N

HAL

open science

Elementary mathematics
Mamadou Ndao

» To cite this version:

‘ Mamadou Ndao. Elementary mathematics. 2022. hal-03768018

HAL Id: hal-03768018
https://hal.science/hal-03768018

Preprint submitted on 15 Sep 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03768018
https://hal.archives-ouvertes.fr

e

B . ! ' ,‘ P SN v
‘ ; " ! N '{:" MR b g .

P o
14\l 'l‘f‘}’ 4



Introduction

This book is a course given to LO students at UFAZ during the first semester of
the academic years 2019-2020, 2020-2021 and 2021-2022. The Frecnh-Azerbaijani
University called this year the foundation year because it allows to fill the gap that
between the French High School program and Azerbaijan High School’s program.
Its main objective is to give general backgrounds in mathematics to students who
integrate UFAZ, in order to allow them to be able to follow first year’s courses of
the University of Strasbourg. In other words this year corresponds to the ” Termi-
nale” of french program. This book is concerned by the first Semester. It consists
of integration courses and deals with complex numbers, generalities on sequences,
arithmetic and geometric sequences proof by induction, geometry in the plane and
geometry in space. In this book, we follow the following methodology: each chapter
is composed of three parts. In the main part of each chapter we recall the general
results of the topic and give examples that help to understand this subject. To bet-
ter understand the lecture we propose a list of exercises with their corrections. For
students who want to go further we add a list of exercises without any correction
in order to challenger them. We emphasize that most of the problems and exercises
come from the web site APMEP. They were given during the Baccalaureat in the
previous years. We took also some exercises from the list of homework given by
Fuad Aliyev (UFAZ) and Loic Célier (UFAZ).
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CHAPTER 1

INTRODUCTION TO COMPLEX
NUMBERS

Contents
1.1 Algebraic Form of a Complex Number . ........ 2
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1.4.2 Equations With Complex Coefficients . . . . . ... .. 17
1.5 Nth Roots of a Complex Numbers . . . . ... ... .. 20
1.5.1 The nth Roots of the Unit . . . . . . . ... ... .... 20
1.5.2  The nth Roots of a Complex Number . . . ... .. .. 21
1.6 General Properties of Complex Numbers . . . ... .. 22
1.7 Exercise Session . . . ... ... .. 0o 23
1.8 Problems . ... ... ... 31

The familiar set of real numbers R offers several applications in mathematics.
However it seems to have a lot of deficiencies. Indeed considering the equation

2?2 +1=0, (1.0.1)

we observe that there is no € R which verifies (1.0.1). The main goal of this
chapter is to introduce a set in which we can be able to define solutions to (1.0.1).



2 CHAPTER 1. INTRODUCTION TO COMPLEX NUMBERS

Equation (1.0.1) is equivalent to 2 = —1. But we know that —1 cannot be the
square of a real number. To tackle (1.0.1) we suppose that there is a number i, such

that, i2 = —1. This involves 22 = i2. Combining this with (1.0.1) we write
2 —i* = (z—i)(z+1i) =0. (1.0.2)
In this case one finds that the solutions of (1.0.1) are z =1 or = —i.

The new field in which (1.0.1) admits solutions is called the set of complex
numbers and we denote it C.

To study complex numbers in details we proceed as follows. In section 1 we define
the algebraic form of a complex number. In section 2 and 3 we study respectively
the polar form and the exponential form of complex numbers. In section 4 we
investigate second order polynomial equations. The section 5 is devoted to some
general results on complex numbers. We end this chapter by a list of problems.

1.1 Algebraic Form of a Complex Number

As indicated in the introduction, the objective of this section is to investigate the
algebraic form of complex numbers. It is presented in this way. In subsection 1
we deal with the sum , the multiplication and the division of complex numbers. In
subsection 2 and 3 we tackle conjugates and modulus of complex numbers

| Definition 1.1.1. We have i2 = —1

Definition 1.1.2. We say that , z is a complex number if there are two reals

numbers a and b, such that,
z=a+1ib. (1.1.1)

The real numbers a and b are respectively called the real part and the imaginary
part of z. We denote a := Re(z) and b := Im(z).

Remark 1.1.3. In the formula (1.1.1),
1. when b =0, then, z = a is a real number
2. when a =0, z =10b is called a purely imaginary number.

Example 1.1.4. We consider the complex numbers z; = 3 and zo = 51i.
We can see that z1 is real and zo is purely imaginary number.

Definition 1.1.5. The formula (1.1.1) is called the algebraic form of the complex
number z.

Example 1.1.6. Let z =4 — 3i. Then, we have Re(z) =4 and Im(z) = —3.

Example 1.1.7. We consider the complex number z = —3 4+ 1i. In this case, we
have Re(z) = =3 and Im(z) = 1.

Exercise 1.1.8. Determine the real and the imaginary part of the following complex
numbers

lozg=—2i, 2.20=2—4i, 3.23=—1, 4.24=10+30i, 25=—3—5i.
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If we take the horizontal line passing through 0 as the real azis and the vertical
line that passes through 0 as the imaginary axis, we can represent the complex
number z = a + ib in this way

Im
b a+ib

Let z = a +1ib be a complex number. We associate to z the unique point M (a,b)
in the plane. Reciprocally to any point M (zps,yar) in the plane we can associate
the complex number zp; = xpr +iyas-

Proposition 1.1.9. There exists a one-to-one correspndance between the set of
all complex numbers and the set of all points in the plane.

Consider two complex numbers z; and zo. We specify that It is meaningless to
say that z1 is less than z5 or zo is less than z;. In the set of complex numbers the
only comparison criterion that exists is equality.

Proposition 1.1.10. Let z; and zo be two complex numbers. Then, z1 = zo, if
and only if Re(z1) = Re(z2) and Im(z1) = Im(zq).

Proof. if z; and z9 are two complex numbers such that z; = 2o, then, one has
21 — 29 = (Re(zl) — Re(ZQ)) + i(Im(zl) — Im(ZQ)) =0.

Therefore Re(z1) — Re(z2) = 0 and Im(z1) — Im(z2) = 0.
Conversly, when Re(z1) = Re(z2) and Im(z1) = Im(z2), we have

z1 = Re(z1) + 1Im(z1) = Re(z2) + iIm(z2) = 2.
O

Example 1.1.11. The complex numbers z; = %Jr %i and zo = 2.5+ 1.51 are equal.
But the compler numbers z3 = 1 —1i and z4 = 1+ 1 are different. Because

Im(z3) # Im(zy).

In the next subsection we define elementary algebraic operations on the set of
complex numbers.

1.1.1 Sum and Multiplication of Complex Numbers

In this subsection we define sum, multiplication and division of complex numbers.
These operations are a little bit different as in R. Addition and multiplication of
complex numbers are defined as follows:
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Proposition 1.1.12. If z1 = a+ib and zo = c+1id are complex numbers. Then,
1. 1+ 2z=(a+c)+i(b+d)
2. z1—2z9=(a—c)+i(b—d)

3. z1-z9 = (ac — bd) + 1 (ab + dc).

Proof. Take z1 = a+ib and zo = ¢ + id. Therefore, we have

z1i+z=a+ib+c+id=(a+c)+i(b+d)
z1—z=a+ib—c—id=(a—c)+i(b—d).

and

To prove 3, we consider again z; = a +1ib and zo = ¢+ id. One has :

21-2 = (a+ib)(c+id) = ac+iad +ibc +i%bd = ac +iad + ibc — bd
= (ac — bd) +1i(ad + be).

O
Example 1.1.13. For instance, we consider z; = —2—31 and zo = 1—4i. Therefore

21+ 20=—-2-31+1—-4i=-1-Tj,

21 —20=—2-31—-1+4i=-3+1i,
and zy - z9 = —14 + 5i.

Exercise 1.1.14. Simplify the expressions of the following complex numbers
L(1+i)—(3—2i)+3(2+5i) - (1+30)(3—1)), 2.(2+31)*+4—1i,
3.(3—4i)? — (2 —1)? +i(6 — 3i).

The real and imaginary parts of complex numbers share the following properties

Proposition 1.1.15. If A € R, 2; € C and 23 € C, we have

1. Re(z1 + 2z2) = Re(z1) + Re(z2) and Im(z1 + z2) = Im(2;1) + Im(22).
2. Re(Az1) = ARe(z1) and Im(Az1) = Alm(z;).

Remark 1.1.16. As in R, in the set of complex addition and multiplication verify
these properties

e they are commutative : for two complex numbers z; and zs, we have
Z1+z=2z0+2z1 and z1-2z9 =29 21.
e multiplication is distributive with respect to addition

z1(20 4+ 23) = 21 - 22 + 21 - 23.

At this stage we cannot deal with division. Because to divide two complex
numbers, we need to define the conjugate of the complex number.

1.1.2 Conjugate of a Complex Number

In this subsection we investigate properties of conjugates of complex numbers.
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Definition 1.1.17. The conjugate of the complex number z = a + ib is the
complex number defined by
Z=a—1ib.

>[zza—!—ib

Re
Z=a—1b

Example 1.1.18. The conjugate of z = 2 —1iisz = 2 +1 and the conjugate of
2/ =3+5iis 2/ =3 —5i.

Im

Exercise 1.1.19. Determine the conjugates of the following complex numbers

Loy =244, 2.20=—1—T71i, 3.23 =31, 424 =21, 5.25 = —5i, 6.25 = —3.

Proposition 1.1.20. If z and 2’ are complex numbers. Then,
1. z+ % =2Re(z) and z —z = 21Im(z),

2. 242 =%Z+72 and z-2 =72/
Proof. To prove 1, we fix z = a +ib. One deduces that,

z+Z=a+ib+a—1ib=2a = 2Re(z) and z—Z = (a+ib)—(a—ib) = 2ib = 2iIm(z).

For 2, we should point out that if we define the complex number 2’ = ¢ +1id we
obtain

z+2 =a+ib+c+id=(a+c)+i(b+d)=a+c—ib—id= (a —ib) + (c —id)
=z+72.
For the last identity of 2. we have
z-2' = (ac — bd) —i(ad + bc) = a(c —id) +i*bd — ibc = a(c — id) — ib(c — id)
=(a—ib)-(c—id)=%- 7.

Theorem 1.1.21. If z is a complex number, then, 2" = (E)n

Lemma 1.1.22. If z; and zo are two complex numbers, then,
1. 2122+ 2129 = 2Re(zl '22),

2. 2129 —Z1 %2y = 2111’11(2’1 ~§2).
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Proof. Take z1 = a+1ib and 2o = ¢+ 1id. We observe that
21.22 + Z1.29 = ac —iad +ibc + bd + ac +iad — ibe + bd = 2ac + 2bd.
Since, Re(z1 - Z2) = ac + bd, one concludes that
21+Za+Z1 - 22 = 2Re(z1 - Z2).

The proof of the second identity is the same by taking z; - Zo — Z1 - 29. O

Using conjugates of complex numbers we are in a position to define division of
complex numbers.
1.1.3 Division of Complex Numbers

The objective of this subsection is to study divisions of complex numbers. To this
end we remind the following properties

Lemma 1.1.23. For any nonzero complex number z we have
1y 1
z) Z

Proof. Take z = a + ib # 0. Multiplying in the numerator and the denomitor by z,

we obtain
1 a—1ib 1 a+ib
-_= — = —_ e
z a2+ z a? + b?
Let z = a + ib be a nonzero complex number. Then, we have

1 z a+1ib

Z Z-z a4 b2

This completes the proof of the lemma. O

Lemma 1.1.24. If z and 2z’ are complex numbers such that z' # 0, then,

Proof. We consider two complex numbers z and z’, such that, 2’ # 0. Then, com-
bining proposition 1.1.20 and lemma 1.1.23, we have

G-

Consider two complex numbers z and z’. We suppose that z’ # 0. To determine
the division of z by z', we multiply the numerator and the denominator of this
fraction by 2.

| =
|

O
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Proposition 1.1.25. If z = a +ib and 2’ = c+ id are two complex numbers,
such that, 2z’ # 0, then,

z  (ac+bd) +i(be — ad)

— = . 1.1.2
z c? +d? ( )
Proof. Take z = a+1b and 2’ = ¢+ id # 0. Therefore, we have
z _a+ib _ z-2  a+1ib " c—id  (ac+bd)+i(bc — ad)
2 c+id .7 c+id ec—id 2+ d?
O

Example 1.1.26. We consider z1 = 7+ 2i and zo = 3 — b1, then, we have

T4+2 742 3450  21435i+6i+10i% 11+ 41i
3—5i 3-5 3450 32 — (5i)2 34

Example 1.1.27. we have
141 (I+i)(—1-2i) 1-3i

2i—1 4+1 5

Exercise 1.1.28. Simplify the expression of the following complex numbers

2+1i 9 1 31 141 5 3—2i 7+1i —1—-2i

3—5i 5—6i 34—|—317 2i —-1-1’ 3 —4i’ 1-1

1.1.4 Modulus of a complex number

This subsection is devoted to modulus of complex numbers. We begin by defining
modulus of complex numbers. In a second time we study the properties of modulus
of complex numbers.

Let z = a + ib be the complex number represented in the plane by the point
M (a, b) as in the figure below.

Im

M (z=a+1ib)
b

O a Re

We defined the modulus of the complex number z = a +1b as the distance between
the point O(0,0) [the origin] to the point M (a,b). We denoted the modulus by |z|.

Definition 1.1.29. The modulus of the complex z = a + ib is the nonnegative

real number |z| defined by
|z] = Va? + b2. (1.1.3)
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Example 1.1.30. For instance we consider the complex numbers z1 = 3 + 4i and
zo = 1 —1i. Then, we have

lz1] = 3441 =V32+42=V9+16=Vv25=5

ool = [1—i| = VI + (17 = VIF1 =2,

Exercise 1.1.31. Determine the modulus of the following complexr numbers

21:—1—5i, 2’2:3+21, 23:—1—i7 Z4:—3i, 25212, 26:—3+41
Remark 1.1.32. We point out that, if z1 and z3 are two complex numbers, then,
|22 — Zl| = }Zl — ZQ|.

Now we consider a complex number z = a + 1b. Multplying z by its conjugate
Z yields
z-Z=(a+ib)(a—ib) =a® +iab—iab+ b* = a® + V.
This proves the following lemma

Lemma 1.1.33. For any complex number z, we have

z-Z =|z|%

From this Lemma we deduce that two things: first we see that z -z € R,.
Secondly we have |z| = |Z|.

Theorem 1.1.34. if z and 2’ are complex numbers such that z' # 0, then

1|z 2| =2 |2
2. |27 = |2|"
1 1
3. 2| =—
e

Proof. To prove 1, we define z = a +1ib and 2’ = ¢+ id. In this case one has
|z- 2| = (ac — bd)? + (ad + bc)* = a®c® 4 b?d® + ad® + b2c?
— a2(02 +d2) +b2(62 +d2) — (a2 +b2)(02 +d2) _ |Z|2 X |Z/|2

To prove 2 we use 1 and an induction argument.
To establish 3, we consider the complex number 2’ = ¢ +id # 0. One has

1| Je—id| _|e—id _VeA+d* [ 1
o - 2+ d2 - |z’|2 - |z’|2 - |z/\2 - |Z/|

Exercise 1.1.35. Determine the modulus of these complex numbers

(2-i)°
(3+2i)2’

(3+i)(—2—1), , (1418, (1—i)(2+1)(3—51), 3i, —3.

4 —5i
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Proposition 1.1.36. If z and 2’ are two complex numbers such that 2z’ # 0, then

z |z
A

Proof. We take two complex numbers z and 2’ such that 2’ # 0. One sees that
z 1 |z]
| = |2| - 0T T

EIRNEd

O

Lemma 1.1.37. For any natural numbers n, m and any complex numbers z and

2" such that 2z’ # 0, we have

n

A

NER

m

zZ

Lemma 1.1.38. For any complex numbers z1 and z3, we have
1. |Re(z1)] < |21|
2. |Im(z1)| < |#]

3. |21 —|—22| S |21| + ‘22|

The inequality 3 is called the triangular inequality.

Proof. We define z; = a +1ib and 2z = ¢+ id. Then, the real and the imaginary
part of z; verify the following identities

[Re(z1)| = |a| = Va2 < Va2 + b2 = |z
[Im(21)] = [b] = Vb2 < Va2 + b2 = |].

To establish the last inequality we proceed in this way: we write

|21 —|-2’2|2 =(z1+2)(Z1+%Z2) =21 Z1+21Z2+Z1 - 22+ 22 - Z2

= |z1* + |22 + 2Re(21%2) < |21[? + |22f* + 2|21 ] - |22 = (21| + |22))?

Considering the square root of the inequality above, we obtain the point 3. O

1.2 Polar Form of a Complex Number

In this section we define the polar forms of a complex number. To do so we need at
first to define the argument of a complex. Using arguments of a complex numbers
we will be able to define the polar form of a complex number. We emphasize that
here the expression polar form and trigonometric form have the same meaning.

Indeed if M (a, b) is the point in the plane associated to the complex number
z =a+1b and € is the angle between the real axis and the line OM: see the figure
below:
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Im M (z=a+1b)

0 = arg(z)

The angle 0 is called an argument of the complex number z.

Definition 1.2.1. An argument of the complex z is given by the measure of angle
0 between the real axis and the line OM. We denote

0 = arg(z).

Remark 1.2.2. We draw the readers attention that an argument of the complex
number z is determined up on a multiple of 2m. This means that if 6 is an argument
of the complex number z, then

0+ 2kr with keZ,

is also another argument of the complex number z.

To determine an argument of a complex number z = a + ib one may follow the
following steps.

Step 1: We compute the modulus of the complex number z,
|z]| = Va2 + b2

Step 2: if z = 0, we have arg(z) = 2k, for some k € Z

Step 3: Now we assume that z # 0 and we define 6 := arg(z). In this case one

has
Re(z) a . Im(2) b
cos(f) = —~ =— and sin(f)= —==—- 1.2.1
D= = O="r =5 G

Step 4: We determine the argument of z by using one of the following functions
arccos,arcsin and arctan .

Example 1.2.3. Let z = —1 4+ /3. We deduce that 2| =vV1+3 = V4 = 2. If we
denote 0 := arg(z), one obtains

V3

cos(f) = —% and sin(f) = 5

This implies that

wl

arg(z) =7 —
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Example 1.2.4. We define z = —1 —1i and 0 := arg(z). Then, we obtain |z| = v/2

and
_ V2 V2

cos(6) 5 5

and sin(f) =

Therefore we have

T
arg(z) =7+ 1

Using the argument of the complex number z and its modulus we can express
the complex number z in terms of cos and sin. This expression wil be called the
polar or Trigonometric form.

Definition 1.2.5. The polar or trigonometric form of z which has argument 6
18

z= \z|(cos(9) + isin(@)). (1.2.2)

Example 1.2.6. Define the polar or trigonometric forms of the complex numbers
21:1+i, 22:1+1\/§, 2’3:—1, 24:\/§—|—1

Solution. 1. We consider z; = 1+i, then |21| = /1 + 1 = /2. Defing 6 := arg(z)
one obtains

1 2 1 2
cos(f) = —= = £ and sin(f) = —= = i
V2 o2
This leads to -

with some k € Z. Hence the polar form of z1,

b = 3o (3) r1em (3)).

2. For zp = 1+1V3, one has |z2| = /1 + 3 = 2. Taking 0 := arg(z2), we have

V3

1
0 = -
cos(0) >

3 and sin(f) =

Therefore we obtain,
0= g + 2km, where k € Z.

We conclude that the trigonometric form of zo is

29 =2 (cos (z) +1 sin (E)>
° 3 3/)°
3. We consider the complex number z3 = —1. We can see |z3] = 1. Now we fix
0 := arg(z3). This means that
cos(d) = —1 and sin(f) =0.

In this case
0 =m+2km, with ke€Z.
The polar form of z3 is
z3 = cos(m).
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4. Let zg = /3 +1. We have |z4| = 2. Setting 0 := arg(z4) the following properties

hold:
cos (9) = ? and sin (9) = %
Therefore one has

9=%+2lm, with k€ 7.

Hence the trigonometric form is

24 =2 (cos (f) + isin (f)) .
6 6
Exercise 1.2.7. Determine the polar form of the following complex numbers
—1-i, 1-iV3, V3—i, —V3+i, —2+42i, (1+i)(V3-1i), -3, 2
Before going further we remind the following trigonometric properties.

Lemma 1.2.8. For every real numbers 6 and ¢ we have

cos(0 + ¢) = cos(8) cos(p) — sin(f) sin(¢) (1.2.3)
cos(f — ¢) = cos(8) cos(p) + sin(f) sin(¢) (1.2.4)
sin(f + ¢) = sin(@) cos(¢) + cos() sin(¢) (1.2.5)
sin(f — ¢) = sin(@) cos(¢p) — cos() sin(¢p). (1.2.6)

Using the previous lemma we can prove the following properties.

Proposition 1.2.9. If 2 and 2’ are two complex numbers such that z' # 0, then
we have

1. arg (%) = arg(?) = —arg(z’),
2. arg(z - 2') = arg(z) + arg(?’),

3. arg (%) = arg(z) — arg(z').

Proof. We consider two complex numbers z and 2z’ such that 2z’ # 0. We define
01 := arg(z) and 65 := arg(z’). One has

2" =|2'|(cos(f2) +isin(f2)) and 2’ = |2[(cos(h2) — isin(fs)).
The identities cos(—63) = cos(02) and sin(—6;) = — sin(fy) imply that
2" = |2|(cos(—02) + isin(—0s)).

Thus, we conclude that arg(z’) = —60,. Therefore, one deduces that

1 2 —
arg(;) = arg (W) = arg(z’) = —arg(?’).
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To prove 2, we recall that z = |z|(cos(01) + isin(@l)). This involves
2.2 = |z]|7] (cos(@l) cos(f2) +isin(f) cos(f2) + icos(y) sin(fy) — sin(6;) sin(92)>
= |z||7/| {cos(&l) cos(62) — sin(6) sin(2) + i( sin(61) cos(62) + cos(61) sin(%))}
= |z||#| [cos(@l +02) +1isin(6; + 92)}.
This means that , arg(z - 2") = 61 + 0s.

To establish the last identity we write

arg (%) = arg (z - j) — arg(2) + arg ( 1 ) — arg(z) — arg(#).

Z/

Example 1.2.10. Define the polar form of the following complex numbers:

1+1

V3—i

Solution. We define z; = 1+i and zp = /3—i. In this case, |21| = V2, arg(z1) = T
|z2| = 2 and arg(z2) = —§. Using the proposition above we conclude that

2129 = 2\/5(005 (m/12) + isin (7r/12))

— =—\(cos| — | +18In| — .
22 2 12 12

Exercise 1.2.11. For each of the following complexr numbers define its polar form

-3 —i I+i 1 2i 1—iV3
1-1)(2+2v3i), ——, —-V3—-1i, ——, =, ) ’
(1-D@+2v30), —— YOS CE 3 V34 2
In General one can prove the following lemma wich is a generalization of the

second point in the proposition above.

(1+i)(V3—1) and

Lemma 1.2.12. For every complex numbers z1, 29, -+ , z,, we have
n
arg(zy - 29 - zn) = arg(z1) + -+ + arg(z,) = Zarg (zx) -
k=1

Let n be some positive integer and z = a + ib be any complex number. We
define the complex number Z = z". A hard and complicate way to treat Z is to use
Newton’s binomial formula. Another method to tackle Z is to consider exponential
forms of complex numbers. Using the exponential form of z we can easily treat the
case z". Before going further we reimind Euler’s formula.

Lemma 1.2.13. For every real number 6, we have
exp (i 9) = cos(f) +1 sin(0), (1.2.7)

where exp denotes exponential function.

We will see that the exponential form of a complex number is more adapted to
calculate powers of complex numbers.
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1.3 Exponential Form of a Complex Number

In this section we investigate the exponential form of a complex number. Using the
exponential we will be able to calculate easily power of complex numbers.

Definition 1.3.1. The exponential form of z that has argument 0 is defined by

z = |z|exp (i). (1.3.1)

Using Euler’s formula we observe that for every real number 6 we have
exp (—i6) = cos(—0) + i sin(—0) = cos(#) — isin(d) = exp (i6).

Lemma 1.3.2. Let z be a complex number with argument 8. Then, the exponen-
tial form of the conjugate of z is

Z = |z|exp (—1i6).
Proposition 1.3.3. For every real number 0, we have

cos(f) = %(exp(i9)+exp(719)> and sin() = 21 (exp(i@)fexp(fiﬂ)). (1.3.2)

i

To prove this proposition we have to write

exp(if) = cos(6) + 1 sin(h)
exp(—i0) = cos(f) — i sin(h).

Hence, one sees that
exp(i0) + exp(—if) = 2cos(d) and exp(if) —exp(—if) = 2isin(0).

The most important theorem of this section is De Moivre’s theorem which runs in
this way:

Theorem 1.3.4 (De Moivre’s Theorem). For any complex number that has ar-
gument 0 and any positive integer n we have

2" = |z\"(cos(n 0) +1isin(n 9)) (1.3.3)

Proof. Since 6 is an argument of z, we have z = |z| exp(i ). Elevating z to the
power n we obtain

2" = |2|"(exp(i0))" = |2|" exp(nif) = |2|"(cos(n ) + i sin(n 0))
This completes the proof. O

To determine the expression of the complex number 2™ we proceed in three
steps:
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Step 1: we have to determine the modulus of the complex number z: |z|
Step 2: we define an argument of the complex number z: arg(z)

Step 3: we apply De Moivre’s theorem in order to obtain the polar form of 2™ :

2" = |2|" (cos(nd) + isin(nd)).

Example 1.3.5. Determine the polar form of the following complex numbers
7
L+ 2 (1-1vE)
Solution. We define zy = 1+1i. In this case one obtains |z1| = V2 and arg(z) = T
This implies that
zir’:4\/§ cos om +1 sin o .
4 4
We take zo = 1 —iv/3. This means that |z| = V1 +3 = 2 and arg(z) = —

Hence one has
20 =27 | cos 771 +isin fﬁ
2T 3 3))

Exercise 1.3.6. Using De Moivre’s theorem determine the polar forms of the fol-
lowing complex numbers

(—\/§+i>5, (-1—1@)11, (—3—31\/5)8, (1-1)

w3

3

, (—\/3—1)6.

Readers may remember that we have introduced complex numbers in order to
be able to define solutions to all second order polynomial equations.

1.4 Second Order Polynomial Equations

This section deals with second order polynomial equations. We start by treating
second order polynomial equations with real coefficients. In the second part we
investigate second order polynomial equation with complex coefficients.

1.4.1 Equation With Real Coefficients

This subsection is devoted to second order equations with real coefficient. We
remind that a second polynomial equation is an equation in the form

az’ +bz+c=0 (1.4.1)

where a, b and ¢ are real numbers such that a # 0.
To tackle 1.4.1, first we calculate A = b? — 4ac. According to the sign of A, we
distinguish three cases:
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Theorem 1.4.1. If a, b and c are three real numbers such that a # 0 and we
define
A =0b?—4ac,

then,
when A > 0, equation (1.4.1) has two real solutions

_-b-VA _ b+ VA,

1.4.2
A1 2a 2a ( )

or Zo

when A =0, equation (1.4.1) has only one real solution, which is defined by

—b
= —- 1.4.3
0= 5 (1.4.3)
when A < 0, equation (1.4.1) has two solutions
—b—iv/-A —-b+iv-A
= or  m=——p (1.4.4)
a a

Example 1.4.2. Find the solutions of the following equations, 2z +4z+3 = 0 and
22 —52+4=0.

Solution. To determine solutions of the equations above we proceed as follows:
1. if we consider the equation z> + 4z +3 = 0, one has

A=b*—4dac=16—-12=14>0.
Therefore, we have two real solutions which are

—4-4 -6 —4+V4 -2
Zl == = —3 or 22 =" = —]_.
2 x 1 2 2 x 1 2

2. For the equation 2> — 5z +4 = 0 we have A = 25 — 16 = 9 > 0. Then, one

obtains
5—v9 2 5+4v9 8
= — = 1 or 2’2 = = —- = 4

2x1 2 2x1 2

21 =
Example 1.4.3. Determine the solutions of the following equations 2> —2z+1 =0
and 2> + 62 +9 = 0.

Solution. We seek for z € C solution to 22> —2z+1 = 0. We have A = b? —4dac =
4 — 4 = 0. Consequently, there is only one real solution

2. We consider the equation z>+6 z+9 = 0. Then, A = 6> —4x9 = 36—36 = 0.
Therefore we have one real solution
—6

ZOZ?:_?)
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Example 1.4.4. Find a complex number z solution to these equations
224+ 24+1=0and —22+32—-4=0.

Solution. Let z be a complex number.
1. Consider the equation 2> + 2z +1 = 0. Then, A = b?> —4ac = 1 — 4 = —3.
Then there are two solutions that are complex numbers

-1-iv3 —-1-iV3 “14+iv3 —-1+iV3
Z21 = = or zz = = :
! 2% 1 2 2 2% 1 2

2. Define the equation —2>+3z—4 = 0. Then, A = 9—16 = —7 < 0. Therefore
one obtains two solutions which are complex numbers

_ 3o WT 34T 84VT3-iVT
T2x (-1 2 2T ax (-1 2

21
Exercise 1.4.5. Find the solutions of the following second order polynomial equa-
tions

224+3242=0, 22462+8=0, 224724+9=0, 224+42+2=0.
Exercise 1.4.6. Solve the following equations

2 +2241=0, 22-42+4=0, 22-62+9=0, 2*>—-82z+16=0.
Exercise 1.4.7. Determine the solutions of the following equations

224245=0, 2242244=0, 22432+5=0, 2245z4+7=0.

Remark 1.4.8. When A < 0, the solutions z1 and z3 are two conjugate complex
numbers.

In the following subsection we will see how to study second order polynomial
equations with complex coefficients.

1.4.2 Equations With Complex Coefficients

As we pointed it out above, this subsection deals with second order equations with
coefficients in C. To explain how to solve equations of the form az% + bz + ¢ = 0,
with a, b and ¢ are in C we start by this elementary case 22 = —z, for some positive
real number z. Equation 22 = —z is equivalent to

22— (1\/5)2 = 22 (VD)2 =0 = (z—iﬁ)(z—&—iﬁ) -0
& z=iyr or z=—iyx.
This leads to the following result.
| Proposition 1.4.9. Any complex number has two square roots z, and zs.

Proof. We fix the complex a + ib for two real numbers a and b. Let z =z +iy be a

complex number such that,
22 =a+ib. (1.4.5)

To determine the solutions of this equation we proceed in four steps
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Step 1: We specify that the identity (1.4.5) is equivalent to
z? —y? 4+ 2zy =a+1ibd.

This leads to the following system

2xy = b.

Step 2: We emphasize that |z|2 = |z +iy|? = 22 + y* = Va2 + b2. This holds the
following identities

> -y =a, 22+y’=+Va2+0b2 and 2zy=0>b.
Consequently one deduces that
s Vat+b—a

5 Vat+b2+a
x =5 and Y= 5

Step 3: From step 2, we deduce that

vaz+b2+a vaz+b2—a
=4+ — and y== B E—

Step 4: Now we use the sign of b = 2 zy to determine the exact values of x and y.

O
Example 1.4.10. Find the square roots of the following complex numbers
1.8+ 61, 2.3 —4i.

Solution. 1.Let z = x +iy be a square root of 8 + 6i. Then we have z*> = 8 + 61.
We obtain x? — y?> =8 , 2ry =6, and 22 + y? = /82 + 62 = 10. We have

, VETE 48 , Ve -8
x:f:9 and y:le

Therefore x = £3 and y = £1. Since x -y = 3 > 0, then, x and y have the same
sign. Hence

case 1: when x = 3, we have y = 1. In this case zy =3 +1i
case 2: when =z = —3, the real number y = —1 then zo = —3 —i.

2. We define z = x + iy such that 22 = 3 — 4i. Then, 2% = (z +iy)? = 3 — 4i.
This involves 2% — y? = 3, 2zy = —4 and 22 + y2 = 5. Thus we obtain
,_ VEIE43 o, VFIE-3
r=—= = - =1.
2 Y 2
That is x = £2 and y = £1. Now we use the sign of xy = —2 < 0 to determine x
and y.
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case 1: when x =2, we have y = —1. Then, z1 =2 —1i

case 2: when x = —2, we obtain y = 1. In this case we have zo = —2 + 1.

Exercise 1.4.11. Find the square roots of the following complex numbers
—1+3i, 2+i, 7+5i, 4-2i, 8-T7i, —-24i, 4-9i, —-1-i, 3i.

Let a, b and ¢ belong to C such that a # 0. We consider the following second
order polynomial equation
az’ +bz+c=0, (1.4.6)

n b\ b2 — 4dac 0
v —_— _—— =
2a 4a?

Here, we define the complex number A = b?> —4ac. If a € C is a square root of A
one may have

2
() -G o (2 g)

Therefore, we have

Equation (1.4.6) can be rewritten in this way

b b2 b2 c
2 _ 2 _
az +bz+6—a(z +22az+4a24a2+a>_a

2a 2a

Lemma 1.4.12. Let a, b and ¢ be three complex numbers such that a # 0 and
A =0b?> —4ac. We asume that the complex number o is a square root of A and
we consider equation (1.4.6). Then,

when A = 0. Equation (1.4.6) has one solution
b
- 2a
when A # 0. Fquation (1.4.6) has two solutions which are defined

b+« b—«a
— or zp = — .
2a 2 2a

zZ1 =

Example 1.4.13. Find the solutions of the equation 2> +2iz —4 —4i=0.
Solution. To find the solution to 2% +2iz —4 — 4i =0 we proceed as follows
Step 1: We define A = (21)2 —4 x (-4 —4i) = -4+ 16 + 161 = 12 + 161.

Step 2: We must find « that is a square root of A. We set (x +iy)? = 12 + 161.
We know that |12 4+ 16| = 20. Then,

o V122 416% +12 V122 +16% — 12
rIrI=-—— —_—_—nm
2

2

That is, x = 4 and y = £2. Using the identity 2xy = 16 we have o = 4+ 21
or a = —4 — 21.

16 and Y = 4.
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Step 3: Therefore, we obtain
b+ 2i4+4+42i

z21 = = =—-2-—2i or
2a 2
—-b+a 21—4-2i 4
29 = = — = — =2
2a 2 2

Exercise 1.4.14. Find the solution of the following equations
iz2 4+ (1+i)2+2+3i=0, 322+5iz+3+2i=0, 2°+(2+3i)z+1=0.

Fix some natural n > 3. For every complex number z we are woundering if these
equations z” = 1 and 2" = a + ib have solutions.

In the next section we will tackle the previous equations. We just precise that,
the solutions of the first one are called the nth roots of the unit and the solutions
of the second one are called nth roots of the complex number z.

1.5 Nth Roots of a Complex Numbers

In this section we study nth roots of unit and nth roots of a general complex number.

1.5.1 The nth Roots of the Unit

Let z be a complex number. We consider the equation z™ = 1. We assume that
arg(z) := 6 and r := |z|. We define z = rel?. In this case, we have

oM — einG -1,
On the other hand we know that 1 = e?'*™_ for some integer k. Hence

r" exp(in ) = exp(2ikm).
This is equivalent to say that r = 1 and n 6 = 2 kwr. Consequently we have

_ 2km
==

0

We conclude that the solutions of equation 2™ =1 are given by

zk—exp<21]“r>7 ke N. (1.5.1)
n

We observe that zg = z, = 1. Then, we will just consider k between 0 and n — 1.
This leads to these expressions

(217?) <4i7r> (2(n— l)iﬂ')
zo=exp(— ), zo=exp|— ), 21 =exp | ——F— ).
n n n

Proposition 1.5.1. If z is a complex number and n some natural number, then,
the equation z™ = 1 has n solutions that are the elements of this set

2ik
Un:{zk:exp( 1”) ; ogkgn—l}. (1.5.2)
n
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Example 1.5.2. Find the solution of the following equations 2> =1 and z* =1

Solution. 1.To find solutions of the equation z* = 1, we define 0 = arg(z) and

r = |z|. Then, r3e3? = 2" This implies r = 1 and § = 2% for 0 < k < 2
Therefore
. 2im L. V3. 4ir 1 V3,
= = eX —_— = —— —1 = X —_— = —— — —1.
20 y 21 €xXp 3 2 2 y R2 p 3 2 )

2. Now we consider the equation z* = 1. Setting 0 := arg(z) and r = |z|, we get
0= yfT”, Then, for k such that 0 < k < 3, one has

imT . . (% .
zo=1, 21 =exp 5 =1, zg =exp(imr) =—1, z3 =exp e = —i.

Exercise 1.5.3. Determine the solutions of the following equations
22=1, B=1 222=1 =1 222=1 22£=1 =1
The solutions to the equation z™ = 1 share the following properties.
Lemma 1.5.4. We consider the equation z™ = 1. Then,
1. the sum of all elements of U, is equal to 0

2. if we denote by My, the point in the plan which is associated to zy, then the
points My, belong to the circle with center O and radius 1

3. The points My, form a regular polygon that is inscribed in the circle of center
O and radius 1.

1.5.2 The nth Roots of a Complex Number

In this section we deal with the equation z™ = a + ib for some real numbers a and
b. To determine the solutions of this equation, we define p := |z| and w := arg(z).
Assuming that the comlex number a +ib = r exp(i6), we write

2" =p"exp(niw) = a+1b =r exp(if).

Therefore the following identities hold p™ = r and nw = 6 + 2 k7, for some integer

k. This means that 049k
p=1%r and w= vr2km,
n

Then,the solutions of the equation 2™ = a + ib are defined by:

2 = W/rexp (“jkﬁ i) , keN (1.5.3)

Proposition 1.5.5. Let a and b be two real numbers. We define r := ‘a + ib|

and 0 := arg(a + ib). Then, the equation 2™ = a +1b has n solution, which are
given by the following formula

2 2 2
e = Vrexp (“’“ﬂ) - [COS <M> +isin (“’”ﬂ .
n n n

Here k 1s a positive integer such that, 0 < k <n — 1.
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Example 1.5.6. Find the solution of the following equation z° = 1 +1i

Solution. To find the solution to the equation z° = 141 we specify that |1+i] = V2
and 0 = arg(1+i) = % Using the formula (1.5.3), one deduces that for every integer
k, such that 0 < k <8,

= / <0+217rk) _ 3 e (71'/44521#/4;1)7

Remark 1.5.7. When 6 = 0, that correspond to the case a + ib = 1 we obtain the
nth roots of unit.

Exercise 1.5.8. Determine the solutions of the following equations

z7:—i, 2;5:14—1\/§7 z3:—1—i’ 262—\/§—i7 ZlO:\/g—i, 2421.

1.6 General Properties of Complex Numbers

In this section we just remind some important properties on complex numbers.

Let 21 and 25 belong to C. Then, |z1| = |21 —22+22| < |21 —22|+]|22|. On the other
hand, we have |z3| = |22 — 21 + 21| < |22 — 21| + |21| Therefore |z1| — 22| < |21 — 22|
and |z| — |21] < |21 — 22|. Consequently we obtain ||21] — [22|| < |21 — 2.

Lemma 1.6.1. If z1 and zo are two complex numbers, then,

[ 121 = J2al | < 21 — =l (1.6.1)

Inequality (1.6.1) is called the second triangular inequality.
Lemma 1.6.2. Let z = x + iy be a complex number. Then,

le®| = e” and arg(e®) = y.

Proof. We consider a complex number z = x + iy. Then,

e” = e" TV =% x ¥ =¢” (cos(y) +i sin(y)).

Since e® > 0 and |e!¥| = y/cos(y)2 + sin(y)2 = 1. One deduces that |e**1¥| = 2.
We saw above that exp(z) = exp(z) % exp(iy). Then,

arg(exp(z)) = arg(exp(z) x exp(iy)) = arg(exp(x)) + arg(exp(iy)).
As we know that exp(x) is a positive real number. Then, arg(exp(z)) = 0+ 2k .
Hence arg(exp(z)) = arg(exp(iy)) = y. O

Lemma 1.6.3. If z is a complex number that satisfies |z| = 1 then, there exists
a real number 0, such that,
z = exp(if).
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Proof. Let z = x + iy, such that |2|? = 22 + y? = 1. Therefore, there exists a real
number 0, such that = cos(f) and y = sin(6). In this case one has

z = cos(8) + isin(6).

Using Euler’s formula we establish that z = cos() +1 sin(f) = exp(i6). O

1.7 Exercise Session

Most of the exercises proposed here were given in the Bacalaureat in France in the
previous years. They was taken from the web site apemp. We modify the little some
statement in order to adapt them to our situation.

Exercise 1.7.1. In the complex plane, we define i as the complexr number that
has modulus 1 and argument 7-

1. Prove that (1 + 1)6 = —8i.
2. Now we consider the equation (E) : 2% + 8i = 0.

a. Deduce from 1. a solution of (E).

b. Give the algebraic form of the other solution.

3. Deduce from 1. and 2. a solution of the equation z3 = —8i.

Comments. We make the following comments on the exercise.

o To determine the exponent of a complex number, it is better to use the expo-
nential form of the complex number.

o Let z1 be a complex number. For some complex number w we define the

equation

2’2:0.)

and we assume that z1 is a solution of this equation. To find another solution
to 22 = w, we write

22—,2% =0«& (z—zl)(z—i—zl) =0.
Hence the second solution is given by —z1.

Solution. Let z be a compler number. The exponential form of z is given by
z = |Z| ei arg(z).

1. In particular if we take zg = 1 41, we have

o |20] = V2.

e Defining 0 := arg(zy), we obtain cos(f) = %2 and sin(f) = g

[
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e From this we deduce that 0 = § + 2km, for some k € Z-

Since for every k € 7, exp(2kmi) = 1, one has zo = v/2 exp (i%). This implies

6 67 37 37 37
6 _ O ST o L. 9T Y
ZO—<\/§> exp<14> 8exp<12> 8((305(2)—1—15111(2)) 8i
2. We consider the equation (E) 22 4+ 8 = 0 and we define the complexr number
2= (1+1)°

a. Then, from 1. we deduce that
2
2= ((1 +i)‘°’) = (1+1)° = -8,

Therefore the complex number z, = (1 + i)3 is a solution of (E). Straight-
forward calculations show that

21 = 2V 2exp (iif) = —2+42i

b. Using the second point in the comment above, one finds that
2 (—2420)° = (4 (—2+20)) ( — (-2 +20)) =0

This involves z = 2 — 2i or z = —2 + 2i.
We conclude that the solutions of (E) are z1 = —2+ 21 and z3 = 2 — 2i.

3. Let z3 = (1 + 1)2. Applying 1, we obtain z3 = (1 + 1)6 = —8i. Consequently

z3 = (1 + 1)2 is a solution of the equation z3 = —8i. Moreover we have

= (1+1) =1+2i—1=2i

Exercise 1.7.2. We consider the complex number z = —\/2 +V2+ i\/2 —2.
1. Determine the algebraic form of z2.
2. Find the exponential form of 2°.
8. Deduce from 2. the exponential form of z.

4. Define the polar form of z and deduce from this the exact values of cos (7r/8)
and sin (7/8).

Comments. As comments we just remind the following properties
e Ifa and b are two real numbers then,
(a + ib)2 =a? — b* + 2iab
(a — ib)2 =a? — b? — 2iab
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o Let z be a complex number with argument 0, then, we have
— exponential form of z: z = |z| exp (i 9)
— polar form of z: z = |z|(cos(f) + isin(6)).
— an identification of the polar and algebraic forms gives

Im(z)

and sin(f) = E
z

e If the exponential form of w? = |w|? exp (i 91), then, w = +|w|exp (i%)

Solution. We consider the complex number z = —\/2 +V2+ i\/2 — V2.

1. Using the first point of the comments we obtain

2= (—\/2+\/§+i\/2—\/§>2

:2+f—(27\/§)—21\/(2+\/§)(27\f2):2\/5—21\/5

ISE

2. From the algebraic from one can easily deduce that |2%| = 4 and arg(z?) = —

This implies that
2% =4dexp (—iz)
4
3. The third point of the comments combines with 2 imply that

z = 2exp (—i%) or z= —2exp (—i%)

Remarking that —1 = '™, we write —e~™/8 = &l(™=7/8) " Then, we have

2 =2exp (—i%) or z=2exp (i <7T_ g))

As we know that cos(8) is negative, we conclude that z = 2exp (i (7T — g)) -
In this case we obtain

z:2(cos(w—g)+isin(w—g)).

4. Since we know that cos (7r — %) = —cos (%) and sin (77 — %) = sin (%), we
have
cos (T = V2EVZ (7) - V2-V2,
8/ 2 8/ 2

Exercise 1.7.3. Let U be the point associated to the complex number 1 and V
the point associated to i. We consider a complex number z # 0 and define the
complex

1. Prove that arg(z’") = arg(z) + 2k7 for some integer k.
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2. Determine the set of all point M with affix z in the plane suh that

I\

3. FEstablish that

Z =1 (z—1
—_— = 1] .
z =i z—1i
4. Let M be the point associated to the complex number z. Prove that when M
belongs to the line (UV), ‘ij is a real number.

. . 1
5. Deduce from the previous questions arg (ZZ ) .

/—i

Comments. As a comment, we remind the following properties.
e For any complex number z, we have arg(z) = —arg(z)
o If z1 and zy are two compexr numbers, we have

—zZ1tz2=Z1+Z and z1 — 23 = Z1 — 29
— for z3 # 0 one has
21 Z1
Z2 Z2
— for any real numbers a and b, such that zo # b
21— a 21 —a Z1—a
zZ9 — b 2o — b Zo — b
— 29 # 1, then for any real number a we have
21 —a zZ1—a Z1—a
Z9 + i 29 + i Z9 — i

— arg(z - 22) = arg(z1) + arg(z2)

— for any complex number zo # 0

M E——

o arg(i) = 5~

_ 2
e For any complex number z, we have z - Z = ’z’ .

If 4 and U are two vectors, we define the oriented angle between @ and v by

(7, 7).

If A is the point associated to za and B is associated to zg, then, we can
associte to the vector ﬁ the complex number 24P = #B — ZA-
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o We adopt the following notations:

— the vector U is associated to the complex number 1

— the vector U is associated to the complexr number i

e the argument of the complex number 23 is defined by the angle (ﬂ', /@) :

() = (.75)

e For any complex number z4 which is associated to the point A, we have

arg(za) = (ﬂ', O—Azl)
o Ifﬁ (z43) and AC (24¢) are two non-zero vectors then, one has
arg (Z) = arg(z/@) — arg(zﬁ) = (11', ﬁ) — (ﬁ, ﬁ) = (E,ﬁ) .
A

Solution. Let z be a nonzero complexr number. Then,

1. we have arg(z') = arg(1l) — arg(z). As we know that arg(1) = 2km for some
integer k and arg(z) = —arg(z). Therefore, one obtains

arg(z') = 2km — (—arg(z)) = 2km + arg(2).

2. Let M be the point that is associated to the complex number z. We assume
that z satisfies % = z. This involves z - Z = |z’2 = 1. If we set z = x + iy, we
obtain

4yt =1 (1.7.1)

Equation (1.7.1) is the equation of a circle with center O and radius 1. We
conclude that the set of all complex number such that, % = z is the circle with
center O and radius 1.

3. If z is a complex number that is different to 1 and i, we have

Z—i iz—-1 iZ+i2 i(z4+i) 1 21

z—1

Z -1 z-1 z—1 z—1 1 2—-1 <zl>
_ _ - i .

4. In this question we assume that M (z) belongs to the line (UV') and is different
to the points U and V. In this case, we can associate to the complex number
z — 1 the vector UM and VM to the complex z —i. One deduces that

arg (z—l) = (m,U—]\Zf>

zZ—1

Since M, U and V belong to the line (UV), then, (177\7, Wl

some integer k. Hence Zj

>:0—|—k7r,f07"

= 15 a real number.
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5. Using questions 3. and 4. we have

arg (j_i) = arg (1(2_})) = arg(—i)+arg (m> = —nglmr,

for some integer k.

Exercise 1.7.4. Find the solutions of the following equations

1.224241=0, 2.2245244=0, 3.22462+9=0, 4.2 +422+3=0.

Comments. Here we remind the method to solve second order polynomial equa-
tions.

e To find the solution of the equation az?® + bz +c = 0, where a # 0, we proceed
as follows: We compute the discriminant

A =b% — 4ac

Case 1: A > 0. We have two real solutions

_—b—VA _ b+ VA,

21 =——— 0or 23
2a 2a

Case 2: A =0. We have one real solution
—b

zZ0 = —
2a

Case 3: A < 0. We have two solutions which are complex numbers:

 —b—iV-A _ —b+iV-A

A1 2a 2a

22

o To deal with equations of the form az* + bz% + ¢ = 0, we make the following
substitution Z = z2. In this case the equation becomes

aZ? +bZ +c=0.
We find Z by proceeding as in the previous point and we deduce z.

Solution. In this exercise we deal with equations of degre 2.

1. We consider the equation 2> + 2z +1=0. Then, A=1—4= -3 <0. In this
case, we have two solutions which are complex numbers

_-1-iV3 _-1+iv3
zZ1 = B or Z9 = B .
2. We are looking for z, such that, 22 + 5z +4 = 0. To find z we define
A =25—-16 =9 > 0. Therefore, we have two real solutions which are given
by
_ —=5-3 _ =5+3

= -4 =
5 or Z92 B)

—1-
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3. We define the equation 2> + 6z +9 = 0. Hence, A = 0. This implies that the
unique real solution is given by
—6

20:7:73.

4. Now we consider the equation z* + 42> +3 = 0. We use the following substi-
tution Z = z%. The previous equation becomes

7 +4Z+3=0. (1.7.2)
To determine Z, we set A = 16 — 12 = 4 > 0. Then (1.7.2) has two real
solutions
—4-2 —4+2
Zl = 9 =-3 or ZQ = 2 = -1

To find z we have to point out that

Zi=-362=3c=4V3 and Zi=-1622=i6 2=+

S:{—i\/??;i\/i —i;i}

Exercise 1.7.5. Find the solutions of the following equations

1.26=8 2.:'=1-1i, 3.2:27=1-iV3,

Comments. In this exercise we have to tackle exponent of complex numbers:
Zz"=a+1ib

o As we pointed it out in exercise 1.7.1, to compute powers of complex numbers,
the exponential form is more adapted.

o We have to determine the exponential form of the complex number a-+ib which
is la +ib|exp (i6), where arg(a + ib) = 6 + 2ir.

e Identifying |a + ib|exp (10) to 2" = |z|" exp(inw), where w = arg(z), we will
be able to determine the n solutions zg, 21, - , zn—1 of the equation z™ = a+ib

Solution. Let z be a complexr number which satisfies z" = a + ib. Therefore, we
have

o 0 =arg(a+1id)

o r=|a+ib|

o w=arg(z)

e a+ib=r exp(if)

o z=|z| exp(iw)



30 CHAPTER 1. INTRODUCTION TO COMPLEX NUMBERS

From this we deduce that,
2" = |z|" exp (inw) = r exp(i (6 + 2k)).
This identity is equivalent to |z|™ =r and nw = 0 + 2kw. We have

0 + 2km
w = .
n

|zl = ¥/r  and

Consequently, for every integer k, such that, 0 < k <n — 1, we have

2
Zk = \/7j exp <19+n kﬂ) .

1. We consider the equation 28 = 8. In this case we have |z| = /8 = /2 and
0 = 0. We conclude that

2
2 = V2 exp <1]é7r> =2 exp (i?),
for 0 < k <5. This involves

Z():\/§

21 = V2(cos(n/3) +isin(r/3)) = g + 1?

20 = V/2(cos(2m/3) + isin(27/3)) = —g + i?

z3 = V/2((cos(m) +isin(n)) = —V2

24 = V2(cos(m + 7/3) +isin(r + 7/3)) = —g - 1?
z5 = V2(cos(2m — 7/3) +isin(2m — 1/3)) = g - i?-

2. For the equation 24 =1—1, we have |z| = VV2 =2 and 6 = —%- Then,
for 0 < k <3, we have

3. Now we consider the equation z” = 1 —iv/3. Then, |z| = /2 and 8 = —
From this we deduce that

2k
-l (505

for 0 < k <6.
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| Exercise 1.7.6. Find the solution of the following equation z3 + 32 + 4z = 0.

Comments. To find the solution of an equation of the form azz>+asz?>+a1z+ag =
0, we proceed as follows:

o We find a particular solution zy of the equation.
o We write this equation in the form (z — 29)(az? 4+ bz + ¢) = 0.
o We determine the solutions of the equation az? + bz +c = 0.

Solution. We consider the equation z° + 3z + 4z = 0. If we replace z by 0, we
obtain 0+ 3-0+4-0= 0. Therefore zyo = 0 is a solution to the equation. Now we
have to write the equation in the form

z(a22 + bz + c) =0.
Now we should find a, b and c. To determine a, b and c, we point out that
z(az? +bz+c) = az® +b2° 4 cz =2 + 322 + 42

Identifying the coefficients of the two polynomes we obatin a =1, b = 3 and ¢ = 4.
Hence we have

222 4+3244)=0<=2=0 or 22 +32+4=0.
For the equation 2> + 3z 4+ 4 = 0, we have A = —7. Consequently,

—3—iV/7 —34+iVT7
= — or 2y = —

1 2 2

We conclude that

1.8 Problems

Problem 1.8.1. Let x and y be two real numbers. We define the complex number
z=ux+1iy. We suppose that z # 1 — 3i. and we consider the complex number

2 +34Ti
T2 —1+43i

1. Determine the algebraic and the trigonometric form of Z.

2. Let M (x,y) be the point of the plane associated to z. Find the set of all points
M in the plane such that,

a. Z 1s a real number
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b. Z is a purely imaginary number.
Problem 1.8.2. Find the solutions of the following equations

1 Y
z i .(3 21)21_5’ 4z+1
zZ+1 z+2 z—1

5.22=i—1, 6.(2241-1)(z+i—2)=0, 7.3(z—2)+5z=3z—2i

1.3-2iz+i=0, 2.

141,

Problem 1.8.3. Let z belong to C. We define the function P(z) = 23+ 2%+ 22 —4.
1. Check that P(z) = (z — 1)(2% + 22 + 4).
2. Find the solutions of the equation P(z) = 0.
Problem 1.8.4. Let f(z) = 2* — 823 4+ 2622 — 82 + 25 be a complex function.
1. Check that for every z € C, f(z) = (22 +1)(2? — 2z + 25)
2. Find the solutions to the equation z* — 823 + 2622 — 82+ 25 = 0.

Problem 1.8.5. Compute the following complex numbers
L(1-1)", 2 (i—\/??)", 3. (1412 4. (=1-v3)°, 5 (V3-i)®.
Problem 1.8.6. Find the solutions of the following equations
L(1+i)2—2—-(1-1)=0, 2.222—-224+5=0, 3.2*+52+4=0,
4. 2% —22%cos(A) +1=0, 5.2°=+3-1i
Problem 1.8.7. Consider the complex number Z = (1+1) (V3 —1) .
1. Determine the algebraic and the trigonometric form of Z.

2. Deduce from 1 the exact values of cos (12) and sin (12)

Problem 1.8.8. Let z be a complex number which is different to 1. We define the
complex number 2/ =1+ z + 22 + 23 + 2%,

1. Prove that
, 1-2°

= 1—2

Taking z = exp (217"), determine 2’
Deduce from 2 the value of 1 + cos (%ﬂ) + cos (%) + cos (?”) + cos (%’r)

Show that cos (%) + cos (3F) = 4cos? (¥) — 2.

FEstablish that cos ( ) + cos (6") = —2cos (%)

6. Deduce from the previous questions that cos (g) s a solution to the equation
47* — 22 —1=0.

7. Solve the equation 4x? —2x — 1 = 0 and determine the exact value of cos (%)
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Problem 1.8.9. We consider the polynomial function P(z) = z* — 623 + 2322 —
34z + 26.

1. a. Prove that P(u) = P(u).
b. Show that if P(u) = 0, then P(u) = 0.

2. Now we take z =1+ 1.

a. Compute P(1+1).
b. Deduce from 2.a) another solution to the equation P(z) = 0.
c. Find the solutions of the equation P(z) = 0.

Problem 1.8.10. Find a necessary and sufficient conditions on o and 3, such that
1+ exp(ia) +exp(if) = 0.
Problem 1.8.11. Define the trigonometric form of the following complex numbers
1. 1+ cos(0) + i sin() with o, f €] — /2, 7/2|
2. el 4 ¢lB
3. ela —elf
4. (1+itan(a)) (1 —itan(B)), with o, 8 €] — 7/2,7/2]
Problem 1.8.12. Compute the following complex numbers
L (L—cos(0) +isin(0)", 2.(1-0)", 3. (i-v3) 4 (14020
5. (1 —itan(0))", with €] —m/2,7/2].
Problem 1.8.13. Let z belong to C. We define the function P(z) = 23+ 22422 —4.
1. Check that P(z) = (z — 1)(2% + 2z + 4).

2. Find the solutions of the following equation P(z) = 0.
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In this chapter we deal with functions with domain the set of natural numbers
N or a subset of N. These particular functions are called sequences. In other words
a sequence can be defined as a function which goes from N into R. That is, we have
f: N>Rorf: D—R, with D C N. Usually we denote f(n) the image of n
by the function f. Since the set N is countable, the range of N which is denoted
by f(N) is also countable. In this case we can enumerate the elements of f(N).
This allows to use the notation f, instead of f(n). In this situation the set f(N) is
represented by ( fn)" eN'

We specify that the real number f, is called the nth term of the sequence
(fn)nen. The readers should make the difference between f, and (f,)nen. By
(fn)nen we mean all the terms of the sequence while f,, designates the nth term

35
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of the sequence.Sequences have several applications in Physic, Chemistry,Biology,
Ecology, ---- In this chapter we will essentially be concerned by induction and
convergence of sequences.

The remain of this chapter is organized as follows. In section 1 we give a list of
definitions. In section 2 we introduce and study induction. The section 3 is devoted
to limits and convergence.

Before going further, we draw the readers attention that we will sometimes start
counting from 0 instead of 1. This means that the expressions fo or ug would be
sometimes used and would represent the first term of the sequence.

2.1 Generalities on Sequences

In this section we will attempt to precise the definitions which will be needed for the
sequel. We start by specifying the definition of explicitly and recursively defined
sequences. Because at this stage, we think that it is so important to make the
difference between these two types of sequences. We should however mention that in
this chapter the terms recursively defined sequence and sequence defined by induction
are equivalent. They have the same meaning. In the list of definitions we will give
the definition of increasing and decreasing sequences. Another important property
which plays an important role in the study of sequences is boundedness, therefore
we will define in this section the different type of boundedness that can exist for a
sequence.

Definition 2.1.1. A sequence (Up)n>n, 1S explicitly defined if it is in the form
un, = f(n), (2.1.1)
for some real function f: R — R and any natural number n > ng.

We emphasize that the natural number ny can be 0 if the first term of the
sequence is ug. It can be 1 if the first term is ug, - - - - We will specify later on what
we mean by the first term of a sequence. This definition means that the term wu,
depends directly on n.

Example 2.1.2. The following sequences are explicitly defined:
1
eVneN, u,=2" eVYn>1, v, =—, evVneN w,=n+1.
n

Definition 2.1.3. A sequence (uy)n>n, s recursively defined if its first term wuy,
is given and for all n > ng we have

Upt1 = fug). (2.1.2)
for some natural number ng and some real function f: R — R.
We usually use the following representation for recursive sequenses

Up, €R

Uns1 = f(up), Vn>ng.
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In this definition one can observe that the term w,+1 depends on the previous one:
Uy. The relation of dependance is defined by the function f.

Example 2.1.4. The following sequences are recursively defined :

’LLO:3 U1:2
Un

vy, +1

Un+1 :un+2a V”ZOa Un+1 = ) Vnz 1.

Definition 2.1.5. The initial term or the first term of a sequence (u,) is the
term that has the smallest indez.

As it was pointed out that a sequence is a particular function, we should be able
to determine the image of any natural number which is in the domaine. That can
be possible but it is not always easy. For the sake of clarity we distinguish the case
of explicitly defined sequences to the case of recursively defined sequences.

2.1.1 Computation of the Terms of a Sequence

In this subsection, we illustrate how to proceed if we want to determine the terms
of a sequences.

For Explicitely defined Sequences

We remind briefly that a sequence is explicitly defined if there exists some ng € N,
such that for all n > ng, u, = f(n), for some real function f.
To obtain u,, we have to calculate

Ung = f(nO)

Let n1 > mng be some positive integer. In order to compute u,,, we use the following
formula

Un,; = f(nl)

Example 2.1.6. For instance we consider the sequence u, = 2n + 3. Then, we
have

e up=2-04+3=23, eu; =2-14+43=5, euy=2-24+3=7,
.U10:2'10+3:23, OU100:2100+3:203

Exercise 2.1.7. For each of the following sequences determine ug, us, w19 and uss

1L.VneEN, u, =3n+1, 2.VneN, u,=2n+1)%+5,
1

3.¥neN, u, =3""t—-2" 4.v¥YneN, u,=——,
n+3

5Y¥neN, wu,=n>—2n+1.
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For Recursively Defined Sequences

Let (un)n>n, be recursively defined by u,, = a € R and for any natural number
n > ng, Un+1 = f(uy), for some real function f. Here, the initial term u,, is given.
it is equal to a. In order to calculate wu,,4+1 we use the term u,, in the formula
above. We get

Ungt1 = f(un,) = f(a).

We emphasize that the function f must be defined at a. Otherwise the expression
f(a) does not make a sense. To obtain the term wu,, 2, we use the term w1
as follows: upg42 = f(tng+1). It is important to notice that, if we want to calcu-
late w4+ we must compute all the terms wp,, Ung+1; Ung+2; -5 Ung+k—25 Ung+k—1-
Clearly if we want to get u,,+10 for example we must calculate all the terms from
Uy 1O Upyto.

Example 2.1.8. We consider the following sequence
ug = 2
Vn>0, Upp1 =2u,+ 1.
Here ng = 0. To determine uy, us, uz and uy we proceed as follows:

OU1:2U0+1:22—|—1:5, OUQ=2U1—|—1:25—|—1=11,
e U3 =2us+1=2-114+1=23, eu;=2us+1=2-23+1=47.

Example 2.1.9. As a second example we define the following sequence,
Uy = 1

Unp,
Uy + 1

Vn>1, Upp1=

In this example, the initial term is uy, then ng = 1. To compute us and uz we set :

1
U1 1 1 u2 5
.u2: = 7257 QU3: = =— =

u; +1 1+1

[CIRGY NI
w

Exercise 2.1.10. Compute the five first terms of each of the following sequences

ug =1 u; =0

1 2.
Vn >0, upyr = 3u, — 3, Vn > 1, unH:Qqu—i—l7
U0:1

3. 2u, +1

vn Z 07 Un+1 =
Up

In the next section we investigate bounded sequences.
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2.1.2 Bounded Sequences

Sometimes the values taken by the sequence cannot exceed some real number M. In
this case we say the sequence is bounded above. If the values of the sequence cannot
go under some value m, we say that the sequence is bounded below. When the values
of a sequence is locate in an interval [m, M|, such that, m < M, we say that the
sequence is bounded. To clarify these notions we introduce these definitions.

Definition 2.1.11. A sequence (un)n>0 s bounded above , if there exists a real
number M such that, Vn > 0,
up < M.

Example 2.1.12. Letn > 1 be a natural number. We define the sequence u,, = %
We can observe that sequence (un)n>1 is bounded above. Indeed, ¥Vn > 1, we hav

Up < 1.

Definition 2.1.13. A sequence (un)n>0 is bounded below, if there exists m € R,
such that, for everyn >0
m < Upy.

Example 2.1.14. We consider the sequence u, = n?, for any natural number n.
The sequence (uy,) is bounded below. Because Vn > 0,

OSun:n2

Definition 2.1.15. A sequence (un)n>0 15 said to be bounded, if, it is bounded
above and below.

Definition 2.1.15 means that, there exist real numbers m and M, such that,
Vn>0 m<u, <M (2.1.3)

Example 2.1.16. We define the sequence u, = (—1)", ¥Yn € N. We know that,
Vn >0, we have
-1<u, <1.

Therefore, (“")n>0 s bounded.

2.1.3 Monotonic Sequences

Since a sequence is a function, we need to know its variations. Here we mean by
variations of a sequence the fact that the sequence is increasing or decreasing.

Definition 2.1.17. A sequence (uy,)n>0 is increasing, if for all n > 0, we have,
Un, S Un+1-

Example 2.1.18. Consider the sequence u,, = n?, for alln > 0. Then, the sequence
(un) satisfies up, = n? < (n+1)% = u,.1. Therefore it is increasing.
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Definition 2.1.19. We say that a sequence (un)n>0 is decreasing, if for alln >0
we have,
Up = Un+1-

Example 2.1.20. The sequence u,, = %, Vn > 1 is a decreasing sequence. Indeed

for any n > 1, we have
1

n+1

1
Up = — 2 = Un+1-
n

Now, we focus on the inequalities u,, < u,4+1 and u, > u,41. They are respec-
tively equivalent to u,4+1 — up, > 0 and uy41 — u, < 0.

This means that the variations of the sequences (u,) depends on the sign of the
difference ;11 — Uy,

Theorem 2.1.21. Let (“”)n>o be a real sequence. Then,

1. if upg1 —upn >0, the sequence (un) 18 Increasing

n>0

2. if Upt1 — up <0, the sequence (un)n>0 is decreasing.

Proof. The proof of this theorem is quite simple. If for all natural number n > 0,
Upy1 — Uy > 0, then we have u, 11 > u,. Therefore (un)n>0 is increasing.

On the other hand if for every natural number n,we have w, 1 — u, < 0, then,
Up4+1 < Up. We conclude that (un)n>0 is decreasing. O
Remark 2.1.22. When the inequalities are strict we say that the sequence is strictly
increasing or strictly decreasing.

Example 2.1.23. We define the following sequence

UO:2
Vn>0, Upt1 =u,+3n+2.

Let n be any natural number. Then, we have upy1 — uy = 3n + 2 > 0. Therefore
the sequence (uy,) is increasing.

Exercise 2.1.24. Study the variations of the following sequences.

U():O U():3

Vn >0, Upt1 =VUup+2, Vn>0, Up+t1 =Vup+5,

5
3Vn>1, uy =7+
n

Let ng be a natural number. We consider the property P(n) for any natural
number n > ng. We would like to show that for each n > ng the property P(n) is
true. But we know that the set {n eN;n> no} is infinite. It seems to be a waste
of time to want to check P(n) for any n > ng. Nevertheless, proceeding intelligently
we can prove that P(n) is true for any n > ng. Our strategy will runs in this way,
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1. we check that P(ng) is true
2. we verify that P(n) is true, implies that P(n + 1) is true.

This procedure is called induction. In the next section we will study the different
forms of induction.

2.2 Proof by Induction

This section is devoted to induction. We will see that there are two forms of
induction: first form and second form. We summarize briefly the general ideas of
the different forms of induction before studying them in details

First Form: We consider the property P(n) depending on the positive integer n
satisfying n > ng for some integer ng.

e We check that P(ng) is true.
e After this we assume that the property P(k) is true and we prove P(k+1).

Second Form: Let ng be a natural number. For any n > ng, we define the prop-
erty P(n).

e We check that P(ng) is true.

e Secondly we assume that the property P(k’) is true for any natural num-
ber less than or equal to k and we prove that P(k + 1) is true.

2.2.1 First Form of Induction

In this subsection, we describe the first form of proof by induction. We fixed a
natural number ng. We define the property P(n), Vn > ng. To prove P(n) we
proceed in three steps:

Step 1: We set n = ng and we check that P(ng) is true.

Step 2: We assume P(k) for some positive integer k.

Step 3: Now we prove that P(k + 1) holds

Conclusion: We conclude that for all natural number n > ng, P(n) is true.

To make more understandable the procedure of induction we proceed by examples
Example 2.2.1. Prove by induction that ¥n > 1,

1
1+2+3+...+n:%.

We define
1
P(n):¥n>1 142+3+..+n= %
To establish P(n) for n > 1, we proceed in three steps.

Step 1: We consider n =1, then , 1 = w = 1. Therefore P(1) is true.
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Step 2: We assume P(k) for some k > 2. In other words we suppose that

1
1+2+3+...+k:%-

Step 3: Now we want to prove P(k + 1). This is equivalent to establish that

kA1) (k+2
142434 4kt (k1)< FFDEFD

2
For any natural number k > 2 we have,
k(k+1 k(k+1)+2(k+1
1+2+3+"‘+k+(k+1):%4‘(16-1-1): ( )2 (k+1)
_ kA DE+2)
B 2
n (n+1)

Conclusion: Therefore, For alln > 1, we have 1 +2+ 3+ ... +n = —5—-

Example 2.2.2. Prove that for any natural number n, 2™ > n. We define
P(n):¥Yn>0, 2" >n.

To establish this property we proceed as follows:

Step 1: We fix n = 0. Therefore we have 2° =1 > 0. The property is true for 0.

Step 2: Now we assume that the property holds for some natural number k > 2.
That is, 2% > k.

Step 3: Now we want to establish that the property holds for k+ 1. In other words
we have 2871 > (k +1).

We know by definition that 28T = 2% . 2. Since we have assumed that 28 > k,
one deduces that 28t > 2k. As we took k > 2, then, 2k > k +2 > k + 1.
Therefore we can see that 281 > k + 1. Hence, P(k + 1) is true

Conclusion: We conclude that for all n > 0, we have 2™ > n.

Example 2.2.3. To prove that for every n > 4, n! > n2, we define the property
P(n):Vn>4, nl>n?

and we use a proof by induction

Step 1: We consider n = 4. On one hand we have 4! = 24. On the other hand, we
see that 4> = 16. Then, 4! > 4%, Consequently P(4) is true.

Step 2: Now, we assume P(k) for some natural number k > 5. This involves
k!> k2

Step 3: We have to establish P(k + 1). That is, we should prove that
(k+1)1> (k+1)"

As we assumed k > 5, using step 2, one obtains k! > k* > (k+1). Multiplying

by (k+ 1) in both sides of the previous inequalities, we find that
El(k+1)=(k+1)! > (k+ 1)

Hence P(k + 1) is true.
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Conclusion: We conclude that for any n > 4 we have n! > n?.
Exercise 2.2.4. Prove by induction the following properties.

1. P(n): ¥n>1, 14+4+49+.. 4n2="0tDCndD),

2. P(n): Yn>1, 1+8+27+ .. +nd="kD"

3. P(n): Yn>1, 1416481 4. 4npt=2tDOmLonTin-1),

Exercise 2.2.5. We consider the sequence defined by

1
U0:§

Uny1 = /1=, Vi > 0.

Prove that for alln >0, 0<wu, <1.

2.2.2 Second Form of Induction

We start by precising that the second form of induction is stronger than the first
one. Because it requires in step 2 of the proof by induction, to assume that the
property is true for every k' < k in order to be able to establish P(k + 1). Appart
from this additional constraint the process remains the same.

We consider the proposition Vn > ng, P(n). To prove P(n), we proceed as in
the preceding subsection. At first, we check P(ng). Secondly we assume P(k’) for
0 < k' < k for some positive integer k. We establish that this implies P(k + 1).
This can be clearly summarize in the following steps

Step 1: We fix n = ng and we check P(ny)
Step 2: We consider some natural number k and for ng < k' < k we assume P (k')
Step 3: In this step we establish that P(k + 1).
Conclusion: We conclude that for every n > ng, the property P(n) is true.
Example 2.2.6. We consider the following sequence
ug = 1
V>0, Uni1 =2+ Un.
FEstablish that P(n) :¥Vn >0, 0<wu,<2.
Step 1: If we take n =0 we obtain 0 < ug =1 < 2. Hence, P(0) is true.

Step 2: We assume that the property holds for any positive integer less than k for
some natural number k. That is for every k' such that 0 < k' < k we have

0 <uy <2.
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Step 3: Now we have to establish that 0 < ug4q < 2.
Since 0 < up < 2, we have 2 < 2 4+ uy < 4 This implies that

0<V2<V2+u, < V=2
The property is true for k + 1.
Conclusion: We conclude that for any n > 0, we have 0 < u, < 2.
Exercise 2.2.7. We consider the following sequence
Uy = 2
Vn >0, ups1 =4u, — 1.

Establish that for allmn >0, u, = %471 4 %

If there is no risk of ambiguity we will adopt from now on, the following no-
tations: we will write (u,) instead of (un)n>n, OF (Un)n>0, in order to simplify
notations. But when the situation seems to be confused, for the sake of clarity we
will specify the indices. Moreover throughout this chapter we will be concerned by
real sequences.

Let (u,) be a sequence. As (u,) is a function, we can be attempted to study
the behaviour of (u,) when n approaches +o0o. Since we cannot reach +oo, in this
case we say that we are looking for the limit of the sequence at +o0o. Below, we aim
to specify the nature of (u,) in accordance with the value of the limit.

We notice that the limit of a sequence holds only at +oc.

2.3 Study of Limits of Sequences

This section is devoted to limits. Here we define what we mean by limit of a
sequence. According to the value of the limit, we can say whether the sequence is
convergent or divergent.

2.3.1 Definitions of Limits of Sequences

Consider a real number ¢. The expression ¢ is the limit of (u,,) when n goes to +00
means that when n is large enough the terms w,, tn4+1, Unto, -+ are as close as
we want to £. In other words there exists a natural number N, such that, for any
n > N, we can make the positive real number |u,, —¢| as small as we want. This can
be reformulated by saying that for all positive real £ > 0 small enough (the positive
real number £ > 0 can be chosen as small as possible), there exists N € N, such
that, for any n > N we have |u, — ¢| < e. This leads to the following definition.

Definition 2.3.1. A real number ¢ is the limit of the sequence (uy), if for all
e > 0, there exists a natural number N, such that, for every n > Nwe have

|un — €| <e.
In this case we write

lim w, =¢.
n—-+o0o
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This definion can be rewriten as follows: there exists N € N such that, for any
n > N the term w, belongs to a neighborhood of ¢. We interpret this by saying
that for any n > N the term u, is approximately equal to ¢. Using the absolute
value we write

lim |u, — ¢ =0.
n—-+oo

Definition 2.3.2. We say that the sequence (u,) converges to the real number
¢, if

lim wu, =¢.
n——+oo

In this case the sequence (u,) is called a convergent sequence. If the limit ¢ is
+o00 or —oo, we say that (u,) is a divergent sequence. We will see below another
characterization of divergent sequences.

Example 2.3.3. For alln > 1, we define the sequence u, = % Then, we have

lim wu, = lim — =0.
n—-+oo n—+oo n
Therefore, the sequence (u,) converges to 0.
The following example shows a sequence which is divergent.

Example 2.3.4. We consider the sequence u, = 2n, for every n > 0. One sees
that

lim wu, = lim 2n = +oco.
n——+oo n—-+4oo

Hence, the sequence (uy,) is divergent.

Definition 2.3.5. A sequence (u,) converges to +oo, if for any real number
A > 0, there exists some natural number n, such that,

U, > A.

Remark 2.3.6. This definition means that the sequence (uy,) cannot be bounded
above.

Example 2.3.7. We take the sequence u, =n%, ¥Yn > 0. Then

lim n? = +co.
n—-+oo

This sequence goes to +00 when n goes to +00.

Definition 2.3.8. A sequence (u,) converges to —oo, if for any real number A,
one can find some natural number n such that,

u, < A, Vn>N.

Remark 2.3.9. A sequence which converges to —oo cannot be bounded below.

Example 2.3.10. For any n > 0, we consider the sequence u,, = —n. Then,
lim —n = —o0.
n—-+oo

Hence, the sequence (u,) converges to —oo.
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2.3.2 General Theorems on Convergence

The main purpose of this subsection is to give a list of some of the most usefull
theorems in the study of convergence sequences. In the first result we will be
concerned by the uniqueness of the limit. From this theorem, we deduce that if a
sequence has more than one limit, then, this sequence is divergent. Other theorems
like monotonic convergence theorem, sandwich theorem and others will be stated.

In the previous subsection we established that a sequence is convergent if it has
a finite limit. One may wonder now if this limit is unique. The answer to this
question, we will the contents of the following theorem

Theorem 2.3.11. If {1 and {5 are two real numbers and (un,) a sequence such
that

lim w, =% and lim wu, = {s,
n—-+4oo n—-+o0o

then, 61 = EQ.

Remark 2.3.12. This theorem clarifies the fact that any convergent sequence has
a unique limit.

Proof. Let (uy) be a convergent sequence. We assume

lim w, =#¢;, and lim w, = ¥{s.
n—-+o0o n—-+o0o

Since (uy,) is convergent we deduce that ¢; and ¢ are finite. Therefore, we have

li —u, = i — 1l =0 — 43 =0.
wf U = Bip e = B U =6 6 =0
Consequently we obtain /1 = /5. O

As a consequence of this lemma, we have the following corollary.

Corollary 2.3.13. Any real sequence (u,) that has more than one limit is di-
vergent.

Example 2.3.14. An ezample of such sequence is given by u, = (=1)" for n > 0.
For any n > 0 we define
Vp = Ugp = 1

Wy = U2n+1 = -1

It is obvious that

lim ws, =1 and lim w =—1.
n—-+oo 2n n—-+oo 2ntl

From this we observe that the sequence (u,) has two different limits. Then, the
previous corollary implies (uy,) is diverges.

Theorem 2.3.15. If (u,) and (v,) be two real sequences and N some natural
number such that for every n > N, u, < v, then

lim u, < lim wv,.
n—-+00 n—-+o0o
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Proof. We consider two real sequences (u,) and (v,) and we suppose that there
exists a natural number N, such that, for avery n > N, we have u,, < v,,. We define
Wy, = Uy — U, and we assume that

lim w, =£>0.

n—-+4oo

The fact that (w,) converges to a strictly positive real number ¢ means that
for some n large enough (n — +o00) we have w, > 0. That is, there exists a
natural number Ny > N such that for every n > Ny one has w, > 0. This involves
Uy, — v, > 0, which is absurd. Hence, we have

lim w, = lim (u, —v,)= lm wu,— lim v, <O0.
n—-+oo n—-+oo n—-+oo n—-+o0o
This completes the proof. O

As a consequence of this theorem we can state the following corollary.

Corollary 2.3.16. If (u,) is a real sequence, and N some natural number, such
that, for everyn > N, 0 < u,, then,

0< lim wuy,.
n—-+oo

In the corollary of theorem 2.3.11 we have shown that a sequence which has
two different limits diverges. The following theorem, will show that a divergent
sequence can have a unique limit. In this case this limit is equal to +o0 or —oc.

Theorem 2.3.17. Any increasing sequence which is not bounded above converges
to +oo.

Proof. We consider an increasing sequence (u,, ) which is not bounded above. Hence,
for all real number A > 0, we can find a natural number N, such that, uy > A.
Since (u,) is an increasing sequence, we deduce that for all n > N, w, > A.
Therefore using definition 2.3.5 we have

lim w, = 4oo.
n——+oo

This proves the theorem. O

Theorem 2.3.18. Any decreasing sequence which is not bounded below converges
to —o0.

Proof. We take a decreasing sequence (uy). We assume that (u,) is not bounded
below. Therefore for any real number B < 0 there exists N € N such that uy < B.
Since (uy,) is a decreasing sequence, we have u,, < B, for all n > N. From definition
2.3.8 we deduce that

lim wu, = —oc.
n—-+oo
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In many situations, we are not able to give the exact value of the limit when
a sequence converges. In these cases the best option which offers to us is just
to say that the sequence converges without specifying its limit. The monotonic
convergence theorem is one of such result that will allow us to say that a sequence
is convergent without giving its limit.

Theorem 2.3.19 (Monotonic Covergence Theorem). Let (uy,,) be a real sequence
sequence. We assume that (u,) is increasing and bounded above or decreasing
and bounded below. Then, (uy) is convergent

Proof. To prove the theorem we use the property that if (4) and (B) are two
propositions such that (A = B) then,

(nonB = nonA).

Now we consider an increasing sequence (u,) which is not bounded above. Ap-
plying theorem 2.3.17 one deduces,

lim w, = 4oo.
n—-+oo

Then the first part of the theorem holds.
If (u,) is a decreasing sequence that is not bounded below, then by theorem
2.3.17 we have

lim w, = —o0.
n—-+oo
The second part of the theorem holds. This completes the proof. O

Example 2.3.20. We consider the following sequence

’LLO:1

Vn >0, Upt1 = V2 + up.
1. Establish thatVn >0, 0 < u, < 2.
2. Prove that (uy,) is an increasing sequence.

3. Is the sequence (uy) convergent ?

Solution. We consider the previous sequence and we aim to prove that P(n) : Vn >
0, 0<u, <2

1. To this end we proceed by indution

Step 1: We fix n =0 then we have 0 < up =1 < 2. This implies P(0).

Step 2: We assume now that the property holds for all positive integer less
than or equal to some natural number k. That is, for every k' such that
k' <k, one has 0 < upr < 2.

Step 3: Now we have to prove P(k+1). In other words we want to establish
that
0 <wupyr <2.

Since 0 < uy, < 2, we have
2<24u, <4=0<V2<V2Fu;, <2
Then the property is true for k+ 1
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Conclusion: For anyn >0, 0 <wu, < 2.

2. To prove that the sequence (uy) is increasing, we must compute Up11 — Un,.

For alln >0,
24 u, — u?
U — U :1/2—u —Uu :7’”.
n+1 n n n u”+ Un+2

We study the sign of the second order polynomial function —u2 + u, + 2. To
this end we define the function f(x) = —a?+x+2. One deduces the following
sign table:

xT —00

-1 2 +00
—?tz+2] - 0+ § -

For more details on the sign of second order polynomial functions see appendizx.
Since Vn > 0, 0 < u,, < 2, one obtains up11 — uy > 0. Therefore (uy,) is an
mcreasing sequence.

3. As (uyp) is increasing and bounded above, hence it is convergent.

Example 2.3.21. We consider the sequence (uy,) defined by

UOZQ

VYn>0, uprr =2u, — 1.
1. ProveVn >0, 1<wu,
2. Study the variations of the sequence (uy).
3. Deduce from the two previous questions that (u,) converges.

Solution. 1. We define the property P(n) :¥n >0, 1 <w,. To prove P(n) we
proceed in this way.
Step 1: We set n = 0. Then, we have ug = 2 > 1. Then, P(0) holds.

Step 2: We consider some natural number k and we assume that the property
is satisfied by any positive integer k' < k. Therefore, VK’ such that
k' <k, we have 1 < uy.

Step 3: Now we have to prove that 1 < ug41. We recall that we assumed in
the previous step that for all k' < k, upr > 1. Then 1 < ug. Multiplying
by 2 in the previous inequality, one gets 2 < 2wuy. Thus one obtains
1 < 2uy — 1. Considering the square Toot in the previous inequality, we

obtain
1 S \/2uk —1= Uk+1-
Therefore P(k + 1) is true.

Conclusion: For anyn >0, u, > 1.

2. We know that to study the variations of a sequence, we have to find the sign
of Up+1 — Uy. For any n we have

2 4 2un—1 —(up — 1)
n - n:\/2 n_]-_ n — 2 = SO
tntt U “ “ Up +vV2Up — 1 up ++/2u, — 1
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This provides
Up41 — Un S 0.

Therefore (uy) is a decreasing sequence.
3. Since (uy,) is decreasing and bounded below, it is convergent.

Exercise 2.3.22. Let (uy)n>0 and (v,)n>0 be two real sequences, such that, ug > 0,
vg > 0. For every natural number n > 1 we define

Un41 = /Un Un

Uy, + U

Un41 = D)

1. Establish that for alln > 1, u, < v,.

2. Prove that (uy) is an increasing sequence and (vy,) is a decreasing sequence.

3. Deduce from the two previous questions that (u,) and (v,) are convergent
sequences and they have the same limit.

Exercise 2.3.23. We consider the sequence (uy,)
Ug = 0

V>0, Upir = /3y, + 4.
1. Prove, for alln>0,0<u, <4
2. Prove (uy) is an increasing sequence.
3. Is (un) a convergent sequence ?

In reality, in the case of the monotonic convergence theorem we can prove a
more precise result. Refining a little bit our reasoning we can define the limit of a
sequence.

Theorem 2.3.24. If (u,)n>0 is an increasing sequence which is bounded above,
then, we have

lim  w, = sup u,.
n—+4oo n>0

Proof. We consider an increasing and bounded sequence (u,) as in the theorem.
Since, any subset of real numbers which is bounded above admits a least upper
bound, then , sup,,~q un is defined. Let us now denote M := sup,,~q . Then, for
every n > 0, unSM. -

Take € > 0. According to the definition of the supremum, there exists a natural
number N, such that M —e < uy < M. Using the fact that (u,) is increasing, one
deduces that for all n > 0,

M—-—ec<uy <u, <M.
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On the other hand we have M + ¢ > M for any € > 0. This yields the following
property: for all € > 0, there exist a natural number IV, such that, for avery n > N,
we have

M—-—ec<u, <M+e.

This can be rewritten in this way:for all € > 0, there exist a natural number N,
such that, for avery n > N, |un — M| < e. This prove that

lim  wu, = sup uy,.

This proves the theorem. O

Theorem 2.3.25. If (u,)n>0 is a decreasing sequence which is bounded below ,
then,
lim w, = inf u,.
n—-+oo n>0
Proof. Take the decreasing and bounded below sequence (u,,). Then, the real num-
ber m := inf,, >0 u, is defined and for every n > 0, m < u,,. Let € > 0. There exists

some natural number N, such that, m < uy < m + €. As the sequence (u,) is
decreasing, we have for all n > N,

m<u, <uy <m-+e.

This implies that, for every € > 0, there exists a natural number N, such that for
every n > N, m—e¢ < u, <m+e. From this we deduce that for every € > 0, there
exists a natural number N, such that for every n > N, we have |un fm| < e. Hence
we have
lim u, =m = inf u,.
n—+o00 n>0

This completes the proof. O

When the sequence (u,) is only bounded, and there is no information on its
variations, we cannot say that the sequence is convergent. But what we know is we
can extract a convergent sequence from (uy,).

| Theorem 2.3.26. Any bounded real sequence amits a convergent subsequence.

Another useful theorem to study convergence is the sandwich theorem.

Theorem 2.3.27 (Sandwich Theorem). If (u,), (v,) and (wy,) are three se-
quences such that v, < u, < w, for every n > N for some natural number N.
Moreover we suppose that

WDl v = B e = 6

then,

lim w, =¢.
n—-+oo
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Proof. We consider three sequences (u,), (v,) and (wy), such that, v, < u, <
w, for every n > N for some natural number N. Moreover we assume that,
limy, 4 00 U, = limy, 5 4 00 Wy, = €. Therefore we have

< lim u, </

n—-+oo
That is,
wiig i =
This completes the proof. O

Example 2.3.28. To determine the limit of the following sequence

cos(n)

Up =
n

VYn > 1 we use the properties of the function cosinus. For alln > 1, —1 < cos(n) <
1. This means that

-1
As we know that, lim,_, 4 oo — = lim,,, 4 % = 0, we conclude that
n

lim cos(n) _o.
n—-+oo n

Exercise 2.3.29. Find the limits of the following sequences:

_1\n : 2
ED" vt uy =2 3 ynso, g, = 2050617
n

n2 n2 +1

1.Vvn > 1, u, =

To establish that a sequence is bounded we can use the following theorem.
| Theorem 2.3.30. Any convergent sequence is bounded.

Proof. Take the sequence (u,,) which converges to £. There exists a natural number
N such that for every n > N, u,, — £ is bounded by 1. In other words, |u, —¢| < 1
for n > N. Let n be a natural number, such that, n > N then we have

[tn| = |(un =€) +£] < un — €+ €] < (14 [£]).
Now, we define the positive real number
M :=max (|uo|, [u1], -, [un—1|, 1+ |¢]).

Then, for every n € N, we have |u,,| < M. Therefore, the sequence (u,) is bounded.
O

Example 2.3.31. To establish that the sequence u,, = 27?+3 is bounded, we point

+1
out that

. . 2n+3
lim wu, = lim =92
n——+oo n—+oo N+ 1

Then, the sequence (uy) is convergent. Therefore it is bounded.
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Example 2.3.32. To prove that the sequence v,, = 4";"’1 18 bounded we show that
4n+1 1
lim v, = lim i =0.
n—+4oo n—+4oo hn

We deduce that the sequence (vy,) is convergent. Hence it is bounded.

Since we defined the limit of a sequence, we want to know if the set of convergent
sequences is stable by the elementary algebraic operations.
2.3.3 Elementary Operations on Limits

This subsection deals with the addition, multiplication and division of limits of
convergent sequences.

Proposition 2.3.33. If (u,) and (v,) are two convergent sequences, such that,

lim u,=4¢ and lim v, =7/,

n——+oo n——+oo
then,
lim (up, +v,)= lim u,+ lim v,=£0+7.
n~>+oo( n n) n—-+o0o n n—-+oo n

From this proposition, we deduce that

lim (u, —v,)= lim u,— lim v,=¢-¢
n—-+oo n—-+o0o n—-+oo

for two real numbers ¢ and ¢'.
Proof. Let (uy) and (v,) be two convergent sequences. We suppose that

lim u, =¢ and lim v, =/
n——+o0o n——+o0o

Given € > 0, there exist two real numbers N7 and Ny, such that, for every n > Ny,
|u, — | < 5 and for every n > No, |v, — /| < 5.
Considering N = max(Ny, Ny), and n > N we have
[un, — €] < % and |v, — | < %
Hence
[un + v — (L4 )] = |(un = 0) + (vn — )] < |up — | +[vn — | <.

We conclude that
lim w, +v, =0+1.

n—-+oo
This completes the proof. O

Proposition 2.3.34. If (u,) is a real sequence, such that,

lim w, =4,
n——+00o

then, for any real number \, we have

lim Au, = \/.

n—-+4oo
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Proof. To prove this proposition, we consider a real convergent sequence (uy,), such
that,

lim w, =¢.
n—-+oo

Let A € R. If A = 0 the result holds.
Now we assume that A # 0. The convergence of (u,) to ¢ implies that, for all
€ > 0, there exist some N € N, such that, for every n > N, we have

£
Al

Now we consider a natural n > N. Straightforward computations show that

Iun _E‘ <

e
Aup — M| = [A] Jup, — €] < |A|W =ec.

Therefore,
Iim Au, = AL
n——+oo
The proposition is proved. O
Now, we want to investigate the limit of the product of two convergent sequences.

Proposition 2.3.35. If (u,) and (v,) are tw real sequences, such that,

lim wu, =¢, and lim v, =/,

n—-+o0o n—-+oo
then,
lim (u,-v,) = lim w,- lim v,=/¢-0.
n—-+oo n—-+oo n—-+4oo

Proof. To prove the proposition we consider the following identity:
Up Uy — 00 = (up — £) (v, = ') + L (v — ') + € (un — £).
Given € > 0, we can find two natural numbers N7 and N, such that,
for every n > Ny, |u, —f| <e¢
for every n > Ny, |v, — V| <&
From this we deduce that for every n > N = max(Ny, Na), we have
[ty Uy — 0| < |ty — L] |0 — L' + €] |p, — | + €] |ttyy — €] < €% 4 |l + |¢']e.

Consequently, 1imy, s 1 o Uy vy = £, O

Remark 2.3.36. We insist on the fact that (uy) and (v,) should be convergent, if
we want to be sure to get a limit for w, + v, or for v, -v,. Otherwise the existence
of the limit of u, + v, or upv, is not guaranteed.

Such pathological cases will be investigated below. From the previous propo-
sition readers can easily conclude that the set of convergent sequences has the
property of a vector space.

In the theorem below we study the cases when £ and ¢’ are not necessarily real
numbers. They can be also +co or —oo.
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Theorem 2.3.37. Let (u,) and (v,) be two real sequences, such that,

lim wu, =¢ and lim v, =/
n—-+oo n—-+o0o

Then, one of the following cases holds

Case 1: if ¢ and ¢ are real number, we have

lim w, +v, =0+

n—-+o0o

Case 2: if £ is a real number and ¢! = 00, we have

lim w, +v, =/¢+o00==00
n—-+4oo

Case 3: if { = 00 and ¢’ is a real number , we have

lim  wy, + v, = Fo00 + ¢ = oo

n—-+oo

Case 4: if { = +00 and ¢! = +00, we have

lim wu, + v, =400

n=-+oo
Case 5: if { = —0co0 and ! = —oo, we have

nll)riloo Up, + Uy, = —00
Case 6: if { = +00 and ' = —oo, we have

lim w, + v, = +00 — 0o = undefined
n—-+oo

Case 7: if { = —oco0 and ¢’ = +o0, we have
lim wu, + v, = —0c0 + co = undefined.
n—-+oo

Proposition 2.3.38. Let (u,) and (v,) be two sequences and € a real number,
such that,
lim u, =¢ and lim v, = +oo.

n——+o0o n—-+4oo
Then,
lim wu,-v, =400 if £>0
n—-+oo
lim wuy,- v, =-00 if £<0
n—-+oo

lim wy, - v, = undefined if ¢=0.
n—-+oo
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Proposition 2.3.39. Let (u,) and (v,) be two sequences and ¢ a real number,
such that,
lim u, =¢ and lim v, = —o0.
n——+00 n——+0o
Then,
lim wuy,-v, =—-0c0 if £>0
n—-+o0o
lim w,-v, =400 if £<0
n—-+oo
lim wu, - v, = undefined if €=0.
n—-+oo

The same results hold when ¢ = +oo and ¢ a real number.
Proposition 2.3.40. Let (u,) and (vy,) be two sequences, such that,

lim w, = oo and lim v, = foo.
n—-+4oo n—-+oo

Then,

lim wu, -v, = *oo.
n—-+oo

After addition and multiplication it is important to investigate the limit of di-
vision of sequences. But for division of sequences we should be careful, because the
limit of the sequence which is in the denominator should be different to 0. Below we
aim to determine the limit of w, /v,, where (u,) and (v,) are two real sequences.
To this end we proceed by steps in order to make the presentation clear.

In our first result we will establish that when, the limit ¢ of a sequence (u,,) is
such that ¢ # 0, then the sequence u,, # 0, for all n greater than or equals to some
natural number N.

Proposition 2.3.41. If (u,) is a real sequence and ¢ € R*, such that,

lim w, =¢.
n——+o0o

Then, there exists some natural number N, such that, for every n > N,

|un| > 0.

Proof. Since (uy,) converges to ¢, for every € > 0, there exists a natural number Ny
such that for every n > Ny, |u, — | < e. In particular if we fix ¢ = %Z, we can find
some natural number Ny, such that, for every n > Ny, |u, — ¢] < %M Let n be a
natural number greatter than Ni, then, we have

1 1
[ = 1€ = un) + un| < Jun =€)+ [un| < S+ |un] = e < fun]-
This proves the proposition. O

Using this proposition we can prove the following theorem.
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Theorem 2.3.42. If (u,,) is a real sequence and £ € R*, such that,

lim wu, =/¢. Then, lim L1 (2.3.1)

n——+4oo n—-+oo Un E

Proof. We take a real sequence (u,) and we consider a real number ¢ # 0, such
that,
wllfg U = &
Using Proposition 2.3.41 , we can find some natural number Ny, such that for every
natural number n greater than or equal to Ny, we have, %|Z| < |tp)-
The fact that (u,) converges to ¢, means that for every £ > 0, there exists
N; € N, such that, for every n > Ny,

1
un = €] < 3 16%.

Now, we take a natural number n > max(Ny, N1). One has

|, — €]

R
u, L

un—é‘ lup, =€ 1

un | funl [ fual €]

Since £|¢| < |u,|, one deduces that |T1| < %' Therefore we have

112 |€]2

— - = ————c=c¢

u, L7 €% 2

This completes the proof. O

Theorem 2.3.43. Let (uy,) and (v,) be two real sequences. We consider £ € R
and ¢’ € R* such that,

lim w,=/¢ and lim v, =7/

n—-+oo n—-+o0o
Then,
. Uy A
S = 232

Proof. As ¢! # 0, applying theorem 2.3.42, we have lim,,_, 4o 1/v, = 1/¢'. From
this we deduce that

lim — = lim u,- lim — = —-
n—+00 Uy n——+00o n—+o00 Uy, '

O

We specify that in the preceding theorems we assumed that the limit of the
sequence which is in the denominator is a nonzero real number and the limit of the
numerator is a real number. This simplify a lot the computations of limits. In the
case where £ and ¢’ can be infinite the study of limit of division of sequences is more
complicate. To give an overview of this difficulty we state the following theorem.



58 CHAPTER 2. INTRODUCTION TO SEQUENCES

Theorem 2.3.44. Let (uy,) and (vy,) be two real sequences, £ and ¢’ two real numbers
or oo, such that,

lim w,=4¢ and lim v, ="7/.
n——+4oo n——+oo

Then, one of the following cases holds

Case 1: if £ € R* and ¢’ =0, we have

Case 2: if { =0 and ' =0, we have

) U
lim — = undefined
n—-+oo Un

Case 3: if { = +00 and ¢! = oo, we have

.
lim — = undefined
n—+00 Uy,

Case 4: if £ € R and ¢! = +o0, we have

. Unp,
lim — =0.
n—-+oo Un

Example 2.3.45. We consider the following sequences u, = 2n and v, = n? + 1.
We know that lim, 4 oo Uy = 400 and limy,_, 4 oo v, = +00. Therefore

) u
lim — = undefined.
n—-+oo Un,

In order to determine this limit we write

Uy, 2n 2

Un = 1 p— 1 .
n2(1+ﬁ> n(l+ﬁ)

Since limy, 5 o0 1 + — = 1. We deduce
n

. u .
lim = = lim = =0.
n——+o0o Un n—+oo n
We have also

lim wu, — v, = undefined.
n—-+o0o

To determine this limit we write u, — v, = n2( -1+ % + %) Using this formula
we obtain ) )
lim (—1—1—7—1——2) =—1, and lim n = 4o0.

non

n—-+oo n—-+oo

Hence limy,_ 4 oo Uy, — v, = —00.
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Exercise 2.3.46. Find the limits of the following sequences

Exercise 2.3.47. Determine the limits of the following sequences

3 4n? +1 4n — 3" V3n—+1

l.up=—"7—"—, 2.Up, = ——=, 3. U, = 74. n = —,
T aveer T T aEery T T ey YT 3R
5. un\/m, \/57 6. u, = M* n, Toup =1+ COS(’n,).
n

Exercise 2.3.48. Compute the limits of the following sequences

i 1
Lun = V2 Lt 1=/, 2.y, 00 S

nZ+1"’

2.4 Exercise Session

The aim of this section is to explain the methodology to use if we face some problems
related to sequences. It is a good exercise for students to check whether they
understand the lecture or not.

Exercise 2.4.1. For every natural number n, we define the sequence (uy,)

1
U0:§

Upt1 = /Un , Vn>0.
1. Compute the four first terms of (uy,).
2. Prowve that for every natural number n, % <u, <1.

3. Study the variations of (uy,).

4. Prove that (u,) converges and specify its limit.

Comments. If we deal with sequences, we should be careful with the initial term
( first term ). Because the initial term is not necessarily the term with index 1. It
depends on the context. The following recommandations can be useful

e To prove any proposition with sequences, think in term of induction.

o To study variations of a sequence (u,) you should define the sign of

Up+1 — Unp-
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o If we know the variations of a sequence we use the monotonic convergence
theorem to determine its limit.

Solution. We consider the sequence (uy,) defined above.
1. Since ug = % and for any n > 0, upy1 = /Uy, we have

1 V2

=V =[5 =5

Ug =

2. To prove that for any natural number n, we have % < u, <1, we proceed by
induction.

Step 1: We take n = 0. By definition of (u,) we have ug = 3 < 1. Then, the
property is true for n = 0.

Step 2: Now, we assume that the property is true for some natural number k. This
means that % <up <1.
Step 3: In this step, we have to prove that the property is true for k + 1.

Indeed, since % <ur <1, one has g < Jup < 1. As we know that 1 < \/i,
therefore, % < ugy1 < 1. The property is true for k + 1.

We conclude that for every natural number n, we have % <u, <1

3. Let n € N. Then, we have

Up — u2 Uun (1 — uy)

Un41 — Up = A/Up — Up = = .
Uy, + Up VUn + Up

As we know that % < u, <1 one deduces that u, (1 — un) >0 and \/u, +u, > 0.
Hence up41 — un > 0. The sequence (uy,) is increasing.
4. The sequence (u)n>0 is increasing and bounded above. Applying the monotonic
convergence theorem, we conclude that (u,) is convergent.

Now, we denote its limit by £. The limit £ satisfies

lim w, = lim wu,y; =/
n—-+oo n—-+oo

On the other hand we know that

lim u, = lim \/unzfz\/z.

n——+o0o n—-+oo

This means that /0 = £. This identity is equivalent to (2> = ¢, which implies that

E(@ — 1) = 0. This involves £ =0 or £ = 1.
Using comparison theorem we have % < limp— 4oty < 1. This leads to the
following inequalities % <{¢ < 1. We conclude that the limit { = 1.
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Exercise 2.4.2. The aim of this exercise is to define the positive real number
V2. To this end we define the real sequence (un)

UQZI,

1 2
un+1:2<un+), Vn>0.

1. Show that for any n > 1, we have V2 < u,.

2. Establish that (un)n>1 is a decreasing sequence and deduce from this, that
for everyn > 1

3. Prove that for any n > 0, we have

tp — /2 (1—@)2

n

un+\/§: 1++2

4. Prove that (u,) converges and determine its limit.

Comments. The comments are the same are in the previous exercise.

o To study the variations of a sequence we have to determine the sign of

Up+1 — Unp.

e To prove any property of sequences think about induction.

e If q is a real number such that 0 < q < 1, then

lim ¢" =0.

n—-+4oo
Solution. We consider the sequence (uy,).
1. To prove that /2 < u,, for every n > 1, we proceed as follows: at first we fix
n = 1. In this case, we have u; = %(1 + 2) = % Then, V2 < up.

Secondly we assume that there exists some natural number k, such that, /2 < uy.
Cosequently, we have

2
1 2 2 22 2 —V2
U1 — V2 = (Uk+> —Ve="k V2ui + = (s — V2) > 0.

_5 Uk 2U,k 2Uk

This means that ug4+q1 > V2. We conclude that for any n > 1 we have V2 < u,.
2. For any natural number n > 1, we have

2 2 — 2
unﬂ—un:f(un—i——)—un: n<0.
Unp,
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Because /2 < uy,, for any n > 1. As we have established that (u,) is decreasing for
every n > 1, one deduces that u, < u; = % This implies that

3
Un+\/§§§+\/§

3. Let n be a natural. It is obvious that when n =0
uy — V2 1= V2
w+vV2  1+2

Then P(0) is true.
Now, we assume that the property holds for some natural number k. In this case,
we have

2k

up — V2 (1= V2
up+v2  \1+V2

The next step consist of proving that the property is true for k+ 1. Indeed, we have

wn o b ) v (o v3) - O(u - vE) (o vE)

TR (PR EC R (R ¥ R R e

Using our assumption we conclude that

uk+1—\@7 <uk_‘/§)2 B <1—\/§>2k.2 <1—\/§>
uk+1+\@7<uk+\/§)2 1+v2 S \1+V2

The property is true for k+ 1. We conclude that for any n >0

un_\/§_ 1_\@ ”
un +v2  \1+v2

4. Combining 2. and 3. we obtain

2k+1

n

un—\@§<1_\/§>2 (‘;’+\f2)

1+V2
Since 1 + /2 > 1 — /2, we obtain L_Lg < 1. Using Sandwich theorem, we obtain
1-+2 e
0< lim u,—-v2= lim [——=] -(Z+v2)=0.
n—-+oo n—+oo \ 1 4+ \/i 2

From this we deduce that the limit of (uy,) is v/2.

Exercise 2.4.3. We consider the sequence (u,) defined by
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1. Prowve that for any n > 0, we have 0 < u,, < up4q < 10.

2. Show that (uy) converges and specify its limit.

Comments. To study a sequence in the form u,y1 = f(u) for some real function
f which is not affine, we to follow these steps.

o We have to determine the fized points of f. We recall that a fixed point ¢ is
a real number in the domain of [ that satisfies f(xg) = xo.

o We study the variations of the function f

o We identify the intervals which are stable by f. In other words we have to find
the intervals [, b] such that f([a, b]) C [a, b].

e [f the sequence admits a limit it should be a fized point of f.
o To study the variations of (u,) we can use the variations of the function f

We remind also that the limit of a sequence which we know the variations, is given
by the monotonic convergence theorem. To prove any property of sequences use a
proof by induction.

Solution. Let x be in [0, 20]. We define the function

1
flz) = 1—096(20 — x)
The function f is differentiable and f'(x) = 2 — %x Therefore f is increasing in
[0, 10] and decreasing in [10, 20]. Moreover we observe that f(0) =0 and f(10) =
10. The real numbers 0 and 10 are the fized points of f. One can easily check that

f([0, 10]) = [0, 10].

Then the interval [0, 10] is stable by f. This means that if 0 < x < 10, then,
0 < f(x) < 10.
1. Let n be a natural number to prove that 0 < u, < upy1 < 10, we proceed in two
steps
Step 1: we prove that for every n >0, 0 < u, < 10.

If we fit n =0, we obtain 0 < ug =1 < 10. The property is true for Q.

Now we assume that 0 < ug < 10 for some natural number k. Here we can

see that
k+1 = iuk (20 — uk) > 0.
b 10
Because 0 < up, < 10, which implies that 20 — up > 0. On the other hand, we
have

1 1 1
Upp1—10 = 1—Ouk(zo—uk)—lo = —E(ui—20uk+1oo) = —E(uk—lo)2 <0.

This means that ui41 < 10.

We conclude that for every natural number n, we have 0 < u,, < 10.
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Step 2: we consider n € N and we aim to prove that u, < Uupy1.
We have uy = % > 1 =wug. The property is true for n = 0.

We suppose that up_1 < ug for some natural number k. Applying f one obtains

fluk—1) < fluk).

This is due to the fact that f is increasing in [0, 10]. The definition of the
sequence (uy,) implies that uk < Upt1.

Combining step 1and step 2 we conclude that 0 < u,, < un41 < 10, for any natural
number n.

2. Since (uy,) is increasing and bounded above, then, the monotonic convergence
theorem implies that (u,) converges. To determine the limit of (u,), we emphasize
that the limit £ satisfies

WS fln) = b un = £

As we know that lim,_, | o u, = ¢, one has

lim f(un) = £(0).

n—-+oo

This leads to the identity f(£) = {. The real number £ is a fized point. In this case
there are two possibilities £ = 0 or { = 10. We claim that ¢ cannot be 0, because
1 <wy, for anyn >0 and (u,) is increasing. Finally we have £ = 10.

Exercise 2.4.4. Let (u,) be the sequence, such that, ug = 13 and for anyn > 0,

4
Un+1 = gun + 5

We associate to (uy,) the sequence (s,) defined by

n
Sp = E U = U+ UL+ + Up.
k=0

12

1. Prove that for every n > 0, we have u, =1+ =

Deduce from 1. the limit of (uy).
Study the variations of the sequence of (sy,).

Find the explicit form of (sy,).

Determine the limit of (sy,).

Comments. Let (u,) be a real sequence. To establish any properties think at first
in terms of induction.
If q is any real number then,

n+1
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Solution. 1. To prove that u, =1+ ;—3, we proceed as follows: We start by fizing

n = 0. In this case we have ug = 1+ 12 = 13. Then, ug satisfies the property.
Now, we assume that up = 1+ 5% From this we deduce that

1 n 4 1 14 12 n 4 1 n 12 n 4 14 12
Ukl = —UL + — = — —- — =t o=t = —
LT T s 58) 75 5 515 B+
Hence upy1 satisfies the property. We conclude that for every n > 0, we have

1+ 12
Uy = —
5n

2. Since the sequence (;—f) tends to 0 we deduce from 1 that

lim u, =1.
n—-+oo

3. Let n be an arbitrary natural number. We define

n+1 n

n n
an—sn:E uk—g Uk:'un+1+§ uk—g U = Up41 > 0.
k=0 k=0 k=0 k=0

The sequence (sy,) is strictly increasing.
4. Using the expression of u, one has

sn—Zuk—Z(HSk) :(n+1>+12257
k=0 k=0 k=0
Using the second point of comments, we obtain
n 1 - g 1 n+1 1 n
12257:12-71 :15~<1—(5> ):15—3-(5> .

k=0 1—-
5

This involves,

1 n
sn—(n+1)+153~<5> .

5. Emphasizing that
1 n
lim 15—3- () =15,
n—-+o00 5
one concludes that

lim s, = lim (n+1)+ 15 = +o0.

n—-+oo n——+oo
Exercise 2.4.5. We consider the sequence (uy,) defined by ug = 6 and
Upy1 = L4u, —0.05u2, Vn>0.
1. Prove that 0 < uy < upy1 <8, foralln > 0.

2. Deduce from 1 that the sequence (uy) converges and determine its limit.
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Comments. We make the same comments as in exercise 2.4.3.

Solution. 1. Let x be a real number which belongs to [0, 14]. We define the real

function
f(z) =142 —0.052°.

The function f is differentiable and f'(x) = 1.4 — 0.10xz. This implies that the
function f is increasing in [0, 14]. We have

F0)=0, f(8 =8 and  £([0,8]) o, 8]

Thus, we can say that 0 and 8 are fized points and the interval [0, 8] is stable by f.
Now, we take n =0, one has 0 < ug < uy < 8. The property is true for 0.
If we assume that there exist k € N* such that, 0 < up_1 < up < 8, then,

f(0) < flup—1) < flur) < f(8).

This means that 0 < ug < upy1 < 8. The property is true for k + 1. We conclude
that for alln > 0, we have 0 < u,, < Upqq < 8.

2. The sequence (uy) is increasing and bounded above, then, it is convergent. The
limit £ of (uy) satisfies the following identity f(¢) = ¢. Using the fact that u, > 0
for every n € N, we have £ = 8.

2.5 Problems

Problem 2.5.1. The aim of this exercise is to define the positive real number /2.
To this end we define the real sequence (u.,)

UO:L

1 2
un+1:2(un—i—n)7 Vn > 0.
1. Establish that (uy) is a decreasing sequence which is bounded below.
2. Prove that (u,) converges and determine its limit.
3. Establish that the limit of (u,) satisfies (* = (.
Problem 2.5.2. We define the real sequence (uy,)

5
Uy = —
0 27

1 5
un+1=2(un+>7 Vn > 0.

Un,

1. Establish that (uy) s a decreasing sequence which is bounded below.
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2. Prove that for any n > 0, we have

Uy — V5 (UO_\/5>2n

un +vV5  \ug+V5

3. Prove that (uy) converges and determine its limit.

Problem 2.5.3. We consider the real number a > 1 and we consider the real
sequence (uy,) defined by
a

u0:§7

a), Vn >0.

Up41 = % (un + "
1. Establish that (uy) is a decreasing sequence which is bounded below.
2. Prove that for any n > 0, we have

un —a _ (u - f)

up +va  \ug++a)

3. Prove that (u,) converges and determine its limit.

Problem 2.5.4. Let a and b be two real numbers such that 0 < a < b. We define
the sequences (u,) and (v,) by ug = a, vo =b and alln >0,

1
Un+1 = 5 (un + Un) 5

Unt1 = /Un+t1Un, Vn>0.
1. Prove that for every n > 0, we have 0 < u,, < vy.
2. Establish that (u,) is an increasing sequence and (vy,) is a decreasing sequence.

3. Show that (u,) and (v,) are convergent sequences.

Problem 2.5.5. We consider the sequence (v,) defined by vo = 20092 — 1 and for
every n > 0,
Ung1 = (v +1)° — 1.

1. Prove that 5 is a divisor of vg.

2. Using Newton’s binominial formula establish that

Up41 = Up [vﬁ +5(v3 + 202 + 2v, + 1)}

3. Prove that for every n > 1, v, is divisible by 5" 1.

Problem 2.5.6. Let (w,) be the sequence, such that, wy = % and for alln >0, we

have
4w, — In(wy,)

Wng1 =
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1. Prove that for every n > 0, we have 0.5 < w, < wyp4q < 1.
2. Deduce from 1. that (wy,) converges.
Problem 2.5.7. Let (z,,) be the sequence given by

Iozl

1
xn+1:§xn—|—n—2, Vn > 0.

1. Compute x1, T2 and 3.

2. Prove that for everyn >4, x, > 0.

3. Deduce from 2. that for every n > 5 , we have x,, > n — 3.

4. Find the limit of (x,)

Problem 2.5.8. We consider the sequence (t,) defined by

to=1,
thpr =t —In (2 +1), Vn>0.

1. Prove that for every n > 0, we have 0 < t, < 1.

2. Study the variations of (t,,) and deduce that (t,) converges.
3. Determine the limit of (t,).

Problem 2.5.9. We consider the sequence define as follows: for everyn > 1,

1 n
Up = (1 + > .
n
To determine the limit of this sequence we define the sequence
1
vp=nln(l+—|, VYn>1.
n

1. Study the variations of (vy,).
2. Prove that for allm > 1, we have 0 < v, < 1.

3. Now we agree that the limit of (vy,) is 1. Using the property a™ = enn@)  for
any natural number n and some real number a > 0, prove that

1 n
lim (1 + ) =e.

n—-+oo n
Problem 2.5.10. Let (uy,) and (v,) be the sequences defined by

1\" n

un:<1—> and Un=(1—|—g) ,

n n

for any natural number n > 1 and for some real number a > 0. We admit that

lim nln <11> =—1 and lim nln (1+E) =a
n

n—-+oo n n—-+oo
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FEstablish that

lim u,=- and lim v, =¢"
n—-+oo e n—-+o0o

Problem 2.5.11. Study the following sequences

UO:—l
n+1
1. 2,v EN’ n=——=
u2 " tn n+2

Upt1 = Vn >0,

_n
2u, +3’
U0:2

3Yn>0, 1 =n®—3n+12, 4.
unH:—qu—&—Qun—i—l, Vn>0.

Problem 2.5.12. Inwvestigate the behavior of the following sequences

u0_3 Ug = a
1. ) 2.0 Upir = Uy — —— YR >0
Uni1 = 5=, Y020, VIt w2
T Vin and r €10, 1.

Problem 2.5.13. Study the following sequences

1
n+l — 1 n, Vn=>0, n+1l = n———= VYn=>0.
Upnt1 =/ (n+1)4+u n > Uptl = G U i n

Problem 2.5.14. We consider the sequence (un)n>1 defined by

2n
1 1 1 1
_ I _Z e — 2.5.1
tn ];Lk n+n—|—1+ +2n ( )
1. Prove that for everyn > 1,
—3n —2

Ut = = ot ) (2n + 1)

2. Deduce from 1. the variations of (uy).
3. Establish that the sequence (uy,) is convergent.

Problem 2.5.15. For every natural number n we define the sequence (u,) in this
way
Uug = 0

1+ u,

- >0
14en’ "

- )

Up4+1 =

1. Show that for every n € N, we have 0 < u,, < «, where « is a real number

which satisfies
1+«
o=

o 1—|—e°‘.
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2. Deduce from 1. that (uy,) converges and its limit verifies the following identity

14
T 146t

Problem 2.5.16. Let (u,) be the sequence defined by
Ug = 4

In (14w,
Un+1 =Un—$+7u"), Vn >0,

1. Prove that for any n >0, 0 < u, < 4.
2. Study the variations of the sequence (uy).

3. Prove that the sequence (uy) converges and determine its limit.
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In the previous chapter we studied sequences in their general setting. We did
not take care of simplifying the theory. In this chapter we will be concerned by
some particular sequences: arithmetic and geometric sequences. We will show how
it is easy to study variations and convergence of such sequences.

This chapter is organized as follows. In section 1 we study arithmetic sequences.
The section 2 deals with geometric sequences. Combing the section 1 and 2 we
define and investigate arithmetico-geometric sequences

3.1 Arithmetic Sequences

This section is devoted to arithmetic sequences. Here we will especially deal with
variations and convergence of arithmetic sequences.

71
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Definition 3.1.1. We say that (un)n>n, s an arithmetic sequence with initial
term un, and common difference d, if it is in the form

Un, € R,

Upt1 = Up +d, YN > nyg.

Example 3.1.2. As an ezample we consider the sequence (u,) defined as follows
ug = 2
Upt1 =Up +3, Vn>0.

The sequence (uy) is arithmetic with initial term ug = 2, and common difference
d=3.

Now, we consider a general sequence (uy,)n>n,- According to the definition above
to establish that (u,) is an arithmetic sequence we have to proceed in this way

e we compute U, 1 — u, for every n > ng

case 1: when u,+1 —u, = d is a constant real number then, the sequence
(uy) is arithmetic with initial term w,, and common difference d.

case 2: when 4,41 — u, is not a constant real number, (u,+1 — u, depends
on n) then the sequence (u,) is not an arithmetic sequence.

Example 3.1.3. We define the real sequence (uy,)
ug = 3
Upt1 = Up — 2, Vn>0.

To establish that (uy,) is arithmetic, we have to compute up+1 — u,. Let n be a
natural number. We have

Upt] — Up = Up — 2 — Up = —2.

Therefore, (u,) is an arithmetic sequence with initial term uy = 3 and common
difference d = —2.

Example 3.1.4. We consider the real sequence (uy,) defined by
U, =n+2"  forall n>0.

To establish whether (u,,) is arithmetic, we point out that for any natural number
n we have

Upy1 — Up = (N4 1)+ 27T —n — 2" =1 427,

Since U1 — Uy, depends on n, it is not a constant real number. Hence (u,,) is not
an arithmetic sequence.
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Example 3.1.5. For every n > 0, we define u, = 3n + 2. Then, (u,) is an
arithmetic sequence.
Indeed, for alln >0,

Upt1 —Up =3(n+1)+2-3n—-2=3n+3+2—-3n—2=3.

Therefore (uy,) is an arithmetic sequence with initial term ug = 2 and common
difference d = 3.

To simplify notations we will sometimes write (u,,) is arithmetic instead of (u,) is
an arithmetic sequence.

Exercise 3.1.6. Establish whether the following sequences are arithmetic. In the
case they are arithmetic precise the initial term and the common difference.

ug = 3 ug = 1
1 2.

Upt1 = =2+ Up, V1 >0, Ups1 = 2+ Uy, VN >0,
3.u, =8""14+2n, Vn>0, 4.YVn >0, u, = —n-+09.

3.1.1 Variations of an Arithmetic Sequence

Let ng be some natural number. We consider an arithmetic sequence (u,) defined
for all n > ng. We denote by d its common difference. Then, it holds that

Upt1 — Up = d.
Consequently the variations of (u,) depend on the sign of d.

Theorem 3.1.7. If (u,) is an arithmetic sequence with common difference d,
then,

1. (uy) is an increasing sequence when d > 0,

2. (uyn) is a decreasing sequence when d < 0,

We specify that when d = 0, we obtain u,,+1 = u,. Therefore the sequence (u,,)
is constant.

Proof. Since (u,) is an arithmetic sequence with initial term w,, and common
difference d, we have, u,4+1 — u, = d, for all n > ngy. Therefore

e if d > 0, we have u, 11 — u, > 0. Hence, (u,) is an increasing sequence

e if d < 0, one obtains u,+1 — u, < 0 for all n > ng. Then (u,) is a decreasing
sequence

e if d =0, we have, u, 1 = up, for all n > ng. Therefore (uy,) is constant.
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Example 3.1.8. We consider the arithmetic sequence (u,) defined by

UO=1

Upy1 = Up + 1.

In this example (u,) is an arithmetic sequence with initial term ug = 1 and the
common difference d =1 > 0. Then, (uy,) is an increasing sequence.

Example 3.1.9. Let us consider the sequence:

u0:2
Upt1 = Up — 3.

Here, (uy,) is an arithmetic sequence with common difference d = —3 < 0. There-
fore, (uy,) is a decreasing sequence.

Exercise 3.1.10. Study the variations of the following sequences.

uy =3 ug = 2

1 2.
Up+1 =4+ Uy, Yn >0, Upt1 = —3 + Uy, VN >0,
’LLQZO

3. 4. for alln >0, u, =7 — 3n,

Un+1 = 5+un7vn > Oa
5.Yn >0, u, =3n—2.

3.1.2 Explicit Expression of an Arithmetic Sequence

We fix a natural number ng. For every natural number n > ng, we define the
arithmetic sequence (u,,), with initial term wu,, and common difference d for some
real number d. Using the recursive formula of (u,,), we obtain

Ung+1 = Ung + d7
Ung+2 = Ung+1 d= Up, + 27
Ung+3 = Ung+2 + d= Ung + 3d.

Repeating the process n times we obtain the following theorem
Theorem 3.1.11. If (u,) is an arithmetic sequence with initial term u,, and

common difference d, then,

Up = Up, + (N —n0) d, ¥V n > ng. (3.1.1)

Proof. We consider the proposition P(n) : Vn > ng, tp41 = tn, + (0 —ng) d.

Step 1: We fix n = ng. Therefore, one has u,, = un, + (g — ng) d = up,. This
implies P(ng) is true.

Step 2: We assume P(k) for some k > ng. This means that, ux, = ug + (k — ng) d.
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Step 3: We need to prove that P(k 4+ 1) is true. In other words we should prove
that ug41 = Un, + (K — no + 1) d. We remind that (u,) is an arithmetic
sequences with common difference d. The recursive expresion of (u,,) involves

Upp1 = Up +d=tp, + (k—no)d+d=1up, +(k—ng+1)d.
The property is true for k& + 1.
Conlusion: We conclude that, Vn > ng, u, = ug+ (n — ng) d.

O

Example 3.1.12. If (u,) is an arithmetic sequence with initial term u; = 8 and
common difference d = 3, then,

u =8
Up+1 =3+ Up, VN > 1.
Applying theorem 3.1.11 one has
Up=u1+(n—1)d=8+3(n—-1)=5+3n.

Example 3.1.13. We consider the arithmetic sequence (vy,) with initial term vs = 4
and common difference d = —6. Then,

’1)5:4
Upt1 = —6+ vy, VN > 5.
In this case, we have v, =vs+ (n—5)d=4—6(n—1)=10—6n.

If the initial term of an arithmetic sequence is ug, we will be able to simplify
(3.1.1). In this case the following corollary holds.

Corollary 3.1.14. For any arithmetic sequence (u,) with initial term ug and
common difference d, we have

Up, = up +nd. (3.1.2)

The proof of this corollary is quite simple, Because we have just to take ng =0
in the proof of the theorem 3.1.11.

Example 3.1.15. For instance, we consider the sequence
ug = 9
Upt1 = Up +2, YN >0.

In this example the initial term is ug = 9 and the common difference d = 2. Using
corollary (3.1.2), we obtain u, =ug+nd =9+ 2n.
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Formulas (3.1.1) and (3.1.2) are interesting when there are some given terms
and we seek for the common difference of an arithmetic sequence. Indeed assume
that, we aim to define the arithmetic sequence (u,,), such that, there are two given
terms u,, and u,,, with no > n;. To define the expression of (u,) we have to find
the common difference. Thus we proceed as follows:

Step 1: Using theorem (3.1.1), we have u,, = u,, + (n2 — n1) d. This involves

Up, — Un
d = dnz — Uni
ng —ny
Step 2: For every n > ni, we write
Upy — Unp,

Unt1 = tn + ng — Ny

Example 3.1.16. we consider the arithmetic sequence (u,) which satisfies ug = 23
and ug = 7. Determine the expression of (uy).

To define the expression of (u,) we need to obtain the common difference d of
the sequence. Applying theorem (3.1.1) we obtain

USZU3+(8—3)d=23+5d=7

This involves 5d = —16. Therefore d = _?16. Using the value of d, we obtain

U3:23
Up41 zun—l—;, Vn > 0.

Exercise 3.1.17. Let (u,) be an arithmetic sequence with initial term us = 8 and
common difference d = 3. Determine uigg, U1000 and Usog-

Exercise 3.1.18. We consider an arithmetic sequence (u,) which satisfies ug = 10
and uig = 12. Find the common difference, us, ur and usg.

Exercise 3.1.19. For every n > 0 we define u, =7 —5n.
1. Find ug, u; and ug and prove that (u,) is an arithmetic sequence.

2. Determine the common difference of (uy) and compute u1y.

3.1.3 Sum of the n First Terms of an Arithmetic Sequence

In this subsection we deal with the sum of the n first terms of an arithmetic se-
quence.To make the presentation clear and in order to deal easily with sums of
several terms of sequences, we introduce the following notations

n
«un0++un: E Ug .
k):’no

Now we take an arithmetic sequene (u,) with initial term, uo and common
difference d. We attempt to determine the sum ug + w1 + - - - + up.
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Theorem 3.1.20. If (uy,) is an arithmetic sequence with initial term ug and
common difference d, then

n 1 "
uo+u1+~~~+unzzuk:(n+ Mo tn), (3.1.3)

2
k=0

Proof. Let (uy) be an arithmetic sequence with initial term ug, and common dif-
ference d. We have

up+ur+ -+ u, =ug+up+d+---+u+nd
=Mm+1u +d(1+---+n)
(n+1) _ (n+1)ug+ (uo +nd)

n
(n+1)uy+d 5 5

Since u,, = ug + nd, we obtain

n—+1) (ug + uy
u0+u1++un:( )(20 )

This proves the lemma. O
Example 3.1.21. We take the arithmetic sequence

Uy =3

Upt1 = Up + 2, VN > 0.
Using corollary (3.1.14) one can write u, = 3 + 2n. From this we deduce

10 + 1) (ug +u 11-26
UO+U1+...+U10:( )(20 10) _ o =143

Really the previous theorem is a particular case of the following one.

Theorem 3.1.22. Let (uy,) be an arithmetic sequence with initial term u, and
common difference d. Then,

n—p+1)(u, + uy,
up+up+1+~-~+un:Zuk:( P ;(p ) (3.1.4)

To prove the theorem we use the same argument as in the preceding theorem.
Indeed, we have

Up +Upp1 + - F Uy =Up+up+d+-+uy+(n—p)d
=n—-p+1up+d1+2+---+(n—p))

:<n_p+1)up+(n_p+12)(n_p)d

_(=p+D(uptu+n=—pd (n-—p+1)(up+un)

2 2
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Example 3.1.23. For instance, we consider the sequence
Us = 1
Up4+1 = 3+ Uy, YN > 5.

To determine the sum us + ug + -+ - + w11 we define uy; = 1+ 3-11 = 34. Then,
applying theorem 3.1.22 we get

11-5+1)(1+34 7x35 245
u5+u6+~-~+u11=( 2)( )Z 5 T o

To end this section we investigate limits of arithmetic sequences.
Let (uy,) be an arithmetic sequence with initial term w,, and common difference
d. Theorem 3.1.1 implies that u,, = u,, + nd. From this, we deduce that
lim w, =+o00, when d>0
n—-+oo
lim wu, = —o0, when d<O0.

n—-+oo

This proves the following theorem

Theorem 3.1.24. If (u,) is an arithmetic sequence with common difference d,
then

lim wu, = too.
n—-+o00

Another interesting particular sequence is the geometric sequence.

3.2 (Geometric Sequences

This section is devoted to geometric sequences. In the first time, we define geometric
sequences. After defining geometric sequences we study their variations and limits.

Definition 3.2.1. We say that (up)n>n, 5 a geometric sequence with initial
term un, € R, if there exists some real number q, such that, for every natural
number n > ng,

Up+1 = q Up.

Definition 3.2.2. The real number q in the definition 3.2.1 is called the common
ratio of the sequence (uy).

Example 3.2.3. As an example we consider the sequence (uy) defined by
ug = 2
Upt1 = 3Up, YN > 0.

The sequence (uy) is geometric with initial term ug = 2 and common ratio ¢ = 3.
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Example 3.2.4. Let (v,) be the sequence given by

’U():*l

Upt1 = 2Up, VN > 0.

We can see that the sequence (vy) is geometric with initial term vg = —1 and
common ratio q = 2.

Example 3.2.5. For every n > 0, we set w,, = 3". Then, the sequence (wy,) is
geometric with initial term wo = 1 and common ratio q = 3.
Indeed we have wo = 3° = 1. Let n be a natural number, then,

Wpe1 = 3" =3 x 3"
Since wy, = 3", therefore, wn4+1 = 3w,.
Exercise 3.2.6. Say whether the following sequences are geometric

UO:—S ’U1=7

Upt1 = —4v,, VN >0, Upt1 = —3Upn, VN > 1.
1
377

Given a sequence (u,), we want to prove whether (u,) is geometric. From
definition 3.2.1, we know that a geometric sequence is entirely determined by its
common ratio ¢. According to the definition above, one maye think that the best
way to find the common ratio is to compute the quotient % We agree that this
method works but it leads sometimes to long and complicTaLLted calculations. To
illustrate such complicate calculations and the disadvantages of this method we
consider the following example:

3.Vn>0, w, = 4. 2, =a", Vn>0.

ug € R

Up41 = AUy + b, VN >0,

for some real numbers a € R\{0; 1} and b € R*. For every natural number n > 0,

we define
b

1—a.

Up = Up —

Then, (v,) is a geometric sequence.
To prove this , we take n € N, and we assume that v,, # 0. Then, we have

b b b—ba—b ba
Un+1 _ Un+1 — l—a __ aun + b— l—a __ Ay + 1—a _ AUy — 1—a
- b - b - b -
Un Un — 124 Un — 124 Un — 124 Un — 124
b
a (un = 1%)
= b = Q-
Un = 75

The sequence (v,,) is geometric with initial term ug — % and commom ratio a.

What we wanted to point out in this example is the long and complicated calcu-
lations on which this method can lead. The second inconvenience is, the fact that
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we should always be careful with the denominator. We need always to check if it is
not zero.

In view of these disadvantages, we favor a second method, which in our opinion
is easier to use. This method runs in this way: Let (u,) be a sequence. To establish
that (u,) is geometric we proceed as follows:

Step 1: We write the expression of w1

Step 2: we perform computations and substitutions in the expression of u, 1 in
order to obtain u,4+1 = qu, for some constant real number q.

To clarify this method we use the following examples
Example 3.2.7. We consider the real sequence defined by
ug = 2
Up4+1 =2up, +1, Vn >0,

and we define the sequence v,, = u, + 1. Then, the sequence (v,) is geometric. To
prove this proposition we proceed in two steps

Step 1: For any n € N, we have vp41 = tp41 + 1
Step 2: Substuting u,41 by 2u, + 1, we obtain
U1 = 2up + 14+ 1=2u, + 2 =2(u, + 1).

As we know that v, = u, + 1, one has vy,1 = 2v,. Hence the sequence (vy,) is
geometric with initial term vg = ug+ 1 =2+ 1 =3 and common ratio ¢ = 2.

Example 3.2.8. We define the sequence
Ug = 1
Upt1 = 3up, —4, Vn >0,

and we define the sequence v, = u, — 2. Then we can prove that the sequence (vy,)
18 geometric.

Step 1: For every n > 0 we write vp41 = Upt1 — 2
Step 2: Replacing up41 by 3u, — 4 in step 1 one has
UnH:3un—4—2:3un—6:3(un—2).

Therefore v, 11 = 3v,. Consequently the sequence (vy,) is geometric with initial
termvg =ug —2=1—2=—1 and common ratio ¢ = 3.
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3.2.1 Explicit Expression of a Geometric Sequence

Now we consider a geometric sequence (u,,) with initial term ug and common ratio
q. Then, the sequence (u,) is in the form

ug € R

Up4+1 = qUp, VN > 0.

From the recursive formula of (u,), we deduce that,
U1 = q o,

Uz = qu1 = q - quo =q2U0

uz = quy = q- ¢*uo = ¢*up.
Continuing this recursive procedure one can establish the following theorem
Theorem 3.2.9. If (u,,) is a geometric sequence with initial term ug and common

ratio q, then for every n > 0,
Up = ug - q". (3.2.1)

Proof. Let (uy) be a geometric sequence with initial term ug and common ratio g.
We define the following proposition: P(n) : Vn > 0, u, = ¢" ug. Our objective
now, is to prove P(n).

Step 1: Fixing n = 0, we obtain ug = ug - ¢° = ug. The property is true for n = 0.
Step 2: We assume that the property holds for some natural number k. This

means that

k
Uk = Ug * q .

Step 3: Now we want to prove that uj = ug - ¢" .

Since (uy,) is geometric with common ratio g, one defines ug11 = qug. Using
our assumption we obtain

Ug+1 =g X ¢ ug = uo - ¢
Therefore, the property is satisfied by wg41

Conclusion: We conclude that u,, = ug - ¢". for any n > 0.

Example 3.2.10. Let (u,) be the sequence defined by
ug = 5
Upt1 = —2Up, V0 > 0.

Since ug =5 and ¢ = —2 we obtain u, =5 - (—2)".
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Example 3.2.11. We consider the sequence

Uy = 2

Upt1 = TUp,Vn > 0.
We have ug = 2 and q = 7. Using theorem 3.2.9, one gets u, = 2-7T".
Exercise 3.2.12. Determine the explicit forms of the following sequences:

3
uy = —3 Uo = 3

2
Un41 =5uy,Vn >0, Up41 = gun,VnZO

Let p be some natural and (u,) a geometric sequence with initial term w, and
common ratio g. We want to determine the explicit form of (u,). Applying the
recursive form of (u,, ), one has

Up+1 = Up " 4,

Up+2 = Up41 -4 = Up - 7,
Up+3 = Up42 " § = Up * 7,
Up+4 = Up4+3 - = Up * q".

Proceeding recursively, we establish this theorem.

Theorem 3.2.13. Let (uy,)n>p be a geometric sequence with initial term u, and
common ratio q. Then, Vn > p,

Up =Up - q" P, (3.2.2)

Proof. Let (u,) be a geometric sequence with initial term w, and common ratio g.
To prove the theorem we need to check the following proposition:

P(n):Vn>p, up =u,-¢" P

Step 1: Fixing n = p,we have u, = u,-¢? P = u, - ¢° = u,. Therefore the property
is true for n = p

Step 2: We suppose that the property is true for some integer k£ > p. This means
that ug = up - gkr

Step 3: Now we need to establish the property for k + 1. In other words we have
to prove that ug11 = uy - ¢**t1=P. Using the definition of a geometric sequence
one has up41 = uk - ¢. Since ug, = up - ¢"~P we deduce that

k— k+1—
Uppr = Up - q X " 7P =y - g"TP

The property is true for k + 1.

Conclusion: We conclude that for all n > p, u,, = u, - ¢" 7.
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O
Example 3.2.14. Consider the following geometric sequence
uz = —2
Up4+1 = DUy, VN > 3.
In this example, the initial term of the sequence is us = —2 and the common ratio

is ¢ = 5. Using theorem 3.2.13, we obtain
U, =uz-q"0 = —2-5"73,

Example 3.2.15. We take the geometric sequence

us =3
Unt1 = —3 Uy, V0 > 3.
As we have, us = 3 and ¢ = —1/2 one has

1 n—>»5
Un:u5'qn_5:3'(2> .

Exercise 3.2.16. Determine the explicit form of each of the following sequences

w7:2 u1:15

2
Wnt1 = 3 Vn>71, Upt1 = gun, Vn > 1.

3.2.2 Sum of the n First Terms of a Geometric Sequence

Now we want to define the sum of the n first terms of a geometric progression. To
this end we remind this important result. Let ¢ be a real number. We define

Tn:1+q+q2+...+q”:2qk, (3.2.3)
k=0

We observe that if ¢ = 1, ¢" = 1. Hence, T,, = n+ 1. When ¢ # 1 the sum T,
satisfies the following property.

Lemma 3.2.17. For any real number q # 1 we have

1— qn+1

T, =
1—¢

(3.2.4)

Proof. We remind that this lemma can be proved by induction. But here we present
another method to prove it. We define

qT,=q+¢+ q"+¢""
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Hence, we have

A=@QTw=Ty—qTh=1+q+-+q¢"—q—¢ - —¢" —¢""'
k=1 k=1
Since q # 1, we can divide by 1 — ¢q. Therefore,
1_ n+1
T,=-——9 .
l—q
This completes the proof. O

Using this lemma we can define the sum of the n first terms of a geometric
sequernce.

Theorem 3.2.18. Let (u,) be a geometric sequence with initial term wy and
common ratio q # 1. Then ,

1— qn+1

SnZuo+u1+-~-+un=’;JUk=u0'Tq' (3.2.5)

Proof. Let (u,) be a geometric sequence with initial term ug and common ratio q.
Then,
u0+u1+~-~+un:u0+uo-q+~-~+uo~q”:u0<1+q+q2+-~-+q")
1 _ . n+1
—ug- T, =ug- —2 .
l—q
This proves the theorem. O

Example 3.2.19. We consider the following geometric sequence (uy,)

UO=6

Up4+1 = duy, Vn > 0.

To compute ug + uy + - + uzy we specify that the initial term of the sequence (uy,)
is ug = 6 and the common ratio is ¢ = 4. This provides
1— q21+1 1— 422

—uy - —1 . =2(422 - 1).
Sav =0 = =05 =X )

Combining theorem 3.2.13 and lemma 3.2.17 we can prove the following general
theorem:

Theorem 3.2.20. For any geometric sequence (uy,) with initial term w, and
common ratio q # 1, we have

_ gn—p+l

D uk =y — (3.2.6)
k=p q
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Proof. Since (u,) is a geometric sequence with initial term u, and common ratio ¢
we have u, = u, - ¢"~P. This involves

1— qn—p+1

Up +tupr1 -t up =up(l+ g+ +¢"7) =up- 1—-g¢q

Example 3.2.21. As an example, we consider the sequence

U2:2

Up4+1 = Uy, VN > 2.

In this example the initial term is ug = 2 and the common ratio is ¢ = 3. Hence
one obtains
1 gl1—2+1 1 _ 310
Ug 4 Uz + -+ Uy =Upg X ————— =2x ——— = (310 1),
1-3 -2
Generally speaking the sum of the first terms of a geometric sequence is given
by the formula
_ _number of terms

Sum=(initial term)x a

I—q
To end this section, we investigate limits of a geometric sequences.

3.2.3 Limits of Geometric Sequences

In this section we deal with convergence and divergence of geometric sequences. To
this end we start by reminding the following lemma

Lemma 3.2.22. Let q be a real number. Then,

1. when |q| <1,
lim ¢"=0
n—-+o00
2. when |q| > 1,

lim ¢" = +oc.
n—-+oo

Consider a geometric sequence with initial term uy and common ratio ¢g. In this
case we know that the expression of u,, is given by u,, = ug - ¢". Therefore

lim w, =wug- lim q¢".
n—-+oo n—-+oo

Theorem 3.2.23. If (u,) is a geometric sequence with common ratio q, Then,
(un) converges if and only if
gl < 1.
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We can reformulate his theorem in this way: if (u,,) is a geometric sequence with
common ration g, then,

1. when |g| < 1, we have

lim u, =0
n——+oo

2. when |q| > 1, we have
lim w, = foo.
n—-+o00

Example 3.2.24. We consider the two following geometric sequences

u0:2 UO:l

and 3
Up41 = SUnp, VYn>0 Un+1=?un, Vn >0,

The sequence (uy,) is geometric with common ratio ¢ = 8. Then, |q| = 8 > 1. Since
ug > 0 one has
lim w, = +oo.
n—-+oo

The sequence (vy,) is geometric and we have g = % < 1. Then

lim v, =0.
n—-+oo

We can define sequences which have similar properties to both arithmetic and
geometric sequences. They are called arithmetico-geometric sequences.

3.3 Arithmetico-geometric sequences

In this section we study arithmetico-geometric sequences. First we emphasize the
link between arithmetico-geometric sequences and previous ones. After these pre-
cisions we deal with limits of such type of sequences.

Definition 3.3.1. We say that a sequence (uy,) is arithmetico-geometric if there
exist a € R\{0; 1} and b € R* such that the initial term uy,, is given and for any
n >ng
Upt1 = AUy + b.
Example 3.3.2. The sequence (u,,) defined by
ug = 1
Upt1 =4du, +3, Vn >0,
is an arithmetico-geometric sequence.
Remark 3.3.3. We point out that in defintion 3.3.1,
o when b =0 and a € R\{0; 1} the sequence (u,) is geometric.

o when a =1 and b # 0 the sequence (uy,) s arithmetic.
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Throughout this section we suppose that a # 1.
Definition 3.3.4. We say that ©o9 € R is a fized point of the real function
f:R — R. if xg is solution to the equation

f(zo) = x0.

Example 3.3.5. Consider the function f(x) =2z + 4. We have
f(=4) =2x(—4)+4=—4.
Therefore g = —4 is a fixed point for the function f.
Exercise 3.3.6. Determine the fized points of the following functions:
1. flx)=32+2, 2. f(zx)=-2x+5, 3.f(x)=—-z+2.

Let = be some real number. We define f(z) = ax + b, with a # 1. The fixed
point of f verifies the identity f(z) = x. This yields

. b
T 1-a

We take the following arithmetico-geometric sequence

ug € R

Upt1 = G Uy + b, Yn > 0.

and for any natural number n > 0 we define the sequence

b
Up = Up — .
1—-a
Staightforward calculations show that
_ ) _ b—ab—>b ab
Un+1 = Un+1 l_a—aun 1—a aUn 1—a aUn 1—a
b

This implies the following theorem.

Theorem 3.3.7. Let a and b be two nonzero real numbers such that a # 1. We
consider the sequence (uy,) defined by

ug € R
Up4+1 = aUy + 0, Vn > 0.

For any natural number n > 0 we define the sequence

b
1—a

VUp = Up —

Then, (v,) is a geometric sequence with initial term vg = ug— 1 and common

ratio a.
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Example 3.3.8. As an example we consider the sequence
Ug = 2
Upt+1 = 2up + 3, Vn > 0.
We define the function f(x) =2z + 3. The fized point of this function is given by
x = —3. Then, the sequence
Up = Up + 3

is geometric with initial term vy = up + 3 = 5 and common ratio q = 2.

Example 3.3.9. Let (u,) be the sequence given by
Uug = -2
Vn > 0.
L is a fized point of f. Therefore
_5

1l _ _ 9 1 _
2 2 2 2

Un4+1 = —2uy + 1,

We define the function f(r) = —2x+1. Thenz = 3
the sequence vy, := Uy, — % is geometric with initial term vy = ug —

and common ratio ¢ = —2.
Let (uy,) be as in theorem 3.3.7. We consider the real sequence (v,,) defined by

b

)

’Un:’U/n—l_a

for all n > 0. In the theorem 3.3.7 we have demonstrated that the sequence (v,)
is geometric with initial term vy = ug — ﬁ and common ratio a. Then, using

theorem 3.2.9 one obtains
b
uo J— 7) . an.

() =
" ( 1—a
Substituting in the expression of (u,) we find that uw, = v, + ﬁ That is,

b (3.3.1)

“":(“0_1—a)a U

Theorem 3.3.10. Let (uy,) be the arithmetico-geometric sequence defined by

ug € R

Upt1 =aUp+b, Vn >0,

for some real number a # 1. Then the explicit form of (uy,) is defined by (3.3.1)

Example 3.3.11. Let (uy) be defined by
Ug = 2

Upt1 = 2Up +3, VN > 0.

Therefore we have
3

3
L= 2—7)2” 2 _5.9n
v ( 1—3)% T157° 3
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Example 3.3.12. We consider the sequence (uy,)
Uy = 1
Upt1 = 3Up +2, VN > 0.

Hence we have

2
= 1—7) " 1=9.3" 1
u ( —)3 3

Exercise 3.3.13. Determine the explicit form of the following sequences
Uug = -7 ug = 4
Upt1 = —DUp + 2, Vn >0, Upt1 = 8u, — 6, Vn > 0.

To end this section we study limits of arithmetico-geometric sequence.

3.3.1 Limits of Arithmetico-Geometric Sequences

This subsection is devoted to limits of arithmetico-geometric sequences. In other
words we want to know if wether an arithmetico-geometric sequence is convergent
or divergent. To determine these limits we rely on the theorem 3.2.23. Indeed,
a glance on the formula (3.3.1) allows to distingish that the expression of (u,) is
composed by a geometric sequence plus a constant term. Thus using the theorem
3.2.23 , one can find the limit of the arithmetico-geometric sequence (uy,).

Let (uy) be as in the theorem 3.3.10. We remark that if (u,) is such that
ug = ﬁ, then, for every natural number n we have

b
l1—a

Up =

In this case the sequence (u,,) is constant. Consequently

lim u,, =
n—o00 —a

Now, we suppose that uy # ﬁ and for every n > 0 we define the geometric

sequence ((uo - L) . a”). Hence, theorem 3.2.23 implies that

1—a
b
li ( _ )n _
i (- gg) ) =0

b
lim ((uo — 7> -a”> = +o00.
n—+oo 1—a

From this lemma, we deduce the following theorem

1. ifja] <1

2. if |a| > 1
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Theorem 3.3.14. Let (u,) be an arithmetico-geometric sequence defined by
ug € R
Upt1 = alUy +b, Vn > 0.

for some real number a # 1. Then

1. iflal <1,

li b
mm Uy =
n—-4o0o " 1— a,7

2. if |lq] > 1,

lim w, = too.
n——+oo

Proof. Let (uy,) be as theorem 3.3.14. Using (3.3.1) we obtain the following expres-

sion
b " b
unz(uo—i)a + :
a 1—a

Using the discussion above we obtain the teorem . O
Example 3.3.15. For instance we consider the following sequences
ug =1 v9 =6
Upt1 = 3up +1, Vn >0, Upt1 = 05u, +2, Vn > 0.
For (uy,), we have a = 3. We observe |a| =3 > 1. Therefore

lim w, = +oo.

n—-+oo
1 1 3
Si — =1—-—=14-== h
mcee ug 1= 1—3 +2 2,we ave

lim w, = +oo.
n—+oo

The sequence (uy) is divergent.

b
For the sequence (vy,), we have a = 0.5 and 1T-a= 4. Since |a| = 0.5,
—a

lim v, = = =4.
n—-+oo 1—a 1-0.5

3.4 Exercise Session
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Exercise 3.4.1. We consider the sequence (u,) defined by ug = 1 and for any
natural number n >0
Un+1 = 2un + 12.

For any natural number n we define the sequence v, = u, + 12.
1. Establish that (vn) is a geometric sequence.
2. Define the explicit expression of the term v, for any natural number n > 0.
3. Deduce from this the expression of the term w, for everyn > 0.

4. Investigate the limit of (uy,).

Comments. Let (u,) be an arithmetico-geometric sequence.

o To study an arithmetico-geometric sequence uny1 = au, + b, we should find
the fizxed point of the function f(x) = ax + 0.

e To prove that (vn) is a geometric sequence, write the expression of v,41 in-
stead of divided of vp1 by v,.

Solution. We consider the sequences (uy,) and (vy,) as above.
1. For any natural number n we have

Ul = Ung1 + 12 = 2up + 12412 = 2uy, + 24 = 2 (u, + 12) =20,

Then, the sequence (vn) 18 geometric with initial term, vo = ug + 12 = 13 and
common ratio q = 2.
2. Since (vn) is a geometric such that vo = 13 and g = 2, we have

v, =13-2", Vn>0.
3. From 2. we deduce that for every n >0,
Uy = Uy — 12 =13-2" — 12.
4. Since q =2 > 1, one has

lim 132" = 4o0.
n—-+oo
Hence we have

lim w, = +oo.
n—-+oo

The sequence (un) diverges.
Exercise 3.4.2. In Sahelian countries the lakes are facing drought problems.
The ” lac Rose” in Senegal is not an exception to this rule. Indeed, each year

the 7 lac Rose ” loses 2% of its surface. We assume that the surface of this lake
3,000,000 m? in 2021.

1. Determine the surface of this lake in 2022 and 2023.

2. We denote by u,, the surface of the lake in the year 2021 + n. Determine
the expression of the term w, for any natural number n.




92 CHAPTER 3. ARITHMETIC AND GEOMETRIC SEQUENCES

3. Specify the nature of the sequence (un)
4. Define the explicit form of the term wu, for any natural number n.

5. Specify the year from which this lake can disappear if no backup policy is
taken.

Comments. Let u be any quantity and a a real number, such that, 0 < a < 100.

o If u increases of a%, then, to find the new value of u we have to multiply u
by (1+ 1%) -

o If u decreases of a%, then, to find the new value of u we have to multiply u
by (1 - 165)

e Here we consider that the year 2021 corresponds to the year 0 of the study.
Then, the surface in 2021 is denoted uyg.

e Hence in 2022, we have uy = (1 — %) ug = 0.98 ug-
e In 2023, (the year 2 of the study), we have us = 0.98 u;

o Ifwu, is the surface of the lake in 2021+ n, the surface in 2021 +n+1 is given
by un41. Then, we have
Un4+1 = 0.98uy,.

o If (un) is a geometric sequence, with initial term ug and common ratio q, then

Up = Ug - q".
Solution. According to the exercise we specify that ug = 3 - 105 m?2.
1. From the comments we deduce that u1 = 0.98ug = 0.98 -3 - 10 = 294 - 10* m?2.
and us = 0.98u; = 2881 -10% m?2.
2. If u, is the surface of the lake in 2021 + n, then, in 2021 +n + 1, the surface of
the lake will be un41. In this case we obtain

Un+1 = 0.98 u,.

3. As we can see it (u,) is a goemetric sequence with initial term ug = 3 - 10% and
common ratio ¢ = 0.98.

4. Let n be a natural number. Then, we have u, = ug - (0.98)
5. Since

n

lim w, =0,
n—-+oo

we can imagine that for n greater enough the lake will disappear.
Now we assume that the lake disappear when its surface is less than 100 m?2.
Hence, one has
100 1
3-10°(0.98)" <100 <= (0.98)" < =
( ) s ( ) —3-106  3-104
—1In(3) — 41n(10)
In (0.98) < —In (3-10*) = —In(3) — 41n(10 > :
n In(0.98) < —1In ( ) n(3) n(10) = n > n(0.98)

Consequently, we have n = 511. We conclude that, if any preservation policy is not
taken, the lake will disappear in 2532.
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Exercise 3.4.3. Aysel is very commited to ecological issues. To come to UFAZ,
she decided to rent a bike. It is mentioned in the contract that she should pay 150
manat in 2021 and each year there is an increase of 36 manat.

1. How much should she pay in 2022 and in 2023.

2. We denote by u,, the price to pay in 2021 + n. Determine the expression of
the sequence (uy,).

3. Specify the nature of the sequence (uy) and determine the explicit form of
the term u,, for any n € N.

4. It is supposed that Aysel should finish her studies in 2026, determine the
amount she paid for the bike during her studies.

Comments. To clarify this exercise
o We suppose that 2021 is the year O for the contract. Then, ug = 150.
e [n this case the amount to pay , is

— uy 1n 2022
— ug 1n 2028
— Uy tn 2021 +n.

e On the other hand, we know that for 2022 she has payed 150 + 36. Generally
speaking in 2021 + n for any n > 1, she will pay the equivalent of the rent of
2021 +n — 1 plus 36. Hence u,, = Un—1 + 36.

e To find the amount to pay during her studies, we sum, what she payed during
the six years.

Solution. Let (u,) be as in the exercise. Then, we have ug = 150.

1. In 2022 she should pay uq = 150 + 36 = 186 and in 2023 she will pay

uz = 186 + 36 = 222.

2. Let (uy) be the price to pay for the year 2021 + n. Then, in 2021 +n + 1 she
has to pay un+1. In this case we obtain

Up+1 = Unp + 36.

3. As we can observe it, the sequence (uy) is arithmetic with initial term ug = 150
and common difference d = 36. Hence for any natural number n, we have,

Uy, = Ug +nd =150+ 36n.

4. At the end of her studies, she should pay

541 6- (150 4+ 330
ss=uo+u1+uQ+u3+U4+U5=( * )(2u0+u5: ( 2+ ):1440.




94 CHAPTER 3. ARITHMETIC AND GEOMETRIC SEQUENCES

Exercise 3.4.4. We consider the sequence (uy,) defined by
ug = 2

1
Zun, Vn>0

Unp+1 =
1. Precise the nature of the sequence (uy).
2. Define the explicit form the term u,, for all n > 0.
3. Find the limit of (u,).

4. Determine the sum s19 = ug + u1 + -+ - - + U1p-

Comments. e To establish that a sequence (uy,) is geometric we consider an
arbitrary natural number n and we write the expression un41. Performing
elementary calculations we should obtain

Up4+1 = qUp.

o If (uy,) is a geometric sequence with initial term ug and common ration q, we

have

n
Up = Uy " q -

e From the previous point, we deduce that

— when |g| > 1, then

lim w, = +oco
n—-+oo

— when |q| < 1, then

lim wu, =0.
n—-+00

o If (uy) is a geometric sequence with initial term uy and common ratio q¢ # 1,

the sum s, of the terms ug, u1, -+ , Uy, 1S equal to
1— qn+1
Sp = UgQ * 17_(]

Solution. 1. The sequence (uy) is geometric wih initial term uy = 2 and common

ratio q = i
2. Let n € N one has
1 n
n = . n P— 2 . —_ .
U ug - q (4)
3. Since q = % < 1 we deduce that
. . 1\"
lim w,= lim 2-({-) =0
n—-+o0o n—-+oo

The sequence (u,) is convergent.
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4. Let n be a natural number which is greater than or equal to 1. Therefore,

1— gntl 1— (1 ntl 8 1 n+1
Sp=1Ug+uUL+ -+ U, =ug- q =2. (4) = — ]_() .

1—¢q 1-3 3 4

Taking n = 10, we obtain

8 I\
N I R .
S10 3 ( (4> )
Exercise 3.4.5. Let (uy) be the arithmetic sequence with initial term ug = 3 and
common difference 7.
1. Define the recursive and the explicit forms of the sequence (uy).

2. Investigate the variations of (up).

8. Define the sum s11 = ug +uy + -+ + uq1.

Comments. Let (u,) be an arithmetic sequence with initial term ug = a and
common difference d. Then,

o the recursive form of (u,) is defined by

Up = a,

un+1:un+d7 V. n>0

the explicit form of (u,) is

U, =ug+nd=a+nd.

if d > 0, the sequence (uy) is increasing

if d <0, the sequence (uy) is decreasing.

the sum of the n first terms of (uy,) is given by the formula

(n+ 1) (uo —&-un).

Sn:u0+u1+...+un: 2

Solution. Now, we consider the arithmetic sequence (uy,) with initial term ug = 3
and common difference d = 1.

1. The recursive form of (uy) is given by the following formulas
ug = 3,
Upt1 =Un +7, Vn>0.

2. The explicit form of (uy,) is defined by

Uy, =3+ Tn, forall n>0.
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3. Since the common difference d =7 > 0 we obtain
Up41 — Up =7 > 0.
Hence the sequence (uy,) is strictly increasing.
4. Here we have ug = 3 and w1y = 3+ 7 x 11 = 80. Therefore,

(1141) - (uo +un) 12-83

498.
> 5 98

S11 =Ug +uUr + -+ U =

3.5 Problems

Problem 3.5.1. In Senegal the climate change is of a major concern. That is
why, populations are taking some local initiatives. Young peoples of the association
”Ndiarignou Garab” (the usefulness of trees in wolof ) decide to take care of the
forest which is near to their village. This forest is composed out of 50000 big trees
in 2010. Their strategy consist of cutting 5% of the old trees and replant 3000 young
trees each year.

We denote by u,, the number of thousands of big trees which are in the forest in
the ongoing year 2010 + n. We agree that in 2010, we have ug = 50.

1. Compute uy, us and define the expression of u, for any natural number n.

2. For every natural number n we define the sequence (vy,), in this way
Uy = Uy — 60.

a. Establish that (vy,) is a geometric sequence (Hint: specify its common ration
and its initial term).

b. Determine the explicit expression of v, for any natural number n.
3. Deduce from 2. the explicit expression of u, for anyn € N
4. Study the convergence of (uy).
5. Can the number of the trees of the forest exceed 60000 ?

Problem 3.5.2. We consider the sequence (Pn) defined by

Py =4

2
Pn+1:—§Pn+5, VTLZO

1. Compute Py and Ps.
2. We define the sequence (Qn) by Qn = P, — 3 for every n € N.
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a. Prove that (Qn) 15 a geomelric sequence

b. Determine the explicit form of Q, for every n € N.
3. Deduce from 2.b. the expression of P, for any natural number n.
4. Determine the limit of (Pn)
Problem 3.5.3. Let (v,,) be the sequence given by vo = 3 and for every
1

Un4+1 = ZUn.

2

1. Determine the explicit form of (vy).
2. Study the convergence of the sequence (vy,).

Problem 3.5.4. Let (ay) and (b,) be two sequences, such that, ap = 0, by = 12
and for every n > 0,

2a, + by,
An41 = ?
a, +3b,
bnt1 = T

1. For every natural number n we define the sequence (u,) by
Up = by, — ap,.

a. Prove that (uy) is a geometric sequence.
b. Define the explicit form of u, for any n € N.

c. Determine the limit of (uy,).

2. a. Establish that (a,) is an increasing sequence.
b. Study the variations of the sequence (by,).
c. What can you say about the limits of (ay) and (by).

3. Now, we consider the sequence (v,) which is given by
U = 3a, + 4by,.
Prove that (vy,) is a constant sequence
4. Specify the limits of the Sequences (an) and (by).

Problem 3.5.5. We consider the sequence (uy,) given by ug = 2 and for every
natural number n,

1,®
Unt1 = glin T 57
1. Establish that if (uy) is convergent its limit should be £ = 22 (Hint: define
Uy = Uy — z

and prove that (vy,) is geometric.)
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2. Show that for any n € N we have u, > %-

3. Study the variations of (uy) and prove that it is convergent.
4. Determine its limit.

5. For every natural number n > 1, prove that

”f;_i RN
10~ 10 107

k=2

Problem 3.5.6. Let (u,) be the sequence which satisfies uy = % and for every
n>1,
2
Un+1 = gun + 5
1. Prove that (uy) is bounded above by -
2. Establish that (u,) is an increasing sequence.
3. Justify that (uy,) converges and specify its limit.

Problem 3.5.7. Let (uy,,) be the sequence defined by

U0:5

2
un(1+)un_1+6, Vn > 1-
5 n

We consider the arithmetic sequence (v,) with initial term vg = 16 and common
difference 8.

1. Justify that

n—1

Sp = ka = 4n? + 12n.
k=0

2. Establish that u, = 4n? +12n + 5 (hint: Define d,, = tup41 — Un.)

Problem 3.5.8. For every n > 1, we define the sequence
1 1 2 n—1
Uy = 7[1—|—en +ern +---+en }
n

1. Show that,
n—1 1—e

1+e%+e%+...+en — -
1—en

2. Deduce from 1 that
1

3. Prove that the sequence (uy) converges to e — 1.

un:(e—l)-
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Problem 3.5.9. We consider the sequence (uy,) defined by ug = 1 and for alln > 0,

1
Upt1 = §u" + 4.

For any n > 0 we set v, = u, — 6.
1. Prove that (v,) is a geometric sequence.

2. For any natural number n define the explicit form of v,,.

5 L n+6
Uy = =5 | = .
3

4. Determine the limit of (uy).

3. Deduce from 2 that

Problem 3.5.10. Let (uy,) be the sequence defined by ug = —1, uy = 5 and for

every natural number n,
1
Up+2 = Up4+1 — Zun

1. For any natural number n we define the sequence (vy,) as follows:

1
VUp = Up+1 + §un

a. Find vy
b. Prove that (v,) is a geometric sequence and define the explicit form of v,
for any natural number n.

Up |

2. We consider the sequence (wy) defined by wy, = 3=

a. Prove that w,41 = wy, + 2 and define the explicit form of the term w, for
all natural number n.

3. Prove that
_ 2n—1

Up = on

4. For any natural number n, we set s, = Y _, uk. Prove that

2n+ 3
27l

Spn =2

Problem 3.5.11. We consider the sequence (uy,,) defined by
ug = 5

du, —1

——\ Vn>0.
Uy + 2

Up+1 =

1. Establish that for every n >0, u, —1 > 0.

2. For every natural number n, we define the sequence (v,) by
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(a) Show that (vy,) is an arithmetic sequence.
(b) Define the explicit form of the term v, for all n € N.
(¢) Deduce from c the limit of (uy).

Problem 3.5.12. Study the following sequences

Uug = 3 Vo = 2
1 2.
Upt1 = L.Bu, —3, Vn >0, Upt1 = 3, — 2, Vn >0,
wo = 1 To = 2
3 4.
Wpt1 = —Wy +2, Yn >0, Tpt1 = —2z, +4, Vn>0.
Problem 3.5.13. Study the following sequences
ug = 2
1. ) 2.¥n >0, wu,=23""",
Upy1 = gun, Vn >0,
to = 3 2 n
3. 4.Yn >0, wu,= (3) .

tn—i—l = 21p, Vn > 0,
Problem 3.5.14. Let (u,) be the sequence defined by
Uy = 60

Up4+1 =098 u, +2, Vn>0.
For any natural number n we define the sequence
Vp = Uy — 100.

1. Prove that the sequence (vy,) is geometric. Specify its initial term and its
common ratio.

2. Define the expression of v, for every natural number n.
3. Deduce from 2 the expression of u, and study the convergence of (uy,).

4. Does it exist a natural number n, such that, u, > 100 ¢

Problem 3.5.15. Let (u,) be the sequence whose six first terms are given by the
following list 2, 8, ,14, 20, 26, 32,---- We denote the first term of (u,) by uo.

1. Find ug and uq.

2. Specify the nature of the sequence (u,) and define its recursive form.
3. Define the expression of the term w, for every natural number n.

4. Determine the value of

S25 = Ug + U1 + -+ 4 Uzs.
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This chapter deals with geometry in the plane. We started with the plane
because, we thought that, it is more familiar to students. Another pedagogical
reason is that in the plane the represention of transformations are simplest and
most of the time we can draw them. The study of the geometry of the plane will
be done through vectors. To define a vector we need to know its direction. Here,
we mean by direction a set of parallel lines. For instance we have the horizontal
direction, the wvertical direction or the oblique direction.

We start by giving the general definition of a vector. As we did it for complex
numbers, we will define elementary operations on the set of vectors. We define sums
of vectors and multiplication of a vector by a real number. In addition of these two
operations, we will introduce the concept of collinearity.

101
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Another practical way to study a set is to define transformtions on this set
and study their actions. Thus we will consider some transformations on the set of
vectors. One of the transformations we consider here is the dot product. Given to
vector ¥ and ¢, what is @ - ¢. Using this dot product we investigate orthogonality of
vectors.

In chapter 1 we establish that every complex number can be associated to a
unique point in the plane. Using this representation we will study the complex
plane.

To make the presentation clear we adopt the following notations

e The line which passes through the points A and B is denote by (AB).

e The segment line which has end points A and B is noted [AB].

4.1 Generalities on Vectors

The objective of this section is to give general defintions of vectors. It is important
to define rigorously what we mean by vector. This section will clarify the confusion
that students make between direction and sense. Indeed usually students under-
stood commonly by direction what we call the sense. Therefore, it is necessary to
specify that these two notions are different.

In this course we characterize the direction of a line (d) by this angle, between
the line (d) and a horizontal line. From now on we adopt the following definition.

Definition 4.1.1. The direction of a line (D) is the measure of the angle 0 that
it makes with any horizontal line.

Remark 4.1.2. Let (D) be a line in the plane. We denote by 0 the angle between
this line and a horizontal line. Then,

o When the angle 0 is zero or w, we say that the line is horizontal
e when 0 is equal to w/2 or —m /2, the line is called a vertical line.

Now, we are in a position to define rigorously what we mean by a vector.

Definition 4.1.3. A wvector u denoted by u is defined by its
e direction,
e orientation (or sense),

e norm (length or magnitude).

The orientation is the sense of displacement. The norm is the magnitude or the
length of the vector.
Notation: A vector i can be represented geometrically by an arrow in the plane
as follows

_
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The original point of the arrow is call the origin of the vector. The point at the tip
of the arrow is the end point of the vector. For instance, the vector with origin A

and end point B is denoted ﬁ It is represented as below
B

%

A

Notation: The norm of the vector /@ is denoted H/@H
From definition 4.1.3 we deduce that:

Lemma 4.1.4. Two vectors 4 and U are equal if they have the same direction,
the same sense and the same norm. In this case we write @ = U

_
——

Definition 4.1.5. The vector i, such that, the origin and the end point coincide
18 called the null or the zero vector. We denote it 0.

We point out that, the zero vector does not have any specific direction and its
norm is 0. If  is any vector in the plane , the null vector satisfies

T+0=0+7="1.

Now take two vectors @ and @ in the plane such that @ + @ = 0. This identity is
equivalent to v = —.

As we can see it, the vectors & and —u have same direction and same norm but
opposite senses.

Lemma 4.1.6. For any vector © in the plane there exists a vector ¥ in the plane
such that

U+ v=0.
The vector v is called the opposite vector of u. It is denoted —1u.

This lemma implies the following definition:

Definition 4.1.7. Two vectors @ and U are said to be opposite if they have the
same direction, the same norm and opposite sense (orientation). In this case we

write U = —U
%
———
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| Definition 4.1.8. Any vector @ which has norm 1, is called a unit vector.

In the next section we will show how to perform addition of vectors. We define
also the vector obtain by multiplying a @ by a real number k.

4.2 Elementary Operations on Vectors

This section is composed of two subsections. In the first one we define the sum of
vectors. In the second subsection we define the multiplication of a vector by a real
number.

4.2.1 Sum of Vectors

In this subsection we define the sum of vectors. We also show how to represent by
a drawing this vector.

Definition 4.2.1. The sum of two vectors @ and U denoted U+ is the vector with
origin the origin point 0f7 and end point the end point of . Itis represented
in this way

o
o

U+

We gather some properties of the sum of vectors in the following theorem.

Theorem 4.2.2. Let i, ¥, W be three vectors in the plane. Then,
L. d+7 ="+
2. (U4 0)+ W =ud+ (04 ).

The property 1 means that addition of vectors is commutative. The second
property means that addition of vectors is associative.

4.2.2 Multiplication by a Real Number

Definition 4.2.3. Let ¥ be a vector in the plane and X a real number. We define
the vector \- U as the vector with norm |\||| @|| which has the same direction as
v and

e same sene when X\ is positive

e opposite sense when \ is negative.
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Example 4.2.4. Let @ be a vector in the plane. We define the vectors

E8

Ty o

From this definition, we deduce that 0- is the vector with norm 0. This means
that 0 -« = 0. The vector 1 -4 = 4 is a vector wich has the same norm, the same
direction and same sense as ¢. This involves 1 -4 = . In the same way we have

k(ti)=Fk-€-i

Definition 4.2.5. Two vectors @ and U are collinear if there exists a real
number k such that
v =k

Example 4.2.6. The following vectors are collinear:

7

o

The multiplication of a vector by a real number has the following properties.
Theorem 4.2.7. Let @ and ¥ be two vectors, k and £ two real numbers. Then,
1. k(@ +7) = (k@ + k 7)
2. (k+0)u=ku+/ld.

At this level one may ask how to check whether two vectors are collinear. The
first thing on which we will think is to use a ruler in order to verify if the vectors are
parallel. In the next section we will show that there is an easiest way to establish
that two vectors are collinear. The goal of the next section is to allows us to do
geometry without using compass and rulers. To be able to do this, we will associate
to any point and vector in the plane an ordered couple of real numbers. In this case
we say that we define coordinates. We will think in terms of coordinates instead of
vectors. To define coordinates we need to specify a frame.

4.3 Basis in the Plane

The concept of basis is one of the most important in this course. Because it allows
us to do analysis in the plane. Using a basis we can give coordinates to each vector
and each point. We remind that any two non-collinear vectors @ and ¢ define a
plane. In this case any vector of the plane can be written as a combination of these
two vectors. The vectors @ and ¢ are called the direction vectors of the plane. This
leads to the following definition:
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Definition 4.3.1. Any couple of non-collinear vectors €1 and € define a basis
of the plane.

Theorem 4.3.2. Let (€1, €3) be a basis of the plane. We consider the vector 4
in the plane. Then, there exist two real numbers x and y, such that,

U =z 4 yés. (4.3.1)

The real numbers = and y are called the coordinates of the vector ¥ in the basis

(é1,€>) and we write
v(x,y) or « (m)
) y N

To perform calculations on vectors it is better to use coordinates.

Lemma 4.3.3. Let @ (z, y) and U (2', y') be two vectors in the plane and k a
real number. Then,

1. the coordinates of the vector €+ ¥ are (x £ 2',y £ y’)

2. the coordinates of the vector k - i are (k z,k y).

Example 4.3.4. We consider the vectors @ (2, 1) and ¥ (0, 3). Then , we have
T+7(2,4), @-7(2,-2), and 3i(6,3).

Exercise 4.3.5. Let @ (3, 0) and ¥ (=1, 5) be two vectors in the plane. Find the
coordinates of the following vectors: U+ v, u — v, —v and —3 u.

Sometimes, to simplify calculations we use some particular basis. We specify
the definition of some of them below

Definition 4.3.6. A basis (é’1, é'g) of the plane is said to be orthogonal if the
vectors
ep L és.

By the symbol | we mean that the two vectors are perpendicular.

Example 4.3.7. The basis defined by the vectors €1 (2,0) and €3 (0, 3) is orthogonal.

Definition 4.3.8. A basis (€1, €3) is orthonormal if and only

& Ld and [a] = el =1

Example 4.3.9. An ezample of orthonormal basis is given by the following vectors
€1 (1,0) and &2 (0,1).
Definition 4.3.10. The orthonornal basis defined by the vectors
i(1,0) and j(0,1)

is called the canonical or the standard basis of the plane.
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From now on, we suppose that the point O is the origin of a frame and has
coordinates (0, 0). Now we equip the plane with the orthonormal basis ( ) Let

A be a point in the plane. We define the vector OA. Hence we can find two real
numbers x 4 and y4 such that |

—
Thus, the real numers x 4 and y4 are the coordinates of the vector OA. In this case,
we define the real numbers x4 and y4 as the coordinates of the point A. After this
update, we consider another point B in the plane with coordinates (xp, yp), then,

we define the coordinates of the vector f@ as follows

Definition 4.3.11. If A (x4, ya) and B (zp, yg) are two points in the plane,
the coordinates of the vector AB are defined by

AB (””B B “) (4.3.2)

YB —Ya

Example 4.3.12. We consider the points A (3, 1) and B (3, 5). Then, we have
AB(3-3,5-1)=(0, 4).

Exercise 4.3.13. Let A (1,0), B(1,2), C (5,6) and D (5, 6) be four points in
the plane. Find the coordinates of the following vectors A 1@ ﬁ B?>' ﬁ
@ and C@

Our first application of coordinates will be to define the norm of a vector.

Definition 4.3.14. If A (x4, ya) and B (zp, yg) are two points in the plane,
the norm of the vector A

IAB| = /@5 —24)2 + (5 — ya)2- (4.3.3)

Example 4.3.15. We consider the points A (2, 1) and B (3, 0). Then, we have
IAB| = /B =22+ (0-1)2 = V121 (—1)2 = V2.

Exercise 4.3.16. Let A (2,6), B (3,0), C (1,1) and D (0, —2) be four points in
the p%w. Determine the norm of the following vectors E, AC, zﬁ, B?, Eﬁ
and C

Lemma 4.3.17. If ¥ (z, y) and ¥ (2, y') are two vectors in the plane, then,
uU=" if and only if

r=2" and y=1y.

In other words two vectors are equal if they have the same coordinates.
Now we are in a position to use coordinates to characterize the collinearity of
vectors.
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Lemma 4.3.18. Let @ (z, y) and v (z', y') be two vectors in the plane. Then,
the vectors @ and U are collinear if and only if

zy —2'y=0 (4.3.4)

Proof. Since @ (z,y) and ¥ (¢, y') are collinear vectors, there exists some real
number k such that ¢ = kd. That is, (¢', ¥') = k («, y). This means that

zy =kzxy and 2'y=kzy.
Therefore
zy —2y=kxy—kxy=0.

Conversely we assume zy’ — 2’y = 0. Then,  # 0 and y # 0. Otherwise the
following cases can hold:

Case 1: z =0 and y # 0. In this case one may have 2’ =0 or ¢y’ = 0.

o If we have 2/ = 0 and y’ # 0 then the vectors @ (0,y) and ¥ (0,y’) are
collinear.

o if 2/ # 0 and y' = 0 then y = 0. This involves % (0,0) and ¥ (2’,0) are
collinear.

Case 2: x #0 and y =0. Hence

e when 2/ = 0 then 3’ = 0. The vectors @ and ¥ are collinear.

e when y = 0 then % (z,0) and ¥ (z’,0) are collinear.

We see that we can take x # 0 and y # 0. Using (4.3.4) one has % = % Taking
k= % one obtains U = k. O

Example 4.3.19. Let @ (2, 1) and ¥ (6, 3) be two vectors in the plane. Then one
has

=3=2="=3.

<
—

Therefore v = 3. Consequently @ and v are collinear.
Exercise 4.3.20. Say whether the vectors @ and U are collinear
1.4(2,5) andv (7,2), 2.4 (1, 3) and ¥ (0.5, 1.5), 3.4 (11, 33) and ¥ (1, 3).
Using vectors we have the following characterization of a parallelogram.

Proposition 4.3.21. If A, B, C and D are four points in the plane, then, the
quadrilateral ABCD is a parallelogram if and only if

AB = DC.

Now we take the points A (x4,y4),B (zp,y5),C (xc,yc) and D (zp,yp). Using
the fact that two vectors are equal if they have the same coordinates. Then, we
obtain
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Lemma 4.3.22. The quadrilateral ABCD is a parallelogram if and only if

Tp—TA=2zc—2Tp and Yp—Yya =Yc —YD-

Example 4.3.23. We consider the points A (2,3), B (0,1), C (=5,0) and
D (—3,2) in the plane. Then, we have

1@ (:;) and lﬁ <:;) .
This implies the quadrilateral ABCD is a parallelogram.

Exercise 4.3.24. Let A (3,0), B (0, —6), C (-9, —12) and D (—6, —6) be four
points in the plane. Prove that ABCD is a parallelogram.

Another way to define a parallelogram is to use the midpoint of a segment line.

Lemma 4.3.25. If A(za,ya) and B (zp,yp) are two points in the plane then,
the coordinates of the midpoint I of the segment line [AB] are given by
TA+TB _Yatys

5 and yr = ——"— (4.3.5)

Ty = B)

Example 4.3.26. We consider the points A (0, 1) and B (5, 2). The coordinates
of the midpoint of the segment line [AB] are

x—70+5—§ and = — ==
1= =5 yr = =

Exercise 4.3.27. Find the coordinates of the midpoint of the segment line [AB]
1. A(3,5) and B (6,1),
2. A0,7) and B (2,3),
3. A(-3,-1) and B (-2,1).

Proposition 4.3.28. The quadrilateral ABCD s a parallelogram if and only if
the segment lines [AC] and [BD] have the same midpoint.

One knows that a rectangle is a particular parallelogram which has four right
angles. This means that the consecutive sizes are arthogonal. There are several
methods to establish that two vectors are orthogonal. At our level the simplest way
consists of using the scalar product.

4.4 Scalar Product in the Plane

This section deals with the scalar product which is also called the dot product. It is
organised as follows: in the first subsection we define the angle between two vectors.
In the second subsection we study the scalar product and some of its properties.
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4.4.1 Angle Between Two Vectors

In this subsection we explain briefly what we mean by an angle between two vectors.
Indeed take two nonzero vectors in the plane @ and ¢. We assume they are
positioned so that their initial points coincide.

Definition 4.4.1. We define the oriented angle 0 between @ and U as follows:

<y

And we denote (i, ) = 6.

Example 4.4.2. The angle between the vectors Wo and W1 is
o

m: \

W@

Remark 4.4.3. We point out that here we define the angle 6 as the smallest coun-
terclockwise angle. The angle (U,4) is equal to —6.

The oriented angles share the following properties
Theorem 4.4.4. If @, ¥ and W are three vectors then,
1. (@, 0) + (v, @) = (@, &)

Since we know the definition of an angle between two vectors, we are in a position
to define the scalar or the dot product of two vectors.

4.4.2 Scalar Product of Two Vectors

This subsection investigate the scalar product of two vectors in the plane. We start
by giving the general definition of the scalar product. In a second time we study
some properties of the dot product.

Definition 4.4.5. The scalar product or dot product of the vectors @ and U is
the real number U - U defined as follows:

@7 = || - ||7] cos(6). (4.4.1)

Where 0 is the angle between the vectors U and .
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If we suppose the angle § = (4, ) = 0, one has cos(d) = 1. In this case the
following lemma holds:

Lemma 4.4.6. If the angle between the vectors U and U is 0 then,

When we take 6 = (i, ¥) = m, we have cos(f) = —1, hence we obtain

Lemma 4.4.7. If the angle between U and ¥ is T then

- U= —|d| - [|7]
If the angle (,7) = 7, one has i - ¥ = 0.
Lemma 4.4.8. Let i and U be two vectors in the plane. Then,

©-7=0 if and only if U L . (4.4.2)

Proof. Let 4 and ¢ be two orthogonal vectors in the plane. Therefore we have
cos ((@, ¥)) = cos (£ 7/2) =0.

We conclude that
- U= |u|l - [|¥] cos ( :t7r/2) =0.

Conversly we consider two nonzero vectors @ and v, such that, @ -7 = 0. As we
supposed that @ and ¥ are two nonzero vectors, we have ||i|| # 0 and ||¥]| # 0. This
yields cos ((@, 7)) = 0. Hence the angle (@, ¥) = 4 /2. The vectors @ and ¥ are
orthogonal. O

Using the definition of the dot product we have 0 - @ = 0 x ||| cos(0) = 0.
Now we set 0 := (@, ¥). Since the function cos is even, we have cos(—6) = cos().
One deduces ,

IS

-5 = ||| [[7] cos(8) = ||| [[7] cos(=0) = 5 - @.
This means that the scalar product is commutative. In the same way we can prove
the distributivity of the scalar product with respect to addition of vectors. In other
words we have
- (T+w)=u- v+ .
Let i be a vector in the plane, then the angle (@, @) = 0. Hence, @ - i = ||@||*.
This involves

Lemma 4.4.9. For any vector @ in the plane we have

—

lal| = V-
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Proposition 4.4.10. If 4 and ¥ are two vectors in the plane and k a real number
then,
- (kU) = (k@) - U=k (d- 7).

In the following definition, we use coordinates to define the scalar product of
two vectors.

Definition 4.4.11. The scalar product of the vectors @ (uy,us) and U (v1,vs) s
defined by
7 . 7 = Uy V1 + U V3. (443)

Example 4.4.12. We consider the vectors & = (2,—6) and ¥ = (5,2). Then,
G- T=25+(—6)2=10—12 = —2.
Exercise 4.4.13. Find the scalar product v-U
1. @ (1,2) and v (-4, 2),
2. 4 (-3,0)and v (-6, 7),
3. 40, =5) and v (-1, 0)

Exercise 4.4.14. Let U (=1, 3) and ¥ (6, 2). Prove that the vectors U and o
are orthogonal.

Theorem 4.4.15. If @ and ¥ are two nonzero vectors such that 0 = (i, 7), then

U

I

g

cos(f) =

(4.4.4)

g
<

Example 4.4.16. Find the angle between the vectors @ = (1, —2) and ¥ = (-3, 6).
Using (4.4.4) we have

u-v 1-(=3)+(-2)-6 15
la] o]~ vI2+(—2)? /(=32 +6 15

cos () = =—1.

Thus, 8 = arccos ( — 1) =.

Exercise 4.4.17. Find the angle between the following vectors

1

1. @ (-1, 2) and ¥ (0, —3),

(=2, 1) and ¥ (1, 0),

ISl

2.
3. 4 (—4,0) and v (1, —3).

Now, we know how to characterize orthogonal vectors, we can state Pythagor’s
theorem.
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Theorem 4.4.18. If @ and ¥ are two orthogonal vectors, then

L2 a2 ) ()2
@+ 3| = ||a||” + ||7]|" (4.4.5)

Proof. By definition we have
@+ 3 = (@+3) - (@a+7) = ||a|” + || +2a- 2.
As the vector @ is orthogonal to ¥, one has # - ¥ = 0. Hence (4.4.5) holds. O

Using the scalar product, we can also prove the following theorem

Theorem 4.4.19. Let @ and ¥ be two vectors in the plane. Then, 4 and U are
orthogonal if and only if
@+ o| = ||a — ]| (4.4.6)

Proof. We assume that « | ¢. Then, we have - v = 0. Therefore, we have

2

i+ = @+ 0) - @+ o) = |lall” + [|a]]" + 230 = |7 + 7]
— 12 . ) - ) (12 12 RN 112 (12
@ = al|" = (@- ) - (@-9) = [|a]" +[|o]]" - 2a- 5= [[a]|" + [|]"-

This implies (4.4.6).
Coversely if (4.4.6) holds, we have

i+ 3" = (@ +9) - @+ ) = |lall” + || + 2 7 = [|a]* + |[o]]
- 112 N R - R 5112 (12 R 5112 5112
1@ —#)" = (@-9) - (@) = ||al]" + |8 - 2a- 5= [|a]|” + [|#]"

Hence Hﬁ—i— 17H2 — HU— EHZ = 4@ - v = 0. This means that @ is orthogonal to 7. [

When « and ¢ are two vectors which are not necessarily orthogonal, one can
establish this theorem.

Theorem 4.4.20. If 4 and ¥ are two vectors, then we have
O e (e o e [

*=4a- v

2. |la+d* - ||i— 7]
Proof. The proof is quite simple. Indeed we have
|7+ a" = ||l + " + 2 -7 and @ -l = |[a]* + ||5]" - 2a- @
This implies that ||@ + 3 + ||@ - &]|° = 2 ||i||* + 2|7 and
@ +a” - ||@— o)) = 4@ v

This completes the proof. O
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4.5 Transformations in the Plane

In this section we study some elementary transformations in the plane. We will
specially be concerned by translation, homothety and rotation.

Definition 4.5.1. Let @ be a vector in the plane. We consider two points A
and i} We say that A’ is the image of A in the translation with vector U, if
= AA’. We denote

A/ = TQ(A).

o

From this definition one can deduce the following theorem

Theorem 4.5.2. Let A, B, C and D be four points in the plane such that
C =143(D). Then, ABCD is a parallelogram.

The second transformation we study is the homothety. We specified that a
homothety is sometimes called a dilatation. We recall that a homothety or dilation
is defined by its center and its ratio.

Definition 4.5.3. Let A, A’ and I be three points in the plane. We say that A’
is the image of A in the homothety with center I and ratio k # 0, if

—

TA =k TA.
We denote A’ = hy 1, (A).

—
/ A TA A
TA

If we fix K = 1 in the definition 4.5.3, we see that the image A’ of A coincide
with A. In this case the homothety is the identity.

One can make the following precisions : when the real number k£ > 1, the
homothety is called a dilation or an expansion. When 0 < k£ < 1, we say that we
have a contraction.

Theorem 4.5.4. Let A, A" and I be three points in the plane. We consider a

nonzero real number k, such that, A" = hy (A). Then, the vectors TA and 1A'
are collinear.

|

The last transformation, we introduce here is the rotation. Informally speaking,
a rotation means turning around a fixed object. Rigorously a rotation is defined by
its center and its angle.
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Definition 4.5.5. Let A, A’ and I be three points in the plane and 0 € R. We
say that A’ is the image of A in the rotation with center I and angle 6 if

TA=TA"  and (ﬁ,ﬁ):a.

We denote

A =TRyg(A).

When the center of the rotation I = O we denote Ry instead of Ro g.

Theorem 4.5.6. Let A, A’ and I be three points in the plane and 6 a real number.
We assume
A" =Ry o(A).

Then, A and A’ belong to the circle with center I and radius R = I A.

Another way to check whether two vectors are collinear in the plane is to con-
struct a matrix with these two vectors and to compute the determinant of this
matrix. If the determinant of A is 0, then the two vectors are collinear (linearly
dependant). Otherwise they are not collinear (linearly independant). In the next
section we introduce determinant of matrices

4.6 Determinant of 2 x 2 and 3 x 3 Matrices

We start this section by giving an elementary definition of 2 x 2 and 3 x 3 matrices.
After these definitions we introduce properly the concept of determinant. In short
we can say that the determinant is a function that assigns to any matrix a numerical
values.

Definition 4.6.1. A 2 X 2 matriz A is an array of two rows and two columns.

We denote )
a
A= [ d] .

By the expression n X p matrix, we mean an array of n rows and p columns.

Example 4.6.2. We define the following 2 X 2 matrices

T PR Bl R A PR el A

The matrix C is called the null or zero matrix and the matrix F is the identity
matrix .

Definition 4.6.3. The determinant of a 2 X 2 matrix A = {CCL Z} is defined by

det(4) = |*

’ = ad — bc. (4.6.1)
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We point out that in this course we will only consider determinants of square
matrices.

Example 4.6.4. We consider the matriz A = [3 —2

41 ] . Then,

3 -2

L ‘3~1(2)~43(8)11

det(A) = ‘

Exercise 4.6.5. Compute the determinant of the following matrices

5 2 2 0 -1 -2 2 1 -1 0 9 2
1 -1|’ 10 5|’ -2 0> |0 -1}’ 0o -1’ -1 4|
Definition 4.6.6. A 3 x 3 matrix A is an array of three rows and three columns

a; Qa2 as
A= |b1 by b3

1 0 3 -1 2 =3
0 0 9 0 -2 10
a; a2 as
Definition 4.6.8. The determinant of the 3 X 3 matrizc A = |[by by bs| is
C1 Co C3
defined by
a; a2 as
by by b3|=a iQ ZC)S 'ag 1071 3 + as lc)l lc)z (462)
¢ ey s 2 C3 1 1 C2
Example 4.6.9. We have
1 -2 0
2 -4 2 —4 2 2
R NOE RN E
3 4 1 -4 -1 3 -1 3 —4
=1-(-18)4+2-10+0-(—14) = 2.
Exercise 4.6.10. Find the determinant of the following matrices
0 2 -1 3 1 9 2 0 0 1 3 5 1 00
3 2 1, |4 12, |0 -3 0, (-1 0 0f, |01 0
0 0 2 -1 2 1 0 0 6 0 1 3 0 0 1
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Theorem 4.6.11. Let A be a matrixz such that, two rows are collinear. Then,

det(A) = 0.

Theorem 4.6.12. Let A be a matriz such that two columns are collinear. Then,

det(A) = 0.

Definition 4.6.13. The area of the parallelogram ABCD is defined by

Area(ABCD) = HEH . HﬁH .
where 0 = (/ﬁ, E)

sin(&)‘. (4.6.3)

Theorem 4.6.14 (Area of a parallelogram). The area of the parallelogram
ABCD is

Area(ABCD) = |z43 Y53 — Ya " TaB |- (4.6.4)

Now we consider a vector @ (u7, u2) in the plane. We can associate to @ the
unique complex number zz = u; + ius. This complex number is called the affix of
the vector «. In this case we say that we have defined a complex plane.

4.7 Introduction to Complex Plane

This section is devoted to the complex plane. We take a vector « and the complex
number zz associated to 4. If A (x4, ya) is also a point in the plane, we can
associate to A the unique complex number z4 = x4 +iys. This means that to any
vector or point in the plane we can associate a unique complex number, which is
called the affix of the vector or the point.

Definition 4.7.1. If A(z4) and B (zp) are two points in the complex plane, the
affiz of the vector xﬁ 18

Z4p = #B — ZA-

Example 4.7.2. Let A (1+1) and B (2 + 21) be two points in the complex plane.
Then,

zap =23 —2a=2+2i—(1+1)=1+1i
Exercise 4.7.3. Let A (3—1), B (2i), C (=2+31) and D (1 —51) be four points in
the complex plane. Find the affix of the following vectors AB, AD, CD, DB, DA.

From now on, we denote by 7 (1,0) the unit vector on the x-axis and j (0,1)
the unit vector on the y-axis. We observe that the angle (i,7) = /2. Take @ (zz)
a vector in the complex plane. The angle (Z, @) is the angle between the x-axis
and the vector 4. By definition this angle is equal to the argument of the complex
number zz. That is, one has (7, @) = arg(zgz).
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Proposition 4.7.4. Let @ (z23) and U (z5) be two vectors in the complex plane.
Then,

(,7) = arg () — arg(ze) — arg(za).

U

Example 4.7.5. Let @ (v/3 +1) and ¥ (1 +1) be two vectors in the complex plane.
Then ,

(;, ) = arg(zz) = arg(\/§+ i) = % and (;, ¥) = arg(l+1i) = —%-
From this we deduce that

12 12 12

1 8-

(@ U)—arg<1+i> T m_3m 2m _w
’ V3 +i 6
Exercise 4.7.6. We consider the vectors @ (—2+2 1), 7 (14+iv/3) and W (—=1+i+/3).

— —
) .

Determine the measure of the following angles (4, V), (4, W), (ﬁ, ¥)

In section 4.5 we defined some transformations. Since we know that the complex
numbers and the plane are the same, we redefine these transformations in terms of
complex numbers. In other words we study these transformations by using their
affixes.

Lemma 4.7.7. Let @ (zz) be a vector in the plane. We consider two points
M (zpr) and M’ (zpp), such that, M’ = 7z(M). Then,

Zg = ZM' — ZM -
This lemma allows to express the affix of M’ as a function of the affix of the
vector ¢ and the point M. In other words we have
EM = Zg+ 2m-

Lemma 4.7.8. Let A (z4), B (2) , C (2¢) and D (zp) be four points in the
complex plane. Then, ABCD is a parallelogram if and only if

ZB —RA = Z2C — ZD-.
Proof. The quadrilateral ABCD is a parallelogram if and only if .23 = z52. This
is equivalent to zp — 24 = z¢c — zp. O

Lemma 4.7.9. If I (z1), M (zp) and M’ (zpr are three points in the plane and
k € R such that, M’ = hy (M), then,

ZM = (l—k) zr +k 2. (4.7.1)

Proof. We consider I, M and M’ as in the lemma. Therefore

e :kzm.

This is equivalent to say that zp; — 2y = k(z2p — z7). This leads to the identity
(4.7.1). O
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Lemma 4.7.10. Let M (z), My (z1), M2 (22) and O (0) be four points points in
the complex plane. We consider two real numbers k and 0. Then,

1. when My = T()—]\>4(M1), we have z = 29 — 21
2. when My =ho (M), z=kz.
3. when My = Rg(M;), 29 =e'% 2

Proof. We consider M, M; and M> as in the lemma. The identity My = TO—A>4(M1)

is equivalent to O—J\>/[ = M;M,. This means that z); — 20 = 2y, — 2, Since
IM = Z, ZMy = 21, ZM, = 22 and zp = 0, we have z = 23 — 27.

To prove 2 we just need to use the definition of a homothety. Indeed M; =
ho,x(M7) means that 5]\772 =k Ovl\vfl From this one deduces zo —z0 = k (21 — 20).
This implies zo = k z1.

For 3 we remind that My = Ry(M7), means that OMy = OM;. There is n € C,
such that, |n| = 1. and zo = 7 2;. Consequently one can find a real number 6 such
that, n = e'?. Therefore, we have zy = ¢'% 2;. O

Most of the readers can be confused. Because we are doing geometry in the
plane without saying anything on lines. We preferred to start by explaining points
and vectors. To reassure readers we introduce the next section which is devoted to
lines.

4.8 Lines in The Plane

The main objective of this section is to define the equation of a line. To this end,
we introduce the notion of direction vectors. Using a direction vector one can define
the general equation of a line. To end this section we define a set of parametric
equations of a line.

We have already known that a line can be determine by two points. And gener-
ally speaking a line has equation y = ax + b, where a is the slope of the line and b
is obtained when z = 0. Now we consider the line (AB) which passes through the
points A (x4,ya) and B (zp,yp). We suppose that its equation is y = axz +b. We
can find a and b by replacing = and y by the coordinates of A and B. This involves
the following linear system

ya=azxa+b

yp =axp + b,

where the unknowns are a and b. In this case , if xp # x4, one can establish that

_Ys—ya

Ip —TA
Getting a we deduce that
YB — YA
—_TAa
Ip —TA

b=1ya—

Example 4.8.1. Define an equation of the line that passes through the points
A (3,2) and B (1,4).
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Since we know that the equation of a line is in the form y = ax + b we have

4-2 2
== =1 2=—-1x3+b.
a 1 3 9 and X 3 b

Therefore b = 5. We conclude that the equation of the line is y = —x + 5.

Exercise 4.8.2. Determine an equation of the line that passes through the points
A and B

1. A(1, —1) and B (2 0),
2. C(0,-2)and D (5, 3),
3. E(0,5) and F (1, 0).

Definition 4.8.3. A direction vector of the line (D), is any vector @ which is
parallel to (D).

Definition 4.8.4. The general cartesian equation of a line (D) is defined by

ar+by+h=0. (4.8.1)

| Definition 4.8.5. A direction vector of (D) is defined by @ (=b, a).
Example 4.8.6. We consider the line (D) with general equation
22 +3y+4=0.
The vector @ (—3, 2) is a direction vector of (D).
Exercise 4.8.7. Find a direction vector for each of the following lines
1 z4+2y+5=0,
2. 4z —2y+6=0,
3. 3x—T7y=0,
4. —y+7=0.

Using direction vectors we can easily establish that two lines are parallel if they
have the same direction. Let @ be a direction vector of the line (D) and ¥/ a direction
vector of the line (D’). Then, (D) and (D’) are parallel if and only if @ and ¢ are
collinear.

Proposition 4.8.8. Let (D): ax+by+h=0and (D') : d'z+by+h" =0 be
two lines in the plane. Then, (D) and (D') are parallel if and only if

abl —d' b=0.

Example 4.8.9. We consider the lines (D) and (D') with respective equations
224+3y+1=0,6z4+9y+2=0.
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o The vector @ (—3, 2) is a direction vector of (D)
e The vector ¥ (=9, 6) is a direction vector of (D').

Therefore we have
6x3—-2x9=0,

then (D) and (D') are parallel.

Exercise 4.8.10. Say whether the following lines are parallel
1. (d):3z+y+2=0and (d):6x+2y+1=0
2. (d1):x+3y=0and (d2) : 3z +5y+2=0
3. (d1): —2x—y=0 and (d3) : =10z — by +3 =0

Now we consider a line passing through a point A (x4, y4) with direction vector

i (a,b). Let M (x,y) be another point of this line. The vectors AM and @ are
collinear. Therefore we have (x —24)b— a(y —ya) = 0. This can be rewritten as a
determinant of the matrix

T—TA @

=0.

y—ya b
Lemma 4.8.11. Let (D) be a line passing through A(xa,ya) with direction
vector @ (a, b). Then, for every point M (z, y) € (D) we have

T—Ta a
=0. (4.8.2)
y—ya b

Let (D) be a line passing through A(x4,y4) with direction vector @ (a,b). We
consider the point M (z, y) in (D). We see that the vectors AM and @ are collinear.
This means, there is a real number k such that, (zx — x4,y —ya) =k (a, b). This
is equivalent to the following system:

r=x4+ka
, (4.8.3)
y=ya+ kb, keR.

The system (4.8.3) is called parametric equations of the line (D).

Definition 4.8.12. A parametric equation of the line (D) which passes through
A(xa,ya) with a direction vector @ (a,b) is defined by

r=xa+ka
k eR.
y=ya+kb,
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Example 4.8.13. Let (D) be the line that passes through B (2,3) with direction
vector @ (2,6). A set of parametric equations of (D) is

=242k

y=3+6k keR

Exercise 4.8.14. Define a set of parametric equations for each of the following
lines which passes through A with direction vector i

1. A(2,1) and @ (3, 5),
2. A(=3,5) and i (7, 10),
3. A(—4,-9) and (8, 0).

4.9 Exercise Session

Exercise 4.9.1. Let A(—7/2;2), B(—2;5) , C(5;13/2) and D(3;5/2) be four points
in the plane.

1. Determine the coordinates of the vectors 1@ and @
2. Establish that the quadrilateral ABCD is a trapezoid.

3. Let I be the point of the plane such that
TA=>1D.
4
Find the coordinates of the point 1

4. Prove that the vectors B7 and C_'} are collinear.

Solution. 1. Using the definition of coordinates of a vector, we obtain

_ 3 _ _
15 (2 ==Y = () ana @B () = (2).
YB — YA 3 YD — Yo —4
2. From 1 we deduce that
3
TapYep — Yap  Tep = 5-(—4)—1—3-2:0.
Therefore, the vectors zﬁ and C’*IS are collinear. Since, the vector zﬁ and C’*IS do

not have the same norm, we conclude that the quadrilateral ABCD is a trapezoid.
3.Let us define I as the point with coordinates (xI, yI). The identity

=1



4.9. EXERCISE SESSION 123

is equivalent to

This leads to the following system

T, 29 3,

o I Tyt

9 _ _1 3
yroo T T g

From this we deduce that x; = —23 and y; = —%- We conclude that I (— 23; —%)
4. From 3. we deduce that

i (?) wna T2,
2

This holds that 9
6-21—28-520.

Hence the vectors I@ and 67 are collinear. Consequently the point I belongs to the
line (BC).

Exercise 4.9.2. Let ABC be a triangle. We consider the points H and G, such
that,

At~ apy Lae
Bé - Tap - Spe

We consider the frame (A ; ﬁ, @) .

1. Determine the coordinates of A, B and C in the frame (A ; zﬁ, ﬁ) .

2. Determine the coordinates of H and G in this frame.

3. Are the vectors ﬁ and ﬁ collinear?

Solution. 1. We consider the plane equiped with the frame (A ; zﬁ , ﬁ) . Since

A is the origin of this frame the coordinates of A in this frame are A (O; O). Ob-
serving that the vector jﬁ has coordinates (1; 0) in this frame, we deduce that

B (1; 0). In the same way, pointing out that the vector 1@ has coordinates (O; 1)
in this frame, we conclude that C (0; 1).

2. From the identity
AH = —Zﬁ + %ﬁ,

we deduce that H (f % ; %)
Now, we consider the relation

BC=-1AB+  BC.
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Using Chasles relation, we obtain
Ao ac=-TaB+ SEd LA
This implies that
aG- TaBap - San s ac
- Y4B+ lac

9
This means that in this frame G has coordinates (—4 ; 2) .

4. As we can see it ﬁ =3 ﬁ Then, they are collinear.
Exercise 4.9.3. We consider four points A, B, C and D with affix

za=141, zp=-14+1i, zg=-1—1i and zp=1-—1i

Let R be the rotation of center C and angle —m/3. We denote E = R(B) and
F =R(D).

1. Define the expression of the rotation R.

2. a. Prove that zg = —1 + /3.
b. Determine zp.
ZA — ZE
ZA — RF
d. Deduce from c. that the vectors E and ﬁ are collinear.

c. Establish that

Solution. 1. Let M(z) be a point in the plane. We consider its image M'(%") in
the rotation with center C(zc = —1 —1) and angle —m/3. Then, we have

2 —zo = exp (—ig) (z — z¢).

This leads to the following formula
Z=—-1—i+exp (—iz) (z+1+1). (4.9.1)
3
2.

a. From (4.9.1) we that

ZE:—I—i—I—eXp(—ig) (—1+i+1+i):—1—i+216xp(—ig)
=—-1++3.

b. Since F is the image of D in the rotation with center C and angle —7 /3, we have

zF:—l—i+exp(—i§) (1—i+1+i):—1—i+26xp(—ig>
= (-1-V3)i.
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c. From the expressions of zg and zg, we deduce that

sa—zp  1+i+1-v3  (2-V3)+i [(2—\/3)“} [1—(2+\/§)i}

za—zr  1+i+(1+V3)i 1+@2+V3)i 1+4+4vV3+3
(=3 +i-(4-3)i+2+Vv3) 41 R
a 8+4v3 C8+4V3 2+V3

d. From c we can see that there exists a real number k such that
24 —zg = k(za — zp).

This implies that ., .
EA=EkFA.
Therefore, the vectors ﬁ and ﬁ are collinear.

ZA— 2
d’. Another way to prove d is to point out that, ZATCE cR s equivalent to say
ZA — RE
that
ZA— 2
arg (AE) =0+ km
ZA T ZF

for some integer k. Hence, the points A, E and F belong to the same line.

Exercise 4.9.4. Let My be the point of the plane which is associated to the complex
number zqg = 1. For every natural number n > 1, we define the point M, which is
associated to the complexr number z,. To any point M, in the plane we associated
the point M, 1 with affic

Zng1 = g( —1+1) zp. (4.9.2)

Establish that for anyn > 1

- <;)neXp (i?’T) . (4.9.3)

Solution. Using the definition (4.9.2) we obtain

zlzﬁ(—ui)%:g(—ui).

To prove (4.9.3) we proceed by induction.
Stepl For n =1 we have

o= (;) exp (Ti) - (;) (—\f—ki\f) - g(—l—i—i).

The property is true forn =1

Step 2 We assume that the property is true for some natural number k > 1. In

other words we have
()" 3k
2p = 3 exp 1—4 .
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Step 3 Our goal now is to prove that the property holds for k + 1. We want to
establish that

. 1 ’““e B3k + D
= — X _— .
k+1 B p 4

Using (4.9.2) we have
Zk4+1 =

One deduces from Step 2 that

2
Zpy1 = £(—1 +1i)zp = —exp (
T

The property is true for k + 1.

o= (1) ep (1277
n—2 Xpl4.

o We point out that the property holds also for 0. Hence we can start our
induction with 0 instead of 1.

Conclusion For alln >1

e Since, the distance OM,, = |z,|, one deduces that
1 n
OM,= (=] .

3nm

4

o On the other hand we have
arg(z,) =

Exercise 4.9.5. Let A, B, S and Q be four points in the plane that are respectively
associated to the compler numbers a = —2 +4i, b = —4 4+ 2i, s = —5 + 5i and
w = —2+ 2i. We define the points C and D, such that

@:35’—1)4 and 5?235@

1. Prove that zc = 4 + 21 and zp = —2 — 4.
2. Establish that the points A, B, C and D belong to the same circle.
Solution. 1. The vectorial identity @ = 35'—.21 18 equivalent to
20 — 25 =3(z4 — 25) <= 20 = 324 — 225.

This gives
zo=—64+12i4+ 10— 10i =4 + 2i.
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In the same way we can establish that the identity ﬁ = 35@ 1s equivalent to
zp — 25 = 3(zB — z5) <= zp = 3z — 2z5.

One obtains
zp =32zp —22¢ = —12+ 614+ 10— 10i = —2 — 4i

2. A look on the affix of the points A, B, C and D allows us to emphasize that
OA=0B=0C=0D = v20.

Therefore, these points are on the circle with center O and radius R = +/20.

4.10 Problems

Problem 4.10.1. Prove that for all points A, B, C and D in the plane we have
—
OA OB+ AC = BC.

Problem 4.10.2. Let ABCD be a parallelogram and M be a point in the plane.

Prove that
MA - MB+ MC — MD =70.

Problem 4.10.3. We consider the sigzzent line [AB] such that AB = 8cm. Find
the point M in the plane, such that, M A + 3M§ =0.

Problem 4.10.4. We consider the points A (1;—1), B(—1,-2) and C (-2,2) in
the plane.

1. Find the coordinates of the point G, such that, G—Zl +2 C@ + Cﬁ =0

2. Find the coordinates of the point D satisfying ﬁ = B—1>4 + B?

Problem 4.10.5. We consider the real plane equiped with the frame (O, f; j) Let
zﬁ =i+ 25', B? = —4;—3 and C"ﬁ = —5i— 35' be three vectors in the plane. Prove
that ABCD is a trapezoid.

H
Problem 4.10.6. Find the scalar product between the vectors d and b

S o — o 5
a. d=4i—jand b =—i—17j

b. @ (2,1) and D (1, —3)

. d (3,—2) and?(l, 1)
d. @ (5,0) and b (-1, -2)

%
Problem 4.10.7. Determine the angle between the vectors d and b



128 CHAPTER 4. INTRODUCTION TO GEOMETRY IN THE PLANE

0. @ (1,2) and b (2, 4)

—

b. @ (1,2) and b (—2,1)

Problem 4.10.8. Let (d) be the line with direction vector @ (1, 2) that passes
through A (1, 5). Define a set ofparametric equations for the line (d).

Problem 4.10.9. Let ABCD be a parallelogram. We consider the points I and E
such that 1
ﬁ =2 ;1_[) and TE = gm

1. Find o« and B in R, such that, ﬁ = aﬁ +ﬁﬁ.
2. Prove that 5 1
AB = 3 Al + 3 AB.
3. Deduce from this, there exist ay and as in R, such that, ﬁ = a1 z@+0&2 E
4. Prove that A, E and C belong to the same line.

Problem 4.10.10. Let M be a point of the complex plane with affiz z. Find the
set of all points M such that

z—3‘1’
zZ2—25

23| _ V2
z2—5| 2

Problem 4.10.11. Let M be a point of the complex plane with affiz z. Find the
set of all points M such that

1. |z| =3,
2. |z —i| =5,
3. |z —2i| = |z +2 - 3.

Problem 4.10.12. Let A(—2—2i), B(2), C (2+4i), D (-2+2i), E (4+6i) and
F (—21) be siz points of the complex plane

1. Show that ABCD is a parallelogram.
2. Prove that the triangle CDFE is isosceles.
Problem 4.10.13. Let A, B, C' and D be four points in the plane such that

za=—1, zp=3, z2zc=24+31i and zp=-1+42i.
1. Give the algebraic form of the complex number
ZC — ZA

7 =
ZD — 2B

2. Determine an argument of Z.
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3.

Determine the area of the parallelogram ABCD.

Problem 4.10.14. Let A (8), B (8i), C (8 exp (—in/3)) and D (8i exp (2i7/3))

be four points of the complex plane.

1.
2.

Give the algebraic form of z¢ and zp.

Show that A, B, C and D belong to a same circle. Give the radius of this
circle.

Let z1 be the affix of the vector zﬁ, zo be the affix of the vector ﬁ, z3 be
the affixz of the vector 1@ and z4 be the affix of D?

a. Prove that zo = 21 /3.

b. Calculate |z3| and |z4]|.

c. Prove that ABCD is a trapezoid.

Problem 4.10.15. We consider three points A, B and C' which have affix

z4 = 2, szl—H\/g and zczl—i\/g.
Define the exponential form of zp and zc.
Specify the nature of the quadrilateral OBAC.
Determine the set of all points M with affiz z such that

’z’ = ’2—2‘.

For any complex number z # z4 we associate to M the pint M’ with affiz 2’
defined by

b. Deduce from this the points B’ and C' which are associated to B and C.

c. We define G as the center of gravity of the triangle OAB. Determine the
point G’ which is associated to G

Problem 4.10.16. The complex plane is equiped with the frame (O; @; ¥). We
consider the points A and B with affix za = a and zg = b+1, where a and b are in
R. The point C' with affix c is the image of B in the rotation of center A and angle
s

3

1. Specify the relation between a and b.
2. Prove that the point C' belongs to the line (O; f[).
3. Determine the affiz of C.



130 CHAPTER 4. INTRODUCTION TO GEOMETRY IN THE PLANE

4. Now, we fix a =+/3, b=0 and ¢ = —i and we consider the point D with affiz
zp =2+ V3 —2iV3.

a. Precise the nature of the triangle ABC.

d—
b. Compute a4 and specify the nature of the triangle ACD.
c—a
c. Find the affix of the point E image of D in the rotation of center A and
angle %-

d. The point F is the image of D in the translation of vector /@ Determine
the affix of F.

e. What can you say for the triangle BEF.

Problem 4.10.17. Let A and B be two points which are associated to the complex

. o 5w
numbers z4 =1 and zp fexp( 1% )

1. Let R be the rotation of center O and angle %’T We denote by C = R(B)
(a) Determine the expression of R.
(b) Prove that zc = exp (—i%).
(c) Define the algebraic forms of zg and zc.

2. Let zp = ? + %i. We define the pont E, such that, E = ZE.

(a) Establish that zp = \/3

(b) Determine the exponential form of the complex number

ZD — 2C
ZE — ZC

(¢) Specify the nature of the triangle CDE.
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In the previous chapter we studied vectors in the plane and we pointed out that
to any vector @ in the plane, we can associate two real numbers x and y. The real
numbers x and y are called the coordinates of the vector «. The aim of this chapter
is to continue the study of vectors in 3-dimensional space. The idea is at first to
extend the notion of coordinates, scalar product, orthogonality, collinearity,---- We
will also define new operations : the vector or cross product and mized product.

We remind that to locate a point or a vector in space we associate to this
vector or point three real numbers z, y and z. These real numbers represent their
coordinates. We denote i (z, y, z) for the vector @. When it comes to a point A
we write A (x4, ya, z4)-

These coordinates will allow us to simplify computations. They will give us the
possibilty to compute easily area and volume of domains.

We make the following update. Throughout this chapter all definitions which
do not use coordinates are the same in plane as well as in 3-dimensional space.

This chapter is organized in this way. In section 1 we explain how to get coordi-
nates by using a basis. In section 2 we define the scalar product in three dimension.
Using the scalar product we will characterize lines in space. This will be done in

131
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section 3. The section 4 is devoted to the cross product. Using the cross product we
will study planes in section 5. To end this chapter we introduce the mixed product.
Mixted product whose application will allow to determine volumes of some figures.

5.1 Basis in Space

It is well known that the notion of coordinates is related to a basis. Then changing
a basis can change the coordinates of a vector 4. The main objective of this section
is to explain how to define a basis in the 3-dimensional space. In a second time
we study possible relations between these bases. Before going further we introduce
some preliminary definitions.

Definition 5.1.1. Three vectors in space 4, U and W are coplanar if they belong
to the same plane.

Otherwise the vectors 4, ¥ and @ do not live in the same plane. In this case we
say that they are non-coplanar vectors.

Lemma 5.1.2. If three vectors i, U and W are coplanar then, there exist two real
numbers o and 3, such that,

W= il + B 7. (5.1.1)

Proof. When w is collinear to u, we take 8 = 0. We obtain w = o« 4+ 0 - . When
w is collinear to ¥ we fix @ = 0. In this case one has W/ =0-u + S v.

When the three vectors are collinear, we have nothing to prove.

Now we assume that @ and ¥ are not collinear. The ordered couple (@, 7) is
a basis of the plane defined by the vectors @ and ¥, which contain the vector .
Therefore there are two real numbers « and S in R, such that @ = a4 + g¢. This
compltes the proof of the lemma. O

Definition 5.1.3. A basis of the space is a set of three non-coplanar vectors

- -

(u, 7, 717).
In other words any three vectors which are not in the same plane define a basis
of the space.
Definition 5.1.4. We say that the basis (ﬁ, U, 117) is orthogonal if
1l v, d4lw@ and U _Lw.

Definition 5.1.5. The basis (ﬂ', U, u_f) is orthonormal if it is orthogonal and the
vectors u, U and W satisfy
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Example 5.1.6. The family {Z(l, 0, O) ; ;(0, 1, O) ; /’2(07 0, 1)} defines an or-
thonormal basis.

Now we fix a basis (@, ¥, @) of the space. To any vector Y in the space we
associate three real numbers x, y and z such that

X =a@+yd+ 2. (5.1.2)

Definition 5.1.7. The real numbers x, y and z in (5.1.2) are called the coordi-
nates of X in the basis (i, U, 7).

One may think that only orthonormal bases allow to define coordinates. Here
we draw readers attention on the fact that we can define coordinates in any type of
basis. However the use of orthonormal bases make the calculations simplest.

To make the presentation clear we mostly consider orthonormal bases. The
reason of this is Lemma 5.2.8, in section 2. This lemma claims that we can always
transform any basis to an orthonormal basis. This process is called Gram-Schmidt
process.

Definition 5.1.8. Any vector @ in space with norm ||d|| = 1 is called a unit
vector.

Remark 5.1.9. We can define unit vectors in any direction, not only in the direc-
tion of the axis. A unit vector which has the same direction as the nonzero vector
i can be defined by

E

Example 5.1.10. Le 7 (1, 1, 0) be a vector in space. Then, the vector

=

€y T= T =
“\V2T V2
18 a unit vector which has same direction as .

Example 5.1.11. We consider the vector @ (1, —1, 2). We define vector

L (L 1oy
“\V6 V6 V3]

The vector €, is a unit vector which has same direction as u.

From now on, we fix the following notations. The unit vectors along the x-axis,
y-axis and z-axis are respectively denoted f(l, 0,0), f(O, 1,0), and E(O, 0,1).

It follows immediately that each vector in space can be expressed uniquely in
terms of vectors i, j, and k.

Now we take a vector (ac7 Y, z) The vector @ can be written in this way

(x,y,2) = (x,0,0) + (0,4,0) + (0,0,z) = = (1,0,0) + y (0,1,0) + z (0,0,1)
This leads to the following representation

ﬁsz+yf+zl¥.
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Example 5.1.12. The vector @ = (3, —3,9)is represented as follows
@ =30 — 3] + 9%k.

Exercise 5.1.13. Write the following vectors as combinations of the vectors 7, j
and k

<
n
[\
—
(@)
:_/

We consider the frame (O ; ;, f, E) Throughout this book we fix the coordi-
nates of the point O as (0, 0, 0). Now we take another point A in the space. Since

—

OA is a vector there are three real numbers x 4, y4 and z4, such that,
't > e >
OA=zai+yaj+zak.

The real numbers = 4, y4 and z4 are called the coordinates of point A and we denote
A(za, ya, za).

Definition 5.1.14. If A (mA, YA, ZA) and B (:z:B, YB, ZB) are two points in the
space, the coordinates of the vector E are

B — XA
ﬁ YB — YA
ZB — ZA

Definition 5.1.15. If A (mA, YA, zA) and B (J:B, YB, zB) are two points in the
space, the distance between A and B or the norm of the vector zﬁ 1s

|78 = Vs = v Gp =

Example 5.1.16. Take the points A (1, 3, 2) and B (5, 0, 4). Then, we have

HﬁH:\/(5—1)2+(o—3)2+(4—2)2:¢16+9+4=\@.

Exercise 5.1.17. We consider the points A (1, 2, O), B (3, 2, 3), C (07 0, 1) and
D (5, 6, 9). Find the norm of the vectors E, ﬁ, zﬁ, B?, ﬁ and D?
One may wonder if Pythagor’s Theorem remained valid. To convince readers

that Pythagore’s Theorem holds, we state the following theorem which only use
definition of a norms.
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Theorem 5.1.18. Let A, B and C' be three points in space such that the triangle
ABC is right with hypotenuse [BC]. Then,

e = |2+ 22"

We recall that the reciprocal of Pythagore’s Theorem is sometimes used to es-
tablish orthogonality. Another way to prove orthogonality is to use scalar product.

5.2 Scalar Product in Space

In this section we define the scalar product in the three dimensional space. Using
this scalar product we will study orthogonality and some classical identities.

Definition 5.2.1. The scalar product of the vectors u and v is defined by
(i, 0) = u- 0=l [|t] cos(0),
where 0 is the measure of the oriented angle (11, 17).

The scalar product is also denoted sometimes by (fi, 17). However in this course
we reserve the notation (ﬂ', 17) for angles. We only use 4 - ¥ to denote the scalar
product.

Lemma 5.2.2. For any vector U in space, we have

—

||]|? = i - .

Lemma 5.2.3. Two nonzero vectors 4 and v are orthogonal if and only if

-7 =0.

Proof. Let @ and ¥ be two orthogonal vectors. Then the angle (ﬂ' , 17) = 47 /2. This
implies that cos(#@, ) = 0. Therefore, we obtain @ - ¥ = 0.

Conversely we assume % and ¢ are nonzero vectors such that, @ - ¥ = 0. By
definition @ - ¢ = ||d|| ||7|| cos(@, ¥) = 0. Since @ and ¥ are nonzero vectors, we obtain
cos (11', 17) = 0. We conclude that o 1 7. O

Lemma 5.2.4. If 4 and ¥ are two nonzero orthogonal vectors, then,

1z —a* = [|1@]* + |17]* and @+ &> = [[@]* + |9,

Proof. Let @ and ¥ be two vectors. Then, we have
i@ —v]*=(i@—0)-(@—0)=td-4—24-v+7-0=||[d|> —2a- 7+ |7
Since 4 L ¥, we have u - v = 0. Therefore
1@ = al* = [|ull® + [Jo]|.

The proof is the same for ||d + 7. O



136 CHAPTER 5. INTRODUCTION TO GEOMETRY IN SPACE
For vectors which are not orthogonal, on can prove the following general identity.
It is called the parallelogram identity.

Theorem 5.2.5. For any vectors i and U, we have
12+ 31> + 1@ — &> = 2]|al|* + 2|7]*. (5.2.1)
Proof. Let « and v be two vectors which are not necessarly orthogonal. Then, we
have
() 17— 3l* = ||Z|* = 2@ 7+ [|8]° and () [|a@+0)* = ||@|* + 2@ 7+ [|7]*.
Summing (x) and (x*) we obtain (5.2.1). O

As we know that any vector is defined by its coordinates, we should have a
definition of the dot product in terms of coordinates.

Definition 5.2.6. The scalar product of ﬁ(ul , Ug u;;) and U(vl , Vg, Ug) 18

- U = uqv1 + Uy + usvs.

IS

Lemma 5.2.7. Ifd (u1 , Us , U3) is a vector in space, then,

[ ]|* = uf + u3 + u3.

In the previous section we have said that we will always consider orthonormal
bases. This choce is justified by the following lemma:

- = -

Lemma 5.2.8. Any basis (i, ¥, W) of the space can be transformed to an or-
thonormal basis (€1, €3, €3).

Proof. Let (i, ¥, ) be a basis of the space. We assume that there are three vectors
€1, €2 and €3 wich satisfy the following properties:

1. (é1,¢é4,€3) is an orthonormal basis
2. the vectorial line defined by « is the same as the vectorial line defined by €]
3. the plane defined by (@, ¥) is the same as the plane defined by (€7, &)
4. The vectors (4, U, w) and (€, €2, €3) define the same space.
Now we have to construct the vectors €7, € and €3. We proceed as follows

Step 1: Construction of ;. Using assumption 2 we can find A € R such that

€1 = A\
This implies that ||€1]| = |A|||@]|. Since ||€1]] = 1, we get

1

A= o

1]
In this case we define .
. U
€1 =73
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Step 2: Construction of é5. The hypothesis 3 allows to find two real numbers
«a and B, such that, ¥ = «aé} + S €. We set g := S5 = U — ae;. We have

Oigg‘gliﬂgg'gl:5'6170451'6'1.

This involves ¥ - €; — a = 0. Therefore a = v+ €1 and go = v — (17~ é’l) €1. The
vector g, is orthogonal to €7, but it is not a unit vector. To get a unit vector
we set

—

g2
€2 = 7>
g2l

Step 3: Construction of €3. To construct €3, we use the assumption 4. There
are three real numbers a, b and ¢, such that,

’LD’ = a€1 + bgg + C€3.
We define g3 := cé3 = W —a ey —bés. Since (€7, €2, €3) is an orthonormal basis
we have €35 -€1 =0, €;-€; =0 and €3-¢€; = 0. This yields a = @ - €; and
b =1 -¢é5. Hence
§3=’LU— (w~el)el— (Iﬁgg)gg
The vector g3 is orthogonal both to €; and €. But g3 is not a unit vector.To
obtain a unit vector we consider

g= 9
1G5

Therefore the basis (€}, €3, €3) is orthonormal. O

5.3 Lines in Space

In the previous chapter we studied lines in the plane. We pointed out that a line
can be defined by a point A (x4, y4) on which it passes through and a nonzero real
number a. The real number a is called the slop of the line.We specified that when
a = 0 the line is said to be horizontal. When a = £oo the line is called a vertical
line. In the case where a = 00, the line has equation xz = b, for some real number
b.

In this section, we define lines in space. Making a parallel with the previous
chapter, we will define a line by using a point on which the line passes through and
a direction vector. A direction vector should always be taken as a nonzero vector.
For the sake of clarity we proceed by defining a direction vector at first . Secondly
we introduce vector and parametric equations of a line. We end this section by
defining cartesian or symetric equations.

Definition 5.3.1. A direction vector of the line (d) is any nonzero vector i that
is parallel to the line (d).

Example 5.3.2. Below we represent the line (d) and a direction vector @

0 (d)

_—

=



138 CHAPTER 5. INTRODUCTION TO GEOMETRY IN SPACE

Let A (20, Yo, 20) be a point in space and (d) a line which passes through A with
direction the nonzero vector @ (uy , ug , ug). We consider another point M (z, y, 2)

on this line. The vectors & and AM are collinear. This means that we can find a
real number t such that , AM = ti. From the expressions of the vectors

AM = (x—m0)i+y—yo)j+ (z—20)k and T=wuii+usj—+usk,
we deduce that
(x—20)i+ (W —yo)j+(z—20)k=tuyi+tuyj+tusk.
The relation Zﬁ = td leads to the identity 5]\—>4 = O—z>4 + t i, that is equivalent to
OM = OA + tuy 7+ tusj + tus k. (5.3.1)

— v e o — - - -

Now we set 7#(t) := OM = zi+yj+zkand 7o = OA = zgi+yo j+ 20 k. Replacing
in (5.3.1), we obtain

7(t) = 7o + tu. (5.3.2)

— —
Using coordinates of vectors #, OA and OM, one can establish
i+yj4zk=(xo+tu)i+ (yo+tus)j+ (20 +tuz)k (5.3.3)

The identity (5.3.3) is called vectorial equation of the line (d) which passe through
A(zo, yo, z0) with a direction vector 4.

Definition 5.3.3. The vectorial equation of the line (d) that passes through the
point A (xo, Yo, 20) with direction vector @ (uy , us , ug) is given by (5.3.3).

Example 5.3.4. The vectorial equation of the line (d) that passes through the point
A(=1,2,0) with direction vector 7 = 2i — j + 3k is:

F(t) = (=14 28)i+ (2—1t)j+ 3tk.

Exercise 5.3.5. Define the vectorial equation of the line (d) passing through the
point A with direction vector i

1. A(2,4,5) and @ (2,4,5),
2. A(1,2,0) and @(1,0,5),
3. A(5,3,2) and @ (1,4,6).
| Proposition 5.3.6. The vector AB is a direction vector of the line (AB)

Having a look on the identity (5.3.3), we can give the following interpretation
in terms of coordinates: © = xg + tuy, y = yo + tus and z = zg + tug. This leads
to this system

T =x9+tuy,

y=yo+tus, tER (5.3.4)

2 =z + tus,
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Definition 5.3.7. A set of parametric equations for the line (D) that passes
through the point A (xo, yo, 20) with direction vector @ (u, us, us) s given by
(5.3.4)

Example 5.3.8. To define a set parametric equations for the line that passes
through A(1,5,—3) and parallel to the vector U (2,—3,3), we proceed in this way.
We use the definition of a set parametric equations, in order to obtain

r=1+2t
y=5—-3t, teR
z=-3+4+3t

Example 5.3.9. Find a set of parametric equations for the line (AB) that passes
through the points A(1,5,—3) and B(4,—1,6).

To define a set of parametric equations, we need to find a direction vector to the
given line (AB). The vector AB provides a good choice: AB = (3,—6,9). So the

equations are
r =1+ 3k,

y=5-—6k kecR

z=-3+9k

Another set of parametric equations can be defined for the line (AB), if we
consider the point B instead of A

=443t
y=—-1—-6t,teR
z=64+9t

Using any nonzero vector which is parallel to ﬁ we can define other sets of
parametric equations. This allows to make the following remark:

Remark 5.3.10. In the space there are several possible parametrizations of a line.
In other words, a set of parametric equations for a given line are not unique.

Exercise 5.3.11. Define a set of parametric equations for the line that passes
through A and parallel to the vector u

1. A(1,2,0) and @ (5,0,0),
2. A(3,5,0) and i (1,0,2),
3. A(1,5,4) and @ (0,1,0).
Now we consider the line (d) with parametric equations

r=x9+tu, yYy=1yo+tuy and z=zy+ tus.
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Hence the line (d) passes through the point A (zg, yo, 20). We fix the vector
@ (uy, us, us) as a direction vector of (d). Moreover we suppose that the real num-
bers u1, us and uz are non-zero real numbers. Then, one has

T — Xo Y—%Yo Z— %

Uy U us ( )

Identity (5.3.5) is called the cartesian or symmetric equations of the line (d).

Definition 5.3.12. A cartesian equations of the line (d) that passes through the
point A (o, yo, 20) with direction vector @ is given by (5.3.5).

Example 5.3.13. Define a Cartesian equations for the line that passes through
A(3,-2,2) and B(1,3,-1)
One know that the vector

= AB = (1-3)i + (3 — (—2))] + (—1 — 2) = —2( + 5] — 3k

is a direction vector of this line. Then, If we use the point A, we obtain these
symmetric equations
r—3 y+2 z-2
-2 5 =3

Similarly, if we use the point B, we get another set of symetric equations

z—1 y—3 =z+1
-2 5 -3

Exercise 5.3.14. Define a cartesian equations of the line that passes through the
point A and parallel to u

1. A(0,2,0) and @ (1,2,5),
2. A(4,5,10) and @ (1,6,2),
3. A(1,0,4) and @ (9,—1,7).

Proposition 5.3.15. Two lines (d) and (d') are parallel if they have the same
direction and two lines are orthogonal if their directions are orthogonal.

We take two real numbers a and b, one knows that a-b=a x b € R. In section
2 of this chapter, we saw that if @ and ¢ are two vectors the product « - ¥ is a real
number (scalar). Now one may ask what about the expression @ X ¢. Is @ X ¥ a real
number or a vector ? The expression 4 x U is called the cross or vectorial product
of the vectors @ and v. In the following section we introducethe vector product.

5.4 Vectorial Product

This section is devoted to the cross or vectorial product. It is denoted o x v. We
start by giving the definition of the cross product. In a second time we study
properties of the operator x.
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Definition 5.4.1. If 4 and ¥ are two vectors in space we define the cross product
of @ and U denoted i X U as the unique vector which satisfies

1. 4 x ¥ is orthogonal both to the vectors i and U

2. U@ X ¥ has norm
HU x a” = || ] | sin(0)|- (5.4.1)

Notation: In the litterature we can find the following notation of the cross product
of & and ¥
UNT.

Remark 5.4.2. From the definition we remark that

o When the angle 0 = w/2,then

[[a < | = [|a] |v]]-

o When the angle 0 is equal to 0 + km, for some k € Z, we have

U x v =0.

Lemma 5.4.3. Let @ and ¥ be two monzero vectors. Then,

uxv=0 if and only if the vector « and U are collinear.

As a consequence of this lemma, we have for any vector «
UxXud=1ux(—u)=0.

Proof. Indeed, if the vectors « and ¢ are collinear, the angle § = 0 + km, for some
k in Z. Therefore sin(f) = 0. This implies @ x @ = 0.

Conversly we assume @ X ¥ = 0. Since 4 and ¥ are nonzero vectors, we deduce
that sin(¢) = 0. This means that the vector @ and ¢ are collinear. O

Using coordinates of vectors , we obtain the following definition of the vectorial
product:

Definition 5.4.4. The cross product of the vectors @ (u1,us, us) and ¥ (vy,va, vs)
18

i 7k B B ~
UXV = U U uUg| — (UQU3—U3U2)i—(Ulvg—u;ﬂ}l)j—F(Ul’Ug—UQih)k'. (542)
v V2 U3

Let @ and ¢ be two vectors such that (@, ¥) = 0. Then, (¢, @) = —6. Therefore

, 8in(¥, @) = — sin(@, ¥). This implies that

UXT=—UX4uU.
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Since the vector 0 is collinear to any vector one has @ x 0 = 0 x @ = 0.
We can easily establish the distributivity of the cross product with respect to
addition of vectors. Indeed we take three vectors i, ¥ and w in space. We have

i x (T4 1) = (i x 0) + (G x @) and (@+7) x W = (@ x @) + (& x ).

On the other hand if 4, ¥ and @ are three vectors and k a real number then, the
following identities hold

k(i x 0) = (ki) x ¥ = 4 x (kU)

Example 5.4.5. We consider the vectors i (1,3 — 2) and ¥(2,0,1). Then, using
(5.4.2), we obtain

@xT=31—5]—6k and Txid=—ix0=—3i+5)+ 6k.
Exercise 5.4.6. Determine the vector u X U in each of the following case
1. 4(1,3,0) and v (7,0,1),
2. 4(1,3,4) and ¥(0,0,1),
3. 4(3,1,4) and ¥(0, 1, 3).
One can establish without any difficulties the following lemma.

Lemma 5.4.7. For the vectors Z(l, 0,0), j (0,1,0) and E(O, 0, 1) we have

ixj=k jxk=i
Exi=J, jxi=—Fk,
kxj=—i, ixk=—j. (5.4.3)

We will just prove the first property. We fix ;(1, 0, 0) and 3‘(07 1, 0), then
ixj=0=0)i—(0—0)j+(1—0)Fk=Fk.

The vector 4 x ¥ satisfies the following property

| Theorem 5.4.8. The vector @ X U is both orthogonal to the vectors U and .

Proof. We take @ = (u1,us,us) and ¥ = (vy,ve,v3). Using the definition of the
cross product we obtain

U X U= (ugvs — UgV2, Uzl — UTV3, U1V — U1 ).

So we can see that

<y

L_L" (17: X ) = 7.L1(U2’l)3 — Ug’l)g) + ”U,Q(’LLg’Ul — ul’l)g) —+ U3(U1'02 — ’U,Qvl) = 0

In the same way we can establish that ¢ - (@ x ¥) = 0. O
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Example 5.4.9. We consider the vectors that @ (0,—1,1) and ¥ (1,0,—2). Then,
one has

S
X
<y
I
— O .
|
—
—

Example 5.4.10. To define a vector that is orthogonal both to vectors @ (2,—1,3)
and U (1,4, —2), we consider the vector @ X ¥. Consequently, we obtain

k=-107i+7j+9k.

1
4

IS

X

<y

I
=N S

\

—

Exercise 5.4.11. Determine a vector which is both orthogonal to U and ¥/
1. @(1,0,2) and ¥ (—1,1,1),
2. 4(0,0,1) and ¥ (2,5, 3),
3. 4(1,2,0) and @ (—3,6,7).

Let @ and ¥ be two vectors. We denote by 6 the angle between 4 and ¢. We
assume 0 < 6 < 7. Then we can prove the following lemma.

Lemma 5.4.12. The angle 6 between the nonzero vectors U and U is

. ||ﬁ>< 17||
0 = —
) = @

When the real number theta belongs to the interval [—7, 0], we have to take

_laxa|,
1l 1191l

sin(f) =

A simple method to remember how to construct the cross product of « and v is
to use the right-hand rule. It is shown in the following figure

[ﬁx v

Figure 5.1: Right-Hand Rule

When @ and ¥ are nonzero vectors which are not parallel the direction of the
vector 4 X U can be determine as follows: We use the fingers of the right hand so
that the index finger represent the vector «, the middle finger represent the vector
¥ and the thumb point in the direction of the vector 4 x .
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Theorem 5.4.13. Let @ and U be nonzero vectors in the space. Then,

1. The area of the parallelogram that has adjacent sides @ and U is

Area of Parallelogram = ||d x 9.
2. The area of the triangle that has adjacent sides @ and U is

1
Area of triangle = §||ﬁ x .

If we denote by 6 the angle between the vectors @ and ¢ and we use the formula

sin(f) =

In this case we deduce that
[l x o]l = [ [|9]] | sin(6)]

Proof. 1. We consider the parallelogram that has @ and ¢ as adjacent sides. From
the previous chapter we knew that its area is defined by

Area of Parallelogram = ||| ||7]| | sin(8) | = ||@ x o]
2. The proof of 2 is similar to 1. O

As a second application, we use the cross product to compute the distance
between a fixed point to a line.

Let us consider a point A in space and a line (D). We agree that if the point A
belongs to the line (D), then the distance between A and (D) is equal to zero. Now
we assume that the line (D) does not contain the point A and we aim to compute
the distance dist(4, (D)).

To estimate this distance we draw the line (D) perpendicular to (D) and passing
through the point A. We denote by B the intersection point of (D) and (D’). See
figure below

The distance between the point A and the line (D) is equal to the distance AB.

Now we take a point C in (D) which is different to B. The triangle ABC is a
right triangle with hypothenus the segment line [AC]. We set 0 := (6@7 CT>4) In
this case we have AB = AC - sin(f). This means that

1 (T sino| — FACIIBC] |sin@)| _ [[AC x BC|
| AB| = [ AC ||| sin(e)| = e

This proves the following lemma.
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Lemma 5.4.14. If (D) is the line that passes through the point B with direction

vector i, then, the distance between the point A to the line (D) is

148 x 2|

dist(4, (D)) =

Example 5.4.15. To determine the distance between the point A(0,

line
r=1+1

d) < y=-3—-1 teR

z =2t

(5.4.4)

1,—2) to the

we firstly identify a direction vector of (d). A look on the parametric equations,
shows that the vector i (1,—1,2) is a direction vector. The line (d) passes through

the point B(1,—3,0). This implies E (1,—4,2). Hence,

1 2|-
1 2/

ﬁxﬁ:

e
|

1 -1

== S

’1 —4

g
17—

Therefore we obtain

_ AB x @ 36
dist(4, (D)) — | Al ” J% \/> \f

—61i + 3k.

Exercise 5.4.16. Determine the distance between the point A and the line (D)

r=—t

1. A(1,0,—1) and { y=2+1t, teR,
z=1+4+2¢
z=1+3t

2. A(2,1,-3)and ¢ y=2—t, teR.

z=—2t

In the next section we study some particular subspaces. We introduce planes.
We do not pretend to do a full study of planes. But we will just list some important

elementary properties of them.

5.5 Study of Planes in Space

This section is an introduction to planes. Since the topic is vaste we will just
enumerate some properties of planes. Indeed we start by studying normal vectors.
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Applying normal vectors we will be able to define cartesian equations of a plane. We
will give another definition of planes by using direction vectors. To end this section
we establish the formula which gives the distance between a point to a plane.

We recall that a vector 7 is orthogonal to a plane if it is orthogonal to any vector
i, which belongs to this plane.

Definition 5.5.1. Any vector @ which is orthogonal to a plane P is called a
normal vector to this plane.

In this case, when A and B are two points in P, one has 7 - E =0.

One may think that it is complicate to construct normal vectors to a plane. We
reasurre readers that it is easy to get a normal vector.

Indeed if ¥ and ¥ are two vectors, we deduce from theorem 5.4.8 that

4l (ixd) and ¥ L (4 X 7).
This implies the following lemma

Lemma 5.5.2. Let @ and U be two noncollinear vectors in the plane P. Then,
the vector U X U is normal to the plane P.

In this paragraph we establish that one can define the equation of a plane by,
considering a point which belongs to the plane and a normal vector to this plane.

Now we consider a plane P which contains the point A (zo, Yo, z0). We suppose
that the vector 77 (a, b, c) is normal to P. We take another point M (x,y,z) in P

which we assume different to A. Therefore, AM L 7. This involves
—
- AM = 0. (5.5.1)

Identity (5.5.1) is called a wvectorial equation of the plane P.

On the other hand we know that m (x — xo,y — Yo, 2 — 20). Using coordinates
in (5.5.1) one has a(z — o) + b(y — yo) + c(z — 29) = 0. Hence we obtain

ax + by + cz — (axo + byg + czp) = 0.
Setting d = —(axo + byo + czp) the following holds
ar+by+cz+d=0. (5.5.2)
| Definition 5.5.3. The identity (5.5.2) is called a cartesian equation of P.

Example 5.5.4. To determine a cartesian of the plane P which contains the points
A(0,0,1), B(2,0,0), and C(0,3,0) we define a normal vector to P. As we we know

that the vectors AB(2,0,—1) and AC(0,3,—1) are two non collinear vectors in P,

the vector 1@ X @ (3,2,6) is normal to the plane P. Then, the cartesian equation
of P is
3z +2y+62+d=0.

Using the point A(0,0,1) we get

3r+2y+6z2—-6=0.
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Exercise 5.5.5. In each of the following cases determine a cartesian equation to
1. the plane P which contains the points A (1,3,5), B(2,3,5) and C (5,0,1)
2. the plane P which contains the point A (1,0,0) and normal to ni(1,—2,—1).

Let P be a plane with direction vectors @(u1, ua,us) and ¥(vy,va,vs) that con-
tains the point A(xa,ya,24) . We consider another arbitrary point M(x,y,z) in
P. The vector AM is a linear combination of the vectors ¢ and . Then, there are

ooy
k1 and ko in R, such that AM = kyd + kot. This is equivalent to the following
vectorial identity

r—TA (U5} (%4
Yy—ya | =k |u2 | +ka|v2
Z—ZA us U3

which leads to this system

=24+ kius + kyvg,
Y =ya+kiuz +kavz, (5.5.3)

Z:ZA+]€1U3+,Z€2’U3.

‘ Definition 5.5.6. The system (5.5.3) is called parametric equations of the plane
P.

Theorem 5.5.7. If P is the plane with direction vectors 4 and ¥ that contains
A(za,y4a,24), then parametric equations of P are defined by (5.5.3).

Example 5.5.8. To determine parametric equations of the plane P that con-
tains A(1,0, —1) with direction vectors (1, —2,0) and ¥(—1,3,1), we apply (5.5.3).
Hence one obtains

=14k —ko
y = —2k1 + 3ks
z=—1+ ks.

for some real numbers ky and ko.

Exercise 5.5.9. Determine parametric equations of the plane P that contains A
and has direction vectors @ and v

1. A(0,0,-2), i(—2,3,5) and ©#(3,4,1),
2. A(0,—1,0), @(0,0,1) and ©#(2,0,0).

Let (P) be a plane which is normal to the vector 7 (a,b,c). We consider A, a
point which belongs to (P). We take another point B which does not belong to (P).
Now we aim to calculate the distance between the point B and the plane (P). To
do so we assume that the vector AB make an angle 6 with the plane (P). To find
the distance dist(B, (P)) between B and P, we draw the line (d) passes through
the point B and orthogonal to P. We denote by C' the intersection point between
(d) and (P). Thus we can see that the distance between B and (P) is given by the
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norm of the vector B? . This is nothing but the projection of the vector zﬁ on the
vector 7i.
Since the triangle ABC' is right and 0 < 6§ < m,0one has

5] = 8] sintey = BN so@ B <]
7]l 7] o

Theorem 5.5.10. If P is the plane that is normal to . and contains A, then,
the distance between point B and P is defined by (5.5.4).

Example 5.5.11. To determine the distance between B(1,0,3) to the plane P :
3r+2y+6z—6 =0, we have to identify a normal vector to P. From the cartesian
equation of P, we deduce that the vector 7i (3,2,6) is a normal vector. On the other
hand, A(0,0,1) € P. Simple calculations show that

AB(1,0,2) and AB x ii(—4,0,2).
Therefore, the distance between B to the plane P is

d(BP)*HEXﬁHf VIGTd V30
O\l V9+4+36 7

Exercise 5.5.12. Compute the distance between the point B and the plane P
1. B(0,3,2) and3x+2y+2 =0,
2. B(1,-1,1) andb5z+y—+22z =0,
3. B(0,5,0) and z+2 = 0.

Let P be a plane which is normal to the vector n (a,b,c). The plane P has
equation ax + by + cz + d = 0, with some real number d. We consider the point
B (x0,Y0, 20) and we assume that B & P. In order to estimate the distance between
the point B to the plane P, we draw the line (d) orthogonal to P and passes through
the point B. We denote by C (z¢,yc, 2¢) the intersection point between (d) and
P.

The vectors n and C@ are collinear. We suppose they have the same sense.

Therefore
CB-it = |CB -] = | CB]| ||

As we know that the distance between the plane P and the point B is equal to

H@ ||, one deduces from the identity above that

CB - i

dist(B,P) = 7

(5.5.5)
On the other hand we know that @ (o — ¢, Yo — Yo, 20 — z¢). Substituting
in (5.5.5), we obtain

C@ -l = axg + byo + czo — (axc + byc + cz¢) (5.5.6)

Since C' € P, we have d = —(az¢ + byc + cz¢. Gathering (5.5.5) and (5.5.6) we

obtain
+byo + cz0 + d
dist(B, P) = |27 yHOﬂH czo+d, (5.5.7)
n

This leads to the following theorem
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Theorem 5.5.13. The distance between the point B and the plane P which has
cartesian equation ax + by + cz +d = 0 is given by (5.5.7).

Example 5.5.14. To find the distance between the point B (—1,1,0) and the plane
P:x+2z+4+2 =0 we proceed as follows: we define the normal vector it (1,0, 1)
and we apply (5.5.7). Thus we obtain

) —140+2 V2
ane(, 7) = ] 2

Exercise 5.5.15. FEstimate the distance between the point B to the plane P
1. B(0,0,3) and x —2y+2z—1=0,
2. B(2,1,0) and —x+2y+2z+1=0.

We know that in the plane two lines can coincide, intersect. They can also be
parallel. Here we add that two lines are co-planar if they live in the same plane.

Now we consider two lines which are not co-planar. We assume they are not
parallel and they does not intersect. In this case we say they are skew lines.

Definition 5.5.16. Two lines are called skew lines if they satify these three
properties

e they do not belong in the same plane
e they are not parallel

e they do not intersect.

Example 5.5.17. To specify the positions of the following lines

r=4+2t, r=2+s,
(L1) : S y = —5+4t, and (L) : qy=—1+3s,
z=1+3t z=2s

We analyze their parametric equations. Hence, we define the vectors vy (2,4, 3)
and U2 (1,3,2) as respective direction vectors of (L1) and (L2).

We can observe that the vectors vy and Uy are not collinear. Thus the lines (Ly)
and (Ly) are not parallel.

Now we assume that (L1) and (L) intersect. This means that there exist a point
having coordinates which satisfy the following system

442t =2+s,
—5 44t =—1+3s,

1+ 3t=2s



150 CHAPTER 5. INTRODUCTION TO GEOMETRY IN SPACE

Considering the two first equations we obtain s = —8 and t = —5. Substituting in
the third equation we find 1+ 3(—5) = 2(—8). Then, one gets —14 = —16, which is
absurde. Therefore the lines do not intersect. We conclude that the lines (L1) and
(Lo) are skew lines.

In sections 2 and 4 we have defined the dot and the cross product. Now our
purpose is to gather these two operations in a same mathematical expression in this
way : we consider three vectors u, ¥ and @ and we define

@, 5,4 = (@ x ¥) - & (5.5.8)

The identity (5.5.8) is called the mixed product of vectors #, ¢ and @. In the next
section we introduce and study the mixed product.

5.6 Some Properties of the Mixed Product

This section deals with the mixed product. Here we only define this operation and
show how to use it to determine volumes of parallelepipeds.

Definition 5.6.1. The mized product of three vectors u, ¥ and W is defined by

(7,5, = (@ x ¥) - = ||ii x 7| | ]| cos(i x &,). (5.6.1)

Using determinant of matrices we reformulate definition (5.6.1) in this way:

Theorem 5.6.2. If @ (u1, us2, uz), U (v1, v2, v3) and W (w1 , we, ws) are three
vectors, Then their mized product is given by

U1 Ug us
[G,ﬁ,u?] = | U1 V2 V3| . (562)
w; Wz wWs

Remark 5.6.3. We point out that

1. the mixed product is not commutative in other words
(@, v, W] # [0, d,%] # [0,0,d] # [, a,7].
2. the out put ( the result ) of a mized product is a real number.

One may wonder, what is the use of mixed product ? To give an application of
the mixed product we consider three vectors , v, and @ which belong to the same
plane. Since the vectors i, ¥;and W are coplanar, there exist two real numbers «
and S, such that, W = au + S U. Therefore,

@ (4 x ¥) = il - (@ x ) + BT (@ % 7).
Using the fact that the vector 4 x v is orthogonal both to @ and v, we obtain

(i@, ¥, ] = @ - (i x 7) = 0.
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Conversely, if (ﬁ X 17') W = 0, one deduces that W L (u X 17). Since on the other
hand 4 L (11' X 17) and v L (ﬂ' X 17), we conclude that there exist two real numbers
a and B such that

W = av + B.

This means that the vector «, ¢ and W are coplanar. This proves the following
theorem

Theorem 5.6.4. The vector u, U and W are coplanar if and only if

@ (@ x ¥) = 0. (5.6.3)

We remind that the mixed product can be used to compute volumes of some
geometrical objects.

Indeed let ABCDEFGH be a solide with basis the parallelogram ABCD. The
volume of the solide ABCDEFGH is given by the following formula

Volume(ABGDEFGH) = Area(ABCD) x height.

In this particular case we have area of ABCD is Hﬁ X ﬁ” and the height is

—
given by Hﬁ” -] cos(8)|, where theta is the angle between the vectors EA and EK.
Hence, the volume is given by

Volume(ABGDEFGH) = |[AB x AD||||AE| - |cos(9)| = | (4B x AD) - AE).

This leads to the following theorem
Theorem 5.6.5. The volume of the parallelepiped with adjacent sides 7, 7,

and W is
Volume = ‘(7 X 7) . ﬁ’ (5.6.4)

Using coordinates of vectors we can establish the following theorem

Theorem 5.6.6. If @ (u1,us,us), U(vi,ve,v2) and W (wy,ws,ws) are the adja-
cent sides of a parallelepiped, then

Volume = |det |v1 wve 3 (5.6.5)
w1, W2 Ws

Example 5.6.7. To find the volume of the parallelpiped with adjacent sides

-

@(1,0,2), b(—1,1,0) and ¢(2,0,0). We construct the matriz

1 0 2
A=|-1 1 0
2 00
We have det(A) = 2 ’_21 (1)‘ =2 (—2) = —4 Hence, using (5.6.5) we have

Volume = |det(A)| = 4.
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5.7 Exercise Session

The main objective of this section is to give some exercises with their solutions.

Exercise 5.7.1. We consider two vectors @ (uy,us,us) and U (v1,v2,v3). Prove
that if

then, u1vy + ugve + ugvs = 0.

Solution. We consider the vectors u (u1 , U2, u;;) and U (v1 , Vg, vg), then,

2
= = 2 2 2 2 2 2
u+vH :ulJrvl+u2+v2+u3+v3+2(u1v1 +uQv2+U3v3),

2
- = 2 2 2 2 2 2
u—vH :ul—l—vl+u2+v2+u3+v3—2(u1v1 +u2v2+u3v3).

Since Hﬂ'—l— 17H = Hﬂ’— 17” we obtain

2
U — UH = 4(u1v1 + ugvo + u3v3) =0

Consequently we have
U1V + usvy + ugvg = 0.

Exercise 5.7.2. Let d, b and & be three vector, such that,

a

“s i1 e -

We assume that the vectors a, b and & satisfy the property
i+b+é=0.

Prove that
= —13.

ST

a-b+b-é+é-
Solution. We consider the vectors d, b and ¢, such that Hd’H =3, 5” =1,
and

A=

o
Il
=

a+b+
Then, we have
@+ b+ =|a|*+ 6] +||a|* +2(@@-b+5-c+¢é-a)
=9+1+16+2(@-b+b-¢+¢ @) = 0.

This implies that
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Exercise 5.7.3. In each case determine the vectorial equation and a set of para-
metric equations for the line (d) that is parallel to @ and contains the point A

1. A(-1,0,2) and @ (1,5,4)
2. A(=3,-1,2) and @ (2,5, 1)
3. A(1,-2,6) and @ (3,5, —11)

Solution. 1. We consider the point A (=1, 0, 2) and the vector @ = i+5j—4 k.
In this case the vectorial equation of the line passing through the point A with
direction vector U is :

F(t) = OA 4 til = —i+ 2k +1 (i + 57 — 4F)
=(—1+t)i+5tj+(2-4t)k
for some real number t.

A set of parametric equations of this line is given by

T =—-1+41,
y=0+5t , teR
z=2—14t.

2. For the line_’(d) t_{zat passes through the point A (3, —1,2) with direction
vector =21+ 55 — k, we have
F(t) = OA 4t = 37—+ 2F+1 (27 +57 — k)
=(B+2t)i+(-1+58)j+(2-t)k
for some t € R.

A set of parametric equations of this line is defined by this system

r=3+4+2k
y=—-1+5k , keR
z=2—k.

3. Let (d) be the line that contains A (1, —2, 6) with a direction vector U =
3i+5j—11k. Then,

A(t) = OA+ti=7—27+6k+t(37+5]—11F)
=(1+3t)i+ (-2+5t)j+ (6-11t)k
where t € R.

A parametric equation of the line passing through A with direction U is

xr=1+4+3¢,
y=—-2+50, {eR

z=06—11/.
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Exercise 5.7.4. We consider the line (A) with vectorial equation
F(t)=2i+3j+k+t(—37+j+k).
Determine the coordinates of the point on the line that is the closest to the origine.

Solution. We consider the point O (0, 0, 0). We can observe that the point
A (2,3, 1) is a point of the line;
Then @i (2,3, 1). The vector @ (=3, 1, 1) is a direction vector of this line.
On the other hand we know that the distance between O and the line (A) is
defined by the formula
—
|04 < a
d = — 7o
]

Straightforward computations show that

=2i—5j+11k.

— =3y

i

—
OAxu=1|2 3
1

Hence, we conclude that

g VA+25+121 V150 s 6
VI+1+1 V11 11

Exercise 5.7.5. Determine the cross (vectorial) product of the following vectors

1. @(4,9,1) and b (—3,—2,5)

2. @(1,-5,—1) and b (2, —3,3)
3. @(2,3,0) and b (0,3,2)
4. @(3,0,0) and b (0,0,2)
5. @(1,1,0) and b (1,—1,0)
Solution. 1. We consider the vectors (4,9, 1) and 5(—37 —2,5),then
axb=|1 9 ]f = ’_92 é Z—’_43 é j’+‘_43 _92 k=477-237+19k
-3 -2 5

<
Bt

3. For the vectors @(2,3,0) and b (0, 3, 2), we obtain

B A
ixb=|2 3 0|=6i—4j+6k.
0 3 2
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4. We take the vectors @ (3,0, 0) and 5(0, 0, 2). Therefore, we get

= 6.

ST

X

S

I
O W =
O Oy
N O T

5. We consider the vectors @ (1, 1, 0) and 5(1, —1,0). One gets,
e

axb=11

1

Exercise 5.7.6. Find a unit vector that is orthogonal both to
@=—-2+4j+2k and ¥=3i+2j— 3k.

Solution. Let @ (—2,4,2) and ¥ (3, 2, —=3) be two vectors. We know that the
vector @ X U is orthogonal both to @ and . Hence,

ik L
Uxv=|-2 4 2|=-16(i+k)
3 2 -3

is orthogonal to U and U. To obtain a unit vector that has the same direction as
U X U we define

IS

oy
I

= —16(7 +k V2
Lt 5D

Exercise 5.7.7. Determine a cartesian equation to the plane & that is normal to
7i (—1;2;3) and contains the point M (1;2;0).

Solution. Since the vectors 7t (—1, 2, 3) is normal to the plane &, a cartesian
equation of this plane can be defined by

—x+2y+324+d=0

Since M (1, 2, 0) is in the plane 2, then the coordinates of M are solution of the
equation above. Therefore

—-14+44+04+d=0=d=-3
Finally we obtain the equation

—r+2y+32—-3=0.
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5.8 Problems

Problem 5.8.1. Define the scalar product of the following vectors
1. (3,2, -5) and ¥ (10, 1, 2)
T (2,1,5) and ¥ (7, -9, —1)
7 (2,-1,1) and ¥ (0, -1, 1)
(1,2,3) and ¥ (0,2, 1)

— —
Problem 5.8.2. We consider the vectors @ and b such that ||E>|| =3 and || b || =
5. Determine the value of the real number o such that

(@ +a7) L (7-a?).

Problem 5.8.3. Let U (2, 3, —1) and 0 (1, -2, 3) be two vectors in space. We
consider a vector @ which satisfies the following conditions

e 7 LW
o WU =—
Determine the coordinates of .

Problem 5.8.4. Let A (1, 2, 3), B (— 3,2, 4) and C (1, —4, 3) be the vertices
of the triangle ABC.

1. Show that this triangle is right.
2. Find its area.

Problem 5.8.5. Simplify the following expressions
( E) —7x (ZH%') +F x (Z+}'+/§),

2. ( ) (6+5+E)x5+<578)><6,
3. (2a‘+5) x (- @)+ (5+5) X (a’+5).

Problem 5.8.6. Determine the area of the triangle ABC

Nl

1

Q

1. A(1,1,1), B(2,3,4) and C (4, 3, 2),
2. A(1,2,3),B(3,2,1) and C (1, -1, 1).

Problem 5.8.7. Determine the area of the parallelogram which has adjacent sides
the vectors © and U

1. W =2i+3j+5k, and ¥ =i +2j +Fk,
2. 7254—5’, and?z—?ﬁ'—i—lg.
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Problem 5.8.8. Let @ (3, —1,2) and ¥ (1,0, 2) be two vectors. We define the
vector .
W = i + 37 + BE.

Determine o and B such that W be collinear to @ X .

Problem 5.8.9. Say whether the following vectors are coplanar

~

a(1,1,1),7(-2,3,-2) and W (3, -2, 3),
2.d(2,-1,3),b(1,2,=3) and (1, 3, —2),
3. 1 (1,5,2),ds (1,1, —-1) and u3 (1,1, 1),
4. 4(2,-1,0),7(0,2,-1) and @ (-1, 0, 2),
5 4(1,0,1),v(-1,-1,0) and & (0, —1, —1).

Problem 5.8.10. Say whether the following points are coplanar
1. A(1,0,1), B(2,1,-2),C(1,2,0) and D (1,1, —1),
2. A(1,2,-1),B(0,1,5),C(-1,2,1)and D (2,1, 3).

Problem 5.8.11. Determine the volume of the pyramid that has triangular basis
with vertices

1. A(1,1,1),B(3,2,1),C(5,3,2) and D (3,4, 5)
2. A(2,0,0),B(0,3,0),C(0,0,6) and D (2,3, 8)

Problem 5.8.12. Determine a cartesian equation of the plane that passes through
the point A (1,1,2) and parallel to the plane

P :x—-3y+2z24+1=0.

Problem 5.8.13. We define the plane &2 . x —y+ z+ 1 = 0 which is tangent to
a sphere . with center A (1 , —1, 3).

1. Determine the radius of the sphere ..

2. Define parametric equations of the line A that passes through the point A and
orthogonal to &.

3. Deduce from 1. and 2. the coordinates of the intersection point of the sphere
< and Z.

Problem 5.8.14. Let ABCDEFGH be a cube of edge 1. We consider the orthonor-

mal frame (A; zﬁ; zﬁ; ﬁ)

1. Establish that the triangle BDE is equilateral.
2. Let I be the center of gravity of the triangle BDE

a. Determine the coordinates of the point I

b. Show that )
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c. What can you deduce from 2. for the points A, I and G?
3. Prove that I is the orthogonal projection of A in the plane (BDE).

Problem 5.8.15. In the space we consider three points A (2, 1, 3), B (—3 , —1, 7)
and C (3,2, 4).

1. Prove that the vectors E and 1@ are not collinear. We donote by (ABC’)
the plane generated by these two vectors.

2. Let (d) be the line with parametric equations
r=2t-7
y = —3t, teR
z=t+4

a. Establish that the line (d) is orthogonal to the plane (ABC).
b. Find a cartesian equation to the plane (ABC).

3. Let H be the intersection point of the line (d) and the plane (ABC).

SHA+HB —2HC =0,

b. Determine the set of all points M such that

(-20A -~ 118+ ¢ . (W8 - 3¢ =0

a. Prove that

c. Determine the set of all points M such that,
|-27MA - MB + 20C| = v29.

Problem 5.8.16. Let & be a plane with cartesian equation
2r4+y—22z4+4=0.
We consider the points A (3, 2, 6), B (1, 2, 4) and C (47 -2, 5)
1. Prove that the points A, B and C define a plane.
Show that this plane is identic to &.
Establish that the triangle ABC is right.

RS

Define parametric equations of the line A that passes through the point O and
perpendicular to .

Problem 5.8.17. Let A (3, 0, 6) and 1 (O, 0, 6) be two points and (D) the line
that passes through A and I. We consider the planes

P:2x+2—6=0 and 2:y—2z+12=0.
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1. Prove that the planes & and 2 are perpendicular.

2. Establish that the line (D) is the intersection of & and 2.

Problem 5.8.18. Let & :x+2y—z2z+1=0and &' —xz+y+ 2z =0 be two
planes. We consider the point A (0, 1, 1).

1. Prove that 22 and &' are perpendicular.

2. Let d be the line with parametric equations

. 1
r=t— ¢

3

1 teR
y=-3

z=1

Establish that the intersection of 22 and 2’ is given by d

3. Determine the distance between the point A and the planes &2 and '.

4. Deduce from this that the point A belongs to the line d.
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To determine coordinates of a geometric object in the plane or in space, we
need a coordinate system. In the two preceding chapters we only use the carte-
sian coordinate system. In some problem this latter is not adapted. We will see
that sometimes we need an adequate coordinate system in order to simplify the
calculations.

The main purpose of this chapter is to describe some of such coordinate systems.
Indeed considering the good coordinate system can help us to simplify the expression

161
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of the coordinates. To explain that quickly, we consider a point A in the plane which
is turning around a fixed point B.To follow the trajectory of the movement of the
point A it is better to locate the point A by the angle 6, (6 is the angle between the
vector B.1)4 and the x-axis) and r = HB.ZlH In this case we represent the coordinates
of the point A by the ordered pair (r,6). This representation is called the polar
coordinates of A.

In this chapter we will define some coordinate systems and study the relations
that can exist between them.

In the first part we study different coordinate systems in the plane. In part 2
we introduce coordinate systems in the space. In the last part we investigate circles
and the spheres.

6.1 Cartesian Coordinate Systems in the plane

We agree that readers are more familar with the cartesian coordinate systems. The
aim of this part is to introduce the polar coordinate system after few reminders on
cartesian systems. The cartesian coordinate system is somtimes called rectangular
coordinates. To define this system in the plane we consider a point fixed point O
and a basis (€1, €3). The ordered triple (O, €1, €>) is called a frame. The point O is
called the origin of the frame. We assume that the point O has coordinates (0,0)
in this frame. If A is a point in the plane, there are two real numbers z4 and y4,
such that,
a:$A€1+yA€2.

Definition 6.1.1. The ordered triple(O,é’l,é’g), where O is a fized and (€1, )
a basis of the plane is called a cartesian coordinate system of the plane.

We emphasize that to determine the coordinates of points in the plane we should
define a frame. To do that , we take a fixed point as an origin. ( In most cases we
will consider the point O as an origin). We draw a horizontal line and a vertical
line passing through O and which are perpendicular. These two lines are called
the coordinate axes of the frame They are labeled: x-axis (horizontal) and y-axis
(vertical).

y — axis

O X — axis

Now we take a point A in the plane. To determine the coordinates of the pont
A we draw a vertical line that pass through A. We denote by x4 the intersection
of this vertical line and the x-axis. We draw again a horizontal line which passes
through the point A and we denote y4 its intersection with the y-axis. The ordered
couple (z4,ya) is called the coordinates of the point A in the cartesian system
(O, €1,€5). We specify that the expression A (x4,y4) is equivalent to

TA o o
x = =xp€1 + €s.
( AayA) <yA> A€1 T YA€
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Yy — axis
YA A (:CA ) yA)
25}
O e rA T — axis

Throughout this chapter frame and coordinate system have the same meaning. Let
P be a point in the plane with coordinates (xp,yp) in the frame (O, €;,é5). We
remark that if we change either the origin of the frame or the basis of the frame,
the coordinates of P should change. In the next subsection we investigate how the
change of origin can affect the coordinates of the points and then vectors.

6.1.1 Change of the Origin of a System

We consider the cartesian coordinate system (O, €1, ) and a point A with coor-
dinates (2 4,y4) in the system (O, €1, €2). We decide to define the frame (A4, €1, €2)
which has origin A and the same basis as the previous frame. Since A is the origin
of the system (A, €1, &), then A has coordinates (0,0) in this system.

Let M be a point in the plane which has coordinates (x, y) in the frame (O, €}, €3)
We suppose that the coordinates of M in the frame (A, €7, ;) are (X,Y). We aim
now to fine the expressions of X and Y. To do that we use Chasles relation for

— — . i
the vector OA. Indeed one has OM = OA + AM. We specify that in the system
(O, €1, &) the vector OM has coordinates (z,y) and the coordinates of the vector
OA are (x4,ya). If we restrict our selves in the system (A, é1,€5) we see that the
vector AM has coordinates (X,Y") and the vector O—1>4 has coordinates (—a:A , —YA).

M
é:
YA A A—
€1
€2
O| & A

Therefore one deduces that
1’€1 +y€2 = (xAgl +yA€2) +X€1 +Y€2)

This is equivalent to write = x4 + X and y = ya + Y. The preceding identities
lead to this linear system
X=xz—x4p
(6.1.1)
Y =y—-ya.

This proves the following result
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Theorem 6.1.2. Let (O, €1, €3) and (A, €1,8€) be two cartesian systems in the
plane, such that, A(xa,ya) in (O,€1,€2). We assume that M has coordinates
(x,y) in (O, €1, 8). Then, the coordinates of M in (A, €1, ) are given by (6.1.1).

Instead of changing the origin, we can decide to keep the same origin for the
two systems and change the bases in this way : let M be a point in the plane, we
want to find the coordinates of M in the system (O, €7, &) as well as in the system
(O7 fi, fé), where ( fi, fé) is another basis in the plane. In the next subsection we
will study the effects of these changes on the coordinates of M.

6.1.2 Change of the Basis of a System

Take two coordinate systems with the same origin O (O, 1, €>) and (O, fi, fg) Here
the ordered pairs (€1, €2) and (fl, fg) stand for bases in the plane. There are four
rgal numbers a, b, ¢ and d, such that, « = ad — bc # 0 and fi =ae; +bey and
foa=cél +dés. If M is a point in the plane with coordinates(z,y) in the system
(0,€1,€) and (X,Y) in the system (O, fi,f;), then we obtain

— - N
OM:xé’l +y€2:Xf1+Yf2

Our main purpose is to determine the expressions of X and Y. So replacing fi
and fo by their expressions,on has OM = X (a &) +béy)+Y (cé1+dés). This leads
to the identity zé; + yéa = (a X +cY)é1 + (b X + dY) é;. This provides

r=aX+cY
(6.1.2)
y=0X+dY.

Multiplying by d the first equation of the system (6.1.2) and by ¢ the second equa-
tion, one gets dxr — cy = aX, where we recall that a = ad — be.

Now, we multiply the first equation of the system (6.1.2) by b and the second
equation by a. This involves, —bzx + ay = aY. Therefore, we obtain

X = a‘l(dx—cy)
(6.1.3)
Y:ofl(—bx—i—ay).

Theorem 6.1.3. Let (O,¢é1,€2) and (O,fi, fg) be two coordinate systems, such
that, fi = a€y + béy and fé = c€1 + déy with four real numbers a, b, ¢ and d
which satisfy « = ad — be # 0. We assume that M has coordinates (x,y) in the

system (O, €1, €2). Then, the coordinates of M in the system (O, f_i, fé) are given
by (6.1.3).

Another way to simplify calculations in geometry is to change the coordinate
system in which we represent the object. Let (O, &4, €5) be a cartesian system. We
consider the point A in the plane. Instead of considering the cartisian coordinates
of A, we decide to locate A by the ordered couple (r,8). The positive real number

—
’OAH is the distance between O the origin and the point A. The real number

0 1fepreseﬂ> the angle that makes the vector (ﬁ with the x-axis. In other words
0= (é’l, OA)

r =
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The coordinate system (r,6) is called a polar coordinate system.

6.2 Polar Coordinate System

In this section we define polar coordinate systems and study their eventual relations
with the cartesian coordinate system.

Definition 6.2.1. A polar coordinate system is an ordered couple of real numbers
(r,0), such that, r > 0.

According to this definition it becomes clear that a polar coordinate system
consist of giving onself a fixed point O, called the pole (or origin), a horizontal line
passing through the pole (called polar axis) and an angle 6. See figure below.

0] polar-axis

6.2.1 Conversion From Polar to Cartesian Coordinates

For the sake of simplicity, throughout this chapter, we fix O as the pole of all polar
coordinate system which will be considered. Let us consider the following cartesian

—
coordinate system (O, €1, &) and a point A (xa,ya). We denote 6§ = (é’l, OA) and
—
r= HOAH As represented below

YA
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The polar coordinates of A are defined by A (r,0). Now we draw the vertical
line that passes through the the point A. The intersection of that line with the
x-axis is the point (z4,0). On the other hand (0, y4) is the intersection point of the
horizontal line which passes through A and the y-axis. We observe that the triangle
which has vertices the point (z4,y4), (z4,0) and (0, 0) is right with hypothenus
the segment line [OA]. This involves 24 = rcos(f) and y4 = rsin(6). Hence, this
holds the following lemma:

Lemma 6.2.2. The cartesian coordinates of the point A which has polar coordi-
nates (r,0) are
x =r cos(f)
(6.2.1)
y = r sin(6).

Example 6.2.3. To define cartesian coordinates of the point A whose polar coor-

s

dinates are (r,0) = (47 %"), we point out that, here r = 4 and 0 = —%- Using
(6.2.1), we obtain

x:4cos<_?ﬂ):4-%:2 and y:4sin<%ﬁ>:4~_7\/§:—2\/§~

Thus we write A (2, —2v/3).

Exercise 6.2.4. Find the catesian coordinates of the following points

1. A<2, _TW)

2. B<3,g),

3. 0(5,?%),

-
D (17 —)
4 6
—2m
5 E (4, —)
3
Now take two different polar coordinate (r,0) and (r,6 + 2m). The cartesian
coordinates associated to these couples are

(rcos(6),rsin(d)) and (rcos(d + 2m),rsin(f + 27)).

The functions cos and sin are 27-periodic functions. Consequently, (r, ) and (r, 0+
27) represent the same point.

Lemma 6.2.5. For every integer k the couples (r,0) and (r,0 + 2k7) represent
the same point in the plane.

Remark 6.2.6. The most important fact that emphasize the lemma above, is the
non-uniqueness of polar coordinates for any given point.
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From now on we mean by the expression A (r,6), the point A which has polar
coordinates (r,0).

Example 6.2.7. The following polar coordinates (\/g, —77/3), (\/5, 571'/3), and
(\/g, 117r/3> represent the same point.

‘ Lemma 6.2.8. The point A (r,0) and A'(r, —0) are symetric with respect to the
ZT-axis

A

A/

Proof. Take the point A (r,0). The associated cartesian coordinates of this point
are (rcos(f),rsin(f)). On the other hand we know that the cartesian coordinates
of the point A’ (r, —0) are (r cos(), —rsin(f)). As we can observe it

Ta=x4 and yar = —ya.
This proves the lemma. O

Lemma 6.2.9. The points A (r,0) and A’ (r,m — 0) are symetric with respect to
the y-axis.

Proof. Let A(r,0) and A’ (r,m — 6) be two points in the plane. Then, the points A
and A’ have respectively cartesian coordinates

(xa =7rcos(f),ys = rsin(d)) and (x4 = —rcos(f),ya = rsin(h)).

This illustrates that x4+ = —x4 and ya = ya. Hence the points A and A’ are
symetric with respect to the y-axis. O

Lemma 6.2.10. We consider the points A and A’ with respective polar coordi-
nates (r,0) and (r,m+0). Then A and A’ are symetric with respect to the origin
0.

Proof. Take A (r,0) and A’ (r, 7+8). Therefore we have x 4» = —x4 and yar = —ya.
Because cos(m + 0) = — cos(f) and sin(w + 6) = —sin(). This proves that A and
A’ are symetric with respect to the origin O. O

When, two angles 6 and ¢’ satisfy the identity 8 4+ 6’ = 7/2, then, one has

cos(f') =sin(f) ant sin(0") = cos(6).
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Particularly if 8’ = w/2—0, we obtain cos(n/2—6) = sin(0) and sin(w/2—0) = cos(9).
At this stage one may ask what kind of geometrical relation could exist between
the points
(cos(m/2 — 0),sin(w/2 —0)) and (cos(f),sin(6)).

To answer this question we introduce the definition of the first bisector.

Definition 6.2.11. We call first bisector the line that has cartesian equation

Y=z

It is well known that Two points A (z,y) and A’(z’,y’) are symetric with respect
to the first bisector if and only if

=y and ¢ =ux.
This leads to this theorem.

Theorem 6.2.12. If 6 € [0,7/2], then, the points A (r,0) and A (r,7w/2—0) are
symetric with respect to the first bisector.

Proof. We consider the points A (r,0) and A’ (r, 7/2—0). The cartesian coordinates
associated respectively to A and A’ are

A(rcos(0),rsin(f)) and A’(rsin(6),r cos(9)).

This completes the proof. O

6.2.2 Conversion From Cartesian to Polar

By abuse of notations, in this section we will identify an angle with its measure. We
remind that if we define an angle ¢ in R, then, this angle ¢ has a representative 6 in
the interval | — 7, 7[. The measure 6 is called the principal measure of the angle ¢.
For the sake of clarity and in order to make the methodology easy to understand,
we may only consider angles in | — 7, 7.

Now take a point A with cartesian coordinates (z4,y4). We aim to determine
the polar coordinates of A. As r = H(TKH, we obtain 7 = \/z% + y%. On the other
hand, we have cos(0) = x4 /r and sin(f) = ya/r. To find the value of 6 one can use
as he pleased one of the following functions arctan, arccos or arcsin .

Lemma 6.2.13. For any point A(xa,ya) in the plane, the polar coordinates of

A are
r=y/z?+y?,
0,

where 0 is the angle such that

cos (6) = % und sin () =

Y
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Example 6.2.14. To find the polar coordinates of A (—1,—+/3), we proceed as
follows: We compute 72> = 1+ 3 = 4. Therefore r = 2. On the other hand we have

cos(f) = _71 and sin(f) = _T\/g

Then 0 = %, (4w /3). Hence, the polar coordinates of A are given by

Exercise 6.2.15. Determine the polar coordinates of the following points

1. A(1,—/3),

2. B(~1,-1),
3. C(—1,v3),
4. D(V3,-1),

5. E(V2,V2).

From the previous chapters, we knew that in the three dimensional espace three
real numbers are necessary to locate a point. Hence a cartesian coordinate system
in the space is defined by (Oj, f, E), where 7 is a unit vector of the X-axis, jis a
unit vector of the y-axis and k is a unit vector of the z-axis. In the cartesian system
a point P can be represented by an ordred triple (z,y, 2).

Ly

* Plx,y,1)

Our goal now is to to show how to represent a point in a cylindrical coordinate
system and spherical coordinate system.

6.3 Cylindrical Coordinate System

As we reminded it in the preceeding discussion three coordinates are required to
represent a point in space. We define a cylindrical coordinate system in this way

Definition 6.3.1. A cylindrical coordinate system is defined by the ordered triple
(p,@,h), where

° (p7 9) s a polar coordinate systm of the plane xOy

e h is a real number.
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Notation: The point A which has cylindrical coordinates (,0, 0, h) is denoted
A (p, 0, h).

Example 6.3.2. For instance we consider the point A (\/5, 3 —1) and B (3, 2).

6.3.1 From Cylindrical to Cartesian coordinate System

-

Let M be a point and consider the following cartesian coordinate system (O, Z, f, k)

—
We define the vector OM. Since (O, p, ) is a polar system of the plane Oy, we
have z = pcos(f) and y = psin(f). As we fix z = h, we deduce the following

representation of the vector the vector OM:
— = N =
OM = p cos(0) i+ psin(6) j+ hk. (6.3.1)

On the other hand, we know that in cartesian coordinate system (O,fl,f, E), we
have

— . 5 .

OM =zi+yj+ zk (6.3.2)
Identifying (6.3.1) and (6.3.2) we deduce the relations between cartesian coordinates
of M and the cylindrical coordinates

Lemma 6.3.3. Let A (p,0,h) be a point. Then, the cartesian coordinates of A
are
x = pcos(h)
y = psin(0) (6.3.3)
z=h.

To show an application of this lemma we consider the following example.

Example 6.3.4. To find the cartesian coordinates of A (\/5, %,4), we apply the

lemma to obtain

T = \/5008<E> =

1
3 2
w3
= VBsin(3) =
z =4.
Exercise 6.3.5. Define the cartesian coordinates of the following points
T
1. A (1, f,—3),
2
2. B(1,0,4),
-7
3. C (3, - 1),
4
4' D (2a -, 5) )
5 E (4,%,-1).

Given a point A with cartesian coordinates (x,y, z), One may wonder, if we can
determine the cylindrical coordinates of the point A.
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6.3.2 From Cartesian to Cylindrical Coordinate System

Let M (z,y,z) be a point in space. We want now to determine its cylindrical
coordinates. This means that we have to find (p, 8, k), such that, the system (p, )
be a polar system for the plane xOy. To this end we proceed as follows:

Step 1: we define h := z.

Step 2: since (r, ) is a polar system of the plane xOy, we have
p =ty

cos(f) =
(6.3.4)

DI o8

sin(f) =

h=z
| Lemma 6.3.6. The cylindrical coordinates of M (x, y, z) are defined by (6.3.4).

Example 6.3.7. To Determine the cylindrical coordinates of the point A (v/3,1,2),
we start by fixzing h = 2 and we compute p = /3 + 1 = 2. Then, it follows that

cos(f) = @ and sin() = - From this we deduce that = %- Hence we have

A(2,7.2).

Exercise 6.3.8. Determine the cylindrical coordinates of the following points.
1. A(-1,1,3),
2. B(1,—V/3,6),
3. C(0,-1,5),
4. D(=1,-1,4),
5. E(V3,1,1).

In the three dimensional space we can define another coordinate system called
the spherical coordinate system.

6.4 Spherical Coordinate System

This section is devoted to the spherical coordinate system. First we define spherical
coordinates. Secondly we study the relation between spherical coordinate systems
and previous coordinate systems we have studied.

We consider the frame (O, @y, @, @, ), where i, @, and @, are respectively the
unit vectors of the axes x — axis, y — azis and z — axis. We denote by xOy the
horizontal plane, defined by the vectors u, and u,. Let M (z,y, z) be a point. We
denote by P its orthogonal projection in the horizontal plane xOy.
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We define

—
e 7= ||OM|| the distance between the points O and M

— —
e 0= (a’z, OM ), as the angle between i, and the vectors OM. This angle is

always supposed to belong to the interval [0, 7].

o = (ﬁw, O?), is the angle between the vectors u, and O? The angle ¢ is
in [0, 27].

To catch the real meaning of the name spherical coordinates, we figure out that the
point M is moving on the sphere of center O and radious r. This is illustrated in
the figure above. The point M can be located by the ordered triple (r, 0, gp).

Definition 6.4.1. The spherical coordinates of the point M are (r, 0, gp).

Example 6.4.2. As examples we consider the points

-7 T ™ T
7) and B (3, Z, 5)

A(l’?’6

6.4.1 From Spherical To Cartesian Coordinates

Take a point M with spherical coordinates (r, 6, ¢). We aim now to determine its
cartesian coordinates. To this end we use again the figure above and we denote
by H the orthogonal projection of M on the z-axis. Using the angle 6 one has
z=OH = rcos(f) and HM = rsin(0).

The quadrilateral OPM H is a rectangle. This implies that

OP = OH = rsin(0). (6.4.1)
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See figure above. Since P is the orthogonal prejection of M in the plane zOy, then,
M and P share these properties x = x, = 3 and y = yp = Y.
On the other hand we know that

x = OP cos(p)
y = OPsin(p).
Substituting OP by its expression we obtain
x = rsin(f) cos(y)
y = r sin(6) sin(p) (6.4.2)
z = rcos(f).
| Lemma 6.4.3. The cartesian coordinates of A (r,0,¢) are given by (6.4.2).

Example 6.4.4. To find the cartesian coordinates of the point A (37 & %) we Aap-
ply the lemma above. One deduces that the cartesian coordinates of A are defined

by
szsin(%)-C%(%)zS-é@z%

y:3sin(g).sm(g):3% V3 _ 3v2
— (r) _92V3 _ 33
2—3005<§)_37_?.

Example 6.4.5. To determine the cartesian coordinates of the point B (\/5, z 5—”)
we write

xzx/isin(g)mos(%”):\/iﬂég-(*T\/g):*iﬁ

yzﬂsin(%)sin(%”):\/ﬁ%.%:@

z:\/icos<§):\/§%:§.

Exercise 6.4.6. Define the cartesian coordinates of the following points
1. A (1,0, g)
2 B(25.%),

4 D(43.7),
5. E(1,0,0).

Sl

)

INE

3. C (5,

One may ask if the converse operation is possible. In other words is it possible
to define the spherical coordinate of a point or a vector from the cartesian one.
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6.4.2 From Cartesian To Spherical Coordinates

Take the point M (z,y, z). We aim to define the sperical coordinates (r, 6, ¢) of M
from the cartesian coordinates of M. As we know that r = HOM H is the distance

between O and M one has r = (/22 + 32 + 22. A glance on the previous figure
allows to observe that

cos(f) = ;, cos(p) = % and sin(p) = %

where p = y/x2 + y2. This involves
z
6 = arccos (f) (6.4.3)
r
To find ¢ we can use the functions arccos or arcsin.
Theorem 6.4.7. The spherical coordinates of A (x,y,z) are defined by
r= /2% 4+ y2 + 22
0 = arccos (f)

@ such that,

1y

cos(p) = T

Y

and sin(p) =

Example 6.4.8. We consider the point A (1, —1,v/2). Then, we have

2
r=+vV14+1+2=2 and Hzarccos(g):w/él.

Because the angle 0 belongs to [0, 7).
On the other hand, we have

p=V2, cos(p)= ? and sin(p) = _T\/E

N — ™
Hence, we obtain ¢ = —7-
m -7

We conclude that the spherical coordinates of A are (2, T T)'

Exercise 6.4.9. Define the spherical coordinates of the following points
1. A(—V2,V2,-1),
2. B(~1,1,V2),
3. C(1,v3,V3),
4. D(—/3,1,-1).
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6.4.3 From Spherical To Cylindrical Coordinates

Our purpose now is to show the way to convert spherical coordinates to cylindrical
one. This means that we have to define p, the angle of a polar system for the
horizontal plane and h. Indeed let A (1,6, ¢) be a point. Since z = r cos(#), we have
h = z = rcos(f). The angle of the cylindrical system is given by . It remains now
to determine p. To this end, we remind that 72 = p? + 22 = p? + r2? cos?(0). This
involves

p* =12 —r?cos’(0) = r?(1 — cos*(9)) = r?sin*(f).

Therefore p = r|sin(f)| = rsin(f), because § € [0, 7]. This leads to the following
theorem

Theorem 6.4.10. The cylindrical coordinates of the point A (r,0, ) are defined

by
(rsin(6), , 7 cos(f)) (6.4.4)

Example 6.4.11. To determine the cylindrical coordinates of A (3, ET %), we pro-
ceed as follows: we define

,0:7‘8111<§>=3-§=¥ and h:rcos(g)z&f:f-

3\/515).
1672

Consequently the cylindrical coordinates of A are ( .

Exercise 6.4.12. Determine the cylindrical coordinates of the following points
1. A(l,7/6,7/5),
2. B(V2,7/4,m/12),
3. C(V5,m,7/3),

4. D(1,—m/4,7/4).

6.4.4 From Cylindrical To Spherical Coordinates

Here we define the method to transform cylindrical coordinates to spherical ones.
In other words, if A is given with cylindrical coordinates (p, ¢, h), how to define its
spherical coordinates (r, 6, ") ? To answer this question we just need to set

h
r2=p>+h? ¢ =¢ and 6= arccos () .
,
Theorem 6.4.13. The spherical coordinates of A (p, ©, h) are given by

(6.4.5)

h
VP +h2, —— ),
< P arccos( p2—|—h2) <p>
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Example 6.4.14. To determine the spherical coordinates of A(v/2,7/6,v/2), we
define

r=+\pPP+h2=v2+2=2, 922&0005(%) =n/4 and ¢ =p=m/6.
Therefore, we have A (2,7/4,7/6).
Exercise 6.4.15. Determine the spherical coordinates of the following points
1. A(1,7r/2,1),
B(V3,7/6,1),
C(V2,7/5,-V2),
D (1,7, —1).

6.5 Circles and Spheres

This section is devoted to circles and spheres. In reality we define equations of
circles and spheres in the different coordinate systems studied before.

6.5.1 Equations of Circles

Let A, B and C be three points in the plane, such that, AB = AC, then the points
B and C belong to the circle with center A and radius R = AB. If M (z,y) is
another point of this circle which is different to B and C, we have AM = R. That
is, \/(r —24)2+ (y — ya)? = R. This yields

(x*xA)er(y*yAy:I2*2$IA+I,24+y2—2yyA+y?4:RQ.

Setting ¢ = 2% + y%, we have 22 —2x x4 +y?> — 2yya + ¢ = R%2. We have proved
the following theorem.

Theorem 6.5.1. The equation of the circle with center A(xa,ya) and radius
R>0 s
2_2(xxA+yyas)+c=R2 (6.5.1)

2+ Y

where ¢ = 4 + y3.

We emphasize that when R = 0, the circle is reduce to the point A.
Example 6.5.2. The circle with center O (0,0) and radius R = 2 has equation

2?4 9% =4,

Exercise 6.5.3. Find the equation of circles with center A and radius R

1. A(1,2) and R =5,

2. A(0,4) and R = 3,

3. A(1,6) and R = 2.

Using polar coordinates system we can characterize a circle in this way.Consider
the point I (xg,yo) and a positive real number R.
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Theorem 6.5.4. The polar parametric equations of the the circle € (I; R) with
center Let I (xo,y0) and radius R > 0 are

x —xo = R cos(f)

Y—%Yo = R Sin(o)a

for some real number 6 € R.

-,

Proof. Consider the point M (z,y) in the plane and the frame (1,7, ). We define
as the angle between iand IM and IM = R. Then,we get

-

— -
IM = R cos(0)i + R sin(6) j.
Since IM (x — zo,y — yo), we deduce from the uniqueness of coordinates that
x — 9 = R cos(0)

y —yo = R sin(6),
This proves the theorem. O

Example 6.5.5. For instance take B (1,2) and R = 2. Then, the polar parametric
equations of the circle € (B;2) are

x—1=2cos(d)
y — 2 =2 sin(h),
where 0 € R.

Exercise 6.5.6. Let A(1,0), B(2,3) and C (3,1) be three points in the plane. Find
the polar parametric equations of the following circles

1. €(A;3),
2. €(B;6),
3. €(C;10).

6.5.2 Equation of Spheres

As we did it for circles, we will try to find the equation of a sphere in the different
coordinate systems studied. Let A (zo,yo,20) and M (x,y, z) be two points and
R > 0. Denote by S(4; R), the sphere with center A and radius R. We suppose
that M belongs to S(A4; R), then AM = R. Since AM and R are positive real
numbers we have AM? = R?.This provides (z — x0)? + (y — v0)? + (z — 20)* = R~
Hence

w2 +yP + 22— 2axo+yyo +22) +d= R

where d = 23 + y3 + 23.
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Theorem 6.5.7. The cartesian equation of the sphere S (A; R) with center
A (zo,Y0, 20) Tadius R is

24y 2220w oty -yo+z-2)+d=R,
where d = x% + y3 + 23.
Example 6.5.8. The cartesian equation of the sphere S (O, 6) is
2%+ y? + 2% = 36.

Exercise 6.5.9. We consider the points A(1,2,0), B(3,2,0), C(0,1,5), D(3,4,1)
and E(—1,0,3). Give the cartesian equations of the spheres

1.

Cuo o

Now we consider the points A (xo,yo, 20) and M (z,y, z). We define the vector

—
AM. Furthermore we assume, the point M belongs to S(A; R). Using cylindrical
coordinates system we can find R > 0, an angle § and h € R, such that R? > h?2

and
x —x9 = vVR? — h? cos(f)
y —yo = VR?* — h? sin(6) (6.5.2)

z—zp = h.

The system (6.5.2) is called the parametric equations of the sphere in cylindrical
coordinate system.

Theorem 6.5.10. The parametric equations of the sphere S(A; R) with center
A (x0,Y0,20) and radius R > 0 in a cylindrical coordinate system are given by
(6.5.2).

Using spherical coordinates we can state the following theorem

Theorem 6.5.11. The parametric equations of the sphere S(A; R) with center
A (x0,Y0,20) and radius R in spherical coordinates are

x —xo = R sin(#) cos(yp)
y —yo = R sin(0) sin(p)

z —z9 = R cos(6),

for some real numbers 6 and
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Proof. We consider the frame (A, i 7, l;/:) Let (R, 0, ) be the spherical coordinates
of M in this frame. Then we have

x —xo = R sin(d) cos(y)
y — yo = R sin(0) sin(p)
z—zo = R cos(6).

This proves the theorem. O

6.6 Problems

Problem 6.6.1. For each of the following points define its polar coordinates

1. (15 -1)
2. (V2:v2)
3. (V3;-1)
4. (1,V3)
5 (-1,-1)
6. (—3,0)
7. (0, —5).

Problem 6.6.2. Define the cartesian coordinates of the following points

1. (2; g)

2 (v2; %)
3. (3, %f)

4 (15 -3)
5. (105 77)
‘i)

=
/N
[N}
|
ol
N—

Problem 6.6.3. Determine the cylindrical coordinates of the following points
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1. (V25 v2; 4v3)
2. (V3;15-1)
3-(h1;@

4 (=2 V25 -5)
5. (- V3i151)
o (-5
7. (1; Vﬁi;-—2).

Problem 6.6.4. Convert from cylindrical to cartesian coordinates

1. @;g;Q

2 1;77;2)

Co

3;%;0)

X
X
(2-50)
X
X

B

o
=
NIE

B

6 ;
7. (1; 67 ; —2).
Problem 6.6.5. Find the spherical coordinates of these points

1. (1;\/§; 1)

2.(%&1;—V@
3.(—1,&1)
(o)

5. Q;vﬁ,fVQ
6. (V25 v2: —v3)
7. (2v3:6; -1)
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Problem 6.6.6. Define the cartesian coordinates of the following point

=
/N
i
ol
ol
N———

Problem 6.6.7. Write the cartesian equation of the circle with center the point A
and radius R :

1. A(2;3) and R=3
A(=1;3) and R=+2
A(0;1) and R=+/5
A(0;0) and R=+T
A(~1;0) and R=5

Problem 6.6.8. Find the center and the radius of the following circles

~

22 — 6z +y* — 8y =27
2. 22 +y? +2y=7
3. 2> +y?+22=2
4. 22+ —2y=3
5. 224+ 1y? +3z=3.

Problem 6.6.9. Define the cartesian equation of the sphere with center the point
A and radius R :

1. A(2;-1;3) and R=14
A(=1;3;0) and R=+/3
(0;1; —2) and R =17
(0;0;1) and R =6
(=1;0;0) and R=3
(

S m A
S

1;1;1) and R=7
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7. A(2;-1;3) and R=5

Problem 6.6.10. Determine the center and the radius of the following spheres
1 224+ y?+22+22=5

eyt 42 —dy =5

224+ y2 422 -6z —2y+22=13

2?2 +y?+22=3

x2+y2+z2—|—%z:1.




APPENDIX A

SECOND ORDER POLYNOMIAL
FUNCTIONS

The main objective of this chapter is to remind some properties of second order
polynomial functions. We will define the canonical form of a second order polyno-
mial function. Variations and signs of such function will be studied.

Definition A.0.1. Let f : R — R be a real function. The function f is said to be
second order polynomial function if there are a € R*, b and ¢ in R such that

fx)=az*+bax+c.

Example A.0.2. The functions f(z) = x> + 3z + 2, g(z) = 32%> + 5z + 7 and
h(z) = 922 + 4z + 1 are second order polynomial functions.

In the following section we establish that every second order polynomial can be
written in the form

f(z) = AX? 4+ B.
A.1 Canonical Form

Let f be a second order polynomial function: f(x) = ax? + bx + ¢, where a, b and
c are real numbers, such that, a # 0. We can rewrite f as follows

AL b\\2 b —d
:a(x2+2%a:+@)—E—i—c:a(x—(_%)> _T‘IC

b A
Setting o = ~5a7 A =% —4acand B = 1 e obtain f(z) = a(z — a)? + .
a a

183
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Definition A.1.1. Let f(z) = ax® +bx +c be such that a # 0. The canonical form
of [ is defined by
fla)=a(z—a)*+p
where we set ) 24
— 4ac
We can remark that, 8 = f(a).
Example A.1.2. We consider f(z) = 32 + 5z + 2. We have

25—-4x3x2 -1

5
a=-g wmd f=——— s T 1

5\7 1

Th =3 - ==
erefore f(x) (96—1- 6) B
Example A.1.3. Let f(z) = 2? — 2z + 1. In this case we have

-2 4—-4x1x1

Then f(z) = (z —1)2+0= (z — 1)2.
Exercise A.1.4. Define the canonical form of the following functions

1. f(x)=2*+5z+1

Let f(z) = az? + bx + ¢ be such that, a # 0. There exist two real numbers «
and 3, , such that, f(z) = a(x — a)? + 8. This, means that the identity f(z) =0 is
equivalent to a(z — a)? + 8 = 0. That is,

(r—a)? = —§~

Considering the definitions of oz and 3, one obtains

b? — dac
— 2 _ .
(x — ) a2

The denominator of the right hand side part 4a? > 0. Then, according to the sign
of b — 4ac, three cases hold:

Case 1: b%2 — 4ac > 0. Then, we have two real roots:

VA

rH=aa—— Oor XTo=a+—-
2a 2

Case 2: b2 — 4ac = 0. Therefore, we have only one real root: zo = a.
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Case 3:b%> — 4ac < 0. In this case, there no real solutions.

Theorem A.1.5. The equation azx?® + bx +c = 0 with a # 0 has real solution if
and only if
B

- <0.
a

As we can see it, to find a solution to the equation az? + bz 4+ ¢ = 0 we need
to define its canonical form. To this end we must do several calculations. To avoid
these type of computations we establish an easy method which will allow us to find
easily solutions of the equation az? + bx + ¢ = 0.

A.2 Solving 2nd Order Equations

For three real number a, b and ¢ such that a # 0, we consider the following equation
azx® +br+c=0 (A.2.1)
To solve (A.2.1) we define the discriminant A:
A =b% — dac.
According to the sign of A we have three cases:

Case 1. A > 0. If A > 0 we have two real solutions

_—b—VA _—b+VA

T = —" or Io
2a 2a

Case 2. A = 0. In this case we have only one real solution

L
T 2a

Case 3A < 0. When A < 0, there is no real solutions.

As an application find the solution of the following equations x? + 4z + 3 = 0,
22 -2z +1=0and 2’ +2+1=0.
Solution:

1. We consider the equation 22 + 4x 4+ 3 = 0. Then, we have

A=16—-12=4>0.

Thus we have two real solutions

_ - vi_ 6

—4+V4 -2
=951~ 2 -

= —1.
2x1 2

-3 or x9=
2. For the equation 22 — 22 +1 = 0 we obtain A =4 —4 x 1 x 1 = 0. We have
only one real solution z = 1.
3. Concerning the equation 22 + x + 1 = 0, we get A = b — 4ac = —3. Hence,
there is no real solutions.

Exercise A.2.1. Determine the solutions of the following equations
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1. 22 +52+3=0

2. 20* 452 +2=0

3. 22 —4dx+4=0

4. 22 4+20+3=0

5. 2%+ 622 +8 =0.

Let f(x) = ax? + bz + ¢ be such that a # 0 and A = b — 4ac > 0. Then there

exist real solutions x1 = _bga\/Z and x9 = %- We set
b c
S=x14+a20=— and P=1x1 20 =— (A.2.2)
a a

Theorem A.2.2. Let f(z) = ax?+bx+c be such that a # 0 and A = b*> —4ac > 0.
We consider S and P defined by (A.2.2). Then,

flz) = a(w2 - Sm—i—P).

From this, we deduce that, finding the solutions of the equation ax?+bx+c =0,
is equivalent to consider the following system

1+ 2o = ——
a

C
Ty -Tg = —-
a

Lemma A.2.3. Let f(x) = ax? + bx + ¢ be such that a # 0 and A = b? — 4ac > 0.
Then, if x1 and xo denote the real roots of f we have

f@) =a(z — z1)(x — x2).

In the next section we show how to study the sign of a second order polynomial
function.

A.3 Sign Table of a Function

In the first part of this section we study sign of affine function. In the second part
we investigate sign of second order polynomial functions.

Definition A.3.1. A real function f is affine, if there are two reals numbers a and
b such that, a # 0 and
f(z) =azx +b. (A.3.1)

Example: The functions f(z) =3z +2, g(z) =5z — 1 are affine.
e When b =0 in (A.3.1), we say that the function f is linear.
e when a =0, f is a constant function.

Example A.3.2. The function fi(x) = 6z, g1(z) = —2z, and hy(z) = z are linear.
The functions fa(x) =2, g2(x) = =5 and ha(x) = 1 are constant.
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Let f be an affine function. Using the definition above we can see that f(z) =0

implies x = —% According to the sign of the real number a we deduce this sign
table

xr  |—00 —b/a +o0

axr+b —signof a ¢ signof a
Example A.3.3. We consider the function f(x) = 2x + 1. Then, f(x) = 0, is
) 1 . o
equivalent to © = ~5 We obtain this sign table
xr |—o0 -1/2 +0o0
2z 41 47 +

The sign table of the function g(x) = —3x 4+ 7 is

x —00 7/3 +0o0
-3+ 7 + 47 —

Exercise A.3.4. Define the sign table of the following functions
1. f(z)=—xz+2
2. g(z) =Tz
3. h(z) =6x+ 13
4. j(x) = —bz.

In the following paragraph we study the sign of a second order polynomial
function. To this end we define the discriminant:

A=b"—4-a-b. (A.3.2)
According to the sign of A, we distinguish three cases:

Case 1: A > 0. When A > 0, we obtain two real roots x1 and x5. Here we assume
x1 < x9. Then we have this sign table

x —00 1 X9 —+00
2 +6x+5 sign(a) ¢ —sign(a) ¢ sign(a)

where sign(a) is the sign of the real number a.

Example A.3.5. Let f(x) = 22 +6x +5. Then, A = 36 — 20 = 16. We obtain two
reals roots, x1 = —5 and x9 = —1- Then, we have

T —00 ) —1 400
2?2+ 6x+5 + )P — 47 +
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Case 2: A =0. When A = 0, we have only one real root g = —%- In this case
the sign table of f is given by

x —00 —b/2a +0o0
ax? +br +c sign(a) ¢ sign(a)

Example A.3.6. Let f(z) = —2%+ 2z — 1. One has A = 0. Therefore zo = 1 and
the sign table of f is

T —0 1 +o00
—2? 42z -1 — 47 —

Case 3: A < 0. In this case there are no real roots and the sign table is the fol-
lowing one

x —00 —+00

ar? +bx + ¢ sign(a)

Example A.3.7. As an application, let f(x) = 22 +2x+6. One finds A = 4—24 =
—20. We do not have real roots. Then,

x —00 “+00
2 4+2x+6 +

Exercise A.3.8. Define the sign of the following functions
1. f(x)=2>+3x+2
2. g(x) =22 +5r+2

h(z) = 2% + 42 + 4

i(z) = 2% + T + 2

jla) = -2 +x+5

SO N S

k(z) = —2% + 52 + 5.

To end this chapter we study variations of second order polynomial functions.

A.4 Variations of 2nd Order Polynomial Function

As we mentioned it above, this section is devoted to variations of polynomial func-
tions of degree 2.

Theorem A.4.1. Let f(x) = ax®+bx+c be such that, a > 0. Then, f is decreasing

in] —o0; a) and increasing in [a; +0o], where a = ~% Hence we have
a
T | —o0 Q@ +00
+o0 +o00
f p /
B
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Using the table above we can prove the following lemma.

Theorem A.4.2. Let f(z) = ax? + bz + ¢ be such that a > 0. Then f has a
minimum at o which is equal to

fla) = 8.

Example A.4.3. We consider the function f(z) = 3z2 +2x + 1. We know that the

domain of this function is Dy = R. We have a = —L = _Lagnd g = —ﬁ =

2a 3

2. Since a = 3, the function f is decreasing in }foo; f%] and increasing in

3
[f% ; +oo[. Then f has a minimum at xg = o which is equal to (.

T —00 %1 +00
+00 +00
f(x) N /
i
Theorem A.4.4. Let f(x) = ax®+bx+c be such that, a < 0. Then f is increasing
in]—o0; a] and decreasing in [a; +oo|, where o = — L Thus we have the following
variational table
x —00 e} +00
B
f(x) /! N
—00 —00

Since f is increasing in | — 0o «] and decreasing in [« ; +00], one deduce that,
f has a maximum at « which is equal to f(«) = 8. we deduce this lemma.

Theorem A.4.5. Let f(z) = az? + bz + ¢ be such that a < 0. Then f has a
mazimum at «. The value of this mazimum is f(a) = f.

Example A.4.6. Let f(x) = —22% +x+ 1. The domain of f is Dy = R. We have
a:fi:% andﬁzfﬁ:% Then,

2a
2
flz)=-2 (a:— i) + 2

The function f is increasing in]—oo; 1] and f is decreasing in [i ; +oo[. Therefore
f has a mazimum at o = i which is g-

T —00 “+00

ool G |

f(z) / pY

—00

—0o0

Exercise A.4.7. Study the variations of the following functions and say whether
they have a mazimum or a minimum.

1. f(z) =22 +3z+1
2. g(z) = -2 +5x+1
3. hiz) =22 -3z +7
4. i(x) = =322 + 4z +2
5. j(z) = 2% + 2z.
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APPENDIX B
EXAMS

Here we give the three exams given in the academic year 2021-2022 and there
corrections.

Midterm
Exercise 1. Find the solutions of the following equations
(1).222 =22 4+5=0, (2).2°4+2:-5=0, (3).224+2—-1=0,
(4).32° = 524+3=0, (5).2'+52°+4=0, (6). 2" —3z>—4=0.
Exercise 2. Let 2 = 1+iv3and 2/ = 1—v3+ (1 + \/§) i be two complex numbers.
1. Find the modulus and the argument of z.
2. Determine the polar form of z.

3. Deduce from question 2 the polar form of z%.

-z
4. Now we define the complex number 2; = ———- Give the algebraic form of
2 —z
AR

1+iV3

Exercise 3. We consider the complex number z = -3¢

1. Determine the algebraic and the polar form of z.

2. Deduce from the first question the exact values of cos (%) and sin (%) .
Exercise 4. Let z be a complex number which satisfies the equation 22462425 = 0.
1. Find the solutions to the equation z? + 6z + 25 = 0.
2. We consider the complex numbers a = (1 + 21)2 and
b= (1 -2 1)2. Determine the algebraic forms of a and b.
3. Deduce from question 2 the solutions to the equation

244622425 =0.

191



192 APPENDIX B. EXAMS

Solution of the Midterm

Exercise 1. (1). We consider the equation 222 — 2z + 5 = 0. In this case we have
A=4-4x2x5=-36<0.

This implies that we have two complex solutions

2—-6i 1-3i 2461 1431
= = or Z2: = .

4 2 4 2

21

(2). For the equation 22 + 2z — 5 = 0, we have A = 4 + 20 = 24 > 0. Therefore, we
have two real solutions

—92_96 —1+42v6
Zl:%:_l_\/é or 22:%\/7:—14—\/6

(3). Now, we take the equation 22 +z — 1 = 0. Hence A = 1+4 =5 > 0. One gets

two real solutions
-1 — \/S -1+ \/5
Z1 = 72 or zo = 72 .

(4). Let us consider the equation 322 — 5z + 3 = 0. The discriminant is given by
A =25 —36 = —11 < 0. This equation has two complex solutions

5 iVl _ 54iVIl
-6 -6

21 22

(5). To find solutions to the equation 2% + 522 + 4 = 0. We define Z = 22. Then,
we can rewrite the equation in this way:

Z2 452 +4=0.

For this latter we have A =25 — 16 =9 > 0. Hence

—-5—-3 —5+3
Z1 = B) =—4 or Z2 = 2+ =—-1.
Using the identity Z = 22, we deduce that
z1=—2i, 20=2i, z3=-1 or z4=1.

(6). We consider the equation 2* — 322 — 4 = 0. To deal with this equation, we
define ¢ = 22. This leads to the following equation

t2 —3t—4=0.
This implies that A = 9 + 16 = 25. Consequently the solutions of the equation
t2—-3t—4=0 are

_3-5

3+5
t = o

5 =—-1 or tQZT 4.

This ivolves that the solutions of the equation z* — 322 — 4 = 0 are given by

71 =—1, 2zo=1, 2z3=-2 and z4=2.



Exercise 2. We consider the complex number z =1 +1i V3.

1. We have |z| = V12 + 3 = v/4 = 2. Since
V3

1
cos(f) = 3 and sin(f) = =

we deduce that 6 = %-
2. In this case the polar form of z is defined by

= (e (3) i ().

3. Using De Moivre’s Formula, we obtain

2t = 2" (cos (2 ) +isin (g)f ~ 16 <cos <4;> +isin <4;>) .

3

4. We define the complex number

—-1-iv3 —-1-iv3

IS VBHI(I+VE) —1-1v3 B+

C(—1-iB)(~VB-i)  VE+it3i-VE _

4 4

The complex number z; is purely imaginary number.
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Exercise 3. We define the complex number z = 1%_‘1/‘3’ Here we fix z; = 1 +1V3

and 2o =1 — 1.
1. Then, we have

‘zl| =2 and arg(zl)

‘zg|=\/§ and arg(zz)

From this we deduce that

_ a2 NGY

N |Zz| _7

On the other hand we have
T

arg(2) — arg () — ang(er) —arg(e2) = T+

This means that the polar form of z is

2=2 {cos (g) +isin (g)} .

Using the definition of z, we see that

T
4

_L4IVE (LB 4D 1+i+iVE- V3

=i 2
_ (=3 +il+V3)

- 2

=1

(B.0.1)



194 APPENDIX B. EXAMS

From this, we deduce that the algebraic form of z is given by

1-v3  1+V3

z

(B.0.2)

2. Combining (B.0.1) and (B.0.2) we obtain

\/ﬁ{cos (E) +isin <7”)] _1-V3 143

2 2

Hence, we have the following identities

COS(”) _ V26

12 4
A V2 +6
sin| — | = ———
12 4

Exercise 4. The aim of this exercise is to determine the solutions of the equation
2t +62%+25=0.

1. We consider the equation #?+6t+25 = 0. Then, we have A = 36—100 = —64.
This means that, we have two complex solutions
_ —6-8i —6 + 8i

11 = =-3—-4i or ty= 5 = -3+ 4

()

2. Using the definition of a and b, we have
a=(1+2)" =1+4di—4=-3+4i=t
b=(1-2)°=1-4i—-4=-3—4i=1,
3. If we set t = 2% we can rewrite the equation z* + 622 + 25 = 0 in this way:
t* + 6t + 25 = 0.
Therefore, the solutions are given by a and b. From this we deduce
z==%(1-2i) or z==(1+2i).
This leads to the following list of solutions

S:{172i; 142i; —1-2i; —1+21}.
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Substitution Exam

Exercise 1. Find the solutions of the following equations

(1). 22 +22+4=0, (2).2°+22+3=0, (3).2°—2—-1=0,
(4).322 =524+3=0, (5). 2 +6224+5=0, (6). 2 —422+3=0.

Exercise 2. Let z = 5+ 5iv/3 and 2’ = 5 + 5i be two complex numbers.

1.

- W

Find the modulus and the arguments of z and 2’
Determine the polar forms of z and 2’
Deduce from question 2 the polar form of Z-

.,
Z/

Find the algebraic for of

Determine the exact values

cos (112) and sin (%) .

Exercise 3. Let z be a complex number. We consider the equation

24422416 =0. (B.0.3)

Find the solutions of the equation Z2 4+ 4 Z + 16 = 0.

. We denote by w the complex number which has modulus 2 and argument 7.

Determine the algebraic form of w?.

Determine the solutions of the equation

22 =-2+2iV3.

Prove that if z is a solution of (B.0.3), then, Z is also a solution of (B.0.3).

Determine the solutions of (B.0.3).
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Solution of the Substitution Exam

Here we propose a solution to the retake exam
Exercise 1.

(1). We define the equation 2% + 22 +4 = 0. Then, A =4 — 16 = —12 < 0. We
have two solutions which are two complex numbers that are conjugate each other.

29 249
m:——3ﬂ§:fyﬁﬁim @:—i§ﬂ§:4+w§

(2). We consider the equation 22 + 2z + 3 = 0. For this equation, we have

A =4 —12 = -8 < 0. Consquently, we have

—2—2iv2 —2+ 2iv?2
m:——3ﬂ5:fyaﬁim @:—i§ﬂi:4+w@
(3). For the equation 22 — z — 1 = 0, we obtain A = 1+ 4 = 5. Hence, we have

two real solutions
1-+5 1++5
z1 = 5 or zp = 5

(5). We take the equation z* 4+ 622 +5 = 0. We make the following substitution
t = 22. This ivolves

t2 4+ 6t +5 = 0.
For this last equation, we have, A = 36 — 20 = 16. We obtain
—6—14 —6+4
t1: ) =-5 or t2: 9 =—1.

From, this we deduce that
z=4iV5 or z=-4i

We conclude that S = { — i\/g; i\/g; —i; i}~
(6).Let z be a solution to the equation z* — 422 + 3 = 0. To define the solutions
to this equation we set t := z2. This equation becomes

2 —4t+3=0.

This implies that A = 16 — 12 = 4. This gives two real solutions

4-2 4+2
t1:72 =1 or t2:72 =3.

This implies that z = +1 or z = +/3.

Exercise 2. Let z =5 + 5iv/3 and 2’ = 5 + 5i be two complex numbers.
1. Then, we have |z] = v/25 + 25 x 3 = /25 + 75 = 10. If we define 0 := arg(z),

we obtain
1
cos(f) = 3 and sin(f) = ? = %

On the other hand, we have |2/| = /25 + 25 = v/50 = 5v/2. Setting 0’ := arg(2’),

we define
cos(0') = g and sin(0’) = g =0 = 1
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2. This implies that

2 =10 [cos (g) +isin (g)} and 2 =5V [cos (g) +isin (%)} .

3. Using the properties of modulus and arguments we obtain

1ol _ 10

NEREE
arg (;) = arg(z) — arg(z) =

V2,

ZI

This means that

2 = Voo () +isin ()]

z 12 12
4. We have
z 1413 (1+1V3)(1—4)  1-i+iV3+43
2 141 2 - 2
1+v3  V3-1
= +1 5

5. Combining 3. and 4. we obtain

V2 cos (%) = 1 +2\/§ and V2sin (%) = \/52_ 1~

This leads to the identities

COS(W),M

12 4

Exercise 3. We remind that the main objective of this exercise is to find the
solutions to this equation
24422 +16=0.

To this end we make the following substitution Z = 22.
1. Now, we consider the equation Z24+4Z+16 = 0. We define A = 16—64 = —48.
Therefore, we have

 —4—4iV3

Z 5

= —2+42iV3.

—4+ 4
=—-2-2iV3 or Zg:—i—fl\/g

2.Since w € C such that |w| = 2 and arg(w) = %, we can write

w=2 [cos (%) +isin (g)] —9 <;+1‘g§> —1+1V3.

Using De Moivre’s formula, we deduce that

wi=4 [cos <2;) + isin (2;)] =4 (—; —s—i\f) = -2+ 2iV3.
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3. Let us consider now the equation 22 = —2 + 2i\/3 for some complex number

z. We can see that w is a solution to this equation. On the other hand we know

that

22 =w? = 2 = +w.

This allows to conclude that the complex number :I:(l + 1\/§) are solution of this
equation.
4. Let 2z be a solution to (B.0.3). Then, we have

2t +4224+16=0<—=z'+ 422 + 16 = 0.

Hence, the complex number Z is a solution to (B.0.3).
5. Putting together 3. and 4. we conclude that the solution of (B.0.3) are given
by
z=2dw or z=Z4w.

That is,
S:{1+i\/§; 1-iV3;1-iV3; —1+i\/§}.
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Final Exam

Exercise 1. In the three dimensional space we consider the points A (3;0;0),
B (0;6;0), C (0;0;4) and D(—5;0; 1).

4
1. Prove that the vector 7 [ 2 | is normal to the plane (ABC).
3

2. Determine a cartesian equation to the plane (ABC).

3. Determine a set of parametric equations for the line (A) that passes through
the point D and orthogonal to the plane (ABC’)

4. Find the distance between the plane (ABC) and the point D.
Exercise 2. In the three dimensional space we consider the points A (5; —5;2),
B ( —1; 1;0)7 C (O; 1;2) and D (6;6;—1).

1. Determine the area of the triangle BCD

-2
. Prove that the vector 77 | 3 | is normal to the plane (BCD).
1

[\

3. Determine a cartesian equation to the plane (BCD).

4. Define a set of parametric equations to the line (AB).
5. Find the volume of the tetrahedron ABCD.

Exercise 3. For any natural number n > 1. we consider the sequence

1 35 2n —1
vn= g e T
1. Using the method of mathematical induction prove that for every n > 1, we
have
0<y, < #

- V2n+1
2. Compute lim, o vy,

Exercise 4. We consider the sequence of complex numbers (z;,) defined by zp = 1
and for any n > 0,
3 V3,
z =-+—i]| zn.
n+1 4 4 n
We define the real sequence (rn) by r, = |zn| for every n > 0.

1. Determine the modulus of the complex number % + ?i-

. . . 3 .
2. Prove that the sequence (r,,) is geometric with common ratio g and specify
To

3. Determine the expression of the term r, for any n > 0 and the

lim r,.
n—oo
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Solution of final Exam

Exercise 1. Let A (3;0;0), B(0;6;0) and C (0; 0; 4) be three points in space.
1. We have AB (=3;6;0) and AC (—=3;0; 4). The vectors AB and AC are
not collinear. Then, they define the plane (ABC). In other words any vector of the
plane (ABC’) is a combination of this two vector. From this, we deduce that any
vector which is both othogonal to E and ﬁ is orthogonal to the plane (ABC).
On the other hand, we know that the vector zﬁ X ﬁ is both orthogonal to
E and 1@ Therefore, it is orthogonal to the plane (ABC). Thus the vector

!

%‘ 7
7= AL x AC = |—3 O _ 947 1+ 127 + 18k
-3

0 4" |-3 47" |-3 o’

(RN RN
=~ O

_’6 0

f‘—:ao

. ’_3

is normal to the plane (ABC’).
2.Since the vector 7 (24 ; 12; 18) is a normal vector of (ABC), a cartesian
equation of this plane is given by

24x 4+ 12y + 182+ d = 0.

To find the real number d, we use the fact that the point A belongs to this plane.
This means that the coordinates of A satisfy the equation above. Hence, one has
24 x34+0+40+d = 0. This implies that d = —72. We obtain the following cartesian
equation

24x 4+ 12y + 182 — 72 = 0.

We remind there exist several cartesian equations of a plane.

3. Let (A) be the line that passes through the point D (—=5; 0; 1) and orthogonal
to the plane (AB C ) We can start by observing that, in this case any direction vector
of A is collinear to 7. Consequently, the vector 7 is a direction vector of (A). One
concludes that a set of parametric equation of (A) can be defined by:

T = 24t — 5,
y = 12t, teR.
z=18t+1

4.Let & be a plane with equation ax + by + cz +d =0 and M (z0; yo; 20)
point in space. We recall that the distance between the plane &2 and point M is
given by the following formula

axg +byo +czo +d
dist(2, M) = [azo + byo + czo + d] (B.0.4)
Va2 + b+ 2
Applying (B.0.4) with the plane (ABC) and the point D, we obtain

|24 (=5)+12-0+18-1—-72|
- N EES Rt -
Exercise 2. We consider four points A (5; —5; 2), B (— 1;1; O), C (O; 1; 2)
and D (6; 6; —1). Then, we have B?(l; 0; 2) and ﬁ (7;5; —1).

V29.

dist((ABC) , D)
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1. Using the coordinates of the vectors B? and @ we obtain

P D
BCxBD=|1 0 2|=-10t+ 155+ 5k.
7 5 -1

From this, we get that the area of the triangle BCD is:

e = [ ] =L - 0

2. Since B? and Eﬁ are not collinear they define the plane (BCD). Any vector
of this plane should be a combination of these two vectors. To show that 7 is nornal
to the plane (BCD) we have to establish that

n L B? and 7 L ﬁ
To this end we consider their scalar or dot product. We have

7.BC=—-2.1+3.042-1=0
BD=-2-7+3-5+1-(—1)=0.

3L

Hence, the vector 7 is normal to the plane (BCD).
3.This means that a cartesian equation of this plane is geven defined by

2043y +2+d=0.
To determine d, we consider the coordinates of the point B. Then,
-2 (-D)+3-14+1-0+d=0=4d=-5.
Finally, we obtain the following equation
—2z4+3y+z—5=0.

4.The vector AB (=6; 6; —2) is a direction vector of the line (AB). Using the
point A (5; —5; 2), we can see that

xr =5 — 6t,
y = —b+ 6t, teR.
z2=2—-2t

is a set of parametric equations of (AB).
5.The volume of the tatrahedron ABCD is determined by the formula

VABCDZé‘B-(R'Xﬁ>‘.

As we know that

4B (B  BD) =

-6 6 -2
1 0 2|=60+90-10=140.
7T 5 -1
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This involves

1 70
= — . 14 = —
VaBcD 5 |140] 3

Exercise 3. For any integer n > 1, we define the sequence

2n —1

Vp =
2n

5
6

N —
=~ w

To prove that foranyn>1,0<wv, < ﬁ we proceed by induction.

Step 1. for n = 1, we have vy = % > 0. Since

V3<2= v ==<

N =
Sl
w

The property is true for n = 1.

Step 2. We suppose that the property is true for some natural number £ > 1. That
is,
2k — 1 1

. <

1 3
24 T T Rkrl

Now, we have to prove that the property is true for k + 1. In other words, we have
to show that

0< v, =

bcp. 13 2k—1 2k+1 _ 1
=TT 9y 2k 2k+2 = \2k+3

We know that,

1 3 2k —1 2k+1< 1 2k+1  V2k+1
v = — e — i . . = .
LT 9y 2k 2k+2 7 2k+1 2k+2 2k+2
Now we have to compare the positive real numbers Vzi’f:; and \/ﬁ We
have
1 V2k+1 V2k+1

V2k+3  J2k+3)2k+1) VA2 +8k+3

g VZEAT V2T

%+2 VikZiskt4

This shows that

V2k +1 1
Vg1 < a < :

2k +2 V2k +3

We can see that
1
0<vpqr <

= V2k+3

Conclusion: We conclude that for alln > 1, 0 < v, < \/ﬁ
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2. From 1. we see that 0 < wv,, <

1
S W 5 then7

Im 0= lim ——=0

n—-+oo n—+400 1/2n + 1

Using Sandwich theorem, we have

lim v, =0.
n—-+4oo

Exercise 4. We consider the sequence of complex numbers (z,) defined by zp = 1

and for all n >0
3 3

For every n > 0 we define r, = ‘zn|.

1. We have
3.3 /9 3 V3
4 4] Vie 16 2
2.From the definition of the sequence (Z”)n>0’ we can see that

3 V3,

—1

4 4

=

3 3
Tnt1 = |znt1| = ’<4 + \4f1> Zn| =

V3

5"
We interprate this identity by saying that the sequence (r,) . is geometric with
common ration ¢ = § and initial term ro = |zo| = 1.
3. Since (T")n>o is geometric with common ration g = § and initial term

ro = |20| = 1, we can write

As we know that 0 < ? < 1, then,

lim 7, = lim <\/§> =0.
n——+oo n—-+oo 2
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