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Preface

Pursuing a Bachelor of Engineering at an engineering university can be challenging in the
early years, with one barrier being the completion of mathematics courses (Engineering
Mathematics). In engineering studies, students cannot ignore learning mathematics, as
it will serve as an important tool in the rest of their studies.

Each student has own expectation about learning mathematics and it relies on his/her
previous knowledge of mathematics learned at high school, learning culture, and some
expectations from teacher. Some students expect from teacher that teacher should ex-
plain the problem step-by-step, and should not miss anything assuming that we know it
already. Skipping the step could be sometimes hard for students to understand the whole
explanation, and this way even easier stuff can be hard or complicated for them.

Engineering mathematics courses often have enrollment numbers in the hundreds, with
students from all over the world bringing diverse mathematical backgrounds, learning
cultures, and educational experiences. Adapting to a new learning environment and fol-
lowing unfamiliar instructions can be challenging for many of them. Consequently, each
student tends to have a personal preference for how they would like to be taught, shaped
by their unique prior experiences and learning styles.

With these considerations in mind, we have designed a foundation for engineering math-
ematics course that serves as a self-study resource for students and will function as a
reference manual throughout the term. This course encourages students to independently
learn certain concepts and proofs of theorems, fostering self-directed understanding. It
is intended to provide a solid base for future engineering mathematics courses. The core
topics include functions, trigonometric and hyperbolic functions, coordinate systems, lim-
its, derivatives, integrals, and selected applications of these concepts.

Each topic is presented as simply as possible, including a definition, example, geometric
interpretation, and formula derivation. We’ve kept the text concise, understanding that
not all students are accustomed to learning independently from books. By studying this
book, students will work to understand and grasp concepts on their own, which will help
them develop the “learning to learn” skill.

Once student acquire the skill of learning to learn mathematics by reading a book, he/she
will be able to teach him/herself in many situations without needing help in the early
stages of learning mathematics topics. Reading the mathematical text and learning math-
ematics from a book is a lifelong skill, and we hope that through this book, students will
develop and strengthen this valuable ability.

Barkat Bhayo
Lahti, December 2024
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1 Functions and their types

1.1 Intervals

For two real numbers a and b with a — b is positive, we say that a is greater than b and write
a > b. If a — b is negative then we say that a is less than b, and write a < b.

The expression a > b, which is read as a s greater than or equal to b, means that either
a > b or a =b. An equivalent statement is b is less than or equal to a, written b < a.

1.1. Closed interval. Given two real numbers a and b with a < b, the closed interval [a, b]
is defined as the set of all real numbers z such that a < x and x < b, or more precisely
a<z<bh.

a b

Figure 1: Closed interval [a, 0]

1.2. Open interval. Given two real numbers a and b with a < b, the open interval (a,b) is
defined as the set of all real numbers x such that a < x < b.

a b

Figure 2: Open interval (a, b)

The real line is some times denoted by (—o0, 00). The symbols co and —oo, read in finity
and minus infinity, do not stand for numbers; they are only used to indicate an interval with
no upper endpoint or no lower endpoint.

1.3. Types of intervals. The following table is showing the various kinds of intervals:

Type of interval | Notation | Formula
closed [a, b] a<z<b
open (a,b) a<x<b
open (a, 00) a<zx
open (—o00,b) r<b

half-open la, b) a<xz<b
half-open (a,b] a<z<b
half-open [a, 00) a<zw
half-open (—o0, 0] r<b
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1.2 Functions

1.4. Correspondence. The notion of correspondence is encountered frequently in everyday
life. For example,

(i) to each book in a library there corresponds the numbers of pages in the book
(ii) to each human being there corresponds a birth date

(iii) if the temperature of the air is recorded throughout a day, then at each instant of time
there is a corresponding temperate.

These examples of correspondence involve two sets X and Y. In our first example X
denotes the set of books in the library and Y the set of positive integers. For each book x
in X there corresponds a positive integer y, namely the number of pages in the book. Our
examples also indicate that to each x in X there corresponds one and only one y in Y; that
is, v is unique for a given x. However, the same element of Y may corresponds to different
elements of X. For example, two different books may have the same number of pages, two
different people may have same birth date and so on.

All the examples of correspondences given above are functions. In mathematical form,
we define it as follows.

1.5. Definition. A function f from a set X to a set Y is a correspondence that assigns to
each element x of X a unique element y of Y, and defined by f: X — Y.

The element y is called the image of x under f and is denoted by f(z). The set X is
called the domain of the function, the range of the function consist of all images of elements
of X, see Figure 3.

Figure 3: Correspondence from set X to Y

The symbol f(x) used for the element associated with z is read as “f of 2”. Sometimes
f(z) is called the value of f at x. If f(z) = 2* 4+ 3z, then f maps z into 2% + 3z and we
may write

f:a— 2+ 3.
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Example 1.6. Let f be the function defined by
ft)=1>+1.

Then the values f(1/2), f(t>+ 1) and f(t + 6t) can be computed as

Fa/2) = (20 +1=1g,

fE+1) = +1)P°+1=1"+3t°+ 3t + 2,
ft+0t) = (t+6t)+1 =14 3t20t + 3t(6t)* + (6t)* + 1.

Understanding the concept of the definition of function, we define some well-known func-
tions as follows.

1.7. Square function. The square function is defined by

f(z) =2

for each x in X. The value of f(a) is found by squaring a. For instance, the values

f(0), f(2), f(=3) and f(r+1) are

Example 1.9. Let f be the function given by
flz)=v1—2a%

Thus f(x) is the positive square root of 1 —z?. The domain of f is the closed interval [—1,1].
The range of f is [0, 1]. For instance, f(—2) =+/—3 and f(2) = /—3 are undefined.

1.10. Constant function. For a given real number ¢, the function

flz)=c

is called the constant function with value c¢. It has domain R and range c. If f(x) = 3, then

FO) =3, f(1)=3, f(5) =3, f(~2) =3,
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~1.0 ~05

Figure 4: Square root y = v/1 — 22, —1<x<1.

6
5
40
j f(x)=3
2
1
-2 -1 1 2 3 4 5

Figure 5: Constant function f(z) =3, z € R.

1.11. Identity function. The function f given by the rule

flx) =2

is called the identity function. It has domain and range as the set of real numbers R. For
instance,

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

1.12. Absolute value function. The absolute value function is defined by f(z) = |z|,
where
0 if x =0,
|z =¢ = if x>0,
—z if x<0.

The absolute value of x gives the distance between x and 0. It is always positive or zero.
For example,
|=2l=—-—(2)=2,|-1=110[=0, 1] =1, 2| = 2.
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The domain of the absolute value function is R while the range is [0, 0o].

The absolute value function can also be defined by

fla) = Va2,

3.0¢
25
2.0
15 y=Ix
1.0°
5

Figure 6: Absolute value function y = |z|

1.13. One-to-one function. A function f : X — Y is a one-to-one function or 1 — 1 if|
whenever a # b in X, then f(a) # f(b) in Y.

If f is one-to-one, then each f(x) in the range is the image of precisely one = in X. The
function illustrated in Figure 4 is not one-to-one function. Since two different elements w
and z of X have same image in Y.

Example 1.14. (1) If f(x) = 3z + 2, where z is real, prove that f is one-to-one.
(2) If g(x) = x® 4+ 5, where z is real, prove that g is not one-to-one.

Proof. (1) If a # b, then 3a # 3b and hence

3a+2#3b+2, or f(a)# f(b).

Hence f is one-to-one by definition.
(2) The function g is not one-to-one. For instance, although —2 # 2, but g(—2) = ¢(2) =
9. O

1.15. Polynomial functions. A function of the form
f(x) = a,z" + an_lx”_l +...+ax+ag

f is caled polynomial function, where the coefficients ag, a1, as, ..., a, are real numbers and
the exponents are non-negative integers. If a,, # 0, then a, is called the leading coefficient
of f(x) and we say that f(x) has degree n.

If all the coefficients of a polynomial are zero then it is called the zero polynomial.

7
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1.16. Linear function. A polynomial of degree 1 is called a linear function and defined by
f(z) =ax +b,a#0.

1.17. Quadratic function. Any polynomial of degree 2 is called the quadratic function
and defined by
f(z) =az® + bz +c, a#0.

1.18. Ohm’s law relates the current through a resistor to the voltage applied across it.
The equation is

V=IR
where
V= voltage across the resistor
I = current through the resistor
R = resistance value of the resistor, which is constant for a given temperature.

Note that the voltage is the linear polynomial function with I as the independent variable.

1.19. Offshore wind power. The wind power P can be calculated using the formula
1
P = -Mv*,
2

where

M = total mass of air per second passing through the blade in kg/s

v = velocity of air in m/s.

The mass per second can be calculated by considering the area swept out by the blade A,
the density of the air p, and the velocity v

M = pAv.

This equation can be substituted in the power equation

1 1
P = Z(pAv)v® = - pAv®

5 (pAv)U™ = £ pAv®,

the available wind power therefore increases with cube of the velocity. Note that the power
is a cubic polynomial function of the independent variable v.

1.20. Rational function. A quotient of the form

f(z)
q(r) = ==, g(zx) # 0,
@ =18 g
is a called a rational function, where f(z) and g(x) are polynomials. For example,
r+6 -1 202+ — 1
= — —= d e
ai() 2+ 17 e() 2r +3 %(2) 22+ 3x — 2

are all rational functions.
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Example 1.21. Consider a circuit consisting of two resistors in parallel. One has a know
resistance of 12 and other has a variable resistance, R2. The equivalent resistance, Rg ,
satisfies

11 n I 1+R
Rp R 1 R’
equivalently
1 1+R
Re R

Thus the equivalent resistance is a rational function of R, with domain R > 0. When
R = 0 we note that Rg = 0, corresponding to a short circuit.

1.22. Exponential function. An exponential function is given by
f(z)=a", a>0.
It is easy to see that a = e™?. The most widely used exponential function, is
fz) = e,

where e is an irrational constant (e = 2.718281828...), known as ezponential constant.

If x increases positively, then e® increases very rapidly, + — oo, e — oco. This situation
is known as exponential growth. If x increases positively, then e™® decreases to 0, that is,
x — 00,e~* — 0. This is known as exponential decay.

1.23. Discharge of a capacitor. Consider a circuit. Before the switch is closed, the
capacitor has a voltage V' across it. Suppose the switch is closed at time ¢ = 0. Then current
then flows in the circuit and the voltage v, across the capacitor decay with time. The voltage
across the capacitor is given by

B Vv t<0
YT vetme) 4>,

The quantity RC' is known as the time constant of the circuit and is usually denoted by 7.

So
Vv t<0
U pry
Ve tIm ¢+ >0.

If 7 is small, the the capacitor voltage decays more quickly that if 7 is large.

1.24. The diode equation. A semiconductor diode can be modeled by the equation

I =I(e/*D) 1)
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where
V= applied voltage
I = diode current (A)
I, = reverse saturation current (A)
k= 1.38x107*JK"1
g = 1.60x107*°C
T = temperature (K).

This equation relates the current through the diode to the voltage across it. At room
temperature ¢/(kT") ~ 40 and so the equation can be written as

I =1, -1).

1.25. Even and odd functions. A function f is called an even function if for every input
x

f(=x) = f(z).

A function ¢ is called an odd function if for every input x

g9(=z) = —g(z).

Figure 7: (go f)(x) = g(f(x))

1.3 Composite function.

If f is a function X to Y and g be a function from Y to Z, then the composite function go f
is the function from X to Z defined by

(g0 f)(x) =g(f(z))
for every x in X.

Example 1.26. If f(z) = x — 2 and g(z) = 5z + /x, find (g o f)(z).

10
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Solution. Using the definition of g o f we get

(9o f)(z) = g(f(z)) =g(z—2)
5(x —2)+Va —2
= Sr++Vvxr—2-10.

The domain X of f is the set of real numbers; however, the last equality implies that (go f)(z)
is a real number only if > 2. Thus the domain of g o f is [2, 00).

Example 1.27. If f(x) = 2> — 1 and g(z) = 3z + 5, find (f o g)(x) and (g o f)(x).
Solution. By the definition of f o g, f, and g we obtain
(fog)lx) = [flg(x)) = f(B3x+5)

= (Bz+5)*—1
= 922 + 30z + 24.

Similarly,

(gofllw) = g(f(z)) =g(®~1)
= 3(a*—1)+5
= 322 +2.

Note. It is clear that (f o g)(x) # (g o f)(x).

1.4 Inverse function.

Let y = f(x) be a function, defined for all x in some interval. If, for each value y; of X, there
exists exactly one value z; of X in the interval such that f(x;) = y;, then we can define an
inverse function

= f"(y).

By the rule: Given a number y, we associate with it the unique number z in the interval
such that f(z) =y

Only inverse function is defined only at those numbers which are values of f. We have
the fundamental relation

U @)=y and fYf(z)) ==

For example, suppose that f(z) = 5z — 1. Then we can solve for x in terms of y = f(z),
namely

1
— —(y+1).
z=c(y+1)
If f(xz) =5z — 1, then its inverse function is

FU) =24 o @)= ),

11
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1.28. Connection between exponential and logarithmic function. The exponential
function f(x) = a” is one-to-one, so its inverse function f~!(x) exists. Recall

7 (f@) ==
This implies that
fHa) ==
Now
log,(a®) = z log,a =z (since log,a = 1)
equivalently

log,(a") = or log,(a") = f~(a").

Hence the inverse of a” is log, x. By similar analysis, the inverse of log, x is a”.

12
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2 Trigonometric functions and identities

When a straight line is rotated about a point it sweeps an angle that can be measured either
in degrees or in radians.

By convention a straight line rotating through a full angle and returning to its starting
position is said to have rotated through 360 degrees (360°). Each degree is subdivided into
60 minutes (60), and each minute is further subdivided into 60 seconds (60”).

Any angle that is measured in degrees, minutes, and seconds can be converted to a
decimal degree.

Example 2.1. (1) Convert 45°36'18” in degrees. (2) Convert 18.478° to degrees, minutes,
and seconds.

Solution. For (1),

36 18
45°36'18" = 45° +  —
* <60) * (60 X 60>

= 45° +0.6° 4+ 0.005° = 45.605°.

For (2),

18.478° = 18° + (0.478 x 60)’
= 18° +28.68' = 18° + 28" + (0.68 x 60)”
= 18° 428 +40.8" ~ 18°28'41".

2.2. Radian. An alternative unit of measure of an angle is the radian. If a straight line of
length r rotates about one end so that other end describes an arc length r, the line is said
to have rotated through 1 radian.

Figure 8: § = 1 radian

13
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More generally the number # is defined to be the ratio of the length s of the subtended
arc to the radius 7,
0= f, so that s =r6.
r

2.3. Circumference. The circumference C of a circle is C' = 27r, and a complete central
angle of 360° is equivalent to
C  27r

— = — =27 radians.
r r

Thus,
27 radians = 360° or 7 = 180°,

this implies that

1 [}
lradian = 80 ~ 57.296°,
s
1° degree = f% ~ 0.0175 radian.

Thus,to change degrees to radians, multiply by 7/180. For changing radians to degrees,,
multiply by 7/180.

The following table gives the relationships between the degrees and radians measures of
the several frequently used angles:

Degrees | 0° | 30° | 45° | 60° | 90° | 120° | 135° | 150° | 180°
Radians | 0 | 7/6 | w/4 | n/3 | /2| 2n/3 | 3n/4|57/6 | =

Example 2.4. (a) Find the radian measure of the following degrees
0 = —150° and 0 = 225°.
(b) Find the degree measure of the the following radians

7
= Zﬂ and 0 = —g.

Solution. (a) Since there are 7/180 radians in each degree, the number of radians in —150°
can be found as

0

—150° = —150 x 1° = —150 (i) — 2T adians.

180 6
Similarly,
™ o1
225° = 225 x 1° = 22 (—) = 27 Ladians.
5 5 X 5 130 1 radians
For (b), the number of degrees in 1 radian is 180/m, we obtain
7 7 7w (180°
Zﬁ radians = Zﬂ x 1 radian = ZF < - ) = 315°,
and

_T radians = _r x 1 radian = _T 180 = —60°.
3 3 3

™

14
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2.1 Trigonometric ratios

Given the right-angled triangle AABC' of the Figure 9 with angle 6 at vertex B where AC'
is the opposite 0, side BC' is adjacent to 6 and side AB is called the hypotenuse, we define
the trigonometric ratios as follows:

¢ O]

B C

Figure 9: Triangle AABC

i opposite AC
sine of angle § = = ,
hypotenuse AB

adjacent ~ BC
hypotenuse ~ AB’
opposite  AC
adjacent  BC’

cosine of angle § =

tangent of angle § =

Above three ratios can be denoted by sin @, cosf and tan 6. Note that sinf may be written
as sin(6).
In addition to the three trigonometric ratios there are three reciprocal ratios, namely

1 i 1
cosecld = — or sinf = ———,

sin 0 cosect

1 1
sec = 0 cosf = —
cos 0 ' secf’
cos 0 1 sin @
t0 = = tanf = = )
0 tanf  sinf o ot cotd cosf

Example 2.5. A ladder of length 3m leans against a wall at an angle of 56° to the horizontal.
What is the vertical height v of the ladder?

Solution. ) )
vertical height v

in 56° =
S length of ladder’

15
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equivalently,
0.82903 = % = v~ 249m.

2.2 Pythagoras’ theorem.

The square on hypotenuse of a right-angled triangle is equal to the sum of the squares on
the other two sides, i.e.,
¢ =a® + b,

this implies that

c=vVa2+b, a=vc—-0, and b=+Vc-—d

0 [

B a C

Figure 10: Right-angled triangle

2.6. Proof of Pythagoras’ Theorem. In any right-angled triangle, the sum of the squares
of base and perpendicular equals the square of the hypotenuse (see Figure 11). There are
many proofs of this theorem, but the following is probably simpler than most.

Let the perpendicular be a and base be b and the hypotenuse ¢, and arrange four replicas

of the triangle in the corners of a square of side a + b. Then the area of the large square
equals 4 times the area of the triangle plus the area of the small square; that is,

1
(a—l—b)2:4(§ab> + % <= a® + 2ab + b* = 2ab + ¢*

which is equivalent to
a+b)?=2ab+c? = =a’ + V.
(

16
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a b

Figure 11: Square with sides having length a + b

45°

45° 9?0_

B 1 C

Figure 12: Isosceles Right triangle

2.7. Special triangles. (1) The isosceles right triangle (an isosceles triangle is any triangle
with two sides of equal length) whose angles are 90°, 45°, 45° is given in Figure 12:
Here we see that

1 1 in 45° 1/v/2
sin45° = —, cos4b° = —, and tan4b° = sin 45 = /V2 =1
V2 V2 cos45°  1/y/2

OR, measuring the angles in radian

1 1
sinzz— COSEI— and tan%zl.

12 LT A

The length of sides of this triangle are in ratio 1:1: /2.

(2) The right-angled half equilateral triangle (an equilateral triangle is a triangle with all
sides of equal length) is shown in Figure 13:

17
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A
0
2 2
V3
60° ] 60%
B 1 D 1 C
Figure 13: Right triangle
Here we can see that
: 1 .
sin 30° = 5 = cos 60°, sin 60° = — = cos 30°,
in 60°
tan 60° = o = /3 = cot 30°.
cos 60°
In radian measure,
. m . T V3
SINn — = COS — = — SIN — = C0S — = ——
6 3 ’ 3 6 2
T 1
tan — = =3.
3T tan /6 V3

The length of sides of the above triangle is given in ratio 1: /3 :2.

2.8. Another definition of sin # and cos . Consider the unit circle (a circle with radius 1
and centred at zero is called the unit circle) in the zy—plane, 6 be an arbitrary real number.
If 6 is positive, let the radius OP start in the position OA and revolve counter-clockwise
through # radians. Thus # = 7 produces half a revolution and # = 27 produce a complete
revolution, both counter-clockwise. If 6 is negative, we form the positive number —f and
OP revolves clockwise through —6 radians. the sine and cosine of 6 are now defined by

sinf = 2 and COS@IE,
1 1
equivalently
xr =cosf, y=sind.
It is evident from the definition that
—1<sinf# <1, and —1<cosf <1.

18
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-
!

(x,y)

I

A

X 1,0)

-
=y

Figure 14: x = cosf, y =sinf

The algebraic sign of these quantities depend on which quadrant of the plane the point P
happens to lie.
If we compare the angle §# and —6 in Figure 15 then it is clear that

0 = — = 9 - - = .
sin L=V cos [ =

If we consider the angle —6 then

sin(—0) = _Ty = —y = —sinb,

equivalently
sin(—0) = —sin6.

Similarly
cos(—0) = cosb.

2.3 Trigonometric identities

Given the right-angled triangle of the given figure with vertices A, B and C, sides opposite
the vertices of a, b and ¢, and angle 8 at B. Then by Pythagoras’ theorem we get

a’ + b =

Dividing above equation both sides by ¢ we get

(2 (8 -

19
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-
'

1,0)

Figure 15: sin(—0) = —sinf, cos(—0) = cosf

which is equivalent to cos? § +sin? § = 1, this equation is true for any angle 8. The equation
cos®0 +sin®0 = 1 (2.9)

is in fact an identity, and is called the fundamental trigonometric identity. Clearly, the
following two identities follow from (2.9)

sinf =1—cos’0 and cos’f =1—sin?6.
Dividing both sides of the identity (2.9) by cos® @ gives

cos?f  sin’6 1

cos2f  cos?0  cos?d’

which is equivalent to
1 +tan®f = sec? 0. (2.10)

The following identity can be obtained by dividing both side of (2.9) by sin®#
1 + cot? § = cosecd. (2.11)

Example 2.12. Prove the validity of the following identities

1+sinf cos

(1) tan?f — sin® 6 = sin* fsec? 0, (2) ol -1 snd
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Proof. Take the left hand side (LHS) of (1)

)
. sin“ 0 )
tan’@ —sin’f = Vi sin® 6
cos? 0

1
_ 102
= sin“ 0 (00529 — 1)

= sin?f(sec’§ — 1)
= sin*ftan?6d (using the identity 14 tan®6 = sec®f)

= sin?@sec? § = right hand side

For the proof of (2), take LHS.

1+sinf (14 sinf)(1 — sinb) , .. .
— = Itiply and divide by 1 —sin6
cos 0 cosf(1 — sin 6) (multiply and divide by S

B 1 —sin?6 B cos® 0

~ cosf(1 —sinf)  cosf(1 —sinf)
0

= ﬁ = right hand side.

2.13. Identities for compound angle. The sine and cosine of a sum of angles is given by

sin(f + ¢) = sin 6 cos ¢ + sin ¢ cos 0 (2.14)
cos(f + ¢) = cos f cos ¢ — sin ¢ sin 6. (2.15)
Identity (2.14) and (2.15) give
_ sin(0 + ¢)
tan(f+¢) = cos(0 + ¢)
sin @ cos ¢ + sin ¢ cos 0

cos 6 cos ¢ — sin ¢ sin 0
dividing numerator and denominator by cos f cos ¢ we get

tan f 4 tan ¢

1 —tanftang¢ (2.16)

tan(0 + ¢) =

The identity (2.14), (2.15) and (2.16) yield the following identities if we let ¢ = —¢ and
utilize the fact that sin(—6) = —sin 6 and cos(—0) = cos 6

sin(f — ¢) = sin @ cos ¢ — sin ¢ cos 6 (2.17)
cos(f — ¢) = cosf cos ¢ + sin ¢sin 6. (2.18)
fan( — ) — anb —tané (2.19)

1+tanftang
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2.20. Double angle formulas. Letting ¢ = 6 in (2.14), (2.15) and (2.16) gives

sin 20 = 2sin 0 cos 0

cos 20 = cos? 6 — sin? 6
2tan 6

tan 20 = ———.
an 1 —tan?4

(2.21)
(2.22)

(2.23)

The following identities follow immediately from (2.21), (2.22) and (2.23)

1 —cos2
sin?f = — 7 f
2
1 20
cos? § = 080
2
tan? g — tan 20 — 2tand
tan 20

2.27. Sum, difference and product of trigonometric functions.

0 0 —

sin 6 + sin ¢ = 2sin +gbcos a
2 2
0 —

sin @ — sin ¢ = 2 cos +qzSsin ¢
2 2
0 0 —

cosf + cos ¢ = 2cos —5¢cos 2¢

cosf — cos ¢ = 2sin sin
2 2

Addition of(2.14) and (2.17) gives

sinf cos ¢ = % [sin(é + ¢) + sin(6 — ¢)].

Similarly, the following identities follow from (2.15) with (2.18)

—_

cosfcos o = 3

sinfsin ¢ = % [cos(0 — @) — cos(0 + ¢)] .

-9

[cos(0 + ¢) + cos(0 — ¢)]

(2.24)

(2.25)

(2.26)

Since the circumference of the unit circle is 2. The same point P(x,y) can is obtained
for 6 4+ 27mn, where n is any integer. Hence the values of the trigonometric functions repeat

in a successive intervals of length 2.

2.28. Periodic function. A function f with domain X is said to be periodic if there exists
a positive real number ¢ such that f(x+t) = f(z) for every x in X. The positive real number
t is called the period of function f. Geometrically, this means that the graph of function f
repeats itself as x-coordinates of points vary over successive intervals of length ¢.
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2.29. Period of trigonometric functions. Let ¢ = 27, then the following identities
sin(f + ¢) = sin 6 cos ¢ + sin ¢ cos @
cos(0 + ¢) = cos B cos ¢ — sin ¢ sin 0
yield
sin(f + 2r) =sinf and cos( + 27) = cos 6.

The above observation leads us to the following statement: that 27 is the period of sin, cos, sec,
and cosec 2w, whereas the period of tan and cot is 7.

The graph of sin 6 is easy to sketch when 6 increases from 0 to 27, then sin 6 starts at 0,
increases to 1, decreases to 0, decreases to —1, and increases to 0. This given one complete
cycle of sinf on the interval 0 < 6 < 27, as shown Figure 16.

1.0t
in 0

0571

-0.5¢

-1.0r

Figure 16: sinf for 0 < 6 < 47

By using the periodicity of sinf, we could see the graph of sin consists of infinitely
many repetitions.

The graph of the cos# can be sketched is essentially the same way, see Figure 17.

1.0

0571

-0.5¢

-1.0*

Figure 17: cosf for 0 < 6 < 47

For cosf # 0, the graph of tan @ is sketched in Figure 18.
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tan 6

Figure 18: tan = (sinf)/(cosf) for cosf # 0 and 0 < 0 < 47

2.30. Domain of trigonometric functions. Let P(x,y) be the point lying on the unit
circle. By definition, x = cos# and y = sin . Clearly the domain of sine and cosine functions
is R. However, in the definition of tan # and sec 6, x appears in the denominator, and hence
we must exclude the points P(x,y) on the y-axis, that is, P(0,1) and P(0,—1). It follows
that the domain of of tan and sec functions consists of all number 6 except those of the form
(m/2) + nm, where n is an integer. Similarly, for the cot and cosec function we must exclude
all numbers for the form 6§ = nm, where n is an integer.

2.4 Modelling of waves

2.31. Modelling waves using sint and cost. If look at the graph of sin z and cosz then
they have a similar shape to waves. Almost any wave can be expressed as a combination
of sine and cosine functions. The main waves found in engineering are ones that vary with
time ¢ and so t is often the independent variable.

2.32. Amplitude. The maximum displacement of the wave from its mean position is called
the amplitude of the wave. For example, sint and cost have an amplitude of 1. The ampli-
tude of 2sint is 2, and the amplitude of Asint is A. The amplitude of Bcost is B.

2.33. Angular frequency. A more general way of defining a wave is A sin(wt) or A cos(wt).
The symbol w represent the angular frequency of the wave. It is measured in radian per
second. For example, sin(4¢) have an angular frequency of 4 radians per second. As t
increases by 1 second the angle, 4¢, increases by 5 radians. Note that sin¢ has an angular
frequency of 1 rad/sec.

The angular frequency of y = Asin(wt) and y = A cos(wt) is w radians per second.

We know that the sine and cosine functions repeat themselves at regular intervals and so
are pertodic functions. One complete cycle of sint is completed every 27 seconds. The time
taken to complete one full cycle is called the period and is denoted by T'. We note that

sint = sin(t + 27)

cost = cos(t + 2m).
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We now consider
y = Asin(wt) and y = Acos(wt).

When ¢t = 0 seconds, wt = 0 radians. When ¢ = 27 /w seconds, wt = 27 radians. We can
see that t increases from 0 to 27/w seconds, the angle wt increases from 0 to 27 radians.
We know that as the angle wt increases by 27 radians then Asin(wt) completes a full cycle.
Hence a full cycle is completed in 27 /w seconds. Hence, if

2
y = Asin(wt) then the period T = =T seconds.
w

In particular, if
y = Asint then the period T = 27 seconds.

2.34. Frequency. The frequency is the number of cycles completed in 1 second. Frequency
is measured in units called hertz (Hz). One hertz is one cycle per second. We have seen
that y = sin(wt) takes 27/w seconds to complete one cycle, and so it will take 1 second to
complete w/(2m) cycles. The frequency is denoted by f and defined by

W
f=5_

For example, sin(5t) has a frequency of 5/27 Hz.
From the definition of period and frequency we can see that

1
T=-—.

2.35. Phase angle and time displacement. Mathematically we can write
Asin(wt + ¢) = Asinw (t + ?) :
w

The angle ¢ is called here phase angle and the quantity ¢/w is called the time displacement.

The wave met in engineering are often termed signals for waveforms. There are no
rigid rules concerning the use of the words wave, signals and waveform, and often engineers
use them interchangeable.

Example 2.36. State the amplitude, angular frequency, and period of each the following
waves,

(i) 2sin(3t)
(i) 2cos (2t + 7).
Solution.

(i) Amplitude A = 3, angular frequency w = 3, period T' = 27 /w = 27/3.

(ii) Amplitude A = 0.5, angular frequency w = 2, period T' = 27 /w = 27 /2 = 7.
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2.37. Alternating current waveforms. Sine and cosine functions are often used to model
alternating current (a.c.) waveforms. The equations of an a.c. current waveforms are

I =1I,sin(wt+¢) or I=I,cos(wt+ ),

where [,,, = maximum current, w = angular frequency, and ¢ = phase angle.
The frequency f = w/(27) of the electric supply in Europe and across the large part of
the world is 50 Hz, while in America and in areas of Asia it is 60 Hz.

2.38. Combining two sinusoidal voltage signals. Two voltage signals, v1(t) and vq(t),
have the following equations
v1(t) = 3sint

vo(t) = 2cost.
(i) State the amplitude and angular frequency of the two signals.

(ii) Obtain an expression for the signals, vs3(t), given by
Ug(t) = 'Ul(t) + 2U2(t)

Solution. (1) Signal v1(t) has an amplitude 0f 3 volts and an angular frequency of 1 rad/sec,
v9(t) has an amplitude of 2 volts and an angular frequency of 1 rad/sec.
For (2),

v(2) = 3sint + 2(2cost) = 3sint + 4 cost.
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3 Coordinate system

3.1. Ordered pair. The term ordered pair refers to two real numbers, where one is des-
ignated as the “first” number and the other as the “second”. The symbol (a,b) is used to
denote the ordered pair consisting of the real numbers a and b, where a is first and b is
second.

We consider two ordered pairs (a,b) and (¢, d) equal,and write

(a,b) = (c,d)

if and only if @ = ¢ and b = d. This implies, in particular, that (a,b) # (¢,d) if a # c orb # d.
The set of all ordered pairs is denoted by R x R or R2.

Note. Avoiding the chance of confusion, it should always be clear from the discussion
whether the symbol (a, b) represents an interval, a point, or some other mathematical object.

3.2. Rectangular coordinate system. A rectangular coordinate system or Cartesian
coordinate system may be introduced in a plane by considering two perpendicular coordinate
lines in the plane which intersect in the origin O. Horizontal line with positive direction to
the right, and the other line is vertical with positive direction upward, as indicated by the
arrowheads in the Figure 19. The two lines are called coordinate ares and the point O is
called the origin. The horizontal line is often referred to as the x-axis and the vertical line as
the y-axis, and they are labelled z and y, respectively. the plane is then called the coordinate
plane or xy- plane.

Each point P in zy-plane maybe assigned a unique ordered pair (a,b). The number a is
called the z-coordinate (or abscissa) of P, and b is called the y-coordinate (or ordinate) of
P. The symbol P(a,b) denotes the point P with coordinates (a,b). To plot a point P(a,b)
means to locate, in a coordinate plane, the point P with coordinates (a,b). This point is
represented by a dot in the appropriate position, see Figure 19.

Figure 19: Point P(z,y) in zy-plane
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3.3. The Distance formula. The distance between two points P;(z1,y;) and Pa(x2,y9) in
xy-plane is given by

d(Py, Po) = /(22 — 21)2 + (y2 — y1)%.

Proof. 1f x; # xy and y; # yo, then the points Py(z1,v1), Pa(x2,y2) and Ps(z2,y1) are
vertices of a right triangle, see Figure 20. Using the fact that

d(PhP?;) = |$2 - $1| = ($2 - 1’1)2

d(P?an) = \92 - y1| =V (yz - y1)2>

and applying Pythagoras’ Theorem, we get
d(Py, P,)* = d(Py, P3)* +d(Ps, P,)?,
which is equaivalent to write
d(Pr, P2)* = [/ (w2 — 20)2* + [V (32 — 1),

This implies the proof

d(Py, P) = /(22 — 1)> + (2 — 1)

H(X2,Y2)

Y-y

X—axis

P(x1,y1) |x—x1] P3(x2,y1)

S O ——

Figure 20: Distance between two points P, and P,

3.4. Midpoint. Let Pi(z1,y;) and Py(z2,y2) be two points in a coordinate plane and let
M (z,y) be a midpoint of the line segment P, P, (see Figure 21). Then the coordinates of
the point M can be defined by

Ty — X —
T =1 4 = L and y:y1+y22y1,
which is equivalent to
x4+ x
=" —;— > and y= h ;yQ. (3.5)
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P>(x2,y2)

Figure 21: Midpoint (xl ;— $2, % ;Lyz)

Another way of obtaining the coordinates of M is to consider the following fact
r—r=r2—x and y—y1 =y — Y.

Example 3.6. Find the midpoint M (x,y) of the line segment from P;(—2,3) to P»(4, —2),

and plot the points P, P, and M.

Solution. Applying the midpoint formula, the coordinates of M are

(_22+ 4 3+§—2)> B (1%> |
]

3.7. Intercepts. The z-coordinates of points at which a graph intersects the x-axis are
called the z-intercepts of the graph. Similarly, the y-coordinates of points at which a graph
intercepts the y-axis are called the y-intercepts.

Example 3.8. Sketch the graph of S = {(x,y) : y = 3x — 2}.

Solution. 1t is convenient to list the coordinates of the form (x,y) in the tabular form, where
for each number x the corresponding value for y is 3z — 2.
x |2 -1 01 2
y=3z—2|-8 -5 —2 1 4

In Figure 22, there is one x-intercept 2/3 and one y-intercept —2.

3.9. Solution of equation. Given an equation in x and y, we say that an ordered pair
(a,b) is a solution of the equation if equality is obtained when a is substituted for z and b
for y. For example, (1,1) is a solution of y = 3z — 2 since substitution of 1 for  and 1 for
ylead to 1 =3 —2, or 1 = 1. Two equations in z and y are said to be equivalent if they
have exactly same solutions. The solutions of an equation in x and y determine a set S of
ordered pairs, and we define the graph of the equation as the graph of S.
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Figure 22: y =3z — 2

3.1 Symmetry of graph

(i) A graph is symmetric with respect to x-azis if, whenever a point (x,y) is on the graph,
then (z, —y) is also on the graph, the part of the graph which lies above the z-axis will
coincide with the part which lies below.

(ii) A graph is symmetric with respect to y-azis provided that the point (—z,y) is on the
graph whenever (z,y) is also on the graph.

(iii) A graph is symmetric with respect to the origin if, whenever a point (z,y) is on the
graph, then (—z, —y) is also on the graph.

(_X'y) (X7y)

Figure 23: Symmeric with respect to y-axis

Above three types of symmetry can also be defined as:

(i) The graph of an equation is symmetric with respect to the z-axis if substitution of —y
for y leads to an equivalent equation.

(ii) The graph of an equation is symmetric with respect to the y-axis if substitution of —x
for x leads to an equivalent equation.

(iii) The graph of an equation is symmetric with respect to the origin if the simultaneous
substitution —x for x and —y for y leads to an equivalent equation.
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3.2 Circle

The collection of all points in the coordinate plane which are equidistant » > 0 from a fixed
point C'(h, k) is called a circle with radius r and with centre C' as shown in Figure 3.2. A
point P(x,y) is on the circle if and only if d(C, P) = r, by the Distance formula,

V= (- kP2 =r.

The equivalent equation
(x—h)?+ (y — k)? =12 (3.10)

is called an equation of circle with radius r and centred at C'(h, k).

A

X—axis

Figure 24: Circle with radius r and centred at C'(h, k)

If h =0 and k = 0, the equation (3.10) reduces to

2 2 2
Tty =r7,

which is an equation of a circle with radius r and centre origin O(0,0). If » = 1 then the
above equation reduces to

332 + yQ — 1’
which is an equation of the unit circle.

Example 3.11. Find an equation of the circle with centre C'(3, —2) and passes through the
point P(5,4).

Solution. Since P is on the circle, the radius r is d(C, P). By the Distance formula,
r=+/(3=5)24 (=2 —4)2 = V4 + 36 = V40.
By using the equation (3.10), and letting h = 3, k = —2, we obtain
(z=3)* + (y — (=2))° = (V40)?,

2 +y? — 62 + 4y — 27 = 0.
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3.3 Equation of line

3.12. Slope Let [ be a line that is not parallel to the y-axis, and let Py (z1,y1) and Pa(x2, ys)
be distinct points on the line {. Then the slope m of [ is given by

Y2 — 1
m = .
T2 — X7

The slope of [ is undefined if [ is parallel to y-axis.

y—axis

»(X2,Y2)

Y2~y

vy ) SICSR )

X—axis

Figure 25: Line with positive slope

The numerator gy, — y; in the formula of slope m measures the the vertical change in
direction from P; to ps. The denominator x5 — 1 measures the amount of horizontal change
in direction from P; to Ps, this change cannot be zero, because line is not parallel to y-axis.

Assume that the points P, and P, are labeled so that x1 < o, implies x5 — x1 > 0, hence
the slope is positive, negative, or zero, depending on whether yo > y1, y2 < y1, or Y2 = ¥1.

A line that is parallel to z-axis (y-axis) is called horizontal line (vertical line). A
line is horizontal if and only if its slope is 0. Note that the slope of a vertical line is undefined.

3.13. Point-Slope Form. Let us find an equation of a line [ through a point Pi(x1, ;)
with slope m. If P(x,y) is any point with = # x, then P is on [ if and only if the slope of
the line through P, and P is m; that is,

Yy—Yy
=m.
r — T
This equation may be written in the form
y— 1y =m(z — 1) (3.14)

and is referred to as the Point-Slope Form.
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1(x1,91)

P>(x2,y2)

X—axis

Figure 26: Line with negative slope

3.15. Slope-Intercept Form. If the line passing through the point P;(0,b), then the
Point-Slope Form maybe written as y — b = m(xz — 0), which can be written as

y =mx + b.

The real number b is the y-intercept of the graph. Since the equation y = maz + b displays
the slope m and y-intercept b of [, it is called the Slope-Intercept Form of the equation of a
line.

3.16. Linear equation. The equation of the form
ar+by+c=0

is called the linear equation, where a, b, and ¢ are real numbers, a and b are not both zero.
Lets us show that the graph of ax 4+ by + ¢ = 0 is always a line, where a and bare not
both zero. If b # 0, we can write this as follows

(57 ()

by Slope-Intercept Form this is an equation of the line with slope —a /b and y-intercept —c/b.
If y =0, but a # 0, then linear equation turns to x = —c/a, which is the equation of a
vertical line with z-intercept —c/a.

Example 3.17. Find an equation of a line through the point (5, —7) that is parallel to the
line 6x + 3y —4 = 0.

Solution. The Slope-Intercept Form of the given equation can be expressed as below,

9 +
=2+ -.
y 3
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Clearly the slope of this equation is m = —2. Since the parallel lines have the same slope,
the required line has slope —2. Applying the Point-Slope Form we get

y+7=—-2(x—5),

and this is equivalent to
20+y—3=0.

O
3.18. Parallen lines. Two lines with slopes m; and msy are parallel if and only if m; = ms.

3.19. Perpendicular lines. Two lines with slopes m; and msy are perpendicular if and
only if mymy = —1.

Example 3.20. Find an equation for the perpendicular bisector of the line segment from
A(1,7) to B(—3,2).

Solution. The midpoint (—1,9/2) of the line segment AB can be obtained by Midpoint
Formula (21). Since the slope of AB is 5/4, it follows from Theorem that the slope of the
perpendicular bisector is —4/5. Now the required equation can be obtained by Point-Slop

Form 9 4
_Z__= 1

which is equivalent to
8xr + 10y — 37 = 0.
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4 Limit

We will start by learning a few basic concepts that will help us to understand the definition

of limit.

4.1. Tends to. The phrase “z tends to zero” is denoted in mathematical term by

x— 0,

which means z is as close as possible to zero. Let f(x) = 2%, then with different different
values of x we get different values of f as follows

x flz)=2"
1 21 =2
0.1 201 = 1.071773
0.01 2001 = 1.006956
0.001 20001 — 1.000693
0.0001 | 200001 — 1.00006931

From the last two rows, we notice that as = gets closer and closer to zero, then f(z) gets
closer and closer to 1. We say the function f(z) has limit 1 as z — 0 and write this as

lim f(z) =1.

z—0

Similarly we can write “z to infinity” as  — oo, which means x is made as large as
possible. Lets examine a function for large values of x as follows

x g(z) = (1+1)"
1 (1+5H'=2
1110
10 | (1455) =2.593742
3
10° | (14 )" =2.716924
6
10° | (14 )" =2.718280
6
10 | (14 )" =2.718282

From last two rows, notice that as x gets larger and larger, g(z) gets closer and closer to
2.718282.
We say the function g(z) has limit 2.718282 as x — oo and write this as

(+3)
1+-) =e.
x

In calculus and its applications we are often interested in the values f(z) of a function f
when x is very close to a number, but not necessarily equal to a. The number a is not in a
the domain of f; that is, f(a) is undefined. We ask the following question: As x gets closer
and closer to a (but x # a), does f(x) get closer and closer to some number L? If the answer

lim
Xr—r 00

lim g(x) = 2.718282 or

T—00
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is yes, we say that the limit of f(x) as x approaches a, equals L, and we use the following
limit notation:
lim f(z) = L.

Tr—a

The phrases very close and closer and closer will be remedied when a formal definition
of the limit is stated.

Example 4.2. Consider the function f(z) = (3z — 1), if z is very close to 4, then f(z) is
close to 5.5, and we write

hm (31; —1) =5.5.

Here the number 4 could actually have been substituted for x, thereby obtaining 5.5. The
next example shows that it is not always possible to find the limit L by merely substituting
the number a for x.

Example 4.3. If f(x) = , find lim f(x).

\/_ 3 z—9

Solution. The number 9 is not in the domain of f since the denominator /2 — 3 is zero for
this value of . We write

1-9 _(Vi-3)(Vi+3) _
Jisa Ji-3 =x +3.

Now when z is close to 9 (but 2 # 9), then f(z) is close to v/9 + 3 = 6. Using the limit
notation we write

fx) =

9
iy 5 = Iy +9) =6

O

4.4. Constructing formal definition. In order to give the formal definition of limit we
start by listing the following functional values of the function f(z) = %(3:15 — 1) when z is
close to 4.
£(3.9) =535  f(4.1) = 5.65
£(3.99) = 5485 f(4.01) = 5.515
£(3.999) = 5.4985  f(4.001) = 5.5015
f(3.9999) = 5.49985 f(4 0001) = 5.50015
f(3.99999) = 5.499985 f(4.00001) = 5.500015.

This leads us to the following statement
if 39<x<4.1 then 5.35< f(x) <565

if  3.99 <z <401 then 5.485 < f(z) < 5.515
if  3.999 <z <4001 then 5.4985 < f(z) < 5.5015
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if 3.9999 < x < 4.0001 then 5.49985 < f(x) < 5.50015
if 3.99999 < z < 4.00001 then 5.499985 < f(z) < 5.500015.

Each of the above statement can be written in the following form:
if 4—d0<xz<4+4d, then 55—e< f(z)<bb+e, (4.5)

where the Greek letters € (epsilon) and 0 (delta) are used to denoted small positive numbers.
For example, the first statement follows from (4.5) by letting § = 0.1 and € = 0.15; the
second is the case 0 = 0.01 and € = 0.015; for the third let 6 = 0.001 and ¢ = 0.0015; and so
on.

A general form of the statements given in (4.5) can be written in the intervals as follows:

If x is in the open interval (4 — 6,4 + 9),
then f(z) is in the open interval (5.5 —€,5.5 + ¢€),

and this is interpreted geometrically in Figure 27.

—
oo 4w Tay S5 e

\_/

Figure 27: If —d<x—4<9, then —e< f(z)—55<e.

S -
7 ~
0 5

| T~

Clearly (4.5) is equivalent to write below.
If —d<zx—4<0, then —e< f(z)—55<e
By using the absolute values, this may be written
If |z—4| <46, then |f(z)—>5.5<e.

If we wish to add the condition = # 4, then it necessary to demand that 0 < |z — 4. This
gives us the following extension

If 0<|z—4]<d, then |f(x)—>5.5]<e. (4.6)
Now we are in the position to formulate a formal definition of the limit.

4.7. Definition of limit. Let f be a function that is defined on an open interval containing
a, except possibly at a itself, and let L be a real number. The statement

lim f(x) =L

T—ra

means that for every e > 0, there exists a § > 0, such that

if 0<|r—a|l<d, then |f(x)—L|<e.
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4.8. Alternative definition of limit. The statement

lim f(z) =L

r—a

means that for every ¢ > 0, there exists a 0 > 0, such that if z is in the open interval
(a —d,a+6), and x # a, then f(z) is in the open interval (L — €, L + ¢).

Example 4.9. Prove that
1 11
lim -3z —-1) = —.

z—4 2 2

Solution. Let f(z) = 1(3z — 1), a = 4 and L = 11/2. According to definition of limit we
must show that for every e > 0, there exists a § > 0 such that

1 11
if 0<|r—4|<d, then |§(3x—1)—?| < €.
Above inequality is equivalent to write
1
§|3x—1—11\ < €
13z — 12| < 2¢
e —4] < 2
o—dl <
x — —e€.
3¢
If we let 0 = 2¢/3, then the last inequality 0 < |x — 4| < ¢ is true, and this implies the
validity of the first inequalities. Hence by definition of limit assertion is true. O
Example 4.10. Show that
lin%(5x —-3)=2.
z—

Solution. Let f(z) = (bx —3),a = 1 and L = 2. We need to show that for every € > 0,
there exists a 6 > 0 such that

if 0<|z—1]<d, then |[f(z)—2|<e.

The inequality |f(z) — 2| < € is equivalent to

|(bx —3) =2 = |bzr—5|<e
Sl — 1] <
|z — 1] < €/5.

Thus we can take § = ¢/5. If
0<|z—1] <9,

then
|(bx — 3) — 2| = |5z — 5] = 5|z — 1| < 5(¢/b) =e.

This proves that lim,_,;(5z — 3) = 2. O
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$ y=5x—-3
2+e
b ——— —
|
2—€ :
1
el € ?
—£1 £
1 5 1+5

Figure 28: Geometrical representation of Example 4.10

4.1 Rules of limit

In the following theorems we state the rules of limit.

Theorem 4.11. If a, b, ¢ and m are real numbers, then

(i) lim, ,,c=c

(i) lim,_,,(mzx + b) = ma + b.
Theorem 4.12. [flim, ., f(x) = L and lim,_,, g(x) = M, and c is a constant, then

(i) Limit of sum
lim(f(z) + g(@)] = L+ M
(i) Limit of difference
lim(f(x) — g(@)] = L— M
(#1i) Limit of product
lim f(x)g(z) = LM

Tr—a

(iv) Limit of quotient

(v) Limit of a multiple



Barkat Bhayo First course in EM

Theorem 4.13. (i) If n is a positive integer, then

lim 2" = a",
r—a

and

lim (f ()" = (lim f(x))",

r—a T—a

(i1) If a > 0(< 0) and n is positive (odd positive) integer, then

lim {/z = {/a.

(#i) If n is a positive integer and lim, ., f(x) > 0, then

hm \/_ = ‘n/hm f(z

Theorem 4.14. Limits for polynomials and rational functions
(i) If P(z) is a polynomial and a is any real number, then

lim P(z) = P(a)

r—a
(i1) If P(x) and Q(x) are polynomials functions and Q(a) # 0, then

L Pl) _ Pla)
24 Q) ~ Qla)

4.15. The Sandwich Theorem. If f(x) < h(x) < g(z) for all x in an open interval
containing a, except possible at a, and

lim f(z) = L = lim g(x),

r—a T—a

then
lim h(z) = L.

Tr—a
See Figure 29.
Example 4.16. Show that if lim, . |f(x)| = 0, then lim, . f(x) =

Solution. Since
—|f(@)] < f(z) < [f(2)],

and both functions —|f(z)| and |f(x)| have limit 0 as x approaches ¢, by the Sandwich
Theorem lim,_,. f(x) = 0. O
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Yy — axis

Figure 29: f(x) < h(z) < g(z).

4.2 One-sided limit

If f(z) =+x —2anda > 2, then f is defined throughout an open interval containing a and,
by Theorem 4.13 we have

limve—2=  /limx—2=+va—2.

r—a T—a

The case a = 2 is not covered by the Definition 4.7 since there is no open interval containing
2 throughout which f is defined (note that y/x — 2 is not real if x < 2), A natural way to
extend the definition of limit to include this exceptional case is to restrict x to values greater
than 2. Thus, we replace the condition 2 —§ < < 2 4 9, which arises from Definition 4.7,
by the condition 2 < x < 2+ 4. The corresponding limit is called the limit of f(x) as x
approaches 2 from the right, or the right-hand limit of \/x — 2 as x approaches 2.

N y-axis AN y-axis
1
|
1 |
: 1
; 1 f(x) ! ) .
1L : | 1L
[ | [ I
| L Ny | | >
7
a x X-axis X a X-axis

(a) (b)

Figure 30: Right-hand and left-hand limit
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4.17. Right-hand limit. Let f be a function that is defined on an open interval (a, ¢), and
let L be a real number. The statement

lim f(z) =1L

r—a™t

means that for every e > 0, there exists a § > 0, such that
if a<x<a+d, then [f(z)—L|<e.

We refer to L as a the right-hand limit of f as x approaches a, see Figure 30(a). The symbol
x — a™ is used to indicate that values of z are always larger than a. Note that the only
difference between Definitions 4.7 and 4.17 is that for right-hand limits we restrict x to the
right half (a,a + §) of the interval (a — d,a + §).

4.18. Left-hand limit. Let f be a function that is defined on an open interval (¢, a), and
let L be a real number. The statement

lim f(z)=1L

Tr—a—

means that for every e > 0, there exists a ¢ > 0, such that
if a—d<ax<d, then [f(z)—L|<e.

Here we refer to L as a the left-hand limit of f as x approaches a, see Figure 30(b). The
symbol x — a~ indicates that x is restricted to values less than a. Note that the only
difference between Definitions 4.7 and 4.18 is that for left-hand limit we restrict = to the
left half (a — §,a) of the interval (a — d,a + 9).

Sometimes left-hand and right-hand limits are referred to as one-sided limits. The fol-
lowing theorems states the relation between one-sided limits and limits.

Theorem 4.19. If f is defined throughout an open interval containing a, except possibly at
a itself, then lim,_,, f(x) = L if and only if

lim f(z) =L = lim f(x).

T—a~ z—at

Example 4.20. Let f(z) = |z|/xz, v # 0 and f(0) = 1. Find lim, ..+ f(z), lim,_,,- f(z)
and lim,_,, f(x). What is lim, o f(x)?

Solution. If x > 0, then |z| = z and f(z) = 2/z = 1. Consequently,

lim f(z)= lim 1=1.

z—at z—at
If <0, then |z| = —z and f(z) = —z/x = —1. We get,

lim f(z)= lim (—1) = —1.

r—a~ r—a~

Since the right-hand and left-hand limits are unequal. By Theorem 4.19 we conclude that
lim,_,, f(x) does not exist. O
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4.3 Limits of trigonometric functions

The proof of the following trigonometric functions will be handy to evaluate several other
problems.

Theorem 4.21. If 6 is measured in radians, then
—|0] <sinf < || and — |0 <1—cosf < |0].

Proof. Let 6 be an angle in the standard position in the unit circle, so |0 equals the length
of the circular arc AP, see Figure 31. The length of the line segment AP is less than the
arc length |0|. Triangle APQ is a right triangle with sides of length

PQ =|sinf| and AQ =1— cosf.
Clearly, AP < |0], and by Pythagoras’ Theorem we get
sin?0 + (1 — cosf)? = (AP)? < 0.
The terms on the left hand side of the above inequality are smaller than their sum 62, hence
sinf < 6 and (1 — cosf)® < 6%
By taking square root to both sides of the inequalities, this is equivalent to
|sinf| < 0] and |1 —cosf| < |6|.

or
—|0] <sinf < || and —|0] <1—cosf < 0.

Theorem 4.22. Prove that

(a) limsinf =0 (b) lim cos 6 = 1.
0—0 0—0

Proof. Part (a) follows from Theorem 4.21 and the Sandwich Theorem. For part (b), cosider
the identity sin? @ + cos? 6 = 1, which implies

cosf = ++/1 — sin? 6.

If —7/2 < 0 < /2, then cos@ is positive, and hence cos = +1/1 — sin? . Consequently,

limcosd = limv/1—sin?6 = \/lim(l — sin? )
0—0 6—0 0—0
= v1-0=1.
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P
2. 6
1 =1
[wn]
y)
0| cosH A(1, 0)

Figure 31: sin? 6 + (1 — cos6)? < 62, 6 > 0.

4.23. Area of sector. If § is the radian measure of a central angle of a circle of radius r,
then the area A of the sector determined by 0 is

1
A=—r%
2
Theorem 4.24. Prove that _
’ sin 6 ]
im =1.
6—0 0

Proof. Let U be a unit circle and 0 < 6 < 7/2, see Figure 33. If A; is the area of triangle
AOP, A, the area of circular arc AOP, and Aj the area of triangle AOQ), then

A1 <A2 <A3.

Using the formula for the area of triangle and sector we get

1 1 1.

A = 5(1)d(M, P) = 3Y= §SIH9
1 1

Ay = (10 ==

2 = 5(1)0=50

1 1

As = =(1)d(A,Q) = = tand.
2 2

Thus
1

. 1 1
Esme < 59 < §tan9.

Dividing above inequalities by %sin 0 we get

0 1

1<
sinf  cosf’
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Figure 32: Area of sector: A = $r26.

which is equivalent to
sin 6

cosf < < 1. (4.25)

If —7/2 <6 <0, then 0 < —6 < 7/2, and from (4.25)

sin(—0)
cos(—0) < < L
(=0)
Since sin(—f#) = —siné and cos(—0) = cosf, and the above inequality reduces to (4.25).

This shows that the (4.25) is also true if —7/2 < 6 < 0, and hence true for every ¢ in open
interval (—m/2,7/2) except = 0. Since limy_,ocosf = 1, (sin#)/60 is always between cos 6
and 1, now it follows from the Sandwich Theorem that

_ sinf
g =L
O
Theorem 4.26. Prove that
.1 —cos@
lim = 0.
0—0 0
Proof. We may write
1 —cosf B 1—cosf 1+ cosf
0 - 0 1+ cos@
_ 1l—cos’0 sin? 6
(1 +cosf)  O(14 cosb)
B sin 6 sin @
0 14cos’
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Y-axis
U
P(x.y)
1
:
1
0 - Xx-axis
(@] M(x, y)fA(1, 0)
sin @

Figure 33: Geometrical meaning of lim

Taking limit both sides we get

o

Example 4.27. Find

1 —cost

lim
x—0 31’

6—0

sin «9 sin 6
lim
6—0 1 + cos @
( ) ( sin 6 )
lim
60 9—>0 14 cos@
()

[l

0.

lim sin(5z)
x—0 21}

t
lim _an(t)
t—0 2t

2c +1 —coszx

46
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Solution. For (i), we get

: Lsi
lim sin(5x) ~ lim 1sin(5z)
z—0 2x z—0 2 X
~ im 5 sin(5z)
z—02 bx
5 .. sin(bx) : :
=3 iﬂ% B by rule }clglll[c f@)] =c }:IECIL f(x)
) 5
= — 1 = —
2( ) 2

It follows from the definition of limit that z — 0 may be replaced by 5z — 0.

For part (ii),
tan(t 1 sint 1
lim tan(t)  _ lim (= B2
t—0 2t t=0\2 t cost

For part (iii), we get

. 2x+1—cosx .
lim = lim
x—0 3:[,‘ x—0

O

4.28. Limit at infinity. If the function is defined on an interval (0, co) and if we can
ensure that f(z) is as close as we want to the number L by taking = large enough, then we
say that f(x) approaches the limit L as x approaches infinity, and we write

lim f(z)=1L.
T—>00
Example 4.29. Evaluate
222 — 1 +3

lim
z—oo 312 +5
Solution. Divide the numerator and denominator by 2,

iy 2= (/7)) +B3/a%) 2-0+0 2
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Example 4.30. Evaluate
5T + 2

1m .
T—+o00 21‘3 —1

Solution. Divide the numerator and denominator by the largest power of x in the denomi-
nator, namely, z3,

. (5/2*)+ (2/2*)  0+0

= =0.
gtoo 2 — (1/x3) 2—-0

Example 4.31. Find
lim (Va2 + 2 —x).

T—00

Solution. We rationalize the expression by multiplying the numerator and denominator
(which is 1) by the conjugate expression (vz? 4+ x + x), and get

S R R
I (VEre -0 =

, 2+ x — 22
= lim
1 1
= lim;:lim—:—
x—>oox 1_‘_%_‘_1‘ T—00 1_{_%_{_1 2

4.4 Continuity and discontinuity

Definition 4.32. A function f is continuous at a number « if the following three conditions
are satisfied

(i) f is defined on an open interval containing a
(i) lim,_,, f(x) exists
(ili) limg,—, f(z) = f(a).
If f is not continuous at a, then we say it is discontinuous at a or has a discontinuity at a

4.33. Another definition. A function f is continuous at an interior point a of its domain
if

li = .

lim f(z) = f(a)
If either lim,_,, f(z) fails to exist or it exists but is not equal to f(a), then we will say that
f is discontinuos.

Sine the notion of continuity involves the fact that lim,,, f(z) = f(a). The following
definition may be obtained by replacing L in Definition 4.7 by f(a).
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Definition 4.34. If a function f is defined on an open interval containing a, then f is
continuous at a if for every € > 0, there exists a 0 > 0, such that

if |r—al<d, and |[f(z)— f(a)] <e.

Note that we do not require 0 < |z — a| in the above definition, since f is defined at a
and, moreover, if x = a, then

|f(z) = fla)| = |f(a) = f(a)] =0 < €.

4.35. Continuous on the interval. If the function f is continuous at every number in an
open interval (a, b), we say that f is continuous on the interval (a, b). Similarly, a function is
said to be continuous on an infinite interval of the form (a, co) or (—oo, b) if it is continuous
at every number in the interval. The next definition covers the case of a closed interval.

Definition 4.36. Let a function f be defined on a closed interval [a, b]. The function f is
continuous on |a, b] if it is continuous on (a, b) and if, in addition,

lim f(z) = f(a) and lim f(z)= f(b).

z—at z—b—

If a function has either a right-hand or left-hand limit of the type indicated in above
definition, we say that f is continuous from the right at a or that f is continuous from the
left at b, respectively.

Example 4.37. If f(z) = v/9 — 22, prove that f is continuous on the closed interval [—3, 3]

Solution. The function can be written as y?> = 9 — 22, which is equivalent to
(z—0)*+ (y — 0)> =3

This is an equation of circle with centre at the origin and radius 3. If follow that the graph
of y = V9 — 22 is the upper half of that circle.
If —3 < a < 3 then using Theorem 4.13(3)

lim f(z) = lim v9 — 22 = , /lim(9 — 22) = V9 — a? = f(a).

T—a r—a r—a

Hence, by Definition 4.32, f is continuous at a.
According to Definition 4.36, now we need to check that

lim f(z)=f(-3) and lim f(x)= f(3).

z——31 T3~

Since

lim f(z) = Eg+¢9—x2:\/9—9:o:f(—3),

z——3*1

f is continuos from the right at —3. We also have

lim f(z)= lim V9 —22=+v9—-9=0= f(3)

r—3" =37

and hence f is continuous from the left at 3. This completes the proof that f is continuous
on [—3, 3].
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Example 4.38. If f(x) = |z|, prove that f is continuous at every real number a.

Solution. Since |z| = v/x2, by definition we have
lim f(z) = lim |z| = lim V2
T—a T—a Tr—a
= Jlim a2 = Va2 = |a| = f(a).

T—a
Hence f is continuous at a. U

Theorem 4.39. If the functions f and g are continuous at a, then the following functions
are also continuous at a:

(i) the sum [+ g and the difference f — g
(i) the product fg
(iii) the constant multiple cf, where ¢ is any number

(iv) the quotient f/g (provided g(a) # 0).

4.40. Continuity of composite function. The following theorem states the limit of the
composite function.

Theorem 4.41. If f and g are functions such that lim,_,, g(z) = b, and if f is continuous
at b, then

lim f(g(z)) = f(lim g(z)) = f(b).
r—a T—a
The following theorem states that the composite function of a continuous function by a
continuous function is continuous. This theorem follows immediately from Theorem 4.41.

Theorem 4.42. If g is continuous at a and f is continuous at g(a) = b, then

lim f(g(z)) = f(lim g(v)) = f(g(a)).

r—a T—a

Example 4.43. Find

Solution.
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4.44. Limit of some functions.

limsinz =0
x—0
limcosz =1
x—0

T

lim =0

z—0 CcOS T

lim(1 4 2)"/* =e

z—0

1
lim (14 =)* =
im ( +x) e

T—r00

lim (2)Y* = 1

T—00

limzlnz =0
x—0

51
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(1+g>$:ea
x

lim a* =0, a € (-1, 1)

lim f(g(x)) = f(lim g(x)).
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5 Differentiation

We start our discussion by recalling few definitions from the elementary geometry.
Le P and @ be two points on a curve y = f(z).

(i) The straight line PQ is called a chord of the curve.

(ii) A line which touches the curve at a single point P is called a tangent to the curve at
that point.

11l The normal to a curve at a pOlnt P 1S a hne throu h P, perpendicular to the tangent
g g
at P.

(iv) The gradient or slope of a curve at a point is the gradient or slope of the tangent
to the curve at that point, see Figure 34.

norma]

Figure 34: Tangent to the curve

5.1. Slope of f(x) = z%. Consider the function y = 22, The coordinates of an arbitrary
point on this curve are (z,z?). We write the x-coordinate of a point nearby as x + h, for
some small number h, positive or negative, but h # 0. The y-coordinate of this nearby point
is

(z + h)? = 2 + 2zh + h*.
Hence the slope of the line between them is

(x+h)?—2®>  2®+2zh+h*—a?
(x+h)—z r+h—x
_ 2xh+ h?
= —
= 2x+h.
As h approaches 0, 2z + h approaches 2x. Consequently, the slope of the curve y = 22 at an
arbitrary point (z,y) is 2x. In particular, when = 1 the slope is 2 and when = = —2 the
slope is —4.
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A y-axis
y=f(x)
foc+h)p———————— — — (x+h, f(x+h))
|
| foxh)f)
[(£7) S
h
| |
| |
L | >
@) X x+h x-axis
(z+h)—f(=x)

; . ; !
Figure 35: Newton quotient -

5.2. Newton quotient. Given a function f(zx), we form the quotient

flath)— fle) _ fla+h)—flz)

r+h—x h

This quotient is the slope of the line between the points

(z, f(z)) and (z+ h, f(x+h)),

see Figure 35. This quotient is called the Newton quotient.

5.3. Definition of derivative. If Newton quotient approaches a limit as h approaches 0,
then this limit is called the derivative of f at x, denoted by f’(z), and defined by

fa) — 1 LE D) = @)

h—0 h (5:4)

Often you will find equation (5.4) written with Az instead of h, which makes it look like
this

The numerator f(z + Az) — f(z) is denoted by Ay, which represents the amount of small
change in f. If y = f(x), then the derivative is

oy oo Ay
v

Definition 5.5. We say that f(z) is differentiable if it is differentiable at all points for which
it is defined.
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For instance, the function f(z) = x? is differentiable and its derivative is 2x.

Definition 5.6. If f is defined on an open interval containing a, then

fa) — tin 12 = 1 (@)

r—a Tr—a
provided the limit exists.

From the above discussion we conclude that the derivative, f’(z), is the slope or gradient
of the curve y = f(z) at the point P(x,y), which is defined as tanf where 6 is the angle
made by the tangent to the curve at P with the positive x-axis.

5.7. Notations of derivative. There are several notations used for the derivative, for
example, three notations f'(x), dy/dx and df /dz are commonly used and they are inter-
changeable.

e The notation dy/dx is called Leibnitz’s notation
e The prime notation f’(x) is called Lagrange’s notation.
e Newton’s dot notation ¢ = dy/dt is extensively used for time derivatives.

We emphasize that in the expression df /dz we do not multiply f or x by d or divide df
by dx. The expression is to be read as a whole.

Example 5.8. Find the derivative of the following
1. f(z)==x
2. g(z) =22,

Solution. For (1), by definition we get

. fle+h)—f(x) . (z+h)—2x . h
! —_— p— —_—m -—_ = pu—
A i R
For (2)
, . gle+h)—glx) . (z+h)?—a?
T A
2?4+ 2zh+h?—2* . h
B R
= lim(2x 4+ h) = 2z.
h—0

O

Example 5.9. Find the equation of the tangent line to the curve f(x) = 222 at the point
whose z-coordinate is 3.
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Solution. We find the slope at an arbitrary point on the graph of f(x) = 2% Tt is the
derivative f'(z). We have

flz+h) - fz)

/ . .
flz) = lim h
o 2(2? + 2zh + h?) — 222
s h
. 4daxh + 2h*
= lim ——
h—0 h
= lim4x + 2h = 4x.
h—0

Hence f'(z) = 4x. At the point 3 we get f’(3) = 12, which is the desire slope. As for the
equation of the tangent line, when x = 3 we have y = f(3) = 18. Hence we must find the
equation of the line passing through the point (3,18), having slope 12. This is

y— 18 = 12(z — 3).

O
Example 5.10. If f(z) = 2'/% and a # 0, find f'(a).
Proof. By Definition 5.6, we need to find
1/3 _ 1/3
f'(a) = lim “——"—
z—a T —qQ
provided the limit exists.
By applying difference of cubic formula
a® — b = (a—b)(a® + ab +b*),
we get
213 _ g1/3 PRVE R VE
! — 1 - -1
fla) = lim r—a lim (@13)8 — (al/3)?
RV R VE
= lim
w—a (213 — a1/3) (223 + 1Bal/3 + a2/3)
) 1

- l{% 2203 1+ 21/3q1/3 1 q2/3

B 1 1

T q2/3 1 al/3ql/3 4 q2/3 ©3q2/3°

O

Example 5.11. Does the curve y = 2% — 22?4+ 2 have any horizontal tangents? If so, where?

Proof. The horizontal tangents, if any, occurs where the slope dy/dx is zero. To find these
points, we

%)
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1. Calculate dy/dz:
dy d

o= d—(x4—2x2+2) = 4% — 4.
T T

2. Solve the equation j—g = 0 for x:

4o° —4r = 4x(x* —1) =0, 2=0,1, —1.

The curve y = 2* — 222 + 2 has horizontal tangents at = 0, 1, and —1. The corresponding
points on the curve are (0, 2), (1, 1) and (—1, 1). O

5.1 Rules of derivative

(i) Constant rule

d
d—(c) =0 wherecis a constant.
x

(ii) Power rule
d 1

d—(x”) =nz"""  where nis an integer.
T

(iii) Constant multiple rule

d

d—(cf(x)) = cf'(x) where cis a constant.
x

(iv) Sum and difference rules

(v) Product rule

(vi) Quotient rule

(vii) Chain rule
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Proof of constant rule. Let f be a constant function such that f(z) = ¢ for every x. We
wish to show that f’(x) = 0. Since every value of f is ¢ it follows that f(z + h) = ¢ for all

h. Hence
f'(z) = lim fleth) = J@) = o =0,

x—0 h x—0 x—0

[
Proof of power rule. If f(z) = 2", then f(z+h) = (z+ h)™. Since n is a positive integer,
we can use the fact that

an o bn — ((l o b)(anfl + anf2b + an7362 N aban + bnfl).

Letting a = z+h and b = z in the above formula and utilizing the definition of the derivative
we have

dr, _ (z+h)—a"
P L S e—
_ g ME R T @ h) et () e e o (2 h)an 4 an
h—0 h
— %E%[(x + h)n—l 4 (LU + h)n_2l’ + (ZL’—|— h)n_31‘2 et (ZL’—I— h)xn_2 + mn—lL

we have n-terms, the limit of each term is 2" ! when we apply limit A — 0. Hence

%x” =na™ 1.
U
Proof of constant multiple rule. If we let g(x) = cf(z), then
d d
Lef)) = gt
o 9~ (2)
= 1l
h—0 h
et h) —efa)
h—0 h
e Jath) - f)
h—0 h
= cf'(x)
U
For the case when f(x) = 2", then we get the following formula
%(cw”) = cnaz" !

where ¢ is a real number and n is positive integer.
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Proof of sum and difference rules. Let g(z) = u(z) + v(z), then

d L gle+ k) —gla)
——(9(z)) = lim h
. u(z+h)+o(r+h)] = [u(x) +v(z)]
= lim
h—0 h
~ im (u(:v +h) — u(x) N v(x +h) — v(ac))
h—0 h h
~ im u(x + h) — u(z) +Jim v(z+h) —v(z)
h—0 h h—0
= o/'(z) + V' (2).
The formula for the difference rule may be proved in the similar fashion. U
Proof of product rule. By definition
i(uv) — tim u(x 4+ h)v(x+h) — u(:c)v(:v)
dx h—0 h

Further, we get by subtracting and adding u(x 4+ h)v(z) in the numerator

i(uv) — m w(x 4+ h)v(z+ h) —u(x + h)v(z) + u(z + h)v(x) — u(z)v(x)

dx h—0 h
oy v(z + h) —v(z) u(z + h) — u(x)
= lim (u(as + h) - 1 o(2) . )
= im0 i POV g gy W) )

Since u is differentiable at z, it is continuous and hence lim,_,ou(z + h) = u(x). Also
limy, o v(x) = v(z) since x is fixed in this limiting process. Finally, applying the definition
of derivative to u(z) and v(z) we obtain

Proof of quotient rule. By definition of limit of we get
u(z+h) u(x)

d E e v(z+h) v(zx)
dx <v> Hm h
. v(z)u(z + h) —u(x)v(z + h)
= lim
h=0 hv(xz + h)v(z)

We subtract and add v(z)u(x) in the numerator of the last fraction we obtain

d <E> — m v(z)u(z + h) — v(x)u(zr) + v(z)u(r) — u(z)v(z + h)
dx \v h—0 hv(x + h)v(z)

. <U(m)u(x + hf)L —u(z) u(x)v(x + h})L — v(l‘)) e +1h)u(x)‘

h—0
Taking the limit A — 0 in the numerator and denominator we get the desired formula. [J
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Example 5.12. Find dy/dz if

B 3r2 —x +2
YT T s
Solution. By the quotient rule

dy (422 +5) L (32? — 2 +2) — (32 — x + 2) L (427 + 5)
dr (42 + 5)2

(42 +5)(6x — 1) — (32 — x4 2)(8x)

B (422 4+ 5)?

 (242° — 42® + 300 — 5) — (242° — 82 + 162)

B (422 + 5)?

42 + 142 — 5

(422 +5)2
O
Theorem 5.13. If a function f is differentiable at some point a, then f is continuous at a.

Proof. If function f is differentiable at a, this means that

o F@) = (@)

r—a T — Qa

exists, and we must show that

lim f(z) = f(a).

We get
I f(z) = lim{f() = (o) + f(a)
_ glﬂl_rg w-@“—a)“‘f@)
_ i@zw il_rg(.r —a) +31Ei_f>flllf(a)
f'(a) -0+ f(a)
f(a).

]

The converse of Theorem 5.13 is false; that is, there exist continuous functions that are not
differentiable. The function f(x) = x'/? is continuous but not differentiable at 0. Similarly,
the f(z) = |z| is continuous at 0 but not differentiable at 0.
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5.2 Derivative of trigonometric functions

Theorem 5.14. Prove that

—(sinz) = cosz and —(cosx)= —sinz.

dz dz
Proof. Let f(x) =sinz. If f/(x) exists, then

flx+h) - fx)

/ . .
fle) = |im h
B sin(z + h) —sinz
e h

Using the addition formula for sine function, we obtain

sinxzcosh +coszsinh — sinz

/ . .
flz) = lim h
B sinz(cosh — 1) + coszsinh
~ a0 h

_ oy ) cosh—1 N sin h
= hgr(l] sin z — COS T -

) . cosh—1 . sin h
= ginz-lim [ —— ) +cosz - lim
h—0 h h—0 h

= (sinx)(0) + cos(z)(1) = cos z,

here we used the following formulas

lim (COSh—_1> =0 and lim (smh) = 1.
h—0 h h—0 h

In like manner, to find the derivative of cosine function, we let f(x) = cosz. In this case

, . cos(x+ h)—cosz
z) = lim
f(z) h—0 h
coszcosh —sinxsinh — cosx

= lim
h—0 h
cosx(cosh — 1) —sinxsinh
= lim
h—0 h

_ oy cosh —1 e sin h
= hli% CcOoS T . sin x .

. cosh—1 . ) sin h
= cosz-lim | ——— | —sinz - lim
h—0 h h—0 h

= = (cosx)(0) — sin(z)(1)

= —sinx.
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U

Example 5.15. Find dy/dz if

_ sinzx
YT Tt cosz
Solution. Applying quotient rule we obtain

dy (14 cosz)Lsinz — sinazL(1+ cosz)

dx (14 cosx)?
(14 cosx)(cosz) — sinz(0 — sinx)
(14 cosx)?
cos x + cos® z + sin?
(1+ cosx)?
cosz + 1 —sin®z + sin x
(14 cosx)?
1+ coszx 1

(1+cosz)?  (1+cosz)

Example 5.16. Prove that

— (tan ) = sec? z.

dx
Solution. Applying the quotient rule of derivative, we get

i (tanz) = i sinz
dx ~ dx \cosz
d d

COS T~ SINx — SIN L~ COS T
dx dx

cos? x
cosx(cosx) — sinx(—sin )

cos? x
2 )
Ccos“x + s x
cos? x

1
= 5 = sec? .
COS* T

In the similar manner, the derivative of cot x can be obtained, that is

d—(cot r) = —cosec’.
T

5.17. Derivative of implicit functions. Given an equation of the form

y=2x>—3
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it is customary to say that y is a function of x, since we may write
y = f(r) where f(z) =22 — 3.

The equation
4% — 2y =6

defines the same function f, since solving for y gives us
—2y=—42*+6 or y=22>-3.

In the case 42? — 2y = 6 we say that y is an implicit function of z, or that f is defined
implicitly by the equation.

Example 5.18. Assume that the equation
y 43y —4ad =5r+1
determines implicitly a differentiable function f such that y = f(x), find its derivative.

Solution. The derivative of 3 is 3 and the derivative of y* will be 3y?y’. Differentiating given
equation to both sides with respect to x, we get

4y’ + 3y — 122° =5 + 0.

We now solve for 3. Thus
(4y° +3)y' = 1227 + 5

and
;o 1222 + 5

dy3 4+ 37
Example 5.19. Find the slope of the tangent line of the graph of
y'+3y — 42 =br +1

at the point P(1, —2).

Solution. The slope m of the tangent line at P(1, —2) is the value of the derivative y when

x =1 and y = —2. We found the derivative in previous example, which is
;o 1222 + 5
T

Substituting 1 for x and —2 for y gives us

, 12(1)2+5 17
m = = — = —,
YT (2 +3 " 29
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Example 5.20. Find the function f(x) whose derivative is sinz and whose graph passes
through the point (0, 2).

Solution. Since f(x) has the same derivative as g(z) = — cosx, we know that
flz) = —cosxz+C

for some constant C'. The value of C' can be determined from the condition that f(0) = 2
(the graph of f passes through (0, 2)):

f(0)=—cosz+C=2, so C=3.
The formula for the function f(z) is
f(z) =3 —cosuz.
U

5.21. Higher order derivatives. The derivative of a function f leads to another function
f'. If f" has a derivative, it is denoted by f” and is called the second derivative of f. Thus

) = (5.

In like manner the third derivative f of f is the derivative of the second derivative,
) = ()
dx '

If y = f(z), then the first n derivatives are denoted by

v,y "y

or
dy d*y dy d™y
de’ dx?’ dz3’ T dan

Example 5.22. Find the first four derivatives of f(z), if
2 3
f(z) = 42" — bx + 8 — —.
x
Solution. We get

3
fllx) = 8x—5+3m’2:8x—5+?

6
-3
f//(fE) = 8 — 633' = — ;
18
—4
f,”(l’) = 18[E = ﬁ
_ 72
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5.23. Jerk. A sudden change in acceleration is called a jerk. When a ride in a car or a bus
jerky, it is not that the acceleration involved are necessarily large but that the changes in
acceleration are abrupt.

Jerk is the derivative of acceleration. If a body’s position at time ¢ is s = f(t), the body’s
jerk at time t is

. da d3t
NPT TEN
The jerk of the constant acceleration of gravity g = 9.8m/sec? is zero:
d
= —(g9)=0.
7=

Example 5.24. (Harmonic motion) A body handing from a spring is stretched 10 units
beyond its rest position and released at time ¢ = 0 to bob up and down. Its position at any
late time ¢ is

s = 10cost.

What are its velocity and acceleration at time t7

Solution. We have

Position:
s = 10cost.
Velocity:
d d
v = d—i = E(lOcost) = —10sint.
Acceleration: y y
v
== = Z(~10sint) = —1 .
o= = (—10sint) Ocost

5.3 The Chain rule
Let y = f(u) and u = g(z). If f and g are differentiable then

dy_ , du_,
Do) and =g,

Then the derivative of the composite function y = f(g(z)) can be defined by the following

rule:
dy _ dydu _

de — duds
Example 5.25. Find dy/dz if y = sin(2x)

f'(w)g (z).

Solution. Write y = sinu, u = 2z, and by Chain rule, we obtain

dy _ dydu

= —— = 2) = 2cos2z.
S = duds (cosu)(2) cos 2x
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Definition 5.26. If y = f(u), u = g(x), and the derivatives dy/du and du/dx both exists,
the the composite function defined by y = f(g(x)) has a derivative given by

dy  dydu
WV Pl (@) = Fo())g (),
Example 5.27. Find ' if
1
v (422 + 62 — 7)3

Solution. Write y = 3, where u = 422 + 6z — 7. Applying the Chain rule we get

v o= -3 L)
= —3(42® + 62 — 7)~*(8z + 6)
—6(4x + 3)

(4a? + 62 — T)*

5.28. Derivative of y = e®. Series representation of e” is
. 2 3 gt
e’ = +$+5+§+Z+"'-

Differentiating each term on the right hand side, we obtain

d, 041 2z 32?  4a?
A e TR T
2 a3
= ltat gt

= €.

If y = /@ then by The Chain rule we have

d
= f(a)
Example 5.29. Find dy/dz if
_ sind5z
y=e .
Solution. Applying The Chain rule we obtain
d , d
% = 5””%(81113 5x)
, d
= 5 (3gin? 5x)%(sin 5x)
= 5. (35in?5x) - (cosbz) - (5)

.3 .
= 15557 . gin? 5 cos 5.
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5.30. Derivative of y =Inz. If y = logx then x = e¥. Differentiating with respect to x

d d y
%(x) = %(6 )

we get
dy
1=e"—">
c dx
since z = €Y so this can be written as
dy
1l=x—
e
equivalently
dy 1
dr
Therefore,
1
if y=1Inx then d—y:—.
de x
In general if y = In f(z) then
dy 1 df
de  f(x) dz’
Example 5.31. If y = In(42> + 3) then
dy 1 d 1222
= = —(42® +3) = ———.
dx 4x3—|—3dx<x +3) 423 + 3

5.32. Derivative of y = a®. We already know that if y = e then j—g =¢e”, and if

dy df
_ @ W g A
y=e dx c dx

If y = a®, write a = e* and then

We obtain p p
Y _ kx| — . ok
o =e _dx(lm) k- e,

As eF* = @® this is equivalent to k = Ina. This proves that

dy
dz

=a"Ina.
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5.4 Rates of change

We start by recalling the concept of average rate of change of a function over an interval.

5.33. Average rate of change. The average rate of change of a function f(x) with respect
to x over the interval from xg to x¢ + h is

f(xo +h) = f(x0)
- .

Average rate of change =

5.34. Rate of change. The (instantaneous) rate of change of f with respect to x at xq is

the derivative A B — flzo)
/ T To+ h)— J(xo
f(wo) = Jimy h ’

provided the limit exists.
The word “instantaneous” is frequently omitted. When we say rate of change, we mean
(instantaneous) rate of change.

Example 5.35. The area A of a circle is related to radius by the equation
A =7nr?.
How fast is the area changing with respect to the radius when the radius is 5 m?

Solution. The (instantaneous) rate of change of the area with respect to the radius is

= 27r.

dr
When r = 5 m, the area is changing at rate of
27 - 5 = 10m m?/m.
OJ

5.36. Displacement, velocity, speed, and acceleration. Suppose that an object is
moving along a coordinate line (say an s-axis) so that we know its position s on that line as
a function of time ¢,

s = f(t).

The displacement of the object over the time interval from ¢ to ¢t + At is
As = f(t+ At) = f(1),
and the average velocity of the object over the time interval from ¢ to ¢t + At is

displacement ~ As  f(t + At) — f(t)
Voo = T 7~ — 7 — .
travel time At At

To find the body’s velocity at the exact instant ¢, we take the limit of the average velocity
over the interval from t to t + At as At tends to zero. This limit is the derivative of f with
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respect to .

The (instantaneous) velocity is the derivative of the position function s = f(¢) with
respect to time. At time t the velocity is

_ds o flEE A~ ()

T dt A At

v(t)
Speed is the absolute value of velocity

ds

Speed = |v(t)| = =

Acceleration is the derivative of velocity with respect to time. If a body’s position at time
tis s = f(t), then the body’s acceleration at time ¢ is

dv d?s

Tdt o dtr

a(t)
Example 5.37. Free fall of a heavy ball bearing released from rest at time ¢t = 0 sec.
1. How many meters does the fall in the first 2 sec?

2. What is its velocity, speed, and acceleration then?

Solution. (1) In metric units, free-fall equation is s(t) = 4.9t%. During the first 2 sec, the
ball falls
5(2) = 4.9(2)* = 19.6 m.

(2) At any time ¢, velocity is the derivative of displacement:
/ d 2
v(t) =§'(t) = E<4'9t ) =9.8t.

At t = 2, the velocity is
v(2) = 9.8(2) = 19.6m/sec.

The speed at t = 2 is
Speed = |v(2)| = 19.6m/sec.

The acceleration at any time ¢ is
a(t) = v'(t) = s"(t) = 9.8 m/sec?.
At t = 2, the acceleration is 9.8 m/sec?. U

Example 5.38. A particle is moving so that at time ¢ the distance travelled is given by the
function
s(t) =t* + 1.

The derivative §'(t) is equal to 2¢t. Thus the velocity of the particle is equal to 0 at time
t = 0. Its velocity §'(t) is equal to 4 at time ¢ = 2

68



Barkat Bhayo First course in EM

Example 5.39. A square is expanding in such a way that its edge is changing at a rate of
2 in./sec. When its edge is 6 in. long, find the rate of change of its area.

Solution. The are of a square as a function of its side is given by the function
A(x) = 2°.

If the side x is given as a function of time ¢, say, = xz(t), then the rate of change of the
area with respect to time is by definition

d(A(z(t)))
dt ’

Thus we use the chain rule, and if we denote the area by A, we find

dA B dAdx N dzx

At dvdt dt
We know that dz/dt is the constant 2. Thus when z(t) = 6, we find that

dA
E:2-6-2:24in./sec.

Example 5.40. A point is moves along the graph of y = 2 so that its z-coordinate changes
at the rate of 2 units per second. What is the rate of change of its y-coordinate when x = 3.

Solution. We have by Chain rule,

dy  odv
Thus when x = 3, we have
d
d—f =3-9-2 = 54 units per second.

Example 5.41. A light on top of a lamppost shines 25 ft above the ground. A man 6 ft
tall is walking away from the light. What is the length of his shadow when he is 40 ft away
from the base of the lamppost? If he is walking away at the rate of 5 ft/sec, how fast is his
shadow increasing at this point?

Solution. Let s be the length of the shadow, and let x be the distance between the man and
the base of the post. Then using similar triangles, we see that

25 6

T+ s S

After cross-multiplying we see that 25s = 6x + 6s which is equivalent to write

5= Eaz
197
Therefrore,
ds_ G
dt — 19dt
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Since dx/dt = 5, the shadow is increasing at the rate of

6de 6 30
° 5= "~ 1.58 ft/sec.

19dt 19~ 19
Also, when x = 40, we find that the length of his shadow is given by
6 240
= — 40 = S ~ 12.63 ft.
$= 13 0 19 63 ft

5.42. Derivative in economics. Engineers use the terms wvelocity and acceleration to
refer to the derivatives of functions describing motion. Economists too have a specialized
vocabulary for rates of change and derivatives. They call them marginals.

In manufacturing operations, the cost of production c¢(x) is a function of z, the number of
units produced. The marginal cost of production is the rate of change of cost ¢ with respect
to level of production z, so it is de/dz.

Example 5.43. (Marginal revenue) If
r(z) = 2* — 32% + 122

gives the dollar revenue from selling x thousand candy bars, 5 < z < 20, the marginal
revenue when x thousand are sold is

r'(x) = 32 — 62 + 12.

As with marginal cost, the marginal revenue function estimates the increase in revenue that
will result from selling one additional unit. If you currently sell 10 thousand candy bars a
week, you can expect your revenue to increase by about

r(10) = 3(100) — 6(10) + 12 = $252.

5.5 Derivative of inverse functions

Theorem 5.44. Let a,b be two numbers, a < b. Let f be a function which is differentiable
on the open interval (a,b) and such that its derivative f'(x) > 0 for all x in this interval.
Then the inverse function x = g(y) exists, and we have

I = ==
fil@)y  flgly)
Derivative of arcsinz. Let y = arcsinx, then x = siny. By the fundamental identity

sin?y + cos?y = 1, we have cosy = /1 — sin®y. This gives cosy = v/1 — 2. Differentiating
r = siny with respect y we get

dx ) dy 1
— =cosy equivalently — = :
dy dxr  cosy
Consequently,
d 1
—(arcsinz) = ——.
dz V1 — 22
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The derivative of inverse cosine and inverse tangent functions can be obtained similarly
as follows.

Derivative of arccosz. Let y = arccosz, then x = cosy. By the fundamental identity
sin?y + cos?y = 1, we have siny = /1 — cos?y. This gives

siny = V1 — 2.

Differentiating x = cosy with respect y we get

dz . . dy 1
— = —siny equivalently —= =-———.
dy dx sin y
Consequently,
1
— (arccosz) = —

dz V1—22
Derivative of arctanz. Let y = arctanxz. Then z = tany. Differentiating x = tany with
respect y we get

d
o =sec’y=1+tan’y =1+ 22
dy
which is equivalent to write
dy 1
dr 1+ a22

Hence,

(arctanz) = —
—l\arctanxr) = .
dx 14 22

Example 5.45. Find dy/dz, when y = 22 - arcsin(z/2).
Solution. We have

dy d 9 .
e az“ ) -arcsin(z/2)
ul\xr 'U(.T)

= v(z)u(z) + u(z)v' ()
1

R — 1 + 2z - arcsin (f)
= (022 2 2
B x? 5 /T
= Q\/TT/ZL + 2x - arcsin <§>
x? /T
= ——— 4+ 2x - arcsin (§> .

N

5.6 Derivative of hyperbolic functions

The exponential function y = e* has series expansion as

x 2 2

:D— —_— — —_— —
e —1+1!+2!+3!+4!+....
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If we consider the negative argument then we have

X 132 1'3 {23'4

e :1—ﬂ+§—§+z—....

The difference and sum of above expressions yield

v _ g5 o 223 225 227
T T TR

222 22* 225
For any real number z, the hyperbolic sine function, sinh z, is defined by

(ew — e_‘”) :

Similarly, the the hyperbolic cosine function, cosh z, is defined by

e +et=2+

sinhx =

N | —

(ex + e‘“”) .

N | =

coshz =

The hyperbolic tangent function, tanh x, is defined by

sinh x el —e "

tanh xz = = .
cosh x er +e 7

The hyperbolic functions have almost similar properties to the trigonometric functions and
some of these will be investigated here.
By definition it is easy to observe that

coshx + sinhz = €7,

coshx —sinhx = e °.

We have
(coshz +sinhz)(coshz —sinhx) = e"e™ =" =1,

consequently,
cosh? r — sinh?x = 1.

Similarly, by adding and subtracting the expressions (cosh z + sinh z)%and (cosh z — sinh )?
the following identities can be obtained

cosh(2z) = sinh® z + cosh? z,

sinh(2z) = 2sinh x cosh .
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5.46. Identities for hyperbolic functions. Using the definition we get

r -z Y -y T _
coshzcoshy —sinhzsinhy = (e +QC )(6 4-26 )_ (e

= 3 [TVt eV f e eV — (e —e
= i <2€x_y + 26_$+y) = % (26””_7’ + e_(x_y))
= cosh(z —y).
Similarly, the following identities may be proved in same fashion,
(i) sinh(—x) = —sinhx
(ii) cosh(—z) = coshx
(iii) sinh(z + y) = sinh x cosh y + cosh z sinh y
(iv) sinh(z —y) = sinhx coshy — cosh x sinhy
(v) cosh(z + y) = coshz coshy + sinh x sinh y
(vi) sinh A + sinh B = 2sinh (2£2) cosh (452)
(vii) cosh A — cosh B = 2sinh (4£2) sinh (452)
Corresponding to trigonometric functions sec, cosec and cot, we define
cothr = tanlhx - Z?ﬁﬁz , cosechr = sinh z’ sechar = Coslhx'

2

ol

2

=y

_ e*x+y + e*z*yﬂ

Utilizing the definition of sinh z and cosh z, it is easy to prove that the following identities

hold true,
sech’z = 1 — tanh®z

cosech’z = 1 4 coth’z.
Example 5.47. Solve the equation

2 cosh(2x) + 10sinh(2z) = 5.

Solution. By definition,

1 1
cosh(2zx) = §(e2x +e*) and sinh(22) = E(e% -

We get
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e* +e " +5e* —he ¥ = 5
6e** —de™* -5 = 0
6e*” — % -5 =0
(&
6et* — 5> —4 = 0
0.

(3e*” —4)(2e** +1) =
This implies that either
(3¢** —4) =0, or (2*+1)=0,

which is equivalent to
Since e® > 0, so we consider

Taking logarithm both sides we get

2 =1 4:> —11 4'\’006
r=Ing z=5lng~006.

5.48. Derivative of hyperbolic functions. The derivative of the hyperbolic functions
can be defined by

%(sinh T) = % (%(em — e‘”’)) = %(em + e ") = coshu.
Similarly,
%(cosh x) = % (%(ex + 6_:0)) = %(ex —e %) =sinhz.
Applying the quotient rule of derivative we get
L - () -
%(sechx) = —sechz tanhz
%(cosechx) = —cosechx cothz
E(cothx) — —cosech?z.

5.49. Inverse hyperbolic functions.
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arcsinhz. The function f : x — sinhx is one-to-one for any real number z. this means that
the inverse function f~! exists. The inverse hyperbolic sine function is denoted by arcsinhzx.

arctanhz. The function g :  +— tanhz is one-to-one for any real number z. The range of

tanh z is an open interval (—1,1). So the its inverse function ¢! is called inverse hyperbolic

tangent function and denoted by arctanhz.

arccoshz. The function h : z +— cosh z is not a one-to-one for any real number x, so we can
not define its inverse function. However, if we restrict the domain of cosh x for > 0 then we
do have a one-one function. So we consider cosh x for > 0, and define its inverse function
by arccoshz with domain {z: x € R, x > 1}.

5.50. Derivative of inverse hyperbolic functions.
5.51. Derivative of arcsinhz. Let y = arcsinhz, then x = sinh y. By the identity
cosh® y — sinh®y = 1,

coshy = /1 4 sinh?y.

coshy = V1 + 22,

Differentiating x = sinh y with respect y we get

we have

This gives

dx ) dy 1
@ = coshy equivalently P coshy’
Hence
— (arcsinhz) = !

dx V1+a2

5.52. Derivative of arccoshz. The derivative of inverse of cosine function can be obtained
in the same fashion, that is,

1
—(arccoshzr) = ———.
dx( ) vVi+z2—-1

5.53. Derivative of arctanhz. Let y = arctanhx, then z = tanhy. By the identity
sech’y = 1 — tanh®y = 1 — 2°.

we have Differentiating z = tanh y with respect y we get

d
% = sech’y = 1 — tanh®y.
which is equivalent to write
valently % !
equivalen -~ =
d Y e 1— tan? Y
Hence 1
%(arctanhx) =1
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Example 5.54. Find dy/dz, when y = arccosh(3 — 2z).
Solution. Differentiating we get

dy 1 -2

= . —2 pu—
dx (3—2z)2 -1 (=2) V9 — 12z + 422 — 1
-2 -1

V3122 +42° ViZ_3z+2

O
Example 5.55. Find dy/dz, when y = arctanh (2£).
Solution. Differentiating we get
dy 1 3 1 3
had AR — = =
e
16 312
- 16—922 4 16— 92%
U
Example 5.56. Find dy/dz, when y = arcsinh(tan z).
Solution. Differentiating we get
dy 1 9
— = ————sec’
dx VianZz + 1
sec? x
= = sec .
Vsec? x
U
5.57. Derivative of some well known functions.
—(sinz) = cosx —(secz) = secx tanx d _ 1
dx dx — (arcsinx) =
d d dx V1 — 22
—(cosz) = —sinz —(cosecx) = —cosecxcotzr 4 1
d d
x T — (arccosz) = —
2 2 da V1—a?
—(tanz) = sec” z —(cot ) = —cosec” x
dr du — (arctanx) = !
dx 1+a2
d
(et = e d
dac<e )=e —(a’®) = f(2)a’ @ Ina d 1
d o f@y _ preoy @) df 7z ) =
dx () = filz)e —(z%) =2°(1+1nx) d ()
d dl“ T (n f(x)) =
%(az) =ad"lna dx f(x)
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1

%@mhx) = 5" +¢7") = cosha
1

(coshx) = o (e" — ¢ ™) = sinha

d d (sinh
%(tanh r) = e (sm x) = sech’z

coshzx

1
— (arcsinh z) =
dx 2+ 1
1
_ hz) = > 1
o (arccosh z) = x

7

d—(sech$) = —sechz tanh x

T

d—(cosechx) = —cosechx cothx
T

%(cotha:) = —cosech?z .

%(arctanhx) =1 2| <1

1
—(arcsechz) = ————, O0<zx <1
dx( ) /1 — 22
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5.7 Applications of differentiation

The following definitions give the mathematical terminology which will be employed later
on.

5.58. Increasing and decreasing. Let f be a function defined on an interval I and let
and xo be two points in /.

(i) f is increasing on I if 1 < x then f(x1) < f(z2).

(ii) fis decreasing on I if xy < xq then f(x1) > f(x2).

by — axis A .
y — axis

f)
f()

> 1

: . Ll .
x1 <Xz then f(x1) < f(x2) x—axis x; < x; then f(xy) = f(xz) x — axis

Figure 36: Increasing and decreasing functions.

5.59. Strictly increasing and strictly decreasing. Let f be a function defined on an
interval I and let z; and x5 be two points in I.

(i) f is strictly increasing on I if 1 < xo then f(xq1) < f(x2).

(ii) f is strictly decreasing on I if xy < x9 then f(x1) > f(z2).

A y — axis Y

A y — axis

Figure 37: Strictly increasing and strictly decreasing functions.
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5.60. The first derivative test for increasing and decreasing. Suppose that f is
continuous on [a, b] and differentiable on (a, b).

(i) If f' > 0 at each point of (a, b), then f increases on [a, b|.

a, b
(ii) If f' <0 at each point of (a, b), then f decreases on |a, b].

Example 5.61. The function f(x) = x? decreases on (—oo, 0), where f'(z) = 2x < 0. It
increases on (0, c0), where f'(x) =2z > 0. .

5.62. Maximum and minimum points. Let A and B be two points on the graph of the
function f, see Figure 38. At point A, the function stops increasing and starts to decrease.
Similarly, at point B the function stops decreasing and starts to increase. The point A is
called a local mazimum, and the point B is local minimum. The word “local” is used to
stress that A is maximum in its locality. Similarly, B is lowest point in its locality.

In Figure 38(a), if we draw tangents at A and B they will be parallel to the z-axis and so
at these points dy/dx (slope) is zero. However, in Figure 38(b) there are corners at A and B.
It is impossible to draw tangents at these points and so dy/dx does not exists at these points.

‘g — axis ‘y — axis

T — axis I —axis

(a) (b)

Figure 38: Local maximum and local minimum

5.63. Remark. At maximum and minimum points, either:
i) =— =0, or
M -

dy
1) == d t exist.
(ii) It oes not exis

Hence, when searching for maximum and minimum points we need to examine only those
points at which dy/dz = 0 or dy/dz does not exist.

d
5.64. Stationary points. Interior points of the domain of a function where d—y = 0 are
x

called stationary points.
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d
5.65. Critical points. Interior points of the domain of a function where d—y =0 or dy/dx
x
is undefined are called critical points.

5.66. The first-derivative test.

d
Y s positive, and to the right, Y i negative.

dx dx

(i) To the left of a maximum point,

d d
(ii) To the left of a minimum point, d—y is negative, and to the right, d—y is positive.
x x

A Y — axis

T — axls

Figure 39: Derivatve is positive (negative) from left (right) side of maximum point

Example 5.67. Determine the nature of all maximum and minimum points of
y=—2"+z+1.

Solution. We get ' = —2x + 1, and this function exists for all values of z. Solving ¢y = 0
we have

1
—2xr+1=0 so x:§'

We conclude that there is turning point at z = % The y-coordinate here is

(Y
=\2) T2 Ty
We now inspect the sign of ¥ to the left and to the right of z = 1/2.
A little to the left, say at = 0, we see that ¢y = —2(0) + 1 = 1 which is positive.

A little to the right, say at = 1, we see that ' = —2(1) + 1 = —1 which is negative.
Hence there is a maximum at the point (1/2,5/4). O
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Rather than examine the sign of 3’ on both sides of the point, a second-derivative test
may be used.

On passing through a maximum point 3’ changes from positive to 0 to negative, as show
in Figure 39. Hence v/ is decreasing. If 3y is negative then this indicates v/ is decreasing
and the point is there a maximum point, 3’ increases, going from negative to 0 to positive,
see Figure 40. If 3" is positive then 3’ is increasing and this indicates a minimum point.

A Yy — axis

y = flx)

T — axis

Figure 40: Derivatve is negative (positive) from left (right) side of the minimum point

So, having located the points, where y' = 0, we look at the second derivative y”. Thus
y" > 0 implies a minimum point, and y~ < 0 implies a maximum point. If y* = 0, then we
examine the sign of 3’ on the both sides of the point.

5.68. The second-derivative test.

(i) If y = 0 and y” < 0 at a point, then this indicates that the point is a maximum turning
point.

(ii) If ¥ = 0 and y” > 0 at a point, then this indicates that the point is a minimum turning
point.

(iii) If ¥ = 0 and y” = 0 at a point, then the second derivative test fails and first-derivative
test should be used.

5.8 Extrema

5.69. Absolute extreme values. Let f be a function with domain D. Then f has an
absolute mazximum value on D at a point c if

f(x) < f(e) forall zin D
and an absolute minimum value on D at c if

f(z) > f(c) forall zin D.
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Absolute maximum and minimum values are called absolute extrema.

‘ y-axis

Absolute min

Absolute max

Local max

Local max

Laocal min

Abdolitte min :
1

L
a c d

nph———,———————

Figure 41: Absolute maximum and absolute minimum.

Example 5.70. Find the absolute maximum and minimum values of f(z) = z? on [-2, 1].

Solution. The function is differentiable over its entire domain, so the only critical point is
where f'(x) = 2z = 0, namely x = 0. We need to check the function’s values at x = 0 and
the endpoints x = —2 and = = 1:

Critical point value f(0) =0
Endpoint values f(—2) =4, f(1)=1.

The function has an absolute maximum value of 4 at x = —2, and an absolute minimum
value of 0 at = = 0. O

Example 5.71. Find the absolute extrema values of g(z) = 8t — ¢* on [—2, 1].

Solution. The function is differentiable over its entire domain, so the only critical points
occur where

gt)=8—4t>=0.

Solution of this equation is ¢t = 2'/% & 1.26, this point is not in the given domain. Therefore
the function’s extrema occurs at the endpoints, they are,
absolute minimum: g(—2) = —32, absolute maximum g(1) = 7. O

5.9 Main theorems on differentiation

5.72. Max-Min Theorem. If f is continuous at every point of a closed interval I, then f
assumes both an absolute maximum value M and an absolute minimum value m somewhere
in I. That is, there are numbers x1 and x5 in I with f(x1) =m, f(x2) = M, and

m< f(z) <M

for every other x in I.
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5.73. Rolle’s Theorem. If a function f(x) is continuous on a closed interval [a,b], differ-
entiable on the open interval (a,b). If

fla) = f() =0,
then there is at least one number ¢ in (a,b) at which
7(e) = 0.
y — axis
y — axis fle1)=0

fe)=0

=== mm = ———

~
A
Q
[¥]
o
o«

/a

b —
| T axis
a (&
I \b I — axis

Figure 42: Geometrical meaning of Rolle’s Theorem

5.74. The Mean Value Theorem. Suppose y = f(z) is continuous on a closed interval
la, b] and differentiable on (a, b). Then there is at least one point ¢ in (a, b) at which

£(0) = f(@)

Flo=505—

The Mean Value Theorem says that at some interior points the instantaneous change
must be equal the average change over the entire interval.

Example 5.75. If a car accelerating from zero takes 8 seconds to go 152 m, its average
velocity for the 8-sec interval is
152/8 = 19 m/sec.

At some point during the acceleration, the Mean Value Theorem says, the speedometer must
read exactly 68.4km/h (19m/sec), see Figure 44.
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A

Yy — axis

chord

slope of chord
(f(b)-f{a))/(b-a)

/ a ¢ b T — axis

Figure 43: Geometrical meaning of Mean Value Theorem

N—Car's speed
was 68 km/h

Figure 44: Speed of car
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6 L’Hopital rule

6.1. Indeterminate form. If functions f(x) and g(z) are both zero at x = a, then

i L)
alcl—I>Ha g(x)

cannot be found by substituting z = a. The substitution produces 0/0, a meaningless
expression known as an indeterminate form.

Theorem 6.2. Suppose that f(a) = g(a) = 0, that f'(a) and ¢'(a) exist, and ¢'(a) # 0.

Then )
flz) _ f'(a)
m-=r-< ==
wvag(z)  g'(a)
Proof. By the definition of derivative we get

-0 _
L@ @ -0 () - f()
r—a g(m) T—a g(x) -0 T—a g(x) — g(a)
f(z)—f(a)
= lIm @
lim,_,, £&=f(@)
- lim,_,, 4#)=9(a)
_ f@
g'(a)
O
2v — 1
Example 6.3. Find lim M.
x—0 3$
Solution. The quotient has the indeterminate form 0/0. By L’Hopital rule we get
. cosr+ 2z —1 . —sinz+2 2
lim =lim —— = —.
z—0 3z z—0 3 3
OJ

Sometimes we need to employ L’Hopital rule several times in the same problem, as
illustrated in the next example.

T - _9
Example 6.4. Find lim L.
z—0 1 — cos2x

Solution. The quotient has the indeterminate form 0/0. By L’Hopital rule,

. P +e =2 . et —e”

lim — = lim ———.

z—0 1 — cos2x z—0 28in 2x
Since the last quotient has the indeterminate form 0/0. Applying L’Hépital rule second time
we get
) T—e™® .o +e™™ 1
lim —— =lim —— = —.
z—0 2sin2x  =—0 4cos2x 2

(&

L’Hopital rule is also valid for one-sided limits, as illustrated below.
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4t
Example 6.5. Find lim ﬂ.
z—(n/2)- 1 +secx

Solution. The quotient has the indeterminate form co/oc. By L’Hépital rule,

. 4tanz . 4sec? . 4secx
lm ———= lim —— = lim )
z—(r/2)- 1 +secx z—(n/2)~ secx tanx z—(r/2)~ tanzx

The last quotient has again indeterminate form co/oo at x = /2. If any additional appli-
cation of L’Hépital rule produces the form oo/oco. Then we should change the quotient by
applying the trigonometric identities.

_ 4dsecx , 4/ cosx _ 4
lim = lim ——— = lim - =4
z—(r/2)~ tanx z—(m/2)~ SIn iC/ COS T z—(m/2)~ SIN T
O
Suppose
lim f(z) = lim g(x) =0.
T—>00 Tr—00
If we let u = 1/x and apply L’Hopital rule,
1 D,f(1
i 1@ Q) D)
o0 g(x)  u—0t g(1/u)  u—=0t Dyg(1/u)
here D, = d/du. By the Chain rule,
Dyf(1/u) = f'(1/u)(=1/u?) and D,g(1/u) = ¢'(1/u)(~1/u?).
Substituting in the last limit and simplifying we obtain
(1 -1 2 (1 /
i J@ oy S ) ()
oo g(x)  ws0t ¢ (1/u)(—=1/u?) w0t ¢'(1/u)  2—o0 ¢'(x)
We shall also refer to this as L’Hopital rule.
Example 6.6. Find lim ln_x
T—00 A/ T
Solution. The quotient has the indeterminate form co/oc. By L’Hépital rule,
1 l 2 2
tim B2 i = i 2 2,
O
63:(:
Example 6.7. Find lim —-.
rT—o0 U
Solution. The quotient has the indeterminate form oo/co. By L’Hopital rule,
63512 3633: ] 9639&
lim — = lim = lim = 00.
x—00 T x—00 20, z—o0 2
O
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6.8. Indeterminate product and differences. We can sometimes handle the indetermi-
nate forms 0 - co and oo — oo by using the algebra to get 0/0 or co/oo.

Example 6.9. Find lim zcotx.

z—0t

Solution. Simplification yields

1
lim zcotz = lim x-
z—0+ z—0+ tanx
0
= lim now the quotient has the indeterminate form —
z—0+ tan x 0
1 1
= lim =-=1.
z—0t sec?xr 1
O
. . 1 1
Example 6.10. Find lim | — —— .
z—0 \sinz
Solution. If x — 0%, then sinz — 07 and
1 1
— — — — 00 — 00.
sinr
Similarly, if x — 07, then sinz — 0~ and
1 1
— — — > —00 — (—o0) = —00 + 0.
sinr

We don’t get any information what happens in the limit. To find out, we first combine the

fractions. _
1 1 T —sinx

sinx T rsinz
By applying L’Hopital rule we obtain

. 1 1 . x—sinx | . 0

lim [ — - — = lim ——— indeterminate form —

z—=0 \sinz =z z—0 rsinx 0
1—cosz 0
= lim ——  still indeterminate form —
z—0 sinx + x cosx 0

sinx 0
= lim =—-=0.

z—02Cc0Sx — xrSinx 2

O

6.11. Indeterminate powers. Sometimes substitution of limiting values produce the in-
determinate forms of the following types

1, 0%, o0® and 0.
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These forms can be handled by taking logarithms first, and then limit can be found by ap-
plying the L’Hopital rule.

If lim,_,, In f(z) = L, then

lim f(z) = lim e™/@ = &
T—ra Tr—a

where a may be either finite or infinite.

Example 6.12. Show that lim (1 4 z)Y* = e.

z—0t

Solution. The limit leads to the indeterminate form 1. We let f(x) = (14 x)"/* and find
the lim,_,o+ In f(x). Since

In f(x) = In(1+z)"/* = éln(l + ).

By L’Hopital rule, we obtain

In(1 0
lim In f(z) = lim In(l +2) indeterminate form —
z—0t z—0t x
1/(1 1
A e ) B )
z—0t 1 1

Therefore,

li 1 1/{17: li — i In f(z) — ol )
L= iy Sl = i T ==
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7 Integration (antiderivative)

7.1
Antiderivative. A function F'(z) is an antiderivative of a function f(z) if
F(z) = f(z)

for all x in the domain of f. The set of all antiderivatives of f is the indefinite integral of f
with respect to x, denoted by
/ f(x)de.

The symbol [ is an integral sign. The function f is the integrand of integral and x is the
variable of integration.
We indicate this in integral notation in the following way:

/f(a:) dr = F(z) + C.

where C'is the constant of integration or arbitrary constant. The above formula is read, “the
indefinite integral of f with respect to = is F'(z) + C”.

Indefinite integral.

Example. Evaluate [ 2z dx.
Solution. We obtain
_ 2
/ 2xdr = x + C
antiderivative of 2x  arbitrary constant
The expression 22 + C' generates all the antiderivatives of the function 2z. The functions
22+ 1, 22 — 7, and 22 + /5 are all the antiderivatives of the function 2.

The following table lists a number of standard integrals forms side by side with their
derivative formula.

Derivative formula Indefinite form

d l.nJrl . . xn+1
%(n+1>_$ /x dx—n+1+0, n#1
%(a:)zl [ldz =2+ C
i(sinx) =cosz [cosxde =sinz +C
x

d—(cosx):—sinx [sinzdr = —cosz + C

—(tanz) = sec® z [sec? xdx = tanx + C

T

2

— (—cotx) = cosec’x [ cosec’z dz = —cota + C
T

—(secx) = secx tanx

ddx
—(—cosecz) = cosecz cotx
¥ x( )

[secztanz dr = secx + C

f cosecz cotx dr = —cosecx + C.
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Example 7.1. Find the antiderivative of the following:

(i)

6+1 7
6 gy = — c=".1¢
/xx 61 T Te

(i)
p—1/241

1
E— = - :2
/\/de _1/2+1+O Vo + C,

(i)
cos(3x)

/sin(?)x) dr = — 3 +C.

7.2. Rules for indefinite integrals.

(i) Constant multiple rule:

/kf(m)dx_k/f(x)dx
/—f(x)dx:—/f(x)dx

/[f(x)j:g(x)]dx:/f(x)dxj:/g(:c)dx.

(ii) Rule for negative

(ili) Sum and difference rule:

The sum and difference rule for integration enables us to integrate expressions terms by
term.

Example 7.3. Evaluate
/ (z* — 3z +5) dz.

Solution. By sum and difference rule we get

/x3—3x+5d$ = /x?’da:—/i%xdx—l—/ﬁ)da:

4 32

== %—FCH—%—FCQ—FE)JI—FC;;
z* 3a?

== Z—T+5$+C,

we combine C7, Cs, and (5 into a single constant C' = C} + Cs + Cs.

7.4. The integrals of sin?z and cos?z. Sometimes we use trigonometric identities if we
do not know how to find a integral of some trigonometric function. The integrals formulas
for sin? z and cos? z arise frequently in applications.
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Example 7.5. Evaluate

(a) /Sin2xdx _ /%S(Q@dx
_ %/(1 — cos(2z)) dz = %/.ldx—%/cos@x) da

1 1sin(2
1 sin(2x)

1 2
(b) /costda: = /—'—C+(I)dm

1 1 1
= 3 / (1 + cos(2x)) dx = 5/1d$ + 5 /COS(Zx) dx
1 1 sin(2x) x  sin(2z)
x4+ -——+C=—-+——-+C.
295 + 5 9 + 5 + A +
7.6. Change of variables. Suppose F' is an antiderivative of a function f, and g is a
differentiable functions such that g(z) is in the domain of F' for every z in some closed
interval [a,b]. We may then consider the composite function defined by F'(g(x)) for all z in
la,b]. Applying the Chain rule, and the fact that F' = f, we obtain

d

L F(g(x)) = F'(g())g' () = (g(e))g/ (@)

This, in turn, gives us the integration formula

/ F(9(x))g(z) dz = F(g(x)) + C, where F' = f.

Finding indefinite integrals in this way will be referred to as a change of variable or as the
method of substitution. This can be summarized as below.

Theorem 7.7. Given [ f(g(z))d' (x)dx, let u = g(x) and du = ¢'(x)dx. If F is an an-
tiderivative of f, then

[ st @an = [ sy = )+ C = Flgt) +.

Theorem 7.8. Given u = g(x), where g is a differentiable function. If n is a rational

number such that n # —1, then
n+1
/ u" du = — +C
n+1

Example 7.9. Evaluate /(29& + 3)* du.

Solution. Let u = 2z + 3. Then du/dx = 2 or du/2 = dz. By substituting we have

du 1 1ub (22 + 3)°
4—:— 4 _ —-— e ——
/u2 2/udu 25+01 10 + C.
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Example 7.10. Evaluate /(Qx?’ + 1) 2? da.

Solution. If we let u = 223 + 1, then du = 6z2dz. To obtain the form of Theorem 7.8, it
is necessary to introduce the factor 6 in the integrand. Making substitution and integrating
we get

1
/(2m3+1)7x2dx = 6/(2x3+1)76x2d:17

_ é/(u)7du=é(%8+cl>

(e )

6 8
1
= E(2x3 +1)°+C.

COSVT
\/5

Solution. If we let u = /x, then

Example 7.11. Evaluate /

du:idx or Qduzidx.
T

2\ v

Making substitution and integrating we get

/CO\S/EIde = /cosu-ZduzQsinu—f—C

= 2sinyx +C.

Example 7.12. Evaluate /332 sin(z?) du.

Solution. If we let v = 23, then
du=32*dr or — =az*dx.
Making substitution and integrating we get
1
/x2 sin(z%)dr = 3 /sinudu
1
= §(_ cosu+ C)
1
= 3 cos(z®) + C.
7.2 Initial value problems
Definition 7.13. An equation of the form

dy
%—f@)



Barkat Bhayo First course in EM

involving derivative of the dependent variable with respect to independent variable is called
a differential equation. The problem of finding a function y of  when we know its derivative
and its value yq at a particular point xq is called an wnitial value problem.

Example 7.14. The acceleration of gravity near the surface of the earth is 9.8 m/ sec’. This
means that the velocity v of a body falling freely in a vacuum changes at the rate of
dv

pn = 9.8m/sec’.

If body is dropped from rest, what will its velocity be in t seconds after it is released?

Solution. In mathematical terms, we want to solve the initial value problem that consists of

d
the differential equation: d_: =938

the initial condition: v =0, when t = 0, (written as v(0) = 0).
We fist solve the differential equation dv/dt = 9.8 both sides with respect to ¢

[ = [osa

U+Ol == 9.8t+02
v = 9.8t 4+ C constants combined.

The body’s velocity v in t seconds into the fall is 9.8t + C' m/sec for some value of C. What
value? We found out from the initial condition:

v = 98t+C
0 = 980)+C, v(0)=0
C = 0.

Conclusion: The body’s velocity v in ¢ seconds into the fall is
v = 9.8t m/sec.

U

Example 7.15. Find the curve whose slope at the point (z,y) is 322 if the curve is required
to pass through the point (1, —1).
Solution. Here we are asked to solve the initial values problem that consists of

d
the differential equation: & _ 322

x
the initial condition: y(1) = —1.
To solve it we first solve the differential equation dy/dx = 322

/dyd = /szdx

= 23+ C constants are combined.
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We find the value of C' from the condition y(1) = —1:

y = 234+C
-1 = (1)°+C, y(1)=-1
c = =-2.
The required curve is y = 2° — 2. O

If a differential equation is involving the second derivative, then its first integration

—dt — —i— C,
dt?
gives the function’s first derivative. The second integration gives the function.

AS

|
1
1
1
‘ Projectile

Height

Ground

Figure 45: Projectile

Example 7.16. A heavy projectile is fired straight up from a platform 3 m above the ground,
with an initial velocity of 160 m/sec, see Figure 45. Assume that the only force affecting
the projectile during its flight is from gravity, which produces a downward acceleration of
9.8 m/ sec’. Find an equation for the projectile’s height above the ground as a function of
time t if ¢ = 0 when the projectile is fired. How high above the ground is the projectile 3 sec
after firing?

Solution. Let s denotes the projectile’s height above the ground at time ¢. We assume s to be
a twice differentiable functions of ¢ and represents the projectile’s velocity and acceleration
with derivatives
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Since gravity acts in the direction of decreasing s, the initail values problem to solve is the

following
. . . d*s
the differential equation: e —9.8
d
the initial condition: d—j(O) =160 and s(0)=3.

Integrating the differential equation we get

= —9.8t+ (.
dt M
We apply the first initial condition to find C
160 = —9.8(0) + Cy
Now we have
ds _ —9.8t + 160
a7 '

We integrate this differential equation and get

/—dt = /(—9.8t+160)dt

= —4.9¢> 4+ 160t + Cs.
We apply the second initial condition and find Cy

3 = —4.9(0)* +160(0) + C,
02 - 3

This gives the formula for s as a function of ¢, that is,
s = —4.9t* + 160t + 3.
Setting ¢t = 3, we get the height

s =—4.9(3)* + 160(3) = 438.9m.

7.3 Riemann sums and definite integral

7.4 Sigma notation.

We use the capital Greek letter > (“sigma”) to write an abbreviation for sum. The symbol
> p_; @y denotes the sum
ay +ag +az+ ...+ a,.
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The a’s are the terms of the sum Y ,_, a,, a; is the first term, ay is the second term, a,, is
the nth term. The variable £ is the index of summation. The values of k run through 1 to
n. The number 1 is the lower limit of summation, and the number n is the upper limit of
summation.

Example 7.17.

5

(a) d k=1+2+43+4+5=15
k=1
3

(b) S (DFk = (=114 (-1)°2+ (-1)’8=-1+2-3= -2

k=1

k 1 2 7

2
@ 2T tari e

Example 7.18. Express the sum 1+ 3+ 54 7+ 9 in sigma notation.
Solution.

starting with k=0: 14+3+5+74+9 = Y (2k+1)
starting with k=1: 1+3+5+7+9 = » (2k—1)
starting with k=2: 1+3+5+7+9 = > (2k—3)

starting with k= —3: 1+3+5+7+9 = » (2k+7).
k=-3

Summation formulas. The following formulas defined the sum of:
(i) the first n integers Zn: Lk — n(n+1)
° 2

n(n+1)(2n+1)
6

(17) the first n squares Z k* =

1
(73i) the first n cubes Z k* = < nT ))

7.19. Riemann sums. Given an arbitrary continuous function y = f(x) on an interval
[a, b], see Figure 46, we partition the interval into n sub-intervals by choosing n — 1 points,
say

X1, T, T3y - v vy T
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between a and b subject only to condition that
A< T <Tya<x3<...<Ty <b.
To make the notion consistent, we usually denote a by z¢ and b by x,,. The set
P ={xg, x1, T2, ..., Ty}
is called a partition of [a,b]. The partition P defines n closed sub-intervals

[:E(b $1]7 [:L‘17 1:2]7 [.TQ, ‘7/'3]7 ey [xn—lwrn]'

The typical closed sub-interval [xy_1, ] is called the kth sub-interval. The length of the kth
sub-interval is
AiL‘k =T — T—1-

In each sub-interval [zj_1,x)] we select a point ¢, and construct a vertical rectangle from
the sub-interval to the point (cx, f(cx)) on the curve y = f(x). The choice of ¢; does not
matter as long as it lies in [zy_1, zx).

If f(cx) is positive, the number

f(cx)Azy, = height x base

is the area of the rectangle. If f(cx) is negative then f(c;)Axy is negative of the area. In
any case, we add the n products f(cx)Axg to form the sum

Sp = fle) Az + f(c)Axz + ..+ flen1)Any + f(ea)Azy =D flex) Az
k=1

This sum, which depends on P and the choice of the numbers ¢y, is called a Riemann sum
for f on the interval [a, b].

7.20. Norm of partition. The norm of a partition P is the partition’s longest sub-interval
length. It is denoted by
||P|| (read “the norm of P”).

When the partitions of the interval approach zero, then sub-intervals become shorter and
their number approach infinity.

Example 7.21. The set P = {0, 0.2, 0.6, 1, 1.5, 2} is a partition of [0,2]. There are five
sub-intervals of
P [0,0.2], [0.2, 0.6], [0.6, 1], [1, 1.5], and [L.5, 2.

The length of the sub-intervals are
Ax; =02, Azy =04, Axs =04, Axy = 0.5, and Azs =0.5.

The longest sub-interval length is 0.5, so the norm of the partition is ||P|| = 0.5.
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()

ey flc)

Figure 46:

7.22. Limit of Riemann sums. Let f(z) be a function defined on a closed interval [a, b].
If the limit

1P]|=0 4=

n
lim Zf(ck)Axk
k=1
exists, then we write

n b
lim Zf(ck)Aka/ f(z) dz,
k=1 a

|1P|—0
which is read “integral of f from a to b”.

Example 7.23. Express the limit of Riemann sums

lim 2¢2 — 2¢;, + 5)Ax
||P|+o,;( e~ 20+ 5)Az

as an integral if P denotes a partition of the interval [—1, 3].

Solution. The function being evaluated at ¢; in each term of the sum is
fler) =2c2 — 2¢;, + 5.

The interval being partitioned is [—1,3]. The limit is therefore the integral of f from —1 to
3.

n

3
lim Z(Zci —2¢p + 5)Axy = / (22% — 22 + 5)dz.

P||—0
1[0 £ -1
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7.24. Rules for definite integrals.
(i) Zero
/ f(z)dz =0.

/abf(x) dz = —/baf(x) dz.

/abkf(x)dx _ k/abf(x)dx.

(ii) Order of integration
(iii) Constant multiples

(iv) Sums and differences

/ab [f(z) £ g(x)] dv = /abf(x) dﬁi/abg(@ de.

/abf(az)der/bcf(w)dx _ /acf(x) da.

(vi) Max-Min inequality: if max f and min f are the maximum and minimum values of the
function f on [a,b], then

(v) Additivity

b
min f - (b —a) §/ f(z)de <max f-(b—a).
(vii) Domination: if f(z) > g(x) > 0, then
b b
/ f(z)dx > / g(x)dz > 0.

7.25. The fundamental theorem of calculus. Suppose f is continuous on a closed
interval [a, b].

(i) If the function F is defined by

F(z) = /abf(x) dz

for all x in [a,b], then F is an antiderivative of f on [a,b].

(i1) If F is any antiderivative of f, then

b
/ f(z)dx = F(b) — F(a).
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7.5 Applications of integration

Area under the curve. Let f(x) > 0 be continuous on |a,b|. The area A of the region
between the graph of f and the x-axis is

b
A= / f(z)dux.
Example 7.26. Find the area of the region between the z-axis and the graph of the function
flx) =2 —2* -2, —-1<2<2.
Solution. First find the zeros of the function f. Since
flx)=2"—2* 20 =0(2* —2-2) =2(x +1)(z — 2),

the zeros are x = 0, —1 and 2. The zeros partition [—1, 2] into two sub-intervals: [—1,0], on
which f > 0 and [0,2], on which f < 0. We integrate f over each sub-interval and add the
absolute values of the calculated values.

10 -05 |
~0.5!

10
15

_2.0

Figure 47: f(x) =23 —2?> — 2z, —-1<z <2

0 %‘4 .TS 0
Integral over [—1,0] : / (2% —2* — 22)dr = [_ _ 332}
-1

1 4 3
1 1 5
= —|-4+==1| = —.
0 [4+3 ] 12
2 .l’4 (L‘3 2
Integral over [0, 2] : /(a:3—g;-2—2x)dx = {____3;2]
0 4 3 0
8 8
= |4—=—4|—-0=—=.
15103
5 8 37
The total losed = — — | = —~3. its.
e total enclosed area 12—1—‘ 3’ B 3.08 units
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7.27. The mean value theorem for definite integrals. If f is continuous on [a,b], then
at some point ¢ in [a,b],

1 b
10 = 5= [ fa)de
Proof. If we divide both sides of the Max-Min inequality (Rule 6) by (b — a), we obtain

1
b—a

min f <

/b f(z)dx < max f.

Since f is continuous, the intermediate value theorem for continuous functions says that that
f must asume every value between min f and max f. It must therefore assume the value

bia/abf(x)dx

at some point ¢ in [a, b]. O

7.28. Average value of a function. If f is integrable on [a,b], then its average (mean)
value (av) on [a,b] is

w(f) = = [ fla)d.

Example 7.29. Find the average value of f(z) =4 — 2% on [0, 3].

Solution.
) = o [
— av(f) = ﬁ 03(4—x2)da: _ é {41; - ‘%312
- 3| (1= EF) —0-0] - ju2-9 -
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The average value of f(x) =4 — x? over the interval [0, 3] is 1. O

It is possible that the region bounded by the curves f(z) and g(x) might accidentally have
a shape whose area we could find with geometry. But if f and g are arbitrary continuous
functions we usually have to find the area with an integral.

Suppose we want to find the area of a region that is bounded above by the curve y = f(z),
below by the curve y = g(x), and on the left and right by the lines z = a and = = b. We
approximate the region with n vertical rectangles based on a partition

P{zg, x1, x3, ..., Ty}
of [a, b]. The area of the kth rectangle is
AAj, = height - width = [f(cx) — g(cr)|Axy.

By applying Riemann sum, we then approximate the area of the region by adding the areas

of the n rectangles:
n

AR AA =) [fler) — gler) Az

k=1

As ||P]| — 0 the sums on the right approach the limit

b
[ 1@ - g()da

because f and g are continuous. We take the area of the region to be the value of this

integral, that is,

A= lim Y Ife) ~ gleda = [ (@) - glo)ds

1Pl[=0 &=

The preceding discussion may be summarized as follows.

Definition 7.30. (Area between curves) If f and g are continuous with f(z) > g(x) for
all z in [a, b], then the area of the region bounded by the curves y = f(x) and y = g(x) from
a to b (x = a and = = b) is the integral of of the form

A= [ (@) - gl)) do

Example 7.31. Find the area of the region bounded by the curves y = 2 — 22 and y = —x.

Solution. The upper and lower curves are f(r) = 2 — 2% and g(z) = —x, respectively. The
limits of integration are the z-coordinate of the points of intersection of these curves, which
can be obtained by solving y = 2 — 2% and y = —x for x:

2—$2:—I7 .7}2—I'—2:07 (LU—}—]_)(ZL'_2>:O, x:_]"xZQ
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region

—

e

g(x)

Figure 49: Region bounded by curves f(x) and g(z), z =a, z =b

Figure 50: Region bounded by the curves y = 2 — 2% and y = —x
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Hence the limits of the integration are a = —1 and b = 2. Applying the Definition 7.30 we
obtain

A—/ab[f(iv)—g(fﬂ)]dfﬁ' - /2[2”—%21“‘[2“:6_2‘@121

1 2 3
4 8 1 1
= 44+=-—=—=| —-|-24+=+=
4552 ae ]
3 9 9 )
= 6+§—§—§—4.5un1ts.

O

Example 7.32. Find the area of the region R bounded by the graphs of y—2 = 6, y—a% =0
and 2y +z = 0.

Figure 51: Region bounded by the graphs of y —2 =6,y — 2 =0and 2y + 2 =0

Solution. Here the area of the Region R cannot be found by using only one definite integral.
However, we divide R into two subregions R; and R, see Figure 51.

For region R; the upper and lower boundaries are the lines y = z + 6 and y = —x/2,
respectively, and the corresponding limits are x = —4 and x = 0. Applying Definition 7.30,
the area A; of Ry is

Alz/ab[f(x)—g(:v)]d:x - /Z[(erG)—(—g)]dx:/_Z Ex+6}dm

3 0
= L—lx? + 6:;:} =0— (12 — 24) = 12 units.
—4

For region R, the upper and lower boundaries are the lines y = z+6 and y = 23, respectively,

and the corresponding limits are x = 0 and = = 2. Again by applying Definition 7.30, we
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obtain the area A, of Ry as follows

X

Az:/ab[f@)—g(x)]dx _ /02[(9;+6)—933}d9::{x_2+6x—_4]4

2 4,
= (2412—4)— 0= 10 units.

Therefore the area of the entire region R = Ry + Ry is,
Ay + Ay =12+ 10 = 22 units.
O

7.33. Arc Length. A function f is said to be smooth on an interval if its derivative f’
is continuous throughout the interval. We intend to define what is meant by the length of
arc between the two points A and B on the graph of a smooth function.

If f is smooth on a closed interval [a, b], the points A(a, f(a)) and B(b, f(b)) will be
called the endpoints of the graph of the function f. Let us consider the partition P of [a, b]
determined by

a = xg, L1, T, ..., Ty, = b,

and let p; denote the point with coordinates (x;, f(x;)). This gives us n + 1 points

bo, P1, P2, -+ -, Pn—-1, Pn

on the graph of function f. We connect each p;_; to p; by a line segment of length d(p;_1, p;),
then the length Lp of the resulting broken line is

Lp = Zd(pi—la pi) .
i=1

If the norm ||P|| of the partition is small, then p; ; is close to p; for each i, and we expect
L, to be an approximation to the length of arc between A and B.
In order to formulate this concept, let us start from by considering the distance formula,

d(pi—1, pi) = \/[%7 vi)? 4 [f(z) = fzim)]
Applying Mean Value Theorem
f(xi) = f(wi1) = fe)(wi — 2i1)

where ¢; is in the open interval (z;_q, x;). Substituting this into preceding formula and
letting Ax; = x; — x;_1, we obtain

d(pi-1, pi) = V[Az? + [f'(e;) A2 = /1 + ['(c:)]? Az,

Consequently,
Ly =Y V1+[f(c)P A
i=1

If the norm ||P|| is small, then the length Lp of the broken line should approximate the
length of the graph of f from A to B.
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Definition 7.34. (Arc length) Let the function f be smooth on a closed interval [a, b].
The arc length of the graph of f from (a, f(a)) to (b, f(b)) is given by

= / V1+[f(2)]?dx.

Example 7.35. If f(z) = 32%° — 10, find the arc length of the graph of f from the point
A8, 2) to B(27, 17).

Solution. Since f’(x) = 20~/3. Using Definition 7.34 we obtain

/ 27 \/132/37
27 _ /1 —
L3 —/ 1/3 d:v / —zdr = / B dz.
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7.36. Solids of revolution. The volume of an object plays an important role in many
problems that arise in the physical sciences. For example, it is essential to know the volume
in order to find the centre of gravity or moment of inertia of a homogeneous solid. The task
of determining the volume of an irregularly shaped objects is often difficult.

If a region in a plane is revolved about a line in the plane, the resulting solid is called a
solid of revolution, and the solid is said to be generated by the region.

The line about which the revolution takes place is called an azis of revolution.

If the region bounded by the graph or continuous non-negative valued function f, the
x-axis and the graph of x = a and x = b (see Figure 52) is revolved about the z-axis, a solid
of the type show in Figure 53.

N

y=f(x)

IS
S

Figure 52: Region bounded by f, the x-axis and the lines z = a and z =0

© y =10

Figure 53: Solid generated by revolving the region given in Figure 52
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For example,

e if f is a constant function, then the region is rectangular and the solid generated in a
right circular cylinder.

e if the graph of the function f is a semicircle with end points of a diameter at the points
(a, 0) and (b, 0) where b > a, then the solid of revolution is a sphere with diameter
b — a, see Figure 55

e if the given region is right triangle, then the solid of revolution generated by it right
circular cone, see Figure H4.

/\y

Figure 54: Revolving a triangle

Figure 55: Revolving half cirlce

If a plane perpendicular to the x-axis intersects the solid, see Figure 52, then a circular
cross section is obtained. The plane passes through the point on the x-axis with x-coordinate
at ¢, then the radius of the circle is f(c) and hence its area is 7[f(c)]>. We can obtain the
definition for the volume of solid revolution by using Riemann sums.

Suppose f is continuous and f(z) > 0 for all = in [a, b]. Consider a Riemann sum
> fei)?Ax;, where ¢; is any number in the ith subinterval [2;_1, ;] of a partition [a, b].
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Observe that the ith rectangle generates a circular disc (a “flat” right circular cylinder) of
base radius f(¢;) and altitude (thickness) Az; = x; — x;_1. The volume of this disc is the
area of the base times altitude, that is,

7[f(c) P Ax;.

The sum of the volumes of all such discs is the volume of the solid (see Figure 56) is given

by
> wlf () Az,

i

([T
il

Figure 56: Disks generated by the partitioning the solid

Now we are in the position to define the volume of revolution as the limit of this sum as
follows.

Definition 7.37. (Volume of the solid of revolution) Let f be a continuous on [a, b].
The volume V of the solid of revolution generated by revolving the region bounded by the
graphs of f, x = a, x = b and the x-axis about the z-axis is

- |1131|1|r_1>027r (¢i) A:):Z—/a [ f(2)]? dz.

Example 7.38. Find the volume of the solid generated by revolving the region under the
graph of the function f(z) = 2%+ 1 from —1 to 1 about the z-axis.
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Solution. Applying Definition 7.37 we obtain

1 1
V = /W[xQ—i—l]Qd:E:/ mlz* + 222 + 1] dx

1

x® 223 !
= W[€+T+£L“|l

= L2 L 2

- TI\573 5 3
56

_ 1—§z11.73units.

O

Definition 7.39. Let f be a continuous on [a, b]. The volume V of the solid of revolution
generated by revolving the region bounded by the graphs of x = g(y), y = a, y = b and the
y-axis about the y-axis (see Figure 57) is

n

V = lim W[g(ci)]szi:/ wlg(y))* dy.

[|P]]—0 “—
=1

Example 7.40. Find the volume of the solid generated by revolving the region by the y-axis
under the graphs of f(z) =23, y =1 and y = 8 (see Figure 58).

Solution. Write g(x) = y'/3. Applying Definition 7.39 we obtain

8 8
V= = /W[y1/3]2dy=7r/ v dy
1 1
3T cs 3T s ,
= SR = R -1
9371

= ? ~ H8.43 units.
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—

Figure 57: Revolution about y-axis

AY
r = qyl/3
>
Figure 58:
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U

7.41. The washer formula for finding volume. Let us consider a region bounded by
the graphs of = a, x = b and of two continuous functions f and g where f(z) > g(z) >0
for all z in [a, b]. If this region is revolved about the x-axis may be obtain a solid of the type
illustrated in Figure 59.

Note that if g(z) > 0 for all z in [a, b], then there is a hole through the solid.

Ay

5"3\{

Figure 59: Volume of washer

The volume V may be found by subtracting the volume of the solid generated by the
smaller region from the volume of the solid generated by the larger region. This can be
obtained by using Definition 7.37

vzliw@ﬂwx_Lﬂwmwmx:/Uﬂﬂwf—quhm

a

equivalently,
b
V= [ @) o)} do. (7.42)
In other words, formula (7.43) can be written as

Volume of the washer = 7[(outer radius)® — (inner radius)?] - (thickness). (7.43)

Example 7.44. Find the volume of the solid, which is obtained by revolving the region
bounded by the graphs of the equations 2> =y —2, 2y —2 —2 =0, 2 = 0, and z = 1 about
the z-axis.

Solution. We obtain y = 22 + 2 and y = %x + 1 by solving the first two equations for y in
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terms of z. Using formula (7.43) we obtain

1 1 2
vV = /7r (a:2+2)2—<—:c+1>
0 2
! 1
= 7r/ (x4—|——5:c2—:c—|—3) dx
0 4

1

dx

1 5 1
= 7T [gﬁ + 1x3 — §x2 + 3x]0

= 79—7T ~ 12.41 units.
20

O

Example 7.45. Find the volume of the solid generated by the region described in Example
7.44 about the line y = 3.

Solution. As we know that the line of revolution is y = 3. Therefore the radii of this washer
are as follows:

Inner radius = 3 — (2% +2) = 1 — 22

Outer radius = 3 — (%x + 1) =2 %:c

Utilizing the formula (7.43) we obtain

V = /Olwl(Q—%x>2—(1—x2)2] dx
= 7T/01{(4—21’+i$2)—(1—21‘2—|—$4)} dx
9

3 11"
= 7|3z —a2%+ 2 — 2ot
4 5 0
3 11"
— 3 °_z
W{ +4 5}0
517

= —— =~ 8.01 units.
5 units

O

Example 7.46. The region in the first quadrant bounded by the graphs of y = %:c?’ and
y = 2z is revolved about the y-axis. Find the volume of the resulting solid.

Solution. Since we need to integrate with respect to y, we solve the given equations for z in
terms of y, and obtain
1/3

1
T =3y and 1z =2y
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Using the formula (7.43) by considering that the axis of revolution is y, so we integrate with
respect to y, which gives

8 1 12 1 .]°
VvV = 423 — 22| dy = 5/3 3
/OW{ZJ 43/ Yy=m 59 —12y .

12 1
— Z(8 5/3 (8 3
T { 5 (8) 5(8)
512
_ 1_5” ~ 107.20 units.

7.6 Different procedures

In previous chapter we evaluated the basic forms of the integrals. In this section we will
rewrite an integral to match it to a standard formula before evaluating it.

7.47. Simplifying substitution. Evaluate

20— 9
\/a:2 9r +1

Solution. Let u = 2* — 9z + 1, then du = (2z — 9)dz. We obtain

20— 9
= —du= [ v ?du
\/x2 9z + 1 / /

71/2+1
= — =2 =2Va? — 1 .
_1/2+1+C Vu+C Vaz—9x+1+C
OJ
7.48. Completing the square. Evaluate
| ==
——dx
8xr — x?
Solution. We make the radicand in the complete square form
[m=e = [
——dr =
8x — x? 8z
1
= / dr = / dx
V(22 —8:5—|—16—16) 42 — (z — 4)?
—4
= arcsin (:c_) +C.
4
O
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7.49. Using trigonometric identity. Evaluate

/ (secx + tan x)* du.

Solution. By expanding the integrand and utilizing the identity
tan?z = sec’r — 1,

we get
/ (secx +tanz)*dr = / (sec? z + 2secx tanx + tan® x) do

= /(sech+QSeca:tana:+sec2x— 1)dx

= 2tanx +2secx —x + C.

U
7.50. Eliminating a square root. Evaluate
/ v/ 1+ cos(4z) dx.
Solution. We use the identity
2cos? 0 = 1 + cos(26).
With 6 = 2z, this becomes
2 cos?(2z) = 1 + cos(4x).
Hence
/ V14 cos(dx)de = / vV 2cos?(2x) dx
= \/5/ Vcos?(2x) do = \/5/(:03(2:(:) dx
V2 sin(27) sin(2z)
= ————+C= +C.
2 V2
O

7.51. Reducing an improper fraction. Evaluate

/3x2—7xdx
3z + 2 '

Solution. The integrand is an improper fraction. By division we get a proper fraction

3x2—7x_ 5.4 6
3w+2 3w+ 2
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Hence

322 — Tx 6
L = —3 d
/ Sr+2 /(z +3x+2) ’

= %—3x+21n|3x—|—2|+0

OJ
7.52. Separating a fraction. Evaluate
3r + 2 J
——dx.
V1—a?
Solution. By separating the integrand we get
3r + 2% / x / 1
——dr = 3| ——=dr+2 | ——=dx.
/\/1—172 V1 — 2?2 V1 — a2
= —3V1— 22+ 2arcsinz + C.
OJ
7.53. Multiplying by a form of 1. Evaluate
/ sec x dx.
Solution. Multiplying and dividing by sec x + tan z we get
t
/secxdm = /secx -ldr = /seca: . wdw
secx + tanx
2
t
= / seer it seertany dr =In|secz + tanz| + C.
secr + tanx
OJ

The integral formula for cosec function may be obtained similarly. The secant and cose-
cant integrals are

/secxdm = In|secx + tanz| + C.

/Cosecxdx = In|cosecx — cot x| + C.

7.7 Integration by parts

Integration by parts is a technique for simplifying the integrals of the form

[ Halgo)do.
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The formula for the integration by parts can be derived from the Product rule of derivative
as follows. If u = u(x) and w = w(x), then

i dw du
dx

Letting v = fli—i’ or f’u dr = w in above equation, we get

u/vda::/uvdx+/</vdx~d—u) dx,
dx
which is equal to write
du
/uvdx:u/vdx—/(%/vdx>dx. (7.54)

7.55. Selection of u. In integral [ f(x)g(z)dz, choose u to be the function that comes
first in the following list:

= Logarithmic function
= Inverse function
Algebraic function

= Trigonometric function

ey B O o
I

Exponential function.

/x cosxdr.

Solution. Let u = z and v = cosx. Utilizing formula (7.54) we get

/x coszdr = x/cos xdx—/(%/cos xdx) dx

= xsinx—/1-sinxd:p:msinx+cosx+0.

Example 7.56. Evaluate

Example 7.57. Evaluate

/lnxdx.
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Solution. Let u = Inz and v = 1. Utilizing formula (7.54) we get

/ln:cdx = /lnx 1dx—lnx/1dx—/( lnx/ )d:v

= Inxz- $—/— rdr=xlnx —x+C.

x
O
Example 7.58. Evaluate
/x2e‘” dzx.
Solution. Let u = 2% and v = ¢”. Utilizing formula (7.54) we get
2 x 2 T d 2 T
/xe dr = ==z /e dx—/(—(a:)/e dx)d$
dx
= x2ez—/2x-e$dx:x26:”—2/x-e$dx
= g% —2 :c/exdx—/ i(x)/exd:c dx
dz
= g% -2 [xe"” —/1~e’”dx}
= 2% —2ze” + 2"+ C
= x(xQ 204+ 2) + C.
O
Example 7.59. Evaluate
/xsec2xdx.
Solution. Let u =z and v = sec? z. Applying formula (7.54) we obtain
2 2 d 2
/xsec rdr = x/sec xdx—/(d—(x)/sec md:c) dx
x
= xtanz — / l-tanxdr = xtanz — In|secz| + C.
O

7.60. Reduction formula. Integration by parts may sometimes be employed to obtain
reduction formulas for integrals.

Example 7.61. Find the reduction formula for

/ sin”™ x dx.
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Solution. Let u = sin” 'z and v = sinx. Applying formula (7.54) for integration by parts

we get
/sin" zdr = /sin"1 T -sinx dx

d
= sin”_lx/smxdx—/(—x(sin”_lx)/sinxdx> dx

= —coszsin"” (n—1) [ (sin" ?zcosx - cosz)dr

= —cosxsin" "z + (n—1) / sin”? x(1 — sin® x)) dw

= —cosxsin" "z + (n—1) [ sin” xdx—(n—l)/sin"mdx

which is equivalent to
/sin”xda: +(n—1) /sin"xdx = —coswsin” tx+ (n—1) /sin”_zxdx.

The left side of the last equation reduces to n [ sin” z dz. Dividing both sides by n, we get

1 -1
/sin” vdr = —=coszsin" x4+ 2 /sin"_2 rdz. (7.62)

n n
U

Example 7.63. Use the reduction formula (7.62) to evaluate

/ sin* x dx.
Solution. Using the formula with n = 4 gives
.4 1 .3 3 9
sin“x dx = —Zcosmsm T+ 1 sin” x dx .
Again applying the reduction formula for n = 2, we obtain

1 1
/siandm = —écosxsinx—l—i/ldx

- ! ina+ 224 C
= mn .
2COS.TS T 223 1

Consequently,

1 3 3
/sin4:cda:: —Zcosxsin?’x— gcosxsinx—l—gx—i-(?.
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7.64. Integrating inverses of functions. Integration by parts gives us a rule to evaluate
the integral of inverse function [ f~'(z)dxz. Let y = f~'(z), = f(y), dz = f'(y)dy. Then

/f‘l(ﬂf)div = /yf’(y)dy
= o[- [ | 5@ [ 7o) a
— )~ [ 1wy
— of o)~ [ fw)ay

Consequently, we obtained
[ =ar @) - [ty y=Fa) (7.65)

Example 7.66. Evaluate / arccos  dx.

Solution. Let y = arccosz, = = cosy and dr = —siny dy. Utilizing formula given in (7.65),
we obtain

/ arccosxr dr = T arccosr — / cos ydy

= wzarccosx —siny + C

= zarccosz — sin(arccos z) + C.

7.8 Integrals with trigonometric functions

If n is an odd positive integer, then

/Sin"xdx = /sin”_lx sin z dz.

Since the integer n — 1 is even. We may use the trigonometric identity

2 2

sin“z =1—cos“z

to obtain a new form of the integral that is easy to integrate.

Example 7.67. Evaluate the following integral without using the reduction formula
/ sin® x dw.
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Solution.

/sin5xdx = /(sin2 r)? sinz dx

= /(1—cos2x)251nxdx:/(1—2cos2x+cos4x)sinxdx.

Letting u = cosx and du = —sinx dx, we get

/Sin5xd:v = —/(1—20082x+cos4x)(—sin:v)dx

2 1
= —/(1—2u2+u4)du——u+§u3——u5+C’

5

2 1
= —cosx+50083m—gcos5x+0.

A similar technique may be employed for odd powers of cosz. Especially, we write

/cos” rdr = /cos"_1 x cosz dx

and use the identity cos? z = 1 — sin? x to obtain an integrable form.

Remark. If the integrand is sin” z or cos™ x and n is even, the the half-angle formulas

5 1 — cos(2z) 5 1 + cos(2z)

Example 7.68. Evaluate

Sinm:T or cos x = 5
may be used to simplify the integrand.
/ sin z dx.
Solution. Using half-angle formula sin? 2 = (1 — cos(2z))/2 we write
1 — cos(22)\?
/sin4xdx /(sin2 r)?dr = / (W) dx
1 2
= 1 [1 —2cos(2x) + cos”(2x)] du.
Again we apply a half-angle formula and write
1 4 1 1
cos?(2x) = +c+(x) =3 + 3 cos(4x)
.4 1 2
/sm rdr = - / [1 — 2cos(2z) + cos*(2x)] dx

4

1 1 1

— = [ 1= 2cos(22) + = + = cos(4

4/[ cos(2z) + 5T 2008( x)]dx
3 1. 1 .

= gx—181n(2x)+3—281n(4x)+0.
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Example 7.69. Evaluate
/ cos® x sint x dz.

Solution. Using the identity cos?z = 1 — sin® z, we write
/ cos’ rsintzdr = / cos® z sin* x cos x dx
= / (1 — sin®x) sin® z cos  du.
Letting v = sinx and du = cos x dx, we obtain

/cos3xsin4xdx = /(1—u2)u4du:/(u4—u6)du

1 1 1
5’&5 — ?U’?—’—C = gSiH5I— ?SiIl?x‘i‘C.
O
Example 7.70. Evaluate
/ tan®  sec’ z dx.
Solution. Using the identity sec? x = 1 + tan® z, we write
/ tan’rsectrdr = / tan® z sec” z(sec? r) dx
= /tan2 r(tan®z + 1) sec? z du.
Substituting u = tanz and du = sec? x dz, we obtain
/tan2xsec4xdx = /uQ(u2 +1)du = / (u* + u?) du
Lg, 13
= - = C
5u + 3u +
L tan® 1+ tan®e + C
= —tan’x + —tan’x :
5 3
O

Example 7.71. Evaluate
/ tan® z sec® z dz.

Solution. Using the identity tan?z = sec?z — 1, we write the given integral as
/ tan® rsec’ vrdr = / tan® z sec’ z(sec x tan r) dx
= /(SGCZZE — 1) sec* z(sec x tan x) dz.
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Substituting u = secx and du = sec x tan x dz, we get

/tan3xsec5xdx = /(u2 — Du? du—/(u6—u4) du
1 1

P g C
1
= ?sec7x - gsec5x+ C.
O
Integrals of the form
/ cot" x - cosecx dx
may be evaluated in the similar fashion by utilizing the identity
1 + cot? z = cosec® x.
Example 7.72. Evaluate
/COS(Sx) cos(3z) dx.
Solution. We may write
1
cos(5x) cos(3x) = E[cos(8x) + cos(2z)].
Now the given integral may be written as
1
/008(595) cos(3x)dx = 5 /[cos(8x) + cos(2z)| dx
— L sin(8x) + sin(2z) + C
= 1g Sin(8z) +  sin(2z :
O

7.9 Trigonometric substitutions

If an integrand contains one of the expressions va2 — 22, Va2 + 22, or Va2 — a2, where
a > 0, the radical sign can be eliminated by using the trigonometric substitution as follow

va? — 122> x =asinb, —g<9<g

Va2+ 22 x=atanb, —g <0< 3

3

T
22 —a? xr=asech, 0 <0< —.

Example 7.73. Evaluate
1

————dx.
224/16 — x2
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a \]a2+x2 X
X X ,;xz_az
6 0 6

x=asinf x=atan 6 x=asec@

Solution. Let x = 4sin6, where —7/2 < 0 < /2. If follows that

V16 — 22 = /16 — 16sin’ 0 = 4/ 1 — sin® 6 = 4 cos .

Since z = 4sinf, we have dx = 4 cos 6df. Substitution gives

1 1
—————dxr = 4 cos 0df
26 —22 / (16 sin” §)4 cos 0 cos
1 1 1
16/ sin?0” 16 / cosee
1 1
= 1 cotd +C = T cot(arcsin(x/4)) + C.
O
Example 7.74. Evaluate
1
—dx.
/ V4 4+ 22
Solution. Let x = 2tanf, dz = 2sec® 0df, where —7/2 < 6 < 7/2. If follows that
V4 + a2 = \/4+4tan20 = 2\/1 +tan? 0 = 2Vsec? = 2secf.
By substituting we obtain
1 1
——dr = 2 sec? 0df
/\/4-1-3;2 . /2560«9 see
= /sec&d@ = In|secd + tanf| + C.
Since tan § = x/2, by identity 1 + tan?# = sec? § we obtain
V4 + x?
secl) = ———
2
hence
1 V4 2
/ dr=m |2 L2
Vi + 22 2 2
O
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Example 7.75. Evaluate

/ V2 -9
. dz.

Solution. Let us set
x =3secH, dxr = 3secttanfdh.

Consequently,

Va2 —9=+v9sec2 — 9 = 3vsec2f — 1 = 3vVtan? 6 = 3tanb.

Therefore,

3sec O tan 0do

/\/.CEQ—de B /3tan9
x N 3sech

= 3/tan2 0dh = 3/ (sec?§ — 1)do
= 3(tanf —0) + C.
Since sec @ = x/3. The identity 1 + tan®# = sec® § implies that

2 -9

tanf =
an 3

and we may write

7 2
/ < 9da: = 3{ a:3 9—arcsec<§)}—l—0

— 22 — 9 — 3arcsec <§> + C.

Example 7.76. Evaluate

[
dz.
o
Solution. Let us set
x =3sinf, dx = 3cosfdf.

Consequently,

V9 — 22 = 1/9(1 — sin? ) = 3V cos?2 § = 3 cosb.
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Therefore,

x? 9sinf - 3cosf
——dx = do
VO — 22 3cosl

_ 9/sin29de:9/1_%8(29)d0
9 sin(20) 9 :
— 5(9 5 )+C_2(6 sinf cosf) + C
- g(@—sinﬁx/l—sin29>+0
9 T A
= §<arcsm——§ 1—(§)>+C
9 r V9 —a?
= —|arcsin— — = ——— C
2 3 3 3
= garcsing—gx/Q—xQ—i-C

7.77. Substitution z = tan(z/2). The substitution

w (3)
Z =tan | —
2

reduces the problem of integrating a rational expression in sinz and cosz to a problem of
integrating a rational function of z.

It is clear that tan(z/2) express a rational function of sinz and cosz. To see the effect
of substitution, we calculate

2
cosx = 2cos? (£> —l=—= -1
2 sec?(z/2)
B 2 1 —tan®(x/2)
14 tan?(z/2) 14 tan?(z/2)
1= 22
1422
Similarly,
i 2
sinx = QSingcosg = % cos? (g)
= 2tan ad 1 = 2tan(2x/2)
2sec?(z/2) 1+ tan*(z/2)
- 2z
1422
Finally if z = tan(z/2) then
2dz
der = ——.
1+ 22
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Example 7.78. Evaluate

Solution.

/

dz
24+sinz

1+ 22 dz

/ dx B
2+sinxr

V3

du

u? + a?

242242221422

/ d
- /z2+z+1 /[z +(1/2)]% +
e

(3/4)
= —arctan ( ) +C

V3

2 2 1
= —arctan( s >+C

= iarctan <2tan(x/2) i 1) +C

V3

7.10 Partial fractions

We have learned how to find the sum of two or more than two algebraic fractions.

V3

example, the sum of the fractions

Now, suppose we are given a fraction,

O
For
and 3 is
T+ r—3
5r — 3
—2x —3
5 — 3

x?2—2x—3’

and asked to express it as

a sum of simple fractions (i.e., to find the fractions whose sum

equals this one). Then this question will lead us to learn new methods and techniques.

7.79. Method of partial fractions. A method of expressing complicated fractions as a
sum of simpler fractions is called a method of partial fractions. For example,

S5r — 3

2 3

x2—2x—3:

x—|—1+x—3'

In particular case, it consists of finding constants A and B such that

Sr — 3

A B

2 —2x —3

I+1+x—3'
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We call the fractions Z% and :%3 partial fractions because their denominators are only
part of the original denominator z? — 2z — 3, where A and B are called the undetermined

coefficients. Above equation can be written as
50 —3  Alx—3)+ Bz +1)
2 -2r-3  (z+1)(x-3)

which is equivalent to
br+3=A(x —3)+ B(x +1)

or
b1 +3=(A+ Bz —3A+ B.

This will be an identity in x if and only if the coefficients of like powers of x on the two sides

are equal:
A+B=5—-3A+B=-3.

Solving these equations simultaneously gives A =2 and B = 3.

7.80. Distinct linear factors. Find
5r — 3
/ Gk
x?—2x—3
Solution. We obtain from preceding discussion
bxr — 3 2
/ L B M / L P
x?2—2x—3 r+1 x-—3
2 3
= d d
/x +1 T / r—3 *

= 2In|z+1|+3njz - 3|+ C.

O
7.81. Repeated linear factor. Express
6x + 7
(x +2)?
as a sum of partial fractions.
Solution. We express the fraction in the form
6x+7 A N B
(x+2)2 (z+2) (z+2)2
Clearing the fractions of the above equations, we obtain
6x+7=A(x+2)+B=Ar+ (2A+ B).
Matching coefficients of like terms gives A = 6 and
7=24+B=12+B, B=-5.
Hence
6zx+7 6 5
(x+2)?2 (z+2) (z+2)?
O
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7.82. An improper fraction. Express

203 —4x? —x — 3
2 —2x —3

as a sum of partial fractions.
Solution. After long division we may write

22% — 42 —x —3 _ 9y 5t — 3
22 —2xr—3 22 —2r —3
. or — 3
(x4 1)(x —3)
= 2z + + 5
r+1 x—-3

7.83. An irreducible quadratic factor. Express

—2x +4
(22 +1)(z —1)2

as a sum of partial fractions.
Solution. We write

—2x +4 _A:U+B+ C n D
(2+1D)(xz—-1)2 2241 z-1 (z—-1)%

Clearing the equation of fractions gives
—22+4 = (Az+B)(x —1)*+C(x —1)(z® +1) + D(2* + 1)
= (A+0O)2* +(2A4+B—-C+ D)2’ +(A—-2B+C)x
+(B—-C+ D).
Equating coefficients of like terms gives
coefficient of 2*:  0=A+C
coefficient of 21 0= -244+B—-C+ D

coefficient of z': —2=A-2B+C
coefficient of z°: 4=B-C+D.

Now we solve these equations simultaneously to find the values of A, B, C, and D.

subtract fourth equation from second: —4=-2A, A =2
from first equation: C=-A, C=-2
from third equation: B=1
from fourth equation: D =4—-B+C, D=1.
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We substitute these values and obtain

24 _2wfl 21
(2 +1D)(z—-12 2241 x-1 (z—1)%

Example 7.84. Evaluate

—2x +4
/ @t @ —1)e

Solution. We expand the integrand by partial fractions, and integrate term by term,

/ —2w+4 / 241 2 1\
(@2 +1)(z —1)2 B 22+1 -1 (z—1)2

/ 2x n 1 2 n 1 d
= — T
2241 2241 z—-1 (z—1)?2

1
= In(z?+1) +arctanz — 2In |z — 1| — —1—|—C.
x‘_

We summaries our discussion as follows:

numerator A B
+
(z +p)(z+q) r+p r+gq
numerator A n B
(z + p)? (z+p)  (z+p)?
numerator Ax + B n C . D
(22 4+ p)(z + q)? (22+p) x+q (r+q?

7.11 Quadratic expressions

Partial fraction decompositions may lead to integrands containing an irreducible quadratic
expressions
az? + bx + c.

If b # 0, then it is often necessary to complete the square as follows:

b
ar’ +br+c = a<x2+—x)+c
a
b\? b2
= a<x+%) —G—C—E.

/ 20 — 1
—  dx
22 — 61 + 13
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Solution. Note that the quadratic expression 22 — 6x + 13 is irreducible, since
b* — dac =36 — 52 = —16 < 0.
We complete the square as follows:

2 —6r+13 = (2*—6z+ )+13
= (®-23)z+9)+13-9=(z —3)* + 4.

If we let w =2 — 3, then © = u + 3, dr = du, and hence
2r — 1 2u+3)—1 2u+5
——dr = ———dr = d
/x2—6x+13 v / wrda /u2+4 ‘

U 1
= 2 d d
/u2+4 a:+5/u2+4 T

5
= In(u®+4)+ §arctang +C

T —3
2

)
= In(2® — 62 +13) + §arctan +C.

Example 7.86. Evaluate

/ dx
Va2 + 8x + 25

Solution. We complete the square for the quadratic expression as follows:

2 +8r+25 = (2°+8r+ )+25
= (2* +2(4)z + 16) + 25 — 16
(x+4)*+9.

Hence

/ dx _/ dx
Va2 + 8z + 25 Vie+42+9

Now the given integral is of the form

/ dx
VaZ + 22’
Using trigonometric substitution method, let

r+4=3tand, dx = 3sec®0db,

V(z+4)24+9=+v9tan?0 + 9 = 3v/tan?6 + 1 = 3sech.

Therefore
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/ dx B / 1
Va2 + 8z + 25 3sect
= /seced9—1n|sec6+tan6’|+0.

3sec? 6 db

As tanf = ITH, this means that

2
socd — (x +4) +9’
3
and this gives
dx
/ = /sec@d@zln|sec€+tan0|+0
Va2 + 8z + 25
4)2+49 4
= In (z+47+ +a:—|— +C

3 3
= ln’\/x2+8x+25+x+4‘+D.
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