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Real Numbers and Functions

1.1 REAL NUMBER SYSTEM AND INEQUALITIES

In this section, we shall study the real number system, which is the platform for real analysis, and
how to solve inequalities.

1.1.1 Real Number System

We start with the set of all integers, Z. It contains all positive integers, negative integers and zero,
ie.,
Z={n|n=0,£1,£2,...}.

In the set Z, we know that there are a few algebraic operations allowed. These are addition,
subtraction and multiplication. Division is generally not allowed in Z, since it will generate fractions.
Besides the three algebraic operations, another property on Z is that any two numbers in Z can be
ordered. In other words, if a,b € Z with a # b, then

either a < b or b < a.

Because of the restriction of not allowing division, it is convenient to expand the set Z to the set
of all rational numbers:

Q={r|r=p/q, where p,q € Z with g # 0}.

Thus, a rational number is a quotient of two integers, with the denominator not being zero. Obvi-
ously, any integer n is also a rational number, since n can be expressed as T Hence,

7Z CQ.
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The order relation between two rational numbers also holds in Q.

However, there are many interesting numbers not contained in Q. For instance, the length of the
diagonal of the square with side length 1 equals v/2. This number /2 is not a rational number.
Another interesting number is 7, which is the ratio of the circumference of a circle to the diameter.
Therefore the number system Q is a bit small. We would like to extend Q to a bigger number
system. In fact, there is a bigger number system R, called the the field of real numbers, containing
numbers like v/2 and 7. R has many similar properties as Q. R has algebraic operations such
as addition, subtraction, multiplication and division. Numbers in R but not rational are called
irrational numbers. The set R is also ordered. We do not discuss in detail the construction of real
numbers here, since it is beyond the scope of the book.

Thus, we have three number systems, Z, Q and R, satisfying

ZCQCR.

Besides the obvious difference that there are irrational numbers which are in R, but not in @,
there is a deeper difference between these two number systems.

In order to understand the difference, we need to introduce the concept of the least upper bound
and the greatest lower bound of a subset of R.

Definition 1.1.1 Given a subset S of Q or R, we say the set S is bounded above, if there exists a
number u of Q (R respectively) such that every number in S is no larger than u:

s <wu, foranys € S.

Such u is called an upper bound of S. The smallest upper bound of S, if it exists, is called the
least upper bound.

Similarly one can define the concept of lower bound and the greatest lower bound.

Here is an equivalent way to understand the least upper bound. We say that ¢ is a least upper
bound of S in Q (R respectively) if ¢ is an upper bound of S and for any b < £ and b € Q (R
respectively), b is not an upper bound of S.

For instance, the numbers 1, 2, 3 are all upper bounds of the set (0,1) in R. The number 1 is the
least upper bound of the set.

The fundamental difference between Q and R in the context of analysis is that a bounded set in
R has the least upper bound in R, but a bounded set in Q may not have the least upper bound in
Q. This can be shown by

S={qeQ| <2} CQ,
and
T={rcR|r*<2}CR

In fact, we have the following general theorem, which will not be proved here.
Theorem 1.1.2 Let S be a subset of R bounded above. Then S has the least upper bound.

We say that the real number system has the least upper bound property. In this course, we
will use this theorem without proof.
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From the previous example, we see that the number system Q does not have this property.

We use the coordinate line (or real line) to represent the real number system. The coordinate
line is a line with a distinguished point O, called the origin, and an right arrow on the right end
indicating the positive direction of the line. A point on the real line is represented by a real number.
Points on the left (right resp.) side of the origin represent negative (positive resp.) real numbers.
The origin represents the zero 0. These are shown in Fig. 1.1.

Fig. 1.1 The real line.

1.1.2 Inequalities

Given two real numbers a and b with a < b, the set
(a,)={z €R |a<z<b}
is called an open interval. The set
[a,b] ={x eR | a <z <b}

is called a closed interval. There are other kinds of intervals:

(a, b] = {reR|a<z <0}, [a,b) = {zeR|a<z<b},
(a,+0) = {zeR|a<z}, [a,+0) = {zeR|a<z},
(—00,0) = {zeR|z<b}, (—o0,b] = {zeR|z<b}

The whole real line (—oo, +00) = R.
These intervals are special cases of subsets of R. There are operations on subsets: union, inter-
section and complement. Given two subsets S and T" of R, the union S U T is defined by

SUT ={zeR|xzeSorzeT},
the intersection S N T is defined by
SNT={xeR|zeSandzxecT}
and the complement S¢ is defined by
S¢={xeR|xz¢S}

Here is the intuitive way to explain the words “open” and “closed”. The interval (a,b) is open
since all the inequalities are all strict inequalities. The interval [a, b] is closed since all the inequalities
are either < or >.
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The precise definition of an open set in R can be stated as follows. A set S C R is open if for
any point p € S, there exists (a,b) C S containing p. A set S is closed if the complement of S is
open.

There is an subset of R, called the empty set (), which does not contain any elements of R. For
example, the intersection (—1,0) N (0,1) = 0.

According to the definition, R is open and ) is closed since @) is the complement of R. The empty
set ) is also open according to the definition. In fact, R and () are the only two sets that are both
closed and open.

Let us recall some properties of inequalities.

1. If a < b, then a 4+ ¢ < b+ ¢ for any c € R;
2. Ifa<band c<d, then a+c < b+d;

3. If a < band ¢ > 0, then ac < be.

Example 1.1.1 The inequality —2z + 3 < 3x + 8 can be solved by moving terms around to have
an equivalent inequality
—bx < 5.

Multiply both sides by —1/5 and switch the direction of the inequality, we get the solution
x> —1. "
Example 1.1.2 To solve the inequality 2% — 3z + 2 > 0, we factorize the polynomial first:
22 =3 +2=(r—1)(z—2).
The inequality is equivalent to the fact that z — 1 and x — 2 have the same signs, i.e.,
z—1>0 and 2—2>0; or z—1<0 and z—-2<0.

We obtain
r>2 or x<l.

A more intuitive way to solve the inequality is as follows.

One should observe that the monomials x — 1 and  — 2 change sign from negative to positive at
1 and 2, respectively. Since the roots 1 and 2 of the polynomial 2% — 3z +2 = (x — 1)(z — 2) divides
the real line into three open intervals

(—o0,1), (1,2), and (2,4+00),

we see that this polynomial changes sign when z moves from one interval to an adjacent one, as
demonstrated in Fig. 1.2. In other words, the polynomial (z — 1)(x — 2) takes the positive sign in
the interval (—oo,1), subsequently negative sign in (1,2) and positive sign in (2, 400). Therefore
the solution for the original inequality is that x lies in the interval (—oo, 1) or the interval (2, 400).
Equivalently, one gets

r<l1l, or xz>2. .
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- - - - - 4+ + + 4+ + +

f r—1
1
- - - - = - -+ 4+ 4 o+
f r—2
2
+ o+ o+ o+ o+ - -+ o+ o+ o+
% % (x—1)(x—2)
1 2

Fig. 1.2 Signs of the polynomials x — 1,z — 2, and (z — 1)(z — 2).

-2
Example 1.1.3 The inequality Ll < 0 can be solved by using the same idea as above to get
T —
1<z <2 u

Example 1.1.4 To solve the inequality 3 —3z2? > —2x, we first change it to an equivalent inequality
z(z —1)(x —2) > 0.
The roots of the polynomial are 0, 1 and 2. They divide the real line into intervals
(—00,0), (0,1), (1,2) and (2,4+00).
The polynomial z(x — 1)(x — 2) takes negative sign when x is very negative. Hence z(x — 1)(x — 2)
is negative in (—o0,0), positive in (0, 1), negative in (1,2), and positive in (2, 400), as shown in
Fig. 1.3. The solution for the inequality is that z is in (0,1) or (2, +0c0). Equivalently

O0<z<1l and x> 2. =

-+ + - - 4+ 4+ + 4+

Fig. 1.3 Signs of the polynomial z(x — 1)(z — 2).

Exercises
1.1.1 Show /2 is an irrational number.
1.1.2 Show +/3 is an irrational number.

1.1.3 Solve the following inequalities:
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1. 22 -3z -4 <0; 6. (z—1)(z—2)%*x—3)>3@x—4)*<0;
2. |22 -2 3; 1
2 zl <3 7 ——+ > 1
r—1 2zx+1
3. |2? — 22| > 1;
4. 23 + 4z > 422 8 ! ! 2>1
.z x> 4a?; . — .
’ r—1 z+1

5. (z—1)(z —2)(z —3)(z —4) > 0;

1.2 FUNCTIONS

Given a subset D of R, a function is a rule that assigns a real number f(x) to any z € D. For
example, the function f(x) = 22 is the rule that assigns the square of x for any = in D = R. The
subset D is called the domain of the function. The letter x is called the independent variable.
Thus, the domain of a function is the set of all allowable values of the independent variable of the
function. We often write y = f(x) for the function f(z). The letter y is called the dependent
variable. The set of possible values of dependent variable is called the codomain. The range of
a function is the set of all actual values the function may return corresponding to the domain. In
other words, the range is the set f(D). Obviously, it is always a subset of the codomain.

Fig. 1.4 An illustration of a function f: D — C.

Often we use the notation f : D — C, where D is the domain, and C' is the codomain. This
notation implicitly suggests that f(D) C C.

In many cases, a function has an explicit expression such as f(x) = 2. The function f(z) =z
can be defined on the whole R or any subset of R. However there are many functions whose domains
are smaller than the whole R. For example, the largest possible domain of f(x) = v/ is the interval
[0,4+00). Sometimes, the domain of a function may not be given explicitly. If a function has an
explicit expression, we may find the largest possible domain of f(x) in many cases. For example,

2

the largest possible domain of the function f(x) = — is the real line with the origin deleted.
x

Example 1.2.1 The function f(x) = v2? — 3z + 2 is meaningful when

2 —3x+2>0.
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From Example 1.1.2, we get
r<1, or x2>2.

Thus the domain is the union of two intervals (—oo, 1] U [2, +00). .
Here are examples of functions we will encounter frequently in this book.
(i) Polynomial functions
f(z) = apxr™ + a1z + ...+ ap_17 + ap.
The largest possible domain for a polynomial function is the real line.

(ii) Rational functions

f(z)
g(x)
where both f(z) and g(z) are polynomials. The largest possible domain for F'(x) is the real
line with roots of g(x) deleted.

F(z) =

)

(iii) Algebraic functions are functions obtained from polynomials via addition, multiplication, di-
vision and taking roots. For instance, /x + 1 + z is an algebraic function.

(iv) Transendental functions stand for those which are not algebraic functions. For example, e*,
Inz, sinx, cosz, tanx and cot z are all transendental functions.

(v) There are also functions expressed in pieces such as
-z, ifxr< -1,
1, ifz<0, .
fx) = and g(z) =1 =, if—1<z<1,

-1, ifx>0,
a3, if x> 1.

Here are means to generate more varieties of functions.
Given a function f with domain A and a function g with the domain B, there is a function h
defined by

hz) = f(z) + g(x).
The domain of h is the intersection A N B. We usually denote the function h by f + g and write
(f + 9)(x) = f(z) + g(2).
Similarly, we can define a new function f - g by
(f - 9)(x) = f(x) - g(x)

with the domain A N B; a new function f/g by

(f/9)(@) = f(x)/g(x)
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with the domain
An{z € B | g(x) # 0};

and a new function cf by
(cf)(z) = cf(z)

with the domain A for a constant c. If the range of f is contained in the domain B of g, we can define
the composition h of g and f by h(z) = g(f(z)). Usually we use g o f to denote the composition
h.

Example 1.2.2 Let us look at some more complicated functions. Suppose f(z) = e®, g(z) = sinz,
and h(x) = x2. The composition function f o g is

foglz) = flg(x)) = e

The composition function g o f is
go f(x) =sine”.

We see that fog# go f. The composition function ho (f o g) is

ho(fog)(x)=h(fog(x)) = (eM*)? =257,

The composition function (f o g)oh is
(fog) o h(@) = f o glh(x)) = ™", -

Inverse Functions

A function f: D — C, with the domain D and the codomain C| is called one-to-one, or injective,
if

f(z1) # f(z2) whenever xy # zs.

The term “one-to-one” is in contrast to “many-to-one”.

A function f: D — C is called from D onto C, or surjective, if for every y € C, there exists at
least one x € D such that f(x) = y. In fact, f is surjective iff (if and only if) C is the range of f,
that is, C = f(D).

If f: D — C is injective as well as surjective, then it is called bijective.

Let f : D — R be a bijective function.! We can define a new function g whose domain is R as
follows. For each r € R, there exists a unique d in D such that f(d) = r. We define a new function
g so that g(r) = d. The function g has the property that

fog(z) ==z, for any z € R
and

'When we write f : D — R, we implicitly mean that the codomain R is the range f(D) (R for“range”). If we do
not intend to emphasize this distinction, we will use the letter C' in general. One can always write the codomain of
any function to be R = (—o00, +00), since it contains all real numbers. When the domain of a function is not shown
explicitly, it is usually the set where the function is defined. For example, for f(z) = v/x — 1, the domain is = > 1.
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go f(z) ==, for any z € D.
The function g is called the inverse function of f, sometimes denoted by f~!.

Example 1.2.3 Consider f(z) = %, with ad # be.?

Let us first assume that ¢ # 0. It is easy to see that the domain of the function f is R\{—d/c}.
However, it is not so obvious what the range of f is.

The inverse function of f can be found as follows. First, by writing y = ar and solving for x
cx

+d
to have
dy—b

cy—a

We switch the symbols of the dependent and independent variables to have the inverse function

_dac—b

cr —a’

g(x) =

whose domain is R\{a/c}.
b
This suggests that the function f(x) = ax——:—_d is bijective from R\{—d/c} to R\{a/c}. In fact,
cx

we can show that it is both injective and surjective.

1. Injective. If x1 # x5, we have
ad(ze — 1) # be(xe — 1),

which implies
(axy + b)(cxa + d) # (ax2 + b)(cz1 + d).

Since cx1 + d # 0 and czo + d # 0, we have

ar1+b , ara+0b
cx1+d’ cro+d

That is, the function f is injective.

dy —b b
Y . Then for such z, we have y = ar + .
cy—a cx+d

2. Surjective. For any y € R\{a/c}, take z = —

This means that the function f is surjective.
Now let us examine the compositions of f and g. Elementary calculations give

a(~2=2) 4 (Ca)(dw—b)+ b(ex — a)
fog(z)= . (_dsz) +d - (—c)(dz — b) id(cw —a)

cr—a

for any = € R\{a/c};

:x’

2If ad = be, then the function is a constant.
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and

go f(z) = dgmg - = _dlaz +b) = blex + d) =z, for any x € R\{—d/c}.

clax +b) — a(cx + d)

If ¢ = 0, then a,d # 0, since ad # bc. In this case, it is easy to show that f is a linear function
and bijective from R to R. "

Example 1.2.4 The domain of the function f(z) = e* is D = R and the range is R = (0, +00),
while the codomain C' can be either [0, +00) or R. It is bijective from R to (0,4o00). The function
g(x) =Inz: (0,400) = R is the inverse of f, since the following two identities hold:

fog(z)=e"® =2z, for any x € R = (0,400)

and
go f(z) =In(e”) = x, for any x € D = (—00, +00).
The function f(z) = 2% : D = R — [0, +00) has no inverse function since it is not one-to-one. For
instance, f(—1) = 1 = f(1). However the function h(x) = 22 : [0, +00) — [0, +00) has an inverse

h~Hx) = 7. .

The trigonometric functions sin x, cos x, tan x and cot x are periodic functions. If we only consider
the sine function sinz over the interval (—m/2,7/2), then it is one-to-one and hence has an inverse,
denoted by arcsinz defined over (—1,1). Similarly, the cosine function cosx defined over (0, 7) has
an inverse function arccos x over (—1,1). The function tan x defined over (—m/2,7/2) has an inverse
arctan x defined over the whole real line. The function cot « defined over (0, 7) has an inverse arccotx
defined over the whole real line.

We say a function is increasing if
f(l‘l) > f($2) when 1 > x9;

is decreasing if
f(z1) < f(z2) when x1 > xs.

Both are called monotonic functions. It is easy to see that any monotonic function is one-to-one and
hence has inverse function from the domains to its range.

Example 1.2.5 The function f(z) = 2® is increasing. The function g(z) = sinz is increasing in
the interval (—m/2,7/2). The function h(z) = cosz is decreasing over the interval (0, 7). .
Exercises

1.2.1 Determine the domains and ranges of the following functions:
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1. fz)= a? 5. f(x) = In(a? — 1);
1—2z’
2 6. f(z) =In(z+1) +1In(z — 1);
2. fle) = 5—5;
7. f(x) = Vsinx;
3. f(x) =+Vx — a5

8. f(z) =In(sinx).

1.2.2 Show that each of the functions is increasing in the specified interval:

1. f(z) =4 (0 <& < +o0); 3. f(z) =tanz <fg<x<g);
2. f(z) =sinzx (—ggxgg); 4. f(z) =2z +sinz (—o0 <z < +00).

1.2.3 Show that each of the functions is decreasing in the specified interval:
1. f(z) = 22 (—oo <z <0); 3. f(z) =cotx O<z<m);
2. f(z) =cosz 0<z<m); 4. f(z)=(z-1)(z—2) (—oo <z <3/2).

1.2.4 Determine the region where the function is monotonic:

1. f(x):x?’; 3. f(z) = 1—1—36;
-z
2. f(z) = az? +bx + ¢ 4. f(z) = 2% — 4.

1.2.5 Find the inverse function:

1. f(z) =22+ 1; 4. f(z) = ?_Lz (x # 1);
2. fz) =2 (-co<z<0) 5. fe)=V1—a2 (=1<z<0);
3. flx) =2 (0<w<+4o0); 6. flw)=V1-22 (0<z<1)

1.3 COORDINATE PLANE AND GRAPHS OF FUNCTIONS

Draw a horizontal line with a right arrow on the right end and a vertical line with an upward arrow
on the top end. The two perpendicular lines intersect at one point named the origin. The two lines
are real lines. The horizontal line is called the z-axis. The vertical line is called the y-axis. Each
point P on the plane corresponds to a pair (a,b) as follows. Project the point vertically towards
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Y
P =(a,b
R = (@)
|
|
0] a x

Fig. 1.5 The coordinate plane.

the z-axis to get a point a on the z-axis. Similarly project the point horizontally towards the y-axis
to get a point b on the y-axis. The points a and b are called x-coordinate and y-coordinate
respectively. This apparatus is called the coordinate plane.

Y

Y2

Y1

Fig. 1.6 The distance from P1 = (z1,y1) to P> = (x2,y2).

Given two points Py = (z1,y1) and Py = (22,y2). Without loss of generality, assume x; < x5
and y; < ya. Let R = (z2,y1). We get a right triangle Py P,R. The edge P; R has length equal to
x9 — x1. The edge RP; has length equal to yo — y1. The distance from P; to P> equals the length
of the edge P P>. Therefore we have the distance formula

distance from P; to P, = \/(yg —y1)? + (22 — x1)2.

Given a function y = f(z). For each z, we get a point (z, f(z)) on the coordinate plane. When
2 moves in the domain D of f, the point (x, f(x)) moves on the plane. The trace of (x, f(x)) for
x € D is called the graph of f.

Lines and Linear Functions

Example 1.3.1 Consider the linear function f(z) = ax + b. We know that the graph of f is a
straight line, shown in Fig. 1.7.
When a = 0 = b, the graph of the function f is the z-axis, a line.
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y=ar+b

2
0

Fig. 1.7 The graph of the straight line y = ax + b.

Fig. 1.8 A line is determined by the coordinates of two points.

In the general case, as in Fig. 1.8, given any two distinct points P; = (x1,y1) and Py = (22, ¥2)
on the graph of f, we have y; = ax1 + b and yo = axs + b.

_ Y2 — Y1

Y2 —y1 = (axe +b) — (az1 +b) = a(za —21), a .
Xro — I

Therefore a is determined by (z1,y1) and (z2,y2). Subsequently b is also determined by these two
points: b = y; — axy. =

The coefficient a in f(x) = ax + b is called the slope of the line and b is the y-intercept of the
line since the intersection of the L with the y-axis is (0,b).

The slope of a line is a very important concept. In the example above, as shown in Fig. 1.8, let
0 be the angle between the line L; and the line L. It is easy to see that

Y2 — Y1
T2 — I

tanf = =aq.

Given two non-vertical lines Ly and Ls. Let a; be the slope of L; for ¢ = 1,2. Suppose L; and
L5 are perpendicular, as in Fig. 1.9. Let 6; be the angle between the xz-axis and L; and 65 be the
angle between the z-axis and Lo. Then

02 — 01 = :|:7T/2,
cos(fy —61) =0,

cos 05 cos 01 + sin 6y sin 61 = 0.
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Lo

Fig. 1.9 Two perpendicular straight lines.

Therefore we get

a1 - ap = tanf; - tanfy = —1.
Y
Ly Lo
01 0
T

Fig. 1.10 Two parallel straight lines.

Given two non-vertical lines L1 and L. If they are parallel, as in Fig. 1.10, then the angel between
L, and the z-axis is equal to the angle between Ly and the z-axis. Therefore the slopes of two lines
are the same:

a]; = as.
The vertical line can be describe by the equation x = k, as shown in Fig. 1.11.

Y

Fig. 1.11 Verticle line z = k.
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The coordinate plane provides a platform to describe geometric objects such as lines and curves
by equations F(z,y) = 0 of two variables x and y. For example, the graph of a function f(z)
corresponds to the equation F(x,y) =y — f(x) =0, as in Fig. 1.12.

Fig. 1.12 The graph of a function F(z,y) =y — f(z) =0.

Circles, Ellipses, Hyperbolas and Parabolas

The circle of radius r centered at the point (a,b) is represented by the equation
(r—a)’+(y—-b?*=r"
from the distance formula, shown in Fig. 1.13.

Y

(a,b)

Fig. 1.13 The circle (z — a)2 + (y — b)2 = r2,

o 2 \2
Fig. 1.14 The ellipse ( afO) + (y bzyO) =1.

The equation
(z — $0)2 (y — y0)2 _
a2
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describes a curve called an ellipse, shown in Fig. 1.14. The point (xg,yo) is called the center of
the ellipse.

Nl e
R Py
(96*23:0)2 Wy ;21/0)2 _ (= *;vo)Q LW ;23/0)2 _

Fig. 1.15 Hyperbolas. Both are centered at (xo,yo)-

The equation
(z — m0)? _ (y — y0)? -1
a? b2 N

describes a curve called a hyperbola. The equation

_ (z — x0)” + (y —vo)*

a? b?
is another hyperbola. Both are shown in Fig. 1.15.
The graph of the function

=1

f(z) = az®
is called a parabola. The curve passes the point (0,0) that is called vertex of the parabola. It
opens upwards or downwards depending upon the sign of a. The equation ay? — z = 0 provides
another kind of parabola opening rightwards if a > 0 and leftwards if a < 0. These are demonstrated
in Fig. 1.16.

2

T = ay
x
_ 2
T ’ El/—al'
a>0

a>0 a<0

Fig. 1.16 Parabolas.

Let C be the curve corresponding to the equation F(x,y) = 0. The curve F(x —a,y — b) = 0
is obtained by moving the curve C' horizontally by a and vertically by b, equivalently, moving
the coordinate plane horizontally by —a and vertically by —b, shown in Fig. 1.17. It is called a
translation of F(z,y) = 0.

In Fig. 1.18, the curve F(—z,y) = 0 is obtained by reflecting the curve C' with respect to y-axis.
The curve F(x,—y) = 0 is obtained by reflecting the curve C with respect to z-axis.
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o
o/\\ x

Fig. 1.17 Translation of a curve: from F(z,y) =0 to F(z —a,y — b) = 0.

Y

Y

H(z,y) =0 F(z,y)=0

(@] T (@] T
/ \ J N

P,y -0 Pl 30

Fig. 1.18 Reflections of a curve F(z,y) = 0 with repect to both axises.

Example 1.3.2 To sketch the graph of f(z) = 222 + 4z + 4, we rewrite it as
y=2(x+1)>+2,

y—2=2— (1)

The graph of the function f is the parabola y = 22% with the vertex moved to (—1,2), as shown in
Fig. 1.19. .

Fig. 1.19 Translation of y = 2z2.

Exercises

1.3.1 Graph the linear function f(z) = ax for a =0,1/2,1,2 and —1.
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1.3.2 Graph the linear function f(xz) =2z +b for b=0,1,2 and —1.

1.3.3 Graph the linear functions:

(a) f(z) =2z +1; (¢) f(z) =2 -2
(b) flo) =22 (@) fl@) =5 1.
1.3.4 Graph the following equations:
1. 22+ —4x+ 2y +3=0; 6. 2% + 2z +y=0;
2. 42 + 4y* + 8z — 4y + 3 = 0; 7. 22 —dx+y+5=0;
3. 202+ 9% —dz+2y+2=0; 8. 4y? +4x — 4y + 3 =0;
4. 32° +y* + 3z +y = 0; 9. 222 —y? —dz+2y+2=0;
5. 2% + 22—y =0; 10. 32% —y® + 3z +y = 0.
1.4 SUMMARY
Definitions

e A function f : D — C, with the domain D and the codomain C, is called one-to-one, or

injective, if
f(x1) # f(x2) whenever z; # .
A function f: D — C'is called from D onto C, or surjective, if for every y € C, there exists
at least one x € D such that f(x) =y.
A function f: D — C is called bijective, if it is injective as well as surjective.

A function f is increasing if f(x1) > f(z2) when x; > zo; is decreasing if f(z1) < f(x2)
when x1 > wo.

Given a subset S C R, the set S is bounded above, if there exists a number u € R such that
every number in S is no larger than u: s < wu, for any s € S. Such u is called an upper
bound of S. The smallest upper bound of S, if it exists, is called the least upper bound.

Theorems

e Least Upper Bound Property Let S be a subset of R bounded above. Then S has the least

upper bound.



Limit and Continuity

2.1 LIMITS OF SEQUENCES

Limit is one of the most basic concepts in calculus. We start with limit of sequences and later, we
will study limit of functions.

2.1.1 Concept of Limits and Properties

We introduce the concept of sequences and their limits, and discuss properties of limits. We will
concentrate on the ideas, leaving the rigorous treatment to the later subsection.

A sequence {x,} is

L1,X2y.c.3Lpye---

We call x,, the n-th term of the sequence. In this course, we will only consider sequence of numbers,
which means that x,, are real numbers. Here are some examples

ap = Nt 1,2,3,...,n,...;
bn = 2: 2,2,2,...,2,...;
1 1 1 1
Cp = —: S ey e
" 2 n
dy, = (-1)™ 1,-1,1,...,(=D)",..;
e, = sinn: sinl,sin2,sin3,...,sinn,....

Note that the index n in a sequence does not have to start from 1. For example, the sequence {d,, }
actually starts at n =0 (or any even integer).

19
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Let us compare these sequences. When n gets larger, a,, gets larger, b,, is constant, ¢,, gets closer
to zero, d,, and e, does not approach anything. The sequences {b,} and {c,} sharing the property
of approaching a finite number L (L = 2 for b,, and L = 0 for ¢,,) when n goes to infinity. We say the
sequence converges to the limit L. In contrast, we say the sequences {a,}, {d,} and {e,} diverge
since they do not approach any finite number when n goes to infinity.

Definition 2.1.1 (Non-rigorous) A sequence {a,} converges to a finite number L if a,, approaches
L when n goes to infinity. We write

lim a, =L,
n—oo

and call the sequence {a,} convergent. We call a sequence divergent if it does not approach any
finite number when n goes to infinity.

Since the limit describes the behavior when n gets very large, the modification of finitely many
terms in a sequence does not change the convergence and the limit value.

Intuitively, we know that if a is close to 3 and b is close to 5, then a + b is close to 3+5 = 8. The
intuition leads to the following properties.

Proposition 2.1.2 (Arithmetic Rule) Suppose {a,} and {b,} converge. Then {a,+b,}, {can},
{anb,} converge (c denotes a constant) and

lim (a, + b,) = lim a, + lim b,, lim ca, =c¢ lim a,, lm apb, = lim a, - lim b,.
n—oo n—oo n—oo n—oo n—oo n—o0 n—oo n—oo

Moreover, if lim b, # 0, then {Z”} also converges, and
n—oo

n

lim a,
. Gn, n—00
lim — = =—">—.
n—o0 by, lim b,
n—o0

Proposition 2.1.3 If {a,} converges, then {|a,|} also converges and lim |a,| = | lim a,|. On
n—oo n—oo

the other hand, if lim |a,| =0, then lim a, = 0.
n—oo n—oo

1
Example 2.1.1 Based on the limits lim ¢ = ¢, lim — = 0 and the arithmetic rule, the limit of

9 n—o00 n—oo M
2
the sequence {N} may be computed as follows
n —n+1
1 - 1 .1
202 +n 2+ ,}520(“”) 2+ lim =
lim - 1:lim 1n1 = 1 N = T nooo i 1:2.
n n n— oo n n2 n—oo N n—oo N n—oo N
[ ]
. 1 1 (- .
Example 2.1.2 We have lim — =0 and — = . By Proposition 2.1.3, we get
n—oo /1 Vn Vn
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The following property is very useful for deriving more sophisticated limits.

Proposition 2.1.4 (Sandwich Rule) Ifa, <b, <¢, and lim a, = lim ¢, = L, then lim b, =
n—00 n—00 n—00
L.

The rule reflects the intuition that if @ and c¢ are close to 5, then anything between a and ¢ should
also be close to 5.

Example 2.1.3 By
1 sinn

1
—— < < -, lim —=0,
n n n’  noocon
. . sinm
and the sandwich rule, we get lim =0. .
n—oo N

Example 2.1.4 To compute the limit lim (v/n + 2 — y/n), we note that
n—oo

0<\/ﬁ—\/ﬁ=(“/n+ —vn)(Vn+2++/n) 2 2

NCE N RS RV

2 1
By the sandwich rule and lim — =2 lim — =0, we get lim (v/n+2—+/n) =0. .
n n—00

n—o0 1/MN n— 00

Example 2.1.5 Let a > 0. We show that

lim ¥a=1.

n—oo

In the case a > 1, we let «, = {/a — 1. Then

-1
and we get
a—1
0<an<
n
. . a— o1 .
By the sandwich rule and lim =(a—1) lim — =0, we get lim «, =0 and

lim ¥a= lim a, +1=1.
n—oo

n—0o0

1
If 0 <a <1, we have — > 1. By the arithmetic rule,
a

1
lim {/a = lim = =1. ]

n—o0 n—0o0 1 1
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n— oo

1
Example 2.1.6 To compute the limit lim (1 — \“/§> sinn, we note that

1 1 1
—1+—=<[(1-—]sinn<1- —.

By 1li (1 1) 1 1 0 and th dwich rul t i <1 1)' 0

im — — ] =1— —————= =0 and the sandwich rule, we get lim — —— |sinn=0.=

T T B lim {/3 SR T
n—oo
2 1 2 1
Example 2.1.7 To compute the limit lim { " +1 , we note that 1 < n < 6 for n > 1.
n—oo n — n —

Then

2 1
1< 722 o w6
n—1

/2 1
and the sandwich rule tell us lim ¢ nt =1. n
n— o0 n—1

n

Example 2.1.8 We show the limit lim a—' = 0 for the special case a = 5.

n—oo nl

For n > 5, we have

g% _ 5555555 5 555555 5
n!  1.2:3-4-5 6 7 mn~1-2:3-4.5 n 24n’
. > 5 1 . 9"
By lim — = — lim — = 0 and the sandwich rule, we get lim — = 0. .
n—oo 24n 24 n=soco n n—oo n!
Example 2.1.9 Let |a| < 1. We show the limit lim o™ = 0.
n—oo
1
For 0 < a < 1, write a = ——. Then b > 0 and
1+
0<am— 1 _ 1 < 1
= n— 71 _7'
A T ) I

2

1
By lim — = 0 and the sandwich rule, we get lim a™ = 0.
n—oo nb n—00

If -1 < a < 0, we have —|a|” < @™ < |a|™ By lim |a|® = 0 and the sandwich rule, we also get
n—oo

lim a™ = 0. =
n—oo

A sequence {a,} is bounded above if there is a number B (called an upper bound), such that
a, < B for all n. The sequence is bounded below if there is a number B (called a lower bound),
such that a,, > B for all n. A sequence is bounded if it has both upper and lower bounds.

Proposition 2.1.5 Any convergent sequence is bounded.

The property reflects the intuition that if a is close to 7, then a is between 3 and 4.
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2 —1)»
Example 2.1.10 The sequences {n}, {n_‘_il) diverge because they are not bounded above.
n
On the other hand, the sequence 1, —1,1,—1,... is bounded and diverges. Therefore the converse
of Proposition 2.1.5 does not hold. "

The following property reflects the intuition that larger number should be closer to larger limit.

Proposition 2.1.6 (Order Rule) Suppose {a,} and {b,} converge.

1. If ap, > by, then lim a, > lim b,.
n—oo

n—oo

2. If lim a, > lim b,, then a, > b, for sufficiently large n.
n—oo

n—oo

On the other hand, the condition a, > b, does not necessarily imply lim a, > lim b,. This
n— oo n— oo

1 1
can be demonstrated by a,, = — and b,, = —-
n n
. 2n2 +n 2n? +n .
Example 2.1.11 By lim ——— =2, we know 1 < ———— < 3 for sufficiently large n. In
n—oon? —n+1 n2—-—n+1
fact, the inequalities hold for all n.
2 1 2 1
By lim ¢ ntl_ 1, we know lim ¢ n < 2 for sufficiently large n. In fact, the inequality
n—o00 n—1 n—oo n—1
holds for n > 2. .

Monotonic Sequences

A sequence {a,} is increasing if

IN

a1 <az <az3 < <ap < apgt

It is decreasing if
ap > az > ag > -+ 2 ap 2 Apt1 2> -

Both are monotonic sequences.

1

1 1
The sequences {}, {2}, {%/2} are decreasing. The sequences {—}, {n} are increasing.
n n n

Proposition 2.1.7 Any bounded monotonic sequence converges.

An increasing sequence {a,} is bounded if it has upper bound, because the first term of the
sequence is already the lower bound. Similar remark can be made for a decreasing sequence.

Example 2.1.12 The sequence

V2 A2+ V2,242 +V2,. ..

a; = \/57 Ap+1 = V 2+ ap.

is inductively given by
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We claim that the sequence {a,} is increasing and bounded above by 2.
We have a; = v2 < 2 and a3 = V2 + v2 > a;. Now assume a; < 2 and ap4+1 > ag. Then

ak+1 =V2+ar < V2+2=2, agpso = \/2+ak+1 >\/2+ak:ak+1.

The claim is proved by induction. By Proposition 2.1.7, the sequence converges. Let L be the limit.
Then by taking the limits on both sides of the equality a2 11 = 2+ a, and applying the arithmetic
rule, we get L? = 2 + L. Therefore L = 2 or —1. Since a,, > 0, by the order rule, we must have
L > 0. Therefore we conclude that nh_)ngo ap = 2. "

Example 2.1.13 We will show that the limit

1 n
lim (1 + )
n— oo n

converges. We compare two consecutive terms by the binomial expansion,

1\" 1 nn-1)1 nn—1)---3-2-11
1+=) = l+n—+———"—+ -+ —
n n 2! n n! nn

1 1 1 1 1 2 —1
4=+ (1-= )+ +—=(1==) (12} (1=2 7
1 2! n n! n n n
1\ 1 1 1 1 1 2 n—1
1 = 14+—3+=(1- o= (1= 1— 1=
(+n+1> +1!+2!< n+1>+ n!( n-i—l)( n+1> < n+1)
1 1 2
+— (11— —— ) (1- - ).
(n+1)! n+1 n+1 n+1

A close examination shows that the sequence is increasing.
It remains to show that the sequence has upper bounded. By the expansion above, we have

1 1\" 1 1 1
+g < +F+E+ +*|
S T PRI T
1-2 2-3 (n—1)n
= 141+ (il Ty (=—
N 2 2 3 n—1 n

1
1+1+1--<3.
n
By Proposition 2.1.7, the sequence converges. The limit is denoted by e

1 n
lim (1 + ) =e. =
n— o0 n

Example 2.1.14 We give another argument that lim a” =0 for 0 < a < 1.

n—oo
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Since 0 < a < 1, the sequence {a"} is decreasing and satisfies 0 < a™ < 1. Therefore the sequence
converges to a limit L. On the other hand, the sequence {a"~'} is obtained by deleting the first
term from {a"}. Therefore the sequence {a"~'} should also converge to the same limit L. If L # 0,
then we may apply the arithmetic rule to get

I S A
T e T T lm et L
n—oo
This contradicts to the assumption that a < 1. Therefore the limit L has to be 0. "

Subsequences

By choosing infinitely many terms from a sequence {a, }, we get a subsequence. The newly formed
sequence usually is written as {ay, }, i.e.,

O N 1 N

The indices satisfy
ny <ng < - ---<np<---,

and
ng >k, for every k.

1
For example, the following are subsequences of {an = }, corresponding to the choices ny = 2k,
n

nk:2k—1,nk:2k,nk=k!:

1111 1
TP i T
1 111 1

WR1Z o 13 e —1

1 111 1
WG g

1 111 1
W= T

Proposition 2.1.8 If a sequence converges to L, then every subsequence converges to L.

The property reflects the intuition that if something is close to L, then any pert of it is also close
to L.

2 2
Example 2.1.15 By lim ntn

———— =2, we also know
n—soon? —n—4+1

2

o 2n® =12+ (n?-1) . 2nt—n?+1
lim = l1m ———F—F =
nsoo (N2 —1)2—-(n2—-1)+1 noocon*—3n2+3

)
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and e |
i 2 +nl .
n—o00 (77,')2 —nl+1

Example 2.1.16 Consider the sequence {a, = (—1)"}. The subsequence {az; = 1} converges to
1, and the subsequence {agr—1 = —1} converges to —1. Since the two subsequences have different
limits, Proposition 2.1.8 tells us that the sequence {(—1)"} diverges. "

The concept of subsequences allows us to state the partial converse to Proposition 2.1.5.

Theorem 2.1.9 (Bolzano-Weierstrass) theorem, Bolzano-Weierstrass Every bounded sequence
has a convergent subsequence.

As a typical example, the sequence {(—1)"} is bounded. Although the whole sequence diverges,
the sequence has two subsequences converging to 1 and —1 respectively.

Example 2.1.17 Let us list all the rational numbers in (0, 1] as a sequence

S

n
, —
n

geeey PR

S|

geeey

Wl w

)

Wl N

)

W=

)

)

w

I
I

The number 71 = 0.318309886184 - - - is the limit of the sequence

3 31 318 3183 31830 318309
1071007 1000 10000° 100000 1000000 """’

which is clearly a subsequence of {a,}. It is easy to see that any number in [0, 1] is the limit of a
convergent subsequence of {a,}. .

2.1.2 Rigorous Definition of Limit

The intuitive definition of limit is ambiguous because the meaning of the phrases “approaches L”
and “goes to infinity” is not precise. To arrive at a more precise definition, we study the statement

1 1
lim — = 0 in more detail. When we say that a,, = — approaches L = 0 as n goes to infinity, we
n—oo N n

mean an infinite collection of facts

n>1 = Ja,—L| <1,
n>10 = |a,—L|<0.1,
n>100 = |a, — L] <0.01,

n > 1000000 = |a, — L| < 0.000001,

In everyday life, we measure the largeness of quantity by comparing with some specific scale. For
example, a city is considered as big if it has millions of people (n > 1000000), and the country is
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considered as big if it has hundreds of millions of people (n > 100000000). On the other hand, a
electric wire is considered thin if it is less than 1 millimeter in diameter (d < 1), and hair may be
considered as thin if it is less than 0.05 millimeter in diameter (d < 0.05). Thus in ordinary language,
we say when n is in the hundreds, then |a,, — L| is in the hundredth, and when n is in the millions,

then |a, — L| is in the millionth, etc. Of course for a different limit, the relation between the bigness
n

2
of n and the smallness of |a,, — L| may be different. For example, for a,, = — and L = 0, we have
n

n>10 = |a, — L| < 0.0003,
n>20 = |a, — L| < 0.0000000000005,

But the key observation here is that a limit is an infinite collection of statements of the form “if n
is larger than certain large number N, then |a, — L| is smaller than certain small number ¢’. In
practice, we cannot verify all such statements one by one. Even if we have verified the truth of the
first one million statements, there is no guarantee that the one million and the first statement is true.
To mathematically establish the truth of all the statements, we have to establish the statements for
all N and € at once.

Which one statement do we need to establish? We note that n > N is the cause of the effect
lan, — L| < €, and the precise relation between the cause and the effect varies from limit to limit. For
some limit, n in thousands already guarantees that |a,, — L| < 0.000001. For some other limit, n has
to be in the billions in order to make sure that |a, — L| < 0.000001. But the key observation here
is that no matter how small € is, the “target” |a, — L| < € can always be guaranteed for sufficiently
large n. So although |a,, — L| < 0.000001 may not be satisfied for n in the million range, it will
probably be satisfied for n in the billions range (and if this fails again, perhaps in billions and billions
range). In fact, for any given range € > 0, we can always find an integer N such that a,, is close to
the limit L within the range ¢ whenever n > N, i.e.,

la, — L| < e, when n > N.

1
In the case of a,, = —, we can take N to be any integer greater than 1/e. One of such integer could

be [1/€] + 1, where [x] represents the integer part of the number z.!

The concept of limits is characterized by the property that no matter how small (or close) the
target is set, we can always achieve the target by going far enough in the sequence to achieve the
target.

Definition 2.1.10 (Rigorous) A sequence {a,} converges to a finite number L if for any e > 0,
there is an integer N, such that n > N implies |a, — L| < e.

1 1

Example 2.1.18 Consider the sequence {} For any € > 0, choose N = [} + 1. Whenn > N,
n €

we then have

€.

1 O_1<1_
n T n N

L Any number z can be expressed as x = [z] + (z), where [z] is the integer part of z and () is the fractional part.
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1
This proves lim — = 0 rigorously. "
n—oo M

2

-1
Example 2.1.19 Consider the sequence {a,}, with a,, = 71274_1 for each n. For any € > 0, we can
n

2
choose N to be any integer greater than \/> . Whenever n > N,
€

€.

n?—1 2 < 2 < 2 2 <
n?+1 Cn2+1 7 N24+1 7 2/e+1 2+

Thus the sequence converges to 1.

2
How and why did we choose \/> ? The idea is that we need
€

n?—1

n2+1

1‘<e.

This inequality is equivalent to the inequality

/2
n>4/-—1
€

2 2
Therefore, any integer greater than 4/ — — 1 can be choose to be N. Above, we chose N > \/> . We
€ €

4
can also choose N > 4/ —.
€

However, the description above has an obvious flaw that requires to solve the inequality

—_— 1= —<e
n?+1 n?+1 ¢

n?—1 ‘_ 2

Generally, this is not feasible, since some inequalities can be too difficult to solve. One way to
overcome this is to “loose” the inequality until it can be solved easily. The key to do this is to keep
track of every condition whenever you loose the inequality. In fact, we can solve the above inequality
as follows. In the sequence of inequalities:

n2—1 1l = 2
n?+1 o

the inequality (D) holds for all natural integers n; the inequality ) holds under the condition n > N;

the last inequality 3) holds under the condition that N > —. Thus, the whole sequential inequalities
€

hold when

2
n >N, N is an integer greater than —.
€
Hence,
2

nc—1

— =1l <e

n?+1 ‘
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when

Therefore, by the definition, we have

The above “loose-and-track” approach is very useful in proving existence of limits. "

Example 2.1.20 We demonstrate a similar argument once more by using the“loose-and-track”
approach for the limit lim (\/ n2+1-— n) In fact, for the sequence of inequalities,
n— oo

ViEFi-n = (Varion) W)

( n2+1+n)
- 1
vn2+14+n
o 1219,
2n — 2N —

the inequality (D holds for all natural integers n; the inequality @) holds under the condition n > N;

the last inequality @) holds under the condition that N > 5% Thus, the whole sequential inequalities
€

hold when

1
n > N, N is an integer greater than %
€
Hence,
‘\/nz—i—l—n‘ <e€
when
> ! +1
2¢
Therefore, by the definition, we have
lim {\/nz—l—l—n}:O. .
n—oo

In the examples above, we saw that we often need to “loosen up” the difference between the
sequence and the expected limit. Such estimation allows us to derive a simple choice of N that
satisfies the definition. Of course the way of “loosen up” is not unique. For example, the estimation

2n% +n _ol = |3n — 2] 3n 3n 6
n2—n+1 T n2—n+1 n2-n+1 n? n
n2 _
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6
will lead to the choice N = — and the estimation
€

n+2)—n 2 1

[Vint2 =i =0 = JniZtvn Vntva v

1
will lead to the choice N = [2} + 1. So the choice of N is not unique. The only important thing
€

here is that some N can be found to satisfy the requirement of the definition, and N depends only
on € (and especially independent of n).
The rigorous definition of limit allows us to rigorously prove some properties of limit.

Example 2.1.21 Assume lim a, = 1. We prove that lim ,/a, = 1.

n—oo n—oo
The assumption tells us that for any ¢ > 0, there is an integer N, such that n > N implies

lan, — 1| < e. Then

|lan — 1] < lan — 1] <e

JVan, +1 7 1

n>N= |Va, —1|=
This completes the rigorous proof.
By the similar method, we can rigorously prove that lim a, = L > 0 implies lim a, = VL
n—oo n—oo

for any natural number k. In fact, we also have lim a? = LP for any number p. But the proof
n—oo

would be more complicated. "

Example 2.1.22 [Prove of lim (a, + b,) = lim a, + lim b,]
n—00 n—00 n—00

Assume lim a, = L and lim b, = K. For any ¢ > 0, we still have % > 0. Applying the
n—oo n—oo

definition of the limits of {a,} and {b,} to %, we find Ny and Ns, such that

n>N1:>\an—L\<§, n>N2:>|bn—K|<§.
Then we get

n>N:max{N1,N2}:>|(an+bn)—(L+K)|§|an—L|+|bn—K|<§+%:e.

This completes the proof that lim (a, + b,) = L + K.
n—oo

If apply the definition to e instead of g, then we will get n > N implies |(a, +b,) — (L+ K)| < 2¢

in the end. It turns out that replacing < € by < 2¢ (or by < €2, or by < /€, or by < ¢, etc) in (the
final part of) the definition of limit gives a new definition that is equivalent to the old one. "

Example 2.1.23 [Prove of Proposition 2.1.4] Assume a,, < b, < ¢, and lim a, = lim ¢, = L.
n— o0 n—oo

For any € > 0, there are integers N; and Ns, such that
n>N = la, —L|<e¢, n>No=>|c, — K|<e.

Then
n>N=max{N,No} = L—-€<a,<b,<c,—L<L+e=|b,—L|<e.
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This proves that lim b, = L. "
n—oo

Example 2.1.24 [Proof of Proposition 2.1.5] Assume lim a, = L. By the definition of limit, for
n—oo

e = 1, there is an integer N, such that n > N implies |a,, — L| < 1. By choosing larger N if necessary,
we may further assume N to be a natural number. Then we have

lan+1| < L]+ 1, Jante| < |L] + 1, lanys| < [L]+1,....

Take B = max{|a1],...,|an|,|L| +1}. Then we get |a,| < B for all n. Therefore the sequence is
bounded by B.

Note that if in the definition of limit, N is not an integer (or natural number), then the new
definition of limit is still equivalent to the old one. In the current example, it is more convenient
to assume N to be a natural number here because we need to use N as the index of a term in a
sequence. .

Example 2.1.25 [Prove of lim (a,b,) = ( lim a,) - ( lim b,)]
n—00 n—00 n—00
By Proposition 2.1.5 just proved, {a,} and {b,} are bounded. Assume |a,| < M; and |b,| < Ma.

Assume

lim a, = L, lim b, = Lo.
n—r oo n—,oo

For any € > 0, there is an integer N; such that

€
>N = |a, — Ly| < ——,
" o 1l 2M,

and there is an integer Ny such that

€
n>Ny=|b, — Lo| < — .
=2 | 2| 2|Ly| +1

Choose N = max{Ny, No}. Then, if n > N, we have

|anbn - L1L2|

|anbn — Liby 4+ L1b, — Ly Lo
|(an - L1>bn + Ll(bn - L2)‘
|bn - [an — L] 4 |L1] - [bn — Lo

IN

€
< €.
2|L1\ +1

AN

€
M- L
22M2+‘ 1|

Example 2.1.26 [Proof of Proposition 2.1.6] Assume a,, > b, and lim a, = L and lim b, = K.
n— o0 n— o0
For any € > 0, there are N7 and N, such that

n>N, = |a, —L| <¢, n>Ny=|b, — K| <e.
Now pick a natural number n larger than both N7 and N5. Then we have

L+e>a,>b,>K —c¢.
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Therefore we proved that L + € > K — € for any € > 0. It is easy to see that the property is the
same as L > K.

Conversely, we assume lim a, = L, lim b, = K and L > K. For e = > 0, there are Ny
n—o0 n—oo
and No, such that

n>N = la,— Ll <e, n>Ny=1|b, — K| <e.
Then for n > N = max{Ny, Na}, we have

ap —bp>(L—€)—(K+e€)=L—-K—-2¢=0.
Therefore a,, > b, as long as n > N. n

Example 2.1.27 [Proof of Proposition 2.1.8]

By the definition, for any € > 0, there is an integer N so that |a, — L| < € whenever n > N.
Thus, for any subsequence {ay,, }, if k > N, since ny, > k > N, we have |a,, — L| < e. This, by the
definition, implies that klim G, = L. =

— 00

Cauchy Sequence

The definition of limit makes explicit use of the limit value L. Therefore if we want to show the
convergence of a sequence by the definition, we need to first find the limit L and then find suitable
N for each e. In many cases, however, it is very hard (or even impossible) to find the limit of a
convergent sequence. For example, we know the world record for 100 meter dash must have a limit
set by the human capability. However, nobody knows exactly what the human capability is.

Proposition 2.1.7 gives a special case that we know the convergence of a sequence without knowing
the actual limit value. The following criterion provides a method for the general case.

Definition 2.1.11 A sequence {a,} is called a Cauchy sequence if for any € > 0, there is N, such
that m,n > N implies |a, — an| < €.

Theorem 2.1.12 (Cauchy Criterion) A sequence converges if and only if it is a Cauchy se-
quence.
£

Proof. Assume {a,,} converges to L. For any € > 0, there is N, such that n > N implies |a,—L| < 5

Then
€ €
m,n>N = |ame|<§, |anfL|<§

= Jan = am| = |(an = L) = (am = D)| < |an = L + |am — L| < S + 5 =«

The converse is much more difficult. The convergence of a Cauchy sequence {a,, } may be proved
in the following steps.

1. The sequence is bounded.

2. By Bolzano-Weierstrass Theorem, the sequence has a convergent subsequence.
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3. If a Cauchy sequence has a subsequence converging to L, then the whole sequence converges
to L.

Diligent readers may try to prove the first and the third statements. The Bolzano-Weierstrass
Theorem (Proposition 2.1.9) is a very deep result that touches the essential difference between the
real and rational numbers. .

Example 2.1.28 Consider the sequence

11 1
=1+ 5+ g5+t

If the sequence were convergent, the limit would be the sum of the infinite series

— 1 11 1
Zﬁ_1+27+37+"'+ﬁ+""
n=1

To show the convergence, we note that for m > n,

1 1 1
1 1 1

IN
+

nnt D) D+ T T m

S U WA NS S WY AN S|
n n+1 n+1 n-+2 m—1 m

1
e

Thus for any €, choose N = —. Then m > n > N implies

Il
Al 3=

|an7am‘<l<i:€.
n N
By the Cauchy criterion, the sequence {z,} converges.
(oo}

The actual sum of the infinite series is Z % = %2 However, knowing the sum probably still
gives you no clue how to prove the seque%:(ie converges. Moreover, it took mathematician great
effort to prove that the sum of the series Z % is a transcendental number (not a root of any

n=1

o0
1
polynomial), and we do not even know whether E — Is transcendental or not. Yet we know that
n

n=1
9]

1
E — converges for any p > 1. "
npP

n=1
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Example 2.1.29 We use the opposite of the Cauchy criterion to show that the sequence

I
A, = — — . _
" 2 3 n
diverges. Note that a sequence is not Cauchy if there is € > 0, such that for any N, we can find
m,n > N satisfying |a,, — a,| > €.
For any n, we have

—1+1++1>1+1+ 11
T n+1 n+2 2n =~ 2n  2n o 2

a2n — Ap

1
Choose € = 5 For any N, we may find a natural number n > N. Then we also have m = 2n > N

and 1

|am — an| = agn — an > ;=€
Therefore, the sequence fails the Cauchy criterion and diverges. .
Exercises

2.1.1 Find limit of sequence:

1. Vn(vn+1—/n); 5 sinn!

9 1010n'
" n2-10 6. 1+a+a’>+---+a", |a| <1;
. gn_’_i;:’ 7. na", lal < 1;
n .

5" _ . 6n+1
° 32n71 _ 23n+1’

2.1.2 Use the definition to prove the limit.

1 n
1. lim — =0, p>0; 4. lim = =0;
n—oo NP n—oo n!
. cosn 5. lim (\/nf_ \/m) — O,
2. lim = 0; n—s00

n—oo N

2
3. lim _mt3 =1;
n—oo 2n — y/n—1

2.1.3 Determine convergence. Provide rigorous reason.
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(—1)"n2 9 1 22 33 é n n+1 )
L 20 1’3 24 37 'n+1” o 07V
(—=1)"n? 1 1 1
2. ; 100 14—+ —F2=+-+ —=;
n?—1 V2 V3 Vn
(_l)nnz 1 1 _1\n+1
3. ——; (=H
n—1 11.172—3+377...+T’
4. COSZ”; P 1
\/ﬁ . +5+§+"'+m,
277.
5 ; B 2 3 4 n
\/m 13. an_l—‘rﬂ—‘ri—‘ri—‘r.“—’—(n—l)"
n!
6. o g L35 @n-1)
T 2.4-6---(2n)
7 2n + cos n? .
" n+ (=1)"/n+sinn’ 15 1-3-5---(2n—1)
. ' .
g 122334 no n+l "

271’3’2)4737"'7n+17 n "";

2.1.4 Suppose lim a,b, = 0. Can you conclude that either lim a, =0 or lim b, =07
n—oo n—oo n—oo

2.1.5 Prove that if lim a, = L, then lim |a,|=|L|.
n—oo

n—00

2.1.6 Prove that lim |a, — L| =0 if and only if lim a, = L.
n— o0 n—o0

2.1.7 Prove that if lim a, = L, then lim ca, = cL.
n— oo n—oo

2.1.8 For a > 0 and any b > 0, prove that the sequence defined by
—b 1 n o
apg =0, Ap41 = 2 an an

satisfies a,, > /a for n > 1 and is decreasing. Then prove that the sequence converges to /a.
Finally discuss what happens when b < 0.

2.1.9 Define the sequence {z,} by 1 = o and
Ll
2’

Prove that lim =z, =1 for any real number «, with 0 < a < 1.
n—-+oo

s

Tngr = n=1,23,....

2.1.10 Let a3 > 1 and a, = 2 — for each positive integer n > 1. Show that the sequence
Ap—1

{a,} is convergent. What is the limit of this sequence?
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2.1.11 For o > 0, consider the sequence

ﬁvm’m’\/a—km’““

1. Assume the sequence converges, find the limit 5.

. Prove that 3 is the upper bound of the sequence.

2
3. Prove that the sequence is increasing.
4

. Prove that the sequence indeed converges to 5.

2.1.12 For any a,b > 0, define a sequence by

ap=a, as=>b, ay

Prove that the sequence converges.

2.1.13 The Fibonacci sequence

Ap—1 + Gp—2

1,1,2,3,5,8,13,21,34, ...

is defined by ag = a3 =1 and a,41 = ay, + a,—1. Consider the sequence b,, =

1. Find the relation between b, and b,.

Ap41

Qp

2. Assume the sequence {b,} converges, find the limit S.

3. Use the relation between b,, 2 and b,, to prove that 3 is the upper bound of by and the lower

bound of by 1.

4. Prove that the subsequence {bgy} is increasing and the subsequence {box+1} is decreasing.

5. Prove that the sequence {b,} converges to £.

1 n+1 1\ "
2.1.14 Prove that the sequences {(1 —+ ) } and {(1 — ) are decreasing, bounded,
n n

and converge to e.

2.1.15 Prove that for n > k, we have

1+1">1+1+11 1—|—
n - 1 2! n

The use Proposition 2.1.6 to show that

11
e>14 — 4+

1 2
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Finally, prove

. 1 1 1
lim 1+F+—+~~~+— =e.

n—»o0 2! n!
2.1.16 If {a,} is Cauchy, can you conclude that {|a,|} is Cauchy? Why? What about the converse?
2.1.17 Suppose that the sequence {x,,} satisfies
|Tni1 — 20| < 1/n2, n=123,....
Prove that {z,} is convergent.

2.1.18 If
ap, — Gp—1 = sin(w/n), n=123,...,

does the sequence {a,} converge? Explain.
2.1.19 Suppose a,, is a bounded sequence and |g| < 1. Prove that the sequence
Tn = ao +a1q+ azq’ + -+ ang"

is a Cauchy sequence and therefore converges.

2.2 LIMITS OF FUNCTIONS

Now we study limit of functions. We will see that it is close related to limit of sequences induced
by functions.

2.2.1 Concept of Limit and Properties
1 1
Consider the functions f(x) = 22, g(z) = = and h(x) = sin —as in Fig. 2.1.

1
When z approaches 0, f(z) = 22 also approaches 0, the absolute value of g(x) = — gets larger
x

and does not approach a fixed finite number. Moreover, the value of h swings, such as

(o) =0 (i) -

Therefore h(z) does not approach any one specific finite number.
We saw similar behaviors for sequences when n approaches infinity. The functions f(x), g(x),

1
h(z) are comparable to {2}, {(=1)"n}, {(—=1)"}. Only the first sequence converges. This leads
n

to the similar definition of limit for functions.

Definition 2.2.1 (Non-rigorous) A function f(x) converges to a finite number L at x = a if f(x)
approaches L as x approaches a. We write

lim f(z) = L.

r—a
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1
h — sin —
(x) = sin -

Fig. 2.1 Graphs of f(z) =z, g(z) = 1 and h(z) = sinl.
x x

1

Thus the limit lim 22 = 0 converges, and the limits lim —, lim sin — diverge.
x—0 x—0x x—0 €T
The limit of function has properties similar to the limit of sequence.

Proposition 2.2.2 (Arithmetic Rule) Suppose li_r>n f(x) =L and liin g(x) = K. Then
lim (f(2) + g(2)) = lim f + lim g, lim cf(z) = ¢ lim f(z), lim f(z)g(z) = lim f(z)- lim g(z).
Moreover, if lim g(x) # 0, then
r—a

_ z—a

e=ag(z)  lim g(z)
Proposition 2.2.3 If li_r>n f(z) converges, then lim |f(z)| also converges and li_r>n |f(z)] = ‘11_r>n f(w)‘
X a r—a X a €T a

On the other hand, if lim |f(z)| = 0, then lim f(x) = 0.
T—ra T—a

Proposition 2.2.4 (Sandwich Rule) If f(z) < g(z) < h(z) and lim f(z) = lim h(z) = L, then

r—cC r—c
lim g(z) = L.
Tr—c
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Proposition 2.2.5 (Order Rule) Suppose lim f(x) and lim g(x) converge.
r—a T—a

1. If f(z) > g(x), then lim f(x) > liin g(z).

r—a

2. If ligl flx) > liin g(x), then f(x) > g(x) for x sufficiently close to a and not equal to a.

The convergence and the limit value of a sequence depends only on the terms with large index n.
In other words, if finitely many terms in a sequence is dropped, added, or modified, then the new
sequence converges if and only if the original sequence converges. Moreover, the limits of the two
sequences are the same.

Similarly, the convergence and the limit value of a function f(z) at a depends only on the value
of f(x) for x close to a and not equal to a. Moreover, the function does not even need to be defined
at a in order for the limit to make sense. Therefore, if g(z) = f(x) for = close but not equal to a,
then mhg}l g(z) converges if and only if ill}I}l g(z) converges. Moreover, the limits of the two functions

are the same.

Example 2.2.1 We have lim = a and lim ¢ = ¢. Then by the arithmetic rule, we have

T—a r—a
limz? =limz-limz =a-a=da? limcz?=clim2? = ca®
r—a Tr—a r—a r—a r—ra

By the similar idea, we get lim cx™ = ca™.

Then for any polynomial p(z) = c 2™ + ¢, 12" 1 +
r—a

-+ 1 + co, we get

lim p(z) = lim ¢, 2"+ lim ¢, 12" '+ 4 lim c;z+lim ¢g = cpa+c,_1a™ - +cratco = p(a).
r—a r—a Tr—ra Tr—ra r—a

p(x)

Moreover, a rational function is the quotient of two polynomials r(x) = (—) and is defined at a if
q(z

q(a) # 0. Then further by the arithmetic rule, we have lim r(x) = r(a) whenever r is defined at a. =
r—a

SCS—

Example 2.2.2 The function
x

is not defined at x = 1. Yet the function converges at 1

w31 . 9 9
lim =lim@z +z+1)=1"+1+1=3. .

z—1 r—1 z—1

Example 2.2.3 By lin% vz + 1 =1 and the arithmetic rule, we get
T

N et G (x+1)—1 1 1
im —————— = lim , = ——
0 x z—=0 g ((\3/30 +1)2 4V +1+ 1) (limg—yo vV +1)2 +limy o vV +14+1 3

1
Example 2.2.4 The limit lin%) x sin — cannot be computed as follows
T—r i

. 1 : L
lim zsin — = lim z - lim sin —,
x—0 x x—0 x—0 x€X
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because the second limit on the right diverges. However, if we use

1
—lz| < zsin— < |z|,
x

1
and the sandwich rule, then we get lim zsin — = 0. "
z—0 x

Another useful property of the limit of function is the following. The property can be compared
with Proposition 2.1.8. The asterisk * indicates the statement is not quite true.

Proposition 2.2.6 (Composition Rule*) If lim f(xz) =b and lin%) 9(y) = ¢, then lim g(f(x)) =
T—ra Yy—r r—a
c.

For example, the limit lim /2 4 1 = 1 is really the composition of lim (x+1) = 1 and lim &y = 1.
z—0 z—0 y—1

The composition rule can be understood as follows. Let y = f(x) and z = g(y). Then z = g(f(x))
is the composition. The assumptions lim f(z) = b and 1iH}) g(y) = ¢ means that
T—a y—

T —a = y—b

y—=b = z-—ec
When the two implications are combined, we get
T—a=—rz—>cC

which means lim g(f(x)) = c.
r—a
However, there is a slight error in the explanation above, what we really have are the following
implications
r—a, rT#*a = y—b,

y—b y#b = z—ec

To match the right side of the first implication to the left side of the second implication, we must
either modify the first implication into

T—a, r£a=—=y—b y#b,

which means that lim f(z) = b and f(z) # b for x close and not equal to a, or modify the second
r—a

implication into
y—=>b= 2z —c,

which means that the limit lin}) g(y) = c also includes the possibility of y = b. It is not hard to see
Yy—

that the second modification means lin%) g(y) = g(b), or g is continuous at b.
Yy—r

1
2 —1

1
Example 2.2.5 By lim zsin — = 0 and lim (22 — 1) = 0, we get lim (22 — 1) sin
x—0 x€X r—1 r—1



2.2 LIMITS OF FUNCTIONS 41

1 , if 0,
Example 2.2.6 Consider f(z) = xsin — and g(y) = 4 ) v7 We have
T A, ify=0.
N 1
xsin—, ifx # (nm)7,
x

A, if 2 = (nm)~L.

9(f(x)) =

Although lin%) f(z) =0and lin%) g(y) = 0, the limit lin}) g(f(x)) converges if and only if A = 0. Note
T y— T—

that in case A =0, we have ¢g(y) =y for all y and lir% g(y) = ¢(0). .
Yy—r

One Sided Limit

In the definition of the limit lim f(x), x may approach a from either left or right side. Sometimes
r—a

(for example, when the function is only defined on one side) we need to consider limit only on one
side. This leads to one sided limits.
A function f(z) converges to a finite limit L on the right side of = a if f(x) approaches L as

x > a and approaches a. In this case, we say f(x) has right limit at a and denote 1im+ f(z) = L.
Tr—ra

The left limit at a is similarly defined.

Note that the the definition of the right limit only requires the function to be defined on the right
and the left limit only requires to be defined on the left.

All the properties of the usual “two sided” limits applies to the ones sided limits. Intuitively, we
should have the following relation between “two sided” and one sided limits.

Proposition 2.2.7 The limit liin f(x) converges to L if and only if both limits lim+ f(x) and

r—a
lim f(z) converge to L.
r—a—
Example 2.2.7 The function /z is only defined for = > 0. We have lir{)l+ v = 0. More generally,
z—

we have lim zP =0 for p > 0. L]
z—0t

Example 2.2.8 The sign function

1, if z > 0,
sgn(z)=4¢ 0, ifz=0,
-1, ifz<O.
is shown in Fig. 2.2. We have lim+ f(z) =1 and lim f(x) = —1. Since the two limits are not
T— z—0—
equal, the limit lin}) f(x) diverges. "
r—

Example 2.2.9 By applying the arithmetic rule to lim1 x =1, we know lim1 z™ =1 for any integer
r— r—
n. Now for any number p, we also wish to justify lirn1 aP =1.
r—

We can find two integers m and n satisfying m < p < n. Then for = > 1, we have

" < xP < 2"
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Y
1
T
-1
Fig. 2.2 A step function.
Since we already know hrn1 ™ = hm1 " =1, we get hm P = 1 by the sandwich rule. Note that
T—

we only get the right limit because the inequality holds only on the right of 1.
For 0 < x < 1, we have similar inequality ™ > zP > 2™, and the sandwich rule again tells us

lim 2P = 1. Thus we have justified hm1 P =1.
z—1—

P
In general, for any ¢ > 0 and p, we have lim r_ 1, so that lim (E> = 1 by what we just

r—a q r—a \Q

x
proved. Strictly speaking, we used the composition of lim — =1 and hm yP? =1 here. Then
T—a q y—

. . T\P
lim 2P = a” lim (7) =a”.
T—a r—a \Qq

Finally by the composition rule, we know lim f(z) = L > 0 implies lim f(x)? = LP. .
r—a

T—ra

Example 2.2.10 The definition of trigonometric functions is illustrated in Fig. 2.3. It is clear that
0<z< g = 0 < sinx = length of line AB < length of line BC' < length of arc BC = z.

By lim x =0 and the sandwich rule, we get lim sinz = 0. By sin(—z) = —sinz, we also know
z—0t z—0t

T .
f§<:z:<():>x<smx<0.

Again the sandwich rule tells us lim sinz = 0. Therefore we conclude that
rz—0~

lim sinx = 0.
x—0

As for the limit of cosx, for 0 < x < 7, we have

T T\ 2 T
1> cos :1—2«'27>1—2(7) —1-X
COS T Sin 2 2 2

By the sandwich rule, we have lim+ cosx = 1. Similar argument can be made for —m < 2 < 0 to
z—0

get the left limit, and we conclude
lim cosz = 1.

z—0
Finally, by the arithmetic rule, we have
lim sin z
lim tanz = 220 — . -
z—0 lim cosx

x—0
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1
D
B
. tanx
sinx
T
O A C

Fig. 2.3 Definition of sinz and tanz for 0 < = < g

sinx

Example 2.2.11 We study another important limit lin%) related to trigonometric functions.
T—r

In Fig. 2.3, we have

area of triangle OBC < area of fan OBC < area of triangle ODC.

sinx T tanz
This means — < — <
2 2 2

sinz
. By tanz = ——, we get
cosx

T sinx
0<x<§:>cosx<—<1.
T

sinx
=1.

Since lim cosx = 1, by sandwich rule, we get lim
z—0 z—0t X
For the left limit, we note that z — 0 and z < 0 implies —z — 0 and —z > 0. By the composition
rule, we get
sinx sin(—x —sinz sinx
lim = lim g = lim —— = lim =1.
T—0- T a—0t  (—x) T—0+  —T T—0t

The limit can also be obtained by applying the sandwich rule to

0 sinx  sin(—=x
—— <z < 0= cosz = cos(—x) <7=¥ <1
2 x (—=)
In conclusion, we get
. sinzx
lim =1. "
z—0 X

Example 2.2.12 The function

sinx, if x <0,

fx) =

N
rsin—, ifx>0
T
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has one sided limits

: L . : 1
zli%l* flz) = ilirbsmx =0, gclirg+ f(z) = ilir%)xsmg =0.

Therefore lim f(z) = 0. .
z—0

Limit at Infinity

Another variation of the limit of function is the limit at infinity. A function f(z) converges to a
finite limit L at +oo if f(x) approaches L as x is positive and gets larger and larger. In this case,
we denote lim f(z) = L.

xr——+00

The limit lim f(x) = L is similarly defined by considering large and negative x. And the limit
Tr—r— 00

lim f(x) = L defined by considering (both positive and negative) = with large absolute value |z|.
Tr—00

1 4 4
For example, we have lim — = 0, lim 2* = 1, lim M =1, Ilim M = —1.
Tr—00 I T——00 xr——+00 X T——00 X
Moreover, the limits lim x and lim sinx diverge.
xr—r 00 T—00
The limits at infinity have property similar to the usual limit.
1
Example 2.2.13 By lim ¢=¢, lim — = 0 and the arithmetic rule,
T—00 r—00 I
1 . 1 1
- lim {2+ — 24 lim —
92 2+ < > + lim
lim ——— +x1:lim =" - xl - e - =2
00 T — T + ”_"’01_*_#72 lim (1_+) 1— lim — 4 lim —- lim —
X X T—00 x LL’2 T—00 I T—=00 L T—00 X

Example 2.2.14 For x > 0, we have

o<\/ﬁ_\/§:(m—\/§)(m+\/§) 2 2

NeES N I
2

By the sandwich rule and IBTOO ﬁ =0, we get mEToo(\/x +2—4x)=0. .

sinax

1 1
=1, lim — = 0 and the composition rule, we have lim zsin — = 1.
€T T—00 I T—00 €T

Example 2.2.15 By lir%
z—

2.2.2 Rigorous Definition of Limit

The limit of sequence is the behavior as n approaches infinity, which is described by n > N. The
limit of function is the behavior as z approaches a, which is described by 0 < |z —a| < § (0 < means
that  # a). The rigorous definition of the limit of function can be obtained from the rigorous
definition of the limit of sequence by replacing n > N with 0 < |z — a| < 6.
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Definition 2.2.8 (Rigorous) A function f(x) converges to a finite number L at x = a if for any
€ >0, there is 6 > 0, such that 0 < |z — a| < ¢ implies |f(z) — L| < e.

If 0 < |z —a| < ¢ isreplaced by 0 < z — a < §, then we have the definition of the right limit. If
0 < |z —a| <0 is replaced by —6 <  — a < 0, then we get the left limit.
The limit at infinity can be similarly defined.

Definition 2.2.9 (Rigorous) A function f(x) converges to a finite number L at oo if for any
€ > 0, there is K, such that |x| > K implies |f(x) — L| < e.

If |x] > K is replaced by > K, then we have the limit at +oo. If |z| > K is replaced by x < K
(K can be negative), then we get the limit at —oo.

L+e¢€

Fig. 2.4 Demonstration of the limit lim f(z) = L.

r—ra

Example 2.2.16 We try to prove lim1 2% = 1 rigorously.
T—

Here is the analysis before we write down the proof. For any € > 0, we want |22 — 1| < € when x
is sufficiently close to 1. In other words, we need to find out how close x to 1 is so that ’302 — 1‘ < e.
We try to “loose” this inequality:

|2? =1 =[x+ 1] |z — 1| < (Jlz = 1| +2)|]z — 1].

Thus, if | — 1| < J, then
|2® — 1] < (6 +2)6.

Hence, if 0 < § < /1 + €—1, then |a:2 — 1‘ < €. Here /1 4+ e—1 is a root of the equation (§+2)§ = e.

However, the above argument requires us to solve an algebraic equation. This is difficult in
general. In fact, we can adapt the “loose-and-track” approach to bypass this difficulty, as follows.
In the sequence of inequalities

0] @ [©)
o =1 = le+ 1] -Je -1 < (lz = 1| +2) - Je - 1| <3l — 1| < e,
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the inequality (D holds for all real z; the inequality @) holds under the condition |z — 1| < 1; the last
inequality @) holds under the condition that |z — 1| < €/3. Thus, the whole sequential inequalities
hold when

|z — 1] <min{1,¢/3}.

In particular, they hold for
0<|z—1] <min{l,¢e/3}.

Now we can write down the proof. For any ¢ > 0, we choose § = min{1,¢/3}. It is obvious that
d > 0. When 0 < |z — 1| < 4, we have |z — 1| < 1, and

22 =1 =lz+1- ]z -1 <(z—-1+2) |Jzr -1 <3z —1]| <e. n

1 ,,,,,,,,, -

1-6 1 1496 €z

Fig. 2.5 lim 2 = 1.
z—1

Example 2.2.17 For a > 0, we try to rigorously prove lim \/z = y/a. Note that 0 < |z —a| < ¢
Tr—ra

implies that
| — al | — al )

Vitva~ va “va

Therefore for any € > 0, we may choose § = \/ae > 0. Then for 0 < |z — a|] < §, we have

W~ val =

|z — al ]

Vitva S Va

2 2
Example 2.2.18 To use the definition to prove that lim x2 T
z—4oo % —2

and-track” approach. For the sequence of estimations, we have

VE — al =

€. ]

= 2, we may apply the“loose-

T+ 4
2 —2

1S)

3
< €,

|| + 4 2 2r 4
x2/2+ [22/2 -2| T 22/2 =«

222 4+ 2
2 -2
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where the equality (D holds for > 2, the inequality @) holds under the condition x > 4; the last
inequality ) holds under the condition that x > 4/e. Thus, the whole sequential inequalities hold
when
x> max{4,4/¢}.
22% +

Now we can write down the rigorous proof of the limit lim ——— = 2 as follows.
ztoo 2 —2

Given € > 0, take K = max{4,4/¢}. When > K, we have

< €.

22
2THT )
2 -2

r+4| |x| +4 - 2z
r2—2|  22/2+4[22/2-2| " 22/2 «x

By the definition, we have

. 222 + 1z
i -

The example above is inspired by the limit of similar sequences. The subsequence examples are
all inspired by the limit of similar sequences.

Example 2.2.19 For a > 0, we have lim {/a = 1. This suggests
n—oo

. 1
lim a= =1
xT—r00

)

or
lim a® = 1.
x—0
We prove the first statement by comparing & with natural numbers.
Let a > 1. For any « > 1, we have n < z < n + 1 for some (actually unique) natural number n.
Then by a > 1, we get

1
> antt,

3=
8=

an > a

We already know the left and right sides have limit 1 as n — oo. So the sandwich rule should
imply that the limit of ar as ¥ — +oo should also be 1. However, we cannot quote the sandwich
rule directly because the situation we have is a function sandwiched between two sequences. So we
basically need to repeat the proof of the sandwich rule here.

Now we can present the formal proof. For any € > 0, by nh_)n;o an = 1, there is IV, such that

n>N:>‘a%—l‘<e.
Then for x > N 4 1, we find a natural number n satisfying n < z <mn + 1 and have

z>N-+1 n>x—1>N

‘a% —1} < €,

1
an+l — 1’ <e€

1 1 _1
l+e>an >ar >a™T >1—¢€

Ll

1
’an — 1‘ < €.
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This completes the proof that lim ar =1 for a > 1. The case of the left limit and the case of

Tr—r—+00
0 < a <1 can be converted to the proven case. n

Example 2.2.20 For |a| < 1, the limit lim o™ = 0 suggests lim a” = 0. However, since z may
n—oo xr—-+00

not be integer, the number a in lir+n a® = 0 should be assumed to satisfy 0 < a < 1.
xr—r+00

Again a formal proof can be obtained by comparing the function and the sequence. For any € > 0,
by lim a” = 0, there is N, such that n > N implies a™ < €. Then for z > N + 1, we find a natural

n— oo
number n satisfying n < z < n+ 1 and have

r>N+l=n>z—-—1>N=ad"<a" <e.

Similarly, we can prove lim a® =0 when a > 1. "
Tr—r—0o0

1 n
Example 2.2.21 The limit lim (1 + ) = e suggests that
n

n—oo
1 xX
lim (1 + ) =e,
T—00 xT

lim (14 z)*

x—0

or

= €.

1 x
We prove lim (1 + ) = e by comparing & with n. Note that if n <z <n+ 1, then
r—+00 X

1 n 1 n 1 x 1 n+1 1 n+1
1+ <({1+- 1+—-) <|1+- <[|1+4+- .
n+1 T T T n

A

Since

1+—) = —e,
1 1
n im <1+)

, 1\ " , 1\" .. 1
lim {1+ — lim 1+ — lim (14— ) =e,
n—o0 n n—o0 n n—oo n

a sandwich type argument can be made.
Here is the formal proof. For any € > 0, there is IV, such that

1 n+1
< €, (1+) —e
n

lim
n—oo

1 n+1
( 1 )" nl;rr;o(1+n+1>

1 n
n>N:>‘<1+) —e < €.

n+1
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Then for x > N + 1, we find a natural number n satisfying n < x < n + 1 and have
t>N+1 — n>x—1>N

1 n 1 n+1
= ‘(1+> —e| <¢€ <1+) —e
n+1 n
1 n 1 x 1 n+1
= e—e<|l+——) <|1+-—-) <|(1+-— <e+te
n+1 T n
1 xr
- (-2 -
T

1\* "
The limit lim <1 + ) = e can be similarly proved by making use of lim (1 — ) =e.m
X n—oo

<€

< €.

T—r—00 n
The rigorous definition also allows us to prove some properties of limits.

Example 2.2.22 [Proof of Proposition 2.2.7] Assume lim f(z) = L. Then for any ¢ > 0, there is
r—a

d > 0, such that
O<|z—a|l<d=|f(x)-L|<e

The implication is the same as the following two implications
0<z—a<d = |f(x)—L|<e,
0>zx—a>—-0 = |f(z)—L|<e

These are exactly the definitions of lim f(z) = L and lim f(z)= L.
T—ra—

z—at
Conversely, assume lim+ f(z) = lim f(z) = L. Then for any € > 0, there are §7,§~ > 0, such
r—a T—a

that
O<z—a<dt = |f(z)-L|<e,
O0>z—a>-0" = |f(z)—L|<e
Therefore
0<|z—a|<min{6", 6" }=0<z—-a<dtor0>2r—a>-0 = |f(z) - L|<e

This proves that lim f(z) = L. .

r—a
Example 2.2.23 [Proof of Proposition 2.2.6] Assume lim f(z) = b and lin}) g(y) = g(b). We will
T—a y—
prove lim g(/(x)) = g(0).
By lirr%)g(y) = g(b), for any € > 0, there is u > 0, such that
Yy—

0<|b—yl<p=lg(y) —g)| <e
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Since the right side also holds when y = b, we actually have
ly =0l <p=lg(y) —g(b)| <e.

By lim f(x) = b, for the u > 0 just found above, there is § > 0, such that

T—a
0<|z—al<d=|f(x)—b| < p.
Combining this with the implication above (by taking y = f(x)), we get
0<|z—a| <d=|f(z) = b <p=lg(f(x)) —g(b)| <e

This completes the proof that liin g(f(x)) = g(b).
T a

The proof of the composition rule under the other assumption is similar. -

Relations with Limit of Sequence

We saw some limits of functions inspired by the similar limits of sequences. This suggests a relation
between the two kinds of limits.

Proposition 2.2.10 A function f(x) converges to a finite limit L at © = a if and only if for any
sequence {x,} satisfying x, # a and lim z, = a, we have lim f(z,)= L.
n—oo n—oo

, 1\* , 1\ _ sinz
Example 2.2.24 By lim (14+—] =e, we get lim (14 — = e. By lim =1, we
T—00 €T n—o00 \/ﬁ z—0

get lim nsin — =1. By lim 2 =1, we get lim 2731 = 1. "
n—00 n x—0 n—00

1 1
Example 2.2.25 The limit lin% cos — diverges because for the sequence {xn = } that converges
T

T— nm
to 0, the sequence {f(zy,) = (—1)"} diverges.
The limit lirf 2% diverges because the sequence {f(nm) = (n7)(~D"} diverges. n
T—r+00

Example 2.2.26 The Dirichlet function is

)L ifzeq,
D(x){ 0, ifz¢Q.

For any a, we can find a sequence of rational numbers {z,,} and another sequence of irrational
numbers {y,} such that both never equal to a and both converge to a. Then lim f(z,) =1 #
n—roo

lim f(y,) = 0. This implies that lim,_,, f(x) never converges. .
n—oo

2.2.3 Infinite Limit

1 1
The divergence of lim — and lim sin — are of different nature. The first limit diverges because it
z—0 X z—0 T

gets larger and larger, indeed going to infinity. In contrast, the second limit is bounded and diverges
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because it approaches to many finite targets, or the finite target is not unique. The behavior of the
first type of divergence can be made more precise.

Definition 2.2.11 A function diverges to infinity at x = a if f(x) approaches infinity as x ap-
proaches a. More precisely, for any B, there is § > 0, such that 0 < |x — a| < & implies | f(z)| > B.
In this case, we denote

lim f(z) = oo.

r—a

If |f(x)| > B is replaced by f(x) > B, we get the definition of %1_)111& f(z) = +oo. If replaced by
f(z) < B, we get g}l_rg f(z) = —oo. Moreover, the limits such as mgr_noo f(z) = 400 can also be
similarly defined.

The infinite limit has many properties similar to the usual finite limit. Here are some examples.

1. If }1311 f(z) = 400 and ;1_I>r(11 g(x) = 400, then J}l_rg(f(m) + g(z)) = +00. The property may be

symbolically written as (+00) + (+00) = 0.

2. If 1i_r>n f(xz) = 400 and li_r)n g(z) < 0, then hgl f(x)g(x) = —oo. This can be symbolically
written as (+00) - (—L) = —oo for L > 0.

3. If lim f(x) = 400 and g(z) > f(x), then lim g(x) = +oo. This is the sandwich rule.
r—a

T—a

4. If lim f(z) = +o0 and lim ¢(y) = L, then lim ¢g(f(z)) = L. This is the composition rule.
Y—r0o0

Tr—a r—a
However, one needs to be careful in extending the usual properties, because equalities such as

00 + 00 = 0o are not true.

Example 2.2.27 We have lim z = +oo. Then lim 2?2 = lim z- lim z = (+00) - (+00) =
T——+00 T—+00 T— 00 T— 00

+00. In general, we have lim zP = 400 for p > 0. "
r—400

Example 2.2.28 By Example 2.2.20, for ¢ > 1, we have
1

1i e - -
ertoo lim (a—Y)=  Of +oo,
T—+00
Similarly, for 0 < a < 1, we have lim a” = 4o0. "
r— — 00

Example 2.2.29

lim (z° =3z +1) = lim 2° |1 - 5 + — | =c0-1=o0. .

T—00 T—00 €T €T

Asymptotic Lines

1 1
Graphically, the limit lim — = 0 means that the function — approaches the line y = 0 (the z-axis)

xTr—00 I X
when = goes to infinity. The z-axis is the horizontal asymptote of the function. Similarly, the limit
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1 1
lir% — = oo means that the function — approaches the line z = 0 (the y-axis) when x goes to 0.
z—0 X

The y-axis is then the vertical asymptote of the function. In general, we can talk about any slant
line being asymptote.

Definition 2.2.12 A line y = ax + b is a slant asymptote of the graph y = f(x) if one of the
followings holds

im (f(r) —az —b) =0, lim_(f(r) —azr —b) =0,
When a = 0, y = b is the horizontal asymptote. A line x = a is a vertical asymptote of the
graph y = f(x) if one of the followings holds

lim f(z) =400, lim f(z) =400, lim f(x)=—o0, lim f(z)= —occ.
z—at z—a~ z—at T—a~

The coefficients in a slant asymptote are calculated by (oo is 400 or —c0)

x
a= lim M7 b= lim (f(z) — ax).
r—o0 I T—00
. . . . m 7r
Example 2.2.30 Since lim tanz = 400 and lim tanz = —oo, the lines z = — and z = ——
=57 m~>7%+ 2 2
are vertical asymptotes of tan . "

1
Example 2.2.31 The function f(z) = L—i_l has limits lim+ f(x) = +o0, lir? f(z) = —o0 and
Tr — z—1 rz—1—

lim f(z) = 1. Therefore z = 1 is a vertical asymptote © = 1 and y = 1 is a horizontal asymptote. =
Tr— 00

1 T — z—o00 \ T —
Therefore the line y = 2 + 2 is a an asymptote of f(z). .

242 2 242
Example 2.2.32 The function f(z) = rre r+2+ T satisfies lim <x +1 —z— a) =0.
T —

z(z —1)(xz — 2)
3+ 1
z-intercepts and asymptotes. From the zeros of the numerator, we get the x-intercepts z = 0,1, 2.

By the limits

Example 2.2.33 We may draw a rough graph of the function f(z) = by exhibiting

lim f(z) =400, lim f(z)=-o00, lim f(z)=1, lim f(z)=1,

rz——1— z——1+ r—+00 T——00

the graph has a vertical asymptote x = —1 and a horizontal asymptote y = 1. "

Exercises

2.2.1 Find the limit:
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Fig. 2.6 Graph of ~

. x?—1
hm27;
z=0 1% +x — 2

. x? -1

lim ——;
12+ —2

. x2—1
lim ————;
z—too g2 + 1 — 2

lim vI-Vatve-—a
z—at Nz

itive real numbers;

, where a is a pos-

(m+1)(x2+1)--~(x"—|—1).

hm ntl 3
T [(nz)™ +1] =
n 1
lim z ;

z—1 g™ — 1

2.2.2 Use the definition to prove the following.

1.

lim vz = 2;

r—4

(z —
3+ 1

10.

11.

12.

D@ -2)

x+x2—|—~~+m”—n.

lim ;
x—1 r—1

lim [f/x3+x2+1—€/z3—x2+1];
Tr—r+00

lim [ (x+a)(x+b) — m} , where a and
r—+o0

b are two real numbers;

. sinx
lim ;

r——+00 X
2 <Sin vVaz+1-— Sina:) ;

. tan(sinx)
lim ———~.
e—0+  sin/x

lim 2!/
T—+00

1
T+ 1

’ :CEIEIOO vV +1 ’

lim [Vz+1-yz]=0.

T—+00
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2.2.3 Let L
"+ a4 +an
R(x) = .
(z) ™+ a4+ by,
Prove that

400, if n>m,

lim R(z) =4 1, if n =m,

T—r+00

0, if n <m.
2.2.4 Find two slant asymptotes of the function f(z) = Va2 +x + 1.

2.2.5 For what values of a, b and ¢, does the function y = v/ az? + bx + ¢ have an asymptote when
x approaches +o0o0? Please find the equation of the asymptote.

2.2.6 Determine all asymptotes of the function

. 2+
1@ = ety

2
2.2.7 Find the tangent line equation to the curve y = z + —, x > 0, that is perpendicular to the
x

slant asymptote of the curve.

2.2.8 Suppose f(z) < g(z) for all x € (a,b) except at a point ¢ € (a,b). If both f and g have limits
at © = ¢, then lim f(z) < lim g(x).
r—cC Tr—cC

2.2.9 Prove the Sandwich Theorem. (Proposition 2.2.4)

2.2.10 Prove that )
. T+ sz
lim —— =
x—+00 T + COS T

2.3 CONTINUOUS FUNCTIONS

Consider functions in Fig. 2.7. The functions f; and f4 move continuously as & moves along the
real line. The function f; is a linear function except not defined at x = 1, and thus is “broken” at
x = 1. The function f3 goes to infinity as x approaches 0, and skips x = 0 on the real line. The
function f5 jump from —1 to 1 at 0.

The functions f; and f4 are continuous in the sense that they do not break. The functions fs,
f3 and f5 have discontinuity (i.e., breaks) at x = 1, = 0 and & = 0 respectively. The reason for
discontinuity varies. For fs, the limit q161_>m1 fa(x) =1 converges, but f2(1) is not defined. For f3, the

limit lim0 fa(x) diverges. In fact, both the left and right limits diverge. For f5, the limit lirr%) f5(x)
T— r—

diverges, although both the left and the right limit converge. For the continuous functions f; and
fa, however, the limits lim fi(z) and lim f4(x) = f4(a) converge and are equal to the value of the
Tr—ra T—ra

function at a.
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Y Y / Y
X i €T €T
2 —
fil@) = a* fal) = == falw) =
) Y

/|

r+1 T

fa(z) = W

Fig. 2.7 Examples of functions.

Definition 2.3.1 A function [ is continuous at a if lim f(x) = f(a). In other words, for any
r—a

€ > 0, there is 6 > 0, such that |x — a| < § implies |f(x) — f(a)| < e.

Implicit in the definition is that the function has to be defined at a, because the value of the
function at a must be the value of the limit. Technically, the key difference from the definition of
limit is that 0 < |z — a| < § is replaced by |z — a| < 0. The difference is subtle but crucial.

If a function f(z) is defined on [a,b), we may also define the right continuity at a by requiring
I1_1>r;1+ f(z) = f(a). Similarly, a function f(z) defined on (b, a] is left continuous at a if »Ll_lgl_ f(z) =
f(a). A function is continuous at a point if and only if it is left and right continuous at the point.

A function is continuous on an interval if it is continuous at every point of the interval. For
example, a function is continuous on [0, 1) if it is continuous at every 0 < a < 1 and is also right
continuous at 0.

By Example 2.2.1, we know polynomials are continuous and rational functions are continuous
wherever it is defined. By Examples 2.2.7 and 2.2.9, we know the power function zP is continuous
on [0,00) for p > 0 and is continuous on (0, 00) for all p.

By properties of limit, we know the arithmetic operations of continuous functions are still con-
tinuous (wherever the new function is defined). Moreover, the compositions of continuous functions
are continuous.
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Example 2.3.1 In Example 2.2.10, we know the trigonometric functions sinx, cos x and tan z are
continuous at 0. What about the continuity at the other places?
For |z — a| < m, we have

. . r+a . r—a . T—a
|sinz — sina| = 2 |cos sin sin

-

‘<|m—a|.

Based on this, it is easy to see that lim sinx = sina. Therefore sinx is continuous everywhere. By
r—ra
v

the composition rule, cosx = sin (5 — x) is also continuous everywhere. Then by the arithmetic

sinx
rule, tanz =

1
is continuous everywhere except at (n + 2> . ]

Example 2.3.2 By Example 2.2.19, the exponential function a® is continuous at 0. What about
the continuity at the other places?
By introducing y = « — ¢ (and essentially using the composition rule), we have

lim a® = lim ¢“"Y = lim ¢a? = a° lim a¥ = a°- 1 = a°.
T—c y—0 y—0 y—0

Therefore the exponential function is continuous everywhere. .

Example 2.3.3 The Dirichlet function in example 2.2.26 is not continuous everywhere, because the
limit does not converge anywhere.
On the other hand, the function

oz itz eQ,
xD(x)_{ 0, ifz¢Q

also does not converge at any a # 0, by the same reason as the Dirichlet function. However, the
function is continuous at 0:
lim zD(z)= lim x=0=0D(0), lim zD(z)= lim 0=0=0D(0). .
z—0,2€Q z—0,2€Q z—0,2¢Q z—0,2¢Q

By Proposition 2.2.10, if f(x) is continuous at a, then for any sequence {x,} satisfying x,, # a

and lim z, = a, we have
n—oo

lim f(z,)=f(a)=f ( lim mn) .

n—oo n—oo
In fact, under the continuity assumption, the condition x,, # a can be dropped. Therefore the
continuity of a function means that the limit operation commutes with the evaluation of the function.
Similarly, Proposition 2.2.6 (composition rule) holds when the outside function is continuous.
This means that if f(z) is continuous at b and il_rg g(z) = b (the notations f and g are exchanged

from the proposition), then
lim f(g(x)) = f(6) = f (1im g()).

This reenforces the interpretation that the continuity means that the limit and the evaluation can
be exchanged.
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Example 2.3.4 Since e* and sin x are continuous, we have

n i PR —
lim en?-1 = enli»moo n2 -1 60 — 1,

n— oo
and
lim sin(tan(2” — 1)) = sin (lim tan(2® — 1)) — sin (tan lim (27 — 1)) —sin(tan0) = 0. =
x—0 x—0 x—0

Intermediate Value Theorem

Suppose f(x) is a continuous function on [a,b]. Then as = goes from a to b, the value f(z) should
“ogradually” go from f(a) to f(b). In other words, there should not be any “jump” or “gap” in the
values of the function. Consequently, any value between f(a) and f(b) should be reached.

Theorem 2.3.2 (Intermediate Value Theorem) If a function f(z) is continuous on [a,b], the
for any number v between f(a) and f(b), there is ¢ € [a, b], such that f(c) = .

Example 2.3.5 The polynomial p(z) = 2% — 3z + 1 satisfies p(0) = 1 and p(1) = —1. Since p(z) is
continuous on [0,1] and 1 > 0 > —1, p will reach the intermediate value 0 somewhere on [0,1]. In
other words, the polynomial has at least one root on (0, 1).

To get more precise location of the root, we may try to evaluate p at 0.1,0.2,...,0.9 and find
p(0.3) = 0.727 and p(0.4) = —0.136. Therefore we can further nail down the root to be between 0.3
and 0.4. -

The following corollary is handy to determine existence of roots for continuous functions.

Corollary 2.3.3 Assume f is a continuous function on [a,b], with f(a) and f(b) having opposite
signs. Then f has at least one root in (a,b).

Example 2.3.6 For any polynomial p(z) = ¢,2" + ¢, 12" 1 + - + c12 + ¢o with ¢, # 0, we have

) B . n Cn—_1 . C1 070) B ) B +00, if Cn > 07
gt = e (o ) = = { T 7

Similarly, we have

) —o0, if ¢, > 0, n odd;
lim p(z) = .
n——00 400, if e, <0, n even.

In particular, if n is odd, then lim p(x) and lim p(z) are infinities of different sign. Therefore
n—-+4oo n——oo

we can find large R > 0, such that p(—R) and p(R) have different signs. Then by the Intermediate
Value Theorem, the polynomial must have a root on (—R, R). This proves that any polynomial of
odd degree must have at least one root.

Incidentally, for p(x) = (2® — 3z + 1), we know nll}&loop(x) = +oo and nli)moop(a:) = —00.

Combined with p(0) > 0 and p(1) < 0 and using the Intermediate Value Theorem, we conclude that
p(z) has one root < 0, one root between 0 and 1, and one root > 1. "
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Example 2.3.7 We know

lim sinx
. x%%* .
lim tanz = — = — = 400, lim tanz = —oc.
P hrﬂn cosx 0Ot P
$—>§7

T 7r
Therefore for any number ~, we can find a > —3 and very close to —5 such that tana < v. We

T T
can also find b < — and very close to —, such that tanbd > ~. Then tanz is continuous on [a, b] and

v is a number between tana and tanb. By the Intermediate Value Theorem, we have v = tan ¢ for

some ¢ € [a,b]. This shows that any number is the tangent of some angle between —g and g "
Example 2.3.8 The function f(z) = 5 . is shown in Fig. 2.8. It has
41, ifo<z<1
values f(—1) = —1 and f(1) = 2. However, it does not take any number on (0, 1] as value. The
problem is that the function is not continuous at 0, where a jump in value misses the interval (0, 1],
Consequently, the conclusion of the Intermediate Value Theorem does not apply. =
Y

Fig. 2.8 A piecewise continuous function.

Inverse Function

The logarithmic function is the inverse of the exponential function. The trigonometric functions also
have their inverses. The continuity of the these functions are guaranteed by the following result.

Proposition 2.3.4 If f is an increasing continuous function on an interval, then f is invertible
and the inverse is increasing and continuous. The same holds for decreasing continuous functions.

Proof. Assume f is increasing. It is known that f is one-to-one. Since f(z) is continuous and
increasing, we know that for any = € (a,b), f(a) < f(xr) < f(b). By the Intermediate Value
Theorem, for any y € (f(a), (b)), there exists z € (a,b) such that y = f(z). Thus f is onto from
[a,b] to [f(a), f(b)] Hence the function f : [a,b] — [f(a), f()] is bijective, and therefore, the function
f has the inverse function g : [f(a), f(b)] — [a, b].
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To show that g is a continuous function, we need to show that for any e > 0, there exists § > 0
such that whenever |y — yo| < d, we have |g(y) — g(yo)| < €.

In fact, let yo = f(z¢) and y = f(z). Thus ¢g(yo) = xo and g(y) = x. Equivalently we need to
find ¢ such that when |f(x) — f(zo)| < 0, we have |z — x| < €. Choose § = min{f(xo) — f(zo —
€), f(xo+¢€) — f(xo)}. When |y — yo| < 6, we have

f(xo—€) = f(zo) < =0 <y—yo <6< flzo+e)— flzo),
which implies
flzo =€) < f(z) < flzo+e).

These give the inequalities
rog—e<x<To+te

since otherwise it will lead to a contradiction.
The proof on g being increasing leaves as an exercise. "
Y Y
us .
2 [~ " arcsixT

1 F----- A== sinx

N e
8

Inx
= ‘L ,,,,,, —_ 1
‘
_n
”””” 2
Y Y \
‘tan x
7T I
‘
1
sl e
arccos 2 l
” i arctan
cos T T T
O 3 x

Fig. 2.9 The function e”, sinx, cosx, tan x and their inverse functions Inx, arcsin z, arccos x, arctan x.

Example 2.3.9 For a > 1, the exponential function a¢*: R — (0, 400) is increasing and continuous.
The inverse is the logarithmic function log, x : (0, +00) — R is also continuous and increasing.
Moreover, by the monotonic property,

B

z>a” <= log,z > B.
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This shows that lim log, z = 4o00. Similar reason also shows lim log, z = —o0.
T—+00 z—0+

For 0 < a < 1, the exponential a” is decreasing and continuous. The corresponding logarithm is
also decreasing and continuous.
. . 1 . . .
For the special case a = e = hn}) (1 + x)=, the logarithm is called the natural logarithm and
z—

denoted simply as Inx. Since Inx is continuous, by the composition rule, we have

lim In(z + 1)
x—0 x

1 1

=limln(l+2) =Inlim(l+z)= =lne=1.
z—0 z—0

Moreover, the function 2% = e*"# is continuous on (0, 00) by the following reason: Since z and
Inz are continuous, zInx is continuous. Since the exponential function e¥ is also continuous, the
composition e*™® is also continuous.

In general, if f(z) and g(z) are continuous, and f(x) > 0, then f(z)9(*) is continuous. .

Example 2.3.10 The sine function

T

sinx : [77,7
2’2

} - [717 ]-]
is increasing and continuous. Its inverse function

arcsinz : [—1,1] — [—%, g}

is also increasing and continuous.
The continuity of arcsinz at 0 tells us lin% arcsinz = arcsin(0 = 0. By the composition rule, we
Tr—r

have )
arcsin x . y
lim = lim

- =1
=0 x y—0 siny

The cosine function cosz : [0,7] — [—1,1] is decreasing and continuous. Its inverse function

arccosz : [—1,1] — [0, 7] is also decreasing and continuous.
Tow
The tangent function tanx : 3 5) — (—00,4+00) is increasing and continuous. Its inverse

™Y . . .
5 5) is also decreasing and continuous. Moreover, similar to

the argument for the logarithm, we have

function arctanz : (—oo, +00) — (f

lim arctanz = +oo, lim arctanz = —oc. "
z—5~ z——3+

Exercises

2.3.1 Determine the region where the function is continuous:
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. 1 71/w2 :
1. f(z) =xsin —; 3. fle)=d € , itz #0,
v f@) 0, if x =0;
x? 1
2 :1 re— = 1 _
f(x) N 4. f(z) im gt

2.3.2 Use the definition to show that the function f(x) = 22 is continuous at z = 2.
2.3.3 Use the definition to show that the function f(x) = sin+/z is continuous at any g > 0.

2.3.4 Please give two non-constant continuous functions f and ¢ in R such that

Lo 1+ (0)g(2)

I e 7

2.3.5 The following functions are not defined at x = 0. Please definite their values at x = 0 so
that they are continuous.

o1 VrLtl—
1. f(x):smassm;; 2. f(a:)z%

2.3.6 For what value of A, is the function

z2 -1
Fa) = 1 ifx#£1,
A, ifz=1

continuous everywhere?

2.3.7 Is it possible to choose a value for A, such that the function

1

f@)=1 (@-1)%
A, ifz=1

if x #£1,

is continuous everywhere?
2.3.8 Assume that f and g are continuous. Then

min{f(z), g(2)} and  max{f(z), g(x)}
are also continuous.

2.3.9 Show that the equation
2® —3x4+1=0

has at least three real solutions.
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2.3.10 Show that the function f(z) = 2% — 4z + 2 has three real roots.

2.3.11 Let f(z) : [0,1] — [0,1] be a continuous function. Prove that there exists at least one
¢ € [0,1] such that f(c) = c.

2.3.12 Let f be an increasing function. Show that its inverse is also an increasing function.

sinx
2.3.13 Use the limit lin}J —— =1 to prove that sinx is continuous everywhere.
r—r o

2.3.14 Show that for any xy € (—oo, +00), the sequence {z,,} generated by
1.
xnzﬁ—kgsmx”_l, n=12 ...,
is a Cauchy sequence that converges to the unique positive solution of the equation

1
T =T+ §sinx.

2.4 SUMMARY

Definitions

e A sequence {a,} is said to be increasing if a; < as < a3 < ... < a, < apy1 < ...; and
decreasing ifa; > ay >as>...>a, > apy1 > ... .

e A sequence {a,} is convergent to L if for any ¢ > 0, there exists a positive integer N such
that whenever n > N, we have |a, — L| < €.

e The limit of the function f at x = a equals L, denoted as lim f(z) = L, if for any € > 0, there
r—a
exists 0 > 0 such that |f(z) — L| < e whenever 0 < |z — a| < 4.

e We say lim f(z) = 400 if for any K > 0, there exists 6 > 0 such that
r—a
f(z) > K, whenever 0 < |z —al <§.

. lirf f(x) = ¢, where c is a finite number, if for any ¢ > 0, there exists K > 0 such that
r—r+00

|f(z) —c| <€, whenever x > K.

e A sequence {a,} is called a Cauchy sequence if for any € > 0, there exists a positive integer N
such that
|an, —am| <€, whenever n > N,m > N.

e A line y = L is called a horizontal asymptote of the graph y = f(x) if at least one of the
followings holds
lim f(z)=L, lim f(z)=1L.
T——00

xr——+00
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Generally, a line y = az + b is called a slant asymptote of the graph y = f(x) if at least one
of the followings holds

lim [f(x)—ax—0]=0, lim [f(zx)—ax—b] =0,

Tr—r+00 T——0Q

where a and b are constants.

A line x = ¢ is called a vertical asymptote of the graph y = f(z) if at least one of the
followings holds

lim f(z) = +o0, lim f(w) = +o0, lim f(x) = +ox,

r—c
lim f(z) = —oc0, lim f(z) = —o0, hm f(z) = —oc0.
r—c T—c— r—ct

e A function f defined on a domain D is continuous at a € D if E]ljun f(z) = f(a).
x r—a

Theorems

e The Sandwich Theorem Given two convergent sequences {a,} and {c,} with the same
limit lim a, = L = hm cn- Let {b,} be a sequence. Suppose there exists a positive integer
n—o0

K such that for n > K we have a, < b, < ¢,. Then b, converges to L.
o |sinz| < |z| < |tanz| for x € (—7/2,7/2).

e Any bounded increasing or decreasing sequence is convergent.

1\" 1
e lim <1+> = hm (1+x)ﬂlﬂ =e.
n

n—oo

sinx

o lim =1.

z—0 X

e If {a,} converges to L, then every subsequence of {a,} converges to L.

e Bolzano-Weierstrass Theorem Every bounded sequence has a convergent subsequence.

e Any convergent sequence {a,} is bounded.

e The Cauchy Criterion A sequence {a,} is convergent if and only if it is a Cauchy sequence.

e The Sandwich Theorem Suppose f(z) < g(z) < h(z) for all € (a,b) except at a point
€ (a,b). If lim f(x) and lim h(z) exist and are equal to L, then the limit of g(x) at z = ¢
Tr—c Tr—cC

exists and equals L.

e Given a function f(x) defined on (a, c)U(e, b). The limit lim f(x) exists if and only if lim f(x)
Tr—cC

r—c—
and lim f(z) exist and are equal.
z—ct

e The limit lim f(x) = L iff for any sequence {z, } with lim z, = ¢, lim f(x,) = L. Here ¢
Tr—cC n—oo n—oo

can be taken to be oco.
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Given a function f defined over a domain D and a function g defined over a domain containing
f(D). Suppose f is continuous at a € D and g is continuous at f(a), then the composite
function g o f is continuous at a.

The Intermediate Value Theorem Given a continuous function f(z) over [a,b], for any
number ¢ between f(a) and f(b), there exists a number £ € [a, b] such that ¢ = f(£).

Assume f is a continuous function on [a, b], with f(a) and f(b) having opposite signs. Then f
has at least one root in (a,b).

If f is an increasing continuous function on an interval, then f is invertible and the inverse is
increasing and continuous.



Differentiation

3.1 DERIVATIVE

The concept of differentiation is motivated by many real world problems. Let us look at two of
them.

Instantaneous Speed in the Motion of Free Fall

If an object is initially located at the origin with zero velocity, then the displacement s(t) in free fall

is a function of time ¢
(1) = Sgt?
s(t) = =gt~
29

where g is the gravitational constant. The average velocity from 1 second to ¢ seconds is

1 2 1 2
s(t) —s(1) 39" — 391

= = 1 (t+1)
B X '
For instance, the average velocity from 1 second to 1.1 seconds is
s(1.1) — s(1)
=———2 =1.05
U[1,1.1] 11—1 9,

and from 1 seccond to 1.01 seconds is
s(1.01) — s(1)
U[1,1.01] = T 1o0l-1

As t approaches 1, the average velocity v ;) should approach the instantaneous velocity at 1 second

= 1.005g.

v(l) = }LH% V4 = g-

65
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In general, the average free fall velocity from time ¢ to ¢’ is

s(t)y—s(t) 1

N = = Sg(t' +1).
Uit T 59t +1)

As t' approaches t, we get the instantaneous velocity at time ¢

v(t) = lim vy 4 = gt.

t'—t

Tangent of Plane Curve

Consider a curve y = f(x) on the plane. The tangent of the curve at P = (a, f(a)) is the limit of
the straight line connecting P to a nearby point Q = (z, f(z)) as x approaches a. The slope of the
straight line connecting P to @ is

f(x) = fla)

r—a

slope[PQ)] =

Therefore the slope of the tangent line is

slope(P) = c;iglp slope[PQ] = lim M.

T—a T —a

tangent line

|
|
I

a

Fig. 3.1 Tangent line of plane curve

For example, the slope of the tangent line of the curve y = 2% at P = (2,4) is

2132—22

lim = lim(z +2) = 4.

=2 T — 2 r—1

The equation of the tangent line is

y=4+4(zx—2) =4z —8.
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Definition of Derivative
Definition 3.1.1 Let f(x) be a function defined near a. Its derivative at a is

f'(a) = limM_ lim f(a—|—Ax)—f(a).

T—a T —a B Az—0 Az

In case the limit converges, we say the function f(z) is differentiable at a. A function is
differentiable on an open interval if it is differentiable at every point in the interval.

A
Note that the derivative is the limit f/(a) = lim A—f of the quotient of the changes
Tr—a X

Af = f(2) - f(a) = fla+ Aa) - f(a), Ar=z—a.

Therefore the derivative measures the instantaneous rate of the change.
If f(z) is defined on [a,b), then we may define the right derivative at a

£,(0) = lim fl2) = fa) _  flat+Az)— fla)

z—at T—a Az—0+ Ax

If the function is defined on (b, a], then we may similarly define the left derivative at a

Py = tim LB S@ g Slat Ar) - f(a)

T—a— r—a Az—0- Az

A function is differentiable at a point if and only if it has equal left and right derivatives at the
point.
Notice that f'(07) = lim f'(z). Hence, in general,
z—0

F1(0) # £1(07).
If f(z) is differentiable at a, then

lim (£(x) — f(a)) = lim (z — ) 2L = (@)

r—a r—a r—a

=0-f'(a) =0.
Therefore we conclude the following.

Theorem 3.1.2 Differentiability at a point implies continuity at the point.

The continuity does not imply differentiability. See Examples 3.1.6 and 3.1.7.
Sometimes, for the function y = f(x), it is more convenient to use the Leibniz notation

df dy
= oor 2
dx dx
for the derivative f’(z). The advantage of the notation is that the variable z is explicit, which is
very useful when there are many variables around.
Example 3.1.1 The constant function f(x) = ¢ has trivial derivative
c—c¢

f'(a) = lim = lim L 0. .

T—a T — a T—a T — a
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Example 3.1.2 The cubic function f(x) = 23 is differentiable, with derivative

a’ —a® 2 2 2
f'(a) = lim = lim (2 + za + a*) = 3a°.

r—a T — Q r—a

Similar argument shows that for a natural number n, the power function z” has derivative na™ !

at a. n

1
Example 3.1.3 The reciprocal function f(z) = — is differentiable at any a # 0, with derivative
x

1 1 a—
/ T a4 _ oy, a o1 1
f'(a) = lim = lim =lim —— = ——.
T—=a T —a T—a T — a r—a Ta a2

The derivative of the square root function g(z) = +/x at a > 0 is given by

Vi-ya 1 1

! = 1 _— = 1 = .
g(a) e r—a :L’lgtlz\/f—i-\/a 2v/a
The two examples suggest that the formula (z™) = nz"~! should work for all the powers. .

Example 3.1.4 The sine function f(z) = sinz is differentiable at 0, with derivative

=1

(sinz)| " im sin(0 + Az) —sin0 lim sin Az
ML) Ja=0 = Aalcao Az o A;HO Az

The cosine function is also differentiable at 0, with derivative

cos(0+ Azx) — cos0 . cosAx—1
= lim ————

/ _
(cosz)le=o = lim Az Aiso  Ax
. o Az Az 2
sin® — 1 sin —
= -2 1. _— = — = 1. A = U.
Arso . Az 2 Arso " g 0
2 [ ]

Example 3.1.5 The natural logarithmic function f(x) = Inz is differentiable at 1, with derivative

In(14+ Az) —In1l — lim In(1 4 Az)

/ = 1 = 1 % = =
(el = 0 ™ 5 AT A A ATE = e=1
The exchange of the limit and the In follows from the continuity of In. "

Example 3.1.6 The absolute value function f(z) = |z| is continuous everywhere. However, at 0,
the function has the right derivative

|0+ Az| — |0 . Az
———— = lim

"(0)= 1 — =1,
f+( ) Aa:lig)Jr Ax Az—0+ Az
and the left derivative
f(0)= lim 10+ Az| 0] _ im 2% _ g

Az—0— Az Az—0—- Az
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y = |z|

Fig. 3.2 Absolute value function

Since f!(0) # f’(0), the function is not differentiable at 0. =

Example 3.1.7 The function f(x) = V22 is continuous everywhere. At 0, however, we have

{0+ Az)?2 — V02 1
£1(0) = lim 0+ Az) = lim = fo0.
Az—0+ Ax Az—0+ S Ax

Similarly, we have f’ (0) = —oco. Either the left non-differentiability or the right non-differentiability
can be the reason for the function not to be differentiable at 0. "

Fig. 3.3 The function v/z2

Exercises
3.1.1 After observing for ¢ hours, the population of a bacterial colony is approximately
A
P@:%+m+§ﬂ
Find the rate at which the colony is growing after 5 hours.

3.1.2 Suppose a person’s starting salary is $100,000 per year and he gets a raise of $8,000 each
year.
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1. Express the percentage rate of change of his salary as a function of time.
2. At what percentage rate will his salary be increasing after one year? After 5 years?
3. What will happen to the percentage rate of change of his salary in the long run?

3.1.3 A mass attached to a horizontal spring is at position p(t) = Asinwt at time ¢, where A is
the amplitude of the oscillation and w is a constant.

1. Find the velocity and acceleration.

2. Show that the acceleration is proportional to the displacement p(t).

3. Show that the speed is at maximum when the acceleration is at minimum.
3.1.4 Find the place on the curve y = x? where the tangent line is parallel to the straight line
r+y=1.

3.1.5 Show that the area enclosed by the tangent line on the curve xy = a? and the coordinate

axes is a constant.

3.1.6 Let P be a point on the curve y = 3. The tangent at P meets the curve again at Q. Prove
that the slope of the curve at @ is four times the slope at P.

3.1.7 Study the differentiability of the function y = +/1 — cosx at x = 0.

3.1.8 Give an example to show that f7 (0) # f/(07).
3.1.9 Find the left and right derivatives at x = 0 and determine the differentiability

’ 2. f(z) =

O’ lfl':O, Cosx—;p717 if x <O0.

1. f(z) =

1. 1
{ re =, ifxz>0, 2% sin —, if x >0,
x

3.1.10 Suppose g(x) is continuous and g(a) # 0. Find the left and the right derivatives of f(z) =
|z — alg(z) and a and show that f is not differentiable at z = a.

3.1.11 Consider )
xPsin—, if x #0,
T

0, if x =0.

fz) =

Prove that

1. f(x) is continuous at x = 0 if p > 0.
2. f(z) is differentiable at = 0 if p > 1.
3. f'(x) is continuous at z =0 if p > 2.

3.1.12 Let
f(z) = |n? — 2% - sin® z.

Find f/ ().
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3.2 COMPUTATION OF DERIVATIVE

We already computed some basic examples of the derivative. More computations can be made by
applying properties of derivative to the known examples.

Derivative of Arithmetic Combination

Theorem 3.2.1 Suppose functions f and g are differentiable. Then f + g, cf, fg and i are
g
differentiable, and

! 1 ’
(f+9) =f+4g, (cf) =cf', (fo) =19+ 1d, (g) = fg972fg.
In Leibniz notation, the properties are
d(f+g) _df dg d(cf) _ df d(fg) _df dg d /f\_ 1 /df dg
dz _dx_‘_dac7 dr  Cdr’ dw _dxg+fdx’ de \g/) ¢2 az? fdx '

The formula for the derivative of the product function is called the Leibniz rule.
Proof. Assume f(z) and g(z) are differentiable at a. Then the derivative of f(z) + g(z) at a is

) o) = @) e _ (160100 o) =00 _ i 1 g,

lim
T—a T —a z—a T —a T —a

The proof of (¢f)’ = ¢f’ is similar. The derivative of the product is
f(x)g(x) — fla)g(a) (f(x)g(z) — fa)g(x)) + (f(a)g(z) — f(a)g(a))

lim = lim
= iy (19 s =)
= fl(a)g(a) + f(a)g'(a),
where the differentiability of g at a implies lim,_,, g() = g(a). The derivative of the quotient is
flx)  fla)
fim 9@ g(@) . f2)g(a) — fla)g(z)
T 2 - ag)gla)
_ iy S@g(a) — fla)g(a)) — (f(a)g(z) — fla)g(a))

z—a (z —a)g(x)g(a)

2 : .
Example 3.2.1 We already know (2")" = nz"~! for natural numbers n. We also know the deriva-
tive of 20 = 11is 0 = 02°~!. Then we have
dx_‘r’_i 1\ 1-2°—1-(2®) 0-2°—1-5z" 5

dr  dx B (25)2 B x10 S

5
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By the similar argument, we see that the formula (z™)" = nz"~! holds for all integers n. .
Example 3.2.2 All polynomials are differentiable

(cnz" 4+ cn1z™ '+ ezt o) = cn(a™) (@ 4+ a(@) + (c)

= nepx" 4 (n— 1)1 2+ ey
By the derivative of the quotient, any rational function is differentiable wherever it is defined. "

Example 3.2.3 By the derivatives of the sine and cosine functions at 0, we can find the derivative
of the tangent function at 0

1.
cos2 0 12 -

COS™

(tan 2)' |0 = (

sinx)l‘ _ (sinz)’|z=0 - cos0 —sin0- (cosz)|,—o 1-1—-0-0

Derivative of Composition

Theorem 3.2.2 (Chain Rule) Suppose f(x) is differentiable at x = a and g(y) is differentiable at
y = f(a). Then the composition function (go f)(x) = g(f(x)) is differentiable at a, with derivative

(g0 f)(a) =4 (f(a))- f'(a).
Given a composition z = g(y) = g(f(x)), a change
Az =z—a

in the variable x causes a change

in the variable y, which further causes a change

Az=z—-c=g(y) —9(b) = g(f(z)) = 9(f(a))
in the variable z. The corresponding rates of change are related by multiplication
Az _ Az Ay
Arx Ay Az’
As Az — 0, we also have Ay — 0, and we get the relation for the instantaneous rate of change

im 2% = lim 2% fim 2Y
A0 Az Ayso Ay A0 Az

This is the formula in the chain rule.
In Leibniz notation, the chain rule is
d:_dz dy
de dy da’
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Example 3.2.4 The function (22 — 1)!° is the composition of z = y'° and y = 22 — 1. Therefore

d(2? — 1)1° B dy'°
dz dy

. d(2? —1)

T 10(z* — 1) (22) = 202 (2 — 1)°. .

y=x2—1

1
Example 3.2.5 The reciprocal — of a function may be considered as the composition of g(y) = —
Y

with the function y = f(z). The chain rule tells us

Coa(l
oyt

y=f(z)

y=f(x) f2z)
Example 3.2.6 We already know the derivatives of the trigonometric functions at 0. To find the
derivative of sinx at a, we use

sin(z + a) = sinz cosa + coszsina.

Taking the derivative of both sides at « = 0, and applying the chain rule to the function sin(z + a)
(composition of z = siny and y = = + a), we get

(sinz) |p=q = (5inx)’|s=q - (¥ + a)’|z=0 = (sinz)’|z—o cosa + (cos z)’|,—p sina = cosa.

In other words, (sinz)’ = coszx.

Applying the chain rule to cosz = sin (g — x), we get

™

/
(cos 2)'|z=a = (siny)'[y=2 4 - <§ — a:) = cos (g - a) (1) = —sina.

Therefore (cosx) = —sinx.
The derivatives of the sine and cosine functions give us the derivative of the tangent function

. ! . . . .
, sin x (sinz) cosx — sinz(cosz)  coszcosx — sinxz(—sinx) 1 9
(tanz) = = 5 = 5 = —5— =sec” 7,
cos T cos? x cos? x cos? x
and the derivative of the secant function
!/ .
, 1 (cosz)  sinz
(secx) = =-—-——— = _——>— =secrtanu. .
cos T cos?x  cos?z

Example 3.2.7 We already know the derivatives of the logarithmic function at 1. To find the

derivative of Inz at a > 0, we take the derivative of both sides of lnax = Ina+1Inz at x = 1 and get

d(ax)
dx

dlny
dy

_ dlnz
T dx

y=a r=1 r=1
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In other words, we have a(lnz),_, =1, or

1
Inz) = —.
(n2)' = -

Moreover, the derivative of In |z| at a < 0 is the derivative of In(—z) at a:

dIn(—=x) _dlny d(—z) B i( 1) = 1
de |,_, dy ve—a dT |,  —a a’
Combined with the derivative at positive numbers, we get
1
1 ==
(inal)’ = -
for all real numbers except 0. "

Example 3.2.8 Let u(z) > 0 and v(z) be differentiable. To find the derivative of f(x) = u(x)*®),
we take logarithm and get In f = vInwu. Taking the derivative of both sides, we get

lf’ =7 lnu +vlu’.
u

f

Therefore

1
(u®) = u® (v’ Inu + vu’) =" (uv' Inu + u'v).
u

This easily leads to the following derivatives:

(zP) = paP~l (@) = da"lng;

(e™) = €% (z®) = 2%(lnz+1). .

Example 3.2.9 The unit circle 22 + y2 = 1 on the plane defines two functions ¥y = v/1 — 22 and
y = —V1 — z2. We may certainly compute the derivative of each function by using the chain rule

/ 1 1 —X
1—x2> =—-(1—-2%)"7(-22) = ——.
(v S (1 -7 (-2w) = =
On the other hand, we may use the fact that the two functions y = y(z) satisfy the equation
22 4+ y(2)? = 1. Taking the derivative of both sides of the equation with respect to z, we get
2x + 2yy’ = 0. Solving the equation, we get
y =2
Y
You may verify that the result is consistent with the direct computation for both functions. The
method here is called implicit differentiation. "

Example 3.2.10 Like the unit circle, the equation 2y — 222 — siny + 1 = 0 gives a curve on the
plane, parts of the curve may define several functions y = y(z). Unlike the circle, we cannot find an
explicit formula for the functions. Yet we can still compute the derivatives of the functions.
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Taking the derivative of both sides of the equation 2y — 222 —siny 4+ 1 = 0 with respect to = and
keeping in mind that y is a function of z, we get 2y’ — 4z — ' cosy = 0. Therefore

, 4z

v= 2 —cosy’

The point P = (1 / g, 72T> satisfies the equation and lies on the curve. The tangent line of the

curve at the point has slope

Wi
y/|P:7ﬂ-: 27,
2—cos§

Therefore the tangent line at P is given by the equation y—g =27 (x — \/3) ,ory = \2rr—73.m

Derivative of Inverse

Theorem 3.2.3 Suppose f(x) is invertible near x = a. If f is differentiable at a and the inverse
function f~1 is differentiable at b= f(a), then

By the definition of inverse function, we have f~!(f(z)) = x. Taking derivative of both sides, we
have
(f7H'() - f'(a) = 1.
This proves the formula in the theorem.
In Leibniz notation, the formula is

dz _ 1
dy dy’
dzx

Example 3.2.11 The derivative of arcsinz at z = a is

( inz)| 1 1
arcsin z)’|z—q = — = ,
(siny)'|y=» cosb

™ T

where b € [ 5 2} satisfies @ = sinb. Therefore cosb > 0 and cosb = V1 —sin’b = V1 — a2. We

conclude .

V1—a22

The derivative for arccosx can be similarly obtained, or by using

(arcsinzx) =

. T
arccos x + arcsinx = 5



76 3 DIFFERENTIATION

The result is 1
(arccosz) = ———= .

V1i—a?’

Example 3.2.12 To find the derivative of arctan x, we let y = arctanx, x = tany and get

(arctanay — 2 _ 1 1 1 1 1
arctanz) = > = — = = = = . .
de dz  (tany) sec?y 1+tan’y 1+2a?
dy

High Order Derivative

Given a differentiable function f(x) on an open interval (a, b), the derivative f’(x) is again a function
on the open interval. If the derivative function f’(x) is also differentiable, then we get the second
order derivative f”(z) = (f'(x))’. If the second order derivative function is yet again differentiable,
then taking derivative one more time gives the third order derivative f/(z) = (f”(z))’. The process
can continue, and we have the concept of n-th order derivative f (”)(a:).

The (first order) derivative f’(x) measures the rate of change. Therefore the second order deriva-
tive measures the rate of the change of the rate of change. For example, the displacement of a free

1
fall is given by s(t) = 5 gt?. The derivative of the displacement

s'(t) = gt
is the instantaneous velocity. The second order derivative
s"(t)=g

is the acceleration of the instantaneous velocity. In general, Newton’s second law says that the
acceleration of the velocity of an object is proportional to the force exercised on the object.
The Leibiniz notation of the high order derivative is

a°f _ o
YL ).

The rules for computing the derivatives can be extended to high order. For example, we have

(F+9)" ="+ g™, ()™ =cf™.

Moreover, the Leibniz rule becomes

(f+g)// — f//+2flgl+g//, (f+g)ll/ — fl//+3fllg/ +3f/g”+g///7
and the general formula

n

n ! N Lo
(fg)™ = Zo ﬁfu)gm = ( :L ) FO g,

= ’ =0

is similar to the expansion of (z + y)™. The chain rule is more complicated

(9(f (@) = (g'(f(@) - f'(2)) = g"(f(2)) - ['(@)* + ¢ (f(2)) - f" ().
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Example 3.2.13 For the power function xP, we have

(«?) = pa?l,
(@) = plp—1)2"?,
@)™ = pp—1)-(p—n+1)z"".
In particular, if p is a natural number, then ()™ = 0 for p > n. "

Example 3.2.14 For the exponential function e®, since
(ez)/ — em’ (em)// — (em)/ — em7 e (ez)(n) — %,

For the sine function, we have

"

(sinz) =cosz, (sinz)” = —sinz, (sinz)”

= —cosz, (sinz)® =sinz, (sinz)® = cosz,

(n+4)

and the pattern is periodic: sin z = sin™ z. The high order derivatives of the cosine function

has the same periodic pattern

(cosz) = —sinz, (cosz)’ = —cosxz, (cosz)” =sinz, (cosz)® =cosz, (cosz)® = —sinz,

Example 3.2.15 To compute the n-th order derivative of z?e~*, we use the Leibniz rule and the
fact that the derivatives of 22 of order > 2 all vanish

(xQe—w)(n) _ x2(e—m)(n)_’_n(‘rQ)l(e—w)(n—l)_’_@(x2)//(e—m)(n—2) _ (—1)”(%2—271154-71(71—1))6_1.

Example 3.2.16 The high order derivatives of the function sin z? may be computed by the chain
rule

d(sin 22

dimna®) g cosa?,
dx

d?(sin 22

% = 2cosz? 4 2x(—sinx?)2x = 2cos x? — 422 sin 22,
x

d3(sin 2

% = 2(—sinz?)22 — 8xsin2? — 42 (cos 2?)2x = —12x sin z? — 82° cos 22 -
x

Example 3.2.17 For the function y = y(x) implicitly given by the unit circle 22 +y? = 1, we have
y = ~ L Therefore

Y x
y+x- v 2y 1

Yy = — y—zy’ _
2
You may verify the result by directly computing the second order derivative of y = ++v/1 — 2. "

v y3 Y3
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Example 3.2.18 For the function y = y(z) implicitly given by the equation 2y —2x? —siny+1 = 0,

we have ¢/ = ™  from Example 3.2.10. Therefore
2 —cosy
) = 4(2 —cosy) —xy'siny
(2 — cosy)?
i [T C
At the point P = ( 5 2), we know y'|p = v/2m. Therefore the second order derivative at the
point is
2 —cosE — z\/27rsinI
2 2 2 2
y'lp=4 ) =2-T. -
o)
( cos 5
Exercises

3.2.1 Prove that if f(z) is differentiable at a and g(x) is not differentiable at a, then f(z) + g(z)
is not differentiable at a. What if both f(z) and g(z) are not differentiable at a?

3.2.2 Compute the derivative:

1 1
—_— 11. arctan +UE;
1+ 22 1—2

2. rlnx; 12. In(z 4+ V22 + a?);
3. s/1+9«“j. 13. vz +1-In(1+ vz +1);
1— a3’

14. zln(z + V22 +1) — Va2 + 1;

4. 21; ok
a’?—z 1 — i
15. lnﬁ;
1+ sinx
5. \/x+ v+
16. xv/22 + a2 + a?In(x + Va2 + a?);
6. /14 /14 ¥x;
+ Ve 17. 2va? — 22 + o? arcsin f;
a

18, —+-In———;
x 2 14++V1—22

; i 1
1+ 19.M+,1n1_$2;
T T g )

20. 2" 4+ a*" +a®";

x
Jtz+ T arccosz 1. 1—+1—x2
arcsin

9. arccos(cos? 1);

. sin a sin x
10. arcsin [ ——— |;
1 —cosacoszx
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22. (sinz)®% + (cosz)¥n; 24. log, €;
25. (Inz)® + 2=,
23. Yx;

/
3.2.3 Use dln f = /

= — to compute the derivative of (z — a1)* (z — a2)®? - (x — a,)*".

dz f

3.2.4 Use induction to derive the Leibniz formula for high order derivatives.

3.2.5 Compute the high order derivative:
1. (tanz)"; 5. (z%)";
2. (secz)"”; .
6 @ 14+ Ly
3. (arcsinx)”; o da? x)
4. (arctanx)”;

3.2.6 Compute the n-th order derivative:

1. log, x; 1
G
x? —3x+2
2. a%;
3. (azx +b)P; 8 Inx
C
4. (2?4 1)sinz;
5. ].—.’E e*
1+a’ 9. —.
1
6. +x

N

3.2.7 Compute the second order derivative of the implicitly defined function:

1. y? = 10z; 4. Y — oy = 0;

5. 22 + 22y — 3% = 2z.

3. Vo + =V

79

3.2.8 A curve on the plane can also be describe by parametric equation x = z(t), y = y(t). Let
y = y(z) be the function given by the parametrized curve (i.e., the curve if the graph of the function).

Show that the derivative of the function is given by

dy _ ')
dz  2/(t)
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The compute the second order derivative of the function y = y(z) given by the following curves:

1. z =sin’t, y = cos?t; 4. = et cos2t, y = e’ sin 2t;

2. z=a(t —sint), y = a(l — cost); 5. © = (1+ cost)cost, y = (14 cost)sint.

3. z =sin’t, y = cos?t;

3.3 DIFFERENTIAL

Linear Approximation

A linear function

L(z)=A+ B(z —a)

is an approximation of f(z) at a if the difference between f(x) and L is significantly smaller than
x — a: For any € > 0, there is § > 0, such that

|z —al <0 = |f(z) - L(z)| = |f(z) - A= B(z — a)| < elz —al.

Taking © = a, we get A = f(a). Taking z # a, the definition becomes lim f(z) — f(a)

T—a T —a

—B| =0,
which is the same as B = f’(a). Therefore the linear approximation is exactly the tangent line
L(z) = f(a) + f'(a)(z — a)

of the function at a.
The observation on linear approximation can be rephrased as

f(x) = L(z) + o(z — a) = f(a) + f'(a) Az + o(Ax),

Af = f(x) = f(a) = f'(a) Az + o(Ax),

where o(D) denotes a function significantly smaller than D as x approaches a

. o(D(z)) _
2% Dy
1
Example 3.3.1 The function f(x) = \/z has derivative f'(z) = . The linear approximation

G

of the function at x =4 is

L(z)=f(4)+ f'4)(z—4) =2+ i(m —4).

Therefore we get the estimations of the value of the function near 4

1 1
V3.96 ~ 2 + Z(—0.04) =199, Vv4.0b~2+ 1(0.05) = 2.0125.
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The true values are 1.989974874213 - - - and 2.01246117975 - - -, respectively. "

Example 3.3.2 Assume some metal balls of radius r = 10 are selected to make a ball bearing. If
the radius is allowed to have 1% relative error, what is the maximal relative error of the weight?
The weight of the ball is

4
W = §p7r1"3.

where p is the density. The error AW of the weight is caused by the error Ar of the radius by
aw
AW =~ = Ar = 4prr? Ar.
r

Therefore the relative error is

Ar

Given the relative error of the radius is no more than 1%, we have ’ < 1%, so that the relative
r

error of the weight is

AW
AP .

Differential

For a differentiable function f(z), the approximation
Af =~ f'(a)Ax

indicates the almost proportional relation between the change of the function and the change of the
variable. We denote such a relation by

df = f'(a) dz,

called the differential of the function f at a.

At the moment, the differential is only a notation obtained by formally changing A to d and = to
=. The precise definition has to wait until more advanced mathematics. The symbolic computation
of the differential will become a very convenient tool, especially in the computation of integral and
in the multi-variable calculus.

The rules for computing the derivatives may be rephrased in differential form

_g9df—fdg

Ad(f +9)=df +dg, d(cf) =cdf, d(fg)=gdf + fdg, d (ﬁ) e

The chain rule may be interpreted as
dz = Ady,dy = Bdrx = dz = ABdx.

Basically, the differential forms can be manipulated like vectors in a vector space.
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Newton’'s Method

Linear approximations can be used to find approximate solutions of equations. Suppose we try to
find a solution a of the equation f(x) =0 (i.e., a is a root of f). We start with a rough estimate
of the root. Since f(z) is very close to the linear approximation

Lo(z) = f(xo) + f'(x0)(x — x0)

near xo, we expect the solution x1 of Lo(z) = 0 to be very close to the solution a of f(z) = 0. The
linear equation is very easy to solve, and we get

o — [ (o)
f' (o)
Although z1 is not the actual solution, chances are it is an improvement of the initial estimate xg.

In other words, we expect x1 to be much closer to a than z.
To get an approximate solution even better than x;, we repeat the process and get

1 =X

RN €D,
f'(@1)
The idea leads to a sequence inductively constructed by
f(@n-1)
Ty =Tpo1 — .
! f/(xn—l)

We expect the sequence to rapidly converge to the real solution a.

Fig. 3.4 Newton’s method

The Newton’s method will succeed only if the initial approximation x( is sufficiently close to a.
Otherwise the sequence may diverge or converge to a root other than the one being sought. The
following is one criterion that guarantees the convergence.

Theorem 3.3.1 Suppose f has continuous second order derivative on [a,b]. Assume the following
conditions are satisfied.
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1. f(a) and f(b) have different signs.
2. f'(z) # 0 on the interval.

3. f"(z) > 0 on the interval (or f"(z) < 0 on the interval).
4. [f(a)] <[f'(a)|(b—a), [f) < |f'B)|(b—a).

Then for any o in [a,b], Newton’s method produces a sequence converging to the unique solution
f(z) =0 on [a,b)].

Example 3.3.3 The function f(z) = 23+ z+2sinz — 1 satisfies f(0) = —1 < 0, f(1) = 1+2sin1 >
0, f'(z) = 32% + 1+ 2cosx > 0 on [0,1], f”(z) = 6z — 2sinx > 0 on [0, 1]. Starting with zo = 1
and applying Newton’s method, we get the following sequence.

Ln
1.000000000000000
0.471924667505487
0.330968826345873
0.325645312076542
0.325639452734876
0.325639452727856
0.325639452727856

DU W N~ O3

So the actual root should be x = 0.325639452727856 - - -. n

Example 3.3.4 The function f(z) = 23 — 3z + 1 should have a root between 0.3 and 0.4. Starting
with zg = 1 and using Newton’s method, we get

Tp
0.000000000000000
0.333333333333333
0.347222222222222
0.347296353163868
0.347296355333861
0.347296355333861

CUR W~ O3

So the actual root should be 2 = 0.347296355333861 - - -. n

3.3.1 High Order Approximation

Linear approximation can be used to solve may problems. However, there are many other problems
that require more refined approximations to solve. When approximation by linear functions is
not enough, we may consider approximations by quadratic, cubic, or more generally, polynomial
functions.

Linear approximation comes from the first order differentiability. The high order approximation
comes from high order derivative.
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Theorem 3.3.2 Suppose f(z) has n-th order derivative at a. Then for the polynomial

" " (n)
£16) g, 1700 )

(x—a) 4+ (x —a)",

Tn(z) = f(a) + f(a)(z —a) +

we have
o T = To(a)

T—a (x — a)”

=0.

The function T, is called the n-th order Taylor expansion of f, or simply Taylor polynomial.
The approximation property can be rephrased as follows: For any € > 0, there is § > 0, such that
|z —a|l <6 = |f(x) — Tn(2)| < ez —al|™

The choice of coefficients in T, (x) is very well motivated. The linear approximation L(z) is
determined by the properties L(a) = f(a) and L'(a) = f’(a). Similarly, the n-th order approximation

should satisty T,,(a) = f(a), T;l(a)_: f(a), T/ (a) = f"(a), ..., T7(Ln)(a) = f")(a). Since

To(a) = Ag+ Ay(z —a) + Ag(x —2)* + -+ Ap(z — a)" = T¥ (a) = klAy, 0<k<n,
we get k!Ap = f*)(a).
Example 3.3.5 The function f(x) = y/x has quadratic approximation

P00 ap =2 te—n- La—ap

Q) = f(4)+ f(4)(x —4) +
Therefore we get the estimations

1 1 1
V396 ~ 2+ 1(~0.04) = - (~0.04)% = 1.989975, V405 ~ 2+ 1(0.05)

L

57(0-05)% = 2.0124609375.

The estimated values are much more precise than the ones obtained by the linear approximation. m

Example 3.3.6 From Examples 3.2.10 and 3.2.18, the function y = y(z) implicitly given by the
equation 2y — 222 — siny + 1 = 0 has quadratic approximation

Q) =3 +var (s [T) + 257 (o 3)

2

™

atxr =—4/=. n
2
Example 3.3.7 From sin0 = 0, (sinz)’|,_, =cos0 =1, (sinz)"”|,_, = —sin0=0, (sinz)"”|,_, =
—cos0 = —1, the cubic approximation of sinz at 0 is T5(z) =« — 8x3. In other words, we have
R(x)
P SO : _
sinz =z — - + R(x), i% = 0.
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This implies

2
1 1
sinz —sina? = (x - 6303 + R(w)) - (a:2 - 6:56 + R((EQ))
1 1 1
. xR(x) . x8 .
We have lim,_, — =0, lim,_q — =0, and the same happens to all the (finitely many) terms
in “-.”7. Therefore we conclude that
. sin?z —sinz? 1
llm ——— = ——. "
x—0 ;C4 3

Using the notation o(D) for any function significantly smaller than D, we may write

" " . (n)
£@) = f@) + @) —a) + LD @ a2+ H Dy T oy og(a ),
In the example above, we used the properties such as
_aR(D(x)) . R(D(z%)
B T B T =) R

Common sense can guide us carrying out computations with the symbol o(D).

Example 3.3.8 The following are the high order approximations of some basic functions at 0

1 —1)-(p-n+1)
(1+a2)P = 1+px+p7(p2, Jo? ...y 2P L) nfp ) & oz,
r  a? "
e’ = 1+F+i+"'+ﬁ+0($n),
2 3 n
In(1+z) = :c—%+%—~-~+(—1)"+1%+0(a:"),
373 $5 xQn—l
: — bl e -1 n+l_ <~ 2n+1
sin x x 3!—1—5' + (1) (2n_1)!+0(x )s
- 220
— - . _1\yn+1l ¥ 2n+2
cos T 1 5 + 1 +(-1) (2n)!+0(ac ). .

Example 3.3.9 We use the high order approximation and o(D) notation to compute more limits.
For example, by (1+y)~'=1—y+ o(y), we get

1 1 1 1 1 -1
TR S (R
z e -1 T x 9 T 2

x4+ — +o(z?)
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1 1 1
This implies lim ( — ) = —. For another example, by
z—=0\xz e¥—1 2
2 3 3
sinz — tanx = tanz(cosz — 1) = ztolw) (a7 +o(z?) ) = _ Folz?)
cosx 2 2cosx
¢ i sinx —tanz 1
we get lim 3 =3 "

Exercises

[ L
3.3.1 The period of a pendulum is T' = 274/ —, where L the length of the pendulum and g is the
g
gravitational constant. If the length of the pendulum is increased by 0.4%, what is the change in
the period?

3.3.2 Explain the approximation for small x:

1. (14+2)*~1+4x; 1
( ) 3. cos(m—i—g)zg—i—?az;

1 1+
2. ~1-—ux; ~
1tz 4.1n1_x 2.
3.3.3 Derive

T
\”/a"—i—x%a—i—m, (CL>0)

for small z. Use it to yield the approximations for the following values:
1. V/15; 2. V/46; 3. /39; 4. J127.

3.3.4 Find approximate value of tan4°.

3.3.5 Using linearization to derive

1 T
in46° ~ — (1 —) .
sin \@ + 180

3.3.6 Use Newton’s method to find the unique positive root of f(z) =e® —x — 2.
3.3.7 Use Newton’s method to find all the roots of f(z) = 2% — cos .

3.3.8 Let 1
e =2, ifx#0,
fa) = { d

0, if x = 0.

Use liril zPe™™ = ( to prove that all the high order derivatives of the function vanish at 0.
r—r+00
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3.4 SUMMARY

Definitions

e The derivative of f(z) at a is

o)t TE I Flat A fa) A

T—=a T —a Az50 Az Az—0 Az’

f(x) is differentiable at a if the limit converges.
e If f(x) is differentiable at a, then
L(z) = f(a) + f'(a)(x — a)
is the linear approximation of f(z) near a.

e The high order derivatives are obtained by repeatedly taking derivatives. If f(x) has n-th
order derivative at a, then

f"(a)

n!

Tn(.%‘) = f(a) + f,(Cl)(I - a) + fl;('a) ({L‘ — a)2 4+ 4

is the n-th order approximation of f(x) near a.

(x —a)"

e Newton’s method starts from some zy and produces a sequence by the recursive relation
f(l'nfl)
f/(xn—l)

The sequence often converges to a solution of the equation f(z) = 0.

Tp = Tp—1 —

Theorems
e Differentiability implies continuity.

o Arithmetic Rule: (f +g) = f +¢, (¢f) =cf’, (f9) = fg+ fd, (;) = f’gg—Qfg’

e Arithmetic Rule for High Order Derivative: (f4 g)™ = f( 4 ¢ (cf)™) = cf), (fg)(”) =
3 50 40)
a9

i+j=n

e Chain Rule: (g(f(z)) = ¢'(f(z))f'(x). If we denote the composition by y = f(z) and z = g(z),
. . dz dzdy
then the chain rule can also be written as — = ——.
de dydx
e Inverse Rule: If f is invertible at a and f’(a) # 0, then f~! is also differentiable at f(a), and

(F~Y(f(a) = ﬁ. If we denote y = f(z) and z = f~1(y), then the inverse rule can also
1

. dx
be written as — = ——.
dy dy

dx






Applications of Differentiation

41 MAXIMUM AND MINIMUM

For a function f(z) defined on D, we say f has (global) maximum at a if f(z) < f(a) for any
x € D. We say f has (global) minimum at a if f(z) > f(a) for any = € D.
We say f has a local maximum at « if f(a) is the largest value near a. In other words, there is
6 > 0, such that
z €D, |x—a| <d= f(z) < f(a).

We say f has a local minimum at c if there is § > 0, such that
z €Dz —a|l<d= f(zx) > f(a).

Global extremes are also local extremes. Maximum and minimum are called extremes. Local
maximum and minimum are local extremes.

Example 4.1.1 The continuous function z has global and local extremes on [0,1]. However, the
same function has neither global extreme nor local extreme on (0,1).

1
On the whole real line, the function sinz has (infinitely many) global maxima at (2n + 2) 7r

1
and global minima at (Qn — 2> 7. These are also all the local extremes.

On the interval [—1,2], the function 22 has a global minimum at 0, a global maximum at 2, and
also a local maximum at —1. On the other hand, the same function on the interval (—1,2) has a
global minimum at 0 and has no global or local maximum.

22, ifx #0,
1, ifz=0
local maxima at —1 and 0, and has no global or local minimum.

On the interval [—1,2], the function f(z) = has a global maximum at 2, two

89
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ANAWEE

R I S
8

1 ‘
T T T
fi() f2(x) f3(x)

Yy Y

)
T T T
fa(z) f5(z)

Fig. 4.1 Global and local extremes

Theorem 4.1.1 Any continuous function on a bounded closed interval has global maximum and
global minimum.

Suppose f(z) is differentiable at a. Then f(x) is approximated by L(z) = f(a) + f'(a)(z —a). If
f'(a) # 0, then the linear function L(z) does not have local extreme at a. Since L approximates f
near a, it is also unlikely that f has local extreme at a. This motivates the following criterion for
finding local extremes.

Theorem 4.1.2 If f(x) has a local extreme at x = a where f is differentiable, then f'(a) = 0.

Proof. We prove the theorem by a contradiction. If f/(a) # 0, then, without loss of generality, we

f(z) = f(a)

may assume that f'(a) > 0. By lim M = f'(a) > 0, we know that > 0 for x
T—a T —a T—a
sufficiently close to a. In other words, there is § > 0, such that
0<|x—a|<5:>W>0.

This leads to
a—d<z<a= f(x)< f(a),
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and
a+d>x>a= f(x)> f(a).

This shows that a is not a local extreme of f(x). .
Since the proof makes explicit use of the left and the right side of a, the criterion does not work
for left and right derivatives. In particular, it can only be applied to interior points of intervals.
For a function f(z) defined on an interval, the following are the possible candidates for the local
extremes.

e Ends points of the interval.
e Points inside the interval where f(z) is not differentiable.
e Points inside the interval where f(z) is differentiable and has derivative 0.

Note that the three cases are only the possibilities candidates for the local extremes. Whether or
not these candidates are actually local extrema need to be studied case by case.

Example 4.1.2 The function x is always differentiable, but the derivative never vanishes. Therefore
on an interval, the local extremes must be the end points. Indeed, on [0, 1], the function has local
extrema at the end points 0 and 1 of the closed interval. On the other hand, the function has no
local extrema on (0,1) because the interval does not include the ends.

The function sin x is always differentiable, and (sinz)’ = cosz = 0 exactly when z = (n + %) .
We have sinz = +1 at these points. Since —1 < sinx < 1 for all x, these are all the extremes of the
sine function.

The function 2?2 is always differentiable, and the derivative vanishes only at 0. Since 22 > 02 for
all z, 0 is a minimum of the function. If we consider the function on the closed intervals [—1, 2],
then the end points —1 and 2 are the only other possible local extrema. Since

—1<2<0=(-1)2>2% —-1<2<2=2%>27%

—1 is a local maximum and 2 is a global maximum. If we consider the function on the open interval
(—1,2), however, there is no more candidates for local extrema, so that 0 is the only local extreme
of the function on (-1, 2).

22, ifx #0,

1, ifxz=0

never vanishes. Therefore on [—1,2], the only candidates for the local extrema are 0 and the end
points —1 and 2. Since

The function f(z) = is differentiable everywhere except 0, and the derivative

“l<z<l= f(z)<1=f(0),

we see that 0 is a local maximum. The end points are also local maxima. The function has no local
minimum. =

Example 4.1.3 The cubic function x> is differentiable everywhere and the derivative vanishes only
at 0. Moreover, we have 2% < 02 for < 0 and 2® > 03 for z > 0. Therefore 0 is not a local extreme,
despite it satisfies the criterion. "
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Example 4.1.4 The function

3 1\ . . 1 .
—+lxz—=)sin(l—-2z)+sin(z—=), if -1<z<0,
_) 2 2 2
flz) =

1
—i—xsin2x+sinx, if0<z <1

is shown in Fig. 4.2. Six points —1, x1, 0, x2, x3 and 1, ordered from the left to the right, are
candidates for local extrema. The function is not differentiable at 0, and 0 is a global maximum.
The function also has global minimum at z3. "

max

min

Fig. 4.2 The function has a maximum at a non-differentiable point.

Optimization Problem

Optimization problem typically try to maximize or minimize some quantity. Such problems can often
be interpreted as finding the global extrema of a function on some interval. Since global extrema are
also local extrema, we may often first find candidates for local extrema. Then we may often select
the largest or the smallest values at such local extrema. In case the intervals are open, the limit of
the function at the end points may also need to be considered.

Example 4.1.5 We try to enclose a rectangular region by a fence of total length 400 meters. What
is the maximal region we can enclose? The problem is illustrated on the left of Fig. 4.3.
Assume that one side of the rectangular region is x. Then the area of the enclosed rectangle is

f(z) = z(200 — x).

From practical consideration, we try to find the global minimum of f(z) on the interval [0, 200]. By
f'(x) = 200 — 2z, the candidates for the local extrema are 0, 100 and 200. Since global extrema are
also local extrema, one of the three must be the global extreme. Moreover, the global maximum
exists because we have a continuous function on a closed bounded interval. By

£(0) =0, f£(100) = 10,000, £(200) =0,
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200 — z 400 — 2z

Project One Project Two

Fig. 4.3 The maximization projects

We see that the maximal area 10,000 is reached when x = 100. The maximal rectangle is actually
a square.
If we already have a wall on one side and only need to build fences on three sides, then the
enclosed area is
g(x) = (400 — 2z).

where x is the side of the fence perpendicular to the wall. See the right of Fig. 4.3. Since g(x) = 2f(z),
the maximal area 20,000 is again reached when x = 100. .

Example 4.1.6 We try to make a box with square bottom and top, such that the volume of the
box is V. We wish to use the least amount of material to make such a box.

Fig. 4.4 Two designs of metal boxes.

The amount of material is measured by the surface area
f(z) = 222 + 4zh
of the box, where x is the side length of the box and h is the height. Since the volume V = z%h is
fixed, the problem becomes the global minimum of

Vv
flz) = 2:r2+4;, 0 <z < +o0.

The function has derivative

(@) = da — 4%
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on the interval, so that the only candidate for the local extreme is a = V/V.
Is this candidate a global minimum? By

Jim f() = lm (@) =+,

we can find §, N > 0, such that
x<dorxz>N= f(x)> f(a).

Now on the closed and bounded interval [4, N], the only candidates for local extrema are a and
the ends points d, N, where the values f(§) > f(a) and f(N) > f(a). Therefore a is a global
minimum of the function on [§, N]. Combined with f(z) > f(a) on (0,+00) — [4, N], we conclude
that f(z) > f(a) for any 0 < & < +o0. In other words, a = V/V is indeed a global minimum. Note

\%
that since h = — = V'V in this case, we see that the most economical way of building the box is to
a
keep the radio of the sides as
length : width : height =1:1:1.

Now we modify the problem a little bit by building a box with bottom but without the top. Then
the problem becomes minimizing

1%
g(x):x2+4;, 0 <z < +o0.

By

g (z) =2z — 4K

ok lim g(z) = lim g¢(z) = +o0,

r—0+ T—r+400

we find the global minimum is reached at a = v/2V. In this case, the ratio of the sides is

length : width : height =2:2:1. "

Exercises

4.1.1 A rectangle is inscribed in an isosceles triangle in Fig. 4.5. Show that the biggest area possible
is half of the area of the triangle.

Fig. 4.5 A rectangle is inscribed in an isosceles triangle.
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4.1.2 Among all the rectangles with area A, which one has the smallest perimeter?
4.1.3 Among all the rectangles with perimeter L, which one has the biggest area?

4.1.4 A rectangle is inscribed in a circle of radius R. When does the rectangle have the biggest
area?

2,2
x

4.1.5 Determine the dimensions of the biggest rectangle that is inscribed in the ellipse — + v

a

b2

4.1.6 A right circular cone is inscribed in a sphere of radius R in Fig. 4.6. What is the biggest
volume?

Fig. 4.6 A right circular cone inscribed in a sphere.

4.1.7 Find the volume of the biggest right circular cone with a given slant height I.
4.1.8 What is the shortest distance from the point (2,1) to the parabola y = 2227

4.1.9 Find the shortest distance from the point (xg,yo) to the plane Az + Bx + C = 0.

4.2 MEAN VALUE THEOREM

If the average speed of a train between two cities is 100km per hour, we expect that the speed
reaches exactly 100km per hour at some time during the trip. Let s(¢) be the distance traveled by
the time ¢. Then the average speed from the time t = a to t = b is

s(b) — s(a).

Ylab] = T,

Our expectation can be interpreted as

for some ¢ € (a,b).
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Theorem 4.2.1 (Mean Value Theorem) If f(z) is continuous on a closed and bounded interval
[a,b] and is differentiable on the open interval (a,b), then there is ¢ € (a,b), such that

f(b) = f(a)

I o

The conclusion can also be expressed as
F) = f(a) = f'(c)(b— a) for some a < ¢ < b,

or
fla+h)— f(a) = f'(a+ 6Oh)h, for some 0 < 6 < 1.

Geometrically, the theorem means that the tangent of the function is parallel to the straight line
connecting the two ends (a, f(a)) and (b, f(b)) somewhere along the interval. We also note that
there is no need to insist a < b in the conclusion.

Fig. 4.7 Mean Value Theorem

Proof. From the picture, it appears that the parallel tangent is reached when the distance between
the function and the straight line connecting the two ends becomes extremal.
The straight line connecting the two ends is

f(b) = f(a)

s (x —a).

y = f(a) +

The distance between the function and the straight line is

d(z) = f(z) = fla) — ﬁ(f —a).

By the assumption on f(x), the distance is continuous on [a,b] and differentiable on (a,b).
By Theorem 4.1.1, d(x) must have global maximal and global minimum. If the a global extreme
is reached at ¢ € (a,b), then by Theorem 4.1.2, we get
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If there is no global extreme in the interior of [a,b], then the only global extrema are at the ends.
Since d(a) = d(b) = 0, we see that 0 is the maximal as well as the minimal value of d(x) on [a, b].
f(b) — f(a)
b—a
the interval. -
The Mean Value Theorem has the following important consequences.

This implies that d(z) = 0 throughout [a,b]. In this case, we have f'(z) = throughout
Corollary 4.2.2 If f'(x) =0 for all x € (a,b), then f(x) is a constant on (a,b).

Proof. For z1,z5 € (a,b), by applying the Mean Value Theorem to the function on the interval
[z1, 22] (and using differentiability implies continuity), there is ¢ between x; and xo, such that

f(a2) = fa1) = f'(e) (w2 — 1) = 0. .

Corollary 4.2.3 If f'(z) = ¢'(x) for all x € (a,b), then there is a constant C, such that f(z) =
g(x) +C on (a,b).

The corollary may be proved by applying Corollary 4.2.2 to f(z) — g(x).

Example 4.2.1 Applying the Mean Value Theorem to Inx, we get

Inl+z)=In(l+z)—-Inl= x, for some 0 <6 < 1.

1+ 0x
Since
T 1
r<czx
1+2z = 1+6x
for x > —1, we conclude that
x
< In(1 <z
T+ = n(l+z) <z n

Example 4.2.2 For the function |z| on [—1, 1], there is no ¢ € (—1, 1) satisfying
f) = f(=1) =0=f(c)(1 = (=1)).
We do not have the conclusion of the Mean Value Theorem because |z| is not differentiable at 0. =
Example 4.2.3 We know the function f(z) = e satisfies f/ = f. Is there any other function also
satisfying f' = f?
Suppose f' = f. Then
(e f(@) = (™) f(a) +e " (f(2)) = —e " f(x) + e "f'(z) = e"(—f(z) + f'(z)) = 0.

Therefore e~ f(x) = C' is a constant, and f(z) = Ce™*. .
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Cauchy’s Mean Value Theorem
The Mean Value Theorem may be extended as follows.

Theorem 4.2.4 (Cauchy’s Mean Value Theorem) If f(x) and g(x) are continuous on a closed
and bounded interval [a,b] and are differentiable on the open interval (a,b), such that g'(z) # 0 on
(a,b), then there is c € (a,b), such that

f) = fla) _ f'e)
g(b) —gla)  g'(c)

The theorem can be proved similar to the Mean Value Theorem, simply by changing b — a to
g(b) — g(a) and x — a to g(x) — g(a). Geometrically, Cauchy’s Mean Value Theorem means that for
a differentiable parametrized curve

v=f(t), y=9@1), a<t<b

on the plane, some tangent vector (f(c),g’(c)) along the curve is parallel to the straight line con-
necting the end points (f(a), g(a)) and (f ( ), g(b)) of the curve.

Example 4.2.4 Cauchy’s Mean Value Theorem may be used to prove Theorem 3.3.2 on the high
order approximation. Here we present the argument in case n = 2.

Suppose f(z) has first order derivative on (@ —d,a+J) and has second order derivative at a. The
difference (called the remainder)

fla)

5 (@ —a)?

R(z) = f(x) — f(a) — f'(a)(z — a) —

between f(z) and its quadratic approximation satisfies
R(a) = R'(a) = R"(a) = 0
_R(=)

—a)?
By taking f(x) to be R(x) and g(x) = (z — a)? in Cauchy’s Mean Value Theorem, we get
R(z) _ R(z)—R(a) _R'(c)

2 g(x)—gla)  g'(c)

The approximation theorem basically says lim,_., =0.

(x —a)
for some ¢ € (a,x). Since R'(a) = 0, we further have

R RQ-R@ 1,
g}lgé g'(c) _clﬁa 2(¢—a) 2R (a)=0

where the first equality is due to £ — a implying ¢ — a, and the second equality is the definition of
the second order derivative. .
Example 4.2.5 We can use Cauchy’s Mean Value Theorem to prove the following inequality:

T
14z

In(1+42z) <
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In fact, for any = > 0, there is a number £ € (0, z) such that

1

In(1+z) 1+¢
T 1+ (-3
NiE (1+¢) (=3

This yields the inequality.

_ @+ 1se N
A+ €52 1+¢/2 ‘<1+£+52/4> =

Exercises

99

4.2.1 Prove that if the derivative of a function is constant on an interval, then the function is linear

on the interval.

4.2.2 Solve the differential equation on an interval:

L f/(e) = Af(2); 3. /() = [f@)
2. f/(x) = () o L
LI = 5y

4.2.4 Show that for x # 0,

g
arctan + arctanx™ "~ = 3
4.2.5 Show that
arctan — arctanx = arctana, if ax < 1;
—ax
arctan —arctanx = arctana — w, if ax > 1.

4.2.6 Use the Mean Value Theorem to prove the inequality:

1. |sina —sinb| < |a — b;

a—2>b
a

2.

<lng<a—_b for a > b > 0;
b b
b b > a > 0.

3. arctanb — arctana < 2 arctan

4.2.7 Use Cauchy’s Mean Value Theorem to prove the inequality: for z > 0
2 2

€T
- —In(1 i
2(1+I)<x n(l+z)<

5

What about for —1 < z < 07
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4.3 L'HOSPITAL’'S RULE

L’Hospital’s rule is a powerful method for finding limits of indeterminate forms such as

. In(1+2) . a2 . sinx —tanz
lim ————~,  lim —, lim ———————.
z—0 x r—+o00 et x—0 .’E?’

These are the limits of quotients in which both the numerator and the denominator tend to 0 or oo,
and usual arithmetic rule cannot be applied.
0 00
The indeterminate forms of quotient type are either 0 type or — type. The following are the
00

other types of indeterminate forms

1 1

lim zlnz, lim | — — , lim 2% lim (1 + sinx)?, lim z7%.
z—0 z—0 \ o et —1 z—0+ x—0 z—+00
(type 0-00)  (type co — o0) (type 00) (type 1) (type o°)

0 00
These types can often be converted to either 0 type or — type.
00

Theorem 4.3.1 (L’Hospital’s Rule) Suppose f(x) and g(z) are differentiable functions on (a,b),
with ¢'(x) # 0. Suppose

1. Either lim f(z) = lim g(z) =0 or hm f(x) = lim g(x) = co.
z—at z—at

f'(z)

2. lim converges.
z—at g (I’) v
Then lim f(@) also converges, and
z—a™t g(l‘)

f@) _ L P@)

z—)aJr g(.’E) - z—a™t g/(.’IJ) ’

Of course we also have the left limit version of the theorem, and the two sides can be combined

!

x

to give the two side limit version. Moreover, we allow a or lim f,( )
z—at g (

Proof. We only prove the simple case that lim f(z) = lim g(x) =0 and a is a finite number.
z—at z—at

to be any kind of infinity.

Given the assumptions, the functions

f(x):{ @), ifa<z<b, g(x):{ o(z), ifa<w<b,

0, if z = a, 0, ifz=a

are continuous on [a,y] and differentiable on (a,y) for any a < y < b. Applying Cauchy’s mean
value theorem to f(z) and g(z) on [a,y], we get
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I
c
for some a < ¢ < y. Since y — a™ implies ¢ — a™, the convergence of lim (o) implies that
c—at g/(C)
. fy) , -
lim —= also converges to the same limit. .
y—at g(y)

Example 4.3.1 By applying L’Hospital’s rule repeatedly, for a > 1 we get

. a? . 2z .
lim — = lim = lim —
g—+o0 a®  z—+o00 a®lna  z—+oo a®(lna)

Here is the precise logic behind the computation. First because lim 2z = lim a”Ilna = oo and
T—+00 T—r+00
the last limit converges, we know the second limit converges. Then because lim z? = lim a® =
T—r+o0 T—r+00
oo and the second limit converges, we know the first limit also converges. Moreover, L’Hospital’s
rule tells us that all the limits are the same. .
. sinx .
Example 4.3.2 By hn}) =1 and the L’Hospital’s Rule, we have
g X
. l—cosxz . (1—cosz) . sinz 1
lim ——— = lim ——~ = lim —— = —.
=0 2 =0 (z2) z—0 2 2

It is tempting to further use L’Hospital’s Rule to get

. sinx . (sinz) )
lim = lim = lim cosx = 1.
z—0 X x—0 (:L’)’ x—0

sinx
However, such argument is logically circular because we have already used the limit lim —— to

z—0 X

derive the derivative of sinx, and yet such derivative is used back in the computation of the limit.
In(1+x

Such logical problem also occurs if you try to use L’Hospital’s Rule to compute lin% M, which

r— T
is actually the definition of (Inz)’| _;. .
Example 4.3.3 The following limit was computed in Example 3.3.9.

sinz — tanx . cosxz —sec’x . cosPx—1 . —3cos?zsinz 1
im———=lim———— =lim——=lm—— = ——.
z—0 1‘3 x—0 25(,‘2 z—0 2,7,‘2 z—0 6x 2

In the second equality, we simplified the limit so that the derivative of the numerator is easier to

compute. [L’Hospital’s Rule is used in the first and the third equalities. "
T +sinx 00
Example 4.3.4 The limit lim rAsmy is of — type. However, the L’Hospital’s Rule
T —00 x (0]
lim rEsmr lim (1 + cosx)
xT—00 x€X xr—00

does not appear to work because the left converges to 1 and the right diverges. The reason is because
the second condition in Theorem 4.3.1 is not satisfied.
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/

The lesson is that if the first condition is satisfied, then we can use the convergence of lim+ =
z—at (g

to conclude the convergence of lim i but not vice versa. "
z—at g

0 o0
Example 4.3.5 Many indeterminate forms can be converted to the 0 or — type and the computed

0
by L’Hospital’s rule. For example, the limit lim zInz is of 0 - co type. We have

z—0t
1
lim zlnx = lim lnix = lim (In z)’ = lim £ = lim —z=0.
x—0+ s—ot 1 z—0+ 1 ! z—0+ 1 z—0+
z <x> 22

By 2% = e*!"® we further get
lim 2 =1,

z—0t
and "
. 1 . 1 1
lim zz = lim (| — =—=1.
x—+00 z—0+ \ T lim x*
z—0t

By similar argument, we have

lim a2 Inz =0, for any p > 0.
z—0*t

Taking a positive power of the limit, we further get

lim 2?(Inxz)? =0, for any p,q > 0.

z—0t
) 1
By converting = to —, we also have
x

q
lim (Inz)

r—+00 xP

=0, for any p,q > 0. "

Example 4.3.6 Here is the computation of a oo — oo type limit

er —1—=x . e’ —1 e’ 1

1 1
z—0\x e*—1 z—0 x(e® —1) w—=0e® —14xe® 290 e% +e¥ +xe® 2

The limit was already computed in Example 3.3.9. Can you see that the two computations are
essentially the same? "

Exercises

4.3.1 Compute limit. You may combine I’'Hospital’s rule, high order approximation, and known
limits:
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1. lim xpefzq; 14. lim .%‘Sinm;
z—0 z—0
. . Ll 1 x.
2. xEToo zPe™™; 15 11—1>Ig+( nz)®;
3. lim 2aPlnx; . i - 1 .
ereo 16. iﬂ (lnx m—l)’
T __
4. lim ; x+1; 17 lim( ! ! )
e=1lnx —x . _ :
=0 \In(z + 1+ 22) In(l+2)
a® — asinr
5. lim ————— fora>0; . 112
-0+ x 18. lim 23 (sin = — =sin = |;
T—00 x 2 x
In(sin azx)
. : . T
6 11_1)0+ In(sin bx)’ for a,b> 0; 19. lim Inztan —;
z—14 2
. In(cosax) a® — g
7. 1 ; i
el In(cos bx) 20. lim z—a' %" 0
8. lim cos(sinsczl — cosx; 21. lim (a+ x); - agc’
x—0 €T x—0 x
. arcsin2x — 2arcsinx ) L N\
9. lim 3 ; 22. lim (e_ (1+a:)5> ;
z—0 X z—0
10. lim 1 —cosz? 23. iii%(x_l arcsinx)w%;

2—0 x2sinz?’

1
_ 924 2 =
11. lim 12ﬂ; 24. lim ( arccosa:) ;
z—%  COS3T z—=0 \ 7T
12, lim (2*" —1); ) cosz \*
z—0+ 25. lim [ ——— ) .
=0\ 1+sinz

. T _
13. lim z% '
z—04

4.3.2 Suppose f(z) has second order derivative near a. Prove that

f”(a) — lim f(a+h) +f(a_h) _2f(a)

h—0 h2

4.3.3 Show that the limit converges but one cannot be computed by L’Hospital’s Rule:

5 . 1 . x—sinz
T sin — 2. lim ——.
x . z—o0 I + SInx

1. lim ;

z—0 sinx
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4.3.4 For

671/1’2, if x # 0,
fla) = 7
0, if z =0,

show that f(™(0)=0,n=1,2,....

4.4 INCREASING AND DECREASING

A function f is increasing if &1 > xo implies f(xz1) > f(x2). If 1 > zo implies f(xz1) > f(x2), the
function f is nondecreasing. The function is decreasing if 1 > x5 implies f(z1) < f(z2). Similarly,
if 21 > 29 implies f(z1) < f(z2), the function f is nonincreasing.

If two functions are close to each other, then it is very likely that one function is increasing implies
that the other function is also increasing.

If f(z) is differentiable, then it is approximated by the linear function L(z) = f(a)+ f'(a)(x —a)
near a. Since L(z) is increasing if and only if the slope f’(a) > 0, it is very likely that f’(a) > 0
implies that f(x) is increasing near a. This is the intuition behind the following criterion for
determining the monotonic property of functions.

Theorem 4.4.1 Suppose f(x) is continuous on an interval and differentiable in the interior of the
interval. If f'(z) > 0 on the interval, then the function is nondecreasing. If f'(z) > 0 on the
interval, then the function is increasing.

Similar statements hold for decreasing functions.
Proof. Suppose x1 > x2. Then by applying the mean value theorem to the function on the interval
[x2, 1], we get
f(x1) — f(z2) = f'(c)(wa — x1), 21 > ¢ > xo.

If f/ > 0 everywhere, then f(x1) > f(xs2). If f' > 0 everywhere, then f(z1) > f(z2). .

Example 4.4.1 The function f(z) = 2® — 3z + 1 has derivative f'(x) = 322 —3 = 3(z + 1)(z — 1).
The sign of the derivative and the implication on the monotonic property is illustrated below.

’ interval \ sign of f’ \ monotonicity ‘

(700771} + /
[=1,1] - N
[1,4+00) + /"

Moreover, we know f'(—1) = f’(—1) = 0, which makes £1 the candidates for local extremes. From
the table above, we see that

r<—-1= f(z) < f(-1), -1l<z<1l= f(-1) < f(x).

Therefore —1 is indeed a local maximum. Similarly, 1 is a local minimum.
For a more sophisticated example, consider the function g(x) = 122° — 452* + 402 + 5, which a
has derivative
g (z) = 60z* — 1802° + 1202 = 602%(z — 1)(z — 2).
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A

Fig. 4.8 The graph of 12z2° — 45z* + 402% + 5

Then we can make the following table.

’ interval \ sign of ¢’ monotonicity
(—00,0] + Ve
0 0 not local extreme
[0, 1] + /
1 0 local max
[15 2] — \(
2 0 local min
[2, +00) + /

The candidate 0 for the local extreme is actually not a local extreme because ¢g(0) is larger than the
left side and smaller than the right side. .

Example 4.4.2 Consider the function f(z) = sinz — z cosx on [—5,5]. The behavior of its deriva-
tive f/(x) = xsinx is illustrated below.

’ interval \ sign of f’ \ monotonicity ‘

-5 end local max
[_57 —7T] _ \l

- 0 local min
[—, 0] + Ve

0 0 not local extreme

[0, 7] + Ve

T 0 local max
[ﬂ-v 5} _ \l

5 end local min

at 0 in Example 3.3.8. We already know the comparison sinz < x for 0 < z < 5

Example 4.4.3 Let us compare the trigonometric functions and their high order approximations

In fact, since
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min

Fig. 4.9 The graph of sinx — x cosx

(r —sinz) =1 —cosz > 0 everywhere except = nm, we see that x — sinx is increasing. Therefore
x > 0 implies * —sinz > 0 —sin0 = 0, and we get

sinz <z forz > 0.

2

T
To compare cosz with the quadratic approximation 1 — o we note that for z > 0,

x? !
<1 o —cosx) =—x+sinx <0.

2 2 2

x T
Therefore 1 — o7 — CosT is decreasing for x > 0, so that 1 — o cosr < 1— o~ cos0 = 0 for
x > 0. Thus, ' '
22
cosx>1f§ for x > 0.
3
Now we compare sinz with its cubic approximation x — 3 By

3 / 2
T . T
(az——51nac>:1——cosx<0 for x >0

3! 2!
3
and 0 — a3 —sin0 =0, we get
! .
sinx>m—§ for z > 0.
The comparison can continue with all the high order approximations of sinz and cos . "

Example 4.4.4 We prove the inequality
(a? +17)7 < (a? + )

for a,b > 0 and p > g > 0.
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b
By taking ¢ = —, the claim is the same as the function f(z) = (14 ¢®)* being decreasing on
a

In(1 4 ¢*
(0,+00). The is further equivalent to In f(z) = w being decreasing.
We have
(In f) = ¢*lnc In(1l+c") _ "Ine” — (14+¢®)In(l+ ") <o.
1+ c®)x x2 (14 ¢®)a?
This implies that In f is indeed decreasing. "

Determination of Local Extrema

In Section 4.1, we found the candidates of local extrema. In Examples 4.4.1 and 4.4.2, we further use
the criterion for the monotonicity (Theorem 4.4.1) to determine whether the candidates are indeed
local extrema. The method can be summarized as the First Derivative Test: Suppose that f(x)
is continuous at a and differentiable near a (but not necessarily differentiable at a).

1. If f/ > 0 on the left of ¢ and f/ < 0 on the right of a, then a is a local maximum.
2. If f/ <0 on the left of @ and f’ > 0 on the right of a, then a is a local minimum.

3. If /' does not change sign at a (i.e., f/ > 0 on both sides of a, or ' < 0 on both sides of a),
then a is not a local extreme.

Suppose f(z) has second order derivative at a candidate a for the local extreme. Then f(x)
should have first order derivative near a, and f’(a) = 0. If f”(a) > 0, then by f’'(a) = 0, we get
f'(z) < 0 on the left of @ and f’(x) > 0 on the right of a (see proof of Theorem 4.1.2, taking f’ here
as the function f in the proof). Therefore by the criterion above, a is a local minimum. This proves
the following test for local extrema.

Theorem 4.4.2 (Second Derivative Test) Suppose f(x) has second order derivative at a.
1. If f'(a) =0 and f"(a) <0, then a is a local mazimum.

2. If f'(a) =0 and f"(a) > 0, then a is a local minimum.

Example 4.4.5 In Example 4.4.1, we found the possible local extrema +1 for f(z) = 23 — 3z + 1
and 0, 1, 2 for g(x) = 122° — 45z + 4023 + 5. By

=6z, f"(-1)<0, f'(1)>0,
we see that —1 is local maximum and 1 is local minimum for f. By
g" = 60z(4a® — 9z +4), ¢"(0) =0, ¢"(1) <0, ¢"(2) >0,

we see that 1 is local maximum and 2 is local minimum for g. That fact ¢”(0) = 0 does not tell us
whether 0 is a local extrema. Further study is needed in order to determine the nature of 0. "
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f(x) < f(z) >0

F1@) >0 4\ @) <0

\

f'(x) >0 f’(x)<0\
r@>ol/ A\ @) <0

Fig. 4.10 The relation between extremum and sign change of f’(x)

Example 4.4.6 In Example 4.4.2. We found the possible local extrema 45, 4+, 0 for the function
f(z) =sinz — xcosx on [—5,5]. We have

f(x) =sinz +zcosz, f'(—m)=m, f'(0)=0, f'(x)=—m.

This tells us that —7 is a local minimum and and 7 is a local maximum. However, we cannot draw
any conclusion for z = 0 and the end points £5 from the second order derivative at these points. =

Example 4.4.7 Fermat’s principle says that light travels along the path of shortest traveling time.
In Fig. 4.11, we consider a light ray traveling from point A located in one medium to point B
in another medium. The media are separated by the x-axis. Assume that the speed of light is
respectively ¢; and co in the media. Denote by 6; the angle of incidence and 65 the angle of
refraction.

The total traveling time from A to B is

_ Va2 + 22 N Vb2 + (d— )2
C1 C2

T(x)

b

The problem is to minimize T'(z) on [0, d].
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)
T(x)
T
zo z
Fig. 4.11 Fraction of light from A to B
We have
T'(2) = — o — L —
ava+a? ey /02 + (d— )2
By
d d
T'0) = ————= <0, T'(d) = >0,

oV + & cva® + &2
and the intermediate value theorem, the derivative must vanish somewhere on [0, d]. Moreover, by
2 b2

Rt d—ot

a

c1(a? 4 2?)

T"(z) = >0,

the derivative is increasing, so that the place where the derivative vanish is unique.

Let zg € (0,d) to be the unique place where of T'(xy) = 0. Since T"(xg) = 0 and T” is increasing,
we have T" < 0 on (0,z9) and 77 > 0 on (zg,d). Therefore T' is decreasing on [0, z¢] and increasing
on [zg,d]. This implies that z is the global minimum on [0, d].

The equality T"(z¢) = 0 means

sin 64 To d—x9 sin 0,

a c1y/a? + a3 B ca/b? + (d — x0)2 C2

This is Snell’s law of refraction. n

Example 4.4.8 The profit of a company makes from producing and selling  amount of a product
is

p(z) = r(z) — c(x),
where r(z) is the revenue from selling the product and ¢(x) is the cost of producing the product. If
p(x) > 0, the company makes money. Otherwise it losses money.
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Cost e(x)

Revenue r(z)

dollars

Break-even pgint
T—~Maximal profit

i
Local maximal loss

'
|
'
1 1

items produced x

Fig. 4.12 A typical financial situation of a company

Typically, the company initially operates at a loss due to set-up cost of the production line and
the advertisement. Later on, the company operates at a profit, illustrated by the cost function curve
surpassing the revenue curve at the break even point. The maximal profit occurs at the point where

d(z) =r'(z).

Eventually, the company may lose money due to a combination of rising labor and material cost and
market saturation. Fig. 4.12 gives a schematic demonstration of the changes of the revenue and the

cost of a typical company.

)
e(z)
£}
z
% r(x)
9
<= ]
+ 1
o |
- I
~ 1 1
@ 7 | |
4 | | |
m ! I I
| | |
d | | |
I I I I
i i i i
0.845 2.0 3.158 4.0 T
Copies (in thousand)

Fig. 4.13 Financial analysis of a publisher on one magazine.

Consider the specific financial situation of a magazine publisher. Suppose that before reaching
5,000 copies, the cost and revenue for printing and selling = thousand copies are given by (in the
unit of 1,000 hong Kong dollars, for example)

c(z) =2 — 72% + 18z, r(x) = —2 + 10z.
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The equation r(z) = ¢(z) has two solutions 2 and 4 on (0, 5], which indicates that the publisher
begins to make money after selling 2,000 copies but then lose money after reaching 4,000 copies.

2 2
The equation r'(z) = ¢/(z) has two solutions 5(3 —V/3) =~ 0.845 and §(3 +V/3) & 3.158. At these

2 2
two solutions, we have p” (3(3 —V3)) =4v3 > 0 and p” (3(3 —V3)) = —4v/3 < 0. Therefore
the company suffers the biggest loss when it sells 845 copies and earns the biggest profit when it
sells 3,158 copies. Fig. 4.13 shows the financial anslysis of the company. "
Exercises

4.4.1 Determine the monotonicity property and find local and global extrema:

1. 23 — 3z +2; 11. 2 —In(1 4+ z), . > —1;
2. —zt + 227 - 1 12. e *sina;

T
3. 13. x —sinz, 0 <z < 2m;

l’2+1;

1 14. 2sinz +sin2z, 0 < z < 27;
4. z+ —, x #0; * - -
T

15. 2 —4sinz +sin2z, 0 < z < 27;

5 rT+a
241’ 16. |22 — 32 +2[,0 <z < 4;
6. V3+2r—a22, —-1<2<3; . T T

17. |z —sinz|, —§§x§§;
7. x2e%;

1
P . 18, ———,0< 2 <2m;

8. 2Pa”*, a > 0; lrenla =75
9. zlnz, x > 0;

19. |zle > —2 <z < 2.
10. 23 +3lnx, 2 > 0;
4.4.2 Prove inequality:
. e : 1
Loe?>1+z forz0; 5, — <2P4+(1—-2)P <1 for0<z <1,
22 p>1L
2. ¢ >14+x+ — forx>0;
2 V3 14+ V3
< 5 < ;
) 6+2v3~ 2422~ 6-2V3

8.2- 5 <l(l+z)<z forz>0; N N
<1—|—) <e<<1+) for x > 0.
€T X

N

. 2 T
4. sinz > —x for0<z< —;
s 2
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4.4.3 Prove that if f(z) and g(z) are continuous for > 0, f'(z) > ¢'(z) for z > 0 and f(0) = ¢(0),
then f(x) > g(x) for z > 0.

4.4.4 Prove that the equation

2 "

€T X
1+x—|—§+--~+ﬁ:ae

has only one positive solution, where n > 1 is an integer and 0 < a < 1.

4.4.5 Find the largest value in the sequence { {/n}.

4.4.6 Find the smallest positive value A and the largest negative value B such that
Bz Y2 <lnz < AVz, x>0.

4.4.7 A quantity & was measured n times, yielding the measurements x1, 2o, -+, z,. Find the
estimate value Z of x such that it minimizes the squared error:

(& —21)2 4 (& —22)> 4+ (& — x)>.

4.4.8 As in Fig. 4.14, assume that a L-shaped corridor is ¢ and b in width and ¢ in height (to
ceiling). What are the largest possible dimensions of a rectangular whiteboard that can be moved
through the corridor? Justify your argument.

Fig. 4.14 A whiteboard is moved through a corridor.

4.5 CONVEXITY

A differentiable function is concave upward or convex if the graph of the function always lies
above its tangent lines. In other words, we have

f(@) > f(a) + f'(a)(z — a)

for any = and a. The function is concave downward or simply concave if the graph lies below
the tangent lines.
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Theorem 4.5.1 A differentiable function is convez if and only if its derivative is nondecreasing. It
is concave if and only if its derivative is monincreasing.

By Theorem 4.4.1, we further conclude that if f(x) has second order derivative, then f is convex
if and only if f”/ > 0 and f is concave if and only if f” < 0.
Proof. Assume f(z) is convex. Then for any a < b, we have

f®) = f(a) + f'(a)(b—a), f(a) = f(b) + f'(b)(a—b).

Therefore

/ f() = f(a)
flla) s = ———

This proves that the derivative is nondecreasing.
Conversely, assume the derivative is nondecreasing. Then for > a, we have

f(@) = fa) = f'()(x —a) = f'(a)(z — a),

where the equality is by the mean value theorem, with > ¢ > a, and the inequality is due to
f'(¢) > f'(a) and & — a > 0. Similarly, for < a, we have

f(x) = f(a) = f'(c)(z —a) > f'(a)(z —a), z<c<a. .

< f'(b).

When the behavior of a function f changes from increasing to decreasing at a, we get a local
maximum. If f is differentiable near a, this means f’ changes sign from positive to negative at a.
Therefore, local extrema can be tested by the change of sign of the first order derivative.

Similarly, a function may be convex on one interval and becomes concave on another interval.
The places where the function changes from convex to concave (or vice versa) is called an inflection
point. If the function has second order derivative, then the inflection points are the places where
the second order derivative changes sign.

Example 4.5.1 The function 2P has second order derivative (zP) = p(p — 1)zP®P=1 for = > 0,
which has the same sign as p(p — 1). Therefore on (0, +00), P is convex if p > 1 or p < 0, and is
concave if 0 < p < 1. »

[ 43

8
col=

Fig. 4.15 Convexity of xP.
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-1
Example 4.5.2 The function f(z) = LH has the derivatives

22
f,:—x2—|—2x—|—1 f,,:2(a:+1)(a:2—4x—|—1)
(x2+1)2 (x2+1)3

The sign of the second order derivative and the implication on the convexity is illustrated below. =

’ interval \ sign of f” \ convexity ‘

(—o0, —1] - —~
-1 0 inflection

[-1,2- \/§] + —
2-3 0 inflection

2 —/3,2+ /3] = ~
2++/3 0 inflection

2+ V3, +00) + —

Yy
—1 2 — V3 *
z—1

Fig. 416 TI h of
ig. 6 1e graph o 21

Convexity can also be characterized by the following property: The straight line segment con-
necting any two points on the graph lies above the graph. Note that a point between z and y can
be expressed as z = A\x + (1 — Ay for some 0 < A < 1. Moreover, if L(t) = at + b is the straight line
connecting (z, f(z)) and (y, f(y)), then

L(z) = adz+(1—-Ny)+b=Aazx+b)+(1—N)(ay+Db)
AL(x) 4+ (1 = M) L(y) = Af(x) + (1 = M) f(y)-

Therefore the characterization can be summarized as follows.
Theorem 4.5.2 A differentiable function is convex if and only if

FO@+ (1= Ny) < Af(@) + (1 - N f), 0<A<L
A differentiable function is concave if and only if

fOz+(1=Ny) 2 Af(2)+ (1 =A)f(y), 0<A<T
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Proof. Suppose f(z) is a differentiable convex function. Then for z = Az + (1 —A)y with 0 < A <1,
we have

f@) 2 )+ f'() (@ —2), f(y) = f(2)+ f(2)(y —2).
Therefore
M@)+ 1 =Nf) = f(2) + f(z) Az + (1 =Ny — 2) = f(2).
Conversely, suppose f(x) is a differentiable and satisfies f(z) < Af(z) + (1 — A)f(y) for z =
Az + (1 — Ny with 0 < A < 1. Then
fy) = f(2) 2 M(f(y) = f(2), f(z)—f(2) = (1 =N)(f(y) - f(z))

If <y and 0 < A < 1, then substituting A = y—=z gives us
y—x

) = f2) S 1) — f(=)  f2) = 1)

y—z y—z T—z

Let z — y~ in the first inequality and z — =T in the second inequality, we get

fly) — flx
S = 1) > (;x” > fL(2) = £'(@).
This proves that the derivative is nondecreasing. "

If we repeatedly make use of the characterization in Theorem 4.5.2, for a convex function f and
0 <\ u<1, we have

fOz+ (1 =Npy+ (1 =XN(1 —p)z) = fQAz+ (1 = A)(py + (1 - p)2))
< M@+ A =N)fly) + 1 =pf(2) = Af(@) + (1 = Duf(y) + (1 =21 = p)f(2)

The inequality may be rephrased as
FO + py +v2) < M(@) + puf(y) +vf(), A+p+v=1, 0<A\pr<L.
In general, we have Jensen’s inequality for convex functions
FOum + Xama+ -+ Apmy) < A f(z1) + Ao f(z2) + - + A f(z0),

where
AMFHXo+ 4+ A =1, 0< A, ..., <1.

Jensen’s inequality for concave functions reverses the direction of the inequality.

Example 4.5.3 The logarithmic function is concave because (Inz)” = —é < 0. Therefore we get
In(Az 4+ (1—=N)y) > Alnz+ (1 —A)Iny.

Taking exponential, we get Young’s inequality

A+ (1= Ny > oyt
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1
In the special case A = ok we have x —; Y > Vxy. =

Example 4.5.4 For p > 1 and x > 0, the function 2? is convex because (z?)"” = p(p — 1)2P=2 > 0.
By taking A\; = — in Jensen’s inequality, we have
n

w1+ x4\’
n

af +ay+ -t ab

n

<

For p > ¢ > 0, replace p by L and replace x; by x!. Then we get
q

<

n

(m€+x§+~-~+xﬁ>;
n

(x‘{+xg+-~-+xg)3

In case n = 2, we get

Q=

(prryp)% < 2%—%(mq+yq) .
This implies the inequality in Example 4.4.4. "

Curve Sketching

One of useful applications of differential calculus is curve sketching. For a given function f, elemen-
tary mathematics learnt in high schools can help us to determine (a) the domain of f; (b) whether
f is an even, or odd, or periodic function; (c) the locations of intercepts in # and y axis'. Together
with the knowledge of (d) the asymptotes; (e) the extrema; (f) the monotonicity; (g) the convexity
and the inflection points enables us to draw fairly accurate graphs of functions.

Example 4.5.5 The function f(z) = % is defined on the whole real line. Its intercepts on
x

both axes are 0. The function is odd: f(—z) = —f(z), which means that the graph is symmetric
with respect to the origin. Moreover, the limit

lim 5 =

tells us that the z-axis is the horizontal asymptote in both infinity directions.
From the derivative ( 1( 0
r+ 1)(x —
f/((E) = 2 2 )
(x2+1)

we find the monotonicity and the extrema.

’ interval \ sign of f’ \ monotonicity ‘

(=00, —1] — N\
-1 0 local min

(-1, 1] + /!
1 0 local max

[1,4+00) — AWV

INewton’s Method can be also used to find the intercepts approxiamtely.
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The extreme values are f(—1) = —% and f(1) = % From the second derivative
) =
we find the convexity and the inflection.
’ interval \ sign of f” \ convexity ‘
Covi] - [

_ \/g
[—v/3,0]
inflection

0
[0v/3] - ~
V3 inflection
[V/3, 400) + —
V3 V3

The values at the inflections are f(—+/3) = - and f(v3) = e

The function y = f(z) is sketched as in Fig. 4.17. =

inflection

~—

o+ | o

o

max

-V3
1

T
[
[
[
[
o

|

min

. x
Fig. 4.17 The graph of P

Example 4.5.6 The function f(z) = PO is defined everywhere except £1. Its intercepts on
2 —

both axis are 0. The function is odd. The limits
3 3 3 3

lim ——— = lim — = —00, lim ——— = lim — = 400
z—-1-24—1 zo1-2%-1 z—-1t 22 —1 21+ 2% -1

show that x = 41 are vertical asymptotes. Moreover, the limit

3
x x
li — =1l =
w;%o(le ) Jim =7 =0
shows that y = z is a slant asymptote along both infinity directions. We also see that the graph of

f is above the asymptote for x > 0 and below the asymptote for z < 0. The left graph in Fig. 4.18
shows an initial sketch based on the study of the asymptotes.
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Y .
R
e r
A 1
o
3
Fig. 4.18 The graph of —
22 —
The derivatives
2%(z? - 3) 2z (22 + 3)

tell us the monotonicity

’ interval \ sign of f’ \ monotonicity ‘
(—OO, _\/g] + /‘
[V3,-1) - A"
(=1,0] - N
[0,1) - N
[V3, +00) + N

and convexity.

’ interval \ sign of f” \ convexity ‘

oD - ~
(=1,0] + —
[0,1) - -
(1, +00) + —
The function has one local maximum f(—v/3) = 7%’ one local minimum f(v/3) = %, and one

inflection f(0) = 0.
With the all the above information, we sketch the function y = f(z) as the right graph in
Fig. 4.18. .

Exercises
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4.5.1 Study the convexity and sketch the graph of the functions in Exercise 4.4.1.
4.5.2 Study the convexity:

1. 22 +ax + b; 3. (2% 4 1)e%;

2. 2% + az + b; 4. In(2? 4+ 1).
4.5.3 The generalizes of the inequality in Example 4.4.4.

1. Show that Inx is concave.

2. For positive x1, s, ..., T,, prove that

1’11H1’1+1’21H(L’2+"'+1’n1nmn<1nx%+x§+”'+m%<ln(£p 4 pg + +l’)
< : I n).

T+ X2+ -+ Ty B3 W w7 e el )

3. For positive z1,xs,...,T,, and p > ¢ > 0, prove that

Q=

(@} + b+ +al)p < (af +ad+ oo+l

4.5.4 Sketch the following functions:

1. y=2% -3z +2; 9. y=x—In(1+2x), z>-1;
2. y=—a"+22% - 1; i
Y xr + 2z ; 10 y:mnac7 2> 0
3 : '
Y= )
a? +1 11. y=x —sinz, 0<x <27
p— 1 .
Ly=setg o#0 () y=|2*—3z+2|, 0<a<4
3 .
5.y = o .z £0; 12. y=|z —sinz|, —-7/2<z<7/2;
(r—1)?
1
6. y=312z 22, —l<a<3; 18-y =y 0STS™m
_ 2,
Toy=zte 14.y:\x|ef“”71|, —2<z<2

8. y=xzlnzx, x>0

4.6 SUMMARY

Definitions

e A maximum of a function f is a point a such that f(z) < f(a) for all z in the domain of f.
The point a is a local maximum if f(z) < f(a) for all  near a in the domain of f. The
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concepts of minimum and local minimum are defined similarly. Maxima and minima are
also called extrema.

A differentiable function is convex if its graph is always above its tangent lines. In other
words, we have f(x) > f(a)+ f'(a)(z — a) for any x and a. The concept of concave is defined
similarly.

An inflection point is the place where a function changes from convex to concave or vice
versa.

In sketching the curve of a function, it is often helpful to study the following aspects: Domain,
intercepts, symmetry (parity, periodicity, etc.), asymptote, monotonicity, local extrema (and
the value at the local extrema), convexity, inflection points (and the value at the inflection),
etc.

Theorems

Any continuous function on a bounded closed interval has global maximum and global mini-
mum.

Mean Value Theorem If f is continuous on [a,b] and differentiable on (a,b), then there is
f() — f(a
O 1a) _ gy

¢ € (a,b), such that 2

— If f'(x) =0 for all x € (a,b), then f(z) is a constant on (a,b).
(z) =

— If f'(z) = ¢'(z) for all x € (a,b), then there is a constant C, such that f(z) = g(z) + C
on (a,b).

Cauchy’s Mean Value Theorem If f and g are continuous on [a, ] and differentiable on

[a,] and d
(a,b), such that g’ # 0 on (a,b), then there is ¢ € (a,b), such that {;EZ; _:5(3)) B chEC))

L’Hospital’s Rule Suppose li_r}n f(z) = lim g(z) = 0 or lim f(z) = lim g(x) = co. Then

r—a Tr—a r—a
!/
lim (@) = L implies lim M = L. In L’Hospital’s rule, a can be a™, a~ or any kind of oo,
z—a g'(x z—a g(x)

and L can be finite or infinite.

Candidates for Local Extrema: If f is differentiable at a local extreme a, then f’(a) = 0.
Therefore the local extrema a of a function on an interval are of three types: (1) a is an end
point; (2) a is an interior point, f is not differentiable at a; (3) a is an interior point, f'(a) = 0.

Criterion for Monotonicity: If f/ > 0 on an interval, then f is nondecreasing in the interval.
If f/ > 0 on an interval, then f is increasing on the interval. Similar criterion works for the
decreasing functions.

First Derivative Test for Local Extrema: Suppose that f(z) is continuous at a and differ-
entiable near a (but not necessarily differentiable at a).
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— If f/ > 0 on the left of @ and f’ < 0 on the right of a, then a is a local maximum.

— If f/ <0 on the left of @ and f’ > 0 on the right of a, then «a is a local minimum.

— If f" does not change sign at a (i.e., f/ > 0 on both sides of a, or f’ < 0 on both sides of
a), then a is not a local extreme.

e Second Derivative Test for Local Extrema:

— If f/(a) =0 and f”(a) < 0, then a is a local maximum.
— If f’(a) =0 and f”(a) > 0, then a is a local minimum.
e Criterion for Convexity: A differentiable function f is convex on an interval if and only if f’

is nondecreasing, or f”/ > 0 in case f has second order derivative. Similar criterion applies to
concave functions.

e Jensen’s Inequality: A function is convex if and only if f(Ax+ (1 —N)y) < Af(x)+(1—X)f(y)
for0< A <1.






Integration

5.1 RIEMANN INTEGRATION

Let f(x) be a function on a closed bounded interval [a,b]. If f(x) is non-negative, then the graph
of f(z), the z-axis and the two vertical lines x = a and x = b encloses a region on the plane. See
Fig. 5.1.

Fig. 5.1 The area under the function f(x)
To find the area of the region, we approximate the area by a series of rectangles. First we divide
the interval into smaller intervals, called a partition
Pa=xg<zi1 <9< ---<x, =
123
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Next we choose one sample point x} in each interval [z;_1,x;]. Then the rectangles [z;—1,2;] X
[0, f(z})] together, indicated by the shaded region in Fig. 5.2, form a good approximation of the
region below the graph of f. The total area of the rectangles is

n n

S(P, f) = Zf(:C?)(SCZ - 131'_1) = Zf(l‘f) A.Ti, Al‘i =i — Tj-1,

=1 =1

called the Riemann sum of the function f(z) with respect to the partition P and sample points
x¥. Note that the sample points do not explicitly appear in the notation S(P, f) for the Riemann
sum.

|
|
|
|
I
|
|
I 1
1 1
a =y T T2 i Tn—1Tn =b 4

Fig. 5.2 The area under f(z) is approximated by a sum of rectangular areas

The size of the partition P is measured by
IP]| = max{Az, Azxg, ..., Az, }.

We expect that as the size of P gets smaller and smaller, the rectangles to get closer and closer to
the region below f, and the Riemann sum to get closer and closer to the area of the region below f.
The intuition can be illustrated by the equality

lim S(P, f) = area under the graph of f.
[P0

Example 5.1.1 Consider a constant function f(z) = h. For any partition P and any choice of the
sample points z, we always have

S(P,f)=> hAx;=h> Ax;=h(b-a).

Therefore as the size of the partition approaches 0, the limit of the Riemann sum is A(b—a). Indeed,
the region below the graph of the constant function is a rectangle of base b — a and height h, and
has h(b — a). .
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Example 5.1.2 The function

0, ifx#ec,
de(x) = . 7
1, ifz=c
is 0 everywhere except at ¢. The Riemann sum (¢ = z; in the third case)
0, if all =} # ¢,
S(P,éc) = Axj, if one x;‘ =c,

: * ok _
Az + Azjpq, if two i =xj4 =c

Therefore |S(P,d.)| < 2||P||, and the limit of the Riemann sum is 0. Indeed the region below the

graph is one vertical line, which has area 0. -
Example 5.1.3 Consider the identity function f(x) = x on [0,1]. For any partition P and the
choice of the middle sample points =} = %,

S(Pf) =)} Aw;= %Z(% + @) (@ — wio1) = %Z(l’? —aig) = %(fﬂi —xp) = %

1
The limit as ||P|| — 0 is 3 which is indeed the area of the region below f (the rectangle connecting
three points (0,0), (1,0), (1,1) on the plane). =

2

Example 5.1.4 To compute the area below the parabola f(x) = 2 over the interval [0, 1], we

.. . . 1
divide the interval evenly into n parts. In other words, we have x; = —. Moreover, we take the
n

i
sample points &7 = — to be the right ends of the intervals in the partition. The corresponding
n

Riemann sum is

(n+1)(2n+1)
6n2 '

" i1 1 1
}( = (124224 . 40 =—nnh+1)2n+1) =
p (n) n n3( ) 6n3n(n )@n+1)

1
As n — oo, the size of the partition approaches 0, and the Riemann sum approaches 3 Thus the

area below the parabola should be 1 "

Rigorous Definition
The examples suggests the following general definition.

Definition 5.1.1 A function f(z) has Riemann integral I on a bounded and closed interval [a, b],
if for any € > 0, there is § > 0, such that

[P <6 =[S(P,f) —I| <e.
The Riemann integral is denoted

I/abf(x)da:.
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Examples 5.1.1 and 5.1.2 tell us

/abhdx:h(b—a), /ab5c(:r)dm:0

in the rigorous way. Examples 5.1.3 and 5.1.4 suggest that

1 1
1 1

/xdx:f, /xdezf.
0 2 0 3

However, the argument was not rigorous because not all possible partitions and sample points have
been considered. The following is a rigorous argument for the integral of f(z) =z on [0,1].

Example 5.1.5 In Example 5.1.3, we already know the Riemann sum S,,(P, ) = % in case the
Ti—1 + T4
2
arbitrary choice of the sample points z}, we have |2} — 2, ;| < %Ami, so that

sample points are the middle points z,, ; = (the subscript m means “middle”). Now for

1 «
SPD -5 = 1S = Su(P D=Lt A~ P A,
< St =l Am < 23 A2 < 2P| Agy = 2P
- ‘ ’ -2 t T2 2
1
This implies that as || P|| approaches 0, the general Riemann sum S(P, f) approaches 3 .
Integrability

Examples 5.1.3 and 5.1.5 illustrate the rigorous argument for Riemann integral is by no means trivial.
After all, the Riemann integral is defined as a limit, and we know that many limits diverge.
b
If there is a number I that fits into the definition of the Riemann integral / f(z) da, then we
a
say f(z) is Riemann integrable on [a,b]. Otherwise, we say f(x) is not integrable. We already
see that the constant function f(x) = h and the identity function f(x) = x are integrable.

Example 5.1.6 Consider the function

For any partition P of [0, 1], if ] # 0, then the Riemann sum

S(P»f):ZEACUiZEAfﬁ—FZEALM.
i=1 "1 1 i

=2 !
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Since we allow z7 to be any point in (zg,x1] = (0,21], the first term can get arbitrarily large. In
particular, the Riemann sum will not converge as || P|| — 0. Therefore the function is not integrable
on [0, 1]. n

The example can be easily generalized.
Proposition 5.1.2 Riemann integrable functions are bounded.
However, the following example shows that the bounded property does not guarantee integrability.

Example 5.1.7 The Dirichlet function in Example 2.2.26 is bounded. For any partition P of [a, b],
if we choose the sample points z} to be rational, then we get S(P,D) = > 1-Ax; =b—a. If we
choose the sample points x} to be irrational, then we get S(P,D) = > 0 Az; = 0. Therefore the
function is not integrable. =

The Dirichlet function is not integrable because it is an extremely bad function. Reasonably good
functions are expected to be integrable.

Theorem 5.1.3 Continuous functions are integrable.

For example, the functions x and x? are integrable on [0,1]. The computation of their integrals
on [0, 1] in Examples 5.1.3 and 5.1.4 are justified.

The most general criterion for integrability can be obtained by considering the Cauchy criterion
for the convergence of the Riemann sum: For any € > 0, there is § > 0, such that

[Pl <6, |Qll <d=|S(P, f) = S(Q, f)| <e

At least it is easy to see that the criterion is necessary, by a proof similar to the proof of Cauchy
criterion for sequence limit (Theorem 2.1.12). Specializing the Cauchy criterion above to the case
P = @ and making the selection of sample points (which may be different for P and Q) explicit, we
get the necessary condition: For any € > 0, there is § > 0, such that

1Pl <6 =[S (D)~ flar)) Aai| < e

By suitably choosing the sample points, the difference f(z}) — f(«}*) can be as large as the oscil-
lation

W,y 2] (f) = sup (f) — inf ](f):sup{lf(af)—f(w’)\: z, 2’ € [vi—1, 3]}

[zi—1,2:] [wi-1,2

of the function on the interval [z;_1,x;]. Therefore the condition becomes the following: For any
€ > 0, there is § > 0, such that

1Pl <6 = w10 (f) Az <e.

This proves the necessary part of the following criterion.
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Theorem 5.1.4 The following are equivalent for a bounded function f(x) on a bounded closed
interval [a, b).

1. f(x) is is Riemann integrable on [a,b].
2. For any € > 0, there is 0 > 0, such that ||P|| < & implies Y Wiy, | 2,](f) Az; <e.
3. For any € > 0, there is a partition P satisfying ) Wiz, , «,)(f) Az; <e.

The full proof of the theorem is rather complicated and will not be given. Theorem 5.1.3 follows
from this theorem and the fact that any continuous function on bounded and closed interval must
be uniformly continuous.

Example 5.1.8 We show that the function

1

sin—, if x #0,
x

0, ifx=0

fz) =

is integrable on [0, 1].

For any € > 0, f(x) is continuous on [e, 1]. By Theorem 5.1.3, it is integrable on [, 1]. Therefore
there is a partition P’ of [e, 1], such that ) Wiz, , 2,1(f)Az; < €. Now we add 0 to P’ to form a
partition P of [0,1]. By |f(z)| < 1, on the first interval [0, €] of the partition, we have

Wi0,€] (f) <2
Therefore

Zw[mifl,xi](f) Ax; = wio,q(f)e+ Zw[xi—lﬂbi](f) Ax; < 26+ € = 3e.
3 P’

This verifies the last criterion in Theorem 5.1.4.
In general, if f(x) is bounded on [a,b] and is integrable on [a + €, b] for any € > 0, then f(x) is
integrable on [a, b]. .

Example 5.1.9 By
If @) = 1f ()] < 1f(z) = £,

we have Wiz, 2,)(|f]) < Wiz,_,,2,(f)- Therefore

Zw[m—l,xi](‘fl) Az; < Zw[zi_l,xi](f) Az;.

Then by Theorem 5.1.4, we conclude that the integrability of f(z) implies the integrability of | f(x)|.

Example 5.1.10 We show that if f(z) is integrable, then [f(z)]? is also integrable.
By Theorem 5.1.2, we have |f(z)| < B for a constant B. Then by

|[f(@))? = [f @] = 1f (@) + F@@)] - [ f (@) = f(")] < 2B | f(z) - f(@)],

we have

Zw[wifl,l‘i](ja) A‘/'l;’L S Z 2Bw[1171,lz](f) A‘r’i'



Then by Theorem 5.1.4, we conclude that the integrability of f(x) implies the integrability of

[f ()]

The example above can be extended to the integrability of the functions such as [f(z)]? or sin f(z).
In general, the argument applies to the composition g(f(x)), with ¢g(y) satisfying the Lipschitz

condition

lg(y) —9(y")| < Cly =],

where C is a constant independent of y and 3’. We note that by the Mean Value Theorem, a
differentiable function with bounded derivative satisfies the Lipschitz condition. In particular, sinx,

cosx, ——
T 1422

Exercises

5.1.1 Use the definition to compute the integral.

1. / (22 — 3) du;
0

2
2./ 22 du;
-1

: 1 1 1 !
2. lim 4+ — 4+ =
n—oo\n+1 n+2 n+n 0

3. i e / 1
. lm s ——= | =
n— oo TL2 + 12 n2 + 22 ’I’LZ + TL2 0

1 2 -1 1
4. lim (sinw+sin7r+~-—|—sin(n)7r>:/ sinz dzx.
0

n—oo N n n n

5.1.3 Express the limit as integration.

1P 490 4 ... 1P
1. lim = Tt

n—00 np+1

1 — b—a
2. lim — k
nbmn;f<“+ - >

are Lipschitz on the whole real line, and e*, x

1
3. / a® dux;
0

2

4. /bdx
a x2
dx
14z
dx
1422

5.1 RIEMANN INTEGRATION

are Lipschitz on any bounded interval.

(Hint: take xf = \/x;—12;).

5.1.4 Show that the integrability of |f(x)| does not imply the integrability of f(x).
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5.2 PROPERTIES OF INTEGRATION

For the same partition P and the same choice of the sample points x, the Riemann sum satisfies

S(P, f+9) =Y (fa}) +9()) Az =Y f(z}) Awi+ > g(x}) Awi = S(P, f) + S(P, g).

We also have S(P,cf) = ¢S(P, f). Similar to the arithmetic rule for the limit of sequences and
functions, we then get the arithmetic rule for the integration.

Proposition 5.2.1 If f(z) and g(x) are integrable on [a,b], then f(x)+ g(x) is integrable on [a,b],

and
b b b b b
[G@+g@yae= [ faraes [g@an [ e@do=c [ f@)a
For f > g, the Riemann sum also satisfies

=" fa}) Az =Y g(a}) Az = S(P,g).

Similar to the limit of sequences and functions, we get the order rule for the integration.

Proposition 5.2.2 If f and g are integrable on [a,b] and f(z) > g(x), then

]be<x>dx 2.]£bg(x>dx,

Applying the order rule to —|f(z)| < f(x) < |f(z)| (see Example 5.1.9 for the integrability of

|f(@)]), we get b b
/f(x)do: g/ |f(x)| dz.

If m < f(x) < M, the by Example 5.1.1 and the order rule, we get

b
m(b—a) §/ f@)dz < M(b—a).

Suppose an interval [a,b] is divided into two intervals [a,c] and [¢,b] by @ < ¢ < b. Then a
partition P’ of [a,c] and a partition P” on [c,b] can be combined to form a partition P of [a,b].
Moreover, for any function f on [a, b], we have

S(P,f) =8P, f)+ S(P", f).

In other words, the Riemann sum of the function on [a, b] is the sum of the Riemann sums of the
function on [a,c] and on [¢,b]. This leads to the following result. The full proof contains some
subtleties and will not be give here.

Proposition 5.2.3 Ifa < ¢ < b, then a function f is integrable on [a,b] if and only if it is integrable

on [a,c] and [c,b]. Moreover,
b c b
[ t@ae= [ g@drt [ s da
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Intuitively, the proposition means that for a non-negative function, the region below the graph
on [a,b] is the union of the region below the graph on [a, ¢] and the region below the graph on [c, b].
Correspondingly, the area of the region over [a, b] is the sum of the area over [a, ] and the area over
(¢, 0]. \

By combining Propositions 5.2.1 and 5.2.3, we see that in general, the integral f(x) dz is the

a
area between the non-negative part of f and the z-axis subtracting the area between the negative
part of f and the z-axis. For example, in the situation depicted in Fig. 5.3, we have

b
/ f(.’L‘) de = A; — Ay + As.

Fig. 5.3 Integration is the difference of areas

Proposition 5.2.3 suggests us to define

/aaf(x)de, /abf(x)dx/baf(x)dx

in case a < b does not hold. Then Propositions 5.2.1 and 5.2.3 still hold without specifying the order
among the limits of integration.

Example 5.2.1 Suppose f and g are integrable. By Proposition 5.2.1, the sum f + ¢ is also
integrable. By Example 5.1.10, the function (f + g)? is again integrable. Then by Proposition 5.2.1,
since

fx) - g(x) = % {[f (@) + g(2))* = [f(@)]* = [g(«)]*},
the product f - g is integrable. "

Example 5.2.2 Suppose f is bounded and is continuous everywhere on [a,b] except at ¢. By the
argument in Example 5.1.8, f is integrable on [a, c] and [c, b]. Then Proposition 5.2.3 further implies
that f is integrable on [a, b].
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In general, any bounded function that is continuous everywhere except at finitely many places is
integrable. Such functions are depicted in Fig. 5.4. "

N T
i / \\@b/
C1 €2 C3 o x

Fig. 5.4 Continuous everywhere except at finitely many places

Example 5.2.3 If two functions f(z) and g(z) are equal everywhere except at ¢, then
f(LL') = g(.’L‘) + aéc(m)7 a = f(C) - 9(0)7
where the function d.(z) is defined in Example 5.1.2. Since J.(z) is integrable, by Theorem 5.2.1,

b
we know that f(x) is integrable if and only if g(z) is integrable. Moreover, since / de(x) dz =0,

/abf(a:) dz = /abg(x) dz.

We just proved that the integrability and the value of the integral are not changed if a function
is modified at finitely many places. -

we also have

Example 5.2.4 (Integral Mean Value Theorem) Suppose f is continuous on [a, b]. Then it is
integrable (by Theorem 5.1.3) and reaches its maximum M and minimum m (by Theorem 4.1.1)

fler) =m, f(c2) =M.

By m < f(z) < M, Example 5.1.1 and Proposition 5.2.2, we get
b
m(b—a) §/ f@)dz < M(b—a).

This is the same as

b
fle)=m < [ f@) de < M = flea)

By applying the Intermediate Value Theorem to the continuous function f on [c1, 2], we have

1
bh—

[ r@ar= s
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for some ¢ € [c1, co] C [a,b]. Thus we conclude

b
| @) de = 00 o). .

Exercises
5.2.1 Find the relation between the Riemann sums of f(z) on [a,b] and f(—=z) on [—b, —a]. Then

—a b
prove that f(=z)dz = / f(z) da.
—b a

5.2.2 Prove that if f(x) is an even continuous function f(—z) = f(z), then flz) dz =

2/ f(z)dz. Prove that if f(z) is an odd continuous function f(—x) = — f(z), then f(z)dx = 0.
0

—a

In fact, by using Exercise 5.2.1, f(z) only needs to be integrable instead of continuous.

5.2.3 Find the relation between the Riemann sums of f(z+1T') on [a,b] and f(z) on [a+T,b+T].
b+T

b
Then prove that / flz+T)de = / f(z) da.
a a+T

5.2.4 Prove that if f(x) is a continuous periodic function f(z +T') = f(z), then

b T
blirilo%/o flx) dac:%/o f(z) da.

In fact, by using Exercise 5.2.3, f(z) only needs to be integrable instead of continuous.

5.2.5 Suppose f(x) is continuous and non-negative on [a,b]. Prove that if f(z) is not identically

b
zero, then / f(z)dz > 0.

5.2.6

5.3 FUNDAMENTAL THEOREM OF CALCULUS

Theorem 5.3.1 (Fundamental Theorem of Calculus) If f is integrable, then

x
P(z) = / F(t) dt
a
is continuous. Moreover, if f is continuous at c, then

F(c) = (o).



134 5 INTEGRATION

Proof. If f(z) is integrable, then by Theorem 5.1.2, we have |f(x)| < B for some constant B. By

Propositions 5.2.2 and 5.2.3, this implies
/ f@t) dt‘ < / Bdt’ = Blc— z|.

/ f@) dt—/ ft) dt‘ =
This further implies liin F(z) = F(c).
T c
Now we further assume f(z) is continuous at c¢. For any e¢ > 0, there is § > 0, such that
|f(z) — f(c¢)] < e€for |x —¢| < §. By Propositions 5.2.1, 5.2.2 and 5.2.3, for |z — ¢| < 4,

|F(z) - F(c)| =

|F(x) = F(c) = f(o)(x —¢)| = /zf(t)dt—/cf(t)dt—f(C)(x—C)

- /jf(t)dt/jf(c)dt‘

[ w-se dt\

< / edt‘:e|x—c|.
This means
F(x)—F
im £@) = Flo) _ (o). .
r—cC Tr — C

A function F(z) is an antiderivative of a (continuous) function f(x) if

F'(x) = f(z).
Theorem 5.3.1 shows that

xT
G(x) :/ f(t)dt
is one such antiderivative. Any two anti-derivatives F'(x) and G(x) satisfy

(F(2) - G(2)) = F'(x) — C'(2) = f(2) ~ f(x) = 0.

By Corollary 4.2.2, we find F(z) — G(z) is a constant. Therefore any two antiderivatives differ by a
constant. In particular, any antiderivative of a continuous function f(z) is of the form

F(x):/zf(t) dt 4 C

for some constant C' = F'(a). By substituting z = a and « = b into the last formula, we obtain the
so-called Newton-Leibnitz formula:

/ £(t) dt = F(b) — F(a).

In other words, we can use anti-derivative to evaluate integration.
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2 ! 3 !
(ha) =1, (2) _— (”;) 2,

2 3
x x
we get antiderivatives hxz, = and — for h,  and 2. Then by Newton-Leibnitz formula, we get

the integrals in Examples 5.1.1, 5.1.3 and 5.1.4

b 1 2 2 1 3 3
1 1 1 1
/hdx:hb—ha:h(b—a), /xdx:——o—:ﬂ / Pde= L -0 1
a 0 0

s
In general, Y is an antiderivative of P in case p # —1, and we get
p

b bp+1 p+1
—
/ ?de = ———.
a

Example 5.3.1 By

p+1
S 1. . .
As for the case p = —1, the antiderivative of — is In|z|, and in case a and b have the same sign,
x
b
d b
j:ln|b|—ln|a\:lnf. .
x a

a

Example 5.3.2 The antiderivatives of sin x, cos x, tan z, T2 and e” are — cos x, sinz, —In | cos z|,

2
T
arctan z and e®. Therefore

T
/ sinx dxr = —cosm 4 cos0 = 2;
0

™
/ cosx dx =sinm — sin0 = 0;
0

i In 2
/ tanxdxz—lncosﬁ—&—lncos():n—;
0 4 2

bode 7r
—— = arctan1 — arctan 0 = —;
o 1+22 4

a
/ dr=e®—e’=¢e*—1.
0

Example 5.3.3 The graphs of the functions sin x and cos x enclose many regions. One such region

s 3T
is over the interval from 1 to VR Since sinz > cosz on the interval, the area of the region is

3m

/;L (sinz — cosx) dx = (—cos:zT — sin 32) — (—cos% —sin%) =2V/2.

4

The computation makes use of the antiderivative — cosz — sinz of the function sinx — cos . "
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In the example above, we used the fact that if f(z) > g(z) on [a,b], then the area of the region
b

between f and g over [a,b] is / (f(z) — g(x)) dz. In case both f(x) and g(z) are non-negative, it

a

b
is clear that the area between the two functions is the area / f(x) dz of the region between f and
b a
the z-axis subtracting the area / g(x) dz of the region between g and the z-axis. Therefore
a
b b b
[ t@rae= [ g de= [ (7@ - g(a)) da

is the area between f and g. In general, the area between f and g is the same as the area between
f+ A and g + A. For sufficiently large A, both f + A and g + A are non-negative, and the area
between them is

b b
/ (f(@) +A) = (9(z) + A)) d =/ (f(z) = g(x)) da.

Integration by Parts

The Riemann integral can be computed by the antiderivative, which is the reverse of the process of
taking the derivative. Consequently, the properties of the derivative should translate into properties
of the Riemann integral. For example, if F(z) and G(z) are the antiderivatives of f(z) and g(z),
then by

(F(x) + G(2)) = F'(x) + G'(x) = f(x) + g(x)

and the Newton-Leibniz formula, we get
b
/ (f(z) +g(x)dz = (F(b)+G(b)) — (F(a) + G(a))

— (F®) - F@)+ (G0) - G@) = [ f@)de+ [ gla)dz.

We already know this property directly from the definition of Riemann integral.
The Leibniz rule

(f(2)g(x))’

means that f(z)g(z) is the antiderivative of f’
we conclude that

f'(@)g(x) + f(2)g (x)
(x)g(z)+ f(x)g'(x). By the Newton-Leibniz formula,

f(b)g(b) = f(a)g(a) =/ (f'(@)g(x) + f(z)g'(z)) dz.
This is the formula for the integration by parts.

In applying the integration by parts (and the change of variable) in concrete computations, it is
often convenient to use the differential notation
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For example,

1

d
"dr = —— x

d(m"“) — =dInz, sinzdx=—dcosxz, cosxdxr=dsinz, ¢e*dx=de".
T

)

In other words, in the differential form g(x)dz, the function g(z) can be “moved” into the “differ-
ential” d to become dG(z), with G(z) being any antiderivatvie of g(x).
Using the differential notation, the integration by parts becomes the following.

Theorem 5.3.2 (Integration by Parts) Suppose f(x) and g(x) are continuously differentiable
(i.e., the derivatives f'(x) and ¢'(xz) are continuous). Then

b b
/fmwmwzf@mm—ﬂ@mw—/gWMﬂm.

Example 5.3.4 By taking f(z) = z and g(x) = sinx in the integration by parts, we get

T us T
/ zcosrdr = / xdsinxzwsinw—OsinO—/ sinx dz
0 0 0

s
= —/ sinx dr = cosm — cos0 = —2.
0

A key step is to move cos z inside the differential to become cosx dz = dsinz, by (sinz)’ = cosz.
By applying integration by parts twice, we get

s v U Uy
/xzcosxdx = /.TQdSinl‘Zﬂ'zsinﬂ'—OQSinO—/ sinxdx2:—/ 2x sinx dx
0 0 0 0
T T
= / 2a:dcosx:2(7rcos7rfOcos())72/ cosz dx
0 0

= —27 —2(sinw —sin0) = —2r. .

Example 5.3.5 The integration of arctan x can also be computed by using integration by parts

1 1 1
d
/ arctanz dx = 1arctan1—0arctan0—/ xdarctanxzz—/ x x2
0 0 4 Jo 14z
rx=1
™ 1 T 1
= L _ Zin(1+42? =———-In2.
p gl =gl
Here we used the convenient notation
F(2)[52, = F(b) - F(a). .

Example 5.3.6 The function (1 — )™ can be integrated by expanding (1 — z)" as long as n is
a small natural number. But the expansion becomes complicated when n becomes large, and the
method does not work if n is not an integer. Instead, we may use integration by parts. For n > 0,

1 1 n+1 n+1 (z=1 1 n+1
(1—$)+> (1-—x) /(1—1‘)
l1—z)"de = - d = —d
/om( =) d /ox ( ntl Wl g o mr1

(1 —z)"+2
(n+1)(n+2)|,_, m+1(n+2) -

z=1 1
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Example 5.3.7 To integrate e” sinx, we use e* dx = de” to get

w3

2 T . 2 . - N 0 - 2 z ™ z
efsinx dr = sinz de” = e2 s1n§—e sin0 — e‘cosxdr =e2 — e’ cosx dz.
0 0 0 0

Let

3 3
I:/ e’ sinx dx, J:/ e’ cosx dz.
0 0

VB

Then we get I = e — .J. By similarly applying the integration by parts to / e” cosx dz, we also
0
get J = —1 4+ I. Solving the system

we get
5 e% 1 Bl e% —1
/ emsinxdx:;, / e’ cosx dr = .
0 2 0 2
The interested reader may get the same relation between I and J by using sinz dz = — dcosz
and cosx dxr = dsinz in the integration by parts. "

Example 5.3.8 Let
z
I, = / cos? z dx.
0

Moreover, for p > 1, we have

™

7l . p—1 T . T p—10 o .2 p—2
I, = cos? "z dsinx = cos 5 sing —cos 0sin0—(p—1) sin®z cos?”“x dx
0 0

[NE]

= —(p— 1)/2 (1—cos®z)cos? > wdx = —(p — 1)1, — I—2).
0

This implies that

p—1
I, = TIP_Q.

By Iy = g and I; = 1, for natural number n, we get

I 2n—-1)2n—-3)---17 (2n)!

pe = —- = ™,

an m(2n —2)---2 2 22nFi(pl)?
2n(2n —2)---2  22"(nl)?

Iypy1 = 2n+1)2n—1)---3  (2n+1)
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Change of Variable

It remains to translate the chain rule. Suppose F(x) is an antiderivative of f(x) and ¢(t) is differ-
entiable. Then

(F(6(1)) = F'(o(1)¢'(t) = f((1)¢' (t)
tells us that F(¢(t)) is the antiderivative of f(¢(t))¢’(t). By the Newton-Leibniz formula,

b #(b)
/f(¢(t))¢’(t)dt:F(¢(b))—F(¢(a))=/¢ f(z) dz.

Strictly speaking, the argument requires all the functions in the integral to be continuous. So we
have proved the following result.

Theorem 5.3.3 (Change of Variable) Suppose ¢ is continuously differentiable on [a,b] (i.e., the
derivative ¢’ is continuous). Suppose f(x) is continuous on ¢([a,b]). Then

@(b) b
/ f(z) de = / F(6(0)8 (1) dt.
¢(a) a

By using the differential notation, the change of variable formula can also be written as

o(b) b
/ f(z) dz = / F(6(1) dé(t).
¢(a) a

3

rdr
Example 5.3.9 To compute / —————— we introduce t = /1 +x, or x = ¢(t) = t?> — 1. Then
0 1 + vV 1 +x
b2—1 b2 b
d t*—1
/ [ w2 -1ydt= / (262 — 2t) dt.
w1 1+4Vitz J, 1+t .,
Taking a =1 and b = 2, we get
3 2 3 t=2
d 2t 5
/ P [ e —o)dt= <t2) =2 .
0 1 —|— vV 1 —|— xr 1 3 =1 3

1
d 1
Example 5.3.10 To compute / %, we notice that z dz = 5 dz? and the integral becomes
0 X

1
the form / f(z%) d2?, and we may think about z? as the new variable. Therefore
0

1 1 2 12 1
d 1 d 1 dt 1 [ d1+t 1
/ﬂ:,/L:,/ 7:,/ SRR SR
o 1+22 2 )y 1+2%2 2 Jp 14+t 2), 14t 2

At the end, we further think of 1 4 ¢ as a new variable.
Example 5.3.11 The function (1 — )™ can also be integrated by introducing

t=1

1
= —1In2.
2

t=0

t=1—z, z=1-1t, de=—dt
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Since = going from 0 to 1 corresponds to t going from 1 to 0, we get

1 0 0 1 2
/ x(l—x)"dx:—/ (1—t)t"(—dt):/ (t"—t"thdt = < - )
0 1 1 n + 1 n + 2

An alternative change of variable is

t=0 1

=1 (n+1)(n+2)

1
t=(1-2)", z=1—tv, do=——t""'dt
n
The detailed computation is left to the reader. "

Example 5.3.12 The disk of radius R is the region between functions v R? — 22 and —v/ R2 — 22
over the interval [—R, R]. The area of the disk is

/1(¢R2—ﬂ—%—¢Rlﬂﬂ»dsz/ivﬁ?—ﬂdx

T
To compute the integral, we let x = Rsint or ¢ = arcsin T with z € [-R, R] corresponding to

] . Then

T
272

R
2/ VR?2 —22dx
-R

ve

. E
2/ V R? — R?sint(Rsint)" dt = 2 R%cos®tdt

Just
p 2

[N

71 ) in 2t\ |2
= 2R2/ LHcos2t gy ope (g4 2t — TR2.
= 2 2 f——m .
2 - 2
Example 5.3.13 Let x = sint. Then we have
1 Bl ) 7
/ (1—2*)Pda = / (1 —sin®)Pcosz dx = / cos?Pt z da.
0 0 0
By Example 5.3.8, for natural number n, we get
1
1 2n—1)(2n—-3)---1 2n)!
[amyta - Gbenoyodr_ oo
0 2n(2n—2)---2 2 22ntl(pl)2
1 2n 2
2n(2n —2)---2 2 !
0 2n+1)2n—-1)---3  (2n+1)! .

Example 5.3.14 To compute the integral I = / %
o l4cos?zx

I = /0(W—t)sin(w—t)d(ﬁ_t):_/o(ﬂ_t)sintdt

1+ cos?(m —t) 1+ cos?t

T int T tsint T int
= T/Aig—fmf/A—Eif&:w/A—gLfafL
o 1+cos?t o 14 cos?t o 1+ cos?t

dz, we introduce t = m — x. Then
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Therefore
7 T /7r sint q T /Tr dcost T /_1 du T . u=-1 72
= — — dt=—= —_— = —— = — —arctanu =—. =
2 Jo 1+4+cos?t 2 Jo 14 cos?t 2 /)1 1+? 2 u=1 4
Exercises

5.3.1 Compute integrals:

1 T
1. / V1 —zdax; 5. / sin (E - J;) dz;
0 0 2

1
2./x\"/1712da:; 6 /5
0 .
0

3 /1 vl 4d 2
. X, a
o \z+1 ’ 7_/ va? —a?

4

dz.
2
4. / (e® — e )% du;
0

5.3.2 Prove that the antiderivative of an odd function is even. What about the antiderivative of
an even function?

5.3.3 Suppose f is an integrable periodic function with period T'. Show that

/a(H_Tf(gc) dz = /OTf(x) dz

for any a € R.

L de

5.3.4 Explain why the Newton-Leibnitz formula cannot be used to evaluate / 5
x

-1

5.3.5 Suppose f(zx) is continuous. Compute the derivatives:

d x ) d 1/,3
1. @/a f(tz) dt; 3. @/O £(t) dt;

da [v a [
2. a/m f(t)dt; 4. a/x f(t) dt.

5.3.6 Suppose that f(z) is continuous on [0, 1]. Prove the following equalities:

1. /02 f(sinx) dx:/oi f(cosx) dx;
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2./ xf(sinx)dx:z/ f(sinz) dz.
0 2 Jo
2 dz

5.3.7 Prove lim — =27,
=0 Jy 14 ecosz

5.4 ANTIDERIVTIVE

The computation of the Riemann integral in terms of the antiderivative suggests us to use the

notation / f(z) dz to denote all the antiderivatives of f(x). Therefore

p+1 d
/acpdx:x +C, p#-—1; /—len\xH—C’;

p+1 x
/sinmdm:—cosx+C’; /cosmdmzsinx—f—c;
/tanwdm:—ln|cosa:|+0; /sechdx:tanx—i—C;
/exdm:em—FC’; /lnxdxlenx—x+0,

where C' denotes an arbitrary constant. Since the “integral” / f(z) do does not have a range [a, b]

and has no definite numerical value, we call / f(x) dz the indefinite integral. Correspondingly,

b
the usual Riemann integral f(x) dz is the definite integral.

The fundamental theorem of calculus tells us that if f(x) is continuous, then

/f(x) dﬂﬁ:/:f(t) dt + C.

Moreover, the derivative equalities translate into the properties of the indefinite integral

J@rg@nde = [f@ e+ [ g d

[et@a = [ f@yan,
(

/ f@)g @) de = f@)gle) / g(@)f'(z) dz,

[ semswa - ( f(x)dx)

z=¢(t)

The third equality is the integration by parts and can also be written as

[rag=to- [gas
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by using the differential notation. The fourth equality is the change of variable, which can also be
written as

[ st st = [ s as

by using the differential notation. Note that after computing / f(x) dz on the right side, « should
be substituted by ¢(t). Equivalently, if ¢ is invertible, then we have

[ 1@ = ([ seanea)

where after computing the integral on the right, the variable ¢ should be substituted by ¢~ (z).

3

t=¢~1 (@)

Example 5.4.1 For p # —1, the function 2P Inx can be integrated by using integration by parts

1 1 1
/xplnxdx = — [ lnadaP™t = —— 2P ng — 7/3:p+1dlna:
p+1 p+1 p+1
= S xpﬂlnx—il /a:pﬂd—x:il 2P ng — Pt 4 C.
p+1 p+1 r p+1 (p+1)2
For p = —1, we have
1 In?
de:/lnxdlnx:nx—i—a n
T 2

Example 5.4.2 To integrate a function of (a + bx)P, we may introduce ¢ = a + bx and get

/f((a+bx)p) dz = %/f(t”) dt.

For example, by ¢t = 2x — 1, we have

t+1 ~1 1 1/2 2

/Cﬁde = —;\/det—4/(tg+té)dt—4<5t3+3t§’> +C
1 5 3 1 3

%(3(233—1)2 —|—5(2x—1)2)_|_0:E(Qx_1)2(3$+1)+0.

For another example,

5 1 4 dz2 1 2 1 —1)2 1 5 5 1

V1422 2) V1+a2? V1i+t u 2
1/3 35 3 1
= 3 <8u§ - 25ud + 2u§) +C =0 +2%)3 (52" + 22° +17) + C. _

Example 5.4.3 The function ze®” may be integrated by using change of variable

1 1
/13622 dz = 3 /612 dz? = 5622 + C.
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Here we computed /gb'(x)f(gb(x)) dz = /f((b(x)) do(z) for f(y) = e¥ and ¢(x) = 2.

Similarly, we have

. 1 1
/17‘56502 dz = 3 /xzem2 da? = i/tet dt, t=a?

Then te! may be integrated by using integration by parts

/tetdt:/tdet:tet—/etdt:tet—et—i—C.

1 1 .
/,7:36“2 dr = §(tet —eY+C = 5(952 - 1)63‘2 +C.

Therefore

In general, we may integrate z"e®” for odd natural numbers n. However, the integrals / e dz
and / 22¢" dz do not have elementary expressions. "

Example 5.4.4 We compute the integral of some trigonometric functions.

1 1 1
/cos?xsin?)x dr = /i(sin5x+sin;v) dr = 5 (—5 cosSx—cosx) +C
1 1
= —Ecos5x—§cosx+0,
5 . 1 . 1/, 1 . .
cos*zsindzdr = 5(1+cos2a:)s1n3xdx: 3 sm3x—|—§(sm5x—|—smx) dz

= ! 5 ! 3 ! +C
= 5p €08 0% — g cos 3z — S cosz .

In general, the antiderivative of the product of several sinaxz and cosbx can be computed by using
the trigonometric equalities to rewrite the product as a linear combination of several sin Az and
cos Bx. .

Example 5.4.5 The antiderivative of sin™ x cos™ x can be easily computed if m, n are integers and
one of them is odd.

/Sin4x cos’ xdr = /Sin4x (1 —sin®z)® dsinx = /t4(1 — 33 dt
1 1

3 1
i S N R WL B!
11 3 * 7 5 *

1 1 1
= ﬁsinnas—gsingq:—i—?sin%c—381115:10—&—(77
dz dsinx dt 1 1 1
secrdr = = —— = =_ = ) ¢
cos T 1—sin“x 1—¢2 2 t+1 t—-1
1 t+1 1. 1+sinz
= |/ |40=-p—>22t
SR P I R g
1 1 i 2 1 i
= flnw+C:lnﬂ+0:1n|secz+tanx|+C’.
2 1-sin“z | cos x|
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Note that the second integral is / sin® z cos™! & dz. In general, the antiderivative of tan™ x sec™ x

may be computed if one of m and m + n is odd. "
Example 5.4.6 The antiderivative of tan™ x sec”™ z can be computed also by using
sec?x =14tanz, dtanz =sec?zdzr, dsecz =tanxz secx dx.

For examples,

. 1
/tansx secxdr = /(sec2:c71)dsecx:gsec?’xfsechrC,
3 2 3 Lo 4
tan® x secxdxr = tan® x dtanx = Ztan x4+ C,
1
/Sec4xd:1c = /sechdtanac:/(tan2m+1)dtanx: gtan?’:v+tanm+0.

In general, we may easily compute the antiderivative of tan™ x sec™ x when m is odd or n is even. m

Example 5.4.7 The antiderivative of sec? 2 can be computed as / sin® z cos ™% x dz, by Example

5.4.4. Here is a more clever (but less systematic) way
/SGC?’Z‘ dr = /secw dtanz = secx tanx — /tanx dsecxr =secx tanx — /tan2x secx dz
= secx tanz — /(sec2x —1)secx dz = secx tanx — /sec?’a: dx + /secx dx.
By the second computation in Example 5.4.5, we get

1 1 1 1
/sec?’mdm = 5 secT tanz + §/secx dz = g Sece tanx + §1n|secx+tanx| +C.

Similar idea can be used to reduce the computation of /tan3 z dx to /tan:r dz. "

Example 5.4.8 Let
I:/ewsinacd:v, J:/e“cosxdx.

Using integration by parts, we have
I = /sinx de® = e®sinx — /eIcosx dx = e"sinx — J,

J

/cosx de® = e*cosx + /e”” sinxz dxr = e* cosx + I.
Solving the system, we get

1 1
/e“” sinz do = iex(sin:c—cos:c) +C, /e‘r cosz dx = §ex(sinx+cosx) +C.
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The antiderivative of e sinx and e® cosx helps us to find the antiderivatives of ze® sinx and
ze® cos x.

1 1 1
/xez sinzdr = /x d (2€I(Sinl‘ — cos a?)) = ixer(sinx —coszx) — 5 / e”(sinz — coszx) dz
1. 1 1
= e (31nm—cosx)—§(l J) = ¢ e’(xsinz — xcosx + cosx) + C.
In general, we may find the antiderivative of z"e®* sin bz and z"e** cos bz by the similar idea. =

T
Example 5.4.9 To integrate functions of va2 — x2, a > 0, we may introduce z = asint, —3 <

t < g Then cost > 0, and we have

Va2 — 22 = \/a2(1 —sin®t) = acost, dz = acostdt.

/f dx—/f acost) acost dt.

Therefore

For example,

2 2

1
/\/a2—xde:ag/cosztdt:az/i(l—i-(:os?t)dt:%t—l—a—sin%—i-C.

4

2
By sin2t = 2sintcost = —xva? — 22, we conclude that
a

2
1
/\/az—gﬂdx:%arcsing—i—ix\/aQ—x?—i—C. .
a
Example 5.4.10 For v/z2 + a?, we may introduce x = atant and get
/f(\/x2 +a?)de = /f(asect) asec’t dt.

For vz? — a2, we may introduce z = asect and get

/f 2 —a?) dm—/f (atant) asect tant dt.
For example,
x asec?tdt asec?tdt / ¢ dt
= = = [ sectdt.
V2t a2 NI R asect

By the second integral in Example 5.4.5, we get

=In|sect + tant| + C = In(v/ 2% + a®> + z) + C.

/ dx
N
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Similarly, we have

/ dx / asect tant dt asect tant dt / ¢ dt
— = = [ sec
Va2 —a? va?Zsec?t — a? atant
= In|sect+tant|+C =In|z + V2?2 —a?|+ C.

Example 5.4.11 Let
I, = /(m2 + a®)? da.

Using integration by parts, we have

I, z(z? + a®)P — /x d(2® 4+ a®)? = 2(2? + a®)P — 2p/x2(m2 +a?)P 1l dx
= x(wz + a2)p — 2p/((x2 + az)p — a2(3!:2 + a2)p_1) de = z(2? + az)p —2p(I, — a2Ip_1).
This gives the recursive formula
(2p + 1)1, = 2pa*I, 1 + x(z* + a®)P.

1
For p = > by Example 5.4.10, we have

1 1 dx
\/x2+a2dx:<2-a2/
/ 2.1+1 2 Va2 + a?
2

Note that

dx
I 1= | —— =arct C.
1 /a:2—|—1 arctanx +

For p = —1, we get

_dr M N e — L
@2+12 2Ty T oMM T oy T

We also have

/ dzx I 1 3T o4 T 3 arctan T + T n 3x LC
— =] 3=- _ ——5 | = - arctanx .
(22 +1)3 2Ty T ?+1)2) 8 4(z24+1)2 " 8(x2 +1)

Finally, we remark that similar recursive relations can be found for / (z? — a*)? dz and / (a® —
2?)? dz, and the integrals may be computed by reducing the the special cases of p. "
Example 5.4.12 Suppose we want to find the antiderivative of a function f(vaz? + bx + ¢) of the

square root of a quadratic function, we may use completing the square to get rid of the first order
term and reduce to the antiderivative of a function of Va2 — 2, v/22 + a2 or Va2 — a2.

1 1
+azva? + a2> = 5(12 In(z++v/22 + a2)+§w\/ x? + a?+C.
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For examples,

Sm t — cos tdt

= t—|—C’—arcsm( :v—l)
a

xdz x dx (2tant + 1) d(2tant + 1) /
—_—_— = = = [ (2tant 4 1)sect dt
V5 — 2z + 22 Va4 (x—1)2 V4 + 4tan? t ( )

= 2sect+In|sect + tant| + C

r—1)\?2 r—1)\2 x—1
= 2 1+1 —_— 1 C
( 5 ) +1+1In ( 5 ) + 1+ B +

Vh—2z+x2+In(v/b -2z +22+x—-1)+C. .
1
Example 5.4.13 To integrate ————, we introduce t = /1 + e*. Then t*> = 1+ ¢%, 2tdt = e® dx,
P g Tres
and
2t
[ Rt [ a
Viter t  Jee-1 J\t-1 t+1
t—1 V1 r—1
= In to=mY o " e
t+ 1 \/1 +e*+1
The integral can also be computed by introducing ¢t = e~ 2
/ x _ e” % dx _ 9 de™3 _ 2/ t
V1+e® Vet +1 Vet +1 Viz 41
= 2In(t+ V2 +1)+C=2In(e" 2 +Ve e +1)+C
The reader may check that the two answers are the same. .

Exercises

5.4.1 Compute the following antiderivatives:
z—1 2% dx
1. dux; 3. i
/ vz / 1+ a2’

2
1— 2
2/< 1‘) do: 4_/1’7%
x 1 — 22




N

®

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

/

[Ve—ae-z
/\/(x —a)(x —b) dz;

/

/
/

. /(21 + 3%)% da;

2z+1 _ 3w—1

rdr

V1=22

z? dz )

V1—22’
dx

(a2 +a?)?

3

Inx dz

x\/l—l—lna:’

lz—a
b—mdm’

lx—a
f_bdx,

eV dax;

/(ln z)? da;

/(x2 — e " da;

/
Jems
/
/

re® dm'
x+1)%

,

arccos x dx;

z? arccos T dz;

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

5.4 ANTIDERIVTIVE

arcsin ,I

arctan x dx;

arctan a:

1422 dz;

z2e % sin 3z du;

/smx sin 2z sin 3x dx;

/xbm r cos 2z dx;

/sm x cos2x dx;

/ sin’ x cos' zdz

/ 1-2 sm:L
cos? x

cos® x V/sin z du;

acost + bsinz d
-
© sin2z

asmerbcosz

a?sin’ x + b2 cos? x

sin® x cos2

/cotx dz;
/cscx dz;
/tangzdx ;

149
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39. rdr

tan® x sec” x du; 44. 5
cos?

45 /xln(m+\/1+x2)
' V14 2?

46. /(ln(a:+ 1+:c2))2 dux;

40. [ tan®z sect z da; dz;

41. [ cot®z csct x dx;
: 1
47. /esmx (0052x+ 5 ) dx;
dx cos? T
2. [ ———:
+tanz 23 arccos
48

. — dxz.
V1—22
43.

— Y — — —

sinz Intanx dx;

5.4.2 Derive the recursive formula for each of the following problems:

1. /(lnm)” dz =z(lnx)” — n/(ln )" da;

2. /x"em dx = z"e®” — n/x”fle“" da;

n—1

1
3. /sin”xdx = —Zcosz sin" 'z + /sin”fzx dz, n > 2.
n

5.4.3 Derive the formula

1 ! 2ax +b
o qp (222
va Va

1 . —2ax—b
arcsin
Ve

d + az2+bx+c)+0, ifa >0,
.
ar®+br +c

m+0, ifa <0.

5.4.4 Find the antiderivative of

sinz, if x> 0.

x2, if z <0,
f(x) =
5.4.5 Find the antiderivative of

_x2 i
f(a:):{l x?, if |z] <1,

sin(1 — |z|), if |z] > 1.
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5.5 SUMMARY
Definitions
e Given a partition P:a = 29 < 1 < --- < 2, = b of the interval [a, b] and a choice of sample
points z} € [z;_1,;], the Riemann sum of a function f(z) is S(P, f) = >, f(z})Az,
where Ax; = x; — x;_1.
b
e The function f(z) has Riemann integral I = / f(z)dz if for any € > 0, there is 6 > 0, such
that || P|| = max{Ax;} < J implies |S(P, f) — I < e. In other words, the Riemann integral is
b
the limit of the Riemann sum as the size of partition goes to 0: / flx)dx = HIIDiHm . S(P, f) =
a —
li DAz,
max{ilarcli}%() z:zl f(xl ) *
a b a
e For a < b, we also defined / f(z)dz = —/ f(z) da and / f(z)dxz =0.
b a a
e A function F(z) is an antiderivative of a function f(x) if F'(z) = f(z).
e All the antiderivatives of f(x) is denoted / f(z) dz and called indefinite integral. The
b
Riemann integral / f(z) dz is called definite integral.
a
Theorems

Integrable functions are bounded.

Continuous functions are integrable. In fact, a function that is continuous everywhere except
at finitely many points is also integrable.

Arithmetic Rule: If f(z) and g(x) are integrable, then f(x) 4+ g(x), cf(x), f(x)g(z) are inte-
b b

b b
grable. Moreover, we have / (f(z) +g(x))de = / f(z)dx +/ g(z) dz and / cf(z)dz =

c/abf(x) da.

b b
Order Rule: If a < b and f(x) > g(x), then / flz)dz > / g(z) dz.

a

Addition of Intervals: If a < b < ¢, then f(x) is integrable if and only if f(x) is integrable on
c b c
[a,b] and [b, ¢|]. Moreover, we have / fl@)dz = / fx)dz +/ f(x) dz.
a a b



152 5 INTEGRATION

e Fundamental Theorem of Calculus If f(z) is integrable and is continuous at ¢, then

= / f(t) dt is differentiable at ¢, with F'(c) = f(c).

e Newton-Leibniz formula If F(x) is an antiderivative of a continuous function f(z), then
[ @) dz = F ) - Fla).
b

e Integration by Parts: If f(x) and g(z) are continuously differentiable, then / f(x)g (z)dx =

a

b
F)g(b) — F(a)ga) - / f(@)g() dz

e Change of Varlable If (1) is contlnuously differentiable on [a,b] and f(x) is continuous on

6([a,b]), then /¢ , J@ar= / It



Topics of Integration

6.1 INTEGRATION OF RATIONAL FUNCTIONS

There is a general process for integrating rational functions. We illustrate the process by the following
examples.

dz
(x+1)(z+2)(z+3)

1 1 1 1

Gt )@+2)(@+3) 2@+1]) 242 2w+3)

, we express the integrand as a sum of simpler

Example 6.1.1 To compute/

quotients

Then
(x+ 1) (z+3)
(x +2)?

/($+1)( x :7ln|x—|—1|—ln|x+2|+§ln|x—|—3|+C:71n ‘—&-C.-

r+2)(z+3) 2 2

3
2 —1
Example 6.1.2 To integrate Y we first divide the numerator by the denominator
x

@12
3+ 1 x4+ 1
Then by 2% +1 = (z + 1)(2% — 2 + 1), we expect
2 A Bx+C

B+l w1 +x2—x—|—1’
To find the coefficients A, B, C, we note that the above is the same as 2 = A(z? — x + 1) + (Bz +
C)(z +1). By comparing the coefficients of powers of x, we get

A+B=0, -A+B+C=0, A+C=2.
153
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2 4
, B = —3 C= 3 Therefore

/x31d /d / 2dx +/ (2z —4) dz 21 | +1|+/ (2z — 4) dz
——dz=[dz— [ ——— ———— =z— -z -
x4+ 1 3(x+1) 322 —2x+1) 3 3(x2—x+1)

The last integral may be computed by “completing the square”

[SVE )

The solution of the system is A =

22 —xz+1 1\? 32,3 ?+1
x—2> +3 ity

/(m—2)daz _ /((m2)dx3/;(‘/gt?’)\fdt/(t\/g)dt

—d(t?) d
D) 1 2
/t2 . +\/§/ﬁ_§ln(t +1) + V3arctant + C

1 2¢ — 1
“In(z? — 2 +1) — V3arctan a +C,

2 V3

where we used the substitution

t:jg(x—;), xz%(\/gt—&-l)

in the computation. We conclude that

31 2 1 2 2
/%de:x—gln\xqtﬂ+§ln(x2fx+1)f%arctan m\/g +C. .
In general, consider a rational function f(x) = pExi Like the division of integers, we may divide
q(x

p(x) by q() to get
p(x) = h(z)q(z) + r(z),

where h(z) is the quotient polynomial and r(z) is the remainder polynomial. The important thing
here is that the degree r(z) is strictly smaller than the degree of g(x). Then

/f(x)dx:/h(x)dx—&-/(zggdx.

The integration / h(z) dz of a polynomial is easy to compute, so that the problem becomes the

r(z)

integration of the quotient —=.
q(z

The Fundamental Theorem of Algebra tells us that any real polynomial ¢(z) is a product of real
linear and quadratic polynomials

g(z) = Az +a))™ - (z+ ap)™ (2 + bz + )™ - (2 + bz + )™,
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such that the quadratic factors do not have real roots
2
4Cj > bj.

Then the division theory of polynomials tells us that, because the degree of r(z) is strictly smaller

r(z
than the degree of ¢(x), the quotient Q can be written as a summation of quotients with (z+a;)™

q(z)

or (z2 + bjz + ¢;)™ as denominators

1
+ o ftvmy 21 J1 ++ 2]J .]J. .
q(x) 4 az:—&—aZ (m—i—a ) 22 +bjr +¢j (2 + bjz + ¢;)"

Therefore the computation of the integral is reduced to the following types

[orgm [wornier

The first type is easy to compute

In|z+ a| + C, ifm=1,

/ dr 1
(x +a)™ _(m—l)(x—ka)m_l—i_a it m>1.

The second type is
/ (Bx + C) dz B/ 22 +bx + ¢) B / dz
ATETL)E w(e-2) [ -
(22 4+ bz + o)™ (22 4+ bz + o)™ 2 (22 + bz + )"

2 TN
/d(m2+bx+c)_ In(x —|—b1:+cl)+C’, ifn=1,
240 no) - C, if 1.

(x2 4+ bz +¢) (n—l)(x2+bx+c)"*1+ , ifn>

We have

The second part may be computed by completing the square

2 4

/ dv 1 / dt
(2 +bx +c)» D=l | (#2 1)’

which may be computed from the recursive relation in Example 5.4.11.

b\ de— b2
x2—|—bx—|—c=(z+) + = =D*t*+1), t=

Then

Example 6.1.3 To integrate the rational function

4t a2 —20+1
o+t —223 222+ +1°

fz) =



156 6 TOPICS OF INTEGRATION

we find the factorization x° + 2% — 223 — 22?2 + x4+ 1 = (x — 1)%(2 +1)? of the denominator and write

A1 A2 + Bl + BQ + Bd
z—1 (z—12 z+1 (z+1)2 (x+1)%

This is the same as

ettt -2 +1 = Aj(z—1)(z+1)3 4+ Ax(x+1)3
+Bi(z — 1)*(x + 1)? + Ba(x — 1)*(z + 1) + By(x — 1)

Then we get the following equations

2 = 8A,, by taking z = 1;
4Bs3, by taking x = —1;
d
7T = 8A;+12A4,, by taking 1 at x = 1;
d
—5 = 4By —4Bs, by taking 1 at x = —1;
x
1 = A;+As+ By + By+ B, by computing the coefficient of z*.

It is easy to solve the equations and get

/f@) da

/(1+1+11+1)d
2z —1)  4z—12  2@+1) 4@+ (@+1)3) "

ES Y PO | PR S S Y P [ L+
= -lnjz—1-———+-In|x —
2 Az —1) 2 Az +1) 20@+1)2
1 T
- S?-1-—2 _icC
i Rl e 3y Py .
. . . '1:2 + 1)4 3 .. 2 4 3 2
Example 6.1.4 To integrate the rational function @) we first divide (z* +1)* by (z° — 1)
3 —
to get
(22 +1)* a4 2x5+6x4+8x3+3x2—3.
(x3 —1)2 (z3 —1)2

By the factorization 23 — 1 = (x — 1)(z? + 2 + 1), we write

21’5+61’4+8I3+312*37 A1 + A2 +le+cl B2I+CQ
(x3 —1)2 Cz—1 (z—-1)2 22441 (224 +1)2

This is the same as

22° 4 621 +82% + 322 -3 = Aj(x—1)(@® + 2+ 1)* + Ax(2® + x + 1)?
+(Biz + C)(x — 1)*(2* + 2+ 1) + (Bax + Co)(z — 1)2.
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Then we get the following equations

-3 = A+ A+ C;+ Oy, by taking x = 0;
16 = 9A,, by taking = = 1;
—4 = 24,4+ Ay +4(—B; + Cy) +4(—B2+ C3), by taking x = —1;
= A+ By, by computing the coefficient of %;
= Ay + Ay — B +Ch, by computing the coefficient of z#;
32 = 9A; 4 184, by taking % at x = 1.

The solution of the system is

32 16 14 8 1
As=—, Ai=—, Bi=——, Ci=——, By=0, Cy=—-.
2 9) 1 93 1 97 1 97 2 ) 2 3
Therefore
(z2 4+ 1)* 1, / 32 / 16
—dz = - 4 —d ——d
/(:pdfl)? v 37 T Y s
14
_/fi%dm_/;dw
9(z2+zx+1) 3(z2+x+1)2
1, 32 16
= B4+ Zljr—1—
3¢ + 4z + 9 nlz—1| 95— 1)
_/7d(a:2—|—$+1)+ dx_/ dz
9(x2 4+ +1) 3(a? +x+1)?
1, 32 16 T
= P 4dr+Zhjz-1]-— — =1 1
3% 4zt nlr — 1| 5=—1) 9 n(z” +x+1)

7/ dx 7/ dx
9(x2+x+1) 3(x2+x+1)2

1\? 3
Byz?+z+1= (x+) + —, we introduce

2 4
2 1 20+ 1 1
t=—(z+=)="201 2=-(V3t—1).
Glers) =75 V3=l
Then by the computation of/ dt in Example 5.4.11
n utati ——— in Ex 4.
V3
/7(1:17 /th 2 arctant + C 2 arcta 2x+1+0
= = —— ar n = ——=ar 11 )
2+x+1 §(t2—|—1) V3 V3 V3

4
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V3
/7&% = / Tdt _ 8 1acta t+7t +C
@re+2 ) L T AT T @)
— (" +1)
42
= iarctan2m—~_1—|— 20+ 1 +C
33 V3 3(x2+x+1) '
Combining everything and substituting « back, we get
(2% + 1) 14 32 16 7T,
W T 4z = ~ab+de+ Shje—1— 0 — L1 1
/(%3_1)2 x 3¢ +4x + 9 nlx—1| 5z—1) 9 n(z®+xz+1)
2 2z +1 2r+1
———arct - C.
3\/§arc o V3 9(x2+x+1)+
1 62° +5x+5 13 7
T T o ity Y Y | UG o [ B
g0 TAr - sy ty ke l- gkt~
20 +1
———=arctan +C.
3v3 V3 -
. LJax+0b
Integrating [ R | x,
cr+d

/ b
If R(z,y) is a rational function in z, y, then /R (nc7 \ a:cj_—d> dx can be changed to an integral
cx

of rational functions.
jax+b

. Th
cr+d e

Introduce ¢t =

dt" —b dr  n(ad — be)t" !

T Tanva @ (et —a)?

ar +b dt"™ —b =1
{\|—— | dz = d—b t dt.
/R(m, V cx+d> z=n(a C)/R(—ct”—t—a’ ) (ct™ — a)?

The right side is the integration of a rational function.

and

Example 6.1.5 By t = ¢/z + 1, we have

(x—1)dz t—-1)—1,, ., [3tt*—2)dt
/x?/x—i—l N / (t3 — 1)t 3t dt_/ 3 —1

1 t—1
3t — dt
/< t—1+t2+t+1)

1 [dt2+t+1 dt
= §152—111\1L‘—1\+7/ (T4t )—§/
2 2 2 4+t+1 2) t2+t+1
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3, 1 9 3/
= 22—t —1+ - +t+1] -2 [ ———ZL
5 n| \+2n|++|2 t123
(_2) T
3 1, |2 —1 3 2 1
= §t2*1n\t*1\+§ln t_l‘Z\[arctan\f<t2>+C
3. 1 3 2¥z+1-1
= *3($+1)2+*1n|m|—71n|\3/x+1—1|—\/garctanﬂ—l—a
2 2 2 V3 .
Example 6.1.6 To compute
2+ 3 23:—&-3\/7
\/x2+x ||
we introduce
; T t2 dz 2t
= _— T = - =
z+1 1—¢27 dt  (1—¢2)2
For x > 0, we get
2z + 3 /( 1—t2> 2t /2(3—t2)
= 2+3 t dt = [ 22— /gt
1/1.2 +5L‘ 2 (]_ —t2)2 (1 )
= / 2 2y 1, 1 dt
B t+1 t—1 (t+1)2 (t—1)
Gt 1] —2mnft—1]— —— — 1 4
= n —2In |t — -
t+1 t—1
t+1 2t
= 2In|——|— C
n‘tl 71

= 2vVzl+z+2ln2z+1+2vVa? 4 x|+ C.

For x < —1, we have the same computation for the integration in terms of ¢, except adding a negative
sign. After substituting = back and taking into account of the sign, we still get

2¢+ 3
— —drx=2vVx2+ax+2In2x +1+2vVx2 +z| +C. "
Vit | |

Integrating /R(Sin z,cosx) dx

For a rational function R(z,y), the integral /R(sin x,cosx) dz can also be reduced to an integral

of rational functions.
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Introduce ¢t = tan g Then

. 2t 1—¢* dx 2
SIMMxr = —— COSY = —m—= _ = .
1427 dt 1412

14+t2°
_ 2t 1—1¢2 2
R(sinz,cosz)dx= | R T2 1+2)1e dt.

Example 6.1.7 By t = tan g, we have

Therefore

2 dt
dz 1+ ¢2 dt T
_ _ a1+t 0:1‘1 f‘ C.
/1—|—sinx+cosx /1+ 2t +1—t2 1+t L+t n +2 +
142 1+ t2
We also have
/sin:ccosxdx
sinx + cosx
2
_/ dz _/ A _/ 24(t2 — 1) dt
B 1+ L)1+ 1+2 ) @+0(2-2t-1)
sinx  cosw ot 1—t2
/ t+1+\/§+1 1 S V2-1 1 u
24+ 1 2 t—v2-1 2 t4+4v/2-1
1 241 2—-1
= iln(t2+1)+arctant+f2+ 11r1|t—\f2—1|—\[2 Injt+v2-1/+C
1 241 2—1
= 51n<tan25+1)+2x+\[2+ In tang—\/i—l‘—\[2 ln‘tang—&—\/ﬁ—l’—f—a -

If R(x,—y) = —R(z,y), then the substitution ¢ = sin x can be used to change /R(sin x,cosx)dx
to the integral of a rational function. If R(—z,y) = —R(x,y), then the substitution ¢t = cos z can be

used to change /R(sin z,cosz) dz to the integral of a rational function. If R(—z,—y) = R(z,y),

then the substitution ¢ = tan x can be used to change /R(sin x, cos x)dx to the integral of a rational
function.

T 4sinx 4+ 3cosx
Example 6.1.8 One may try to use ¢ = tan — to compute the integral /;
2 sinx 4 cosx

Noticing the integrand satisfies R(—xz, —y) = R(x,y), we may introduce t = tanz to get

/4smx+3cosmdx _ /4tanx+3dx/< (4t +3) dt

sinx + cos tanx + 1 t+1)(t2+1)



Exercises

6.1

INTEGRATION OF RATIONAL FUNCTIONS

/(‘2@11) * 2(7;;:1)) di

1 1
—51n|t—|—1|—|—11n(t2—|—1)+

7
2 arctant + C

1 1 7
—§ln|tanm+1\+Zln(tan2x+1)+§x+c

7]
- —1In
27 T3

secx

6.1.1 Compute the following integrals:

/x

1. ;

1+=x
/(1+x)2d:1c_
/(2—x)2dm'

) /xz—x—Q;

/i

x+a)?(x+ b)Q;

6./(

v+ 1)@+ 1)

7. —_;
/x3—|—1’

N

9]

2dzx

)

1+ 22

2—z2

dx

dx

dx

dx

/xQdac'
1—a4’

dz

9. _
/x4+x2+1’

10.

11.

12.

dx

/
/
/

2% + a?) (22 1 02)

23 dx

22+ 1)2

dx

x2+4x+6)2;

13

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

tanz + 1

e

|

/
|

/
/
/

/
| s
| s
e

2

dx

1+\/5;

Vel + )

m\/m
x+\/2+x

T Az
Va1
T
= _a
Vot vz

dz

1
—r— §ln\sinx—|—cosx\ +C.

Vatl+ve-1 .

\/ﬁ_\/ﬁ

1—72

1—2rcosx + 12

a+81n:17

coszT + tanac

sinx + tanx

dx, for 0 < r < 1

161
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d d
24. /#; 27- / x ) 3
2sinz + sin 2z (14 cos?x)(2 + sin” x)
) 28 / 1—tanx
25. / sm.J; da: 1+tanz '
1+sin“x

29 / dx
da ) sin?zcos?

26. ;
6 / sin(z + a) sin(x +b)’

6.2 NUMERICAL INTEGRATION

Many integrals cannot be expressed as combinations of elementary functions. Some examples are
/\/x3+1dx, /e’c2 dz, /sinac2d:107 /\/1—k2sin2xdx (0<k<1).

Even when the integrals can be expressed in terms of elementary functions, the formula may be so
complicated that evaluating the formula becomes very difficult. For many practical purposes, an
approximate value of the Riemann integral is enough, and numerical computations is often much
more efficient than the computation of the antiderivatives.

Rectangular Rule

The Riemann integral is the limit of the Riemann sum as the size of the partition approaches 0. In
particular, by evenly dividing the interval [a,b] into n parts, we get a partition P, with partition

—a
points x; = a + th, where h = is the step size. Denote

yi = f(z:) = fla+ih).

Then the Riemann sum with the right end sample points x} = z; is
Ry =h(yi +y2+ - +yn),

and the Riemann sum with the left end sample points x} = x;_; is

Lo=hyo+y1+ -+ Yn-1)

b
These rectangular rules give approximations of the Riemann integral / f(x) dz.
a

Trapezoidal and Midpoint Rules

A more efficient scheme for approximating the Riemann integral is to take the average of the two

rectangular rules
_R,+L, h

=-(Wo+2y1+2y2+ -+ 2Un—1+ Yn)-

T,
2 2
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left endpoint approximation right endpoint approximation

Fig. 6.1 Rectangular rules

This is called the trapezoidal rule because it is the sum of the trapezoids over the partition
intervals.

Fig. 6.2 Trapezoidal rule

Another way of improving the left and right end sample points is to take the middle points as
the sample points. This gives the midpoint rule

1+ 2+ 1
My =h(G + 2+ +Gn)y 5= (@), &= 3 ~=a+ Z2 I
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Fig. 6.3 Midpoint rule

1
d
Example 6.2.1 We use various rules to estimate the integral / TJCQ Take n = 4, hy = 0.25.
0 xr

The partition is
Py 0<0.25<0.5<0.75 < 1.

The values at the partition points are

yo = 1.000000, y; = 0.941176, y» = 0.800000, y3 = 0.640000, y4 = 0.500000.

The middle points are
0.125 < 0.375 < 0.625 < 0.875,

and the values at the middle points are

71 = 0.984615, g, = 0.876712, g5 = 0.719101, 74 = 0.566372.

1
Then we get the approximate values of / according to various rules

o 1+ a2
Ry = 0.25x (0.941176 + 0.800000 + 0.640000 + 0.500000) == 0.720294,
Ly = 0.25 x (1.000000 4 0.941176 + 0.800000 + 0.640000) =~ 0.845294,
T, = 0—225 x (1.000000 + 2 x 0.941176 + 2 x 0.800000 + 2 x 0.640000 + 0.500000)
~ 0.782794,
My = 0.25x (0.984615 + 0.876712 + 0.719101 + 0.566372) ~ 0.786700.

If we double the number of partition points by taking n = 8, then hg = 0.125, and we have
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Z; Yi T Yi
0 1.000000
0.125 | 0.984615 | 0.0625 | 0.996109
0.25 | 0.941176 | 0.1875 | 0.966038
0.325 | 0.876712 | 0.3125 | 0.911032
0.5 0.800000 | 0.4375 | 0.839344
0.625 | 0.719101 | 0.5625 | 0.759644
0.75 | 0.640000 | 0.6875 | 0.679045
0.875 | 0.566372 | 0.8125 | 0.602353
1 0.500000 | 0.9375 | 0.532225

O [ | U =W DN | O =

Then we get the approximations
Rg =~ 0.753497, Lg =~ 0.815997, T3~ 0.784747, Mg~ 0.785721. .

We actually know the exact value of the integral in the example

1
I:/ _dr T 0785308,
o 1+22 4

We may compare the approximate values with the actual value.

error n=4 n==~8
I-R, 0.065104 0.031901
I—L, | —0.059896 | —0.030599
I1-1T, 0.002604 0.000651
I — M, | —0.001302 | —0.000323

We can make the following observations from the table.
1. All rules produce better approximation as n increases.
2. The errors in the rectangular rules decrease by a factor of 2 when n is doubled.
3. The errors in the trapezoidal and midpoint rules decreases by a factor of 4 when n is doubled.
4. The error in the midpoint rule is about half of the error in the trapezoidal rule.

The following gives the estimation of the error in the trapezoidal and midpoint rules.

Theorem 6.2.1 Suppose f"(x) is continuous and bounded by Ko on [a,b], then

Kz(b — CL)3

<
- 24n2

b Ko(b — 3 b
/f(a:)dx—Tn §2(127n;1), /f(a:)dfo,,

Proof. We prove the estimation for the error of the midpoint rule. First of all, consider the Taylor

a—2|—b of [a, b

f(@) = fle) + f'(c)(x = c) + R().

expansion of the function f(z) at the middle point ¢ =
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1
Since f(x) has continuous second order derivative, by a later result, the remainder R(z) = ! Q(y) (x—
¢)? for some y between 2 and c¢. In particular,
f// y K
1)~ 1)~ ffw— o) = T oo < Ko o2

This implies

b

b
< [ 1@ - @) - e -l dr< 5 [ (@-oP da

a

b
/ () - F(0) - F'(O)(x — ¢)) da

Since

b —¢)? —(a—c)?
[t@ 10 - roe - a (- (a0

b
[ @) ds = 1@ -a) - 10 .

[ rwar-i () 0w,

K [? ) Kb-c®—-(a—c® K
/a(x—c) dz 0 3 —ﬁ(b—a)g’,

[ rwas—s () 0w

Now in the midpoint rule, we apply the inequality to each interval [z;_1,x;] to get

and

we conclude that

K 3
< —(b— .
< 50— 0)

N3
<£h3:M

| s swn| < gt = S0

Adding all the inequalities together, we get
= Kb—-a)?® Kb-a)?

< < = .

= ; DYDY 2402 -

[ sy,

/ f(x) dz — f(@)h

Simpson’s Rule

The trapezoidal rule approximates the function on the interval [2;_1, ;] by connecting the two ends
of the interval by a straight line. Therefore the rule is obtained by linear approximation. We expect
quadratic approximation to give even better approximation to the integral.

A quadratic curve is determined by three points. Therefore the “quadratic rule” will approximate
f(z) on the interval [z;_1,7;11] by a function Q(x) = A(z — z;)? + B(z — x;) + C satisfying

Yie1 = flzic) = Q(xi—1) = Ah* — Bh + C,
yi = [f(x;) =Q(x;) =C,
yir1 = [(xip1) = Q(ziy1) = Ah> + Bh + C.
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The integral of f(z) on [z;_1,x;41] is then approximated by
Tit1 h 2 h
(z)dz = / (At? + Bt + C)dt = §Ah3 +2Ch = g(yi—l +4y; + Yiv1)-
Ti—1 —h
Now suppose n is even, then we may apply quadratic approximations to [zg,x2|, [2,24], ...,
b
[€n—2,Ty]). Adding such approximations together, we get an approximation of / f(z) dz
a

h
Sn = g(yo + 4y1 + 2y2 + 4y3 + 2y4 “+ e+ 2y7172 + 4yn71 + yn)

This is Simpson’s rule.

Fig. 6.4 Simpson’s rule

1
d
Example 6.2.2 Applying Simpson’s rule to / sz for n = 4, we get
0 x

0.25
Sy = = x (1.000000 + 4 x 0.941176 + 2 x 0.800000 + 4 x 0.640000 + 0.500000) ~ 0.785392.

The error I — S,, = 0.000540 is comparable to the trepezoidal and midpoint rule at n = 8 and is
much better than all the rules at n = 4. "

The errors in Simpson’s rule is estimated as follows.

Theorem 6.2.2 Suppose f*)(x) is continuous and bounded by K4 on [a,b], then

< K4(b — CL)5

b
/a flz)de — S, | < 18073
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Example 6.2.3 We try to determine the number of partition points needed in order for the Simp-

1
dx
son’s rule to produce an approximate value of / 1522 accurate up to the 6-th digit.
0

22
‘We have
24(5z* — 102 + 1)

1+22)p

B 240z (22 — 3)(322 — 1)

f(s)($> = (1+22)6

f () =

1
From f®)(z), we see that the maximum of |f®)(x)| on [0,1] can only be reached at 0, — or 1. By

V3

o=, |/ (=5 romi=s

we get K4 = 24. Then the question becomes
24
= _<10°¢
180n4 —
Therefore n > 19.1. Considering n should be an even integer, we need n > 20.

Similar estimation can be made for the trapezoidal and midpoint rules. We can find Ky =
|7”(0)] = 2. Then the question respectively becomes

2
_Z _<10°¢ <1076.
12n2 — T 24n2 —

The answer are respectively n > 409 and n > 289. »

Exercises

6.2.1 Use the trapezoidal, midpoint and Simpson’s rules to evaluate the following integrals:

2 T
1. / d£7 with n = 4; 4. / cosz? dx, with n = 8;
1 T 0
T /2 1
2. / x sinz dx, with n = 5; 5. / 1-— 1 sin® z dz, with n = 6;
0 0
T /2 sinx
3. / sin x dz, with n = 6; 6. / dz, with n = 8.
0 0 X

6.2.2 Determine the number of partition points needed to get an approximate value of the following
integrals accurate up to 10, by using trapezoidal, midpoint and Simpson’s rules:
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2 ™
1. d—x; 4. / cos z2d;
1 T 0
g /2 1
2. / x sin xdx; 5. / 1— =sin?zda;
0 0 4
™ /2 :
3. / sin xdx; 6. / Sy dzx.
0 0 X

6.3 IMPROPER INTEGRAL

The definition of Riemann integral requires that the domain of integration is a bounded interval
and the integrand function is a bounded function. However, in many applications, it is necessary
to consider the integral over unbounded intervals or the integral of unbounded functions. In such
cases, we get improper integrals.

6.3.1 Integral on Unbounded Interval

The integral on unbounded integral can be computed by using the bounded intervals to approximate
the unbounded interval.

Example 6.3.1 To integrate ¢e=* on the unbounded interval [0, +00), we consider the integral on
any bounded interval
b
/ e fdz=1—¢e""
0

As the bounded interval approaches [0, +00), we get

b

lim e dr= lim (1-e%) =1.
b—+oo Jg b—+o00

+oo
Therefore the improper integral / e~ " dx has value 1. Geometrically, this means that the area
0

—x

of the unbounded region under the graph of the function e™* and over the interval [0,+00) is 1. =

+oo
T
Example 6.3.2 To compute the improper integral / —, we first compute the integral on a
1 xr

bounded interval

b
d
e
1 X

“+o0
Since lim Inb = +o00, we may write / — = +00, and the improper integral diverges. "
b—+o00 1 T
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Fig. 6.5 The unbounded region has area 1.

oo dx
Example 6.3.3 To compute the improper integral / , we consider the integral on a

o 2241
bounded interval

b dx
——— = arctan b — arctana.
a

22+ 1
™ T
Since lim arctana = —— and lim arctanb = —, the improper integral converges to the value
a——00 2 b—+o0 2
oo dx ) b dx
— = lim — =T .
oo 2 +1 a——00,b—+00 [, 2 +1

In general, assume f(z) is integrable on [a, b] for any large b. Then we may consider the improper

—+oo
integral / f(z) de. If the limit
¢ b
I
[ ) as

converges, then we say the improper integral converges and has value

/:oof( dx—bggloo/ e

Otherwise we say the improper integral diverges.
a
Similar discussion applies to the improper integral / f(x) de. Moreover, if f(x) is Riemann
—0o0

400
integrable on any bounded interval, then the improper integral / f(z) dz converges if and only

— 00

+oo
if both / f(z)dx and / x) dz converge, and the value of the integral is

/:O f(a) do = /OO f(2) dx+/a+°o f(a) de.
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—00
Example 6.3.4 For a > 0, consider the improper integral / 2P dz. If p # —1, then we have

a

b
pptl _ gptl
/ 2P dz = 7(1.
a p+1

p+1
As b — 400, the above converges if and only if p + 1 < 0, and the limit is — a T Combined with

p+

the case p = —1 studied in Example 6.3.2, we see that

—00 ap-i—l
/ P dx = — ifp < —1,
a p+1

and the improper integral diverges when p > —1. .

Example 6.3.5 Since
b

lim cosrzdr = lim sinb
b—+o00 Jg b—+o00
—+oo
diverges, the improper integral / cos x dx diverges. "
0

0
Example 6.3.6 To compute the improper integral / ze” dz, we start with integration by parts

— 00

on a bounded interval

0 0 0
/ xe‘”dx:/ xdew:fbebf/ e dz = —be’ — 1+ €.
b b b

Taking b — —oo on both sides, we get
0
/ ze® dx = —1. .
— 00

The example shows that the integration by parts can be extended to improper integrals

—+oo

+oo
/ f(@)g'(z) dz = f(+00)g(+00) = f(a)g(a) —/ f'(@)g() da.

—+oo
The equality means that if the improper integral / f'(x)g(x) dz converges, and

a

f(+o0)g(+oo) = lim f(x)g(z)
+o0
converge, then the improper integral / f(x)g'(z) dz also converges and can be computed by the

a
integration by parts formula.
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too dx
z(lnx)P

Example 6.3.7 For a > 1, consider the improper integral / . We have

a

/b dw /b d(Inz) /lnbdx
a x(lnx)p B a (hl.’L‘)p B Ina ap’

Taking b — 400 on both sides, we get

/+oo dx - /+Oodx
a x(lnx)p_ Ina xp'

The equality means that the improper integral on the left converges if and only if the improper

integral on the right converges, and the two values are the same. By Example 6.3.4, we see that the
teo dg

improper integral / converges if and only if p < —1, and

o 2(lnz)P

/+°° dz (Ina)P*!
a

=— if 1.
In )P p+1 hp s -

The example shows that the change of variable can also be extended to improper integrals
+oo +o0o
[ se@i@dn= [ fw)da
#(a) a
as long as lim ¢(x) = +o0.
r—+00
Of course the arithmetic property can also be extended to improper integrals

[ @ rar= [ i@ars [owan [ erwar=c [ s

a

The improper integral is defined by taking the limits. Therefore there is always the problem of
convergence, even for many improper integrals that we cannot evaluate.

—+oo
The convergence of the improper integral / f(z) dz means the convergence of
a

b
I(b):/ f(z)dz

as b — +oo. The Cauchy criterion for the convergence of lim I(b) is the following: for any € > 0,

b—+o0
there is N, such that
bc>N = |I(c) —I(b)| <e.

Since

1o~ 1) = | ) de - / ) e = / J@) de,

we conclude the following criterion for the convergence of improper integral.
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+oo
Proposition 6.3.1 The improper z'ntegml/ f(@)dx converges if and only if for any € > 0, there
is N, such that ¢
b,c > N =

x)dz| <e.

In the special case that f(x) > 0 (or f(z) > 0 for sufficiently large x), the integral I(b) =
+oo

/ f(z) dz is a nondecreasing function of b. Therefore the convergence of / f(z) dz is the

same as the boundedness of I(b), and the divergence is the same as hgl I(b) = +oo. Thus the
b—+o00

convergence of the improper integral can also be expressed by the inequality

+oo
/ f(z) de < +o0.

+o00
Theorem 6.3.2 (Comparison Test) If |f(z)| < g(x) for sufficiently large = and / g(z) dx

a
“+o0

converges, then/ f(x)dz also converges.

“+o0 —+oo
We say / f(z)dx absolutely converges if / |f(z)| da converges. Under the assumption

a a
for the comparison test, we actually also know that f(z) is absolutely integrable. Moreover, by taking

g(x) = |f(z)| in the comparison test, we know that absolute convergence implies the convergence.
+o0 +oo

Proof. The convergence of / g(z) dz implies that / g(z) dx satisfies the Cauchy criterion

in Proposition 6.3.1. Therefore for any € > 0, we have NV asuch that
c>b>N—= / x)dr <e.

The assumption |f(z)| < g(x) implies that for ¢ > b,

‘/f ) do /If |dx</ g(x) d.

Combined with the implication above, we get
C
< / g(z)de <.
b

+oo
This verifies the Cauchy criterion for the convergence of / f(x) dz. .

c>b>N= x) dz

+o00 +oo 0
1 1 t
Example 6.3.8 The improper integrals / el dz, / n—f dz, / _rarcany dx
o T—2r+3 o —oo VI + 22+ 1

converge by (for sufficiently large x)
z+1
23 —2x+3

1 ‘ x arctan ‘ s
o ramant

< —
5+ a2+ 1| 222
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the comparison test, and Example 6.3.4. Moreover, by

Inx S 1 S 1
V2 +1 7 V2241 T 22

T g

1 vz +1

oo da
and the divergence of / —, the comparison test tells us that dx diverges. "
1 X

—+o0

Example 6.3.9 We have e=® < e % for x > 1. Since / e~ * dx converges, by the comparison
0

“+oo
test, the improper integral / e~ dz also converges. It is known (by using integration of two
0

variable function, for example) that

—+oo
/ e dz = ﬁ
0 2

0
By changing x to —z, we also find / e dw = g, so that

+oo R
/ e " dx = /7.

— 00

More generally, for any natural number n, we have

2 22 22 22

e =" 7T e T <e T <e®
for sufficiently large . By the comparison test, the improper integral
o0 2
I, = / e dx
0

converges. Then we may apply the integration by parts to get

T=-400 +o0
-1 -1
+ r / "2 dp = 2 I, o
=0 0 2

1 [t 1
In — _5/0 xn—lde—EQ — _ §xn—1e—12

for n > 2. The recursive relation and

+oo 1 +oo 1
Io:ﬁ, I1:/ xe*dex:f/ e Tdr ==
0 2 Jo 2

2
enable us to compute I, for all natural numbers n. "
sinx 1 T sing
Example 6.3.10 By < — the comparison test, and Example 6.3.4, we know / 5 dx
x 1 x

COoS T

+oo
(absolutely) converges for p > 1. By the similar reason, / dzx also converges for p > 1.
1

xP
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sinx

—+oo
The argument fails for the case p = 1. In fact, the improper integral /
1

‘ dz diverges.
x

1 5
The reason is that |sinz| > 5 on the disjoint intervals [a,, b,] = [mr + E, nm + F] , o that

6 6
(k+1)m k bn
[ e
™ n=1"an

By Example 2.1.29, the right side diverges to +o0o. By the remark after Proposition 6.3.1, we
T lsinz
conclude that /
1

koot g F by —a, 1o~ 1
dsz/a ﬁzz 2bna Z§Zln+1'
n n n=

n=1 =1

sinx sinx
T

X

dz diverges.
x

+oo s
sin
Although / dz does not converge absolutely (which means the comparison test cannot
1 x

be used), it does not immediately follow that the integral itself diverges. In fact, we will show that,

—+oo
without taking the absolute value, the improper integral / —— dx converges.
1 x

Using integrating by parts, we have

b o b b
1 b

/Smxdx:—/ fdcosx:—cos +cos1—/ Cozxdx.

1z 1z b 1T

+oo
cos T
Since the improper integral / 5— dx converges, the right side converges as b — +oo. This
1 X
T sinx
proves that dx converges. "
1 x

The idea used in deriving the convergence of improper integrals in the Example above can be
elaborated to the following useful tests.

b
Theorem 6.3.3 (Dirichlet Test) Suppose / f(x) dz is bounded for b € [a,+00). Suppose g(x)

r——+00

+o00
is monotonic and lim g(x) =0. Then / f(z)g(x) dz converges.
a

+oo
Theorem 6.3.4 (Abel Test) Suppose / f(z) dz converges. Suppose g(x) is monotonic and

+o00o
bounded on [a,+00). Then / f(x)g(x) dz converges.

a

1
Proof. The proof is basically replacing sinz and — in the last part of Example 6.3.10 by f(z) and
x

g(x). Since we will use integration by parts, the following argument technically requires that f(z)
is continuous and g(x) is continuously differentiable. The technical requirement can be removed by
using more general version of the integration by parts.
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¢
Let F(z) = / f(®)d(t). Then F(a) =0, and by integration by parts,

b b b
/f(x)g(w) dw:/ 9(x) dF(fB):g(b)F(b)*/ F(x)g'(z) dz.

Under the assumption of the Dirichlet test, we have , liIJP g(b)F(b) =0, and |F(x)| < B for some
— 400

constant B and all > a. Assume the monotonic function g(x) is nondecreasing. Then ¢'(z) > 0,
and

|F(x)g'(z)| < By' ().

Since

+oo b
[ v@de= tim [ g o= tim (60 g(0) = g0

b—+oo J, b—+o0
converges, by the comparison test, the improper integral
+oo b
/ F(z)g' (z)dz = lim F(z)g' (z) dz
a

b—+oo J,

b
converges. Therefore , lim f(z)g(x) dz converges. The proof in the case g(z) is decreasing is
— 400

similar.
Under the assumption of the Abel test, we know both , lirf F(b) and , 1121 g(b) converge. There-
— 400 —+o0

fore F'(z) is bounded, and we may apply the comparison test as before. Moreover, the convergence of

+oo b
lim ¢(b) implies the convergence of / g'(x) dz. We conclude again that , hT / f(z)g(x) dx
a — 10 a

b——+oo
converges. | ]

6.3.2 Integral of Unbounded Function

An integral can also become improper when the integrand is unbounded. Such improper integrals
may be computed by first consider intervals on which the function is bounded and then taking the
limit.
1
Example 6.3.11 The integral / In 2 dz is improper at (the right side of) 0. The integrand In x is
0

bounded on [¢, 1] for any € > 0, and

=—1—¢€elne+e

1
/ Inzder = (xlnx — x)

Since the right side converges to —1 as € — 0T, the improper integral converges and has value

1 1
/ Inzdz = lim Inzxdz = —1.
0

e—0t J
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Fig. 6.6 The unbounded region has area 1.

Geometrically, this means that the area of the unbounded region between the graph of Inx and the
x-axis over the interval [0, 1] is 1. .

1
Example 6.3.12 The integral / 2P dx is improper at 0 when p < 0. If p # —1, for any € > 0, we
0

have

The right side converges as ¢ — 07 if and only if p > —1, and we have

1 1 1
/ 2P dz = lim 2P dr = ifp>—1.
0

e—0+ Jo p+1
For p = —1, the improper integral

1 1
d d
Y~ lim =~ lim (—Ine) = +o0
0 e—0t J. @ e—0t

still diverges.
b b
By the same argument, for ¢ < b, the improper integrals / (x — a)? da and / (b —2)? da
converges if and only if p > —1. ‘ ¢ "

Example 6.3.13 A naive application of the fundamental theorem of calculus would tell us

x rz=—1

2 r=2
/ e —m2-mi=2,
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1
However, the computation is wrong since the integrand — is not continuous on [—1, 2], which is a
x
2

dx

condition in the fundamental theorem. In fact, the integral / — is improper on both sides of 0,
1 X

0

dx 2 dx
and we need both improper integrals / — and / — to converge and then get
1 0 X

/ / 0 dx dx

Since we know from Example 6.3.12 that both improper integrals on the right diverge, the improper

. da
integral — diverges. "
1 T

The properties of the improper integrals over unbounded intervals also hold for improper integrals
of unbounded functions.

1
d
Example 6.3.14 The integral / & is improper at 0 and 1. Near 0, we have
0 V&

(1-=2)
Jz

z—0t :)g(l — LL’)

2
< — for sufficiently small and positive . Then by the convergence

1
Ve(l—z) ~ vz

1 =
d 2
of/ 7{ (see Example 6.3.12) and the comparison test, we see that /
0 VT

This implies that

d
L converges (the
Va(l —z)

1
upper limit 3 is chosen to avoid the other improper place). Similarly, the limit
vi—=

lim ————— =1
=17 \/z(l — )

1
dx dx
and the convergence of / implies the convergence of / We conclude that
& o V11— P 8 Va(l —z)

the integral / _
0o Vz(l—2z)

converges at all its improper places and is therefore convergent. "

™

2
Example 6.3.15 The integral / Insin x dzx is improper at 0. We have
0

cos T
Insinx : T COST
im = lim S8 — |i;m = =1.
z—0+ Inz s—0+ 1 z—0+ sinx

8]
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1
This implies that |Insinz| < 2|Inz| for x close to 0. By the convergence of / [Inz| dz =
0
! 3
— Inz dz in Example 6.3.11 and the comparison test, we see that / In sin x dx converges.

0
The value of the improper integral can be computed as follows

ks ks s s 0

2 4 2 4
/ Insinzdx = / lnsinxdx—i—/ 1nsin:vdx:/ lnsin;vdx—/ In cos x dx
0 0 z 0 z

i

T T 1
/ (Insinz + Incosz) de = / In (2 sin 295) dz
0 0

™ ™

= /4 lnsiandxfEln?:l/2 lnsinxdxfﬁan

Note that all the deductions are legitimate because all the improper integrals involved converge.
Thus we conclude that

2 T
/ Insinzdr = ——=1n2. .
0 2

1
1 1 1
Example 6.3.16 The integral / — sin — dz is improper at 0. The change of variable from x to —
0 T X x

1 1 400 -
1 1 1
/ fsinfdx:—/ (wsinx)—de:/ el 173
o T x +o00 xr 1 X

1
1
By Example 6.3.10, we know the improper integral on the right converges. Therefore / —sin —dzx
o T z

gives us

also converges.
The change of variable is justified by

1 b o
/ lsinldac:/ Smxdx, bzl,
e T 1z €

and the limit of the left as ¢ — 0T converges if and only if the limit of the right as b — 400
converges. .

Exercises

6.3.1 Determine the convergence and compute the value of convergent improper integrals:
L /+°° dz ; 3. /+°° z? dzx ;
1 x+1 o w341

2. /+OO de ; 4. /+°°x2dx2;
1 v+ 1 0 (x3+1)




180

10.

6 TOPICS OF INTEGRATION

— S 5 S 55— 55—

1

zlnx dz;

[y

—~
—
=
8

+
8

+
8

=)

e—am

e—aa:

)" da;

cosbx dzx, a > 0;

sinbzr dz, a > 0;

11.

12.

13.

14.

15.

s
/ secx dx;
0

—+o0
/0

6.3.2 Determine the convergence of improper integrals:

S— o— ™ S T T i —

+oo

—0o0

+oo

+
8

+
8

—+oo

—_

dr
1+ a2’

dx )
341’

dx

x2—3x—|—2;

818
w0

+

—

88
'S

+

—_

2

2

+
—

[N

5

+
—_

Q.

5

zP dx

ﬁap#}>0§

—+oo

— 00

T In(1 + )

+
8

dx

x2—x—|—1;

efaz

dz;

LrL-’I'L

cosbz? dz, a > 0;

10.

11.

12.

13.

14.

15.

16.

17.

18.

+oo
/0

+oo
\/O

x arctan

dz;

COSs ax
14 ap

dz, p > 0;

SlIl SC

/ ns1nx
0

10

o 4x+m’

+oo
/2 lnx

dx

/0 aP| lnzz:|‘17

dx

=
3
o aPsinz’

2 dx
o cosz’
T ging
0 P
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+o0 too d
. 2 "I;
19. / sinx dSU; 22. / S
0 o T = 1P|z — 2|2
400 i
20. / sinzarctane . .
P
! . 23. / _
oo |$—a1|p1|$—a2‘172...‘m_anpn

1 672z
21. — du;
/0 Ve o

+oo
6.3.3 Prove that if/

+oo

f?(x)dx and /+OO g*(z)dz converge, then/ f(x)g(z)dz and /+Oo(f(x)+

a a

g(x))? dz converge.

+oo
6.3.4 Construct a function f(x) such that |f(z)| =1 and / f(x) dz converges.
0

6.4 SUMMARY

Numerical Integration

A numerical scheme for computing an integration on [a, b] starts with an even partition P:z; =
b—a

a + ih, where h = is the step size. Let y; = f(z;).

n
e The rectangular rules take either the left or right sample points in the Riemann sum

R, = h(y1+y2+-+yn)
L, = h(yo+yi+ -+ Yn-1).

e The trapezoidal rule takes the average of the two rectangular rules

R,+L, h
= =5 +2+ 2+ + 21+ Yn)

T,
2 2

e The midpoint rule takes the the middle sample points in the Riemann sum

Ti—1 + X4

My =hG1+G2+ - +0n), ¥=[f(T), T = 5

e The Simpson’s rule approximates the function by quadratic functions on any two adjacent
intervals (this requires even number of partition intervals)

h
Sy = g(yo +4y1 4+ 2y +4ys + 2ys + -+ 2Yn—2 + dyn—1 + Yn)-

The more sophisticated rules has more accurate computation.
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e If f”(z) is continuous and bounded by K, then

< Kg(b—a)3 Kg(b—a)?’
- 12n2 24n?

fﬂmm—ml

<

Kﬂ@m—n

o If f()(2) is continuous and bounded by Ky, then

b 5
- Ka(b—a)
/a J(@)de = Sa) < — o

Improper Integral

An integral become improper either when the interval becomes unbounded or the integrand function
becomes unbounded.

e If f(z) is integrable on [a, b] for any b € [a,+00), then

+oo b
/a fl@)dz = bginoo/a f(z) da.

+oo
The improper integral / f(z) dz converges if the limit converges.

a

e If f(x) is integrable on [c,b] for any ¢ € (a,b] and f(z) is not bounded when x — a*, then

/abf(;z:) dz = lim /be(x)dx.

c—at

b
The improper integral / f(z) dz converges if the limit converges.
a

e An integral may become improper at several places (400, —oo, left of a, right of a, for possibly
several a’s). An improper integral converges if it converges in all its improper places.

b b
e An improper integral / f(x) dz absolutely converges if / |f(x)| dz converges.
a a

Like the usual integral, the improper integral has the properties such as arithmetic property, in-
tegration by parts and change of variable, as long as all the integrals involved converges. For an

+o0o
integral / f(x) dz that is improper only at +oo, the convergence can be determined as follows.
a

+oo
e Cauchy Criterion: f(x) dz converges if and only if for any ¢ > 0, there is N, such that

/bcaf(x) dz

b,c > N implies < e.
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—+oo

+oo
e Absolute Convergence: If / |f(z)| dz converges, then / f(z) dz converges. More-

a

+oo +oo

over, the convergence of / |f(z)| dz means that / |f(z)] dr < 4o00. In other words,

a a

b
/ |f(z)| dz is bounded for b € [a, +00).

+oo +oo
e Comparison Test: If | f(z)| < g(x) and / g(x) dz converges, then / f(x) dz converges.

b
e Dirichlet Test: If/ f(z)dz is bounded for b € [a,4+00), and g(x) is monotonic and lim g(z) =
a

T—+00

+oo
0, then / f(x)g(z) dz converges.

+oo
o Abel Test: If / f(x) dz converges, and g(x) is monotonic and bounded on [a, +00), then

/+00 f(@)g(x) dz converges.

Similar results hold for other types of improper integrals.






Applications of Integration

7.1 APPLICATIONS IN GEOMETRY

7.1.1 Arc Length
A parametrized curve in the Euclidean plane is given by a pair of functions
z=ux(t), y=y(t), telab]

The variable ¢ is the parameter. The point ¢(a) is the beginning of the curve and the ¢(b) is the
end of the curve.
A parametrized curve in the Euclidean space is given by a triple of functions

x=uz(t), y=yt), z==z2(), t¢€]a,bl.
More generally, we have parametrized curves in high dimensional Euclidean spaces.
Example 7.1.1 The graph of a function f(x) on [a,b] can be considered as a parametrized curve
x=t y=f(t), te€la,b]. .

Example 7.1.2 The equation 2 + y?> = r2? defined a circle of radius r. The circle is a not yet
parametrized curve, and can be parametrized as

x=rcosf, y=rsind, 6¢c]l0,2n].
It can also be parametrized as

x=rcos2t, y=rsin2t, te0,n],
185
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(rcos@,rsinf)

Fig. 7.1 The circle 2% + 3* = r? parametrized

or even parametrized as
r=rcos2u, y=rsin2u, wu € 0,27

Note that the f-parametrization and ¢t-parametrization are the same in the sense that both “wraps
around” the circle once. They are different from the u-parametrization, which wraps around the
circle twice. "

Example 7.1.3 The helix is a curve in Euclidean space that can be parametrized as
r=rcosf, y=rsinf, z=h.

From the viewpoint of the (x,y)-plane, the curve is still a circle. From the viewpoint of the z-axis,
the curve moves upward at the speed of h. "

To find the length of a continuously differentiable parametrized curve (x(t),y(t)), we let s(t) be
the length of the curve from a to t. When the parameter ¢ is changed by At, the corresponding
change of length

As = s(t + At) — s(t)

is the length of the segment from ¢ to ¢ + A. The segment is approximated by the straight line
segment connecting (z(t),y(t)) to (x(t + At),y(t + At)). Therefore |As| is approximated by the
length of the straight line segment

|As| = v Az? 4+ Ay?, Az =z(t+ At) —z(t), Ay=y(t+ At) —y(t).

By the linear approximations Ax = o/ (t)At and Ay =~ y'(t)At, we further get

|As| ~ /2!(1)? +y' (1) |At].

Considering the signs of As and At, we get
As

e IRy R,
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Taking the limit, we have
ds
— /()2 /()2
A CAGER0)

In other words, the length function s(t) is the antiderivative of the function y/2/(t)2 + y/(t)2, which
is simply the length of the tangent vector (z'(t),y’(t)) of the curve. In the differential form, the
formula can also be expressed as

ds? = dz? + dy?,

which may be considered as the infinitesimal form of the relation As? ~ Az? + Ay?.

Fig. 7.2 Change of arc length

By the fundamental theorem of calculus, we get

s(t) = / V02 1 5 (OF dt.

by taking ¢ = b, we get the length of the parametrized curve.
The length of a parametrized curves in the Euclidean space is given by

t
() = [ VIO O+ 0P
Similar formula holds for curves in high dimensional Euclidean spaces.

Example 7.1.4 The graph of a function f(z) on [a,b] has tangent vector (¢, f'(t)) = (1, f'(¢)).
Therefore the length of the graph is

b
/ V14 f'(x)? de. .
Example 7.1.5 The parametrized circle

(z,y) = (rcosf,rsinf), 6 € [0,27]
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of radius r has tangent vector (2/,y") = (—rsinf, rcosf) and length

\/ —rsind)2 4+ (rcos6)2df = / rV/sin? 6 + cos2 0dh = / rdf = 2mr.

0 0

The other parametrizations
(z,y) = (rcos2t,rsin2t), tel0,n];
(x,y) = (rcos2u,rsin2u), wu € [0,27].

give the respective lengths

/ V/(=2rsin2t)2 + (2rcost)2dt = / 2r dt = 27,
0 0

2m
V(=2rsinu)? 4 (2rcosu)? du = / 2r dt = 4mr. .
0

Note that in the computation of the arc length of the circle, the ¢-parametrization gives the same
length as the f-parametrization, because both parametrizations represent wrapping around the circle
once. However, the u-parametrization gives twice the length as the ¢- and #-parametrizations because
it represents wrapping around the circle twice.

The ¢- and #-parametrizations are related by repremetrization in the sense that § = 2t changes
the parametrization

(z,y) = (rcosf,rsinf), 6 ¢€[0,2n]

to the parametrization
(x,y) = (rcos2t,rsin2t), te|0,n)

including the range for the parameters. In general, a reparametrization of

(#,y) = (x(t),y(t), 1€ la,]

is an invertible function ¢ = ¢(u) that changes the curve to

(2,y) = (2(d(u), y(6(w))), u€[p™ (a), 07" (D).

To keep the continuous differentiability,, we also assume that both ¢(u) and ¢~ (¢) are continuously
differentiable.

Therefore are two types of raparametrizations: ¢ is increasing, or ¢ is decreasing (the range of
u should be [¢p~1(a), #~1(b)] in this case). Geometrically, the first type preserves the “direction” of
the curve, and the second type reverses the direction.

As we have seen in the example above, a reparametrization should not change the length. The
following is the proof in case ¢ is increasing

L(b) —(b)
/ Vb)) + y(éw)? du :/ V)2 @R + 5 (9(w)2 (w)? du

¢~1(a) ¢—1(a)
¢~ (b)

- /¢—1< : V' (6(u)? + ' ((w))?¢' (u) du

b
= / 2 (62 + /()2 dt.
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The last equality makes use of the change of variable formula for the integration. The proof for the
case ¢ is decreasing is similar.

Example 7.1.6 To find the perimeter of the astroid
2 2
x.} + Y3 =as,
we use the parameterization
z=uacos’t, y=asin®t, te0,2n]
The range [0, 27] for the parameter is chosen so that the curve moves along the astroid exactly once.
By

z’ = —3acos’tsint, y = 3asin’tcost,

The perimeter is

2 2m
3
L= / 3a|sintcost| dt = ?a/ | sin 2t| dt = 6a.
0 0

Although it is possible to parametrize the astroid in many different ways, they all give the same
length as long as the parametrization wraps around exactly once. .

2
3

w\w

Fig. 7.3 Astroid 23 + Y

Example 7.1.7 To find the perimeter of the ellipse
2?2
-y + b72 = ]., b Z a > 0,

we use the parametrization
x =acost, y=bsint, t€][0,2n]
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and get the perimeter

27 27 2
\/a2sin2t+b20052tdt:b V1 — k2sin® ¢ dt, k:\/l—Z—Q.

0 0

The integral is an elliptic integral of the second kind, and can not be evaluated by elementary
means except the trivial case k = 0 (when the ellipse is a circle).
The perimeter of the ellipse is the same as the length of the graph of one period of the rescaled

sine function .
y=vVb>—a%sin—, =z €]0,2mal. .
a

The argument leading to the formula for the length of parametrized curve is a rather intuitive and
heuristic one. Similar argument is widely used in many applications of the integration. However, the
argument is not rigorous. We finish the discussion on arc length by presenting a rigorous argument.

First, similar to the definition of Riemann integral, the arc length of a parametrized curve

r=2z(t), y=y(t), telal
is defined by approximating the curve by straight line segments. Specifically, let
Pa=ty<t1 <---<t,=0>
be a partition of [a,b]. Then we get partition points
Py = (xi,y3), x=x(t;), yi =y(ts)

along the curve. The part of the curve between P;_; and P; (corresponding to t € [t;_1,t;]) is approx-
imated by the straight line segment connecting P;_; and P;. The whole curve is then approximated
by all such straight line segments, which has total length

n n
Lp= Z |P1 P = Z \ Az} +Ay?, Azp=zi — w1, Ayi=yi—yi-1,
i=1 i=1
where the notation ||?|| denotes the Euclidean length of a vector

[(u, )| = Vu? +0?
and
P 1Py = (i,yi) — (@1, 9i1) = (Azi, Ayy)
is the vector going from P;_; to P;. We define the arc length of the curve to be the limit

lim Lp
IPl|—0

of the total length of the straight line segments.
Now assume z(t) and y(t) are differentiable, with integrable a’(¢) and y’(¢). Then by the mean

value theorem, we have
A.Jii = x'(tf)Ati, Ayi = y/(t:*)Ati
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Fig. 7.4 Approximate a curve by straight line segments

for some tf,t* € [t;—1,t;]. Therefore

Lo =3 \Jo )2 +y (67200 = 3 @), 9/ (7)) | A,
=1 i=1

which is almost the same as the Riemann sum

22 +y?) =)\ Ja ()2 ()20 =) NI (6), ¥ (8)) | At
i=1 =1

The only difference is that the sample points for 2’ and y’ may not be the same in Lp (by the way,
we have chosen the sample points in S to be the same as the ones for z'). The difference can be
estimated as follows

e = S(PAVEPHP)| = |3 DI = 166y E)) A

< Z "), o @D = 11" (), 5 ED) At
< Z 1" (£5), 6/ (657) = (&), ' (87) | At
= DIy ) — ' ()| At

=1

= Z |yl(t:<*) - y/(tr”Ati < Zw[ti—l’ti](y/)Ati'
=1 =1

The second inequality follows from the triangle inequality for the Euclidean length

(w1 + ug, o1 + v2)[| < [ (ur, v1) | + [ (uz, v2)-
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Since y’ is integrable, the sum Y ., Wit,_, .4,y ) At; approaches 0 as || P|| approaches 0. Therefore

we get
b
b= lim S(P./a2 1 y?) = / VIO Ty dt.
a

lim L
IP][—0 I P||—0
We remark that we have essentially used the triangle inequality and the scaling equality ||c(u, v)|| =
le| - |[(u, v)]|| for the Euclidean length. We also essentially used the integrability of 2’ and y’ (contin-
uous differentiability is not necessary). Therefore the argument can be easily extended to high
dimensional Euclidean spaces and other non-Euclidean lengths such as ||(u,v)|| = |u| + |v| or
[[(u, )| = max{|ul, |v[}.

7.1.2 Area of Surface of Revolution

Let f(z) be a non-negative continuously differentiable function [a,b]. A surface may be produced
by revolving the graph of f(z) around the z-axis. We wish to find the area of the surface.

Fig. 7.5 Surface of revolution

Let A(z) be the area of the surface of revolution of f(z) over [a,z]. When z is changed by
Az, the area is changed by AA = A(x + Az) — A(z). The absolute value of the area change
|AA| is the area of the surface of revolution of f(x) over [z, z + Az]. Since f(x) over [x,z + Az] is
approximated by the straight line segment connecting (z, f(x)) to (z+ Az, f(z+ Az)), the area |AA|
is approximated by the area of the surface of revolution of the line segment. The revolution of the
line segment can be flattened to become a “circular trapezoid” with top and bottom lengths 27 f ()
and 27 f (z + Ax) = 27 (f(z) + Af), and the distance \/Az2 + (f(z + Az) — f(2))2 = /Az2 + Af?
between the top and bottom. Therefore the area of the revolution of the line segment is

L 2rf(x) + 2n(f(z) + Af)VAR2+ Af2 =7(2f(x) + Af)V/Ax? + Af2.

5
We get the approximation

|[AA| ~ m(2f(z) + Af)V A2 + Af2 =~ w(2f(x) + f'(x)Az)\/1 + f/(2)?|Ax|.
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Considering the signs of AA and Az, this implies

A _ A4
dz ~ arbo Az

= Alaicgow(Qf(x) + f(2)Az)\/1+ f'(x)2 = 2n f(x)\/1 + f/(x)2.

Therefore the area of the revolution is

b
/ 2 f(z)\/1+ f/(x)? dz.

The discussion above is as heuristic as the discussion for the arc length. A rigorous argument in
terms of the Riemann sum can be similarly carried out and is omitted here.

Example 7.1.8 The sphere of radius R can be obtained by revolving the function f(z) = v R? — 2?2

over [—R, R] around the z-axis. Therefore the area of the sphere is

R 2 R
Jp2_ 2 _r _ _ 2
/7R27T R x\/1+<m> dfoW/iRRdxféle. n

The key point of the area of the revolution is
b
/ 27 (radius) ds,
a
where the radius is the radius of the revolution, 27 multiple of the radius is the length of the
circle obtained by such revolution, and ds is the arc length. The understanding of the key idea is

very important in extending the formula to the other circumstances. For example, the area of the
revolution of the graph of f(x) on [a,b] (0 < a < b) around the y-axis is

b
/ 2nz/1+ f'(x)? da.

If the curve is given parametrically, then the area of the surface of revolution around the y-axis is

b
/ 2rx(t)/ @' (t)? + v/ (t)? dt.

If the revolution is around the line x = h on the right of the parametrized curve (which means
x(t) < h for any t € [a.b]), then the area is

b
/ 2m(h — 2() /T B2 + ¥ ()2 dt.
More generally, a surface can be produced by revolving a parametrized curve
Cix=uz(t), y=y(t), t€l]a,b

around a straight line
L:ax + By +~v=0.
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The condition that C' lies on one side of L is the same as ax(t) + By(t) + v is always non-negative
or always non-positive. By changing L to —ax — By — 7 = 0 if necessary, we may assume that

az(t) + py(t) +~v >0, for all t € [a,b].

The radius of the revolution is the distance from a point P = (z,y) on the curve to L, or the distance
from P to the point Q = (¢,7) € L, such that PQ is orthogonal to L. The conditions mean two
equations

ag+ B+ =0, x%f?

™| 2

Solving the system, we get

z—fzﬁﬂz(ax+ﬂy+7)y Z/—U:m(@$+ﬁy+7)-

Therefore the radius of revolution is

oz + By +7

V@ —82+(y—n)?= J i

and the area of the surface of revolution is

b ax(t) + By(t) + v I ey
27r/a Voo St ds = /& (02 + 9/ (1)2 dt.

h+r

Fig. 7.6 Revolve to get torus.

Example 7.1.9 The torus is obtained by revolving the circle
2+ y—h?2=r* h>r>0
around the z-axis. The circle can be parametrized as

x=rcost, y=h+rsint, te]l0,2n].
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Therefore the area of the torus is

27
27r/ (h + rsint)y/(—rsint)2 + (0 + rcost)? dt = 4xw>hr. .
0

Example 7.1.10 The revolution of the ellipse

¥y _
2= 1, a,b>0
around the z-axis is the ellipsoid
2 2 2
x z
— + v + <=1

a> b2 b2

The revolution can be considered as the revolution of the parametrized upper half of the ellipse

x =acost, y=bsint, te0,n]

Fig. 7.7 Ellipsoid

The area of the ellipsoid is

277/ bsint\/(—asint)? + (bcost)2dt = 27r/ bsintv/a2sin? t + b2 cos? ¢ dt
0 0

= —27r/ by/a2(1 — cos?t) + b2 cos? t d(cost)
0

1
= 27rb/ Va2 + (b2 — a?)u? du.
-1

By Example 5.4.9, the area is

2b /42 _ b2
27 ¢ arcsin a4 + 272
a2 — b2 a
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when a > b. By Example 5.4.11, the area is

2p b+ vb% —a?
s ¢ In * a + 272
b2 — a2 a

when a < b. The case a = b is the sphere, and we already know the area. =

7.1.3 Volume of Solid of Revolution

For a non-negative function f(z) on [a,b], a solid body may be produced by revolving the region
{(z,y)a<z<b0<y< f(x)}

between the graph of f(z) and the z-axis around the z-axis.

Let V(z) be the volume of the part of the solid between a and . When « is changed by Az, the
volume is changed by AV = V(z 4+ Az) — V(). The absolute volume of the volume change |AV|
is the volume of the part of the solid between = and = + Az. Let M and m be the supremum and
the infimum of f on [z,z + Az]. Then the part of the solid between z and = + Az is sandwiched
between two disks with respective radii M and m and with thickness |Az|. Therefore

mm?|Az| < |AV] < mM?| Azl

Considering the signs of AV and Az, this implies
m?> < A—V <M 2,
Ax

If f(x) is continuous, then lim m = lim M = f(x). Therefore by the sandwich rule, we get
Az—0 Az—0

dv . AV
— = lim — =
dex Az—0 Az

mlf (2))?,

and the volume of the revolution is

b
V)~ Via) = [ lf@) da.

In fact, the formula also works for integrable f(z).
More generally, for functions f(x) and g(z) on [a, b] satisfying f(x) > g(x) > 0, a solid body may
be produced by revolving the region

{(,y)ra<az<bg(r) <y< f(z)}

between the graphs of the two functions around the z-axis. The volume of the solid body is the
difference of the two solids of revolution

[ e as— [ g ar = [ =107 - o) a
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Example 7.1.11 To find the volume of the solid ellipsoid in Example 7.1.10, we note that the solid
is obtained by revolving the region between

y=2> 1—2— x € [—a,a

and the z-axis. The volume of the ellipsoid solid is

a a 2 4
/ my* dx :/ mb? (1 — 22) da = §7Tab2.

4
In particular, the volume of the ball of radius a is gwa3. "

Example 7.1.12 The solid torus in Example 7.1.9 is obtained by revolving the region between the
upper semicircle y = h + v/r2 — 22 and the lower semicircle y = h — /72 — z2. The volume of the
torus is

/ 7 {(h +Vr2 —a2)?de — (h — /72 — xz)Q] dz = 7r/ 4hn/r2 — 22 dz = 27 hr?. .
Similar to the area of surface of revolution, the key point of the volume of the solid of revolution
is

b
/ 7(radius)? d¢,

where 7(radius)? is the area of the disk obtained by such revolution, and d¢ is the displacement in
the direction of the axis of revolution. For example, the volume of the revolution of the graph of an
increasing function f(z) on [a,b] (0 < a < b) around the y-axis is

f(®) b
/ m? dy = / na? f'(x) dx.
f(a) a

In fact, the formula holds as long as f(a) < f(z) < f(b) for any = € [a,b] (if the condition is not
satisfied, there is a real ambiguity about the meaning of the solid of revolution). If the curve is
parametrized and satisfies z(t) > 0, y(a) < y(t) < y(b) for any ¢ € [a,b], then the volume of the
revolution around the y-axis is

t=b b
/ mr? dy = / ma(t)®y (t) dt.
t=a a

If the curve is parametrized and satisfies z(¢) < h, y(a) < y(t) < y(b) for any ¢t € [a,b], then the
volume of the revolution around the axis x = h is

t=b b
/t w(h — )2 dy = / (h — 2(8)2y/ (1) dt.

=a a

More generally, consider the volume of a solid produced by revolving a parametrized curve

C: z==z(t), y=yt), tel]al]
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around a straight line
L: ax+ By+~v=0.

We further assume the curve essentially proceeds in the positive direction (5, —«) of the axis of
rotation L
Bz(a) — ay(a) < Ba(t) — ay(t) < Bx(b) — ay(b), for all t € [a,b].

The radius of revolution was computed for the area, so that

(o(t) + By(t) +7)°

n(radius)? = 7 PR
a

The displacement in the direction of the axis of revolution is the projection of the displacement
(Az, Ay) along the direction (3, —a) of L
(B,—a) _ BAz —alAy

JPra Jaip

_Bde—ady _ () —ay'(t)
/042 +62 /a2 _'_52
and the volume of the solid of revolution is
/” _laz(t) + By(t) +1)°
u (/o + B2)3

Example 7.1.13 Consider the region between

A¢ = (Az,Ay) -

Therefore

dg

dt,

(B2 () — /(1)) dt.

Yy =CcosT, T E [O, g}

and the two axes. If we revolve the region around the z-axis, then the solid of revolution has volume

3 3 2
/ my? dr = / m(cosx)? do = T
0 0 4

If we revolve the region around the y-axis, then the volume is

1 0
/77:1:2dy:—/ mr?sinz de = 72 — 27.
0

s

2

The integral may be computed by using integration by parts twice. "

7.1.4 Cauvalieri’s Principle

The formulae for the area of surface of revolution and the volume of solid of revolution follows from a
more general principle. In general, an n-dimensional solid S has n-dimensional size. Here for n =1,
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INIE)
8

Fig. 7.8 The region bounded by y = cosz and the axes

the solid is a curve, and the size is the length. For n = 2, the solid is a surface or a region on the
plane, and the size is the area. For n > 3, the size is generally called the volume.

To find the size of S, we decompose S into pieces S; of 1-dimension lower (i.e., S; has dimension
n — 1). For n = 2, this means that a surface is decomposed into a family of curves. For n = 3,
this means that a 3-dimensional solid is decomposed into a family of surfaces. The decomposition is
equidistant if the distance between two nearby pieces does not depend on the location the distance
is measured. Then the pieces can really be parametrized by the distance. If ¢ is the distance between
the pieces, then the size of the whole solid is

b
Size(S) :/ Size(S;) dt.

Example 7.1.14 Let f(x) > g(z), « € [a,b]. To find the area of the region between the graphs of
f and g, we decompose the region into vertical straight line intervals [g(z), f(z)] for each x € [a, b].
The family is equidistant, with dz being the distance between nearby intervals. Therefore the area
is

b b
| sizellgto). f@) do = [ (@) - g(o) .

Example 7.1.15 Consider the disk of radius R. The disk can be decomposed into circles of radius ¢,
0 <t < R. If all the circles have the same center as the disk, then the family of circles is equidistant,
with d¢ being the distance between nearby circles. Moreover, the size (length) of the circle of radius
t is 2wt. Therefore the size (area) of the disk is

R
/ ot dt = mR2.
0

The argument also works for a wedge part of the disk, which can be decomposed into circular
arcs with centers at the apex of the wedge. Suppose 6 is the angle of the wedge. Then the length of
the circular arc at radius ¢ is #¢t. Therefore the area of the wedge is

R 6
/ 0t dt = — R?. .
O 2
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Example 7.1.16 Suppose S is a solid in the 3-dimensional Euclidean space R®. Suppose from the
viewpoint of the z-axis, the solid lies over the interval [a, b]. For each a < x < b, we have the cross
section

Sy = {(y,2): (z,y,2) € S}

obtained by intersecting S with the (y, z)-plane perpendicular to the z-axis and passing through
2. Then the family of cross sections is equidistant, with the distance between nearby cross sections
given by dz. Therefore the volume of the solid S is given by integrating the area of the cross sections

b
/ Area(S,) dz.

For the special case that S is obtained from rotating a curve around the z-axis, the area of S, is
my?, and we get the formula for the volume of solid of revolution. "

Example 7.1.17 Let S is the surface obtained by revolving a non-negative function y = f(x)
around the z-axis. Then S is decomposed into the circles S, obtained by intersecting the (y, z)-
plane perpendicular to the x-axis and passing through z. The family of circles is equidistant, and
the distance between nearby circles is ds (not the distance dz between the (y, z)-planes). Since the
size of the circle is 27y, the area of the surface of revolution is

/b27ryds = /b27rf(x)\/1 + f'(x)? da.

The same argument applies to the surface of revolution around any straight line. "

Example 7.1.18 For a non-negative function f(z) on [a,b], we have considered the solid body
produced by revolving the region

R={(z,y):a <2 <b0<y< f(x)}

around the z-axis. If a > 0, then we may produce another solid body by revolving the region around
the y-axis. We try to compute the volume of this solid.

The region R is decomposed into the vertical intervals [0, f(x)] at = for z € [a,b]. The revolution
S of R around the y-axis is decomposed into the revolutions S, of the vertical intervals [0, f(x)]
around the y-axis. The family S, is equidistant, with da being the distance between nearby pieces.
The area of S; is 2mzy = 2mwa f(z). Therefore the volume of the solid of revolution is

/b 2rx f(x) dx.

This way of deriving the formula for the volume of revolution is called the cylindrical shell
method. .

The formula for the volume implies Cavalieri’s Principle: If two solids are cut by the same
families of parallel planes, with the same cross sectional areas, then the two solids have the same
volume.

In the subsequent examples, we compute the size of concrete examples.
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Example 7.1.19 Let S be the intersection of two circular cylinders of radius 1 around the z-axis
and the y-axis. We compute the volume of S by taking the cross sections along the z-axis. For each
—1 < z < 1, the cross section at z is a square of side length 2v/1 — 22. By Example 7.1.16, the

volume of the solid is ) .
1
/(2 1722)2dz:4/ (lfzz)dz:—G.
1 1 3

Alternatively, we may take the cross section along the z-axis, for any —1 < x < 1, the cross section
is the intersection of the disk of radius 1 centered at the origin with the strip |y| < h = V1 — 2.
The area of the section is

1
2xh+§49=2(xh+9), 0<60<m, x=cosh.

Therefore the volume of the solid is

1 1
/ 2(xh +0) dx 4/ (zh +6) dz
-1 0

™

—4/2 (cos 0'sin 0 + 0)d cos 0 — 4/2 (cos 0sin® 0df — Od cos 0)
0 0

i 2 4 16
+4/ cosfdd = - —0+4+4=—.
0 0 3 3 [ ]

z
— 46 cos 0
0

1
4 gsin?’a

Example 7.1.20 Let A be a region on a plane. Let v be a point of distance h from the plane. Then
by connecting v to all points in A, we get the pyramid P of base A and height h.

To compute the volume of P, we put A into the (z,y)-plane and put v on the z-axis, which means
v = (0,0,h) in R3. Then we consider the cross sections along the z-axis. For each 0 < z < h, the

h—
cross section P, is a copy of A shrunken by a factor of 2 . Therefore the area of the cross section
h — 2
is %Area(/l), and the volume of the pyramid is
h 2
h — 1
/ (hij)Area(A) dz = gh - Area(A). .
0

Example 7.1.21 The solid torus in Example 7.1.9 can also be considered as obtained by re-
volving the region between the left semi-circle x = —./72 — (y — h)? and the right semi-circle

x = y/r2—(y—h)?. In this way, the volume of the torus can also be computed by using the
formula in Example 7.1.18, except x and y are exchanged and the region is between two functions.
The volume is

QW/}l}itTy[(\/m)—(— r2—(y—h)2)} dy = 477/_:(h+t)\/?“27—t2dt
= 4W/T hy/r2 — 2 dt.

-r

The integral is the same as the one in Example 7.1.12. "
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Example 7.1.22 We redo Example 7.1.13 by using the formula in Example 7.1.18. If we revolve
the region around the y-axis, the volume of the solid of revolution is

3 3 3 3
/ 27r:cydas:/ 27r:ncos1:dz:27r/ rdsinz =27 (g—/ sin:z:d:z:) =72 - 2m.
0 0 0 0

If we revolve the region around the z-axis, the volume of the solid of revolution is

1 1 (z,9)=(0,1) 0 :
/ 2y dy = / mx d(y?) = 7 | zy? — / y?da | = 7T/ y* dz.
0 0 (=,y)=(%,0) T 0

The integral is the same as the one in Example 7.1.13. "

Example 7.1.23 The unit sphere in R”
S = {(w1, 20, .., )2 25+ xR =1}
is (n — 1)-dimensional and is the boundary of the unit ball in R™
B" = {(x1,20,..., &) 25 + 22 + ... 422 <1}
Let A,,_; and V,, be the volumes of S»~' and B™. For example,
Ay =27, Ay =dmw, V1 =2, Vo=m.

The unit ball B™ can be decomposed by intersecting with the plane z, = t. The cross section B;
is an (n — 1)-dimensional ball of radius v/1 — 2, and has volume (/1 — t2)"~1V,,_;. The family B;
is equidistant and dt is the distance between nearby cross sections. Therefore

n—

1 1
Vn=/ (Vl—t?)”*%_ldtzzw_l/ (1= )7 dt = 2Vy_1 I, = AV aluTu s,
—1 0

where I, is the integral in Example 5.3.13. We have

m-=1)n-3)- n—-2)n—4)--- ©#

Il 1= n(n—2)-- (n—1)(n—3)--- 2 2n

Combined with the values of Vi and V5, we get

T w T s
Vop = -— V=
2 nn—1 2727
2 2 2T ontlgn
‘/27l+1 = 1=

m+12n—1 3 2n+ DI

On the other hand, we may decompose B™ into (n — 1)-dimensional spheres S; of radius ¢ and
centered at the origin. The volume of S; is t" 1A, _;. The family S; is equidistant, and dt is the
distance between nearby cross sections. Therefore

1 1
V., = / t"rA, dt= A, ;.
0 n
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This implies
2 2n+1ﬂ.n
A2n = (27’l + 1)V2n+1 = m [ ]

Exercises

7.1.1 Compute the arc length for each of the following curves:

1. y?> =2px, =z €[0,a; e* +e®
6- i — 9 Sl ) )
y 5 x € [—a,d
2. 22 =2py, x€]0,a];
7‘\/‘54_\/?:1, $7ZU>Oa

3. y=e€", z€][0,a;
4. y=lnz, z€][l,a;

T
5. y=Incosz, z€][0,a],a< 5

7.1.2 Find the area of the surface of revolution around the z-axis by each of the following curves:

1. 42 =2 0,al: x —x
= a0 1= ZH et
2. 22 =2py, x€]0,a];
3. y=e€", z€][0,al; 7. :C%—i-y% =1;
4. y=t 0 L
. y=tanuz, x€[7a},a<§7 8. y2 =25, zel0,al.

5. 002 = (42 +2)%, ye 0]

7.1.3 Find the volume of the solid of revolution around the z-axis by each of the following curves:

1. y2 =2px, x€|0,al; e 4+ o7
[0, 4] 6. y:T, x € [—a,al;
2. z? =2py, z€[0,a];
3 3
3. y=¢€", zcl0,a]; 7. 12 +y2 =1,
4. y=Inz, ze€ll,a]; 8. y2 =25, zel0,al.

5. y=sinz, x€l0,7];

7.1.4 Suppose a circle is rolling along a horizontal line. The track of one point on the circle during
the movement is the cycloid. If the circle has radius 1 and the angle of rotation is ¢, then the cycloid
is given by x =t —sint, y = 1 — cost. One period of the cycloid corresponds to ¢ € [0, 27].

1. Find the length of one period of the cycloid.
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2. Find the area of the surface obtained by revolving one period of the cycloid around the z-axis.

3. Find the volume of the solid obtained by revolving the region between one period of the cycloid
and the z-axis around the z-axis.

7.1.5 Suppose a line is wrapped around a circle. The track of one point on the line when the line
is unwrapped from the circle is the involution of the circle. If the circle has radius 1 and the angle
of unwrapping is ¢, then the curve is given by x = cost + tsint, y = sint — tcost. Let C be part
obtained by unwrapping by half of the circle, which corresponds to t € [0, 7].

1. Find the length of C.
2. Find the area of the surface obtained by revolving C around the z-axis.

3. Find the volume of the solid obtained by revolving the region between C' and the z-axis around
the z-axis.

Note that the computation for the third part needs to be split into ¢t € [0, g} and t € [g, ﬂ].

7.1.6 Find the volume of the solid of revolution in each of the following problems:

2, around z-axis;

1. region bounded by y> =z and y =z
2. region below y = ezz, x € [0,1], around y-axis;

3. region bounded by y = z and y = \/x, around y = 1;
4. region bounded by 3% = x and y = 22, around x = —1;
5. 22 +y2 =1, around z +y = 2.

7.1.7 Find the areas of the surfaces obtained by revolving the loop of the curve 3ay? = z(a — z)?,

a > 0, around the z- and y-axes.

7.1.8 Find the volume of the solid obtained by cutting the cylinder z? + y? < 1 in R? by the
(z,y)-plane and another plane containing the z-axis.

7.2 POLAR COORDINATES

7.2.1 Curves in Polar Coordinates

The polar coordinates (r, 6) indicates a point on the Euclidean plane with the cartesian coordinates
r=rcosf, y=rsinb.

Conversely, a point with cartesian coordinates (z,y) has polar coordinates given by

: (z,9)
r=+/22+192, (cosf,sinf) = —2—.
v ( )=~
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For a given point on the plane, the angle 6 is unique only up to adding a multiple of 27. Therefore
(r,0) and (1,0 + 27) represent the same point. Moreover, it is often more convenient to allow 7 to
be negative, and let (—r,8) to represent the same point as (r,0 + 7). We always need to be aware
of the multiple ways of representing the same point in different polar coordinates.

Under the polar coordinates, a curve on the plane can often be divided into pieces, and each piece
can be simply parametrized by the angle. Such a parametrization can be denoted as r = r(6), called
the polar equation of the curve. In the usual cartesian coordinates, this means the parametrization

x =r(0)cosf, y=r(h)sinb.

In drawing the curves in polar coordinates, it is often useful to apply transformations.

The rotation of (r, ) by angle a around the origin (in counterclockwise direction) gives (r, 8 + «).
The rotation of a curve r = r(0) gives the curve r = 7(6 — ). The curve is invariant under the
rotation if r(8) = r(6 — «). However, due to the multiple way of representing the same point in
different polar coordinates, the curve is also invariant under the rotation if () = r(6 — o + 27),
or r(f) = —r(0 —a+mn), or r(0) = r(6 — a — 27), etc. Basically, the curve is invariant if one of
(infinitely many) equations holds.

Note that the rotation by angle a = w is actually the reflection with respect to the origin.
Therefore a curve r = r(f) is symmetric with respect to the origin if »(8) = (6 + nx) for some odd
n or r(0) = —r(6 + nn) for some even n.

The reflection of (r,6) with respect to the direction of angle « gives (r, 2« — 6). The reflection
of a curve r = r(f) gives the curve r = r(2a — 6). The curve is invariant under the reflection if
r(0) = r(2a — @), or one of the many similar equations holds.

The dilation of (r,8) gives (cr, ), where ¢ is the scaling factor. Under the transform, a curve
r = r(6) becomes r = cr(#), which basically expand or shrink (and reflect with respect tot he origin
if ¢ < 0) the curve.

Example 7.2.1 The straight line passing through the origin is given by the polar equation 6 =
constant (this equation does not fit into the form r = r(#)). In particular, the z-axis is given by

f = 0 and the y-axis is given by 6§ = g Note that the z-axis is also given by 8 = nmx.

For a straight line L not passing through the origin, we draw a straight line segment L+ that
indicates the shortest distance from the origin to the straight line L. Let the length of L+ be a and
the angle of L be «. Then the polar equation for L is

r = asec(d — o), fg+a<9<g+a.

™
For example, the line x = a is given by r = asec 6 and the line y = a is given by r = asec (9 — 5) =
acsc . Moreover, for any n,

r = asec(f — a), ”W—g+a<9<nﬂ'+g+a
represents the same straight line. -

Example 7.2.2 The circle with the origin as the center has polar equation r = constant, where the
constant is the radius of the circle.
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The circle passing through the origin and with center on the x-axis is given by the polar equation
r = 2a cos . More generally, if the circle passes through the origin and the center has angle «, then
the polar equation is

r = 2acos(f — a), —g—i—aSHSg—i—a.

For example, the circle passing through the origin and with center on the y-axis is given by r =
2asin . Note that for any n,

r = 2acos(f — a), nﬁ—g+a§9§nﬂ+g+a

represents the same circle.

Other than the two cases above, the polar equation for a circle is rather complicated. Suppose the

center of the circle is at (b, &) and the radius is a, the the circle is given by b?>+r2—2br cos(f—a) = a>. =

Example 7.2.3 The equation r = a + b0 gives a spiral curve. The graph can be obtained from
the standard spiral curve r = 6 by first rotating by angle —% and then dilating by factor b. When

you turn the angle, the radius is increasing (when b > 0) or decreasing (when b < 0) at steady pace.

By —r(0 —7m) = —a—0b0+br =r(2a—0) for a = 57y the curve is symmetric with respect to
the direction of angle % — %. .
)
57
2
3%
3 iy s
0 2m
x
37
2

Fig. 7.9 spiral r =0

Example 7.2.4 The curve r = 1 4 cos @ is called the cardioid because it looks like a heart. The
whole curve is traversed once when 6 changes from —x to m. The cardioid is symmetric with respect
to the z-axis because r = 1 + cos 6 implies 7 =1 4 cos(2 -0 — 6).

The curve r =1 —cos @ = 1+ cos(f — ) is a cardioid obtained by rotating the standard cardioid
r =1+ cosf by angle 7, or reflection with respect to the origin.

The curves r = 1 +sinf and r = 2 + 2cos are also cardioids, obtained from the standard one

by rotating angle g and by expanding by factor 2.
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]

Il

o

o
—

.
o
8

e Tl —
N

Fig. 7.10 limagon r = a + cosf

The cardioid belongs to a family of curves » = a + bcos# called limagons. The cardioid corre-
sponds to a = b, and the circle corresponds to a =0 or b = 0. "

Example 7.2.5 The curve r = cos 20 satisfies

—r (9 + g) = —cos(20 + 7) = cos 20 = r(6).

T
This implies that the curve is invariant after rotating angle 5 around the origin. Therefore the

curve can be obtained as follows: The part of the curve between the angles f% and % looks like a

3
leaf L;. By rotating the leave by angles g, 7w and ?ﬂ, we get the second leaf Lo, the third leaf Lj
and the fourth leaf Lys. The whole curve is a four-leaved rose.
T T
On close inspection, when 6 changes from ~2 to 1 we get the first leaf ;. When 6 changes

3
from il to Zﬂ, we get the fourth leaf Ly (not Lo, because r < 0). Next we get the third leaf Lg for

4
3 5 5 7
0 between Zﬁ and 27 Finally, we get the second leaf Ly for 6 between 2T and .

From the picture, we see the curve is also symmetric with respect to the z-axis. This is analytically
justified by
r(—0) = cos(—20) = cos 20 = r(0).
Altogether, the 4-leaved rose has eight symmetries. All symmetries have been verified because they
are generated by the rotation of angle g and the reflection in z-axis.
In general, for even n, the polar equation r = cosn# represents the 2n-leaved rose. This is
obtained by rotating one leaf (the part between angles f% and %) by the angle % repeatedly for

2n times.
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J < 0=0 0=n 0=0

Fig. 7.11 3-leaved and 4-leaved roses

On the other hand, for odd n, the polar equation r = cosnf represents the n-leaved rose. This is
s s 27
obtained by rotating one leaf (the part between angles I and 4—) by the angle — repeatedly for
n n n
n times. Although the whole angle 27 is divided into 2n equal parts of angle Z, the curve appears
only in n parts. One can see this by considering the case n = 3. Moreover, we note that the case

n = 1 is the circle of radius 2 which can be considered a one-leaf rose. "

Example 7.2.6 Let d,e > 0. Consider the points on the plane such that the distance from the
point to the origin is e multiple of the distance to the straight line x = d. Such points are given by
the polar equation

r=e(d—rcosb),

or
ed

"= 1+ecosf’

In the cartesian coordinates, the curve is given by the equation

V42 [1+e——m— | =ed.

This is the same as 22 + y? = e2(d — 2)?. After completing the square, we get

e2d \2 e2d?
1_ 2 2: .
( e)(m+1_e2> Yy =12

According to the sign of 1 — €2, we get three possibilities.
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2 2
e If 0 < e < 1, then we have an ellipse of the form M + 2—2 =1, with
a
ed ed
a= , b= .
1—e? V1—e2
e%d
Since Va2 — b2 = 1 5 = ¢, we see that the origin is the focus of the ellipse.
—e
: (z—0¢? :
e If e > 1, then we have (one branch of) a hyperbolia of the form ~——— — o 1, with
a
d
u e b= ed
e2—1 e2 —1

2

d
Since va? 4+ b% = 26 1 = ¢ Wwe see that the origin is the focus of the hyperbola.
e2 _

d
o If e = 1, then we get a parabola y? = d?> — 2dz. The parabola intersects the z-axis at 5 this
implies that the origin is the focus of the parabola.

ed

1+ ecosé
curve. The line x = d is the directrix and the ratio e is the eccentricity of the conic section, and

can be recovered from the standard cartesian presentation by

In conclusion, the polar curve r = is a conic section, and the origin is the focus of the

b2

Coa=".
a c

7.2.2 Length and Area in Polar Coordinates

The length of a curve r = r(6), a < 6 < b, under the polar coordinates is

b b
L= / V(7(8) cos 6)2 4 (r(6) sin 0)2 d§ = / V2 2 de.

The polar curve and the origin together also form a wedged region bounded by the curve and
two rays # = a and 8 = b. To find the area of the region, we let A(f) be the area of the part
between angles a and . When the angle 6 is changed by A#f, the corresponding area is changed by
AA = A0+ Af) — A(f). Let M and m be the supremum and the infimum of r(6) on [0, 6 + Ad].
Then the part of the wedge between € and 6 + Af is sandwiched between two fans of angle A with

1
respective radii M and m. Since the fan of angle a and radius R has area §R2a, we get

1 1
5m?me\ <|AAl < 5M?me\.

Considering the signs of AA and A#, this implies



210 7 APPLICATIONS OF INTEGRATION

0]
Fig. 7.12 area of polar wedge

If () is continuous, then lim m = lim M = r(6). Therefore by the sandwich rule, we get
AO—0 AO—0

dA . AA 1
W A A O

and the area of the whole wedge is

In fact, the formula also works for integrable r(6).

Example 7.2.7 The length of the cardioid » = 1 + cosf in Example 7.2.4 is

\/(1+00s9)2+(sin9)2d9:/ \/2(1+C089)d9=/ 2005%d9:8.

—T —T

The area enclosed by the cardioid is

1 3
/_W§(1+COSQ)2d9=§TF. .
Example 7.2.8 We would like to find the area of the region inside the cardioid » = 1 — cosf and
outside the circle r = 1, illustrated in Fig. 7.2.2. The intersections of the two curves can be obtained

3
by solving 1 — cosf = 1, which shows that the region lies between the angles g and g Therefore

the area of the region is
3

1
5/2((143039)2*12)(19:%+2. .

2

Example 7.2.9 The arc length of one leaf of the 3-leaved rose in Fig. 7.11 is

s jus us 27
’ \/cos230+9sin239d0:3/2 \/1+8sin2tdt:3/2 \/574c0s2tdt:g V5~ dcosadz.

x x x
% Fl El 0
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r=1—cosf

Fig. 7.13 cardioid and circle

This is an elliptic integral that cannot be evaluated in elementary way.
On the other hand, the area of one leaf is

1[5 9 T
- 30d0 = —.
2/71cos 12 "
6
Yy
r = 2cos 30
r=1 9:%
5 — x
0=—-35

Fig. 7.14 3-leaved rose and circle

Example 7.2.10 We would like to find the area of the region outside the unit circle and inside the
3-leaved rose r = 2 cos 30, illustrated in Fig. 7.14. By solving 2 cos 36, we get the angles —g and g
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at the two intersection points. Therefore the region has area

1 [ 1 7
- 2c0s30)2 —1%]df = — + —. "
5 | [2eos30) ~12d0 = =+ 2

Example 7.2.11 We want to find the volume of the solid of revolution obtained by revolving the
region between the two leaves of the limagon r = a + cosf, 0 < a < 1, around the z-axis. As 0
increases from 0, curve moves as follows

A@B=0)=Bl=a)=00=p)—=Cl=m)—=00=21—F) =,

|

where
a
Q. = TT — arccos > [ = m — arccos a.

The region to be rotated in bounded by the arcs AB, BO, CO (corresponding to angle interval
[, 2m — ], not the arc OC), and the x-axis. The region is the region between the arc AB and the
z-axis, subtracting the region between the arc BO and the z-axis, and further subtracting the region
between the arc CO and the z-axis. The volume we are interested can be computed by similarly
combining the volumes of solids of revolutions of these regions.

Y

Fig. 7.15 revolving limagon around z-axis

The volume of the solid of revolution is given by

/7ry2 dz = /71'((1 + cos0)?sin? 0 d[(a + cos 6) cos 6].

O=m « B s
/ my? de = / my? da + / ny? dz + / ny? de.
6=0 0 a B

Since x is decreasing along the arc AB, the integral / 7y dz is the negative of volume of the solid

Let us consider

0
of revolution of the region between AB and the z-axis. Since x is decreasing along the arcs BO and
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s
7y? dz and / 7y? dz are the (positive) volumes of the solids of revolution
B

of the regions between BO, OC and the z-axis. Moreover, by the symmetry, / 7y? dz is also the

B
OC, the integrals /

[

volume of the solid of revolution of the region between C'O and the z-axis. We conclude that the
volume we are interested in is

O=m ™
- / ay?de = — / m(a 4 cos#)? sin? @ d[(a + cos 0) cos 0]
=0 0

= - / 7(a + cos0)*(1 — cos? #)(a + 2 cos #) d(cos 0)
0

= — /1 m(a+t)2(1 — t3)(a + 2t) dt

/1 m(a® + 2at + %) (a + 2t)(1 — t?) dt

-1

- /1 m(a(a® + 1) + 4at®)(1 — *) dt

-1

1 4
= 2ma (a2 + 5(5 —a?) — 1> = gwa(aQ +1).

Exercises
7.2.1 Sketch the region for each of the following problems in polar coordinates:

L.r>2 0<0<m 4. 2 >1, g<9<7r.

3.7r>0, #*>>1,;
7.2.2 Find the distance between the two points in polar coordinates.

7.2.3 Sketch the graph and find the cartesian equation:

1. r = —cosb,; 6. r=—0,;
2. r=€e+cosb, € >0 small; 7. =0%
3. r=—€+cosf, € >0 small, 8. r0=1;

9. r = sin 26,
4. r = cosf +sinb;

10. r = sin 36.

5. r= ﬂ+cos9+sin0;
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0 20 0
7.2.4 Sketch the graphs of r = cos g T = cos— and r = sin 3 Then explain the graph of

r = cos A0 for a rational coefficient \.

7.2.5 Find the length for each of the following curves:

1.

2.

r =2+ cosf + sin b, 3.r=0,0<60<m;

r=sind, 0 <0 < a, where 0 < a < T 4. r=60%0<0 < a, where 0 < a < 2.

7.2.6 Find the area for each of the following problems:

1.

2.

3.

7.3

region enclosed by r =0, 0 < 0 < T;
region enclosed by the cardioid r = 1 + cos# in the first quadrant;

one leaf in the 8-leaved rose r = sin 46;

. one leaf in the 7-leaved rose r = cos 76;
. region enclosed by r? = sin 26;

. region inside r = asin @ and outside r = bcos 0;

region inside r = 2 4 cos 6 and outside r = 3 cos 6.

PHYSICAL APPLICATIONS

7.3.1 Center of Mass

Consider a particle of mass m lying at the coordinate x on a horizontal line. The moment of the
particle with respect to the coordinate £ on the line is m(z —§). A system of n particles with masses
mi,Ma, ..., My at T1,T2,..., T, has the total moment > m;(x; — &) with respect to . The center
of the mass z for the system is the point such that the total moment with respect to the point is
zero (i.e., the system is balanced with respect to the point). By solving > m;(x; — &) = 0 for £, we
get the formula

Zmixi

i =
>om;
for the center of mass.
r1 T2 T3 x T4 x5
4.—0—.?—.% X
mi M2 m3 my ms

Fig. 7.16 center of mass for a discrete system
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The center of mass has the distribution property. Suppose a discrete system is divided into a sys-
tem S of my, ma, ..., m, at x1, T2, ..., x, and another system S’ of my, ms,...,m/, at x5, ..., ]

n
Then S and S’ have masses
mg = E mi, Mg = E mi,

B Smix; >omlxy

rs — — Trsr —

>omg > my

Then the center of mass of the whole system is

/.

and centers of mass

YoMz + Y mixy  Mmsls +msiTs

f =
Sl S mi+ > ml, ms + mg:

The right side is the center of mass for a synthetic system of two particles of masses mg, mg: at Tg
and Tg.
The distribution property can be extended to the division of the system into more parts. Suppose

a system S is divided into disjoint systems S1,S2, ..., Sk. Suppose each S; has total mass mg, and
center of mass Tg,. Then the center of mass for S is the same as the center of mass of the synthetic
system of masses mg,, ms,,..., Mg, at Ts,, TSy, -, TS,

Now consider a rod lying horlzontally We attach a coordinate system to the rod and assume the
rod extends from z = a to £ = b. The rod has a continuously distributed mass given by the density

function p(z). The total mass of the rod is / p(x) dz.

a
To find the moment of the rod with respect to &, we take a partition P of the rod (or the interval
[a,b]). Each part [z;_1, ;] of the rod has mass approximated by

Am; = p(x]) Az, x} € [xi-1, ]
and the moment with respect to & approximated by
(7 = &Am; ~ (z7 — p(x;)A;.
The total moment is then approximated by
> (@] = OAm; =Yy (] — Opla]) A,

which is the Riemann sum of the function ( p(x) on [a b]. By taking the limit as ||P|| — 0, we
(z—

! 5
get the moment / (x = &)p(x) dz. By solving / x)dxz = 0, we see that the rod is balanced

with respect to ¢ if € is the center of mass
o

/bp

o
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The center of mass in the continuous setting also has the distribution property. For example,
suppose [a, b] is divided into two parts [a, ¢] and [c,b]. Then masses and centers of mass of the parts
are

c b
Mq,c] :/ p(x) dz, mpy :/ p(r)dz, T ="

b c b
By/:/—l—/,weget

Ma,d lac] T Mfac] Lleb]

Ty =
o) Mfa,c] + Mfa,c]

Example 7.3.1 For a rod of constant density p(z) = p, the center of mass is

b
b2_a2
[ £5E o

T = — = ,

b b— 2
/pdx p(b—a)

which is the middle point of the rod. If the mass is linearly increasing, then p(x) = A + pz, and the
center of mass is

b 2 2 3 3 2 2
/x(Aﬂm)dx Ab —a +ub —a )\a+b+#a +ab+b
I _ 3 _ "2 3 .
b? — a? A a-+b ’
2 =

The discussion of the center of mass can be extended to higher dimensions. For example, we
may consider a discrete system in the Euclidean plane, consisting of n masses my,mo,...,m, at
(z1,91), (2,Y2), - - -, (Tn, yn). With respect to a point (£,7) in the plane, we have the total moments

> mi(zi =€), Y mi(yi —n)

in the z- as well as y-directions. The point (£, 7n) is the center of math when both moments vanish.
This gives us the center of mass (Z,y) for the system given by

Zmil“i g:Zmiyi
yomi > mi

Similar formula may be derived for a discrete system in the 3-dimensional Euclidean space. Moreover,
the distribution property also extends to (each coordinate of) higher dimension.

Now we consider a continuous system of mass distributed along a curve. Suppose the wire lies in
the Euclidean plane and is parametrized as x = z(t), y = y(t) for ¢ € [a,b]. Suppose the curve has

T =
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density function p(t). Then for a partition P of the wire (or the interval [a,b] for the parameter),
we have the approximate mass

Am; = p(t7)As;, ] € [tima,ti]
for each segment and the approximate total moments with respect to (£,7) in a- and y-directions
D (@(tr) = Opt))Asi, Y (y(ts) = m)p(t]) Asi.

As ||P|| — 0, we get the total moments
b b
/(x—gmds - /"@@y—@mwv@%w2+yavda
b b
[w=npds = [ o)~ mpT@07+ 07 at

By letting both moments vanish and solving for £ and 7, we get the center of mass (z,y) for the
system given by

b b
/ 2pds / 2()p(t) /T (D2 + 5 (1) dt

b b

pds [ plOVEOT 0P
b

wds [ 000 VIO + O d

g = 5 =

b
[eas [ pve@rsy@ra

)

g\@s\

Fig. 7.17 semi-circle

Example 7.3.2 Consider a semi-circular wire of constant density. We have

x=Rcosf, y=Rsinf, 0<60<m,
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and p(f) = p is a constant. Then ds = R df and the center of mass is

/RCOSGdeQ /Rsin@de@
0 = £0 =R-. .

/ pRdo / pRdo T
0 0

Next we study the center of mass for a flat plate of constant density. Suppose the flat plate is
the region between functions f(z) and g(z) for z € [a, b].

T =

=0, ¥y

Q¢ ----

|
|
|
|
|
|
s
Ti—1 b x

Fig. 7.18 flat plate

Let P be a partition of the interval [a, b]. The mass of the strip over [z;_1, ;] is approximately
Am; = p(f(x7) — g(a7))Azi, f = [zio1, 23]
Since the density is constant, by Example 7.3.1, the center of the mass for the strip is approximately
given by
wim el g () + o))

Since the whole plate is made up of all such strips, by the distribution property, the center of mass
for the whole plate is approximated by

SaAm Y pri(f(a7) = gw)) A
> Am; Yoo(f(xy) — glzy) Ay
C SpAm 3 LU g Ar

YT Y Am T of @) — g@)) A
Taking the limit as || P|| — 0, we get

T
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Example 7.3.3 Consider the semi-disk of constant density. The disk lies between f(z) = v R? — 2
and g(z) = 0 over x € [—R, R]. To compute the center of mass, we note that

R o
[ (@) gty do = TR

—-R

is the area of the semi-disk, and

R R
/ vV R?2 —x2dxr =0,
-R -R

=
—
&
\
=2
8
Nt
o
8
I

R R
1[ ([f@)] ~[9(@)*) dz = 1/ (R?— %) dx = §R3.

—-R

7.3.2 Work

Suppose a constance force is applied to an object, so that the object moves a distance d in the
direction of the force. Then the work done by the force is

W =Fd

is the product of the force and the displacement.

What if the force varies? Suppose the object moves from a to b along the z-axis, and the force
is F(t) when the object is located at t. Then we partition the movement into small increments. In
other words, we consider a partition P of the interval [a,b]. The work done by the force in moving
the object from x;_; to x; is approximately F(x})Ax,;. Therefore the total work is approximately
ST F(xf)Ax;. When ||P|| — 0, we get the work

W:/abF(ac)dx

done by the force in moving the object from a to b.

Fig. 7.19 work done by a variable force
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Example 7.3.4 Suppose one end of spring is fixed and the other end is attached to an object.
When the spring is neither stretched nor compressed, the spring exercises no force on the object and
the object is in the natural position, which we denote as the origin.

Hooke’s law says that the force exercised by the spring is proportional to the distance the spring
is stretched. In other words, when the object is at distance x from its natural position, the spring
exercises force

F(z) = kx
on the object, where k is the spring constant. If the object starts at distance a from its natural
position, then the work done by the spring in pulling the object to its natural position is

/ kxdx:ﬁag. n
0 2

=

5

Fig. 7.20 a frustum container

Example 7.3.5 A frustum of a cone of height H, top radius R and base radius r contains some
liquid of density p. Suppose that the depth of the liquid in the frustum is A. How much work does
it take to pump the liquid to the top of the container?
Let x be the distance to the top of the container. Then the liquid extends from z = H — h to
x = H. The radius r(z) of the disk at depth x satisfies
r(z)—r H-—ux

R—r H

Therefore
a: + 7.

r(z)=(R—-r) i
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Let P be a partition of the interval [H — h, H]. Then the thin layer corresponding to [z;_1, ;]
has approximate volume
AV ~ mr(x))? Aw,

and the work needed to pump the layer to the top of the container is approximately (g is the
gravitational constant)
AW; = (9pAVi)a; = ngpair(a})?Ax;.

Therefore the total work needed to pump all the liquid to the top of container is approximately

Z AW; = wgp Z zir(x)? Az,

Taking the limit as ||P|| — 0, we get the total work

w

H s map . i ) 2
wgP/H_hx[r(w)] de = =3 /H_hx[(R P (H - z) + rH]? dz

1 1 1
= mwgpH?R? (a2b + 5a(2a — 3b)b% + g(l —a)(1—3a)b® — 1(1 - a)2b4> ,
h
where a = % and b = T
Exercises
7.3.1 Find the center of mass of the parabola y = 22, z € [0, 2], of constant density.

7.3.2 Find the center of mass of a triangle (not including interior) of constant density and with
vertices at (—1,0), (0,/15) and (7,0).

7.3.3 Find the center of mass of the triangular flat plate with constant density and the vertices at
(0,0), (a,0), (0,b). Then use this to find the center of mass of a general triangular flat plate with
constant density.

7.3.4 Find the center of mass of the region bounded by the given curves:

= = 2. 1
1.y &Y T 3.y:—7y20,w€[0,1];
xT

T 37
; 4. y=¢€*,y=0,z€0,1].

2‘ = si ) = 9 S RS
Yy smzx, y Cosx, T |:4 1

7.3.5 Suppose a flat plate is divided into four parts of equal weight. If the centers of mass for the
first two pieces are (a,b) and (c, d), what is the center of mass for the remaining two pieces together?

7.3.6 A spring has natural length a. If force F' is needed to stretch the spring to length b, how
muck work is needed in order to stretch the spring from the natural length to the length b7

7.3.7 A ball of radius R is full of liquid of density p. Due to the gravity, the liquid leaks out of a
hole at the bottom of the ball. How much work is done by the gravity in draining all the liquid?
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7.3.8 A cable of mass m with length [ hangs vertically from the top of a building. How much work
is required to lift the whole cable to the top of the building?

7.3.9 Newton’s law of gravitation says that two bodies with masses m; and mq attract each other

with a force
_gmimy
F= 7z

where d is the distance between the bodies. Suppose the radius of the earth is R and the mass is
M. How much work is needed to launch a satellite of mass m vertically to a circular orbit of height
H? What is the minimal initial velocity needed for the satellite to escape the earth’s gravity?

7.4 SUMMARY

Applications

e Arc Length

For a given curve

the arc length is
b
L:/’Mw@y+yuya.

In particular, for y = f(x), a < x < b, the arc length is
b
L= / V14 f'(x)? da.

e Area of Surface of Revolution

Let f(x) > 0 be a continuous function defined over the interval [a,b]. Then the surface area
of revolution for the graph of f(x) is

S:27r/ f@)/1+ f/(x)? de.

e Volume of Revolution

Let f(z) > 0 be a continuous function defined over the interval [a,b]. Then the volume of
revolution for the graph of f(z) is

vz5fumﬁm.

e Arc Length of a Polar Curve
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For a polar curve r = r(0), a < 6 < b, the arc length is
b
L= / VIF@OE L OF a4,

e Area Bounded by a Polar Curve

For a wedged region bounded by a polar curve r = r(6) and two rays § = a and 6 = b, its area
is

e Center of Mass

— 1D:
If the density function is p(x), then the center of mass is located at

/ab zp(x) do

/ab p(z) da |
— 2D:

If the mass is evenly distributed on the plate that is bounded by two curves y = fi(x)
and y = fo(x) between x = a and x = b, then the center of mass (z,7) is

xr =

/ o) — i) da
/ @) — fi(@) do
s [ {18 - (@R} @

[ @ - nwa

)

|






Infinite Series

8.1 SERIES

We first study series of numbers.

8.1.1 Sum of Series

A series (or infinite series) is an infinite sum
oo
E anp =a1+az+az+---.
n=1

The following are some examples:

-1 Lo L] 1

;ﬁ = bttt
5 P MENS SN T B 1
n(n+1) 1.2 23 3-4 n(n+1) ’
o0 1n+1 71n+1
Z( )' = 1—7+f—~~+( ), oo

n: n
n=1

1 o o 11 1

Z)E = Ittt

225
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oo
Do o= ddr4ri et
n=0

Similar to sequences, series do not have to start at n = 1. Sometimes it is more convenient to start
at n = 0 or some other numbers.

Finite sums have definite values. To define the value of an infinite sum, we introduce the partial
sum of a series

n
Sp = E a; = a1 +as + -+ ay.
i=1

o0
Definition 8.1.1 A series Zan converges (or is summable) if the sequence of partial sums

n=1
converges. Moreover, the sum of the series is

oo

E a, = lim s,.
n— oo

n=1

A series diverges if it does not converge.

Like sequence, if a series is modified by finitely many terms, then the new partial sum s/, is related
to the old one s, by s, = s, + C for a constant C'. This implies that the convergence of a series is
not changed by modifying finitely many terms.

Example 8.1.1 The geometric series is

(o)
Zr”=1+7‘+r2+7‘3+-~-+r”+~~

n=0
The partial sum s, = 1 4+ r 4+ r2 + 73 4+ ... + " satisfies
TSy =r4+1r 414 = g 1L

Therefore
1—pntl
Sn = 1—r

for r # 1, and the series converges if and only if |r| < 1

(o9}
dort=tldr4+ri4rd4 4= lim = : -

n=0
Example 8.1.2 Example 2.1.28 tells us that the series
= 1 11 1
Z :1_~_7+7+__,+72+_,_
n

n2 22 32
n=1
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converges. Example 2.1.29 tells us that the harmonic series

=1 1 1 1
27:14_74_,4_..._’_*_,_...
—n 2 3 n

diverges. "

Example 8.1.3 The series

S
n(m+1) 1-2 2.3 n(n+1)
has the partial sum
S U SR £ WUES WS S A NN S N DUPR
1-2 2.3 nin+1) \1 2 2 3 n n+l n+1
Therefore

= 1 . 1
27: lim (1-— =1. L]
—n(n+1) nooo n+1

If series Y a,, and > b, converge, then by the arithmetic properties of limits, the series > (a,+b,)
and Y ca,, converge, and

YDCETRED SNS SN SIS S
The following is another property of convergent series.

Theorem 8.1.2 If 3" a, converges, then lim a, = 0.
n—oo
Proof. If the series converges, then lim s, = [ converges, and we get
n—o0

lim a, = lim (s, — s$p—1) = lim s, — lim s,_; = lim s, — lim s, =0. "
n—oo n— oo n—oo n— o0 n— oo n— o0

The theorem immediately implies that the series such as 1, > (—=1)", > % do not converge.
n

The following is a more sophisticated example.

Example 8.1.4 The series Y sinna converges when a is a multiple of w. If a is not a multiple

of m, we will show that there are infinitely many natural numbers nj such that |sinngal > € for

some € > 0. This implies that sinna does not converge to 0. By Theorem 8.1.2, the series ) sinna

diverges.

2k+1)mr—a 2k+1)m+a
2 ’ 2

= cos% > 0, we have |sint| > € on [ag, bi]. Since the length of [ay, bk]

Let 0 < a < w. Then [ag, by] = are disjoint intervals of length a.

Moreover, for € = sin
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is a, there is nga € [ag,by] for some natural number ny. Since the intervals are disjoint, ny are
distinct. Therefore we have infinitely many ny such that |sinngal > e.

For general a, we have a = gw + b for an integer ¢ and 0 < b < w. Then for a not to be a multiple
of 7 is the same as 0 < b < w. We also have sinna = (—1)"?sinnb. The argument above also shows
that > (—1)"?sinnb diverges. .

However, there are also plenty of divergent series > a, satisfying lim a, = 0, such as the
n—roo

1
harmonic series Y , —. Therefore more refined criteria are neded. For example, if a,, > 0, then the
n

partial sums are nondecreasing. By Proposition 2.1.7, we have the following criterion.

Theorem 8.1.3 If all terms in a series are non-negative, then the series converges if and only if
the partial sums are bounded.

In general we may apply the Cauchy criterion to the convergence of the partial sum. Since
Sp = Sm—1=0m +ame1+- - +an, n=>m,
The Cauchy criterion for the convergence of series takes the following form.
Theorem 8.1.4 A series Y a, converges if and only if for any € > 0, there is N, such that
n>m>N= |am + ami1 + - +a,| <e.

The special case n = m + 1 gives exactly Lemma 8.1.2. Moreover, such Cauchy criterion has
already been used in Examples 2.1.28 and 2.1.29.

8.1.2 Comparison Test

Similar to improper integrals, we may compare the convergence of series.

Theorem 8.1.5 (Comparison Test) If |a,| < b, for sufficiently large n, and b, converges,
then > a, also converges.

Note that by Theorem 8.1.3, the convergence of Y b, is equivalent to the partial sums being
bounded.
Proof. The convergence of Y b,, tells us that the series satisfies the Cauchy criterion: For any € > 0,
there is N, such that
n>m>N= |by +bpi1+ - +by <e.

Since
‘am+am+l+"'+an| S |am|+|am+l|++|an| Sbm+bm+l++bn

We see that the series > a,, also satisfies the Cauchy criterion. .

Example 8.1.5 Consider the series Za‘"z"‘%. By Lemma 8.1.2, for the series to converge, we

must have lim ¢~ *#% = 0. This implies that we must have a > 1.
n—oo



8.1 SERIES 229
Since —n? + % < —n for large n (actually n > 1 is enough), for a > 1 we have
0<a™Tn <a™.

1 n
By Example 8.1.1, the series Y. a™" = ). <> converges. Therefore by the comparison test,
a

> a~"’*% also converges. We conclude that > a "t converges if and only if a > 1. "
E le 8.1.6 The series 3~ > gotishi
xample 8.1. e series . ————— satisfies
P n3 +n+ 2
n+sinn
lim A2
n?

This implies that
n +sinn

2
nd4+n-+2

<
=2

n+sinn

n3 +n+ 2
also converges. =

1
for sufficiently large n. Since we know the series > — converges, we conclude that >
n

a
The argument in the example above is quite useful. Suppose a,, b, > 0 and the limit lim — =1
n—oo n

converges. Then 0 < a,, < (I 4+ 1)b,, for sufficiently large n. The comparison test tells us that the

b 1
convergence of Y. b, implies the convergence of _ a,,. Note that if [ # 0, then the limit lim — = —

n—00 @, [
also converges, and we conclude that > a,, converges if and only if > b, converges.
We already fully understand the convergence of the geometric series in Example 8.1.1. By specif-
ically comparing with the geometric series, we get the following useful tests.

Theorem 8.1.6 (Root Test) Suppose the limit

lim {/|a,| =7
n—roo

converges. If r < 1, then Y a, converges. If r > 1, then Y a,, diverges.

Theorem 8.1.7 (Ratio Test) Suppose the limit

Ap41
G,

lim

n—o0

converges. If r <1, then > a, converges. If r > 1, then Y a,, diverges.

In case r = 1, the test is not conclusive, and other methods has to be used to determine the
convergence.
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Proof. If lim %/|a,| > 1, then %/|a,| > 1 for sufficiently large n. This implies |a,| > 1 for
n—oo

sufficiently large n. By Lemma 8.1.2, the series Y a,, must diverge.
Suppose lim an| = r < 1 and fix some R satisfying r < R < 1. Then {/|a,| < R for
n—oo

sufficiently large n. This implies that |a,| < R™ for sufficiently large n. By the convergence of }  R"
and the comparison test, the series Y a, must converge.

n

Ap+1

If lim,, oo

> 1, then |an41| > |ay| for sufficiently large n. This implies that a,, does not
n

converge to 0 and the series ) a,, must diverge.

a
Suppose lim = r < 1 and fix some R satisfying r < R < 1. Then =t < R for
n—o00 an, (07
sufficiently large n, say n > N. This implies
a a a
|an| = |an] A I < ‘GN\Ran =cR", n>N
an Gp—1

a
for a constant ¢ = m By the convergence of > R™ and the comparison test, the series ) _ a,, must

RN
converge. .

Example 8.1.7 Consider the series Y n®"™. We have

n

nabn| = bl.

lim
n—0o0
Therefore the series converges when |b| < 1 and diverges when |b| > 1.
1
In case b = 1, the series is Y n®. If a > —1, then n®* > —. By the divergence of > — and the
n n

comparison test, the series > n® diverges. If a < —2, then n® < — - By the convergence of > —
n n

and the comparison test, the series > n® converges. In fact, in Example 8.1.10, we will see that
> n® also converges for all a < —1. The case b = —1 will be discussed in Example 8.1.13. "

|
Example 8.1.8 Consider the series ) " 4", We have
nn

(’I’L + 1)' an+1
1)+l n+1 a a
O B T I 1)
nn" n
. . n+1\"
Therefore the series converges when |a| < e and diverges when |a| > e. Moreover, by < e,
n

we know the quotient is > 1 when |a| = e. Therefore the terms in the series are nondecreasing and
cannot converge to 0. We conclude the series also diverges for |a| = e. "
Upper Limit

Note that the root and ratio tests assume that the limits converge. In case the limits do not
converge, we may still use the spirit of the tests. By carefully examining the proof, we note that for
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anJrl

the convergence, all we need is that {/|a,| < R or

‘ < R for sufficiently large n and a constant
n
R < 1. The condition can be reformulated in terms of the upper limit.

Given a sequence a, and a number [, we ask the following question: How many terms in the
sequence are above [? Imagine that we start with a very high [ and then gradually lover [. In the
process, more and more terms will be above [. If a, is bounded, then for sufficiently high [, there
is no a, > [, and for sufficiently low [, every a,, > [. The transition from “no a, > [” to “every
a, > 1" has to pass through a unique critical moment A satisfying

e If [ > )\, then only finitely many a,, > [.
e If [ < A, then infinitely many a,, > [.

The upper limit is this critical moment

lim z, = A\
n—oo

The sequence a, has no upper bound if and only if there are always infinitely many a,, > [ for
any [. In this case h_fm Ty = +00.

The sequence ann dio\?erges to —oo if and only if there are only finitely many a,, > [ for any [. In
this case lim a, = —oo.

n—oo
The upper limit has the following properties:
1. If a sequence converges, then the upper limit is the limit.

2. In general, a sequence may have (perhaps infinitely) many convergent subsequences. The
upper limit is the maximum of the limits of convergent subsequences.

3. If ¢ >0, then lim (c-a,)=c- lim a,.
n— oo n—oo

4. The upper limit of a,, is the limit if the monotonic sequence a,, = sup{zy: k > n}.

The second property is the reason for the terminology “upper limit”.

Theorem 8.1.8 (Root Test) If lim i/|a,| < 1, then > ay, converges. If lim i/|ay| > 1, then
n— o0 n—00
> ay diverges.

Proof. Suppose 1 <n@ m . By the second property in the definition of the upper limit, we
have m > 1 for infinitely many n. This implies |a,| > 1 for infinitely many n, and further
implies that a,, does not converge to 0. Therefore the series > a,, diverges.

Suppose 1 >n@o ’{”/W . Then fix some R < 1 satisfying R >n@o m . By the first property
in the definition of the upper limit, there are only finitely many n such that ’Q/m > R. Let N be

the largest such n. Then {/|a,| < R for all n > N. This implies |a,| < R™ for n > N. By the
convergence » R and the comparison test, the series > a, converges. "
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Example 8.1.9 Consider the series 3~ a(=1"". We have Va(~D"n = g for even n and Va(-D"n =
a~! for odd n. Therefore lim Va(~1"" = max{a,a™'} (note that in the sequence ¥a(~1)"", both

n—oo
a and a~! appear infinitely many times). In particular, lim Va(=D"" > 1 when a > 1, and the
n—oo
series diverges. For a = 1, the series also obviously diverges. Therefore the series diverges for all . m

The ratio test can be extended in a similar way. For the convergence, we need to the upper limit
of the ratio. For the divergence, however, we need the lower limit. The lower limit lim a, is the

n—00
critical moment p satisfying
e If [ < p, then only finitely many a,, <.
e If [ > p, then infinitely many a,, <.
. - | An+1 . An+41
Theorem 8.1.9 (Ratio Test) If lim < 1, then > a, converges. If lim > 1, then
n—oo n—oo | an

> ay diverges.

8.1.3 Integral Comparison Test
The convergence of series can also tested by comparing with the convergence of improper integrals.

Theorem 8.1.10 (Integral Test) Suppose f(x) is defined on [a, +00) and is nonincreasing. Then
+o00o

the series > f(n) converges if and only if the improper integral / f(z) dz converges.

a

Proof. Since f(z) is nonincreasing, we have hrf f(z) =1, where [ is either bounded [ or | = —oo0.
T—r+00

+oo
In the case [ # 0, both Y f(n) and / f(z) da diverge (the divergence of the improper integral

a
can be seen by the Cauchy criterion). Therefore we may assume liT f(x) = 0 in the subsequent
r—r 400

discussion. In particular, since f(z) is nonincreasing, the assumption implies that f(z) > 0. Then

+oo
the convergence of > f(n) and / f(z) dx is equivalent to the boundedness of the partial sum s,

and the “partial” integral / f(z) dz.

a
Without loss of generality, we assume a = 1. Since f(x) is nonincreasing, we get

n+1
f(n) > / f@) de > f(n+1),

so that the partial sum s,, of Y f(n) satisfies
n+1
s PO+ Q)+ ) = [ f@)de = F)+6)+ -+ it 1) = s = ().

Therefore the sequence s,, is bounded if and only if the sequence / f(z) dz is bounded. .
1
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1 ted
Example 8.1.10 For p > 0, the series ) — converges if and only if the improper integral / —i
n 1 X

converges. By Example 6.3.4, this happens (i.e., the series converges) if and only if p > 1.

We also note that ) - diverges for p < 0 because the individual term - does not converge to
n n

1
Similarly, by comparing with the improper integral in Example 6.3.7, the series Y ﬁ
n(logn
converges if and only if p > 1. .
logn 1 1 .
Example 8.1.11 Consider the series Z . If p <1, then > - > —. By the divergence
n n

1
of Z — and the comparison test, we see that the series ) logn diverges.
np

pr > 1, then choose ¢ satisfying p > ¢ > 1. Since p — ¢ > 1, we have

logn
1
lim 2 = im0 =
n—oo L1 n—oo NP—4
nd

1 logn
Then by the convergence of ) — and the comparison test, we conclude that converges. m
n

8.1.4 Absolute and Conditional Convergence

A series Y a, absolutely converges if the corresponding absolute value series > |a,| converges.
The comparison test Theorem 8.1.5 tells us the following

e If |a,| < by, and > b, converges, then > a,, absolutely converges.
e If > a, absolutely converges, then ) a, converges.

The first statement can be obtained by taking a, to be |a,| in the comparison test. The first
statement can be obtained by taking b,, to be |a,| in the comparison test.

This leaves the possibility that a series > a,, may converge, but the corresponding absolute value
series Y |a,| may diverge. In this case, we say Y a,, converge conditionally.

Example 8.1.12 Consider the series

Z(_l)n+l_1 1+1 1+ N 1 1
n 2 3 4 n—1 2n

1
The corresponding absolute value series is the divergent harmonic series ) —.
n

—1)ntl 1 1
Let s, be the partial sum of ) L Then ss,, is the partial sum of the series > - — .
n 2n—1 2n
By
1 L v 1
2n—1 2n| (2n—1)2n ~ n?
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1 1
— ) converges. In other

1
and the convergence of > —, we conclude that the series >
n 2n—1 2n

27

words, the subsequence s,,, converges. Moreover, by so,_1 = Sa, + o the subsequence ss,,_1 also
n

converges, and we have

lim s9,_1 = lim so,.
n—oo n—oo

(_1)n+1

Therefore lim s, converges and the series ) (conditionally) converges. "

n— oo

Note that the conclusion of the comparison test is always absolute convergence. Therefore the
comparison test cannot be used, at least directly, to show the convergence of conditionally convergent
series. This is parallel to the convergence of improper integrals, for which we also have the Dirichlet
and Abel tests. Before extending such tests to series, we state a simple criterion for the convergence.

With exactly the same reasoning, we can generalize the above example to the following result,
due to Leibniz.

Theorem 8.1.11 (Leibniz Test) If a,, is decreasing and lim a,, = 0, then the series
n—oo

o0
(—)"*'ap =a; —az +az — -
n=1

CONVETQES.

For a,, > 0, the terms in the series Y (—1)"*!a, takes alternating signs. Such series are called
alternating series.
Proof. The proof is the generalization of the example above. The even partial sum ss,, is the partial
sum of the series > (agn—1 — a2,). Since a,, is decreasing, the terms in the series Y (aan—1 — az2y)
are non-negative, and the convergence is the same as the partial sum being bounded above. By

Sop = A1 — (az - a3) - (a4 - as) — (a2n—2 - a2n—1) —agy < ay,

we see that the series > (ag,—1 — a2, ) converges, and lim s, converges. Moreover, by lim a,, =0,
n— oo n— 00
we also have
lim Son4+1 = lim (Sgn + a2n+1) = lim Son.
n— oo n— oo n— o0

Therefore lim s, converges. "
o0

n—
The idea used in the proof above also gives us an estimation for the remainder

+oo +oo
Ry =Y (-D"ai—sp = Y (1) la; = (-1)"ans1 + (-1)"anyz + (-1)"Papss + -
i=1 i=n+1

of the partial sum. We have

Ry = Gopq1 — G2nt2 + Q243 — Gonga + -+ = (A2n+1 — G2p42) + (Q2n43 — Q2pta) +--- >0,

and
RQ'rL = a2n+1 — (a'2n+2 - a27z+3) - (a'2n+4 - a27z+5) - S a2n+41-
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Therefore 0 < Rg,, < agy41. By similar argument, we have 0 > Ro,—1 > —ag,. In general, we have
‘Rn| S An41-

Example 8.1.13 By the Leibniz test, the series

721_27’—'_37’_@4_.”—"_74_“.

converges for any p > 0. However, By Example 8.1.10, we also know the corresponding absolute value
series > — converges if and only if p > 1. Therefore the alternating series converges conditionally
n
for0<p<1. "
n?+a
Example 8.1.14 Consider the alternating series » (—1)" — "
n

series is comparable to the harmonic series and therefore diverges. Then we try to use the Leibniz
2

. The corresponding absolute value

test by showing that f(z) = v

is decreasing. By considering the sign of

x3+0b
Fla) = —x* — 3az? + 23L‘b7
@+ 2
the function indeed decreases for sufficiently large x. Therefore the Lebniz test can be used, and the
series Y (—=1)" 7:; —|—|:Z converges. .

The Leibniz test is too simple to deal with more sophisticated series. In this case, we may use
the analogue of the Dirichelt or Abel test for improper integrals.

Theorem 8.1.12 (Dirichlet Test) Suppose the partial sum of > a, is bounded. Suppose b, is

monotonic and lim b, =0. Then Y ayb, converges.
n—oo

Theorem 8.1.13 (Abel Test) Suppose > a, converges. Suppose b, is monotonic and bounded.
Then " anb, converges.

Example 8.1.15 Consider the series 3 mnne

partial sum

By the Dirichlet test, if we can show that the
n

Sy = sina +sin2a + - -+ + sinna

is bounded, then the series converges. By

(c0s (= 5) —cos (a+5)) + (cos (20 - 5) —cos (204 3))
doet (cos(na— g) — cos (na—i—%))

& _ cos (nat 2)
COS2 COS | na 9 5

a
28, sin —
2
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we get
1

lsn] <

. a‘
sin —
2

in case a is not a multiple of 7. On the other hand, if ¢ is a multiple of 7, then the terms in the
series are zero, and the series still converges.
. oo Isinz| |
On the other hand, the divergence of —dz in Example 6.3.10 suggests that the absolute
1 A
| sin nal . . . . .
should diverge in case a is not a multiple of 7. However, the earlier argument

| sin azx|

value series Y

is not a decreasing function. Using the argument in Example
Ck+D)m—a 2k+1)m+a

cannot be applied here because

8.1.4, for 0 < a < 7, we find nia € [ag, b] = [ satisfying |sinnga| >

2 ’ 2
b
¢ = cos <. Then by np < — < (k + 1)E, we have
2 a a
| sin nyal ae
ng  (k+1)m

| sin nyal

1
The diverges of >, il implies the divergence of »", , which further implies the diver-

| sin nal

gence of > .
For general a that is not a multiple of 7, we have a = qm + b for an integer ¢ and 0 < b < w. Then

| sin nal |sinnb| . .
>on = Z o still diverges.
n

n
sin na

We conclude that > converges conditionally when «a is not a multiple of 7. .

n

8.1.5 Rearrangement

In a finite sum, the order of the terms does not affect the value of sum. For example, we have
a+b+c+d=c+b+a+d. However, we need to be careful in rearranging orders in an infinite sum.

1 1
Example 8.1.16 By Leibniz test, we know the alternating series 1 — 3 4+ - — — 4 --- converges.

We also know the sum s > 0. Now we rearrange the terms so that one positive term is followed by
two negative terms

The new series has sum

(-8)-1-3)-

We get a different sum after rearrangement. .

0| =
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The reason for getting different sum after rearrangement is because the original series converges
conditionally.

Theorem 8.1.14 The sum of an absolutely convergent series does not depend on the order. On the
other hand, given any conditionally convergent series and any number s, it is possible to rearrange
the order so that the sum of the series is s.

The question of order arises when we deal with the product of two series. Motivated by the
product of finite sums, we expect to have

<Z G,i) ij = Z aibj.
i=1 j=1 i,j=1

However, the terms on the right have two indices and there are many natural ways of ordering them.
In light of Theorem 8.1.14, we do not need to be worried about the many possible choices of the
order under the absolute convergence condition.

oo oo

Theorem 8.1.15 Ifz an and Z b, converge absolutely, then Z;};:l a;b; also converge absolutely
n=1 n=1

i any arrangement of the order, and with sum

ij=1

n

Example 8.1.17 We will see in Example 8.2.1 that fo:o x—| absolutely converges to e”. Then
n!

o) " [e%s} yn [e’s} LL’iyj o'} xiyj

Ty L L _
S DO nl _Zi!j!_zz i

n=0 n=0 i,j=0 n=0i+j=n
L 1l nl L 1 n ety
DI P rery K B (L Ul
n=0 =0 n=0
In the second to the last equality, we used the binomial expansion. "

Exercises

8.1.1 For each of the following series, show that it converges and find its sum:

_ 2 2 n _1\nqn
g 228, 248, 2 (s,
52 53 prtl
2. 14+3r4+5r7 4+ +2n+1)r" + -
3. L 4 ! ot ! +o
“ala+d)  (a+d)(a+2d) (a+nd)(a+ (n+1)d) '
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1 1 1
Y et dar2d) Tarder2d@r3) T T arnd et it Dd)a+ n+2)d)

5. rsin@+r2sin20 + -+ r*sinnf + - - -;
6. rcosf+r2cos20+---+r"cosnd + - --.

8.1.2 Prove that if a,, > 0 and Y a,, converges, then > a2 also converges. Moreover, construct an
example for which >~ a? converges but > a,, diverges.

8.1.3 Prove that if > a2 converges, then > n converges.
n
8.1.4 Prove that if " a2 and b2 converge, then Y a,b, and Y (a, + b,)? converge.

8.1.5 Prove that if a, is bounded, then ) a,r™ converges for |r| < 1.

8.1.6 Determine the convergence for each of the following series:

1 1 1 logn\"
1. 14+ - -4+ 424 ... .
teogtaits et 11'Z<n>’
4 4.7 4-7-10 2+(71)n
2. -4 — .
2726 2610 12. ¥
™ 3 —1))"
3'25; 13.Z—n(&+b(n )") ,a>1,b>0;
!2 — b
4y 14, y Y ta-vnto,
a™n" 1 n+1
. ; 15. — /1 :
52 n!l ’ Z(ﬁ NI )
2 2
n n
6. > N 16. Z(cos E) ;
n
(2+3)
n n2n
17. , a,b>0;
- 2 (0T ) o + by
(> 1 " 18 5 Lgin !
- . — sin —;
+n npP n
-1
1 19. S(Va+1— i) log ——;
8. % ; n+1
logn ,
1 n
r o2 (1)
' m24+n+ 1)
( ) 21. Y nloez;
2
1\ " 1
10. 14 = : 22. 5 ——
o) wllog )i’
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1

23. _
nlognloglogn

8.1.7 Suppose Y a, converges and lim — = 1. Can you conclude that > b, also converges?
n—o0 Ay,

8.1.8 Determine absolute or conditional convergence for each of the following series:

n? +a noo @

M ta 3. 3 (~1 L.
LY=)o 2_(=1)"sin —
_ (logn)? (=1)"sinna

2. (-1 loen)”, 4.y R

nd

8.2 POWER SERIES

8.2.1 Taylor Series

A function is smooth if it has derivatives of arbitrary order. If f(z) is smooth at a, then the high
order approximations of the function gives us the Taylor series

el (n) a "a e (n) a
S 00y = fay s r@e-a+ T wap D ap LW
n=0 : :

n 2! 3!

The partial sum of the series is T, (x), the n-th order Taylor expansion of f(z) at a.
We expect T),(z) to be better and better approximation of f(z) as n become bigger. In other
words, we wish to have lim T, (x) = f(z), at least for those = near a. This means exactly that the
n—oo

Taylor series converges to the function
f"(a) f"(a)

f(x):f(a)+f'(a)(x—a)+T(x—a)2+T(x_a)3+...+

f(a)

n!

(x — a)n + e
To study whether this is indeed the case, we introduce the remainder

Rn(2) = f(2) = To(2).

Theorem 3.3.2 tells us that if f(z) has n-th order derivative at a, then lim (Rn(sv)n = 0. Under
z—a (X — a

additional assumption, the proof of the theorem, which appeared in Example 4.2.4, can also be used
to prove a more detailed formula for the remainder.

Theorem 8.2.1 Suppose f(x) has (n+1)-st order derivative between a and x. Then the remainder
of the n-th order Taylor expansion is given by

_ ()

Ry (x) = e s

(x —a)
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for some ¢ between a and x.

Proof. We only prove the case n = 2. Similar to the argument in Example 4.2.4, by repeatedly
using Cauchy’s Means Value Theorem, we get

Ry(z) Ro(x) —Ra(a)  Rs(er)
(z —a)? (x—a)®—(a—a)® 3(c; —a)?
Ry(er) = Ro(a)  _  Ry(cr)

3[(c1—a)2—(a—a)?] 3-2(c2—a)
Ry(c2) — Ry(a) _ Ry'(cs)
3-2cs—a) 3-.2-1

where ¢; is between a and z, ¢y is between a and ¢;, and c3 is between a and co. Since Ry = f”,

we get
B f”l(Cg)
-3l

Rz(x)

(z —a)3. .

The formula for the remainder allows us to show that the some function is indeed the sum of its
Taylor series.

Example 8.2.1 Example 3.3.8 contains the Taylor series for the power function (1+ x)?, the expo-
nential function e®, then logarithmic function In(1 + ), and the trigonometric functions sinz and
cosx expanded at a = 0. For f(z) = €®, the remainder satisfies

e el El

= G =

Since the right side converges to 0 for each x, we conclude that

z_14 " x? "
e’ = —l—ﬁ—i-a—i—---—l-m-l-"',

for all z. Similarly, for f(x) = sinz and f(z) = cosz, we have |f("*t1)(c)| < 1 because the high
order derivatives are either +sinx or £ cosx. Therefore the corresponding remainder satisfies

Ra@)] = L2 Lo
" (n+1)! ~ (n+ 1)V
and we also get
R I— p2n—1
i = S e Y G N i T
S TR VT Gt
1‘2 1‘4 .13277'
= L. —1)7t1
cosr = I=orty DT gy

for all z.
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(=) L(n—1)!

d
A+ an

In applying the remainder formula to f(z) = In(1 4 z), we get f*+1(z) =

1 n! ||+

[ Fen ()] = (n+ D!+ ¢ntt

o] =
(n+ 1)1+ ¢~t!

Knowing only that c lies between 0 and z, we are sure that

z? 28

Inr=o— — 4+ _... _1n+1£
nr=cz 2—|—3 +(-1) n!+

1
for |x| < ok In a later example, we will use other method to show that the equality holds for all

|:,C| <1 [ ]
1
Example 8.2.2 We try to use e = el = g — to compute the value of e accurate up to the 6-th
n!
n=0

digit. The remainder satisfies

(&

e

R,(1)] < 1< .
| ()|*(n—|—1)! ~ (n+1)!

Since £ < 107°, we find

10! ’
1 1 1 1
e%1+i+§+§+~-~+gw2.718285
is accurate up to the 6-th digit. "

Example 8.2.3 In Example 3.3.5, we used the second order approximation to compute v/3.96 and
4/4.05. The error can be estimated by the remainder formula

1
16V

Specifically, for 1/3.96, we have 3.96 < ¢ < 4 and

Ry(x) (x —4)3.

1 0.043
96 — 1. 75| < ———13.96 — 43 ~
|[v/3.96 989975| < 16@'3 96 | 6.9

Example 8.2.4 Using the Taylor expansion and the remainder of e*, we have

= 0.000000125. "

2 4 6 8
—?_ T T T T 2
e =1 1!+2! 3!+4!+R4( x“),
where
| — 220 210
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Thus we get an approximate value of the integral of e
b 1 1 1 1
Tdrx1-— — ~ 0.7475.
/Oe v 31152 73 o4l
The error may be estimated by
1 5 1 1 .IIO 1
/ e ™ da — 0.7475| < / |Ry(—2%)| dz < / ——dz = < 0.001. .

8.2.2 Power Series

A power series is a series of the form
o0
E apz".
n=0

Taylor series are power series, up to substituting x by x — a.

Example 8.2.5 Example 8.1.1 tells us that the power series

Zx":1+x+x2+x3+-~-+x"+---

n=0

converges for |z| < 1 and diverges for |z| > 1.
Example 8.1.8 tells us that the power series

= nl 15, 24 n
Zix”:er,z + 44—+
nzln" 2 9 nn

converges for |z| < e and diverges for |z| > e.
Example 8.2.1 tells us that the power series

x n 2 n

Zl; — 14T T
— nl B 2 n! ’
o0 2n—1 3 5 2n—1
_1ﬂ+1x7 — _r T _1n+1m7
nz::l( N T SR IR VT G Tt
e r2n 72 x4 r2n
-1 n — 1-— = s 1n+1
;( )@ ST TE S A TR
converge for all x. "

Lemma 8.2.2 For any power series Y, a,x™, there is R > 0, such that the power series converges
absolutely for |x| < R and diverges for |x| > R.

The number R is called radius of convergence of the power series. If R = 0, then the power
series converges only for x = 0. If R = +00, then the power series converges for all z.
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Proof. The lemma is a consequence of the following claim: If > a,r™ converges, then > a,z™
absolutely converges for |z| < |r|. The radius of convergence is then the supremum of |r| such that
> anr™ converges.
Suppose > a,r™ converges. Then we have |a,r"| < M for a constant M and all n. For |z| < |r|,
this implies that

x| x|
|anxn|:|an7an|"7‘ s MIZ
r r
Since converges Then by the comparison test, the
series Z anxT" absolutely converges. .

If lim {/|a,| converges, then
n—oo
lim {/|apa®| = |z|- lim {/|ay]|.
n—oo n—oo

By the root test Theorem 8.1.6, we see that the power series converges if

|$| - lim vV ‘an‘ <1,
n— oo

and the power series diverges if

|z] - lim /]an| > 1.

n—oo

This gives us the formula
1

Clim Y |an]

n—oo

for the radius of convergence. By the similar argument, if lim converges, then

n— oo Qp

R=

lim
n— oo

Ap+1
2%

In general, by
lim {/|ay2”| = |z|- lim V/|ay),
n—oo n—00

and Theorem 8.1.8, we always have
1

lim {/Jan]

n—oo

Example 8.2.6 By
(_l)n—Q—l
n

lim V1= lim §

n—oo n—oo

=1

)

the radius of convergence for the geometrical series and the Taylor series for In(1 + ) is 1.
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By
1
|
im w = 1im _0,
n!

the radius of convergence for the Taylor series of e* is +o00. In other words, the Taylor series
converges for all x. Similar computation shows that the radius of convergence for the Taylor series
of sinz and cos x is also +oc0. .

Example 8.2.7 For any a, we have lim V/n? = 1. Therefore the radius of convergence for the
n—oo

power series Y nPx™ is 1. The example already appeared in Example 8.1.7.
Example 8.2.8 The Bessel function of order 0 is
oo
B (71)”562”
JO('T) - nzz:o 22n(n')2 .

The radius of convergence is the square root of the radius of convergence of the series

o0

2 2"
o 227 (n!
By
(_1)n+1
222 ((n 4 1)1)2 _
| =lim—w=— =
im —1)" im in 1) 0,

221 ()2

the later series converges for all z. Therefore the Bessel function is defined for all x.

8.2.3 Operation of Power Series

By suitable substitution and arithmetic combination, new power series may be constructed from the
known power series.

1 o0
Example 8.2.9 From Example 8.1.1, we know 1. Zx” for |z| < 1. Then we get

-7 n=0

1 2 3 n,.n

T = l—z4a” -2+ +(=1)"2" 4+, |z|<1;

1?@ = z—a" 42—t ()" e Ja| <

1

- = l—(z-D+@-1)°-@-1+ -+ (D" —-1)"+-, 0<z<2;

1
1+$2 — 1—$2+{E4—$6+~--+(—1)7L.%‘27L+"', ‘l‘|<1;

1 1 1 1 5 1 4 n

2 T @thgt gt g ol < 2. -
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Because power series converge absolutely within the radius of convergence, by Theorem 8.1.15,
we can multiply two power series together within the common radius of convergence.

Theorem 8.2.3 Suppose > anz™ and > byx™ have radii of convergence R and R'. Then

(Z anx”) (Z bnx") = Z cnx™, C¢n = agbp + a1bp_1 + -+ apbo
for |z| < min{R, R'}.

The product should be the sum of aibjw”j . We get the power series Y ¢, z™ by gathering all the
terms of power z".

The power series can also be differentiated or integrated term by term within the radius of
convergence.

Theorem 8.2.4 Suppose
o0
flz) = Zanx” =ap+ a1z + asx® + azx® + -+ apa" + - -
n=0
for |z| < R. Then

o0
fl(x) = Z(anx”)’ = a1 + 2a0x + 3azx® + - + napa” 4 - -

n=1

and -
‘ Yo a1 o @2 3 43 4 An_ n41
t)dt = At = -1 2 s I
/Of() ;)/Oa a0z + Z-a* + e+ et e e
for |z] < R.
1 oo
Example 8.2.10 Taking the derivative of = Z ", we get
1—2 vt
1 2 3 n—1
= 1+4+2x+32"+42°+---+na"" "+,
(1—x)?
2
= 2. 1+3-2044-322+5-42>+ -+ nn—Da"2 +...
(1—x)3
Therefore

2o+ 2222 3223+ 422" + -

o0 oo (oo}
= E n’z" =z g naz" " 4 22 E n(n —1)z" 2
n=1 n=1 n=2

1 2 z(1+4 )
G R sl s g 3
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If we integrate instead, we get

r g 2 3 n
1n(1fx):,/ ro_ T
for |z| < 1. Substituting —z for z, we get the Taylor expansion of In(1 + z)
z? ™
In(1 —r— (=)
n(l+z)=x B) + 3 +(=1) ol +

for |z| < 1. Note that in Example 8.2.1, by estimating the remainder, we were able to prove

1
the equality rigorously only for |z| < 5 Here we get the equality for all x within the radius of

convergence by using term wise integration. -
oo
Example 8.2.11 By integrating i Z(—l)"m2", we get the Taylor expansion of arctan
x
=0
oo
(D" gnt1 a® 2 At (=)™ ont1
t = _— = —_ — _— = — e - .
arctanx T;)QTLJrlx x 3—1—5 7+ +2n+1x +
for |z < 1. .

Exercises
8.2.1 Determine the radius of convergence for each of the following power series:

n

z” (n)? .,

1. Zﬁ’ 5. Z (;Ln)'x ;
2. 27(7;)n (x —1)"
a® b\ .,

4. Z% 7. Z<1+i>n o

8.2.2 Find Taylor expansion and determine the radius of convergence:

(1 + 2 cos %ﬂ)
8. - = 7 "
Z Inn T

6. Z( (2n)l! 20 9. Za"zx”;

2n+ 1117

1. 1 at 0: 4. sin®z, at 0; 7. arcsinz, at 0;

(x—1)(z—-2)

. ™ T
5. sinz, at —; sint
— 9. ’ ’ 8. —dt, at 0.

2. z,at x =2; 2 /0 ; , &

L, . T
3. sinz®, at 0; 6. sin 2z, at 5;

8.2.3 Find the sum of series:
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0 2n+1 o ( _ l)n
T x
1. -nH" ; 3. —_—
Z( ) n! Z n(n—1)’
n=1 n=2
00 0 "
2. ndz™; 4. Z n —_ 1
; 2 gn(an - 1)!
8.2.4 Use the product of power series to verify the identity sin 2z = 2 sin z cos x.
N ) . . f(z)
8.2.5 Suppose Z anx™ is the Taylor expansion of f(z). Find the Taylor expansion of o
x
n=0
8.2.6 Prove that the function f(x) = Z T satisfies xf"+ f'— f=0.
— (nl)?

8.3 FOURIER SERIES

8.3.1 Fourier Coefficients

A function f(z) is periodic if f(x + p) = f(z) for some constant p, called the period. The
trigonometric functions sin z and cos x have period 27, and tan x has period .
If f(x) and g(x) are periodic with the same period p, then f(x)+ g(z) and cf(z) is also periodic

with period p. Moreover, if f(z) has period p, then f(cx) has period P
c
A periodic function is determined by its value on one interval of period length. For example, the
periodic function of period 1 and satisfying f(z) = 2 on [0, 1) is given by

flx)=2z—n, n<z<n+1lnelN.

The Taylor series can be considered as building up functions based on the power functions z™.
For the periodic functions, it is often more natural and useful to build up functions based on the
trigonometric functions. Specifically, we wish to write a periodic function f(x) of period 27 as

flz)=ap+ Z(ancosnx—i—bnsinnx) =ag+ ajcosx + bysinx + ascos2x + by sin2x + - - - .

n=1

For a periodic function with other period, we may multiply a suitable constant to the variable to
convert the period to 27.

Given a periodic function f(x) of period 27, how do we construct the trigonometric function
series as above? We note that the trigonometric functions are “orthogonal” in the sense that

o 0, ifm#n,
/ cosmx cosnrdr = w, ifm=mn#0,
0

2w, ifm=n=0;
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e . 0, ifm#n,
sinmx sinnrdx =
0

27
/ sinmx cosnxdxr = 0.
0

Then the equalities above imply

27

(z) cosnz dx
0

2

(z) sinnx dx
0

2 o0 27 27
= ag / cosnx dr + E (am / cosmx cosnz dx + by, / sin mx cosnx dx)
0 0 0
k=1

{ Tan, ifn#0,

2mag, ifn=0;

27 27
(am / cosmx sinnx dx + b, / sin mx sinnx dx)
0 0

2 s
= ao/ sinnx dx + E
0

m=1

= @by, ifn#N0.

Strictly speaking, the exchange of the integral and the infinite sum needs to be justified in the
computation above. But at the computation formally suggests the following definition.

Definition 8.3.1 The Fourier series of a periodic function f(x) of period 2w is

where

f(x) ~ap+ Z(an cosnz + by, sinnx),

n=1
a = oo ; x) dz,
1 2
ap, = = (x)cosnrdr, n#0,
T Jo
1 2m
b, = = (x)sinnz dz, n #0.
T Jo

are the Fourier coefficients.

The notation ~ only indicates the relation between the function and the series. The equality of
the values is yet to be established.

Note that since the functions have period 27, the integral on [0, 27| can be replaced by the integral
on any interval of length 27.

L L
If f(x) has period p = 2L, then f (a:) has period 27, and the Fourier series of f <x) becomes
0 ™

the Fourier series of f(x)

n

flx) ~ ao+§: (ancos% —i—bnsin?),

n=1
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where

2L
ap = L ; f(Lx>d$— ! f(x)dx

2w T E
1 2 I 2L
a, = - = cosna:d:z::l T cosﬂdx n#0
) f f , ,
™ Jo ™ L 0 L

2 2L
b, = l/ f(Lx)smmcdx— f()Snde n % 0.
0 m L

™

Example 8.3.1 Let 0 < a < 2. The function

0, if 2nw <z < 2n7 + a,
-]

1, if2nr+a<ax<2n+ 1),
is the periodic function of period 27 that uniquely extends the step function

1, if0<x<a,
f(m){ 0, ifa<uz <2

on [0,27). The Fourier coefficients are

1 [ a 1 [ sin na 1 [, 1 — cosna
ag = — 1dx:—, ap = — cosnr dr = , b, =— sinnxdr = ——.
2 0 ™ Jo

21 s s nmw nmw

The Fourier series is

o0
1
~ 7+Zn— sinna cosnz + (1 — cosna) sinnx). .

Example 8.3.2 We start with function = on [0,1). The function extends to an even periodic
function of period 2
fl@)y=|z—2n], 2n—-1<z<2n+1.

The value of f(2n + 1) does not affect the Fourier coefficients, which are

I ! 1
ag f/ |x|dx:/ xdr = —,
2 —1 0 2

1 1
/ |x| cosnmx de = 2/ x cosnmr dx =
0

-1

2(1=(=1")

n2m?

(2

1
b, = / |z| sinnrx dz = 0.
-1

The coefficient b, = 0 because |z|sinnmx is an odd function. Thus we get

+Z 2n—|— cos(2n+1) x, J|z|<1.
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We may also extend z on [0,1) to an odd periodic function of period 2
f@y=x—2n, 2n—1<z<2n+1.
The Fourier coefficients a,, = 0 for the odd function, and

1 1

-1 n+12

bn:/ T Sinnﬂ'xdx:2/ z sinnrx dr = L
0

1 nm

Thus the Fourier series is

—1)"*+12
T ~ Z%sinnwx. M~

Example 8.3.3 The periodic function f(z) of period 1 and satisfying f(x) = 2% on [0,1) has the

Fourier coefficients (note that L = 5)

1
1
ag = / 22 de = =,
0 3
! 1
2
an = 2/ z” cos2nrr dr = ——,
0 nem
! 1
b, = 2/ 22 sin2nmz doe = ——.
0 nm
Thus the Fourier series is
1 cos 2nmx — nwsin 2nwx
2
ZL’N§+Z 22 s O0<xz<l. n

8.3.2 Convergence of Fourier Series

Although the Fourier coefficients are computed based on the assumption that the function is the
value of the Fourier series, the equality between the function and the series is yet to be rigorously
established. The following gives the value of the Fourier series for reasonably good functions.

Theorem 8.3.2 Suppose f(x) is a periodic integrable function. Suppose f(x) has left limit f(a™)
and right limit f(a™) at a, and there are M,§ > 0, such that

0<t<d=|fla+t)— flah)| < Mt, |fla—t)— f(a™)| < Mt.

fla®) + f(a”)
2

The condition is satisfied when f(x) has left and right derivatives at a. In particular, the Fourier
series converges to f(a) when f(z) is differentiable at a.

Then the Fourier series of f(x) converges to at T = a.

Example 8.3.4 In Example 8.3.2, we computed the Fourier series of the odd function x on (—1,1).
Since the function is differentiable on (—1,1), we have

oo
1 n+12
E Lsinrmx =z, |z]<]1.
n

n=1
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Near x = 1, the periodic function of period 2 is

) = T, if—l<xz<l,
T -2, f1<z<s.

It has left and right limits

f(17)= lim x =1, f(17)= lim f(z—2)= lim (z —2) = —1,

z—1— rz—1+t z—1t

and is left and right differentiable

TR ACO R {0 BN 71:1, g J@ =0 . @=2) - (=1

z—1— rz—1 z—1- . —1 z—1+ r—1 z—1+ rz—1

Therefore we conclude that the value of the Fourier series at x = 1 is

i (—127:12 L+(=D _

sinnm =
2

Indeed this is true because sinnm = 0 for all n. )
Taking the value of the Fourier series at © = 3 and z = —, we get

4
1 i(—nnﬂzbmg_g“ L (2n+1)w_g§:(—1)”
2 4~ oar 2 T4 2n+1 2 ™= 2+ 1
2 11 1
= —_ 1—7 - — -
T 35 7t )
1 = (-2 oar
- =) sin —
4 = nmw
2 — 1 4n+1 1 4n + 2 1 4
= *Z sin(n+ )W— sin(n+ )Tr—l— sin(n+3)7r
T dn +1 4 dn + 2 4 n+3 4
_ gi( )n< 1 1 1 )
I ! (n+1)vV2 4n+2  (4n+3)V2
— L 1+},1,1+ le 1,,4,,,14,
Tom2 3 7 T2 5
This tells us
T = L1 11 1 1 1
R Bl SR A A AR I I
(o)
T 1 1 11 1 1 1
= —1)" =14+ - - _= ..
2v/2 nz:%( )<4n+1+4n+3> 375 7o

=1

251
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Example 8.3.5 The periodic function of period 1 in Example 8.3.3 satisfies the condition of the
convergence theorem for the Fourier series. By f(07) = 0 and f(0~) = f(17) = 1, we have

1 . cos 2nm — nisin 2nmw 1 <1
§ Z n2n2 3 Z nZmn2’
n=1 n=1
Therefore
71' =1
I :
n=1
Exercises

8.3.1 The periodic functions are given in one interval of period length. Compute Fourier series.

1. sin®z on (—m,7); 5. sinz on (0, 7);
2. |z| on (~L,L); 6. cosax on (—m,7);
axr, ifxe (—1,0],
3. 2% on (~1,1); 7. f(z) = { br. iz e EO N ] on (—1,1).

4. zsinz on (—m,7);
8.3.2 Find the relation between the Fourier coefficients of f(x), f'(x) and / f(t)dt. Then use
the Fourier series of  on (—1,1) to get the Fourier series of 2% and 2% on (—1,1).

8.3.3 Extend z? on (0,7) to an even periodic function f(x) and an odd periodic function g(z),
both with period 27. Use the Fourier series of f(z) and g(z) to compute the sum of series

n2’ _
n=1 n n=1 n:l 27’1, 1
8.4 SUMMARY
Definitions
o0 n
e The partial sum of a series Z ay, is s, = Zai. The series converges if the sequence s,
n=1 i=1
oo
converges, and has sum Z a, = lim s,.
el n—oo

e A series > a, absolutely converges if > |a,| converges. The series conditionally con-
verges if > a,, converges and > |a,| diverges.
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o0
A power series is a series of the form g anx™.
n=0

") (q
1@ (g,

n! (z—a

The Taylor series of a smooth function f(z) at x = a is Z

n=0

The Fourier series of a periodic function of period 2L is

f(x) Nao—i—ngl (ancos$ —&—bnsin%ﬂ),

with Fourier coefficients
1 2L 1 2L

nwT 1 [2F . nwx
w0=g5p [ 1@ a=f [ @ b= [ @ T a

The upper limit lim a, of a sequence a,, is the unique X satisfying (1) If > A, then finitely
n—oo
many a, > A; (2) If [ < A, then infinitely many a,, > .

Theorems

If Y a, converges, then lim a, =0.
n—oo

A series with non-negative terms converges if and only if the partial sums are bounded.

Cauchy Criterion: A series > a, converges if and only if for any ¢ > 0, there is N, such that
n > m > N implies |a;, + ami1 + -+ an| < e

Comparison Test: If |a,| < b, and > by, converges, then ) a, converges.
Absolute convergence implies convergence.

Root Test: If lim {/|a,| < 1, then > a, converges. If lim 3/|a,| > 1, then > a,, diverges.
n— 00 n— oo

Gn41 Gn41

Ratio Test: If lim

n—oo

< 1, then Y a, converges. If lim > 1, then Y a, diverges.
n—oQ

Qn an

Integral Test: If f(x) is nonincreasing and lirf f(z) =0, then > f(n) converges if and only
xr—r+00
—+oo
if the improper integral / f(x) dz converges.
Leibniz Test: If a,, is decreasing and lim a,, = 0, then the alternating series > (—1)""!a,
converges. e

Dirichlet Test: If the partial sum of Y a,, is bounded, b,, is monotonic e and lim b,, = 0, then
n— o0

>~ anby, converges.
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Abel Test: If > a,, converges, b, is monotonic and bounded, then Y a,b,, converges.

The sum of an absolutely convergent series is independent of the order of the terms. The
sum of a conditionally convergent series can be any number after rearranging the order of the
terms.

Product Formula: If )~ a, and ), b, absolutely converge, then an arrangement of the double
series Zm)n amby absolutely converge, and the sum Zm)n ambn, = (3, an) (3, bm)-

Remainder of Taylor Expansion: Suppose f(z) has (n 4 1)st order derivative between a and
x, and T, (x) is the n-the partial sum of the Taylor series, then the remainder R,(z) =

_ ()

f(@) = Th(z) = W )n+1

(x—a for some ¢ between ¢ and x.

Radius of Convergence: For any power series Y a,z", there is a number R > 0 (possibly
+00), such that the series converges for || < R and diverges for |z| > R. The radius of

Iim /]an|

n—oo

convergence is given by R =

Product of Power Series: (> anz™)(_ bpa™) =3 ¢pz™, where ¢, = agbp,+a1bp—1+- -+ anbo.
Power series can be differentiated and integrated term by term within the radius of convergence.

Convergence of Fourier Series: The Fourier series of f(x) converges to f(a) at = a if the
fla®) + fa”)

function is differentiable at a. Moreover, it converges to 5

at x = a if f(x) is left
and right differentiable at a.



