval [0, 1]. Because of this extra condition on the ordinary differential equation this
problem is called a boundary value problem.

This problem can be expressed using linear transformations on vector spaces. Consider
the inner product spaces (V,(,)) and (W,(,)), where V = C§°([0,1],R) is the space of
infinitely many differentiable functions that vanish at z = 0 and z = 1, W = C*°([0, 1], R)
is the space of infinitely many differentiable functions, while the inner product is defined as

(f.9 = /0 f(z)g(z)dz.

Introduce the linear transformation L : V' — W defined by
d?>v  dv
T4 s
Then, the boundary value problem in Eqs. (7.28)-(7.29) can be expressed in the following
way: Given a vector f € W, find a vector u € V solution of the equation

L(u) = f. (7.30)

Notice that the boundary conditions in Eq. (7.29) have been included into the definition of
the vector space V. The problem defined by Egs. (7.28)-(7.29), which is equivalently defined
by Eq. (7.30), is called the strong formulation of the problem.

So, we have expressed a boundary value problem for a differential equation in terms of
linear transformations between appropriate infinite dimensional vector spaces. The next
step is to use the inner product defined on V and W to transform the differential equation
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in (7.30) into an integro-differential equation, which will be called the weak formulation of
the problem. This idea is summarized below.

7.4.2. The Galerkin method. The Galerkin method refers to a collection of ideas to
transform a problem involving a linear transformation between infinite dimensional inner
product spaces into a problem involving a matrix as a function between finite dimensional
subspaces. We describe in this Section the original idea, introduced by Boris Galerkin
around 1915. Galerkin worked only with partial differential equations, but we now know
that his idea works in the more general context of a linear transformation between infinite
dimensional inner product spaces. For this reason we describe Galerkin’s idea in this more
general context. The Galerkin method is to transform the strong formulation of the problem
in (7.30) into what is called the weak formulation of the problem. This transformation is
done using the inner product defined on the infinite dimensional vector spaces. Before we
describe this transformation we need few definitions.

7.4.3. Finite element method.
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7.4.4. Exercises.

7.4.1.- . 7.4.2.- .



