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Chapter 1

Introduction

1.1 Review of Calculus 1

1.1.1 Maximum & Minimum Values

Definition 1. A function f has an absolute maximum (or global maximum)
at cif f(c) > f(z) for all z in the domain D of f. Similarly, f has an absolute
minimum (global minimum) at ¢ if f(c¢) < f(z) for all z in D. The maximum
and minimum vlaues of f are called the extreme values of f.

Figure [I.1] illustrates these concepts.

f

absolute max f(c1)

o
8

absolute min f(c)

Figure 1.1: Schematic plot showing the absolute maximum and minimum
positions.
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Definition 2. A function f has a local maximum (or relative maximum) at
cif f(¢) > f(x) for all x in some open interval containing c. Similarly, f has
a local minimum at ¢ if f(c) < f(z) for all  near c.

=
8

Figure 1.2: Schematic plot showing intervals of increase and decrease.

Example 1. See Figure . On the interval (a, ¢1), f(d;) is a local minimum
value; similarly f(cy) is a local minimum in the interval (da, d3). On (¢q, ¢2),
f(ds) is a local maximum.

Theorem 1 (The Extreme Value Theorem). If f is continuous on a
closed interval [a, b, then f attains an absolute maximum value f(c) for some
number ¢ in [a,b] and an absolute minimum value f(d) for some number d

in [a, b].

NOTE: An extreme value can be taken on more than once, as illustrated
in Figure 1.3

Figure 1.3: A schematic showing extreme values.

Theorem 2 (Fermat’s Theorem). If f has a local maximum or minimum
at ¢, and if f’(c) exists, then f'(c) = 0.
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NOTE: When f'(c) = 0, f does not necessarily have a maximum or
minimum at ¢. For example, the function f(z) = x3 has f/(z) = 3z*. Thus
f/(0) =0, but f has no maximum or minimum value (see Figure .

Yy

Figure 1.4: Graph of y = .

Definition 3 (Critical Number). A critical number of a function f is
a number ¢ in the domain of f such that either f'(¢) = 0 or f'(¢) does not

exist.

Theorem 3 (Rolle’s Theorem). Let f be continuous on [a, b] and differ-
entiable on (a,b). If f(a) = f(b), then there exist at least one number ¢ in

(a,b) such that f'(c) = 0.

An illustration is given in Figure [I.5]

f(@) (b)

) | SRS T
=1 ~-- b

Ofmee e —————————

Figure 1.5: Schematic illustrations of Rolle’s Theorem.

Proof. Figure [1.6] gives an illustration of the two cases involved in the proof
of the theorem.
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(a) Y ®)

o

Co b

S|
%)
A%
Q
)
o
S]
2]
%

Figure 1.6: Schematic illustrations of Rolle’s Theorem.

Let f(a) = f(b) =d.

CASE 1:

f(z) = d for z in [a,b]. This implies that f'(x) = 0 for all x in [a,b]. Thus
f'(xz) = 0 for some ¢ in (a,b).

CASE 2:

f(z) # d for at least one x in [a,b]. So there must be a number z in (a,b)
where f(z) > d or f(z) < d. Supoose first that f(x) > d. Since f is
continuous on [a, b], then by the Extreme Value Theorem, f has an absolute
maximum value at some number ¢ in [a, b]. The number ¢ cannot be an end
point since f(a) = f(b) = d and we have assumed that f(z) > d for some x
in (a,b). Thus, ¢ must lie in (a,b). Since f is differentiable on (a,b), f'(x)
exists and so by Fermat’s Theorem f’(¢) = 0. The case f(z) < d can be
proved in a similar manner. ]

Example 2. Verify that the function satisfies the hypotheses of Rolle’s The-
orem (RT) on the given interval, and find all values of ¢ that satisfy the
conclusion of the theorem

(1) f(z) =2 —4x+3; [1,3]

(2) flo) =2~z [-1,1]

(3) flo) =2®—9z; [-3,3]

Solution. (1) f(z) =2*—4x+3; [1,3].
F1)=1-4+3=0
f3)=9—-12+3=0

The polynomial f(x) is continuous and differentiable on [1,3]. There-
fore the hypotheses of Rolle’s Theorem are satisfied.

fl(x)=2x—4

4 Dr. Joseph K. Ansong
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Fe)=0=2—4=0
== c=2.
Sketch:
f(r)=2> -2 —-3z+3=2(x—1)—3(x—1)
=(z—1)(z —3)
So the zeros are © = 1 and 2 = 3. See Figure [I.7h.

(2) flo) =2 -2 [-1,1]
f(z) is a polynomial so it’s continuous and differentiable on [—1,1].

f(=1)==14+1=0
f)y=1-1=0
— f(=1) = f(1)
Thus, Rolle’s Theorem is satisfied.

fl(z) =32 — 1
flle)=0=3c-1=0
— = E
-3

1

V3 3

A graph of f(z) = z(2*—1) = x(x — 1)(x + 1) is shown in Figure [L.7p.

Example 3 (Real life example). During a test dive of a prototype of a
submarine, the depth in meters of the submarine at time ¢ in minutes is given
by

h(t) = t3(t — 7)*

where 0 < ¢ < 7.

(a) Use Rolle’s Theorem to show that there is some instant of time ¢ = ¢
between 0 and 7 when 2/(¢) = 0.

(b) Find the number ¢ and interpret your results.

Solution.
h(t)=t3t—17)% 0<t<T.

5 Dr. Joseph K. Ansong
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f(z)
1 (b)
f(ﬂ?) (a) 0.5 1
: RS
- V3
- 11 0 | I x
V3 i
0.5 -0.5
) N

Figure 1.7: Plot of (a) f(z) = 2? — 4z + 3 and (b) f(x) = 2% — z.

(a) The polynomial function h(t) is continuous and differentiable on R or

(—00,00).
h(0)=0; h(7)=0
= h(0) = h(7).
So the hypotheses of Rolle’s Theorem is satisfied.
(b)

R (t) = 3t3(t — 7)* +4(t — 7)*°
=12(t —7)*[3(t — 7) + 4¢]
=t2(t — 7)*(7t — 21)

=73t — 7)3(t — 3)

We find a number ¢ in [0, 7] such that A'(t) = 0.
W(c)=0= T*(t—T)>*t—-3)=0

—t=0,3,T7.

The number ¢ = 3 is in (0, 7).
The submarine is on the surface at t = 0 and returns after 7 minutes,
h(7) = 0. The submarine reaches a maximum depth of h(3) = 6912 at
t = 3 minutes. See Figure [1.§]

6 Dr. Joseph K. Ansong
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f(2) (b)

8000
7000
6000
5000
(@) 4000

3000

L
T
L
-

~~~~~~~~~

2000

1000

S0

Figure 1.8: (a) Schematic of submarine dive (b) Plot of the submarine func-
tion h(t) = t3(t — 7).
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Chapter 2

The Mean Value Theorem and
its Applications

2.1 The Mean Value Theorem (MVT)

Theorem 4. Let f be continuous on [a, b] and differentiable on (a,b). Then
there exists at least one number ¢ in (a, b) such that

/ . f(b) B f(a>
flloy=———
or f(b) = f(a) = f'(c)(b—a).
Interpretation:
Case (a): From Figure [2.1] the slope of the secant line is
o )~ f(@)
b—a

and the slope of the tangent line, T, to the function f at ¢ is f/'(c¢). MVT
tells us that there is at least one point (¢, f(c)) in the interval (a, b) such that
T is parallel to S.

Case (b): Note that if f(a) = f(b) then we recover Rolle’s Theorem.

Proof. The equation of a line with slope m and passing through (z1,y;) is
given by
y—y=m(z — ).
Now ;
U0}
b—a
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V(@)

1
1
I
1
|
|
1
1
1
1
1
1
:
C

Figure 2.1: Schematic illustration of the Mean Value Theorem.

Since (b, f(b)) is on S, the equation of the secant becomes

vy = TO=TW, y)
— =i+ 1Oy

Let D(z) be the function for the distance between f(x) and y such that

f(b)_f(a)(l‘—b)

D(e) = f(x) — | 1) + 25—

Note that D(a) = 0 = D(b). Also, D(z) is continuous on [a,b] and differen-

tiable on (a,b), therefore we can apply Rolle’s Theorem that there is a ¢ in
(a,b) such that D'(c) = 0. Now,

]
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Example 4. Show that the function satisfies the hypotheses of the Mean
Value Theorem on the given interval, and find all values of ¢ that satisfy the
conclusion of the theorem.

(a) flz)=2"+1; [0,2]
(b) fz) =2 [-1,1]

Solution. (a) f(z) =2+ 1; [0,2]
f(z) is a polynomial and so it is continuous on [0,2] and differentiable on
(0,2). So the hypotheses of the MVT are satisfied.

cel0,2]: fle)= —f(b[)) : g(a)
IR B [
= 2xr = % =2
— =1
se=1€10,2].
See illustration of this in Figure 2.2.
(b) f(z) =2% [-1,1]
f(z) is a polynomial so MVT is satisfied.
: f(b) — f(a)
fley =101
/ o o f(l) B f(_l)
= f'(z) = 32? = (-1
— 322 = ! é_l) =1
= 2° = %
— =t
=+

This is illustrated in Figure [2.2p.

Exercise. Use the graph of f to estimate the values of ¢ that satisfy the
conclusion of the MVT for the given interval shown in Figure [2.3]

11 Dr. Joseph K. Ansong
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I (@)

flz)| (b) S

\_:
1
e e
<

Figure 2.2: Plot of (a) f(r) = 2* + 1 and (b) f(r) = 2°

f() 4
3
2
1 ¢
-1 0 1 ) 3 4 1 5 -

Figure 2.3:
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Example 5 (Real Life Example). The position of a maglev (magnetic
levitation) moving along a straight, elevated monorail track is given by

S = f(t)=4t* 0<t<30,
where S is measured in meters and ¢ in seconds.

(a) Find the average velocity of the maglev during the first 4 seconds of
the run.

(b) Find the number ¢ in (0,4) that satisfy the conclusion of the MVT.
(c) Interpret your results.

Solution. S = f(t) =4, 0<t<30

£(b) ~ fla)

b—a
First 4 seconds implies the interval [0, 4], such that a = 0 and b = 4.

Thus
f(4) — f(0)
4—-0

(a) Averagevelocity =

Average velocity =

4
(b) Find ¢ in (0,4) such that
1 F0) = fla)
f(c) - b_a

Now, f’(t) = 8t. Thus 8¢ = 16 = ¢ = 2.

(c) Since f'(t) measures the instantaneous velocity of the maglev at any
time ¢, the MVT tells us that at ¢ = 2s (between ¢ = 0 and ¢ = 4),
the maglev must attain an intantaneous velocity equal to the average
velocity over [0, 4].

Example 6. Let

22, if <1
f(x)_{Q—x, if z>1 (2.1)

Considering Figure (a), does f satisfy the hypotheses of the MVT on
[0,2]? Explain.

13 Dr. Joseph K. Ansong
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@] @ T i

1 o0 1 2\3 T 4 » ®
_1.

Figure 2.4: Plot of (a) a function, and (b) it’s derivative.

Solution.

20, x <1

fl@) = { o> (2.2)

Figure 2.4(b) shows the graph of f/(z). We note f does not satisfy the
hypothesis of the MVT since f'(x) does not exist at x = 1 which lies in [0, 2].

Example 7. Suppose that f(0) = —3 and f'(z) <5 for all values of x. The
inequality gives a restriction on the rate of growth of f, which then imposes
a restriction on the possible values of f. Use the MVT to determine how
large f(4) can possibly be.

Solution. Since we are given f'(x) < 5, the function is differentiable and
therefore continuous on [0, 4].

— f(c) =

— f'(c) =

Since f'(xz) <5, we have

So the answer is 17.

14 Dr. Joseph K. Ansong
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Example 8. At 2 : 00 P.M. a car’s speedometer reads 30 mi/h. At 2: 10 P.M.
it reads 50mi/h. Show that at some time between 2 : 00 and 2 : 10 the
acceleration is exactly 120 mi/h.

Solution. At 2 : 00P.M. let ¢ = 0 and speed be 30 mi/h. This implies that
at 2: 10P.M., t = 10 min, and speed is 50 mi/h.

By assumption, the car’s speed, say f(t), is continuous and differentiable
everywhere. Note that acceleration is the derivative of speed. Using the

MVT
£(t) = f(0) — fla) _ f(10) = f(0) _ 50 —30mi/h
b—a 10—-10 10 min
20 :
= 10766 = 120 mi/h?.

2.2 Consequences of the MVT

In this section, we examine some consequences of the Mean Value Theorem.
We will especially consider

e Functions with zero derivatives,
e Functions with equal derivatives, and

e Increasing and decreasing functions.

2.2.1 Functions with Zero Derivatives

Theorem 5 (Zero Derivatives). If f’(z) = 0 for all z in an interval (a, b),
then f is constant on (a,b).

Proof. We show that for any pair of numbers in (a, b), f has the same value.
Let z; and x5 be arbitrary numbers in (a, b) such that x; < xs. Since f(x) is
differentiable in (a, b), it is differentiable in (x1, x2) and continuous in [xy, 23]
Thus f satisfies the hypotheses of MVT on [z1,x5|. This implies that there
is a ¢ in (z1,x2) such that

= f(z2) — f(21) = f'(c) (22 — z1)
But f'(x) =0 for all z in (a,b).

15 Dr. Joseph K. Ansong
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= f(22) — f(71) =0
= f(z2) = f(m1).

2.2.2 Functions with Equal Derivatives

Theorem 6 (Equal Derivatives). If f/(x) = ¢/(z) for all x in an interval
(a,b), then f and g differ by a constant on (a, b); that is, there exist a constant
¢ such that

for all x in (a,b).
Proof. Let h(x) = f(x) — g(x). This implies that
W(z) = f(z) —g'(z) =0

for every x in (a,b). By Theorem [f] h(z) is constant. Thus

2.2.3 Increasing and Decreasing Functions

Definition 4. A function f is called increasing on an interval I if f(z;) <
f(x2) whenever z; < x5 in I.
It is called decreasing on I if f(x1) > f(x2) whenever z; < x5 on I.

Figure gives an illustration of increasing and decreasing functions.
Question: How can we use the derivative of a function to determine if it’s
increasing or decreasing? The following theorem provides the answer.

Theorem 7 (Increasing/Decreasing Test or I/D Test). (a) If f'(z) >
0 on an interval, then f is increasing on that interval.

(b) If f’(z) < 0 on an interval, then f is decreasing on that interval

The theorem is illustrated in Figure [2.6]

16 Dr. Joseph K. Ansong
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fl@o)p---mmmm o y_ (b)
E f(x1)
f(351)_ """" ; E
' | f(za2)
' 17'1 fllf’2 '

Figure 2.5: (a) Increasing function (b) Decreasing function.

f(z) Slope is positive Slope is negative

| f(z) >0 fi(x) <0

Slope is positive

f'(x) >0

Figure 2.6: Positive and negative slopes of a function.

Proof. (a) Let z; and x5 be any two numbers in the interval with z; < 5.
Given that f'(x) > 0, we know f is differentiable in [z, z5]. So by the
MVT there is a number ¢ between x; and x, such that

f’(c) _ f(z2) — f(z1)

To — 1

= f(z2) = f(21) = f'(c)(x2 — 21)

Now f’(¢) > 0 since f'(x) > 0 for all x in the interval. Also xo—z1 > 0,

17 Dr. Joseph K. Ansong
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therefore

f(z2) — f(21) >0
= f(z2) > f(21)

Therefore f is increasing.

(b) Try proving this.

Finding Intervals of Increase and Decrease

Knowing the intervals where a function is increasing or decreasing helps in
sketching a graph of the function. The procedure is outlined below:

1) Find all values x for which f’(z) = 0 or f’(z) does not exist (the critical
values). Use the critical values to partition the domain of f into open
intervals.

2) In each interval, select a test value ¢ and determine the sign of f’(c).

(a) If f'(c) > 0, then f is increasing on that interval.
(b) If f'(¢) <0, then f is decreasing on that interval.

(¢) If f'(¢c) =0, then f is constant on that interval. That is, it has
no local maximum or minimum at c.

Example 9. Find the intervals on which f is increasing or decreasing:

(1) f(z) = —2® +32° + 1.

(3) f(z) =2 —32* + 2.
Solution. (1) f(x) = —2® +32* +1
f'(z) = =32% + 62 = —3z(x — 2)

This implies f’(z) is continuous everywhere and has zeros at z = 0
and x = 2. Using the zeros, we now partition the domain (—o0, )
into open intervals as shown in Table 2.1} Figure illustrates the
increasing and decreasing parts of the function.

18 Dr. Joseph K. Ansong
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Interval | —3x | x — 2 | f/(x) | Description
(—00,0) | + - — | decreasing
(0,2) - — + | increasing
(2,00) - + — | decreasing
Table 2.1: The intervals of increase and decrease for f(x) = —% + 322 + 1.

L r()

> (- 1)(2z) — a1
f()_ (.77—1)2

_ 22* =2z —2a?
L
e Pl = r* — 21 :x(x—Q)

(x -1 (z—-1)

We note that f’(x) does not exist at x = 1. Now,

fl(x)=0=2=0,2.

So the critical values are 0,1 and 2. Table shows the intervals of

$2

-1’

increase and decrease. Figure 2.8a shows the graph of f(z) =

19 Dr. Joseph K. Ansong
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Interval | « | x —2 | f'(z) | Description
(—00,0) | — | — + | increasing
(0,1) + | - — | decreasing
(1,2) + | - — | decreasing
(2,00) |+ | + + | increasing
22
Table 2.2: The intervals of increase and decrease forf(x) = T
x —

confirming the intervals where the function is increasing and decreasing.

f@T
6 I
| f(z)4] b
(a) s{ (b)
| 3
41
|
2 %’ 1
i |
L 2 o 2 [3 4
_3 _'2 z 0 1 2 3 4 '5 -1 X
L7 1 X
’ -11 1
-2 i -2 1
-3 i -3

Figure 2.8: Plots of (a) f(z) = 2+ and (b) f(z) = 2® — 32 + 2.

(3) f(x) =2 — 32% + 2. Try solving this before looking at the solution.
f'(z) = 32° — 62
f'(x) = 3z(x - 2)
f(z)=0=2=0,2

The intervals of increase and decrease are displayed in Table The
graph of f(z) = 2* — 32% + 2 is displayed in Figure , showing the
intervals where the function is increasing and decreasing.
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Interval | 3z | x — 2 | f'(x) | Description
(—00,0) | — — + | increasing
(0,2) + | - — | decreasing
(2,00) + | + + | increasing

Table 2.3: The intervals of increase and decrease for f(z) = z* — 32° + 2.

2.3 Applications of the MVT: Using the MVT
to Establish an Inequality

Example 10. Use the Mean Value Theorem to prove the following inequal-
ities

(a) cosx >1—zforz>0

(b) tanx>xf0r0<x<g

Solution. (a) cosxz > 1 —x for # > 0. Let f(z) = cosz for [0,z]. f is
continuous and differentiable on the given interval, so by MVT

f() — f(a)
/ J—
f(C)— b—a
where a = 0 and b = x.
@0
z—0
cosz — 1 .
— = —sinc
T
But sinc <1=— —sinc > —1
cosx — 1 >
T

—cosr— 1> —x
ccosr>1—x

(b) tanz >z for 0 < & < g Let f(z) = tanz on [0,z] where 0 < z < 7.

By the MVT

PEUEY (0
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where a = 0 and b = z.

— ,C — _ —
f'(c) pr .
anx
== sec’c = , x>0
T
Note that .
secr = )
cos T

Thus, cosz < 1 = > 1

COS T

— secx > 1 = sec’c > 1

tan x
>1

T

T
stanx >z, for O<a< 5

Example 11. Suppose that 1 < f/(x) < 4 for all z in [2,5]. Show that
3= f(5) - f(2) <12

Solution. 1 < f'(z) <4 for all z in [2,5]. Since f/(x) is finite, f is differen-
tiable and continuous on the given interval. By the MVT

f/(C) = W? [27 5]
o - O 10 _ 100502

But 1 < f'(¢) < 4. Thus

PRSPy

3 f(5) — f(2) <12
Example 12. (a) Show that e > 1+ x for z > 0.

(b) Deduce that
1
6121+I+§IL’2 for >0
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(¢) Use mathematical induction to prove that for > 0 and any positive

integer n,

2 "

S R
2! n!

Solution. (a) Let f(z) = ¢® — (1 4+ x) and show that f(z) > 0. Now
f(0)=€"—(140)=1-1=0, and f'(z) = e®— 1. Note that if z > 0,
e’ > 1= f'(x) > 0. Since f'(x) > 0 for x > 0, it implies that f(x) is
increasing for x > 0.

= f(x) > f(0) for x>0
= f(z) >0
= e —(1+2)>0
=" >1+ux.

Thus,
e’ > 1+ x.

1
6x21+$—|—§l’2 for >0

1
Let g(x) = €* — <1 +x+ §w2), and show that g(z) > 0.
For x =0:

g(0)=e’—(1+0+0)=0=g(z) =0
:>ex:1+x+%x2 when z =0
For z > 0:
gdx)=e"—(0+1+x)

= ¢ () =" — (1+2) = f(x)

from solution to (a). Since f(z) > 0 for x > 0, ¢’(x) > 0 for x > 0.
This implies that g(z) is increasing, and so

g(z) > g(0) for x>0

1
:>ex—<1+x+§x2) >0
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1
:>ex>1+x+§x2
Thus,
1
ea’Zl—i—x—l—ﬁxQ for z>0

(c) Let S, be a statement about the positive integer n. Let

T $2 z"
Sn(z) =e —(1+x+§+...+m)

Si(x) is true from the solution to problem (a).
Sa(z) is true from the solution to problem (b).
Assume Sk () is true. Then

22 "
Sk(x)ze”&—(1+m+§+---+g) >0

By mathematical induction, we need to show that Sk (z) is true. Now

22 Lkt
Spt1(x) = €" — (1+$+§+---+(k+1)!)
Sk+1(0) =0 for z=0

x? xk
S,’Hl(x):em— (1+JZ+§+"‘+F) :Sk($)20

Thus, Sk41(x) is increasing, and so
Sk+1(x) > Sk41(0) =0

= Ska1(x) >0

Hence,
Sk+1 (23) 2 0.

Thus, Sk41(x) is true. Therefore, by mathematical induction, S, (z) is
true. That is

n

2
Sn—ex—(1+x+x—+-~~+x—) > 0.
2! n!
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Chapter 3

Inverse Functions

In this chapter, we examine inverse functions and some of their properties.
We will investigate the reflective property of an inverse function, examine
the existence of an inverse function, and find the derivative of an inverse

function.

3.1 Introduction

Consider the arrow diagrams in Figure 3.1}

(a) (b) (c)

B A——»pB

Figure 3.1: Arrow diagrams. (a) one-to-one function (b) A function, but not
one-to-one (c¢) Not a function.

(1) f: A— B is a function, and it never takes on the same value twice.
That is, if 1 # x5 then f(z1) # f(z2). It is a one-to-one function
(defined below).

25



Math 223 : Calculus II JK.A

(2) g: A— B is a function. However, note that
9(2) = g(4) = ¢
Thus, g takes on the same value twice. So g is not a one-to-one function.
(3) h: A— Bis not a function since h(2) takes on both a and c.

Definition 5. A function f is called a one-to-one function if it never takes
on the same value twice; that is

f(z1) # f(xe) whenever 1z # x9
or if

f(z1) = f(xg) = x1 = 9.

Horizontal Line Test

A function is one-to-one if and only if no horizontal line intersects its graph
more than once. Figure [3.2)illustrates the use of the horizontal line test.

(a) vy 3 (b) Yy | 2

Figure 3.2: The horizontal line test shows that (a) y = 2 is a one-to-one
function (b) y = 2% is not a one-to-one function.

Definition 6. Let f be a one-to-one function with domain A and range B.
Then its inverse function f~! has domain B and range A and is defined
by

[T y) =z = flz) =y
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for any y in B. Equivalently, we may reverse x and y such that

[Tr)=y<=fly) ==

This illustrated in Figure 3.3

(a) (b)

L. a 1. a

2. —»b. - b

3. -¢ ~ c

4, d. A i
-1

Figure 3.3: Arrow diagram of a function and its inverse.

Remark. Domain of f~! = range of f, and
Range of f~! = domain of f.

1
Remark. Warning! f~!(x) # ——. For reciprocals we write

/(@)

Example 13. If f(2) =7 and f(—10) = —17, find f~1(7) and f~1(—17).

Solution.
(=2 f-17)=-10

Cancellation Equations

Let g(x) be the inverse of f. That is, g(z) = f~'(z). Then
glf(@))=ftf(x))=2 forall z€A
flg@)=f[f"z)] =2 forall z€B

Example 14. Show that f(z) = 2/ and g(z) = 2® are inverses of each
other.
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Solution.

flo@)] = @) = ()" =2
gl @) = g(a"?) = (%) = a
This implies that f and g are inverses of each other. That is
fH@)=g(z) and g '(z) = f(2).

The graphs of f(z) and g(x) are displayed in Figure Note that the graph
of 23 is a reflection of the graph of z'/3 about the line y = .

_ 3
y4- g=x L7
//_
3 //y_x
2 - .7

Figure 3.4: Plots of g = 2% and f = 2!/3.

3.2 Reflective Property of Inverse Functions

If (a,b) is on the graph of f(z), then b = f(a), and we have

) = 1 @] =a

As shown in Figure [3.5] the graph of f~! is the reflection of the graph of f
about the line y = x and vice versa.

Example 15. Examples of the reflective property of inverse functions are
illustrated in Figure 3.6
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b,a e
a (( ) /// y =7
0\ ///
ox‘
0N

)

Figure 3.6: Illustration of the reflective property of some inverse functions.

3.3 Existence of an Inverse Function
Theorem 8. A function has an inverse if and only if it is one-to-one.

Proof. Suppose f: A — B has an inverse function y = g(x). Then

If f(a) = f(b), then
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Therefore, f is one-to-one.
Now suppose f is one-to-one. For x € B, there exist y € A such that
f(y) = z. There is only one such y since f is one-to-one. Let

for any y, and
flo@)] = fly) ==

for any x. So ¢ is an inverse of f and vice versa. O

3.3.1 Finding Inverse Functions

Below is a procedure for finding inverse functions:
(1) Write y = f(x)
(2) Solve for z in terms of y (if possible)
(3) Interchange = and y to obtain y = f~!(x).

Example 16. Find the inverse of the following functions

1
(a) V=
1+ 3z
b) v —
(b) 5 — 2w

(¢) y=1In(z+3)
Solution. (a) y =

— 2 _ 1
y 2 —3

— 222 -3)=1=2’r -3 =1
143y
=2y

14 322
Copely
S (o) 53
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B 1+ 3x

b v=5-5;

— oy —2yr =1+ 3z
— 3+ 2yr =5y — 1
—= 2(3+2y)=5y—1

. oy —1
3+
5 — 1
1 o
@ =30

(¢) y=In(z+3)
—zr+3=¢

—zr=e"—3
S f N x)=e" =3

3.4 Continuity and Differentiability of Inverse
Functions

Theorem 9. Let f be one-to-one, so that it has an inverse f~!.

(a) If f is continuous on its domain, then f~! is continuous on its domain.

(b) If f is differentiable at ¢ and f’(c) # 0, then f~! is differentiable at
f(e).
Theorem 10. Let f be differentiable on its domain and have an inverse
function g = f~!. Then the derivative of g is given by
N 1
= Pl
provided that f'[g(z)] # 0.

Proof. Since f is differentiable, g is also differentiable by Theorem [9] Since
g is the inverse function;

flo(@)] = 2
Differentiating (and using the Chain Rule), we get
fg(@)lg'(x) =1
N 1
S = P

]
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Example 17. Let g denote the inverse of the function f. Show that the
point (a,b) lies on the graph of f. Find ¢/(b).

(@) flz)=22+1; (2,5)
(b) f(z)=2°+ 2% +2—1; (0,—1)
Solution. (a) f(x)=2z+1; (2,5)
— f(2)=2(2)+1=5

Therefore (2,5) lies on the graph of f. Also f~1(5) = g(5) = 2. Now

roy N |
90 = 7o — 0 = 7y
, 1
— 90 =g

b) flo)=a"+22° +2—1; (0,—-1).
f0)=04+0+0—-1=-1

Thus, (0,—1) lies on f. And f~!(—1) = g(—1) = 0.

g(-1) = =

f'(x) =bz* +6x +1
— f(0)=0+0+1=1

Sg(=1)=1
Exercise. (1) Suppose f(x) = 2? for z € [0,00), and let g be the inverse
of f.
B 1
f'lg(@)]
(b) Find ¢'(x) by first computing g(x).

(a) Compute ¢'(x) using ¢'(x)
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(2) Suppose that g is the inverse of a function f. If f(2) =4 and f'(2) = 3,
find ¢'(4).

(3) Find f~'(a) for the function f and the real number a.

(a) fx)=2>+2—-1; a=-1
(b) flx)=22"+32°+2; a=2.

(4) The graph of f is given in Figure

(a) Why is f one-to-one?
(b) State the domain and range of f~1.
(c) Estimate the value of f~'(1).

1

Figure 3.7: Plot of a function.

Solution to Selected Exercises

Solution. (1) f(x) = x? for x € [0, c0).

1

(@) 9 = 7o

y=1"=ax=.y, >0

33 Dr. Joseph K. Ansong



Math 223 : Calculus II JK.A

VT
— ¢'(x) = ﬁ
(b) From g(z) = v
L e 1
= ¢'(z) = 3% = m
(2)
) = o
T )
f(2)=4= f71(4) = g(4) = 2. From the first equation, we get
N |
7= p@) "3
3) fx)=2*4+2—-1; a=—1.
(a) Let f71(—-1) ==
= f(z) =—-1
— Bt tr—1=-1

— P tr=0=2(2*+1)=0
But (z° + 1) > 0, thus = = 0.
SN (=1 =0
() f(x) =22"+32°+2; a=2. Let f1(2) =2

— f(z) =2

22° 4+ 32° +2 =2

— 20" 4+ 32° = 0= 2322 +3) =0
—x=0

S fH2) =0.

(4) (a) Using the horizontal line test; any horizontal line through the
graph of f intersects it at only one point.

(b) Domain of f~! = [—4,2]. (The range of f~' =[-3,3]).
(c) Let f~*(1) = x. Thus f(z) = 1. From the graph, we have
(1)~ 2.5
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Chapter 4

Logarithmic and Exponential
Functions

In this chapter, we will first study general exponential and general logarithmic
functions, and move on to consider special cases of these two functions: the
natural logarithmic function and the exponential function, and learn about
their graphs. We will delve into the proofs of some basic properties of these
two functions, and the behaviour of the functions at infinity and close to
the origin. The natural logarithmic and the exponential functions may be
represented as limits, this chapter addresses this aspect of the functions. The
chapter concludes by looking at logarithmic inequalities and limits, the scales
of infinity, that is, comparison of the magnitude of two functions, and finally,
how to differentiate logarithmic functions.

4.1 General Logarithmic Functions

The logarithmic ( or log) function with base a is denoted by log,, such that

llogax:y@)ay:x; a>0,a7é1.‘

The log function is the inverse of the exponential function, for example f(z) =
a®. Using the cancellation equations with f(z) = a®, f~(z) = log, =,

log,a” =x for everyx € R

a°%® = g for every x > 0.

4.1.1 Laws of Logarithms

If x and y are positive numbers, then
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1. log, xy = log, x + log, y
2. log, 5 = log,r —log,y

3. log, 2" =rlog, x
where 7 is any real number.
Proof. 1. log, xy = log, x + log, y. Let m = log, x and n = log, y
—z=a", y=a"
m —+n

:am

—zy=a"-a

The last line would be proved later from the properties of the general
exponential functions.

= log, vy = log, a"™™ = (m + n)log, a
Using the cancellation property, we get

clog, xy =m+n =log, x + log, y

2. log, 5 = log, r — log, y.
Using the definition of m and n above, we have

x
— log, — = log,a™ ™™ = (m —n)log, a
Y
loga z = loga T — loga Y
g

3. log, 2" = rlog, x. Let m = log,

= log, 2" = log, a™" = mr
s log, 2" =rlog, x

]
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4.2 The Natural Logarithm

The natural logarithmic function is a special case of the logarithmic function;
it is the log function to the base e, where the number e ~ 2.71828. By
replacing a with e in the general logarithm, we get the natural logarithm:

log,z =Inx

Properties

1. Here are a first set of properties for the natural log function:
hher=y<=e'==x

Ine* =2, z€R

Note that if x = 1, we get
lne=1

2. Below is another important property of the natural log function.
For a > 0(a # 1),

Inz
log, > =

Ina

Proof. Let m = log, x, then
r=a" = Inz=Ina™

= lnz=mlna

Inz
= —
Ina
Inz
Slog, = —
Ina

]

The relation above is helpful for using calculators to compute the log-
arithm with any base. Another definition of the natural log is given by
using integrals, as shown below.

Definition 7. The natural logarithm function is defined by

lnx:/ %dt for all x> 0.
1
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If z > 0, Inz can be interpreted as the area of the region under the graph

1
of y = S on the interval [1,z]. Figure gives illustrations of the above

definition.

Figure 4.1: Schematic plot showing

Graph of Inz

y=1Inzx

H
8

Figure 4.2: Graph of Inx

4.2.1 Laws of Natural Logarithms

Theorem 11. Let x and y be positive numbers and let r be a rational
number. Then

(a) In1=0
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(b) Inzy =Inz +1Iny

(¢) In? =Inz—Iny

(d) nz" =rlnz
Proof. The proof in (a) is straightforward. For the proof of the expressions in
(b)-(d), you may use the approach used in the proof of the general logarithmic

functions; the proofs shown below rely on the derivative of the logarithmic
function which will be treated shortly.

1
(a) lnx:/ ;dt,:>ln1:0.
1

1 1
(b) Let F(x) = Inax for a > 0. Then F'(z) = E(a) = But
d 1
@ =g

This implies that Inxz and F(z) = Inaz differ by a constant, say c.
That is

Inaxr =Inz +¢

If 1 =1= ¢c=1Ina. Note that £ = 1 is the intial value of Inx from
definition. Thus

lnar=Inz+1na

Since a can be any positive number, we can replace a by y to get

Inzxy =Inx +Iny.
1
(¢) Put z = — in (b) to get
Y
1
Inl=In-+1Iny
)

1
— In—=—Iny
]

1 1
Son (E) =In <x—) =lhzx+In-=Inzr—Iny.
y Yy Yy
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(d) Let F=Inz", and G = rlnz. Then
F/ — f G/ — I
W=" ="
= Inz" =rlhzr+c
For x =1, we get ¢ = 0. Thus
Inz" =rinx.
O
4.2.2 Derivatives of Logarithmic Functions
Prove the following identities
d
%(am) =a"lna (4.1)
d 1
— (1 = 4.2
o (log,x) = — — (4.2)
Proof.
d x x
%(a )=a"Ina
Let a = ¢™. Then
a® = e(lna)m
d .
o (a®) = M9 . Ing = ™ . na
d
%(ax) =ad"Ina
O
Proof.
d 1
g | -
dx (log, 2) zlna
Let y = log, x. Then o’ = x.
d
— —(a¥) =1
G
d dy
L 9
— dy (a”) dx
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Using equation (4.1]), we get

d
:ay(lna)d—yzl
T

But ¢¥ = z. Thus

xlna—y =1

dx
_dy B 1
“dr  xlna’

Remark. Replacing a with e in equation (4.2), we get

d
—lnr=—
x

dx

A more general form of this relation would be shown later.

Example 18. (1) Expand the following expressions using the laws of log-
arithms

2\/§ x1/3y
(a) IHT (b) In 21/2

Solution. (a)

2/3

2vV3
lnT\/_ = In2v3 —In5
(b) 1/3,.2/3
'y
In = In (x1/3y2/3) —In 22

=Inz'? +Iny?? —In2'/?
1 2 1
= glnx—i-glny— élnz

Example 19. Use the laws of logarithms to write the expression as the
logarithm of a single quantity.

(a) In4+1n6 —1In12 (b) 3In2— 1ln(z+1)

24
Solution. (a) In4+In6—-In12=In(4x6)—Inl2= lnﬁ =In2

1
(b) 31n2—§ln($—|—1) —1n23—ln(x+1)1/2—ln(\/x8_+1>
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Theorem 12. Let u be a differentiable function of z. Then

d 1
-1 S
(a) ——lnfz=—, 2#0

d 1du
| e bt
() —nful = =50 w0

Note: (b) is similar to the derivative % Infg(x)] = ‘(;((j))

Proof.  (a) Already discussed in a remark above.

(b) Try proving it using using the chain rule.

Example 20. Find the derivatives of the following funtions

(a) f(xz) =In(2z+ 3) (b) g(z) = h:_xl (¢) y=1In|cosz|

Solution. (a)

f)=In(2x +3) = f'(z) = T 3%(2x+ 3)
1 2
~ 513 ? " mr3

(z+1)2 —Inz

g'(x) =

(x4+1)2
Iz (z+1)—zha
(x+1)2  z(z+1)2
(¢) y=In|cosz|
dy 1 _ sinx
< = (—sma:):— = —tanx
dr  cosx cos T

4.2.3 Logarithmic Differentiation

Used to simplify complicated expressions for differentiation.

Example 21.
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(a) y = (20 +1)(322 — 4)° (©) y=a
4/ x—1
(b) y = 2 +1

Solution. (a) y = (27 + 1)*(3z2* — 4)°
= Iny=2In(2z + 1)+ 3In (32> — 4)

1 dy 2 3
e 2+ (6
y dx 2x+1()+3x2—4( z)

4 N 18z
S 2r+1 312—4

.éy__( L ]8x4).[@x4—n2@x2—4f]

dr \2rx+1 322 —
, —1
b) y= /=
®) v=1/ 217
z—1\"*
1 1,
:>lny:§ln(ac—1)—§ln(x +1)
1 dy 1 1
falhad A _ 9
ydr 3(x—1) 322+ 1)( z)
B 1 B 2z
3w —1) 3(x2+1)
(c) y=a*

Sorry, it’s an exercise! :)

4.2.4 The Natural Logarithm as a Limit

For any number y > 0

Iny = lim Y and Inag = lim >
x—0 X x—0 X

Remark. We note the following important relations:

(a) f/(a) — lim f(.T + CL) _ f((l)

z—0 xr—a

x—0 x
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(b) If f(z) = z = y*, then by logarithmic differentiation

Inz=2xlny
1d2f1 :>d27 |
de—ny dx—zny

= f'(z) =y"Iny

f'(0) =1Iny (4.4)

Thus, the derivative of f(z) = y* at x = 0 is Iny. Applying (4.4)) in
(D) gives

y* -1
T

oad® =1
Ina = lim
z—0 x

iy = b

4.3 General Exponential Functions
An exponential function is a function of the form

flz)=a", a>0

where a is a constant. The graph of a® with a = 2 is shown in Figure 4.3

Y

y=2"

/l

Figure 4.3: Graph of y = 2*

4.3.1 Laws of Exponents

Let a and b be positive numbers. If x and y are real numbers, then
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(a) a®¥ =a" - a¥ () a a—y

atal — oty
log,(a” - a¥) = log, a® + log, a’
=z +y = log, (")
Since the logarithm function is one-to-one

a® - a¥ = a* "

(b) (a®)! =a™. Let r = a”
= log, (a”)Y =log, ¥ = ylog, r

=ylog,a” = xylog,a = zy
= log, (a*)” = log, a™

Since the logarithm is a one-to-one function, we get
(@) = a®
O

Remark. To prove the relation in (c), we first establish the following identity

’ log, xy = log, x + log, y

We have already proved the above relation under “general logarithms”. An
alternative proof is shown below, you may skip it if you want.

Proof. Let y =log, x. Then

dy 1
dr  zlna
Also let g = log, bx. Then
d d dg
9—p —(a’) =b —(a9)—= =b
a r = dx(a) = dg(a >dx
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d
— a’Ina- 2 =p
dz

dg b 1

dr  brlna zlna
Since dy/dx = dg/dx, y and ¢ differ by a constant, say C. Thus

log, z =log, bx + C

r=1=log,1=1log,b+C = C = —log,b
= log, bx = log, x + log, b

Since b is arbitrary, we get

log, xy = log, x + log, y ‘

]

Proof. We're now ready to prove the relation in (c); (ab)” = a"b". Taking
the lagarithm of both sides, we get

= log, a®b"” = log, a” + log, b*
= xlog,a+ zlog, b
= x (log, a + log, b)
= zlog,(ab)
= log, a”b" = log,(ab)”
c.a®b” = (ab)”.

4.3.2 Derivative of Exponential functions

1). Let f(z) = a® by definition of the derivative:

o fle4+h)— f(x) . a"th—a”
R N
/ o1 a — 1
f(z) = a” lim
’ ah —
Note that: f(0) = lim . Therefore
h—0 h
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Remember:

- ) e a — 1
= Inag = lim
T z—=0 I h—0 h

iy = ln

where f'(0) = Ina. Therefore,

/

f(z)=a"lna

Alternatively:
f(ﬂ?) — aac — elnaz — 6zlna

’

— [ (x) =" di(xlna) = e (Ina)
x

[ f (@) =a" - (na)

Theorem 13. Show that
d du
Zat = (1 w 27
a* = (Ina)a o

dx

where a is a positive number (a # 1) and u is the differentiable function of
x.

Proof. Let y = a“, then

d, . d, ,du
@(a ) @( )@
d du
Zla™) = a™n g —
dx(a )=a nadx

[

L d_u where w is the differentiable,
ulna dz

d
Question: Show that o log, u =
x
a>0(a#1)

4.3.3 Natural Exponential functions

The natural exponential function denoted by exp(x) or e, is the function
satisfying

L. In(e®) =2, V€ [—o0,00]
2. T =1, Vaecl0,o0
Equivalently, e* = y < Iny = x. It is the inverse of the natural log function:

Diagram below
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Ve
y - ,
y=¢"
7
7
7/
Ve
7
g 1
4 yYy=mnx
) y
7
7/
e
7/
/
/|
, x
7
7
e
7
7
7/
/

Figure 4.4: Graphs of y =Inz and y = e”

The number e

The number e is the number such that:

lne:/ 1dtzl
1t

1
Figure 4.5: Graph of y = i

e ~ 2.718281828459
Theorem 14. a) Ine" =2V z € [-00,00]. = lne=1
b) ™ =2V €|0,00]
Example 22. 1) Solve In(z +3) =6

— r+3=e"—= z+3~403.43
L~ 400.43
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2) Solve '™ =5

= 1—-2r=Inb=2xr=1—-1Inb

— 2z =1-1.609 = —0.609
Soo~ —0.305

The number e as a Limit
Let f(z) = Inz and use the definition of derivative to compute f'.

/ z+h)— f(z In(x + h) — In(x
o) i LD 000) o 1) )

Let x = 1, we get.

=

In(1 1
n(1+h) =lim —In(l1+h) = ’lling)lrl(l + h)
—

:f(l):]lllil(l) h h—0 h

&nﬂ@:i:fm:1

— lim In(1 + h)* =1,
h—0
since In is a continuous function.
In [lim (1 + h)#

}:1
Lh—0

|lim(1+h)r =e
h—0

Note that a similar expression for e* as a limit may be obtained if the sub-
stitution x = 1 is not made in the above derivation.

Letn:E:>n—>ooash—>O
1 n
.| im (1+—> =e
n—oo n

Exercise. 1) Show that ¢® = lim (1 + E)
n—o00 n

h
-1
=1

2) Prove that lim <

h—0
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Theorem 15 ( Laws of exponents). Let 2 and y be real numbers and r be
a rational number. Then we have the following:

1) e%e¥ = "t

= In(e”-e’) =lne" +lne =z +y
= In(e"e?) = Ine" Y.

Since In is one to one: e%e¥ = ¢* 1Y

2) Let y = —y in 1). Therefore we have:

4.3.4 Derivatives of Exponential Functions

Theorem 16. Let u be a differentiable function of xz. Then we have the
following;:

(a) %ex:e‘”

d du
b) —e% = et—
(b) dxe ¢ dx

d
Proof.  (a) d—ez =e* Lety=¢"
T

dy dy
Y= ydx dx Y
d
..%(ew)zex
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Iny = u(z)
1 dy du dy du

g dr dr dr Vaz
d, ., L Adu
=y

Exercise. (1) Differentiate the following:

6233

) f@) = 1o
b) g(x) = 0

¢) f(z) =2 In(e* +1)

d) g(t) =™ e). f(z) =22

(2) Find the Limit of the following:

3t +1
a) lim ( + )60'1t
t—oo \ 22 — 1
2e” +1
b) li
) b, (3ex T 2)

1
T

¢) lim sin
T—>00

(3) Show that
. log(3+z)—log3 1
lim =

2—0 x 3In10

4.4 Logarithmic and Exponential Integration

(1) Let u be a differentiable function and u # 0. Then

1
/—du =In|u| + c.
u

NB: ) .
—In|z| = = = In|z| :/—dx
dx x x
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(2) Let u be a differentiable function of x. Then:

/e“du:e“—i—c

(3) /axdxz ¢ +c¢,a>0,a# 1. We use
Ina

y=a"=lny==zlna

:>y—:lna:>y/:axlna
)

L9
dz

a® 4+ c; = (Ina) /a”da:

/azd:c: a +c
Ina

(a”) =a"lna

Examples

1 V1
Integrate the following: a)./ dx b)/ ;Idw c). /e5xdx

20 +1

2

ez

1 T
€ 3
. f). 2%
e) /0 1+e$dm ). [, 2%dx

Solution. a) [ = / dx, Let u =2z + 1 = du = 2dx
2r +1

1 /1 1 1 1
I:/—(—)du:—/—du:—lnluH-c
u \ 2 2) u 2

1
" I:§1n|2x+1|+c

VI
b) I:/ "Lz, Let u = Inx = du = Ldx
xr

1 2
I:/\/ﬂdu:/wdu:§ug+c

[SI[9)

NI ==-(nz)2+c

Wl
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c) I =e"dx, Let u = 5x = du = 5dx

d 1 1
I:/e“-%ZE/e“duﬁge“qLc

1
_€5x+c

d). I:/e—g;da:,Letuzgﬁdu:—m%dxi—%du:%
x

1 1 1
[: u _— = —— w — _—_ Y%
/e(2>du 2/eclu 26 +c

. I = _1€%+c

2

1 T
e).I:/ © drLetu=1+e" = du=edr
o L+e”

1
1ex d 11 1 0
I= —-(—):/ —du=Inlul|=In|l+e"|=In|l+e’|—In|l+¢€"
u 0o U

1
3 ]zln( ‘2“3) ~ 0.6201

3 23 1 7

0 - In2 In2 - In2

3 T
f). I = 2%dx =
) /0 T 2

4.5 Logarithmic Inequalities

a) For a number a > 1, y = log, x is an increasing function of z and it is
a decreasing function for 0 < a < 1.

b) If y = log, =, then x > 0. For example y = logs(z — 1) =2 —-1> 0=
x> 1.

c) a>1,log,z>log,y=z>y.

d) 0<a<l,log,x>log,y=x<y.
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Example 23. 1. Find the values of x that satisfy the ff inequalities:
a) log;(2z + 3) > log,(3x) b) logy(z 4+ 1) > log,(2?)

2. Find the solution set of 2log,y(2z +1) —1 <0

Solution. 1a)
logs (22 4 3) > logs(3x)

20 +3>3r=>z<3
Also,

3
2£C+3>O:>I>—§

And
3z>0=2x2>0

Solution set: . See Figure .

—3/2 0 ‘%

.

Figure 4.6:

(1b) logy(z + 1) > log, =*
NB:y=logy(z+1)=2"=x+1=4Y = (z+1)*
y = logy(z+1)% . log,(z+1)? > log, 2* = (z+1)? > 2* = 2?4+ 22+1 >
2
T

1
=2r+1>0= $>—§

2) 2logy(2z+1)—1<0

1

N | —

log,g(2x +1) <

= logy(2z + 1) <logy7=2r+1<7=2<3

1
Also: 20 41>0= 2> —3 . 5 <<3
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Example 24. 1. Use the definition of the natural log function to prove that,
for x > 0, x(1 + x) > (1 + ) In(1 + z) > x. Hence show that In(1 + z) >
v — 2?4+ 2% —2* +--- and that as

In(1 + z)

r—0, — 1
x

1+x
Solution. NB: In(1 + z) = / ;dt, fore>0=a2+1>1
1

1
< -<1.
1+ t

Integrating with respect to t gives

1+x 1 1+x 1 1+x
/ dt < / —dt < / dt
1 I+ 1 t 1

= i <In(l+2) <z (1)

letl<t<l4az=

r<(l+z)ln(l+z)<z(l+z) . z(l4+z)>14+2)h(l+z) >z
From (1):,

1n(1+93)>%éln(ljtx)>33(1—a:+x2—333+---)
x

:>1n(1+x)>x—x2—|—x3—x4+...
Also from (1):

1 In(1+ x) _
< < 1= lim
1+2 T z—01 4+ x z—0 T

In(1
x—0 x

< 1.

.. By the squeeze theorem: lin% —1“(135”)
T—

—1= lnlin})(1+x)% = Ine=1.
z—>

1
Exercise. 1. Show that for all z > 0, z — §x2 <In(l1+2), and for all z > 1,

<lhz<z-1

x
we have
T
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Chapter 5

Indeterminate Forms and
L’Hopital’s Rule

A function f(x) is said to be continuous at a point a, if lim f(z) = f(a).
r—a

However, some limits cannot be evaluated by a simple substitution. For

example, lim g lim2 = 2 and lim Mr 1. In each example, a direct
x—0 x—0 x—0
substitution results in the indeterminate form %. Simarlarly, using direct
10 10
substitution for lim —2]: = lim — = 0 results in the indeterminate form
r—00 I Tz—00 I
00
00
Definition 8. If lim f(z) = 0 and Tim g(z) = 0, then the limit lim 2 is
T—a T—a T—ra g(l‘)
0
called an indeterminate form of the type ik
Definition 9. If lim f(z) = +oo and lim g(z) = 400, then lim /() is said
Tr—a

T—a

z—a g(x)
00

to be an indeterminate form of the type —.
00

5.1 L’Hopital’s Rule

Theorem 17. (L’Hopital’s Rule) Suppose f and g are differentiable on an
open interval I that contains a, with the possible exception of a itself, and

/ 0
g (x) #0 for all z in 1. If lim /() is an interminate form of the type — or
z—a g(x) 0

27
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00
— then
00

f(z)

@) . f@
M ee) g (@)

(5.1)

provided the limit on right-hand side exists or is infinite.

emar im fx) — lim i Lf ()] m d (f(z)
R k. (1) lim 9(2) lim Lg(x)] i ( >

[Don’t use the Quotient Rule!!]

9(x)
(2) Make sure the limit does have one of the indeterminate forms (6 or f)
00
before applying L’Hopital’s Rule!
Example 25. 1) Use L’Hopital’s rule to evaluate the following:

2t a? =2 V9 — 3z —
(a) lim S (b) lim vizse=3

r—1 x—1 z—0 X

2) [Repeated application of L’Hopital’s rule]:

. et —x—1 oz
(a) glglg(l)T (c) lim —

(b) 1 23 —3x2+4
im
a2 x4 — 43 + Ta?2 — 120+ 2

3. Evaluate the following:

1 ] 1+t
(a) lim -~ (b) lim T o enT

T—00 I z—=1t A/ — 1 zag* sec

5.2 Indeterminate Forms oo — oo and 0 — oo

Definition 10. If lim f(z) = oo and lim g(x) = oo, then the limit lim[f(z)—
r—a r—a

Tr—a
g(x)] is said to be an indeterminate fom of the type oo — oc.

Definition 11. If lim f(z) = 0 and lim g(x) = 400, then lim f(x)g(z) is
T—a T—a T—a

said to be indeterminate form of the type 0 — oco.

Remark. Indeterminate forms of the oo — 0o and 0 — oo can be expressed
as one of the type % or 2 by algebraic manipulation.

Example 26. Evaluate the following:
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. 2 . . 1 1
LT © Ji (3 - 75)
(b) lim (z — Va? — 3x) (d) lim zlnzx

T—00 z—0t

5.3 Indeterminate Forms of 0", oo, 1%

The limit lim[f(z)]9® is said to be an indeterminate form of the type:
r—a

L. 0°if lim f(x) = 0 and lim g(z) = 0

T—ra r—a

II. o0 if lim f(z) = oo and lim g(z) = 0
T—a

Tr—a

III. 1% if lim f(z) = 1 and lim g(x) = 400

r—a T—a

Remark. The above indeterminate forms can usually be converted to the
type 0 - oo by taking logarithm or using [f(x)]9®) = es@ /@),
Procedure:

(i) Evaluate lim g(x)In f(z) = L

r—ra

(ii) Then lim[f(z)]?®) = e*

T—ra

Example 27. (1) Evaluate:

(a) lim X* (b) lim (1+§)m (¢) lim (1>

T—00

(2) Evaluate the following:

1
. 1 1=
(&) }lzlgtl)(l +2h)7 (c) lim (sinx) ’
z—07F X
Inz
(b) lim —— (d) Jim {147

5.4 Scales of Infinity(Order of Magnitude)

5.4.1 Motivation

Consider the solution to the following limits.
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323 +5
11m
z—o00 412 + 1

(1)

) 395—!—9%
:>ach—>rgo 4+%

=

The limit going to infinity implies that the numerator, 32° +5, is grow-
ing much faster than the denominator, 42 + .

3r+5
m -—-—-
z—oo 42 +3x + 1

2
= lim 3/ +5/x

=0
v—o0 4+ 3/x + 1/2?

This implies that the denominator, in this case, is growing faster than
the numerator. Equivalently, we can say that the numerator is growing
more slowly than the denomintor.

323 +5
11m
z—o00 43 + 1

3+ 3

= lim =
x—o00 4 + m% 4
Unlike the previous two examples, the numerator and denominator have
similar rates of growth, because the limit of their ratio is a constant.

In the examples, the limits are determined by the order of magnitude of the
polynomials in the numerator and denominator. In other words, the limits
could have been obtained if we considered only the term with highest order
of magnitude in the numerator and the denominator.

Motivational Questions

The main question to address is this: Apart from polynomials, is it possible
to determine the limit f(x)/g(z) of the two function f(z) and g(z) as x
approaches infinity or zero?
Why is this important? An answer to the question could tell us whether f(x)
is growing faster or slower than g(x). Think of the economies of two countries,
say Ghana and Nigeria, that are both growing very fast. Which economy is
growing more rapidly? Conversely, if both economies are decaying, can we
tell which one is decaying more slowly?

Consider the functions f(z) = 2* and g(x) = z. Notice that both func-
tions grow without bound as x becomes infinitely large (see Figure . But
f grows rapidly than g. In general, how can you tell which function is growing
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Figure 5.1: Graph of Inx

(decaying) more rapidly (slowly) than the other? The following definitions
and theorems will help in answering the question above.

Definition 12. (Order of Magnitude) A function f(z) is said to be of the
(=)

k-th order of magnitude if ——= — L # 0 as x — oo, where L is a constant.
x

k

Definition 13. (Relative Rates of Growth) Let f,g : R — R, a ¢ R*(R* =
RU{—00,00}), and lim |f(z)| = lim |g(x)| = oo.
T—a Tr—a

f(x) ’ _
9(x)
oo or we can say that f(x) — oo faster than g(x), or g(x) — oo slower than

f

b) We can say f approach oo on a lower order of magnitude than g(x) if
lim %‘ = 0 or we can say that f(z) — oo slower than g(x) or g(z) — oo
z—a | g(T

faster than f(z).

a) We say f approaches 0o on a higher order of magnitude than ¢ if lim
Tr—a

c) We say f and g approaches oo on the same order of magnitude if lim

C, CeR,C 0.

Theorem: As r — oo, the magnitude of the exponential, power and
logarithmic functions approach oco. Moreover, the order of magnitude with
which they approach oo is given in the following order, with exponential
functions approaching the fastest, and logarithmic functions approaching the
slowest.

(1) Exponentials of the form a®, where a > 0,a # 1. If a > b then a”
approaches oo faster than b* as x — oo.
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(2) Power functions, ", neN. If n > m, then ™ approaches oo faster than

™.

(3) Log functions, log,(z) for a > 0 and a # 1. All log functions approach
log,z In(b)

log,z  In(a)’

If any of the above functions is multiplied by a non-zero constant , it
does not change the relative order of magnitude at which the function
approaches co. 5

oo at the same rate, because

Example
i o
1. lim = 00, since e” grows faster than Inz as x — oo.
T—00 %n x
nx
2. lim =0.

r—o00 T

NB: For a linear combination (sums and differences) of these functions, only
the dominant term matters.

Definition:Dominant term

Suppose f can be written as a linear combination of the functions { f1, fa, ..., fu }

and lim | f(z)| = oo, where aeR*. The dominant term of f is the function f;
Tr—a

which approaches oo on the highest order of magnitude. Denote this by f.

Theorem: Dominant term 3
Consider f(z) and g(x), with lim |f(z)| = lim |g(x)| = oo. If f and g are
T—a T—a
@), f)

the dominant terms of f and g respectively, then lim — .
z=a g(x)  z—a g(x)

et =122+ et
lim ———— = lim — = 0.

Theorem: Ranking growth rates as x — oo

Let f << g mean that g grows faster than f as x — oo with positive real
numbers p,q,7 and s and b > 1, then In?z << 2 << 2PIn" 2 << 2P** <<
b << x”.

5.4.2 Relative Rates of Decay

Definition: Relative rates of Decay
Let f,g:R — R, aeR*, and lim |f(z)| = lim |g(x)| = 0.
r—a T—a
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a. We say f approaches 0 on a higher order of magnitude than ¢ if lim |£|

g(x)

Tr—a
0.
b. We say f approaches 0 on a lower order of magnitude than g if lim |%] =
0. Tr—a
f(

21

c. Wesay f and g approach 0 on the same order of magnitude if lim | —

r—a
C.CeR, 0.

A
N N

2 T

NB: Because e” grows faster than z° as * — o0, it also implies that e~
decays faster than 272 as x — oo. So looking at the reciprocals of the ex-
ponential and power functions helps in determining their relative rates of
decay.

—x

e e * 1 . x? 9
Example 28. 1. lim s— =1lm —+-—=1lim [ —+27) =00
r—o00 T T—00 T xr— rz—oo \ el
T _ 12 2
2 Evaluate lim w
T—00 334 =+ 1

3. Show that the exponential function e* increases more rapidly as © — 400
n

than any fixed power of x. That is lim S 0,n >0 ... (1)

T—r00 6

In (e_) =ne* —lnz"=z—nlhx=hzx <i —n>
zm Inz

) e’ ) ) T
limIn | — ) = lim Inz - lim (——n) = 0000 = 00
xn Z—00 z—o00 \In 2
e
o lim — = o0
z—o0 T

2. Show that the function In x increases more slowly than any positive inte-

1
gral power of x. That is: lim n_nx =0,z > 0,n > 1 (n is an integer).

r—o0 U
Solution
1 T 1 T 1 X = *
NB:Ift >1,- <+ = Ine = [F—dt < [F Sdt = [Ft12dt = 25| =
t t2 1 t 1 13 1 L
207 — 2
1 Inz 2 2
nhr<2r: —-2=—<———
X €T2 x
1 1 2 2 1
z>1 O<E<E<—l——. Asz — 00,0 < hmﬂéo.
xn T T2 T z—00 I
1
.. By squeeze(sandwich) theorem: lim 2T _ 0. This implies: 2™ > Inx.
rz—oo N
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Examples
¢ o d . k d .
1. Prove the following: a).%(lnx) = o(n )i b). %(lnlnx) =
k
rlnz(Inlnz)t-F
Inl In”

2. Find: a) lim DT i b) lim ’

z—oo Inx z—oo lnx z—oo lnx

3.Determine which function has a higher order of magnitude: a). f(x) =

Vi, g(r) =/

b). f(z) = VInz,g(zx) = Vinz

4. Arrange the functions according to their order of magnitude: g =

f

zVinz zlnlnzx

c). f(z) =V, g(z) =In’x

zlnlnlnz

— L h= L q=
Inlnzx Vinz ¢ Vinlnz

. Find: a). 111)@4m

. Show that for large values of x, \/z > eVine > nd

lim
x—0

z—0

1

203 — 22+

3 + 2z
2 — 2+ +1

x3 4+ 2z + 2

3
3)4

r—3 (:L' —

b). lim
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Chapter 6

Hyperbolic Functions

The analysis of certain problems such as the shape of a hanging cable and
pursuit curve of a missile involves combinations of exponential functions such
as e~ and e“’, where c¢ is a constant. Because they occur frequently in
maths, these combinations have been given the special name of hyperbolic
functions. They are related to the hyperbola, just as trigonometric functions
are related to the circle. Before defining hyperbolic functions, we first take
a look at odd and even functions.

6.1 0Odd and Even Functions

Definition 14. A function is said to be even if f(—xz) = f(z) and odd if
f(—=z) = —f(x) for all z in its domain.

For example, f(z) = 2?* is an even function for some keZ and f(z) =

221 is an odd function for the same keZ.

Symmetry

(i) Even functions are symmetric about the coordinate(vertical) axis. eg:
flz)=a2*+2
(i) Odd functions are symmetric about the origin. eg: f(x) = 3. See

Figure [6.1}

1
Theorem 18. Let f(x) be any given function. Then the functions 5 (f(z) + f(—x))

1
and 5( f(x)— f(—x)) are even and odd functions respectively. That is, every

function can be written as the sum of an even and an odd function.
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y =[z* +2

Figure 6.1: Graph of (a) y = 22 + 2 (even), and (b) y = z* (odd).

Proof.
Lot fule) = 5 (f(2) + f(-2)) and fule) = 3 (f() — f(—2)
fol=2) = 5 (=) & (@) = 5 (f(@) + F(=2) = fula)

=) = 5 (f(=2) = f(2)) = 5 (f(a) — f(~2)) = ~fula)

Now, fula) + fula) = 3 [f(2) + S(=2)] + 5 [/ (@) = S(~2)

= 2 1F@) + () + (@) — f(-a)] = 22 ()] = f(2)

6.1.1 Basic Properties of Even and Odd Functions

a. The sum or difference of two even (odd) functions is even (odd), and
any constant multiple of an even (odd) function is even (odd).

b. The product of two even functions is even, and the product of two odd
functions is even. The product of an even and odd function is odd.

c. The quotient of two even or two odd functions is an even function, but
the quotient of an even and an odd function is odd.

d. The derivative of an even function is odd and the derivative of an odd
function is even.
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e. For any acR, we have [* f,(z) =0and [* fo(z)=2[ fe(x)

6.1.2 Hyperbolic functions: Definitions

1 1
Consider the function f(x) = e®. Then e” = 5(690 +e %)+ 5(6‘76 —e ") and
1 1
e’ =—(e"4+e *)—=(e*—e 7). Note that —(e*+e ") is even and %(ex—e_x)

is odd.

Definition 15. (DEFINITIONS OF THE HYPERBOLIC FUNCTIONS)

et +e " 1
coshx = +— sechx =
2 cosh x
et —e " 1
sinhg = ——— cschx =
2 sinh z
sinh z
tanhx = cothx =
cosh tanh z

Applications

Hyperbolic functions have several applications in science and engineering.
A well known application is the use of the hyperbolic cosine to describe
the shape of a hanging cable. If a heavy flexible wire (or cable; such as a
telephone or power line) is suspended between two points at the same height,
it takes the shape of a curve with equation y = A+ B cosh (z/B) (see Figure
6.2R).

A second application occurs in the description of the velocity of ocean
waves. The velocity of a water wave with wave-length L moving across the
ocean (or a water body) with average depth d, is modeled by the function

gL 2md
'U—\/Qﬂtanh( L)

where g is the acceleration due to gravity (see Figure ) Besides the two
physical applications mentioned above, hyperbolic functions also have several
mathematical applications. Most especially, they are often used to simplify
complicated expressions under the techniques of integration. We would see
some of these uses later in the course.
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(a) Y

water wave

Figure 6.2: (a) A hanging cable with equation of the form y = A +
Bcosh (z/B). (b) Schematic of a water wave.

Hyperbolic cosine (cosh) and Hyperbolic sine (sinh)

Definition 16. The even function cosh : R — [1, 00) is defined as follows:

e?4+e ™ 1 [ 41 1 /14+e 2
hr= ———M = — Y R
coshx 5 5 ( o > 5 ( s ) , L€

The odd function sinh : R — (—00, 00) is defined by:

e?—e ™ 1 [e*®—1 1 /1—e2
nhe =S —¢ = S (S R
e (N Aty

6.1.3 Graphs

1 1
(1) Use the additions of 561 and ée_z to graph the cosh and sinh functions.

(2) You may also use the approach of curve sketching in calculus I to sketch
the graphs of hyperbolic functions. See Figure [6.3]

inh
Example 29. Graph of tanhxz. Let f(z) = tanhx = P
cosh x
e —e®  l—e % 1
: = = pu—
f@) et +e® l4e2® 4]
1-1 6235 —1 2z
.. (0,0) is an intercept on both axes.
1—e 2
Asz — ==
s T — 00, f(x) =
Asz o —oo, f(r) = b = -1
’ e2r 4 1

So f(xz) = %1 are horizontal asymptotes.
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Domain= (00, —00) Y (a)

Range= (=00, 00)

y=te ®
=€ . S .
2 L’ et — e
-~ y=
s 2

- =sinhz

Domain= (— 09, 00)

Range = [1,00]

Figure 6.3: Sketch of (a) y = sinhz and (b) y = coshz.

2e”

e +1
Also, f'(z) =0 = 2 =0 .. (0,0) is a point of inflection. See the graph in
Figure[6.4h. The graphs of other hyperbolic functions are displayed in Figure
6.4b-d.

We can show that f'(z) = sech® z = ( ) > 0 = No turning points

6.2 Hyperbolic Identities and Osborn’s Rule

(a) sinh(—x) = —sinhz
(b) cosh(—z) = coshx

sech?zr =1 — tanh?

)
)
(c) cosh®x —sinh*z = 1
(d)
)

(e) 1+ csch®x = coth®x

Proof. (a) sinhx = %

—-Tr _ ,tx r _ ,—T
S sinh(—a) = (_)

(b) Try it.
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(a) (b) y
y =tanhx
________ oo - — E
y =cschx = —
sinh x
T 0 T T T
xr
n= oo, 00
Domam( ( 1 1)’ ) . Domain= (—0¢, 0) U (0, 20)
_______ J‘___Railgii_ _ ’_ e Range= (=00, 0)U (0, c0)

th !
y = cothx =
y tanh x
0 x

0 xr

Domain= (—00, 00)

“osh -
coshz Range= (0,1]

y=sechz =

Domain= (—00,0) U (0, 00)

Range= (—o0, 1) U (1, 00)

Figure 6.4: Graph of (a) y = tanhx (b) y = cschx (¢) y = sechz (d)
y = coth z.

) ) ) €x+efx 2 et — e~ 2
(¢) cosh”z —sinh”z = — ) (75—

_€2x+2+e—2x 62x_2+e—2x_4_1
N 4 4 4

(d) sech’z =1 — tanh®z
From (c), we have

2 .
. cosh“x  sinh“zx 1
cosh? —sinh? =1 =

cosh?z  cosh? - cosh? z

— 1 — tanh?z = sech’® z
Alternatively,
1 sinh? z

+
cosh?z  cosh?z

sech? z + tanh®x =

_2\2
_1—|—Sinh2x 1+<e _26 >

cosh? z (%) 2
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442 242

_ 4
- 621_;’_2_;'_6721
4
2 —2x
e 2+e
-.sech? x + tanh? 2 = L =1
62:1: + 2 + 6721

(e) 1+ csch®z = coth®x
From c.: cosh?x — sinh?xz = 1
cosh?z  sinh?z

—— 5 = 5 = coth®z — 1 = csch® z
sinh“x  sinh“xz  sinh®xz

.1+ cesch?x = coth? z

Exercise. Prove the following:
1. sinh(2z) = 2sinh(z) cosh(z)
2. cosh(2x) = cosh? z + sinh® z
3. sinh(x + y) = sinh(z) cosh(z) + cosh(z) sinh(z)

3. cosh(z + y) = cosh(z) cosh(y) + sinh(z) sinh(y)

6.2.1 Relationship to the Exponential function

It can be shown that:
(i) €* = cosh(z) + sinh(z)
(ii) e™* = cosh(z) — sinh(z)

These are very similar to trigonometric expressions using Euler’s formula:

e = cos(x) + isin(x)
e = cos(x) — isin(z)
BI) + [©2) gives
cosT = % = cosh(iz) (6.3)
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(6.1) - (6.2) results in

sinz = % =—i <i> = —isinh(ix) (6.4)
i

Thus, (6.3) implies that

cos(iy) = cosh(—y) = cosh(y)

and (6.4) means that

sin(iy) = —isinh(—y) = isinh(y)

So

cosh(y) = cos(iy) and sinh(y) = —isin(iy)

Thus, trigonometric formulae can be converted to formulas for hyperbolic
functions using Osborn’s rule:

6.2.2 Osborn’s Rule

cos can be converted to cosh and sin into sinh, except when there is a product
of two sines, then a sign change must be effected. That is

cos — cosh and sin — ¢sinh
Example 30. 1) cos(2r) = 1 — 2sin? 2z = cosh(2z) = 1 + 2sinh? z.
2) sin(2z) = 2sin(x) cos(x) = sinh(2x) = 2sinh(x) cosh(x)

6.3 Inverse Hyperbolic Functions

From the graphs of the hyperbolic functions, we notice that all of them are
one-to-one functions on (—o00,00) except coshx and sechz. However, if we
restrict the domain of cosh z and sech z to [0, 00). They become one-to -one
with inverses cosh™' 2 and sech™ z.

Definitions Domain
y =sinh 'z (—00,0)
y =cosh 'z 1, 00)

(_17 1)

(—00,0) U (0, 00)
(0, 1]

(—o0,—1) U (1, 00)

y =tanh 'z
y=csch 'z
y=sech 'z
y=coth 'z

Ll
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Graphs

You may sketch the graph of the inverse hyperbolic functions by reflecting
the graph of the corresponding hyperbolic function about the line y = x (see
the section on Inverse Functions). The graphs of some inverse hyperbolic
functions are displayed in Figure [6.5

Exercise. Sketch the graph of y = sech ™" z.

6.3.1 Representation of Inverse Hyperbolic Functions
as Logarithmic Functions

For some applications, it is more convenient to represent hyperbolic functions
as logarithmic functions. The following exercises illustrates some of these
representations and how to proof them.

Example 31. Prove that:
(1) sinh™ 'z = In(z + Va2 + 1); (—00, 00)
(2) cosh™'z = In(z + Va2 — 1); [1,00)

1 1+z
L L (-1,1
(3) tanh™" z 2n(1—x)’ (—1,1)
Proof. (1) sinh™'x = In(x + V22 +1). Let
Y_ ey
y:sinh’lxszsjnhy: %

e —1
2eY
Let t = e¥, then t* — 22t — 1 = 0 is a quadratic in ¢t = ev.

t_zxi¢@¢+4
N 2

— eV =+ Va2+1

. The root x + v22 + 1 is admissible but x — v/22 + 1 is not, since
x — V2?2 4+ 1 < 0 because x < Va2 + 1; however e¥ > 0.

sl =+ V41

=y=In(r+Va2+1)
sosinh ™' e = In(x + Va2 + 1)

= = = ey =¥ — 1= ¥ —22e¢? —1=0
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(@) y = sinhx e Y
o eeT (b)
y=u et
[ 1
(o
| y =sinh 'z
y=sinh "z Yy =rs T
x T
P 1
R, )
o

y=cosh 'z

y=tagh 'z

=y

1
I
1
1
1
1
I
1
I
1
1
I
1
I
1
1
1
|
T
1
1
1
1
I
1
I
1
1
1
1
I
1
I

Figure 6.5: Graphs of hyperbolic functions (left panels) and their inverse
functions (right panels). The dashed curves (left panels) indicate the re-
flection of the hyperbolic function (i.e. the inverse function) about the line

Yy =2z

(2) cosh™'z =In(z + V22 —1), [1,00)

Let y = cosh ' = & = coshy
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eV +e¥ e+l
Tr = =
2 2eY
= e® —2reY +1=0

B 20 +vV4x?2 — 4
N 2

et =rxtVvrz-1

= ¥

Note that
(r—1)<z+l=(r-Dr-1)<(@z-D@+1)=(z-1)? < (2*-1)
r—1<Val-l=z-Vva2-1<1
=y =1In(x — Va2 —1)

=y =cosh 'z <0, since z — Va2 — 1 < 1.
But cosh™ 2 > 0 for all # > 1. So we discard z — V22 — 1 and retain

ey =x+Var-1
.y =cosh 2z =In(x + Va2 — 1)

An alternative approach to discarding x — v/x2 — 1 is given as follows:

V=g —vVa2—-1= (v —Va? - (z+ve? —1)
- b= 1)(5E+m)

2?2 — (22 = 1) 1 _
= eV = = = (z+ Va2 -1)""

r+Vr2—-1 zx4++Vx?2-1 ( )

—y=cosh'o=—In(z+Va2-1)<0

. But by definition, cosh™ z > 0Vz > 1, so we discard z — v22 — 1.

1 1+
tanh™' 2 = —1 ~1,1
(3) tanh™" z 2n<1_x>, (—1,1)

Let y = tanh ™'

ey_e_y
= r=tanhy = ——
eY +e¥
2y
eV —1
T = Sz +r=e¥—-1
e +1

=e¥(z—-1)=—(r+1)

=== ()
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1
:>2y:1n( —|—x>
x

(1—|—x)
In
11—

Exercise. (a) Show that lim tanh(lnz) = 1.

T—00

N = =

=y =tanh 'z =

. ... cosh(Inz) + sinh(In x)
b lify:
(b) Simplify cosh(lnz) — sinh(In z)

[Ans: 27|

6.4 Derivatives of hyperbolic functions

The derivatives of hyperbolic functions are easily computed because they are

defined in terms of €* and e~ *.

Example 32. Show that

d d
(a) %(sinh x) = coshx (c) %(tanh z) = sech? z
(b) i(cosh x) = sinhz (d) i(coth r) = —csch®z
dx B dz B
e 11
Solution. (a) y =sinhz = C T e e
2 2 2
dy 1, 1 _, e —e®
- =3¢ + e % = 5 = coshzx
sinh
(c) y = tanhz coshz

dy _ coshaz(coshz) —sinhz(sinhx)
dr cosh® z

cosh? z — sinh® z

cosh? z

1

= 5 = sech? x
cosh” x

d
%(tanh r) = sech’ z

76 Dr. Joseph K. Ansong



Math 223 : Calculus I1I

J KA

1 coshz
d = cothz = =
(d) y = cothz tanh z sinh z

dy sinh? x — cosh? z
de sinh? &
-1

sinh?

= —csch’z

6.5 Derivatives of Inverse Hyperbolic Func-

tions

Procedure:

(a) Write the function as a log function and differentiate directly, or

(b) Use implicit differentiation.

Example 33.

y =sinh 'z = In(z + Va2 + 1)

dy 1 1, _1
=14 1)72-(2
:>dx " x2+1[ +2(x+ )72 (x)}

1 T
- —_— . 1+—
T+ Va2 +1 { x2—|—1]
1 r+vVarz+1
r+vVr2+1 V2 +1

1
241

Alternatively:
y =sinh 'z = sinhy =2

Differentiate: P
Yy
hy- —=< =1
coshy I
dy 1

dr  coshy

But cosh?y — sinh?y = 1

= cosh?’y = 1+ sinh?y
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= coshy = {/1 + sinh®y

=V1+ a2
~dy B 1
.o dx - 1 + l‘2
Exercise. Show that
d 1
(a) % COSh_l Tr = ﬁ

d
(b) — tanh™ 'z = [Note: sech®y = 1 — tanh®y]

dx 1 — a2
(c) @coth T= 5
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Chapter 7

Infinite Sequences

7.1 Definitions & Notation

Definition 17. A sequences is a list of numbers written in a definite order:
1,09, ... 0n, ...
where a; = first term, as = second term,. .. a, = n term.
A sequence {a,} may also be defined as a function f(n) = a, whose
domain is the set of positive integers.
Notation

The sequence ay, as, ... may be denoted by {a,}2; or simply {a,}.
Some sequences have a simple definition with a formula for the n'* term,
others are not so straightforward to define.

Example 34. 1. Simple definitions:
) oan 7 2n
(i) . ap = )
n+2), n+2

- {(—1>n+1<n+ ) }°° (1) (n+ 1)

on » Gn = on

0

The sequences above may be written as shown below, displaying the

first few terms:
on ™ (2468
n+2f, 13456
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{(—1)”*2175%1)}? _ {_15_23}

The terms of this sequence show alternating signs of positive and neg-
ative terms. Such a sequence is called an alternating sequence.

2. Not so simple definitions:
The Fibonacci sequence {f,} is defined by

flzlv f2:]-
fn = fnfl +fn727 n>3

The first few terms are given by {1,1,2,3,5,8,13,...}.

Graphs

The first few terms of an infinite sequence may be pictured by plotting the
points (a, a,), as displayed in Figure , for some of our previous examples.

2, ()"t
% " 2
21 a, =
n+2 e o o o o o ° 1 °
1 L] ® °
. L] Py
[} 1 2 3 é 5 ® 7 k4
0 1 2 3 4 5 6 7 8 ] 10 n
l n -1@ ®
-1
Figure 7.1:

Exercise. (1) List the first 5 terms of each of the sequence {a,}.

1 . nw
(a) a, = 37;;; : (d) a, = sin >
3(=1)"
(b) a, = (n! ) (e) a1 =3, ani1 =2a,—1
(_1>(n+1)2n
(C) ap = n—_|_1 (f) a9 — 27 Ant+1 = San —1

(2) Find a formula for the general term of the sequence, assuming that the
pattern of the first few terms continues.
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12345 1111
————— 1o ===
(a) {273747 767 } (C> { 737577797 }

5
111 1

b) {—1,=, ==, —,——, ...

(){ 2767247 1207 }(d) {5,1,5,1,5,1,...}

7.1.1 Convergence & Divergence of a Sequence

We observe from Figure that the sequence a,, approaches the number
2 as n gets larger and larger. In order words, we can make the difference,
2 — a,, as small as we like by taking n sufficiently large. This written as

2
lim — — 9

Similarly, we notice that the sequence in Figure [7.1p approaches 0 as n get
larger. Thus, the limit as n — oo of that sequence is 0. A working or intuitive
(or less precise) definition of the limit of a sequence is given below.

Definition 18. A sequence {a,} has the limit L, and written as

lim a, = L,
n—oo

if we can make the terms a,, as close to L as we like by taking n sufficiently
large. If lim,, ., a, exists, we say the sequence converges or is convergent.
Otherwise the sequence diverges or is divergent.

We now give a more precise definition of the limit of a sequence.

Definition 19. (Precise defintion) A sequence {a,} converges and has
limit L, written as

lim a, = L,

n—oo
if for every € > 0 there exists a positive integer N such that |a, — L| < €
whenever n > N.

An illustration of this precise definition is displayed in Figure[7.2] showing
that for any €, the sequence {a,} must always lie between the horizontal lines
L — e and L + € for some n > N. Usually, the smaller the value of €, the
larger the N.
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an
. * .
L[] [ ]
L*Z """ o T D R S
L—e¢f---- R oo
12 3 N n
Figure 7.2:

7.1.2 Some Useful Theorems:

We notice that the precise definition of the limit of a sequence is similar to
that of the limit of a function at infinity. The main difference between a
function y = f(z) with domain (0, 00) and that of a sequence {a,} defined
as f(n) = a, is that n is an integer. Theorem |19 below summarizes this idea.

Theorem 19. If lim, ., f(z) = L and f(n) = a, when n is an integer, then
lim,, oo ap, = L.

1
Example 35. Since we know that lim — = 0 for » > 0, it follows by
r—00 I
theorem [19 that .
lim — =0 (r>0)

n—oo N7
|
Example 36. Find lim an
n—oo M

Solution. Notice that as n — oo both the numerator and denominator
approach oo. We cannot apply L’Hopital’s rule directly since doesn’t appy
to sequences but to functions of real variables. But we can apply it to the
related function f(x) =Inz/x. Thus

1 1
lim —% = lim =~ =0
r—00 I T—00 I

By theorem [19] then implies that

lim g,
n—oo n

Limit Laws for Sequences

If {a,} and {b,} are convergent sequences and ¢ is a constant, then

1. lim (a, +b,) = lim a, + lim b,

n—o0 n—o0 n—oo

82 Dr. Joseph K. Ansong



Math 223 : Calculus I1I JK.A

2. lim (a, — b,) = lim a, — lim b,
n—oo n—oo n—oo

3. lim ca, =c lim a,
n—oo n—oo

4. lim (a, - b,) = lim a, - lim b,
n—oo n—oo n—oo

. Gp limy, o0 Gp
5 lim — = —2= "
n—oo by, limy,, o by,

D

. lim af = [lim an]pifp>0andan>0.
n—oo

n—oo

Theorem 20. (Squeeze theorem) If a, < b, < ¢, for n > N and
lim,, o0 @, = lim,,_, ¢,, = L, then

lim b, = L

n—oo

The squeeze (or sandwich) theorem is illustrated in Figure [7.3]

A4
A
aCn
A
A
A
° A,
° ° A
A
bn ] A : A A A
=== O —————— O mm - L. --:--
° f P’ * .
* *
° *
*
’CL
1 PS n
*
*
0 mn
Figure 7.3:

|
Example 37. Find lim .

n—oo N

Solution. Let a, = n!/n™. The first few terms of {a,} are

1! 2! 3 3-2-1
alz—zl, a2:—:— a3:—:

1 2 -2 3 3-3-3

[\
—

[\]
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and the nth term is given by

n! 1:2.3.... n 1(2.3 ..... n)
an:—: = — _—_—

Thus, a, < 1/n, and because a,, > 0, we obtain the inequality

1
0<a, <-—.
n

Since lim,,_,+, 1/n = 0, the Squeeze Theorem gives

. .oon!
lim a,, = lim — = 0.
n—00 n—oo N

Some sequences cannot be written as functions that we can take the limit
of. This is especially true of the alternating sequence that we saw earlier.
The next theorem will help in finding the limit of such sequences.

Theorem 21. If lim,_, |a,| = 0, then lim,_, a, = 0.

Proof. We note that
_|an| S an, S |an’

Also, we have

lim (—|a,|) = — lim |a,| = 0.
n— 00 n—o0

Thus, we have lim (—|a,|) =0 = lim |a,|, and so by the Squeeze Theorem,
n—oo n—oo
we have

lim a, = 0.
n—oo

_1)
Example 38. Find lim (=1)

n—oo n

, if it exists.

Solution. We have

1" 1
lim ) = lim — =0
n—00 n n—oo 1
Hence, by Theorem [2I] we have
_1)
lim (=1) = 0.

n—oo n
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The following theorem says that, given a convergent sequence {a,}, if we
apply a continuous function to the terms of the sequence, f(a,), we again
obtain a convergent sequence.

Theorem 22. If lim a,, = L and the function f is continuous at L then

lim f(an) = f(L)

n—00

Example 39. Find lim cos(m/n).
n—oo

Solution. Let a, = w/n. Then cos(w/n) = f(a,) where f(x) = cosz. Now

lim 7/n = 0, and since the cosine function is continuous at 0, we have
n—oo

nh_>r1010 cos(m/n) = cos (nh_glo W/n) = cos(0) = 1.

Example 40. Find lim ¢S/

n—oo
Solution. Let a, = sin(w/n), then ¢™"/™) = f(a,) where f(z) = e*. Now,

7}1_}1{.10 sin(m/n) =0

and since f is continuous at 0, we have

lim esin(ﬂ/n) _ elimn_nx, sin(m/n) _ 60 -1

n—oo
Example 41. Show that the sequence {r"}¢° converges if —1 < r < 1 and
diverges for all other values of r. Also show that

{0 if —1l<r<l1 (71)

lim " =
n—oo

1 ifr=1

Solution. The proof/solution is given below as a series of different cases.
Note that, from Calculus I, we have

lima®* =00 if a>1, and lima* =0 if O0<a<]l.
n—ro0 n—oo

Case 1: Forr > 1
In this case, since lim,_,,, 7* = oo for r > 1, we apply Theorem [19] to

get lim r" = o0o. So the sequence diverges for r > 1.
n—oo

Case 2: Forr=1

lim 7" = lim 1" = lim 1 =1.
n—oo n—oo n—oo

So the sequence converges for r = 1 and the limit is equal to 1.
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Case 3:

Case 4:

Case b:

Case 6:

Case 7:

ForO<r<1
From Calculus I, lim, .., * = 0if 0 < r < 1, so by Theorem we

get lim r" = 0. So the sequence converges if 0 < r < 1 and the limit
n—oo

is equal to 0.

For r =0

Imr"=lm 0" = lim 0=0
n—oo n—o0 n—oo

So the sequence converges for r = 0, and the limit is equal to 0.

For -1 <r <90
Note that if —1 <7 < 0 then 0 < |r| < 1. Thus, we have

n
lim || = lim |r|" = (lim |7’|) =0"=0.
n—oo n—oo n—oo

Hence, by Theorem , we have lim " = 0. So the sequence converges
n—oo

and the limit is equal to 0.

For r = —1
In this case we get the alternating sequence

) = {(=)")° = 11,1, -1,

Thus, the limit lim (—1)" does not exist. So the sequence diverges for
n—oo

r = —1. Recall that Theorem [21] only applies if |a,| = 0 as n — oo.
We cannot use it if lim, o |a,| # 0. For instance lim, . |(—1)"| =
lim, o0 | — 1| = lim, .o 1™ = 1 does not imply that the sequence
(—1)™ converges to 1.

For r < —1
In this case we obtain an alternating sequence for every value of r as
in Case 6. For instance, if r = —3 we get the alternating sequence

{(=3)"}y = {1,-3,9,—27,8L,---}

whose values keeps getting larger and larger as n increases. Thus, the
sequence diverges.

Example 42. Determine if the sequence converges or diverges, and find the
limit if it converges.

()

2n2+31°%
3n — Tn?

n=2
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v ).

2?2 +3 )~
Solution. (a) {Bn——;Q}
n—1in n=2
. 2n?2+3 243 2
lim ———— = lim 3 = ——
n—oo 3N — Tn2 n—oco = — 7

Therefore the sequence converges, and the limit is —2/7.

v {%)..

We need to find lim 6—2, by applying L’Hopital’s rule. But, the rule

n—oo N,
can not be applied to sequences so we define the related function

e?x €2n
flz) = 5 such that f(n) = o
Thus, using Theorem [19] we have
2n 2x
e
lim — = lim —
n—oo 12 z—oo T2

Applying L’Hopital’s rule twice, we have

) e2n . 2621 . 2621
lim — = lim
n—oo N2 z—00 20 z—oo |

Therefore, the sequences diverges.

7.2 Bounded Monotonic Sequences

Definition 20. A sequence {a,} is called increasing if a, < a,.; for all
n > 1, that is, a; < ay < ag < ---. It is called decreasing if a, > a, 1 for
all n > 1. It is called monotonic if it is either increasing or decreasing.

Example 43. Show that the sequence { n
n

1} is increasing.

Solution. Let a, = % We need to show that a, < a,,; for all n > 1.
n

That is
n n+1

<
n+l (n+1)+1
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n <n+1
n+1 n-+ 2

= n(n+2) < (n+1)°
—n+2m<n®+2n+1
—0<«<1

which is true for n > 1. Thus a,, < a,41, and so a,, is increasing.
Alternatively, let a,, = f(n) =n/(n+ 1), and consider the function

f(x>::c+1
:>f’(x):($+1)_x: L

@+1)?  (@+1)p

Thus, f'(x) > 0 if x > 0, and so f is increasing on (0, 00). Therefore, the
sequence is increasing.

Definition 21. A sequence {a,} is bounded above if there is a number M
such that

a, <M forall n>1.

It is bounded below if there is a number m such that
m<a, forall n>1.
If it is bounded above and below, then {a,} is a bounded sequence.

Example 44. Determine if the following sequence is monotonic and/or
bounded

(a) {_nQ}ZO:o
(b) {(=D)™'},

Solution. (a) { —n? }zozo

The sequence is decreasing, and therefore monotonic, since
—n?> —(n+1)* forevery n >0.

Note that the terms of the sequence will either be zero or negative.
Thus, the sequence is bounded above by 0.

88 Dr. Joseph K. Ansong



Math 223 : Calculus I1I JK.A

Remark. Any positive number or zero may be chosen as the upper
bound, say M, but it is standard to choose the smallest possible bound,
also called the supremum. That is why we chose M = 0, since
—n? < 0 for every n. Note that this sequence is not bounded be-
low since we can always choose another number below any potential
lower bound.

On the other hand, the sequence {n?}$° is increasing from 0, and there-
fore bounded below by 0. Here, any negative number qualifies as a lower
bound, say m, but it’s standard to choose the largest possible bound,
also called the infimum. So the infimum or lower bound is m = 0.

() (-1
The sequence is an alternating sequence, with the terms alternating
between 1 and —1. Thus, the sequence is neither increasing nor de-
creasing, and so the sequence is not monotonic. However, the sequence
is bounded above by 1 and bounded below by —1.

The next theorem shows that if a sequence is both bounded and mono-
tonic, then it must be convergent. Note that not every bound sequence is
convergent. For example, the sequence {(—1)"}, is bounded as —1 < a, <1
but it is divergent. Also, not every monotonic sequence is bounded, for
example a,, = n is monotonic but a,, = n — oo.

Theorem 23. (Monotonic Sequence Theorem) Every bounded, monotonic
sequence is convergent.

n

2
Example 45. Show that {—'} is convergent and find its limit.
n!

n

Solution. Let a, = — The first few terms of the sequence are
n!
4 8 16
ay = 2, a9 = 5 = 2, as = 6 = 13333, ayg = ﬂ = 0.6667
32 64 1024
= —_— = 2 = —_— = . .« = — = .
as 120 0.2667, ag 720 0.0889, , a1 2628800 0.0003

Thus, the sequence appears to be decreasing from n = 2 onwards. To prove

Qp,
this, we need to show that a,, > a,,,. That is 1 < 1. Now
Qp,

Uny1 ontl pl 2" . 2. nl

an, (n+1)! 20 (n4+1)-nl-2¢
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An1 o 2

ap, n+1

So we have
an—i—l

an

<1 if n>1.

Therefore a,, > a,41 if n > 1. Since all the terms of the sequence are positive
and the sequence is decreasing, {a,} is bounded below by 0. Hence, by
Theorem [23], the sequence is convergent.

We next find the limit of the sequence, using

An+1 . 2
a, n+1
—_— 2
Opi1 = —0p
e
Let lim a,, = L then, obviously, lim a,,; = L. Thus, we have
n—oo n—oo
L= lim a,1; = lim a, = lim - lima,=0-L=0
Hence lim — = 0.
n—oo Ml
Exercise. 1. Find
. 345n? . Inn (="
@ o DS ©)

2. Determine whether the given sequence converges or diverges. If it con-
verges then find the limit.

(@{ﬁi;iﬁﬁ}“ (e) {sin(nm)},

14+8n—3n2f _, .
o {5} 0 (i ...
e
(d) {%}nzl (h) {In(4n+1) —In(2+ 7n)}>2,

(3) Consider the sequence {a,} defined by the recurrence relation

1
a; = 2 an+1:§(an+6) for n=1,2,3,---
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(i) Use mathematical induction to show that the sequence is increas-
ing.

(ii) Use mathematical induction to show that the sequence is bounded
above by 6, that is, a, < 6 for all n.

(iii) Use the Monotonic Sequence Theorem to show that the sequence
converges, and that the limit is 6.

n3 o
n4 + 10000

n=0

(4) Show that the sequence

1s not monotonic.
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Chapter 8

Infinite Series

8.1 Introduction

8.1.1 Definitions & Notation

Definition 22. An infinite series (or a series) is the sum of the terms of
an infinite sequence of the form

a1+a2+...—|—an—|—---:Zan or Zan.
n=1

Each number a; is a term of the series, and a,, is the nth term.

Remark. Let’s start by removing some confusion between the concept of a
series and that of a sequence. A sequence is a list or collection of numbers
written in a particular order, whereas a series is an expression of an infinite
sum of numbers.

Since only finite sums may be added algebraically, what do we mean by an
“infinite sum”? As the following example illustrates, and as we shall explain
later on, the key to the definition is to consider the sequence of partial
sums {95, }, where S, is the sum of the first £ numbers of the infinite
series. Consider the following infinite series
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Example 46. 0.6 + 0.06 + 0.006 4 0.0006 + 0.00006 +- - - -

S;1=0.6

Sy = 0.6 4 0.06 = 0.66

S3 = 0.6 + 0.06 + 0.006 = 0.666

S4 = 0.6+ 0.06 + 0.006 4 0.0006 = 0.6666

S5 = 0.6 4 0.06 + 0.006 4 0.0006 4 0.00006 = 0.66666

and so on. Thus, the sequence of partial sums {5, } may be written as
0.6,0.66, 0.666, 0.6666, 0.66666, c. . ..

It follows that (we’ll appreciate this conclusion later under “Geometric se-
ries”)
2
S, — 3 as n — 0o.

We see that the more numbers of the infinite series that we add, the closer
the sum gets to 2/3. Thus, we write

2
3= 0.6 + 0.06 + 0.006 + 0.0006 + - - -

2
and call 3 the sum of the infinite series.

8.2 Convergence and Divergence of a Series

Consider the partial sums of the series: a1 +as+ ... +a, + ...

S1 = Qq
So = a1 + as

S3 = a1 +az +as

n

sn:a1+a2+a3+...+an:Zai

i=1
Note that the partial sums {s1, 9, 83, ..., S, } now form a sequence.
Definition 23. (Convergence & Divergence of Series) A series > a,, is
convergent (or converges) if its sequence of partial sums {s,} converges;

that is, if

lim s, = s for some real number s.
n—oo
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The limit s is the sum of the series Z a,, and we write
S=ap+ag+ -+ ap+ -

The series Zan is divergent (or diverges) if {s,} diverges. A divergent
series has no sum.

Remark. The sum of an infinite series means that by adding sufficiently
many terms, we get as close as we like to the number s.

Example 47. Consider the series

I S I
1-2 2.3 3.4 n(n + 1) ’

(a) find s1, s9, 83, S4, S5, and Sg
(b) find s,
(c) show that the series converges and find its sum.

Solution. (a) The first six partial sums are given by

1 —_
T T
S
2T 1797937 3
IR B U
BT 1 979.373.4 1
R S R R S
MTT 9T 933415 5
DV S R
TS T T e T 6
. 5,1 _6
S¢ =S5+ a5 ==+ —==—
L L

(b) From the first six partial sums, it is straightforward to deduce that the

n
nth partial sum is given by the expression s, = e However, we
n
shall derive this in a different way. Using partial fractions, we can show

that the nth term is given by
1 1 1

Up = —F—— = — —

Cnan+1) n o nd1l
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Thus, the nth partial sum of the series may be written as
Sp=ai+az+az+---+ap

_1_1+1_1+1_1++1_1
B 2 2 3 3 4 n n+1)
1
(DD D)
n+1
We see that all the numbers except the first and last terms cancel, and
so we get

1_n
n+1 n+1

Sp=1—

Remark. This series is an example of a telescoping series, because
of the cancellation nature of the terms of the series. That is, writing
the partial sums as shown above causes the terms to telescope to 1 —
—— . Note that the terms of different telescoping series cancel out
n(n+1)

in different ways, not just the order shown in our example above.

(c) Using the expression for s, obtained above, we get

lim s, = lim =1.

Thus, the series converges and has a sum of 1. Hence, we can write

i + L, + -+ ! +
1.2 2.3 3.4 n(n+1)

Example 48. Consider the series

D=1 =l (D) F L (1) e ()
n=1

(a) find sq, s9, 83, S4, S5, and S

(b) find s,

(c) show that the series diverges.

Solution. (a) The first six partial sums are given by

s;=1, s9=0, s3=1, s4=0, s5=1, and s5=0.
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(b) The nth partial sum may be written as

5 — { 1 ifnisodd (8.1)

0 if nis even

(c) Since the sequence of partial sums {s,} oscillate between 1 and 0, it
follows that lim,,_, s,, does not exist. Hence the series diverges.

8.3 Special Series

The Geometric Series

Theorem 24. The geometric series

a+a7’+a7’2+ar3+...—|—ar”_1+...:Zar”_l a#0

n=1

a
(a) converges and has the sum s = . if |r] <1
—r

(b) diverges if |r| > 1.

Proof. 1f r = 1, then we have
at+a+a+...+a=na

and lim,,_,,, na = 00, so the series will diverge.
Ifr#1, we get
Sp=a-+ar+ar®+.. . +a"? (8.2)
8

TSy = ar+ar* + ... +ar™ +ar”

Sy — T8, =a—ar" [(8-2) — (8.3)]

Thus, we get

a(l —r") o ar™
Sy = =
" 1—1r 1—r 1-—7r
. . .oar”
— lim s, = lim + lim
n—00 n—sool —r n—oool —7
ar™
= — lim
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If —1<r<1, lim,_,.r" =0 and so
lim s,, = a )
n—00 1—7r

If r<—1orr>1,{r"} diverges and so lim, ., s, does not exit.

In summary, the sum of the geometric series is:

= a
Zar”_l g if |r| < 1.
n=1

If |r| > 1, the series diverges.

Example 49. Prove that the following series converges, and find its sum:

2+ 2 + = + + +
3 32 3n—1
Solution. The series is geometric with a = 2 and r = - < 1. Thus, the
series converges to the sum
a 2 2
S = = = —_— = 3
1—r 1- % 2/3

Example 50. Express the number 0.2 = 0.2222. .. as a ratio of integers.

Solution.
03=2 1 2 4
T 102
is a geometric series with a = 2/10, » = 1/10 and the sum is
a 2/10 2

Ty T 1-110 9

Exercise. (1) Find the sum of the geometric series 3 + 2 + 3 + 9 +...

(2) Prove that the following series converges, and find its sum

0.6 4+ 0.06 + 0.006 4+ 0.0006 + 0.00006 + - - -

Note: this was the series we considered at the beginning of this chapter
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The harmonic series

Prove that the the harmonic series

531—1+1+1+1+-+
~n 2 3 4

is divergent.

Solution.
81:1
1
52:1—|—§
1+1+ 1+1 >1+1+ 1+1 —1+2
MEATH T 3T 2 \171) 7 T
1+1+ 1+1 + 1+1+1+1
S— — J— — J— — J— —
8 2 3 4 5 6 7 8
>1+1+ 1+1 + 1+1+1+1
2 44 8 8 8 '8
1 1 1 3
=]+ 4+ -4 =14=
totsty *3
5
532>1+§
S >1—l—9
64 2

n
In general son > 1 + — for every positive integer n. This implies that s,

can be made as large as desired by taking n sufficiently large. That is,

lim syn = oo, which implies that {s,} is divergent. The harmonic series is
n—o0

therefore divergent.

Exercise. (1) Determine whether the series is convergent or divergent:

n=1
(2) Express the number as a ratio of integers

3.417 = 3.417417417 - - -
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8.4 Some Useful Theorems

Theorem 25. If the series ZZ; a, is convergent, then lim, ,,, a, =0

Proof. Let s, =a;+as+ ...+ a,_1 + a,. Then

Sp = Sp—1 T Qyp
= Qp = Sp — Sp—1
= lim a, = lim s, — lim s,_;

n—oo n—oo n—o0

Let lim,,_, S, = 5. Then lim,,_,, $,,—1 = s since lim,,_,.on — 1 = co. Thus

lim a, =s—s=0
n—oo

O

Remark. The converse is not true in general; that is, if lim a, = 0, it does
n—oo

not necessarity follow that the series ) a,, is convergent. An example is the
harmonic series for which lim,, ,., a, = 0 even though the series is divergent.
Thus, to establish convergence of a series, it is not enough to prove
that lim,_,,, a, = 0, since that may be true for divergent as well as
for convergent series.

8.4.1 The Divergence Test

(i) If lim a, # 0, then the series Z a, is divergent.

n—0o0

(ii) If lim a, = 0, then further investigation is necessary to determine
n—oo

whether the series > a,, is convergent or divergent.

The following examples demonstrate how to apply the divergence test.

Example 51. Determine if the following series is divergent
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SIS EPM

(2) s 4> 3
n=1 n=1
2 2 2
Solution. (1) lim —— = lim —— == £0

nﬁaa5np+ 1 n%a35-+-ﬁ 5
Thus, by the test for divergence, the series is divergent.

n

(2) lim — = oo,
n—oo N
So the series diverges by the divergence test.

(3) limy, 00 \/Lﬁ = 0. We cannot draw any conclusion, further investigation
is required. Later in the text, it will be simple to show that the series
is divergent.

(4) lim, o0 o5 = 0. Further investigation is required, by the test for di-
vergence. In a short while, it will be relatively easy to show that this
series is convergent.

Theorem 26. If ) a, and ) b, are convergent then so are

(a) ann:cZan
(b)) (antby) =D an+ ) by

- 5 2
Example 52. Find the sum of the series <— + —>
; n(n+1) 3

[e.9]

=, 2 =1 1
Solution. We can write the series Z 3n = 22 3 However, 3 =
n=1 n=1

n=1

= (1\". L 1 1
Z 3 is a geometric series with a = 3 and r = 3 SO

Wl

DO W
N | —

COlPA

=1
Zg_n:l_

n=1

Wl
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Thus,

= 2 1

n=1

- 1
In example 47, we showed that ———— = 1. Thus
el >

o o

5 1
Zln(n+1):5;n(n+l):5.1:

Therefore the sum of the series is given by

> 5 2 = 5 =2
;(n(n+1)+3") ;n(n+1)+;3" N

Theorem 27. If Zan is a convergent series and an is divergent,
then Z(an + by) is divergent.

Example 53. Determine the convergence or divergence of the series

> (5)

n=1
1
Solution. The series E I is convergent, since it is a geometric series with
n=1
o0

r = 1/3. However, the series Z — is the divergent harmonic series. There-
n

n=1
fore the given series is divergent by Theorem [27]
n2
Exercise. 1. Show that the series ——— is divergent.
5n? +4
2. Prove that the following series converges, and find its sum:

i [n<n7+ T 33—1]

n=1
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3. Find the sum of the series: Z (4”m” + Cozsn m)
n=0

The next theorem states that if corresponding terms of two series are
identical after a certain term, then both series converge or both series diverge.

Theorem 28. If Z a,, and Z b, are series such that a; = b; for every
j > k, where k is a positive integer, then both series converge or both
series diverge.

Proof. We may write the series Z an, by hypothesis, as
Zan:a1+a2+a3+~~-+ak+ak+1+'--+an+-~

Let S,, and T,, denote the nth partial sums of Z a, and Z b, respectively.
The partial sums of Z a, are given by

Slzal
ngal—l—ag

Sp=a1+az+-+a
Sn:Sk+ak+1+---+an
:>Sn_Sk:ak+1+"'+an

Similarly, we have

Tn:Tk+ak+1+"'+an
— T — Tk = agy1+ - + ay,
since a; = b; for j > k. Thus,
Sp— Sy =T, — Ty
n—oo

n—o0

and so either both of the limits exist or both do not exists. If both series
converge, then their sum differ by S, — 7. [
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Theorem [28| shows that if we change a finite number of terms of a series, it
will have no effect on whether the series would converge or diverge. However,
it does change the value or sum of a convergent series. For instance, if we
replace the first k£ terms of Z a, by 0, it won’t affect the convergence of the
series. The above theorem is re-stated differently in the next theorem.

Theorem 29. For any positive integer k, the series

o (o]
E an =a1+az+--- and E Un = Qg1 + Qg2 + -
n=1 n=k+1

either both converge or both diverge.

Example 54. Show that the following series converges

1 1
T E 8.4
54 15 T mrmes (84)

Solution. Consider the telescoping series of example [47], repeated below:

1 1 1 1 1

12723 34 15 Tamrp T

By deleting the first two terms, we get the series in Since the telescoping
series is convergent, by Theorem [29] the given series is also convergent.

8.5 Convergence of Positive-Term Series

In this section, we consider only positive-term series where the series
E a, is such that a,, > 0 for every n. The convergence or divergence of

an arbitrary series can often be determined from that of a related positive-
term series. Thus, positive-term series a the foundation for several test for
convergence of any given series.

8.5.1 The Integral Test

Consider a function f which is continuous, positive and decreasing on the
[e.e]

interval [1,00). The area under f is given by A = / f(z)dx. If this
1
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improper integral is convergent, then A is finite. If the integral is divergent
then A is infinite.
Now, if we divide the area under f into rectangular strips, each of which is

taken to represent a term of the sequence a,, = f(n), then since / f(z)dx

is the sum of these strips, the series >~  a, is convergent if / f(z)dx is

convergent and Y7 | a,, is divergent if [ f(z)dz is divergent. Thus, we get
the integral test stated below:

Theorem 30. (Integral Test) Suppose f is a continuous, positive de-
creasing function on [1,00) and let a, = f(n). Then the series >~ a
is

convergent if and only if the improper integral floo f(x)dz is convergent.
In other words:

(i) If / f(z)dzis convergent, then Z ay is convergent.

n=1

(ii) If / f(x)dzis divergent, thenZan is divergent.

n=1

Remark. When using the integral test,
(a) it is important to verify the conditions of the test
(b) it is not necessary to start the series or the integral at n = 1.

(c) it is not necessary that f be always decreasing. What is important
is that f is ultimately or eventually decreasing (i.e. decreasing for x
larger than some number N).

Example 55. Use the integral test to prove that the harmonic series

1+1+1+ —i—l—l—
2 3 n

is divergent.

Solution. Since a, = 1/n, we let f(n) = 1/n and replace n by z to get
the function f(x) = 1/x. Because f is positive-valued, continuous, and
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decreasing for x > 1, we can apply the integral test to compute

[ee) 1 ) t 1
—dr = lim [ —dr = lim [Inz]}
1

X t=oo [1 X t—o00
= lim[Int —Inl] = o0
t—o0
Therefore the series diverges by the integral test.
2

Example 56. Determine whether the infinite series Z ne " converges.

Solution. Now a, = ne™", so we consider the function f(z) = ze . If
x > 1, f is positive-valued and continuous. We also need to show that the

function is eventually decreasing. Finding the first derivative, we have
Flla)=e™ —22% ™ =" (1-24%) <0

Therefore f is decreasing on [1,00|. Thus, we can apply the integral test to

compute
) ) t
/ ze ¥ dr = lim re " dr = lim {( > ]
1 t—o00 1 t—o0

1\ .. 1 1 1
=|—)lm|——-| =—
2 )t | et® e 2e

Therefore the series converges by the integral test.
oo

|
Example 57. Use the Integral Test to determine whether E an converges
n
n=1
or diverges.

Solution. We have a,, = (Inn)/n, so we consider f(x) = (Inz)/z. We note
that the function f is continuous and positive on the interval [1, co]. To show
that it’s decreasing, we compute

r-f—Inz 1—Inz

fla) =" =

z2 z2

= fl(z) <0 for mzx>1=x>c¢

Thus, the function is decreasing on the interval (e, 00] or we can also use
[3, 0] since e ~ 2.7. Using the integral test we have

I :/ ln—xdx = lim ln—xdac
3

x t—00 3 x
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Let u=Inz = du = (1/x)dx

| 1
ﬂdm = /udu = §u2

T
1 o
= = th_)rglo {Z(Inx) L 5 th_glo(lnt) (In3)° = o0

Thus, the series diverges by the integral test.

Exercise. Test the series for convergence or divergence:

[e.e]

1
Zrﬂ—l—l

n=1

The p-series

Example 58. For what values of p is the following series, called a p-series,
convergent?

1
np
n=1
. .1
Solution. If p < 0, lim — = oo.
1 n—oo NP
Ifp=0, lim —=1.
n—oo NP
In either case, lim — = 0 so the series diverges by the test for divergence.

n—oo NP

1
If p > 0, the function f(x) = - is continuous, positive and decreasing on
x

[1,00). But recall that / —pdx converges if p > 1 and diverges if p < 1.
. T

We just proved the following theorem

=1
Theorem 31. (p-series) The p-series E - is convergent if p > 1 and
n
n=1

divergent if p < 1.

Example 59. Determine whether the series is convergent or divergent:
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A= 1 RN |
0 > =5 (i) >~
n=1 n=1

oo

1
Solution. <1) Z %
n

n=1
This is a p-series with p = 3/2 > 1, therefore the series converges.

(i) Y #

n=1

The series is a p-series with p = 1/2 < 1, hence the series is divergent.

Comparison Tests

The idea behind this test is to compare a given series, say Y - a,, to a
second series, say » >~ b, (which is known to either converge or diverge).
If the terms of )~ | a,, are smaller than those of >~ | b, (and it converges),
then Y ° | a, also converges.

If the terms of > 7, a, are larger than those of > > b, (and it diverges)
then Y °  a, also diverges. Thus, we formally have:

8.5.2 The Comparison Test

Theorem 32. Suppose that > 7 a, and >~ b, are series with positive
terms.

(i) If an is convergent and a, < b, for all n, then Zan is also
n=1 n=1
convergent.
(ii) If an is divergent and a, > b, for all n, then Zan is also
n=1 n=1
divergent.

Example 60. Determine whether the series converges or diverges
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1 5
@ 253 <b)zx/ﬁ—1

n=1 n=1

o
Solution. (a) Comparing the given series to the series Z o We have

n=1

! <1 oy f 11 > 1]
— == T :
13 S \7 orat n=

oo

1
The series Z mn is a geometric series with r = 1/7 < 1 therefore

n=1
it is convergent. Hence, by the comparison test, the given series is

convergent.
(b) Comparing the given series to the p-series E —1 we have
- )

1 1
> —_—
vn—1"n
—— > — for n
vn—1"/n -
Since the series E 1/4/n is a divergent p-series, the given series is also
divergent.

for n>2

Example 61. Use the comparison test to determine whether the series con-
verges or diverges

> 1 . lnn
- b e
(a)nzzlrﬂ—{—n—i—l ()n:1 n

Remark. If the comparison test fails, a related test which may also be used
is the limit comparison test; stated below.

8.5.3 The Limit Comparison Test

Theorem 33. (Limit Comparison Test) Suppose that > a, and > b,

. . o . . n . .
are series with positive terms. If lim — = ¢ where ¢ is a finite number
n—oo

and ¢ > 0, then either both series converge or both diverge.
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Proof. This proof relies heavily on the Comparison Test, so go back and
read it if you haven’t yet. Let m and M be positive numbers such that
m<c< M. If lim, ,(a,/b,) = ¢ > 0, then this implies that a,/b, is close
to ¢ for large n. Hence there exists an integer N such that

a
m<b—"<M whenever n > N

n

= mb, < a, < Mb, whenever n > N

If the series )b, is convergent, then the series > Mb, is also convergent
by Theorem . Since a, < Mb,, the series ) a, must converge by the
Comparision Test. Also, if the series > b, is divergent, so is the series Y - mb,,.
Since mb,, < a,, the series Y a, is divergent by the Comparison Test. O

Example 62. Determine whether the series converges or diverges

= 1 5n2 + 3n
- b S e
Solution. (a) Let
1

an = S/

vn?+1

and consider b, = 1/V/n2, which is a p-series with p = 2/3 < 1 and
therefore divergent. The term b, is obtained by deleting the 1 in the
denominator of a,. Using the Limit Comparison Test, we compute

lim o = i L (S (T S 150
m — = 11m —— = lim ————= = 1m J—

n—00 bn n—00 4 n2 +1 1 n—00 13/712 +1 n—00 n2 +1

Since Y b, is divergent, the given series is also divergent by the Limit
Comparison Test.

Remark. Note that we cannot use the basic Comparison Test in this

case because . .

— < S
3n2+1 3n2

and since ) b, diverges, we cannot draw any conclusion based on that

test.
(b) Let
=, 512+ 3n
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By removing the terms of least magnitude in the numerator and de-
nominator of a,, we get

5n? 9

2np2  2n
and so we choose b, = 1/2". The series ) b, is a convergent geometric
series with » = 1/2 < 1. Applying the Limit Comparison Test, we have

Cap, 5n% +3n 2" . n?+3n
lm —=lm —— - — = B

5>0

Since Y b, is convergent, the series > a, is also convergent by the
Limit Comparison Test.

Exercise. Test the series for convergence or divergence

() > 37 © > s
n=1 n=1

2n% + 3n
b 20 T O
(b) ; V5 +nb

8.6 Alternating Series

An alternating series is a series whose terms are alternately positive and
negative. E.g.:

[e.e]

(@) 1-243-445+...=> (-1)"'n
n=1
1 1 1 = (—1)" !
(b) 1—§+§—1+..._;—n

If the terms of an alternating series decrease toward 0 in absolute value, then
the series converges. Explicitly, we have

Theorem 34. (The Alternating Series Test) If the alternating series

o0

(1" by =by—by+bs—bi+... (b, >0)

n=1

satisfies
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(i) bpy1 < by, for all n

(ii) lim b, = 0 then the series is convergent.
n—o0

Example 63. Determine whether the alternating series converges or diverges

> 2n > 2n
-1 n—1 -1 n—1
Solution. (a) Let
B 2n
= 4z 3

By the Alternating Series Test, we first need to show that aj > ax,q for
every positive integer k. That is, we have to show that a,, is ultimately
decreasing. Secondly, we also need to show that lim, .., a, = 0. One
method of showing that a,, is decreasing is to define

2z

f(x):m

and prove that f is a decreasing function. Now,

(422 — 3)(2) — (22)(8x)  —8a®—6  —(82%+6)

f(@) = (427 — 3)2 T @Z 37 (A3

Thus, f(z) is decreasing and therefore f(k) > f(k + 1); and hence
ap > ap.q for every k > 0.
Alternatively, we can also prove ay > ajy1 by showing that ay —ag1 >

0. That
2k 2(k + 1)
a,r = Q = —
P 2 23 4(k+1)2 -3
2
_ 8k* + 8k + 6 -0

(4k? — 3)(4k2 4+ 8k + 1) —

for every positive integer k.A third method is to prove that a1 /a; < 1.
Now

2
. . 2n . =
lim a, = lim =

n—00 n—oo 4n? — 3 n—oo 4 —

Thus, the series converges by the Alternating Series Test.
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(b) Let
2n
a, =
4n — 3
In this case, there’s no need to show that a; > ap4q since
. . 2n ) 2 1
Mm ap = lm o = im s =5 70

implies that the second condition is not satisfied. This computation
also shows that

2
lim (—1)"~1—="
n—00 4n — 3

does not exist, and so the series diverges, by the divergence test (see

section |8.4.1)).

Exercise. Test the series for convergence or divergence

B D S N i L

8.7 Absolute Convergence, the Ratio & the
Root Tests

Definition 24. A series ) a, is called absolutely convergent if the
series of absolute values Y |a,| is convergent.

(=

Example 64. The series Z 3
n

n=1

is absolutely convergent. Why?

Definition 25. A series Z ay, is called conditionally convergent if it
is convergent but not absolutely convergent.

e —1)n—1
Example 65. The series Z L is convergent but not absolutely con-

n
n=1

vergent. Why?
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Theorem 35. If a series Z a, is absolutely convergent, then it is con-
vergent.

Proof. Note that the following inequality, which we have seen before, is true
_|an| S (07% S |an"

= 0 < a, + |an| < 2|a,|,

obtained by adding |a,| to both sides of the first inequality. Now let b, =
a, + |a,|, then
0 < by < 2|ay|

If > a, is absolutely convergent, then Y |a,| is convergent and therefore
>~ 2la,| is also convergent by Theorem [26] Since b, < 2|a,|, the series
> by is convergent by the Comparison Test. From b, = a, + |a,| we have

S an = b, — Y l|asl|, and so > a, is convergent by Theorem [26] O

Example 66. Determine whether the following series is convergent or diver-
gent

n2 o 12 22 32

. cosn cosl cos2 cos3
> + + +
n=1

Solution. Note that the series is not an alternating series; the signs change

irregularly. Consider
o0 o
Z cosn’ Z|cosn|
n? n?
n=1

Since |cosn| < 1 for all n, we have

|cosn| 1
bl B

n? T n?

But the series > 1/n? is a convergent p-series with p = 2, therefore Y | cos n|/n?
is convergent by the Comparison Test. Thus, the given series is absolutely
convergent and therefore convergent by Theorem [35]

8.7.1 The Ratio Test

114 Dr. Joseph K. Ansong



Math 223 : Calculus I1I

J KA

Theorem 36. (Ratio Test)

n—oo | @
n n=1

gent (and therefore convergent).

n—00 | Oy

(i) If lim ntl| _ [ < 1, then the series Zan is absolutely conver-

o0
a a
(i) If lim | = = L > 1 or lim |—*| = oo, then the series Zan
n—oo | Gy, n—o00 ap, —
is divergent.
a
(iii) If lim UanY 1, the Ratio Test is inconclusive; that is, no con-

clusion can be drawn about the convergence or divergence of > a,,.

Remark. Note that if the series has positive terms, the ratio test can still
be applied without using the absolute value symbols in the theorem.

Example 67. Determine whether the following series is absolutely conver-

gent, conditionally convergent, or divergent.

n? 44
S

n=1

Solution. Applying the Ratio Test, we have

. lan . |n+1)24+4 27
lim [——| = lim .
n—oo | A n—o00 on+1 n2 +14
1 /n?>+2n+5 1 1
=lm-(—— | ==(1)==< 1.
nLIEo2< n? + 4 ;=3
Therefore, by the Ratio Test, the series is absolutely convergent.
Exercise. 1. Test the series for absolute convergence
00 3
T
> (=1)an
n=1

2. Test the convergence of the series
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8.7.2 The Root Test

Theorem 37. (i) If lim {/|a,| = L < 1, then the series Zan is
n—oo

n
absolutely convergent (and therefore convergent).

1

o)
(i) If lim {/|a,| =L > 1or lim {/|a,| = oo, then the series Z an is
n—o0 n—oo
divergent.

n=1

(iii) If lim {/|a,| = 1, the Root Test is inconclusive.
n—oo

Example 68. Test the convergence of the series

g (2n+3>”

3n+ 2
2n +3\"
3n+ 2
o2n + 3 2+2 9
— lim {/|a,| = lim nt = li o
n—oo

= lim ==-<1

n

Solution. Let

Qn

Hence, the series converges by the Root Test.
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Chapter 9

Power Series

9.1 Power Series

Definition 26. A power series centered at a is a series of the form:

ch(m—a)”:co+cl(at—a)+02(a:—a)2+... (9.1)

n=0
where the ¢,,’s are constants called the coefficients of the series.

Remark. If a =0 and ¢, = 1 for all n, then we get the geometric series:

- 1

E x":1+x—|—x2+...+x”+...:1 (9.2)
— T

n=0

which converges for —1 < x < 1, diverges for || > 1 and has the sum
1/(1—x).
9.1.1 Radius and Interval of Convergence

Theorem 38. For a given power series Y~ ¢,(z —a)" there are only three
possibilities:

(i) The series converges only when = = a
(ii) The series converges for all =

(iii) There is a positive number R such that the series converges if |[zt—a| < R
and diverges if |z — a| > R.

R is called the radius of convergence and the interval of convergence
is the interval that consists of all values of x for which the series converges.
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Remark. 1. In general, the Ratio Test (or the Root Test) should be used
to determine the radius of convergence R.

2. Remember to always test the end points of the interval of convergence
for convergence (using a different test other than the Ratio or Root

Tests).
3. For a given power series >~ ¢, (z — a)", the radius of convergence is
given by
R = lim or R = lim
n—oo Cn+1 n—oo |} Cn,

Alternatively, we have

1 Cpn+1 1
R o= v
A third method is to solve
a
L= lim |2,
n—oo a,n

(i) If the series converges, then L < 1 and |z — a| < R, where R is
the radius of convergence.

(ii) If the series diverges, then L > 1.
We prove the first part of the third point.

Cn+1
Cn

Proof. Consider the power series Z cn(x—a)". Suppose the limit lim

n—o0

n=0
L where 0 < £ < co. Applying the Ratio Test to the series, we have

Cn+ 1
Cn,

. Ap+1
L = lim |—2F

n—0o0

= lim
n—oo

| —al = L]z — a

G

where a,, = ¢,(x—a)". By the Ratio Test, the series converges if L]z —a| < 1,
that is, if |z —a| < 1/L and diverges if |z —a| > 1/L. Thus, by the definition
of the radius of convergence, R, we have R = 1/L. From the equation above,

we also have
Cn+1

Cn

L = lim

n—oo

'.R:%: lim

n—oo

Cn

Cn+1

Example 69. For what values of x is the series convergent?
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a) — (b) — (c) nlz"
Z; n Z;Wi Z;
3 n
Solution. Let a, = (@ ) Then
n
Apg1 (x — 3)" ! n
a, | | n+1 (x —3)"
n n
= —3) = —3) = ——|z—3
S o= = a9 = ol -
. an-|—1 .
= lim = lim —|z — 3| = |z — 3
n—oo | Ay n—oo | + -

The series is convergent for |z — 3| < 1, which may be written as 2 < z < 4.

Remark. The radius of convergence is 1, obtained from |z — 3| < 1 by using

the third method stated above. Using the first approach, with ¢, = —, we
n

may also find the radius of convergence from

1 1 1 1
'n—{— ‘mn+ = lim1+—-=1.

n—oo N, n—oo M n—00 n

Example 70. Find the radius and interval of convergence of

(a) The Bessel function of order 0:

0 1n2n
22277, -

n=0

(b) Z (_1)n— z" (C) Z (_1)n(x + 2)n

ns n.2n

S
Il
—
3
—

—1)
Solution. (b) Let ¢, = ( 2)” Then

1 1) - ontl 1
NURSY =2 lim 1+~ =2

n—oo M, + 2N n—00

R = lim

n—oo

Cn+1

So the radius of convergence is 2.
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9.2 Representation of Functions as Power Se-
ries

Our aim here is to learn how to represent functions as power series. This
helps in integrating functions that don’t have elementary antiderivatives, for
solving differential equations, and for approximating functions by polynomi-
als. The strategy is to manipulate geometric series or by differentiating or
integrating the given series. Consider

1
l1—2z

:1+x+x2+x3+...:2x”, lz] <1 (9.3)
n=0

Equation (9.3)) is a representation of the function f(z) = 1/(1 — z) as the
sum of a power series (in this case the geometric series).

Example 71. Find a power series representation for the function and deter-
mine the radius of convergence:

1 1 1
@ f@) = ) S = (@ )=
1 o
Solution. (a) From the relation = Z x", we replace x with —z to
11—z —
get
P eI Y
— = —X = - xr
l—(-2) 14z —
LS
14z —~

It is easy to show that the radius of convergence is 1.

(c)

1 1 1[ 1 } 1°°<;c>n =~ (-1)" ,
= e = — = = — _—— = n €T
= s =2l s () - S 6
It is straightforward to show that the radius of convergence is 1.
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Differentiation and Integration of Power Series

Given the power series Y~ ¢,(z—a)", we can differentiate or integrate each
term of a power series. That is, if

chx—a =cot+ci(z—a)+e(r—a)+... (9.4)

n=0

with radius of convergence R > 0 and interval of convergence (a — R,a+ R),
then

o L= [Z ol — a>“] =3 S feue -0y

n=0

= chn(a: —a)" P =c 4+ 2T —a)+...

@) [ fae- / [gw—a)“ =fj [leata=ay

n+1
+C=C+co(r—a)+...

(z —a)
n+1

Cn

n=0
NOTE:
(a) The radii of convergence of the power series in (i) and (ii) are both R.
(b) The interval of convergence in (i) and (ii) may be different.

Example 72. Express the function as a power series. What’s the radius of
convergence?
1
(a) f(x)= (E=E (differentiate equation (9.3))
-

() f(x)=In(5 - )

() flx)= tan"'z
Solution. (a) Differentiating
1 =l4z+a’+2°+.. =) a"
11—z
we get
1-2)2 1+ 22+ 327+ - - :annq
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This may also be written as (by replacing n by n + 1)

(1_%)2 = Z(n + 1)z"

n=0

The radius of convergence is the same as that of the original series,
R=1.

1
(b) Notice that the derivate of In(5 — z) is “E o This implies that
-

1
ln(5—x)z—/5_mdac

Now, in terms of power series, we have

n

1 1 1 1 o=z =z
5—1:_5[1—%} _5;57_”2:05%1

Thus,
e " oo In+1
In(5 — ) ——/Z 5n+1dx:—2m+c
n=0 n=0

where C' is a constant of integration. To find C', we put x = 0 in the
equation to get C' = Inb5. Hence, we have

& :L,n+1 e "
n=0 n=1

The radius of convergence of the original series is, from

xXr
<l =
:

|z| < 5, R = 5. Thus, the radius of convergence of the given series is
also R = 5.

Example 73. Use a power series to approximate the definite integral to six

decimal places
0.2
1
/ dz
o l+4a°
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9.3 Taylor Series and the Taylor Polynomial

The goal here is to determine which functions can be represented as power
series and how to get these representations. We start by making use of the
following theorem:

If f has a power series representation at a, that is, if

chx—a |z —al < R,
n=0
(n)
then its coefficients are given by ¢, = / '(a)
n!
Thus, we get the Taylor series about a:
fla) =) el —a) =3 r—a)"
n=0 n= ’
f'(a) f"(a a)
= @) = @)+ D -0+ T o D0y
If a =0, we get the Maclaurin series :
flo) =300 g — (o) 4+ L0 4 L0270 4

Example 74. Find the Maclaurin series of the function f(z) = €” and its
radius of convergence.

Solution. If f(z) = €, then the nth derivative of f is ™ (z) = ¢ and
f(")(O):eozl for n=20,1,2,...

Hence the Taylor series about x = 0 (i.e. the Maclaurin series) is given by

NS0 L 1 L n
e—ZOTx Zom —1+x—|—5$+ +mx +---

9.4 nth-degree Taylor Polynomial of f at a

Question: Under what circumstances can we say that a function f(z) is
equal to the sum of its Taylor series? That is, when is it true that

2 4(n)(g
o) =3 LW gy (9.5)
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Let T,, be the partial sums of the Taylor series of f (called the nth-degree
Taylor polynomial of f ) and given by

") (g |
1) =Y % -

2

:f(a)+fll(!a)(:c—a)+f/;<!a>(:1:—a)2+...—|—

For instance, the first (n = 1), second (n = 2) and third (n = 3) degree
Taylor polynomials are given by:

1(x) = f(a) + L2 a — 0
1) = fla) + L0 (@ )+ T o —ap?
f(a) Fi(a) (@)

T3(x) = f(a) + T (r —a)+ o) (x —a)* + 3 (x —a).
Now, equation is true (f is the sum of its Taylor series) if
lim T,,(z) = f(z) (9.6)
However, if R, (z) is the remainder of the Taylor series then we know that
F() = To(w) + Ra(x)
= lim f(z) = lim T,(z) + lim R,(z)
n—ro0 n—ro0 n—ro0
= f(z) = nh_):frgo To(z) + nh_)n;O R, (z)
This means that equation is true if
lim R,(z) =0 (9.7)

n—oo

The following theorem therefore holds from the above argument:

Theorem 39. (Taylor Theorem) If f(z) = T,,(z) + R,(x) where T,, is
the nth degree Taylor polynomial of f at a and

lim R,(z) =0 (9.8)

n—oo

for |z —a| < R, then f is equal to the sum of its Taylor series on the
interval |z — a|] < R.
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Question: How can we prove or show equation ({9.7)) or for a given
function? We employ the following two facts (or theorems):

Theorem 40. (Taylor Inequality) If |f"*V(2)] < M for |z —a| < R,
then the remainder R, (z) of the Taylor series satisfies the inequality

M
|Rp(z)| € ——|z —a|"*" for|z—a| <R
(n+1)!
Theorem 41. . .
lim x_:(): lim 2]
n—oo n n—oo !

for every real number .

Examples:

1. Show that the Maclaurin series for sinx is given by

o0 ( ) xQn—l—l
E ) fOI' all x
— (2n + 1)!

and prove that it represents sin z for all z.
2. Prove that e” is equal to the sum of its Maclaurin series.
3. Evaluate [ e **dz as an infinite series

Solution. 1. Let

f(z) =sinz = f(0) =
f'(x) = cosz = f(0)=1
f"(z) = —sinx — 1"(0) =
f"(x) = —cosz — f"(0) = -1
fW(z) =sinx = f@0)=0
O (z) = cosx = fO0) =1
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We see that the derivatives repeat in a cycle of four, thus, we have

1@ =3 e o)+ 00+ L0 L0

n 2! 3!
e O T S . " L2+
SNt = — o5+ o~ o e ( )(2n+1)!+”
. o x2n+1
C.sIinx = Z(—l) m
n=0
We now need to show that lim R,(x) = 0 in order to prove that

n—oo

the series actually represents sinz. Since f"*V(z) is either 4 sinx or
+ cosz, we have |f®F(z)] < 1 for all z. So letting M = 1 in the
Taylor Inequality, we have

M |x|n+1

e s T Rl ey
‘ ||+

lim =0= |R,(2)] <0
n—oo (n + 1)!

Hence, by the squeeze theorem, we have

lim |R,(z)] =0.. lim R,(z) =0.

n—o0 n—o0

Therefore sin x is equal to the sum of its Maclaurin series.
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Chapter 10

Integration

10.1 Introduction

Definition 27. A function F' is an antiderivative of a function f on an
interval [ if F'(z) = f(z) for all z in 1.

Comparison Properties of the Integration:

b
L. If f(x) >0 fora <z <b, then/ f(z)dz > 0.

b b
2. If f(z) > g(x) for a <z < b, then / f(z)dz > / g(x)dx.

3. It m < f(z) < M for a < x <, then

m(b—a) < / F@)dz < M(b—a)

Property 1 says that areas are positive. Property 2 implies that a bigger
function has a bigger integral. Property 3 says that the area under the graph
of f is greater than the area of the rectangle with height m and less than the
area of the rectangle with height M.
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10.2 Fundamental Theorem of Calculus (FTC)

The Fundamental Theorem of Calculus (FTC) is the most important theorem
in calculus. It states that differentiation and integration are inverse processes.
In other words, if f is integrated and the result is then differentiated, we
arrive back at the original function f. Also, if we take a function F', first
differentiate it, and then integrate the result, we get back the original function
F in the form F(b) — F'(a), where a and b are the lower and upper limits
of the integral. In what follows, we first give an intuitive idea of the FTC
before explicitly stating the theorem.

10.2.1 Intuitive idea of the FTC

Suppose f is a continuous function on |[a, b], and define the function g by

/ F(t) (10.1)

where a < x < b. Here, we want to show, intuitively, that the derivate of
g(x) is the function f(x). Note that g depends on only x, the variable in the
upper limit of the integral. If = is fixed number, the integral is just a number,
representing the area under the graph of f if f(x) > 0. However, if x varies,
then the number [ f(t)dt also varies and defines the function g(z). Let’s
try to compute ¢'(x) from the definition of the derivative. If f(x) > 0, then
g(x+h) — g(x) is obtained by subtracting areas, and it is the area under the
graph of f from x to x 4+ h. If h is small, the area is approximately equal to
the area of the rectangle with height f(x) and width h:

g(x+h) —g(z) = hf(z)

oo+ 1) —gla) _
)9 ()

Thus, intuitively, we expect that

g'(:)c) — lim g(QJ + h})L — g(SC) _ f(.I)

h—0

10.2.2 The Mean Value Theorem (MVT) for integrals

Definition 28. (Average Value of a Function) If f is integrable on [a, ],
then the average value of f over [a,b] is the number

(10.2)
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Figure 10.1:

Geometrically, the average value of f is the height of the rectangle with
base on the interval [a,b] and having the same area as the area of the region

under the graph of f on [a,b]. Observe from equation (|10.2) that

b
area of rectangle = (b — a)fo, = / f(z)dz = area of region under f

The following theorem, referred to as the Mean Value Theorem for Integrals
in some text books, guarantees that f,, is always attained at (at least) one
number in an interval [a, b] if f is continuous.

Theorem 42. (The Mean Value Theorem for Integrals) If f is
continuous on |[a, b], then there exists a number ¢ in [a, b] such that

10 = 5= [ s (10.3)

Proof. Since f is continuous on the interval [a,b], the Extreme Value Theo-
rem tells us that f attains an absolute minimum value m at some number
in [a,b] and an absolute maximum value M at some number in [a,b]. So
m < f(z) < M for all z in [a, b]. By Property 3 of integrals, we have

m(b— a) S/ f(z)de < M(b—a).

If b > a, then dividing by (b — a) results in

1
b—a

m <

/a  Hayde < M.
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b
bia/ f(z)dz

lies between m and M, the Intermediate Value Theorem guarantees the ex-
istence of at least one number ¢ in [a, b] such that

Because the number

b
flo)= = [t

as required. O

Example 75. Find the number ¢ which is guaranteed by the MVT for In-
tegrals for the function f(z) =4 — 2z on the interval [0, 2].

Solution. The function f(z) = 4 — 2x is continuous on the interval [0, 2].
Therefore, the MVT for Integrals states that there is a number ¢ in [0.2] such
that

1 b
1o)== [ sy
where a = 0 and b = 2. Thus,
IR 1
4—2c=—— [ (4—2x)dx==(4) =2
2-0J, 2

= 2c=4-2=2

c.c=1.

We now state Part 1 of the Fundamental Theorem of Calculus; ab-
breviated as FTC1:

Theorem 43. (The Fundamental Theorem of Calculus, Part 1)
If f is continuous on [a, b], then the function g defined by

g(x):/mf(t)dt a<zx<b

is an antiderivative of f, that is,

g(a) =7 [ S0t = 1(z).
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Proof. Let x and x + h be in the open interval (a,b), where h # 0. Then,

oo+ m g = [ i~ [ soa
_ (/;f(t)dtnt :Jrhf(t)dt) —/jf(t)dt

_ /:+h o

By the Mean Value Theorem for Integrals, there exists a number ¢ between
x and x + h such that

/ " e = £e) - b

Therefore, we have

Now, observe that as h approaches 0 (from either the left 0~ or the right 0"
side), the number ¢, which lies between = and x + h, approaches x, and by
continuity, f(c) approaches f(x). Therefore, we get

glo 1) = o) _hm/ (t)dt = lim f(c) = f(2),

/ 1
g (r) = lim h—0 |

h—0

as desired. O]

Example 76. Find the derivative of the function g(x / V2 + t3dt

Solution. Since the function f(¢) = V2 + ¢ is continuous, the FTC (Part

1) gives
g () =v2+a?

4

Example 77. Find di sec tdt
x

Solution. Since the upper limit of the integral is not the simple Variable x,
we need to use the Chain Rule together with the FTC1. Let v = z*. Then

du
i/ sectdt = i/ sec tdt
dz [, dz [,

T = 423, Thus
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= d /usectdt du = sec du
Codu \J, dr

= sec(x?) - 42°

Exercise. Find the derivative of the function:

@ Fa) = [ ®) 6w = [ V5P

3

v d
Exercise. If y = / sin(t?)dt, what is d—y?
0 T

Theorem 44. (The Fundamental Theorem of Calculus, Part 2
(FTC2)) If f is continuous on |[a, b],

| #a)dz =P - Fla)

where F' is any antiderivative of f, that is, I’ = f.

Remark. e Part 2 of the FTC says that if a function F' is first differen-

tiated, and the result is integrated, we get back the original function
F, but in the form F(b) — F(b).

e Part 1 and Part 2 of the FTC state that differentiation and integration
are inverse processes.

e The proof of FTC2 is an exercise for you to try.
Example 78. Evaluate the following integrals:

3 m
(a) / (32 + 21 — 1)dx (c) / sin zdx
0 0
4
(b) / 3vVzdz
0
3
Solution. (a) Let [ = / (32% + 2z — 1)dx
0

3
[:/ (322 + 2z — 1)dx = [2® + 22 — 2],
0

—(274+9-3)—0=33
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(b) Let I = /4 3Vwdx

4
4 2
I = / 3Vrdr =3 (§x3/2)
0

0

4
- 2933/2‘ —2(8—0) =16
0

(c) Let I:/ sin xdx
0

=—cosm+cos0=1+1=2,
0

I =—coszx

since cosm = —1.

Example 79. 1. Use FTC to find the derivative of the function.

@ g = [

14+t

-

(b) h(z) = /2 " sin® tdt

@ o= [ mms [[7= [ [7]

2. Find a function f and a number a such that

v

6+ | “3rdt =2z
Solution. 1. () gu) = [ it olu) = 1+
olution. . (a) g(u) = L dt gu_1+u4‘
- 1 du 1
(b) h(a:):/Q Sin4tdt.Letu:E:>d—z:_ﬁ

1
d [+ ., d [ . 7du
— tdt = — tdt| —
= dx/2 S1n du |:/2 Sin :| d

du 1 1 sin?(1)
o ind . = q] 4 — . _— = — z
= (sin" u) o = sin (x) ( x2) o
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3z _1 d 3xu_1
= d ! = d
d Ou—1 3 —1
- d d 10.4
d:c{/%u%—l u~|—/0 u—+1 u] ( )
o, 2@
Let[l—/u 1du:—/ vt
9p W1 o u-+1
Lets:2x:§:2
dx
dl; d /Su—l ds
Sy = —— du | - —
dz ds \Jo u+1 dx
s—1 20 — 1
= — (2) = — 2 10.5
(3+1) 2) (21‘—1—1)() ( )
3357,1,—1 dS
Let I, = |, u+1duLets:3x:>%:3
dls d /Su—l ds
Rt du | - —
de  ds \\Jy u+1 dx
s—1 3r—1
= = 10.
(Gr)=57 o
Substitute (10.5) and (10.6)) into (10.4) to get
20 —1 3r—1
") = =2
g (@) <2$+1)+3(3x+1)
(2)
Tt Tt
6+/ %)dtzzﬁ:/ %dt:2\/§—6 (10.7)
Let

g(x):/ac%dt:%/f—ﬁ

=g¢ () ="—F5"=2-51 : :>f(x):x2-x’%
x
f(a) = a2
From (10.7)), we get
3
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:>/ t73dt = 27 — 6 = 2V/t| =27 —6,

= 2\/1 — 2\/a = 2/z — 6,
— 2y/a=6= Va =3,

Sa=9.
Example 80. (a) Find the average value of the function f(z) = 1422 on
[—1,2].
(b) Find a number ¢ in [—1,2] that satisfy the MVT for integrals for
flz) =1+2
2
Solution. (a) fu.e = b—a/ flx ( D /_1(1+x2)dx
1 1, 1 8 1
= |z+= —(2+2) (12
sl sK +3) (-3)
1114 4 18
ave — 5 | & | =—==2
o =3 [3 - 3} 9

(b) By MVT for integrals,
fave:f(c):>1+02:2:>02:1:>c::|:1

There are two values of ¢ in this case (see Figure [10.2)).

3
Example 81. 1. If f is continuous and / f(z)dz = 8, show that f takes

1
on the value 4 at least once on the interval [1, 3].

2. Find the numbers b such that the average value of f(x) = 2+ 6z — 32
on the interval [0, b] is equal to 3.

Solution. 1. By MVT for integrals, there exists ¢ in [1, 3] such that

3_1/f
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Figure 10.2:

1 b
2. fave = m/o (2 + 6z — 31’2)dl’

1 -

= 22+ 32® — 2°] = +[2b+ 3b* — b

(S NI

f(we:2+3b_b2
fae=3=2+3b—-0*=3=b"—-3b+1=0

b_Si\/9—4_3i\/§
N 2 2
b= 3+2\/3 = 2.62 and 3_2‘/3 = 0.38

10.3 Riemann Sums & the Definite Integral:
Integration as a Sum

The Riemann sum is a fundamental concept for the definition of the definite
integral. It is based on the idea that the area under the graph of a function
f can be obtained by dividing the area into smaller rectangular areas and
summing them up.
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Y
yd _y=1f)
\J
Al | Ay
A7 An
al=x0 Ty 3 STl g, 0 Tp-1 Tp=0b
Figure 10.3:

As shown in Figure[10.3] divide the area under the graph into subintervals,
or partitions:
[0, 1], [r1, T2], - -+ [Tn_1, T4)
b—a

n

with o = a, x,, = b, and the width of each strip is Ax =

The right-hand endpoints of each sub-interval is:
r1=a+ Axg, xo =114+ Ar =a—+ 2Azx,
r3=a+3Ax, - ,x, =a+nlx
That is,

x; = a+ 1Az 1=1,2,---,n. (10.8)

The left-hand endpoints of each sub-interval is:
ro=a,r1=a+Ax, xe=a+2Az,-- 2,1 =a+ (n—1)Ax
That is,

zii=a+(i—-1D)Az| i=12--n (10.9)

We may also use any sample point, x; in the i" subinterval [;_1, z;] for the
height of the rectangle, f(x}), as illustrated in Figure m For midpoints of
Riemann Sums, we have

X1+ x; 1

1
x;‘:Tzﬁ[a—k(i—l)AI—l—a—HAJc]:a+ (2—§> Az. (10.10)
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Figure 10.4:

Definition 29. The area A of the region S that lies under the graph of
the continuous function f is the limit of the sum of areas of approximating
rectangles (using the right endpoints):

A= lim R, = T}erolo[f(xl)Ax + f(z2)Ax + - - + f(x,)Ax]

n—oo

= A= lim if(xz)Ax (10.11)
i=1

n—00 4

OR (using the left endpoints)
A= lim L, = lim [f(zo)Ax + f(x1)Ax + -+ f(z,_1)Ax]

= A= lim L, = lim Y f(z;1)Az (10.12)
=1

n—oo
OR (using any sample points )
A= lim [f(a])Az + f(25) Az + - + f(27,)Az]

= A= lim > f(z})Ax (10.13)
=1

n—00 4
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Summation Formulas:

To compute the Riemann sums, the following summation formulas are useful:

n

E cC=Ccn

=1
n

. o nn+1
SR

=1

Xn: n+1)(2n+1)
2.

- ”*”1

Example 82. Evaluate the Riemann sum for f(z) = 2 with a = 0,0 =1
and n = 5, taking the sample points to be the

(a) right endpoints.
(b) left endpoints.
(¢) midpoints.

Solution.

b— 1-0 1

n 5 5

(a) For the right endpoints, we have

7 7
i = A :O —:—7 —1,27' ,5
T a + 1Ax +5 5 )
So the endpoints are
1 2 3 4 5 1
T ==, To=—,T3=—, Ty = —, Ts —— —
1 57 2 57 3 57 4 57 5 5

Thus, the Riemann sum using the right endpoints with n = 5, Rj, is
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given by

R5 - Z
f_( DAL+ f(a2)Az + f(z3)Az + f(z)Az + f(z5)Ax
= [f(x1) + f(z2) + f(x3) + f(2a) + f25)| Az

)@ )
S ORORORER
= ea())

SRy = 044

(b) For the left endpoints, we have

rii=a+(1—1)Az =0+ = i=1,2,---.5.

So the endpoints are
ro=a=0,x =

Thus, the Riemann sum using the left endpoints with n = 5, L5, is
given by

L5:szl

_ Feo) o+ (o)A + fan)Aa + flas)Ae+ fe)Aa
= [f(zo) + f(z1) + f(x2) + f(x3) + f(z4)] Az

NOMOMERER
(0)2+(é) +(§) +<§) +<§) ] %
— [1.2](%)

S Ly = 0.24
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(¢) For the midpoints, we have

Thus, the Riemann sum using the midpoints with n = 5, M5, is given
by

DAz + f(a3)Ax + f(a)Ar + f(2)) Az + f(25)Ax
ry) + f(oy) + f(@3) + f(x]) + f(z5)]Ax

<> <1>+f<@>+f<i_o>+f<g%m
- | Y OROROROIE

SoMs = 0.33

f:(
Lf(
;

The next example evaluates the exact value of the Riemann sum in ex-
ample And you should notice that the value of the Riemann sum using
the midpoints is much closer to the exact value.

Example 83. Find the area under the graph of y = z? from 0 to 1 using
the mid-point of subintervals to approximate the height of the rectangles.

Solution.
b—a _1-0 1

Az =

n n n

The midpoints of the subintervals are given by (see equation ((10.10])):

s (e () ()
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Applying the summation formulas, we get

A= lim —

~ lim {1(1 )<2+1>
n—00 §) n

2

6

= 2(1)(2) ~ 5(0+0) +0 =

1 { (n+1)(2n+1) (n—l—l)

W l\3|

Exercise. Estimate the area under the graph of y = 22 from 0 to 1 by taking
the sample points to be midpoints and using four subintervals. Compare your
answers to Ly and Rsdeterminedpreviously.

Example 84. Use Riemann Sums to find the area of the region under the
graph of f(z) = 4 — 2? on the interval [-2, 1].

Solution. Partition the area under the graph (see Figure[10.5)) into n subin-
tervals with

Ax:b_azl_(_2):§.
n n n

Using the right endpoints [you may choose left endpoints or midpoints] to
estimate the height of rectangles, we have (see equation ((10.8))):

xf——2+i<§>.
n
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1 2 T

Figure 10.5

Thus,

42
—Jggo;f( fla)=4—z

32') 3

+_ —

nj)n

n—oo TL2 TLS
=1

oo [36<~. o7 ]
= lim |— 7 — 7
=1

. [36 nn+1) 27 nn+1)2n+1)
= lim —_ .
n—00 _n2 2 n3 6
= lim 18(1—|—l> 27 (1—0—1> (2—1—1)]
n— 00 L n 6 n
27
=18——(2)=18-9=0.

6

Exercise. Repeat the example above using the midpoints of subintervals to
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estimate the height of rectangles.

Solution.

1 1\ 3
" H(Z 2) v +<Z Z)n
S e =t S [ (s 1) 2]
n—00 P n—00 — 2/ nln
3 — 1\ 37°
= lim = 4|24 (i=2)2
w23 [ (- )2
3 1\ 3 C1\? 9
—JEEOE;{‘*(ZW);‘(ZW) n—}

T GRS V. iy 2 [, L
= Jim e [T ] Tl i
.36 n(n+1) 1 . 2T [n(n+1)2n+1) nn+1) 1
=am e T _5”_7}50@%[ 6 T Ty
_ lim 36 [n(n+1) ln  m 27 [n(n+1)2n+1) n(n+1) —i—ln
n—oon? | 2 2 n—o0 1 6 2 4

1 1 1 1 1 1N 1/1 1 1

— i E (R IO I T (142 S W (IR R

nggo36[2<+n> n] n5%27{6(+n)<2+n> 2<n+n2)+4n2}
1 1

—36(=)—27(2)(2)=18-9=

36(2> 7(6)() 8—9=09

10.3.1 The Distance Problem

How do you find the distance travelled by an object during a certain time
period if the velocity is known at all times?

Remark. (1) If the velocity is constant, then the distance is given as:

’distance = velocity x time‘

Eg: A car travelled along a straight line with a velocity of 60km/hr
over a two hour period (see Figure [10.6p). v = 60km/hr,0 < t < 2.
Then the distance

k

d = 60 {—m} % 2hr = 120 km.
hr
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v (a) |
60 /

A = Distance = 120km

/

o

a tic1 ¢

i

Figure 10.6:

Remark. (2) If the velocity is not constant but a function of time, ¢, such
that v = f(t) during a time interval [a, b], then d = lim > | f(t¥)At
n—oo

b—a
where At = ——, t7 =, for left endpoints, t; = ¢; for right end-
n

points or t* could be midpoint or any point in [t;_1,t;] (see Figure
10.6p).

10.4 The Definite Integral

Definition 30. If f is a continuous function defined for a < x < b, we divide
the integral [a, b] into n subintervals of equal width

b—a
Ax = )
n
We let xg, x1, 29, - -, x, be the endpoints of these subintervals where a = xg
and b = z,,, and we choose sample points z7, 3, - - - , z} in these subintervals,

so x} lies in the i'" subinterval [z;_;, ;). Then the definite integral of f from
a to b is given as:

/b f(z)dz = lim if(xj)Ax
o n—00 P

b
Remark. (a) / f(z)dz is a number; it does not depend on .

(b) f(z) is not necessarily a positive function. If f has both positive and
negative values, then a definite integral can be interpreted as a differ-
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ence of areas above the z-axis and those below the z-axis (see Figure
10.7):

/abf(x)dx A - Ay

NS

Figure 10.7:

n

Example 85. 1. Express lim Z [x? + sin(:vi)} Az as an integral on
n—0o0 i1

the interval [0, 7.

2. Use Riemann summation to compute the integral:

(a) /0 54xdx (b) /0 4(2x2+3)dx

Solution. (1) Comparing lim E [azf’ + x;sin ;] Az to the left of a defi-
n—oo
i=1

nite integral, we let f(z) = 2° + xsinz, a =0, b = 7.
Thus,

n

. 3 . - T 3 .
TLILHJOZ[x + zsinz] Aa:—/o (° + xsinz)dz.

i=1

5
Solution. 2(a) I—/ dxdr.
0

5—-0 5
Subdivide [0, 5] into n sub-intervals of equal length Az = = —.
n n
5 )
Using right endpoints: z; = a+ iAx =0+ (—) = —1
n n

5 n

drdr = lim flz)Ax
|| e = Jim 3

- 5 20 <= 5

Jim 3 () o= Jim 0D

=1
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1 100 1 1
=i 05 gy 10 D s (1 + —) — 50.
n

n—oo N2 n—oo N2 2 n—o0

4 4 — 4
I :/ (22 + 3)dxr, Ax= v_14
0 n

n

4
xi:a—l—iAa::—Z, f(z)=22*+3
n

]:/O (222 +3)dx—r}gr§oz:f x;)A

= 4i 4 4 32
= 1 2(—) +3] == lim — 243
DY (n)+ . nf&onZ{nﬂﬂ

i=1

4 132 1)(2 1 12 1)(2 1
o 4 32 n(n+1)(2n+ >—|—3n — lim 128 n(n+1)(2n+1)
n—oo n | n? 6 n—oo | M3
_ 128
2 12,
- B+
128 164
=—4+12=—.
3 * 3

Example 86. Use Riemann Sums to evaluate ff(af: + 1)dx.

2 — 1 1
Solution. Az = —

:a—I—iAzL‘zl—l—i
n

1 1
- - § 1+211)| 2 =2
f(x) x—|—1:>/ (x4 1)dz = nh_)rxgo [(—l—n—l— >]n 5
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Try the following exercises before looking up their solutions. Keep the
following expressions in mind:

n—o0

r n b
1m1§:f@DAx::/‘f@ym
i=1 a \
li_)m Zf(a—i—iAx)A:z::/ f(z)dz
i=1 a
n b
\nlggo;f <a+i- b;a) : b;a :/a f(z)dz

Exercise. (1) By interpreting the limit as a definite integral, show that:

1
li =In2.
@) Jim > oo =

1P+22+ 3P 44?1

(b) lim

n—00 np+l o+l
(2) Find the limit — o0 of th L, » 7 . .
1mn e 11mit as n o 0 e sum —
no (n+1)? (n+2)?
n
(2n —1)%

3
(3) Use Riemann sums to evaluate / (z* — 6x)dz.
0
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n

1
Solution.(1)(a) We want to show that lim Z - =1In2.
n—00 Py n-+1

1 = 1
lim g = lim E _
n—o00 — n-+1 n—00 P n(l —+ %)

k2
i=1 n =1

Thus

S
I
ﬁ
S
S
S

o~ L
Dy

= lnxﬁ =In(2) — In(1) = In2.

S
~—

Alternatively, we have

-0
33121204—2 ,
n n
1-0 1
a=0b=1Av=——=—
n n
_ 1
f<xi)_1+:c‘z
So .
1 1 1
li .= d
nggoz(l—l—%) n /Ol—i-x o
1
=In(l+2)] =In2—-Inl=In2.
0
R L R
(1)(b) nh_{{.lo Pt Tl Let

Sn

P gr (1P
n nptl a np n
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- [(%)p+(§>”+...+(m.%: (

S|
N—
=
S|
I
I'M:
=
&
>
\_%3

where

' 1-0
F= L =04 a=00b=1
n n
b— 1-0 1
Al‘ — a e = —, f(x_z) — fﬂ_lp
n n n
1 1 1
= lim S, hmZ(—) - /xpdx
n— 00 n—00 n n 0
g1 |} 1 0 1
p+1 p+1 p+1
1 n n n n n
2) S, = — ) - ..
2) PR ) A oy s R oy LA S P
n—1 n—1
n n

n

1 _ 1

Ax = —,f<£lfz) = T2

Z;

2 2 2

1 1 1 1
:>limSn—/—2da::/x2d:L‘——— =—4+1=-
n— 00 1 T 1 ;Ul 2 2
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10.5 Evaluating Definite Integrals

[a, b], then

[ s =F ) - Pl

dF

w7

where F is any anti-derivative of f, that is, F =

Theorem 45. (Evaluation Theorem:) If f is continuous on the integral

Proof. Divide [a, b] into n sub intervals with endpoints zg, 1, 2, - - -

—a
with width Ax = ——, where a = xg and b = z,,. Now,
n

F(b) — F(a) = F(zn) — F(x0)

= F(z,) — F(xp1)+ F(xy_1) — F(xpo) + F(xy_2) + -
)

—F(29) + F(x2) — F(x1) + F(x1) — F(x0)
= [F(2) = F(2n_1)] + [F(2n_1) — F(2n_s)] + -
‘f‘[F(ﬂ?l) — F(ZL‘O)]

n

= F(b) = F(a) =) [F(z;) = F(zi1)]

i=1

, &, and

(10.14)

Since F' is continuous and differentiable on [z; 1, x;], we can apply MVT to

F. Thus, there exists a number z}¢[z;_1, x;] such that:

F(ﬂ%) — F(I‘i,1>
Ty — Ti—1

= F(zi) — F(zi1) = F'(27)[v; — xia] = f(a])Az
Substitute (10.15)) into (10.14)) to get

F'(z}) =

7

Taking the limit as n — oo on both sides, we get

F(b) = Fla) = lm 3" f(a}) A

(10.15)
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]

b
~ [ fads
Example 87. Find the area under the cosine curve from 0 to b, where
b
0<b< —.
2
1 = COST
1 g
A=1
0 7
5 X
Figure 10.8:
Solution.
b b
A= cos(z)dr =sinz| =sinb—sin0 =sinb
0

o

Observe that if b = g, then A = sing 1 (see Figure

Properties of Definite Integrals
b
(1) / cdr = c(b — a)
@ [ 1w+ o= [ sy [ g
(3) /abcf( x—c/ f(z)dz, c = constant
(@/U(—g M—/f m—/ g(2)dz
) / f(x)dx:/acf(x)der/c Fa)da

152
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b
(6) If f(x) > 0 on [a,b], then / f(z)dzr =0
(7) If f(x) > g(z) on [a,b], then/ fz)dz > / g(x)dx

(8) If m < f(z) < M on [a,b], then m(b—a) < /bf(a:')d:c < M(b—a)

9) /abf(a:)d:n = —/baf(x)dx
10) [ floyis =

Example 88. 1) Use the properties of definite integrals to evaluate:
1 2
(a) / (54 22%)dx (b) / (z® 4+ 1)dx
0 1

2
2) Given that / f(z)dz = 3 and / f(z)dz = 2, evaluate
0

/f da (©) /203f(x)dx—/022f(x)da:

<>[ﬁm+w
(-6

1
2
Solution. 1(a) / (5 + 22%)dx = bz + 3%
0

2 2 2
(b) / (:c3+1)dx:/ :c3d:c—|—/ lda
1 1 1

2

1
=1t +z
4 1 1
1 19
= (16-1)+02-1)=—+1=—

2 2
(2) We are given that f(z)dz = 3 and / flz)de =2
0

/f /fum:4
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0

(b) /0 (f(x) +3)dx = _(; f(x)dx—l—/ 3dx

—2 -2

Note that:
/_2 f(x)dx = /_2 f(:c)d:z:—l—/o f(z)dx

:>3:/0f(x)dx+2:>/0f(x)dx:3—2:1
-2 -2

From the equation in 2(b) above, we have

0

:>/ +3dm—1+3/ dx
2

_1+3H —1+430+2)=1+6=7

(0) /203f(x)dx—/0_ 2f(x da:_?)/f dx—2/ o

=3(-2)—2(-1)=—6+2=—

10.6 Indefinite Integrals

If F(z) is an anti-derivative of f(z), that is, F'(z) = f(x), then [ f(x)dz =
F(z). The indefinite integral [ f(x)dz is a function, while the definite integral

fabf(x)dx is a number.

Example 89. Evaluate:

(2) /x”dm (c) sinzdz
1
(b) /exdx (d) /de
xn—i—l
Solution. (a) /x”dx: +c
n+1

(b) /exdx:equc (¢) [sinzdx = —cosz + ¢

1
(d) /—dx =Inlz|+¢
T
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Exercise. Verify by differentiation that the following formula is correct:

. 9 T  sin2x
dr = - — C
/smxx 5 1 + C,

where C' is a constant.

10.6.1 Total change Theorem

The integral of a rate of change is the total change:
b
/ F'(z)dz = F(b) — F(a).

Application

(a) If an object moves along a straight line with position function s(t), then
its velocity is v(t) = §'(t). So

/: v(t)dt = /: §(t)dt = s(ts) — s(th)

is the change of position or displacement during the time from t; to t,.

to
(b) The total distance travelled is given by / |v(t)|dt where |v(t)] is the

t1
speed (see Figure [10.9)

L/\ A

2

Figure 10.9:

(¢) The acceleration of the object is a(t) = v'(t), so

/ 2 a(t) = v(te) — v(ty)

t1

is the change in velocity from t; to ts.
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10.7 Techniques of Integration

10.7.1 Method of Substitution

In general, this method works for integrals of the form f(g(x))g'(x)dx.

Theorem 46. If u = g(z) is a differentiable function whose range is an
interval I and f is continuous on I, then

[ o @)z = [ fuda

Proof. Let F be an anti-derivative of f. That is F/ = f or F = [ fdx. By
chain rule,

diﬂg(x)) = P(gla))g/(x)

But F’ = f and u = g(x)

[ Ho@)g @iz = [ sy

Theorem 47. (For definite integrals) If ¢’ is continuous on [a,b] and f
is continuous on the range of u = g(z), then:

g(b)
/ f(g r)dr = f(u)du

g(a)

Proof. Let I’ be an anti-derivative of f, that is F' = f.

L p(g(a)) = Flol@)g @) = Fla()g )
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b
:/fM@M@M=FMMZ

:/f@@wwm:me—me (10.16)

By applying the Evaluation theorem again:

g(b) g(b)
fw)du = F(u)

g(a)

From (|10.16[) and (10.17)) we get

g(a)

b g(b)
) g (x)dx = w)du.
lf@»ﬂ) A@ﬂ)

Example 90. 1) Evaluate the following integrals:

(a) /x3 cos(z! + 2)dx (f) /cos3 xdx
(b) /1,32— 1d3: (2) /secx\/secx+tanxd;v
1
V1+erd h —d
(©) /6 Tetdr ()/x(x—i-l)x
x sin 2z — cos 2x
d —d i
(@ /\/1—43:2 ‘ (i) /sian—l—costdx
sinx + cos x
tan xd j ——d
(e) / an xdx §) / P —
2) Evaluate the following:
4 s
(a) / V2zx + ldz (d) /2 e cos xdx
0 0
‘Inz et
e TVinz

) /23 %dw (t) /1 4 %@m
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Solution. 1(a) I = /953 cos(z* 4+ 2)dx , Let u = 2 + 2
3 3 1
= du =4x"dr = x dx:Zdu

1 1 1
:/Zcos(u)du = Zsinu—kc: Zsin(x4+2) +c

T
1 I = L =22+1
(b) /w2+1d$ , Let u=a"+
1

:>du:2xdx:>xdx:§du

sdu 1 (1 1 1
I= 27:E/adu:§ln|u|+c:§ln|x2+1|+c

1(c) I:/e“”\/l—i—el’dx ,Let u=14¢€" = du = e"dx

é[z/ﬂdu:/uédu

+c

Njw
Nl

2
u —i—c:g(l—i-ez)

Wl o

x
) T= | —2—dz, TLetu=1— 42
(d) /\/1—43:2

= du = —8xdxr = xdx = —%du

1 1
A= —-(—<|d
Ie ( 8) '

1 1 1
z—g/u_2du:—§(2)ué+c
1 -
:>—Z(1—4x)2+c

l(e) I = /tan(x)dx = / ST Jv. Let u = cosx
cos T
= du = —sinzdr = sinxdr = —du

1
I:/——du:—ln|u|+c:—ln|cosx|+c
u

+c=In|secx|+¢

=In

COS T

158 Dr. Joseph K. Ansong



Math 223 : Calculus I1I JK.A

1(f) I = cos® zdx = /cosx(cos2 x)dr = /cosx(l — sin® z)dx
Let u = sinz = du = coszdx

1 1
.'.,I:/(l—u2)du:u—§u3+c:sinx—§sin3x+c

1(g) I = /sechsecx—Ftanxdx

Let u =secz +tanzx

du = (secztanz + sec? 2)dr = sec z(tan x + sec z)dx = sec z(u)dx

du
= secxdr = —

u
d |
:}I_/_u.\/a_/ul-U/Qdu
u

S = /u_édu = 2u7 4= 2(secz + tan )

=

+c

1 1
1(h) I:/mdx, Let 2@t )

A B
=—+ =1=A(x+1)+ Bz
r x+1
frxr=0A=1landifr=-1,-B=1=B=-1

1 1 1

wz+1) z z+1

1 1
[:/—dx—/ de =Iln|z|—Injz+ 1| + ¢
x r+1

=1In
rz+1

[+

sin 2z + cos 2z
Let u = sin 2z + cos 2z = du = (2 cos 2x — 2sin 2x)dz

1) ]:/sin2x—0082mdx

1
= 2(cos 2z — sin 2z)dx = Edu = (cos2x — sin 2z)dx

1
— —§du = (sin 2z — cos 2x)dx

159 Dr. Joseph K. Ansong



Math 223 : Calculus II JK.A

1
I:—/Q—u:—l/ldu
U 2 U

1
—§ln|u| +c= —§ln|sin2x—|—(:052x| +ec.

1) ]:/sinx—{—cosxdx

e~ +sinw
sinz + cosx sinx + cos x)e”
= tsinz 1 +e*sinx

Let w = 1+ €®sinz, du = (e*sinx + e*cosz)dr = du = (sinx +
cosx)e*dx

du

I= =Inlu| +c
u

I'=In|l+esinz| +c¢

4
) 1_/ V2r + ldx
0

1
Letu:2x+1:>du:2dx:>§du:dx
frxr=0u=1Lxr=4,u=9

1—/9f La —1/9 3d
—1 UQU—Qluu

o) [ e [ (1)

1
Letu=Inxr=du=—-dr Ifr=1Lu=0r=cu=1
x
1
1
I:/ udu = ~u?
0 2

1

1 1
=-(1-0)=-
y1=0=3
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2(c) I = /23 (?)xQ—_ldx

3 — x)?
Let u = 2% — x = du = (32% — 1)dz
f2,u=8-2=6andxr=3,u=27T—3=24

24
d
I:/ —u:ln
6 U 6

=In(24) —In(6) =In(4-6) —In6 =In4+1In6 —In6 =In4

24
u

[ME]

2(d) I = e cos xdx.

0
Letu:sinxﬁdu:co%mdx
If:U:O7u:Oanda::§,u:1

1
I:/ edu = e*
0

10.7.2 Integrals of Symmetric Functions

1
=e—1.
0

Suppose f is continuous on [—a, al.

(a) If f is even, that is f(—z) = f(z), then /a f(z)dz = 2/@ f(z)dz
—a 0

(b) If f is odd, that is f(—x) = —f(x), then /a f(z)dz = 0.

Example 91. Evaluate the following integrals:

2
1 ®+1)d
Ol REERITE
! tan
) /_1 1422+ 24
Solution. (1) Since f(z) = 2%+ 1, f(—x) = f(z). Thus, f is even.

2

? 1
:>I:2/ (x6+1)dx:2{?x7+x1
0

128 142
=2 | =242 =2 =2
= (F)

0
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@) I:/_l tanx

— dx
11+ 22+ 2t

f(=z) = —f(z)= f(z)isodd = 1=0.

Exercise. Evaluate the following integrals:

(1) I:/ xvVax? + a’dx

3 228ing
2 d
@ [

Integrals of the form

/p(x)(‘/md:c, /%d% /p(x) JJor b

cr +d

[SIE]

Solution Approach: For the first two cases, make use of the substitutions

uw'=ax+b or u= Vart+y
and let
., ar+b .jar+b
u" = or u=
cx +d cx +d

for the last case.

Example 92. Evaluate

(a) / N

o [ g

o [

Solution. (a) I = /952\/1’ — 2dx

Let u =z —2=u?=12—2 = 2udu = dr, and 2* = (u? + 2)?

=1= /(u2 +2)% - u - 2udu = /2u2(u2 + 2)%du
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= /2u2(u4 + 4u? + 4)du

I = 2u —|—8u +8u +c
7 5 3
2
1:?(;1:—2)%%(3:—2)3+§(x—2)3+.
T
I = d
V1= [ e
Let u= (z+1)5 = ud =2+ 1= 3udu = dz, and 2 = u3 — 1
31
.'.[—/uu -3u2du—3/u(u3—1)du
:3/(u4—u)du:§u5—;u2+c
. g(x—l—l)g g(x+1)§+c

c) ]:/\/1+xdx
11—z

Easier approach:
1+ (1+x) + )
1—x 1—x + )

(1+ x)? 1+

122 V122

Let £ = sinf = dx = cos 6db

.y
#I:/—F—Slge-cosﬁd@:/(l—ksine)de

cos
=60 —cosf+c
cos’0 =1 —sin?0 = cosf = V1 — 22
I=sin'z—V1-—22+c

Long approach:

Let u? = 1+2
—x

su—sut=1l+zr=u"—-1=2a(?+1)
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u? —1 4u .
21 dr = mdu [quotient rule]

4u
] = L
. /u (u2+1>2du

4u?
I
/(u2+1)2 Y

Let v = tanz = du = sec® adao

4 tan?
I= [ % seada
(tan® 41)2

=z =

Note that tan? o + 1 = sec® «

I:/4tan2ada

secq

4sin? o
= [ = / - cos? adoy

cos?

= / 4 sin? ado

/4 —(1 — cos2a)da :2/(1—0052a)da

[\Dr—‘

{a——sta} +c¢c=2a —sin2a + ¢

Using a right angle triangle, we have

U 1
tana = u,Sinuy = ———,cos 0 = ———
Vite Vite

U 1
V1+u? V1+u?

sin2a = 2sinacosa = 2

B 2u
14 u?
2
I =2tan"'u — Y +c
1+u12 5
Note: 1 +u?2 =1+ T
1—2z 1—=x
2 1-—
4 —2u-( z)
14 u? 2
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(1—x)-u:(1—x),/i§:\/(1—@283;

:\/(1—x)(1+x):\/1—x2
.‘.]z?tan_1< 1+x> —V1—a2+c¢

1—=x

10.8 Trigonometric Integrals

10.8.1 Integrating Powers of sinz and cosz

Here are some guidelines for integrating [ sin” zdz and [ cos” zdzx.

(1) If n is an odd positive integer then write

/Sin" rdr = /sin”_1 x sin xdx.
2

Because (n — 1) is an even integer, we can employ the identity sin® x =
1 — cos® x to get an expression that is easier to integrate.

(2) If n is an odd positive integer then write

/cos” xdr = /cos"1 x cos xdx.

Since (n — 1) is even, we can use the trigonometric identity cos®x =
1 —sin? z to get a form that can be easily integrated.

(3) If n is even, use the half-angle formula (and its variants) to simplify the
integrand sin" x or cos” x. Here are some half-angle formulae to refresh
your memory:

1 1
cos® T = 5(1 +cos2z), sin’z = 5(1 — cos 2x),

1 1
cos? 2r = 5(1 + cos4r), sin®2r = 5(1 — cos4x).

We will use some examples to illustrate the procedure for integrating powers
trigonometric functions.

Example 93. Evaluate:
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(a) / cos® xdx

(b) / sin zdx

Solution. (a) I = [ cos’ zdz = /0054 x cos xdr = /(1 —sin® z)? cos xdx

Let uw = sinx = du = cosxdx
22 2, 4 25 15
I=[(1—-u)du= [(1—-2u +u)du:u—§u +gux+c

: 2 3 L.
=sinz — - sin x—i-gsm T +c
(b) I = /sin4 xdr = /[Sim2 r)?dxw
.2 1 1 2
sin“ x = 5(1—00821’) =1 = 1 (1 — cos2x)*dx
1 2
[:4_1 (1 —2cos2x + cos” 2x)dx

1 1
But cos® x = 5(1 + cos 2x) = cos? 2z = 5(1 + cos 4x)

1 1 1
/(1—2cos2a:+§+§cos4x) dx

= ] = -
4

1 in 2 —1-1 —l—l indx| +
=— |z —sin2z + —x + —sindzx c

4 2 8
t L gnor s to s Lainan st
=— — —gin2z + —x + —sindz + ¢

4 4 8 32

3 1 1
,',I:§x—zsin2x+3—28m4az+c

10.8.2 Integrals of Products of Trigonometric Func-
tions

Integrals of the form [ sin™ z cos” dx

Here are some guidelines for integrating integrals of the form / sin™ x cos" x dzx.
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(1)

(3)

If m is an odd integer, re-write the integral in the form

/ sin™ z cos" x dxr = / sin™ !z cos” x sin zdx

and use the identity sin?z = 1 — cos? x to express sin™ ! z in terms of

cosz. You can then make the substitution u = cosx to simplify the
resulting integral.

If n is an odd integer, re-write the integral in the form

/ sin™ x cos” x dx = / sin™ x cos™ ! z cos xdx

2 1

and use the identity cos?z = 1 — sin®z to express cos” 'z in terms
of sinz. You can then make the substitution v = sinx to simplify the
resulting integral.

If both n and m are even, then use the half-angle formulas for cos? x
and sin® z to reduce the exponents by one-half.

Example 94. Evaluate

(1) / cos® zsin zdzx

Solution. (1) /COS3 rsin® zdx

/ cos® x sin® xdr = / cos® x sin* x cos zdx

= /(1 — sin? x) sin? x cos zdx

Let u = sinz, then du = cos xdx, and the integral becomes
/c053 rsin' zdr = /(1 — u?)utdu = /(u4 —u®)du

15 14
=’ — U+ C

5u 7u—|—
1 5

1
:gsin x—;sirﬁx—i—C
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Integrals of the form [ tan™ zsec"dx

Here are some guidelines for integrating integrals of the form [ tan™ x sec”™ zdz.

(1)

(3)

If m is an odd integer, re-write the integral in the form

/ tan™ zsec" z dr = / tan™ ! zsec” ! xsec z tan x dx

and use the trigonometric identity tan? z = sec? z—1 to express tan™ '

in terms of sec z. You can then make the substitution v = sec z to sim-
plify the resulting integral.

If n is even, re-write the integral in the form
/ tan™ xsec”" x dx = / tan™ zsec" 2 wsec® x dx

and use the identity sec? z = 1 + tan® z to express sec” 2 x in terms of
tanx. You can then make the substitution © = tanz to simplify the
resulting integral.

If n is odd and m is even, there is no standard procedure. You may try
using integration by parts.

Example 95. Evaluate

(1)
(2)

/ tan® x sec® zdx (3) / cos Hx cos 3zdx

/ tan? z sec? xdx

Solution. (2) /tan3 rsec® vdx

/ tan® z sec® xdr = / tan? zsec® z(sec x tan x)dx

= /(5602 r — 1) sec* z(sec x tan x)dx
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Let u = secx and du = sec z tan zdz, then we get

/tan3xsec5 xrdr = /(u2 — utdu

_ / (1 — ub)du

1 1
:—u7—5u5+0

1
7aj—gsec5x+C.

7
1
= —sec
7
(3) / tan® z sec! vdw
/ tan? z sec* zdx = / tan? x sec? z sec? xdx

= / tan® x(tan®z + 1) sec® zdx
Let u = tan z, then du = sec? zdx, and we get
/tan2 rsect vdr = /u2(u2 + 1)du
= /(u4 + u?)du
1 1 .
= gu‘:’ + gu5 +C

1 1
= gtan2x+§tan3x—|—(]

(4) Here, we apply the Factor Formula (or Sum and Product For-
mula) in trigonometry:

D - D
COSC’—H}OSD:QCOS(O—; >cos (C )

2

Thus, we may write

1
cos bz cos 3x = 3 (cos 8x + cos 2z)

such that .
/cos ba cos 3r = / 3 (cos 8z + cos 2z) dx

1 1
= Esin8x+zsin2x+6’
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10.8.3 Integrals of Hyperbolic Functions

Remark. Go back to the chapter on hyperbolic functions and their deriva-
tives, do a review of them, and return here. From our lectures on the defi-
nitions of hyperbolic functions and their derivatives, we obtain the integrals

in Table T0.1}

/ coshudu = sinhu + C / sinh udu = coshu + C

/sech2 udu = tanhu + C /csch ucothudu = —cschu + C

/ sech v tanh udu = —sechu + C / csch? udu = — cothu + C

Table 10.1: Integrals of some hyperbolic functions.

Example 96. Find / cosh? 3z sinh 3zdx.
. 1
Solution. Let v = 32 = du = 3dx and dz = gdu. Thus

1
I = /cosh2 3z sinh 3zdx = 3 / cosh? u sinh udu

Let t = cosh u = dt = sinh udu. Thus,

1 1
I=- [dt=_t"+C
3/ o' "

1 1
s = 9 cosh®u + C = 9 cosh?(3z) + C.
Example 97. Find / sinh? zdz.
Solution. Note that cosh 2z = 1 4 2sinh® z. Thus

1
I= /sinh2 xrdr = 5/(cosh2:c — 1)dx

1 1
= Z—Lsinth— 5:10—1—0.

Alternatively, we could change to exponentials:
et —e\? 1
sinh? x = (—) = 1(62:6 — 2+ €*)
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1 1
=1 = /—(6% — 2+ e*)dx = ge% ——x— ge_zx +C.

4
1 2 _ 2z 1

1 1
s = Zsinth— §x+C,

which is the same answer we found earlier.

10.8.4 Trigonometric & Hyperbolic Substitutions

The following table gives substitutions that are useful for eliminating rad-
icals from certain types of integrands like Va2 + 22 or Va2 — a?. Either
trigonometric or hyperbolic substitutions can be used to evaluate such in-
tegrals. In making trigonometric substitutions, we assume that the angle
@ is in the range of the corresponding inverse trig function. For instance,
for the substitution # = asinf, we have —7/2 < 0 < 7/2. If Va? — x?
occurs in a denominator, we add the restriction |x| # a, or, equivalently,
—m/2 <0 <m/2.

Expression in Integrand | Substitution Substitution
(Trigonometric) | (Hyperbolic)

Va2 — 22 x = asinf
va? + x? Tz =atanf z = asinh 6
2 —a? T = asecl T = acosh 0

For hyperbolic substitution, the basic hyperbolic and inverse hyperbolic
identities are relevant. For example

cosh?z — sinh®*z = 1; sech’z =1 — tanh®z

1+ csch® x = coth® z; sinh ™'z = In(z + Va2 + 1)

1 1
cosh™ z = In(z 4+ V22 — 1); tanh 'z = —In ( i w)

2 1—=x

1
Example 98. Evaluate / —dx
P Va4 + a2
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Solution Method 1: Trigonometric Substitution

Solution. Let x = 2tan § = dx = 2sec? 0df. Thus
V4422 =4+ 4tan’0 = 2v/1 + tan? 0 = 2Vsec2 § = 2sech

Therefore,

1 1
/ T dx /23e09 sec” 0do /Sec do

=1In|secf + tanf| + C,

(recall the integral of sec § from Calculus I). We need to put back the original
x variable. Now, tan§ = x/2 implies that (using a right-angle triangle as in

Figure [10.10)

Figure 10.10:

2 V4 + 22
cost) = —— —secl = ——
4 4+ 72 2

Hence,

This may be written in the form:
Izln’\/4+x2+a¢‘ —In2+C=1In (\/4+x2—|—x> + D

where D = —1In2 + C and where the absolute value sign has been removed
because V4 + x2 + x > 0 for every x.

172 Dr. Joseph K. Ansong



Math 223 : Calculus I1I JK.A

Solution Method 2: Hyperbolic Substitution
Solution. Let z = 2sinh § = dx = 2 cosh 8df. Thus

V4 + 22 = /4 + 4sinh? 0 = 2\/1—|—sinh20: 2\/Cosh29: 2 cosh @

Therefore

1 1
———dxr = | ———— -2coshfdb
/~/4+x2 o /2cosh6 €0

:/dé’

1
S de =0+ C
/\/4+x2

Now 2 = 2sinh§ = 6§ = sinh ™! (g) Using the identity sinh™' o = In(z +

x2+ 1), we get

T4 (x)2+1
2 2

1
0 =1n —I—C’:ln§+1n(\/4—l—m2+x>+0

:1n<\/4+7+x> —In2+4+C

1
dr=In(v4d+22+2)+ D.
/\/4—1—:172 < )

Using the trig substitution £ = atané, we can derive the formula:

d 1
/% = —tan"! <E> + C.
e+ a a a

Exercise. (1) Using a hyperbolic substitution, show that

/\/x2+4dx = g\/xQ +4+2In(z+ Va2 +4)+ C.

(2) Use trigonometric substitutions to show that

Va?—9 5 (T
(a) /de— 2 — 9 — sec <§>+C.

(b) / (1 _ x2)3/2dx _ (1 _ :132)5/2 ‘c

26 55
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10.9 Integrals of Rational Functions Using Par-
tial Fractions

Using partial fractions, rational functions can be written as a sum of sim-
pler fractions that we already know how to integrate. If the degree of the
numerator is greater than or equal to the degree of the denominator, we first
perform the long division to simplify the rational function. Some times the
denominator may contain irreducible quadratic factors or repeated reducible
quadratic factors, in either case, you need to apply all the techniques of par-
tial fractions to simplify the rational function before integration. In other
words, if

P(x)

Q(x)

we try to factor Q(x) as far as possible. This may some times require “com-
pleting the square” of a quadratic expression before making a substitution
to integrate the given expression.

fz) =

Review of partial fraction techniques

The following examples give a review of some of the partial fraction tech-
niques needed to simplify integrals of rational functions.

(1) Q(z) is a product of linear factors, some of which are repeated.

33:3—185172—1—292:—4_ A n B n C n D
(z+D(x—-23  z+1 -2 (x-2)2 (r—2)3

Multiplying both sides of the equation by the denominator on the left-
hand side, we can show that

A=2 B=1,C=-3,D=2.
We can then integrate each partial fraction on the right-hand side.
(2) Q(z) contains repeated quadratic factors

5x3_3$2+7$_3_‘4$+8+ Cx+ D
(224 1)2 o241 (224 1)2

It can be shown that

A=5 B=-3, C=2 D=0.
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(3) Q(x) has irreducible quadratic factors. For example, find:

/ 2¢ — 1 d
—dx.
72 — 62 + 13

Completing the square, we can write

2% — 6z +13 = (v —3)* + 4.

20 — 1 20 — 1
—  dr=| —dx
x? — 6x + 13 (x —3)2+4
Let u=2—-3= 2z =u+ 3 and dz = du. Thus

/ 20 —1 J _2(u+3)—1du:/2u+5du

Thus,

2 _6r+13 07 w2+4 w2+ 4

2u 1
_/u2+4du+5/u2+4du

5
= In(u? +4) + 2 tan~! g +C

2
= In(z® — 62 + 13) +gtan_1 “’;3 +C.
Example 99. Find / %dw
Solution. We can write the rational fraction as
T+5 T+5 _ A n B

x2+x—2:(3:—1)(3:+2) r—1 x+2

—1r+5=A(x+2)+ Bz —1)

fr=1 weget6=3A=—= A=2
If x = =2, we get 3= —-3B =—> B = —1. Thus, we can write

r+5 B 2 _ 1
24+r—2 -1 x4+2

2 1
/x——%dI:/ _ dr
24z -2 rz—1 x4+2

=2njz -1 —Injz+ 2|+ C.

Hence

175 Dr. Joseph K. Ansong



Math 223 : Calculus II JK.A

2+

dzx.
1

Example 100. Find /

xr —

Solution. Using long division, it can be shown that

e 2
=r+r+2+ ——
r—1 r—1

3 2
/x —|—:ch:/ P+ +2+——)do
r—1 r—1

ZES 2

=§+%+2x+21n|x—1\+0.

Thus,

10.10 The Reduction Formulae

Integration by parts can be used to derive reduction formulas for evalu-
ating certain integrals. The formulas enable us to express some integrals in
terms of integrals whose integrands involve lower powers. Recall the inte-
gration by part formulas:

/udv :uv—/vdu.
b b
/ udv = [uv]’ —/ vdu.

Example 101. Find a reduction formula for / sin” xdx, where n > 2 is an

integer.

Solution. Let
I = /sin” zdr = /Sin”_lxsinxdx

Integrating by parts, we let
w=sin""'z and dv=sinzdr

= du=(n—1)sin" *rcoszdr and v = —cosx

— /sin”xda: = uv — /vdu
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= —sin" 'xcosz + (n—1) /sin”_2 x cos® xdx

But cos?z = 1 — sin® z, so that
/Sin" rdr = —sin" 'z cosz + (n — 1) /Sinn_2 xdxr — (n—1) /sin” xdx

Moving the last term on the right to the left-hand side gives

n/sinn dr = —sin" tzcosz + (n—1) /sin”2 xdx

or

1 -1
/sin” dz = — = sin" Lz cosa + — /sin"_2 xdx (10.18)
n n

Example 102. Use the reduction formula in (10.18) to find / sin da.

Solution. Here, n = 4. So we have

1 3
/sin4 dx = ~1 sin® x cos x + 1 /sin2 xdx (10.19)

Applying the reduction formula again to the integral / sin® zdx, we get

1 1
/sinzxdx: —§sinxcosm+§/daj

— L e
=—3 sin x cos x 21‘ 1
Substituting into equation ((10.19)), we obtain
1 3 1 1
/sin4 xdr = 1 sin® x cos  + 1 (—5 sinx cosx + 5:6 + Cl>
1 3 3
/sin4xdx =1 sin® z cosx — gsinxcosa: + gx +C

where C = %C’l.
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10.11 Improper Integrals

10.11.1 Infinite Intervals of Integration

Improper Integrals are integrals that have infinite intervals of integration
or unbounded integrands. The following definition provides a way of com-
puting integrals over infinite intervals as integrals over finite intervals.

Definition 31. (1) If f is continuous on [a, o], then

/:O fz)dz :bhiﬁlo/ flz (10.20)

provided that the limit exists.

(2) If f is continuous on [—o0, b], then

b b

/ f(z)dz = lim f(z)dz (10.21)
—50 a—r—0o0 a

provided that the limit exists. Each improper integral in ({10.20))

and (10.21)) is convergent if the limit exists anddivergent if the

limit does not exist.

(3) If f is continuous on (—o0, 00), then

/f dx—/ fa d:c+/ o (10.22)

where c is any real number, provided that both improper integrals
on the right-hand side exist. The improper integral is convergent if
both improper integrals on the right are convergent, and divergent
if one or both are divergent.

<1
Example 103. Find / —dx
LT

Solution.
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The improper integral is convergent in this case.

Example 104. Determine if the following integral is convergent or divergent.
If it is convergent, find its value.

(a) /1 h idx (©) /_ Z v da

0 1 00
(b) /_Oo mdaz (d) /_2 sin xdx
Solution. (a) I—/ ldyc
LT

t

I=1lim [ —dz= limIn(x)
t—o00 1 X t—o00

t

1
Sl =lim[Int—1Inl] = o0
t—00

Hence, the integral is divergent.

(b) 1:/0 L0

oo V3 —

0 1 0 .
= 1 = 1 —_ - /2

0
= lim —2v3 -5 = lim (—2v3+2V3 —1)
——00 t ——0

,',[:—2\/§+oo:oo

Thus, the limit is infinite and hence the integral is divergent.

(c) ]:/ ze " dx
0 2 o 2
1 :/ re “dx —|—/ xe ¥ dx
—00 0
Now, let

0 0
2 . .2
I, = rze ¥ dr = lim ze ¥ dx
S t——o0 t

The integral is easily integrated by using substitution to get

o 1
= {5
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_ L1 e
- t—}I—noo 5 56

1
- Il = —5
Now let . .
I :/ ze dy = lim ze " dy
0

Y t—o0 0

The integral is easily integrated by using substitution to get

| ( 1 _12)
= lim ( —=e¢
t—o0 2

i (L,
e WD 5

1
:}]—225

t

0

Thus,

1 1
I—Il+]2——§+§—0.

Thus, the improper integral is convergent and converges to 0.

(d) I:/ sin xdx

t

I = lim sinzdr = lim (— cos)|",
t—o0 _9 t—o0

.1 = lim (cos2 — cost)
t—o00

Thus, the limit does not exist and so the integral is divergent.

Exercise. (1) Determine whether the integral converges or diverges, and
if it converges, find its value.

(a) /;Oﬁdx (b) /200$i1dx

< 1
(2) Evaluate /_OO T

dx

10.11.2 Improper Integrals with Discontinuous Inte-
grands
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Definition 32. (a) If f is continuous on [a,b) and discontinuous at b,
the

/bf(a:)d;v = lim tf(x)dx,

t—=b= J,
provided the limit exists.
(b) If f is continuous on (a, b] and discontinuous at a, then
b b
/ f(z)dz = lim / f(z)dz,
a t—a™t t

provided the limit exists.

(c) If f has a discontinuity at a number ¢ in the open interval (a,b)
but is continuous elsewhere on [a, b, then

[:/abf(x)dx:/acf(:z:)dzz:Jr/cbf(w)dx,

provided both of the improper integrals on the right converge. If
both converge, then the value of the improper integral I is the sum
of the two values.

1
V3—uw
Solution. Note that the integrand has an infinite discontinuity at x = 3.
Thus,

dz.

3
Example 105. Evaluate I = /
0

t
1 t
I=1 der = li —2v/3 —
) e sl S e St

— lim —2V3 —t+2V3

t—3—

=0+ 2vV3 =2V3.

3
Example 106. Evaluate [ = /
0

dx if possible.
r—1

Solution. Observe that the integrand is not continuos at « = 1, which occurs
in the middle of the interval [0, 3]. So we integrate as

| 51
I:/ dx+/ dx
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Now,

1 t
1 1

I = dr = lim dz = lim In |z — 1|;

0 1 ’

T — t—=17 Jg T — t—1—
= lim(In|t —1] —In|—1])
t—1-
= lim In(1 —¢) = —0
t—1—

Thus, [; is divergent. Thus the whole integral [ is also divergent and we

dz.
:c—lm

3
don’t need to evaluate /
1

Remark. WARNING!!!
If we had not noticed the discontinuity at = 1 in the previous example and
evaluated the integral as an ordinary integral, we would have gotten

3
1
/ dr=In|z — 1] =In2—Inl1=1n2
o *—1

which is wrong! Therefore, it is important to always check whether a given
integral is an ordinary integral or an improper integral, by looking at the
integrand, f, on the interval [a, b].

10.12 Applications of Integration

10.12.1 Area between curves

1. Recall that the area bounded by
the curve y = f(z) and y = 0 in the

interval = € [a,b] (figure [10.11)) is

given by

o
a b T

A / o).

Figure 10.11: Area under a curve

2. Now consider a region S which lies between the two curves y = f(x)
and y = g(x) in the interval [a, b] such that f(z) > g(x) for all z in [a, b]. To
find the area between the curves:
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A
Y y=f(z)

Figure 10.13: Approximating rectan-
Figure 10.12: Area between two curves gle

Step 1 : Divide S into n rectangular strips of equal width Az. The height of
the it strip is f(z}) — g(a})

Step 2 : The area of the i'" strip is A; = [f(z}) — g(z})]Az. Summing all the

(]
strips we get the Riemann sum, R,,.

Ry =) [f(x}) = g(a}) A

=1

Step 3 : Find the limit as n — oo since the approximation gets better with
more strips:

A= lim I () - a(eD)]Aa

Step 4 : Finally we get the area between the curves

A:/ﬁﬂw—gmmm (10.23)

NOTE:

(a) In general, it is important to use a sketch to identify the top and bottom
curves and to also find an approximating rectangle. You may also have
to determine the interval [a, b].

(b) If f(x) > g(x) in some parts of the region and g(x) > f(x) for other
parts, then split the region into several parts (see figure [10.14)):
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A=A + A,
c b
— [ @) - glalide + [ lofa) - flado -
A= / |f(z) — g(z)|dz Figure 10.14: Divided region

(c¢) If z = f(y) and = = ¢(y) for y in the interval [c, d] where f and g are
continuous and f(y) > g(y) for ¢ <y < d then

d
A =/ [f(y) — g(y)]dy (10.24)

Example 107. Find the area bounded by the curves y = 2% and y = x.

Solution. Let f(x) = z, g(z) = 2. We need to find the intersection of
the two curves by equating them:

=r=21"-2=0 =ax(r—-1)=0,

so they intersect at x = 0 and x = 1. Thus, the area between the curves (see

Figure [10.15h) is given by

A = / f(x) - g(x)lda

Alternatively, we could integrate with respect to y (see Figure ) For
y = 2, we solve for x to get = +,/y. Here, we need only the right-hand
branch of the curve so we choose f(y) = v = \/y. From y = z, we define
g(y) =y. When x = 0 we have y = 0 and when = = 1 we get y = 1; so the
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interval of integration remain the same. Thus,

A = / @) — gly)ldy

2 a3 14 '
= Vy—ydy=|zy"" — -y

3 2,
2 1 1
_ (5 _ 5) =<
157 b 1.5 4 Y
(a) (b)
" f@) == ARIGEE:
051 0.5 1
\ g(x) = a? \\ g(z) = 2?
-05 05 1 15 & 05 0.5 1 15 I
05 -05

Figure 10.15:

Example 108. Find the area of the region enclosed by f(x) = sinz, g(z) =
cosz, ¥ = 5 and the y-axis.

Solution. The graph of the required region is displayed in Figure [10.16]

The intersection point is given by

sinx =cosx =—tanx =1
T
.= —
4

Thus, the required area, A, is given by the sum of the area A; and that of
Ay such that A = A; + A,.

/4 /2
A = / (cosx — sinx)dz, Ay = / (sinx — cosx)dx
0 w/4
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A1 i A2

f(z) =sinx i g(x) = cosx

|

T
4

Figure 10.16:

= A = (sinx + cos x) 2/4 + (—cosx — sinx) :Z
= [(?4‘?) —O0+1)| +[(0-1)— (—?—?)]
=V2-1+v2-1
L A=2v2-2
Example 109. Find the area bounded by the curves
y=x+1, y=9—2%
and the lines x = —1 and =z = 2.
Solution. Here, we are given the interval |a,b] = [—1,2]. By sketching the

functions we see that the upper curve is f(z) = 9 — 2 and the lower curve is
g(x) = x4+ 1 (see Figure [10.17)). So the area between the curves is given by

A = / [(9—2%) — (z+1)] do

34+49_117
3 6 6

186 Dr. Joseph K. Ansong



Math 223 : Calculus I1I JK.A

Y g(x) =9 — 2?
AN
N ZREREE
/

Figure 10.17: The blue shaded region is the required area, and the smaller
brown region is a representative rectangle.

10.12.2 Volumes

Cylinders
The volume, V', of a cylinder of height, h, is given by

V' = (Area of cross-section) x height = Ah

Solids of revolution

Let S be a general solid which lies in the interval [a, ] and let A(z) be the
area of a cross-section perpendicular to the z—axis at the point z (see Figures
110.19) and [10.20)). To find the volume of S:

Step 1 : Divide S into n “slabs” of equal width Ax

Step 2 : At the point ] € [x;_1, x;], the area of the slab is A(x}) and its height
is Az. Thus, the volume of the slab S; is V' (S;) = A(x})Az. Summing

187 Dr. Joseph K. Ansong



Math 223 : Calculus II JK.A

YA
Az
YA ﬂ
[
[
| a xill;flfl ] E
a ;IL« R xy
Figure 10.19: Figure 10.20:

the volume of all the slabs we get the Riemann sum:
V ~ Z Axl)Ax
i=1

Step 3 Find the limit as n — oo since the approximation gets better with more
slabs:

V= nh—>nolo ;A(xi)Ax

Step 4 Finally we get the volume of S:

V= /b A(x)dx (10.25)

NOTE:
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(a) The volume may also be calculated in terms of y:

v | " Aw)dy

(b) If the cross-section is a disk, then we find A as
A = n(radius)?

(c) If the cross-section is a washer, we find A as

A = m(outer radius)® — 7(inner radius)’
2 2 )

= W(rout ~Tin

Examples:
Find the volume of the solid obtained by rotating the region bounded by the
given curves about the specified line

(a
b

y=22 0<zx<1, y=0; about z-axis
y=¢*, y=0, x=0, x=1; about z-axis

c) y=2a°, 0<x<2 y=4, x=0; abouty-axis

4

e) y=x", y=1, abouty=2

S

)
)
)
d) y=2a% y*=2; about z-axis
)
) y=a x=y* aboutz=-1

~—~

Volumes of other solids

Examples:

1. Find the volume of a pyramid whose base is a square with side L and
whose height is h.

2. Find the volume of the frustrum with base radius R and top radius r.

10.12.3 Volumes by Cylindrical Shells

Consider a cylindrical shell of inner radius rq, outer radius r and height h.
Let V; = mr?h and V, = 7r2h be the volume of the inner and outer cylinders
respectively. Then the volume of the shell is
V =V, — Vi = arih — wrih

— (% - 1)

=m(ry+71)(re —r1)h
(ro +11)

2

=27 (ro —r1)h.
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Let r = 2247 (the average radius of the cylinder)
and Ar = ry — ry (the thickness of the shell). Then

|V = 2zrhAr.] (10.26)

That is,
V' = [circumference(27r)| x [height(h)] x [thickness(Ar)].

In general, let S be the solid obtained by rotating about the y-axis the region
bounded by y = f(x), y =0 and = € [a,b].

To obtain the volume V:

Step 1 : Divide [a,b] into n rectangular strips in [z;_1,x;] of equal width Az
and let &; be the midpoint of the i** strip.

Step 2 : The height of the " strip is f(;), radius of the shell is #; and the
thickness of the shell is Az. Thus, the volume of the i** shell is

V = 2nz;) f(z;)Aw.

Summing the volume of all shells in [a, b], we get
Va Y (2rd) f(E) A,
i=1

Step 3 : Find the limit as n — oo since the approximation gets better with
more strips:

V = lim » (27 f(2;)Ax
=1

Step 4 : Finally we get the volume of the shell as:

V= /b 2nx f(z)dx (10.27)

NOTE:
(a) In equation ((10.27)),

27wz := Circumference
f(z) := Height
dz := Thickness
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(b) It’s important to always make a sketch to identify the radius and height
of a shell.

Example 110. 1. Use both slicing and the method of cylindrical shells
to obtain the volume of the solid obtained by rotating about the y-axis
the region bounded by

y=+z, and y=2>

2. Use the method of cylindrical shells to find the volume of the solid
obtained by rotating the region bounded by the given curves about the
specified axis:

m:1+y2,x:0,y:1,y:2; T-axis

=Yy, v=0,y=1; z-axis

, * = —2, v =—1; y-axis

Y y=20
y=x2*y=0,z=12=2; aboutzx =1

10.12.4 Arc Length

Our aim here is to find the length of any general curve which is defined by
a continuous function in a given interval. We do that by approximating the
curve using a series of polygons. Let C be such a curve and y = f(x) be the
continuous function in the interval a < x < b. To obtain the length, L, of
the curve, we

Step 1: divide [a, b] into n subintervals with end points z,, z1, ...z, and equal

width Az.
If y; = f(x;), then the point P;(x;,y;) lies on C' and the polygon with
vertices Py, Py, ... P, is an approximation to C.

Step 2: The length of the arc in [z;_1, z;] is approximately given by

L =|P1P| = \/(131 —xio1)? + (Y — Yio1)?
~ VBT By

Summing all polygons, we get

L=3 @y +(Bu)
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Step 3: Find the limit as n — oo since the approximation gets better with more
polygons:

L= lim Y \/(Az)> + (Ay,)?

n—00 =
By the Mean Value Theorem, there is a number z}€[x;_1, x;] such that

Yi — Yier = f(x]) (i — 1)
= Ay; = f'(z])Ax

= L= lim Y /(Ax)> + (f'(z])Ax)?

n—00 4

~ Jim 3 VTF FGDEAS
=1

Step 4: Finally we get the length of the curve:

L:[f¢r:v@m%leﬂwu%cg)3x (10.28)
NOTE:

If the curve has an equation of the form =z = g(y), ¢ < y < d and ¢'(y) is
continuous, then

L:iAdvﬁﬁfgiaﬁayzlldM14—(gg)im (10.29)

Example 111. Find the Length of the arc in the given interval:

(a) y=1+62%2 0<z<l1.
1
() 2= SVily—3), 1<y<o
(¢) ¥ =4(z+4)°, 0<x<2, y>0.
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The arc length function

The distance, S(z), along the curve C' from the initial point [a, f(a)] to any
point [x, f(x)] on the curve is the arc length function and is given by

S(z) = / AT PR (10.30)

Differentiating the equation gives
ds dy 2
1+ (=2
dz (d$)

dy 2
= ds=4/1+| = | dz
dx

— (ds)? = (dx)* + (dy)>.
Example 112. Find the arc length function for the curve y = 22%? with
the starting point P,(1,2).

10.12.5 Area of a Surface of Revolution

This is the surface obtained by rotating a curve about a line. Let’s start
from finding the area of the surface of a simple object and progress to the
complex case of a general surface area.

1. The lateral surface area of a cone of base radius r and slant height h is
given by

A= T7rl

2. Consider a frustum of a cone with slant height [ and top radius r; and
base radius 3. Then the area is given by

A = 7T’l“2(ll + l2) — 71"/’1[1 = 71'[(’/“2 — T’l)ll + ’f’gl]
Using similar triangles we get

Lo L+l

™ ()
= 7“2[1 = 7‘111 + T‘ll
= (’I“Q — 7”1)[1 = Tll
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Thus,

A=mn[rl+rl] = 2%@[

= (10.31)
where r = (r; 4+ r2)/2 is the average radius.

3. In general, consider the surface obtained by rotating the curve y = f(x),
a < x < b about the z-axis, where f has continuous derivatives.

To obtain the area of the surface of revolution:

Step 1: divide [a, b] into n subintervals with end points g, z1, ...z, and equal
width Ax.
If y; = f(x;), then the point P;(x;,y;) lies on the curve.

Step 2: The area of the surface obtained by rotating the polygon P;_;P; about

the z-axis is given by (using ((10.31]))

S; = 27%_17—’_%“3@'13"

If 27€[x;_1, x;], then the length of the arc is
|P,_1 Py = /1 + [f'(z})]?Ax.
Thus,
S = QWWITW V1T P @)PAz

Now, if Az is small, then

/
Vi1 = f(x) = f(x]),
Yioa+yi _ 2f(x])
T T /

Thus,

i~ 2m f (7)1 + [f'(2])PAx

Summing over all polygons, we get

Sa Y 2 f@) 1+ [ ()PAr.
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Step 3: Finding the limit as n — oo, we get
= 1 N1+ [f (=)
S ggo;?ﬂf(%) L+ [f/ (=)0

Step 4: Finally we get the area of the surface of revolution

S = /ab o f(2)\/1 + [f'(2)]2dx = /ab 2y |1+ (g—i)zdx (10.32)
NOTE:

If the curve is given by = = g(y), ¢ <y < d, then

d dz\?
S:/c 2z |1+ (d_y) dy (10.33)
SUMMARY:

Equations ((10.32)) and ((10.33)) may also be written respectively as:

S:/wads and S:/Qﬂxds,

dy\* dz?
ds =4/1+ ) dr or ds= 1+ (| dy
dx dy

Example 113. 1. Find the area of the surface obtained by rotating the
curve about the z-axis

where

y=+vr, 4<z<9

2. Find the area of the surface obtained by rotating about the y-axis (use
2 formulas)

y=vz, 1<y<2
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Chapter 11

Differential Equations

A differential equation is an equation that contains an unknown function and
some of its derivatives.
E.g.

dy

I = —kxy or y = —kxy (11.1)

where k is a constant.

The order of a differential equation is the order of the highest derivative
that occurs in the equation. E.g.:

/ j—

y' = —kxy [First order]
y' +kr=0 [Second order]
5y" — ky" +2y =0 [Third order]

We will consider only first order differential equations.

A function f is called a solution of a differential equation if the equation is
satisfied when y = f(x) and its derivatives are substituted into the equation.

For instance, y = f(x) is a solution of (11.1]) if
f(@) = —kaf(z)

for x in some interval.
Example: Show that y =z — % is a solution to

xy +y = 2.
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Solution:
1
y=x—- -
x
, 1
x
, 1 1
=zy +y=c|\l+—5|+o—-
x x
1 1
=T+ —-+T— =
x x
= 2.

Let’s consider two types of differential equations and how to solve them.

11.1 Separable equations

These are equations of the form

Y~ o) f )

Solution: Separate the variables and integrate the resulting equation if
possible:

d

== glx)f ()

dy

= = [ g(z)dx
/ fy) @)

Examples:
1. Solve

ay_ e

de 443

2. Find the solution of the differential equation that satisfies the given initial
condition:

(@ L=y +1, y(1)=0

dz

dy ycosz
b) — =>"—— 0)=1
O E =420 0
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Mixing problems

Mixing problems are an application of first order differential equations. If
y(t) is the amount of substance in a tank at time ¢, then y/(¢) is the rate
at which the substance is being added minus the rate at which it is being
removed.

Example:

A tank contains 20 Kg of salt dissolved in 5000L of water. Brine that contains
0.03 Kg of salt per liter of water enters the tank at a rate of 25L/min. The
solution is kept thoroughly mixed and drains from the tank at the same rate.
How much salt remains in the tank after half an hour?

Solution:
Let y(t) be the amount of salt (in kilograms) after ¢ minutes.
y(0) =20, y(30) =?

The rate of change of the amount of salt is:

j—i = (rate in)-(rate out)

. kg L kg
rate in = O'ng 25— | = 0.75—.

min min

The tank always contains 5000 L of liquid so the concentration at time t is
y(t)/5000 [Kg/L]. Thus

y(t) kg L y(t) kg
rate out (5000 z ) \*min ) = 200 min

Thus,

dy y(t) 150 —y(t)
dr 0.75 200 200

Solving the equation we get
1150 — y| = 130e~"/2%

Since y(t) is a continuous function and y(0) = 20 and the right hand side is
never 0, we deduce that 150 — y(t) is always positive. Thus we get

y(t) = 150 — 130e~4/2%
= 1(30) = 150 — 130e30/2% ~ 38.1kg
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11.2 Linear Equations
A first order linear differential equation is an equation of the form
d
= P(a)y = Q(x) (11.2)
where P and @ are continuous functions on a given interval.
Solution to equation (11.2):
Step 1: Find the integrating factor
p= el P@3dz (11.3)
Step 2: Multiply equation (11.3) by (11.2)) to get
6]P(x)dx% + P(:L,)efP(:L‘)d:cy _ efP(x)de($)
x
dy
= pg TP )y = pQ(@)
NS .T >
i (1)
= Lluy] = 4Q) (11.4)
— = x :
dr HYy] =
Step 3: Integrate equation ((11.4)) to get the solution
1
y= m [/ pQ(x)dx + C’] (11.5)

where C' is a constant.

Examples:
1. Which of the following differential equations is linear?

(a) o + ey = 2y? (b) y+sinz =23y
2. Solve the differential equation
(a) ¢ —2y=2¢ (b) ay —2y =2’
3. Solve the initial-value problem (IVP):

v =z+y, y0) =2
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