MATH 124 LINEAR ALGEBRA 2021 LECTURE NOTES Puck ROMBACH

Lecture 1 (8/31)

Our main object of interest this semester will be vector spaces, so we dive straight in with a
definition. This notion does include vectors as you may have learned about in high school or
calculus classes, but it describes a more general set of objects.

The definitions here (and in the book) always assume that we are taking a vector space “over
R”, meaning that R forms the set of so-called scalars. However, everything we do will hold
for the scalars being any field. You do not need to know the definition of a field, but another
field that you may be familiar with are the complex numbers C, for example.

Two.l.1. (p.84)

Definition. A vector space (over R) is a set of vectors V equipped with two operations + and -, such
that the following holds:

the set V is closed under vector addition: ¥+ w € V for all vectors ¢,w € V,
vector addition is commutative: ¥ + W = W for all ¥,4 € V,

vector addition is assiative: (U + W) + @ = ¢+ (& + @) for all ¥, 4,4 € V,

each ¥ € V has an additive inverse & € V such that 7+ @ = 0,

)
)
)
4) there is a zero vector 0 € V such that 7+ 0 = @ for all 7 € V,
)
) the set V is closed under scalar multiplication, that isr- 0 €V, forall 7 € V and r € R,
)

scalar multiplication distributes over scalar addition: (r+s)-¥=1r-¥+s- ¥, for all ¥ € V and

r,s € R,

(8) scalar multiplication distributes over vector addition: r - (0 4+ W) =r -0+ r -, for all ¥,w € V
and r € R,

(9) ordinary multiplication of scalars associates with scalar multiplication: (rs)- ¢ =r- (s - %), for

all v € V and r,s € R,

(10) multiplication by the scalar 1 is the identity operation: 1.7 = ¥, for all ¥ € V.

Example. The vector space we will be working with the most is the one you are likely used to: R".
For example,

x
R3 = yl| |z,y,z€R
z
Vector addition is defined as
1 To x1 + T2 x1 T2
yi |+ w2 | =|wmt+we ], for {s],|y].eR?
21 22 z1 + 29 21 zZ2
and scalar multiplication is defined as
x re T
r-lyl=|ry], for [y],eR3 reR.
z rz z

p-84
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Example. In R2, lines through the origin are vector spaces. The example in the book shows how we Ex. 1.3
can verify this using the step by step definition. For example, the line p-85

L{@)enwysx}{(?;) |:1:€R}{x.<:l))) xER}

is a vector space. However, lines in R? that do not pass through the origin are not vector spaces. Can
you show why?

Example. Polynomials of bounded degree with real coefficients can be treated as a vector space over FEx. 1.11
R. We define p-90

P = {ap + a1z + asax? - - + anz” | ag,...,a, € R}

Then, vector addition is given by

a(x) + b(x) = (ap + a1 + agx?® - - - + anx™) + (bo + bz + box? - -+ + bpx™)
= (ap + bo) + (ay 4+ by)x + (ag + bo)x? - - - + (@, + by)z™, for all a(x),b(x) € Py,
and scalar multiplication by
r-a(z) =r-(ap + a1z 4+ axx® - - - + a,x") = rag +rayx +ragx’ - - - +rapa™, for all a(x) € Py, 7 € R.

Example. Sets of n x m matrices with real number entries form a vector space, with entry-wise Fx. 1.11
addition and scalar multiplication (just as with vectors). For example: p-90

b
MQXQ:{((G; d> |(]J,b,C,d€R}7
with vector addition given by

_fa b w zr\ _  (at+w b4z
M1+M2_<C d)+<y Z>_<C+y d+2)7f0rM1;M2€M2><27

and scalar multiplication given by

a b ra rb
T'M:r'<c d)z(rc Td>,forM€/\/l2><2,7“€R~

Example. The set {f | f : R — R} of real functions in one variable can be treated as a vector space, Ex. 1.12
with addition given by p-90

(f1+ f2)(@) = fi(z) + fa(2),
and scalar multiplication by

(r- f)(@) =rf(z).

For the following lemma, try to write out proofs yourself, based on the definition of a vector space.
The proofs are also in the book.

Lemma. In any vector space V, for any v € V and r € R, we have Lemma 1.16
(1) 0-5= p-92
(2) (<1-70)+7=0
(8) r-0=0

Two.l.2. (p.96)

Definition. For any vector space, a subspace is a subset that is itself a vector space (under the
inherited operations).
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Example. The trivial subspace that consists of just the zero vector is always a subspace of any vector
space. Similarly, the vector space itself is a subspace.

Example. The z-axis is a subspace of R, given by { (g) eER?|x e R} .

Example. We have that P, is a subspace of Ps. In fact, any P, is a subspace of P,, as long as

n <m.

Definition. A linear combination of a set of vectors ¥1,¥s, ..., 7, € V is an expression of the form
a101 + ag¥s + -+ - + apUy,.

Note that this results in another vector in V.

The following Lemma is *very* helpful when it comes to determining whether something is a vector
space. Most of the time, the vector spaces we are dealing with are subsets of known vector spaces. In
that case, most of the vector space axioms are satisfied by the inherited operations, and we only need
to check two of them (the closure related ones).

Lemma. For any nonempty subset S of a vector space, under the inherited operations the following
statements are equivalent.

(1) S is a subspace of that vector space.

(2) S is closed under vector addition and under scalar multiplication. Formally:
U+ inS andr-v €S for all v,w € S,r € R.
(3) S is closed under taking linear combinations of two elements. Formally:

ri-U4re- W forallV,We S, ri,ra €R.

Lecture 2 (9/2)

Example. Let S be the following subset of R?:

a
S = b |a,beR
a+b

To show that S is closed under vector addition we checl that

a a a—+c
b + d = b+d €S,
a+b c+d at+b+c+d

and to check scalar multiplication, we see that

a ra
T- b = rb € S.
a+b ra+rb

Therefore, S is a subset of R3.
Example. Suppose that, instead we define

a
S = b |a,beR
a+b+1

Then, S is not a subspace. For example, we see immediately that it does not contain the zero vector.
(And it will also fail closure under both vector addition and scalar multiplication.)

Lemma 2.9
p-98
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Definition. For a set of vectors S = {¥}, ¥, ..., U, } we define the span of S as the set
[S] = {a1?h + a2V + « - - + an¥y | a1, a9, ...,a, € R}.
In other words, the span of a set is the set of all linear combinations of that set.

Example. Is the vector (%) in the span of the set {(3),(9)}?
Yes, since (3)=1-(3)+ 5 -(9).

The following lemma follows quite directly from Lemma 2.9 p.98. The key idea is that if two vectors
¥ and @ are both linear combinations of a set S, i.e. they are in [S], then any linear combination of
¥ and @ is also in [S]. Try to fill in the details of this proof yourself. (The proof is also in the book.)

Lemma. In a vector space, the span of any subset is a subspace.
Two.Il (p.108)

Definition. A set of vectors is linearly independent if none of the vectors in the set is a linear
combination of the others. Another way of saying this is that a set S = {#1,...,9,} is linearly
independent if the equation

a1171+~-~+an17n:6

only has one (trivial, meaning a; = --- = a,, = 0) solution. Otherwise, we say that the set is linearly
dependent.

The following Corollary gives yet an alternative way of phrasing this. Try to prove this Corollary
yourself from the previous definition (note that it is a bidirectional statement). The key idea is that
if S is linearly independent, then @' itself is in the span of S, but not in the span of S\ {v}.

Corollary. A set S is linearly independent if and only if the remowval of any vector ¥ from S shrinks
the span, i.e. [S\{¥}] C[S], VU € S.

The next Corollary follows from the previous: if ¥ € S can be written as a linear combination of other
vectors of S, then removing ¢ does not shrink the span. Therefore, we can repeatedly remove vectors
from a linearly dependent set without shrinking the span, until there is no more dependence left. Try
to write this up formally yourself.

Corollary. In a vector space, any finite set of vectors has a linearly independent subset with the same
span.

Two.IIl.1 (p.121)
Definition. A linearly independent set of vectors that span a vector space V' is called a basis for V.

Example. For R” we call the following set the standard basis:

o\ /9 0
o= () () (5)) -
0 0 ?

In this case, it is rather easy to see that every vector in R™ is a linear combination of this basis, since

z1 1 0 0
z1 0 1 .
: :331'<.>+$2'<.>+~'~+$n'<;>=$1'€1+$2'€2+~'~+In'€n.
: : : 0
Tn 0 0 1

The following Theorem describes a very important and useful property of bases of vector spaces. They
give us a unique expression for every vector in the space. This means that if we have a basis, we can
identify vectors with their expression in terms of that basis.

Def. 2.13
p-100

Lemma 2.15
p-100

Def. 1.4
p.109

Cor. 1.14
p-113

Cor. 1.17
p-115

Def. 1.1
p-121
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Theorem. A subset S of a vector space V' is a basis if and only if every vector in the space can be
expressed as a linear combination of the subset in exactly one way.

The key to proving this Theorem is the following Lemma:

Lemma. A set S is linearly independent if and only if every vector @ € [S] can be expressed in only
one way as a linear combination of S.

Math!. Bidirectional statements are “if and only if” statements. Mathematicians often write “iff”
for short, or we use double-arrow: A < B. To prove such a statement, we need to show A = B as
well as B = A. To make it easier to follow for the reader, it is best to separate the two directions
clearly.

Math!. We will prove both directions of this lemma by proving the contrapositive statements. Con-
trapositive means that A = B is the same as saying not-B = not-A. For example, if I say that if it
rains then I will bring an umbrella, then that is the same as saying that if I don’t bring my umbrella
it must not be raining.

Proof. “=" Suppose that @ € [S]. We know that & can be expressed as a linear combination of
S = {v1,...,U,}, so assuming that it cannot be expressed in exactly one way is the same as
assuming that it can be expressed in at least two ways (i.e. we’ve ruled out 0). So, suppose W
can be expressed in two different ways as a linear combination of S. Then we have

W= a0 + -+ apUn

with a; # b; for at least one value of 1 <47 < n. This implies that we have a non-trivial solution
to the relation

W— W = (a1 *b1)171+"’+(an7bn)5n:0'
Therefore, the set S is linearly dependent.

“«<" The reverse direction of the proof looks very similar. Suppose that the set S is linearly depen-
dent. Then we have a non-trivial relation

clﬁl+"'+cnﬁn207

i.e. not all values of ¢;;, 1 < i < n, are 0. Then if W € [S], we have some expression W =
a1¥1 4 - - - + ant, and we can find a second, different expression of @ by adding 0 to both sides
of the equation and obtaining @ = W + 0= (a1 +¢1)01 + -+ + (apn + ¢,)Uy. Therefore we have
at least two ways of writing «w as a linear combination of S.

O

The following definition hinges on the fact that all bases of a vector space have the same cardinality
(number of elements). We have not proven that this is true yet, so that will be the focus of the next
lecture. The reason that this is important is that it shows that the dimension of a vector space is an
inherent property of the space, and does not depend on the choice of basis used to describe the vector
space.

Definition. The dimension of a vector space V', denoted dim(V') is the number of elements in a basis
for V.

Lecture 3 (9/7)

Two.IIL.2 (p.129)

The Exchange Lemma is foundational to the concept of bases. My favorite way of phrasing the
exchange lemma is (I think) easier to understand/remember, but one step harder to prove than the
way it is phrased in the following lemma. So, we will start with proving Lemma 2.3, then rephrasing
and then using it to argue that all bases have the same cardinality.

Thm. 1.12
p-123

Def. 2.5
p.131
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Lemma. Suppose that B = (51,52, ceey En) is a basis for a vector space V', and

7= 0151 + c2,§2 44 cn@,, such that ¢; # 0.
Then, replacing 6: by U gives a new basis for V.

Math!. We will prove some of this lemma by contradiction. This means that we will first assume
that what we are trying to prove is not true, and then show that this implies an impossibility. Often
proofs will just start by saying “Suppose that” followed by the negation of the statement we’re trying
to prove, and then the reader understands that this will be a proof by contradiction. I like to be extra
clear and add something along the lines of “Suppose that... (for the sake of contradiction)”.

Math!. A common form of a statement in math is the statement that two sets are the same: A = B
for two sets. This means that every element in A is also an element in B, and every element in B is
also an element in A. In other words, it means that A C B (A is a subset of B) and B C A (B is a
subset of A).

Math!. Proving that A C B. As we said in the previous item, this is the same as saying that every
element of A is also an element of B. We can prove this by using the following proof format: First,
suppose that x € A (where  must be an arbitrary element of A, since we want the following to be
true for all of them). Then, if we can prove that this leads to the conclusion that = € B, we are done.

Proof. We let this new basis be B = B\ {3;} U{#}. To show that B is a basis for V we need to show
that it spans V' and that it is linearly independent.

e Linear independence:
Suppose that B is not linearly independent (for the sake of contradiction). Then we have some
nontrivial relation . .
dify+ -+ diT+ -+ dyfBn = 0.
This relation is nontrivial, so we know that at least some d; is nonzero. We cannot have d; = 0,
since then this would turn out to be a nontrivial relation on B, which is not possible. So, d; # 0.
Now we can replace ¥ with its expression in terms of B, and obtain

dify+ -+ dilerfy + ot A cnfn) + A+ dnfn =0

but this can be rewritten as

(dy +dicr)Br + -+ diciBi + -+ + (dn + dicy) By = 0

and since we have d;c; # 0 this is a nontrivial relation on B. This is not possible, since B is a
basis and therefore linearly independent. This completes the proof, since we showed that if we
assume that B is linearly independent we must accept a contradiction. Therefore it must be
false and we see that B is linearly independent as we had hoped.

e Next, we want to show that B spans V. In fact, we want to show that B spans exactly V' (and
nothing more), since we are trying to say that B is an alternative basis for V. So, the statement
we are trying to prove is [B] = [B]. We split this up into the two parts:

— [B] C [B]. Suppose that @ € [B]. Then, (Note that I am reusing the symbols dy, ..., dy
here. They are not the same constants as in the previous part. However, cq,...,c, are
still the same since that is how we defined v. It’s always tricky to decide when to reuse
symbols so that we don’t run out of letters/confuse the reader.)

@ =di 1+ +diT+ -+ dpBn, for some dy,...,d, €R,
=dif1+ -+ di(erfr+ Bt A ) + o+ dufn
= (dy +d¢C1)ﬁl +"'+dicigi +--+(dy +dicn)gn~

Since this is a linear combination of elements of B, we see that & € [B].

Lemma 2.3
p-130
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— [B] C [B)]. First, we rewrite the expression of 7@ in terms of B so that we separate ;. This
proof is somewhat the reverse of the previous.

F=cifit e+t eafn
Bi= 2B+t L -,

Note that it is important here to remember that ¢; # 0. Otherwise there would be a
problem with the fractions.

Supose that w € [B]. Then we have (once again, new dy,...,dy)

w:dlﬁ1+---+di@+---+dn5n, for some dq,...,d, € R,
=d151+~-~+d¢(—%51+-~-+i17+~-~—%5n)+~--+dn5n

ci
= (= di2) Bt oot Bt (d— di2)
The constant coefficients look a bit complicated here, but the only thing that matters is

that they are real numbers. What we have is an expression of @ as a linear combination
of the elements of B. Therefore, W € [B].

O
Lecture 4 (9/9)
Now, we can rewrite the exchange lemma in my favorite way.
Lemma. If By = (d1,...,d,) and By = (51, e ,Bm) are two bases for a vector space V', then for

any «; € By, there exists a B; € Ba such that By \ {d;} U {E]} (replace &; by ﬁj in By) is also a basis
for V.

Proof. By Lemma 2.3 p. 130, all we need is to show that By contains a BZ such that in the expression
Bj =181 + -+ - + ¢, @y, we have a; # 0. Suppose (for the sake of contradiction) that there is no such

Bj. Then every vector in By can be expressed as a linear combination of vectors in B; \ {&;}. Sinve
d; € V and By is a basis for V', we can write

o = a1+ 4 amPm
=ai(c1101 + -+ c1im1@i—1 + crip1@ip1 + - Fendp) + .

+ @ (Cm1@1 + -+ + Cmic1@i—1 + Cmit1Git1 + -+ + CrnQn).

Again, we have somewhat complicated constants, but the point is that we can write this in the form
a; =di1ay + -+ dim10;—1 + dip1Gipr + - + dp .

This implies that &; is dependent on the other elements of By, which implies that B is not linearly
independent. This is a contradiction, and therefore, there must exist a 8; as described.
O

In the previous result we wrote that By has n elements and B> has m elements, because we did not
know for sure yet that these must be equal. Now, we can finally prove this.

Theorem. For finite-dimensional vector spaces, all bases have the same number of elements. (The
same cardinality.)

Thm 2.4
p-131
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Proof. Suppose that V' is a finite-dimensional vector space and that By, By are two bases, with |B;| <
| Bs| (for the sake of contradiction). If By has elements that are not in By, then we can replace them
with elements from By one by one, by the previous lemma, to obtain a new basis B for V, with
B; € Bs. This implies that any remaining elements in By \ Bj can be written as linear combinations
of B}, but then they can be written in terms of other elements of By. This is a contradiction, since
Bs must be linearly independent. O

The following two corollaries from the book use very similar arguments. They are very useful and
you should try to remember them. Try to prove them yourself, and check the proofs in the book if
necessary.

Corollary. Any linearly independent set in V' can be extended to a basis. Cor. 2.12
' ) p-132

Corollary. Any spanning set of V' can be shrunk to a basis. Cor. 2.13
p-132

Definition. For a given vectors space V' and basis B, we can express each element in V in terms of
(as a linear combination) of B. All we need to define an element ¥ € V' as a linear combination of Def. 1.13
B = (f1,...,Bn) is the unique list of coefficients ay, ..., a, in the expression ¥ = a1 81 + . .. a,5,. We p.124

write this as
ay
Repp(?) = | : :
an / B

Example. If we let B = ((3),(})) be a basis for R?. Then, for example, we have

Reps (1) = (113) .

since we have

Example. Consider the subspace
S ={ag + a1z + axx® € Py | ag = as}.

This space has a basis (for example) given by B = (1 + 22, z). We have 2 — z + 222 € S, and we can
write
2—x+22=2-(14+2%) +(-1) -2,

which gives
Repp(2 —z+22°%) = (2 )B.

Matrix basics

We will introduce matrices here, mainly as functions that map vectors to vectors. More precisely,
they are so-called linear transformations of vectors spaces. A matrix is an m-by-n array of numbers.
We refer to the elements of a matrix A by a;;, meaning the element in the ¢th row and jth column:

ail N A1n
A =

Am1 .- Qmn

Definition. A linear transformation is a function T' : R™ — R™ such that it can be written as
T(Z) = AZ, where A is an m X n matrix.
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In order to understand how to multiply matrices with vectors, we first define the dot product of
vectors. First of all, we denote vectors as follows:

The dot product of two vectors ¥/ - w is defined as follows:

VW = viwy + VaWsg + ... + vw,.

Note that the dot product of two vectors is a scalar, and that it is only defined if the two vectors have
the same dimension. When we multiply a matrix with a vector, we can think of it in terms of dot
products, either by thinking of A as a set of horizontal row vectors:

— -

— u = wy -
— Wy —

Af = . T = )
— Wy, — W, - T

or as a set of vertical column vectors:
T ) 1
AZ=|v1 va - vy = 22101 + + TpUpn
T v\

In either case, the result is a vector in R™. Suppose that we are given an equation AZ = W where &

is unknown. Then
a1 . A1n I w1

am1 cee Qmn Ln W,

can be rewritten as (if we think of the dot product version of multiplication)

1121 + +++ + A1 Ty = W1

2171 + -+ - + A2pTy = W2

aAm1T1 + -+ G Tn = Wiy

A system of linear equations! From now on, we will think of systems of linear equations as equivalent
to these matrix equations. Also, not that if we rewrite A¥ = « with the column-vector version of
multiplication, we see that this is equivalent to solving

a1 A1n T T T T T
= v o Uy | = oo+ xgU, = 0
Aml -+ Qmn Ty o4 + Ty

This is equivalent to asking whether @ is in the span of the column vectors of A.
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Lecture 5 (9/14)

The column rank of a matrix is the dimension of the (sub)space spanned by its column vectors.
Similarly, the row rank of a matrix is the dimension of the (sub)space spanned by its rows. We will
see that these two ranks are always equal, which will help us to define a single notion of rank of a
matrix.

Example. Consider the matrix

1 1
A=12 1
3 2
The span of its columns is
1 1
, 11
3 2

. 1\ . . 1 . . .
Since ( 2)is not a scalar multiple of (% ), we see that this is an independent set, and therefore this

is a 2-dimensional subspace. Similarly, we see that

(0)-0)-6)]

also is a 2-dimensional space (in fact this is R?).

We will return to column and row ranks after we discuss using matrices to solve systems of equations,
but try to keep them in the back of your mind in the mean-time, and think about how they might
relate to the solution sets.

Reduced row echelon form

We will start representing systems of linear equations as matrices, and then solving them using matrix
operations. This method is known as Gauss-Jordan elimination. For example, the system

3xr+6y—z =3
20 —4y+ 3z =2

can be represented by its coefficient matrix, which contains the coefficients of each variable in the

equations:
3 6 -1
2 -4 3

or its augmented matrix, which contains all of the information in the system of equations:
3 6 —-113
2 -4 3 |2/

In order to solve the system of equations, we would like to write the augmented matrix into a stan-
dardized form, the so-called reduced row echelon form. A matrix in reduced row echelon form
satisfies the following properties:

e The leading (first non-zero) entry in each row is 1.

e A column that contains such a leading entry has 0 everywhere else.

10

Ch. One
p-50



MATH 124 LINEAR ALGEBRA 2021 LECTURE NOTES Puck ROMBACH

e The rows are in order of the position of their leading coefficients.

Example. Here are some examples of matrices in RREF, together with solutions to the system. Write
down the corresponding equations yourself. In the last example, the variable z does not have its own
“leading 1”7, and is therefore free. We give it an arbitrary value ¢. The variable y is then dependent
on z =t. (We could have let z depend on y = ¢ instead, but the rref gives us a canonical method in
which the earlier variable receives the leading 1 and is named as the dependent variable.)

1 2 010 - Inconsistent

0 0 1/0]. - 0 solutions

0 0 01 (one of the equations is 0=1)

1 0 01 - Consistent z=1

01 0|2 - Independent y=2

0 0 13 - 1 solution z=3

1 0 01 - Consistent z=1

01 2|2 - Dependent y+22=2—-y=2-2¢t
0 0 010 - oo solution z=1

The reduced row echelon form of a matrix is unique, and can be achieved by using a series of the
following elementary row operations.

e Swapping two rows.
e Multiplying a row by a non-zero scalar.

e Adding a multiple of one row to another row.

We use the following general algorithm for rewriting a matrix into its RREF.

Algorithm 1 RREF
forrowi=1...ndo
let a;; be the leading coefficient of row i;
divide row 7 by a;; so that a;; becomes 1;
subtract row 7 ay; times from all other rows so that aj; becomes 0 for all k£ # i;
end for

arrange the rows in order of the position of their leading coefficients;

Once you have written your system of linear equations as an augmented matrix, and then written the
augmented matrix into reduced row echelon form, you can find the solutions.

e If the RREF matrix contains a row where the final entry is non-zero and all other entries are
0, then the system is inconsistent and there are no solutions. This is the equivalent of having
one of your equations be 0 = 1.

o If the RREF is a diagonal matrix if you ignore the last column and any 0O-rows, then the
system is consistent and independent, and it has exactly one solution. This is equivalent to
your system of equations looking like z =a, y=0b, z=c,...

e Otherwise, the system is consistent and dependent, and it has infinitely many solutions. This
is equivalent to having a set of equations that looks something like x = a+b-z,y =c+d-z,....
You can let z take any value and this will determine x and y.

11
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Lecture 6 (9/16)

We now return to the row and column ranks of A. First we will argue that the RREF of A has the
same row rank as A as well as the same column rank as A. Then, we argue that for a matrix in
RREF, the row and column ranks are equal.

Claim. Row operations do not affect the span of the rows of a matriz A.

Proof. This proof is a good exercise for understanding vector spans. We need to prove the following
statements:

e Reordering the vectors in an ordered set S does not change its span.
o Let S={th,v,...,0,}, and let 8" = {¢- ¥y, Va,...,T,}, where ¢ # 0. Then, [S] = [5'].

o Let S = {0,0s,...,0,}, and let S' = {¢,02 + ¢ Uy,...,U,}, where ¢ € R. Then, [S] = ['].
Note that for this statement, you can start by proving this for S = {7y, v }.

O

Claim. Row operations do not affect the span of the rows of a matriz A.

Proof. Let the right-hand-side of each equation in a system of linear equations arising from A be 0.
Then row operations do not affect the last column in the augmented matrix. Therefore, a solution to
the system is a relation on the columns of A, as well as a relation on the columns of the RREF. Since
A and its RREF have the same set of relations, they have the same linear dependencies between their
column vectors, and therefore the same rank. O]

Claim. The row and column rank of a matriz are equal.

Proof. In light of the previous two claims, we only need to show that the claim is true for a matrix
in RREF form. We will do this by showing that the ranks are equal to the number of leading 1s
(sometimes called pivots).

For the row rank, note that the rows with leading 1s are the only non-zero rows. Since each has a
1 in a position where no other row has a non-zero entry, none of them can be written as a linear
combination of the others.

For the column rank, first consider the columns that have leading 1s. Since each has a 1 in a position
where no other leading-1 column has a non-zero entry, none of them can be written as a linear
combination of the others. So, this set is linearly independent. Any other non-zero column has entries
only in positions for which there is a leading-1 column, and therefore can be written as a linear
combination of the leading-1 columns. This shows that the leading-1 columns are a basis for the
column span, with dimension equal to the number of leading 1s. O

Lectures 7-9

Review + Midterm 1.

Lecture 10 (9/30)

We are now starting in Chapter Three, which is on maps between spaces.

Math!. The mathematical notation for a map (or function) from a set A to a set Bis f: A — B.
This means that for every a € A there is a unique b € B such that f(a) = b. We say that such a map
is injective if there are no two values in A mapping to the same value in B, i.e. f(a;) = f(ag) implies
that a; = as. We say that a map is surjective if every b € B has some a € A mapping to it, i.e. for
every b € B there exists an a € A such that f(a) = b. A map is bijective if it is both injective and
surjective.

12
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Definition. Let V and W be two vector spaces. A homomorphism is a map f : V — W that
“preserves the structure of the vector space V”. Formally, we have that

f(U1 +v2) = f(Th) + f(V2), VU1,02 €V,
i.e. the map preserves vector addition, and
f(r-9)=r-f(0), Y7reR, 7€V,

i.e. it preserves scalar multiplication. This is equivalent to saying that the map preserves linear
combinations:

flr1-0y +rg-02) =7y - f(U1) + 72 f(V2).

Definition. A map f: V — W is an isomorphism if it is a bijective homomorphism. An isomorphism
f:V = Vis called an automorphism.

In the book (and in the lecture), we prove the following Lemma.
Lemma. The inverse of an isomoprhism is also an isomorphism.

This is an important Lemma, because it helps us describe pairs of vector spaces as isomorphic to one
another, meaning equivalent in some way. More precisely, the isomorphism relation on vector spaces
turns out to be an equivalence relation.

Math!. A relation R on a set A is a set of ordered pairs of elements from A. Formally, R C A%. We
call R an equivalence relation, denoted a ~ b (meaning (a,b) € R) if R is

e reflexive: a ~a for all a € A,
e symmetric: a ~b < b~ a, for all a,b € A,
e transitive: a ~ b, b~c = a~cforall a,b,c € A.

Equivalence relations give rise to partitions of a set A: a classification of the elements of A into classes,
such that ¢ and b are in the same class if and only if @ ~ b, and every element is in exactly one class.

By the way, you have seen another type of equivalence relation already, but we didn’t call it that.
We can say that two matrices are equivalent if they have the same rref. Our next challenge is to
prove the following Theorem, as it will help us show that all vector spaces of the same dimension are
isomorphic, and therefore all n-dimensional vector spaces are isomorphic to R™.

Theorem. Isomorphism defines an equivalence relation on vector spaces.

Lecture 11 (10/5)

We will now start to prove the Theorem above (Thm. 2.2 p.184). It turns out that the classification
given by isomorphism as an equivalence relation on vector spaces is quite easy to characterize: vector
spaces are isomorphic if and only if they have the same dimension. Therefore, we prove the following
instead:

Theorem. For two vector spaces U and W, we have that U ~ W if and only if dimU = dim W.
Proof. See proof in the book. O

We now have, in particular, that any n-dimensional vector space is simply isomorphic to R™. Therefore,
we can use our knowledge and tools (linear dependence, rref, etc) for R™ on other vector spaces. In
the following sections, we will start to see that linear maps f : V — W can always be thought of as
matrix functions, such that f(¥) = A7. In order to do that, we do need that ¥ is a vector in the sense
that you are used to: a vertical array of n real numbers. Because of the isomorphism between V' and
R"™, we can indeed do that.

13

Def. 1.3
p.172

Lem. 2.1
p-183

Thm. 2.2
p.184

Thm. 2.3
p-185



MATH 124 LINEAR ALGEBRA 2021 LECTURE NOTES Puck ROMBACH

Lecture 12 (10/7)

Today we look at two important subspaces that are related to a linear map f : V' — W: the null space
and range space. These contain the information “lost” and “retained” from V', respectively. Please

do not use this as definitions; it’s just to help you gain intuition.
Definition. The null space or kernel of a linear map f : V — W is the inverse image of Ow:
N(f) = 7 O0w) = {7 € V| f(5) = Ow}.
We also define the nullity of f as the dimension of the kernel:
nullity (f) = dim N (f).
Definition. The range space of a linear map f: V — W is defined as:
R(f)={fW@0)|7eV | f(¥)={weW| f(¥) = for some ¥ € V}.
We also define the rank of f as the dimension of the kernel:

rank(f) = dimR(f).

Note that we already defined the rank of matrices. You will see that we are talking about the same

rank in both cases, as we connect linear maps to matrices.

It is important here to note that AV/(f) is a subspace (as we shall see) of V', while R(f) is a subsspace

of W. Sketch:

Indeed, these are both vector spaces themselves.

Lemma. For any linear map f:V — W, null space N(f) is a subspace of V.

Lemma 2.10 on p.204 is in fact a bit stronger, as it shows that the inverse image of any subspace is

in fact a subspace. The trivial subspave {6W} is then a special case of that.

Lemma. For any linear map [ :V — W, range space R(f) is a subspace of W.

Now, we are ready to prove a very important theorem. It turns out that the rank and nullity of a
linear map are two sides of the same coin. Of the dimensions of V| some are lost and the rest is

retained. Or, more formally:
Theorem. For any linear map f:V — W, we have

rank(f) + nullity(f) = dim V.

14
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Note that dim W is not relevant to this statement. Since R C W, we do know that
rank(f) < dim W.

Example. Consider the following map f : P3 — Ps, defined by

Fo(@)) = - p(a),

or
fla+bx + ca® + dx®) = b+ 2ca + 3da?.

What is the null space of f? This is exactly the set of polynomials with 0 derivative everywhere, i.e.
constant functions of the form p(x) = a. Therefore, we can let (1) be a basis for N'(f), and we see that
nullity(f) = 1. What is the range space of f? We see that every p(z) € Ps is the derivative of some
q(z) € P3. Namely, a polynomial of the form a + bx + cx? is the derivative of az + (b/2)x? + (¢/3)23,
for example. Therefore, this map is surjective and R(f) = P, and rank(f) = 3.

Lecture 13 (10/12)

The following Theorem summarizes what we know about invertible maps (maps that don’t “lose any
information”). We have proven some parts carefully in class, other parts you can try as an exercise
or refer to in the book.

Theorem. For a linear map f:V — W, dimV = n, the following are equivalent: Thm. 2.20
(1) The map f is injective (or 1-1) p-207
(2) f has an inverse function f=! which is a linear map R(f) — V
(8) nullity(f) =0
(4) rank(f) =n
(5) if <§1, .. ,En> is a basis for V then (f(ﬁl), .. ,f(ﬁn» is a basis for R(f).

Inverse Images

As we have seen, some linear maps are fully invertible, such that f=' : W — V. We call such
maps isomorphisms (or automorphisms if the domain and codomain are equal). Even if a map is not p.201
invertible, we can still define an inverse image, for S C W:

f7HS) ={veV|f(@® €S}
For example f~Y(R(f)) =V and f~1(0) = N(f).

If the map f is not injective and we have two distinct elements 07, @5 such that f(¥;) = f(¥2), then
their difference is an element in N'(f), because

f(O = B2) = f(@) — f(T2) =0,
which implies that ; — vy € N(f).

Example. Consider the projection in R? onto the z-axis, such that f((y)) = (§). Then R(f) =
[(1//0)] and N(f) = [(0//1)]. For each @ = (w//0) € R(f) we have that

F7Hw) ={(%) | a € R}

We can sketch this as follows:

15
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Example. Let f: Py — Py with f(p(z)) = £ p(z). Then what is f~!(1+ 22)? This is the set of all
p(z) = a+ bz + cx? such that -Lp(z) = 1+ 2z. These are polynomials of the form ¢(z) = ¢+ z + 2?
for any 2 € R. Indeed any such two functions differ only in a constant, and nullity(f) = [1].

Linear maps as matrices

Now, we will finally show formally that linear maps are exactly the maps that can be expressed_as Def. 1.2
left-multiplication of vectors by matrices. Consider a linear map f: V — W, and let B = (1,...,08,) p.214
be a basis for V. Then the list f(f51),...,f(8,) fully defines f, since for any & € V we have 7 =

0151 + -4 cnﬁn and

f(0) = f(clgl +eee Cngn) = le(gl) et Cnf(gn)

Suppose dim W = m and D is a basis for W. Then every f(¢) = o has a representation in terms of
D. We let

hl,l hl’g hl,n
~ ha ~ ha 2 - han
RepD(f(Bl)) = : ,RepD(f(Bz)) = . yeee 7RepD(f(ﬁn)> = :
hm,l hm’Q hm’n
Then
hia hin
f(v) = : Repp (V) = Repp (W),
hm,l hm,n
since
hi1 hin Cc1 hi hin
Pl =c| et |t | =afB)pt e+ af(Ba)p
hm,l e hm,n Cn hm,l hm,n

Example. Consider the linear map f : R? — R2? given by a rotation of the plane by an angle 6
(counterclockwise). Let’s use the standard basis E = (€1,é2) = ((3),(9)) as a basis for both the
domain and codomain (they are both R?). Then we see that f(&) = (¢29) and f(é2) = (.5n7).

sin 0 cos 6
Therefore 0 in 6
cost/  —sin
Repg p(f) = <sin9 cos 0 >EE‘ '

Note that we will often omit the basis subscript when working in standard bases.

16
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Example. In order to see why a non-standard basis might be useful, consider a projection proj;, :
R? — @2 to a line L which is defined by an angle # with the positive x-axis. We use the basis
B = (B1,52) = ((¢8),(.2%)) (notice any similarity with the previous example? what is the
relation?). Then

RepB f(ﬁl) = (019>Ba RepB f(ﬁ2) = (000)3'

Therefore,
Repp p(f) = (§ OOG)B,B'

X

Lecture 14 (10/14)

Combining linear maps
Adding/scaling maps

If f:R" — R™ that maps v — W we let cf, for any scalar ¢, be the map that maps v — cw. It Sec. IV.1
is not so difficult to deduce that if the matrix A represents f, then cA represents cf, where scalar p.232
multiplication of matrices is defined similarly to vectors (entry-wise):

ail 0 Qln cay1 -+ Chln
cA=c : : =
am,1 0 Omon Clm,1 e Chmon

)

If f,h:R™ — R™ then let f+h:R™ — R™ be defined as (f + h)(¥) = f(¥) + h(¥). If f(¥) = AV and
h(¥) = B, then (f + h)7 = (A + B)¥, where matrix addition is defined entry-wise:

)

a1t Q1 bin - bin a1 +big - ain+big,

am,1 r Omon bm 1 T bm n am,l + bm,l cr Omon + bm,n

) s

17
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Example. Consider the linear transformation g : R? — R? that rotates every vector over a 7/4 angle
and scales it by v/2. If @ is the vector ¥ rotated over 7/2 then we can think of this as @+ ¥ + .
Let f be the identity transformation and h a rotation over m/2. Then we should obtain g = h + f.
We have fv = (§9)7 and ht' = ({ ' )7 (see the rotation example on page 16). Then g has matrix

(17')-
We may also let g’ be the linear map given by a rotation over m/4, which has matrix (g;; _\/éi/z 2).

Then the map g is a scaling of this map by the scalar v/2, which indeed gives us the representing

. V2/2 —/2/2 _
matrix ﬁ(ﬂ% \/5/2>=(% 11).

Composing maps

Suppose that we have two linear maps f : R™ — RP and h : RP — R™. Let h o f be the composition Sec. IV.2
of the two functions: p.236

ho f(7) = h(f(7)).

Let A be the matrix that represents f and B the matrix that represents h (under the standard bases).
Then
ho f(¥) = B(AY).

Here we introduce a new operation on matrices: matrix multiplication. (This is in fact a generalization
of matrix with vector multiplication.) If

ail ... Q1p b11 “ee blp
A= |, and B= ,

apt ... Gpn b1 o Nmp

then the ijth entry of the product BA is

bi1 a1j
(BA)ij = | = || ¢ | =binay+ - +bipay;.
bip Gpj
Example. For example,
o ) (29[
2 1 5 3

Example. Matrix multiplication is associative. For example, let f : R3 — R? and h : R2 — R3

1 2 1 01
10 2) and B= |0 0| respectively. Then we have that

be represented by matrices A = (
2 1

ho f(¥) = B(A?) = (BA).

18
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1
For example, let ¥ = [ 2 |. Then
3
0 1 1 0 1 7
ho f(#) = B(A®) = [0 0 G (2) ;) 2l =1(o0 o (?): 0],
2 1 3 2 1 23
and
0 1 1 2 1 1 1 0 2 1 7
ho f(¥) = (BA)T = 0 0 (1 0 2) 21 =10 0 O 21=1(0
2 1 3 3 4 4 3 23

The following picture respresents the relationship between the different sets, ranges and null spaces
of the two maps.

ot
b L

ﬂz\ — & —_ l %M
®
) 20

Claim. We have R(ho f) C
R(ho

R(h).

Proof. Suppose that z' € f) Then there is some ¢ € R™ such that ho f(¥) = h(f(¥)) = Z. Let

w = f(¥) € RP. Then h(w) = Z, and therefore Z € R(h). O
Claim. We have N(f) CN(ho f).

Proof. Suppose that & € N(f). Then f(#) = 0, and therefore h o f(7) = h(f(%)) = h(0) = 0.
Therefore ¢ € N'(ho f). O

Lecture 15 (10/19)

Inverses

Definition. The identity map R™ — R" is the map such that ¢ — o for all v € R™. It is represented

by the identity matrix
1

1 0
I, = -
0 1
1
You are probably familiar with inverses of functions in one real variable. If f : R — R and the inverse
f~1 exists, then it is such that every time f(z) =y then f~!(y) = 2. Then fo f~' = f~1o f is the
identity map. Here we introduce a more nuanced version of inverses: left and right inverses.

Definition. For two functions f: A — B and h: B — A, we say that f is a left inverse of h if foh
is the identity map and f is a right inverse of h if ho f is the identity map. If both hold, we say thaat
f is a two-sided inverse of h.

19
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Example. Let f : R* — R? and f : R? — R3 be two functions such that (é) EN (y)and (3) A <§)

Then ho f : R? — R3 is such that (§> hed (%), which is not surjective. However, f o h : RZ — R2 is

such that (3) o () is the identity map. Therefore, f is a left inverse of h (or h is a right inverse of

£)-

. . ST . . (10
We can see this in terms of matrix multiplication as well. The function h has matrix (8 (1)) and f has

matrix (§99). The composition h o f has matrix

The composition f o h has matrix

For most of the remainder of this course, we will talk about linear transformations, i.e. maps R™ — R".
For these, there is only one type of possible inverse: a two-sided inverse. For an n X n matrix A, we
say that A is invertible if there exists an n x n matrix A~! such that AA~' = A=1A =1,. For 2 x 2
matrices, there is an easy formula for the matrix inverse. If A = (‘; Z), then

1 d —b
A7l = .
ad — be (C a )

Note that this formula fails when ad — bc = 0, this is exactly when A is not invertible. We will see
this again when we talk about determinants of matrices.

Lecture 16 (10/28)

Correlation coefficient

In the topics that follow, we will make heavy use of vector dot products. We have already seen dot
products in the context of matrix and vector multiplication, but we haven’t looked at any geometric
or other kind of interpretation yet. To remind ourselves, the dot product of two vectors ¥ andd @ (of
the same dimension) is defined as

U1 w1
v-ad=\: || : = w1 + -+ VpWy.
Un Wn,

We can now also define the length of a vector ¢ in terms of dot products. This is the usual Euclidean
length that you are already familiar with. We have

|7 = \/v?+ -+ 02 =V 0.

Before we move on, we take a small detour and look at an application (and alternative interpretation)
of the dot product: data correlation. We need one more fact about dot products, which we will not
prove here. You can read more about the geometry in Section One.Il in the book if you wish. We
have

|0+ | = |0 || cos b,

where 6 is the angle between ¢ and .

Example. Consider 4 mathematicians: Andrea, Braxton, Charlie and Dima. Over one week, we
record their coffee consumption and their productivity. We would like to find out if there is a corre-
lation between these two variables. Here is the result:

20
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Mathematician H Cups of coffee | Lemmas proved
8

10
8
6

gawm >

We can think of the coffee data and productivity data as two 4-dimensional vectors, where the math-
ematicians are the dimensions. In that case, it makes sense to think of the origin 0 as the mean, and
then write the data as a deviation from the mean. Correlation between two variables described the
way they vary with each other, and should not be affected by their averages. For example, it should
not matter whether we measure the coffee in cups or in ounces or in droplets. So, we consider the
normalized data:

Mathematician H Cups of coffee | Lemmas proved

0
B 2
C 2 0
D -5 -2

If two variables are correlated, we expect their signs to match for each dimension, and the deviation
from the respective means to be proportional. Geometrically, this means that a positive correlation
looks like a small angle between the two vectors, whereas a negative correlation looks like a large
angle. An ideal positive correlation should have § = 0, and ideal negative correlation § = 7 and an
ideal uncorrelation should have § = 7/2. Naturally, we let the correlation coefficient r be

r=cosf = — -y_'.
12| {17
-2 0
- ) . 2
In our example, we get ¥ = 9 and § = 0 , and
) -2
—2-0+5-2+2~0+—5-— 03
r— ~,
V(=22 +52+ 22+ (=5)2 - /02 + 22 + 0% + (-2)?

Very high correlation!

Orthogonal Complements

We say that two vectors ¢ and W are orthogonal if ¥ - w = 0. Now, if V is a subspace of R™, then we
say that a vector « is orthogonal to the subspace V if « is orthogonal to all vectors in V. So,

 is orthogonal to V' if and only if W - v =0 Vv e V.
The set of all such vectors is call the orthogonal complement of V', denoted V*. So,
L—{BeR W -7=0 VoeV}.

The orthogonal complement has the following properties:

Lemma. 1. V* is a subspace of R™.

2. V and V+ have only 0 in common.

3. dim(V) + dim(V+) = n.

21

Three.VI.3
p.- 285



MATH 124 LINEAR ALGEBRA 2021 LECTURE NOTES Puck ROMBACH

4. (VHL =V.

Proof. 1. The set V* is exactly the kernel of the projection onto V, because the projection maps
exactly those vectors to 0 that are orthogonal to V. We already know that kernels are subspaces.

2. If #is in both V and V-, then Z- # = 0 = ||Z||%. So, ||Z|| = 0 and & = 0.

3. In the projection onto V, we have that V is the image and V= is the kernel, so this is in fact
the rank-nullity theorem! The way we will prove this, is by showing that we can find a basis
for V and one for V+ the union of which form a basis for R”.

4. If 7€ V, then v- = 0 for all & € V*. The set (V1)* contains all such vectors, so v € (V+)+,
and because this was true for all ¥ € V' we have that V C (V+)+.

Also, dim(V)+dim(V+) = n and dim(V+)+dim((V+)+) = n. Therefore dim(V) = dim((V+)1).

So, we must have that (V+)+ = V.
O

The transpose of a matrix

If A is an n x m matrix, then the transpose AT of A is the m x n matrix whose entries ij are
the entries ji of A. You can think about this as switching the roles of the rows and columns, or as
grabbing the matrix by the upper-left and lower-right corner, and flipping it over.

The transpose is a very handy concept for orthogonal matrices, as you'll see in the next section. The
following lemma gives some properties of the transpose. You don’t need to remember them, just know
where to look if you need any of them.

Lemma. For any matriz A and its transpose AT
1. (A+B)T = AT + BT
2. (kAT = kAT
3. (AB)T = BT AT
4. rank(A) = rank(AT)
5. (A= =(A—HT,

Transposes also give us a way to think of the dot product as an ordinary matrix multiplication. For

two vectors ¥ and w in R™,

7w = 7.

Orthonormal bases

A set of vectors is called orthonormal if they are all orthogonal to one another and have length 1.
The book mostly focuses on the orthogonal part in this Section, but orthonormal is much more useful,
so we might as well focus on that straight away.

If 441,49, ..., 0, are orthonormal then @; - 4; = 0if ¢ # j and 4; - 4; = 1 if ¢ = j.

Clearly, an orthonormal set is a linearly independent set. An orthonormal set of cardinality p in an
p-dimensional subspace V is therefore a basis of V. We call that an orthonormal basis.

If we have an orthonormal basis 1, t2, ..., 4, for U, then we can write the projection of ¥ onto U as
a set of dot products.

22
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Since projy; ¥ € U, we know that proj; ¥ = ki1tq + ... + kpt,. We also know that ¥ — projy; @ € U+,
Together, this means that

(0 — kytiy — ... — kyity) -G =0
(0 — kytiy — ... — kplly) -Gy = 0
(0 — kytiy — ... — kylly) - @y = 0.

Since, 4; - 4; = 0 for all ¢ # 7, this gives us

(17—]61121)~ﬂ1=0 k‘lzﬁ'al

(U — k1) - i = 0 ko = U Ua
which leads to .

(U — kptip) - tp = 0. kp="7-1,

We now conclude that
pI‘OjU U= (1)1 . 17)’[1,1 + (ﬁg . 17)’[22 4+ ...+ (ﬂp . E)ﬁp
If we set U = R", then we have

U= (G - V)01 + (o - V)tg + . .. + (U, « V).

This is a fast way to find the unique expression of ¢’ as a linear combination of the basis vectors.

Orthogonal Projection Matrices

We can use transposes to rewrite dot products as matrix products. This helps us find the matrix of
a projection, based on the expression in terms of dot products that we found in the previous section.

pI‘OjU U= (Al ’17){1,1 + (’ELQ 27)’&2 + + (ﬁp 17)’LALP
= G107 T+ G203 U+ ... + Uyl U
= (Uad] + doly + ... + Gpd) )T
— of -
() 1) — ak =
=1 Gz - U ) o
1 \ ;
— al -
=QQ"7.

We have found a matrix for the orthogonal projection in terms of the orthonormal basis! In general,
if V. C R™ has orthonormal basis @1, ..., U, then the matrix of the orthogonal projection onto V' is
A=QQ",

where
T 1 T
Q=41 Up
U \:
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Lecture 17 (11/2)

Gram-Schmidt Algorithm

Previously, we found a formula for projections that does not involve a matrix multiplication:

pI‘OjU U= (al . 17)121 + (122 . 17)’&2 4+ ...+ (a,, . ’U)ﬂp,
where 1y, ..., U, is an orthonormal basis for U. We often have a basis for U that is not orthonormal,

so it will be useful to be able to turn such a basis into an orthonormal one. We can indeed do this,
using the Gram-Schmidt algorithm.

Suppose we have a basis for a subspace V' C R” that is not orthonormal: (¥, %s,...,0,). We can
start by turning ¢, into a unit vector, and let that be our first orthonormal basis vector:

Now, let’s fix the second vector. To turn @5 into the next valid orthonormal basis vector, we have to
make sure that both the constraints of orthogonality and unit length are satisfied. We can make sure
that the vector is orthogonal to @1 by throwing away its component that is parallel to :

HQL = Uy — UQ = Uy — projyy Ua = Ua — (Vs - 1)y,
where W = [4;]. Then we make it unit length:

—'J_

iy =
||vl||

We keep going like this:

173l = U3 — U:I),l = U3 — projy, U3 = U3 — (U5 - G1)Gy — (U3 - G2)le,

where W =[Gy, G2]. Then we set
Uy
3l

i@
Etc:
ﬁi‘ =Ty — vlll = Uy — projyy Us = vy — (Vs - 1)1 — (Uy - G2)Uo — (Vy - U3)ls,

where W = [dy, G, Gi3]. Then we set

7t
Uy =
IIULII
When we are done, we have an orthonormal basis 4, ..., %, for V, where
X U1
Uy = 7=
17|
*L -] — . —
ity Uy = Uy — projig, U2,
AR |
1 and V3" = U3 = POJjay a,] U3
N v .
us i :
N Sl o
Up = Up = PYOJ(4, ai,...,00p_1] Up
S 1
U
= T
Yp
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You should be able to check for yourself that this is indeed an orthonormal basis of V.
As an application of projections, I'd like to show you approximate solutions to systems of linear
equations.

Example. The projection of a vector & onto a subspcae V' can be thought of as the vector in V' that
is the closest possible to &, out of all the vectors in V. You can see this easily in 2D or 3D using
Pythagoras, and it looks similar in more dimensions. So, we have

projy & = {¥ € V such that ||Z— 0| < ||Z — || V& € V'}.

For many real-world problems, such as finding a solution to a system of linear equations, a perfect
solution may not exist. Instead we look for a solution that is the best possible within our restrictions.
We have seen examples of systems of linear equations that are inconsistent. For example, take the

system
1 2y, (1
2 1)~ 1

We can see that

and that

(1) ¢mea

. In this case, any solution ¥ to AZ = b would be wrong, but can we find the solution for & that is
the “least wrong”, or the closest possible to a solution?

The vector on the line spanned by (;) that is the closest to <}) is exactly the projection of <})

onto the line {(1

2)] . In other words, we are looking for

PIOjim(4) b= AZ*.

We call this * the least-squares solution of the system A¥ = b. This is the solution hat minimizes
the length of the vector b — AZ* and therefore the sum of the squares of its entries. The length of
b — Ar™* is called the error. If the system AZ = b is consistent, then we can achieve a zero error
solution.

First we need two results about the image and kernel of A and its transpose.

Lemma. (im(A))+ = ker(AT)

Tt T
Proof. Let A= | ¥y U2 - - Uy |. Then the image of A is the span of the set ¥y, ¥, ..., U,. The
L \

space (im(A))* is exactly the set of all vectors ¥ € R™ such that ¥ - 4; = 0, for 1 < i < m. We can
also write this as

— T =
— T = .
=0
— L =
Therefore (im(A))+ = ker(AT). O
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Lemma. ker(A) = ker(AT A)
Proof. Any ATZ #+ 0 in the image of A is not in ker(AT) (because it is not orthogonal to all vectors
T1,Uay ..o, Tm). So, if T ¢ ker(A), then ¥ ¢ ker(AT A).
Also, if Z € ker(A), then clearly ¥ € ker(AT A). Therefore, ker(A) = ker(AT A). O
If * is the least-squares solution to AZ = 5, then

AZ* = Projim a) b,

b - prOJlm (A) b € (lm( ))

= AT(b— Az*) =0,

= ATA7" = A"D.
The equation AT Az* = ATb is called the normal equation of AZ = b.
If ker(A) = 0, then ker(ATA) = 0 and AT A is invertible, so we can write

7 = (AT A) 1 AT,

This also means that

PrOj; 4y b = AT = A(AT A)~L ATD.

Lecture 18 (11/4)

Inverting a matrix

The inverse of a linear transformation T'(Z), denoted T~1(Z), is another LT such that T=1(T(Z)) = ¥
and T(T~1()) = 7, V% € X,7 € Y, where X and Y are the domain and target space of T, respectively.
Note that Y is the domain and X the target space of T1.
ALT T:X —Y is invertible if and only if T(Z) = ¥ has a unique solution & € X for each g € Y.
A square matrix A is invertible if its linear transformation is invertible.
To find the inverse of A, consider the augmented matrix

(A] L),

where I, is the identity matrix, the square n X n matrix with 1s on the diagonal and 0s everywhere
else:

1 0 0

0 1 0
In = .

0 0 1

If
et (4| 1)) = (1n | B).

then A~! = B. So,
rref((A ‘ In)) = rref((In ‘ Ail)).
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Determinants

The determinant of an n X n matrix is an invariant that holds information about the independence,
angles and magnitudes of its columns. You should know how to find determinants of 2 x 2 and 3 x 3
matrices. The computation gets quite involved for most larger matrices, so I encourage you to find
out how to find determinants by computer.

For a 2 x 2 matrix A, the determinant, denoted, |A|, or det A, is given by

¢ )

For a 3 x 3 matrix, the determinant is given by

a b c
d e f||=aei+bfg+ cdh— hfa—idb— gec.
g h 1

Eigenvectors and eigenvalues

Let A be an n X n matrix. A nonzero vector ¥; € R"™ is called an eigenvector of A if Av; = \;9; for
some \; € R. Clearly, if ¢; is an eigenvector of A, then cv; for any nonzero ¢ € R is also an eigenvector
of A. The value \; € R associated with the vector v; is called the eigenvalue.

Finding eigenvalues and eigenvectors is easy. You already have the necessary skills! We know that if
¥ is an eigenvector of A, then A¥ = AY. We can rewrite this as

AT — AT = (A — \,,)7 = 0.

This means that A is an eigenvalue of A whenever the matrix A — A, has a nonzero kernel. We know
that this is the case when the determinant is 0. This gives us the equation we need to solve to find
the eigenvalues:

|A = AL,| =0.

The expression |A — )\In| takes the form of an n-degree polynomial in A, and we call this the charac-
teristic polynomial of A, which is sometimes denoted by fa(A). We call the equation f4(A) = 0 the
characteristic equation of A. When A is a 2 x 2, and in some particular cases a 3 X 3 matrix, you
should be able to solve the characteristic equation by hand. You may need to review some algebra
and complex numbers for that. By the fundamental theorem of algebra, we know that roots of the
characteristic polynomial exist, but we are not guaranteed that they are real. Some matrices have
real eigenvalues/eigenvectors, some have complex ones, and some have both. Let’s do an example of
a matrix with real eigenvalues/eigenvectors. Let,

A= (_02 _13>

0-x 1
A_M2:(—2 —3—)\)’

We have

which gives

0—A 1

9 3)\’:)\2+3>\+2:(1+)\)(2+)\).

FaN) = A - Alp| = ]

This polynomial has roots Ay = —1 and Ao = —2. To find the corresponding eigenvectors, we go back
to the equation (A — A\;I,)0 = 0. All eigenvectors will be in the kernel of A — \;I,, (although that
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kernel also includes 0, which is not an eigenvector). We call the kernel of A — \;I,, the eigenspace of
Ai, denoted Ej,. So,

(1) [C)] () -[)

1
-1 -2
Let’s turn to a matrix with complex eigenvalues: a rotation matrix. Suppose that

a —b
=)

with b # 0 (so the rotation angle is not an integer multiple of 7). Then following the same mechanism
as above we obtain Ay = a + bi and Ay = a — bi, and

(2 )-10) oo D[]
So, 7, = (i) and Ty = (‘1’>

Algebraic and geometric mulitplicities

Therefore, the two eigenvectors are v, = ( and Uy =

If a A; is a root of f4(X), then we say that \; has algebraic multiplicity k, denoted almu();) if we Def. 3.7
can write p. 418

Fa) = (i = A)Fg(N),
where g(\) is an n — k degree polynomial which does not have \; as a root. You may expect that if an
eigenvalue has algebraic multiplicity %, that means that there are k linearly independent eigenvectors
with that eigenvalue. This is not necessarily true, though. All we know is that there are up to k such
eigenvectors. We call the dim(F),) the geometric multiplicity of A;, denoted gemu(A;). We have

gemu(A;) < almu(),;).

(In order to prove that rigorously, we’'d need a few determinant tricks that we won’t do, but you can
Google it if you are curious.

We know that, by the fundamental theorem of algebra, we always have n roots, that need not be real.
However, when n is odd, we are guarantueed to have at least 1 real root.

Lemma. For odd n, every n X n matriz has at least one real eigenvalue.

Lecture 19 (11/16)

Change of basis and similar matrices

You are already familiaar with change of basis as a linear transformation. The standard basis is often Five.Il
not the best choice of basis for a given linear transformation, and that is why it’s important for you p. 402
to be able to smoothly transition between different bases for a subspace. An important lesson we

will learn from this is that many transformations represent the same transformation with respect to
different bases. For example, a rotation of a plane will look different when you look at it from different

angles, but it keeps its essence. Of course we need to formalize this idea of “essence”.

If B = (v, 0s,...,0,) is a basis for a vector space V, then (as you know), we can write every Z € V
uniquely as a linear combination

5161171 +Cg’[72+... +Cn’l7n
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As long as we know what the basis is, we can then express I purely in terms of these coordinates
€1,C2,...,Cn. YOu may not realize this, but that is exactly what we do when we write £ the way we
do “normally”, i.e. when working with respect to the standard basis, we simply just forget to even
mention what basis the coordinates refer to. We let

be the coordinate vector of & with respect to B. We will use a matrix S that has the basis B as its
column vectors:

T 1 T
S=|01 % U,
ol +

so that we can write:

T = 01171 + 62172 +...+ Cn’l_fn = S[iﬂ%
If S is a square matrix, then S is invertible (why?), and we have
[@]s = Sz,

Let f be a linear transformation R® — R™, and let B = (¢4, 05, ...,¥,) be a basis for R”. Then there
should (why?) be a matrix B that directly transforms [Z]e into [f(Z)]s. So,

Bl#]s = [f()]s, VT €R™.
This matrix B is called the B-matrix of f.

How do we construct B from f and 67 We have
T = 61171 + 62'172 + ...+ Cnﬁn,

So,

f 2)]% +.o [Cnf(ﬁn)]%
= c1[f(U1)]s + ca[f (Vo) + ... + cn[f(Tn)]m
t t o
= ([f(@)]% [f(%2)]s [f(ﬁn)]%) :
{ { { C‘
T ) )
= ([T(ﬁl)}% [T(02)]ss [f(vn)]%) [7]o8
1 { {
= B[7]s»

If we have §f = A%, and [¢§]s = B[Z]s, then
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<y
Il
o
8
I
b
L
B
R

and
¥ = S[yls = SB[Z]s.
Therefore,

AS =SB

B=S"14S, or A= SBS.

We can use the following picture to understand this translation:

8
1=
&,’
—
&

If there exists an invertible matrix S such that matrices A and B are related by AS = SB, or
A = SBS~! then we call A and B similar. This means that they represent the same linear
transformation, just with respect to a different basis. We write A ~ B. Similarity is an equivalence
relations.

Theorem. Similar matrices, A ~ B, have the following features weot in common:

etgenvalues,

algebraic multiplicities,

characteristic polynomial trace,

determinant,
invertibility,
rank*,

e geometric multiplicities nullity*,
diagonalizability,

o cigenvectors,

o fernel.

o mge.

*assuming we already have same characteristic polynomial.

Diagonal matrices

Recall that the ith column of the B-matrix corresponds to the vector [f(7;)]s. If the matrix B only
has nonzero entries on its main diagonal, this transformation becomes very easy to understand. We
call such a matrix a diagonal matrix. For example:

1 00
B=|0 2 0
0 0 3
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tells us that
f(v1) = vy, f(V2) = 20s, f(U3) = 3U3.

In other words, B is diagonal if for every vector in the basis B, we have T'(0;) = ¢;v;. If a matrix A is
similar to some diagonal matrix B, then we say that A is diagonalizable. It is not hard to see that
if the the matrix B is diagonal, we have that [f(¥;)]s = Ai[Ui]s, and therefore f(0;) = Av; = \;v;. In
other words, if A is diagonalizable, A has an eigenbasis! Conversely, if we already know that A has
an eigenbasis, it is very easy to diagonalize A.

Theorem. A square matriz A is diagonalizable if and only if it has an eigenbasis. If so, we can

diagonalize A, with eigenbasis {U1,Va, ..., Uy}, where Av; = \;U;, by writing
Al 0 e 0 —1
T 1 T 0 X ... 0 T T T
A= SBSil = ’171 172 R 1777, . . . . 771 172 : En
L { - R 1] {
0o 0 ... X\,
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