Chapter 2

Linear Systems of Equations

2.1 One equation in multiple unknowns

We start by considering one linear equation in n unknowns:

Definition 2.1 A linear equation in n unknowns X', ..., X" with coeffi-
cients a',...,a™ b el is an equation of the form
a X' +a, X%+ +a, X" =b. (2.1)

The scalar a; is called the coefficient (@IpR) of the i-th unknown. We write
the coefficients of the X*’s in the form

[al,ag,...,an] e F?

Tow"*

We also refer to the extended list of coefficients, which includes the right-
hand side

[a1,a0,...,a,,b] e F7HL

row *

Example: Consider the following equation in two unknowns,
2(X'+ X?-6)=3X?+4(8-X1).

This is a linear equation in two unknowns albeit not of the form (2.1). By
algebraic manipulations (based on the axioms of field) we can rewrite it as

6X' - X2 =44,
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which in the above notation corresponds to the extended list of coefficients
[a1,a9,b] = [6,-1,44]. AAA

Definition 2.2 A solution to (2.1) is an n-tuple of field elements,

1

T
€ ]F?ob
In
such that
arzt +-+a,a™ = b. (2.2)

The set of all solutions (which could be an empty set) is a subset of F™,

!

n
— : noo. T _
STay,anlb] = S Zaim =0
i=1

.Tn

In words, the set of solutions of the linear equation defined by the coefficients
[ai,...,a,,b] is the set of all [x!,... a"]T e F"  satisfying (2.2).

Generally, an equation may have one solution, many solutions, or no solution
at all. What do we mean then by solving an equation?” We mean that we
obtain a “constructive recipe” for generating all of its solutions.

Example: Consider the linear equation in two unknowns,
X'+ X%2=1. (2.3)

We are looking for pairs of scalars [z!,22]T e F? | satisfying this equation.
We may see right away that

bl

are both solutions to (2.3), but do there exist more solutions? Take any ¢t € F
and substitute it for X2. Then, we are left with the equation

Xtyt=1,
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which is solvable, and this solution is unique, ! = 1 —t. Thus, for every
choice of t € F, the pair [1-¢,¢]” is a solution to (2.3). Namely,

1-¢
{[ " ] :tG]F}ES[L”l].

In words, for every t € F, the pair [1 -¢,¢]7 e F2 | is a solution to the linear
equation with two unknowns and coefficients a; =1, as =1 and b = 1.

In fact, this inclusion between sets turns out to be an equality, as every
solution to (2.3) must be of the form [1 -¢,¢]7. Note how we broke the
symmetry between the two unknowns: we treated the second unknown as a
“free” parameter, which may assume any value, whereas the value of the first
unknown was “dependent” on the choice of the second unknown. Note also
that the choice of the second unknown as “free” is arbitrary; we could have
done it the other way around. AAA

Definition 2.3 A linear equation of the form (2.1) is called homogeneous
(ran) if b= 0. It is called consistent (0°2ApY) if its set of solutions is
not empty.

Example: Suppose that all the coefficients a; are zero, namely
O - X'+ +0p- X" =D.

If b # Op then no [z!,...,2"]T € F?  satisfies the equation, i.e., the equation
is not consistent, namely,

Slo,....0p] = D-
If on the other hand b = O, then every n-tuple is a solution, i.e., the set of
all solutions is . In other words,

rl

n
€ ]F’(r)lol : Z OF . Jfl = O]F = ]F’(rllOl
xrn i=1
A A A

We now show how an equation can be modified without changing its set of
solutions. Take an equation of the form (2.1), and let F 5 ¢ # Op. Consider
the equation

(ca)) X +---+ (ca,)X™ = cb, (2.4)

obtained by multiplying all the coefficients in (2.1) by c.
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Proposition 2.4 Every solution of (2.1) is a solution of (2.4), and vice-
versa, every solution of (2.4) is a solution of (2.1). That is, both equations
have the same set of solutions,

S[al,...,an|b] = S[cal,...,can|cb] .

Proof: If [z1,...,2"]T is a solution of (2.1), then by definition
azt + -+ aa" =b.

Multiplying both sides by ¢, using the distributive law and the associativity
of products,

ch = c(alxl et anx”)
=c(ayzt) +--- + c(a,a™)
= (cay)zt +---+ (cay)z",
e, [z!,...,2"]" is also a solution of (2.4). The reverse implication follows
by multiplying (2.4) by ¢ 1. [ |

Proposition 2.4 implies that we have a means of changing an equation with-
out changing its set of solutions. This is the idea behind the procedure of
simplifying equations. Suppose that there exists at least one a; different from
zero. Let k € {1,...,n} be the smallest index for which a; # 0, i.e., a; # 0 and
a; =0 for all 7 < k. That is, we can write the equation as

apX* + ap X+ +a, X" =b.
(We call X* the leading variable (5%2mm minwni) of the equation.) Mul-
tiplying this equation by a;! we obtain an equation having the same set of
solutions, whose first non-zero coefficient is one,

X¥ 4+ (aperfap) XM+ + (an)ar) X™ = blay,.

We say that this equation is in standard form (n3p1n mx%m). By Theo-

rem 1.1, no matter which values we substitute for X1, ..., X*-1 and X1, .. . X"
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there exists a unique value of X* for which this equation holds. That is, the
set of solutions can be written as

tk;l

Star,manip] = 3 | 0lak = Xicpar (aifar)tt| = 1.t " eF¢.
tk+1

i

This is what we mean by a solutions which is constructive, or explicit (z8m).
The full set of solutions can be generated by selecting all possible values for
(¢1, ... th=t gkl 7). In this representation we say that the variables X
for i # k are free variables (@»w2wm unwn) (because we can generate
all solutions by selecting their values “freely”) whereas X* is a dependent
variable (wp miwn) (because once the free variables have been assigned,
the value of X* depends on those assigned values).

We may formulate the following corollary:

Corollary 2.5 FEvery linear equation in n unknowns having at least one
non-zero coefficient a; is consistent, and its set of solutions can be represented
by means of n—1 free variables.

Exercises

(easy) 2.1 Write the set of solutions to the linear equation in two unknowns
over R,

3X!'-4X%=7.
(easy) 2.2 Write the equation over R
0X'+0X?2-4X3+0X"+7X5=3

in normalized form and write its set of solutions in explicit form.
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(intermediate) 2.3 Find the set of solutions to the equation
X'+ X2+ X3=1
over the field 5. Solve the same equation over the field [F3.
(intermediate) 2.4 Find the set of solutions to the equation
X +as X?+a3X3=b
over the field R for the following sets of coefficients:
(a) [a1,az,a3/b] =[1,1,2|1].

(b) [a1,as,aslb] = [0,1,6]3].
(c) [a1,az2,as3/b] = [0,3,6[3].

(intermediate) 2.5 Suppose that [z!,...,2"]T is a solution to both equa-
tions,

X'+ +a, X" =0 and X'+t e, X" =d.
Prove that for every a € IF it is also a solution to the equation

(va;+c) X'+ + (aay, +c,) X" =ab+d.

2.2 Systems of equations

We introduce next the notion of a system of m linear equations in n
unknowns (NTRTH MRMYR N37wn). For this we need m sets of coefficients
a; and b. Rather than using new symbols for each equation, we denote the
coefficients for the i-th equation by an upper index i. That is, we consider a
system of m equations of the form

alX' +alX? +... +4alXm =0t
a2 X' +a3X? 4. +a2X" =12

: _ ; o (2.5)
a"’ Xt +al’X? +... +amXn =pm

where
ajelF 1=1,....m and j=1,...,n



Linear Systems of Equations 25

is the coefficient (27pn) of the j-th variable in the i-th equation, and
b eF i=1,....m

is the right-hand side of the i-th equation. Please note: the upper indexes in
a§ and in b’ enumerate the equation, whereas the lower index in aé. enumerates
the variable.

A solution (1N2) to the system is any n-tuple [z!,22,...,2"]7 e F? |, such
that
ajr'  +adx? +... +alz" =0
2.1 2.2 2.m _ ]2
atxt  +azr? +... +afz™ =D
t 2 " : (2.6)
1 2 _
al’zt +al'z? +... +ala™ =Hm

Given a system of equations (2.5) (which is uniquely determined by n, m and
the scalars aj. and %), we would like to find the set of all of its solutions,

!

S={f i |eF* = Yalal =V foralli=1,....m
xn 7=1

As in the case of a single equation, solving the system of equations means
obtaining a constructive way of generating all of its solutions.

Like for a single equation:

Definition 2.6 A system of linear equations (2.5) is called homogeneous
(P2 MIRMYR DWW if the right-hand side is zero, namely, b* =0 for all
i=1,...,m. Itis called consistent ("2py) if its set of solutions is not
empty.

Example: Consider the inhomogeneous system of two equations in two un-

knowns over R,
Xt +X?2 =0
X o+X?2 =1

Each equation separately has a solution, however this system is not consistent
as if [z!,22]T was a solution, it would imply that

O=z'+2%=1,

which violates the axioms of field. AAA
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Example: Consider the inhomogenous system of m = 2 linear equations in
n = 4 unknowns over R,

X! +2X? -Xt -

This is a quite special form of a system as we will immediately see. First, it
is not very difficult to “guess” a solution

[1,0,3,0]" e F*

col*

In fact, we may observe that the variable X' only appears in the first equa-
tion, whereas the variable X3 only appears in the second equation. As a
result, suppose that we substitute s € F for X2 and ¢ € F for X4. Then, we
obtain two decoupled linear equations for X! and X2, whose solutions are

t=1-2s+t
23 =34t
As we did in the previous section, we may treat X2 and X* as free vari-

ables, so that the set of solutions is generated by all possible choices of those
variables, yielding,

1-2s+t¢
S = 3_84t e, : s,telF
t

If, for example, I is a finite field, then we can enumerate the set of solutions,
which is a finite set. AAA

Not every system of equations is as “transparent” as in the above example.
What do we do when the system is more complicated? We transform it into
a “transparent” one having the same set of solutions, and we then solve the
easier one.

Example: Consider the inhomogeneous system of m = 2 linear equations in

n =4 unknowns over R,

Xt +2X?% +X3 +3X1 =4
3X! +6X?%2 +2X3 +5X4 =9,
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This system is not “transparent” as the previous one. In secondary school
you learned how to solve such equations by eliminating variables (yﬁ*n
ounwn). Take the first equation and multiply it by 3,

3X1 +6X2 4+3X3 +9X4 =12.

We proved (Proposition 2.4) that this does not alter its set of solutions. Take
now this equation and subtract it from the second equation in the original
system, yielding

-X3 —4X* =-3.

Then, add this equation to the first equation in the original system, yielding
X' +2X?2 X4 =1
Finally, multiply the penultimate equation by (-1) yielding
X3 +4X* =3.

Look at the last two equations. This is the system of the previous example—
the “transparent” system, whose solution we’ve already found. As we will
prove in the next section, the solutions of both sets of equations are the same.
A A A

2.3 Equivalent systems of equations

Our goal is to now formalize the process we have just done in a specific
example. Given a linear system (2.5) of m equations in n unknowns, we may
form a new equation, which is a linear combination (™R M%) of the
m equations by multiplying each equation by a number ¢;, i =1,...,m, and
add up the resulting m equations, Multiplying the i-th equation by ¢; and
summing over the m equations yields the equation

m

Zci( 3 aé-Xj) = icibi,
j=1 i=1

1=1

which we can rearrange by interchanging the order of summation (see Exer-
cise 1.20 ) into

mclai- X7 = mCin,
> (Sea) v 5

i=1

J=1
coefficient of X7 right-hand side
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In more explicit notation, if for every ¢ =1,...,m,
a’in +---+a;X" =,
then multiplying this equation by ¢; and summing over all ¢ =1,...,m,
ci(a X'+ +al X"+t (@l X+ +a™X") = ebt + -+ e b,
which we further reorganize as
(crai +...cpa™) X  + -+ (cral + ... cpna™) X™ = c1b' + -+ cpb™. (2.7)

Note that we applied here both the extended associativity and commutativity
of addition and the distributive law. We conclude that a linear combination
of linear equations is again a linear equation.

Proposition 2.7 ((Mwn wewn)) Every solution [x',... a"]T € T, of
(2.5) is also a solution of (2.7).

Proof: Let [z!,...,2™]T be a solution to (2.5), i.e.,
alet + - +afa = foralli=1,...,m.

Multiplying the i-th equation by ¢;, summing over ¢ and applying the dis-
tributive law, we recover the desired result after exchanging the order of
summation. Note that we used here the consistency of equality and addi-
tion: if s; =1, s9 =t9 up to t,, = S,,, then

31+82+"'+Sm:t1+t2+"'+tm.

Note, however, that the reverse is not necessarily true. Not every solution to
(2.7) is necessarily a solution of (2.5) (“information may have been lost”).

More generally, consider a linear system of k£ equations in n unknowns,
giIXl +giX? o+ +giXm =2t
GX1 g2 X? o+ 42X =22

(2.8)

|
N

gFXT +gh X2 o+ +gEXT
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If each of the k equations in (2.8) is a linear combination of the m equations
in (2.5), then, by Proposition 2.7, every solution of (2.5) is also a solution to
(2.8) (but not necessarily the other way around).

This observation brings us to the following definition:

Definition 2.8 Two linear systems of equations are called equivalent (m51pw )
if every equation in one system is a linear combination of the equations in
the other system.

Example: Back to our first example, the systems

2X1 -X? +X3 =0
X1 +3X2 +4X3 =0

and
X2 +X3 =0
X! +X3 =0

are equivalent. The first equation in the second system is obtained by a linear
combination of the first system with coefficients [-1/7,2/7] and the second
equation in the second system is obtained by a linear combination of the
first system with coefficients [3/7,1/7]. Conversely, the first equation in the
first system is obtained by a linear combination of the second system with
coefficients [-1,2], and the second equation in the first system is obtained
by a linear combination of the second system with coefficients [3,1]. A A A

The importance of equivalent systems stems from the following fact:

Proposition 2.9 Equivalent systems have the same set of solutions.

Proof: By Proposition 2.7, every solution of a linear system is also a solution
of an equation obtained by a linear combination of that system. Since each
equation in one system is a linear combination of the equation in the other
system, every solution of System A is a solution of System B, and conversely,
every solution of System B is a solution of System A, |

This notion of two systems being equivalent has a very important property:
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Lemma 2.10 If a linear system of equations B is obtained by linear combi-
nations of a linear system of equations A, and a linear system of equations
C' 1s obtained by linear combinations of a linear system of equations B, then
System C'is obtained by linear combinations of the equations in System A.

Proof: Suppose that System A has m equations, System B has k equations
and System C has p equations, all in n unknowns. If System B is obtained
by linear combinations of System A, then the /-th equation in System B is
obtained by taking linear combinations of the m equations in System A, with

coefficients ¢f, ..., cf,, namely, the (-th equation of system B is of the form
m n . m
Z ct Z a; X7 = Z ctb’
s=1 j=1 s=1

Likewise, if System C is is obtained by linear combinations of System B, then
the i-th equation in System C is obtained by taking linear combinations of
the &k equations in System B, with coeficients dt,...,d;, namely, the i-th
equation of system C is of the form

proves that System C is obtained by a linear combinations of System A. H

Corollary 2.11 If a linear system of equations B is equivalent to a linear
system of equations A, and a linear system of equations C'is equivalent to a
linear system of equations B, then System C'is equivalent to System A.

Proof: Apply the previous lemma both ways. |
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These observations are key to the solution of linear systems of equations.
What we actually do is to replace the original system by equivalent systems
through a chain of transformations which ensure that we always remain with
a system that is equivalent to the original one, so that the set of solutions
never changes. The key is to end up with a system equations which is “trans-
parent” .

Comment: Note that in all summations, the index we sum upon always
appears once as an upper index and once as a lower index. If you come
across a summation in which this is not the case, look for an error.

We end this section by observing that while we have a well-defined notion
of equivalence between systems of equations, we don’t yet have a means for
verifying wether two systems of equations are equivalent, nor a systematic
way of generating equivalent systems to a given system.

Exercises

(easy) 2.6 Consider the following linear system of two equations in three
unknowns over R,

2X1 +X2 +X3 =2

X1 +2X?2 -X3 =-1.

(a) Is this a homogeneous system?

(b) Is [1,0,0]" a solution?

(c) Write an equation which is a linear combination of this system with
coefficients [2,-3].

(d) Is X'+ X?=1/3 a linear combination of this system? If it is, what are

the coefficients?

(e) Is 2X1+ X2+ X3 =1 a linear combination of this system? If it is, what
are the coefficients?

(easy) 2.7 Write the set of solutions of the linear system over R in the
unknowns (X,Y):

X +Y =5

2X -Y =3.
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(easy) 2.8 Write the set of solutions of the linear system over R in the
unknowns (X,Y, Z):

X +Y -Z =-1

X =Y -Z =-1.

(intermediate) 2.9 Show that the following two homogeneous systems of
equations are equivalent,

Xt -X?2 =0 d 33X +X2 =0
an
2X1 +X2 =0 X1 +X?2 =0.

(intermediate) 2.10 Show that the following two homogeneous systems of
equations over R are equivalent,

-Xt+X?2 +4X3 =0
X1 I -
X! +3X?2 +8X3 =0 and {
X2 =
IXT X2 +2X3 =0 :

(intermediate) 2.11 Consider the following two homogeneous systems of
equations over R

X -X? =0 d X +2X2 =0
an
2X1 +X2 =0 -2X1 -4X? =0.

Are they equivalent? If they are, write each system as a linear combination
of the other.

(harder) 2.12 We showed that if two systems of equations are equivalent,
then they have the same sets of solutions. What about the converse? Show
that if two homogeneous systems of linear equations in two unknowns have
the same solutions, then they are equivalent.

(harder) 2.13 Does there exists a linear system of m equations in n un-
knowns having a unique solution when

(a) m=4and n=3.
(b) m=3and n=4.

If the answer is positive provide an example; if it is negative explain why.
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2.4 Matrix notation

2.4.1 Definitions

An important practice in mathematics is the adoption of convenient nota-
tions. In the present case, since a linear system of equations (hence also its
solutions) is fully determined by the coefficients aé and the b, there is no
need to carry around also the variables X7. We organize the coefficients a§
in a rectangular array

1 1,1
a;  ay a),

2 .2 .. .2
A=Y % ay,
m m m

a;’ Qg an

which we call the m xn matrix of coefficients (2m7pnn n3*™wn). The entry
at the i-th row and the j-th column is the coefficient of the j-th unknown in
the i-th equation. Likewise, we organize the b%’s as an m x 1 matrix

bm

which is an element of F”,. If we further organize the unknowns as an n x 1
matrix,

then we may symbolically represent the system of equations as AX =b. At
this stage this is just a symbolic notation, but it will acquire a meaning
shortly.

Comments:

(a) Note that in a§, the upper index ¢ designates the row and the lower
index j designates the column. It will sometimes be convenient to write
the (7,7)-th element of a matrix A also by (A)’.
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(b) Formally, an m x n matrix A is a function from the set {1,...,m} x
{1,...,n} to the field F. For every pair of indexes (,7) it returns the
field element which we denote by a}.

(¢) We denote the set of m x n matrices with values in the field F by

Msn ().

(d) Myxn(F) coincides with F2 , whereas M, (F) coincides with F™

row) col”

We denote the i-th row of the matrix A by

n

Row'(A) =[ad af ... di].
Likewise, we denote the j-th column of A by

a
a

COIJ(A) = :j

1
J
2

QS .

a

In fact, we may present the matrix A either as a column of m rows, each of
size n or as a row of n columns, each of size m,

Row' (A)

Row?(A)

A= = |Coly(4) Coly(4) - Col,(A)

Row™ (A)

We may also write the coefficients and the right-hand side of the equations
as a unified m x (n + 1) matrix,

1 1 ... 1 1
a; Gy a, | b
2 2 .. 2 2
[ |b]: ai a; az | b
am am am bm
1 2 n

It is called the augmented matrix (DaMMWT 73*8RT) of the system AX =
b. Finally, we denote the set of solutions to AX =b by Spgp).
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Exercises

(easy) 2.14 Consider the matrix

A:

w N O
D = O
N DN
Tt O >~

What are a2, Row?(A) and Colz(A)?

(easy) 2.15 Write the system of equations represented by the extended ma-
trix

001 4|3
2 4 2 6|7
3 6 2 518

2.4.2 Elementary row-operations and row-equivalence

Next, we consider operations on matrices that correspond to forming lin-
ear combinations of equations. We define the following elementary row-
operations (D110 7w MWD):

1. Multiplication of the k-th row by a non-zero scalar [F > ¢ # 0.

2. Replacement of the r-th row with row r plus ¢ times row s, where c € IF.

These operations are in fact functions taking an element in M,,,,(F) and
returning an element in M., (F).

Formally, if A is a matrix, and e is the operation (the function) taking a
matrix and returning a matrix having all rows the same, except that the r-th
row has been multiplied by FF 3 ¢ # 0, then for every pair of indexes 1, j,

. cal i=r
i j
(A= {55
at  iET,
j
ie.,

1 1 1 1
al ak al al
T T T e T
e:|aj ar |~ |cal cal
m m m m
CLl an al a’n
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If e is the operation taking a matrix and returning a matrix having all rows
the same, except for the r-th row being the sum of the r-th row and ¢ times
the s-th row of A, then for every pair of indexes i, 7,

i s -
aj+caj 1=T

(e(A))j = {

a;. 1#ET,
ie.,
al al al al
T T T S T S
e:|aj ar |~ |aj+cas a’ +cad,
m m m m
a; an ay an

Lemma 2.12 Fvery elementary row-operation e has in inverse operation
e~1, which is also an elementary row-operation, such that for every matriz

A

)

et(e(A)) = A.

Proof: The operation of multiplying the r-th row by ¢ # 0 can be reversed
by multiplying that same row by 1/¢ (which is why we required ¢ # 0), which
is also an elementary row-operation. The operation of replacing the r-th row
by the sum of row r and ¢ times row s can be reversed by the elementary
row-operation of replacing the r-th row by the sum of row r and (-c¢) times
TOW S. |

Definition 2.13 An m x n matriz A is row-equivalent (170 B> A5PW)
to an m x n matriz B if it can be obtained from B by a finite sequence of
elementary row-operations. That is, if there exists a sequence eq,és, ..., €5 of
elementary row-operations, such that

A=ey(esr(...er(B))).

Example: Since
1 2 3 7"2<—'r_2+>2'r1 1 2 3 r1<—_—4>7"1 -4 —8 -12
4 5 6 6 9 12 6 9 12|

it follows by definition that all three matrices are row-equivalent. AAA
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Proposition 2.14 Row-equivalence is an equivalence relation (om
m>pw): that is, (i) every matriz is row-equivalent to itself, (ii) if A is row-
equivalent to B then B is row-equivalent to A, and (iii) if A is row-equivalent
to B and B is row-equivalent to C, then A is row-equivalent to C. (In par-
ticular, we have a well-defined notion of two matrices being row-equivalent to
each other.)

Proof: Every matrix A is equivalent to itself, for example, because if e is the
elementary row-operation of multiplying the first row by 1, then

A=e(A).

If A is row-equivalent to B, then by definition, there exists a sequence of
elementary row-operations eq, e, ..., ek, such that

A= eg(er(-exlen(B))))-

Since every e; has an inverse e]‘.l, it follows that

er (A) = e (ex(er-1(--e2(e1(B))))) = ex—1(-ea(er(B))),

and proceeding inductively,

B =er'(e3' (epli(ex' (A))),

proving that B is row-equivalent to A. Finally, if B is also row-equivalent to
C, then by definition, there exists a sequence of elementary row-operations
fi, fay .-, fs, such that

B= fs(fs—l(fQ(fl(C))))

Hence,
A =ep(ep-1(ea(en(fs(fsr (- f2(/1(C)))))))),
proving that A is row-equivalent to C. |

Note that we have two notions of equivalence: equivalence between systems
of equations and row-equivalence between matrices. We will shortly claim
that these two notions are related, namely, if two matrices are row-equivalent,
then they represent equivalent systems of equations.
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Proposition 2.15 If A and B are row-equivalent m x n matrices, then the
homogeneous linear systems AX =0 and BX =0 have the same solutions,

Sta] = S[Bo)-

Proof: By definition, there exists a sequence of elementary row-operations
e1,€s,...,ex, such that

A= ey(epr(-ea(er(B)))).

It suffices to show that if e is any elementary row-operation, then the homoge-
nous linear systems e(A)X =0 and AX =0 have the same set of solutions.

Let e be an elementary row-operation. Since every row in e(A) is a linear
combination of the rows in A, then every solution of AX =0 is also a solution
of e(A)X =0 (see Proposition 2.9). Conversely, since every row in A is a
linear combination of the rows in e(A) (since A = e7*(e(A))), then every
solution of e(A)X =0 is also a solution of AX = 0. [ |

In fact, an analogous statement holds for inhomogeneous systems by consid-
ering the extended matrices:

Proposition 2.16 If [Alc] and [ B|d] are row-equivalent m x (n+1) matri-
ces, then the linear systems AX = c and BX =d have the same solutions,

Stale] = S(B|d]-

Exercises

(easy) 2.16 Let e be an elementary row-operation. Show that for every
matrix A, every row of e(A) is a linear combination of the rows in A.

(easy) 2.17 Explain ezplicitly why in the proof of Proposition 2.15 it suffices
to show that the solutions of a homogeneous linear system do not change
under a single elementary row-operation.
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(easy) 2.18 Can amatrix A € My,4 and a matrix B € My,3 be row-equivalent?
If yes, give an example and if not explain why.

(easy) 2.19 Consider the following row-operations:

e1 : multiplying the first row by —2.
es : exchanging the first and the second rows.
ez : adding the third row 3 times the first row.

(a) What are the inverse operations e7!, e;! and ez

(b) Perform the three operations sequentially on the matrix

2 1 -1 3
1 -2 0 1fe M3X4(F).
0 0 2 1

(intermediate) 2.20 Let e; and ey be two elementary row-operations. Is
it always the case that

e1(e2(A)) = e2(e1(A))?
If yes, explain why. If not, give an example.

(intermediate) 2.21 Let

(a) Show that if ad —bc = 0 then A is row-equivalent to a matrix having a
row with all entries zero. Hint: separate the cases ¢ =0 and ¢ # 0.

(b) Show that if ad —bc # 0 then A is row-equivalent to the matrix

b )

(intermediate) 2.22 Show that two matrices in which two rows have been
interchanged are row-equivalent.
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2.4.3 Row-reduced echelon matrices

We next show how a sequence of elementary row-operations can be used to
“simplify” a matrix, which means that its set of solutions can be obtained
easily.

Example: By performing a sequence of eight elementary row-operations,
the matrix

2 -1 3 2
A=|1 4 0 -1
2 6 -1 5
can be brought to the form
10 0 17/3
B=]0 1 0 -5/3
00 1 -11/3

What did we gain? The homogeneous linear system BX = (0, whose solutions
coincide by Proposition 2.15 with those of AX =0, takes the form

X! +17/3 X4 =
X3 -11/3 X+
We can let X4 assume any value, say s, and then
x = [-17/3s,5/3s,11/3s,s]"

is a solution. In fact, there are no other solutions, as any other solution
would fail to satisfy the equation BX = 0. That is,

-17/3s

5/3s
Sy = Sipp) = 11//33 €Fe : sel

S
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Comment: It is sometimes notationally convenient to write a blank instead
of zero in a matrix. Thus, the above matrix B is written as

1 17/3
B=| 1  -5/3
1 -11/3

Example: Consider the non-homogeneous linear system represented by the
augmented matrix

1 -2 8 512
A=12 3 1 4|1
4 -1 17 143

By performing a sequence of elementary row-operations, we obtain the aug-

mented matrix
1 -2 8 5| 2

B = 7 =17 -6|-3
-2

This system is not consistent because the third equation has all coefficients
of the X?’s zero but the right-hand side is not zero. AAA

In both example, we manipulated the system through the matrix of coeffi-
cients until reaching an equivalent system which is explicit, from which we
could determine the solution (in the first example) or determine that there
are no solutions (in the second example). This brings us to the following
definition:

Definition 2.17 An mxn matriz A is said to be a row-reduced echelon
matriz (DRIMBN DN DML 7)) if

(a) There exists a number r <m, such that the rows r+1,...,m are iden-
tically zero (if r =m then there are no rows that are identically zero).
(b) For each i =1,...,r (i.e., for each non-zero row), let a} be the first

non-zero entry; then a}'ﬂ =1 and k1 < kg < --+ < k, (thel k;’s are the
columns of the leading coefficients in the non-zero rows).

(c) For each i, afﬁi 18 the only nonzero element in the k;-th column.
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Example: A zero matrix (2°0BX D¥™BER) is a matrix having all entries
zero; if A € M,,., is a zero matrix, we write A = 0, or A = 0,,xn. A zero
matrix is an example of a row-reduced echelon matrix (with 7 =0). A A A

Example: The matrix B in the first example is a row-reduced echelon matrix
(with » = m =3). The matrix

1 -3 17/3
1 -5/3
1 -11/3 (2.9)

also satisfies all three conditions with m =5, r =3 and k; = 1, ky = 3 and
ks = 4. AAA

Example: A very important row-reduced echelon matrix is the identity
matrix (D7 N¥MR) 7, which is a square matrix (i.e., m =n) of the form

o
f;-:éz={ o
0 %7,

ie.,

I=
1

The symbol 53 is called Kronecker’s delta. AAA

Row-reduced echelon matrices are useful, because we can read off the solution
to the associated linear system right away. For every i =1,...,7, we call the
variable X* a dependent variable; a variable X7 which is not a dependent
variable, i.e., j ¢ {k1,...,k.}, is called a free variable. The general solution
of a linear system AX = b, where A is a row-reduced echelon matrix is
constructed as follows: assign arbitrary values to the free variables, and
then, express the dependent variables in terms of the free variables: that is,
foreachi=1,...,7,
wki = bt - Z a}xj .
J#{kr s ke }
Note that the summation is only on the indexes of the free variables.
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Example: In the matrix (2.9), X', X3 and X* are dependent variables,
whereas X2 and X° are free variables. Setting X? = s and X° = ¢, the
general solution of AX =0 is

x = [3s - ¢,s,5¢, 4t t]".

AAA

When is a non-homogeneous system consistent? Let AX =b with A being
a row-reduced echelon matrix. There are two possibilities: if A has a row
with all its entries zero, and the corresponding row of b is non-zero, then the
system does not have any solution. Otherwise, the zero rows can be ignored,
and the system is consistent.

Exercises

(easy) 2.23 Construct three matrices, each of which fails to satisfy exactly
one condition in the definition of a row-reduced echelon matrix.

(easy) 2.24 Let A be a row-reduced echelon matrix having r non-zero rows.
Explain why it must hold that » < m and r < n.

(easy) 2.25 Characterize all 1xn and all mx1 row-reduced echelon matrices.

(easy) 2.26 Explain why the n x n identity matrix is the unique n x n row-
reduced echelon matrix having no zero row.

(easy) 2.27 Characterize all the 2 x 2 row-reduced echelon matrices.

2.4.4 The Gauss-Jordan algorithm

The key theorem for a systematic solution of linear systems is the following:

Theorem 2.18 FEvery m xn matriz A is row-equivalent to a row-reduced
echelon matriz.
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Proof: The proof follows a procedure called the Gauss-Jordan algorithm.
If all the entries of A are zero, then A is already a row-reduced echelon matrix
(hence it is row-equivalent to one). Otherwise, if needed, take any row whose
first nonzero entry is the least, and bring it to be the first row (this is an
operation preserving row-equivalence, see Exercise 2.22); in the new matrix,
ky is the column of the first non-zero entry of the first row. Divide the first
row by a}ﬂ such that after this change a}ﬂ = 1. Then, subtract from the
i-th row, 7 # 1, aj times the first row. These are elementary row-operations
which eliminate all entries in the ki-st column except in the first row.

Next, ignore the first row and bring to the second row the row whose first
nonzero entry is the least. Denote by ky the column of the first non-zero
entry of the second row; by construction, ky > k;. Divide the second row by
az, such that after this change a7 = 1. Then, subtract from the i-th row,
i # 2, ap, times the second row. These are elementary row-operations which
eliminate all entries in the ko-nd column except in the second row. Note
also that this did not destroy the fact that up to the ky-th column, the only

nonzero entries are a; =1 and possibly a; for k; < j < ky.

We proceed this way, until reaching the m-th row, or until the remaining
rows are identically zero. |

Example: Apply the Gauss-Jordan algorithm on

2 1 2 10
A=]1 2 1 8
31 -1 2
We follows the procedure,
2 1 2 10 LT 1215 1 1/2 1 5
12 1 S0 o2 1 8PS o 32 003
31 -1 2 31 -1 2 31 -1 2
N R VoA PN L VR A S
I 3/2 00 3P lo 1 00 2
0 -1/2 -4 -13 0 -1/2 -4 -13
PR RO |01 4
TR0 o1 0 2 [T 01 00 2
0 -1/2 -4 -13 00 -4 -12
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M_Tf/41014 1001
T 0 1 0 2[MEE™lo 1 0 2
001 3 001 3

AAA

Example: With A as in the previous example, solve the linear system
1
AX =2
3
using the augmented matrix of this system. AAA

Solution of linear systems using the Gauss-Jordan algorithm Let
[A|b] be the augmented matrix representing a linear system of m equations
in n unknowns. We now have a systematic way of determining whether it
is consistent, and if it is, finding its set of solutions. Let R € M,,«,(F) be
a row-reduced echelon matrix which is row-equivalent to A and let [R|d] be
the augmented matrix obtained by applying on [A|b] the elementary row-
operations bringing A into R. That is, the system represented by [R|d] has
the same set of solutions as the system represented by [A|b].

Let r < m be the number of non-zero rows in R and let k; < ky < --- < k, be
the columns of the leading non-zero elements in each of these rows. Thus,

the variables
X"“‘l,XkQ, e ,Xk”

are the dependent variables, whereas the rest, which we denote by
X0 X0, X

are the free variables.

By the structure of the row-reduced echelon matrix, the first r equations read

n—r
k1 1yt _ gt
X +Z;r£jXJ—d
J:

n-r

k- r L _ gr

X +Z;r£jXJ—d,
‘]:
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whereas the next m — r equations read

0= dr+1

0=d™.
Evidently, if d™1,...,d™ are not all zero, then the system is not consistent.
If however,

dr+1 =dr+2 == dm™=0

then we can replace the free variables X% ..., X% by any sequence of
scalars t1,... "7, obtaining a solvable equation for each of the dependent
variables X*1 ... X% (a linear equation in one unknown!), whose solution

is
n—r
ki _ i _ 14j
¥ =d erejt.
J:

We should have perhaps noted long ago, that any homogeneous linear system
has at least one solution, [0,0,...,0]", which we simply denote by 0 € F” .
This solution is called the trivial solution (“>&™™ w7 n27). For any
matrix that has free variables, there also exist non-trivial solutions to the

homogeneous problem (as they may assume any value). In particular,

Proposition 2.19 If A is an m x n matric with m < n (i.e., less equa-
tions than unknowns), then the homogeneous system AX =0 has non-trivial
solutions.

Proof: Reduce A to a row-reduced echelon matrix. Then, there are at most
m nonzero rows, hence there are at least m — n free variables. |

The question of whether there exist non-trivial solutions is central to linear
algebra. Naively, we would expect solutions to be unique when the number
of equations is equal to the number of unknown, i.e., when m = n. This is
not sufficient. The following theorem characterizes the square matrices for
which the trivial solution is the only solution:
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Theorem 2.20 Let A be an n x n matriz. Then, the homogeneous system
AX =0 has only a trivial solution if and only if A is row-equivalent to the
n x n identity matrix.

Proof: There are two directions to prove. Assume first that A is row-
equivalent to the identity matrix. Since row-equivalent matrices have the
same associated solutions, the solutions to AX = 0 coincide with the solu-
tions of IX =0, i.e,

and those only include the trivial solution.

Conversely, suppose that x = 0 is the only solution to AX = 0. Let R denote
a row-reduced echelon matrix which is row-equivalent to A. Then, RX =0
doesn’t have non-trivial solutions, which means that all of its n rows are non-
zero. This is only possible if ky = 1, ky = 2, etc, and the only row-reduced
echelon matrix satisfying these conditions is the identity matrix. |

Exercises

(intermediate) 2.28 Suppose that A is a square matrix which is row-
equivalent to the identity matrix. Show that the inhomogeneous system
AX =Db is consistent and has a unique solution.

(intermediate) 2.29 Let F = Q. Find all the solutions to the homogeneous
linear system

X1 +2X?2 -6X° =0

-4X1! +5X3 =0

-3X1 +6X?2 -13X3 =0

—%Xl +2X2 -2X3 =0
by first writing it in matrix form, and then transforming the matrix of coef-
ficients into a row-reduced echelon matrix.

(intermediate) 2.30 What are all the solutions (if any) of the system
X1 -X? 42X3 =1
2X1 +2X3 =1
X1 =3X?2 +4X3 =2
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Use the augmented matrix representation to solve this system.

(intermediate) 2.31 Show using the Gauss-Jordan algorithm that the non-

homogeneous system

Xt -2X?2 +X3 +2X% =1
X 4+X?2 X3 Xt =
Xt +7X?%2 -5X3 -X* =3

has no solutions.

(intermediate) 2.32 Let

For which b € F3 | does the system AX = b have a solution?

(intermediate) 2.33 Let

3 -6 2 -1
2 4 1 3
A=10 0 1 1
1 =21 0

For which b e F2 | does the system AX = b have a solution?

(harder) 2.34 Let A and B be two 2 x 3 row-reduced echelon matrices.
Suppose that the homogeneous systems AX =0 and BX = 0 have the same

set of solutions. Prove that A = B.

2.5 Operations with matrices

2.5.1 Addition of matrices
Given two matrices A, B € M,,,,,(F) we define their sum

S=A+1B
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to be a matrix S € My,..,(F), whose entries s’ are given by
i i
st =aj+bj.

Note that the “+” sign in both relations has a totally different meaning: the
first is addition in M., (F), whereas the second is addition in F. Another
way to write the definition of the addition of matrices (of the same size!) is

(A+B)! =a +0\.

123+789_81012
4 5 6 10 11 12| |14 16 18|

If we denote by 0,x,, (or just 0 in short) the m x n-matrix whose entries are
all zero, then

Example:

AAA

A+0=A

for every A € M., (F). Likewise, given A € M,,.,(F), we denote by (-A)
the m x n matrix given by ‘ .

(=A); = —a.
For every A € M,,.,(FF),

A+(-A)=0.
It is easy to see that matrix addition is associative, namely, for every A, B, C ¢
M, xn (F) we have

(A+B)+C=A+(B+0(),

and commutative. namely,

A+B=B+A.

Note that the addition of matrices satisfies the four axioms of addition in a
field. This doesn’t make M,,.,(F) into a field!

We could define in a similar way products of matrices of the same size. We
could. But we won’t do so. We will rather have a different definition for
products of matrices, not necessarily of the same size, which will relate to
linear combinations of systems of equations.

You may ask yourself what is the purpose of adding up matrices, and whether
it relates to the solution of linear systems of equations. The meaning of
matrix addition will be clarified later in this course, in the context of linear
transformations.
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Exercises

(easy) 2.35 Show that matrix addition is both associative and commuta-
tive.

2.5.2 Multiplication by a scalar

For a matrix A € M,,.,(F) and a scalar ¢ € F we define their product, c A €
M s (F), whose entries are defined by

(cA); =cal.

That is, the scalar ¢ multiplies every entry of A to yield the matrix c A.
We could think of the elements of F as “acting” on elements in M, (IF)
resulting in an element in M,,., (F).

Lt 23] [4 8 12
45 6| [16 20 24|

It is easy to see that multiplication by a scalar satisfies

Example:

Ip-A=A
for every A € M, (F), and
c(dA) = (cd)A

for every ¢,d € F and A € M,,,,,(IF); this is a kind-of associativity up to the
fact that the product between scalars differs from the product between a
scalar and a matrix. Also, for every A € M., (F),

O]F “A= Omxn

and for every ce T,

C Omxn = Omxn-

Finally, for every A € M., (FF),

(-1p)A = (-4).
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The product of a scalar and a matrix satisfies also distributive properties:
on the one hand, for every A, B € M,,.,(F) and c €T,

c(A+B)=cA+cB. (2.10)
On the other hand, for every A € M,,.,(F) and ¢,d € F,

(c+d)A=cA+dA. (2.11)

Exercises

(easy) 2.36 Show that the multiplication of a matrix by a scalar satisfies
Ip- A= A for every A € My, (F), and ¢(dA)) = (cd)A for every c¢,d € F and
A € M (F).

(easy) 2.37 Show that for every A € M,,.,(F),
(-1p)A = (-4),

and more generally that for every A € M,,.,(F) and ceF
(—c) A=—(cA).

(easy) 2.38 Prove the two distributive properties (2.10), (2.11) of the prod-
uct of a scalar and a matrix.

2.5.3 Products of matrices

We started this chapter by considering linear systems in which each equation
is a linear combination of the equations of another system, before focusing
on the particular case of elementary row-operations. We now return to the
procedure of forming linear combinations of equations in a more systematic
way, leaning upon our new notational system of matrices.

Let A € M,,.,(F) be a matrix representing a system of m equations in n
unknowns. Suppose that we want to create from it a system of p equations
in the same n unknowns by taking linear combinations of the equations of the
first system. Think of the i-th equation in the new system. It is formed by
multiplying the first equation by a scalar b}, the second equation by a scalar
b, up to the m-th equation by a scalar bi,, and adding up the m equations.

m?
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What is the coefficient of X! in the new equation? It is
. m
k=1

Note that the index ¢ remains fixed—it represents the index of the equation
in the new system—and so does the index 1—which represents the variable
whose coefficient we calculate.

Likewise, the coefficient of X? in the new i-th equation is

m
i Mm _
k=1

and more generally, the coefficient of X7 in the new i-th equation is
. m
biaj +bha +---+ bal = > biak
k=1

Thus, to form p equations by linear combinations of m equations we need
p x m scalars

{o) - i=1,...,p, j=1,....,m},

such that the coefficient of the j-th variable in the new ¢-th equation is given
by

m

ik
Z bkay
k=1

This operation of forming linear combinations of equations can be represented
using matrices.

Definition 2.21 Let B € My, (F) and let A € Myun(F). Their product
(M3 n Sw 1580m) BA is a p x n matriz whose (i, j)-th entry is given by

BA = ba =biagt+.-+ 0 a™.
k 1% m>j

Note: for the product BA to be defined, the number of columns in B has to
be equal to the number of rows in A.
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Example: Consider a linear system of 2 equations in 3 unknowns represented
by the matrix
5 -1 2
A= [15 4 8] '
We form a new system of 2 equations in 3 unknowns by multiplying it by the
matrix
1 0
B- [_3 1] .

The first equation in the new system is obtained by multiplying the first
equation in the original system by 1 and the second equation by zero and
adding the two—in other words, the first equation remains the same. The
second equation in the new system is obtained be multiplying the first equa-
tion in the original system by (-3) and the second equation by 1 and adding
the two. The corresponding matrix product is

il S

Note that when we wrote the unknowns as an nx1 matrix, and the right-hand
side of the equation as an m x 1 matrix,

AAA

X! b
2 2

X = X and b= b ,
X" bm

the equation AX = b can be interpreted in terms of matrix multiplication:
the product of an m x n matrix and an n x 1 matrix is an m x 1 matrix.

Example: Let A be an m xn matrix and let I,,, (or in short I) be the mxm
identity matrix, which we recall is given by

[
N (U
Then,
(ImA);'- = k:Zl 51114? = A;,
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namely I,,A = A for every A. Likewise,
(AL): =Y Aol = A
k=1
namely, AT, = A. AAA
Example: Let’s see what happens when we multiply a matrix by a matrix

which has all entries zero except for one entry, which is 1. For example,
suppose that the (2,3) entry equals one,

00 Ol[aj a) o} d} 0 0 0 O
0 0 1(]la? a3 a2 a2|=|a a3 a3 a3].
00 0][a} a3 a3 a} 0 0 0 O

Thus, the third row was copied into the second row of the product.

For the other way around

000
al a} al al 00 1| 00 al
a? ai a} =[0 0 a3
e o oo
ai ay a3 aillg o | 0 0 ay

i.e., the second column was copied into the third column of the product.
A AA

Here is another way to define the product of two matrices. Let B € M, (F) =
Fm  and A€ M. (F) =F",. We define their product by

row col”

al

a? UL ,
BA=[by by - b*]|" = b

A

am

Then, for B € My, (F) and A € M, (F), their product BA € M, (F) is
defined by .
(BA) = Row'(B) - Col;(A).

The following relations are useful to remember,

Row'(AB) = Row'(A) - B

Col;(AB) = A- Col;(B). (2.12)
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Exercises

(easy) 2.39 Let

3
2 -1 1
A:ll 5 1] B= _11 and  C=[1 -1].

Calculate ABC and CAB (advice: before starting to calculate, determine
the size of the matrices in each case).

(easy) 2.40 Let

1 1 a b c
A= 1 B=]1 and C=|d e f
1 1 g h i
Calculate AB, BA, ABC and CBA.
(intermediate) 2.41 Let
01000
00100
A=]10 0 0 1 0
00001
00000

Calculate A2, A3, A* A5 and AS.

(intermediate) 2.42 Find a non-zero matrix A € My,o(F) satisfying A% =
02><2-

(intermediate) 2.43 Let

Calculate A2020

(intermediate) 2.44 Let A € M,,.,(F) and B € By (F). Which of the
following statements is true? If it is, prove it, otherwise provide a counter
example.
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(a) If the first row of A is zero, then the first row of BA is zero.
(b) If the first column of A is zero, then the first column of BA is zero.

(c) If the first two rows of B are zero, then the first two rows of BA are
zero.

(d) If the first two columns of B are zero, then the first two columns of BA
are zero.

(e) If the i-th and the j-th rows of A are equal then the i-th and the j-th
rows of BA are equal.

(f) If the i-th and the j-th columns of A are equal then the i-th and the
j-th columns of BA are equal.

(g) If the i-th and the j-th rows of B are equal then the i-th and the j-th
rows of BA are equal.

(h) If the i-th and the j-th columns of B are equal then the i-th and the
j-th columns of BA are equal.

(harder) 2.45 Prove or disprove the following statements:

(a) If A, B € M,,,,(F) satisfy AB =B and B #0, then A = .
(b) There exists a matrix A € My,o(F) satisfying A% = -1,.

2.5.4 Algebraic properties of matrix multiplication

Since we have introduced a new operation—a product of matrices—there are
natural questions to raise: (i) is it commutative? (ii) is it associative? (iii)
does this product have a unit element? (iii) is it distributive? (iv) How does
it relate to multiplication by a scalar?

For commutativity, for AB and BA to be defined, it must be that if A €
M pn(F), then B € My, (F). Take for example, m =n = 2, and consider the

matrices )
1 2 2 1
A= [3 4‘ and B = lo ;l .

Then,

2 7] 5 8
AB=[6 15| and BA=|‘9 12],
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i.e., matrix multiplication is not commutative.

For associativity, we first note that if A is an m x n matrix, B is an n x p
matrix and C'is a px¢ matrix, then both (AB)C and A(BC') are well-defined

m x ¢ matrices.

Proposition 2.22 Matrix multiplication s associative:  for all A €
M,yxn(F), B € Myxp(F) and C € My, (F),

(AB)C = A(BO).

Proof: Just follow the definition, using the associative properties of both
addition and multiplication in F.

((AB)CY; = Y (AB)ej = 3. (Za;bz) ¢ = 2 2,0l
k:1 S=

k=1 \s=1 k=1

and
(A(BQC))j = Z;ag(BC)j = z;a; (Z b;c;?) = 2; > albich.
s= s= k=1 s=1k=1

Since the order of summation can be interchanged (commutativity of addi-
tion), both expressions are equal. |

Comment: Since (AB)C = A(BC), we may write products ABC unam-
biguously. The same holds for the product of four of more matrices (as long
as they are of compatible size).

Comment: if A is a square matrix, then AA is well-defined. By associativity,
AAA, AAAA are well-defined, hence we may write A%, k € N unambiguously.

Regarding unit elements, we saw that an m xn matrix has a unit element 7,,,
for left-multiplication and a unit element I, for right-multiplication.

Next,
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Proposition 2.23 Matrix multiplication and matriz addition are distribu-
tive. If A and B are m xn matrices and C' and D are n x p matrices, then

(A+B)C=AC+BC  and  A(C+D)=AC+AD.

Proof: This is left as an exercise. |

Finally, we also have the following form of associativity:

Proposition 2.24 Let A€ M, (F) and B € M,,(F). Let A€ F. Then,

MAB) = (\)B.

Proof: This is left as an exercise. |

Exercises

(intermediate) 2.46 Prove Propositions 2.23 and 2.24.

2.5.5 Matrix multiplication and block patterns

Consider as an example a product of a 3 x 2 matrix A and a 2 x 5 matrix B.
We may look at this product as follows:

L) DR L
L) D L

I I I
OO OO O
I I I
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In this illustration, (AB)? is determined by multiplying the second row of A
and the fourth column of B.

Think now of A and B as matrices which are internally divided into sub-
matrices as follows:

Here, we partition the rows of A into two groups so that we represent the
matrix A € Mso(F) as
C

where C € Myyo(F) and D € M;.o(F). Likewise, we partition the columns of
B into two groups so that we represent the matrix B € M3.o(F) as

B=[E FJ,

where E € Ms,3(F) and F' € Ms,.o(FF). Then, the product AB € M3,5(F) can
be represented as a block matrix

CE CF
AB:[DE DF}

with CE € ngg(]F), CF ¢ MQXQ(]F), DFE ¢ Mlxg(F) and DF € Mlxz(]F).

2.5.6 Invertible matrices

In this section we consider the algebra of nxn matrices with values in IF, which
we denote by M, (F) (as short-hand notation for M, (F)). Such matrices
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are called square matrices (DP¥12™ MEMBM); they have the property that
their product yields once again a matrix of the same type. Note that in the
context of linear systems, square matrices represent systems of equations in
which the number of equations equals the number of variables.

Definition 2.25 A matriz A € M, (F) is called invertible (712'971) if there
exists a matriz B € M, (F) such that

BA=AB=1,.

The matriz B is called an inverse (0"207) of the matriz A. The set of nxn
invertible matrices is denoted by GL, (F).

Comments:

(a) By definition, if A is invertible and B is an inverse of A, then B is
invertible and A is an inverse of B.

(b) At this stage, we are referring to an inverse rather than the inverse
because we don’t (yet) know whether there exists a unique inverse.

Example: The matrix [, is invertible as
]n]n = Irm

i.e., I, is its own inverse. AAA

Comment: If a matrix A € M,,(F) has a row whose entries are all zero or a
column whose entries are all zero, then it is not invertible. Why? Suppose
that the i-th row of A is zero. Then, for every matrix B € M, (IF),

(AB)! = Row'(A) - Coly(B) = 0 # (I,,)},

i.e., AB cannot be equal I,,. Similarly, if the i-th column of A is zero, then
for every matrix B e M, (F),

(BA)! = Row'(B) - Col;(A) = 0p # 15 = (I,,)},

and BA product cannot be equal I,,.

In fact, there are many more matrices that are not invertible:
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Proposition 2.26 Let A € M,(F). If there exists a non-zero matriz C €
M, (F) such that AC =0, then A in not invertible.

Proof: Suppose by contradiction that A is invertible. That it, there exists
a matrix B € M,(F) such that BA = [,,. Using the associativity of matrix
multiplication,

C =1,C = (BA)C = B(AC) = B 0pxn = Opsn,

which is a contradiction, because we assumed that C' was not a zero matrix.
|

Example: In the case of 2 x 2 matrices we can find “by hand” a complete
characterization of all the invertible matrices. Let

b
A = [ZL d] F OQXQ.

A direct calculation shows that

a blld -b d -blla b ad — bc
A S S o

There are now two possibilities: if ad — bc = O then

a blld -b
[c d][—c a:|=02X2’

and by Proposition 2.26, A is not invertible. If, however, ad — bc # O, then

A is invertible with
1 d -b
ad-bc|—-c a

being an inverse. AAA

Comment: The scalar ad - be is known as the determinant (721m927) of
the matrix A, denoted
det A = ad - be.

We will study determinants of general square matrices later on in this course.
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Proof: Using the associativity of matrix multiplication,
L=LI,=L(AR)=(LA)R=1,R=R,
i.e., L = R. By definition L(= R) is an inverse of A. [ |

Proof: Suppose that L, R € M, (F) are both inverses of A. By defintiion,
LA=1, and AR =1,.
By Lemma 2.27, L = R, proving the uniqueness of A. |

Since an invertible matrix A has a unique inverse, we can introduced a no-
tation for its inverse: A-1.

We now further characterize the set GL,,(F) of invertible n x n matrices with
entries in F.
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Proof: By definition of the inverse,
AATL = ATTA=1T,,

which proves, by definition, that A~! is invertible and A is its inverse. For

the second statement, using the associativity of matrix multiplication,
(B'AYY(AB)=BY(A''A)B=B"'1,B=B"'B=1,
(AB)(B'A™) = A(BB YA ' = ALLA = AAT = 1,,,

proving that B-'A-! is the inverse of AB. |

Corollary 2.30 Any (finite) product of invertible matrices is invertible.

Proof: This is left as an exercise. |

Comment: We have just seen that the set GL,(F) satisfies the following
properties:

(a) It is not empty.

(b) It is endowed with a product that takes two elements of GL,,(F) and
returns an element in GL, (F).

(c) It has a unit element I,, satisfying Al, = I,,A = A for every A € GL,,(FF).
(d) Every A e GL,(F) has a B € GL,(IF) satisfying AB = BA=1,.

Such a structure is called a group (7712M7); it is the main subject of a second-
year course in algebra. Note that a group, unlike a field, is endowed with
only one algebraic operation, which does not need to be commutative. The
notation GL,, stands for the general linear group.

Exercises

(easy) 2.47 Let A € M, (F). Show that if there exists a non-zero matrix
C € M,,(F) such that CA =0, then A in not invertible.
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:

invertible? If it is, what is its inverse?

(easy) 2.48 Is the matrix

(easy) 2.49 Is the matrix

invertible? If it is, what is its inverse?

(intermediate) 2.50 Prove that for every k € N, a product of k invertible
matrices is invertible.

(intermediate) 2.51 Prove or disprove the following statements:

(a) If A,B,C € M,(F) satisfy that A is invertible and AB = AC, then
B=C.

(b) If A, B € GL,(F), then A+ B € GL,(F).
(c) If A, B e M,(F) are not invertible, then A + B is not invertible.
(d) If AeGL,(F), then A% e GL,(F).

2.5.7 Elementary matrices

Next, we relate matrix multiplication to elementary row-operations. When
we start with an m x n matrix, an elementary row-operation yields a new
matrix of the same size, with each row being a linear combination of the
rows of the original matrix. In other words, an elementary row-operation
can be represented by a left-multiplication by an m x m matrix.

Definition 2.31 An m x m matrix E is called an elementary matriz
(D 12° %R ) if there exists an elementary row-operation e such that for
every matriz A (having m rows) EA =e(A).
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Example: Let m = 2. Then, the elementary matrices obtained by multiply-
ing the first and second rows by 0 # c € F are

S |

The elementary matrices corresponding to adding s times the first row to the
second row, and s times the second row to the first row are

e 1)

More generally, we denote by Dy (a) the elementary matrix multiplying the
k-th row by a. It is easy to verify that since

AAA

) cAF =k
(e(A)); ={ o
/ Ay i#k,

it follows that
1 i=5+k
(Du(@))i={a i=j=k
0 otherwise

Example: The elementary matrix corresponding to multiplying the second
row by ¢ # 0 is

100 -0
0 ¢c O -0
001 - 0f.
000 1

AAA

We denote by T{(c) the elementary matrix adding ¢ times the ¢-th row to
the k-th row. It is easy to verify that since

Al i+k
r k M-
Aj+cAj 1=,

(e(A))j = {
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it follows that
1 1=y
(Ti(c))i={c i=k, j=1.

0 otherwise

Proposition 2.32 An elementary matriz is invertible and its inverse is
again an elementary matriz; hence a product of elementary matrices is in-
vertible.

Proof: We show first that

(Di(a))™ = Di(a™).

Indeed,
. 0 1#]
(Di(a) - Di(a™)); = ;(Dk(a))Z(Dk(afl))? =il i=j#k

a-at i=j5=k.
In a similar way, we show that
(Tii(a))™ = T (-a).

Finally, since any product of invertible matrices is invertible, it follows that
any product of elementary matrices is invertible (see Exercise 2.50). |

Corollary 2.83 Two matrices A, B € M,.,(F) are row-equivalent if and
only if there exists an m x m matrix P, which is a product of elementary
matrices (hence in GL,,(F)), such that

B =PA.

Proof: By definition, A and B are row-equivalent if and only if there exists
a sequence of elementary row-operations ey, ..., e, such that

B =ep(e-1+(e1(A))).
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We have just seen that every elementary row-operation is realized by a left-
multiplication by an elementary matrix. That is, there exists a sequence
Ey, ..., E} of elementary matrices such that

B = Ey(Eg-1...(E1(A))).
Since matrix multiplication is associative, we obtain the desired result with
P=FEyE, ... E.
|

Corollary 2.34 To every matricx A € My,.,(IF) there exists a matriz P €
GL,,(IF), which is a product of elementary matrices, such that

R=PA
s a row-reduced echelon matriz.
Proof: By the Gauss-Jordan algorithm, A is row-equivalent to a row-reduced
echelon matrix R. By Corollary 2.33, there exists a matrix P € GL,,(F),
which is a product of elementary matrices, such that R = PA. |
Exercises

(easy) 2.52 Show by a direct calculation that the elementary 2 x 2 matrix

120~y ]

is invertible.

(easy) 2.53 Write down explicitly the elementary matrix corresponding to
the elementary row-operation of adding ¢ times row 4 to row 2 for m = 5.

(intermediate) 2.54 For each of the following matrices, determine whether
it is a product of elementary matrices; if it is find its inverse:

1 00 0 01 01 2 1 00 100
A=|0 0 1| B=|1 0 0| C=|0 1 0f D=(0 2 0] E=|0 1 0].
010 010 001 0 21 00 2
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2.5.8 Elementary matrices and invertibility

We will now use the last results to state conditions under which a square
matrix is invertible.

Theorem 2.35 Let A€ M,,(F). Then the following statements are equiva-
lent:

(a) A is invertible.
(b) A is row-equivalent to I,,.

(c) A is a product of elementary matrices.

Comment: When we say that three (or more) statements are equivalent, it
means that if one of them is true, then all of them are true, and equivalently,
if one of them is false, then all are false. To prove it, it suffices to prove that
the first statement implies the second, that the second implies the third, and
so on, and finally that the last implies the first.

Proof: Statement (b) implies statement (c) as if A is row-equivalent to I,,,
then there exist elementary matrices Fy,..., Es such that

A=FEFEs,...El,=FEFE, ... F.

Statement (c) implies statement (a) by Proposition 2.32. Thus, it only re-
mains to prove that an invertible matrix is row-equivalent to I,,,.

Let R be a row-reduced echelon matrix which is row-equivalent to A. Since
R and A are row-equivalent, there exists a matrix P, which is a product of
elementary matrices, such that R = PA, hence R is invertible. It follows that
R does not have a row that is zero, but a square row-reduced echelon matrix
which has no zero rows can only be the identity matrix. |

In fact, the inverse of an invertible matrix can be calculated as follows:
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Proposition 2.36 Let A € GL,,(IF) and let P be a product of elementary
matrices such that PA = I,,. Then,

PI,=A".

That s, the sequence of operations reducing A to I,, is the same sequence
bringing I,, to A~L.

Proof: We have
(PI,)A=P(I,A)=PA=1,,
which, by the uniqueness of the matrix inverse proves that Pl,, = A-*. N

We finally relate the property of being invertible to the existence of solution
to linear systems of equations:

Theorem 2.37 Let A€ M,,(F). The following statements are equivalent:

(a) A is invertible.
(b) The homogeneous system AX =0 only has the trivial solution.

c) For every m x 1 matriz b, the system AX = b is consistent and its
) Y
solution is unique.

Proof: Suppose that Statement (a) holds, i.e., A is invertible. On the one
hand, x = A~'b is a solution; on the other hand, if Ax =b, then

x=Ix=A"14Ax=A"'b,

i.e., a solution exists and it is unique (because we actually determined what it
must be), so that Statement (c) holds. Statement (b) is a particular example
of Statement (c), so that (c¢) implies (b). It remains to prove that Statement
(b) implies Statement (a).

Suppose, by contradiction, that Statement (b) holds and that A is not in-
vertible. Let R be the row-reduced echelon matrix which is row-equivalent
to A. Since A is not invertible, R is not the identity matrix, hence it has at
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least one row identically zero. It follows that it has at least one free variable,
contradicting the fact that AX =0 has a unique solution (since its solutions
are the same as the solutions of RX =0). |

With that we finally have:

Corollary 2.38 A square matriz having either a left- or a right-inverse is
invertible. That is, let A € M, (F). If there exists an L € M,(IF) such that

LA = I,, or if there exists an R € M,(F) such that AR = I, then A is
invertible.

Proof: Suppose for example that A has a left-inverse L. Let x be a solution
to AX =0, then
x =I,x=LAx = L(Ax) =0,

i.e.; 0 is the unique solution to AX =0 implying by Theorem 2.37 that A is
invertible. On the other hand, if R is a right-inverse of A, then A is a left-
inverse for R, hence R is invertible, and AR = I,, implies that A is invertible
as well. |

Corollary 2.39 A product of square matrices is invertible if and only if
every matrixz in this product is invertible.

Proof: We will show it for a product of two matrices; the general case can
be shown inductively. We already know that a product of invertible matrices
is invertible—we will now show that if AB is invertible then both A and B
are invertible. Let C' be the inverse of AB, then

(AB)C = A(BC) =1,
i.e., A has a right-inverse, and by Corollary 2.38 it is invertible. Likewise,
C(AB)=(CA)B =1,

i.e., B has a left-inverse, and by Corollary 2.38 it is invertible. |

As a final note, if A € GL,,(IF), then the linear system (whether homogeneous
or not)
AX =b
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has a unique solution,

x = A 'b.

In this section we obtained an algorithm (using the Gauss-Jordan procedure)
for calculating A=!. Note however, that this chapter has a much wider scope,
encompassing linear systems of arbitrary m,n, whether consistent or not.

Exercises

(easy) 2.55 Let A be an m x m matrix. Prove that if A is invertible and
AB =0 for some m x m matrix B, then B = 0.

(intermediate) 2.56 For each of the two matrices

2 5 -1 1 -1 2
4 -1 2 and 3 2 4
6 4 1 0o 1 -2

find using elementary row-operations whether they are invertible and find
their inverses if they are (this is quite tedious, but one has to do it at some
point...).

(intermediate) 2.57 Is the matrix

o O O
S O NN
S W W w
=~ s s

invertible? If it is, what is its inverse?

(intermediate) 2.58 Let A be a 2 x 1 matrix and let B be a 1 x 2 matrix.
Show that the 2 x 2 matrix AB is not invertible.

(intermediate) 2.59 The following matrices are over R. Determine whether
they are invertible, and if they are, find their inverses:

U =

O =N

1
0
3

Tt W N

111 11
Up=|1 1 1 U;=10 1
011 10

—_ O
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1 11 2 3 4 1 3 4
U=(0 1 0 Us=[0 1 2 Us=12 4 0
011 0 0 3 311
(intermediate) 2.60 Consider the matrix
1 0 3
A=|3/2 1/2 3]
-5 4 -9

If possible, express it as a product of elementary matrices. If not, explain
why.

(intermediate) 2.61 Let A € M, (F) satisfy the equation
A2-A+1=0.
Show that A is invertible and express its inverse in terms of A.
(intermediate) 2.62 Let A € M, (IF) satisfy the equation
A3 -2A+1=0.
Show that A is invertible and express its inverse in terms of A.

(intermediate) 2.63 Show that if A, B € M, (IF) satisfy that AB? - A is
invertible, then BA — A is invertible.

(intermediate) 2.64 Let A € M, (F), B € My(F) and D € M,,,+(F'). Con-
sider the block matrix C' € M, (F) given by

A D
C- [ B] .
Show that if A and B are invertible, then so is C. What about the converse?

(harder) 2.65 Show that if A, B, A+ B e GL,(F), then
A7+ B e GL,(F).

(harder) 2.66 Let A be an m x m matrix. Prove that if A is not invertible
then there exists a non-zero m x m matrix B such that AB = 0.

(harder) 2.67 Let A be an m xn matrix with n <m, and let B be an nxm
matrix. Show that AB is not invertible. Hint: what can you say about the
homogeneous system BX =07
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2.6 The structure of the set of solutions

2.6.1 The homogeneous case

Let A € My, (IF). Consider the set Spap) of all solutions x € M, (IF) = FZ |
to the homogeneous system
AX =0.

This set turns out to have interesting properties, which will play a central
role throughout this course:

Theorem 2.40 Let A € M, (F). Then,

(a) If u,v € Spap), then u+v € Spap)-
(b) ]quS[A|0] and A € F, then )\UES[A|0]-

(In other words, the set of solutions of a homogeneous system is closed under
addition and under scalar multiplication.)

Proof: For the first statement, if u, v € Sp4j0;, then
Au=0 and Av =0,
from which follows from distributivity that
A(u+v) = Au+ Av =0,
namely u+v € Sp4p). For the second statement, if Au =0, then
A(Au) = A(Au) =0,

namely Au € Sp40). Note that we used here the fact that for every ¢ =1,...,m,

(A(u))i = éa;(xu)k _ kil ik = A kil gk = (A(Au))'.
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Example: Consider the case of m =1 and n = 2,
X'+ X2=0.

The set of solutions of this “system” of equations is

t
S[171|0] = {[—t] : te F}
t S
[_tl : [_S] € S[1,10005
t NERE t+s
—t| |-s| |-(t+9)
is also an element of Sp; 1j0). Likewise, for every A € I,

L5

is an element of Sy 1/0]. AAA

Take any two elements,

their sum

2.6.2 The inhomogeneous case

Consider next an inhomogeneous system,
AX = b,

where A € M,,,,,(F) and b € F. Do we get here the same phenomenon?
Is it true that u,v € Spyp) implies that u +v € Spqp). Let’s verify it. If
u,Vv e S[A|b]; then

Au=b and Av =D,

and

A(u+v)=Au+Av=b+b
which differs from b unless b = 0 (note that we don’t write b +b = 2b as we
are in a general field). Thus, unless the system is homogeneous, u+v ¢ Spajp]-

The following theorem shows that the set of solution of an inhomogeneous
system has its own algebraic structure:
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Proof: Let u e Spap) and v € Sp4p0), namely,

Au=b and Av =0.

Then,
A(u+v)=Au+Av=b+0=b,

which means that u+v e Spqp. |

In fact, we can prove something even stronger.

Proof: Let u € S g, and write

u=x+(u-x).
——

=v

Now,
Av=A(u-x)=Au-Ax=b-b=0,
i.e., V€ S[A|0]. |

In other words, if an inhomogeneous system is consistent, every solution can
be represented as the sum of one particular solution and a solution of the
corresponding homogeneous system.
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Example: Consider the inhomogeneous system with m =1 and n = 2,
X'+ X% =5,

The set of solutions of this “system” of equations is

t
S[l,1|5] :{[5—t] : tEF}

Note that

is a particular solution of this system, and that the set of solutions can be

written as
0 t
8[171|5] = {[5] + l_];l : tE]F}

That is, every solution can be represented as the sum of one particular solu-
tion and a solution of the homogeneous system. AAA

2.7 The geometry of solutions

2.7.1 Affine spaces

We end this chapter on linear systems of equations by presenting a geometric
interpretation of the set of solutions of systems AX = b. To this end we
introduce an algebraic construct called an affine space ("7BX 2191) over a
field F. The introduction will be somewhat less formal than the standard of
this course, because the goal here is mainly to develop some intuition.

An affine space over a field F encompasses two (non-empty) sets: a set of
so-called points (MTP1) and a set of so-called translations (nmwm). To
distinguish between the two, we denote the points by uppercase roman char-
acters, e.g., P,Q,..., and we denote the translations by lowercase roman
characters, e.g., u,v,....

It is useful to think of the points as actual points (say on a plane) and of
the translations as arrows on that same plane. Translations act on points by
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translating them into other points. We denote this action using the addition
sign: a translation v acting on a point P yields a point which we denote by

P+v.
In other words there exists a function of the type
+ : points x translations — points.

This is the image one should have in mind:

P

The rule is that for every two points P, () there exists a unique translation
v such that () = P + v; we denote this unique translation by ) — P, which is
sometimes also denoted by PQ.

Comments:

(a) There is no meaning to adding two points! Thus far, the addition
operation represents only the action of a translation on a point.

(b) An affine space does not come equipped with a special point, such as
an origin.

Translations can be composed. One can act on a point P by a translation v
and then act on the resulting point by a translation w, as depicted below:

A%

vV+w

In an affine space, an addition of translations is defined, satisfying the rule
that v + w is the translation equivalent to a translation by v followed by a
translation by w, that is,

P+(v+w)=(P+vVv)+w.
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Note the difference between the types of addition on both sides of the equa-
tion. The addition on the left-hand side is a function

+ : translations x translations — translations.

The addition of translations is assumed to be associative and commutative.
Also, there exists a zero translation, which we denote by 0, satisfying for
every point P,

P+0=P.

This last point merits some elaboration. By assumption, there exists for a
point P a unique translation v satisfying

P+v=P,
and there exists for a point () a unique translation w satisfying

Q+w=Q,

The claim is that v = w, so that there exists a single translation which leaves
all points unaffected. Why this? Because if ) - P = u, i.e., Q = P + u, then

Q+v=(P+u)+v=P+(u+v)=P+(v+u)=(P+v)+u=P+u=0Q,

i.e., both Q+w =Q and Q+v = @, and by the uniqueness assumption, v = w.

Also, given a point P and a translation v, there exists a unique translation
w, such that
(P+v)+w=P,

ie.,
P+(v+w)=P,

from which we deduce that v +w =0, i.e., every translation has an additive
inverse.

Thus far, the field F has played no role. An affine space is endowed with an
additional operation, which is the scalar multiplication of a translation by a
scalar (think of it as a scaling of the translation): for a translation v and a
scalar A € F, one forms a product A\v, which is a translation. That is,

-: scalars x translations — translations.
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Scalar multiplication is associative, in the sense that
a(pv) = (aB)v,
has a neutral element,
lg-v=v,

and is distributive both over scalar addition,
(a+B)v=av+pv
and over the addition of translations,

a(u+v) =au+av.

2.7.2 The affine space A"(F)

Thus far, the discussion was completely general. We now consider a particu-
lar instance of an affine space. Let n € N be any natural number. The affine
space A"(IF) is defined as follows: the points belong to the set

pl

AYE) =4[ i | = Pl p e Fy
pn
whereas the translation belong to the set,

vl

VMF)=<|:] : v',...,0" el

,U’I'l

Note that these two sets are essentially “the same”, and we use different
parentheses to distinguish between the two.

The action of a translation on a point is defined by

1 1

(%

p
. —+ 3 =

pl 1+l
pn L pn + ™

For the operations on translations, we exploit the fact that we use a matrix
notation so that addition and scalar multiplication have already been defined.
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And now we connect this geometric construct to the set of solutions to linear
system. Let A € M,,,(F). We interpret the solutions of the system AX =b
(which are n-tuples of field elements) as points in the affine space A"(F). In
contrast, we interpret the set of solutions of the homogeneous system AX =0
(which are also n-tuples of field elements) as the space of translations V" (IF).

Theorem 2.42 can then be interpreted as follows. Suppose that the system
AX =Db is consistent, i.e., it has at least one solution P (a point in the affine
space). Then, its set of solutions is all the points () obtained by translating
P by a solution of the homogeneous equation (which is indeed a translation).

2.7.3 Lines in affine spaces

Let A be the set of points in an affine space over F and let V' be the set of
translations. A set of points L c A is called a line (7"), if there exists a
point P € A and a translation 0 # v € V, such that

L={P+tv : teF}.

That is, a line is a set of points obtained by translating a point P € A by all
translations which are multiples of a translation v e V.

Proposition 2.43 Let a,beF, which are not both zero and let c € F. Then,
the set of solutions to the equation

aX +bY =c¢

is a line in the affine space A?(TF).

Proof: We already have a technique for finding the space of solutions Spq .-
Suppose first that a # Op. Then, the extended matrix [a, b|c] is row-equivalent
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to a matrix of the form [1,d|e]; the corresponding linear systems have the
same solutions. The set of solutions is the set of points

—dt
S[l,d|e] :{(6 " ) : tE]F},

which we can rewrite as

Sli,dle] = {(S) +1 l_ld] tte IF}
If a=0and b %0, then
-
which we can rewrite as

o ()] e}

which is also a line. [ |

In fact the converse is also true:

Proposition 2.44 Let L c A%(TF) be a line. Then, there exist a,b € F, which
are not both zero and a c € F, such that L is the set of solutions to the linear
equation

aX +bY =c.

()] o)

be a line in A%(F). Let [z',22]T € L. Then, there exists a ¢ € F, such that

Proof: Let

ol =pl+to! and 22 = p? + tvd.
Since the translation is non-zero, either v #0 or v? £ 0. If v! # 0, then

t=(z'-p")/v",
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so that

2% = p? + o2 (2t - ph) ol
which we may rewrite as

v2al — o'z = ?pt - olp?.
That is, all points in L are solution of the equation

U2X1 _ U1X2 — UQpl _ U1p2.

We can also think of it differently: we are trying to solve a system of two
equations in one unknown,
vt =2l - p!

vt = 2% - p?.

L l’l—pl
V2 112—]?2 :

Suppose that v! # 0. Then, the corresponding row-reduced echelon matrix is

The extended matrix is

1 (ot - ph) ot

0| (a2 p?) oot =)0t
This equation is consistent if and only if

(2® - p?) —v*(z' - p')[v! =0,

which is the same as we obtained before. |

2.7.4 Planes in affine spaces

Let A be the set of points in an affine space over F and let V' be the set of
translations. A set of points M c A is called a plane ("), if there exists
a point P € A and two translation 0 # u,v € VV, such that none is a multiple
of the other, such that

M={P+su+tv : s,teF}.

That is, a plane is a set of points obtained by translating a point P € A by
all translations which are linear combinations of two translation u,v e V.
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Proof: We leave this as an exercise. Separate the cases a #0, a =0 by b+ 0,
and a=b=0. |

And conversely,
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