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Lecture 1: Introduction and Complex Numbers

Learning Objectives:
e Introduce the broad goals of the course.

e Introduce the basic notions of mathematical proof, and practice the elements of mathematical
logic and style.

e Discuss the real and complex number fields, and prove basic properties of them.

Welcome to MATH 291! This quarter we will study linear algebra through rigorous proof.

What is Linear Algebra?

The answer to the question “What is linear algebra?” has evolved over time. Initially linear algebra was
the study of systems of linear equations. Later, linear algebra was the study of the algebraic properties
of vectors and matrices. Linear algebra is usually described now as the study of vector spaces (also
called linear spaces) and linear transformations. Each viewpoint generalizes its predecessors, but the
earlier viewpoints (and their relevant ideas) remain as useful today as ever. The modern notion of vector
space is general enough to touch nearly all of modern mathematics, but the old techniques for solving
systems of linear equations remain indispensable even in more general contexts.

In this course we will approach the subject through vectors and matrices, emphasizing geometric
intuition and anticipating the transition to multivariable calculus later in the year. Along the way we
will see how systems of linear equations can be modeled and analyzed using vectors and matrices, and
we will also see the generalization to vector spaces.

What is Proof?

Besides linear algebra, you will also study mathematical proof-writing in MATH 291. This entails
producing logically sound, stylistically appropriate arguments (“proofs”) that establish the validity of
a mathematical statement. These arguments are written as prose, often with mathematical notation
replacing expressions that would be complicated to write out in words. For example, we would write

If 22 = 5, then = v/5 or z = —/5.
instead of

If the square of an unknown number is five, then that number is either the square root of
five, or the negative square root of five.

or
22=5=1x=+5—-V5

The first of these statements is an efficient and correctly formed sentence that expresses a mathematical
idea, and which employs some mathematical notation for shorthand. The second statement is identical
to the first, but without the efficiency created by using some mathematical notation. The third is a bit



more difficult to read as a sentence. I point this out to emphasize that you should strive to communicate
all of your mathematical reasoning in a style similar to that of the first statement above, rather than
the second and third. Proof is a contextual expression of logic, and we will learn how to wield standard
logical devices and constructions. We will also learn the standard grammar of mathematics and master
the art of communicating with other mathematicians through aesthetically pleasing logical proofs.

Real Numbers

The linear algebra is built on number systems known as fields. We will focus on two such number
systems in this course: the real numbers R and the complex numbers C. When a result, argument, or
an example is valid for both of these, then we will write K to stand for either R or C. In the context of
linear algebra we refer to numbers in the field we are working with as scalars.

Informally, a field is a number system where addition, subtraction, multiplication, and division work
exactly as you are used to. More precisely, we say that the real number system is a field because the
operations of addition 4+ and multiplication - on R satisfy the following properties:

(Associativity) For every 2,9,z € R, (x +y) + 2z =2+ (y + 2) and (2y)z = x(y=2).
(Commutativity) For every z,y € R, x +y = y + x and zy = yz.

(Identities) There exist unique numbers 0,1 € R such that 0 # 1 and for each z € R, 2 + 0 =z
and x1 = x. The number 0 is called the additive identity, and the number 1 is called the
multiplicative identity.

(Inverses) Every = € R has a unique additive inverse —z € R satisfying x + (—z) = 0. Every
nonzero y € R has a unique multiplicative inverse i satisfying yi =1.

(Distributivity) For every z,y,z € R, x(y + 2) = 2y + 2z and (z + y)z = zz + y=.

General Notation: €

For a set A, the notation “xr € A” means that the object = is an element of A, or that x is in A.

V: The Universal Quantifier

For a set A, the notation “Vx € A” reads “for every x in A” or “for all x in A”. It precedes a
claim involving = that could be either true or false, such as “z is a dog” or “z does not belong to
the collection of rational numbers”). This is a quantifier, which is a condition that indicates to
how many x € A the claim applies.

This quantifier is called universal because it indicates that the statement following it should hold
for every x in the set A, without exception.

Occasionally there are multiple universal quantifiers in a given statement. For example, the
statement that addition is commutative says that “For every z,y € R, x +y = y + . We can
write this symbolically as

(Ve €R) (Vy €R)(z +y =y + ).
— —

For all Z in R, for all ¥ in R,
~

~
Shortened: For all z,y€R,




d: The Existential Quantifier

For a set A, the notation “dzr € A” reads “there exists x in A” or “there is x in A”. This is
another quantifier because it indicates to how many x € A the claim applies.

This quantifier is existential because it indicates that the statement following it should hold for
at least one x in the set A. That is, that there exists at least one z € A to which the claim applies.

Occasionally you will see a mixture of universal and existential quantifiers in a given statement.
For example, the statement about the existence of an additive identity says that “There exists
0 € R such that for every z € R, x + 0 = z.” We can write this symbolically as

(30 €R) (Vz €R)(z+0=xz).
—_— Y

There exists 0 in R, for all  in R,

The order here (i.e. that the existential claim comes before the universal claim) is important. As
stated, there should be a number 0 with the property that for every x € R we have x + 0 = .
In particular, this same 0 should work regardless of what x is, so we are not allowed to choose 0
based on x. On the other hand, if we change the order of the quantifiers to be “For every z € R,
there exists 0 € R with z + 0 = x.” then we would allow 0 to possibly depend on x, which is not
quite strong enough to be useful.

For another example, consider the statement “For every person x, there exists a height y such that
x is y meters tall.” Note that here the existential quantifier comes after the universal quantifier,
so that the height y associated to z is allowed to depend on z. If we switch the quantifiers, we
obtain the patently false statement “There exists a height y such that for every person x,  is y
meters tall,” which says that every person is exactly the same height (y meters) as every other
person!

These two examples illustrate how subtle differences in wording can drastically change the overall
meaning of a logical expression, and therefore why it is so important to be precise.

The Complex Numbers

The complex numbers are defined in terms of real numbers. Here is one of many ways to do this.

Definition 1. A complex number is an expression of the form a + ib, where a,b € R and the
symbol ¢ is called the imaginary unit. We denote the set of complex numbers by

c¥ {a+1ib : a,beR}.
Addition and multiplication of complex numbers are defined via the formulas
(@a+ib) + (c+id) @ (a+c)+i(b+d) and (a+ib)(c+id) Y (ac— bd) +i(ac + bd)

for every a +ib,c+1d € C.




Remark 1. Note that if a,b € R then we have
(a+0i)+(b+0i))=a+b+0i and (a+ 0i)(b+ 0i) = ab+ 01,

so that we can think of the real numbers as the subset of the complex numbers where the real number a
corresponds to the complex number a + 0:. To simplify notation with complex numbers, we will simply
write a for a 4+ 07 and bi for 0 4 bi going forward.

Remark 2. With the observation in the last remark, note that for a,b € R we have
a+bi = (a+1i0)+ (b+10)(0+il) = (a+10) + (0 + ib) = a + ib,

so that the expression a + bi represents the complex number a + ib. (We will use the two expressions
interchangeably going forward.) The upshot here is that you can view the expression a + ib not only as
a complex number as defined above, but as a complex number built from adding the real number a to
the product of the imaginary unit ¢ = 0 + i1 and the real number b. This is a little pedantic, but again
we are trying to be precise!

Remark 3. Note that

i = (04 14)(0+13) = (0 — 1) + (0 — 0)i = —1.
In this sense, ¢ functions as a square root of —1. There is no real number with this property, and
therefore the presence of a square root of —1 distinguishes C from R. It also implies far deeper (and
more important) differences.

In particular, 7 is a solution to the polynomial equation 2% + 1 = 0, which has no real solution. One
amazing property of the complex numbers is that every polynomial equation a,x™ + a,_12" > 4 -+ +
a1x+ag = 0 (with n > 1 and a,, # 0) has a (complex) solution. This fact, known as the Fundamental
Theorem of Algebra, is neither fundamental nor a theorem of algebra. You will see a proof of
this result in a course in Complex Analysis, or Algebraic Topology, or (perhaps) Abstract Algebra
(although proofs given in Abstract Algebra need something from analysis, usually the Intermediate
Value Theorem). We'll say more about this result next quarter.

Remark 4. Let z = a + ib be a complex number, where a,b € R. We call a and b (respectively) the
real part and imaginary part of z, denoted by Re (2) “/ 4 and Tm (2) w©hy,
Note that if z,w € C, then z = w exactly when Re (2) = Re (w) and Im (z) = Im (w).

The complex numbers are also a field.

Theorem 1. The complex numbers form a field, in the sense that the operations of addition and
multiplication satisfy the following properties.

(Associativity) For every z,w,u € C, (z+w) +u = 2+ (w + u) and (zw)u = z(wu).
(Commutativity) For every z,w € C, 2+ w = w + z and 2w = wz.

(Identities) There exist unique numbers 0,1 € C such that 0 # 1 and for each z € C,
240 =z and 21 = z. The number 0 is called the additive identity, and the number 1 is
called the multiplicative identity.

(Inverses) Every z € C has a unique additive inverse —z € C satisfying z + (—z) = 0.
Every nonzero w € C has a unique multiplicative inverse % satisfying w% =1.

(Distributivity) For every z,w,u € C, z(w + u) = zw + zu and (z + w)u = zu + wu.




Proof. We will prove the properties involving multiplication here, and you will prove the properties
involving addition (including distributivity) on your homework.

For associativity of multiplication, let z + iy, + is,p +ig € C. Then the definition of complex
multiplication combined with associativity and distributivity of real number multiplication and commu-
tativity of real number addition yields

((x +iy)(r +is))(p +iq) = ((xr —ys) +i(xs +yr))(p + iq)

= ((xr —ys)p — (vs + yr)q) +i((xr —ys)q + (vs + yr)p)
= (vrp — ysp — xsq — yrq) +i(xrq — ysq + xsp + yrp)

= (xrp —xsq — yrq — ysp) +i(xrq + xsp — yrp — ysq)

= (z(rp — sq) —y(rq + sp)) +i(x(rq + sp) + y(rp — sq))
= (z +1y)((rp — sq) +i(rq + sp))
= (z +1y)((r +is)(p + iq)).

Proving Statements Involving Universal Quantifiers

To prove a statement with a universal quantifier, we must show that the claim holds for every
possible case without exception. Therefore our proof should reflect this. For example, to prove
that “Every Northwestern student is wearing purple today.” we must somehow show that every
student at Northwestern is wearing something purple today. Checking only a few students would
not suffice.

When proving a statement involving a universal quantifier, we must start by supposing that we
are dealing with a (generic) instance of the object in question. For example, our proof of the
statement of commutativity of complex number multiplication should begin with “Let z,w € C.”
This indicates that the only thing we are assuming about z and w are that they are complex
numbers. We will then argue that zw = wz, which will show that the product of any two complex
numbers does not depend on the order in which we compute the product. There are several
different standard phrases used to indicate a universal quantifier, but this is the most basic one.
We will point out the variations (and how to deal with them when writing proofs) when we
encounter them.

For commutativity of multiplication, let x + iy, r 4+ is € C. Then the definition of complex multipli-
cation and commutativity of real number multiplication yields

(x 4+ 1iy)(r+1is) = (xzr —ys) +i(zs +yr) = (re — sy) +i(sx +yr) = (r +1is)(x + ).

Proving Statements Involving Existential Quantifiers

To prove a statement with a existential quantifier, we must show that there is at least one object
with the specified properties. Therefore we must somehow produce such an object, and then
argue that the object we produced satisfies the claim. For example, to prove that “There is a
Northwestern student who is wearing purple today.” we must somehow wrangle up at least one
student and demonstrate that they are wearing purple. A single student would do.

When proving a statement involving an existential quantifier, we must somehow produce the
required object, and then argue that it satisfies the claim. For example, in the proof of the
existence of an additive identity in C, we will actually define the object that should be “0”, and
then prove that this object satisfies the “additive identity” property.




For the multiplicative identity, define 1 =N} + 02. Let x + iy € C. Then
(x +iy)l = (21 — y0) +i(20 + yl) = = + iy.

To show uniqueness of the multiplicative identity, we must show that there cannot be a different multi-
plicative identity. To this end, suppose that 1’ € C is a multiplicative identity. Then 1’ = 1'1 = 11’ = 1.

We now show existence and uniqueness of multiplicative inverses. Let w = r +is € C, and assume
that w # 0. Then at least one of r or s is nonzero, so that 72 + s? > 0. Define

1 gef 7 -5 .
— = + 1.
w r2 452 24 g2
Then . ) )
T —S r°+Ss —rs -+ sr
we = r—l—si( n i): i=140i=1
w ( )724_52 72+ 2 72+ $2 "2+ 2

Therefore i is a multiplicative inverse of w. For uniqueness, suppose that b € C is another multiplicative

inverse for w. Then 1 1 1 1
b= b1 =b(w—) = (bw)— = 1= = —.
w w w w



The Real and Complex Numbers

The Real Numbers R

The real number system R (with the usual + and -) is a field:
(Associativity) For every z,y,z € R, (x +y) + 2z =2+ (y+ 2) and (zy)z = z(yz).
(Commutativity) For every z,y € R, x + y = y + x and zy = yz.

(Identities) There exist unique numbers 0,1 € R such that 0 # 1 and for each z € R,
x4+ 0 =2 and x1 = x. The number 0 is called the additive identity, and the number 1 is
called the multiplicative identity.

(Inverses) Every z € R has a unique additive inverse —x € R satisfying = + (—z) = 0.
Every nonzero y € R has a unique multiplicative inverse i satisfying yi =1.

(Distributivity) For every z,y,z € R, 2(y + 2) = 2y + 2z and (v + y)z = 2z + y=.

The Complex Numbers C



Theorem 2. The complex numbers form a field, in the sense that the operations of addition
and multiplication satisfy the following properties.

(Associativity) For every z,w,u € C, (z + w) + u =z + (w+ u) and (zw)u = z(wu).
(Commutativity) For every z,w € C, z + w = w+ z and 2w = wz.

(Identities) There exist unique numbers 0,1 € C such that 0 # 1 and for each z € C,
240 =z and z1 = z. The number 0 is called the additive identity, and the number
1 is called the multiplicative identity.

(Inverses) Every z € C has a unique additive inverse —z € C satisfying z+(—z) = 0.
Every nonzero w € C has a unique multiplicative inverse % satisfying w% = 1,

(Distributivity) For every z,w,u € C, z(w + u) = zu + wu and (z + w)u = zu + wu.




The Complex Plane

Absolute Value and Conjugation

Proposition 1 (Properties of Conjugation). The following hold for every z,w € C.

ire andIm(z):Z_,Z
2 21

(c) z=zif, and only if, Im (z) = 0 (i.e. if z is real).

(d) 2z = |2|?

(e) z+w=ZzZ+w, Zw = zZw, and if z # 0, then (%) :%.




Lecture 2: More Complex Numbers

Learning Objectives:
e Discuss the real and complex number fields, and prove basic properties of them.

e Investigate first examples of several proof techniques, including contradiction and contraposi-
tion.

We can derive sophisticated properties of addition, subtraction, multiplication, and division using the
fundamental ones above. We will not prove every possible property, but here are a couple examples to
indicate what the arguments look like.

Remark 5. In class we looked at Example [I| and Example 4| as written, and our discussion led us to
consider the other examples below as a means to illustrate a couple more proof techniques. This was a
little awkward because the order of these extra results weren’t planned, but I've written them up below
in a more thoughtful ordering.

Example 1. For every z € K, z0 = 0.

Proof. Let z € K. Then since 0 = 0 + 0 and by the distributivity of multiplication over addition,
20 = 2(04 0) = 20 + 20.
Therefore

0 =20+ (—(20)) = (20 4+ 20) + (—(20)) = 20 + (20 + (—(20))) = 20 + 0 = 20.

Example 2. The additive identity 0 € K does not have a multiplicative inverse.

Proof. We proceed by mean of contradiction. Suppose that 0 has a multiplicative inverse w € K. Then
we have Ow = 1. But the last result implies that Ow = 0, so that 0 = 1. But this contradicts the fact
that 0 # 1 in K. Therefore 0 does not have a multiplicative inverse. O

Proof by Contradiction

One possible way of attempting to prove an implication of the form “If P, then @).” is to assume
that P holds and that ) does not hold, and then argue that there is a contradiction (i.e. a
statement that we know to be false because we know that its negation is true). Therefore if P
holds, then ) must also hold because it is impossible for “not @)” to hold.

In the previous example, we attempted to prove an implication of the form “If z = 0, then z does
not have a multiplcative inverse.” Here P is the claim “z = 0”7, and @) is the claim “z does not
have a multiplicative inverse.” We assumed that z = 0 (P) and that z does have a multiplcative
inverse (not ), and showed that 0 = 1, which contradicts the fact that 0 # 1. Therefore it is
impossible for (not @) to hold if P holds, so that @ holds whenever P holds.

10



Contrapositive of a Logical Statement

Sometimes there are equivalent ways of phrasing the same logical statement. One standard ex-
ample is the contrapositive of a logical implication. The contrapositive of an implication of the
form “If P, then @).” is the statement “If () is false, then P is false.” For example, the statements

"1f z = 0, then z does not have a multiplicative inverse.”
and
If 2 has a multiplicative inverse, then z # 0.

are contrapositives of each other, and therefore are logically equivalent (i.e. that are each valid,
or they are each invalid).

We can actually prove that an implication and its contrapositive are equivalent using contradiction.
Assume that “If P, then ().” holds, and suppose that () does not hold. If P held, then () would
also hold. Because () does not hold by assumption, we have a contradiction. Therefore P must
not hold. In other words, “if () is false then P is also false.” The same argument shows that if the
implication “If @) is false, then P is false.” holds, then “If P, then ).” must also hold.

Example 3. Let z € K. If 2z has a multiplicative inverse, then z # 0.

Proof. Note that the statement “If z has a multiplicative inverse, then z = 0.” is exactly the contrapos-
itive of the claim “If z = 0, then z does not have a multiplicative inverse,” which we proved in Example
2 m

Example 4. Let z,w € K. If zw = 0, then either z =0 or w = 0.

Proving Implications

Here we are asked to prove an implication of the form “If P, then Q,” where P is the statement
“zw = 0”7 and @ is the statement “either z = 0 or w = 0.” To prove a statement of the form “If
P, then Q”, we must show that ) holds whenever P holds. We are not proving that P holds, but
rather we are proving that if we find ourselves in a situation where P holds, then we are justified
in concluding that @) must also hold.

Proof. Suppose that zw = 0. If w = 0 then we are done, so suppose that w # 0. Then we multiply both
sides of the equation 0 = zw by % and apply the previous result and associativity of multiplication to
obtain

0= 0l = (zw)l = z(wl> =zl=z

w w w

Example 5. We give a second proof of the previous result: Let z,w € K. If zw = 0, then either z = 0
or w = 0.

11



Proof by Contraposition

Because the contrapositive “If @) is false, then P is false.” is logically equivalent to “If P, then
(),” we can establish a claim of the form “If P, then ).” by proving its contrapositive “If ) is
false, then P is false.” We will illustrate this here.

Proof. We proceed by contraposition, and will show that if neither z = 0 nor w = 0, then zw # 0.
Suppose that neither z = 0 nor w = 0, so that z # 0 and w # 0. Because z,w are nonzero, they have
multiplicative inverses % and i Therefore

11 1 1
zw(——) =z2—-w—=1-1=1,
Zw z w
so that zw has a multiplicative inverse. The result in Example |3 then implies that zw # 0. O]

The Complex Plane

Many of the ideas of complex analysis (including basic ones) can be understood geometrically via the
identification of a complex number z = x + ¢y with the point (x,y) in the usual Cartesian plane. In this
way, we think of C as the complex plane (in analogy to your understanding of R as the real line). The
x-axis of the complex plane is called the real axis, while the y-axis is called the imaginary axis.

~1+QAL
°

>
X = Rel2)

-9

Absolute Value and Conjugation

The analogy between complex numbers and points in the plane suggests that we should measure the
‘size’ |z|] of a complex number z, the absolute value (or sometimes called modulus) of z, as the
distance from z to 0 as points in the plane. That is, we define

12| = o+ iy] € ar 2

The properties of the absolute value for complex numbers mirror those for the absolute value of real
numbers. In particular, we will soon prove that |z129| = |21]|22| for complex numbers 2y, z5. (We will
actually prove a generalization of this result.)

For now, recall that

lz|> = 2% (and therefore |z| = Va2) for every z € R. (1)

This cannot possibly hold for complex numbers, though, since |i|* = 1 # —1 = ¢?. To generalize to
complex numbers, we need to introduce the notion of complex conjugation.

12



Definition 2. The (complex) conjugate Z of a complex number z = x + iy € C is defined to
be

Z=x -+ :fx—z'y.

When thought of in terms of the complex plane, conjugation z + z sends a number z to its reflection
across the real axis, z.

Z = x«-ly

s B )

¢ Z’:X“;'}"

The basic properties of complex conjugation are summarized in the following proposition.

Proposition 2 (Properties of Conjugation). The following hold for every z,w € C.

ire andIm(z):Z_,Z
2

z if, and only if, Im (z) = 0 (i.e. if z is real).

(c) z
(d) 2z = |z|?

(e) z+w=2+w, 2w = zw, and if 2z # 0, then (%) -

I

J

\.

Proof. The proof is very short. Let z,w € C and write z = x4+ iy and w = r +is. For (a), we note that

Zz=x—iy=x+1y=z.
For (b), we simply compute that

z24+ZzZ x4+ (r—iy) 2 z—z zx+iy—(z—1y) 2y
pu— = — pr— R d p— _ — pr— I .
5 5 5 = e(z) an 5 5 o Y m ()

For (c), suppose that Z = z. Then by (b) we have Im (z) = %% = 0. Conversely, suppose that

Im (z) = 0. Then (b) gives 0 = 232, so that z — zZ = 0, and therefore z = Z.

13



“If, and only if”

We will regularly see statements of the form “P if, and only if, Q.” (Symbolically: P < @.) This
is shorthand for the two separate statements “If Q then P.” (QQ = P, or “P if Q") and “If P then
Q.” (P = @, or “P only if Q7). To prove an “if and only if” statement, you need to prove both
implications. Typically you must consider each implication separately. We illustrate this in the
proof of Property (c) of Conjugation.

The statement “P if, and only if, Q7 is sometimes stated that @) is “necessary and sufficient” for
P to hold. “Necessary” means that if P holds, then () necessarily holds; this is the “If P, then
Q.” implication. “Sufficient” means that to conclude that P holds, it is sufficient to know that @)
holds; this is the “If Q, then P.” implication.

We prove (d) by writing
2z = (z+iy)(z —iy) = (2* +y°) +i(—2y + yz) = 2* + y* = |2|>.

Finally, we turn to (e). The first and second formulas follow by writing

ztw=(x+r)+ily+s)=(x+r)+i(-y—s)=(r—iy)+(r—is)=z+w

and

=0 = (a7 — ys) + i(@s + yr) = (ar—ys)—i(wstyr) = (2r—(—y)(=s))+i(e(=s)+(=y)r) = (2—iy)(r—is) = Zo.

For the third claim, suppose that z # 0. Then Z # 0 and the second claim implies that

/1 1 -
z(—)zz—zlzl.
z z

1

By the uniqueness of multiplicative inverses, (;) = O

NN

Remark 6. Note that part Property (d) of Conjugation gives us a better way to understand where
the formula for % comes from. If w = r 4 is € C with w # 0, then at least one of r, s # 0 so that
|w|? = r? + s* > 0. Then we have

1 1w W 1 ) T S

w wE:|w|2:r2+32(r_81)zr2+82_7"2—1—3227

which is exactly the formula we produced in the proof that complex numbers have multiplicative inverses!

There are many properties of real and complex numbers that we wish to use, but which we do not
yet have the machinery to prove. For example, consider the following statement:

For every n € N with n > 2 and every z1,...,2, € C, |z129- - z,| = |z1]|22] - - - | 2n]-

Here we are not proving one single claim involving arbitrary complex numbers, but an infinite number
of claims. The claim when n = 2 is that for every z;, z0 € C we have |z1 25| = |21]|22|. The claim when
n = 3 is that for every zi, 20, 23 € C we have |z12023| = |21]|22]|23], and so on. You might try to tackle
these claims individually, but the core difficulty is immediate: you will never prove an infinite number
of claims one-by-one. We need some logical technique that will allow us to establish all of the claims at
once. The technique is called the Principle of Mathematical Induction.
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Lecture 3: Mathematical Induction

Learning Objectives:

e Apply the Principle of Mathematical Induction to prove families of logical statements.

There are many properties of real and complex numbers that we wish to use, but which we do not yet
have the machinery to prove. For example, consider the following statement:

For every n € N with n > 2 and every z1,...,2, € C, |z129- - z,| = |z1]|22] - - - | 2n]-

Here we are not proving one single claim involving arbitrary complex numbers, but an infinite numaber
of claims. The claim when n = 2 is that for every z1, zo € C we have |z122| = |21]|22|. The claim when
n = 3 is that for every 2, 29, z3 € C we have |212023| = |21]]22]|23], and so on. You might try to tackle
these claims individually, but the core difficulty is immediate: you will never prove an infinite number
of claims one-by-one. We need some logical technique that will allow us to establish all of the claims at
once. The technique is called the Principle of Mathematical Induction.

The idea behind mathematical induction is as follows. Suppose that m € 7Z and that we have a
sequence of logical statements P(m), P(m+1), P(m+2), etc. In the example above, m = 2 and P(2) is
“For every z1, 29 € C, |2122] = |21||22|,” P(3) is “For every zi, 29, z3 € C we have |z12023] = |21]]22]|23],”
and so on. Then we can conclude that P(n) holds for every integer n > m if we show that

(i) P(m) (i.e. the base case, or the “first” statement) holds, and
(ii) If £ > m and P(k) holds, then P(k + 1) also holds.

Part (ii) is called the induction step, and the hypothesis that P(k) holds is called the induction
hypothesis.

Let’s see how this plays out. Once we establish (i), then we know that P(m) holds. Once we establish
(ii), then we know that because P(m) holds, P(m + 1) also holds. But then (ii) shows that because
P(m+1) holds, P(m + 2) must also hold, and so on. In short, the Principle of Mathematical Induction
then implies that P(n) holds for every integer n > m. If we view P(m), P(m + 1), P(m + 2), etc. as
rungs on a ladder, then the base case shows that we can get onto the bottom rung of the ladder, and
the induction step shows that if we are standing on any given rung of the ladder, then we can climb
onto the next rung. In this analogy, the conclusion is that we will eventually climb past each rung of
the ladder. Here is an example.

Proposition 3. For every n € N with n > 2 and every z,...,2, € C, |z120---2,] =
|21]|22] - - - |20

Proof. We proceed by mathematical induction.
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Base Case: For the case where n = 2, let 21, 20 € C and write z; = a + ib and 25 = ¢+ id. Then
|z120| = |(ac — bd) + i(ad + be)|
= /(ac — bd)? + (ad + bc)?
=Va2c? — 2abed + b2d? + a2d? + 2abed + b2
— \/@202 1+ b2d2 + a2d? + b2c2
= /(a2 +2)( + d2)
= V(@ + )/ (2 + &?)

= |21]|22].

Induction Step: Let n € N with n > 2.

Induction Hypothesis: Assume that for every z1,...,2, € C, |z1 -+ 2z,| = |2z1| -+ - | 2]

Proof of the Induction Step: Let zq,...,z,, 2,41 € C. Then the base case (applied to (z---z,) and
zn+1) followed by the induction hypothesis (applied to z; - - z,,) yield

|21 ZnZnga] = |21 2l zna| = [21] - - 2l |20 -
By the Principle of Mathematical Induction, the proof is complete. O

On your homework you will prove other properties of complex numbers similar to that in the previous
example. Examples include:

e For every n € N with n > 2,
Re(z1+---+2z,) =Re(z1)+---+Re(z,) and Im(z+ - +2,) =Im(z)+ -+ Im(z,)
for every z1,...,2, € C.
e For every n € N with n > 2,

Zl_i__i_zn:?l_'_._‘_z and Zl...znzzl...zn

for every z1,...,z, € C.
e For every n € N with n > 2, and every zy,...,2, € C, if z129---2z, = 0 then at least one of
21y, 2n = 0.

Induction is also a great way to prove interesting algebraic formulas.

n(n+1).

Proposition 4. Foreveryn e N 14+24+3+---4+n = 5

Proof. We proceed by mathematical induction.

Base Case: For the base case where n = 1, we note that 1 =
Induction Step: Let n € N.

Induction Hypothesis: Assume that 1 +2+---+n = n(";l)

Proof of the Induction Step: We apply the induction hypothesis to see that

1(2) _ 1(141)
> =3 -

n(n+1 nn+1) 2n+1 n+1)(n+2 n+1)((n+1)+1
Loty = M0 ) D) 2041 (e D) (kD)4
2 2 2 2 2
By the Principle of Mathematical Induction, the proof is complete. O

16



Induction is a very general logical device, and can be used to prove all sorts of claims. Here are two.

Proposition 5. For every n € N, 22" — 1 is divisible by 3.

Proof. We proceed by mathematical induction.
Base Case: For the case where n = 1, note that 22 — 1 =4 — 1 = 3 is divisible by 3.
Induction Step: Let n € N.
Induction Hypothesis: Assume that 22" — 1 is divisible by 3.
Proof of the Induction Step: Because 22" — 1 is divisible by 3, there is an integer m with 22 — 1 = 3m.
But then
22t ] =4.2 _1=4.(2"-1)4+3=4-3m+3=34m+1).

Because 4m + 1 is an integer, 22("*Y — 1 is divisible by 3.

By the Principle of Mathematical Induction, the proof is complete. ]

Proposition 6. For every n € N with n > 4, n? > 3n.

Proof. We proceed by mathematical induction.

Base Case: For the case where n = 4, note that 4% = 16 > 12 = 3(4).
Induction Step: Let n € N with n > 4.

Induction Hypothesis: Assume that n? > 3n.

Proof of the Induction Step: We compute that

n+1)2=n*+2n+1>3n+2n+1=3n+2+1=3(n+1).

By the Principle of Mathematical Induction, the proof is complete. O

Remark 7. Mathematical induction can be taken as a basic principle of logical reasoning, but we can
“prove” that induction holds if we instead adopt other basic principles. One of these, the Well-Ordering
Principle, states that every nonempty subset of the natural numbers contains a least element. That
is, for every S C N, if S # () then there exists m € S such that for every k € S, m < k. As it turns out,
not only can one prove that the Principle of Mathematical Induction is valid using the Well-Ordering
Principle, but one can also prove the converse: if the Principle of Mathematical Induction is valid, then
so is the Well-Ordering Principle. This equivalence is explored in one of your homework problems.

Remark 8. We may need a variant of the principle of mathematical induction this year called strong
induction, where the induction hypothesis is that for each k& € N, if P(j) holds for every 1 < j < k,
then P(k+1) also holds. In the “ladder” analogy, we are essentially assuming that we have been on the
first k£ rungs of the ladder in order to show that we can climb onto the k£ + 1-st rung. This is more than
we assume for ordinary induction, where only the knowledge that we are on the k-th rung is used to
show that we can climb onto the k£ + 1-st rung. We will see an example discuss this more if it is needed.
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Lecture 4: Vectors

Learning Objectives:
e Define vectors as objects representing displacement in space.
e Interpret vector addition and scalar multiplication geometrically.
e Establish the basic algebraic properties of vector addition and scalar multiplication.

e Compute the length of a real vector, and show how scalar multiplication affects length.

Definition 3. A point P in R" is an ordered n-tuple P = (ay,...,a,), where ay,...,a, € R.
The numbers aq, ..., a, are called the standard coordinates of P.

We can visualize this coordinate system as follows. In R™ we fix a point—the origin—and draw
n mutually-perpendicular lines (copies of the real number line called the coordinate axes) passing
through the origin. Here are two such drawings for R? (with the coordinates of a point labeled (z,, 2)):

Depending on the application, we might sometimes was to change our vantage point when sketching the
coordinate axes. For example, the two pictures above represent the same space from different vantage
point: by rotating our view in the first picture slightly around the z-axis, we get the second view.
Alternatively, we could have rotated the original view around the z-axis origin by ‘pulling’ the positive
z-direction directly towards us to give the following picture:

We will always label these axes so that each picture we draw looks like it has the same coordinate
system, only perhaps viewed from a different vantage point. The convention is the right-hand rule: if
you extend your right hand and position your wrist at the origin in such a way that both

e your fingers point along the positive z-axis, and
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e when you curl your fingers by 90° they point along the positive y-axis,

then your thumb will point along the positive z-axis. Here is a pictureﬂ
XX AZ
z L
P

A coordinate system labeled in this way is called right-handed. To avoid confusion later on in the
course, you should always draw your coordinate systems to be right-handed.

Location vs. Displacement

A point P is a location in R™, and the standard coordinates of P describe the location of P relative to

the origin O = (0,...,0). Vectors in R™ allow us to capture displacement from one point to another
point. In this way, vectors capture change of location.

Definition 4. A vector 7 in R” is a column of scalars x1,...,x, € R, denoted by
T
_ def
xr =
Tn
The scalars z1, ..., x, are called the entries of Z.

The relationship between points and vectors is captured by the following definition.

T
Definition 5. Let P (ay,...,a,) and Q & (by,...,b,) be points in R”, and let 7/ | : | be
xn
a vector in R™. Define
b1 — ap
def .
Q—P=(by,...,b,) — (a1,...,a,) = : (2)
bn — Qp
and
T1
P+v=(ay,...,an)+ | : déf(al—l—xl,...,an—irxn). (3)
‘/L‘n

IThis was retrieved from https://stackoverflow.com/questions/19747082/how-does-coordinate-system-handedness-
relate-to-rotation-direction-and-vertices.
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Remark 9. Because a vector represents displacement from an initial location to a terminal location,
we visualize it as a directed line segment (arrow) from the initial location to the terminal location.

CYl} ‘*-‘/yrh

LK“ ..--/¥n\

As a measure of the size of the displacement represented by a vector, we define the length of a vector
in R" as follows.

Definition 6. Let ¥ € R", and write ¥ = [ : } Then we define the length (or norm or

magnitude) of ¥ to be

2]l =1 2423+ + 22

Remark 10. Note that for a vector Z in R, R? and R?, the length of 7 is exactly the distance from
the point (z1,...,x,) to the origin (0,...,0).

Remark 11. Equations and ensure, for example, that

bl—al
P—l—(Q—P):(al,---,an)—i— :(a1+(b1—al),...,an+(bn—an)):(bl,...,bn):Q

bn_an

for every pair of points P and @) in R™. The vector () — P describes the displacement from P to (), and
we obtain the point () by adding the vector () — P to the point P.

The (seemingly pedantic) distinction between points and vectors will be important in multivariable
calculus. Until then, it will be helpful to conflate the notions of point and vector using position vectors.

Definition 7. If P = (ay,...,a,) is a point in R", then we define the position vector p of P as

ﬁ@P—O—[w.

an

Going forward, we will simply write p’ € R"™ to mean that p is a vector in R™. In certain contexts it
will be helpful to interpret p as the position vector for a point in R"™, in which case we should interpret
P as representing this point.
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Complex Vectors

Although we will exclusively limit our geometric considerations of vectors to vectors in R”, as algebraic
objects (i.e. arrays of scalars) we are also interested in vectors with complex entries.

Definition 8. A vector ¥ in C" is a column of scalars z1,...,xz, € C, denoted by
T
_ def
Tr =
Tn
The scalars z1, ..., x, are called the entries of Z.

Remark 12. We will discuss the algebraic properties of vectors in the general context of K™ (i.e. either
vectors with real entries or vectors with complex entries). We will still continue to rely on the case of
R" for geometric intuition, although many of our results and constructions immediately generalize to
the case of C" even if the geometric interpretation does not. Later on in the course we will learn how to
understand C" in terms of R?". We will also see some ways that R" is algebraically different than C",
but these will not arise until later.

Vector Arithmetic

There are two fundamental algebraic operations on vectors: vector addition and scalar multiplication.

Definition 9. Let #,y € K", and let ¢ € K be a scalarEl
x1 (1 T1+
= 1 = . .| def .
rTHy=|: [+ = :
T Yn Tpn + Yn
and
I CI1
- def o
¢ =c = |
T CTy

Remark 13. In the real case, vector addition and scalar multiplication can be understood through our
understanding of how vectors model displacement. For example, if P = (a4, ..., a,) is a point in R” and
if Z, ¢ € R™ are vectors, then the point (P + &) + ¢ obtained by displacing P by &, and then displacing

2Here and throughout, when K or K" appear in a definition, result, or example, we mean that all instances of K and
K™ must be interpreted as R or R”, or that all instances of K and K™ must be interpreted as C and C™. In the rare
instances where we need to refer to real numbers in some parts and complex in others, we will not use the K notation.
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the result by ¥, can be described as displacing P by the single vector & + ¢/, since

Y1
(P+d)4+y=(a1+x1,...,0, +x,)+
Yn
= (a1 +21) + Y1, (@0 + 20) + Yn)
=(m+ (@x14+vy1),....an+ (X +yn) = P+ (T4 7).

Remark 14. For vectors in R”, addition and scalar multiplication can be interpreted geometricallyﬂ

through our understanding of vectors as representing displacement.

For 7,1 € R", the vector £+ is the displacement obtained by displacing our location by Z, and then
displacing our new location by y. If we started at (say) the origin, then '+ is the opposite corner of the
parallelogram with one vertex at the origin and the vectors ¥ and ¢ (both drawn starting at the origin)
forming adjacent edges. With this interpretation it is also clear that we should have ¥ + i = ¢+ &, but

this is something that we will establish algebraically.
(‘(\ e=n /‘Lrﬁ

Shmeal L (3&1*?! ]~ ‘“flhﬁ\ﬁ)“yﬂ‘\}

Y,

v

(7‘/ *“)‘/,ﬁ

For scalar multiplication, note that if ¢ € R then the entries of the vector ¢ are exactly the entries of
Z, but where each has been multiplied by ¢. Therefore displacement by cZ should place us along the
same ‘line’ through our starting point as would displacement by Z, but we expect that the ‘magnitude’

(or ‘size’) of the displacement would change.

o )-
P
x

3Here is a perfect instance of where we are relying on R™ (say for n = 2 or n = 3) for intuition because the same
intuition doesn’t easily hold for vectors in C™.
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Indeed, note that

lezll = V/(ca)? + -+ (can)? = Ve Jad + -+ 22 = ||,

so that scaling Z by ¢ results in a vector whose length is exactly |c| times as long as the length of 7.
Note also that if ¢ < 0 then the signs of the entries of ¢ would be reversed from those of Z, so that
multiplication by a negative number should flip the direction of Z.

The algebraic properties of vector addition are as follows.

Proposition 7 (Properties of Vector Addition). Vector addition satisfies the following properties.
(i) (Associativity) For every &, ¢, 2 € K",

T+ W+2)=(

8y
_|_
&
_|_

N

(ii)) (Commutativity) For every &,y € K",
T+y=y+7
(iii) (Additive Identity) There is a unique vector 0 € K™ such that for every # € K™,
F+0=7.
(iv) (Additive Inverses) For every & € K" there exists a unique vector —# € K" such that

Z+ () =0.

Proof. We prove (ii) and (iii) here; parts (i) and (iv) are on your homework assignment.
For (ii), let Z,y € K™. Write

I Y1
= and ¢y =
Tn Yn
By the commutativity of addition in K,
21| (1 1+ Y1+ T (1 xy
rty=|:|+|:|=| + |=| + |[=||+]||=v+7
L | Yn Tn + Yn Yn + Tn Yn Tn
— 07
For (iii), define 0 = | : |. Let ¥ € K", and write
0
X1
r=|:
Tn
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Then because 0 is the additive identity of K,
1+ 0 1
740 = : =] =
z, +0 T

s

For uniqueness, suppose that 0’ € K is an additive identity. Then 0/ = 0/ + 0 = 0 because 0/ and 0 are
additive identities. O

There is a similar list of properties for Scalar Multiplication.

Proposition 8 (Properties of Scalar Multiplication). Scalar multiplication satisfies the following
properties.

(i) (Associativity) For every # € K" and a,b € K,
a(bZ) = (ab)Z.
(ii) (Distributivity over Scalar Addition) For every ¥ € K" and a,b € K,
(a + b)Z = a + bZ.
(iii) (Distributivity over Vector Addition) For every 7,y € K and a € K,
a(Z+9) = aZ + ay.
(iv) (Multiplicative Identity) For every # € K",

17 = 7.

Proof. The proofs of these result are all similar in flavor to the proofs of the Properties of Vector
Addition, so we leave them as an exercise. O

The above properties of vector addition and scalar multiplication allow us to give algebraic proofs
of geometric claims, as the following examples show.

Example 6. Fix a, b, c € R with at least one of a, b nonzero, and consider the line L in R? described by
the equation ax + by = c. Let @, € R? be two nonzero vectors whose endpoints lie on L. That is, the
entries of ¥ = [14] and W = [43 ] each satisfy the equation ax + by = ¢. Then the endpoint of ¥+ o/ lies

on L if, and only if, ¢ = 0 (i.e. exactly when L passes through the origin).
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To prove this, note that 7+ @ = [217%!], and

a(vy + wy) + b(vy + wy) = (avy + bug) + (awy + bws) = ¢+ ¢ = 2c.

Therefore, if the endpoint of ¥+ w lies on L we must have 2c = ¢, so that ¢ = 0. On the other hand, if
¢ = 0 then 2¢ = ¢, so that the endpoint of v+ @ lies on L.

Example 7. Fix a,b € R with at least one of a,b nonzero, and consider the line L in R? through the
origin described by the equation ax + by = 0. Let @, W € R? be two nonzero vectors whose endpoints lie
on L. That is, the entries of ¥ = [} ] and & = |4, ] each satisfy the equation ax + by = 0. Then each of
U or W is a scalar multiple of the other.

2
A\

Co, U} T

To prove this, suppose that ¢ = 0. Because one of a,b is nonzero, let us assume (without loss of

generality) that a # 0. Because av; + bvg = 0, v; = —302. If v = 0 then v; = 0 as well, contradicting
the assumption that v # 0. Therefore vy # 0. Similarly, w, = —Swg and wy # 0. Because wy # 0, we
can define A = ;’}—22 Then vy = Awsy, and
b b b
V1 = ——VUy = ——)\U)Q = )\( — —U)Q) = )\wl,
a a a

so that ¥ = \d.
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Properties of Vector Addition and Scalar Multiplication

Proposition (Properties of Vector Addition). Vector addition satisfies the following proper-
ties.

(i) (Associativity) For every &, ¥, 2 € K",
T+ G+2)=(F+9 +72
(ii) (Commutativity) For every &,y € K",
I+y=y+7
(iii) (Additive Identity) There is a unique vector 0 € K™ such that for every # € K",
F+0=17.
(iv) (Additive Inverses) For every ¥ € K™ there exists a unique vector —& € K" such that

i+ (-7) =0.

Proposition (Properties of Scalar Multiplication). Scalar multiplication satisfies the follow-
ing properties.

(i)
(i)
)
)

Associativity) For every ¥ € K" and a,b € K, a(bZ) = (ab)Z.
Distributivity over Scalar Addition) For every ¥ € K" and a,b € K, (a4 )7 = a2 + bZ.

(iii) (Distributivity over Vector Addition) For every #,y € K and a € K, a(Z+¢) = aZ+ ay.

(
(
(
(

(iv) (Multiplicative Identity) For every & € K", 17 = 7.




Lecture 5: Linear Combinations

Learning Objectives:
e Define the notion of linear combination of vectors.
e Express vectors and sets of vectors in terms of linear combinations.

e Determine when a list of vectors contains a redundant vector.

We start by discussing an example that was included in the notes from last time.

Example 8. Fix a,b, c € R with at least one of a, b nonzero, and consider the line L in R? described by
the equation ax + by = c. Let ¥, € R? be two nonzero vectors whose endpoints lie on L. That is, the
entries of ¥ = |13 ] and W = [ ] each satisfy the equation ax + by = c¢. Then the endpoint of ¥+ 0 lies

on L if, and only if, ¢ = 0 (i.e. exactly when L passes through the origin).

To prove this, note that ¥+ @ = [J114!], and

a(v1 + U)l) + b(’UQ + UJQ) = (0/01 + bUQ) + (aw1 + bwg) =c+c=2c.

Therefore, if the endpoint of v 4+ w lies on L we must have 2¢ = ¢, so that ¢ = 0. On the other hand, if
¢ = 0 then 2¢ = ¢, so that the endpoint of ¢+ @ lies on L.

Linear Combinations

Vector addition and scalar multiplication allow us to use a small number of vectors in K" to efficiently
describe large sets of vectors. Indeed, the goal of understanding subsets of K" as generated by sums and
scalar multiples of a given set of vectors will dominate our efforts for the entire linear algebra portion
of MATH 291. Let’s give a precise name to the type of construction we have in mind.

s N

Definition 10. Let ¢}, ..., 9, € K". A linear combination of v7, ..., 4, is a sum of the form

01171 -+ 62172 P 000 o le_fm,

where ¢, ¢a, ..., ¢, € Kare scalars (sometimes called the coefficients of the linear combination).

Linear combinations are the foundation of most of the sophisticated ideas we will discuss this quarter,
and the interesting questions in linear algebra often involve them. Let’s see a few examples to help us
understand what they represent and how they will be used.
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Example 9. Fix a, b, c € R with at least one of a, b nonzero, and consider the line L in R? described by

the equation ax + by = ¢. We will describe the set of vectors ¥ = [ | whose endpoints lie on L.
Because one of a or b is nonzero, we’ll address the case where a # 0 (the case where b # 0 is similar).

Suppose that ¥ is the position vector of a point on L. If we write ¥ = [3], then we have az + by = ¢, or

rather x = ¢ — gy In particular, we have
b c b
Y| e T a
=[] = [i] =[]

3-F371-1

Therefore, we have show that if ¥ is the position vector of a point on L, then there exists y € R such

that ,
L]

Moreover, if ¢ has this form then the first entry of v'is £ — gy, so that a(ﬁ — %y) +by=c—by+by =c.

[@nX¥-NIe

Therefore,

4 _°t
L= {276 R? : there exists y € R with ¥/ = {6} +y { 1“}}.
In other words, we have written the position vector of each point on L as a linear combination of
the two vectors [g} and [_13]. The first of these is the position vectors of a point on L, and scalar

multiples of the second vector are used to describe the other points on L in terms of their displacement
from (£,0).

Ny

LT—%C\(.},\ 4 0‘*’:‘17).3(%

Remark 15. In the previous example, if ¢ = 0 (i.e. if L passed through the origin), then we actually
could represent L as

_b
L—{ﬁeRQ : thereexistsyERWithﬁ—y{1“}}.

Remark 16. Note that the exact same arguments show that if a,b,¢ € C with at least one of a,b
nonzero, then the entries of z € C? solve the equation ax + by = ¢ exactly when there exists y € C

with 2 = [g] +y [_13 } Although the interpretation of this in terms of points and lines is no longer

accessible, the algebraic result is still valid in the complex case!
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Remark 17. Suppose that we are given a, be R?, and assume that neither of @ or b is a scalar multiple
of the other. For the vector ¢ shown, is it possible to express ¢ as a linear combination of a, b7

oL

We expect the answer here to be “yes,” as it appears that for suitable scalars x1,xs € R, the vector ¢
becomes the opposite corner of a parallelogram with one corner at the origin and with adjacent sides
10 and Igb In particular, we expect that ¢ = z;d + Jc2b

{p\'.‘l

This example was purely for intuition, but let us note that if &= [%] and @ = [&] and b = (1], then

there exist scalars z1, x5 € R such that x1a + {Egg = C exactly if

2 |9 +x bl | or rather | “1*1 oz e
" as 2 by c2|’ a1 + bawo c2|

Because two vectors are equal exactly when their entries are equal, the scalars xq, x5 should be solutions
of the following system of two equations:

a1r1 + bll'Q =C

asxq + bgl‘g = Co.
To summarize, ¢ is a linear combination of FL,I; when we can find scalars 1, xo that solve the system of
equations above. This is our first connection between vector arithmetic and systems of linear equations.

We will develop general techniques for solving systems of linear equations soon, so this is all we will say
about this example for now.
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Remark 18. Note that it is impossible to write [%] as a linear combination of vectors of the form

[Z{ﬂ , [é} . To see why, note that if there were scalars m,n € K with

0 a c am + cn am + cn
Of =m |b| +n|d| = |[bm+dn| = |bm+dn| ,
1 0 0 Om + On 0

then it would be true that 0 = 1. Because 0 # 1, there are no such scalars m,n € K.

These examples illustrate one of the fundamental questions of this quarter.

[ Fundamental Question: Representing a Vector as a Linear Combination of Other Vectors ]
Given vectors vy, ..., Up, b e K", how can we determine whether b can be expressed as a linear
combination of vy,...,v,,"

We will spend a long time studying the linear combinations of a given a list of vectors vy, ..., ¥,.

One might predict that including more vectors in this list will allow us to represent more vectors as
linear combinations of the list, but that isn’t always the case.

—

Proposition 9. Let vy,...,0,,u € K". Suppose that b € K" is a linear combination of
U, -« Un,u. If @ is a linear combination of vy,...,4,,, then b is also a linear combination of
Viyeo oy Unm-

Proof. Suppose that u is a linear combination of vy, ...,9,,. Choose scalars ay,...,a,, € K such that
U = a101+- - -+a,,V,,. Because b is a linear combination of v, . . ., ¥,,, U, there are scalars ¢y, ..., ¢, d € K
such that b = ¢;v; + - - - + ¢ U, + dti. Then we have

b= 101 + -+ ool + dit
v+ - F ek + d(agUy + - - F apUn)
= (1 +day)ty + - 4 (cm + dap,) Uy,

]

One interpretation of the previous proposition is that because we can represent exactly the same
vectors whether we use linear combinations of ¥y, ..., v,,,« and or vy,...,7,,, including the vector @
would not allow the list vy, ..., 9, to represent any additional vectors as linear combinations beyond
those it could already represent. For this reason, we think of « as redundantlﬂ If none of the vectors in a
list can be written as a linear combination of the other vectors in a list, then we think of each vector in
the list as “adding something meaningful” to the list that can’t be accounted for by the other vectors.
This leads us to another fundamental question.

Fundamental Question

Given vy, ...,7,, € K", how can we verify that none of v7,...,1,, can be written as a linear
combination of the others?

The answer to this question involves a full investigation of linear independence, which we introduce
next time.

4Your book gives a rigorous definition for this term, but we will not do so.
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Lecture 6: Span and Linear Independence

Learning Objectives:
e Define the span of a set of vectors, and develop intuition for simple cases.
e Characterize geometrically meaningful sets as the span of a set of vectors.
e Define the notion of linear independence, and prove its basic properties.

e Develop intuition for linear independence.

Last time we introduced the term linear combination to describe vectors that can be obtained as sums
of scalar multiples of other vectors. Because we wish to characterize which vectors can be obtained in
this way from a given (small) list of vectors, we make the following definition.

Definition 11. Let 4, ..., 1, € K". The span of ¢, ..., ¥, denoted span(vy,...,4,), by

— — d — —
span(uy, . .., Un) éf{clvl—i—---—l—cmvm D1y, 0m € K}

Example 10. Suppose that we are given a, be R?, and assume that neither of @ or b is a scalar multiple
of the other. Last time we argued that we expect that every vector & € R? can be written as a linear
combination of da, b. In other words, we expect that span(d, 5) = R2. We have not proved this yet, but
we will be able to do so soon.

The picture here illustrates why we use the word span here, as we picture the linear combinations of
@, b as “filling out” or “extending over” the entire plane R2.

Remark 19. The span of a set of vectors always includes the zero vectoxﬂ To see this, note that if
U1, ..., Uy € K™ then 0 = 00; 4 - - - + 09,,. Therefore 0 € span(vy, ..., U,).

. . . d = .. .
®As a matter of convention, we will define the span of the empty list of vectors as span() et {0}. This is only notation,
but it is notation that will make certain arguments and statements of results easier.
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Example 11. Last time we saw that the vectors ¥ = |3 ] whose entries solve the equation ax + by = 0

(where a is nonzero) all have the form 7 = A [‘13] for some scalar A € R. In other words, we saw that

the set of vectors whose entries solve ax + by = 0 is exactly span( [*13} )

Example 12. Consider the equation 6x — 2y + 3z = 0. The vectors v = [g] whose entries solve this

equation all have the form (using the fact that, say, y = 3z + %z)

F=|i| = [setae] =[] +2 m

for any choice of scalars x, z € R. In other words, the vectors whose entries solve the equation 6z — 2y +

3z = 0 are exactly
1
span( 31, ) .
0

Because neither of these vectors is a scalar multiple of the other, we expect that their span (which is
also the set of solutions of 6x — 2y + 32 = 0) is a flat surface in R? that is parallel to both vectors:

(HAE)

— ol O

-"h/

XV

In the picture, the surface passes through the origin at a slant and the positive z-axis, the positive
z-axis, and the negative y-axis are all in front of the plane. We will call such a surface a plane. On
your homework, you will explore why the collection of points (z,y,2) in R? that solve an equation of
the form az + by + cz = d (where at least one of a, b, ¢ is nonzero) deserves to be called a plane.

Linear Independence

Last time we also discussed the problem of determining, for given vectors vy,...,7,, € K", whether
it is impossible to express one of the vectors v1,...,%7,, as a linear combination of the others. To
facilitate study, we want a characterization of this property that avoids the need to inspect every vector
individually. Here is a step in the right direction.
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Theorem 3. Let m > 2 and 4, ...,7,, € K”. Then one of 71, ...,%,, can be written as a linear
combination of the others if, and only if, there are scalars c¢q,..., ¢, € K, at least one of which is
nonzero, such that

C1171+"‘+Cm17m:6.

Proof. (=) Suppose that for some j the vector ¥; can be written as a linear combination of

— —

Uy v 717j—1a Uj—i—l; ey Uy
Then there exist scalars cy,...,¢j—1,¢j41, ..., cnp such that
l_}'j = 01171 + -+ Cj_ll_fj_l + Cj+1?7j+1 + -+ CmUm,
or rather (by subtracting v; from both sides) we have

6:01771+"'+<—1)17}+"'+Cm77m-

Because —1 # 0, we have therefore written 0 as a linear combination of @,,. .., %, with at least one
nonzero coefficient.
(<) Suppose that there are scalars cq,..., ¢, € K, at least one of which is nonzero, such that

01171+"'+Cm27m:6.
Choose j such that ¢; # 0. Then we can solve for ¥; by writing

Uj:_fvl_"'__"Ujfl_TUjJrl_"'__.Um-

Therefore v; can be written as a linear combination of the other vectors, and the proof is complete. [

Theorem [3| gives a condition under which a list of vectors contains at least one vector that can
be written as a linear combination of the other vectors in the list. By restating this theorem using
contraposition, we obtain a first answer to our question of how to tell whether no vector in a given list
can be written as a linear combination of the others.

Theorem 4. Let m > 2 and v1,...,,, € K". Then none of v7,..., 7, can be written as a linear
combination of the others if, and only if, for every ¢y, ..., ¢, € K, if

01’171+"'—|—Cm?7m:0

thenc¢y =---=¢, =0.

This motivates one of the most important definitions in the course.

Definition 12. Let v1,...,7,, € K*. We call the set v1,...,7,, linearly independentﬁ if for
every ci,...,cy € K, if
01171+"'+Cm17m:0

thenci=c=---=¢, =0.
A set of vectors that is not linearly independent is called linearly dependent.
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In other words, theorems [3] and [4] can be restated as follows.

Theorem 5 (Linear Independence and Linear Dependence). Let m > 2 and 4, ..., v, € K.

a) Vi,...,Un is a linearly independent set lf, and only 1f, none of V1,...,Upy Canl be written as
a linear combination of the others.

(b) ¥1,..., U, is a linearly dependent set if, and only if, at least one of ¢, ..., ¥, can be written
as a linear combination of the others.

Note that the definition of linear independence and dependence does not require that our set of
vectors consists of two or more vectors.

Example 13. Let @ € K. Then ¢ is a linearly independent set if, and only if, 7 # 0.

Proof. (=) We proceed by contraposition. Suppose that v = 0. Then 17 = 10 = 0, so that 7 is a
linearly dependent list of vectors.

(=) Suppose that v # 0. Let ¢ € K and suppose that ¢t = 0. As you showed on your quiz, either
¢=0or ¥ =0. Because ¥ # 0, it must be that ¢ = 0. Therefore 7 is a linearly independent set. m

Remark 20. As a matter of convention, we will say that the empty set {} of vectors is linearly indepen-
dent. This may seem a little strange, but there are two good reasons for taking this convention. First, it
is convenient for some arguments in proofs. Second, the empty set does vacuously satisfy the definition
of linear independence, in the sense that because there are no ways to even take linear combinations of
vectors in the empty set, it is technically true that if we had a linear combination of vectors in the empty
set that equaled 0, then the coefficients in the linear combination would need to each be 0. Because
there is no linear combination of vectors in the empty set to test this statement, the statement is valid.

For intuition, you should think of each vector v1,...,7,, in a linearly independent set as adding a
“dimension” to the span that wasn’t present before. There are many results that one can state and
prove that get at this, but here are a couple.

Proposition 10. Let ¢y, ..., 0, d € K". Assume that v7,..., v, is linearly independent set, and
that « cannot be written as a linear combination of ¥y, ..., v,,. Then vy,... v,,, 4 is a linearly
independent set.

Proof. Suppose that cq,..., ¢y, c € K satisfy
LU+ -+ ol + il = 0.

If ¢ # 0, then we can subtract cu from both sides and divide by —c to obtain

5The definitions of linear independence and linear dependence here are the ones that are commonly used through
mathematics. Your book does not define linear independence and linear dependence in this way, but instead chooses to
define it in terms of the equivalent conditions listed in theorems [3| and [4] There are other instances where we will adopt
standard definitions when the author of the textbook adopts non-standard definitions.
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contradicting the assumption that @ cannot be written as a linear combination of ¥, ..., ¢,,. Therefore
c =0, and we have
01171+"'+Cm?7m20.

Because vy, . .., ¥, is a linearly independent set, ¢c; = --- = ¢,, = 0.
This shows that oy, ..., ¥,,, 4 is a linearly independent set, and the proof is complete. n

Besides the geometric intuition described above (i.e. that ¢,...,7, is a linearly independent set
exactly when none of the vectors in the set can be written as a linear combination of the other vectors),
the notion of linear independence can also be understood as a statement that o7, . . ., ¥, represent vectors
in their span efficiently in the following sense.

Theorem 6. Let 41, ...,1,, € K*. Then the following are equivaleniﬂ:

(a) ¥,...,0y is a linearly independent set.
(b) There is a unique choice of scalars ¢y, ..., ¢, € K such that 0=c10 4+ CoyUm.
(c) For every be span(vy, . .., Un), there is a unique choice of scalars ¢y, ..., ¢, € K such that

b:Clﬁl—F"'—chQ_fm.

Proof. You will prove this result on your homework. ]

"The phrase “The following are equivalent” (sometimes abbreviated TFAE) is similar to “if, and only if,” but can be
used to indicate that any number of statements are equivalent to each other. To prove a result of this type, one needs to
show that every statements in the list implies every other statement in the list. For example, to say that three statements
P,Q, R are equivalent, one would ultimately need to prove six implications: P = Q, P= R, Q= P, Q= R, R = P,
and R = . Usually the proof can be done more efficiently, though. For example, in this theorem we prove that P = R,
that R = @, and that Q = P. These three implications are enough, because the other implications immediately follow
from these. For example, the implication Q = R follows from @ = P and P = R.

35



Lecture 7: Linear Systems

Learning Objectives:

e Define linear systems and investigate elementary operations that preserve their solution sets.

Given v1,...,7, € K™ and b€ K™, the question of whether (and how) b can be written as a linear
combination of v7, ..., v, boils down to determining whether there are scalars z1, ..., z, € K such that

b1 1

If we write b = { :
bm
computing the left-hand-side as

x161++xnﬁn:

b.
aik
] , then we can condense this equation by
Am,k

} and, for each k = 1,...,n, U}, = [

1171 + A12T2 + -+ - + Q1 Ty by
2171 + Qa22T2 + A2 nTn bg
Am,171 + Q222 + -+ Amndn bm

Because two vectors are equal exactly when their entries are equal, this gives us a system of m equations
in n unknowns x1,...,T,:

a1r1 +  aipTy + 0 4+ AT, = b
21T + QT2 + -0+ G2,T, = by
Am, 121 + Qm 222 + -+ Amndln = bm

We will therefore make the following definition.

Definition 13. Let m,n € N. An m x n (read “m by n”) linear system is a system of m
equations in n unknowns xq, ..., x, of the form

1171 + -+ aaTn = b

Am,121 P °°° AmnTn = bm

Z1

Here the scalars a;; € K are called the coefficients of ©. A vector ¥ = [ :

Tn

} € K" whose entries
satisfy © is called a solution of ®. The collection

Sol(®) E {Z € K" : & solves @}

is called the solution set of ©.
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Remark 21. The questions that motivated our discussion of span and linear independence over the
last few days can be easily captured in terms of solutions to linear systems. In particular, the following
results are immediate:

(a) b € span(dy, ..., ,) if, and only if, Sol(®) # @ (i.e. © has at least one solutio.

(b) @,...,7, is a linearly independent set if, and only if, Sol(®) = {0} when b = 0 (i.e. Z =0 is the
only solution of ® when b = 0.).

Elementary System Operations

In high school you may have solved simple systems of linear equations (say 2 x 2 systems) by assuming
that a solution exists and then attempting to findthe solutions using a substitution technique. This is
insufficient for a general study of linear systems, as it is messy and also depends too strongly on the
specifics of the system under consideration. Here, our approach will be to use a small collection of rules,
called elementary operations, to transform one m X n system into another (hopefully simpler) m x n
system with the same solution set. Through repeated applications of these elementary operations, we
will be able to simplify our original system to the point where we can easily determine its solution set.

Remark 22. Before stating the elementary system operations we have in mind, we illustrate each with
an example. Consider the system

3z - 2z = 2
© by — =z = =2
- + 2y + %z =1

Each of the following systems @ (obtained as described) will result in a system that has the same
solution set as ©:

(i) @ is obtained by multiplying one of the equations in ® by a nonzero scalar (here we multiplied
the second equation of ® by —3):

3x - 2z = 2
® — 18y + 3z
-r + 2y + %z = 1

I
o

(ii) ® is obtained by adding a scalar multiple of one of the equations in ® to another. Here we have
added 2-(the second equation) to the first equation of ©:

3v. + 12y — 4z = =2
® 6y — =z —2
-r + 2y + %z =1

(iii) @ is obtained by swapping two of the equations in ®. Here we have swapped the first and third
equations of ®:
-r + 2y + %z = 1
® by — =z = -2
3x — 2z = 2

8The notation () denotes the empty set {}, which is the set containing no elements.
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The following result formally states (in their full generality) the elementary operations and establishes
that they do not affect the solution set of a linear system.

Theorem 7 (Elementary System Operations). Let m,n € N and consider the linear system

a1y + o0+ 1T, = b

Am, 121 P °°° Amnln = bm
where a;5,0; € Kfor j=1,..., mand k=1,...,n.

(i) (Multiplying An Equation By A Nonzero Scalar) Let j € {1,...,m} and let ¢ € K
with ¢ # 0. Consider the system

@171 + -+ @aTn = b
®4¢ ca;1Ty + -+ + cajpTn, = cb;
\ am,171 P °°° AmnTn = bm

obtained by multiplying the j-th equation of ® by ¢. Then Sol(®) = Sol(®).

(ii) (Adding A Scalar Multiple Of One Equation To Another) Suppose j,p € {1,...,m}
with 7 # p, and let ¢ € K. Consider the system

( a1y + -+ a1 Ty = by
@4 (aj1+capr)ry + -+ + (ajn+capn)r, = b;+cbh,
\ am, 121 T co° Amnln = bm

obtained by adding the p-th equation (multiplied by ¢) to the j-th equation of ®. Then
Sol(®) = Sol(®).

(iii) (Swapping Two Equations) Suppose j,p € {1,...,m} with j # p, and suppose (without
loss of generality) that j < p. Consider the system

(
a1T1 + 0+ GaTn = b
ap1Z1 + o+ GpaZn = by
®
ajaty 4 o+ AT, = b
L\ Om, 171 ¢ °c° =F AmnTn = bm

obtained by swapping the j-th and p-th equations of ®. Then Sol(®) = Sol(®).
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Proof. We will prove part (i): multiplying an equation by a nonzero scalar does not change the solution
set of the system. You will prove (ii) and (iii) on your homework. The heart of the argument is showing
that, in each case, Sol(®) = Sol(®). Because we are showing that two sets are equal, we must show
that each is a subset of the other. To do this, we show that if Z € Sol(®) then ¥ € Sol(®), and that if
T € Sol(®) then ¥ € Sol(©®).

We proceed with the proof of (i). Let j € {1,...,m} and let ¢ € K with ¢ # 0. Let ® be the system
obtained by multiplying the j-th equation in @ by c.

Supposeﬂ that Z € Sol(®). Note that because ¥ solves every equation in @, Z solves every equation
in ® except possibly the j-th equation, and therefore we need only verify that Z solves the j-th equation
of @. But because 7 satisfies the j-th equation of ©, we have

caj1ry + -+ cajnty, = (a1 + -+ aT,) = cb;.

Therefore 7 € Sol(®).
Now suppose that & € Sol(®). As in the first case, we are done when we verify that # satisfies the
j-th equation of ®. To this end, note that because ¢ # 0 we have

1 1
Aja1+ -t Qpln = E(Caj,lxl + ot Cajntn) = Eij =0j.

Therefore 7 € Sol(®), and (i) is proved. O

Remark 23. Note that in the proof of (i) above, we could have handled the proof that if ¥ € Sol(®)
then 7 € Sol(®) by simply noting that since ©@ is obtained from ® by multiplying the j-th equation of
® by the nonzero scalar %, if Z € Sol(®) then the first half of the argument (interchanging the roles of
© and ®, and replacing ¢ with 1) implies that & € Sol(®).

Now that we have elementary operations for manipulating linear systems, we must determine how to
use these operations to characterize the solution set of a given system. Our plan of attack is as follows:

(i) Develop an algorithm for simplifying a linear system into a particularly “nice” form.
(ii) Describe how to read off the solution set of a linear system from this “nice” form.

(iii) Establish some rather surprising (and useful) results about the relationship between a linear system
and its solution set.

This program will be made easier by introducing matrices, a generalization of vectors, as a way to
condense the information contained in a system of linear equations. Our understanding of matrices will
evolve quite a bit over the course of the year, but we first encounter them as a useful notational device.
Don’t be fooled, though: they are one of the central objects of study in linear algebra.

9Here, as a point of style, we use the word “Suppose” instead of “Let” because it may be the case that Sol(®) is empty.
The phrase “Suppose T € Sol(®)” reflects this, but the word “let” could (incorrectly) be interpreted as suggesting that
the set under consideration is nonempty.
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Elementary System Operations

Theorem (Elementary System Operations). Let m,n € N and consider the linear system

@Raf AF °cc A @ngpfh; = Ui

Am, 121 P coe oF Amnln = bm
where a;;,0; €e Kfor j=1,...,mand k=1,...,n.

(i) (Multiplying An Equation By A Nonzero Scalar) Let j € {1,...,m} and let
c € K with ¢ # 0. Consider the system

a;1ry + o+ AT, = b
@4 caj1r1 + -0+ cajnpT, = cb;
. m,1T1 ¢ ©°°° = AmpnTn = bm

obtained by multiplying the j-th equation of ® by ¢. Then Sol(®) = Sol(®).

(ii) (Adding A Scalar Multiple Of One Equation To Another) Suppose j,p €
{1,...,m} with j # p, and let ¢ € K. Consider the system

( a1y + -+ a1 Ty = by
@< (aj1+capi)zs + -+ + (@jn+capn)rn = b;+chy
\ Am, 121 P °o° F Amnln = bm

obtained by adding the p-th equation (multiplied by ¢) to the j-th equation of ®. Then
Sol(®) = Sol(®).

(iii) (Swapping Two Equations) Suppose j,p € {1,...,m} with j # p, and suppose
(without loss of generality) that j < p. Consider the system

171 + 0+ aaTn = b

ap1Z1 + o+ ApaZn = by
®

ajary + o Gietn = b

Am,121 + ot G, = bm

\

obtained by swapping the j-th and p-th equations of ®. Then Sol(®) = Sol(®).




Lecture 8: Matrices and Elementary Row Operations

Learning Objectives:

e Represent a linear system using an augmented matrix.

Interpret elementary operations on systems as elementary row operations on matrices.

Determine when a matrix is in reduced row-echelon form.

Apply Gaussian elimination to transform a matrix into reduced row-echelon form.

Determine the solution sets of a given linear system.

Systems of equations can be written more easily (and therefore studied more easily) if we represent them
in terms of matrices.

s ~

Definition 14. Let m,n € N. Anm xn matri)ﬂ A with entries in K is an array

11 Q12 - QA1np

def | @2,1 G22 -+ Q2pn
A= | . .

Qm,1 Qm2 **° Gmn

of scalars a;;, € K, called the entries of A. We will sometimes write A = [a;] for short. The
collection of all m x n matrices with entries in K is denoted M,,x,(K). Note that a;; denotes the
entry of A in row 7 and column k.

Example 14. Consider the system

3T — 2z = 6
© 6y — 2z = 6
-r + 2y + %z =0

There are two interesting matrices associated to this system. The first is the coefficient matrix of ©,
which is the matrix whose entries are exactly the coefficients of the variables on the left-hand side. In
particular, the coefficient matrix of ® is

3 0 -2
0O 6 -1
-1 92 1

3

In this case, the coefficient matrix of @ is 3 x 3 because ® was a 3 x 3 system of equations. Note that
we have entered 0 into the matrix when the coefficient of the variable representing that spot is 0.

0Here m x n is read “m by n”, and indicates that the matrix has m rows and n columns.
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We will study coefficient matrices of systems later on in the quarter, but for now they are insufficient
for our purposes because they omit crucial information about the system, namely the scalars on the
right-hand sides of the equations in the system. If we wish to capture everything we will need to work
with the augmented matrix of ©, which in this case is the 3 x4 matrix that we obtain by “augmenting”
the coefficient matrix of ® with another column containing the scalars on the right-hand sides of the
equations. The augmented matrix for ® is

3 0 —-216
0 6 —11/6
-1 2 L1170

3

Here we have inserted a vertical line between the first 3 columns of the matrix (which represents the
coefficients of ®) and the last column (which represents the “right-hand sides” of the equations in ©.

When we represent a linear system in terms of its augmented matrix, each elementary system oper-
ations that we used to transform the linear system can be interpreted as an elementary row operation
that transforms the augmented matrix. The elementary row operations are as follows. We will skimp
on the notation here for ease of reading, as these were stated very carefully for systems of equations.

Definition 15. Let A be a matrix. The elementary row operations on A are
(i) Multiplying a row of A by a nonzero scalar.
(ii) Adding a scalar multiple of one row of A to another.

(iii) Swapping two rows of A.

Remark 24. Note that the elementary row operations (i), (ii), (iii), when performed on the augmented
matrix of a linear system, correspond exactly to the associated elementary system operations.

Let’s see an example.

Example 15. For this example, let’s assume that we're just working with real numbers. Consider the
linear system

3T — 2z =6
© 6y — 2z = 6
-r + 2y + %z =0

I claim that ® can be transformed into the system

x — %z =
® y - %z = 1
0 =0

via elementary operations. To do this, we transform the augmented matrix of ® using elementary row
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operations (which is equivalent to transforming © itself with elementary operations):

3 .0 —2/6 1 0 —2]2 1
0 6 —1/6] —1]0 6 —1[6| (Multiply row 1 by 5)
12 1 -1 2 Lo

(Add 1(row 1) to row 3)

1
(Multiply row 2 by 6)

SO = OO, OO

(Add (—2)(row 2) to row 3).

OO NHLO NSO
|

DNWIN WO —WIN W= = Wit

O =N NN NN

e}

This last matrix is exactly the augmented matrix of @, as claimed.

The form of @ is particularly nice for reading off the solutions of ®, as we can solve the first equation
for x in terms of z as v = 2 + %z, and solve the second equation for y in terms of z as y = 1 + %z.
There is nothing that forces us to choose any particular value for z, and once we pick z then x and y

are determined. Because ® and ® have the same solutions, and ¥ = [é] solves ® exactly when

T 2+ %z 2 %
7= |yl = |1+ éz = |1| +2 % ,

z z 0 1
We conclude that )
92 2
3

Sol(®@) =Sol(®) = ¢ 1| +s|5| : seR

0 1

According to one of your homework problems this week, Sol(®) is a line in R?! For another geometric
interpretation of this result, note that the three equations in ® describe planes in R?, and therefore
every solution of ®@ is (the position vector of) a point that lies on all three of these planes. Therefore
we have shown that the intersection of the three planes whose equations make up © is exactly a line.
Neat!

To generalize the previous example, we need to answer two question:
(1) What is it about the system ® that made it possible to quickly read off the solutions of ®?

(2) How can we (in a systematic way) transform a linear system into a system as simple to analyze
at ® was?

The answer to (1) can be stated in terms of the augmented matrix of a system. Recall that the
augmented matrix of ® was:

0

System ® is easy to solve because its augmented matrix is in reduced row-echelon form.

O =N

1
0
0

S = O

2
1
0
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Definition 16. Let B € M, y,,(K). Say B is in reduced row-echelon form if each of the
following conditions are satisfied:

(i) The leading nonzero entry (if there is one) in each row of B is 1.

(ii) If a column of B contains the leading 1 of some row, then all other entries in that column
are 0.

(iii) If a row contains a leading 1, then every row above that row has a leading 1 that is further
to the left.

Each leading 1 is called the pivot of its row.

Example 16. The augmented matrix for @

10—%2
01 —¢|1
00 010

is in reduced row-echelon form. Note that only the first two rows have nonzero entries, and the leading
nonzero entry in each of these rows is 1 (so that (i) is satisfied). Moreover, these leading entries are
located in the first and second columns of the matrix, and all other entries in these columns are 0 (so
that (ii) is satisfied). Finally, note that the first row (which has a leading 1) has no rows above it (so
satisfies (iii), and that the leading 1 in the second row is to the right of the leading 1 in the first row (so
satisfies (iii)), and that the third row does not have a leading 1 (and therefore satisfies (iii) in a rather
uninteresting way).

The word “reduced row-echelon form” refers not only to the fact that the matrix has been reduced
(simplified) via elementary row operations, and also that the rows are arranged so that the leading
entries form “levels” (or echelons).

The answer to question (2) (i.e. a process for transforming a matrix into reduced row-echelon form
with elementary row operations) is actually provided by an algorithm called Gaussian Elimination. This
algorithm is used to prove part of the following theorem.

Theorem 8. Let A € M,,»,(K). We can use elementary row operations to transform A into a
matrix in reduced row-echelon form, called the reduced row-echelon form of A and denote

rref(A).

Remark 25. The word ‘the’ in the theorem suggests that, given A, there is only one way to transform
A into reduced row-echelon form. This is true, and when we prove (a more precise statement of) the
theorem in a couple days, we will establish that there is indeed only one possibility for rref(A).

One process of Gaussian Elimination, which transforms A into a matrix in reduced row-echelon
form, is quite mechanical. Given an m X n matrix A, proceed as follows. Let 7 = 1.

1. If every entry of Row j is 0, then proceed to Step 4. Otherwise, locate the leading nonzero entry
c in Row j.

"Here ‘leading’ means ‘first, starting from the left’.
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2. Multiply Row j by % so that the leading entry of Row j is 1.
3. Eliminate all other nonzero entries that lie in the same column as the leading entry of Row j.

4. If 5 = m (i.e. if we were looking at the bottom row), then proceed to Step 5. Otherwise, replace
J with j + 1 and return to Step 1 (i.e. repeat with above steps with the next row).

5. Swap rows until all rows with leading entries are above all rows with all zeros, and such that each
leading entry is either below and to the right or above and to the left of all other leading entries.

Example 17. Go back and review the computation we performed to transform the augmented matrix
for the system © into the augmented matrix for the system ®. We used Gaussian elimination to perform
this computation.

3 0 -1 1/2
Example 18. Is [126} € Span< [i] , {:‘11} 7 [ 3 } >?

Note that the answer here is “yes” exactly if there exist x,y, z € K such that

3 0 —1 1/2 0z —y+ 52
16 2 —4 3 20 — 4y + 3z
T8 TVl TR 1| T a—ytz
3 3 -1 1 3r—y+z

Means that we are trying to determine whether there is a solution of the system

- y + 3z = 3
20 — 4y + 3z = 16
©
r — Yy + z = 9
e — y + z = 3

We use elementary operations to transform this system into one whose augmented matrix is in
reduced row-echelon form. Note that Gaussian elimination is one way to perform this computation,
but making some changes early on in the process can result in a simpler computation. The augmented
matrix of the system we are given is

0 -1 %3
2 —4 316
1 -1 1|5
3 -1 1|3

We start by multiplying Row 1 by 2 to remove the fractions, and then we swap the first and third rows
to have a row where the leading entry is in the first column, and then proceed with Gaussian elimination
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as usual:

0 -1 3|3 1 —1
2 -4 316 |2 4
1 -1 1|5 0 —2
3 -1 1|3 3 -1
1 -1
L]0 -2
0 —2

0 2

(1 0

|0t

00

0 0

1 0

R !

00

0 0

1 0

|0t

00

0 0

|
—_

O OO = O OO

N |

e}

115
31|16 :
116 (Multiply row 1 by 2, then swap row 1 and row 3)
113
1 )
1| 6
) 6 (Add -2(row 1) to row 2, and -3(row 1) to row 4)
-2 =12
2
z|-3 (Add (-1/2)(row 2) to row 1, -1(row 2) to row 3,
0 and 1(row 2) to row 4. Then multiply row 2 by (-1/2))
—6
—1]
0 (Multiply row 4 by -1, then add (-1/2)(row 4) to row 1
0 and (1/2)(row 4) to row 2.)
—1]
0
6 (Swap row 3 and row 4.).
0

Therefore ® has the same solution set as the system

and therefore

X

O O O

Sol(@) =

In terms of the question that was asked we can therefore conclude that

-1

16 —4

eomi([]

5
3

-1
-1

so that [

—4

H_i

Example 19. Is [

WHNO

|

3 0 —1 1/2
16 2 —4 3
sl =L ol e
3 3 1) 1
'1/2]
3
1))
L 1

1/27
} , { 3 | a linearly independent set?
1
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Note that the answer here is “yes” exactly if whenever we have x,y, z € K such that

0z —y + 52 0 -1 1/2 0
2r — 4y + 32| |2 —4 31 10
v—y+z | T Y= A | T ol
3r—y—+ =z 3 —1 1 0

then it must be that x = y = 2 = 0. Therefore we need to verify that the solution set of the system

-y + %z = 3
2 — 4y + 3z = 16
®
r — y + z = 95
3r — y + =z = 3

is exactly { [g} }

We will solve this system using exactly the same steps as above.

0 -1 Lo
2 —4 3]0
1 —1 10
3 -1 10

We start by multiplying Row 1 by 2 to remove the fractions, and then we swap the first and third rows
to have a row where the leading entry is in the first column, and then proceed with Gaussian elimination
as usual:

0 -1 1]0 1 -1 1|0
2 -4 3|0 2 -4 3|0 .
L -1 1lol =™ 1o 22 110 (Multiply row 1 by 2, then swap row 1 and row 3)
3 -1 10 3 -1 10
[1 -1 110
0 -2 110
— 10 -2 1 |o (Add -2(row 1) to row 2, and -3(row 1) to row 4)
0 2 —2]0
(1 0 3 |0
01 —51]0 (Add (-1/2)(row 2) to row 1, -1(row 2) to row 3,
— .
00 010 and 1(row 2) to row 4. Then multiply row 2 by (-1/2))
00 —1]0
[1 0 0]0]
. 01 0]0 (Multiply row 4 by -1, then add (-1/2)(row 4) to row 1
00010 and (1/2)(row 4) to row 2.) '
0 0 1]0]
[1 0 0]0]
01 0]0
— 1o 0 1lo0 (Swap row 3 and row 4.).
0 0 0]0]
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Therefore ® has the same solution set as the system

T =0
Y =0
z = 0
0z = 0
and therefore
0
Sol(®) = ¢ |0
0

In terms of the question that was asked we can therefore conclude that

0] [-17 [1/2
2| |-4] | 3
1 |-1]"] 1
3| -1 1

is a linearly independent set.

4 0 -1 1/2
Example 20. Is [126} € Span( [i] , {—‘11} 7 { 3 } )?

Note that the only difference between this example and the last is that we have changed the vector
we are considering. By the same logic, we are led to consider solutions of the system

-y + %z = 4
2 — 4y + 3z = 16
®
r — y + z = 9
e — y + z = 3
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We repeat out computations from the last example to see that

0 -1 4|4 1 -1 1|5
2 —4 3|16 2 -4 3|1 .
1 -1 1!5s — 0 -2 1|38 (Multiply row 1 by 2, then swap row 1 and row 3)
3 -1 13 3 -1 1|3
1 -1 1 5
0 -2 1 6
— 1o -2 1| 3 (Add -2(row 1) to row 2, and -3(row 1) to row 4)
0 2 —2|-12
10 1|2
01 —5|-3 (Add (-1/2)(row 2) to row 1, -1(row 2) to row 3,
— .
00 0] 2 and 1(row 2) to row 4. Then multiply row 2 by (-1/2).)
00 —1|-6
(1 0 0| —1]
R 0100 (Multiply row 4 by -1, then add (-1/2)(row 4) to row 1
0002 and (1/2)(row 4) to row 2.)
00 1] 6]
[1 0 0]—1]
01 0[O0
— 100 1l 6 (Swap row 3 and row 4.).
00 0] 2]
[1 0 0]0
. 01010 (Multiply row 4 by (1/2), then add (-6)(row 4) to row 3,
00 1|0 and add 1(row 4) to row 1.)
0001

Therefore ® has the same solution set as the system

T =

z =

0z =

<
Il
—_ o oo

But there are no vectors [ﬂ whose entries satisfy the equation 0 = 0z = 1, so that © does not have

I\

any solutions. That is,

Sol(®) = 0.

Note that we could have seen this immediately after the third step above, where we inferred that the
solution set of ® was the same as that of a system that included the equation 0z = 2.

4 0 -1 1/2
To answer the original question, [136] ¢ span( [i] , {_‘f} , { 3 1 >
-1 1

Definition 17. Let ® be an m x n linear system. If ® has no solutions, then ® is called
inconsistent.
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Lecture 9: Reduced Row-Echelon Form

Learning Objectives:
e Use matrices to represent linear combinations.
e Determine when two matrices are row equivalent.

e Show that every matrix has a unique reduced row-echelon form.

We start by introducing a bit more notation involving matrices.

Definition 18. Let A € M,,»,(K), A = [a;x]. Then we call

ai1 ai,2 ai,n
. dif a1 . dif az,2 . dif a2 n
a; = : ; a = : ) tt, Qp = o

am,1 Am,2 a*TT.L,TL

the columns (or column vectors) of A, and write A = [61 dy -+ Jn}.

Remark 26. Note that if A € M,,«,(K), then the columns of A are vectors in K™.

Matrices can be used to represent linear combinations of vectors in the following sense.

o . - — . d, - — —
Definition 19. Let ad,...,d, € K™, and consider A = [al an] € Mpxn(K). For 7 € K",
define

a1
A= [a, dy - ) | . L 1@y + Doy + - + Ty
Tn

Remark 27. Note that A% is only defined with the number of columns of A agrees with the number of
entries of Z.

Remark 28. As with scalar multiplication, the order here is very important.

Example 21. Recall that a linear system

a1r1 + 0+ aaT, = b
© .

Am, 121 + -+ Amndn = bm

is equivalent to the matrix equation

11 A1n by
2 I IS SRR S o I ={:]

Qm,1 Am.n
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Using the notation above, we can condense this further as

11 - Q1n z1 by
E | . . E { E } - [ E } 7
... Tn bm

or more concisely as AT = 5, where A is the coefficient matrix of ©. This last expression is called the
matrix form of the system ©.

Example 22. [s [é] , [%} , [ﬂ , [ go] a linearly independent set?

—_

C1

Note that the answer here is “yes” exactly if the only vector ¢ = {gg} € K* that solves

Cq

&1

14 2 7 1 4 2 7 0
25 1 8| [Pl =c|2|+e 5| +es |1 +ea|8| = 0],
360 10] |7 3 6 0 10 0
Cy
is @= 0. We will solve this system by row-reducing its augmented matrix:
1 42 710 (1 4 2 7 |0]
251 8|0f — |0 -3 =3 —6 |0 (Add (-2)(row 1) to row 2 and add (-3)(row 1) to row 3)
36 0 10|0 0 -6 —6 —11]|0]
(1 4 2 7 |0]
— 10 1 1 2 |0 (Multiply row 2 by (-1/3))
0 -6 —6 —11]|0]
[1 0 =2 —1]0]
— |01 1 2 |0 (Add (-4)(row 2) to row 1 and 6(row 2) to row 3)
00 0 1 |0]
1 0 -2 00
— |01 1 0[{0 (Add (1)(row 3) to row 1 and (-2)(row 3) to row 3).
00 0 1]0

Therefore ® has the same solution set as the system

C1 — 2c3 = 0
co + C3 =0
Cy = 0

It follows that ¢ solves ® exactly when there is s € K such that (setting ¢3 = s and solving for ¢; and

2 in terms of ¢3)
2 2
=1 [
- s - 1 .
0 0

In other words,
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In particular, note that this shows (among other things) that

7
8

—_

1 4 p 0
2120 = |5 + 1| +0 = lo]|,
3 6 0 0 0

o [{]. 1) (1)

So far we have seen examples of systems where the solution set is infinite, where the system has a
unique solution, and where the system is inconsistent (i.e. it has no solution). We will say a bit more
about solution sets soon, but first we pause to prove our theorem about the existence and uniqueness
of the reduced row-echelon form of a matrix.

—_
o

] is a linearly dependent set. The answer to the question is “no”.

Row Equivalence and Uniqueness of Reduced Row-Echelon Form

We start by making a definition.

Definition 20. Let A, B € M,,»«,(K). We say that A is row equivalent to B if A can be
transformed into B via a finite sequence of elementary row operations.

Remark 29. Note that if A and B are matrices of different sizes, then A cannot be row equivalent to
B because elementary row operations do not change the number of rows or columns in a matrix.

Row equivalence is not equality, but does behave like equality in the following very general sense.

Theorem 9. Let A, B,C € M,,«,(K). Then the following hold.
o (Reflexivity) A is row equivalent to A.
e (Symmetry) If A is row equivalent to B, then B is row equivalent to A.

o (Transitivity) If A is row equivalent to B and if B is row equivalent to C, then A is row
equivalent to C.

\. J

Proof. Because A can be transformed into itself by multiplying the first row of A by 1, A is row equivalent
to A.
Suppose that A is row equivalent to B. Then A can be transformed into B via a finite sequence of

elementary row operations. But each of the elementary row operations is invertible, in the sense that if
P,Q € M,xn(K), then

(i) If we transform P into ) by multiplying row j (of P) by a nonzero scalar ¢, then we can transform
@ into P by multiplying row j (of @) by %

(ii) If we transform P into @) by adding c(row j) to row k (of P), then we can transform @ into P by
adding -c(row j) to row k (of Q).

(iii) If we transform P into () by swapping row j and row k (of P), then we can transform () into P
by swapping row j and row k (of Q).
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Therefore, performing on B the inverse of each elementary row operation used to transform A into B
(in the reverse order, of course) transforms B into A. Therefore B is row equivalent to A.

Finally, suppose that A is row equivalent to B and that B is row equivalent to C'. By first performing
the elementary operations on A necessary to transform it into B, and then performing the elementary
operations on B necessary to transform it into C', we will have performed a finite number of elementary
operations on A to transform it into C'. Therefore A is row equivalent to C. O

Remark 30. We can restate the relationship between linear systems and augmented matrices in terms
of row equivalent as follows:

Theorem 10. Let © and @ be m x n linear systems. Then © can be transformed into @ by a
finite sequence of elementary operations if, and only if, the augmented matrices of ® and ® are
row equivalent.

Remark 31. Note that row equivalence is not limited to matrices that represent linear systems, as row
operations and the definition of row equivalence apply even to matrices with a single column.

As mentioned last time, it is crucial for our ability to analyze linear systems that every matrix is
row equivalent to a unique matrix in reduced row-echelon form. The existence of such a matrix follows
from Gaussian elimination, but the uniqueness is far from obvious. The proof of uniqueness is typically
more challenging than expected, but we will give a (relatively) simple proof due to W.H. Holtzmann.
We start with a lemmaH that says, roughly, that deleting a column from row equivalent matrices results
in row equivalent matrices.

Lemma 1. Suppose n > 2, let A, B € M,,,(K), and fix k = 1,...,n. Let A, B’ € M,,xn—1(K)
be the matrices obtained from A and B by deleting the k-th column from each. If A is row
equivalent to B, then A’ is row equivalent to B’.

Proof. We proceed by induction on the number of elementary row operations necessary to transform A
into B.

For the base case, we consider the three types of elementary row operations separately and show
that if A is transformed into B via a single elementary row operation, then A’ is transformed into B’ by
that same elementary row operation. This is quick (but notationally painful) to check by writing out
the matrices A, B, A’, and B’, so we leave this step to the reader.

Now let £ € N and assume that A can be transformed into B via k 4 1 elementary operations, that
D is the matrix obtained from A by applying the first &k of these operations, and that D" € M, (,—1)(K)
be the matrix obtained from D by deleting the k-th column. For the induction hypothesis, we suppose
that A" and D’ are row equivalent. Because B is obtained from D by applying a single elementary row
operation, the base case implies that D’ is row equivalent to B’. By transitivity of row equivalence, A’
is row equivalent to B’. By the Principle of Mathematical Induction, the result is proved. O

12A lemma is a result that is mostly important as a stepping stone to proving a more major result. We could include
the proofs of lemmas in the proofs of major results, but we might choose to state and prove a lemma independently if
either the lemma will be applicable to other results, if the lemma is interesting in its own right, or just to break up the
proof of the larger result for ease of reading.
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Lecture 10: More Reduced Row-Echelon Form

Learning Objectives:

e Show that every matrix has a unique reduced row-echelon form.

We can now prove (a more precise version of) the theorem@ we stated last time.

Theorem 11. Let A € M,,«,(K). Then there exists a unique B € M,,«,(K) such that B is in
reduced row-echelon form and A is row equivalent to B.

Proof. The existence of B is guaranteed by Gaussian elimination, so we need only show uniqueness.
Suppose C' € M, (K) is a matrix in reduced row-echelon form that is row equivalent to A. By
transitivity of row equivalence, C' and B are row equivalent. We wish to show that C' = B.

Suppose, to the contrary, that C' # B. Let k denote the left-most column in which C' and B differ.
1

- 0
Because the first nonzero column of a matrix in reduced row-echelon form must be | . |, and (because

0
C and B differ in their k-th column) the k-th column of at least one of C' and B is nonzero, there are
two cases:

(a) All columns before the k-th column of C' and B are zero, and the k-th column of one of these
1

0
matrices 1S [ .

0
] and the k-th column of the other is [0] .
0

0
(b) k> 1 and among the first k£ — 1 columns of C' and B (which are equal) there is at least one pivot.

For case (a), note that none of the three elementary row operations transform a column with at least
one nonzero entry into a column with all zero entries, and therefore the same is true for a finite sequence
of elementary row operations. It follows that C' and B are not row equivalent, a contradiction.

Now we consider case (b). Let p denote the number of columns before the k-th column of C' and
B that contain pivots. By assumption, p > 1. Apply the lemma repeatedly to delete each column of
C and B beyond the k-th column, and also delete the columns before the k-th column which do not
contain pivots. Let C" and B’ denote the resulting matrices. Note that C’ # B’ because C’ and B’ differ
in their final columns. For example if

1 2 0 35 12079
C=10 0146 and B=1|0 0 1 8 9],
0000 0 00000
then )
1 0 3 1 07
C'"=10 1 4 and B'=1(0 1 8
0 0 0] 0 00

13This proof is based on a proof due to W.H. Holtzmann, but fills in a few logical gaps present in the original.
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But then we have either

10 - 0 ¢ 10 --- 0 0]
01 -« 0 ¢ 01 --- 00
, oo o1 g , oo 10
=100 0 0] ¢ C=1g g 0 1
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0]
and either
10 0 by 10 0 0
0 1 0 by 01 0 0
, oo o1, , oo -1
B=1¢ ¢ 0 o]  B=10o0 1
00 -0 0 00 --- 0
00 --- 0 0] 00 --- 0 0]

Note that because & > 1 and there was at least one column of B and C' before the kth column containing
a pivot, C" and B’ have at least two columns. Interpret C” as the augmented matrix of a linear system
® and B’ as the augmented matrix of a linear system ®, both in the unknowns x4, ..., x,. Because the
augmented matrices of ® and @ are row equivalent, ® and @ have the same solution sets.

Note that in the first case for C’ we would have Sol(®) = { { : ] }, and in the second case for C” the

Cp
system ® would be inconsistent (since ® would contain the equation 0z, = 1). Similarly, the first case
by
: ] } and the second case for B” would yield that ® is inconsistent.
bp

Because Sol(®) = Sol(®), either both systems are inconsistent (and therefore C’ = B’, contradicting

for B’ we would have Sol(®) = {

C1 b1
the fact that C" # B’) or both sets are nonempty (in which case [ : ] =|: ] , again contradicting the
bp
fact that C" # B’). In either case we have a contradiction, and the result is proved.

Cp

Remark 32. Believe it or not, this was indeed a simpler proof of this result than the one that you will
commonly find in textbooks.

In light of the last theorem, we make the following definition.

Definition 21. Let A € M,,»,(K). The unique m x n matrix B in reduced row-echelon form
that is row equivalent to A is called the reduced row-echelon form of A, and denoted rref(A).

Because the reduced row-echelon form of a matrix is unique, we can make the following definition
(which will be useful going forward).

Definition 22. Let A € M,,«,(K). The rank of A is the number of pivots in rref(A). We denote
this number by rank(A).
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Remark 33. Note that because each matrix has a unique reduced row-echelon form, there is no ambi-
guity in the definition of rank(A) for A € M« (K).

Remark 34. Because A € M,,x,(K) can have at most one pivot in each row, we have 0 < rank(A) < m.
But each column of A can also contain at most one pivot, so that 0 < rank(A) < n as well. Therefore
0 < rank(A) < min(m,n).

Example 23. Note that for

14 2 7
AY |2 5 1 8],
3 6 0 10
we have rank(A) = 3 because
10 =20
rref(A)= (0 1 1 0
00 0 1

has three pivots.
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Lecture 11: Solutions of Linear Systems

Learning Objectives:

e Investigate the relationship between span, linear independence, solutions of systems, reduced
row-echelon form, and rank.

The idea that every matrix is row equivalent to exactly one matrix in reduced row-echelon form is
extremely important, and allows us to determine sophisticated properties of linear systems by simply
manipulating matrices. Let us summarize what we have learned about reduced row echelon form, rank,
solutions of linear systems, span, and linear independence. Before we begin, we introduce some useful
notation.

Definition 23. Let n € N and k£ a natural number between 1 and n. Then €, € K" is defined to
be the vector with 1 in the k-th entry, and 0 for all other entries.

Remark 35. Note that the notation for €j, only captures which entry is 1, and does not capture n. To
avoid cluttering up the notation, in practice we will rely on context to tell us what is n. If there is any
chance for ambiguity, then we will be more precise at the time.

The following lemma will also be useful.

Lemma 2. Let A € M,,«,(K) and b € K™ Then there exists a unique ¢ € K" such that
rref( [A l_)] ) = [rref(A) ¢]. Moreover, — (0 if, and only if, b= 0.

(Here [B @] denotes the m x (n 4 1) matrix whose first n columns are the columns of B, and
whose final column is 9/.)

Proof. We start with existence. By Gaussian elimination, there is a finite sequence of elementary row

operations that transforms A into rref(A). Performing this same sequence of operations on [A I;]

transforms this matrix into [rref(A) ¢'] for some ¢’ € K™,
If the final column of [rref(A) ¢’] does not contain the leading nonzero entry of a row, then

[rref(A) ¢'] is in reduced row-echelon form and, setting &= ¢’, we have rref ( [A Z;] ) = [rref(A) .

If the final column of [rref(A) ¢’] does contain the leading nonzero entry of a row (say row j), then
because rref(A) is in reduced row-echelon form, it must be that all pivots in rref(A) lie above row j. By
using Gaussian elimination to turn this pivot in the final column into a 1, eliminate all other nonzero
entries in the final column, and then swap rows in order to place the pivot in the row immediately below
the last pivot of rref(A), we have reduced [rref(4) @] into reduced row-echelon form without changing
any of the entries in the first n columns. Letting ¢ denote the new final column (which will have a 1 for

one entry, and 0 for all other entries), we conclude that rref ( [A I;] ) = [rref(A) .

Uniqueness of ¢ follows 1mmed1ately by uniqueness of the reduced row-echelon form of a matrix. The
claim that &= 0 if, and only if, b = 0 follows from our earlier observation that elementary row operation
turn columns with all zero entries into columns with all zero entries, and that ¢ and b are corresponding
columns in row equivalent matrices. 0
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We start with span.

Theorem 12 (Span and Linear Systems). Let 171,...,17,“1; € K™, and let A € M,,x,(K) be
A= [171 17n].

The following are equivalent:
(a) b € span(dy, . .. s Un)-

(b) The linear system AZ = b has at least one solution 7 € K",

(c) rref ( [A l;] ) does not have a pivot in its final column.

(d) rank(A) = rank( [A 5} )

Proof. We will prove that (a)=-(b)=(c)=(a), and that (c)<(d).
((a)=-(b)) Suppose (a) holds. Then there are scalars 1, ...,z, € K with

T
b:l'1171++l'n17n: [’171 Un}
Tn

1

Therefore ¥ = [ :

Tn

] is a solution of AZ = b, and (b) holds.

((b)=(c)) We proceed by contraposition. Suppose rref < [A I;] > has a pivot in its final column. Then

the linear system Ax = b can be transformed (by a finite sequence of elementary operations) into a
system containing the equation 0 = 1, and therefore is inconsistent.

—

((c)=(a)) Suppose (c) holds. By the lemma, there is a unique ¢ € K™ with rref( [A b] ) = [rref(A) .

By (c), @ does not contain the leading nonzero entry of any row. If &= 0, then b=0 as well (by the
lemma). Because 0 € span(t,...,%,), (a) is proved. On the other hand, if & # 0 (and the nonzero
entries of ¢ cannot be the leading nonzero entries in their rows) then rref(A) has at least one pivot. Let
Uty - - -, Uk, denote the columns of rref(A) that contain pivots. Note that for each j =1,...,p, i, = €j,

which is the vector in K™ with 1 in the j-th entry and O for all other entries. Because the final column
Cc1

of [rref(A) ¢ does not contain a pivot, = | ¥ |. Let & € K" be the vector with entry ¢; in the k;-th

0
row (for j =1,...,p), and 0 for every other entry. Then rref(A)z = civk, + -+ + ¢k, = ¢. Therefore
the linear system rref(A)7 = ¢ has a solution. Because [A 5} and [rref(A) ¢] are row equivalent, #
also solves AZ = b. This proves (a).

((¢)=>(d)) Suppose (c) holds. By the lemma, there is ¢ € K™ such that rref( [A 5}) = [rref(A) ¢]. By

(¢), the final column of this matrix does not have a pivot. Therefore all of the pivots of this matrix lie
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in the first n columns, and so are exactly the pivots of rref(A). Therefore rank([A ¥]) = rank(A), so
(d) holds.

((d)=(c)) Suppose (d) holds. By the lemma, there is ¢ € K™ with rref([A 5}) = [rref(A) ¢]. By
assumption, the number of pivots in the first n columns of this matrix (rank(A)) is the same as the

number of pivots in the entire matrix (rank< [rref(A4) ] )) Therefore the final column ¢ does not

contain the pivot of some row, and (c) holds. O

As a corollary, we have the following result.

Theorem 13 (Spanning Sets in K™). Let 4},..., 1, € K™, and let A € M,,x,(K) be the matrix
A= [171 17”].

The following are equivalent:

Proof. This is on your homework. O

Let’s revisit some of our old examples in light of these theorems.
-1

3 0 1/2
Example 24. Is [1%6} € span( [i] , {—‘111 , { 3 } )?
-1

1

Becausd™]
0 -1 1 3 100 -1
pef |2 43 160 _ 010 0
1 -1 1 5 001 6]’
3 -1 1 3 000 0

and this last matrix has no pivot in the final column, the Span and Linear Systems Theorem implies
that _

3
[156] € Span<
3

4 0 -1 1/27
Example 25. Is [126} € Span< [i] , {:‘11} 7 { 3 )7
1

Because
0 —1 % 3 1 000
rrof 2 —4 3 16 _ 01 00
1 -1 1 5 0 0 1 0f”
3 -1 1 3 0 0 01

14Here and in the subsequent examples we are omitting the steps we used to compute the reduced row-echelon form
because they are included in earlier examples, but you should make sure to show your work on quizzes, exams, and
homework!
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has a pivot in its final column, the Span and Linear Systems Theorem implies that

HEESHREIRN)

We can also unpack the relationship between linear independence, linear systems, reduced row-
echelon form, and rank.

WS

Theorem 14 (Linear Independence and Linear Systems). Let vy,...,4, € K™ and let A €
Mpxn(K) be A = [171 Un}

The following are equivalent:

1,...,U, is a linearly independent set.

. J

Proof. We show that (a)=-(b)=-(c)=(a), and that (c)<(d).

((a)=(b)) Suppose (a) holds. Let beKm Ifb ¢ span(vy,...,0,) then A¥ = b has no solution. If
b€ span(vy, ..., 7,), then Exercise 4 on Homework 2 implies that there is a unique choice of scalars
X1, .., T, € K with

b=a1T + - + 2,0, = AZ.

Therefore AZ = b has a unique solution, and (b) is proved.

((b)=(c)) We proceed by contraposition. Suppose that rref(A) has at least one column without a pivot.
Note that A0 = 0. We produce @ # 0 such that A7 = 0. Let column k be the left-most column of A not
containing a pivot. If k£ = 1, then the k-th column of rref(A) is 0 and & # 0 satisfies rref(A4)& = 0, so
that A&, = 0. If k > 1, then rref(A) has pivots in the first & — 1 columns (and the first & — 1 columns

—c1
c1 —C2

of rref(A) are €1, ...,€x_1), and the k-th column of rref(A) has the form ¢ = ck(;*l . Let U= _C%—l

0

0 :
0
Then ¢ # 0 (because the k-th entry of ¥ is nonzero), and

rref(A)T = —c1@ — -+ — cp_185_1 + 1= 0.
Because elementary operations preserve solution sets, Av = 0 even though v # 0, and (b) does not hold.

z1
((¢)=(a)) Suppose (c) holds. Suppose z1,...,z, € K satisfy 2,7, + --- + 2,0, = 0. Then ¥ = [ : }

solves the system AZ = 0. The lemma implies that rref ( [A 0] > = [rref(A) (ﬂ Because rref(A) has

a pivot in each column, this is the augmented matrix of the system x; = 0,...,x, = 0. Therefore (a)

holds.
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((c)=(d)) Suppose (c) holds. Because rref(A) has a pivot in each of its n columns, and there is at most
one pivot in every column, rank(A) = n.

((d)=(c)) Suppose (d) holds. Then rref(A) has n pivots. Because there cannot be more than one pivot

in each column, and because rref(A) has n columns, rref(A) has a pivot in every column. O
0] [-1] T[1/2
2 —4 3 . .
Example 26. Is NI a linearly independent set?
3 —1 1
Because
0 -1 1 100
(2 =13 _fo1o
TR 1 1 T o0
3 -1 1 000

has a pivot in every column, the Linear Independence and Linear Systems Theorem implies that

0] [-17 [1/2
2| |—4] | 3
1 |=1]"] 1
3| -1 1

a linearly independent set.

1 4 2 7
Example 27. Is |2|, [5]|,|1|, | 8 | alinearly independent set?
3 6 0 10

Because
1 4 2 7
rref [2 5 1 8
3 6 0 10 00 O
L

does not have a pivot in its third column, the Linear Independence and Linear Systems Theorem implies

17 [4]1 2] [7
2|, |50, [1],]8
31 6] [o] |10

is a linearly dependent set.
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Solutions of Linear Systems

Theorem (Span and Linear Systems). Let 77, ... ,T,,b € K™, and let A € Mpxn(K) be
A=t - ¥

The following are equivalent:
(a) b € span(dy, ..., 0,).

(b) The linear system AZ = b has at least one solution 7 € K"

(c) rref < [A l;] > does not have a pivot in its final column.

(d) rank(A) = rank( [A l_)} )




Theorem (Linear Independence and Linear Systems). Let vy,...,9, € K™, and let A €
Mppsn(K) be A= [T -+ T].

The following are equivalent:

a , U, 1s a linearly independent set.

(a) ¥
(b) For every b € K™, the linear system A7 = b has at most one solution & € K.
(c) rref(A) has a pivot in every column.

)

(d) rank(A) =n.




Lecture 12: More Solutions of Linear Systems

Learning Objectives:

e Summarize insights for solving linear systems.

Today we finished up our discussion of the results by last time by discussing the difficult step in the
proof of the Linear Independence and Linear Systems Theorem. Last time we saw many theoretical
results that link solution sets of equations to span, linear independence, reduced row-echelon form, and
rank. You'll use those results on your homework, but before we move on from linear systems it is worth
revisiting (and summarizing) the basic problem of determining the solution set of a linear system in
light of our new results.

To determine the solution set of linear system Az = b:

—

1. Form the augmented matrix [A b}

2. Compute rref< [A I;] ) = [rref (A) E] Because elementary operations preserve solution

sets of systems of equations, the solution set of rref(A)Z = ¢ is the same as the solution set

of AZ =b.
3. Write down the solution set of rref(A)z = ¢ either by

3a. noting that the solution set is empty because the system is inconsistent (see Example
20, or Exercise 9 on Homework 3), or

3b. solve for the leading variable in each equation of the system rref(A)Z = ¢ in terms
of the non-leading variables and entries of ¢, and express each solution # in the form
T =T+ 10y + - - + ¢,U, for appropriate vectors @, U1, ..., U, (see Examples 15, 18,
19, 22, Exercises 1 and 2 on Homework 2, Exercises 2 and 3 and 5 on Homework 3), or

3c. (in light of Exercise 9 on Homework 2) if you have a particular solution Z, of A%, = b,
then follow the steps in (3b.) to write down all solutions ), of the homogeneous system
rref(A)Z), = 0 in the form i@ + - -+ + cqU for appropriate vectors v,...,75. Then
each solution ' of the original system has the form & = 2, + ¢;01 + - - - + ¢, Uj.

Transition to Linear Transformations

So far in the course we have interpreted the equation A7 = b from two different viewpoints:

(i) (Geometrically) Expressing b as a linear combination of the column vectors of A.

(ii) (Algebraically) Encoding a system of m linear equations in m unknowns, where [A l;] is the

augmented matrix of the system.
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We have studied each of these interpretations independently (e.g. our first problems on span and
linear independence, and also our investigations of how to solve linear systems), and also used each
interpretation to study the other (e.g. solution sets of linear systems can be represented in terms of
linear combinations, and questions about linear combinations (e.g. involving linear independence, or
whether a given vector is in the span of a given set of vectors) can be analyzed using linear systems).

There is a third interpretation that will be equally helpful to consider: viewing & as transformed by
A to obtain b, or rather as the operation that sends the vector # (in K") to the vector b = A7 (in K™).
This point of view involves functions.

Remark 36. From this point forward we will be doing many more computations where we compute a
product AZ of a matrix and a vector. Until now it was convenient to compute this product as a linear
combination of the columns of A, but we will want a quicker way to compute these products going
forward. As a computational device, note that we can think of the entry in the j-th row of AZ as the
sum of the products of the entries in the j-th row of A with the corresponding entries of Z:

a1 Qi ot Qig 1121 + a12T2 + -+ + A1 Ty
€ .
o)
aji  Ajz et Qjp | = @a%1+ GpTrt GGy
T,
_am,l am,? o Amn | Am, 121 + A 2T2 + -+ Ay n Ty |

As practice, show that

L2 3 4] | 5
504 3 2| | =17
-3 =2 -1 0] |, -3
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Lecture 13: Linear Transformations

Learning Objectives:
e Define what it means for a transformation to be linear.

e Characterize linear transformations as exactly the matrix transformations.

Definition 24. Let A, B be sets. A function from A to B is a rule f that assigns to each element
x of Aa unique element f(x) of B. We typically denote that f is a function from A to B by writing
f:A— B.

The set A is called the domain of f, the set B is called the codomain of f. Each z € A is called
an input of f. The element f(x) € B is called the image of x under f, or sometime the output
of f associated to the input x.

Remark 37. We'll need more function terminology going forward, but we will introduce this terminology
as-needed.

Example 28. The function f : R — R given by f(x) S 42 4+ 1 sends an input z € R to f(x) = 2%+ 1.
Note that because —1 is not an output of f (i.e. there is no real number z so that —1 = f(z) = 2? +1).

Example 29. Let A € M,;,x,(K). Then A induces a function 7' : K* — K™, where T(¥) = A% for
each © € K". Such a function 7" (that is given by multiplying the input by a matrix) is called a matrix
transformation.

Example 30. The function [ : K" — K" given by I(¥) = & is called the identity function.

1
The identity function is a matrix transformation. To see why, note that for each ¥ = l : ] e K",
10 -0
o B B B L 01 - 0]
D) =F=m 4+ 3,8, = [ -+ &|:]|= ..
00 --- 1
The n x n matrix I, def [é} e é’n} is called the n x n identity matrix.

Although we will be interested in all sorts of functions this year (especially once we get to multi-
variable calculus), our earlier investigations should make it clear that functions of the type identified
in the previous example will play a central role in the course. The most important properties of these
functions boil down to an algebraic fact that we haven’t yet needed: matrix multiplication distributes
over vector addition and scalar multiplication in the following sense, as you proved in your discussion.

Proposition 11. Let A € M,,+,(K). Then for every &, € K" and every ¢ € K,

A(F+7) = AT+ Aj and  A(cZ) = c(AZ).
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Proof. Let dy,...,d, € K™ be the columns of A. Then by the distributive and commutative properties
of vector addition and scalar multiplication we have

T1+Y1
s =fn @) ]
Tn+Yn

= (1 +wy)dr + -+ (T + Yn)bn
= (210 + - - + Tply) + (Y181 + -+ Ynln)

and
AlcZ) = [61 e c?n} o = (ex)dy 4 -+ (cxn)d, = c(zdy + -+ xpd,) = ¢ AT).

]

Remark 38. Let A € M,;,,x,(K), and let 7' : K* — K™ be defined by T(¥) = AZ. Then the last
proposition implies that for every 7,y € K™ and ¢ € K,

T(@+§) =A@+ ) = AT+ Af=T(@) + T(7) and T(cf) = A(cf) = c(AT) = cT(Z).

The fact that matrix transformations preserve vector addition and scalar multiplication makes them
enormously important in the context of linear algebra. Indeed, we make a definition that captures all
functions which preserve our two basic vector operations.

e D

Definition 25. Let 7' : K* — K™. We call T linear (or a linear transformation) if the
following two conditions are satisfied:

(i) For every z,y € K", T(Z + ) = T(Z) + T(v).

(ii) For every ¢ € K and every ¥ € K™, T'(¢¥) = ¢T(%).

\. J

Remark 39. Mathematicians are generally interested in studying functions that preserve whatever
interesting structure they are studying. For example, once one introduces the notion of limit in single-
variable calculus one immediately starts to study continuous functions. To see how continuous functions
“preserve limits”, consider the following theorem (which we will not prove, but which you’ll see in an
analysis course):

Let f: R — R and L € R. Then f is continuous at L if, and only if, for every ¢ : R — R with
lim g(z) = L, we have lim f(g(z)) = f(L) = f(lim g(z)).
Tr—a Tr—a Tr—a

Compare this idea with the definition of linear transformations, which are functions that preserve
the basic vector operations of addition and scalar multiplication.

Because linear transformations preserve vector addition and scalar multiplication, they also preserve
linear combinations.

Proposition 12. Let T : K* — K™. Then T is linear if, and only if, for every £ € N, and every
c1,...,c, € Kand vy, ...,0, € K™,

T(Clﬁl P e00 IF CkUk) = ClT(ﬁl) P eoe e CkT(ﬁk)
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Proof. First suppose that T preserves linear combinations. Let &,y € K" and ¢ € K. Then
TZ+y)=TA7Z+ 1Y) =1T(@)+ 1T(y) =T(¥) + T(y) and T(c¥) = T (Z).

Therefore T is linear.

To prove the converse, suppose that 7' is linear. We proceed by induction. Let v € K™ and ¢ € K.
Then T'(c¥) = ¢T'(¥) by property (ii) of linearity.

Now let £ € N and assume that the result holds for linear combinations of k vectors. Let ¢1,...,cr1 €
K and v1, ..., k41 € K" Then we have

T(c1tn + -+ + ¥, + cp1Vir1) = T (10 + - + cUk) + Chs1Uk41)
=T(c10 + -+ + V) + T(Cry1Uk41)
=cT(th) + - + T (V) + chp1 T (Vi)
where in the second step we used property (i) of linear transformations, and in the third step we used

the induction hypothesis and the base case. By the Principle of Mathematical Induction, the proof is
complete. O

As another example, linear transformations send the additive identity of K" to the additive identity
of K™.

=,

Proposition 13. Let 7 : K* — K™ be linear. Then T/(0) = 0.

Proof. The proof is almost a triviality, since T'(0) = T'(00) = 07'(0) = 0. O
2x1—3x2

Example 31. The function S : K* — K3 given by S([7]) = [ ba1+a3 } is not linear. There are many
xrox1+2

ways to verify this. The simplest one is to note that T’ (6) = [g} #* 0. Alternatively, note that

4

TR =T(3) = 4] # & =2 |§] =213,

We can spend time determining exactly why the function S in the last example fails to be linear
(e.g. the 22 in the second entry is a problem, as is the oz in the third entry, as is the +2 in the third
entry), but it would be quicker to simply prove the remarkable fact that every linear transformation
from K" to K™ is a matrix transformation.

~ '

Theorem 15. Let T : K™ — K™. Then T is linear if, and only if, 7" is a matrix transformation.
Moreover, the matrix A € M,,x,(K) satisfying T'(Z) = AZ for every & € K" is unique, and it is
given by

Proof. Suppose there is a matrix A € M,,x,,(K) such that T'(Z) = AZ for every & € K". The argument
in Remark B8 shows that T is linear.

Now suppose that T is linear. Let ¥ € K®. Then ¥ = 21} + - -+ + x,€,, so because T is linear we
apply Remark [12] to see that

T(Z) = T(x1814 - +2,6,) = 21 T(&)+ - +x,T(&,) = [T(€) - T(&)] | :|=[T@) - T(&)]
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Therefore T(Z) = AZ for every & € K", where A = [T(€1) -+ T(&,)] € Muxn(K).

For uniqueness, suppose that B € M, (K) satisfies T'(Z) = BZ for every & € K". Let by,... by be
the columns of B. Then for each 1 < j <n, T'(€;) = Be; = I;j, so that B = [T'(é,) --- T(€,)]. This
completes the proof. O
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Lecture 14: More Linear Transformations

Learning Objectives:

e Show that various transformations are linear, and produce the standard matrix of the trans-
formation.

e Establish several standard examples of linear transformations.

We start today with another helpful characterization of linearity, and an observation about the relation-
ship between linearity and linear independence.

Proposition 14. Let T': K* — K™. The T is linear if, and only if, for every ¥,y € K" and every
Ae K, T(AZ+ ) = XT(Z) + T(¥).

Proof. Suppose that T is linear. Let 7,7 € K" and A € K. Then by Remark[12] T(A\#+y) = T(A\T+1y) =
AT(Z) + 1T(y) = \T'(Z) + T'(¥).
Now suppose that the second condition holds. Let .,y € K and A € K. Then
T(Z+y)=T(1Z+79) =1T(Z) + T(Y) = T(Z) + T ()

17(0) + T(0) = T(0) + T(0) (and therefore T(0) = 0),

—

and, since T'(0) = T(10 + 0)
T(\Z) = T(\Z 4 0) = AT(Z) + T(0) = M\T'(Z) + 0 = \T'(Z).

Therefore T is linear. O

Example 32 (Warm-Up). Let 7" : K* — K™ be linear, and let ¢i,...,7; € K". Show that if
T(v),...,T(U) is linearly independent, then #, ..., 0} is linearly independent. Is the converse nec-
essarily true?

Suppose that T'(v7), ..., T(¥)) is linearly independent. Suppose ¢i, ..., cx € K such that c;v; + -+ -+
Ckﬁk = (0. Then
0=T(0)=T(c101 + - -+ + cx¥x) = a1 T (V1) + - - - + cxT(Ty).

Because T'(v)),...,T (V) is linearly independent, ¢; = --- = ¢ = 0. Therefore vy, ..., 7 is linearly
independent.

The converse is not necessarily true. There are many counterexamples. For a counterexample,
consider T' : K" — K™ given by T(Z) = 0 = O,,x,T for each 7 € K" (Here O,y is the m x n
zero matrix, which has each entry equal to 0.) Then €] is a linearly independent set in K", but since
T(¢y) =0, T(&,) is a linearly dependent set in K™.

In light of the theorem from last time, we make the following definition.

Definition 26. Let 7' : K — K™ be a linear transformation. The unique matrix A € M,,,(K)
satisfying T'(¥) = AZ for every ¥ € K" is called the (standard) matrix of 7.

The previous theorem is quite useful in practice. As a first observation, the theorem gives us a way
to show that a given transformation is linear (i.e. show that it is a matrix transformation).
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Example 33. Let a € K, and consider the transformation 7" : K" — K" defined by T'(¥) “ az.
Then T is linear (by Proposition , because for each 7,y € K™ and ¢ € K,

T(cZ+79y) = alct+ ) = act + ay = I'(Z) + T(y).

The standard matrix of 7" is n x n, and for each 1 < k < n the k-th column of T is T(é;) = aé.
Therefore

a 0 -+ 0
0 a - 0

) =1. . . | @ for each ¥ € K".
0 0 a

Example 34. There is a natural way to think about a vector ¥ € K" as a matrix in M, (K). Suppose
1

that 7 € K", & = [ : } Define T : K! — K" by T'([a]) = a#. Then note that since, for every [a], [b] € K

and A € K we have
T(Ma] + [b]) = (Na + b)T = M aZ) + b2 = NT'([a]) + T([b]),

T is linear. Note that in K*, & = [1], so that the matrix of 7" is [T'(¢})] = [Z]. Then we can consider

1

¥ as corresponding to the matrix X € M, «;(K) given by X = [ : } . In particular, note that we have,
Tn

for each a € K,
Xla] = T([a]) = aZ.

Example 35. Let o € R. Let R, : R? — R? be the transformation that rotates R? by « radians about
the origin.

8
W ¥4 y 4
L Y
LB "
x_ 04 ST
— Y
./., (v —3 N
5 3 *

On your homework this week, you will rigorously define R, in terms of polar coordinates on R?, and
you will show that R, is a linear transformation by explicitly producing a matrix A, € Msys(R) such
that R, (7) = A,

Example 36. Let @ € R? with @ # 0. Let L = span(@). Then L is the line through (0,0) that
is parallel to 4. On your homework you will explore two linear transformations related to L: the
orthogonal projection onto L and the orthogonal reflection across L:
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We will explore the concept of orthogonality in MATH 291-2, but for now it suffices to say that “or-
thogonal” is a generalization of “perpendicular”.

Example 37. There is no linear transformation 7" : K3 — K? such that

1 8 2 8 3 4
T(]): 0f, T<—4 ): 0l, T<-4 ): 0
0 0 1 2 1 2

1

To see why, note that [—j’l] = [é] + [—32}, SO ifT< [é > = [E} and T( 2} > = [ﬂ then we must

3 1 2 8 8 6 4
T( -1 >:T( 1 )—i—T( -2 ): O+ 10 =101 # 1|0
1 0 1 0 2 2 2

Example 38. Let’s determine whether there exists a linear transformation 7" : K3 — K3 such that

1 8 2 8 3 4
T(]): ol , T(—Q ): 0l , T<-4 ): 0
0 0 1 2 1 2

Let’s first suppose that such a transformation 7" exists. We will either derive a contradiction (and
conclude that such a T cannot exist), or determine what 7" must be (and then verify that the transfor-
mation we produce does the trick).

To this end, let A € M3,3(K), A = [51 o 63} be the matrix of 7', so that T'(Z) = A% for every

7 € K3. Then ay, = T(ey) for k = 1,2,3. The problem, of course, is that we only know the images of é ,

2 3 . T . . . 2 3
[712], and [j] under 7. However, if we can write €7, €3, €3 as linear combinations of [[ﬂ , [—12] , [:ﬂ,
then we should be able to use linearity to compute 7.

To write €] as a linear combination of the three given vectors, we need to find a solution of

1 2 3 1
1 =2 —-1|2=10
0 1 -1 0



To this end, we reduce the augmented matrix of the system to find

12 31 1 2 3|1 10 5|1 1 0 0]3/8 100
1 -2 -1|0f — |0 -4 —4|-1] — |0 O =8| —=1| — |0 O 1|1/8] — [0 1 O
0 1 —-1/0 0 1 —-1[0 01 -1} 0 01 0/1/8 0 01
or rather that
1 2 3
1 1
0 1 -1
Similar computations yield that
5 1 1 2 3
=3 1] — 3 -2 —= -1
0 1 -1
and . _
1 2 3
1 1
0 I -1
Therefore we must have
8 8] [ 4 9/2
3 1 1
61:T(€1):§ 0 +§ 0 +§ 0f=10
0 2] 2 1/2
and /
8 8 4 7/2
5 1 1
0 2 2 —1/2
and
8 8 4 6
1 1 1
0 2 2 0
9/2 7/2 6
Therefore the only possibility is that A= | 0 0 0. We then verify that T'(Z) = AZ satisfies
1/2 —-1/2 0
1] [9/2 7/2 6] [1 8
T( 1 ) =10 0 0f 1] =1[0
0 [1/2 -1/2 0] |0 0
and . _ -
2 9/2 7/2 6 2 8
T( -2 ) =10 0 0] [—-2| =10
1 11/2 —=1/2 0] [ 1 2
and
3 9/2 7/2 6 3 4
T( -1 ) =10 0 0] [-1|=10],
-1 1/2 —1/2 0] |—-1 2
as desired.
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Lecture 15: Matrix Algebra

Learning Objectives:

e Define the basic matrix operations of addition, multiplication, and scalar multiplication and
explore their basic properties and limitations.

The connection between linear transformations and matrices allow us to define matrix addition, scalar
multiplication, and matrix multiplication that correspond with natural ways of combining linear trans-
formations. Before defining these algebraic operations on matrices, we will first prove a result about
linear transformations that shows that there is really only one reasonable way to define them.

Theorem 16. Let 7,5 : K* — K™ and R : K™ — KP? be linear transformations, and let
A B € Myxn(K) and C € M,y (K) be the standard matrices of T, S, and R (respectively).

Wiite A= [@ - @] and B=[5 - F,].
(i) The function (T'+S) : K* — K™, (T'+ 5)(Z) = T(Z)+ S(Z) is a linear transformation, and

its (m x n) standard matrix is [al +b - an bn} .

(ii) For each a € K, the function o7 : K* — K™, (aT')(Z) I T (Z) is a linear transformation,

and its (m x n) standard matrix is [ad@, --- ad,].

(iii) The composition Ro T : K" — K?, (R o T)(Z) E R(T(Z)) is a linear transformation, and
its (p x n) standard matrix is [Cd; --- Cd,).

Proof. Let a € K. To be efficient, we will prove the linearity of T'+ S, o1, and R o T" simultaneously.
Let 7,y € K™ and A\ € K. Then

(T'+ S)AT +¢) = TAT +9) + S(AT + )
= AT(Z) + T(y) + AS(Z) + 5(¥)
= AT (f) S(@) +T@) + 5@
= AT+ 5)(7) + (T + 5)()

and
(aT)(AT +9) = aT (AT + §) = a(AT'(Z) + T(y)) = (aN)T'(Z) + T (9) = MaT)(@) + (aT)(y)
and
(RoT)(AZ+¥) = R(I'(AT+9)) = R(AT(Z) + T(y)) = AR(T'(Z)) + R(T'(y)) = AR T)(Z) + (RoT)(7).

Therefore Proposition [14] implies that T4+ S, o1, and R o T are linear.
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For the matrix formulas, we simply note that for each integer k from 1 to n, then k-th column of the
standard matrices of 7'+ S, aT', and R o T are (respectively)

(T + 8) (&) = T(&) + S(&) = @ + by

and
and
(RoT)(éx) = R(T(e) = R(dy) = Cay
This completes the proof. O
In light of the previous theorem, we make the following definitions.
Definition 27. Let A,B € Myxn(K), C € Myyn(K), and o € K. Write A = [a;;] =
[d’l Jn} and B = [bj,k] Define
a1 o Gip big - big aig+bi1 - ar,+biy
def . .
+ = : :
Am,1 ° Amn bm,l e bm,n Am,1 + bm,l o Ampn + bm,n
11 - Q1n Qap; - QQin
aA =« =l ,
Am1 " Qmnp Q1 - QQpyp
and .
CA=Cla --- @)Y [ca - ca.).

Remark 40. Suppose that A € M,,x,(K) and B € Mj,(K). Then note that AB is only defined
when n = k (and in this case, it is a m X p matrix). This is, of course, tied to the fact that matrix
multiplication comes from composition of linear transformations, and therefore the outputs of the first
linear transformation (S(Z) = BZ) must be suitable inputs for the second linear transformation (7'(y) =
Ay). As an additional wrinkle, note that BA may be undefined (i.e. p # m)) even if AB is defined
(n=k).

Remark 41. Because the columns of the product
CA=Cla - a)]=[Ca - Cd,

are exactly the matrix C' applied to the columns of A, our computational device for computing the
product of a matrix and a vector can be used to compute the product of two matrices. In particular,
the entry in the j-th row and k-th column of C'A is exactly the entry in the j-th row of C'dy, so that

Ci11 Ci2 *** Cim
. a1l o Qg o Qg
. a2’l e a27k . a27n .
Ci1 Ci2 ** Cim ) . ) . ) = | Gk T+ Cj2aog -+ CjmOmk
am,l Tt am,k Tt am,n
LCp1 Cp2 " Cpml

5



Remark 42. It is immediate to check (either by associativity and commutativity of real number addition
or of vector addition) that A+ (B+C) = (A+ B)+ C and A+ B = B+ A when A, B, C are matrices
of the same size.

Remark 43. The sum of matrices is straightforward to compute: we simply add the corresponding
entries of the two matrices. For example,

1 2 0 1 1
3 4 +1(2 2| =[5 6
5 6 1 6 12

—_

Note that because addition of linear transformations is only defined when the transformations have the
same domain and the same codomain, the notion of matrix addition only makes sense for matrices with
the same number of rows and columns. Moreover, if A, B € M,,x,(K), then in light of part (i) in
Theorem [16| the definition of matrix addition can be interpreted as

(A+ B)Z = AZ + BZ for every 7 € K".

Therefore, the definition of matrix addition ensures that matrix addition distributes over multiplication

by a vector. We can even strengthen this by noting that if C' = [51 e 5},} € M, »,(K), then we have
(A+B)C = [(A+ B)é, -+ (A+ B)c,]
= [Aé’l +Bc, -+ Ac, + BEP]
_[A2 - AG)+[B& - BE)
= AC + BC,

so that matrix addition distributes over matrix multiplication. (The case A(B + C) = AB + AC for
appropriately sized A, B, C follows by a similar argument.)

Remark 44. The scalar multiple of a matrix is also easy to compute: we simply scale the entries of the
matrix. For example,

0 -1 0 3
312 2| =|-6 -6
1 6 -3 —18

If A€ My,«n(K) and a € K, then in light of part (ii) in Theorem [16| and the linearity of T'(Z) = AZ,

scalar multiplication of a matrix satisfies
(0 A)T = a(AZ) = A(aZ) for every & € K".

Therefore, the scalar multiplication for matrices is “associative” in this sense. Of as in the last remark,
if C = [E’l E'p} € M, xp(K) then

(@A)C = [(aA)d - (@A)g)] = [a(Ad) -+ a(Ag,)] = a(AC)

and
(aA)C = [(aA)51 (@A)c},] = [A(O@) A(ac})} = A(aC),

so that («A)C = a(AC) = A(aC) as expected. Similarly, once can verify that a(A + B) = aA + aB,
(a+ B)A =aA+ BA, 1A= A, and a(BA) = (af)A for each a, 8 € K, and each pair of matrices A, B
of the same size.
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Example 39. Note that the linear transformation 7" : K® — K" explored in Example is exactly
T(Z) = af = al(Z) = (al)(Z), where a € K is a fixed scalar. Therefore Theorem |16| necessitates that
the matrix of this transformation is

1 0 - 0 a 0 - 0

01 - 0 0 a - 0
a[n:a . . - . . . )

00 1 00 a

which (of course) is exactly what we obtained in that example by computing directly.

Matrix addition and scalar multiplication have many standard properties. We showed above that
matrix multiplication distributes over matrix multiplication.

Example 40. Note that the definition of matrix product ensures that for all A € M,,+,(K) and B €
M, +,(K) and & € KP, we have
(AB)¥ = A(BZ%),

so that matrix multiplication is “associative” in this sense. Indeed, we can extend this by noting that if
C=[& -+ & € Myyy(K), then

(AB)C = [(AB)&, --- (AB)¢,) = [A(B&) --- A(Bc¢,)] = A[Bé --- B¢ = A(BC),

so that matrix multiplication is associative in the expected sense.
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Lecture 16: Invertibility

Learning Objectives:
e Explore the basic notions of invertibility for matrices and linear transformations.

e Characterize invertibility of matrices in terms of solutions of linear systems.

Remark 45. Even when the products AB and BA are defined, they may not be equal to one another.
That is, matrix multiplication fails to be commutative in general. For a counterexample, consider

10 1 2 1 0|1 2 1 2 . 1 201 0 3 2
=y Y= ) ommenan= | 3] =]y 5 wena= 1 3] Y =15 3]

Because matrix multiplication is not commutative, the idea of “multiplicative identity” is more
complicated as well.

Example 41. Let A € M,,..,(K), A = [d’l &'n]. Then note that I,,A and Al, are defined (since
I,, has the same number of columns as A has rows, and I,, has the same number of rows at A has
columns). Moreover, we have

LA=1L,[@ - @)= [Ind - Inda] =[@ - @) =A
and
AIn:A[51 5n]=[z451 Agn]:[al 6,1}:14.

Therefore the identity matrices act as “multiplicative identities” for matrices. What is complicated here
is that there are infinitely many identity matrices (one I for each k = 1,2,3,...), and [, A = A if A has
k rows, while AI; = A when A has j columns.

The next natural question, of course, is to ask in what sense a matrix may have a multiplicative
inverse.

Definition 28. Let A € M, «,(K). Then we say that A is invertible if there exists B € M,,,(K)
such that AB = I,, and BA = I,,.

Note that here we need both of the equations AB = I,, and BA = I,, because matrix multiplication
is not commutative. Even with this complication, just as for the other algebraic objects we have seen
there is only one possible inverse of an invertible matrix.

Proposition 15. Let A € M, (K). If A is invertible, then the matrix B € M, «,(K) satisfying
AB =1, and BA = I, is unique.

Proof. Suppose that C' € M, «,(K) is another such matrix. Then

C =CI, = C(AB) = (CA)B = I,B = B.
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We are therefore justified in making the following definition.

Notation 1. Let A € M,,,,(K). If A is invertible, then we denote by A~! the unique n x n matrix
such that AA=' =1, and A~'A =1I,. A ! is called the inverse of A.

Remark 46. It might seem that this definition of invertability is a little too restrictive. Arguably
we should have considered matrices that were not square, and we should have said that a matrix
A € M5, (K) is invertible if there are matrices B, C' € M,,x,,(K) such that BA = I,, and AC = I,,,.

As it turns out, though, this generalization does not give us a more general notion of invertibility. On
your homework, you will show that if A € M,,«,(K) is invertible in this more general sense, then m = n
(so that A must be square) and that B = C' (so that there is no need to consider distinct “left inverse”
and “right inverse”). In other words, any matrix that satisfies this more general notion of invertibility
must satisfy the more restrictive notion that we have defined above.

Example 42. Recall the question asked in Example [38; Does there exists a linear transformation
T : K3 — K3 such that

1 8 2 8 3 4
T(l):(), T( —2)20, T( —1)20?
0 0 1 2 -1 2

Because linear transformations are matrix transformations, this is equivalent to asking whether there
exists a matrix A € Ms,3(K) such that

8 3 4
. Al-2|=10|, A|-1] =0
2 2

1
Alll =
0 1 -1

o O 0o

In terms of matrix products, this is equivalent to asking whether there exists A € M3,3(K) such that

1 2 3 8 8 4
All =2 —1| =10 0 o0f. (4)
0 1 -1 02 2

To solve this problem, we first noted that

1 2 37 [3/8 1 2 37[5/8 1 2 37[1/2
1 —2 —1| |1/8| =&, |1 -2 —1| |-1/8| =&, and |1 —2 —1| | 1/2 | = ¢,
0 1 —1] [1/8 0 1 -1 |-1/8 0 1 —1| |-1/2

In terms of matrices, we showed that

1 2 377[3/8 5/8 1/2
1 —2 —1| [1/8 —1/8 1/2 | =1I.
0 1 -1 |1/8 —1/8 —1/2

One can check that
3/8 5/8 1/2 1 2 3
1/8 —1/8 1/2 1 -2 1| =14
1/8 —1/8 —1/2| [0 1 -1
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2 —ﬂ is invertible and

-1

3/8 5/8 1/2 1 2 3
1/8 —1/8 1/2 | ={1 -2 -1
1/8 —1/8 —1/2 0 1 -1

Because [i —?2 :?ﬂ is invertible, the only matrix A that can satisfy equation (4)) is
8 8 4]t 2 37" [8 8 4] [3/8 5/8 1/2 9/2 7/2 6
A= |0 0 O |1 -2 -1 =10 0 Of {1/8 —=1/8 1/2 | =1|0 0 0},
02 2|0 1 -1 02 2| (1/8 —-1/8 —1/2 /2 —1/2 0

which is what we found in Example [38]

Remark 47. Soon we will prove a result that will allows us to conclude that if A, B € M, (K) satisfy
AB = I,,, then A is invertible and B = A~

Invertibility of a matrix (and our ability to compute the inverse of a matrix) is, like everything else
we have studied this quarter, intimately tied to systems of linear equations. We will soon explore this
in full detail next time, but here is a first result.

Proposition 16. Let A € M, ,(K). Then A is invertible if, and only if, for each ¢ € K" the
system AZ = ¢/ has exactly one solution.

Proof. Suppose that A is invertible. Let ¢ € K". Since = A(A™1y), ¥ = A1y is a solution of AT = ¢.
If 2 also satisfies AZ = ¢/, then 7= A71(AZ) = A7y, so that A~'¢/ is the only solution of AZ = /.
Now assume that for each i € K" the linear system AZ = ¢ has a unique solution. For each

1<j<n,let l;j be the unique solution of AZ = €;. Then B = [51 I;n} satisfies
AB=|AB, o AR =[& - &) =1
Now now that A = [,A = (AB)A = A(BA), so that A(I,, — BA) = Opxy. Let I, — BA = [51 e E’n].

Then for each 1 < j < n, Ac; = 0, so that C; = 0 because Ac; = 0 has a unique solution (and 0 is one
solution, so must be the only one). Therefore I, — BA = O, xn, so that BA = I,, as well. Therefore A
is invertible, and the proof is complete. O

Remark 48. Proposition [16|is the doorway to one of the most famous and widely used results in linear
algebra, which we will discuss next time!
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Lecture 17: More Invertibility

Learning Objectives:
e Determine various conditions under which a matrix or linear transformation are invertible.

e Compute the inverse of a matrix.

We can also define a notion of invertibility for linear transformations as well.

Definition 29. Let 7" : K® — K" be linear. We say that 7" is invertible if there is a linear
transformation S : K” — K" such that T'(S(y)) = ¢ for every ¥ € K* and S(T(¥)) = & for every
7 e K"

Remark 49. Note that the conditions on S above can be more efficiently restated as T'o S = I and
SoT =1, where [ : K" — K" is the identity map.

Just as for the inverse of a matrix, the inverse of a linear transformation (when it exists) is unique.

Proposition 17. Let 7' : K* — K" be linear. If T"is invertible, then the linear transformation
S K" — K" satisfying T'(S(v)) = ¢ for every y € K" and S(T(%)) = & for every & € K" is
unique.

Proof. Suppose that R : K* — K" is another such transformation. Let § € K". Then R(¥)
R(T(S(Y))) = S(¥), so R = S as functions.

Definition 30. Let T : K* — K" be linear. If T is invertible, then we denote by 77! : K® — K"
the unique linear transformation such that T(T~!(y)) = ¥ for every i € K" and T-Y(T(Z)) = &
for every ¥ € K*. T~! is called the inverse of T.

) O

Remark 50. The existence of an inverse for a linear transformation implies that the transformation
has certain special properties as a function. To be able to state this properly, we make a definition.

Definition 31. Let A, B be sets and let f : A — B be a function. We say that f is injective if
whenever f(a) = f(c) then a = ¢. We say that f is surjective if for every b € B there is at least
one a € A such that f(a) = b. We say that f is bijective if f is both injective and surjective.

Remark 51. The definition of surjectivity has a clear interpretation: f : A — B is surjective every
element of B is the image under f of at least one element of A. For injectivity, it may be easier to
understand the (logically equivalent) contrapositive of the definition: f: A — B is injective if any two
distinct inputs a # ¢ in A yield distinct outputs f(a) # f(c¢) in B.

Remark 52. On your homework, you prove that every bijective linear map is invertible.

Remark 53. We will shortly prove that invertible linear transformations have invertible standard ma-
trices, and that invertible matrices give rise to invertible transformations.
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The Invertibility Theorem

We now come to one of the most celebrated theorems in linear algebra: the Invertibility Theorem. This
theorem usually goes by the name “Invertible Matrix Theorem”, but because some of the statements in
our version involve linear transformations rather than matrices, we will give it the more general name.
The statement of the theorem is quite long, but because we have done so much work over the last few
weeks, but proof is shockingly short.

Theorem 17 (Invertibility Theorem). Let A = [&’1 c?n] € Mpun(K) and let T : K* — K"
be the linear transformation 7'(¥) = Az. The following statements are equivalent.

A is invertible.

For every ¢ € K", the linear system AZ = ¢ has a unique solution.
rank(A) =n

rref(A) = I,

a-5) T is invertible.

T is bijective.

1) span(dy,...,d,) = K"

For every i € K", the linear system AZ = g has at least one solution.

3) rref(A) has a pivot in every row.

(a-
(a-
(a-
(a-

(
(a-6
(

(

(

(

( T is surjective.

(b-6) There is a linear transformation S : K® — K" such that T'(S(%)) = ¢ for every § € K".
ai,...,0a, is a linearly independent set.

The solution set of the linear system A% = 0 is {0}.

or every if € K", the linear system AZ = ¢ has at most one solution.

c-b) There is B € M« (K) with BA = I,,.

c-6) T' is injective.

)
)
3)
4)
)
)
b-1)
b-2)
b-3)
b-4) There is B € My, (K) with AB = I,,.
b-5)
b-6)
) d
)
) F
)
)
)
)

(c-
(c-
(c-
(c-4) rref(A) has a pivot in every column.
(
(
(

c-7) There is a linear transformation S : K* — K" with S(T'(Z)) = & for every & € K".

. J

Proof. We will prove the equivalence of the statements in the following way:
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(en)

I \ (-3)
S ]
I / (-©)

(B ———(c-5) ——> )

(a-5) & faet) £ (6-B) ————— (-3) b3 fatf)
A
(a-1)
W
(b€) —— (L-4) > (b-2)¢ > (b-5)
1
(A:ﬂ
Vi
1)

Proposition [16] implies that (a — 1) < (a — 2).
By the Spanning Set in K Theorem:

b-1)eb-2)<(b-3) < (a—3)
By the Linear Independence and Linear Systems Theorem:

(c—1)e(c—-3)e(c—4) < (a—3)

(a — 3) < (a — 4) is immediate because I,, has rank n and is the only n x n matrix with n pivots.

(b —2) < (b—5) is immediate from the definition of surjectivity.

(¢ —3) = (c—6): Assume (¢ — 3). Suppose that T'(Z) = T'(Z). Let ¢ be this common value. Then
AX =y = AZ, so that ¥ = 7.

(c—6) = (¢c—2): Assume (¢ —6). If 0 = AZ = T(&), then since 0 = A0 = T'(0), (¢ — 6) implies that
7=0.

(c—2) = (¢c—1): Assume (¢ —2). Let cy,...,c, € K, and suppose 1@, + --- + ¢pd, = 0. Then

C1 Cc1

. By (¢ —2), [;}za,sotha’ccl:~-:cn:0.

Cn

I
—
[

I
=T

Cn

(a —3) = (a—2): We have (a —3) = [(b—2) and (¢ — 3)] = (a — 2).
(a —2) = (a—6): We have (a —2) = [(b—2) and (¢ —3)] = [(b—5) and (¢ — 6)] = (a — 6).
(a —6) = (a —5): This is Exercise 5(a,b,c) in Homework 5.
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(a—5)= (c—7) and (a — 5) = (b — 6) are immediate with S =T
(¢c—7)= (c—5)and (b—6) = (b—4) follow by letting B be the standard matrix of S.

(c—5) = (c—3)Ft Assume (c—5). Let § € K. Suppose 7 solves A7 = §. Then ¥ = 1,7 = B(AZ) = By,
so this is the only possible solution of A7 = v/.
(b—4) = (b—2): Assume (b—4). Let ¥ € K". Then ¢ = I,y = A(BY), so that ¥ = By is a solution of
AZ =74

This completes the proof. O

Remark 54. As a consequence of this theorem, note that a linear transformation 7' : K" — K" is
invertible if, and only if, its standard matrix A is invertible. Moreover, it is immediate to check that if
S : K" — K" is the inverse of T if, and only if, the standard matrix of S is A~

Remark 55. As a consequence of the Invertibility Theorem, we have an excellent computational tech-
nique for determining when a square matrix is invertible, with the bonus that by the time we know that
the matrix is invertible, we’ve already computed its inverse!

Theorem 18 (Computing Inverses). Let A € M, (K). Let [A I,] be the nx (2n) matrix whose
first n columns are the columns of A, and whose last n columns are the columns of I,,. Then A
is invertible if, and only if, rref([A I,]) = [I, B] for some matrix B € M,x,(K). Moreover, in
this case we have B = A~L.

Proof. Suppose that A is invertible. By the Invertibility Theorem, A is row equivalent to [,,. Performing
a sequence of elementary row operations on [A In} that transforms A into I,,, we transform [A In}
into [I,, B] for some B € M,y,(K). Because [I, B] is in reduced row-echelon form, rref([A I,]) =
I, Bj.
[ Cor]versely, suppose that there is B € M,y (K) such that rref([A In}) = [[n B}. Then [A In] is
row equivalent to [In B]. By Lemma (applied n times, each time to the right-most column), we see
that A is row equivalent to I,,, and therefore rref(A) = I,,. By the Invertibility Theorem, A is invertible.
Now suppose that A is invertible, and let B € M,x,(K) be the matrix such that rref([A I,]) =

[In B}. Then [A ]n} © = 0 if, and only if, []n B] © = 0. Let 7 € K, define §¥ = A%, and let
Q = [fg} € K?" be the vector whose first n entries are those of #, and whose final n entries are those
of —y. Then
[A In} @:x161+---+xnc?n—y1€1—---—ynén:Af—ﬁzﬁ,
so that
0=[l, B]® =118 +- -+ 2,8 — b1 — - — yoby = & — B = & — (BA)7,

and therefore BA7 = Z. Taking & = € for each j = 1,...,n, we see that BA = I,,. By the Invertibility
Theorem, there is C' € M,,,(K) with AC' = I,,. But then C = I,,C' = (BA)C = B(AC) = BI,, = B, so
that AB = I,,. Therefore A is invertible with A~' = B. O

15The argument here shows that for every & that solves AZ = i, £ = By. Therefore By is the only possible solution
of A¥ = ¢. In particular if ; and Z5 are two solutions of AZ = ¢/, then ¥; = By = Z5. This argument generated some
confusion in class, so here is an equivalent (but hopefully more clear) alternate argument: Let ¢ € K™. Suppose that
Ty, € K" are solutions of AZ = jj. Then A(# —#,) = A} — Aiy = jj—ij = 0. Therefore 0 = B0 = BA(Z|—Z2) = ) — i3,
so that ¥ = 7.
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Remark 56. The previous theorem says that in order to tell whether A € M,,.,(K) is invertible, we
simply find the reduced row-echelon form of the augmented matrix [A In] . If the first n columns reduce
to I,,, then A is invertible and the last n columns are A~!. If the first n columns do not reduce to I,,,
then A is not invertible!

1 2 3
Example 43. Let’s revisit the example of whether A = |1 —2 —1] is invertible. Then since
0 1 -1
1 2 3 100 1 2 3 1 0 0]
1 -2 -1010 —1]0 -4 -4 -1 10
0 1 -1 001 o1 -1 0 0 1]
(10 5 1 0 —2]
— |0 0 -8 =1 1 4
01 -1 0 0 1]
(1 0 5 1 0 —2
— 10 0 1 1/8 —1/8 —1/2
01 -1 0 0 1
[1 0 0 3/8 5/8 1/2]
— (00 1 1/8 —-1/8 —1/2
010 1/8 —1/8 1/2
[1 0 0 3/8 5/8 1/2]
— (01 0 1/8 —=1/8 1/2 |.
0 0 1 1/8 —-1/8 —1/2

Because the first three columns of this matrix are I3, we conclude that A is invertible and
3/8 5/8 1/2

1/8 —1/8 1/2
1/8 —1/8 —1/2

AT =

Very slick!

85



Invertibility Theorem

Theorem (Invertibility Theorem). Let A = [61 e c?n] € Myuxn(K) and let T : K* — K"
be the linear transformation T'(Z) = AZ. The following statements are equivalent.

A is invertible.

For every v € K", the linear system AZ = ¢/ has a unique solution.
a-3) rank(A) =n

a-4) rref(A) =1,

T is invertible.

T is bijective.

-1) span(dy,...,d,) = K"

For every i € K", the linear system AZ = ¢ has at least one solution.

rref(A) has a pivot in every row.

T is surjective.

(a-
(a-
(
(
(a-
(a-6
(
(b-
(b-
(
(b-
(

-6) There is a linear transformation S : K® — K" such that T7'(S(¢y)) = ¢ for every y € K".

O
H

ai,...,0a, is a linearly independent set.
The solution set of the linear system AZ = 0 is {0}.

or every ¢ € K", the linear system Ax = ¢/ has at most one solution.

c-b) There is B € M,,«,(K) with BA = I,,.

T is injective.

)
)
)
)
)
)
)
)
)
-4) There is B € Mpx,(K) with AB = I,,.
)
)
) @
)
) F
)
)
)
)

(c-
(c-
(c-
(c-4) rref(A) has a pivot in every column.
(
(c-
(

c-7) There is a linear transformation S : K* — K" with S(7'(Z)) = & for every ¥ € K".
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Lecture 18: Vector Spaces

Learning Objectives:
e Generalize the properties of K™ to formulate a definition for a vector space over K.
e Determine when a set with notions of addition and scalar multiplication is a vector space.

e Establish several standard examples of vector spaces.

At the beginning of the course we discussed how linear algebra began with the study of linear systems,
and then generalized to encompass the study of vectors in R” and C". The first of these topics is
algebraic, and the latter is geometric. However, we have now seen that each of these two aspects of
linear algebra heavily inform the other, and we have built up an impressive base of results about vectors,
linear systems, and linear transformations.

The time has come to address the more modern formulation of linear algebra as the study of vector
spaces{jf] which are sets of objects with notions of addition and scalar multiplication that mimics those
those of K". Here is the definition.

16Some mathematicians (including the author of your book) prefer the term linear space to vector space, as there is a
feeling that vector space heavily connotes the very specific example of K”. I am not one of those mathematicians, though,
and so we will use the vector space exclusively here.
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Definition 32. Let K be a field. A set V is called a vector space over K if V' is equipped with
notions of addition and scalar multiplication that satisfy the following properties.

(1) Foreveryu,v € Vanda e K, u+veVandav eV .
(2) (Associativity of Vector Addition) For every u,v,w € V,

(u+v)+w=u+ (v+w).

3) (Commutativity of Vector Addition) For every w,v € V, u+v =v + u.

4) (Additive Identity) There exists an element 0 € V such that for every v € V, v + 0 = v.

6

(3) (

(4) (

(5) (Additive Inverses) For every v € V there is —v € V such that v + (—v) = 0.

(6) (Associativity of Scalar Multiplication) For every v € V and a,b € K, a(bv) = (ab)wv.
(7) (

7) (Distributivity of Scalar Multiplication over Scalar Addition) For every v € V and a,b € K,

(@ +b)v =av + bv.
(8) (Distributivity of Scalar Multiplication over Vector Addition) For every u,v € V and a € K,

a(u+v) = au + av.

(9) (Scalar Multiplicative Identity) For every v € V| 1lv = v.

If K =R, then call V' a real vector space. If K = C, then call V' a complex vector space.

\. .

Remark 57. Note that property (1) simply says that the notion of addition combine two vectors in V'
and return another vector in V', and that the notion of scalar multiplcation combines a scalar in K and
a vector in V' to give another vector in V.

Remark 58. Note that (2)-(3)-(4)-(5) exactly generalize the Properties of Vector Addition for K", and
that (6)-(7)-(8)-(9) exactly generalize the Properties of Scalar Multiplication for K".

Example 44. K", equipped with its usual notion of vector addition and scalar multiplcation, is a vector
space over K.

As a vector space over R, R" is a real vector space. Similarly, as a vector space over C, C" is a
complex vector space.

Example 45. Let n,m € N. Then M,,,(K), with the usual notions of matrix addition and scalar
multiplcation, is a vector space over K.

(1) The definition of matrix multiplcation and scalar multiplcation ensures that for every A, B €
Mpxn(K) and a € K, A4+ B € M,,x,(K) and aA € M,,x,(K).

(2)-(3) Forevery A, B,C' € M,,x,(K), Remark[42)shows that A+(B+C) = (A+B)+C and A+B = B+A.
(4) The first problem on Quiz 4 shows that for every A € M,,«,(K), A+ Oxn = A.
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(5) The second quiz problem on Quiz 4 shows that for every A € M, (K) there exists —A € M,,xn(K)
such that A+ (—A) = Oy

(6)-(9) The method for verifying the properties of scalar multiplcation of matrices was addressed in Re-
mark (441

As a vector space over R, M,,«,(R) is a real vector space. As a vector space over C, M,,s,(C) is a
complex vector space.

Several important examples of vector spaces can be viewed as special cases of the following (extremely
general) examples.

Example 46. Let X be a nonempty set. Define F'(X,K) to be the space of functions from X into K.

That is,

FIX,K)Y {f . f: X > K.

For f,g € F(X,K) and a € K, define
de de
(f+9): X =K (f+9)@) < f@)+g) and af : X K (af)@) Y af ().
We verify"| that F(X,K) is a vector space over K.
(1) Let f,¢g € F(X,K) and a € K. The definition of f + ¢g and af implies that f + g,af € F(X,K).
(2) Let f,g,h € F(X,K). Then for every x € X,

((f +9) + h)(x) = (f(2) + g(x) + hz) = f(z) + (9(z) + h(z)) = (f + (9 + h))(2),
so that (f +g¢)+ h = f+ (g + h) as functions from X to K.
(3) Let f,g € F(X,K). Then for every x € X

(f +9)(x) = f(z) + 9(z) = g(z) + f(z) = (g + f)(x),

so that f+g=g+ f.

(4) Define 0: X — K by 0(z) “10. Let f € F(X,K). Then for every z € X,

(f +0)(z) = f(z) +0(z) = f(x) + 0 = f(x),
so that f +0 = f.

(5) Let f € F(X,K). Define —f : X — K by (—f)(z) et —f(x) for each € X. Then for each
reX,

(f + (=))x) = fz) = f(z) = 0 =0(x),
so that f+ (—f) =0.

" Throughout this proof, we use that fact that for two functions ©,® : X — K, ® = @ exactly exactly when ©(z) = ®(z)
for every x € X.
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(6) Let f € F(X,K) and a,b € K. Then for every x € X,
(a(bf))(x) = a(bf)(x) = a(bf(x)) = (ab) f(x) = ((ab)f)(x),
so that a(bf) = (ab)f.
(7) Let f € F(X,K) and a,b € K. Then for every z € X
((a+0)f)(x) = (a+b)f(x) = af(x) +bf(x) = (af)(x) + (bf)(x) = (af + bf)(x),
so that (a+b)f =af +bf.
(8) Let f,g € F(X,K) and a € K. Then for every z € X,
(a(f+9)(x) = a(f +g)(x) = a(f(2) + 9(x)) = af(x) +ag(x) = (af)(z) + (ag)(z) = (af + ag)(z),
so that a(f + g) = af + ag.
(9) Let f € F(X,K). Then for every z € X,
(1f)(z) = 1f(z) = f(2),
so that 1f = f.

Therefore F'(X,K) is a vector space over K.

Example 47. The argument above remains unchanged if we replace F(X,K) with F(X, V) ={f : f:
X — V} where V is a vector space over K. Therefore if X is a nonempty set and V' is a vector space
over K, then F(X,V) is a vector space over K.
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Vector Spaces

Definition. Let K be a field. A set V' is called a vector space over K if V' is equipped with
notions of addition and scalar multiplication that satisfy the following properties.

(1) For every u,v € Vanda e K, u+veVandav eV .

(2) (Associativity of Vector Addition) For every w,v,w € V,

(u+v)+w=u+ (v+w).

Commutativity of Vector Addition) For every u,v € V, u+v = v + u.
Additive Identity) There exists an element 0 € V' such that for every v € V, v 40 = v.

(3) (

(4) (

(5) (Additive Inverses) For every v € V there is —v € V such that v + (—v) = 0.

(6) (Associativity of Scalar Multiplication) For every v € V' and a,b € K, a(bv) = (ab)v.
(7) (

Distributivity of Scalar Multiplication over Scalar Addition) For every v € V and
a,bek,
(@ +b)v =av+ bv.

(8) (Distributivity of Scalar Multiplication over Vector Addition) For every u,v € V and
a €K,
a(u+v) = au + av.

(9) (Scalar Multiplicative Identity) For every v € V| 1lv = v.

If K =R, then call V' a real vector space. If K = C, then call V' a complex vector space.




Lecture 19: More Vector Spaces

Learning Objectives:
e Generalize various definition from K" to general vector spaces.

e Review the elementary properties of K™ that remain true for general vector spaces (with the
same proofs).

Remark 59. As one concrete instance of Example [46, note that in your single-variable calculus course
you spent most of your time studying F(R,R) = {f : f:R — R}, the real vector space of real-valued
functions on R.

Remark 60. When you take a course in Complex Analysis, you will spend a lot of time studying
F(R,C) and F(C,C), both of which are complex vector spaces.

Example 48. One important example that will provide counterexamples of many upcoming questions
is K>, the space of sequences of scalars in K. That is,

K* = {(a1, as,as3,a4,...) : a; € K for every j € N}.

Here, we define

>def

(al,(lg,ag, .. ) + (bl,bg,bg, Lol = (a1 + bl,ag + b27a3 + bg, .. )

and
def
c(ay,as,as,...) = (cay,cas,cas,...)

for every (ai,as,as,...), (b1, be,bs,...) € K™ and every ¢ € K. You will show on your homework that
K is a vector space over K.

It is sometimes (perhaps surprisingly) helpful to take what is usually a complex vector space, but
view it as a real vector space. You'll explore this more deeply on a future homework assignment, but
here is an example.

Example 49. C" is a vector space over R with the usual notion of vector addition, and where we define

av (a+1i0)7 for every a € R, 7 € C".

One can immediately verify that this satisfies the definition of vector space over R. This viewpoint is
useful when we wish to analyze complex vector spaces using results that are only valid for real vector
spaces. (We will see several results of this form in MATH 291-2 and MATH 291-3.)
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Properties of Vector Spaces

Vector spaces over K share many basic algebraic properties with K". Indeed, everything that we proved
about K™ using only the Properties of Vector Addition and Properties of Scalar Multiplcation (and,
of course, the properties of the field K) remain true for vector spaces over K with exactly the same
proofs. (This is exactly why we spent so much time focusing on proving results without using the
specific definitions of vector additon and scalar multiplication!) In particular, if V' is a vector space over
K, then the following results hold (with exactly the same proofs that we gave earlier in the course):

e The additive identity 0 € V' is unique.

e For every v € V, the additive inverse —v of v is unique.

(=1)v = —v and —(—v) = v for every v € V.

Ov =0 and a0 = 0 for every v € V and a € K.

If a € Kand v € V satisfy av = 0, then a =0 or v = 0.

e The distributive properties apply to finite sums. In particular, for every k£ € N,
(ay +as+ -+ ap)v=av+av+---+a forevery aj,as,...,a, € Kandv eV
and
a(vi + v+ -+ vg) =avy +avg + -+ -+ avy  for every a € K and vy, vg,... v, € V.

The elementary notions of linear combination, span, and linear independence remain exactly the
same as in the case of K".

Definition 33. Let V' be a vector space over K, and let vy,...,v, € V.

e A linear combination of vy,...,v, is a sum of the form

C1U] + CoUg + * + + + CpUn,

where ¢1, o, ..., ¢, € K are scalars (sometimes called the coefficients of the linear combi-
nation).
e Define the span of vy, ..., v,, denoted span(vy, ..., v,), by

span(vy, ..., v,) = {cro1 + -+ vy ¢ 1y ,0n € K}

e We call the set vy,...,v, linearly independent if for every c¢y,...,c, € K, if
cavy+---+cv, =0

then ¢; = ¢g = -+ = ¢, = 0. A set of vectors that is not linearly independent is called
linearly dependent.

Many of the fundamental results about span and linear independence remain true (with the same
proofs!) in the more general setting. Here are a couple such results. The proofs (in K") can be found
earlier in the notes (and, for the last result, in one of our quizzes).
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Proposition 18 (Proposition E[) Let V be a vector space over K. Let vq,...,v,,u € V. If
u € span(vy, ..., v,), then span(vy, ..., v,, u) = span(vy, ..., v,).

Theorem 19 (Linear Independence and Linear Dependence). Let V' be a vector space over K,
let m > 2, and let vy, ...,v, € V.

(a) v1,...,vy is a linearly independent set if, and only if, none of vy, ..., v,, can be written as
a linear combination of the others.

(b) v1,...,v,, is a linearly dependent set if, and only if, at least one of vy, ..., v,, can be written
as a linear combination of the others.

Proposition 19 (Proposition. Let V be a vector space over K. Let vq,...,v,,,u € V. Assume
that vy, ..., v, is linearly independent set, and that u ¢ span(vy, ..., v,). Then vy, ..., v,,uis a
linearly independent set.

Theorem 20 (Theorem @ Let V' be a vector space over K. Let vy,...,v,, € V. Then the
following are equivalent:

(a) vy,...,v, is a linearly independent set.
(b) There is a unique choice of scalars ¢y, ..., ¢, € Ksuch that 0 = cjv; + -+ - + .
(c) For every u € span(vy, ..., v,), there is a unique choice of scalars ¢y, ..., ¢, € K such that

U= Ccv + -+ CpUm.

Proposition 20 (Problem 2, Quiz 2). Let V be a vector space over K. Let vy, ..., v, U1, ..., u, €
V. Ifvy,...,op,uq, ..., u, is a linearly independent set, then vy, ..., v,, is a linearly independent
set.

Example 50. Consider C? as a vector space over R. Then note that if ¥ = [zj] € C?, then writing

w=a+1iband z = c+1d for a,b,c,d € R, we have

20 T R e s

Therefore (as a vector space over R) we have C? = span([3],[§],[9],[?]). We also have that [}],[&],[9],[Y]
is a linearly independent set, for if ¢y, ¢9, 3, ¢4 € R satisfy

bl = ] #ee ]+ B} e [ = )

then 0 = ¢y +ico and 0 = ¢35 + ¢y, so that ¢; = co =c3 =¢4 = 0.

This might seem strange that we have a set of four vectors in C? that is linearly independent, but
the crucial point here is that we are considering C? as a vector space over R. When we consider C? as
a vector space over C, then it would have been impossible to have a linearly independent set of four
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vectors. This illustrates the important point that when we consider a set V' as a vector space over K,
our choice of K actually does affects the algebraic properties of V. We will see some surprising instances
of this phenomenon next quarter.
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Generalization of Definitions and Results

The additive identity 0 € V' is unique.

(—1)v = —v and —(—v) = v for every v € V.

Ov =0 and a0 = 0 for every v € V and a € K.

If a € Kand v € V satisfy av = 0, then a =0 or v = 0.

(@ +as+ -+ ap)v=av+aw+---+a forevery a,as,..

and

For every v € V, the additive inverse —v of v is unique.

The distributive properties apply to finite sums. In particular, for every k € N,

La,eKandov eV

a(vi + v+ -+ vg) =avy +avg + -+ -+ avy  for every a € K and vy, vg,...,v, € V.

Definition. Let V' be a vector space over K, and let vy, ..

e A linear combination of vy,...,v, is a sum of the

linearly dependent.

L, Up €V

form

C1U1 + CoU2 + - - - + CpUp,

where ¢1,¢o,...,c, € K are scalars (sometimes called the coefficients of the linear

combination).
e Define the span of vy, ..., v,, denoted span(vy, ..., v,), by

def
span(vy,...,v,) = {c1v1 + -+ vy 1 cry.. .0 € K}
e We call the set vy,...,v, linearly independent if for every cy,...,c, € K, if
cvr+ -+ v, =0
then ¢y = cp = --- = ¢, = 0. A set of vectors that is not linearly independent is called




Proposition (Proposition E[) Let V be a vector space over K. Let vq,...,v,,u € V. If
u € span(vy, ..., v,), then span(vy, ..., v,, u) = span(vy, ..., v,).

Theorem (Linear Independence and Linear Dependence). Let V' be a vector space over K,
let m > 2, and let vq,...,v,, € V.

(a) vi,...,v,, is a linearly independent set if, and only if, none of vy, ..., v,, can be written
as a linear combination of the others.

(b) v1,...,v, is a linearly dependent set if, and only if, at least one of vy, ..., v, can be
written as a linear combination of the others.

Proposition (Proposition . Let V be a vector space over K. Let vy,...,v,,u € V.
Assume that vy,..., v, is linearly independent set, and that u ¢ span(vi,...,v,). Then
V1, ..., Um, % is a linearly independent set.

Theorem (Theorem @ Let V' be a vector space over K. Let vq,...,v,, € V. Then the
following are equivalent:

(a) vi,...,v, is a linearly independent set.
(b) There is a unique choice of scalars cy, ..., ¢, € K such that 0 = c;v; + - - - + ¢, Um.
(c) For every u € span(vy,...,v,), there is a unique choice of scalars ¢y, ..., ¢, € K such

that u = civ1 + - - - + ¢ um,.

Proposition (Problem 2, Quiz 2). Let V' be a vector space over K. Let
Vlyeooy Uy Uty ooy € Voo If v, .. 0, Uy, ..., u, is a linearly independent set, then
V1,...,Un iS a linearly independent set.




Lecture 20: Subspaces

Learning Objectives:
e Determine when a subset of a vector space is a vector space in its own right.

e Generate several examples of interesting vector spaces that can be viewed as subspaces of other
vector spaces.

Remark 61. Note that the empty set () is not a vector space over K with any notion of addition or
scalar multiplcation, since property (4) of vector spaces (i.e. that there is an additive identity 0) implies
that a vector space must contain at least one element (i.e. an additive identity).

We have now seen quite a few examples of vector spaces over K: K", M,,«,(K), K* and even more
abstract examples like F'(X, K) (for a nonempty set X) and F'(X, V) (for a nonempty set X and a vector
space V' over K). We even saw an example of how to think of the complex vector space C" as a vector
space over R. (You will explore this last example in more detail on your next homework.)

Many of the examples that we care about in applications are not in the list above, but rather are
subspaces of the spaces listed above. To make this precise, we give a definition.

Definition 34. Let V be a vector space over K. A subsetIE W C V is called a subspace of V' if
W is a vector space over K, where addition and scalar multiplication in W are the same as in V.

Here are some examples (proofs to follow).

Example 51. Let V' be a vector space over K. Then V is a subspace of itself.

Example 52. Let V be a vector space over K, and let 0 denote the additive identity in V. Then {0}
is a subspace of V' (called the trivial subspace).

Example 53. Let V' be a vector space over K, and let vy,...,v,, € V. Then span(vy,...,v,) is a
subspace of V.

Example 54. The set P,(K) of polynomials over K with degree no more n, that is

Pn(K)déf{f:K%K : Jag,aq,...,a, € Ksuch that Vo € K, f(z) = a0+ a1z + -+ a2},

is a vector space over K with the usual notions of addition and scalar multiplcation of functions. Note

that P,(K) C F(K, K).

18Tf A, B are sets, the notation A C B, read “A is a subset of B”, indicates that every element of A is also an element
of B.
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Example 55. Let I C R be an interval. Then the space

C°(I,R) «f {f:1—R : fiscontinuous}

of continuous, real-valued functions on I is a subspace of F'(I,R).

If V' is a vector space over K and if W C V| then (in principle, at least) showing that W is a
subspace of V' necessitates verifying that W, with its notions of addition and scalar multiplication,
satisfies properties (1)-(9) of the definition of vector space over K. Of course, the fact that the notions
of addition and scalar multiplication in W are exactly the same as those in V' should mean that most
of the properties of addition and scalar multiplication in W (like associativity, commutativity, etc.)
should follow immediately from those in V. As one might expect, it turns out that we can simplify this
verification down to a few crucial points. This observation gives us the following theorem.

e D

Theorem 21 (Subspace Criteria). Let V' be a vector space over K, and let W C V. Equip W
with the notions of addition and scalar multiplication from V. Then W is a subspace of V' if, and
only if, the following criteria hold:

(i) 0y € W, where Oy is the additive identity of V.
(ii) W is closed under vector addition, in the sense that for every v,w € W, v +w € W.

(iii) W is closed under scalar multiplication, in the sense that for every v € W and a € K,
av e W.

Moreover, in this case the additive identity 0y of V is also the additive identity of W.

Proof. Suppose that W is a subspace of V. Criteria (ii) and (iii) follow immediately from property (1)
of vector spaces. Because W is a vector space, W has an identity element Oy,. By property (1) of vector
spaces, 00y = 0y € W. Therefore (i) holds. Moreover, because 0y € W, Oy = O + Oy = Oy .
Now assume that (i),(ii),(iii) hold. We verify that W satisfies the properties of a vector space.

Throughout, let v, w,u € W and a,b € K. Because v,w,u € W and W CV, v, w,u € V as well.
) This follows immediately from criteria (ii) and (iii).
) Because addition in V' is associative, v + (u + w) = (v + u) + w.
) Because addition in V' is commutative, v + u = u + v.

) By (i), Oy € W. Because v + 0y = v, Oy is also an additive identity of . Hence, take Oy = Oy.
5) By (iii), —v = (—1)v € W. Moreover, v 4+ (—v) = 0y = Ow .

) Because scalar multiplcation in V' is associative, a(bv) = (ab)v.

) Because scalar multiplcation in V' distributes over scalar addition, (a 4+ b)v = av + bv.

) Because scalar multiplication in V' distributes over vector addition, a(v + u) = av + au.

) Because of the scalar multiplicative identity property of V', 1v = v.

This completes the proof that W, with the notions of addition and scalar multiplcation inherited from
V', is a vector space over K. O
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With this theorem in hand, producing interesting example of vector spaces is a breeze! Let’s revisit
the examples we listed earlier.

Proposition 21 (Spans are Subspaces). Let V' be a vector space over K, and let vy, ..., v, € V.

Then W %</ span(vy, ..., vy,) is a subspace of V.

Proof. Note that 0 = 0vy +---+0v,, € W. Let u,w € W and a € K. Choose ¢, ...,¢pn,dq,...,d, €K
with
Uu=cvy+--+cpty, and w=dwv+ -+ dptm.

Then
u+v=_(c+d)vi+- -+ (cm+dn)vm €W and au= (ac))vy + -+ (acy)v, € W.

By the Subspace Criteria, W is a subspace of V. O
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Lecture 21: More Subspaces

Learning Objectives:

e Generate several examples of interesting vector spaces that can be viewed as subspaces of other
vector spaces.

Example 56. Let V be a vector space over K, and let 0 denote the additive identity in V. Then {0}
is a subspace of V' (called the trivial subspace).

Proof. Because {0} = span(0) C V, the Spans are Subspaces proposition implies that {0} is a subspace
of V. O

Example 57. For n € NU {0}, the set P,(K) of polynomials over K with degree no more n, that is

PK)Y {f:K—>K : Jag,ai,...,a, € K such that Vo € K, f(z) = ap + @12 + - - + anz™},

is a vector space over K with the usual notions of addition and scalar multiplcation of functions.

Proof. For each k = 0,...,n, let p, : K — K be the polynomial py(z) = z* (where po(z) = 1). Then
P, (K) = span(pg, p1, - - -, Pn) C F(K,K), so by the Spans are Subspaces Proposition, P, (K) is a subspace
of F(K,K). O

The past couple examples get some milage out of the fact that spans of finite sets of vectors are
subspaces. For more general examples where the subsets are defined by some other property, we may
need to get our hands dirty.

Example 58. The set P(K) of polynomials over K,

P(K) o {f:K—=K : 3n € Nand Jag, ay, ...,a, € Ksuch that Ve € K, f(z) = ap+az+---+a,a"},

is a vector space over K with the usual notions of addition and scalar multiplcation of functions.

Proof. Note that P(K) C F(K,K). Moreover, note that P,(K) C P(K) for every n € NU{0}. Because
Py(K) € P(K) and 0 € Py(K), 0 € P(K). Now suppose f,g € P(K) and a € K. Then there
exist n,m € NU {0} with f € P,(K) and g € P,(K). Then f + g € Puax(nm)(K) € P(K) and
af € P,(K) C P(K). By the Subspace Criteria, P(K) is a subspace of F(K, K). O

Example 59. Let I C R be an interval. Then the space
C°(I,R) =) {f:I— TR : fis continuous}

of continuous, real-valued functions on [ is a subspace of F/(I,R).
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Proof. Note that because the zero function 0(z) = 0 is continuous, 0 € C°(/,R). Now suppose that
f,g € C°(I,R) and @ € K. Then since f+¢g: 1 — Rand af : I — R are continuouﬂ f+gaf e
C%(I,R). By the Subspace Criteria, C°(I,R) is a subspace of F(I,R). O

Besides investigating specific examples, we might also prove additional abstract facts about sub-
spaces.

Proposition 22. Let V' be a vector space over K, and let W be a subspace of V. Let wq,...,w, €
W. Then w; ..., w, is a linearly independent set in W if, and only if, wq,...,w, is a linearly
independent set in V.

Proof. Suppose that wy, ..., w, is linearly independent in W. Suppose ¢y, ..., ¢, € Ksatisty cyw;+-- -+
cpwy, = Oy. Then cywy + -+ + ¢,v, = Oy (since Oy = Oy ), and therefore ¢; = --- = ¢, = 0. Therefore
wi, ..., w, is linearly independent in V. The proof of the reverse direction is almost identical. O

Proposition 23. Let V' be a vector space over K, and let W and U be subspaces of V. Then the
intersection®| W N U is a subspace of V.

Proof. Because W and U are subspaces, 0 € W and 0 € U. Therefore 0 € W NU. Now suppose
v,z € WNU and a € K. Because v,z € WNU, v,z € W and v,z € U. Because W and U are
subspaces, v + z,av € W and v + z,av € U. Therefore v + z,az € W NU. By the Subspace Criteria,
W N U is a subspace of V. n

Remark 62. A natural question to follow the previous example is whether the um’on@ of two subspaces
of a vector space V must form a subspace of V.

The answer to this question is “no”. For a counterexample, consider the subspaces W, U of K2 given
by W = span(é;) and U = span(é). Then WU U = {Z € K?® : Ja € K such that Z = aé; or ¥ = aé,}.
But then é€1,e, € W UU, but €; + é, ¢ W UU. To see this note that if a € K satisfied €] + €, = aél,
then (1 —a)e; +é; = 0 and therefore (because €7, €5 is a linearly independent set) 1 = 0 (which we know
to be false). Similarly, we cannot write €] + € = aé; for some a € K.

On your homework, you will explore the exact conditions under which the union of two subspaces of
a vector space is a subspace.

Two particular examples of subspaces, investigated (without names) earlier in the quarter, are worth
revisiting now.

19This was proved in your calculus course. Let zg € I. Then because f and g are continuous at x, we have lim (f +
T—rT0
9)(z) = xli)ng} (f(x) + g(x) = f(xo) + g(xo) = (f + g)(x0), so f + g is continuous at zg. Similarly, xl;n; (af)(z) =
0 0
lim af(x) =af(zo) = (af)(zo), so that af is continuous at xg. Therefore f 4+ g and af are continuous on I.
T—rT0

20Tf A and B are sets, the intersection of A and B, denoted ANB,is ANB ={r : x € A and z € B}. That is,
AN B is the set of elements that are common to both A and B.

21If A and B are sets, the union of A and B, denotes AUB,is AUB ={x : x € Aor x € B}. That is, AU B is the
set of elements that are in either A or B (or both).
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Definition 35. Let A € M,,»,(K), and let @, ...,d, € K™ be the columns of A. The column
space of A, denoted col(A), is defined to be

col(A) «f span(dy, ..., dy,).
The nullspace of A, denoted null(A), is defined to be

null(A) el {ZeK" : A

8y

Il

=]
‘Tz—’

Proposition 24. Let A € M,,«,(K)
(a) col(A) is a subspace of K™, and col(A) = {AZ € K™ : 7€ K"},

(b) null(A) is a subspace of K".

. J

Proof. Because col(A) is the span of n vectors in K", col(A) is a subspace of K. The equivalence

of span(dy,...,d,) and {A7 € K™ : ¥ € K"} is immediate from the definition of multiplication of
1

matrices and vectors, since A [ : } = x1d + -+ + T,d, for each z4,...,x, € K. This proves (a).
Tn

(b) follows immediately from Exercise 8 on Homework 2. However, we’ll prove it again here (with
far better notation!). Note that since A0 =0, 0 € null(A4). If ¥, ¢ € null(4) and a € K, then

AF+7)=AT+Ag=0+0=0 and A(aF) = a(AF) = a0 =0,
so that & + ¥/, aZ € null(A). By the Subspace Criteria, null(A) is a subspace of K". H

Remark 63. At this point, it might be good to pause and note that we can now add a couple more
items to the Invertibility Theorem. In particular, we have the following result.

Theorem 22 (Invertibility Theorem, cont’d). Let A = [dl Ein} € M,xn(K) and let T :
K" — K™ be the linear transformation 7'(z) = AZ. The following statements are equivalent.

(a-1) A is invertible.

(a-7) There is B € M,x,(K) such that rref([A I,]) = [I, B].

(a-8) AT is invertible.

(b-7) col(A) = K"

(c-8) null(A) = {0}
Moreover, in (a-7), (b-4), and (c-5) we have B = A~L.
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Proof. The equivalence of (a-1) with (a-7) is the Computing Inverses Theorem (which also shows that
B = A™!). The equivalence of (a-1) with (a-8) is Exercise 5(d) from Homework 6. The equivalence of
(a-1) and (b-7) follows immediately from the definition col(A) = span(dy,...,d,) and the equivalence
of (a-1) with (b-1). The equivalence of (a-1) and (c-8) follows immediately from the equivalence of (a-1)
and (c-2), since null(A) is the solution set of AZ = 0.

The fact that a right or left inverse of A must be A™! is Exercise 2(a) on Homework 6. [
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Lecture 22: Bases and Dimension

Learning Objectives:
e Determine whether a vector space is finite-dimensional or infinite-dimensional.
e Determine whether a set of vectors is a basis for a finite-dimensional vector space.

e Examine the properties of bases in terms of representing vectors in the space using linear
combinations.

The rest of the course (and much of the next quarter) will be devoted to studying the geometric properties
of vector spaces. Because we have already done so much work studying K", it will be important to
distinguish the vector spaces whose geometric structure most closely resembles that of K" (for some n).
To this end, we make the following definition.

Definition 36. Let V be a vector space over K. Then we say that V is finite-dimensional if
there is a finite set of vectors vy,...,v, € V such that span(vq,...,v,) = V. We say that V is
infinite-dimensional if V' is not finite-dimensional.

Example 60. K" is finite-dimensional, since K" = span(éy, ..., €,).

Example 61. M,,.,(K) is finite-dimensional. For each 1 < j <m and 1 <k <n, let A;; € M, (K)
be the matrix with entry 1 in the j, k-th spot, and all other entries equal to 0. Then for each A = [a;] €
M, «n(K), we have

A=a A+ Fa,din+ - FamiAmi + -+ amnAmn,

so that A € span(A411,..., 410,  Am1, ..., Apyn). Because the span of any collection of vectors in
M5 (K) is a subset of M, ., (K), we therefore have M, (K) = span(Ay 1, ..., A1, -, A, oo, Amn)-

Example 62. Because P,(K) = span(1, z,2?,...,2"), P,(K) is finite-dimensional.

Example 63. If V' is a vector space over K, then the trivial subspace W = {0y} is finite-dimensional,
as W = span(Oy).

Example 64. The subspace V = {A € Myyo(R) E ﬂ A=A F 2} } of Msyo(R) is finite-

dimensional.
First note that V' is indeed a subspace of Msyo(R) by the Subspace Criteria, since Oz € V' and if
A, B eV and c € R, then

B ﬂ (A+B):E ﬂfu[; ﬂB:AB ﬂﬂ%B ﬂ:(A+B) B ﬂ
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and

b i en=e(l; Ja)=clal, ) —enl; 3],

Note that if A = {“ b
c d

a+2c b+2d| |1 2| |a b] |a b||1 2| |a+2b 2a+0b
20 +c¢ 20+d| |2 1| |c d| |c d| |2 1| |c+2d 2c+d|’

so that a 4+ 2c¢ = a + 2b, so b = ¢. Moreover, 2a + ¢ = ¢+ 2d, so a = d. Therefore A = [

] € V then

a

b fi
p | for some

a,b € R. On the other hand, if A = [Z 2} for some a,b € R, then
1 20, la+2b 2a+b| 1 2
{2 I}A_[chkb a+26]_A{2 1}'

a b

] : a,bGR}.LetAGV. Then A = [a
b a

b
10 01
A—a{o 1}—!—(){1 0}.

Because linear combinations of {1 O} , {O 1} are also in V', we therefore have V' = span( [1 0] , [0 1] >

Therefore V = { [

b
a] for some a,b € R. Moreover,

01 10 01 10

Remark 64. Not every vector space is finite dimensional. Indeed, P(K), K>, and C°(R,R) are each
infinite-dimensional (and there are many other examples!). We do not yet have the machinery to prove
that these spaces are infinite-dimensional, but we will soon.

Bases

It is usually convenient to study the geometric structure of a vector space in terms of a fixed set of
vectors that exactly captures the structure of the space. Such a set is called a basis for the space.

Definition 37. Let V' be a finite-dimensional vector space over K. Let vy,...,v, € V. Then the
set v1,...,v, is a basis for V if vy, ..., v, is linearly independent and if span(vy,...,v,) = V.

Example 65. Because K" = span(éy, ..., €,) and €1, ..., €, is a linearly independent set, €1, ...,¢, is a
basis for K”. We call this the standard basis for K".

Example 66. Because P,(K) = span(1,z,2%,...,2") and 1,x, 2%, ..., 2" is a linearly independent set@,
1,z,2?, ..., 2" is a basis for P,(K).

22Technically you proved this result only when K = R, but the result is true (with the same proof!) when K = C.
Alternatively, we can prove that the polynomials 1, z, 22, ...,2" are also linearly independent in P(C) by noting that if
ag,...,an € C and we write a; = r; +4t;, rj,t; € R for each 0 < j < n, then if 0 = ag + a12 + --- + a,2" for each
z € C, then taking z = z + 40 for € R implies that 0 = (rg + rz + - + rpa™) + i(to + t1z + - - - + t,a™) for every
x € R. Because the real and imaginary parts of a complex number are unique, we see that 0 = ro + rix + - -+ + rpa”
and 0 = tg + t1x + - - - + t,z™ for every x € R. Therefore (by the result you proved in discussion) rg = --- =, = 0 and
to =+-- =t, = 0. Therefore ag =--- =a, =0.
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Example 67. In the notation of Example because My, (K) = span(Ai1, ..., Ain, s A, Amn),
andif c11,...,¢1m, .- Cm1, .-y Cmn € K satisfy

Omxn = Cl,lAl,l + -+ C1,n141,n + -+ Cm,lAm,l + -+ cm,nAm,n = [Cj,k]

then ¢;, = 0 for each j, k, we see that Ay 1,..., A1, ..., A, ..., Apy is a basis for M, ., (K).

To capture the idea that bases describe the vector space V in the most efficient way possible, we
prove a (now almost trivial) theorem that will be absolutely crucial to the observations we will use
throughout the rest of the linear algebra portion of MATH 291.

Theorem 23. Let V' be a finite-dimensional vector space over K. Let vq,...,v, € V.

(a) vy,...,v, is linearly independent if, and only if, for every b € V there is at most one choice
of scalars ¢q,...,¢, € Kwith b = cjv; 4+ - -+ + ¢, vp,.

(b) span(vy,...,v,) = V if, and only if, for each b € V there is at least one choice of scalars
Cly...,¢, € Kwith b= civ; + -+ + c,v,.

(c) v1,...,v, is a basis for V' if, and only if, for each b € V there is exactly one choice of scalars
Ciy...,cp € Kwith b =civ1+ -+ ¢ u,.

Proof. For (a), suppose that vy, ..., v, is linearly independent. Let b € V. If b ¢ span(vy,...,v,),
then there is no choice of scalars ¢y, ..., ¢, with b = cjv1 + -+ + ¢,v,. If b € span(vy,...,v,), then a
past result implies that there is a unique (and therefore at most one) choice of scalars ¢y, ..., ¢, with
b = civy + -+ + cyu,. Conversely, suppose that for each b € V' there is at most one choice of scalars
Cly...,Cp With b = cyv; + -+ - 4+ ¢,v,. Taking b = 0, and noting that 0 = Ovy + - - - + Ov,,, we have that if

0=cvy+ -+ +cpu, then ¢y =--- =¢, =0, so that vy,...,v, is a linearly independent set.
Part (b) follows immediately from the definition of span, and part (c) follows immediately from (a),
(b), and the definition of basis. O

Remark 65. For infinite-dimensional vector spaces, the definition of basis must be slightly more general.
If V is a (not necessarily finite-dimensional) vector space over K, and if 8 C V', then we say that B is
a basis for V if

(i) for every n € N, every set vy, ..., v, of n elements of *B is linearly independent, and
(ii) for every b € V| thereis m € N, wy,...,w,, € B, and ¢1,...,¢, € Kwith b= ciw; + -+ + ¢pwp,.

Part (i) captures the idea that the (possibly infinite) set B is linearly independent, and part (ii) captures
the idea that the (possibly infinite) set B spans V. Note that in (ii), the exact choice of m and the
vectors wy, . .., w, (as well as the scalars ¢y, ..., ¢,) might depend on b.

We will not study bases in infinite-dimensional vector spaces this year, so this definition is provided
merely for fun. I'll add more information about how our results for finite-dimensional vectors spaces
generalize to the infinite-dimensional case when it can be done without going too far into the weeds.
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Lecture 23: More Bases and Dimension

Learning Objectives:
e Determine the relationship between the sizes of linearly independent sets and spanning sets.
e Construct basis for finite-dimensional vector spaces.

e Show that a vector space is infinite-dimensional.

Example 68. Let VV be a vector space over K. As a matter of convention, we say that the empty set of
vectors is a basis for the trivial subspace {0y} of V. This is because of the fact that the empty set of

vectors is (vacuously) linearly independent, and because of the convention that span() wf {0y }.

Existence of Bases

We turn to two questions that may have flown under the radar until now: when does a vector space V'
actually have a basis? And if V has a basis, then how can we actually produce a basis for V? The answers
to both of these questions (for finite-dimensional vector spaces) boils down to an important result that
we’ll call the Independence vs. Span Theorem, which compares the sizes of linearly independent sets
and spanning sets.

Remark 66. To set the stage, we discuss a special case of the Independence vs. Span Theorem that
we already understand. Recall that in K", a linearly independent set v, ..., ¥, cannot have more than
n vectors (because, by the Linear Independence and Linear Systems Theorem, the reduced row-echelon
form of the n x m matrix [171 e 17m} must have a pivot in every column), so that m < n. We also saw
that if span(uwh, ..., w,) = K", then (by the Spanning Set in K™ Theorem, since the reduced row-echelon
form of the n x ¢ matrix [151 U_J’g] must have a pivot in every row) n < £. In particular, m < ¢,
or rather that every linearly independent set in K" must necessarily have no more vectors than any
spanning set in K". Intuitively, this can be explained using the idea (which we will make rigorous soon)
that K™ is “n dimensional”. Here, it is impossible to have more than n “independent directions” in K",
and yet we need at least n “directions” to span K”. The Independence vs. Span Theorem generalizes
this idea (that linearly independent sets must no larger than spanning sets) to all finite-dimensional
vector spaces.

Theorem 24 (Independence vs. Span). Let V be a vector space over K. Let vq,...,v, € V and
wi,...,we € V. If vy, ... v, is a linearly independent set and span(wy, ..., wy) =V, then m < £.

Proof. Because wy,...,w; span V, for each k = 1,..., m there are scalars uy g, ..., us; € K such that

Vg = Up,kW1 + -+ Uy Wy

109



Let U € Myym(K) be U = [ujk} We claim that the columns of U are linearly independent. To see

x1
this, suppose ¥ = [ : } € K™ satisfies UZ = 0. Then for each 1 < J <UL, uj 1z + - F Uy = 0.

Tm

j—th entry of vz

Therefore
OV:OU)1+"'—|—0’U)g

= (Ul,lxl + -+ ul,mxm)wl +---+ (U@J(El + -+ ug,ma:m)wg

=21 (u 1wy + - - Fugrwe) + - -+ T (U Wy + - 4 ugmwy)

=2V; + -+ Ty U,
Because vy,...,v,, is a linearly independent set, z; = --- = x,, = 0. Therefore the columns of U are
linearly independent. By the Linear Independence and Linear Systems Theorem, rref(U) has a pivot in
every column. Therefore U € My, (K) has at least as many rows as it has columns, so m < £. O

We can immediate apply the Independence vs. Span Theorem to prove that our examples of infinite-
dimensional vector spaces are indeed infinite dimensional. The argument for each is almost the same.

Example 69. P(K) is infinite-dimensional, for if there were py,...,p, € P(K) with span(py,...,ps) =
P(K), then every linearly independent set in P(KK) would have no more than ¢ elements. But you showed
on your discussion worksheet that 1, x, ..., 2" is a linearly independent set of £+ 1 polynomials in P(KK),
and ¢ + 1 > (. Therefore no finite set of polynomials spans P(K), so that P(K) is infinite-dimensional.

Example 70. Because P(R) is a subspace of C°(R,R), and because there are linearly independent sets
of every (finite) size in P(R), there are linearly independents sets of every (finite) size in C°(R,R).
Therefore the same arguments as above show that C°(R,R) is infinite-dimensional.

Example 71. K™ is infinite-dimensional. To see this, for each n € N let E,, = (6]»%);";1, where 9,,,, = 1
and 0, = 0if j # n. That is, E, is the sequence with entry 1 in the n-th spot, and 0 for every other entry.
Suppose that there were Sy, ..., S, € K> with span(9Si,...,S;) = K*®. Then every linearly indpendent
set in K> has at most ¢ elements. But Fi,..., Ey. is linearly indpenedent, for if c;,..., ¢ € K
satisfies

OKoc = ClEl + -t Cg+1Eg+1 = (Cl, Coy ..., Cpy1, O, 0, .. .),

then ¢y = -+ = ¢y 1 = 0. Therefore K* is not spanned by a finite number of vectors.

Example 72. The set [%] , [é} , H] is a basis for K®. To see why, note that since

1 21 1 2 1 1 0 1 100 100
rref [2 0 1| =rref |0 —4 —1| =1ref [0 0O —1| =1ref ({0 O 1{ =10 1 0},
1 01 0 -2 0 0 -2 0 010 0 01

the Invertibility Theorem implies that [%] , [é} , H] both spans K? and is linearly independent.
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Remark 67. The last example suggests that we should add another line to the Invertibility Theorem.
Let’s do that now.

N

Theorem (Invertibility Theorem, cont’d). Let A = [61 &'n] € M,un(K) and let T : K" —
K" be the linear transformation T'(Z) = AZ. The following statements are equivalent.

(a-1) A is invertible.

(a-9) dy,...,d, is a basis for K",
Proof. Suppose that A is invertible. By our first version of the Invertibility Theorem, d;,...,d, is a
linearly independent and span(dy, ..., d,) = K". Therefore d,...,d, is a basis for K",

Suppose that dq,...,d, is a basis for K". Then ay,...,d, is a linearly independent set. O

Perhaps the most important application of the Independence vs. Span Theorem is that it allows us
to explicitly describe how to construct bases.

Theorem 25 (Constructing Bases). Let V' be a finite-dimensional vector space over K.

(a) Every spanning set for V' contains a basis for V', in the sense that if vq,...,v, € V and
span(vy, ...,v,) =V, then there are 1 < ky < -+ < k,,, < n such that vy, ..., vy, is a basis
for V.

Here we allow m = 0 in the case where the empty set of vectors is a basis for V.

(b) Every linearly independent set in V' can be extended to a basis for V', in the sense that if
v1,...,0, € V and vy,...,v, is a linearly independent set, then there are wy,...,w,, € V
such that vy,...,v,,wy,...,w,, is a basis for V.

Here we allow the cases where n = 0 (where the linearly independent set we start with is
the empty set) or m = 0 (where vy, ..., v, already spans V).

In particular, if V' is finite-dimensional then V' has a basis.

Remark 68. The proof of this result should be very intuitive, but writing the proof to emphasize the
intuition results in an overly technical argument. Therefore, to supplement the proof, we will also give
an informal argument that captures the the intuition of the rigorous proof (without the complication).

“Proof” (Enlightening, Not Rigorous). For (a), suppose that vy,...,v, € V and span(vy,...,v,) = V.
If vy, ..., v, is linearly independent, then we are done. If not, then one of the vectors (say v;) is a linear
combination of the others. Therefore by a past result we have

V =span(vy,...,0j_1,0j,Vj41, ..., Uy) = span(vi, ..., Vj_1,Vj41, . - ., Un).

We therefore get a set vi,...,vj_1,Vj41,...,0, of n — 1 vectors that still span V. We repeat this
argument, at each stage removing a vector that is a linear combination of the others in the set, until
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we arrive at a linearly independent set (which could very well be the empty set). Eventually we have a
(perhaps empty) subcollection vy, ..., vk, of vy, ..., v, that is linearly independent and spans V.

For (b), because V is finite-dimensional, there is N € N and a set of N vectors in V' that spans
V. Suppose vy,...,v, is a linearly independent set in V. If span(vq,...,v,) = V, then we are done
(this is the case where m = 0). If not, then there is wy € V with w; ¢ span(vy,...,v,). By a past
result, vy, ..., v,, w; is a linearly independent set of n 4+ 1 vectors. We repeat this argument as many
times as possible. Because a linearly independent set in V' cannot have more than N vectors (due to
the Independence vs. Span Theorem), for some m with n+m < N we will have a linearly independent
list vq,...,Up, w1, ..., w, which (by our inability to repeat the above argument) also spans V. O]

Proof (Rigorous, Not Enlightening). We start with (a). Suppose vy,...,v, € V and span(vy,...,v,) =
V. If V.= {0y}, then the empty subset of vy, ..., v, is a linearly independent set that spans V. Suppose
that V' is not trivial. Then at least one of the v; is nonzero, so vy, ..., v, contains a linearly independent
set consisting of one vector. Define

S={j : 1<j<nandthereare 1l <k <---<k; <n with v,,..., v, linearly indpendent}.

Then 1 € S and S C {1,...,n}. Let m be the maximumf| number in S. Then there is 1 <
ki < -+ < kp < n with vg,,...,v,. Note that span(vg,,...,vx,,) € V. If there were j with
vj ¢ span(vy,, ..., v, ), then vy, ..., vy, ,v; would be a linearly independent subset of vy, ..., v, with
m + 1 vectors which contradicts the definition of m. Therefore v; € span(vy,, ..., v, ) for each j, so
that V' = span(vy, ...,v,) C span(vg,, ..., v, ). Therefore vy, ..., v, is alinearly independent set with
V = span(vg,, ..., v, ), so that vg,,..., v, is a basis for V.

We now turn to (b). Because V is finite-dimensional, there is N € N such that some set of N vectors
in V spans V. Let vy,...,v, € V with vy,...,v, linearly independent. (If we are starting with the
empty set, then n = 0.) By the Independence vs. Span Theorem, n < N. Let

S={k : 0<k < N-—nand there are wy, ..., wx € V with vy,... vy, w1, ..., wy linearly independent}.

Because vy, ..., v, is linearly independent, 0 € S. Let m be the maximum number in S. Let wq, ..., w,, €
V with vy, ..., v,, w1, .., w, linearly independent. Then we have span(vy, ..., v,, wy, ..., wy,) C V. Let
be V. Ifb¢ span(vy,...,v,,w1,...,Wy), then a past lemma implies that vy, ..., v,, wy,..., Wy, bis a
linearly indpendent set, contradicting the choice of m. Therefore b € span(vy, ..., v,,ws,...,wy). This
shows that span(vy, ..., v, wy, ..., wy,) =V, so that vy,...,v,, w1, ..., w, is a basis for V. [

Remark 69. The Constructing Bases Theorem only applies to finite-dimensional vector spaces, and
therefore you might still wonder whether an infinite-dimensional vector space V' must have a basis (and,
of course, how to find such a basis if one exists). It is possible to prove that every infinite-dimensional
vector space has a basis (called a Hamel Basis) using the logical sledgehammer known as Zorn’s
Lemma. Because the proof gives no blueprint to how to actually produce a basis (in the way that the
Constructing Bases Theorem does), there is no insight that allows us to actually find such a basis.

23

Lemma 3. For every n € N, if S C {1,...,n} is nonempty, then S has a maximum.

Proof. We proceed by induction. The only nonempty S C {1} is S = {1}, and the maximum of {1} is 1. Let n € N and
suppose that the result holds for subsets of {1,...,n}. Let S C {1,...,n,n + 1} be nonempty. If n+ 1 € S, then since
k <n+1for every k € S, n+ 1 is the maximum of S. If n+1 ¢ S, then S C {1,...,n} and the induction hypothesis
implies that S has a maximum. By the Principle of Mathematical Induction, the proof is complete. O
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Invertibility Theorem, revisited.

Theorem (Invertibility Theorem, cont’d). Let A = [61 c?n} € M,xn(K) and let T :
K™ — K" be the linear transformation T'(Z) = AZ. The following statements are equivalent.

(a-1) A is invertible.

(a-7) There is B € Myxn(K) such that rref([A I,]) = [I, B].
(a-8) AT is invertible.

(a-9) @, ...,d, is a basis for K".

(b-4) There is B € M, x,(K) with AB = I,,.

(b-7) col(A) = K"

(c-5) There is B € M,x,(K) with BA = I,,.

(c-8) null(A) = {0}
Moreover, in (a-7), (b-4), and (c-5) we have B = A™L.




Lecture 24: Even More Bases and Dimension

Learning Objectives:

e Define the notion of dimension of a finite-dimensional vector spaces in terms of the number of
vectors in a basis.

e Compute the dimension of several standard finite-dimensional vector spaces.

e Show that the dimension of a finite-dimensional vector space V' behaves similarly to the notion
of dimension in K.

e Fstablish results about dimension that confirm our intuition about what dimension should
measure.

Another easy consequence of the Independence vs. Span Theorem is the observation that, for a finite-
dimensional vector space V', there is only one possiblity for the number of vectors that appear in a basis
for V.

Proposition 25. Let V be a finite-dimensional vector space. Suppose that vq,...,v, and
Wi, ..., W, are bases for V. Then m = n.
Proof. Because vy, ..., v, is linearly independent and span(wy, ..., w,,) =V, the Independence vs. Span
Theorem implies that n < m. Because wy, ..., w,, is linearly independent and span(vy,...,v,) = V,
the Independence vs. Span Theorem implies that m < n. Therefore m = n. O

Because the number of vectors in a basis for a finite-dimensional vector space V' captures the number
of “independent direction” needed to describe V', the number of vectors in a basis for V' should capture
what we intuitively think of as the “dimension” of V. We therefore make the following definition.

Definition 38. Let V be a finite-dimensional vector space. Let n be the number of vectors in a
basis for V. We call n the dimension of V', and write dim (V') = n.

Example 73. Because €, ..., €, is a basis for K", dim(K") = n.

Example 74. Because 1,z,z?%,...,z" is a basis for P,(K), dim(P,(K)) =n + 1.

Example 75. Because Ay 1,..., A1, ..., A1, ..., Ay is a basis for M., (K) (where A x € My, (K)
has entry 1 in the j, k-th spot, and all other entries 0), dim(M,,x,(K)) = mn.

Example 76. Let V' be a vector space over K. Because the empty set is a basis for the trivial subspace
of V, dim({0y}) = 0.
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1 0] [0 1f. :
Example 77. Because lo J , L O} is a basis for

V:{AEMQXQ(R); B ﬂAzAB ﬂ}

we conclude that dim(V) = 2.

0 1
have that dimg(C?) = 4 (here the subscript dimg indicates that we are computing the dimension of C?
as a vector space over R, whereas dim¢(C?) = 2).

Example 78. Because [(1)] , [2] , [0] , [S] is a basis for C? (considered as a vector space over R), we

Example 79. Let a,b,c € R with at least one of a, b, c nonzero. On Exercise 2 of Homework 2, you
showed that the plane P through the origin of R? given by ax + by + cz = 0 is spanned by a linearly
independent set of two vectors ¥, Uh. Therefore, as a subspace of R?, dim(P) = 2. This agrees with our
notion that a plane is a “two-dimensional object”.

Example 80. Let @ € R™ with @ # 0. Because the line L through 0 that is parallel to ¥ is given by
L = span(?), and because the set ¥ is linearly indpendent (because ¢ # 0), we see that, as a subspace
of R", dim(L) = 1. This agrees with our intuition that a line is a “one-dimensional object”.

The fact that the dimension of a finite-dimensional vector space is well-defined allows us to recover
at least a portion of the Invertibility Theorem (of course, without any reference to invertibility) for
finite-dimensional vector spaces.

Theorem 26. Let V' be a finite-dimensional vector space over K, and let n = dim(V'). Let
v1,...,U, € V. Then the following are equivalent.

(a) vq,...,v, is linearly independent.

(b) span(vy,...,v,) =V.

(c) v1,...,v, is a basis for V.

Proof. (a)=-(c). Suppose vy,...,v, is linearly independent. By the Constructing Bases Theorem,
v1,...,0, extends to a basis for V. But since dim(V) = n, this extended set must also consist of
n vectors, and is therefore vy, ..., v, itself.

(b)=(c). Suppose span(vy,...,v,) = V. By the Constructing Bases Theorem, vy, ..., v, contains a
basis for V. But since dim (V') = n, this basis must also consist of n vectors, and is therefore vy, ..., v,
itself.

(¢c)=-(a),(b). This is immediate from the definition of basis. O
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The Constructing Bases Theorem (and its proof) are the keys to proving all sorts of intuitive results
about dimensionality. Here are a couple results.

Theorem 27 (Characterization of Infinite-Dimensionality). Let V' be a vector space over K. Then
V' is infinite-dimensional if, and only if, for every n € N there are vectors vy,...,v, € V with
vy, ..., U, linearly indpendent.

Proof. (=) Assume that V' is infinite-dimensional. We proceed by induction. Because the trivial
vector space is finite-dimensional, V' contains a nonzero vector v;. Because v; is nonzero, the set vy is

linearly independent. Now let n € N and assume that there are vy,...,v, € V with vy, ..., v, linearly
independent. Because V' is infinite-dimensional, there exists v,41 € V with v,41 € span(vy,...,v,).
Therefore vy, ...,v,,v,41 is linearly independent. By the Principle of Mathematical Induction, the

result is proved.

(<) Assume that for every n € N there are vectors vy, ...,v, € V with vy,...,v, linearly indepen-
dent. Suppose to the contrary that V' were finite-dimensional. Then there is N € N and a set of N
vectors in V' that spans V. But by hypothesis there is a linearly independent set of N + 1 vectors in V.
By the Independence vs. Span Theorem, we obtain the absurd result that N +1 < N. O

Remark 70. Note that the “«<” part of the proof of the Characterization of Infinite-Dimensionality
was exactly the argument that we gave when we showed that P(K), K*, C°(R,R), etc. were infinite
dimensional!

The next result confirms our intuition that a finite-dimensional vector space cannot have an infinite-
dimensional subspace, and that any proper subspace of a finite-dimensional vector space must have
smaller dimension than the space itself.

Theorem 28 (Dimension and Subspaces). Let V be a finite-dimensional vector space over K,
and let W be a subspace of V. Then W is finite-dimensional and dim(W') < dim(V'). Moreover,
dim(W) = dim(V') if, and only if, W = V.

Proof. Let n = dim(V'). Let m € N, let wy, ..., w,, € W, and suppose that wy, ..., w,, is linearly inde-
pendent (in W). Then wy, ..., w, is also linearly independent in V', and therefore (by the Constructing
Bases Theorem) extends to a basis wy, ..., Wy, v1,...,v, for V. Since m + ¢ = n, we must have m < n.
Therefore W is finite-dimensional, and if we take m = dim(W) then we have dim(W) < dim(V'). If
m = n then there is a basis wy, ..., w, for W that extends (by the Constructing Bases Theorem) to a
basis for V. But since a basis for V' must consist of n vectors, wy, ..., w, was already a basis for V', so
that W = span(wy,...,w,) = V. Conversely, if W =V then every basis for W is also a basis for V', so
that dim(W) = dim(V). O
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Lecture 25: General Linear Transformations

Learning Objectives:
e Determine when a map from one vector space to another is linear.
e Establish the basic properties of linear transformations that generalize from earlier results.

e Characterize the existence and uniqueness of a linear transformation with finite-dimensional
domain in terms of its values on a basis.

Now that we have generalized the notion of vector space from K" to general vector spaces over K, our
next task is to generalize the notion of linear transformations between vector spaces. Just as with vector
spaces, we will see that almost everything about linear transformation from K" to K™ will generalize (in
a suitable way) to linear transformations between two vector spaces over K (especially then the vector
spaces involved are finite-dimensional).

Definition 39. Let VV and W be vector spaces over K, and let T': V' — W. We call T linear (or
a linear transformation) if the following two conditions are satisfied:

(i) For every u,v € V, T(u+v) = T'(u) + T'(v).

(ii) For every ¢ € K and every v € V', T'(cv) = T'(v).

Remark 71. Note that here we require both V and W to be vector spaces over the same field K, as
this is the only way that property (ii) makes sense.

Remark 72. Note that the operations of addition and scalar multiplication that appear are those in V'
and W, respectively. We mustn’t become confused and attempt, for example, to add an element of V'
and an element of W. If we wanted to be very pedantic here, for (i) and (ii) we should write something
along the lines of T'(u®y v) = T(u) ®w T'(v) and T'(c Oy v) = c Ow T'(v), where @y, Oy are the notions
of vector addition and scalar multiplication in V', and @y, ®y are the notions of vector addtiion and
scalar multiplication in W. As an act of mercy, let’s avoid this level of pendantry unless it become
absolutely necessary in order to avoid confusion.

Example 81. The map S : Mpy,xn(K) — M,y (K), S(A) “/ AT is a linear transformation, since for
every A, B € M,,»,(K) and ¢ € K,

S(A+B)=(A+B)"' = AT+ B" = S(A)+ S(B) and S(cA) = (cA)" = cA" = cS(A).

Here is an example that illustrates why it is useful (sometimes, at least) to be a little pedantic with
our notation.

Example 82. Note that R is a vector space over R with the usual notions of addition and (scalar)
multiplication. Let RT = (0, 4+00) be the collection of positive real numbers with the notions of addition
@ and scalar multiplication & given by

x@ydéfxy and c@xdéfzvc.
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On your homework you showed that R* (with these operations) is a vector space over R (with additive
identity O+ = 1, and where the additive inverse of z € R is 1).
The transformation exp : R — R, exp(z) = e” is linear, since for each x,y € R and ¢ € R,

exp(x +y) = "V = %Y = exp(z) Dexp(y) and exp(cr) =e“ = (") =c®e” = c©® exp(x).

Example 83. The map D : P(R) — P(R), D(p(z)) e p/(z) is linear, since for each p,q € P(R) and

¢ € R we have
D(p(z) + q(z)) = (p(z) + q(x)) =p'(x) + ¢ (x) and D(cp(x)) = (cp(x)) = cp/(x) for every x € R.

In fact, differentiation can be viewed as a linear map between various vector spaces (with the same
proof!):
D:P,R) = P,(R), D:P,(R)—= P, 1(R), D:CYR,R)— C°R,R).

The only thing to check here (other than that differentiation is linear, which has an identical proof as
the one above) is that the derivative of a polynomial of degree no more than n is a polynomial of degree
no more than n — 1, and that the derivative of a differentiable function with continuous derivative is a
continuous function.

Example 84. Consider C" as a vector space over R, and define T : R?** — C" by

T
1+ 1y
T T, def :
Y1 .
i T + 1Wn
[ Yn
1 ai
Then T is linear, since for each | 47 |, | %' | € R* and ¢ € R,
Yn b:n
(1] [a; ] (21 + a; ]
: T+ ap +z(y1 +b1) T +iy1 ap +lbl
Y1 by Y1+ b . . .
. . . Ty, + an, + 1(yn + bn) Tp + LYn Qp, + 1bn
[ Yn]  Lbnl [ Yn + b |
. '
=T Ln + T An
(A by
| Yn ] L On




and

T CXq T
cry + 1cyy r1 + iy
T]el|™ —7| |“n = : =c : —cr | [P
hn CY1 ) . n
) ) CTp + 1CYn T + Wn )
| Yn | | CYn LYn ]

Example 85. Here is an example that will be extremely important next quarter. Fix @ = [Zl} € K2,
2
and define T : K? — K by
T (|:$1:|) déf 1G9 — T2Q7.
T2

The significance of this map is that 7'(Z) is the determinant of the 2 x 2 matrix Bl Zl} , and therefore
2 a2

T a1
x

(as you showed on your homework) 7'(Z) = 0 if, and only if, { " } is not invertible.
2 a2

The map T is linear, since for 7,7 € K? and ¢ € K,

> 1 + - _,
T(l’ + y) = T( |:$; + z;‘| > = (Q?l + yl)ag — (272 + y2>CL1 = (Q316L2 — 5620,1) + (y1a2 — yQal) = T(SC) + T(y)

e T(ci) = T( {Ciﬂl} ) = (ez1)az — (caz)az = c(2102 — 22a1) = T(2).

CX2

Properties of Linear Transformations

Many of the properties of linear transformations 7' : V' — W are already familiar to us from the special
case where V = K" and W = K™. Here are a couple such results.

Proposition 26. Let V' and W be vector spaces over K, and let T : V' — W be linear. Then
T(Oy) = Ow.

Proof. By linearity, we have T'(0y) = T'(00y) = 07'(0y) = Oy . O

Proposition 27. Let V' and W be vector spaces over K, and let T : V' — W be a transformation.
Then the following are equivalent.

(a) T is linear.
(b) For every n € N, vy,...,v, €V, and ¢1,...,¢, € K,

T(civy 4 -+ cpv) =T (v1) + -+ + e, T(vn).

(c) For every u,v € V and c € K, T(cu+v) = cI'(u) + T (v).
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Proof. We prove that (a) = (b) = (¢) = (a).

Suppose (a) holds. We proceed by induction. If v; € V and ¢; € K, then by linearity we have
T(civ1) = 1T (v1). Now let n € N and suppose the result of (b) holds. Let c¢i,...,¢,01 € K and
U1y .y Uny Uper € V. Then linearity and the induction hypothesis imply that

T(Clvl + Uy + Cn-‘rlvn-‘rl) - T((CIUI + -+ Cn”n) + Cn+lvn+1)
=T(crv1+ -+ cpvn) + T(Cri1Uni1)
=T (vy) + -+ T () + e T (vng1).

By the Principle of Mahtematical Induction, (b) holds.

Suppose (b) holds. Let u,v € V and ¢ € K. Then T(cu +v) = T(cu + 1v) = T'(u) + 1T(v) =
cT'(u) + T'(v). Therefore (c) holds.

Suppose (c¢) holds. Note first that since T'(0y) = T'(10y 4 0y) = 17(0y) + T'(0y) = T'(0y) + T'(0y),
so adding —7'(0y) to both sides yields Oy = T'(0y). Let u,v € V and ¢ € K. Then we have

Tu+v)=T(u+v) =1T(u) + T(v) = T(u) + T'(v)

and
T(cu) =T(cu+0y) = cT'(u) + T (0y) = T'(u) + Ow = cT'(u).

Therefore (a) holds. O

Recall that the standard matrix A of a linear transformation 7" : K® — K™ is completely determined
by the values T'(€}),...,T(€,), since these end up being the columns of A. As a generalization of
this, we prove that a linear transformation (defined on a finite-dimensional vector space) is completely
determined by its values on a basis for the space (and, moreover, that we can always get a linear
transformation with specified outputs associated to the input basis).

s '

Theorem 29 (Constructing Linear Maps). Let V' and W be vector spaces over K, assume V is
finite-dimensional, let vy, ..., v, € V, and assume that vy, ..., v, is a basis for V.

Then for every wy,...,w, € W, there is a unique linear transformation 7" : V' — W such that

T(v) =wy, T(ve)=wq, ..., T(vp)=wy,.

\. .

Proof. Define T' : V. — W as follows. Let x € V. Because vq,...,v, is a basis, there are unique

Cly.e oy 0 € Kwith 2 = cyug + -+ - + ¢,v,. Then take T'(x) = Tiwy + - - - + x,w,. For a given z € V, the
existence of the scalars ¢y, ..., ¢, shows that T is defined on V. Because these scalars are unique (and
therefore that there is no ambiguity about how T'(z) is defined), T' is well-defined.

For linearity, let x,y € V and A € K. Let ¢,...,¢,,dy,...,d, € K be the unique scalars such that
r=cv+ -+ cpu, and y = dyvy + - - + d,v,. Then

T(z+y)=T((c; +di)vy + -+ (cn + dp)vy)
=(c1+dy)wy + -+ (cy + dp)wy,
= (qwy + -+ + cuwy) + (dywy + -+ - + dywy)
=T(x)+T(y)

and

T(Ax) =T((Acr)vr + - + (Acn)vn) = (Acr)wr + -+ 4+ (Acp)wy, = AM(crwy + -+ - + cuwy,) = AT ().
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Therefore T is linear.
For uniqueness, suppose that S : V' — W is another linear transformation with S(v;) = w; for
7=1,...,n. Let x € V, and choose cy,...,c, € K with x = cyv; + - -- 4+ ¢,v,. Then

T(x) = cqwy + -+ + cuw, = S(c1vy + - -+ + cpu,) = S(x).
Therefore S = T as functions from V to W. O]

Example 86. Recall Example [38] wherein we were asked to determine whether there exists a linear
transformation 7" : K3 — K? such that

1 8 2 8 3 4
T(1>:0, T<—2>:0,T<—1)=0
0 0 1 2 —1 2

We have now solved this problem in two ways: first in Example , and second (using invertibility)
in Example [42] Given the machinery we have at our disposal now, answering this question is very easy.
First note that because

1 2 3 1 2 3 1 0 1 1 00
rref [1 —2 —1| =rref |0 —4 —4| =1ref |0 1 1 | =0 1 0f = I3,
0o 1 -1 0o 1 -1 0 0 -2 0 01

the Invertibility Theorem implies that [i] , [7?2} , _ Eﬂ is a basis for K. By the Invertibility Theorem,

there is a (unique!) linear transformation 7" : K* — K3 with

1 8 2 8 3 4
T(l)_o, T<_2>_0,T<_1)_o
0 0 1 2 -1 2

Of course, while this approach allows us to answer the qualitative question of whether such a linear
transformation exists, it does not actually give us the (more refined) information about how to compute

the outputs of such a transformation, other than that the value of T'(Z) is completely determined by
2 3

linearity and the fact that ¥ can be written uniquely as a linear combination of [é] , [—12] , [:i]
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Lecture 26: Images and Kernels

Learning Objectives:

e Investigate the notions of injectivity, surjectivity, bijectivity, and invertibility for linear trans-
formations.

e Establish basic properties of the image and kernel of a linear transformation.

In addition to the properties we summarized last time, we note that the definitions of injective, surjective,
and bijective remain the same when we consider general linear transformations.

Definition 40. Let V and W be vector spaces over K, and suppose that T': V' — W is a linear
transformation.

e We call T injective (or one-to-one) if for every u,v € V, if T'(u) = T'(v) then u = v.
e We call T surjective (or onto) if for every w € W there is v € V with T'(v) = w.

e We call T bijective if T' is both injective and surjective.

The definition of invertibility also generalizes in the expected way.

Definition 41. Let VV and W be vector spaces over K, and let T : V' — W be a linear transforma-
tion. We call T' invertible if there is a linear transformation S : W — V with S(T'(v)) = v and
T(S(w)) =w for every v € V and w € W. We sometimes call an invertible linear transformation
an (linear) isomorphism between V and W.

We’ll say more about why we are introducing the term isomorphism in a couple days. The argu-
ment that you gave on Exercise 5 of Homework 5 shows that the inverse function of a bijective linear
transformation is linear. When combined with the argument we gave in Proposition (i.e. that the
inverse of an invertible linear transformaton is unique), we immediately have the following result.

Theorem 30. Let V and W be vector spaces over K, and let T : V' — W be a linear transfor-
mation. Then T is bijective if, and only if, T" is invertible.

Moreover, inverse function 77! of T is the unique function satisfying T-*(T'(v)) = v and
T(T Y w)) = w for every v € V and w € W.

Images and Kernels

Recall that for A € M,,+,(K) we had two natural subspaces associated with A: the column space
col(A) C K™, and the nullspace null(A) C K™. In terms of linear transformations, we have the following.
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Definition 42. Let V' and W be vector spaces over K, and assume that T": V' — W is a linear
transformation. Define the image of T', denoted image(7'), to be the collection of outputs of 7"

image(7T) e {Tw)eW :veV}={weW : thereisv € V with w =T (v)}.
Define the kernel of T', denotes ker(T'), to be

ker(7T') = {veV : T(v)=0w}.

Remark 73. Note that if 7 : K* — K™ is a linear transformation with 7'(z) = A% for every ¥ € K",
then
image(T) ={T(¥) : Y€ K"} = {AZ : ¥ € K"} = col(A4)

and

ker(T) = {Z € K" : T(#) =0} = {f € K" : A7 =0} = null(A),

so that the image and kernel of a linear transformation generalize the notions of column space and
nullspace.

Just as for the column space and nullspace of a matrix, the image and kernel of a linear transformation
are subspaces of the domain and codomain (respectively) of the transformation.

Proposition 28. Let V and W be vector spaces over K, and let T : V. — W be a linear
transformation. Then the following hold.

(a) image(T) is a subspace of W,
(b) ker(7') is a subspace of V,
(c) If V is finite-dimensional then

(c-i) ker(T') and image(T") are finite-dimensional, and

(c-ii) if V = span(vy,...,v,), then image(T) = span(T(v1), ..., T (vy)).

Proof. We start with the image. Note that since T'(0y) = Ow, Oy € image(7’). Suppose u, w € image(7)
and ¢ € K. Then there are v,z € V with T'(v) = u and T'(2) = w, so that

ut+w=Tw)+T(z2)=T(v+z) € image(T) and cu=cT(v)=T(cv) € image(T).

By the Subspace Criteria, image(7’) is a subspace of W.
Now we show that ker(T") is a subspace of V. Note that since T(0y) = Ow, Oy € ker(T'). Suppose
that v, z € ker(7") and ¢ € K. Then

Tw+2z)=Tw)+T(z) =0w + 0y =0 and T(cw) = cT'(v) = Oy = 0y,

so that v+ z € ker(T') and cv € ker(T). By the Subspace Criteria, ker(7') is a subspace of V.

Finally, assume that V is finite-dimensional. By the Subspaces and Dimension Theorem, ker(T') is
finite-dimensional. Moreover, there are vy, ...,v, € V with V' = span(vy, ..., v,). Because T'(vy),...,T(v,) €
image(7") and image(T") is a subspace of W, span(T'(v1),...,T(v,)) C image(T"). On the other hand, if
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w € image(7T) then there is v € V with T'(v) = w. Write v = cyv; + - - - + ¢, for some ¢4, ..., ¢, € K.
Then w = T(civ1 + -+ + cpv,) = aT(v) + - + ¢, T(v,) € span(T(vy),...,T(v,)). Therefore
image(T") = span(T'(vy),...,T(v,)) and image(T") is finite-dimensional. O

As an application, we have our most general version of a result you first proved in Exercise 9 of
Homework 2.

Theorem 31 (Solution Sets of Linear Equations). Let V and W be vector spaces, let T : V. — W
be a linear transformation, and let wy € W. If there is vy € V' such that T'(vg) = w, then the set
of solutions of T'(v) = wy is exactly

vo + ker(T) = {vo +wvn : v € ker(T)}.

Proof. Suppose first that v € {vg + v, : v, € ker(T)}. Choose v, € ker(T) with v = vy + v,. Then
T(U) = T(UO + Uh) = T(Uo) + T(Uh) = wp + Oy = wy.

Conversely, suppose that v € V and T'(v) = wg. Then v = vy + (v — vy), and, since T'(v — vg) =
T(v) —T(vg) = wy — wy = Oy, v — vy € ker(T"). Therefore v € {vg+ v, : v, € ker(T)}, and the proof
is complete. O

The Solution Sets of Linear Equations Theorem has wide-ranging applications. Here is one from
analysis (where we can solve a linear partial differential equation).

Example 87. Find all twice-differentiable functions f : R — R that solve the differential equation
f"(x) + f(z) = 22% — .

Solution. Note first that if f is a solution to the above equation, then since f is differentiable (and
therefore continuous) we have that f”(x) = 222 —x — f(z) is also continuous, and therefore f € C?(R, R).
Therefore it suffices to look for solutions in C?(R,R). Consider the map L : C*(R,R) — C°(R,R) given
by L(f(z)) = f"(x) + f(x). Then L is linear, for if f,g € C?*(R,R) and ¢ € R, then

L(f(x) + g(x)) = (f(z) + 9(x))" + f(x) + g(x)
= f"(@) +¢"(x) + f(z) + g(2)
= f"(x) + f(z) + ¢"(2) + g(x)
= L(f(2)) + L(g(z))

and

L(cf(x)) = (cf(2))" + cf(x) = cf"(x) + cf(x) = c(f"(x) + f(x)) = cL(f(2))
for every x € R. Note that we are trying to find solutions of the equation T'(f(z)) = 222 — z. We use
whatever techniques we wish to first find a single solution fy of this equation. For one approach, let’s
guess (given the form of the right-hand side) that there is a solution fy of the form fy(z) = ax® +bx +c.
Then we must have

20° —x = T(fo(x)) = fi(x) + fo(x) =2a+azx®* + bz +¢, sothat2=a, —1=0, 0=2a+c.

Therefore a = 2, b = —1, and ¢ = —2a = —4, so that fy(z) = 222 — x — 4. (We quickly verify that
L(fo(z)) = 4+ 22? — 2 — 4 = 22% — z, so that the f; we produced really does solve the equation.) By
the Solution Sets of Linear Equations Theorem, every solution of this differential equation has the form
fo(z) + fn(x), where f;, € ker(L). But on your homework you showed that

ker(L)={f:R—=R : f’(z)+ f(x) =0 for every x € R} = span(cos(z), sin(z)),
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so that the solution set of the differential equation is

{202 — 2 — 4 + ¢y cos(z) + cgsin(z) 1 1,0 € R}
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Lecture 27: More Images and Kernels

Learning Objectives:

e Use the kernel and image of a linear transformation to characterize whether the function is
injective and/or surjective.

e Compute the kernel, image, nullity, and rank of a linear transformation.

One important use of images and kernels is that they characterize surjectivity and injectivity of linear
transformations, much as, in light of the Linear Independence and Linear Systems and Spanning Sets in
K™ Theorems, column space and nullspace did for (the linear transformations associated to) matrices.

Proposition 29. Let V and W be vector spaces over K, and let T : V' — W be linear.

(a) T is injective if, and only if, ker(7") = {0y }.

(b) T is surjective if, and only if, image(T") = W.

. J

Proof. We start with (a). Suppose T is injective. Because T'(0y) = Ow, {Oy} C ker(T). Suppose
v € ker(T). Since T'(v) = Ow = T(0y) and T is injective, v = Oy € {0y }. Therefore ker(7') = {0y }.
Conversely, suppose ker(7T') = {0y }. Let u,v € V and suppose T'(u) = T'(v). Then Oy = T'(u) —T(v) =
T(u —wv), so that u — v € ker(T') = {0y }. Therefore u — v = Oy, so that u = v. In other words, 7" is
injective.

We now prove (b). Suppose T is surjective. The inclusion image(7) C W is automatic from the
deifnition of T. Suppose w € W. Because T is surjective, there is v € V with T'(v) = w. Therefore
w € image(T), so that image(T) = W. Conversely suppose image(T) = W. Let w € W. Because
w € W = image(T), there is v € V with T'(v) = w. Therefore T is surjective. O

In the finite-dimensional case, it turns out that there are some interesting things that we can say
about the dimensions of the image and kernel of a linear transformation. To motivate this, consider the
following observations (including some results that you will prove on your homework).

Remark 74. Let T : K” — K*, be a linear transformation with matrix A = [@; --- d7] € Max7(K),
and assume that
01200 -3 5
00010 4 -7
mef(A) =10 0 001 3 0
00 0O0O0 O 0

Then the pivot columns of A are ds, dy, ds and the redundant columns of A are ay, ds, dg, d;. Indeed,
from rref(A) we see that we can write the redundant columns as linear combinations of the preceding
pivot columns as

a; =0, as = 2ds, (s = —3ds + 4dy + 3ds, a7 = 5dy — Tdy + 0d,
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or rather
0=1a, 0= —2dy+1ds, 0=3dy—4dy — 35+ 1ds, 0= —bdy+ 7dy + 0d5 + 1d7.  (5)

By Exercise 4 on Homework 4, you proved that the pivot columns of A form a linearly independent
set. On your last homework assignment, you will show that the pivot columns of A actually form a basis
for the column space of A (which is also the image of T'). That is, you will prove that

image(T) = col(A) = span(dy, dy, ds)

(and that dy, dy, ds is a linearly independent set), so that dim(image(T")) = 3.
On the other hand, the equations in (interpreted as linear combinations of the columns of A) tell
us that

17 T0 0 0
ol |—2| |3 |-5
o |1 0 0
3, o, O, 0 = o), L 0], [=4], ] 7| €null(A) = ker(T),
ol {o| |=3] [o
0| |0 1 0
o] [o] o] [1]

so that (by the Spans are Subspaces Theorem)

span (vy, Uy, U3, ig) € null(A) = ker(7T).

On the other hand, if ¥ = [ : } € null(A), then from rref(A) we see that we have xo = —2x3+ 326 — b7,

x4y = —4xg + Ty, and x5 :1131'6, so that
[ T 1 [1] [0 ] [0 ] [0 ]
—2$3 + 3%6 — 5157 0 -2 3 5
Z3 0 1 0 0
7= —Axg + Txr =z |0 +23| 0 | +x¢ |—4| +a7 | 7 | € span(vh, Vs, U3, 0y),
—3x6 0 0 -3 0
T 0 0 1 0
i Ty ] 10 | 0 | 0 | 1]

and therefore ker(T") = span(uy, U, U3, U4). On the other hand, note that if ¢, ¢a, ¢3, ¢4 € K and

C1
—2C2 + 303 - 5C4
Co
0 = 10 + Coly + 303 + CaTy = —4c3 4 Tey
—363
C3
Cy

then ¢; = ¢y = ¢3 = ¢4 = 0. Therefore 0y, ¥, U3, Uy is a basis for ker(7'), so that dim(ker(7)) = 4.

Note that dim(image(T")) + dim(ker(7")) = 3+4 = 7, which is the dimension of the domain of 7" (i.e.
K7). This is no accident. Here, one could predict this from the fact that the pivot columns of A form a
basis for image(7"), and there is a basis for ker(7") consisting of one vector for each redundant columns
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of A (where the vector encodes how to represent that redundant columns as a linear combination of
the preceding pivot columns). Since A has 7 columns, and each column is either a pivot column or a
redundant column, the sum of the number of pivot columns (rank(A), which is also dim(image(7’))) and
the number of redundant columns (dim(ker(7"))) must be 7.

In light of the connection between the dimensions of ker(7") and image(7") and rank(A) and the
dimension of null(A), we therefore give the following definitions.

Definition 43. Let V and W be vector spaces with V finite-dimensional, and assume that T :
V — W is linear.

(i) The rank of T, denoted rank(7’), is defined by
rank(7) < dim(image(T)).
(ii) The nullity of T', denoted nullity(7), is defined by

nullity(7") 2 dim(ker(7)).

Remark 75. In the last example, we had rank(7") = 3 and nullity(7) = 4.

The Rank-Nullity Theorem

The observation in the previous example—that if 7" : V' — W then nullity(7") measures the dimension
of the subspace of V' that is sent to Oy or “killed off” by T', and that rank(7") measures the dimension of
the space of outputs of T—leads us to the intuition that if dim(V’) = n (and so there are n “independent
directions” needed to account for V'), and since T kills off nullity(7")-many directions by sending ker(7’)
to {Ow }, then we would expect the remaining n — nullity(7") directions to “fill out” image(7’), so that
n —nullity (7) = rank(7"), or dim(V') = rank(7") + nullity(7"). This is good intuition, and leads us to the
so-called Rank-Nullity Theorem.

Theorem 32 (Rank-Nullity). Let V' and W be vector spaces over K, and assume that V' is
finite-dimensional. Let 7" : V' — W be a linear transformation. Then image(7") and ker(7) are

finite-dimensional and
dim (V') = rank(7") + nullity (7).

We will prove this next time.
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Lecture 28: Rank-Nullity Theorem

Learning Objectives:

e Use the kernel and image of a linear transformation to characterize whether the function is
injective and/or surjective.

e Compute the kernel, image, nullity, and rank of a linear transformation.

We start today by proving the Rank-Nullity Theorem.

Theorem 33 (Rank-Nullity). Let V' and W be vector spaces over K, and assume that V' is
finite-dimensional. Let 7' : V' — W be a linear transformation. Then image(7") and ker(7T) are
finite-dimensional and

dim(V') = rank(7") + nullity (7).

Proof. We have already proved that image(7) and ker(7T") are finite-dimensional because V' is finite-
dimensional. Therefore we need only show that the desired relationship between the dimensions of V'
and these spaces holds.

By the Constructing Bases Theorem, the empty set extends to a basis vy, ..., v, for ker(T"). Extend
the linearly independent list vy, ..., v, to a basis vy, ..., vy, uq,...,up for V. (Here we allow the case
p =0 if ker(T) = {0y}, and we allow ¢ = 0 if ker(7T") = V.) Then dim(V') = p + ¢ and nullity(T") = p.

We will finish the proof by showing that T'(uy), ..., T (u,) is a basis for image(7") (so that rank(7") =
¢). Note first that since T'(uy),...,T(up) € image(T), span(T(u1),...,T(ug)) C image(T). Let w €
image(7"). Choose v € V' with T'(v) = w. Choose ¢y, ...,¢p, dy,...,d; € K with

UV =CUp + - A Uy + diug + - - - A dpuy.
Then since vy, ..., v, € ker(T),
T(v) =caT(v)+- -+ T(vp)+di T (uy)+ - - +deT (ug) = diT(ug)+- - -+deT(ug) € span(T(uq), ..., T (up))

and therefore image(7T") = span(T'(uy), ..., T(up)).

It remains to show that T'(uy),...,T(uy) is a linearly independent set. Let di,...,d, € K and
assume that Oy = d17(u1) + -+ - + di/T(ug). Because T is linear, Oy = T'(dyuy + - - - + dyuy), so that
diuy + -+ - + dpug € ker(T). Therefore there are ¢4, ..., ¢, € K with

diuy + -+ deug = o + -+ Uy, or Oy = oy + -+ Gy — dyug — - — dyu.
Because vy, ..., 0, ug,...,us is a basis for V' (and therefore linearly independent), ¢; = --- =¢, = d; =
-+ =dy = 0. Therefore T'(uy),...,T(uy) is a linearly independent set and the proof is complete. H

Remark 76. On your homework you will show that the Rank-Nullity Theorem still holds if we replace
the assumption that V' is finite-dimensional with the assumption that both ker(7") and image(T") are
finite-dimensional. One consequence of this is that if V' is infinite-dimensional, then at least one of
ker(T") or image(7") must be infinite-dimensional as well.
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Example 88. Consider the space M, «,(C) as a vector space over R, and consider the set of skew-
Hermitian matrices

W = {A € My, (C) : A* = —A}.
Show that W is a (real) subspace of M, (C and compute its dimension.

We could attempt to mimic the computation in your homework where you showed that the space
H={A¢e€ M,,(C) : A*=A}

of Hermitian matrices is a real subspace of M, ,(C) of dimension@ n2.
For a more creative approach, consider the transformation

T . Mysn(C) = Mpn(C), T(A) % A — A~

Then note that for A = [a;;] and B = [b;x] € M,,x,,(C) and ¢ € R,

T(A+ B) = T(lajn + bjxl) = lajr + byl = [ + bry] = [aa] = [@rs] + [bj] = [br5] = T(A) + T(B)
and (since ¢ € R, so that ¢ = ¢)
T(cA) = T([cajr]) = [cajr] — [car;] = clau] — [car;] = claji] — clar;] = claa] — [ar;] = ¢T'(A).

Note that T(A) = 0,x, if, and only if, A* = A, so that ker(T") = H is the real subspace of Hermitian
matrices. Therefore nullity(7T") = dim(H) = n?.
We claim that W = image(7T). To see this, note that if A € W then A* = —A. Then

T(lA) _ %T(A) _ %(A A=A+ 4) =4,

1
2 2

so A € image(T). On the other hand, if B € image(T) then there is A € M, y,(C) such that B =
T(A) = A— A*. Then

B =(A-A)' =A"—(A) =A"—-A=—(A—- A") = -B,
so that B € W. Therefore W = image(7'). It is therefore immediate that W is a (real) subspace of
My (C).

Because the dimension of M, ., (C) (as a real vector space) is 2n?, the Rank-Nullity Theorem implies
that

2n? = dim(M,,»,(C)) = dim(ker(T)) + dim(image(T)) = dim(H) + dim(W) = n* + dim(W),

so that dim(W) = n?.

The Rank-Nullity Theorem has many interesting practical applications of the type displayed in the
previous example, but its important theoretical applications allow us to recover some of the conclusions
of the Invertibility Theorem for linear maps between finite-dimensional spaces.

. . . . n—1)n
24The basis you produced for this space had n diagonal matrices, and 2(n—1)+2(n—2)+---+2(2)+2 = 2% =n?-n

other matrices, and n + (n* — n) = n?.
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Theorem 34. Let V and W be finite-dimensional vector spaces over K, and let 7" : V' — W be
a linear transformation.

a) If T is injective, then dim (V') < dim(W).

(a)

(b) If T' is surjective, then dim(V') > dim(W).

(c) If T is bijective, then dim(V) = dim(W).
)

(d) If dim(V) = dim(W), then T is injective if, and only if, T" is surjective.

Proof. By the Rank-Nullity Theorem, we have
dim(V') = dim(image(T)) + dim(ker(7)). (6)

Suppose T is injective. Then ker(T") = {0y}, so dim(ker(7")) = 0. Because image(7") is a subspace of
W, (6) and the Subspaces and Dimension Theorem imply that dim(V) = dim(image(7")) < dim(W).
Suppose T' is surjective. Then image(T) = W, so that dim(image(T)) = dim(W). Equation ()
gives
dim(V') = dim(ker(7)) + dim(image(7")) = dim(ker(T")) + dim(W') > dim(W).

Part (c) follows immediately from (a) and (b).
Now assume that dim(V) = dim(W). Then (6] gives

dim(image(T")) + dim(ker(7")) = dim(W).

If T is injective then dim(ker(7")) = 0, so dim(image(7")) = dim(W). By the Subspaces and Dimension
Theorem, image(T") = W, so that T' is surjective. Conversely, if 7" is surjective then dim(image(7")) =
dim(W), so that dim(ker(7")) = 0 and therefore ker(7") = {0y }. Therefore T is injective. O

Remark 77. One consequence of the previous theorem is that if 7': V' — W is linear and if V' and W
are finite-dimensional with dim (V') = dim(W), then T is invertible if, and only if, T is either injective
or surjective.

Example 89. The conclusions above do not hold in general for infinite-dimensional vector spaces. For
example, consider the maps

D:PR)— P(R), D(p(x)) =p'(z)

and
M : P(R) = P(R), M(p(x))=xp(z).

Then D is not injective because D(1) = 0 (so ker(D) # {0(x)}), yet D is surjective because, for if
p(r) =ao+ a1z + -+ a,a™ € P(R) we have

Qn

D( al o
aoaz+2x+ +n+1

x”“) =ag+ar+ -+ ax" = p(x).
You will investigate the map M on your homework.

Intuitively, the reasons why the conclusions of the last theorem do not hold for infinite-dimensional
vectors spaces is that because an infinite set can have a proper subset that is also infinite.

131



Lecture 29: Isomorphisms

Learning Objectives:
e Determine when two vector spaces are isomorphic.

e Explore the properties of isomorphisms.

Example 90. Consider C" as a vector space over R, and consider the map

T
T + iy1
TR™—C T =]
W )
. Tn + 1Yp
| Yn ]

We showed in Example [84] that T is a linear transformation. Because complex numbers are uniquely
determined by their real and imaginary parts, it is immediate to show that 7" is bijective (and therefore
invertible). Therefore it has an inverse maps 7! : C" — R?" that is also linear.

Note that because T is bijective, T’ gives a one-to-one correspondence between elements ¥ € R?" and
T'(v) € C". Because T is linear (and therefore preserve linear combinations), we therefore expect that
T should preserve anything that we might characterize using linear combinations (i.e. subspaces, span,
linear independence, bases, dimension, etc.). Because there is a bijective map between C" and R?" that
preserves linear structure, we expect that, as vector spaces over R, C* and R?" should have exactly the
“same” algebraic structure.

In light of the above example, we recall a definition.

Definition 44. Let V and W be vector spaces over K. An invertible linear transformation
T :V — W is called an isomorphism from V to W. If such an isomorphism exists, then we say
that V' is is isomorphic to V.

Remark 78. Note that if V' is isomorphic to W, then there is an invertible linear map 7 : V' — W and
therefore T=1 : W — V is also an invertible linear map so that W is isomorphic to V. Therefore we can
simply say that V' and W “are isomorphic” rather than “V is isomorphic to W and W is isomorphic to
V.”

Example 91. The space P,(K) is isomorphic to K"™!. There are many isomorphisms, but one straight-
forward candidate is to use the unique linear map T : P,(K) — K"*! that satisfies

T(l) = 517 T(ZI’)) = 527 T(:EZ) = 537 ce. 5 T(l'n) = gn+1-
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Note that such a map exists (and is unique!) by the Constructing Linear Maps Theorem because

1,z,2% ..., 2" is a basis for P,(K). By linearity of T', we have that
ag
- - S ai
T(ag+a1x+ -+ apx"™) = apéy +a1€s+ -+ + appi1 = | . for every ag+ a1z +- -+ a,2” € P,(K).
an
By one of your homework problems, because T is a linear map that sends a basis (1,z,z?%,...,2") for
P,(K) to a basis (€1, ..., €,1) for K" T is an isomorphism.

Example 92. An argument similar to that in the last example shows that M,,,(K) and K™ are
isomorphic, with one isomorphism given by

ai

am,l
Q12

T : My (K) = K™ T([aj4]) =

Am,2

a1n

Am,n

Isomorphisms give a way to say two objects are “equivalent” when they are not “equal”.

( 2] \

Example 93. Let p < n, and consider the subspace V,, = < xop D X1,...,2, € K3 =span(éy,...,ep)
\ L 0 . J

of K". Because €, ...,¢€, (in K") is a basis for V,, the Constructing Bases Theorem implies that there

is a unique linear map 7" : V, — KP with T'(¢;) = €; for each 1 < j < p. By linearity, this 7" is given by

-
: .
T %P —
: Tp
0]

Because the linear transformation 7" sends a basis of V,, to a basis for K?, one of your homework problems
implies that 7" is an isomorphism.
Therefore, while K? is not a subset of K" if n # p (since K? consists of vectors with p entries, while

K" consists of vectors with n entries), we can think of V,, as an isomorphic copy of K that is a subspace
of K.
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Just as “row equivalence” was a type of equivalence between matrices (that is different than ordinary
equality), “isomorphism” is a type of equivalence between vector spaces. In particular, we have the
following properties.

s D

Proposition 30 (Isomorphism is an Equivalence Relation). Let V, W, U be vector spaces over K.
o (Reflexivity) V is isomorphic to V.
e (Symmetry) If V' is isomorphic to W, then W is isomorphic to V.

e (Transitivity) If V' is isomorphic to W and W is isomorphic to U, then V is isomorphic to
U.

Proof. Note that [ : V' — V is a bijective linear transformation, and therefore an isomorphism. This
proves reflexivity.

Suppose V' is isomorphic to W. Let T': V — W be an isomorphism. Then 7" is an invertible linear
transformation, so the inverse 77! : W — V is an invertible linear transformation (and therefore also
an isomorphism). This proves symmetry.

Suppose V' is isomorphic to W and that W is isomorphic to V. Let T: V — W and S : W — U be
isomorphism. We claim that SoT : V' — U is an isomorphism. Let u € U. Since S is surjective, there is
w € W with S(w) = wu. Since T is surjective, there is v € V with T'(v) = w. Then (SoT)(v) = S(T(v)) =
S(w) = u, so that S o T is surjective. Now let vy, vy € V| and suppose that (S oT)(vy) = (S o T)(uvy).
Since S(T'(v1)) = S(T'(v2)) and S is injective, T'(v1) = T'(ve). Since T is injective, vy = vy. Therefore
S oT is injective. Since the composition of linear maps is linear, S o 1" is linear. Therefore S o T is an
isomorphism, and the result is proved. O

Example 94. The identity map I : K* — K" from K" to itself is an isomorphism, but there are many
other isomorphisms from K" to itself. Indeed, because a linear transformation is an isormophism exactly
when it is invertible, every linear T : K® — K" with invertible standard matrix A is an isomorphism.

If we denote the columns of A by dy,...,a,, then this is exactly the linear map from K" to itself that
sends the standard basis to the basis di, ..., d,, in the sense that
T(ey) =dy, ... , T(&,)=d,.

Example 95. You showed on your homework that if 7" : K™ — K™ is invertible, then it must be that
m = n. Therefore K" and K™ are isomorphic if, and only if, m = n.

Isomorphisms preserve almost any algebraic structure that you might wish to preserve. To hammer
this home, consider the following theorem. To explain some notation that appears in this theorem: if
A, B are sets and f : A — B, then for a subset C' C A we write the image of C' under f as

def

FC) 2 {f(e) : ceC}C B,
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Theorem 35 (Properties of [somorphisms). Let V, W be vector spaces over K, and let T : V- — W
be an isomorphism. Let vq,...,v, € V,and let U C V.

(a) V =span(vy,...,v,) if, and only if, W = span(T'(v1), ..., T(v,)).

(b) v1,...,v, is a linearly independent set if, and only if, T'(v1),...,T(v,) is a linearly indepen-
dent set.

(c) v1,...,v, is a basis for V' if, and only if, T'(v1),...,T(v,) is a basis for W.

(d) V is finite-dimensional if, and only if W is finite-dimensional. Moreover, in this case we have

dim(V') = dim(W).

(e) U is a subspace of V' if, and only if, T'(U) is a subspace of .

Proof. You will prove the = direction (¢) on your homework (by, of course, proving the = directions
of (a) and (b)). The < directions of (a),(b),(c) follow by applying the = directions of these results to
T4 W = V.

Both directions of (d) follows from (a), and the statement that dim(V) = dim(W) if one (and
therefore both) of V and W are finite-dimensional follows from Theorem [34]

Suppose that U is a subspace of V. By the Subspace Criteria, 0y € U, so that Oy = T(0y) € T(U).
Let hy,hy € T(U) and ¢ € K. Choose uj,us € U with T'(uy) = hy and T'(ug) = hs. Then hy + hy =
T(uy) + T(uz) = T(uy +ug) € T(U) and chy = ¢T'(uy) = T(cuy) € T(U). By the Subspace Criteria,
T(U) is a subspace of W. The reverse direction follows from the same argument applied to 7! once
we show that U = T-YT(U)). Let u € U. Then u = T-YT(u)) € T"YT(U)). Now suppose that
uw € TH(T(U)). Then there is h € T(U) with u = T7*(h). There is ' € U with T(u') = h. Then
u=T"YT())=u eU. O

Example 96. One upshot of the Properties of Isomorphism Theorem is that isomorphisms allow us to
answer questions about one vector space using techniques developed for a different vector space. For an
illustration, we will show that for each a € K, the set 1, z —a, (z —a)?, (z —a)? is a basis for P3(K).

CLO-
To see this, let T : P3(K) — K* be the isomorphism T'(ag + a;x + asx? + azx®) = Zl . Then
2
Clg_
1 —a a’ ]|
T)=[o|. Ta-a)=|,| (@) =T 202+ =|7"|
0 0 0
and
&3
3 3 2 2 3 3a®
T((z —a)’) =T(—a” + 3a"r — 3az” + 2°) = _a,
1
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Because

1 —a a* —a
0 1 —2a 3a®
J— —_ 2 - 3 - =
wef [T(1) T(x—a) T((@—-aP) T(@-a)]=ref | o 7 "5 | =1L
00 0 1

The Invertibility Theorem implies that T(1),T(z — a), T((x — a)?), T((x — a)?) is a basis for K*, and
therefore the Properties of Isomorphisms Theorem implies that 1,z — a, (x — a)?, (x — a)? is a basis for
P3(K).
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