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INTRODUCTION TO LINEAR ALGEBRA






1. Vectors

The linear space R".

DEFINITION (The linear space R™). Consider the set R™, with n a positive integer, consisting of all se-

quences of n real numbers:

R™ = {($17$27"'7$n)|x1,$2,-. Ty € R}

We use the short notation & = (x1,xo,...,z,) for elements of R™. In the present context, we call the
elements of R™ vectors, and the individual numbers x; (: = 1,2, ..., n) the vector components.
We define two operations involving vectors. Let (z1,xo,...,x,), (Y1,Y2,. .., Yn) be arbitrary vectors in

R"™, and a an arbitrary real number (which, in this context, we call a scalar).

(1) Addition of vectors: (x1, T2, ..., ) + (Y1,Y2, - Yn) = (T1 + Y1, T2 + Y2, - -, Tn, + Yn);

(2) Scalar multiplication: a(x1,x2,...,T,) = (ax1,axs,...,axy,).

The set of vectors R™ together with the above operations is called the real linear space (or the real vector

space) R™.

THEOREM 1.1. Given vectors x, ¥, Z, and scalars a, b, the following properties hold:

(1) Associativity of addition: T+ (y+ z) = (T + y) + 2;

(2) Commutativity of addition: T + 4§ = § + &,

(3) Identity element of addition: There exists a unique vector, called the zero vector and denoted by 0,
such that T + 0 = ¥ for all T € R";

(4) Inverse elements of addition: For every vector * € R", there exists a unique vector, called the
additive inverse of Z or the negative of T and denoted by —Z, such that & + (=) = 0;

(5) Distributivity of scalar multiplication with respect to vector addition: (T + §) = aT + ay;

(6) Distributivity of scalar multiplication with respect to addition of scalars: (a 4+ b)T = aZ + bx;

(7) Compatibility of scalar multiplication with multiplication of scalars: a(bz) = (ab)z;

(8) Identity element of scalar multiplication: 1T = Z.
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Clearly, the identity element of addition is the vector 0 = (0,0,...,0), and the negative of a vector
T = (x1,x2,...,xy,) is the vector —Z = (—x1, —x2, ..., —Ty).
The subtraction of vectors is defined by
T—y=1+(-y).
Let us consider the particular cases of the real linear spaces R, R?, and R3. We want to obtain a geometric

representation of vectors x € R, (z,y) € R?, and (x,y, z) € R3. For this, we follow the procedure:

e Set appropriate Cartesian coordinate systems: one-, two-, and three-dimensional Cartesian coordi-

nate systems, respectively for the cases of R, R?, and R3.

o Consider the oriented line segments (graphically, arrows) connecting the terminal points with coor-
dinates z, (z,y), and (x, y, z) with the respective coordinate system origin.
e These line segments are the position vectors of points x, (z,y), and (z, y, z), and represent geomet-

rically the vectors z, (z,y), and (z,y, z) (see Figure 1.1).

y \Z
y P P
X Z
x P
X X X y
¥
X
(a) Oriented line (b) Plane (c) Space

Figure 1.1. Geometric representation of vectors in Cartesian coordinate systems.

Note that, once appropriate Cartesian coordinate systems are set, we can establish a one-to-one correspon-
dence between points of the oriented line, the plane, and the space, and vectors in R, R2, and R?, respectively.
Therefore, vectors can be uniquely represented by the position vectors of those points.

Note also that the above definitions of the operations addition of vectors and scalar multiplication are clearly
consistent with the corresponding well-known geometric rules for adding vectors and multiplying a vector by

a scalar.
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Dot product, norm, distance, and orthogonal vectors.

DEFINITION (Dot product, norm, and distance). Let z = (z1, z2,...,2,), ¥ = (y1,¥2,- - -, Yn) be vectors
in R™.

(1) The dot product (or the scalar product) of the vectors & and ¥y, denoted by Z - ¥, is defined as

n
Ty = Z%yz = T1yY1 + T2Y2 + -+ TnYn.
i=1

(2) The norm of the vector z, denoted by ||Z||, is

n
=1

(3) Taking & and y as position vectors in a n-dimensional Cartesian coordinate system, the distance

between the corresponding points T = (x1,%2,...,2,) and § = (y1,Y2,...,Yn) is denoted by
d(z,7), and defined as

dz,9) =d@z) =z-gl=V(@—-9) (2—-9) =

= V(T —y1)2+ (22 —y2)2 + -+ (T — Yn)?

The above norm is called Euclidean norm, and the linear space R"™ endowed with the dot product and norm
as defined is called Euclidean space. Also, the above distance is called Euclidean distance, and we refer to
the space of points in a Cartesian coordinate system associated with the linear space R, together with the
Euclidean distance, as an affine Euclidean space.

Note that the norm of a vector Z can be geometrically interpreted as its length.

Example. Consider the vectors in R?: # = (1,3, —5) and §j = (4, —2, —1). The dot product Z - i is

3
Z-g=> wyi=1x4+3x(-2)+(-5)x (1) =3.
=1

The norm of  is
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Note that the vector

has norm 1:

‘lell H ”< V35’ \/3?5 ¢53*5>H:\/<135>2+<335 2+<¢53*5>2:1'

Such a vector is called a unit vector.

DEFINITION (Angle between two vectors, orthogonal vectors). Let & = (x1,%2,...,%y),

g = (y1,Y2,...,Yn) be vectors in R", with n > 2.

(1) The angle 6 between the vectors Z and ¥ is the least nonnegative value of 6 satisfying
z-y = z[l[[g] cos 0.

(2) The vectors & and ¥ are said to be orthogonal if

z-5=0.
Note that if Z, 7 # 0 then
e () = arccos <:Ty_>,
1z [ |77
e -y=00=m/2
e T,y collinear < |z -y| = ||z] ||y||. (Two vectors Z, y are said to be collinear if there exists a scalar

a such that z = aj.)

Example. Consider the vectors in R?: 7 = (1,2, -2), 7 = (=2,1,0), 2 = (=2, —4,4),and w = (1,0, 1).
The vectors Z and ¥ are orthogonal as

T-g=1x(-2)+2x1+(-2)x0=0.
The vectors T and z are collinear as Z = —27, and we have

-z = [|lz]| |z]| = 18.

The angle between the vectors Z and Z is

9 < -z > ( —18 ) (-1)
= arccos | ———— | = arccos [ —— | = arccos(—1) =,
(| 1|l 3x6

meaning that the vectors have opposite directions.
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The vectors Z and w are neither orthogonal nor collinear. The angle defined by these vectors is

T - W -1 2
~ = arccos (_xw_) = arccos <> = arccos —£ ~ 1.8087375.
[z [lw]| 3% 2 6

Linear combination and independence.

DEFINITION (Linear combination). Let
S = {:fl,.fg,...,fp}

be a subset of the linear space R™. A vector T in R™ of the form

p
T = E a;T; = 4121 + a2%2 + - - - + apTy,
i=1

where a1, as, ..., a, are scalars, is called a linear combination of the elements of S.

Example. Consider the set of vectors in R3
S = {(1’ 2, 1)7 (_17 0, 77)’ (Ov 0, O)’ (27 4, 2)} .

The following vectors are linear combination of the elements of .S:

(2,2,1—-7m) = (1,2,1) — (=1,0,m) + 2(0,0,0) + 0(2,4,2);

(3,6,3) = 3(1,2,1) + 0(-1,0,m) — (0,0,0) + 0(2,4,2);

(-1,0,7) = 0(1,2,1) + (-1,0,m) + 2(0,0,0) + 0(2,4,2);

(0,0,0) = 0(1,2,1) + 0(-1,0,m) + 3(0,0,0) + 0(2,4,2).

On the contrary, the vector (0,0, 1) is not a linear combination of vectors of S as the equation

(Oa Oa 1) = Gl(l, 27 1) + aQ(_lv 07 W) + a3(0a 07 0) + CL4(2, 47 2)

is inconsistent. In fact, solving the above equation can be reduce to solve the system

ap — a + 2a4 = 0 az = 0
2aq + 404 = 0 < air = — 2a4 ,
ap + mas + 2a4 = 1 0 = 1

that is clearly impossible.
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DEFINITION (Linear independence). A set S = {Z1,Z2,...,Zp} of vectors in R is said to be linearly

independent if the equation
P
Zai@- =a121 + a2Z2 + - + apTy = 0
i=1
has the unique solution
ay=az=---=a,=0.

If S is not linearly independent then it is linearly dependent.

THEOREM 1.2. A set S = {Z1,Z2,...,Tp} of vectors in R", with p > 2, is linearly dependent if and only

if one of its vectors T; is a linear combination of the remaining vectors in S.

THEOREM 1.3. Let S = {Z1,Z2,...,Tp} be a set of vectors in R™.
(1) If one of the vectors T; € S is the zero vector then S is linearly dependent.

(2) If one of the vectors T; € S is the product of a scalar by some other vector Z; € S then S is linearly

dependent.

THEOREM 1.4. Let S = {Z1,Z2,...,%p} be a set of vectors in R", and & € R™ a linear combination of

the vectors in S

p
T = E aiT; = 4121 + a2Z2 + - - - + apyp.
=1

The scalars a1, a2, . .., ap satisfying the equation are unique if and only if S is linearly independent.

Examples.

(a) Consider the set of vectors S = {(—2,0,1),(2,1,—1)} C R3. The set is linearly independent as the
equation
al(_2a Oa 1) + a2(27 17 _1) = (07 07 O)

has unique solution

ap =

—2a1 4+ 2a9 = 0
+6L2:0<:>{

as =
ap — a = 0

(b) Consider the set of vectors T = {(—2,2),(0,1), (1,—1)} C R2. The set is linearly dependent as the
equation
a1(72, 2) + CLQ(O, 1) + a3(1, *1) = (0, 0)
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is equivalent to
—2a1 + a3 = 0 ay = 0
A )
269 4+ a9 — a3 = 0 as = 2a
existing solutions other than the null solution a; = a2 = a3 = 0 (for example, a; = 1, as = 0, a3 = 2). Note

that there exist vectors in 7' that are linear combination of the remaining vectors in 7', such as
(=2,2) =0(0,1) — 2(1,-1).

(c) Consider the set of vectors U = {(—2,2,5),(0,0,0), (1,—1,2)} C R3. The set is linearly dependent as

in contains the zero vector of R>.

(d) Consider the set of vectors V = {(—2,2),(0,1)} C R2. The vector = (2,2) is a linear combination
of the vectors in V/
al(_27 2) + a2(07 1) = (27 2)

In fact, the corresponding system

—2aq = 2 ap = -1
=
209 + as = 2 as = 4
is consistent. Note the values we obtained for a;, as are unique. Hence, V is linearly independent. This can
be checked by observing that the equation
al(_27 2) + a2(07 1) = (Oa 0)

has the unique solution a; = ag = 0:
—2@1 = O aq =
=
2697 4+ a2 = 0 a =

Exercises.

(1) Prove Theorem 1.1.
(2) Consider the vectors in R3
w=(1,-1,-1), v=(1,1,2), w=(1,0,1), z=1(0,0,0), §=1(2,2,4), z=(-1,0,0).

a) Determine the dot product u - v, and also the norms of the vectors « and v.
b) Are the vectors % and v orthogonal? And the vectors % and w? And w and Z?

c¢) Determine the angle between the vectors ¥ and ¢, and also between the vectors w and Z.
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d)

1. VECTORS

Determine the distances d(u, z) and d(g, z).

(3) Determine if the following sets of vectors are linearly independent:

a)
b)
c)
d)
e)
f)
g)

{(3,1),(4,2)} S R?

{3, 1), (4,-2),(7,2)} C R%
{(0,-3,1),(2,4,1),(-2,8,5)} C R3;
{(0,3,1),(2,1,1),(4,2,2)} C R?;
{(0,3,1),(2,1,1),(0,0,0)} C R3;
{(0,3,1),(1,1,1),(=2,1,-1)} C R3;
{(-1,2,0,2),(5,0,1,1),(8,-6,1,—-5)} C R*,

(4) Consider the vectors in R3

b)

v=(2,0,0), w=(1,1,1), z=(-1,0,0), y=(1,0,1), z=(0,1,1).
Write, if possible, § and z as linear combinations of the vectors v, w, and Z. What can you
conclude about the linear independence of the set {v, w, z}?

Write, if possible, Z as a linear combination of the vectors ¥ and w, and draw the appropriate

conclusions about the linear independence of the set {v, w}.

(5) Discuss the linear independence of the set {(1, —2), (o, —1)} C R? depending on the value of the real

parameter o.

(6) Prove Theorems 1.2 to 1.4.



2. Matrices

Matrix algebra.

DEFINITION (Matrix). Given positive integers p and n, a matrix A of size p X norap X n matrix A is a
rectangular array of pn (real) numbers in a boxed display, consisting of p horizontal lines with n numbers

each (the rows of the matrix) and n vertical lines with p numbers each (the columns of the matrix), written

ailr a2 -+ Qip
az1 Q22 -+ Q2p
A=
i apl ap2 P apn ]

In the above display the first index gives the row and the second index the column, so that a;; appears at
the intersection of the ¢-th row and the j-th column. Sometimes, we express that matrix A is of size p x n
by writing

Apxn.
When convenient, we write

A = [agj]pxn,

and refer to a;; as the (4, j)-th element or the (i, j)-th entry of the matrix.

Example. The matrix

-2 00 1%
A=| 1 -5 1 0
™ =3 0 -1

has size 3 x 4. The second row is the sequence of elements (1, —5,1,0) and the first column is the sequence

(—2,1, 7). The element with row index 3 and column index 2 is agy = —3.

13
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DEFINITION (Diagonal elements). Given a matrix A of size n X n, the elements a;;, ¢ = 1,2,...,n, are
called diagonal elements. The collection of the diagonal elements is called the main diagonal or simply

the diagonal.

Example. Consider the 4 x 4 matrix

1
-2 00 3
1 -5 1 0
A p—
11 -3 0 -1
0 31 -1
The diagonal elements are: ayj; = —2, age = —5, agz = 0 e agqy = —1. Jointly, these elements are the main

diagonal of matrix A.

DEFINITION (Types of matrices).

(1) A matrix of size p x n is said to be a square matrix if p = n, and rectangular if p # n. A square

matrix A of size n x n if often referred to as square matrix of order n denoted by A(n) or A,,.
(2) A matrix of size 1 x n is said to be a row matrix, and matrix of size p x 1 a column matrix.

(3) A p x n matrix where all elements are zero is called the null matrix or the zero matrix of size p X n,

and is denoted by 0.

(4) A square matrix A is said to be triangular if all entries above or below the main diagonal are zero. In
particular, A is called lower triangular if the entries above the diagonal are zero (that is if a;; = 0 for

© < j), and upper triangular if the entries below the diagonal are zero (that is if a;; = 0 for ¢ > j).
(5) A square matrix is called diagonal if all entries outside the main diagonal are zero, that is, if a;; = 0
fori # j.
(6) A diagonal matrix whose diagonal elements all contain the same number is called scalar.

(7) A scalar matrix of order n whose diagonal elements are all equal to 1 is called the identity matrix of

order n, and is denoted by I(n) or I,,.

Example. Consider the matrices
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00 0 1 0 2 1 00 3 00
E= , F=10 -5 0|, G=|10 -5 0|, H=]0 3 0|,
0 00
0 00 0 00 00 3

S S

A, B, C, and D are, respectively, a rectangular matrix of size 3 x 4, a square matrix of order 3, a row matrix
of size 1 x 4, and a column matrix of size 3 x 1. F is the null matrix of size 2 x 3. F’, GG, and H are square
matrices of order 3: F is upper triangular, G and H are diagonal, being H scalar. [ e .J, scalar matrices, are,

respectively, the identity matrices of order 2 and 1.

DEFINITION (Equality of matrices). Given two matrices A, and Byx,,, we say that A and B are equal
and write A = B if
(1) p = qand n = m, that is, matrices A and B have the same size;

(2) a;j = by, forall i =1,2,...,p, j =1,2,...,n, thatis, the corresponding elements are equal.

Example. Consider the matrices

-2 0
1 =5

0 0 0 0
0 0
A= , B= 1 0 ,C:[ ], = 1 0

10
-1 3

It is only interesting to check a possible equality for matrices of the same size: A, C, on one hand, and B, D,

on the other hand. By simple inspection we see that A = C' and B = D.

DEFINITION (Addition of matrices). Given matrices A and B of size p X n, the sum A + B is a matrix of

the same size, with elements a;; + b;;, ¢ = 1,2,...,p, 7 = 1,2,...,n. This may be abbreviated as

A+ B= [aij + bij}pxn-

Example. Given the matrices

-2 00 1 00 0 =5
A= 1 -5 1 0/, B = 1 0 -2
0 -3 0 -1 -1 3 2 0
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we have
—-240 0+0 040 1-5 —2 0 0 —4
A+ B= 1+1 —-540 1-2 0+1 | = 2 -5 -1 1
0—-1 -34+43 0+2 —-1+40 -1 0 2 -1

DEFINITION (Negative of a matrix). The negative (or the additive inverse) of a matrix A, of size p X n, is
a matrix of the same size, denoted by — A, whose elements are the negatives of the corresponding elements

of A. In abbreviate form,

—A = [—aij]pxn-

Note that the difference of matrices A and B of the same size is defined as

A—B=A+(—B).

Example. Consider the matrices

-2 00 1 -2 0 0 1
A= 1 -5 1 0], B = 0 00
0 -3 0 -1 11
The negative of the matrix A is
20 0 -1
A= -15 -1 0
03 O
We also have
00 0O
B-A=B+(-A)=|-15 -1 0
14 1 2

THEOREM 2.1. Given matrices A, B, and C, of size p X n, and denoting by 0 the null matrix of the same

size,

(1) (A+B)+C=A+(B+C);
(2) A+B=DB+ A

(3) A+0=04+A=A;

(4) A+ (-A)=(-A)+A=0.
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DEFINITION (Multiplication of a matrix by a scalar). Given a real number (or scalar) A and a matrix A of
size p X n the product AA (or A - A) is a matrix of size p x n, whose elements are obtained by multiplying

each element of A by A. In abbreviate form,

A = [)\aij]pxn.
Example. Given the matrix
-2 0
A: 1 _5 b
0 -3
we have
—6 0 -2 0 2 0 0 0
3A = 3 =15 |, 1A= 1 -5 |=4, -1A=| -1 5| =—-A, 0A=]0 0| =0.
0 -9 0 -3 0 3 0 0

THEOREM 2.2. Given matrices A and B of size p X n, and real numbers X and 1, we have
(1) MA+ B)=MA+)\B;

(2) A+ p)A = A+ pA;

(3) A(pA) = (Au)A;

(4) 1A= A

DEFINITION (Multiplication of matrices). Given matrices A of size p X n, and B of size n X ¢, the product

AB (or A - B) is a matrix of size p x ¢ with elements
n
[ABlij = ai1bij + aebyj + - + ainbyj = Zaikbkja 1=1,2,...,p, 7=1,2,...,¢q.
k=1

This may be abbreviated as

n
AB = Zaikbk]’]
k=1 pxq
Example. Given the matrices
-1 0
-2 01 0
A= 3 01, B = ,
1 -5 0 -1
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of sizes 3 x 2 and 2 x 4, respectively, the product AB is the matrix of size 3 x 4

2 0 -1 0
AB=| -6 0 3 0
1 -5 0 -1

THEOREM 2.3. Let A and A* be matrices of size p X n, B and B* matrices of size n x q, C a matrix of

size ¢ X r, and A a real number. Then
(1) (AB)C = A(BC);

(2) (A+A*)B=AB+ A*B;

(3) A(B+ B*)=AB + AB*;

(4) AMAB) = (MA)B = A(\B);
(5) I,A=A=AIL,.

The multiplication of matrices is not commutative, that is, given two matrices A and B, of the sizes p x n and

n X g, respectively, it cannot be assured that AB = B A (even if both products exist and are of the same size).

DEFINITION (Commuting matrices). Given two matrices A and B, if AB = BA the matrices A and B

are said to commute.

Example. Consider the matrices

2 0

1 0 -1 1 10 2 01
A= . B= . C= , D= L E=| 1 -5
0 3 3 2 0 2 1 -5 0 .

The matrices A and E do not commute as, although the product F A exists, the product AFE does not.
The products DE and E D both exist but the first is a 2 X 2 matrix whereas the second a 3 X 3 matrix, so that
D and E do not commute.

The products AB and B A are both matrices of size 2 x 2 matrices, but distinct:
-1 1] |1 -1 -1 1 -1 0 | 13
32| |9 6 3 2 03| |-36]
The matrices A and C' commute:

Therefore, the matrices A and B do not commute.
-1 0 1 0 -1 0 1 0 -1 0
0 3 0 2 0 6 0 2 0 3

-1 0
0 3

AC =
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DEFINITION (Exponentiation of matrices). Given a square matrix A of order n, and a positive integer k,
the power AF is the product of k factors of A

AF =44 A
Example. Consider the matrix
-1 1
A=
3 2

Then

DEFINITION (Transposition). Given a matrix A of size p x n, the transpose of A, denoted by A’, is a

matrix of size n X p, with elements a;;, j = 1,2,...,n, i =1,2,...,p. In abbreviate form,

A" = [ajilnxp-

Example. Consider the matrix of size 3 x 4

-2 00 3
A= 1 -5 1 0
-1 -3 5 -1

The transpose of A is the matrix obtained from A by “turning rows into columns and vice versa”:

-2 1 -1
| 053
0 1 5

3 0 -1
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(1)
(2)
(3)
(4)
(5)
(6)

THEOREM 2.4. Given matrices A and A* of size p X n, a matrix B of size n X q, a square matrix C of

order n, and a positive integer k,

(A+A*)/ — Al+ (A*)/;

(AB) = B'A’;
(") = ()"
I =1,

() = A;
(AA) = AA',

DEFINITION (Symmetric and skew-symmetric matrices). A matrix A satisfying A’ = A is said to be

symmetric. If A" = —A, A is called skew-symmetric.

It is clear that both symmetric and skew-symmetric matrices are necessarily square.

Example. Consider the matrices

2 1 3 0 -1 -3
A=11 4 -1 [, B=11 0 1
3 -1 0 3 -1 0

Matrix A is clearly symmetric, and B skew-symmetric.

Invertible matrices.

DEFINITION (Invertible matrix). A matrix A is said to be invertible if there exists a matrix A~!, called

inverse of A, such that

AAT ' =ATTA=T.

Obviously, if A is invertible then A and A~! are square matrices of the same order.

THEOREM 2.5. If a matrix A is invertible, its inverse A~" is unique.

Examples.

(a) The inverse B of matrix

10
11
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if it exists, satisfies both the equalities AB = Iy and BA = I5. For the first equality we have

ab_lO
c d 01|’

where a, b, ¢, and d are the elements to be determined of the matrix B. Multiplying the matrices on the

:lég].

Solving the above equation amounts to solve the system of equations

1 0
ABZIQ@[ ]
11

left-hand side of the equality, we obtain

a b
a+c b+d

a =1 a =
b 0 b 0

= .
at+c = 0 c -1
b+d =1 d = 1

Using the obtained matrix
10
B =
-1 1

in the second equality, we can check that this equality is also satisfied

SR

We conclude that A is invertible and that its inverse is the matrix B obtained above: A~1 = B.

1 2
2 4 |

Following the same steps as in the previous example, we obtain

1 2 a b 1 0
CD=1<« = &
2 4 c d 01

Writing the corresponding system of equations

BA =

(b) Consider now the matrix

C:

a+2c b+2d
2a +4c 2b+4d

:[(1)3].

a+2c =1 at+2c = 1
b+2d = 0 b+ 2d 0
~ )
2a +4¢ = 0 a+ 2c 0
2b+4d = 1 b+2d = %
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we observe immediately that the system is inconsistent. Therefore, the matrix C' is not invertible.

THEOREM 2.6. Given square matrices A and B of order n, invertible, and a positive integer k, we have
(1) (AB)—I — B-lA-1l.

@) (497 = (4"

(3) (4)"=(A 1)';

(4) (A=

Example. We can use the properties of matrix algebra and of invertible matrices to solve in order to X the
matrix equation

A+BX' - X' =24-D.
We assume that all the matrices involved have the proper sizes so that the relevant operations are allowed. We

assume also that matrix B’ — I is invertible. We then have

A+B’X’—X’:2A—B’<:>(B'—I)X’:A—B’(:>X’

Rank.

Consider matrix A of size p X n

ail a2 A1n
a1 a2 a2n
A=
L apl1  Ap2 Gpn, ]

We now interpret the rows of a matrix A as row matrices

A = aij1 a2

am], i=1,2,...

7p7
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and the columns as column matrices

alj

agj

Qpj

Moreover, these row and column matrices can be viewed as vectors in R™ and RP, respectively. Assuming
this point of view, the notions and results presented in Chapter 1 for vectors, still hold for rows and columns

of a matrix (in particular, the definitions and results concerning linear combination and dependency hold).

Examples.

(a) Consider the 2 x 3 matrix

A=

2 0 1
13 -1

[1 15 —5}

The row matrix

is not a linear combination of the rows of A, as there are not real numbers A1 and A9 such that
115 —5}:>\1[2 0 1}+A2[1 3 _1].

In fact, solving the above equation can be reduce to solve the system

20+ A = 1
3 = 15 ,
M — X = =5

which is clearly inconsistent. But the column matrix

4
5
is a linear combination of the columns of matrix A as
4 2
=2

(b) Consider the 2 x 3 matrix
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The rows are linearly independent as the equation
M2 0 1]+x2 1 —1]=[00 0]

has solution

=2\ 4+ 2A = 0 A= 0
X = 0 &
Al — 2x =0 A2 = 0
But the columns are dependent as
-2 1 0
A + Ao + A3 =
2 -1 0

is equivalent to
—2\1 + A3 = 0 Ay = 0
g )
21 + X — A3 = 0 A3 = 2\
existing solutions other than Ay = Ao = A3 = 0 (for example, \; = 1, Ao = 0, A3 = 2). Notice that there

exist columns that are linear combination of the remaining columns. For example,

=l

(c) Consider the matrix

-2 0 1
C= 2 0 -1
5 0 2

As the second column is null, the columns are linearly dependent. The rows are also dependent as the first

row equals the product of —1 and the second row: C| = —1C5.

(d) Consider the 2 x 2 matrix

The column

is a linear combination of the columns of D since

—2
A1
B

+ A2
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-2\ = 2 Moo= —1
~ .
2\ + A = 2 Ay = 4

Notice the values we obtained for A\;, Ao are unique. Hence, the columns of D are independent. In fact, the

if and only if

zero linear combination of the columns of D has the unique solution A\; = Ao = 0:
-2 0 0
A1 =
2 1 0

=
2\ + A =0 Ay =

+ Ao

if and only if

DEFINITION (Row and column rank). Given a matrix A, the maximum number of linearly independent

rows (columns) of A is called the row (column) rank of A.

THEOREM 2.7. Given a matrix A, the row and column ranks of A are the same. ‘

DEFINITION (Rank). The common value of the row and column ranks of a matrix A is called the rank of
A, denoted by r(A).

DEFINITION (Equivalent matrices). Two p X n matrices are said to be equivalent if they have the same

rank.

We want to develop a procedure in order to determine the rank of any given matrix.

DEFINITION (Elementary row and column operations). Given a matrix, we designate elementary row

(column) operations:
(1) Swapping positions of two rows (columns);
(2) Multiplying a row (column) by a number different from zero;

(3) Adding one row (column) to another.

DEFINITION (Elementary matrices). An elementary matrix of size m X m is a matrix obtained from the

identity matrix I,,, by applying to it a single elementary operation.

Example. The matrices below are the elementary matrices obtained from I3 by applying, respectively, the

L N3

elementary operations “interchanging the second and third columns”, “multiplying the first row by 2”, and
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“adding the third row to the first™:

1 00 2 00 1 01
00 1], 01 0], 010
010 0 01 0 01

THEOREM 2.8. An elementary row (column) operation on a p X n matrix A can be achieved by pre-
multiplying (post-multiplying) A by the elementary matrix obtained from I, (I,) by applying to I, (1)

precisely the same row (column) operations.

THEOREM 2.9. If a matrix B is obtained from a matrix A by means of a finite sequence of elementary row

or column operations then r(A) = r(B) (and matrices A and B are equivalent).

Example. Let

1 3 1

01 -1
A=

30 O

0 2 1

We want to consecutively apply to A the elementary operations “interchanging the first and third columns”,
“multiplying the first row by —1”, and “adding the third column to the first”. This can be achieved by pre- and

post-multiplying A by suitable elementary matrices:

-1 0 0 0 1 3 1 -2 -3 -1
00 1 1 00
100 01 —1 -1 1 0
PIAQ:1Q2 = 010 01 0]|= =B
010 30 0 3 0 3
100 1 0 1
0001 02 1 1 2 0

Alternatively, we can apply the elementary operations directly to matrix A:

13 1 1 31 -1 -3 -1 -2 -3 -1
01 -1 -1 10 -1 1 0 -1 1 0
A= — — — = B.
3 0 0 0 0 3 0 0 3 3 0 3
0 2 1 1 2 0 1 2 0 1 2 0

By applying elementary operations to matrix A, no matter what is the algorithm used, we obtained an equiva-

lent matrix, the matrix B.
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DEFINITION (Upper triangular form). A p x n matrix A is said to be in upper triangular form if it writes

Tw Q
0o o |’

A=

where T),, designates an upper triangular submatrix of order m (m < min(p, n)) with nonzero diagonal

elements, () any submatrix, and 0 null submatrices (with () and the submatrices 0 of the appropriate sizes).

Example. The matrices below are in upper triangular form:

—2 3 1 2 1 1
33 1 33 10
01 -1 01 -1
A= , B= , C= 1 -1|, D= 1 -1 1
00 0 00 3
00 1 00 10
00 0 00 0

is in upper triangular form.

THEOREM 2.10. Any nonzero matrix can be reduced to upper triangular form by using elementary row

and column operations.

Note that to obtain an upper triangular form it suffices to use row operations, with possible interchanging of

columns.

THEOREM 2.11. The rank of a matrix in upper triangular form is the order m of the upper triangular

submatrix T,

Example. To determine the rank of the matrix

S W O
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we reduce the matrix,

@ 3 1

0 0 —1 | rs—3n
30 0

0 2

B

2. MATRICES

1 _—
0 0 —1 C24>C3
0 -9 -3
0 2 1

Em—

1 1
As)
0 -3
1
1 1
-1
0
0

r3—312

r4+7T2

As the upper triangular submatrix we obtained is of order 3 we have that r(A) = 3.

o o O
\
S O = =

o O O =
)

o = O W

‘ THEOREM 2.12. A square matrix A of order n is invertible if and only if r(A) = n.

‘ THEOREM 2.13. Given a matrix A, r(A") = r(A).

Exercises.

(1) Consider the matrices

-2 00
A= 1 -5 1
-4 -3 0
E=100 0],
2 00
H=10 20
0 0 2

)

B =

F=

=

00 0

—9
13 2
(1 —1 2
10
01|’

a) Determine the type of each one of the above matrices.

b) Determine the negative of matrix B.

¢) Determine the diagonal elements of matrix F'.

—_

d) With respect to the matrices G e H, determine the pairs of corresponding elements.
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(2) Determine, if possible:
1 2 -3 4 3 =5 6 1
a) + ;
|0 =5 1 -1 2 0 -2 -3

[0 2 2 -3 -5
b) - ;
0 -5 1 1 0

o _2.[1 ];

O o2 3]+[-3 5 0]

glw DN

(3) Consider the matrices

» 0o (00 o0
A= ., B=|1
1 -5 1
1 9
(1 -1 2
E:[OOO}, F = ’ —
(0 30

Determine, if possible:
a) 0A-—F+2G,

b) C+0D;
¢) 2(B+H);
d 3(2C+E)-C.

(4) Consider the matrices
-2 00

. B=
1 -5 1

Determine the matrix X that satisfies the equation

00 O
A: ]

1 0 -2

3(A—2X)=(-B—X)+

)

C.

10
3 0

-1
0

o O N

o N O

N O O

29
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(5) Determine, is possible, the products:

1 2 - -3
2 -5 0 0 2
a) 0 -1 |- ; b) : 1|
1 0 1 -1 1
0 L
- - -1
1 -2 2
o) ; ‘[ 1 -2 2 }; d) [ 02 -2 }- 1]
0 —5 2
- - 0
[ 1
e) 1 -[0 2 —2}.
0
(6) Let
1 2 -3 3 —1 2 4 1 2
A=1|5 0 2|, B=|14 25|, C=(0 3 2
1 -1 1 2 0 -2 3
Determine the matrices:
a) A+ B;
b) A-B;
c) AB;
d) BA,;
e) (AB)C.

(7) Consider the matrices

1

2 00 00 0
A= . B= ,C=[30},D= 1
1 -1 1 10 —2 ;

3]

Determine, if possible, C'(A + 3IB)D.
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(8) Given the matrices A e B, determine under what conditions we have

(9) Consider the matrices

[ 2 0 0
A=
1 51
[0
E = :
1

(A+ B)(A— B) = A*> — B2,

2

a) Determine the transposes of the given matrices.

b)

Which of the above matrices are symmetric? And skew-symmetric?

(10) Determine the values of the real parameter a for which the following matrix is symmetric

a a?-1
a+1 2 a?
-3 4a

(11) Let A, B be square matrices of order n.

a) Show that AA’ is symmetric.

b)

(12) Consider the matrices

3 0
2 -1

A:

(13) Consider the matrices

],B

WIN Lol

\]

o= Q

0
-1

1
]7 C: 2
2

Show that A—! = B and that C—! = D.

—_

e N

—1

b
_1
8

)

-3
+4
-1

1
1
2

B =

Determine the values of @ and b such that A = B~ 1.

=

W =N

N O

Show that if the matrices A, B, and AB are symmetric then A and B commute.

N Nw O
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(14) Consider the matrices

a)
b)
c)

1 2
11

-1 2 1 —
A - ’ B - [ ] ’ C - [ 0 ] 7 D - [ 1 1 ] .
1 -1 -1 1 2 =2

Check that A~! = B. Without making any further computations, determine B~".

Check that C~! # D.

Does D~ exist?

(15) Consider the diagonal matrices

1 00 1 00
A= -3 0 |, B=]0 -3 0
0 3 0 0 2

Check that A=! = B. More generally, determine the inverse of a diagonal matrix whose diagonal

contains no element equal to zero.

(16) Let A, B, C, D be square matrices of order n, with A, C invertible. Solve in order to X the equation

A(B + X)C = D.

(17) Let A, B, C, D be square matrices of the same order, with A, C invertible. Solve the matrix equation

ATY B+ X")(2cAY =D'C'.

(18) Prove Theorem 2.5.

(19) Consider the matrix

b)
c)
d)

1 210
A=10 -1 0 0
0 011

Determine the row linear combination 2A4; — Ay + 3As3.
Determine the column linear combination a; + ay — 3a4.
Are the rows linearly independent? And the columns?

What is the rank of the matrix A?



(20) Consider the matrices

1 2
A=
8 16
[0 —2
D = 0
1
G=12 14
1 _
9
J =
1
9 _

Reduce the given matrices to upper triangular form and determine their ranks.
(21) Discuss the rank of the following matrices depending on the values of the relevant real parameters:

x 0 z2-2

a) 0 1

—1

|

2
1
1
5

T

-1

1
-1
—2

EXERCISES.

13 4
B—
(2 0 1
(3 0
E:
2 0
0
. H-=
O_
1
2
3
0

t+3 5
11]; b -1 t-3
rx—1 1

1 t+4

)

-2
1

1
2
-1

1 3

1 1|’

-2 -1 -2

_ = O O

S = O =

2 -1
4 —4

S

8w
g © & «

—_— = = O

I\
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(22) Find an example, for the particular case of matrices of size 2 x 2, illustrating the fact that, in general,
r(AB) # r(BA).






3. Determinants

Definitions.

Consider the set P, of all permutations of {1,2,...,n}, that is, the set of all one-to-one mappings of

{1,2,...,n} onto itself. It is useful to write a permutation o € P, as

If we assume that the elements 1,2, ..., n in the domain of the permutation are always written in this order,

the permutation 0 may be represented by simply listing the images

(01,02,...,00),

where o; denotes o (i) fori =1,2,...,n.
In a permutation (01,02, ...,0,) we say that the pair (0y,0;) is an inversion if i < j and o; > o;. The

number of inversions in o is denoted by I (o), and o is said to be even or odd depending on the parity of I(o).

DEFINITION (Signum of a permutation). For every permutation o the signum of o, €., is defined by

(= (—1)1(0) _ 1 if oiseven '
—1 if oisodd

Example. Consider the permutation
1 2 3 45
g =
2415 3

(2,4,1,5,3).

or, with a simpler notation,

The inversions in o are (2, 1), (4,1), (4, 3), and (5, 3). Their number is /(o) = 4, o is even, and its signum is
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DEFINITION (Elementary product). Given a square matrix A of order n, we call elementary product to

any product of n of its elements choosing exactly one for each row with no repetition of columns

1014205 * * * Angoy, -

Example. If A is a matrix of order 3 the following are elementary products

ai1aa3z and  a13a22a31.

Let us assign to each elementary product in A,, the signum of the permutation of the column indices

€gQ101 0204 * * * Onoy, -

The sum of all such products is called the determinant of matrix A.

DEFINITION (Determinant). Let A be a square matrix of order n. The determinant of A, denoted by |A|
or det(A) is the real number defined by

‘A| = Z EoQ1g,A205 * * " Qnoy, -

ogeP,

In the particular, for the cases where n = 1, 2, 3 we have:

() Ifn=1,
|A| = |ai1| = ai1;
2) Ifn=2,
ail a2
’A‘ = = a11G022 — G12421;
a1 a2
3) Ifn=23,

ail a2 a3
Al — = a11a22033 + 413021032 + 412023031
|Al = | ag1 aza a3

—a13022031 — 411023032 — 112021033 -
aszy asz2 ag3

Example. Let us compute the determinants of the matrices

1 0 3
1 -3

A=[-1}7 B= . c=lo01 2
4 2

1 1 —1
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We have
-1 -3
Al =|—-1] = -1, |B| = =-1-2—(-3-4) =10,
4 2
e
o 1-1-(-1)4+3-0-141-0-2
ICl=]10 1
-3-1-1-1-2-1—(-1)-0-0= —6.
1 1 -1

Properties of the determinants.
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THEOREM 3.1. Let A and B be square matrices of order n, « a real number, and p a natural number. The

following holds:

(1) If A has a null row (column) or two equal or proportional rows (columns) or if, more generally, a

row (column) is a linear combination of the remaining rows (columns) then |A| = 0;

(2) If Ais a (upper or lower) triangular matrix then the determinant | A| is the product of the diagonal

elements of A;

(3) Ifrowiin matrix A is written

— ! 1 ! 1 ! 1
@il Qg v Gip } = [ Ajp + Qi Qo+ Qi o0 Ay + Gy
then
aijl a2 -+ Qip ailr a2 o+ Qi
— ! ! ! 1! 1/ 1
|A] = I e I R S
apl QAp2 - Qpn apl QAp2 - Qpn

Mutatis mutantis the same holds for columns;

(4) |Al=1A

>

bl

(5) |adA| =am|A

(6) |AB|=|A|-|B

>

(7) |AP| = |AJP.
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Examples. Consider the matrices

1 0 2

-1 2 1 -1
A ] B=|o -1 1| c-= ] D:[
3 —6 1 1
0 0 5
(a) As the columns of matrix A are proportional, we have
-1 2
|A| = = 0.
3 —6
(b) As matrix B is (upper) triangular, we have
0 2
IBl=10 -1 —1|=1-(-1)-5=-5.
0 5
(¢c) Writing the second column of matrix A as the sum of two rows we obtain
-1 1+1 -1 1 -1 1
|A| = = =2-2=0.
3 —5—-1 3 -5 3 -1
(d) Noting that
1 -1
|IC| = =1-1—-(-1-1)=2
we have
y 11
'] = » =1-1-(1-(-1)=2=]|C|.
3 -3 9
(e) [3C| = 5 =3-3—-(-3:3)=18=3%C|.
(f) Noting that |C| = 2 and that
1 0
D] = =1 (-1)=(0-3) =1
3 —1
-2 1
we have |CD| = ‘ ) =-2-(-1)—(1-4)=-2=|C]-|D|.
0 -2
(@ [C?= 0 =0-0-(-2-2)=4=|CP
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THEOREM 3.2. Let A be a square matrix of order n. The following statements are equivalent:
(1) Ais invertible;

(2) [A[#0;

(3) r(A) =n.

Example. Consider the matrices

0 -1 -1 1
A= and B=
1 1 1 -1
The determinants of A and B are, respectively,
0 -1 -1 1
Al = =0-1—-(-1-1)=1 and B| = =-1-(-1)—(1-1)=0.
A= (=1-1) | Bl ‘ _ (=) —(1-1)

As |A| =1 # 0 we conclude that r(A) = 2 (and A is invertible). Also, as |B| = 0 # 0 we have thatr(B) < 2

(and B is not invertible).

THEOREM 3.3. Let A be a square matrix of order n. If A is invertible then

1
A7 = AT =
AT =147 = 5

Example. Consider the matrix

A:

1 -1
1 1]

Note that |A] = 2 # 0 so that A is invertible. It can be seen that the inverse of matrix A is

>

—

|
—

|

NI— N
NI— N
—_

and then

NO[— D[
N[ N

=]

Next result establishes what is the effect on the determinant | A| when elementary row or column operations

are applied to matrix A.
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THEOREM 3.4. Let A be a square matrix of order n. The following holds:

(1) If B is obtained from A by swapping positions of two rows (columns) then |B| = —|A|;

>

(2) If B is obtained from A by multiplying a row (column) by a real number X then |B| = A\| A

(3) If B is obtained from A by adding to one row (column) the product of another row (column) by a

real number then |B| = | A|.

Since a (non-null) square matrix can be always reduced to an upper triangular matrix by applying elementary
row and column operations, we have just obtained a simple method to compute a general determinant (recall

that the determinant of an upper triangular matrix is just the product of its diagonal elements).

Example. Let us compute the determinant of matrix

1 10
0 -1 1
A=
3 01
0 0
We have
M 3 10 1 3 10 1 0 1
0 0 -1 1 B 0 0 —1 1 B 0 @ -1
3 0 01 0 -9 -3 1 0 1 -3 -9
7‘3—3T'1 Cc24>C4
0 2 10 0 2 10 00 1 2
10 1 3 10 1 3
01 -1 0 201—10
= _ _ .
e |00 2 0| 0 0 @ 9
00 1 2 00 1 2
10 1 3
01 -1 0
. 00 -1 —3
00 0 -3
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Laplace’s expansion.

DEFINITION (Minor and cofactor). Let A be a square matrix of order n.

(1) The minor of A associated to the element a;j or the (i, j) minor of A, denoted by M;j, is the deter-
minant of the (n — 1) x (n — 1) matrix that results from deleting the i-th row and the j-th column of

matrix A.

(2) The cofactor of A associated to the element a;; or the (i, j) cofactor of A is the number

Ay = (1) M.

Example. Let

4 2 -1
A= 01 -2
-2 0 1
We have, for example,
0 -2
Mg = =0-1—-(-2-(-2))=—-4
‘ L (-2 (-2))
and
1+2 142 0 -2
A = (-1)7" Mo = (—1) - — =(-1)-(-4) =4

THEOREM 3.5 (Laplace’s expansion). Let A be a square matrix of order n. The determinant of A is the

weighted sum of the elements of any row or column, with the weights being the corresponding cofactors:

(1) |A] =31 g aiAix = aitAi + aigAia + - - - + ainAin, (expansion along row 1),

(2) |A] ="y arjAr; = a1jA1; + agjAg; + -+ + anjAnj (expansion along column j).

Example. Consider the matrix
11 1
A=11 2 1
2 11

Let us proceed to the expansion of | A| along, for example, the second column:

1
Al =11+ ‘ ) FU-1

1
+2(—1)*+2. ‘ )
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Adjugate and inverse of a square matrix.

DEFINITION (Cofactor and adjugate matrices). Let A be a square matrix of order n.
(1) The cofactor matrix of A is the matrix A = [A;;] whose elements are the cofactors of the corre-

sponding elements of A.

(2) The transpose of A is called the adjugate matrix of A or the classical adjoint of A, and is denoted by

adj A. That is
adjA=A'.

THEOREM 3.6 (Inverse of a square matrix). Let A be a square matrix of order n, invertible. Then

1

A=
|Al

-adj A.

Example. Consider the matrix

A=

11
-1 2|
To determine the cofactor matrix A and then the adjugate matrix adj A we have to determine the cofactors of

each element of A:

A= (D"t 2=2  Ap=(-D'2 (1) =1, Ay =(-1*"1=-1 Ayp=(-1)*"21=1

Hence,
A 2 1 , 2 1
= and adjA=A"=
-1 1 1 1
As |A| = 3, we have
1 |2 -1 2 1
A = .adjA=-. =3 3
4 [1 1] [; ;
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Exercises.

(1) Compute the following determinants (a, b, ¢, and d are real numbers):

0
-5

2
1

—1
—1

11

-1 2

0
0

10

-1

21

1 2 -2
-1

21

—1

0 0

f)

-1
-2

)

0

-2
1

20
10

h)

2

g)

0

)

0
-1 1 0

0
0

ol

0 00 a

0)

0 0 b O

—1

0 1

0 ¢c 0O

d 000

-2

1 3

k)

)

00 0O01
00051
003 1 2
040 3 4
6 2 3 1 2

p)

(2) Compute the following determinants by using Laplace’s expansion (a, b, ¢, and d are real numbers):

a 3 0 95
0 b 0 2
1 2

1 21 3
2130

0 01 4

3

Cc

—1

00 0d

0 0 4 2
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(3) Show that the following determinants are zero (a, b, and ¢ are real numbers):

1 2 3 1 a b+ec a—b a—b a®—b?
a) 2 4 5 b) 1 b c+a c) 1 1 a+b
3 6 8 1 ¢ a+b b 1 a

(4) Show that the following equalities are satisfied (z;, y;, for i = 1,2, 3, are real numbers):
1 21 xo

a) 1 y1 @ | = —21)(y2 —22)

I 1 oy

r1 T2 I3
Y1 X2 T3
Y1 Y2 I3

Y1 Y2 Y3

b) = (y1 — 21)(y2 — 22)(y3 — x3)

—_ =

(5) Consider the matrices

210 0 2 0
A: y B:
1 2 5 2 11
Compute |A’'B].
6) Let
1 00 29
A= , B=10 1
0 2 1
10

Compute the determinant of the matrix C' = (BA)'.

(7) Determine the adjugate and, if possible, the inverse of each one of the following matrices:

) (1 2 3 —4 -3
1 2 1 —2
A= . B= . c=|134|, D=| 1 o0
1 3 1 -2
: 1 4 3 4 4
110 [ 1 (3 0 0
E=|10 2|, F= 0|, G= —92 0
2 0 3 2 01

-3



EXERCISES.

(8) Consider the matrix

a+1 a a
A= a a+1 a
a a a+1

Find the values of the real parameter a such that matrix A is invertible. For @ = 1 determine A~
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4. Systems of linear equations

Matrix form and solvability.
Let us consider the system of linear equations (or the linear system) with p equations and n unknowns

a11r1 + a12we + . . . + a1pxn = by

a1 + agere + ... + agnx, = by

ap1T1 + apa®2 + ... + AppTy = by

where the a;;, i = 1,...,p, j = 1,...,n, are the system coefficients, the b;, i = 1,. .., p, the free terms, and
the zj, j = 1,...,n, the variables (or unknowns).

The system can be represented by the matrix equation
Ax = b,

where A is the coefficient matrix of the system (of size p X n)

aij; aiz2 ... Qinp
az; a2 ... Qa2n
A= ,
L ap1 Ap2 ... Gpn |

x is the column matrix of the unknowns (of size n x 1), and b the column matrix of the free terms (of size

px1)

T by
€I b2
Tr = ; b:
| Tn i by |

We call a solution to the system to any vector in R"

(29,29,...,20)
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satisfying the system. The set of all solutions is called the general solution to the system.

Example. Consider the system
r — 2y = 1
{ —2r + 4y = -2
We see that the vector (z,y) = (1,0) solves the system. Therefore (1,0) is a (particular) solution to the

system.

To find the general solution we use the usual equivalence rules for systems of equations

x — 2y = 1 x = 2y+1 z = 2y+1
= =
2z + 4y = -2 2z + 4y = -2 -2 = —2

and obtain

(x,y) = (2y+1,y) forall yeR".

Note that the particular solution (1, 0) above is obtained from the general solution by making y = 0.

A linear system is said to be consistent if it has, at least one solution. Otherwise, that is, if there is no solution
to the system, the system is called inconsistent.

Moreover, a consistent system is said to be independent if its solution is unique and dependent if the system
admits more than one solution.

Notice that the system can also be written

an a2 a1n b1
an a2 aonp bo
1 ) + 2 ) + -tz ] =
| Op1 | | p2 | | Gpn | _bp_

This last representation suggests the following interpretation:
e The system is solvable if and only if the column b is a linear combination of the columns of A;
e The system has a unique solution if and only if the column b writes as a unique linear combination

of the columns of A.

The above conditions can be easily checked by computing the ranks of appropriate matrices.
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THEOREM 4.1. Let Az = b be a system of linear equations, and [A|b] its so-called augmented matrix

ail a2 ... aip | by
a1 G2 ... a2 | by
[Alb] =
| ap1 G2 .. apn by |

(1) Ifr(A) = r([A|b]), the system is consistent. Otherwise, that is, if r(A) < r([A|b]), the system is

inconsistent.

(2) If the system is consistent and also v(A) = n, then it is independent. Otherwise, that is, if r(A) < n,
the system is dependent (and d = n — r(A) is the number of degrees of freedom of the system).

The following scheme summarizes the above:

(

r(A) =n — independent system
r(A) =r([A|B]) — consistent system
r(A) <n — dependent system (withd =n —r(A)
the number of degrees of freedom)
r(A) <r([A|B]) — inconsistent system

DEFINITION (Homogeneous system). If in a system Az = b we have b = 0, the system is called homoge-

neous. Otherwise, that is, if b # 0, the system is called nonhomogeneous or inhomogeneous.

THEOREM 4.2. A homogeneous system is always consistent.
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Gaussian elimination.

Classifying and solving linear systems.
Let [A|b] be the augmented matrix representing a linear system.

(1) Gaussian elimination: By using elementary row operations, with possible interchanging of columns
of A, we reduce matrix [A|b] to a rank-equivalent matrix [A*|b*], where A* is in upper triangular
form (this procedure is nothing else than the well-known method of elimination of variables for

solving linear systems).
(2) We evaluate the consistency of the system by checking if r(A) = r([A]b]).
(3) If the system is consistent, the independence is evaluated by checking if r(A4) = n.

(4) Finally, in the case the system is consistent, we carry on further Gaussian elimination on matrix

[A*|b*] in order to obtain an identity matrix in the place of the upper triangular submatrix of A*. The

system’s solution can then be immediately found.

Examples.

(a) Consider the system

x + 2y = 1
3z + y + z = 0
y + 2z = =3

We construct the system’s augmented matrix [A|b] and, by Gaussian elimination,

™20 1]—[1 2 ol 1] —[1 2 o 1]
ro—3r1 r2$>T3
3 11| 0 0 -5 1|-3 0o M 1]-3
0 1 1|-3 0 1 1|-3 0 —5 1|-3
—[1 2 0] 1]
r3+5712
1 1| -3
0 6/|—18

As1r(A) = r([A]b]) = n = 3, we have that the system is consistent and independent. To obtain the solution,

we carry on Gaussian elimination until the upper triangular submatrix is transformed into an identity matrix

1 20 1 ’

) 12 0] 1]—[1 2 o]l 1]—/—[100] 1
ak 2T r1—2r
01 1] 3| ° o1 1]|=3]7""l0o@o P lo 1ol o
00 6|18 00 @D|-3 0 0 1|-3 00 1]-3

The solution is (z,y, z) = (1,0, —3).
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(b) Consider the linear system
z + 2y + 3z =
y + 2z =
1 2 3|3
01 22|

The matrix A is in an upper triangular form, and r(A) = r([A|b]) = 2, so that the system is consistent. As

with augmented matrix

[Alb] = [

n =3 > 2 =r(A), the system is dependent with d = n — r(A) = 3 — 2 = 1 degrees of freedom. In order to
1 2 3 —1
0 @ 2 2 |

T - z = -1 r = z — 1
=

and the solution to the system is (x,y, z) = (z — 1, =2z + 2, z), with z taking any real value.

obtain the solution we carry on further Gaussian elimination

3 11 0 -1
r1—2rs

2 01 2

We finally obtain

Application: invertibility of a matrix and determining the inverse.

We know that a square matrix A, is invertible if the matrix equation

ail aiz ... Qin 11 T2 ... Tin 10
a1 agy ... Qa2n 21 I22 ... Ton 0
| Gn1 Gn2 - Gpn | | Tal T2 . Ton | _O 0 ... 1_
is solvable, that is, if there are real numbers x;;, with 4, 7 = 1,2,.. ., p, satisfying the equation.

Also, evaluating the solvability of and solving, if possible, the equation amounts to evaluating the solvability

of and solving the uncoupled matrix equations
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ailp a2 ... Qinp 11 1
asl ago e aon 21 0

| Gnl Gn2 oo Gpn | | Tn1 | _0_
aip a2 ... Qinp 12 0
a1 a2 ... Qa2n 22

| Gnl Gn2 oo Gpn | | Tn2 | _0_
aip a2 ... Qin Tin
a21 a2 ... Q2n Ton

| @nl Gn2 .. Anp | | Tan i 1 |

As each one of the above equations has the same coefficient matrix, and noticing that the algorithm for Gauss-
ian elimination does not depend on the free term column, the following procedure is available for evaluating

the invertibility of a matrix and, if possible, for finding its inverse.

Invertibility of a matrix and determining the inverse
(1) The matrix A is augmented with the identity matrix of the same order: [A|I].

(2) The matrix A is reduced to upper triangular form by using row elementary operations on matrix
[AlT].

(3) Ifr(A) = n, matrix A is invertible. Otherwise, A has no inverse.

(4) In the case that A is invertible, we carry on further Gaussian elimination (still using only row opera-

tions) until matrix [I|A~1] is obtained.

Example. Consider the matrix
1 -1
1 1

A:

To determine if the matrix is invertible and, if it is, to compute its inverse A1 we use Gaussian elimination

on matrix [A|I] (performing exclusively elementary row operations)
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Cramer’s rule.
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) A #0.

DEFINITION (Cramer’s system). A linear system Az = b is said to be a Cramer’s system if

(1) Ais asquare matrix (that is, the number of equations equals the number of unknowns);

Note that a Cramer’s system is always consistent and independent.

The following theorem gives the Cramer’s rule for solving linear systems.

THEOREM 4.3. Given a Cramer’s system, with matrix form

ail a2 a1n T by
as a2 aom z2 | | b2
- )
Gn1 Aan2 Ann Tn bn,
the solution is given by
b1 a2 ain a1 by ... ai a1 aiz ... b
by as asnp a1 by ... a, a1 az ... bo
bn An2 ... Qpn an1 bn co. Qpp anl1 AaAn2 ... bn
Example. Let us consider the system
r + y + z =
r + 2y + 3z = 2
20 + y — z =
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It is a Cramer’s system, as the coefficient matrix A is a square matrix and

11
[Al=]1 2 3 |=-1%#0.
2 1 -1
The solution to the system is
11 1 1 1 111
2 2 3 1 2 3 1 2 2
11 -1 2 -1 2 11
;E:—ZO, y:—:l7 227:0.

-1 —1

If the system Ax = b is consistent but dependent, the Cramer’s rule can still be adapted for finding the
solution.
For this, we consider a square submatrix of A of the largest size such that its determinant is different from

zero. The system is then rewritten in order to the variables corresponding to columns of the chosen submatrix.

Example. Let us consider the system
z + 2y + z =1
-z + Yy + z = 2

The coefficient matrix

1 21
A=
-1 11 ]
has rank r(A) = 2. The determinant of the submatrix containing the first two columns of A is different from
zero:
1 2
=3#0.
| -1 1 #

Rewriting the system, we obtain the Cramer’s system
z + 2y = 1—=2
-r + y = 2-z

with solution

1—2 2 1 1—=2
2—2z 1 1 -1 2—-z 2
v 3 R Y 3 3%

with z taking any real value.



Exercises.

EXERCISES.

(1) Classify the systems of equations, and solve them, when possible:

a)

e)

g)

(2) Classify the systems:

.|

r + y =
2r + 2y =
3z + 3y =
r + y + =z
2 + 2y + 2z
3 + 3y + 3z
T + + =z
z + + 2z
T — 2y
r + y + =z
T + 2z
r + 2y
2z — 3y + =z
dr + 6y — 2z
xr + - Z
r — + z
x + 2y — =z
r — Yy — 2z

3w

- O O =

b)

d)

2x

4x

3z
2z

+ o+ o+

oY

+

_l’_

+

2z =

8z
Tz =

2z =
2z

10z =

<
+
I

2z

N = W
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(3) Discuss the solvability of the systems, depending on the values of the real parameters a, b, and c:

T + vy + z = 3 r + y + z =3
a) r — y + z =1 b) r — y + z =1
T — Yy — z = a 20 — 2y 4+ az = 2
( y + az = 0 z +y + 2z =1
) xr + by =0 d) T — y + 22 = a
by + az = 1 2z + bz =
(20 + y = b ax + y + (a+1)z = b
€) 3r + 2y + z = 0 f) xr + ay + z 1
r + ay + z = 2 ar + oy - z = 0

(4) Solve the matrix equation AX = B, where

1 -1 0 1 01
A= 11 ) B=12 30
2 1 2 3

1 1 0] |2 1
—1 =2 1| |yl =12
2 1 2|z 3

Compute the inverse of the coefficient matrix and use it to solve the system.



EXERCISES.

(6) Solve, if possible, the following systems by using the Cramer’s rule:

z + 2y + 2z =1
a) - + 2y =0 b)
-z 4+ Yy + z = 2
r + 2y + z — u =1
o) Y d)
3z + 6y + 2z — 2u = 0
r + y = 3
T + z 2
e)
y + z 4+ u 6
Y + u =1

/

x + 2y
x
T + 2y
r + 2y
2 — y
\ x o y

-z
+ =z
- 3z
-z
+ z
- 3z

57

(7) Show that the following system has a unique solution for all real values of by, by, b3, and find that

solution:
3r1 + w9
xr1 — To + 2x3
2$1 + 3:132 - I3

(8) Show that the homogeneous system

ar +by+cz=0
br+cy+az=0
cx+ay+bz=0

- b
= by
= by

has nontrivial solutions if and only if a® 4 b3 + ¢ — 3abc = 0.

(9) Discuss the solvability of the linear system

z + 2y + 3z
-z 4+ ay — 21z
3z + Ty + az

depending on the real parameters a and b.
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(10) Consider the system

r + x2 + x3 = 24
207 — 3xy + 23 = 4q ,
3r1 — 2z 4+ pr3 = ¢

where p and q are arbitrary real constants. Determine the values of p and ¢ such that the system is

a) Consistent and independent;
b) Consistent and dependent;

¢) Inconsistent.

(11) Show that the system

2v + 3y = k
r + cy =

has a unique solution except for a particular value c* of the parameter c. Determine that solution. Show

also that for ¢ = ¢* the system is inconsistent except for a particular value k* of k. Find the solution for

k=k*.

(12) Determine the values of the real parameters a and b such that the linear system

3x — y — z = 0
-r + 2y — 2z = 0
—-r — y + az = b—-3

is consistent and dependent.

(13) Discuss the solvability of the following system depending on the real parameter o:

T + 2y + z + w = 0
2z 4+ 4y + 2z + 3w
zr + 2y + 2z + 2w = «



CALCULUS
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5. The real number system

Basic concepts of set theory.

We briefly review basic concepts and language of set theory.

Informally, a set is a collection of objects viewed as a single entity. The individual objects in a set are called
elements or members of the set, and are said to belong or to be contained in the set. The set is said to contain
or to be composed of its elements.

Sets are usually denoted by upper case letters of the English alphabet, A, B, C, ..., X, Y, Z and their elements
by lower case letters, a, b, c, ..., x,y, z. To state that the object = belongs to the set .S we write z € S and to
sate that it does not we write = ¢ S.

The simplest way to describe a set is to list its elements inside a pair of curly braces (the roster notation for a

set). For example, the set containing the elements a, b, and ¢ can be represented by

{a,b,c}.

Notice that the above representation is only possible if the set has a finite number of elements or in the case
the set in infinite when it is clear from the context which are the elements omitted from the list. For example,

the set of all positive integers can be written

{1,2,3,..}

if it not ambiguous what the three dots stand for.

DEFINITION (Equality). Two sets A and B are said to be equal if they are composed of exactly the same
elements, and we write
A=B.

If A and B are not equal we write

A+B.
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62 5. THE REAL NUMBER SYSTEM

DEFINITION (Subset). A set A is said to be a subset of a set B, and we write
ACB,

if all elements of A also belong to B. A is also said to be contained in B or that B contains A. The relation

C is referred to as set inclusion. A is said to be a proper subset of B if A C B and A # B. In this case we

write A C B.

Note that A C B can also be written B O Aand A C B, B D A.

THEOREM 5.1. Two sets A and B satisfy A = B ifand only if A C Band B C A.

The set inclusion is transitive (A, B, and C' designate arbitrary sets):
e Transitive law: If A C Band B C C'then A C C.

In the usual applications, it is clear that there is a definite set, called the universal set, to which all elements of

interest belong.

Examples.

(a) If the variable of interest is firm profits, the universal set is S = R.
(b) If our interest goes to the number of employees in a firm, the universal set is S = N U {0}.

(c) If our problem concerns stock prices, then S = [0, +00).

This suggests another way to define a set. If we set the universal set S, a set A can be defined as containing

all elements in S satisfying a given property p. Symbolically,
A= {x|x € S and x satisfies p},
or, if is is clear which is the universal set S,
A = {x | x satisfies p},

or even,
A={z|p(x)}.
Examples.

(@ A={z|zeNandz <4} ={1,2,3}.
(b) B={z|rzeRandx <4} = (—00,4).
(c¢) In the set of the real numbers,

C={z|z®= -8} ={-2}.
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One special set is the empty set or the void set, denoted by (), that is the set containing no elements. Also, if
a set contains only one element it called elementary set. For example, the set C' in the above example is an
elementary set. On the other hand, if its universal set was the set N of the positive integers, the set C' would
then be the empty set: C' = ().

We can use operations to construct new sets from given sets.

DEFINITION (Set operations). Let A and B be arbitrary subsets of the universal set .S.
(1) The union of A and B, denoted by A U B, is the set of all elements of S which are in A, in B, or in
both. Symbolically,
AUB ={z|x € Aorx € B}.
(2) The intersection of A and B, denoted by A N B, is the set of all elements of S common to both A

and B. Symbolically,
ANB={z|xz € Aand x € B}.

(3) The difference A — B, or the complement of B relative to A, is the set of all elements of A which do
not belong to B. Symbolically,

A—B={z|x € Aand x ¢ B}.

In particular, the complement of B, denoted by B¢, is the complement of B relative to the universal

set S. Symbolically,

S—B={z|z ¢ B}.

If the intersection of two sets A and B is the empty set (symbolically, A N B = (), the sets are said to be
disjoint.
We list next some well-known properties of the set operations (A, B, and C' designate arbitrary subsets of the

universal set .5).

e Commutative laws: AUB=BUA, ANB=DBnNA.

Associative laws: AU(BUC)=(AUB)UC, ANn(BNnC)=(AnB)NnC.

Distributive laws: AN (BUC) = (ANB)U(ANC), AU(BNC)=(AUuB)N(AUC).
e AUA=A, ANnA=A

AUD=A, AnDd=0.

e AUS=S5, AnS=A.
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Axioms of the real number system. Basic results.

The set R of the real numbers is the set, together with two operations (4 and -) and an order relation (<),
whose elements satisfy a set of 10 axioms. We begin by setting the operations of addition and multiplication,
respectively,

(z,y) 2x+y and  (z,y) > z-y,

where the sum x + y and the product xy are uniquely determined.
Note that - y can also be written xy.

Leta,b,c...,x,y, z be arbitrary numbers. We first give a set of axioms which define the set R as a field.

FIELD AXIOMS.

Axiom 1 (Commutative laws). z +y =y +z, zy = yx;
Axiom 2 (Associative laws). z + (y+2) = (v +y) + 2, z(yz) = (zy)z;
Axiom 3 (Distributive law). z(y + z) = zy + xz;
Axiom 4 (Existence of identity elements). There exist two distinct and unique numbers 0 and 1 such that
r+0=042x=2 and 1-z=2-1=ux;
Axiom 5 (Existence of negatives). For every x there exists a number —x satisfying
r+(—x)=—x+2x=0;

Axiom 6 (Existence of reciprocals). For every x # 0 there exists a number z~! such that

The properties stated in the next theorem can be obtained form the above axioms.

For example, from Axioms 1, 3, and 4 we obtain
0-a=(0+0)-a=0-a+0-a
so that, using additionally Axiom 5,
0-a=0-a+0-a<0-a+(—(0-a))=0-a<=0=0-q,

and, taking again into account Axiom 1, statement (5) below is proved.
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THEOREM 5.2.

(1) (Cancellation law of addition) If a +b = a + c then b = ¢;

(2) (Possibility of subtraction) Given a and b, there is exactly one x such that a + x = b (z is denoted by

b — a; in particular, 0 — a is written —a and is the negative of a);
(3) b—a=b+(—a);
(4) ~(-a)=a;
(5) 0-a=a-0=0;
(6) (Cancellation law for multiplication) If ab = ac and a # 0 then b = ¢;

(7) (Possibility of division) Given a and b with a # 0, there is exactly one x such that ax = b (x is

denoted by b/a or by 2; in particular, 1/a is also written a=! and is the reciprocal of a);
(8) Ifa# 0thenb/a="b-a"';

(9) Ifab=0thena=00rb=0;
¢ ad+bc

a
10) &4 €200, :
(10) 7+ bd ifb,d #0;

a ¢ ac .
(U)g'a—@lfb,d#o,

a/b ad

Let us characterise the set N of the positive integers.

DEFINITION (Inductive set). A set of real numbers is called an inductive set if
(1) The number 1 is in the set;

(2) For every z in the set, = + 1 is also in the set.

DEFINITION (Positive integers). A real number is called a positive integer if it belongs to every inductive

set.

We can then say that the set N of the positive integers is the smallest inductive set. Note that the set of the
positive integers can also be denoted by Z™.

The set Z~ of the negative integers is the set of the negatives of the elements of Z*. Finally, the set Z of the
integersis Z = 7+ UZ~ U{0}.
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The set Q of the rational numbers is defined by

{x|x:%, a,beZandb;é()}.

Notice that the set Q is also a field.
Assume now that there exists a set Rt C R, called the set of positive numbers, which satisfies a set of axioms

which we give below. This set of axioms together with the first 6 axioms define the R as an ordered field.

ORDER AXIOMS.

Axiom 7. If x,y € Rt thenxz +y € R* and zy € RT;

Axiom 8. For every z # 0 either z € RT or —x € R™ but not both;

Axiom 9. 0 ¢ RT.

We give meaning to the symbols <, >, <, and >:

e r < ymeans thaty — r € R™;
e y > x means that x < y;
e = < y means that either x < y or x = y;

e y > x means that x < y.

Notice that
r>0e0<zeor—0eRT <z eRT

so that x > 0 if and only if z € RT. If 2 < 0 we say that x is negative.

THEOREM 5.3.

(1) (Trichotomy law) One and exactly one of the relations holds: a < b, b < a, a = b;
(2) (Transitive law) If a < band b < c then a < ¢;
(3) Ifa<bthena+c<b+c

(4) Ifa < bandc > 0then ac < bc;

(5) Ifa <bandc <0 then ac > bc;

(6) Ifa # 0 then a® > 0;

(7) 1>0;

(8) Ifa < bthen —a > —0;

(9) Ifab > 0 then either a,b > 0ora,b < 0;

(10) Ifa < cand b < dthena+b < c+d.
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Let us prove, for example, (6) in the above theorem. If @ > 0, from (4) in Theorem 5.3 and (5) in Theorem
5.2 we obtain

a>0=a-a>0-asa>>0

and if a < 0, from (5) in Theorem 5.3 and (5) in Theorem 5.2,
a<O:>a-a>0-a<:>a2>0,

so that (6) Theorem 5.3 in is proved.

Notice also that (7) in Theorem 5.3 is an immediate consequence of statement (6) of the same Theorem.

We can now set the geometric interpretation of the real numbers (see Figure 5.1). We draw a straight line and
mark the point O freely. Then we mark the point 1 to the right of 0. The length of the segment with endpoints
0 and 1 determines the scale. In general, the points to the right of 0 represent the positive numbers and the
points to the left of 0, the negative numbers. Also, given any two numbers = and y, if < y then y is marked

to the right of x.

Figure 5.1

The set Q of the rational numbers satisfies the Axioms 1 — 9 so that it is an ordered field. We will present a
new axiom which the rational numbers do not satisfy: it separates the rational numbers from the real numbers.
We first show that there are numbers which are not rational.

We say that an integer n is even if n = 2m, with m an integer. We say that n + 1 is an odd integer if n is even.

THEOREM 5.4. Let m and n be integers.

(1) If n2 is even then n is even;

(2) Ifm? = 2n? then m and n are even.

Using the above theorem we can show that /2 is not rational. If is was, it could be written as a quotient a/b,
where a and b are integers, b # 0, and at least one of the integers a and b is odd. Then
2
_a _a 2 o2
\@_5@2_19—2@@ =2b
and from (2) in Theorem 5.4 we conclude that both « and b are even, which is a contradiction. Consequently,

/2 is not rational: it is irrational. We proved the result stated next.
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THEOREM 5.5. /2 is an irrational number.

Thus, we have
R = Q U {irrationals},

where the set of the irrational numbers is not empty.

To move in the direction of the 10th axiom, we introduce a few preliminary notions.

DEFINITION (Upper bound). Let .S be a nonempty set. If there is a number b such that z < b for every
x € 5, S is said to be bounded above by b and b is said to be an upper bound for S. If b € S than b is

called the maximum element of S and we write
b =max$S.

If S has no upper bound, it is said to be unbounded above.

DEFINITION (Least upper bound). A number b is called least upper bound or supremum of a nonempty
set S if

(1) b1is an upper bound of S

(2) No number less than b is an upper bound of S.

Suppose that a nonempty set .S has two least upper bounds b; and bs. Then, for any upper bound b of S,
blgb and bgﬁb.

In particular,
b1 < bg and bz < bl.

Consequently, by = bo, and we proved the result we state below.

THEOREM 5.6. If a nonempty set S has a least upper bound b then it is unique, and we write

b =supS.

The notions of lower bound and of greatest lower bound (also called the infimum) are obtained from the
notions of upper bound and least upper bound given above. b’ is a lower bound of a nonempty set S if —b’
is an upper bound of the set —S of the negatives of the elements of .S (if & is an element of S it is called the

minimum of S). b is the greatest lower bound of S if —¥’ is the least upper bound of — S
inf S = —sup{—S}.

Now we state the last axiom.
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SUPREMUM AXIOM.

Axiom 10. Every nonempty set S of real numbers which is bounded above has a supremum.

THEOREM 5.7. Every nonempty set S of real numbers which is bounded below has an infimum.

Example. Consider the set
A={z|z € Q and = < V2}.

The set is bounded above in Q (2, for example, is an upper bound of A). But it has no least upper bound in Q.

On the other hand, the set has a least upper bound in R:
sup A = V2.
R
We now approach a few topics concerning the real number system.

Roots. We define the square root of a real number a > 0 as the solution of the equation

1'2:(1.

THEOREM 5.8. Every nonnegative real number a as a unique nonnegative square root. ‘

Note that if a > 0, a’? or v/a denotes the nonnegative square root of a. If a > 0, —a'’? or —+/a is the
negative square root of a.

In general, the n-th root of a real number a, with n > 2 an integer, is the solution of the equation
" = a,

if it exists. If n is odd, the solution, denoted by a'/™ or {/a, exists and is unique. If n is even and a > 0, a'/™

or {/a denotes the unique nonnegative n-th root of a. If a > 0, —al/" or — {/a is the unique negative n-th
root of a. If n is even and a < 0 the equation ™ = a has no solution.
We consider now the case of powers of rational exponent. Let » = m/n, with m and n positive integers. The

power a”, with a a real number, is defined by

if nis odd or if a™ > 0 if n is even. The power of negative rational exponent exists under the same conditions
for a # 0, and is defined by

Let a and b be real numbers and r and s rational numbers. The following operation rules hold, supposing that

all powers involved exist:
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Method of proof by induction.

PRINCIPLE OF MATHEMATICAL INDUCTION.

Let S be a set of positive integers such that

(1) The number 1 is in S;

(2) Ifaninteger k is in .S then k£ + 1 is also in S.

Then every positive integer is in S.

The following method for proving a result, called method of proof by induction, is based on the principle of

mathematical induction. The idea is to prove that the set of the solutions of an assertion is the set N of the

positive integers (more generally, the set of all integers greater than or equal to a certain integer n1).

METHOD OF PROOF BY INDUCTION.

(1) The basis: A(ny) is true;

Let A(n) be an assertion depending on an integer n. A(n) is true for all n > ny if

(2) The inductive step: If A(k) is true for k > n; then A(k + 1) is also true.

Example. Let us prove that if z > 1 then 2™ > z for every integer n > 2.

e The basis: z > 1 = 22 > z;

e The inductive step: If 2* > x for k > 2 then ¢t > 22 > 2.

We can conclude that the assertion holds for all n > 2.
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Absolute values. The absolute value of a real number « is defined by

T ifx>0
|z| = ' .
—z ifx <O

71

’ THEOREM 5.9. If x is a real number then —|z| < z < |z|.

THEOREM 5.10. Let a and x be real numbers. Then
(1) |z|>as < —aor x>a
(2) |z|<a<s —a<z<a

(3) |x|=asx=—-aorxz=aif a>0.

THEOREM 5.11. Let x and y be real numbers. Then
(1) Positive homogeneity: |xy| = |z| - |y|.

(2) Triangle inequality: |z + y| < |z| + |y|.

THEOREM 5.12 (Cauchy-Schwarz inequality). Let z1,x3,...,T, and y1,Y2,...,Yn be real numbers.
Then
n 2 n n
(z y) > (z ) - (z y> |
k=1 k=1 k=1
Moreover, the equality holds if and only if there is a real number a such that xj, = ayy, fork =1,2,...,n.

The metric space R.
Let x and y be real numbers. We define the distance d between = and y as
d(z,y) = |z —yl.
This distance d satisfies the following properties (x, y, and z are arbitrary be real numbers):
e d(x,y) > 0and d(x,y) = 0if and only of z = y;
o d(z,y) = d(y,z);
o d(x,y) <d(x,z)+d(z,vy).

The set R endowed with d is a metric space.

Note that the absolute value of a number represents geometrically its distance to the origin:

|z| = |z — 0] = d(z,0).
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Some sets of real numbers are very frequently used: the intervals. We have the following types of bounded in-
tervals (the endpoints a and b, with a < b, are real numbers) (see Figure 5.2 for their geometric representation
as segment lines):

e The closed interval [a, b], representing the set {z |a < x < b};

e The open interval (a,b) (or |a, b)), representing the set {x |a < x < b};

e The half-open intervals [a,b) (or [a,b]) and (a,b] (or ]a,b]) representing, respectively, the sets
{z|la <z <bland{z|a <z <b}.

(@) [a, ] (b) (a,b) (© [a,b) (@ (a, 0]

Figure 5.2. Bounded intervals.

Independently of the type, the center or midpoint of a bounded interval with endpoints a and b (a < b) is the
point
a+b
5
We consider now the types of unbounded intervals (see Figure 5.3 for their geometric representation as semi-

straight lines):
e The closed intervals [a, +00) (or [a, +00[) and (—o0, b] (or | — 00, b)), representing the sets {z | z >
a} and {z | z < b}, respectively;
e The open intervals (a, +00) (or Ja, +o00[) and (—o0, b) (or |—o0, b]), representing the sets {z | z > a}

and {z | x < b}, respectively.

(@) [a, +o0) (b) (—o0,b] (©) (a,+00) (d) (—o0,b)

Figure 5.3. Unbounded intervals.
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Finally, the straight line itself can be represented by the unbounded interval (—oo, +00) (or | — 0o, +00[), that

is, the set R of the real numbers (see Figure 5.4).

Figure 5.4. The set R.

We finish the chapter by presenting basic fopological concepts.

DEFINITION. Let E be a subset of R.

(1) A neighbourhood of p € R is a set

N,y(p) ={q|lq €R and d(p,q) < r}.
(r > 0 is the radius of N,.(p)).

(2) p € Ris alimit point of the set F if every neighbourhood N of p contains a point ¢ # p such that
q € E. The set of all limit points of E is denoted by E’.

(3) Ifp € E and p is not a limit point of E, p is called an isolated point of E.
(4) E is closed if every limit point of E is a point of E.
(5) The closure E of the set E isthe set E = E U F'.

(6) A point p is an interior point of E if there is a neighbourhood N of p such that N C E. The set of

all interior points of E is denoted E.
(7) E is open if every point of I is an interior point of E.
(8) The complement E° of E is the set of all points p € R such thatp ¢ E.

(9) E is bounded if there are real numbers ¢ and M such that d(p,q) < M forallp € E.

The geometrical representation of a neighbourhood N,.(p) can be found in Figure 5.5.

p-r p p+r

Figure 5.5. Neighbourhood.
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Note also that a set F is bounded if and only if there is a real number M > 0 such that d(p,0) < M for all
peE.

THEOREM 5.13.

(1) Every neighbourhood of p € R is an open set.

(2) Ifpis a limit point of a set E then every neighbourhood of p contains infinitely many points of E.
(3) A finite set has no limit points.

(4) A set E is open if and only if E° is closed.

(5) A set E is closed if and only if E€ is open.

(6) The closure E of a set E is closed.

(7) E = E ifand only if E is closed.

Example. Consider the set
1
A:(—3,0)U{x:p€R and x:1+,n€N}.
n

Noting that
supA =max A =2 and inf A = -3,

we see that d(p,0) < 3 for all p € A. Therefore, the set A is bounded. The set of all limit points of A is
A =[-3,00u{1}
and that the closure of A is
A=AUA = [3,0]U{1}U{1+;,n€N}.

Since A # A, A is not closed. The set of all isolated points of A is
1
{1 + —,n € N} .
n

A=(-3,0),

The interior of A is

and, since A ¢_ A, A is not open.
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Exercises.

(1)

(2)

3)

“4)

Prove, by using the induction principle:

a) 1+2+3+...+n:%forallintegersnsuchthatn21;

b) Partial sum of the arithmetic progression:
- n
Y a+dk-1)= 5 2a+d(n—1))
k=1

for all positive integers n, with ¢ and d real constants;

c) Partial sum of the geometric progression:
n
Zark_l = al .
1—7r
k=1

for all positive integers n, with a and r # 1 real constants;

d) Bernoulli’s inequality: (1+a)” > 1+ naifa > —landn € N;
e) 2™ < n! for all integers n such that n > 4;

f) 8™ — 3" is divisible by 5 for all positive integers n.

Obtain a law from the equalities
1=1 1-4=—-(1+2), 1-449=1+2+3, 1-44+9-16=—-(1+2+3+4),

and prove it by induction.

Interpret geometrically the following sets:
a) {z:|z] <1} b) {z:|z| <0} ¢) {z:|xr—al <e}(e>0);
d) {z:|z| >0} e) {z:(x—a)(x—0)<0,a<b); D {z:2°>2},

@ {o: |z —1] =[]}

Solve the equations:

a) r+2=+v4x + 13, b) |z + 2| = V4 — x; ¢) 2 —2lz| —3=0.

75
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(5) Let A and B be two subsets of R such that A C B, A is nonempty, and B is bounded above by a real
number. Explain why sup A and sup B exist, and show that sup A < sup B.

(6) Show that, for all real numbers x and vy,

a) v +yl < |z|+ |yl; b) [lz] = [yl| < |z —yl.

(7) Solve the following inequalities, and give their solution sets:

a) |3 — 22| < 1; b) |1+ 22| < 1; o) o —1] > 2; d) |z +2| > 5;

e)[5 -z <1; 0z =5 <lz+1; @ la® -2/ <1 h) |2 = 32| < 1

i) |z — 3| > 2; i)z —1] > 2; KI3—z <1, D]z—4<|z+2;

m) |22 — 5| < 2; nz<z?—12<4z; 0)|2r—1|—z>2; p)lfmgQ;
1'2—1'

Dz —2> (x| —1)%; 1) > .

1+x

(8) Determine in R the sets of all upper and lower bounds, the supremum and the infimum, and the maximum

and the minimum (if they exist) for each one of the following sets:

.o . 3w ) nl. )
a) {1,31n4,sm4}, b) {(—1) n.nEN},
1 1 1
c) {m+:m,n€N}; d) {+:m,n€N}.
n nom

(9) Determine the interior, the set of all limit points, the closure, the sets of all upper and lower bounds, the
supremum and the infimum, and the maximimum and the minimum (if they exist) of each one of the

following sets:

a) A= [273[U[4> 10[, b) B :]5a 7[U{15}7 ) C= [07 1] - Q d) D= [233] NnQ.

(10) Determine the interior, the set of all limit points, and the closure of the following sets:

a) A= {z cR:a? <49} b) B = {x : z is irrational and 2% < 49}.
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(11) Consider the set

(="
A=<zeR:z=1+ ,meN3.
n
a) Determine the interior, the set of all limit points, and the closure of A.

b) Check if the set A is open or closed.

(12) Determine the interior, and the set of all limit points of the set

A={z€Q: |z +3] <5}U{:L':acisirrationaland —\/§§x§\/13}.

2
x ‘<1}.
x—2

(13) Let the set

A:{xER:

Determine A and A’.






6. Sequences

Definitions.

DEFINITION (Sequence). A function a : N — R is called a sequence of real numbers. To designate the
sequence value at n it is customary to use the notation a,, instead of a(n); and the sequence itself is in this

case denoted by {ay, }nen or simply by {a,}. The elements a,, are called the ferms of the sequence and

the indices n their order.

Example. Consider the following sequence, the arithmetic progression
{an}, an=a+ (n—1)d,

with @ and d real constants. The first four terms of the sequence are

Alternatively to defining the sequence {a,, } by giving its general term, that is, the term of order n, the sequence

can be defined by recursion:

al = a
Gnt1 = ap +d, ifn>1.
Now, the first term of the sequence is given and the remaining terms can be obtained from the recursion
formula. We exemplify by determining the next three terms
a2 =a1+d=a-+d,
a3 =as+d=a+d+d=a+ 2d,
ag=a3+d=a+2d+d=a+ 3d.
The two ways of defining the sequence are obviously equivalent and this can be proved by induction.

79
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DEFINITION (Convergent sequence). Let {a,} be a sequence of real numbers. We say that {a,, } converges
and has limit L € R, and write
lim a,=L or a,— L as n— +o0o,
n—+oo

if for every real number £ > 0 there exists an integer /N such that

la, — L| <& whenever n > N.

If {a,, } does not converge, it is said to diverge.

Example. Consider the sequence
1
a with a, = —.
{ n}’ n n

We want to prove that the sequence converges to 0. For this, given an arbitrary real number € > 0, we need to

find an order N such that
1
‘—O‘ <eif n> N.
n

First notice that

1 ‘ 1 1
Z_ol=12]=2=
n n n
so that
—<e=>|——-0|<e.
n n
As

1 1
—<e&En>—,
n €
if we chose NN such that
1
N > -
€
then we obtain, as needed,
1
nZNi‘—O‘ <Ee.
n
We proved that

1
— — 0 as n — +oo.
n

DEFINITION (Monotonic sequence). We say that a sequence {a,} is monotonically increasing if

Gn4+1 > ay for every n € N, and monotonically decreasing if an+1 > a, for every n € N. The class

of the monotonic sequences consists of the increasing and the decreasing sequences.
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Examples.
(a) Consider, again, the arithmetic progression
{an}, an=a+ (n—1)d,
with a and d real constants. As for a general sequence {c,, }
Cntl 2> CrneCpy1— ¢ >0 and cpp1 < © cpg1 —cn <0,

to check the possible monotonicity of the sequence we just need to check the sign of the difference ¢, +1 — c;,.

In the particular case in study, we have
pt1 —ap=a+(n+1-1)d—(a+(n—1)d) =nd— (n—1)d=d.
Then, the monotonicity of {a,} depends on the signal of d: increasing if d > 0; decreasing if d < 0.

(b) Consider the sequence
{bn}, with b, =3".

Notice that for a general sequence {c,} if ¢,, > 0 for all n € N we have

Cn+1 Cn+1
"> 1 and cpyq < cp & 2
Cn Cn

Cnil = Cp & <1

Therefore, we can check the possible monotonicity of a sequence by comparing the quotient ¢,,11/¢,, with 1.

As, in our case, b, = 3" > 0 forall n € N, and

bn+1 >1=
bn 3n

we conclude that {b,, } is an increasing sequence.

Recall that a set A C R is bounded if there exists a real number M such that |a| < M for every a € A.

DEFINITION (Bounded sequence). We say a sequence {a, } of real numbers is bounded if there exists a

real number M such that |a,| < M for all n € N, i.e., if the range of {a,, } is a bounded set.

Examples.
(a) Let{a,} be the sequence with general term a,, = (—1)". As
lan| = [(=1)"| =1,

we see that |a,| is bounded above by any real number M such that M > 1. Then {a,} is bounded.
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(b) Consider the sequence

. 1

‘We have that
b = 1] 1
" on| 2n’

and also that

1 1 1
——|<Me —<Men>—.
‘ on| = on = "=oM

As the inequality

> __
"=oM

is satisfied for all n if M > 1/2, we conclude that {b,,} is a bounded sequence.

DEFINITION (Subsequence). Let {a,} be a sequence, and suppose that {n} is a sequence of positive
integers, such that

ny<ng <ng<<---

The sequence {ay, } is called a subsequence of {a,, }. If {ay, } converges, its limit is called a subsequential

limit of {ay,}.

Example. Let {a, } be the sequence with general term
ap, = (—1)".

The subsequences of the terms with even and odd indices are, respectively,

agn = (—1)>" =1 and a9, 1 = (—1)>""1 =1,
forallm € N. As
lim a9, = lim 1=1 and lim agp_1 = lim —1= -1,
n—-+00 n—-+00 n—-+00 n—-+00

1 and —1 are subsequential limits of {a,, }.

Basic results.

THEOREM 6.1. If L and L' are real numbers, and if {x,,} is a sequence in R converging to L and to L,
then L = L.

THEOREM 6.2. Suppose that {x,,} is a convergent sequence of real numbers. Then for every real number

€ > 0 there exists an integer N such that

m,n > N implies that |x, — x| < €.
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THEOREM 6.3. Suppose that {x,} is a convergent sequence of real numbers with x,, — L as n — +oc.

Then any subsequence {x,, } converges and x,, — L asn — +oc.

THEOREM 6.4. If {x,} is a convergent sequence of real numbers, then {x,} is bounded.

THEOREM 6.5. Suppose {x,,} is a monotonic sequence of real numbers. Then {x,,} converges if and only
if it is bounded.

THEOREM 6.6. Suppose that {x,} and {y,} are sequences in R such that x,, — 0 as n — 400 and y,, is

bounded. Then the sequence {x,y,} converges and x,y, — 0 asn — +oo.

THEOREM 6.7. Suppose that {x,} and {x,} are convergent sequences in R with L = lirf x, and
n—-+00

n

M = lim vy,. Then the following holds:
—+00
(1) The sequence {x,, + yn} converges and

lim (z,+y,) =L+ M,

n——+oo

(2) For any real number «, the sequences {coxy} and {o + x,,} converge and

lim (az,)=alL and lim (a+x,)=a+ L;

n—-+oo n—-+oo

(3) The sequence {x,yy} converges and

lim (zpyn) = LM;

n—-+o0o
(4) Ifyn # 0 foralln € Nand M # 0, then the sequence {x,,/yy,} converges and
N
lim — = —;

(5) The sequence {|x,|} converges and
m |z, | = [L];
—+00
(6) The sequence {(x,)P}, with p a positive integer, converges and

i p_gJp.
wh (o) = 1

(7) Ifxn, > 0foralln € N, then the sequence {3/xy}, with p > 2 an integer, converges and

lim ¢z :\’VZ;

n—-+4o0o
(8) Ifxy, >0foralln €N, then L > 0;
(9) Ifxy > ypforalln €N, then L > M.
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THEOREM 6.8. Suppose that {x,}, {yn}, and {z,} are sequences in R such that y,, < x,, < z, for all
n € N. Suppose further that the sequences {y,} and {z,} are convergent, with lim vy, = lim z, =

L. Then the sequence {x,} converges and lim =z, = L.
n—+oo

n——4o00 n—-4o0o

THEOREM 6.9.

(1) Ifpis a positive real number, then lim — = 0.
n——+oo NP
(2) Ifpis a positive real number, then lim /p = 1.
n——+00
(3) lim {/n=1
n—+00
nCl{
(4) If p and o are real numbers, with p > 0, then ngrfoo W =0.
(5) If x is a real number such that |z| < 1, then lim z" = 0.
n—-+0o0o
Examples.

(a) Consider the sequence {(—1)"}. As the subsequences {(—1)?"} and {(—1)?"~!} do not converge to the

same number (they converge to 1 and —1, respectively), {(—1)"} diverges.

(b) Consider the bounded sequence {(—1)"}, and the sequence {1/n} converging to 0 as n — +oc. Then

1
lim (-1)"-—=0.
n—-+oo n
(c) From the knowledge that
2 1 1
— =0, nt — 2 and st — 3,
n n+2 n

we can conclude that

1 2n+1 1\2
lim (5-- n —2-<3”+ >>=5~0-2—2'32
n——+00 n n+2 n

= —18.
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Extended real numbers.

DEFINITION (Infinite limits). Let {a,} be a sequence of real numbers. If for every real number M there
exists an integer N such that a,, > M whenever n > N, then we say the sequence {a,} diverges to
positive infinity, denoted by

lim a, = +oo.
n—-+0o00

Similarly, if for every real number M there exists an integer N such that a,, < M whenever n > N, then

we say the sequence {a, } diverges to negative infinity, denoted by

lim a, = —o0.
n—-+4o0o

If lirf |an| = +00, we say the sequence {a,, } diverges to infinity, and write
n——+0o0

lim a, = oo.
n—-+00

THEOREM 6.10. Let {x,,} and {y.,} be sequences in R such that x,, is unbounded and y,, is bounded, with
yn 7 0 for all n € N. Then the sequence {x,,/y,} is unbounded. In particular,

(1) Ifngrfoo T, = 400 and nLl\rfoo Yn =0,

lim @z—i-oo if Yo >0 forall n € N

n—-+00 UYn

lim x—":—oo if yn <0 forall n € N;

n—-+o0o Yn

(2) Ifngrfoo x, = —oo and ngrfoo Yn = 0,

lim 2% = oo if Yo >0 forall n € N
n—+00 Yp

lim x—":+oo if yn <0 forall n € N.

n—-+o00 UYn

DEFINITION (Extended real numbers).
The extended real number system, denoted R, consists of the real field R and two symbols, —oo and +oc.

We preserve the original order in R, and define
—00 < 1 < 400,

for every real number r.
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Every subset of R is bounded above by +o00. Moreover, every nonempty subset S of real numbers has always
a supremum in R: if S is bounded above in R, the supremum is real; if S is not bounded above in R,
sup(S) = +oc in R. The same remarks apply to lower bounds.

The extended real number system does not constitute a field, but it is customary to make the following opera-

tion conventions:

(1) For any real number r,

r+ (+00) =71 — (—00) =7 + 00 = +00;

r+(—o0) =r—(+00) =71 — 00 = —00;
r N
+oo
(2) For any real number r > 0, r - (+00) = +oc and r - (—o0) = —o0.
(3) For any real number 7 < 0, r - (+00) = —oo and r - (—00) = +00.

(4) +00+ 00 = +00, £00 - (£00) = 400, and +00 - (Fo0) = —0o0.
(5) If p is an odd positive integer, (+00)P = £o00 and {/+oo = too.
(6) If p is an even positive integer, (£00)P = +o00 and {/+00 = +00.

Note that the symbols
Fo0 too 0

oo’ Too' O (£00)

+oo Foo, 0-(£o0),

are not defined.

To distinguish the real numbers from —oo and +-oco we call the former finite real numbers and the latter infinite
real numbers.

Note also that in the extended real number system R, a sequence which diverges to 400 (to —o0) is said to

converge to +00 (to —o0).

THEOREM 6.11. If x,, is a sequence such that x,, — +00 as n — +00 and a is a real number, then

Tn
lim <1 + a) = e
n—-+oo T




EXERCISES.

Examples.

(a) By using the limit theorems we can determine the following limit

lim 4n2 = lim ”721: lim — ! = ! = !
n—toon*+1 notoon (1 + F) n—+oo n (1 + F) (400)2 (1 + @) +00 (1 + ﬁ)
B 1 1 0

+00(1+0) +oo

(b) By using Theorem 6.11,

Exercises.

(1) Determine, if it exists, the limit of each one of the following sequences:
1 1 n 2n — 1 n? (—1)"
Z\L. p L. - d . . )
G T AN s S e B T SR e

(2) Let{x,} be a sequence of real numbers with x,, — 400, and P and () the polynomial functions

P(x) =ap2’ + ...+ ap1x +ap,  Q(x) =box? + ...+ bg_17 + by,

with real coefficients (ag, bg # 0). Show that

. L »
DB Pl = g dovi
2 ifp =g,
bl Plzn) _ o, apry SU ,
n—l)r—iI-loo Q(xn) - n—1>r—ir-loo bow% - bg ' (—|—OO) lfp >4
0 if p <gq.

(3) Determine, if they exist, the limits of the sequences with general elements:

1-n 2n + 3 n? +2
— . b) b, = . — .
a) ap int3 ) n 3n— 1’ c) Cn 3t 1
n?—1 3n 2" +1
d) dn:m; e) €n:m; f) fn:m§
—n3+2 nd+1 . n2+3n n?2-1
e e N B D i = — ;
4dns — 7 n*+2n—1 n-+2 n
. . —1)"n3 nn—1)(n-—2
T s 1| L ¥
n? 42 (n+1)(n+2)
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(4) Determine, if they exist, the limits:

a) lim cos?(n)sin (1);

n—400 n

n(n—1)(n —2)(n —3)

R IR EE IR

c) nETOO(COS(x)) , T ER;

1 1 1
d lim | —=+ +ot+—=;
) n—+o0 n  vn+1 V 2n)

e) lim

1 1 1
+ toot
n—oo (\/n2 +1 Vn2+42 Vn? +2n + 1>
L L),
n?  (n+1)? (2n)2 )’

g) lim

n n n
+ + ot
vnt+1l  Vnt+2 \/n4+n>
hy  lim (Vn+1-—+/n).

n+3\%" n+5\" 3\"
n = ) n — 3 n=\1-- ’
2 u <n+1> b v <2n+1> © w < n2>



7. Series

Definitions and basic results.

DEFINITION (Series). Given a sequence {a,, } of real numbers, we use the notation

q
> an for p<g

n=p

to denote ap + ap41 + - - - + a4. With {a, } we associate a sequence {s,} where

n
Sp — E ag.
k=1
For {s,} we use also the symbolic expression
ait+azx+ag+---

or, more concisely,

+oo

g Qnp,

n=1
which we call an infinite series, or just a series. The numbers s,, are called the partial sums of the series.

If {s,} converges to a number s, called the sum of the series, we say that the series converges, and write

+oo
E anp = S.
n=1

Otherwise, the series is said to diverge.

When convenient, we shall consider series of the form Z:ﬁ?ﬁ an, with n* € Ny. Also, when there is no

possible ambiguity, or when the distinction is immaterial, we shall simply write > a,,.

Example. Consider the series Y a,, where {a,, } is the arithmetic progression with general term

ap =a+ (n—1)d.
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As a1 = a, the sequence’s general term can be written
anp =a;+ (n—1)d.
The partial sums s,, can be written in the following two different ways
sp=a1+ (a1 +d)+ (a1 +2d) + -+ (a1 + (n — 2)d) + (a1 + (n — 1)d)
Sp=(an—(n—1d)+ (ap — (n—=2)d) + -+ (an — 2d) + (an, — d) + ay.
Adding both sides of the two equations, the terms involving d cancel, and we obtain
2sp, = nlar + ay).

Dividing both sides by 2 gives

n
Sp = §(a1 + ay).

As a, = aj + (n — 1)d, the partial sums can also be written

(2a1 + (n —1)d) = gnz + <a1 - d) n.

n

2

Sn

2

We can see that s,, converges if and only if a; = d = 0, in which case a,, = 0 for all n. We then have that
> (a1 + (n — 1)d) diverges if a; # 0 or d # 0 and converges if a; = d = 0 (with > (a1 + (n — 1)d) = 0).

‘ THEOREM 7.1. If > ay, converges then lim,,_, ~ a, = 0. ‘

Note that Theorem 7.1 gives just a necessary condition for convergence of a series. In fact, only from a,, — 0

nothing can be concluded about the convergence of  a,,.

Examples.

(a) Consider the series
) n
g an, with a, =

2n+1°
As
. . n 1

we conclude that > a,, diverges.
(b) Consider again the arithmetic progression {b,, }, with
by, =b+ (n—1)d.

As b, — 0if and only if b = d = 0 we can conclude that for b # 0 or d # 0 the series > (b+ (n — 1)d)

diverges.
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THEOREM 7.2. Let »_ ay, and > by, be convergent series such that

Zan:a and an =b.

Then the series Y (an + by) and Y cay, with c a fixed real number, converge and
Z(an+bn) =a+b, ann = ca.

’ THEOREM 7.3. If Y a,, converges and ) by, diverges then ) (ay, + by,) diverges. ‘

’ THEOREM 7.4. If Y a,, diverges and c # 0 then ), ca,, diverges. ‘

DEFINITION (Absolute convergence). The series Y | a,, is said to be absolutely convergent if , |a,,| con-

verges.

THEOREM 7.5. If Y a,, converges absolutely then ) a,, converges. ‘

Geometric series.

DEFINITION (Geometric series). The series generated by successive addition of the terms of a geometric

progression, ZI:(’) z", with z a fixed real number, is called a geometric series.

THEOREM 7.6. Consider the geometric series Ii% " If |x| < 1, the series converges and

1

—+o00

n
S
o 1—=x

If |z| > 1, the series diverges.

Examples.

(a) The geometric series Y (—1)", > 2", and ) (—2)" diverge.

(b) The geometric series Y70 (3)" converges, and

iO(;)n:ll -2

_1
n=0 2

As [(=3)"] = (3)". the series 372 (—3)" converges (absolutely). Its sum is

£ () -
2)  1+3 3

n=0




92 7. SERIES

n . . .
c) The series ) "5 diverges since -+ 0 asn — +oo, and 1)™ is a convergent geometric series.
g P 3 gent g

_l’_
Thus the series (er + (g) ) diverges.

(d) Theseries> %% ((—2)" —2(3)") converges, since both }~° (—=2)" and 3% (3)" are convergent

geometric series. The sum is

S((D) -=()) - -2 G) a8 --2

Power series.

DEFINITION (Power series). Given a sequence {c,, } of real numbers, the series

“+o00
g ",
n=0

where z is real, is called a (real) power series. The numbers ¢, are called the coefficients of the series.

Example. The following series are power series:

+00 1 oo
Z nlx", Z zn and Z 2"(x—1)"
n=0 n=0

With every power series there is an interval associated, the interval of convergence, such that the series con-
verges absolutely if x is in the interior of the interval and diverges if x is in the exterior (we consider the real
line as the interior of an interval of infinite length, and a point as an interval of length zero). The behaviour on

the boundary of the interval of convergence is varied.

THEOREM 7.7. Given the power series Y, cpx™, suppose that lim,_, o {/|cy| exists, and put

1
a= lim {/|cl, R=—.

n—-+00 «
(Ifa =0, R =400, ifa =400, R =0). Then
(1) > cnx™ converges absolutely if |x| < R;

(2) > cpa™ diverges if |x| > R.
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; : n : Cntl .
THEOREM 7.8. Given the power series >, c,x"", suppose that lim,,_, o | exists, and put
. Cn+1 1
o= lim |2F , R=—.
n—+o0o | Cp (0%

(Ifo =0, R =00, ifa =400, R=0). Then
(1) > cpa™ converges absolutely if |x| < R;

(2) > cpa™ diverges if |x| > R.

Examples.

(a) Consider the series Y, n"z". As
lim 4{/|n"*| = lim n = 400, and then R =0
n—+00 | ‘ n—-+00 +oo, ’
the interior of the interval of convergence is empty, so nothing can be concluded with the help of Theorem
7.7. But, observing that for xz = 0 the series is just the zero series, we obtain that the series converges if and

only if z = 0.

(b) Consider the series » % As

1
(n+1)!
1
n!

n!

lim
n—-+o0o

1
1= 0, and then R = +o0,

= lim |—| = lim
(n—}—l)! n—+oo N +

n—-+o00

the series converges (absolutely) for all real .

(c) Consider now the series » %Z As

2

(n+1)7]

n2
— =1, and then R =1,

n—+oo n

1
(nt1)?
1

n2

lim

n—-+0o

= lim
n—-+0o

the series converges (absolutely) for all = such that

lr] < 1le —-1<x<1.

Exercises.
(1) Determine if following series are convergent, and when they are, compute the sum:

a)Z(;)n; by 3 3m, c)Z@)M; d)Z(i)n; SO

n>0 n>1 n>0 n>3 n>0
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(2) Determine the values of = for which the following series converge, and, when possible, compute their

sum:
+oo z n 400 2 n +o0 . +oo on

a)§<m+1> ; b);:()(x) ; c) ;:O(l—lﬂ; d) 1;)($+1) ;
+oo 20 +oo 2" 9\ "2 +o0 (1— |z +oo (z + 1)2n+6

e) Z{)n!; f) Z{)<m+(x> >; 2) E:On!; h) ZOM;

400 n+3
&= (@-2)
i w4
D
n=2
(3) Use the theory of geometric series to determine the rational numbers corresponding to the following

decimals:

a) 3.666...
b) 1.571428571428571428...
c) 1.181818...

d 0.999...

(4) Determine the radius of convergence, and the largest open set where the following power series are

absolutely convergent:

+o0 n +oo 241 +oo omn +oo

x (22 +1) n(xz+1) _

a) E _ b) E —_ ) E — d) E nln""z".
n=1 ( + 1) n=1 \/ﬁ n=1 3 n=1



8. One-variable functions

Generalities.

DEFINITION (Function (informal)). Given two sets X and Y, we call function (or mapping) the correspon-
dence f of X in Y, symbolically
f: X —Y,

which associates to each element of X one and only one element of Y, and we say that f maps X into Y.

The set X is called the domain of the function. The elements of Y associated to the elements of X form a

set called the range of the function.

Functions are usually represented by lower and upper case letters of the English and Greek alphabets. The
lower case letters f, g and h, the upper case letters F, G and H, and the lower case Greek letters ¢ (phi) and
1 (psi) are particularly used. It is also usual to denote the domain by the letter D, and the range by R (with
RCY).

Given the function f, if x is an element of its domain, the notation f(x) is used to designate the element in
the range associated to z by the function f. This element f(x) in the range of f is called the value of f at
x or the image of x under f, and is read “f of x”. To represent the correspondence of x and its image f(z)
sometimes we write

By abuse of language, we say indistinctly “the function f” or “the function f(z)”. Note that the range R is
the set of the images of all elements of the domain D under f, so that we write R = f(D).

In Figure 8.1 shows different ways to represent schematically a function: with the use of Venn diagrams
(Figure 1(a)); and with an input/output scheme (1(b)).

We also observe that  may be seen as a variable taking values in the domain of the function, and f(z)
as a variable taking the corresponding values in the range of the function (sometimes this variable f(x) is
represented by another letter, for example y). As the values of the variable f(x) depend on the values assigned
to the variable z, z is called the independent variable, and y = f(x) the dependent variable.

A function can be classified with respect to injectivity and to surjectivity.
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x > — [ W)

(@ (b)

Figure 8.1. Schematic representation of a function.

DEFINITION (Injective and surjective function). Let f be a function
f:D—Y,

and sety = f(z) forall z € D.

(1) Function f is said to be injective (or one-to-one or an injection) if any two distinct elements in D have

distinct images. Symbolically,

Vai, 22 € D, a1 # 19 = f(x1) # f(22).

(2) Function f is said to be surjective (or a surjection) if the range coincides with Y (R = Y'). Symboli-
cally,
VyeY dxzeD:y= f(x),

and we say that f maps D onto Y .
(3) If f is injective and surjective it is called bijective (or one-to-one and onto or a one-to-one correspon-

dence or a bijection) and, symbolically, we write

VyeY 'z e D:y= f(z).

In Figure 8.2 we represent examples for the different possibilities of classification of a function with respect

to injectivity and surjectivity.
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DEFINITION (Inverse). Let f be a bijective function defined by f : D — Y, and set y = f(x) for all
x € D. The inverse of f is the function, denoted by f~1,

1Yy —D

such that

z=f"'y) ey=[f(z), VzeDVyeY.

If f is injective but not surjective there exist elements in Y (the elements in Y — R) which are not images of
any element in D. In this case, the one-to-one correspondence exists but only between the elements in D and

the elements in R C Y/, and the inverse of f is the function
ff':R—D

such that
x=f1y) ©y=f(z), Ve € DVy € R.

Examples.

(a) In Figure 2(d) we represent the bijection j : {a,b,c} — {u,v,w} such that j(a) = u, j(b) = v, and
j(c¢) = w. The inverse of j is the function 57! : {u,v,w} — {a,b,c} such that ;= (u) = a, j~1(v) = b,

and j~(w) = c.

(b) Figure 2(c) represents the injection & : {a,b} — {u, v, w} such that h(a) = w and h(b) = v. the range
of h is the set R = {u,v}. The inverse of h is the function h~! : {u,v} — {a, b} such that h~!(u) = a and
h=1(v) =b.

DEFINITION (Composite function). Consider the functions f : X — Y and g : Y — Z. The composi-

tion of g and f is the function, denoted by g o f,

gof: X —2Z2

such that (g o f)(z) = g(f(z)) forall z € X.

Example. Consider the real functions f(z) = 52 — 1 and g(z) = 22 + 1, with domain R. The composition

of f and g is the function f o g defined by

(fog)(x) = f(g(x)) =5(x*+1) —1=5z"—4

for all x € R.

The following definition of function does not make use of the undefined notion of correspondence.
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(a) f not injective and not surjective. (b) g not injective and surjective.

(c) h injective and not surjective. (d) 7 bijective.

Figure 8.2. Injectivity and surjectivity.

DEFINITION (Function). A function f is a set of ordered pairs (z,y) such that there are not two distinct
pairs with the same first element. The set X of all first elements x of the pairs (x,y) of f is called the

domain of f. The set Y of the second elements y is called the range of f. The notation y = f(x) is

customarily used to indicate that (z,y) is an element of f.

A function is here understood as the subset of the Cartesian product X x Y which includes all distinct ordered

pairs such that the first element is not the same.

Example. Let us consider the sets X = {1,2,3} and Y = {1, 2}. The Cartesian product of X and Y is

X xY ={(1,1),(1,2),(2,1),(2,2),(3,1), (3,2)}.
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The set X X Y is not a function since, for example, to the first element 1 there correspond two distinct second

elements, 1 and 2. For the same reason, the subset of X x Y

[= {(17 1)7 (17 2)> (2a 2)? (37 1)}

is not a function. But the following subsets of X x Y are functions

g = {(17 1)7 (272)7 (37 1)}7 h = {(17 1)7 (272)7 (372)}7 and j = {(172)7 (27 1)7 (37 1)}

Geometric representation of real functions.

We are interested in a particular class of functions: the real functions of a real variable, that is, functions f

with domain D C R and range R C R, symbolically,

f:DCR-—R.

Example. The functions g, h, and j in the previous example are real functions of a real variable, with domain
{1,2,3} C Randrange {1,2} C R.

For the geometric representation of a function f, we mark on the Cartesian plane the points corresponding
to the ordered pairs (z, f(x)) (the values of the independent variable z are marked on the first axis, and the
values of the dependent variable y = f(z) on the second axis). The geometric representation of f is the set

of all those points, and we call it the graph of f.

Examples.

(a) The function g = {(1,1),(2,2), (3,1)} is represented in Figure 3(a).
(b) Consider the function i : R — R, with ¢(x) = x for all € R. This function, is designated the identity

function. The respective graph is sketched in Figure 3(b).

(c) Consider the function & : R — R, defined by k(z) = k for all z € R, with k¥ € R a constant. A

function of this kind is called constant function (see Figure 3(c)).

(d) Consider also the function u : N — R, with u(n) = 2n—6 for all n € N. Note that it is a particular case
of the real-valued functions of a real variable, where the function’s domain is the set of all positive integers N.

It is the sequence with geometric representation sketched in Figure 3(d).
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M y = g(x) ” y=x
2.2) 2
2 )
1
| (1,1) @3.1) ‘ >
3 -1 1 2 3 x
-1
0 1 2 30x -
(a) (b)
y y‘ y =2n-6
4 °
y=k
2 2
0 ] 3 4 5 2
2
(6] X -4
(©) d

Operations on functions.

Figure 8.3

From given functions new functions can be obtained by using elementary operations.
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DEFINITION (Operations on functions). Let f and g be real functions with the domain D C R, k a real

number, and n a positive integer. We define the following operations on functions:

(1) Multiplication by a real number: The function k f, the product of k and f, is defined by (kf)(x) =
kf(z)ifx € D.

(2) Addition: The function f + g, the sum of f and g, is defined by (f + g)(z) = f(z) + g(x) if z € D.
(3) Multiplication: The function fg, the product of f and g, is defined by (fg)(x) = f(z)g(x) if x € D.

(4) Division: The function f/g, the quotient obtained by dividing f by g, is defined by (f/g)(z) =
f(z)/g(x)ifz € D and g(x) # 0.

(5) Exponentiation: The function f”, f raised to the n-th power, is defined by (f™)(z) = (f(z))™ if
xeD.

(6) Radiciation: The function {/f, the n-th root of f, is defined by (/f)(z) = ¥/f(x) if z € D, in the

case n is odd, and if z € D and f(x) > 0Va € D, in the case n is even.

Examples. Consider the real functions f(x) = 2z and g(z) = 22 + 1, with domain R. We are going to

construct new functions by using the operations above mentioned.

(@ (5f)(z) =5f(z) =10z ifz € R.

b (f+9)(z)=fx)+glx)=20+22+1ifz cR.

© (fg)(z)= f(x)g(z) =2x(2®+1) = 223 + 2z ifz € R,

@ (f/g)(z) = f(z)/g(x) = 2z/(z* + 1) if x € R. Note that g(x) # 0 Vx € R.

© (fY() = (f@)' = (22)" = 162" if v € R.

) (V9)(z) = /g(z) = Va2 +1if 2 € R. Observe that g(z) > 0Vz € R.

Boundedness. Monotonicity. Parity. Zeros.

In the behaviour of a function there are certain properties which are particularly relevant.

DEFINITION (Boundedness). Let f be a real functions with the domain D C R and range R C R. The

function f is said to be bounded if its range R is a bounded set.
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DEFINITION (Monotonicity). Let f be a real functions with the domain D C R. The function f is said to

be an increasing function if

Va1, 29 € D, x9 > x1 = f(22) > f(21),
and strictly increasing if, additionally,

Vai,x9 € D, k9 > x1 = f(x2) > f(21).

If
V1,29 € D, xo > x1 = f(x2) < f(21),

the function is said to be a decreasing function, and if, additionally,
V.’,Ifl,.’lﬁ'Q S Da Tg > T1 = f(xQ) < f(.%'l),

the function is called strictly decreasing. If f is an increasing or decreasing function, it is said to be

monotonic; if f is strictly increasing or strictly, it is said to be strictly monotonic.

Examples. Consider the real functions of real variable f, g, h, and j, with the same domain D = {—3, —1,1, 3}.
(a) If f is defined by f = {(—3,-2),(-1,-1),(0,0),(1,1),(3,2)} (see Figure 4(a)) then it is strictly
increasing, since f(3) > f(1) > f(0) > f(—1) > f(-3).

(b) If g is defined by ¢ = {(-3,2),(—1,1),(0,0),(1,—-1),(3,—2)} (see Figure 4(b)) then g is strictly
decreasing, as g(3) < g(1) < g(0) < g(—1) < g(-3).

(c) If function h is defined by h = {(—3,-2),(—1,0),(0,0),(1,1),(3,1)} (see Figure 4(c)) then it is
increasing (but not in the strict sense), since i (3) = h(1) > h(0) = h(—1) > h(-3).

(d) If j is defined by j = {(—3,2),(—1,—1),(0,1),(1,—1),(3,2)} (see Figure 4(d)) then j is not mono-
tonic, since, for example, j(3) > j(1) and 5(1) < 5(0).

Another important property concerning a function respects its parity.

DEFINITION (Parity). A real function f with domain D C R is said to be even if
Ve € D, —x € DA f(z) = f(—x),

and odd if

Ve e D, —x € DA f(z) = —f(—x).

Note that the graph corresponding to an even function is symmetric about the y-axis, and the graph of an odd

function is symmetric about the origin of the axes.
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yAL g yAL
A f . A
1 1
3 2 -1 O 1 2 3 x 3 2 -1 0 2 X
-1 -1
2 2
(a) (b)
e h ban j
2 9.
1 ° le
3 2 1 o0 i 2 3 Y 3 2 14 o i 2 3
1 ° -1 °
2 2
(©) G))
Figure 8.4

Example. Consider the functions f, g, h, and j of the previous example. The functions f and g are odd (see

as Figures 4(a) and 4(b)), j is even (Figure 4(d)), and h is neither even nor odd (Figure 4(c)).

Finally, we refer to the existence of zeros.

DEFINITION (Zeros). A real function f with domain D C R is said to have a zero at the point g € D if

Example. The functions f and g of the previous examples (Figures 4(a) and 4(b)) have only one zero for

x = 0, the function h (Figure 4(c)) has zero for xt = —1 and x = 0, and j (Figure 4(d)) has no zeros.
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Main types of real functions.

We shall present the main types of real functions of a real variable, focusing on some very common elementary

functions.

Polynomial functions. Consider the function p : R — R defined by

n
p(x) = Zakxk =ag+ a1z + ayx® + -+ ap_12" " + anx",
k=0

where n is a positive integer, and ay, with k = 0,1, 2, ..., n, are constants (called coefficients). the expression
ag + a1z + agx® + - + ap_12" " 4 apaz”

is called a polynomial, and the function p, whose analytic expression is a polynomial, is called a polynomial
function. 1f a,, # 0 the polynomial is said to be of degree n, and p a polynomial function of degree n. The

polynomial functions are the simplest type of so-called algebraic functions.

Examples.

(a) The function ¢ : R — R, defined by ¢(x) = 2* — 522 — 102 + /2, is polynomial of degree 4.

(b) The real functions of a real variable r and s, defined, respectively, by r(x) = —2z + 1 and s(x) = 3z,

are polynomial functions of degree 1.
(c) The function ¢ : R — R, with ¢(x) = 222 — 2z + 1, is a polynomial function of degree 2.

(d) The constant function k& : R — R, defined by k(z) = 7, is a polynomial function of degree 0.

We shall consider first the particular case of the polynomial functions of degree 0 or 1, called linear functions.
We begin by the notion of slope of a line segment. Choose two distinct points in the plane, (z1,y;) and
(x2,y2), with z1 # x4, (follow the explanation with Figure 8.5). The slope (or gradient or angular coefficient)
of the line segment with endpoints (1, y1) and (x2,y2) is given by

Y2 — Y1
m = .
T2 — 1

As m is obtained by dividing the lengths of the segments C'B and AC, we see that the slope is the tangent of

angle o, where « is the inclination of segment AB):

Note that the slope does not depend on the order in which the coordinates are taken, as long as the order is the

same for both terms of the fraction:
YY1 Y1 — Y2
To—x1 T1—To

m
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Figure 8.5. Angular coefficient.

Consider also the segment AD, containing the segment AB (see Figure 8.5). This new segment AD has the

same slope as segment AB

Ys—y _ Y2— Y1

r3 — I1 Tr9 — T1 ’

as the numerators and the denominators of the fractions are the lengths of the corresponding sides of the
similar triangles ABC, ADE.

In fact, the slope is the same for any segment containing or being contained in segment AB. Thus, the notion

m=tana =

of slope is also meaningful for a straight line: it is the slope of any segment contained in the line.
Take now the following points of the straight line: (z1,y1), a fixed point, and (x,y), a moving point taking
any position on the straight line. As the slope m is constant for any two distinct points of the line, we have

_Y—wn
r — I

m =y—yr=m(z—x1) S y=m(x—21)+ Y1

The last equation above,
y=m(z —z1) + Y1,
is the equation of the straight line with slope m and containing the point (z1,y1).
Note that a straight line is not defined uniquely by its slope: we need also to know a point of the line. In Figure
8.6 there are represented distinct straight line with the same slope: the lines are parallel.

Then, we can characterise a straight line as the set of points such that
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\a a a

Figure 8.6. Parallel straight lines.

o the slope m of the segments defined by any two distinct points of the set is constant;

e the set contains a given point (21, y1).

For a given straight line, the choice of the point (x1,y;) is arbitrary. Nevertheless, it is customary to choose

the point (0, b), the intersection of the straight line and the y-axis (b is called the y-intercept). We than have
y=m(z—0)+b<y=mz+b,

where the last equation,
y=mzx+b,

is called the slope-intercept equation of the straight line with slope m and y-intercept b (Figure 8.7).
Summarising, the linear functions have analytic expressions of the form f(z) = ma + b with m and b real
constants, and are geometrically represented by slant (or oblique) straight lines if m # 0 or by horizontal
straight lines if m = 0. The slope m depends on the inclination of the straight line, and b is the y-intercept.
Linear functions are monotonic: strictly increasing if m > 0, strictly decreasing if m < 0, and constant if
m = (. This can be be easily checked. For example, for the case where m > 0, with x; and x9 arbitrary real
numbers, we have

Tog > X1 = Mxy > mr] = mTy+b>mxy+b
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v =mx+b

a (a:tana =m)

-

Figure 8.7. Straight line: slope-intercept equation.

and, consequently, x9 > x1 = f(x2) > f(x1), what sows that f is strictly increasing. The absolute value of

m determines “how steep” the straight line is. In fact, from
[f(x2) = f(x1)| = |(ma2 + ) — (maxy + b)| = |m] - [x1 — 2

we see that the distance between the images of x; and x9 (fixed) under function f increases with |m)|.
The relation between the inclination of a straight line and both the sign and the absolute value of its slope can
be observed in Figure 8.8.
With respect to the range and the existence of zeros, we have two distinct situations. If m # 0, the linear
function linear has range R and only one zero:

f(:r:):0<:>mx+b:0<:>x:—£.

m

If m = 0, that is, if the function is constant, its range is the singular set {b}. There exist zeros only if b = 0
and, in this case, all real values of x are zeros of f.

Finally, a linear function is odd if its analytic expression is of the form f(z) = muz, thatis, if b = 0:

f(=z) =m(—2z) = —mz = — f(z), Vz e R.
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y=3x y=x

i
,

|
S

Figure 8.8. Straight lines with various slopes.

The function is even if m = 0:
f(—x)=b= f(x), Vz eR.

In the study above, we did not find vertical straight lines as geometric representation of linear functions. In
fact, vertical straight lines do not represent functions. These lines are the representation of formulas of the

type x = a, with a € R, where to the value x = a there correspond an infinite number of images.

Examples. The illustration for the following examples can be found in Figure 8.9.

(a) The function f : R — R defined by f(x) = = + 2 has range R. Solvingz +2 =0 & = = —2, we
obtain the zero: x = —2. The y-intercept is b = 2 (it is the function value for z = 0: f(0) = 0+ 2 = 2). As
m = 2 > 0, the line slants uphill.

(b) The function g : R — R defined by g(x) = —2x — 4 has range R and the zero = = —2. The y-intercept
is b = —4. As the slope is negative (m = —4 < 0), the straight line slants downhill.

(c) The functions of a real variable h and j defined by the expressions h(x) = 4 and j(x) = 0 are constant
functions with range {4} and {0}, respectively. The function % has no zeros, and the function j has an infinite
number of zeros: j(x) = 0 Vz € R). The y-intercepts of h and j are b = 4 and b = 0, respectively. Note that

the geometrical representation of the function j is the x-axis.
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(d) The formulas x = —6 and z = 0 are geometrically represented by vertical straight lines. The formula

x = 0 corresponds to the y-axis.

Figure 8.9

We now review briefly the particular case of the polynomial functions of degree 2, designated quadratic
functions, and corresponding geometric representation.

Firstly, we consider the particular case of the quadratic functions f : R — R, with analytic expression
fa) = aa?,

where a # 0 is a constant.

The function is represented geometrically by a parabola, with graphs of the type shown in Figure 8.10, de-
pending on @ > 0 or a < 0. The vertical straight line e marked in the figure is the axis of symmetry (the
function f is even since f(z) = f(—x) for all real value of x), and the point V' is the vertex of the parabola.
The graph of f opens upward if a > 0 and downward if a < 0. Also, the parabola is thinner if the absolute

value of a is larger. Notice that the parabola differs from the straight line one fundamental aspect:
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Figure 8.10. Parabola.

e In a straight line the slope is constant, so that to a variation of the independent variable x there
corresponds a proportional variation of the dependent variable y (with constant of proportionality

m). In absolute value, we have
ly2 — 1| = [(ma2 +b) — (ma1 4+ b)| = [m| - [z1 — 22
e For a parabola, the absolute value of the variation
ly2 — w1l = [(a(22)® = (a(z1)*)] = la] - |(21)* = (22)*] = la| - |21 + 22| - |21 — 22
depends not only on the coefficient a but also on the factor |z + 2|, that is, on the values of x.

The function f is not monotonic: it as an increasing section and a decreasing one. For example, if ¢ > 0, for

x1,x2 > 0 we have
To9 > 1 = (x2)2 > (x1)2 = a(x2)2 > a(acl)2 = f(z2) > f(x1),
what shows that f is strictly increasing in the interval (0, +00). If 21, 22 < 0,

To > 11 = (22)? < (1) = a(x2)? < a(1)? = f(x2) < f(71)
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and we have that f is strictly decreasing in the interval (—o0,0). If a < 0, the conclusions with respect to
monotonicity are the opposite to the ones above. In Figure 8.11 we represent some parabolas with equation

y = ax? for various values of a.

v y=ox2 y=x?
5
;
-3 2 -1 0 2 3 x
-1
=2
y=-2x2 y=-x?
Figure 8.11

2

So we have that quadratic functions of the form f(z) = ax* are geometrically represented by parabolas. In

fact, any quadratic function f(x) = ax? + bz + c is represented by a parabola (the equation y = ax? + bz + ¢

is called the standard form equation of the parabola).

Example. Consider the equation
y=x? — 12z + 38.

We have
y=12°—120+38 &y = (x2—12x+36) —36+38ey=(r-6>2+2cy—2=(z—6)%
and, after the change of variables X = = — 6, Y = y — 2, we obtain the equation
Y = X2

Geometrically, this means that the parabola equation y = 2> — 122 + 38 can be obtained from the parabola

y = 22 by translation: 6 units to the right and 2 units upward (see the Figura 8.12). Note also the symmetry
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axis of the parabola y = 22 — 12 + 38 is the vertical straight line with equation = = 6, and that the vertex of

this parabola is the point (6, 2).

y=x? )»‘A Y=X Y
2= (x-6)

Figure 8.12

Generically, for a parabola with equation y = ax? + bx + ¢, the vertex is the point defined as

b b2 — 4dac
V= <_2a’_ 4a )

The range of the function f(z) = az?+bx+c can be visualised immediately from its geometric representation:
[—(b% — 4ac)/(4a), +00) if a > 0 or (—o0, —(b? — 4ac)/(4a)] if a < 0.

Finally, we study the intersections with the axes. The possible zeros of the quadratic equation are obtained by
solving the equation ax? + bz + ¢ = 0: the function has 2 zeros, 1 zero or none depending on the coefficient’s

values.

o If b2 — 4ac > 0, there are 2 zeros:

—b—Vb? — dac —b+ Vb% — 4ac
T = and x = ;
2a 2a
e If b2 — 4ac = 0, it has one zero:
b
T =g

e If b2 — 4ac < 0 the function has no real zeros.
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The y-intercept is c (it is obtained from f(0) =a x 0+ b x 0+ ¢ = ¢).

Examples. The following examples are represented in Figure 8.13.

(a) The function f : R — R, defined by f(x) = x? + 1, has for geometric representation a parabola

opening upward (since a = 1 > 0), with vertex

0 4x1x1-0
V_<_2><1’ 4x1 >_(0’1)’

and y-intercept ¢ = 1 (it is the value of the function at z = 0: f(0) = 0+ 1 = 1). The range of the function

is [1,400), and there are no zeros as
b* —dac=0—-4x1x1=-4<0.

Note that the y-intercept could obtained directly from the vertex coordinates (0, 1),

(b) The function g : R — R, defined by g(z) = —2x2, is geometrically represented ny a parabola opening
downward (a = —2 < 0), with vertex

B 0 4x(=2)x0-0Y\
V_<_2><(—2)’ 4% (<2) >_(0’O)’

and y-intercept ¢ = 0. The function has range (—o0, 0], and a unique zero:

C0£/0—-4x(—2)x0
N 2 x (—2) N

Notice that the values for the zero and the y-intercept can be obtained from the coordinates of the vertex:
(0,0),

(c) Consider the function b : R — R, defined by h(x) = —2% + 102 — 21. The function is geometrically

represented by a parabola opening downward (a = —1 < 0), with vertex
10 4 x(=1) x (—21) — 10
vo(_ 7 x (=1) x (=21) _(5.4),
2x(-1) 4% (-1)

and y-intercept ¢ = h(0) = 0 + 0 — 21 = —21. The function’s range is (—o0, 4], and there are 2 zeros:

—10 £ /102 — 4 x (—1) x (—21)
2% (—1)
~10++/16 -10+4
~

—22+10z-21=0& 2 =
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Note that, by rearranging the function’s analytic expression, we have

h(z) = —2% 4+ 10z — 21 = —(2? — 10z + 21) = — (2% — 2 x 1 x bz + 25 — 25 4 21)
=—(z-5)"+4,
what makes clear that the graphic of the function h can be obtained from the graphic of y = —x2 by translation:

5 units to the right and 4 upward. The parabola’s vertex can be obtained directly from this last form of the

function’s analytic expression.

(d) Consider the function j : R — R, defined by j(z) = (1/2)2? — 52 +21/2. The graphic of the function

is a parabola opening upwards (a = 1/2 > 0), with vertex

v:( - 4xéx221_(_5)2>:<5,—2),

- 17 1
2><§ 4><§

and y-intercept ¢ = j(0) = 0 + 0 4 21 = 21. The function has range [—2, +00), and 2 zeros:

, 54 /(-5)2 - I
(1/2)z* —=bx+21/2=0&z = 5 Sr=3Ve="T.
X

Following the same steps as for the previous example, we obtain a different form for the function’s analytic

expression
1 21 1 1
j(:c):53:2—53:—1—?:§(x2—103:+21):§(x2—2x1><5J;+25—25+21)
1
- 5(.%—5)2—27

what makes clear that the graphic of j can be obtained from the graphic of yy = (1/2)22 by translation: 5 units

to the right and and 2 units downward.

Finally, we refer briefly to the so called power functions, that is, functions fR — R defined by

with p a positive integer. As particular cases, we have the linear function f(x) = z and the quadratic function
f(z) =22

Power functions have a unique zero zero for z = 0. If p is odd, the range is R, and the function is odd:
J(=2) = (~a)? = —a? = —f(z), Vz € R.
If p is even, the range is the set [0, +00), and the function is even:

f(=z) = (—2)? = 2P = f(x), Vz eR.
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\ / y = (1/2)x2-5x+(21/2)

y=-2x2 y=-x3+10x-21

Figure 8.13

The graphic of the power functions depends on the value of the parameter p. If p = 1, the function is
geometrically represented by a straight line bisecting the odd quadrants. If p > 1, the graphics can by grouped
in two sets by generic similitude of shape, depending on p being even or odd. In Figure 8.14 we can find the

graphics of power functions for a few values of p.

Rational functions. Consider the real function of a real variable r, defined by

q(z)

where p(x) and ¢(z) are polynomials, and g(x) is not the zero polynomial. A function of this type, that is, a

r(z) = p(x)

)

function whose analytic expression can be written as a quotient of polynomials, is called rational. The domain
of r is the set

D ={xeR:q(x)#0}.
Note that polynomial functions are a particular case of the rational functions: they are obtained from r taking

q as a zero degree polynomial (¢(x) = k, with k a real constant).

Examples. The following functions are rational:

(a) The functionr : R — {1} — R, defined by r(x) = (2* — 10z + 2)/(z — 1).

(b) The function s : R — R, defined by s(z) = (222 — 2z + 1)/(2* + 1).
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=

(a) y = xP with p odd.

=

(b) y = xP with p even.

Figure 8.14. Power functions.
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(c) The functiont : R — {—1,1} — R, defined by t(z) = 3/(1 — x2).

(d) The polynomial function v : R — R, defined by u(z) = 72 — 1.

(e) The function v : R — {2} — R, with analytic expression v(x) = (x + 1)2 — 2/(2 — z). Note that v(x)
can be written as the quotient of polynomials:

2 (z+1)22-2)-2 3z—2°
v(x):(x+1)2—2_x: 2—z T 2

The shape of the graphic of a rational function varies very much with the particular analytic expression of the
function. We study two very simple cases.

Firstly, we consider the real function of a real variable r, defined by

This function is not defined for x = 0: its domain is the set D = R — {0}. The function is odd, since
1 1

r(—x) = Il —r(x), Yz € D,
has no zeros, and takes positive values if > 0 and negative values if z < 0.
The function r is not monotonic: it suffices to see that the images of —1, 1, and 2 are, respectively, r(—1) =
—1,7(1) = 1, and r(2) = 1/2, and that 7(—1) < r(1) > r(2). Nevertheless, r is strictly decreasing in the
intervals (—o0, 0) and (0, +00). This is very simple to check: for z;, z2 > 0, for example, we have

T > 11 = 1 < L = r(xa) < r(z1),

T2 I

what shows that r is strictly decreasing in (0, +00).
We can determine the behaviour of the function when x approaches zero and infinity. If > 0, the function
approaches zero when = grows to infinity, and grows to infinity when x approaches zero. If x < 0, the function
approaches zero when x moves away from zero and decreases without limit when x approaches zero.
The geometric representation of r can be found in Figure 8.15(a). Note that the graphic of the function
approaches the y-axis (the vertical straight line with equation z = 0) when = approaches zero: the straight
line z = 0 is said to be a vertical asymptote of the graph of the function at z = 0. Finally, we can see what is
the range of the function by simple observation of its graph: (D) = R — {0}.

Note also that the graph of the real function of a real variable s, defined by
1
s(z) =

z—1
can be obtained by translation of the graph of r one unit to the right (see Figure 8.15(b)). The domain of s is

the set R — {1}, and the function’s graph has the vertical asymptote vertical x = 1. The function s is neither

even nor odd.
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y=1/x-1)

(a) (b)

Figure 8.15

Consider now the real function of a real variable ¢, defined by

1
tz) = —.
() =
The function has domain D = R — {0}, is even since
1 1

has no zeros, and takes only positive values. The function ¢ is not monotonic: it is strictly increasing in
(—00,0), and strictly decreasing in (0, +00). For example, for 1, x2 > 0,
11 1\° 1)? 1 1
m>n=—<—=—) <|—) = —35 < —5 = tz) <tx1),
T2 I T2 T (72) (71)
what proves that ¢ is strictly decreasing in (0, +00). ¢ approaches zero when x grows in absolute value, and
increases without limit when x approaches zero: the y-axis is an asymptote of the function’s graph.

The geometric representation of ¢ can be found in Figure 8.16(a). The Figure 8.16(b) represents geometrically

the function with analytic expression
1

The graph of u can be obtained from the graph of ¢ translating it to the right by one unit.
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(a) (b)

Figure 8.16

Irrational functions. Executing elementary operations (addition, subtraction, multiplication, division, taking
powers roots) on polynomial functions we obtain new functions called algebraic. Naturally, rational function

are algebraic. Algebraic functions which are not rational are designated irrational.

Examples.

The following functions are algebraic.

(a) The function a(z) = Va2 — 1, with domain
D={zcR:2>~1>0}=(—00,—1)U (1, +o0).
(b) The functions b(x) = (z + 2)/+/x — 1, with domain

D={zeR:Vz—1#0Azx—12>0}=(1,+00).

(¢) The function c(z) = /(2% — 10z + 2)/(x — 1), whose domain is the set

D={zeR:2-1#0}=R—{1}.

(d) The function d(z) = /(22 + 1)/(1 — x2), with domain

D= R:
{xE 1—22—

241
v >0/\1—:1c27£0} = (~1,1).
(e) The function e(z) = /1 — v/ + 1, whose domain is the set
D={zeR:z+1>0}=[-1,+00).

(f) The polynomial function f(x) = 2* — x + 3, with D = R.
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Next, we shall consider some very simple algebraic functions.

We begin by considering the absolute value function, defined by

f(z) = |z|.

It is an irrational function as |z| = V2.

The brief study of the function can be done easily, given that

f(sc):\x|={$’ T

—x, x < 0.
Observe that the absolute value function has domain R, and also that it is an even function:
f(=z) =|—z|[=|z| = f(x), Yz €R.

Figure 8.17 shows the geometric representation of the function. This figure shows also the graphs of some

other functions whose graphs can be obtained form the graph of y = |z| by translation and, in the case of

y = —|z — 4], additionally by symmetry about the z-axis.

] y=pt2] /=l
4,,
5
6 -4 2 0 g f x
2
/4 y=-p-4

Figure 8.17. Functions involving the absolute value.
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We can find irrational algebraic functions in a current situation. The locus of all points (z,y) in the plane

whose distance to a fixed point (a, b) is constant and equal to 7 > 0 is defined by the condition:

d((z,y), (a,0) = /(& —a)? + (y — b2 =r.

This is nothing elese that the well-known equation of the circle with center C' = (a,b) and radius r, which

write, equivalently,
(x—a)*+ (y—b)* =r2
The corresponding geometric representation can be found in Figure 8.18(a).
This formula establishes a correspondence between the variables y and x, but does not define y as a function
of x since the correspondence is not univoque. Observe that, for example, the vertical straight line x = a

intersects the circle at two distinct points (see Figure 8.18(b)): x = a has two distinct images (b —r and b+1).

Y (e-a)*+(y-b)* =r? y (x-a)*+(y-b)* = r?
b+r} S—
b c r
b-ri
© ¢ * 0 x=a X
@ (b)

Figure 8.18. Circle.

But, if we consider separately the two semicircles defined by the straight line y = b then y can bow be
expressed as a function of . We illustrate the procedure with an example.

Consider the circle (represented in Figure 8.19) with center C' = (6, 2) and radius 4, so that its equation is
(. —6)*+ (y — 2)* = 16.
To isolate y in the first member of the equation, we follow the usual procedures:
(x—6)*+(y—2)=16< (y —2)> =16 — (z — 6)?
Sy—2=—/16—(z—-6)2Vy—2=1/16 — (z — 6)2
@y:2—m—3\/y:2+\/m.
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¥ =2+[16-(x-6)*]"2

\ /

¥ =2-[16-(x-6)*]"*

(x-6)*+(y2)> = 16

Figure 8.19

Thus, the semicircles below and above the straight line y = 2 are defined, respectively, by the irrational

algebraic functions with analytic expressions

f@)=2—+/16—(z—6)2—3 and g(z) =2+ /16 — (z — 6)2,

as shown in Figure 8.19.
Finally, we consider the case of parabolas with horizontal symmetry axis. These lines correspond, generically,
to equations of the form

z=ay® +by+c,
with a, b, andc constants, and a # 0. If ¢ > 0 the parabola opens to the right, and if ¢ < 0 it opens to the left
(see Figure 8.20).
As for the circles, these equations do not define the variable y as a function of x: there are values of = to which
there correspond two different values of y. But each one of the “half-parabolas” defined by the symmetry axis
is the graph of a function. We illustrate with an example.

Consider the line represented in Figure 8.21, corresponding to the equation

T = 2y°.
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W1
x=ay? (a<0) x=ay* (a>0)
(@) x
Figure 8.20
»] y =)
1
x=2)?
(6] 2 x
-1
y= _(x‘./z)lfz

Figure 8.21
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Isolating y in the left-hand side of the equation, we obtain

T T X
x:2y2<:>y2:2<:)y:—\/;\/y:\/;

The “half-parabolas” below and above the symmetry axis y = 0 represent, respectively, the irrational algebraic

fa)==\/3 ad o) = /3

functions with analytic expressions

as shown in Figure 8.21.

Transcendental functions. As seen above, a function is algebraic if it is obtained by elementary operations on
polynomial functions. The real functions of a real variable which are not algebraic are called transcendental.

The following are examples of transcendental functions:

e The exponential function exp x;
e The logarithmic function In x;
e The trigonometric functions sin x, cos z, tan x, and cot x;

e The inverse trigonometric functions arcsin x, arccos z, arctan x and arccot x.

We shall make very brief comments on a few basic types of transcendental functions.

Consider the exponential function f, defined by

f(z) =expx = ¢,

where e ~ 2.718281828459045235360287 is the Euler number. The corresponding geometric representation
can be found in Figure 8.22(a).

] Y= exp(x) Y = exp(-y) y]

(a) (b)

Figure 8.22
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The function has domain R, and range (0, 4+00) (therefore, having no zeros). It is a strictly increasing function,
with y-intercept f(0) = e = 1.

From its graph, we van observe the behaviour of the function when x approaches infinity: the function grows
to infinity if > 0, and approaches zero if < 0.

The geometric representation of the function g, related to f, and defined by

—x

g(z) = exp(—z) =¢e*,

can be found in Figure 8.22(b).
Functions with analytic expression of the form a*, with @ > 0 and a # 1, have geometric representation with
shape similar to those of the functions f(z) = exp x or g(x) = exp(—=z), respectively if a > 1or0 < a < 1

(in Figure 8.23 we can find the geometric representation of functions in each of these cases).

] y=3 y=(12) ]

(0] X (0] X
(a) (b)
Figure 8.23
Note that
(0) =exp(-z) = e = = = (LY’
Tr) = ex —xr) =e — — —
g p " o)

so that the analytic expression of g is just a particular case of a” with 0 < a < 1.
Exponential functions with basis a, with @ > 0 and a # 1, are strictly monotonic, thus injective. Then, we

can define their inverse functions, designated logarithmic with basis a. In general, if f(x) = a” we write

fH(z) =log, =,

having the logarithmic function domain (0, +00), and range R. One particular case is the logarithmic function
with basis e (the logarithms with basis e are called natural, and are denoted by log, z = In z). Then, for all
x € Randy € (0,+00),

y=a" <z =log,y,
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with a > 0,a # 1. For example,
8 =2% < 3 =1log,8.

In Figure 8.24, we present the geometric representation of a few logarithmic functions, for various bases.

y y = logiox y y=1Inx
(6] 1 X (6] 1 X
(@) ()
y y =login(x) y v =logue(x)
(6] 1 X (6] 1 X
(© (d)
Figure 8.24

We let to the reader to see what is the behaviour of the the logarithmic function when x approaches zero and
infinity, depending on the value of the basis a: ¢ > 1or0 < a < 1.
Finally, we recall the rules for operating with logarithms. Let x, y, z, and a be arbitrary real numbers, with x,

y, and a positive, and a # 1. Then
o log, (xy) = log, @ + log, y,
e log, (%) = log, x —log, v,
e log,(z%) = zlog, .

The following equation establishes the correspondence between logarithms with distinct bases. Let z, a, and
b be arbitrary real numbers, with x, a, and b positive, and a, b # 1. Then

o log,(z) = 2.
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Consider now the trigonometric functions and their inverses.

The values and the behaviour of the trigonometric functions can be learnt by using the unit circle (with radius
1) (see Figure 8.25).

/2 coto
tan o
sin o
o
T 0
cos o
3m/2

Figure 8.25. The unit circle.

In particular, we give the values of the trigonometric functions for some particular values of the variable x:

x 0| n/6 | /4 | ©/3 |7/2
sinz | 0 | 1/2 | vV2/2V3/2| 1
cosz | 1 [ V3/2|V2/2| 1/2 | 0
tanz | O \/§/3 1 V3 %)
cotz | oo | V3 1 V3/3 ] 0

The functions sin x and cos x have domain R, and range [—1, 1]. The functions tan x and cot = are not defined
for x = w/2 + km and x = km, respectively, with k& € Z, both having range R. With respect to parity, cos is
even, and the remaining trigonometric functions are odd.

It is, however, one other attribute that distinguishes the trigonometric functions from the previous ones we

considered: their periodicity. In fact, These functions satisfy the condition

flz+p) = f(=),
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for any value of z in the domain of the function, and for a fixed real number p. p is called the function’s
period, and has value 27 for the functions sin x and cos x, and 7 for the functions tan x and cot z.

In Figure 8.26 we can find the geometric representation of the trigonometric functions.

! y=sinx ] y=cosx
1 1
- -1/2 /2 i x T /2 (¢} /2 s x
-1 =1
(@) (b)
/ y y=tanx y y=cotx
B2 Sm w2 /2 T 3n2x 3R -m w2\ O /2 T 32

(©) (d)

Figure 8.26. Trigonometric functions.

The trigonometric functions are not injective. Therefore, we can only obtain inverses by restricting the func-

tions to subsets of their domains where there is injectivity. The standard domain restrictions are

e [—7/2,7/2] for the function sin x,
[

0, 7| for the function cos ,

(—m/2,m/2) for the function tan x,

(0, ) for the function cot x.

Inverting the trigonometric functions restricted to the above sets we obtain the so called inverse trigonometric

functions, respectively, the functions arcsin x, arccos x, arctan z, and arccot z. For example, for the function

sinz, ifx € [-7/2,7/2] and y € [-1, 1],

y =sinx & x = arcsiny.
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If, for example, z = w/4 and y = \/5/2, we obtain

V2 Si W@ﬂ arcsi
— =sin — — = arcsin —.
2 4 4 2

The geometric representation of the inverse trigonometric functions can be found in Figure 8.27.

y = arcsin x

y y ¥y = arccos x
n/2 x
-1 1 X /2
=T/2
-1 (0] X
(@ (b)
y y = arctan x y y = arccot x
/2 b
X /2
-n/2 (0} X
(© ()

Figure 8.27. Inverse trigonometric functions.
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Exercises.

(1) Determine the domain of the functions with analytic expressions:

a) vV + 1; b) In(1— x); c) \/217; d) V9 — 22
2 _

4
e) Ver’ —1; f) In(z? — 16); g Vi —2|—4 h) In(lnz);
1) ln(lnx)_lﬂ J) /72_|x_1|5 k) ~/|]‘ \/5|’ 1) 1—tan£’

2
1 V2 —2x—3
n) logy (4 — V25— x); 0) vy T Ar o

m) 1—cotz’ In |z + 5|

(2) Determine the domain, range, zeros, monotonicity, and parity of the following real functions, and sketch

their geometric representation:

a) a(r) =x+2; b) b(x) = —2x + 1; ) c(x) = —5% = 1;
3
d) d(z) = 2? - 1; e) e(z) =ax? —4dx +3; f) f(x):—2x2+§x—1;
1
9 g(x) =" +1; h) h(z) = —a® - 2; i) i(z) = —;
.
1 1
. . - ___ . k - . 1 — 1 .
j) J(x) Y ) k(z) @22 ) W) =1+
m) m(x) = |z — 2[; n) n(z) = —|z — 2|; 0) o(z) =2+ |z +1].
(3) Determine the zeros and the y-intercepts of the real functions:
a) f(z) = —x+5; b) g(x) =2 —a® +x;
2
2 2 . r° —16
©) h(z) = —a*(3z — 1)(1 - 2%); ) i) = TRy DT
4e%® — 4e* — 3
i(z) =1 2z — 4); k(r) = —————
e) j(z) = logy(2x — 4); ) k(x) w15
(4) Solve the following equations:
a) 2cos(2x) = 1; b) tang =3, ¢) arcsin(3z) = T, d) 2% = 16;

e) 22:E — 4’ f) e3(l7+1 — 1’ g) 631‘+1 — €x_1.
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(5) Solve the following inequalities:

1 z+1
a) 2% > 16; b) <2> < 16;
d) n(3z+1) > 1; e) logyo(4z — 3) > logy, (27) ;

c) &3+l 5 1.

log% (a;2 + :c)

log: x
2
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9. Limits and continuity

The notion of limit.

The notion of /imit of a function plays a central role in Calculus.
Informally, the notion of limit regards the behaviour of a function f when the independent variable x “ap-
proaches” a certain point a. To make the notion meaningful we will assume that the point a is a limit point of

the domain of f (so that any neighbourhood of a contains points in the domain of f, distinct from a).

DEFINITION (Limit of a function). Let f be a real function of a real variable, a a limit point of D, the
domain of f, and L a real number. We say that the limit of f as x approaches a is L (or that “f goes to L
when x goes to a”’) and write

lim f(a) =L

if for each € > 0 there exists § > 0 such that
[f(z) — L] <e
for all points z € D with x # a for which

|z —al <.

Note that, in the definition above,
|r —al <d < x € Ns(a) and |f(z) — L] <e & f(x) € No(L).

Figure 9.1(a) illustrates the definition of limit. Notice that whatever is the neighbourhood of L we consider (in
the sense that however small is the radius € of the neighbourhood) it is always possible to find a neighbourhood

of a with radius § such that for points of the domain of f,

f(Ns(a) —{a}) € Ne(L).

In Figure 9.1(b) we can find a different illustration of the notion of limit: the second coordinate of a point
moving along the graph of f approaches L when its first coordinate approaches a. This interpretation is

related to the following theorem.

133
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—

c+d

c-6

~
fot———— -

(a)

(b)

10n.

f a funct

imit o

Figure 9.1. L
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THEOREM 9.1. Let f be a real function of a real variable, a a limit point of D, the domain of f, and L a
real number. Then

lim f(z) =L

Tr—ra

if and only if
lim f(a,) =1L

n—-+o00

for every sequence {a,} in D such that

an #aVn € N  and lim a, = a.
n—-+4o00o

An important property of the limit is that it is unique. We can show this by reductio ad absurdum. Assume
that a function f has two distinct limits, L; and Lo, when = approaches a. According to the definition of limit,

for each € > 0 there exist §; > 0 and do > 0 such that
|f(x) — Li| <e and |f(x)— Lol <e
for all points « € D with x # a for which, respectively,
|zt —a| <01 and |z —al <de.

Since the radius ¢ of the neighbourhoods of L; and L is arbitrary, we can choose it so that the neighbourhoods
N:(Ly) and N.(Ly) are disjoint:

Ne(L1) N Ne(La) = 0.
But this means that a point = (in D and distinct from a) belonging both to N5, (a) and Nj,(a) has its image

f(z) contained in both the sets N.(L1) and N.(Ls), what is impossible (see Figure 9.2). Consequently, the

limit, if it exists, is unique.

THEOREM 9.2. Let f be a real function of a real variable, a a limit point of the domain of f, and Ly and
Lo real numbers. If
lim f(x) =L; and lim f(z)= Lo

r—a r—a
then

Ly = Lo.

Example. Consider the real function of a real variable f defined by

{%x—l—l, x#4

fa) = 2, xz =4.
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-~

Lyte

)
Lr-¢

el
)

L]-S

R 4

0 a-0; a-o1 X atdé a+6;

Figure 9.2

The function (with graph sketched in Figure 9.3) has domain D = R. We want to prove that lim,_,4 f(z) = 3.
According to definition of limit, we need to establish a relation between the radiuses € and § of the neighbour-
hoods NN, (3) and Ns(4) so that for = # 4,

z € N5(4) = f(x) € Ne(3)

or, equivalently,
lz—4| <d=|f(z)—3| <e.

Since, for x # 4,

1 1

|f(:c)—3|:’<;x+1)—3‘:’2x—2‘:2'|x—4|

and
%-|$—4| e |p—4 <2
we have that for each ¢ > 0if § < 2¢,
[f(z) =3| <e
for all points « # 4 for which
|z —4| < 0.

We proved that lim,_,4 f(x) = 3.
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3

Figure 9.3

Consider now the case of the piecewise function

f(m):{$+1’ r <1

z2, z > 1.

To study the limit of f when x approaches 1, we have to consider both the analytic expressions = + 1 and z?

(depending on the variable x to be, respectively, to the left or to right of point 1). Cases like this one motivate
the following definition.
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DEFINITION (One-sided limits). Let f be a real function of a real variable with domain D, and L and M
real numbers. If @ is a limit point of D N (—o0, a), we say that the limit of f as = approaches a from the

left (or from below) is L, and write

lim f(x)=1L
r—a~
if for each € > 0 there exists § > 0 such that
|f(z)—L|<e

for all points z € D for which
a—d<z<a.

If a is a limit point of D N (a, +00), we say that the limit of f as = approaches a from the right (or from

above) is M, and write

lim f(z)=M
r—at
if for each € > 0 there exists 6 > 0 such that
|f(z) — L] <e
for all points x € D for which
a<z<a-+o.

The following theorem establishes the connection between the limit of a function and the one-sided limits.

THEOREM 9.3. Let f be a real function of real variable with domain D, and L a real number. Assume
that a is a limit point of both D N (—o0, a) and D N (a,+00). Then

lim f(z) =L

r—ra

if and only if both the one-sided limits of f as x approaches a exist and

lim f(z) = lim f(x)=L.

T—a~ z—a™t

Algebra of limits.

We can, by using the definition and with some computations, show if the limit of a function at a certain point is
a certain real number. However, this procedure does not allow the computation of limit: it supposes a previous
“hint” about the possible value of the limit. The following theorems, which can be deduced from the definition

of the limit of a function, give the instruments needed for the computation of limits.
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THEOREM 9.4.

(1) If f is a real function with domain R and analytic expression f(x) = ¢, with ¢ a constant, and a is a
real number, then
lim f(z) = ¢,
r—a

also written: lim,_., ¢ = c.

(2) If g is a real function with domain R and analytic expression g(x) = x, and a is a real number, then

lim g(z) = a,

also written: lim,_,, x = a.

THEOREM 9.5. Let f and g be real functions with the same domain D C R, a a limit point of D, k a real
number, and p a positive integer. If there exist real numbers F and G such that lim,_,, f(x) = F and

limg_q g(z) = G then

(1) limga(f + g)(x) = limea f(2) + lime—a g(2) = F + G;
(kf)(x) = Klimg q f(2) = kF;

(3) limga(f - 9)(2) = limgsq f(2) - limg—q g(2) = F - G;

(4) limga(f/9)(2) = limgq f(2)/limesa g(x) = F/G if G #0;
(5) Timamsa(f7)(@) = (limgsa f(@))P = FP.

If. additionally, a is a limit point of the domain of ¥/ f then

(6) 11m:p~>a(W> (-77) =4 limg 4 f(x> = W

We have now the instruments to determine the limits of the constant function f(z) = ¢, the identity function

(2) limg_q

g(x) = x, and the functions obtained from these by addition, multiplication by a real number, multiplication,
division, exponentiation (with natural exponent), and radiciation. Notice that this class of functions is the

class of the algebraic functions, including the polynomial, rational and irrational functions.

Examples. Consider the real functions of a real variable f, g, h, and ¢, with analytic expressions

_1-22 hz) = (1-{”/%7—1)2,

and
241, T <2
i) =1 3, v=2
11—z, x> 2.
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(a) We want to compute lim,_, 1 f(z). Using (1)-(2) in Theorem 9.4, and (1)-(3) and (5) in Theorem 9.5,

we have

lim f(z) = lim (22° — 2z +1) = lim 2-(lim 2)3— lim 2-( lim z)+ lim 1

r——1 rz——1 r——1 r——1 rz——1 rz——1 rz——1
=2 (-1 -2 (-1)+1=-2+2+1=1.
(b) To compute lim,_,o g(z), additionally using (4) in Theorem 9.5, we obtain

I (@) = i -z 1-2.0 1
oI T o 2T 2402 2

(c) To determine lim,_,; h(x) we use (6) in Theorem 9.5:

lim A(x) = lim (1— \3/2:);7—1)2 - (1— W)Q - (1— %)2 =0.

rz—1

(d) We now compute lim,_,; i(z). Close to « = 1, the function i is given by i(z) = z® + 1. Then
p g y

limi(z) = lim(z2+1) =12+ 1=2.

r—1 r—1

(e) If we want to determine lim,_,2i(z), we are in a situation different from the point right above: the
function ¢ is defined by distinct expressions to the left and to right of x = 2 (see the Figure 9.4). We then have
to compute the one-sided limits:

lim i(z) = xl_igl_(a;z +1)=22+1=5
and

lim i(z) = lim (1 —2)=1-2=—1.

21 z—21

Since lim,_,o- i(z) # lim,_,o+ i(z), we conclude that lim,_,9 i(z) does not exist.

y=i(x) y y=ix)

v
v

Jix)

(a) (b)

Figure 9.4
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Infinite limits and limits at infinity.

We are interested in extending the notion of limit to the cases where a or L (or both) in

lim f(z) =L

r—ra

take the values —oo or +o00. This extension arises very naturally.

We begin with the case where a = +00.

DEFINITION (Limit at infinity). Let f be a real function, with domain D C R, such that any interval
(I, 400) contains points in D, and L a real number. We say the the limit of f as 2 goes to +oc is L, and

write
lim f(z) =L,

r—400
if for each € > O there exists an A € R such that

[f(x) = LI <e

for all points « € D for which
x> A.

The limit of f as x tends to —oo, lim,_,_~ f(x), is defined similarly. The case where L = +o0 is considered

in the following definition.

DEFINITION (Infinite limit). Let f be a real function with domain D C R, and «a a limit point of D. We

say that the limit of f as x approaches a is +00, and write
lim f(x) = 400,
T—a
if for each B € R there exists a > 0 such that
f(z) > B

for all points © € D with x # a for which

|z —al <.

The limit —oo of f as x approaches « is defined in a similar way. The cases where both ¢ and L are infinite

(—o0 or +00) are defined combining the two previous definitions.
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Example. Consider the real function, with domain D = R — {0}, defined by f(z) = 2/z. We want to show
that lim, o f(z) = 0. We have that

@) =0 =2 —0] = .

and since
2

2 2 2
—<eelrl>-—r<——=Vr>—,
|| € € €
we have that for each e > 0if A > %

[f(z) -0 <e
for all points € D for which

x> A.

We showed that lim,_, o f(z) = 0.

The notion of one-sided limit, and the result relating the limit of a function with the one-sided limits are
extended naturally to the case of infinite limits. Also, the algebra of limits when the limits are infinite makes

use of results extending partially the results presented for finite limits. At the outset, we have that

lim z = 400, lim z = —o0, lim ¢=¢, and lim c=g¢,
T—r+00 T——00 T—r+00 r—r—00

with c a real constant. Let a be a real number, and p a positive integer. The following rules for operating with
limits hold:
Addition
® g+ 00 =+00+a = +00;
®a4—00=—00+a=—00;
e +oo+00 =400 and —00 — 00 = —00;
In the above expressions, a + oo includes also the case a — (—o0), a — oo includes also the case
a + (—00), +00 + oo includes also the case +oo — (—o0), and —oo — oo includes also the case
—00 + (—00).

Multiplication

® a-(+00)=400-a=+00 and a-(—o0) = —00-a = —o0 if a > 0;

e a-(+00)=400-a=—-00 and a-(—0) = —oc0-a =00 if a <0;

® +00: (+00) = —00: (—00) = 400 and +00 - (—00) = —00 - (+00) = —00;
Division

[ ] @ :LZO’
+o00  —00
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° E:—}—OO and ﬁ:—oo if a > 0;
a a
+oo

= —00 and ﬁ:—i—oo if a <O0;
a a

Exponentiation
o (+00)? =400

e (—o0)P =400 if p iseven;

e (—o0)P = —o0 if p isodd;
p-th Roots
o {/+00 = 400;

o {/{—00o= —o0 if p isodd.
The expressions +o00 — 00, —00 + 00, 0+ (+00), 0 - (—00), +00 - 0, —00 - 0, (+00)/(+00), (+00)/(—00),
(—00)/(400), and (—o0)/(—o0) are undefined, and are called indeterminate forms.
Examples.

(a) Consider the real function f, with domain R — {1}, and analytic expression f(z) = 2 — |z — 1| (see the

Figure 9.5(a)). Let us compute some limits:

hmf(x):h_)rri(2—]x—1]):2—]1—1\:2,

z—1 T
lim f(z)= lim 2—|jz—1])=2—|—-0c0—-1]=2—-]|—-00| =2— 00 = —00,
xll)riloof(x):xgr_{loo(27|x71|):2f|+oofl|:27\+oo|:2foo:foo.

(b) Consider the real function g, with domain R, and defined by
T — 2, z<l1
g(x) = )
—(z—-1)*+2, x>1.

(See the Figure 9.5(b)). To study the limit of g as x approaches 1 we have to study the one-sided limits. Since
lim g(z) = lim (z —2)=1-2=—1,
r—1— z—1—
and
lim g(z) = lim (—(z - 1)*+2)=—(1-1)*+2=2,
z—1t z—1t

we obtain lim,_,;- g(x) # lim,_,;+ g(z), and conclude that lim,_,; g(x) does not exist.
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y y=Ax) y y=g(x)
gh=2
(0] 1 x O 1 X
-1
(a) (b)
Figure 9.5

(c) Consider the real function h, with domain R, given by the rational expression

202 —2x 4+ 2
h -

(See the Figure 9.6). When we compute the limits limy_, 1 o h(x) € lim,_,_ h(x) we obtain

202 =2z +2 2+ (+00)? —2-(+00) +2  2-(+00) —2-(+00) +2 400 — 00

li h = 1i
s> o0 () eotoe 22+ 1 (+00)2 +1 +oo+1 +oo
and

202 — 2042  2-(—00)?—2-(—00)+2 2-(+00) —2-(—00) + 2

lim h(x) = lim

T——00 T—>—00 2 41 a (700)2 +1 - +oo+1
_ too+o00 400
40 400’

expressions which involve indeterminate forms. In either of the cases above, the limit can be found by follow-
ing the procedure:

e To factor in both the numerator and the denominator the terms of higher degree;
e To simplify the fraction;

e To take the simplified fraction to the limit.

Thus,
20% — 2z + 2 202 (1+ 32 + 25
lim A(z) = lim E e im ( 27 + 3.7)
z—+00 T—+00 x2+1 z—+00 x2 (1 + %)
(a2, 2) 2 (1 =2 L)
o 2 ) ++ool++oo _2:(1+0+0) _,

o=+o0 1+ % 1+ = 140
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and
_2 2
202 — 9 2 2. (1422 4 2 2.(1+77+ )
bn he) = fm 2242 g 20t EFan) ik
T =00 z2+1 T——00 1+ 3 1++§
_2-(0+0+0) _,
- 1+0 7

We then have that the horizontal straight line with equation y = 2 is an asymptote to the graph of the function

close to both +oco and —oc.

Figure 9.6

We have not yet considered the case where the computation of the limit involves a division by zero. If the
result obtained is of the form 0/0, it is considered undefined (0/0 is a new indeterminate form). To a result
of the type a/0, with a € R — {0} or a € {—00, +00} it seems natural to assign an infinite value: when the
denominator goes to zero the quotient goes to infinity. But what should be sign of infinity?

We illustrate the matter with an example. Consider the real functions of a real variable f, g, and h, defined,
respectively, by f(z) = 1/22, g(x) = 1/(—2?), and h(x) = 1/x (see the Figures 9.7(a), 9.7(b), and 9.7(c)).
If we compute the limits of these functions as x approaches zero we obtain, in every case, the expression 1/0.
But the behaviour of each one of the functions when x is close to zero is quite distinct.

The function f goes to +0o when x goes to zero, since the denominator of 1/z% goes to zero assuming only
positive values. We express this fact by writing 1/0" = +oo.

The denominator of 1/(—22) goes to zero taking only negative values when x goes to zero. Hence, the

function g goes to —oo. We write, in this case, 1/0™ = —o0.
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fix) = 1/x? y g(x) = 1/(-x*)
(0] X (¢} X
(a) (b)

y h(x)=1/x

i(x) = (1/x)sin(1/x)

0|1

0 x \/ \/ X

Figure 9.7
In general, we have (a is a real number):
too and — if >0
= 400 — = -0 a ;
0+t 0—
° O(i = —o0 and O%z—koo if a <0;
—+00 " —00 “+00 d —00 oo
e — =400, — = —00, — = —00, and — = .
0+ 0+ 0~ 0~

The behaviour of function h when z is close to zero differs from the one of the functions f and g: h approaches
“simultaneously” +o00 and —oo. Observe that the situation where a function is unbounded above and below

close to a point does not occur only because of a division by zero, as illustrated in Figure 9.7(d).
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Examples.

(a) Consider the real function f, with domain R, and defined by

x—1, x <2
flx) = 1
(x —2)

(See Figure 9.8(a)). We want to determine the limit of f as x approaches 2. For this, let us determine the

T > 2.

one-sided limits:
lim f(z)= lm (x—1)=2-1=1

r—2~ r—2~
and
1 1 1 1
I = li = = = = +oo.
Jm @)= i e S o o or - T

Since these limits are distinct, the limit of f as x approaches 2 does not exist.

(b) Let g be a real function, with domain R — {—1}, and analytic expression

(222 +1)(z +1)
22 4+2x+1

g(z) =
(see Figure 9.8(b)). We compute lim,_,_; g, and obtain

222 +1 1) 0
lim g(z) = lim ( m2+ (z+1) =,
z——1 z——1 v 42z +1 0

what is an indeterminate form. But, as both the polynomials in the numerator and the denominator of g are

null at x = —1, they are divisible by « + 1. Thus,

_ 222+ D) (z+1) 222+ ) (z+1) . 22241 3
lim g(z) = lim = lim = lim =—.
r——1 r——1 1,‘2 +2x+1 r——1 ($ —+ 1)2 z——1 x+1 0

To conclude whether the limit exists in {—o00, +00}, we have to determine the one-sided limits

, 2224+ 1) (z+1) .22 +1 3 3
lim g(z) = lim = lim = = — = —00.
z——1— Tz——1— 2 + 2z +1 z——1- x+1 —1-+1 0~
o (22 + 1)@+ 1) :
20+ 1)(x+ 1 207+ 1 3 3
li = 1 = i — -2 _ _
L TRCOR s Wi S pesras R L Wiy w s S S

As the one-sided limits do not coincide, g has no limit when = goes to —1. We can, however, conclude that

the graphic of the function has a vertical asymptote with equation x = —1.
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y 3 y=fx) x=-1| y=2gw)
f(z) =1 /. /
0] 2 X -1 O X
x=2
(a) (b)
Figure 9.8

Continuous functions.

We begin by defining continuity of a function.

DEFINITION (Continuity). Let f be a real function of a real variable, with domain D, and a € D. f is
said to be continuous at the point a if for each £ > 0 there exists § > 0 such that
[f(z) = fla) <e
for all points « € D for which
|z —al <.

If f is not continuous at ¢ € D, we say that it is discontinuous at a. If f is continuous at every point of

E C D, we say that f is continuous in E.

Note that, according to the above definition, a function is always continuous at isolated points of the domain.

THEOREM 9.6. Let f be a real function of a real variable, with domain D, and a € D. If a is a limit point
of D then f is continuous at a if and only if

lim f(z) = f(a).

T—ra

The notion of continuity is illustrated in Figure 9.9

Example. Consider the real function of real variable f, defined by

r—1, 2<x<4VvVax>14
flx) =
2, xz =4.
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fayte
S
fAa)e

R 4

0 a-o a a+d

Figure 9.9. Continuity.

The function (with graph sketched in Figure 9.10) has domain D = (2, 400). We study the continuity of the
function at certain points of D. f is continuous at x = 3 since lim,_,3 f(z) = f(3) = 2. Atz = 4 the
function is discontinuous since lim,_,4 f(z) # f(4) (limy—4 f(x) = 3 and f(4) = 2).

The notion of one-sided continuity is particularly relevant for the case of piecewise functions.

DEFINITION (One-sided continuity). Let f be a real function of a real variable, with domain D, and a € D.
We say that f is left-continuous at a if for each £ > 0 there exists § > 0 such that

[f(z) = fla)] <e

for all points « € D for which
a—0<zxz<a.

We say that f is right-continuous at a if for each € > 0 there exists § > 0 such that

[f(z) = fla)] <e

for all points x € D for which

a<x<a-+d.
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+ ¥ = fx)

Figure 9.10

THEOREM 9.7. Let f be a real function of a real variable, with domain D, and a € D. If a is a limit point
of D N (—o00, a] then f is left-continuous at a if and only if
lim f(z) = f(a).
T—a
If a is a limit point of D N [a, +00) then f is right-continuous at a if and only if

lim f(z) = f(a).

z—a™t

THEOREM 9.8. A real function of a real variable f is continuous at a point a of its domain if and only if

f is left- and right-continuous at a.

Examples.

(a) Consider the real function f, with domain D = R, defined by

2 —4 T <2
f(sc)z{ ot

x, T > 2.
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The graph of the function is sketched in Figure 9.11(a). To determine the continuity of f at 2, which is a limit

point of the domain, we study the one-sided continuity at 2. The function is right-continuous, since

lim f(z) = lim z=2= f(2).

z—2+ z—27+

lim f(z) = lim (2% —4) =0 # f(2),

we conclude that the function is not left-continuous at x = 2, thus it is discontinuous at the point.

(b) Consider now the real function of a real variable g, with domain D = R, defined by

{x2—4, T <2

gx)=
(=) T — 2, T > 2.

In Figure 9.11(b) we can find the sketch of function’s graph. Let us study the continuity of g at the point
x = 2. The function is right-continuous, since

lim g(x) = lim (x — 2) =0 = g(2),

lim g(a) = lim (z—2) = 0= g(2)

and left-continuous
lim g(z) = lim (2% —4) =0 = g(2).

T2~ z—2+
Consequently, the function g is continuous at x = 2.

y / y =fix) y y=38x)
2 ,,,,,

(@) (b)

Figure 9.11

From the knowledge that some given functions are continuous at a fixed point, we can deduce the continuity

at that point of new functions, obtained by executing elementary operations.
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THEOREM 9.9. Let f and g be real functions of a real variable, with the same domain D, a € D, k a
real number, and p a positive integer. If f and g are continuous at a then the following functions are also

continuous at a:

(1) f+g

(2) kf;

) f-9

(4) f/g if ga) #0;

(5) f¥

(6) Yf if f(a) >0 when p even.

Next, we present a result on the continuity of the composite function.

THEOREM 9.10. Let f and g be real functions of a real variable, with domains D and FE, respectively,

such that a € D and f(a) € E. If f is continuous at the point a and g is continuous at the point f(a) then

the function g o f is continuous at a.

The previous two results together with the next one give the instruments to determine the continuity of a

function in a practical manner.

THEOREM 9.11.

(1) If f is a real function with domain R, and analytic expression f(x) = c, with ¢ a constant, then f is

continuous in R.

(2) If g is a real function with domain R, and analytic expression g(x) = x, then g is continuous in R.

So we have that the constant function f(z) = c and the identity function g(x) = z are continuous in their
domains, and so are the functions obtained from these by using elementary operations. Therefore, the polyno-

mial functions, the rational functions, and, more generally, the algebraic functions are continuous functions.

Examples.
(a) Consider the real function f, with domain R, defined by f(z) = x® — 4z (see Figure 9.12(a)). Itis a

polynomial function, thus continuous in its domain.

(b) The real function g, with domain R — {1}, and defined by g(z) = z/(x — 1) (see Figure 9.12(b)), is

continuous in its domain since it is a rational function.

(c) Let h be the real function, with domain R, defined by h(z) = |z| — 2 (see Figure 9.13(a)). h is an

irrational function, since it can be written h(z) = vV z2 — 2. Consequently,  is continuous in its domain.
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(d) Consider the function ¢ with domain R, defined by

r—1, <2

i(x) = 1

— 2.
(x — 2)2, x >
(See Figure 9.13(b)). The function is continuous in the intervals (—oo, 2) and (2, +00), since it is defined for
the first interval by a polynomial, and for the second by a quotient of polynomials. Let us study the continuity
of ¢ at x = 2. We have

1 1 1 1

T _ _ 1
Jm i) = i s = G o ~ 0 o

= +OO7

so that ¢ does not have a finite limit as x approaches 2 and, consequently, ¢ is discontinuous at the point.

However, it is left-continuous at x = 2:

lim i(z) = lim (z—1)=2—-1=1=j(2).

T—2~ r—2~

v y=/x) . y=g(x)
- (0] X 0] 1 x
ix =1
(a) (b)
Figure 9.12

Together with the algebraic functions, the exponential and the logarithmic functions, and the trigonometric
and the inverse trigonometric functions, are also continuous functions. As they are the functions obtained

from the above by composition.

THEOREM 9.12. The following functions are continuous in their domains:

(1) The exponential and the logarithmic functions, with analytic expressions a” e log, x, respectively
(a>0,a # 1),

(2) The trigonometric functions, with analytic expressions sin x, cos x, tan z, and cot x;

(3) The inverse trigonometric functions, with analytic expressions arcsinzx, arccosx, arctanx, and

arccot x.
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y y = h(x) ]

-X 2 X (0]

(a) (b)

Figure 9.13

Theorems about continuous functions.

We conclude the current topic with the presentation of a few important results on continuous functions.

THEOREM 9.13 (Bolzano’s Theorem). Let f be a real function of a real variable with domain D, [a,b] C

D, and f(a) - f(b) < 0. If f is continuous in [a, ] then there is at least a number c in the open interval
(a,b) such that f(c) = 0.

Next result in an immediate consequence of Theorem 9.13.

THEOREM 9.14 (Intermediate-Value Theorem). Let f be a real function of a real variable with domain D,
[a,b] C D, and C a number such that f(a) < C < f(b) or f(b) < C < f(a). If f is continuous in [a, b]
then there is at least a number ¢ € (a,b) such that f(c) = C.

Example. Consider the real function of a real variable f, with analytic expression
flx)=a°—22" — 23 + 322 —x — 1

The sketch of the graph of f can be found in Figure 9.14. Even for simple functions as this one, the exact
computation of the zeros may be difficult. Theorem 9.13 gives us instruments to both conclude about the
existence of zeros, and to approximate them if they exist. We exemplify by searching for possible zeros of f

in the interval (—1, 1). The function is continuous in its domain D = R. As

f(=1)=1>0 and f(1)=-1<0,
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we have that the function has at least one zero in the interval (—1, 1). We can improve the approximation. The

value of f at the midpoint of the interval (—1,1) is
f(()) =-1< Oa

and, since f(—1) and f(0) have opposite signs, we conclude that there exists a zero in the interval (—1,0).

We repeat the procedure and evaluate the function now at the midpoint of the interval (—1,0):
f(—=0.5) = 0.2188 > 0.

As f(—0.5) and f(0) have opposite signs, we know that there is a zero in the interval (—0.5,0). By repeating
the procedure, we can approximate the zero with any level of accuracy. For example, after 10 further iterations
we obtain the interval

(—0.43603515625, —0.435546875).

¥] ¥ =flx)

Figure 9.14

THEOREM 9.15 ( Bolzano-Weierstrass Theorem). Let f be a real function of a real variable with domain
D, and [a,b] C D. If f is continuous in |a,b) then f attains a maximum and a minimum, each at least

once, that is,there exist numbers ¢ and d in [a, b] such that f(c) > f(x) > f(d) for all z € [a,b).
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Examples.

(a) The function f(z) = 2® + = — 1 is continuous in the whole domain R. Thus, it attains a maximum and

a minimum in any interval [a, b], with a and b real numbers.

(b) The function g(x) = z defined in (—oo, +00) is not bounded;

(c) The function h(z) = 1/(1 + x) defined in [0, +00) is bounded but does not attain a minimum;
(d) The function i(z) = 1/ defined in (0, 1] is not bounded from above;

(e) The following function is bounded, but does not attain a maximum (it is not continuous at z = 0):

() l—2, 0<ax<1
jlz) =
0, z=0

Exercises.

(1) Determine the following limits, if they exist:
a) lim, ., 1(2® — 32+ 1);

b)  limg ., oo(z? =32+ 1);

: z2—-16 .
c) limg, o (@2—5214)(z2+3)°
. 2401
Q) lim, o LEEL
; 4a3 541,
e) limg oo 3orgoiss
x(z?-1) |

f)  limy i 22(2213)°

. 2243z .
g) hmxﬁfis $2+6x+9 s

: x2—4.
h)  limg 9 238"

Vr+2—+/3x—2

) limg o B a—

ve—1,

k) limg 4o logy (22 —4);

D limg % 5

: 4e®—4e=T—3.
m) limg 40 %,
n) lim, ,o+(x + Inz);

0) lim,_,oxcosx;

p) lim, , . xarctanz.
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(2) Study the continuity of the following functions at the indicated points:
a) a(r)=2-22+z,atz=0;

b) b(m):%,at‘rzlmdx:ég

¢) c(z)=1logy(2x —4),atx = 3and x = 0.

(3) Study the continuity of the following functions in their domains:
a) flz) =223z +1;

z2-16 .
b) g(x) = ($2—5$+4%(1’2+3) )

¢) h(z)= _a=l .

In(z+1)°
d) i(x) = =3,
e) Jj(x)=(x+Inx);
f)  k(z)=cosuz;

g) l(z) = rarctanx.

(4) Compute, if they exist:
a) lim,_,sin %;
b) lim,_g (m sin %),
¢ limgyieo (a: sin %),

2
: e’ —1
d)  limgo €2,

(5) Consider the real function of a real variable defined by:

2z + arccos(z), 0<z <1
h(z) =1 2, x=1
5
x—;— , l<ax<4

a) Show that h is continuous in its domain.

b) By using Bolzano’s theorem, show that: 3¢ € (2,4) : h(c) = c.

(6) Consider in R — {0} the function
1—e3®

fla) = —

Let g be a continuous extension of f to R. What is value of g at x = 0?

157
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(7) Consider the real function f(z) = 1 — xsin (1) defined in R — {0}. Let g be an extension of f to R.

x

Determine ¢(0) such that g is continuous at x = 0.

(8) Determine the values of a and b for each one of the following function such that they are continuous at
the indicated points:

3r—7, x>3
a) fi(zx) = , atz = 3;
ar+3, <3

z +a, r< —2
b) fao(z)=4¢ 3ax+b, —-2<z<1 , atz = —2and z = 1;
ar + 3, z>1
- , <0
c) fa(x) = S = , atz = 0.
ar+b, x>0

(9) Let f be a continuous mapping of [a, b] into [a, b]. Show that there exists ¢ € [a, b] such that f(c) = c.

(10) Show that any polynomial of odd degree is null at at least one point.



10. Differentiation

The notion of derivative. Geometric interpretation.

Let f be a real function function defined in an open interval (a, b). For a fixed point z in the interval, define

the difference quotient
flx+h) - fz)
h Y
where h is a nonzero real number such that = + h lies also in the interval (a,b). The difference quotient

measures the average rate of change of f when z changes from x to x + h. If the limit of the difference

quotient when h approaches zero exists, we call it the derivative of f at the point x.

DEFINITION (Derivative). Suppose that f is a real function function defined in an open interval (a, b), and
x a point in the interval. The derivative f'(x) is defined by

i T@+ 1) = (@)

h—0 h ’

fl(z) =

provided that the limit exists in R = R U {—o0, +oc}. If /() is finite we say that the function f is

differentiable at the point x.

Geometrically, the difference quotient
f(z+h) - f(z)
h
is the slope of the secant to the graph of the function through the points (z, f(x)) and (z + h, f(z + h))

(see Figure 10.1). As h goes to zero, the point (z + h, f(xz + h)) moves along the curve in the direction of
(x, f(z)), and the corresponding secant lines approach a line we call the tangent to the graph of the function
at the point (z, f(x)). Therefore, we can interpret the derivative as the slope of the tangent to the graph at the
point (z, f(x)), that is, the trigonometric tangent of the angle « that the tangent line makes with the horizontal.
This slope is referred to as the slope of the graph of the function at (z, f(x)). The equation of the tangent line
containing the point (xg, f(x¢)) is, if f'(z0) is finite,

y = f'(z0)(x — x0) + f(w0),

159
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and, if it is infinite,

‘AL /
1\\
fx+h) y=1x)
Sixth)-f(x)
Sx) p
('Y
0 l X - x+h Fd

Figure 10.1. Derivative.

The limit process which gives the (finite) derivative f/(z) from f(x) allows us to obtain a new function f’
from the given function f. This new function f’ is called the (first) derivative function, and the process for
producing it, differentiation. If the function f’ is defined in an open interval we can still differentiate it, and
obtain the second derivative f”; the third derivative " is obtained from the differentiation of f”. Sometimes,
we write f(!) instead of f/, f instead of f”, f(® instead of f”. Using this notation, we have that, in general,
£ is obtained from the differentiation of (1) (by convention, f(©) = f).

We mention that other notations are frequently used for derivatives, such as:

df  d*f arf 2
-_— ==, ... — Df, D ..., D"f.
de’ dz2’ Cdan or fa f7 ) f
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Examples.

(a) Let us determine the derivative of the real function of a real variable f, defined by f(x) = 2% atx = 1.
We have

fQ+R) - f) o (I+h)P-12 hP42h
1) =1 = lim ——— =1 = lim(h 4+ 2) = 2.
FO == R W At
More generally, the derivative function f” is given by
- +h)—fx) . (@+h)?—a* . hP+2ha
' =1 f(fL‘ =1 -~ =] =1 h+2¢) =2
i M W TR ) =2
for all x € R.

(b) To differentiate the real function g, with domain R — {0}, defined by ¢g(z) = 1/2 we compute the limit

: +h)—gl@) . TR z—(z+h) -1
@) = lim 2@ B TP Pk Cl L0 L
g () B0 h hso  h hs0 x(z + h)h hs0 z(z + h) x?’

forallz € R — {0}.

8=

(c) Consider the function 5 : R — R defined by

j(a:):r:r\:{ ne

-z, <0

The function is not differentiable at = 0 as the limit
o 900 = 3(0)
h—0 h

does not exist. In fact, the one-sided limits at x = 0O are distinct:

fm IO g T a2 IO B
h—0— h h—0 h h—0+ h h—0 h

These limits are the one-sided derivatives at x = 0 denoted, respectively, j/(0~) and 5/(07).

Now note that f(x + h) can be written
f(z+h) = f(z)
h )
with h # 0. If we assume that f’(x) exists and is finite, and let & — 0, we obtain

tmy 7o) = timy () + n IR — ) 0. g0 = s,

flx+h)=f(z)+h

This shows that f is continuous at x. We proved the theorem stated next.
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THEOREM 10.1. Let f be a real function defined in an open interval (a,b), and x a point in (a,b). If f is

differentiable at x then it is continuous at .

The algebra of derivatives. Derivatives of elementary functions.

We can, by using the definition, determine the derivative of a function at a given point or even the derivative
function. However, this procedure, involving the computation of a limit, takes some effort and is, sometimes,
difficult. The following results, which can be deduced from the definition of derivative, give practical rules

for the computation of derivatives.

THEOREM 10.2 (Chain rule). Let f and g be real functions of a real variable. Suppose that g is dif-
ferentiable at the point x and that f is differentiable at y = g(x). Then the composition f o g is also
differentiable at the point x and

(fog)(x)=f'(y)-d'(x) = f'(g(x)) - ¢ ().

Example. We want to determine the derivative of the function f(z) = 1/22. We have that

f=uow,
with u(z) = 1/z and v(e) = 2. As o/ () = ~1/2* and v/(z) = 2z, we obtain
1'(@) = (wov)(z) = (v(z)) /() = = @i)z 2=

THEOREM 10.3. Let f and g be real functions defined in the same interval. If f and g have a (finite)
derivative at a point x in the interval, then the same is true for the functions f +qg, f —g, f-g, and f /g if
g(x) # 0. The derivatives of these functions are given by

(1) (f+9)(x)=f(z)+4' ()
2) (f—9)(x)=f'(z) —g'(z);
(3) (f-9)(x) = f'(z)g(x) + f(2)g'();

)
JAY o = 9@ (@) - g'(2)f ()
g (9) (=) (9(x))? '

These and other rules are listed in the following table.
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Derivation rules

Notation: u and v designate differentiable functions, a and « real numbers,

and n a positive integer.

(1) a =0 (2) =1 (3) (au)/ — au
4) (utv) =u +o (6) (w) =v'v+u 6) (u*) =ou"'u (a#0)
o (5) =" (i) - 9) () = e

(10) (a*) =a*Inav (a>0,a#1) | (11) (@) =vu' ' +u’lnuv’

(12) (Inw) = %

’

(13) (log, u) = (a>0,a#1) | (14) (sinu) =cosuu’

ulna

(15) (cosu) = —sinu v’

’ ’

16) (tanu) = ——— 17) (cotu) = —— 18 inu) = ——o
(16) ( an u) cos?u ( ) (CO u) sin® u ( ) (arcsm u) m
(19) (arccosu) = — Y (20) (arctanu) = 4 (21) (arccotu) = — 4

V1—wu? 1+ wu? 14+ u?

Examples. Consider the real functions of a real variable

_ 5
ro=(35) 0 e = et o

(a) We want to determine the derivative of f. Using rules (1) — (4), (6), and (7), we obtain

- ((52)) () ()

20 —1\* (3—23)-2— (=322) (22 — 1
SESNNEER G CR]

(3 —1%)”

3 — (3 —a?)?

5<2x—1>4 423 — 322 + 6

163
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(b) The derivative of g can be determined by using rules (1) — (4), (6), (9), and (13),

/ 1N/
J(z) = ( 3 /6x2+1 — log, x) _ <<612+1 ~ log, l‘) 3>

1 2 '
=3 ( T+ og, ZL‘) ° ( T+ og, x)
_ 1 z2+1 ) % 1
3 ( —logy 2z xln2 /"’

(c) For the derivative of h, by using rules (3), (8), and (12),
3\ < 3
’ o _a9.|__ = —
file) = <lna:) s ( (lnx)2> z(lnz)?

Theorems about differentiable functions.

THEOREM 10.4 (Rolle’s theorem). Let f be a real function which is continuous in the closed interval
[a, b] and differentiable in the open interval (a,b). Suppose that f(a) = f(b). Then there exists a point
¢ € (a,b) such that f'(c) = 0.

Figure 10.2 illustrates the above theorem.

)
fib)yAa)

A 4

Figure 10.2
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Example. Consider the real function of real variable f defined by f(x) = 4—x2. The function is differentiable
in R and is null for x = —2 and x = 2. We can then guarantee that the derivative f’ has a zero in the interval
(—2,2). In fact, as in this case the derivative function is very simple, f'(z) = —2x, we can easily see that f’

it is null for x = 0.

We next state the Lagrange’s mean-value theorem, a generalisation of the Rolle’s theorem.

THEOREM 10.5 (Lagrange’s theorem). Let f be a real function which is continuous in the closed interval

[a, b] and differentiable in the open interval (a,b). Then there exists a point ¢ € (a, b) such that

iy J0) = fla)
f (C) - b —a :
Figure 10.3 illustrates Lagrange’s theorem.
PN
y
f(b) -
yAx)
fa)
'Y
(@] a c b x7
Figure 10.3

Example. Consider the real function of a real variable f, differentiable in R, defined by f(z) = —2% +4x — 3.
The values of f atx = 0 and at z = 2 are f(0) = —3 and f(2) = 1, respectively. Then there exists a point ¢

in the interval (0, 2) such that

Pl =100 113

As for the previous example, we can determine the value of ¢: from f'(x) = —2x + 4 = 2 we obtain ¢ = 1.

2.
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The following two results are useful for the evaluation of indeterminate forms. The first considers the case
where the limit is taken when x approaches an endpoint of an open interval, whereas in the second = ap-

proaches an interior point of an open interval.

THEOREM 10.6 (Cauchy’s rule). Let f and g be differentiable real functions defined in the interval (a,b)
(with a,b € R = RU {—00, +00} and a < b). Suppose that the following conditions are satisfied

(1) ¢'(x) #0 forall x € (a,b);
(2) limf=1limg=0 or limf=limg=+4oc.
T—ra T—a

Tr—a Tr—a
Then, if the limit
f'(=)
m

T—a g’(x)

exists in R so exists the limit

and

Note that the cases where the limits of f and g are both —oo or infinity of opposite signs can be reduced to
the one above by a simple change of signs. Note also that the result still holds when the limits are taken as
x goes to the upper endpoint b. Finally, the the same result is obtained if we replace condition (2) simply by

lim, 4 g(z) = 400 or by lim,_,, g(z) = —oc.

COROLLARY 10.7. Let I be an open interval, c a point of I, and f and g two differentiable real functions

in I — {c}. Suppose that the following conditions are satisfied

(1) ¢'(x)#0 forall x € I —{c};

(2) limf=1limg=0 or limf=Ilimg=+occ.

T—cC T—C T—C T—C

Then )
lim —f(w) = lim f/(x)
e g(x)  a—c g'(x)

if the second limit exists in R = R U {—o0, +00}.

As for Theorem 10.6, Corollary 10.7 can be easily adapted to the cases where the limits of f and g are both
—oo or infinity of opposite signs.

The Cauchy’s rule can still be applied for the evaluation of the indeterminate forms 0 - (+o0), 0 - (—00),
+00 — 00, and also 17°°, 17°°, 0°, and (+oo)0. The transformation of these forms into indeterminate forms

of the types considered in Theorem 10.6 and Corollary 10.7 can be obtained by using the equalities:
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. F@)gla) = L (f) or fx)g(z) = 9(1””) if the limit of f(z)g(x) gives 0- (+00) or 0 (—o0);
g(x) f(@)

if the limit of f(z) + g(z) gives +o00 — oo;

o f(2)9®) = I@WI@) if the limit of f(x)9®) gives 17°°, 17°°, 09, or (+00)°.

Examples.

(a) When computing the limit

et =1
lim
x—0 xT

we obtain the indeterminate form 0/0. Observe also that both the numerator and the denominator of the

fraction, f(z) = e* — 1 and g(x) = , respectively, are differentiable in R, with g # 0 for all  # 0. As

lim & = 0 = 1,
z—0 1
we conclude that
Coet -1
lim =1.
x—0 x
(b) The computation of the limit
. Inz
lim —
r—+o00 I
produces the indeterminate form +00/ + co. As
1
= 1
lim £=—=0,
x—+o0o 1 +00
we have that
|
lim % =
r—+oo X

(c) The computation of

1
lim zIn <1 + >
Tr—+00 X

leads to the indeterminate form (4-00) - 0. As

1
z1ln <1+1> - 1n(11+ I)7
X

T

and
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gives the indeterminate form 0/0, we can now apply the Cauchy’s rule to this second limit. We obtain

. 1+1 . 1 1 1
lim = lim = = =1,
x—)—l—oo—P m—>+ool-|-§ 1-}-% 1+0

and, finally,

(d) We want to determine

The computation of the limit produces the indeterminate form 17°°. As
< 1>x W(1+2)" _ zin(1+1)
1 + —_ = e xT = € T y
x

and, by item c¢),

we have that

=€ =¢e€.

Polynomial approximations.

Consider a real function of a real variable f, differentiable up to the order n at the point x = 0 (n > 1). We
want to a find a polynomial P approximating f in a neighbourhood of x = 0. More precisely, we want to a

find a polynomial P such that P and f agree at x = 0 as well as their first n derivatives, that is,
P(0) = f(0), P'(0)=f(0), P"(0)=f"(0), ..., P™ V()= r""10), P™(0)=r"0).
If P is a polynomial of degree not greater than n,
P(z) = cpa" + cn1z" L 4 -+ 2 + iz + oo,
the derivatives of P up to the order n evaluated at x = 0 are
P(0)=cy, P'(0)=¢1, P"(0)=2cy, ..., PO D0)=(n—-1)le,.1, P™(0)=nlc,.
Then, the matching conditions give

co=f(0), c=f(0), 2c=f"0), ..., (n—DDlen1=F""100), nle,=rfm(0),
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and then the polynomial’s coefficients are

_ o _ () AR ~ (o)
co=f(0), c1=f(0), c2= 5 0 ot Cn-1= CES Cn ="
Summarising, we have
F®)(0)
°T T

withk =0,1,...,n.

THEOREM 10.8. Let f be a real function, differentiable up to the order n at x = 0 (n > 1). Then there

exists a unique polynomial P of degree not greater than n satisfying the conditions
P(0) = f(0), P'(0)=f'(0), P"(0)=f"(0), ... P"D(0) = f""D(0), P™(0) = f"(0).

This polynomial is called the Taylor polynomial of degree n generated by f at the point 0, and is given by

n (k)
P(z) = Z fkl(o)mk
k=0

More generally, the Taylor polynomial of degree n generated by f at the point a is

n k) (g
P(x)zzf k,( )(:c—a)k.
k=0

Notice that if n = 1, P(x) is just the equation of the tangent to the graph of f at z = a.

Example. Consider the exponential function f(x) = e®. As f(™(0) = ¢® = 1 for any nonnegative integer 7,
the Taylor polynomial of degree n generated by f at z = 0 is
n
L

k=0
For example, for n = 1,2,3 we obtain, respectively,

1 1 1

Pi(z)=142z, P(z)=1+z+ 5952, Py(z)=1+x+ 5:1:2 + 6:1:3.

The approximation of f by these Taylor polynomials is illustrated in Figure 10.4. Notice that the approxima-

tion is more accurate if the degree of the polynomial is higher.

The following theorem, which is a generalisation of the Lagrange’s mean-value theorem, gives an estimate for

the approximation error.
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= T(1/2)x2

¥ = 1++(1/2)x3+(1/6)x3

Figure 10.4

THEOREM 10.9 (Taylor’s theorem). Suppose that f is a real function in [«, ], n a nonnegative integer,
£ is continuous in [cv, 8], and f"V(t) exists and is finite for every t € (a, B). Let a and x be distinct

points of [, B]. Then there exists a point ¢ between x and a, such that

nor(k)
f(x) = Z / k'(a) (x — a)k + Ry (x), (Taylor’s formula)
k=0 ’

where the remainder R,,(x) is given by

£ (0

n+1
(n+1)! '

R, (x) = (x —a) (Lagrange form of the remainder)

Example. Consider the logarithmic function f(z) = In z. The n-th order derivative is

(n—1)!

xn

f(z) = (=1

for any positive integer n, and, in particular,

F (1) = (<1 (- 1)L
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The Taylor formula of order n of f about x = 1, with the remainder in the Lagrange form, is given by

f(x) — En: (_1)k71 (x _ 1)k + (_1)n (m _ 1)n+1
=k (n+1)cntl
1 1 (=t =5
— (=D = (=12 (=13 >...x X (VP S (p 1)L
(z-1) = S( )+3(w )7+t p (z )+<n+1)cn+1(w )
where c is a number between z and 1. If, for example, n = 3, we obtain
1 1 1
f@) = (@=1) = 5@ =12+ 50— 1P = (@ — D

The approximation of f by the Taylor polynomial of degree 3 generated by f at x = 1 is represented in Figure
10.5.

o~ ¥ = (-D-(12)(x-D+(13)(x-1)?

Figure 10.5

Exercises.

(1) Determine the derivatives of the following real functions of a real variable:

a) f(x) =% b) flz) =22 +2;

o flz)=iz*% d) f(z)=22%+42 +4;

e) f(z)=c (ceR); 0 flz) =% +33;

9 fla)=2— Yo+ h) f(z) =623 — 204+ 5
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) fl@) =gz + Vo D flx) = (2t + 42+ 2) (22 + 3);
k) f(z)=(2z-1)(32%+2); D f(z)=(2®—122) (322 + 2x) ;
m) f(z) = (22° — z) (32 + 1); n) f(z) =2t

0) f(z) = B2, p) ()= 2L,

@ flz) =55 D flz) = (z +5)%

$) f(z) = (a3 —22+5)°; 0 flz)=V1—a%

W fa) = & V) flz) =20+ 1)V2r+32;

w) fla) = 2L x) flo) = V271 (30 + 22);
Y f2) = e 2) f(z)=Vad+1(a? - 1);

a) f(x) = ((2z+3)* + 42z +3) +2)%; v) fz) =V1+ 2%

) flz) = (32% +¢) ¥ &) fx) = eX’+3e,

&) fla)= et £) f(x)=2"Vi% 2 + Ina:
g) flz)=Inz -2+ /x; ) f(z) =1In(In (z*(z + 1)) ;
i) f(z) =In(22%+ 3z); i f(z)=In'z +Inz* 4+ 4Inw;
K) f(z) = In(sinz); 1) f(z) =In1£;

m') f(z) =Inva? + 1 ) f(z) = 2*logy x;

o) f(x)=3e" —4dcosx — +In; p) f(z) = arctanz + tan x;

q) f(x) = arcsin 3 r) f(z) = arccos (22%) ;

s) f(x) =sin(2z) —sin® z + 2 cot z; ) flz) = Shetess:

v) f(z) = e*(sinx + cos z); V) f(z) = e sin(ax) (a € R).

(2) Determine:

a) Lot b) L2, ) Aarctan (24);
d) % arctan(2z + 4); €) % In (1‘4) ; f) % In(2z + 4);
o) 4 14_1334 : hy 4 T1+4; i) L arctane®.
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Consider the real functions of a real variable and the points in R?:

fa) =L hates,  (3,29)

3
g(x) =23 -3z +1, (1,-1)
h(z) = (@ +1)2~z),  (2,0)
a) For each one of the above functions, determine the values of = for which the tangent to its graph

is horizontal.

b) For each one of the functions f, g, and h, write the equation of the tangent to its graph at the given

point.

Check whether the Rolle’s theorem is applicable to:
a) f(x) = 2% — 3z + 2 in the interval [1,2];
b) g(x) = |z — 1| in the interval [0, 2].

Let f and g be real functions of a real variable, differentiable in [a, b], such that f(a) = g(a) and
f(b) = g(b). Show that there exists a point ¢ € (a, b) such that f'(c) = ¢'(c).

Prove that e* > 1 + x by using the Lagrange’s mean value theorem.

Compute the following limits:

T _emv_9 1
a) lim 2% b) lim & "% ¢ lim —Z.
7—0 =0 x —sinx z—+oo 1
1 1 1 1 5}
d) lim |- — — ; e) lim xsin—; f) lim — )
z—0\z sinz z+oo x =3\ —3 22—2—6

Write the Taylor’s formula with Lagrange’s remainder of order n for each one of the following functions:
a) f(x)=e"aboutz =0;

b) g(x) =Ilnzx aboutx = 1,

¢) h(z)= = aboutz = 0;

d) i(z) =In(1+ z) about z = 0.

e) jz)= % about x = —1.






11. Optimisation

Extreme values of functions.

DEFINITION (Maximum of a function). Let f be a real function defined in a set S C R. f is said to have

an absolute maximum in S if there is a point ¢ € .S such that

f(@) < fle)

forall z € S. f is said to have a relative maximum at a point ¢ € S if there is an open interval (a, b)

containing ¢’ such that
flx) < £(c)
forall z € (a,b) N S.

Absolute and relative minima of f can be defined, respectively, as the negatives of absolute and relative

maxima of — f. Maxima and minima are called extrema.

THEOREM 11.1. Let f be a real function defined in an open interval (a,b), and suppose that [ has a
relative maximum or a relative minimum at a point ¢ € (a,b). If the derivative f'(c) exists and is finite,
then f'(c) = 0.

Examples.

(a) Consider the real function of a real variable f defined by f(x) = 1 — 22 (see Figure 11.1). The function
has a relative (and absolute) maximum for z = 0. Since f is differentiable at 0, the derivative f’ is null for

x = 0. In fact, f'(x) = —2z,and f'(0) =0

175
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Figure 11.1

(b) Let g be the real function of a real variable given by g(x) = |z| (see Figure 11.2(a)). The derivative of g
is never null but g has a relative (and absolute) minimum at 0. Note that the derivative of g for z = 0 does not

exist.

(c) Consider the real function of a real variable & defined h(z) = 23 (see Figure 11.2(b)). The derivative of

h, h'(z) = 322, is null for z = 0. But h has no extremum at 0.

y] y =K v y=x
(6] X (6] X
(a) (b)

Figure 11.2
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Geometric properties of functions.

The following theorem is a consequence of the Lagrange’s mean-value theorem.

THEOREM 11.2. Let f be a real function which is continuous in a closed interval |a,b] and differentiable

at every point of the open interval (a,b). Then

(1) If f'(x) > 0 for every x € (a,b), f is strictly increasing in |a, b];
(2) If f'(z) < 0 forevery x € (a,b), f is strictly decreasing in [a, b];
(3) If f'(z) = 0forevery x € (a,b), fis constant in [a, b].

THEOREM 11.3. Let f be a real function which is continuous in a closed interval |a, b], and differentiable

at every point of the open interval (a,b), except possibly at a point c in the interval.

(1) If f'(z) > O0forall x < cand f'(x) < 0forall x > ¢, then f has a relative maximum at c;

(2) If f'(z) < Oforall x < cand f'(x) > 0 forall x > c, then f has a relative minimum at c.

Examples.

(a) Consider the real function of a real variable f defined by f(z) = x>+ %a:Z + 1 (see Figure 11.3(a)). The
derivative f'(z) = 322 + 3z is positive in (—oo, —1) U (0, +0c0), negative in (—1,0), and null for z = —1 or
x = 0. We than have that f is strictly increasing in (—oo, —1) and in (0, 4+00), strictly decreasing in (—1, 0),

and attains a relative maximum at —1 and a relative minimum at 0.

(b) Consider the real function of a real variable g defined by g(z) = |z + 1| (see Figure 11.3(b)). The

function is continuous in R and although is not differentiable for x = —1, the derivative changes sign at this
point. Therefore g has an extremum (a minimum) for z = —1.
y ¥ =x+(3/2)x*+1 y ¥ =l
312

(2) (b)
Figure 11.3
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Second derivative test for extrema.

Let f be a real function which is continuous in a closed interval [a, b]. It is clear that f attains an absolute
maximum and an absolute minimum in the interval. Moreover, if f is differentiable at every point of (a, b),

relative and absolute extrema can only occur at:

e The endpoints of the interval;

e The points of (a, b) for which the derivative is null.

These latter points for which the derivative is null are called critical points.

THEOREM 11.4. Let f be a real function which is continuous in a closed interval [a, b], and differentiable
at every point of the open interval (a,b). Assume that ¢ € (a,b) is a critical point of f. Assume also that
f" exists and is finite in (a,b). Then

(1) If f"(x) < 0forall x € (a,b), f has a relative maximum at c;

(2) If f"(x) > 0 forall x € (a,b), f has a relative minimum at c.

In the above theorem, if f” is continuous in a neighbourhood of the critical point ¢ it suffices to have f”(c) < 0
(f"(c) > 0) to conclude that f has a relative maximum (minimum) at c.
Recall that a function is convex if the chord joining any two points of its graph lies above the graph, and

concave if it lies below the graph.

THEOREM 11.5. Let f be a real function which is continuous in a closed interval |a, b], and differentiable
at every point of the open interval (a,b). If f' is increasing in (a,b) then f is convex in [a, b]. In particular,

[ is convex if " exists, is finite and nonnegative in (a,b).

The discussion of the concave case can be reduced to the convex case by noting that a function f is concave

if — f is convex.

Examples.

(a) Consider the real function of a real variable f defined by f(z) = %x?’ (see Figure 11.4(a)). Its second
derivative is the function f(z) = . Since f” < 0 for z < 0 and f” > 0 for z > 0, f is concave in (—o0, 0]
and convex in [0, +00). The point 0, at which the function f is continuous and the second derivative changes

sign is called a point of inflection.

(b) Consider the real function of a real variable g defined by g(z) = 1 — (x — 1) (see Figure 11.4(b)). The

function has only one critical point: the point 1. As g”(1) < 0, g attains a maximum for z = 1.
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[ y=wey v y =11y

(a) (b)
Figure 11.4

Sketching the graph of a function.

In order to sketch the graph of a function, we have to study the following aspects:
e Domain, parity, and intercepts;
o Continuity and asymptotes;
e Monotonicity and local extrema;
e Convexity and points of inflection;
e Range.

Example. Consider the real function of a real variable f defined by f(z) = = — i The function has domain

R — {0}, and is odd as f(—z) = —f(x) for all z # 0. Also, the function f is continuous in the whole
domain since it is the difference and the quotient of continuous functions. It does not intercept the y-axis and,
to determine the zeros, we solve the equation

2 —1

=022’ -1=0A2#0& (z=—1Va=1)Az#0

1
f(a:):O@x—E:O@
Sr=—-1Vz=1

To look for an asymptote near +oco, we compute the limit
1
- = 1
TGO SR <1—2> ~1.
r——+0c0 I x—r—+00 X T——+00 T
We found the slope m = 1 of the possible asymptote. Now we compute

lim (f(z)—ma) = lim <:p—1—:1:>— lim <—1>_0.

Tr——+00 r— 400 xX Tr— 00
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We found the intercept of the asymptote, so that the asymptote’s equation is y = x. Near —oo, and repeating
the same computations we obtain the same asymptote y = x. We now check the existence of a vertical

asymptote at z = (0. We determine

1 1
lim f(z) = lim <a3— ) = <0— ) = 400.
z—0~ z—0~ T 0-
By performing the same computations we obtain

lim f(x) = —o0.

z—07F

1\’ 1 2 +1

/
(- ) =14+ =212
F@) <x a:) x2 2

The derivative function

X

is positive for all  # 0. Thus, f is strictly increasing in (—oo, 0) and in (0, +00), and has no extreme values.

Y 1y 2

is positive if x < 0 and negative if x > 0. Therefore, f is convex for x < 0 and concave for x > 0. The

The second derivative

function has no points of inflection. The graph of f is sketched in Figure 11.5. From the graph, it is clear that

the range of the function is R.

y=x-(1/)

"

Figure 11.5
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Exercises.

(1) Find the local extrema of the following functions:
a) f(z)=a*— 222+ 3;
b) g(z) = —42> + 3622 + 3000;
¢) h(z) =42 — 4ux;

d) i(e) = F
e jx) =2z —1)%
f) k()= 25

g) lI(z) =sin’z, for 0 <z < 27;

h) m(z) =iz —sinz, for 0 <z < 2m.

(2) Study each one of the following functions (domain, continuity, parity, intercepts, asymptotes, mono-

tonicity and local extrema, convexity and points of inflection, and range), and sketch the corresponding

graphs:

a) a(z)=a2*+2% -2
b) b(z) =2t —52% +4;
0 olx) =2k

d) d(z)=+Va?-1,
()

e) e(xr)=-enz;
H f@) =55
9 g(z) =e 5
h)  h(z)=e

i) i(z)==






12. Antidifferentiation

Definitions and basic results.

The present topic can be motivated by the problem: “Which are the functions whose derivative is f(x) = 2x?”.

DEFINITION (Antidifferentiable function). Let f be a real function defined in an interval . f is said to be

antidifferentiable if there exists a real differentiable function g in I such that
g=r

If this is the case, we say that g is an antiderivative (or an indefinite integral or a primitive) of f in I. The

process of solving for antiderivatives is called antidifferentiation (or indefinite integration or primitivation).

For the above definition to be meaningful when the interval I is not open, we have to make clear what is the
meaning of g to be differentiable at an endpoint of the interval where it is closed. If we consider, for example,
the interval I = [a, b), we define the derivative of g at a as ¢’(a) = ¢'(a™). The same is assumed if the
interval is closed at the right endpoint.
Note also that g is obviously continuous in /.
It should be clear that if g is an antiderivative of f then any function g + ¢, with ¢ a constant, is also an
antiderivative of f, since
(g+¢) =g+ ="

Moreover, all antiderivatives of f are written as g + c. To see this, assume that h is also an antiderivative of
f. Then

(h—g)=h—g=f-f=0,

which allows us to conclude that A — g is a constant function, that is,

h—g=csh=g+ec

183
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THEOREM 12.1. Let f be a real function defined in an interval I, xo € I, and yo € R. If f is antidiffer-

entiable in I there exists a unique antiderivative g such that

9(x0) = yo.

The problem for which the above theorem guaranties the existence of a unique solution can be written

y' = f(z) in I, y(o) = Yo,

and is called the Cauchy problem or the initial value problem for the differential equation y' = f(z).

We now fix some notation. If f is an antidifferentiable function, we denote the family of antiderivatives of f

by
/f, /f(:n)da? or /fda:.

If ¢ is an antiderivative of f we then write

/f=g+c, /f(x)dm:g(x)—l—c or /fdng—l—c,

with ¢ a constant.

Examples.

(a) Letusdetermine the antiderivatives of the real function f in R defined by f(z) = 2x (see Figure 12.1(a)).

The function F'(x) = 22 is an antiderivative of f(z) since
F'(z) = (x2)/ = 2.

Thus,
/f(z:)dw =2+,

with ¢ a real constant.

(b) Consider the problem of determining the antiderivative F'(z) of f(x) = 2z satisfying the condition
F(2) = 3 (see Figure 12.1(b)). We have

{F(:c) = 22 +¢ <:>{ F(x) 2’ +c <:>{F(3:) = 22+¢

F(2) = 3 224+c¢ = 3 c = -1
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\ »T X432/ T y=x%1
3
y=x>1
1
) iy \(1 2 x
(@) (b)

Figure 12.1

The following theorem gives some properties of algebra of antiderivatives.

Then

THEOREM 12.2. Let u and v be antidifferentiable real functions in an interval I, and a a real number.

(1) The function au is antidifferentiable in I, and

=y

(2) The function u + v is antidifferentiable in I, and

Juro=[us [o

By simple inversion of the derivative rules, the following antidifferentiation formulas can be obtained.

(1) /Ozc

(2) /1:x+c

(3) /a:ax—l—c

a+1

+c (a#—1)

(4) /u(’u/ =2

a+1

I
w
Yo
(5) /u nlul+c

(6) /e“u' =e"+c

(7) /a“u’—li—avLc (a>0,a#1)

(8) /sinuu' = —cosu-+c

(9) /cosuu' =sinu+c

u u u
(10)/T:tanu+c (11)/ —— =—cotu+c (12)/7:arcsinu—l—c
cos? u sin® u V1 —u?
u LU u’ u’ 1 i
(13) /\/ﬁ = arcsin E +c (a > 0) (14) /m = arctanu + C (15) /m = E arctan E + C (a > 0)

Notation: u designates a differentiable function, a, o, and c real numbers.
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Since arcsin x = m/2 — arccos x and arctan z = 7/2 — arccot x for all real z, the formulas (12), (13), (14),

and (15) can also be written

(12’)/\/1“,? = —arccosu + ¢,
(13") /\/(1;‘7 = —arccos ¢ +c,

(14") /1}:;2 = —arccot u + ¢,

(15") /ajjr/uQ = —Larccot ¢ +c.

Examples.

(a) / 3dx = 3x + c. (Using formula (2) and Theorem 12.2(1)).

(b) / 23 dr = % + c. (Using formula (4)).

(¢) Using formula (4) and Theorem 12.2(1),
3z +1)° N (3z +1)°

c=—"+c.

1 1 1
4y = 4.3.2dr=2= 4. —-. ==t
/(3x+1) dx—/(3m+1) 3 3dCL‘ 3/(3x+1) 3dz 5 5 5

(d) Using formula (4) and Theorem 12.2(1),

3

1 1 1)3 2

/\/3x+1d:c=3/(3x+1)%.3dx=3.w+c=9(3x+1)3+c.
2

(e) / sin x cos x dr = # + c. (Using formula (4)).

63) /l—l-sz de = %f 1_%22 dr = %ln 11+ 22| + ¢ = Inv/1 + 22 + ¢. (Using formula (5) and Theorem
12.2(1)).

cosxT

(2) /tanx dr = —/‘Sinx dx = —In| cosz| + c. (Using formula (5) and Theorem 12.2(1)).
(h) /e‘”2x dx = %/612 2vdx = %exz + c. (Using formula (6) and Theorem 12.2(1)).

Q) / 2% dz = £ + c. (Using formula (7)).
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() /sin(?)x) dx = é/sin(Sx) +3dz = }(—cos(3z)) + ¢ = —% cos(3z) + c. (Using formula (8) and
Theorem 12.2(1)).

(k) / cosieny da = tane” + c. (Using formula (10)).

) / ﬁ dx = % ﬁ dr = % arcsin 22 4 c. (Using formula (12) and Theorem 12.2(1)).
- —(x

(m) /Ifﬁ dr = ;/IJF%;”’Q)Q dr = % arctan 22 4 c. (Using formula (14) and Theorem 12.2(1)).

(n) /5+1mg dr = /m dx = % arctan % + c¢. (Using formula (25)).

Methods of antidifferentiation.

In general, the antiderivative of a given function cannot be found by using the basic antiderivative formulas
presented above. This is the case, for example, of the function f(z) = xe”.
We introduce the so-called methods of antidifferentiation. We begin with the method of antidifferentiation by

parts, which is derived from the rule for differentiating of the product of two functions
(w) = v'v +w' & v'v = (w) —w'.
Now, if we antidifferentiate both members of the second equation above,

/UI’U:U’U—/UUI.

Note that [ v exists if and only if [uv’ does. Note also that the method is useful if the second integral is

easier to compute than the first.

THEOREM 12.3 (Antidifferentiation by parts). If u and v are differentiable real functions in an interval I,

the product u'v is antidifferentiable if and only if the product uv' is. If this is the case, we have

/u’v:uv—/uv’.

Examples.

(a) /(e‘%) dac:ex:v—/(ex-l) dr=¢e¢"z —e*+c=e"(x—1)+c

(b) /lnxdm:/(l-lnm)dmlenx—/(a:~i) fac:xlnx—/lda::xlnm—x+c:x(ln:c—1)+c.
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(¢c) To determine | sin? z dx we antidifferentiate by parts,
/sinzxdx = /sinx -sinxdr = —cosx -sinx — /—cosx -coszdr
_ . 2
= —cosz-sinz + /COS xdx
. . )
= —COosSZT - smx+/1 —sin” z dx

= —cosz-sinz + x — /sin2:cdw.
We then have

/sin%vdxz—cosw'sinx—i—:ﬁ—/Sin2xd:v+c<:>2/sin2xdx:—cosa%sinx—i—x—%c

. —cosz-sinx +x
@/smzxdm’: +c.

2

As Theorem 12.3 states the existence of the first antiderivative in [ «'v = wv — [ uv’ only in the case the

second exists, we have, for the present problem, to check that the functions F'(z) =

fact, the antiderivatives of f(x) = sin? x:

— cos x-sin x+x :
— %5 ——— +c are,n

= = = sin“ z.
2 2 2

To motivate the method of antidifferentiation by substitution or by change of variable consider the following.

. / . . .
<—cos:1:-smac+m+ > sinz-sinx —cosx-cosx+1 2sin’x 9
c) = _

Let I and J be real intervals, and assume that f : [ — R is an antidifferentiable function, and ¢ : J — I a

differentiable bijection. If g is an antiderivative of f in I, then

U(t) = (go@)(t) = g(e(t))
is differentiable in J and
P'(t) =g (p(t) - (t) = [ ((1) - (D).
Thus, the family of the antiderivatives of ¢/’ can be written
[rem) - saa

and the aimed antiderivatives of f can be obtained from 1 by simply undoing the change of variable

/ﬂmm:[/fwwmdmw

t=p~1(z)

THEOREM 12.4 (Antidifferentiation by substitution). Let I and J be intervals in R, f : I — R an

antidifferentiable function, and ¢ : J — I a differentiable bijection. Then (f o p)¢' is antidifferentiable

1

and, denoting an antiderivative by 1, 1 o ¢~ is an antiderivative of f.
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The above theorem gives the previously mentioned formula for antidifferentiation by substitution

[r@a=|] remewa]

Examples.

3z

(a) We want to antidifferentiate the real function f(x) = _%— in R. Let us consider the real differentiable

function ¢(t) = Int, which maps one-to-one (0, +00) onto R. Changing variable x = ¢(¢) = Int, and noting

that

we have

/ f(z)dz = / Flo(t)e (1) dt] T [ / F(Int) - (lnt)’dt] - [ / t?tj—l . 1dt} -

2 241-1 1
=[] =] = (0w
t=+1 t=e® t=+1 t=e® t=+1 t=e®

= [t — arctant + ¢|,_.. = e” — arctane” + c.

(b) The antiderivatives of the real function f(x) = m in (0, +00) can be determined by considering

the change of variable z = (t) = €', a one-to-one differentiable mapping from R onto (0, +00). We have

=g (t)=¢ and t=¢ Yz)=Inz,

and
frerwsfreeea] | <[fserere] | -|faaim e,

t 1 2t 1
I
L+t t=Inx 2 L+t t=Inzx 2 t=Inzx

1
:§ln‘1+ln2x|+c:ln 1+In?z+ec.

(c) To determine the antiderivatives of the real function f in (0, +00), defined by f(z) = m we

consider the change of variable x = ¢(t) = t2, a one-to-one differentiable mapping from (0, 4+-00) onto
(0, 400). We have
=g (t)=2 and t=¢ (z)= 2
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Thus,
freavw=|freozoal _ =[frer-era] =[],

1
=12 dt = |2arctant _ ~=2arct .
[ /1+t2 ]t\/; [2arctant +c|,_ arctan /z + ¢

(d) We want to find the antiderivatives of the real function f in (0,+4o00), defined by f(z) = m
Consider the differentiable bijection ¢ : (0,4+00) — (0,+00) defined by ¢(t) = t5, and the change of

variable z = (). We have
a' =/ (t) = 65 and t=¢ Yz)= Vx.

Thus,

[r@ar=[ rewewa] =[freyeya]  =[[aimera]

[ t3 1
= 6/ dt] —[6/t2—t+1—dt]
VAR B P t+1 | ez

3 12
= 6(—2+t—1n|t+1y> } :2f—3{”/§+6€ﬁ—1n(\6/5+1)6+c
L t={z

3

Partial fractions.

In the examples we gave above for the substitution method, the antidifferentiation problem was reduced the
antidifferentiation of a rational function, that is, a function whose analytical expression is a quotient of poly-
nomials. In fact, this is a frequent result obtained with the use of the substitution method. This is a strong

reason to study the antidifferentiation of rational functions. Consider the following:

e A rational expression can always be written as a sum

where ), N, and D are polynomials, with the degree of N less than the degree of D (the fraction
N(x)

D) is called a proper rational fraction);

e The coefficient of the term of the highest degree in D can be assumed to be 1, with no loss of
generality (this can be easily obtained if we factor the coefficient).

N(z)
D(x)>

D is 1, can be written as a sum of partial fractions of the types

It can be shown that a proper rational fraction where the coefficient of the term of the highest degree in
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e« ——  withr=1,2,...,m,

(x —a)”’

B C
° ((x—]a;);——i-q?)S’ with s =1,2,...,n,

where, A, B, C, a, p, and g are real constants, and m and n positive integers. The types of partial fraction in

the sum depend on the factorisation of the polynomial D). The main point is that partial fractions are easily

antidifferentiated.

Examples.
(a) We want to antidifferentiate the real function of a real variable f defined by

42441
o3 —z

/()
As the denominator of the rational fraction can be decomposed

-z =x(x+1)(z—-1),
the fraction can be written as s sum

43:2+x+1_A B C

-z x z+1 z—-1

The constants A, B, and C can be determined by solving the equation

4+ +1=A(x* - 1)+ Bx(x — 1) + Cx(x + 1)

A+YB+C = 4 A = -1
4’ +24+1=(A+B+0)2*+(-B+QC)z—A<{ -B+C =1 e{ B = 2
—A = 1 C = 3
We then have
4 +r+1 1 2 3
w—-—x  r x+1 xz-1
so that

Ax2 1 1 2 3
/de:/_+ +———de=—Infz| +2Injz + 1|+ 3lnje — 1| +c
r xz+1 x-1

12 _13
=1In (2 + 1D ) + c.
X

(b) To find the antiderivatives of the real function of a real variable g defined by

B 223 + 522 + 62 + 2
B x(x+1)3

9()
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we write the rational fraction a the sum

2933+5932+693+2_A+ B ¢ D
z(x +1)3 S r x4+l (z+1)?2 0 (z+1)3

Note that in the above decomposition there are as many terms with denominator (z + 1)" as the multiplicity

of the root —1 of the polynomial x(x + 1)3. The constants A, B, C, and D are determined by solving
203 +52° + 62 +2 = A(x 4+ 1) + Bx(x + 1) + Cx(x + 1) + Dz

= 20° 4502 +62+2=(A+B)2* + (BA+2B+C)a®> +(BA+B+C+ D)z + A

3A+2B+C 5 B 0
& &
3A+B+C+D = 6 C -1
A = 2 D = 1
We then have
20° + 522 + 6z +2 2 11
z(x+1)3 Tz (z+1)2 0 (x4 1)
and
223 + 522 + 62 + 2 2 1 1 (x+1)"t (x4+1)72
/ x(x+1)3 v /;1: (x+1)2+(x—|—1)3 v nlel -1 + 5 e
1
= Inz? — .
M T 2@ €

(c) To determine the antiderivatives of the real function of a real variable

x4+ 2
h =
@)= oD@
we consider de decomposition
x+2 A Bx+C

D@+ 2-1 @41
Note the denominator of the last partial fraction is an irreducible polynomial of second degree. The corre-

spondent numerator is then of degree up to 1. The constants A, B, and C' are determined in the usual way

r4+2=A@*+1)+ (Br+O)(z —1)

A+ B =0 A = 3
©r+2=(A+B)2*+(2A-B+Cla+(A-C)&{ 2A-B+C = 1 ¢ B = -3
A-C = 2 C -1



The decomposition we have obtained is

EXERCISES.

3 3. 1
z+2 _ 5 o, T3%—3
(x—1)(z2+1) z-1 2+ 1
and
/ z+2 dx:/ 3 +—%x—2 3 1
(x —1)(x2+1) x—1 x?+1 2) z-1

Exercises.

(1) Determine the family of antiderivatives of each one of the following real functions of a real variable:

a)  f(z)=a%

b) f(z) =2z +2;

o flz) = 32%

d)  f(z) =22%+ 4z +4;

e) f(x) = ¢, with c a real constant;
f) f(z)=22%+4;

g) flx)=22° + 822+ 2 —T8;

h)  flz) = & + 3u3;

D fle)=F - Vet

) f@) =623 — a0+ 5y

k) f2) =gz + V&

D f(z)=(z*+ 4z +2)(2z + 3);
m) f(z) = (2z — 1)(32% + 2);

n) f(z) = (23— 122)(32% + 2z2);
0) f(x) = (a+ bx?)?, with a and b real constants;

3 2x
2 2 e —
4/m2+1 .

1
2

/

1

193

—d
2 +1 v

3 3 1
:§ln|x—1]—11n’x2—|—1‘—§arctanx+c

In

4 ($_1)6

— 5 arctanx + c.
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p)  f(z) = V2az, with a a real constant;

@ flz)= =

) f(z) = cos bz sin 5x;

s)  f(x) = sin® 42 cos 4x;

0 flz) = 4e™

W f(z) = wet

V) f() = (x4 5)%

W) @)= f@) = fl@) = @) = g

0 flo) =15 f@) =i f@) = gl

Y @) =85 f@) = 125 (@) = 25y f(z) = cosa(l+ sin)’

) fl@)="% f@) =" @)= g @)= sy

(2) Antidifferentiate the following rational functions:
1 .
a) f(*) = g’
b)  f(z) = 75

o flz)= ﬁ;

& flz) = S
e f(x)=Fq
H flo) =52
g [flo)= 5
h o f@) = 2

(3) Antidifferentiate by parts the functions:

a)  flx) =xe®;  f(z) =2%e% fla) = 2237

b) f(z)=Ina: f(z)=arctana;
©) flz)=xzsinz;

d)  f(z) =z cos3a;

o flo)=Z;



f)
g
h)

)

a)
b)
c)
d)
e)
f)

g)

EXERCISES.

f(z) = 2% Inx;

f(z) = zarctan z;
f(z) = sin 2z cos 3z;
f(x) = zsinz cos .

flx) = ifﬁ;

f(z) = 2=

f@) = Y

(@) = 1%

flo) = s%22;
flx) =2+ V1-2%
fla) = .

(5) Antidifferentiate the following functions:

a)
b)
c)
d)
e)
f)
g)
h)
i)
)

f(x) = (22 +5)e™;
f@) =

flx) = eV

f(z) = xe‘“”Q;

flz) = :z:(:t:2 + 1)20,
f(z) =z cosz;

f(x) = 621i3ez=

flw) = YA

flo) = 25

195






13. Integration

Definite integral.

We give the notion of definite integral. Consider a closed interval [a, b], with a and b real numbers such that
a < b, and points

a=x0<21 << Ty 1 <y =D,

The set P = {xg, z1,...,%n_1, Ty} is called a partition of the interval [a, b]. Denote
Ax;=x;—x;1 for i=1,2,...,n.
Let f be a bounded real function in [a, b]. For a given partition P of [a, b] we set
M; =sup f(x), m; =1inf f(z), withz;_; <z <y,

and define the upper and lower Darboux sums (see Figure 13.1), respectively,

UP, f) =) MAz; and L(P,f)=> mAz;.
=1

=1

y =) y=1x)

(a) Upper Darboux sum. (b) Lower Darboux sum.
Figure 13.1. Darboux sums.

197
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Now, the upper and lower Riemann integrals are defined, respectively, as,

b b
/f(x)d:l::infU(P,f) and /f(x)dxzsupL(P,f),

where inf U(P, f) and sup L(P, f) are taken over all partitions P of [a, b].

[ rwar= [ swar

the function f is said to be Riemann-integrable (or just integrable) in [a, b], and we denote the common value

Finally, if

of the upper and lower integrals by

b b
/f(a:)da: or just by / fdz,

the Riemann-integral (or simply the integral) of f over the interval [a, b].

There is some terminology we give now: the symbol [ is called the integral sign; the notation dx is used
to indicate that the integration is taken over the variable x, and x is called the variable of integration; the
numbers a and b are called, respectively, the lower and the upper limits of the integral, and [a, b] is called
interval of integration; finally, the function f(z) to be integrated is called the integrand.

We gave the notion of Riemann integral for bounded real functions in a closed and bounded interval. An
important issue is to know what types of functions are integrable. The three theorems we state next give
some important classes of integrable functions. Unless otherwise stated, we shall assume in the sequel that

integrands are bounded in the interval of integration.

THEOREM 13.1. If the real function f is continuous in [a, b] then f is integrable in [a, b). ‘

THEOREM 13.2. If the real function f has only finitely many points of discontinuity in [a,b] then f is

integrable in [a, b].

THEOREM 13.3. If the real function f is monotonic in |a, b then f is integrable in |a, b]. ‘

We then have that the continuous functions, the monotonic functions, and also the functions which are discon-
tinuous at a finite number of points are integrable. Next theorem states that the composition of a continuous

function and an integrable function is integrable.
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THEOREM 13.4. Let f be a real function of a real variable in an interval [a,b]. Suppose that
(1) f is integrable in [a,b];
(2) There exist numbers m and M such that m < f < M for all z € [a,b];

(3)  is a real continuous function in [m, M].

Then the composite function h(x) = (p o f)(x) = ¢ (f(x)) is integrable in [a, b).

Examples. Consider the real functions of a real variable

-1 , T<g 241, !
fa)=22-1, g =11, hw=q T TS =] TP T
z+1 1, z>3 1, z=1

Let us evaluate the integrability of the above functions, and also of the function f o h in the interval [0, 1].

(a) f and g are continuous functions in [0, 1], thus integrable in [0, 1].

(b) h is a monotonically increasing function in [0, 1], thus integrable in [0, 1].

(c) 4 is not monotonic in [0, 1] but it is continuous in the interval except for x = % Therefore it is integrable
in [0, 1].

(d) Since h is integrable in [0, 1] with 0 < h(x) < 1 for all z € [0,1] and f is continuous in R, the
composition f o h defined by

(foh)(z) = f(h(z)) = {

D= D=

is integrable in [0, 1].

The following theorems give some practical properties for computing integrals.

THEOREM 13.5. If f(x) = M in [a,b], with M a constant, then

/abfdx:M(b—a).

/abfd:czo.

In particular, if f(x) = 0in [a, b] then

Examples.

4
(a) / 3dr=3-(4—2)=6.
2

4
(b) / lde =4—2=2.
2

5
(c) / O0dz = 0.
1
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It is clear that if the upper and lower limits of the integral coincide,

/aafdm:(),
/abfdm:/bafdx.

4
/ 3dr=3-(4—2)=6.
2

2 4
/ 3dac:—/ 3dr = —6.
4 2

Note that the integral | 42 3dx could have been computed by extending Theorem 13.5 to the case where the

for any function f. Also, by convention,

Example. We saw that

Then

integral upper and lower limits are reversed

2
/ 3dr=3-(2—4) = —6.
4

THEOREM 13.6. Let f and g be integrable functions in [a, b]. Then

(1) The function f + g is integrable in [a, b] and

b b b
/f+gdx:/fd$+/gd9:;

(2) The function cf, with c a real constant, is integrable in [a, b] and

/abcfda::c/abfdx;

(3) If f(z) < g(x) for each x € [a, b] then

b b
/fd:vé/ gda;
a a

(4) The function |f| is integrable in [a, b] and
b
< [ 111w
a

/abfdac

(5) Ifa < c <b, then f is integrable in |a, c] and in [c, b] and

/abfdw:/acfdx—ir/cbfdx;

(6) The function fg is integrable in [a, b].
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Note that, owing to the above mentioned convention

/bafd:c:—/abfdfc,

(5) in Theorem 13.6 can be rewritten, for example,

‘Abfdxzilcfdx—llcfdm

The fundamental theorem of calculus.

We now consider the integral as a function of the upper limit

/ f(t)dt for a <z <b.

Next results establish the connection between integration and differentiation. In particular, they give the

conditions under which the technique of antidifferentiation can be used to compute integrals.

THEOREM 13.7. Assume that f is an integrable real function in |a,b]. Put

F(:):):/xf(t)dt for a < x <b.

Then F is continuous in [a, b|. Furthermore, if f is continuous at a point xo € [a, b] then F is differentiable

at xq and

F'(x0) = f(20).

Note that from the above theorem we learn that if f is continuous in [a, b] then F' is an antiderivative of f in

[a, b]. Since
F(a) :/ fdx =0,

F is the unique antiderivative of f which is null for z = a.

THEOREM 13.8 (Fundamental theorem of calculus). Suppose that the real function f is integrable in [a, b],
and that there exists a differentiable real function F in [a,b] such that F' = f. Then

b
/fmzp@_pm.

We shall use the notation
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Example. As the real function f defined by f(z) = z is continuous in the interval [1, 2], to integrate f over

[1, 2] we just have to find an antiderivative F' of f and compute the difference F'(2) — F'(1):
2 2217 22 12 3
d — - = — = -,
Jrrie=la] =7 e

Methods of integration.

THEOREM 13.9 (Integration by parts). Suppose that u and v are real differentiable functions in [a, b, and

that v’ and v' are integrable functions in [a,b]. Then

b b
/u/vdx:[uv}l;—/ w' dz.
2
/exzndx.
1

We set v/ = e and v = z so that u = e and v’ = 1. Note that v’ and v’ are continuous functions, therefore

Example. We want to compute

integrable. By integrating by parts we obtain
2 2
/ e dr = [e*x]? — / e 1dr = [e%x]] — [e¥]] =22 — e — (82 —e) = 2,
1 1
Note that, alternatively, we can antidifferentiate by parts
/ezxdx:ezx/exold:p:erxequc:ex(x1)+c,
and then compute the definite integral

/2 Crdr ="z -1 =e*2-1) —e(l —1) =€
1

THEOREM 13.10 (Integration by substitution). Let f be an integrable function in [a,b], and ¢ a strictly

increasing differentiable function mapping [A, B] onto |a, b] such that ' is integrable in [a,b]. Then

b B
/ f(z) de = / () (8) dt.
a A

Note that in the above theorem, A = ¢~ !(a) and B = o 1(b).

/2 In z
———dx
1 z(1+Inz)

Example. We want to determine
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We consider the strictly increasing differentiable function () = e' mapping [0, In 2] onto [1, 2], and change
variable © = ¢(t) = e’ (consequently, t = ¢~ !(z) = Inx, and 2’ = ¢'(t) = e). Note that f and ¢’ are

continuous functions, therefore integrable. Integrating by substitution,

2 1 In2 In2 In2 1
/“‘dx:/ t-etdt:/ tdt:/ QLI
1 .'L‘(l-‘-h’lﬁl?) 0 et(1+t) 0 1+t 0 1+t

In2 In2
- 1dt — — dt =[P In |1+ ¢2
|vde= [ = g =

2
=In2-0—(In|14+mn2[-In{1+0))=n2—-In(l1+In2)=In

14+1In2

Alternatively, since ¢(t) maps one-to-one [0, In 2] onto [1, 2], we can antidifferentiate by substitution

Inx t t 1
———dx = — . etdt = —dt = 1———dt
/IIZ(l—i—lHJI) ! |:/ 6t(1+t) ‘ :|t:ln:1: |:/ 1+t :|t:lnx |:/ 1+t :|t:lna:

=[t—In|l+tl+( =lnz—In|l+Inz|+e¢

t=Inzx

and then compute the definite integral

2
1
/1 ﬁdx: Iz —In|l +Ine? =m2 —In|l +n2/— (Inl—Infl+ 1))

2

=In2—-—In(l+n2)=1 .
n n(l+In2) n1+ln2

Improper integrals.

We introduced the definite integral

/abfdw

under the hypotheses
e The interval [a, b] is bounded,;
e The function f is bounded in [a, b)].

We extend the notion of definite integral by relaxing each one of the hypotheses above, giving rise to the

so-called improper integrals.

Improper integrals of the first kind. The improper integrals of the first kind are obtained by relaxing the

hypothesis concerning the boundedness of [a, b].
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Let f be a real function in [a, +00), and suppose that f is integrable in every bounded interval [a, |, with

T > a. We define

+Oof(nv)dal?: lim /mf(t)dt

“ T—+00
if the limit exists and is finite. In this case, we say that the integral f;roo f(x) dx converges. If not, we say
that it diverges.

The case where it is the lower limit of the integral that is infinite is defined similarly:

/a f(z)dzr = lim af(t)dt

T—r—00 T

if the limit exists and is finite.

Examples.

(a) In order to evaluate the improper integral

—+o0
/ e Tdx
0

we compute
€T x
lim e tdt = lim (—/ et (—1)dt> =— lim [e_t]m =— lim (e™®— eo) =—(0-1)=1.
z—+00 Jq T——+00 0 T—r+00 T—+00

Since the above limit exists and is a finite number, we conclude that the improper integral converges and

+oo
/ e Tdx =1.
0

(b) 'We want to evaluate the improper integral

We determine

1
lim —dt= lim [Inft[]{ = lim (In|z|—In|1]) = +oo — 0= +oc.
T—+00 1 t x——+00 T—+00

As the above limit is not finite, we conclude that the improper integral diverges.

—1
1
—00 &

(c) We evaluate the improper integral
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by computing

-1 -1 —17-1 -1
1 t 1 1 1
lim —dt = lim t?dt= lm |—| = lim |—2| = lim (-———(-=
z——o0 [, t z——o0 [, z——o0 | —1 . T——00 t . T——00 —1 T

We then conclude that the improper integral converges and
-1
1
o T

We now consider the case where both the lower and the upper limits of the integral are infinite. Let f be a real

function in R, and suppose that f is integrable in every bounded interval [z, x3], with zo > 1. We say that

/+OO f(x)dx

—00

the improper integral

converges if for a € R both ["*° f(x) dz and [*__ f(x)dx converge. In this case, we define

/+Oo f(z) dm:/jm f(2) dm+/_; f(z) da.

—0o0

The improper integral diverges if at least one of the integrals fa+°° f(x)dxand [°_ f(x)dx diverges.
Example. We want to evaluate the improper integral
+o0
/ e’ dr.
—00
x

lim e dt = lim [et]x = lim (em — 60) = +00— 1= +4o0,
z—+00 Jg T—+00 T—>+00

Since

the integral f0+°° e” dz diverges. Consequently, the integral | j;o e” dx also diverges.

Improper integrals of the second kind. An improper integral is said to be of the second kind if the integrand
is unbounded at a point of the bounded interval [a, b).

Suppose that the real function f is integrable in every interval [z, b], with a < x < b, but not bounded in

(a,b]. We define
b b
/ f(x)dx = lim / f(t)dt

r—a™t
if the limit exists and is finite. In this case, we say that the integral ff f(x) dx converges. Otherwise, we say

that it diverges.
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The case where the unboundedness of f occurs near the upper limit of the integral is defined similarly:

/f ao = tim | WL

if the limit exists and is finite.

If f is bounded in [a, b] except near a point ¢ € (a, b) we say that the improper integral

/abf(:r)dx

converges if both [ f(z) dx and fcb f(x) dx converge. In this case, we define

/abf(x)dx:/acf(:p)dx+/cbf(x)dx

The improper integral diverges if at least one of the integrals [ f(x) dz and fcb f(x) dx diverges.

Examples.

(a) We want to evaluate the improper integral

We determine

1
1
lim “dt= lim [Inft]]} = lim (In[1] - In|z|) = 0 — (—o0) = +o0.
t z—07+

z—07t z—0+t

As the above limit is inﬁnite, we conclude that the improper integral diverges.

1

1
/ —dx
-1

1
lim 1 dt =
t

z—01 J,

(b) In order to evaluate the improper integral

we begin by computing

so that the integral fol % dz diverges. Consequently, the integral fil % dx also diverges.

The improper integrals where both the integrand is unbounded near a point of the interval of integration and
the interval is unbounded are sometimes referred to as improper integrals of the third kind. Their evaluation

is obtained by combining the procedures given for the improper integrals of the first and second kinds.

Application to the computation of areas.

One interesting application of the integration concerns the computation of the area of a region of the plane.
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Suppose that f and g are integrable real functions in [a, b], and that g(z) < f(x) for each = € [a, b]. Then the
area of the region
Z={(z.y)ra<z<b glr) <y< flo)}

is given by

b
a(Z) = / f(@) - g(z) da.

Examples.

(a) We want to determine the area of the region bounded by the curves y = 22 + 2z + 1,y = 22 — 2,y = 0,
x =0, and = = 2 (see Figure 13.2(a)). The area is given by

2

V2 2 V2
/ :U2+2:U+1de+/ 1:2+2x+1(:v22)d:v:/ 9:2+23:+1dx+/ 2z + 3dz
0 V2 0 V2

a? 2 V2 2 2
= [3+x —i—a:]o +[l‘ +3$]\/§

_30-4v2
= ===

(b) The area of the region defined by the conditions

SO S
IV A IA
o8 am‘,_.

is (see Figure 13.2(b))

1 “+o00 1 1 xl
/a:—Od:c—i—/ 2—Odm:/xd:ﬂ+ lim / —gdt
0 1 0 votoo Jy t
41

291 T
1 1 1
=12 4 tim || =2 lm (——1)=--(0-1)=
2 o Tt —1 1 2 z—+o0o \ T 2 2
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y‘L yAL y _ l/xz J) _ x
,é 'y =x2-2

y=0 S0 A2 |2 x y=0 1 x

2
x=0 x=2
(@) (b)
Figure 13.2
Exercises.

(1) Determine the value of the integrals:

a) 12x2—2x+3dac;

b [ V2 + ada

9) f14 14;\2/5 dx;

d) f”/4 cos? x dx;

0
e) feg L dx;
e xlnz ’

-3 1
f) fO V2543 da.

(2) Determine the area of the region bounded by the parabola with equation y = % and the straight lines

definedby =1, =3, and y = 0.

(3) Determine the area of the region bounded by the curves with equations:
a) y=a+1and y =222 +z—1;
b) y=2-—22 and ¢ = 22

(4) Study the convergence of each one of the following improper integrals, and determine the value of the
integral in the case of convergence:

+oo 1 .
a) 0 14z2 dx;

b) [T

1o
| dm



EXERCISES.

) [
& fy I das

e) 0+°° % dz;
f) fol Inzdzx.

(5) Compute the derivatives of the following functions:
a)  flz)= [y t*dt;

by glw) = [ e dt.

(6) Compute the following limits:
Jo costdt

€T 9
I sin® ¢ dt

3

a) hmxﬁo

b) limg o

209






Solutions to exercises

Chapter 1. Vectors: 2a) @ -7 = 2, ||| = v/3, |7]| = v/6; 2b) No & No & Yes; 2c) <(7, §j) = arccos (?),
<(w,z) = ?jT’T; 2d) d(u,v) = V3, d(y,z) = v/29; 3a) Linearly independent, 3b) Linearly dependent,
3¢) Linearly independent, 3d) Linearly dependent, 3e) Linearly dependent, 3f) Linearly dependent, 3g) Lin-
early dependent; 4a) § cannot be written as a linear combination of v, w and z, Z = v + w + 3% for example,
the set {v, w, 7} is linearly dependent, 4b) Z = —1v + w, the set {v, w} is linearly independent; 5) The set is

linearly independent if and only if o # %

Chapter 2. Matrices: 1a) A3.3 square matrix, B34 rectangular matrix, C'x3 row matrix, Doy column

matrix, F1x3 null row matrix, F3y3 square matrix, G3x3 diagonal matrix, H3x3 diagonal matrix, Io«o iden-
0 0 0 -1

tity matrix, J3x3 identity matrix; 1b) —B = | —1 0 2 5 | 1c) Diagonal elements of F: 1,3, 0;
-1 -3 -2 0
gy | 23300 ] 2b) Not possible, 2c) [ 24 { 3 -3 -3
2 -5 -1 —4 0 10 -8
1 1 -2 0 ’
3a0) 0A — F + 2G = [ ], 3b) Not possible, 3c) 2(B + H) = 2 4 —4 |,
0 -1 0 2 6 g
4 -5
3d)32C+ E)—-C = [ 5 0 -5 ];4)X = W;Sa) -1 0 |,5b) [ Z ],50) Not possible,
0
0 -2 2 4 1 -1 2 2 -5 ]
sy [2]59 |0 2 2fimA+B =9 2 7TleA-B=| 1 -2 3|
0 0 0 3 —1 4 -1 -1 -2 |
5 3 3 0 4 -9 23 8 25|
6¢c) AB = 19 -5 16 |, 6d) BA = 19 3 -3 |, 6e) (AB)C = 92 —28 76 |;
1 -3 0 5 1 -3 4 -8 —4 |

211
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7)C(A+3IB)D = [ —6 0 —6 [;8) (A+B)(A— B) = A?— B?if Aand B are commuting matrices;
10)a =2;13)a = —% and = %; 14b) Notice that CD # I, 14c) No since |D| = 0; 16) X = A-'DC-'-B;
3
(A 'DA + B';192) 24, — Ay +345=|2 5 5 3 [,19b)a; +az —3as = | —1 |,
-3
19¢) Yes & no, 19d) r(A) = 3;2la)If oz = —1 Vo = 2thenr(A) = 2,if z # —1 Az # 2 thenr(A4) = 3,
21b)Ift = £2Vt = —Athent(A) = 2,ift £ —AANt £ 2At# —2) thent(A) = 3,21c)If 2 = 0 Aw =0
thenr(A) =2,if 2 # 0V w # O thenr(A) = 3.

X =1

Chapter 3. Determinants: la) 0, 1b) 0, 1c) —10, 1d) 0, le) —3, 1f) 0, 1g) 0, 1h) 0, 1i) 0, 1j) —6,
1k) 3, 11) 0, 1m) —abe, 1n) abed, 10) 4, 1p) 360; 2a) 42, 2b) 0, 2¢) abed; 5) |A'B| = 0; 6) |C| = 0;

7) adj(A) = ) _i JAT =1 [ i) _i ],adj(B) = 22 , B~ does not exist, adj(C) =
7 6 -1 76 -1 (0 -3 2]
1 0 -1, 0'=-1 1 0 -1 |,adjD)=D'=D,adi(E)=|1 3 -2 |,
1 -2 1 1 -2 1 0 2 -1 |
0 -3 2 6 0 —3 [ 20 0]
E-'=11 3 —2|,adj(F)=| -4 0 2 |, F!does not exist, adj(G) = 03 0],
0 2 -1 —6 0 3 i 0 0 —6 |
2 0 0 3 -1 -1
Gl'=-%t]10 3 0 [:8Aisinvertibleifa# —% &fora=1,A""=3] -1 3 -1
0 0 —6 -1 -1 3
) 7T =3 9 2 -1
Chapter 4: Systems of linear equations: 4) X = 4 7 4 5 M =] 4 -2 1 | and
~3 2 3 -3 -1 1
T 6 z | —% T % ! 2y
yl=1 56|yl =]-Llem|y|=|0]60"|= yu € R,
L s 7% s % 3+u
- u u
T 1 E -3
6d) | y | = | =2 |, 6e) Y1 = 6 ; 7) Unique solution if |[M| = —10 and (x1,x2,23) =
0 z )
U -5

(3b1 — 502 — £bs, $5b2 — 3b1 + b3, 2b3 — $b1 + 15b2) , b1, b2, b3 € R; 9) If a = 0 A b = § the system
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is consistent and dependent, if a = 0 A b # % the system is inconsistent, if a = 7TA b = 1—?? the system
is consistent and dependent, if a = 7 A b # % the system is inconsistent, if a # 0 A a # 7 the system is
consistent and independent ¥b; 10a) p # 3Vq, 10b) p =3 Aqg=0,p=3Aq # 0; 11) ¢* = %, k* = 2;

12) a = % Ab = 3;13) If « = 1 the system is consistent and dependent, otherwise the system is inconsistent.

Chapter 5. The real number system: 4a) xt = 3,4b)z =0V x = —5,4c)z =43;7a)1 < =z < 2,
Tb)-1<z<070)z < —1Ve>3,7d)a < -Tve >3,7e) i <z < 1,7z >2,7g) (-V3 <z < —1)V
(I<z<V3),T)i<z<1,7T)z<lVze>5T)z<-1Ve>37Tk;<z<3 Mz >1,
7m) (—\ﬁgxg—ﬁ) \Y, (\/ggngﬁ),7n)4 < x < 6, 70) —% <zVzx > —%, Tp) = € R,
Tz =0Tz < —-1V-1<z<0;8)UB=[l,+0), LB = (—o0, %], sup = 1, inf = ¥2,
max = 1, min = ?, 8b) UB = [%,—i—oo), LB = (—o0,—1], sup = %, inf = —1, max = %, min = —1,
8c) UB = (), LB = (—0, 1], the supremum does not exist, inf = 1, the maximum does not exist, the mini-
mum does not exist, 8d) UB = (2, +00), LB = (—00,0], sup = 2, inf = 0, max = 2; the minumum does
not exist; 9a) A = (2,3)U(4,10), A’ = [2,3]U[4,10], A = [2,3]U[4,10],UB = [10, +0c0), LB = (—00, 2],
supy = 10, inf 4 = 2, the maximum does not exist, ming = 2, 9b) B= (5,7), B' = [5,7], B =[5, TJU{15},
UB = [15,40), LB = (—00,5], supg = 15, infg = 5, maxp = 15, the minimum does not exist,
9) ' =0, C" = [0,1], C = [0,1], UB = [1,+0), LB = (—00,0], supe = 1, infc: = 0, the maxi-
mum does not exist, the minimum does not exist, 9d) D = @, D' = 2,3], D = [2,3], UB = [3,+00),
LB = (—0,2],supp = 3, infp = 2, maxp = 3, minp = 2; 10a) A= (=7,7), A =[-7,7, A= [-7,7],
100) B=0,B =[-7,7.B=[-77);11a) A =0, A" = {1}, A = AU {1}, 11b) A is neither open nor
closed; 12) A = (—v/2,2), A" = [-8,V13]; 13) A = (=2,1), A’ = A.

Chapter 6: Sequences: 1a) 0, 1b) 0, 1c) 1, 1d) 2, 1e) 0, 1f) 0; 3a) —1, 3b) 2, 3c) o0, 3d) 0, 3e) 0, 3f) 1,
32) —%, 3h) oo, 3i) 1, 3j) Does not exit 3k) oo; 4a) 0, 4b) oo, 4c) Does not exist 4d) oo, 4e) 2, 4f) 0, 4g) 0,
4h) 0; 5a) e, 5b) 0, 5¢) 1.

Chapter 7. Series: la) 2, 1b) Diverges, 1¢) %, 1d) é, le) Diverges; 2a) x € (—%,4—00), S =x+1,

2b) € (—00, —2) U (2,+00), § = %5, 2¢) x € (—2,0) U (0,2), S = ‘;1' 2d) z € (=2,0), S = —x(x1+2),
2¢)z € R, 20) z € (—00, —2) U (2,400),2g) z € R, 2h) z € R, 2i) z € R; 3a) 1, 3b) L20LET 3c) 13 34)

Lb4a)R=1-1<2<1,4b)R=1,-1<2<0,4)R=3,-1—-V3<ax<+V3-1,4dR =c¢,
—e < x<e.

Chapter 8: One-variable functions: la) [—1,400), 1b) (—o0,1), 1c) (—o0, —2) U (2, +00), 1d) [-3, 3],
le) R, If) (—oo0, —4) U (4, +00), 1g) (—o0, —2] U [6, +00), 1h) (1, +00), 1i) (1,+00) \ {e°}, 1j) (—1,3),
I RY, IR\ {5 + 2kr € Z}, Im) R\ {Z + k € Z}, In) (9, 25], lo) R\ {—6,—4}; 3a) = € {5}, y € {5},
3b)a € {-1,2},y € {2}, 3c)z € {0,5, 1,1}, y € {0}, 3d) = € {-4},y € {-3}.30) 2z € {5},
ye{l3haze{md}ye{-Li}da)z e {£Z +kn, k€ Z},4b)x € {3 +2km, k€ Z}, 4c)z =0,
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4d) z = 4, 4e)x =1,4) 2 = 1 ,4g) x = —1;5a) x € [4,+00), 5b) x € (=5, 4+00), 5¢) = € (—%,+oo),
5d) z € (5 +oo)5e)xe(13)5f)xe(f11)

Chapter 9. Limits and continuity: 1a) 5, 1b) +o00, 1c) 0, 1d) —1/3, le) —oo, 1f) 1/2, 1g) The limit does not
exist, 1h) 1/3, 1i) —1/2, 1j) +o0, 1k) 00, 11) 0, 1m) 4, 1n) —oc0, 10) 0 1p) 4+00; 2a) Continuous at x = 0,
2b) Not defined at both x = 1 and z = 4, 2c) Not defined at x = 0 and continuous at z = 3; 3a) Continuous
in R, 3b) Continuous in R — {1, 4}, 3¢) Continuous in (—1, +00) — {0}, 3d) Continuous in R, 3e) Continuous
in (0, +00), 3f) Continuous in R; 3g) Continuous in R; 4a) The limit does not exist, 4b) 0, 4c) 1, 4d) 0; 6)
9(0) =—-3/5;7)g(0) =1;8a) a = —1/3,8b)a =5/9,b =17/9,8c) a € R, b = 0.

Chapter 10: Differentiation: 1a) 2z, 1b) 2, lo) 2, 1d) 4z + 4, 1¢) 0, 1) — % + 5. 1) =

1h) W 1i) W 1j) 10z2* + 1223 + 162 + 16, 1k) 1895 — 6z + 4,
1) 1524 + 82% — 10822 — 48z, 1m) 362° + 102* — 62 — 1, In) Loy, lo) 180HIZe G 20t
1 )ﬂtﬁ{ 2, 1q) 2522551 1) 2(a+5), 1) 627 —162°+300%+82—20, 1) — =L Tu) 2 HEEL),
1v) \/g%,lw)l—jgjjyl )49;3”; jﬁ) +2(301+20) (120 42)V22% + 1, 1y) o Bopgrr— 2ot fig‘ﬁ;“)
12) % la) 16((2z + 3)* + 8z + 14)((2z + 3)° + 1), 1b) ﬂ{fw,
1) 2e2%(322 + 62 + €), 1d) (4z + 3)e2" 37, 1e/) 4ze2"+1, 1f') 293 1n 2\/m + Qi/ﬂ +1
lg) 3 —2¢" + F 10 (a:2+:c;1fn—tz%’(z+1 1) 5555 1) 3 (02 + 2), 1K) tanr’ 1) 2. 1) 332+1’
In)y =z + 2xlogyz, 10') 3e® + 4sinx — ﬁ, 1p) $21+1 + sec’z, 1q) 5 _ﬁ’ 1) — 1_4x4,

1s") 2(cos 2z — cosxsinx +csc?x), lt) 2 1u’) 2e® cos , lv’) ex(sin ar + acosax); 2a) 2re™’,

sm T—COSXT

2b) In (2)27e?", 20) 225, 2d) 2. 2¢) 2, 26) SL 29) — i 2h) oL 2h) S
3a) f/(z) = 0iffz =0V = -2, ¢(z) =0iffx =1Vvae = -1, 1) =0iffz = 1Vaz = 1,
3b) y = 152 — 22,y = —1, y = 10 — 5a; 4a) Yes, 4b) No; 7a) 1, 7b) 2, 7c) 0, 7d) 0, 7e) 1, 7f) 1.

Chapter 11: Optimisation: 1a) Minimum: 2 atx = —1Vz = 1, 1b) Maximum: 3432 at x = 6 & minimum:
3000 at x = 0, 1c) Maximum: 38% atr = —% & minimum: _V atr = % 1d) No maximum &
minimum: 0 at x = 0, 1e) No maximum & no minimum, 1f) No maximum & no minimum, 1g) Maximum:
latz = F Vo= 37“ & minimum: 0 at z = 7, 1h) Maximum: 5% + @ atr = 57” & minimum: § — @ at
T = 3.

Chapter 12: Antidifferentiation: la) F'(z) = %3 + K, 1b) F(z) = 2?2 + 22 + K, 1c) % " 1K,
1d) F(z) = 2° 4 222 +dv+ K, le) F(x) —C:U—i—K IDE+4x+K 1g) & 4 827 7—78x+K,

4 7

1h) F(z) = **+9’”3+K11)F() 4@“ o LK, 1)) Fz) = 2% 528 4 9 4 |
1k) F(z) = 2902 + 313 + K, ll)F( ) = +%+%+8x + 62+ 2+ K, Im) F(z) = 32 — 43 1
2x2 — 2z + K, 1n) F( ) = o 2 9x4 — 823 + K, 10) F(z) = az® + Jaba + 10?27 + K, 1p)

F(z) = 2V2a2® + K, 1q) F(z) = Vdz + K, Ir) F(z) = —55 cos(10z) + K, 1s) F(z) = Sm;gfm) + K,
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1) F(z) = 25 + K, 1u) F(z) = ¥ + K, 1v) F(z) = 29 4 K, 1w) F(2) = 1n(1 +1)+ K,
F(m):arctan()+K,F(:1;):%l(1+a:2)+K F(z) = 2(1+ s T Ix) F(z) =In(l1 4+ ¢%) + K
F(z)=3iln(1+e*)+ K, F(z) = 1+ew + K, ly) F(z) = In(1 +sinz) + K, F(z) = arctan(sinz) + K,
F(z) = — b + K, Flo) = U598 4 ) 19) Fla) = 808 4 K, Fa) = 820 4+ K, F2) =

In(1+lnz)+K, F(x ):arctan(lna;)+K- 22) F(z) =1In xi;,zb)F( )—x—ln(x+1),2c)F( ) =In 2%,
2d) F(z) = z — 2v/7arctan 2% \f , (x) = x — arctanz, 2f) F(z) = 2+ 3In(1 —z) — L In(z +
1), 2g) F(z) = iarctan , 2h) F(z) = $In(z* — 1); 3a) F(z) = e®(z — 1), F(z) = e%(a® —
2z + 2), F(z) = 21763‘”(996 — 6z + 2), 3b) F(z) = zlnz — 2, F(z) = zarctanz — 11In(2? + 1),

=5

3¢) F(z) =sinx —zcosz, 3d) F(z) = %(3xsin3w—|—cos3x), 3e) F(z) = e*(—x —1), Sf) Le3(3Inz —1),
3g) F(z) = 1(z? 4+ 1) arctanx — 1z, 3h) F(z) = & (5cosz — cos5z), 3i) F(z) = &(sin2z — 2z cos 2z);
4a) F(z) = z + 4y/z 4+ 41In(y/Z — 1) (make z = %), 4b) F(z) = —3V2 — 22(2? + 4) (make 2° = 2 — 1?),
4c) F(z) = Gx*f G\ﬁ — 3%9? +2v/7 4+ 3Yx — 6z — 3In(Yz + 1) + 6 arctan(¢/x) (make z = t9),
4d) F(z) = (ln(e + 1) In(1 — e*)) — e* (make e* = t), 4e) F(z) = ln(‘/ﬁ_smm;\_/lin(sm“ﬁ) (make
sinz = t), 4) F(z) = 2z + £V1—2? + larcsinac) (make x = sint), 4g) %(ez — 2)v/e* + 1 (make
e’ =12 — 1); 5a)F( ) = e %2z — 3),5b) F(z) = 2\/(z + 1)3 — 2y/z + 1, 5¢) F(z) = 2eV*(\/z — 1),
5d) F(z) = —¢5—, 5e) F(x ) (IL ,5f) F(x )— rsinztcosz, 5¢) F(z) = —fo+ie 7+ In(e?—3),

5h) F(z) = g(f T 4 1)3/2, 5i) F( ) = g5(102% — 122° — 202 + 302% — 60z — 147) + 2In(z + 1),
5j) F(z) = arcsin(1 +sinz) + 3 In(y/1 — (1 +sinz)? + 1) — 1 In(y/1 — (1 +sinz)? — 1).

Chapter 13: Integration: 1a) % 1b) 1g—0, 1c) %, 1d) ”T”, le) In2, 1f) — 2) f3 gy = E ; 3a) 10 4%9/5,
3b) 37 15> 4a) 5,4b) 1, 4c) 1, 4d) ”—2, 4f) —1; Sa) %, 5b) 23:614; 6a) 1, 6b) L 3
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