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1. Preface

These notes are accompanying a class on applied linear algebra (Math 4242) I am
giving at the University of Minneapolis in Fall 2016 (the website of the class is
http://www.cip.ifi.lmu.de/"grinberg/t/16f/ ). They contain both the material
of the class (although with no promise of timeliness!) and the homework exercises
(and possibly some additional exercises).

There will (probably) be no actual applications in these notes, but only the math-
ematical material used in these applications. If time allows, the notes will contain
tutorials on the use of SageMath (a computer algebra system suited both for nu-
merical and for algebraic computations).

Sections marked with an asterisk (*) are not a required part of the Math 4242
course.

Several good books have been written on linear algebra; these notes are not sup-
posed to replace any of them. Let me just mention four sources I can recommendﬁ

e Olver’s and Shakiban’s [OlvSha06] is the traditional text for Math 4242 at
UMN. It might be the best place to learn about the applications of linear
algebra.

e Hefferon’s [Heffer16] is a free text that does things slowly but rigorously (at
least for the standards of an introductory linear-algebra text). It has plenty of
examples (and exercises with solutions), fairly detailed proofs, and occasional
applications. (Which is why it is over 500 pages long; I hope you can easily
decide what to skip based on your preferences.) Altogether, I think it does a
lot very well. The main drawback is its lack of the theory of bilinear forms
(but I don’t know if we will even have time for that).

e Lankham’s, Nachtergaele’s and Schilling’s [LaNaSc16] is a set of notes for in-
troductory linear algebra, doing the abstract side (vector spaces, linear maps)
early on and in some detail.

o Treil’s [Ireill5] is another free text; this is written for a more mathematically
mature reader, and has a slight bias towards the linear algebra useful for
functional analysisﬂ

[Please let the authors know if you find any errors or unclarities. Feel free to ask me if
you want your doubts resolved beforehand.]
Also, some previous iterations of Math 4242 have left behind interesting notes:

! have not read any of the books myself (apart from fragments). My recommendations are based
on cursory skimming and random appraisal of specific points; I therefore cannot guarantee
anything.

2The title of the book is a play on Axler’s “Linear Algebra Done Right”, which is biased towards
analysis (or, rather, against algebra) to a ridiculous extent. Axler seems to write really well, but
the usefulness of this book is severely limited by its obstinate avoidance of anything that looks
too explicit and algebraic.



http://www.cip.ifi.lmu.de/~grinberg/t/16f/
http://www.cip.ifi.lmu.de/~grinberg/t/16f/
http://www.cip.ifi.lmu.de/~grinberg/t/16f/
http://www.sagemath.org/
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e Stephen Lewis, Fall 2014, http://www.stephen-lewis.net/4242/|(enable javascript!).

e Natalie Sheils, Fall 2015, http://math.umn.edu/ "nesheils/F15_M4242/LectureNotes.
html (yes, those are on dropbox).

There are countless other sets of lecture notes on the internet’, books in the
library, and even books on the internet if you know where to look. You can find an
overview of (published, paper) books in [Drucker12] (but usually without assessing
their quality), and another (with reviews) on the MAA website http://www.maa.
org/tags/linear-algebra . (Reviews on Amazon and goodreads are usually just
good for a laugh.)

The notes you are reading are under construction, and will remain so for at least
the whole Fall term 2016. Please let me know of any errors and unclarities you
encounter (my email address is darijgrinbergOgmail. comﬂ Thank you!

1.1. Acknowledgments

I would like to thank Mark Richard for correcting a typo in the notes.

2. Introduction to matrices

In this chapter, we shall introduce matrices, define the basic operations with ma-
trices (addition, scaling, multiplication and powers) and two fundamental families
of matrices (zero matrices and identity matrices), and state the most fundamental
of their properties (and even prove some of them). We shall not go very deep here
(most of this chapter corresponds to a part of [LaNaSc16, §A.2]), but we will give
plenty of examples and some detailed proofs that will (hopefully) help you get
some experience with the material.

2.1. Matrices and entries

In the following, we shall study matrices filled with numbers. This is not the
most general thing to study (we could also fill matrices with other things, such
as polynomials — and in fact, such matrices are highly useful); nor will we be
very precise about it. In fact, for most of this chapter, we shall not even specify
what we mean by “numbers”, even though the word “number” is far from being
a well-defined notion. However, as soon as we start caring about (say) computer

3Let me mention some: Two good-looking advanced texts for a mathematically prepared reader
are Cameron’s [Camero08] and Kowalski’s [Kowals16]; a reader bored with the present notes
might want to take a look at them. On the other side, Wildon’s notes [Wildon16| include a lot of
examples and geometric illustrations (but are probably too brief to peruse as a standalone text),
whereas Chen’s notes [Chen08] boast numerous applications (and seem quite readable, though
I have not looked at them in depth).

4The sourcecode of the notes is also publicly available at https://github.com/darijgr/lina .



http://www.stephen-lewis.net/4242/
http://math.umn.edu/~nesheils/F15_M4242/LectureNotes.html
http://math.umn.edu/~nesheils/F15_M4242/LectureNotes.html
http://www.maa.org/tags/linear-algebra
http://www.maa.org/tags/linear-algebra
https://github.com/darijgr/lina
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calculations, we will have to spend some words specifying our “numbers” more
precisely. See Section for what the word “number” means.

We shall use the symbol IN for the set {0,1,2,...}. This is the set of all nonnega-
tive integersﬁ

Definition 2.1. If n € IN and m € NN, then an n x m-matrix simply means a
rectangular table with n rows and m columns, such that each cell is filled with a
number.

1
) is a 2 X 3-matrix, whereas —2 | isa3x1-
0

1 7 2

For example, ( 3 6 1/3

matrix[]

The word “n x m-matrix” is pronounced “n-by-m-matrix” (and sometimes even
written in this way). Notice that the sign “x” in “n x m-matrix” is a symbol whose
purpose is to separate n from m; it does not mean multiplication (although, of
course, an n X m-matrix does have nm entries). Do not rewrite “2 x 3-matrix” as
“6-matrix” (after all, a 2 x 3-matrix is not the same as a 6 x 1-matrix, although
2-3=6-1).

Definition 2.2. The word “matrix” will encompass all n X m-matrices for all pos-
sible values of n and m.

Definition 2.3. The dimensions of an n x m-matrix A are the two integers n and
m. When they are equal (that is, n = m), we say that A is a square matrix, and call
n its size.

For a rectangular matrix A, we also will sometimes say that “A has size n x m”
when we mean that “A is an n X m-matrix”.

Definition 2.4. If A is an n X m-matrix, and if i € {1,2,...,n} and j €
{1,2,...,m}, then A;; will denote the entry of A in row i and column j. This
entry is also called the (i, j)-th entry of A (or simply the (i, )-entry of A).

1 7 2
—v2 6 1/3

(i,j)-th entry of a matrix A) is not standard in literature! Some authors instead

For example, < ) = 2. Note that this notation A;; (for the
1,3

Some authors use the symbol IN for the set {1,2,3,...} (the set of all positive integers) instead.
Unfortunately, there is no consensus here. If you want to avoid notational conflicts, use the nota-
tion Z>q for {0,1,2,...} and the notation Z - for {1,2,3,...}. These notations, at least, are self-
explanatory (once you know that Z denotes the set of all integers, i.e., {...,—2,—-1,0,1,2,...}).

®For the friends of stupid examples (me?), here are two more: is a 3 x 0-matrix (it contains no
cells, and thus no numbers), and ( ) is a 0 X 3-matrix (again, with no numbers because

it has no cells). For various technical reasons ([deBoor]), it is helpful to regard such empty
matrices as different.
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use A; (the i on top is not an exponent, but just a superscript) or 4;; (where a is

the lowercase letter corresponding to the uppercase letter A denoting the matrixﬂ).
Many authors often drop the comma between i and j (so they call it A;; or a;;); this
notation is slightly ambiguous (does Aj3; mean Aj3, or Aj3p ?). Unfortunately,
some authors use the notation A;; for something else called a cofactor of A (which
is, in a sense, quite the opposite of the (i,)-th entry of A); but we will never do
this here (and probably we will not really get into cofactors anyway).

2.2. The matrix builder notation

I would like to do something interesting, but I am forced to introduce more nota-
tions. Please have patience with me. Let me introduce a notation for building a
matrix out of a bunch of entries:

Definition 2.5. Let n € IN and m € IN. Assume that you are given a number
a;; for each pair (i,j) of an integer i € {1,2,...,n} and j € {1,2,...,m}. Then,

(@)1 <icn 1 <<y Shall denote the n x m-matrix whose (i, j)-th entry is a;,; for all

ie{l2..,n}tandje {12,...,m} (Tosay it differently: (a;j),_,_, I<j<m

shall denote the n x m-matrix A such that Ajj=ajj foralli e {1,2,...,n} and
j€{1,2,...,m}. In other words,

a1 a2 o Am

a1 dzp2 -+ A2m
(ai/j)lgign, 1<j<m

an1l An2 " Aum

)

Some examples:

e What is the matrix (i —j);<;<5 1 <j<3 ? By definition, it is the 2 x 3-matrix

whose (i, j)-thentry isi —jforalli € {1,2} and j € {1,2,3}. Thus, (i — j);<j<), 1<j<3 =

1-11-21-3\_(0 -1 =2 -
2-12-22-3) 1 0 -1)

o 1-1 2—-1 3— 1 0 12
‘Wehave(]_l)1§i§2,1§]§3_(1—2 2-2 3-2 (—1 0 1)'
1+1 1+2 2
e We have (l+])1§1§3, 1<j<2 = 241 2+2 3
3+1 3+2 4

’This notation is bad for two reasons: First, it forces you to always denote matrices by uppercase

1 7 2
letters; second, it doesn’t let you write things like ( V3 6 1/3 ) 3.
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141 1+1 141 5 1 2
» 1 2 3 3
e We have (Z+ ) — | 2t 2xt 2+l g 3 E 1
] J1<i<3, 1<j<3 1 2 3 2
3+1 3+1 3+1 4
4 2 =
1 2 3 3
1-1 1-2 0 1
o 1+1 1+2 3
e We have (ﬂ> _| 2=zt 2=2 1 _ |1 0
1+]/1<i<3, 1<j<2 241 2+2 3
3—1 3-2 1 1
3+1 342 2 5

The notation (ai,]')l <i<n, 1<j<m is fairly standard (you will be understood if you

use it), though again there are variations in the literature.
We used the two letters i and j in the notation (a;;),_;_, 4 <i<m
as well have picked any other two letters (as long as they aren’t already taken for

something else). For example, (xy)< <5 1<y<2 = ( ;1 ;; > = < ; i ) For

, but we could just

. . 1-1 0 .
a more confusing example, (i —j);<;<o 1<ist=( o_1 )= 1 )can be rewrit-

The difference between the two matrices (j — 1)1 <j<5 1<j<1 and (j = )<j<q, 1<j<> 1

=/= == I iy

the order in which j and i appear in the subscript (“1 <j <2, 1 <i < 1” versus
“1<i<1,1<j<2). If j comes first, then j is the number of the row and i the
number of the column; but if i comes first, then it’s the other way round!

Of course, if you decompose an n x m-matrix A into its entries, and then assem-
ble these entries back into an n X m-matrix (arranged in the same way as in A),
then you get back A. In other words: For every n x m-matrix A, we have

(Aiff)lgign, I<j<m = A. (1)

2.3. Row and column vectors

Here is some more terminology:

Definition 2.6. Let n € IN. A row vector of size n means a 1 x n-matrix. A column
vector of size n means an n X 1-matrix.

) . . a‘\ .
For example, ( a b ) is a row vector of size 2, while < b ) is a column vector

of size 2.
The following definition is common-sense:
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Definition 2.7. Let n € IN. If v is a row vector of size n, then the (1,j)-th entry
of v (for j € {1,2,...,n}) will also be called the j-th entry of v (because v has
only one row, so that we don’t have to say which row an entry lies in). If v is
a column vector of size 1, then the (i,1)-th entry of v (for i € {1,2,...,n}) will
also be called the i-th entry of v.

2.4. Transposes

Definition 2.8. The transpose of an n x m-matrix A is defined to be the m x n-
matrix (Aji);_;,, 1<jen- It is denoted by AT,

Let us unravel this confusing-looking definition! It says that the transpose of an
n x m-matrix A is the m x n-matrix whose (i, j)-th entry (for i € {1,2,...,m} and
j€{1,2,...,n})is the (j,i)-th entry of A. So the transpose of A has the very same
entries as A, but in different position: namely, the entry in position (i, j) gets moved
into position (j,i). In other words, the entry that was in row i and column j gets
moved into column i and row j. So, visually speaking, the transpose of the matrix
A is obtained by “reflecting A around the diagonal”. Some examples should help
clarify this:

c c
a b T_ a a '\
(vw)=(00)
a\T
b | =(abc).
c

Transposes have many uses, but for now we stress one particular use: as a space-
saving device. Namely, if you work with column vectors, you quickly notice that
they take up a lot of vertical space in writing: just see by how much the column
4
-1 . N .

vector 5 has stretched the spacing between its line and the lines above and
0

belowﬂ It is much more economical to rewrite it as the transpose of a row vector:

8 Additionally, column vectors of size 2 have the annoying property that they can get confused for

binomial coefficients. To wit, denotes a column vector, whereas 2) denotes a binomial

4
2
coefficient (which equals the number 6). The only way to tell them apart is by the amount of
empty space between the parentheses and the entries; this is not a very reliable way to keep

different notations apart.
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(4 -1 20 )T. It is furthermore common to write row vectors as tuples (i.e.,
put commas between their entries instead of leaving empty space); thus, the row
vector (4 —1 2 0 ) becomes (4,—1,2,0) (which takes up less space), and our
column vector above becomes (4, —1, 2, O)T.

The transpose of a matrix A is also denoted by A’ or T A or f A by various authors
(not me).

Here is a very simple fact about transposes: The transpose of the transpose of a

matrix A is the matrix A itself. In other words:

Proposition 2.9. Let n € IN and m € IN. Let A be an n x m-matrix. Then,
(AT)" = A.

Proof of Proposition This is fairly clear, but let me give a formal proof just to get
you used to the notations.

We have AT = (A;;)
matrix and satisfies

(AT>Z.].:A]',1' forallie€ {1,2,...,m} andj € {1,2,...,n}. (2)

1<i<m, 1<j<n (by the definition of AT). Thus, AT is an m x n-

Hence,

(AT>ji:Ai’j forallie€ {1,2,...,n} and j € {1,2,...,m}. 3)

(Indeed, this follows by applying (2) to j and i instead of i and j.)
Now, the definition of (AT) " Vields

T
T\ _ T — (A —
(A ) — (A )j,i = (Aij)1cicn 1<jem =4
N——
=A;;
by @) / 1<i<n, 1<j<m
(by (I)). This proves Proposition =

2.5. Addition, scaling and multiplication

Matrices can (sometimes) be added, (always) be scaled and (sometimes) be multi-
plied. Let me explain:

Definition 2.10. Let A and B be two matrices of the same dimensions (that is,
they have the same number of rows, and the same number of columns). Then,
A + B denotes the matrix obtained by adding each entry of A to the correspond-
ing entry of B. Or, to write it more formally: If A and B are two n x m-matrices,
then

A+B = (A;j+Bj;)

1<i<n, 1<j<m *
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For example. [ * b ¢ n a b\ [(a+d b+V c+/( (I am
p ’ d e f d/ (3/ f/ - d—|—d/ €+€/ f+f/ :

increasingly using variables instead of actual numbers in my examples, because
they make it easier to see what entry is going where.) On the other hand, the two

matrices ( Z ) and (¢ d ) cannot be added (since they have different dimen-

siong’).

Definition is often laconically summarized as follows: “Matrices are added
entry by entry” (or “entrywise”). This simply means that each entry of the sum
A + B is the sum of the corresponding entries of A and B; nothing fancy is going
on.

So we now know how to add two matrices.

Definition 2.11. Let A be a matrix, and A be a number. Then, AA (or A - A)
denotes the matrix obtained by multiplying each entry of A by A. In other
words: If A is an n X m-matrix, then
AA = </\Aifj)1§i§n, 1<j<m®
The matrix AA is often called “A times A”. The procedure of transforming A into
AA is called scaling the matrix A by A. (Sometimes we say “multiplying” instead

of “scaling”, but “scaling” is more precise.)
We write —A for (—1) A.

v lAabc_)\a)\b/\c
or example, de f)=ad re Af)

So now we know how to scale a matrix. (“To scale” means to multiply by a
number.) Definition is summarized as follows: “Matrices are scaled entry by
entry”.

“Scaling” is often called “scalar multiplication” (but this is confusing terminol-
ogy, since “scalar product” means something completely different). If A is a matrix,
then a scalar multiple of A is defined as a matrix of the form A A for some number
A

With scaling and addition defined, we obtain subtraction for free:

Definition 2.12. Let A and B be two matrices of the same dimensions. Then,
A — B denotes the matrix A+ (—B) = A+ (—1) B.

For example, 2 boc _ a v N\ _ (a—-d b=V c—-(
Pl&{ g ¢ f e )T \d-d e—¢ f—f )
Now, to the more interesting part: multiplying matrices. This is not done by mul-

tiplying corresponding entries! (Why not? Well, it wouldn’t make for a particularly
useful notion.) Instead, the definition goes as follows:

9The dimensions of the former matrix are 2 and 1, whereas the dimensions of the latter matrix are
1 and 2. Even though they are equal up to order, they do not count as equal.
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Definition 2.13. Let n € IN, m € IN and m € IN. Let A be an n X m-matrix. Let
B be an m x p-matrix. (Thus, A has to have m columns, while B has to have m
rows; other than this, the two matrices do not need to have any relation to each
other.) The product AB of these two matrices is defined as follows:

AB = | AinB1j+ AipByj+ - - + Aj B j

'
This is the sum of the m terms of the form

A;xBy j, for k ranging over {1,2,...,m} 1<i<n, 1<j<p

This is an n X p-matrix.

This definition is somewhat overwhelming, so let me rewrite it in words and give
some examples:

It says that the product AB is well-defined whenever A has as many columns as
B has rows. In this case, AB is the n x p-matrix whose (i, j)-th entry is obtained by
adding together:

the product A;;B; ; of the (i, 1)-th entry of A with the (1, j)-th entry of B;

the product A;,B, ; of the (i,2)-th entry of A with the (2, j)-th entry of B;

e and so on;

the product A; ;, B, ; of the (i, m)-th entry of A with the (m, j)-th entry of B.

In other words, AB is the matrix whose (i, j)-th entry is obtained by multiplying
each entry of the i-th row of A with the corresponding entry of the j-th column of
B, and then adding together all these products. The word “corresponding” means
that the 1-st entry of the i-th row of A gets multiplied with the 1-st entry of the j-th
column of B, the 2-nd entry with the 2-nd entry, etc.. In particular, for this to make
sense, the i-th row of A and the j-th column of B have to have the same number of
entries. This is why we required that A has as many columns as B has rows!

I promised examples. Here are four:

a b x x [ ax+by ax'+by \
- a/x_|_b/y a/x/+b/y/ 4

: ( ) (5% )
()=
( ) (o)

a’
a’ b’

(ax+by );

ax ay
bx by

Yy
z
x
y
y




Notes on linear algebra (Wednesday 4" December, 2019, 15:09) page 12

(note how in the fourth example, we don’t see any plus signs, because each of the
sums has only one addend).

We can also denote the product AB by A - B (though few people ever do thiﬂ.

We have thus learnt how to multiply matrices. Notice that the (i,j)-th entry of
the product AB depends only on the i-th row of A and the j-th column of B. Why
did we pick this strange definition, rather than something simpler, like multiplying
entry by entry, or at least row by row? Well, “entry by entry” is too simple (you
will see later what matrix multiplication is good for; “entry by entry” is useless in
comparison), whereas “row by row” would be lacking many of the nice properties
that we will see later (e.g., our matrix multiplication satisfies the associativity law
(AB) C = A (BC), while “row by row” does not).

1 -1 1 2
Exercise 2.14. Let A = 2 0 and B = .
3 5 1 6

(a) The matrix A is of size 3 x 2. What is the size of B ?
(b) Is AB defined? If it is, compute it.
(c) Is BA defined? If it is, compute it.

Exercise 2.15. (a) Compute

111 111
011 011
0 01 01
and
1111 1111
0111 0111
0011 0011
0 001 0 001
a b 111
(b) Compute | o' b ( ) (1 11 ) for an arbitrary 3 X 3-matrix
a// b// C// 1 1 1
a b c
a v
a// b// C//

%Warning: The notation A - B is somewhat nonstandard. Many authors (for example, Olver
and Shakiban in [OlvSha06, §3.1]) define the “dot product” of two column vectors v =
(v1,02,. ..,vn)T and w = (wy,wo, . ..,wn)T (of the same size) to be the number v wq + vow, +
-+« + v, Wy; they furthermore denote this dot product by v - w. This notation is in conflict with
our notation A - B, because the dot product of v and w is not what we call v - w (it is, in fact, what
we call o7 - w). The reason why I have picked the somewhat nonstandard convention to regard
A - B as a synonym for AB is my belief that a dot should always denote the same multiplication
as juxtaposition (i.e., that A - B should always mean the same as AB).
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(c) Compute for an arbitrary 4 x 1-matrix

0
1 | and B3z =
0

and By =

O OO -
O O = =
O R -
g g Y
QUL O D
QL O D

o= O
—_ O
_ O
O = O

1
Exercise 2.16. (a) Let A3 = ( 0 ) . Compute A2,
1

B3, A3B; and B3As;.

(b) Let Ay = . Compute A2, B2,

— O = O
SR, O
_— O = O
O = O
O - O
_ O = O
SRk O
— O = O

A4B4 and B4A4.
(c) For any n € IN, define two “checkerboard-pattern” n x n-matrices A, and
B, by

Ai’l = ((l +]) 0/02)1Sl'§7’1, 1S]§n 7 Bl’l == ((i +j - 1) O/Oz)lsl'gﬂ, 1S]Sn 7

where k%2 denotes the remainder left when k is divided by 2 (so k%2 =
1, if kis odd;
0, if kiseven
the matrices A4 and By in its part (b), are particular cases of this construction.)
Prove that each even n € IN satisfies A% = B% and A,B,, = B,A,. Prove that
each odd n > 3 satisfies A, B, # B, A,.

. (The matrices Az and Bs in part (a) of this problem, as well as

2.6. The matrix product rewritten

Let me show another way to restate our above definition of a product of two ma-
trices. First, one more notation:

Definition 2.17. Let A be an n X m-matrix.
@ Ifie{1,2,...,n}, then row; A will denote the i-th row of A. This is a row
vector of size m (that is, a 1 X m-matrix), and is formally defined as

(Ai/y)1<x<1, 1<y<m — ( Aix Aip - Aip )

(notice how i is kept fixed but y is ranging from 1 to m here).
(b) If j € {1,2,...,m}, then col; A will denote the j-th column of A. This is a
column vector of size n (that is, an n x 1-matrix), and is formally defined as
Ay
Ay

Ay
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Example 2.18. If A = (Z Z ;), then rowp A = (d e f ) and cob A =

b
L
Now, we observe that if R is a row vector of some size m, and if C is a column
vector of size m, then RC is a 1 x 1-matrix. More precisely: The product of a row

€1
2 ..
vector (71 1, -+ 1y ) and a column vector _ is given by

Cm

€1

C2

(ri ro - rm )| . [ =(nc+ra+ - +rmcm ). 4)
Cm

We shall often equate a 1 x 1-matrix with its (unique) entry; so the equality @)
rewrites as

(1’1 o - T’m) : =71101 + 1202 + ++ - + 'yl (5)
Cm

Now I will show a little collection of formulas for the product of two matrices.
They are all pretty straightforward to obtain (essentially, they are the definition of
the product viewed from different angles), but they are helpful when it comes to
manipulating products:

Proposition 2.19. Let n € N, m € IN and p € IN. Let A be an n x m-matrix. Let
B be an m x p-matrix.
(@) For every i € {1,2,...,n}and j € {1,2,...,p}, we have

(AB)i,j = Ai,lBl,]' + AZ'IZBZ]' +-+ Ai,mBm,j-

(b) For every i € {1,2,...,n} and j € {1,2,...,p}, the (i,j)-th entry of AB
equals the product of the i-th row of A and the j-th column of B. In formulas:

(AB)Z-’]. = row; A - col; B (6)
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for every i € {1,2,...,n} and j € {1,2,...,p} (Where the expression row; A -
col; B should be read as (row; A) - (col; B)). Thus,

AB = (row; A - col; B)

1<i<n, 1<j<p

row; A-coly B row; A-col B -+ rowj A-colyB
rowp A-coly B rowp A-col B --- rowjy A -col, B
row, A-coly B row, A-col B --- row, A-col,B

(c) Forevery i € {1,2,...,n}, we have
row; (AB) = (row; A) - B.
(d) For every j € {1,2,...,p}, we have

col; (AB) = A - col; B.

Proposition (c) says that if A and B are two matrices (for which AB makes
sense), then each row of AB equals the corresponding row of A multiplied by B.
Similarly, Proposition (d) says that each column of AB equals A multiplied by
the corresponding column of B. These are fairly simple observations, but they are
surprisingly useful.

Proof of Proposition (a) By the definition of AB, we have

AB = (Aj1B1j+ AipBoj+ -+ AimBu )

1<i<n, 1<j<p"’

In other words,

for every i € {1,2,...,n} and j € {1,2,..., p}. This proves Proposition 2.19 (a).

(b) Now, let us prove Proposition (b). It is clearly enough to prove (6)
(because all the other statements of Proposition (b) are just restatements of
(6)). So let’s do this. Leti € {1,2,...,n} and j € {1,2,..., p}. Then,

row; A= ((Ajn Aip - Aim) and (8)
By,
_| B

col; B = . . 9)
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Hence,

rowiA-coljB = ( Ai1 Aip o Aiw )
By,
= Ai1B1j+ AipBoj+ - -+ Aj B j-
Comparing this with H we obtain (AB )i/]- = row; A - col; B. Thus, we have proven
(6). Hence, Proposition (b) is proven.
() Leti € {1,2,...,n}. Set C = row; A. Notice that C is a row vector of size m,

thus a 1 X m-matrix. We can refer to any given entry of C either as “the j-th entry”
or as “the (1, j)-th entry” (where j is the number of the column the entry is located

in).
We have
C :I‘OWZ'A = ( Ai,l Ai,2 Az’,m ) .
Thus,
Cip=Aix for every k € {1,2,...,m}. (10)

Letje{1,2,...,p}. Then,
(the j-th entry of row; (AB))
= (the (i,j)-th entry of AB) = (AB),,
= Aj1B1j+ AipBoj+ -+ Aj B (by ()
Comparing this with

(the j-th entry of CB)
= (the (1,j)-th entry of CB) (since CB is a row vector)
= Cl,l Bl,j -+ C1,2 B2/]' + -+ Cl,m Bm,j

—~~ —~ ——

=Ain =Aip =Aim
(by (0)) (by (0) (by (10))

by Proposition (a), applied to 1, C and 1
instead of n, A and i

= Aj1B1j+ AipBoj+ -+ AimBumj,
we obtain
(the j-th entry of row; (AB)) = (the j-th entry of CB). (11)

Now, forget that we fixed j. We thus have shown that holds for each j €
{1,2,...,p}. In other words, each entry of the row vector row; (AB) equals the
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corresponding entry of the row vector CB. Hence, row; (AB) equals CB. Thus,
row; (AB) = _C B = (row; A) - B. This proves Proposition [2.19| (c).

=row; A

(d) The proof of Proposition (d) is similar to that of Proposition (c).
Let me nevertheless show it, for the sake of completeness. (The proof below is
essentially a copy-pasted version of the above proof of Proposition (c), with
only the necessary changes made. This is both practical for me, as it saves me some
work, and hopefully helpful for you, as it highlights the similarities.)

Letj € {1,2,...,p}. Set D = col; B. Notice that D is a column vector of size m,
thus an m x 1-matrix. We can refer to any given entry of D either as “the i-th entry”
or as “the (i,1)-th entry” (where i is the number of the row the entry is located in).

We have

By,
B,
D =col;B = )
By
Thus,
Dy1 = By, for every k € {1,2,...,m}. (12)

Leti e {1,2,...,n}. Then,
(the i-th entry of col; (AB))
= (the (i,j)-th entry of AB) = (AB),
— Aj1Byj+ AisByj+ -+ AiBuj (by @) -
Comparing this with
(the i-th entry of AD)

= (the (i,1)-th entry of AD) (since AD is a column vector)
= Aijn Dig +Aip Doy +---+ Ajm Dyp
~~ ~~ —~~
=B, =By, =B,
(by (12)) (by (12)) (by (12))

by Proposition (@), applied to1, D and 1
instead of p, B and j

= Aj1Byj+ AipBaj+ -+ AimBm,j,
we obtain
(the i-th entry of col; (AB)) = (the i-th entry of AD). (13)

Now, forget that we fixed i. We thus have shown that holds for each i €
{1,2,...,n}. In other words, each entry of the column vector col; (AB) equals the
corresponding entry of the column vector AD. Hence, col; (AB) equals AD. Thus,
colj (AB) = A D =4 col; B. This proves Proposition 2.19|(d). O

zcolj B
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2.7. Properties of matrix operations

The operations of adding, scaling and multiplying matrices, in many aspects, “be-
have almost as nicely as numbers”. Specifically, I mean that they satisfy a bunch of
laws that numbers satisfy:

Proposition 2.20. Let n € IN and m € IN. Then:

(a) We have A + B = B + A for any two n X m-matrices A and B. (This is called
“commutativity of addition”.)

(b) We have A+ (B+ C) = (A + B) + C for any three n x m-matrices A, B and
C. (This is called “associativity of addition”.)

(c1) We have A (A+ B) = AA + AB for any number A and any two n X m-
matrices A and B.

(c2) We have A (pA) = (Ap) A and (A +pu) A = AA + uA for any numbers A
and u and any n X m-matrix A.

(c3) We have 1A = A for any n x m-matrix A.

Let furthermore p € IN. Then:

(d) We have A (B+ C) = AB + AC for any n x m-matrix A and any two m x p-
matrices B and C. (This is called “left distributivity”.)

(e) We have (A + B)C = AC + BC for any two n x m-matrices A and B and
any m X p-matrix C. (This is called “right distributivity”.)

(f) We have A (AB) = (AA) B = A (AB) for any number A, any n X m-matrix
A and any m X p-matrix B.

Finally, let g € IN. Then:

(g) We have A (BC) = (AB)C for any n x m-matrix A, any m x p-matrix B
and any p x g-matrix C. (This is called “associativity of multiplication”.)

Example 2.21. Most parts of Proposition are fairly easy to visualize and to
prove. Let me give an example for the least obvious one: part (g).

Part (g) essentially says that A (BC) = (AB)C holds for any three matrices
A, B and C for which the products AB and BC are well-defined (i.e., A has as
many columns as B has rows, and B has as many columns as C has rows). For
example, taken =1, m =3, p =2 and g = 3. Set

d d X .
A=(a b c), B=| ¢ ¢ |, C:(x’ 3, z’)'
ff

Then,

AB= (ad+be+cf ad +be +cf")




Notes on linear algebra (Wednesday 4" December, 2019, 15:09) page 19

and thus

(AB)C = (ad+be+cf ad +be +cf') ( ;C, 5, ZZ, )
ad'x" + be'x" + cf'x’ + bex + adx + cfx
= | ady' +be'y +cf'y + bey +ady + cfy
ad'z' +be'z + cf'z + bez + adz + cfz

after some computation. (Here, we have written the result as a transpose of a
column vector, because if we had written it as a row vector, it would not fit on
this page.) But

d d ; . d'x'+dx dy +dy d'7+dz
BC=| e ¢ ( Wy y, , ) =| X +ex ey +ey ez +ez
fr ! Xt fx fY +fy f7 A f

and as before

ad'x" + be'x’ + cf'x’ + bex + adx + cfx
A(BC) = | ady' +be'y +cf'y + bey + ady + cfy
ad'z +be'z' + cf'z' + bez + adz + cfz

Hence, (AB) C = A (BC). Thus, our example confirms Proposition (g).

The laws of Proposition allow you to do many formal manipulations with
matrices similarly to how you are used to work with numbers. For example, if you
have n matrices Ay, Ay, ..., A, such that successive matrices can be multiplied (i.e.,
foreachi € {1,2,...,n — 1}, the matrix A; has as many columns as A; 1 has rows),
then the product A;A; - - - A, is well-defined: you can parenthesize it in any order,
and the result will always be the same. For example, the product ABCD of four
matrices A, B, C, D can be computed in any of the five ways

((AB)C) D, (AB) (CD), (A (BC)) D, A((BC)D), A(B(CD)),

and all of them lead to the same result. This is called general associativity and is
not obvious (even if you know that Proposition (8) holds Let me state this
result again as a proposition, just to stress its importance:

Proposition 2.22. Let Ay, Ay, ..., A,y be n matrices. Assume that, for each i €
{1,2,...,n — 1}, the number of columns of A; equals the number of rows of A; 1

11f you are curious about the proofs:
We shall prove Proposition [2.20](g) further below (in Section2.9). General associativity can be
derived from Proposition[2.20](g) in the general context of “binary operations”; see (for example)
[Zuker14] for this argument.
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(so that the product A;A; 1 makes sense). Then, the product A1 A, - - - A, is well-
defined: Any way to compute this product (by parenthesizing it) yields the same
result. In particular, it can be computed both as A; (A2 (A3 (- - (Ay-144)))) and
as ((((A142) Az) -+ +) Ap-1) An.

Please take a moment to appreciate general associativity! Without it, we could
not make sense of products like ABC and ABCDE, because their values could de-
pend on how we choose to compute them. This is one reason why, in the definition
of AB, we multiply entries of the i-th row of A with entries of the j-th column of
B. Using rows both times would break associativity!

There is also a general associativity law for addition:

Proposition 2.23. Let A1, Ay, ..., A, be n matrices of the same size. Then, the
sum A1+ Ay + - - -+ Ay is well-defined: Any way to compute this sum (by paren-
thesizing it) yields the same result. In particular, it can be computed both as A; +
(Az+ (As+ (- + (As + An)))) and as (((Ay + Az) + Ag) + ) + Ay) +
Ay.

There is also another variant of general associativity that concerns the interplay
of matrix multiplication and scaling. It claims that products of matrices and num-
bers can be parenthesized in any order. For example, the product AuAB of two
numbers A and y and two matrices A and B can be computed in any of the five
ways

((Ap) A) B, (Au) (AB), (A (nA)) B, A((nA)B), A(u(AB)),

and all of them lead to the same result. This can be deduced from parts (cp), (f)
and (g) of Proposition [2.20}

We shall give proofs of parts (d) and (g) of Proposition in Section 2.9 below.

Various other identities follow from Proposition For example, if A, B and
C are three matrices of the same size, then A — (B+ C) = A — B — C. For another
example, if A and B are two n X m-matrices (for some n € IN and m € IN) and if C
is an m x p-matrix (for some p € IN), then (A — B) C = AC — BC. These identities
are proven similarly as the analogous properties of numbers are proven; we shall
not linger on them.

120f course, our formulation of general associativity was far from rigorous. After all, we have not
defined what a “way to compute a product” means, or what “parenthesizing a product” means.
There are several ways to make Proposition rigorous. See [m.se709196] for a discussion of
such ways. (Note that the simplest way actually avoids defining “parenthesizing”. Instead, it
defines the product A;A;--- A, by recursion on n, namely defining it to be A; when n =1,
and defining it to be (A1Ay---A,_1) A, otherwise (where we are using the already-defined
product A1 A - - - A,—1). Informally speaking, this means that the product A1 A; - - - A, is defined
as ((((A1A2) Az)---) A1) Ay. Now, general associativity says that this product A1A; - - - Ay,
equals (A1Ay - - Ag) (Ags1Akin - - Ay) for each k € {1,2,...,n —1}. (This is not too hard to
prove by induction over n.) Informally speaking, this shows that our product A1 A;--- A, also
equals the result of any way of computing it (not only the ((((A142) A3z) ---) Ay—1) An way).)
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2.8. Non-properties of matrix operations

Conspicuously absent from Proposition is one important law that is well-
known to hold for numbers: commutativity of multiplication (that is, ab = ba).
This has a reason: it is false for matrices. There are at least three reasons why it is
false:

1. If A and B are matrices, then it can happen that AB is well-defined (i.e., A has
as many columns as B has rows) but BA is not (i.e., B does not have as many
a
columns as A has rows). For example,if A= [ b | and B= ( x y ), then
c
AB is well-defined but BA is not.

2. If A and B are matrices such that both AB and BA well-defined, then AB and
BA might still have different dimensions. Namely, if A is an n x m-matrix and
B is an m x n-matrix, then AB is an n x n-matrix, but BA is an m X m-matrix.
So comparing AB and BA makes no sense unless n = m.

3. Even if AB and BA are of the same dimensions, they can still be distinct. For

example, if A = ((1) })andB:AT: (} (1)>,thenAB: (i i)

11
whereas BA = ( 1 9 )

Two matrices A and B are said to commute if AB = BA (which, in particular,
means that both AB and BA are well-defined). You will encounter many cases
when matrices A and B happen to commute (for example, every n X n-matrix com-
mutes with the n X n identity matrix; see below for what this means); but in general
there is no reason to expect two randomly chosen matrices to commute.

As a consequence of matrices refusing to commute (in general), we cannot rea-
sonably define division of matrices. Actually, there are two reasons why we cannot
reasonably define division of matrices: First, if A and B are two matrices, then it is

A
not clear whether — should mean a matrix C satisfying BC = A, or a matrix C sat-

isfying CB = A. (The failure of commutativity implies that these are two different

things.) Second, in general, neither of these matrices C is necessarily unique; nor

is it guaranteed to exist. This is similar to the fact that we cannot divide by 0 (in
0 . o1 . . . .

fact, 0 would not be unique, while — would not exist); but with matrices, 0 is not

0
the only forbidden denominator. Here is an example:

Example 2.24. (a) Let A = ( (1) 8 ) and B = A. Then, BC = A holds for C = A,
but also for C = ( (1) (1) ) (and also for many other matrices C). So the matrix

C satisfying BC = A is not unique.
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01 00
satisfying BC = A. Indeed, if C = ( ch g) ) is any matrix, then BC = ( Yy >

(b) Let A = ( 10 ) and B = < 10 ) Then, there exists no matrix C

00
has its second row filled with zeroes, but A does not; so BC cannot equal A.

10

Exercise 2.25. (a) Let A = ( 0 92

). Show that the 2 x 2-matrices B satisfying

AB = BA are precisely the matrices of the form ( g 2 ) (where a and d are

any numbers). [Hint: Set B = g) , and rewrite AB = BA as a system of

linear equations in x,y, z, w. Solve this system.]

1 1
(b)LetA_(O !

). Characterize the 2 x 2-matrices B satistying AB = BA.

2.9. (*) The summation sign, and a proof of (AB)C = A (BC)

We now take a break from studying matrices to introduce an important symbol:
the summation sign (}). This sign is one of the hallmarks of abstract mathematics
(and also computer science), and helps manipulate matrices comfortably. Here is a
quick (but informal) definition of the summation sign ) :

Definition 2.26. Let p and g be two integers such that p < g+ 1. Let

9
Ap,Ap11,---,0q be some numbers. Then, kz ax means the sum 4, + Apy1+ -0+
=p
ag. The symbol }_ is called the summation sign; we pronounce the expression
q
Y. ax as “sum of gy for all k ranging from p to gq”.
k=p

This definition needs some clarifications; but before I give them, let me show
some examples:

9
e Wehave } k=p+ (p+1)+---+g. For example, ik:1—|—2+---—|—n.
k=p k=1
n

(A well-known formula says that this sum ) k = 142+ --- 4 n equals

k=1
3
w. For a concrete example, )  k =1+2+3 = w = 6.) For
k=1
n
another example, Y k= (—n)+ (—n+1)+---+n. (This latter sum equals

k=—n
0, because it contains, for each its addend, also its negativﬁ)

except for the addend 0, but this 0 doesn’t change the sum anyway
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T2 2 2 2 S 2 12 2
e We have )} k* = p°+ (p+1)"+---+4q°. For example, ¥ k* = 1°+2° +
k=p k=1

n
-+« +n?. (A well-known formula says that this sum } K2=124+224+. - +n?

k=1
nn+1)2n+1) )
g :

equals

9
e Wehave )  1=1+1+---+1=g— p+ 1. This illustrates the fact that the
k=p N

g—p-+1 times

q
a; in a sum ) a; needs not depend on k (although the cases where it does
k=p
not depend on k are fairly trivial).

q
o If p =g, then ) a; = ap. (A sum of only one number is simply this number.)
k=p

As I have said, a few remarks and clarifications on the summation sign are in
order:

q
Definition 2.27. (a) In the expression ). a; (as defined in Definition 2.26), the
k=p
letter k is called the summation index. It stands for the “moving part” in the sum

is the sum of

q
(e.g., the part in which the addends differ). For example, } . i 3
k=p

the fractions

for k ranging from p to g; its addends all have the form %,

but for different values of k.
The summation index doesn’t have to be called k; any letter is legitimate (as

9 q
long as it is not already used otherwise). For example, ) a; and ). a, are two
zzp X=p
. q .
synonymous ways to write ). a;. Just make sure that you are using the same
k=p

q
letter under the ) sign and to its right (so you should not write ) ai, unless

i=p
you mean the sum ay + ay + - - - + ay).

-~

g—p+1 times
(b) You might be wondering what Definition means in the case when
p = q+1; after all, in this case, there are no numbers ay, a1, . .., 44, and the sum

1
ap +ayy1 + - + a5 has no addends. (For example, how should ) k=2+3+
k=2
-+ + 1 be understood?) However, there is a general convention in mathematics

that a sum with no addends is always defined to be 0, and is called an empty sum.
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Thus, Z ar = 0 whenever p = g 4 1. For example, Z k =0and Z =0 (even
k=p k=2

1
though — makes no sense for k = 0). (This convention might sound arbitrary, but

is logically adequate: In fact, it ensures that the equality a, +a,,1 +--- + a5 =
(ap+ap41+ -+ - +a5-1) + a4 holds not only for g > p, but also for g = p.)

9
Many authors define the sum Y a; to be 0 in the case when p > g+ 1 as
k=p

9
well; thus, the sum ) a; is defined for any two integers p and g (without the
k=p
requirement that p < q +1). However, this convention is somewhat shppery

for instance, it entails Z k = 0 for all negative k, and thus the equality Z k =

k=1 k=1
w does not hold for negative n.
il
(c) From a fully rigorous point of view, Definition [2.26/ did not define ) a; at
k=p

q
all. Indeed, it defined ). ay tobe a, +ay,q + - - - + a4, but what does a, +a, 11 +
k=p

q
-+ +a,; mean? The rigorous way to define kZ ay is as follows (by recursion):
=p

9
o If g=p—1,then )} ayis defined to be 0.
k=p

q -1
o If g > p—1,then ) a;is defined to be ( Y ak) + ag.
k=p

k=p
q—1
This is a recursive definition (since it defines Z ar in terms of Y a;), and
k=p k=p

provides an algorithm to compute kz ax. From a formal point of view, “a, +
=P
. . . q
apy1+ - +ag” is just a colloquial way to say ”kz a”.
=pr

q
Notice that the expression “ ) a;” is both a more compact and a more rigorous
k=p
way to say “a, +ay1+---+a;”. A computer would not understand the expression
“ap +apy1 + - - +ag” (it could only guess what the “- - -” means, and computers

9
are bad at guessing); but the expression “ ) a;” has a well-defined meaning that
k=p
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can be rigorously defined and can be explained to a computeﬂ Thus, if you want
to tell a computer to compute a sum, the command you have to use will be closer

9
to “ ) a;” than to “a, +api1 + - +a,”. For example, in Python, you would
k=p
have to write “sum(al[k] for k in range(p, q+1))” (Where “a[k]” is understood
to return ay) EL
Using the summation sign, we can rewrite the product AB of two matrices A

and B (see Definition [2.13) more nicely:

Proposition 2.28. Let n € N, m € IN and p € IN. Let A be an n x m-matrix. Let
B be an m x p-matrix. Then,

m
(AB);; = Y AiBy, forallie {1,2,...,n} andj € {1,2,...,p}.
k=1

Proof of Proposition Forallie {1,2,...,n} and j € {1,2,...,p}, we have

(AB);; = AinBij+ AipByj+ - + AjyuBy j (by Proposition (a))
m

= ) AixBy,

k=1

m
(because ) A;By is exactly A;1By;+ Aj2Boj+ -+ AjuBj, by its definition).
k=1
Proposition [2.28]is proven. O

Here are two properties of sums that are fairly clear if you understand how sums
are defined:

Proposition 2.29. Let p and g be two integers such that p < g+ 1. Let
Ap,dp11,---,0q be some numbers. Let b be a number. Then,

9 9
Z bak =b Z ay.
k=p k=p

q q
(The expression }_ bay has to be read as ) (bay).)

k=p k=p

9
14See Definition [2.27|(c) for the rigorous definition of ). ay.
k=p

15Why “q+1” and not “q”? Because Python defines range (u, v) as thelist (u,u+1,...,v—1) (that
is, the list that starts at # and ends just before v). So range (p, q) wouldbe (p,p+1,...,9—1),
but we want (p,p+1,...,9).
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Proof of Proposition By the definition of ), we have

] q
Y bay=bay+bay 1+ +bag="b(ap+ap+--+ag) =b) a

kZP > k:p
=)
k=p
q
(by the definition of ) a)
k=p

]

Proposition 2.30. Let p and g be two integers such that p < g+ 1. Let
Ap,Api1,---,0q be some numbers. Let bp, bp+1f e, bq be some numbers. Then,

q
Z (ap + by) = Zﬂk—i-Zbk
k=p

q q q q
(The expression ). ax + ). by has to be read as ( y ak> + ( ) bk> )
k

Proof of Proposition By the definition of ), we have

q
Z (ax +b) = (ap+bp) + (ap41 +bpy1) + -+ (ag+ by)
k=p

= (ap+app+---+ag) + (bp+bpra+---+by)

~ ~~

q q
=¥ a =¥ b
k=p k=p
q
(by the definition of Z ax) (by the definition of ) by)
=p k=p

= Z ax + Z by.
k=p k=p

]

Our goal in this section is to prove Proposition (g), illustrating the use and
manipulation of the ) sign. However, as a warmup, let us first prove Proposition
(d) (which is simple enough that you can easily check it without ) signs, but
is nevertheless worth proving using the ) sign just to demonstrate how to work
with the ) sign):

Proof of Proposition (d). Let A be an n x m-matrix. Let B and C be two m x p-
matrices.
We shall show that (A (B+C));; = (AB+ AC);; for all i € {1,2,...,n} and

j € {1,2,...,p}. Once this is proven, this will entail that corresponding entries
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of the two n x p-matrices A (B + C) and AB + AC are equal; and thus, these two
matrices have to be equal.

Proposition yields

(AB); Z A;Byj (14)
k=1

forallie {1,2,...,n}and j€ {1,2,...,p}.
Proposition (applied to C instead of B) yields

(AC Z A; ka] (15)

forallie {1,2,...,n}and j€ {1,2,...,p}.
Finally, Proposition (applied to B + C instead of B) yields

m
(A(B+Q)) Z Aig  (B4+C); = Y Aik (Bej+ Cyj)
S——— k=1> -
=By,j+Cy =AikBij+AixCr,
(since matrices are
added entry by entry)

NE

m m
(AikBrj+ AixCrj) = ) AixBrj+ ) AixCrj
k=1 k=1

k=1

J/ N J/

=(AB);; =(AC);;
(by (14)) (by (3)

by Proposition applied to 1, m,
AixByj and A;(Cy ; instead of p, q, ax and by

= (AB)i,j + (Ac)i,j

= (AB+ AC), ( again because matrices )

are added entry by entry

foralli € {1,2,...,n}andj € {1,2,..., p}. In other words, each entry of the n x p-
matrix A (B + C) equals the corresponding entry of AB + AC. Thus, the matrix
A (B+C) equals AB + AC. This proves Proposition (d). O

Before we can prove Proposition (g), we need another fact about sums:

Proposition 2.31. Let m € IN and p € IN. Assume that a number a4 is given for
every k€ {1,2,...,m}and ¢ € {1,2,...,p}. Then,

m P P m
Yo ) ae =) ) ks
k=1/4=1 {=1k=1

14
(Note that an expression like Z Z ar ¢ has to be understood as Z ( Y le,g).
k=1/¢=1 k=1 \/=1
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It is a “nested sum”, i.e., a sum of sums. For example,

3 4 3
Y k-t =) (k-1+k-2+k-34+k-4)
k=1 =1 k=1

——
=k-1+k-24+k-3+k-4
—(1-141-241-34+1-4)+(2-142-2+42-3+2-4)
+(3-1+3-2+3-34+3-4).

)

Example 2.32. For m = 2 and p = 3, Proposition says that

2 3 2
YD ae= ) ) ke
{=1k=1

k=1/(=1

In other words,

(a17+a12+a13) + (ap1 + a0 +a23) = (a11 +a21) + (a10 +a20) + (a13 + a23) -

Proof of Proposition Comparing

m P
Z ke
k=1 (=1
——
=ak1 +ﬂk,2+‘ . '+ak,p
(by the definition of the ) sign)

m
= kz (ak,l +ag,+- -+ llk,p)
=1
= (ﬂl,l +ayp 4 +ﬂ1,p) + (ﬂ2,1 +axp+ -+ ﬂz,p) + (ﬂm,1 +ama+ -+ am,p)
(by the definition of the ) _ sign)

= (the sum of all possible numbers 4y ;)
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with
|4 m
Z Z ke
/=1 k=1

——
=aytag et
(by the definition of the ) sign)

p

=) (aye+ay+--+am)
1

14
= (a1 +aa+-tamy) + (a2 +apt o tamp) oo+ (agp +azp o+ amp)
(by the definition of the ) _ sign)

= (the sum of all possible numbers ay /),

.oom P P m

we obtain )| <Z ak,g) =) <Z Elk,g>.
k=1 \/=1 =1 \k=1

(A more rigorous proof could be given using induction; but I don’t want to move

to that level of formalism in these notes. Notice the visual meaning of the above

proof: If we place the mp numbers a; , into a matrix (ax ), <, 1<t<pr then

m P
e the number ) ) a;, is obtained by summing the entries in each row of the
k=1¢=1
matrix, and then summing the resulting sums;

p m
e the number )} ) 4, is obtained by summing the entries in each column of
(=1k=1
the matrix, and then summing the resulting sums.

Thus, clearly, both numbers are equal (namely, equal to the sum of all entries of
the matrix).) ]

Now, we can prove Proposition (8):

Proof of Proposition [2.20](g). Let A be an n x m-matrix. Let B be an m x p-matrix.
Let C be a p x g-matrix.

We must show that A (BC) = (AB) C. In order to do so, it suffices to show that
(A(BC));; = ((AB)C);  foralli € {1,2,...,n} and j € {1,2,...,q} (because this
will show that respective entries of the two n x g-matrices A (BC) and (AB) C are
equal, and thus the two matrices are equal).

We know that A is an n x m-matrix, and that BC is an m x g-matrix. Hence, we
can apply Proposition to n, m, q, A and BC instead of n, m, p, A and B. We
thus obtain

(A(BC)),;; = kZ; Ak (BC)y (16)
1




Notes on linear algebra (Wednesday 4" December, 2019, 15:09) page 30

forallie {1,2,...,n}and j € {1,2,...,4}. Also, we can apply Proposition to
m, p, q, B and C instead of n, m, p, A and B. We thus obtain

2 BixCrj = 2 Bi(Ci,j a7)
(here, we renamed the summation index k as /)

foralli € {1,2,...,m}andj € {1,2,...,p}. Furthermore, we can apply Proposition
ton, p, q, AB and C instead of n, m, p, A and B. We thus find

p p

((AB)C);; = kE (AB);) Cij = ; (AB); ¢ Cuj (18)
=1 =1

(here, we renamed the summation index k as /)

forall i € {1,2,...,n} and j € {1,2,...,q}. Finally, Proposition (applied
verbatim) yields

(AB);; 2 A;xBy (19)
k=1

foralli e {1,2,...,n}andj € {1,2,...,p}.
Now that we have found formulas for the entries of all matrices involved, we can
perform our computation: For alli € {1,2,...,n} and j € {1,2,...,q}, we have

m
=) Aik (BC)y, (by (18))
k=1 H/—/
= Z By oCy

(by (17 apphed to k instead of )

m
=) Ak (2 Bk,écf,j> = Z Z Aj By eCu,
k=1 =1 k=10=1

-

= Z AlkBkECé]

(by an apphcat1on of
Proposition |2.

P m
= Z Z Ai By oCyj (by Proposition applied to a;, = Ai,kBk’gCg,]‘)
(=1k=1
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and
p

((AB) C)i,j = Z (AB); Cj (by (16))

/=1 S~——
m
=Y. AixBie
k=1

(by applied to ¢
instead of j)

p m P m
= Z (Z Ai’kBk,g> Cpi = Z Z CejAixBre

~~ =A;xByCy

m m
=Cy; kzl Ai By :k21 Cr,jAikBre

(Ey an applica_tion of
Proposition

P m
=YY AiiBiCy.
(=1 k=1

Comparing these two equalities, we obtain

(A (BC))i,j = ((AB) C)i,j

foralli € {1,2,...,n}andj € {1,2,...,q}. In other words, each entry of the matrix
A (BC) equals the corresponding entry of the matrix (AB) C. Thus, the matrices
A (BC) and (AB) C are equal. This proves Proposition (g). O

We have just proven the hardest part of Proposition The rest is fairly
straightforward.

2.10. The zero matrix

Definition 2.33. Let n € IN and m € IN. Then, the n X m zero matrix means the
matrix (0);<;<, 1<j<m- This is the n x m-matrix filled with zeroes. It is called
Onxm. (When no confusion with the number 0 can arise, we will just call it 0.)

00
0 00 )

Some authors (for example, Olver and Shakiban in [OlvSha06]) denote the zero
matrix 0y xm by Opxm 0r Opxpm (thus using the letter O instead of the number 0), or
simply by O.

The zero matrix behaves very much like the number 0:

For example, the 2 x 3 zero matrix is

Proposition 2.34. Let n € IN and m € IN. Then:
(@) We have 0,,x;; + A = A+ 0,,xm = A for each n x m-matrix A.
(b) We have 0;xmA = 0% for each p € N and each m X p-matrix A.
(c) We have A0y xm = Opxm for each p € N and each p x n-matrix A.
(d) We have 0A = 0,,«;; for each n x m-matrix A.
(e) We have A0, x;;; = 0,,%m for each number A.
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Remark 2.35. Numbers are known to be zero-divisor-free: If a product ab of two
numbers a and b is 0, then one of 4 and b must be 0. This fails for matrices: If

A= ( (1) 8 ) and B = ( 8 (1) >, then AB = 02 is the zero matrix, although

neither A nor B is the zero matrix.

2.11. The identity matrix

Definition 2.36. Let n € IN. The diagonal entries of an n X n-matrix A are its
entries A11, A22,..., Ay In other words, they are the entries Ajj fori=j.

For example, the diagonal entries of ( Z b ) are a and d. The name “diagonal

d
entries” comes from the visualization of an n X n-matrix as a square table: When
we say “diagonal”, we always mean the diagonal of the square that connects the
upper-left corner with the lower-right corne the diagonal entries are simply the
entries along this diagonal. (The other diagonal is called the “antidiagonal” in
linear algebra.)

Definition 2.37. If i and j are two objects (for example, numbers or sets or func-

tions), then we set
1, ifi=j;
0ii = . 20
K {o, if i #j (20)

For example, d33 = 1 (since 3 = 3) but J;, = 0 (since 1 # 2). For another
example, &1 7) (1,3) = 0 (because (1,2) # (1,3)); here we are using the notation J; ;
in a situation where i and j are pairs of numbers.

The notation 9; ; defined in is called the Kronecker delta; it is extremely simple
and yet highly useful. It has the property that §;; = J;; for any i and j (because
i = j holds if and only if j = i).

Definition 2.38. Let n € IN. Then, the n x n identity matrix means the matrix
(51',]')1 <i<n, 1<j<n’ This is the n X n-matrix whose diagonal entries all equal 1,
and whose all other entries equal 0. It is denoted by I,,. (Other people call it I or

EorE,.)

The n x n identity matrix I, looks as follows:

100 0
010 0
=001 0
000 --- 1

160Often, this diagonal is also called the “main diagonal”.
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(with n rows and n columns). For example, the 3 x 3 identity matrix is I3 =
100
010
001
The identity matrix behaves very much like the number 1:

Proposition 2.39. Let n € N and m € IN.
(a) We have [,A = A for each n x m-matrix A.
(b) We have Al, = A for each n x m-matrix A.

Proposition says that multiplying a matrix A by an identity matrix (from
either side) does not change A. Thus, identity matrices have no effect inside a
product, and so can be “cancelled” (or, more precisely, dropped). For example, if
A, B, C and D are four n x n-matrices, then I, ABI,I,CI,D = ABCD. (Of course,
this is similar to dropping 1’s from products of numbers: 1ab-1-1c-1d = abcd.)

2.12. (*) Proof of A, = A

Let me give a proof of Proposition (b), to illustrate the following simple, yet
important point about summations and the Kronecker delt

Proposition 2.40. Let p and g be two integers such that p < gq. Let r €
{p,p+1,...,9}. Let p,api1,-- -, 09 be some numbers. Then,

q
Z akék,r = ay.
k=p

5
Example 2.41. For p =1, q = 5 and r = 4, Proposition 2.40says that ) a;dx4 =
k=1

a4. This is easy to check:

5

Y mba=a1 Sia Aar Gpu a3 S3a  +as b4 +as  Osy

k=1 0 0 0 1 0
(sincg 1#4) (sincg 2+#4) (sincg 3#4) (sincz 4=4) (sincg 5#4)

= a10 + a0 4+ a30 + a41 + a50 = a41 = ay.

What you should see on this example is that all but one addends of the sum

9
Y. aidy, are zero, and the remaining one addend is a, J,, = a,1 = a,. The
>
proof below is just writing this down in the general situation.

7This is something that often comes up in computations (particularly in physics and computer
science, where the use of the Kronecker delta is widespread).
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Proof of Proposition Let us first notice something simple: Forany k € {p,p+1,...

such that k # r, we have

aj 5k,r = akO =0.
S~~~

=0
(since k#r)

In other words, all terms of the form aydy , with k # r are 0. Hence, the sum of all
these terms is 0 as well. In other words,

(the sum of all terms of the form a;dy , with k # r) = 0. (21)

By the definition of the ) sign, we have

q
Z Ak, = ApOpy + Ap10p41,r + -+ -+ Ag0q,r
k=p
= (the sum of all terms of the form a;dy ,)
=a, 0y, + (the sum of all terms of the form a;d , with k # r)
—~—

N J/

-

(sinc:elr:r) (by)
(here, we have pulled out the addend 4., , out of the sum)
— ﬂ;»l + O — ar.

O

Proof of Proposition (b). We have I, =
I,;), and thus

(6if) 1<icm 1 <i<m (this is how we defined

(Im)u,v =up forallu € {1,2,...,m} and v € {1,2,...,m}. (22)

Let A be an n x m-matrix. For every i € {1,2,...,n} and j € {1,2,...,m}, we
have

m

(Alm)i,]- =) A (Im)k,j (by Proposition applied to p = m and B = I;))
k=1 S——
(by @2)

m
=) Ajpdij = Aij
k=1

(by Proposition appliedtop =1,q =m,r = jand ar = A;). In other words,
each entry of the n x m-matrix Al, equals the corresponding entry of the n x m-
matrix A. In other words, Al,; equals A. This proves Proposition (b). O

Proposition (a) can be proven similarly (but this time, instead of the sum

m n n
kz Ai,kék,j/ we must consider the sum kE 5i,kAk,j = kz Ak,jéi,k = Al’,]').
=1 =1 =1
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2.13. Powers of a matrix

The k-th power of a number a (where k € IN) is defined by repeated multiplication:
We start with a = 1 @ and we define each next power of a by multiplying the
previous one by a. In formulas: ak*1 = g. gk for each k € IN. Thus,

a=a- a =a-1=a;
=1
>=a- a =a a;
~
=a
> =a- a? =a-a-a,
~
=a-a
etc.. We can explicitly write
=ag-a - a for each k € IN,
—_—
k times a
where we understand g -a - - - - - a to mean 1
—_—
0 times a

We can play the same game with square matrices, but instead of the number 1
we now take the n x n identity matrix I,:

Definition 2.42. Let n € IN. Let A be an n x n-matrix. Then, the k-th power of
the matrix A (where k € IN) is defined by repeated multiplication: We start with
A% = [,,, and we define each next power of A by multiplying the previous one
by A. In formulas: AL — A . A for each k € N. Explicitly, Ak = A-A----- A

~—

k times A
for each k € IN, where the empty product of n x n-matrices is defined to be I,.

(An “empty product” is a product with no factors. Thus, A = A-A----. A is
—_—
0 times A

an empty product.)

Notice that we have been a bit sloppy when we said “multiplying the previous
one by A”: When we multiply a matrix B by A, we might mean either AB or
BA, and as we know, these two products can be different (matrices don’t always
commute!). However, in the above definition, this makes no matter, because both
definitions lead to the same explicit formula A = A-A- ... A (which is well-

. L k times A
defined because of general associativity).

We now have a first moderately interesting example of commuting matrices: Any
two powers of a square matrix commute. (In other words: For any n X n-matrix A,
and any u € IN and v € N, the two matrices A* and A” commute. This follows by
observing that A¥A? = A¥T? = AYA")

18Yes, this is how a° is defined, for all a. Anyone who tells you that the number 0° is undefined is
merely spreading their confusion.
9This is a standard convention: An empty product of numbers always means 1.
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2.14. (*) The summation sign for matrices

In Definition we have introduced a notation for sums of arbitrary (finite) lists
of numbers. The same notation can be used for sums of arbitrary (finite) lists of
matrices:

Definition 2.43. Let n € IN and m € IN. Let p and q be two integers such that

q
p < g+ 1. Let Ap,ApH,...,Aq be some n X m-matrices. Then, ) A; means
k=p
the sum Ay, + A1+ - + A;. (This sum is well-defined due to Proposition
- 2.23| Moreover, the order of its addends does not matter, as can be proven using

Proposition [2.20] (a) )

The notation E Ay is analogous to the notation Z a, introduced in Defini-
k=p k=p

tion .26l The same remarks and clarifications done for the latter notation in

Definition apply to the former notation. There is only one difference: When

q
the sum ) Ay has no addends (i.e., when p > g + 1), its value is defined to be
k=p
the zero matrix 0, x; rather than the number 0. (This is not much of a difference,
seeing that the zero matrix 0,x,; and the number 0 behave similarly; see, e.g.,

Proposition )

Recall that addition of matrices was defined entry by entry. Let me restate this
in terms of a single entry of a sum:

Proposition 2.44. Let n € IN and m € IN. Let A and B be two n x m-matrices.
Foreveryi e {1,2,...,n}and j € {1,2,...,m}, we have

Proof of Proposition We have A+ B = (A;j+Bij) ..., 1<jem (by the defi-
nition of A + B). Thus, (A+B)i,]- = Ajj+ B;j for each i € {1,2,...,n} and
j€{1,2,...,m}. This proves Proposition O

Proposition concerns the sum of two matrices. Using the summation sign,
we can state an analogue of Proposition for the sum of several matrices:

Proposition 2.45. Let n € IN and m € IN. Let h € IN. Let Ay, Ay, ..., A}, be some
n x m-matrices. For every i € {1,2,...,n} and j € {1,2,...,m}, we have

h h
(Z Ak) =3 (A - (23)
k=1 i)j

k=1
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Notice that the ) sign on the left hand side of stands for a sum of several
matrices, while the ) sign on the right hand side stands for a sum of several
numbers.

Proof of Proposition We could say that proving Proposition is just a matter
of applying Proposition several times (since a sum of finitely many matrices
can be obtained by repeatedly adding one matrix to another). This single sen-
tence might not be a rigorous proof in itself, but it would pass for a proof in any
mathematical paper or textbook, because any mathematician can easily make it as
rigorous as she wants to have it by filling in the missing (straightforward) detaﬂs

However, these notes are supposed to double as an introduction to proofs, so let
me actually show how a rigorous proof of Proposition looks like (even though
it is exactly as straightforward and dull as you would expect it to be).

Letie€ {1,2,...,n}and j € {1,2,...,m}. We claim that

Y4 4
(kzl Ak> = LAy (24)
=), =

for every ¢ € {0,1,...,h}. (Once this is proven, then we will be able to obtain
simply by applying tol =h.)

We will prove by induction over £. (If you have never seen a proof by induc-
tion: this here is an example.) This means that we shall prove the following two
claims:

Claim 1: holds for ¢ = 0.

Claim 2: If L € {0,1,...,h — 1} is such that holds for ¢ = L, then
also holds for £ = L + 1.

Once these two claims are proven, the principle of mathematical induction will yield
that holds for all £ € {0,1,...,h}. In fact:

e Claim 1 shows that holds for ¢ = 0;

thus, Claim 2 (applied to L = 0) shows that holds for ¢ = 1;

thus, Claim 2 (applied to L = 1) shows that holds for ¢ = 2;

thus, Claim 2 (applied to L = 2) shows that holds for ¢ = 3;

e and so on, applying Claim 2 for higher and higher L, until we arrive at ¢ = h.

20 Actually, there is one more subtlety involved: Namely, if 1 = 0, then the sums appearing in
are not obtained by addition (in fact, they are empty), and therefore we cannot use Proposition
to prove in this case. However, (23)) is completely obvious in this case anyway (since it
just says that (0yxm); ; = 0).
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(See [LeLeMel6, Chapter 5] for an introduction to proofs by induction.)
Of course, we still have to prove the two claims.

0
1. Proof of Claim 1: For L = 0, the statement claims that (Z Ak) =
k=1

i,j
0
k=1

0
Z Ay = (an empty sum of n X m-matrices) = 0y xm
k=1

(since an empty sum of n x m-matrices was defined to be 0;,;). Hence,

0
(Z Ak) = (Onxm);j =0
k=1

ij
(since every entry of the zero matrix 0, is 0). Compared with

0
) (Ag);j = (an empty sum of numbers) = 0,
k=1

0 0
this yields ( y Ak> =Y (Ax); j- In other words, holds for ¢ = 0. This
k=1 ij k=1 ’

proves Claim 1.

2. Proof of Claim 2: Let L € {0,1,...,h — 1} be such that (24) holds for ¢ = L. We
must show that holds for ¢ = L + 1.

Since holds for ¢ = L, we have

L L
(Z Ak) =) (A - (25)
k=1

i)j k=1

Now,
L+1 L

Y Ar=) Ar+Ara
k=1 k=1
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Thus,

L+1 L L
YA =Y A+Ara] =) A + (AL+1)i
=1/ ij ij

k=1

L
=k§1(Ak)i,j
(by @3))

L
(by Proposition appliedto A=) Ay and B = AL+1>
k=1

L+1

L
_ kzl (AR + (Arp1)ij = Y (Ar)i;-

k=1
In other words, holds for ¢ = L 4 1. This proves Claim 2.

Now, both Claims 1 and 2 are proven, and thus (as we have explained above) the
proof of is complete.

(The way we organized our proof of is typical for a proof by mathematical
induction. Usually, the proof of Claim 1 is called the “induction base”, and the
proof of Claim 2 is called the “induction step”. In the induction step, we have made
the assumption that holds for ¢ = L; this assumption is called the “induction
hypothesis”.)

Now that is proven, we can simply apply to £ = h, and conclude that

h h
( Y Ak> =Y (Ak)l-]-. This proves Proposition [2.45 O
k=1 j k=1 "

i,j

The sums in Proposition range from k = 1 to h; but the same statement
holds for arbitrary sums:

Proposition 2.46. Let n € IN and m € IN. Let p and g be two integers such
that p < g+ 1. Let Ay, Apy1,...,Aq be some n x m-matrices. For every i €
{1,2,...,n} and j € {1,2,...,m}, we have

(i Ak) = i (A - (26)
k=p i

-
Jj P

As a further illustration of manipulating sums, let me derive this proposition
from Proposition [2.45

Proof of Proposition Leth =g+1—p. Then,h =g+1—p > 0 (since p <
g+ 1), so that h € IN. Also,

p—1+ \h/ =p—1+g+1—-p=qg.
=q+1—p
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Notice that Ap, APH, ..., Agare g+1— p matrices. In other words, Ap, APH, o Ag
are h matrices (since h = g+ 1 — p). Denote these h matrices by By, By, ..., Bj,. Thus,

By = Ap_14% for every k € {1,2,...,h}. (27)

Letie {1,2,...,n}and j € {1,2,...,m}. We have

I h
Y B =) A=At Aa++A 1
k=1 k=1

=~~~
:Apflqtk
(by @7))
=Ap+Apt+--+ 4 (since p—1+h =gq)
q
— Y A (28)
k=p
and
I I
)3 \Bf/ =) (Ap—l+k)i,]' - (AP)i,j + (APH)i,j Tt (Ap—1+h)1-’]~
=1 el k=1
by @)/
= (Ap);; + (Api1);+ -+ (Ag), (since p —1+h =q)
q
=Y (Ap);;- (29)
k=p

But Proposition (applied to By, By, ..., By instead of Ay, Ay, ..., Ay) shows that

h h
<Z Bk) =) (Bx);j-
k=1 ij k=1

In view of and (29), this rewrites as

q q
(Z Ak) =) (A,
k=p ij k=r

2
Thus, Proposition is proven. O

2.15. (*) Application: Fibonacci numbers

Here is a simple application of matrix multiplication to elementary mathematics.
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Definition 2.47. The Fibonacci sequence is the sequence
(0,1,1,2,3,5,8,13,21,34,55,...) that is defined as follows: Its first two en-
tries are 0 and 1, and each further entry is the sum of the previous two entries.
In more formal terms, it is the sequence (fo, f1, f2, f3,...) (we start the labelling
at 0) defined recursively by

fo=0, f1=1, and
fn=fu-1+ fu-o2 for every n > 2.

The elements of this sequence are called the Fibonacci numbers.

Definition gives a straightforward way to compute each particular Fibonacci
number f,, by computing the first n + 1 Fibonacci numbers fy, fi, ..., fn one after
the others. For example, it gives

fo=0; fi=1 fr=14+0=1; fa=1+1=2; fa=2+1=23;
fs=3+2=5  fo=5+3=8  f,=8+5=13; fy=13+8=21,

and so on. However, when 7 is large, computing f, by this method is time-
consuming (each of the n 41 first Fibonacci numbers has to be computed!). Is
there a faster way to compute Fibonacci numbers?

It turns out that there is. It is based on the following fact:

Proposition 2.48. Let B be the 2 x 2-matrix < } (1) ) Then, for every positive

= () e

integer 1, we have

Proof of Proposition We shall prove Proposition by induction over n:

Induction base: We have B! = B = ( 1 (1) ) Comparing this with

(f}Jlrl f{il ) — ( 1 (1) > (since firi=fr=1,fi=1land f1_1 = fo =0),

we obtain B! = ( f }H ff ! ) In other words, Proposition [2.48| holds for n =
1 Ji1-1

1. This completes the induction base. (This was a completely straightforward
computation. In the future, we will often leave such computations to the reader.)
Induction step: Let N be a positive integer. Assume that Proposition holds
for n = N. We must show that Proposition also holds for n = N + 1.
The definition of the Fibonacci sequence shows that fyi» = fy+1 + fyn and

N1 =Nt fnor




Notes on linear algebra (Wednesday 4" December, 2019, 15:09) page 42

We have assumed that Proposition holds for n = N. In other words,

= (AL )

Now,

—_ =

0)

Tt il
_< %\tl fNI\—Il):<1 0)
:(fNH'lJFfN'l fN+1'1+fN'O)

NI+ -1 fn-1+fn-1-0
(by the definition of a product of two matrices)

= (Jafe B ) = (o B )

(since fn41+ fN = fn42 and fy + fn—1 = fn+1)- In other words, Proposition [2.48]
holds for n = N + 1. This completes the induction step; hence, Proposition is
proven. [

How does Proposition help us compute f,, quickly? Naively computing B"
by multiplying B with itself n times is not any faster than computing f,, directly
using Definition (in fact, it is slower, since multiplying matrices takes longer
than adding numbers). However, there is a trick for computing powers quickly,
called binary exponentiation; this trick works just as well for matrices as it does for
numbers. The trick uses the following observations:

e For every m € N, we have B*" = (B")?,
e For every m € N, we have B2"t1 = B (B™)?,

These observations allow us to quickly compute B>" and B?"*! using only B™;
thus, we can “jump up” from B™ directly to B>" and to B>"*! without the inter-
mediate steps B”*1, B"*2,. .. B>"~1 Let us use this to compute B (and thus fo0)
quickly (without computing 91 Fibonacci numbers):

e We want to find B%. Since 90 = 2 - 45, we have B = (B )2 (by the formula
B2 = (B™)?).

e We thus want to find B*. Since 45 = 2-22 + 1, we have B¥ = B (B22)2 (by
the formula B>"*1 = B (B™)?).

e We thus want to find B*. Since 22 = 211, we have B*? = (BH)2 (by the
formula B2 = (B™)?).
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e We thus want to find B!!. Since 11 =2-5+ 1, we have B! = B (B5)2 (by the
formula B2"+1 = B (B™)?),

e We thus want to find B>. Since 5 = 2-2 + 1, we have B> = B (BZ)2 (by the
formula B2"+1 = B (B™)?),

e We thus want to find B2. Since 2 = 2 -1, we have B? = (Bl)2 (by the formula
B = (B™)?, but this was obvious anyway).

11
10

2 2
11\ /21 s o s (11\[(21)\*
(1()) —<1 1).Hence,B—B(B)becomesB—(l0)(1 1) =

2
8 5 11 __ 5 2 11 _ 11 8 5 . 144 89
( 5 3 > Hence, B! = B (B®)” becomes B! = 10 5 3) ={ g 55 )

144 89 \? ([ 28657 17711
89 55 — \ 17711 10946

We know what Bl is: Bl = B = ( > Hence, B2 = (Bl)2 becomes B? =

Hence, B = (Bll)2 becomes B¥ = ( ) Hence,

B¥® =B (B22)2 becomes

pis_ (1 1) (28657 17711 \* _ ( 1836311903 1134903170
o 10 17711 10946 o 1134903170 701408733

(B45 ) 2 becomes

B _ ( 1836311903 1134903170 )2 . ( 4660046610375530309 2880067194370816120 >
1134903170 701408733 2880067194370816120 1779979416004714189

Since fop is the (2,1)-th entry of B (indeed, (30) shows that f, is the (2,1)-th entry

of B" for all positive integers 1), we thus obtain

). Hence, B =

foo = 2880067194370816120.

Exercise 2.49. Show that, for any two positive integers n and m, we have

fn+m = fnfm+1 ‘|‘fn—1fm-

[Hint: Begin with the equality B"B™ = B"*". Rewrite it using Proposition
and compare entries.]

2.16. (*) What is a number?

So far, our notion of a matrix relies on a (somewhat vague) notion of a “number”.

What does the word “number” mean? There are several possible candidates for
p

a meaning of this word: for example, “number” might mean “rational number”,

but might also mean “real number” or “complex number”. For what we have been

doing so far, the precise choice of meaning does not matter. However, it eventually
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will matter, so let me discuss it briefly. (See any book on abstract algebra for a
more detailed and systematic discussion.)
First, let me introduce some well-known sets:

e As explained above, IN means the set of all nonnegative integers: IN =
{0,1,2,...}.

Furthermore, Z means the set of all integers: Z = {...,—-2,-1,0,1,2,...}.

Moreover, Q means the set of all rational numbers: Q = {% | a€eZ,beZ)\ {0}}

Furthermore, R means the set of all real numbers. This contains rational

5 . .
numbers such as —2 and —, but also irrational numbers such as V2 and

3
i and 7t (and various others, many of which cannot even be described

1+/5
in words?T).

Finally, C means the set of all complex numbers. They will be rarely used
in these notes (indeed, most of linear algebra can be done without them, ex-
cept for eigenvalue/eigenvector theory), so you do not actually have to know
them in order to read these notes. However, let me give a quick briefing on
complex numbers (probably more of a reminder for those who have already
seen them):

Complex numbers can be formally defined as pairs of real numbers (a,b)
with an entrywise addition (that is, (a,b) + (a,b’) = (a+4a',b+ V'), exactly
like 1 x 2-matrices) and a somewhat strange-looking multiplication (namely,
(a,b) (a’,b") = (aa’ — bV, ab’ + ba")). But the way everyone thinks about
complex numbers (informally) is that they are an extension of real numbers
(so R is a subset of C) by adding a new “imaginary number” i which satisfies

i? = —1. They are supposed to behave like real numbers as far as laws of
addition and multiplication are concerned (thus, for instance, a (b +c) = ab +
ac and a (bc) = (ab) c); using these laws and the requirement that i = —1, one

can easily see how to multiply and add arbitrary complex numbers. These
two definitions (the formal one as pairs of real numbers, and the informal one
as “extended real numbers”) are equivalent, and the complex number (a,b)

21This is not a poetic metaphor. What I am saying is that there are real numbers which cannot
be described by any finite formula or computed (to arbitrary precision) by any finite algorithm.
The reason is simply that there are uncountably many real numbers, but only countably many
formulas and algorithms. If you find this unintuitive, imagine an immortal monkey typing an
infinite decimal number on an infinite-memory computer: 9.461328724290054... If the monkey
is typing truly at random, then no finite rule or formula will suffice to predict every single digit
he types; thus, the real number he defines is undescribable. (This, of course, is not a proof.)

22This sort of definition is not unlike our definition of matrices: they are also tables with entrywise
addition and a less simple multiplication.
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(according to the first definition) corresponds to the complex number a + bi
(according to the second definition).

For a detailed introduction to complex numbers, see [LaNaSc16, §2].

e We shall occasionally use another set: the set Q of all algebraic numbers. These
are complex numbers that are roots of nonzero polynomials with rational co-

efficients. For instance, /2 is an algebraic numbe and i is an algebraic
numbe and g is an algebraic numbe and v/2 + /3 is an algebraic num-
beﬂ but 7t (for example) is not an algebraic numbe@

Again, you can read these notes without understanding algebraic numbers,
but let me explain why they are useful.

First, let me explain why real numbers are “bad”. Computations with ratio-
nal numbers can be done exactly on a computer: for example, a computer

12 1
13 15 , le7
algebra system (such as SageMath) can evaluate to 13 15 4o ;5 with a
513
3

100% accuracy and a 100% guarantee of correctnes Similarly, it can do all
kinds of computations with rational numbers with 100% accuracy (as long as
it doesn’t run out of memory). However, computations with real numbers are
doomed to be inexact?’l A real number can encode “an infinite amount of in-
formation’@ no computer can even store such a thingEL The consequence is
that computers will work with approximations when you give them real num-
bers. Even real numbers like 77 that can be defined in finite time still cannot
be computed with automatically without approximation. Typically, comput-
ers approximate real numbers by floating-point numbers, which store only a
fixed number of significant digits@ When you use approximations, you need
to be prepared to get wrong results; sometimes the error in the result will be

Zbecause it is a root of the polynomial X? — 2
Zsince it is a root of X? + 1

o 5 .. : o 1 5. :
Bsince it is a root of X — = (this sounds stupid, but it is perfectly valid, since — 5 1s rational)

Z6since it is a root of X* — 10X? 4 1 (check this!)

27... which is the reason why the circle cannot be squared. The actual proof is rather difficult;
see http://mathoverflow.net/questions/34055/transcendence-of-pi| and http://math.
stackexchange.com/questions/31798/prove-that-pi-is-a-transcendental-number for
some references.

Bbarring bugs in the software

2 Complex numbers suffer from the same problem.

30Think of a real number as an infinite decimal fraction, encoded by an infinite sequence of digits.

31This is precisely the above-mentioned problem of the ineffable real numbers.

%How many depends on the system and the application. For example, the Python 2.7.10 on
my computer seems to treat 1.0000000000000000000001 and 1 as identical, but it can tell
1.00000000000001 apart from 1. See https://docs.python.org/2/tutorial/floatingpoint.
html for a more thorough explanation of how Python approximates real numbers.



http://www.sagemath.org/
http://mathoverflow.net/questions/34055/transcendence-of-pi
http://math.stackexchange.com/questions/31798/prove-that-pi-is-a-transcendental-number
http://math.stackexchange.com/questions/31798/prove-that-pi-is-a-transcendental-number
https://docs.python.org/2/tutorial/floatingpoint.html
https://docs.python.org/2/tutorial/floatingpoint.html

Notes on linear algebra (Wednesday 4" December, 2019, 15:09) page 46

completely out of proportion to the little inaccuracies in the approximation!
Here is an example: The system of linear equations

x+2y =2
{3x+6y:6 (31)

in two variables x and y has infinitely many solutions (namely, (x,y) =
(2,1 —t) is a solution for each number f). But if we allow ourself one lit-
tle inaccuracy (the kind that computers necessarily do when they work with
real numbers) and replace the 3 by 3.000000000001, then we obtain the system

x+2y=2; (32)
3.000000000001x + 6y =6 ’

which has only one solution (namely, (x,y) = (0,1)). On the other hand, if we
instead change the second 6 in the second equation of to a 6.00000000001
(again, a typical little imprecision), then the resulting system

x+2y =2 (33)
3x + 6y = 6.00000000001

will have no solutions at all. Thus, the minuscule differences between the
three systems (31), and have led to three wildly different results
(infinitely many, one or no solutions). The consequence is that if you want a
computer to reliably solve the system (31), you must make sure that it treats
the coefficients (1,2,2,3,6,6) as rational numbers (not as real numbers) and
avoids any approximations.

This, of course, only works well if the coefficients are rational numbers. You
cannot solve a system like

V3x+V2y =m;
(34)
(1 - \/§> x+my=0
this way. More annoyingly, you cannot solve a system like
V3x + \/Ey =1; 35
(1-V3)x+2y =0 (35)

this way, although you probably could solve it by hand! Systems like
are (in a sense) hopeless: Computers cannot reliably work with real numbers
without approximating them at some point. But can be salvaged: All
the coefficients in are algebraic numbers, and modern computer algebra
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systems (e.g., SageMath) can work with algebraic numbers with 100% preci-
sion@ Thus, even if you don’t care much about algebraic numbers, you will
need to tell your computer that your numbers are algebraic in order to have
it solve systems like (35).

Of course, this all doesn’t mean that linear algebra with real numbers is use-
less in practice. The system is a rather ill-behaved system; many systems
allow for a pretty good approximation of their solutions even in spite of im-
precisions, and even when a system is ill-behaved like (31)), there are methods
that compute the “likeliest solution” (such as the least-squares method). We
shall (hopefully) see some of these methods in these notes. A less alarmist
slogan would thus be: You can do linear algebra with real numbers, but you
should be aware of its limitations and keep track of the errors (“numerical
stability”).

Note that N € Z C Q C R C C (at least if you identify a real number a with the
complex number (a,0) = a + 0i) and Q C QCC.

So what is a number? Integers, rational numbers, real numbers, complex num-
bers and algebraic numbers all have good claims to the name “number”. And even
though all of these numbers can be viewed as complex numbers, it can be useful
to not treat them as complex numbers by default, for example when you are using
a computer and want 100% precision.

Here is a better question: What are the things we can fill a matrix with? We have
so far used numbers, but we don’t have to; we could also (for example) use poly-
2X2+1 -1

X X+7
numbers, but polynomials in the variable X (with rational coefficients). Such matri-
ces can be highly useful (and, in fact, will be used when we come to eigenvalues).
Such matrices can be added and multiplied (since polynomials can be added and
multiplied). Of course, we could also fill a matrix with all kinds of things (words,
names, smilies, scribbles) that cannot be added or multiplied (after all, matrices are
just tables); but then we won’t be able to add and multiply the resulting matrices,
so we don’t gain anything by calling them “matrices” (we don’t want just a fancy
synonym for “tables”). So it sounds most reasonable to expect that a matrix should
be filled with things that can be added and multiplied. Moreover, addition and
multiplication of these things should obey certain laws (such as (a + b) ¢ = ac + bc
and ab = ba) in order to ensure that addition, scaling and multiplication of matri-
ces will obey the usual laws (e.g., Proposition as well. Formalizing this idea,
we arrive at the notion of a commutative ring:

nomials. The matrix ( ) is a 2 x 2-matrix whose entries are not

33This is not easy! For example, a classical puzzle asks you to prove that V2+V5+V2-5=1
This is not obvious; there are no straightforward “simplifications” that take you from v/2 4 v/5 +
V/2—+/5to 1. Yet, this is one of the things that the computer must be taught to do, since
otherwise it could not decide whether the linear equation (\3/ 24+ 5+ \3/ 2—+5— 1) x = 0 has
one or infinitely many solutions.
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Definition 2.50. A commutative ring means a set K equipped with the following
additional data:

e a binary operation called “+” (that is, a function that takes two elements
a € Kand b € K as inputs, and outputs a new element of K which is
denoted by a + b);

e a binary operation called “-” (that is, a function that takes two elements
a € Kand b € K as inputs, and outputs a new element of KK which is
denoted by a - b);

e an element of K called “0”;

e an element of K called “1”
satisfying the following conditions (“axioms”):

o Commutativity of addition: We have a +b =0b+aforalla € Kand b € K.

o Commutativity of multiplication: We have ab = ba for alla € K and b € K.
Here and in the following, ab is shorthand for a - b (as is usual for products
of numbers).

e Associativity of addition: We have a + (b+c) = (a+b) +c for all a € K,
beKandc e K.

e Associativity of multiplication: We have a (bc) = (ab)c foralla € K, b € K
and ¢ € K.

o Neutrality of 0: Wehavea+0=0+a =aforalla € K.

e Existence of additive inverses: For every a € K, there exists an element a’ € K
such thata+a’ = a’ +a = 0. This 4’ is commonly denoted by —a and called
the additive inverse of a. (It is easy to check that it is unique.)

o Unitality (a.k.a. neutrality of 1): We have 1a = al = a for all a € K.
o Annihilation: We have 0a = a0 = 0 for all 2 € K.

e Distributivity: We have a (b+c¢) = ab+ ac and (a+b)c = ac + be for all
acK,beKandceK.

This definition was a mouthful, but its intention is rather simple: It defines a
commutative ring as a set equipped with two operations which behave like addition
and multiplication of numbers, and two elements which behave like the number
0 and the number 1. As a consequence, if we have a commutative ring K, then
matrices filled with elements of KK will behave (at least with regard to their basic
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properties, such as Proposition [2.20) like matrices filled with numbers.
Here are some examples of commutative rings:

e Each of the sets Z, Q, R, C and Q (endowed with the usual addition, the
usual multiplication, the usual 0 and the usual 1) is a commutative ring.

e The set Q [x] of all polynomials (in the variable x) with rational coefficients
(equipped with addition of polynomials, multiplication of polynomials, the
polynomial 0 and the polynomial 1) is a ring.

e The set of all functions R — R (equipped with pointwise addition, pointwise
multiplication, the constant-0 function and the constant-1 function) is a ring.

e If you know what “integers modulo n” are (for a given positive integer n):
The integers modulo n (for a given n) also form a commutative ring.

e Here is a weirder example:

For any two sets A and B, we let A A B denote the symmetric difference of A

and B. This is the set of all elements which lie in exactly one of the two sets
A and B. Thus, AAB=(A\B)U(B\A)=(AUB)\ (ANB).

Fix some set S, and let P (S) denote the set of all subsets of S. The set P (S)
equipped with the operation A (playing the role of “+”), the operation N
(playing the role of “-”), the elemenﬁ @ (playing the role of “0”) and the
element S (playing the role of “1”) is a commutative ring. This is an example
of a Boolean ring (and also an example of the fact that the operations “+”
and “-” don’t always have anything to do with addition and multiplication of
numbers!).

Many more examples of commutative rings can be found in textbooks on abstract
algebra (e.g., [Artinl0, Chapter 11]).

Matrices filled with elements of a commutative ring K are called matrices over K.
More precisely:

Definition 2.51. Let K be a commutative ring. If n € IN and m € IN, then
an n x m-matrix over K simply means a rectangular table with n rows and m
columns, such that each cell is filled with an element of K.

Thus, matrices over Q are matrices with rational entries; matrices over R are
matrices with real entries; matrices over Z are matrices with integer entries.

As we have already explained, matrices over commutative rings behave like ma-
trices filled with numbers, at least as far as simple laws of computation are con-
cerned. To wit, Proposition Proposition and Proposition 2.39] (as well as
some other results that will be proven later) still hold if the matrices are filled with
elements of a commutative ring K instead of numbers. Some other (deeper) results

34The notation @ stands for the empty set, i.e., the set {}.
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might not hold for every commutative ring K: For example, Gaussian elimination,
which we will meet in the next chapter, requires that we can divide by nonzero el-
ements of IK, but this is not always possible when K is a commutative ring. There
is a word for that, too:

Definition 2.52. A commutative ring K is called a field if it satisfies the following
two axioms:

o Nontriviality: We have 0 # 1. (The “0” and “1” here, of course, are the two
specific elements of K that we have chosen to call “0” and “1”. They aren’t
always the same as the numbers 0 and 1. In particular, in a commutative
ring K they can be equal; but for a field we want to disallow this.)

o Existence of multiplicative inverses: For every a € K, we have either a = 0, or
there is an element b € K satisfying ab = ba = 1.

The element b in the “existence of multiplicative inverses” axiom is called the
inverse of a and is denoted by a~!; it can be proven that this element is unique. If
u and v are two elements of a field K such that v # 0, then the product uv~! is

denoted by % Thus, any two elements of a field K can be divided by each other

as long as the denominator is # 0.

For example, Q, R, C and Q are fields, but Z is not a field (because the integer 2
is nonzero, yet does not have an integer inverse). Some results about matrices are
based on the possibility of dividing by nonzero numbers; these results cannot be
directly generalized to matrices over a commutative ring K. But most of them can
be generalized to matrices over a field K.

Remark 2.53. (a) The notion of a “commutative ring” is not standard, unfortu-
nately. Some authors (e.g., Dummit and Foote in [DumFoo04, Part II], or Good-
man in [Goodmalb, Chapters 1 and 6]) omit the element “1” (and the unitality
axiom), while some (older) authors even omit the associativity of multiplication.
If you read any text on abstract algebra, it is prudent to check whether the au-
thor’s concept of a commutative ring agrees with yours.

(b) As you might have guessed, there is also a notion of a “noncommutative
ring”. It is defined precisely as a “commutative ring”, except that we omit the
“commutativity of multiplication” axiom. (“Commutativity of addition” is left
in!) It turns out that we already know a neat example of a noncommutative ring:
For any commutative ring K and any n € IN, the set of all n x n-matrices over K
is a noncommutative ring!

(c) The word “ring” (without the adjectives “commutative” and “noncommu-
tative”) usually means either “commutative ring” or “noncommutative ring”,
depending on the author’s preferences.
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3. Gaussian elimination

In this chapter, we shall take aim at understanding Gaussian elimination in terms
of matrices. However, we will not head straight to this aim; instead, we will first
introduce various classes of matrices (triangular matrices, matrix units, elementary
matrices, permutation matrices), which will allow us to view certain pieces of the
Gaussian elimination algorithm in isolation. Once we are done with that, we will
tinally explain Gaussian elimination in the general setting.

3.1. Linear equations and matrices

First of all, let us see what solving linear equations has to do with matrices.

Example 3.1. Consider the following system of equations in three unknowns
X, Y,z
3x+6y—z=2;
7x+4y—3z=23; . (36)
—-y+8z=1

I claim that this system of equations is equivalent to the single equation

3 6 -1 X 2
7 4 -3 y | =13 (37)
0 -1 8 z 1

(this is an equation between two column vectors of size 3, so no wonder that it
encodes a whole system of linear equations).
Why are and equivalent? Well, the left hand side of is

3 6 -1 x 3x+6y+(—1)z 3x+ 6y —z
7 4 3 ||y |=|7x+4y+(-3)z | = 7x+4y-3z
0 -1 8 z Ox+(—-1)y+8z -y +8z

Thus, is equivalent to

3x +6y—z 2
/x+4y—-3z | =| 3
—y+38z 1

But this is clearly equivalent to (36).

More generally:
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Proposition 3.2. The system of m linear equations
a1,1%1 +a12X2 + - - - + a1, Xy = by;
Ap1X1 + ppXp + -+ + a2 Xy = by;
Am1X1 + Ap2X2 + - -+ AmuXn = b

in n unknowns x1, xp, ..., x;, is equivalent to the vector equation

aip a2 v A1 X1 by
a1 Ao - Ay X2 by
= (38)
am,l Am2 - Amn Xn bm
In other words, it is equivalent to the vector equation
Ax =D, (39)
where
a1 412 - d1p
a1 A2 -+ d2p
A= ,
Am1 Am2 - Amn
X1 by
X2 by
X = , b =
Xn b

(Some authors write the A, the x and the b in in boldface in order to stress
that these are matrices, not numbers. We shall not.) The matrix A and the vector
b are known; the vector x is what we want to find.

Thus, matrices give us a way to rewrite systems of linear equations as single
equations between vectors. Moreover, as we will see, they give us a way to manip-
ulate these equations easily.

To solve a vector equation like (39) means (in some sense) to “undo” a matrix
multiplication. In fact, if we could divide by a matrix, then we could immediately
solve Ax = b by “dividing by A”. Unfortunately, we cannot divide by a matrix in
general. But the idea is fruitful: In fact, some matrices A are invertible (i.e., have
an inverse A‘l), and for those matrices, we can transform Ax = b into x = A~1p,
which gives us an explicit and unique solution for the system (38). This doesn’t
work for all A (since not all A are invertible), and is not a very practical way of




Notes on linear algebra (Wednesday 4" December, 2019, 15:09) page 53

solving systems of linear equations; but the notion of invertible matrices is rather
important, so we begin by studying them.

3.2. Inverse matrices

Definition 3.3. Let n € IN and m € IN. Let A be an n x m-matrix, and B be an
m X n-matrix.

(a) We say that B is a right inverse of A if AB = I,.

(b) We say that B is a left inverse of A if BA = I;,.

(c) We say that B is an inverse of A if both AB = I, and BA = .

Notice that we are saying “a right inverse” (not “the right inverse”) in Definition
because a given matrix A can have several right inverses (but it can also have
no right inverses at all). For the same reason, we are saying “a left inverse” (not
“the left inverse”). However, when we are saying “an inverse” (not “the inverse”),
we are just being cautious: We will later (in Corollary see that A can never
have several different inverses; thus, it would be legitimate to say “the inverse” as
well. But as long as we have not proven this, we shall speak of “an inverse”.

Example 3.4. (a) Let A = (1,4). (Recall that this means the 1 x 2-matrix ( 1 4 ).)
When is a matrix B a right inverse of A ?

First, if B is a right inverse of A, then B must be a 2 x 1-matrix (since any right
inverse of an n x m-matrix has to be an m x n-matrix). So let us assume that B is

a 2 X I-matrix. Thus, B must have the form B = < Z ) for some numbers u and

u

v. Then, AB= (1 4) = ( 1u +4v ). In order for B to be a right inverse

of A, it is necessary and sufficient that AB = I; (because this is how we defined
“right inverse”). In other words, we must have ( lu+4v ) = (1 ) (since AB =
(1lu+4v )and I; = ( 1)). In other words, we must have 1u +4v = 1.

Hence, a matrix B is a right inverse of A if and only if it has the form B =

( Z ) for some numbers u and v satisfying 1u + 4v = 1. How do we find two

such numbers 1 and v ? Well, we can view 1u +4v = 1 as a system of 1 linear
equation in 2 variables, but actually we can just read off the solution: v can be
chosen arbitrarily, and u then has to be 1 — 4v. Hence, a matrix B is a right
inverse of A if and only if it has the form B = 1 _040 ) for some number v.
In particular, there are infinitely many matrices B that are right inverses of A
(because we have full freedom in choosing v).

(b) Let A = (1,4) again. When is a matrix B a left inverse of A ?

Again, B must be a 2 x 1-matrix in order for this to have any chance of being

true. So let us assume that B is a 2 X 1-matrix, and write B in the form B = ( Z )
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v-1 v-4
order for B to be a left inverse of A, it is necessary and sufficient that BA = I,
(because this is how we defined “left inverse”). In other words, we must have

u-1 u-4 10 ) u-1 u-4 1 0
(v-l 0-4)_<O 1)(smceBA—(U_1 Z)_4)anc112—<0 1)).In

other words, we must have

for some numbers u and v. Then, BA = (Z)(1,4) _ (u-l u.4). In

u-1=1,
u-4=20;
v-1=0; °
v-4=1

But this cannot happen! Indeed, the equations # -1 =1 and u - 4 = 0 contradict
each other (because if u -1 = 1, then u - 4 must be 4). Hence, B can never be a
left inverse of A. In other words, the matrix A has no left inverse.

(c) Let A = i . When is a matrix B a left inverse of A ? When is a matrix
B a right inverse of A ? I will let you figure this out (see Exercise 3.5/ below).
(d) Let A = } _11 . When is a matrix B a left inverse of A ? When is a

matrix B a right inverse of A ?
A left inverse of A would have to be a 2 x 2-matrix. A 2 X 2-matrix

B= ("7
z w

is, (

is a left inverse of A if and only if it satisfies BA = I, that

y 1 -1\ (10 . x+y —x+y\ _
w)(l 1 >— (O 1 ) on equivalently, w4z w—2 =

(1) , or, equivalently,
x+ty=1
—x+y=0;
w+z=0 °
w—z=1

This is a system of four linear equations in the four unknowns x,y, z, w; it has

the unique solution
(x,y,z,w) = 1111
/yl ’ - 2/ 2/ 21 2 .

Thus, a 2 x 2-matrix B = < ;C

e — (L1 L1
/y// - 2/2/ 2/2

Z) ) is a left inverse of A if and only if

. Hence, there exists exactly one left inverse of A,

and this left inverse is

NI~ -




Notes on linear algebra (Wednesday 4" December, 2019, 15:09) page 55

A similar computation reveals that there exists exactly one right inverse of A,
1

2
1

2
unique right inverse of A are actually equal (and thus are an inverse of A). This

might not be clear from the definitions, but as we shall soon see, this is not a
coincidence.
(e) Generalizing Example (d), we might wonder when a 2 x 2-matrix A =
a

and this right inverse is . So the unique left inverse of A and the

NI —N| -

Z has a left inverse, a right inverse or an inverse. For any given four
values of a,b,c,d, we can answer this question similarly to how we answered it
for the matrix A = } _11 ) in Example 3.4/ (d) (by solving a system of linear
equations). The procedure will depend on whether some numbers are zero or
not. (For example, we might want to divide the equation bx + dy = 0 by b, which
requires b # 0; the case b = 0 will then have to be treated separately.) But the

tinal result will be the following:

o If ad — bc = 0, then the matrix A has no left inverses and no right inverses.

o If ad — bc # 0, then the matrix A has a unique inverse, which is also
the unique left inverse and the unique right inverse. This inverse is

d B b
ad — be ad — be
c a

“ad —bc  ad —bc

Again, this phenomenon of the left inverse equalling the right inverse appears.
Notably, the number ad — bc plays an important role here; we will later see more
of it (it is an example of a determinant).

Exercise 3.5. Let A = ( 411 ) When is a matrix B a left inverse of A ? When is a

matrix B a right inverse of A ?

As we know from Example (@), a matrix may have infinitely many right
inverses. Similarly, a matrix may have infinitely many left inverses. But can a
matrix have both infinitely many right inverses and infinitely many left inverses at
the same time? The answer is “no”, and in fact, something stronger is true:

Proposition 3.6. Let n € IN and m € IN. Let A be an n x m-matrix. Let L be a
left inverse of A. Let R be a right inverse of A. Then:

(a) We have L = R.

(b) The matrix L is the only left inverse of A.
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(c) The matrix R is the only right inverse of A.
(d) The matrix L = R is the only inverse of A.

Proof of Proposition We know that LA = I, (since L is a left inverse of A) and
that AR = I, (since R is a right inverse of A).

(a) Consider the product LAR. (Recall that this product is well-defined, because
Proposition 2.20| (g) yields L (AR) = (LA) R.)

One way to rewrite LAR is as follows:

L AR =LI,=L (by Proposition (b)). (40)
=1,
Another way is
LA R=1I,R=R (by Proposition @) . (41)
=1

Comparing with ([#I), we obtain L = R. This proves Proposition [3.6] (a).

(b) Let L’ be any left inverse of A. Then, we can apply Proposition (3.6( (a) to L'
instead of L (because all that was needed from L in Proposition 3.6 (a) was that it
be a left inverse of A). As a result, we obtain L’ = R.

Now, forget that we fixed L’. We thus have shown that if L’ is any left inverse of
A, then L' = R. In other words, any left inverse of A equals R. Thus, there exists
at most one left inverse of A. Therefore, the matrix L is the only left inverse of A
(since we already know that L is a left inverse of A). This proves Proposition
(b).

(c) The proof of Proposition 3.6(c) is analogous to the proof of Proposition 3.6/ (b).
(We again need to apply Proposition 3.6/ (a), but this time, instead of a left inverse
L’, we have to introduce a right inverse R’. The details are left to the reader.)

(d) Proposition (a) yields L = R. Hence, A \L’_/ = AR = I,.

Now, the matrix L is an inverse of A (since LA = [, and AL = I,;). In other
words, the matrix L = R is an inverse of A (since L = R). It remains to show
that it is the only inverse of A. But this is easy: Let L’ be any inverse of A. Then,
L’A = I, so that L' is a left inverse of A. Proposition 3.6|(a) (applied to L’ instead
of L) therefore yields L' = R.

Now, forget that we fixed L’. We thus have shown that if L’ is any inverse of A,
then L’ = R. In other words, any inverse of A equals R. Thus, there exists at most
one inverse of A. Therefore, the matrix L is the only inverse of A (since we already
know that L is an inverse of A). This proves Proposition [3.6] (d). O

| Corollary 3.7. Let A be a matrix. Then, A has at most one inverse.

Proof of Corollary We need to show that any two inverses of A are equal. So let
L and R be two inverses of A. We must show that L = R.
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Let n € IN and m € IN be such that A is an n x m-matrix. The matrix L is an
inverse of A, thus satisfies LA = I,,. Hence, L is a left inverse of A. Also, the
matrix R is an inverse of A, thus satisfies AR = I,. Hence, R is a right inverse of
A. Thus, Proposition |3.6| (a) shows that L = R. This proves Corollary [

Definition 3.8. (a) A matrix A is said to be invertible if it has an inverse. (Simi-
larly, we can define the words “left-invertible” and “right-invertible”.)

(b) Let A be an invertible matrix. Then, A has an inverse. Due to Corollary
we furthermore know that A has at most one inverse. Thus, A has exactly
one inverse. We can thus refer to this inverse as “the inverse of A” (not just “an
inverse of A”), and denote it by A~L If A is an n x m-matrix, then this inverse
satisfies A~'A = I, and AA~1 = I, (by its definition).

Notice that the equalities A7 1A = I, and AA~! = [, show that a matrix A
and its inverse A~! cancel each other when they stand adjacent in a product: for
example, BA~'AC simplifies to BC. However, they do not (generally) cancel each
other when they appear apart from one another: for example, BA~!CA does not
simplify to BC.

So what matrices are invertible? The following theorem significantly narrows the
search down; we shall not prove it until later:

Theorem 3.9. Let n € IN and m € IN. Let A be an n X m-matrix.

(a) If A has a right inverse, then n < m (that is, the matrix A has at least as
many columns as it has rows).

(b) If A has a left inverse, then n > m (that is, the matrix A has at most as
many columns as it has rows).

(o) If A is invertible (i.e., has an inverse), then n = m (that is, the matrix A is
square).

(d) If A is square (that is, n = m) and has a left inverse or a right inverse,
then A is actually invertible (and so this left or right inverse is the inverse of A).
Notice that this is false for rectangular matrices!

Let us now check some simpler facts about inverses:

Proposition 3.10. Let n € IN. Then, the matrix I, is invertible, and its inverse is
-1
(In) — In.

Proof of Proposition We have I,,I,, = I,, and I,I, = I,. Hence, the matrix I, is
an inverse of I, (by the definition of “inverse”). This proves Proposition[3.10} [

Proposition 3.11. Let A and B be two invertible matrices such that the product
AB is well-defined (i.e., such that A has as many columns as B has rows). Then,
the matrix AB is also invertible, and its inverse is

(AB) ' =B71Aa"L. (42)
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Proof of Proposition Let n, m and p be nonnegative integers such that A is an
n X m-matrix and B is an m X p-matri@ (Actually, Theorem (c) reveals that
the matrices A and B are square and therefore n = m = p; but I do not want to use
Theorem 3.9 (c) here, since I have not yet proven it.)

Recall once again that (by general associativity) products of matrices can be
written without parentheses. Thus, for example, the products B-!A~1AB and
ABB~!'A~! make sense. Let us simplify these products:

B'A'AB=B"',B=B'B=1,
S——

=1

and

N

ABB_ AT = AlyATM = AAT = 1.

=Iy

But these two equalities say precisely that B~ A~ is an inverse of AB. (If you don’t
believe me, rewrite them with parentheses: (B"1A™1) (AB) = I, and (AB) (B"1A™1) =
I,,.) In particular, this shows that AB is invertible. This proves Proposition O

In words, says that the inverse of a product of two matrices is the product of
their inverses, but in opposite order. This takes some getting used to, but is really
a natural thing; the same rule holds for inverting the composition of function

Proposition 3.12. Let A}, A, ..., Ag be k invertible matrices (where k is a positive
integer) such that the product A;A; - - - Ay is well-defined (i.e., such that A; has
as many columns as A;;1 has rows, for each i < k). Then, the matrix A1 A, - - - Ay
is invertible, and its inverse is

-1 _ _ —
(A1Ay - - - Ag) :AklAk—ll"'All-

Proposition is a natural extension of Proposition to products of more
than 2 matrices. The proof of Proposition is straightforward, and I am only
showing it as an example of proof by induction:

Proof of Proposition We prove Proposition by induction on k:

Induction base: 1If k = 1, then Proposition says that A 1= Al 1. this is obvi-
ously true. Hence, Proposition holds for k = 1. This completes the induction
base.

35We can indeed find such 1, m and p because A has as many columns as B has rows.

36Namely: If X, Y and Z are three sets, and if b : X — Y and a : Y — Z are two invertible
functions (i.e., bijections), then ao b : X — Z is an invertible function as well, and its inverse is
(aob)™" = b toa"!. (Some authors liken this to the fact that if you want to undo the process of
putting on socks and then putting on shoes, you have to first take off your shoes and then take
off your socks. See https://proofwiki.org/wiki/Inverse_of_Product.)
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Induction step: Let ¢ be a positive integer. Assume (as our induction hypothesis)
that Proposition holds for k = /. In other words, for any ¢ invertible ma-
trices A1, Ay, ..., Ay for which the product A1A; - -- A, is well-defined, the matrix
A1Ay - - - Ay is invertible, and its inverse is

-1 _ _ —
(A1Ay--- Ay) :A41A5—11"'A11-

We must now show that Proposition also holds for k = ¢+ 1. So let us fix
¢ 4+ 1 invertible matrices Ay, Ay, ..., Ayyq1 for which the product AjAy---Ayyq is
well-defined. We must then show that the matrix A1 A, - - - A1 is invertible, and
that its inverse is

(A1Az---Ag) ™ = AgL AT - AT

The product A;A; - - - Ay is well-defined (since the product A1 A; - - - Ay is well-
defined). Hence, we can apply our induction hypothesis, and conclude that the
matrix A1Ajp - - - Ay is invertible, and its inverse is

(A1Ay--- At = ATAY AL

Now, the matrices A1 Ay --- Ay and Ay, are invertible, and their product
(A1Ap---Ayp) Ay = A1Ay - - - Apyq is well-defined (by assumption). Hence, Propo-
sition (applied to A = AjAy--- Ay and B = Ay,q) shows that the matrix
(A1Ay - - Ay) Ayyq is also invertible, and its inverse is

(A1Az--- Ap) Apr) = Al (AgAg--- A

Since (A1A2 s Ag) Ag_H = AlAz s Ag_|_1 and

—1 -1 1 [p-14-1 ~1 1 a-1 1 g :
Ay (MAr---Ay) =A, <Ag A A ) = A, A, - A, this rewrites

_AflAtrl .“Afl
4 (-1 1
as follows: The matrix A1 Ay - - - Ayyq is invertible, and its inverse is

(A1Ay---Ap) " = AL

This is precisely what we wanted to show! Thus, Proposition holds for k =
¢+ 1. This completes the induction step. Thus, Proposition is proven by
induction.

(I have written up this proof with a lot of detail. You do not have to! If you
are used to mathematical induction, then you can easily afford omitting many of
the incantations I made above, and taking certain shortcuts — for example, instead
of introducing a new variable ¢ in the induction step, you could reuse k, thus
stepping “from k to k + 1” instead of “from k = ¢ to k = ¢+ 1”. You also don’t
need to formally state the induction hypothesis, because it is just a copy of the claim
(with k replaced by ¢ in our case). Finally, what we did in our proof was obvious
enough that you could just say that “Proposition follows by a straightforward
induction on k, where Proposition is being applied in the induction step”, and
declare the proof finished.) O

-1 -1
AZ Al .
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Remark 3.13. It is common to define the product of 0 square matrices of size n x
n (an “empty product of n x n-matrices”) as the identity matrix I, (similarly to
how a product of 0 numbers is defined to be 1). With this convention, Proposition

holds for k = 0 too (it then states that (I,) ' = I,), as long as we agree what
size our non-existing matrices are considered to have (it has to be n x n for some
n € IN). With this convention, we could have started our induction (in the above
proof of Proposition at k = 0 instead of k = 1.

Corollary 3.14. Let n € IN. Let k € IN. Let A be an invertible n x n-matrix. Then,
AFK is also invertible, and its inverse is (Ak) 1o (A’l)k.

Note that Corollary [3.14]is not obvious! You cannot argue that (A¥) = (A’l)k
because both sides simplify to A~; this argument makes no sense unless you have
defined A% (and we have not defined A=¥) and proved that standard rules of
exponentiation (such as (A*)” = A"?) apply to matrices.

Proof of Corollary3.14, Recall that A® = I, (by the definition of A%). Hence, in
the case when k = 0, Corollary 3.14 says that I, is invertible, and its inverse is

(In)_1 = I,. This follows from Proposition [3.10, Thus, Corollary is proven in

the case when k = 0. Therefore, we can WLOG| assume that k # 0. Assume this.
Thus, k is a positive integer. Hence, Ak = AA---Aand (A"1) = 414" 1... AL
\—\/—/ ~ /

k times k times

Proposition (applied to A, A, ..., A instead of Ay, Ay, ..., Ax) shows that the
matrix AA - -- 4 is invertible, and its inverse is

k times

-1

AA---A =A1A7T.. AL
N——~—r N ~~ 4
k times k times

In other words, the matrix A* is invertible, and its inverse is (Ak)f1 = (A_l)k.
This proves Corollary O

Proposition 3.15. Let n € IN. Let A be an invertible n X n-matrix. Then, its
inverse A~! is also invertible, and has the inverse (A_l) 1o A.

37“WLOG” is shorthand for “without loss of generality”. See, for example, the Wikipedia article
for “WLOG”| (or any book on mathematical proofs) for the meaning of this phrase.

(As far as the proof of Corollary is concerned, the meaning of “we can WLOG assume
that k # 0” is the following: “If we can prove Corollary for k # 0, then we know how to
obtain a proof of Corollary for all k (because Coroll is already proven in the case
when k = 0). Thus, it will suffice to prove Corollary for k # 0; hence, let us assume that
k#0.")
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Proof of Proposition[3.15] Since A~! is an inverse of A, we have the two equalities
A7'A = I, and AA~! = I,. But these very same equalities show that A is an
inverse of A~ (if you do not trust me, just check with the definition of “inverse”).

. .. . . . -1 R
Thus, the matrix A1 is invertible, and its inverse is (A_l) = A. Proposition|3.15
is proven. [

Proposition 3.16. Let n € IN. Let A be a nonzero number. Let A be an invertible

n x n-matrix. Then, the matrix AA is also invertible, and its inverse is (/\A)_1 =

1
ATAT =—A
A

| Exercise 3.17. Prove Proposition [3.16]

3.3. More on transposes

How do the matrix operations we have seen above (addition, multiplication, inver-
sion, etc.) behave with respect to transposes? The answer is “fairly nicely”:

Proposition 3.18. (a) Let n € N. Then, (I,)" = I,.

(b) Let n € N and m € IN. Then, (Onxm)T = 0ixcn-

(c) Letn € N and m € IN. Let A be an n X m-matrix. Let A be a number. Then,
(AA)T = 1AT,

(d) Let n € N and m € IN. Let A and B be two n x m-matrices. Then,
(A+B)T = AT + BT.

() Letn € N, m € IN and p € IN. Let A be an n x m-matrix. Let B be an
m x p-matrix. Then, (AB)T = BTAT.

(f) Let n € IN. Let A be an invertible n x n-matrix. Then, AT is invertible, and
its inverse is (AT) 1o (A’l)T.

Notice that the right hand side in Proposition (e) is BTAT, not ATBT (in
fact, ATBT does not always make sense, since the number of columns of AT is not
necessarily the number of rows of BT). This is similar to the B~! A~ in Proposition

BI1
Proposition is fairly easy to show; let us only give a proof of part (e):

Proof of Proposition (e). The definition of AT shows that AT = (A;)
Thus,

1<i<m, 1<j<n’

(AT>i]_ — A forallie {1,2,...,m} andj€ {1,2,...,n}.  (43)

Similarly, the definition of BT shows that BT = (B]-,Z-) . Hence,

1<i<p, 1<j<m

(BT>ij:B]~,i foralli € {1,2,...,p} andj€ {1,2,...,m}.  (44)




Notes on linear algebra (Wednesday 4" December, 2019, 15:09) page 62

Now, BT is a p X m-matrix, while AT is an m x n-matrix. Hence, BTAT is a p X n-
matrix. Also, (AB )T is a p x n-matrix (since AB is an n X p-matrix). The definition
of (AB)T shows that (AB)T = <(AB)j,z’> . Hence,

1<i<p, 1<j<n
((aB)T) = (4B);,

ij
= Aj1Bri+ AjpByi+ -+ + AjuBu,i (45)
(by Proposition (a), applied to j and i instead of i and j)

foralli e {1,2,...,p}and j € {1,2,...,n}.
On the other hand, we can apply Proposition (@ to p, m, n, BT and AT
instead of n, m, p, A and B. We thus conclude that

(8747) = (87 (A7), + (), (A7), oo (1), (4, 9

foralli e {1,2,...,p}andj € {1,2,...,n}.
But for every k € {1,2,...,m}, we have

(BT)i,k <AT)k,j = ByiAjx = AjiBys (47)
S T

(by (#4), applied (by [@3), applied
to k instead of j) to k instead of i)

Hence, foralli € {1,2,...,p}and j € {1,2,...,n}, we have

(7a7), = (), (), = (), (), -+ (), (), v

(& N J
"~ ~~ ~~

=A;1By, =Aj2By; =AjmBn,i
(by (47), applied (by (7), applied (by (7), applied
to k=1) to k=2) to k=m)

= AjaBri+ AjpBoit+ -+ Aj By

Comparing this with ll we conclude that ((AB)T> = (BTAT)Z.]. for all i €
i] ’

{1,2,...,p} and j € {1,2,...,n}. In other words, each entry of the matrix (AB)"
equals the corresponding entry of the matrix BT AT. Thus, (AB)T = BTAT. This
proves Proposition (e). O

| Exercise 3.19. Prove Proposition (f).

3.4. Triangular matrices

We next discuss some particular classes of matrices: the so-called triangular matrices
and some of their variations.
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Definition 3.20. Let n € IN. Let A be an n X n-matrix.
(a) We say that the matrix A is upper-triangular if and only if we have

Aijj=0 whenever i > j.
(Of course, “whenever i > j” is shorthand for “for all i € {1,2,...,n} and
j€e{1,2,...,n} satisfying i > j”.)
(b) We say that the matrix A is lower-triangular if and only if we have
Aij=0 whenever i < j.

(c) We say that the matrix A is diagonal if and only if we have

Aij=0 whenever i # j.

Notice that only square matrices can be upper-triangular or lower-triangular or
diagonal (by definition). Why the name “triangular”? Because visually speaking, a
matrix is upper-triangular if and only if all its entries (strictly) below the diagonal
are 0 (which means that its nonzero entries are concentrated in the triangle bor-
dered by the diagonal, the upper rim and the right rim). I hope Example will
clarify this if it is unclear. Similarly, a matrix is lower-triangular if and only if all
its entries (strictly) above the diagonal are 0 (which again means that its nonzero
entries are concentrated in a triangle, this time to the southwest of the diagonal).
Finally, a matrix is diagonal if and only if all its entries except for the diagonal
entries are 0.

I think the following example should explain this:

Example 3.21. (a) A 4 x 4-matrix is upper-triangular if and only if it has the

a b ¢ d

ov o d Pooroar g i .
form 00 o g for some numbers a,b,c,d,b’,c’,d’,c”",d",d". Notice

00 o 4"

that we are making no requirements on these numbers; in particular, they can

be 0. Upper-triangularity means that A;; = 0 whenever i > j; it does not require
that A;; # 0 in all other cases.

(b) A 4 x 4-matrix is lower-triangular if and only if it has the form

a 0 0 O

a v 0 0

a// b/l C// O

a/// b/// C/// d///

for some numbers a,a’,b’,a",b",c",a", b, ", d".

a 0 0 O

. . . . (0 O b/ O O

(0) A 4 x 4-matrix is diagonal if and only if it has the form 00 ¢ o0
O O O d///
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|l for some numbers a,b’,c”,d"” .
Here is something obvious:

Proposition 3.22. Let n € IN.

(a) An n x n-matrix A is diagonal if and only if A is both upper-triangular and
lower-triangular.

(b) The zero matrix 0,,», and the identity matrix I,, are upper-triangular, lower-
triangular and diagonal.

A less trivial fact is that the product of two upper-triangular matrices is upper-
triangular again. We shall show this, and a little bit more, in the following theorem:

Theorem 3.23. Let n € IN. Let A and B be two upper-triangular n x n-matrices.
(a) Then, AB is an upper-triangular n X n-matrix.
(b) The diagonal entries of AB are

(AB)i,i = A;;Bi, forallie {1,2,...,n}.

(c) Also, A + B is an upper-triangular n x n-matrix. Furthermore, AA is an
upper-triangular matrix whenever A is a number.

Note that Theorem (b) says that each diagonal entry of AB is the product of
the corresponding diagonal entries of A and of B. Thus, in this specific case, the
product AB does behave as if matrices were multiplied entry by entry (but only for
its diagonal entries). Before I prove Theorem let me give an example:

0 0 ¢ 0 0 zZ”
triangular 3 x 3-matrices. Then,

b ¢ Xy oz ax ay+by az+0bz' + 7"
AB = b 0y 2 |=1| 0 b'y' bz + 2" :

0 ¢ 0 0 2/ 0 0 "z
Thus, AB is again upper-triangular (as Theorem (a) predicts), and the di-
agonal entries ax, b'y’,¢"z" of AB are the products of the respective entries of A
and of B (as Theorem (b) predicts).

a b ¢ X Yy z
Example 324. Let A= [ 0 V' ¢ |and B= | 0 y Z | be two upper-

O O

Proof of Theorem The matrix A is upper-triangular. In other words,
Ajj=0 whenever i > j (48)
(because this is what it means for A to be upper-triangular). Similarly,

Bij=0 whenever i > j (49)
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(because B, too, is upper-triangular).
Now, fix two elements i and j of {1,2,...,n} satisfying i > j. We shall prove that
for every k € {1,2,...,n}, we have

AixByj=0. (50)
[Proof of : Letk € {1,2,...,n}. Then, we are in one of the following two cases:
Case 1: We have i < k.
Case 2: We have i > k.
We shall prove in each of these two cases separately:

1. Let us first consider Case 1. In this case, we have i < k. Thus, k > i, so that
k > i > j. Hence, we can apply to k instead of i. As a result, we obtain

By; = 0. Hence, A;x By; = A;x0 = 0. Thus, is proven in Case 1.
~——
=0

2. Let us now consider Case 2. In this case, we have i > k. Hence, we can apply
(48) to k instead of j. As a result, we obtain A;x = 0. Hence, A;x By; =
N~~~

=0
0By j = 0. Thus, is proven in Case 2.

We have now proven (50) in both Cases 1 and 2. Thus, is proven.]
Now, Proposition (a) shows that

(AB);j= AinBi; + AipBy; +---+  AjuBu,

—— —— —_——
(by (0), (by G0), (by (50),
applied to k=1)  applied to k=2) applied to k=m)

=0+0+---+0=0.
Now, forget that we fixed i and j. We thus have shown that
(AB)Z-,]. =0 whenever i > j. (51)

But this says precisely that AB is upper-triangular. Thus, Theorem (@) is
proven.
(b) Leti € {1,2,...,n}. We must prove that (AB),; = A; B ;.
In a sense, this is similar to how we proved (51)), but a little bit more complicated.
We first observe that, for every k € {1,2,...,n} satisfying k # i, we have

AixBgi = 0. (52)

The proof of this will be very similar to the proof of (50), with j replaced by i:
[Proof of (52): Let k € {1,2,...,n} be such that k # i. Then, we are in one of the
following two cases:
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Case 1: We have i < k.
Case 2: We have i > k.
We shall prove in each of these two cases separately:

1. Let us first consider Case 1. In this case, we have i < k. Thus, k > i, so that

k > i (because k # 7). Hence, we can apply to k and i instead of i and

j. As a result, we obtain By; = 0. Hence, A;; By; = A;0 = 0. Thus, is
~—

=0
proven in Case 1.
2. Let us now consider Case 2. In this case, we have i > k. Hence, we can apply
to k instead of j. As a result, we obtain A;; = 0. Hence, A;x By, =
~—

=0
0By ; = 0. Thus, is proven in Case 2.

We have now proven in both Cases 1 and 2. Thus, is proven.]
Now, Proposition 2.19|(a) (applied to j = i) shows that
(AB); ;
= Aj1Bii + AipByi+ - - + AjuByi
= (the sum of the terms A;By; forall k € {1,2,...,n})
= A;;Bi; —|—\(the sum of the terms A, By ; forall k € {1,2,...,n} satisfying k # i)j

(because (52) shows that all of these terms are 0)
(here, we have taken the term A;;B;; out of the sum)
= A;iBii+0=A;B,
This proves Theorem (b).

(c) Theorem (c) is straightforward to check (due to the simple definitions of
A + B and AA); the details are left to the reader. O]

The natural analogue of Theorem for lower-triangular matrices also holds:

Theorem 3.25. Let n € IN. Let A and B be two lower-triangular n x n-matrices.
(a) Then, AB is a lower-triangular n X n-matrix.
(b) The diagonal entries of AB are

(AB)i,i = A;iBi; forallie {1,2,...,n}.

(c) Also, A + B is a lower-triangular n x n-matrix. Furthermore, AA is a lower-
triangular matrix whenever A is a number.

The proof of Theorem is analogous to that of Theorem and the changes
required are fairly straightforward (change some inequality signs). Let me pose
this as an exercise:
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Exercise 3.26. Prove Theorem (a). (Feel free to repeat my proof of Theorem
(a), changing only what little needs to be changed. This is not plagiarism
for the purpose of this exercise!)

(Similarly, you can prove Theorem (b) and (c¢), but you don’t need to write

it up.)

The following result is an analogue of Theorem and Theorem for diag-
onal matrices:

Theorem 3.27. Let n € IN. Let A and B be two diagonal n X n-matrices.
(a) Then, AB is a diagonal n x n-matrix.
(b) The diagonal entries of AB are

(AB)i,i = Ai,iBi,i foralli e {1,2, . ,Tl} .

Thus, diagonal matrices actually are multiplied entry by entry!
(c) Also, A+ B is a diagonal n X n-matrix. Furthermore, AA is a diagonal
matrix whenever A is a number.

I Exercise 3.28. Prove Theorem

Lower-triangular and upper-triangular matrices are not only analogues of each
other; they are also closely related:

Proposition 3.29. Let n € IN. Let A be an n x n-matrix. Then, A is upper-
triangular if and only if AT is lower-triangular.

Proof of Proposition The definition of AT shows that AT =
Thus,

(Aj,i) 1<i<n, 1<j<n’

(AT> = Aj, forallie {1,2,...,n} andj € {1,2,...,n}. (53)

i,j
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Now, consider the following chain of equivalent statementﬂ

(A is upper-triangular)
<= (Aj; = 0 whenever i > j)
(because this is how “upper-triangular” is defined)
<= (Aj; = 0 whenever j > i)
(here, we have just renamed i and j as j and i)
<= (Aj; = 0 whenever i < j)

(because j > i is equivalent to i < j)

= ((AT) = 0 whenever i < ]>
1,]
(here, we have replaced A;; by (AT) ~, because of lb
1,]

<— (AT is 10wer-triangular>

(because this is how “lower-triangular” is defined) .

Thus, Proposition holds. O

There are a few special classes of triangular matrices worth giving names:

Definition 3.30. Let n € IN. Let A be an n x n-matrix.

(@) The matrix A is said to be upper-unitriangular if and only if it is upper-
triangular and all its diagonal entries are 1 (thatis, A;; = 1 for all 7).

(b) The matrix A is said to be invertibly upper-triangular if and only if it is
upper-triangular and all its diagonal entries are nonzero (that is, A;; # 0 for all
).

(c) The matrix A is said to be strictly upper-triangular if and only if it is upper-
triangular and all its diagonal entries are 0 (that is, A;; = 0 for all 7).

Similar notions can be defined with the word “lower” instead of “upper”:

(d) The matrix A is said to be lower-unitriangular if and only if it is lower-
triangular and all its diagonal entries are 1 (that is, A;; = 1 for all 7).

(e) The matrix A is said to be invertibly lower-triangular if and only if it is
lower-triangular and all its diagonal entries are nonzero (that is, A;; # 0 for all
).

(f) The matrix A is said to be strictly lower-triangular if and only if it is lower-
triangular and all its diagonal entries are O (that is, A;; = 0 for all 7).

The words we have just defined are not as important as the word “upper-triangular”
(you certainly don’t need to learn them by heart); but these notions appear from
time to time in mathematics, and it helps if you know how to recognize them.

38 After each equivalence, we give a justification for why it is an equivalence.
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Example 3.31. (a) A 3 x 3-matrix is upper-unitriangular if and only if it has the
1 b c
form | 0 1 ¢ | forsomeb,c,c.
001
(b) A 3 x 3-matrix is invertibly upper-triangular if and only if it has the form
a b c
0 Vv ¢ | forsomea,b,cb', c, " witha#0,b #0andc” #0.
00 ¢
(c) A 3 x 3-matrix is strictly upper-triangular if and only if it has the form

a

" | for some b,c,c’.

o o O
oo
o 9

Olver and Shakiban (in [OlvSha06]) use the word “special upper triangular” in-
stead of “upper-unitriangular”. But I prefer “upper-unitriangular”, since the word
“uni” hints directly to the definition (namely, the 1’s on the diagonal), whereas the
word “special” can mean pretty much anything.

The word “invertibly upper-triangular” is my invention. I have chosen it be-
cause an upper-triangular matrix is invertible if and only if it is invertibly upper-
triangular. (This is not obvious. In Theorem we will prove the “if” direction.
The “only if” direction is also true.)

Here is a simple fact to connect the above definitions:

Proposition 3.32. (a) Each upper-unitriangular matrix is invertibly upper-
triangular.

(b) Let n € IN. Let A be an n X n-matrix. Then, A is upper-unitriangular if
and only if I,, — A is strictly upper-triangular.

We shall give a proof of this proposition in Section [3.5 (but mainly as an example
of how to write a proof; the mathematics itself is trivial).

Strictly upper-triangular n x n-matrices can also be characterized as the n x n-
matrices A which satisfy

=0 whenever i > j.

Notice the weak inequality “i > j” (as opposed to the strict inequality “i > j” in
the definition of upper-triangular matrices).

a b ¢
Exercise 3.33. Let A = [ 0 V' ¢ | be an invertibly upper-triangular 3 x 3-
0 0 ¢

matrix. Show that A is invertible by explicitly computing the inverse of A (in
terms of a,b,c,b’,c’,c").
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[Hint: In order to find a right inverse of A, it is enough to find three column
vectors u, v, w (each of size 3) satisfying the equations

1 0 0
Au=1| 0 |, Av=1[ 1 |, Aw =1 0
0 0 1

In fact, once these vectors are found, assembling them into a matrix yields a
right inverse of A (why?). Find these u, v, w. Then, check that the resulting right
inverse of A is also a left inverse.]

Corollary 3.34. Let n € IN. Let A and B be two upper-unitriangular n x n-
matrices. Then, AB is also an upper-unitriangular n X n-matrix.

Proof of Corollary[3.34 The matrices A and B are upper-triangular (since they are
upper-unitriangular). Hence, Theorem [3.23|(a) shows that AB is an upper-triangular
n x n-matrix. Moreover, Theorem [3.23| (b) shows that
~~ —~~
(sin;elA is (sinc:e Bis

unitriangular) unitriangular)

for all i € {1,2,...,n}. Thus, the matrix AB is upper-unitriangular (since we
already know that AB is upper-triangular). Corollary is thus proven. O

Corollary 3.35. Let n € IN. If Ay, Ay, ..., Ax (for some k € IN) are upper-
unitriangular n X n-matrices, then AjAj;--- Ay is also an upper-unitriangular
n X n-matrix.

Proof of Corollary This can be proven in a straightforward way by induction
over k, similarly to how we proved Proposition The important differences are:

e We should now use k = 0 as an induction base (because we have not required
k to be positive). For k = 0, the product A1A; - - - Ay is an empty product (i.e.,
a product with no factors), and thus equals I, (because we have defined an
empty product of n x n-matrices to equal I,). We thus need to prove that I,
is an upper-unitriangular matrix. But this is clear by inspection.

e In the induction step, instead of using Proposition we need to use Corol-

lary
OJ

Analogues of Corollary and Corollary hold for invertibly upper-triangular
matrices:
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Corollary 3.36. Let n € IN. Let A and B be two invertibly upper-triangular
n X n-matrices. Then, AB is also an invertibly upper-triangular n x n-matrix.

Corollary 3.37. Let n € IN. If Ay, Ay, ..., Ax (for some k € IN) are invertibly
upper-triangular n x n-matrices, then A1A;--- Ay is also an invertibly upper-
triangular n X n-matrix.

| Exercise 3.38. Prove Corollary and Corollary

Similarly, analogues of the above-mentioned results hold for lower-triangular
matrices. For example, the following analogues of Corollary and of Corollary
B.37 hold:

Corollary 3.39. Let n € IN. If Ay, Ay, ..., Ax (for some k € IN) are lower-
unitriangular n x n-matrices, then AjA;--- Ay is also a lower-unitriangular
n X n-matrix.

lower-triangular n x n-matrices, then A1Aj;--- Ay is also an invertibly lower-

Corollary 3.40. Let n € IN. If Ay, Ay, ..., Ax (for some k € IN) are invertibly
triangular n x n-matrix.

As usual, the proofs of these analogues can be obtained from the proofs of the
original versions through minor (and straightforward) modifications.
The reader can easily check that the following analogue of Proposition holds:

Proposition 3.41. Let n € IN. Let A be an n X n-matrix. Then:

(@) The matrix A is upper-unitriangular if and only if AT is lower-
unitriangular.

(b) The matrix A is invertibly upper-triangular if and only if AT is invertibly
lower-triangular.

(c) The matrix A is strictly upper-triangular if and only if AT is strictly lower-
triangular.

3.5. (*) Proof of Proposition [3.32]
Here is a detailed proof of Proposition [3.32}

Proof of Proposition (a) Let A be an upper-unitriangular n x n-matrix. We must
then prove that A is invertibly upper-triangular.

We have assumed that A is upper-unitriangular. In other words, A is upper-
triangular and all its diagonal entries are 1 (because this is what “upper-unitriangular”
means). Now, all diagonal entries of A are 1, and thus are nonzero (since 1 is
nonzero). So we know that A is upper-triangular and all its diagonal entries are
nonzero. In other words, A is invertibly upper-triangular (by the definition of “in-
vertibly upper-triangular”). This proves Proposition (a).
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(b) The statement of Proposition (b) is an “if and only if” statement. Thus,
it splits into the following two claims:

Claim 1: If A is upper-unitriangular, then I, — A is strictly upper-triangular.
Claim 2: If I, — A is strictly upper-triangular, then A is upper-unitriangular.

We are going to prove both of these claims. But first, let us make a simple
observation: Recall that I, = ((51-,]')1 ci<n, 1<j<n’ Hence, (In)l-,]. = g;j for all i €
{1,2,...,n} and j € {1,2,...,n}. In particular, for all i € {1,2,...,n} and j €
{1,2,...,n} satisfying i > j, we have

(since i # j (because i > j)). Also, the diagonal entries of the matrix I, are 1; in
other words, every i € {1,2,...,n} satisfies

(In);; = 1. (55)

Proof of Claim 1: Assume that A is upper-unitriangular. We must show that I,, — A
is strictly upper-triangular.

We have assumed that A is upper-unitriangular. In other words, A is upper-
triangular and all its diagonal entries are 1 (because this is what “upper-unitriangular”
means). Since A is upper-triangular, we have

Aij=0 whenever i > j (56)

(by the definition of “upper-triangular”). Since all diagonal entries of A are 1, we
have
Aji=1 foreachi € {1,2,...,n}. (57)

Now, recall that matrices are subtracted entry by entry. Hence, for all i &

{1,2,...,n} and j € {1,2,...,n} satisfying i > j, we have

N—— N~
= =0
(by ) (by )

In other words, (I, — A)i,]- = 0 whenever i > j. This means that [, — A is upper-
triangular (by the definition of “upper-triangular”).

Recall again that matrices are subtracted entry by entry. Hence, every i €
{1,2,...,n} satisfies

(In—=A); = (In);; — Aii =1-1=0.
N—— Vo

= =1
(by ) by G7)




Notes on linear algebra (Wednesday 4" December, 2019, 15:09) page 73

In other words, all diagonal entries of the matrix I;, — A are 0.

So we have shown that the matrix I, — A is upper-triangular, and that all its
diagonal entries are 0. In other words, the matrix I, — A is strictly upper-triangular
(by the definition of “strictly upper-triangular”). This proves Claim 1.

Proof of Claim 2: Assume that I, — A is strictly upper-triangular. We must show
that A is upper-unitriangular.

We have assumed that I, — A is strictly upper-triangular. In other words, I, — A
is upper-triangular and all its diagonal entries are 0 (because this is what “strictly
upper-triangular” means). Since I,, — A is upper-triangular, we have

(I, — A)i,j =0 whenever i > j (58)

(by the definition of “upper-triangular”). Since all diagonal entries of I, — A are 0,
we have

(I, — A)i,z‘ =0 foreachi e {1,2,...,n}. (59)

Now, recall that matrices are subtracted entry by entry. Hence, for all i €
{1,2,...,n}and j € {1,2,...,n} satisfying i > j, we have

(In — A) .= (In)i,]' _Ai,j =0- Ai,j = _Ai,j

1]
=0
(by )

and therefore

=0
(by (%))
In other words, A;; = 0 whenever i > j. This means that A is upper-triangular (by
the definition of “upper-triangular”).
Recall again that matrices are subtracted entry by entry. Hence, every i &€
{1,2,...,n} satisfies

(In — A)i,i = (In)i,i —Aii =1- A,
\\/J

=1
(by (3))

and therefore
Aji=1—(l;—A);;=1-0=1

i

0
by 6

In other words, all diagonal entries of the matrix A are 1.

So we have shown that the matrix A is upper-triangular, and that all its diagonal
entries are 1. In other words, the matrix A is upper-unitriangular. This proves
Claim 2.

Now, both Claim 1 and Claim 2 are proven, so the proof of Proposition (b)
is complete. H
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As you might have noticed, I have written down the above proof at an unusually
high level of detail (whereas most textbooks would have only sketched it, or even
left it to the reader to fill in). The reason for that is that I wanted to demonstrate the
structure of such proofs. An experienced writer (writing for experienced readers)
would have been able to shorten the above proof considerably in the following way:

e Our proof of Proposition (a) was really obvious; most of it was boilerplate
(writing down the assumptions, writing down the claims, etc.).

e The way we proved Proposition (b) is a typical way how “if and only
if” statements are proven@ What we called Claim 1 in this proof would
normally be called the “=— direction’ﬂ of Proposition (b) (because,
rewritten in logical symbols, it says that “(A is upper-unitriangular) —
(I, — A is strictly upper-triangular)”), while our Claim 2 would be called the
M= direction’ of Proposition (b) (for similar reasons). In general, if
you have an assertion of the form “X holds if and only if Y holds”, then the
“— direction” of this assertion says “if X holds, then Y holds”, whereas the
“<4= direction” of this assertion says “if Y holds, then X holds”. In order
to prove the assertion, it suffices to prove both its = direction and its <=
direction; these two directions can often be proven separately. It is customary
to mark the proof of the = direction by a single “==:" at the beginning of
this proof (instead of writing “Proof of Claim 1:” as we did), and to mark the
proof of the <= direction by a single “<=:" at the beginning of this proof
(instead of writing “Proof of Claim 2:” as we did). Furthermore, explicitly
stating Claim 1 and Claim 2 (like I did above) is not necessary: They are just
the = direction and the <= direction of Proposition (b), respectively;
this is enough to fully characterize them.

e Our proof of the = direction (i.e., of Claim 1) was straightforward: it was
following the most obvious route from the givens (i.e., from the assumption
that A is upper-unitriangular) to the goal (i.e., to the claim that I, — A is
strictly upper-triangular). In fact, once you have unraveled the definitions
of “upper-unitriangular” and of “triangular”, the assumption translates into
“Aj; = 0 whenever i > j, and A;; = 1 for all i”. Similarly, once you have
unraveled the definitions of “strictly upper-triangular” and “triangular”, the
claim translates into “(I, — A);; = 0 whenever i > j, and (I, — A),;; = 0 for
all i”. Thus, in order to get from the assumption to the goal, you need to
find a way to process knowledge about entries of A into knowledge about
entries of I, — A. But there is one obvious way to do that: Observe that
(In = A);j = (In);; — Aij, and recall the formula for (I,);; (which is clear
from the definition of I;). The rest is simple arithmetic.

3But not the only way: our proof of Proposition was organized differently.
40also known as the “only if direction” or the “=> part”
#lalso known as the “if direction” or the <= part”
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e Our proof of the <= direction (i.e., of Claim 2) was essentially the proof of
the = direction (i.e., of Claim 1) “read backwards” (the assumption and the
claim have switched places, so we are taking the same argument but in re-
verse). To read an argument backwards means, whenever necessary, to switch
reasons with consequences (for example, instead of deriving (I, — A)l-,]. =0
from A;; = 0, we now derive A;; = 0 from (I, — A)z‘,j = 0). This is not
possible (after all, not every valid statement remains valid if we switch the
assumption and the claim!), but when it is, it is not a difficult task, so it can
safely be left to the reader. (And it does work in our case.)

Altogether, we can thus shrink down our above proof of Proposition to the
following short form:

Proof of Proposition [3.32] (sketched). (a) This follows from the definitions, since 1 is
nonzero.

(b) =: Each entry of the matrix I, — A equals the corresponding entry of I
minus the corresponding entry of A. Thus, any statement about entries of I,, —
A can be reduced to a statement about corresponding entries of A. Using this
observation, the = direction of Proposition (b) becomes straightforward.

<=: To obtain a proof of the <= direction, read the proof of the = direction
backwards. [

(Or we could have left the whole proof to the reader, seeing that pretty much all
of it was straightforward walking from the assumptions to the goals.)

3.6. The standard matrix units E, ,

We shall now define a certain family of matrices which are (in a sense) the building
blocks of all matrices:

Definition 3.42. Let n € IN and m € N. Let u € {1,2,...,n} and v €
{1,2,...,m}. Then, E,,,» shall denote the n x m-matrix whose (u,v)-th en-
try is 1 and whose all other entries are 0. We shall abbreviate E; ,,m as Ey
when the values of n and m are clear from the context (for example, when we
say “the 2 x 5-matrix Ej4”, it is clear that n = 2 and m = 5).

The matrices E, , (for varying u and v) are called the standard matrix units.

Example 3.43. The 2 x 3-matrix E;3 (also known as Ej353) is ( 8 8 (1) ) As

per its definition, its (1, 3)-th entry is 1 and its all other entries are 0.
00
The 3 x 2-matrix Ep» (also known as Ey537)is [ 0 1
00
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What happens when a matrix is multiplied by E, , ? There are two cases: either
the E, , is on the left (so we are talking of a product E, ,C) or the E, ; is on the
right (so we are talking of a product CE, ;). Let us see what each of these looks
like:

Proposition 3.44. Letn € N, m € N and p € N. Letu € {1,2,...,n} and
v € {1,2,...,m}. Let C be an m x p-matrix. Then, E,,C is the n x p-matrix
whose u-th row is the v-th row of C, and whose all other rows are filled with
zeroes. (Here, again, E, , means E, ; 1,m.)

a b c
Example 3.45. Letn =2, m =3 and p =3. LetC= | a bV (¢ | bea
a// b// c//

3 X 3-matrix. Proposition (applied to u = 1 and v = 2) claims that E;»C is
the 2 x 3-matrix whose 1-st row is the 2-nd row of C, and whose all other rows
are filled with zeroes. In other words, it claims that

a b
ELZC_(O 0 0>'

We can verify this by actually doing the multiplication:

a b ¢
E1’2C — < 8 é 8 > a/ b/ C/
a// b// C//

_ ( 0a+1a"+0a” 0b+ 10" +0b" 0c+ 1" +0c”
~ \ 0a+0a’"+0a"” 0b+0b" +0b" 0c+ 0c" + 0c”

a v o
:<0 00)‘
01
000

plied by C, moves the v-th row into the u-th row of the product, while destroying
all other rows.

We shall give a formal proof of Proposition in Section but the example
above should have given you a good intuition for it.

So much for products of the form E, ,C. What about CE,,;, ?

The matrix unit E1p = acts as a sort of mask which, when multi-

Proposition 3.46. Let n € N, m € N and p € N. Letu € {1,2,...,n} and
v € {1,2,...,m}. Let C be an p x n-matrix. Then, CE,, is the p x m-matrix
whose v-th column is the u-th column of C, and whose all other columns are
tilled with zeroes. (Here, again, E,, means Ey ;5 .)

Notice that the numbers u and v play different parts in Proposition as in
Proposition [3.44]




Notes on linear algebra (Wednesday 4" December, 2019, 15:09) page 77

Example 3.47. Let us demonstrate Proposition on a more spartanic example:
Letn =2,m=2and p=1 Let C = (a b ) bealx2matrix. Proposition
(applied to u = 1 and v = 2) claims that CE;; is the 1 x 2-matrix whose
2-nd column is the 1-st column of C, and whose all other columns are filled with
zeroes. In other words, it claims that

CEl,Z == ( 0 a ) .
Again, we can verify this by actually doing the multiplication:

CEip=(a b)(g é):(a-ow-o a-1+b-0)=(0 a).

3.7. (*) A bit more on the standard matrix units

Let us get some practice by rewriting the definition of the matrices E; »:

Proposition 3.48. Let n € N and m € N. Let u € {1,2,...,n} and v €
{1,2,...,m}. Leti € {1,2,...,n}and j € {1,2,...,m}. Then,

(Eu,v)i,j = 5(i,j),(u,v) = 5i,u5]’,v (60)

(where E,, ; is short for E; v u,m). (Recall that the meaning of the symbols ‘5(i,j),(u,v)/
diu and J;, is defined as in .)

Proof of Proposition We have defined E,;, as the n x m-matrix whose (u,v)-th
entry is 1 and whose all other entries are 0. Hence, the (i, j)-th entry of the matrix
E.,is 1if (i,j) = (u,v) and 0 otherwise. In formulas, this says that

1, if (i,j) = (u,v);
E. ). = i 61
(Busly {o, if (i,f) # (u,0) oY
On the other hand, the definition of J; j) (,») yields
1, if (i,j) = (u,0);
O = . 62
) {o, if (i,f) # (u,0) 2

Comparing this with , we immediately obtain (E,p), ; = &

ij i), (uo):
Let us now show that

O(i,j),(u,0) = Oiudjo- (63)
[Proof of (63): We are in one of the following three cases:

Case 1: We have i # u.
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Case 2: We have j # v.
Case 3: We have neither i # u nor j # v.

(In fact, it is possible that we are in Case 1 and Case 2 simultaneously. But this
does not invalidate our proof; it is perfectly fine if the cases “overlap”, as long as
every possible situation is covered by at least one case.)

We shall prove in each of the three cases:

1. Let us first consider Case 1. In this case, we have i # u. Hence, (i,]) # (u,v).
Thus, 0(ij),(up) = 0. Comparing this with ~ 4;, J;, = 05;, = 0, we find
——

(sincz(zyéu)
O(ij),(u0) = %iudj- Hence, is proven in Case 1.
2. Let us next consider Case 2. In this case, we have j # v. Hence, (i,j) # (u,v).
Thus, 4(; )10y = 0. Comparing this with 6;, 9¢;» = 6;,0 = 0, we find
~~
(sinc;(;';év)
O(ij),(u0) = %iudjo- Hence, is proven in Case 2.

3. Let us finally consider Case 3. In this case, we have neither i # u and j # v.
Hence, i = u (since not i # u) and j = v (since not j # v). As a consequence,
(i,7) = (w,0), so that §; ) () = 1. Comparing this with ~ §; , Siv =

7 7 7
(sinc_e i=u) (sinc:eljzv)

1-1=1, we find 6 ) (4,0) = 6iudj»- Hence, is proven in Case 3.

We have now proven (63) in all three Cases; this finishes our proof of (63).]
Now, we have shown both (Eulv)i/]- = (i j),(u,0) A0 0(; j) (u,0) = Oiudjp- Combining
these two equalities gives us (60), and so Proposition is proven. O

We can now easily prove Proposition
Proof of Proposition We need to prove the following two claims:

Claim 1: The u-th row of the n X p-matrix E, ,C is the v-th row of C.

Claim 2: For each i € {1,2,...,n} satisfying i # u, the i-th row of the
n x p-matrix E, ,C is filled with zeroes.

Before we do so, let us derive a few formulas. First of all, we have

(Eu,v)i,j = diudjp (64)
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foralli € {1,2,...,n} and j € {1,2,...,m} (according to Proposition [3.48). Fur-
thermore, for any i € {1,2,...,n}and j € {1,2,...,p}, we have

& by Proposition [2.28}
(E”'vc)i/]' - k—zl E”’v)irk Crj ( applied to A =E,, and B=C

:(5i,u‘5k,v

(by (64), applied to
k instead of j)

m m
=Y 6iudkoCrj = Y 6iuCi bk = 0iuCo, (65)
k=1 k=1

(by Proposition applied to 1, m, v and §; ,Cy ; instead of p, g, r and ax). Now,
we can prove both claims easily:
Proof of Claim 1: For every j € {1,2,...,p}, we have

(EuoC)yj= Suu Coj (by (65), applied to i = u)
(sinc?%t:u)
= Cyj-

In other words, for every j € {1,2,...,p}, the (u,j)-th entry of the matrix E, ,C
equals the (v, j)-th entry of the matrix C. In other words, each entry of the u-th row
of E,»C equals the corresponding entry of the v-th row of C. In other words, the
u-th row of the n x p-matrix E, ,C is the v-th row of C. This proves Claim 1.

Proof of Claim 2: Leti € {1,2,...,n} be such that i # u. We must prove that the
i-th row of the n x p-matrix E, ,C is filled with zeroes.

For every j € {1,2,...,p}, we have

(Eu,vc),‘,]' - 5i,u Cv,j (by )
(sinc;(g'#u)
=0C,; = 0.

In other words, for every j € {1,2,...,p}, the (i,j)-th entry of the matrix E,,C is
0. In other words, each entry of the i-th row of E, ,C is 0. In other words, the i-th
row of the n x p-matrix E, ,C is filled with zeroes. This proves Claim 2.

Now, both Claim 1 and Claim 2 are proven, and so we are finished proving

Proposition [3.44] O

The proof of Proposition is similar, and is left to the reader.
Here is another simple property of matrix units:

Proposition 3.49. Let n € N and m € N. Let u € {1,2,...,n} and v €
{]., 2, “ e ,Wl}. Then, (EM,U)T — Ev,u. (MOI‘G pl‘eCiSGIYI (Eulvln/m)T — Ev,u,mln.)

The proof of Proposition is easy enough that it could be left as an exercise
at this point, but let me nevertheless give it for the sake of completeness:
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Proof of Proposition We first notice that both (Eu,v,n,m)T and Ey , mpn are m x n-
matrices.
Foreveryi e {1,2,...,n} and j € {1,2,...,m}, we have

(Eu,v,n,m)ilj = 5(1’,]'),(14,0) = 5i,u5]’,v- (66)

(Indeed, this is just a more precise way to state (60), because the “E, " in (60)
is a shorthand for “E, y,n,m”.) Thus, in particular, every i € {1,2,...,n} and j €
{1,2,...,m} satisfy

(Eu,v,n,m)i,]' - 5i,u5j,v- (67)
(This is an immediate consequence of (66).)

The definition of the transpose (Eyom)’ now yields (Eyonm)’ = ((Eumm) - i) .
It ) 1<i<m, 1<j<n

Hence, for every i € {1,2,...,m} and j € {1,2,...,n}, we have
(Busnm)T), = (Ewom)js = Djubis (68)

(by (67), applied to j and i instead of i and j).

On the other hand, the same reasoning that we used to obtain (67) can be applied
to m, n, v and u instead of n, m, u and v. As a result of this reasoning, we then find
thateveryi e {1,2,...,m} and j € {1,2,...,n} satisfy

(Ev,u,m,n)i,j = 0iv0ju- (69)

Hence, for every i € {1,2,...,n}and j € {1,2,...,m}, we have

((Eu,v,n,m)T)i], = 5j,u5i,v (by )
= ‘5i,v5j,u = (Ev,u,m,n)i,j (by ) .

In other words, for every i € {1,2,...,n} and j € {1,2,...,m}, the (i, j)-th entry of
the matrix (Ey5nm)" equals the (i, j)-th entry of the matrix Ey,;, . In other words,
each entry of the matrix (Eu,v,n,m)T equals the corresponding entry of the matrix
Eyumn- Hence, (Eu,v,n,m)T = Eyumn. Using our shorthand notations, this rewrites
as (Eu,U)T = Eyy. Thus, Proposition is proven. O

As I have said, the standard matrix units are building blocks for matrices: every
matrix can be obtained from them by scaling and adding. More precisely:

Proposition 3.50. Let n € IN and m € IN. Let A be an n x m-matrix. Then,
n m
A == Z Z AM,UEM,U'
u=10v=1

Here, we are using the ) symbol introduced in Section (Of course, E,
means E, , . here.)
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Example 3.51. In the case when n = 2 and m = 2, Proposition says that
A=A B+ A1pEip + Asp By + AopEpp.
It is easy to check this directly:

A11E110 + A12E10 + A 1Exq + AnpEs»

10 00

i (38) a8 3) (34 (3 0)

(A O 0 Ars 0 0

_<0 o>+(o 0)+(A210)+(0 Az,z)

A1 A )
=( L) =A
< Ax1 Azp

This should make the truth of Proposition obvious (even in the general case).
The proof below is just for the fans of formal reasoning.
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Proof of Proposition Foreveryie {1,2,...,n}and j € {1,2,...,m}, we have

(§ £ on)

u=lv

n
Z (Z AuEy U) (by an application of Proposition [2.45))

N S
-~

= Z (Au voEu v)1]

(by an apphcatlon of
Proposition [2.45)

(Au,vEu,v)i,j
—
:Au,v(Eu,v)i,]'

(since matrices are scaled entry by entry)

Il
[\1:
=

S
I
=
Q
I
—_

nom
:ZZAMU(EHU —ZZAuv zu ]v
u=1v=1 h\/—/ u=1v=
=5i070 = =
(by (60))
n m n
= Z Z Au,v(su,i5v,j = Z Au] wi — Z Ak]5k1
u=1 v=1 u=1 k=

m
=Y Aukdu,idk
k=1
:Au,j‘su,i
(by Proposition [2.40} applied to
p=1, g=m, r=j and ak:Au,k‘Su,i)

= Ajj (by Proposition appliedto p=1,9 =n,r =iand a; = Ayj).

n m
In other words, each entry of the matrix ), ). Ay.E.. equals the corresponding
u=1o0=1

n m
entry of the matrix A. Thus, ). ). A, .Eu» = A. This proves Proposition|3.50, [J

u=1v=1

Continuing the flow of boring and straightforward little propositions, let us see
how standard matrix units multiply:

Proposition 3.52. Let n € N, m € N and p € N. Letu € {1,2,...,n}, v €
{1,2,...,m},x€{1,2,...,m}and y € {1,2,...,p}. Then,

Eu,v,n,m Ex,y,m,p = (Sv,x Eu,y,n,p~

(We shall write this equality as E; yExy = y,xEyy, since we hope that the sizes
of the matrices will be clear from the context.)
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It might be a good exercise to devise at least two examples for this proposition
(one with v = x and one with v # x), and to prove it. Nevertheless, let me give a
proof, because noone ever seems to do so in writing:

Proof of Proposition There are two ways to prove Proposition[3.52} One is to ap-
ply Proposition to C = Eyy. Another is to obstinately applying the definitions.
We opt for the second way, because the first is too simple.
From (60), we obtain
(Euvnm) (Szu‘S], (70)

foralli € {1,2,...,n} and j € {1,2,...,m}. (If this doesn’t look like to you,
do remember that E; ;,,,» was abbreviated as E, , in (60).)

The same reasoning (applied to m, p, x and y instead of n, m, u and v) shows
that

(Ex,y,m,p)i i — 5i,x(5j,y (71)
/]

forallie {1,2,...,m}and j € {1,2,...,p}.
The same reasoning that gave us can also be applied to 1, p, u and y instead
of n, m, u and v. As a result, we find

(Eu,yr”rp) ij Oiudjy (72)

forallie {1,2,...,n}and j € {1,2,...,p}.
Now, leti € {1,2,...,n} and j € {1,2,..., p}. Then, Proposition (applied to
A — EM,U,TZ,TTI aIld B — Ex,y,m/p) ShOWS that

m
(Eu un, mEx Jy,m p Z (Eu,v,ﬂ,m)i,k (Ex,y,m,p) k,j
k=1 “S>——— ——
—51 u(sk v 5k x§] y

(by (70 apphec; to k by (71), applied to k

instead of j instead of i)

- Z 51 u(sk vdk x%y — Z 51 u(sk X (5k,v

- 51/” 5U’x5j’y

(by Proposition applied to 1, m, v and 9; 0k ,0;, instead of p, q, r and ay).
Comparing this wit

(OoxEuynp);j = Sox (Euynp);;
———
=0iudjy

(by .)

(since matrices are scaled entry by entry)
= 5v,x5i,u5j,y - 5i,uév,x iy

we find (Eu,v,n,m Ex,}/,m/P) )

ij (‘Sv/xEu,y,n,P) j

ij°
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Now, forget that we fixed i and j. We thus have shown that (Eu,v,n,mEx,y,m,p)ij =
(5U,xEu,y,n,p)i]. foralli € {1,2,...,n} and j € {1,2,...,p}. In other words, each
entry of the matrix EyynmExymp equals the corresponding entry of the matrix

6v,xEuy,n,p- Thus, EyonmExymp = Ov,xEuyn,p- This proves Proposition 3.52] O

3.8. The A-addition matrices Af[‘,v

Now, we come to another important class of matrices (that can also be seen as
building blocks of a kind): the A-addition matrices. Those are square matrices, and
are defined as follows:

Definition 3.53. Let n € IN. Let u and v be two distinct elements of {1,2,...,n}.
Let A be a number. Then, Aﬁ/v shall denote the n x n-matrix I, + AE,, (Where
E.» means the n X n-matrix E, ,, that is, E;  u,n).

A few remarks about the notation:

(a) The superscript A in the notation “A7} ,” is not an exponent; i.e., the matrix
A{l‘/v is not the A-th power of some matrix A, ,. Instead, it is just an argument
that we have chosen to write as a superscript instead of a subscript. So the role
of the A in “A} )" is completely different from the role of the —1 in “A] 1 in
Proposition [3.12]

(b) To be really precise, we ought to denote Af,‘,v by Af,‘,v/n, because it depends
on n. (This is similar to how we ought to denote E, , by E, ,,,,.) But the n will
be really clear from the context almost every time we deal with these matrices,
so we shall keep it out of our notation.

(c) The notation Aﬁ/v is not standard in the literature, but I will use this nota-
tion in the following.

Example 3.54. Let n = 4. Then,

10A0
Ay =1L, +AE3= 8 (1) (1) 8 and
000 1
1000
Afy=Ii+AEgr = 8 (1) (1) 8
0A 01

The pattern that you see on these examples is true in general:

Proposition 3.55. Let n € IN. Let u and v be two distinct elements of {1,2,...,n}.
Let A be a number. Then, the matrix Aﬁ/v has the following entries:
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e All its diagonal entries are 1.
e Its (u,v)-th entry is A.

o All its remaining entries are 0.

Proof of Proposition Recall that E,, ;, is the n x n-matrix whose (1, v)-th entry is
1 and whose all other entries are 0 (indeed, this is how E, , was defined). Since
matrices are scaled entry by entry, we can therefore conclude how AE, , looks like:
Namely, AE, ; is the n x n-matrix whose (u,v)-th entry is A - 1 = A and whose all
other entries are A - 0 = 0. Thus, we know the following:

e The matrix I, is the n x n-matrix whose diagonal entries are 1, and whose all
other entries are 0.

e The matrix AE, ; is the n x n-matrix whose (u, v)-th entry is A, and whose all
other entries are 0.

Since matrices are added entry by entry, we can thus infer how I, + AE, , looks
like: Namely, the matrix I, + AE, , is the n X n-matrix whose diagonal entrieﬁ
are 1 +0 = 1, whose (u,v)-th entry is 0 + A = A, and whose all other entries are
04+0=0. Since I, + AE,, = Af,"v, this rewrites as follows: The matrix Aﬁ/v is the
n x n-matrix whose diagonal entries are 1, whose (u,v)-th entry is A, and whose
all other entries are 0. This proves Proposition [3.55 O

We can next see what happens to a matrix when it is multiplied by A7}

Proposition 3.56. Let n € IN and m € IN. Let u and v be two distinct elements
of {1,2,...,n}. Let A be a number. Let C be an n x m-matrix. Then, Afl‘,z,C is the
n X m-matrix obtained from C by adding A row, C to the u-th row.

(Recall that row C denotes the k-th row of C for each k. Recall also that the
rows of C are row vectors, and thus are added and scaled entry by entry. Hence,
adding Arow, C to the u-th row means adding A times each entry of the v-th
row of C to the corresponding entry of the u-th row.)

a b
Example 3.57. Let n = 3 and m = 2. Let C be the 3 x 2-matrix | 4 V' |. Let
a// b//

A be a number. Then, Proposition (applied to u = 2 and v = 1) claims that
Aé‘/lC is the 3 x 2-matrix obtained from C by adding A row; C to the 2-nd row. A
computation confirms this claim:

1 00 a b a b
Ay C=[Ar 10 a V| =|d+Ar b+ Ab
’ 00 1 Z 2 b

#Here, we are using the fact that the (u,v)-th entry is not a diagonal entry; this is because u and v
are distinct! If u and v were equal, then the (u,v)-th entry of I,, + AE, », would be 1 + A instead.
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Proposition 3.58. Let n € IN and m € IN. Let u and v be two distinct elements
of {1,2,...,n}. Let A be a number. Let C be an m x n-matrix. Then, CAf},U is the
m X n-matrix obtained from C by adding A col, C to the v-th column.

Note how Proposition differs from Proposition not only have rows
been replaced by columns, but also have u and v switched roles.

You might find Example sufficient to convince you of the truth of Proposition
If not, a proof will be given in Section [3.9| below.

We shall refer to the matrix Aﬁ,v defined in Definition as a “A-addition
matrix”; it is one of three kinds of matrices that are called elementary matrices.
We shall learn about the other two kinds below.

Here are a few more properties of A-addition matrices:

Proposition 3.59. Let n € IN. Let u and v be two distinct elements of {1,2,...,n}.
Let A be a number. Then, (AQIU)T = A},

Proposition 3.60. Let n € IN. Let u and v be two distinct elements of {1,2,...,n}.
(a) We have A?w = I,.

(b) If A and p are two numbers, then AﬁlvAﬁlv = Aﬁ;” .
(c) Let A be a number. Then, the matrix Aﬁ/v is invertible, and its inverse is

(Ah,) " = A

A proof of this proposition will also be given in Section

3.9. (*) Some proofs about the A-addition matrices

Proof of Proposition Clearly, A} ,C is an n x m-matrix.
Proposition [3.44] (applied to n and m instead of m and p) shows that E, ,C is the
n X m-matrix whose u-th row is the v-th row of C, and whose all other rows are
filled with zeroes. Thus,
rowy, (Ey»C) = row, C (73)

(since the u-the row of E, ,C is the v-th row of C) and
row; (Ey»C) = 014 for every i € {1,2,...,n} satisfying i # u (74)

(since all other rows of E, ,C are filled with zeroes).

But recall that matrices are added entry by entry. Thus, matrices are also added
by row by row —1i.e., if U and V are two n x m-matrices, then any row of U 4 V is
the sum of the corresponding rows of U and of V. In other words, if U and V are
two n x m-matrices, then

row; (U + V) = row; U + row; V foreveryi € {1,2,...,n}. (75)
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Also, if U is an n x m-matrix, then

row; (AU) = Arow; U foreveryi e {1,2,...,n} (76)
(since matrices are scaled entry by entry).
We have
A}, C= (I, +AE,,)C= I,C +AE,;,C = C + AE,,C.
~— ~
:In+)\El¢,v =C

Hence, for each i € {1,2,...,n}, we have

row; [ Ap,C | =row; (C+ AE,,C) = row; C + row; (AE,,,C)
S—— S——
=C+AEy,,C =Arow;(E,,C)
(by (76))
(by (75), applied to U = C and V = AE;,C)
= row; C + Arow; (E, »,C) . (77)

Now, we must prove that A} ,C is the n x m-matrix obtained from C by adding
Arow, C to the u-th row. In other words, we must prove the following two claims:

Claim 1: The u-th row of the n X m-matrix AQ/UC is the sum of A row, C
with the u-th row of C.

Claim 2: For each i € {1,2,...,n} satisfying i # u, the i-th row of the
n X m-matrix Af)/vC equals the i-th row of C.

Proof of Claim 1: The u-th row of the n x m-matrix A} ,C is

N ——

rowy (AQIUC> = row, C + Arow,, (E, ,C) (by (77), applied to i = u)
=rowy C
by (&)
= row, C + Arow, C.

In other words, the u-th row of the n X m-matrix Afl‘,vC is the sum of A row, C with
the u-th row of C. This proves Claim 1.

Proof of Claim 2: Leti € {1,2,...,n} be such that i # u. Then, the i-th row of the
n x m-matrix A} ,C is

row; (AQ,UC> = row; C + A row; (E, ,C) (by (77))
=0 Xim
(by )

= row; C 4+ AOqw;; = row; C 4 01, = row; C.
——

:lem
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In other words, the i-th row of the n x m-matrix A{}/UC equals the i-th row of C.
This proves Claim 2.
Now, we have proven both Claim 1 and Claim 2; this completes the proof of

Proposition [3.56] O
The proof of Proposition is analogous.

Proof of Proposition Proposition (applied to m = n) yields (Eup)" = Egu.
We have Aﬁ,v = I, + AE,» (by the definition of Aﬁ/v) and Aé‘/u = I, + AEy (by

the definition of Af,‘/u). Now,

T

T T T
Ail\,v - (In + )\Eu,v) = (In> + (/\Eu,v)
~ —— ——
:In+)\Eu,v Iln :)\(Eu,v)T
(by Proposition @) (by Proposition (0),

applied to m=n and A=E, )

by Proposition (d),
applied tom =n, A =1, and B = AE,,
= Iy + A (Eup) = I+ AEy, = AD .
N———

:Ev,u
Thus, Proposition is proven. O
Proof of Proposition (a) The definition of A9, yields AY , = I, + QIEB = I, +

:Onxn
Onxn = I,. This proves Proposition (a).
(b) First proof: Let A and p be two numbers. Proposition [3.55| (applied to y instead
of A) tells us how the matrix Aﬁlv looks like: Its diagonal entries are 1; its (u, v)-th
entry is y; all its remaining entries are 0. In particular, its v-th row is

row, (Al,») = (0,0,...,0,1,0,0,...,0) (78)

(where the lonely 1 stands in the v-th position).
Proposition (applied to m = n and C = Al ;) shows that Aﬁ/vAﬁ,v is the
n x n-matrix obtained from A}, , by adding A row, (Aﬁ,v) to the u-th row. Since

Atowy (Al,) = A(0,0,...,0,1,0,0,...,0) (by (79))
=(0,0,...,0,1,0,0,...,0)

(where the lonely A stands in the v-th position), this shows that Aﬁ,vAﬁlv is the
n X n-matrix obtained from Aﬁ/v by adding (0,0,...,0,A,0,0,...,0) to the u-th row.
This addition has the effect that the (u, v)-th entry increases by A, whereas all the
other entries remain unchanged. The resulting matrix Aﬁ,vAﬁ,v therefore has its
(u,v)-th entry equal to yt + A = A + i, whereas all its other entries are the same as
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in AZ,Z, (that is, the diagonal entries are 1 and the remaining entries are 0). But this

is precisely how the matrix AQ;V looks like (because of Proposition [3.55, applied

to A + u instead of A). Hence, AQIUAL‘,U = Aﬁ;” . This proves Proposition [3.60| (b).
Second proof: We can also prove Proposition (b) easily using Proposition [3.52;
Indeed, we have v # u (since u and v are distinct), so that é,, = 0. But Proposition
(applied tom =n, p =n, x = u and y = v) yields Ey o nnEuvnn = SvuEwonn-
Since E, v nn = Euo, this rewrites as E, E, , = &,’u/ Eyy = OE,» = Ouxn. Now,

=0
the definitions of Af)/v and AZ,U yield Afw = I, + AE,, and Aﬁ/v = Iy + uEyq.
Multiplying these two equalities, we find
Aﬁ,vAZl,v = (In+ AEup) (In + 4Eu,)
= \In (In + ,uEu,v)/‘Ff\Eu,v (In + ,uEu,v)J
:In‘H/lEu,v :)\Eu,vln‘?‘;\Eu,v,uEu,v
= I, + ]/lEu,v +A Eu,vln + /\Eu,vﬂEu,v
—— N —
:Eu,v :/\VEu,vEu,v
= I+ ,uEu,v + AEu,v +A]/l Eu,vEu,v
——_——— ——

=(u+A)Eup =0pxn
= I, + (‘M + )\) Euo+ )\,uonxn = I, + ()\ + V) Euop~+0usn=1In+ ()\ + ,M) Eyp.
g o
=A+u =Unxn

Comparing this with

Aﬁ;“ =I,+(A+u)Eyp (by the definition of Aﬁ;g ,
we obtain AQ,UAL[ 0 = Aﬁ;” . This proves Proposition [3.60| (b) again.
(c) Proposition 3.60| (b) (applied to u = —A) yields A} A, A = APTEN = Ad, =

I, (by Proposition [3.60| (a)).

But we can also apply Proposition (b) to —A and A instead of A and p. We
thus obtain A, Z),‘AQ,U = AL}AHA = AY , = I, (by Proposition 3.60| (a)).

The two equalities AQ,UA;’ A = I, and Ay Z),‘AQ,U = I, show that A, 2 is an inverse

of A} . This proves Proposition (c). O

3.10. Unitriangular matrices are products of A} ’s

We have already said that the matrices Aﬁ/v are building blocks (of a sort). Before
we explain what this means in detail, let us define a convenient word:

Definition 3.61. Let n € IN. A lower addition n X n-matrix means a matrix of
the form Aﬁ’v, where A is a number, and where u# and v are two elements of
{1,2,...,n} satisfying u > v. When # is clear from the context, we shall omit the
“n x n-" and simply say “lower addition matrix”.
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The name “lower addition matrix” is, again, not standard, but it will be useful
for me in this chapter.

Example 3.62. If n = 3, then the lower addition 3 x 3-matrices are the matrices
of the form

1 00 1 00
A=A 10], Ajy=(010],
0 01 A0 1
1 00
Aj, =101 0
0 A1
for all numbers A. If n = 2, then the lower addition 2 x 2-matrices are the
matrices of the form A%,l = /1\ (1) for all numbers A. If n =1 or n = 0, then

there are no lower addition n X n-matrices (because there is nowhere to put the
A, speaking visually).

It is clear that each lower addition matrix is lower—unitriangula@ (because Propo-
sition shows that its entries above the diagonal are 0, and its diagonal entries
are 1). Thus, every product of lower addition matrices is a product of lower-
unitriangular matrices, and thus itself must be lower-unitriangulaﬂ It turns out
that the converse is also true: Every lower-unitriangular matrix is a product of
lower addition matrices! This is a first, simple particular case of Gaussian elimina-
tion; let me state it as a theorem:

Theorem 3.63. Let n € IN. An n X n-matrix C is lower-unitriangular if and only
if C is a product of lower addition matrices.

Keep in mind that “a product of lower addition matrices” (and any other prod-
uct, unless declared otherwise) may contain zero factors (in which case it is empty,
and thus equals the identity matrix) or one factor (in which case it equals that
factor). Usually, of course, it will contain more than one factor.

Example 3.64. (a) The lower-unitriangular 2 x 2-matrix < é (1) ) is a product of

lower addition matrices: Namely, it equals A3 ;.

(b) The lower-unitriangular 1 x 1-matrix ( 1 ) is a product of lower addition
matrices: Namely, it is the empty product. (Recall that the empty product of
1 X 1-matrices is defined to be I, and this is precisely our matrix ( 1 ).)

43Gee Definition [3.30| for the meaning of “lower-unitriangular”.
#“pecause Corollary shows that any product of lower-unitriangular matrices is lower-
unitriangular
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100

(c) Let C be the lower-unitriangular 3 x 3-matrix | @ 1 0 |. Then, Cis a
b ¢ 1

product of lower addition matrices: Namely, it equals zﬁl‘zzllAg,1 A3,

Let us actually see how this representation of C can be found. We shall proceed
by writing C as a product of one lower addition matrix with a second matrix C’,
which is still lower-triangular but has one less nonzero entry than C. We then
will do the same with C’, obtaining a third matrix C”; then, do the same with

C”,and so on. At the end, we will be left with an identity matrix. In more detail:

Step 1: Let us get rid of the (2,1)-th entry of C (that is, turn this entry into a
0) by subtracting arow; C from row 2 of C. Denote the resulting matrix
100
by C'. Thus, C" = ( 0 1 0 |. (No entries other than the (2,1)-th one
b ¢ 1
have been changed, because arow; C = (a,0,0).) Since C’ was obtained
from C by subtracting arow; C from row 2 of C, we can conversely obtain
C from C’ by adding arow; (C’) to row 2 of C’. According to Proposition
(applied to 1, 2, 1, a and C’ instead of m, u, v, A and C), this means
that C = A7 ,C".

Step 2: Let us get rid of the (3,1)-th entry of C’ by subtracting b row; (C") from
100
row 3 of C'. Denote the resulting matrix by C”. Thus, C" = 0 1 0 |.
0 c1
(Again, no entries other than the (3,1)-th one have been changed.) Sim-
ilarly to how we found that C = AS,C’ in Step 1, we now obtain

C'= A§,C".
Step 3: Let us get rid of the (3,2)-th entry of C” by subtracting ¢ row, (C") from

100
row 3 of C. Denote the resulting matrix by C"”’. Thus, C"' = ( 010 ) .

001
(Again, no entries other than the (3,2)-th one have been changed.) Sim-
ilarly to how we found that C = Aj,C" in Step 1, we now obtain

" _ pc cm
C e A3,2 C .

We have now removed all nonzero entries below the diagonal. Our final matrix
C" is simply the identity matrix: C"" = I3. Combining the three equalities we
have found, we obtain

/ b 1" b " b
C=451 C_ =443 £ =A5145:45,C = A2143145,13
:Ag/lc// :Ag/zc”' =I3

- Ag,lAg,l A3y (79)
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Thus we have represented C as a product of lower addition matrices.

Notice that we need to be careful about the order in which we perform the
above steps. We have first gotten rid of the (2,1)-st entry, then gotten rid of the
(3,1)-th entry, and then gotten rid of the (3,2)-th entry. If we had tried to clean
out the entries in a different order, we might have run into trouble. Namely, if
we first get rid of the (3,1)-st entry, and then get rid of the (3,2)-th entry, then
the (3,1)-th entry can become “polluted” again (i.e., the resulting matrix might
again have a nonzero (3, 1)-th entry). One way to avoid this kind of trouble is to
clear out entries column by column: first clear out all entries in the 1-st column
(except for the 1 on the diagonal); then clear out all entries in the 2-nd column
(except for the 1 on the diagonal); and so on, moving left to right. (This is what
we have done in our three steps above.)

The general proof of Theorem follows the idea outlined in Example (¢):

Proof of Theorem <:ﬁ We have already proven that every product of lower
addition matrices is lower-unitriangular. Hence, if C is a product of lower addition
matrices, then C is lower-unitriangular. This proves the <= direction of Theorem
3.63

:ﬁ We need to prove that if C is lower-unitriangular, then C is a product of
lower addition matrices.

So let us assume that C is lower-unitriangular. Our goal is to prove that C is a
product of lower addition matrices.

Let me introduce a notation first: A downward row addition shall mean a trans-
formation that changes an n x m-matrix (for some m € IN) by adding a scalar
multiplelﬂ of one of its rows to another row further down. In more formal terms:
A downward row addition means a transformation of the form “add A times the v-th
row to the u-th row”, for some fixed number A and some fixed integers u and v
satisfying 1 < v < u < n. As we know from Proposition this transforma-
tion amounts to multiplying a matrix by A, from the left (i.e., this transformation
sends any n X m-matrix B to AQIUB); we shall therefore denote this transformation
itself by Aﬁ/v as well (hoping that the reader will not confuse the transformation
with the matrix).

Here is an example (for n = 4): The downward row addition Aé\,l is the transfor-
mation that changes a 4 X m-matrix by adding A times the 1-st row to the 3-rd row.

45The symbol “<=" means that we are now going to prove the “<= direction” of Theorem
(that is, we are going to prove that if C is a product of lower addition matrices, then C is lower-
triangular). See Section [3.5|for more about this notation.

46The symbol “=" means that we are now going to prove the “= direction” of Theorem m
(that is, we are going to prove that if C is lower-triangular, then C is a product of lower addition
matrices). See Section for more about this notation.

47Recall that a scalar multiple of a matrix A means a matrix of the form AA with A being a number.
Row vectors are matrices (by definition), so we can talk about a scalar multiple of a row.
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a b a b
a v a v
For example, it transforms the 4 x 2-matrix 2y into d'+Aa b+ A\b
ﬂ/// bl// a/// b///

Notice that any downward row addition A}, is invertible: Namely, it can be
undone by the downward row addition A; . ﬁ

Notice that, for any downward row addition A}, the matrix A}, is a lower
addition matrix. This is because u > v (by the definition of a downward row
addition).

I claim that we can transform the lower-triangular n x n-matrix C into the iden-
tity matrix I,, by performing a sequence of downward row additions. Namely, we

should proceed by the following method@

e At first, our matrix is

1 0 o --- 0

Gy 1 0 0

c=1] G G2 1 0
Cn,l Cn,2 Cn,3 e 1

In particular, its 1-st row is (1,0,0,...,0) (same as the 1-st row of I).

e Now, we perform the downward row addition Aé"l (for an appropriate choice
of A, namely for A = —Cj ) to clear out the (2, 1)-th entry of the matrix (i.e., to
put a 0 where this entry stood). This does not affect any of the other entries,
because the 1-st row of the matrix is (1,0,0,...,0) (thus has only one nonzero
entry). Similarly, we then perform the downward row addition Aé,l (with
A = —C31) to clear out the (3,1)-th entry; then, we perform the downward
row addition Afl"l (with A = —Cy41) to clear out the (4,1)-th entry; and so on,

#8Here are two ways to prove this:

First proof: The downward row addition A7}, transforms a matrix by adding A times the v-th
row to the u-th row. The downward row addition A;} transforms a matrix by adding —A times
the v-th row to the u-th row, i.e., by subtracting A times the v-th row from the u-th row. Hence,
these two row additions undo each other (i.e., if we perform one and then the other, then we
arrive back at the matrix we have started with), because (for example) adding A times the v-th
row to the u-th row and then subtracting it back recovers the original u-th row. (Here, we have
tacitly used the fact that u # v. If we had u = v, then adding A times the v-th row to the u-th row
would have changed the v-th row, and then subtracting it back would mean subtracting A times
a changed v-th row from the u-th row.) So we have shown that the downward row addition A{,\/U
can be undone by the downward row addition A, 7. Qed.

Second proof: Proposition (c) shows that the matrix A, is the inverse of the matrix A7 .
Hence, multiplying a matrix by A, % undoes multiplying a matrix by A; ,. In other words, the
downward row addition A, 4 undoes the downward row addition A;\’U. Qed.

49See the three-step procedure in Example (c) for an illustration of this method.
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ending with the downward row addition AQII (with A = —C,,1) to clear out
the (n,1)-th entry. As the result, we have cleared out all entries in the 1-st
column of our matrix, except for the 1 on the diagonal. In other words, our
matrix now looks as follows:

1 0 o --- 0
0 1 o --- 0
0 Gy 1 0
0 Cn,Z Cn,B e 1

In particular, its 2-nd row is (0,1,0,0,...,0) (same as the 2-nd row of I,).

e Next, we similarly clear out all entries in the 2-nd column of the matrix,
by performing the downward row additions AQ,ZfAQ,zf---fAQ,z (each time
picking an appropriate value of A). Again, this does not affect any of the
other entries, because the 2-nd row of the matrix is (0,1,0,0,...,0). As the
result, we have cleared out all entries in the 2-nd column of our matrix, except
for the 1 on the diagonal. In other words, our matrix now looks as follows:

10 0 - 0
01 0 -0
00 1 -0
00 Cug -+ 1

In particular, its 3-rd row is (0,0,1,0,0,...,0) (same as the 3-rd row of I,).

e Next, we similarly clear out all entries in the 3-rd column of the matrix, by
performing the downward row additions Ajl\,?), Aéﬁ, .. .,A%. As the result,
we have cleared out all entries in the 3-rd column of our matrix, except for
the 1 on the diagonal. In other words, our matrix now looks as follows:

100 --- 0
010 ---0
001 ---0
000 ---1

Don’t mistake this for the identity matrix I,;: There might still be nonzero
entries outside of the diagonal. They are just hidden by the - - - notation.

e We continue this process, clearing out column after column, until the n-th
column is cleared out. By then, our matrix has become the identity matrix I,,.
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Thus, we have found an algorithm to transform our matrix C into the identity
matrix I, by a sequence of downward row additions. Therefore, we can conversely
transform the identity matrix I, into C by a sequence of downward row addi-
tionﬂ Let us denote these downward row additions (used to transform I, into C)
by Aﬁ},vl, Aiglvz,- ., A%ka numbered backwards (i.e., starting from the one used
last). Since each downward row addition A}, , amounts to multiplying a matrix by
the matrix Ai,‘/v (that is, it sends any n x m-matrix B to Afl"vB), we thus conclude
that

_ AM A2 Ak
C= Aul,leuz,vz A

_ AM A2 Ak
Mk,vklﬂ - AMLleuz,Uz T Auk,vk'

Thus, C is a product of lower addition matrices (because each of the matrices
Aﬁ},vl,Aﬁ‘;vz, e ,Aﬁ’k‘,vk is a lower addition matri. This is precisely what we

had to prove. This proves the = direction of Theorem Hence, the proof of
Theorem is complete. O

Remark 3.65. Our proof of Theorem (specifically, of its = direction) actu-
ally gives an explicit representation of a lower-unitriangular n x n-matrix C as a
product of lower addition matrices:
_ ( 2C21 4G Cua C32 2 Cap Cn2 Caz £ Cs3 Cn3
C= <A2,l Ay - A ) (A3,2 Ay Ay ) <A4,3 Asg Ay )

n,1

. (ACnfz;Z:?éACnfl,nfl% Acn,n73) (Agn:ll’;ZZZZAC”r”*Z) (AC”'”*) (L) .

n—2, n—1n-3“"nn-3 nn—2 nn—1

This complicated product consists of n factors, each of which is itself a product.

More precisely, the k-th factor is the product A,ffllli‘ A]szz,f e AS/’}{”‘ of all matrices

Af,i"‘ with i > k; this corresponds to the n — k downward row additions that clear
out the non-diagonal entries in the k-th column of the matrix. In particular, the
n-th factor is thus an empty product, hence equals I;; we could thus leave it out
(but we prefer to keep it in, for reasons of clarity).

The reason why the above explicit representation works is that in our process
of clearing out zero entries, we have never modified any entry other than the
one we were clearing out. Thus, for each (i, ), the (i, j)-th entry of our matrix
remained equal to its original value C; ; up until the moment when we cleared it
out.

Exercise 3.66. In Example (c), we have cleared out the three sub-diagonal
(= below the diagonal) entries of C in a specific order: first the (2,1)-th entry,
then the (3,1)-th entry, then the (3,2)-th entry. We thus obtained the formula
C= Ag,lAg,l 52

0pecause (as we have shown) any downward row addition Aﬁ,v is invertible, and can be undone
by another downward row addition

IHere we are using the fact that, for any downward row addition A{}’v, the matrix A{l\,v is a lower
addition matrix.
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We could also have proceeded differently: for instance, we could have cleared
out the (3,2)-th entry first, then the (3,1)-th entry, then the (2,1)-th entry. This
would have resulted in the formula C = Agleg/]”CAg,l. (Be aware of the b — ac

in the Ag;“c ; this is because our first clearing operation has changed the (3,1)-th
entry to b — ac.)

There is a total of 6 different orders in which we can try clearing out the three
sub-diagonal entries of our 3 x 3-matrix C. The two of them just shown work;
on the other hand, in Example (c), we have seen one order which does not
(namely, starting with the (3,1)-th entry, then doing the (3,2)-th and then the
(2,1)-th one). Of the remaining three, which ones work? And what formulas do
they result in?

(By “work”, I mean “work for every lower-unitriangular matrix C”.)

3.11. The inverse of a lower-unitriangular matrix

Theorem has the following neat consequence:

Theorem 3.67. Let n € IN. Let A be a lower-unitriangular n x n-matrix. Then, A
is invertible, and its inverse A~! is again lower-unitriangular.

1 00
Example 3.68. Let A be the lower-unitriangular 3 x 3-matrix | -2 1 0
1 61

Theorem (applied to n = 3) then claims that A is invertible, and that its

inverse A™" is again lower-unitriangular. This can easily be checked: We have
1 0 0
Al=1 2 1 0
-13 -6 1

Proof of Theorem [3.67] Theorem (applied to C = A) shows that A is lower-
unitriangular if and only if A is a product of lower addition matrices. Hence, A
is a product of lower addition matrices (since A is lower-unitriangular). In other
words, A has the form A = A1 A, - - - Ay for some k € IN and some k lower addition
matrices A1, Ay, ..., Ax. Consider these k and A1, Ay, ..., Ay.

We are in one of the following two cases:

Case 1: We have k # 0.

Case 2: We have k = 0.

Let us deal with Case 1. In this case, we have k # 0; thus, k is a positive integer.
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For each i € {1,2,...,k}, the matrix A; is invertibl and its inverse Ai_1 is
again a lower addition matri In other words, the matrices Ay, Ay, ..., Ay are
invertible, and their inverses A LAzt .., AL L are again lower addition matrices.
In other words, A; L A]:_ll, e AT 1 are lower addition matrices.

Now, Proposition shows that the matrix A1 A; - - - A is invertible, and its in-
verse is (A1Ap - - - Ak)f1 = Ak_lAk_E1 e Al_l. Since A = A1A; - - - Ay, this rewrites
as follows: The matrix A is invertible, and its inverse is A~ = AL 1Ak__l1 AT L

The equality A~! = Ak_lz‘lk__l1 XX Al_1 shows that A~! is a product of lower addi-
tion matrices (since A,: 1, A]:_ll,. AT 1 are lower addition matrices). But Theorem
(applied to C = A~!) shows that A~! is lower-unitriangular if and only if A~}
is a product of lower addition matrices. Hence, A~! is lower-unitriangular (since
A~1is a product of lower addition matrices). This completes the proof of Theorem
B.67/in Case 1.

Case 2 is trivial (indeed, A = I, in this case) and is left to the reader Thus,
Theorem is proven in both Cases 1 and 2; this shows that Theorem is
always valid. O

A similar result holds for upper-triangular matrices:

Theorem 3.69. Let n € IN. Let A be an upper-unitriangular n x n-matrix. Then,
A is invertible, and its inverse A~! is again upper-unitriangular.

We could prove Theorem by modifying our above proof of Theorem [3.67] (re-
placing “lower” by “upper” everywhere); of course, this would necessitate an ana-
logue for Theorem concerning upper-unitriangular instead of lower-unitriangular

52Proof. Leti € {1,2,...,k}. We must show that the matrix A; is invertible.
We know that A; is a lower addition matrix (since A1, Ay, ..., A are lower addition matrices).
In other words, A; has the form A; = A{},v, where A is a number, and where u and v are
two elements of {1,2,...,n} satisfying u > v (by the definition of a “lower addition matrix”).
Consider these A, u and v. Proposition (c) shows that the matrix Aﬁlv is invertible. In other
words, the matrix 4; is invertible (since A; = A7, ). This completes our proof.
3Proof. Leti € {1,2,...,k}. We must show that Ai_1 is a lower addition matrix.
We know that A; is a lower addition matrix (since Ay, Ay, ..., Ay are lower addition matrices).
In other words, A; has the form A; = Af,‘,v, where A is a number, and where u and v are
two elements of {1,2,...,n} satisfying u > v (by the definition of a “lower addition matrix”).
Consider these A, u and v. Proposition (c) shows that the matrix AQIU is invertible, and that

cp s . -1 -
its inverse is (Aﬁ,v) = Au,{,‘.

But A;, Q is a lower addition matrix (since —A is a number, and since u > v). In other words,
-1

Alfl is a lower addition matrix (since | A; = (Af},v) = Ay M. This completes our proof.
~—

:Aﬁ\/v
> Alternatively, our proof for Case 1 can be made to work in Case 2 as well, because Proposition
holds for k = 0 (as long as we define the empty product to be I;). See Remark for the
details.
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matrices (and upper addition matrices instead of lower addition matriceﬂ. The
proof of this analogue would then proceed similarly to our proof of Theorem [3.63}
but again with some changes (e.g., instead of clearing out the columns from the
first to the last, we would have to clear out the columns from the last to the first,
and we would achieve this using “upward row additions”).

However, we can also quickly derive Theorem from Theorem using
transposes:

Proof of Theorem We know that A is upper-unitriangular. Hence, by Proposi-
tion (a), we can conclude that AT is lower-unitriangular. Therefore, we can
apply Theorem m to AT instead of A. As a result, we see that AT is invertible,

and its inverse (A7) ~!is again lower-unitriangular.
Hence, we can apply Proposition (f) to AT instead of A. Thus, we conclude

that the matrix (AT)T is invertible, and its inverse is ((AT) T> o <(AT) 1)T.
Since (AT)T = A (by Proposition applied to m = n), this rewrites as follows:
The matrix A is invertible, and its inverse is A~1 = ((AT) 71) T.

It remains to prove that A~! is upper-unitriangular. This is again quite easy: We

have
T

2 | =) =

:((AT)—1>T

(by Proposition applied to n and (AT) “!instead of m and A). Hence, (A7) Tis
lower-unitriangular (because we already know that (AT) s lower-unitriangular).
But Proposition (a) (applied to A~! instead of A) shows that A~! is upper-
unitriangular if and only if (A’l)T is lower-unitriangular. Since (A’l)T is lower-

unitriangular, we thus conclude that A~! is upper-unitriangular. This completes
our proof of Theorem [3.69] O

3.12. (*) Products of strictly upper-triangular matrices

In this section, I shall give a different proof of Theorem which is somewhat of
a digression from our road towards Gaussian elimination, but has the advantage
of showing off some other ideas. The proof is motivated by the following example:

0f course, these upper addition matrices are defined exactly as you would expect: They are
the matrices of the form AQ,U, where A is a number, and where u and v are two elements of
{1,2,...,n} satisfying u < v.
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Example 3.70. Let A be a strictly lower-triangular 4 x 4-matrix. Thus, A has the

0 00O
form Z c 8 8 for some numbers a,b,c,d, e, f. How do the powers of A
d e f O
look like?
Well, we can just compute the first few of them and see what happens:
0 00O 0 0 0O
1 a 000 2 0 0 00
A= b ¢ 00|’ AT = ac 0 00 [’
d e f O ae+bf cf 0 0O
0 00O 0 00O
0 00O 0 00O
3 _ 4 _
AT = 0O 00O0 | AT = 0 00O
acf 0 0 0 0 00O
Two things strike the eye:
e We have A* = 04.4. As a consequence, every n > 4 satisfies A" =
A* ATt = 044 A"* = 0404. So we actually know all the powers of
=04x4
A.

e Every time we pass from one power of A to the next (for example, from A?
to A3), the nonzero entries recede one level further towards the bottom-left
corner. At the step from A® to A%, they finally recede beyond that corner,
so that only zeroes are left in the matrix.

The pattern seen in Example actually generalizes: The powers of a strictly
lower-triangular n x n-matrix behave similarly, except that this time we have A" =
O,xyn instead of A* = 04,4. Moreover, the same rule holds more generally if we
multiply several strictly lower-triangular n X n-matrices (instead of taking powers
of one such matrix). In order to explore this more rigorously, I shall introduce a
(nonstandard) notion:

Definition 3.71. Let n € IN. Let A be an n X n-matrix. Let k € Z. We say that
the matrix A is k-lower-triangular if and only if we have

Aij=0 whenever i < j+ k.
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Example 3.72. Visually speaking, a square matrix A is k-lower-triangular if and
only if its nonzero entries begin no earlier than k levels below the main diagonal.
For example:

e Any 4 x 4-matrix is k-lower-triangular for k < —3.

e A 4 x 4-matrix is (—1)-lower-triangular if and only if it has the form

a b 0 0
cde 0|, bers a, b, c,d hi, ik,
fogh i or some numbers a,b,c,d,e, f,g,h,i,j,k, 1, m.
j kI m
e A 4 x 4-matrix is O-lower-triangular if and only if it has the form
a 0 00
b ¢ 00 .. .
die foO for some numbers a,b,c,d, e, f,g,h,1,j. This is, of course,
g h i j

the same as being lower-triangular.

e A 4 x 4-matrix is 1-lower-triangular if and only if it has the form

0000
a 000 .. .
b c 00 for some numbers a,b,c,d, e, f. This is the same as being
d e f O
strictly lower-triangular.

e A 4 X 4-matrix is 2-lower-triangular if and only if it has the form
0 00O
0 00O
200 0 for some numbers 4, b, c.
b ¢ 00

o A 4 x 4-matrix is 3-lower-triangular if and only if it has the form
00 0O
0000 for some number a
0 00O )
a 000

4-matrix is 4-lower-triangular if and only if it has the form

e e

o O OO

0
8 (i.e., if and only if it is the zero matrix O4x4). The same
0

=
Q.
—_

olds for 5-lower-triangular matrices and higher on.
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We state some simple facts (which should have been clear from the example
already):

Proposition 3.73. Let n € IN. Let A be an n X n-matrix.

(a) The matrix A is k-lower-triangular for every integer k satisfying k < —n +1.

(b) The matrix A is 0-lower-triangular if and only if A is lower-triangular.

(c) The matrix A is 1-lower-triangular if and only if A is strictly lower-
triangular.

(d) Let k be an integer such that k > n. The matrix A is k-lower-triangular if
and only if A = 0xx.

Proof of Proposition (@) Let k be an integer satisfying k < —n + 1. We shall
show that the matrix A is k-lower-triangular. In order to do so, we must prove that

Aij=0 whenever i < j 4k (80)

(because this is how “k-lower-triangular” was defined).

This is an example of a “vacuously true” statement. Let me explain the concept:
A logical statement of the form “if A, then B” is said to be vacuously true if A never
holds. For example, the statement “if a positive integer n is negative, then n = 15”
is vacuously true, since a positive integer n will never be negative in the first place.
Similarly, the statement “we have n = m for any two integers n and m satisfying

n=m-+ 5” is also vacuously true, since two integers n and m will never satisfy

1
n=m-+ 5 (I have not worded this statement as an “if A, then B” statement,

but I could easily have done so, by rewriting it as “if two integers n and m satisfy

1
n=m-+ > then n = m”. The wording doesn’t matter much.) Finally, the statement

“every element of the empty set is a prime number” is also vacuously true, since
there is no element of the empty set. (Again, you can rewrite this statement as “if a
is an element of the empty set, then a is a prime number” in order to bring it into
the “if A, then B” form.)

As the name suggests, mathematicians consider vacuously true statements to be
true. The reasoning here is that, as long as you say nothing (and vacuously true
statements say nothing, in a sense), you remain truthful.

We are now going to prove that the statement is vacuously true. In other
words, we are going to prove that two elements i and j of {1,2,...,n} never satisfy
i < j+ kin the first place.

In fact, let i and j be two elements of {1,2,...,n} thatsatisfy i < j+ k. Then, i > 1
(sincei € {1,2,...,n})and j < n (since j € {1,2,...,n}),sothat j + _k <

=~
<n <-—-n+1
n+(—n+1) =1 <i(since i > 1). This contradicts i < j+ k.

Now, forget that we fixed i and j. We thus have found a contradiction for any
two elements i and j of {1,2,...,n} that satisfy i < j+ k. This shows that there
exist no two elements i and j of {1,2,...,n} that satisfy i < j + k. In other words,
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two elements i and j of {1,2,...,n} never satisfy i < j+ k. Thus, the statement
is vacuously true, and therefore true. In other words, the matrix A is k-lower-
triangular (by the definition of “k-lower-triangular”). This proves Proposition [3.73]
(a).

(Again, we shall be a lot briefer in proofs like this in the future.)

(b) Behold the following chain of equivalent statementﬂ

(A is O-lower-triangular)
<= (Ajj =0 whenever i < j+0)
(because this is how “0-lower-triangular” is defined)
<= (Aj; = 0 whenever i < j)
(here, we have replaced j + 0 by j, since every j satisfies j + 0 = j)
<= (A is lower-triangular)
(because this is how “lower-triangular” is defined) .

This proves Proposition (b).

(c) =: We must prove that if A is 1-lower-triangular, then A is strictly lower-
triangular.

Indeed, assume that A is 1-lower-triangular. In other words,

Aij=0 whenever i < j+1 (81)

(because this is how “1-lower-triangular” is defined).

Now, we have A;; =0 whenever i < j m In other words, A is lower-triangular
(by the definition of “lower-triangular”). Moreover, every i € {1,2,...,n} satisfies
i <i+1and thus A;; = 0 (by , applied to j = i). In other words, all diagonal
entries of A are 0.

So we have shown that the matrix A is lower-triangular, and that all its diagonal
entries are 0. In other words, A is strictly lower-triangular (by the definition of
“strictly lower-triangular”). This proves the = direction of Proposition ().

<=: We must prove that if A is strictly lower-triangular, then A is 1-lower-
triangular.

Indeed, assume that A is strictly lower-triangular. According to the definition
of “strictly lower-triangular”, this means that the matrix A is lower-triangular, and
that all its diagonal entries are 0.

The matrix A is lower-triangular; in other words,

Aijj=0 whenever i < j (82)

(according to the definition of “lower-triangular”). Also, all diagonal entries of A
are 0; in other words,

Aii=0 foreachi € {1,2,...,n}. (83)

% After each equivalence, we give a justification for why it is an equivalence.
57Proof. Let i and j be two elements of {1,2,...,n} such that i < j. Then, i < j < j+ 1. Hence,
shows that A; ; = 0. Qed.
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Now, we can easily see that
Aij=0 whenever i <j+1

@ But this means precisely that A is 1-lower-triangular (because this is how “1-
lower-triangular” is defined). Thus, we have shown that A is 1-lower-triangular.
This proves the <= direction of Proposition (0).

Now, the proof of Proposition 3.73| (c) is complete (since both its = and its <=
directions are proven).

(d) =: We must prove that if A is k-lower-triangular, then A = 0y, .

Indeed, assume that the matrix A is k-lower-triangular. In other words,

Aij=0 whenever i < j 4k (84)

(by the definition of “k-lower-triangular”).

Now, leti € {1,2,...,n} and j € {1,2,...,n} be arbitrary. Then, j > 1 (since

je{1,2,...,n})and i < n(sincei € {1,2,...,n}). Now, j +_k >1+n>n,
> =

so that n < j+kand thusi < n < j+k Hence, A;; = 0 (by (84)). Comparing

this with (Onxn)i,]- = 0 (since each entry of the matrix 0, is 0), we obtain A;; =

(.

Now, let us forget that we fixed i and j. We thus have shown that A; ; = (Onxn)i,j
for eachi € {1,2,...,n} and j € {1,2,...,n}. In other words, each entry of the
matrix A equals the corresponding entry of the matrix 0,,x,. In other words, A =
Onxn. This proves the = direction of Proposition (d).

<=: We must prove that if A = 0y, then A is k-lower-triangular.

If i and j are two elements of {1,2,...,n} satisfying i < j+ k, then

A= Oy (since A= 0y

0 (since each entry of the matrix 0,5 is 0) .

In other words, A;; = 0 whenever i < j+ k. But this means precisely that the matrix
A is k-lower-triangular (by the definition of “k-lower-triangular”). Hence, we have
shown that A is k-lower-triangular. This proves the <= direction of Proposition

(d).

8 Proof. Let i and j be two elements of {1,2,...,n} such thati < j + 1. We must prove that A;j=0.

We are in one of the following two cases:

Case 1: We have i = j.

Case 2: We have i # j.

Let us first consider Case 1. In this case, we have i = j. Hence, j = i, so that Ajj=A4A;=0
(by ). Hence, A;; = 0 is proven in Case 1.

Let us now consider Case 2. In this case, we have i # j. On the other hand, i < j + 1, so that
i < (j+1)—1 (since i and j + 1 are integers). Thus, i < (j+1) —1 = j. Combining this with
i # j, we obtain i < j. Hence, (82) shows that A;; = 0. Thus, A;; = 0 is proven in Case 2.

We now have proven Ai,j = 0 in each of the two Cases 1 and 2. Thus, Ai,]- = 0 always holds,
ged.
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Now, Proposition (d) is proven (since both its = and its <= directions are
proven). O]

Next, we state a fact which is crucial for our argument:

Proposition 3.74. Let n € IN. Let p and g be two integers. Let A be a p-lower-
triangular n x n-matrix. Let B be a g-lower-triangular n x n-matrix. Then, AB is
a (p + gq)-lower-triangular n x n-matrix.

Remark 3.75. Proposition[3.74 generalizes Theorem (@). In fact, recall that an
n x n-matrix is O-lower-triangular if and only if it is lower-triangular (by Propo-
sition (b)). Hence, applying Proposition to p = 0 and g = 0, we obtain
precisely Theorem (a).

Proof of Proposition We shall imitate our above proof of Theorem (a) as
well as we can.
The matrix A is p-lower-triangular. In other words,

Aijj=0 whenever i < j+p (85)

(because this is what it means for A to be p-lower-triangular).
The matrix B is g-lower-triangular. In other words,

B;j =0 whenever i < j+g (86)

(because this is what it means for B to be g-lower-triangular).
Now, fix two elements i and j of {1,2,...,n} satisfying i < j+ (p + g). We shall
prove that for every k € {1,2,...,n}, we have

AixBj = 0. (87)
[Proof of : Letk € {1,2,...,n}. Then, we are in one of the following two cases:
Case 1: We have i > k + p.
Case 2: We have i < k + p.
We shall prove in each of these two cases separately:

1. Let us first consider Case 1. In this case, we have i > k+ p. Thus, k+p <i <
j+ (p+4q) = (j+q)+ p. Subtracting p from both sides of this inequality, we
obtain k < j + 4. Hence, we can apply to k instead of i. As a result, we
obtain By ; = 0. Hence, A By; = A;x0 = 0. Thus, is proven in Case 1.

—~—

=0

2. Let us now consider Case 2. In this case, we have i < k + p. Hence, we
can apply to k instead of j. As a result, we obtain A;; = 0. Hence,

Ajk Bij = 0By = 0. Thus, is proven in Case 2.
=0
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We have now proven in both Cases 1 and 2. Thus, is proven.]
Now, Proposition (a) shows that

(AB);j= AinBi; + AipBy; +---+  AjmBu,
\‘/—/

—— —_——
=0 =( =(
by €9, oy 9, by €9
applied to k=1)  applied to k=2) applied to k=m)

=0+0+--+0=0.
Now, forget that we fixed i and j. We thus have shown that
(AB);; =0 whenever i < j+ (p+7¢).

But this says precisely that the matrix AB is (p + q)-lower-triangular (by the defi-
nition of “(p + q)-lower-triangular”). Thus, Proposition is proven. O

Using Proposition we can show the following fact:

Corollary 3.76. Let n € IN. Let Ay, Ay, ..., Ag be k strictly lower-triangular n x n-
matrices (Where k € IN). Then, the n x n-matrix A1 A; - - - Ay is k-lower-triangular.

This is proven by induction similarly to how we proved Proposition (we are
actually copying the structure of that proof):

Proof of Corollary We prove Corollary by induction on k:

Induction base: If k = 0, then Corollary [3.76]says that the n x n-matrix A1A; - - - Ag
is 0-lower-triangular. But this is indeed truei%l Hence, Corollary holds for
k = 0. This completes the induction base.

Induction step: Let £ be a positive integer. Assume (as our induction hypothesis) that
Corollary holds for k = ¢. In other words, for any ¢ strictly lower-triangular
n x n-matrices Ay, Ay, ..., Ay, the n X n-matrix A1Aj; - - - Ay is {-lower-triangular.

We must now show that Corollary also holds for k = £ +1. So let us fix £ +1
strictly lower-triangular n x n-matrices Ay, A, ..., Ayy1. We must then show that
the n X n-matrix A1Ay - - Apyq is (£ + 1)-lower-triangular.

Clearly, Ay, Ay, ..., Ay are { strictly lower-triangular n X n-matrices (since A1, Ay, .

are ¢ + 1 strictly lower-triangular n x n-matrices). Thus, we can apply our induction

hypothesis, and conclude that the n x n-matrix A1 A, - - - A is {-lower-triangular.
But the n x n-matrix Ay, is 1-10wer—triangulaﬂ Thus, we can apply Propo-

sition top=4(g=1 A= A1Ay---Ayand B = Ay 1. As a result, we

% Proof. The product AjA;--- Ag is an empty product of n x n-matrices, and thus equals I, (by
definition).

But Proposition (b) (applied to A = I,) shows that the matrix I, is 0-lower-triangular
if and only if I, is lower-triangular. Hence, the matrix I, is O-lower-triangular (since I, is
lower-triangular). In other words, the n X n-matrix A;A;---Ap is 0-lower-triangular (since
A1Ay -+ Ag = I;). Qed.

0Proof. We know that A1, Ay, ..., Asyq are £ + 1 strictly lower-triangular 1 x n-matrices. In partic-
ular, Ay, is a strictly lower-triangular n X n-matrix.

But Proposition[3.73(c) (applied to A = A/ ) shows that the matrix A/, is 1-lower-triangular
if and only if A, is strictly lower-triangular. Hence, the matrix A, is 1-lower-triangular (since
Ayq is strictly lower-triangular). Qed.

A
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conclude that (A1Az - -+ Ay) Apyq is an (¢ + 1)-lower-triangular n x n-matrix. Since
(A1Ay---Ap) Ap1 = A1Ay - - Ayyq, this rewrites as follows: A1A; - Apyq is an
(£ + 1)-lower-triangular n x n-matrix. In other words, the n x n-matrix A1 Ay - - - Agyq
is (¢ + 1)-lower-triangular. This is precisely what we wanted to show! Thus, Corol-
lary holds for k = ¢ + 1. This completes the induction step. Thus, Corollary
is proven by induction. O

As a consequence of Corollary we obtain the following fact, which we ex-
perimentally observed right after Example

Corollary 3.77. Let n € IN. Let Ay, Ay, ..., A, be n strictly lower-triangular n x n-
matrices. Then, A1jA - Ay = Oyxn.

Proof of Corollary Corollary [3.76|(applied to k = 1) shows that the n x n-matrix
A1Ay - -+ Ay is n-lower-triangular. But we have n > n. Hence, Proposition (d)
(applied to k = nand A = A1A,--- Ay) shows that the matrix AjAp--- Ay, is n-
lower-triangular if and only if AjAy--- Ay = Ouxn. Hence, AjAr--- Ay = Onxn
(since we know that the matrix A;A; - - - A, is n-lower-triangular). Corollary
is thus proven. O

The following corollary is obtained as a particular case of Corollary when
we set all the n matrices A1, Ay, ..., A, equal to one and the same matrix A:

Corollary 3.78. Let n € IN. Let A be a strictly lower-triangular n x n-matrix.
Then, A" = 0,,%4.

Proof of Corollary Clearly, A, 4, ..., A are n strictly lower-triangular 1 X n-matrices.

n times
Thus, Corollary 3.77| (applied to A; = A) shows that AA--- 4 = 0uxn. Now,
n times
A" = AA .- - A= 0yxy. Corollary 3.78 is proven. O
n times

Another corollary of the preceding results is the following:

Corollary 3.79. Let n € IN. Let k be a positive integer. Let A be a strictly lower-
triangular  x n-matrix. Then, the n x n-matrix AX is strictly lower-triangular.

Proof of Corollary Clearly, A, A, ..., A are k strictly lower-triangular 1 x n-matrices.

k times

Thus, Corollary 3.76| (applied to A; = A) shows that the n X n-matrix AA--- A is

k times
k-lower-triangular. Since AA - -- A = AK this rewrites as follows: The 1 x n-matrix
—_—

k times
AFK is k-lower-triangular. In other words,

(Ak> =0 whenever i < j 4k (88)
L]
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(according to the definition of “k-lower-triangular”).

But k is a positive integer. Thus, 1 < k, so that j+ _1 < j+ k for every
<k

€ {1,2,...,n}. Hence, every i € {1,2,...,n} and j € {1,2,...,n} satisfying

< j+ 1 must also satisfy i < j+k (since i < j+1 < j+ k) and consequently

(Ak)i,j =0 (by ). In other words,

(Ak> =0 whenever i < j+ 1.
]

In other words, the matrix A is 1-lower-triangular (by the definition of “1-lower-
triangular”).

But Proposition () (applied to AF instead of A) shows that the matrix A* is
1-lower-triangular if and only if Ak is strictly lower-triangular. Hence, AK is strictly
lower-triangular (since AF is 1-lower-triangular). This proves Corollary O

So much for products of strictly lower-triangular matrices. What about their
sums?

Proposition 3.80. Let n € IN. Let Ay, Ay, ..., Ax be k strictly lower-triangular
n X n-matrices (where k € IN). Then, A; + Ay 4 --- + A is a strictly lower-
triangular n x n-matrix.

Proof of Proposition This is left to the reader. (What makes this proof easy is
that matrices are added entry by entry.) O

Just as trivial is the following fact:

Proposition 3.81. Let n € IN. Let A be a strictly lower-triangular n x n-matrix.
Then, —A is a strictly lower-triangular n X n-matrix.

Proof of Proposition Left to the reader. O

Let us also state an analogue of Proposition for lower-triangular matrices:

Proposition 3.82. (a) Each lower-unitriangular matrix is invertibly lower-
triangular.

(b) Let n € IN. Let A be an n x n-matrix. Then, A is lower-unitriangular if and
only if I;, — A is strictly lower-triangular.

Proof of Proposition This is proven in the same way as we proved Proposition
(once the obvious modifications are made). O

Next, we show another simple fact:
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Proposition 3.83. Let n € IN. Let A be an n X n-matrix such that A" = 0,xx.
Then, the matrix I, — A is invertible, and its inverse is (I, — A)f1 = A%+ Al +
v AL

Proof of Proposition Let B be the n x n-matrix A% + Al + ... 4 A"~ 1,
Multiplying the equalities A = A and B = A + Al + .. + A""!, we obtain

AB:A(A0+A1+---+A"*1> — AAY+ AA 4. 4 aan ]

=Al =A2 =A"
_ a7l 2, ... no_ 1 2, ... n—1 n _ al 2, ... n—1
AL A+ A (A L A24 1A >+_104 Al A2 oA
Now,
(I — A)B = 1B _ AB

—B=AO04 Al f.cqpn—1  =Al4AZ4... 4 Ar-1
— <AO+A1+...+AT’Z*1) . <A1+A2+...+An*1> :AOZI;/[.

A similar argument shows that B (I, — A) = I,. (To be more precise: This is proven
by multiplying the equalities B = A° + Al + .-+ A"l and A = A, as opposed to
A=Aand B= A%+ Al ... 4 A" 1)

The two equalities (I, — A)B = I, and B (I, — A) = I, show that the matrix
B is an inverse of I, — A. Thus, the matrix I, — A is invertible, and its inverse is
(I, —A)™' = B. Hence, (I, —A) ' = B = A"+ Al 4 ... 4 A" 1 The proof of
Proposition is thus complete. O

Remark 3.84. (a) The above proof of Proposition might look like a slick and
artful trick. However, it is actually an incarnation of a well-known idea: the same
idea that enters in the proof of the infinite-sum formula

%:ao—kal—i—az—k--- for any real number a with —1 <a < 1.
The main difference here is that we are working with a matrix A instead of a real
number 4, and that the infinite sum a® + a' 4+ 4% + - - - is replaced by a finite sum
AV + Al ...+ A" 1 (because all the powers A AL Ant2 equal the zero
matrix).

(b) Proposition requires an n X n matrix A satisfying A" = 0,,%,. How do
we find such matrices?

Corollary shows that every strictly lower-triangular n X n-matrix A has
this property; this gives us an infinite supply of such matrices (at least for n > 2).
Similarly, every strictly upper-triangular n x n-matrix A has this property. But

1 ),thenA

there are also others: For example, if A is the 2 X 2-matrix ( _11 1

also satisfies A2 = 0y, despite not being triangular.
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We can now prove Theorem again:

Second proof of Theorem Proposition 3.82](b) shows that A is lower-unitriangular
if and only if I, — A is strictly lower-triangular. Hence, I, — A is strictly lower-
triangular (because A is lower-unitriangular).

Let C = I, — A. Thus, C is strictly lower-triangular (since I, — A is strictly
lower-triangular). Hence, Corollary (applied to C instead of A) shows that
C" = 0yxn. Proposition (applied to C instead of A) thus shows that the matrix
I, — C is invertible, and that its inverse is (I, — C)_1 =C0+Cl+...4+C L

We have I, — \(;/ = I, — (I, — A) = A. Now, we know that the matrix I, — C is

=I,—A
invertible. In other words, the matrix A is invertible (since I, — C = A). It remains
to check that its inverse A~! is again lower-unitriangular.

We assume WLOG that 7 is positive (since otherwise, there is nothing to check).
We have

(=0 =C4+Cl 440 = 4 (C +CP O
—I,

= I+ <C1+C2+---+C”‘1>.
Since I, — C = A, this rewrites as
Al=1,+ (C1+C2+---+C’H>.
Subtracting this equality from I, = I,, we obtain
= A7 =L = (Li+ (C'+CP -+ 0"
=—(C' 4+, (89)

But recall that the matrix C is strictly lower-triangular. Hence, for every positive
integer k, the n x n-matrix C¥ is strictly lower-triangular (by Corollary applied
to C instead of A). Thus, the matrices ctc?...,c"varen—1 strictly lower-
triangular 7 X n-matrices. Proposition (applied to k = n — 1 and Ay = CF)
thus shows that C! + C2+ .-+ + C""! is a strictly lower-triangular n x n-matrix.
Hence, Proposition @ (applied to C! + C2 + - -- 4+ C"! instead of A) yields that
— (C1+ C2+ -+ + C"71) is astrictly lower-triangular n x n-matrix. In light of (89),
this rewrites as follows: I, — A~! is a strictly lower-triangular 7 x n-matrix.

But Proposition (b) (applied to A~! instead of A) shows that A~! is lower-
unitriangular if and only if I, — A~ is strictly lower-triangular. Since we have just
seen that I, — A™! is strictly lower-triangular, we can therefore conclude that A~}
is lower-unitriangular. Thus, the second proof of Theorem is complete. O

Of course, an analogous argument (with some inequality signs turned around,
and some “lower”s replaced by “upper”s) can be used to prove Theorem [3.69
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3.13. The A-scaling matrices S}

Now we shall explore another kind of square matrices not unlike the matrices AQ/U

from Definition [3.53°}]

Definition 3.85. Let n € IN. Let u € {1,2,...,n}. Let A be a number. Then,
S? shall denote the n x n-matrix I, + (A —1)E,, (where E,, means the n x n-
matrix E, ;, that is, E;; y n,1).

A few remarks about the notation:

(a) The superscript A in the notation “S}}” is not an exponent; i.e., the matrix
S is not the A-th power of some matrix S,. Instead, it is just an argument that
we have chosen to write as a superscript instead of a subscript. So the role of the
Ain “S}” is completely different from the role of the —1 in YAl 17 in Proposition
B.12

(b) To be really precise, we ought to denote S; by Sp,,, because it depends on
n. (This is similar to how we ought to denote E, ;, by E, ;,,,.) But the n will be
really clear from the context almost every time we deal with these matrices, so
we shall keep it out of our notation.

(c) The notation S/ is not standard in the literature, but I will use this notation
in the following.

Example 3.86. Let n = 4. Then,

1000
0100
Sé\zln—f—()\—l)E:;,:;: 00 A O and
000 1
100 0
010 0
Sy =Ii+(A—1)Egy = 001 0
000 A

The pattern that you see on these examples is true in general:

Proposition 3.87. Let n € IN. Let u € {1,2,...,n}. Let A be a number. Then, the
matrix S} has the following entries:

e Its (1, u)-th entry is A.
e All its other diagonal entries are 1.

e All its remaining entries are 0.

®1The present section imitates the structure of Section this is, of course, fully intentional.
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Proposition can be rewritten as follows: The matrix S} (where n € IN, where
u e {l1,2,...,n}, and where A is a number) is the n x n-identity matrix I,, with the
(1, u)-th entry replaced by A.

Proof of Proposition Recall that E, ,, is the n x n-matrix whose (u, u)-th entry is
1 and whose all other entries are 0 (indeed, this is how E, , was defined). Since
matrices are scaled entry by entry, we can therefore conclude how (A — 1) E,, ,, looks
like: Namely, (A — 1) E,,,, is the n x n-matrix whose (u, u)-th entry is (A —1) -1 =
A — 1 and whose all other entries are (A — 1) - 0 = 0. Thus, we know the following;:

e The matrix I, is the n X n-matrix whose diagonal entrie are 1, and whose
all other entries are 0.

e The matrix (A — 1) E,, is the n X n-matrix whose (u, u)-th entry is A — 1, and
whose all other entries are 0.

Since matrices are added entry by entry, we can thus infer how I,, + (A — 1) E,,
looks like: Namely, the matrix I, + (A — 1) E,,;, is the n x n-matrix whose (u, u)-
th entry is 1+ (A —1) = A, whose all other diagonal entries are 1+ 0 = 1, and
whose all other entries are 0 +0 = 0. Since I,, + (A — 1) E,, = S}, this rewrites
as follows: The matrix S} is the n x n-matrix whose (u,u)-th entry is A, whose
all other diagonal entries are 1, and whose all other entries are 0. This proves

Proposition O

We can next see what happens to a matrix when it is multiplied by S}

Proposition 3.88. Let n € N and m € IN. Let u € {1,2,...,n}. Let A be a
number. Let C be an n x m-matrix. Then, S/'C is the n x m-matrix obtained from
C by scaling the u-th row by A.

(Recall that the rows of C are row vectors, and thus are scaled entry by entry.
Hence, scaling the u-th row by A means multiplying each entry of the u-th row
of C by A.)

a b
Example 3.89. Let n = 3 and m = 2. Let C be the 3 x 2-matrix | a’ ¥
a// b//

Let A be a number. Then, Proposition (applied to u = 2) claims that S5C is
the 3 x 2-matrix obtained from C by scaling the 2-nd row by A. A computation
confirms this claim:

1 00 a b a b
sfc=(0 A0 a v o= Ad AV
0 O 1 a// b// a// b//

62This includes the (u, u)-th entry.
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Proposition 3.90. Let n € IN and m € IN. Let u € {1,2,...,n}. Let A be a
number. Let C be an m x n-matrix. Then, CS}} is the m x n-matrix obtained from
C by scaling the u-th column by A.

I will prove Proposition in Section below (although by now, this proof
could be a simple exercise).

We shall refer to the matrix S} defined in Definition as a “A-scaling matrix”;
it is the second of the previously announced three kinds of elementary matrices.

Here are a few more properties of A-scaling matrices:

Proposition 3.91. Let n € IN. Let u € {1,2,...,n}. Let A be a number. Then,
(sh" = sa.

Proposition 3.92. Let n € N. Let u € {1,2,...,n}.
(@) We have S} = I,,.

(b) If A and p are two numbers, then SQSZI = Si‘,y .
(c) Let A be a nonzero number. Then, the matrix S ﬁ is invertible, and its inverse

is (54) " = si/A

A proof of this proposition will also be given in Section [3.14]

3.14. (*) Some proofs about the A-scaling matrices

Proof of Proposition Clearly, SAC is an 1 x m-matrix.

Proposition (applied to n, m and u instead of m, p and v) shows that E, ,C
is the n X m-matrix whose u-th row is the u-th row of C, and whose all other rows
are filled with zeroes. Thus,

rowy (Ey,C) = row, C (90)
(since the u-the row of E, ,C is the u-th row of C) and
row; (E; 4,C) = O1xm foreveryi € {1,2,...,n} satisfying i # u 91)

(since all other rows of E, ,,C are filled with zeroes).

But recall that matrices are added entry by entry. Thus, matrices are also added
by row by row —i.e., if U and V are two n x m-matrices, then any row of U 4 V is
the sum of the corresponding rows of U and of V. In other words, if U and V are
two n X m-matrices, then

row; (U + V) = row; U + row; V foreveryie€ {1,2,...,n}. (92)
Also, if U is an n x m-matrix, then every number u satisfies

row; (uU) = prow; U foreveryi € {1,2,...,n} (93)
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(since matrices are scaled entry by entry).

We have
s} C=(I;,+(A-1)Ey,)C= I,C +(A—1)E,,C
~—~
=T +(A—=1)Ey, =C

— C + (A - ].) Euluc.

Hence, for each i € {1,2,...,n}, we have

row; sic =row; (C+ (A —1) EyuC) = row; C + row; ((A — 1) E,,C)
—CH (A1) By C —(A—1) row; (EuuC)
(by ©3), applied
to p=A-1)
(by (92), applied to U = Cand V = (A — 1) E, ,C)
=row; C + (A — 1) row; (E,,C) . (94)

Now, we must prove that S/ C is the n x m-matrix obtained from C by scaling the
u-th row by A. In other words, we must prove the following two claims:

Claim 1: The u-th row of the n x m-matrix S/C equals A times the u-th
row of C.

Claim 2: For each i € {1,2,...,n} satisfying i # u, the i-th row of the
n X m-matrix S)C equals the i-th row of C.

Proof of Claim 1: The u-th row of the n x m-matrix S}C is

rowy, <Sf,‘C) =row, C+ (A — 1) row,, (E,,,C) (by (94), applied to i = u)
=row, C
(by (00))
=row, C+ (A—-1)row,C= (1+ (A —1)) row, C = Arow, C.
=A

In other words, the u-th row of the n x m-matrix S}C equals A times the u-th row
of C. This proves Claim 1.

Proof of Claim 2: Leti € {1,2,...,n} be such that i # u. Then, the i-th row of the
n X m-matrix S}C is

row; (SQC) =row; C + (A — 1) row; (E, ,C) (by (94))
—_——
=0 X 1M
(by )

=10w; C + (A — 1) 01,y = row; C 4 01, = row; C.
~————

:lem
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In other words, the i-th row of the n x m-matrix S/ C equals the i-th row of C. This
proves Claim 2.
Now, we have proven both Claim 1 and Claim 2; this completes the proof of

Proposition [3.88 O
The proof of Proposition is analogous.
Proof of Proposition Very easy and left to the reader. (See the proof of Proposi-

tion for inspiration.) O

Proof of Proposition (a) The definition of S} yields S} = I, + (1-1)E,, =
_\/_J
:OEu,uzonxn

I, + 04 xn = I,,. This proves Proposition (a).

(b) First proof: Let A and y be two numbers. Proposition (applied to u
instead of A) tells us how the matrix S}, looks like: Its (u,u)-th entry is y; all its
other diagonal entries are 1; all its remaining entries are 0. In particular, its u-th
row is

rowy (S) = (0,0,...,0,1,0,0,...,0) (95)

(where the lonely u stands in the u-th position).
Proposition (applied to m = n and C = S} shows that S}'S}, is the n x n-
matrix obtained from S}, by scaling the u-th row by A. Thus, its u-th row is

-
=(0,0,...,0,11,0,0,...,0)
(by (95))

= (A0, A0, ...,A0, Ay, AO, AO, ..., AO)
= (0,0,...,0,A,0,0,...,0)

rowu<SﬁSZ>:)\ rowu(Sﬁ) =A(0,0,...,0,1,0,0,...,0)

(where the lonely u or A stands in the u-th position, as before). This is the same as
the u-th row of S}, except that the u-th entry has become Ay (whereas in the u-th
row of S}, it used to be y). All other rows of S;}S), are equal to the corresponding
rows of Sl (since S)'S!, was obtained from S}, by scaling the u-th row by A). Sum-
marizing, we thus conclude that the matrix S}'S}, differs from the matrix S, in only
one entry, namely the (u, u)-th entr and this (u, u)-th entry is Ay (for the matrix
S)Sh). Since we already know how the matrix S/ looks like (namely, its (u, u)-th
entry is y; all its other diagonal entries are 1; all its remaining entries are 0), we
thus can conclude how the matrix S}'S!; looks like: Its (u, u)-th entry is Ay; all its
other diagonal entries are 1; all its remaining entries are 0. But this is precisely how

the matrix 53“ looks like (because of Proposition 3.87, applied to Ay instead of A).
Hence, S)'S}, = Sﬁ” . This proves Proposition [3.92| (b).

Second proof: We can also prove Proposition (b) easily using Proposition
Indeed, we have u = u and thus J,,, = 1. But Proposition (applied to m = n,

631f it differs from it at all! If A = 1 or u = 0, then the matrices S)S} and S}, are completely equal
(including in their (u, u)-th entries).
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p — n, X =U and y — u) YieldS Eu,u,n’nEu’u’n’n - éu’uEu’u’n’n. Sil’lce Eu,u,n,n — Eu,u,
this rewrites as E,, ,E, y = 0y Eywy = 1E, ., = Ey . Now, the definitions of Sﬁ and
N~
=1
Sl yield S} = I, + (A —1)E,, and S|, = I, + (4 — 1) E,,,,. Multiplying these two
equalities, we find

S/\SM_( ( _1)E )(In+( _1)Euu)
=L (In+ (n _1)Euuz+£/\ 1) Eyu (In+ (4 —1) Eyu)
—Iyt(3—1)Eun —(A—1)EyuIn+(A—1)Euu(—1)Eu
—l ~— "
:Eu,u :(Afl)(yfl)Eu,uEu,u

=lLi+(pu—1)E,,+(A—-1) Euu—f-()\—l) (y —1)EyuEuu
Q . ,
:((ﬂ ) ( ))Eu u =Euu
=Li+((p—1)+(A— 1))Euu+(A_1)(V_1)Eu,@
=((p=1)+(A-1)+ ( —1)(4—1))Euu
:In+(( )+(/\ 1)—|-( —1) (y—l)ZEu,u:In‘F(/\]l—l)Eu,u
:/\]/lfl

Comparing this with

SM = I+ (A — 1) Ey (by the definition of 5;"),

we obtain S}'S); = Sﬁ” . This proves Proposition |3.92| (b) again.
(c) Notice that 1/A is a well-defined number (since A is nonzero). Proposition
3.92| (b) (applied to p = 1/A) yields SQS},M = Sﬁ(l//\) = Sl = I, (by Proposition
3.92| (a)).

But we can also apply Proposition (b) to 1/A and A instead of A and u. We
thus obtain SL/*S} = 55,1/)‘)/\ = S} = I,, (by Proposition 3.92| (a)).

The two equalities SﬁSi/ A — I, and S%,/ )‘Sﬁ = I,, show that S,l/ A is an inverse of
S}. This proves Proposition (). O

3.15. Invertibly triangular matrices are products of S}'s and
Al s

In the same way as the matrices A7, served as “building blocks” for unitriangular
matrices (in Theorem [3.63), we can obtain “building blocks” for invertibly triangu-
lar matrices if we accompany these matrices Aﬁ/v by the matrices S with nonzero
A. We shall state this soon in some precision; let us first introduce terminology:
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Definition 3.93. Let n € IN. A scaling n x n-matrix means a matrix of the form S,
where A is a nonzero number, and where u is an element of {1,2,...,n}. When
n is clear from the context, we shall omit the “n x n-” and simply say “scaling
matrix”.

The name “scaling matrix” is, again, not standard, but it will be useful for me in
this chapter.

Example 3.94. If n = 3, then the scaling 3 x 3-matrices are the matrices of the
form

oo RrRr oo >
ORLr O or O
>0 0 oo

o > O

for all numbers A.

It is clear that each scaling matrix is diagonal (and therefore lower-triangular and
upper-triangular). Thus, every product of scaling matrices is a product of diagonal
matrices, and thus itself must be diagona]@ Moreover, both scaling matrices and
lower addition matriceﬁ are invertibly lower-triangula Hence, every product
of scaling matrices and lower addition matrices is a product of invertibly lower-
triangular matrices, and thus itself must be invertibly lower—triangula@ It turns
out that the converse is also true: Every invertibly lower-triangular matrix is a
product of scaling matrices and lower addition matrices! This is again a simple
particular case of Gaussian elimination, similar to Theorem let me state it as
a theorem:

Theorem 3.95. Let n € IN. An n X n-matrix C is invertibly lower-triangular if
and only if C is a product of scaling matrices and lower addition matrices.

Example 3.96. (a) The invertibly lower-triangular 2 x 2-matrix ( é g ) is a

product of scaling matrices and lower addition matrices: Namely, it equals
G263 A5/3
1°24%2,1 -

%4Here we are using the fact that any product of diagonal matrices is diagonal. This is not hard to
check.

®5Those were defined in Definition m

®Here, we are using the requirement that A is nonzero in Definition Without this requirement,
S would not be invertibly lower-triangular!

’because Corollary shows that any product of invertibly lower-triangular matrices is invertibly
lower-triangular
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(b) The invertibly lower-triangular 1 x 1-matrix ( 5 ) is a product of scaling
matrices and lower addition matrices: Namely, it is S3.

u 0 0
(c) Let C be the invertibly lower-triangular 3 x 3-matrix [ 2 v 0 |. Then, C
b ¢ w
is a product of lower addition matrices: Namely, it equals S%SgSé"AgﬁvAgl/lwAg’/zw.
Let us actually see how this representation of C can be found. We shall proceed
by writing C as a product of one scaling matrix with a second matrix C’, which
is still invertibly lower-triangular but has one diagonal entry equal to 1. We then
will do the same with C’, obtaining a third matrix C”; then, do the same with C”,
and so on. At the end, we will be left with an invertibly lower-triangular matrix
whose all diagonal entries are 1. This means that we will be left with a lower-
unitriangular matrix. But from Theorem we already know that this latter
matrix must be a product of lower addition matrices. In more detail: We first
observe that the diagonal entries u,v,w of C are nonzero (since C is invertibly
lower-triangular). Now, we proceed in several steps:

Step 1: Let us turn the (1, 1)-st entry of C into 1 by scaling row 1 by 1/u. Denote

100
the resulting matrix by C’. Thus, C' = ( a v 0 ) . Notice that the new
b c w
matrix C" is still invertibly lower-triangular (since only row 1 has been
changed, and since the scaling has left all the zero entries in place), but
now has its first diagonal entry equal to 1. Since C’ was obtained from C
by scaling row 1 by 1/u, we can conversely obtain C from C’ by scaling
row 1 by u. According to Proposition 3.88| (applied to 1, 1, u and C’ instead
of m, u, A and C), this means that C = S}'C’.

Step 2: Let us turn the (2,2)-st entry of C’ into 1 by scaling row 2 by 1/v.

1 00
Denote the resulting matrix by C”. Thus, C" = [ a/v 1 0 |. Again,
b c w

the new matrix C” is still invertibly lower-triangular (since only row 2 has
been changed, and all zeroes have survived the scaling), and moreover the
tirst diagonal entry is still 1 (because only row 2 has been changed); but
now the second diagonal entry is also 1. Similarly to how we found that
C = S{C’ in Step 1, we now obtain C’' = S5C".

Step 3: Let us turn the (3,3)-st entry of C” into 1 by scaling row 3 by 1/w.

1 0 0
Denote the resulting matrix by C"””. Thus, C"" = [ a/v 1 0 |. Again,
b/w c/w 1

the new matrix C" is still invertibly lower-triangular, and the first two
diagonal entries are still equal to 1; and now the third diagonal entry has
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become 1 as well. Similarly to how we found that C = S{C’ in Step 1, we
now obtain C" = S§C"".

We have thus turned all diagonal entries into 1. Our final matrix C" is thus
upper-unitriangular. Thus, Theorem shows that C" is a product of lower
addition matrices. Explicitly, it can be written as follows:

" __ aa/v pb/w pc/w
"= A2,1 A3,1 A3,2 :

(Indeed, this follows from (79), applied to a/v, b/w and c/w instead of a, b and
c). Combining the three equalities we have found, we obtain

C=57 \C/’_/ = 5157 £L = S1S7SY E’/’_’/
=sfer - =sfer
= SYSTS} A AGY A"
Thus we have represented C as a product of scaling matrices and lower addition
matrices.

The general proof of Theorem follows the idea outlined in Example ().
The proof is so similar to the proof of Theorem that I shall be copying the
structure of the latter proof:

Proof of Theorem <=: We have already proven that every product of scaling
matrices and lower addition matrices is invertibly lower-triangular. Hence, if C
is a product of scaling matrices and lower addition matrices, then C is invertibly
lower-triangular. This proves the <= direction of Theorem [3.95

= We need to prove that if C is invertibly lower-triangular, then C is a product
of scaling matrices and lower addition matrices.

So let us assume that C is invertibly lower-triangular. Our goal is to prove that C
is a product of scaling matrices and lower addition matrices.

Let me introduce a notation first: A row scaling shall mean a transformation that
changes an n X m-matrix (for some m € IN) by scaling one of its rows by some
nonzero number. In more formal terms: A row scaling means a transformation of
the form “scale the u-th row by A”, for some fixed nonzero number A and some
fixed u € {1,2,...,n}. As we know from Proposition this transformation
amounts to multiplying a matrix by S} from the left (i.e., this transformation sends
any n x m-matrix B to S}B); we shall therefore denote this transformation itself
by S/ as well (hoping that the reader will not confuse the transformation with the
matrix).

Here is an example (for n = 4): The row scaling S} is the transformation that
changes a 4 x m-matrix by scaling the 3-rd row by A. For example, it transforms
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a b a b

. a v o|. a v
the 4 x 2-matrix 2 nto Ad" AY'
a/// bl// a/// b///

Notice that any row scaling S/ is invertible: Namely, it can be undone by the row
scaling S%,/ A

Notice that, for any row scaling S, the matrix S}, is a row scaling matrix.

I claim that we can transform the invertibly lower-triangular n x n-matrix C into
a lower-unitriangular matrix by performing a sequence of row scalings. Namely,
we should proceed by the following method@

e At first, our matrix is

Ciin 0 0 -+ 0

G Cp O 0
C=| Ga1 G2 Gz -+ 0

Cn,l Cn,2 Cn,3 e Cn,n

Its diagonal entries Cq1,Cy, . .., Cy,n are nonzero (since C is invertibly lower-
triangular).

e Now, we perform the row scaling S; (for an appropriate choice of A, namely
for A = 1/Cyq1) to turn the (1,1)-th entry of the matrix into 1. This oper-
ation preserves the invertibly lower-triangular nature of the matrix (i.e., the
matrix remains invertibly lower-triangula@. As the result, we have turned
the (1,1)-th entry of the matrix into 1. In other words, our matrix now looks

%8Here are two ways to prove this:

First proof: The row scaling SQ transforms a matrix by scaling the u-th row by A, ie., by
multiplying each entry of the u-th row by A. The row scaling SI/? transforms a matrix by
scaling the u-th row by 1/, i.e., by dividing each entry of the u-th row by A. Hence, these two
row scalings undo each other (i.e., if we perform one and then the other, then we arrive back
at the matrix we have started with), because each entry of the u-th row is multiplied by A by
the former row scaling and divided by A by the latter (whereas entries in other rows are left
unchanged by both scalings). So we have shown that the row scaling S} can be undone by the
row scaling St/ Qed.

Second proof: Proposition (c) shows that the matrix S1/* is the inverse of the matrix S7.
Hence, multiplying a matrix by 51/* undoes multiplying a matrix by S}. In other words, the
row scaling Si/* undoes the row scalin g S, Qed.

#9See the three-step procedure in Example (c) for an illustration of this method.

7OIn fact, this holds for any row scaling: If B is any invertibly lower-triangular matrix and S} is a
row scaling, then the result of applying S} to B will still be invertibly lower-triangular. To prove
this, just observe that all zero entries of B remain zero when the row scaling S/, is applied (since
sh merely scales a row), whereas all nonzero diagonal entries of B remain nonzero (since sh
scales a row by the nonzero number ).
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as follows:
1 0 o --- 0
Cy Cp 0 - 0
G C3p Ci3 --- O
Cn,l Cn,2 Cn,3 ot Cn,n

e Next, we similarly perform the row scaling S} (for an appropriate choice of
A, namely for A = 1/Cyp) to turn the (2,2)-th entry of the matrix into 1.
Again, this operation preserves the invertibly lower-triangular nature of the
matrix (i.e., the matrix remains invertibly lower-triangular Furthermore,
the (1,1)-th entry of the matrix has not been changed by S} (since S} only
changes the 2-nd row), and thus is still 1. As the result, we have turned the
(2,2)-th entry of the matrix into 1. In other words, our matrix now looks as

follows:
1 0 o --- 0
C1/Cp 1 0 -+ 0
Cs1 Csp C33 --- 0
Cn,l Cn,2 Cn,3 e Cn,n

e Next, we similarly perform the row scaling S} (for an appropriate choice of
A, namely for A = 1/Cs3) to turn the (3, 3)-th entry of the matrix into 1. As
the result, we have turned the (3,3)-th entry of the matrix into 1. In other
words, our matrix now looks as follows:

1 0 0O --- 0
Co1/Cap 1 0o --- 0
C31/C33 C32/C33 1 .-+ 0

Cn,l Cn,2 Cn,S T Cn,n

e We continue this process, changing each diagonal entry of the matrix into 1
(one at a time). At the end, our matrix looks as follows:

1 0 0 o0
C21/Cap2 1 0 .0
C31/C33 C32/C33 1 e 0
Ci’l,l /Cl’l,l’l C}’Z,Z/Cn,n Cn/S/Cn,n e 1

71Warning: Unlike in our proof of Theorem this operation will (usually) change not only the
(2,2)-th entry, but also the (2,1)-nd entry of our matrix. In our proof of Theorem each of
the operations that we performed changed only one entry of our matrix; but here in the proof
of Theorem this is not the case. Nevertheless, the proof works, because the exact values of
the entries below the diagonal are not important.
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This is a lower-unitriangular matrix. Denote it by D. Theorem (applied
to D instead of C) shows that D is lower-unitriangular if and only if D is a
product of lower addition matrices. Hence, D is product of lower addition
matrices (since D is lower-unitriangular).

Thus, we have found an algorithm to transform our matrix C into a lower-
unitriangular matrix D by a sequence of row scalings. Therefore, we can conversely
transform the matrix D into C by a sequence of row scaling@ Let us denote these
row scalings (used to transform D into C) by Sﬁ},Sﬁ;,...,Sﬁf, numbered back-
wards (i.e., starting from the one used last). Since each row scaling S} amounts to
multiplying a matrix by the matrix S} (that is, it sends any n x m-matrix B to S} B),
we thus conclude that

C=SnSp2---SitD. (96)

Ak s . . .
But Sﬁ} Sﬁ; --+ Sy} is a product of scaling matrices (because each of the matrices
A . . .
5311, Sﬁ;, ..., Sy} is a scaling matri <i Hence, rewrites as follows:

A A
C= SIS Spf D
—— .. v
this is a product of

this is a product of . .
P lower addition matrices

scaling matrices

Hence, C is a product of scaling matrices and lower addition matrices. This is
precisely what we had to prove. This proves the = direction of Theorem [3.95|
Hence, the proof of Theorem is complete. O

Remark 3.97. Our proof of Theorem (specifically, of its = direction) actu-
ally gives an explicit representation of an invertibly lower-triangular n x n-matrix
C as a product of scaling matrices and lower addition matrices. We leave the de-
tails to the reader.

We can use Theorem to prove the following analogue of Theorem [3.67} in
the same way as we used Theorem to prove Theorem itself:

Theorem 3.98. Let n € IN. Let A be an invertibly lower-triangular n x n-matrix.
Then, A is invertible, and its inverse A~ ! is again invertibly lower-triangular.

Proof of Theorem [3.98] Theorem (applied to C = A) shows that A is invert-
ibly lower-triangular if and only if A is a product of scaling matrices and lower
addition matrices. Hence, A is product of scaling matrices and lower addition
matrices (since A is invertibly lower-triangular). In other words, A has the form
A = A1Ay - - Ai for some k € IN and some k matrices Ay, Ay, ..., Ay, where each
of Ay, Ay, ..., Ay is either a scaling matrix or a lower addition matrix. Consider
these k and A1, Ay, ..., Ay
Observe the following fact:

2because (as we have shown) any row scaling S} is invertible, and can be undone by another row
scaling
73Here we are using the fact that, for any row scaling S}, the matrix S} is a scaling matrix.
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Fact 1: Leti € {1,2,...,k}. Then, the matrix A; is invertible, and its
inverse Ai_1 is either a scaling matrix or a lower addition matrix.

[Proof of Fact 1: We know that A; is either a scaling matrix or a lower addition
matrix (since each of Ay, Ay, ..., Ay is either a scaling matrix or a lower addition
matrix). In other words, we are in one of the following two cases:

Case 1: The matrix A; is a scaling matrix.
Case 2: The matrix A; is a lower addition matrix.

Let us consider Case 1 first. In this case, A; is a scaling matrix. In other words,
A; has the form A; = Sﬁ for some nonzero number A and some u € {1,2,...,n}.
Consider these A and u. Proposition (c) shows that the matrix S} is invertible,
and its inverse is (S) 1 = 512 Since S} = A;, this rewrites as follows: The matrix
A; is invertible, and its inverse is A;l = S%,/ A But 5114/ Misa scaling matrix. In other
words, Ai_1 is a scaling matrix (since Ai_1 = S1/1). Hence, AZ._1 is either a scaling
matrix or a lower addition matrix. Thus, Fact 1 is proven in Case 1 (since we have
already shown that A; is invertible).

Let us now consider Case 2. In this case, A; is a lower addition matrix. In other
words, A; has the form A; = Aﬁ,v, where A is a number, and where u and v are
two elements of {1,2,...,n} satisfying u > v (by the definition of a “lower addition

matrix”). Consider these A, u and v. Proposition (c) shows that the matrix Aﬁ,v

-1 —A . A . .
= A, . Since A}, = A;, this rewrites as

is invertible, and its inverse is (A7 )
follows: The matrix A; is invertible, and its inverse is A;l = A, 2. But Ay, Mis a
lower addition matrix (since # > v). In other words, AZ._1 is a lower addition matrix
(since A;l = A, M. Hence, A;l is either a scaling matrix or a lower addition
matrix. Thus, Fact 1 is proven in Case 2 (since we have already shown that A; is
invertible).

We have now proven Fact 1 in each of the two Cases 1 and 2. Thus, Fact 1 is
proven.]

We are in one of the following two cases:

Case 1: We have k # 0.
Case 2: We have k = 0.

Let us deal with Case 1. In this case, we have k # 0; thus, k is a positive integer.

Fact 1 shows that, for each i € {1,2,...,k}, the matrix A; is invertible, and its in-
verse Ai_1 is either a scaling matrix or a lower addition matrix. In other words, the
matrices A1, Ay, ..., Ay are invertible, and each of their inverses Al 1, Ay 1,. .., A]: 1
is either a scaling matrix or a lower addition matrix. In other words, each of

Al 5 Ak*_11, o AT 1 s either a scaling matrix or a lower addition matrix.
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Now, Proposition 3.12)shows that the matrix A;A; - - - Ay is invertible, and its in-
verse is (A1Ap - - Ak)f1 = Ak_lzﬁkk__l1 e Al_l. Since A = AA; - - - Ay, this rewrites
as follows: The matrix A is invertible, and its inverse is A~ = AL 1Ak_fl AL L

The equality A™1 = A 1Ak__l1 AT ! shows that A~! is a product of scaling
matrices and lower addition matrices (since each of Ak_ 1,Ak__11, s AT 1 is either
a scaling matrix or a lower addition matrix). But Theorem (applied to C =
A~1) shows that A~ is invertibly lower-triangular if and only if A~! is a product
of scaling matrices and lower addition matrices. Hence, A~! is invertibly lower-
triangular (since A~! is a product of scaling matrices and lower addition matrices).
This completes the proof of Theorem in Case 1.

Case 2 is trivial (indeed, A = I, in this case) and is left to the reader Thus,

Theorem is proven in both Cases 1 and 2; this shows that Theorem is
always valid. O

Again, a similar result holds for upper-triangular matrices (and, again, has a
similar proof):

Theorem 3.99. Let n € IN. Let A be an invertibly upper-triangular n x n-matrix.
Then, A is invertible, and its inverse A~! is again invertibly upper-triangular.

3.16. (*) Yet another proof of triangular invertibility
Let us now give a second proof of Theorem We first shall show a lemma:

Lemma 3.100. Let n € IN. Let A be an invertibly lower-triangular n x n-matrix.

Letb = (by, by, ..., bn)T be a column vector of size n (that is, an n x 1-matrix). Let
re{1,2,...,n} besuch thatb; = b, = --- =b,_1 = 0. (Notice that if r = 1, then
the equality by = by = --- = b,_1 = 0 claims nothing, and thus is automatically
true —i.e., the numbers by, by, ..., b, can be arbitrary in this case.)

Then, there exists a column vector v = (01,02,...,vn)T of size n satisfying

Av=band vy =v,=---=0v,_1=0and v, = by.

Ar,r
Proof of Lemma|3.100, The matrix A is invertibly lower-triangular. In other words,
A is lower-triangular and all its diagonal entries are nonzero (because this is what
“invertibly lower-triangular” means). Since A is lower-triangular, we have

Aij=0 whenever i < j (97)

(by the definition of “lower-triangular”). Since all diagonal entries of A are nonzero,
we have
Aii #0 foreachi e {1,2,...,n}. (98)

74 Alternatively, our proof for Case 1 can be made to work in Case 2 as well, because Proposition

holds for k = 0 (as long as we define the empty product to be I,;). See Remark for the
details.
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We shall now define n numbers vq,vs,...,v,. Our definition is recursive: For
each i € {1,2,...,n}, we assume that the first i — 1 numbers vy,v,,...,v;_1 are
already defined, and we define the next number v; by

1
v; = A (bi — (Aj1v1 + Ajpva + -+ -+ Aji_10i-1)) (99)
1,1

m This is a valid recursive definition, because it gives us a way to compute the
numbers vy, 0y, ...,0, one by one (beginning with v, then proceeding to v, then
to v3, and so on). Here is how this computation will look like:

b

o bi. (This is the

e The number v; is defined (and can be computed) by v; =
particular case of fori=1. Eb

e The number v, is defined (and can be computed) by v, = AL (by — Apqv1).
2,2

1
e The number v3 is defined (and can be computed) by v3 = ™ (bs — (Azqv1 + A3202)).

e And so on, up to v,.

We furthermore define a column vector v by v = (v, vy, .. ., vn)T. Now, we claim
the following:

Claim 1: We have Av = b.

Claim 2: We have v = v, = --- =v,_1 = 0.

Claim 3: We have v, = Al b,.

r,r

Ain A -0 Ay
, o N Apn Ao oo Agy

[Proof of Claim 1: Multiplying the equalities A = _ _ and
An,l An,Z to An,n

7>The division by A is allowed because of .
76Note that the sum Aj101 4+ Ajpvp + - - -+ A;i_1v;_1 becomes an empty sum when i = 1, and thus
equals 0; therefore, we have omitted it.
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U1
(%]
V= (vl,vz,...,vn)T = , we obtain
Un
A1 A1 A1
Ax1 Azp Aoy (3
Av = . . .
An,l An,Z An,n On
A1101 + A1p02 + - - -+ Aqu0n
A 101 + Appvp + - - - + Az Up
= ) (100)

An,lvl + An,ZUZ +- An,nvn

But for each i € {1,2,...,n}, we have

Aij1v1+ AjpUp + -+ Aj 0
= (Aj1v1 + Ajpvo + - - - + A; jv;)

+ Ajit Viy1 +
——

(by:,

applied to j=i+1)

Aji2
——

(by:f

applied to j=i+2)

Vipa

= (Ai,lvl + Ai,ZUZ + - Ai,ivi) + SO?J{_H + 001’—1—2 + - O’Unz

-0
= Aij101 + Ajpva + - - + Ajjv;
= (Aj1v1 + Ajpvo + -+ -+ Aji_q1viq) +

A; jv;
S’

=bj—(Aj101+Ajpva+++Aji_10i_1)

(by @)

= (Aj1v1 + Ajpva+ -+ Ajiq1vi_1) + bi — (Ajr1o1 + Aigvp + - -+ Aji_10i-1)
— b,

In other words, the n equalities

A1101 + A1002 + - -+ Ay y0n = by;
Ap 101+ Appvr + - - - + Appvn = by;

An,lvl + An,ZUZ + -+ An,nvn = by
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hold. In other words,

Aq1101 + A1p00 + -+ Ap 0n by
Ap 101 4+ Agpvp + -+ - + Ap Uy by
An,lvl + An,ZUZ 4 An,nvn by

Thus, (100) becomes

A1+ Apvp + -+ -+ Agu0n by
Ap 101 + ApUp + -+ + A U by
Av = _ = _ =b.
An,101 _|_ Anlz’()z + tt + An,nvn bi’l
This proves Claim 1.]
[Proof of Claim 2: We shall show that
NN=0y=":=0_1=0 foreach k € {1,2,...,r}. (101)

Our proof of will proceed by induction over k:

Induction base: For k = 1, the equality claims nothing (because there are no
numbers v1,7y,..., 01 when k = 1), and thus is true (for the stupid reason that
an empty claim is always true). This completes the induction base.

Induction step: Leti € {1,2,...,r —1}. Assume that holds for k = i. We
must now prove that holds for k =i+ 1.

We have i € {1,2,...,r — 1} and thus b; = 0 (since by = by = --- = b,_1 = 0).

We have assumed that holds for k = i. In other words, we have v; = v, =
-+ =1v;_1 = 0. In other words,

vy =0 foreach ¢ € {1,2,...,i—1}. (102)

But now, yields

1

v; = A bi — | Aix (1 +A;» o +o 4 A i1
—0 -0 \:/0
to /=1) to £=2) to 1—i—1)
—1 1
A bi — (Aij10+ Ajp0+-- -+ A;;10) | = - b; =0.
v h ~- 4 i~~~
=0 -

Combining this with vy = v, = --- =v;_1 =0, we obtainv; = vy = --- =v; = 0.

In other words, (101) holds for k = i 4 1. This completes the induction step. Hence,
(101)) is proven.
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Now that we have proven (101), we can apply (101) to k = r. We thus obtain

v) =0vy = -+ = v,_1 = 0. This proves Claim 2.]
[Proof of Claim 3: Claim 2 shows that v; = v, = -+ = v,_1 = 0. In other words,
vy =0 foreach ¢ € {1,2,...,r —1}. (103)

But (applied to i = r) yields

1
Or = by — | Ara 01 +A;2 02 +- -+ A Or—1
Ar < <2 <
(by (03), applied (by (103), applied (by (I03), applied
to £=1) to £=2) to {=r—1)
1 1
= br - (Al’,lo + AT’,ZO + -+ Ar,r—lo) == br.
AV,T' ~ ~ - Ar’y
=0

This proves Claim 3.]
We have now proven all three claims. Thus, our column vector v = (v1,vy, ..., vn)T

e 1 )
satisfies Av =band vy = v, = --- =0v,_1 = 0and v, = A—br. This shows that
r,r
such a vector exists; in other words, Lemma [3.100|is proven. O]

Next, we prove a lemma which is “almost” Theorem [3.98}

Lemma 3.101. Let n € IN. Let A be an invertibly lower-triangular n x n-matrix.
Then, there exists an invertibly lower-triangular n x n-matrix B such that AB =
L.

The matrix B in Lemma [3.101| will turn out to be the inverse of A; but Lemma
3.101{does not yet claim this (instead, Lemma 3.101| only guarantees that B is a right
inverse of A).

Proof of Lemma[3.101} For eachj € {1,2,...,n}, we construct a column vector 4
size n as follows:
Consider the vector col; (I,); this is the j-th column of the identity matrix ;.

]] of

Since I, = (‘Si,]')lgign, I<j<n WE have
01,j

COlj (In) = : = (51,]', (521]', ce ,571,]')
On,j

This vector col; () is a column vector of size 1, and satisfies §;; = 6,; = --- =
(5]-,1,]- = 0 (since none of the numbers 1,2,...,j — 1 equals j). Hence, Lemma 3.100
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(applied to b = col; (I,) and b; = J;; and r = j) says that there exists a column
vector v = (v, 0y, .. .,vn)T of size n satisfying Av = col, ([y)and vy =vp = -+ - =
vji-1 = 0 and v; = @(5”. Denote this vector v by v|;), and denote its entries
v1,02,...,0y by V1,j,02,js - -+, Upj (IN order to stress that they depend on j).

Now, forget that we fixed j. Thus, for each j € {1,2,...,n}, we have found a
column vector

v = (01, vz,]',...,vn,j)T (104)
of size n satisfying
Avjj = col; (In) (105)
and
v =0pj ="+ =0j_1; =0 (106)
and 1
%ij = 7 (107)

Altogether, these are n column vectors Upp VR - - Y of size n. We can assemble
them into a matrix B: Namely, set

B = (0ij)1<icn 1<j<n”

This matrix B therefore satisfies

Bij =vj; forallie {1,2,...,n} and j € {1,2,...,n}. (108)

Hence, the matrix B is lower—triangula@ and all its diagonal entries are nonzerﬂ
In other words, the matrix B is invertibly lower-triangular.

Also, recall that B = (v; ), ... 1<j<, Hence, every j € {1,2,...,n} satisfies

?)1,]'
02, T
col; B = : = (01,02, 0nj) =y (by (104)) . (109)
Un’]'
77Proof. Let j € {1,2,...,n}. Then, v1j =0;=--=0j1; =0 (by ). In other words, v;; =0

for every i € {1,2,...,n} satisfying i < j. In light of , this rewrites as B;; = 0 for every
i€ {l,2,...,n} satisfying i < j.

Now, forget that we fixed j. We thus have shown that B; ; = 0 whenever i < j. In other words,
the matrix B is lower-triangular.

1 1
78Proof. Leti € {1,2,...,n}. Applying (107) to j = i, we find v;; = — &;; = — # 0. But
Aii Ajj
(since =)

(108) (applied to j = i) yields B;; = v;; # 0.
Now, forget that we fixed i. We thus have learnt that B;; # 0 for each i € {1,2,...,n}. In other

words, the diagonal entries of the matrix B are nonzero.
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Now, Proposition (d) (applied to m = n and p = n) shows that, for each
j€{1,2,...,n}, we have

col; (AB) = A+ col; B = Avjj = col; (I) (by (105)) -
=0
(by )

In other words, each column of the n x n-matrix AB equals the corresponding
column of I,. Thus, AB = I,,.

Hence, we have found an invertibly lower-triangular n x n-matrix B such that
AB = I,,. This proves Lemma O

We are now ready to prove Theorem by a rather cunning trick:

Proof of Theorem [3.98] Lemma shows that there exists an invertibly lower-
triangular n x n-matrix B such that AB = I,,. Fix such a B, and denote it by C.
Thus, C is an invertibly lower-triangular n x n-matrix such that AC = I,.

But we can also apply Lemma to C instead of B. As the result, we conclude
that there exists an invertibly lower-triangular n x n-matrix B such that CB = I,.
Fix such a B, and denote it by D. Thus, D is an invertibly lower-triangular n x n-
matrix such that CD = I,.

Now, the matrix A is a left inverse of C (since AC = I,;), whereas the matrix D
is a right inverse of C (since CD = I;). Hence, Proposition (a) (applied to n, C,
A and D instead of m, A, L and R) reveals that A = D. Hence, C \4_/ =CD = I,.

=D
Combining CA = I, with AC = I, we conclude that C is an inverse of A. Thus,
the matrix A is invertible, and its inverse is A1 = C. Thus, A~ ! is invertibly
lower-triangular (since C is invertibly lower-triangular, but A~! = C). This proves
Theorem [3.98 O

We have thus proven Theorem again.
We could similarly prove Theorem though this would require an analogue

of Lemma [3.100| in which (for example) the condition b; = by = --- = b,_1 = 0
would be replaced by b,,1 = b,42 = --- = b, = 0 (and in the proof, we would

have to define the vy, vy, ...,v, by “reverse recursion”, beginning with v,, and then
proceeding with v,_; and so on). It is probably quicker to derive Theorem [3.99]
from Theorem in the same way as we derived Theorem from Theorem
Either way, the proof is straightforward (given what has already been shown),
and is left to the reader.

Theorem and Theorem can also be proven in the same way; the changes
usually boil down to replacing “# 0” by “= 1”. Again, this proof can safely be left
to the reader (who would thus obtain a third proof of Theorem [3.67)).
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3.17. The swapping matrices T,

The A-addition matrices Ai,‘/v from Definition and the A-scaling matrices S;
from Definition are two of the three kinds of matrices commonly called “ele-
mentary matrices”. The third kind are the swapping matrices:

Definition 3.102. Let n € IN. Let u and v be two distinct elements of {1,2,...,n}.
Then, T, , shall denote the n x n-matrix I, — E,, — Ey» + Eyo + Eyu. (Here, all
the matrices of the form E, ; are meant to be n x n-matrices: thatis, Ey 53 = Ep g1
forallp € {1,2,...,n}and g € {1,2,...,n}.)

Again, the notation T}, , is hiding the dependency on 7, and we ought to write
Tu0,n instead; but we will not, because there will not be any real occasion for
confusion.

Example 3.103. Let n = 4. Then,

001TO0

0100
Tiz=1Ii—Ein—Es+EstEn=| 00 0 and

00 01

1 000

0010
To3 =1y — Ezxp — E33+ Eps+ E3p = 0100

00 01

The pattern that you see on these examples is true in general:

Proposition 3.104. Let n € IN. Let u and v be two distinct elements of
{1,2,...,n}. Then, the matrix T, , has the following entries:

e Its (u,u)-th and (v, v)-th entries are 0.
e All its other diagonal entries are 1.
e Its (u,v)-th and (v, u)-th entries are 1.

e All its remaining entries are 0.

Proof of Proposition[3.104, Foreach p € {1,2,...,n} and g € {1,2,...,n}, the matrix
E, g is the n x n-matrix whose (p, q)-th entry is 1 and whose all other entries are 0
(indeed, this is how E,; was defined). Hence, we obtain the following two facts:

Fact 1: Adding E, 4 to an n x n-matrix C has the effect that the (p, g)-th
entry of C is increased by 1 (while all other entries remain unchanged).
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Fact 2: Subtracting Ep 4 from an n x n-matrix C has the effect that the
(p,q)-th entry of C is decreased by 1 (while all other entries remain
unchanged).

But recall that T,,, = I, — Eyu — Evp + Euo + Evu. Thus, the matrix T, is
obtained from the matrix I, by first subtracting E, ;, then subtracting E;,, then
adding E, », and then adding E; . Using Fact 1 and Fact 2, we can see how these
subtractions and additions affect the entries of a matrix; thus, we can find all entries
of the matrix Ty = Iy — Eu,u — Evp + Euo + Eout

The matrix I, is the n x n-matrix whose diagonal entrie@ are 1, and whose
all other entries are 0.

Subtracting E, ,, from I, has the effect that the (1, u)-th entry is decreased by
1; thus, it becomes 1 —1 = 0 (because it was 1 in I,). Hence, the (u,u)-th
entry of the matrix I, — E;, is 0, all its other diagonal entries are 1, and all its
remaining entries are 0.

Subtracting E,, from I, — E, , has the effect that the (v,v)-th entry is de-
creased by 1; thus, it becomes 1 — 1 = 0 (because it was 1 in I, — E, ;). Hence,
the (u,u)-th and (v,v)-th entries of the matrix I, — Ey, — Ey, are 0, all its
other diagonal entries are 1, and all its remaining entries are 0.

Adding E,, to I, — Ey — Eyp has the effect that the (u,v)-th entry is in-
creased by 1; thus, it becomes 0 + 1 = 1 (because it was 0 in I, — E;,;, — Ey ).
Hence, the (u,u)-th and (v, v)-th entries of the matrix I, — E,,;, — Epp + Eup
are 0, all its other diagonal entries are 1, its (u,v)-th entry is 1, and all its
remaining entries are 0.

Adding E,, to I, — Eyy — Epu + Eup has the effect that the (v, u)-th entry is
increased by 1; thus, it becomes 0 +1 = 1 (because it was 0 in I, — E; ;, —
Ey,» + Euu). Hence, the (1, u)-th and (v, v)-th entries of the matrix I, — E,, ,, —
Evu+ Eup + Eyy are 0, all its other diagonal entries are 1, its (u#,v)-th and
(v, u)-th entries are 1, and all its remaining entries are 0. Since I, — E,,, —
Evu+ Euo+ Epu = Tup, this rewrites as follows: The (u, u)-th and (v, v)-th
entries of the matrix T, are 0, all its other diagonal entries are 1, its (#,v)-th
and (v, u)-th entries are 1, and all its remaining entries are 0. This proves

Proposition [3.104}

]

We can next see what happens to a matrix when it is multiplied by T, ,:

7This includes the (u, u)-th entry.
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Proposition 3.105. Let n € IN and m € IN. Let u and v be two distinct elements of
{1,2,...,n}. Let C be an n x m-matrix. Then, T, ,C is the n x m-matrix obtained
from C by swapping the u-th row with the v-th row.

a b
Example 3.106. Let n = 3 and m = 2. Let C be the 3 x 2-matrix | 4’ ¥V
a// b//

Then, Proposition [3.105| (applied to # = 1 and v = 3) claims that T; 3C is the
3 x 2-matrix obtained from C by swapping the 1-st row with the 3-rd row. A
computation confirms this claim:

0 01 a b a’ b’
TLgC = 010 a b = a v
1 00 a’ b a b

Proposition 3.107. Let n € IN and m € IN. Let u and v be two distinct elements of
{1,2,...,n}. Let C be an m x n-matrix. Then, CT, , is the m x n-matrix obtained
from C by swapping the u-th column with the v-th column.

Corollary 3.108. Let n € IN. Let u and v be two distinct elements of {1,2,...,n}.
Then:

(a) The matrix T, , can be obtained from I,, by swapping the u-th row with the
v-th row.

(b) The matrix T, , can be obtained from I, by swapping the u-th column with
the v-th column.

I will prove Proposition 3.105/and Corollary [3.108|in Section below.
We shall refer to the matrix T, , defined in Definition 3.102| as a “swapping ma-

trix”ﬂ It is the third type of elementary matrices.
Here are a few more properties of swapping matrices:

Proposition 3.109. Let n € IN. Let u and v be two distinct elements of
{].,2,. . .,1’1}. Then, (TMIU)T — TH,U'

Proposition 3.110. Let n € IN. Let u and v be two distinct elements of

{1,2,...,n}.
(a) We have Ty, , = I,.

(b) The matrix T, , is invertible, and its inverse is (Tu,v)_1 = Ty .
(c) We have T, , = Ty 0.

These facts will be proven in Section 3.18|

80The letter T in “T,»” stands for “transposition”, but this is not really related to the transpose of a
matrix. It is instead due to the fact that the word “transposition” means “changing the positions
(of something)”, and in mathematics is often used for swapping two things.
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3.18. (*) Some proofs about the swapping matrices

Proof of Proposition Clearly, T, »,C is an n X m-matrix.

Let x and y be two elements of {1,2,...,n}. Proposition (applied to n, m,
x and y instead of m, p, u and v) shows that E, ,C is the n x m-matrix whose x-th
row is the y-th row of C, and whose all other rows are filled with zeroes. Thus,

row; (Ex,C) = row, C (110)
(since the x-the row of E, ,C is the y-th row of C) and
row; (ExyC) = O1xm for every i € {1,2,...,n} satisfying i # x (111)

(since all other rows of E, ,C are filled with zeroes).
Now, forget that we fixed x and y. We thus have proven (110) and (111) for every
two elements x and y of {1,2,...,n}. In particular, every y € {1,2,...,n} satisfies

(by (111)), applied to i = u and x = v (since u # v)) and
rowy (Eu,yc) = O1xm (113)

(by (IT1), applied to i = v and x = u (since v # u)).

But recall that matrices are added entry by entry. Thus, matrices are also added
by row by row —i.e., if U and V are two n x m-matrices, then any row of U 4 V is
the sum of the corresponding rows of U and of V. In other words, if U and V are
two n X m-matrices, then

row; (U+ V) = row; U + row; V forevery i € {1,2,...,n}. (114)
Similarly,
row; (U — V) =row; U — row; V foreveryi e {1,2,...,n}. (115)

Using (114) and (115) repeatedly, we can show that
row; ( U—V —W+X+Y) =row; U —row; V —row; W + row; X +row; Y (116)

foreveryi e {1,2,...,n}.
We have

Tulv C
—~
:In *Eu,u *Ev,v+Eu,v+Ev,u

(In — Euu — Evo + Eujo + Eou) C

- InC _Eu,uc - EU,UC _|_ Eu,vc + EU,MC
=C
- C - Eu,uc - Ev,vc + Eu/vc + Ev,uc.
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Hence, for each i € {1,2,...,n}, we have

row; T, C
——
:C*Eu,ucfEv,vCJFEu,vCJFEv,uC
- rOWi (C - Eu/uc - EU,UC + Eulvc + E'U,MC)
= row; C — row; (E,,4,C) — row; (E,,C) + row; (E,,C) +row; (E,,C)  (117)
(by (116), appliedtoU =C, V =E,,C,W =E;,C, X =E,,Cand Y = E, ,C).
Now, we must prove that T, ,C is the n x m-matrix obtained from C by swapping

the u-th row with the v-th row. In other words, we must prove the following three
claims:

Claim 1: The u-th row of the n X m-matrix T, ,C equals the v-th row of
C.

Claim 2: The v-th row of the n x m-matrix T}, ,C equals the u-th row of
C.

Claim 3: For each i € {1,2,...,n} satisfying i # u and i # v, the i-th
row of the n X m-matrix T}, ,C equals the i-th row of C.

Proof of Claim 1: The u-th row of the n x m-matrix T,,,C is

rowy (T,,C)
= row, C — rowy (E,,C) —rowy (EyuC)+ rowy (E,,C) +row, (E,uC)

-~ -~ -~ -~

=row, C =01xm =row, C =01 xm
(by (110), applied to (by (112), (by (110), applied to (by (112),
x=u and y=u) applied to y=v) x=u and y=0) applied to y=u)

(by (117), applied to i = u)
= row, C —row, C — 01 «,; + row, C + 01, = row, C.
In other words, the u-th row of the n x m-matrix T, ,C equals the v-th row of C.

This proves Claim 1.
Proof of Claim 2: The v-th row of the n X m-matrix T, ,C is

row; (T,,,C)
=row; C — row; (E,,C) — row;(E,,C) + row;(E,,C) + rowy (Ey.C)
———— ————— ———— —————
=01xm =015m =015xm =015m
(by (111), applied to  (by (I11), applied to  (by (I1), applied to  (by (ITI), applied to
x=u and y=u) x=v and y=0) x=u and y=0) x=v and y=u)

(by (T17))

=10W; C — 015 — O15m + 015 + O1xm = row; C.

In other words, the i-th row of the n x m-matrix T, ,C equals the i-th row of C. This
proves Claim 3.
Now, we have proven Claim 1, Claim 2 and Claim 3; this completes the proof of

Proposition [3.105] O
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The proof of Proposition is analogous.

Proof of Corollary|3.108 (a) Proposition [3.105| (applied to m = n and C = I,;) shows
that T, » I, is the n X n-matrix obtained from I, by swapping the u-th row with the

v-th row. In other words, T}, , is the n x n-matrix obtained from I,, by swapping the
u-th row with the v-th row (since Ty, I, = T),,). This proves Corollary [3.108] (a).
(b) The proof of Corollary [3.108| (b) is similar, except that now we have to use

Proposition [3.107] O
Proof of Proposition Proposition (d) shows that any two n x m-matrices
A and B (where m € IN) satisfy

(A+B)T = AT + B, (118)
Similarly, any two n x m-matrices A and B (where m € IN) satisfy

(A—B)" = AT - BT. (119)
By repeated application of and (119), we can show the following fact: If A, B,
C, D and E are five n x m-matrices (for some m € IN), then

(A—B—C+D+E) =AT BT —cT+ DT+ ET. (120)
The definition of T, yields Ty, = Iy — Eyu — Ev,p + Euo + Eou. Hence,

(Tu,v)T — (In - Eu,u - Ev,v + Eu,v + Ev,u)T
= (In)T - (EM,M)T - (Ev,v)T
——r -

~—— ———
:.!n :Eu,u :Ev,v
(by Proposition (@)  (by Proposition (by Proposition
applied to n, u and u applied to n, v and v
instead of m, u and v)  instead of m, u and v)

+ (Euo)'  + (Eou)'
N—— ~——
:Ev,u :Eu,v
(by Proposition[3.49)  (by Proposition
applied to m=n) applied to n, v and u

instead of m, u and v)

by (120), applied tom =n, A =1I,, B=E, .,
C — E'U,'U/ D — Eu,'() a]fld_ E — E’()/u

- In - Eu,u - Ev,v + Ev,u + Eu,v
= In - Eu,u - Ev,v + Eu,v + Ev,u = Tu,v-

This proves Proposition [3.109 [

Proof of Proposition (@) The definition of T, yields Ty, = I, — Eyu — Euu +
Eyu + Eyu = Iy. This proves Proposition 3.110] (a).

(b) First proof: Corollary (@) shows that T, is the n x n-matrix obtained
from I, by swapping the u-th row with the v-th row. Proposition (applied
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tom = n and C = T, ,) shows that T}, T, » is the n X n-matrix obtained from T, ,
by swapping the u-th row with the v-th row. Thus, in order to obtain the matrix
TuoTu from I,,, we have to do the following procedure:

e swap the u-th row with the v-th row;

e then, again swap the u-th row with the v-th row.

But this procedure clearly returns the matrix I,, with which we started (since the
second swap undoes the first swap). Thus, Ty, Ty0 = L.

From T, T, = I and T, Ty» = I (yes, this is one equality repeated twice), it
follows that the matrix T; , is an inverse of T, ,. Hence, the matrix T, ;, is invertible,
and its inverse is (T, ,) " = T,.,. This proves Proposition (b).

Second proof: We can also prove Proposition (b) using Proposition [3.52}
provided that we can tolerate some rather lengthy computations.

If i, j, x and y are four elements of {1,2,...,n}, then

EZ,]EX,]/ — 5

jixEi

iy (121)

(Where all three matrices E; ;, Exy and E; , have to be understood as n x n- matr1cesl
In particular, every i € {1, 2 onyandy e {1,2,...,n} satisfy

Ei,uEv,y - Onxn (122)

and
EivEuy = Ouxn (123)

Furthermore, if i, x and y are three elements of {1,2,...,n}, then
Ei,xEx/y — El,y (124:)
il

81 Proof of : Let i, j, x and y be four elements of {1,2,...,n}. Then, Proposmon 2| (applied to
n, n, i and j instead of m, p, u and v) shows that Ei,j,n,nEx,y,n,n = 0 xEiynn. Since we abbreviate
the matrices E; , Exynn and E;y  n as E; ;, Exy and E; , (respectively), this can be rewritten as
EijExy = (5 xEiy. Thus, 121 is proven.

82Proofof Let ie{l, 2 .,n}andy € {1,2,...,n}. Then, (applied to j = u and x = ©v)
yields E; uEvy = @ iy = 0Eiy = Onxn, qed

=0
(since u#v)

8 Proof of :Leti€ {1,2,...,n}and y € {1,2,...,n}. Then, (121) (applied to j = v and x = u)
yields E; ,Eyy =  dopu Eiy = O0E;y, = Onxn, ged.

(sincj?};éu)
84Proof of : Let i, j and x be three elements of {1,2,...,n}. Then, (121) (applied to j = x) yields

Ei,xEx,y = 5x,x Ei,y = 1Ei,y = Ei,yr qed

(sincg xX=x)
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NOW, the definition Of Tu’v YieldS Tu,v - In - Eu,u - EU,U + Eu’v _|_ Ev’u. Hence,

Tu,v Tu,v
~—~— ~—~—
:In*Eu,u*Ev,v+Eu,v+Ev,u :In*Eu,u*Ev,v+Eu,v+Ev,u
- (In - Eu,u - Ev,v + Eu,v + Ev,u) (In - Eu,u - Ev,v + Eu,v + Ev,u)
- !n (In - Eu,u - Ev,v + Eu,v + Ev,u)

7

= Lulu— L Eupu—InEoro+ T Euot InEoy
- gu,u (In - Eu,u - Ev,v + Eu,v + Ev,u)
=Euuuln—EuEuou—Eun Eoyot Euu Euot-EuEo

- Fv,v (In - Eu,u - Ev,v + Eu,v + Ev,u)
=Eopoln—Eo0Euu—Eoo oot EooFuotEooEou
+ Eu,v (In - Eu,u - Ev,v + Eu,v + Ev,u)

J/

:Eu,vln*Eu,vEu,u*Eu,va,v+Eu,vEu,v+Eu,va,u
+ gv,u (In - Eu,u - Ev,v + Eu,v + Ev,u)

/

:Ev,u In— Ev,u Eu,u - Ev,u Ev,v + Ev,u Eu,v +Ev,z¢ Ev,u
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= | Inly — InEyu — InEvp + InEyp + [nEou
MM N e N N~
:In :Eu,u :Ev,v :Eu,v :Ev,u
— | Ewuln— EuuEuu —  EyuEypy + EuuEuyp EuuEou
Nl e — N ———— ——
:Eu,u :Eu,u :Onxn :Eu,v :Onxn
(by (124), applied (by (122), applied (by (124), applied (by (122), applied

- Ev,vIn - Ev,vEu,u - EU,ZJEZJ,U + Ev,vEu,v +
N—— N—— N——r N——
:Ev,v

=0nxn :Ev,v =0nxn
(by (123), applied (by ([124), applied (by (123), applied

toi=vand y=u) toi=v, x=vand y=v) toi=vand y=0)

:Onxn , :Onxn
(by (123), applied (by (124), applied (by (123), applied

toi=u and y=u)  toi=u, x=vand y=v) toi=u and y=0)

+ Ev,u Iy — Ev,u Eu,u - Ev,uEv,v + Ev,uEu,v
~—— —— —— ——
=Euu =Evp

=Eyu =04xn y
(by (124), applied (by (122), applied (by (124), applied

to i=v, x=u and y=u) to i=v and y=0) to i=v, x=u and y=v)

- (In - Eu,u - Ev,v + Eu,v + Ev,u) - (Eu,u - Eu,u — Onxen + Eu,v + Onxn)

to i=u, x=u and y=u) to i=u and y=0) to i=u, x=u and y=v)

+ | Euoln— EuvEuu — EuvEyy + EuvsEun +
N —— e —’ N —
=Eup =Eup

to i=u and y=u)

Ev,v Ev,u
——

=Eyu

(by ([124), applied

to i=v, x=v and y=u)

EuvEou
N——

:Eu,u
(by (124), applied

to i=u, x=v and y=u)

+ Ev,u Ev,u
——

=0nxn
(by (122), applied

to i=v and y=u)

- (Ev,v - Onxn - Ev,v + Onxn + Ev,u) + (Eu,v - Onxn - Eu,v + Onxn + Eu,u)

+ (EU,H - E‘U,M - OT’ZXVZ + EU,U + OTZXTZ)
- 11’1'

From Ty, T, = I, and T,,,T,» = Is (yes, this is one equality repeated twice), it
follows that the matrix T, is an inverse of T, ,. Hence, the matrix T, , is invertible,

and its inverse is (Tulv)*1 = T,,. This proves Proposition 3.110| (b) again.

(C) The definition Of Tv’u YieldS Tv’u == In - Ev’v - Eu’u + Ev’u —|'_ Eu’v = In - Eu’u -
E'U,'U + Eu/v + E'z)’u. COmparing thiS With Tu/’p == In - Eu’u - EU,U -I_ Eu"p + E'U,M/ We

obtain Ty, = T,,. This proves Proposition 3.110] (c).

]
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3.19. Permutation matrices

Definition 3.111. Let n € IN. A swapping n X n-matrix means a matrix of the form
Ty, where u and v are two distinct elements of {1,2,...,n}. When n is clear
from the context, we shall omit the “n x n-” and simply say “swapping matrix”.

In Theorem we have characterized lower-unitriangular matrices as products of
lower addition matrices. Similarly, in Theorem we have characterized invert-
ibly lower-triangular matrices as products of scaling matrices and lower addition
matrices. What kind of matrices are characterized as products of swapping matri-
ces T, ? We should not expect anything with “triangular” in its name (after all,
the matrices T;,, themselves are not triangular). Instead, we obtain the so-called
permutation matrices.

Definition 3.112. Let n € IN. An n X n-matrix A is said to be a permutation matrix
if it satisfies the following conditions:

(a) Each entry of A is either a 0 or a 1.

(b) Each row of A has exactly one entry equal to 1.

(c) Each column of A has exactly one entry equal to 1.

Example 3.113. (a) The 3 x 3-matrix is a permutation matrix.

_ O O
O O =
oS - O

(b) The 3 x 3-matrix is not a permutation matrix, since it fails

— O O
o O
S W o

condition (a) of Definition [3.112

(c) The 3 x 3-matrix is not a permutation matrix, since it fails

oo o
oo
—_ o

condition (c) of Definition (namely, the 3-rd column has two entries equal
to 1, whereas the 1-st column has none).
00O
(d) The 3 x 3-matrix | 0 1 1 | is not a permutation matrix, since it fails
100
condition (b) of Definition (namely, the 2-nd row has two entries equal to
1, whereas the 1-st row has none).
(e) For each n € IN, the n x n identity matrix I, is a permutation matrix. (This
is Lemma further below.)
(f) Let n € IN. Let u and v be two distinct elements of {1,2,...,n}. Then, the
swapping matrix T;, , (defined in Definition is a permutation matrix. (This
is a particular case of Lemma [3.119 below.)

These examples do not exhaust the set of all permutation matrices. However
(unlike, e.g., the lower-triangular matrices), this set is finite for each n € IN. More
precisely:
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Proposition 3.114. Let n € IN. Then, there are precisely n! permutation matrices
of size n X n.

(Recall that n! denotes the number 1-2-3----- n; it is called the “factorial of
n”. For instance, 5! =1-2-3-4-5 =120.)

We will outline a proof of Proposition [3.114]in Section m

Example 3.115. Proposition [3.114] (applied to n = 3) says that there are precisely
3! = 6 permutation matrices of size 3 x 3. Here are they:

100 010
L=|010 |, Ti,=|100],
001 001
001 100
T,s=|010 |, Tos=|001],
100 010
001 010
A=|100|, B=(001
010 100

The two last matrices, which I have here denoted by A and B, are neither the
identity matrix I3 nor swapping matrices T, ,. However, they can be written as
products of swapping matrices:

A=TsThs, B =Ty3T1,.

(Of course, they can also be written as products of swapping matrices in many
other ways. For instance, A= T1,3T1,2 = T2,3T2/3T1,2T2,3 = T2,3T1,2T2,3T1’2.) This
is not a coincidence: As we will see shortly (in Theorem [3.116), the permutation
matrices are precisely the products of swapping matrices.

Theorem 3.116. Let n € IN. An n x n-matrix C is a permutation matrix if and
only if C is a product of swapping matrices.

Some authors (e.g., Olver and Shakiban in [OlvSha06, Chapter 1, Definition 1.8])
use Theorem as a definition of permutation matrices. (l.e., they define per-
mutation matrices as products of swapping matrices, instead of using Definition
B.112]) More precisely, the following equivalent definitions of permutation matri-
ces exist:

e Our Definition [3.112| above.

e An n x n-matrix is called a permutation matrix if it is a product of swapping
matrices. (This is the definition used in [OlvSha06, Chapter 1, Definition 1.8];
and Theorem 3.116| reveals that it is equivalent to our Definition [3.112])
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e An n X n-matrix is called a permutation matrix if it has the same rows as I, but
(possibly) in a different order.

e An n X n-matrix is called a permutation matrix if it has the same columns as I,
but (possibly) in a different order.

e Ann X n-matrix is called a permutation matrix if it has the form <5w(1~)/]~> iy 1cic
<i<n, 1<j<n

for some bijective map w : {1,2,...,n} — {1,2,...,n}. (This is the definition
used in Stanley’s [Stanlel2, §1.5]. We will discuss it in some more detail in

Section )

The equivalence of all these definitions is easy to see (once Theorem is
proven); nevertheless, we shall be using Definition only.

We shall give a complete proof of Theorem in Section but first, let us
state some basic facts on which said proof relies:

Lemma 3.117. Let n € IN. Let A be an n x n-matrix. Assume that A is a permu-
tation matrix. Let u and v be two distinct elements of {1,2,...,n}. Let B be the
matrix obtained from A by swapping the u-th row with the v-th row. Then, B is
a permutation matrix.

Proof of Lemma We know that A is a permutation matrix. According to the
definition of a “permutation matrix”, this means that A satisfies the following three
statements:

Statement 1: Each entry of A is eithera O or a 1.
Statement 2: Each row of A has exactly one entry equal to 1.
Statement 3: Each column of A has exactly one entry equal to 1.

Thus, we know that Statements 1, 2 and 3 are satisfied.

On the other hand, we want to prove that B is a permutation matrix. According
to the definition of a “permutation matrix”, this means proving that B satisfies the
following three statements:

Statement 4: Each entry of B is eithera O or a 1.
Statement 5: Each row of B has exactly one entry equal to 1.
Statement 6: Each column of B has exactly one entry equal to 1.

Hence, it remains to prove that Statements 4, 5 and 6 are satisfied.

Recall that the matrix B is obtained from A by swapping the u-th row with the
v-th row. Hence, each row of B equals some row of A. Thus, Statement 5 follows
from Statement 2. Therefore, Statement 5 is satisfied.
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Also, each entry of B equals some entry of A (since each row of B equals some
row of A). Thus, Statement 4 follows from Statement 1. Hence, Statement 4 is
satisfied.

Recall again that the matrix B is obtained from A by swapping the u-th row with
the v-th row. Hence, each column of B is obtained from the corresponding column
of A by swapping the u-th entry with the v-th entry. Hence, each column of B
has exactly as many entries equal to 1 as the corresponding column of A (because
swapping two entries does not change the number of entries equal to 1). Therefore,
Statement 6 follows from Statement 3. Hence, Statement 6 is satisfied.

We thus have shown that Statements 4, 5 and 6 are satisfied. As we have said,
this completes the proof of Lemma O

| Lemma 3.118. Let n € IN. Then, the identity matrix I, is a permutation matrix.

Lemma 3.118]is very easy to prove (and will be proven in detail in Section [3.20]
below).

Lemma 3.119. Let n € IN. Then, any product of swapping n x n-matrices is a
permutation matrix.

(Here, we are again using the convention that the empty product of n x n-
matrices is I,;.)

Lemma is, of course, the <= direction of Theorem [3.116}, it can be proven by
induction using Lemma and Proposition The (rather straightforward)
proof can be found in Section below.

Now, let me give some examples for Theorem

Example 3.120. (a) For each n € IN, the n x n identity matrix I, is a product of
swapping matrices: Namely, it is the empty product (since the empty product of
n x n-matrices is I, by definition).

(b) Each swapping matrix T, , itself is a product of swapping matrices: namely,
it is a product of itself.

(c) Let C be the permutation matrix . Then, C is a product of

o = O
o O O
o o

0

0

1
0100
swapping matrices: Namely, it equals T7 212475 4.

Let us actually see how this representation of C can be found. We shall proceed
by writing C as a product of one swapping matrix with a second matrix C’, which
is still a permutation matrix but has one diagonal entry equal to 1. We then will
do the same with C’, obtaining a third matrix C”; then, do the same with C”, and
so on. At the end, we will be left with a permutation matrix whose all diagonal

entries are 1. This means that we will be left with the identity matrix .
In more detail: We proceed in several steps:
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Step 1: Let us turn the (1,1)-th entry of C into 1 by swapping the 1-st row
with the 2-nd row. Denote the resulting matrix by C'. Thus, C' =
1000

. Notice that the new matrix C’ is still a permutation matrix

o O O
— O O
SO
S = O

(by Lemma applied to A = C, B=C', u = 1 and v = 2), but now
has its first diagonal entry equal to 1. Since C’ was obtained from C by
swapping the 1-st row with the 2-nd row, we can conversely obtain C from
C’ by swapping the 1-st row with the 2-nd row. According to Proposition
3.105| (applied to n, 1, 2 and C’ instead of m, u, v and C), this means that
C =T C.

Step 2: Let us turn the (2,2)-th entry of C’ into 1 by swapping the 2-nd row
with the 4-th row. Denote the resulting matrix by C”. Thus, C" =

. Again, the new matrix C” is still a permutation matrix

S O O
OO = O
— o O O
(o N

(by Lemma applied to A = C', B=C", u = 2 and v = 4), and
still has its first diagonal entry equal to 1 (since the 1-st row has not been
changed); but now its second diagonal entry is also 1. Similarly to how we
found that C = T} ,C’ in Step 1, we now obtain C' = T, 4C".

Step 3: Let us turn the (3,3)-th entry of C” into 1 by swapping the 3-rd row
with the 4-th row. Denote the resulting matrix by C"”. Thus, C"" =

1000

0100 . I e s .
0010 Again, the new matrix C" is still a permutation ma-
0001

trix, and the first two diagonal entries are still equal to 1; and now the
third diagonal entry has become 1 as well. Similarly to how we found that
C = T1,C" in Step 1, we now obtain C" = T3 4C"".

Step 4: We should now turn the (4, 4)-th entry of C"”’ into 1, but fortunately this
is unnecessary: It already is 1.

We have thus turned all diagonal entries into 1. Our final matrix C thus
equals Iy (since it is a permutation matrix). Combining the three equalities we
have found, we obtain

C=T c =T,T C" =T,Tr4T~4 C"
12 C 1214 C° 12124134 C
= T2,4CN = T3,4 cm =l

= T12T04T3414 = T12T2 4T3 4.

Thus we have represented C as a product of swapping matrices.
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Example (c) essentially demonstrates how Theorem (or, more pre-
cisely, the = direction of Theorem can be proven in the general case (sim-
ilarly to how Example (c) outlines the proof of Theorem and how Exam-
ple (c) outlines the proof of Theorem [3.95). Transforming the example into an
actual rigorous proof, however, requires work: Not only would we have to formal-
ize the algorithm, but we would also need to formally justify that the algorithm
Workﬂ In Section we shall give a proof of Theorem which is, more or
less, the one suggested by Example (c); however, it will be organized rather
differently (for the sake of easier readabilityﬁ

One easy corollary of Theorem is the following:

Proposition 3.121. Let n € IN. Let A and B be two n X n-matrices that are
permutation matrices. Then, AB is also a permutation matrix.

Furthermore, we can show:

Proposition 3.122. Let n € IN. Let A be an n x n-matrix that is a permutation
matrix. Then:

(a) The matrix A is invertible.

(b) Its inverse is A~ = AT,

(c) This inverse A~! is a permutation matrix.

Proposition 3.123. Let n € IN and m € IN. Let P be an n x n-matrix that is
a permutation matrix. Let C be an n x m-matrix. Then, the n x m-matrix PC
can be obtained from C by rearranging the rows in a certain way that depends
on P. (In more rigorous terms, this means that there exists a bijective map w :
{1,2,...,n} = {1,2,...,n} such thatevery i € {1,2,...,n} satisfies row; (PC) =
row,,(;) C. If this sounds confusing to you, think of this map w as a way to match
up the rows of PC with the rows of C such that each row of PC equals the
corresponding row of C. We will go over this in more detail in Section [3.21})

a b
Example 3.124. Let n = 3 and m = 2. Let C be the 3 x 2-matrix [ 4’ b’ |. Let
a// bl/
010
P be the 3 x 3-matrix 0 0 1 |; as we know, this is a permutation matrix.
1 00

Then, Proposition 3.123| claims that the 3 X 2-matrix PC can be obtained from C

85For example, we would need to verify that each step results in a permutation matrix, and that the
k-th step (for each k) leaves the first k — 1 diagonal entries unchanged.

86Namely, instead of using a procedure with several steps, it will be based on an induction ar-
gument. The ideas will, of course, be the same; this is just an example of how algorithmic
arguments can be rewritten as induction proofs.
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by rearranging the rows in a certain way. And this can indeed be confirmed by
a computation:

010 a b a b
PC=| 001 a v | =1a b
100 a’” b’ a b

The rearrangement moves the first row to the very bottom, while letting the other
two rows slide up one level. Other permutation matrices P would produce other
rearrangements.

Proposition is (in a sense) a partial generalization of Proposition (al-
though, of course, not a complete generalization, since it fails to specify the precise
rearrangement). A similar partial generalization can be stated for Proposition [3.107}
this time, of course, it will be the columns (not the rows) that get rearranged in CP.

We will prove Proposition in Section [3.21]

3.20. (*) Proofs about permutation matrices
Let us now catch up on some proofs that we promised in the previous section.

Proof of Lemma|3.115, We want to prove that I, is a permutation matrix. According
to the definition of a “permutation matrix”, this means proving that I,, satisfies the
following three statements:

Statement 1: Each entry of I, is either a O or a 1.
Statement 2: Each row of I, has exactly one entry equal to 1.
Statement 3: Each column of I, has exactly one entry equal to 1.

Hence, it remains to prove that Statements 1, 2 and 3 are satisfied.

But Statement 1 is obvious. Statement 2 is also clear (since each row of I, has
exactly one entry equal to 1 — namely, the diagonal entry), and Statement 3 is clear
as well (for similar reasons). Thus, Statements 1, 2 and 3 are satisfied. This proves

Lemma 3.118 O]

Proof of Lemma Let M be any product of swapping n x n-matrices. We must
show that M is a permutation matrix.

We have assumed that M is a product of swapping n x n-matrices. In other
words, M = AgAx_1--- A for some k € IN and some k swapping n x n-matrices
A1, Ay, ..., Ay. Consider this k and these A1, Ay, ..., A;.

We shall show that

A;A;_1---Ajis a permutation matrix (125)
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for every i € {0,1,...,k} (where, as usual, AgA_1 - - Aj has to be interpreted as
an empty product and thus equals ).

[Proof of (125): We will prove by induction over i:

Induction base: Lemma says that I, is a permutation matrix. In other words,
ApA_1--- A is a permutation matri In other words, 1) holds for i = 0. This
completes the induction base.

Induction step: Let j € {0,1,...,k} be positive. Assume (as the induction hypothe-
sis) that holds for i = j — 1. We must show that holds for i = j.

The induction hypothesis tells us that holds for i = j — 1. In other words,
Aj1Aj p- -+ Ay is a permutation matrix. Set C = A; 1Aj 5---Aj. Thus, Cis a
permutation matrix (since A; 1A; - -- A is a permutation matrix).

But A; is a swapping n X n-matrix (since Ay, A, ..., Ay are k swapping n X n-
matrices). In other words, Aj has the form Aj =Ty, where 1 and v are two distinct
elements of {1,2,...,n}. Consider these u and v.

Now,
AjAi 1 Ar= Aj (AjAy---Ajq) = Ty (126)
. ¢

But Proposition (applied to m = n) shows that T, ,C is the n x n-matrix
obtained from C by swapping the u-th row with the v-th row. Hence, Lemma
(applied to A = C and B = T,,C) shows that T, ,C is a permutation matrix. In
light of (126), this rewrites as follows: AjA; 1---A; is a permutation matrix. In
other words, holds for i = j. This completes the induction step, and thus the
inductive proof of (125).]

Now, (applied to i = k) yields that AyAx_1---A; is a permutation ma-
trix. In other words, M is a permutation matrix (since M = AxAx_1---Ajp). This
completes the proof of Lemma O

The general proof of Theorem (3.116| follows the idea outlined in Example [3.120
(c), but we are going to make it more manageable by introducing a convenient
notion:

Definition 3.125. Let n € N and k € {0,1,...,n}. An n x n-matrix A is said to
be k-identical if it satisfies A;1 = Azp = - -+ = Ak = 1. (Note that the condition
A1l = Agp =+ = Agx = 1 means “A;; = 1 foreachi € {1,2,...,k}". Thus, if
k = 0, then this condition is vacuously true, since there exists noi € {1,2,...,k}
in this case.)

This notion allows us to speak about our procedure from Example (c) more
crisply: We started with an arbitrary permutation matrix C, which was 0-identical.
Then, in Step 1, we made it 1-identical by switching two rows. Then, in Step 2,
we made it 2-identical by switching two further rows. Then, in Step 3, we made it
3-identical by switching two further rows. Then, in Step 4, we made it 4-identical

8since AgA_1 - -+ A; = (empty product of n x n-matrices) = I,
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by doing nothing (since it already was 4-identical). At the end of the procedure, it
was an identity matrix.
Here are some properties of k-identical permutation matrices:

Lemma 3.126. Letn € Nand k € {0,1,...,n}. Let A be an n X n-matrix. Assume
that A is a k-identical permutation matrix.

(@ If k=n,then A = 1I,.

(b) Foreachv € {k+1,k+2,...,n}, thereexistssomeu € {k+1,k+2,...,n}
such that A, , = 1.

(0 If k < nand Axi141 =1, then Aisa (k + 1)-identical permutation matrix.

(d) If u and v are two distinct elements of {k+ 1,k +2,...,n} satisfying v =
k+1land A,y =1, then T,,,A is a (k + 1)-identical permutation matrix.

Proof of Lemma [3.126, We have assumed that A is a permutation matrix. According
to the definition of a “permutation matrix”, this means that A satisfies the following
three statements:

Statement 1: Each entry of A is eithera O or a 1.
Statement 2: Each row of A has exactly one entry equal to 1.
Statement 3: Each column of A has exactly one entry equal to 1.

Thus, we know that Statements 1, 2 and 3 are satisfied.
We have assumed that A is k-identical. In other words,

A1 =App == A =1 (127)
(by the definition of “k-identical”). In other words,
Aii=1 foreachi e {1,2,...,k}. (128)
Next, we observe that
Ajj=6ij forallie {1,2,...,k} andj € {1,2,...,n} (129)
il

88Proofof: Leti € {1,2,...,k} and j € {1,2,...,n}. We must prove that A;; = J; ;.

Wehavei € {1,2,...,k}. Hence, A;; =1 (by )

We are in one of the following two cases:

Case 1: We have i = j.

Case 2: We have i # j.

Let us first consider Case 1. In this case, we have i = j. Hence, j = i, so that A;; = A;; = 1.
Comparing this with §;; = 1 (since i = j), we obtain A;; = ¢;;. Hence, A;; = §;; is proven in
Case 1.

Let us now consider Case 2. In this case, we have i # j. Thus, 51‘,]‘ =0.
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(a) Assume that k = n. Then, every i € {1,2,...,n} and j € {1,2,...,n} satisfy
Ajj= (In)i,j In other words, each entry of the matrix A equals the correspond-
ing entry of I,. In other words, A = I,,. This proves Lemma (a).

(b) Letv € {k+1,k+2,...,n}. Statement 3 shows that each column of A has
exactly one entry equal to 1. In particular, the v-th column has exactly one entry
equal to 1. In other words, there exists exactly one i € {1,2,...,n} such that
Aj, = 1. Consider this i. We are going to show thati € {k+1,k+2,...,n}.

In fact, assume the contrary. Thus, i ¢ {k+1,k+2,...,n}. Combining i €
{1,2,...,n} withi ¢ {k+1,k+2,...,n}, we obtain

ie{1,2,...,mI\{k+1L,k+2,...,n}=1{1,2,...,k}.

Hence, A, = 6, (by ([129), applied to j = v). Buti € {1,2,...,k}, so that i < k.
However, v > k+1 (since v € {k+1,k+2,...,n}). Hence, k+1 < v, and thus
i <k <k+1< v Thus, i # v, so that §;, = 0 and thus A;;, = J;, = 0. This
contradicts A;, =1 # 0.

This contradiction shows that our assumption was false. Hence,i € {k+1,k+2,...

is proven. Thus, there exists some u € {k+1,k+2,...,n} such that A,, = 1
(namely, u = i). This proves Lemma (b).

(c) Assume that k < n and Ay,1,.1 = 1. We need to show that A is a (k+ 1)-
identical permutation matrix.

Combining (127) with Ayy1x41 =1, weobtain Aj1 = Ayp = - -+ = Ay 41 = 1.
But the matrix A is (k 4 1)-identical ifand only if A1 = Ao = -+ = A1 441 =

1 (because this is how “(k + 1)-identical” is defined). Thus, the matrix A is (k+1)-

Now, assume (for the sake of contradiction) that A;; # 0. But A; ; is an entry of A, and thus
is either a 0 or a 1 (by Statement 1). In other words, A;; = 0 or A;; = 1. Therefore, A;; =1
(since A;; # 0). Combining this with A;; = 1, we conclude that the i-th row of A has at least
two entries equal to 1: namely, the entries A;; and A;;. (And these two entries actually lie in
different cells, since i # j.)

But each row of A has exactly one entry equal to 1 (because Statement 2 is satisfied). In
particular, the i-th row of A has exactly one entry equal to 1. This contradicts the fact that the
i-th row of A has at least two entries equal to 1. This contradiction shows that our assumption
(that A;; # 0) was false. Hence, we have A; ; = 0. Compared with ¢;; = 0, this yields A;; = J; ;.
Thus, A;; = ¢; is proven in Case 2.

Now, A;; = §;; is proven in each of the two Cases 1 and 2. Hence, A;; = J;; always holds. In
other words, (129) is proven.

8 Proof. Recall that I, = (5; )

and j € {1,2,...,n} satisfy

1<i<n, 1<j<n (by the definition of I,). Hence, every i € {1,2,...,n}

(In);j = di. (130)
But {1,2,...,n} = {1,2,...,k} (since n = k). Now, every i € {1,2,...,n} and j € {1,2,...,n}
satisfy
Ajj=0ij (by (129), since i € {1,2,...,n} ={1,2,...,k})
= (In)i,j (by (130)).
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identical (since A1 = App = - -+ = Agt1k+1 = 1). Also, A is a permutation matrix.
The proof of Lemma (c) is thus complete.

(d) Let u and v be two distinct elements of {k+1,k+2,...,n} satisfying v =
k+1and A,, = 1. We must prove that T, ,A is a (k+ 1)-identical permutation
matrix.

Let B = T,,A. Proposition [3.105| (applied to m = n and C = A) shows that T, , A
is the n x n-matrix obtained from A by swapping the u-th row with the v-th row.
Since B = T, ,A, this rewrites as follows: B is the n X n-matrix obtained from A by
swapping the u-th row with the v-th row. Hence, Lemma shows that B is a
permutation matrix. We shall next show that B is (k + 1)-identical.

Recall that B is the n X n-matrix obtained from A by swapping the u-th row with
the v-th row. Hence, the following facts hold:

Fact 4: The u-th row of the matrix B equals the v-th row of A.
Fact 5: The v-th row of the matrix B equals the u-th row of A.

Fact 6: If i € {1,2,...,n} is such that i # u and i # v, then the i-th row
of the matrix B equals the i-th row of A.

Now, using Fact 6, we can easily see that B;; = A;; for eachi € {1,2,...,k}
Hence, for each i € {1,2,...,k}, we have B;; = A;; = 1 (by (128)). In other words,

Bl/l — B2’2 — = Bk/k — 1. (131)

But Fact 5 shows that each entry of the v-th row of the matrix B equals the
corresponding entry of the u-th row of A. In other words, B,; = A, ; for each
j€{1,2,...,n}. Applying this to j = v, we obtain B,, = A, , = 1. Since v =k +1,
this rewrites as Byy1x+1 = 1. Combining this with (I31), we obtain By; = Byy =
-+ = Brpr 1 = 1.

But the matrix B is (k 4 1)-identical if and only if By; = Bop = -+ = Byy1 441 =1
(because this is how “(k + 1)-identical” is defined). Thus, the matrix B is (k4 1)-
identical (since Bj; = Bpp = -+ = By414+1 = 1). Hence, B is a (k + 1)-identical
permutation matrix (since we already know that B is a permutation matrix). In
other words, T, ,A is a (k+ 1)-identical permutation matrix (since B = T, ,A).
This proves Lemma (d). O

Next, we show a slightly stronger version of the = direction of Theorem [3.116

90Proof. Let i € {1,2,...,k}. Then, i < k < k+1 < u (since u > k+1 (since u €
{k+1,k+2,...,n})). Hence, i # u. The same argument (but made for v instead of u) shows
that i # v. Hence, Fact 6 shows that the i-th row of the matrix B equals the i-th row of A. In
other words, each entry of the i-th row of the matrix B equals the corresponding entry of the
i-th row of A. In other words, B;; = A;; for each j € {1,2,...,n}. Applying this to j = i, we
obtain B, = Ai,i' Qed.
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Lemma 3.127. Let n € N and p € {0,1,...,n}. Let A be an n x n-matrix. If
A is an (n — p)-identical permutation matrix, then A is a product of at most p
swapping matrices.

Proof of Lemma We shall prove Lemma by induction over p:
Induction base: If A is an (n — %identical permutation matrix, then A is a product

of at most 0 swapping matrices’’} In other words, Lemma holds for p = 0.
This completes the induction base.

Induction step: Let g € {0,1,...,n} be positive. Assume (as the induction hypoth-
esis) that Lemma holds for p = g — 1. We must now prove that Lemma
holds for p = g.

Assume that A is an (n — g)-identical permutation matrix. We shall show that

A is a product of at most g swapping matrices. (132)

Set k = n — g. Thus, A is a k-identical permutation matrix (since A is an (n — gq)-
identical permutation matrix).

We have k = n—q € {0,1,...,n} (since ¢ € {0,1,...,n}). Furthermore, k =
n —q < n (since g is positive), so that k < n — 1 (since k and n are integers).

Setv=k+1. Then,v=k+1>k+1landov=k+1 < n(sincek <n-—1), so
thatv € {k+1,k+2,...,n}. Hence, Lemma (b) shows that there exists some
ue{k+1,k+2,...,n} such that A,, = 1. Consider this u. We are in one of the
following two cases:

Case 1: We have u = k + 1.
Case 2: We have u # k + 1.

Let us first consider Case 1. In this case, we have u = k+1. From u = k+1
and v = k+1, we obtain A, = Ajiq)y1, S0 that Ajiqrr1 = Aup = 1. Hence,
Lemma (c) shows that A is a (k+ 1)-identical permutation matrix. Since
\k/ +1=n—-—g+1=n—(q—1), this rewrites as follows: A isan (n—(g—1))-
=n—q
identical permutation matrix. But the induction hypothesis shows that Lemma
holds for p = g — 1. Hence, Lemma can be applied to p = g — 1 (since
Ais an (n — (g —1))-identical permutation matrix). As a result, we conclude that
A is a product of at most g — 1 swapping matrices. In other words, there exists
some s € {0,1,...,9 — 1} such that A is a product of at most s swapping matrices.
Consider this s. Thus, A is a product of at most g swapping matrices (since A is a
product of s swapping matrices, but we have s € {0,1,...,9—1} C {0,1,...,9}).
In other words, holds. Hence, is proven in Case 1.

9Proof. Assume that A is an (n — 0)-identical permutation matrix. In other words, A is an n-
identical permutation matrix. Lemma (a) (applied to k = n) thus yields A = I,. Thus
A = I, = (the empty product of swapping matrices) (since the empty product of swapping
matrices is defined to be I;). Hence, A is a product of 0 swapping matrices. Thus, A is a product
of at most 0 swapping matrices. Qed.
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Let us now consider Case 2. In this case, we have u # k+ 1. Thus, u #k+1 = v.
Therefore, Lemma (d) reveals that T, ,A is a (k+ 1)-identical permutation
matrix. Since \k/ +1=n—-—g+1=mn—(gq—1), this rewrites as follows: T, ,A is

=n—q

an (n — (q — 1))-identical permutation matrix. But the induction hypothesis shows
that Lemma [3.127|holds for p = g — 1. Hence, Lemma can be applied to g — 1
and T, ,A instead of p and A (since Ty ,A is an (n — (g — 1))-identical permutation
matrix). As a result, we conclude that T, ,A is a product of at most g — 1 swapping
matrices. In other words, there exists some s € {0,1,...,9 — 1} and some s swap-
ping matrices My, My, ..., M such that T}, ;A = MM, - - - M. Consider this s and
these M1, M, ..., M;.

Froms € {0,1,...,q—1}, weobtains+1 € {1,2,...,9} € {0,1,...,9}.

Proposition (b) yields that the matrix T, is invertible, and its inverse is
(Ty0) ' = Tyo. Thus, Ty, Tyo = L. Hence, Ty, , Ty 0 A = I,A = A, so that

N——

:IVI
A — Tu/’v Tu,UA — Tu,leMZ c Ms.
~——
:MlMZ"'Ms

But T}, is a swapping matrix (by the definition of a “swapping matrix”), and the
matrices My, My, ..., M; are swapping matrices as well. Hence, Ty, M1, My, ..., M
are swapping matrices. Thus, T,,,M1M; - - - M is a product of s + 1 swapping ma-
trices. In other words, A is a product of s + 1 swapping matrices (since A =
TuoMiM; - - - M;). Hence, A is a product of at most g swapping matrices (since
s+1€{0,1,...,9}). In other words, holds. Hence, is proven in Case 2.

Now, we have proven in each of the two Cases 1 and 2. Hence, always
holds. In other words, A is a product of at most 4 swapping matrices.

Now, forget that we assumed that A is an (n — g)-identical permutation matrix.
Thus, we have shown that if A is an (n — g)-identical permutation matrix, then A
is a product of at most g swapping matrices. In other words, Lemma holds
for p = q. This completes the induction step. Thus, Lemma is proven by
induction. O

Theorem [3.116|is now an easy consequence of the above:

Proof of Theorem |3.116] <—: Lemma 3.119| says that any product of swapping ma-
trices is a permutation matrix. Hence, if C is a product of swapping matrices, then

C is a permutation matrix. This proves the <= direction of Theorem

=—>: We need to prove that if C is a permutation matrix, then C is a product of
swapping matrices.

So let us assume that C is a permutation matrix. Clearly, the matrix C is O-
identica]@ In other words, the matrix C is (n — n)-identical (since 0 = n — n).

92Proof. The matrix C satisfies the equality C;1 = Cpp = -+ = Cgpo = 1 (in fact, this equality is
vacuously true). But according to the definition of “0-identical”, this means precisely that C is
0-identical. Qed.
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Thus, Lemma (applied to p = n and A = C) shows that C is a product of at
most n swapping matrices. Hence, C is a product of swapping matrices. This is
precisely what we had to prove. This proves the = direction of Theorem
Hence, the proof of Theorem is complete. O

Proof of Proposition Theorem (applied to C = A) shows that A is a per-
mutation matrix if and only if A is a product of swapping matrices. Thus, A is a
product of swapping matrices (since A is a permutation matrix). The same argu-
ment (applied to B instead of A) shows that B is a product of swapping matrices.
Now, we know that each of the two matrices A and B is a product of swapping
matrices. Hence, their product AB is the product of two products of swapping
matrices. Therefore, AB is itself a product of swapping matrices (since a product of
two products of swapping matrices must itself be a product of swapping matrices).
Theorem 3.116| (applied to C = AB) shows that AB is a permutation matrix if and
only if AB is a product of swapping matrices. Thus, AB is a permutation matrix
(since AB is a product of swapping matrices). This proves Proposition O

Let us now come to the proof of Proposition[3.122] Parts (a) and (c) of Proposition
could be verified similarly to how we have proved Theorem (but using
Theorem now); but this would not help us proving part (b). So we take a
different path instead.

Proof of Proposition |3.122 We have assumed that A is a permutation matrix. Ac-
cording to the definition of a “permutation matrix”, this means that A satisfies the
following three statements:

Statement 1: Each entry of A is eithera O or a 1.
Statement 2: Each row of A has exactly one entry equal to 1.
Statement 3: Each column of A has exactly one entry equal to 1.

Thus, we know that Statements 1, 2 and 3 are satisfied.
We have AT = (Aj)) by the definition of AT). Hence,

1<i<n, 1<j<n (
(AT>l_j = Aj, foreveryi € {1,2,...,n} andje€ {1,2,...,n}. (133)

We are next going to show that

Alisa permutation matrix. (134)

[Proof of (134): We must show that AT is a permutation matrix. According to
the definition of a “permutation matrix”, this means proving that AT satisfies the
following three statements:

Statement 4: Each entry of AT is eithera O or a 1.
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Statement 5: Each row of AT has exactly one entry equal to 1.
Statement 6: Each column of AT has exactly one entry equal to 1.

Hence, it remains to prove that Statements 4, 5 and 6 are satisfied.

The definition of AT shows that the entries of AT are precisely the entries of A,
just moved to different cells. Thus, Statement 4 follows from Statement 1. Hence,
Statement 4 is satisfied.

Leti € {1,2,...,n}. The i-th column of A has exactly one entry equal to 1 (by
Statement 3). In other words, there exists exactly one j € {1,2,...,n} satisfying
Aj; = 1. In view of (133), this rewrites as follows: There exists exactly one j €

{1,2,...,n} satisfying (AT).. = 1. In other words, the i-th row of AT has exactly

i,
one entry equal to 1. :

Now, forget that we fixed i. We thus have shown that for each i € {1,2,...,n},
the i-th row of AT has exactly one entry equal to 1. In other words, each row of AT
has exactly one entry equal to 1. This proves Statement 5.

A similar argument (but with the roles of rows and columns switched, and also
the roles of i and j switched, and using Statement 2 instead of Statement 3) can be
used to prove Statement 6.

We thus have shown that Statements 4, 5 and 6 are satisfied. As we have said,
this completes the proof of (134).]

Everyi e {1,2,...,n}and j € {1,2,...,n} satisfy

(AAT>i’j — 5. (135)

[Proof of :Letie{1,2,...,n}and j € {1,2,...,n}.
The i-th row of A has exactly one entry equal to 1 (by Statement 2). In other

words, there exists a unique u € {1,2,...,n} satisfying A;,, = 1. Consider this u.
We have
Aix = Oy for every k € {1,2,...,n} (136)

93 Proof of : Letk € {1,2,...,n}. We must prove that A;; = .

We will prove this by contradiction. Thus, assume the contrary. Hence, A; i # 0y ;.

If we had k = u, then we would have A;; = A;,, = 1 = J;,, (since J;, = 1 (because k = u)),
which would contradict A; ;. # Jx,. Thus, we cannot have k = u. We therefore must have k # u.
(Yes, we have just done a proof by contradiction inside a proof by contradiction. This is perfectly
legitimate!)

Since k # u, we have J;, = 0. On the other hand, Statement 1 shows that each entry of A is
either a 0 or a 1. In particular, A;j is either a 0 or a 1 (since A, is an entry of A). Since A;j is
not a 0 (because A;x # 6k, = 0), we therefore conclude that A; is a 1. In other words, A;; = 1.

So we know that both numbers A;; and A;, are equal to 1. These numbers A; and A;, are
two entries of the i-th row of A, and lie in different cells (since k # u). Thus, the i-th row of
A has at least two entries equal to 1 (namely, the entries A;; and A;,). This contradicts the
fact that the i-th row of A has exactly one entry equal to 1. This contradiction shows that our
assumption must have been false. Hence, A;; = Ji , is proven. In other words, is proven.
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On the other hand, the u-th column of A has exactly one entry equal to 1 (by
Statement 3). We can use this to show that

Aju =6 (137)

b4
But Proposition (applied to m = n, p = n and B = AT) shows that

n n n
(44T) =Y Au (A7) = LA = Y Audiu = Aj
= k=1 k=1
= ku
_A P
(by {136)) (by apphed

to k 1nstead of i)

(by Proposition applied to p = 1,9 = n, r = u and ap = Ajy). Hence,
(AAT) = Aj, = (51] (by (137)). This proves (135).]

On the other hand, I, = (5i,]-)1§i§n/ 1<j<n Hence, every i € {1,2,...,n} and
j €{1,2,...,n} satisfy (I.); ; = 6;j. Comparing this with (135), we find that every
i€ {l,2...,n}and j € {1,2,...,n} satisfy (AAT)I.]. = (In)i,j' In other words,
each entry of the matrix AAT equals the corresponding entry of I,. Therefore,
AAT = I

Now, let us change our point of view. We have just shown that AAT = [,,. But
(134) shows that AT is a permutation matrix. Hence, the argument that we used
to prove AAT = I, can also be applied to AT instead of A. It therefore yields
AT (AT)T = I,. Since (AT)T = A (indeed, this follows from Proposition , this
rewrites as ATA = I,,.

Now, the two equalities AAT = I, and ATA = I, (combined) show that the
matrix AT is an inverse of A. Hence, the matrix A is invertible, and its inverse is
A~1 = AT. This proves parts (a) and (b) of Propos1t10n m It remains to prove
part (c). But this is obvious now: From , we know that AT is a permutation

94 Proof of : We will prove this by contradiction. Thus, assume the contrary. Hence, A;, # ;.
If we had i = j, then we would have

Ajy = Ay (since j = i)
=1=y;, (since d;j =1 (because i = ])) p

which would contradict A;,, # §; ;. Thus, we cannot have i = j. We therefore must have i # j.
(Once again, we have just made a proof by contradiction within a proof by contradiction.)

Since i # j, we have 51’,]‘ = 0. On the other hand, Statement 1 shows that each entry of A is
either a 0 or a 1. In particular, A;, is either a 0 or a 1 (since A;, is an entry of A). Since 4;, is
not a 0 (because A; =+ d;j =0), we therefore conclude that A ju is al. In other words, A;, = 1.

So we know that both numbers A;, and A;, are equal to 1. These numbers A;, and A, , are
two entries of the u-th column of A, and lie in different cells (since i # j). Thus, the u-th column
of A has at least two entries equal to 1 (namely, the entries A;, and A;,). This contradicts the
fact that the u-th column of A has exactly one entry equal to 1. This contradiction shows that our
assumption must have been false. Hence, A;,, = ¢;; is proven. In other words, is proven.
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matrix. Since A~! = AT, this rewrites as follows: A~! is a permutation matrix.
This proves Proposition 3.122] (c). O]

Let me add one more result, which somewhat extends the =— direction of The-

orem [3.116}

Proposition 3.128. Let n € IN. A simple swapping matrix will mean an n x n-
matrix of the form Ty, for some k € {1,2,...,n —1}.

Each permutation matrix of size n x n is a product of simple swapping matri-
ces.

Example 3.129. Let n = 3. Then, there are three swapping matrices: T7 5, T1 3 and
Tz;3. (You can also write down T4, T3; and T3p, but these are the same three
matrices by different names.) Out of these three matrices, two (namely, T;, and
T,3) are simple swapping matrices (in the sense of Proposition [3.128), whereas
the remaining one (T 3) is not.

Proposition (applied to n = 3) says that each permutation matrix of
size 3 x 3 is a product of simple swapping matrices. Let us check this for the
permutation matrix T;3. Just writing T;3 as the product of itself alone does
not count anymore, because (as we said) T73 is not a simple swapping matrix.
However, we can write T; 3 as the product T;,T>37T; >, and this does the trick.
(Alternatively, you can write T73 as the product T;3T12T>3. Again, there are
many possibilities.)

Proof of Proposition (sketched). We will not need Proposition so let me
only give a brief outline of its proof.

We want to prove that each permutation matrix of size n X n is a product of
simple swapping matrices. But the = direction of Theorem shows that each
permutation matrix of size n x n is a product of swapping matrices. Hence, it
suffices to prove that

each swapping matrix is a product of simple swapping matrices. (138)

So let A be a swapping matrix. Thus, A = T, for two distinct elements u and
vof {1,2,...,n}. Consider these u and v. We can WLOG assume that u < v (since
otherwise, we can simply switch u with v, without changing A because T, , = Ty,).
So, assume this. Then, I claim that

Tu,v = (Tu,u+1 Tu+1,u+2 e Tv—2,v—1) Tv—l,v (Tv—Z,v—lTv—B,v—Z e Tu,u+1) . (139)

(To ease understanding, let me explain how the right hand side of should
be interpreted: The first parenthesized factor, T, ,+1Ty+1,u+2" - To—20-1, is the
product of all Tyjq with k ranging over {u,u+1,...,v—2} in increasing or-
der. If the set {u,u+1,...,v—2} is empty, then this product has to be under-
stood as the empty product (which equals I, as usual). The second parenthe-
sized factor, Ty_py—1Tv—3,0—2 - Tyut1, is the product of all Ty ;1 with k ranging
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over {u,u+1,...,v—2} in decreasing order. Again, it is the empty product if
{u,u+1,...,0v—2} is empty (and thus equals I, in this case).)

Clearly, the equality represents T, , as a product of simple swapping ma-
trices; thus, once it is proven, the claim will immediately follow.

One way to prove is to rewrite the right hand side of as

(Tu,u+1Tu+1,u+2 Tt Tv—2,v—1) Tv—l,v (Tv—Z,v—l va3,1172 e Tu,u—H) In- (140)

By using Proposition [3.105 repeatedly, we thus see that it is the matrix obtained
from I, by:

e first, swapping the u-th row with the (# + 1)-th row,

e then, swapping the (u + 1)-th row with the (u + 2)-th row,

e and so on, until finally swapping the (v — 2)-th row with the (v — 1)-th row,
e then, swapping the (v — 1)-th row with the v-th row,

e then, swapping the (v — 2)-th row with the (v — 1)-th row,

e then, swapping the (v — 3)-th row with the (v — 2)-th row,

e and so on, until finally swapping the u-th row with the (1 + 1)-th row.

This sequence of swappings has the following consequence: The u-th row has
been moved further and further down (by repeatedly getting swapped with the
next row) until it finally found rest in the position of the v-th row; then, the former
v-th row has been moved further and further up (by repeatedly getting swapped
with the previous row) until it finally found rest in the position of the u-th row. At
the end of this process, the u-th and the v-th rows have traded places, but all the
other rows have remained at the positions where they started out (although some
of them were temporarily moved back and forth in the process). So the right hand
side of can be obtained from I, by swapping the u-th row with the v-th row.
But (according to Corollary (a)) the matrix T, , can be obtained in exactly the
same way. Hence, the right hand side of simply is Ty,,. Thus, is proven.
As explained, this proves Proposition

(If you are looking for a more rigorous proof of — without the swapping
process so confusingly described above —, you can also proceed by induction over
v — u. In the induction step, is derived from the equality

Tu+1,v - (Tu+1,u+2Tu+2,u+3 e vaZ,vfl) val,v (vaz,vflTv—f—S,v—Z e Tu+1,u+2) s

which follows from the induction hypothesis. The details are, again, omitted.) [
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3.21. (*) Permutation matrices and permutations

In Definition we have defined permutation matrices as matrices satisfying
three particular conditions. This may not be their most natural definition, and
certainly has the disadvantage of making them look like curiosities rather than like
something important. In this section, I shall show a different approach to them
which better demonstrates their significance. The idea is that permutation matrices
are matrix representations of permutations, a fundamental notion of combinatorics
(= the theory of finite sets).
First, let me recall some basic terminology:

o A ma f : X — Y between two sets X and Y is said to be injective if it has
the following property:

— If x; and x; are two elements of X satisfying f (x1) = f (x2), then x; = xo.
(In words: If two elements of X are sent to one and the same element of
Y by f, then these two elements of X must have been equal in the first
place. In other words: An element of X is uniquely determined by its
image under f.)

Injective maps are often called “one-to-one maps” or “injections”.

For example:

— The map Z — Z, x > 2x (this is the map that sends each integer x to
2x) is injective, because if x; and x; are two integers satisfying 2x; = 2xy,
then x; = x».

— The map Z — Z, x — x? (this is the map that sends each integer x to x?)
is not injective, because if x; and x; are two integers satisfying x = x3,
then we do not necessarily have x; = x,. (For example, if x; = —1 and
xp = 1, then x% = x% but not x1 = x».)

e Amap f : X = Y between two sets X and Y is said to be surjective if it has
the following property:

— For each y € Y, there exists some x € X satisfying f (x) = y. (In words:
Each element of Y is an image of some element of X under f.)

Surjective maps are often called “onto maps” or “surjections”.
For example:

- The map Z — Z, x — x + 1 (this is the map that sends each integer x
to x + 1) is surjective, because each integer y has some integer satisfying
x+1=y (namely, x =y —1).

v

%The words “map”, “mapping”, “function”, “transformation” and “operator” are synonyms in
mathematics. (That said, mathematicians often show some nuance by using one of them and
not the other. However, we do not need to concern ourselves with this here.)
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— The map Z — Z, x — 2x (this is the map that sends each integer x
to 2x) is not surjective, because not each integer y has some integer x
satisfying 2x = y. (For instance, y = 1 has no such x, since y is odd.)

— The map {1,2,3,4} — {1,2,3,4,5}, x — x (this is the map sending
each x to x) is not surjective, because not each y € {1,2,3,4,5} has some
x € {1,2,3,4} satisfying x = y. (Namely, y = 5 has no such x.)

e Amap f : X — Y between two sets X and Y is said to be bijective if it
is both injective and surjective. Bijective maps are often called “one-to-one
correspondences” or “bijections”.

For example:

— The map Z — Z, x — x + 1 is bijective, since it is both injective and
surjective.

- The map {1,2,3,4} — {1,2,3,4,5}, x — x is not bijective, since it is not
surjective.

— The map Z — Z, x — x? is not bijective, since it is not injective. (It also
is not surjective.)

e If X is a set, then idx denotes the map from X to X that sends each x € X
to x itself. (In words: idx denotes the map which sends each element of X to
itself.) The map idx is often called the identity map on X, and often denoted
by id (when X is clear from the context or irrelevant). The identity map idx
is always bijective.

elf f: X - Yand g:Y — Z are two maps, then the composition go f of
the maps ¢ and f is defined to be the map from X to Z that sends each
x € X to g(f(x)). (In words: The composition g o f is the map from X
to Z that applies the map f first and then applies the map g.) You might
find it confusing that this map is denoted by g o f (rather than f o g), given
that it proceeds by applying f first and g last; however, this has its reasons:
It satisfies (go f) (x) = g(f (x)). Had we denoted it by f o g instead, this
equality would instead become (f o g) (x) = g (f (x)), which would be even
more confusing.

o If f: X — Y is a map between two sets X and Y, then an inverse of f means
amap ¢ : Y — X satistying fog = idy and go f = idx. (In words, the
condition “f o ¢ = idy” means “if you start with some element y € Y, then
apply g, then apply f, then you get y back”, or equivalently “the map f
undoes the map ¢”. Similarly, the condition “g o f = idx” means “if you start
with some element x € X, then apply f, then apply g, then you get x back”,
or equivalently “the map ¢ undoes the map f”. Thus, an inverse of f means
amap g :Y — X that both undoes and is undone by f.)
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The map f : X — Y is said to be invertible if and only if an inverse of f exists.
If an inverse of f exists, then it is uniquel@ and thus is called the inverse of f,
and is denoted by f~1.

For example:

- The map Z — Z, x — x + 1 is invertible, and its inverse is Z — Z, x —
x—1.

- The map Q\ {1} — Q\ {0}, x — T
the map Q \ {0} — Q\ {1}, xr—>1—%.

A map f: X — Y is invertible if and only if it is bijective.

is invertible, and its inverse is

o If X is a set, then a permutation of X means a bijective (i.e., invertible) map
X — X.

Each permutation of the set {1,2,...,n} (for any n € IN) determines a permuta-
tion matrix:

Definition 3.130. Let n € IN. Let w be a permutation of {1,2,...,n} (that is,
a bijection {1,2,...,n} — {1,2,...,n}). Then, we define an n x n-matrix P,

by Pu = (510@4 1<i<n, 1<j<n
following entries:

. In other words, P, is the n X n-matrix with the

e Foreachi € {1,2,...,n}, the i-th row has an entry equal to 1 in the w (i)-th
position (that is, the (i, w (7))-th entry of the matrix is 1).

o All other entries are 0.

Example 3.131. Let n = 4. There are 24 permutations of the set {1,2,3,4}. One
of them is the map u : {1,2,3,4} — {1,2,3,4} that sends 1,2,3,4 to 3,1,4,2,
0010

respectively. The matrix P, corresponding to this map u is

O O =
_ o O
o O o
o = O

Proposition 3.132. Let n € IN.

(@) If w is a permutation of {1,2,...,n}, then P, is a permutation matrix.

(b) Let P be a permutation matrix of size n x n. Then, there exists a unique
permutation w of {1,2,...,n} such that P = P,,.

%This is not hard to show. In fact, the situation is very similar to inverses of matrices; in particular,
we can define “left inverses” and “right inverses”, and prove analogues of Proposition (3.6| and
Corollary [3.7 for maps instead of matrices.
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Proof of Proposition (sketched). (a) Let w be a permutation of {1,2,...,n}. Thus,
w is a bijective map, i.e., an injective and surjective map.

We want to show that Py, is a permutation matrix. According to the definition of
a “permutation matrix”, we therefor must prove the following three statements:

Statement 1: Each entry of Py, is eithera O or a 1.
Statement 2: Each row of P, has exactly one entry equal to 1.
Statement 3: Each column of P, has exactly one entry equal to 1.

Statement 1 follows immediately from the definition of Py.

Statement 2 follows from the definition as well: For each i € {1,2,...,n}, the i-th
row of P, has exactly one entry equal to 1 (namely, the entry in position w (7)).

It remains to prove Statement 3. Fix j € {1,2,...,n}. We must show that the j-th
column of P, has exactly one entry equal to 1. In other words, we must prove that
there exists exactly one i € {1,2,...,n} satisfying w (i) = j.

Since w is surjective, there exists at least one such i. Since w is injective, there
exists at most one such i (because if i; and i, are two such i, then w (i1) = j and
w (ip) = j, so that w (i1) = w (i2), and thus the injectivity of w leads to i; = ip).
Combining the previous two sentences, we conclude that there exists exactly one
such i. Thus, Statement 3 is proven.

We have now proven all three Statements 1, 2 and 3. Hence, Py, is a permutation
matrix, so that we have proven Proposition (@).

(b) We know that P is a permutation matrix. In other words, the following three
statements hold:

Statement 1: Each entry of P is eithera 0 or a 1.
Statement 2: Each row of P has exactly one entry equal to 1.
Statement 3: Each column of P has exactly one entry equal to 1.

Now, defineamap w: {1,2,...,n} = {1,2,...,n} as follows:

Leti € {1,2,...,n}. Then, the i-th row of P has exactly one entry equal to 1 (by
Statement 2). In other words, there exists exactly one j € {1,2,...,n} such that
P;j = 1. Define w (i) to be this j.

Thus, we have defined w (i) for each i € {1,2,...,n}. Hence, the map w :
{1,2,...,n} = {1,2,...,n} is defined.

Described in words, the map w sends each i € {1,2,...,n} to the position of the
unique entry equal to 1 in the i-th row of P. Condition 1 shows that all the other
entries are zeroes. Hence, the entries of the matrix P can be described as follows:

e Foreachi € {1,2,...,n}, the (i,w (i))-th entry of P is 1.

e All remaining entries of P are 0.
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In other words, for each i € {1,2,...,n} and j € {1,2,...,n}, the (i,j)-th
L ifi=w(i);
entry of P is {o: ;; #Zg = Ojw(i) = Ouw(i);- Thus, the matrix P equals
<5w(i)'j> 1<i<n, 1<j<n’
Now, the map w is injective@ and surjectivelﬂ Hence, w is bijective. Thus, w is a
permutation of {1,2,...,n}. The definition of P, thus yields P, = <(5w(i),j>

1<i<n, 1<j<n’

Comparing this with P = , we obtain P = P,,.

(51“(")']') 1<i<n, 1<j<n

We thus have shown that there exists at least one permutation w of {1,2,...,n}
such that P = Py. It remains to prove that there exists at most one such permu-
tation w. Fortunately, this is easy: The requirement that P = P, determines w
uniquely, since the values of w can be read off the matrix P, (namely, w (i) is the
position of the entry equal to 1 in the i-th row of P,). Hence, Proposition (b)
is proven. O

Proposition shows that the permutation matrices of size n x n (for any
given n € IN) are precisely the matrices of the form P, with w being a permutation
of {1,2,...,n}. Moreover, it shows that each permutation matrix can be written in
this form in a unique way. Hence, the map

{permutations of {1,2,...,n}} — {permutation matrices of size n x n},
w— Py

@ is a bijection. Therefore, there are as many permutation matrices of size n x n as
there are permutations of {1,2,...,n}. This allows us to prove Proposition 3.114

Proof of Proposition |3.114| (sketched). We have just seen that there are as many per-
mutation matrices of size n X n as there are permutations of {1,2,...,n}. Hence, it
suffices to show that there are precisely n! permutations of {1,2,...,n}.

97Proof. Let i1 and iy be two elements of {1,2,...,n} such that w (i;) = w (i). We must show that

i1 = ip.
We have P; ;) =1 (by the definition of w) and P; ;) = 1 (similarly). Since w (i1) = w (i2),
we have P, =1

haw(in) = Tipw(i)

If iy # ip, then the equalities P; ;) = 1 and P, ,,(;;) = 1 show that the w (i;)-th column of P
has (at least) two entries equal to 1 (namely, the entries in cells (i, w (i1)) and (ip, w (i1))); but
this flies in the face of the fact that the w (i1)-th column of P has exactly one entry equal to 1
(which follows from Statement 3). Hence, we cannot have i; # i,. We thus have i; = ip. This
completes the proof that w is injective.

BProof. Letj € {1,2,...,n}. Then, the j-th column of P has exactly one entry equal to 1 (by
Statement 3). In other words, there exists exactly one i € {1,2,...,n} such that P;; = 1. Consider
this i. Then, P =1,s0 that w (i) = j (by the definition of w). Hence, we have shown that, for
each j € {1,2,...,n}, there exists some i € {1,2,...,n} satisfying w (i) = j. In other words, the
map w is surjective.

99By this, I mean: the map from the set of all permutations of {1,2,...,n} to the set of all permu-
tation matrices of size n x n that sends each permutation w to the permutation matrix P,.
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How do we choose a permutation w of {1,2,...,n} ? Clearly, it suffices to
choose each of its n values w (1),w (2),...,w (n) among the numbers in the set
{1,2,...,n}. These n values must be distinct (because w has to be a permutation,
and thus injective). Also, these n values must cover all of the set {1,2,...,n} (since
w has to be a permutation, and thus surjective); however, it turns out that this is
already guaranteed if we choose these n values to be distinct (because n distinct
values chosen among the numbers in {1,2,...,n} will always cover all of the set
{1,2,...,n}). Hence, we need to choose n distinct numbers w (1), w (2),...,w (n)
among the numbers in the set {1,2,...,n}. Here is one way to do this:

e First, choose a value for w (1). There are n possible choices for this (since
w (1) has to belong to {1,2,...,n}).

e Second, choose a value for w (2). There are n — 1 possible choices for this
(since w (2) has to belong to {1,2,...,n}, but must not equal w (1), since we
want the n numbers w (1), w (2),...,w (n) to be distinct).

e Third, choose a value for w (3). There are n — 2 possible choices for this (since
w (3) has to belong to {1,2,...,n}, but must not equal any of w (1) and w (2),
since we want the n numbers w (1) ,w (2),...,w (n) to be distinct).

e Fourth, choose a value for w (4). There are n — 3 possible choices for this
(since w (4) has to belong to {1,2,...,n}, but must not equal any of w (1) ,w (2) ,w (3),
since we want the n numbers w (1) ,w (2),...,w (n) to be distinct).

e And so on.

e At the last step, choose a value for w (n). There are n — (n —1) possible
choices for this (since w (1) has to belong to {1,2,...,n}, but must not equal
anyofw (1),w(2),...,w(n — 1), since we want the n numbers w (1) ,w (2),...,w (n)
to be distinct).

We thus get a total of n- (n—1)-(n—2)-(n—3)----- (n— (n—1)) possible
choices. In other words, we get a total of n! possible choicestGl Hence, there are
precisely n! permutations of {1,2,...,n}. As we have said, this proves Proposition

B.I114 O

Here is a further property of permutation matrices constructed out of permuta-
tions:

10gince
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Proposition 3.133. Let n € IN.

(@) If x and y are two permutations of {1,2,...,n}, then P,P, = Pyox.

(b) If w is a permutation of {1,2,...,n}, then (P,) ' = P, 1.

(c) We have Pid{1,z,...,n} = I,.

(d) Let u and v be two distinct elements of {1,2,...,n}. Let 7, be the permu-
tation of {1,2,...,n} which sends u to v, sends v to u, and sends each other ele-
ment of {1,2,...,n} toitself. (For example, if n = 7, then 7o 5 sends 1,2, 3,4,5,6,7
to 1,5,3,4,2,6,7, respectively.) Then, Pr,, = Tu,.

We leave the easy proof to the reader.
As we have said, Proposition [3.132 shows that the map

{permutations of {1,2,...,n}} — {permutation matrices of size n x n},
w+— Py

is a bijection. This map provides a “dictionary” between permutations of {1,2,...,n}
and permutation matrices of size n x n (so to speak). Proposition (a) shows
that (under this “dictionary”) composition of permutations “corresponds” to mul-
tiplication of permutation matrices (except that the order of the factors is reversed).
Proposition (b) shows that the inverse of a permutation gets “translated” into
the inverse of the corresponding permutation matrix. Proposition (c) shows
that the identity permutation ids;, 1 “corresponds” to the identity matrix I,,. Fi-
nally, Proposition (d) shows that the permutations 7, “correspond” to the
swapping matrices Ty ,. Using this “dictionary”, we can translate theorems about
permutations into theorems about permutation matrices, and vice versa. For in-
stance, the translation of Proposition into the language of permutations is the
following fact:

Proposition 3.134. Let n € IN. A simple transposition will mean a permutation in
Sy that has the form 7y 41 for some k € {1,2,...,n — 1} (where Ty 4 is defined

as in Proposition 3.133((d)).

Each permutation of {1,2,...,n} is a product of simple transpositions.

Arguably, in this translated form, this proposition is rather obvious. It merely
says that any rearrangement of the numbers 1,2, ..., n can be obtained from the list
(1,2,...,n) by repeatedly swapping adjacent entries. This should be quite clear,
at least intuitively (the “bubble sort” algorithm provides a way to obtain the list
(1,2,...,n) from our rearrangement by repeatedly swapping adjacent entries; now,
all that remains to be done is to perform these swaps backwards in order to get
from (1,2,...,n) to the rearrangement).

Next, let us prove Proposition Let us first state a more precise version of
this proposition:



https://en.wikipedia.org/wiki/Bubble_sort
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Proposition 3.135. Let n € IN and m € IN. Let w be a permutation of {1,2,...,n}.
Let P be the n X n-matrix Py. Let C be an n X m-matrix. Then,

row; (PC) = row,,; C foreveryic {1,2,...,n}.

Proof of Proposition|3.1351 We have P = P, =
of Py). Thus,

Pij = by, forallie {1,2,...,n} andj € {1,2,...,n}. (141)

<5w(z’),j> I<i<n, 1<j<n (by the definition

Now, Proposition (applied to n, m, P and C instead of m, p, A and B) shows
that

(PC ZPlka] forallie {1,2,...,n} andj € {1,2,...,m}.
k=1
Hence, foralli € {1,2,...,n} and j € {1,2,...,m}, we have

n

(PO)j=3. Pk Z Bu(i kCr,j = Z Crj  Sw(ik
k=1 ~~ =1 %/—-’ = ~—~—
—‘5 w(i) k =Chj0w(i) k =0k w(i)

(by (I41), applied (since bu,0=00,u

tok mstead of j) for any two
objects 1 and v)
n
B kzl Ch k(i) = Cuti (142)

(by Proposition[2.40} applied to p = 1, g = n, r = w (i) and a; = Cy ).
Now, let i € {1,2,...,n}. Then, the definition of roW,,(;y C yields row,,; C =

. But the definition of row; (PC) yields

(PC) = PC), = (Cutiy)
row; ( ) ( )1% w(i)y 1<x<1, 1§y§m
:Cw(i'),y '
(by ([142), applied to j=y) 1<x<1, 1<y<m
Comparing this with row,; C = (Cw(i)y>1<x<l o we obtain row; (PC) =
row,,;) C. This proves Proposition 3.135 - [

Proof of Proposition|3.123| Proposition [3.132] (b) shows that there exists a unique
permutation w of {1,2,...,n} such that P = P,. Consider this w. Proposition

3.135| yields that
row; (PC) = row,(;) C foreveryi e {1,2,...,n}.
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In other words, the i-th row of PC equals the w (i)-th row of C for each i €
{1,2,...,n}. Since w is a permutation of {1,2,...,n}, this shows that the rows
of PC are the rows of C, rearranged. Hence, the matrix PC can be obtained from C
by rearranging the rows. This proves Proposition O

3.22. The standard row operations

I shall now introduce the standard row operations — certain transformations acting
on matrices, changing some of their rows while leaving others unchanged. We have
already encountered them in some proofs above (for instance, the “downward row
additions” in the proof of Theorem were one type of row operations), but now
we shall give them the systematic treatment they deserve and see them collaborate
on producing in Gaussian elimination.

Definition 3.136. For the rest of Chapter 3, we shall use the word “transforma-
tion” in a rather specific meaning: Let n € IN. A transformation of n-rowed matrices
will mean a map

{matrices with n rows} — {matrices with n rows} .

In other words, a transformation of n-rowed matrices is a map that transforms each
matrix with n rows into a new matrix with n rows.

We shall use the arrow notation for transformations: If O is some transforma-
tion of n-rowed matrices, and if C and D are two matrices, then we will use the

notation “C -2+ D” when we want to say that the transformation O transforms
C into D. For example, if M denotes the transformation of 2-rowed matrices that
. : a b c M 3a 3b 3c
Itipl h entry of trix by 3, th — .
multiplies each entry of a matrix by en ( Jy ) ( 3 3y 3¢ )
More generally, if O1, O, ..., Oy, is a sequence of transformations of n-rowed

matrices, and if Cy,Cy,...,C,; are some matrices, then we will use the notation

O O Om 4 L
“Coy —» C; —> -+ — C,” when we want to say that the transposition O;

transforms C;_; into C; for each i € {1,2,...,m}. Examples for this will appear
below once we have defined some actual transformations.

We will also sometimes draw arrows in two directions. Namely: If O and P
are two transformations of n-rowed matrices, and if C and D are two matrices,

@]
then we will use the notation “C ., D” when we want to say that the transfor-

P

mation O transforms C into D while the transformation P transforms D into C.
This will often happen when two transformations O and P are inverse to each
other (i.e., each of them undoes the other).

I Definition 3.137. Let n € IN. Let u and v be two distinct elements of {1,2,...,n}.
Let A be a number.
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Consider the transformation which transforms an n x m-matrix C (for some
m € IN) into the product AQ‘IUC, where Aﬁ/v is the A-addition matrix as defined
in Definition 3.53] It is the transformation that modifies an n x m-matrix C by
adding Arow, C to the u-th row (according to Proposition [3.56). This transfor-
mation will be called the row addition Aﬁ/v. (We are using the same symbol Aﬁ,v
for the transformation and for the A-addition matrix, since they are so closely
related; nevertheless, they are not one and the same thing. I hope that the reader
will be able to keep them apart.)

The row addition Aﬁ/v is called a downward row addition if u > v, and is called
an upward row addition if u < v.

A
Note that two matrices C and D (with n rows each) satisfy C M D if and
only if they satisfy D = Af,‘IZ,C . (This is because the row addition Aﬁ,v transforms
each n x m-matrix C into AQIUC.)
Note that the row addition Aﬁ‘/v is inverse to the row addition A, 2 (since the
matrices A} , and A} are inverse). Hence, if two matrices C and D (with 1 rows
Al NP 2
each) satisfy C — D, then they satisfy C — D.
Aujp

Example 3.138. The row addition A?,B» modifies a 3 x m-matrix C by adding
5rows C to the 1-st row of C. Thus, this row addition transforms any 3 x 4-matrix

a1 by ¢ dq a1 +5a3 by +5bs3 c¢1+5c3 dy+5ds
a by ¢ dy into a» by Co dy . Using the
as b3 C3 d3 as bg C3 d3

arrow notation, we can write this as follows:

ap by o dq a1 +5a3 by +5b3 ¢1+5c3 dy+5ds

AS
a» bz Cy dz j> a» b2 Co dz
a3 bz c3 ds as b3 C3 ds
1 3 2 1 45 11 -2 17 6
For example, | 0 4 -1 1 S0 4 -11
2 -1 3 1 2 -1 3 1

Definition 3.139. Let n € N. Let u € {1,2,...,n}. Let A be a nonzero number.
Consider the transformation which transforms an n x m-matrix C (for some
m € N) into the product S}C, where S} is the A-scaling matrix as defined in
Definition It is the transformation that modifies an n x m-matrix C by scal-
ing the u-th row by A (according to Proposition [3.88). This transformation will
be called the row scaling S;}. (We are using the same symbol S} for the transfor-
mation and for the A-scaling matrix. Again, this should not lead to confusion.)

S/\
Note that two matrices C and D (with n rows each) satisfy C — D if and

only if they satisfy D = S}C. (This is because the row scaling S} transforms each




Notes on linear algebra (Wednesday 4" December, 2019, 15:09) page 167

n x m-matrix C into S/'C.)
Note that the row scaling S/ is inverse to the row scaling (since the matri-
ces S and S/ are inverse). Hence, if two matrices C and D (with n rows each)
A
. s . S
satisfy C — D, then they satisfy C, ' D.
Slll//\

Si/A

Example 3.140. The row scaling S5 modifies a 3 x m-matrix C by scaling the 2-nd

ap b
row by 5. Thus, this row scaling transforms any 3 x 2-matrix | a2 by | into
az bz
a b
5a, 5b;
as bz

Definition 3.141. Let n € IN. Let u and v be two distinct elements of {1,2,...,n}.

Consider the transformation which transforms an n x m-matrix C (for some
m € IN) into the product T, ,C, where T, , is the swapping matrix as defined
in Definition It is the transformation that modifies an n x m-matrix C by
swapping the u-th row with the v-th row (according to Proposition [3.105). This
transformation will be called the row swap T, ,. (We are using the same symbol
Ty,» for the transformation and for the swapping matrix.)

Note that two matrices C and D (with n rows each) satisfy C M D if and
only if they satisfy D = T,,C. (This is because the row swap T,, transforms
each n x m-matrix C into T;,,C.)

Note that the row swap T}, , is inverse to itself (since the matrices T}, , and T},

Tl 0
are inverse). Hence, if two matrices C and D (with 1 rows each) satisfy C — D,
Tu,v
then they satisfy C, ' D.
Tu,v

Example 3.142. The row swap T; 3 modifies a 4 x m-matrix C by swapping the
1-st row of C with the 3-rd row of C. Thus, this row swap transforms any 4 x 2-

a1 by as b3
. ap by | . ap b . . . .
matrix 2 2 | into 22 Using the arrow notation, we can write this
az b3 a1 by
ag by ag by
as follows:
a1 by as bs
a b T3 a b
2 D2 2 D2
as bs a1 by

ay by ay by
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Ti3
For example, —

N 01 W =
O =N
N — LW Ol
RN = O

Definition 3.143. Let n € IN. The standard row operations (on matrices with n
rows) are:

e row additions (i.e., transformations of the form A} );

e row scalings (i.e., transformations of the form SM;

e row swaps (i.e., transformations of the form T, ;).

These row operations allow us to “reduce” any matrix to a certain simple form
— called a row echelon form — that has many zeroes (in a sense, it is close to upper-
triangular, although the two notions are not exactly the same) and that allows for
easily solving linear systems.

3.23. Row-echelon matrices

Definition 3.144. Let n € IN and m € IN. An n X m-matrix A is said to be zero
if and only if A = 0;,xm. In other words, an n x m-matrix A is said to be zero if
and only if all entries of A are zero.

An n x m-matrix A is said to be nonzero if A is not zero. (This does not mean
that all entries of A are nonzero!)

Definition 3.145. Let m € IN. Let v = (v1,0p,...,0y) be a 1 X m-matrix (i.e., a
row vector of size m). If v is nonzero (i.e., if not all entries of v are zero), then the
smallest i € {1,2,...,m} satisfying v; # 0 is called the pivot index of v and will
be denoted by pivind v. Furthermore, the value of v; for this smallest i is called
the pivot entry of v. (Thus, the pivot entry of v is the first nonzero entry of v.)

Example 3.146. The row vector (0,6,7,0,9) has pivot index 2 (because if we write
it as (v1,v,v3,v4,05), then the smallest i € {1,2,3,4,5} satisfying v; # 0 is 2)
and pivot entry 6.

The row vector (0,0, —1, —1,0) has pivot index 3 and pivot entry —1.

The row vector (0,0,0,0,0) has no pivot index (since it is zero).

Definition 3.147. Let n € IN and m € IN. Let A be an n X m-matrix.

(@ Let i € {1,2,...,n} be such that row; A is nonzero. Then, the cell
(i, pivind (row; A)) is called the pivot cell in the i-th row of A. (In words, this
is the leftmost cell in the i-th row of A that has a nonzero entry.)
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(b) The pivot cells of A are the pivot cells in the i-th row of A, where i ranges
over all elements of {1,2,...,n} for which row; A is nonzero. The pivot entries of
A are the entries of A in the pivot cells. (In other words, the pivot entries of A
are the leftmost nonzero entries of all nonzero rows of A.)

S O W

Example 3.148. The pivot cells of the matrix are (1,1), (3,3) and

7 1
0 0
0 4
0 -1 2
(4,2), and the respective pivot entries are 7, 4 and —1. There is no pivot cell in

the 2-nd row, since this row is zero.

Definition 3.149. Let n € IN and m € IN. Let A be an n X m-matrix.
We say that A is a row-echelon matrix if for each i € {1,2,...,n — 1}, the fol-
lowing holds:

e either row; 1 A is zero,

e or both rows row;A and row;; ;A are nonzero, and satisfy
pivind (row; A) < pivind (row; ;1 A) (that is, the pivot cell in the i-th
row of A is strictly further left than the pivot cell in the (i + 1)-th row of
A).

Instead of saying that “A is a row-echelon matrix”, it is customary to say that
“A is in row-echelon form”.

-2 345
Example 3.150. (a) Let A be the 3 x 4-matrix 0O 02 1 ). Then, Aisa
0 00 3

row-echelon matrix. In fact, all rows of A are nonzero, and each i € {1,2} satis-
fies pivind (row; A) < pivind (row; 1 A) (indeed, we have pivind (row; A) =1,
pivind (row; A) = 3 and pivind (rowz A) = 4). The pivot cells of A are (1,1),
(2,3) and (3,4).

-2 3 45
(b) Let A be the 3 x 4-matrix 0 0 2 1 | instead. Then, A is not a row-
0 043

echelon matrix. Indeed, i = 2 fails to satisfy the condition in Definition [3.149
(because pivind (rowy A) = 3 and pivind (rows A) = 3, but rows A is nonzero).
The pivot cells of A are (1,1), (2,3) and (3, 3).

7 3 10
0 -1 2 2
(c) Let A be the 5 x 4-matrix 0O 0 30 instead. Then, A is a
0 0 0O
0 0 0O

row-echelon matrix. In fact, each i € {1,2} satisfies pivind (row;A) <
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pivind (row;;1 A) (because pivind (row; A) = 1, pivind (rowp A) = 2 and
pivind (rowz A) = 3), whereas for each i € {3,4}, the vector row; 1 A is zero
(since rows A and rows A is zero). The pivot cells of A are (1,1), (2,2) and (3, 3).
7310
(d) Let A be the 3 x4-matrix [ 0 0 0 0 | instead. Then, A is not a row-
0030
echelon matrix. Indeed, i = 2 fails to satisfy the condition in the definition of
3.149| (because row; A is zero, but row; 1 A is nonzero). The pivot cells of A are
(1,1) and (3,3).

(e) Let A be an invertibly upper-triangular n x n-matrix (for some n € IN) in-
stead. (See Definition (b) for the meaning of “invertibly upper-triangular”.)
Then, A is a row-echelon matrix. In fact, each i € {1,2,...,n — 1} satisfies
pivind (row; A) < pivind (row; ;1 A) (because pivind (rowy A) = k for each
ke {1,2,...,n}). The pivot cells of A are (1,1),(2,2),...,(n,n).

(f) On the other hand, not every upper-triangular n x n-matrix is a row-echelon

1 2 3

matrix. For instance, | 0 0 1 is not a row-echelon matrix, since the pivot
001

indices of its 2-nd and 3-rd rows are equal.

From the examples just given, it shouldn’t be hard to build an intuition for row-
echelon matrices. Roughly speaking, a matrix A is row-echelon if and only if

e a nonzero row of A cannot follow a zero row of A, and

e the first nonzero entry in each nonzero row of A is strictly further right than
that in the row before.

Here are some first simple observations:

Proposition 3.151. Let A be an n x m-matrix. Assume that A is a row-echelon
matrix. Let k be the number of nonzero rows of A.
(a) The first k rows of A are nonzero, whereas the last n — k rows of A are zero.
(b) The pivot cells of A are the k cells

(1, pivind (row1 A)), (2, pivind (rowp A)), ..., (k, pivind (rowy A)) .
(c) We have

pivind (row; A) < pivind (rowp A) < - - - < pivind (rowy A) .

Proof of Proposition The matrix A is a row-echelon matrix. Thus, the condi-
tion in Definition shows that, for each i € {1,2,...,n— 1}, the following
holds:

if row; 1 A is nonzero, then row; A is nonzero. (143)
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Hence, a nonzero row of A cannot follow a zero row. Using this fact, it is easy to
see that the nonzero rows of A are “concentrated at the top”, i.e., there exists some
¢ € {0,1,...,n} such that the first ¢ rows of A are nonzero whereas the last n — ¢
rows of A are zero. Consider this /. (Note that ¢ = 0 if all rows of A are zero, and
¢ = n if all rows of A are nonzero.) Clearly, the number of nonzero rows of A is ¢.
But we have denoted this number by k. Thus, ¢ = k. So we conclude that the first
k rows of A are nonzero whereas the last n — k rows of A are zero (since the first
¢ rows of A are nonzero whereas the last n — ¢ rows of A are zero). This proves
Proposition @)™

(c) Proposition (a) shows that the first k rows of A are nonzero. In other
words, row; 1 A is nonzero for each i € {0,1,...,k —1}. The condition in Defi-
nition thus shows that each i € {1,2,...,k — 1} satisfies pivind (row; A) <
pivind (row; 1 A) (since A is a row echelon matrix). In other words,

pivind (row; A) < pivind (rowp A) < - - - < pivind (rowy A) . (144)

This proves Proposition (c).

(b) Proposition (a) shows that the first k rows of A are nonzero whereas the
last n — k rows of A are zero. Thus, the pivot cells of A are the pivot cells in the
first k rows of A. In other words, they are the k cells

(1, pivind (rowq A)), (2, pivind (rowy A)), ..., (k, pivind (rowy A)) .
This proves Proposition (b). O

Proposition 3.152. Let A be a matrix.

(a) Each row of A has at most one pivot cell.

(b) Assume that A is a row-echelon matrix. Each column of A has at most one
pivot cell.

1017f you find this proof insufficiently rigorous, you can argue as follows instead: If all rows of A
are zero, then k = 0 (since k is the number of nonzero rows of A), and therefore Proposition
(a) is obvious in this case. Hence, we WLOG assume that k # 0. Thus, there exists at
least one nonzero row of A. In other words, there exists at least one i € {1,2,...,n} such
that row; A is nonzero. Let h be the largest such i. Thus, row; A is nonzero, but all the rows
rowy,q A, towp 5 A, ..., row, A are zero.

We know that rowy, A is nonzero. Hence, by applying repeatedly, we can conclude that
all the h rows row; A,rowy,_q A,rowy,_5 A,...,row; A are nonzero. (Strictly speaking, we are
saying that row;_; A is nonzero for each j € {0,1,...,h —1}; this can be proven by induction
over j.) In other words, all the & rows row; A,row; A, ..., row; A are nonzero (since their order
does not matter for us). In other words, the first 1 rows of A are nonzero (since the first & rows
of A are rowj A,rowy A, ..., row A).

But recall that row;, .1 A, row;,., A, ..., row, A are zero. In other words, the last n — I rows of
A are zero (since the last n — h rows of A are rowy, 1 A, row;,., A,...,row, A are zero).

Thus, we know that the first & rows of A are nonzero, whereas the last n — h rows of A are
zero. Hence, the number of nonzero rows of A is h. But the number of nonzero rows of A is k
(since this is how we defined k). Comparing the previous two sentences, we obtain / = k.

But recall that the first & rows of A are nonzero, whereas the last n — h rows of A are zero.
Since h = k, this rewrites sa follows: The first k rows of A are nonzero, whereas the last n — k
rows of A are zero. This proves Proposition 3.151] (a) again.
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Proof of Proposition (a) This is clear from the definition of a pivot cell. (More
precisely, each nonzero row of A has exactly one pivot cell, whereas a nonzero row
of A has no pivot cell.)

(b) Let n € IN and m € IN be such that A is an n x m-matrix. Let k be the number
of nonzero rows of A. Proposition (c) yields

pivind (row; A) < pivind (rowp A) < - - - < pivind (rowy A) . (145)
Proposition 3.151] (b) shows that the pivot cells of A are the k cells
(1, pivind (row1 A)), (2, pivind (rowp A)), ..., (k, pivind (rowy A)) .

Therefore, (145) shows that each of these cells lies strictly further left than the next.
Therefore, these cells lie in distinct columns. In other words, each column of A has
at most one pivot cell. This proves Proposition 3.152| (b). O

The main importance of row-echelon matrices is that when A is a row-echelon
matrix, the equation Ax = b can be solved by a simple method called “back-
substitution”. Before explaining this method in full generality, let me give four
examples (in increasing order of complexity)@

4 3 4 3
Example 3.153. Let A= | 0 —1 2 Jandb = | 1 |. We want to solve the
0 0 5 5
equation Ax = b; in other words, we want to find all column vectors x of size 3
that satisfy Ax = b.
X1
Write the unknown vector x in the form x = x2 |. Multiplying
X3
4 3 4 X1
the equalities A = 0 -1 2 | and x = Xy |, we obtain Ax =
0 0 5 X3
4 3 4 X1 4x1 4 3xp + 4x3 3
0 -1 2 X = —X7 + 2x3 and b = 1 |. Hence, the
0O 0 5 X3 SX3 5
4x1 4 3x + 4x3 3
equation Ax = b rewrites as —Xp + 2x3 = 1 |. This, in turn, is
5X3 5

12Notice that in each of the following examples, A is a row-echelon matrix. However, the pivot cells
differ:

e In Example [3.153] each row has a pivot cell, and each column has a pivot cell.
e In Example 3.154} each row has a pivot cell, but not each column does.

e In Example[3.155and in Example[3.156} not each row has a pivot cell. These two examples
differ in b (specifically, in the entry of b in the row in which A has no pivot cell).
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equivalent to the following system of linear equations:

4x1 4 3xp +4x3 = 3;
—xo+2x3 =1, . (146)
5X3 =5

The system (146) has a particularly simple form: each of its equations can be
solved for some variable as long as we resolve them in the appropriate order.
Namely:

1. We can solve the third equation in (146) for x3, yielding the solution x3 = 1.

2. Now that we have found the value of x3, we can substitute it into the second
equation in (146), so that the latter equation becomes —x, +2-1 = 1. We
can now solve this equation for x;, obtaining x, = 1.

3. Now that we have found the values of x, and x3, we can substitute them
into the first equation in (146)), so that the latter equation becomes 4x; + 3 -

1+4-1 = 3. We can now solve this equation for x;, obtaining x; = —1.
Altogether, we have now found x; = —1, xp = 1 and x3 = 1. In other words,
—1
X = 1 |. Thus, we have shown that each column vector x satisfying Ax = b
1
-1
must equal to 1
1
-1
Conversely, the vector x = 1 actually does satisfy Ax = b; this is
1

because we did not “throw away any requirements”:

1. When we solved the third equation in (146) for x3, we ensured that our
solution x3 = 1 actually does satisfy this third equation.

2. When we rewrote the second equation in (146) as —x; +2-1 = 1 and
solved it for x;, we ensured that our solution x, = 1 actually does satisfy
the second equation, as long as x3 = 1.

3. When we rewrote the first equation in (146) as 4x; +3-1+4+4-1 = 3 and
solved it for x1, we ensured that our solution x; = —1 actually does satisfy
the second equation, as long as x =1 and x3 = 1.

Looking back at these steps, we thus conclude that the values x; = —1, x, =1
-1
and x3 = 1 (that is, x = 1 |) do satisfy all the three equations in (146). (Of
1
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course, we could also have checked this by computing Ax for these values; but
it is important to know that this computation is unnecessary — the method we
used comes with a guarantee that its result is correct!)

We can now conclude that the equation Ax = b has a unique solution, namely

-1
X = 1
1
4 3 0 4 3
Example 3.154. Let A= | 0 —1 3 2 Jandb = | 1 |. We want to solve
0 0 05 5

the equation Ax = b; in other words, we want to find all column vectors x of
size 4 that satisfy Ax = b.

X1
Write the unknown vector x in the form x = iz . Then, Ax =
3
Xg
4 3 0 4 ’;1 4x1 + 3xp + 4xy 3
0 -1 3 2 x2 = | —xp4+3x3+2x4 | and b = [ 1 Hence,
0 0 065 3 5x4 5
Xq
4x1 + 3xp +4xy 3
the equation Ax = b rewritesas | —xx+3x3+2x4 | = [ 1 |. This, in turn,
5X4 5
is equivalent to the following system of linear equations:
4x1 4 3xp +4x4 = 3;
—Xp +3x3+2x4=1; . (147)

5.7C4 =5
The system (147) can be solved similarly to (146), with one more complication:

1. We can solve the third equation in (147) for x4, yielding the solution x4 = 1.

2. There is no equation that “begins with x3” (i.e., that has x3 appear
with nonzero coefficient, but x; and x, with zero coefficients). Thus, we
have nothing to solve for x3. (Of course, we could try solving the second
equation in for x3; but this would require a value of x,, which for
now is just as unknown as x3.)

Instead of solving an equation for x3, let us treat x3 as a known! In other
words, let us define a number r by r = x3, and pretend that x3 = r is an
explicit value for x3.

3. Now that we have “found” the values of x3 and x4 (the word “found” is in
scare quotes because all we know about x3 is that x3 = r), we can substitute
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them into the second equation in (147), so that the latter equation becomes
—x2+3r+2-1 = 1. We can now solve this equation for x,, obtaining
X =3r+1.

4. Now that we have “found” the values of x7, x3 and x4, we can substitute
them into the first equation in (147), so that the latter equation becomes
4x1+3(3r+1)+4-1 = 3. We can now solve this equation for x;, obtaining

X1 = —Zr —1.
9
Altogether, we have now found x; = —Zr —1,x=3r+1,x3=rand x4 = 1.
In other words,
_2,, -1
4
X = 3r+1 . (148)
r
1

Thus, we have found that each column vector x satisfying Ax = b must have the
form for some number r € R.

Conversely, any column vector x of the form (for any real number r € RR)
actually does satisfy Ax = b. The reason for this is similar to the one we gave in
Example Namely, in the process of finding the solution (148), we did not
“throw away any requirements”.

So we have learned that a column vector x satisfies Ax = b if and only if it has
the form for some number r € R. Thus, the equation Ax = b has infinitely
many solutions — namely, its solutions are all vectors x of the form with
r € R. This explains why we were unable to find an equation to solve for x3:
Different solutions x have different values of x3.

4 3 0 4 3
Example 3.155. Let A= | 0 —1 3 2 Jandb = | 1 |. We want to solve
0O 0 0O 5
the equation Ax = b; in other words, we want to find all column vectors x of
size 4 that satisfy Ax = b.

X1
Write the unknown vector x in the form x = 2 . Then, Ax =
X4
4 3 0 4 il 4x1 + 3xp + 4xy 3
0O -1 3 2 xz = —x2+3x3+2x4 | and b = 1 Hence,
0 0 00 3 0 5
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4x1 + 3xp + 4xy 3
the equation Ax = b rewritesas | —x2+3x3+2x4 | = | 1 |. This, in turn,
0 5
is equivalent to the following system of linear equations:

4x1 +3xp +4x4 = 3;
—Xo+3x3+2x4=1; . (149)
0=5

The system can be solved very easily: Its third equation (that is, 0 = 5)
is never satisfied (no matter what x is). Thus, the whole system (149) is never
satisfied. In other words, Ax = b is never satisfied. Hence, Ax = b has no
solutions.

4 3 0 4 3
Example 3.156. Let A= | 0 -1 3 2 | andb = | 1 |. We want to solve
0 0 00O 0

the equation Ax = b; in other words, we want to find all column vectors x of
size 4 that satisfy Ax = b.

X1
Write the unknown vector x in the form x = iz . Then, Ax =
3
X4
4 3 0 4 il Ax1 + 3xp + 4xy 3
0 -1 3 2 x2 = —Xp + 3x3 + 2x4 and b = 1 |. Hence,
00 00 3 0 0
X4
4X1 + 3x2 + 4X4 3
the equation Ax = b rewritesas | —x2+3x3+2x4 | = | 1 |. This, in turn,
0 0
is equivalent to the following system of linear equations:
4x1 +3xp +4x4 = 3;
—Xo+3x3+2x4=1; . (150)

0=0
The system (150) can be solved similarly to (150), after a very simple first step:

1. The third equation in (150) is always satisfied (since it says that 0 = 0), and
thus places no restrictions on x. Hence, it can be discarded.

2. There is no equation that “begins with x4” (i.e., that has x4 appear
with nonzero coefficient, but x1, xp and x3 with zero coefficients). As in
Example we use this as an opportunity to treat x4 as a known. In
other words, let us define a number r by r = x4, and pretend that x4 = r is
an explicit value for x4.
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3. There is no equation that “begins with x3” (i.e., that has x3 appear
with nonzero coefficient, but x; and x, with zero coefficients). As in Exam-
ple we use this as an opportunity to treat x3 as a known. In other
words, let us define a number s by s = x3, and pretend that x3 = s is an
explicit value for x3. (Of course, we must not reuse an existing variable
such as r here.)

4. Now that we have “found” the values of x3 and x4, we can substitute them
into the second equation in (150), so that the latter equation becomes —x, +
3s +2r = 1. We can now solve this equation for x,, obtaining x, = 2r 4
3s —1.

5. Now that we have “found” the values of x, x3 and x4, we can substitute
them into the first equation in (150), so that the latter equation becomes

4x1 +3(2r+3s—1) +4r = 3. We can now solve this equation for x,
3 9

obtaining x; = 5 15 5"
3 9 5
Altogether, we have now found x; = 5~ L_LS — Er, Xp =2r+3s—1, x3 =s and
x4 = r. In other words,
3_9,.5,
2 4 2
X = 2r+3s—1 (151)

Thus, we have found that each column vector x satisfying Ax = b must have the
form for some numbers r,s € R.

Conversely, any column vector x of the form (for any real numbers 7, s €
R) actually does satisfy Ax = b. This holds, again, for the same reason as in
Example

So we have learned that a column vector x satisfies Ax = b if and only if it
has the form for some numbers r,s € R. Thus, the equation Ax = b has
infinitely many solutions — namely;, its solutions are all vectors x of the form (151)
with r,s € R.

We have now seen four examples of an algorithm for solving equations of the
form Ax = b where A is a row-echelon matrix. The general form of the algorithm
should now be easy to guess, but let me pin it down:

[...] [THE BELOW IS INCOMPLETE]

Theorem 3.157. Let n € IN and m € IN. Let A be an n X m-matrix. Let b be an
n x 1-vector. Assume that A is a row-echelon matrix.

Consider the problem of finding all solutions to the equation Ax = b. In other
words, we want to find all m x 1-matrices x satisfying Ax = b. This problem can
be solved by the following algorithm (called back-substitution):
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bl X1
by X2
1. Set b = ) and x = . |- Multiplying the equalities A =
bn xm
A1p Ap 0 Aum X1
Axy Azp - Ao X2 ,
_ _ and x = .|, we obtain
An,l An,Z s An,m Xm
Ain A o A X1
Axyr Azp - Agm X2
Ax = ) )
An,l An,Z ce An,m Xm

A11x1 +Arpxo + -+ A mXim
Ap1x1 + Agpxo + -+ ApmXm

An,lxl + An,2x2 + -+ An,mxm

Thus, the equation Ax = b rewrites as

A1xy + A1pxo + -+ -+ A X by
Az,lxl + Az,zxz + -+ Az/mxm bz
An,lxl + An,2x2 +- An,mxm by
by
by
(since b = . |)- Hence, it is equivalent to the system
by

A11xy +Apxo + - 4+ Ay X = by;

Ap1x1 + Agpxo + - - 4 A X = bo;
. (152)

An,lxl + An,2x2 + -+ An,mxm =by

This is a system of n linear equations in the m unknowns x1, xp,...,x,. We
thus focus on solving this system.

2. Let k be the number of nonzero rows of A. Then, the last n — k rows of A are
zero (by Proposition|3.151|(a)). Hence, the last n — k equations in the system
(152) have the form 0 = b; for some i € {n —k+1,n—k+2,...,n}. If at
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4.

Proof of
[...]

3.24.
[.]

least one of the values b, _;.1,b,_k+2,...,by is nonzero, then the equation
Ax = b has no solution. In this case, we should stop right here, since the
problem is solved. (This is the situation we have encountered in Example
3.1550)

. Assume now that none of the values b, y.1,b, fi2,...,bs is nonzero.

Thus, all of the values b, _y1,b,_ki2,...,by are zero. Hence, the last n — k
equations in the system have the form 0 = 0, and therefore can be
discarded (since they are automatically true). (Notice that if n —k = 0,
then we are discarding nothing.)

We are thus left with the first k equations:

A11x1 + Apxo + - -+ A X = by;

Ap1x1 + Agpxo + - - - 4 A X = bo;
. (153)

Agaxr + Agpxo + -+ Agmxm = by
For each i € {1,2,...,k}, set ¢ (i) = pivind (row; A). Then, Proposition

B.151] (c) says that
¢(1)<¢2)<---<o(k).

[.]

Theorem We only need to show that in step 2 [...] O

<TODO> Gaussian elimination and the row echelon form

(to be continued)
TO-DO LIST! (This will appear eventually:)

TODO 3.158. Gaussian elimination: C = E*U, where E* is a product of elemen-
tary matrices (A} ,, S}, Ty,) and U is a row-echelon matrix.

| TODO 3.159. How this generalizes things shown before.

TODO 3.160. Example of Gaussian elimination: Start with the matrix C =

3
3
0

-1

2 1 6
% _11 HE Want to bring it into row echelon form by using downward
2 =30
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row additions (i.e., row operations Aﬁ‘/v with u > v), row scalings (i.e., row
operations S}y with A # 0) and row swappings (i.e., row operations Ty ;) only.

3 2 1 6
Subtracting row 1 from row 2 gives new matrix C' = 8 (1) _01 (1)
-1 2 -3 0

Thus C = A;,C".

Subtracting 3 times row 1 from row 4 gives new matrix C’ =

32 1 6
00 0 1
01 -1 0 |.ThusC' = A,;/°C".
8 8
0 - —2 2
3 3

Now, the first column looks like row echelon form.

The entry 0 in cell (2,2) prevents the first two columns from being row-
echelon. Thus, swap it with a nonzero entry further down.

32 1 6
01 -1 0
Swapping rows 2 and 3 gives new matrix C” = [ 0 0 0 1 |. Thus
8 8
02 -2 2
C// — T2/3c///. 3 3
8
Subtracting 3 times row 2 from row 4 gives new matrix C" =
32 1 6
01 -10 mn_ A8/3c~mm
00 0 1 . Thus C" = A5°C™.
00 0 2

Now, the first two columns look like row echelon form.

Usually we would have to do some operations for the third column, but this
time we are in luck: The first three columns already look like row echelon form,
so no operations are needed here.

However, the fourth column still needs an operation: It has a nonzero entry
below its pivot 1.

Subtracting 2 times row 3 from row 4 gives new matrix C"" =

32 1 6
8 (1) _01 (1) . Thus C"" = A},C"".
00 0 0

The matrix C"""” is in row echelon form; its pivot entries are in cells (1,1), (2,2)




Notes on linear algebra (Wednesday 4" December, 2019, 15:09) page 181

and (3,4). Altogether,

_ a7l / _ 7l -1/3 " _ gl -1/3 "
C — Az,l C — A2,1A4,1 C — A2/1A4/1 T2’3 C

=A%Cr =To3C" =Agycr
_ a1 -1/3 8/3 nro Al -1/3 8/3 42 "
— A2,1A4/1 T2,3A4,2 C — A2’1A411 T2’3A4,2 A4’3C .
A2
—A4/3C/”“

We could tweak C"""" furthermore (by row operations) to obtain a row-reduced
echelon matrix, which is characterized by the properties that (a) each pivot entry
equals 1, and (b) in each column containing a pivot entry, all other entries are 0.
To achieve (a), we merely have to apply some row scaling operations. To achieve
(b), we need to apply upward row additions, i.e., row operations A} , with u < v;
this way we can clear out the entries above each pivot.

But if we allow ourselves column operations as well, then we can even end up
with a matrix which has entries 1 in cells (1,1),(2,2),..., (k k) for some k, and
entries 0 in all other cells. (Think of it as a truncated identity matrix, except that
it is rectangular.)

TODO 3.161. History: [Grcar10] reference.
TODO 3.162. How to solve Uv = b (back-substitution; beware of zero rows).
TODO 3.163. Thus, solve Cv = b.

TODO 3.164. How to see whether a matrix C is invertible using Gauss.

3.256. <TODO> PLU decomposition

TODO 3.165. PLU decomposition (not sure). (I didn’t do PLU in class properly,
and doing it right is subtle. [OlvSha06, Example 1.12] does it.)

TODO 3.166. Most of the time, P = I, because there is no need to permute
rows when the entries are nonzero.

3.26. <TODO> Determinants (briefly)

Determinants are not a central player in these notes. Nevertheless, they are suffi-
ciently important to be mentioned. I consider them to be one of the most beautiful
objects in mathematics, and they are also one of the most useful in pure mathemat-
ics (particularly, in all breeds of algebra and combinatorics). However, their use
in applied mathematics is rather limited (apart from “small” cases like matrices of
size 2 X 2,3 x 3 and 4 x 4, occurring in physics and geometry for well-known rea-
sons). Thus, I shall give no proofs and barely state the most crucial results. Three
good references on determinants are:
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e [LaNaSc16, Chapter 8] does the definitions and the basic properties really
well. T highly recommend it.

e [Hetter16, Chapter Four] also has a neat treatment of determinants, although
unfortunately it requires Gauss-Jordan elimination (which I have not done
above, and which I find out-of-place in an introduction to determinants). It
has many examples and explains the geometric meaning of 2 x 2-determinants
(as areas of triangles) and 3 x 3-determinants (as volumes of tetrahedra).

o [BarSch73, Chapter 4] doesn’t always have the best proof (in particular, it uses
some properties of singular matrices that we have not yet learned), but seems
to be written well and with attention to detail.

Apart from that, lots of other texts define and discuss determinants: some slop-
pily, some rather well@ When reading other sources, be aware of a possible
conflict of notations: Namely, we are using the notation A;; for the (i, j)-th entry of
a matrix A; but most authors use the notation A;; for something different (namely,
the (i,)-th “cofactor” of A).

TODO 3.167. Recall Example [3.4| (e): The number ad — bc governs whether the
matrix ch Z has an inverse. Does such a number exist for larger matrices?

Yes, it does, and is called the determinant.

TODO 3.168. The determinant of an n x n-matrix A is a number, denoted by
det A and defined later. (Some authors call it | A|, but we will not.)

TODO 3.169. Defining the determinant of an n x n-matrix is not that easy. Let
us first do it for small cases:

det( Zi Zi ) = a1y — aby;

a dp das
det| by by b3 = a1byc3 — aqcpbs — biaxcs + bicpas + craxbs — c1bpas;
C1 C C3
det(a)=a
det() = 1.

(The last equality says that the determinant of a 0 x 0-matrix is 1, and yes, that’s
sometimes useful.)

103Q]ver’s and Shakiban’s treatment of determinants in [OlvSha06, §1.9] is very minimalistic and in-
complete (in particular, they never bother proving that the determinant is well-defined). On the
opposite side of the spectrum, two really rigorous and detailed treatments are Gill Williamson's
notes [Gilll2, Chapter 3] and my [Grinbel6]; but the downside of “rigorous” is “unmotivated
and lacking intuition”, and the downside of “detailed” is “extremely long”. You will want to
strike your own balance. As I said, I recommend [LaNaSc16, Chapter 8].
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TODO 3.170. Let me give three versions of the definition of det A for all n:

e First version (informal and sloppy): Set

al az « e e an

by by --- by,
det A )

Zl Zz PR Zn

= sum of terms of the form £?,?,---?,,

where the question marks in each term are some permutation (= rearrange-
ment) of the letters a,b,...,z, and the + sign depends on the rearrange-
ment. How exactly? Any rearrangement can be sorted into increasing
order (i.e., into ab ... z) by switching pairs of letters; e.g. (for n = 5) we can
sort the rearrangement caebd as follows:

caebd — cabed (here we switched e with b)
— baced (here we switched ¢ with b)
— abced (here we switched b with a)
— abcde (here we switched e with d) .

Notice that we used 4 switches here. The rule for the &+ sign is: If the
rearrangement needs an even number of switches, then it’s a +; if an odd
number, then it's a —.

e Second version (formal): Recall that each permutation matrix P is a product
of several swapping matrices (i.e., of T}, ,’s). Define sign (P) to be +1 if P is
the product of an even number of swapping matrices; define sign (P) to be
—1if P is the product of an odd number of swapping matrices. It is not ob-
vious that this definition is legitimate (because if P would be representable
both as an even product and as an odd product, then sign (P) would have
to be +1 and —1 at the same time!), but it is nevertheless true (it can be
shown that no P can ever be representable both as even product and as odd
product). If P is a permutation matrix and A is an n X n-matrix, then the
P-product of A shall mean the product of all entries of A in those cells in

1 00
which P has a 1. For example,if P= | 0 0 1 |, then the P-product of
010
ay dpy ds
by by b3 | is aybszcy, because the cells in which P has a 1 are the cells
C1 C2 C3

(1,1), (2,3) and (3,2), and the entries of A in these cells are a;, b3 and c¢5.
Now, the determinant det A of A is the sum of

sign (P) - (the P-product of A)

for all permutation matrices P.
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e Third version (formal, uses Section 3.21)): Let

detA= Y (-1)7 A1 p1yAre)  Ano(n)

resS,

where S, denotes the set of all permutations of {1,2,...,n}, and the num-
ber (—1)7 is defined as follows: Proposition shows that the permu-
tation ¢ can be written as a product of k simple transpositions for some
k € N. If this k is even, then set (—1)7 = 1; if this k is odd, then set
(—1)7 = —1. (Again, we need to prove that this definition is legitimate,
i.e., that (—1)7 is never defined to be 1 and —1 at the same time.)

Note that the third version of the definition is merely the formalization of the
tirst version. The second version is just the translation of the third version into
the language of permutation matrices.

TODO 3.171. State the main properties of determinants:
e We have det (0,x,) = 0 for all n > 0.
e We have det (I,,) =1 for all n.
e We have det (AT) = det A for any square matrix A.

e The determinant is multilinear in the rows (i.e., linear in each row, as long
as the other rows are fixed). For example,

a1 ar as
det | b1+ bg by + bé bs + bé
€1 c2 €3
ay dpy das ap dp das
=det| by by b3 | +det| b} b, b}
€1 C2 C3 €1 C2 C3
ay dap as ayp 4az 4as
det | Aby Aby Abj = Adet| by by bj
(03] (8] Cc3 C1 C2 C3

See [LaNaSc16, Theorem 8.2.3, 3.] for a precise statement (but for columns
instead of rows).

e Note that det (A + B) # det A + det B in general.

e Switching two rows of a matrix A negates det A (that is, if B is obtained
from A by switching two rows, then det B = — det A).

e If A has two equal rows, then det A = 0.
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If A has a row filled with zeroes, then det A = 0.

If we add a multiple of some row of A to another row, then det A does not
change.

All of the above properties that reference rows also hold for columns.

If A is upper-triangular or lower-triangular, then det A is the product of the
diagonal entries of A.

We have det (AB) = det A - det B for any two n x n-matrices A and B. This
fact is not obvious, and is one of the miracles of mathematics. It is probably
the main reason why determinants are useful!

An n x n-matrix A is invertible if and only if det A # 0.

For each i € {1,2,...,n} and j € {1,2,...,n}, let A.i~j denote the
(n—1) x (n — 1)-matrix obtained from A by removing the i-th row and
the j-th column. For example,

a dz 4as

by b

(BE8) -(45)
C1 C2 C3 ~1,~2

Let adj A be the n X n-matrix ((—1)i+j det (AN]',NZ-))1<,< ., (This is
<i<n, 1<j<n
called the adjugate of A.) Then,

A-adjA =adjA-A=detA-I,.
For every p € {1,2,...,n}, we have

n
detA =Y (—1)"" A, det(Ap~q).
g=1

This is called “Laplace expansion in the p-th row”, and gives us a way to
compute det A using determinants of (n — 1) x (n — 1)-matrices.

For every g € {1,2,...,n}, we have
n
p=1

This is called “Laplace expansion in the g-th column”.
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3.27. <TODO> The rest
| TODO 3.172. (*) SageMath examples.

| TODO 3.173. (*) What holds over rings, what over fields.

4. <TODO> Vector spaces

TODO 4.1. Introduction into vector spaces.

We shall now switch to what feels like a different subject: the theory of vector
spaces. Soon, we will see that this is closely related to the matrix algebra that we
have been doing above, and in some sense is like doing linear algebra in a more
abstract language (as opposed to doing something completely different). But
tirst, we introduce the relevant notions without reference to the matrix theory
done above.

[ This all needs to be filled in. So far, this is a stenographic lecture plan
rather than a set of lecture notes ...... )

4.1. <DRAFT> Vector spaces

References for vector spaces: [LaNaSc16, §4.1-§4.2] (possibly the best one), [OlvSha06,
§2.1] (focusses on the analysis-related and applied stuff) and [Hefferl6, Two.L.1].

Definition 4.2. A vector space (over R) is a set V equipped with two binary oper-
ations:

e a binary operation called “+”, which takes as its input two elements v and
w of V, and yields an element of V called v + w;

e a binary operation called “-”, which takes as its input a number A € R and
an element v of V, and yields an element of V called A - v or Av,

as well as a chosen element of V called 6>, with the following properties:

(@ Wehavev+w =w+vforallv € Vand w € V. (This is called “commuta-
tivity of addition”.)

(b) We have u + (v+w) = (u+v)+wforallu € V,v € Vand w € V. (This
is called “associativity of addition”.)

_>(c) We have v + T =0 +ov =vforall v € V. (This is called “neutrality of
07)

(d) For each v € V, there exists some element w € V satisfying v +w =
w4+ v = 0. (This is called “existence of additive inverses”. The element w is
called the additive inverse of v, and is usually called —v; it is uniquely determined
by v (this is not hard to check).)

(e) We have (A+pu)v = Av+pvforall A € R, p € Rand v € V. (This is
called “right distributivity”.)
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(f) We have A (v+w) = Av+Aw forall A € R, v € V and w € V. (This is
called “left distributivity”.)

(g) We have (Ap)v = A (pv) forall A € R, p € R and v € V. (This is called
“associativity of scaling”. It allows us to write Apv for both (Au) v and A (uv).)

(h) We have 1v = v for all v € V. (This is called “neutrality of 1”.)

(i) We have Ov = 0 foralloe V.
(j) Wehave A0 = 0 forall A € R.
The operation + is called the addition of the vector space; the operation - is

called the scaling of the vector space; the element 0 is called the zero vector (or
the origin) of the vector space. The elements of V are called vectors. (These are
familiar-sounding names for abstract things. The operation 4+ may and may not
have anything to do with addition of numbers. The operation - may and may

not be related to scaling of numbers. The element I may and may not be the
number 0. The elements of V, which we call “vectors”, may and may not be the
kinds of vectors we are used to seeing (i.e., row vectors and column vectors);
they can just as well be polynomials or functions or numbers or matrices. You
should think of the word “vector” as meaning “element of a vector space”, not as
meaning “a list of numbers”; the latter meaning is too restrictive. The properties

(@), (b), ..., (j) are requiring that the operations + and - and the element 0
“behave like” the addition and scaling of matrices and the zero matrix, at least
as far as their most basic properties are concerned; however, they still leave a lot
of freedom to decide what these operations and this elements should be.)

We shall often speak of “the vector space V” or say that “V is a vector space”,
but of course, the vector space is not just the set V; it is (as we have defined it)

the set V endowed with the two operat10ns + and - and the element 0. The

two operations and the element 0 are part of the data; if you modify them, then
you end up with a different vector space, even if the set V is the same! However,
most of the time, we will not have several different vector spaces sharing one
and the same set V; therefore, we will be able to speak of “the vector space V”
and assume that the reader knows what operations + and - and what element

O we mean.

We have just defined the notion of a “vector space over R” (also known as a “real
vector space”). We can similarly define a “vector space over Q” (by replacing each
“R” in the above definition by “Q”) and a “vector space over C” (by replacing each
“IR” in the above definition by “C”). Most of the vector spaces we shall be studying
below are vector spaces over R, but the other options are also useful. (If you have
read Definition you will have no trouble defining a “vector space over K” for
every field K.)

Note that our definition of a vector space is somewhat similar to the definition
of a commutative ring (Definition 2.50). At least as far as the operation + alone
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is concerned, the requirements on it are literally the same in the two deﬁnition@

(commutativity of addition, associativity of addition, neutrality of 0 and existence
of additive inverses). However, the similarity ends here: The binary operation -
(“multiplication”) in Definition works differently from the binary operation -
(“scaling”) in Definition The former takes two inputs in the commutative ring,
whereas the latter takes one input in R and one input in the vector space. The
axioms still have certain similarities, but they should not fool you into believing
that commutative rings are vector spaces (or vice versa).

If you compare our Definition [4.2| with other definitions of a “vector space” you
tind in the literature (for example, [LaNaSc16| Definition 4.1.1], [OlvSha06| Defini-
tion 2.1] or [Heffer16, Definition Two.l.1]), you will notice that they are slightly
different: For example, [LaNaScl6, Definition 4.1.1], [OlvSha(6, Definition 2.1]
or [Heffer1l6, Definition Two.I.1] are lacking our properties (i) and (j), whereas
[Kowals16, Definition 2.3.1] is missing our properties (d) and (j). However, the def-
initions are nevertheless equivalent (i.e., they define precisely the same notion of a
vector space). The reason for that is some of the properties we required in Defini-
tion 4.2| are redundant (i.e., they follow from the other properties, so that nothing
changes if we leave them out). For example:

Proposition 4.3. Property (d) in Definition follows from properties (e), (h)
and (i). Thus, we could leave out property (d) from the definition.

Proof of Proposition Assume that properties (e), (h) and (i) hold. We must now

prove property (d).
Let v € V. Then,
—1)v+ v =(-1ov+1lov=((-1)+1)o
(-1) o =1 (1) +1)

=1v =0
(by property (h))

(by property (e), applied to A = —1 and p = 1)
—0v=10 (by property (i)
and

\Zi"’ +(-ov=1v+(-1)v= (1-1—(—1)20
(by property (h) =0

(by property (e), applied to A =1 and p = —1)
—0v=10 (by property () .

Hence, there exists some element w € V satisfying v +w = w + v = 0 (namely,
w = (—1)v). Thus, property (d) is proven. Hence, we have shown that property
(d) follows from properties (e), (h) and (i). This proves Proposition [4.3] O

%
1043ssuming that we identify the 0" in Definition 4.2{ with the 0 in Definition M
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Proposition 4.4. Property (j) in Definition £.2] follows from properties (g) and (i).
Thus, we could omit property (j) from the definition.

Proof of Proposition 4.4, Assume that properties (g) and (i) hold. We must now
prove property (j).

Let A € R. Then property (i) (applied to v = O) yields O - 0 =0. Thus,
/\(O- 0) —/\O,sothat

AT = A (O- ?) =(A-0) I (by property (g), applied to y = 0 and v = ﬁ)
=0
—0.0=0.

Thus, property (j) is proven. Hence, we have shown that property (j) follows from
properties (g) and (i). This proves Proposition [4.4] O

Proposition 4.5. Property (i) in Definition 4.2/ follows from properties (b), (c), (d)
and (e). Thus, we could omit property (i) from the definition.

Proof of Proposition Assume that properties (b), (c), (d) and (e) hold. We must
now prove property (i).

Let v € V. Property (e) (applied to A = 0 and y = 0) yields (0 +0) v = 0v + Ov.
Hence, 0v + 0v = (04 0) v = 0v.

=0

But we can apply property (d) to Ov instead of v. We thus conclude that there
exists some element w € V satisfying 0v +w = w + 0v = 0. Consider this w.

Property (b) (applied to 0v, 0v and w 1nstead of u, vand w) ylelds 0v + 400 +w)

(0v + 0v) +w = 0v + w. Since 0v + w = 0 this rewrites as 00 + 0 =
h\/—/

=0v
Property (c_)) (app_l>1ed to Ov mstead of v) yields 0v + 0T =0 +0v = 0v. Com-

paring 0v + 0 0 with Ov + O = Ov, we obtain 0v = O Thus, property (i) is
proven. Hence, we have shown that property (i) follows from properties (b), (c),
(d) and (e). This proves Proposition [4.5| O

However, we cannot simultaneously omit both properties (d) and (i) from the
definition: Each of them is redundant provided the other stays in, but without the
other they il not redundant.

The vector 0 in De inition 4.2is often written as 0. This is an “abuse of notation”
(because the vector 0 is not literally the number 0), but mostly harmless as there
is rarely a possibility of confusion.

4.2. <DRAFT> Examples and constructions of vector spaces

Before we do anything interesting with vector spaces, let me show various exam-
ples of them:
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Example 4.6. Let n € IN and m € IN. The set of all n x m-matrices with real
entries shall be denoted by R"*™. This set R"*™ is a vector space — or, more
precisely, it becomes a vector space if we define the operation “+” as addition
of matrices (conveniently, we have already been denoting this addition by “+”
throughout these notes), define the operation “-” as scaling of matrices (a&;ain,

“" 7

we have fortunately always been calling it “-”), and define the zero vector 0 as
the zero matrix 0;x,,. Proving that the properties in Definition |4.2] are satisfied
is easy; in fact, they all boil down to simple facts about matrices.

Thus, n x m-matrices are vectors (in the vector space IR"*"). This does not
mean that they are row vectors or column vectors; we are instead using the word
“vector” in its general meaning of “element of a vector space” here.

Of course, row vectors and column vectors are vectors as well (because they
are matrices). The vector space of all column vectors of size n is R"*! (since
column vectors of size n are n x 1-matrices). We will denote this vector space by
R". (Beware that some authors also use the notation R" for the vector space of
all row vectors of size n, which is R'*". Some authors go as far as pretend that
column vectors and row vectors are the same, but this is dangerous, since matrix
multiplication treats them differently!)

Notice that multiplication of matrices does not matter for the vector space
R™"*™_ Even if there was no such thing as a product of two matrices, R"*™
would still be a vector space, since vector spaces only need addition and scaling

(and 0), but no multiplication of vectors.

Definition 4.7. The notations R"*" and R" introduced in Example as well
as the vector space structure on R"*", will be used throughout these notes.

Example 4.8. Some simpler examples:

e The set R of all real numbers itself is a vector space (with addition being
addition, scaling being multiplication, and 0 being the number 0.)

e The set C of all complex numbers is a vector space (with addition being
addition, scaling being multiplication, and 0 being the number 0.)

e The one-element set {0} is also a vector space (with addition, scaling and
= . . . . .
0 being defined in the only possible way — there is only one choice).

Example 4.9. Consider the set R* of all infinite sequences (a1, 43,43, ...) of real
numbers. This set R* is also a vector space, with addition defined by

(al,az, as, . . ) + (bl, by, b3, .. ) = (a1 +by,ap + by, az + b3, .. )
(that is, entry by entry), scaling defined by
A (al,llz, as,.. ) = ()Lal,)taz,)tbh, .. )
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(thus, again, entry by entry), and 0 defined by

T =(0,0,0,...).

(It makes sense to think of infinite sequences as 1 x co-matrices; thus, the above
- . .
definitions of +, - and 0 are precisely the rules we set for matrices.)

Example 4.10. Let S be any set. Consider the set R® of_> all maps from S to R.
Then, R® becomes a vector space, if we define +, - and 0 as follows:

e If f € RS and ¢ € R® are two maps, then their sum f + ¢ is defined to be
the map from S to R that sends each s € S to f (s) + g (s). Thus,

(f+2)(s)=f(s)+g(s) for every s € S.

This is called pointwise addition (because it means that we add two maps by
adding their values at each point).

e If f € R’ is a map and A is a number, then the map Af is defined to be the
map from S to R that sends each s € S to A - f (s). Thus,

(Af)(s) =A-f(s) for every s € S.

This is called pointwise scaling (because it means that we scale a map by
scaling its value at each point).

%
e We define 0° € R® to be the map from S to R that sends each s € S to 0.
This is called the constant-0 map, since it is constant and all its values are 0.

This example can be viewed as a generalization of the previous examples.
Namely:

e An n x m-matrix A with real entries can be viewed as a map from
{1,2,...,n} x{1,2,...,m} to R (namely, as the map which sends each
(i,j) € {1,2,...,n} x {1,2,...,m} to the (i,j)-th entry A;; of the matrix
A). Conversely, each map from {1,2,...,n} x {1,2,...,m} to R can be en-
coded by an n x m-matrix (whose entries are the values of the map). Thus,
we can identify the n X m-matrices (with real entries) with the maps from
{1,2,...,n} x{1,2,...,m} to R. In other words, we can identify the set
R™™" with the set R{V2-n}x{12-m} Tt is easily seen that the addition -+,
the scaling - and the zero vector T of the vector space R"*"™ (as defined in
Example are identical with the addition +, the scaling - and the zero
vector 0 of the vector space R{lZ-*{12-m} (a5 defined in the current
example), once we identify the two sets. Hence, the vector space R"*" can
be identified with the vector space R{12--n}x{12...m}
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e The vector space R (from Example can be identified with the vector
space R,

e The vector space C (from Example can be identified with the vector
space R{12} (since a complex number is defined as a pair of two real num-
bers, and since the addition of two complex numbers is componentwise,
and so is the scaling of a complex number by a real number).

e Recall that @ denotes the empty set (i.e., the set {}). The vector space {0}
(from Example [4.8) can be identified with the vector space R?. Indeed, the
only element 0 of {0} can be equated with the only map from @ to R.

e The vector space R* (from Example can be identified with the vector
space R1123:}.

I have not explained what it really means to “identify” two sets or vector
spaces. Roughly speaking, identifying two sets S and T means matching up each
element of S with an element of T (in such a way that each element of T ends
up matched with exactly one element of S) and pretending that each element is
identical to its match. When S and T are vector spaces, one additionally wants
to ensure that this matching has the property that adding two elements of S
has the same result as adding their matches in T, and similarly for scaling, and
finally that the zero vector of S is matched with the zero vector of T. This is all
satisfied in our above examples. Of course, this is still vague and imprecise. A
rigorous way to formalize the idea of “identifying” is the concept of isomorphisms
(i.e., invertible linear maps) between vector spaces; we shall introduce this concept
later.

Example 4.11. The set of continuous functions from R to RR is a vector space as
well. Again, addition and scaling are pointwise (i.e., defined in the same way as
in Example [4.10), and again the zero vector is the constant-0 map. What makes
this definition work is that:

e the sum of two continuous functions is continuous;
e the result of scaling a continuous function by a real A is again continuous;

e the constant-0 map is continuous.

Example 4.12. The set of all polynomial functions from IR to R is a vector space,
too. (A function f : R — R is said to be a polynomial function if there ex-
ist some n € IN and some ag,ay,...,4, € R such that every x € R satisfies
f(x) = ap+ a1x + apx®> + - - - + a,x". For instance, the function f that sends
each x € R to 2(x+ 3)2 x®> + 2 is a polynomial function, because it satisfies
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| () =2(x+3)*x3+2=2+0x+0x2 4+ 18x% + 12x* + 2x° for all x € R.)

Example 4.13. The set of all constant functions from R to R is a vector space
as well. But it can be identified with the vector space R (see Example for
the meaning of “identify”); in fact, any real number r € R corresponds to the
constant function that sends everything to r.

Example 4.14. You probably have seen at least two notions of “vectors” in ana-
lytic geometry: vectors in the plane, and vectors in space. The former kind of
vectors can be identified with elements of IR2, and the latter can be identified
with elements of R3. Namely:

e In the plane, a vector that starts at the origin and ends at the point (a,b) is

identified with the column vector g ) € R2. (Bvery vector in the plane

can be made to start at the origin, and its ending point is then uniquely
determined; thus, this definition is legitimate.)

e In space, a vector that starts at the origin and ends at the point (a,b, c) is
a
identified with the column vector | b | € R3.
c

Let me show two ways to construct new vector spaces from given vector spaces;
this, of course, can be used to obtain lots of further examples.

Definition 4.15. Let V and W be two sets. Recall that V x W denotes the set of
all pairs (v,w) with v € V and w € W. This set V x W is called the Cartesian
product (or simply the product) of the two sets V and W.

Now, assume that V and W are two vector spaces. Then, we make the Carte-
sian product V x W into a vector space as well. Namely, we define

e its addition by
(01, w1) + (v2, w2) = (01 + V2, W1 + wW2) (154)
(that is, entry by entry),

e its scaling by
A(v,w) = (Av, Aw) (155)

(that is, entry by entry), and

e its zero vector by
0=(0,0) (156)

(that is, entry by entry again).
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(Let me dwell on the precise meaning of the equalities (154), and (156). The
sign “+” appears three times in (154), and each time it has a slightly different
meaning. Namely, the sign “+” on the left hand side of stands for the
addition of the vector space V x W (which we are defining). The sign “+”
in “v1 + vy” stands for the addition of the vector space V. The sign “+” in
“w1 + wy” stands for the addition of the vector space W. Similarly, the meanings
of the expressions “A (v, w)”, “Av” and “Aw” in are slightly different, since
each of these refers to the scaling of a different vector space. Finally, the three

4

terms “ 0 ” in (156) are the zero vectors of three different vector spaces (namely,
of V. x W, of V and of W, in order of appearance).)

The vector space V x W is called the Cartesian product of the vector spaces V
and W.

We can similarly define the Cartesian product of several vector spaces
Vi, Va,..., V. It is again a vector space; its elements are n-tuples (v1,02,...,04)
for which each v; belongs to the corresponding V;; its addition, scaling and zero
vector are again defined entry by entry.

Definition 4.16. Let V be a vector space. Let S be a set. Recall that V5 denotes
the set of all maps from S to V. We make V¥ into a vector Eace as well. Namely,

we define its addition +, its scaling -, and its zero vector 0 as follows:

e If f € V5 and g € V¥ are two maps, then their sum f + ¢ is defined to be
the map from S to V that sends each s € S to f (s) + g (s) (where the “+”
in “f (s) + g (s)” refers to the addition of V). Thus,

(f+2)(s)=f(s)+g(s) for every s € S.

This is called pointwise addition (because it means that we add two maps by
adding their values at each point).

o If f € V°is a map and A is a number, then the map Af is defined to be
the map from S to V that sends each s € S to A - f (s) (where the “-” in
“A- f(s)” refers to the scaling of V). Thus,

(Af)(s) =A-f(s) for every s € S.

This is called pointwise scaling (because it means that we scale a map by
scaling its value at each point).

— —

e We define 0 € V5 to be the map from S to V that sends each s € S to 0
(the zero vector of V)._"l;hls is called the constant- 0 map, since it is constant
and all its values are 0 .

This example, of course, generalizes Example IA—L.IOt If we set V = R, then V°
becomes precisely the vector space R® defined in Example {4.10]
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4.3. <DRAFT> (*) The summation sign for vectors

In Section we have introduced the summation sign ) for sums of numbers;
in Section we have introduced the analogous summation sign ) for sums of
matrices. In the same way, we can define the summation sign ) for sums of vectors
in an arbitrary vector space:

Definition 4.17. Let V be a vector space. Let p and g be two integers such that

q
p<g+1. Let Up, Up+1,- -+, Vg be some vectors in V. Then, }, v, means the sum
k=p
Up + Upt1 + -+ + 04. (This sum is well-defined, since each vector space satisfies
a “general associativity law” similar to Proposition Moreover, the order of
its addends does not matter, as can be proven using property (a) in Definition

E-2)

q q
The notation ) vy is analogous to the notation ) a; introduced in Definition
k=p k=p

q
2.26/(and to the notation } Ay introduced in Definition [2.43). The same remarks
k=p
and clarifications done for the latter notation in Definition apply to the

q
former notation. There is only one difference: When the sum )’ v, has no
k=p
%
addends (i.e., when p > g + 1), its value is defined to be the zero vector 0 (of
the vector space V) rather than the number 0.

The summation sign ) for vectors (that we have just defined) generalizes both
the summation sign ) for numbers and the summation sign ) for matrices (since
numbers and matrices can both be viewed as vectors).

Most properties of the summation sign ) that hold for numbers can be straight-
forwardly generalized to vectors (in an arbitrary vector space). Some of them can
even be generalized in several ways: For example, in Proposition we can re-
place the numbers ap, a1, ...,a4 by vectors (while b remains a number), or we
can replace the number b by a vector (while Ap,Api1,- -, Ag TEMAain numbers; for

q
this generalization, we should rewrite the products bay and b ) a; as axb and
k=p

k=p
product of two vectors is not defined!) Let me state the two resulting generaliza-
tions explicitly (with slightly modified names):

q
< Y. ak) b). (We cannot replace both ay,a;,41,...,a; and b by vectors, since the

Proposition 4.18. Let V be a vector space. Let p and g be two integers such that
p <q-+1 Letvy,v,q1,...,0; be some vectors in V. Let b be a number. Then,

q q
vak:vak.
k=p k=p
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q q
(The expression Y. by has to be read as ). (bvg).)
k=p k=p

Proposition 4.19. Let V be a vector space. Let p and g be two integers such that
p<q-+1 Letaya,.1,...,a, be some numbers. Let v € V be a vector. Then,

q q
Z a0 = <Z Elk) 0
k=p k=p

q q
(The expression Y. axv has to be read as ). (axv).)

Let me also state the straightforward generalization of Proposition to vectors:

Proposition 4.20. Let V be a vector space. Let p and g be two integers such that
p<q.Letre{pp+1,...,q} Letv,,v,11,...,0; be some vectors in V. Then,

9
Z (5k,rvk = Uy.
k=p

4.4, <TODO> Subspaces

References for subspaces: [LaNaScl6, §4.3] (possibly the best one), [OlvSha06,
§2.2] (focusses on the analysis-related and applied stuff) and [Heffer16, Two.L.2].
When U is a subset of a vector space V, we can try to make U itself into a vector
space by “inheriting” the addition, the scaling and the zero vector from V: That
is, we define the sum v + w of two vectors v € U and w € U to be the result of
adding v and w as elements of V. Similarly, we define Av for A € R and v € U to
be the result of scaling v by A as element of V. Finally, we define the zero vector
O of U as the zero vector 0 of V. However, this all works (i.e., makes U into a
vector space) only if the vectors appearing in these definitions end up in U: For
example, our definition of v + w actually defines an addition on U only if the sum
v + w actually belongs to U for all v € U and w € U. Similarly, scaling on U 15
well-defined only if Av € U for all A € R and v € U. Finally, the zero vector I

of U is well-defined only if the zero vector T of v actually belongs to U. Let me
collect all these conditions in one notion:

Definition 4.21. Let U be a subset of a vector space V. We say that U is a subspace
(or vector subspa_c)e) of V if the fg}lowing three conditions hold:

(@) We have 0 € U (where 0 is the zero vector of V).

(b) We have v +w € U forallv € U and w € U.
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(c) We have Av € U forall A € Rand v € U.

Note that condition (b) is often put into words as follows: “The subset U is
closed under addition” (since it says, roughly speaking, that if you start with ele-
ments of U, then you cannot escape U by applying addition). Similarly, condition
(c) is often stated as follows: “The subset U is closed under scaling”. Hence, the
subset U is a subspace of V if and only if U contains the zero vector, is closed
under addition and is closed under scaling.

Proposition 4.22. Let U be a subspace of a vector space V. Then, U becomes a
vector space, if we let it “inherit” the addition +, the scaling - and the zero vector

_>
0 from V. Here, “inheriting” means that:

e we define the sum v + w of two vectors v € U and w € U to be the result
of adding v and w as elements of V.

e we define Av for A € R to v € U to be the result of scaling v by A as element
of V.

. — —
e we define the zero vector 0 of U as the zero vector 0 of V.

Proof of Proposition The “inherited” operations on U are clearly well-defined.
(For example, the condition (b) in Definition shows that the “inherited” addi-
tion is actually an addition on U. Similarly, condition (c) shows that the “inherited”
scaling is actually a scaling, and condition (a) shows that the “inherited” zero vec-
tor actually is in U.)

It remains to prove that the ten properties (a), (b), (c), (d), (e), (f), (g), (h), (i) and
(j) from Definition |4.2| are satisfied for U instead of V. This is almost completely
straightforward: We know that these ten properties are satisfied for V (since V is a
vector space). Since the operations on U are “inherited” from V, this immediately
yields that the nine properties (a), (b), (c), (e), (f), (g), (h), (i) and (j) are also
satisfied for U instead of V. However, this argument does not prove that property
(d) is satisfied for U instead of V: We know that it holds for V, but we cannot
immediately conclude that it must also hold for U instead of V (because there is
no obvious reason why the element w whose existence is claimed in property (d)
must belong to U). Fortunately, we can ignore property (d), since Proposition
shows that this property is redundant. Hence, U is a vector space (since the nine
properties (a), (b), (c), (e), (f), (g), (h), (i) and (j) are satisfied for U instead of V).
This proves Proposition O

Remark 4.23. Some authors replace condition (a) in Definition by the seem-
ingly weaker condition that U be nonempty. However, this weaker condition is
actually equivalent to condition (a) (as long as condition (c) is assumed). Indeed,
if U is nonempty, then we can pick any v € U, and then we can observe that

T =00 € U (by condition (c), applied to A = 0); thus, condition (a) holds.
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4.5. <DRAFT> Examples and constructions of subspaces
4.5.1. {ﬁ} and V

Examples of subspaces, and general ways to construct subspaces, abound. Let us
tirst go for the very lowest-hanging fruits:

Proposition 4.24. Let V be a vector space.
—
(@) The subset { 0 } of V is a subspace of V.
(b) The subset V of V is a subspace of V.

Proof of Proposition Straightforward, and left to the reader. (For instance,

H—/

(7

o
is closed under addition because the only possible sum of two elements of { } is

6> + 6> = 6), which of course belongs to {6)})

[

—
Please note that the subset { 0 } in Proposition (4.24{ (a) is not the empty set! (It

contains the zero vector 0, whereas the empty set contains nothing.) That said,
it is “as close to the empty set as a subspace of V can get”: It contains only the

zero vector 0, which any subspace of V is forced to contain. It is easy to see that
{ 0 } is the intersection of all subspaces of V. (In contrast, the empty set @ is the
intersection of all subsets of V.)

4.5.2. Some examples of subspaces of R3

Let us now get our hands dirty and verify some examples of subspaces and non-
subspaces:

Example 4.25. Recall that R” denotes the vector space of all column vectors of
size n. (We defined this in Example {4.6])
(a) Let A be the subset
{(xl,xz, xg)T ER? | xy —x0+2x3 = O}

of R3. Then, A is a subspace of R>.
(b) Let B be the subset

{(xl,xz, X3)T ER? | x; =2xp = 3x3}

of R3. Then, B is a subspace of R®.
(c) Let C be the subset

{(xl,xz,x3)T eR? | X1 —x2+2x3 = 1}
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of R3. Then, C is not a subspace of IR3.
(d) Let D be the subset

{(u,O,Zu—I—v)T | u,ve ]R}
of R3. (Note that the letter v stands for a number here, not for a vector.) Then,
D is a subspace of R>.

(e) Let E be the subset

{(u,o,u+1)T | ue 1R}

of R3. Then, E is not a subspace of R3.
(f) Let F be the subset

{(x1,x2,x3)T | x1x2%3 :o}

of R3. Then, F is not a subspace of R3.
(g) Let G be the subset

{ (‘xl/ X2, x3)T ’ X1,X2,X3 € Q}
of R3. (Recall that Q is the set of all rational numbers.) Then, G is not a subspace
of R3.
(h) Let H be the subset

(1,02u+v+1)" | w0 eR
{ J

of R®. Then, H is a subspace of R®. (Actually, H = D.)

Proof of Example Recall how subspaces are defined (see Definition [4.21). Thus,
in order to prove that some subset U of IR? is a subspace of R?>, we must prove that
it satisfies the three conditions (a), (b) and (c¢) of Definition (i.e., that it contains
the zero vector, is closed under addition, and is closed under scaling). On the other
hand, in order to prove that some subset U of R is not a subspace of R3, it suffices
to prove that it fails at least one of these three conditions (a), (b) and (c). (Often, a
subset U will fail two or all three of these conditions, but we do not need to check
them all: Failing one is enough.) Let us now apply this strategy to the subsets A,
B,C,D, E, F and G:

(a) We want to show that A is a subspace of IR3. Thus, we need to show that A
contains the zero vector, is closed under addition, and is closed under scaling. Let
us do this:

Proof that A contains the zero vector: Recall that the zero vector of R3 is 03,1 =

(0,0,0)". This vector 031 lies in A if and only if 0 — 0 +2-0 = 0 (by the definition
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of A). Thus, 0341 liesin A (since 0 — 042 -0 = 0 holds). In other words, A contains
the zero vector.

Proof that A is closed under addition: Let v € A and w € A. We must prove that
v+w e A.

Write the vector v € A C R3 in the form v = (v1, 02, U3)T (for three real numbers
v1, 02,03 € R). Since (v1, vy, "U3)T =v € A, we have v1 — v, + 203 = 0.

Write the vector w € A C R® in the form w = (w1, wo, ZU3)T (for three real
numbers w1, wy, w3 € R). Since (w1, wo, w3)T =w € A, we have w1 — w, 4+ 2ws = 0.

From v = (v, vy, Ug)T and w = (ZUl,ZUZ,ZU?,)T, we obtain

v+ w = (vll 02, 03)T + (wll wy, w3)T - (vl + w1, 02 + w3, 03 + w3)T

(since column vectors are added entry by entry). Thus, in order to prove that
v+w € A, we must show that (v +wq) — (v2+w2) + 2 (v3+w3) = 0 (by the
definition of A). But showing this is easy: Just notice that

(v1 +wy) — (v +wp) +2(v3 4+ ws3)
= (v1 — vy +203) + (w1 —wy +2w3) =0+ 0=0.

- i - i

=0 =0

Thus, we have proven that v + w € A. This completes the proof of the fact that A
is closed under addition.

Proof that A is closed under scaling: Let A € R and v € A. We must prove that
Av € A.

Write the vector v € A C R3 in the form v = (v1, 02, U3)T (for three real numbers
v1,02,03 € R). Since (v, vy, "U3)T =uv € A, we have v1 — v, + 203 = 0.

From v = (v, vy, Ug)T, we obtain

Av = A (v1,02,03)7 = (Avq, Avg, Avg)T

(since column vectors are scaled entry by entry). Thus, in order to prove that
Av € A, we must show that Avy — Avy 4+ 2Av3 = 0 (by the definition of A). But
showing this is easy: Just notice that

Avy — Avp 4+ 2Av3 = A (v — v +203) = A0 = 0.

(.

=0
Thus, we have proven that Av € A. This completes the proof of the fact that A is
closed under scaling.

We now have shown that A contains the zero vector, is closed under addition,
and is closed under scaling. Hence, A is a subspace of R®. Example (a) is
proven.

(b) The chain of equations x; = 2x, = 3x3 in the definition of B is equivalent
to “x; = 2xp and 2x, = 3x3”. The proof of Example (b) proceeds similarly
to the above proof of Example (a), with the only difference that instead of the




Notes on linear algebra (Wednesday 4" December, 2019, 15:09) page 201

single equation x; — x2 + 2x3 = 0, we now have to keep track of the two equations
x1 = 2xp and 2xp = 3x3. Let me only show one part of the proof, namely the
verification that B is closed under addition:

Proof that B is closed under addition: Let v € B and w € B. We must prove that
v+ w € B.

Write the vector v € B C R3 in the form v = (v1, 02, ’U3)T (for three real numbers
v1,02,03 € R). Since (vy, v, v3)T = v € B, we have v; = 2v; and 20, = 3vs.

Write the vector w € B C R3 in the form w = (wl,wz,w;;)T (for three real
numbers wy, wy, w3 € R). Since (wl,w2,w3)T = w € B, we have w; = 2w, and
ZZU2 = 3ZU3.

From v = (v, vy, 03)T and w = (wl,ZUz,TU3)T, we obtain

V4w = (v1,0,03)" 4 (wy, wa, w3)" = (v1 + Wy, v2 4 Wy, v3 + w3) "

(since column vectors are added entry by entry). Thus, in order to prove that
v+ w € B, we must show that v1 + wy = 2 (v + w) and 2 (v + wy) = 3 (v3 + w3)
(by the definition of B). But showing this is easy: Just notice that

v + w1 =20y + 2wy =2 (vy + wy) and
~ =~
:202 :2w2

2(02+ZU2) = 20y + 2wy =3Ug+3W3=3(U3+W3).

23?)3 =3ZU3

Thus, we have proven that v +w € B. This completes the proof of the fact that B is
closed under addition.

Proving that B contains the zero vector and is closed under scaling is left to the
reader. (As I have said, the proofs are similar to the corresponding proofs for A,
and the changes that need to be done are essentially the same as we did in the
proof that B is closed under addition.) Thus, Example (b) is proven.

(c) The zero vector 0 = 03x1 = (O, O,O)T of R3 does not belong to C (since it
does not satisfy 0 — 0 +2-0 = 1). Hence, C does not contain the zero vector. As a
consequence, C cannot be a subspace of IR?. Thus, Example (c) is proven.

(Notice that C furthermore fails to be closed under addition, and also fails to be
closed under scaling. Each of these failures gives another reason why C is not a
subspace of R3. We just chose to use the simplest reason instead, namely that it
fails to contain the zero vector.)

(d) We want to show that D is a subspace of R3. Thus, we need to show that
D contains the zero vector, is closed under addition, and is closed under scaling.
Before we do this, let us rewrite the definition of D as follows:

Dz{(u,O,Zu-l—v)T | u,vE]R}
- {(x,o,2x+y)T | x,ye]R} (157)
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(here, we have renamed the indices u and v as x and y). (The reason for rewriting
D this way was to get rid of the letters 1 and v; indeed, we are going to reuse these
letters for vectors.)

Proof that D contains the zero vector: Recall that the zero vector of R3 is 03,1 =
(0, O,O)T. This vector 03,1 has the form (u,0,2u + U)T for some u,v € R (namely,
for u = 0 and v = 0). Thus, it belongs to D (by the definition of D). In other words,
D contains the zero vector.

Proof that D is closed under addition: Let v € D and w € D. We must prove that
v+we D.

We have v € D = {(x, 0,2x+y)" | x,ye IR} (by (157)). In other words, v has

the form (x,0,2x + y)T for some x,y € R. Fix two such x,y, and denote them by
Xy, Yp. (I do not want to simply call them x, y, because I will introduce two other
such x, y shortly.) Thus, x,,y, are real numbers and satisfy v = (x,,0,2x, + yv)T.

We have w € D = {(x, 0,2x +y)T | x,y € IR} (by (157)). In other words, w has

the form (x,0,2x 4+ y)” for some x,y € R. Fix two such x,v, and denote them by
Xw, Yw- Thus, Xy, Y are real numbers and satisfy w = (X, 0,2x; + yw)T.
From v = (x,0,2x, + yU)T and w = (x4, 0,2x, + yw)T, we obtain

vt+w = (xvzolzxv +yU)T + (xw’o’zxw +yw)T

= | Xo + Xw, &t_o/ (zxv + ]/v) + (wa + yw)

. J/

-~

=0 =2(xp+xw)+ (Yo +yw)
(since column vectors are added entry by entry)

= (xZJ +xTU/0/2 (xU +xw) + (yv +yw))T

Thus, the vector v + w has the form (x,0,2x + )" for some x,y € R (namely, for
X = Xy + Xy and y = Yy + Yy). In other words, v+w € {(x,O,Zx —l—y)T | x,y € IR}.
In view of (157), this rewrites as v +w € D. This completes the proof of the fact
that D is closed under addition.
Proof that D is closed under scaling: Let A € R and v € D. We must prove that
Av e D.
We have v € D = {(x, 0,2x +y)T | x,y € IR} (by (157)). In other words, v has

the form (x,0,2x + y)T for some x,y € R. Fix two such x,y, and denote them by
Xo, Yo. Thus, x,, Y, are real numbers and satisfy v = (xy, 0, 2x, + yv)T.
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Hence,

Ao = A (x0,0,2x0 + o) T = | Axo, A0, A (225 + 1)
~ e — —
=0 =2:Axp+AYy
(since column vectors are scaled entry by entry)

= (Axp,0,2 - Axy + Ayy) T

Thus, the vector Av has the form (x,0,2x + y)T for some x,y € R (namely, for
x = Axp and y = Ayy). In other words, Av € {(x, 0,2x+vy)" | x,ye IR}. In view
of (I57), this rewrites as Av € D. This completes the proof of the fact that D is
closed under scaling.

We now have shown that D contains the zero vector, is closed under addition,
and is closed under scaling. Hence, D is a subspace of R3. Example (d) is
proven.

(e) There exists no u € R satisfying (0,0,0)" = (1,0, + 1) (because any such
u would have to satisfy 0 = u and 0 = u + 1 at the same time; but this is clearly
impossible). In other words, (0, O,O)T is not a vector of the form (u,0,u + 1)T

with 1 € R. In other words, (0,0,0) ¢ {(u,o,u+1)T | u eJR}. Since E =
{(u,O,u +1) | ue ]R}, this rewrites as (0,0,0)” ¢ E.

But recall that the zero vector of the vector space R is (0,0, O)T. Hence, this zero
vector does not lie in E (since (0,0, O)T ¢ E). In other words, E does not contain the
zero vector. Consequently, E cannot be a subspace of IR®. Thus, Example (e) is
proven.

(f) The subset F is not closed under addition. In fact, if we set v = (1, O,O)T and
w = (O,l,l)T, then v € F (since 1-0-0 = 0) and w € F (since 0-1-1 = 0), but
v4+w=(1,1,1)" ¢ F (since 1-1-1 # 0).

Since F is not closed under addition, F is not a subspace of R3 (even though, as
the reader can easily check, F contains the zero vector and is closed under scaling).
This proves Example .

(g) The subset G is not closed under scaling. In fact, if we set A = V2 and

T ) T )
v=(1,0,0)", then v € G (since 1,0,0 € Q), but Av = <\/§, 0, O) ¢ G (since not all

of v/2,0,0 belong to Q).

Since G is not closed under scaling, G is not a subspace of IR? (even though, as the
reader can easily check, G contains the zero vector and is closed under addition).
This proves Example (g)-

(h) I claim that H = D.

In order to prove this, it suffices to show that H C D and D C H.

Proof of HC D: Leth € H. Thus, h € H = {(u,0,2u+v—|—1)T | u0€ IR}. In
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other words, & has the form (u,0,2u +v + 1)T for some u,v € R. Consider these
u,ov.

Now, h = (u,0,2u + v + 1)T. Hence, h has the form (x, 0, 2x + y)T for some x,y €
R (namely, for x = u and y = v+ 1). In other words, I € {(x, 0,2x+1)" | x,y € IR}.
In view of (157), this rewrites as I € D.

Now, we have proven that h € D for each h € H. In other words, H C D.

Proof of D C H: Letd € D. Then, d € D = {(x,0,2x+y)T | x,y € ]R} (by

(157)). In other words, d has the form d = (x,0,2x +y)" for some x,y € R. Con-

sider these x, y.
T

Now, d = | x,0,2x+ vy = (x,0,2x+ (y—1) + 1)T. Hence, d has the
<~
=y—-1)+1

form (u,0,2u +v+ 1)T for some u,v € R (namely, for u = x and v =y —1). In
other words, d € {(u, 0,2u + v+ 1)T | u,ve IR}. In light of

{(u,O,Zu + v+ 1)T | u,ve IR} = H, this rewrites as d € H.
We have now shown that d € H for each d € D. In other words, D C H.
Combining the relations H C D and D C H, we obtain H = D. Since D is a
subspace of R® (this was proven in Example (d)), we thus know that H is a
subspace of R3. Example (h) is proven. O

4.5.3. The kernel of a matrix

You might have spotted some patterns in Example For instance, you have
noticed that the subsets A and B were “carved out” of R® by systems of linear
equations with no constant terms (i.e., linear equations of the form ayx; + axx +
azx3 = 0, or equivalent to such equations). This is a general pattern: Any subset
of R" “carved out” by a system of linear equations with no constant term is
a subspace of R"”. Let me state (and prove) this fact in a slightly cleaner form,
replacing the system of linear equations by a matrix equatior@

Proposition 4.26. Let n € IN and m € IN. Let A be an m x n-matrix. Let Ker A

denote the subset
{x eR" | Ax =051}

195Guch systems are called homogeneous systems in [OlvSha06, §1.8].

1961n fact, recall (from Proposition 3.2) that a system of linear equations in # unknowns x1, xy, . . ., X
X1
x2

can be rewritten as a single equation Ax = b for the column vector x = . € R". When
Xn

the system has no constant terms, the vector b is the zero vector 0,,x1, and so the single equation
Ax = b becomes Ax = 0,;,1-
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of R". (Recall that IR" stands for the vector space R"*! of all column vectors of
size n.) Then, Ker A is a subspace of R".

Proposition generalizes both Example (a) and Example (b)m The
proof of Proposition is essentially like the proofs given for those examples, but

shorter because working with matrices is simpler than dealing with lots of single
entries:

Proof of Proposition We want to show that Ker A is a subspace of R". Thus, we
need to show that Ker A contains the zero vector, is closed under addition, and is
closed under scaling. Let us do this:

Proof that Ker A contains the zero vector: We have A0, 1 = 0,,x1. Hence, 0,,x1 €
{x e R" | Ax =0,x1} = Ker A. In other words, Ker A contains the zero vector
(since 0,1 is the zero vector of the vector space R").

Proof that Ker A is closed under addition: Let v € Ker A and w € Ker A. We must
prove that v + w € Ker A.

We have v € KerA = {x e R" | Ax =0,x1}. In other words, Av = 0,,x1.
Similarly, Aw = 0;;%1. Now, A (v+w) = éfg + é’u_)/ = 0x1 + 0mx1 = 0pix1-

=0mx1  =Omx1
Hence, v+ w € {x € R" | Ax = 0,,x1} = Ker A. This completes the proof of the
fact that Ker A is closed under addition.

Proof that Ker A is closed under scaling: Let A € R and v € Ker A. We must prove
that Av € Ker A.

We have v € Ker A = {x € R" | Ax = 0,1} In other words, Av = 0,,,x1. Now,
A(Av) = A \A/T_J/ = AOpx1 = Opx1. Hence, Av € {x e R" | Ax = 0,41} = Ker A.

=0mx1
This completes the proof of the fact that Ker A is closed under scaling.

We now have shown that Ker A contains the zero vector, is closed under addi-

tion, and is closed under scaling. Hence, Ker A is a subspace of IR". This proves

Proposition [4.26] O

Definition 4.27. Let n € IN and m € IN. Let A be an m x n-matrix. The subspace
Ker A of R" introduced in Proposition is called the kernel (or the nullspace)
of A. (Some authors also denote it by ker A.)

We will see some examples of kernels later; for now, let me only show one
particularly simple example, namely the kernel of a zero matrix:

197Indeed, you can easily check that the subset A of R® in Example @isKer(1 -1 2),
whereas the subset B of R® in Example |4.25| (b) is Ker ( 12

0 2 _03 (since the condition

X1 —2xp =0;

x1 = 2xp = 3x3 defining B is equivalent to the system { 2%y — B3 = 0 ).
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| Proposition 4.28. Let n € N and m € IN. Then, Ker (0,,x,) = R".

Proof of Proposition The definition of Ker (0,,x,) yields Ker (Opxn) = {x € R" | OpxnX = Opyx1}-
But every x € R” satisfies Oy xnx = 0yx1. Hence, {x € R" | OpxnX = Opx1} =
{x € R"} = R". Thus, Ker (0y;xn) = {x € R" | OpxnX = 0yx1} = R". This proves
Proposition [4.28| O

4.5.4. The span of k vectors

Here is another fairly general construction of a subspace:

Definition 4.29. Let V be a vector space. Let v1,vy, ..., vk be finitely many vectors
inV.
(a) A linear combination of vq,vy,...,v; means a vector of the form

Ao+ Aoy + - - - + Ak with A, Ay, ..., A € R.

(In words: A linear combination of v1,vy, ...,V means a vector obtained by first
scaling each of v, vy, ..., vk by some real number, and then adding the results.)

(b) The span of v1,vy, ..., vy is the set of all linear combinations of v1,vy, ..., k.
This set is denoted by span (vq,vy,...,v¢). Many authors also denote it by
span (v1, v, ..., V), but this notation risks confusion with the inner product of
two vectors v and w (which will be introduced later, and which will be denoted
by (v, w)).

Note that span (v1,vy,...,vx) is defined as the set of all linear combinations
of v1,0vy,...,v;; but the latter linear combinations are the vectors of the form
Avg + Ayup + - - + Ao with Aq, Ay, ..., Ay € R. Hence, span (v1,vy,...,7) is
the set of all vectors of the form Aqv1 + Arvp + - - - + Apvp with Aq, Ay, ..., A € R
In other words,

span(vl,vz,...,vk):{A101+)\202+--~+)Lkvk | Al,/\z,...,)LkE]R}. (158)

Remark 4.30. The span span () (that is, the span of no vectors) is the subspace
— —
{ 0 } of V (not the empty set!). This is because 0 is a linear combination of

an empty list of vectors (being the empty sum). This might appear somewhat
counterintuitive, but is natural and important.

Proposition 4.31. Let V be a vector space. Let vy, vy,...,vr be finitely many
vectors in V. Then, span (v1,v,...,v) (that is, the span of vy,vp,...,7) is a
subspace of V.

Proof of Proposition We want to show that span (v1,vy, ..., vx) is a subspace of
V. Thus, we need to show that span (v1,vy,...,7k) contains the zero vector, is
closed under addition, and is closed under scaling. Let us do this:
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Proof that ﬂ)an (v1,vy,...,0x) contains the zero vector: We have 0vy + 0vp + - - - +
Ov, = 6>+ 0 +- --—|—6> = 6> Thus, 6> = 0v1 + 0vy + - - - + O0vy.. Hence, the vector
6> has the form Aoy + Ayvp 4 - - - + Av for some Ay, Ap,..., A € R (namely,
for A; = 0). In other words, 0 is a linear combination of v1,vy,..., v In other
words, 0 € span(vq,0y,...,0x) (since span (vy,vy,...,0x) is the set of all linear
combinations of v1,vy,...,vk). In other words, span (vq,v,...,v;) contains the
zero vector (since 0 is the zero vector of the vector space V).

Proof that span (v1,vy, ..., vx) is closed under addition: Let v € span (vq,vy,...,vk)

and w € span (v1, vy, ..., v¢). We must prove that v + w € span (v1,vy, ..., vg).
We have

(AS span(vl,vz,...,vk) = {)lel + A0y + - - - 4 AgUg | A, A, .o A € IR}

(by (158)). In other words, there exist some Ay, Ay, ..., Ay € R satisfying v = Ao +
A0y + - - - + Agvg. Fix these Aq, Ay, ..., Ak, and denote them by uy, uo, ..., pg. Thus,
11, M2, ..., Ui are elements of R and satisfy v = pyv1 + ppva + - - - + pyvy.

We have

w € span (v1,0y,...,0k) = {AMv1 + v+ - -+ A0 | A, Ap, .. A € R}

(by (158)). In other words, there exist some A1, A, ..., Ay € R satisfying w =
Aoy + Agvp + - - - + Agvg. Fix these Aq, Ay, ..., Af, and denote them by «q, %3, ..., k.
Thus, x1,x, ..., ki are elements of R and satisfy w = k101 + kv + - - - + KUk

Adding the equalities v = p1v1 + v + - - - + pupvx and w = k101 + ko + - - - +
Kx Uk, We obtain

V4w = (U101 + povp + - - - + ugvx) + (K101 + K202 + - - - + K Ug)
= (u1v1 +x101) + (H2v2 + K202) + - - - + (UgUk + KxVk)
= (1 +r) v+ (2 +x2) w2+ -+ - + (e + 1) V.

Hence, the vector v + w has the form A0y + Apvp + - - - + A v for some Aq, Ay, ..., A €
R (namely, for A; = p; + «;). In other words,

v+w e {Mor+ v+ F Mo | A A A € R}.

In view of (I58), this rewrites as v +w € span (vy,vy,...,vx). This completes the
proof of the fact that span (v1,vy,...,vx) is closed under addition.

Proof that span (v1, vy, . . ., v ) is closed under scaling: Let A € Rand v € span (v1,vy, ..., vk).
We must prove that Av € span (v1,vy,...,vk).

We have

AS span(vl,vz,...,vk) = {/\101 + A0y + - - - 4 AgUg | A, A, .o A € IR}

(by (158)). In other words, there exist some Ay, Ay, ..., A € R satisfying v = A v +
A2vp + - - - + Aok, Fix these Aq, Ay, ..., Ak, and denote them by py, o, ..., ug. Thus,
M1, M2, ..., Ui are elements of R and satisfy v = p1v1 + pov2 + - - - + ppvg.
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Multiplying both sides of the equality v = p101 + ppv2 + - - - + pvi by A, we find
Av = A (U1 + v + - - - + HEUk) = A1 + Apovp + - - - + Apgg.

Hence, the vector Av has the form Aqv1 + Apvy + - - - + ALvg for some Aq, Ay, ..., Ax €
R (namely, for A; = Ay;). In other words,

Av € {Mu1+ Avp + -+ Ao | A, A, .. A € R}

In view of (158), this rewrites as Av € span (v1,vy, ..., 7). This completes the proof
of the fact that span (v1,vy, ..., vx) is closed under scaling.

We now have shown that span (v, vy,...,7k) contains the zero vector, is closed
under addition, and is closed under scaling. Hence, span (v1,vy,...,vk) is a sub-
space of V. This proves Proposition O

Example 4.32. It is easy to construct examples of spans. Here is one:

Let x = (1, O,Z)T and y = (0,0, 1)T. Then, x and y are two vectors in R3. What
is their span span (x,y) ? The equality (applied to V = R?, k = 2 and
(v1,02,...,0%) = (x,y)) yields

span (x,y) = {Mx+ Ay | M, AeR}y=<%u x +v vy | uvelR

T
=(1,0,2) =(0,01)T

(here, we have renamed the indices A1 and A, as u and v)

( )

J/

=u(1,0,2)" +20(0,0,1)" | u,veR

= (u-140-0,u-040-0,u-240-1)"
L =(u,0,2u+0)"

— {(u,O,2u+v)T | u,ve IR}.

This is precisely the set D defined in Example (d). In particular, this shows
once again that the latter set D is a subspace of R” (since Proposition shows
that span (x,y) is a subspace of IR?). Thus, we have found a new proof of the
claim of Example (d).

The following property of spans is fundamental:

Proposition 4.33. Let V be a vector space. Let vy,vy,...,vr be finitely many
vectors in V.

(@) The vectors vy, vy, ..., vk belong to the span span (vq, vy, . .., V).

(b) If U is a subspace of V that contains the vectors vy,vy,...,vk, then
span (v1,vy,...,v;) C U.
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Propositions .31 and [4.33] are often stated together in one single laconic sen-
tence: “The span span (v1,vy,...,vx) of k vectors v1, vy, ..., v, is the smallest sub-
space of V that contains v1,vs,...,v,” (Where “smallest” means that any other
subspace of V that contains v1, vy, . .., v must contain span (v, vy, ..., k) as a sub-
set). This sentence includes the claim of Proposition (since it says that the
span span (v1, 0, . .., vx) is a subspace of V), the claim of Proposition 4.33| (a) (since
it says that this span contains vy,vy,...,v), and the claim of Proposition (b)
(since it says that this span is the smallest subspace of V that contains v1, vy, ..., vy).

We shall prove Proposition later (in Section [4.6).

How to actually compute the kernel of a matrix? The next three examples illus-
trate a method:

Example 4.34. Let n = 4 and m = 3. Let A be the m X n-matrix
13 0 1
2 0 1 2 |. Letus find the kernel Ker A of A. Proposition (4.26| tells
06 —20

us that Ker A will be a subspace of R"” = R?; but it does not tell us which one.
To find out, we will have to do some work.
The definition of Ker A yields

Ker A= {x € R" | Ax:Omxl}z{xelR4 | szogxl}

(since n = 4 and m = 3). Hence, finding Ker A means finding all vectors x € R*
satisfying Ax = 03x1. In other words, it means solving the equation Ax = 031.
We know how to do this using Gaussian elimination:

Let x = (x1,x2, X3, x4)T € R*. Then, Ax = 03,1 rewrites as

13 0 1 1 0

20 1 2 zzzo

06 -2 0 3 0
X4

This is equivalent to the system of equations

1x1 +3x2 +0x3+ 1x4 = 0;
2x1+0xp +1x3+2x4 =0; .
0x1 +6x2 + (—2) x5+ 0x4 = 0

The solutions x of this system are precisely the vectors of the form
—r

X = 0 forr € R.

)
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Thus,

Ker A = {x cR* | Ax = O3><1}

;

—7r
0
= 0 | reR (159)
\ r
( -1
0
=<r 0 | reR (160)
\ 1
—r -1
since =7 0 foreachr € R
0 - 0
7 1
—1
0
= span 0
1

We have thus written Ker A as a span of vectors (in our case: one vector) in R4,
This is not the only way to do so, but it is probably the most explicit and simplest
way.

Example 4.35. Let n = 3 and m = 3. Let A be the m x n-matrix

W N =
N =N
N =N

Let us find the kernel Ker A of A.

The method is the same as in Example but the last few steps are a bit
more complicated. Again, finding Ker A means solving the equation Ax = 03
(but this time, x is to lie in IR3).

Let x = (x1,%2,%3)7 € R3. Then, Ax = 03,7 rewrites as

122 x1 0
2 4 4 xwn |=(o0
36 6 X3 0

This is equivalent to the system of equations

1x1 4+ 2xp +2x3 = 0;
2x1 +4xy +4x3=0; .
3x1 +6x +6x3 =0
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The solutions x of this system are precisely the vectors of the form

—2r —2s
X = r forr,s € R.

Thus,

Ker A = {x S R3 | Ax = O3><1}

—2r — 25
= r | r,s € R (161)
S
-2 -2
=<r 1 +s 0 | r,s €R (162)
0 1
—2r — 2s -2 -2
since r =r 1 +s 0 for eachr,s € R
S 0 1
-2 -2
= span 1 , 0
0 1

We have thus written Ker A as a span of vectors (in our case: two vectors) in IR3.
Again, there are various other ways to do so.

—2r —2s
Let me explain how I got from (161) to (162). I have rewritten r
S
-2 -2
asr| 1 +s| 0 |. The purpose of this step was to “push the variables
0 1

r and s out of the column vector”, so that the result would be of the form “r
times a constant column vector plus s times a constant column vector”. And the
ultimate purpose of this was to write Ker A as a span of two column vectors.

You should be able to do such transformations yourself! To illustrate the
method in a bit more detail, let me state it as a two-step procedure:

—2r —2s
1. First, decompose the vector r into a sum of two vectors by
s
isolating all multiples of r into one vector and all multiples of s into another.
Thus,
—2r —12s —2r —2s
r = r + 0

0 5
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—2r
2. Now, push the factor r out of the first vector (i.e., rewrite r as
0
—2
r 1 ]), and push the factor s out of the second vector (i.e., rewrite
0
—2s -2 -2 -2
as s 0 ]). The resultisr 1 +s 0
s 1 0 1
In hindsight, the passage from (159) to (160) has been another instance of such
—r -1
. . 0 0 .
a transformation. Namely, I have rewritten 0 as r 0 in order to
r 1

“push the r out of the column vector”. Of course, this was simpler because we
had only one variable (hence, no need to isolate) and therefore only one constant
vector.

Here is another example of such a transformation:

5r +2s + 3t 5 2 3
t 0 0 1

—2r + 3s -2 3 0
S =v 0 +s| 1 |+¢t] O

—3r -3 0 0

r 1 0 0

0 0 0 0

Example 4.36. Let n = 2 and m = 2. Let A be the m X n-matrix < 12 ) . Let us

23
find the kernel Ker A of A.
The method is the same as in Example and this time we will actually have
it a lot easier, as long as we do not get confused by empty lists and zero vectors.
Finding Ker A means solving the equation Ax = 0,41 for x € R2.

Let x = (xl,xz)T € R2. Then, Ax = 0,1 rewrites as

(13)(2)- ()

This is equivalent to the system of equations

1x1 +2x, = 0;
2x1+3x, =0 °
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The solutions x of this system are precisely the vectors of the form

X =
0/
Thus,

0
KerA:{xele | Ax202><1}: (0) :{Ole}.

=021

This is as simple a result as we can get, but if we actually want to rewrite Ker A
as a span, we can achieve this by proceeding as in Examples and

0
KerA:{xEIR2|Ax:02X1}: (0)
——

=(empty sum)

= {(empty sum)} = span () (the span of no vectors) .

Here, we have “decomposed” the zero vector ( into an empty sum, and

0
realized that the set consisting of the empty sum is precisely the set of all linear
combinations of no vectors, i.e., the span of no vectors. Thus, Ker A is the span
of no vectors.

4.5.5. The image of a matrix
A further way to construct subspaces is the following:

Definition 4.37. Let A be an n x m-matrix. We define ARR" to be the subset
{Ax | x € R™} of R". This subset AR is called the column space (or the image,
or the range) of A.

The name “column space” for AR™ in Definition might appear strange at
tirst, but we will soon see why it is justified: In Proposition (a) below, we will
show that it is the span of the columns of A. The name “image” is due to the fact
that AIRR™ is the image of the map R — R", x — Ax.

Various authors have different notations for the column space AR™ of a matrix
A. Tt is called rng A in [OlvShaO6]; other notations for it include Range A, Im A,
and A (R™).

Proposition 4.38. Let A be an n x m-matrix.
(a) We have AR™ = span (col; A,coly A, ..., col, A).
(b) The set AIR™ is a subspace of IR".
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Before we prove this, let us show a simple lemma:
Lemma 4.39. Let A be an n X m-matrix. Let (xq,xp, .. .,xm)T € R™. Then,

A(xl,xz,...,xm)T =xjcolj A+ xpcolp A+ -+ + xp, coly; A.

Proof of Lemma Foreachie€ {1,2,...,n}andj € {1,2,...,m}, we have
(COlj A)i,l = Ai,j (163)

(because col; A is the j-th column of A, and thus its i-th entry is the (i, j)-th entry
of A). Now, for eachi € {1,2,...,n}, we have

(x1coly A+ xpcoly A+ -+ 4 xp cOly, A)i,1
= (xpcoljA);; + (xacolaA);; +--- 4 (xmcoly A);

————
=x1(coly A); 4 =xz(colr A); 4 =xm(colm A);q
(since matrices are (since matrices are (since matrices are
scaled entry by entry)  scaled entry by entry) scaled entry by entry)
since matrices are added entry by entry
(more precisely, we are using Proposition here)
=x1 (coly A)i,1 +xp (colp A)i’1 + - 4 xpm (coly A)i,1
—— ——_—— ———
:Ai,l =A;, :Ai,m
(by (T63), (by (163), (by (163),
applied to j=1) applied to j=2) applied to j=m)
= x14i1 + 02Aip + -+ XmAj . (164)

Set B = (x1,x2,... ,xm)T. Then, B is an m x 1-matrix, and its entries are
By1 = xi foreach k € {1,2,...,m}. (165)

Now, AB is an n X 1-matrix (since A is an n X m-matrix and B is an m X 1-matrix),
i.e., a column vector of size n. For each i € {1,2,...,n}, we have

(AB);;=Aix  Bix  +Ai2 By 4+ Aim Buga
—~ —~ —

=X1 =X2 =Xm
(by (I63), (by (63), (by (163),
applied to k=1) applied to k=2) applied to k=m)

(by Proposition (@), applied top =1 and j = 1)
= Ajix1+ Aipxa + -+ AjXm
= X1 A;1 + A0 4+ XA
= (x1colf A+ xpcoly A+ - - 4 xp coly A);

(by (164)). In other words, for each i € {1,2,...,n}, the i-th entry of the column
vector AB equals the i-th entry of the column vector xjcoly A +xpcolb A 4 --- +
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Xy coly, A (because the i-th entry of any column vector v is v;1). Thus, the column
vector AB equals xj coly A+ xpcolp A+ -+ 4 xy; coly; A. In other words,

AB =xycolj A+ xpcolp A+ - -+ x,, coOlyy A
Since B = (x1,x2, ..., xm)T, this rewrites as
A (xl,xz,...,xm)T =x1colj A+ xpcolp A+ -+ -+ xp coly, A.
Lemma is proven. O

Proof of Proposition (a) Applying (158) to V = R", k = m and v; = col; A, we
obtain

span (col; A,colp A, ..., col, A)
={AMcoj A+Aycolpb A+ -+ Aycoly A | A, Ay, .., Am € R}
={xjcolj A+xycolb A+---+xyuc0ly A | x1,%,...,%m € R} (166)

(here, we have renamed the summation indices A, Ay, ..., Ay as x1, X2, ..., Xy). But

AR"™ = {Ax | x e R"} (by the definition of AR™)

= A(xl,xz,...,xm)T | x1,%0,...,xm €R

J/

=x1 coly A+xp coly A+---+xy, coly, A
(by Lemma [4.39)
here, we have substituted (x1,x2,..., xm)T for x,
since the elements x of R™ are exactly the column vectors

of the form (xl,xz,...,xm)T with xq,x2,...,x, € R
:{X1C011A+XZC012A+'"+me01mA | xl,xz,...,meIR}.

Comparing this with (166), we obtain AR™ = span (col; A,coly 4, ..., col, A). This
proves Proposition |4.38| (a).

(b) Proposition .31] (applied to V. = R", k = m and v; = col; A) shows that
span (col; A,colp A, ..., col, A) is a subspace of R”. In other words, AR is a sub-
space of R" (since Proposition[4.38(a) yields AR™ = span (col; A,coly 4, ..., col, A)).
This proves Proposition (b). O

The probably simplest example of an image is the following:
| Proposition 4.40. Let n € IN and m € IN. Then, 0,,x»mR"™ = {0,,x1}-

Proof of Proposition The definition of 0%, R™ yields

OpxmR™ = § Opxx | X €R™ 4 ={0,x1 | ¥ € R"} C {0451} (167)

=0,x1
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On the other hand, 0,x1 = O0yxmO0mx1 € OuxmR™ (since 0,,x1 € R™), and thus
{0,x1} € 0pxmR™. Combining this with (167), we obtain 0,,x»R™ = {0,x1}. This
proves Proposition O

4.5.6. Subspaces from subspaces

Next, let us see two ways to construct subspaces from other subspaces:

Proposition 4.41. Let V be a vector space. Let U; and U, be two subspaces of V.
Then, U; N Uy is a subspace of V.

Proof of Proposition Clearly, U; N Uy is a subset of V (since U3 NUy C Uy C V).
We want to show that U; N U, is a subspace of V. Thus, we need to show that
U; N U, contains the zero vector, is closed under addition, and is closed under
scaling. Let us do this:

Proof that Uy N Uy contains the zero vector The set U, is a subspace of V, and thus
contams the zero vector. In other words 0 € U;. Similarly, 0 € Up. Combining
O € U; with O € U,, we obtain O € U; N Uy. In other words, U; N Uy contains
the zero vector (since 0 is the zero vector of the vector space V).

Proof that Uy N Uy is closed under addition: Let v € U; N Uy and w € Uy N U,. We
must prove that v +w € Uy N Uy.

We have v €¢ UjNU; C Uy and w € Uy NUp; € Uy. But Uj is a subspace of
V, and thus is closed under addition. Hence, from v € U; and w € U;, we can
conclude that v +w € U;. The same argument (but with the roles of U; and U,
interchanged) shows that v +w € U,.

We now know that the element v 4+ w lies in both sets U; and Uy; therefore, v + w
lies in their intersection U; N U,. In other words, v +w € Uj N U,. This completes
the proof of the fact that U; N Uy is closed under addition.

Proof that Uy N U, is closed under scaling: This proof is left to the reader. (It is
similar to the above proof that U; N U, is closed under addition.)

We now have shown that U; N U, contains the zero vector, is closed under addi-
tion, and is closed under scaling. Hence, U; N Uy is a subspace of V. This proves

Proposition 4.41] O

Definition 4.42. Let V be a vector space. Let U; and U, be two subspaces of V.
Then, U; + U, denotes the set

{ur+ux | up ey and up € Up}.

This set Uy + Uy is called the sum of the subspaces U; and Uo.

Proposition 4.43. Let V be a vector space. Let U; and U, be two subspaces of V.
Then, Uy + U, is a subspace of V.
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Proof of Proposition We have
u,+ U, = {u1 + U | up € Uy and up € Uz} (168)

(by the definition of U; + Uy). Hence, the elements of U; + U, are vectors of the
form u; + up with uy € Uy and up € Uy; clearly, these vectors all belong to V.
Hence, Uy + U, is a subset of V. We want to show that U; + U, is a subspace of
V. Thus, we need to show that U; + U, contains the zero vector, is closed under
addition, and is closed under scaling. Let us do this:

Proof that Uy + U, contains the zero vector: The set U; is a subspace of V, and

gus contams the zero Vector In other words, 0 € U;. Similarly, 0 € Up. Now,
0 O + 0 Hence O is a vector of the form 1y + uy with uy € Uy and up € U,

(namely, uy = O and up; = 0 ). In other words,
O e{ur+uy | up € Uyand up € Up}.

%
In light of l} this rewrites as 0 € U; + U,. In other words, U; + U, contains

the zero vector (since 0 is the zero vector of the vector space V).

Proof that Uy + U, is closed under addition: Let v € U; + Up and w € Uy + Up. We
must prove that v +w € Uy + U,.

We have v € Uy + Up = {u1 +uy | up € Uy and up € Uy }. In other words, v has
the form v = u; + uy for some u; € Uy and up € U,. Denote these u; and up by v,
and v;. Thus, v; € U; and v, € Uy and v = v + v5.

We have w € Uy + Uy = {uy3 +up | uy € Uy and up € Up}. In other words, w
has the form w = uj + up for some u; € U; and up € Up. Denote these uq and uy
by wy and wy. Thus, wy; € Uy and wy € Up and w = wy + wp.

Now, the set U; is a subspace of V, and thus is closed under addition. Hence,
from vy € U; and wy € Uy, we can conclude that v; +w; € U;. Similarly, v, +w, €
U,.

Adding the equalities v = v1 + v and w = w1 + wy, we obtain

v+w=(v1+v2)+ (w1 +w2) = (v1 +wy) + (v2 +wy).

Hence, v 4+ w has the form v + w = u; + uy for some u; € Uy and u; € Up (namely,
for uy = v1 + wq and upy = vy + wy) @ In other words,

v+we{uy+uy | up €Uyand upy € Up}.

In light of (168), this rewrites as v +w € U; + Up. This completes the proof of the
fact that Uy + Uy is closed under addition.

Proof that Uy + U, is closed under scaling: We leave this proof to the reader. (It is
similar to the above proof that U; + U, is closed under addition.)

We now have shown that U; + U, contains the zero vector, is closed under addi-
tion, and is closed under scaling. Hence, U; + U, is a subspace of V. This proves

Proposition [4.43] O

108Here, we are using the observations (made above) that v; +w; € U; and v + w; € Up.
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Generalizing Definition we can define the sum Uy 4+ U + - - - + U, of any
(finite) number of subspaces Uj, Uy, ..., U, of V. This, too, will be a subspace of V.
The proof of this is analogous to our above proof of Proposition

Proposition 4.44. Let V; and V; be two vector spaces. Let U; be a subspace of
V1. Let U, be a subspace of V5. Then, U; x U; is a subspace of Vi x V5. (See
Definition for the definition of the vector space Vi x V,.)

Proof of Proposition [4.44, Every element of U1 x Uy is a pair (uq,up) € Uy x Up. All
such pairs (u1,up) belong to V; x V, Hence, U; x U, is a subset of V] x V5.
We want to show that U; x U is a subspace of V; x V5. Thus, we need to show
that U; x U, contains the zero vector, is closed under addition, and is closed under
scaling. Let us do this:

Proof that Uy x Uy contains the zero vector In the following, we will denote the

zero vector of a vector space W by I w- (We are using this notation instead of

%
the usual notation 0, because we want to be able to distinguish between the zero
vectors of different vector spaces.)
The set U; is a subspace of V1, and thus contains the zero vector. In other words,

O V1 € ll1 Similarly, 0 v, € Uz Now, the def1n1t1on of O v, xV, yields 0 VixV, =
< Oy, 0 V2> € Uy x Uy (since 0 v, € Uy and 0 v, € Up). In other words, Uy x U,
contains the zero vector (of the vector space V; x V).

Proof that Uy x U, is closed under addition: Let v € U; X Up and w € Uy x Up. We
must prove that v +w € U; x Uy.

We have v € U; x Uy. In other words, v is a pair of the form v = (uj,uy) for
some 11 € Uy and up € Up. Denote these u; and uy by v1 and v,. Thus, v € Uy
and v € Up and v = (v1,0p).

We have w € Uy x Uy. In other words, w is a pair of the form w = (uy,uy) for
some u; € U; and uy € Up. Denote these u; and uy by wy and wy. Thus, wy € Uy
and wy € Uy and w = (wy, wy).

Now, the set U; is a subspace of V;, and thus is closed under addition. Hence,
from v, € U; and wy € Uj, we can conclude that v; +w; € U;. Similarly, vy +wy €
U,.

Adding the equalities v = (v1,vp) and w = (w1, w;), we obtain

v+w = (v1,02) + (w1, wp) = (v1 + w1, 02 + wn).

Hence, v + w has the form v + w = (u1,uy) for some 1y € U; and uy € Uy (namely,
for u; = v1 +wq and uy = vy + wy) @ In other words, v + w € U; x U,. This
completes the proof of the fact that U; x U, is closed under addition.

Proof that Uy x Uy is closed under scaling: We leave this proof to the reader. (It is
similar to the above proof that U; x U, is closed under addition.)

19Proof. Let (uy,up) € Uy x Up. Then, uy € Uj and uy € Up. Hence, ug € Uy € Vi and up € U, C V.
Thus, (u1,up) € Vi x V3, qed.
10Here, we are using the observations (made above) that v; +w; € U; and v + w; € Up.
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We now have shown that U; x U, contains the zero vector, is closed under ad-
dition, and is closed under scaling. Hence, U; x U, is a subspace of V; x V,. This

proves Proposition O

4.5.7. Matrix spaces

As we have seen in Example the n X m-matrices (with real entries, for given
n and m) form a vector space, called R"*". How do subspaces of this space look
like? Let us see some examples of subspaces of R?*2:

Example 4.45. (a) Let A be the subset

{(a b)GIRZX2|a+b+c+d:O}
c d

of R?*2. Then, A is a subspace of R?*2.
(b) Let B be the subset

{(“ b)GIRZX2|ab+cd:O}
c d

of R?*2, Then, B is not a subspace of R2%2,

(c) Let C be the set of all upper-triangular 2 x 2-matrices. Then, C is a subspace
of R?*2,

(d) Let D be the set of all strictly upper-triangular 2 x 2-matrices. Then, D is a
subspace of R?*2.

(e) Let E be the set of all upper-unitriangular 2 x 2-matrices. Then, E is not a
subspace of R?>*2.

(f) Let F be the set of all invertible 2 x 2-matrices. Then, F is not a subspace of
]R2><2.

(g) Fix a vector p € R% Let G, be the set of all 2 x 2-matrices X € R?*?
satisfying Xp = 02x1. Then, G, is a subspace of R**2.

Proof of Example This proof is similar to that of Example except that the
vectors are now 2 x 2-matrices instead of being column vectors of size 3. Again, in
order to prove that some subset U of IR?*? is a subspace of R?*?, we must prove
that it satisfies the three conditions (a), (b) and (c) of Definition but in order
to prove that some subset U of IR?*? is not a subspace of R?*?, it suffices to show
that at least one of these three conditions is violated.

Keep in mind that the zero vector of the vector space R%*2 is the zero matrix 0; 5.
We shall sometimes keep using the notation 0 for it, just because it is shorter.

(a) We want to show that A is a subspace of IR>*2. Thus, we need to show that A
contains the zero vector, is closed under addition, and is closed under scaling. Let
us do this:




Notes on linear algebra (Wednesday 4" December, 2019, 15:09) page 220

Proof that A contains the zero vector: Recall that the zero vector of R?*? is 0pxp =

8 8 This vector 0242 lies in A if and only if 0+0+ 040 = 0 (by the

definition of A). Thus, 04> lies in A (since 0+ 0+ 0+ 0 = 0 holds). In other
words, A contains the zero vector.

Proof that A is closed under addition: Let v € A and w € A. We must prove that
v4+w e A.

) ) v v
Write the vecto v € A C R?**2 in the form v = ( 01,1 01’2 ) (for four real
21 022

011 91,2

=v € A, wehavevy+ 010+
021 022

numbers v1 1,012,021,722 € R). Since <
U1+ U202 = 0.
w11 W12

Write the vector w € A C R?*? in the form w =
Wa1 W22

) (for four real

w11 W12

=w € A, we have wy 1 +
w21 W22

numbers w1, w12, W21, w22 € R). Since (

w1+ wpy + wpp = 0.

v v w w )
From v = LIP12 ) and w = L %12 , we obtain
U21 022 W1 W22

11 0 w1 W v Wy 0 w
R (S N P 11 W2\ _ [ V11t Wi U2+ Wip
U21 V22 W21 W22 U21 W21 V22 + W22
(since matrices are added entry by entry). Thus, in order to prove that v +w € A,
we must show that

(01,1 + wl,l) + (01,2 + wl,z) + (02,1 + ZU2,1) + (02,2 + lez) =0
(by the definition of A). But showing this is easy: Just notice that

(v11 +w11) + (V12 +wi2) + (V21 +wp1) + (V22 + W22)
= (011 + V12 + V2,1 + V22) + (W11 + Wi+ Wp1 +Wr2) =0+0=0.

. (. v

=0 =0

Thus, we have proven that v + w € A. This completes the proof of the fact that A
is closed under addition.

Proof that A is closed under scaling: We leave this proof to the reader again. (It is
similar to the proof of the fact that A is closed under addition, except that now we
must reason about Av instead of v 4+ w.)

We now have shown that A contains the zero vector, is closed under addition,
and is closed under scaling. Hence, A is a subspace of R>*2. Example (@) is
proven.

1Tt might appear to refer to the elements of A as vectors (after all, they are 2 x 2-matrices), and to
denote them by lowercase letters. This should remind you once again that vectors (in the general
meaning of this word —i.e., elements of a vector space) can be almost anything.
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(b) The vector ( (1) (1) ) € IR?>*2 belongs to B (since 1-0+0-1 = 0). So does

the vector 1 8 € R?*Z (since 1-0+41-0 = 0). But the sum of these vectors

does not (because it is ( (1) (1) ) + < 1 8 ) = ( % (1) ), which does not satisfy
2-0+41-1=0). Hence, B is not closed under addition. Thus, B is not a subspace
of R?*2, Example (b) is proven.

(c) We want to show that C is a subspace of R>*2. Thus, we need to show that C
contains the zero vector, is closed under addition, and is closed under scaling. Let
me show only one of these three steps:

Proof that C is closed under addition: Let v € C and w € C. We must prove that
v+weC.

The matrix v belongs to C. In other words, v is upper-triangular (since C is the
set of all upper-triangular 2 x 2-matrices). In other words,

v;j =0 whenever i > j (169)

(because this is how “upper-triangular” was defined). The same argument (but for
w instead of v) yields
w;; =0 whenever i > j. (170)

Now, every (i,j) € {1,2,...,n} x {1,2,...,n} satisfying i > j must satisfy

(v+ w)i,j = v, + wj (since matrices are added entry by entry)
—0 —0
(by @69))  (by )
=0+4+0=0.

In other words,
(v+w);; =0 whenever i > j.

In other words, the matrix v + w is upper-triangular (since this is how “upper-
triangular” was defined). In other words, v +w € C (since C is the set of all
upper-triangular 2 x 2-matrices). This completes the proof of the fact that C is
closed under addition.

As I have promised, I am omitting the proofs of the facts that C contains the zero
vector and is closed under scaling. (They are similar to the above proof, and the
modifications necessary to obtain them should be obvious by now.) Thus, Example
() is proven.

(d) The proof of Example (d) is analogous to the above proof of Example
(c), except that the word “upper-triangular” must now be replaced by “strictly
upper-triangular”, and that the condition “i > j” must be replaced by “i > j”.
(And, of course, the symbol “C” must be replaced by “D”.)
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(e) The vector ( (1) (1) ) € R?>*2 belongs to E (since it is an upper-unitriangular

2 X 2-matrix). But the sum of this vector with itself does not (since it is < (1) (1) ) +

01 0 2
under addition. Thus, E is not a subspace of R**2. Example (e) is proven.

(f) The vectors ( 10 ) € R?*2 and ( 01 ) € R?*2 both belong to F (since

( 10 > = ( 20 ), which is not upper-unitriangular). Thus, E is not closed

01 10
they both are invertible matrice. But their sum does not (because it is < i 1 ) ,

which is not invertible). Hence, F is not closed under addition. Thus, F is not a
subspace of R?*2. Example (f) is proven.

(g) We want to show that G, is a subspace of R?*2. Thus, we need to show that
Gp contains the zero vector, is closed under addition, and is closed under scaling.

Proof that G, contains the zero vector: Recall that the zero vector of R%*2 is 0y 5.
This vector 027 satisfies O2x2p = 021, and thus belongs to G, (by the definition of
Gp). In other words, G, contains the zero vector.

Proof that Gy, is closed under addition: Let v € Gy and w € G,. We must prove that
v+w € Gy

We have v € Gp. In other words, vp = 0y (by the definition of Gp). (Keep in
mind that v is a 2 X 2-matrix.)

We have w € Gp. In other words, wp = 0,51 (by the definition of Gp).

Now, (v+w)p = vp + wp = 02x1+02x1 = 02x1. In other words, v +w € G,

~— O~~~
=02x1  =02x1

(by the definition of Gp). This completes the proof of the fact that G, is closed
under addition.

Proof that Gy, is closed under scaling: This proof is left to the reader.

We now have shown that G, contains the zero vector, is closed under addition,
and is closed under scaling. Hence, G, is a subspace of R**2. Example (g) is
proven. [

[.]

| TODO 4.46. Polynomials p such that p (3) = 0.
| TODO 4.47. Functions f such that f is continuous.

TODO 4.48. Are functions [—1,1] — R are a subspace of the functions R — R ?
No, since they are not even a subset.

12 Actually, each of them is its own inverse.
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TODO 4.49. Are functions R — R with image in [—1, 1] a subspace of the func-
tions R — R ? No (e.g., scaling fails).

| TODO 4.50. Subspaces of R? and R? in geometric terms.
[..]

4.6. <DRAFT> More on subspaces

If U is a subspace of a vector space V, then the sum of any two elements of U must
belong to U (by the definition of a subspace). The same holds for sums of any
(finite) number of elements of U:

Proposition 4.51. Let V be a vector space. Let U be a subspace of V.

@) If uq, up, ..., u; are elements of U, then uy +up + - - - + up € U.

(b) If uy,up,...,ux are elements of U, then every linear combination of
uy, Uy, ..., u; also lies in U.

(c) Let uq, uy,...,u; be elements of U. Then,

span (uq, Uy, ..., u;) C U.

The claim of Proposition [£.51| (b) is often expressed as the following short slogan:
“A subspace U of a vector space V is closed under linear combination”.

Proof of Proposition (a) Roughly speaking, this is just a matter of applying the
“closed under addition” axiom several times. But there is a subtlety involved (the

sum of 0 elements of U is not obtained by addition, but rather defined as 0 ), and I
want to illustrate the principle of mathematical induction once again, so I am going
to present the proof in full detail.
Let uq,uy, ..., u; be elements of U. We must show that uq +up +-- -+ u; € U.
We shall prove that

up+up+---+u el foreveryi e {0,1,...,k}. (171)

We will prove (171) by induction over i. (See the proof of Proposition given
above for a brief explanation of what this principle means).

1. Induction base: For i = 0, the statement (171) claims that u; +uy + -+ ug €
U. In order to make sense of this, we must recall that empty sums of vectors

are defined to mean 6> Thus,
%
Uy + up + - - - + up = (empty sum of vectors) = 0.

But U is a subspace of V, and thus contains 0 (this is one of the axioms for

— -
a subspace). Thus, 0 € U, so that u; +up +---4+up = 0 € U. In other
words, (171 holds for i = 0. This completes the induction base.
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2. Induction step: Let j € {0,1,...,k — 1} be such that (171) holds for i = j. (The
statement that (171) holds for i = j is called the “induction hypothesis”.) We
must show that (171) also holds for i = j + 1.

Since (171) holds for i = j, we have u; +u + - - - +u; € U. Now,

[

u1+u2+~~~+u]'+1: (u1+u2+---+uj)+u]'+1.
=~

cu cu

This is a sum of two vectors in U, and thus belongs to U (since U is closed
under addition). In other words, uy +uz + -+ uj;1 € U. Thus, 4) also
holds for i = j + 1. This completes the induction step.

Now, the proof of is complete (since both the induction base and the induc-
tion step are complete).

Now that is proven, we can simply apply to i = k, and conclude that
Uy +up + - - - + ug € U. This proves Proposition (a).

(b) Let uq,uy,...,u; be elements of U. Let A1, Ay, ..., A; be real numbers.

The set U is a subspace of V, and thus is closed under scaling. Hence, the vectors
Aquq, Aquy, ..., Aguy all belong to U (since the vectors uq,uy,...,u; belong to U).
Thus, Proposition (@) (applied to Aquy, Aquy, ..., Aguy instead of uq, uy, ..., u)
shows that Aquq 4+ Aqup + - - - + Apuy € U.

Now, we have shown that Ajuq + Ayup + - - - + Ay € U whenever A, Ay, ..., A
are real numbers. In other words: every linear combination of uy,uy,...,u; also
lies in U. This proves Proposition (b).

(c) Proposition (b) shows that every linear combination of uy, u, ..., uy lies
in U. In other words, the set of all linear combinations of u1, us, ..., u; is a subset
of U. But since span (uy, uy, . .., uy) is precisely the set of all linear combinations of
Uy, Uy, ..., Uy (in fact, this is how span (uy, uy, . .., uy) was defined), this rewrites as
follows: span (u1,up,...,ux) is a subset of U. This proves Proposition (c). O

I owe you a proof of Proposition 4.33} it can now be done quite easily:

Proof of Proposition (@) Leti € {1,2,...,k}. We claim that v; € span (v1,v2,...,vk).
[Proof: We have

0vy + 0vp +---+00;_1 + 1v; —|—OUZ'+1 —|—00i+2—|—---+ 0oy
~——— N e e

~N—~ =~ S~~~

-0 =0 A R -0
- = — - = —

— 040+ 4+ 040+ 0+0+---+ 0 =0,

so that v; = 0vy 4+ 0vy + - - - + 0v;_1 + 1v; + 0v; 41 4+ 0V + - - - + O0vg. Hence, the

vector v; has the form A1 4+ A0y + - - - + A0y for some A, Ay, ..., Ax € R (namely,
1,if j =1

for Aj = { 0,if j i ). In other words,

v; € {AMUr + A0+ -+ AU | AL Ag, . A €R}L
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In view of li this rewrites as v; € span (v1, vy, ..., V). E;l]

Now, forget that we fixed i. We thus have shown that v; € span (vq,vy,...,v)
for each i € {1,2,...,k}. In other words, the vectors vy,vs,..., v all belong to
span (v1, 0, . ..,v). This proves Proposition [4.33] (a).

(b) Let U be a subspace of V that contains the vectors vy,vy,...,v,. We must
prove that span (v, v,...,v¢) C U. But this follows immediately from Proposition

4.51| (c) (applied to u; = v;). Thus, Proposition [4.33| (b) is proven. O
PP p p
[...]
[...]

4.7. <TODO> More on spans

References for vector spaces: [LaNaSc16, §5.1] (possibly the best one), [OlvSha06,
§2.3] (focusses on the analysis-related and applied stuff) and [Hefferl6, Two.L.2].

TODO 4.52. The terminology “(v1,v,...,vk) spans V” (or “v1,v,..., 0 span
V”) means V = span (v1,vy,...,Uk).

| TODO 4.53. E;j span R"*™. (Use Proposition (3.50})
| TODO 4.54. ¢; = E;; span R".

TODO 4.55. How to check that a given vector is in a given span:

w € span (v1, 0, ..., Vk)

<= the equation w = Av; + --- 4+ Akvr has at least one solution
()\1,)\2, ... ,/\k)T € R,

Can solve this using Gaussian elimination.

113Here is a more rigorous version of the same proof:
Proposition (applied to p = 1, g = k and r = i) yields

k
Z 5g,ivg = 0j.
g=1
(Here, we are using the letter g instead of k for the summation index, in order to avoid a clash

with the already existing meaning of the letter k.) Thus,

k
v; = 5g,i0g = (51,1"01 + 52,i02 +---+ ‘Sk,ivk'
g=1

Hence, the vector v; has the form A1v1 + Ayvy + - - - + A vk for some Aq, Ay, ..., Ay € R (namely,
for A; = 4; ;). In other words,

v € {)\101 4+ Apvp + - -+ ApUg | A, A, Ak GIR}.

In view of (158), this rewrites as v; € span (vy, vy, ..., k).
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TODO 4.56. How to check that a given span is contained in another given span:
Checking that span (a, 8) C span (v, J, ¢) is tantamount to checking that both
« and f lie in span (v, J, €) (by Proposition (0)).

TODO 4.57. How to check that two given spans are identical?
Check that each is contained in the other.

TODO 4.58. How to write the subspace carved out by equations (i.e., a kernel)

as a span?
Solve the system.

For instance, write Ker as a span.

3 2

9 6

6 4

2 X1

6 X2 =
4 X3

—3s —2r -2 -3
s . Rewrite thisas x =r| 0 +s 1 (here I have just
r 1 0

moved the free variables r, s outside of the vector, so that only constant numbers
have remained in the vector).

Solution: x =

N O WL
o O O

1
Solve the system (3
2

3 2
Thus, the elements of Ker 9 6 are precisely the vectors of the
6 4

1
3
2
-2 -3
form x = r| O +s ) In other words, they are the linear

1
1 0
-2 -3 1 3 2
combinations of 0 , 1 In other words, Ker| 3 9 6 =
1 0 (2 6 4)
-2 -3
span 0 , 1 .
1 0
TODO  4.59. Example: ((1,3,2)T,(o,1,1)T) spans W =

{(x,y,z)T | x+z= y} C R%.
Prove this in full: Let « = (1,3,2)" and g=(0,1, .

Show a, B € W. Conclude that span («, ) C W by Proposition (c).
Now prove converse: Solve the system {x +z =y and write the solution as

-zv2)" =y(1,107 +2(-1,01)". So W = span ((1,1,0)T,(—1,0,1)T>.
Now, need to check that two spans are equal. We know how this is done.
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TODO 4.60. Example: ((1, —1,1)T> spans X 1=
{(x,y,z)T | x+3y+z=0andy+z= O}.

Prove this too.

TODO 4.61. Exercise: what spans {(u —0,0— u)T} C R? ? Is there an easier
description?

TODO 4.62. Exercise: what spans {(u,v,O)T} ?
{(u, 0,0)T} ?
{(u, v,u)T} ?

{(xl,xz,xg,)T | xf 3= 0} ?

| TODO 4.63. Redundant vectors in spans can be removed.

TODO 4.64. hw3: If (wy,wy,..., wx) and (v1,vy,...,vy) are two lists of vec-
tors such that {wq,wy,..., wr} = {v1,v2,...,00}, then span (wy, wo, ..., wy) =
span (v1,v2,...,v¢). In particular, if we reorder or duplicate the elements of a
list, then its span does not change.

I TODO 4.65. Rest of hw3.

TODO 4.66. The list (1,x,x2,...,x") spans the vector space P, of all polynomial
functions R — R of degree < n. (This allows the constant-0 function, which is
understood to have degree —cc.)

TODO 4.67. hw3: The subspace {(xl,x2, .. .,xn)T ER" | x4+ x4 +x, = 0}
of R" is spanned by each of the two lists (e; —ey,e2 —ep,..., 6,1 —e,) and
(e1 —ex,e0—e3,...,64_1 —ep).

Definition 4.68. A vector space V is said to be finite-dimensional if there is a
(finite) list (v1,vy, ..., V%) spanning V.

TODO 4.69. Examples: R"”, R"*", R, C and all their subspaces are finite-
dimensional.

On the other hand, RR, the set of all polynomial functionss, etc. are not finite-
dimensional.

]
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4.8. <TODO> Linear independence

References for vector spaces: [LaNaSc16, §5.2] (possibly the best one), [OlvSha06,
§2.3] (focusses on the analysis-related and applied stuff) and [Heffer16, Two.II].

Definition 4.70. Let vy, v, ..., v be vectors in a vector space V. We say that the
list (v1,v2,...,vk) is linearly independent if the only k-tuple (A1, Ay, ..., Ax) of real
numbers satisfying Ajv; + Ao+ -+ Avp = 0 is (0,0,...,0).

Instead of saying “the list (v1, vy, ..., vx) is linearly independent”, we can also
say “the vectors v1,vy,...,vx are linearly independent”. (But keep in mind that
linear independence is a property of the whole list (v1,vs,...,vk), not of each
single vector in this list. It often happens (for example) that two vectors a,b are
linearly independent, and two further vectors c,d are linearly independent, but
the four vectors a4, b, ¢, d together are not linearly independent.)

TODO 4.71. Equivalent restatements of linear independence:

1. The list (v1, v, ..., vk) is linearly independent.

2. The vectors v1, v, ...,y is linearly independent. (This is just another way
of saying things.)

3. The only k—tugle (A1, A2, ..., Ag) of real numbers satisfying Av; + Ayvo +
o+ Ao = 0 is (0,0,,O)

4. If A1, Ay, ..., Ak are real numbers satisfying Ajoq + Ayvp + - - - + Ao = 6>,
then Ay = A =--- = A, =0.

5. If Al,)ng. ., A are real numbers, not all zero, then Ajv; + Ay + -+ - +
/\kZJk 75 0.

6. For each vector v € V, there exists at most one k-tuple (A1, Ay, ..., Ag) of
real numbers satisfying A1v1 4+ A0y + - - - 4+ A = 0.

7. Each i € {1,2,...,k} satisfies v; ¢ span (v1,v2,...,0;_1). (See Proposition
below.)

8. Each i € {1,2,...,k} satisfies v; ¢ span (v1,vy,...,0i_1,0it1,Vit2, .-, Uk)-
(See Proposition below.)

TODO 4.72. Example: The standard basis vectors ey, ey, ..., e, of R" are linearly
independent.
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TODO 4.73. Non-example: The vectors e; — ey, €2 — €3,e3 — €1 in R3 are not lin-
early independent. In fact,

%
1(e1—ex)+1(exg—e3)+1(e3—e1)= 0.

TODO 4.74. We say “linearly dependent” for “not linearly independent”.

- . .
Another non-example: The vectors e1, 0 ,¢; in R3 are linearly dependent. In
fact,

O€1+1-6>+O€2:6>.

More generally, if I appears in a list of vectors, then said list must be linearly
dependent.

TODO 4.75. Another non-example: If « and § are two vectors, then («, 8, ) is
linearly dependent. Indeed,
%
la+08+(-1)a= 0.
More generally, if a vector in a list appears more than once, then said list is
linearly dependent.

TODO 4.76. How to check whether a list of vectors in R” (or R"*™) is linearly
independent? o

You have to check whether the only solution of Ajv; + Aoy + - - + A = 0
is (0,0,...,0). This can be done by Gaussian elimination.

2 1 2
For example, is the list (( 1 ) , ( 3 ) , ( 5 )) of vectors in R3 linearly
3 6 5

independent?

2 1 2
So we are asking for the solutions of A; ( 1 ) + Ay ( 3 ) + Az ( 5 ) =
3 6 5

N 2AM + 1A, +2A3 = 0;

0. This rewrites as the system ¢ 1A; +3A; +5A5 = 0; . The only solution is
3A1 +6A, +5A3 =0

(A1,A2,A3) = (0,0,0). So, yes, it is linearly independent.

| TODO 4.77. Visual meaning of linear independency in R? and IR3.

TODO 4.78. If (v1,vy, ..., vg) is linearly independent, then so is every rearrange-
ment of (v1,vy,...,0¢), and every sublist of (v, vy, ..., ) too.
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TODO 4.79. Proposition: Let V be a vector space. Let v, vy,...,vx be k vectors
in V. Assume that the list (v1, vy, ..., vy) is linearly dependent. Then:
(@) There exists some i € {1,2,...,k} such that v; € span(v1,v2,...,0;_1).

[Notice that when i = 1, the span span (v1,vy,...,7v;_1) has to be interpreted as
%
the “empty span” span () = { 0 }.]

(b) This i satisfies span (v1,vy,...,v) = span (v1,v2,...,0i_1,Vit1,- - -, Vk)-

TODO 4.80. Corollary: Let V be a vector space. Let v1,vy, ..., vk be k vectors in
V. Then, the following are equivalent:

(@) The list (v1, vy, ..., vk) is linearly independent.

(b) No i satisfies v; € span (v1,v,...,0;_1).

(c) No i satisfies v; € span (v1,v2,...,0i-1,Vit1,-- -, Uk)-

TODO 4.81. Thus, if a list spans a subspace U of V, then we can keep
shrinking this list (by throwing out redundant elements) until we obtain
a linearly independent list that also spans U. For example, the list
(e1 — ez, e1,e0 — 2e1,61 + €3,€2 + €3) spanning R> can be shrunk by first throw-
ing out ey — 2e; (which is € span(e; —ey,e1)) and then throwing out e; + e3
(which is € span (e; —ep,e1,e1 +€3)); the result is a linearly independent list
(e1 — ez, e1, €1 + e3) that still spans R3.

How do we find redundant entries in our list? One way to get them is just to
check, for each i, whether v; € span (v1,v,...,v;_1). Another (faster) way is to
pick a not-all-zeroes solution (A1, Ay, ..., Ax) of the equation Aqv1 + Apvp + - - +
AU = 6>, and take the highest i for which A; # 0; then, the corresponding v; is
redundant.

Exercise: Check that the list obtained at the end of this process is indeed
redundant.

TODO 4.82. The Steinitz exchange lemma is the claim that if (vy,vo,...,v) is
a list of vectors in a vector space V such that V = span (v1,vy,...,v¢), and if
(w1, wy, ..., w;) is a linearly independent list of vectors in the same vector space
V, then

(a) we have k > / (that is, the spanning list is at least as long as the linearly
independent list), and

(b) we can obtain a basis of V by filling up the list (w1, wy, ..., w,) with some
vectors from (vq,vy,...,v). (“Filling up” means that we pick some vectors from
the list (v1, v, ..., v) and append them to the list (wy, wy, ..., wy). For example,
filling up the list (wy, wo, ..., w,;) with some vectors from (v1,vs, ..., V) can re-
sult in the list (w1, wy, ..., wy, V2, v4,v9). But “some” can also be none; thus, we
might end up with (wq, wy, ..., wy).)

The Wikipedia has a proof of the Steinitz exchange lemma, and it appears
to be among the most readable: https://en.wikipedia.org/wiki/Steinitz_
exchange_lemma#Proof . (Note that the Wikipedia talks of sets instead of lists,
but you can just read "list" for "set" there.)



https://en.wikipedia.org/wiki/Steinitz_exchange_lemma#Proof
https://en.wikipedia.org/wiki/Steinitz_exchange_lemma#Proof
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Another source is Theorem 5.2.9 in L/N/S. Notice that L/N/S are trying to
avoid talking about empty lists; this forces them to take some slightly clumsy
precautions (for example, the "v_1 is nonzero" condition in Lemma 5.2.7 is just
there because they don’t want to allow j to be 1). If you feel at home with empty
lists, you can simplify their proof of Theorem 5.2.9 as well (Step 1 becomes just a
particular case of Step k for k = 1). That said, I still prefer the proof on Wikipedia.

Another proof is in Olver/Shakiban, using Gaussian elimination.

[.]

49. <TODO> Bases and dimension

References for vector spaces: [LaNaSc16, §5.3-5.4] (possibly the best one), [OlvSha06,
§2.4] (focusses on the analysis-related and applied stuff) and [Heffer16, Two.III].

list (v1,vy,...,vx) is a basis of V if and only if this list spans V (that is, it satisfies

Definition 4.83. Let vy, vy, ..., vk be vectors in a vector space V. We say that the
V = span (v1,vy,...,7;)) and is linearly independent.

I Theorem 4.84. Let V be a finite-dimensional vector space. Then, any two bases
of V have the same size.

| TODO 4.85. Prove this theorem using the Steinitz exchange lemma.

then (v1,v,...,vk) is a basis of the subspace span (v1, vy, ..., V).

TODO 4.87. Each spanning list can be shrunk to a basis. (This was done above,

| TODO 4.86. If (v1,vy,...,vy) is a linearly independent list in a vector space V,
I just without saying the word “basis”.)

I TODO4s88. ...
[.]

[to be continued]
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