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4.4 Local minima and maxima

~

/Deﬁnition 4.20 — Local minimum and maximum

We say that f has a local minimum at xg, if there is an interval I around xg such that
flzo) < f(x) forall z € I.

We say that f has a local maximum at xg, if there is an interval I around x, such that

L flzo) > f(x) forallzel.

/Theorem 4.21 — First derivative test )

Suppose that f is differentiable on some interval around the point xg.

(a) If f’ changes from being negative to being positive at the point xq, then f changes
from being decreasing to being increasing, so f has a local minimum at z.

(b) If f” changes from being positive to being negative at the point zy, then f changes
from being increasing to being decreasing, so f has a local maximum at x.

/
( Theorem 4.22 — Second derivative test h
Suppose that f is twice differentiable at the point xg.
(a) If f'(z9) =0 and f"(xg) > 0, then f has a local minimum at .
(b) If f'(xo) =0 and f"(x¢) < 0, then f has a local maximum at z. )

Example 4.23 We use the second derivative test to find the local minima/maxima of
f(z) =2 + 32° — 9.
To find the points at which the first derivative is zero, we note that
fl(x) =32+ 62 —9=3(2* + 22 — 3) = 3(x — 1)(x + 3).
The solutions of f/(x) = 0 are thus x = 1 and x = —3. When it comes to the former,
ff(z)=6x+6 = [f"(1)=6+6=12,
so f attains a local minimum at the point x = 1. When it comes to the latter,
f"(x)y=6z+6 = ["(-3)=-18+6=—12,

so f attains a local maximum at the point x = —3. O
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Example 4.24 We use the first derivative test to find the local minima/maxima of

3x +4
0=

According to the quotient rule, the derivative of this function is given by

322+ 1) —2z(3z+4) —322 — 8z +3

/ pum pum
fia) = (22 4+ 1)2 (2 +1)2
The quadratic in the numerator has roots x; = 1/3 and x5 = —3, so one may also write
3z — — 1-3 3
o) = — (z —x)(z —x9) (1 —3x)(x+3)

(22 +1)2 o (22 +1)2

We now determine the sign of f’(z) using the table below. When x = —3, the derivative
changes from being negative to being positive, so f has a local minimum. When x = 1/3,
the derivative changes from being positive to being negative, so f has a local maximum. [J

4
-3 1/3
2t 1—3x + + —
x+3 — + +
f(z) - + -
—‘—(\_‘3/ 3 6
B 3r+4

Figure 4.5: The graph of f(z) = PR
T

Example 4.25 We use the second derivative test to find the local minima/maxima of
f(z) = 2* — 42 + 3.

To find the points at which the first derivative is zero, we note that
f(z) = 42® — 8z = 4x(2? — 2) = da(z — V2)(z + V2).

The solutions of f'(z) = 0 are thus x = 0 and = = ++/2. When it comes to the first point,

f'(x) =122 -8 = f"(0) = -8,

so f attains a local maximum at the point x = 0. When it comes to the other two points,

f'(x) =122 -8 = f'(+V2)=12-2 -8 =16,

so f attains a local minimum at each of the points z = +/2. O
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4.5 Global minima and maxima

( Definition 4.26 — Global minimum and maximum h
Consider a function f with domain A and let o € A be a given point.
(a) We say that f has a global minimum at xzq, if f(x¢) < f(z) for all x € A.
L (b) We say that f has a global maximum at xg, if f(z¢) > f(x) for all x € A.
a _ . . I
Theorem 4.27 — Unique change of sign

Suppose that f is differentiable and f’ changes sign exactly once. If f’ changes from
being negative to being positive at g, then f has a global minimum at zq. If f’ changes

\from being positive to being negative at xy, then f has a global maximum at xg. )

~

KTheorem 4.28 — Continuous functions on finite intervals

Suppose that f is continuous on the finite interval [a,b]. Then f attains both a global
minimum and a global maximum. In fact, these may only occur at the endpoints a, b,
the points at which f'(x) is zero and the points at which f’(z) does not exist.

J

Example 4.29 We find the global minimum/maximum values that are attained by

f(z) =2 — 3z, 0<xz<2.
This function is differentiable at all points and its derivative is given by
fl(x) =322 =3 =3(2* - 1) =3(z + 1)(z — 1).
Thus, the global minimum/maximum values may only occur at the points
r=—1, r=1, x =0, x =2
We exclude the leftmost point, as it does not lie in the given interval, and we compute
f(l)y=1"-3=-2, f(0) =0, f2)=2>-3.2=2.
This means that the minimum value is f(1) = —2 and the maximum value is f(2) =2. O

Example 4.30 We use Theorem 4.27 in order to establish the inequality
xe @ <e ! forall x.
Consider the function f that is defined by f(z) = xe™*. As one can easily check,
fley=e"+az- () (—a) =" —ze® =(1—x)e ™.

This implies that f'(x) is positive when z < 1 and f'(x) is negative when = > 1. Thus, f
attains a global maximum at the point x = 1 and one has f(z) < f(1) =e ! forallz. O
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Example 4.31 We find the global minimum and maximum values that are attained by
f(z) =sinx + cos z, 0<zx<2nm.
This function is differentiable at all points and its derivative is given by
f'(x) = cosx — sin .

To say that f'(xz) = 0 is to say that sinz = cosz and this is true precisely when tanz = 1.
Thus, the only points at which the minimum/maximum values may occur are the points

x =0, x = 2m, r=m/4, x = bm/4.

As one can easily check, the corresponding values of f(x) are

f0)=f@em) =1, f(x/4)=v2,  f(r/4)=-V2
Thus, the minimum value is f(57/4) = —v/2 and the maximum value is f(7/4) = v2. O
Example 4.32 We use Theorem 4.27 in order to establish the inequality

e*>x+1 forall z.
Consider the function f that is defined by f(z) = e* — x — 1. Its derivative is
flx)=e"—1=¢"—¢°,

so it is negative when x < 0 and it is positive when x > 0. This implies that f attains a
global minimum at the point z = 0. In particular, one has f(z) > f(0) = 0 for all z. O

Example 4.33 We find the global minimum and maximum values that are attained by
f(x) =2v4 — 22, —2<zr<2.

Using both the product rule and the chain rule, one may easily check that

—2x x? 4 — 22
/ :\/4— 2+ .—:\/4_ 2 __ — .
J@) v 2v/4 — 12 v Vi —a22 4 —22

Thus, the only points at which the minimum/maximum values may occur are the points
T = -2, T =2, x:—\/i, z=2.
The corresponding values that are attained by f(x) are given by
J(=2)=/@)=0, [(-V2)=-2  [(V2)=2

This makes f(—v/2) = —2 the minimum value and f(1/2) = 2 the maximum value. O
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4.6 Optimisation

e There are several standard problems that ask for the minimum/maximum value of a
function which represents a physical quantity such as length, area and volume.

e To solve these problems, one introduces the variables of interest and expresses them in
terms of a single variable z. This variable is not usually arbitrary, as length, area and
volume must be non-negative. One must thus determine the exact restrictions on x.

Example 4.34 Out of all rectangles of perimeter 40, which one has the largest area? To
answer this question, we denote by x,y the two sides of the rectangle and we note that

204+2y=40 = zrz+y=20 = y=20-—u=x.
To maximise the area A of the rectangle, we first express it in terms of x, namely
A=xy=2(20—2) =20z — 2°

Next, we determine the restrictions on x. Since the lengths x,y must be non-negative, we
need to have z > 0 and y = 20 — x > 0. Thus, we are looking for the maximum value of

A(r) =20z —2*, 0<z<20.

Since A’(x) = 20— 2z, the only points at which the maximum value may occur are the points

The corresponding values that are attained by A(z) are given by
A(0) = A(20) =0, A(10) = 200 — 100 = 100.
Thus, the largest area arises when = = y = 10, in which case the rectangle is a square. [J

Example 4.35 If a right triangle has a hypotenuse of length 6, how large can its area be?
In this case, we let x,y be the other two sides and we use Pythagoras’ theorem to get

P4y =6° = ¢y*=36—2" = y=+36-22
Eliminating y, one may express the area of the right triangle in the form

@_mVSG—xQ
2 2 '

A=

Since A becomes maximum if and only if A? becomes maximum, it suffices to maximise

2 2 4
f@):@:%u%, 0<z<6

The derivative of this function is easy to compute and one has

f'(z) =18z — 2* = x(18 — 2?).
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Thus, the only points at which the maximum value may occur are the points
xr =0, x =0, r=V18.

The corresponding values that are attained by f(x) are given by

[0 =56 =0, [(Vig) =" og

In particular, the maximum value is f(v/18) = 92 and the largest possible area is 9. 0

Example 4.36 A cylinder is formed when a rectangle is rotated around one of its sides. If
the rectangle has perimeter 6, then how large can the volume of the cylinder be? Let = be
the side of the rectangle which lies along the line of rotation and let y be the other side.
Then x becomes the height of the cylinder and y becomes the radius, so the volume of the
cylinder is given by V = 7wy?x. Since 2z + 2y = 6 by assumption, one may write
V(y) = my’s = my*(3 — y) = 3my* — my°.
To ensure that the lengths x,y are non-negative, we need to assume that 0 <y < 3. Since
V'(y) = 6my — 3my* = 3my(2 — y),
the only points at which the maximum value may occur are the points
y=0, y=3  y=2
Since V(0) = V(3) = 0 and V(2) = 4, the largest possible volume is V(2) = 4. O
Example 4.37 We find the point on the line y = 2x + 1 which is closest to A(3,6). In this
case, we need to minimise the distance d between (z,y) and (3, 6), namely

d=+/(x =32+ (y—6)2=+/(z —3)2 + (2z — 5)2.
Since d becomes minimum if and only if d* becomes minimum, it suffices to minimise
f(z) = (v — 3)* + (27 — 5)*.
The derivative of this function is easily found to be
f(z) =2(x—3)4+ 222 —5)-2=2(x — 3+ 4z — 10) = 2(5z — 13).

Thus, f’(z) is negative when = < 13/5 and positive when = > 13/5. This implies that f has
a global minimum at = 13/5, so the closest point on the line is (13/5,27/5). O

Example 4.38 Out of all rectangles of area a > 0, which one has the smallest perimeter?
To answer this question, we let x, y be the two sides of the rectangle and we note that zy = a.
The perimeter of the rectangle is 2x + 2y and this can be expressed in the form

2
P(x):2x+2y:2x+—a.
x

The only restriction on x is that « > 0, while the derivative of P(z) is

2a  2(x? —a)
/

This gives P'(z) < 0 when 0 < x < /a and P'(xz) > 0 when z > +/a, so P(x) attains its

minimum when x = y = y/a. The rectangle of smallest perimeter is thus a square. U
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4.7 Related rates

e Suppose that two or more variables are related by some equation. Then one may use
implicit differentiation to see that their derivatives are related as well.

e This situation arises frequently when quantities such as length, area and volume are
varying with time. We shall thus mainly focus on functions of time t.

Example 4.39 If the radius of a circle is increasing at the rate of 1 cm/sec, how fast is the
area of the circle changing when the radius is 3 cm? In this case, the variables of interest
are the radius r(¢) and the area A(t). They are related by the usual formula

At) = mr(t)?
and one may differentiate both sides of this equation to find that
Al(t) =7 - 2r(t) - 7' (t).
At the given moment, r'(t) = 1 and r(t) = 3, so it easily follows that A'(t) = 6. O

Example 4.40 A ladder that is 10 ft long is resting against a wall. If its base starts sliding
along the floor at the rate of 1 ft/sec, how fast is the top of the ladder sliding down the wall
when the base is 6 ft away from the wall? To solve this problem, let = be the horizontal
distance between the base and the wall, and let y be the vertical distance between the top
of the ladder and the floor. According to Pythagoras’ theorem, one must have

z(t)? +yt)? =10 = 2z(t)2'(t) +2y(t)y'(t) = 0.

At the given moment, 2/(¢) = 1 and z(t) = 6, so the last equation gives

6
y(t)
Using Pythagoras’ theorem to determine the remaining variable y(t), we conclude that
6 3
y(t) = VI — (P =VIP - =8 = y(t)=-c=—". 0

Example 4.41 A girl flies a kite at a constant height of 30 metres above her hand and the
wind is carrying the kite horizontally at a rate of 2 m/sec. How fast must she let out the
string when the kite is 50 metres away from her? Let x(¢) be the horizontal distance between
the girl and the kite, and let z(¢) be the length of the string. We must then have

r(t)? +30% = 2(t)? = 2x(t)2'(t) = 22(t)2/ ().
Since 2/(t) = 2 and z(t) = 50 by assumption, it easily follows that

z(t)2'(t)  2v/502—302 2-40 8
2(t) 50 50 5

2 (t) =
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4.8 Linear approximation

/Deﬁnition 4.42 — Linear approximation A

Given a function f which is differentiable at the point xy, we say that

L(z) = f'(z0) - (x — w0) + f(20) (4.8)

\is the tangent line approximation or linear approximation of f at the point xg. )

e The linear approximation is merely the linear function that best approximates f(x)
near the point zy. In fact, the points x which are sufficiently close to x( satisfy

f(@) = f(xo)

r — 2o

~ f'(x0) = f(x)= f(x0)- (x — o)+ f(0).

Example 4.43 The linear approximation to f(z) = sinz at the point xy = 0 is given by

L(z) = f'(0) - (z = 0) + f(0).

Since f(0) = sin0 = 0 and f’(0) = cos0 = 1, the linear approximation is thus L(z) = z.
One may use this approximation to argue that sinx &~ x for all small enough . 0

Example 4.44 We find the linear approximation to f(z) at the point x( in the case that

_4x2—5x—1

f(@) rz+1

s 1’0:1.

To find the derivative of f(x) at the given point, we use the quotient rule to get

) 8z —5) - (z+1)— (42* — 5z — 1) ) 3-2+2
= — 1) =— =2.
(e) T ray=22
Since f(1) = —2/2 = —1, the linear approximation is L(z) = 2(x — 1) — 1 = 2z — 3. O

472 — 5 — 1

Figure 4.6: The graph of f(z) = 1
x

and its tangent line at x = 1.



Applications of derivatives 54 Newton’s method

4.9 Newton’s method

e Newton’s method is a standard approach for approximating the roots of an equation
of the form f(z) = 0. The method does not always work, but it works quite often.

e The idea is to start with an initial guess x1, find the tangent line to f at that point
and determine the point x5 at which the line meets the z-axis. One may then use
as a second guess and proceed in this manner to obtain the formula

xn+1 = xn - f/(x )
n

for each n > 1. (4.9)

Example 4.45 We use Newton’s method to approximate /2. In this case, we need to
approximate the positive root of f(x) = z* — 2 and equation (4.9) has the form
x% -2 T Iz, 1

=T, — — _— = —

2%, 2z, 2z,

Tp+l = Tp —

Starting with x; = 1 as our initial guess, we apply this equation repeatedly to get

ry =1, ry = 1.5, 3 = 1.41666667,
xy = 141421569, x5 = 1.41421356, re = 1.41421356.

Based on these calculations, we find that v/2 is approximately 1.41421 within five decimal
places. In fact, the same conclusion may be reached by taking x; = 2, for instance. If one
starts with z; = —1, then Newton’s method leads to —v/2, the other root of f. O

Example 4.46 Consider the polynomial f(z) = z® — 3z + 1 which is continuous with
FO)=1, f()=1-3+1=—1.

Since f(0) and f(1) have opposite signs, f has a root that lies in (0,1). In fact, this root is
unique by Rolle’s theorem because f'(x) = 3(z* — 1) has no roots in the given interval. Let

us now use Newton’s method to approximate the unique root. Equation (4.9) gives
3 — 3z, +1
3x2 — 3

Tp+1 = Tp —

and the fraction is not defined when z? = 1. Starting with the initial guess z; = 0, we get

x1 =0, 9 = 0.33333333, r3 = 0.34722222,
xq = 0.34729635, x5 = 0.34729635, xg = 0.34729635.
This gives an approximation of the root which is accurate to eight decimal places. O

Example 4.47 We show that Newton’s method fails in the case that f(z) = z'/3. If one
uses equation (4.9) to approximate the root of f(z) =0, one finds that

1/3
Tn
Tnt1 = Tp = 5~ = Tn — 3x, = —2x,.
xn 7 1/3
For instance, the initial guess x1 = 1 gives xo = —2, x3 = 4 and so on. The points x,, are

thus getting larger in absolute value and they fail to approach a limiting value. 0
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Integration

5.1 Definite integral

(" Definition 5.1 — Integrability B

Suppose that f is defined on [a,b] and let zg,xq,...,x, be the points that divide [a, b]
into n intervals of length Az = =% We say that f is integrable on [a, b], if the limit

b n
[ #a)de = tim 3" plap)as (5.1)
a k=1

exists and its value does not depend on which point =} is chosen from each [x_1, z]. )

e The sum that appears in definition (5.1) is also known as a Riemann sum. When f is
positive, it gives the total area of the rectangles with height f(z}) and base Az. The
limit of their sum should be the area of the region that lies below the graph of f.

e There are very few functions for which the Riemann sums can be computed explicitly.

Example 5.2 We use the definition of integrability to show that every constant function is
integrable. Indeed, suppose that f(x) = ¢ is constant for all . Then equation (5.1) gives

b n n
o i S o)
/af<x>d$—J:%Zk_lcﬁw—szf&ozk_lT—J:%"-T—C“—a)- .

Example 5.3 We use the definition of integrability to show that

b b2
/xdx:— for all b > 0.
0 2

Consider the points xg, z1, ..., 2, that divide [0,b] into n intervals of equal length. These
are given by x; = kAx for each 0 < k < n and Az = b/n, so it easily follows that
b? b?

Tp1 Ax < xp Ax < xp Ax = (k—l)—QSx,’;AxSk:—Q.
n n

55
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Adding up these inequalities over all possible values of 1 < k < n, we conclude that

S k—1) <ZxkAx<—Zk (5.2)

7’L2
kl

The sum that appears in the right hand side of (5.2) is a standard sum whose value is

(n—l—l).

Zk_1+2+ +n 5

The sum that appears in the left hand side of (5.2) is practically the same because

n

k=1 =0+1+...+(n—1)=

k=1

(n — 1)n‘
2

In particular, one may simplify equation (5.2) to establish the estimates

b? — 1 1
- (n—1Dn < chk Ar< (n; ), (5.3)

To compute the integral of f(z) = z, it remains to take the limit as n — oo. In this case,

2 _ 2 2
lim v (n—1)n v — lim v n(n+ 1)’
n—oo N2 2 2 n—>oo n2 2

2

so one may apply the squeeze theorem to find that fo rdr =lim, e Y, Tf Az = % 0

Example 5.4 We show that f is not integrable on any interval [a, b] when

1 if x is rational

if z is irrational

Were f integrable on [a, b], one would be able to express its integral in the form

/bf(m) dr = lim if(:v};)A:z:
o n—00 pt

for an arbitrary choice of points zj € [xx_1,2x]. On the other hand, this interval contains
both rational and irrational numbers. If we choose the points z} to be irrational, then

fa)=0 = D fapde=0 — [ j@)di-

If we choose the points z} to be rational, then we similarly get

flzp) =1 = fok JAr=nAr=b—a = /f )dxr =b— a.

k=1

This gives two different values for the same integral, so f is not integrable on [a, b]. ([l
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5.2 Rules of integration

(" Theorem 5.5 — Linearity B
If the functions f, g are integrable on [a, b], then so is their sum, and one has
b b b
[ 1@+ g@)de = [ s@yde+ [ gla)dn
If a function f is integrable on [a, b], then cf is integrable for any constant ¢ and
b b
/ cf(z)dr = c/ f(z)dx.
- “ ¢ J
(" Theorem 5.6 — Integrals and inequalities )
If the functions f, g are integrable on [a,b] and f(z) < g(z) for all a < x < b, then
b b
/ flz)dx < / g(x)du.

.

( Theorem 5.7 — Continuous implies integrable

klf a function f is continuous on [a,b], then f is also integrable on [a, b].

/2N BN

(" Definition 5.8 — Arbitrary limits of integration

The definition of integrability on [a, b] implicitly assumes that a < b. However, one may
extend this definition to any limits of integration using the formulas

/baf(:v)d:c:—/abf(:c)dx, /aaf(:v)da:zo.

e The first two theorems are easy to prove, but the proof of Theorem 5.7 is difficult.

e Theorem 5.6 implies the triangle inequality for integrals which states that

/abf(x) dx

for any continuous function f. In fact, one has —|f(z)| < f(z) < |f(x)| and so

< [

@i s [wes [l

Writing the last equation as —A < B < A, we conclude that |B| < A, as needed.
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5.3 Fundamental theorem of calculus

/Theorem 5.9 — Fundamental theorem of calculus, part 1 h

If f is continuous on [a,b] and F' is a function whose derivative is f, then

b b
/ F(@) do = / F'(z)dz = F(b) — Fla).

- ¢ ¢ J
/Theorem 5.10 — Mean value theorem for integrals )

If f is continuous on [a, b], then there exists a point a < ¢ < b such that

1 b
1o)== [ fa)de

- J
/Theorem 5.11 — Fundamental theorem of calculus, part 2 h

Suppose that f is continuous on [a,b] and let F'(z) denote its definite integral

F(ZL‘):/ f@t)dt, a<z<hb.
Then F' is a function whose derivative is f. In other words, one has F'(x) = f(z). )

e An antiderivative of f is a function F' whose derivative is f. It is denoted by

F(a) = [ f(a)do.
an integral without limits, and it is also known as the indefinite integral of f.

e The difference F(b) — F(a) is frequently denoted by [F(x)]%. One may thus write
b
| Fa)das=Fo) - Fla) = [F@)L.
Example 5.12 We use the fundamental theorem of calculus to compute the integral
2
I = / (32% — 2) du.
1

Since F(x) = 23 — 2z is such that F’'(z) = 32? — 2, one may apply Theorem 5.9 to get

[ /1 F/(2) de = [F(2)]2 = F(2) — F(1) = 4 — (1) = 5. 0
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Integrals of standard functions

5.4 Integrals of standard functions

e The following list includes the antiderivatives of some standard functions.

e In each case, the antiderivative is expressed in terms of an arbitrary constant C'.

xn—‘rl
/iﬂndﬂvz +C, n#-1

n+1

sinxdr = —cosx + C
tanx dr = In|secz| + C

sec’rdr = tanx + C

/xldx—ln]a;\ +C
cosxdr =sinx + C

cotxdr =In|sinz| + C

secx tanx dr = secx + C cscx cotzdr = —cscx + C

/
/
/csc rdr = —cotx+C
/
/
/

— e S Y S —

secxdr = In|secx + tanz| + C cscxdr = —In|cscx + cotx| + C
dz 1 dz 1
ﬁ:SIH I+C 1+I2—tan x—l—C
eaxdx:€—+0, a#0 /a dx—a , 0<a#1
a Ina

e The formulas above can be verified using differentiation. For instance, one has

(secx)”  secxtanz
[ln|secx|} = = = tanz.
sec T sec T

This makes In |sec z| an antiderivative of tanz, so [tanzdr = In|secz| + C.
e The formula for the integral of sec x can be similarly verified by checking that

' (secx +tanz)  secrtanz + sec’z
In|secx + tanz|| = = = sec .
secr + tanw secx + tanx

Example 5.13 Using the formula for the antiderivative of ", one finds that

2 2 9 42317 162
/ 1'2(\/54—4) dilj' I/ (],‘5/2 —|—4gj2) dgj — —gj7/2 _|_ i — 6_\/_ + —
0 0 7 3 7 3

Using the formula for the antiderivative of tangent, one similarly finds that

/4 /4 n2
/ tanx dx = [ln|secm|} ln——lnl—ln\/_— O
0 0 V2 2
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5.5 Area, volume and arc length

(" Theorem 5.14 — Area between two graphs B

Suppose that f, g are continuous on [a,b] and f(z) < g(x) for all @ < x < b. Then the
area of the region that lies between the graphs of the two functions is

b
Area :/ l9(x) — f(x)] dz.

- /

/Theorem 5.15 — Solids of revolution h

Suppose that f is continuous on [a,b] and consider the solid that is produced when the
graph of f is rotated around the z-axis. The volume of the resulting solid is then

b
Volume:/ 7 f(z)? dw.
\ a

(" Theorem 5.16 — Arc length )

Suppose that f is differentiable on [a,b] and f’ is continuous on [a,b]. Then the length
of the graph of f over the interval [a,b] is given by

b
Arc length = / V 1+ f(z)?dx.

\- /

Example 5.17 We find the area of the region that is enclosed by the graphs of f(z) = 22
and g(x) = 8 — 22, These are the graphs of two parabolas which intersect when

1’ =81 = =8 <= z==+2
Since f(x) < g(x) at all points —2 < x < 2, the area of the region is thus

/Z[Q(x)—f(x)]dm:/z [8 —227] dx = {&_%333]:: % .

Example 5.18 We compute the volume of a cone with radius r» and height h. One may
obtain such a cone by rotating a right triangle around the z-axis. Consider the triangle with
vertices (0,0), (h,0) and (h,r). Its base has length h and its height has length 7, so its
hypotenuse has slope r/h and it is given by the line f(z) = rxz/h. If we rotate the triangle
around the z-axis, we get a cone of radius r and height h. The volume of the cone is thus

h 2 rh 2 370 2
V:/ 7rf(x)2dx:ﬂ a:%ixzi{m} __ h. O
0
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Example 5.19 We compute the circumference of a circle with radius » = 1. Let us only
worry about the upper semicircle f(z) = v/1 — 22, where —1 < x < 1. In this case,

(=2
21 — a2 V1—a?
and the arc length is given by the integral of /1 + f’(x)2. Once we now simplify

f'(x)

2
2 T 1
1+fl(x) _1+1_x2_1_x27

we may take the square root of both sides to conclude that the arc length is

/i\/fi7ﬁgﬁdx:ili;%§%§::%Hl141 _

1

bo |

—i—g:m U

Example 5.20 We compute the length of the graph of f in the case that

x3 1
= 4+ = 1<z <2

This amounts to computing the integral of \/1 + f’(z)? and one can easily check that

2 4
, x 1 ' \2 T 1 1
f'(x) 1 5 )+ 6T 5t
28 +16 + 8z (z1 +4)?

Taking the square root of both sides, we conclude that the length of the graph is

2 .4 4 2 2 3 1 2 13
/udx:/ Toir ) de= [ o2 22 0
. 4x? . \ 4 12 z], 12

Example 5.21 We compute the volume of the solid obtained by rotating the ellipse
22 P

@]

around the z-axis. This solid is also known as an ellipsoid. Assuming that a is positive, we
get —a < x < a and one may rearrange terms to find that

2 2 2
Yy x 2 _ 12 z
e = y—b(l_cﬂ)'

The volume of the ellipsoid is the integral of 7 f(x)? = 7y? and this is given by

a a 2 3@ 4 b2
7r/ y2d:v:bz7r/ 12 ) de=02n |0 — 2 _n 0
—a a a’? 3a%]| 3
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5.6 Mass, centre of mass and work

\

/Theorem 5.22 — Mass and centre of mass

Consider a thin rod which extends between the points a <z < b and let §(x) denote its
density at the point . The overall mass M of the rod is then

M:/abé(x)dx

The centre of mass T is given by a similar formula and one has

b
T = %/g zé(x) d. (5.4)

- /

( Definition 5.23 — Work

In physics, the amount of work that is required to move an object by d units using a
constant force F' in the direction of motion is defined as the product

Work = Force - Displacement = F' - d.

Example 5.24 We compute the mass and the centre of mass for a thin rod with density
§(z) =22 + 31 + 4, 0<z<1
The mass of the rod is given by the integral of its density function, namely

1 223 322 ' 9 3 37
M = 2% +3x+4)dr = | =+ = 44| =+ =-4+4=".
/0(:1:+3:~|—)a: {34—24—2:}0 3—|r2—|— 5

The centre of mass is given by equation (5.4) and one easily finds that

4 1

! 6 21
o(x 2 4dz) dx 2 = —. U
M/x 37 (x+3x—|—x) 37[2+x+x}0 >

Example 5.25 A rectangular tank has length 4m, width 3m and height 2m. Suppose it is
full with water of density 1000 kg/m?3. How much work does it take to pump out the water
through a hole in the top? To find the answer, we consider a typical cross section of the
tank. Assume that it has arbitrarily small height dz and lies = metres from the top. Then
its volume is V' = 4 -3 - dz and its mass is m = (12dx) - 1000. The force needed to pump
out this part is mass times acceleration, so F' = mg and the overall amount of work is

2

2 2
Work = /F cx = / 12,0009 - x dx = 12,0009 {%] = 24,000g. 0
0

0
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5.7 Improper integrals

e An improper integral is one that is not defined in the usual way because either the
values of z or the values of f(x) become infinite within the interval of integration.

e In these cases, one may integrate the given function over a generic interval [a, b] and
then compute the limit as the endpoints a, b approach the endpoints of interest.

Example 5.26 We use limits to compute the improper integral
B Udx
0 VT

In this case, the integrand becomes infinite at x = 0, so we avoid this point and compute

I

1 1 1271
dz 1 x
— = 2y = |—| =2-2Va.
/a i Lt {1/2L ve
Taking the limit as a — 0%, we conclude that the original integral is equal to I; = 1. 0

Example 5.27 Let ¢ > 0 be a given constant and consider the improper integral

12:/ e “dx.
0

Since the interval of integration is infinite, we start by computing the finite analogue

L —cz1 L —cL
e e 1
/ e “dr = {— } =— + -
0 c o c c

Letting L. — 0o, we see that c¢L. — oo as well, so the original integral is equal to

L 1 —cL
. _ . —e 1
I, = lim e “dr=lim — = —. [
L—oo [ L—o0 C C

Example 5.28 Let p > 1 be a given constant and consider the improper integral

13:/ x Pdx.
1

Once again, one may compute this integral by considering its finite analogue

L 1-p L Llfp 1
/ xpdx:{x } = — .
1 I=p], 1-p 1-p

Since the exponent 1 — p is negative, one has L'™? — 0 as L — oo and this implies that

L 1 1
I3 = lim rPdr=———=—. [
L—oo f4 l1-p p-—1



Chapter 6

Techniques of integration

6.1 Integration by parts

( Theorem 6.1 — Integration by parts

If f, g are differentiable functions and their derivatives f’, ¢’ are continuous, then

/f(ﬂf) g (x)de = f(z) - g(x) —/f’(x) ~g(x) da. (6.1)

e It is quite common, and also convenient, to express the last equation in the form

/udv—uv—/vdu. (6.2)

This alternative version arises by letting u = f(z) and v = g(x) for simplicity.

e Some typical integrals that may be computed using integration by parts are

/p(:c) e dx, /p(m) -sin(ax) dz, /p(:r;) - cos(ax) dx,

where p(x) is a polynomial and a # 0 is a given constant. In each of these cases, one
needs to integrate by parts n times, where n is the degree of the polynomial.

e Some other integrals for which integration by parts might be needed are those that
involve sin™!, tan~! or In. These are functions whose derivatives are much simpler, so
they are all natural choices for the variable u that appears in equation (6.2).

Example 6.2 We use integration by parts to compute the integral

/xe”” dz.

Letting u = x and dv = e dz, we find that du = dz and v = e”. It easily follows that

/xezdx:uv—/vdu:xe”—/ewdx:xex—ex+0. O

64
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Example 6.3 We use integration by parts to compute the integral

/ x cos(2z) dz.

In this case, we take u = x and dv = cos(2z) dx. Since du = dx and v = %sin(Qx), we get

1 1
/xcos(Q:U) dx = ; sin(2x) — 5 /sin(2x) dr = g sin(2z) + ) cos(2x) + C. O

Example 6.4 We use integration by parts to compute the integral

/x2 Inzdx.

Letting « = Inz and dv = 22 dx, we find that du = %dx and v = %3 This implies that

3 3 q 3 2 3 3
/9621nxd:ic=%lnx—/%-zdx:%lnx—/%dx:%lnx—%—i-a O

Example 6.5 We use a double integration by parts to compute the integral
/e‘” sin(bx) dx, b # 0.

If we let u = ¢ and dv = sin(bz) dz, then du = ae® dz and v = —3 cos(bz), so

1
/eaw sin(bx) dx = -3 e cos(br) + % / e cos(br) dx.

Next, we take u = e* and dv = cos(bz) dz. Since du = ae® dz and v = 7 sin(bz), one has

/e‘”” sin(bx) dor = —% e cos(bx) + % E e sin(bx) — % /e‘” sin(bx) dw}

a2

b—2/e” sin(bx) dz.

Here, the rightmost integral is the same as the leftmost integral, so we actually have

1
=3 e cos(bx) + l% e sin(bx) —

1+ 2 / in(be) dr = —> e cos(bx) + - ¢** sin(bx)
bQ e S Xr)axr = be COS\ 0T b2€ S Z).

Once we now multiply the last equation by b%*/(a® + b?), we may finally conclude that

- be cos(bx)  ae® sin(bx)
/e sin(bz) de = — pEs + Z1h +C. O
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6.2 Integration by substitution

e A very useful tool for simplifying integrals is provided by the formula
[otr@ - rwyde= [ gtwdu (63)

e Here, the idea is to introduce a variable u = f(z) to replace the leftmost integral by
another integral which is much simpler and also expressible in terms of u alone.

Example 6.6 We use an appropriate substitution to compute the integral

If we take u = Inz, then we have du = %dx and this is easily seen to imply that

Inx)3 1 1
/(n;) dx:/u3du:Zu4+C:Z(lnx)4+C. O

Example 6.7 We use integration by substitution to compute the integral
/xz(az?’ +6)* du.
In this case, the choice u = x3 + 6 is suitable because du = 3z dx and this gives

1 1 1
2/ 3 4 - 4 _ 5 — 3 5
/:1:(:)3 +6) da:—g/u du Y +C —15(:B +6)°+C. O

Example 6.8 We use an appropriate substitution to compute the integral

/2x+7 dr
(wr2p "

In this case, we take u = x + 2 to merely simplify the denominator. Since du = dx, we get

2 2(u — 2
/—I+7dx:/—(u )+7du:/2u1du+/3u2du
(x4 2)? u?

3
=2Injul —3u+C=2In|z+2| - —— +C. O
x+2

Example 6.9 We use integration by substitution to compute the integral

/cos Vzdz.

If we let u = /7 to simplify the square root, then x = u* and dz = 2u du, so
/cos\/de = /cosu udu = 2/ucosudu.
Next, we need to integrate by parts. Letting dv = cosudu and v = sin u, we find that
/cos Vo dr =2usinu — Q/Sinudu = 2usinu + 2cosu + C
= 2v/wsin vz + 2cos vz + C. 0
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6.3 Reduction formulas

e A reduction formula expresses an integral [,, that depends on some integer n in terms
of another integral I,,, that involves a smaller integer m. If one repeatedly applies this
formula, one may then express [, in terms of a much simpler integral.

Example 6.10 We use integration by parts to establish the reduction formula

1 n—1
/sinn rdr = ——sin" 'z -cosx + /sin"2 xd. (6.4)
n n
If we take dv = sin x dx, then we have v = — cosx and we may integrate by parts with
u = sin" 'z, du= (n—1)sin" 21 - cos .

Using the fact that sin? z + cos? z = 1, one may thus conclude that
/sin” vdr = —sin" 'x-cosx+ (n—1) /sin”2 x - cos® x dx
= —sin" 'z -cosz + (n—1) /sin”_2 z-(1—sin*z)de
= —sin" 'z-cosz+ (n—1) /sin”_2 rdr+ (1 —n) /Sin"xda:.

Here, the rightmost integral coincides with the original integral on the left. Once we now
rearrange terms, we end up with n copies of the integral and equation (6.4) follows. U

Example 6.11 We use a reduction formula to compute the integral I35 in the case that

I, = /x"ezx dx.

If we take v = 2™ and dv = €*® dz, then du = nz" ' dz and v = }e*”, so one has

1 1
I, == a"e* — n /x”_le% dx = 3 zme* — — 1, . (6.5)

2 2

NS

We now apply the last formula repeatedly to determine I3. According to the formula,

1 3 1 3 |1
Iy = —a%e® — Z . [, = — 2% — = . | = a%e* — [

2 2 2 2 |2

1 3 |1 1
251‘3623;—5'|:§[E262$—§{E62x+§'10:|

1 3 3 3
—5:1:3@2‘”—Z—lx262w+é—lxe2”—1/62zdx

1 3 3 3
:§ZE3€2$—ZIQGQx—f—ZI'eQm—gGQx‘I—C. ]
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Example 6.12 We use integration by parts to establish the reduction formula

1 -2
/sec“ vdr = : sec™ 2z - tanz + — . /sec"_2 zd. (6.6)

n — n —

In this case, we note that (tanz)’ = sec?

/sec“ rdr = /sec”2 x - sec? xdr.

If we take dv = sec? z dx, then we have v = tan z and we may integrate by parts with

x and we write the given integral as

u = sec" *z, du= (n—2)sec"” 3z -secrtanx = (n — 2)sec” *x - tan x.

Using the fact that 1 + tan? x = sec? z, one may thus establish the identity
/sec” rdr =sec" ?x-tanx — (n — 2) /secn_2 x - tan® z dx
=sec" ?x-tanx — (n — 2) /sec”_2 z - (sec?z — 1) dx
=sec" ?x-tanx — (n — 2) /sec” rdx + (n —2) /sec”2 xd.
Since the integral on the left hand side also appears on the right hand side, this gives
(n—1) /sec” rvdr =sec" ?x-tanx + (n — 2) /sec"2 zd.

In particular, the reduction formula (6.6) follows by dividing both sides with n — 1. O

Example 6.13 Let a # 0 be some given constant and consider the integral

]n:/(xngiz)n:/(era)_”d:p.

If we take u = (2% + a)™™ and dv = dx, then we may integrate by parts to find that
I, =x(z*+a)™" + n/x(azz +a)™" . 22 d.

Let us now rearrange terms and express the last equation in the form

2
- 9 n r*+a—a

dx dz
:x(x2+a)_”+2n/m—2na/m.
The integrals on the right hand side have the same form as the original integral, so
I, =x(z*+a) ™ +2n-I, — 2na- L.
Rearranging terms once again, one may thus establish the reduction formula

2na - Iy = (2n — 1) - I, + z(2® +a)™™. O
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6.4 Trigonometric integrals

/Theorem 6.14 — Powers of sine and cosine

Consider the integral [ sin™ z - cos™ z dx for any non-negative integers m, n.

(a) When n is odd, one may compute this integral using the substitution u = sin x.

.

(b) When m is odd, one may compute this integral using the substitution u = cos .

(¢) When m,n are even, one may use the half-angle formulas to simplify the integral.

( Theorem 6.15 — Powers of secant and tangent

~

Consider the integral [sec™ x -tan™z dx for any non-negative integers m, n.

(a) When n is odd, one may compute this integral using the substitution u = secz.
(b) When m is even, one may compute this integral using the substitution u = tanz.

(¢) When m is odd and n is even, one may reduce the integrand to powers of sec .

e The three cases that arise in Theorem 6.14 are closely related to the identities

(sinz)" = cosz, (cosz)' = —sinz, sin? x + cos’x = 1.

If one uses the substitution v = sin x, then one may express any even power of cosine
in terms of u?, but also needs a copy of cosine for du = cosz dx. This yields an odd

number of cosines, so the substitution v = sin x will only help when n is odd.
e The last case that arises in Theorem 6.14 requires the half-angle formulas

1 — cos(20) 02 — 1 + cos(20)

sin? @ = , c
2 2

These formulas are helpful for reducing the even powers of sine and cosine.

e The three cases that arise in Theorem 6.15 are closely related to the identities

(secx) = secxtanw, (tanz) = sec? z, 1 + tan® x = sec® x.

(6.7)

These imply that an odd number of tangents is needed to substitute u = sec z, while

an even number of secants is needed to substitute v = tan z.

Example 6.16 We use the substitution v = sinz to compute the integral

/Sin4 x - cos’ x dx.
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In this case, we have du = cos z dz and also sin®z + cos?z = 1, so
/sin4:c -cos” v dx = /sin4x (1 —sin®z)? - cosxdr = /u4(1 —u?)?du

:/u4(1—2u2+u4)du:/(u4—2u6—|—u8)du

w o 2uT sinz  2sin’z  sin’x
- 2= . 0= — C. U
57 tg9 Tt 5 7 Tt 7

Example 6.17 We use the half-angle formulas to simplify and compute the integral
/sin2 x - cos® x dx.

Since the exponents are both even, one needs to express the integrand in the form

, 1 —cos(2z) 1+4cos(2z) 1
2 2. _ _ 2
sin®z - cos”x = 5 : 5 —Z-[l—cos (22)]
1 1 + cos(4xz) 1
— - 1= 2 21— cos(4a)] .
1 [ 5 } 3 [1 — cos(4x)]
Once we now integrate both sides of this equation, we may easily conclude that
_ 1 sin(4x) x  sin(4x)
2 2
. dr=-|lx ——|+(C=-———=+C. O
/smxcosxx 8[:1: 1 ]—l— 3 39 +

Example 6.18 We use an appropriate substitution to compute the integral
/sec4 x - tan® z dx.
If we let u = tanx, then du = sec? x do and also sec?z = 1 + tan?x = 1 + u?, so one has
/sec4x-tan2xdx = /sec2x-tan2a: sec’xdr = /(1 +u?) - u’ du

3 5 t 3 t 5
:/(u2+u4)du:%+%+02 ar;ijaI;erC. O

Example 6.19 We use an appropriate substitution to compute the integral

sin®
S dx.
cos® x

Since the cosine appears in the denominator, it is better to first simplify and write

.. 3 103
sin® x sin® x 1
- dr = — = dr = [ tan®z - sec® z dz.
cos® x cos’xr cos’x

2

r =tan’z + 1, we get

.3
sin” x
/ dg;:/tanzx-sec4x~secxtan1:dx:/(u2—1)'u4du

cos® x
7 5 7 5
p 4 U U sec'x  sec’x
/(u u”) du - 3 + - 5 +

Let us take u = secz. Since du = sec z tan z dx and also u? = sec
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6.5 Trigonometric substitutions

e Trigonometric substitutions are sometimes needed to simplify integrals that contain
expressions of the form va? — 22, V22 — a? and V22 + a2 for some a > 0. In each of
these cases, one naturally seeks a substitution to simplify the square root.

e The three most common trigonometric substitutions are listed in the table below.

Expression ‘ Substitution ‘ Simplification

Va2 —x2 |z =asiné Va2 — 22 = acosb, dxr = acosf db
Va2 + 22 |x=atanl | Va?+ 22 =asecd, dx = asec? 0 db
Vat—a? |x=asecl |va?—a®=altanb|, dx = asecftan 6 db

e In the first case, one has a> — 22 = a? — a?sin?6 = a? cos?§ and Va2 — 22 = acosé.
This is because = sin™*(z/a) lies between —7/2 and 7/2, so cos @ is non-negative.

Example 6.20 We use a trigonometric substitution to compute the integral

dx
3 a > 0.
/\/@2—:1:2
If we let = asinf, then a® — 2% = a®> — a®sin? 0 = a® cos? § and also dx = acosf db, so
acosf df x
df =6 =sin ' = 4 C. O
/m /acos@ / + C =sin a+C’

Example 6.21 We use a trigonometric substitution to compute the integral

dx 0

If we let © = atan@, then 22 + a? = a®>tan? 0 + a® = a®sec? § and also dx = asec? 0 df, so

2 1 1 1
/d_ﬁf:/w:_/d9:_9+g:_tan—1£+a B
a a a

22 4 a? a?sec? a

Example 6.22 We use a trigonometric substitution to compute the integral
2% dw
If we let = 2sin6, then 4 — 22 = 4 — 4sin? 6 = 4 cos® 0 and also dx = 2 cosf db, so

2d 4sin®6 - 2 cos O df
T o con :/4sin29d9:2/[1—cos(29)] do
V4 — a? 2cosf
=260 —sin(20) + C' =26 — 2sin 6 - cosf + C.

It remains to express this equation in terms of z = 2sin. Since = sin™* 5, we get

22 dz LT x x? [T
T _9gin ' Z — = _ Tt L 2
— = 2sin 5 2. ol 1 1 +C =2sin” 5 3 4—a2+C. ]
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6.6 Partial fractions

/Deﬁnition 6.23 — Proper rational function

~

degree of the numerator P(x) is smaller than the degree of the denominator Q(x).

A proper rational function is a quotient of two polynomials P(z)/Q(x) such that the

/

/Theorem 6.24 — Partial fractions

~

functions whose denominators are these relatively prime polynomials.

Suppose that f(x) is a proper rational function whose denominator is the product of
relatively prime polynomials. Then f(x) can be expressed as a sum of proper rational

/

e Two polynomials are relatively prime, if they do not have any common divisor other
than constant factors. For instance, (x 4+ 1)(z — 1) and 2%(z + 3) are relatively prime,

whereas z(z — 1) and z*(x + 3) have a non-constant factor in common.

Example 6.25 We use partial fractions to compute the integral

/ 2?43 —4
dx
@+ D@+ 1)

According to the last theorem, the integrand can be expressed in the form

22+ 3x—4 _Ax—i—B C

(2 +1)(x+1) 2241 +a:+1

for some constants A, B, C' that need to be determined. Clearing denominators gives
2 +3z—4=(Az+B)(z+ 1)+ C(a* + 1)
and one may look at some suitable choices of x to find that
r=-1,0,1 = —6=2C, —4=B+C, 0=2A+2B+2C.
Solving these equations, we now get C' = —3, B = —1 and A = 4, which means that
2 _
/(xa;—:Ll?))fx—i—éll) dx:/xf—ildx_/x?#ﬂdx_/xildm

The two rightmost integrals are rather easy to compute, and so is the integral

4 2d
/ = dr= [ T =2l u| +C = 2In(2® + 1) + C,
e+ 1 U

if one substitutes © = 2% 4+ 1. In view of the last two equations, we must thus have

22+ 3x—4
dr =2In(z®>+1) —tan 'z —3Inlz + 1|+ C.
/(1:2+1)(a:+1) ( ) | |
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Example 6.26 We use partial fractions to compute the integral
/ ¥+ 32+ 5
z(z —1)
This rational function is not proper because its numerator is cubic and its denominator is
only quadratic. Thus, one needs to first use division of polynomials to write

34322 +5 23 +322+5 4 +5
- —r4d+—
x(x —1) 2 —x z(x —1)

Since the rightmost fraction is proper, one may use partial fractions to express it as
dr + 5 A B

2w —1) e T+ (x—1)+ Bz

dz.

Setting x = 0 gives 5 = —A and setting x = 1 gives 9 = B. It easily follows that

3+ 322 +5 A B 5 9
N o [ R sy Y B T
z(x —1) x w-—1

r x—1
Once we now integrate this equation term by term, we may finally conclude that
/ 23+ 322 +5 x?

dz =

dr — 51 91 -1+ C. U
P pa— 5 + 4x nlx|+9n|z— 1|+

Example 6.27 We use a substitution and partial fractions to compute the integral

/ e dx
e —1°

If we take u = e, then du = €” dx and the given integral takes the form

/65‘”0[3: _/e“-e‘”dx_/ ut du
e2r —1 ez —1 | u2—1

This is not a proper rational function, so one needs to first use division to write

e dx ut—1+1 9 1
/?M_l—/iutq>du—/(u+1+uL4>dw (6.8)

Let us merely focus on the proper rational function. Using partial fractions, we get
1 A B
-1 u—1 u+l
When u = 1, this gives 1 = 2A. When v = —1, it gives 1 = —2B. In particular, one has
1/2 1/2

= 1=A(u+1)+ B(u—1).

=u'+ 1+ =u’+1+

2
1 —
ut +u2—1 u—1+u+1 u—1 wu—+1

and each of these terms can be easily integrated. Returning to (6.8), we conclude that

5 1 1 1
/;x_%l :§u3—|—u+§ln|u—1|—§ln|u—|—1|+C

1 1
e3x+em+§ln|e”—1]—§ln(e"’3—|—1)+0. O

W —



Chapter 7

Sequences and series

7.1 Convergence of sequences

( Definition 7.1 — Convergence of sequences

A sequence is a function that is defined on the set N of natural numbers. Its values are
usually denoted by writing a,, for each n € N. We say that the sequence {a,} converges,
if a,, approaches a finite limit as n — oco. Otherwise, we say that {a,} diverges.

( Definition 7.2 — Monotonicity

A sequence {a,} is called monotonic, if it is either increasing, in which case a, < a,1
for each n € N, or else decreasing, in which case a,, > a,1 for each n € N.

( Theorem 7.3 — Monotonic and bounded

NG 7 NS N7 N B

kIf a sequence is monotonic and bounded, then the sequence is also convergent.

e When a precise formula for a, is known, one may use that formula to compute the
limit of a, and prove convergence. However, a precise formula is not always available.

Example 7.4 We show that each of the following sequences converges.

[8n2 + 3 . 34 sinn 1+1 "
an: a9 4 g9 n — T o5 Cn: - .
2n2 +5 n? n

Since the limit of a square root is the square root of the limit, it should be clear that

8n*+3 . 8n? ,
Jan s g =1 = e =vi=2

The limit of the second sequence is zero because 2/n? < b, < 4/n? for each n > 1. This
means that b, is squeezed between two sequences that converge to zero. Finally, one has

cn:<l+l> == lncn:n~1n<1+l>:M.
n n 1/n

74
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This is a limit of the form 0/0, so one may use L’Hopital’s rule to conclude that

1+1/n)~t-(1/n)
lim In¢, = lim (1+1/n) (1/n) =1 = limec¢,=¢' =c. ]

Example 7.5 There are two different ways of checking that a, = n/(n + 1) is increasing.
First of all, one may use derivatives. If we define f(z) = z/(x + 1) for each z > 1, then
(r+1)—=x 1

fl(z) = CESIE = CESNE > 0.

This makes f(x) increasing for all x > 1 and thus a, is increasing for all n > 1. It is also
possible to check this directly. To show that a, is increasing, one needs to show that
n n—+1

ap < Apy1 = < — nP4+om<nP4+2n+1.
n+1 " n+2

Since the rightmost inequality is obviously true, the leftmost inequality holds as well. 0]

Example 7.6 We show that a,, = i—? is decreasing for all n > 1. In this case, we have

on 2n+1
Ap 2 Apy1 = — 2> <~ n+12>2
n! = (n+1)!
Since the rightmost inequality is obviously true, the leftmost inequality holds as well. 0

Example 7.7 We find the limit of the sequence {a,} which is defined by a; = 1 and
Uni1 = V/2a, for each n > 1.
To show that this sequence converges, we shall first show that
1<a, <a,y1 <2 foreachn>1. (7.1)

When n = 1, this statement asserts that 1 < 1 < /2 < 2, so it is certainly true. Suppose
that it is true for some n. Multiplying by 2 and taking square roots, we then find that

2<2a, <2, <4 = V2<12a, <20, <2
- 1< An+1 < Ap42 <2.

In particular, the statement holds for n 4+ 1 as well, so it actually holds for all n € N. This
shows that the given sequence is monotonic and bounded, hence also convergent; denote its
limit by L. Using the definition of the sequence, one may then argue that

py1 = V2a, =— lim a,y; = lim v/2a, =— L =+V2L.
n—oo n—oo

This gives L? = 2L, so either L = 0 or else L = 2. On the other hand, we must also have

1<a,<2 = 1<lma,<2 = 1<L<2

n—oo

because of equation (7.1). We conclude that the limit of the sequence is L = 2. O
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7.2 Convergence of series

/Deﬁnition 7.8 — Partial sums )

Given a sequence {a,}, we define the sequence of its partial sums {s,} by

Sp,=a1+ay+...+a, foreachn>1.

- /

/Deﬁnition 7.9 — Infinite series N

Let {a,} be a given sequence and let {s,} be the sequence of its partial sums. In the
case that {s,} happens to converge, one may introduce the series

00 N

5 a, = lim E a, = lim sy
N—o0 N—o00

n=1 n=1

S and we say that the series converges. Otherwise, we say that the series diverges.

%
KTheorem 7.10 — nth term test R
If the series Zzozl a, converges, then its nth term must satisfy lim,, o, a, = 0. )
/Theorem 7.11 — Geometric series N
The geometric series >~ 2™ converges if and only if |z| < 1, in which case
" = "t = )
\_ _ _ J

e There are very few series whose exact value can be determined explicitly. Thus, we
shall mainly worry about the convergence of a series and not its exact value.

e The nth term test implies the divergence of the series Y -  a, whenever a, fails to
approach zero, but it does not provide any conclusions when a,, approaches zero.

Example 7.12 In view of the nth term test, each of the following series is divergent.

=~ n 2n + 1 - = "
1" 1+—-] . OJ
Yo Xame o ()
Example 7.13 We use the formula for a geometric series to compute the sum
0 on+2
S = Z 32n+1"
n=1

If we first isolate the part of the exponent that depends on n, then we can simplify to get

o0 o

4 noo4 2\" 4 2/9 8
3 43 3 Z<9> 3°1-2/9 21
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7.3 Integral test

( Theorem 7.14 — Integral test

>, f(n) converges if and only if the integral [" f(z)dz is bounded for all n € N.

( Theorem 7.15 — Convergence of p-series

LSuppose f(z) is continuous, non-negative and decreasing for large . Then the seriesJ

tThe series > 7, # converges when p > 1 and it diverges when p < 1.

e The integral test is not commonly needed, but it is useful for proving Theorem 7.15.

1

e The p-series Y~ —> and the geometric series > ™ are the two most important

series. They can be used to address the convergence of other series by comparison.

Example 7.16 We give the proof of Theorem 7.15. If it happens that p < 0, then the nth
term n~P does not approach zero and thus the series diverges. Suppose now that p > 0.
Since f(x) = 2~P is continuous, positive and decreasing for each = > 0, the integral test is
applicable. If we assume that p # 1, then convergence is determined by the integral

n n 1—p ™ 1-p _ 1
/ f(x)dx:/ x Pdr = {x ] S
1 1 1_p 1 1_p

When p > 1, the exponent 1 — p is negative, so this expression is bounded for all n and the
series converges. When p < 1, on the other hand, n'™” becomes arbitrarily large and the
series diverges. When p = 1, finally, convergence is determined by the integral

/ff(m) dx = /lnx_l dr = [lnx]? = Inn.

Since Inn becomes arbitrarily large, the series diverges when p = 1 as well. 0]

Example 7.17 We use the integral test to study the convergence of the series

=1
Zn2+1'

n=1

In this case, f(z) = 1/(2? + 1) is continuous, positive and decreasing for each x > 0, as a
larger choice of x leads to a larger denominator. Let us then compute the integral

n n d
/ f(z)de = / Y —tan'n—tan~'1=tan"'n— .
1 LT 4

In view of the definition of the inverse tangent, one has tan™!'n < 7/2 for all n € N. This
means that the integral is bounded for all n € N and that the series converges. U



Sequences and series 78 Comparison tests

7.4 Comparison tests

/Theorem 7.18 — Comparison test A

Consider two non-negative series » >, a, and ), b, which satisfy

a, < b, for all large enough n.

If the series >~ b, happens to converge, then the series > | a, must also converge.
\If the series Y 7 | a, happens to diverge, then the series >~ | b, must also diverge.
/Theorem 7.19 — Limit comparison test A

Suppose that {a,} and {b,} are non-negative for large enough n and that

lim 2% = 1. (7.2)
n—s00 by,
\Then the series Y >~ | a, converges if and only if the series > - b, converges. )

e The comparison test asserts that any series which is smaller than a convergent series
is convergent and that any series which is bigger than a divergent series is divergent.

e The limit comparison test is actually applicable whenever the limit (7.2) is nonzero.
This test is especially useful when the terms a,, are given by a rational function.

Example 7.20 As a typical application of the comparison test, one may argue that

[ee)

3 2n <i2n_°" 2
n3+e”_n:1n3—n:1n2'

Since the rightmost series is a convergent p-series, the leftmost series converges as well. [

Example 7.21 We use the limit comparison test to address the convergence of

iZnQ—l—n—I—l
— nd+2

When it comes to large values of n, the numerator behaves like 2n? and the denominator
behaves like n3. We thus expect the limit comparison test to be applicable with

2 +n+1 b_2n2_2
o342
To verify that the condition (7.2) is satisfied, we note that

an

Y n

n3 n’

o oay o2+ n+1 n o8
lim — = lim ——— = = lim — =
n—00 bn n—00 n3 +2 2 n—oo 2n3

Since > 7 | b, is a divergent p-series, we conclude that Y 7  a, diverges as well. U
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7.5 Ratio test

(" Theorem 7.22 — Ratio test for non-negative series

Consider a non-negative series ) | a,, together with the limit

L= lim 2+ (7.3)

n—oo an

If L < 1, then the given series converges. If L > 1, then the given series diverges.

e The ratio test is especially useful when a,, involves either exponents or factorials.

e The ratio test does not provide any conclusions for the remaining case L = 1.

Example 7.23 Consider the series y - 7 In this case, we have

. Qpg1 . o n+1 27 .on+1 1
L = lim = lim . = lim = —,
n—00 (U n—00 n 2”"’1 n—oo 2N 2

Since this limit is strictly smaller than 1, the given series converges by the ratio test. 0

Example 7.24 Consider the series Y~ Z—Z In this case, we have

en+1 n2 en2

. An41 . .
L = lim = lim . = lim — =e.
n—oo (A, n—oo en (n —+ 1)2 n—oo N2

Since this limit is strictly larger than 1, the given series diverges by the ratio test. 0

Example 7.25 Consider the series >~ lg—n" In this case, we have

n 1 1 " ! 1
L = lim ntl _ lim n(n + ) < __ lim M
n—oo  Q, n—oo  Inn entl  noeo elnn

The last limit has the form oo/oco, so L’Hépital’s rule is applicable and one finds that

L=1lm ——*=1lim — = lim — =

1/(n+1) . n .oon 1
n— oo e/n n— o0 e(n + 1) n—o0 en e

Since this limit is strictly smaller than 1, the given series converges by the ratio test. 0

Example 7.26 Consider the series >~ ”2—‘:1” In this case, we have

C Opgt . n4+1 3+t on
L = lim = lim . . =
n—oo  Qy n—oo N 3n on+1 n—00 2n

Since this limit is strictly larger than 1, the given series diverges by the ratio test. 0



Sequences and series 80 Absolute convergence

7.6 Absolute convergence

( Definition 7.27 — Absolute convergence w

[e.9]

tA series » .~ | a, is called absolutely convergent, if the series > 7 |a,| is convergent. J

(" Theorem 7.28 — Absolute convergence implies convergence h
\If the series Y~ , |a,| converges, then the series Y-, a, converges as well. )
(" Theorem 7.29 — Ratio test for arbitrary series )
Consider an arbitrary series Y -, a, together with the limit
Qn,
L = lim )
n—o0 | Ay
If L < 1, then the given series converges. If L > 1, then the given series diverges. )
Example 7.30 To show that the series > ’;‘Lili? converges absolutely, we note that
= |nsinn . n|sinn] = n = n =1
= < < — = —.
2lwit| 2wl Sl w1 i 2w

Since the rightmost series is a convergent p-series, the leftmost series converges as well. [

Example 7.31 Consider the series Y - (_;# Using the ratio test, we get

n —1)ntt A 1 1
L:lima+1:lim( ) _n+ . :ljmnjL =
n—00 | n—00 (—1)" n on+1 n—oo 2N 2
Since this limit is strictly smaller than 1, the given series converges by the ratio test. 0
Example 7.32 To show that the series ), % converges absolutely, we let
n n 1
= a7 == 3
nt+3n+1 n* n?

Note that these terms are comparable for large enough n, as one can easily check that

Can n' . nt
hm — = hm —_— — 11l — = 1
n—00 bn n—00 n4 + 3n +1 n—00 7’L4

Thus, the limit comparison test is applicable. Since >~ b, is a convergent p-series, the
. o0 .« . .
series y > | a, converges as well and the original series converges absolutely. 0
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7.7 Alternating series test

( Theorem 7.33 — Alternating series test

Suppose {a,} is non-negative and decreasing for large enough n with lim, . a, = 0.
Then the alternating series Y - (—1)""'a, is convergent.

Example 7.34 According to the last theorem, the following series are all convergent.

= (-1
S X

n—1 e n 1
1 n=1

o, ¢]

>

n=1 n n=
This is easy to see because the denominators n,n? e* are all increasing and they become

arbitrarily large, so the fractions 1/n, 1/n? 1/e" are all decreasing towards zero. U

Example 7.35 We use the alternating series test to establish the convergence of

n_

y — (7.4)

n=1
In this case, it is clear that f(x) = x/(x? 4 1) is positive for all z > 0 and we also have

lim f(z) = lim ——— = lim — = 0.

T—00 T—00 1}2 + 1 T—00 .T2

To check that f(z) is decreasing for large x, one may use the quotient rule to verify that

2 2
, r*+1-2z-x 1—x
prm— = 0
fe =@y @y -

for all x > 1. This already implies that the alternating series (7.4) is convergent. U

Example 7.36 We use the alternating series test to establish the convergence of

n .

Z (=) '1nn (75)

In this case, the function f(x) = 1‘“’” is positive for all z > 1 and we also have

1 1
lim f(z) = lim 2T~ lim e =0

T—00 T—00 T z—o00 1

by L’Hépital’s rule. To check that f(x) is decreasing for large x, we note that

Lix—Inz 1-Inz

flz) =2 = <0

2 2

for all x > e. Using the last theorem, we conclude that the series (7.5) converges. U
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7.8 Power series

(" Definition 7.37 — Power series R
A power series is a sum of powers of x such as
f(x) =ao+a1w +ax® + ... = ianx".
n=0
\This expression is only defined for the values of x for which the series converges. )
(" Definition 7.38 — Radius of convergence )

If a power series converges when |z| < R and diverges when |z| > R, then we call R the
\radius of convergence. This radius could be any positive number or even +oo.

J
(" Theorem 7.39 — Differentiation of power series )
Every power series may be differentiated term by term. More precisely, suppose that
flx) = Z a,z", g(x) = Z na,z" .
n=0 n=0
\If f(z) converges when |z| < R, then the same is true for g(z), and f'(z) = g(x). )

e To determine the radius of convergence, one usually resorts to the ratio test.

e The differentiation of infinite sums is not always justified. Namely, it is not true that

f@)=) fule) = [fla)=) fil2).

Example 7.40 Consider the power series f(z) => ", nx—L In this case, we have

ni1| _ g jz[" n4+1

1
= |z| - lim ntl_
n—00 |x|” n-+2

L = lim =

n—oo

).

Qn

In particular, the given power series converges when |z| < 1 and it diverges when |z| > 1, so

its radius of convergence is equal to R = 1. 0
Example 7.41 Consider the power series f(z) = Y.~ £:. In this case, we have
ap x|vH n! x
L= tim 2] = g T —

Since L < 1 for any value of x, the series converges for all x and the radius is R = +o0. [



