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Chapter 1

Basic notions

Let us start by fixing some notation and giving some basic example.

1.1 Numerical sets
We denote by N the set of natural numbers, that is
N=1{0,1,2,3,...},
and with Z the set of integers
Z=1{0,1,-1,2,-2,3,-3,...}.

Two important subsets of Z are the sets ZT of positive integers and Z~ of
negative integers:

7t =1{1,2,3,...}, and Z~ ={-1,-2,-3,...}%

We can also use the notations Z;” and Z; to denote respectively the sets of
non-negative integers and the one of non-positive integers, that is:

Zi ={0,1,2,3,...} and Z; ={0,-1,-2,-3,...}.

Note that Zj = Z+ U {0} = N.
Other important numerical sets are the set of rational numbers Q defined us

QZ{%|m,nEZ, n#O}:{O,;,—z,...}

and the one of real numbers R (a formal definition is beyond the scope of this
course)

R= {0,17—5,17\/5,77,63,...}.
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The last numerical set we will consider is the set of complex numbers C
defined us
C={a+ib|a,be R},

where i is called the imaginary unit and satisfies 32 = —1.
We have the following chain of inclusions:

NczZcQcRcC.

1.2 Algebraic structures: one operation

A binary operation on a set M is a map f from the cartesian product M x M
to M, that is
f: MxS—>M

(@,y) = f(z,y).
Example 1.1 The sum on N is the binary operation defined as

+: NxN—=>N
(a,b) = +(a,b)

Instead of +(a, b), we usually denote the image of the sum by a+b. For istance,
2+3=5.

Some sets, when equipped with a binary operation (or more than one),
have particular properties. According to which properties are satisfied, we use
different names. In this section we consider the main algebraic structures.

1.2.1 Groupoids

Let us consider a set M and a binary operation o : M x M — M.
The pair (M, o) is called a groupoid whenever the set M is closed under the
operation o. That is, we have

Va,be M aobe M.

Example 1.2 The pair (N, +) is a groupoid, since for every two natural num-
bers a,b one has a + b € N.

On the other hand, if we consider the set M = {0,1,2,...,9}, we have that
M is not closed under the sum, since, for instance, 2+ 9 ¢ M.

1.2.2 Semigroups

A groupoid (M, o) is called a semigroup if the operation o is associative, that is
if
Va,boce M (aob)oc=ao(boc).
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Example 1.3 The set N with the usual multiplication is a semigroup, since for
every a,b,c € None has (a-b)-¢c=a-(b-c¢). The same is not true if we consider
the exponentiation as binary operation. Indeed

(2%)” = 64 £ 512 = 23",

1.2.3 Monoids

A semigroup (M, o) is called a monoid whenever there exists a neutral element,
that is an element e € M such that

Yae M aoe=ecoa=ce.

Note that in the definition we want e to be a neutral element both on the left
and on the right. In some tricky case we could have only a left neutral element
but no right neutral element, or viceversa, or we could have both but distinct.

Example 1.4 The set N provided with the sum is a monoid. The neutral
element is the element 0 € N.

Proposition 1.5 The neutral element of a monoid is unique.

Proof. Let (M, o) be a monoid and e some neutral element (from the definition
we know that at least one exists!). We prove by contradiction that e is the
only neutral element. By contradiction, assume that in the monoid there exists
another neutral element e’ different from e. It holds that

e =¢€eoe=e,
using the property of the neutral element from the definition. We get a contra-
diction with the statement that ¢’ # e. L]

1.2.4 Groups

Let us consider a monoid (M, o) with neutral element e. We say that an element
a € M is invertible, whenever there exists another element b € M such that
aob = e ="Dboa. Such an element is called an inverse of a and it is usually
denoted —a (whenever we use the additive notation) or a=! (whenever we use
the multiplicative notation). Note that, again, we consider an inverse as both a
left inverse and a right inverse.

A monoid (M, o), with neutral element e, is called a group if every element
is invertible, that is if

VaeM3Ia ' e Msuch that aoca '=canda toa=c.

Example 1.6 The monoid (Z,+) is a group, since the inverse of any element
a € Z is —a. On the other hand (N, +) is not a group since, for istance, the
element 2 € N has no inverse.



Proposition 1.7 Each element of a group has exactly one inverse.

Proof. Let (M, o) be a group, a an arbitrary element of the group and a~! one
of its inverse elements (from the definition we know that there exists at least
onel) Let us suppose, by contradiction, that there exists another element a,
different from a~! such that @oa = e = a 0 @, where e is the neutral element of
the group. Hence, it holds that

-1 1 —1

a=aoe=ao(aoa )= (aca)oa t=coat =at,

contradicting the fact that @ # a~'. n

A group (M, o) is called Abelian, or commutative, if its elements commute,
that is if

Va,be M aob=boa.

Example 1.8 Both the additive group (Q,+) and the multiplicative group
(Q, ) are Abelian. The first has neutral element 0, while the second has neutral
element 1.

A very important example of non Abelian group will be given later in this
chapter.

1.3 Algebraic structures: two operations

Let us consider now triplets (M, +-), with M a nonempty set and +, - two binary
operations on M.

1.3.1 Rings
We say that a triplet R = (M, +,-) is a ring if the following hold:

e (M,+) is an Abelian group;
e (M,-) is a monoid;
e both left and right distributive laws hold, i.e. Va,b,c € M we have

—a-(b+c¢)=a-b+a-cand
—(b+c)ra=b-a+c-a.

We respect the standard convention that multiplication has a higher priority
than addition, so we can write a - b+ a - ¢ instead of (a-b) + (a - ¢). standard

Moreover, when it is clear from the context we replace - by the simple
juxstaposition, that is we write ab instead of a - b.



Example 1.9 Both the triplets (Z+,-) and (Q,+,-) are rings. On the other
hand the triplet (N, +,-) is not a ring since (N, +) is not a group.

The triplet ({0}, +,-), with 0+0 =0 and 0-0 = 0 is a ring called the trivial
ring.

We say that a ring R = (M, +,+) is a commutative ring whenever - is com-
mutative. The group (M, +) is called the additive group of R, while the monoid
(M, -) is the multiplicative monoid of R.

The neutral element of the additive group is called the zero element of the
ring, and it is denoted by 0, and the inverse element of a € M is denoted by
—a. We can also define the subtraction of two elements a,b € M by

a—b:=a+ (=b).

Proposition 1.10 Let (M, +,-) be a ring. Left and right distributive laws hold
for the subtraction, that is:

Vabce M alb—c)=ab—ac and (a—0b)c=ac—bc.

Proof. Let us prove the left distributive law, the right one being proved sym-
metrically. Since the distributive law hold for the sum, we have

ac+alb—c)=alc+b—c)=ab.
Thus, by subtracting ac to both members, we have

a(b—c¢) = ab — ac.

Example 1.11 The set of polynomials with real coefficients R[z] is a ring. The
zero element is the zero polynomial p(x) = 0. We will talk more of this example
in a following chapter.

1.3.2 Integral domains

Let (M, +,-) be a ring. Two non-zero elements a,b € M are called zero divisors
ifa-b=0.
A commutative ring without zero divisors is called an integral domain

Example 1.12 The ring (Z,+, -) is an integral domain. On the other hand the
ring (Zg, +¢, -6), where the sum and the product are defined modulo 6, is not
an integral domain, since 2,3 # 0 but 2 -4 3 = 0.
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1.3.3 Fields

A ring (M, +,) is a field if (M \{0},) is an Abelian group. This group is called
the multiplicative group of the field.

Example 1.13 The ring of integers (Z,+,-) is not a field, since (Z \ {0},)
misses some inverse elements.

On the other hand, (Q, +, -) is a field. Moreover, this is the smallest number
field with the common arithmetical operations.

Example 1.14 The smallest field is the so-called trivial field ({0,1},+,-), with
operations
04+40=0, 04+1=140=1, 1+1=0,

and
0-0=0, 0-1=1-0=0, 1-1=1.

Proposition 1.15 FEach field is an integral domain.

Proof. Since the multiplicative group (M \ {0}, -) is closed under multiplication,
for all non-zero elements a,b € M it holds that their product a-b € M \ {0} is
again non-zero. L]
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Chapter 2

Matrices: Definitions

In this chapter we will define and study matrices over R. We will see, in the next
chapters, that it is possible to consider matrices using other classes of numbers.

2.1 Definition of matrix

A matriz A over R is a rectangular array of real numbers of the form

ailp a2 A1n

a21 a2 A2n
A =

am1 Am?2 Amn

with m,n € Nand a;; € Rforall1 <i<mand 1 <j<m.
The (4, j)-entry of A is the number a;;, while its i-row and its j-column are
respectively
a1y

s
(an Qo - ain) and 2

Qmj

A matrix having m rows and n columns is called a m X n-matrix. When m = n,
the matrix is called a square matrix.

Example 2.1 The matrix

1 -2 0 =
0 2 -3 0
A= Vb -1 0 7
2 6 7T 9

is a square matrix of size 4 x 4, that is it has 4 rows and 4 columns.

11



The matrix
0 0 1 2
B = (3 2 1 O)
is a 2 X 4-matrix.

The (3,2)-entry of A is —1 and the (1, 4)-entry of B is 2. The 2-row of A is
(0 2 -3 O), while the 1-column of B is (g)
We say that two matrices A and B are equal, and we write A = B, if and

only if A and B have the same size and the corresponding entries are equal.
The set of matrices over R of size m x n is denoted by M,, ,, (R), that is

a11 a12 A1n

a21 Qg2 - A2y ) )
Min (R) = ) lai; eRforalll<i<m, 1<j<n

Am1 Am2 Amn

Sometimes, when it is clear from the context, we can also write the matrix

A as (aij).

2.2 Matrix addition

Given two matrices A = (a;;) and B = (b;;) of the same size we can add them
just by adding the corresponding entries, that is the sum of A and B is the
matrix

A + B = (aij + b”)

. Similarly, we can define the difference

A—B= (aij — b”)
The negative of A is the matrix —A obtained as

—A= (7&1‘3‘).
Example 2.2 Let un consider the tree matrices
1 0 -2 0 1 2 0 1
A‘<5 2 o)’ B_<—2 3 3> and C‘(z —1>'
We have
1 1 0 1 -1 —4 -1 0 2

A+B = (3 5 3) , A-B= <7 1 _3> and —A= <_5 9 O) .
We can not define A+ C or A — C since A and C have different size.

12



Let us denote by O,, ,, the m x n-matrix having each entry equal to 0. Such
a matrix is called the zero matriz of size m x n. When m = n we will simply
write O,, instead of O,, ,. When the size is clear from the context, it is simply
denoted by O.

Example 2.3 The zero matrices of order 2 x 3 and 2 x 2 are respectively
0 0 O 0 0
02’3 = (0 0 O) S Mz’g (R) and 02’2 = (0 0) S ngz (R) .

Proposition 2.4 The set M,, ,, (R) with the sum operation is an Abelian group.

Proof. (Exercise) n

2.3 Matrix multiplication

Let n € N. Let us consider a n-row-matrix, that is a matrix
A= (a1 ay - an) e My, (R)

and an n-column-matrix, that is a matrix

b1

We define the dot product of A and B as the number

Zaibi = a1by + agby + - - ayb, € R.
k=1

The product of a m X n-matrix A and an n X p-matrix B is the m X p-matrix
AB having as (i, j)-entry the dot product of the i-row of A and the j-column
of B. So, if the two matrices are

a1 a2 -+ Qln bi1 bz - blp

a1 Q22 -+ A2pn b1 bap - b2p
A = . . X . and B = .

aml Am2 *°  Omn b1 bno bnp

then the (4, j)-entry of AB is

n
Z aikbkj = ainbij + ainbaj + - + Qinby;
k=1
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and the matrix AB has the form

n n n

E a1kbr1 E a1kbg2 - E a15bkp
k=1 k=1 k=1

n n n

E aorbr1 E aokbra - g a2bip
k=1 k=1 k=1

AB =

n ' n ' n '
§ Amkbr1 E Amkbe2 - E amkbkp
k=1 k=1 k=1

Note that the product AB is defined if and only if the number of columns of A
is equal as the number of columns of B.

Example 2.5 Let A = (1 _02) € M22(R), B = <é _21) € Mz (R) and

01 3
C_<1 9 _1).Thenwehave

1 -5 0 -2 -1 -1 4 2
w0 (0 ) e (34 e
We can not define C' A because of of the size.

Proposition 2.6 The matriz multiplication is associative, i.e., that for all ma-

trices A, B, C' having the right sizes, we have (AB)C = A(BC).

Proof. (Exercise) "

Proposition 2.7 The distributive laws hold both for the sum and for the sub-
traction, i.e., for all matrices A, B, C having the right sizes, we have

e A(B+C)=AB+ AC;
e A(B-C)=AB- AC;
e (A+B)C = AC + BC;
e (A-B)C = AC — BC.

Proof. (Exercise) "

The n x n identity matriz is the matrix I, € M, , (R) with 1s on the main
diagonal, i.e., the entries of the form (i,4), and zero elsewhere. When the size
is clear from the context, it is simply denoted by I.
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Example 2.8 One has

1 0 0 0
(30 ne (o 1) wa ne Db
0 0 01
Proposition 2.9 Let A € M,, ., (R). Then
I,A=A and AI,=A.
Proof. (Exercise) n

Corollary 2.10 The set of m X n-matrices over R, i.e., My, (R) with the
matriz addition and the matrix multiplication is a ring.

In the context, when it is clear from the context, we will use the same
notation for the set and the ring of matrices, i.e., we will write M., ,, (R) instead

of (M R),+,-).
Example 2.11 Let A, B as in Example 2.5. We have
1 -5 0 -2
o=t et )=

The previous example shows that commutativity does not hold in general
for matrices.

Corollary 2.12 The ring M., , (R) is not a commutative ring.

0 0
1 0

2 _ 4. 4_(0 0
AAA<O 0>.

Example 2.13 Let us consider the matrix A = ( ) One has

The last example shows that the ring M,, ,, (R) has zero divisors.

Corollary 2.14 The ring M, (R) is not an integral domain (nor a field).

2.4 Scalar multiplication

Let A = (a;5) € My, (R) be a matrix and A € R a real number. The scalar
product AA it defined as the matrix of the form (Aa;;), that is

a1 ai2 A1n Aaqq Adig - Aaip

a1 Q22 -+ d2pn Aaoy Ay - Aazp
A =)\ =

Am1 Am?2 e Amn >\am1 Aam2 e )\amn

15



Example 2.15 Let A= | -1 2 |. Then
3 -3
2 0
2A=1|-2 4
6 —6

Proposition 2.16 Let A, B be two matrices of the same size and let A\, be
two real numbers. Then

1. MA+ B) = A + AB;

2. (A4 p)A=MA+ pA;

3. ApA) = (An)A;

4. 1A= A;

5. A(AB) = (A\A)B = A(AB).

Proof. (Exercise) "

2.5 Transposition

Let A = (a;;) € My, (R) be a matrix. The transpose of A is the matrix
AT € M, (R) defined as

AT = (b”) with bij = Ay for all Z,]
A matrix A is called symmetric if AT = A.

Example 2.17 Let

3 2 1 0 =2 2 1
A_(l 0), B—(5 1 0) and C_<1 0).

Then we have

1 5
AT = 31 , Bf=|l0 -1 and C7T = 2 1
2 0 9 0 10

Moreover, the matrix C' is symmetric.

Proposition 2.18 Let A, B € M, , (R) and let A € R. Then
1. If A is symmetric then m = n;

2. (AT)T = A;

16



3. (ANA)T = \AT;
4. (A+B)T = AT + BT;
5. (AB)T = BTAT.

Proof. (Exercise) "

2.6 Matrix inverse

Let us consider a square matrix A € M, ,, (R). A matrix B is called an inverse
of Aif AB =1 and BA = I. Note that if such a matrix B exists, then it has
the same size as A.

A square matrix having an inverse is called an invertible matrix.

0 1

Example 2.19 Let us consider the matrix A = <1 1

) € Mz (R). The
11 0
() )0
= (L)) )

Similarly to what we have done in Proposition 1.7 we can prove that the
inverse of matrix, when it exists, is unique.

-1 1 -
matrix A is invertible and the matrix B = < ) one of its inverses. Indeed,

Proposition 2.20 Let A € M,, ,, (R) an invertible matriz. Then its inverse is
unique.

Proof. Let B,C € M,,,, (R) and let us suppose that both matrices are inverses
of A. Then
B =BI =B(AC)=(BA)C=1IC=C.

Whenever a matrix A is invertible we denote by A1 its unique inverse.
Note that not all matrices have inverses.

. ) 10 . .
Example 2.21 Let us conside the matrix A = (1 O>' This matrix is not
invertible. Indeed, if we suppose by contradiction that there exists a matrix

B = <(CI Z) such that AB = I. Then, one has

Go)(ea)=Go)-GY)

17



which implies both that a = 1 and a = 0, a contradiction.

Also, non-square matrices do not have inverses and the zero matrix O, is
not invertible neither (Exercise).
Let us now give some properties about inverses.

Theorem 2.22 The following properties hold for square matrices.

1.

2.
3.

The identity matriz I is invertible and its inverse is I itself.
If A is invertible, then A™' is invertible as well and (A_l)_1 =A.
If A and B are invertible, then so is AB, and (AB)™! = B71A~1.

Let Aq, Ao, ... Ay be invertible matrices, then their product A1As - - Ay is
also invertible, and (A1 A --- Ap) ™t = A,:lAlzil e Al_1

If A is invertible, then for all k > 1 the matriz A* s invertible as well
and (AF)~1 = (A=HF,

If A is invertible, then so is AT, and (AT)™1 = (A=H)T.
If AT is invertible, then so is A and A~' = ((AT)~1)T.

If A is invertible and X\ # 0 is a real number, then \A is also invertible
and (AA)~! = AL

Proof.

1.
2.
3.

This easily follows from the fact that IT = I.
The second item also follows from the fact that A=1A =T and AA™! = 1.
It holds because
(AB)Y(B'A™)Y = A(BB YA ' = ATA™ ' = AA =1
and

(BT'A™Y)(AB)=B ' (A'AB=B'IB=B'B=1

Let us prove it by induction on k. The case k = 1 is trivial and the case
k = 2 follows from point 3. So, let us suppose that the property holds
for kK — 1, that is that Ay As--- Ap_1 is invertible and that its inverse is
Al - AZTATY. Then

(AjAg - Ap 1 Ap) = (A1 Az - A1) Ay

is a product of two invertible matrices and, by the previous point, is
invertible itself. Moreover, its inverse is exactly

AN (A Ay A TE = ATA AT AT

18



5. This easily follows from the previous item by chosing A; = A for all
1<i<k.

6. Using the last point of Proposition 2.18 we have
AT(A—l)T — (A—lA)T _ IT =7

and
(AHTAT = (AA YT =1 =1

7. Using both the fact that (A7)~1 = (A~1)T, proved in the previous point,
and that (AT)T = A, proved in Proposition 2.18, we have

A((AT) YT = A(ATH)T) = A4 =1

and
((AT)l)TA = ((A_l)T)TA =A'A=1T.

8. To prove the last point we use Proposition 2.16 and show that

(AA) (;A*) = ()\i) (AA ) =1I=1

(;\A—l) (AA) = (ix) (A'4) =11 =1.

and

Corollary 2.23 Let A,B € M,,,, (R). If A and AB are both invertible, then
B is also invertible.

Proof. (Exercise) "

2.7 Diagonal and triangular matrices

A square matrix A = (a;;) € M, (R) is called diagonal if every entry not in
the main diagonal is 0, that is if for every ¢,j with 1 < 4,57 < n and i # j one
has (aij) = 0.

Example 2.24 The matrices

1.0 0 0
1 0 0
0 4 0 0 0 0
A_gg_()g)’B_OOOO’C_(OO)
0 0 0 1

are diagonal.

19



When a matrix A = (a;;) is diagonal, we can also denote it simply as A =
diag (a11, @22, - - -, Gpn)-

Example 2.25 Let us consider again the three matrices of Example 2.24. We
have

A =diag(1,2,-5), B =diag(—1,4,0,1) and C =diag(0,0).

Proposition 2.26 Let A, B € M, ,, (R) be two diagonal matrices. Then
1. A+ B is diagonal;
2. AB is diagonal.

Proof. (Exercise) "

A square matrix A = (a,;) is called upper triangular if every entry below
the main diagonal is zero, that if for every ¢,j with ¢ > j one has a;; = 0. Un
upper triangular matrix is called strictly upper triangular if the entries on the
main diagonal are zero as well.

In a symmetric way we define lower triangular and strictly lower triangular
matrices.

Example 2.27 Let us consider the four matrices
6 9 1 0 2 2 3 00 0 0 0
A={(0 0 2], B=|0 0 1], C={0 0 O0J and D=|5 0 O
0 0 1 0 0 0 2 1 0 7 6 0
The matrix A is upper triangular, the matrix B is strictly upper triangular.

Simarly C' and D are respectively lower triangular and strictly lower triangular.

Proposition 2.28 Let A,B € My, (R) be two upper triangular matrices.
Then

1. A+ B is upper triangular.
2. AB is upper triangular.

Proof. (Exercise) "

A similar result also holds by replacing the condition "upper triangular" with
"strictly upper triangular", "lower triangular" or "strictly lower triangular".
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Chapter 3

Linear equations

In this chapter we will study linear equations and systems of linear equations.
We will also discuss how to use matrices to represent and solve such equations.

3.1 Variables, coefficients and solutions

We call a linear equation in the variables x1,xo,...,x,, withn € N, an equation
of the form
a1x1 + o + - + ATy = b, (31)

where a1, as, ..., a,,b € R. The numbers a1, as,...,a, are called coefficients of
the variables x1,xs, ..., %y, while the number b is called the constant term of
the equation.

We can represent the variables using the column matrix

T
T2
X =

Tn

called the matriz of variables of the equation.
A row-matrix

(81 S2 ... Sn)

is called a solution of the linear Equation (3.1) if
a181 +azse + -+ apsy, = b

that is, if replacing x; with s; for every 1 < i < n on the right side, we obtain
exactly b.

Example 3.1 Let us consider the linear equation

201+ 29 — 23 =3

21



The coefficients of the variables x1, x2, x3 are respectively 2,1 and —1, while the
constant term of the equation is 3. The matrix of variables is

2
X=11
-1
and a solution of the linear equation is
(1 1 0)

since

2-141-1-1-0=3.
Another possible solution for the equation is (1 0 —1).

From the previous example, we see that the solution of a linear equation is,
in general, not unique. We call one possible solution a particular solution of the
equation. A way to find all the solutions of the equation is fixing two variables
and compute the third one with respect to the previous.

Example 3.2 Let us consider the equation of Example 3.1. By setting x1 = s
and zo = t, we find that 2s + t — x3 = 3, which implies that x3 = s2 + ¢ — 3.
So, all solutions have the form

X = (s t 25+t—3)
for certain s,t € R.

Following the terminology of the previous example, we call X the general
solution of the equation and s,t the parameters of the solution.

3.2 Systems of linear equations

A system of linear equations is a finite collection of linear equations. Its general
form is

1121 + a2z + -+ a1, = b

a21%1 + a2z + -+ Ay, = by
(3.2)

Am1T1 + AmaXs + -+ GmpTn = bm

A solution satisfying every equation of a system is called a solution of the
system.

Example 3.3 The system of two linear equations in the variabels z,y

x+y
20 —y

has an unique solution X = (5 5).

10
)

22



Note that some system may have no solution. In this case we say that the

system is inconsistent.

Example 3.4 The system

1
3

r+y
2r + 2y

has no solution (Exercise), so it is inconsistent.

When a system has (at least) one solution, we call it consistent.

Example 3.5 The system

2

rT+y—+z
0

r—Yy+z

has infintely many solution (Exercise). Thus it is consistent.

(3.5)

Let us now show how we can represent the system in Equation 3.2 using
matrices. The coefficient matriz and the constant matriz for this system are

respectively the m x n-matrix and the m x l-matrix defined as

a1 a2 -+ Qin by

a1 Q22 - A2 b2
A= . . ) . and B =

Am1 Am2 o Amn bm

We can also combine the two to obtain the augmented matriz defined as the

m X (n + 1)-matrix

a11 a2 - G by
azy G2 -+ Gan b
Am1 Am2 tee Amn bm

Example 3.6 Let us consider the system 3.3. Its matrix of variable is (z)

while its constant matrix and its coeflicient matrix are respectively

) o ()

Its augmented matrix is the (2 x 3)-matrix

1 1 10
2 -1 5)°
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Note that, sing the coefficient matrix, the variable matrix and the constant
matrix, we can represent the system of linear equations 3.2 as a single matrix
equation

AX =B.

Example 3.7 Using Example 3.6 we can represent the system 3.3 as the matrix

equation G _11> @ _ (15()) .

Example 3.8 Les us consider the system of three linear equations in four vari-
ables

T1—x4+xr3 = b
r3 — 31‘4 = —1. (36)
Tyg = 2

The previous system is in a very special form and it can be solved by using
back-substitution. From the last equation we get x4 = 2. Then we substitute 2
for the variable x4 into the second last equation to solve for z3 = 5. Finally,
we substitute 3 = 5 and x4 = 2 and we replace x5 with a parameter s. The
general solution of the original system has thus the form

X:(4s s b5 2)

where s is the parameter of the solution. That means that every solution can
be obtained by replacing s with a real number.

The system of linear equations presented in Example 3.8 was in a very special
form. In the next sections we’ll see how to use this technique to solve a system
in a more general form.

3.3 Equivalent systems

Two systems of linear equations having the same set of solutions are called
equivalent.

Example 3.9 Let us consider the system in Example 3.5 and let us swap the

two equations:
r—y+z = 0
{x+y+z _ 9 (3.7)
It is clear that this new system is equivalent ot the system 3.5.

Example 3.10 Starting again from the system in Example 3.5, let us multiply
the left and the right term of the second equation by 2:

{ r+y+z = 2

2r — 2y + 2z 0 (3.8)

One can see that this system is also equivalent to the system 3.5. (Exercise)
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Example 3.11 Using one more time the system in Example 3.5, let us replace
the second equation by the sum of the two original equations.

20+ 2z = 2° (3.9)

{ r+y+z = 2
Also in this case it can be shown that the system is equivalent to 3.5. (Exercise)

Following the previous examples we define the three elementary operations
on a system of linear equation as:

i) interchange two equations;
ii) multiply one of the equations by a nonzero number;
iii) add a multiple of one equation to a different equation.

A similar set of operations can be defined also on matrices. We call elemen-
tary row operations on a matrix the following operations:

i) interchange two rows;
ii) multiply one of the rows by a nonzero number;
iii) add a multiple of one row to a different row.

These row operations can be seen as the respective of the elementary oper-
ations on system on the related augmented matrices.

Example 3.12 Let us consider the system of linear equations 3.5. Its aug-

mented matrix is
1 1 1 2
1 -1 1 0)°

The augmented matrices of the systems 3.7, 3.8 and 3.9 are respectively:

1 -1 1 0 1 1 1 2 d 1 1 1 2

11 1 2) \2 220/ * (202 2)
They are obtained by the first matrix by applying an elementary row operation
of type, respectively, ), ii) and 7).
Theorem 3.13 Let us consider a system of linear equations. The system ob-

tained by applying an elementary operation is equivalent to the original system.

The previous theorem tells us that in order to find the solution of asystem
we can apply a series of elementary operations to reduce a system to one which
is easier to solve.
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3.4 Gaussian elimination

In this section we’ll see how to find the solutions of a general system of linear
equations. Before giving the algorithm let us start with an example.

Example 3.14 Let us consider the following system of linear equations

—r3 + 31’4 =1
T — 45.52 +x3 = 5. (310)
201 — 8x9 +2x3—3x4 = 4

The augmented matrix of the system 3.10 is

o 0 -1 3 1

1 -4 1 0 5

2 -8 2 -3 4
Starting fom the 1-row, we find the first column from the left containing a non-
zero entry, in our case the (2,1)-entry 1. Let us put the the 2-row on the top,

that is let us interchange the 2-row with the 1-row (we use an elementary row
operation of type ¢)). We get the matrix

1 -4 1 0 5
0o 0 -1 3 1
2 -8 2 -3 4

The first non-zero entry 1, in the 1-row is called the leading I for the first row.
By subtracting 2 times the 1-row from the 3-row (i.e., applying an elementary
row operation of type iii)), we obtain the matrix

1 -4 1 0 )
0o o0 -1 3 1
0 O 0 -3 —6

Now, let us forget the first row and let us modify the matrix in a similar
way we have done so far, starting from the second row. That is, starting from
the 2-row, we find the first column from the left containing a non-zero entry, in
our case the (2,3)-entry —1. Since this non-zero element is already in the good
position, we don’t need to interchange rows (elementary row operation of type
i). On the other hand, to obtain a leading 1 in the second row, we can multiply
the whole 2-row by —1 (elementary operation of type i:). This way we obtain

the matrix
1 -4 1 0 5

0 0 1 -3 -1
0 0 0 -3 -6

Now that we have the two first leading ones, et us do the same operation
starting from the third row. Starting from the 3-row, we find the first column
from the left containing a non-zero entry, in pour case the (3,4)-entry —3. As

26



before, let us multiply the 3-row by —% in order to create the leading 1 in the
third column, obtaining the matrix

—4
0
0

1 1 0 )
0 1 -3 —-1]. (3.11)
0 0 1 2

The matrix 3.11 is the augmented matrix of the system of linear equa-
tions 3.6. From what we have seen in the previous section, that means that
the system of linear equations in Equation (3.10) is equivalent to the system
of linear equations in Equation (3.6), and thus the two have the same set of
solutions.

A matrix is said to be in row-echelon form, and it will be called a row-echelon
matriz if the following conditions are satisfied:

1. All zero rows are at the bottom:;

2. The first non-zero entry from the left in each non-zero row is a 1, and we
call it the leading 1 of the row;

3. Each leading 1 is to the right of all leading 1s in the rows above it.

A row-echelon matrix is said to be in reduced row-echelon form, or is it called
a reduced row-echelon matriz if it satisfies as well the condition

4. Each leading 1 is the only non-zero entry in its column.

Example 3.15 The matrix 3.11 has is in row-echelon form but non in reduced
row-echelon form. All the other matrices in Example 3.14 are not in row-echelon
form.

The following matrices are in reduced row-echelon form

010 0 0 3
1 0 0 10 0 01 -1 0 2
01 0 O and 000 0 11
00 1 =3 000 0 0O
000 0 00O

The following result shown that given a system of linear equations we can
always find an equivalent easier system which can be solved using the back-
substitution (when a solution exists). The algorithm in the proof is called the
Gaussian Algorithm

Theorem 3.16 FEvery matrix can be carried, in a finite number of steps to a
row-echelon form (reduced, if desiderd), using a sequence of elementary row
operations.

Proof.|Gaussian Algorithm] Do the following steps until you obtain a (reduced)
row-echelon matrix.
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Step 1-1 Starting from the 1-row, find the first non-zero entry in the
first column from the left and interchange the corresponding row with the
1-row;

Step 1-2 Multiply the 1-row by a costant to create the first leading 1 in
the 1-row;

Step 1-3 Make each entry below the leading 1 to be zero by subtracting
multiples of the 1-row from lower rows.

Step 1-3b (to obtain a reduced row-echelon matrix) Make each entry
above the leading 1 to be zero by subtracting multiples of the 1-row from
upper rows.

Step 2-1 Starting from the 2-row, find the first non-zero entry in the
first column from the left and interchange the corresponding row with the
2-row;

Step 2-2 Multiply the 2-row by a costant to create the first leading 1 in
the 2-row;

Step 2-3 Make each entry below the leading 1 to be zero by subtracting
multiples of the 2-row from lower rows.

Step 2-3b (to obtain a reduced row-echelon matrix) Make each entry
above the leading 1 to be zero by subtracting multiples of the 2-row from
upper rows.

Step k-1 Starting from the k-row, find the first non-zero entry in the
first column from the left and interchange the corresponding row with the
k-row;

Step k-2 Multiply the k-row by a costant to create the first leading 1 in
the k-row;

Step k-3 Make each entry below the leading 1 to be zero by subtracting
multiples of the k-row from lower rows.

Step k-3b (to obtain a reduced row-echelon matrix) Make each entry
above the leading 1 to be zero by subtracting multiples of the k-row from
upper rows.

u

The algorithm presented in the proof of Theorem 3.16 can be implemented

in your favorite program language (Exercise).

Note that the way to carry a matrix to its reduced form is not unique. Indeed
one can obtain the same result by changing the order of some of the steps. That
means that, even though the algorithm always work, it is not necessarily the
most efficient one.
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Example 3.17 Let us prove that the following system has no solution

r+y = 1
r—2 = 2 (3.12)
y+z = 1

The reduction of the augmented matrix is

11 0 1 1 1 01
10 -1 2| —™ [0 -1 11
01 1 1) ferf-m 0 1 1 1

0 1

ii)

R2 — —R2

o~ |
—_
—_
—

iii)

Rg%Rg*RQ

i)

Cor oo oo~
S FPF orRr kR~
|
—_
|
—

R3 — %Rg

where at every passage we show which elementary row operation we are

applying: for instance L) means that we are using the elementary
R2 e R2 — R1

row operation of type 4ii) by subtracting once the first row to the second row.

The last row of the last matrix corresponds to the equation
Oz + Oy + 0z =1,

which is clearly never satisfied, no matter the choice of z,y and z. Since the
solution of the system must satisfy all equations, the system of linear equa-
tion corresponding to this augmented matrix, and thus the equivalent original
system, has no solution.

Example 3.18 Let us find all solutions of the following system of linear equa-
tions

r+y—2z = 3
2r—y = —4.
dr+2y+3z2 = -1

(Exercise)

Looking at the row-echelon reduction of the augmented matrix of a system of
linear equations, we can also determine if the original system has no solution, a
unique solution or infinitely many solution. Indeed, let us suppose that we have
a system of m linear equations in n variables, like the one in Equation (3.2),
and let A be its augmented matrix. If we reduce A to a row-echelon form R,
then we have the following cases

29



1. If there is a leading 1 in the last column, then the system of linear equation
has no solution (as seen in Example 3.17);

2. If there is no leading 1 in the last column, then the system has at least
one solution. We call the number of leading 1s the rank of the matrix,
and we denote it by rank (A). Note that the rank does not change under
elementary row operations, so rank (A) = rank (R). Moreover, since there
are no leading 1s in the last column, we have rank (a) < n. We can thus
distinguish two cases:

(a) If there is at least one solution and rank (A) = n, then the solution
is unique, and it can be found simply by back-substitution.

(b) If there is at least one solution and rank (A) < n, then the system
has infinitely many solutions (as in Example 3.14). In this case we
assign n — rank (A) parameters to the variable corresponding to the
columns without leading 1s, and we solve, again, by back-substitution
(see also Example 3.8).

This method is also called Gaussian elimination.
We can summarize what seen so far in the following theorem.

Theorem 3.19 For any system of linear equations there are exactly three pos-
sibilities:

1. The system has no solution.
2. The system has a unique solution.

3. The system has infinitely many solutions. Moreover, if n is the number
of variables and r is the rank of the augmented matriz, then the set of
solutions has exactly (n — r) parameters.

When it is clear from the context we will also call rank of the system the
rank of the associated augmented matrix.

3.5 Homogeneous systems

Let us consider a system of linear equations in which all the constant terms are
zero, such as the following one

a1171 + a12T2 + -+ apxy, = 0

a2121 + agexre + - +agpr, = 0
(3.13)

Am1T1 + QmaTo + - + appx, = 0

Such a system is called homogeneous. It is clear that when choosing 1 = z9 =
-+« = x, = 0 the equations are satisfied. Thus a homogeneous system has always
(at least) one solution, namely X = (0 0 --- 0). We call this solution the
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trivial solution of the homogeneous system. Any other possible solution with at
least one of the variables non-zero is called a non-trivial solution.

From what seen in the previous section we can prove the following result.

Theorem 3.20 If a homogeneous system of linear equations has more variables
than equations, then it has nontrivial solutions.

Proof. Let us consider a system of m linear equations in n variables and let
us suppose that n > m. Let A be the augmented matrix. We know that the
system has at least one solution, the trivial one. Since rank (4) < m < n, we
have, using Theorem 3.19, that the system has infinitely many solutions. L]

Example 3.21 Let us consider the following homogeneous system

T, — 2T + 4x3 — x4 +Dxg =
—2x1 + 4xo — Tx3 + x4 + 225 — 814
3x1 — 6x0 + 1223 — 324 + x5 + 1526
21’1 — 4:172 —+ 92133 — 3$4 —+ 3505 + 121‘6 =

I
cooco

The augmented matrix of this system is

1 -2 4 -1 0 5 0
-2 4 -7 1 2 -8 0
3 -6 12 -3 1 15 O
2 -4 9 -3 3 12 0

The (1, 1)-entry being the first leading 1, we proceed us in the previous section
to clean the rest of the 1-column and, after that, to find the other leading 1s and
continue with elementary row operations until we obtain a reduced row-echelon
matrix (Exercise)

1 -2 0 3 0 -3 0
0o 0 1 -1 0 2 O
0o 0 0 0 1 0 O
o 0 0 0 0 0 O

Thus the original system is equivalent to the following one:

561—2932+JC4—31‘6 =0
3’]371’44*23]6 = 0.
Irs = 0

The leading 1s in the augmented matrix correspond to the variables x1, z3 and
x5, and the rank of the system is 3. The other variables, i.e. xo,24 and xg
are called non-leading variables. To find the general solution we will associate
some parameters, let us call them s,¢ and u, to the non-leading variables. The
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general solution has thus the form

T 2s — 3t + 3u 2 ) 3
To S 1 0 0
x| t—2u . 0 1 -2
X = v | = " =s 0 +1 1 +u 0
Tg u 0 0 1
Let us denote

2 -3 3

1 0 0

0 1 -2

X1 = 0 5 Xg = 1 and X3 = 0

0 0 0

0 0 1

We call X1, Xo and X3 basic solutions of the system. The general solution X
is a linear combination of the three basic solutions, since

X = SX1 +tX2 +UX3
for any choice of s,t and .

We can generalize the previous example in the following theorem.

Theorem 3.22 Let us consider a system of homogeneous linear equations in n
variables and let us suppose that its rank is r. Then

o The Gaussian algorithm produces exactly n — r basic solutions;
e FEvery solution is a linear combination of these basic solutions.

Given a general system of linear equations we can associate to it a homoge-
neous system called simply by replacing the constant terms with zero. We will
refer to this system as the associated homogeneous system of the original one.

Example 3.23 Let us consider the following system of 3 linear equations in 4
variables

TG —2x9+x3+24 = 2
-1+ 20+ = 1. (3.14)
21’1 — 41‘2 + r3 = 1

A possible solution of the system 3.14 is

Xo =

= =0 O
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Note that this particular solutionis not, in general, unique and it is not always
easy to find.

As seen in the first section of the Chapter, we can rewrite this sytem of linear
equations as a single matrix equation

AX = B
where
1 -2 1 1 1 2
A=|-1 2 o0 1], x=|"], and B=|1
2 4 1 0 3 1
Ty

are respectively the coefficient matrix, the matrix of variables and the matrix
of constants of the system.
The associated homogeneous system is represented by the matrix equation

1 -2 1 1\ (" 0
-1 2 01 ? =10 (3.15)
2 —4 1 0 3 0

Ty

By reduction of the augmented matrix of the homogeneous system in a
reduced row-echelon form

1 -2 110 1 =2 1 1 0

1 2 010 —™ v fo 0 1 2 o0

2 —4 1 0 0 Ry — Ro + Ry 0o 0 -1 =2 0
Rs — R3s — 2Ry

1 =2 0 -1 0

i) 00 1 2 0

Ri —+ R1 — R 0 0 0 0 0

R3s — R3s — +2R>

we find that the general solution of the system 3.15 is

2 1
1 0
X =s 0 +1 _9
0 1

where s and ¢ are parameters representing arbitrary numbers.
The general solution of the system 3.14 is

0 2 1
0 1 0

X =Xo+sX1+tXs = 1 + s 0 +t 9]
1 0 1

with s and ¢ arbitrary numbers, Xy the particular solution seen before and
X1, Xs the basic solutions computed above.
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The previous example illustrate the following theorem.

Theorem 3.24 Let us consider the system of linear equations AX = B, and
let us suppose that Xg is a particular solution. Then

1. if X' is a solution to the associated homogeneous system AX = O, then
X = Xo+ X' is a solution to the system AX = B.

2. Every solution to the system AX = B has the form X = Xo+ X' for some
solution X' to the associated homogeneous system AX = O.

Example 3.25 Let us consider the system of linear equations

I1—2$2+2I3—I4 = 1
20y —4xo +3x3+ 24 = .
3xy —6x2+5x3 = 3

Using the Gaussian elimination and Theorem 3.24, we can write the general
solution to the system as the sum of a particular solution and the general solution
to the associated homogeneous system (Exercise).
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Chapter 4

Inverse of a Matrix and
Elementary matrices

As we did in Chapter 2, we will consider here matrices over R.

4.1 The Matrix Inverse algorithm

In Section 2.6 we defined the inverse of a square matrix A as the matrix B such
that
AB=1 and BA=1,

where B has the same size of A and [ is the identity matrix.

Example 4.1 Let us consider the matrix

A= (11 01> € My (R).

Let us prove that the inverse of A is its square A2. Indeed, the matrix A? is

given by
o (-1 =1\ (-1 =1\ [0 1
=7 9)GE 9)-(5 L)

while the matrix 43 is

s o4 (0 TN\ [/-1 -1\ _ (1 0\ _
A_AA_(l )l o)=l0 1)=0

Thus AA? = A3 = I and A?A = A3 = I, which prove the claim.

Finding the inverse of a given square matrix, when this exists, is not generally
a trivial task. In the following example we show how to use the tools from the
previous chapter in order to find the inverse of a matrix.
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Example 4.2 Let us consider the 2 x 2 matrix

a=(1 %)

and let us suppose that its inverse exists and has the form

(2 2)
r3 X4

for certains 1, xs, 3,14 € R.
Since BA = I, we have

Tr1 X2 2 =5 - 21’1 + X9 —5([’1 + 21}2 o 1 0
T3 T4 1 2 T \2x34+ 24 —Das+2z4)  \O 1)7
which is equivalent to the system of four linear equations in four variables

21’1 +xo =
—5.’E1 + 2ZC2 =
203+ x4 =
—d5x3 + 24 =

_ o o =

Using the Gaussian algorithm on the augmented matrix of the system, we can
find the equivalent matrix in reduced row-echelon form as follows:

2 1 0 01 1 3 0 0 3
-5 =2 0 0 0 i) -5 2 0 0 0
0 0 2 1 0 R1—>%R1 0 0 2 1 0
0 0 -5 21 0 0 -5 2 1
1 ¥ o0 o}

iii) 0 % 0 0 §

Ry — Ry + 5R; O 0 2 1 0

0 0 -5 2 1

13 0 03

i7) 01 0 O g

Rza%RQ 0 0 2 1 0

00 -5 2 1

10 0 0 2

ii4) 01 0 0 %

Rl‘)Rl*%RQ 0 0 2 1 0

00 =5 2 1

1 0 0 o 2

i) 01 0 O %

Rs — LRs 00 1 5 0

00 =5 2 1



1 000 §
iid) 010 0 3
Ry — Ra+5R3 0 0 1 é 0
000 5 1
1 000 §
i1) 010 0 3
R_,gRj 001 1 0
0 0 0 1 %
1 000 §
iit) 01 00 3

_
Rs — Rs — LRy 0010 —5
0 0 01 %

Thus we get the solution
X=(o m oo om)=(G § - 3.

One can check that considering the system of linear equations associated to the
matrix equation

AB — 2 =5 1 @2\ _ (2x1 —5m3 2x2—514\ (1 O 7
1 2 s x4) \ a1+ 223 o +224 ) \O 1)
one find the same solution (Exercise).
The (unique) inverse of A is thus the matrix

2 5
- (5, )30 Yeme

The following result gives us a method to compute the inverse of an invertible
matrix using the Gaussian Algorithm.

Theorem 4.3 (Matrix Inverse Algorithm) Let A be a square matriz. If
there exists a sequence of elementary row operations that carry A — I, then A
is invertible and this same sequence carries I — A~Y. Thus, applying the same
sequence of row operations on the matriz (A I), one has the reduction

(A ) (1 A,

Example 4.4 Let A be the matrix defined in Example 4.2. The reduction to
the reduced row-echelon form of the matrix (A I ) is the following

2 -5 1 0 i) 1 2 01
1 2 0 1 Ry ¢ Ry 2 =5 1 0
) 1 2 0 1
_
Ry — Ry — 2R, 0 -9 1 -2
ii) 1 2 0 1
i ’ 0 1 _1 2
Ry = —gR2 9 9
) 1 0 % %
Ry — Ry — 2R> 0 1 —% 9
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_ 2
Thus the inverse of the matrix (f 25> is the matrix ( 9

OINxo|Ut

1 ) (which we
9
already known from Example 4.2).

Using Theorem 4.3 we can find a formula to the inverse of an invertible
2 X 2-matrix.

Example 4.5 Let us consider the 2 x 2-matrix
a b
= (0 )
with a,b,c,d € R and ad — bc # 0. Then A is invertible and its inverse is the

matrix )
d —b
Al = .
ad — bc <—C a >

Indeed, by using the algorithm described in Theorem 4.3 we have the reduction

(Exercise)
d b
a b 1 0 . 1 0 £ -z
c d 0 1 0 1 -5 X
where A = ad — be is called the determinant of A. We also call the matrix
d -b
—c a

the adjoint of A (we will discuss more about determinants and adjoints later).
To double check we can also verify that

L fa b\ 4 (d —b
A4 N <c d> ad—be (—c a >
0, fa b\ [d —b
- ad=be \¢ d)\—-c a

1 ad — be 0 )

s\ 0 —cbtad
= 1
and
d -b a b
-1 — 1 .
ATA = —c a ) (c d)
_ 1 ad — bc 0
© ad=be 0 —be + ad
= I

Example 4.6 Let us consider the matrix

1 2 -1
A=12 3 -5
4 1 1
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Using the matrix inverse algorithm we can show that (Exercise) the inverse of
A is the matrix

1 -8 3 7
B = % 22 -5 -3
10 -7 1

To make sure that the answer is right it is enough to verify that AB = I and
BA=1.

If a matrix A is not invertible, then no sequence of row operations can carry
A — I. Hence the algorithm breaks down because a row of zeros is encountered.

Example 4.7 The matrix
1 2 -1
A=(2 3 3
4 7 1

has no inverse. Indeed, let us try the matrix inverse algorithm on A.

12 -1 100 1 2 -1 1 00

23 3 o010 —™ v (o -1 5 -—210

47 1 00 1 Rz — Ry — 2Ry 0 -1 5 -4 0 1
R3 — R3 — 4R,

) 1 2 -1 1 0 0

" v o1 =5 2 -1 0

Ry = —Ra 0 —1 5 —4 0 1

10 9 -3 2 0

" o o1 =5 2 -1 0

Ry — Ry — 2R, 00 0 -2 -1 1

R3s — Rs3s + R2

Since A will never be transformed to the identity matrix by elementary row
operations, A is not invertible.

4.2 Inverses and systems of linear equations

As we have seen at the end of Section 3.4, some systems of linear equations have
a unique solution. Here we show how to find such a solution.

Theorem 4.8 Let us consider a system of n linear equations in n variables and
let us suppose that we can write this system in matriz form as

AX =B.
If the n-square matrix A is invertible, the system has the unique solution

X =A"'B.
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Proof. Note that, since the system of linear equations has n equations and n
variables, then A has size n x n. Since A~! is well defined, and both A~! and
B has size n x 1, then X is also well defined and it has size n x 1. Thus the
system has at least one solution, namely X.

Moreover, since A is invertible, then we can use the matrix inverse algorithm
to reduce the matrix (A In) to (In A_l). Using the same sequence of row
operations we can thus reduce

A—1I,,
which implies that rank (A) = rank (I,,) = n. Thus, from what we have seen in
Section 3.4, the solution X is unique. n

Example 4.9 Let us consider the system of linear equations

20 -5y = 1
r+2y = 2°

The system can be written the a matrix equation

AX =B (4.1)

= 3). x-() 5=

From Example 4.2 we know that A is invertible and that its inverse is

2 5
A_l = (_91 8) .
9 9

Thus. multiplying both sides of Equation 4.1 by A~! we obtain

where

A71AX = A°'B
2 5 1
- (4 1)()
29+ ﬁ
X = 9 1 94
“sta
) - G
Yy 3
Hence, the solution of our system is x = % and y = %

Example 4.10 Let us consider the system of 3 linear equations in 3 variables

r+2y—z = 1
20 +3y—5z = 2 .
dr+y+z = -1

We can represent the system as the matrix equation

AX =B
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where

1 2 -1 x 1
A=12 3 =5, X=1y and B=| 2
4 1 1 Z -1

From Example 4.6 we know that A is invertible and that its inverse is the matrix

L (8 3 7
A7l = % 22 -5 -3
0 -7 1

Then the unique solution of the system is

L (-8 3 7 1 L (-
X=A"'B=—|[2 -5 -3 2 |l==—115],
26\ -7 1) \=1) 2\_;5
that is, we have
9 B 5
YT 79 YT e MY FT Top

4.3 Conditions for invertibility

The following result (given without proof) summarizes the relation between an
invertible matrix and the associated system of linear equations.

Theorem 4.11 Let A be a n-square matriz. The following conditions are equiv-
alent:

1. The matriz A is invertible.
2. There exists a matriz C such that AC = I.

3. The matriz A can be carried to the identity matriz I by elementary row
operations.

4. The system AX = B has a solution X for every choice of column B.
5. The homogeneous system AX = O has only the trivial solution X = O.

Some of the equivalence in the previous theorem can be proved by using the
definition of inverse and the results in Sections 4.1 and 4.2.
We can also give an extra result, without proof, for invertible matrices.

Theorem 4.12 Let A, C be two square matrices. If AC = I then CA =1 also.
Moreover, in this case, A and C are both invertible, C = A" and A = C~!

Using the previous theorem we can show that the only invertible matrices
are square. That is, if A is an m X n matrix, and AC = I,,, and CA = I,, hold
for some n X m matrix C, then m = n.

This is false if A and C are not square matrices.
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Example 4.13 Let us consider the two matrices

-1 1
1 2 1
A(l 1 1) and C=|1 -1

0 1
One has
-1 1
1 2 1 1 0
AC — ( ) R ( ) _ 1
1 1 1 0 1 01
but
-1 1 1 0 0
CA=11 -1 (1 ? 1): 01 0] =1Is.
0 1 0 0 1

Example 4.14 Let A, B be two square matrices and let us suppose that A3 =
B and that B is invertible. Then, using Theorem 4.12, we can prove that A is
invertible too (Exercise).

4.4 Elementary matrices

In Section 3.3 we defined the three types of elementary row operations on a ma-
trix. Similary, we call elementary column operations on a matrix the following
operations:

i) interchange two columns;
ii) multiply one of the columns by a nonzero number;

iii) add a multiple of one column to a different column.

Example 4.15 Let us consider the same matrix
1 1 1 2
A= (1 -1 1 0)

of Example 3.12. The three matrices

121 1 5 1 1 2 1 1 0 2
101 -1 \6 -1 1 0/ \1 =1 0 O

are obtained from A using respectively an elementary row operation of type i)
(interchanging column 2 with column 4), type i) (multiplying the first column
by 5), and type iii) (adding the second column to the third one).

A square matrix F that is obtained by doing a single elementary row oper-
ation or a single elementary column operation to the identity matrix I is called
an elementary matriz.

We say that E is of type i), i) or iii) when the correspoding row or column
operation is of type ), i) or iii).
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Example 4.16 The matrices

00 1 1 0 0 1 00
Er=[0 1 0|, Ba={0 % 0| and Es=[0 1 0
100 00 1 2 0 1

are elementary matrices of type i), i¢) and #ii) respectively, obtained by per-
forming the following row operations on the 3 x 3 identity matrix I3:

7 i (&%)
I—2 s 1 —" B and T— R
Ry < Rs Ro — %Rg Rs — Rs — 2Ry

Theorem 4.17 Every elementary matriz E is invertible, and E~' is the ele-
mentary matriz (of the same type of E) obtained from I by the inverse of the
operation that produces E from I.

Example 4.18 Let us consider the three elementary matrices Fq, F5 and Ej3
seen in Example 4.16. Then we can find their inverses El_l, E2_1 and E3_1
(Exercise).

The left multiplication by an elementary matrix of a certain type is equiva-
lent to a corresponding elementary row operation of the same type.

Example 4.19 Let us consider the matrix

2 2 2 0
A=10 3 -2 0
11 1 0

Interchanging the 1-row and the 3-row (elementary row operation of type 7))
can be performed by multiplying A by the matrix E; in Example 4.16. Indeed

0 0 1 2 2 2 0 11 1 0
EiA=(0 1 0 03 -2 0)]=1(0 3 =2 0
1 0 0 11 1 0 2 2 2 0

Subtracting 2 times the 1-row from the 3-row in the previous matrix (elementary
row operation of type iii)) can be done by multiplying F; A by the matrix Ej
in Example 4.16. Indeed

1 0 0 11 1 0 11 1 0O
Es(EyA)=( 0 1 0 03 -2 0]=10 3 -2 0
-2 0 1 2 2 2 0 00 0 O

Multiplying the 2-row by % in the previous matrix can be done by left multipli-
cation by the matrix Fs in Example 4.16. Indeed

1 00)/11 1 0 11 1 0
Ey(EsEiA)=(0 & 0] |0 3 =2 0)=(0 1 -2 0
00 1/\0 0 0 0 00 0 O
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Thus we can get an equivalent matrix to A in row echelon form by multiplying
on the left by (E;FE3FE7;). We can also obtain a reduced row-echelon form of A
by left multiplying F2E3E1 A by the elementary matrix of type 4i4)

B 1 -1 0
Esy=10 1 0},
0 0 1
indeed
B 1 -1 0\ /1 1 1 0 10 2 0
EsE,EsE1A= |0 1 0)f0 1 =2 o]=(0 1 -2 0
00 1/\o0 0 O 00 0 0

Similarly, the right multiplication by an elementary matrix of a certain type
is equivalent to a correspoding elementary column operation of the same type.

Example 4.20 Let us consider the matrix
5 0 1
A= <0 2 —1> '
Interchanging the first column with the third column (elementary column op-

eration of type i) corresponds to multiply A on the right with the matrix E; of
Example 4.16. Indeed

0 0 1
5 0 1 1 0 5
am = ( N1 o)=( ).
0 2 -1 10 0 -1 2 0

Subtracting 5 times the 1-column from the 3-column in the previous matrix
(elementary operation of type iii)) can be performed by right multiplication by
the elmentary matrix of type i)

Indeed

o
I

10 -5
1 05 1 00
<AE1>E3_(1 2 0> 8 (1) <1 2 5>'

Multiplying the 2-column of the previous matrix by % is done by right multi-
plying AF; E3 by the elementary matrix of type i)

1
Ey=10
0
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Indeed

1
UEE)E =1 2 9o
-1 2 5 0

oNi= O
= O O

RER

By right multiplying AE; E3F5 by the elmentary matrices of type #ii)

. 1 00 A 1 0 0
Es=11 1 0 and E3=|0 1 -5]1,
0 0 1 0 0 1
we obtain the matrix
o 1 0 0 1 0 0 .
(AE\E3ES)EsEs = ( > 1 1 0] E;3
-1 1 5
0 0 1
1 0 0 100
= 01 5 0 1 -5
0 0 1
_ 1 0 0
o 01 0/

This matrix is called a reduced column-echelon form of A. Its transposition

10
(AE\EsEyEsEs)T = [0 1
0 0

is in reduced row-echelon form.

The previous examples can be generalized in the following result.

Theorem 4.21 Let us consider two matrices A, B and let us suppose that there
exists a series of row operations carrying A — B. Then

1. There exists an invertible matriz U such that B = UA.

2. U can be constructed by performing the same row operations carrying A
to B on the double matriz (A I), that is

(A I)— (B U).

3. U= Ey---E3Ey, where E1,Es, ..., Ey are the elementary matrices cor-
responding in order to the row operations carrying A to B.

Example 4.22 Let us consider the matrix

2 2 2 0
A=10 3 -2 0
11 1 0
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seen in Example 4.19. We have seen that this matrix can be carried to the
matrix

by a series of elementary row operations, and that B = UA where
U = E3F2E3Fy
is an invertible matrix with |, F5, F5 and Eg elementary row matrices.

Example 4.23 Let us consider the matrix

3 -2 5
A= <1 -1 0) ’
Using Theorem 4.21 we can find an invertible matrix U (with its decomposition
in elementary matrices) and a matrix B in reduced row-echelon form such that
B =UA (Exercise).

4.5 Elementary matrices and rank

Combining Theorem 4.21 with Theorem 4.3 we obtain that the inverse of an
invertible matrix can be written as a product of elementary matrices.

Example 4.24 Let us consider the invertible matrix

=7 )

A possible reduction of A is reduced row-echelon form is the following:

2 1 i) 1 -1
1 71 Ry < R2 2 1
) 1 -1
Ro — R2 — 2R, 0 3
i1) 1 -1
ey
Ry — éRQ O 1

) 1 0
_
Ri — Ry + R2 0 1

The elementary matrices corresponding to the previous elementary operations
are, in order:

0 1 1 0 1 0 1 1
E1 = <1 0) ; E2 = (2 1) s Eg = (O 1) and E4 = (0 1) .
3
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From Theorem 4.21 we thus have I = A~1 A, where

o (1 1\ /1 0\/1 O0\/0 1\ 1/1 1
A _E4E3E2E1—(0 1) (0 é) (2 1> (1 O>_3 1 -2/°

Note that we can also write A as a product of elementary matrices. Indeed,
since A = (A’l)fl, we have

A = (BE4EsEyE) ' = ETYE;'E7VES!
0 1\ /1 0\ /1 0\/1 -1
1 0/\2 1/\0o 3/\o 1

If we combine row operations and column operations, we can get a simpler
for of any matrix.

Theorem 4.25 Let A € M., ,, (R) be a matriz of rank r. Then there exit two
invertible matrices U € My, m (R) and V € M,, ,, (R) such that

Ir Or,n—r
vAV = (Omr,r Omr,nr)

@)

or, for short and when the size is clear from the context, (IOT O)' Moreover,

the matrices U and V' can be computed using the Gaussian Algorithm as follows:
(A In,)— (R U),

where R is a reduced row-echelon matriz; and

T I, O\" T>
(R zn)ﬁ<(0 O) 7).
Proof.[Idea] Let us give an idea of the proof.

First, we use a similar idea as the matrix inversion algorithm. We add
the m x m identity matrix to the right side of A to get the m x (m + n)
matrix (A Im). Using the Gaussian algorithm we can perform a sequence of
elementary row operation and obtain (R U ), where R is a reduced row-echelon
matrix, equivalent to A, and U is the multiplication of the elementary matrices
corresponding to the elementary row operations, according to Theorem 4.21.
I, O
O O
we procede in a similar way. We add the n X n identity matrix to the right
side of RT, and doing a sequence of elementary row operations we obtain a

T
matrix of the form ((I O) VT>. From Theorem 4.21 it follows that V'

If R is not already in the form ( , we consider its transpose RT and

-
O O
corresponds to the multiplication of the elementary matrices corresponding to
the elementary column operations.
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Since we have that R = U A in the first step of the theorem, then we also

have (always using Theorem 4.21)

1. o\"
( : ) =VIRT =vT(WUwA)T =vTATUT = (UAV)T,

O O

Recalling that for any matrix B we have (BT)T = B, we can conclude that

I. O
)

Example 4.26 Let us consider the matrix

A=|[-1 2 -1 1

Let us use Theorem 4.25 to show that rank (A) = 2 and that there exist two

matrices U, V such that

(I, O
wav= (1 9)

Let us first consider the reduction (A 13) — (R U) as in the first step of

Theorem 4.25.

1 -2 3 1 1 0 0
1 2 11 o010 —™ |
2 -4 5 1 0 0 1 Ry — Ry + Ry
Rz — Rs — 2Ry
) 1
33 0
Rz*}%Rz 0
iii)
_
R1—>R1—3R2
R3s — Rs + R2
Thus we have
1 -2 0 -2 —3
R=|(0 0 1 1 and U=| 2
0 0 0 0 —3

o= O

o=

N |—
W

Note that here the reduced row-echelon matrix R has a unique form, while U

may have different forms.

Moreover, since R has two leadings ones, we have rank (A) = rank (R) = 2.
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Using the second step of Theorem 4.25, that is the reduction of (RT 14),
we obtain:

1 0 0 1 0 0 O 1 0 0 1 0 0 O
-2 0 0 01 0 0 ii4) 0 0 O 2 1 0 0
0 1 0 0 0 1 0 Ry — R + 2R1 0 1 0 0 0 1 0
-2 1 0 0 0 0 1 Ra — Ra + 2R 01 0 2 0 0 1
1 0 0 1 0 0 O
# 0 1 0 0 01 0
R 0 0 O 2 1 0 0
2 < R3
01 0 2 0 0 1
1 0 0 1 0 0 O
) 0 1 0 00 1 0
Re — Ra— Ry 0 0 O 2 1 0 0
0 0 O 2 0 11
I, Oz, T
= ’ |4
(<02,2 02,1)
where
1 0 2 2
0 01 O
V= 01 0 -1
0 0 0 1

Note that the reduced row-echelon matrix I ’
O22 021

unique form, while V' may have different forms.
Finally, one can check that we actually have

—%—301—23138?3 1 000
1%0—12—110101—0100,
B - -

503 Y \2 -4 5 1)\, 0000
that is

I, O
UAV = “).
<O1,2 01,2>

Example 4.27 Following the previous example, let us show that given the

matrix
3 =3 6
A= <1 -1 1)

100
UAV_(O 1 O)

for two invertible matrices U,V (Exercise).

we can write
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Chapter 5

Determinant and
Diagonalization

5.1 Determinant

In Example 4.5 we defined the determinant of a generic 2 x 2-matrix
a b
=0 0)

det (A) = det (‘c‘ 2) = ad — be.

as

In this section we define the determinant of a generic square matrix and we
show how to compute it.

To define the determinant, we give a recursive definition, that is we give
a definition for a base case, here for a 1 x 1-matrix, and then we define the
determinant of a n X n-matrix using the determinant of a (n — 1) x (n — 1)-
matrix.

e Let A= (a) € My (R). Then det (A) = a.
e Let A = (ai;) € My (R). Then
det (A) = a11C11(4) + a12C12(A) + - - - + a1, C1n (A4), (5.1)
where C;;(A) is called the (7, j)-cofactor of A and it’s defined as
Cij(A) = (—1)"*det (4y),

for each ¢ and j, where A;; is the (n — 1) x (n — 1)-matrix obtained from
A by delating the i-row and the j-column. We also call (—1)**/ the sign
of the (i, j)-position in A.
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Equation (5.1) is called the Laplace expansion, or cofactor expansion, of A
along the 1-row.

Example 5.1 The definition of determinant is consistent for 2 x 2-matrices.
Indeed we have

det (Z Z) =a-(=1)"*"det (d) +b- (~1)"** det (c) = ad — be.

Example 5.2 Let us find the determinant of the 3 x 3-matrix

aix a2 ais
A= |aa a2 a
azi asz ass

Using Equation (5.1) we have
det A = a11011(A) + a12C12(A) + a13C13(A).

From the definition of cofactor, it follows that

C11(A) = (=)' det (A1) = (=1)*det (a22 Zzz) = (22033 — (23032,

a32

Clg(A) = (—1)1+2det (A12) = (—1)3 det (221 a23) = —(a21a33 — a23a31),
31 ass3

C13(A) = (—1)"*3det (A13) = (—1)" det (a21 a22> = a21a32 — (22031.
asy  asy

Thus, we have

det A = 011(022033 - 1123@32) - a12(a21a33 - a23a31) + a13(a21032 - a22031)
= (11022033 — (11023032 — 12021033 + 012023031 + Q13021032 — (13022031 -

Example 5.3 Following the previous example we can find the determinant of
the matrix
1 -2 0
A=|-1 1 2
5 0 3
(Exercise).

When we have a lot of zeros, especially in the first row, the computation is
easier.

Example 5.4 Let us compute the determinant of the matrix

0 ai12 0 0

a1 0 0 0
A= 0 0 ass 0
0 0 0 aq4



By definition we have

a1 0 O
det (A) = CL12(—1)1+2 det 0 ass 0
0 0 Qaqq
Let us now consider the 3 x 3-matrix
a1 0 0
B = 0 ass 0
0 0 aqq

Its determinant is given by

0
det (B) = agi (—1)""" det <a83 a44> = a1 - 1 (a33044) = G21033044.
Thus, we finally have

det A = a2 - (—1) : (a21a33a44) = —Q12021033044.

In the definition of determinant we considered the cofactor expansion along
the first row. The following important result show us that we can compute it
in a different way.

Theorem 5.5 (Laplace Expansion Theorem) Let A be a square matriz.
The determinant of A is equal to the cofactor expension along any row or column

of A.
Example 5.6 Let us consider the matrix

-1

[N
o oo

oo wo
00 N~ W

A smart way to compute det (4) using a cofactor expansion along the rows and
the column having the bigger number of zeros. Let us thus start by doing the
cofactor expansion along the 4-row.

-1 0 3 2 0 3
det(A) = 4-(=D*tdet| 0 5 7| +0-(=1)**2det |1 5 7
9 0 2 7 0 2
2 -1 3 2 —1 0
+0 - (—=1)43 det (1 0 7) +8- (—=1)***det (1 5
79 2 7 0
-1 0 3 2 -1 0
= —4det| 0O 5 7| +8det|1l 0 5].
9 0 2 79 0
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Applying the cofactor expansion along the 2-column of the first matrix and
along the 3-column of the second matrix we obtain respectively:

-1 0 3 13
det| 0 5 7 :5-(—1)2+2det< ):5(—2—27):—145
9 2
9 0 2
and
2 —1 0 5 1
det |1 0 5] =5-(=1)2"det = —5(18 4+ 7) = —125.
709
79 0
Thus

det (A) = —4 - (—145) + 8- (—125) = —420.

The following results easily follows from Theorem 5.5

Corollary 5.7 If a square matriz A has a row or a column of zeros, then
det(A) = 0.

Example 5.8 Let us consider the matrix

1 2 3
A=10 0 O
1 -1 1

Then, using the cofactor expansion along the second row, we find

2 3 1 3 1 2
det(A)——O~det(_1 1)+O-det<1 1)—0~det<1 _1>—0.

5.2 Elementary operations and determinants

Because of its recursive definition, it is often hard to compute the determinant.
Using elementary operations we can create more zeros in a matrix, but these
operations will change the determinant. Let us see how.

Theorem 5.9 Let A € M, ,, (R) be square matriz.

(1) If B is obtained from A by interchanging two different rows (elementary row
operation of type i)) or two different columns (elementary column operation

of type 1)), then
det(B) = —det(A).

(2) If B is obtained from A by multiplying a row (elementary row operation of
type i) ) or a column (elementary column operation of type ii)) by a number
k, then
det(B) =k - det(A).
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(8) If B is obtained from A by adding a multiple of some row of A to a different
row (elementary row operation of type iii)) or a multiple of some column of
A to a different column (elementary column operation of type iii)), then

det(B) = det(A).

The proof of the previous theorem is not hard, but its out of the scope of
this course.

Example 5.10 Let us consider the matrix

1 2 -1
A=12 3 3
4 7 0

Because of point (3) of Theorem 5.9, we know that the determinant does not
change if we subtract twice the 1-row from the 3-row and the 2-row from the
3-row, so

1 2 -1 1 2 -1
det(A)=det |2 3 3 | =det|{2 3 3
2 3 2 00 -1

Thus, using Theorem 5.5 we have
det (A) = —1-(—=1)3%3 det @ g) =—(1-3-2-2)=1.

Example 5.11 Following the previous result we can compute the determinant
of the following matrices:

1 2 _1 161Laa
A=12 3 3| and B=|" ‘l‘a
A7 1 a a a
a a a 1

(Exercise).

5.3 Some properties on determinants
The following result easily follows from point (2) of Theorem 5.9.

Theorem 5.12 Let A € M,,,, (R). Then for any number k € R
det(kA) = k" det(A).

Example 5.13 Let us consider the matrix

()l )

det (A) =4 —24 = —20 =2 (1 —6).

Then
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The determinant of diagonal and triangular matrices is quite easy to com-
pute.

Theorem 5.14 If a square matriz is triangular, then its determinant is the
product of the entries of the main diagonal.

Proof.[Idea] Let us consider an upper triangular matrix A € M,, ,, (R), that is
a matrix of the form

a171 0 e 0 O
* g2 - 0 0
A=
* * o Ap—1,n-—1 0
* * * Gnn

where the * represent arbitrary real numbers. Then, by considering recursively
the Laplace expansion along the first row, we find that

det (A) =0a1,101,2 " Ap.n-

)

Example 5.15 Let us consider the matrix

1 2 -1 5
0o -1 7 4
A= 0o 0 2 2
0o 0 0 =3

The matrix is (lower) triangular. Then, by Theorem 5.14 we have
det (A)=1-(=1)-2-(=3) =6.

Column operations from a matrix A a to a matrix B can be accomplished
by doing the corresponding row operations from AT4 to BT, then take the
transpose to BT back to B. The following theorem tell us that transposing a
matrix does not change its determinatn.

Theorem 5.16 Let A € M,, ,, (R). Then
det (AT) = det (A).

Example 5.17 Let us consider a matrix
1 2
=3
r (1 3
(19,

det (AT) =1-4-3-2=-2=1-4-2-3=det(A).

and its transpose

Then
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Theorem 5.18 Let E be an elementary matrix.
1. If E is of type 1) then det(E) = —1.

2. If E is of type ii) and is obtained from I by multiplying a row (or a column)
by a number k, then det(E) = k.

3. If E is of type iii), then det(E) = 1.

Proof. In this proof we will consider elementary matrices obtained from I,
with n € N, using a row elementary operation. The case of matrices obtained
by elementary column operations can be proved in a symmetric way.

1. Let us first consider the case of an elementary matrix of type i). Let 4,7

with 1 < 4,5 < n be such that I L) E. Let us prove our result by

R <& R]‘
induction on n. If n = 2, then necessarly we

01
#=(1 o)
and det (F) = —1.

If n > 2 then, we have

1 7 7 n

1 0 0 0 0\ 1

0 1 0 0 0

0 O 0 1 01 ¢
E= )

0 0 1 0 01l s

0 O 0 0 1/ n

Let k # 4,j. Then the (k, k)-entry of the matrix is 1 while for all h # k,
the (k, h)-entry of E is 0 (that is, the k-row has zeros everywhere except
at its k-th position). Using Theorem 5.5, we can consider the cofactor
expansion of E along the k-row and obtain

det (E) = (=1)*%.1.det (Akk) + Zh;&k(_l)k+h -0 - det (Ag.n)
= det (Ak,k') ,
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where Ay . is of the form

1 i Vi n—1

1 0 0 0 0 1

0 1 0 0 0

0 0 0 1 0 i
Ap i = ]

0 0 1 0 0 L

00 -+ 0 --- 0 ... 1 n—1

for certains 1 < ¢’,j" < n — 1. Note that Ay is an elmentary matrix of
size (n—1) x (n—1) and that it can be obtain from I,,_; by the elementary
row-operation

i)
Iy ——— Apg.
Ri’ <> R]-/

By inductive hypothesis det (Ag = 1). Thus det (E) = 1 as well.

2. Let us now consider the case of an elementary matrix of type ii). Let 4

and k, with 1 < i <n and k # 0 be such that I L E. Then, we

Ri — kRi

can prove that det (E) = k (Exercise).

3. Let us finally consider the case of an elementary matrix of type iii). Let

i, andkwithlgi,jgnandeRbesuchthatI—“)—%E.
R]’*)Rj%*kRi

Then, we can prove that det (F) = 1 (Exercise).

Example 5.19 Let us consider the three elementary matrices of Example 4.16.
We have

1
det (F1) = —1, det(FEy) = 3 and det (E3) = 1.

The following important result tell us how to compute the determinant of
the product of two matrices.

Theorem 5.20 (Product Theorem) Let A, B € M,,,, (R). Then
det (AB) = det(A) det(B) .

Proof. Let us first consider an elementary matrix E € M,, ,, (R). We know, from
Section 4.4 that the matrix B = E A represents the matrix A after we apply an
elementary row operation and that the matrix C' = AF represents the matrix
A after we apply an elementary column operation. Combining Theorem 5.9
andand Theorem 5.18 we have that:
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e If E is of type i), then det (F) = —1. Moreover, B is obtained from A by
interchanging two different rows and the matrix C' is obtained from A by
interchanging two columns. Thus

det (FA) = det (B) = —det (A) = det (E) det (4)

and
det (AF) = det (C) = —det (A) = det (A) det (E) .

o If E is of type i), then det (E) = k for a certain number k& # 0. The
matrix B is obtained from A by multiplying all elements of a certain row
by k, while the matrix C is obtained from A by multiplying all elements
of a certain column by k. Thus

det (FA) = det (B) =k - det (A) = det (E) det (A)

and
det (AE) =det (C) =k - det (A) = det (A) det (E)

e If E is of type ii), then det (E) = 1. Moreover B is obtained from A by
adding a multiple of some row of A to a different row, while C' is obtained
from A by adding a multiple of some column of A t a differenc column.
Thus

det (EA) = det (B) = det (A) = det (F) det (A)
and
det (AE) = det (C) = det (A) = det (A) det (E).

By Theorem 4.25, we know that there exists two invertible matrices U,V €

M, (R) such that
I, O
vav=(g o).
with 7 = rank (A). Moreover, from Section 4.5, we know that there exists
elementary matrices Ey, Es, ..., E,, Ey, Ea, ..., E, such that

U:E1E2~'-Ep and V:E1§2-'~Eq.

Thus one has

I, O
_ —1 (4r -1
4 =0 (0 O)V
_ a1 (L O\ = e
= Ep1-~E21E11(O O>Eq1--~E21E11.

Note that By, Byt ..., E ETYLESY, Eq_l are also elementary matrices.
If rank (A) < n, then

det (AB) = det (Epl.-.E21E11 (g 8 E;'---Ey'E'B
- det(E;l)---det(El)det(Ell)det<(g g)Eq—l---EQ@HB)
= det (Ep_l)---det (E_l) det (El_1 -0

)



where the third equality follows from Corollary 5.7 and the fact that in the
matrix
L O\ #1  mo1ma
(O O) E; ---Ey E "B
the last n — r rows (and the last n — r columns) are zero rows (zero columns).
If rank (A) = n, then
det (AB) = det (Ep—l By 'ECMLE E;lﬁle)

= det (E; ) -det (E; ") det (I,,) det (Eq’l) - -det (El_1> det (B)

— det (E;'- By 'BMLE E;E;l) det (B)

= det(A)det (B).

Example 5.21 Let us consider the two matrices
1 2 3 2
A= (2 _1> and B = <2 3> .

7 8
4 1

Then

det (AB) = det ( > = —25=—5-5=det (A)det (B)

We give the following result without proof. However the second point is easy
to prove (Exercise).

Theorem 5.22 Let A € M,, ,, (R). Then
1. A is invertible if and only if det(A) # 0.

2. If A is invertible, then det (A’l) = m.

Example 5.23 Let A, B € M,, ,, (R) and let us suppose that
det (A) =2 and det(B)=-3.
Using the previous theorems we can compute det (2A3B*1ATBQ) (Exercise).

Let A € My, (R) and B € M, 4 (R) be two matrices. We call block upper
triangular matriz a matrix of the form

(6 5)

where X is is a matrix of size m x ¢ and O = O,,,,. A blok lower triangular
matriz will be defined in a symmetrical way.
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Theorem 5.24 Let A and B be two square matrices, possibly of different size.
Then

det (g g) — det(A) det (B)

and
A O
det (X B) = det(A) det(B).

Proof. Let us consider rhe block upper triangular matrix. We can decompose it

) (43935

From the Product Theorem we know that

A X I O A X
det(O B)det(O B>det<0 I)'

By repeated cofactor expansions it is easy to see that

I O A X
det(O B)—det(B) and det(O I>—det(A).

To prove the result for the block lower triangular matrices we can take the
transpose and use Theorem 5.16. n

Example 5.25 Let

1 2 a b c
2 5 d e f
A=10 0 2 -1 0
001 2 1
00 0 1 2
We have
1 92 2 -1 0
det(A)det<2 5)det 1 2 1]=1-8=8.
o 1 2

5.4 Cramer’s Rule

Let A € M, (R). We define the adjoint of A the transpose of the matrix of
cofactors:

adj (A) = (Ci;(4))".

Note that adj (A) is also a n x n-matrix. When it is clear from the context, we
will write C; ; instead of C; ;(A).

61



Example 5.26 Let us consider the matrix

3 0 -1
A=114 7 3
-2 8 5

Its adjoint is the matrix:

Ciip Cia Cig
adj (A) = 02 1 02 2 02,3
C31 C32 C33
Cin Con Csy
= [Ci2 Caa Cspo
Ciz Cy3 Csg3

11 -8 7
= -26 13 —13
46 —-24 21

Example 5.27 Let us consider a generic 2 X 2-matrix

a b
A= ( d) |
Its adjoint is the matrix

T T
. o Cl,l 0172 o d —C o d —b
ad‘] (A) o (02’1 02’2 o —b a o —C a ’
Using the Laplace Expansion Theorem, we can obtain the following result.
Theorem 5.28 (Adjoint Formula) Let A be a square matriz. Then
1. A-adj(A) =det(A)I =adj(A)- A.

2. If det (A) £ 0, then A" = g adj(A).

Example 5.29 Let us consider the matrix

3 0 -1
A=114 7 3
-2 8 5

Its determinant is

7 3 4 7
det(A)3det(8 5>det<_2 8)3.111.4613,

while its adjoint is

T

11 —26 46 1m -8 7
adj(A) =[-8 13 —24| =[-26 13 -13
7 13 21 46 —24 21
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Thus the inverse of A is the matrix

(1 -8 T
A7l = -3 —-26 13 —13
446 —24 21

If Ais an X n-matrix and B is a n X 1-column, then let us set A;(B) the
n X n-matrix obtained from A by replacing the i-column by B.

Theorem 5.30 (Cramer’s Rule) Let us consider the system of linear equa-
tions AX = B, where A is invertible. If

Ty
€2
X =
Ty,
where x1,%o,...,T, are the variables, then
det (A;(B .
= M for eachi=1,2,... n.

T T et (A)

Example 5.31 Let us consider the system of linear equations

5$1 — 7$2 + 8933 = 23
2x1 + 6292 — 923 = 61 .
—x1 —4xo+3x3 = 19
The matrix
5 =7 8
A= 2 6 -9
-1 -4 3

is invertible since its determinant is
det (A) = —127 #£ 0.

To find x5 let us consider the matrix

5 23 8
A(B)=|2 61 -9
-1 -19 3

Since det (A2(B)) = 313, we have

_det(4x(B) _ 313

det (4) 127
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Example 5.32 Let us consider the system of linear equations

3l‘1 — X3 = 1
4581 + 7$2 + 31’3 = 0.
—2.’E1 + 81’2 + 51’3 = 1

Using the Cramer’s Rule we can find the solution (Exercise)

Z1
X = T2
T3

5.5 Diagonalization

Let us recall from Section 2.7 that a n X n-matrix D is called a diagonal matrix
if all its entries off the main diagonal are zeros; that is, fi D has the form

M 0O -0
0 X - 0
D= . . . :diag<)\1,)\2,...,)\n),
0 0 - A\
where A1, Ag, ..., A, are numbers. These numbers are not necessarly reals (we

will see an example later), so, instead that in R, let us suppose that \; € C for
all 7.

A n-square matrix A is called diagonalizable if there exists an invertible
matrix P € M, , (R) such that P"'AP = D is diagonal. In this case, the
invertible matrix P is called a diagonalizing matrixz for A.

Diagonalization is one of the most important ideas inlinear algebra. One of
its uses is to give us an efficient method to calculate powers A, A2, A3,... of a
square matrix A.

Theorem 5.33 Let A be a diagonalizable matriz. Let us suppose that P is a
diagonalizing matriz and D = P~YAP. Then, for any k € N one has

AF = pDFp—1.

Proof. (Exercise) n

Example 5.34 Let us diagonalize the matrix

1 1 1
A=(0 2 -1
0 -3 0

By definition, we need to find an invertible matrix P such that

M0 0
P'AP =0 X 0 | =diag(\i, A2, A3),
0 0 X
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for certain numbers A1, Ag, A3. Let us set

P=(X: Xo X3)

where
x1 Y1 Z1
Xi=z2]|, Xo= |1 and X3 = | 2o
z3 Ys Z3

This is equivalent to find X7, Xo and X3 such that

11 1 T oy oz (A 000
0 2 -1 (Xl XQ Xg) = Ty Y2 22 0 )\2 0
0 -3 0 T3 Y3 23 0 0 X

AT1 A2l A3z
= | M2 Aoy A3z
)\1333 )\ng )\3333

Comparing columns, it shows that P"'AP = diag (A1, A2, A\3) if and only if
AX; = \X; for i = 1,2,3. Moreover, if we want that P = (Xl X X3) is
invertible, we need to make sure that X; # O.

In the following, we begin to find A and X # O such that AX = AX. This
is equivalent to asking that the homogenous linear system

(A= X)X =0 (5.2)

has a nontrivial solution X # O. Using the Gaussian algorithm we reduce the
matrix (A — Al3) into a (reduced) row-echelon form B which is equivalent to
left multiplication by a certain invertible matrix, say U, that is we have

U(A—-\;3)=B.
By the Product Theorem we have
det (U) det (A — AI3) = det (B).
Since det (U) # 0 (the matrix is invertible), we have
rank (A — AI3) =rank (B) <n < det(B)#0 < det(A—A3)=0.

Then we compute the determinant of A — A3

det (A—A5) = det| 0 2—-x -1



For the equation det (A — Al3), we obtain three solutions which are
/\1:1, )\2:7 and )\3:3

Then, we substitute each A; into the Equation (5.2) to fin a basic solution for
each equation. For example, we solve

0 1 1 x1 0
(A-MI5H)X=(0 1 -1 x| =(0] =0,
0 -3 -1 x3 0
which is equivalent to solve
0 1 1 X1 0
0 0 1 z2 | =10
0 0 0 T3 0

We thus get
X=s (1 0 0)

where s is an arbitrary number. We can use the basic solution
X;=( 0 0)

which is not a trivial solution as our solution corresponding to A\; = 1. Similarly,
we can get

Xo=(-2 1 3) and X3=(0 -1 1)

corresponding respectively to to Ay = —1 and A3 = 3. Note that here X7, X5, X3
can be arbitrary nonzero solutions corresponding to Aq, Ao, As.
Thus we can solve the equation

P7'AP = diag (A1, M2, A3) < AP = Pdiag (A1, A2, A3)
by obtaining

1
P(X: X X3)=(0 1 -1],
0

and
diag (A1, A2, A3) = diag (1, -1,3).

Using the Matrix Inverse Algorithm we can find

1 =2 0 10 0 10 -2 1 2 0
o1 -1 010 —™ 1 -1 0 1 0
03 1 00 1 Ry - Ry + 2R, 00 4 0 -3 1

R3s — R3 — 3R>

10 -2 1 2 0

L) N 01 -1 0 1 0

Rs — Rs 00 1 0o -3 2
1 00 1 i 1

0 010 o I I}
Ry — Ry + 2R3 0 0 1 0 _% %

Ros — Ro + R3
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Thus P is invertible and

1 1 1

. i 2
A FOE A
0 -3 1

In conclusion, we have

—_

1
P'AP= |0 %
3

4

o
[N}
I
—
()
—
|
—

= diag(1,-1,3).

o
NN NI
jan}

|

w

jan)}

o

w

—

We can generalize the previous example to an n X n-matrix. Finding P
such that P1AP is a diagonal matrix is equivalent to find n column vectors
X1, Xo,..., X, and n numbers A1, Aa, ..., A, such that

AX; =\ X; foreach i=1,2,...n.

Moreover, if P = (X 1 Xo - Xn) is invertible, A is diagonalizable.

5.6 Eigenvalues and Eigenvectors
Let A € My, (R). A number X is called an eigenvalue of A if
AX =X

for some column X # O. Such a nonzero column X is called an eigenvector of
A corresponding to the eigenvalue \.

Note that the condition AX = AX is automatically satisfied if X = O, so
the requirement that X ## O is critical.

The characteristic polynomia ca(x) is defined by

ca(z) =det(xl — A).
A number A is called a root of the characteristic polynomial c4(z) if ca(N\) = 0.
Note that c4(A) = 0 if and only if —c4(A) = 0. For this reason, in the

following we will work indifferently with both equations det (xI — A) = 0 and
det (A —AI)=0.

Example 5.35 Let us consider the matrix



Its characteristic polynomial is

calz) = det(zl— A)

= aa(a(s 9)-(0 )
= (5 9)-(3 1)

-5 2
i R
= (z—=5)(z+1)—2(—4)
= 22 —4x+3
= (z-1)(z—3).

The two roots of the characteristic polynomial are thus A\; =1 and Ay = 3.

Theorem 5.36 Let A be a n X n-matriz.

1. The eigenvalues of A are the roots of the characteristic polynomial ca(x)

of A.

2. The eigenvectors X corresponding to the eigenvalues A are the nonzero
solutions to the homogenous system of linear equations (A\I — A)X = O.

Note that there are many eigenvectors of a square matrix A associated with
a given eigenvalue \. In fact every nonzero solution X of (Al — A)X = O is an
eigenvector. Of course the eigenvalue A is chosen so that there must be nonzero
solutions.

The eigenvalues of a real matrix need not to be real numbers.

Example 5.37 Let us find the eigenvalues of the matrix

0 -1
A= (1 ) ) |
The characteristic polynomial of the matrix is det (I — A) = 22 + 1. So by

Theorem 5.36, the eigenvalues of A are the nonreal complex roots A\; = ¢ and
Ay = —1.

A n x n-matrix has n (possibly complex) eigenvalues, but they may not be
distinct.

Example 5.38 Let us find the eigenvalues of the matrix
11
()
Its characteristic polynomial is ¢4 (z) = (z — 1)?. So there is only one eigenvalue
of A, namely \; = 1. However, \; is a double root of c4(x) and we say that

A1 = 1 has multiplicity 2.
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The following result illustrate the previous example

Theorem 5.39 Let A € M, ,, (R).

1. A is diagonalizable if and only if it has eigenvectors X1, Xo, ..., X, such
that the matrix

P:(X1 Xy - Xn)
1s invertible.

2. When this is the case, we have
P7YAP = diag(A1, Moy ..., A\y)
where, for each i, \; is the eigenvalue of A corresponding to X;.

Example 5.40 Let us show that the matrix

11
(1)
is not diagonalizable.

We know from Example 5.38 that A has only one eigenvalue \; = 1, which
is of multiplicity 2. But the system of linear equations (A\;I — A)X = O has

general solution
X =s (é) ,

so there is only one basic solution:

6= ().
r=( o)

which is never invertible no matter the choice of s and ¢.

Hence we can only choose

5.7 The Diagonalization Algorithm

In this section we give an altorithm to diagonalize a square matrix.

Diagonalization Algorithm. Let A € M, ,, (R) be a square matriz. To
diagonalize A we apply the following steps:

Step 1. Find all the eigenvalues of A, which are the roots of the character-
istic polynomial ca(x);

Step 2. For each eigenvalue \ compute an eigenvector, by finding the basic
solution of the homogenous system (A — A)X = O;
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Step 3. The matriz A is diagonalizable if and only if there are n basic
etgenvectors in total;

Step 4. If A is diagonalizable, the n X n-matriz P having these eigenvectors
as columns is a diagonalizing matriz for A; that is, P is invertible and P~* AP
18 diagonal.

Example 5.41 Let us apply the previous algorithm to the matrix
01 1
A=11 0 1
1 10

Step 1. Let us first compute the characteristic polynomial

calz) = det(zl—A)
zx -1 -1
= det| -1 =z -1
-1 -1 =z
r—2 -2 x-—2
= det| -1 x -1
-1 -1 T
T —2 0 0
= det| -1 x+1 0

-1 0 r+1
= (z-2)(z+1)?,

where to compute the determinant we first added the second and the third row
to the first row, and then we subtracted the first column from the second and
from the third column.

Hence, the equation c4(x) = 0 has two solutions: Ay = 2 and Ay = —1, with
the last one having multiplicity two.

Step 2. For \; = 2, the system

2 -1 -1
MI-AX=[-1 2 —-1|]X=0
-1 -1 2
solution
1
X=s|1],
1

where ¢ is an arbitrary number. So the basic solution

1
Xi=11
1
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is an eigenvector corresponding to A\; = 2.
For Ay = —1, the system

-1 -1 -1
MNI-AX=[-1 -1 -1]X=0
-1 -1 -1
has general solution
-1 -1
X=s|1]+t| O
0 1

where s and t are arbitrary numbers. Hence there are two basic solutions

-1 -1
Xo=1|1 and X3=1] 0
0 1

corresponding to Ay = —1.

Step 3. Since there are three eigenvectors, X7, Xo and X3, we can deduce
that A is diagonalizable.

Step 4. If we take

1 -1 -1
P=(X; X, Xs)=(1 1 0],
1 0 1
we find that P is invertible and
1 1 1
3 g 3
Pili _l 3 _l
I ST
Thus
2 0 0
P7'AP = diag(2,-1,-1)= [0 -1 0
0 0 -1

In a general case, an eigenvalue A of a square matrix A is said to have
multiplicity m if it occurs m times as a root of the characteristic polynomial
ca(z). When the homogenous system (A — A)X = O is solved, any set of
basic solutions is called a set of basic eigenvectors corresponding to A. Here the
number of basic eigenvectors equals the number of parameters involved in the
solution of the system (A — A)X = O.

Theorem 5.42 A square matriz A is diagonalizable if and only if it the multi-
plicity of every eigenvalue A of A equals the number of basic eigenvectors corre-
sponding to X (which is the number of parameters in the solution of (\[—A)X =
0).
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In this case, the basic solutions of the system (A —A)X = O become columns
in the invertible diagonalizing matriz P such that P~* AP is diagonal.

Since for each eigenvalues there is at least a basic eigenvector, we have the
following immediate consequence of the previous theorem.

Corollary 5.43 If A is a n X n-matriz with n distinct eigenvalues, then A is
diagonalizable.

A good example which illustrate an application of diagonalization is given
in the following example.

Example 5.44 Let us compute A0 for

As we have already seen in Example 5.34, the matrix A has eigenvalues
)\1 = ]., )\2 = -1 and )\3 = 3,
with corresponding eigenvectors
1 -2 0
X1 == 0 ; XQ = 1 and X3 == —1
0 3 1

A diagonalizing matrix for A is thus given by the invertible matrix

1 -2 0
P=(0 1 -1
0 3 1
having inverse
1 L1 1
—1 11
R O
0 -1 1
We thus have
1 0 O
A=P|0 -1 0o|P!
0 0 3



Thus, using Theorem 5.33, we have

1 0 0 100
A0 — plo -1 0 p!
0 0 3
1 0 0
= Pl0o 1 0 |Pt
O 0 3100
1 =2 0 10 0 1 % %
= lo 1 =1]fl0o 1 o0 0 1 ]
0 3 1 0 0 300/ \o -2 I
1 0 0
1_~_3101 1—3100
= |0 = 4
0 373101 3+3100

4 4

Example 5.45 Let us consider the matrix

3 —4 2
A=|1 -2 2
1 -5 5

We can compute A2° (to do so we need first to diagonalize the matrix). (Exercise)

5.8 Similar matrices

Let us consider two square matrices A and B of the same size. We say that A

and B are similar if
B=P AP

for some invertible matrix P. When this is the case, we write A ~ B.

Using this terminology, we can say that a square matrix A is diagonalizable
if and only if it is similar to a diagonal matrix.

Here are some simply properties of similarity.

Proposition 5.46 Let A,B,C € M, (R).
1. A~ A for all square matriz A.
2. If A~ B then B ~ A.
8. If A~ B and B ~ C, then A ~ C.
Proof.
e The first point is clear since A = I"'AI, and I is invertible.

e If A ~ B then there exists an invertible matrix P such that B = P~1AP.
Thus A = PBP~!, with P~! invertible. That is, B ~ A.
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e Let P and @ be two invertible matrices such that B = P"'AP and C =
Q 'BQ. Thus

C=Q ' (P'AP)Q = (QT'P) A(PQ) = (PQ) ' A(PQ),

with PQ invertible. Hence A ~ C.

The properties in the previous proposition are often expressed by saying that
the similarity relation ~ is an equivalente relation on the set of n x n-matrices.

Proposition 5.47 Let A, B be two square matrices such that A ~ B. Then
1. A7t ~ B7L
2. AT ~ BT

3. Ak ~ B* for all k > 0.

Example 5.48 Let A, B be two square matrices such that A ~ B. If A is
diagonalizable, then B is also diagonalizable. (Exercise)

Following the previous example, it is possible to prove that if A is diago-
nalizable, then so are also the matrices A7, A~! (if it exists) and A* for all
k > 0.

The following theorem easily follows from the Product Theorem and the
Diagonalization Algorithm.

Theorem 5.49 Let A, B be two similar matrices. Then
1. det(A) = det(B).
2. ca(x) = cp(x).

3. A and B have the same eigenvalues.

Example 5.50 Let

Then c4(A) = 0.
Indeed, we saw in Example 5.41 that the characteristic polynomial is

ca(@) = (o — 2w+ 1)°
When we evaluate this polynomial at A, we obtain ca(A) = (A —2I)(A + 1)%
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Let us prove that this evaluation equals wero. Recall from Example 5.41
that A= PDP~! with

1 -1 1 2 0 0
P=11 1 0 and D=0 -1 O
1 0 1 0O 0 -1

% (A— 21) (A+1)?

PDP~* —21) (PDP~ ! +1)?

— (PDP L_2pIp~Y) (PDP~' + PIP)’
— (P(D-20)P~Y) (P(D+1)P~!)°

ca(4)

= P(D-20P~'P(D+1)P~'P(D+I)P~!
= P(D-20)(D+I)(D +I)P!
0 0 0\ /3 0 0\
— pPlo =1 oflo o o] P
o 0o -1/ \o 0 0
0 0 0\ /9 00
— Plo -1 o]0 o oflpPt
o 0o —1/\o 0 0
00 0
— prlo o o]p?
00 0
= 0.

We can generalize the previous example in the following importan theorem

Theorem 5.51 (Cayley-Hamilton Theorem) Let A be a square matriz. Thus
CA(A) =0.
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