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Introduction

This manuscript serves as a course support for Algebra 2 and Mathematical Tools. It is primarily intended
for first-year mathematics students (both in the MI and ST tracks), as well as first-year students enrolled in
the national biomedical engineering program. The main objective of this document is to provide a structured
and accessible presentation of the fundamental notions required at this level of study, particularly in abstract
algebra and its related tools.

This document is not intended to serve as a reference textbook under any circumstances. It should rather
be considered as a learning aid or a concise memory support containing the essential concepts that every
first-year student is expected to master. It is designed to accompany lectures and tutorials, helping students
to consolidate their understanding through clear definitions, illustrative explanations, and carefully selected
exercises. For this reason, each section is accompanied by exercises intended to reinforce theoretical concepts
and develop mathematical reasoning skills. The manuscript is organized into five main chapters. The first
chapter introduces the fundamental notions of mathematical logic and set theory, which constitute the basic
language of modern mathematics. These notions are essential for formulating precise definitions, constructing
rigorous proofs, and developing structured mathematical reasoning. A solid understanding of logic and sets is
indispensable for progressing toward more advanced topics in algebra and analysis.

The second chapter is devoted to sets and functions, with emphasis on their basic properties and operations.
Functions between sets are introduced as fundamental mathematical objects that allow the comparison and
transformation of structures. This chapter provides the necessary background for understanding more abstract
concepts encountered later in the course.

The third chapter focuses on binary relations defined on a set. This topic plays a central role in many
areas of mathematics. Special attention is given to equivalence relations and partial orders, which allow the
classification of elements and the description of hierarchical structures. Quotient sets and partition techniques
are also introduced, providing a natural transition toward algebraic structures.

The fourth chapter presents the main algebraic structures, including groups, rings, and fields. These structures
form one of the central pillars of modern algebra. The axiomatic approach is emphasized in order to highlight
the role of operations and the fundamental properties they must satisfy. This unified framework allows different
mathematical systems to be studied in a systematic and coherent manner.

The fifth chapter is dedicated to polynomial rings, which constitute an important class of algebraic structures
with numerous applications in pure and applied mathematics. Polynomial arithmetic, divisibility, factorization,
and related properties are studied in detail. These concepts play a fundamental role in later courses such as
algebraic number theory, coding theory, and various areas of applied mathematics.

In addition to theoretical content, the manuscript includes a collection of exercises at the end of each section.
These exercises are carefully designed to reinforce understanding and to develop the student’s ability to apply
abstract concepts in concrete situations. Some of them are provided with full solutions, while others are left as
independent practice in order toencourage autonomy and critical thinking.

From a historical perspective, algebraic structures did not emerge as isolated concepts. Instead, they devel-
oped gradually from several branches of mathematics, including number theory, geometry, and analysis. This
historical evolution explains the strong interconnections between algebra and other mathematical disciplines.
Over time, mathematicians observed that many mathematical systems share similar structural properties, which
led to the development of the abstract theory of algebraic structures.



CONTENTS CONTENTS

A wide variety of algebraic structures exist, each defined by specific axioms. Among the most important are
groups, rings, fields, vector spaces, and modules. Although these structures differ in their definitions, they share
a common philosophy: they are based on sets equipped with one or more operations satisfying given properties.
This unified viewpoint allows mathematicians to study them in a general and systematic way.

For these structures, the notion of homomorphism plays a central role. A homomorphism is a structure-
preserving map between two algebraic systems, allowing the comparison of different structures within a common
framework. In addition, important constructions naturally arise in this context, such as substructures, quotient
structures, and direct products. These constructions enable the creation of new algebraic systems from existing
ones while preserving essential properties.

One of the key features of algebraic structures is that many of their properties behave in a similar man-
ner across different contexts. For instance, intersections of subgroups, subrings, or subspaces often preserve
structure, and the image of a structure under a homomorphism typically retains algebraic properties. These
similarities justify the use of a unified and abstract approach, which allows general results to be applied across
multiple mathematical settings.

For this reason, algebraic structures are introduced within a general and abstract framework. This approach
enables a unified treatment of constructions and properties, avoiding repetition across different mathematical
contexts. Once the general theory is established, attention can then be directed toward the specific properties
of each structure depending on its mathematical setting and applications.

The fifth chapter also includes a set of examination-style problems, designed to familiarize students with
assessment methods commonly used in written examinations. Unlike previous chapters, which focus mainly on
theoretical foundations, this section emphasizes practical evaluation and problem-solving strategies.

Fach exercise is accompanied by a complete and detailed solution, with particular attention given to the
logical structure of the answers. Step-by-step reasoning is clearly presented in order to reflect the expectations
of formal examinations. In addition, a grading scheme is provided for each problem, indicating how marks are
distributed among the different parts of the solution. This allows students to better understand evaluation
criteria and to identify the essential steps required to obtain full credit.

The inclusion of marking guidelines is intended to help students become familiar with assessment standards
and to develop effective strategies for writing structured and rigorous answers under exam conditions. By
studying both solutions and grading distribution, students can gain deeper insight into the expectations of
instructors and improve their performance in evaluations.

Overall, this manuscript aims not only to provide theoretical knowledge, but also to serve as a comprehensive
training tool that supports both learning and assessment preparation. It is intended to strengthen students’
mathematical foundations, develop their analytical thinking, and prepare them for more advanced studies in
mathematics and related disciplines.
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Chapter 1

Vector spaces

1.1 Introduction

This chapter introduces the fundamental concept of vector spaces, which is one of the central structures in
linear algebra. Vector spaces provide a general framework for studying mathematical objects that can be added
and multiplied by scalars, extending the classical notion of geometric vectors to more abstract settings. This
abstraction allows many mathematical entities, such as matrices, functions, and sequences, to be treated within
a unified structure. The study of vector spaces is essential for understanding linear relationships and forms the
basis for many developments in modern mathematics and applied sciences. In particular, it provides the tools
needed to analyze structure, dependence, and dimension in a rigorous way. The notion of linear independence
and basis plays a key role in describing vector spaces efficiently and in introducing coordinates in abstract
settings.

This chapter aims to establish the basic theoretical foundations required for working with vector spaces and
their main properties, which will be used throughout the remainder of the course.

1.2 Vector Space and Subspace

( )

Definition 1.2.1

Let K be a commutative field (K = R or K = C), and let the non-empty set E be equipped with an
internal operation denoted by (+):

(+): ExE —E
(z,y) = x+y,

and also equipped with an external operation denoted by ( - ):

(\): K xE=E
Nz) =Xz

,/ Definition 1.2.2
A vector space over the field K or an K-vector space is a triplet (F, 4+, - ) such that:

1. (E,+) is a commutative group.

2.V eKVo,ye E.Nz+y)=A-z+ N y.
3VNpeK Ve e E, A4+ p)-z=X-z+p-x.
4. VN peK, Ve e E, (A-p)-z=MNu-z).

5. Vxe F, lIx -x = x.

The elements of K are called scalars, and those of the vector space are called vectors.
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( )

fProposition 1.2.3

| If the set E is an K —vector space, then it satisfies the following properties:
1. Vx e E,Og - = 0p.
2. Ve e B, —1lg -z = —x.
3. VAeK, A 0g =0g.
4.V eK, Ve,ye E, - (z—y)=X-z—A-y.

5. VeK, Ve e E,z- A=0g < x =0V =0

B/‘Example 1.2.4
1. (R,+,) is an R-vector space, (C,+,-) is a C-vector space.

2. If we consider the set R? = R x R with the following operations:
(+) : R? x R? — R?
(z,9), (" y) =@+ y+y).

(): RxR? —R?

So, (R?, +,.) can be easily shown as an R—vector space

WDeﬁnition 1.2.5

| Let F' be a non-empty subset of F, and (F, +, .) be an K —vector space. We say that F' is a subspace if
(F,+, .) is also an K —vector space.

~
[\Note 1.2.6
| o When (F,+,) is an K-subspace of (F,+,-), then O € F.
o If O ¢ F, then (F,+,-) cannot be an K-subspace of (E,+, ). )
N

p
?Theorem 1.2.7
| Let (E,+, ") be an K-vector space and F' C E, F non-empty. The following are equivalent:

1. F is a subspace of E.

2. F' is stable under addition and multiplication, i.e.,

Ve,y e FYAeK,z+ye F,A-xz € F.

F# ¢,

3. Ve,ye FEVYA\ ue K z+u-y e F, 1.e.,Flsasubspace(:>{ Ve,y € FYA €K A-a+pu-yeF

Op € F,
Ve,ye FY A\ peKAX-2+pu-yeF
)

4. Ve,y € FNY A u e K, \-z+pu-y € F,i.e., F is a subspace < {

Algebra, 2 Y. SOULA 7
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Example 1.2.8
1. {0g} and E are subspaces of E.

2. F={(z,y) € R2 | z +y = 0} is a subspace because,

(a) Op = 0g2 = (0,0) € F, then F # ¢

(b) Y(z,y), («',y') € F,\,u € R, we want to prove that A(z,y) + u(z’,y’") € F, ie., (A\x + A\y) +
(px’ 4+ py') = 0, which holds true.
Therefore, \(z,y) + u(2’,y’) € F, and F is a subspace of R2.

3. The set represented by: F = {(z +y+ 2,2 —y,2) | 2,y,2 € R} is a subspace of R? because,

(a) Ogs = (0,0,0) € F since (0,0,0) = (04+0+0,0—0,0) = F # ¢.

(b) VX,Y € F, A\, u € R, we want to prove that AX+uY € F. Let X = (z,y,2) and Y = (2/, ¢/, 2').
Then,

AX +pY = Az 4+ Ay + Az, Az — Ay, A2) + (pa’ + py' + p2's pa’ — py', p2'),
((Az 4+ Ay + Az) + (ua’ + py' + p2'), Ao — Xy) + (pa’ — py'), Az + pz’),
= ((Az +pa’) + Wy + py') + Az + pz'), Ao — py') + (pa’ — py'), Az + p2').

Therefore, AX + pY € F. So, F is a subspace of R3.

fTheorem 1.2.9

I; The intersection of a non-empty families of subspaces are defined as the subspace.

fg Proof

Let (V,4+,-) be a vector space, and let {W;};c;r be a non-empty family of subspaces of V. Then the
intersection

W= nNnwi
il
is also a subspace of V'
To show that W is a subspace of V', we must verify three properties:
1. W is non-empty

Since each W; is a subspace, every subspace contains the zero vector 0.

So:
0eW; forall el
Hence:
0e NWi=W

iel
So

W #0

2. Stability under addition

Let
u,v €W

This means:
ueW;, and veWW; forall 1 el

Since each W; is a subspace, it is closed under addition, so:

Algebra, 2 Y. SOULA 8
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u+ve Wi for all el

Therefore:

ut+tve N Wi=W
iel

So

W is closed under addition.
3. Stability under scalar multiplication
Let
ueWand A € R
Then:
ue Wi for all iel
Since each
W; is a subspace:
AueWi for all i€l

Thus:
e N Wi=w
iel

So,

W is closed under scalar multiplication.

e/‘Example 1.2.10

Consider the vector space R?, and define two subspaces:
W1: the z—axis
Wy ={(z,0) : xz€R}
Ws: the y—axis

Wy ={(0,y) : yeR}

The intersection consists of all vectors that belong to both subspaces:
e A vector in W} must be of the form (z,0)

e A vector in Ws must be of the form (0, y)

For a vector to belong to both, it must satisfy:

(z,0) = (0,y)
This implies:

x=0 and y=0

Hence:

Wi N Wy ={(0,0)}

Algebra 2 Y. SOULA



1.2. Vector Space and Subspace CHAPTER 1. VECTOR SPACES

fTheorem 1.2.11

| The union of two subspaces is not always a subspace.

:5 Proof

Proof (by counterexample)
We will show that the union of two subspaces may fail to be closed under addition.
Consider R?
Let:
Wy = {(l’,O) RS R}
Wo={(0,y) : yeR}
Both W, and W, are subspaces of R?

Wi U Wy

contains all vectors that lie either on the x—axis or on the y—axis.
So for example:

1L:(1,0)€W1CW1UW2

U:(O,l)GWQCW1UW2

Now add the two vectors:

u+v=(1,0)+(0,1) = (1,1)

But:

e (1,1) is not in Wi (second coordinate is not zero)
e (1,1) is not in Wy (first coordinate is not zero)
So,

(1,1) ¢ WL U W,

1.2.1  Sum of Two Subspaces

( )

Definition 1.2.12

Let a vector space E consist of two subspaces, E1 and Fy. The sum of the two vector spaces denoted by
FE1 + E>, is defined as follows:

FE1+ FEs :{UGE | U, € Eq, AU, € Ey such that U:U1+UQ}.

g
fProposition 1.2.13

L Iz The sum of two subspaces F; and FEs of the same vector space E is a subspace of E containing £ U Fs. )

1.2.2 Direct Sum of Two Subspaces

Definition 1.2.14

The sum F4 + Es is said to be direct if, for every U = Uy 4 U, there exists a unique vector Uy € E; and
a unique vector U; € E5 such that U = Uy 4+ Us. This is denoted as E1 @ Fs.

Algebra 2 Y. SOULA 10



1.2. Vector Space and Subspace CHAPTER 1. VECTOR SPACES

fTheorem 1.2.15
| The sum E; + Es is direct if and only if E; N Ey = {0g}.

1.2.3 Generating Sets, Linearly Independent Sets, Bases, and Dimension

In the following, we denote the vector space (E,+,.) as E.

Definition 1.2.16

Let E be a vector space and eq, es, ..., e, be elements of F.
1. The set {ej, e, ...,e,} is called linearly independent if for all Ay, Ag, ..., A\, € R:
Aer+ e+ ..+ e, =0=2 A =X =...= ), =0,
otherwise, they are called dependent.

2. The set {e1, ea,...,e,} is called a generating set of E or E is generated by {eq, ea, ..., e, } if for every
x € F, there exist A1, Ag, ..., A\, € R such that £ = Ajeq + Asex + ... + Ay,

3. If {e1, €2, ...,e,} is a linearly independent and generating set of E, then it is called a basis of E.

s 2

[\Note 1.2.17

L | In a vector space E, every nonzero vector is linearly independent. )
N

p
fTheorem 1.2.18

If {e1, €, ...,en} and {€], ey, ..., €., } are two bases of the vector space E, then n = m. In other words, if a
vector space has a basis, then all bases of E have the same number of elements (or the same cardinality),
and this number depends only on the vector space F.

J
s N
WDeﬁnition 1.2.19
‘ If E is an R-vector space with basis B = {ey, €2, ..., €5, }, then the dimension of F is defined as:
L dim(E) = Card(B). )
~

g
&Note 1.2.20

Finding a set of vectors in E that form a linearly independent basis for a vector space is known as basis.
and generating set for . The number of elements in this set represents dim(E).

J

c/‘Example 1.2.21
Find a basis for R3. We can use the standard basis {(1,0,0), (0,1,0), (0,0,1)}.
A basis of R?

is a set of 3 linearly independent vectors that span the whole space.
The standard basis is:

€1 = (1,0,0)7 €2 = (07 170)a €3 = (Ovoa 1)

These vectors are:
Linearly independent (none can be written as a combination of the others)
They generate all vectors in R3.

Algebra 2 Y. SOULA 11
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O/‘Example 1.2.22
Show that f; = (1,—1), fo = (1,1) form a basis for R?. Show that {f1, fo} is linearly independent and

generating.
Step 1: Linear independence
Assume:
a(l,—-1) 4+ b(1,1) = (0,0)
This gives:
(a+b, —a+0b)=(0,0)
So:
a+b=0
—b+a=0
Solve:

efroma+b=0=b=—a

e Substitute into second: —a+ (—a) =0= —-2a=0=0a=0
e Then b= 0.

So vectors are linearly independent.

Step 2: They span R?

Take any (x,y) € R%. We try:

z f1 + y fo style combination

Instead solve:

a(l,=1) +b(1,1) = (z,y)

This gives:
at+b=x
b—a=y
Add equations:
W=z ty=b= %
Subtract:
-y
da=r—y=a=—"
a=r—y=a 5

So every vector is generated.

Q/‘Example 1.2.23

Consider F' = {(z + y,z — z,—y — z) | x,y,2z € R}. Find a basis for F. Step 1: Write as a linear
combination

(t4+y, z—2 —y—2)

Split by variables:

e Terms with x : (z,z,0) = 2(1,1,0)

e Terms with y: (y,0, —y) = y(1,0,—1)

e Terms with z : (0, —z,—z) = 2(0,—-1,—1)
So:

F = Span{(1,1,0),(1,0,—1), (0, —1,—1)}

Step 2: Check dependence
We test quickly:
Notice:

Algebra 2 Y. SOULA 12
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1.2.4

(1,1,0) — (1,0,—1) = (0,1,1)

But:

(Oa -1, *1) = 7(07 L, 1)

So the third vector is dependent.
Thus we only need two independent vectors.
Take:

(17 13 0)7 (1707 71)

They are linearly independent.
Final answer: basis of F is:

{(1,1,0), (1,0,—-1)}

Vector Space of Finite Dimension (Properties)

1.

g
fTheorem 1.2.24

Let F be a vector space of dimension n:

The set {e1,ea,...,en} is a basis of F if and only if {e1,ea,...,e,} is generating and linearly inde-
pendent.

If {e1,e2,...,ep} is a set of p vectors in E with p > n, then {ei, es,...,e,} cannot be linearly inde-
pendent. Moreover, if {e1, e, ...,e,} is generating, then there exist n vectors among {eq,es, ...,ep}
that form a basis for E.

If {e1,e2,...,ep} is a set of p vectors in E with p < n, then {ej,es,...,e,} cannot be generat-
ing. Moreover, if {e1,es,...,e,} is linearly independent, then there exist (n — p) vectors among
{ep+1,€pt+2, ..., €n} in E such that {eq,eq,...,ep, €pt1,€pta, ..., €, } is a basis for E.

J

Q/“Example 1.2.25

1.

In the previous example, f; = (1,—1), fo = (2, 1) to show that {f1, fo} forms a basis of R? it suffices
to show that {f1, fo} is either linearly independent or generating (this property holds in the case of
finite-dimensional vector spaces).

To show that {f; = (1,1,1), fo = (1,1,0), f3 = (0,1,—1)} is a basis of R3, it suffices to show that
it is either linearly independent or generating since dim R® = 3. {f1, f2, f3} is linearly independent
because: For all A1, Ao, A3 € R:

)\1(1, 1, 1) + )\2(1, 1,0) + )\3(0, 1, —1) = (0,0,0) =M =X =X3=0,
which implies that {(1,1,1),(1,1,0),(0,1,—1)} is a basis of R3.

Let’s find a basis for F = {(z+y,2—z, —y—=2) | #,y, 2z € R}. Since F C R3, dimF < 3, so the basis of
F does not have more than three vectors. (z4y,z—z, —y—2z) = z(1,1,0)+y(1,0,—1)+2(0, -1, —1).
Thus, v; = (1,1,0), va = (1,0,—1), v3 = (0, —1,—1) form a generating family for F'. If this family
is linearly independent, then it forms a basis for F'.

For all A, A2 A3 € R,

>‘1(17 1?0) + >‘2(170a _1) + )‘3((); _17 _1) = (07070) = )\2 - _>\17 )‘1 = /\3~

So, {(1,1,0),(1,0,—1),(0,—1,—1)} is not linearly independent. However, according to the previous
theorem, we can extract from this family a basis for F'. To do this, we need to find two vectors from
the family that are linearly independent. If found, they form a basis for F'; otherwise, we take a
non-null vector, and it becomes the basis for F. For example, let’s take {v1, v2}:

A1(1,1,0) + A2(1,0,—1) = (0,0,0) = A1 = A2 = 0.

Algebra 2

Y. SOULA 13
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, Thus, {v1,v2} is a basis for F' and dimF = 2.

1.2.5 Supplementary Vector Subspace

,%Deﬁnition 1.2.26

Assume that vector space E has two subspaces, Ey and FEs.

If £1 ® F> = F, then Ey and F> are considered supplemental.

Q/‘E:xample 1.2.27
| Let By = {(x,0) € R?}, and Ey = {(0,y) € R?}.

Note that: E; @ E, = R?, then E; and E, are supplementary.

Algebra 2 Y. SOULA
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1.8. FEzxercises CHAPTFER 1. VECTOR SPACES

1.3 Exercises

-
? Exercise 1.3.1
1. Consider in R? the subset F defined by:

F={(z,y,2) €ER®| 22 +y— 2 =0}.
Show that F is a subspace of R3.

2. Give a basis for F, and what is its dimension?

3. Is F equal to R3?

-
? Exercise 1.3.2
Consider in R? the subset F defined by:

F={(x—y,2x+y+4z,3y+22) | z,y,z € R}.
1. Show that F is a subspace of R3.

2. Give a basis for F, and what is its dimension?

3. Is F equal to R3?

-
? Exercise 1.3.3
Consider in R* the subset F defined by:

F={(z,y,2,t) ER*| (x+2=0)A(y+t=0)}.

1. Show that F is a subspace of R*.

2. Give a basis for F', and deduce its dimension.

-
? Exercise 1.3.4
1. Show that the family {(1,2),(—1,1)} generates R2.

2. Which families are free among the following: Fy = {(1,1,0), (1,0,0), (0,1,1)},
F, ={(0,1,1,0),(1,1,1,0),(2,1,1,0)}?

3. Show that the family {(1,2),(—1,1)} is a basis for R, and that the family
F; ={(1,1,0),(1,0,0),(0,1,1)} is a basis for R3.
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1.4 Solution of exercises

p
ﬁSolution 1.3.1

1. F is a subspace vector space (s.e.v.) if and only if:

F#¢
VX, Y €e FFV\pe R, AX +uY € F.
(a) Ogs = (0,0,0) € F < F # ¢ because 2-0+0—0=0.
(b) For all X = (z,y,2), Y = (2/,y/,2) € F, and \, u € R, we want to show that:

?

N, y,2) + (2’ Y, 2") € F,

ie.
2

Az + pa’, Ny + py', Az + p2') € F.

200z +px )+ Ay +py) — Az + ) =A2c+y —2) +p22’ +y —2)=X-0+p-0=0,
since (x,y,2) E F=2r+y—z=0and (2/,¢,2) e F=22"+¢y — 2 =0.
Thus, A(z,y,2) + u(z’,y',2') € F, and F is a subspace vector space of R3.

2. Basis of F: Let X € F,ie, 2z +y—2=0=z2=2c+4+y. X = (2,y,2) = (z,y,20 +y) =
$(17072) + y(07 17 1)a S0

F={(z,y,2) €R* |20 +y— 2 =0} = {2(1,0,2) +9(0,1,1) | o,y € R}.

Hence, F' is generated by {v1 = (1,0,2),v2 = (0,1,1)}. Let’s show that this family is linearly
independent if and only if:

VA17)\2 S R, A1 + Agvg = (0,0,0) = A =X =0.
)\1(1,0,2) + )\2(0, 1, ].) = (0,0,0) = (Al,)\2,2)\1 + )\2) = (0,0,0)

This implies Ao = —A; and Ay = Ay = 0.

Therefore, {vy,v,} is a basis (linearly independent and generating) of R?.

3. F #R? since dimF = 2 # 3 = dimR?.

p
EgSolution 1.3.2
1. (0,0,0) € F because (0,0,0) =(0—-0,2x0+0+4x0,3x0+2x0)) =F #¢.

VX,Y € F, A, i € R, let’s show that AX + Y & F
XeF, In,y,2) eR3/ X =(z—y,2x+y+4z2,3y + 22)
YeF, Ia,y,7)eR Y= (' -y, 22 +y +42,3y +22)
AX +puY =z — Ay + px’ — py', 20z + Ay + 40z + 2ux’ + py’ + 4pz’, 30y + 20z + 3uy’ + 2uz’ )+
Az — Ay + px’ — py', 222 + Ay + 4Xz + 2ux’ + py’ + 4uz’, 3Ny + 22z + 3uy’ + 2u2’)
= ((Me 4+ pa’) = Ay + py'), 2(Ae + px') + Ay + py') + 4(Az + p2’), 3(Ay + 2pz) + 2Xz + 2u2')
=((Az+px’) — Ay +py'), 20z + pa’) + Ay + py') + 4(Az + p2’'), 3(Ay + 2u2) + 2(A 4+ p)2’)
2" = x + pa'), ' = Ay + py'), 32" = Az + p2’), thus
AX +pY = (2" —y"’, 22" +y" + 42", 3y" +22") € F.
2. Basis of F":
Let X € F, I(w,y,2) € R/ X = (v —vy, 2x+y+4z, 3y + 22),
X =(z—y,2x+y+4z3y +22) =z(1,2,0) + y(—1,1,3) + y(0,4, 2), thus
F={2(1,2,0) +y(—1,1,3) + y(0,4,2)/z,y € R}.
Therefore, F' is generated by {v1 = (1,2,0),v2 = (—1,1,3),v3 = (0,4,2)},

Algebra 2 Y. SOULA 16



1.4. Solution of exercises CHAPTER 1. VECTOR SPACES

let’s show that this family is linearly independent if and only if
YV ALA 2, A3 € R, A\jvg + Agvg + Azvg = (0,0,0) = A =X=X3=0.
A1(1,2,0) + A2(—1,1,3) + A3(0,4,2) = (0,0,0) = ( A1, A2,— A1, —A2) = (0,0,0)

Thus the dimension of F is 3, as {v1,v9,v3} is a basis (linearly independent and generating) of R3.

L 3. F =R3 because dim F = 3 = dim R3. )

p
4 Solution 1.3.3
1. ¢ (0,0,0,0) € F = F # ¢ because (0+0=0) A(0+0 = 0).

o VX = (z,y,2,t), Y = (2/,y/,2/,t') € F, A\, p € R, let’s show that:

?
)\(1’7 y’ Z7t) +M(m/7y/,zl7tl) 6 F
We have:

XeF=@x+2z=0A(y+t=0)
YeF=@'+2Z=0AH+t=0)

Mzx+2)=0Aux'+2)=0
= A\
My+t)=0Aply +t')=0

Ax 4+ px’ + Xz +pz’ =0
= A
Ay+pt+ M+ pt’' =0

Therefore:
A+ px’ +Xz4+p2") =0AN Ay +pt+ e+ ut’) =0
which means
Mz, y, z,t) +u(a’,y, 2/, t') € F hence the result.
2. Basis of F:
For X e F,x=—2ANy=—t,
X = (z,9,2,t) = (v,y, —z, —y) = 2(1,0,—1,0) + y(0,1,0, —1)
F = {z(1,0,-1,0) + (0,1,0, —1)/z,y € R}.
Therefore, F is generated by {v; = (1,0,—1,0), wve = (0,1,0,—1)}, let’s show that this family is
linearly independent if and only if
VA1, A2 € R, A1 + Agug = (0,0,0,0) = A; = A2 = 0.
A1(1,0,—1,0) + A2(0,1,0,—1) = (0,0,0,0) = ( A1, A2,— A1, —A2) = (0,0,0,0)
Tzlerefore, the dimension of F' is 2, as {v1,v2} is a basis (linearly independent and generating) of
R

- J

P
gSolution 1.3.4

1. The family {(1,2),(—1,1)} generates R? if and only if
For every X = (z,y) € R?, there exist A, u € R such that X = A\(1,2) + u(—1,1).

Let (z,y) € R?, let’s find A, u € R such that:
(z,y) = AM(1,2) + p(=1,1) = (A — 4, 2X + p)

So we have:

{$=A—M(D
y=2A+p (2)

_ zty _ —2z+y
= = 3 and Hn = —3 -
Hence, this family is generating.

2. Which among the following families are linearly independent:
Fr={(1,1,0),(1,0,0),(0,1,1)},
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F, ={(0,1,1,0),(1,1,1,0),(2,1,1,0)}.

(a) F1 ={(1,1,0),(1,0,0),(0,1,1)} is independent if and only if
For all A1, Az, A3 € R, A1(1,1,0) + A2(1,0,0) + A3(0,1,1) = (0,0,0)

A1+ 2A=0
AM+A3=0 :>)\1:)\2:)\3:0.
A3 =0

Therefore, F} is linearly independent.
(b) F» ={(0,1,1,0),(1,1,1,0),(2,1,1,0)} is not independent because

There exist Ay =1, A\oa = =2, A3 = 1 in R such that A\1(0,1,1,0) 4+ X2(1,1,1,0) + A3(2,1,1,0) =
(0,0,0,0).

3. The family {(1,2),(—1,1)} is a basis for R?, because when the number of vectors = 2 = dim R?,
it is sufficient to show that it is either generating or independent for it to be a basis. According to
question (1), it is generating.

The family F; = {(1,1,0),(1,0,0),(0,1,1)} is a basis for R?, because the cardinality of F} is equal

L to 3 = dim R3, and F} is linearly independent, making it a basis for R3. )
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Chapter 2

Linear Applications

2.1 Introduction

This chapter introduces the concept of linear applications, which represent one of the most important tools in
linear algebra. A linear application is a function between vector spaces that preserves the operations of addition
and scalar multiplication, and it allows the study of transformations in a structured and algebraic way. This
notion provides a natural link between abstract vector spaces and concrete computations using coordinates and
matrices.

The study of linear applications is fundamental because it enables the analysis of how vector spaces are trans-
formed while preserving their linear structure. Key notions such as the image and kernel of a linear map play a
central role in understanding its behavior and in characterizing its properties. These concepts also lead naturally
to the notion of rank, which measures the effective dimension of the image.

This chapter also introduces important theoretical results in finite-dimensional spaces, particularly the rank
theorem, which establishes a fundamental relationship between the dimension of the domain, the kernel, and
the image. Furthermore, the composition of linear applications and the study of bijective linear maps, including
automorphisms, are discussed to provide a deeper understanding of the structure of linear transformations.
Overall, this chapter aims to equip the student with the essential theoretical and computational tools needed
to work with linear applications and their properties.

2.2 Concept of Linear Application

P
WDeﬁnition 2.2.1

1. Assume that (E,+,.) and (F,+,.) are two K-vector spaces. Define f as a function that maps from
FE to F. f is considered a linear application if and only if:

Ve,y€ E.VAER, f(z+y)=f(z)+ f(y) and f(Az) =Af(z)
Or, in the equivalent case:

Ve,y € EYApeR,  fOx+py) = M(z) + nf(y)

2. Furthermore, we refer to f as an isomorphism from F to F if f is bijective.

3. A linear application from (E,+,.) to (E,+,.) is called an endomorphism.

4. An isomorphism from (F,+,.) to (E,+,.) is also called an automorphism of E.

Example 2.2.2

The function
f1 R2 SR
(z,y) =2 —y,
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is a linear application, as:

FiM@,y) + p(@’,y') = fi((Az, Ay) + (', py')
= fil(Az + pa’), Ay + py'))
= (A\z + pa’) = Ny + py')
= Ax — py + px’ — py',
=Nz —y) +pu(@" —y),
= Mi(z,y) + pfr(a’y').

Q/‘Example 2.2.3

The function
f2 : Rs — RS
($7yaz) — (—I‘ +y,.13 - 527?/)5

is a linear application, as:

fo(N@,y,2) + p(2',y', 2") = fo((Aw, Ay, Az) + (', py', pz'))
= fo((A\z + pa’), (Ay + py'), (Az + pz'))
= (= +pa’) + Ay + '), Az + pa’) = 5(Az + pz'), Ay + py')
= (=Xz —px’ + My + py', e + px’ — 5 z —buz’, Ny + py')
= (=Az+ Ay — px’ + py', dx — 5z + pa’ —d5p’, My + uy')
= A=z +y) + p(—2"+y"), Mz = 52) + p(z’ — 52'), \y + py')
=AN—z+y,x—52,y) +pl—2" +y,2" -5y,
= Ma(z,y,2) + pfa(a’,y', 2).

0/‘Example 2.2.4

The function
T — —dx,

is an isomorphism. Indeed, f3 is linear because for all z, y in R, and A, p in R:

f3s(Az + py) = =5z + py),
= Afs(x) + pufs(y)-

&Note 2.2.5

It can be easily shown that the sum of two linear applications is linear. Also, the product of a linear
application by a scalar and the composition of two linear applications are linear.

( )

fProposition 2.2.6
Let f be a linear application from F to F.

1. f(Og) =OpF.
2. Ve e E, f(—z)=—f(x).

fg Proof

Because f is a linear application we have:

L. f(Og) = f(Og + Og) = f(Or) + f(Or) = f(Or) — f(Or) = f(Or). So, Or = f(OF) .
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2. Since f is a linear application, then Va € E, f(—z) + f(z) = f(—x + z) = f(Og) = Of
I then, f(—z) = —f(z).

2.2.1 Image and Kernel of a Linear Application

( )

(ZfDeﬁnition 2.2.7
1. The definition of the image of f, or Im f, is as follows:

Im f={yekF, IJreck:f(x)=y}t={f(x), vk}
2. The following is the definition of the kernel of f, or ker f:

ker f={x € E, f(z)=O0r}.

Sometimes ker f is denoted by: f~1({0}).

2.2.2 Rank of a Linear Application

e 2
fProposition 2.2.8
| If f is a linear application from E to F, and if dim Im f = n < 400, then n is called the rank of f and
is denoted rg(f). Im f and ker f are vector subspaces of E. )
e 2
WDeﬁnition 2.2.9
The dimension of the image of f is the definition of the rank of f:
L rg(f) =dim Im f. )

Q/“Example 2.2.10

1. Determine the kernel of the function fi:

filz,y) =z +2y
The kernel is given by:
ker fr ={(z,y) € R*/fi(z,y) = 0}
={(z,y) € R?*/z +2y = 0}
={(z,y) eR*/z = -2y}
So, ker f1 is a line in R2.

2. Determine the kernel of the function fs:

fZ(xvyvz) = (—l'+y,$ - 5Zay)

The kernel is given by:

ker fo = {(x,y,2) € R®/fo(x,y,2) = (0,0,0)}
:{(x,y,z) ERS/—CL'-I-y:(Ll'—E)Z:O,y:O}

Solving this system of equations gives the solution space, which is a subspace of R3.
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fProposition 2.2.11

Let f be a linear application from F to F. The following are equivalent:

1. f is surjective < Im f = F.

2. f is injective < ker f = {0g}.

0/‘Example 2.2.12

In the previous example I'm f; = R? then f; is surjective. We are going to demonstrate that f is injective
ker fo = {(x,y,2) € R®, fa(x,y,2) = (0,0,0)},

ker f2 = {(x,y,z) € RB? (—Z‘ +y,x - Zay) = (0,0,0)}

—z+y=0 —z+0=0 z=0
r—2z=0 = r—2z=0 = z2=0

Therefore, ker fo = {(0,0,0)}, hence fs is injective. So fo is bijective.

2.3 Finite dimension and rank theorem

fProposition 2.3.1

Let f, g be two linear mappings from E to F, such as F and F be two K vector spaces. If E is of finite
dimension n and {ey, es, ...,e, } is a basis of E. Then
Vk € {1,2,..,n}, f(ex) = glex) & Vz € E, f(x) = g().

fg Proof

The implication (<) is obvious. For (=)
Since F is generated by {ei,es,...,e,}, for any x € FE, there exist A1,\a, ..., Ay, € K such that z =
/\161 + )\262 + ...+ )\nen,

As f and g are linear, we have

f(l‘) = f()\lel + Aoy + ... + )\nen) = Alf(el) + )\Qf(eg) + ...+ )\nf(en),

g(x) = g(h1er + Aaea + ... + Apen) = Aigler) + Aaglea) + ... + Anglen),

so if we assume that Vk € {1,2,..,n}, f(er) = g(ex), then we deduce that

Ve € E, f(z) = g(x).

&Note 2.3.2

For two linear mappings f and ¢ from E to F to be equal, it is sufficient that they coincide on the basis
of the K vector space E.

B/‘Example 2.3.3

Let g be a mapping from R? to R? such that
9(1,0) = (2?1)7 9(07 1) = (_L _1)
Then let’s determine the value of g at all points of R?, in fact, we have:

V(z,y) € R?, (z,y) = x(1,0) + y(0,1).
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= (2x—y7x—y)
| So, g(z,y) = (22 —y,z — y).

g
fTheorem 2.3.4

(Rank Theorem)
Let E be a vector space of finite dimension and f a linear mapping from E to F. Next, there is the
equality.

[ dim (Im f ) +dim (Ker f )=dim(E) |

Another way to express the rank theorem is as

[ rg(f ) +dim (Ker f)=dim(E) |

ﬁ Proof
Step 1: Basis of the kernel

Let:
ker(f) C E
Since
E is finite-dimensional, ker(f) is also finite-dimensional.
Let:
{ul, U2y ... ,uk}

be a basis of ker(f)
So:
dim(ker f) =k

Step 2: Extend to a basis of F .
We extend this basis of ker(f) to a basis of the whole space E:

{ug, .. Up, 1, .., U}
is a basis of E
So:
dim(E)=k+r
Step 3: Apply the linear map f
Apply f to the basis vectors:
e For u; € ker(f), we have:
flui) =0

e For vy,...,v,, consider:

f(oi);os flor)

Step 4: Show they generate Im(f)
Let y € Im(f). Then:

y=f(z), z€FE
Write:

k r
xr = E a; u; + E bj’Uj
i=1 J=1

Apply f:
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k r
f(x) = Zai fui) + ijf(vj)
Since f(u;) =0
fl@) =" b f(vy)
j=1
So:

Im(f) = Span{f(”l)? RS f(vr)}

Step 5: Show linear independence

Assume:
ijf(’l]j) =0
j=1
Then:
T
D b)) | =0
j=1
So:
> i f(v;) € ker(f)
j=1
But {wq,...,up,v1,...,0,} is a basis, so the vectors v; are independent of the kernel basis. Hence:
bj=0 Vj
So:

{f(v1),..., f(v.)} is linearly independent
Thus it is a basis of Im(f)

Step 6: Compute dimensions

We have:

o dim(ker f) =k

o dim(Imf)=r

e dim(E)=k+r

So:

dim(Imf) + dim(ker f) = r + k = dim(FE)

or equivalently:

rank(f) + dim(ker f) = dim(FE)

0/‘Example 2.3.5
We have shown that dim ker f; =1 for f; defined by
fl ‘R2 5 R
(z,y) = x+ 2y
Since dim R? = 2 then, dim Im (f,) = dim R? —dim ker f; =2 —1=1.
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s N
[\ Note 2.3.6

1. Always , the rank of f is either the same as or less than the dimension of E.

2. Additionally, if F has a finite dimension, we have rg(f) < dim(F). Indeed, Im(f) is a subspace of

F, and therefore its dimension (equal to rg(f) by definition) is less than or equal to that of F'.

3. In the case when F has a finite dimension, then f is surjective if and only if rg (f) = dim (F).
L Indeed, Im(f) is a subspace of F, and therefore Im(f) = F if and only if dim(Im(f)) = dim(F). )
e 2
?Corollary 2.3.7

| Assuming that FE is of finite dimension. Let f be a linear mapping from F to F'.
1. f is an injective linear application if and only if rg(f) = dim(E). Then we have:
dim(E) < dim(F).
2. When f is surjective, then F' is of finite dimension and
dim(F) < dim(E).

3. When f is bijective, then F' is of finite dimension and
L dim(F) = dim(E) )
2.3.1 Rank theorem if dim(E) = dim(F)
A very important consequence of the rank theorem is the following:
e N
fTheorem 2.3.8

The following equivalencies hold if F' has a finite dimension and dim(E) = dim(F) = n.
f injective & f surjective < f bijective < f isomorphism
This result applies in particular to endomorphisms. )

ﬁ Proof

We use the Rank— Theorem:

dim(Imf) + dim(ker f) = dim(FE)

Step 1: Injective = Surjective
Assume f is injective.

Then:

ker(f) = {0} = dim(kerf) =0

Using Rank—Theorem:

dim(E) = dim(Imf)

But:
dim(E) = dim(F) =n
So:
dim(Imf) =n = dim(F)
Since
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Im(f) C F and has the same dimension as F', we get:
Im(f) =F

Step 2: Surjective = Injective

Assume f is surjective:

Im(f)=F = dim(Imf) = dim(F) =n
Using Rank—Theorem

n = dim(kerf) + dim(Imf)

So:
n = dim(ker f) + n = dim(ker f) =0
Hence:
ker(f) = {0}
So,

f is injective.
Step 3: Injective < Surjective = Bijective

A function is bijective if it is both injective and surjective.
From Steps 1 and 2:

injective < surjective = bijective

Step 4: Bijective < Isomorphism

By definition:

A linear map is an isomorphism if it is:
e linear

e bijective

So:

bijective < isomorphism

Conclusion

f injective & f surjective < f bijective < f isomorphism

a/“Example 2.3.9

1. The mapping f; is not an isomorphism because dim R? # dim R.

2. Let g(z,y) = (2 — y,x — y), g defined from R? to R2.
We have g is an isomorphism (dimR? = dim R? = 2)

because dim ker g = 0 indeed:

ker g = {(x,y) € RQ? (22 —y,x — y) = (0’0)} = {(0’0)}7

it is even an automorphism.
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2.3.2 Composition of linear applications

( )

fProposition 2.3.10

|/ The composition of two linear mappings is still linear. More formally, it can be stated as:
Vp,q,r € N,Vf € Lq,m,Vg € Lp,q , go f is linear.

[\ Note 2.3.11
Recall that Lp, g designates the set of linear mappings from R? to RP.

opar LpgX Lgr— Ly,
(9. f) —gof
(g, f) = (v g(f(v)).

It should be seen as follows:

R, Re & RP

ﬁ Proof
Let p, g, r be three integers, f in Lg,r and g in Lp,q. In order to demonstrate that g o f is linear, we

must:
VA u € R, Vu,v € R", (go f)(Au+ pv) = X(go f)(u)+ plgo f)(v)
We have: (go f)(Au+ pv) = g(f(Au + po)) (by definition of composition)
= g(Af(u) + pf(v)) (by linearity of f )
=Ag(f(u)) + pg(f(v))  (by linearity of g)

0/‘Example 2.3.12

Determine the composition g o f using

g: R? SR?

I R3 — R?
(z,y,2) — Bx+5y+ 7z, 2z+2y+22)

(go f)(z,y,2) = (9(f(z,y,2)), by using composition definition
= ¢g(3x 4 by + 7z,2x 4+ 2y + 2z), by definition of f
= (bz+Ty+ 9z, + 3y + 52), by definition of g

The composition go f is (z,y,z) — (b + Ty + 9z, =+ 3y + 52).

fProposition 2.3.13

|/ The composition of linear applications is associative. More formally, this can be expressed as:
Vp,q,r,s € NJVh € Lp,q,Vg € Lq,r,Vf € Lr,s,(hog)o f=ho(go f).

j Proof

Let p,q,7,s, f , g, h “"We are going to prove
(hog)o f=ho(go f) we say that

Vu € R*, ((hog)o f)(u) = (ho(gof))(u).
Let then u in R®. By usnig the definition of the composition we get

((hog)o f)(u) = (hog)(f(u)) = h(g(f(u))).
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The same (ho (go f ))(u) =h((go f )(w)) = h(g(f (u))).
Then, ((hog)o f)(u) = (ho(go f))(u).

2.3.3 Inverse of a Bijective Linear application, Automorphism.

fTheorem 2.3.14

| When f be an isomorphism from E to F, then, f~! is an isomorphism from F to E.

fProposition 2.3.15

When f be an automorphism from E to F, then, f~! is an automorphism from F to E.
Assume that F has two automorphisms: f andg. Then, g o f is an automorphism of E, and we have:

(gof)y =flog™"
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2.4 Exercises

e N
? Exercise 2.4.1
Let the application f defied by R? in R? by:
1. Prove that f is linear.
2. Find ker f, and Im f and find the dimensions, f Is it bijective?
L 3. Determine f o f. )
e 2
? Exercise 2.4.2
Let f be the function defined from R? to R? by:
f(xvy) = (Q.T - 41,/, T — 2y)
1. Show that f is linear.
L 2. Determine ker f and Im f, and give their dimensions. Is f bijective? )
e 2
? Exercise 2.4.3
Let f: R? — R? be defined by
flxyy,z) = (x+y+ 2 —x+ 2y + 22).
Let B = (e1, ez, e3) be the canonical basis of R? and 8’ = (f1, f2) be the canonical basis of R?.
1. Show that f is a linear function.
L 2. Provide a basis and the dimension of ker f and a basis and the dimension of Im f. )
e N
? Exercise 2.4.4
Let f be the linear transformation f : R3 — R3 defined by:
[ (x1,20,23) = (v1 — @3, 221 + 22 — 373, — 22 + 273).
Let (e1, e, e3) be the canonical basis of R3.
1. Compute f (e1), f (e2), and f (e3).
2. Determine the coordinates of f (e1), f (e2), and f (e3) in the canonical basis.
L 3. Compute a basis for ker f and a basis for Im f. )
e N
2 Exercise 2.4.5
Let f be the endomorphism of R3 whose image of the canonical basis 3 = (e, 2, e3) is:
fle1) = —Tey — Gea,
fle2) = 8ey + Tea,
f(eg) = 6eq + 6ey — e3.
1. For any vector = x1e1 + x2es + x3e3, determine f o f(x).
L 2. Deduce that f is invertible (i.e., bijective) and determine f-1. )
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~

2 Exercise 2.4.6

1. Let fi:R3 =R , fo:RP =R
(1'7y,2)'—>(1,'—y (x,y,z)v—>y—z

and let E = {(z,y,2) € R3: fi(z,y,2) =0 A fa(z,y,2) =0}
a. Show that E is a subspace of R3.

b. Give a basis and dimension of F
2. Let f:R3 5 R3
(IL‘,y, Z) — (fl(xa y,Z), fQ(‘Ta Y, Z)a Z)

a. Prove that f is a linear application
b. Give a basis and the dimension of ker f
. Give a basis and the dimension of Im f

. Is f bijective?

[¢]

Q.
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2.5 Solution of exercises

-

p
ﬁSolution 2.4.1

1. f is linear if and only if

Yo, B € RY(z,y), (¢, y) € R falz,y) + B, y)) = af (x,y) + B (', y).

fla(z,y) + B(2',y") = flax + B2’ ay + BY')
= (ax + B2’ + ay + By, ax + Bz’ — ay — BY)
= (ar + ay,ax — ay) + (62" + By, Bz’ — BY')
=a(z+y,z—y)+ 6 +y,2" —y)
= af(z,y) +Bf(z",y").

Hence, f is linear.

2. Let’s determine kerf and Imf and give their dimensions. Is f bijective?
kerf ={(z,y) € R*| f(z,y) = (0,0)} = {(0,0)}, so dim ker f = 0.
Imf = {(z+y.2—y) | (0,9) € B} = {2(1,1) + y(1, 1) | (2,p) € B2},
Thus, Imf is generated by two linearly independent vectors, so dim Im f = 2.

Since the dimension of the domain equals the dimension of the codomain, f is bijective as it is
both injective and surjective. Specifically, f is injective because ker f = {(0,0)}, and it is surjective
because dimR? = dim Im f = 2.

3. For any (z,y) € R?, we have
fof(xy)=f(f(x,y) = fla+y,z—y) = (22,2y) =2(z,y) = 2 Idg=.

-

p
5gsolution 2.4.2

1. f is linear if and only if

Va, B € RY(z,9), (2',y) € R fla(z,y) + B, y)) = af (z,9) + BF (', y).

fla(z,y) + B(2",y") = flaz + Ba’, ay + BY')
= (2az + 282" — day — 48y, ax + Bz’ — 2ay — 28Y")
= (2ax — day, ax — 2ay) + (262" — 4By, Bz’ — 2By’)
= Oéf(l’,y) + ﬂf($,,y/).

Thus, f is linear.

2. Let’s determine kerf and I'mf and give their dimensions. Is f bijective?
kerf ={(z,y) € R*| f(z,y) = (0,0)} = {(2y,y) |y e R} = {y(2,1) | y € R}.
So, dim ker f = 1. Therefore, f is not injective.

Imf={(2z —4dy,x - 2y) | (z,y) € R*} = {2(2,1) + y(—4,-2) | (z,y) € R*}.

Imf is generated by two dependent vectors since (—4,—2) = —2(2,1). Hence, dimIm f = 1.
Alternatively, we can use the fact that dimker f +dimIm f =dimR? = dimImf=2—-1=1.

3. f is not bijective as it is neither injective nor surjective.

P
ﬁSolution 2.4.3

1. Let u = (7,9,2) and v’ = (2,3, 2’) be two vectors in R3, and let A and X’ be real numbers.
M+ Nu' = A+ N,y + Ny, Az + N2
FOu+Nu)= Az + N + dy+ Ny + Az + N2/, —Qx+ NVa') + 20y + NVy') + 2z + NV2'))
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cker f={(z,y,2) e R®| f(z,y,2) = (0,0)}

=Mz+y+2)+N@ +y +2), M2+ 2y +22) + N(—2' +2¢ +22'))
=ANz4+y+z,—x+2y+22)+ N +y + 72, -2 + 2y +22)
= Af(u) + XN f(u)

Therefore, f is linear.

={(r,y,2) eR®|(x +y+2,—x+ 2y +22) = (0,0)}

c+y+z2z2=0 =0
:>{ 3y+32=0 :>{ Y=z

ker f ={(0,—2z,2)|z € R}
={2(0,-1,1)|z € R}
Let f = (0,—1,1); f is a basis for ker(f).
Imf ={f(e1), f(e2), fle3)}
fler)=(1,-1)=fi—fo
fle2) = (1,2) = f1 +2f2
fles) = (1,2) = fi+2f>
Imf ={fi— fa, fr +2f2}
f1— fo and f; + 2f5 are not proportional, so they form a linearly independent set in I'mf. As they
generate Imf, they form a basis for Imf, and thus dim(Imf) = 2. Note that Imf = R2.

J

3.

g
gsolution 2.4.4

f(el):(17270):1'61+2'62+0'63
fle2) =(0,1,-1) =0-e1+1-e2+(—1)-e3
fles) =(-1,-3,2) = (-1)-e1+(-3)-e2+2-¢3
o Coordinates of f(e1) in the basis (e1, e2,€3) are (1,2,0).

o Coordinates of f(es) in the basis (e, e2,e3) are (0,1, —1).
o Coordinates of f(e3) in the basis (e1, es,e3) are (=1, —3,2).

xr—2=0 x—z=0 x=0
(x,y,2) €Eker f& ( 20 +y—32=0 & y—z2=0 &< y=0
—y+32=0 —y+32=0 z=0

Therefore, ker f = {Ogs}.
First method:
Imf ={f(ex), f(e2), f(es)}
Check if the family {f(e1), f(e2), f(es)} is linearly independent:
Oéf(el) + ﬁf(€2) +’}/f(€3) = ORB <o (1’250) + B : (Oa 1a _1) + v (_17 _3a2) = (07070)
a—v=0
=< 2a+68-3y=0
—B+2y=0

This is the same system as before, so a« = § = = 0. The family is linearly independent and spans
Imf, so it forms a basis for Imf, and dim(Imf) = 3, concluding that Imf = R3.

Second method (more complicated):

Imf ={f(e1), f(e2), f(e3)} = {e1 + 2¢e2,e2 — e3, —e1 — 3ea + 2e3}
={e1 +2eq,e9 —e3,—ea + 2e3 + €1 + 2ex}
={e1 +2e3,e5 — €3 — €2 + 2e3, —eq + 2e3}
= {e1 + 2ea, €3, —€3 + 2e3}
= {ey + 2ey, 3, —e3 + 2e5 — 2e3}
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= {e1 + 2eq,e3, —e2}

= {e1 + 2ez,e3,€2}

= {e1,e3,€2}

= {e1,e2,e3}
Thus, a basis for Imf is (e, e, e3), and of course, Imf = R3.
Third method:

Using the rank-nullity theorem, dim(ker f) + dim(Imf) = dim(R3®) = 3. Since dim(ker f) = 0,
dim(Imf) = 3, and therefore Imf = R3. A basis for Imf is (f(e1), f(e2), f(e3)).

e - 2
gSOIutlon 2.4.5
1. The matrix of f o f in the basis 3 is Mg(f) x Mg(f), where
-7 8 6
Mo()=| 6 7 6
0 0 -1
-7 8 6 -7 8 6 1 00
Therefore, Mg(f) x Mg(f)=| -6 7 6 x| =6 7 6 = 0 1 0 | =Idgs.
0 0 -1 0 0 -1 0 0 1
L 2. There exists g such that go f = Id, so f is bijective, and f~! =g = f. )
e - 2
4 Solution 77
1. Let
fi:R® - R fo:R® - R (,y,2) = x —y

(:Ea Y, Z) —y—z
and let £ = {(Jc,y,z) eER3: fi(z,y,2) =0 A faolz,y,2) = O}.
a. Show that F is a subspace of R? Since

and
we obtain
r=y=z.
Hence,
E ={(ttt), teR}.
So,

E={t(1,1,1), teR}.

To prove that E is a vector subspace:

e The zero vector belongs to

(0,0,0) = (0)(1,1,1) € E.

o Let u = (t,¢,¢) and v = (s,s,s) be in E. Then

ut+v=_(t+st+st+s)€E.

o Let A e R and u = (¢,%,t) € E. Then

A= (\t, \t, \t) € E

Therefore
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E is a vector subspace of R?
b. Give a basis and the dimension of F

Since

E={(ttt):te R} ={t(1,1,1): t € R},
we have
E = Span{(1,1,1)}

Thus a basis of E is
{(1,1,1)}
and

dim(E) =1

2. Let f:R3 — R3 defined by

f(.’E,y,Z) = (f1(ac,y7z)7 f?(xvyvz)v Z) = ((E -—Y Y —% Z)
a. Prove that f is linear

Let w=(x1,y1,21), v = (x2,Y2, 22)

Then

flu+v) = fx1 + 2, y1 + Y2, 21 + 22)
= ((z1 +22) = (y1 +92) , (Y1 +y2) — (21 + 22), 21 + 22)
= fu) + f(v).

Also, for A € R,

fu) = f(Ax1, Ayr, Az1)
= (A1 —y1), A(y1 — 21), Az1)
=Af (u).

Hence f is linear.

f is a linear application

b. Give a basis and the dimension of ker(f)
The kernel is

ker (f ) = {(x,y,z) eR?: f (x,y,z) = (O’an)}'

Thus,

r—y=2Vv,
y—z= 07
z=0
From z = 0, we get y = 0, and then = = 0.
Therefore

ker (f )= {(07070)}'

Hence

dim(ker(f )) = 0.

A basis of the zero subspace is the empty set ¢

c. Give a basis and the dimension of Im (f)
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Compute the images of the canonical basis vectors:

The three vectors are linearly independent.
Thus they form a basis of the image.
So,

Since I'm(f) is a 3-dimensional subspace of R?,

d. Is f bijective?
Using the rank-nullity theorem

We found

dim(ker f ) =0,

Therefore
f is injective and surjective.

Hence,

€1 = (1,0,0), €2 = (07170)3 €3 = (03071)
f(el) = (1,0,0),
f(eQ) = (_17 170)7
f(e3) =(0,—1,1).
Therefore

Im(f) =Span{(1,0,0), (-1,1,0), (0,—1,1)}.

Let

a(1,0,0) + b(—1,1,0) + ¢(0,—-1,1) = (0,0,0).
This gives

(a—b,b—c,c)=1(0,0,0).
Hence
c=0, b=0, a=0.

dim (Im (f))=3

Im(f ) =R?

dim(ker f ) +dim (Im f)=3.

f is bijective

dim (Im f)=3.
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Chapter 3.

Matrices

3.1 Introduction

This chapter is devoted to the study of matrices, which constitute a fundamental tool in linear algebra for
representing and manipulating linear transformations in a concrete and computational form. Matrices provide
a bridge between abstract linear applications and explicit calculations, allowing vector space transformations
to be expressed in terms of arrays of scalars.

The concept of a matrix associated with a linear map plays a central role in this chapter, as it enables
the translation of theoretical problems into algebraic computations. In this context, matrices are not only
computational tools but also algebraic objects with rich structure, forming a vector space and, in the case of
square matrices, a non-commutative ring.

Special attention is given to matrix operations, invertible matrices, and the determinant, which is a key
invariant used to study invertibility and structural properties. The notion of rank is also revisited in the context
of matrices, highlighting its relationship with linear transformations and its invariance under transposition.

Furthermore, this chapter explores the relationship between linear maps and their associated matrices, as well
as the effect of change of basis, which is essential for simplifying matrix representations. Finally, an introduction
to diagonalization is presented, providing a powerful tool for analyzing square matrices and simplifying their
structure in suitable bases.

This chapter aims to develop both theoretical understanding and computational skills in matrix theory,
which are essential for further studies in linear algebra and its applications.

3.2 Matrix Associated with a Linear Map

Let K be a commutative field.

Let E and F be two K vector spaces of finite dimension n and m, f a linear map from F to F. Let B =
{e1, e, ..., en} be a basis of E, B' = {e], ey, ...,e,,} be a basis of F. Since f(e1), f(e), ..., f(en) are vectors in
F and {€},ey,....,e, } is a basis of F', then fler), flea), ..., f(en) can be written as linear combinations of the
vectors in the basis B = {e, ey, ...,e, }. For every j = 1 .,m, we have:

’ ’ ’ ’ .
fle;) = arje; + agjeq + ... + amje,, = g a;;e;, i1=1,...m

aj;  ai2 -0 Qi 8/1
a21 Az -+ A2n €9
Then, we have (f(e1), f(e2), .., f(en)) = .
Am1  Am2 T Amn e;n
and
a11 a12 G1n
azi Az - a2n,
Am1 Am2 e Amn

is called the matrix associated with f relative to the basis B and B'. The matrix is denoted by (ai;) where
i denotes the row index and j denotes the column index.
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Now, let’s introduce the concept of matrices and algebraic operations on matrices.

‘«/‘(/Deﬁnition 3.2.1

A matrix in K of type (n,p) is a rectangular array A of elements from I K with n rows and p columns.

ailx  aiz -+ G1p

a1 Q22 - a2p
A =

Gp1  Qp2 - Anp

We denote a;; as the element at row number ¢ and column j, and we represent the matrix A by A =
(aij)1<i<n, 1<j<p- The set of matrices of type (n,p) is denoted as M, ,)(IK).

1. For n =1, we say that A is a row matrix, A = (a11, @12, ..., a1p).
ai

a1
2. For p =1, we say that A is a column matrix, A =

an1

3. For n = p, we say that A is a square matrix of order n, and we denote A € M, (K).

Q/“Example 3.2.2

-10 2 0
1 -4 9 . .
LA = 5 —70 | A; is a matrix of type (4,3).
-3 -1 0

2. Ay = < *04 :; _37 ), As is a matrix of type (2, 3).

3. A3 = ( _41 :i ), Ajz is a square matrix of order 2.

3.3 Vector Space of Matrices with n Rows and m Columns

3.3.1 Matrix Operations

( )

‘«/‘(/Deﬁnition 3.3.1

Let A = (as5)1<i<n, 1<j<p and B = (b;j)1<i<n, 1<j<p be two matrices of types (n,p),
1. Wesay that A=BifVi=1,..,n,Vj=1,...,p; a;; = b;;.
2. The transpose of matrix A is a matrix denoted by A’ defined by:

A" = (aji)1<j<p, 1<i<n-

In other words, A? is the matrix of type (p,n) obtained by replacing the rows with the columns and the
columns with the rows, and we have:

(AN = A.
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O/‘Example 3.3.2

1 0
LA = -4 6 ;»Aﬁ:(é " :g)
-3 -5
5 71 0 -10 o8 Tl
-8 0 5 —13 5 [
2. Ay = A= 1 5 3 5
7 93 -2 1
-1 05 0 0 0 B 20
-0 5 1 0
0 -1 0 5
a9 )= %)

Sum of Matrices

s N
fTheorem 3.3.3
By equipping the set M, ;) (K) with the following operations:
(+) : Mnp) (K) X M p)(K) = My, 1) (K)
aiy G2 .. Gip bir bz .. bip a1 +bi1 aipz+bia .. ap +biy
a1 Q2 .. Gz bar baa .. by ag1 +ba1  agx+bay .. ag, + by
+ . . . . — . . . . )
Gpl  QAp2 .. Gpp bnl bn2 .. bnp an1 + bnl Ap2 + bn2 - Qpp + bnp
and
(X) : Kx M(mp) (K) — M(n,p)(K).
ail a12 co A1p )\&11 )\&12 oo )\alp
a1 a2 - G2p )\(121 )\a22 00 )\agp
A, — :
Gp1  Gp2 .. Gpp Aap1 Aap2 .. Aapp
Then (M, ) (K), +, -) is an K-vector space of dimension n x p,
00 .. 0
00 .. 0
where the additive identity is the zero matrix .
0 0 0
S J

Product of Two Matrices

Definition 3.3.4

Let A € M, ,)(K) and B € M, ) (K), the product of matrix A by B is defined as a matrix
C = (cij)icizn, 1<j<m € M(n,m)(K), with

Cij = @;1b1j + aioboj + aisbs; + ... + aipbp;.
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~

(&Note 3.3.5

1. The element c;; of matrix C' is calculated by adding the product of the elements in the ¢-th row of
matrix A by the elements in the j-th column of matrix B.

2. The product of two matrices is possible only if the number of columns in matrix A is equal to the
number of rows in matrix B.

J

c/‘Example 3.3.6

2 1 3 1
am(Le ) e300
0 3 0 0

A is of type (2,3) and B is of type (3,4), so C will be of type (2,4).

(
1.24+0.5+9.0 1.1+0.(0)+9.3 1.(3)
42475+ (—-4).0 41+7.(0)+(—4).3 4.(3)+

2 28 3 1
C_(43 -8 26 11)

— AB— +0.(2)+9.0 1.(1) + 0.
C_AB_< - (

2) + (—4).0 4.

s 2
&Note 3.3.7
The product of two matrices is not commutative, here is an example:
1 2 0 3 4 1
AXB_(—4 5>X<2 —1)‘(10 —17)
0 3 1 2 —12 15
BXA_(z —1>X<—4 5)‘( 6 —1)
So Ax BZBx A )
3.4 Square Matrix Ring
N

(/VDeﬁnition 3.4.1
Let A be a square matrix of order n, A = (a;j)1<i<n, 1<j<n,
1. The sequence of elements {a11, a2, ..., any} is called the principal diagonal of A.

2. The trace of A is the number
TT(A) =a11 +ags+ ... +apn-

3. A is called a diagonal matrix if a;; = 0, Vi # j, meaning all elements of A are zero except on the
principal diagonal.

4. A is called an upper (resp. lower) triangular matrix if a;; = 0, Vi > j (resp. ¢ < j), meaning
elements below (resp. above) the diagonal are zero.

5. A is called symmetric if A = A%

Q/‘Example 3.4.2

4 0 O
1. A= 0 =17 0 |, A; is a diagonal matrix.
0o 0 2
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2 0 0
2. Ay = 1 —14 0 |, Ay is a lower triangular matrix.
-3 7 2
2 10 -25
3. A3=1 0 -1 22 , Az is an upper triangular matrix.
0 O 1
2 10 -2 2 10 -2
4. Ay = 10 -1 21 = A, = 10 -1 21 , Ay is a symmetric matrix.
-2 21 1 -2 21 1

p
fProposition 3.4.3

The matrix product is an internal operation in M, ) (1K ), and it has a neutral element called the
identity matrix, denoted by I, defined as:
1 00 0
010 0
0 0 1 0
=190 o 0
0 0 O 0 1
J

3.4.1 Invertible Matrices

Definition 3.4.4
Let A € M, ) (IK), we say that A is invertible if there exists a matrix B € M, ,)(1K) such that:

AB=BA=1I,.

0/‘Example 3.4.5

Show that the matrix A = ( L

1 _3 > is invertible.

S

By seeking the matrix B = b ) such that:

c d

11 a b 10
A'B:(4 —3>X<c d):<0 1

This gives:

u=(z 8- (2 1)

_ a+c b+d (1 0\ (a+4b a—3b\ _
A'B_<4a—3c 4b—3d>_<0 1)_<c+4d c—3d>_B’A

Which leads to the system:

at+c=1 a=32
4da —3c=0 c=iz
brd=0 T b=l
4b—3d =1 d==
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SIS
=

1 3 1
).Then7B—7.<4 _1>

=

3.4.2 Determinant of a Square Matrix and Properties
s N
,/ Definition 3.4.6
Let A= < 211 212 ) , be a matrix in M3 2)(R), the determinant of A is the real number given by:
21 Q22
det(A) = aj1 X 22 — Q12a21
It is denoted as det(A) or a2
a1 a2
§ J
Q/“Example 3.4.7
Calculate det(A) for A = ( ; _54 )
1 —4
det(A) = |A| = 9 5 =1x5—-2x(—4)=13
s N
WDeﬁnition 3.4.8
aix a2 a1z
Similarly, the determinant of a 3 X 3 matrix A = [ a21 a2 as3 € M(3,3)(R) is given by:
asz1 asz as3
ailr a2 a3
Al = @21 a22 a2 | =a11C11 + a12C12 + a13C13
asp asz2 ass
—ayy(—1)IFL] %22 @23 | o qyie2| G210 G230 qy143 | G210 O22
n(=1) az  ass 12(=1) az;  ass 13(=1) az  ass
L Where C11, C12, and Ci3 are the cofactors of the elements a1, a2, and a3, respectively. )

e/‘Example 3.4.9

1 2 0
Calculate |A| for A= -1 3 1
2 1 -1
1 2 0
[Al=| -1 3 1
2 1 -1
3 1 -1 1 -1 3
— 1(_1)1+1 _1\142 _1\143
1(-1) L 1 ‘+2( 1) 5 4 ’+0( 1) ) 1|
=1(-3-1)—2(1 —2) +0(-1 —6) = —2.

fProposition 3.4.10

| To calculate the determinant of a matrix A, one can expand A along any row or column. Following this
proposition, it is better to choose the row or column containing the most zeros.
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Example 3.4.11

Using the same matrix as the previous example.
Method 1: calculating along the third row, we have:

det(A)=|A|=| -1 3 1 |= (—1)3“(2)‘ § (1) ‘+(—1)3+2(+1)‘ _11 (1) ‘+(—1)3+3(—1)‘ _11 § ‘
2 1 -1
Therefore:
det(A) =|A|=2(2)—-1-5=4-6=—2.
Method 2: Calculate |A| for
aip ai12 Qi3 1 2 0
A= a21 a22 423 = -1 3 1
asz] as2 ass 2 1 -1

det(A) = |A| = a11(az2)(ag3)+ai2(azs)(as1)+azi(asz)(a13) —[asi(az)(a13)+ase(azs)(ai1)+azi(ai2)(ass))

13)(=1) +2(1)(2) + 1(=1)(0) = [23)(0) + L()(1) +2(-)(-1)] =1 -3 = -2

s N
WDeﬁnition 3.4.12
a11 a2 a1z aiq
.. . . az; o2 Qs a24 . .
Similarly, the determinant of a 4 X 4 matrix A = 3 € M(4,.4)(R) is given by:
G31 Q32 A33 A34 ’
(41 Q42 Q43 Q44
a1 a2 a3z ai4
Q91 Qs Gg3 Qo4 Q22 423 (24 az; a2 a3
_ _ 141 144
|A| = =(=1)""(a11)| as2 a3z ass [+...+(=1)"(a14)| az1 az2 as3
o1 ds2 As3 Gsd Q42 A43 (A44 (g1 Q42 Q43
G4q1 Q42 Q43 (44
§ y,
s N

W(Deﬁnition 3.4.13

Let A = (a;j)1<i<n,1<j<n be a matrix. The determinant along the j-th column is given by:
det(A) = (=1)'"*a1;D1j + (=1)*Hag;Dyj + - + (=1)"Pap; Dy, j=1,...,0.
The determinant along the i-th row is given by:
det(A) = (_1)i+1ai1Di1 + (_1)i+2ai2Di2 + -4 (—1)i+"amDm, i=1,...,n.

Here, A;; represents the minor determinant of the term a;;, which is the determinant of order n — 1

L obtained from det(A) by removing the i-th row and j-th column. )

( )

?Proposition 3.4.14

| Let Ac M, (IK). We have:

—_

. det(A) = det(A?).
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5. det(A) remains unchanged if a linear combination of other rows is added to one row (similarly for
columns).

6. If B e M, (IK), then det(A - B) = det(A) - det(B).

O/‘Example 3.4.15

1 0 =5
1. |[Al=| 5 4 =2 |=0, because row 1 is equal to row 3, L; = Ls.
1 0 =5

2. |B| = (1) _82 ;7 ;) =0, because L; = 2L3.
2 -3 0 -1
2 -3 2 6

3. |C|= L 0, because Cy = Cs.

0 -4 0 )
-2 -3 -2 -1

s N
WDeﬁnition 3.4.16
Let V1, Vs, ..., V, be n vectors in R™. The determinant of the vectors (V1, Va,...,V,,), denoted as
det(Vh,Va, ..., V)
, is the determinant whose columns are the vectors Vi, Vs, ..., V. )

B/‘Example 3.4.17

Let Vi = (—1,-1,0), Vo = (0,—1,0), V5 = (0,1,1). Then
-1 0 0
det(Vl,Vg,Vg) =] -1 -1 1
0 0 1
-1 1
= (=D(=1)
=1.

fProposition 3.4.18
| The vectors (V4,Va,...,V,) form a basis for R" if and only if det(Vy, Va,...,V,) # 0.

0/‘Example 3.4.19
Let Vi = (—1,-2,0), Vo = (0,—1,—1), V3 = (0,2,1). They form a basis for R® because:

det(Vi, Va, Vs) # 0.
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3.4.3 Rank of a Matrix (Associated Application)

Definition 3.4.20

Let A € M(n,p)(IK). The rank of A, denoted as rgA, is the order of the largest square matrix B
extracted from A such that det(B) # 0.

e/“Example 3.4.21

>:>det(A):1><4—(—1)><2:67$0:>7"gA:2.

1 -1

—1 0 1 , rgC < 4 (rgC < 3). The largest square matrix contained in C' is of
-1
order 3 In thls example, there are 4 possibilities:

3. C =

2. B= ( 1 ) = det(B) = 0; thus rgB = 1.

0 1 -1
Ci=|-10 1 |,
0 0 -1
0 1 -1
o= 1 0 1 |,
-1 0 -1
0 0 -1
Cs= 1 -1 1 |,
-1 0 -1
0 0 1
= 1 -1 0
-1 0 0

det(Ch) = det(Cy) = det(C3) = det(Cy) = 0, so rgC < 3, and we have:

-1 |:—17é0:>rgC’:2.

fTheorem 3.4.22

| The rank of a matrix is equal to the maximum number of linearly independent row (or column) vectors.

Definition 3.4.23

Let A = (a5)1<i<n,1<j<n € Mup(IK). The cofactor of index i and j of A is the scalar ¢;; = (—1)"*/detA,, ,
where A;; is the matrix obtained from A by removing the i-th row and the j-th column. The matrix

C = (¢ij)1<i<n,i<j<n is called the matrix of cofactors, and the transpose of C' is called the adjugate or
comatrix of A.
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O/‘Example 3.4.24

1 -2 0
Consider the matrix A= | 5 3 1
0 1 -1
The cofactors of A are calculated as follows:
_ 141 _ 23 1 | _
C11 = (—1) det(Au) = (—1) 1 -1 = —4,
_ 142 _ s[5 1 |_
Ci12 = (71) det(A12) = (71) 0 —1 = 5,
ers = (—1)"F3det(Arg) = (—1)* g ’ ’ _ 5,
e = (1 det(de) = (-1 20 ‘ _ o,
_ 242 _ af 10
Coo = (—1) det(AQQ) = (—1) 0 —1 = —].7
_ 243 _ s 1 =2 ] _
Co3 = (71) det(Agg) = (71) 0 1 = 1,
cz1 = (1) det(A31) = (-1)* ;,2 (1) =2
3+2 5010
czp = (—1)"" det(Az2) = (—1) 5 1|= -1,
_ 3+3 _ 6| 1 —2|_
C33 — (—1) det(Aﬁ) = (—1) 5 3 =13.
The matrix of cofactors is:
-4 5 )
C= -2 -1 1
-2 -1 13
The transpose of the matrix of cofactors (adjugate or comatrix of A) is:
—4 -2 =2
ct=|( 5 -1 -1
5 1 13
e \
fTheorem 3.4.25
| Let A € M, (IK), then:
A is invertible < det(A) # 0
In this case, the inverse of matrix A is given by:
1L t
det(A)
L where C'? is the adjugate (or comatrix) of A. )

Q/‘Example 3.4.26

1 -2 0
Consider the matrix A = 5 3 1
0o 1 -1

Algebra 2 Y. SOULA 45



3.5. Relations between a linear map and its associated matriz CHAPTER 3. MATRICES

Here, det(A) = —14 # 0, so A is invertible. The inverse of A is calculated as:

4 2 2

N SN ( B I I B
T det(4) T —14 [ R N O ¥
() 5 1 13 14 114 T;g

One can verify that:

3.5 Relations between a linear map and its associated matrix

WDeﬁnition 3.5.1

Let A = (aij)1<i<m,i<j<n be the matrix of f with respect to the basis B and B.IfE=Fand B= B/7
we say that A is the matrix of f with respect to the base B and denote it by Mg (f).

/Example 3.5.2

Consider the linear map:

f:R3 — R?
(x,y,z)Hf(x,y,z):(m+y+z,xfy)

Using the canonical basis B = {e; = (1,0,0),e2 = (0,1,0),e5 = (0,0,1)} for R? and B = {v; =
(1,0),v2 = (0,1)} for R? we have:
fz,y, ) (ze1 + yes + ze3)

(we1) + flyez) + f(zes)
(#(1,0,0)) + f(y(0,1,0)) + f(=(0,0,1))
((2,0,0)) + F((0.9.0)) + £((0.0,2))
9073?)+(y’ ) (2,0)

1,1 2(1,0)
So,

M(B,B’)(f) = ( 1 —11 (1) )

0/‘Example 3.5.3

Consider the linear map:

g:R? 5 R?
(m,y)Hf(x,y):(as+y,x—y).

With basis B = {e; = (1,2),e2 = (—1,1)} and B’ = {v; = (0,2),vs = (=2,1)}.

f(l, 2) = (3, —1) = A\ U1 + Aqvg
= )\1(0’ 2) + )\2(_27 1)
= (O, 2)\1) + (—2)\2, /\2)
= (=2X2,2)\1 + \2)

—2X X =3= Ay = _7

So,

2)\1+)\2—2/\1+ :—1:>/\1:%.
Then ()\1,)\2) (i 73)

Now,

f(_]-v 1) = (Oa _2) = Av1 + A2
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= >\1(Oa 2) + >\2(_2a 1)
= (0,2A1) 4 (=2X2, A2)
= (—2)\2, 20 + )\2)
—2X=0= X =0

So,

M+ X =2\ =-2= )\ = —1.

Then ()\1,)\2) = (—1,0)

We find:

fProposition 3.5.4

Let E and F be two K-vector spaces of dimensions n and m, and B = (e, ea,...,€,) a basis of E, and
B = (v1,v2,...,vp,) a basis of F'. Then, the matrix A € M, »,)(K) corresponds to a unique linear map

f from E to F. The matrix representation of f with respect to basis B and B'is given by A.

0/‘Example 3.5.5

Consider the matrix A = ( -1 4

2 =3

a(3)=05 5)00) =5 )

The associated linear application is:

> . We have:

fiRZ S R2,

&Note 3.5.6

If R™ and R™ are equipped with their canonical bases, the linear map f from R™ to R™ associated with
a matrix A = (a;j)1<i<m,1<j<n IS given by:

x1

T2
flz1, 2o, ...;zp) = A

Tn

Q/“Example 3.5.7

2 =1 0
Consider the matrix A = 0 1 -2 |. We have:
-1 0 1
T 2 -1 0 T 20 —y
Al vy | = 0 1 -2 y | = y— 2z
z -1 0 1 z —x+z

The associated linear map is:

F:R3 — RS,
(fE,y,Z) Hf(l'vyaz) = (21'_2/72/_22;_1'—’_2)'
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fTheorem 3.5.8

Let E, F, and G be I K-vector spaces with basis B, Bl, and B”, respectively.
If f:E— Fandg:F — G are linear maps, then:

M(B,B")(go f) = M(B',B")(g) - M(B, B )(f).

Example 3.5.9

Consider linear applications:

f:R® = R2
(xayaZ)Hf($ay>Z)=(2$+y—z,2x—y)

And
g:R? - R?,
(z,y) = g(z,y) = (zr — 2y, x + y).

The matrix representations are:

w0 = (5 5)

me 500 =( 1 7

( N\
fTheorem 3.5.10

For linear application f : E — F, where B is a basis of E and B’ is a basis of F:

f is bijective < det (M(B’B')(f)) 7 0.

In this case:

L M e (f7) = M ey ()

Q/‘Example 3.5.11

Consider the linear application:
f:R? - R?,

Show that f is bijective and calculate its inverse.
The matrix representation is:

The inverse is given by:

<
o
PN
~
|
—
S~—
=
|
—
I
=
[N}
7N
_ |
—_
— =
~__
Il
7N
| [N
N[
[
D00 =
~__

Algebra 2 Y. SOULA 48



3.6. Invariance of rank under transposition CHAPTER 3. MATRICES

Therefore, f~!(z,y) = (% — %y, —

3.6 Invariance of rank under transposition

P
fProposition 3.6.1

If A€ M(y,m)(K) is associated with a linear map f : E — F, where B is a basis of £/ and B’ is a basis

of I, then:
rank(A) = rank(f).
Also,
k(A) = rank(A*
L rank(A) = rank(A4 *) )
3.7 Matrices and Change of Basis
s N
W(Deﬁnition 3.7.1
Let E be a vector space, and let B = (e, ea,...,e,) and B’ = (e],¢€h,...,e!,) be two basis for E. The
change of basis matrix from B’ to B is, by definition, the matrix det (M(RB/)(ICZE)),
where Idg is the identity map:
ldg : E— F
x> Idg(x) = x.
The basis vectors of B can be expressed in B’ according to the relations:
e1 = ae) + ageh + azes + -+ + appel,
€9 = ag1€] + ageeh + agzel + -+ + aspel,
S - e3 = ag1€] + asqehy + assey + - -+ aspel,
en = an1€} + anaeh + anses + - + apnel,.
The matrix of passage from B’ to B is the square matrix P defined by:
ail aiz2 a1z - Qi
a1 Q22 423 - A2p
pP=| @3 az2 asz - azn
an1  Qap2 Gp3 - Apn
§ J

O/‘Example 3.7.2
B' = (e},¢e5,eh), ef=(1,1,1), e5=(1,1,0), e =(1,0,0) and B = (e1, €2, e3) is the canonical basis of

Idg : RY — RY,
(377ya2’) — Ing(xvyvz) = (l‘,y,Z)

Id (61) = (1,0,0) = (1116/1 + (l126/2 + algeé
S : Id (62) = (0, 170) = a216/1 + (L226/2 + azgeé
Id (e3) = (O,O7 1) = a31€/1 + agge/z + a33eé
Id (61) = (1,0,0) = au(l, 1, 1) + a12(17 1,0) + a13(1,0,0)
S & Id (62) = (O, 1,0) = agl(l, 1, 1) + a22(1, 1,0) + a23(1,0,0)
Id (63) = (O,O7 1) = CL31(1, 1, 1) + (132(1, 1,0) + a33(1,0,0)
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a11:%, a12:*%, alSZ%
SeQ an =3, axp=3, a23 = —3
a31:*%, GBQZ%, agz = 3
Therefore:
1 -1 1
MppyIdps) =5 1 1 -1
-1 1 1

~

g
fProposition 3.7.3

The change of basis matrix from a basis B to a basis B’ is the inverse matrix of the change of basis matrix
from B’ to B:

M(B’,B) (Id]RS) == (M(B7B’)(Id]R3))71 .

~

(&Note 3.7.4

Let E be a vector space, and let B = (e, es,...,e,) and B’ = (e},¢€h,...,e,) be two basis for E. The
basis vectors of B’ can be expressed in B according to the relations:

e} = bi1er + biges + arzes + -+ - + binen
ey = bareq + bageg + bages + - - - + bape,
S . e3=nbser +bszez +bazez + -+ bznen

6% = bp1e1 + byoes + bpszes + -+ -+ bpnen

The change of basis matrix from B to B’ is the square matrix P~! defined by:

bir b2 biz - bin
b21 b22 b23 b2n
pt—| b3 bz bz - by
bnl bn2 bn3 U bnn
S J
/Example 3.7.5
1 -1 1
MppyIdes) =41 1 1 -1
-1 1 1
-1 1\ 110
Mp pIdes)= |5 1 1 -1 =011
-1 1 1 1 0 1
Change of basis matrix from basis B to B’'.
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4 2\
fTheorem 3.7.6

" Let f:E— F, By, B] be two basis for E, By, B} bases of F.

If P denotes the change of basis matrix from B; to Bf, and @ denotes the change of basis matrix from
B to Bj, then

N M(BLBé)(f) = QilM(Bth)(f)P'

0/‘Example 3.7.7
Let f: R? = R? be defined by
(z,y,2) = (x+y+z,2—1y)

We equip R? with the canonical basis B3 = (e, €2, e3) and R? with the canonical basis By = (v1,v2).
The matrix representation M (Bs, B2)(f) is given by

MBa BN =} o

We also consider another basis B = (€], e, e4) for R? with ¢} = (1,0,1)
For R?, we have the basis By = (v}, v}) with v] = (~1,1) and v = (1,1)

, e =1(1,1,0), 5 = (0,1,1).
The change of basis matrices are given by

P = Mg, ;) (Idrs) =

—_ O =
e e
— - O

-1 1
Q = M(py,B,)(Idr2) = [ 1 1]

The linear transformation f can be represented as
M) (f) = Qg, 5y P = Q" M,y ()P

Substituting the matrices, we get

M<B;,Bs>(f):{_11//22 1;;} B 4 (1)]

o
O = =
)

C[-12 -1 —1)2
_[3/2 1 1/2

3.8 Diagonalization

W Definition 3.8.1

Let A € M(n,n)(K) and A € K. We say that A is an eigenvalue of A if there exists a non-zero column
vector v such that Av = Av. The vector v is called the eigenvector associated with the eigenvalue \.

0/“Example 3.8.2

Consider the matrix

(0 7)

The eigenvalues of A are Ay =1 and Ay = 2.
For A\; = 1, the corresponding eigenvector is
. -2
v = 1
Algebra 2 Y. SOULA
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and for Ay = 2, the corresponding eigenvector is

()

fProposition 3.8.3

Let A € M(n,n)(K) and A € K. X is an eigenvalue of A if and only if P4(\) = det(A — AL,) = 0. Here,
P4()) is called the characteristic polynomial of A.

/Example 3.8.4

For the matrix

— N
N———

The characteristic polynomial is
Py(A)=det(A—A)=(2-XN)(1-X)=0

Then

—(2-N(1-X)=0

This gives the eigenvalues Ay = 2 and Ay = 1.

N
Definition 3.8.5
Let A € M(n,n)(K) and A € K. If X is an eigenvalue of A, then the set
E={veR"or C": Av = \v}
is called the eigenspace associated with the eigenvalue A. The set F is a subspace of R™ or C™. )

Q/“Example 3.8.6

Consider the matrix

1 0 1
A= -1 2 1
0 0 2

The eigenvalues of A are 2 (double) and 1 (simple). For A = 2, the eigenspace Es is spanned by the
vectors (1,1,0) and (0,1,1). For A = 1, the eigenspace E; is spanned by the vector (1,1, 0).

Definition 3.8.7

A matrix A € M,,(IK) is said to be diagonalizable if there exists an invertible matrix P and a diagonal
matrix D such that A = PDP~! (where P is the change of basis matrix).
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~

p
fTheorem 3.8.8

Let A € M,(IK), and let A, Ag,...,\, € IK be the eigenvalues of A with respective multiplicities
mi, My, ...,Myp. Then, if either:

1. dimEy, =m,; fori=1,2,...,p. or
2. dimEy, + dimEy, + ... + dimE), = n.

Then, matrix A is diagonalizable, and the associated diagonal matrix D is given by:

Ay 0 O 0
0 X O 0
0 0 X 0
D=0 0 0
0 O Ap
0 O or e eee el
[0 0 0 - v 0 Al
L Each entry repeats m; times, and matrix P is formed by the eigenvectors. )

~

(&Note 3.8.9

If matrix A € M,,(IK) has n distinct eigenvalues, then A is diagonalizable, and the associated diagonal
matrix D is:
A 0 0 - 0
0 X O --- 0
D_]0 0 X 0
0 0
0 O An
S J
" Example 3.8.10
1 0 1
Consider the matrix A = |—1 2 1|. It has eigenvalues Ay = 2 (double) and Ay = 1 (simple). The
0 0 2
diagonal matrix D is:
[1 0 0]
D= 2 0
0 0 2|
And the change of basis matrix P is:
[1 1 0]
P=1{1 0 1
10 1 0]

Algebra, 2 Y. SOULA 53



3.9. Exercises CHAPTER 3. MATRICES

3.9 Exercises

e N
? Exercise 3.9.1
1 0 O
Let A=1]0 0 1
0 -1 0
1. Calculate A% and A3. Evaluate A3 — A2 + A — 1.
2. Express A~! in terms of A%, A, and I.
L 3. Express A% in terms of A%, A, and 1. )
e ~
? Exercise 3.9.2
3 0 1
Let A=|-1 3 -2
-1 1 0
Calculate (A — 2I)3, then deduce that A is invertible and find A~! in terms of I, A, and A2. )
e N
? Exercise 3.9.3
Consider the matrix A defined as:
5 6 -3
A=|[-18 —-19 9
=30 —-30 14
1. Is A invertible? If yes, determine its inverse A~".
L 2. Calculate A2 — A — 213 = 0, where I3 is the identity matrix. )
e N
? Exercise 3.9.4
Consider the matrix A defined as:
0 1 1
A=1[1 0 1
1 1 0
1. Find a, b € R such that A% = al3 + bA.
L 2. Deduce that A is invertible and determine its inverse. )
N

p
? Exercise 3.9.5

Consider the matrix associated with the linear transformation f defined on R? with respect to the canonical

basis:
1 -1 5
A=1(3 0 2
1 1 4

1. Determine the linear application f.
2. Find ker f and I'm f, along with their dimensions. Is f bijective?
3. Let S ={v1 =(1,1,1),v2 = (1,0,1),v3 = (2,-1,0) }:

(a) Show that S is a basis for R?.
(b) Find the matrix associated with f with respect to the basis S.
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e 2
? Exercise 3.9.6
Consider the matrix A defined as:
0o 2 -1
A=1[3 -2 0
-2 2 1
1. Determine the eigenvalues of A.
2. Show that A is diagonalizable.
L 3. Find P and calculate A*. )
e N
? Exercise 3.9.7
Let be the following matrices
1 1 2 4 -1 1
A=| 0 -1 1), B= 1 2 —4
1 2 1 -2 1 3
1. Calculate A x B
2. Calculate A*, B! and (AB)!
L 3. Calculate Det (AB) and T'r (AB) )
N

g
? Exercise 3.9.8
Let

g(xayVZ)Z(I - Y I+Z7 Yy 722)

1. Find the associated matrix of the linear application f according to the canonical basis for the
starting set and the arrival set.

2. Find the associated matrix of the linear application g according to
the basis 8 = {(1;0;0), (1;1;0), (1;1;1)} for the starting set and

the canonical basis for the arrival set.

3. Find the associated matrix of the linear application g o f
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3.10 Solution of exercises

P
gSOIution 3.9.1
1 0 O 1 0 O 1 0 0
1. ¢ A2 = 0o 0 1 X 0O 0 1 = 0 -1 O
0 -1 0 0 -1 0 0O 0 -1
1 0 0 1 0 O 1 0 O
e A3 =A%Zx A= 0 -1 0 X 0O 0 1 = 0 0 -1
0o 0 -1 0O -1 O 01 O
1 0 O 1 0 0 1 0 O 1 0
e AS— A2+ A-1T = 0 0 -1 — 0 -1 0 + 0 0 1 — 0 1
0 1 0 0o 0 -1 0 -1 0 0 0
0 0 O
0 0 O =0
0 0 O
2. A3—A2+A—I:O<:>A(A2—A+I):I donc A1 =A2 - A+17T
3. A3=A2— A+ Tdonc A'=A(A2— A+ 1) =A% — A2+ A= (A2 —A+T)-A2+A=1

— oo
I

P
55801uti0n 3.9.2

3 0 1 1 00 1 0 1
A-2)=( -1 3 -2 |-2]1 010 |=| -1 1 -2
-1 1 0 0 0 1 -1 1 -2
1 0 1 1 0 1 0o 1 -1
(A-212=| -1 1 -2 |x| -1 1 =2 |]=|0 -1 1
-1 1 =2 -1 1 =2 0 -1 1
0 1 -1 1 0 1 0 00
(A=20P=(A-21)?*x(A-2)=| 0 -1 1 x[ -1 1 -2 ]=[00 0 |=0.
0 -1 1 -1 1 -2 0 00
This implies that:
A3 —3x2A%2+3x22A-221=0
Because A and I commute.
Which is equivalent to
A3 —6A2+12A—-81 =0
Or
A3 —6A% +12A =381
Then by dividing by 8 and factoring out A
A(%AQ—%A—F%I):I
L This shows that A is invertible and A™! = (§A% — 34+ 271)
e
gSOIution 3.9.3
1. A is invertible if and only if detA # 0.
5 6 -3 5 1 =3 5 1 =3
A= -18 —19 9 || —18 1 9 ||EEI —18 1 9
-30 —-30 14 -30 0 14 0 6 68
5 1 -3 51 -3 5 0 -¢
=/l 02 —45 ||=|| 01 =2 ||=[l 01 f% =5x1x 22 =242£0.
0 6 68 0 6 68 0 0 2¢
Hence, A is invertible.
2. Let’s calculate A2 — A — 215 = 0.
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7 6 -3
A2=A-A=|-18 —-17 9
—30 -30 16

So, A2 — A —2I; = 0.
We observe that A(A —I3) =23 = A (%A — %13) =I;= A= (%A — %Ig).
J

-
gSolution 3.9.4
1. Find a, b € R such that A% = al3 + bA.

01 1 0 1 1 2 1 1
A2=A4-A=11 0 1|-|1 0 1|l=|1 2 1
1 10 1 10 1 1 2
1 00 01 1 a b b
=a|0 1 0| +0b(1 O = b b
0 0 1 110 b b a

Therefore, a =2 and b = 1.

1 0
11

2. det(A) = — H (1)‘ + ’ ‘ =2 # 0, hence A is invertible.

1 1
A2:213+A:>A2—A:2]3:>A(;A—2[3) :13:>A_1:§A—%Ig.

P
gSolution 3.9.5

1. Determine the function f.

1 -1 5| |«
flzyy,2)=13 0 2| |y| =(@—y+5z,3x+2z,0+y+4z2)
1 1 4f |z

2. ker f = {(z,y,2) €ER®| f(2,y,2) = (0,0,0)}
So, dimker f = 0 (since f is injective).

Im f = {f(x,y,2) | (z,y,2) € R?}

Im f ={z(1,3,1) + y(=1,0,1) + 2(5,2,4) | z,y,z € R}

The family {(1,3,1), (=1,0,1),(5,2,4)} is linearly independent because det((1, 3,1),(-1,0,1), (5,2, 4))
23 # 0. Therefore, dimIm f = 3, and f is surjective, implying that f is bijective.

3. Let § = {v; = (1,1,1),00 = (1,0,1),v3 = (2, —1,0)}.
a) S is a basis of R? < det(vy, ve,v3) # 0

] C3=C1+C3

1 3
0 0/=2+#0
0 11

_ o =
— =

1
det(vl,vg,vg) =1
1

b) Let A’ be the matrix associated with f using the basis S. A’ = P~ AP, with
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1 1 3
P=1|1 0 0
1 1 1
b1
Let’s perform a change of basis using P~! = ’?1 -1 %
1
3 0 =3
i1 =41 M -15] [113 12 5 —10
A’:P‘lAP:*?l—l 5113 0 2|1t 0o0=|L 2 -2
30 =i |1 1 4] |1 1 1] |8 5 -
\ J
e ; N
gSolutlon 3.9.6
0o 2 -1
A=13 -2 0
-2 2 1
1. Determine the eigenvalues of A, denoted as A € R
0—AX 2 -1
Ps(N)=|A- M3 =| 3 —2-A 0 |[=0
-2 2 1—2A
The eigenvalues are 1, 2, and —4.
2. A is diagonalizable because it has three distinct eigenvalues.
3. Find the eigenvectors.
eFor \=1
2—z =z —r+2y—2z=0
Bi={v=(2,9,2) eR* | Av =0} =<3z —2y=y =413x—-3y=0 Sr=y=z
—2x4+2y+z=1z2 —2x+2y=0
So, By ={z(1,1,1) | x € R}, where v; = (1,1, 1) is the eigenvector associated with A = 1.
e For A =2
20—z =2z —2x4+2y—2z=0
Ey={v=(2,9,2) €R*| Av =20} = { 30 — 2y = 2y =3z —4y=0
2 +2y+z2=2z2 —2x+2y—2=0
— 4
A ig
So, Bz = {y(3,1,3) | y € R}, where vy = (4,3, —2) is the cigenvector associated with A = 2.
e For \ = —4
2y — 2z = —4x dr+2y—2=0
E ys={v=(2,y,2) €ER® | Av = —4dv} = { 3z — 2y = —4y = 93x+2y=0
—2x +2y+ 2z =—4z —2x+2y+52=0
_ =2
= {x -3y
z=2a
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So, E_y = {z(1,52,1) | # € R}, where v3 = (2, —3,2) is the eigenvector associated with A\ = —4.
Thus,
1 4 2
pP=1]1 3 =3
1 -2 2
and A = PDP~! with
1 0 O
D=0 2 0
0 0 —4
and
0 -12 -18 0 -5 =5
P l=gd5C, == 5 0 5 =CG=(-12 0 6
-5 6 -1 -18 5 -1
We compute P~! by using the change of basis.
Then
(=5)28+2 —10(—4)F  —12+12(—4)F —18 + (5)2~+2 — 2(—4)*
Ak =pDkp -l = (-15)2F - 15( —4)k 124 15(—4)F 18 + (5)2k+! 4 3(—4)*
(5)2F+1 —10(—4)F  —12+15(—4)F —18 + (5)2F+! — 2(—4)F
N\ J
s ; N
gSOIutlon 3.9.7
Let be the following matrices
1 1 2 4 -1 1
A= 0 -1 1 |, B= 1 2 -4
1 2 1 -2 1 3
1 1 2 4 -1 1
Calculate Ax B=1 0 -1 1 | x 1 2 —4
1 2 1 -2 1 3
First row
cin=1(4) +1(1) +2(-2) =1,
ci2 =1(-1) + 1(2) +2(1) = 3,
C13 — 1(1) + 1( 4) + 2(3) =3
Second row
co1 =0(4) + (—1)(1) + 1(-2) = -3,
ez =0(=1) + (=1)(2) + 1(1) = -1,
co3 =0(1)+ (=1)(—4)+1(3) =T.
Third row
car=1(4) +2(1) + 1(-2) = 4,
cs2 = 1(—1) +2(2) + 1(1) = 4,
C33 = 1( )+2( 4) =+ 1(3) = —4.
Hence
1 3 3
AB=1| -3 -1 7
4 4 —4
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2. Calculate A*, B, and (AB)*

Transpose of A

1 0 1
A= 1 -1 2
1 1
Transpose of B
4 1 -2
Bt = -1 2 1
1 -4
Transpose of AB
1 -3 4
(AB)t = 3 -1 4
3 7 —4

(Indeed, (AB)'= B'A")
3. Calculate det(AB) and T'r (AB)

e Determinant
Using
det(AB) = det(A) x det(B),

First compute:

1 1 2

det(A)=| 0 —1 1 :0’ 12 ‘+(-1>’ L2 ‘—1‘ bl ’:0
1 1 1 1 2

1 2 1
The matrix A is not invertible.
therefore,

det(AB) = det(A) x det(B) =0 x det(B) =0
So,
det(AB) =0

e Trace

The trace is the sum of the diagonal entries of AB

Tr(AB) =1+ (-1)+(-4)=-4

So,

Tr(AB) = —4

p
gSOIution 3.9.8

Given

g(.’E,y,Z):(fL -y, T+2 Y _22)

1. Matrix of f in canonical bases

We use the canonical basis:
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€1 = (1,0), €y = (07 1)

Compute:

Image of e;

f(1,0)=(-1,2,3)

Image of ey

f£(0,1)=(0,1,3)

So the matrix of f is:

W N
w = O

2) Matrix of ¢ in basis § Basis:

B={vi=(1,0,0), w=(1,1,0), wvs=(1,1,1)}

We compute g(v;) and express in canonical basis (since arrival is canonical).

Stepl: g(vy)

9(1,0,0) = (1,1,0)

Step2: g(vz)

9(1,1,0) = (0,1,1)

Step3: g(v3)

g(1,1,1) = (0,2,-1)

3) Matrix of go f

We use:

Multiply AgAy

Agor = Ag X Af

Algebra 2

Y. SOULA
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1 -1 0 -1 0
Agy=(1 1 1 2 1
0 -2 3 3
First column
(1,-1,0) =—1-2+0=—3
(1,1,1)=—-1+2+3=4
(0,1,-2) =2—6=—4
So first column is: (—3,4, —4)
Second column
(1,-1,0)=0—1+0=—1
(1,1,1) =0+1+1=2
0,1,-2)=1-2=—1
So second column is: (—1,2,—1)
-3 -1
Agy=| 4 2
-4 -1
\ J
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Chapter 4.

Solution of Systems of Equations

4.1 Introduction

This chapter is devoted to the study of systems of linear equations, which represent one of the most important
applications of linear algebra. Such systems naturally arise in many areas of mathematics, physics, engineering,
and applied sciences, where they are used to model relationships between unknown variables under linear
constraints.

The study begins with the general notion of a system of equations and its matrix representation, which
allows a compact and structured formulation of the problem. This matrix approach makes it possible to analyze
and solve systems using algebraic methods rather than purely computational procedures. In particular, the
system AX=B plays a central role in this framework. A key concept introduced in this chapter is the rank
of a system, which provides essential information about the existence and uniqueness of solutions. The rank
allows us to classify systems according to their solvability and to understand their underlying structure. The
chapter also presents Cramer’s method, which offers an explicit formula for solving square systems when the
determinant is non-zero. Different cases are discussed in order to handle both compatible and incompatible
systems, depending on the dimensions and rank conditions. Finally, this chapter aims to equip the student with
the fundamental techniques required to analyze and solve linear systems efficiently, while also reinforcing the
connection between matrix theory and linear algebraic methods.

4.2 System of Equations

( )

Definition 4.2.1

Let K=Ror C.
A system of n linear equations with p unknowns and coefficients in K is called:

a11T1 + a12T2 + a13T3 + -+ A1pTp = by

a21T1 + G22T2 + A23T3 + -+ - + agpTp = bo
S - a3171 + a32T2 + a33T3 + - - + azpT, = b3

an1T1 + Ap2®2 + ap3x3 + - - + AppTy = bn

where (x;)j=1,..p are the unknowns, and (a;;), b; € IK.

4.2.1 Matrix Representation

p
,/‘fDeﬁnition 4.2.2

Let A = (aij)1<i<n, 1<j<p; B = : ,and X = : . The system (S) becomes
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AX = B.

If f is a linear map from IKP? to IK"™ with A being the matrix associated with f in the canonical
bases, and if we denote X = (1,...,2p) and b = (b1, ..., b,,), then the system (S) becomes f(X) = B.

4.2.2 Solution of the System AX = B

(/VDeﬁnition 4.2.3

A solution of the system (5) is any element X = (z1,...,x,), satisfying the n equations of (5). This is
equivalent to finding a vector X such that AX = B or an element X € IK? such that f(X) = B.

e/“Example 4.2.4

42y =1 1 2
3r—y=4 o[ 3 -1 <x>=(1,4,—2)
T—y=—2 1 -1 y

4.3 Rank of a System of Equations

SUSTL L) >

then r <n and r < p.

4.4 Cramer’s Method

Definition 4.4.1

The system (5) is said to be of Cramer if n = p = r, meaning that (.5) is a system of n equations with n
unknowns and detA # 0.

J
4 N
fTheorem 4.4.2
Every Cramer system has a solution given by:
_ -1
L X=A"'B. )
4 N

fTheorem 4.4.3
In a Cramer system, the solution is given by the formulas:
detAl
dkg =
" detA’
Where A; is the reduced matrix of A, obtained by replacing the i-th column with the vector B.

t=1,...,n.

c/‘Example 4.4.4

. b
1. Cramer’s formulas for a system of two equations ( z )

( z ) = ( ¢ ) are as follows if the
Yy /
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20 +y=1
3z + Ty = -2
‘ 1 1’ ‘2 1 ’
-2 7 9 3 -2 _7
ST e [ I
Ha Ha
a b c x J
2. Cramer’s formulas for a system of three equations AX = B < d e f Y = k
g h i z l
are as follows if the determinant satisfies det A # 0:
j b c a j c a b j
k e f d k f d e k
Il h i g 1l 1 q g h I
= = 1 =
* a b c| Y a b c | MF a b ¢
d e f d e f d e f
g h 1 g h 1 g h 1
For this system, it gives
20 —y+z2=1 2 -1 1 x 1
r+y—2=2 & 1 1 -1 Y = 2
3r+y+z=3 3 1 1 z 3
1 -1 1 2 -1 1
2 1 -1 1 1 2
31 L | 5 B 3 1 3| 3
S I w i A 2 -1 16 2
1 1 -1 1 1 1
3 1 1 3 1 1

4.4.1 Case when n=p and r < n:

Consider a system

of n equations with n unknowns, but rgA < n, i.e., detA = 0. In this case, extract a matrix

M from A, knowing that it is the largest invertible square matrix, i.e., detM # 0, contained in A and of order

.

This is called a submatrix, and the unknowns associated with M become principal unknowns, while the

remaining (n — r) unknowns become parameters or arbitrary values. Consider the following system:

This last system is a Cramer system, so it has a unique solution (21, ..., z,) depending on (2,1, ...,

a1171 + a1a®a + ...+ a1,7 = by — (a1(7-+1)$r+1 +. ot amT,) = b

an 1 + apTs + ... 4 a2y = by — (@14 1)Trg1 + .. F A1Tn) = )

ar1T1 + ar2T2 + ..o+ Qpp Xy = br - (al('r+1)xr+1 +...F alnxn) = b,r

ZTp). If

this solution satisfies the remaining (n — r) equations, then the overall system has infinitely many solutions. If,

on the other hand,

has no solution.

(21, ...,x,) does not satisfy any of the remaining (n — r) equations, then the overall system

Q/“Example 4.4.5

detA = det

3x—y+22=3 3 -1 2\ (= 3
S1:¢2x+2y+2=2 << |2 2 1 yl =12
r—3y+z=1 1 -3 1 z 1
3 -1 2 _
2 2 11 =0=(5) isnotaCramersystemsincedet<2 2);&0:>rg(A)—2,
1 -3 1

and we consider z, y as unknowns and z as a parameter. Thus, we obtain the system:

Algebra 2
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3 -1\ (=x 3—2z 3r—y=3—-2z2
= =4
2 2 Y 2—z 20+ 2y =2—z
which is a Cramer system and has a unique solution (z,y) depending on z.

det (3 — 2z —1) dot (3 3— 22)
_ 2—z 2 _ 8_52 _ 2 2—z .
o det(?’ —1) S det<3 —1) o
2 2 2 2
Now, check if (z, y) satisfies 2 —3y+z = 1 (remaining equation): 8552 —3(Z)+z = § # —5. Therefore,

the system has infinitely many solutions given by:
(875z z

==.%52)
% c R.

4.4.2 Case when n # p:

If the number of equations is not equal to the number of unknowns, determine the rank of A first and proceed as
before. If M is a matrix contained in A and of order r with detM # 0, then consider the system of r equations
with r unknowns corresponding to M, which is a Cramer system.

If the solution satisfies the remaining equations, then the overall system has infinitely many solutions.
Otherwise, it has no solution.

/Example 4.4.6

3z —y=4 3 -1\ /. 4
2r+2y=3 <& |2 2 ()z 3
_ 1 -5) VY -5
r—>dy=-—95
3 -1 3 1
Therank of [2 2 | <2 chooseMz(2 2>:>detM=87$0:>rg(M):2. Take the system:
1 -5

=

v —y=4 r=1
Y - 18
20 +2y =3 y=g3
Now, check the remaining equation:

x —5y=—-5= 4 —5(3) = 3 # —5. Therefore, the system has no solution.

4.5 Gaussian Elimination Method

Definition 4.5.1

Gaussian elimination is a systematic method for solving systems of linear equations. It consists in trans-
forming the augmented matrix of the system into an equivalent simpler form using elementary row oper-
ations.

The goal is to obtain an upper triangular (row echelon) form, from which the solutions can be determined
by back substitution.
A system is said to be equivalent if it has the same solution set after applying elementary row operations

4.5.1 Elementary Row Operations

The Gaussian elimination method is based on three types of operations:

Row swapping:

R, < R]'

Row multiplication:

R; & AR, , where X\ # 0

Row replacement:

These operations do not change the solution set of the system.
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4.5.2 Row Echelon Form

A matrix is in row echelon form if
e All zero rows (if any) are at the bottom
e The first non-zero entry of each row (called pivot) is to the right of the pivot in the previous row
e All entries below each pivot are zero.

Once this form is obtained, the system can be solved easily by back substitution

4.5.3 Algorithm of Gaussian Elimination

Given a system
AX =B

1) Write the augmented matrix (A | B)

2) Use elementary row operations to obtain an upper triangular matrix.
3) Solve the resulting system starting from the last equation

4) Express the solution in parametric form if necessary

O/‘Example 4.5.2

Solve the system:
T+y+z=3
20+ 3y+2="7
r+2y+22=6
Step 1: Augmented matrix
111 | 3
2 3 1 |7
12 2 | 6
Step 2: Elimination
o Ry <+ Ry — 2Ry
e R3 +— R3 — Ry
11 1 | 3
01 -1 | 1
01 1 | 3
R3 <> R3 — Ry
11 1 | 3
01 -1 | 1
00 2 | 2
Step 3: Back substitution
From last row:
2z=2=2=1
Second row
y—z=1=>y=14+2=141=2
First row
z+y+z2=3=2=3-y—2=3-2-1=0
Solution:
(z,y,2) = (0,2,1)
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4.6 Rank Method for Solving Linear Systems

Definition 4.6.1

The rank method is a theoretical approach for studying and solving systems of linear equations using the
concept of the rank of matrices. It is based on comparing the rank of the coefficient matrix with the rank
of the augmented matrix.

Consider a linear system:

AX =B

where A is the coefficient matrix, X is the vector of unknowns, and B is the constant vector.

4.6.1 Definition of Rank

Definition 4.6.2

The rank of a matrix is the number of linearly independent rows (or columns). It represents the maximum
number of independent equations in the system.

We denote:
r (A) : rank of coefficient matrix
r (A\B) : rank of augmented matrix.

4.6.2 Rouché—Capelli Theorem

e N
fTheorem 4.6.3
A system
AX =B
has solutions if and only if:
r (4) =r (A\B)

Moreover,

o If r (A) =7 (A\B) = n (number of unknowns), the system has a unique solution.

o If 7(A) = r(A\B) < n, the system has infinitely many solutions.
L o If r(A) # r(A\B), the system has no solution. )

4.6.3 Method (Rank Method Procedure)

To solve a system using the rank method:

e Write the augmented matrix (A\B).

e Use elementary row operations to reduce it.

e Compute r(A4) and r(A\B).

e Apply Rouché-Capelli theorem.

e Deduce the type of solutions.

e If possible, express the solution parametrically.

0/‘Example 4.6.4

Solve:
r+y+z=3
2x4+2y+22 =6
r—y+z=1
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Step 1: Augmented matrix

11 1| 3
2 2 2 | 6
1 -1 1 | 1

Step 2: Row reduction

° R2 < Rg — 2R1

° Rg s Rg — Ry
11 1] 3
0 0 0| O
0 -2 0 | -2

Step 3: Rank

r(A)=2

r (A\B) =2

Since n =3 :

r(A) = r(A\B) = 2 < 3 = Infinite solutions
Step 4: Solve

From system:

2y=-2=y=1

First equation:

z+1l4+z=3=2=2—-2

Let z=t

So, the solution is:

(z,y,2)=(2—1¢,1,t), teR

4.7 Matrix Inverse Method

In this section, we use the matrix Inverse Method for Solving Linear Systems.

s N
WDeﬁnition 4.7.1

The matrix inverse method is an algebraic technique used to solve square systems of linear equations of
the form:

AX =B

where: A is a square matrix of size n X n,

X is the vector of unknowns,

B is the constant vector.

If the matrix A is invertible (i.e., det(A) # 0), then the system has a unique solution given by:

X=A"'B

4.7.1 Invertible Matrix

e ~
,/‘(/lDeﬁnition 4.7.2
A square matrix
A is said to be invertible if there exists a matrix A~! such that:
AAT = A"TA=1T

where

I is the identity matrix.
L A matrix is invertible if and only if: det(A4) # 0 )
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Important Theorem

e N
fTheorem 4.7.3
| A linear system
AX =B

e has a unique solution if A is invertible

e 10 or infinitely many solutions if A is not invertible

In the invertible case:

_ g1

L X=A""B )

4.7.2 Method (Steps)

To solve a system using the inverse matrix method:
e Write the system in matrix form AX = B.

e Compute det(A).

o If det(A) # 0.

e compute AL,

e Multiply A~'B.

e Obtain the solution vector X.

/Example 4.7.4

Solve the system:
Step 1: Matrix form

Step 2: Determinant
det(A)=1-3—-2-1=1#0
So A is invertible
Step 3: Inverse of A

41 3 -1\ _ 3 -1
e )= )
Step 4: Compute X = A~!'B

T\ 3 -1 3y _ (1
(5)=(%3)(8)-(2)

Final solution

(z,y) = (1,2)
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4.8 Exercises

e N
? Exercise 4.8.1
Solve the following system using Cramer’s Method
r+y+z=3
S:2rx+y+z2=2
r+2y+z=1
\ J
e - N
2 Exercise 4.8.2
Solve the following system using Cramer’s Method
3xr+y—2243t=0
S:q—x+2y—42+6t=2
2 —y+22—-3t=0
\ J
? Exercise 4.8.3
Depending on the values of a, solve the following systems using Cramer’s Method
ax +y =2 (a+z+(a—1)y=1
Sl . 2 5 SQ :
(a*+1Dax+2ay=1 (a—1Dz+(a+1)y=1
e N
? Exercise 4.8.4
Consider the system (5),
r —my+m?z =2m
S < mx—m2y +mz=2m
mr4+y—miz=1-—m
L Solve (), specifying the values of m for which it is a Cramer system. )
e 2
? Exercise 4.8.5
Solve the following system using Gaussian elimination
r+y+z2==6
20+ 3y +z=11
r—y+2z=5
\ J
e N
? Exercise 4.8.6
Solve the following system using Gaussian elimination
r+2y—z=1
20 +5y+2=9
3x 4+ 6y + 2z =12
\ J
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p
? Exercise 4.8.7

Solve using rank method

r+y+z2=3
20+ 2y+2z2=5
r—y+2=0
§ J
s - N
2 Exercise 4.8.8
Solve using rank method
r+2y+z=4
20 +4y+22=28
r+y+z=3
N\ J
s N
? Exercise 4.8.9
Solve using the inverse matrix method
2e+y=5
T+3y="7
N\ J
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4.9 Solution of exercises
s ; N
gSOIutlon 4.8.1
r+y+z2=3 1 1 1 T 3
S:¢ 2x+y+2=2 | 2 1 1 y | =1 2
r+2y+z=1 1 2 1 z 1
1 1 1 1 1 1
det A=det| 2 1 1 | =1#0,rg| 2 1 1 |=n=p=3
1 2 1 1 2 1
Therefore, S is a Cramer system.
311 1 3 1 1 1 3
2 11 2 21 2 1 2
1 21 1 11 1 21
_ detA; _ _ detA _ _ detAs _ _
T = ;etA]_ 1 1 1 =-1y= deetAQ_ 1 1 1 = =2, and z= deetAs_ 1 1 1 =6
2 1 1 2 1 1 2 1 1
1 21 1 2 1 1 2 1
N\ J
s ; N
gSOIutlon 4.8.2
3x+y—2:+3t=0 3 1 -2 3 * 0
S:{ —z4+2y—4dz+6t=2 = -1 2 -4 6 Z =1 2
20 —y+2z—-3t=0 2 -1 2 3 t 0
3 1 -2 3 3 1
The rgA=rg| -1 2 -4 6 | =3. Take M = =det M =7+#0
-1 2
2 -1 2 3
Consider the following system:
3x+y=22—-3t z:%g
—z+2y =244z — 6t y=2z —3t+8
Substitute into the third equation:
20 —y+2z—3t="2 2243t -5 +22 -3t ==L #£0
L Therefore, the system has no solution. )
N

-
ﬁSolution 4.8.3
For system (S1)

solution.

so there is no solution.

Joarx+y=2 a 1 T\
Sl'{ (a®> + 1)z +2ay =1 (:)(a2+1 2a>(y)_<

_ a 1 _ 2
detA—det(a2+1 9 | = —1#0=a#+l.
So, there is a unique solution if and only if a # +1.
Then:
’ 2 1 a 2 ‘
_ detA; __ 1 2a _ 4a-—1 _ detAsy __ 0‘2 +1 1 _ —2a% +a—-2
T = GetA — a 1 =1 Y7 detd T a 1 a?—1
a?+1 2a a’+1 2a
_ s L) rty=2 Tty=
e If ¢ = 1 then the system becomes: { %42 =1 { chy=1

However, we cannot have both x +y = 2 and z + y = % at the same time. Therefore, there is no

e If ¢ = —1 then the system becomes: —rty=2 & —(z—y) :1 2 impossible,
20— 2y =1 T—y=3

For system (S5)
st -Gn En6)-0)

Here, the determinant is atl a—1 ’ =(a+1)?—(a—1)?=4a

a—1 a+1
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If a # 0 then we find a unique solution (x,y) with Cramer’s formula
1 a—1 ‘ a+1 1 ’
_ detA; __ 1 a+]‘ _ 1 _ detAs __ a’i]‘ 1 _ 1
xidetAi a+1 a—1 72a’yidetA7 a+1 a—1 — 2a°
a—1 a—i—l’ a—1 a—i—l‘
L e If a = 0 then there is no solution. )
s ; N
gSOIutlon 4.8.4
z —my+m?z=2m 1 —m m? T 2m
S mz—mly+mz=2m < | m -m? m y | = 2m
mer4+y—miz=1-—m m 1 —m3 z 1—-m
1 —m m?
det A=det | m —-m? m =m® —m=m(m*—-1)#0=m#0and m # £1.
m 1 —m3
o If m #0,1,—1, then (S) is a Cramer system and
_ m(2m?—3m+3) _ (m—=1)2(2m+1) 2
x—W7 y—m andz—m.
N J
s ; N
gSOIutlon 4.8.5
Step 1: Augmented matrix
1 1 1| 6
2 3 1 11
1 -1 2 | 5
Step 2: Eliminate first column
o Ry <> Ry — 2R,
Ry =(2,3,1]11) —2(1,1,1|6) = (0,1,—-1 | —-1)
° R3 <~ R3 — R1
R3 = (17_172 | 5) - (17171 | 6) = (07_271 | _1)
New matrix:
1 1 1 | 6
0 1 -1 1] -1
0 -2 1 | -1
Step 3: Eliminate second column
Rs <> R3 + 2Rs
R3 = (07_2a 1 l _1) + 2(0717_1 | _1) = (070a_1 | _3)
Matrix becomes:
11 1 | 6
01 -1 | -1
00 -1 | -3
Step 4: Back substitution
From last row:
—z2=-3=>2z2=3
Second row:
Yy—z=—-1=y-3=-1=y=2
First row:
r+y+z=6=>z2+24+3=6=>z=1
Final Answer
(x’ y? Z) = (17 27 3)
N J
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~
gSolution 4.8.6
Step 1: Augmented matrix

Step 2: Eliminate first column

° R2 — RQ — 2R1

Ry =(2,5,1]19)—2(1,2,-1|1)=(0,1,3]7)
e R3 < R3 —3R;

R; =(3,6,2]12) —3(1,2,—1]1)=(0,0,519)
New Matrix:

Step 3: Back substitution
From last row

92=9=2z= g

Second row:
y+32=T=y+ L =T=y=
Final Answer

-

P
gSOIution 4.8.7

Solve the system using the rank method

T+y+z2=3
20 +2y+22=5
r—y+2=0

Step 1: Matrix

Step 2: Reduction
L] RQ < R2 — 2R1
° Rg <~ R3 — Ry

O O =
O =
O O =

Step 3: Rank

r(A) =2

r(A\B) =3

Since: r(A) =2 # r(A\B) = No solution.

g

P
fgSOIution 4.8.8

Solve the system using the rank method

r+2y+z=4
2o +4y+22=28
T+y+z=3

solution

Algebra 2 Y. SOULA
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exo 2
Step 1: Augmented matrix

121 | 4
2 4 2 | 8
111 ] 3

Step 2: Row reduction

o Ry <+ Ry — 2R,

Ry =1(2,4,218) —2(1,2,1[4) =(0,0,0]0)

e R3 <+ R3 — Ry
R;=1(1,1,1]3)—(1,2,1]4) =(0,-1,0 | —1)
New matrix:

O =
O N
O =
[e TN

1 -1 0 | -1
Step 3: Rank determination
Coefficient matrix A :
1 2 1
A=1 2 4 2
1 11
After reduction:
1 2 1
0 0 0
1 -1 0
Two non-zero rows so,
r(A4) =2
Augmented matrix (A\B) :
1 2 1| 4
0 0 0| O
1 -1 0 | -1
Also two non-zero rows
r (A\B) =2

Step 4: Apply Rouché—Capelli theorem

r(A) =r(A\B) = 2,
So,

e system is compatible

e number of unknowns = 3
e rank = 2

Therefore,

infinitely many solutions
Step 5: Solve the system
From last row:
—y=—1=y=1

From first equation:
r+2)+z=4=ac+2=2=>0=2—12
Let: z=t

Final solution

(51772172) = (2 - t7 17t)a

n=23

teR
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s ; N
gSolutlon 4.8.9
Solve the system using the inverse matrix method
20 +y =25
r+3y="7
Step 1: Matrix form
2 1 x 5
=(15) x=(0) 2= (%)
Step 2: Determinant
det(A)=2-3—-1-1=6-1=5#0
So A is invertible
Step 3: Inverse of A
1 3 -1 3 =1
—1 _ = _ 5
w57 )-8 1)
Step 4: Compute X = A~'B
x 3 =1 5 8
(3)-(2 1)()-(1)
Yy 5 5 5
Final answer
(z,y) = (%, )
§ 5 5 J
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Chapter 5.

Examination Examples with Solutions

5.1 Introduction

This chapter is devoted to a collection of examination models designed to familiarize students with the structure
and level of difficulty of typical written assessments in linear algebra and related mathematical tools. Unlike
the previous chapters, which focus on theoretical foundations and methodological developments, this chapter
emphasizes practice-oriented learning through exam-style problems. Each model presented in this chapter is
carefully selected to reflect the types of questions commonly proposed in university examinations. The exercises
cover the main topics studied throughout the course, allowing students to consolidate their knowledge and
apply theoretical concepts in a structured and effective manner. A particular feature of this chapter is that
each exercise is accompanied by a complete and detailed solution. These solutions are written in a clear and
rigorous style, highlighting the logical steps required to reach the final answer. This approach is intended to
guide students in developing proper mathematical reasoning and in improving the quality of their written work
during examinations. In addition, a marking scheme is provided for each exercise. This allows students to
understand how points are distributed across different parts of a question and to identify the key steps required
to obtain full marks. This aspect is particularly useful for exam preparation, as it helps students become
familiar with evaluation criteria and expectations. Overall, this chapter is designed as both a training tool and
a preparation guide, aiming to strengthen the student’s problem-solving skills, improve their exam performance,
and build confidence in handling structured mathematical assessments.

5.2 Six Solved Sample Exams

Model Exam 1

? Exercise 1 (7 points)
Let:
E={(z,y,2) ER® |z +y+ 2z =0}
1. Show that E is a vector subspace of R?
2. Find a basis of E.

3. Determine the dimension of E.
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? Exercise 2 (7 points)
Let f:R3 — R3 be defined by:
flz,y,2) = (x+y, y+2z x+2).
1. Show that f is a linear application.

2. Determine the matrix of f in the canonical basis of R?

w

. Find ker(f) and Im(f).

4. Is f isomorphism? Justify your answer.

? Exercise 3 (6 points)
Let A and B be two square matrices of the same order such that AB = BA

1. Prove that if A is invertible, then A~'BA = B

1 1
2iea-(21)

determine the general form of A™, then prove it by mathematical induction.
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The Model Solution for the 1 Exam

QSOIution of Exercise 1 )
E={(z,y,2) €ER® |z +y+2z=0}
O PP P PP P PSP PP TPPPP (3pts)
e Contains (0,0,0): yes
Because 0+ 0+ 0= 0, so, (0,0,0) € E
e Closed under addition and scalar multiplication = FE is a subspace of R3.
/OO O PO T PO PP O PP R PP PRSPPI PUPRRPUPRRPRO (3pts)
Solve:
r+y+z=0=>2=—-x—y
So:
(x7ya Z) = (xaya - = y) = I‘(l, 07 _1) + y(07 17 _1)
So the family {(1,0,—1), (0,1,—1)} generates
Show that the family {(1,0,—1), (0,1,—1)} is linearly independent
Assume: Va,b€eR
a(1,0,—1) +b(0,1,—-1) = (0,0,0).
This gives:
(a, b, —a—b) = (0,0,0).
So:
a=0,b=0.
Thus the family is linearly independent.
Then the basis of F is:
{(1,0,-1), (0,1,—-1)}
3. DIMENSION: ittt e (1pt)
\ dim(E) =2 )
QSolution of Exercise 2 )
f:R3 = R3 be defined by:
fl@y,z) = (@+y, y+2 2+2).
1. Linearity: let u = (21,91, 21), v = (22, Y2, 22) and X € R verify:......ccooeniiriinnnene. (2pts)
o Additivity
?
flutv) = fu)+ f(v)
flu+v) = f((z1,91,21) + (22,92, 22))
= f ((x1 + 22,91 + Y2, 21 + 22))
= (@1 +22+y1 +Y2, Y1 F Y2+ 21+ 22, 1 F 22 + 21 + 22)
= (1 +y1, y1 + 21, 11+ 21) + (T2 + Y2, Y2 + 22, T2 + 22)
= f(u) + f(v)
e Homogeneity
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FOw) = Af(u)

fQw) = f(Mx1,91,21)) = f(Az1, Ayr, A=)
= (Az1 4+ Ay1, Adyr + Az, Arp + Az)
= Mx1+y1, y1 + 21, 11+ 21)
= Af(u)

Therefore, f is a linear application.

IVTAETEXE e e e (2pts)
The canonical basis of R? is
61:(13030)7 62:(03170)7 63:(03();1)'

Compute the images:

f(el) = f(l,0,0) = (1707 1)
f(e2) = £(0,1,0) = (1,1,0)
f(63) = f(()vO’ 1) = (07 1, 1)

Thus, the matrix of f is

b

I
=
O~
—= = O

Ker(f) and Im(f).
O T () et en (1pts)
We have Ker f ={(z,y,2): f(z,y,2) =Ogs}
We solve f(z,y,z) = (0,0,0)
(x+y,y+z, 2+2)=(0,0,0)

rz+y=0

y+2=0

x+2=0
From the first equation we have: y= —x
From the second: z=—y==x

Substitute into the third: 2x=0=xz=0
So,z=0=y=0=2=0
Therefore, Ker f={(0,0,0)}.

O LINL( ) ettt e (1pts)
Compute the determinant of matrix A

1 1 0
det(A)=|0 1 1 1’ L1 ‘1‘ 01 ’+o‘ 0 1 ‘

1 0 1 1 1 1 1 0

=11x1-0x1)—10x1—-1x1)+00x0—1x1)
—14+14+0=2#0

Since:

det (A) #0
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the columns are linearly independent and generate R3

Thus:
Im(f) =R3

4. Is [ an iSOmMOTrPRISINT....cceiiiiiiiiiiii ettt e e e e e e e (1pts)
A linear application is an isomorphism if it is bijective.
Since:
ker (f) ={Ors} = f is injective.
And:
Im(f) =R3 = f is surjective.

\ Therefore, f is an isomorphism.

QSolution of Exercise 3

AB = BA, multiply both sides on the left by A~!

A 'AB=A"'BA

This gives:

B=A"'BA.

2. General form Of A™ ...ooiiii e a e (3pts)

We compute the first powers:

cr(31) e

the pattern:

O =

Proof by induction

Base case (n = 1):

A1:<(1) 1)istrue.

Inductive step:

Assume:

Ak:<(1) ?)Then:

1 k 11 1 k+1
k+1 _ Ak g4 — Ak — —
A APA=A <01><01> <O )

The formula holds for k + 1

Conclusion

A”:(l ’f),forauneN.

1. Proof that ATIBA = B .ot (3pts)Since

2 3 (1 3 « (1 4
1>, A<O 1), A<O 1).V\/eobserve
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Model Exam 2

? Exercise 1 (5 points)

1. Give the definition of a vector subspace of a vector space over the
field R.

2. Define what it means for a set of vectors to be:
a) linearly independent.

b) a basis of a vector space.

3. State the relationship between:
a) dimension

b) basis of a finite-dimensional vector space
4. State a condition under which a square matrix is invertible.

5. Define the rank of a matrix.

? Exercise 2 (7 points)

Let
fiR® 5 R?

defined by:
1. Verify that f is a linear application.
2. Determine the kernel of f , (ker(f))
3. Determine the image of [, (Im(f))

4. Compute: a) the dimension of the kernel

b) the dimension of the image.

5. Determine the rank of the linear application f.

? Exercise 3 (8 points)

Let the matrix

S
Il
=N
e I
=)

1. Compute: A?
2. Compute: det(A)

3. If A is invertible, find A~!.

N

. Determine the rank of the matrix A.

Algebra 2 Y. SOULA
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The Model Solution for the 2 Exam

QSolution of Exercise 1 N

1. Definition of a vector SUDSPACE. .......ccouiiiiiiiiiiiiiiic e (1.5)

A nonempty subset F' of a vector space E over the field R is called a vector subspace of E if it
satisfies the following conditions:

e (peF
e Forall U,V € F, we have U +V € F (closed under addition).
e For all A € R and For all U € F, we have AU € F' (closed under scalar multiplication)

ettt e e et eaee e (1.5pt)
a. Linearly independent
A set of vectors {vy,va,...,v,} in a vector space E is said to be linearly independent if:
For all Ay, Aa,---, A\, € R,
A1 + Agvg + -+ Apv, =0 implies Ay =X =--- =X, =0.

b. Basis of a vector space
A family of vectors {vy,va,...,v,} is called a basis of a vector space E if:
e the vectors are linearly independent, and
e they generate the space F (that is, every vector of E can be written as a linear combination of
them).
3. Relationship between dimension and basis..........c.ccccocoiiiiiiiiiiiiiiiiiiice (1pt)
In a finite-dimensional vector space:
e All bases have the same number of vectors.
e This number is called the dimension of the vector space.
In other words:
The dimension of a finite-dimensional vector space is equal to the number of vectors in any basis of
that space.
4. Condition for a square matrix to be invertible Asquare matrix
A is invertible if and only if:  det(A) 75 0ueereriiiiiiiiiie e (0.5pt)
(Equivalently, the rank of A is equal to its size).

i.e. if a square matrix A of order (n x n) then :

A is invertible. < det(A4) # 0. & rank(A) =n

5. Definition of the rank of a matrix ..........cocociiiiiii (0.5pt)
The rank of a matrix A is the dimension of the vector space generated by its rows (or columns).
Equivalently:

The rank of a matrix is the maximum number of linearly independent rows (or columns) of the

k matrix. /

QSOIution of Exercise 2 )

[R5 R?

f (‘Tvyvz) = ($—y+27 213+y—2)
Show that f is a linear application...........cccciiiiiiiiiiiiiiiiieiii e (2pts)
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We verify linearity:
For all U = (x1,y1,21), V = (22,¥2, 22), and for all A € R
o f(U+V)=f((z1,y1,21) + (z2,92, 22))
= (w1 4+ 22, y1 +y2, 21 + 22))
= (T1+ T2 —y1 —y2 + 21 + 22, 221 + 272+ Y1 + y2— 21 — 22)
=((@1 =1+ 21) + (2 — Y2+ 22),, (201 +y1 — 21) + (222 + Y2 — 22)))
=((x1 =y +21), Qo1+ —21)) + (@2 — Y2 + 22), 222 +y2 — 22))
=f(z1,y1,21) + f(22, Y2, 22)
= fU)+ f(V).
o f(AU) = f(Mz1,91,21)) = (Ax1 — Ay1 + Az, 2Ax1 + Ayp — Azp)
— M)
Therefore, f is a linear application.
2. KEINEl Of fooiiiiiiiiii e (1pt)
ker(f) ={(z,y,2) €R®/ f(x,y,2) = Opa}
={(z,y,2) €R?/ (z—y+z 204+y—2)=(0,0)}
So,
{ —y+2=0
20 4+y—2=0
Add equations:
r—yY+z+2x4+y—2=0=2=0
Substitute
—y+z2=0=>y==2
So,
ker(f) ={(0,y,y) /y € R} ={y(0,1,1) /y € R}
3. TmAge Of oo (1pt)
m(f) ={f(z,y,2) / (z,9,2) R’}
= {(az—y—i—z, 2r4+y—2) / (x,y,2) €R3}
={z(1,2) +y(-1,1) + 2(1,-1) / (x,y,2) € R?}
Tow vectors are clearly linearly independent.
Ao dim(Eer () = Luveoriii e (1pt)
I ITN( ) 2 2ttt (1pt)
N 5. rank(f) = dim(Imf) = 2uccoiiiiiiiiiiii e (1pt) )
QSolution of Exercise 3 R
( 1 10 )
A= 2 1 1
1 0 1
COMPULE A2 (2pt)
A2=Ax A
Compute row by column:
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110 11 0
A2=( 2 1 1 |x| 2 11
1 0 1 1 0 1

So,
3 21
A= 5 3 2
2 1 1
2. ComPUEE dEt(A) ..ttt (2pt)
1 1 0
det(A)=1]2 1 1
1 0 1
Expand along first row:
11 2 1 2 1
=112 1 o] 2
So,
det(A) = 1(1(1) — 0(1)) — 1(2(1) — 1(1)) + 0(2(0) — 1(1))
Then,
det(A) = 1(1) — 1(1) + 0(—1)
Therfore,
det(4) =0
B et et e e ettt e et e e s e e eaeeas (2pt)

det(A) = 0= A is NOT invertible
So the matrix has no inverse
Then

A~ does not exist.
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Lo et (2pt)
Since determinant of A is zero then rank (A4) < 3.

Rows are not multiples, and two rows are independent.
So,

N rank (A) =2 )
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Model Exam 3

? Exercise 1 (6 points)
Let f:R? — R2 be defined by
flay)=Q2z —y , z+3y).
1. Show that f is a linear application.
2. Compute: f (1,2), f (—1,3).
3. Determine the kernel of f, denoted by Ker(f)

? Exercise 2 (6 points)
In the vector space R, consider the vectors
u: (17072)’ U: (2’ 173)7 w: (0717 1)'
1. Verify whether the vectors u, v, w are linearly independent.
2. Do the vectors u, v, w form a basis of R3?

3. Express the vector a = (3,2,5) as a linear combination of the vectors u, v, w.

? Exercise 3 (8 points)
Let

A:

— N =
W N

1
1], aeR
a

1. Compute the determinant det(A) as a function of a
2. Deduce the values of a for which the matrix A is invertible.
3. Discuss the rank of the matrix A according to the values of a

4. Solve the following linear system using Cramer’s rule whenever possible:

T+2y+z2=1,
204+ ay + 3z = 2,
T+y+az=1

5. Discuss the number of solutions of the previous system according to the values of the parameter a.

Algebra 2 Y. SOULA
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The Model Solution for the 3 Exam

QSolution of Exercise 1
1. Proof that f is linear

A map f is linear if, for all vectors u,v € R?, and all scalars A € R

flutv) = fu)+ f(v)

and

fAu) = Af(w).
Let
u=(z1,y1), v=(22,92)
Then
u+v = (21 + 2, Y1 + Y2).
We compute:
flutv) = flz1+ 22, y1 +y2) = (2(z1 + 22) — (Y1 + y2), (@1 + 22) + 3(y1 + y2))
= (221 — Y1, 21 + 3y1) + (222 — Y2, 22 + 3y2)
= f (z1,01) + f (z2,92)
= F(U) F F(D) oo (1pt)
Now let A € R We have:

fOw) = f(Mz1,91)) = f Qz1, Ayr) = (2021 — Ayr, Az + 3Ay1)
= A2z1 —y1, 1+ 3y1)
= )‘f (xlayl)

Hence,

f is a linear application.

2. Computation of f (1,2) and f (—1,3)

First vector

F(1,2) =(2(1) =2 5, 143(2)) = (0,7) cceeereeiieeieenee sttt (1pt)
Thus,
f(1’2) = (077)
Second vector
F(=1,3)=(2(—=1) =3, —=143(3)) = (=5,8)cceeeereeeriiearieeeieenie e (1pt)
Thus,
f(=1,3) = (-5,8)
3. Kernel of f is the set of vectors (z,y) such that
f(x,y) = (0,0).

(2 —y , x4+ 3y) =(0,0) Thus,

2z —y=0
z+3y=0
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From the first equation:

y = 2x.
Substituting into the second equation:
x+32z)=0
thus

z=0
Hence,

y=0
Therefore,

\ ker(f) = {(0,0)}eeriiniiiiiinienn (2pts) Y,

QSolution of Exercise 2
1. Linear independence Of U, U, W ...t (2pts)
VAL, A2 s A3 €R: Mut Ag v+ A3 w=0gs = A\ = Ay = A3 = 0
AUt As v+ Ag w = Ogs < Ai(1,0,2)+ A (2,1,3) + A (0,1,1) = (0,0,0)
o (A1 42X, Ao+ Az, 201 + 32 + Ag) = (0,0,0)
This gives the system:

A1 +2X=0
)\2+)\3:O
201 + 3 24+ A3 =0

From the second equation:

A3 = —Aa.

From the first equation:
A= —2)\g
Substituting into the third equation:

2(—2)\2) +3X — A2 =0

—2X =0
A2 =10
Hence,
A1=0, X3=0
Therefore,
u,v,w are linearly independent
2. Basis Of R3 ... oo (2pts)

Since u, v, w are three linearly independent vectors in R?, they form a basis of R?
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3. Writing a as a linear combination of w, U, W .....oooeieiiiiiiiiiiiie (2pts)
We seek scalars aq,a9,a3 such that
a = a1u + av + asw
That is,
(3,2,5) = a1(1,0,2) + a2(2,1,3) + a3(0,1, 1)
(3,2,5) = (a1 + 202, a2 + a3, 201 + 3ag + a3)
This gives the system:

a1+2a2=3
oy +ag =2
2001 + 30 + a3 =5

From the second equation:

O[3:2—OZQ

From the first equation:

a1:3—2a2

Substituting into the third equation:
23 —2a2) +3a2+(2—ag) =5
—dag + 300 —ag =5—6—2

720&2:*3

Gy =5

272
Then,
ay=2-§ =458

1

o =3-20p=3-23=0

011—0

Therefore,

3 1
a=0u+ v+ sw

2 2
or equivalently,
a=-v+ 1w
\ 2 2 J
QSolution of Exercise 3 )
1. Computation of the determinant ............c...ccooiiiiiiiiiiiiii e (2pts)
1 2 1
det(A)=1]2 a 1
1 3 a
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Developing along the first row:

a 1 2 1 2 a
det(A) =1 3 4 -2 1 a‘—i—l‘l 3
=1(a®—-3)—2(2a - 1)+ 1(6 — a)
=a’-3-4a+2+6-a
=a?—-5a+5
. Values of a for which A is invertible........c.ccccoviiiiiiiiniiiii e (2pts)

A matrix is invertible if and only if its determinant is nonzero.
a’>—5a+5#0
Solving a? —5a+5=0

_ 5£v25-20 _ 5+V5
= 2 - 2

Hence,
A is invertible for a # > +2\/5 , a# > _2\/5

Rank of the matrix A......ccccooiiiiiiiiii (2pts)
olfa# %
Then,

det(A) £0
Therefore,

rg(A) =3

olfa= 5i2‘/5
Then,

det(A) =0

So the rank is strictly less than 3 (rg(A) < 3)

Since at least one 2 x 2 minor is nonzero, for example

which is nonzero for these values of a, we obtain for a =

4) Resolution of the system using Cramer’s TULE..........ccueriiiiiiiiiniiiiiiteieese e (2pts)

The system is

With § =

The determinant of the system is: det(S) = a? — 5a +5

1 2
‘2 a =a—d

545

rg(A) =2

r+2y+z=1,
2c+ay+32=2, & SX=8B
r+y+az=1.

— N
= N
Q W
I
<
Sy
I

z

1

2

1
1 2 1 T 1
2 a 3 y | =1 2
1 1 a z
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det(S) # 0,
the system has a unique solution.
1 2 1
2 a 3
_ det(Sz) _ 1 1 a _ a®’—ba+5 __ 1
T det(S) T a?2—5a+5 — a?2—-b5a+5
1 1 1
2 2 3
_dewsy) _ |V 1 oal .
T det(S) T a?2—5a+5 a2—5a+5
1 2 1
2 a 2
Cdet(s,) _ | L1 T 5,
= det(S) a?—5a+5 ~ a?-5a+5H
Therefore, for
a# 50,
the unique solution is
(z,y,2) = (1,

5) Discussion of the number of solutions

o If a# 5%—\/5

Then

det(S) # 0,

hence the system admits a unique solution.

o If a= —5i2‘/5

Then
det(S) =0,

Cramer’s rule cannot be applied.

In this case, one studies the ranks of the coefficient matrix and the augmented matrix to determine
whether the system has infinitely many solutions or no solution.

a—1

2—a

a2 —-5a+5’

a2—5a+5)

J
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Model Exam 4

? Exercise 1 (5 points)

Show that E = {(x +y + 2, x —y, 2)/ z,y,z € R®} is a vector subspace of R?

? Exercise 2 (7.5 points)

Let f : R2 — R? be defined by

f(@,y) = (x =y, =3z + 3y)
1. Show that f is a linear application.
2. Give a basis of Ker(f) and a basis of Im(f).

3. Show that f is neither injective no surjective.

? Exercise 3 (7.5 points)

Let f:R* — R3 be the linear application whose matrix in the canonical basis
of R* and R3 is

1. Determine a basis of the Ker(f ).

2. Determine a basis of the Im(f). What is the rank of f?

Algebra 2 Y. SOULA
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The Model Solution for the 4 Exam

QSOIution of Exercise 1 )
e Ogs = (0,0,0) € E because (0,0,0) = (04 0+ 0,0 —0,0))
SO E F @ et (2 pts)
?
e VX Y € E, A\, i € R show that A X +uY € E;on a:
XGEEI(J:y,)ER3/X (+y+zx v, ),, /
YeE Jz,y,2)eRX = (x—|—y—|—zz:—y,z),
AX +pY = Na+y+z,z—y2)+ pla +y +2,2 —y,2) o
=Mz + Ay + A2, \e = Ay, A2)+ (pa + py' + pz e’ — ', p2) )
=((Az + px )+ Oy + py )+ Nz + ), N+ pa’) = Ay + py ), Az + pz))
from where 3z —)\x—i—/m eR, Iy’ —)\y—i—uy € R, and 32 —)\z—&—uz eR
SO, AX + Y € E oot (3 pts)
\ Then F is a vector subspace of R )
%Solution of Exercise 2 )
1. Let (z,y),(z,y) € R2, VA, p € R,

FO@y) + @' y) = Oz + pa’, dy + py)
= (x4 px — My —py, =30 + px ) + 3y + py'))
= Mz —y) + pla’ —y), \(=3z + 3y) + p(—32" +3y))
= (Mz — ), A(=3z + 3y)) + (u(z — v ), p(—32" +3y))
= A(z —y), (=32 +3y)) + p((z —y), (=32" +3y"))
=M ((z,y) + uf (@' y)
So, f is a linear application...........cceeeeviiiiiiiiieeeeeeeiiiiiiiieeeeennn (2 pts)

f(1,1) =(0,0) = f(0,0) and yet (1,1) # (0,0)

SO f 1S NOt INJECTIVE..etueiiiii et (1.5 pt)
We will show that (1,0) has no antecedent. Suppose there exists (z,y)
such that (1,0) = f(z,y) & (1,0) = (z — y, —3x + 3y)

N l=z—y
0= -3z + 3y

@{ l=z—-y
T=y

& { 1=0 it’s impossible.
T=y

SO f 1S NOt SUTJECEIVe.....coiuviiiiiciiiie e (1.5 pt)
f is an endomorphism so f is injective if and only if f is surjective. Here, f is not injective so f is
not surjective.
O=z—y
0= -3z + 3y
Sr=y

(x,y) € ker(f)  (x —y,—3z+ 3y) = (0,0) {

So (z,z) = x(1,1), (1,1) is a non-zero vector which generates ker(f), it is a basis of ker(f)
fle1)=(1-0,-3x14+3x%x0)=(1,-3) =e; — 3ez and
fle2) =((0-1,-3x0+3x1)=(-1,3) = —e1 + 3ez
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Im(f) = Vect(f(e1), f(e2)) = Vect(er — 3ea,—e1 + 3ez) = Vect(e; — 3ea)

e1 — 3es is a non-zero vector that generates Im(f),

it is @ base of IM(f).ecreririiiriinieiieere e (2.5 pts)
QSOIution of Exercise 3 A
T
1. Let X €R*, Sox=| ™2
T3
Ty
1 2 1 3 o 0
XeKer(f)@AX=0Ogs= | 1 1 2 1 2 l=1o
1 -2 5 —11 s 0
T4
T, 4+ 229 + 23+ 324 =0 T = —3z3
1+ a9+ 223 +24 =0 & To = T3
xr1 — 2x9 + 5x3 — 11y =0 x4 =0
X = (—31‘3, r3,T3, 0) = .733(—3, 1, 1,0)
Then (—3,1,1,0) is a basis of ker(f ), so dim ker(f ) =1........... (3 pts)
2. According to the rank theorem
dim ker(f )+ dim Im(f ) = dim R* =4
So, dim Im(f)=3=.dim R?
_ 3 _
\ Then Im(f ) =R? and 7g(A) = 3eoeiriiiiiiiiiiiicr e (3 pts) )
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Model Exam 5

? Exercise 1 (8 points)

Let

fi:R2=R , fo R3S R

(377%2') Hf1<x7y7z> =r—-vy , ($7yvz)’_>f2($7y7z) =Yy—=
and

f: RPoSR
(@,9,2) = [f(2,y,2) = (((z,9,2), far,y,2), 2)
and let E = {(z,y,2) € R®: fi(z,y,2) =0 A fa(w,y,2) =0}
1. Show that E is a subspace of R3.
2. Give a basis for F, and its dimension.
Show that f is a linear application
Give a basis and the dimension of ker f

Give a basis and the dimension of Im f

® 8 o> 89

is f bijective?

? Exercise 2 (6 points)

Let

N O N
O NN

1. Calculate AZ2.

2. Find the real numbers «, 83, v such that.a4? + BA + ~vI..= 0.

I: Unit matrix, 0: Zero matrix.

3. From a previous relation deduce that A is invertible and

determine its inverse.

? Exercise 3 (6 points)

Let the following matrix:

2 2 1 1
A= 2 1 -1 |, and B=| 2
31 1 3

Find the solution of the linear sentence using Cramer’s method AX = B.
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The Model Solution for the 5 Exam

QSolution of Exercise 1 )
1. Prove that F is a vector subspace
(0,0,0) € E because (0—0=0 A 0—-0=0)
?
V(z,y,2), (xyt, 21) € E; Va, f € Ria(a, y, 2)+8(xt,yt, 21) € E
? ?
(azx, oy, az)+(Bxt, Byt, Bz1) € E < (ax + Bat, ay+ Py, az+Bz1)€E
o ozx—l—ﬁx/—ay—&—ﬁy/;O
ay—s—ﬁy/—az—i—ﬁz/;O
z—y=0 ar —oay =0.....(1) .
(x7y,z)€E<:){yzo (:){ oy —az=0... @) with & € R
z —y =0 Bz — By =0....(3) .
l‘l,y/,Z/ €E<:>{ ’ ’ <:>{ ’ ’ Wlth/BER
( ) y —z =0 By — Bz =0...(4)
By adding (1) with (3) and (2) with (4), we find what is required,
and we conclude that F is a vector subspace of space R3
on the field R
2. Find the basis and dimension of the subspace F
z—y= =y
(:my,z)EE@{yz_ @{y_z
(£,9.2) € B & (2,y,2) = (&, 2,2) = 2(1,1,1)
So, v = (1,1,1) is a basis of E Then dimFE = 1.
3. Prove that f is a linear application
V(x,y,2), (xhyt, 21) € E; Vo, B € R:f (e, y, 2)+B(xt, yt, 21) = af (x,y, 2)+Bf (21,y1, 21)
flalz,y,z)+ By, 21)) = flax + Bat, ay + Byl, oz + Bz)
= (ax + Bzt — ay — By!, ay+ Byl —az — Bzl, az+ Bz/)
= (ax — ay,ay — az,az) + (Ba! — Byl, Byl — az — Bz1, fz)
= af(m,y7z) + Bf(x/7y/? Z/)
So f is linear application.
4 Kerf ={(z.9,2) € B*: f((z.9,2) = (0,0,0)}
r—y=20
f((z7yvz):(070a0)<:> y_ZZO @x:y:Z:O
z=0
Kerf ={(0,0,0)} = dimker f =0 = f is injective
Since the starting set is the same as the arrival set, the application is surjective,
i.e., f is bijective, and therefore
_m3 : _
\ Im(f) =R’ = dim Im(f) = 3. )
4 Solution of Exercise 2
0 2 2
A= 2 0 2
2 20
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0 2 2 0 2 2
1. 2=AxA=| 2 0 2 2 0 2
2 20 2 20
8 4 4
= 4 8 4
4 4 8
8 4 4 0 2 2 1 0 0 0 00
2. aA’+BA+~y.=0.a| 4 8 4 |+B| 2 0 2 |+ 0 1 0 |=[0 0 0
4 4 8 2 20 0 0 1 0 00
8o+ 4da+28 4a+28 0 00
da+28 8a+~vy 4a+28 |=| 0 0 0
da+28 4da+26 8a+ry 0 0 0
8a+~v=0 - —8a =1
20+ =0 —2a=0
by taking « = 1, We find vy = —8 and g = —2.
) 2 _
\ In the end we find that: «4® + A+ vI..= 0. )
QSolution of Exercise 3 R
2 2 1 1
A= 2 1 -1 |, and B=| 2
31 1 3
detA = —T#0,
rgA =mn =p =3 (is a cramer system).
1 2 1
2 1 -1
= detAr _ 31 1 1 g o
T detA T =7 - =T =7
2 1 1
2 2 -1
_ detAs __ 3 3 1 _ 5
Y= deta = =7 =7
2 21
2 1 2
5 — detAy _ 3 1 3| 1
= detA T =7 - =
So, the solution is:
_ (9 =5 —1
K X_(77777) /
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Model Exam 6

? Exercise 1 (8 points)
Let
f o RPoSR
(x,9,2) = flz,4,2)=(-2z+y+2z x—2y+2z x+y —22)
1. Show that f is a linear application
2. Give a basis and the dimension of ker f

3. Give the dimension of Im f

>~

. Is f bijective?

? Exercise 2 (6 points)

Let

N
N——

1. Calculate AZ2.

2. Find the real numbers «, /3 such that.A? + aA + I = 0.

I: Identity matrix, 0: Zero matrix.

3. From a previous relation deduce that A is invertible and

determine its inverse.

? Exercise 3 (6 points)

Let the following matrix:

1 -1 2 4
A=1 2 1 1 ,and B=| 5
3 2 -1 3

Find the solution X of the linear system AX = B using Cramer’s Rule.
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The Model Solution for the 6 Exam

QSolution of Exercise 1
1. Prove that f is a linear application
V(z,y, z), (x,yt,21) € E; Vo, B € Rif(a(z,y, 2)+B(xt,yt, 21) = af (z,y, 2)+0f (xt,yt, /)
F(al, s 2)+Blar,yr, ) = faw + Bar,ay + Byr, az + B21)
= (—2ax — 2Bx! + ay + Pyl + az + Bz, ay + Pyl — 20z—
2Bzl + az + Bz!, ax+ Bzl + ay + Byl — 2az — 2[2f1)
= (—2ax 4+ ay+ az, ay—2az+ oz, ar+ay —2az)+
(=2Bx1 + By + Bzt, Byt — 2Bz + Bzt, Bzl + Lyl — 25z1)
of (2. 2) + Bf(wr,yt, 21)
SO fis linear apPliCATION. ... ..uuuiiiiiiiiiiiitii e e

2. Kerf ={(z,y,2) € R : f((2,y,2) = (0,0,0)}
—2r+y+2=0
f((z,y,2) =(0,0,0) & r—2y+z2=0 Sr=y==z
z+y —22=0

3. dimker f + dim I'm(f) = dimR3 = 3

\ 4. Then f is not bijective because f is not injective and not surjective..........cccccccovrnunnnnae.

Kerf={(1,1,1)} = dimker f =1 = f iS 00t INjeCtive.......ccocervierirvieriiiiriiiiicicecece (2pts)

dimIm(f) =3 —1 =2 =18 Ot SUIJECEIVE....eeouiiiiiiiiiii e (2pts)

QSolution of Exercise 2
1. We are given:

2. Compute A2

Compute entries:
e(1,1):2-241-1=4+1=5
©(1,2):2-1+1-2=2+2=14
©(2,1):1-242-1=242=4
©(2,2):1-142-2=1+4=5
So,

[S2EEN
N—

3. Find «, B such that
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Now sum:

So we solve:
Off-diagonal:

Diagonal:

Then,

4. Deduce that

From:

Rearrange:

Factor:

So:

We write each matrix:

(5 4 [ 20 « (B
A2_<4 5)’ aA_(a Qa)’ ﬁI_(O

A2+aA+ﬁI:(Z §>+<2§‘ 26;>+(§ 2) =<8

This must equal zero matrix:

A2+aA+BI:<5+2a+ﬂ 4+« ):<O
0

A is invertible and find A~!

Multiply both sides by %1

Compute A — 41

A2+ aA+BI=0

4+« 54+2a+

4+a=0=>a=—-4

5+2(—4)+ =0

5-8+8=0=p53=3

A? —4A+31=0

A2 —4A = =31

A(A—4I) = =31
A~(%1(A—4I)):I

Al = %(A —4I)
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Thus,

det(A) =—-6#0

Since det(A) # 0, the system has a unique solution.
Step 2: Compute
Replace the first column of A by B

So,
2 -1
e )(4 )
\ s\ 72 BN J
QSolution of Exercise 3 R
Let
1 -1 2 4
A=2 1 1 |, B=| 5
3 2 -1 3
Find the solution X of the linear system
AX =B
Using Cramer’s Rule.
Step 1: Compute det(A)
Expanding along the first row:
1 1 2 1 2 1
o = 1| N2 L e 2 1]
= 1-(Ix(-H)—-2x1)+1-2x(-1)—3x1)+2-(2x2-3x1)
= —3-5+2
= —6

4 -1 2
A, 5 1 1
3 2 -1
1 1 5 1 5 1
datn=1 3 4 e |3 4 e |8 3]
Then,
d _
. et(A;) _ —6 _1
det(A) —6
Step 3: Compute det(A,)
Replace the second column of A by B
1 4 2
Ay=1 2 5 1
3 3 -1
Then
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Then,

Step 3: Compute det(A,)
Replace the third column of A by B

Then

So,

Therefore the solution is

1 2 1 2 5
S I FR e
_det(Ay)_—76_1
~ det(4) -6
1 -1 4
A=[2 1 5
3 2 3
5 2 5 2 1
3‘_(_1) ‘3 3’+4"3 2“‘12
_det(Az)_—12_2
~ det(A) —6
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Conclusion

This manuscript has presented a structured introduction to the essential concepts of linear algebra and math-
ematical tools required at the first-year university level. Throughout the five chapters, the main foundational
notions have been progressively developed, starting from basic mathematical logic and set theory, and extending
to vector spaces, linear applications, matrices, systems of linear equations, and polynomial rings.

The objective of this course support is not only to provide theoretical definitions and results, but also to help
students develop a clear and rigorous mathematical reasoning. The progressive organization of the material
allows the reader to move from fundamental abstract concepts to more applied and computational tools, illus-
trating the strong interaction between theory and practice in linear algebra.

Special attention has been given to the relationship between linear transformations and matrices, as well as
to the study of linear systems, which represent a central application of the theory. These topics highlight the
importance of algebraic structures in modeling and solving real mathematical problems.

In addition, the inclusion of exercises and examination models with detailed solutions and grading schemes aims
to strengthen the student’s autonomy and prepare them effectively for assessments. This pedagogical approach
helps students not only to understand the content, but also to master the techniques required in examinations.

Finally, this manuscript should be viewed as a learning support rather than a reference book. It is intended
to accompany students in their first steps in abstract algebra and to provide them with the necessary tools for
further studies in mathematics and related fields. Mastering these concepts constitutes an essential foundation
for more advanced topics in mathematics, physics, engineering, and other scientific disciplines.
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