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Preface

These notes were created to accompany the course Introduction to Linear Algebra for the BITL pro-
gram at RTU Riga Business School. They have been used in the Fall 2021 and Spring 2022 semesters.
The text may contain mistakes - please send any you find to janis.lazovskis@rbs.1lv.

This course broadly follows Gilbert Strang’s Introduction to Linear Algebra. You are encouraged
to read the Preface to the textbook, available at math.mit.edu/linearalgebralbefore the first lecture.

Throughout the text, there are highlighted Definitions in green, Inquiries in blue, and Algo-
rithms in red. The definitions are meant as key points that should be understood, if nothing else.
The inquiries are meant as guiding questions to connect and unify ideas. The algorithms are meant
as step-by-step instructions for complicated ideas.

At the end of each lecture there are exercises, with some solution provided at the end of the text.
Exercises which require the use of a computer are marked with the symbol .
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Part 1
Row reduction

Lecture 1: Vectors

Chapters 1.1 and 1.2 in Strang’s “Linear Algebra”

e Fact 1: The dot product of a vector with itself is the square of its length.

e Fact 2: A plane in R? is defined by an equation in z,, 2.

e Skill 1: Add vectors, multiply them by scalars, take their dot products.

e Skill 2: Compute the angle between vectors.

The first week will be a review of material you have seen before, but the setting may be broader, with

different emphasis, and with different examples.

1.1 The algebra of vectors

I Definition 1.1: Let n € N. A vector in R"™ is an ordered set of n elements.

The zero vector, or a trivial vector, denoted 0, is vector for which all elements are 0. Vectors that
are not the zero vector are called nontrivial. A vector is usually thought of as a column of numbers,
or a point in n-dimensional space, or the arrow to that point. All notions of a vector will be used

interchangeably.

Example 1.2. The vector v = [2] in R? can also be thought of as the arrow to (3,1) or simply the

point (3,1) itself.

4

>R

Multiplying the vector by elements of R we get other vectors “going in the same direction” as v.
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v1,...,U, € R in the vector v = (v1,...,v,) € R™ are called the

Definition 1.3: The numbers

components of the vector v. For each component v;, there is a unique function 7;: R* — R
called the projection, with m;(v) = v;.



Example 1.4. Projection and multiplication by a number can be rearranged.

R
(2v) ‘ 2v

— Tl &V /,

‘ ‘v ] I
— ‘71'2(V)
7T1(7%V) / i
1 o » R

.K * 7T2(—%V) ™1 (V) 1 (QV)

ot | | | l

That is, m;i(cv) = ¢ - m;(v) for all real numbers ¢ and indices i. We will consider projections in more
detail in Lecture [0l

Vectors are combined together in linear combinations.

Definition 1.5: A [inear combination of vectors is a vector v € R"™ when it is expressed as
a sum of other vectors wi,ws,...,wr € R", and scalars aq, a9, ...,a;r € R multiplying them.
That is,

vV =a1wWi1 +aswo + -+ apwg.

When k = 1, the linear combination of one vector a;wj is called a multiple of the vector wy.

Example 1.6. Every vector in the plane is a linear combination of (at most) two vectors, representing
the z-direction and y-direction.

e I 8 R F RSt IR B R e e R AR
R | (-2.2) R (2,2)
R & . ’ /c(?”l)
TRE TR f M R
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The entries of vectors, and the numbers multiplying them, do not need to be numbers - they simply
need to be elements of a ficld, denoted F in general. Unless otherwise noted, we will always use the
field R.

Example 1.7. Some common examples of fields are Q, R, C.

e The set N is not a field because although 1 € N, there is no z € N for which 1+ x = 1 (the
additive identity does not exist).

e The set Z is not a field because although 2 € Z, there is no number x € Z for which 2z = 1
(multiplicative inverses do not exist).

Definition 1.8: The dot product, or inner product of two vectors v = (v1,...,v,) and w =
(wi,...,wy) € R™ is the real number v e w := vjw; + - - - + vyw, € R.



In other words, the dot product is a function R” x R® — R.

Inquiry 1.9: Consider the vectors v = (1,3, —1) and w = (2,2,0) in R3.

e Compute the dot products ve w,v e (2w), and v e (3w). What will be v e (cw), for any
real number c?

e Compute the projections m;(v + w) for ¢ = 1,2,3. Do there exist vectors x,y with m;(x +
y) # mi(x) + mi(y)?

e Give an alternative definition of the dot product using the projection maps ;.

1.2 The geometry of vectors

A key idea of vectors and their linear combinations that that they fill a part of the space in which
they reside. The “part” of the space is another space itself.

Definition 1.10: A plane in R? is all the points (z,y,2) € R? that satisfy an equation az +
by + cz = d, for some a,b,c,d € R. A line in R? is all the points in R3 that are in two different
planes that intersect.

We are often interested in planes that go through the origin (0,0,0). They have d = 0 for their
defining equation.
Example 1.11. Linear combinations can be described geometrically. For example:

e Linear combinations of (1,1) and (0,0) form the line y = x in the plane R?

e Multiples of (1,1,1) form a line in R3

e Linear combinations of (1,1,1) and (1,1,0) form the plane z — y = 0 in R3

Linear combinations of (1,1,1), (1,1,0), and (0,1,1) fill all of R3. For example,

7 1 1 0
9|1 =-7T|1{+14|1]| +2|1
-5 1 0 1

e Linear combinations of (1,1,1), (1,1,0), (0,1,1), and (1,0, 1) still fill all of R3. For example,

7 1 1 0 1 1 1 0 1
9| =-T|1|+14 1| +2({1| +0|0f =-=5 (1| +13|1| + |1| — (O
-5 1 0 1 1 1 0 1 1
R /y:m R
// l’—y:
R




Inquiry 1.12: Consider the vector v = (1,1,1) and the plane P defined by = + y + z = 3.

e [t is clear that the plane defined by 2z + 2y + 2z = 6 is the same as P. In general, given
two planes defined by a1z + b1y + c1z = di and asx + boy + caz = da, how can you tell just
from these equations that they are “different”?

e The point v lies on the plane P but 0 = (0,0,0) does not. Can you find two different
planes that contain both (1,1,1) and (0,0,0)?

Example 1.13. Consider the following vectors in R2.

Even though we have drawn five different vectors, there are several relationships among them:
v=u+ -z, z = 2W — U, Z+vVv=w+X.

These are not the only ones - there are many more.

Inquiry 1.14: In Example the relationships given were among three or four vectors.

e Can any three of the vectors given there be related by an equation? What about any two?
Don’t use something trivial like Ou = Ov + Ow!

e Explain why every equation with four vectors (such as z + v = w + x) is made up of two
“smaller” equations with three vectors.

e Suppose you are given three vectors in R?. How can you know if there is a relationship
between them?

Definition 1.15: The dot product of a vector v with itself is the square of the norm, or length,
or distance of the vector v, denoted ||v|. That is,

V|2 =vev=0l+vi+ - +02 or V]| := Vv ev.

We know the inside of the square root will be nonnegative, as we are summing squares. The norm
satisfies the following properties, for any v € R™:

e Non-negative: ||v|| >0
e Positive definite: ||v|| = 0 if and only if v =0
e Multiplicative: |[cv]] = |c|||v]| for any ¢ € R

These properties follow immediately from the properties of the real numbers and the definition of the
norm above.

I Definition 1.16: A vector v € R" is a unit vector if ||v]| = 1.



Proposition 1.17. For any u, v nonzero in R"™:

1. The vector ”L is a unit vector.

vl
2. The angle 6 between u and v is computed by the relation m = cos(f)
3. The Cauchy-Schwarz inequality holds: |u e v| < ||ul|||v||

4. The triangle inequality holds: |ju+ v|| < ||ul| + ||v]|

Proof. To prove 1., we need to show that the norm of ﬁ is 1. This follows as

H v
vl

To prove 2., we use the law of cosines on the triangle formed by the origin 0, u and v:

2 A\ v 1 1

= e— = (vev) =
IvIE vl (vl? Iv]?

Iv]l* = 1.

v
R A
Y lu—v|?* = HV||z+ ||u|!z—2HVHHuHCOS(9)
(u=v)e(u—v) = [[v[|*+ ul]* = 2[v]|luall cos(0)
// ueu—2uevt+vev = |v|?+|ul?—2|v||ul cos(d)
—2uev (6)
- = cos
=2[|v[[[u]|

To prove 3., use the fact that cos(f) < 1, then take the absolute value of the equation from part 2.
To prove 4., we can either draw a parallelogram and notice that the diagonal is u + v, and that it is
shorter than the sum of the sides, which are u and v. Or we can use algebra and part 3.

R yut+v
AN u/’/’/’/lja
/// 4 /
T la+v[? = (u+v)e(utv)

//// x/' /,’v = uo;1—|—2uov+vov2
ST <+ 2 v] £ ]2
R _vu < +2IIUI|2HV||+HVH
/ -

R = ([lall + vl
/'/’//’/ R
>R
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As a result of part 2. of the proof above, if u is perpendicular to v, then § = 7/2, and so cos(6) = 0.
That is, u is perpendicular to v if and only if ue v = 0.

Definition 1.18: Two non-zero vectors v, w are parallel if there exists ¢ € R with v = cw. If
c = 1, then the two vectors are colinear. In the opposite case, when the dot product vew = 0,
the vectors are called perpendicular, or orthogonal.

Sometimes “parallel” is used when ¢ > 0 and “anti-parallel” for ¢ < 0. We will see orthogonality
later in Lecture [0

1.3 Exercises

0 -3 0 -5
Exercise 1.1. Consider the four vectorsv= | 6 |,w= |—-4|,z= [0|,y=| 5 |. Finda,b,c € R
-1 -5 1 —4

with av +bw +cz =y.



Exercise 1.2. Check that the dot product from Definition is distributive over vector addition.
That is, show that ve (u+w) =veu+vew, for any u,v,w € R".

Exercise 1.3. Let v= (1,1,1), w = (2,—-2,0) and z = (—3,1,2) be vectors in R3.

1. Using a linear equation in three variables, describe the plane of points R? that are equidistant
from v and w.

2. Using two equations, describe the line of points in R? that are equidistant from v, w, z. Hint:
A line is the intersection of two planes.

Exercise 1.4. Let S be the subset [-5,5] x [-3,3] C R2.
1. Identify all the points in S that correspond to linear combinations a[3] + b [31], for a,b € Z.
2. Which of the points from part (a) lie a distance of more than 2 but less than 3 from the origin?

Exercise 1.5. The proof of Proposition used the “law of cosines”, which itself was not proved,
so we prove it here. Consider the triangle below:

B

a C

c A

D b
1. Find the formulas for cos(C) and sin(C) in the triangle BC'D.
2. Rewrite cos(C) from above so it has the number b = AC'. Use the fact that CD = AC — b.

3. Express the Pythagorean theorem of triangle ABD.

4. Replace the sides from part (c) with the formular from parts (a) and (b). Simplify to get the
law of cosines.

Exercise 1.6. Let v € R? be non-trivial, and let w,z € R? be non-trivial vectors perpendicular to
v. Show that the halfway point between w and z is also perpendicular to v.

Exercise 1.7. This question is about orthogonality of vectors in Euclidean space R".

1. Find u, v, w € R3 nonzero for which u is perpendicular to v, v is perpendicular to w, and u is
perpendicular to w.

2. Find u,v,w € R3 nonzero for which u is perpendicular to v, v is perpendicular to w, and u is
colinear to w.

3. Bonus: Explain why it is not possible to have u, v, w,x € R3 nonzero with every pair of vectors
orthogonal to each other.

Exercise 1.8. This question is about the Cauchy—Schwarz inequality, |v - w| < ||v|| - [|[w].

1. Suppose that there exists ¢ € R\ {0} with w = ¢-v. Show that the Cauchy—Schwarz inerquality
holds with equality.

2. Suppose that the Cauchy—Schwarz inequality holds with equality. Show that there exists ¢ €
R\ {0} with w=rc-v.

10



Exercise 1.9. Use the triangle inequality to show that vector v is shorter than the sum of the lengths
of the vectors u, w,x. That is, show with the triangle inequality that ||v|| < [Jul| + |[|w| + ||x]-

11



Lecture 2: Matrices

Chapter 1.8 in Strang’s “Linear Algebra”

e Fact 1: Matrix multiplication is associative and distributive, but not commutative

e Fact 2: Not every matrix has an inverse.

e Skill 1: Perform common operations (addition, multiplication, transpose) with matrices and
vectors

e Skill 2: Multiply block matrices with each other

2.1 Types of matrices

Definition 2.1: Let m,n € N. An m X n matriz over R is an ordered set M of m - n elements.

e The space of all m x n matrices over R is denoted M, x,(R) or simply M, when the
field is not relevant or clear from context.

e The size, or dimensions of a matrix, is the pair (m,n). By convention, the number of rows
comes first.

The elements of a matrix are called its entries. The entry in row ¢, column j is called the
1j-entry.

Comparing Definition with Definition we see that a vector in R™ is just an x 1 (or 1 X n)
matrix. Similarly to vectors, the elements of matrices may be over other fields, not necessarily R.
Two matrices of particular importance are the zero matriz 0 (all entries are zero) and the identity
matriz I (all entries are zero except the diagonal, which is all 1’s), given by

0:=]. Co A I:=
00 - 0 00 - 1

The identity matrix is square, but the zero matrix does not have to be square. Sometimes to emphasize
the size of the matrix, we write 0, and I,, for matrices with n rows and n columns. For an m x n
matrix A, the entry in row ¢ and column j is denoted A;; or (A);; or A(Z,j) or a;;. That is,

ail ai2 ais et A1n

a1 a2 az3 -+ A2n
A=

aml Om2 AAm3 - Gmn

Sometimes instead of given specfic numbers for constructing a matrix, you are given other matrices.

Definition 2.2: A matrix M € M,,xn is a block matriz if its entries are matrices instead of
numbers

Example 2.3. For example, if A € Mays, B € Mays, C € Mzys, and D € Msys, then

Cc 0

} € Msxs and [I D} € Mgxs

A B
C D

12



are both block matrices. The identity I and zero 0 matrices are used without specifying their size as
blocks in a block matrix. As before, the matrix I will always be square, but 0 can be any shape.

Finally, there are three special types of square matrices:

¥k ok ee % *x 00 --- 0 * 0 0 --- 0
00 x - % * ok ok - 0 00 % --- 0

0 0 0 -+ x] ERE R 0 0 0 -+ ]
upper triangular matric lower triangular matriz diagonal matrix
aij =01ifi>j aij =0ifi>j aij =0ifi#j

The symbol “x” represents any number, and they do not all have to be the same. The two on the left
are called triangular matrices. We will see several times over why these are special.

2.2 Operations on matrices

Definition 2.4: There are several common matrix operations.
e sum: the sum of A € My, and B € M,y has ij-entry (A + B);; = Aij + Bij
e product: the product of A € Mp,xr, and C € Mpxp, has ij-entry (AB)ij = > p_1 AikB;j

e [Hadamard product: the Hadamard product, or entry-wise product, of A € M,,«, and
B € Mpxn has ij-entry (Ao B);j = Ai;Bij

Example 2.5. In the special case that a matrix A € M,,x, is being mutiplied by a vector x € R",
we will have that the result Ax will be a vector in R™, with (Ax); = Z;”Zl Ajjx;. For example,

[2 3 —1} i1’> B ZzzlAljl‘l
8 -2 0 _9 Zj:lAQj‘x?

Zardle 0 A1),

Remark 2.6. Matrix addition has the following properties, for A, B, C are matrices of the appropriate
size, ¢ € R, and x a vector:

e addition is commutative: A+ B=B+ A

e addition is assocative: A+ (B+C)=(A+ B)+C

e multiplication by a number is distributive over addition: ¢(A + B) = cA + ¢B

e multiplication by a matrix is distributive over addition: C(A+ B) = CA+CB and (A+ B)C =
AC + BC

e multiplication by a matrix or vector is assocative: A(BC) = (AB)C and A(Bx) = (AB)x
Multiplication of matrices is not always commutative: AB # BA.

Example 2.7. The identity (also called the multiplicative identity) and zero (also called the additive
identity) matrices have special properties with addition and multiplication. For any A € M, xp:

e the product of A with I is A itself: Al =TA=1
e the product of A with 0isis 0: AO=04=0

13



e the sum of A and 0is A itself: A+0=04+A=A
In the second property, the zero matrix 0 does not have the same size every time it is used.

Remark 2.8. When multiplying block matrices, extra care has to be taken with non-commutativity.
For example, if A, B, C' are matrices, then

A I|[I €] _[A+D AD+D
B C||D D|” |B+CD BC+CD|

The lower right entry cannot be simplified as C(B + D), because it is not always true that BC = CB.

Definition 2.9: Let A be an m x n matrix. The transpose of A is written AT, and has ij-entry
(AT)yj = Ajs.

The transpose plays well with matrix operations:

(A+B)T = AT + BT,
(Ax)T = xT AT,
(AB)T = BT AT,

These results follow from how the sum and product were defined in Definition [2.4

Definition 2.10: Let A be an n X n matrix. The inverse of A is a matrix B for which AB =
BA = 1.

Note that the inverse of a matrix A does not always exist. When it does, it is usually denoted
A1, As a result of the first property from Example the inverse of the identity matrix is itself:
IIT=1sol t'=1.

Example 2.11. If A € M, «, is a diagonal matrix with nonzero entries on its diagonal, then its
inverse is the same, but with reciprocals on the diagonal:

_all 0 o --- 07 —0711 0 0 07
0 ap O -0 0 = 0 0
A=|0 0 az - 01, Al=|0 0 = 0
| 0 0 0 - apn] L 0 0 0 --- ﬁ_

Inquiry 2.12: Consider the diagonal matrix and its inverse from Example 2.11]

o If A= [8_‘2] and d = 0, what is A~'? What if d #£ 07
30 0 . . o 1 .
-Leth[g—O5_dl],w1thd7éo. Find B~1. Hint: (B~1); = 0 iff B;; = 0.
30 0O
e Let C = [8—05 _dlg] with d # 0. Find C".
00 03

e Generalize the above example with C;; = d # 0 instead of Ca3, with the condition that
i < j (that is, Cj; is above the diagonal). What if Cj; is below the diagonal?

If A e My,xn and m # n, then there may be a matrix B € M« for which AB = I, but not
necessarily BA = I, in which case B is called a right inverse of A. We will later see algorithms that
compute the inverse, for now we just look at some examples.

14



Example 2.13. The inverse of the difference matriz is a sum matriz. That is, for

10 0 O 1 0 00

-1 1 0 0 1100
A= 0o -1 1 0|’ B= 11 1 0|”

0 0 -11 1111

we have AB = I. Both of these matrices are triangular, or more specifically, lower triangular. These
matrices get their names from what they do to a vector x = (21, x9, x3, x4):

T T
T9 — T To + X
Ax — |72 1 7 Bx — 2 1
T3 — T2 T3+ T2+ 11
T4 — T3 T4+ X3+ T2+ X1

Definition 2.14: Let A € M,,x, be a matrix, and x € R", b € R™ be vectors. The equation
Ax = b is a matriz equation, and consists of m individual equations:

a1171 + a12%2 + - a1y, = by
a1 + agrs + -+ agpx, = by
Ax=b <+ .
Am1T1 + @22 + - - - GmpTy = bm

Finding the inverse of a matrix A is related to finding the solution x to a matrix equation Ax = b.
Indeed, if A has an inverse, then we immediately see that

A Ax)=A"D —= A MAx=A4""D — Ix=A4"'"D — x=A4"b.

Inquiry 2.15: Let A be a matrix.

e Suppose you know that A[3] = [2] and A[Z}]| = [3]. What is the inverse matrix A~1?
Hint: If Ax = b, then putting x as the first column of a 2 x 2 matrix [x ]|, we get
Afxr] = [b4]

e In general for A € M,,xn, suppose that for any vector b € R, you are able to find
x € R™, which depends on b, such that Ax = b. Explain which vectors b you would
choose to construct the inverse of the matrix A.

e Is the collection of vectors b from the previous part unique? Is there a minimum number
of vectors? Give two different collections of vectors b that would work.

Example 2.16. The cyclic matriz C does not have an inverse. That is, there is no vector x for which

1 0 -1 [z T — X3 ai
Cx=|-1 1 0 To| = |x9 —x1| = [as| = a,
0 -1 1 T3 Tr3 — T2 as

for any chosen a. It is immediate that a = 0 has a solution, when 1 = x9 = x3. But it is also
immediate that a = (1,2, 3) is not a solution, because adding the three equations

$1—.’E3:1, 1’2—$1:2, $3—IE2:3,
gives 0 on the left side and 6 on the left. In this situation, we say:

e when aj + as 4+ az = 0, there is a solution to Cx = a, or equivalently,
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e all linear combinations x1cq + zaco + x3c3 lie on the plane given by a1 + as + ag = 0,

where C' = [c1 cg c3]. If we consider aq,as,as as changing along the x,y, z axes,respectively, we see
the collection of linear combinations zic¢q + xz2co + x3c€3 is indeed a plane:

as

2.3 Exercises

Exercise 2.1. A non-square matrix A may have (non-square) matrices B, C' for which AB = I and

CA = I, in which case we call B a right inverse and C' a left inverse for A. Let A = [%’ _01 _12]

1. Construct a right inverse for A, that is, a 3 x 2 matrix B for which AB = I. Make it so that
BA # 1.

2. Try to construct a left inverse for A, that is, a 3 X 2 matrix C for which CA = I. Is it possible?

Exercise 2.2. Let A, B,C, D be n x n matrices that are invertible. Find the inverses of the following
block matrices.

I 0 1 B A 0
L [0 D] 2. [0 D] 3, [ p D}
Exercise 2.3. Recall the definition of the inverse of a matrix A, which is a matrix B for which AB =

BA = 1. Show that B is unique. That is, show that if there exists a matrix C with AC = CA = I,
then C' = B.

Exercise 2.4. This question is about triangular matrices.
1. Show that the product of two lower triangular matrices is lower triangular.

2. Show that the product of two upper triangular matrices is upper triangular. The concept of a
transpose, introduced in the next lecture, will make this computation easier, given your work
from part (a).

3. What form will the product of a lower triangular with an upper triangular matrix have? Can
you come up with an example where the result is a diagonal matrix, but the original matrices
are not diagonal?
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Lecture 3: Elimination

Chapters 2.1-2.4 in Strang’s “Linear Algebra”

Fact 1: Row operations are matrix multiplications.

Fact 2: Solving a matrix equation can be understood in terms of the rows or the columns.

Skill 1: Draw the row and column pictures for 2 x 2 matrix equations.

Skill 2: Identify pivots (or their non-existence) and multipliers in matrix equations.

e Skill 3: Construct the inverse of a matrix.

This lecture reviews how to solve linear systems, and goes into more detail. Recall the three elementary
row operations, which will be here presented as matrix multiplication:

100 1 7 3 |4 1 7 3 |4
multiply a row by a nonzero number: 02 0 0 2 —-1|3 |= 0 4 -2|6
| 00 1] [-12 5 |2] | -1 2 5 |2 ]
1 0 0] 1 7 3 |4] 1 7 3 |4]
swap two rows: 0 01 0O 2 -1 /3 |=|-1 2 5|2
010 [ =1 2 5 2] L 0 2 —13 ]
1 0 1 ][ 1 7 3 |4] 0 9 8 |6
add a multiple of one row to another row: 1 2 1|3 | = 0 4 -21|6
| 0 1] 1-12 5|2 | -1 2 5 |2 ]

The reason for interpreting these as matrix operations is to formalize the algorithm that row reduces
a matrix and to build the inverse of a matrix.

3.1 The row and column pictures

The main object of study for this lecture is the matrix equation Ax = b, where A € M,,xn, b € R"
and x is a column of n variables z1,...,x,. You should understand this equation in two ways:

e by the columns of A: a linear combination of the n columns of A produces the vector b

e by the rows of A: the m equations from the m rows of A describe m planes meeting at the point
x € R"

Note that the word plane comes from a flat surface living in space (that is, R3]

Example 3.1. Let A = [{ %] = [a1a2] and b = [}!], with x = [§]. As columns of A, we have a

linear combination
+ =b r 3 + 2 U
raj + yag = b, 0 z 1 Yl ol = 11|

The solution to the matrix equation is the pair of coefficients xz,y that satisfy the matrix equation.
That is, we want to find how far along a; we need to go, so that going a certain distance along a, will

Tt is more precise to say hyperplane to describe all the points in R™ satisfying a single equation. See Definition
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lead us to b. We find a solution [j] = [3]:

R
AN
/\ —”—’—
3a; | —L-7"
LT .r" .
| —1 - -
a - \‘ [
| —1 » e — [4
W o1 SR
7
az
lab '
Y -
A ]
-
-
-

As rows of A, we have two equations 3z + 2y = 11 and = — 2y = 1, which we may interpret as lines
in R2. This looks like the following picture (note that these are not the same lines as in the previous
picture):

R
AN
S
A
A
‘\ Ple $—2y:1
A ‘—‘
%
e .
R
.
.
‘4” “.
374 2y =11

The two lines intersect at (z,y) = (3,1), which is the solution x that solves the given matrix equation
Ax = b. Both the column and row pictures give the same answer! This is good.

Remark 3.2. For the previous example, in the row picture:

e [f the two lines were parallel and not colinear, there would be no solutions, because the lines
would not intersect. For example, if instead of 3z 4+ 2y = 11 we had = — 2y = —1.

e [f the lines were parallel and colinear, there would be infinitely many solutions, because the lines
would intersect at all points. For example, if instead of 3x + 2y = 11 we had 2z — 4y = 2.
Inquiry 3.3: Follow the set up for drawing Ax = b from Example for this inquiry.

e Draw the row and column pictures for A = I € Msyo and b = [ _34]. What is the solution
x?

e Draw the row and column pictures for A = [_21 _14] and b = [J]. What is the solution x?
e What if A =[5! 1] for the previous point? Is there more than one solution?
e Interpret Ax = 0 having more than one solution, as a relationship between the columns

(or rows) of A.

We now set up a specific algorithm (this will be the Gaussian elimination algorithm you may have
seen earlier) for finding the solution vector x to a matrix equation Ax = b.
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Definition 3.4: Let Ax = b be a matrix equation with A € M,,x» and b € R™. The
augmented matriz associated to this equation is the m x (n + 1) matrix

a1 a2 a1z - aip | b
[Alb]- az az az - G, | b2
Gml Am2 Gm3 - Gmn | bm
Sometimes the line separating the last two columns is not drawn. Each line i = 1,...,m of the

augmented matrix represents an equation
a1 T1 + aT2 + a3T3 + -+ ainTn = b;

in n variables x1,...,z, and defines a hyperplane in R™.

As you saw in Inquiry having A = I in your matrix equation makes it very easy to solve. That
will be our goal now - to modify the matrix equation so that we get I instead of A. Firest, we need
to make sure that this does not change the solution to the equation.

Example 3.5. Consider the augmented matrix [:f 2 11] from Example E To get the first two
columsn to be [§ 9], we first will make the (2, 1)—entry equal to zero. In the row picture, this means
we are making the second equation flat (it will not change as x changes). The intersection of the two
lines stays the same:

R R
A . A .
A +
+ A
*s e x—2y=1 *
+ 'd +
'w -------------------*-----y:1
Pad . .
.® . .
* . .
e g N * \
“4‘ 5 * R Py > R
. A L 3
Pig . .
"' ‘w ‘1
R 3z 42y =11 3z + 2y =11

Here we added —% of the first line to the second line:

[1 0] [3 2 11] [3 2 11 ] [3 11}
—1 : = 2 11| — —8 |
5 1 (1 -2 1 0 —2—2 1-4 0 5

= —% Multiplying the second row by — gives the equation

Lol s R

Adding —2 of the second line to the first line makes the (2,1)-entry 0, and makes the two lines
perpendicular:

wuo [\]

so technically the second equation is —
as we would like it to be:

R

A

-------------------‘------y: 1

~
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The matrix multiplication corresponding to this will give us 3x = 9, so we simplify as well:

—2 times second row plus first row: F _2} . {3 2 11] = [3 0 9]

0 1 01 1 01 1
1 L9 3 009 1 0 3
=t .3 . _
3 times first row: [O 1] [0 1 1] = [O 1 1]

We put all the matrices together from tall the steps:

Ry T e S

row operations [A | b] 1] c]

Inquiry 3.6: This inquiry is about extending Example

e Multiply together the row operation matrices to get a matrix B. Compute BA and AB.
What do you get? What can you conclude about B?

e Repeat the steps and draw the pictures for the example, but use the column perspective
instead of the row perspective.

3.2 Gaussian and Gauss—Jordan elimination

We now formalize Example into a proper algorithm that transforms the augmented matrix [A | b]
into the augmented matrix [/ | ¢|, or at least as close as possible (it may be that some elements on
the diagonal of I may be zero instead of 1):

Algorithm 1 (The Gaussian algorithm):

1. Look at the (1,1)-entry Aj;.

(a) If All 7& 0:
i. Make all entries below A1 zero: add —ﬁ—ﬁ of row 1 to row 2.

ii. Add —% of row 1 to row 3, and keep going until everything below Aj; is zero.
(b) If AH =0:
i. Swap row 1 and row 2 so that the new (1, 1)-entry is not zero, and start from the
beginning.
ii. If the first entry of row 2 is zero, swap row 1 with row 3 (or keep going down
until the first element of some row is nonzero).

2. Look at the (2,2)-entry Ags.
(a) Repeat steps (a) and (b) above with Ao instead, to get zeros below Ags.

3. Repeating this for every, the matrix A should have become upper triangular. That is, the
(i, j)-entry should be 0 for i > j.

4. Multiply each row by the reciprocal of its first nonzero term.
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Definition 3.7: The above algorithm is Gaussian elimination. For each row ¢ of the augmented
matrix [A | b], before any operations are done with row i,

o if A;; # 0, then Ay is the ith pivot; if A; = 0, then the ith pivot does not exist,
o if A;; # 0, for each k > i, the ratio —%ﬁf is the ki-multiplier Lg;.

Each step of Gaussian elimination is performed by an clementary matriz:

0 010 1 0 0 O 1 0 0 O
01 00 0 1 00 010 0
1000 2010 001 0
0001 0 00 1 000 &
swaps rows 1 and 3 subtracts f31 = % times multiplies row 4 by %
permutation matriz row 1 from row 3 diagonal matrix

elimination matriz

Permutation matrices that swap rows k and ¢ are denoted Py;. Elementary matrices that subtract
ly; times row ¢ from row k are denoted Ej;.

In general, any n X n matrix that is just / with the rows rearranged is a permuation matriz.
The steps of Gaussian elimination performed in the revrse order, starting from the bottom left and
clearing zeros above each pivot is called Gauss—Jordan elimination. Together the two are simply called
elimination.

06 -2
Example 3.8. Let Ax = b be a matrix equation with A = [ 4 3774} and b = [é}. For the

associated augmented matrix, the first pivot seems to be zero, but we cannot have that, so we swap
the second row with the first row. Elementary matrices are given on the right.

0 6 —2 2
4 8 —4 8 0 can not be a pivot
-2 2 7 12
(4 8 —4 8] [0 1
0 6 -2 2 swap first two rows, 4 is first pivot previous matrix multiplied by |1 0
-2 2 7 12] 00
(4 8 —4 8] [1 0
0 6 —2 2 — is multiplier 31, 6 is second pivot previous matrix multiplied by [0 1
2 1
0 6 5 16 5 O
(4 8 —4 8] 1 0
0 6 —2 2 1 is multiplier ¢35, 7 is third pivot previous matrix multiplied by (0 1
0 0 7 14] 0 -1

This is now a system Ux = ¢, for U = [

cown
[esRerNeo)
I

]. The letter “U” is used for “upper

—
~

triangular”. We then have three equations:

dor + 8y — 4z =8,
6y — 2z = 2,
Tz = 14.

To find the vector x which solves this system, we can continue with Gauss—Jordan elimination, or we
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can use back substitution from the bottom row up to find z =2,y =1, z = 2.

Remark 3.9. As observed in Inquiry the elementary matrices together form the inverse. Below
are some common inverses.

e The inverse of a 2 x 2 matrix exists if and only if ad — bc # 0:
-1
a b _ 1 d —b
c d Cad—bc|—c a

e The inverse of a diagonal matrix exists iff the entries on the diagonal are nonzero:

d, 0 0 -~ 01" [l 0O 0 - 0]
0 dy 0 -+ 0 0 1/dy, 0 - 0
0 0 dy - 0| —| 0 0 1/ds -~ 0
0 0 0 - dy 0 0 0 - 1/dy]

e Similarly, the inverse of an upper triangular matrix exists iff the entries on the diagonal are
nonzero. If some are zero, it immediately means we are missing some pivots (as everything

below the diagonal is zero).

Taking the inverse of a product of matrices reverses their order: (AB)~! = B~'A~!. This follows as

AB(B™'A™Y = A(BB™H)A™! (commutativity of multiplication)
= AITA7? (definition of inverse)
= (ANA™! (commutativity of multiplication)
= AA7! (property of identity matrix)
=1 (definition of inverse)

4 8 —4
Example 3.10. Let A = { 0 g 72} , for which we want to find the inverse. To do this, we work with

the block matrix [A I], and on it we do not only Gaussian elimination on the matrix, as in Example
but also Gauss—Jordan elimination, which clears the matrix above the pivots. Elementary matrices
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are given on the left.

4 8 —4 1 00
0 6 -2 0 1 0 4 is first pivot

-2 2 1 0 0 1
48 -4 1 00 _, 1 0 0]
06 -2 0 10 > is multiplier ¢31, 6 is second pivot 0 10
06 -1 1/2 0 1] 1/2 0 1)
4 8 =4 1 0 0] 1 0 0]
0 6 -2 0 1 0 1 is multiplier £3o, 1 is third pivot 0 1 0
00 1 1/2 -1 1] 0 —1 1]
4 8 =4 1 0 0] [1 0 0]
06 0 -1 -1 =2 0 above third pivot, second line 0 1 2
00 1 1/2 -1 1| 10 0 1]
4 8 0 3 —4 4] [1 0 4]
0 6 0 -1 -1 =2 0 above third pivot, second line 01 0
001 1/2 -1 1] 10 0 1}
4 0 0 13/3 —-8/3 20/3] 1 —-8/6 0]
0 6 0 -1 -1 -2 0 above second pivot 0 1 0
001 1/2 -1 1] 0 0 1]
1 0 0 13/12 -2/3 5/3] 1/4 0 0]
010 -1/6 -1/6 —1/3 multiply by the pivot reciprocals 0 1/6 0
0 01 1/2 -1 1 0 0 1]

We have now reached the matrix [I A~!]. To see the submatrix on the right is really the inverse, first
multiply the elementary matrices together to get E. Above we showed that

E[AI]=[I B]
for some matrix B (which we are trying to show is the inverse of A). Block multiplication tells us that
E[AIl=[EAEI=]FAFE] = FEA=Iand E=B.
It follows that BA = I, which means that B is the inverse of A.

Remark 3.11. We now have a new, equivalent definition of A € M, not having an inverse: If
elimination of [A I] results in [J B], where J is almost I, but has some zeros on the diagonal, then A
has no inverse.

Inquiry 3.12: This inquiry is about elimination using block matrices. Let A, B € Msyo have
inverses.

o Let C = [‘8 102] be a block matrix. Find the inverse 4 x 4 matrix C 1.
o Let D= [‘6‘ g,] be a block matrix. Find the inverse matrix D~1.

e Will [*6‘ g] have an inverse? How do you know? What about [ é 132 } ?

3.3 Exercises
. . . . . 3-1 2 x 5
Exercise 3.1. Consider the matrix equation Ax = b, given by [(15 —% —ﬂ [g} = [,g}

1. Do Gaussian elimination on the augmented matrix [A | b] to clear values below the diagonal.
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2. Do Gauss—Jordan elimination on the result from part 1. to clear values above the diagonal.
What is the solution to the equation?

3. Multiply the elementary matrices you created in parts 1. and 2. together to find the inverse
matrix A~!. Note that you need to multiply by diagonal matrices to make the diagonal entries
be 1.

Exercise 3.2. Construct a 3 x 3 matrix A which has:
1. pivots 1,2,3
2. pivots 1,2,3 and multipliers 30 = 4, f31 = 5 and fo1 = 6
3. only two pivots 1 and 2, but no zeros in any positions

Exercise 3.3. Let A be a 3 x 3 matrix.

1. Find the pivots when A has each of the following forms. The numbers a, ..., are all nonzero.
a b c 0 b ¢ a b c 0 b ¢
d e f 0 e f d bd/a f 0 e ce/b
g h i 0 h i d bd/a i 0 e ce/b
all pivots no first pivot no second pivot no first or third pivot

>1 2. Write a function that takes in such a matrix and returns a list of the three pivots. You may
assume that all of the pivots exist.

> 3. Run your function on 1000 random 3 x 3 matrices with entries in the range [—1,1]. What is the
range and the average of all the pivots? How often do you get a zero?

In Python, you may use consider A as a list of lists [[a,b,c],[d,e,f], [g,h,1]].

Exercise 3.4. This question is about the three permutation matrix examples given in Definition 77?.
1. Is the product of all three a permutation matrix?
2. Are the inverses of each still permutation matrices?

Exercise 3.5. Suppose that A; € M,,«, has an inverse Ai_l, for i =1,...,k. What is the inverse of
the k-fold product A1As--- A7

N O
N O N
|
gL
|

Exercise 3.6. Using Gauss—Jordan elimination, find the inverse matrix of A = [

[\
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Lecture 4: Factorization

Chapters 2.5-2.7 in Strang’s “Linear Algebra”

e Fact 1: Every matrix A can be decomposed as A = LU into lower and upper triangular factors.

e Fact 2: Inverses of elementary matrices are elementary matrices.

e Skill 1: Decompose A and PA as LU and LDU.

e Skill 2: Identify when Ax = b has no solutions or infinitely many solutions.

This lecture is about factorization, or decomposition, for a square matrix A € M, x,. Similarly to
factoring an integer as the product of two factors (such as 12 = 3 -4), we will factor A as the product
of two triangular matrices. We will do this in four ways:

A=LU, A= LDU, PA=LU, PA = LDU.

The matrix L is lower triangular, U is upper triangular, D is diagonal, and P is a permutation matrix.
The first two ways are for matrices that do not require row swaps when doing elimination, otherwise
row swaps are caputred in the permutation matrix P.

4.1 Lower and upper factors

To get the lower factor L and the upper factor U, we apply the Gaussian and Gauss—Jordan algorithms
from Section First we make an observation about the inverse of elementary matrices.

Remark 4.1. The elementary matrix Ej; from Gaussian elimination representing the row operation
that substracts x; times row i from row k is just the identity with —¢j; in the (ki)-position. Its inverse
is similarly the identity, but with £; in the same (ki)-position:

O =

B3 = , By = : E3 By = Eg' Bz =1

_2
5

0

oo~ O
o= oo
_ o O O
QU O =
O O = O
O = O O
_ o O O

The same works if —¢j; is above the diagonal for Gauss—Jordan elimination (that is, k < 7).

Inquiry 4.2: Consider Remark about the inverses of elementary matrices. Let A € Myyx4.

e Let E39 be an elementary matrix with the multiplier —¢32 = 2 in the (3, 2)-position. What
row reduction (elimination) step does the multiplication E3sA represent?

e Give an example of A so that (F33A4)30 = 0.

e Does the inverse matrix Egzl represent a row operation? If yes, which one?

Example 4.3. Let A = [§ % E)l], which is eliminated as:
1 0 O 3 0 -1 3 0 —1 1 01 3 0 —1 3 00
0O 1 0 02 0|=1]0 2 0/, 010 02 0)=1(0 20
0 -2 1 0 4 1 0 0 1 0 0 1 0 0 1 0 0 1
FE39 X Avl Ey3 Ax A
Gaussian elimination Gauss—Jordan elimination
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This is the end of elimination, because we have a diagonal matrix. The first multiplier was 32 = 2 and
the second multiplier was 13 = —1. The decomposition comes from putting these two steps together
and taking inverses:

EisEnA = Ay 3 0 —1 10 0]t 0 —1][3 0 0 100730 —1
Epd — EolA, 030:010010 020 =[010|]02 0
A — EBA 04 1 02 1/oo 1]oo1 02100 1

A E:;Ql Efgl Ao L U
L U

Remark 4.4. We make several observations about the A = LU decomposition:

e The lower triangular matrix L represents the steps of Gaussian elimination, and has 1’s on the
diagonal.

e The upper triangular matrix U represents the steps of Gauss—Jordan elimination, and has the
pivots of A on the diagonal.

Inquiry 4.5: This is about extending A = LU into A = LDU.

e Inthe A = LU factorization from Example[4.3] the upper triangular matrix U has numbers
that are not 1’s on the diagonal. Do the row reduction steps on U that make all ements
on the diagonal be 1. What are the corresponding elementary matrices?

e Express U from the previous point as U = DU’, where D is diagonal and U’ is upper
triangular with 1’s on the diagonal.

U1l u12 w13
o Generalize the above point: If U = [ 8 ug2 ms} with nonzero diagonal elements, decom-

u33
pose it as U = DU’.
Remark 4.6. Elimination is the same for a matrix A or an augmented matrix [A b], but the lack of
pivots for the augmented matrix indicates one of two situations: if elimination produces a row with

e all zeros except the last entry: then there are no solutions, because it implies an equation such
as0r+0y+0z=1,or 0=1.

e all zeros: then there are inifinitely many solutions, because we then only have n — 1 equations
but still n unknowns, so one of the unknowns can be freely chosen.

The implication is that if we applied the elimination algorithm to just the matrix A, then we would

get a row of zeros in both cases.

Definition 4.7: A matrix A € M« is singular if elimination returns at least one row of zeros.
If there are no zero rows after elimination, then A is non-singular.

Example 4.8. Consider the matrix equation from Ax = b from Example but change it slightly:
[ 3 2] [5] =[] For elimination we subtract —1 times the first row from the second row:

10 3 2 |11 |3 2|11

1 1] -3 =21 | [0 0 12|
In the row picture, we are looking for the intersection of 3z + 2y = 11 and Ox + Oy = 12, or 0 = 12.
Since 0 = 12 is a contradiction, no solution exists. Alternatively, if we changed both A and b to the
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equation | 35 %] [y] = [ 1], then the same step of Guassian elimination would give a full row of

ZEros:
10 3 2 1 |13 211
11 -3 =2|-11| |0 0] 0 |-

The row picture asks for the intersection of 3z + 2y = 11 and Oz + 0y = 0. We quickly see that every
vector x = [%(11{31)} , for any x € R, will satisfy the equation Ax = b. Hence we have infintely many
solutions.

Inquiry 4.9: Consider the matrix equation Ax = b, for A = H’ 32] and b = [11].
e Decompose A into its lower and upper factors LU.

e Do the same as above, but attempt to decompose the augmented matrix [A b]. Can you
find “upper” and “lower” factors as well?

e Interpret the lower and upper factors by the row picture, as two pairs of lines in R2. Is
there a relationship betwen the original row picture for the complete equation Ax = b?
This was discussed in Example

The elimination algorithm from Section was made more complicated by the fact that not all
pivots may exist, in which case we need to swap rows so that we do not divide by zero. We now
consider this type of elimination.

4.2 Row swaps and permutation matrices

The algorithm in Section [3.2] indicated to swap rows when there are zeros in the pivot positions when
we reach them. However, to get tp the desired decomposition PA = LU, we need to put all the
matrices representing row swaps together - so every time we get to a pivot that doesn’t exist (is zero),
we swap rows for the original matrix, and start from the beginning.

32 -1
Example 4.10. Let A = [83 0 }, for which Gaussian elimination begins as:

1 00 3 2 -1 3 2 -1 1 00 3 2 -1 3 2 -1

-2 1 0 6 4 0]l =00 2 , 0 01 00 2]=104 1

0 0 1 0 4 1 0 4 1 0’1 0 0 4 1 00 2
522 A ;‘rl Py3 Ay As

The numbers to be used for pivots are highlighted - note the problem in A;, which we resolve by a
row swap. Continuing elimination from here, we would end up with something like EPE'A = A,,
where E and E’ are elementary matrices and P is the row swap matrix. Rearranging for A is not as
nice in this case, so we apply the row swap P»3 at the very beginning,

-1 3
0=10
6

1
0
0 1

= o o
ok o
oo w
NGO N

b
v
b

Pos

and now apply the usual elimination steps.
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Inquiry 4.11: Note that at the end of Gaussian elimination, you have a diagonal matrix on
the left side, and you know inverses of diagonal matrices. This inquiry explores the elimination

steps from Example

e Continue the elimination algorithm from A until you get a diagonal matrix. Multiply its
inverse to get an inverse for A (this will be the product of the elementary matrices).

e Begin with PA instead of A, and apply the elimination algorithm to it, until you get a
diagonal matrix. As before, multiply the diagonal by its inverse to get an inverse for A.

e Compare the two inverse you got for A - are they the same? Are the elementary matrices
involved in construction of the inverse the same? What are the similarities?

Remark 4.12. If swapping rows does not give you enough pivots, it may be that you will get a row of
zeros, as described in Example In this case elimination will still give you the LU-decomposition,
but the difference will be that you have to stop elimination before you get a diagonal matrix.

1 00 3 2 -1 3 2 -1 1 00 3 2 -1 3 2 -1

-2 10 6 4 0| = 0 0 2 |, 010 0 0 21=(00 2

0 01 -3 -2 2 -3 -2 2 1 0 1 -3 -2 2 00 3
FEoq A 12,1 E31 Al A2

32 -1
and swapping the second and third rows gives us [88 3 }, which still does not have enough piv-

ots. However, multiplying by the inverses of the elementary matrices we applied still gives an LU-

decomposition:
3 2 -1 1 0 0] 1 0 Of [3 2 -1 1 00 3 2 -1
6 4 O0f(=]0 10|21 0|00 2|= 2 10 0 0 2
-3 -2 2 -1 0 1110 0 1] (0 O 3 -1 0 1 0 0 3
A E;:f Eé1 As L U
|
U

You now have all the tools you need to decompose the matrices A and PA as LU or LDU. We
finish off the lecture with some useful types of matrices.

Definition 4.13: Let A be an n X m matrix.

e The matrix A is symmetric if m =n and A;; = Ay; for all 4, j.

e The matrix A is skew-symmetric if m =n and A;; = —Ajy; for all 4, .

Observe that another way to express that A is symmetric is to say that A = AT and another way to
express that A is skew-symmetric is to say A = —AT. Note that if A € M,,«,, is symmetric, then its
decomposition into A = LDU has L =U".

Remark 4.14. The transpose can be thought of as a function M,,xn — Mpuxm. As noted in
Definition if plays nicely with the addition, multiplication, and inverse functions. Moreover, the
dot product of two vectors from Definition can be thought of as matrix multiplication, if we use
the transpose:

V.W:VT'W (1)

/N

eR"” eR"™ € Mixn € My
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This is why we need to be careful with the multiplication symbol -, always being aware of the sizes of
objects we are working with. That is because multiplying the other way w - v’ gives an n x n matrix,
which is called the outer product:

1 1
2 —-1

v=|5 € RY, viw=[1 2 3 4] o | =1 14+2-(-1)+3-2+44-(-2)=-3 €R=Myq
4 —2
[ 1 1 1 -1 2 =2
~1 4 |2 2 -2 4 —4

w=| | eRL wvi= |01 -1 2 2l=0 O o € Muxa
-2 4 4 -4 8 -8

Example 4.15. Taking the transpose of a product of a matrix with a vector is just like taking the
tranpose of two matrices. Using the property from Equation and the observations in Remark
we see some interesting results. For A € M,,«, and x,y € R", we have

Axey = (Ax)Ty = xT ATy = xT(ATy) = x o (ATy).

4.3 Exercises

Exercise 4.1. Consider the matrix factorization

6 0o -2 1 00 6 0 -2

1 3 4 |l =la 1 0 0 2 13/3

3 -8 2 b ¢ 1] |0 0 113/9
A L U

The values a, b, ¢ are determined by the multipliers from row operations to clear the entries below the
pivots. What are these values?

3 1 1
Exercise 4.2. Decompose A= |3 1 3| into PA = LDU factorization.
1 1 3

Exercise 4.3. Decompose the matrix A from Example [3.8)as PA = LDU.

Exercise 4.4. Suppose that A € M,,«,, is a product of elementary matrices, that is, A = E1-Fs - - - E},
where F; is one of the three types of elementary matrices given in Definition 3.7 . Explain why A is
invertible.
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Part 11
Vector spaces

Lecture 5: Vector spaces: column space and nullspace

Chapters 3.1 and 3.2 in Strang’s “Linear Algebra”

e Fact 1: A vector space is something like R™.

e Fact 2: The column space and nullspace of any matrix are vector spaces.

e Skill 1: Determine if something is a vector space and subspace.

e Skill 2: Construct the column space and nullspace of a matrix as spans.

This lecture serves two purposes: to introduce the very powerful topic of vector spaces, and to provide
two concrete examples of such vector spaces. These two examples will justify the phrase “to be in the
solution space” of an equation Ax = b.

5.1 Vector spaces

Recall from Lecture [2| that a field is a set with nice properties, such as R, Q, C. Fields have addition
and multiplication built into them. We now define a set that has new properties.

Definition 5.1: Let V be a set and F a field. The elements of F are called scalars. The set V
is a vector space if there are two operations
e addition +: V xV — V|
e scalar multiplication - : F x V — V|
that satisfy the follow properties, for every u,v,w € V and a,b € F:
1. addition has an identity element: there exists 0 € V with 0 +v =v
2. addition has inverse elements: there exists —v € V with v+ (—v) =0
3. scalar multiplication has an identity element: there exists 1 € F with 1v=v
4. addition is commutative: u+v =v +u
5. addition is associative: u+ (v+w) =(u+v)+w
6. scalar multiplication is distributive over addition: a(u + v) = au+ av
7. scalar multiplication is distributive over field addition: (a + b)v = av + bv
8. field multiplication is compatible with scalar multiplication: (ab)v = a(bv)
If V is a vector space and W C V is a subset of V' and is a vector space on its own, with the same
two operations satisfying the same properties, then W is a subspace of V. It is immediate that every

vector space is a subspace of itself, so whenever W C V is a subspace and W # V|, we say W is a
proper subspace of V.

Example 5.2. We consider some basic examples of vector spaces.
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e The empty set ) is not a vector space, because vector space must contain the zero vector.
e The set V = {0} is a vector space, called the trivial or zero vector space.

e The space Mayo is a vector space, with addition being matrix addition, and scalar multiplication
the usual scalar multiplication over R. This space is 4-dimensional, though we will see the notion
of dimension next lecture.

e For V = R?, the set W = {¢(2,1) : ¢ € R} C V, which is all the multiples of v = (2,1), is a
subspace of R?. The set U = {¢(2,1)+(0,1) : ¢ € R} C V, which is the same as W but shifted
up by 1 unit, is not a vector space, as (0,0) ¢ U.

R
A U
w
> R
J (0,0)

Inquiry 5.3: This inquiry generalizes the notion of a vector space, continuing with the last
example in Example The set U there looked like it should be a vector space - every element
of U can be expressed as u = ¢(2,1) + (0,1). Define vector addition and scalar multiplication
on U, for F = R, by

UxU — U, RxU — U,
(u17u2) = (Cl+c2)(271)+<071)7 (a7u1) = a01(2,1>+(0,1),

where u; = ¢1(2,1) + (0,1) and ug = ¢2(2,1) + (0,1).

e Check that multiplication distributes over addition. That is, check that property 7. is
satisfied.

e Find the additive identity, additive inverse, multiplicative identity on U so that properties
1.-3. are satisfied.

e Explain why U, with this vector space structure, is not a subspace of R2.

e Instead of (0,1) at the beginning, put (—2,0) in its place. What changes? Can any vector
be chosen here? Which vector would you choose?

This type of structure is called an affine space.

Remark 5.4. We make some observations about vector spaces and subspaces.
e Every vector space and subspace must contain the zero vector.
e Any line through the origin is a subspace of R".
e A subspace containing u and v must contain every linear combination au + bv.

Example 5.5. Combining the above remark and Example we see that U = {all upper triangular
matrices [8 2]} C Majxs is a subspace of Mayo, as is D = {all diagonal matrices [8 2]} C Moyo.

Moreover, D is a subspace of U.

31



Definition 5.6: Let V' be any vector space, such as R", and X = {vy,...,vx} € V any
collection of elements of V. Then the space of all linear combinations of elements of X, written

n
span(X) = {Zcivi D¢ € F} )
i=1
This space is called the span of the vectors in X.

With the span, we can describe a very large vector space by using a small number of vectors.
Finding the smallest number of vectors will play an important role in future lectures.

Proposition 5.7. For V' a vector space and X = {vy,..., v} C V, the span of X is a vector space
and a subspace of V.

Proof. To see span(X) is a vector space, note that every element in span(X) is a vector in V. Adding
two elements in span(X) keeps us in the span:

n

a+b= zn:aivi + zn: b;v; = Z(CLZ + bl)Vl € span(X).
=1 =1 =1

Scalar multiplication works similarly. The identity and inverse elements are the same as in V, and
clearly the zero element is in span(X), by choosing all the coefficients ¢; = 0. Hence span(X) C V is
a subspace. ]

Note that the above result follows immediately from Example [5.2] which said that all multiples
of a single vector is a vector space, and by repeated application of Definition [5.9] which will say that
V + W is a vector space, for any vector spaces V', W.

Example 5.8. Two dimensional Euclidean space R? can be described in several ways as a span:
 R? =span ([{], [ 1], [21]) because [§] = =% [{] + 55* [ L] -y [ 7]

o R? = span ([3],[4]) because [§] = § [3]+ 5% [9].

Definition 5.9: Let V, W be two vector spaces. Their direct sum, or simply sum, is the vector
space
VeW:={(v,w) : ve V,we W},

with vector addition and scalar multiplication defined component-wise. That is, (vi,wy) +
(vo,wsy) = (V1 + v, w1 + Wa) and ¢(v,w) = (cv,cw). If there exists a vector space U with
V., W C U, then we have the vector space

V4+W:={v+w : veV,ve W}

In this case, we have all linear combinations of vectors from both spaces. This is called the
subspace generated by U and V. It is the smallest subspace containing U UV, which itself is not
necessarily a subspace.

Note that V & W and V + W are vector spaces, but V U W is not. These three spaces are not the
same, in fact V @ W is never equal to V + W (though there may be a nice function between the two.

Example 5.10. We note some common examples of vector spaces generated by other spaces:

e The vector space generated by V and any of its subspaces W is the original space: V+ W =V

e The vector space generated by two spans is the span of the union:
span({vi,va}) + span({wi,wy}) = span({vy,vo} U{wi, wa}) = span({vy, vo, w1, wa})
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See Exercise for more details on why the union of two vector spaces VU W is not the same as +.

Inquiry 5.11: Let V be a vector space, X = {vy1,..., vk} CV, and let S be the span of X.
e Explain why X is always a subset of S, and why V' is never a proper subset of S.

e When V =My and X = {[{1],[94],[ ' Y]}, prove that S # V by finding an element
inV\S.

e How big does X have to be for S to be all of V? Is there a limit to how small it can be?

When S =V, we say that V is spanned by X.

5.2 The column space of a matrix

A big reason we are talking about vector spaces is that the matrix product Ax from the matrix
equation Ax = b, over all possibilities x, describes a vector space. This space has a particular name.

Definition 5.12: For an m x n matrix A, the column space of A, denoted col(A), is the set of
all vectors v € R that are linear combinations of the columns of A. That is,

aii ai2 ot Aln ail ai2 Aln
a1 a2 e a2n ai2 a2 A2n

A= . .. |, col(A)=<Sec| |+ |+ | . | aeR
Gml Am2 - Qmp Am1 Am?2 Qmn

Since every element in col(A) is a linear combination of vectors, col(A) is a subspace of R™.

col(A) = {cl H e m e [j] e [ﬂ e R}.

Note that [2] € col(A), as
ol ==l o[22 5] +o 1]

Inquiry 5.14: Let A € M,xn.

Example 5.13. Consider A = [g _21 _g ‘11], for which

e Show that [$] € col ([2 7' 1])-

e Suppose that v =—c1vy + -+ + ¢, v, € col(A). Explain why Ax = v has a solution. What
is it?

e Suppose that x = (z1,...,x,) solves the equation Ax = b. Explain why b € col(A).

e Explain why 0 € col(A). Hint: What is a solution to Ax = 07

Example 5.15. Consider the following matrices:

10
SRR

W N =
S =N
NeRNerRRUL)
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The column space col(I) is all of R?, since any vector (a,b) € R? can be described as a[}] + b[9],
which is a linear combination of the columns of I. The column space of A is all multiples of the vector

17 . . .
[%] , since the second and third rows are multiples of the first row.

5.3 The nullspace of a matrix

Another big reason we are talking about vector spaces is another link to the matrix equation Ax = b,
in the special case that b = 0. All the vectors x satisfying this equation form a vector space. Note
that all the vectors satisfying Ax = b did not form a vector space for arbitrary b - the column space
was the space of all vectors Ax, not just x.

Definition 5.16: For an m x n matrix A, the nullspace of A is the set

null(4) = {x e R" : Ax = 0}.

The nullspace is a vector space. The nullspace lives inside R"”, but the column space lives in R™.
To find the nullspace of A, we use Gaussian and Gauss—Jordan elimination on A. We may perform
row swaps at the beginning or in the middle of elimination, it will not change the result.

Example 5.17. The nullspace of the matrix A = [i :%] consists of the vectors in x € R? for which

Ax = 0. The second row is a multiple of the first (and the second column is a multiple of the first) ,
so the nullspace is all pairs (x1,x2) for which 2z, — x9 = 0, or 1 = 23/2. Choosing x5 = 1 (though
we could choose any other value) we get 1 = 1/2, so the nullspace is

() 5 R B )

The choice (1/2,1) was a special solution, but there are many other solutions.

Remark 5.18. Elimination on a matrix does not change its nullspace. We can see this by considering
the original equation Ax = 0 and the elminiated equation EAx = 0. Since FE is an elmentary matrix,
it has an inverse, so Ax = E~'0 = 0. Hence x satisfies the first equation iff it satisfies the second
equation.

. 2-22 438
Example 5.19. We describe how to compute the nullspace by way of an example, on A = [é g —:{) 05 (1;} .
We begin with Gaussian elmination to get zeros below the first pivot. The multipliers are given below,
and zeros of pivot columns are highlighted:

1 3 2 -2 2 4 8
by = =, Egl = 5 : 0 6 -4 -2 =3
0O 6 —4 —-11 -6

We continue to get a zero below the second pivot:

2 -2 2 4 8
lzg=1: 0 6 -4 -2 -3
0 0 0 -9 -3

The third pivot is —9. Now we move upward and clear the entries above the third pivot:
2 =2 2 0 20/3

0 6 -4 0 -7/3
00 0 -9 -3
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Next, get a zero above the second pivot:

2 0 2/3 0 53/9
06 -4 0 -7/3
00 0 -9 -3

Finally, multiply through by the pivot reciprocals to get pivots that are 1:

10 1/3 0 53/18
01 —2/3 0 —7/18
00 0 1 1/3

We pause this example for a few comments.
Definition 5.20: The form of A in the example above is called the reduced row echelon form,
or RREF, of A. More specifically:
e columns 1,2,4 are the pivot columns,
e columns 3,5 are the free columns.
In the equation Ax = 0, for x = (x1, x2, 3, T4, x5), the variables x1, x9, x4 are the pivot variables

and x3, x5 are the free variables.

We continue solving for the nullspace null(A) from Example It is defined as a linear com-
bination of as many vectors as there are free columns. Each free column gives a nonzero x that will
be in the nullspace, by setting that free variable to 1, all other free variables to 0, and choosing the
earlier pivot variables to be the negative entries in those rows:

13 ~53/18
10 1/3 0 53/18 2/3 0 10 1/3 0 53/18 7/18 0
01 —2/3 0 —7/18 1 | = o], 01 —2/3 0 —7/18 0 = |0
00 0 1 1/3 0 0 00 0 1 1/3 -1/3 0
0 1
—— ——
S1 S2

The two vectors ss,s9 are the special solutions for the nullspace of A. Hence the nullspace is

-1/3 —53/18
2/3 7/18
null(A) = {c181 +cas2 : c1,c0 € R} =< ¢4 1 + ¢ 0 i, € RS
0 -1/3
0 1
so for example, something like
—108 -1/3 —53/18
18 2/3 7/18
6 =6 1 + 36 0
—-13 0 -1/3
36 0 1

is in the nullspace.
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Algorithm 2 (Computing the nullspace): To compute the nullspace of A € M, xn, we do
Gaussian and Gauss—Jordan elimination so that all columns with pivots have 1’s as the only
entry.

1. Perform Gauss—Jordan elimination on A to clear all entries below the pivots. The matrix
is now A’

2. Perform Gaussian elimination on A’ to clear all above below the pivots. The matrix is
now A”.

3. Multiply A” by diagonal matrices to make all the pivots 1’s.
4. Suppose columns ¢y, ..., ci are pivot columns, and columns fi, ..., f; are free columns.

(a) The nullspace will be a span (vy,...,vy) of as many vectors as free columns. The
vector v; € RF has:

(b) entry 1 in row f; and entry 0 in all other rows fj;

(c) entry in row ¢; the same, but negative, as the entry in column f; and row j of A”

Remark 5.21. Note that the pivot columns create an identity matrix in RREF of A, which were
highlighted in green and yellow in the main example above. Similarly, the free variable rows in the
special solutions create an identity matrix.

36 -101
Inquiry 5.22: Consider the matrix A = [3 153 —g % (1)]

e Compute null(A4) as the span of vectors.
e Construct a matrix B for which null(A) = col(B).
e Compute col(A) as the span of vectors.

e Do you have to use all the columns of A? That is, are some columns linear combinations
of others? Try to use as few columns of A as possible to express col(A) as a span.

5.4 Exercises

Exercise 5.1. Check that the subspace W C V from in the fourth example in Example satisfies
the conditions of being a vector space from Definition [5.1

Exercise 5.2. Let V = span({u,v,w}) and W = span({u + v,v + w}). Show that W C V.
Exercise 5.3. Consider the set X of all functions f: R — R.

1. If addition on X is defined as usual, with f + g = f(x) + g(x), but multiplication is defined as
cf = f(cx), show that X is not a vector space.

2. If multiplication is defined as usual, with c¢f = ¢f(z), but addition is defined as f 4+ g = f(g(x)),
but show that X is not a vector space.

2 9 100 9
Exercise 5.4. Construct the nullspace of A= [0 —3 0 1 0 —3| as a span of vectors.
8 =6 0 0 1 1

Exercise 5.5. Let V be a vector space.

1. Explain why span(V) = V and span({0}) = {0}.
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2. For V = R3, give an example of A, B € M3y3 with col(A) = V and null(B) = V. Explain why
A and B can not be the same matrix.

Exercise 5.6. Consider the following vector spaces:

1 0 1 0
V = span 1,11 , W = span 0],|—-1
0 1 1 0

1. Show that R? is a subspace of V 4+ W by describing an arbitrary vector (z,y, z) € R? as a linear
combination of the elements of V' and W.

2. Show that VUW # V + W by finding a vector in V 4+ W that is not in V U W.

Exercise 5.7. Create a matrix with no zero columns that has:
1. size 3 x 3 and column space the zy-plane (that is, all linear combinations of (1,0,0) and (0, 1,0))
2. size 3 x 4 and column space the zy-plane

3. size 2 x 2, column space all of R?, not a multiple of I, and no zero entries. Describe (3] and
[9] as linear combinations of the columns.

Exercise 5.8. Let I be the 2 x 2 identity matrix. For each of the following matrices, bring it to
RREF and drescribe its nullspace as a span of vectors.

A= m=lg g e=[1 ]
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Lecture 6: Completely solving Ax =b

Chapter 3.8 in Strang’s “Linear Algebra”

e Fact 1: The complete solution to Ax = b consists of the particular solution and linear combina-
tions of the special solutions.

e Fact 2: The rank of a matrix is the number of pivots. It can not be larger than the number of
rows or columns.

e Skill 1: Construct the complete solution to any matrix A € M, xn.

e Skill 2: Identify the row rank, column rank, rank of a matrix.

Previously we saw how to solve Ax = 0, by doing elimination until we get an upper triangular matrix
Rx = 0, whose solutions x are the same solutions that solve the first equation. In this lecture we
generalize to finding soluetions to Ax = b, where b is not necessarily the zero vector.

6.1 Rank and the particular solution

We begin with the example from the previous lecture,

2 -2 2 4 8 1 0 1/3 0 53/18
A=1|1 5 -3 0 1}, 0 1 -2/3 0 —7/18 |, EFA=R
3 3 -1 -5 6 0 0 0 1 1/3

for some product of elimination matrices E. The columns 1,2,4 are the pivot columns and the columns
3,5 are the free columns (this is true for both R and A). It is immediate that columns 1,2,4 of R can
not be written one as a linear combination of the others - that is, these three columns are linearly
independent. Again, this is true for both R and A.
Definition 6.1: The rank of a matrix A € My, is denoted rank(A), and is equivalently
e the number of pivots of A, or
e the number of columns in A that are not linear combinations of other rows.
If rank(A) = min(m, n), then A is said to have full rank.
Reducing the matrix A to RREF reveals which columns are combinations of others. Since only

row operations were performed, any linear relationships among the columns are preserved.

Example 6.2. When a matrix has rank 1, all the columns are multiples of the first one. For example,
RREF

1 2 3 1 2 3
A=11 2 3| —— 0 00
1 2 3 0 00

has rank one, and its column space is all the multiples of (1,1,1). To find its nullspace, we look at its
RREF, which has special solutions

1 2 3 -2 0 1 2 3 -3 0

0 00 1 [ =10}, 0 00 0 [=1|0|,

0 00 0 0 0 00 1 0
hence the nullspace of A is the span of [_(1)2] and [_03}



Remark 6.3. A rank 1 square n X n matrix may be expressed as a product of a n x 1 vector with a
1 x n vector, since all the columns are multiples of the first column. For example,

1 2 3 1
A=11 2 3| =|1|[1 2 3]=vw'.
1 2 3 1
Example 6.4. The identity matrix I has full rank. The zero matrix 0 has rank 0.

Inquiry 6.5: Consider the matrix A = [% : g}
caa
e Find values of a, b, ¢ for which A has rank 0,1, 2, 3.

bcoO .

e Suppose another column was added at the end of A to make [g . 8} . Explain why your

caa
answers to the first part above would not change using this matrix.

I Definition 6.6: The number of special solutions to Ax = 0 is called the nullity of A.

The nullity is the number of free columns of A, and the smallest number of vectors that can be
used to define null(A) as a span. If A € M, ., is square, then using the fact that the rank is the
number of pivot columns, we immediately get that

rank(A) + nullity(A4) = n, (2)
a very powerful equation, more of which we will see later. This is called the rank-nullity theorem.

Example 6.7. Recall Example from Lecture[5] Suppose that instead of Ax = 0, we considered
Ax = b, which, after elimination, would become Rx = d = [d; do d3]’. The vector x = 0 is not a
solution anymore, but we can find a quick solution by setting the variables corresponding to the free
columns equal to O:

x1
1 0 1/3 0 53/18 T dl r1T = dl,
01 -2/3 0 —-7/18 0 | = |do is solved by T2 = do,
0 0 0 1 1/3 T4 d3 xr3 = d3.
0

The vector (di,ds,0,ds,0) is called a particular solution to Ax = b. This particular solution solves
not only Rx = d, but also Ax = b, because if A = ER, for some elimination matrix I, then d = Eb.

Remark 6.8. What we have done so far can be summarized as follows:
e The special solutions x = s1, 82 solve Ax =0
e The particular solution x = p solves Ax = b

Finally, the complete solution to the system Ax = b is the sum of the particular and special solutions.
That is, x = p + ¢181 + cos2 solves the system, for any c1,co € R, because

A(p+c181 +c289) = Ap+c14s) +c2Ass =b+¢1-0+c2-0=Dh.
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Algorithm 3 (Finding the complete solution): Consider the matrix equation Ax = b.

1. Compute the nullspace of [A | b]. That is, find the special solutions si,...,s; by doing
elimination on the augmented matrix [A | b].

2. Elimination on [A | b] produces the matrix [R | d]. Construct the particular solution p
from d as in Example

3. The complete solution to Ax = b is x = p + ¢181 + - - - + ¢S, for all ¢; € R.

Example 6.9. Consider the matrix equation Ax = b, in the form

4 2 L) 2 e ) (8-

8

—-10 12 1 —16 0 1 -3/4 1/8
e — T3
A ~ b
X
7/4 1
The complete solution to this equation is x = |1/8| +¢; |3/4]|, for any ¢; € R.
0 1

vectors x that solve Ax =b

particular solution p ~

special solution sy

plane4w—8y+22=6j W
plane =10z + 12y + z = —16 / \

-50

This equation represents two planes intersecting in space, as in the picture above. The particular
solution is a point on the line of intersection and the special solution is a vector in the direction of
the line. The line of intersection is all the vectors x that make Ax = b true. In other words, it the
nullspace shifted by the vector p, hence it is an affine space.

In the example above, the two planes are defined by the initial equation. After row reduction, we
have two different planes which still have same intersection. Compare this with the 2-dimensional row
picture presented in Example

Inquiry 6.10: Consider the nullspace null(A) from Example

e Write the nullspace null(A) as the span of a single vector.

e Let S be the set of all solutions x to the equation Ax = b. Explain why S is not a vector
space in the same way that null(A) is a vector space.

e Using Inquiry explain why S still has some vector space structure. This type of space
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6.2 Different types of complete solutions
Now we consider the implications for the complete solution given the rank of the matrix. Recall from
Definition that A € M« has full rank if it has A has min(m,n) pivots.
Definition 6.11: Let A € M, «p.

e If each row of A has a pivot (so A has m pivots), then A has full row rank.

e If each column of A has a pivot (so A has n pivots), then A has full column rank.
Example 6.12. Consider the following types of common situations for rank, for A € M, xn. If A
has more rows than columns (so m > n) and has full column rank, then in row reduced echelon form

A looks like the block matrix [ /], where I is of size n x n and the zero matrix 0 has size (m —n) x n.
Then:

e all columns of A are pivot columns, ~ -

e there are no free variables, so there are no special solutions, (1) (1) 8 8

e the nullspace contains only the zero vector null(A4) = {0}, 0010

e if Ax = b has a solution, there is one unique solution. 8 8 8 [1)
10 0 0 0|

Analogously, If A has more columns than rows (so n > m) and has full row rank, then in row reduced
echelon form A looks like the block matrix [I 0], where I is of size m x m and the zero matrix 0 has
size m x (n —m). Then:

e all rows of A have pivots, so there are no zero rows,

. ) 1 0 00 0 O

e there are n — m special solutions, 01000 0
e the column space is all of R™, 0 01 00O
0 001 00

e Ax = b has a solution for any vector b

Example 6.13. The equation Ax = b with A an m x 3 matrix with full column rank represents
m planes intersecting in 3-dimensional space R3. If the planes all intersect in one point, there is a
solution to this equation.

e For 1 < m < 3 and m randomly chosen planes, it is impossible for them to intersect in one point.
e For m = 3 and three randomly chosen planes, they will almost always intersect in one point.
e For m > 3 and m randomly chosen planes, they will almost never intersect in one point.

The general theory behind these claims has to do with general position of points in R3, and the fact
that three points are necessary to define a plane.
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Inquiry 6.14: Let A € M., «, and b € R™. Find an example of A and b so that Ax = b has:
e exactly one solution, with m =n = 2;
e 10 solutions, with m =n = 2;
e exactly one solution, with m = 3, n = 2;
e no solutions, with m = 3, n = 2;
¢ infinitely many solutions, with m = 2, n = 3.
e Explain why Ax = b can not have exactly one solution if n > m. That is, show that if it

has one solution, it has infinitely many.

Remark 6.15. We can summarize every matrix A € M, as one of the following four situations.

rank(A) = m, rank(A) = n: Then A is square and invertible, and Ax = b has exactly 1 solution.

e rank(A) = m, rank(A) < n: Then A is wider than it is taller, and Ax = b has infinitely many
solutions.

e rank(A) < m, rank(A) = n: Then A is taller than it is wider, and Ax = b has 0 or 1 solution,
depending on what the bottom row(s) of [A | b] look like in RREF.

e rank(A) < m and rank(A) < n: Then A can have any shape, but it is not full rank, and Ax = b
has either 0 or infintely many solutions.

6.3 Exercises

Exercise 6.1. Consider the two vectors v = [a a a a]’ and w = [1 1 1 1]7. What will be the rank of
the 4 x 4 matrix vw’ ? Your answer should depend on a.

Exercise 6.2. Find the complete solution to Ax = b, for

x1
T2
30 -9 -3 0 9
A=l6 0 —21 0 2|’ i el b_[—l]'
Tq
T

Exercise 6.3. Suppose you know that the solution to a matrix equation Ax = b, where A € Myys,
is the vector

7 -3
x=|4|4+c| 1],
-2 0

for any ¢ € R.
1. Construct one possible matrix A and vector b for which this could be the solution.
2. Do the same as above, but make it so that A has no zero entries.

Exercise 6.4. For the following matrices A, B, find the ranks of AT A, AAT BT A, BBT:

-1 3
2 0 3 9 0
A‘[—113}’ B=17 9
-3 1
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Lecture 7: Independence, basis, dimension

Chapter 8.4 in Strang’s “Linear Algebra”

Fact 1: A basis of a vector space V is a smalest possible set of vectors that spans V'

Fact 2: Bases of V' are not unique. The size of a basis is unique - it is the dimension of V.

Skill 1: Identify linearly independent subsets in a given set of vectors.

Skill 2: Extend a set of vectors of V' to a basis of V.

e Skill 3: Express the same vector in different bases.

We have now arrived at the next big theme of this course: dimension.

7.1 Linear independence

Recall that the rank of a matrix A was the number of pivots A had, or the number of columns of A
that are not linear combinations of the other columns. A more precise way to say the second approach
is with linear independence.

Definition 7.1: Let {vq,va,...,v,} € R™ be the columns of a matrix A € M,,x,. These
vectors are [inearly independent if, equivalently,
e the only solution to Ax =0is x =0, or
® r1V] + x9vo + - - + x, v, = 0 implies x; = 0 for all 7, or
e the nullspace of A is only the zero vector, that is, null(A) = {0}.
If a set of vectors is not linearly independent, then the set is linearly dependent.
Every set of vectors is either linearly independent or linearly dependent, there is no in-between. We

often say “the vectors are linearly independent” instead of “the set of vectors is linearly independet”,
but both are correct uses of the term.

Example 7.2. Slight changes in the matrix entries can lead to big differences:
e The vectors [1] and [3] are linearly dependent, because [}3][ %] = [§].

e The vectors [{] and [, &), ] are linearly independent, because attempting to solve Ax = 0 will
lead to x = 0.

Inquiry 7.3: Recall the three different ways to express linear independence.

e Pick any 3 vectors in R?. Explain why they must be linearly dependent. Hint: put them
as columns in a matriz and say something about its nullspace.

e Does the above work for any 4,5, ... vectors in R?? What about any 2 vectors?
e Try to generalize the above points into a statement like: “Any set of more than ____ vectors
in ____ will be linearly ____. 7

Recall the span of a collection of vectors from Definition [5.6]and Inquiry and the columns of a
matrix spanning its column space, as well as the vectors from special solutions spanning the nullspace.
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Definition 7.4: Let V be a vector space and S = {vy,..., vy} C V. If V = span(S),
e S is called a spanning set of V', and

e S is called a minimal spanning set of V if for every other spanning set S’ of V, the size of
S is less than or equal to the size of S’.

Example 7.5. Minimal spanning sets are common.

- . . 1 0 0
e The vector space R? has a minimal spanning set in [8]’ [ﬂ, [(1)]

e The pivot columns of a matrix form a minimal spanning set for its column space.
The idea of a minimal spanning set from Definition [7.4] can be made more precise with the idea of
linear independence from Definition
Definition 7.6: Let V' be a vector space and S = {vy,...,vi} C V. The set S is a basis for V
if, equivalently,
e S is a minimal spanning set for V, or

e S spans V, and S is linearly independent, or

e every v € V can be written uniquely as v =a1vy + - - - + a,Vy, for a; € R.

Example 7.7. The standard basis for R® consists of the vectors {é}, {ﬂ, [%] In general, the

standard basis for R™ consists of the n column vectors of the n x n identity matrix, and they are often
denoted e, ..., e,:

1 0 0 --- 0]
010 ---0 | | , |
0O 01 ---0 — e e e; - e,
SRR SV I |
0 00 --- 1]

The standard basis is not the only basis for R", and the columns of every full rank n x n matrix will
give a basis for R".

Example 7.8. Let A € M, xn.
e A basis for the nullspace null(A) is the set of special solutions to Ax = 0.
e A basis for the column space col(A) is the pivot columns of A - this is not necessarily all the
columns of A.
Algorithm 4 (Find linearly independent vectors in a set): Given a set of vectors in R”,

we can find which of them are linearly independent by either:

e making them columns of a matrix, doing elimination (with row swaps), and taking the
positions of the pivot columns, or,

e making them rows of a matrix, doing elimination (without row swaps), and taking the
positions of pivots rows.
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. . 1 0 -1 17 .
Inquiry 7.9: Consider the vectors u; = [(1)] ,ua; = [%] ,Ug = [ 1 ] , V= [121] in R3.
e Show that {u;,us, us} is a linearly independent set.
e Express v as a linear combination of uj, ug, us.

Suppose that v = aju; + agug + agug for some real numbers ay, az, a3 (not necessarily the ones
you got above).

e Without using the definition of a basis (Definition , but instead using the the first
definition of linear independence (Definition [7.1]), explain why the a; must be the same
numbers you got above.

Hint: subtract your way to write v from the v= aju; + asus + asuz way to write v.

Example 7.10. Consider the following three vectors in R*:

3 1 5
P -1 5
" V=12 |” W= 112
1 3 5

As columns of a matrix, we quickly eliminate entries below the diagonal to identify the the first two
as pivot columns and the last as a free column:

3 1 5 31 5

2 -1 5| @p_ [0 —5/3 13/3
7 02 12 "o o 0|
1 3 5 0 0 0

So u, v are indepdent, and w is a linear combination of u and v. Alternatively, we can make them
rows of a matrix, and the perform Gaussian elimination (without row swaps). That will give us zero
rows, which will correspond to linearly dependent vectors:
3 2 7
1 -1 2
5 5 12

1 302 71
3 £ |0 —5/3 —1/3 8/3
5 0 0 0 0

As in the first approach, we get that w depends on u and v. Hence {u, v} is a basis for the vector
space V = span(u, v, w).

7.2 Dimension and extending to a basis

The key idea from the first part of this lecture is that rhe word basis is another name for minimal
spanning set. It is often difficult to consider all possible spanning sets, so we use the word basis much
more often. Keep in mind three important things:

e bases are not unique,
e every basis of a vector space must have the same number of vectors, and
e every vector space has a basis.

The last conclusion is based on a fundamental (and unproven!) cornerstone of mathematics called the
aziom of choice. A special case is investigated in Inquiry
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Inquiry 7.11: Consider the vector space R* with its four standard basis vectors ey, ..., e, as
given in Example Consider u = [123 4]T,v =[01-1 2]T e R*

e Explain why {u, v} cannot be a basis of R*. Is it linearly (in)dependent?
e Explain why {u,v,e;, ez, e3,e4} cannot be a basis of R%. Is it a linearly (in)dependent?
e Find a linearly independent subset of {u, v, e, ey, es,es} that contains u and v.
The last point is called extending a set to a basis.
Remark 7.12. As mentioned in Definition [7.6] given a basis for a vector space V, every vector in V

can be expressed uniquely as a linear combination of vectors of that basis. For some vector space it is
very obvious:

4 1 0 0
-2 =410 -2|1]| +8 |0
8 0 0 1

However, if we have a different basis, how can we figure out what the linear combination is in the
other basis? This is where the change of basis matriz appears. Suppose that B and B’ are bases for
V', with

B ={vy,...,Vg}, B ={w1,...,wg}, vel.
The coefficients for expressing v in the basis B are in the solution vector x to [vi -+ vi]x = v.
Similarly, the coefficients for expressing v in the basis B’ are in the solution vector y to [wy -+ wi|y =

v. These two vectors are related by the equation

y= |a; -+ ap| x, where v, = |wy -+ wp| a;.
\ | | \
—_——

change of basis matrix

Example 7.13. Consider the two bases B = {[1],[ 1]} and B’ = {[2],[ 23]} of R To construct
the change of basis matrix from B to B’, we need to express every vector of B as a linear combination

of vectors in B’. We do this by sight:
1 3 —2
=== 5

o=l -5

Hence the change of basis matrix from vectors in the basis B to vectors in the basis B’ is

A= [:; :g]

] =)+ [

in the basis B, we have the coefficient vector x = [_67]. The coefficient vector y in the basis B’ is
given by computing

il e e e B e B R

Note that the inverse of A will take us back to coefficients in the basis B.

For example, taking the vector
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Definition 7.14: Let V be a vector space. The dimension of V' is the number of vectors in any
basis of V. It is denoted dim(V).

This assumes the previously mentioned very important point: all vector spaces have a basis, which
needs the axiom of choice.
Example 7.15. We have already seen dimension, but under different names.

e The dimension of R" is n.

e The dimension of the column space of A is the rank of A.

e The dimension of the nullspace is the nullity of A.

Recall the definition of U @ V and U + V from Definiton There we saw that if U = span(B) and
V = span(B’), then U +V = span(B U B’). A similar statement holds for dimension.

Remark 7.16. Let V be a vector space with subspaces U, W.
e The intersection U N W is a subspace of V'
e The sum + of vector spaces satisfies dim(U + W) = dim(U) + dim(W') — dim(U N W)
e The sum @ of vector spaces satisfies dim(U & W) = dim(U) + dim(W)

The third statement does not need that U, W be subspaces of the same space. Statements like this do
not exist for the union of vector spaces spaces, because that is not necessarily a vector space.

Remark 7.17. Let V be a vector space and U C V. If dim(U) = dim(V'), then U = V. This follows
by taking the basis uy, ..., u, of U, and asking if there are any vectors in V' which cannot be expressed
as linear combinations of the u;. If no, then the spaces are the same. If there exists some v, then
ui,..., Uy, Vv is a linearly independent set of n 4+ 1 vectors in V', which is impossible.

Definition 7.18: Let V be a vector space with dim(V') = n, and U C V a subspace of dimension
dim(U) = k. The codimension of U in V is codim(U) =n — k.

For example, lines are codimension 1 in R?, but codimension 2 in R3. The set of points in R™
that satisfy one linear equation (that goes through the origin) is codimension 1.

Example 7.19. The space of n x n matrices has dimension n2. It has as a subspace the space of

n X n upper triangular matrices, which has dimension n(n 4+ 1)/2. For n = 2, a basis for each of these

spaces is
10 01 0 0 0 0
0 0o/ |0 Oof" |1 0]" [0 1

ERENE

in the first case, and

in the second case.

7.3 Exercises

Exercise 7.1. Find all sets of size 3 from the vectors below that are linearly independent:

1 0 2 2 3
ol, [1|, o], lo|, [o
1 0 1 2 2



Exercise 7.2. For a 2 x 2 matrix, linear independence on the columns only depends on if one column
is a multiple of the other.

> (a) Generate 10 000 random 2 x 2 matrices, with real number entries in the range [—5,5]. How
many have column space dimension 17

> (b) Repeat the same as in part (a), but use integer entries in the range [—5,5]. How many have
column space dimension 17 Bonus: How many would you expect to have dimension 17

Exercise 7.3. Consider the basis B for R? and a vector v,

1] [-1] [3 -3
B=<{12].,|11],]o]}, v=|-1
3 |-1] |6 5

Express v in terms of B.

Exercise 7.4. Consider the plane P = {(z,y,2) € R® : 2z — 4y — 5z = 0}, which is a subspace of
R3. What is its basis?

Exercise 7.5. Find the change of basis matrix from {[3],[ ']} to {[3?].[2]}.
Exercise 7.6. Prove the claims from Remark

Exercise 7.7. This question is about vector spaces of matrices, where matrix addition and scalar
multiplication are defined as usual.

1. Give a basis for the space of diagonal 3 x 3 matrices and a basis for the space of skew-symmetric
3 X 3 matrices.

2. For n € N, what is the dimension of the space of n x n diagonal matrices and what is the
dimension of the space of n x n skew-symmetric matrices?

3. Show by example that the set of all invertible 2 x 2 matrices does not form a vector space. Show
that all linear combinations of invertible 2 x 2 matrices describe the set Moyo.
Hint: Construct the basis matrices of Moxa as linear combinatons of invertible matrices.
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Lecture 8: The four fundamental subspaces associated to a matrix

Chapter 8.5 in Strang’s “Linear Algebra”

Fact 1: A line in R? is given by one equation, in R? by two equations.

Fact 2: Every matrix with m rows splits up R into the column space and the left nullspace.

Fact 3: Every matrix with n columns splits up R’ into the row space and the nullspace.

Skill 1: Find the intersection of two planes.

Skill 2: Describe a hyperplane as a span of vectors.

With this lecture we take the column space and nullspace to the transpose matrix, and describe strong
relationships among these spaces.
8.1 Lines, planes, and hyperplanes

Since we will be discussing spaces and their relationships with each other in this lecture, we begin
with a comparison relating two similar lines.

Example 8.1. Consider the two lines L, M C R? given below.

R R
AN AN ‘
\
M /’
L /’ //
// - -
=150 ’ Yoo ’

)

Each of these lines can be considered in similar ways. Each is:
e the line y = x/4 e the liney=2x/4+1

e the pairs (x,y) that satisfy %:z: —y=0 the pairs (z,y) that satisfy i:p —y=-1

the nullspace of [1 —4] not the nullspace of any matrix

e the set of vectors x for which [1 -4]x =0 e the set of vectors x for which [1 -4]x = —4
e a vector subspace of R? e not a vector subspace of R?
e a vector space of dimension 1 e an affine space of dimension 1

The line M can be considered as a vector space, using a different addition and multiplication than in
R2. This is the same affine space structure seen before in Inquiry and Example
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Note that the vectors in L do not span all of R, but if we add another line at a different angle than
L, also going through the origin, vectors from both lines together will span R2.

R
AN /

d

PS one line: neither of the two lines go through [3]
/]

/ /’m

—

/ 1
0.0) * R

)

two lines: there is a unique solution to [{3][%] = [3]

The reason for going through all the different perspectives in Example was to connect visual
with algebraic intution. We go one step further, into the third dimension, with the following example.

Example 8.2. Consider the two planes in R? given below. Note that their intersection is a line.

z =10z — 2y

z=-3x+ Ty

Both planes go through the origin (0,0,0). To find the vector along the line of intersection, we need
both equations to be satified at the same time. That is, we want to solve the matrix equation

10 -2 1] %] o Notice |10 =2 1] mrer [L 0 9/64
—371:‘;_0‘ -3 7 1 "o 1 13/64]"

so the nullspace of the matrix on the left is the span of the single vector [ -9 —13 64]T. Unlike in R?, a
line in R? can not be described by a single equation. We either use two equations (of the two planes),
or a single vector. Finally, we observe that to describe a plane as a span of vectors, we also use the
nullspace:

1/5] [-1/10
null ([10 —2 1}) =null([I -1/5 1/10])=span| | 1 [,| O
0 1

These are the two vectors whose span is the plane z = 10z — 2y.
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Definition 8.3: A hyperplane in R™ is the set of points that satisfies a single equation a1z +
<ot apxy = 0.

e For n = 1, a hyperplane in R! is a point.
e For n = 2, a hyperplane in R? is a line.
e For n = 3, a hyperplane in R3 is a plane.

A hyperplane is an (n — 1)-dimensional (or codimension 1) subspace of R".

Inquiry 8.4: Consider the vector v = [12 -3]7 € R?.

e Construct a 2 x 3 matrix A so that v is in the nullspace of A. Explain why v is in the left
nullspace of AT.

e Find two planes in R? so that their intersection is v.

e Construct a 3 x 3 matrix B so that col(B) = span(v). What is the nullspace of B?

8.2 The four fundamental subspaces

Let A € M,,xn, and let R € M, «, be the result of applying Guassian and Gauss—Jordan elimination
to A. We have seen two related vector spaces:

e the column space col(A) # col(R), which is the span of the columns
e the nullspace null(A) = null(R), which is the span of the (special) solutions to Ax = 0 or Rx =0

We now introduce two other spaces, which are related to the above two by the transpose of A.

Definition 8.5: Let A € M, «n.
e The row space, denoted row(A), is the span of the rows of A.
e The left nullspace is the span of the solutions to xT A = 0.

Together these four vector spaces are the four fundamental subspaces.

Remark 8.6. The left nullspace has no special way to write it. Observing that (x? A)T = ATx, we
see that the left nullspace of A is the vector space null(A”). With this, we see several other relations
among the four fundamental spaces:

left null- left null-
row(A) = col(AT), row(AT) =col(4), null(A) = <space of AT> , null(AT) = < space of A ) .

Remark 8.7. The previous remark makes it clear that the row space and left nullspace are vector
spaces. Below we put together all the relationships among these four subspaces, for A € M, xn.-

1. subspace relations:

e col(A) C R™ and null(AT) C R™ are subspaces
e col(AT) C R™ and null(A) C R" are subspaces

2. dimension relations:

e dim(col(A)) = dim(col(AT)) = rank(A) = rank(AT)
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e dim(col(A)) + dim(null(AT)) =m
e dim(col(AT)) + dim(null(4)) = n

The last statement is called the rank-nullity theorem, which we already saw just after Definition [6.6]
We now look at more relations among these vector spaces.

Inquiry 8.8: Consider the matrix A = [% 92 _11].

e Describe the column space of A as the span of two nonzero vectors.

e Suppose your answer to the above was col(A) = span(u,v). Compute A”u and ATv.
Explain why, in general, if v € col(A) is non zero, then ATv # 0.

e Describe the left nullspace of A. Why does it only contain the zero vector?

e Construct a 2 x 3 matrix whose column space is 1-dimensional and whose left nullspace is
1-dimensional.

Remark 8.9. Vectors in the column space of A are perpendicular to vectors in the left nullspace. For
example, consider the matrix

=l 3 =[] [} (]

The left nullspace is

12 12 L
null(AT) =null [ {2 4| | =mull[ |0 O] | = span{ { 1 ] } .
3 6 0 0

Taking the dot product of the basis vectors, we find

[1 2] [_12] =-2+2=0,

and so every vector in col(A) is perpendicular to every vector in null(A7).

Inquiry 8.10: Consider the vector v =10 -1 O]T e R%, and let A € Myya.

e Suppose that [1000]7 € col(A) and [00 -1 0] € null(A). Is v in either the column space
or the nullspace? Does it have to be?

e Find two vectors in R?* that are perpendicular to v. Explain why this gives you a 4 x 2
matrix that contains v in its left nullspace.

Example 8.11. For a practical application of these spaces, consider the following two matrices, both
representations of the directed graph below. In A;,., the rows correspond to edges, and the columns
correspond to vertices: each row has a —1 for the vertex where the edge starts and a 1 for the vertex
where the edge ends. This is called an incidence matriz. In Aqg;, (i,7)-entry is 1 if there is a directed

52



edge from v; to vj, and 0 otherwise. This is called the adjacency matriz.

V1
L 0o 0110 el e
-1 0 1 0 00 1 1
Ainc = 0 -1 1 0 Aadj 000 1 V2 s V3
0O -1 0 1 000 0 /
0 0 -1 1 €4 . es
V4

Bringing the matrix (A;,.)” to row reduced echelon form gives informsation about the row space of
Aine and the left nullspace of A;,.. The linearly independent rows of A;,. are the rows corresponding
to the edges eo, es,e4, and these edges form a spanning tree of the graph. The dependent row 3,
corresponding to edge es, is dependent because adding it would create a cycle in the graph (among
v1,v2,v3), and cycles contain redundant information, so we want to get rid of cycles. Similarly we get
a cycle if we add row 5, corresponding to edge e5, because then we have a cycle of four edges.

8.3 Exercises

Exercise 8.1. Find a basis for the column space, nullspace, row space, and left nullspace of

oS O O O
SO O =
o O = Q
S = O
S o O 9
S o o O

for a,b,c € R. Do the bases change if any of a, b, c are zero?

Exercise 8.2. Let A = Describe the four fundamental subspaces of A, A + I, and

o O O
S O =
O = O

A+ A%
Exercise 8.3. Let u=[3] and v = [3].
1. Construct a 2 x 4 matrix A for which col(A) = span({u,v}).

2. Find a basis for the column space and row space of uv? + (uv’)2.
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Lecture 9: Orthogonality

Chapter 4.1 in Strang’s “Linear Algebra”

e Fact 1: Two orthogonal subspaces are orthogonal complements if their dimensions sum up to
the dimension of the space they are in.

e Fact 2: The column space is the orthogonal complement to the left nullspace, and the nullspace
is the orthogonal complement to the row space.

e Skill 1: Determine if the columns of a matrix are orthogonal.

e Skill 2: Determine if two subspaces are orthogonal.

The vector space pairs column space / nullspace and row space / left nullspace are special because
of the relationship of each element of the pair to the other. In this lecture we will generalize this
relationship.

9.1 Orthogonal spaces

Recall from Lecture that two vectors u, v € R™ are orthogonal if uev = u’v = 0. Note that in this
case we have something that looks like the Pythagorean theorem:

||u-|—v||2:(u-l-v)o(u-l—v):uou+2uov+vov: ||uH2-|—Hv||2.
0

If u, v are orthogonal and both have length 1, then they are called orthonormal

Definition 9.1: Two subspaces U,V C R"™ are orthogonal if every pair of vectors u € U,v € V
is orthogonal. We say that “U is orthogonal to V” and “V is orthogonal to U”, which both
mean the same thing.

Example 9.2. Consider the following subspaces of Euclidean space.

V R
\\/\
U
/
>R
—/
\\
lines at 90° to each other in a line coming out of a plane two planes in R3 that
R? are orthogonal in R3 at 90° is orthogonal to “intersect at 90°” are not

the plane orthogonal
Two planes “intersecting at 90°” does not make sense, because any angle can be found between the

two planes with vectors in them. The planes intersect in a 1-dimensional vector subspace (the z-axis),
and the inner product of [100]7 with itself is not zero.
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Inquiry 9.3: In Example above, the third example with two planes looks like it “should”
describe a perpendicular intersection.

e Construct bases for U and for V of two vectors each. Make it so that the bases have a
common vector.

e Take the symmetric difference of the two basis sets. What is the angle between the two
vectors?

Give a proper description of what the “perpendicular feeling” in the picture is, using bases.

Example 9.4. For A € M, the nullspace null(A) and the row space row(A) are orthognal to each
other. Recall that x € null(A) if Ax = 0. Another way of saying this is, for r; € R™ a row of A, that

- r; - riex 0
- r9 - roex 0
X = . = N
- Iy — r, ®X 0
and since the row space row(A) = span({ri,...,r,}), we see that vex = 0 for any v € row(A) and

for any x € null(A). Applying the same observation to the transpose AT, we see that the left nullspace
of A (which the nullspace of AT) is orthogonal to the column space of A (which is the row space of
AT).

Inquiry 9.5: This inquiry uses Python, and follows the Pyhton notebook on the course website.

e Generate 100 real-valued vectors R?, with entries in the range [0,5]. How many pairs are
orthogonal? How many have inner product very close to zero?

e Generate 100 integer-valued vectors R?, with entries in {0,1,2,3,4,5}. How many pairs
are orthogonal? How many would you expect to be orthogonal?

e Generalize the previous point to R>.

Remark 9.6. To check that two vector spaces are orthogonal, it suffices to check that every pair of
elements u € B, v € B’ are orthogonal, for B a basis of U and B’ a basis for V.
We now consider orthogonality in the context of particular matrices.

Example 9.7. The matrix Ry := [Z?;gg; _cils?g?)

v € R? and Ryv € R? is exactly 6. The columns of Ry are orthogonal, as

} is called the rotation matriz, since the angle between

[cos() sin(6)] [_C(S)lsr(lg)} = —cos(#) sin(f) + sin(f) cos(#) = 0,

for any angle #. The columns are also orthonormal, as
. C (0 o 2 -2 _
[cos() sin(6)] [sin(&)} = cos”(#) +sin“(0) = 1,
[~ sin(6) cos(0)] [ (9)} — in?(8) + cos?(8) = 1.

Example 9.8. Consider a matrix A € Msxg as below. It does not have all orthogonal rows and
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columns, as row reduction shows we have only two pivots, meaning the row rank = column rank is 2:

11 2 100

123 4 5 1201 2 2 2 4 00 0
A=11 24 5 6| 2B 1o 01 1 1], AT = |3 4 s| EEEC, 19 1 2
2 4 8 10 12 00000 45 10 00 0

5 6 12 00 0

That is, columns 1 and 3 of A describe the 2-dimensional column space orthogonal to the 1-dimensional
left nullspace of row 3. Analogously, columns 2,4,5 of A describe the 3-dimensional nullspace orthogonal
to the row space of rows 1 and 2 of A:

1 3 0

col(A) =spany |1|, |4 is orthogonal to  null(AT) =span{ [—2| 3,
2] |8 1

[—2 -1 -2 1 1

1 0 0 2 2

null(A) = span 0(,(-1],[-1 is orthogonal to row(A) =span<¢ (3|, |4

0 1 0 4 5)

| 0 0 1 5] |6

We are left with a 2 x 2 invertible submatriz of A, hiding in the intersection of the pivot rows and
pivot columns. This submatrix is important for finding left and right inverses of non-square matrices,
and for singular value decomposition, which we will see later in the course.

1 2 3 4 5 L3
A=| 1 2 4 5 6 |, Ainvz[14].
2 4 8 10 12

9.2 Orthogonal relationships

Definition 9.9: If two subspaces U,V C R"™ are orthogonal and dim(U) + dim(V') = n, then
each is the orthogonal complement of the other in R™. That is, U is the orthogonal complement
of V, written U = V*, and V is the orthogonal complement of U, written V = U=,

Remark 9.10. Recall the concept of codimension from Definition [7.18] The codimension of a space
is equal to the dimension of its orthogonal complement. That is, codim(U) = dim(U+).

Remark 9.11. It follows that, whenever we have orthogonal complements U = V+, with U,V C R"
subspaces, then:

e U+ V =R", or in other words,

e any x € R can be expressed as a sum x = u + v of two elements, u € U and v € V.
Theorem 9.12. Let U,V be subspaces of R". Then

1. (UHt=U

2. (U+V)t=Utnvt

3 (UNV)t=Uut+Vvt

Proof. We only prove the second point, you will prove the other points in your homework. Recall
that U+V ={u+v : ueUvecV}) TakeueU,veV,and x € (U+ V). To see that
(U + V)t CU+NVL notice that u,v € U + V, hence

uex=0 = xeU", vex=0 = xeVt
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and so x € U NV, Since the vectors were arbitrary, we get that (U 4+ V)+ C U+ 4 VL. To see that
UtnVE C(U+V), takey € U NV, which means that both y € U+ and y € V+. Consider the
arbitrary element u+ v € U 4+ V, for which

ye(u+v)=yeu+yev=0+0=0,

meaning that y € (U+V)+. Again, since the vectors are arbitrary, it follows that U-NV+ C (U+V)+.
Combining these two statements, we get that (U + V)+ =U+tn VL, O]

Example 9.13. Combining Example[d.4]and the rank-nullity theorem from Lecture[§] for A € M,y
we see that

e the nullspace and row space are orthogonal complements: null(A4) = row(A)=+
e the left nullspace and column space are orthogonal complements: null( A7) = col(A)~+

That is, along with Remark any x € R" can be written as a sum x = X, +Xx,,, where x,. € row(A)
and x, € null(A). It follows that no row of A can be in the nullspace of A.

Inquiry 9.14: Let V be a vector space and U, W C V subpaces, with U = W+.
e If dim(V) = n and dim(U) = dim(W), explain what & must be, in terms of n.
e You are given that U = span(ui,...,u;) and W = span(wi,...,w;). Explain the rela-
tionship between 1%, j, n.
We finish this lecture with an observation about bases of R".

Remark 9.15. Recall that to be a basis of R", a set of vectors has to be linearly independent and
had to span R™. It follows that:

e If a set of n vectors is linearly independent, it spans R™.
e If n vectors span R, they must be linearly independent.

The second fact comes from considering an n x n matrix A whose columns span R, or equivalently,
where for every b € R" there is a unique solution x in Ax = b. If we argue that the columns are
linearly dependent, then there must be at least one special solution, and so infinitely many solutions
to Ax = b, but this contradicts what we originally assumed.

9.3 Exercises

Exercise 9.1. Confirm the observation from Remark That is, let B = {uy,...,ux} be a basis
for a vector space U C R", and let B’ = {vy,..., vy} be a basis for a vector space V. C R". If you
know that u; - v; = 0 for all 4, j, check that uev = 0 for arbitrary elements u € U and ve V.

Exercise 9.2. Check that the claim about the angle between v and Rgv from Example [0.7]is indeed
true.

Exercise 9.3. Let A € M, x,. Show that there is a bijective function f: row(A) — col(A). Hint:
use orthogonality and the decomposition of vectors described in Example 9.13.

Exercise 9.4. Let U,V be subspaces of R".
1. Show that (U+)+ =U.
2. Show that (UNV)+ =U+ +V+,
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3. Suppose there exist matrices A, B with U = col(A) and V' = col(B). Find a matrix C for which
null(C) = (U + V)*.

Hint: construct C' as a block matriz.
Exercise 9.5. Consider the following two planes, as subspaces of R?:
Py = {x = (21,22,23) € R® : 3z; — 429 + 23 = 0},
Py = {x = (z1,29,23) € R® : 521 — 1023 = 0}.
1. Find normal vectors n; and ny to the planes P; and Ps, respectively.

2. Find bases By and Bs for the planes P; and P, respectively.
Hint: the basis of a plane is the nullspace of the defining equation.

3. Construct a 2 x 3 matrix A; whose row space is P;. Show that the nullspace of A is the span
of n.

4. Construct a 3 x 2 matrix As whose column space is P,. Show that the left nullspace of Ay the
span of ny.
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Lecture 10: Projections

Chapter 4.2 in Strang’s “Linear Algebra”

e Fact 1: A projection of a vector is another vector.

e Fact 2: Projections are “best approciximations”

e Skill 1: Compute the projection of vectors onto subspaces.

We continue our study of orthogonality by describing how it affects arbitrary vectors, not just ones in
the vector subspaces being considered.

10.1 Projecting onto lines

To project a vector v € R? onto some other vector w € R? (or onto some plane P going through the
origin), means to create a new vector that points in the same direction as w (or lies in P), and is “as
close as possible” to the first vector v.

R

Since both w and P are subspaces of R?, projections can be understood in (at least) two ways:
1. the projection of v is the part of v that lies in the subspace to which you are projecting

2. the projection of v produces another vector v/, so projecting is simply multiplying by some
appropriate matrix A: Av = v’

Both of these approaches are correct.

[elelen)
oo
oo

Example 10.1. Projecting v € R? onto the y-axis is multiplying v by [ ] . Projecting v onto the

100
xy-plane is multiplying v by [8 ! 8] .
In general, projecting a vector u onto a vector v uses the formula for the angle between them, from

Proposition Given two such arbitrary vectors, we want to compute the vector p, which goes in
the direction of v, and is one side of a right triangle with u as hypotenuse.

\ 6 = =
: <08(8) = alIvll = hypotenuse

u / N // uev adjacent
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uev
il
may not have unit length, but the vector ”VT” does, and it goes in the same direction as v. Hence p

may be expressed as

Since the hypotenuse has length ||u||, the adjacent, which is p, must have lengt The vector v

uev \% uev uev

_ e = V= —
vl vl vl vew

Definition 10.2: The projection of u onto v is the vector

uev

projy(u) = . (3)

The difference u — proj, (u) is called the error vector.

Example 10.3. We note two trivial examples of projections.

e Projecting u onto a line which is orthogonal to u gives the zero vector. This makes sense,
because ue v = 0 for all v in this line. In this case the error vector is equal to u.

e Projecting u onto the line on which u already lies gives back u. This also makes sense, because
the line is all vectors cu, for ¢ € R, and for v = cu, the expression Jsv becomes %, and %v =u.
In this case the error vector is the zero vector.

Considering the dot product as multiplication of matrices, Equation becomes

ulv viu viu  vvlu 1 T

v = v=v = = vv© u (4)
vev vev Vev Vev Vev

P

The matrix P is the rank one projection matriz. The idea for it being rank one is that the projection
goes to a 1-dimensional subspace, a line.

Inquiry 10.4: This inquiry continues the ideas from Example above

e Explain what properties of scalar, vector, or matrix operations are being used for each
equality in Equation .

o Let P = [‘g Z] € Msyo be a symmetric matrix. Using Equation , explain what condi-
tions must be true for a,b,c € R for P to represent a projection matrix.

Remark 10.5. The error vector e = u — p from Definition is also a type of projection, but onto
a different vector, one that is orthogonal to v and p.

/K \\

\ u/ \\\‘ / /
e \

To get a matrix for the projection of u onto w, we want the result to be e = u — p. Since p = Pu,
we quickly see that e = (I — P)u. Hence the projection matrix is I — P.

10.2 Projecting onto subspaces

Next we consider the more general situation of projection a vector onto a subspace. Since all vector
spaces have a spanning set, we consider a subspace to be a span of vectors. Combining these vectors
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as columns of a matrix, we get the column space.

Definition 10.6: Let V' = span{vi,vay,..., v} C R", and let A be the matrix with these
vectors as its columns. For any u € R"”, the projection of u onto V is the vector

projy (u) = A(ATA)"1AT u.
—_—
P

We assume the v; are linearly independent, as otherwise AT A does not have an inverse. If the v;
are not independent, remove the vectors that depend on others (this does not change the span).

The motivation for this expression is slightly more tedious, and comes from observing that for p = Ax
the projection (for some appropriate x), the vector u — Ax is orthogonal to the column space of A.

Remark 10.7. Since V1 is the orthogonal complement of V', by Remark every u € R™ can be
expressed as u = v + v/, where v € V and v/ € V+. Since matrix multiplication is linear, and using
the trivial projections from Example it follows that

projy (1) = projy (v + v') = projy (v) + projy (v') = v + 0 = v,
projy 1 (u) = projy 1 (v + V') = projy1 (v) + projy 1 (v)) =0+ v = v/,

and so we always have v = projy (v) + projy . (v) for any v € R"”. This gives a matrix for projecting
onto the orthogonal complement, as

projy. (u) = u — projy(u) = u — A(ATA) P ATu = (I — A(ATA)PAT)u.
P

Inquiry 10.8: Let V = R?, choose two perpendicular vectors vi,vs € R?, and compute the

two projection matrices Pi = projpan(v,) and P = Projgyan(v,)- Let w € R? be a non-trivial

linear combination of both of the vectors.
L] Explain Why P1P2W = P2P1W =0.Is P1P2 = P2P1 =07
e Explain why PPPiw = Piw and Po,Pow = Pow. Is PLP, = PoP, = I7

See Exercise for more guidance.

10.3 Exercises

Exercise 10.1. Show that projecting twice onto a line is the same as projecting once. That is, if P
is the projection matrix from Equation (4, show that P? = P.

Exercise 10.2. Let v = (1,1,1) € R3.

1. Take random vectors in the unit square in R3, and plot the average error, up until 1000 vectors,
when projecting to v.

2. What does this number converge to?

3. Bonus: Prove this limit.

Exercise 10.3. Find the projection of v = (=3, —1,6) onto the plane 3z +4y — 9z = 0 and its normal
vector.

Exercise 10.4. Let v = (z,y, z,w).
1. What matrix M projects v onto the xy-plane to produce (x,y,0,0)? That is, find M for
Mv = (z,y,0,0).
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2. What matrix N cycles the axes to produce (w,x,y, 2)? That is, find N for Nv = (w, z,y, z).

Exercise 10.5. The set U C R" is a subspace with basis uy,...,u;. These basis vectors are the
columns of the n x k matrix A. For any v € R", define the reflection of v in U to be the vector

refly (v) := v — 2projy. (v).
1. Construct the matrix of refly.

2. Show that reflyy preserves length, that is, show that |refly(v)|| = ||v]| for all v € R™.
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Lecture 11: The least squares approximation

Chapter 4.8 in Strang’s “Linear Algebra”

e Fact 1: The least squares approximation is a vector x that is “the closest solution to” Ax = b

when b ¢ col(A)

e Fact 2: If Ax = b does not have a solution, then A7 Ax = b will have a solution, as long as the
rows of A are linearly independent.

e Skill 1: Find the least squares solution to a matrix equation with no solution.

e Skill 2: Find the degree-d polynomial that approximates a collection of points in R2.

One of the main applications of projections is finding the the closest solution to a linear system that
has no exact solution.

11.1 Least squares for lines

When given points in the plane R?, it is often assumed there is some underlying relationship among
the points. To discover this relationship from the points, some approximation must be made, becaused
the points are never arramnged in a neat pattern.

Example 11.1. Consider the points (1,4), (7,1), (5,3) € R2. Is there a line y = ax + b goes through
all of them? If yes, which one is it? If no, why?

A ‘s
~ .
~
- -~
.% hd
~
SRS
> ~ - .
~ -~
~ ~ oY,
~ “.
~ R
N ~
~ . -~
o S -~
S
o

R

.

.
4
e
R
G
'l
"~

There is no such line, because any two of the points determine a line that does not intersect the third
point. We are equivalently asking for a solution to three equations, or to a linear system.

4 = a+b 11 4 1 14 1 1| 4
1 = Ta+b 71[2‘]:1 7 11| CEy o —6|—27
3 = BSa+b 5 1 3 5 13 0 0| 1

A

Note that [4 13 ]T is not in the column space of the matrix A, since the auigmented matrix by Gaussian
elimination gives the contradictory equation 0 = 1 in the last row. However, we still want to find a
line that is “as close as possible”, and projections help us do that.

Remark 11.2. Above we had a matrix equation Ax = b for which b ¢ col(A4). However, we can
project b onto col(A), which will guarantee a solution. That is, we can always write b = p + e, where
p € col(A) and e is orthogonal to col(A).
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Definition 11.3: Let A € M;,x, and b € R™, with b = p + e and p € col(A). The lcast
squares solution to Ax = b is a vector x that, equivalently,

e makes the distance between Ax and b as small as possible
e makes the number ||Ax — b|| as small as possible

e is the solution to Ax = p

In practice, we minimize ||Ax — b||? instead of ||Ax — b||, since square roots are hard to deal with.
It does not matter which expresion we minimize, because a < b iff a> < b? for a,b nonnegative. The
first approach to finding the least squares solution is to use calculus, because that is how to find the
minimum of a quadratic function.

Example 11.4. Using the equation Ax = b fom Example [T1.1} we have

11 41|17 a+b 411 at+b—47]>
[Ax —b|>= | |7 1 [‘g]— 1| =1 |7a+0b| = [1|] =] |ta+b-1]] .,
5 1 3 5a + b 3 5a +b—3
which simplifies to
M(a,b) = (a+b—4)*+ (Ta +b—1)>+ (5a + b — 3)% (5)

To find its minimum, we take the derivative. Since this is a function in two variables, we have two
derivatives to take.

M
aa—a:2(a+b—4)+2(7a+b—1)(7)+2(5a+b—3)(5):150a+26b—52
M
86—():2(a—|—b—4)—|—2(7a+b—1)~|—2(5a+b—3):26a+6b—16

Having these derivatives be zero produces a new matrix equation to solve:

150 26| |a| |52
26 6| |b| |16
We now see the line y = —%—g:r + % is the best approximation:

[150 26 52] RREF [1 0 _;g]
_—

131
26 6 16 01 11

R
I N (5,3)

N : N
\‘ zoom in \b\k

Yy =ar +
~N N
S T

The vertical distances from the points to the line have been minimized. Indeed, for example with
(5,3), minimizing the vertical distance between it and the line y = ax + b means making the value

(5,504 b) — (5,3)|> = ||(5—=5,5a +b—3)||> = (5 — 5)° + (5a + b — 3)*> = (5a + b — 3)*

as small as possible, which is exactly the third term in M (a,b) from Equation ().
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Inquiry 11.5: This question is about least squares approximations.

e You already know that two points in R? define a unique line. Explain why the method
provided in Example will produce this unique line.

e Suppose you are given three points above are above each other, such as (1,2), (1,4), and
(1,6). Explain why the described method will fail. How would you fix it?

e Explain why there is no problem with the task above if a fourth point is added at a different
z-value.

Remark 11.6. The “distance” from a point to the line can be throught of as the shortest length - not
always the vertical distance. This is sometimes called the perpendicular distance, and will be solved
by the method presented later in Lecture

The second approach is to observe that for b = p + e, the error vector e is in the left nullspace of
A, since the column space and left nullspace are orthogonal complements.

Theorem 11.7. Let A € My,xpn. If b & col(A), then
1. the equation Ax = b has no solution, and
2. the equation AT Ax = ATb does have a solution.
The justification for the second point of this statement is given in the folowing inquiry.
Inquiry 11.8: This inquiry explains the reasoning behind Theorem Let Ax = b be a
matrix equation with b & col(A4), and b = p + e, where p = proje(4)(b)-
e Explain why the error vector e € null(A”). Hint: use orthogonal complements.
e What does ATb simplify to, when b is replaced by p + e? Use what you showed above.
e Convince yourself that A”p € col(AT). Explain why this means that ATp ¢ null(A).
e Show that if x € null(A), then x € null(AT A). Hint: use orthogonal complements.

e Show that if x € null(AT A), then x € null(A). Hint: use the positive definiteness of the
norm.

e Put everything together to get that A”p € col(ATA). Explain why this means that
AT Ax = ATDb has a solution.

For points 4 and 5, see Exercise for more guidance.

11.2 Least squares for higher degree polynomials

Suppose we want to generalize the previous section, and find a quadratic function that goes through
three points in the plane R?. Quadratics have the form y = ax? + bx + ¢, so there are three variables
a,b, c that need to be found.

Example 11.9. Three points always have a unique quadratic going through them (which can be
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found by back-substitution), so we add another point (8,2) for increased difficulty.

R
N 4 = a+b+ec (S 4
-y 1 = 49a+47b+c a9 7 1l 3| _ |1
aq 3 = 25a+5b+c 25 5 1| || " |3
~2 2 = 6da+8b+c 64 8 1| L% |2
™~ — > X ~
TR A b

The process then is very similar, except we have three variables:

M (a,b,c) = ||[Ax — b||? = (a+b+c—4)* + (49a+Tb+c—1)* + (25a+5b+c — 3)* + (64a+8b+c— 2)2.

Taking the derivative in all three variables gives

a—]aw = 14246a + 1962b + 278¢c — 512,
8(;\()4 = 1962a + 278b + 42¢ — 84,
65\04 = 278a + 42b + 8¢ — 20,
which, when placed into a system, leads to the solutions a = 515, b= —231 ¢ = 208 a5 shown in the

plot above.

Definition 11.10: Let p; = (z1,%1),...,P, = (Tn,yn) € R% The degree-d polynomial ag +
a1z + agx® + - -+ + agz? that approximates the points p; is the least squares solution to the
matrix equation

2 d

1 z z7 - 2§ ag Y1
2 d

1 z 25 -+ x5 ai Y2
2 d

1 z, z;, -+ z5| |ag Yn

The matrix on the left is called the Vandermonde matrix. This is the same as we used before,
but with rows rearranged (the solution will be the same).

Example 11.11. Suppose that we have four points in the plane. The degree 1, 2, and 3 appoximations
to the four points are given below. Note that individually, the points do not get close to the higher
degree approximations, but the degree 3 approximation does go through all of them.

10 4

— degres 1 approximation
m— degree 2 approximation

| == degree 3 approximation y=— 303+454x— 13.4)(2 + 1.2)(3

y=3.8—-15x+0.3x2
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Inquiry 11.12: Let py,...,p, € R2.

e Explain what condition must hold for the degree-(n — 1) polynomial given by Definition
to go through every one of the points perfectly.

e Let € > 0 be a very small value, such as ﬁ. Let n = 8, with p, = (i,¢) for i = 1,2,3,4,
and p; = (i, —¢) for i = 5,6,7,8. Explain which degree-d approximation, for d =1,...,7,
is the “best” approximation for these points.

11.3 Exercises

Exercise 11.1. Using the setup from Example finished in Example to come to the same
conclusion (that is, the same best fit linear equation), but use the projection matrix instead of partial
derivatives.

Exercise 11.2. Let A € M,,,«x. Show that A and AT A have the same nullspace.
Exercise 11.3. Consider the set of six points P = {p1,...,ps} C R?, with:

P = (_173)7 b2 = (47 6)> p3 = (3> 1)a pba = (_27_3)7 Ps = (67_7)7 b6 = (_674)'

1. Either using the projection matrix or partial derivatives, find the line y = ax + b that is the least
squares approximation to the points.

2. Find a point p; € R? such that the least squares approximation to P is the same as to P U {pr}.
Hint: Don’t redo all your work! Use an observation from partial derivatives.

3. Let ¢ € R. Find a point pg € R? such that the least squares approximation to P U {pg} has
slope c.

Exercise 11.4. < Write a function in Python that takes two inputs:
e a list of points in R?,
e a positive integer d,

and returns the degree-d least squares approximation to the input points. You may use the solve
command from numpy.linalg or scipy.linalg .

Exercise 11.5. Consider the following collection of four points P = {p1, p2, p3, ps} € R3:
pP1 = (17 -2, _4)7 b2 = (07575)’ b3 = (_67 -7, 2)7 P4 = (1547 _1)'

1. Generalize the least squares approach and find the closest plane H in R? to the points in P
(instead of the closest line in R?).

2. Project the points in P onto the plane H from part 1.
Warning: The plane H will not go through the origin. You need to shift everything first.

Exercise 11.6. Find the least squares degree 1,2,3,4 polynomials that approximate the points
(_73 2)7 (_67 _2)’ (_27 _1)> (07 3)? (37 0)7 (4a 1)'

Plot all the functions and points together to confirm that the higher degree polynomials are better
approximations to the points.
Exercise 11.7. Any line in R? may be given (not uniquely) by £(t) = (a1, as,a3)t + (b1, ba, b3).

1. Given two such arbitrary lines, find the location of the points on each which minimize the
distance between them.

>t 2. Take 1000 pairs of such random lines and find the average and standard deviation of the minimum
distance between the lines.
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Lecture 12: The Gram—Schmidt process

Chapter 4.4 in Strang’s “Linear Algebra”

e Fact 1: Every basis can be made into an orthonormal basis.

e Fact 2: The result of the Gram—Schmidt process depends on the order of the vectors input.

e Skill 1: Apply the Gram—Schmidt process to a set of vectors.

e Skill 2: Factorize a matrix A with linearly independent columns as A = QR, with A having
orthonormal columns.

12.1 Orthonormalizing a basis

We previously saw orthogonality and orthonormality in Section [9] We revisit it here from the per-
spective of bases. Recall that for a set of vectors B = {vy,..., v} to be orthonormal, they need to be
orthogonal (that is, v; - vj = 0 whenever i # j), and they need to be of unit length (that is ||v;|| =1
for all 7).

Remark 12.1. Placing orthonormal vectors vi,...,vy € R™ as columns in a matrix A will always
give AT A = I. For example, taking two orthonormal vectors [\{%2} and {?[13/22 } in R? as columns of
a matrix will show this property, as well as when we consider them as lying in the 2y-plane of R3.

R

N

/
N[ Ul b

*R AT A

R
V3/2 —1/2
V3/2 1/2 0 . 1o
/2 V3/2| =
R [—1/2 V3/2 0] 0 0 [0 J
AT 7
R

The key idea here is that even though there are many different pairs of orthonormal vectors, they all

have the common property that they multipy with their transpose to the identity matrix.

Example 12.2. We have already seen the rotation matrix Ry := {698(6) B Sin(e)] from Example in
sin(0) cos()

Lecture [9 has orthonormal columns:

10

T —

Re R@ - |:0 1:| .

Every single permutation matrix also has orthogonal columns:
001 0|01 00 10 00
100 0|00 011 (01 0O
000 1|1 00O (0010
010 0/[0 010 0 0 01

PT P
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Remark 12.3. Whenever A € M,,«, has orthonormal columns, the lengths of v and Av are the
same, for any v € R™. This follows directly from Remark

|Av]? = (Av) o (Av) = (Av)T(Av) = (v AT Av =vI (AT A)v =vIiIv =vIv=vev =|v|2

Inquiry 12.4: Let V be a vector space, and U C V a subspace with basis vectors uy, ..., ug.
Suppose that the basis vectors are orthonormal.

e How does the formula for the projection matrix P simplify, when projecting onto U? See
Definition [10.6

e Let v € V. Express the projection proj;;(v) as a linear combination of the basis vectors
uy,...,ug of U.

We are considering all the impacts of having an orthonormal basis, because a very helpful sim-
plification to many problems is to have an orthnormal basis. The basis you are given may not be
orthonormal, so you have to orthnormalize it. This process of making the basis orthonormal is the
Gram~—Schmidt process.

Example 12.5. In the plane R?, every pair of vectors that do not lie on the same line form a basis
for the plane. However, some pairs of vectors u, v are more special than others - those which lie at a
90° angle to each other. Equivalently, it is those pairs u, v for which proj,(v) = proj, (u) = 0.

R R
AN H
N . ’
/l
R
>R
7

Vectors perpendicular to each other are much easier to deal with, so we try to only work with those.
This is the case also for subspaces of vector spaces, for example the plane H defined by 2z+3y—2z =0
in R3. To find the two basis vectors of this plane, we compute a nullspace:

H=null([2 3 —2])=null([1 % —1])=span ) 1

)

—= O

1
0

These two vectors in the span are not orthogonal to each other, as

_% 1 3
1 |e|0] =—=#0. In the plane H:
2
0 1
— —~~
u v

We would like to make them orthogonal to get a nicer basis. All that we need is to make v orthogonal
to u, and recalling that everything in the orthogonal complement of span(u) will fulfill this criteria,
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we simply project v onto span(u)’. Following the formula in Remark this new vector is

1 / _3 1 _3 1—- 2 4

—3/2 2 —6 2 13 13

v’ = proj J_(V):(I—P)V:V—v.uu: 0| — 1| = ——l1]|=1 & | =&
pan(u) 13 13

ueu 1 9/4+1 0 1 13 0 1 1

The two vectors u, v’ still span H, but now we have the added benefit of orthogonality:
_3

2

uev =

1
0

Algorithm 5 (The Gram—Schmidt Process): Suppose you have a set vi,...,v, € V of
linearly independent vectors. The Gram—Schmidt pocess will first create a set of orthogonal
vectors wi,...,w, € V, and then a set of orthonormal vectors q;,...,q, € V. They will have
all the same span: span(vy,...,v,) = span(wy,...,wy,) = span(qy,...,d,)-

o Let w) =v;

e Foreach:=2,... . n:
— Let w; = v; — (projWF1 (Vi) + -+ 4 Projy, (VZ)>

e The orthonormal set of vectors is q; = ”x—’”

Inquiry 12.6: Let V' be a vector space and u,v € V be linearly independent vectors.
1. What will be the output of the Gram—Schmidt process when it is run on v, 2v, 3v?
2. What will be the output of the Gram—Schmidt process when it is run on v,u, v + u?
3. Explain why running the Gram—Schmidt process on the two sets v,u,v+u and v,u+v,u

in that order will give the same result.

Example 12.7. Consider the vectors vi,va,v3, v4 € R*, placed as columns in the matrix

1 2 0 2 1 0 0O
2 01 1 RREF 01 0O
0 211 0010
1 01 2 00 0 1
—_—
A

These vectors form a basis, but the basis is clearly not orthnormal. If it were, the computations below
should give values 1 on the diagonal and 0 everywhere else:

1 20 171 2 0 2 6 2 3 4

20202011_28247“

01 1 1/(0o 2 1 1] |3 2 3 4 4

2 1 1 2|1 01 2 4 4 4 10
AT A

Exercise works through the Gram—Schmidt process on these vectors.
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1 0 1
Inquiry 12.8: The three vectors u= [0| ,v= [—-1|,w = | —2| span all of R3.
1 1 0

e Run the Gram—Schmidt process on u, v, w, in that order, and then on the different order
u,w,v. You may use a computer.

e Why are the results different? Is the span of the resulting vectors different?
e How do you think the two results are related?

If possible, visualize the locations of the vectors on a computer.

12.2 Factorizing and extending

As now is very common, we consider vectors as columns of matrices. Given some vectors as columns
in A, and the resulting orthonormal vectors in (), a natural question arises: How are A and () related?

Proposition 12.9. There exists a matrix R for which A = QR, or R = QT A, and it is given by

- 4 - | | | | qripvl Q§V2 qgvii Q§V4
- - 0

R— q2 vi vo vz v4| = qs V2 CIQT V3 q% V4
- Q43 — ‘ | | | 0 0 q3V3 (Qq3V4
- q - 0 0 0 dqlwy

The proof of this statement follows immediately by observing that the construction of the q; meant
that q; @ v; = 0 whenever j < i. Indeed, we first note that q; e w; = 0 whenever i # j, since the q;
point in the same direction as the w;. So for example,

qQevs=aqye (W3 + Projy, (v3) + projy, (V3)) =q, ® W3+ qy ® projy,, (v3) + q4 @ proj, (vs) = 0.

0 0 because q,ew1=0 0 because q ew2=0

Remark 12.10. Recall that to find the least squares solution to Ax = b, we projected b onto col(A)
as p. Since

Ax=b= p + e
~—~ ~—
in col(A)  orthogonal to col(A)

has no solution, but
ATAx =ATb= ATp 4 ATe
—~— ~—~—
in col(AT A) 0

does, least squares was about solving A" Ax = ATb. Using the result from Proposition this
equation becomes
AT Ax = ATb
(QR)T(QR)x = (QR)"b
RT'QTQRx = RTQ™b

RTRx = RTQ™b (since QTQ =1)
Rx=Q"b (since R and RT have inverses)
x=R1'Q"b (since R has an inverse)

which requires much less multiplications for a computer to do that x = (AT A)~!ATb.
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Inquiry 12.11: Consider the vector space of all functions [0, 1] — [0, 1], similar to Exercise
with the “dot product” defined by f e g = fol f(z)g(z) dz.

e Are the two functions z, 22 linearly independent? Are they orthogonal?
e Run the Gram-Schmidt process on z, 22 to get an orthonormal set of functions.

e Changing the space to set of all functions [0,27] — [0, 7], check that sin(x),cos(x) are
orthogonal.

Remark 12.12. The Gram—Schmidt process is useful for eztending a basis. That is, given an or-
thonormal basis for U C V, we can extend the basis to a basis for all of V' by simply running the
Gram—Schmidt process on the vectors in the given basis, and add as many vectors from V' as necessary.
For example, given

1

V = R* = span and U = span cv,

)

11

0
0
1
0 0

1 0 0 2
0 1 0 2
0|7 10f" 0 2
0 0 1 1
we can extend the two vectors in the basis of U to a basis of V. Since the given basis vectors of U are

orthogonal (but not orthonormal), the first part of Gram—Schmidt process will not affect them. Since
V = R* is 4-dimensional, we know two facts:

RN

1
e two vectors are not enough for a basis of V, so [_01} , [ ] is too small to be a basis, and
0

0 0 0
} , [é] , [?] , [8] is too big to be a
0 0 1

To find an orthonormal basis of V' that contains the two basis vectors of U, simply run the Gram—
Schmidt process on all six vectors, beginning with the two from the basis of U.

SOoOOo—

e six vectors are too many for a basis of V', so { 1} , { ] , [

basis.

12.3 Exercises

Exercise 12.1. Check that the columns of the 2 x 2 rotation matrix (introduced in Lecture(9.1)) and of
the 3 x 3 permutation matrices (introduced in Lecture ??7) are all orthogonal. Are they orthonormal?

0 2

1 2

. . 2 0 1 1
Exercise 12.2. Apply the Gram-Schmidt process to the vectors ol 12l (1l 111

1 0 1 2

Exercise 12.3. Consider the 2-dimensional subspace H C R* defined by

2c+3y—w = 0
_ 4 . )
H—{(az,y,z,w)eR 2w 0. }

1. Express H as a span of two vectors.

2. Apply the Gram—Schmidt process to the two vectors from above to get H as a span of two
orthonormal vectors.

change of basis matrix from the two vectors in part 2. to these two vectors.

3. The space R* has the zy-plane as a 2-dimensional subspace, with basis ] Give the

OOoOOoOH
(elellle]
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Lecture 13: Generalized distances

Chapter IV.10 in Strang’s “Learning from Data”

e Fact 1: The inner product generalizes the concept a distance for other spaces.

e Fact 2: (Relative) positions of points cna be recovered knowing just the distances between them.

e Skill 1: Compute the length of, angle between, and projections of vectors in arbitrary inner
product spaces.

e Skill 2: Construct the position matrix knowing just the distance matrix.

We now take a small detour from Strang’s Linear Algebra and work with the material from Strang’s
Learning from Data. The topic follows the topics of the previous lectures, expanding on the idea of
orthogonality and unit length in different vector spaces.

13.1 Functions on spaces

Definition 13.1: Let V be a vector space. An inner product on V is a function (-, -): V2 = R
such that for all v,u,w € V and all ¢ € R,

e (positive definite) (v,v) > 0 with (v,v) = 0 if and only if v =0
e (symmetric) (v,u) = (u,v)

e (multiplicative) (cv,u) = ¢(v,u) = (v, cu)

e (bilinear) (v+u,w) = (v,w) + (u, w)

A vector space V that has an inner product is called an inner product space. Given any two
vectors u, v in an inner product space V,

e they are orthogonal if (u,v) =0,

e the angle 6 € [0,27) between them is given by cos(f) =

Recall that the only required operations for a vector space were scalar multiplication and vector
addition (a dot product was not required).

We have already seen an example of the inner product in the dot product of two vectors. Just like
there, every inner product has a notion of distance associated to it: the norm, or length, of v in an

inner product space V is
V]| = V(v,v) =y Vvev.
Example 13.2. There are many examples of inner product spaces besides R" with the dot product.

e The space M,y of all m x n matrices over R is an inner product space when using (A, B) :=
trace(AT B). The trace is the sum of the entries on the diagonal.

e The space C[0, 1] of all continuous functions with domain [0, 1] and inner product

1
(f.g) = /0 f(@)g(x) dz

is an inner product space. Adjusting the domain to any interval [a,b] C R still makes this an
inner product space.
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Inquiry 13.3: This inquiry is about the properties of an inner product space V given in Defi-
nition [I3.1} Using them, show that:

e (0,v)=(v,0) forallveV
e the only vector in V' that is orthogonal to itself is 0

e the parallelogram equality holds: ||u + v||? + [ju — v||? = 2(||u||®> + ||v]|?)

Theorem 13.4. The inner product { -, - ) in any inner product space V' 3 v, w satisfies:
o the Cauchy-Schwarz inequaity: |(v, wy| < ||v||||w|| with equality iff v and w are linearly dependent
e the triangle inequality: v+ w| < ||v|| + ||w||

Example 13.5. Using the first point of Theorem we can show that the functions sin(x) and
cos(x) are linearly independent in C10, 27|, and that sin(x) and 2sin(x) are linearly dependent.

Cos(x)

1+
/\ 2 sin(x)

I ol I L I 1
T T 37 W sin(x)
- - — — 2
-1t 4 2 4 il 4 4 "
2+
We find that
2 2T o3 _ o
(sin(x), cos(x)) = / sin(x) cos(x) dx = / sin(2z) dx = cos(dm) _ = cos(0) =0,
0 . 2 4 4
2T 2 q _ 2 in(4 .
||sin(z)||* = / sin?(z) dr = / 1= cos(2z) de =7 — (sm( ) _ s1n(0)> =,
0 0 2 4 4
27 21 2 1 : 4 : 0
|cos(z)||? :/ cos?(z) dx :/ cos(2z) + 1 dx = (sm( m) _ sin( )> + 7=
0 0 2 4 4

Since 0 # /7 - y/m = 7, the functions sin(z) and cos(z) are linearly independent, but since 27 =
/T -V/47, the functions sin(x) and 2sin(x) are linearly dependent. Also note that the positive definite
property of the inner product is satisfied.

The notions of angle between vectors, orthogonality, unit length, all apply to inner product spaces
in the same way they applied to R™ with the dot product.

Example 13.6. The angle between the matrices A = [:;1 é} and B = [% —21] is

cos-! trace(A” B) o]
trace(AT A)trace(BTB) ) trace (H <17 {
9
1

= cos™!
- <trace ([95 %)) trace ([ 13 _53])>

N 1278

~ 89.51°
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Remark 13.7. The Gram—Schmidt process in Lecture [12] was done on vectors using the usual norm
in R™. By obeserving that the projection operation can be given in terms of inner product, the
Gram—Schmidt process can be applied to any inner product space:

) viu v-u (v,u)
projy(u) = Vv T vov (v V>V'

Inquiry 13.8: Consider the inner product spaces C|a,b] and Maxo.
e What is the angle between z + 1 and 22 + 1 in C[0,1]?
e Compute the projection of cos(z) onto sin(z) in C[0, 27].

e Compute the projection of the rotation matrix Ry onto [11]. For what angles 6 are these
matrices orthogonal to each other?

13.2 Distance matrices

Recall the points from Exercise [11.9|in Lecture which were used in the motivating least squares
example. If the points were located elsewhere but their relative position to each other was the same,
we can still solve the least squares problem, up to some z-shift and y-shift. This situation has two
advantages:

e only requires relative information: measurements only need to be made among the data, not
between data and something else (like a reference point - the origin)

e allows for spaces that are not R™: on the sphere, on a grid, with barriers, etc

Example 13.9. Consider the distances among the four points, slightly adapted from Exercise [11.9

R
. (1,3)
i a = (1,3
i;:l\iA§\ b = (5,4) w5 T8
N i e AU c = (7,1) 341 2
T~ d (8,2)
C
i > R

The matrix X is called the position matriz. We can easily compute the symmetric distance matrix

la—al* [la=b[* fa—c|® [a-d|? 0 17 40 50
p— |Ib=al* [b=b* |b-c|* |b-d|*| _ |17 0 13 13
“lle=al® fle=bl* fe—c|* [e—d[*] " |40 13 0 2|’

Id—al* [|d=b|* [ld-c|* [d-d|? 50 1320

which contains the squares of the distnce among the points. The relationship between X and D is not
so clear, however.

Proposition 13.10. Let D € My, be the matrix containg squares of distances among k points

vi,...,Vvi € R™ The relationship between D and the position matrix X is given by
1
T 1 L
X'X =3 s[t 1 - 1]+ |.|s"=DJ|,
1
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o O o o

where the position vector s” = [|vi—vi|? [vi—vz|? - [[vi—v2|?] is the first row of the matrix D.

Example 13.11. Continuing Example we fix one of the points as a reference point. Without
loss of generality, we simply say

a=0.

That is, we subtract a from all the vectors a, b, c,d to get new ones (which we call the same). Any
other vector b, c,d could have been chose. Now the first line of D becomes (squares of) the lengths
| - || of all the vectors a,b,c,d, and the lengths also appear on the diagonal of X7 X:

0 B el jal 0 0 0 0

_ |IIbll 0 |Ib—c|> [b-d| 7~ |0 beb bec bed
D=l je=nr 0 Je—dP|® T X7 {0 cob cec ced
IdI? [d=bJ? [d—ef> 0 0 deb dec ded

Applying the result of Proposition [13.10, we construct the position vector s” = [0 ||b|2 |lc|? [d]2] =
[017 40 50], and compute

1
XTx=1 s[1 1 1 1]+ s p
2 1
1
[0 1 0 17 40 50
1|17 1 17 0 13 13
=5 | [l P 1 1A+ [0 17 40 do]— | o
50 1 50 13 2 0
0 0 0 0] [0 17 40 50 0 17 40 50
1| |roar 1T v 0 17 40 50| |17 0 13 13
2| [40 40 40 40 0 17 40 50 40 13 0 2
50 50 50 50| [0 17 40 50 50 13 2 0
00 0 0
|0 17 22 27
T |0 22 40 44
0 27 44 50

Since X7 X is symmetric, doing row reduction to get the LDU-decomposition of X7 X will produce
symmetric matrices, that is, LDU = (Lv/D)(v/DU), with L = U”. This will give X, up to a shift
and potentially a rotation and a reflection. Note that the matrix “D” here isthe diagonal matrix from
the LDU-decomposition, and is different from the distance matrix “D” used above.

For this example, we have

0 0 0 1 0 0 0o 0 0 O 1 0 0 0]t 0 0 0][0o0 0 0
172227_01000172227_01000170001%3%%
22 40 44 0 2 1 off0o 0o ¥ 4= 10 2 1 0|0 0 ¥ o/f00 1 3
2r 11 27 11
27 44 50 02 4 110 0 0 0 0 % 1 1J [0 0o 0 1]]0 0 0 10
Z U L B U

where we note that L is the transpose of U if we ignore the zero rows of U. From this we recover the
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points a’, b’, ¢/, d’ as the non zero rows of v DU.
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Inquiry 13.12: Consider vectors a, b, c,d in R?. If we know only the matrix D of distances
between them, the recovery method presented in Example computes the positions of a —
a,b—a,c—a,d—a.

e Suppose instead b was subtracted from all the vectors. What is the relationship between
the vectors recovered in this way to those recovered by subtracting a?

e Suppose you have 4 new vectors, which are just a, b, ¢, d rotated by 90° clockwise. After
applying the recovery method to get X, how are the recovered vectors related to the vectors
recovered by the first method?

Remark 13.13. If instead we have a set of vectors v;,..., vy, then the distance matrix would be
defined as D;; = ||v; — v||. Note that this means the distance matrix is always symmetric and has a
zero diagonal.

Example 13.14. If D is simply symmetric and has a zero diagonal, there is no guarantee that is
represents distance among points in a space like R™, or even any inner product space. Consider the
distance matrix

e e )
W w o -
wWw o W

w W

coming from four points a, b, ¢, d. As in the previous example, we let the first point a = 0, so that
we get ||b|| = ||c|| = [|d|| = 1. We also see that

32 =|b—c|”

=(b-c,b-c)

= (b,b—c) — (c,b—c)

= <b7b> - <b,C> - <C7 b> + <C,C>

= bl = 2(b,c) + [|c]®

=1-2(b,c)+ 1.
Rearranging, we conclude that (b,c) = —7/2, which contradicts the fact that the inner product must
be positive definite. Hence D can not be a distance matrix of points from an inner product space.

Distance matrices can highlight clustering among the data. That is, given a distance matrix, we
can “connect” points that lie close to each other and so discover which groups of points are close to
each other.
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Example 13.15. Consider the distances between the 20 largest cities in Latvia, in kilometers. As
a distance matrix, it is difficult to get information from it, but we can group cities by distance into
clusters. This could be useful, for example, in trying to decide where to build a factory or distribution
center.

_ Valmiera
Bauska 0 119 152 62 103 37 68 149 196 53 46 194 62 54 111 91 136 89 145 191 4'——: Cesis
Cesis {119 0 174 137 96 115 93 200 271 66 97 155 79 69 180 30 159 130 27 220 Jekabpils
Daugavpils |152 174 0 214 79 186 203 301 344 156 185 89 187 166 263 170 281 235 194 340 -
Dobele |62 137 214 0 158 20 47 87 141 81 41 249 59 72 51 108 78 34 158 129 Olaine
Jekabpils {103 96 79 158 0 129 134 242 297 85 122 91 117 96 208 92 215 171 116 276 Jurmala
Jelgava |37 115 186 29 129 0 38 115 170 54 19 220 40 47 80 86 98 51 139 154 Riga
Jurmala |68 93 203 47 134 38 0 111 179 49 22 221 18 39 8 65 80 39 112 142 Jelgava
Kuldiga |149 200 301 87 242 115 111 0 79 159 120 331 120 149 42 175 48 72 214 48 Bauska
Liepaja [196 271 344 141 297 170 179 79 0 221 181 389 195 212 92 244 127 141 288 98 Salaspils
Ogre |53 66 156 81 85 54 49 159 221 0 40 172 32 11 130 38 129 87 91 191 Ogre
Olaine 46 97 185 41 122 19 22 120 181 40 0 211 21 31 90 68 96 50 120 156 Sigulda
Rezekne |194 155 89 249 91 220 221 331 380 172 211 0 203 183 209 166 300 259 163 362 Tukums
Riga |62 79 187 59 117 40 18 129 195 32 21 203 0 21 103 50 98 57 100 159 — ] Dobele
Salaspils |54 69 166 72 96 47 39 149 212 11 31 183 21 0 120 40 119 77 94 180 Ventspils
Saldus 111 180 263 51 208 80 88 42 92 130 90 209 103 120 0 153 61 52 198 89 —] Liepaja
Sigulda |91 30 170 108 92 86 65 175 244 38 68 166 50 40 153 0 137 104 54 200 A
Talsi 136 159 281 78 215 98 80 48 127 120 96 300 98 119 61 137 0 47 170 62 Talsi
Tukums |89 130 235 34 171 51 39 72 141 87 50 259 57 77 52 104 47 0 147 105 Saldus
Valmiera |145 27 194 158 116 139 112 214 288 91 120 163 100 94 198 54 170 147 0 229 Kuldiga
Ventspils [191 220 340 120 276 154 142 48 98 191 156 362 159 180 89 200 62 105 229 0 | I Rezekne
. i ‘ ‘ ‘ i 1 - Daugavpils
700 600 500 400 300 200 100 0

To get the dendrogram above, each city begins in its own cluster. The two closest cities are connected
to create one cluster of 2 cities (Ogre and Salaspils). Create larger clusters by measuring the distance
between every pair of clusters ¢; and ¢, with distance defined to be

1
(distance between ¢; and ¢;) = el Z Z |vi — vl
I viec Vji€c;

For clusters of size 1, note that |¢;| = |¢j| = 1, and the distance reduces to the usual distance. This is
the average method of drawing a dendrogram. In the diagram above, the last 3 clusters to be joined
are colored differently, but any number can be chosen here.

Inquiry 13.16: This question is about coding in Python.
e Generate a collection of 333 random points in R?, with:

— 300 of them randomly selected from [0, 1] x [0, 1],
— 30 of them randomly selected from [5, 6] x [5, 6],
— 3 of them randomly selected from [1,2] x [8,9].

e Construct the 333 x 333 distance matrix between them.

e Construct the dendrogram from this matrix. Does it reflect the clusters as you created
them?

13.3 Exercises

Exercise 13.1. For each of the following “definitions”, show that each cannot be an inner product.

e For A, B € My, let (A, B) = trace(A + B)

o For f,g € C[0,1], let (f,g) = [L 4

e For a,b € R, let (a,b) = a® + b?

Exercise 13.2. Check the conditions for the space of m x n matrices over R from Example being
an inner product space. What is the distance between [} 2 3] and [J 1 2]?
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Exercise 13.3. Consider the following three matrices in Moyo:

B e[ b

Using the Gram—Schmidt process to find an orthonormal basis for span{A, B,C}. Use the inner
product on matrices given in Example [13.2]

Exercise 13.4. Let P(R) be the vector space of all polynomials R — R, with scalar multiplication
and polynomial addition defined as you would expect. You may assume that the following is an inner
product on P(R):

[o.¢]
(p(2),q(x)) = / p(z)q(x)e™™ du.
0
1. Check that p(z) = 2z — 1 and ¢(z) = = + 3 are not orthogonal to each other.

2. Using the Gram—Schmidt process on p(x) and ¢(z) as in part 1., find a polynomial r(z) € P(R)
that is orthogonal to p(x). Give your answer as r(x) = ax + b, for a,b € Z.

Exercise 13.5. Given the distance D matrix below, construct the dendrogram using the same average
distance method as in Example[13.15] After every step, give the new distance matrix, which measures
the distances among the clusters.

[0 12 10 13 2 1
12 0 3 9 13 8
10 3 0 6 14 5
139 6 0 15 1

7
0

—_

2 13 14 15 0
11 8 5 1 7
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Part 111
Eigensystems

Lecture 14: Defining the determinant

Chapters 5.1,5.2 in Strang’s “Linear Algebra”

Fact 1: The determinant may be computed either recursively or combinatorially, only for a
square matrix.

Fact 2: The determinant is related to the pivots and invertibility of a matrix.

Skill 1: Use both the recursive and combinatorial definitions to compute the determinant.

Skill 2: Use the definitions of the determinant to show properties of the determinant.

We now begin a new part of this course, on everything to do with eigenvectors and eigenvalues. The
first step is the determinant of a matrix, which is a rough estimate of the eigenvalues of the matrix.
In fact, the detemrinant is the product of all the eigenvalues.

14.1 The recursive definition

The determinant is a function det: My x, — R, and denoted as either det(A) or with vertical bars
|A|. Before we get to definitions and new ideas, we mconsider some concepts you have already seen,
in this and previous courses.

Example 14.1. The determinant is a commonly found number, often associated with invertibility.

e (Definition [14.4) The determinant of a 1 x 1 matrix [a] is a. The matrix is not invertible is
a=0.

¢ (Definition ' The determinant of a 2 x 2 matrix [‘é 2] is ad — bc. The matrix is not invertible
if ad — be = 0.

e (to be proved later) The determinant is the product of the pivots, up to a sign change.
¢ (to be proved later) The determinant is zero if and only if the matrix is not invertible.
Definition 14.2: Let n € N. The wunit n-cube in R™ is the set of points (z1,...,x,) with
0 < x; < 1 for all 5. The unit n-cube has n-dimensional volume, or simply n-volume, equal to

1. The n-volume of any other shape in R™ is given by the number of (fractions of) unit n-cubes
in the shape.

This way to define n-dimensional volume is a rough estimate of the more accurate way, which would
be to take an n-fold integral.

Example 14.3. Consider A € M,,«, as a function R™ — R". The absolute value of the determinant
of A is the n-dimensional volume of the shape that the unit n-cube becomes, after multiplying each
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of its corners by A.

R
o Al]]
® 1
» o 2
°
(4]
33
> R B=| 2% 5} det(B) = 5.25
. T2 2

The red and blue images are called parallelograms. In general, the image of the corners of the unit
n-cube, when multiplied by an n X n matrix, is called a parallelotope.

Outr first definition of the determinant is a recursive definition, which justiofies the first two
examples in Example

Definition 14.4: Let A € My, x,,. The determinant det(A) of A is:

e if n =1, then det(A) = Ay
e if n > 2, then det(A) = Z(—l)”inj det(AY), for any i € {1,...,n}
j=1

The matrix AY is the (n — 1) x (n — 1) submatriz of A produced when the ith row and jth
column are removed. In this setting,

e the number det(A¥) is called the ij-minor of A,
e the number (—1)"7 det(AY) is called the ij-cofactor of A.

The n x n matrix with ij-entry the ij-cofactor is called the cofactor matriz cofac(A) of A.

Example 14.5. Following Definition we compute the determinant of a matrix A, using i = 1:

0 3 4
det(A) =det | |2 -1 2
1 5 -2
0 3 4
=12 -1 2
1 5 =2
-1 2 2 2 2 -1
_ (141 142 143
=(-1) 0’5 _2’—1—( 1) 3‘1 _2’—1—( 1) 41] 5‘
=0-3(—4—-2)+4(10+1)
=18+ 44

= 62.

We would have gotten the same result with ¢ =2 or ¢ = 3.
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Inquiry 14.6: Let A € M,,x,. Using Definition show that the following statements are
true, for any n € N.

e The determinant of the n x n identity matrix is 1. That is, det(I,) = 1.

e The determinant of an upper (or lower) triangular matrix is the product of the diagonal
entries.

Hint: use induction for both!

Next we describe some general properties of the determinant.

Proposition 14.7. Let A € M,,«,. As a function of the rows of A, the determinant is:
e multilinear, that is, det(ry...,ca+b,...,r,) = cdet(ry,...,a,...,r,) +det(b,...,r; ... ,r,)
e alternating, that is, det(ry ..., x4, ...,r5,...,ry) = —det(ry...,rj,...,1;,...,Tp)

Proof. The first point follows by induction on n, and by using the recursive definition (Definition [14.4])
to expand along row i. The statement is immediately true for a 1 x 1 matrix. For the inductive step,
notice that

det A = det(ry,...,ca+b,...,ry,)
= (=1)"(ca+b); det(AY)
j=1

n n

= c [ Y (-1 (a); det(A7) | + | S (~1)*(b); det(AY)

Jj=1 Jj=1

and A% is the same in both cases.

The second point follows by using the combinatorial definition of the determinant (Definition
14.13). Fix two different indices i, j € {1,2,...,n}. For every permutation o on a set of size n, let o’
be the permutation given by

o(k) k#i,7j,
o'(k)=10(j) k=i,
o(i) k=j.
That is, o’ is the same as o, except it swaps the images of ¢ and j. Note that sgn(c’) = —sgn(o),

since o’ has one row swap that ¢ does not have. Now suppose that for a matrix A, the matrix A’ is
the same, except with rows ¢ and j swapped. Then

det(A) = D sen(0) A1) A% Aioty Aol Alnon) (definition of det)
permutations o

== Z sgn(J)Ala(l)Aga(g) tee Alio’(i) e Aljo’(]) s Ano.(n) (deﬁnition Of Al)
permutations o

= Y sen(0) Ay Ass) sl Ajoli) Aot (4; = A'j and A; = A%)
permutations o

= Z sgn(a)AlU/(l)A20/(2) s Al'o-l(i) cee Aja"(j) s Ana’(n) (deﬁnition of 0'/)
permutations o’

=— Y sgn(0) Ay dee@) Ay Ajor(gy  Anorn) (property of ')

permutations o’
= —det(A). (definition of det)
O
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Example 14.8. Consider the following example of multilinearity (on the left) and the alternating
property (on the right):

—46=11-(—-2)—8-3 ‘:g g’:(—5)'6—(—5) 6

118

_‘3 _2‘ = —30+30

645 9-1 B

-5 5 -0
2 3] |5 -1

NENE

—3(2-(-2) 3-8+ (5-(-2) ~ (-1)-3)

=397

— —46.

Inquiry 14.9: There are two immediate consequences of Proposition Show why they are
both true, in general for an n X n matrix.

e A matrix with a zero row has determinant zero.
e A matrix with two equal rows has determinant zero.

Hint: consider the determinant as a function of the rows, as in the proposition.

14.2 A combinatorial definition

We now consider the determinant in a combinatorial context, that is, as it relates to all permutations
of the rows and columns of a matrix.

Definition 14.10: Let S = (aq,...,a,) be an ordered set. A permutation of S is equivalently
e a bijective function o : (1,...,n) — (1,...n), or
e a rearrangement of the elements of S in a different order.

A transposition is a permutation in which only two elements are in a different order, that is, for

which o(i) =i for all i = 1,...,n except two.

Example 14.11. A permutation can be denoted in several different ways:

1 — 2

2 = 1

1 2 3 4 5 6 3 — 3

(12)(465) (2 1 3 6 4 5) 4 — 6
5 —» 4

6 — 5

all describe the same permutation. Moreover, (1 2)(4 6 5) is the same as (1 2)(6 5)(4 6), if we apply
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the 2-element permutations from right to left:

(456) (12) (4 6) (6 5) (12)
1 - 2 1 - 2
2 - 1 — 1
4 — 6 4 = 06
5) — 4 5 — 4
6 — 5 6 —~ 4 +— b5

On a set of size n there are n! permutations and n(n — 1)/2 transpositions. They are related to
each other, but in a difficult to prove way.

Theorem 14.12. Every permutation on a set of n elements may be uniquely (up to rearrangement)
described as a composition of transpositions.

This is a nontrivial fact and we do not prove it here.

Definition 14.13: Let A € M, «,, and let o be a permutation on a set of size n.

e The parity of o is odd or even depeding on if the number of transpositions necessary to
represent it is odd or even.

e The sign of o is +1 if the parity of o is even, and —1 is the parity of ¢ is odd. This number
is denoted by sgn(o).

e The determinant of a matrix A can be defined using permutations of the columns of A.
That is,

det(A) = > sen(0)AimAsee) Apemy = Y sen(o) [[ A (6)
|

permutations o permutations o

Inquiry 14.14: Recall from Definition that elementary matrices are either permutation
(swaps rows), climination (adds multiples of rows), or diagonal (multiplies rows by a number)
matrices.

e What is the determinant of any elimination matrix?
e What is the determinant of any diagonal matrix?

e What is the determinant of a permutation matrix that swaps two rows? What about three,
four rows? Start with some small examples to see what happens.

Convince yourself that permutation matrices with an odd number of row swaps have determinant
-1, and permutation matrices with an even number of row swaps have determinant 1. This is
the concept of parity.

Example 14.15. There are 3! = 6 permutations on a set of size 3, so a determinant of a 3 x 3 matrix
is an alternating sum of 6 terms. The permutations are given below.

p o T I v A
1 — 1 1 — 1 — 3 1 — 1 1 = 2 1 —
2 = 2 2 — 1 2 = 2 ) 2 — 3 2 — 1
3 — 3 3 — 3 3 = 1 3 = 2 3 — 1 3 = 2

The transpositions are o, 7, . Note that v = 7oo and A = oo, which gives us a complete description
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of the signs of these permutations:

permutationa‘p‘ o ‘ T ‘ 7 ‘V‘)\

sgn(a)‘l‘—l‘—l‘—l‘l‘l

Soif A= [i EJz é], then the determinant is
det(A) = A1,1)A252)A3p(3) — Alo(1)A20(2) Aso(3) + - + Air1)A2x2) Asa3)
— 4.0 4—(—2)- T4+ +1-T-(~3)
=T7.

. . . 400 .
However, if we had a different matrix A = [(7) 03 i], then all permutations except one would have a

factor of zero in them. That is, since the product A;,(1)A25(2) * * - Ane(n) has exactly one element in
each row and exactly one element in each column, none of the terms in the combinatorial definition
of the determinant can have two elements in the same row or in the same column. In other words,

det(A") =sgn(p)-4-3-(=3) = (—1) - (—36) = 36.

Taking 4 in row 1, column 1, we cannot take any other element in column 1, so we must take row 2,
column 3, to get a nonzero number. That leaves row 3, column 2 as the final factor (since columns 1
and 3 have already been used). All other terms in the expansion @ will have at least one factor of 0,
so can be safely ignored.

14.3 Exercises

Exercise 14.1. Show with a counter example that the set of all invertible n x n matrices is not a
subspace of M, «,. That is, show it is not a vector space.

Exercise 14.2. Recall the definition of an inverse of a matrix A, which was a matrix B such that
AB = BA = I. Show that the statement AB = I implies BA = 1.

Exercise 14.3. Let A € M,,x,,. Show that det(A) = 0 is equivalent to saying that there is a nonzero
vector x for which Ax = 0.

Exercise 14.4. How many cofactors, or minors, of the matrix below are nonzero? How many terms
in the recursive definition of the determinant are nonzero?

A=

—_ N
[ NI

1
0
0

Exercise 14.5. Find the parity of the two permutations below.

=~ W N~
1131 1a
=N W
=W N
I1111x=
NG NS

Use this to find the determinant of the matrix A = [

cow=y
|
oLee
|
SISTCRN
—ocoo
| IS
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Exercise 14.6. 1. Using the permutation formula, compute the determinant of

1 01 01
11111
001 0O
11101
1 01 00

2. How many nonzero entries can a n X n matrix have so that the permutation formula has only
one nonzero term?
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Lecture 15: Properties of the determinant

Chapters 5.2,5.8 in Strang’s “Linear Algebra”

e Fact 1: The determinant of a product is the product of determinants: det(AB) = det(B) det(A)
e Fact 2: The determinant is the product of the pivots, up to a sign change.

e Fact 3: The determinant is nonzero iff the matrix is invertible.

e Skill 1: Compute determinants of products, inverses, transposes of matrices.

e Skill 2: Apply the properties of the determinant.

This lecture explores some properties of the determinant.

15.1 Splitting the determinant

We begin by showing that the determinant is multiplicative, that is, that det(AB) = det(A) det(B)
for any n x n matrices A, B. First we need to revisit elementary matrices in Definition

Lemma 15.1. Let A € M,,»,, be an invertible matrix. That is, A~! exists.
e If P is a permutation matrix of a single row swap, then det(PA) = det(P) det(A) = — det(A).
e If F is an elimination matrix, then det(FA) = det(E) det(A) = det(A).
e If D is a diagonal matrix, then det(DA) = det(D) det(A).

Proof. The first point follows from the alternating property from Proposition [I4.7]and the thrid point

of Inquiry [14.14]
The second point follows by multilinearity from Proposition and the first point oflnquiry

14.14] which gives that det(£) = 1. Elimination matrices are row operations, so in terms of A and
the rows rq,...,r, of A,

det(EA) = det(rl, RS S PRRRS &-jri, . ,I‘n)

:det(rl,...,ri,...,rj,...,rn)—&jdet(rl,...,ri,...,ri,...,rn)

-~~~

det(A) 0 because two rows the same

= det(A).

The third point follows by the second point of Inquiry which says that det(D) is the product
of its diagonal entries, and by the recursive definition of the determinant. If D has all ones on the
diagonal except on row ¢, then

det(DA) = i(_l)“‘j(DA)ij det((DA)Y)
j=1

— Dy n (—1)"7 Ay det((DA)Y)
j=1

— Dy Y (—1)" Ay det(AY)
j=1

= D“ det(A)

= det(D) det(A).

If D has more than one diagonal entry that is not 1, repeat this step for every such row. O
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Inquiry 15.2: Let A € M3ys.
12-1
e Suppose that row operations turn A into [8 13 } Explain why A has determinant zero.

e Suppose that A has 3 pivots. Explain why A has a nonzero determinant.
The above inquiry sets the scene for the following inquiry and the proposition afterward.

Inquiry 15.3: Let A, B € M xn.
e Suppose that det(A) = 0. Show by contradiction that det(AB) must also be 0.
e Suppose that det(A) # 0 and det(B) # 0. Show that det(AB) = det(A) det(B).
Hint: For the second point, convince yourself that A having n pivots means A can be expressed
as a product of elementary matrices.
We conclude this section with a strong relationship among some big concepts we have seen so far:
pivots, invertibility, and the determinant.
Proposition 15.4. Let A € M, xn.
e The determinant of A is the product of the pivots of A, up to a sign change.
e The determinant of A is nonzero if and only if A has n pivots.
e The determinant is zero if and only if A is not invertible.
Proof. The first point follows from the second point of Inquiry [15.3] The second point is a direct
consequence of the first point. The third point follow from both points of Inquiry [15.3] O
15.2 Inverses and transposes
Now we take a look at how the determinant works with transposes and inverses.
Proposition 15.5. Let A € M,,,, be invertible (that is, have nonzero determinant).
e The determinant of the tranpose is the same as the determinant: det(A”) = det(A)
e The determinant of the inverse is the reciprocal of the determinant: det(A~!) = det(A4)~*

Proof. The first statement follows by using the fact that if A is invertible, then it may be expressed
as the product of elementary matrices. Using the properties of the transpose (after Deﬁnitio
the transpose of the product is the (reversed) product of the individual factors. Finally by applying
multiplicativity of the determinant, we get back the original matrix A.

The second statement follows from Proposition and the fact that AA™! = I:

AAT =T = det(AA™!) = det(])
—  det(A)det(A7Y) =1

. det(A) = detl( 7 = detl)

O

Recall from Definition the ij-minor of a matrix A was the determinant of the submatrix after
the ith row and jth column are removed. The ij-cofactor was the ij-minor multiplied by (—1)"*7.
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Proposition 15.6. Let A € M, be invertible, and let C;; = (—1)"*7 det(A™) be the ij-cofactor of
A. Then the ij-entry in the inverse is
C:
ANy =
(A det(A)

In general, for C' the cofactor matrix of A, we have ACT = det(A)I, or A=t = CT/det(A).

Proof. This comes from the recursive definition of the determinant, which states that

det(A) = A11C11 + A12C12 + -+ + A1, C1 = A €1,
det(A) = A1Ca1 + A2aCag + -+ + A2 Copn = aj 3,

and so on, where a; is the ith row of a and ¢; is the ith row of C'. Moreover, for i # j, the sum
det(A’) = Ailel + AZ'QC]'Z + -+ Aiann = aZch

of some new matrix A’ must be zero, as this is the determinant for a matrix whose ith and jth rows
are the same. That is, A;; does not appear in Cj1, so having A;; = A;; is allowed for this determinant.
Inquiry [I4.9] told us that a matrix with two equal rows has determinant zero. Hence

— a — det(A) 0 0
— ay — o | 0 det(A) 0
. Ci C2 - Cp| = . . . . )
- a, — | | 0 0 -+ det(A)
~— cT
A
or ACT = det(A)I. O
This formula generalizes the formula for the inverse of the 2 x 2 matrix A = [g g] and A=l =

- dibc [ _dc _ab] . The determinant is still in the denominator, but the cofactors come from larger matrices

and so the inverse is not just about rearranging elements.

Example 15.7. Consider the matrix

det(A) = —136.

h

I
O N O o
oSO N O = O
S O N OO
W W oo ot
_ oo O O

This matrix is invertible, and the (4,4)-entry of the inverse will be

(_1)4+4
—136

-1

A Vg = —
(A7 )aa c3

o O O
o O = O
o N OO
— O O O

A final application of the determinant that we will see is in a physical setting. Recall the standard
basis from Example [7.7] in Lecture [7]
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Definition 15.8: Let vi,...,v,—1 € R", arranged as columns of A € M, (,—1), and let

eq,...,e, € R" be the standard basis vectors. The cross product of the vectors v; is the vector
n | | e
X1, vne1) =Y (1) det(ANei = |y, vy -or vy s
= | | en

where A° € M (—1)x(n—1) is A with the ith row removed. The expression on the right is a formal
determinant, since we can’t put in a whole vector e; in a single entry.

Example 15.9. What does the cross product represent? In three dimensions, it is the right-hand rule
of physicists, determining the direction a moving charge from a rotating magnetic field. The vector
computed will be perpendicular to the initial vectors:

3| x lo] = (s ; (1)’ of 1 (Lrpes ; H I 2 (1)‘ ol
4 1 0 0 1 -3
Remark 15.10. The cross product has several interesting properties:
e X(vi,...,vp_1) = 0 iff the set of vectors vi,...,v,_1 is linearly dependent
e For n =2, the length of the cross product is ||u x v|| = |[u]|||v]|| sin(8)]|

e The cross product is related to the dot product by (u x v) x w = (u-w)v — (v-w)u

e The cross product is anti-commutative, or skew-symmetic: a X b = —b x a

Inquiry 15.11: This inquiry is about the cross product.

e Compute the cross product of the two basis vectors for the plane defined by z = 10x — 2y

(see Example [8.2)).

e Compare your answer above with a normal vector to this plane. Are the two vectors the
same? Are they similar?

e You should have four vectors from the two points above. Explain why their span can be
expressed using at most three vectors.

15.3 Exercises

Exercise 15.1. Show that the cross product X(vy,...,v,_1) is skew-symmetric, in the sense that
swapping the order of two entries puts a negative sign in front.
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Lecture 16: Defining eigenvalues and eigenvectors

Chapter 6.1 in Strang’s “Linear Algebra”

Fact 1: An n x n matrix has at most n eigenvalues, which may be real or complex.

Fact 2: The roots of the characteristic polynomial det(A — A\I) are the eigenvalues of A.

Skill 1: Find eigenvectors and eigenvalues of a matrix

Skill 2: Given only eigenvalues and eigenvectors of A, compute Ax for any x

Skill 3: Given only eigenvalues and eigenvectors, construct a matrix with these eigenvalues and
eigenvectors

This lecture gets to the heart of the current topic of eigensystems. Eigenvalues are important to
undrstand what a matrix does to vectors. Eigenvectors are unique in that their direction does not
change when multiplied by a matrix A (though their length may change).

16.1 Words beginning with “eigen”

It is important to remember that eigenvalues are unique, but eigenvectors are not, as they can be
multiplied by any real number.
Definition 16.1: Let A € M,,«,,. For every vector v with Av = A\v, where A € R,
e the vector v is called an eigenvector,
e the value A is called the eigenvalue,
e the pair (v, \) is called an eigenpair.

The set of all eigenvalues of A is called the spectrum of A. The set of all eigenpairs whose
eigenvectors are linearly independent is called the eigensystemn of A. Eigensystems are unique
up to vector scaling.

Eigenvectors describe the direction in which a matrix changes R”, and the eigenvalues describe the
stretching that is done in that direction.

Example 16.2. In R?, the matrix A = [293/2100 _1%5] has eigenvector vi = [{] with eigenvalue 2, and
eigenvector v = [3] with eigenvalue 3.
R
/.
o AV2 ] AVl
/\ | _— . //
Vi
//
*R

The vector v gets longer and vo gets shorter as A is applied more times. Adjusting vi and vy so that
they make angles ¢ and § with the z-axis, respectively, we can visually see what happens to vectors
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on the unit circle as A is applied more times.

AO

Y M
NPT AN
NN N

The unit eigenvectors are marked with black circles around them. They are also distringuished from
other vectors because their “trajectory” as A is applied is a striaght line. Below in Remark we
see what happens to vectors that are not exactly an eigenvector.

Example 16.3. Consider the following examples of eigenvectors and eigenvalues.

e The matrix A = [ 5?] has eigenvector [}] with eigenvalue 2. But A also has eigenvalue [2]
with eigenvalue 2.

e The matrix B = [(1) ’01] has no (real) eigenvalues. This is the rotation matrix with § = 7. In

5.
the second part of this lecture we will see how to get an eigenvalue from this matrix.
e The identity matrix has every vector as an eigenvector with eigenvalue 1.

e The projection matrix P = proj; (from Lecture has every vector in U as an eigenvector
with eigenvalue 1, and has every vector of U+ as an eigenvector with eigenvalue 0.

Eigenvectors v,w of a matrix A are called independent eigenvectors if the set {v,w} is linearly
independent.
Inquiry 16.4: Let v = [}1],w = [#}] € R? be fixed.
o If Ae Msyo with A[}] =v and A[{] =w, what is the determinant of A?

e Suppose that there is B € Moo with v, w as eigenvectors. In what cases will the vector
v + w be an eigenvector for B?

e Must there always exist a 2 X 2 matrix with v and w as eigenvectors?. That is, knowing
only v and w, can you construct a 2 x 2 matrix with these as eigenvectors?

16.2 The characteristic polynomial

So far we have seen just examples of eigenvalues and eigenvectors, but not yet a procedure for finding
them. We describe this procedure now.

Definition 16.5: Let A € M, «,,. The characteristic polynomial of A is
x(t) = det(A —tI). (7)

The roots \; of the characteristic polynomial are the eigenvalues of A. The multiplicity of each
root A; is its algebraic multiplicity.
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Once the roots Ay, ..., A\ of x are found, then Av; = \;v; can be solved in each coordinate to find
the corresponding eigenvector v;.

Example 16.6. Consider the matrix A = [31 %] What are its eigenvalues and corresponding eigen-
vectors? We must solve det(A — A\I) = 0:

0 = det (A — \I)

R (W R )
:'2—_1A 6EA‘
=(2-XN(6-)\+3
=12-8\+ )2 +3

=X -8\+15
=(A=5)(\A—3).

Hence the eigenvalues are A =5 and A = 3. To find the corrseponding eigenvectors, we solve:
2 3| |vn U1 2v1 + 3vo 3u1
A = = — .
e i [ e v
This is a linear system of 2 equations, which has solution (by back-substitution) v = [$], though
we can choose any value we want for vy (and we choose 1 - to avoid such problems, we often take
eigenvectors with unit length). Similarly, A = 3 has the eigenvector [3].

Inquiry 16.7: Consider the vectors v = [1],w = [3'] € R

e Construct a 2 X 2 matrix A that has v as an eigenvector.

What is the determinant of A? What does that say about its other eigenvalue?

Construct a 2 x 2 matrix B that has v as an eigenvector with eigenvalue 2 and w as an
eigenvector with eigenvalue 3.

Compute the determinant and trace of B.

Remark 16.8. If A € M,,«, has n eigenvectors, then knowing them and their eigenvalues is enough
to know the effect of A on any matrix in R"”. In Example we found two eigenvalues and two
eigenvectors. Then for any other vector we have

A2 =aGh] o) =2af) sl = o[ o) =[5

Definition 16.9: Let A € M,,«,. For every eigenvalue A,

e the number of linearly independent eigenvectors with A as their eigenvalue is the geometric
multiplicity of A,

e the span of these linearly independent eigenvectors is the eigenspace of .

In other words, if A has k eigenvectors vi,...,vy in its eigensystem, then the number of v; with
eigenvalue A is the geometric multiplicity of A.
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o=O
=1

Inquiry 16.10: Consider the matrix A = [

OO
[

e Compute the eigensystem of A.
e What are the eiegenspaces of A?

e Explain the relationship between the dimension of an eigenspace and its geometric multi-
plicity.

16.3 Exercises
Exercise 16.1. Consider the matrix A = [g :g]
1. Find the eigenvalues and eigenvectors of A. Be careful, there may be complex numbers!

2. If vi and va are the eigenvectors, compute the dot product vi - vo. Is it a complex or a real
number?

Exercise 16.2. Let v € R" be a unit vector, and let A = vv7.
1. Show that A is a projection matrix.
2. Show that v is an eigenvector of A and find its eigenvalue.
3. Show that if u L v, then Au = 0.
4. How many independent eigenvectors does A have with eigenvalue 07
Exercise 16.3. Consider the values \; = —3, Ao = —2, A3 = 5.
1. Construct two different 3 x 3 matrices with A1, As, A3 as eigenvalues.
2. What are the eigenvectors vi,va, vs of the two matrices you created in part (a)?

3. If A3 = —2, explain why every linear combination of v, and vs is an eigenvector.

Exercise 16.4. You are given that a matrix B has eigenvalues —1, 2,5 and a matrix C has eigenvalues
9,3,1. Find the eigenvalues of the matrix

(1 0 1 -2 0 0]
220 0 0 7
A:[BC]:go:aoso
0 D 0 00 9 -9 0

0 00 0 3 0

0 00 -5 2 1]

Exercise 16.5. Construct a 2 x 2 matrix with eigenvector ] having eigenvalue A, and eigenvector
[ 2] having eigenvector p.

Exercise 16.6. Let A: R> — R? be the 2 x 2 matrix for which A[}] =[3] and A[§] = [$]. This is
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described in the picture below.

+ s A(1,2) = (2,4)

1. What is the eigensystem of A? Express [§] and [{] as linear combinations of the eigenvectors
of A.

2. Using the task above, compute A[}] and A[{]. Use this to construct the matrix of A.

3. Using eigenvalues, explain why A is invertible.
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Lecture 17: Properties of eigenvalues and eigenvectors

Chapter 6.1 in Strang’s “Linear Algebra”

e Fact 1: The sum of the eigenvalues is the trace of the matrix.

e Fact 2: The product of the eigenvalues is the determinant of the matrix.

e Skill 1: Do computations with eigenvalues and eigenvectors.

e Skill 2: Compute eigensystems of special matrices.

We continue understading the key properties of eigenvalues and eigenvectors.

17.1 Properties of eigensystems

Recall that the key idea of the eigensystem of a matrix A € M,,x, was that it explains how R" is
transformed, when A multiplies any vector in R™.

Definition 17.1: Let A € M, «,. If there are vectors v, w € R" for which there exists A\, u € R,
such
e Av = )\v, then v is called an cigenvector, or right eigenvector of A,
o wl'A=pwT, then w is called a left eigenvector of A.
Note that a right eigenvector of A is a left eigenvector of AT,
If no adjective “right” or “left” is used, then “right” is assumed. The relationship between left and
right eigenpairs is not immediate.
Inquiry 17.2: Let A € M, «n.

e Suppose that A is symmetric. If (v, \) is an eigenpair for A, show that v is an eigenvector
for AT A. What is its eigenvalue?

e Suppose that there are n distinct eigenpairs (v;, A;) for A, with each eigenvector being

both a right and a left eigenvector. Show that AAT = AT A.

Remark 17.3. Let A € M,,,, have eigenvalues A1, ..., \, (not all necessarily distinct). The charac-
teristic polynomial can then be expressed as

X(8) = (=1)"( = M)t = Ag) -+ (E = An).

This follows from the definition of the characteristic polynomial and the recursive definition of the
determinant. The coefficient (—1)" comes from the fact that —¢ is multiplied by itself n times, and so
the leading term must be (—1)"¢".

Proposition 17.4. Let A € M, «p.
e The eigenvalues of A and AT are the same, but not necessarily their eigenvectors.
e If A is upper or lower triangular, its eigenvalues are on its diagonal.
e If the rank of A is less than n, then A has an eigenvalue 0 for a non-trivial eigenvector.

e If A has an eigenpair (v, A), then A" has an eigenpair (v, A").
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Proof. The first point follows by distributing transposes in a sum (see Remark in
det(A — M) = det((A — A)T) = det(AT — (AI)T) = det(AT — A1),

so the characteristic polynomial, and hence the eigenvalues, of A and A7 are the same.
The second point follows by using the standard basis of R™ as eigenvectors.
The third point follows by using a vector in the nullspace.
The fourth point follows from a repeated application of Av = Av:

Av = AL Av) = A" (Av) = M2 (Av) = N2AVT3(Av) = - = A,
We are allowed to move the A from the right to the left of A"~! because \ is a number. O

The first point above is similar to the determinant, however: row operations change the eigenvalues
(they do not change the determinant). The sum of the diagonal entries in a matrix is called the trace
of the matrix.

Inquiry 17.5: Recall that the characteristic polynomial of A € M,x, is x(t) = det(A — tI).

2 . a1l ai2 ais
For this question, let A = [am a2 a23 }
a3l asz2 azs

e The recursive definition of det(A —¢I) has 6 terms in its expansion. Write all of these out,
without expanding the (a;; — t) factors.

e When the (a;; — t) factors are all expanded,

— what is the coefficient of 37
— what is the coefficient of 27
— what is the coefficient of ¢7

— what is the constant term?
e Among the parts above, find the trace and the determinant.
o Express the characteristic polynomial using the trace and the determinant.

How do you think this generalizes to higher n € N?

17.2 Complex numbers

Sometimes we come across matrices (as in Example [16.3]) that do not seem to have eigenvalues, such
as A = [[1) _01]. Its characteristic polynomial is x(¢) = ¢ + 1. This polynomial has no real solutions,
but does have compler solutions.

Definition 17.6: The complex numbers C are elements the set R x R, expressed as a + b,
a,b € R, with a new operation:

(0,1)0(0,1) = (=1,0) <= i-i=—L.

Remark 17.7. Here are some key properties of the complex numbers .
e multiplying a complex number by 7 is “rotating the vector by 90 degrees”
e every polynomial with real (or complex) coefficients has roots in the complex numbers

The last statement says that C is algebraically closed.
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Inquiry 17.8: Let A € M, «,, be a skew-symmetric matrix.

e Compute the eigensystem for A = [g _05]. How many complex and how many real eigen-
values does A have?
0 1 —2

e Compute the eigensystem for A = [—21 O3 g } How many complex and how many real
eigenvalues does A have? You may use a computer.
e [f n is an odd number, explain why A has at least one real root. Hint: use limits.
e How many real and how many complex values will a skew-symmetric n x n matrix have?
Begin by showing that || Av||?> = —A?||v||? for any eigenpair (v, \) of A.
More about complex numbers is discussed in Lecture
Proposition 17.9. Let A, B € M, «n.

e The eigenvectors of A + B can not be expressed in terms of the eigenvectors of A and B.

e A and B have the same eigenvectors iff A and B commute (that is, AB = BA).

17.3 Exercises

Exercise 17.1. Let A € M,,x,, and let x(t) be its charactristic polynomial.

1. Show that x(0) = (—1)"det(A). That is, show that the constant term in x(¢) is (—1)" times the
determinant of A.

2. Show that the coefficient of #*~! in y(t) is —trace(A).
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Lecture 18: Diagonalization

Chapter 6.2 in Strang’s “Linear Algebra”

e Fact 1: An n X n matrix has exactly n eigenvalues, counting multiplicity.
e Fact 2: Eigenvalues may be zero. Eigenvectors cannot be the zero vector.

e Fact 3: Although there are n eigenpairs, their eigenvectors may not always form a linearly
independent set.

e Skill 1: Diagonalize a matrix with linearly independent eigenvectors.
e Skill 2: Identify matrices that do not have linearly independent eigenvectors.

e Skill 3: Find eigenvalues and eigenvectors of matrices similar to A.

The goal of this section is to reveal within each matrix a diagonal matriz. Diagonal matrices are
easier to deal with, because they act like numbers rather than matrices. That is, multiplication and
all other operations are much easier.

18.1 Multiplicity and diagonalization

We begin with considering several different possibilites of eigenpairs for a 3 x 3 matrix.

Example 18.1. Consider the three linearly independent vectors u = [(ﬂ ,V = [(ﬂ ,W = {(ﬂ

R R R
», span(u, v) span(u)

R R
R span(w)

span(w)

eigenspaces of A eigenspaces of B eigenspaces of C

These three vectors may appear in six different ways as eigenvectors of a 3 x 3 matrix.

155
o A= 23 51 fﬂ has 3 different eigenvalues, 3 different eigenvectors: (2,u), (—4,v), (6, w)
r15—5
e B= 51 —i] has 2 different eigenvalues, 3 different eigenvectors: (—4,u),(—4,v), (6, w)
15 -5 ) . . .
o C= 60 —él} has 2 different eigenvalues, 2 different eigenvectors: (—4,u), (6, w)
—4 0 07 . . .
e D= 8 —04 04 has 1 eigenvalue, 3 different eigenvectors: (—4,u), (—4,v), (—4,w)
-5 1 117 ) . .
o [/ = 040 has 1 eigenvalue, 2 different eigenvectors: (—4,v), (—4,w)
r—3 1 —17 . .
o = g —14 05 has 1 eigenvalue, 1 eigenvector: (—4,u)

For B and C, A = —4 has algebraic multiplicity 2. For D, E, F', it has algebraic multiplicity 3.
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Inquiry 18.2: Let u,v,w € R? be distinct vectors. Explain why the following situations each
cannot happen. Justify your reasoning with the matrix equation Av = Av, for an eigenpair
(A, V).

e Ais a2 x 3 matrix with eigensystem {(1,u), (2,v)}.

e Bis a 3 x 3 matrix with determinant zero and eigensystem {(1,u), (2,v)}.

C' is a 3 x 3 matrix with trace zero and eigensystem {(1,u), (2,v)}.

D is a 3 x 3 matrix with eigensystem {(1,u), (2,u)}.

FE is a 3 x 3 matrix with eigensystem {(1,u), (2,v), (3,u+v)}.

F is a 3 x 3 matrix with eigensystem {(0,u), (0,v), (1,w)} and a 2-dimensional column
space.
We continue with an example by constructing a matrix from the eigenvectors.

Example 18.3. Let u = [}], v = [{] € R?, which are linearly indepedent vectors. Let A= [2}] be
a matrix with these two as eigenvectors, and corresponding eigenvalues 2, 3, respectively. What are
the entries a, b, ¢, d of A? We know that

a+b

Pl g

d:

W O NN

- Y29

The equations Au = 2u and Av = 3v on the left, which can be combined into a single equation
-1
| . | 0 1 |
Auv=2u3v=uv[03} == A:uv[o?)]uv

| I | ==Ll |
N—— A S—— A
X X X-1

The inverse of X can be constructed because u, v are linearly independent, so X has rank 2

Definition 18.4: A matrix A € M,,«, is diagonalizable if it has n linearly independent eigen-
vectors. If A is diagonalizable, then the diagonalization of A is the decomposition of A as the
product

A=XAX"1, (8)

for A a diagonal matrix and (A;;,x;) an eigenpair of A, for every i = 1,...,n. The vector x; is
the ith column of X.

Remark 18.5. The matrix X is not unique, as its columns (the eigenvectors of A) may be scaled by
any real number. That is, if Ax = Ax, then also A(cx) = A\(cx), so ¢x is an eigenvector whenever v is
an eigenvector, for any nonzero ¢ € R. In terms of diagonalization, if A = XAX !, continuing from
Example we could have the eigenvectors bu and —7v instead of just u and v. In that case,

-1
\ |

| | |
B B 5 0 o 5 0 M5 0

-1
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and the decomposition in that case is

(|| [
B 5 0 1/5 0
4= T T [0 —7]A[o —1/7] “‘ T
X X1
(1] I
B 5 01[1/5 0
“ov Al BT ey
_ - _1 ) .
| |
=|u v|A|u v ,
L

which is the same decomposition as we had previously, with just u and v. We used the fact that
diagonal matrices commute with each other.

Example 18.6. Consider diagonalization for different types of matrices:

e If A= 1,, then we the eigenvectors are the standard basis vectors of R", and the only eigenvalue
is 1. This eigenvalue has algebraic multiplicity n, because there are n linearly independent
eigenvectors with the same eigenvalue. That is, A=X =A=1.

e If A has all nonzero eigenvalues that are all the same, then A must be a multiple of the identity
matrix. Indeed:

A=kl = A=XYkDX=kX UX=kX !X =k

o If A € Myy4 has two nonzero eigenvalues and two zero eigenvalues, then A may be diagonaliz-
able, but not always. For example:

= O O

, det(A— M) = A2((1 = N)(=1—=X) —3) = X2(—4 + \?),

h N

I
cococo
cococo
w = oo

-1

and the roots of the characteristic polynomial are A = 0 and A = £2. By solving the appropriate
matrix equation, we find the nonzero eigenvector / eigenvalue pairs to be

0 0
0 0
2 for e —2 for 1
1 3

For the zero eigenvalues, the corresponding eigenvector [z v 2 W]T will have z = 0 and w = 0,
but there will be no conditions on x, ¥y, so by convention we choose e; and es of the standard
basis of R* to be the eigenvectors. Diagonalization still works:

00 1072 0 0¢0]f0oo0 3 1 000 0

0 0 01 0 =200/ 100 -3 g/ _1[000 0f_,

1 -100 |[|0 O OO[|LO 0 Of (0071 1|

1 3 00 ][0 0 00/][01 0 0 003 -1
X A X-1

However, this works because we essentially have a diagonal block matrix [8 %], and the 2 x 2
matrix B had linearly independent eigenvectors. If we do not have a block matrix form with
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zero eigenvalues, then we cannot diagonalize. Consider the matrix

C= E :ﬂ det(C — AT) = (1= A)(=1 = A) +1 = A2,

and the roots of the characteristic polynomial are only A = 0. The matrix equation to solve is

1 -1f |z ,|= z—y = 0,

b alflef] = 2 s
It seems like the only eigenvector is [}], but then X =[] 1] does not have full rank and can not
be diagonalized.

18.2 Invertibility and similarity

You may be tempted to think that a matrix being invertible is the same as being diagonalizable, but
this is not true. In fact, there is no direct relationship between being invertible and diagonalizable, as
the Venn diagram of such matrices below shows.

b 3

B-N2-A)
3,[0] 2[9]

invertible diagonalizable

b

AL =)
0,[6] L[9]

For eigenvalues \; and eigenvectors v; of A, invertibility asks whether or not \; = 0. Diagonalizability
asks whether or not the v; are independent.

Inquiry 18.7: Let A € M3x3, and suppose that A has 3 different eigenvalues.

e Explain why A must have 3 linearly independent eigenvectors.
Hint: Show this by contradiciton, assuming that two eigenvectors are linearly independent,
and the third is a linear combination of the first two.

e [f none of the eigenvalues are zero, explain why A is invertible. What happens if one of
the eigenvalues is zero?
Hint: Use the diagonalization equation.

e Convince yourself that the statement generalizes to any n € N.
Remark 18.8. Let A € M, «, be diagonalizable, with eigenvector matrix X and corresponding
eigenvalue matrix A. Then:

e For any invertible B € M,,xn, the matrix C = BAB™! has the same eigenvalues as A, and has
eigenvector matrix BX. Here C and A are called similar matrices.

e For any k € N, the matrix A* is diagonalizable with the same eigenvectors as A, and with
eigenvalues on the diagonal of A*.

o If |\;| = |Aui| < 1 for all 4, then klirn AFx = 0 for any x € R™.

—00

All of these facts follow directly from the diagonalizing equation A = XAX~!. In the last point, for
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complex eigenvalues A = a + bi, the absolute value is the product of A with its conjugate \* = a — bi:
I\l = |a+ bi| = (a + bi)(a — bi) = a® — (bi)? = a — b*i% = a® + V°.

Example 18.9. Consider the matrix A = [_11//66 ;?g

given by

] The roots of its characteristic polynomial are
1 2 11 5 1
0 =det(A—\) = <6—)\> <—3—)\> +§-6:)\2—6/\+6 — 0=06)2-5\+1,

which factors as 0 = (3X — 1)(2X — 1), so the eigenvalues are Ay = 1 and A = 3. By solving the

appropriate matrix equations, we get the correspoinding eigenvectors to be vi = [%] and vo = [H, SO

the diagonalization of A is
A 2 1](1/3 0 1 -1
o1 lo 12| ]-1 2]
——

X A X-1

The eigenvalues of A then are computed by the equation
AP = (XAX D = (XAXTH)(XAX ) (XAX ) = XAX X)) - (XTIX)AX ! = XARX

k
and AF = [1/5’ 1 /02k } Hence the eigenvectors of A* are the same as those for A, and the eigenvalues

are siomply powers of the original eigenvalues. We can even construct the matrix A* explicitly:
AR = XAFX!
2 1) 1/3k 0 1 -1
1| o 172k -1 2
273k 12K 1 -1
T1/3F 12k -1 2
_ 1 2k:+1 _ 3k 2(3k _ 2k)
Tk | 28 -3k 2.3F ok
For example, when k = 5, we have

45 1 [—179 422]'

7776 | —211 454

18.3 Exercises

Exercise 18.1. Decompose both matrices below in their X AX ~!-decomposition, where A is a diagonal
matrix with the eigenvalues, and X is the matrix with columns as eigenvectors.

1
P I
0

O = N
S Ot W

-1
Exercise 18.2. Let A € Msys with the eigenvectors {ﬂ , [g] , [—1] and eigenvalues —1,2, —3,

respectively.
1. Construct the eigenvector matrix X and the eigenvalues matrix A.
2. Construct A by the diagonalization equation A = XAX L.

Exercise 18.3. Diagonalize the matrices A, B below and find what A* and B¥ look like, for any
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k € N. Your answers should have the value k£ in them.
3 -1 5 1
s PR i
Exercise 18.4. Let A, B,C be any 3 x 3 matrices, with C diagonalizable.

1. Show that trace(AB) = trace(BA).

2. Use that above to show that trace(C') is the sum of the three eigenvalues of C.
Hint: Split up the diagonalization of C' into two matrices.

3. Suppose that the eigenvalues of C are 1, %, % Show why the limit lim C™ exists, and why it

n—oo
has rank 1.
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Lecture 19: Special matrices

Chapters 6.4, 6.5 in Strang’s “Linear Algebra”

e Fact 1: Symmetric matrices can be decomposed with an orthonormal matrix of eigenvectors.

e Fact 2: Positive definiteness can be expressed in terms of pivots, eigenvalues, determinants, and
matix or vector multiplications.

e Skill 1: Apply the results of the spectral theorem
e Skill 2: Express a symmetric matrix as a sum of rank one matrices

e Skill 3: Check if a matrix is positive definite using equivalent properties

This section is about symmetric and positive definite matrices. We will see that for any matrix
A € Myyxn, the matrices ATA € M, and AAT € M., «m are both symmetric and positive definite.

19.1 Symmetric matrices

Recall from Definition in Lecture [3] that a matrix A € Moy, is symmetric if A;; = Aj; for all
1 < 4,5 < n. This property makes many of the previous computations we did before much easier.

Proposition 19.1 (The Spectral Theorem). Let A € My, x,. If A is symmetric, then A has n real
eigenvalues and n orthogonal eigenvectors.

This implies that a symmetric matrix can always be diagonalized. Symmetric matrices will often be
written “S”.

Inquiry 19.2: Consider the symmetric matrix S = [% ; %]
e Compute the matrices X, A for the diagonalization of S.
e Find the matrix B for which BX has orthonormal columns.

e Consider the matrix X’ which is the same as X, but with the first two columns swapped.
Explain why X’A’(X’)~! is still equal to S. As with X, here A’ is the same as A, but with
the first two columns swapped.

e Does column swapping as in the point above work for any symmetric matrix, or only for
this particular S7

Example 19.3. Consider S = [} 2]. We can find its eigenvalues by solving
0=det(S—A)=(1-NA4—-N)=4=-5X+X=\\-5),

for which Ay = 0 and Ay = 5. We find the eigenvectors by solving
12m_00<:> x+2y = 0 :>x_1_v
2 4| |y| T ly 21 + 4y 0 y -3 "
1 20 (z] .10 T+ 2y ox x_%_
[2 4} M - M T mtay = 5y - L/] - [1 e
These vectors are orthogonal as vi @ vy = 0. They both have length v/5/2, so the normalized vectors

kAR ]
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This gives us the diagonalization as

12_2/\/51/5002/\/5—1/5‘
s 3= el sl [ive oS
—— ~

S Q A QT

2 4
——

Remark 19.4. The fact that S = QAQT, where Q has orthonormal columns, allows us to write S in
another way. If S € Mj3xs, then

0 [T 0 0] [ ul —
S=|u v w 0 X O - v -
I 0 0 X |- wl' —
Q A QT
B | | - u’ -
= )\111 )\QV )\3W — VT —
L | | | - wh -

QA
= /\1uuT + )\QVVT + )\3wa,

which is a sum of 3 x 3 rank one matrices. This description will be important for Lecture

We finish off the first part of this lecture with another comment about the relationship between
pivots and eigenvalues.

Remark 19.5. Let A € M,, . Below are the main facts about pivots and eigenvalues summarized,
along with a new one:

e det(A) = (product of pivots) = (product of eigenvalues)
e trace(A) = (sum of eigenvalues)
e (number of pivots > 0) = (number of eigvals > 0) whenever A is symmetric

This last fact is counting multiplicity. It follows from the LDU-decomposition of a symmetric matrix,
which turns into LDL”.

b
==
=

Inquiry 19.6: Consider the symmetric matrix S = [ } For this inquiry, you may use a

computer.
e Compute the eigensystem of S.

e As given, S is not invertible. For what values 4, j will changing S;; = Sj; to something
other than 1, make it invertible?

e The eiegnsystem of S contains only integers. Choose some i, j, and change S;; = Sj; to
something other than 1 so that the eigensystem again only contains integers.

19.2 Positive definite matrices

The second part of this lecture focuses on special types of symmetric matrices.
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Definition 19.7: Let S € M, «,, be symmetric. The matrix S is positive definite if, equivalently,
o all eigenvalues of S are positive
e v'Sv > 0 for any nonzero v € R..
Weakening the conditions to A > 0 and vI'Sv > 0 means S is (positive) semidefinite.
Finding eigenvalues is computationally intensive for large matrices, so we use the relationship with

pivots from Remark to determine when eigenvalues are positive. This gives several quick ways to
determine when a matrix is positive definite.

b2

b2

Remark 19.9. To see why the two definitions from Definition [19.7] are equivalent, consider an n x n
positive definite matrix S with eigenvector v and positive eigenvalue A. Then

Example 19.8. The 2 x 2 symmetric matrix [‘bl 2] has pivots a,c —

a >0 and ac — b?> > 0. For example, all the symmetric matrices
1 10 22 -3
10 200]° -3 2|’

are positive definite because they have positive eigenvalues.

, so the pivots are positive iff

Sv=Xv = vISv=Aviv=Awi+ --02)>0.

Conversely, any x € R™ can be expressed as a linear combination a;vy + - - - a, vy, of the orthonormal
eigenvectors vi,...,vy, of S. Then by orthonormality of the eigenvectors,

xTSx = (a1vi + -+ anvin) T (a1 Aiv1 + -+ an Ao Vi) = BN V1|2 + - + a2\ || val? > 0.

Proposition 19.10. The previous remark has some nice consequences:

o If S,T € My, are positive definite, then S + T is positive definite.

e If A € M,,x, has independent columns, then AT A is positive definite.
Proof. The first point follows from distributing

xT(S + T)x = xT Sx + xI Tx.
The second point comes from rewriting
xT(AT A)x = (Ax)T(Ax) = || Ax|? > 0.
O

The proof of the second claim implies that AT A (and also AAT) is always positive semidefinite.

Inquiry 19.11: This inquiry uses Definition of an inner product from Lecture

e Let S € M, x, be positive definite. Show that (u,v) = u’ Sv satisfies all the properties
of an inner product on R".

e Let A € M,,x,, be a matrix and (u,v) = u” Av an inner product. Show that A must be a
positive definite matrix.
Hint: To show A must be symmetric, use the symmetric property of the inner product with
the standard basis vectors. To show A must be positive definite, use the positive definite
property of the inner product.
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Proposition 19.12. Let S € M,,x, be symmetric. Then, equivalently,

e S is positive definite

S has all positive pivots

S has all positive eigenvalues

Every top-left submatrix of S has positive determinant
e x'Sx > 0 for any nonzero x € R"

e There exists A € M,,x, with independent columns and S = AT A

2 -1 0
Example 19.13. Let’s check all the claims above on a simple matrix S = [—01 21 —21] . For the pivots,
we quickly row reduce:

2 -1 0 2 —1 0 2 —1 0
-1 2 —1| — |0 3/2 -1| — |0 3/2 -1
0 -1 2 0 —1 2 0 0 4/3

The pivots are 2,3/2,4/3, which are all positive. The eigenvalues are the roots of
det(S — AI) =

19.3 Exercises
Exercise 19.1. Let a € R be nonzero.

1. Find the eigenvalues of [ %, ¢].

. . 0 O0a
2. Find the eigenvalues of [_0 ia 8].
3. Using a, construct a 4 x 4 skew-symmetric matrix that has all imaginary eigenvalues.

4. Construct a 3 X 3 symmetric matrix that has three pivots a and no zero entries.

Exercise 19.2. Let A € M,,,x,,. Show that AA” and AT A are both symmetric matrices.

Exercise 19.3. The numbers a, b, ¢ are chosen randomly from the set of integers {—3,—2,...,2,3},
with replacement, to create a matrix A = [g lc’]

1. What is the probability that A is symmetric?
2. What is the probability that A is positive definite?

Exercise 19.4. Consider the two symmetric matrices below, for a,b € R
1 2 2 b 2 0
A=12 a 2|, B=12 b 3
2 21 0 3 b
1. Find the pivots for both matrices. For what values of a, b will the pivots be positive?

2. Find the eigenvalues for both matrices. For what values of a, b will the eigenvalues be positive?

3. Find the upper left determinants for both matrices. For what values of a, b will the determinants
be positive?

4. Choose some b so that pivots, eigenvalues, determinants are positive. Find the QAQ™-decomposition
for B.

108



Lecture 20: Generalizing diagonalizability: Jordan form

Chapter 8.8 in Strang’s “Linear Algebra”

e Fact 1: Every square matrix is similar to a square matrix in Jordan normal form.

e Fact 2: Jordan normal gives generalized eigenvectors, which always exist, irrespective of geo-

metric multiplicity.

e Skill 1: Construct the Jordan normal form of a square matrix.

e Skill 2: Find the higher rank generalized eigenvectors when algebraic multiplicity exceeds geo-
metric multiplicity.

In this section we continue with the idea of associating a diagonal matrix to every matrix, but this
time the matrix will be almost diagonal. This allows us to decompose a matrix when the number of

linearly independent eigenvectors is less than the rank.

20.1 Missing eigenvectors

Recall that the characteristic polynomial yx(¢) of A € My, x, has n roots Aj,...,\,, some of which
may repeat, which are the eigenvalues of A. For each i =1,...,n,

e the exponent m of the factor (A — A\;)™ of x is the algebraic multiplicity of X;

e the number of linearly independent eigenvectors of A having A; as an eigenvalue is the geometric

multiplicity of \;.

We already saw the general relationship among these numbers to be
1 < (geometric multiplicity of \) < (algebraic multiplicity of A) < rank(A).
Inquiry 20.1: Let A € Myx,, and suppose that there is a nonzero number k& € R with
det(A — kI) = 0, and a nonzero vector x € R™ with Ax = 0.

e The equation det(A — kI) = 0 means k is an eigenvalue of A. How do you know there has
to be an eigenvector assicated to this eigenvalue?
Hint: If the determinant of a matriz is zero, what does that say about the linear indepen-
dence of the rows / columns?

e Use the equation Ax = 0 to find two different n x n matrices with x as an eigenvector.

Hint: Consider the (somewhat silly) equation A = A+ X\ — AI.

Example 20.2. The matrix B = [33] has one eigenvalue A\ = 2 with algebraic multiplicity 2 and
geometric multiplicity 1, as

2 2| x| | 2z + 2y
{0 2] M - M = 2y

meaning y = 0 and A = 2. The single eigenpair is then (2,v = [}]), or in other words

AT
AY,

Av=2v <<= Av—-2v=0 (A-2)v=0.

The eigenspace of A = 2 is 1-dimensional, and to fill all of R?, we need a vector like [{]. Note that

a-nl)- Jld-B-r — woar]-o
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So the vector [192} is almost like an eigenvector, but not quite! This motivates the next definition.

Definition 20.3: Let A € M,,«,, with eigenvalue A, having
e algebraic multiplicity of A equal to a € {1,...,n}, and
e geometric multiplicity of A equal to b € {1,...,b}.
A vector v € R" is a generalized eigenvector of rank k associated to A if
(A= XD)kv =0 and (A= XD 1v £0,
for some k € {1,...,n — b+ 1}. The eigenvectors we have seen so far are all generalized

eigenvectors of rank 1. We use the convention that A° = I for any nonzero A.

Remark 20.4. There is a relationship among generalized eigenvectors vi,...,v,, of A € My«
associated to a particular eigenvalue A. If v; is a generalized eigenvector of rank ¢, then there is a
cycle of generalized eigenvectors given by

(A= A)v, =v;_; or (A= A" ""vp = vy 9)

forall: = 1,...,m. The relationship between the number m and other numbers of a matrix is explored
in Inquiry [20.7]

Example 20.5. Consider the matrix

: with det(A —tI) = (2 —t)3(1 —1).

O O O N
O O N
OoON = O
o o O

The eigensystem of this matrix is given below.

eigenvalue ‘ eigenvector ‘ alg. mult. ‘ geom. mult.
2 (1,0,0,0) 3 1

1 (0,0,0,1) 1 1

How do we find the generalized eigenvectors? Although in this case it may be quick to see that we are
missing (0, 1,0,0) and (0,0, 1,0), this is not the case in general. We already know the two (generalized)
eigenvectors (of rank 1), so by Equation |§|, the generalized eigenvector of rank 2 associated to A = 2,
is a vector v for which

1 010 07 [uw 1
0 001 0 v 0

92y — — = =
(A-2D)v =0 and (A=2D)v= 141 <= |0 0 0 0] | 0
0 0 0 0 —1f [vg 0

We quickly see the solution to be (0,1,0,0), as expected. Similarly, the generalized eigenvector of
rank 3 associated to A = 2 is a vector w for which

(A—20)*w =0 and (A—2I)°w= and (A —2w=v.

o O o

Solving the last equation we find that w = (0,0,1,0), again as expected.
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Definition 20.6: Let A € M,,»,,. The Jordan (normal) form of A is the matrix

J1 .
J = with I = ’ R
J, 1

for every ¢t = 1,...,s. Every Ji,...,Js is a Jordan block, and every Ai,..., A, is an eigenvalue
of A. For every i, the number of Jordan blocks with eigenvalue A is the geometric multiplicity of
A. Jordan normal form is also known under the names normal form or Jordan canonical form.

To get the size of each Jordan block, we need to do some more work.

Inquiry 20.7: Let A € Mjpx10, and suppose it has the eigensystem as given in the table below.

eigenvalue | eigenvector | algebraic multiplicity
! u 1
-1 v 1
—1 w 3
3 e 2
3 y
5/11 z 2

Fill in the missing entry in the table. What is x(¢)?
e How many Jordan blocks will the Jordan form of A have? What will be their sizes?

Write the Jordan normal form of A.

How are the sizes of Jordan blocks of the same eigenvalue related to the eigenvalue’s
algebraic multiplicity?

In general, given a single eigenpair of A € M,,«, and the algebraic multiplicity, how can you
know the size of the associated Jordan block? Is it even possible?

Example 20.8. If we have the eigenvector with the highest rank in the cycle, we can generate the
others. Consider

2 1
J = 2 1
2 1
21
2

which has only one eigenvalue A = 2, with algebraic multiplicity 7, geometric multiplicity 2 and two
Jordan blocks associated to it. The rank 1 eigenvectors are

u; =[1000000]", vi=[0010000]".

To get the higher rank generalized eigenvectors, we check the positions of the 1’s above the diagonal.
It is immediate that

uy;=[0100000]", vo=[0001000]", -+ v5=[0000001]".
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The relationship is also (J — 2I)vs = vy, (J — 2I)?vs = v3, and so on.

20.2 Jordan’s theorem

Recall that a matrix B is similar to a matrix A if there exists an invertible matrix C with B = C~tAC.
Here we revisit the idea, making precise the relationship between the matrices A and J.

Remark 20.9. Similar matrices do not have the same eigenvectors, but they do have the same
eigenvalues. The eigenvectors of similar matrices are related: If B = C~1AC has eigenvector x with
eigenvalue A, then

Bx=Xx =— Cl'ACx=Xx = A(Cx)=\Cx).
That is, Cx is an eigenvector of A with eigenvalue \.

Now we combine similar matrices with generalized eigenvectors. Fortunately, generalized eigen-
vectors apply to any matrix, not just matrices in Jordan form.

Theorem 20.10 (Jordan). Every A € My xy can be decomposed as
A=XJX1, (10)

where J is the Jordan normal form of A, and X has the generalized eigenvectors of A as columns, in
the same order as the eigenvalues in J.

Remark 20.11. Let A € M,,,, with J = X 'AX in Jordan normal form, and let B be similar to
A. That is, there exists some C € M,,x, with B = CAC~!. It follows that

J=X'AX = x"YC7'BC)X = (CX)"'B(CX).
In other words, B has the same Jordan normal form as A.
Inquiry 20.12: Let A € M,,xn, and suppose that the eigenvectors of A are all linearly inde-
pendent.

e How many Jordan blocks does A have? What does this say about the Jordan normal form
of A? It willbea __________ matrix.

e Recall the XAX~! decomposition from Lecture How does this compare with the
decomposition of A from Jordan’s theorem?

20.3 Exercises

Exercise 20.1. The matrix A below has a single eigenvalue A = 6 with algebraic multiplicity 4 and
geometric multiplicity 1. Find all of its generalized eigenvectors.

9 -1 -1 -3 1
3 5 1 1 -1
A=\ 5 5 _g| Vi= 1,
3 1 -1 5 1

Exercise 20.2. How many different matrices in M7, up to similarity, are there with one eigenvalue
A = 2 that has algebraic multiplicity 2 and

1. geometric multiplicity 27
2. geometric multiplicity 37

3. any geometric multiplicity?
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Exercise 20.3. Let J € Mgy be a matrix in Jordan form with two eigenvalues 3 (having algebraic
multiplicity 4 and geometric multiplicity 2) and —3 (having algebraic multiplicity 2 and geometric
multiplicity 1).

1. How many Jordan blocks will J have? Give the two possibilities for their sizes.

2. Suppose that the Jordan blocks of J all have the same size. Find a matrix B that is similar to
J and has no zero entries.

3. For the matrix B from part (2.), find all its generalized eigenvectors.
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Lecture 21: Generalizing diagonalizability: Singular values

Chapters 7.1,7.2 in Strang’s “Linear Algebra”

Fact 1: No matter what size A has, AAT and AT A are both positive semidefinite and have the
same nonzero eigenvalues.

Fact 2: The SVD contains orthonormal bases of the four fundamental subspaces.

Skill 1: Compute the rank r approximation to A

Skill 2: Decompose a non-square matrix A by the SVD

This lecture continues with generalizing diagonalizibility. Instead to having some X.JX ! decompo-
sition for a square matrix, as in the previous lecture, we get a decomposition for a matrix of any
rectangular size.

21.1 Eigenvalues of symmetric matrices

The word singular so far has been used when talking about matrices. A square matrix was seen to be
singular if its determinant is zero, and non-singular otherwise. Before we begin with the new concept
of singular, we make two observations.

Remark 21.1. Let any A € M,,xn. Then AAT € M,,5m and ATA € M,y
e both have the same nonzero eigenvalues, not counting algebraic multiplicity;
e both are positive semidefinite.

The first points follows by using the usual eigenvalue-eigenvector equations. Suppose that (A, u) is an
eigenpair for AAT | and the (u,v) is an eigenpair for A7 A. Then
AATu=> u = ATA(ATu) = \(ATu), (11)
ATAv = v = AAT(Av) = p(Av). (12)
In other words, we the immediately get that (A, ATu) is an eigenpair for ATA and (u, Av) is an
eigenpair for AAT. However, we only get this conclusion if Au and A”v are not the zero vector!
Recall that an eigenvector cannot be the zero vector. This situation is explored more in Inquiry
The second point follows by obsevervation. Let x € R™ and y € R". Then
xTAATx = (xTA) - (ATx) = (ATx)T . (ATx) = (ATx) o (ATx) = || ATx|? > 0,
y AT Ay = (y"AT) - (Ay) = (Ay)" - (Ay) = (Ay) o (Ay) = [|Ay[* = 0,
where the last inequality follows from the nonnegativity of the norm || - ||. Note that x! AATx may

be equal to zero even when x # 0. Indeed, if ATx = 0, it simply means there is linear dependence
among the columns of AT (equivalently, among the rows of A).

Inquiry 21.2: Consider the matrix A = [ } € Mj3x5. You may use a computer for this

W

11
2 2
33

WO
www

Inquiry.
e Compute the 3 eigenvalues of AA” and the 5 eigenvalues of AT A.
e Compute the eigenvectors for the zero eigenvalues of AT A are zero.

e Attempt to use Equation to get the associated eigenvectors for AAT. What is hap-
pening?
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Definition 21.3: Let A € M,,,xn. The singular values of A are the square roots of the eigen-
values that AAT and AT A have in common.

Example 21.4. Continuing with the matrix A from Inquiry we can apply the decomposition
from Remark For AAT, suppose that it has eigensystem {(A1,u;), (A2, u2), (A3, u3)}, with A\; >
A2 > A3. Then, using decimals,

0.17 0.23 0.3 0.69 0.08 —0.45 0.14 -0.31 0.15
AAT ~83.38 (023 0.3 0.4 |+249]| 0.08 0.01 —-0.05| +0.13 |—-0.31 0.69 —-0.34
A1 0.3 04 0.53 A |—0.45 —0.05 0.3 A3 0.15 —-0.34 0.17

uluf uzug u3u§

Notice the very large eigenvalue and the two smaller ones. This decomposition will be useful when we
ignore the smaller eigenvalues.

Inquiry above showed that if AAT has more eigenvalues than AT A, or vice versa, then the
extra eigenvalues are zero. However, this does not imply that AAT and AT A have the same number
of independent eigenvectors!

Remark 21.5. Let A € M,,xn. Let uy,...,u,, € R™ be the eigenvectors of AAT and vi,...,v, €
R” be the eigenvectors of AT A, where both are repeated depending on algebraic multiplicity. Without
loss of generality, we assume that n > m, so vy,41, ..., vy are all eigenvectors for the zero eigenvalue.

Let 01,...,0m € R be such that
AAT; = afui and AT Av, = vai,
for all i = 1,...,m. We may do this because AAT and AT A are both positive semidefinite (so we can

take square roots of the eigenvalues). We use o instead of A because these are the singular values -
the letter o is the letter “s” in Greek. The relationship among the u;, v;, o; and the original matrix
A is then given by

AVZ‘ = o;Uy,

T
A'u; = o;v; and

as multiplying the left equation by A on the left means the equation on the right must be true (for the
previous equation to hold). Combining all the equations Av; = o;u; into a big equation, and assuming
that the u; are orthonormal, and the v; are orthonormal as well ,we get the following decomposition:

[ N \ |
A Vi Vo - V| = |01U1 02U2 OmUm,
Ll 1L \ |
_ - _ - 01
| o | o
Alvy vy V| = |u1 ug U,
L I . |
— Vi = _ _(71 = Vi =1
Alvi vy Vin = |u up Uy,
| ! . \
- Vm  —] ) | Om Vm
T ‘ ! ] V1
02 V2
A= |[u; u u,,
. \
) | Om | Vm

T T T
=01WV] +02ugVvy + - + O Vo,
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Definition 21.6: The singular value decomposition of A € Muxn is A = UXVT, where
e U € M,,xm has the eigenvectors of AAT as columns,
e V € M, has the eigenvectors of AT A as columns,

e ¥ € My, xn has the singular values of A on the diagonal of its upper left rank(A) x rank(A)
submatrix, in decreasing order from the largest in >1;.

The order of the eigenvectors in U and V' corresponds to the order of the singular values in .

The vectors u; are called the left singular vectors and the v; are called the right singular vectors
of A.

Singular value decomposition allows us to have an eigenvalue-eigenvecftor type decomposition for
non-square matrices. This is very powerful, as most data in real life is not square.

Inquiry 21.7: Consider the two flags below (of Lithuania and Benin), given as matrices.

'y vy vy y vy y y|
Yy Yy yyyyy

e How many singular values do these two matrices have?
e Express both matrices as sums of rank one matrices.

You may use a computer for this task, and a Python function such as svd from the package
scipy.linalg. You will need to convert colors to numbers (the choice of number does not
matter, but distinct colors should have distinct numbers).

Very often we do not need the whole decomposition, only a part of it.

Definition 21.8: Let A € M, «xn, and let 01,09, ... be the singular values of A in decreasing
order. The rank r approzimation of A is the sum

T T
ouvy + -+ o v, € Mpxn,

for every 1 < r < rank(A). If r = rank(A), then the rank r approximation of A is equal to A.
These rank r approximations help is massively reduce the amount of “information” in a matrix.
For example, given a 100 x 100 matrix, which has 100?> = 10 000 numbers, we could just consider the

rank 5 approximation, which has 5+5- (100 + 100) = 1005 numbers, an approximately 90% reduction
in size.
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Inquiry 21.9: This inquiry explores how “similar” the rank r approximations are to the input.
e Open up the Google Colab notebook (link here) and execute the cells in your Python IDE.

e For each image, find the r for which the rank r approximation “essentially looks like” the
input image. What percentage reduction in information size did this achieve?

e Find some images on your own, and perform the same steps as above. Without using
single color images, try to find the images that have the highest recduction in size.

21.2 Bases in the decomposition

For this section, let r = rank(A) < min{m,n}, for A € My, x,. We have alrerady seen the decompo-
sition of A into three matrices, using eigenvalues and eigenvectors of AAT and AT A:

01 — V{ —
A= |u; uy --- u, ) ; . (13)
| ) :

— o - v
eigenvectors of AAT

| | ‘ -
T

singular values eigenvectors of AT A

Hding in this equation are the bases for the four fundamental subspaces that we have already seen in
Lecture [

Remark 21.10. The rank(A)-approximation of A contains orthonormal basis vectors of other sub-
spaces:

- V? 7
’ ‘ ‘ ’ o1 TOW space
. T
_ " of |7V -
A_ u - U Uppg o0 Uy - Tr -
| | | = e
0 0 nullspace
column space left nullspace _ v _
- n -

Example 21.11. Let’s compute the full SVD for a matrix, and get the appropriate bases. Consider

11 2 4 =2 6 6
A=12 2, AAT =4 8 —4], ATA:[G 6].
-1 -1 -2 —4 2

It is immediate that A has rank 1, as the rows are all multiples of the first row. We already know
both AT A and AAT have the same eigenvalues, so we just find them for the easier of the two, AT A.
The roots of the characteristic polynomial are found by

0=det(ATA-X)=(6—-X)?—=36=36—-12XA+ )% —36 = \2 — 12X = (A — 12)),

so the eigenvalues are 12 and 0. Hence the only singular value is o7 = 2v/3. To find the eigenvectors,
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we row reduce the appropriate augmented matrices, remembering to normalize the eigenvectors.

[—10 4
12 for AAT : | 4 —4
| -2 —4

[ 2 4

0for AAT: | 4 8
|2 —4

7, |-6 6

12 for A" A: [ 6 —6
7, 16 6 0
0for A" A: [6 6 0]

as well as bases

-2 0
-4 0
-10 0

-2
—4
2

0

-0
0

0] RREF [1
_—

RREF 1 1 0
0 0O

—1/v6 1/vV2 —2//5

A=|-2/vV6 0

| 1/vV6  1/V2

1

RREF
— |0
0
1

RREF
— |0
0
-1 0
0 0 O

1/v5
0

_1/\/6

u] = —2/\/6
1/v6

1/v2

ug = 0

1/v2

e

010

1 20 —
0 00

2 -1 0

0 0 O =
0 0 O

| = |

3V2

0

—1/V/2

1/v2

We could have also found v; by AT, = 24/3vy. This gives us the complete decomposition

~

0
1/v2
o o |1s il

1/\/5}

U

2

vT

, U3 =

—2/\/5
1/v5
0

~1/v6 1/vV2] [-2/V5
col(A) = span{ |—2/V6| ¢, null(A”) = span 0 |,|1/V5 ,
1/v6 1/v2 0

oty =son [ 72] . sy = s [ 152] ).

Remark 21.12. If A is symmetric, then the SVD is the same as the QAQT-decomposition. In
this way, the SVD is a more general decomposition that captures the nice properties of the QAQ”-
decomposition.

21.3 Exercises

Exercise 21.1. Consider the two “matrices” below.

[w w w w wow w |

w o ow w w w o ow w
w

L=|lw w w w w w w w w w B=|lw w w w w w w w w
w

w o ow w w w o ow w

| w w w w wow w |

1. Express L, the flag of Latvia, as a rank one product of two vectors.

2. Express B, the flag of Latvian battleships, as a sum of two rank one matrices. That is, decompose

B as B = oyu;vl + oqugvy.

Exercise 21.2. This question uses Python. You may use the folowing resources:
e Sample code: jlazovskis.com/teaching/linearalgebra
e Sample images: links.uwaterloo.ca/Repository.html

Find a grayscale image online at least 100 x 100 pixels in size. It does not have to be square.
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1. Find the singular values of the image. How many of them are less than 1/100 of the largest
singular value?

2. Compute the rank r approximation to the image for r = 1,2, 3,5, 10.
3. If the image had size m x n, what is the percent reduction in size for the rank r approxmation?

Exercise 21.3. Let a € R, and consider the matrix

a 0 a O
A_[OOOQa]'

1. Compute the SVD of A by finding the eigenvalue / eigenvector pairs for AAT and AT A.
2. What are the dimensions of the four fundamental subspaces of A7

Exercise 21.4. 1. Construct a 3 x 4 matrix with singular values 1, 2, 3.

). ]

2. Construct a 2 x 2 rank 1 matrix with right singular vectors [ V32 12

3. Find the rank 1 and rank 2 approximations for

o O
O O = O
O = O =
— o O O

Hint: Since two eigenvalues are the same, there are two rank 2 approrimations!

119



Part IV
Generalizations and applications

Lecture 22: Principal component analysis

Chapter 7.8 in Strang’s “Linear Algebra”

Fact 1: The first principal component solves the perpendicular least squares problem

Fact 2: The first two principal components give a reasonable way to plot high-dimensional data

Skill 1: Solve the perpendicular least squares problem using SVD

Skill 2: Identify the principal components of A € M, xn, in terms of the total covariance of A

e Skill 3: Normalize and center data on its mean

In the previous lecture, we saw how to simplify images, thought of as a matrix A, for compressed com-
munication, using the eigenvectors of AAT and AT A, which appear in the singular value decomposition
of A. in this lecture we will apply SVD, but to a different problem: dimensionality reduction.

22.1 The first significant direction of data

All data used in this lecture is available on the course website jlazovskis.com/teaching/linearalgebra.

Example 22.1. Consider the following data set, representing the number of instructors (z-value) and
the number of students (y-value) at 32 different post-secondary institutions in Latvia.

students
AN | @

{(1531,15260), . . ., (2,33)}

3000 *
7 ¥ instructors

200

There seems to be a general trend! In Lecture [11] we saw how to approximate this data with a least
squares line of best fit. We do something similar now, but slightly differently, and as motivation
for higher dimensions. Each pair in this data set is a sample, so we can costruct a sample matriz

A€ Mayso.
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Definition 22.2: Let A € M,,,«,, and consider each of the n columns of A as a sample. There
are two matrices associated to A:

T
S:MM .
n—1

1 n

Mi; = Aij — - E Aik
k=1

———

mean of row %

A has a mean-centered matrix M € M, «xn and a sample covariance matrix S € M, xm.

By definition, S is symmetric.

Inquiry 22.3: Consider the matrix A = [% _33 :}1 ? _11 ]

e Compute the mean-centered matrix M.

e Suppose you add one column (sample) to M. Will M still be mean-centered? Why or why
not?

e Suppose you add two columns to M. What must be true about the two columns for the
new M to still be mean-centered?

Continuing with Example we find the means and center the matrix accordingly:

mean of row 1 (students): 145.6
mean of row 2 (instructors): 1890.6

This lets us create the mean-centered 2 x 32 matrix M and the sample covariance 2 x 2 matrix S for
the data. The key lies in the singular value decomposition of

g 73909.14  864786.84 ] _ [—0.0786 —0.9969] [11039942.91 0 ] [—0.0786 —0.9969

~ 864786.84 10971745.39 —0.9969 0.0786 0 5711.62| |—0.9969 0.0786 |-

~~

U P vT

[\

Since S is symmetric, the matrices U and V are the same. The singular vector with the largest
eigenvalue identifies the principal component of the mean-centered data. This can be thought of as
a 1-dimensional subspace of R™ that does the best job (that a 1-dimensional subspace could do) of
approximating all the data. The first eigenvalue dominates the second one, indicating the data is
very close to a straight line. The straight line is given by the eigenvector corresponding to the large
eigenvalue.

students (mean-centered) span of (—0.0786, —0.9969)
AN y 4
/
d .
o/
/|
/
°
A
///
//
y 1

vd ¥ instructors (mean-centered)
)’
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The line here is y = 8'8222

approximates the original data is this line, but shifted back by the mean:

x, which best approximates the mean-centered data. The line that best

~0.9969
Y= 0.0786

(z — 145.6) + 1890.6.

Definition 22.4: Let A € My,xn. The (first) principal component of A is the singular vector
corresponding to the largest singular value of A.

The first principal component of A solves the perpendicular least squares problem. That is, the first
eigenvector minimizes the square of the distance from its line to the data. This is alternative to the
least squares solution we saw in Lecture which minimized the the vertical distance.

Inquiry 22.5: Consider the data sets and lines below.

R R R

17
__T//i__ o /o

LT > R * R / > R

V4 I v 71

N\

L\

e For each of the grids above, indicate which of the three lines you think corresponds to the
linear least squares approximation and which corresponds to the first principal component.

e Check your answers by computing the least squares linear approximation and the first
principal component to the data sets. Use the interactive plot (link here).

e Which approximation do you think is better? Why?
e Try to come up with data for which the difference between the two lines is as big as posible.

The key idea for this inquiry is that least squares minimizes vertical distance and the first
principal component minimizes perpendicular distance. “Distance” means the sum of the lengths
from each point to the line.

22.2 PCA for higher dimensions

So far we saw data with two coordinates, but very often the data we see is many-dimensional, and
has more than one important component. Now we analyze the principal components (that is, singular
vectors) corresponding to the several largest singular values.

Example 22.6. The data from Example can be augmented with extra data about the change
in student and instructor numbers from the previous year. This gives 4-dimensional data, which can
not be easily visualized on a page.

iestade | akad_pers_2019 | akad_pers_2020 | stud_2019 | stud_2020
Latvijas Universitate 1182 1531 15250 15260
Rigas Tehniska universitate 930 904 14383 14006
Daugavpils Universitate 194 182 2163 2068
Latvijas Nacionala aizsardzibas akademija 10 10 269 262

122


http://www.jlazovskis.com/teaching/linearalgebra/lecture22-4points.html

If we want to consider the change (percent), then we need to normalize the data, to make sure that a
change in every coordinate is taken into account similarly.

Definition 22.7: Let x € R™. The normalization of x is a vector x € R™ that is either:

e a multiple of x so that it has unit length: x = ﬁ
e a shift and scale the vector so that it lies in [0,1]": % = {7, where m = min; z;,
M = max; z;, and m = [m m --- m]T.

The second case is also called min-max normalization, and is the normalization used here.

We normalize each row, then center it at zero, then compute the sample covariance matrix, and finally
get its SVD. The matrices U and ¥ from the SVD are below.

o8

—0.61  0.161 —0.011 —0.776 stud delta
U — —0.754 0.167 —-0.09 0.629 .
1 =0.096 —0.075 0.992 0.046 o4
—0.224 -0.97 -0.094 -0.025 *
akad_pers_2020 .
. StLICLZ.OZO
0.802 0 0 0 o0
0 0.363 0 0
3> = akad_pers_delta °
0 0 0.164 0 02 % o
0 0 0 0.0145 ‘

-12 -1.0 —0.8 06 —0.4 —02 00 0z

Looking at the first two columns of U (the first two singular vectors), we see that the second coordinate
(student number) has the largest magnitude for the first singular vector uy, and the last coordinate
(change in student number) has the largest magnitude for the second singular vector us:

$1:| uj ® Xold us @ X,ld
s r —= ——7 r9 — ——.
€2

X = proj X =
new — P Jspan(ul,uz)( Old) |: u; e u; ’ uz e uz

The first two singular vectors are the “defining directions” of the data.

Definition 22.8: Let A € M,,«,, considered as n samples in m coordinates.
e For each 1 < i < m, the variance of coordinate i is Sj;.

A large variance means coordinate ¢ is spread out, and a small variance means coordinate i is
densely packed.

e For each 1 <,5 < m, the covariance of coordinate ¢ with coordinate j is S;; = Sj;.

A large positive covariance means coordinate i increases when coordinate j increases, and a
large negative covariance means coordinate ¢ decreases when coordinate j increases.

e The total variance of A is trace(S).
The variance of the data from Example is either trace(S) = Si1 + Sag or trace(X) = X1 + oo,
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since the sum of the eigenvalues of a matrix is the trace of the matrix. The singular value of the
first principal component accounts for o /trace(S) ~ 0.99, or about 99% of the total covariance. In
general, it may take more than the first principal component to accont for so much of the covariance
- your choice of when to stop determines the princial components of the data.

22.3 Exercises

Exercise 22.1. This question is about the 4 point interactive found on the course website (link here).

1. Create an arrangement of the points with the largest angle possible between the two approxi-
mations that you can find. Do you think any angle is possible? Justify your reasoning.

2. Create an arrangement of the points with the largest difference between the sums of the distances
that you can find. Besides all points being on a line, what situations give the same sums of
distances?

Exercise 22.2. Find samples of high-dimensional (at least 4) data online.

1. Construct the sample covariance matrix S and find the two largest eigenvalue / eigenvector pairs
from its SVD.

2. What percentage of the total covariance do the first two principal components cover?
3. Plot the data on the axes of the two principal components.
4. Create two plots of the data having for axes:

(a) the first principal component against the coordinate with the highest (in magnitude) asso-
ciation

(b) the second principal component against the coordinate with the highest (in magnitude)
association

Exercise 22.3. Create a matrix of 2-dimensional data for which the first principal component of the
data is a multiple of the eigenvector [} ], for a,b € Ry. Make sure that:

e the matrix has at least 3 columns (samples),
e 10 3 samples are colinear.

Exercise 22.4. 1. Create a matrix of 3-dimensional data for which first two principal components
are the vectors [100]” and [010]7. Make sure that:

e the data is centered at 0,
e the matrix has at least 4 columns (samples),

e no 3 samples are colinear.

2. Do the same as in part (a), but change the last condition to “no 4 samples lie on a plane.”
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Lecture 23: Linear transformations

Chapters 8.1, 8.2 in Strang’s “Linear Algebra”

Fact 1: A linear transformation is the same thing as a matrix.

Fact 2: A linear transformtion is injective iff it is surjective.

Skill 1: Determine whether or not a function is a linear transformation.

Skill 2: Construct a matrix for a linear transformation, given what it does to a basis.

e Skill 3: Construct the image and kernel of a linear transformation

This lecture focuses on a generalization: the connection between m x n matrices and functions R"™ —
R™. We have already seen the interpretation of a matrix as a function with the rotation matrix Ry
in Lecture [9] By the end of this lecture, we will see that every such function comes from a matrix.

23.1 Types of linear transformations

Definition 23.1: Let V,W be vector spaces. A linear transformation, or linear map, is a
function f: V — W that satisfies

fx+y)=Fx)+ 1) and flex) = cf (%) (14)

for every x,y € V and every ¢ € R. These are conditions for linearity.

Example 23.2. We have already seen examples (and non-examples) of linear transformations:
e Every m x n matrix is a linear transformation R™ — R, because A(x +y) = Ax + Ay.

e The shift function x — x + y for nonzero y is not linear, because splitting up the function on
two vectors adds 2y instead of just y.

e The length function is not a linear transformation R" — R, because
1 -1 1 1 0
151 R 11 R [ R | R [ RO

Inquiry 23.3: Each of the functions below are linear. For each, show that the two conditions
for linearity are satisfied.

. 1 .
e the dot product of a vector v € R3 with [?J € R?, as a function R® -+ R

. . . . 1
e projection of a vector v € R? to the z-axis, considered as the span of [8]

e differentiation and integration on the space C[R] of continuous functions

Each of the functions below is not linear. For each, show which of the linearity conditions are
violated.

e addition of the vector [1]: f([7]) =[y]+[}]

e squaring of every component: f([y]) = B;]

Linearity is good because it gives a complete picture with a small amount of information.
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Proposition 23.4. Any linear map V' — W is completely determined by what it does to the basis of
V.

This follows immediately by linearity. Another way to say the above proposition is that choosing a
basis v, ..., v, of V and taking any (not necessarily linearly independent!) vectors wy,...,w, € W,
there is only one unique linear map f: V — W for which f(v;) = wy, for all 1.

Inquiry 23.5: This inquiry is about the vector space R3.
e Come up with two different bases {v1,va,v3} and {w1, wo, w3} for R3.

e Let A be the 2 x 3 matrix with Avq = [}], Avy = [3] and Avs = [3']. What is A?

1 0 0
e Let B be the 4 x 3 matrix with Bw; = [8}, Bvy = [%] and Bvs = [_01]. What is B?
1 2 2

e What are the ranks of A and B? How are these numbers related to the dimension of R3?

Every linear transformation V' — W creates new subspaces of V' and of W.

Definition 23.6: Let f: V — W be a linear transformation.
e The kernel of fisker(f)={xeV : f(x)=0}CV
e The image, or range of fisim(f) ={f(x) e W : x€} CW

Note that ker(f) C V is a subspace of V', and im(f) C W is a subspace of W.

Example 23.7. For f(x) = Ax, multiplication by a matrix, the kernel is the nullspace and the image
is the column space. That is,

ker(f) = null(A), im(f) = col(A).

Recall that a function f: X — Y is injective, or one-to-one, if f(a) = f(b) implies a = b. Further,
the function f is surjective, or onto, if for every y € Y there exists x € X such that f(x) = y. We
will apply these concepts to linear transformations.

Proposition 23.8. Let f: V — W be linear.
e f is injective iff ker(f) = {0}

o if dim(W) = dim(im(f)), then f is surjective.

Inquiry 23.9: This inquiry describes the justification for Proposition [23.8
e Suppose that ker(f) = {0}. Show that assuming f(x) = f(y) implies that x =y.

e Suppose that f is injective. Use the second linarity condition with ¢ = 0 to show that
assuming a nonzero vector is in the kernel of f implies a contradiction.

e Revisit Remark and explain why it justifies the second point of the proposition.
Combining injective and surjective linear transformations gives us a very special transformation.

Definition 23.10: A linear transformation f: V — W that is both injective and surjective is
an isomorphism.
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You may have seen the word bijective be used for functions that are both injective and surjective,
but for linear maps we use this special word. Isomorphisms are important because they preserve the
fundamental structure of the vector space V.

Example 23.11. We have already seen examples of isomorphisms:
e The map f: R” — R" with f(x) = 2x is an isomoprhism.
e The change of basis matrix from Lecture [7]is an isomorphism
e The dot product of any vector in R? with (—1,2) is not an isomoprhism, as it fails injectivity:

(3,4) - (=1,2) = (=5,0) - (—1,2).

23.2 The matrix of a linear transformation

Theorem 23.12. Let f: R™ — R™ be linear. Then there is a unique matriz A for which Az = f(x)
for all x € R™.

Proof. First we do this proof in a special case, using the standard bases eq, ..., e, for R" and ey, ..., e,
for R™. By Proposition f is completely determined by what it does on the e;. Suppose that

f(el) =aie; + -+ amiem,

f(e2) = arzer + - - - + amaem,

f(en) = aipei + -+ amnem,
for some a;; € R. Then on an arbitrary x = bje; +--- + bye, € R", the linear map f takes it to

f(x) = f(bier + - - + byey)
=bif(er) + -+ +bnf(en)
=bi(arier1 + -+ amiem) + - - + bp(aper + - + amnem)
= (a1 + - - + bparp)er + - + (b1ami + - - - bpamn)em.

Since e; is all zeros except a 1 on line 4, the last line above can be rewritten as

biai1 + -+ bpain a1 a2 - aip | b1
boasy + - - - + bpao as1 a2 - a2 by
T = . . . .n L= A(blel +--+ bnen) = Ax.
biami + - bnamn Aml Am2 - Amn bn
A

So in this case, f is exactly A.

In the general case, where vy, ..., v, is some basis for R” and wy,...,w,, is some basis for R™,
construct the change of basis matrices Cy, that takes the v; to the e;, and Cyy, that takes the w; to
the e;. Then the matrix of the function f is C’I}}AC’V. O
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Inquiry 23.13: This inquiry connects linear transformations with matrices. Recall that A7 is
the transpose of A.

e Considering the transpose as a “function” Msyxs — Moys, explain why this cannot be
linear.
Hint: How would this work as a matrix multiplication?

e Explain why the function f: Mzyxo — RS, for which

ail a12 T

f{]a21 a2 | ) = [a11 a12 a21 a2z as1 asz ]
a3l as2

is linear. What is its inverse, and is it linear as well?

e Describe a function g: R — RS so that

(ftogof): Msxa — Mays

produces the transpose of a matrix. Is it linear?

This Theorem above has several implications. Combining the rank-nullity theorem from Lecture
along with observations above, we immediately get the following.

Corollary 23.14. Let f: V — W be linear, with dim(V') = dim(W).
e [DiMENSION THEOREM] dim(V') = dim(ker(f)) 4+ dim(im(f))
e The map f is surjective iff it is injective

Proof. The first point follows by the rank-nullity theorem and applying Theorem [23.12] in Example
[23.7] to describe every linear map as a matrix.
The second point follows immediately from the first point and Proposition [23.8 O

Remark 23.15. We also get a nice result for compositions of linear maps. Given two linear maps
f: V= Wandg: W — Z, their composition is a linear map (go f): V — Z (you will check this in an
exercise). If f, g have associated matrices A, B, respectively, then the composition go f has associated
matrix BA. This follows by using the equations f(x) = Ax and ¢(y) = B(y) in simplifying

(g0 f)(x) = g(f(%) = 9(Ax) = B(Ax) = (BA)x.

23.3 Exercises

Exercise 23.1. For this question, the vector T;(x) is simply written T;x, to both ease notation and as
a reminder that linear transformatons are simply matrices. You are given the following transformations

T;:
x| [w
vyl |y x| |2e¥ x| [2? x| [sin(a? +y?)
S = M B l’] o M - Lﬂ] h [y] ~ |eos(a® +9?)
w | K3
) 0 )
x 3y +x 0 x e T 2z 4+ 2y
T5 |y 0 Ts | | = 17 = Ty |y y+z
9 0 z+y
Z | 7 —y 0 z 0

1. Which of the T; are linear? For those that are not, give a counterexample in which one of the
linearity conditions fail.
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2. Let S: R? — R3 be the linear transformation for which

1 1 0 0 0 1
STs |0 = |0}, STg |1 = 1], STg |0 = |1
0 1 0 1 1 0

Construct the 3 x 3 matrix of S.

Exercise 23.2. Prove the claim from Definition that the kernel and image of f: V — W are
subspaces of V' and W, respectively. Use linearity to check the vector space conditions.

Exercise 23.3. Let f: V — W be a linear transformation, and let vy, ..., v, be a basis of V. Show
that f is injective iff the set of vectors f(vi),..., f(vy,) C W is linearly independent.

Exercise 23.4. Consider the three orthogonal vectors

1 3 0
x= (0], y=101, z=|-2
3 -1 0

1. Find the unit vectors X, y, z.

2. Construct a symmetric matrix A of full rank for which the unit vectors from part (a) are
eigenvectors.

3. Let f: R?® = R3 be the linear transformation for which

1 -1 0
f(X): 1 ) f(Y): -1 ) f(Z): 1
0 -1 -1

Construct the 3 x 3 matrix for f.

Exercise 23.5. Let V be the vector space of polynomials in two variables x and y of degree at most
2. This space has dimension 6, and has basis with basis 1, z, vy, 22, 4%, zy. Let L: V — V be the linear
transformation defined by L(f(x,y)) = f(z —y,y — x).

1. Find the matrix of L using the basis specified.
2. Find a basis for the image and kernel of L.

Exercise 23.6. Prove the claim from Remark[23.15|that the composition of two linear maps is linear.
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Lecture 24: Complex numbers and complex matrices

Chapters 9.1 and 9.2 in Strang

e Fact 1: All the math we have done so far can be considered over C instead of R

e Fact 2: Complex number adition and multiplication have geomtric meaning

e Skill 1: Express a complex number in one of four different ways

e Skill 2: Apply the new results for Hermitian vectors and matrices

In this lecture we will take some time to introduce fully the topic of coplex numbers. The goal is to
get a better feel for them and to set the stage for the future topic of Fourier transforms. Fortunately,
almost all the results we have seen so far with matrices over R apply to matrices over C as well.

24.1 The space of complex numbers

Definition 24.1: The complex numbers are elements of the set C = {x + 1y : z,y € R}. The
symbol i is the imaginary number, having the property that 2 = —1.
e The standard form of a complex number is x + 7y.
e In Cartesian, or rectangular coordinates this number is written (z,y).
The real part of x + iy is « and its imaginary part is y.
If x =0, then z = x + iy is a purely imaginary number.

Let z = x + iy and w = a + ib be complex numbers and ¢ € R. Complex number addition and
multiplication, and real number multiplication are defined in the following way:

z+w=(a+z)+i(y+0)
2w = xa + izb + iya + i*th = (za — yb) + i(xb + ya)

cz =cx +icy

Inquiry 24.2: The set C along with complex number addition and scalar multiplication as
above form a vector space.

e Show that the function f: C — R?, given by f(x + iy) = (x,y) is bijective.
e Give a bijection between C" and R?", for any n € N.
e Let z =2+ i € C. Is the function m: C — C, given by m(z + iy) = (2 +i)(x +iy) a
linear transformation?
Example 24.3. What does the complex number (1 + 4)~2 look like in standard form? Observe that

1 1 1 1 114 T -1,

— — _ = = _3

A+i)2 142+ 14+2i—1 2 2ii -2i 2

Definition 24.4: Let z = z + yi € C. The (complex) conjugate of z is Z = z* = x — iy. The
absolute value, or modulus of z is

2| = V22 = /(2 + iy)(z — iy) = Va? + 2.
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Proposition 24.5. Let z =z 4+ i1y, w = a + tb € C. Then the conjugate satisfies:

l.zdw=z+w 3.z2=2 5. 2 — 2z =2yi

2. ZW=ZzZwW 4. z+zZ =2 6. 271 =%/|z|? for 2 # 0
And the absolute value satisfies:

1. |z|=0iff z=0 3. zw| = |z||w|

2. |z] = |7 4. |z 4+ w| < |2| + |w]

Definition 24.6: The third way to express z = x+1iy € C is with polar coordinates (r,0), where
r = |z| and 0 is the angle from the positive = axis to the vector (x,y). Note that

x + iy = rcos(f) + irsin(h) = re®,

where the second equality is known as Fuler’s formula. This last expression is in ezponential
form.

Remark 24.7. All that we have seen so far about the complex numbers, and a new observation about
multiplying complex numbers, can be drawn together in a picture.

R — i(02+0w)
~ w 2W = T,Trye
z4+w 24w = 1y co8(by) + i1y sin(fy,)
Y |------>%----= z=x+1y =r,cos(0,) + ir,sin(6,)

*R
x
Nz Z=x — iy =r,cos(f,) —ir,sin(0,)

Remark 24.8. Putting complex numbers into polar coordinates makes computations in standard
form much easier. For z = re'?, we have:

e (De Moivre’s theorem) 2" = (re')™ = rnein?

1/n i(0+2kn)

e (complex roots) the nth roots of z are r /m for every k=1,...,n— 1.

For the second point, when z = 1 + 0i, then the kth root of z is called the kth root of unity.

Inquiry 24.9: This inquiry is about the different forms of complex numbers.

e Express z = 5cos(m/4) + 5isin(r/4) in standard form.

Express w = —/3 — i in polar form.

Find the 4th roots of p = 1 + ¢ in Cartesian coordinates.
e Convince yourself that finding nth roots of unity is much easier in polar coordinates than

in rectangular coordinates.

Example 24.10. Below are given the 5th roots of z = —1 + 9i and the 5th roots of z = € = 1, or

unity. For some 5th roots w of z, the complex numbers w, w?, w?,w?, w® = z are also shown. The circle
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with radius {/|z| is given to emphasize that all 5th roots are the same distance from 0.

R
—149i 9 N £
} |
(‘\0 ) ol @ ) a/'o ) o )
\J [e}) Ke] &: O%.
N
R
4 ‘/5 ‘627]'/5 L AN AN AN
671'
N Tk/” . % N B
}-60 1 1 HKpr=e 1 [ e 13
T TR Es A
e671'/5 i./ e
I 87/ —

Remark 24.11. The space of complex numbers is a 2-dimensional vector space over R via the
identification of Cartesian coordinates. However, it is a 1-dimensional vector space over C.

24.2 Complex matrices

Definition 24.12: Let z = [2; ---

vector z = [z1 ---

7l

zp)T € C™ be a vector. The (complex) conjugate is the

Often we talk about not just the conjugate, but the conjugate transpose. The reason for taking both
the conjugate of each element and the transpose, when n =2 and z = [y] = z + iy = 2, is to get that

Zlz=2'z=|z|* = |z

=zz,

so the previous notion of length of a vector corresponds with the new notion of absolute value of a

complex number. The notation z* = z*

is also used for matrices, so that (A*);; = Aj;.

Definition 24.13: Let A € M;,»,,(C). Then

Proposition 24.14. Let A € M;,»,»,(C) and z € C". If A is Hermitian, then:

e 7z*Az is a real number

o Ais Hermitian if A = A*

e every eigenvalue of A is a real number

e cigenvectors (of different eigenvalues are orthogonal

If A is unitary, then:

e A*A=1Tand A™1 = A*

e every eigenvalue of A is 1

e A is unitary if the columns of A are orthonormal
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Example 24.15. Consider the 2 x 2 matrix A = [342:% 333i]. This matrix is Hermitian, so should
have real eigenvalues and orthogonal eigenvectors by the previous Proposition. Indeed, we find that

det(A—A)=2-N5-AN)—=3-3)B+3)=10-TA+X2—18=X2 —7TA -8 =(A—=8)(A+ 1),
so the eigenvalues are A = 8, —1. For the eigenvectors, we must solve

2 3-3i]|z] |8z — —6z+ (3—-3i)w = 0,
3+3i 5 w| 8w (34+3i)z—3w = 0.
Using the first equation to isolate w, we get

6z 6z 343 (18+18i)z
- 3-3 3-3i3+3i  9+9

w = (1+1)z,

which, when placed into the second equation, gives us (3 + 3i)z — 3(1 + i)z = 0, which means there
are no constraints on z. So we let z = 1 and w = 1 + 4. Similarly for the second eigenvector we find
z=2and w = —1 — 7. To check they are orthogonal, we observe that

{141%] [—12—2‘] =[1—i 1] {—12—11 —(1—i)(—1—d)4+2=—-1—i+i+i24+2=-24+2=0,

and we have orthogonality, as desired.

1 1
o2mi/3  Ami/3 |

1

Inquiry 24.16: Consider the Fourier matric F = % 1
3 ‘ ‘

1 e471'7,/3 e2m/3

e Note that F' is symmetrix. Is it Hermitian? Which entries must change so that it is
Hermitian?

e Show that F' is unitary.
e Compute the third power F3 of F.

This matrix will feature heavily in the next lecture.

24.3 Exercises

Exercise 24.1. Show that every complex number z = x + iy for which at least one of x and y are
not zero has an inverse. That is, find w € C for which zw = 1.

Exercise 24.2. Prove all the claims of Proposition 20.4, for z = z + yi,w = a + bi € C:

l.z4w=z+4+w 6. 2t =%/]z|? for z £ 0
2. Zw=zZw 7. lz2|=0iff z=0
3.z2=1z2 8. |z] = |7|

4. z2+z2=2x 9. |zw| = |z||w]

5. 2—7Z=2yi 10. |z +w| < |z| + |w|

Exercise 24.3. Prove Euler’s formula cos(f) +isin(f) = €' is true by showing that the derivative of
(cos(8) + isin(f))e" is zero.
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Lecture 25: The Fourier series and the discrete Fourier transform

Chapters 8.3 and 9.3 in Strang’s “Linear Algebra” and IV.1 in Strang’s “Learning from Data”

e Fact 1: The Fourier series describes any function as a sum of sines and cosines (with real
coefficients)

e Fact 2: The discrete Fourier transform describes any sample (of a function) as a sum of sines
and cosines (with complex coefficients)

e Fact 3: Fourer series uses integration, DFT uses matrix multiplication. Both can be simplified
for approrimation.

e Skill 1: Compute the Fourier coefficients of a piecewise continuous function on [0, 27]

e Skill 2: Construct the discrete Fourier transform of evenely-spaced data points.

This lecture is all about things named after Joseph Fourier (1768-1830). The key idea of this lecture is
how to approximate complicated functions in a very simple way. We begin with the more complicated
approach, which we resolve with a simplex approach in the second part of the lecture. All functions
are define on a finite interval, assumed to be [0, 27].

25.1 The Fourier basis and the Fourier series

A function f: R — R is piecewise continuous if f is continuous at all except finitely many points of
R. We consider the space PC|0, 27| of piecewise continuous functions defined on [0, 27], and make it
an inner product space with the inner product

27
(f,9) = ; f(x)g(z) dz. (15)

Piecewise continuous functions can be integrated just like continuous functions, by applying linearity
and splitting them up over intervals where they are continuous.

Example 25.1. Consider the following continuous and piecewise continuous functions, which are all
different, but coincide at some points.

3.5+

3.
2.5
2.
1.5
1.

0.5+

— —_ 2n

N A
E]

n
0 —_
4

Of these five functions, three are continuous, but only one is differentiable. One function ise discon-
tinuous at three points, one function is discontinuous at four points. All functions are elements of
PCI0,27]. We assume that they are periodic, that is, they repeat every interval of length 27.
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Definition 25.2: The Fourier basis is the set of functions
F ={1} U{sin(nz) : n € N} U{cos(nz) : n € N}.

These are all continuous functions in [0, 27r]. We have yet to show that it is a basis.
Proposition 25.3. The set F' is orthogonal.

Inquiry 25.4: This inquiry goes into the the details of Proposition [25.3

e Compute the inner product, from equation , of 1 with sin(nz) and cos(nz), to confirm
that 1 is orthogonal to all other functions in F'.

e Recall the sum of angles formula:
cos(f £ ¢) = cos(f) cos(p) F sin(f) sin(yp).

Use this to express cos(f) cos(p) as a sum of only cos functions, and sin(f) sin(¢) only as
a difference of cos functions.

e Compute the inner products (sin(nz),cos(mz)) and (cos(nz), cos(mz)) for n # m. You
may have to use substitution.

Showing that (sin(nz), cos(mx)) = (cos(nz), cos(mz)) = 0 for n # m shows orthogonality among
many (but not all) of the functions in F'.

To finish justifying that F' is a basis for PC[0, 27], we need to show that F' spans this set. Such
a proof is beyond the scope of this course, so we continue with the assumption that F' is a basis for
PCI0, 27].

Definition 25.5: Let f € PC|0,2n]. Expressing f using the basis F' is the Fourier series of f:
f(z) = ap + a1 sin(x) + by cos(x) + ag sin(2x) + by cos(2x) + - -

=ap+ Z(an sin(nz) + by, cos(nx)).

n=1

The numbers a,, and b,, are the projections of f onto the vectors spanned by sin(nz) and cos(nzx),
respectively. They are the Fourier coefficients of f:

1 (f(), sin(na))

= — d =
27 Jo f(z) de, 7 ||sin(nx)||?

(£ (2), cos(n))

a0 cos(na)[?

) bn=

Example 25.6. Unless f is very nice, the sum is usually infinite. Hence we often give only the first
few terms in the series to describe f. Here are the first 6 pairs of Fourier coefficients for a simple
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degree 4 polynomial.

—

1st approx
—— 2nd approx
—— 3rd approx
—— 4th approx
— 5th approx
— 6th approx

-2

-4

-6

-8

This may seem like overkill, but it is very useful when the orginal function is not continuous every-
where. The Fourier series of any piecewise continuous function will be continuous (and differentiable!)
everywhere.

1st approx
—— 2nd approx
—— 3rd approx
34— 5th approx
—— 1oth approx
— 30th approx

Inquiry 25.7: This inquiry considers a different for of the functions in the Fourier basis. You
will need the identities

0 _ —i0  ,—i0 _ i 0 —if
sin(g) = S —¢ e cos(e):%

Let F, = {e™® : nc Z}.
e Explain why span(F') = span(F¢).
e Explain why (% e"%) = () whenever n # m. This proves orthogonality of F.

e Express the n = 2 approximation f(z) = ag+ a1 sin(z) + by cos(z) + az sin(2x) 4 by cos(2x)
of f in terms of the elements in F,.

25.2 The Fourier matrix and the discrete Fourier transform

In Example above, we had two functions that were completely known. In the real world, we do
not know completely the function we are considering, but only know its value at certain inputs z. A
very pertinent queston is then how to convert this discrete data into a continuous function.

Example 25.8. Suppose we have the following data points on the interval [0, 27], evenly spaced out.
This could be only part of a signal that we can pick up, or a very sparsely sampled sound:

(0,1), (22) , (m,—2), (32” _3> ,
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How can we make this data into a continuous function? We could apply the approach from Example
but we would be assuming the values of the signal at unknown points, and there are several
natural ways to extend the discrete signal into a continuous signal.

Definition 25.9: The n x n Fourier matrizc Fy, € Mpxn(C) has n(Fy,);; = w=DU-D  where

w = e~ 2"/ ig an nth root of unity:
[1 1 1 1 i [1 1 1 e 1 ]
1 w w? ooc w1 1w w2 .. el
F, = l 1 w? wt w2(n=1) — l 1 w2 wt pof
n n
_1 wn—1 w2(n—1) w(n—l)(n—l)_ _1 w1l yn—2 w

Given x € R", the vector F,,x € C" is called the discrete Fourier transform of x.

Remark 25.10. This matrix may look familiar - it is the Vandermonde matrix from Definition [11.10
in Lecture for x1,...,x, the nth roots of unity. In that lecture the Vandermonde matrix was used
to create a polynomial that approximates well some given data points, and here we create a periodic
function that approximates well some data points.

1 1 1 1
Inquiry 25.11: This inquiry is about the 4 x 4 Fourier matrix Fy = % i :i _11 _Z 1
1 + -1 =

Show that the columns of Fj are orthogonal to each other.

Show that the columns of Fj all have length 1, by computing the product ¢’ cj = CLCk
for each column ci, k = 1,2, 3,4 of Fy.

What do the two points above mean for the product Fj Fy?

What is the inverse of Fy? What will be the (7,j) entry in the inverse of F,,, for any
n € N7

Here A* is the conjugate transpose of A.
Example 25.12. The reason the Fourier matrix is useful is because it provides the coefficients of the

periodic function in the basis F, that goes through the given data points. So instead of integrating,
we simply multiply to get the same result. Consider the data from Example [25.6}

1 1 1 1 1 1 -2
|2 el LT =i 1| 2] 1 3=5
2| S S S e Y U
-3 1 4+ -1 —if| |3 3+ 51
which means that fi(z) = —3 + 3524’ 4 31237 Plotting the real part of this function (since it is

137



complex-valued) along with the original data points gives the following graph:

N

If we recieved more data points, spaced 7/4 (instead of 7/2) apart, to get a new data vector x € R3,
we could use the Fourier matrix Fg to reconstruct a continuous function from this data:

3,

Inquiry 25.13: This question has you use Python to compute and visualize function approxi-
mations. Let f(z) = 2 — 1.

e Draw this function on the interval [0, 27].
e Compute the Fourier series of f up to n = 4.
e Compute the Fourier transform of f using 8 samples.

e Draw the two functions from the privous points using matplotlib.

‘We finish off this lecture with some observations about the Fourier matrix Fj,.

Remark 25.14. The Fourier matrix F;, is symmetric, which follows immediately from the definition
that (F),)i; = w(=DU=1) The matrix is not Hermitian, as both symmetric and Hermitian would imply
that everything off the diagonal is zero. As given, F}, is not unitary, but the columns are orthogonal.
For example:

T1 17771
‘l=14i-1-i=0, _Zl :; =1-1+1-1=0.

—1 —1 7

— =

1
n’
being orthogonal, the columns may be interpreted as eigenvectors. Setting all eigenvalues to be 1, we

can construct the matrix that has these eigenvectors, and it turns out to be a permutation matrix P

If we change the coefficient in front from % to then F), becomes unitary. As a result of the columns
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that cycles all the coordinates:

01 00 T Y z w T
P:OOlO, yl b 7] 2 |w| B (T PV
00 0 1 z w T Y z
1 0 0 0 w x Y z w

25.3 Exercises

Exercise 25.1. Find the Fourier coefficients ay,, b, up until n = 3 for f(z) = sin(z) cos?(z).

Exercise 25.2. Consider the function f € C[0,2x] given by f(z) = { 71237 .

1 z>7m

1. Compute the Fourier series of f up to n = 1, n = 3, and n = 5. Plot these three functions
together with f.

2. Compute the discrete Fourier transform of f for n = 4, using evenly spaced samples f(xy) for
xp = 2kmw/4, with &k = 0,1,2,3. Express it as a sum of sin and cos functions using Euler’s
formula.

3. Plot the real part of the discrete Fourier transform of f for n = 4,8,12 together with f. As
above, take 4,8,12 evenly spaced samples in the interval [0, 27|, starting with 0. You do not
need to show your computations.
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Part V
Answers to selected lecture exercises

Exercise 1.1. We solve the equation line by line. From the first line, we have —3b = —5, which
means b = 5/3. From the second line on the left and, using the result a = 35/18 with the third line
on the right, we have:

6a —4b =5 —a—bb+c=-4
6a —20/3=5 —35/18 =25/3+c=—4
18a — 20 = 15 —35—150 4 18¢c = —72
18a = 35 18¢ =113
a=35/18 c=113/18
Exercise 1.2. By expressing each vector in terms of its constitutent parts, we see the desired result.
Let u= (u1,...,up), v=(v1,...,0,), and w = (wy, ..., wy). Then
[01] Uy w1
ve(ut+w)=|[:]e N (definition of vectors u,v, w)
U, | Unp W,
[0y ] [uy + wy
=|:]e : (definition of matrix addition)
| Un | | Un + Wp,
=vi(ur +wy) + -+ vp(up +wy) (definition of dot product)
= v1U] + VW1 + - -+ VpUy + VW (multiplication of real numbers)
= (viur + - + vpuy) + (Viwy + -+ vwy) (rearranging)
vy up vy w1
=|:|e|l:|+|:]e]: (definition of dot product)
Up Up Up Wy,

=veu-+vew.

Exercise 1.6. Since w = (w1, w2, w3) and z = (z1, 29, z3) are perpendicular to v = (vy,va,v3), we
have that

0=vew = vjw; + vows + v3ws,

0=vez =wvi29+ V229 + V323.
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The halfway point between w and z is h = (“’1;‘31, w2§"z2, w3;z3), and for this vector

w1+ 21 wg+ 29 ws+ 23
veh = (Ul,UQ,'US). 2 ) 2 ) 2

w1+21+v .w2+22+v .U)g;-Z;;

1
= — (viw1 + V121 + Vawa + V222 + V3W3 + V323)

((v1w1 + +vowsy + U3w3) + (vlzl + vozo + 1)323))
(Vew+vez)

(0+0)

O NIRN RN~

Exercise 2.4. Let A, B € M,,x,, with ij-entries a;; and b;;, respectively.

1. Suppose that A, B are lower triangular, so a;; = 0 and b;; = 0 if ¢ < j. In the product, the ij
entry of AB, for i < j, is

n ) n
(AB)ij = AuBrj= | Y _Aw By | + | D AwBi | =0.
k=1 =1 k=i+l

Hence AB is also lower triangular.

2. Suppose that A, B are upper triangular, so a;; = 0 and b;; = 0 if ¢ > j. In the product, the ij
entry of AB, for i > j, is

J

(AB)Z] = ZAszk] = Z@Bk] + Z Azk

k=1 k=1 -0 k=j+1

By | =o0.
~—~
=0

Hence AB is also upper triangular.

3. The result does not have to be triangular, for example:

ool 3=l

Here we have two non diagonal matrices, whose product is a diagonal matrix:

6 —-10(|12 5| |8 0
7722 | |-7 3| |0 451|°
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Exercise 3.1.

clear the second row
below the first pivot:

clear the third row
below the first pivot:

swap the second and
third rows:

1 00
-2 10
0 1

1 0 O]
0 10

1

3 01
1 0 0] [
00 1
0 1 0] |

_— o W

O O Ww

0
_2
3

-1
-2
-1

-1

)

3

_ 2 5 14
0 -3 -3 —3
0

1. We describe each step of Gaussian elimination in terms of elementary matrices:

3 -1 2 5)
=0 0 =5 -—-12
1 -1 -1 -3

3 -1 2 5
=10 0 -5 -12
0 —2 _3 _14

3 3 3

Since all the pivots have zeros below them, we have finished Gaussian elimintation.

2. We describe each step of Gauss—Jordan elimination in terms of elementary matrices:

clear the first row above
the second pivot:

clear the second row
above the third pivot:

clear the first row
above the third pivot:

1

[an}

-
1 0
0 1

0 0]

1
L=3
0 1|

9

10
10
1

3

[es}

3
0
0

-1

2
3
0

[an}

wino

0

0

Wl

| \V] e}

O ol

Ul _lg —2 5 _u
3 3 3 3
12| [0 0 -5 -12

3 0 7 12
141 _ 2 2
—3|=19 3 0 3

30 o ¢
— 2 2
=10 -3 0 -3

0 0 -5 —12

Since all pivots havce zeros below them, we have finished Gauss—Jordan elimination. To make
the solution a bit easier to find, we already here multiply by diagonal matrices, to make the

diagonal entries be 1:

make the
(1,1)-entry be 1:

make the
(2,2)-entry be 1:

make the
(3, 3)-entry be 1:
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1 0 0 2
— 2 2
=10 -3 0 -3
0 0 -5 —12
2
10 0 2
=101 0 1
00 —5 —12
2
100 2
=10 10 1
001 2



3. This step is just (careful) matrix multiplication:

10 0]t 0 0]z 00 [to F]fro0o o]t -3 0]fto0oo0][1 001 00
01 off0o =2 o0/|01o0[f01 0|01 =3[0 1 0|00 1|0 1 0f|-2 10
00—%001001001 0 0 1 001010—%01 0 0 1
step 3: make the diagonal entries be 1 step 2: Gauss—Jordan elimination step 1: Gaussian elimination
r1 1T 3 9
3 0 0 1 =5 15 1 00 1 00
=10 =2 o|fo 1 —%[]oo0 1]|[-=2 10
0 0 —-ij0o o 1]]0o 1 0]|-% 01
step 3 step 2 step 1
rl 1 37T
=10 -3 5| |3 01
0 0 -1l [-2 10
r—-1 3 _1
O O G
- 2 2 2
2 1
L5 -5 O
This is the inverse of A.
Exercise 3.2. Some examples are given below. Many more exist.
1. An example is [é (g) §}, as all the pivots can be read off the diagonal.
. [100 o
2. An example is [g 2 g}, as elimination tells us to:
[1 0 0]
subtract £917 = 6 of the first row from the second row: 0 20
5 8 3]
1 0 0]
subtract £31 = 5 of the first row from the third row: 0 20
0 8 3]
[1 0 0]
subtract £30 = 4 of the second row from the third row: 0 20
0 0 3

This ends Gaussian elimination, as the matrix is upper triangular, and indicates the pivots on
the diagonal.

. [111 e
3. An example is [% 3 ﬂ, as elimination tells us to:

subtract 91 = 1 of the first row from the second row:

subtract 31 = 1 of the first row from the second row:

OOr—ﬂ"»—tOr—t
O N = =N

This ends Gaussian elimination, as the matrix is upper triangular, and indicates the pivots on
the diagonal. There is no third pivot, since the third row is all zeros.
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Exercise 3.3. 1. For the first matrix, elimination tells us to:

a b c
subtract f31 = d/a of the first row from the second row: 0 e—bd/a f—cd/a
g h i
[a b c
subtract £317 = g/a of the first row from the third row: 0 e—bd/a f—cd/a
10 h—bg/a i—cg/a

For the multiplier /30, it needs to be

h—2%  qh—bg
-1 _ a _
(h—bg/a)-(e—bd/a)"" = eflf = b

The lower right entry after this step will be (i —cg/a) — (f —cd/a) - ZZ:IIE, which we call simply
n, because it is very long to write. So elimination tells us to
ah — bg ' a b c
subtract £33 = bd of the second row from the third row: 0 e—bd/a f—cdla
ae —
0 0 n

This ends Gaussian elimination, as the matrix is upper triangular, and indicates the pivots
a,e —bd/a,n on the diagonal.

For the second matrix, elimination tells us to:

0 b c
subtract 35 = h/e of the second row from the third row: 0 e f
0 0 i— fh/e

This ends Gaussian elimination, as the matrix is upper triangular, and indicates the pivots
e,i — fh/e on the diagonal.

For the third matrix, elimination tells us to:

a b c
subtract f21 = d/a of the first row from the second row: 0 0 f—cd/a
|d bd/a i
[a b c
subtract ¢3; = d/a of the first row from the third row: 0 0 f—cd/a
0 0 i—cd/a

This ends Gaussian elimination, as the matrix is upper triangular, and indicates the pivots
a,i — cd/a on the diagonal.

For the fourth matrix, elimination tells us to:

0 b ¢
subtract £33 = 1 of the second row from the third row: 0 e ce/b
00 O

This ends Gaussian elimination, as the matrix is upper triangular, and indicates the only pivot
e on the diagonal.

. Here is an example of such a function, in Python, using the input A[[a,b,c], [d,e,f], [g,h,i]].
We use the result from the first matrix in part 1. above.

def pivots(A):
a = A[o0][0]
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= A[0][1]
= A[0][2]
= A[1][0]
= A[1][1]
A[1]1[2]
= A[2][0]
= A[2][1]
= A[2][2]
return [a, bxd/a, (i-c*g/a)-(f-c*d/a)*(a*xh-bx*g) (a*xe-b*d)]

H- B 0B H 0 Q& 0 O
]

3. Here is some Python code that produces the range and average as requested, using the function
above.

import numpy as np
values = []
for i in range(1000):
M1 = np.random.rand(3,3)
M2 = 2%M1 - np.ones((3,3))
values += pivots(M2)
print([min(values), max(values), sum(values)/len(values)])

This is the result it prints on one particular run:

[-1105.1138842178975, 1650.5842938466174, -0.272518610029052]

-1100
74010}, as below.
001

02
Exercise 3.6. We apply row operations to the block matrix [A I] = { é g ;

10 -4 010
swap the first and the second rows to get a first pivot: 02 -1100
2 2 2 001
(1 0 -4 0 1 0
subtract ¢31 = 2 of the first row from the third row: 02 -1 1 0 O
0 2 10 0 -2 1
1 0 -4 0 1 0
subtract ¢35 = 1 of the second row from the third row: 0 2 -1 1 0 0
0 0 11 -1 -2 1

This finishes Gaussian elminaton, so we proceeed with Gauss—Jordan elimination above the diagonal.

—4 0 1 0 |
subtract £33 = —1/11 of the third row from the second row: 0 10/11 -2/11 1/11
11 -1 —2 1

SO+ OO+ OO+

0 —4/11 3/11 1/11]
0 10/11 -2/11 1/11
11 -1 -2 1
0 —4/11 3/11 1/11
0 5/11 —1/11 1/22
1 —1/11 —2/11 1/11

subtract 13 = —4/11 of the third row from the first row:

multiply each row by the inverse of the pivots:

O O O NO ONNO

—4/11 3/11 1/11
Hence the inverse of A is A~ = [ 5/11 —1/11 1/22} _
~1/11 —2/11 1/11

Exercise 4.1. The matrix L is the inverse of the row reduction matrices. When it is on the left, we
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have:

100 100 1 00 6 0 -2 6 0 -2
010 010 -2 10 1 3 =0 2 13/3
0% 1 ;01 0 01 -3 -8 0 0 113/9
e N e e’
clear the (3,2)-entry  clear the (3,1)-entry  clear the (2, 1)-entry
1 00t oo0][6 0 -2 [60 =—2]
01 0[|-¢ 1o0]|1 3 = (0 2 13/3
1 8
5 1/lo o0 1f[-3 -8 2| [0 0 113/9]
1 0oo0][6 0 -2] [6 0 —2]
-: 1L of|1 3 =0 2 13/3|.
5 8 1] [-3 -8 2 0 0 113/9]

clear the (3,2)-entry

1 0 0] o]
0 1 0|z 10
-2 & 1110 0 1
9 3 Jd L
1 0 0]
1
6 18
-1 -3 1] 1
This is the inverse U. Hence a = %, b=-1,c= —8.

Exercise 4.2. We immediately see that the first row operation will give two leading zeros in row 2,

so we swap rows 2 and 3:

clear the (3,1)-entry

[es RN

0
1
0

0
0
1

clear the (2, 1)-entry

1

Nelld
o=

= Nelld} —
[N

elle
o=

wlo = O

wlo = O

w0 = O

10 0f 3 1 1 31 1
00 1{|3 1 3] =1{1 1 3
01 0[]1 1 3 31 3
P A
Then we begin Gaussian elimination:
clear the second row 11 0 0py3 11 3 %
below the first pivot: —y L0l L3 =103
w prvor: 0 o0 1] |31 3 |31
clear the third row L0013 % é 3 %
below the first pivot: 0 L0105 51 =103
PIvoL: 10 1] |31 3 0 0
Separating the right side into DU, we get the following equation:
1 0 0f 1 0 0] (3 1 1 3 0 0f |1 % %
—% 1 0[ |00 1313 =032 o001 ¥
-1 0 1]1]0 1 Of (1 1 3 0 0 2|0 0 1
L1 P A D U
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The inverse of L™ is the same as L™!, just with negative values in the off-diagonals. Hence we get

1 00][3 11 1 00][3 001 5 1
0 1|3 13 =|+10/0 2 001 ¥
01 0] 1 3 1 0 110 0 2f (0 0 1
P A L D U
as the answer.
Exercise 4.3. In Example [3.8] we had the following result:
1 0 0 1 00 010 0 6 -2 2 4 8 —4 8
0 1 0{-]0 1 O-|1 O Of-{4 8 —4 8| =106 -2 2
0 -1 1 % 0 1 0 01 -2 2 7 12 00 7 14
E32 E31 Pr2

For PA = LDU decomposition, we don’t need the fourth column b used in this example. We also
note several necessary things:

400 100 1 00
D=0 6 0], Eyp'=10 1 0f, Ex'=10 10
007 011 -1 01

For the inverses of elementary matrices, we used the observations from Example ?7. This gets us
almost where we want to be:

01 0][0 6 —2 4 8 —4
1004 8 —4|=E;'E' [0 6 -2
00 1][-22 7 00 7
P A

The lower triangular matrix is

1 00
L=F3'Ex' =0 1 0f,
11

D=

and the product DU is

4 0 0|1 2 -1

0 6 0 (01 —1/3

0 0 7/10 0 1

Putting this all together, we get
010 0 6 -2 1 0 0|4 0 0[] 2 -1
100 4 8 -4 =10 1 0||0 6 O |0 1 —-1/3
00 1][-22 7 -z 1 1100 7[00 1
P A L D U
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Exercise 4.4. Each one of the elementary matrices from Definition 3.7 has an inverse:

- -1

0010 0010
inverse of permutation is 0100 1010 0
itself: 1 0 00 {1 0 0 0
0 0 0 1 0 001
1 00 0] [1L 00 0
inverse of row operations is 0 1 00 (010 0
opposite operation: —% 010 o % 010
|0 0 01 0 0 0 1]
100 0] [1L 00 0
inverse of multiplication is 01 0 0 1010 0
reciprocal multiplication: 001 0 001 0
00 0 + 0 0 0 10

Although these are examples, the method clearly generalizes. Since each F; has an inverse, the product
of their inverses is the inverse of A. That is,

(Ek’l--~E2*1-Efl)(El-E2-~~Ek):E,gl---Egl-Efl-E1~E2-~-Ek
——

~~

A-1 A I
:E,gl---Egl-E3E2’1-E2-E3--~Ek
——
T
=1.

Exercise 5.1. The operations of addition and scalar multiplication clearly exist:
e ¢1(2,1)4+c2(2,1) = (1 +¢2)(2,1),and ¢; + 2 € R
o - (2(2,1)) = (c12)(2,1), and c1e2 € R

The identity element is the zero vector (0,0) = 0(2,1), and every ¢(2, 1) has an inverse (—c)(2, 1), for
which ¢(2,1) + (—¢)(2,1) = (¢ + (—¢))(2,1) = 0(2,1) = (0,0). Finally, scalar multiplication has the
usual identity 1, as 1(c¢(2,1)) = (1-¢)(2,1) = ¢(2,1). Commutativity, associativity, and distributivity
in this space all follow from the same properties of R? as a vector space.

Exercise 5.2. To show this, we need to show that every element in W can be expressed an element
in V. An arbitrary element of W looks like

a(u+v) +b(v+w),
for some a,b € R. Rearranging, we get
au+ (a+b)v + bw,

which is an element of the span of u, v, w, hence in V. Therefore W C V.

Exercise 5.3. 1. This is not a vector space, because scalar multiplication is not distributive over
field addition. For example, if f(z) = 2?> — 1, a = 3, b = —2, then

(a+b)f(z) = B+ (-2)f(z) = 1f(z) = f(lx) =2 — 1,
af(z)+bf(x) = 3f(x) + (—2)f(z) = fB3x) + f(—22) = (3z)> — 1+ (—22)* — 1
=922 + 422 — 2 = 1322 — 2,
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and these are clearly not the same function.

2. This is not a vector space, because addition is not commutative. For example, if f(z) = 2? and
g(z) = 2x, then

Il
~
—

[\
=
\
W
S
\.l\')

f+g=f(g(x))
g+ f=9(f(z) = g(a®) = 22,

which are clearly not the same function.

Exercise 5.4. We take advantage of the fact that there is a 3 x 3 identity matrix in columns 3-5, and
consider them as our pivot columns. That is, columns 1,2,6 are free columns. The first free column
gives us the first vector, as

1
2 9 100 9 _02 0
0 -3 010 -3 0= 0
8§ -6 0 01 1 0
-8
L 0]
The second free column gives us the second vector, as
0]
1
2 9 100 9 _9 0
0 -3 010 -3 3 | = 0
8 =6 0 0 1 1 0
6
L 0]
And the third free column gives us the third vector, as
F 0]
2 9 100 9 _09 0
0 -3 010 -3 3 | = 0
8 =6 0 0 1 1 1 0
_1_

These are all linearly independent, as witnessed by rows 1,2,6, which are zeros for all but exactly one
vector. Hence

1 0 0
1 0
-2 -9 -9
null(A) = span ol 13!l |3
—8 6 —1
L0 LO] 1]
Exercise 5.5. 1. Every element in span(V') is a sum
D av,
veV

for ay € R (technically, we must have only finitely many a, be nonzero, but that is not an
issue here). Since V' is a linear combination of vectors, every element of V' appears in span(V).
Conversely, given x € V, the sum equals x when all other coefficients ay are 0 and ax = 1.
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For the zero vector space, linear combinations a - 0 for any a € R always give back 0, so there is
nothing else in the span.

2. The following matrices work (there are others for A, but B is unique):

100 000
A=10 1 0], B=10 0 0
001 000

They can not be the same matrix because A must have 3 pivots (no free columns) and B must
have 0 pivots (3 free columns).

Exercise 5.6. 1. First we observe the following linear combinations from the two spans:
1 0 1 0 0 0
11+ |-1{ =10}, 11 +|-1| =10
0 0 0 1 0 1

These are useful because they only have one nonzero entry. That is,

x 1 0 0
y| == (0] +2 0] +(-y) |1
2 0 1 0
1 0 0 0 0
=x | |1+ |1 |+z]| |1+ |-1]| | +(-y) |1
0 0 1 0 0
1 0 0
=z |l|+@+z—y) |-1|+2|1
0 0 1

Hence R? is a subspace of C V 4+ W.
. We take a linear combination of vectors from both spans. Consider

1 1 0
u= 1| — |0 =] 1
0 1 -1
This is an element of V + W. For it to be an element of VU W, it must either be in V or in W.
This vector is in V' if any only if the matrix equation

has a solution. However, the first line is the equation 1 = 0 and the last line is 9 = —1, so
it must be that x; + x2 = —1. But the second line says x1 + 2 = 1, and these two equations
contradict each other, so there is no solution. Similarly, this vector is in W if and only if the
matrix equation

1 0

has a solution. Again, we find the first line 1 = 0 and the third line 1 = —1 cannot both be
true at the same time, hence there is no solution. Therefore u ¢ Vandu g W,soug VU W.
Since u € V + W it follows that VUW # V + W.
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Exercise 6.1. The product is

VW =

111 1=

Q@ 2 g 2
Q@ 2 & 2
Q@ 2 & 9
Q@ 2 2 2

a
a
a
a

if a = 0, then we have the zero matrix, which has rank 0. But if a is any nonzero real number, then
the the reduced row echelon form of A will be

o O O
o O O e
O O O
O O O Q

which clearly has only one pivot. So in this case, the rank is 1.

Exercise 6.2. First we find the particular solutions. We get these by elimination on the augmented
matrix [A b]. The first multiplier is f9; = 2:

r o306 -9 -30 9| 30 -9 =30 9
-2 1{16 0 =21 0 2 -1 |0 0 =3 6 2 -—19|°

We see the pivots already as 3, —3. Now we clear the —9 above the —3:

r 330 -9 -30 9 (30 0 -21 -6 66
0O 1//00 -3 6 2 —-19] |0 0 -3 6 2 -=19]|°

Finally we multiply by the reciprocals of the pivots:

1/3 0 ][30 0 —21 =6 66] [1 00 —7 -2 22
0 -1/3/|0 0 =3 6 2 —19] |0 0 1 -2 —2/3 19/3|

We find the particular solution immediately by placing the last column d in the pivot variable spots,
and get p = [22019/300]7. The special solutions, which we know there are 3 (as there are 3 free
columns), come from considering Rx = 0. The three special solutions will have one 1 in each of the
free variable spots, and 0 in the other free variable spots.

_.%'1_ 0

001 -2 —2/3 = 0=0 =0

001 -2 —2/3 = n=T 23=2

00 1 -2 _2/3 — 1‘1:2, .1:3:2/3

SO0 OO0 O OO OO
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Hence the complete solution is

22 0 7 2

0 1 0 0
x= [19/3| + a2 [0 + 24 |2| +25 [2/3],

0 0 1 0

0 0 0 1

for any o, x4, x5 € R.

Exercise 6.3. Note the answer is presented in the usual (particular solution) + (special solution) way.
The free column is the second column of A, since the only value 1 is in the second row of the only
special solution.

1. In a particular solution the free variables are zero, which occurs in

19 7 -3
0|l=14]+(4]|1
—2 —2 0

This vector is still on the line of intersection, and we can build Ax = b from it. The augmented
matrix [R d] from the equation Rx = d, obtained via elimination, is

1 3 0 19
0 0 1 =2f°
1 30 19
Here R = [0 0 1] could already be A, and d = | 0 | could already be b.
-2

2. We can simply add rows together to get rid of the zeros:
1 3 1 17
A_[Z 6 3]’ b_[SQ]'

Exercise 7.1. Choosing 3 vectors from 5 gives (g) = 10 choices. Among the five vectors, we see the
following linear dependence equations:

1 1 2 1 2 3

0 = > 0f, O+ (0] =10

1 2 1 1 2

The first equation gives 3 linearly dependent sets of size 3, and the second gives 1. Replacing [1 0 1] T
with % [2 0 2}T in the second equation gives another linearly dependent set of size 3. Hence we
should find 10 —3 —1 — 1 = 5 linearly independent sets of size 3. The linearly independent sets of size
3 cotaining [1 0 1]T are:

1 0 2 1 0 3
Of,|[1f,]0] p, Of,|1],(0] 3.
1 0 1 1 0 2
Further, linearly independent sets of size 3 containing [0 1 1]T that have not already been given
0 2 2 0 2 3 0 2 3
11,10],10] ¢, 11,10],10] p, 1],10],1]0
0 1 2 0 1 2 0 2 2
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This gives 5 different linearly independent sets of size 3 (linear independence can be checked by row
reduction), so we are done.

Exercise 7.2. Here we again use Python, and take a 2 x 2 matrix to be a list of lists [[a,b], [c,d]].

1. The following function takes a 2 x 2 matrix as input and returns True if one column is a multiple
of the other, and False otherwise. We have an additional function that allows for computer
precision up to 10 decimal points.

def iszero(n):
return (abs(n) < 1e-10)

def twomult(mat):

mat [0] [1] / mat[0] [0]
mat[1] [1] / mat[1] [0]
return iszero(ratiol - ratio2)

ratiol

ratio2

This does not take into account the possibility that one of the denominators could be zero.

Exercise 7.4. A plane is 2-dimensional, so it should have two elements in the basis. Note that the
defining equation may be expressed as

0
[2 —4 —5] = (0],
0

INEENS

and bringing the matrix on the left to row reduced form we get

RREF
R

A=[2 —4 5] 1 -2 -3]=R

The nullspace of these matrices consists of precisely those vectors (x,y, z) which lie in the plane P.
Note there are two free columns, so there are two special solutions. We find them quickly to be

= O ot

2
s1= |1}, S =
0

and get that the nullspace of the matrix A is the span of s; and s3. Hence the plane P is the span
of these equations. We did not check that {s1,s2} is a linearly independent set, but because we know
span(sy,s2) = P and we know dim(P) = 2, we must have that {s1,s2} is linearly independent, because
there are only two vectors in the set, and every basis of P must have 2 vectors. Hence {s;,s2} is a
basis for P.

Exercise 7.6. The proof of the first claim follows from first observing that the intersection U N W is
closed under vector addition and scalar multiplication. Indeed, if v.€e UNW, the v € U (so cv € U)
and v € W (so ecv € W). Hence cv € UNW. A similar appproach works for vector addition. The
zero element is in both U and W, and so must be in U N W. Additive inverses are —1 multiples, and
so are also in the intersection. The other properties are inherited from U and W similarly.

The proof of the second claim comes from constructing a basis for U N W that can be extended to
bases of U and W separately.

The proof of the third claim comes by constructing an explicit basis {(u,0) : u € By}uU{(0,w) :
w € By} for V@ W, where By is a basis for U and By is a basis for .

Exercise 7.7. 1. The space of diagonal 3 x 3 matrices has the following basis (not the only one):
100 0 0O 0 0O
0 0 0f,|0 1 0],[0 O O ,
0 0 0 0 00 0 0 1
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. . a00 . . . . . .
as any diagonal 3 x 3 matrix [8 b 0] can be written as a linear combination of the given matrices.
C
c3

The space of skew-symmetric 3 x 3 matrices has the following basis (not the only one):

0 1 0] 0 01 0 0 O
-1 0 0f,{0 O 0O],|0 O 1 ,
0 0 0 [-1 0O 0 -1 0
[ o b
as any skew-symmetric 3 x 3 matrix —a 0 ¢| can be written as a linear combination of the
L—0 —cC

given matrices.

2. The dimension of the space of n x n diagonal matrices is n, because the basis has elements only
on the diagonal, and the diagonal has n elements.

The basis of the space of n x n skew-symmetric matrices has as many elements as entries above
(or below) the diagonal. The first row has n — 1 entries above the diagonal, and every next row
has one less. Hence the number of entries above the diagonal, and so the dimension, in general
is

n—1

(n—1)+(n—2)+~-+1—2i—(n_21)n.
i=1

3. The identity and the identity with rows swapped are both invertible 2 x 2 matrices, yet their
sum is not, as the sum only has one pivot:

10 n 0 1 |1 1 RREF 11
0 1 1 0 |1 1 0 0|
Hence invertible 2 x 2 matrices are not closed under matrix addition, so cannot be a vector space.

For the second part, we follow the hint and construct the basis of Msy9 as linear combinations
of invertible matrices:

L op _[1 0] fo 1] _fo 1
0 o] [0 1] [1 0 |1 1’
0 1] _[1 1] [1 0

0 of [0 1] [0 1]

0 1] o 1|0 1o

[0 0] _[1 0], [0 1'_[1 1}

Hence the span of all invertible 2 x 2 matrices is all 2 x 2 matrices.

Exercise 8.1. To find these spaces, we have to row reduce the matrix and its transpose:

0 00 O

01 0 0 a+abc abc—ab 1 0 0 O

10 01 0 —be b—bc v (01 00
rref(A) = 00 0 1 c c ) rref(A”) = 0010
00 0O 0 0 0 00 O

0 0 0 0]
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From the row-reduced form of A, it follows that

0 1T o0 1
1 a 0 —a — abc ab — abc
0 1 b bc bc—b
col(A) = span ol ol 11l | null(A) = span . , .
0 0 0 1 0
- 0 - - 1 -
From the row-reduced form of AT, it follows that
[0 [0] [O]
1 0 0 0
_ a 1 0 T 0
row(A) = span ol 1ol 11l | null(A”) = span 0
a 0 c 1
0] |b] |c]

If any of a, b, ¢ are zero, then the spaces change accordingly. Their dimensions do not change. That
is, no zero vectors appear, if any / all of a, b, ¢ are zero.

Exercise 8.3. 1. The column space is the span of the columns, so all we need is to make u and v
be two of the columns, and make the other two linear combinations of u and v. There are many
choices, one example is

A [1 3 0 0]

2 400

2. The given matrix is

fe (o) -ESLEIEIEYEY

One row operation brings us to
36 48
0 0]’

so the column space is just the span of the first column. The row operation shows the second
row is a multiple of the first, so the row space is the span of the first row. That is,

col(A) = span { [ig} } . row(A) = span { [ig] } .

Exercise 9.1. Arbitrary elements in U and V are
k l
Usu=aui+---apug = Zaiui, Vov=bvi+---byvy= ijVj.
i=1 j=1

Their dot product, following the laws of dot products, is

u-v=(aru; +---apug) - (byvi+---byvy)

= aibjuy - vi +arbouy - vo + - +agbpuy - vy

k¢
=2 D abjui-vy
i=1 j=1 ;

=0

Exercise 9.3. Since the row space and the nullspace of A are orthogonal complements in R”, every
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x € R"™ can be decomposed as x = X, + X, where x, € row(A) and w,, € null(4). We claim that

f:row(A) — col(A),
v — Av

is such a function. We first note that Av is indeed in the column space of A, as

| ][ | |
Av = a; --- a, =wv |la1| +--+v, |an]|,
| 1 (v, | |
for ay,...,a, the columns of A. To see that f is injective, suppose that Av = Aw for some v,w €

row(A). Then
Av—Aw =0 = A(v-w)=0 = v—wenull(4).

However, since v,w € row(A), and row(A) is a vector space, it follows that v — w € row(A) as
well. Since row(A)+ = null(A), the only vector in both row(A) and null(A) is the zero vector. Hence
v—w=0,orv=w.

To see f is surjective, let ¢ € col(A). That is, c is a linear combination of the columns ay, ..., a,
of A. In other words, there are real numbers rq, ..., 7, with
| \ | ] ™
c=ra+---+mrma,=ri|(ay| +---+7rp|ap| = |ar - ap

| | | PRES
| ——
A r

To see that r € row(A), we again use the fact that row(A) and null(A) are orthogonal complements.
That is, either r is in row(A) or in null(A), and if r € null(A), then it follows that Ar = ¢ = 0. How-
ever, we also have 0 € row(A), and A0 = 0 = c as well, so r has a preimage in row(A). Alternatively,
if r € row(A), then we are done.

Hence f is a bijection.

Exercise 9.4. 1. Let u € U, v/ € Ut, and v’ € (U+)!. To see that U C (U+)*, notice that
u-u = 0, which means that u € (U+)*). To see that (U+)+ C U, notice that u” ¢ U+, and
since U L +U = R™, it must be that u” € U. Hence U = (U+)*.

2. For this question we use Theorem 7.9 from the lecture notes, which showed that (U + V) =
U+ N VL. In this statement, replace U with U+ and V with V1:

U+V)yt=vutnvt Theorem 7.9, part 2
(
Ut +vht = ( Htnwht (replace U with U+ and V with V1)
Ut +vhHt=vunv (part (a) to this question)
(Ut+vhhHt=wnv)t (take the complement of both sides)
Ut+vt=Wwnv)t (part (a) to this question)

3. The nullspace is orthogonal to the rowspace by Example 7.10, so for such a matrix C, we need
row(C') = U 4+ V. That is, if we just put the columns of A and B as rows of C, we will have the
desired matrix:

AT
o [ ] |

BT
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Exercise 9.5. 1. Normal vectors can be read off from the equations, and they are

3 5
n; = —4 s ny = 0
1 —10

2. We follow the hint, and starting with P;, describe the equation as a matrix equation
Z1
3 —4 1] |22| =0.

3

The points in the plane are elements in the nullspace of the matrix

A=[3 —4 1] ZEEEL 1 —4/3 1/3]
4/3]1 [-1/3
= null(A) = span 11,] O
0 ] 1
4/3]1 [-1/37
= B; = 11,] O
0 1]
Similarly for the plane P, we find
A=[5 0 —10] L, 1 o -2
0 2
—> null(A) =spang |1}, |0
0 1
0 2
= By = 1(, 10
0 1

3. Here we can simply use the basis vectors of P; as rows:

R |
_34]} — span{n; }.

We see the nullspace immediately as null(4;) = span { [ ;

4. As above, we use the basis vectors of P, as columns:

Ay =

o = O

2
0
1
The left nullspace is the nullspace of the transpose:

AT [010}@) [101/2].

2712 0 1 01 0

We see the nullspace immediately as

~1/2
1
null(AZ) = span 0 = span {—10112} = span{ns}.
1
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Exercise 10.1. We expand the expression P? to get

P2_< 1 .VVT>.<1.VVT) - ((VVT)(VVT) vy v(vev)vT T P,

vev vev

vev)(vev) (vev)(vev) (vev)(vev) vev

as desired.

Exercise 10.3. The normal vector is n = (3,4, 9). Following Exercise[7.4] we find the plane 3z-+4y—9z
to be the column space of the matrix

4
-4 3
A=|1 0
0 1
Exercise 10.4. 1. The last two coordinates disappear, so we are looking for a block matrix
1 0 00
_|I> 0] |01 00
M= [0 O] (00 00
00 00

2. All the rows are moving forward, so we need a matrix with rows like the identity matrix, but
also moved forward (up). That is, we need

0 0 0 1
1 000
N = 01 00
0010
Exercise 10.5. 1. Recall that the projection matrix for proj;; is A(AT A)~1 AT, where the columns

of A are the u;. By Remark 8.6, the projection matrix for proj,. is I — A(ATA)~*AT. Hence
refly (v) = v —2 (1 — A(ATA)TAT) v = (I —2+24(AT4)7 14T v,
and so the matrix is refly = 24(ATA)~1AT — 1.
2. This comes from a straightforward computation:

[refly (v)[|* = || (2A(ATA) "' AT — 1) v|?
= ||24(ATA)TATv — v|?
= (2A(ATA) ATV —v) - (2A(ATA) ATV — V)
= (2A(ATA) ATV T (24(ATA) T ATv) — 22A(ATA) ATV Tv +vTv
= 4vTA((AT A HTATAATA) ATy —avT A((ATA) DT ATy + |v?
= 4vTA(ATA) AT AATA) T ATy —avT A(AT A) LAY 4 |v)?
= 4vTA(ATA) ATy —avT A(AT A) ATy 4 ||v)?
= [v]*.

We used the fact that the transpose of the inverse is the inverse of the tranpose: (A~1)7T =
(AT)=1, which follows from taking the inverse of AA~! = I.

Exercise 11.2. Recal the nullspace of A is all the vectors x for which Ax = 0. To see null(4) C
null(AT A), suppose that x € null(4). That is, Ax = 0, and multiplying by AT on the left gives
AT Ax = 0, which means x € null(AT A). To see null(A” A) C null(A), suppose that y € null(AT A).
That is, AT Ay = 0, and multiplying by y” on the left gives

0=y" (A" Ay) = (y" A")(Ay) = (Ay)" (Ay) = || Ay].
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Since the norm is positive definite, it follow that Ay = 0, and so y € null(A).

Exercise 11.3. 1. We are trying to find the best solution x to the equation

-1 1 3
4 1 6
3 1| |al |1
—2 1| [p| ~ |[-3]
6 1 —7
6 1) 4 |
N—— S——
A b

or equivalently, trying to find the projection of b onto col(A). That is, we can either solve
Ax = A(ATA)=1ATb, or solve AT Ax = ATb:

-1 1 [ 784
4 1 376
3 1| [a] _ 1 |-144 . 102 4] [a] _ [-36
—2 1| |b] T 596 | 1016 ' 4 6| [p| T | 4|
— —_— S\
6 1 840 T RN
6 1] [ 1944 |
Ax A(AT A)~1ATb

The second is easier to solve:

102 4 —36] Rrrer_ [1 0 *ﬁ
4 6 4 "o B
: S 58 138
and so the equation of the line is y = — 757 + 155
2. Using the derivatives approach, we know that that the line y = —%x + % minimizes the

squares of the vertical distances between every point in P and the line. That is, choosing p7 to
be on the line will keep the sum of squares at this minimum. The are many such choices, one of

which is
(o 138
Pr=1\"119 )

3. This is solved in reverse, by adding a point (z,w) to the process, and running the same steps as
above. We are trying to solve

-1 1 3
4 1 6
3 1 1
21 m: -3/,
6 1 —7
-6 1 4
| 2z 1] | w |
—— SN~
A b

or equivalently,

a

T
al

]:ATb — [102+22 4+z] [a]:[—SG—i-wz}

4+ z 7 b 4 +w

We row reduce the augmented matrix:

{102 +22 442 —36+ wz} RREF 10 %
2wz 45lw+2224 1824276
44z 7 4+w 0 1 =55 i hn
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The slope is the entry on the top right, so we simply need some values z,w for which

3wz — 2w — 2z — 134
C =
322 — 42+ 349

There are many solutions (z,w), so we just let z =0 and solve

—2w — 134 —349¢c — 134
c=————— = w=———.

349 B 2
Hence adding the point (O, w) will make the least squares approximation have slope c.

Exercise 11.4. There are many ways to do this, one way is given below.

import numpy as np
from numpy.linalg import solve

def degreedlsq(points,degree):
n = len(points)

# Construct the Vandermonde matrix
matrix = np.ones((n,degree+1))
for row,point in enumerate(points):
for column in range(1l,degree+1):
matrix[row] [column] = point[0]**column

# Set up the least squares equation and solve it

ATA = np.matmul (np.transpose(matrix) ,matrix)

ATb = np.matmul (np.transpose(matrix) ,np.transpose(points) [1])
solution = solve(ATA,ATD)

# Print the result in a nice way
result = str(round(solution[0],2))
for i,coefficient in enumerate(solution[1:]):
result = str(round(coefficient,2))+"x"+str(i+1)+" + "+result
print(result)

Exercise 11.5. 1. Recall the equation of a plane is ax + by 4+ cz = d, for some a,b,c,d € R. Since
we are told the plane will not go through the origin, d # 0, so we can divide by d and just
consider the equation ax + by + cz = 1. The system of equation we are trying to solve is then

a—2—4dc = 1 1 -2 —4 1
sb+se = 1 |0 5 5|0 1
—6a—Tb+2c = 1 -6 -7 2 . |1
a+db—c = 1 14 |

A x b

Having four equations in three unknowns is overdetermined, so we need to project to solve it.
We can either solve Ax = A(ATA)~!ATb, or equivalently, solve AT Ax = ATb. The second of
these equations becomes

38 44 —17] [a —4
ATAx= |44 94 15 bl=1]0|=4Db.
—17 15 46 | |c 2
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Bringing the augmented matrix to reduced row echelon form we see

38 44 —17 —4 10 0 —66/95
[ATAx ATb]= |44 94 15 0| “EEE, Jo 1 0 36/95 |,
—17 15 46 2 0 0 1 —32/95

and hence the equation of the closest plane is —66x + 36y — 32z = 95.

2. Recall that projection works to subspaces, and having 95 # 0 means the plane H is not a
subspace. Our approach will be to move H so that it is a subspace, then project, then move H
back. Note that the point w = (—%, 0,0) lies in H, so we shift everything in H by w:

H = {(z,y,2z) : —66x + 36y — 32z = 95},
H ={(z+28,y,2) : —66z+36y— 32z =95}
={(z,y,2) : —66x + 36y — 32z = 0}.
As before, we find the basis of H' from the nullspace of
[-66 36 —32] LEEC, o & 16]
. 6/11 —16/33 ) .
which is the span of [ 1 } and [ 0 ], which we can then use as columns of the matrix A:
0 i
. 580 594 —528
1
A=|1 0 — P =AATA)AT = Togo | 594 1345 288
0 1 —528 288 1413

The points we project to H' are not p1, ps, p3, p4, but rather p; — w, ps — w, p3 — w and py — w:

. [580 594 —528] 12 T8
P(pr—w) = 55 | 594 1345 288 ) _% —q
|—528 288 1413] | —4 _13l6
. [ 580 594 —528] [ 38440
P(pp—w) = 10| 594 1345 288 | |5 | = % — q
|—528 288 1413] |5 e
L[580 594 —528] [—6+ _2?5?95755
Plps —w) = 7ez5 | 594 1345 288 -7 | = _@ = q
|—528 288 1413] | 2 321
| [ P80 594 —528] [1- g 145522
P(ps—w) = pe5 | 594 1345 288 4| = % —q
|—528 288 1413] | -1 149

These points lie on H'. We need to add w to them to make sure they lie on H. That is,

projy(p1) =aq; +w
projy(p2) =dy +w
projy(ps) =dsz +w
projy(ps) =ds +w

The expressions are too long to calculate, so we leave the vectors as they are above.

Exercise 12.2. e Step 1: Set w; = vy =

_ o N =
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e Step 2: Project vo onto wi, and subtract this from vy to ensure the new vector will be
orthogonal to the previous vector. That is, set wo to be the error vector when projecting to wj.
Using the formula from Definition we get

2 1 5

W9 = Vg — proj (v)—v—wipww— O 212 _ 3
2 — 2 p JWl 2) — 2 W,{Wl 1 — 2 6 O - 2
0 1 -1

e Step 3: Project vs onto wi and wq, and subtract these from vs to make sure everything is still
orthogonal. The formula is

_8
11
T T 1
B . : _ WiVvs WoVs o _ | 11
W3 = V3 — PIOjy, (V3) — PI0jy,(V3) = V3 — —— W1 — ——Wa = | §
Wi W1 W5 W2 g
11
e Step 4: Repeat the same for v4 to get
1
T T T 5
. . . Wl V4 W2 V4 W3 V4 — 5
W4 = V4—DIOjy, (V4)—Pr0jw, (V4)=Projy, (V4) = Va——F—Wi——F—Wa——=—w3z = | }
Wl W1 WQ W9 W3 W3 -3
1

We now have an orthogonal basis of vectors {w, wa, w3} for R*. Note these do not (except for
the first one) point in the same directions as the original set of vectors {v1,va, v3, v4}, but they
do have the same span. Normalizing these vectors we get the final set:

1/v6 5/1/66

_ow | V2/V6 _owa [ —V2/V33
w1 0o | & wa | VB/VIT |
1/v6 —~1//66

q:

—8/V/165 1/v/15

w3 1/\/@ R 2 —2/\/ﬁ
B w7 | 8/vI6s | d “wall | —1/vi5|
V13/V165 V3/V5

Exercise 18.1. For the matrix A, note that the rows are multiples of each other, so A\ = 0. Since
there are 2 eigenvalues (as it is a 2 X 2 matrix), and the sum of the eigenvalues is the trace, it follows
that A1 + Ao =2+ 5 =7, so Ao = 7. For the eigenvectors, we eliminate the augmented matrices

2 20 RREF 110 and -5 2 0 RREF 1 =2/5 0
5 5 0 0 0 0|’ 5 -2 0 0O 0 0|

So the eigenvectors are [*11] for A1 = 0 and [2{5} for Ao = 7, giving the decomposition

- Fr R Y e [P

For the matrix B, the eigenvalues are on the diagonal, but the eigenvectors are not so immediate. For
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A1 = 1 we have eq, but for Ay = 4 we need

1 2 3] [= 4x z =0 2/3
0 4 5| |yl = |4y — 49y = 4y = vo= |1
0 0 6] |z 4z -3z = -2y
Similarly for A3 = 6, we need
1 2 3] [z] 6 6z = 62 8/5
0 4 5| |y| = |6y = 2y = -—bz — v3=|5/2
0 0 6] |2] 6z —bxr = —2y—3z 1
Hence the decomposition is
12 3 1 2/3 8/51 1 0 0] 1 2/3 8/5] "
0 4 5/=10 1 5/2/ |10 4 0{|0 1 5/2 ,
0 0 6 0 0 1 0 0 6/]0 O 1
where .
1 2/3 8/5] 1 —-2/3 1/15
0 1 5/2 =10 1 —5/2
0 0 1 0 0 1
Exercise 18.2. 1. The eigenvector matrix X has the eigenvectors as columns, and the eigenvalues

matrix A has the eigenvalues on the diagonal:

1 0 -1 -1 0 O
X=1[2 1 -1/, A=|0 2 0
1 0 0 0O 0 -3
2. First we get the inverse of X by row reduction:
1 0 -1 100 100 0 0 1
21 -1 010 ZEEE, 1010 -1 1 -1
1 0 0 0 0 1 00 1 — 1
Hence the matrix A is
(1 0 =17 [-1 0 0]
XAXt=1]21 —-1/]0 2 o|x!
10 0|0 0 —=3]
-1 0 310 0 1
=|-2 2 3| |-1 1 -1
-1 0 0f |-1 0 1|
-3 0 2
=|-5 2 -1
|0 0 -1

Exercise 18.4. 1. This follows by computing the diagonal entries of AB and of BA. By the
formula for entries in a product of matrices:

3
(AB);; = Z AijBji = An B + AiaBo; + Ai3Ba;,
=1
3
(BA);; = Z B;jAji = BijnAv; + BigAg; + Bz Asz;.
=1
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Summing up for ¢ = 1,2, 3, for the trace, we find that

trace(AB) = (AB)11 + (AB)2 + (AB)33

= A1 B11 + A12Bo1 + A13B31 + A21Bio + AgaBag + A23B3sg + Az1B13 + AsaBos + A3z Bss,
trace(BA) = (BA)11 + (BA)22 + (BA)33

= B11A11 + Bi12A21 + Bi13As1 + Bo1A12 + BogAgg + BogAgzo + B3 A1z + BsaAaz + Bz Asas,

which are the same.

2. Since C'is diagonalizable, there exists an invertible matrix X of the eigenvectors of C' as columns,
and a diagonal matrix A of the eigenvalues of C' on its diagonal, with C' = XAX~!. Using the
previous task with A = X and B = AX !, we get that

trace(C) = trace(XAX 1) (since C is diagonalizable)
= trace((A)(AX ™))
= trace((AX 1) (X)) (by part (a) above)
= trace(AX 1 X)
= trace(Al) (definition of the inverse)
= trace(A)
= Aq1 + Ago + Ass. (since A is diagonal)

This is the sum of the eigenvalues of C, since the eigenvalues of C' are on the diagonal of A.

1

3. If the eigenvalues of C' are 1 ) Qm 3>

, 2, 3, then the eigenvalues of C™ are 1" as

C? = (XAX H(XAX 1) = XATAX ! = XA?x !
C3 = (XA2XH)(XAX ™) = XA TAX 1 = XA3X !

C" = XA"X 1.

It follows that

lim C" = lim (XA"X ')

n—oo n—oo
ri1 z12 w3 (1" 0 0| |yi1 y12 ¥13
. 1
= lim o1 w22 23| |0 5w O | |y21 Y22 Y23
n—oo 1
(z31 w32 w33| |0 0 3% [ys1 vse yss
rin S S| [y vz s
= lim o1 5RO |y2r Y22 Yo3
n—00 32 233
|31 Zn 3n | Y31 Y32 Y33

x11y11+%~x12y21+ﬁ-x13y31 x11y12+2%~x12y22+ﬁ~x13932 x11y13+2%~x12y23+3%~x13y33
= lim < [wzlyllJrQIn-9622y21+31n-9623y31 3621y12+2%-9622y22+3%'3623y32 w21y13+2%-w22y23+3%-3623933 ])
noree $31y11+2%~f632y21+3%~f633y31 m31y12+2%~m32y22+3%~m33y32 m31y13+2%~m32y23+3%~m33y33
[Ty Tuvie Tuys
= [T21Y11 T21Y12 L21Y13
| T31Y11  T31Y12 X31Y13

T11
= |z | [yn vi2 wi3].
| L31
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The limit exists, and as it is a (outer) product of two vectors, it must have rank at most 1.
Moreover, we know it has rank exactly one, because to have rank zero either the column or row
vector must be all zeros - but this is not possible, as then the matrices X, X ! would not be
invertible.

Exercise 19.1. We apply equation ([9) from Remark above:

3 -1 —1 -3] [z 1
_ -3 -1 1 1 y|l |1
(A—GI)VQ—Vl < 5 5 _1 —9 o 1
| 3 1 -1 —1f |[w] 1

(3 —1 -1 -3 17 1 00 -1 O

— -3 -1 1 1 -1 RREF 01 0 1 0

5 -5 -1 -9 1 001 —1 -1}’
3 1 -1 -1 1 0 0 0 O 0

and so vo = [1-101]7. We similarly solve (A — 61)vs = vy and (A — 6I)v4 = v3 to get the matrix
B € M4, which has the generalized eigenvectors as its columns. Moreover, we notice that

-3 -1 1 279 -1 -1 =3][1t 1 3§ & 6 100
5 1 -1 =3/ |-3 5 1 1 -1 -1 -1 =3 0 6 10
BUAB=15 4 o - 5 -5 5 -9/ |1 o -2 -2 006 1|’
0 4 0 4 3 1 -1 5 11 1 1 0 006
B-1 A B
which is the Jordan form of A.
Exercise 20.1. We apply equation (9) from Remark above:
(3 -1 -1 =3] [z] 1
B -3 -1 1 1|yl _ [-1
(A—=6l)vo=v; <— 55 1 —ol |-l |1
13 1 -1 -1 |w] 1
(3 -1 -1 -3 1] 100 -1 0
— -3 -1 1 1 -1 RREF 01 0 1 0
5 -5 -1 -9 1 001 -1 —1|"
13 1 -1 -1 1 000 0 O

and so vy = [1 -101]". We similarly solve (A — 61)vs = vy and (A — 61)vy = v3 to get the matrix
B € M4, which has the generalized eigenvectors as its columns. Moreover, we notice that

-3 -1 1 2 9—1—1—311%%3 6 100
S | R R
0 4 0 4 3 1 -1 5 1 1 1 1 0 006
B-1 A B
which is the Jordan form of A.
Exercise 20.3. 1. The eigenvalue —3 contributes a 2 x 2 Jordan block, since the algebraic mul-

tiplicity is 2 (so all its Jordan blocks together have 2 rows and 2 columns) and the geometric
multiplicity is 1 (so there is only one Jordan block corresponding to this eigenvalue). Similarly,
the Jordan blocks for the eigenvalue 3 take up 4 rows and 4 columns, and there are 2 of them.
Hence:

e there are 3 Jordan blocks
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e their sizes are either 1,3,2 or 2,2,2:

3

-3 -3

The order of the blocks is not relevant for this question.

. For the matrix B, we need to find an invertible 6 x 6 matrix C for which B = CJC~!, as the
J and B will be similar. We need B to have no zero entries, and generating several random
matrices with entries in the range {—1,0, 1}, we quickly find one (there is not a unique answer).
We see that

-1-11 1 1 1 3100 0 0O 2 1 2 3 1 -1 12 5 6 16 3 —6
0 1 0 —1-11 0300 0 0 —2-1-1-2-12 —39 —23 —26 —45 —13 26
B—=|11-10 10 0031 0 0 -3-2-2-3-13 | _ |15 11 13 20 5 -10
—]lo0 o0 0 0 —-1-1 0003 0 O 4 2 3 5 1 —2| =] -3 -2 -2 -6 -1 2
1 -11-10 1 0000-3 1 —3-2-2-4-12 —16 —11 —10 —15 —3 12
001 0 0 1 0000 0 -3 3 2 2 3 1 =2 —14 —10 -9 —13 —5 13

C J o-1

. Applying Theorem 20.10 from the lecture notes and the fact that J = C~!BC, we get that the
generalized eigenvectors of B are the columns of C.

Exercise 21.1. 1. There are 50 entries in the matrix, but they repeat horizontally. We could do

SVD, but we can see the decomposition by sight:

111111111 1].

t~
Il
=
<
I
S S S80S

So now instead of having 5 x 10 pieces of data, we have only 5 + 10, a 70% reduction in size.

. We can reduce the 7 x 9 pieces of data by singular value decomposition. For ease of notation,
change 7 to 1 and w to 0. We then simply compute the eigenvalues and eigenvectors of WW 7T
and WTW. We are lucky and see there are only 2 nonzero eigenvalues:

[—0.297 [0.297

[—0.23 [—0.447 —0.29 0.29

—0.23 —0.44 —0.29 0.29

—0.63 0.33 —0.5 —0.5

(02,03 ~ (18.93,5.07), w~| 0 |,ue~]| 0 |, vic| 0 |,vax ]| O

—0.63 0.33 —0.5 —0.5

—0.23 —0.44 —0.29 0.29

| —0.23] | —0.44 ] —0.29 0.29

| —0.29 10.29 |

Reducing from 7 x 9 =63 to 2+ 2 x 7+ 2 x 9 = 34 is done by the decomposition

W = oyuv? 4 oougvy.
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Exercise 21.3. 1. First we compute these matrices as

a> 0 a®> 0
2 0 00 0 0
T _ TAp —
AA_[O 4a2]’ ATA= a> 0 a®> 0
0 0 0 4a®
The eigenvalue / eigenvector pairs of AAT are evidently A\; = 4a? with u; = [{] and Ay = 2a?

with ug = [}]. We sort them this way because 4a? > 2a?. For the SVD we only need the

eigenvectors of AT A corresponding to these two eigenvalues. It is immediate that vi = [0 0 0 1]7
and vo = [1 0 1 0]7, which normalizes to [1/4/2 0 1/v/2 0]7. Hence the SVD of A is

A:zam 0 0 0 1}+ﬂam [1/v2 0 1/v2 0]

SRR A

U % vT

2. The dimensions of the four fundamental subspaces are given by the number of rows and columns
in the matrices U, %, VT. We get that:

e dim(col(A)) = rank(A) =2

e dim(null(AT)) = (number of zero rows in X) = 0

e dim(row(A)) = rank(A) = 2

e dim(null(A)) = (number of zero columns in ) = 2

. . 1000 ) .
Exercise 21.4. 1. There are many examples, one is A = [8 290 8] The matrix AAT € Msy3 is

diagonal with 1,4,9 on its diagonal, so those are its eigenvalues. The singular values of A are
the positive square roots of these numbers, and those are 1,2, 3.

2. Take the left singular vectors to be same as the right ones. Let 01 = 4 (to clear denominators)
be the only signular value (because rank is 1). By SVD we get
e
=13 3|

1 V3 1 3 1
bR A0 s P T2 03
N O ) [ EE 2v3 0] | -3
—_—— TN — —
3. Since A is symmetric, its singular values are its eigenvalues. Since there are many zeros, the

2 2
eigenvalue / eigenvector pairs can be found by sight:

A:

DN —= M‘S
w

U ¥ VT

N o= o = 1/v2 0 0
o = o9 = 1 Lo 0 up = L uz = 0
N TPV I V%] R [ R [

0 0 1

The last eigenvalue is zero because the matrix has two equal rows (so the determinant is 0). The
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approximations then are:

1/v2] [1/v2]17 1 o1 0
0 0 000 0
. T _
rank 1: ojwmvy =2 12| |1/v2 L0 10
0 0 0000
10 1 0] [o][0]" [t o 1 0
. T r (0000 i (1] o100
rank 2: ojwvy +ogugvy = 101 0 + ol ol =11 o0 1 o
00 o0 o o] [o 00 0 0]
10 1 0] [o][0]" [t o 1 0
000 0 0| |0 000 0
. T T _ _
other rank 2: ojuyvy + o3uzvy = 101 0 + ol ol =11 o0 1 o
o0 0 o [1]|1] 00 0 1

Exercise 22.1. 1. The largest possible angle is = 90°. There are many arrangements that give
this, one of which is described below.

Four point exploration

o

== | @ast squares |

Principal compenent

Angle of intersection: 90.00
“] Sum of vertical distances: 9.65
] Sum of perpendicular distances: 7.48

0 v . . . ! : . T ; T r r : . 1 : : : v ]

5 10 15 20
# x Y

9.55 1.00

6.07 3.35
2| 5.00 5.00

9.00 9.00

A justification that such an angle is possible comes from “flipping” the yellow line around. At
first, the angle is almost 0° with the blue line, and at the end, it is 180° = 0°, and as the
movement is continuous, by the intermediate value theorem the angle must have been 90° at
some point.

Four point exploration , Four point exploration

iAngle o intersection: 43.72
Sum of vertical distances: 10.94
Sum of perpendicular distances: 8.24
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2. The largest possible difference can be created by making the perpendicular distances zero and
the vertical distances as large as possible. In the given frame, that maximal difference should
be 20 units, since the height of the frame is 10 units. Such an example is given below (due to
rendering and approximation errors, the difference is larger than 20).

Four point exploration
°] ]

= Least squares |

Principal component

Angle of intersection: 30.78
Sum of vertical distances: 20.65
Sum of perpendicular distances: 0.41

o s 10 5 20

One way to get the same distances is to make sure the least squares and principal component
lines are both horizontal. Then the perpendicular distances equal the vertical distances.

D7Four point exploration

— Least squares

P Principal component

o °
] ®
Angle of intersection: 0.02
Sum of vertical distances: 5.51
Sum of perpendicular distances: 5.51

5)x v
1550 a8
169 ase
s 830

13.01 404

In special cases, this occurs with either a single pair of points can be placed an equal distance
away from a horizontal line, or both pairs points can be placed an equal distance away.

Four point exploration Four point exploration
10 10

‘J
8 " 8
. T
[ ] ] 1
f l l
Angle of intersection: 0.00 Angle of intersection: 87.94
Sum of vertical distances: 1.94 : Sum of vertical distances: 10.11
Sum of perpendicular distances: 1.94 Sum of perpendicular distances: 10.06

5 10 3 2 o 10 s 2
v v

1813 5% so1 794
241 5% 1004

1499 6

796
%8 204
1897 503 1002 285

In the second case the principal component line is vertical due to rounding errors. Both eigen-
values should be the same.

Exercise 22.3. Since the first principal component solves the perpendicular least squares problem,
we choose one point to be exactly [§], and the other two to lie the same distance on either side of
this eigenvector. We choose the distance to be ¢ = v/a? + b?/4 so that the two other points do not
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dominate the first point. The idea is given in the picture below.

| | | |
esecond point ‘ !
\

= o first point (a,b)

\
\ \
— e third point * R

T

We now construct these points explicitly and perform PCA on the data to confirm that the result will
be as desired. To find the coordinates of the other two points, note that the slope of the line to (a,b)
is 3. So the two other points lie on the line with slope * which goes through (3, %) The equation

of the line is given by

b 2
-a Y—3 —a a b
— = — f(ﬂ:):y:x+<+).
.y b 26 2

>
8

To find the points a distance ¢ along this line from (§, g), we solve for x in the equality

a? + b2 a 2 b 2
T ()
- (9—x>2+ L AN
oV \2 2 b 2b 2
a 2 a a2\ ?
=\ (G- +<b$_2b>
a 2 g2 a\?2
VG )
a 2 a?
:\/(2‘1’) (1+b2>
This simplifies to z = Z“fb, so the data we have is
A_[a e }_[ e 2:”]
bR (| T b B e

For PCA, we need to mean-center the data first. The mean of z-coordinates is 2a/3 and the mean of
the y-coordinates is 2b/3, so after subtracting 2a/3 from the first row and 2b/3 from the second row,
we get the mean centered data to be

a —2a—3b 3b—2a MMT 4a2+-3b2 ab

— |3 12 12 — — 48 48
M= [b 3a—2b 3a2b} = S= 9 ab 3a+4b>

3 12 12 48 48

With the help of a computer, we find the eigenvalues and eigenvectors of this symmetric matrix to be

a’ +b? a/b a? + b? —b/a
)\1_ 12 7u1_|:1:|7 AQ_Ta u2_|:1:|

It looks like we are done, but the eigenvector [a{b} is for the mean-centered data, so we need to shift
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it back. Hence the first eigenvector for the original data is

a/b) , [2a/3] _ 2ubidel 2b+3 [a
1 2b/3 23 3b (b’
which is indeed a multiple of [§], as desired.

Exercise 22.4. 1. We folow a similar method as in Question 1, placing what were the second and
third points in the second eigenvector direction. We make some other changes:

e Since we need at least 4 points, but cannot place three points in a line, we split up what
were the second and third points.

e To ensure the second principal component is [0 1 O]T

second principal component axis.

, we place further points along the

e To ensure that the data is mean-centered, we mirror all the points.

This construction is demonstrated in the picture below left (the plane x = 0 is emphasized in
gray), with the points in the matrix below right.

1 -10 0 0 0 0 O
A=10 0 1 3 -1 -1 1 -1
00 Gk 400

It is evident that no three points lie on a line. The mean-centered matrix M is the same as A,
since the mean of each row is 0. The sample covariance matrix S and its eigenvectors are

2.0 0 w = [100]"
S=10 5% 0f, w = [o10]".
0 0 5 u3 = [o01]"

Hence the presented data satisfies the given conditions.

2. Columns 1,2,7,8 lie in plane z = 0 and columns 3-8 lie in plane x = 0 (emphasized in the picture
above). To fix theses issues, we take two steps:

e For the first issue, we split the points (1,0,0) and (—1,0,0) into two points just above and
below the z-axis. We shift them in equal but opposite diections along the y-axis so that
the new points are not on a plane.

e For the the second issue, we move the four points in columns 3-6 by equal but opposite
distances in the x-direction.

e To ensure the two solutions do not conflict, the shifting magnitudes are different.

The new data is given below left (with lines indicating shifts from the previous data), and the
new matrix is given below right.

R.
1 1 -1 -1+ 1 -1 19 9
/U I T TS T S LR S B
- 16 16 16 16 4 4 4 4
FA O T S T R R
o 8 8 8 8 4 4 4 4
R, -
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By sight we confirm that no four points of these samples line in the same plane. The data
is still mean-centered (since we added equal but opposite values to each row), and the sample
covariance matrix with its eigenvectors is

T
20 0 u; = [100]

S=|0 i o0/, u, = [o10]" .
0 0 1 uz = [oo1]"

Hence all the conditions are satisfied.

Exercise 23.1. 1. T} is linear, and its matrix is a permutation matrix:

0 001
0100
=100 1 0
1000
T, is not linear, as Th [§] = [26* ] # [¥¢] = 213 9]
T is not linear, as T3 [3] = [§] # [3] = 315 [{]-

Ty is not linear, as Ty [\éﬂ =[] # [§] = V2Ty [\/?}
T5 is not linear, as Ty {g} = {g} =+ [g] = 375 [%].

Tt is linear, and its matrix is the zero matrix:

Ts =

o O O O
o O O O

T7 is linear, and its matrix can be found by what it does to each variable:

I

-0 1 1
Ty is linear, and its matrix can be found by what it does to each variable:
2 20
Tg=1(0 1 1
0 00
2. The three conditions that are given can be simplified using the following observations:
1 1 0 2 0 0
T5 |0 = (0], Tg |1 = |1}, T3 |0 = |1
0 1 0 0 1 0
Using this, we get a clearer description of what S does to R3:
1 1 2 0 0 1
1 1 0 1 0 0

To get the matrix of S, we first describe what S does on the standard basis vectors eq, eo, es.
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Note that

1 2 0 2 0 0 1 -1/2
S 0] =8 1 —% 1 :15 1 —lS 1 :% 1 —% 1] = 0
0 0 0 0 0 1 0 1/2
for eq, and
0 1 2 0 1 2 0 1 0 1 3/2
1 1 1 1 1 1
S0 =S5110 —3 1 +§ 1 = 0 —55’ 1 +§S 11 = |0 ~3 1l +=- |1 =10
1 1 0 0 1 0 0 1 1 0 1/2

for e3. For ey we already know what happens. Applying the proof of Theorem 18.9 on the
construction of the matrix associated to a linear transformation, we get that the matrix of S is

~1/2 1 3/2
S=| 0 1 0
1/2 0 1/2

Exercise 24.1. We place z in the denominator and multiply by the conjugate:

1 r 1 rT—yi  x—yYi T -y

: z4yi Tty v—yi 22442 _:L'2+y2+:):2+yzz'

We are allowed to multiply by the conjugate, since at least one of x, y are non-zero. The answer makes
sense also because at least one of x,y are non-zero. That is, we are never dividing by zero.

Exercise 24.2. 1.

z+w=(z+yi)+ (a+ bi)
r+a)+ (y+b)i

x+a)—(y+0b)i

o~ o~ o~ —~

zw = (x + yi)(a + bi)
= za + xbi + yai — yb
= (xa — yb) + (xb+ ya)i
= (za — yb) — (xb+ ya)i
=za — yb — xbi — yai
= (z —yi)a — (x — yi)bi
(z — yi)(a — bi)
w

x|

Z=astyi=x—yi=x+yi=2

z+z=(r+vyi)+(x—yi)=(r+x)+ (y—y)i=2x

z—z=(x+yi)—(x—yi)=(r—2)+ (y+y)i = 2yi
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6. Since zz~! =1, we have that

A =

411 1 z—yi  x—yi z
2z wtyi ctyiz—yi 22+yr |22

7. Suppose that |z| = 0. Then

0=z|=va2+1y2 = 0=2z2+4%

Since z? > 0 and y? > 0, but their sum is equal to zero, it must be that z = y = 0, so z = 0.
Conversely, suppose that z = 0. Then |z| = V02 = 0.

2| = o+ yi| = |z — yi| = V22 + (—y)2 = Va2 + 2 = |z + yi] = |2

|zw| = [(x + yi)(a + bi)|
= |za + xbi + yai — yb
= |(za — yb) + (xb + ya)i|
= /(za — yb)? + (xb + ya)?
= /(za)? — 2zayb + (yb)2 + (xb)2 + 2zbya + (ya)?
= V/(za)? + (yb)? + ()2 + (ya)?
- V@ A )
= /22 + 12/a2 + b2

= [2[|w|

10. For this question we work backwards, doing invertible operations (adding / subtracting, multi-
pliying / dividing by nonzero numbers):

2+ w| < 2]+ [w]
= |(x + yi) + (a+ bi)| < |z + yi] + |a + bi| (expanding)
= |(z 4+ a) + (y + b)i| < |z + yi| + |a + bi] (expanding)
= Vi +a)?+ y+0)2< Va2 + 2+ Va2 + b (definition)
— (x+a)? + (y+b)2 < 2? + 92 + 20/ (22 + y2)(a® + b2) + a* + b (squaring)
— 22420z +ad®+ 2 +2b+ 0 <2+ 2+ 2 (22 +42)(a® + b2) + a® 4+ b2 (expanding)
— 2ax 4 2yb < 24/ (22 + y2)(a? + b2) (cancelling)
= az + yb < /(22 + y2)(a? + b2) (dividing by 2)
= (az)? + 2azyb + (yb)? < 2%a® + 2°0* + y?a® + *b? (squaring)
= 2azyb < 2% + y2a? (cancelling)
= 0 < 22b* — 2azxyb + y2a® (rearranging)
= 0 < (zb—ya)? (rearranging)

This last line is clearly a true statement, and since all operations were reversible, the first line is also
true.

Exercise 25.2. 1. First we note that, for every n € N,
2
|

sin(nx = |lcos(nz)||> = 7
[sin(nx) [[cos(nz)|| :
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which follows by double angle identities and subsitution. Then we compute:

1, 2
= — d = — =
a0 =5 ; [o(x) dx o
1 [ 2 [T 4
ay = — (z)sin(z) dx = —/ sin(z) doe = ——
™ Jo ™ Jo s
1 2m 9 ™
ag = — (x)sin(2x) dx = / sin(2z) dz =0
T Jo T Jo
1 [ 2 (" 4
ag = — ; (x)sin(3z) dx - /0 sin(3z) dz 3
1 2m 9 ™
ag = — (x)sin(4x) dx = / sin(4z) dz =0
T Jo T Jo
1 [ 2 (" 4
_ - in(3z) do = —— | sin(5z) do = ——
a3 = — ; (x)sin(3zx) dx 77/0 sin(5x) dx .

This follows by the periodicity of sin. For cos we have even simpler results, as the integral from
0 to 7 of cos(nx) is already zero. That is,

by =by=b3 =bys=b5 =0.

2. For n = 4, the samples are (0, —1), (7/2,-1), (7, 1), (37/2,1), and we get the Fourier transform

to be

11 1 1][-1
1o —i =1 i | (=1 1 . ,
L1 1 il || =3l im0 —i-1].
1

1 —1 —i 1

=
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Index of notation

Iv]
M

Mpsiny Mupxn(F)
v

col(A)

null(A)

rank(A)

row(A)

UL

proj, (u)

projy (u)

(u, )

det(A)

vector

dot product (inner product) of two vectors v, w
norm of the vector v

matrix

space of m X n matrices (with elements in the field F)
vector space

column space of the matrix A

nullspace of the matrix A

rank of the matrix A

row space of the matrix A

the orthogonal complement of the vector space U

the projection of the vector u onto the vector v

the projection of the vector u onto the vector space V
the inner product of vectors u, v

the determinant of the matrix A
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Index

absolute value, [I30]

additive identity,

adjacency matrix,

affine space,

algebraic multiplicity,
algebraically closed, [97]

angle,

anti-commutative,

augmented matrix,

axiom of choice,

basis, [44]

block matrix,

Cartesian coordinates, [130
Cauchy—Schwarz inequaity, [74]
Cauchy-Schwarz inequality, [9]
change of basis matrix, [46]
characteristic polynomial,
codimension, [47}

cofactor,

cofactor matrix,

colinear, [9]

column space,

complex conjugate,
complex numbers, [97]
component, [5

conjugate, 103} 130} [132]
conjugate transpose, @
covariance, [123]

cross product,

cycle,
cyclic matrix,

dendrogram,

determinant,
diagonal matrix,
diagonalization, [L00
dimension,

direct sum,

discrete Fourier transform, [137]
distance,

distance matrix,

dot product, [6]

eigenpair, [9]]
eigenspace, [93]
eigensystem, [91]
eigenvalue,
eigenvector, [91], 06|
generalized,

elementary matrix, 2]

177

elementary row operations,
elimination,

elimination matrix,

entry, [I2]

error vector,

Euler’s formula,
exponential form, [131

extend to a basis, [46]

field, [

Fourier basis, [135
Fourier coefficient,
Fourier matrix, [I33] [137]
Fourier series, [135

free variable,

full column rank,

full rank,
full row rank, [41]

Gauss—Jordan elimination, [21]
Gaussian elimination,
general position, [A]
generalized eigenvector, {110

geometric multiplicity, [93] [T09]
Gram-Schmidt process,

Hadamard product,
Hermitian, [I32]

hyperplane,

identity matrix,
image, [126]

imaginary number, [I130]
imaginary part, [I30]
incidence matrix,
inner product, [6}
inner product space,
inverse, [14]

isomorphism,

Jordan block,
Jordan form, [111

kernel,

least squares,
left eigenvector,
left inverse,

left nullspace,

length,

line, [7]
linear combination, [6]
linear dependence, [43]



linear independence, range, [126]

linear map, [125] rank,
linear transformation, [125 rank approximation,
linearity, [125 rank-nullity theorem,
real part, [I30]
matrix, [12] rectangular coordinates, [L30)
diagonal, reduced row echelon form,
identity, reflection,
zero, [12] right eigenvector,
matrix addition, right inverse,
matrix equation, [I5] roots of unity, [I31
matrix multiplication, rotation matrix, [55]
mean-centered, row space, [5]]
min-max normalization, |123]
minimal spanning set, [44] sample covariance, [121
minor, B1] scalar, [6] 30
modulus, [[30] semidefinite,
multiple, [6] sign, [84]
multiplicative identity, similar matrix,
multiplicity singular,
algebraic, singular value decomposition, [116)
geometric, 03] singular values, [115]
multiplier, singular vectors, (116
skew-symmetic,
nontrivial vector, skew-symmetric matrix,
norm, [§ [73] span, [32, [33]
normalization, [123 spanning set, [44]
nullity, special solution,
nullspace, spectrum, 9]
standard basis, [44]
orthogonal, [9] standard form, [I30
orthogonal complement, submatrix,
orthonormal, subspace,
outer product, [29] symmetric matrix, 28] [I05]
parallel, [9] trace, 73], [07]
parallelogram, transpose, [I4} [51]
parallelotope, [B1] transposition, [83]
parity, [§4] triangle inequality, [9] [74]
particular solution, triangular matrix, [13]
permutatjon, @ trivial vector,

permutation matrix, 2]
perpendicular, [9]
piecewise continuous, [I34]

pivot, 2T} B3] unitary, [[32]

unit cube,

unit vector,

plane, [7] Vandermonde,
polar coordinates, (131 variance, [[23]

position matrix, [79] vector, [

positive definite, [I07] unit,

principal component, vector space, [30]
projection, [5] [60] [61] volume,

projection matrix, [60]

proper subspace, zero matrix, [12]
purely imaginary number, [130] zero vector, [5]
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