Chapter 4

Bases

4.1 The Basis Concept: Independence and Span

Let’s look again at the crucial drawing from Sec. 1.1:

T2

2 T

Its point is that every vector Ain a plane can be written as a linear combi-
nation of two “basic” vectors, 2 and

A:a1i+a2j,

where a; and as are real numbers. (In the example, we have a; = —8,
az = 3.) In this section we clarify the properties of the pair of vectors {i, j}
that makes it possible to use them in this way. This geometrical conception
of a basis is good to keep in mind.* However, to give a broader view of
why bases are so important, we prefer to introduce the concept in a more
applied-algebraic way.

* There is one way in which this drawing may be misleading, however. The

vectors in a basis are not required to be orthogonal (mutually perpendicular), nor
to be of unit length. In fact, in an abstract vector space as defined in Sec. 3.1,
“orthogonal” and “length” have no meaning. We have been using these concepts
in the familiar way in the context of R? and R?, but their formal definition will
not show up until Chapter 6. At that point it will transpire that bases composed
of orthogonal unit vectors are indeed especially nice, but they are not the only
bases that are useful and necessary.
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One of the principal skills and habits acquired early on by a student of
mathematics is simplifying expressions. In elementary algebra you acquired
the reflex, when confronted with an expression like

t+3t2 — (t—1)(t+2) +3(t +1)* — 4t + 6,

of expanding products and combining terms so that there is (at most) one
term for each power of ¢:
5t% + 2t + 11.

Similarly, in a calculus or differential-equations course, you probably came
to regard the expressions

2¢! +3e”" and b5cosht —sinht
as satisfactory answers, but realized that
e’ +2sinht +4e” !

is somehow half-baked. In fact, all three of these functions are equal; the
last one can be converted to either of the other two by means of the formulas
relating hyperbolic functions to exponential functions:

ettet

cosht = 5 e! = cosht + sinht,
et —e”t ~t = cosht — sinh ¢.

sinht = e e cos sin

Ordinarily we use only one of these function sets or the other, not both at
once. (Hyperbolic functions will be further reviewed later in this section.)
The purpose of simplifying an expression is far more than to save ink
when it is recopied. The expression is more meaningful and useful to us when
it has been worked into some kind of standard form. In particular, if you
are presented with two different expressions, you frequently need to know
whether they are actually equal (i.e., represent the same function (or other
mathematical object)) or are genuinely different. (Every student has faced
this problem with “answers in the back of the book”) The most effective
method to resolve that question is to have an agreed-upon normal form for
expressions of the type concerned, and to convert each expression to that
normal form. The normal form of an expression is, by definition, unique,
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and mathematically equivalent to the original expression. Therefore, the
two starting expressions are mathematically equal if and only if their normal
forms are identical.

Perhaps the most frequently occurring situation of this nature is that
where the mathematical objects involved are vectors of some kind, and the
expressions are, or can be simplified into, linear combinations of such vectors.
The normal-form problem, then, is to find a list of vectors such that every
vector in the space can be written as a linear combination of the vectors in
the list in exactly one way. We could take this requirement as the definition
of a basis. However, we shall follow tradition by giving a definition of basis
that is easier to verify in concrete cases, and then proving the normal-form
property as a theorem.

We wish to construct a definition of “basis”, to be imposed on a list
of vectors, that guarantees that every vector can be expressed in terms of
those in the list in at least one way and in at most one way. These are
separate problems, and so we need to define a separate concept to handle
each. (It will turn out in the end, however, that there is an unexpected
relation between them — see the summary theorem in Sec. 4.3.)

SPAN

The problem of “at least one way” can be handled for now just by a
definition. (We will need to study later how to determine in practice whether
the definition is satisfied by a given list of vectors.)

Definition la: If ¢, 05,..., 0, are vectors in V, then the [linear] span
of § = {¥,0s,...,U,} is the set of all linear combinations
n
U1 + el + -+ = E ngj'
j=1

ExaMPLE: Recall the parametric formula for a plane through the origin,
I = su + tv. This reveals the plane as the span of the two vectors ¢ and .

REMARK: The span of any set of vectors is itself a vector space. It is
an example of a subspace of V — see Sec. 5.1.

The definition of a span continues to make sense for an infinite set
of vectors, S. The span of S (abbreviated spanS) is the set of all linear
combinations of vectors from §. For example, the space of all harmonic
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polynomials (polynomials that satisfy Laplace’s equation, V2p = 0) is the
span of the set of all homogeneous harmonic polynomials of all degrees (see
Sec. 5.1). Note that although we’re now talking about infinite sets of vectors,
we are still considering only finite sums in defining “linear combination”,
“span”, and (later) “subspace”. In many applications one really does want
to consider infinite sums, but to do so one needs to study convergence of
infinite series of vectors, and that is out of bounds for this course.

The word “span” can be a verb as well as a noun:

Definition 1b: A set 7 in V (i.e., 7 C V) is spanned by vy,...,U,
(which are vectors in 7) if every & € 7 is a linear combination of those

n
xr = E CjUj.
Jj=1

(One also turns this sentence around and says that the n vectors span the

vectors:

set, or that the list of vectors spans the set.)

The most important situation for the employment of this definition is
that where 7 is V itself. We restate the definition:

Corollary: The set of vectors S = {¥1,...,0x} in V spans V if and only
if every ¢/ in V can be expressed in at least one way as a linear combination
of the vectors ;.

Examples. Let us find some sets that span Ps (the space of quadratic
polynomials introduced in Sec. 3.1).

1. The obvious choice is {t?,¢,1}. By definition, Py is the linear combi-
nations of these three functions.

2. A less obvious choice is {t,t — 5,2t + 1, (t + 1)2}. With a little bit
of algebra you can verify that every quadratic polynomial p(t) =
at? + bt + ¢ can be written as

p(t) = a(t +1)* — (10b + 2¢)t + b(t — 5) + (5b + ¢ — a)(2t + 1).
Incidentally, it could also be written as
p(t) = a(t +1)* — (b+2c)t + (c —a)(2t + 1) [+ 0(t — 5)],

so the coefficients in a linear combination need not be uniquely de-
termined. This is a spanning set but not a basis.



152 4. Bases

3. The set {t?—2,t2+2,2} does not span Py , because there is no way to
get terms linear in ¢ in linear combinations of these three polynomials.

REMARK: Some books use “generate” to mean “span” in the sense of
Definition 1b.

This subsection has been a bare introduction to the span concept. We’ll
return to it in more depth in the next chapter, as a special case of the concept
of “subspace”.

LINEAR INDEPENDENCE

It is necessary to approach the issue of “at most one way” by a more
indirect route.

Definition 2a: A set of vectors {¥1,...,0x} is linearly dependent if
there is some nontrivial linear combination of them that vanishes:

UL+ -+ U =0,

where not all of the scalars r; are 0.

ExAMPLES. These two sets are each dependent, with the coefficients
ry=—2,7ry=1:

e 00

In contrast, here are two sets that are linearly independent:

The definition can be restated in the negative this way:
Definition 2b: A set of vectors is linearly independent if: Whenever
7‘1271—1—---+rk17k :6,

it follows that r1 =0, 75 =0, ..., 7z = 0.

Linear independence is one of the most useful and important concepts
in linear algebra. From now on we’ll usually omit the word “linearly” when



4.1. Independence and span 153

there is no danger of confusion with some other kind of independence. Let’s
explore the definition:

1. A set of two vectors, {Z,}, is dependent if and only if one of them
is a multiple of the other: We have rZ + s§ = 0 and either r # 0 or
s # 0 (or both). Therefore either ¥ = — 2 ¢ or ¥ = — % & (or both).
(This proves “only if”. The converse (“if”) is even easier, since we
don’t have to divide by anything.) REMARK: If one of the scalars is
0, then the other vector must be 0. Example: If 0Z + 5§ = 0, then
i = 0. The latter is indeed a multiple of & § = 0%.

2. A set consisting of a single nonzero vector, {7}, is independent: r7 # 0
unless r = 0.

3. The set {0} is dependent: 5-0 = 0 but 5 # 0.
4. Any set containing 0 is dependent. [Why?]

5. How do we generalize (1) to more than two vectors? One’s first guess
might be that in a dependent set, some vector is a multiple of one of
the others, but that is wrong;:

Theorem 1: A set containing more than one vector is dependent if
and only if one vector in the set is a linear combination of the others.

PROOF: Let ri¥) + rovh + - + 13,0 = 0 and at least one r; # 0, say
r9. Then we can solve for ¥ :
. 1

Uy = — —(rt1 +rsv3+ ).
T2

(Clearly, we could solve for the vector multiplied by any of the nonzero

coefficients.) Conversely, if § = >0, r;v;, then 37 r;¥; + (=1)§ = 0,

and so {U1,...,U,, ¥} is dependent.

Note that in this theorem the qualification “more than one vector” is
needed because of the case (3).

A familiar example of an independent set in a function space is provided
by the power functions:

Proposition: In the vector space Cfa,b] of continuous functions on
[a, b], or the space P of polynomials, for any n the set {1,¢,...,¢"} is linearly
independent.
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PROOF: Suppose the contrary; then co 14 cit+cot? +...+c,t™ = 0, for
some numbers ¢ with ¢3 + ¢ + ... + c2 # 0 (a quick way of saying that the
coefficients are not all zero). Thus we have a polynomial p(,) (t) of degree n,

Py (t) = co + it + cot® + ..+ cpt™,

that has every ¢t € [a,b] as a solution. But according to the fundamental
theorem of algebra p(,)(t) has no more than n real solutions (roots). (See
Sec. 8.1 for a complete statement of this theorem.) Thus we arrive at a
contradiction.

ALTERNATIVE VERSION OF THE LAST STEP OF THE PROOF: For sim-
plicity of notation consider the case n = 2; other cases obviously work out
the same way. We have a polynomial p(t) = cq + c1t + cot? that is equal to 0
for all ¢t € [a,b]. But then

p'(t) =c1 +2ct and p'(t) = 2¢

must also be identically 0 in the interval. Thus c; = 0; but then cascading
back up the equations we see that ¢; = 0 and ¢y = 0.

REMARK: In dealing with linear combinations of the power functions ¢/
(alias polynomials), one usually starts numbering the coefficients at 0 instead
of at 1. Clearly this makes no difference, except in counting the number of
terms.

The next theorem shows that independence is exactly the property we're
looking for.

Theorem 2: The vectors vy,..., U are (i.e., the set S = {v7,...,0;}
is) independent if and only if every # in the vector space can be expressed
in at most one way as a linear combination of the vectors j; .

PROOF: Suppose § = Zk c;U; and also ¥ = Z?Zl d;U; . Then

Jj=1

k
0=§—7= (¢; —d;)7;.
j=1

Thus independence implies that

¢j —d; =0 forall j.
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That is, ¢; = d; — the two linear combinations are the same. Conversely, if
the ¥'s are dependent, then one of them, say #; , is a linear combination of

the others:
k
1 1=V = E CjUj.
=2

Here are two ways of representing ¢, as a linear combination of vectors in
the set S!

REMARK: Although we stated the theorem for a finite set S, there is
nothing in the proof that is invalid for an infinite set. (Recall that linear
combinations are finite sums, so the two sums at the beginning of the proof
are finite. We regard two such sums as the same if they differ only by the
omission of terms with coefficient 0.) See also Exercise 4.1.7.

In this theorem, the qualification “at most” is needed because if S
doesn’t span the vector space, some vectors will have no expression as a
linear combination of the ¥'s. To get rid of the “at most” we put indepen-
dence and spanning together in the definition of a basis.

BASES

Definition 3: A set (or a list)]L of vectors, S = {U1,...,U,}, isa basist
for a vector space V if (1) they are linearly independent, and (2) their span
is V.

Theorem 3: S (a subset of V, where V # {0}) is a basis for V if and
only if every vector in V can be expressed in precisely one way as a linear
combination of the vectors in S.

PROOF: Independence is equivalent to “at most one way” (by Theo-

rem 2). Spanning is equivalent to “at least one way” (by the corollary to
Definition 1).

Examples I. Here are some bases for Py and some sets that fail to be
bases for Py. In each case we sketch a set in R? that is analogous. (The
analogies are not exact, because the spaces have different dimensions. If
anything in this list is mysterious now, come back and read it again after
reading Sec. 4.3.)

t See the Remark at the end of this section.
The plural is “bases”, with a long F.
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1) {1,t,#2} is a basis — in fact, a “natural” J

or obvious one. 7
2) {t,t+1,(t—3)?} isa basis — a randomly

chosen one. (We shall not stop now to

verify that this is a basis. Some methods

for deciding such questions will come very

soon.)
3) {1,t,t + 1,t*} is not a basis — it is not

independent. }—>

*-—>

4) {t,t?} is not a basis — it doesn’t span.

Each of the next three examples is not independent and does not span:

5) {t,2t} is not a basis. (The closest ana- o
logue in R? is the set consisting solely of
the zero vector.)
6) {t,t —1,t+ 1} is not a basis. -~ =
7) {t,t—1,t+ 1,1} is not a basis. -~ =
Finally,
J

8) {1,t,t2,#3} is not a basis for Py, because
its span is too big — t3 is not in the space
Py k

>

Examples 1I. Here are some bases for the space of solutions of the
differential equation
d%y
— — 9y =0.
a2~ Y

1) yp =€, y=e

2) y1 = cosh(3t), yo = 1 sinh(3¢).

The basis {y1,y2} has an advantage over the basis {yy,y_}. These basis
functions are chosen because they satisfy

y1(0) =1, %1(0)=0,  12(0)=0, u5(0)=1.

Suppose that we need to solve the initial-value problem

d?y

2z~ W=0 y(0) ==z, ¢(0)=r.
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Then we can immediately write the answer down as

y(t) = zy1(t) +vya(t)
without any further algebra. This is why hyperbolic functions were invented!

REVIEW OF HYPERBOLIC FUNCTIONS

We can define cosh and sinh as the solutions of y/ = y satisfying

d d
cosh(0) = 1, 7 cosh(0) =0, sinh(0) = 0, 7 sinh(0) = 1.

It follows that they are related to the exponential function by

B et et
cosht = — e! = cosht + sinht,
t —t —t ;
) e —e = ht — sinh
sinhf = ' ’ [ CcoS sinh ¢

(the equations on the left usually being taken as the definitions of cosh and
sinh). Their derivatives are

— cosht = sinht, i sinht = cosh t.
dt dt

Thus these functions play exactly the same role relative to vy’ = y that cos
and sin play relative to the equation y” = —y, and their relationship to the
exponential is essentially the same as that of the trigonometric functions but
without the imaginary numbers (see Example 4, Sec. 1.1).

In fact, every trigonometric identity has a corresponding hyperbolic
identity that looks the same except for a few sign changes. Examples are

cosh?t —sinh? ¢ =1,

cosh(—t) = cosh t, sinh(—t) = —sinht,
sinh(z + y) = sinh x cosh y + cosh x sinh y,
cosh(z + y) = cosh x cosh y + sinh x sinh y.

It is not necessary to memorize all such formulas. The important thing is
to recall that they exist and to have some memory of their structure, so that
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you know what to expect when rederiving them. Then, for example, the
formula for sinh(z + y) can easily be recovered by writing out

er—i—y —_e 7Y

sinh(w + y) - 2 )

substituting e® = cosh x 4 sinh x etc., and simplifying, using the well known
algebraic properties of the exponential function. (In fact, the basic exponen-
tial identities are so much simpler than the basic trig identities that often
the best way to prove or recall a trigonometric identity is to reexpress it in
terms of exponentials via e’ = cos + isin @, etc.)

On the other hand, the qualitative behavior of the hyperbolic functions
is very different from the trig functions. The latter oscillate and never have

values greater than 1 in absolute value. But cosht is never less than 1, and
cosht — +00 ast — Foo, sinht — +o00 ast — oo,

exponentially fast. The function

sinh ¢

tanht =
cosht

has the same qualitative behavior as tan~! (not tan): a smooth rise between
horizontal asymptotes at infinity,

tanht — +1 ast — Z+oo.

In European books cosht and sinht¢ are often written cht¢ and sht.
(Also, sinh may be informally pronounced “shine” as well as “sinch™.)

TESTING A SET FOR LINEAR INDEPENDENCE

The following methods are helpful in deciding whether a given finite set
of vectors is independent, so we present them now, although they would more
logically come after the discussions of dimension, coordinates, subspaces,
rank, and determinants that are soon to come.

(A) A set of n vectors in R™ (same n!) is a basis for R™ if and if only
the matrix formed from them is nonsingular. (Since the matrix is
square, its singularity may be tested by calculating the determinant.)
Similarly, if we know that a vector space V has a basis of n vectors,
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then another set of n vectors in V is a basis if and only if the matrix
formed from their coordinates with respect to the known basis is
nonsingular.

EXAMPLE: y; = ¢! —3e ! and 15 = €' +2e~! form a basis for the

2
space of solutions of dTg = y, because the determinant i 23 =5

1s not zero.

(B) Suppose a set S of vectors are presented to us as linear combinations
of a known basis for V. We can use row reduction to test whether
S is linearly independent, and, if it isn’t, to find an independent set
with the same span. (In particular, if S spans V, then this new set
will be a basis for V.)
EXAMPLE: Let V = P», and let the set S be {7 };’:1, where

0 = —6t% + 9t — 3, Ty = t2 4+ 5t — 6, Ty =12 — 8+ 1.

(Thus the “known basis” is {t?, ¢, 1}.) We demonstrate the method:
Algorithm:

1. Form a matrix whose rows are the coordinates (with respect to the
given basis) of the vectors in S.

-6 9 -3
In the example: 1 5 —6
1 -8 7

2. Reduce the matrix by row operations. (It is not necessary here to
clear out nonzero entries above the leading 1s.)

1 =3 3
In the example: 0o 1 -1
0 O 0
1 0 -1
(If we decided to reduce all the way, we would get [ 0 1 —1 |.)
0 0 O

3. If the reduced matrix has no identically zero rows, the original vectors
S were independent.

(Does not apply to the example.)
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4. The nonzero rows of the reduced matrix are coordinates of indepen-

dent vectors whose span is the same as spanS.

In the example: {w; =¢*—3t+1, @ =t—1}

is a basis for the span of {¥, ¥ia, ¥i5}. This choice of basis
comes from the first row-echelon matrix given under step
(2). If, instead, we use the fully reduced matrix given there,

we get the equally good basis
{iy =t*—1, dy=t—1}.

Note that these sets are bases for span S, but not bases for
P!
Example 1. Test for linear independence the vectors
-1 8 1
P -1 - 7 P 2 _
1 — 1 b 2 — 6 3 — 3 Y 4 —
1 5 4

SOLUTION: The matrix formed from the vectors (as rows) is

1 -1 -1 1 1
I EE 8 7 6 5
X = Ts | 1 2 3 4
74 0 2 8 10
Reduce X:

-1 -1 1 1

8 6 5

1 3 4

0 8

7
2
2
-1 - 1 1
8(1) + (2) — (2) 0 -1 14 13
0 1 4 5
0 2 8 10

-1 -1 1 1
0 -1 14 13
0 0 18 18
0 0O 0 0
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This shows that only 3 of the original 4 vectors were independent. A basis
for the span of these vectors can be read off as

1 0 0
R 1 R -1 S 0
U1 = -1 ) Uy = 14 ) U3 = 1
-1 13 1

Example 2. Determine whether each set is linearly independent. If it
is not, find an independent set with the same span.

1 2
(a) 2 ) -1
1 4

SOLUTION: YES — obviously these two vectors are not multiples
of each other. More formally,

1 2 1 1 2 1 10 2
— — 2 |,
2 -1 4 0 -5 2 01 -2

and we see that the number of nonzero rows has not decreased as we
put the matrix into row echelon form.

1 2 1
(b) 21,1 -1),(7
3 4 5
SOLUTION: Let’s put the vectors into a matrix as rows and re-
duce:
1 2 3 1 2 3
2 -1 4] =10 -5 =2
1 7 5 0 5 2
1 2 3 1 0 %
—-l0o1 2])—-[0 1 2
0 0 0 0 0 O

So the answer is NO. A basis for the span is

1 0 1 0
21,11 , or 01,11 ,
3 2 11 2

5 5 5

or any two of the original three vectors (since in this case none of the
vectors is a multiple of any of the others).
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Example 3. For which values « and § will the vectors & = (1,2, ),
7= (1,1,0), and Z = (a,1,1) in R? be linearly dependent?

SOLUTION: Suppose that ¢1Z+ o+ c3Z = 0, with ¢f +c3 + ¢ #0. In
coordinate form this is equivalent to the homogeneous system of equations
cil+cl+cza=0,
c124+co2l+c31=0,
c1B+c04c¢31=0.

A condition for it to have only the zero solution is that the determinant

det(A) of its coefficient matrix A be different from 0. We have (by cofactors
of the middle column)

1 1 «
det(A)=12 1 1|=—-2-p)+(1—-aBf)=0—af -1
30 1

Therefore, we have —
Dependence condition: § — a8 —1 = 0.
Independence condition: 8 — af — 1 # 0.

We could also find this result by row reduction, without using determinants.
The row operations (2) — (2) —2(1), (3) — (3) — 8(1), (3) — (3) — B(2)
reduce the matrix A to

1 1 «

0 -1 1—-2a

0 0 14+a8-p
The system will have nontrivial solutions (that is, the vectors will be depen-
dent) exactly when the element in the lower right corner is zero.

Remark: A basis is sometimes thought of as a set and sometimes as a
list of vectors. There are two differences between a set and a list: (1) A list
has a definite order; a list of the same vectors in a different order therefore
counts as a different basis, even though the set of vectors is the same. In the
second half of this chapter, when we study the representation of vectors by
their coefficients with respect to a basis, the ordering of the vectors in the
basis will be significant. (2) A list may contain two elements that are equal.
For instance, the row-reduction algorithm above can be applied to find the
span of the rows of a matrix even if some of the rows are the same. In that
case the number of elements in the set of rows is smaller than the number
of rows! The set of rows in that case might be linearly independent, but the
list of rows obviously is not.
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Exercises

4.1.1 Prove that any set containing the zero vector is dependent.

4.1.2 Tell whether each of these sets is linearly dependent or linearly inde-
pendent.

(a) {(1,0,1), (2,3,5), (1,1,2)}
(b) {(1’2)’ (17_1)’ (073)}

4.1.3 Tell whether each of these sets is linearly dependent or linearly inde-
pendent.

(a)  {cosh(z), 2sinh(x), be* —2e~*}
(b)  {t,(t—5)% ¢}

1 1 0
4.14 Showthat o =1 |,00=2|,93=1]1 is a basis for R3.
2 3 2

4.1.5 Which sets are bases for the span of the functions

{sinz, sin x cos z, sin(2x)} ?

Explain.
(A) all 3 functions given (B) {sin z,sin(2z)}
(C) {sinz,sin(2x),sin(3x)} (D) {sinz,cosz}

4.1.6 Let L: D — W be a linear function. Let ¢¥; and 75 be vectors in D.
One of the following “theorems” is true and one is false. Prove the
true statement and disprove the false one.

(a) If ¥ and ¥y are linearly independent, then L(7) and L(¥3) must
be linearly independent.

(b) If L(¥}) and L(%3) are linearly independent, then ¥; and ¥ must
be linearly independent.

4.1.7 Does the proof of Theorem 2 provided in this section apply to the set
S = {0} ? Is the theorem true for that set?

4.1.8 Prove that the functions {e?,e?!, ¢3!} are independent (as elements
of C%(—00,00), or of C%(a,b) over any interval (a,b) C R). Possible
alternative strategies:

(A) Set z = e’ and use the corresponding fact for polynomials.
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(B) Prove it directly: Evaluate et for three different values of ¢ and
the three relevant values of k, getting a 3 x 3 matrix. Show that if
the three functions are linerly dependent, then the determinant
of this matrix must be zero. But then use properties of the
exponential function to show that the determinant is not zero.

In the next four exercises, test the given set of vectors for linear
independence.

419 @ = (5,7,3,5), T = (2,3,1,4), 75 = (3,4,2,1)

4110 @ = (4,1,-3,1), ¥ = (2,1,4,1), ¥ = (—3,1,-2,1)

4111 @ = (11,9,7,5,3), @ = (7,2,1,0,0), @5 = (5,3,0,1,0), @ =
(6,0,2,0,1)

4112 @ = (1,2,4,3), 0 = (2,1,3,4), 05 = (1,2,3,4), 01 = (4,3,2,1)

In the remaining exercises, determine whether the given set is
linearly independent; if it is not, find a set of vectors with the
same span that is independent.

4113 @ = (1,1,1), % = (2,3,5), ¥ = (3,5,9)

4114 @ = (1,1,2), % = (1,2,3), ¥ = (0,2,4)

4115 fi=1, fo=t+1, f3=(t—-2)2, fo=1> -5t

4.1.16 f1 =e€*, fo=cosh(2t), f3 =3sinh(2t), f1=e3" f5= cosh(3t)

4.2 Local Bases Associated with a Coordinate System

The familiar polar coordinate transformation in R?,
T =rcosb, Yy =rsind,

is an instance of a common situation: In order to adapt our mathematics
to the geometry of a particular physical problem, we find it convenient to
label the points in space by strings of numbers that are not the components
of vectors. The polar coordinates (r,6) do not constitute a vector in the
usual sense — for example, it makes no physical sense to add two such
number pairs, getting (r1 + 72,61 + 62); this has nothing to do with the
true vector sum of the two vectors with those pairs as polar coordinates.
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Nevertheless, (r,6) does range over some region in R?, so it makes sense
(and is sometimes useful) to represent it by a R2-valued variable, say .
Then we can summarize the coordinate transformation formulas above in
the symbolic form & = T'(i), where T:R? < R? is a certain nonlinear
function.

More generally, in R™ (or a part of it) a curvilinear coordinate system
is defined by a nonlinear function of the type

8y
1l
<
Il
S~
e
1l
=
s

From one point of view T is a mapping of one region of R™ onto another;
from another (more pertinent) point of view, however, it simply describes
two assignments of strings of numbers to the same fixed point in an n-
dimensional space. The coordinates @ are called curvilinear because the
axes in the space of the coordinates (u,v,...) = (uj,uz,...) and the grid
of lines parallel to those axes correspond to curved lines in the space of
the (rectilinear, or Cartesian) coordinates (z,y,...) = (z1, 22, ...), which we
think of as the “physical” space.

It might seem more natural to specify a coordinate transformation by
giving the “new” curvilinear coordinates as functions of the “old” rectilinear
coordinates, but in most cases in practice it turns out to be more convenient
to work in the reverse direction, as we do here.

Let’s look closely at the Jacobian matrix

T {%} _ <% %) _ ((:959 —rsin9>'
Oup, 5L % sinf  rcosf
(Here we have specialized successively to two dimensions and to the polar ex-
ample.) Remember the “row before column” rule. Here the dependent (“nu-
merator”) variables label the rows, while the independent variables change
as one moves from column to column. To get a numerical matrix one must
evaluate the partial derivatives at some point g ; this will correspond to
some definite point #y = T'(d) in the Cartesian coordinates.

The kth column is a vector, ¢, tangent to the kth coordinate curve.
By this we mean the curve through Z, along which u; varies while all the
other u; (I # k) are held fixed.
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In the polar example, we have

Lo % _(cosO\ _ .
A=\ )T \sing) ="
or

which points along the radial line from the origin to &y . It happens to be a

o —rsinf
2=\ rcost

unit vector. In contrast,

is not a unit vector: ||¢z|| = . The corresponding unit vector is
h=_"2_.
12|

There is another way to associate a vector with each coordinate in a
curvilinear coordinate system: Take its gradient.* Let

8uk
7 B
dp = Vuy = <afk>~
dy

From the general properties of the gradient, we know that this vector is
normal to the surface up = constant. (The “surface” terminology derives
from coordinate systems in three-dimensional space. In two dimensions these
coordinate “surfaces” are simply curves.) A bit of calculation shows that in
polar coordinates

> z cos . > -% —siné 0
d1:<£>:<9 =T, do = £2 = cos 6 =

r sm 2 T r
A gradient vector is more properly written as a row vector, but in this
section we think of the gradients as columns so that we can look at them in the
same space as the tangent vectors. The possibility of doing this meaningfully

depends on regarding the geometry of Z-space (in particular, its dot product —
see Chapter 6) as having a direct physical significance.

*
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The drawing shows this entire assemblage of vectors at two points, one
of which has r = 1 so that all three f-related vectors are the same.

Most of the coordinate systems commonly used are orthogonal — mean-
ing that the coordinate curves (uy varying, all other us constant) are perpen-
dicular to the coordinate surfaces (uj constant, all other us varying). Thus
Jk and ¢ are parallel in such a case. In fact, we see in the polar example
that their lengths are reciprocal. (This makes sense: If a unit change in 6
produces a large change in &, then a unit change in a component of & ought
to produce a small change in 6; and this scaling factor clearly is controlled by
r.) The inverse function theorem treated in Sec. 5.5 shows that this property
holds for all orthogonal coordinate systems.

For a nonorthogonal coordinate system, however, the two associated
sets of basis vectors at each point won’t be parallel. For example, let

r=u-+v, Yy =v.
The inverse transformation is
u=x—1, v =1q.

We easily calculate, for instance,

ox ov
o S 1 > Iz 0
o0 1 ay 1

We note (see drawing) that d_; is perpendicular to ¢; and that cfl is perpen-
dicular to &, but that none of the vectors are parallel and that d; and do
are not perpendicular to each other.
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The importance of these local bases is that often it is convenient to
express a vectorial physical quantity, such as a velocity or an electric field, in
terms of basis vectors that have a special geometrical meaning at a particular
point in the physical space of the problem. For example, in studying the
motion of a satellite around the earth, the most important direction in space
is the direction away from the earth (the radial direction), not one of the
Cartesian directions. The unit vector in this direction is 7 (or its analogue in
3-dimensional spherical coordinates). The algebra or calculus of a calculation
is likely to be easier, and the physical interpretation more transparent, if one
works in polar coordinates instead of Cartesian ones.

VECTOR-VALUED FUNCTIONS IN CURVILINEAR COORDINATES
(AN EXAMPLE)

Let g(7) be a vector field in two dimensions. Let ¥ = T'(&) be the
expression for Cartesian coordinates in terms of polar coordinates — that

() )

To study ¢ from a truly polar point of view, it is not sufficient to express

is,

its Cartesian components as functions of » and § — that is, to study the
composition goT. One will want to decompose g(%) at each point ¢ in terms
of its components along the polar unit vectors, 7 and é, introduced above.
These polar components are obtained from the Cartesian components by a
linear transformation (a rotation), which depends on ¢ (in particular, on 6,
as is clear from the sketch).

Thus the function of interest is
F = Ug(ﬁ) OgOT,

where U acts linearly on the coordinates of g(%) but also depends nonlinearly
on ¥ (and hence @). That is, the elements of the matrix of U are nonlinear
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functions of the coordinates. That matrix is related to, but not identical to,
T'(), the Jacobian of the coordinate transformation. As a matter of fact,

U= < cos 6 Sin0>
—sinf cosf )’
How this matrix can be deduced from the formulas earlier in this section
will become clear later (after Secs. 4.5, 5.5, 6.2). Here we merely want to
point out that to compute the derivatives of the polar components with
respect to the polar coordinates, one needs to apply the chain rule to all the

i-dependence of F'; this means replacing g and 7' by their differentials and
also calculating an additional term by differentiating U with respect to .

Exercises

4.2.1 The formulas
x = coshucosv,

y = sinhusin v

define elliptic coordinates (u,v) in the z—y plane, with the ranges
u > 0,0 < v < 2r. The curves u = constant > 0 are ellipses; u = 0
is a line segment joining the foci at (—1,0) and (1,0). The curves

v = constant are hyperbolas with those same foci, except for the

™

cases v =0, 3, T, 37“, which are parts of the x and y axes.

(a) Find the tangent vectors to the coordinate lines u = constant
and v = constant (at each point (u,v)).

(b) Verify that these tangent vectors are orthogonal to each other.

(c) Sketch two coordinate lines of each type, and sketch the two
tangent vectors at two of the resulting intersection points.

4.2.2 Parabolic coordinates (u,v) in R? are defined by
Lo o
xr = 5(“ — )7 Yy = uv.

(a) Find (as functions of u and v) the Cartesian components of the
tangent vectors to the coordinate curves (the curves v = constant
and the curves u = constant).

(b) Tllustrate the situation with a sketch. (See part (c) of the previous
problem.)
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4.2.3 Find the tangent vectors to the coordinate curves for spherical coor-
dinates in R?, defined by]L

x = rsin @ cos ¢,
y = rsinfsin ¢,

z =rcosb.

The remaining exercises deal with the coordinates (u,v) defined by

x:u2, y=u+v, u>0

in the region of R?> where z > 0.

4.2.4 Find the tangent vectors to the coordinate curves. Note that the
vectors become linearly dependent when uw = 0.

4.2.5 The coordinate “surfaces” are actually curves in this case, since the
space is two-dimensional. Find the normal vectors to these curves.
(Solve the equations for w and v and take gradients.) Note that the
vectors “blow up” where x = 0.

4.2.6 Sketch a few of the coordinate curves in the (z,y) plane. Sketch the
two sets of vectors at two points, one near the line x = 0 and one
farther away. Comment on what happens as x approaches 0 and as
x approaches infinity.

4.3 Dimension

We have frequently had to use the term “dimension” without defining it,
relying instead on your intuition built on the elementary geometry of lines,
planes, and three-dimensional space. Roughly speaking, the dimension of a
space is the number of parameters or coordinates needed to specify a point
in the space. We are now able to give a precise definition.

f This definition is the one used in most physics textbooks (but not in most
calculus textbooks, where 6 and ¢ are interchanged): 6 is the polar angle (colati-
tude) coming down from the north pole, and ¢ is the azimuthal angle (longitude).
It is the definition of spherical coordinates that is used throughout this book.
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All the proofs in this section will be delayed to the end, to avoid inter-
fering with the main ideas.

Theorem and Definition: All bases for a given vector space consist
of the same number of vectors. This number (which may be “infinity”*) is
called the dimension of the space. The dimension of V is abbreviated dim V.

REMARK: {0} is a zero-dimensional vector space. (The null set, 0,
qualifies as a basis for it.)

Examples:

1. dim R"™ = n. A natural basis is {€;}7_;. A general element of the
space has the expansion

n
= (x1,...,2,) :ijgj
j=1

in terms of this basis.

2. dim P, = n+ 1. A natural basis is {1,t,...,t"}. (For historical
reasons, the basis elements are usually written in the opposite order.)

3. The dimension of the space of solutions of an nth-order homogeneous
linear ordinary differential equation is n. (One needs n initial condi-

tions to fix a solution.) A convenient basis is {yo,...,Yn—1}, where
-1
w0 =1, ¥h(0)=0, ..., y" 0)=0;
-1
yi(0)=0, 0 =1 ... y" 0)=0;
. ’ _ (n—1) _
yn—l(o) - 07 yn—l(o) - 07 ey Yn—1 (0) =1
2
EXAMPLE OF THE EXAMPLE: For dTg — w?y = 0 this basis is

1
yo(t) = coshwt, y1(t) = — sinhwt.
w

The reason why this basis is convenient is that the initial data of a
solution y are the coefficients in the linear combination

y0) =3 ejus(t).
=0

*  Readers who know about transfinite numbers are warned not to interpret any

statements in this book in those terms. We do not distinguish between different
sizes of infinite sets.
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That is, ¢ = y(0), c1 = y'(0), etc. (This is why the functions cosh
and sinh were invented!) Of course, in some application one may
want to prescribe initial data at some t other than 0; then a different
basis will be used.

4. In ordinary geometry, points have dimension 0, lines have dimension
1, planes have dimension 2, and physical space as a whole has dimen-
sion 3. (See Sec. 5.1.)

5. P, C(—00,00), and C*(—o0, 00) are infinite-dimensional since no finite
set spans one of them.

A decent treatment of bases in infinite-dimensional spaces requires a
distinction between finite linear combinations and infinite sums. Also, there
may be several different definitions of convergence for infinite sums, result-
ing in different definitions of what constitutes a basis. The power functions,
{t"}>,, form a basis for P in the sense of finite linear combinations. In-
teresting bases for most function spaces, however, require infinite sums. For
example, as already hinted in an earlier discussion of the heat equation, the
simplest partial differential equations have solutions that are Fourier series
of various types. A typical category of Fourier series comprises the sums of
the form

Z cp sin(nx). (%)

It turns out that every differentiable function on the interval 0 < x < 7 has
a Fourier series () that converges pointwise — that is, for each fixed x the
series of numbers (%) converges to f(z). In a certain sense, therefore, the
sine functions {sinnz} form a basis for the space C![0, ] of differentiable
functions on that interval. On the other hand, the space C|0, 7], consisting
of functions that are (perhaps) merely continuous, contains functions whose
Fourier series do not converge pointwise; they nevertheless converge in a
weaker sense (“in the mean”), which we don’t have time to explain here.
“Weaker” means that more series qualify as convergent, hence more func-
tions are in the span of the sines; this allows the sines to be regarded as a
basis for the space C.

SUMMARY THEOREM ON DIMENSION, INDEPENDENCE, AND SPANNING

Theorem: Let S be a set of k& vectors in an n-dimensional vector
space V.
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(1) If k < n, then § can’t span V; S may or may not be independent.
(2) If k > n, then S can’t be independent; S may or may not span V.
(3) If Kk =n and n < oo, then either

(A) Sis a basis for V (i.e., S is independent and spans),
or

(B) S neither spans nor is independent.

To show that a set with the right number of elements is a basis for a
finite-dimensional space, therefore, it is enough to check one of the two prop-
erties, independence or spanning. Usually independence is easier to show,
since it reduces to an algebraic condition on the basis vectors themselves
rather than a relationship to all the other vectors in the space.

LEMMAS AND PROOFS

In this subsection we shall prove the basic dimension theorems stated
earlier in the section. Along the way we state and prove some other theorems
that are important in their own right.

We begin with a consequence of the row-reduction algorithm of Sec. 2.1.
Recall that a linear equation is called homogeneous if the “constant term”
is zero, as in

3r —y+2=0.

Lemma 1: If a system of homogeneous linear algebraic equations con-
tains fewer equations than unknowns, then it has (many) solutions in which
the unknowns are not all equal to zero. (Such solutions are called “nontriv-
ial”.)

PRrROOF: The reduction of the augmented matrix of any system leads to
a matrix with these properties (“row echelon form”): (1) The first nonzero
element in any row is a 1. (There may also be rows at the bottom that
consist entirely of zeros.) (2) The number of leading zeros in the row is
strictly increasing as one moves down the matrix; in particular, no two rows
have their leading 1s in the same column. If the system is homogeneous,
then all the numbers in the last column are 0 throughout the reduction, so
a leading 1 is never in the last column. Therefore, each row of the reduced
matrix represents an equation that can be solved for a different one of the
unknowns. If there are more unknowns than equations, at least one of the
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unknowns is not determined by this procedure and enters the general solution
as an arbitrary parameter — certainly not always 0.

Lemma 2: If V has a basis consisting of n vectors (n < c0), then any
subset of V with more than n elements is dependent.

PROOF: Let {#1,...,0,} be the basis and {Z;,...,Z,} (p > n) be the
larger set. The #'s have expansions

3

— —

T = CkjVk -
k=1

We must investigate the equation

It implies

n p
= < E ijTj>17k .

Since the /s are independent, it follows that

p
chﬂ‘j:O fork=1,...,n.

Jj=1

This is a linear system of the type described in Lemma 1, so it has nontrivial
solutions {r;}. This proves that the Zs are dependent, by definition.

We are now ready to prove the theorem that made the definition of

“dimension” possible.

PROOF THAT ALL BASES HAVE THE SAME SIZE: If V has two bases, one
with n vectors and one with p vectors, where n < p < oo, then we get an
immediate contradiction with Lemma 2. If the larger basis is infinite, apply
Lemma 2 to a large finite subset of that basis and get the same contradiction.

At the last step of the proof we tacitly used one of these obvious conse-
quences of the definitions in Sec. 4.1:
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Proposition 1:
(a) Ifaset S isindependent, then any subset of S is also independent.

(b) If a set S spans V, then any superset of S (i.e., a set of which S
is a subset) also spans V.

The picture we have built up is not quite complete: We have not yet
proved that every vector space actually has a basis. Nor have we proved
that existence of a finite spanning set implies existence of a finite basis. But
these facts follow from the first half of the following theorem.

Proposition 2:

(a) Any set of vectors can be made independent (if it isn’t already)
by throwing away vectors — without changing the span of the
set. In particular, any spanning set can be made into a basis by
discarding vectors from it.

(b) Any independent set can be made into a basis (if it isn’t one
already) by adding vectors.

EXAMPLES OF (a): Consider three vectors in a plane:

or

In the first case, any one of the three can be discarded, leaving an indepen-
dent set that spans the plane. In the second case, either of the two parallel
vectors can be discarded; in this case, however, the third vector is essen-
tial — omitting it would leave a set that does not span the plane (and is
dependent, as well).

PARTIAL PROOF OF (a): We confine attention to the case that the set
is finite:

S ={¥,%,..., Tk}

(To avoid fussing over a trivial special case, we also assume that S contains
more than just the zero vector.) If S is not already independent, then (by
Theorem 1 of Sec. 4.1) one of its elements is a linear combination of the
others, say

T3 =1T1T1 +TroZe +1ryls +---.

This formula can be used to replace X3 in any linear combination of the
vectors in § so as to get a linear combination of the remaining vectors.
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Therefore, the span of S does not decrease when the redundant vector is
discarded. Repeating this process as many times as necessary, we must
eventually reach an independent set.

PARTIAL PROOF OF (b): We shall treat only the case of a finite-
dimensional vector space. If the set S = {&;,... &} is not a basis (doesn’t
span the vector space V), then there is a vector ¥ € V that is not a linear
combination of the vectors in §. Therefore, if we add ¢ to S in the role of
Zk+1, the extended set remains independent (see Theorem 1 of Sec. 4.1 and
its proof). If the new set is not yet a basis, add another vector, and so on.
When the number of vectors reaches the dimension of V, the set must be a
basis.

With the aid of Proposition 2 (even in its restricted form, referring to
finite sets in finite-dimensional spaces), it should be easy to fill in the details
of the proof of the summary theorem.

Exercises

4.3.1 Write out a proof of Proposition 1.
4.3.2 Prove the “summary theorem?”.

4.3.3 Find the dimension of the span of each of these sets. (Review Sec. 4.1
for the techniques.)

o () (2
(b) <§> <2> (for a real parameter )

(¢) (1,1,1), (1,2,3), (4,5,6)
(d) (4,5,9), (2,3,4), (0,1,-1)
4.3.4 Find the dimension of the span of each of these sets.
o () () (8)
(b)  (1,2,3), (4,5,9)
(¢ (1,1,1), (2,3,1), (4,5,3), (-1,0,—2)
(d) (5,6,—-2), (a,—3,1) (for a real parameter «)
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4.3.,5 What is the dimension of the subset of R? consisting of solutions of
the equation
r+y+2z=07
4.3.6 Consider a system of 2 homogeneous equations in 3 unknowns.

(a) Suppose that the row echelon form of the augmented matrix is

of the type
1 0 % 0
0 1 % 0)/)°

(The asterisks represent numbers whose values are irrelevant.)
What is the dimension of the subset of R? consisting of solutions
of the system?

(b) Give an example of a row echelon form that would yield a differ-
ent dimension.

4.3.7 Consider a system of 3 homogeneous equations in 3 unknowns.

(a) Suppose that the row echelon form of the augmented matrix is
of the type

1
0
0

O O ¥

0
1
0

o O O

What is the dimension of the subset of R? consisting of solutions
of the system?

(b) Give an example of a row echelon form that would yield a larger
dimension.

4.3.8 In a plane, sketch examples of the six situations allowed by the sum-
mary theorem on dimension:

(a) two vectors that are linearly independent and span the plane
(b
(

two vectors that are not independent and don’t span the plane

d
(e

)
¢ ree vectors that are not independent and do span the plane
th tors that t ind dent and d the pl
) three vectors that are not independent and don’t span the plane
)

one vector that constitutes an independent set and does not span
the plane

(f) one vector that constitutes a dependent set and does not span
the plane
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In the remaining exercises, find the dimension of the span of the
given list of vectors, and construct a basis for that span. (Elec-
tronic assistance is permitted.)

439 (-1,1,-3,0), (2,1,3,1), (1,2,0,1)

4310 (1,-3,2,9,—5), (0,-2,1,5,-3), (1,1,0,—1,1), (2,0,1,3,—1)
4311 (1,5,-3, 1) (4,5,3,-1), (-1,1,-3,1), (2,1,3,—1)
4'3'12 ( ) (17 1737 1)7 (1727 170)7 (17 17 17 1)
4.3.13 (1 1,1,0), (1,-1,0,1), (2,0,1,1), (1,0,—1,0)
-1 -1 -1 0 -1
1 -2 0 1 -1
4.3.14 1|, | -2, o |, 1], |-t
2 -1 1 1 0
2 -1 1 1 0
4.4 Coordinates with Respect to a Basis
If {51, . ,gn} is a basis for V, then we know that every ¥ in V has a

unique expansion
n
xr = E ijj
Jj=1

The numbers 7; are the coordinates of ¥ with respect to that basis. This
generalizes the usual notion of the (rectilinear) coordinates of a vector in
space with respect to a coordinate system (a grid defined by basis vectors).

N2
o
\/\bl A s}

Coordinates are also called (expansion) coefficients or components, al-

though it is more correct to reserve the word “component” for a correspond-
ing vectorial piece of Z, one of the terms rjgj .

From now on we shall think of the vectors in a basis as having a definite
order. (The basis is a list, not just a set.) Then the coordinates r; have a
definite order, and constitute a vector in R™.
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NOTATIONAL REMARK: When we are doing all our calculations with
respect to one fixed basis, it is natural and helpful to call the coordinates z;
instead of r; , so that the notation always shows which vector ¥ we're talking
about. However, in the near future we’ll be considering the coordinates of
the same vector with respect to more than one basis. If we were to use the
j
or zj to distinguish the coordinates belonging to different bases. For now,

letter z for all of its coordinates, we would have to resort to notations like x

we prefer to use different letters, say r; and s;, for coordinates relative to
different bases.

If the basis is the natural basis in R", then the coordinates of a vector
(which is a sequence of numbers in this case) are the numbers in the sequence
itself:

(x,y) = x€1 + yésy = xi + yj.
For a different basis in R"”, the coordinates will be different numbers.

Example. Consider the basis {b; = (1,2), by = (1,1)}. Each (z,y)
has the form 051 + dgg. What are ¢ and d? [EXAMPLE OF THE EXAMPLE:
(5,—1) = —6(1,2) + 11(1,1) ]

SOLUTION, METHOD 1: Write out

(z,y) =c(1,2) +d(1,1)
=(c+d,2c+d).
This gives two equations to be solved for the two unknowns, ¢ and d:
r= c+d,
y=2c+d.

This can be solved once and for all — for all (z,y)— by inverting (; })

The inverse matrix is (*1 7}) = C. That is,

2

c=—-T+y,

d=2zx —y.
SOLUTION, METHOD 2: We know that (z,y) = x€; + yé> . If we had
expressions for the €'s in terms of the bs, we could plug them into this,

combine terms, and be done. What we actually have are the expressions
going in the reverse direction:

by = &1 + 265,
by = &1+ &.
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We can solve these for €, and €5. The unknowns here are vectors, not
numbers, but the algebra of solving the linear system is the same as always.
Note, incidentally, that the linear system involved is the transpose of the

one in Method 1 — that is, its matrix is (} f) Therefore, the inverse
matrix, (;1 j), is the transpose of the inverse we found in the other method.

That is,
€1 = —by + 2by,
52 = 51 — 52 .
Plugging into & = zé| + y€y as planned, we get

—

= (y—x)by+ (22 —y)by .

This equation is equivalent to the formulas for ¢ and d that we found by the
other method.

CONTINUATION OF EXAMPLE: In order to pass from this example to
a general theorem, it is necessary to restate the results in a form that is
cluttered with more subscripts. Let & = x1€} + x2€5 be the expression of a
generic vector T as a linear combination of the natural basis vectors, and let
T = 7“151 + 7“2(;2 be the expansion in terms of the new b basis (that is, r; = ¢,
rg = d). Our problem was to find formulas for the rs in terms of the ws.
Our result was that

rj = Cj1x1 + Cjoxg  for j =1 and 2,

for a certain matrix C,

011 012 o -1 1
Coy1 Cyp) \ 2 -—-1)°
Along the way we found that
& = Cipby + Caxby  for k=1 and 2. (%)

(There were also two other pairs of linear formulas that are the inverses of
these two.) The critical thing to notice is that the subscripts in (%) are
“twisted” relative to the format for linear formulas that we have regarded
as standard since the beginning of Chapter 2. If we are to regard (x) as a
linear system in the usual sense, we must identify the matrix appearing in
it as C* rather than C.
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By calculations just like those in the example, but stated in full gener-
ality, one can prove the master theorem on change of basis:

Theorem 1: Given two bases, {U;} and {&;}, if
n n
T = Zrkﬁk and T = Zsjwj
k=1 j=1

(the rs and ss being defined by these equations), and if
U=y Codi (t)
j=1

then .
85 = ZCjka. (1)
k=1

(Note that the subscripts in () are “twisted” in the sense that the summed
index on the matrix elements is not the one adjacent to the vector’s coordi-
nates, while the subscripts in (1) are untwisted!) In other words, if we call
the U's the “old basis” and the s the “new basis”, then the relation among
the four matrices in the problem is:

C expresses new coordinates in terms of old coordinates;
C~!  expresses old coordinates in terms of new coordinates;
C' expresses old basis in terms of new basis;

(C™H' = (C*)™!  expresses new basis in terms of old basis.

REMARK 1: The statement “C expresses new coordinates in terms of
old coordinates” is shorthand for the more accurate statement, “The linear
formula whose coefficient matrix is C' (namely, (I)) expresses the new coor-
dinates as functions of the old coordinates.” Another way of saying the same
thing is “C' maps the old coordinates to the new coordinates.” Notice that
“‘new” and “old” have changed places here, since the domain and codomain
have exchanged roles relative to the mathematical verb of the sentence. Of
course, exactly analogous remarks apply to the other three statements in the
theorem.

REMARK 2: The matrix (C71)* = (C')~! is sometimes called the con-
tragredient of C'. Note that the operation of taking the contragredient com-
mutes with matrix multiplication, since the reversal of factor order associated
with inversion cancels that due to transposition.
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REMARK 3: Another way of looking at the relationships in Theorem 1
is to regard each basis as a row vector whose elements are vectors. (Thus
this is a monstrosity like the top row of the determinant defining a cross
product.) When a row vector is multiplied on the right by a square matrix,
the result is a new row vector of the same size. The formula (}) is of that
form:

(T, ..., 0,) = (i@, ..., 0,)C. (1"

This new form of the basis transformation formula does not overtly involve
any twist or transpose. The corresponding coordinate transformation in the
opposite direction is, of course,

S1 1
=C| : or §=CrF. )

Sn Tn

Theorem 1 should be studied until you are sure you understand why it
is true. However, memorizing the statements at the end is not necessarily
recommended!. It is safer to approach each concrete problem with care and
common sense. Usually you are given one of the four relations and you need
to find one of the other three. You figure out (by a calculation like those in
the example) what matrix does what you want to do, and then you test that
it does indeed do so. (If you feel more comfortable with partial derivatives
than with indexed symbols, you may find the following remark useful.)

Remark (Linear algebra as multivariable calculus): If we regard
the ss as functions of the rs, then (from (I) and its inverse)

]
8T'k-

aT‘k

and (C™ Vi =
(This was the essence of Exercise 3.4.10.) Thus (}) can be rewritten

68] _, "
Uy = Z o, (")

Now recall that the multivariable chain rule tells us that partial derivatives
transform this way under a change of coordinate system:

Z 9s; 0
ark dry, 0s;



4.4. Coordinates 183

Thus (1) says that basis vectors “behave like” partial-derivative operators
when coordinates are changed. (Indeed, many mathematicians nowadays
insist that the basis vectors are partial-derivative operators, but that is a
piece of metaphysics that you are not obligated to accept at the moment.)
The point is that if you have thoroughly absorbed the multivariable chain
rule from third-semester calculus, but you feel bewildered by the matrix C
and its three cousins, then writing formulas in terms of partial derivatives
may help you get them right!

52

.
T3 /

D) 1172 /

S1

£y

To get a geometrical interpretation of ("), suppose that {;} is the
natural basis for R", so that each s; is simply a standard Cartesian coordi-
nate in R™. Then the 7 s are a set of “oblique” coordinates. The numbers
gTS,Z are the Cartesian coordinates of the basis vector along the rj axis, U} .
Therefore, they tell how much each quantity s; changes when rj increases
by one unit, all the other r/ s being held fixed. Of course, that is exactly

what a partial derivative ought to do!

Example. As discussed in Sec. 4.1, two standard bases for the solution
space of ¥y = 9y are

A={da; =e¥ dy =e 3% and B = {b; = cosh(3t), by = % sinh(3t)}.

Find the matrix that expresses the coordinates of an arbitrary vector (solu-
tion) with respect to the A basis in terms of its coordinates with respect to
the B basis.

SOLUTION: From the definition of the hyperbolic functions, we have

a, + sdsy,

—_

a; — zds .

—
D= N

l
D= N
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From here there are many equivalent ways to proceed:
Method 1: Therefore, by Theorem 1,

1 1\t 11
(1 =) -(1 )
6 6 2 6

maps the B-coordinates into the A-coordinates, as demanded.
Method 2: Therefore (see Remark 3),

1

RN 1
(51, 52) = (@1, @) (i _61),

2 6
and the matrix appearing in this equation is the desired one.

Method 3: Therefore, if y = z1d; + x2d> and also y = ylgl + yzgg , then

—

Yy=1mn (%51 + %#2) + Y2 (%51 - %#2) = (%yl + %ZIQ) a + (%yl - %ZIQ) az .

() =(1 %))

(This method amounts to reproving Theorem 1 in this particular case.)

Therefore,

Theorem 2: Given a basis, the resulting correspondence between vec-
tors and their coordinates is an isomorphism (that is, it’s linear, one-to-one,
and onto; see Sec. 5.2 for definitions). Thus every n-dimensional vector space
is isomorphic to R™.

Example. Let (—4,3,2,—1,1) and (—1,—2,2,1, —3) be the coordinates
of two vectors, & and ¥, with respect to a basis {01, ..., 05} of a 5-dimensional
vector space, V. Find the coordinates of the vector 3Z — 53/ in the same basis.

SoLuTION: The talk about an abstract basis is just a smokescreen.
You can do the arithmetic on the coordinate vectors as usual. Since 3% =
(—12,9,6,-3,3) and —57 = (5,10, —10,—5,15), the vector 3% — 5y = 3% +
(—=5)7 has the coordinates (—7,19, —4, —8, 18).

THE MATRIX OF A LINEAR FUNCTION WITH RESPECT TO A BASIS

Theorem 2 has tremendous practical significance. It allows one to carry
out many calculations involving vectors in an abstract space V in terms of
ordinary numbers. (We’ve been doing this tacitly all along in our examples
involving the polynomial spaces, P,_1.) In particular, every linear function
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from one finite-dimensional vector space into another can be represented by
a matriz:

Theorem 3 (kth-Column Rule): Let D be an n-dimensional space,
and W a p-dimensional space. Choose a basis {71, ..., 9,} for D and a basis
{a,...@,} for W. Let L be a linear function on D into W. Then there is
a p x n matrix Ay such that for each ¥ € D the coordinates of L(Z) with
respect to the w-basis are obtained from the coordinates of ¥ with respect
to the ¥-basis by multiplication by Ay, :

F=Y by, L&) =) L),
k=1 j=1

L(Z); = Ajray
k=1

where A, = {A;x} (1 <j <p, 1 <k <n). Furthermore, the elements
of the kth column of A; are the coordinates of E(ffk) with respect to the
w-basis:

Here’s the picture.

D R"
L L Ar
w c. R?

The matrix Ay, represents a linear function from R"™ to RP; let’s denote that
function also by Az, . Then L itself equals C, o Ay oC,, , where C\,: D — R
and C,: W — RP are the coordinate isomorphisms. Those isomorphisms
“translate” everything about the spaces D and W into numerical terms; in
particular, they translate L into a matrix.

PROOF OF THEOREM: The mapping A;, = C, o Lo C; ! of the {z}}
onto the {L(Z);} is linear, because it is a composition of linear maps. Apply
the elementary kth-column rule (Theorem 2 in Sec. 3.2) to get its matrix.
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The basic theorems about matrix representations of linear functions
from R™ to R? now carry over to arbitrary finite-dimensional vector spaces.
In particular,

Apox = ALAK ;

A= (At when they exist;
Arpyx =7T7AL + Ak

Please note that in our recent discussions we have been considering two
different situations in each of which we’ve been dealing with two bases. First,
we considered two different bases for the same vector space, and studied how
the coordinates of a fixed vector changed when we abandoned one basis in
favor of the other. Second, we considered fwo vector spaces, each equipped
with its own basis, and a linear function from one space into the other; we
studied how the coordinates of the image (output) vector in the codomain
depend on the coordinates of the input vector in the domain. (Actually,
these two spaces could be the same space; the important point is that two
different vectors, the input and output, are involved.) In the next section
we will put these two ingredients together; therefore, we’ll need to deal with
as many as four bases at once.

EXAMPLES OF FINDING THE MATRIX OF A TRANSFORMATION

Example 1. Let D = P3 and W = P3. Let D = d/dt, the operation of
differentiation. Use the basis {t3,#%,¢,1} in both D and W. Then the first
column of the matrix of D is the list of coefficients of D(t3) = 3t2, namely,
(0,3,0,0)". Treating the other columns in the same way, we see that

3 — T T T T 00 0 0
t?— [ D#*) D) D) D1)| (3 0 0 0
th— | | | | 0o 200
0 — 1 1 1 1 00 10

(The basis functions have been written at the left here merely as a one-
time reminder of the meaning of each row: The output of the calculation
described by the first row is the coefficient of 3 in the answer, etc.) Thus,
for example, if p(t) = 3t> — 5t + 1, then

0000 3 0
300 0 o [ 9
0200]|-5]"|o0]
0010 1 -5
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so p/(t) = [Dp](t) = 9t> — 5 (which agrees with a direct calculation of p).

Example 2. Let D = P3 and W = Py. Let D = d/dt again. Use the
basis {t3,¢2,¢,1} for D and {t?,¢,1} for W. Then the matrix for D is easily
seen to be

3
0
0

O NN O

0 0
0 0
1 0

— just the matrix from the previous example without its top row. Note that
the matrix corresponding to a given linear function can depend upon which
vector space is regarded as its codomain!

An alternative way of solving problems like these is simply to calculate
L(Z) for an arbitrary & € D and read off the coefficients. (In the present
case, L = D and D = P3.) Adopting a notation suggested by our general
discussion of bases, we calculate

D(rlt?’ —|—T’2t2 —|—7"3t—|—7"4) = 3T1t2 —1—27"2 —|—7"3
= 31t2 + sot + s3.
Thus s; = coefficient of t? = 3r;, etc. From the three equations for the ss
we can read off the matrix.

Example 3. Let D be the vector space spanned by the functions
Ui =1, U;=cost, Us=cos2t, U= cos3t.
Let L be the differential operator d?/dt?, which is a linear function on D

into D. What is the matrix of L, with respect to the basis {Uy,Us, Us, Uy}
at both ends of the transformation? ANSWER:

0o 0 0 0
0 -1 0 0
0o 0 -4 0
o 0 0 -9

Example 4. Let D and L be as above. Let us find the matrix of L
with respect to the basis

Vi=1, Vy=cost, Vi3=-cos’t, Vj=cos’t
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(used at both ends of the transformation L). We note first of all that

U3z = cos2t =2V3 — V7,
Uy = cos3t =4V, — 3V,
U1:V1, U2:V27

and hence

Vi = %U3+%U1 = %cosZt+%,
Vi = iU4—|—%U2 = icos3t+%cost.

This verifies that the new set is indeed a basis for the same space, D. It also
enables us to calculate easily

d>V; d*Va

FrEE az -

d2V-

dt23 = —2cos 2t = —4V3 4+ 2V,

d>Vy 9 3

R cos 3t — 1 cost = —9V,; + 6V5.

Therefore, the matrix is

o 0 2 0
0 -1 0 6
0 0 -4 0
0o 0 0 -9

Of course, we could also use the U basis for D in its role as domain
while using the V basis for D in its role as codomain (or vice versa), if we
had a reason for doing so. This would give still a different matrix for L.

Example 5 (an inverse problem). Let

Construct the linear operator L whose matrix in the basis B = {by, by, b3} is
equal to A.
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SOLUTION: Your first reaction should be to demand a clarification of
the problem: B is a basis for what? According to Exercise 4.1.8, the set B
is linearly independent. It is therefore a basis for the vector space that it
spans — that is, the space S of all functions of the form

f(t) = r1by + 7oby + r3bs

= rlet + T’2€2t + ’f’3€3t.

Let f = (r1,72,73)" € R3 be the coordinate vector corresponding to a func-
tion f. Then

. 1 —2 1 T r1L —2r9 + 13
Af=1 1 2| |r|l={ rntrm—2m
-2 1 1 73 —2r1 + 1o+ 13

So

L(f)(t) = (r1 —2r2 + 7’3)51 + (r1 + 72 — 27‘3)52 + (—2r; +ro + 7’3)53
= (ry — 2rg +7r3)et + (11 + 19 — 27‘3)62t + (=2r; + 72+ r3)63t .

This formula completely describes a linear operator L: S — S.

Example 6. A linear mapping L: Py — P is defined by

[Lp)](t) = (£ — 4)p" () + tv' () — 4p(2).

Find the matrix that represents L with respect to the standard basis {2,¢,1}
for P .
SoLUTION: Calculate

L(t?) = (£ — 4)(2) + t(2t) — 4% = -8,
L(t) =0+t — 4t = —3t,
L(1) = —4.

Therefore, the matrix is
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LEAVING OR RETURNING TO THE NATURAL BASIS

Very frequently (for example, in the matrix diagonalization problems of
Chapter 8) one needs to find a change-of-basis matrix when one of the bases
is the natural basis in R™ and the other basis vectors are given to us by their
natural representations in R”. In these problems there is a shortcut around
the general theory embodied in Theorem 1:

Theorem 4: Let {¢7,...,7,} be n independent column vectors in R".
Form a matrix M by stacking these vectors together:*

T T T
M = 171 172 7711
1 1 L

Then M is the matrix that maps coordinates with respect to the new (v)
basis into coordinates with respect to the natural basis.

PROOF: The assertion is easily seen to be true for the basis vectors
themselves, which have expansions like 07 = 1¥; + 0¥y + - - - + 0%,, . Hence
by the kth-column rule it is true of all vectors.

Exercises
4.4.1 Write out a proof of Theorem 1. (Feel free to use the notation of
Remark 3 if you prefer.)

4.4.2 Let us use the standard basis {t",t"~1, ... t, 1} for each polynomial
space P, . Find the matrix representing each of these linear functions
with respect to the standard bases.

(a) L(p) =p” +p' as an operator from P, into P; .
(b) L(p) = p"” — 5p’ as an operator from P into P .
4.4.3 Define the linear operator L: P4y — P, by
Lp(t) = 3p(t) — p'(t).

(As usual, p’ is the derivative of the polynomial p.) Find the matrix
that represents L with respect to the standard basis {t4,#3,#2 ¢, 1}.

4.4.4 Fxpress <(1)> as a linear combination of (1) and <_21 >

* For example, ifﬁ1:<;>7_’2:<2>,thenM:<; i)
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445 Let D = % be the operator of differentiation, acting on the space
spanned by the functions {b; = €', by = e~ '}.

(a) Find the matrix representing D with respect to the basis {51, 52}
(b) Find the matrix representing D with respect to the basis

{th = cosht, Uy =sinht}.
4.4.6 An operator L: Py — P is defined by
[L(p))(t) = 2p" (t) + ' (t) + 2p(t).
Find the matrix of L with respect to the standard basis, {t2,¢,1}, of
the polynomial space Ps .
4.4.7 Consider the vectors v; = (;), Uy = (712) in R?.

(a) Show that {@, 7>} is a basis for R2.

(b) Express ¥ and ¥ as linear combinations of the natural basis
vectors, é; = ((1)) and éy = ([1))

(c) Express the natural basis vectors in terms of ¥ and 5 .

(d) Find the coordinates of an arbitrary vector & = (”;) with respect
to the basis {71, Va2 }.

4.4.8 Let V; be the vector space span{cost, sint}, and V, be the space

span{l, cost, sint, cos(2t), sin(2t)}.

(a) Show that the linear operator L(p)(t) = p'(t)+ (sint)p(t) maps
Vl into VQ .

(b) Find the matrix representing this linear function (with respect
to the bases listed in the definitions of the two spaces).

4.4.9 Consider these two bases for Py :

£ ={1,t,t*}, B={1—-t1+t,2t%}.

(a) Find the change-of-basis matrix that takes coordinates relative
to B into coordinates relative to &£.

(b) Find the change-of-basis matrix that takes coordinates relative
to & into coordinates relative to B.
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4.4.10

4.4.11

4.4.12

4.4.13

4.4.14

4.4.15

4.4.16

4. Bases

Show that {by,by,bs} is a basis (for R3) and find the coordinates of
the vector & in that basis.
(a) by = (=1,2,1), by = (3,-2,1), by = (2,3,4); 7=
(4,3,6).
o 2\ 1 3
(b) b1 = 3 5 bg = 1 5 b3 = —1 N = —4
1 1 1 2

Show that {by,...} is a basis (for R*) and find the coordinates of the
vector ¥ = (—2,—3,0,3) in that basis.

by = (1,3,2,1), bo=(3,2,1,1), by=(1,1,2,3), by=(1,1,1,2).

Show that {by, ...} is a basis (for R*) and find the coordinates of the
2
o 411 . .
vector & = NE that basis.
4
1 1 1 -1
. 1 - 1 o ~1 - 1
1 — 1 ) b2 - _1 ) b3 - 1 ) b4 - 1
-1 1 1 1

Find the matrix (with respect to standard bases) of the linear operator
L:P1 — Py defined by

L(p)(t) :/0 p(7)dr +p'(t).

Find the formulas (1 = ...7y...79...73..., To = ..., Tg = ...)
for converting the coordinates of an arbitrary vector ¥ € R? with
respect to the basis in Exercise 4.4.10(a) into its coordinates with
respect to the natural basis.

Find the formulas (r; = ...21...22...23..., "9 = ..., T3 = ...)
for converting the coordinates of an arbitrary vector £ € R? with
respect to the natural basis into its coordinates with respect to the
basis in Exercise 4.4.10(b).

Prove Theorem 2.
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In the remaining exercises, the set {by,by,b3} is a basis (for the
appropriate R"), and so is the set {5’1,_)’2,_%}. Find the formulas
(1 =...2y...2h..., zo = ..., ...) for converting the coordinates
of an arbitrary vector with respect to the primed basis into co-
ordinates with respect to the unprimed basis. (Electronic matrix
inversion is allowed.)

. 1 . 1 . 3
4417 b= 1|, bo=|(2], bs=1]1|;
1 1 1
~ 1 ~ 3 ~ 1
Go=2|. . th=(1], 0=]2
1 2 3
. 1 ~ 2 ~ -1
4.4.18 b1 = 1 s bQ = -1 s b3 = 3 N
1 1 1
= 1 . 1 . —6
= -1, =2, 0= 1
1 ) 1
0 0 0 1
o 0 > 0 o 1 o 0
4419 blz 0 5 b2: 1)7 b3: 0 ) b4_ 0)7
1 0 0 0
1 1 1 1
= 1 ) 0 ) 0 ) 1
=10 =lo] Bl ] B
1 1 0 0
-1 -1 1 1
- -1 > 2 - 1| » 2
4420 bl — 0 9 b2 — 1 9 b3 - 1 9 b4 - _1 9
1 1 1 0
1 -2 0 2
b=V R= B, B
2 2 2 1
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4.5 Change of Basis

As Examples 3 and 4 of the preceding section show, the matrix repre-
sentation of a linear function depends upon the basis used for the domain
and the basis used for the codomain. Let us study the effect of changing
each of these. We must combine the two big theorems of the previous sec-
tion (one about the matrix representation of a linear function and one about
the effect of a basis change on the coordinates of vectors). As before, we’ll
discuss an example in detail and then state the corresponding result for the
most general case.

Let D = P, be the domain and YW = P; the codomain. Let L: D — W
be the differentiation operator, d/dt. Thus

L(p) = L(r1t* 4 rat + r3)

=2rit+ 1o

= byt + by, (*)
where the last line will be our notation (in this section) for a general element
of P; in the standard form. Incidentally, please be reminded that when the
polynomial r1t? 4+ rot + r3 appears as the argument of L, it is a pattern
denoting the function p in a vector space of polynomial functions; it does
not denote a number which is the value of the polynomial for some particular
t. (It would be nonsensical, for example, to use the chain rule to calculate
something labeled “dL/dt".)

Let us first consider the natural bases
(U532 = {1, 1} for D, {@;}3_, = {t,1} for W,

The matrix of L with respect to these bases is

2 0 0) _
(010>:A

(by the kth-column rule or by inspection of (x)). That is,
3 —
bj :ZAjkrk, or b:AF,
k=1

where b € R2 and 7 € R3.
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Now let’s introduce a new basis at the domain end:

{ﬁj}?zl = {(t - 1)27 (t - 1)7 1}’

(This sort of basis change for polynomials is likely to occur in practice, since
it just corresponds to a change of origin for the variable ¢.) Any element of
D can be written as

s1(t —1)2 +s9(t —1) + 53

We want the matrix (or the set of equations) that expresses b; and by in
terms of s1, so, and s3. If we had the rs expressed in terms of the ss, we
could plug into (%) to get our answer. What do we know that is related to
this? Well, we can quickly get the expression of the us in terms of the ¥'s:

i =t2—2t+1

— §) — 20 + T3,

[

Ug = Vg — V3,

1_1:3:1)3.

That is,
3 1 0 O
’LTj :ZMk'jgk’ M= -2 1 0 5
k=1 1 -1 1
that is, the new basis is given in terms of the old basis by the transpose
of M (since we deliberately put a “twist” in the order of the indices of the
formula defining M). Looking back at the theorem covering this situation,

we see that M itself gives the old coordinates in terms of the new ones:
3
rj = ZMijk, or 7=MS§5.
k=1

(We'll rederive this from scratch in a second, so as to practice what we
preach.) Therefore,
b= Ar= AMS,

so the matrix of L with respect to bases {u;} C D and {w;} C W is

1 0 0
2 00 2 00
anr = ( M2 o) )
010 1 -1 1 -2 1 0



196 4. Bases
That is,
L(s1(t —1)% + so(t — 1) + s3) = 281t + (=281 + 82).

Let’s work through the connection between the basis change and the
coordinate change: We have two ways of expanding a general vector,

3 3
t) = E T‘j’[fj = E Skﬁk .
k=1

J=1

We rename the indices in the formula for the @'s so that we can substitute

3
E M;,v; .

it into the second form:

Thus

3
Sk E Mjk’L—)}

Jj=1

3

E Mijk ’D}.
1 Lk=1

Comparing with the first expression for p, we see that r; equals the quantity

M- 114

J

in square brackets. That is the formula we wanted to derive.
Now that we know how to change basis in the domain, it should be
child’s play to change basis in the codomain. Let

By the same principle as before,

2 2
jfu_jj :Zijl?k, then Cj :Zijbk.
k=1 =
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We therefore solve for the s in terms of the £ s:

= 1(f + ), 11 2
1 -1/
Then E’:Hgandg:AF, so ¢ = HA7,

1
= 1(2t] — bo); 3
1/1 2 2 0 0 172 2 0
HA_§<1 —1) (0 1 0)‘5(2 -1 0)'
This is the matrix of L with respect to the bases {#;} and {f;}.
Finally, we might want the matrix of L with respect to the bases {i;}

B

St

and {f;} To get this we combine the two previous procedures: Multiply A
by M on the right to change basis in the domain, and multiply it by H on
the left to change basis in the codomain.

1/-2 2 0
wa (220,

That is,
L(Sl(t - 1)2 + Sz(t — 1) + 83) == %(—281 + 282)(t + 1) + %(481 — 82)(2t - 1),

which you are invited to check by direct calculation of the derivative.

GENERAL THEOREM ON CHANGE OF BASIS

Theorem: Let {#;}"_; be a basis for D and {@;};_, a basis for W.
Let L be a linear function from D into VW whose matrix with respect to these
bases is A. Let {u;}7_; be a new basis for D related to the old one by a

matrix G:
n
U = E Gy Uy, -
Jj=1

Let {t; };—1 be a new basis for W related to the old one by a matrix H:

p
Zﬁj: E ijtk.
j=1

[In other words, multiplication of a column vector by the matrix G or H
changes old coordinates to new coordinates (for D or W respectively).] Then
the matrix of L with respect to the new bases is

HAG™.
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This theorem is the distillation of what we learned in the foregoing
lengthy example. Note that M of the example is called G~! in the theorem.
Here is a diagram of the situation:

vector spaces new coordinates old coordinates

e

Ll HAGll lA

w T R? [] TRP [b]

Again, we remark that it is probably less error-prone to work out the
answer from scratch in each concrete case than to memorize the theorem in
detail. (This remark does not apply when a large number of similar prob-
lems must be solved at one sitting — see below.) The formula HAG™? is
worse than useless unless you have also memorized the precise conventions
used to define H and G! The matrix which first arises in your problem as a
representation of a basis change in the codomain may be the inverse, trans-
pose, or contragredient of H, rather than H itself. Why, then, did we bother
to write down the theorem? First, a thorough understanding of the basic
fact described in the theorem is essential: A problem of this type always
has a solution, and the solution is given by a simple matrix multiplication.
Second, independent of any conventions, the formula HAG™! expresses cer-
tain more specific facts which are quite helpful in getting the correct answer:
Basis changes in the domain and codomain are implemented by matrix mul-
tiplication on the right and left, respectively, and one of the matrices will
carry an inverse if your conventions relate “old” and “new” coordinates con-
sistently in the two cases. Finally, if you have several problems of the same
type to do at once, then if you set up a consistent notation and carefully
express the theorem in that notation, the formula corresponding to HAG ™!
will give you a powerful and efficient way to calculate all the answers! The
optimal methodology for solving practical mathematical problems is always
some intermediate mixture of the abstract and the concrete, which varies
from situation to situation (as well as from person to person).

The theorem has a very important special case:

Corollary: Suppose that W and D are the same space, and that, at

any given time, we want to use the same basis for this space in both of its
roles (domain and codomain). Then, whenever this basis is changed, in such
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a way that old coordinates are transformed into new coordinates by a matrix
H, the matrix representing a linear function L changes from A to HAH~'.

Definition: The operation of replacing A by HAH ! is called a simi-
larity transformation of the matrix A.

Example: Recall our two recent examples of matrix representations of
a linear function in the vector space spanned by the functions {cosnt}3_, .
We calculated both matrices directly, by the kth-column rule. Now let’s
verify that one of those matrices can be obtained from the other by the
appropriate similarity transformation.

Previously we observed that the set
Uy =1, U;=cost, Us=cos2t, Uy = cos3t.
and the set
Vi=1, Vy=cost, Vis=cos’t, Vj=cos’t

are bases for the same vector space, D. We also observed that the matrix of
the operator

2
~ae
with respect to the U basis (used in D as both domain and codomain) is
0 0 0 0
A= 8 ;-i 8
0 0 0 -9
Finally, we observed that
U =",
Uy = Vs,
Us =—Vi+2V3,

Uy =-3Vo+4V,,
so that, inversely,

Vi = Ul )

Vo =Us,

Vs = Ui + 3Us,

Vi=3Us+ 1Us.
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Now let’s find the matrix that represents L when we use the V basis
in the codomain, but continue to use the U basis in the domain. (There
is no law against using two different bases for the same space at the same
time for distinct purposes.) Let’s reason this out carefully. If we start with
the U-coordinates of an arbitrary vector, &, then applying A will give us
the U-coordinates of L(Z). What we want is the V-coordinates of L(Z).
But to express V-coordinates in terms of U-coordinates, we should use the
transpose of the matrix that expresses the U basis vectors in terms of the
V vectors. (If you prefer the other language: To map U-coordinates to V-
coordinates, we should use the transpose of the matrix that maps the Vs
into the Us.) From the formulas for the change of the basis vectors, we see
that this transposed matrix is

10 -1 0
o1 0 -3
H:0020
00 0 4

Thus the matrix we desire is
0 0 4 0
0O -1 0 27
0O 0 -8 0
0 0 0 -—-36

Next, let’s suppose that we decide to use the V basis in the domain
also. Then the first step of the calculation should be to translate the V-
coordinates of the input vector ¥ into U-coordinates; we can then apply to

HA=

the result the matrix HA we just found. The coordinate transformation
matrix we want is the transpose of the matrix expressing the V' vectors in
terms of the U vectors; alternatively, it is the inverse of the matrix expressing
the V-coordinates in terms of the U-coordinates — that is, the inverse of
the matrix H we found before. Either way, we arrive at the matrix

101 0
1|01 0 3
H‘oo%o

00 0 1

Thus the matrix of L with respect to the V basis (in both domain and
codomain) is

0 0 2 0

4 (o =1 0 6
HAH™ =14 o 4 o
0 0 0 -9
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This is the same result we found before by the kth-column rule.

Of course, we could use the V basis for the domain but the U basis for
the codomain; then the matrix of L would be AH !,

MORE EXAMPLES

Example 1. With respect to a basis {€7 , €, }, a certain linear transfor-
5 2
8 4

with respect to the basis {fl = 6€] + 4€s, f—é = 2¢] + €5 }.

mation has the matrix A = < > . Find the matrix of the transformation

SOLUTION: The transposed matrix S = <2 ?) expresses the old (€)

coordinates in terms of the new ( f) cordinates (as can be easily checked by
feeding in the new coordinates ((1)) of f1, etc.). Its inverse is

11 =2
-1_ _+
=73 (—4 6 ) '
Now we can find the matrix B of the transformation in the new basis { fi, fé}
by the formula B = S~1AS:

G | I B G T

_ 1/-66-24 -22-6)\_ 1/-90 -28) 45 14
- 2\1684+64 56+16 ) 2\ 232 72 ) \-116 -36/°
EXAMPLE OF THE EXAMPLE: A certain linear transformation maps the
space of solutions of the differential equation v + 4y = 0 into itself, and its

matrix with respect to the basis {th, 6*21"} is A. What is the matrix of this
transformation with respect to the basis {6e?" + 4e™2f, 2¢* 4+ 72!} ?

Example 2. Let A:R?> — R? be the linear operator given by the
matrix

A=

= o O
S S
S O =

with respect to the natural basis. Find the matrix of this operator in the

basis
5 2 2
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SOLUTION, METHOD 1: Let us express f1, fa, f3 in terms of the natural
basis vectors €1, és, €3:

ﬁ:5é1—3é2+2é3,
fo =261 408y + é5,
f3 = 2¢1 + 08y — é3.

(In passing we note that since

5 -3 2 .
det[2 0 1 :—(—3)‘2 _1‘2—12;&0,
2 0 -1

{fl, f;, fg} really is a basis for R3.) In order to find Afl, Afé, Aﬁ, , we apply
A to the basis column vectors:

5 01 4 5 5
Al -3|=l0 1 0| -3|=]|-3],
2 110 2 2
2 4 2 4
Alol=10o], A 0o |=]| o
1 2 1 2

This means that Afl = 1ﬁ ,Afé = 2]“; ,A‘]E;g = —2]’% . Therefore, the matrix
being sought is the diagonal matrix

1 0 O
02 0
0 0 -2

(Later (Chap. 8) we will find out that fl, f;, ﬁ are called eigenvectors of the
operator A.)

SOLUTION, METHOD 2: Following the prescription at the end of the
previous section, we stack the given basis vectors together to make a matrix,

—|: —|: —|: 5 2 2
M=1fi fo fs|=(-3 0 0
N R 2 1 -1

A moment’s thought confirms that this is the matrix that maps coordinates
with respect to the new ( f) basis into coordinates with respect to the natural
basis (not vice versal). Therefore, the new matrix is M ~*AM, for we want
to translate an input vector into natural coordinates, calculate the opera-
tor A in those terms, and then translate the result in the reverse direction.
Evaluating the matrix inverse and product will give the same answer as the

other method.
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Example 3. The matrix

1 2 1
u=(y 4 3)

represents a linear operator L: R® — R? with respect to the natural bases.
What matrix represents L if we switch to the basis

{0)-G}
1)\ 1
for R?? (The basis for the domain is still the natural one.)
SOLUTION: Since the basis change is in the codomain (postprocessing
the output of the calculation), it will be implemented by multiplying M on
the left by some 2 x 2 matrix. Let us call the new basis vectors

- 1 - -1
h=(1) ()
In terms of the natural basis vectors, we have
by = é1 + éy,
by = —é1 +éy.

Therefore (by whichever rule of thumb you prefer from Sec. 4.4),

1 -1
S
maps b-coordinates into natural coordinates. (Most quickly, this matrix is
obtained simply by “stacking the new basis vectors together”.) Thus

1/1 1
_1__
¢ _2<—1 1>

maps natural coordinates to b-coordinates. To solve our problem we need
to postprocess the natural-basis calculation of L with C~!. Therefore, the
desired matrix is

_ 1/1 1\/1 2 1 1/3 1 5
1 —— = —
¢ M_2<—1 1><2 -1 4> 2<1 -3 3)‘
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TRANSFORMING ROW VECTORS

An important special case of the transformation of a matrix under
change of basis is that where the matrix A has only one row. Recall that such
a matrix represents a linear function L: D — R (also called a linear func-
tional). Let’s apply the general theorem on change of basis to this case, with
the basis change in the domain implemented by a matrix G as before, and
no basis change in the one-dimensional codomain: With respect to the new
basis, L is represented by the matrix B = AG~!. This is to be contrasted
with the transformation law for column vectors, §= G7.

To check the consistency of these two formulas, consider the number
L(Z), where Z is an abstract vector represented by the column vector 7 with
respect to the old basis and by the column vector § with respect to the new
basis. This number must remain unchanged, no matter what basis is used!

Sure enough,
L(#) = A7 = AG'G7¥ = B3.

Written out in numbers, the transformation rule for column vectors is

n
55 = E Girry
k=1

and the one for row vectors is

n

By => AG Y= (G A

k=1 k=1

Recall (refer back to the statement of the general theorem on change of basis,
whose notation we are scrupulously observing in this discussion) that

n
U = E Gy ,
Jj=1

where the Us are the old basis and the s are the new basis. In other words,
to go from the old basis to the new we need the formula

n
;=Y (G Y T
k=1
We notice something rather interesting: When we consistently express the
new objects in terms of the old ones, the formula for transformation of a row
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vector (the matrix of a linear functional) and the formula for the transforma-
tion of the basis vectors themselves look very much alike, and both involve
the contragredient (inverse transpose) of the matrix in the transformation
law for the column vectors. (This fact was already noted from a different
point of view in Remark 3 of the previous section.)

In older books row vectors were called “covariant vectors” because they
transform in the same way as the basis vectors, and column vectors were
called “contravariant vectors” because they transform “in the opposite direc-
tion” from the basis. From a modern point of view (although the covariant—
contravariant terminology survives) it is better to think of the transformation
rule for the column vectors as the fundamental one and the two contragre-
dient rules as derived from it. Also, please keep in mind that, no matter
how much alike the formulas look, the terms in the basis-change formula are
vectors and the terms in the row-vector transformation rule are numbers.

Finally, we point out again that the gradient of a function is most prop-
erly thought of as a row vector. Given a function f(rq,...,7,), its gradient
is a list of its partial derivatives with respect to the variables r; . If we now
decide to switch to the new coordinates s; related to the rs as in the discus-
sion above, then we must transform the derivatives according to the chain

Of N9 OF _ -1 Of
ds; _Ek:asj ory _%:(G) gk or,

This is the row-vector transformation law (see the discussion of linear algebra

rule:

as multivariable calculus in the preceding section). The components of a
tangent vector to a curve, 7(t), in contrast, transform as a column vector.
This distinction carries over into curvilinear coordinates: A gradient vector,
or any other row vector, is most naturally expressed as a linear combination
of the basis vectors called dj in Sec. 4.2, which are the gradients of the
curvilinear coordinates with respect to the original Cartesian coordinates.
A tangent vector, or any other column vector, is most naturally expressed
as a linear combination of the basis vectors called ¢ in Sec. 4.2, which are
the tangent vectors to the coordinate curves. When these things are done,
the components of the vectors transform “properly” — that is, covariantly
or contravariantly, respectively, as the chain rule prescribes — when the
coordinate system is changed.
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Exercises

4.5.1 We know that {sinht,cosht} and 0; = €', 0o = 2! — e~ ! are two
bases for the same vector space of functions. If f(¢) is an arbitrary
element of that space, let us define coordinates by

f =ri9 + ro¥y = ¢y sinht + ¢ cosh t.

(a) Find the formulas expressing r; and 79 in terms of ¢; and cs.

(b) Find the matrix representing the operator L = % with respect

to the hyperbolic basis.

(c¢) Find (directly) the matrix representing L with respect to the ¢/
basis.

(d) Use the results of (a) and (b) to get the answer to (c) in a different

way.
4.5.2 In Exercise 4.1.4 we showed that
1 1 0
171 == 1 ,172 == 2 ,173 == 1
2 3 2
is a basis for R?. The function F:R3 — R? is represented by the
matrix A = i g E)l> with respect to the natural bases. What

matrix represents this function when the new basis is used for the
domain in place of the natural basis?

4.5.3 A linear function L:R3?® — R? is represented with respect to the

1 0 -1 . .
95 1 0 > Find the matrix of

L with respect to the bases {é3, é3, é1} for R?® (the natural basis in
reverse order) and {171 = (}), Uy = (é)} for R2.

natural bases by the matrix M = <

4.5.4 L:V — V is a certain linear operator from a two-dimensional vector

0 3
If we change basis in V to {w = ¥} + 205, Ws = 30y + U2}, what is

o o N
space into itself. Its matrix with respect to a basis {1, U2} is < 0 > .

the new matrix?
3 -1
4.5.5 Let L:R? — R? have the matrix | —1 2 with respect to the
-3 2
natural basis. Find the matrix that represents L with respect to the
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new bases

- {(2)- ()

0 0 1
{61762763}: 0 ) 1 ) 1
1 1 1

4.5.6 With respect to the natural bases, the matrix A = <_11 (2) g)

defines a linear function f:R? — R2.

(a) What matrix represents f when the basis for R? (the codomain)

ve= (1) = (0)y

(b) What matrix represents f when the basis for R? (the domain) is

is changed to

changed to
1 0 0
Wy =0 |,We=2],w5=|0 ?
0 0 3

(The basis for the codomain is still the natural one.)

(¢) Find the matrix when both these basis changes are made.

4.5.7 A linear function G:R? — R? has the matrix B = _21 Lll with

respect to the natural basis. Find the matrix of G with respect to
the basis {bl = (711)’ by = (1) } (Use the new basis for both domain

and codomain.)

4.5.8 Find the matrix of the linear operator A in the basis {fl, f;, ﬁ,}, if
the matrix in the natural basis is

1 0 O
1 1 0
0 2 2
and
1 . 1 . 0
fi=1 -1, fo=|1], fza=|1
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4.5.9 Find the matrix of the operator A in the natural basis, if the matrix
in the basis {by, by, b3} is

1 -1 0
2 1 0
1 1 1
and
0 1 1
bh=1],ba={1],b5=](1
1 0 1

4.5.10 Let C be the change-of-basis matrix from one basis to another.

(a) How would C' change if you interchanged two vectors of the first
basis? SUGGESTION: Think of the change of basis as a linear
function R™ — R, and the interchange as a basis change in the
domain of that linear function.

(b) How would C' change if you interchanged two vectors of the sec-
ond basis?

4.5.11 How would a change-of-basis matrix change if you decided to write
the vectors of both bases in reverse order? SUGGESTION: Think of
the change of basis as a linear function R™ — R", and the reversal as
a basis change in the domain and codomain of that linear function.

In the remaining exercises, computer or calculator use is expected.

4.5.12 Find the matrix of L with respect to the primed basis for R? given
in Exercise 4.4.18 if its matrix with respect to the unprimed basis in
that exercise is

1 2 3
2 3 4
3 4 5
4.5.13 Find the matrix of L with respect to the unprimed basis for R? given

in Exercise 4.4.17 if its matrix with respect to the primed basis in
that exercise is

W N =
W N
U W



4.5. Change of basis 209

4.5.14 Find the matrix of L with respect to the primed basis for R* given
in Exercise 4.4.20 if its matrix with respect to the unprimed basis in
that exercise is

1 0 1 0
01 0 1
1 0 -1 O
01 0 -1

4.5.15 Find the matrix of L with respect to the unprimed basis for R* given
in Exercise 4.4.19 if its matrix with respect to the primed basis in
that exercise is

1 0 1 0
01 0 1
10 -1 0
01 0 -1



