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Introduction

Sadly, Calculus has become an insuperable obstacle for some students interested in
pursuing careers in sciences, engineering, economics, social sciences and others.

Calculus is not a difficult subject, it has been made difficult because differentiation and
integration are limits, and when limits are not understood calculus does not make any
sense.

Instructors insist on teaching calculus without teaching the definitions of limits,
insisting on using intuition instead. Mathematics is about solving problems, problems
are solved with knowledge followed by intuition not the other way around.

Is it possible to teach the fundamental theorem of arithmetic without knowing the
definition of a prime number? Do we dare to ask students to solve area problems
without knowing what an area is? Yet, we insist on teaching calculus without teaching
the definitions of limits. We insist on navigating a canoe without a paddle.

After so many generations of teaching limits without introducing their definitions as a
starting point, it is difficult to convince instructors to do it differently, particularly
when most calculus textbooks follow this approach. This guide intends to help
calculus instructors on this regard.

Chapters 1 to 5 cover definitions and results about limits as they should be learned:
starting with definitions from which proved results are built upon. This material is
what any calculus instructor should know. We present a rigorous approach so that
definitions and proved results, i.e. theorems, proportions, etc., are understood. It is not
a good idea to skip them. Instructors must only teach material they master.

Chapters 6 to 10 guide instructors on how to teach limits omitting their definitions or
making them optional, as it is customary in most calculus courses.

Teaching Limits
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In most calculus courses, proofs of theorems, propositions, lemmas, and corollaries
may not be required (ideally they should). If they are not, at the very least they must be
understood and applied correctly.

In Appendix A we present the graphic representations of all the definitions of limits
studied in this guide.

In Appendix B we present complete solutions of all the exercises of this guide, to
make clear what is expected from instructors and students. Yet, we do not recommend
to provide complete solutions to all exercises assigned to students, as it is customary in
high school math courses. This is not desirable because students must learn to check
their own work and eventually the work of others. Students must developed confidence
in their knowledge and stop depending on someone to tell them whether their work is
correct or not.

As instructors, our aim is to teach our students the necessary skills in order for them to
become independent thinkers. We want them to be self-confident on their learning.
They will never be, if we constantly and systematically provide them with the
solutions of every single exercise assigned to them. Moreover, students are quite
capable of finding their own correct answers, maybe different than their instructors’
and this is a very good thing. Do not be afraid to let your students struggle, they will
be rewarded with long lasting knowledge.

We ask you to please avoid, at all cost, the bad habits of

= using “tables of values” to evaluate limits,

giving yourself free licensing in the use of the symbol oo with arithmetic operations,

» not distinguish between infinite limits, limits which do not exist, and undefined
limits, and

» insisting on given “meaning” to the division by zero when evaluating limits.

These bad habits have been preventing many generations of students from learning,
understanding and applying limits to solve problems.

All this being said, let us insist that not knowing what limits are (i.e. their definitions),
it is not knowing calculus. We cannot leave students in the dark and insist that it is not
important or it does not matter if they do not know what a limit is. Mathematician are
not the only ones who must know how to apply limits to solve problems.

X A Guide for Calculus Instructors



Students are capable of mastering limits if they are taught properly. It is not true that
the definition of a limit is too difficult a concept for students to understand.

In this guide, we give negations of definitions, examples and counterexamples to
justify the validity or falsehood of what we learn. Students must know how to negate
definitions and statements, because they must be able to determine what is and what is
not.

Objectives

Students need to know what they are expected to master, and consequently on what
they are being tested on. We state the objectives of the learning material before each
set of exercises to illustrate their propose.

Suggested Exercises

Mathematics is learned, as everything, by doing. Drilling exercises are necessary to
master algorithms and processes. But we must also offer exercises which challenge the
creativity of our minds. We must learn to accept and attack challenges with excitement
and interest for learning. In other words, we must enjoy the mastery of the subject.

A. Give the negation of... Students must know what is and what is not. They must
know how to negate a definition to know what is not. The negation of a statement
may not be trivial; it may require careful thinking. It is an enriching process which
takes students to the truly understanding of mathematical statements.

B. Give an example of.... A concept is understood when we can give an example of
what is and what is not. This follows from the learning on how to negate
statements. By giving examples students learn to create and justify their ideas.

C. Give a function/graph which satisfies all the conditions listed below. These
type of exercises are a variation of “giving examples.” Hence, they engage
students to clearly understand concepts.

D. Learning from mistakes. Students must become independent thinkers. They
should be able to identify errors and correct them. There must be a time when
nobody holds their hand.

E. Explain. To attest students’ understanding, it is necessary to ask them to explain
what they are doing and why.

F. Hints before solutions. Hints encourage students to keep thinking, learning is
about keep trying and never giving up.

Teaching Limits
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We will make constant use of the rules of inequalities, the definition of the absolute
value and its related inequalities as listed below.

Rules of Inequalities

1. If a < b, then a + ¢ < b+ c for any c.
2. Ifa<bandc < d,thena+c < b+d.
3. Ifa<band b < ¢, then a < c.

4. If a < band ¢ > 0, then ac < be.

5. If a < band ¢ < 0, then ac > be.

1 1
6. If0 <a<b,then — > —.
a b

Definition 0.1. The absolute value of any number « is the zero or positive number |a|
defined as

a if a>0
lal] =9 —a if a<0
0 if a=0

The inequalities listed below follow from Definition 0.1.

Inequalities

1. The distance between a and b is the same as the distance between b and a.

la — bl = |b—al.
2. Triangle inequality.
la £b] < |a| + 0]
3. la] = |b] <|a—10b] follows from numbers 1 and 2.
4. la—b| < cifandonly if —c <a—b < c.
5. la—0b| >cifandonlyif a—b< —c or a—b>c.
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6. —|a| <a <|al.

This guide is intended to be read primary as a PDF document. However, the page
numbers of all references are provided for the benefit of those who wish to read it in
printed form.

The author appreciates and welcomes corrections or recommendations at
malutogaS5 @gmail.com.
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Chapter 1

Finite Limits at a Number

In most calculus courses the definitions of limits are left as “optional” or out
completely; they are considered to be “out of scope.” Instructors are left with the task
of teaching limits without defining them. As a consequence, difficulties arise and
misunderstandings abound. Naturally, this is so because instructors approach the
learning of limits “intuitively.” But, intuition takes us only so far. Eventually, we reach
a moment when we must know the definition of what we are working with.

A Number Close to Another

Once the meaning of “a number x is close to a number a” is understood, the
definitions of limits start to sink in, and everything else falls into place.

We must to understand what we mean by “a number z is close to number a from the
right, or left” on the real line.

Definition 1.1. A number x is at the right of a number a if
r—a>0 & a—z<0,
and it is at the left of a if
a—x>0 & x—a<0.
For example, the number 7 is at the right of the number 3 because m — 3 > 0 and the

number e is at the left of the number 3 because 3 — e > 0.

Two numbers are close if their distance is small. Hence, the need to establish
mathematically, the distance between two numbers.

Figure 1.1 shows the distance between the number x and the number a on the real line.

Teaching Limits



Figure 1.1: Distance between the numbers x and a on the real line

Figure 1.2 illustrates numbers x close to a number a from the right and left.

' 6~

: : I I

a ¥ @ad a-§~ x  a
(a) x at the right of a. (b) x at the left of a.

Figure 1.2: Distance between x and « is less than 0.

If z is at the right of a, then  — a > 0 is the distance between x and a.
If z is at the left of a, then a — = > 0 is the distance between = and a.

On the other hand, by the definition of absolute value (page xii)

z—a if z—a>0
|z —al = a—zx if a—z>0

0 if z=a

Therefore, | — a| is the distance between any two numbers x and a.

If 6 > 0 is a positive number, then

|r—al <6 indicates that the distance between the numbers x and a is less than 9.

|t—al = 4§ indicates that the distance between the numbers x and a is equal to ¢.

Thus, the numbers = and a are very close, if the positive number ¢ is very small.

Certainly, small and very small may mean different things, but what we want to
convey is the “closeness” of two numbers.
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Definition 1.2. a. A number x is very close to a number a from the right if there is a
very small positive number ™ > 0 such that

O<z—a<dt & a<zx<a+d".

We write = — a'  to denote the set of all numbers z very close to a number a
from the right. That is,

r—at={zeR|0<r—a<d" forsome &+ > 0}.

b. A number x is very close to a number a from the left if there is a very small
positive number 6~ > 0 such that

O<a—z<d6 <& a—0 <z<a.

We write & — a~  to denote the set of all numbers x very close to a number a
from the left. That is,

r—a ={reR|0<a—z<d forsome 6 > 0}.

c. A number x is very close to a number a from either right or left, if there is a very
small positive number 6 > 0 such that

O<|r—a|<d & a—-d<zxz<a-+o.

We write = — a  to denote the set of all numbers x very close to a number a
from both right and left. That is,

r—a={r€eR|0<|z—al|<d§ forsome ¢ > 0}.

Remark 1.3. I. Observe that the number a does not belong to any of the sets
x—at,xr —a,norxr — a.

2. In interval notation the set x — a™ is the open interval (a,a + 0%), the set v — a~
is the open interval (a — §~, a), and the set x — a is the union of the open intervals
(a — d,a) and (a,a + 0), namely (a — 0,a) U (a,a + 9).

3. The sets x — a*,x — a~, and x — a are nonempty because the set of rational
numbers is dense in the real line. ' In particular,

for every a € R and every positive number 6 > 0, there is a rational
number x, such that a < © < a + 0.

! Instructors may wish to investigate this further by learning about the closure of the set of rational
numbers in the real line.
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Hence, the open interval (a,a + 0) is nonempty. Moreover, since > 0 is arbitrary,
there are infinitely many numbers x very close to a from the right. By the same
argument, there are infinitely many numbers close to a from the left.”

Our interpretation of Definition 1.2 is that the set x — a™ consists of all numbers very
close to a from the right. Similarly, the set x — a~ consists of all numbers very close
to a form the left, and the set x — a consist of all numbers very close to a from the
right and left.

We introduce the next definition, to establish what it means for a function f to have a
property P, such as, defined, positive, negative, non zero, bounded, or continuous,
close to a number.

Definition 1.4. a. A function f has the property P on the right of a if there is a
positive number 41 > 0 such that

f(z) has the property P for every

O<z—a<d" < a<zx<a+dr.

We write
f has the property P for z — a™.
We read
f has the property P for every number very close to a from the right.

b. A function f has the property P for x on the left of a if there is a positive number
0~ > 0 such that

f(x) has the property P for every

O<a—z<d <& a—0 <z<a.

We write
f has the property P forx — a™.
We read

f has the property P for every number very close to a from the left.

2 Instructors may want to prove these two claims.
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c. A function f has the property P around a if there is a positive number § > 0 such
that

f(x) has the property P for every

O<|z—al<d & a—-d<z<aora<z<i+a.

We write
f has the property P for x — a.
We read
f has the property P for every number very close to a from the right
and left.
In the next example the property P is positive.

Example 1.1. a. Consider the segment of the graph of the sine function on the open
interval (O, g)

Figure 1.3: Graph of the sine function on the interval (0, g)

Figure 1.3 shows that

. m
sinz >0 forevery 0<z< 5

Hence, parts (a) and (b) of Definition 1.4 (page 4) hold with the same positive
numbers 6t =0~ = g Thus,

. T
sinz >0 for =z —0" and xﬁg.

Teaching Limits 5
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Figure 1.4: Graph of the cosine function on the interval (—g, g)

b. Similarly, consider the segment of the graph of the cosine function on the open

. T
interval (——, —).
2°2

Figure 1.4 shows that

™ T
cosx >0 forevery — 5 <z < 5

Hence, part (c) of Definition 1.4 (page 4) holds with the positive number § = g, and

cosr >0 for z—0.
Parts (a) and (b) of Definition 1.4 hold with the same positive number ¢, and

™= T+
cosx >0 for x—>§ and x—>§

Identify the property P in the next two examples.

Example 1.2. For the positive number 6 = 1 we have that
Inzx <0 forevery 0<zx<1.

Hence, by part (a) of Definition 1.4 (page 4) the function In z is negative for z — 0.
1
For the positive number § = 3 we have that

1
In(1 —z) isdefined forevery 0<1—2x< 7

Hence, part (b) of Definition 1.4 (page 4) the function In(1 — x) is defined for x — 1.

Draw the graphs of In z and In(1 — x) and convince yourself of these two claims. [J
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Example 1.3. Let = be a number between 2 and 3; thus,
2<r<3 & 0O0<zx—-2<1,

and for this x the function
f(z) =+ —2 is defined.

Hence, part (a) of Definition 1.4 (page 4) holds with the positive number § = 1, and
f(z) is defined for z — 2. O

If a function f has a property P around a number a, then it has the property P on the
right and left of the number a. This obvious truth is proved in the next proposition.

Proposition 1.5. A function f has the property P around a number a if and only if it
has the property P on the right and left of the number a.

Proof. =) If 0 < |z — a| < § for some positive number § > 0, then = # a and
—dt+a<r<d+a=0<z—-—a<d and O0<a—z <.

Hence, if a function f has the property P around a number a, then it has the
property P on the left and right of @ with 07 = § =0~

<) If the function f(z) has the property P for all numbers z so that
a<zr<a+d" and a—0 <zx<a

for some positive numbers 41, §~ > 0, then for the positive number
d =min(6",67) >0

V<r—a<di=-0 <-0<zx—a<d<d".

Hence, f(z) has the property P for 0 < |z — a|] < 4.
Therefore, the function f has the property P around a.

Q.E.D.

We learn and understand definitions because it is important to know what a concept is.
It is equally important to learn to negate definitions to know precisely what it is not.
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Negation of Definition 1.4 (page 4).

a. A function f does not have the property P at the right of a if for any positive
number 67 > 0

f(x) does not have the property P for some

l<x—a<dét & a<z<a+d".

We write
f does not have the property P for x — a™.

b. A function f does not have the property P at the left of a if for any positive
number 6~ > 0

f(x) does not have the property P for some

O<a—z<d <& a—-0 <z<a.

We write
f does not have the property P for x — a™.

c. A function f does not have the property P around « if for any positive number
60>0

f(z) does not have the property P for some

O<|z—a|<d <& a—-d<z<aora<z<oi+a.

We write

f does not have the property P for x — a.

Negation of Proposition 1.5 on page 7.

A function f does not have the property P if and only if either

i. f does not have the property P for z — a™, or

ii. f does not have the property P for x — a™.

See how we apply these negations in the next three examples.
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Example 1.4. The function

(1 L . .
sin (—) is neither positive nor negative for v — 0.
x

For any § > 0, there is a positive integer & such that

k:>1>0 = 0<—1<5
207 u_2k7r '

For this © we have

sin (1> — Sin(2kr) = 0.

u
By part (a) of the negation of Definition 1.4 on page 8

(1 L . :
Sin (—) is neither positive nor negative for r — 0.
T

The claim follows from part (c) of the negation of Definition 1.4.

Example 1.5. The function

1
csc (—) is not defined around 0.
x

Indeed, by Example 1.4, for any positive number ¢ > 0 there is a number v so that

O<u<d and Sin<1>:0.

u

Hence,

1
csc (—) is undefined.
T

Hence, by part (a) of the negation of Definition 1.4 (page 8),

1
cse (—) is undefined for x — 0.
u

The claim follows from the negation of Proposition 1.5 (page 8).
Example 1.6. The function
flz) =va -1

whose graph is shown in Figure 1.5, is not defined for z — 17
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Figure 1.5: Graph of f(z) =+/z — 1 on (1 — 6, 00)

Indeed, for any positive number 6 > 0 the number

) )
.x:1—§ issuchthat()<1—x:1—1+§:§<5,and

» 0<7-1<0 = 1-0<z<L
Thus, the number z is on the left of 1 and f(z) is not defined for this particular x.
Hence, by part (b) of the negation of Definition 1.4 (page 8).
Vo —1 isnotdefinedfor = — 1.
O

The next definition is a particular case of Definition 1.4 (page 4), where the property
P is defined.

Definition 1.6. a. A function f(x) is defined at a from the right, if there is a positive
number g, > 0 such that

f(z) 1is defined for every

O<z—a<p” & a<zx<at+put.

It is represented by

f(z) 1isdefined for z — a*.

b. A function f(z) is defined at a from the left, if there is a positive number p_ > 0
such that

f(x) is defined for every
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O<a—z<pu. & a—p_<z<a.

It is represented by

f(x) isdefined forx — a~.

c. A function f(x) is defined around a, if there is a positive number ;2 > 0 such that
f(z) 1is defined for every

O<|zr—a|l<p & a—p<zr<aora<z<p+a.

It is represented by
f(z) isdefined for z — a.

Remark 1.7. From Definition 1.6 (page 10) and Remark 1.3 (page 3), the function f
is defined for x — a™ only if for some yu the interval (a,a + p) is a subset of the
domain of f.

Similarly, the function f is defined for x — a~ only if for some i the interval

(a — p, a) is a subset of the domain of f.

Hence, the function [ is defined for x — a only if for some i the set

(a — p,a) U (a,a+ p) is a subset of the domain of f.

The Negation of Definition 1.6 follows from the negation of Definition 1.4 (page 8).

a. A function f(x) is undefined at the right of a, if for every positive number p, > 0

f(zx) is not defined for some 0 < x —a < ;.

b. A function f(z) is undefined at the left of «, if for every positive number i > 0

f(x) is not defined for some 0 <a—xz < p_.

c. A function f(x) is undefined at either right or left of a, if for every positive
number x> 0

f(x) is not defined for some 0 < |z — a| < p.

We apply these negations in the next two examples.
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Figure 1.6: The function s(z) = \/x is undefined at ¢

Example 1.7. Figure 1.6 shows the graph of the function s(x) = \/z.
For every positive number ;. > 0 there is a number —p_ < ¢ = —g < 0, so that
s(c) = v/c is undefined.

By part (b) of the negation of Definition 1.6, the function

s(x) = v/ is undefined for z — 0.

O
Example 1.8. The domain of the function
f(z) =cos™'x is theinterval [-1,1].
Hence, by Remark 1.7, it is defined neither at the left of -1 nor at the right of 1. O

Finite Limits at the Right of a Number

Intuitively, the number R is the limit of the function f(z) at the number a from the
right, if

we can make the values of f(x) to be very close to R (as close as we like)
by taking numbers x sufficiently close to a from the right.

12 A Guide for Calculus Instructors



We must be made clear that this is not the definition of the limit

lim f(z)=R.

z—a™t

It is neither an “intuitive definition.” It merely expresses how we interpret the limit of
a function f at a number a from the right. Our task is to express this idea in precise
mathematical terms. That is, we should define it.

Remark 1.8. Take note that when we say that we can take x sufficiently close to a from
the right, we are assuming that such x exists. See number 3 of Remark 1.3 (page 3)
Let us consider the following three cases.

In Figure 1.7, f(x) > R for all numbers x on the right of a; thus, the distance between
f(z) and R is

f(z) =R >0 foreveryz > a.

A4

Figure 1.7: f(z) > R for all = on the right of a

In Figure 1.8, f(x) < R for all numbers x on the right of a; thus, the distance between
f(z)and R is

R— f(x) >0 forevery z > a.
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v

Figure 1.8: f(z) < R for all = on the right of a

Finally, in Figure 1.9, f(z) < R and f(z) > R for all numbers x on the right of a.
Hence, the distance between f(x) and R is

|f(x) — R| >0 forevery z > a,

because the distance may be either f(z) — R > 0or R — f(z) > 0.

S(x)

Figure 1.9: f(z) > R and f(z) < R for some z on the right of a

These three particular cases show that the behaviour of a function varies around the
number R. That is, the values f(x) might be on the left or right of R.
Hence, in general, the distance between f(x) and Ris | f(z) — R)|.

To express mathematically our understanding of a limit, we start with the statement

“we can make the values of f(z) to be very close to R (as close as we
like).”
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The values f(x) are very close to R if the distance | f(z) — R| between f(z) and R is
very small; smaller than a very small positive number £ > 0. Thus,

|[f(x) = R| <e.

In the figure below we see that the smaller the number ¢, the closer is f(z) to R.

L

R—~& J(x) R
| f(x) - R
Figure 1.10: |f(z) — R| < ¢
If we want the distance between f(z) and R to be small
“as small as we (you, I and anyone else) like,”

then the number € must be arbitrarily small, in other words, we want the number ¢ to
be any positive number.

The distance between f(z) and R is made very close by taking
“numbers z sufficiently close to a from the right.”

We said earlier that a number z is close to a number a from the right if there is a
positive number 67 > 0 such that x — a < 07.

These two ideas take us to the next definition.

Definition 1.9. The limit of a function f(x) at a number a from the right is R,
if for any positive number € > 0 there is a positive number o > 0 such that

|f(z) — R| <e forevery 0<x—a<§. (1.1)
The limit is represented as either

lim f(r)=R or  f(zr)—> R as z—a'. (1.2)

z—at
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Figure A.1 (page 262) shows the graphic representation of Definition 1.9.
We have from the statement (1.1) that if

0 <z—a<d anumber z is in the interval (a,a + 9),
then

|f(z) — R| < e the distance from f(z) to R is less than .

Hence, the statement (1.1) only makes sense if

» the function f(z) is defined for z — a™ (see part (a) of Definition 1.6 on page 10),
and

» the number R exists.

By the former we should only consider limits of functions which are defined at a from

the right. Otherwise, the limit is undefined. That is,

lim f () is undefined if f(z) is undefined for x — a™.
Tr—a

By the latter the limit (1.2) exists only if it is equal to a number R. Hence,

lim f(x) does not exist if lim+ f(x) # R for every number R.

z—at T—a

This take us to the negation of Definition 1.9. Intuitively, the limit (1.2) does not exist

if for any number R, there is a number x close to the number a from the
right, such that f(x) is not close to R.

The negation of the statement (1.1) formalizes this idea.

Negation of Definition 1.9

The limit lim f (x) does not exist
T—a

if for every number R, there is a positive number € > 0, such that for every
positive number § > 0

|f(z) = R| > ¢ for some O0<z—a<i. (1.3)
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The function of the next example will be used to provide examples and
counterexamples, throughout this guide.

Example 1.9. We can see from the graph of the function

1
sin (—) shown in Figure 1.11,
z

that the side limits at zero of this function do not exist, but seeing is not knowing, we
must apply the statement (1.3) to prove it.

1
Figure 1.11: Graph of the function sin <—)
x

We must show that for any number R, there is a positive number € > 0 such that for
every positive number 6 > 0

1
sin (—) - R’ >¢e¢ forsome 0<uz <. (1.4)

Xz

We use the facts that for any positive number 6 > 0, there are positive numbers
M, N > 0 such that

2
‘m’ <0 for every x> N, (1.5)
X s
and
6
‘m‘ <0 for every x> M. (1.6)
T ™

These statements will be made evident in Example 5.10 (page 111).
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If £ > N is an integer, then by (1.5) the number

2
x—(4k’+1)7r
1s such that
1 4k + 1
0<z<d and O<—:#.
T

For this number x we have
1 4k + 1
sin (—) — sin (M) — 1. (1.7)
T 2

By inequalities 1 and 3 on page xii, for any number R

sin (1) — R| > [sin <1> ‘ _IR| (1.8)
e xXr

sin (1) —R|> R - ‘sin <1) ) (1.9)
X x

We consider three cases.

Case 1. If |R| > 1, we have the positive number ¢ = |R|—1 > 0.

By the statement (1.7) and inequality (1.9), we have that for this positive number € and
every positive number § > 0 there is

O<zxz= 2 <0
Tk o7

1 1
sin(—)—R’Z\]ﬂ— sin(—)’:|R|—1:€.
T T

Case 2. If | R| < 1, we have the positive number ¢ = 1 — |R| > 0.

so that

By the statement (1.7) and inequality (1.8), we have that for this positive number € and
every positive number ¢ > 0 there is

2
0 = ——<9
=7 (4/<7+1)7r< ’
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so that

1 1
sin(—)—R’Z sin(—)‘—|R]:1—\R|:£.
T T

Case 3. If | R| = 1, we have the positive number ¢ = 3"

Similarly, if £ > M is an integer, then by (1.6) the number

6
YT 2k Dr

is such that

1 12k + 1
0<y<d and O<—:%.
Yy

For this number y we have

sin (1) = sin (w) = 1 (1.10)
Y 6 2

By the statement (1.10) and inequality (1.9), we have that for this positive number
and every positive number ¢ > 0 there is

1 1 1 1
jon () == fn (5] [ =1~ 5= 5=

In either case, the statement (1.4) holds, and the limit from the right is not equal to any
real number R. 0

From this example, we see that it may not be trivial to apply statement (1.3) to prove
that a side limit does not exist.
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Finite Limits at the Left of a Number

Similarly, the number L is the limit of the function f(x) at the number a from the left,
if

we can make the values of f(x) to be very close to L (as close as we like)
by taking numbers x sufficiently close to a from the left.

Again, this is not the definition of the limit

lim f(z) = L.

Tr—a—

It merely expresses how we interpret the limit of a function f at a number a from the
left.

As in the previous case, the behaviour of a function varies around the number L. The
values f(x) might be on the left, right or both sides of L. Hence, again the distance
between f(x) and Lis |f(z) — L| > 0.

The definition of a limit at a number from the left is similar to Definition 1.9 (page 15).

Definition 1.10. The limit of a function f(x) at a number a from the left is L,
if for any positive number € > 0 there is a positive number 6~ > 0 such that

|f(z) — L| <e forevery 0<a—x<d§" (1.11)
and it is represented as either

lim f(z) =L or flx) =L as z—a . (1.12)

T—ra

Figure A.2 (page 263) shows the graphic representation of Definition 1.10.
We have from the statement (1.11) that if

0<a—ax<d anumberz is in the interval (a — ¢, a),
then

|f(x) — L| < e the distance from f(z) to L is less than ¢.
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Hence, the statement (1.11) only makes sense if

» the function f(z) is defined for x — a~ (see part (b) of Definition 1.6 (page 10)),
and

» the number L exists.

By the former we should only consider limits of functions which are defined at a from

the left. Otherwise, the limit is undefined. That is,

lim f(z) isundefined if f(z) is undefined for z — a™.
Tr—a~

By the latter the limit (1.12) exists only if it is equal to a number L. Hence,

lim f(z) does not exist if lim f(z)# L forevery number L.
Tr—a— Tr—a—

This take us to the negation of Definition 1.10. Intuitively, the limit (1.12) does not
exist

if for every number L, there is a number z close to the number a from the
right such that f(z) is not close to L.

The negation of the statement (1.11) expresses this idea.

Negation of Definition 1.10

The limit lim f(z) does not exist

T—a~
if for every number L, there is a positive number € > 0, such that for every
positive number § > 0

|f(x)—L| > ¢ for some O0<a—z<d. (1.13)

If students are not taught how to apply statements (1.3) and (1.13) in order to prove
that a side limit does not exist, then the least they should know is that a side limit does
not exist if it is not equal to a real number.

It is not true that side limits always exist as Example 1.9 and Exercise 5 on page 26
show.
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Finite Limits at a Number

Intuitively, the number M is the limit of the function f(z) at the number a, if

we can make the values of f(z) to be very close to M (as close as we like)
by taking numbers x sufficiently close to a.

As in the case of side limits, this is not the definition of the limit

lim f(z) = M. (1.14)

r—a

It merely expresses how we interpret the limit of a function f at a number a.

The definition of the limit (1.14) is as follows.

Definition 1.11. The limit of a function f(x) at a number a is M, if for any
positive number € > 0 there is a positive number § > 0 such that

|f(z) — M| <e forevery 0 <|z—a|] <. (1.15)
It is represented as either

lim f(x) = M or flx) =M as z—a. (1.16)

T—a

Figure A.3 (page 263) shows the graphic representation of Definition 1.11.
We have from the statement (1.15) that if

0 < |z —al <dé anumber z isin the union of intervals (a — d,a) U (a,a + ),
then

|f(xz) — M| < e the distance from f(z) to M is less than .

Compare Definition 1.11 with Definition 1.9 (page 15), and Definition 1.10 (page 20).

Again, the statement (1.15) only makes sense if
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« the function f(x) is defined for  — a (see part (c) of Definition 1.6 on page 10),
and

» the number M exists.

By the former we should only consider limits of functions which are defined around a.
Otherwise, the limit is undefined. That is,

lim f(x) is undefined if f(z) is undefined for x — a.
Tr—a

By the latter the limit (1.16) exists only if it is equal to a number M . Hence,

lim f(z) does not exist if lim f(x) # M for every number M.

T—a r—at

This take us to the negation of Definition 1.11.

Intuitively, the limit (1.16) does not exist

if for every number M, there is a number x close to a number a such that
f(z) is not close to M.

The negation of the statement (1.15) formalizes this idea.

Negation of Definition 1.11.

The limit lim f(z) does not exist
T—a

if for every number M there is a positive number € > 0, such that for every
positive number § > 0

|f(z) — M| > ¢ for some 0<|z—al <. (1.17)

The relationship between the side limits (1.2) and (1.12), and limit at a number (1.16)
is established in the next preposition.
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Proposition 1.12. The limit  lim f(x) = M exists  if and only if
r—a
a. lim f(x) =R exists,
z—at
b. lim f(x)=1L exists, and
Tr—a~
c. R=L=M.

Proof. (=) For any positive number € > 0, there is a positive number ¢ > 0 such that
|f(x) = M| <e forall O0<|z—a|l<d& -d<z—0a<$
Hence,
|f(z) — M| <e forevery O0<z—a<dand0<a—2zx <.
Therefore

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

z—at T—a~
(=) If

lim f(zr)=R and lim f(x)=L,

z—at z—at

for any positive number € > 0, there are positive numbers 9; > 0 and 5 > 0,
such that

|f(z) — R| <§ for 0<z—a<d

and
|f(x) — L] <g for 0<a—x<0d,.

For the positive number § = min(d, d3) > 0, we have
r—a<0<9; and a—zx<d <0,

Thus,

|f(x)—R|<§ and \f(x)—L|<§ forevery 0 < |z — a| < §.
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We show next, that R = L. By the triangle inequality on page xii

£ €

R L] = |f(x) = L+ R— f(2)| < |f(x) = Rl +|f(@) ~L| < S+ 5 ==
Since this is for any positive number € > 0 we conclude that |[R — L| =0
(see Exercise 15 of Chapter 3).
Moreover,

f(z) — R| <%<5 for 0 < |z — a| < &.
Therefore, the limit lim f(x) exists and it is equal to R = L.
r—a
QE.D.

Therefore, a limit at a number does not exist if and only if the conclusion of
Proposition 1.12 does not hold.

Negation of Proposition 1.12 (page 24).

The limit lim f(x) does not exist if and only if either
T—a

a. lim f(z) does not exist, or
z—at

b. lim f(x) does not exist, or
T—a—

c. these two side limits exist but they are not equal.

By Example 1.9 (page 17) the limit

. 1 .
lim sin (—) does not exist
x—0 €T

because part (a) of the above conclusion does not hold.

There are two options to prove that a limit does not exist, either we prove the
statement (1.17) (page 23), or any one of the parts (a), (b) or (c) of the negation of
Proposition 1.12.

Most students find the former difficult if not impossible to do. However, part (c) of the
latter is within their capabilities. In general, this is what they are expected to do when
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they are asked to explain why a limit does not exist. In such instances, students should
be asked to do precisely this. That is, they must be asked to show that a limit does not
exist because the side limits exist but they are not equal, as in the next example.

Example 1.10. We consider the piecewise function

x if z>1
flz) =

0 if -l<z<l.

The side limits exist at the number 1,

li = li =1 li = li = 0.
S = Ji e A= i 0=0

Parts (a) and (b) of the negation above do not hold but part (c) does. Hence,

lim f(z) does not exists.
z—1

Exercises 1

1. Explain why the set
1
x—>a+:{x€R|0<x—a<§}
has infinitely many elements.

2. Express, mathematically, the statements listed below.

a. There is a number very closed to 2.
b. The distance between the numbers a and b is less that 1076,

c. We can always find a rational number very close to 7.

3. Prove that the function

(1 o o .
sin (—) is neither positive nor negative for x — 0.
x

4. Prove that the function csc (l) is not defined at O from the left.
T
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5.

6.

10.

Give an example of a function f(z) and a number a such that the limit

lim f(x) isundefined.

z—a™t

Prove that the limit

: ) 1 )
lim sin (—) does not exist.

z—0~ X

Hint. Assume that for every positive number o > 0, there are negative numbers
N, M < 0, such that

2

‘—(4 1 ‘ <0 for every x < N. (1.18)
T — ™
and

6

‘m’ <0 for every < M. (119)

See Exercise 4 and Exercise 5 of chapter 5.

Prove that lim f(z) = L if and only if lim(f(z) — L) = 0.

r—a r—ra

Prove that if lim f(x) = L, then lim | f(z)| = |L|.
r—a

r—a

Give a counterexample to show that the converse of Exercise 7 is not true. That
is, give a function f(z) and a number a such that

lim|f(z)|=|L] and lim f(z) # L.
r—a Tr—a
Let f(x) be the function

fo) = 0 if <0

1 if O<ax<m
Explain why the limit

lim f(z) does not exist
z—0

and

lim f(z) is undefined

T—T
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11. a. Use the definition of the sine function to prove that

|sina —sinf| < |a— 6| forevery 0 < a, 6 <

|

b. Use part (a) to prove that

limsinz =sina forevery 0 <a <
Tr—a

b |

Complete solutions are provided on page 275.
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Chapter 2
Finite Limits at Infinity

Misunderstanding arise whenever we leave the evaluation of limits at infinity to our
intuition. We must formalize what we mean by numbers which increase and decrease
“infinitely.”

The infinity symbol “oco” requires its correct understanding of what it means and what
it does not. We use this symbol to convey the intuitive idea of large (positive) numbers
and small (negative) numbers.

The infinity symbol does not represent a quantity, so it can never, never be treated
as a real number.
Arithmetic operations involving the infinity symbol do not make sense.

Infinitely Positive Large Numbers

We say that a positive number is infinitely large if its distance to zero is very large.
If V > 01is a very large number and the number x is bigger than V', then x is also a
very large number.

That is, all numbers on the right of V' are “infinitely” large.

For some positive large number V' (it does not matter how large) there are always
numbers larger than V. Hence, the expression = — oo represents the set of all
numbers larger than V.

r—oo={rxeR|xz>V forsome V >0}.

This is what we mean by “numbers which increase without bounds.”
The expression z — oo reads “x tends to infinity.”

Remark 2.1. /. In interval notation x — o is the open infinite interval (V, o).

2. It is clear that the set x — o0 is nonempty.

It is incorrect to read z — oo as “x approaches infinity.”
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On the real line, there is no place for infinity, thus a number cannot approach
something which is nowhere.

Similarly to Definition 1.4 (page 4), we have the following.

Definition 2.2. A function f has the property P for infinitely large numbers z if for
some positive number V' > 0

f(z) has the property P forevery x > V.

We write

f(z) has the property P for z — oo. (2.1)

In the next example the property P is “positive.”

Example 2.1. Figure 2.1 shows the graph of the function f(z) = .
We see clearly that this function is positive for z — oo.

FOEES

Figure 2.1: f(z) = 2° > 0 forx > 1

Indeed, for the positive number V' =1 > 0 and every z > V' = 1 we have, by rule 4 of
the Rules of Inequalities (page xii) that

2?>r>1 = 23>2x>1>0.
Thus, by Definition 2.2
f(x)=2*>0 forzx — oco.

O
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Identify the property P in the next example.
Example 2.2. For the positive number V' = 1 > 0 the natural logarithm function
Inz is defined for every number x > V.

Hence, In z is defined for + — oo. OJ

Negation of Definition 2.2.

A function f does not have the property P for x — oo, if for every positive number
V>0

f(z) does not have the property P for some x > V.

Example 2.3. The tangent function is not defined for x — oo.
Indeed, for any positive number V' > 0 there is an integer

k>£>0 = x=2tk>V
2w

and

tan(z) = tan(27k) is undefined.

Infinitely Negative Small Numbers

Infinitely small numbers are negative and very far from zero. If U < 0 is a very small
negative number and the number x is less than U, then x is also a very small number.
That is, all numbers x on the left of U are “infinitely” small.

For every negative small U (it does not matter how small) there are always numbers
smaller than U. Hence, the expression © — —oo represents the set of all numbers
smaller than U.

r——oco={reR|z<U forsome U< 0}.
This is what we mean by “numbers which decrease without bounds.” The expression
x — —oo reads “z tends to negative infinity.”

The negative sign in the expression —oo should remaind us of the fact that small
numbers are negative.
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Remark 2.3. 1. In interval notation x — —oo is the open infinite interval (—oo, U).

2. It is clear that the set x — —o0 is nonempty.

It is also incorrect to read x — —o0 as “x approaches negative infinity.”

On the real line, there is no place for negative infinity either, thus a number cannot
approach something which is nowhere.

Compare the following definition with Definition 2.2 (page 30).

Definition 2.4. A function f has the property P for infinitely small numbers x if for
some negative number U < 0

f(x) has the property P forall z < U.

We write

f(x) has the property P for z — —oo0. (2.2)

The next example is similar to Example 2.1 (page 30).

Example 2.4. Consider the function f(x) = z* whose graph is shown in Figure 2.1
(page 30).

For the negative number U = —1 and every number x < U = —1, we have by rule 5
of the Rules of Inequalities (page xii)

r<—-1 = —z>1 and 2°>-2>1 = 2*<z<-1
Thus, f(x) = 23 < 0 for every x < U, and the function

f(xr) =2 is negative for v — —o0.

Negation of Definition 2.4

A function f does not have the property P for x — —oo, if for every negative number
U<0

f(z) does not have the property P for some z < U.

In the next example, we prove two well-known facts about the sine function.
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Example 2.5. For every positive number V' > 0 and every negative number U < 0,
there are two integers k£ and n so that

/{;>K>O and n<£<0.
2T 27

Thus, for

u=2kr >V and v=2nm<U
we have that

sinu =0 and sinv =0.

By the negations of Definition 2.2 and Definition 2.4, for x — oo and for x — —o0
the function sin z is neither positive nor negative. U

Finite Limits at Infinity: Horizontal Asymptotes

Intuitively, the number K is the limit of the function f(x) for infinitely large numbers
xif

we can make the values of f(z) to be very close to K (as close as we like)
by taking infinitely large numbers x.

This statement is not the definition of the limit

lim f(z) = K. (2.3)

T—r00

It merely expresses how we interpret the limit (2.3).
Let us consider the three cases shown in Figures 2.2 to 2.4.

In Figure 2.2, for some positive number V' > 0,

f(z) < K foreveryx > V.
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Figure 2.2: f(z) < K forx — o0

In Figure 2.3, for some positive number V' > 0,

f(x) > K foreveryz > V.

Figure 2.3: f(z) > K forz — oo

The graphs in Figure 2.2 and Figure 2.3 do not cross the horizontal lines y = K for

T — Q.

Figure 2.4: f(z) > K and f(x) < K for z — o0

For some positive number V' > 0,

f(z) > K and f(x) <K foreveryx > V.

34
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The graph does cross the horizontal line y = K for x — oc.

In Figures 2.2 to 2.4 (pages 34 to 34) the horizontal line y = K is a horizontal
asymptote of the function f in the positive direction.

From Figure 2.4 we see that it is incorrect to characterize a horizontal asymptote as
“the line the function f gets close to but never touches it.”

In the previous chapter we established the idea of
“f(x) is very close to K (as close as we like)”

as: for any positive number € > 0 the distance |f(z) — K| between f(z) and K is less
than €.
The idea of

“taking infinitely large numbers z”’

is expressed as: all numbers x > V' for some positive number V' > 0.

Hence, we have the following definition.

Definition 2.5. The limit at (positive) infinity of a function f(x) is K
if for any positive number € > 0 there is a positive number V' > 0 such that

|f(z) — K| <e forevery x>V (2.4)
and it is represented as either

lim f(z) =K or f(z) > K as x— oc. (2.5)

Figure A.4 (page 264) shows the graphic representation of Definition 2.5.
We have from the statement (2.4) that if

x >V anumber z is greater than V/,
then

|f(x) — K| < e the distance from f(x) to K is less than ¢.
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Hence, the statement (2.4) only makes sense if

» the function f is defined for x — oo, and

= the number K exist.

By the former we should only consider limits of functions which are defined on an
infinite interval (V, oo) for some V' > 0. Otherwise, the limit is undefined. That is,

lim f(x) isundefined if f(z) is undefined for x — oc.

T—00

By the latter, the limit (2.5) only exists if it is equal to a number K. Hence,

lim f(z) doesnotexistif lim f(x)# K forevery number K. (2.6)

T—r00 T—r00

Example 2.6. The natural logarithm function is defined for all x > 0; hence, the limit

lim Inz 1is well definied.
Tr—r0o0

In contrast, by Example 2.3 (page 31), the tangent function is not defined for every

infinite interval. Hence, the limit

lim tanx is undefined.
r—r0Q0

O

In the next example we provide a discontinuous function whose limit at infinity exists.

In other words, the existence of the limit of a function at infinity does not imply the
continuity of the function.

Example 2.7. Consider the function

if z€N

1
fla)y=4 "
0 if v¢N

defined on (0, c0). Its graph is shown in Figure 2.5.

Visually, the limit of this function at infinity is zero. Indeed, for every positive number

1
€ > 0, we have the positive number V' = — > 0. If
€

1

>V = <V:€'

SR
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Figure 2.5: Graph of the discontinuous function f(x)

1
Thus, f(x) = 0or f(x) = — and in either case | f(z)| < e. By Definition 2.5 (page 35)
x

25 o) =0
OJ
Example 2.8. Similarly to the previous example we have that for every positive
1
number € > 0, we have the positive number V' = — > 0 such that
€
1 1
‘—‘ <¢e¢ foreveryx >V = —.
x €
Hence,
1
lim — = 0.
rT—00 U
OJ

Negation of Definition 2.5 (page 35)
The limit

lim f(x) # K does not exist,

T—r00

if for any number K, there is a positive number € > 0 such that for every positive
number V' > 0

|f(z) — K| >¢ forsome z>V. 2.7)
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From the graphs of the sine and cosine functions, we easily see that

lim sinz and lim cosz do not exist.
r—r0o0 Tr—r00

But their proofs are not trivial, as we show in the next example.

Example 2.9. To show that the limit

lim sinx # K forevery K,

T—r00

we take any positive number V' > 0 and show that there is a positive number £ > 0
such that (2.7) holds.

For any number K, we consider two cases.

Case 1. If K # 0, we have the positive number € = |K| > 0. Thus, for every positive
number V' > 0 there is an integer

/c>K = x=2kn>V
2T

so that
|sine — K| = |K| =e.

Case 2. If | K| = 0, we have the positive number € = 1. Thus, for every positive
number V' > 0, there is an integer

2V —1 2k +1
4 = l':—( +)7T>V

k>
21 2

so that

|sine — K| =1=c¢.

In either case the statement (2.7) holds and the limit

lim sinz does not exist.
Tr—r00

O

Similarly, we have that a number K is the limit of a function f(z) for infinitely small
numbers if
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we can make the values of f(z) to be very close to K (as close as we like)
by taking infinitely small numbers x.

This statement 1s not the definition of the limit

lim f(z) =K. (2.8)

T—>r—00
It is an interpretation of the limit (2.8).

Similarly to Figures 2.2 to 2.4 (pages 34 to 34) we have three cases.

K

Figure 2.6: f(z) < K forx — —o0

In Figure 2.7, for some negative number U < (
f(z) < K forall numbers x < U .

The graph of the function f does not crosses the horizontal line y = K for x — oo.

Figure 2.7: f(z) > K forx — —o0

In Figure 2.8, for some negative number U < (

f(z) > K for all numbers x < U.
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Figure 2.8: f(z) > K and f(z) < K forz — —o0

The graph of the function f does not crosses the horizontal line y = K for x — oo.
In Figure 2.8 for some negative number U < ()

f(z) > K and f(z) <K foreveryz <U.
It is clear that the function f does cross the horizontal line y = K for x — oo.

In Figures 2.6 to 2.8 the horizontal line y = K is a horizontal asymptote of the
function f in the negative direction.

Since the idea of “taking infinitely small numbers 2 is expressed as: * < U for some
negative number U < 0, we have the following definition.

Definition 2.6. The limit at (negative) infinity of a function f(x)is K
if for any positive number € > 0 there is a negative number U < 0 such that

|f(z) — K| <e forevery = <U (2.9
and it is represented as either

lim f(z)=K or f(z) > K as x— —oc. (2.10)

T——00

Figure A.5 (page 264) shows the graphic representation of Definition 2.6.
We have from the statement (2.10) that if

z < U anumber x is smaller than V/,
then

|f(x) — K| < e the distance from f(x) to K is less than ¢.
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Hence, the statement (2.9) only makes sense if

» the function f is defined for x — —oo, and

= the number K exist.

By the former we should only consider limits of functions which are defined on an
infinite interval (—oo, U) for some U < 0. Otherwise, the limit is undefined. That is,

lim f(x) isundefined if f(x) is undefined for x — —ooc.

T—r—00

By the latter, the limit (2.10) only exists if it is equal to a number /. Hence,

lim f(x) doesnotexistif lim f(x)# K forevery number K. (2.11)
T——00

T——00
Example 2.10. The natural logarithm function In |z| is defined for all z < 0, hence
the limit

lim In|z| is well defined.
T—>—00

In contrast, the tangent function is not defined for every infinite interval. That is, for
every negative number U < 0 there is a number x [which one?] such that tan x is
undefined. Hence, the limit

lim tanz is undefined.

T—r—00
OJ
In the next examples we prove the existence of limits at negative infinity.
Example 2.11. To show that zero is the limit of
lim e*
T—r—00
we consider any positive number € > 0.
Case 1. If 0 < € < 1, we have the negative number N = Ine < 0. Hence,
e < e =¢ foreveryz < N.
Case 2. If € > 1, we have the negative number N = —Ine < 0. Hence,
1
f et =2 <1<e for every x < N.
€
By (2.9) above, the limit is 0. O
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Example 2.12. For any positive number € > 0, we have the negative number

1
U = —— < 0 such that
€

1 1 1
‘—‘ = —=——<¢ foreveryx <U = ——.
x || x €
Hence,
1
lim — =0.
r——00 I
O
The negation of Definition 2.6 is similar to the negation of Definition 2.5.
Negation of Definition 2.6 (page 40)
The limit
lim f(z)# K does not exist,
T—>—00
if for any number K, there is a positive number € > 0 such that for every negative
number U < 0
|f(z) — K| >¢ forsome z<U. (2.12)

The limits

lim sinxz and lim cosx do not exist.
r——00 Tr——00

Again, from their graphs we see that this is true. See Example 2.9 (page 38).

When students are not capable of applying the negation of Definition 2.6, then they
offer arguments based on functions’ graphs in order of justify the non-existence of
limits at infinity. In these instances, instructors should be made them aware that these
type of arguments are not mathematically sound and why.

Students must apply Definition 2.7 to justify the existence of asymptotes. Any other
type of arguments should not be acceptable.
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Definition 2.7. The horizontal line y = K is a horizontal asymptote of the function f
if and only if either

lim f(z) =K or lim f(z)=K.

T—00 T—r—00

Students must be able to explain the difference of these two limits, in terms of the
function’s graph.

Exercises 11

1. Prove that the sine function is neither positive nor negative for r — —oc.

2. Prove that the limit

lim cosx does not exist.
r—r—00

3. Prove that the limit

lim éc(x) does not exist,
T—>00

where dc is the function defined as

x if wzel
0 if &7

50(1’) =

4. Apply Definition 2.5 (page 35) and Definition 2.6 (page 40) to prove that

. sinx
lim =0.
r—+oo I

Complete solutions are provided on page 284.
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Chapter 3

Properties of Finite Limits

From now on, we use the expression lim f(z) to indicate that the related statements
about limits hold forz — a,z — a*, 2 — a~,2 — oo and v — —o0.
That is, lim f(x) is understood to be any of the limits listed below.

« lim f(2),

r—at

« lim f(x),

r—a~

» lim f(z),

T—a

» lim f(2),

T—r00

« lim f(z).

T—r—00

Similarly, we use the expression lim f(z) to indicate that the related statements

xTa
about limits hold forz — a,z — a* and x — a~.
That is, li%n f(z) is understood to be any of the limits listed below.

o lim f(x),

z—at

o lim f(z),

Tr—a—

« lim f(2).

Tr—a

Note. In all limit statements, coloured expressions lim f(x) or lim ,4,f(z) are
taken as limits of the same type.

In the proofs presented in this chapter, we must keep in mind the inequalities 1-6 (page
xii) listed in the Introduction together with the following three facts.

1. If a property

P, holds for every number |u| < &;
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and a property
P, holds for every number |v| < ds,
then for every number |z| < 0, where 6 = min(dy, d2)
lz] <6< and |z] <d <.
Therefore, both properties P; and P, hold for every |z| < 4.
2. If a property
P, holds for every number u > V)
and a property
P, holds for every number v > V5,
then for every number x >V, where V' = max(V;, V)
>V >V, and x>V >V,
Therefore, both properties P, and P, hold for every x > V.
3. If a property
P, holds for every number u < Uy
and a property
P, holds for every number v < Us,
then for every number < U, where U = min(U;, U,)
r<U<U; and z<U <U,.
Therefore, both properties P, and P, hold for every z < U.

In the next proposition, we prove the uniqueness of the finite limits.
[t is important to teach this very valuable property of limits.
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Proposition 3.1. If
lim f(x) = M; and lim f(z) = My,
then M, = M>.
Proof. We present the proof for z — a and  — oo. The proofs for z — a™, z — a~
and x — —oo are left as exercises.

Let € > 0 be any positive number.

.. 9 ..
For the positive number 5 > (), there are positive numbers 1, 05 > 0, such that

|f(x)—M1|<% forevery 0 < |z —al| < d;
and
|f(z) — My| < % forevery 0 < |z —al < ds.

These two statements hold for § = min(d, d5) > 0 (see fact 1 above). Thus, for any
number 0 < |z — a| < d, by the inequality 2 (page xii)

€

(M= Ma| = |7 () = Mo My = J(2)] < | f(2) = M| +|f (@) = Ma| < S 45 =,

Since ¢ is any positive number, by Exercise 15 on page 73, we conclude that
M, = M.

The proof for z — oo is similar.

.. 9 ..
For the positive number 5 > (), there are positive numbers V; > 0 and V5, > 0 such that

|f(w)—M1|<% forevery = > V)

and

!f(:C)—M1|<§ forevery x> Vj.

These two previous statements hold for V' = max(V}, V5) > 0 (see fact 2 above).
Thus, as above, for any number x > V/

My = Myl = () = My My = [(2)] < | (2) = M| +1f () = M| < S+5 =

Again, since ¢ is any positive number, we conclude that M; = M,. Q.E.D.
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Laws of Limits

It must be strongly emphasized that the Laws of Limits applies only to finite limits.
The incorrect application of these laws creates all kinds of misunderstandings.

Theorem 3.2. Laws of Limits. If
lim f(z) = K and lim g(z) = M,

then

a. lim [f(z) £ g(x)] =K+ M
b. lim [f(x)g(x)] = KM

c. lim [cf(z)] = ¢K for any constant c.

1 1
d. lim =— onlyif M #0.
g(z) M 7
. flz) K :
e. im —~+ =— onlyif M #0.

Proof. We present the proof for x — a and x — oc0. The proofs of some of the
remaining cases are left as exercises.

For z — a, we apply Definition 1.11 (page 22).

Let € > 0 be any positive number.

.. € ..
a. For the positive number 3 > ( there are positive numbers d;, o > 0 such that

lf(x) — K| < % for every 0<|z—al <, (3.1)
and

lg(x) — M| < g for every 0<|x—al <ds. (3.2)
By the fact 1 above, both statements (3.1) and (3.2) hold for

0<|r—al<d whered=min(d,ds) > 0.

Thus, forevery 0 < |z —a| < 0

(f(z) £ g(x)) — (K + M)| < |f(z) — K| + |g(x) — M| < g + g —c
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b. We consider three cases.
Case 1: K = M = 0. For the positive number /¢ > 0 there are positive numbers
01,62 > 0 such that

|f(x)| < e  forevery 0<|z—al <, (3.3)
and

lg(x)| < Ve  forevery  0<|z—al<d. (3.4)
By the fact 1 above, both statements (3.3) and (3.4) hold for

0<|z—al<d whered=min(dy,ds) > 0.
Thus, forevery 0 < |z —a| < 0

[f(@)g(@)] = f(@)llg(x)] < Veve =e.
Case 2: K = (0 and M # 0. For the positive number

€
> (0 there are positive numbers 91, d5 > 0,
e+ ‘M’ p 1,02
such that
€
)| < for ever 0<|z—al <d, 3.5

and

lg(x)] — M| < |g(z) — M| <e for every 0<|z—al<d. (3.6)
By the fact 1 above, both statements (3.5) and (3.6) hold for

0<|r—a|] <dé whered = min(d,ds) > 0.
Thus, forevery 0 < |z —a| < ¢

_ele+ M)

F@)g@)] = |f(@)llg(a)] < [TMJ e+ = LD

Case 3: K, M # 0. For the positive number

ﬁ > 0, there is a positive number d; > 0,
such that
f(2)] = |K| < |f(z) — K| < ﬁ forevery 0 < |z—a| <d,. (3.7)
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e+ 2|KM|

oM for every 0<|z—al <d. (3.8)

For the positive number

M
% > 0, there is a positive number d5 > 0,
such that
M
lg(x) — M| < % for every 0< |z —al <ds. (3.9)

By the fact 1 above, the statements (3.7), (3.8) and (3.9) hold for
0<|zr—al<d whered=min(dy,ds) > 0.
Thus, for every 0 < |z —a| <

[f(x)g(x) = KM[ < [f(x) — f(a)M + f(x)M — KM)|
< [f(@)llg(z) = M|+ [M][f(z) - K|

_ e+ 2|KM| | M |e +|M]z—:
2| M| e+ 2|KM]|) 2| M|

—€+€—5
2 2 7

In either case the statement (1.15) on page 22 holds.

c. By Exercise 1 (page 71),

limec¢ = ¢ for any constant c.
T—a

By part (b)

cK = (lim c> (lim f(x)) = lim[cf(z)].

r—ra r—ra T—a

d. For the positive number

€|M|2 > (, there is a positive number § > 0
L+ M~ P ’
such that
e|M|?
- M _— f 0 — 0. 3.10
lg(z) | < T+ Me or every <l|z—a| < (3.10)
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By inequality 3 (page xii)

e|M|?
M| — < - M| < ——
M|~ lg()] < lo() = M| < £ 5
and we have that
5|M|2 | M|
— < — = =
(@) < 7 M|z M| =—17 M|z

By properties 5 and 6 of inequalities (page xii)

1 _ 1+ |Mle
|9(z)]| | M|
Thus, for every 0 < |x — a| < 0 the statements (3.10) and (3.11) hold and

’L_i’ _ ‘M—g(fv)}
Mg(x)

M\ [1+|Mle
< =€
1+ |M[e M2

e. This follows from parts (c) and (d).
S 1 (1) _K
o (iﬂ%f(x)) (iﬂ;;(@) =K (M) M

For the proof of x — oo, we apply Definition 2.5 (page 35).
Let ¢ > 0 be any positive number.

for every 0<|z—al<é. (3.11)

.. € ..
a. For the positive number 3 > (, there are positive numbers M7, My > 0, such that

lf(z) — K| < % for every x> My, (3.12)

and
lg(z) — L| < % forevery x> M. (3.13)

By the fact 2 above, both statements (3.12) and (3.13) hold for every
x> M where M = max(M;, M) > 0.

Thus, for every x > M
€

(@) % g(w)) = (K L) < /() = K| + o) — L] < & + 2

= E&.
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b. We consider the same three cases.
Case 1: K = L = 0. For the positive number /¢ > 0 there are positive numbers
My, M5 > 0 such that

|f(z)] < e  forevery x> M, (3.14)
and

lg(z)| < e  forevery x> M. (3.15)
By the fact 2 above, both statements (3.14) and (3.15) hold for every number

x> M where M = max(M;, M) > 0.
Thus, for every x > M

|f(x)g(x)| < Veve=c¢ for every x> M.

Case 2: K = 0 and L # 0. For the positive number

%w there are positive numbers My, My > 0,
such that
€
)| < —— for ever x> My, 3.16
and
lg(x)| — |L| < |g(z) — L| < ¢ for every x> M. (3.17)

By the fact 2 above, both statements (3.16) and (3.17) hold for every number
x> M where M = max(M;, My) > 0.

Thus, for every x > M

Fa)ga)] < LEFIED o

e+|L]
Case 3: K, L # 0. For the positive number

€ ) ..
m > (), there is a positive number M; > 0,

such that

lf(x)] — |K| <|f(z) - K| < for every x> M. (3.18)

<
2|M|
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Then,

e+ 2|KLf

|f(z)| < ﬁ +|K| = oL for every x> M. (3.19)

For the positive number

L
% > (0, there is a positive number M, > 0,
such that
lg(x) — L| < __|LE for ever x> M. (3.20)
g =1 2|KL)) Y & '

By the fact 2 above, the statements (3.18), (3.19) and (3.20) hold for
x> M where M = max(M;, My) > 0.

Thus, for every z > M

[f(x)g(x) = KL| < [f(z) = f(x)L + f(z)L - KL|
< [f(@)llg(x) = L[ + L[ f () — K]

_ e+ 2|KL| |Lle N |Lle
2|L| e+ 2|KL|) 2|L|

6—|— =c
2 2 7

In any case the statement (2.4) on page 35 holds.

c. By Exercise | (page 71),

lim ¢ = ¢ for any constant c.
T—00

By part (b)

cK = (lim c) (lim f(:z:)) = lim [¢f(x)].

T—00 T—00 T—00
25

d. For th 1] b
or the positive number 1L

> (), there is a positive number M > 0 such that

elL®
1+ |Lle

lg(z) — L] < for every x> M. (3.21)
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By inequality 3 (page xii)

e|L|?
M| — < — L _—
M| = Jg@)] < lote) ~ L] < 77
we have that
5|L|2 |L|
- < — L] = — )
()] 1+ |Lle I 1+ |Lle

By properties 5 and 6 of inequalities (page xii)

1 1+ |L|e
<
|9(x)]| L
Thus, for every x > M the statement (3.22) holds and

for every x> M. (3.22)

‘L ~ 1‘ _ L—_g@f)‘
L(g(x))

g(z) L )
- (1+|L||L|> (1|+L||§|€> N

e. This follows from parts (c) and (d).

tim iy = Qi) (Jm oey) = % (7) =
Q.E.D.

Part (a) of the Laws of Limits is interpreted as “the limit of the sum is the sum of the
limits.” That is

lim (f +¢) = lim f(z) + lim g(z).
Similarly for the product and quotient of functions.
The application of the Laws of Limits to the limit

limx = a for every number a. (3.23)
Tr—a

yields the following corollary (see Exercise 4 on page 71).

p()

Corollary 3.3. If P(z) is a polynomial function and R(x) = ﬂ is a rational
q(x

function, then for any number a
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a. lim P(x) = P(a)

ztat

_plx) .
b. i?ﬁ @ R(a) if q(a) #0.

Proof. The proof of the limit

lim z" = a" is by induction.
r—a

The limit (3.23) is for n = 1.
If

lim z" = a",
r—a

then by part (b) of Theorem 3.2 (page 47)

lim 2" = [lim 2"][lim 2] = a™(a) = a™*".
Tr—a T—a r—ra

Thus, this proof is a direct consequence of parts (a),(b) and (e) of Theorem 3.2 (page
47). Q.E.D.

We must provide counterexamples whenever possible to convince students of the
importance of applying results correctly.

We show in the next example that the converse of part (b) of the Laws of Limits is not
true.

Example 3.1. The limit,

1
lim zsin <—) =0 exist.

z—0t X
However,
. ) ) 1 .
lim =0 and lim sin (—> does not exist.
z—0t z—0+ T
See Example 1.9 (page 17). 0
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Finite Limits from the Right and Left

From Figures 1.7 to 1.9 (pages 13 to 14), we see that
f(z) > R asz —at,

and we read
f(z) tends to R as x tends to a from the right.

Moreover, from Figure 1.7 (page 13), we have
f(z) >R forz —a"

and
f(z) tends to R from the right as x tends to a from the right.

We write

f(x) =R as z—a'.

Similarly, from Figure 1.8 (page 14), we have

f(z) <R forz— at

and

f(z) tends to R from the left as x tends to a from the right.
We write

flx) — R™ as  x—a’.

From Figure 1.9 (page 14), we see that f(z) tends to R from both sides, right and left,
as x tends to a from the right.

Also, from Figures 2.2 to 2.4 ( pages 34 to 34), we see that
f(z) > K asx — oo,

and we read
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f(x) tends to K as z tends to infinity (increases without bounds).

From Figure 2.2 (page 34), we have

flz) < K forx — o0

and
f(z) tends to K from the left as x tends to infinity (increases without
bounds).

We write
f(z) — K~ as T — 00.

Similarly, from Figure 2.3 (page 34), we have

f(z) > K forx — o0

and
f(z) tends to K from the right as x tends to infinity (increases without
bounds).

We write

flx) > K* as  x — oo.
From Figure 2.4 (page 34), the function f(x) tends to K from both sides, right and
left, as x tends to infinity.

These intuitive ideas are defined next.

Definition 3.4. a. The limit at a from the right of a function g is R from the right if
for any positive number € > 0 there is a positive number ¢ > 0 such that

0< f(z)—R<e forevery 0 <x—a<9d.
We write either

lim f(z)=R" or g(x) > R" as z—a"

T—a

and read
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g(x) tends to R from the right as z tends to a from the right.

Figure A.6 (page 265) shows the graphic representation of lim f(z) = R™.

r—a™t

. The limit at a from the left of a function f is L from the left if for any positive

number £ > ( there is a positive number ¢ > 0 such that
0<L—f(zx)<e forevery 0 <a—x <.
We write either

lim f(x)=L" or flz) =L as z—a
T—a

and read
f(x) tends to L from the left as x tends to a from the left.

Figure A.12 (page 268) shows the graphic representation of lim f(z) = L™.

r—a~

. The limit at a of a function f is R from the right if for any positive number € > 0

there is a positive number § > 0 such that
0< f(r)—R<e forevery 0 < |z —al <.
We write either

lim f(z)=R" or  f(z) > R" as z—a

T—a

and read

f(z) tends to R from the right as x tends to a.

Figure A.8 (page 266) shows the graphic representation of lim f(z) = RT.

r—a

. The limit at a of a function f is L from the left if for any positive number € > 0

there is a positive number 6 > 0 such that
0<L—f(x)<e  forevery 0<|z—al<o.

We write either

lim f(z) =L~ or f(r)—=L as x—ua
T—a
and read
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f(x) tends to L from the left as x tends to a.

Figure A.13 (page 268) shows the graphic representation of lim f(x) = L™.

r—ra

e. The limit at infinity of a function f is R from the right if for any positive number
e > 0 there is a positive number V' > 0 such that

0< f(z)—R<e forevery z > V.
We write either

lim f(z)=R" or f(x) > R" as z— o0

T—r00

and read

f(z) tends to R from the right as x tends to infinity (increases without
bound).

Figure A.9 (page 266) shows the graphic representation of lim f(x) = R'.

T—00

f. The limit at negative infinity of a function f is R from the right if for any positive
number € > 0 there is a negative number U < 0 such that

0< f(r)—R<e forevery x < U.
We write either

lim f(z)=R" or  f(z) > R as z— —x

T——00
and read

f(z) tends to R from the right as x tends to negative infinity (decreases
without bound).

Figure A.10 (page 267) shows the graphic representation of lim f(z) = R™.

T—r—00
Remark 3.5. 1. Definition 3.4 does not cover all possible similar cases. See Exercise
7 (page 71).

2. The notation in Definition 3.4 is not standard but it is self-evident, and we apply it
in Theorem 3.7.
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Example 3.2. We know that

limcosz = 1.
x—0

Hence, for any positive number € > 0 there is a positive number ; > 0 such that

|cosz — 1] <e forevery 0 < |z] < 4.
, m
Let § = min (51, 5) > (. Thus,

0<1-—cosz<e forevery 0< |z] <.
Therefore

limcosz =1".
x—0

See the graph of the cosine function in Figure 1.4 (page 6).

Example 3.3. We know that

lim sinz = 0.
x—0

Hence, for any positive number € > 0, there is a positive number ¢; > 0, such that
|sinz| <e forevery 0 < |z|<d;.

If 6 = min(dy, ) > 0, then
0<sinz<e for 0<azx<d.

Thus, lim sinz = 0%.
z—0t

Also,
0 < —sinz =sin(—z) <e for 0< —x <.

Thus, lim sinz =0".
z—0~

In the next example we show that if lim g(z) = M, then it is not true that either
T—a

g(x) = M+t org(x) = M~ asx — a.
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0.2+

L\ Dt

1
Figure 3.1: Graph of the function h(z) = x sin (—)
T

1
Example 3.4. Figure 3.1 shows the graph of the function h(x) = z sin (—) .
x

We will see in the next section that the limit of this function at zero is zero.

Hence, for any positive number € > 0 there is a positive number 6 > 0 such that
|h(x)| < e for every 0<|z| <.

By Example 1.9 (page 17), for this particular > 0, there are integers & and n such
that

2
0 ) d 0 )
< T <& an < oy <
L = = Th
eta (5 ah)r and b (n < 3)r us,
1+ 4k 4
ha) = . +2 T 0 and h(b) = - ”;?’)” 0

Hence,
h(x) 20 mnor —h(zx) 20 forevery() <z <.
Therefore, parts (a) and (b) of Definition 3.4 (page 56) do not hold and

1
lim z sin (—) = (0 from neither right nor left.
z—0 T

O
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The next proposition establishes under which conditions the limits in Definition 3.4
(page 56) are from the right or left.

Proposition 3.6. a. If
« lim g(x) = M and
r—a
w g(z) > M forxz — a,
then

lim g(z) = M.

Tr—a
b. If
» lim g(z) = M and
r—a
w g(z) < M forxz — a,
then
lim g(x) = M.

T—a

By Definition 1.1 (page 1), this proposition also holds for z — a* and z — Zo0.

Proof. a. For any positive number € > ( there is a positive number ¢; > 0 such that
M —g(z)] <e forevery 0 <|z—al<d.
Also, there is a positive number v > 0 such that
glx) =M >0 forevery0 < |z —a| <.
Let 0 = min(v, ;) > 0. Then
0<g(zr)—M=|g(x) — M| <e forevery O0<|z—al<0o.
b. For any positive number £ > 0 there is a positive number 9; > 0 such that
IM —g(x)] <e forevery 0<|z—al<?d.
Also, there is a positive number v > ( such that
M —g(x) >0 forevery0 < |z —a| <.
Let 6 = min(v,d;) > 0. Then
0<M—g(x)=|M—g(z)|]<e forevery 0<|z—al<3i.

Q.E.D.
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Example 3.5. By Example 2.8 (page 37) and Example 2.12 (page 42)

.1 )
lim —=0= lim -—.
r—00 I T——00 U

1 1
Since — > 0 forz — 0" and — < 0 for x — 0, we have that,

xr T
lim —=0" and lim —=0"
T—00 I T——00 I

Finite Limits of Composition of Functions

We show, once more, in the next examples the importance that the domain of functions
has in determining whether a limit is well defined or not.

Example 3.6. The domain of the composition
f(z) = Vsinz

of the sine and square root functions consists of the union of all intervals where
sinz > 0, such as [0, 7].

Note that the interval (—, 0) and infinite intervals are not contained in the domain.
Hence,

a. lim Vsinz is defined.

z—0t

b. lim vsinz is undefined.

z—0~

c. lim Vsinz is undefined.

T—00

d. lim +/sinz is undefined.

T——00

Example 3.7. The domain of the function

g(x) =VInx isthe interval [1, c0).
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Hence,

lim vVInxz isdefined but lim VInz is undefined.
r—1+ r—1—

On the other hand

lim vVInx 1is defined but lim Vinz is undefined.

T—r00 T—r—00

We apply the next theorem to evaluate limits of composition of functions.

Theorem 3.7. a. If limg(z)= b" and lim f(y) = ¢, then

y— bt
lim f(g(x)) = c.

b. If limg(z)= b and lim f(y) = ¢, then

y— b~

lim f(g(z)) = c.

c. If limg(x)= 10 and lim f(y) = ¢, then

y— b

lim f(g(z)) =c.

Proof. We give the proofs of part (a) for the limits
limg(z) =b" and lim g(z) =b".
Tr—a T—>00

The remaining cases are left as exercises.

Let limg(x)=0b" and lim f(y) =c.

a—a y—bt

For any positive number € > 0 there is a positive number ; > 0 such that
|f(y) —c| <e forevery 0<y—b<d.

For this ¢; > 0 there is a positive number d5 > 0 such that
0<g(x)—b<d forevery 0<|z—al<do.

Thus,

|f(g(x)) —c| <e forevery 0< |z —al<d.

Teaching Limits 63



Let lim g(z) =b" and lim f(y) = c.

T—$00 y—bt

For any positive number € > 0 there is a positive number §; > 0 such that
|f(y) —c| <e forevery 0<y—b<d.

For this ¢; > 0 there is a positive number V' > 0 such that
0<g(x)—b<d forevery z>V.

Thus,

|f(g(x)) —c| <e forevery z>V.

Q.E.D.

A particular case of Theorem 3.7 can be stated as follows.
Ify=g(z) > b asz — a™ and f(y) — casy — b™, then

li =l =c.

lim f(g()) Jim,_f () =c
It is incorrect to state this conclusion as

i, 7(9(0) = 1 (_1m g(0)) = 50) =, (.24

z—at z—at

because the function f may not be defined at b. We can conclude in this manner, only
when the function f is continuous at b from the right, as shown in the next example.

Example 3.8. Let f be the function

1 if y>1
fly) = 0 if 0<y<1
—1 if y <0

The domain of this function is all real numbers.

We apply Theorem 3.7 (page 63), to determine whether the limit

3161_% f(cosx) exists.
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The domain of f(cosx) is all real numbers, hence the limit we are considering is well
defined. By Example 3.2 (page 59)

limcosx =1". (3.25)
z—0

By definition of f
lim f(y) =0. (3.26)
y—1—

If y = cos z, then by part (b) of Theorem 3.7 (page 63) and (3.26) and (3.25)

lim f(cosz) = lim f(y) =0# f(1) =1.

We apply the same theorem to determine whether the limit

lim f(cosz) exists.
T—T/2

We know that lim cosz = 0 but

/2
lim cosz =0~ and lim cosz =0". (3.27)
x—m/2F x—T/27
By definition of f

lim f(y)=—1 and lim f(y) = 0.

y—0~ y—0+
If y = cos x, then by part (b) of Theorem 3.7 and (3.27)

lim f(cosz)= lim f(y) =—1

x—m/2F y—0—
and by part (a) of Theorem 3.7 and (3.27)

lim f(cosz)= lim f(y)=0

x—m/27 y—0t
Therefore by part (c) of Proposition 1.12 (page 24) the limit

lim f(cosz) does not exist.
/2

This shows that the evaluation of the limit shown below is incorrect.

lim f(cosz) :f( lim cosx)) = £(0) = —1.

x—/2 xz—7/2
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Theorem 3.7 (page 63) and Proposition 3.6 (page 61) are precisely the results we must
1
apply to functions of the form {/g(x) and ———, for some positive integer n.

Y/ g(x)

Corollary 3.8. Let n be a positive integer. If

w the function {/g(x) is defined for v — a,

» lim g(x) = b, and

r—a

« /b is defined,

then

lim m: .

Tr—ra

Corollary 3.9. Let n be a positive integer. If

w the function {/g(x) is defined for v — a,

» lim g(x) = b, and

r—a

« /b is defined and non equal to 0,

then
, 1 1
im —=—.
= {/g(z) Vb
These two corollaries also hold for z — a* and 2 — +oo.
We apply these corollaries in the next two examples.
Example 3.9. The composition h(x) = f(g(z)) where
f(x)=2—-3 and g(z) =z
is defined for x — 3*. In order to apply Corollary 3.8 we must consider the limit

lim vz —3=0.

z—31
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Since x — 3 > 0 for z — 3™, by part (a) of Proposition 3.6 (page 61)

lim vz —3=0".

z—31

Applying Corollary 3.8 (page 66) withn = 2 and ¢t = z — 3, we have
lim vz —3 = lim vt =0,

r—3+ t—0t

Example 3.10. The limit

lim is defined.

1
=0 /COS T

Ift = cosx,thent — 17 as 2 — 0, by Example 3.2 (page 59). Thus,
1

lim —— = lim — =1.

z—0 ,/COS X t—1— \/1_f

Example 3.11. We have the limits

liml—2z=1 and lim VInz =0.

z—0 r—1t
Let f(z) = 1 — z and g(x) = VInz. The composition
g(f(z)) = v/In(1 — ) isdefined forz — 1-,

because its domain is (—oo, 1).

Hence, Theorem 3.7 (page 63) applies to the function
g(f(z)) =+/In(1 —2) forx — 0.
Indeed, ift =1 —2,thent — 1T asxz — 0, and

lim y/In(1 — ) = lim VInt = 0.

z—0~ t—1+
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Limits and Inequalities: The Squeeze Theorem

For any two functions f(z) and g(x), we apply Definition 1.1, the statements (2.1) and
(2.2) on pages 30 and 32 respectively, with the property P as either

flz) <glz) or f(z) <g(x).
For inequalities of functions we have the following three important results.

Theorem 3.10. If
f(z) <0 forx—a
and

lim f(z) = L,

Tr—a

then L < 0.

This theorem also holds for z — a* and z — +o0.

Proof. There is a positive number p > 0, such that

f(z) <0 forevery 0< |z —a|<pu. (3.28)
For any positive number € > 0, there is a positive number ¢; such that

|f(x) — L] <e forevery 0<|z—al<d. (3.29)

Both statements (3.28) and (3.29) hold for every 0 < |z — a| < ¢ where
d = min(u, 1) > 0. Thus,

—e<L—f(x)<e and f(z)<0.
Therefore,
L=L—f(x)+f(z) <L flx) <e.

Since € > 0 is arbitrary, L cannot be positive. Hence, L < 0. Q.E.D.

The following two corollaries are direct consequences of this theorem.
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Corollary 3.11. If f(x) < g(x) forxz — aq,

lim f(z) = I and limg(z) = G,
Tr—a r—a
then F' < (.

This corollary also holds for z — a® and x — o0.

Proof. If f(x) < g(z) for z — a, then f(z) — g(z) < 0 for z — a.
By the Laws of Limits

lim f(z) —g(z) =F -G

r—ra

and therefore by Theorem 3.10 (page 68), F' — G < 0. Q.E.D.

The next corollary is a particular case of Corollary 3.11.

Corollary 3.12. a. If

flx) <@ forx— a and lim f(z)= F,

T—a

then F < Q.
b. If

Q <g(xr) forxr— a and limg(x)= G,

r—a

then () < G.

Both results also hold for v — a® and v — +oo.

Proof. If g(x) = @ is a constant function, then the former follows from

Corollary 3.11.

If f(z) = @ is a constant function, then the latter follows from

Corollary 3.11. Q.E.D.

Observe that Corollary 3.11 holds only if the limits of f and g exist. It is incorrect to
conclude that

lim f(x) < ligl g(x) if f(z)<g(x) forz— a.

Tr—a
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Indeed, we have that

. (1
sin (—) <1 for any nonzero .
x

However, by Example 1.9 (page 17)
1
lim sin (—) # K forevery K.
x—0 €T

Since, we can only compare two numbers
(1
limsin [ — ) £ 1.
z—0 €T

The Squeeze Theorem stated below is similarly to Corollary 3.11 (page 69).
Theorem 3.13. If h(x) < f(z) < g(x) forx — a, and
lim A(z) = L = lim g(z),

then

lim f(x) = L.

r—a

This theorem also holds for z — a* and z — +o0.

Proof. Let e > 0 be any positive number. For this ¢ there are positive numbers
51, (52 > ( such that

|h(z) — Ll <e for 0<|x—al<é
and
lg(z) — L] <e for 0<|z—a|l<d
If § = min(dy, d2) > 0, both statements hold for 0 < |z — a| < d, thus
L—e<h(zx)<L+e and L—-—e<g(x)<L+e.
Hence, for 0 < [z —a| < ¢
L—e<h(z)< f(z)<glz)< L+e.
Therefore,
|f(x) =Ll <e for 0<|zr—al<o,
and lim f(z) = L.
z—a

Q.E.D.
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In the next example, we give the result we promised in Example 3.4 (page 60).

1
Example 3.12. Let h(z) = zsin (—)
x

. . 1
Since, —1 < sin (—) < 1 for every nonzero x, we have
x

1
—z < rsin (—) <z foreveryz >0
T
and
. 1
r < xsin (—> < —x forevery z < 0.
T

Since lim z = 0 = lim —x we conclude that

x—0 z—0
) ) 1 . ) 1
lim zsin( — | =0= lim zsin| — ).
z—0+ T z—0— T
Therefore,

1
lim z sin (—) = 0.
z—0 x

Exercises I11

1. Prove that if f(x) = c for a constant ¢, then

lim f(z) = c.

2. Prove Proposition 3.1 (page 46), forz — a®, 2 — a~ and x — —o0.
3. Prove

a. part (a) of Theorem 3.2 (page 47), for x — a™*.
b. part (b) of Theorem 3.2, forz — a™.

c. part (c) of Theorem 3.2, forz — a™.
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d. part (d) of Theorem 3.2, for x — —o0.

e. part (e) of Theorem 3.2, forz — a™.
4. Prove that for any number a

lim z = a.
r—a

5. Prove that for any nonzero number a

1 1
lim — = —.
z—=a I a

6. Prove that the converse of part (a) of Theorem 3.2 (page 47) does not hold. That
is, give two functions f(z), g(x) and a number a such that the limit

lim[f(x) 4+ g(z)] exist

T—ra

and either

lim f(x) or limg(z) does not exist.
Tr—a T—a

7. Give the definitions of the expressions

a. lim f(z)=R"
T—a

f(z) tends to R from the right as = tends to a from the left.
b. lim f(x)=L"

T—a

f(z) tends to L from the left as = tends to a from the right.
c. lim f(z)=L"
T—00

f(z) tends to L from the left as x tends to infinity (increases without bound).
d. lim f(z)=1L"

T——00

f(x) tends to L from the left as x tends to negative infinity (decreases

without bound).

8. Give the graphic representations of the expressions listed in Exercise 7.
9. Prove without using part (b) of Theorem 3.2 (page 47) that if

lim f(x) = K and cis any constant,
Tr—a

then

lim[cf(z)] = cK.

r—ra
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10.
11.

12.
13.

14.
15.

Give the negation of Definition 3.4 (page 56).

Prove part (a) of Theorem 3.7 (page 63), for

lim g(z) =b" and lim g(z)=10".

z—a¥T T——00

Prove that if g(x) — R as z — a, then g(z) - Rasz — a.

Give a counterexample to show that the converse of the implication of
Exercise 12 is false.

Prove Theorem 3.10 (page 68), for x — a® and 2 — —o0.
Explain why if a number c is such that
0<c<d foreveryd >0,

then ¢ = 0.

Complete solutions are provided on page 286.
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Chapter 4

Infinite Limits

Since only unbounded functions may have infinite limits, we provide for
completeness, the definition of bounded functions.

Definition 4.1. Let D be the domain of a function f. The function f is

a. bounded above if there is a number By called upper bound such that

f(x) < By forevery x € Dy.
b. bounded below if there is a number Bj, called lower bound such that
f(z) > B forevery x € Dy.

c. bounded if there is a number B called bound such that

—-B < f(x) <B forevery x € Dy.

A function may also be bounded on a subset of its domain.

Definition 4.2. Let S be a subset of the domain D/ of a function f.
The function f is

a. bounded above on S if there is a number By called upper bound such that
f(z) < By forevery z € S.

b. bounded below on S if there is a number Bj, called lower bound such that

f(z) > Bg forevery z € S.

c. bounded on S if there is a number B called bound such that

—-B < f(x) <B forevery x € S.

Note. A function is bounded (above)(below) if it is bounded (above)(below) on its
domain.
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Example 4.1. The interval [—1, 1] is the domain of the sine and cosine inverse
functions. Since,

. T
|sin~! x| < 3 forevery —1<uz<1.
The sine inverse function is bounded with bound /2.
Since,
0<cos'z<nm forevery —1<z<1.

The cosine inverse function is bounded below and above with lower bound zero and
upper bound 7. Hence, it is bounded with bound 7. See Exercise 1 (page 99) of this
chapter. U

Example 4.2. The function

1
sin (—) of Example 1.9 (page 17)
x

1s bounded with bound B = 1. O

Example 4.3. The tangent function is bounded on the interval [—%, ﬂ , since

<z< -

|tanz| <1 forevery —

IS
N

The negation of part (c) of Definition 4.1 yields the definition of an unbounded
function.

Negation of Definition 4.1. (page 74)

Let Dy be the domain of a function f. The function f is
a. unbounded above if for any number Hy;,
f(x) > Hy forsomex € Dy.

b. unbounded below if for any number H,

f(x) < Hy forsomex € Dy.

c. unbounded if for any number H, either

f(z) > H or f(x)<H forsomex € Dy.
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The negation of part (c) of Definition 4.2 yields the definition of an unbounded
function on a subset of its domain.

Negation of Definition 4.2. (page 74)

Let S be a subset of the domain D/ of a function f. The function f is

a. unbounded above on S if for any number Hy,

f(x) > Hy forsomex € S.

b. unbounded below on S if for any number H,

f(x) < Hy forsomex € S.

c. unbounded on S if for any number H,

f(z) > H or f(x) < H forsomex € S.

Remark 4.3. 1. To prove that a function f which is bounded below with bound By, is
unbounded above, we must show that for any number V> Bp,

f(x) >V forsomex € Dy.
Note that if V' < By, then there is nothing to prove because in this case

V < By < f(z) forsomex € Dy.

2. Similarly, to prove that a function f which is bounded above with bound By is
unbounded below, we must show that for any number V< By

f(x) <V forsomex € Dy.
Note that if V' > By, then there is nothing to prove because in this case

V > By > f(x) foreveryx € Dy.
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Example 4.4. The domain of the function
f(x) = +/x is the interval [0, o).

The function is bounded below with lower bound 0, because
f(x)=+x >0 forallz > 0.

It is unbounded above, because for any number M > 0, there is u = (M + 1)? > 0,
such that

fw) =/ (M+12=M+1> M.
0

Example 4.5. The tangent function is unbounded because for any number M there is

—g <zr=tan (M +1)< g,

such that

tanz = tan(tan (M +1)) = M +1 > M.

Graphs of Bounded and Unbounded Functions

In the figures below, we present the graphs of some bounded and unbounded functions
with domains R.

Figure 4.1: Graph of a bounded above and unbounded below function

Teaching Limits

71



Figure 4.2: Graph of a bounded below and unbounded above function

T

Figure 4.3: Graph of a

bounded function

Figure 4.4: Graph of an unbounded function

78
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Vertical Asymptotes

Infinite limits at a number are related to vertical asymptotes because for these limits
the values of the function increase or decrease without bound.

We list four possible different cases for the vertical line x = V' to be a vertical
asymptote.

e

Figure 4.5: The function increases without bound around V'

In Figure 4.5, the function, say f, increases without bound for numbers x on the right
and left of the number V. Hence,

f(z) 500 for x—V.

N/

Figure 4.6: The function decreases without bound around V'
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In Figure 4.6, the function f, decreases without bound for numbers on the right and
left of the number V. Hence,

f(z) > —c0 for =z — V.

P

Figure 4.7: The function increases without bound on the left of V' and decreases
without bound on the right of V'

In Figure 4.7, the function f, increases without bound for numbers on the left of the
number V. Hence,

f() 500 for xz—V".

The function f, decreases without bound for numbers on the right of the number V.
Hence,

f(x) = —oc0 for z— V™.
In Figure 4.8, the function f, decreases without bound for numbers on the left of the
number V. Hence,

f(z) > —oc0 for z— V.

The function f, increases without bound for numbers on the right of the number V.
Hence,

f(x) >0 for z— VT
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Figure 4.8: The function decreases without bound on the left of V' and increases
without bound on the right of V'

It is clear from Figures 4.5 to 4.8 (pages 79 to 81) that a bounded function cannot have
a vertical asymptote.

In the next definition we use, again, the infinity symbol (c0) to represent a function
whose values increase/decrease “without bound.”

Intuitively, the line y = V' is a vertical asymptote of the function f(x) if

we can make the values of f(x) to increase or decrease without bound by
taking numbers z close to the number V.

This statement is not the definition of a vertical asymptote. It merely expresses how
we interpret a vertical asymptote.

The definitions of infinite limits at a number are given below.

Definition 4.4. a. The limit of a function f at V from the right is infinite if for
any positive number M > 0 there is a positive number ¢ > 0 such that

f(z) > M for every 0<x—V <. 4.1)
We write,

lim f(z)= co or  f(z)—>o00 as z— V"
z—=V T

Figure A.16 (page 270) shows the graphic representation of lim f(z) = oc.

z—V+
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b. The limit of a function f at'V from the left is infinite if for any positive number
M > 0 there is positive number § > 0 such that

f(z) > M for every 0<V —x <o. 4.2)
We write,

liI‘I/l f(z)= oo or f(x) 200 as z—V".

=V

Figure A.17 (page 270) shows the graphic representation of lim f(z) = oc.

z—V =

c. The limit of a function f at V' is infinite if for any positive number M > 0
there is positive number § > 0 such that

f(z) > M for every 0<|z—V|<d. (4.3)
We write,
1irr‘1'f(x): 00 or flz) 200 as z— WV

Figure A.18 (page 271) shows the graphic representation of liH‘I/ f(z) = oc.
z—

We have the corresponding definitions for negative infinity.

Definition 4.5. a. The limit of a function f atV from the right is negative infinite
if for any negative number N < 0 there is a positive number o > 0 such that

flz) < N for every 0<x—V <. 4.4)
We write,
lim f(z)= —oc or  f(z) > —00 as z— VT
z—V+

Figure A.19 (page 271) shows the graphic representation of lim f(x) = —cc.

z—V+

b. The limit of a function f atV from the left is negative infinite if for any
negative number N < 0 there is a positive number ¢ > 0 such that

f(x) <N for every 0<V —z <. 4.5)
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lim f(x)= —oc or f(z) > —00 as z— V.
=V

Figure A.20 (page 272) shows the graphic representation of lim f(x) = —cc.

z—V =

c. The limit of a function f at V' is negative infinite if for any negative number
N < 0 there is a positive number § > 0 such that

flz) < N forevery 0<|z—V]|<o. (4.6)
1irr‘;rf(x) = —00 or f(z) > —o0 as z— V.

Figure A.21 (page 272) shows the graphic representation of liH‘I/ f(z) = —oc.
T—

Parts (a) of Definitions 4.4 and 4.5 only make sense, if the function f is defined for
x — VT, parts (b) if it is defined for x — V'~ and parts (¢) if it is defined for x — V.

Definition 4.6. A vertical line x = V is a vertical asymptote of a function f if and
only if any of the limits from (4.1) to (4.6) hold.

1
Refer to the graph of the function f(z) = — for the next example.
x

1
Example 4.6. For any positive number V' > 0, there is the positive number ) = v

such that

1 1
— >V forevery 0<zx<d=—=>0.
x V

Hence, by part (a) of Definition 4.4

lim — = oo.
=0t T
1

Similarly, for any negative number U < 0, there is the positive number § = T >0
such that

1 1

—<U forevery —z<=——.

x U
Hence, by part (b) of Definition 4.5

.1
lim — = —o0.
z—=0" T

1
The line x = 0 is a vertical asymptote of the function f(z) = —.
x
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It is not true that if a function is not defined at a number V/, then the line x = V' may
be a vertical asymptote.

In the next example we give a function defined on R with a vertical asymptote.
Example 4.7. Let
?12 if x#0

0 if x=0.

fz) =

The domain of this function is R and z = 0 is a vertical asymptote because as we will
see in Proposition 4.15 (page 97)

. ) 1
limy f () = lim, -5 = 0.

O

The negations of Definitions 4.4 and 4.5 yields the definitions of non-infinite limits at
a number. Below is the negation of part (c) of Definition 4.4, the negations of parts (a)
and (b) together with the negation of Definition 4.5 are left as exercises. See Exercise
4 of this chapter.

Negation of part (c) of Definition 4.4 (page 81)

The limit

lim f(z) # oo is not infinite
z—V

if there is a positive number M > 0 such that for any positive number § > 0

f(z) <M forsome 0< |z—V]|<o. 4.7)

If a limit is non-infinite, then it may be either finite or non-existing; non necessarily
finite.

We established in Chapters 1 and 2 that a limit does not exist if it is not equal to a
number. In the next proposition we prove that if a limit is infinite, then it does not exist.
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Proposition 4.7. If llTr%/l f(z) = +oo, then llTr%/l f(x) # K forany K.

Proof. We prove the contrapositive for z — V. The remaining cases are similar.

We assume that lingl/ f(x) = K for some K and prove that lirr‘1/ f(x) # oc.
x— z—

For the positive number ¢ = |K| + 1 > 0 there is a positive number J; > 0 such that
|f(z) — K| <e forevery 0<|z—V|<d.

Since, —¢ < f(x) — K < ¢, we have forevery 0 < |z — V| < 0,
—(|K|+ 1)+ K < f(z) < |[K|+ 1+ K <2|K|+ 1.

For any positive number § > 0, we have either § < d; or ; < 4.

If 6 < ¢y, there is a number z such that |z — V| < § < 6.

If §; < 4, there is a number z is such that 0 < |z — V| < d; < 6.

In either case, there is M = (2|K| + 1) > 0 such that
f(x) < M forsome |z—V]|<3.

Hence,

lim f(z) # oo by (4.7).

z—V

Q.ED.

The converse of Proposition 4.7 is not true.

By Example 1.9 (page 17) and Example 4.2 (page 75), the limit

lim sin (—) does not exist and it is not infinite.
x—0 x

Students may not be able to explain why a limit does not exists. But they may be able
to explain why a limit is infinite. Hence, we should be asking them to explain why a
limit is infinite, or better, to prove it.

The next proposition establishes the relationship between infinite limits at a number
and infinite limits at the right and left of a number.
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Proposition 4.8. a. lim f(x) = oo ifand only if

z—V

lim f(z) =o00= lim f(x).

z—V+ z—V -

b. lim f(x) = —oco ifand only if

z—V

lim f(z)=—o00= lim f(x).

z—V+ =V -

Proof. We provide the proof of part (a). The proof of part (b) is similar.

(=) For any positive number M > 0 there is a positive number § > 0 such that
f(x) > M forevery 0<|z—V]|<3d.

Hence,
f(z) > M forevery 0<x—V <0

and
f(z) > M forevery 0<V —z <.

By parts (a) and (b) of Definition 4.1 (page 74)

lim f(z) =00 and lim f(x)= cc.

z—V+ z—V -

(<) For any positive number M > 0, there are positive numbers ¢, 6o > 0 such that
f(x) > M forevery 0<xz—a<d
and
f(x) > M forevery 0<a—z<ds.
Both statements hold for 0 < |z — V| < § where 6 = min(d;, d2) > 0. Thus,
f(z) > M forevery 0<|z—V|<d.
By part (c) of Definition 4.1 (page 74)
lim f(z) = oo.

z—V

Q.E.D.
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Negation of Proposition 4.8 (page 86).

lim f(x) # oo if and only if

z—V

.l
a z_1)1(‘r/1+f(m)7éo~o, or

b. lim f(x)# oo, or

=V~

c. lim f(z)and lim f(z) are infinite limits but not equal.
z—V+ z—V =

lim f(x) # —oc if and only if

z—V

a. lim f(z) # —occor

z—V+t

b. lim f(x)# —ooor

=V~

c. lim f(z)and lim f(z) are infinite limits but not equal.
z—V+t z—V—

Students may find difficult to prove that a limit is not infinite, but they may be capable
of proving or explaining parts (c) of the negation above.

Infinite Limits at Infinity

In this section we consider functions which increase/decrease without bound as the
independent variable also increase/decrease without bound. Some particular cases are
shown in the two figures below.

In Figure 4.9, the function increases without bound as x increases without bound, and
the function decreases without bound as x decreases without bound. Hence,

flz) 00 as x— o0 (4.8)
and
flx) > —c0 as = — —o0 (4.9)
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/

Figure 4.9: The function increases and decreases without bound

\//\\

Figure 4.10: The function increases and decreases without bound

In Figure 4.10, the function decreases without bound as x increases without bound,
and the function increases without bound as = decreases without bound. Hence,

f(z) > —oc0 as z — o0 (4.10)
and

f(z) 200 as x— —o0 (4.11)
Intuitively,

we can make the values of the function f(z) to increase or decrease by
taking numbers z very large or very small (negatively).

Again, this statement merely expresses how we interpret the limits eqs. (4.8) to (4.11).

Their definitions are as follows.
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Definition 4.9. a. The limit of a function f at infinity is infinite
if for any positive number M > 0 there is a positive number P > 0 such that

f(x) > M forevery x> P.
We write,

lim f(z) = oo or f(x) > 00 as x — oo.

Figure A.22 (page 273) shows the graphic representation of lim f(z) = co.

Tr—00
b. The limit of a function f at infinity is negative infinite
if for any negative number N < 0 there is a positive number P > 0 such that
f(z) < N forevery xz > P.

We write,

lim f(z) = —o© or f(x) > 00 as x— —o0.

T—r00

Figure A.23 (page 273) shows the graphic representation of lim f(z) = —oc.

T—00

c. The limit of a function f at negative infinity is infinite
if for any positive number M > 0 there is a negative number () < 0 such that

f(z) > M forevery z < Q.
We write,

lim f(z)= oo or f(z) > 00 as x— —oc.

T—>—00

Figure A.24 (page 274) shows the graphic representation of lim f(x) = cc.

T—r—00

d. The limit of a function f at negative infinity is negative infinite
if for any negative number N < 0 there is a positive number () < 0 such that

f(z) < N forevery z < Q.
We write,

lim f(z) = —o0 or f(x) > —c0 as z — —o0.

T——00

Figure A.25 (page 274) shows the graphic representation of

lim f(z) = —oc.
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Remark 4.10. /. Parts (a) and (b) of Definition 4.9 only makes sense if the function f
is defined on an infinite open interval (P, 00) for some P > 0.

2. Parts (c) and (d) only makes sense if the function is defined on an infinite open
interval (—o0, Q) for some Q) < 0.

Negation of Definition 4.9

[

. lim f(z) # o0
T—>r00
if there is a positive number M > 0 such that for any positive number P > 0

f(z) < M forsome x> P.
b. lim f(z)# oo
T——00
if there is a positive number M > 0 such that for any negative number () < 0
f(z) < M forsome x< Q.
c. lim f(z) # —o0
T—r 00
if there is a negative number N < 0 such that for any positive number P > (
f(z) > N forsome x> P.
d. lim f(x)# —o0
T——00
if there is a negative number N < 0 such that for any positive number ) < 0

f(z) > N forsome z<Q.

In Chapter 2, we establish in (2.11) (page 35) that the limit lim f(z) does not exist if

T—00

lim f(z) # K forany K.

T—00

Similarly, the limit lim f(x) does not exist if

T—r—00

lim f(z)# K forany K.

T—r—00

Similarly to Proposition 4.7 (page 85) we have the following.
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Proposition 4.11. If  lim f(x) = £oo, then lirf f(x) # K for any K.
T—>T 00

r—+oo

Proof. We prove the contrapositive for positive infinite. The other cases are similar.
We assume that

lim f(x) = K.

T—r00

For the positive number ¢ = |K| + 1 > 0, there is a positive number P; > 0 such that
|f(z) — K| <e for x> P.

Since, —¢ < f(x) — K < ¢, we have that for any © > P
—(|K|+ 1)+ K < f(z) < |[K|+1+ K <2|K|+ 1.

Let P > 0 be a positive number and M = 2| K| + 1.
If P > Py, then there is a number x > P > P.

If P < Py, then there is a number z > P; > P.

In either case,

flz) <2/K|+1=M forsome x> P.
Hence, lim f(x) # oc.
xr—r00
Now, we assume that

lim f(z) =K.

z——00
For this positive number ¢ = |K| + 1 > 0, there is a negative number ); < 0 such that
|f(x) = K|<e for x<Q.
Since, —¢ < f(x) — K < ¢, we have that for any z < )y
—(|K|+ 1)+ K < f(z) < |[K|+1+ K <2|K|+1.

Let Q < 0 be any negative number and M = 2| K| + 1.
If Q < 1, then there is a number x < ) < Q);.

If Q > @4, then there is a number x < (1 < Q.

In either case,

f(z) <2|K|+1=M forsome =z < Q.

Hence, lim f(z) # oc. Q.E.D.
Tr——00
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See that the limits

lim sinz do not exist and they are not infinite.
z—+o0

Hence, the converse of Proposition 4.11 is not true.

If a limit is infinite, then it does not exist, but not the other way around.

An infinite limit and a non-existing limit are two very different things.
The limit  lim f(x)

A. 1is infinite if it satisfies any one of the parts of Definition 4.4 (page 81),
Definition 4.5 (page 82) or Definition 4.9 (page 89).

B. does not exist if lim f(x) # K for any number K.

Reciprocal Functions

In this section we study the relationship between finite limits and reciprocal functions.
Definition 4.12. If f(x) is a function with domain Dy, then its reciprocal is the
function

1

F(z) = @) with domain Dp = {x € D¢|f(x) # 0}.

If lim f(x) = 0, then it not true that lim

.. . .
Fla) 1s infinite, as we show in the next two
flx

examples.

Example 4.8. Let 04 be the following function.

x if reQ
—x if wel

w(z) =

The domain of this function is R. Hence, for any number a the limits

lim L are defined.
zta w(z)
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By part (a) of Exercise 6 of this chapter,

lim w(z) = 0.
z—0

Let M =1>0.

For any positive number o > 0 there is an irrational x such that 0 < x < 4. Hence,

1
Qz)=——<0< M forsome 0<z<0d.
x
By (4.7) on page 84, the limit
lir% Q(z) # oo is not infinite.
T—

Similarly it can be proved that it is not negative infinite. See Exercise 12 of this
chapter.

Example 4.9. By Example 3.4 (page 60)

1
lim z sin (—) = 0.
z—0 x

However, the limit

1

lim ————~ is undefined.
z—0 r sin (;)

Indeed, we have that
1

lim — = 0.
a:l—golo 2Qrx

Thus, for any positive number 6 > 0 there is a positive number P > 0 such that

1
—— < for x> P
2w

If £ > P is an integer, then

1 . (1 .
T =5 < o and sin (E) = sin(27k) = 0.

Therefore, for any positive number § > 0 there is a number 0 < z < § such that

1

T sin (%)

is undefined
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and the function

1

T sin (1)
X

is undefined for x — 0.
O

In the next theorem we establish the conditions for the limit of a reciprocal function to
be infinite.

Theorem 4.13. a. lim f(z) =0" ifand only if

Iim —— = oo.

f(x)
b. lim f(z) =0 ifand only if

lim = —00.

/(@)

Proof. We provide the proof of part (a) for x — V' and x — oc. The proofs for
r — V¥ and x — —oo are similar.

Forx — V.
(=) Let M > 0 be any positive number. By part (c) of Definition 3.4 (page 56), for the

positive number € = i > () there is a positive number § > 0 such that

0< f(z)<e forall 0<|z—V]|<o.

Hence,
1 1
——>-=M forall 0<|z—V]|<d.
flx) e
By part (c) of Definition 4.4 (page 81)
I I

1

(<) Let € > 0 be any positive number. For the positive number M/ = — > 0, there is a
€

positive number § > 0 such that

1 1
——>->0 for 0<|z—V]|<d.
€

()
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We then have that
f(z) >0 and f(x)<e forevery0 < |z —V]| <.
Hence, by part (a) of Proposition 3.6 (page 61)
: _ ot
lim f(z) =07

For x — oc.

(=) Let M > 0 by any positive number. By part (c) of Exercise 6 (page 71), for the

positive number € = i > () there is a positive number P > 0 such that

0< f(z)<e forall z > P.

Hence,
1 1
—>-=M forall x> P.
flx) = e
By part (c¢) of Definition 4.4 (page 81)
li !
im —— =00
T—00 f(g;)

1
(<) Let € > 0 be any positive number. For the positive number M = — > 0, there is a

positive number P > 0 such that

1 1
——>M=->0 for z> P
€

f(z)
We then have that
f(z)>0 and f(z)<e foreveryz > P.
Hence, by Proposition 3.6
: _ 0t
o fle) =07

The proof of part (b) is similar.

3

Q.ED.

The conditions of Theorem 4.13 must be met to conclude. See that in Example 4.8, we

stated that

lim w(z) = 0.
z—0
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and in Exercise 13 of this chapter, we ask you to prove that

1
lim —— # o0,
oy 7

Take note that Theorem 4.13 is not saying that
1
f(x) 0+

It is very bad habit to divide by zero, regardless of the liberties we may wish to take
with notation.

lim f(z) =0T = lim = 00.

See how we apply Theorem 4.13 in the next example.

Example 4.10. By Example 3.3 (page 59)

lim sinz =0" and lim sinz =0".
z—0t z—0—

By Theorem 4.13

1 1
lim — =00 and lim —
z—0+ SIin @ z—0~ Sin 2

= —OQ.

Therefore, by the Negation of Proposition 4.8 (page 87)

lim cscx  is neither oo nor —oo.

z—0
O
1
Remark 4.14. Since the reciprocal of @) is f(x), Theorem 4.13 can be stated as
x
follows.
lim = 0% fandonlyif  lim f(x)
a. im = if and only i im f(x) = oo.
()
b. i ! 0 ifand only if lim f(z)
. im = if and only i im f(x) = —oo0.
()

The next proposition has important applications in the evaluation of limits of
reciprocal functions.
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Proposition 4.15. We apply Theorem 4.13 to prove that

1
lir% — =00 for any positive even integer n. (4.12)
z—0 "
lim — = oo for any positive odd integer n. (4.13)
z—0+ "

. 1 . .

lim — = —o0 for any positive odd integer n. (4.14)
z—0~ "

Proof. By Corollary 3.3 (page 53) for any positive integer n

lim 2™ = 0.
x—0

If n is even, then 2™ > 0 for every x # 0 Thus, by Proposition 3.6 (page 61)

limz" =0".
x—0

By part (a) of Theorem 4.13

If n is odd, then 2™ > 0 for x > 0 and 2" < 0 for x < 0. Thus, by Proposition 3.6

lim 2" =0" and lim 2" =0".
z—0+ z—0~

By Theorem 4.13

Q.ED.

If n = 2, then as promised in Example 4.7 (page 84),

|
lim — = oo.
x—0 ,CL'Q

Students must be able to apply Theorem 4.13 (page 94), in order to sketch the graphs
of functions and their reciprocals. They also must be made aware that
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> (0forxz — at.

i. if f(xz) > 0 for z — a™, then

1
()

1
ii. if f(x) < 0forz — a™, then <0Oforz —a™.
()
Example 4.11. In Figure 4.11, we present the graphs of a function f and its reciprocal
1
flzx)
ai a:j
| |
S

1
Figure 4.11: The graph of the function f and its reciprocal ——

f(z)
. _. . L. . _
« Since, f(z) < 0 for z — a~, its reciprocal @) is negative for r — a~ and
x
lim f(z) = —o0.
Tr—a—
. . . L. .
» Since, f(z) > 0 for z — a™, its reciprocal @) is positive for z — a™ and
x
lim f(z) = cc.
r—a~
. . . . I
» Since, f(z) < 0forz — —ocoand lim f(x) = —o0, its reciprocal —— is
T——00 f(x)
negative forz -+ —ooand lim —— =0
z——oo f(x)
» Since, f(z) > 0forz — oo and lim f(z) = oo, its reciprocal @) is positive for
T—00 T
1
x —ooand lim —— = 0. U
e ()
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Exercises

1. Prove that a function is bounded if and only if it is bounded above and below.
Give the negation of Definition 4.1.

Give the negations of parts (a) and (b) of Definition 4.4 (page 81).

il

Give the negation of Definition 4.5 (page 82).
5. Apply Definition 4.9 (page 89) to prove that

lim x = o0 and lim z = —o0.
Tr—r0Q0 Tr—r—00

6. Let w(z) be the function defined in Example 4.8 (page 92).

a. Prove that lim w(z) = 0.
z—0

b. Prove that for any nonzero number a the limits ligl w(z) do not exist.
xTa

c. Prove that lim w(z) # +oo.
T—00

d. Prove that lim w(z) # +oo.

T—r—00

7. Prove that for any function f

lim f(z) = —c0 = lim|f(x)| = oo.

8. Prove that for any function f if

lim f(z) = —oc,

then the limits

lim f(x) do not exist.
i (2

That is, prove that if

lin f(z) = ~oc,

then

hTIi(/l f(z) # K for any number K.
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9. Prove that for any function f if

lim f(z) = oo,

then the limit

lim f(x) does not exist.

T—r—00

That is, prove that if

lim f(z) = oo,

T—r—00

then

lim f(z)# K for any number K.

z——o0
10. Prove part (a) of Theorem 4.13 (page 94) for x — V*,

11. Prove part (b) of Theorem 4.13 (page 94), forx — V and z — —oc.
12. Let w(x) be the function defined in Example 4.8 (page 92).

a. Apply the negation of part (c) of Definition 4.4 stated on page ?? to prove
that

. . 1
i ) = limy =5 7 =0

b. Prove that

1
lim Q(z) = lim ——  does not exist.
z—0 x—0 (,:J(:L‘)

Complete solutions are provided on page 300.
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Chapter 5

Properties of Infinite Limits

The incorrect applications of results about infinite limits arise from the use of the
infinity symbol as if it represented a quantity.

In this chapter we present the correct application of the arithmetic operations of
infinite limits.

Arithmetic Operations of Infinite Limits

The Laws of Limits (Theorem 3.2 (page 47) are for finite limits. We have similar
results for infinite limits. Their applications are completely different.

Theorem 5.1. If lima(x) =A and lim c(x) = C (C #0),

lim f(z) =00, limg(z) = oo,

lim u(z) = —oo, limwv(z) = —o0,
then
a. lim a(x) + f(x) =
b. lim a(z) + u(x) = —c0
c. lim f(x) + g(x) = o0
d. lim u(x) +v(x) = —oc0
{ o if C>0
e. lim ¢(x)f(x) =
- if C<O.
. { - if C>0
£ lim c(z)u(z) =
oo if C<O.
g lim f(z)g(z) = 0

h. lim u(z)v(x) = oo
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i lim f(z)u(r) = —o0

Proof. We provide the proof for z — V. The proofs for x — V* and 2 — +o0 are
similar.

a. Let M > 0 be any positive number. For this M, there is a positive number 6; > 0
such that

la(x) — Al < M forany 0 < |z — V| < 4.
Hence, by inequality 4 on page xii.
—M <a(x) —A<M forany0 < |x — V| < é.
By inequality 6 on page xii
—M— A< —-M+ A<a(x) forany 0< |z —V|<d. (5.1

For the positive number M; = 2M + |A| > 0, there is a positive number d5 > 0,
such that

f(z) > M; forany 0 < |z —V|<ds. (5.2)

For § = min(d;, d5) > 0, both inequalities (5.1) and (5.2) hold.
Thus,

a(x)+ f(x) > =M — |[A|+ My =M forany 0<|z—V|<d.
Thus part (a) follows from part (c) of Definition 4.4 (page 81).

b. Let N < 0 be any negative number. For the positive number ¢ = —N > (, there is
a positive number 9; > 0 such that

la(x) — Al < =N forany 0 < |z — V| < 4;.
Hence, by inequality 4 on page xii

N <a(x) —A<—-N forany0 < |z —V|<d
and by inequality 6 on page xii

a(r) < =N+ A< —-N+|A| forany 0< |z—V]|<d. (5.3)
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Since 2N < 0 < |A|, the number N; = 2N — |A| < 0 is negative, and for this
negative number, there is a positive number 9, > 0, such that

u(z) < Ny forany 0<|z—V|<ds. (5.4)

For 6 = min(dy,d2) > 0 both inequalities (5.3) and (5.4) hold.
Thus,

a(x) +u(z) < =N +|C|+ N, =N forany 0<|z—V]|<o.
Thus part (b) follows from part (c) of Definition 4.5 (page 82).

M
c. Let M > 0 be any positive number. For the positive number M; = > > 0, there
are positive numbers 91, o > 0 such that

f(x) >M; forany 0<|z—V|<d
and
g(z) > M; forany 0 < |z —V]|<ds.
For § = min(dy, d2) > 0 both statements hold. Thus,
flz)+g(x) > M + M, =M forany 0< |z—V]|<o.

Thus part (c) follows from part (c) of Definition 4.4 (page 81).

N
d. Let N < 0 be any negative number. For the negative number N; = 5 < 0, there
are positive numbers 07, do > 0 such that

u(z) < Ny forany 0<|z—V|<d
and
v(x) < Ny forany 0< |z —V]|<d
For § = min(dy, d2) > 0 both statements hold. Thus,
uw(z) +v(x) < N+ Ny =N forany 0<|z—V]|<d.

Thus part (d) follows from part (c) of Definition 4.5 (page 82).
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e. Let M > 0 be any positive number. If C' > 0, then for the positive number

M, = el > 0, there is a positive number 9; > 0, such that

f(z) > M; forany 0< |z —V]|<d. (5.5)
For the positive number ¢ = % > (, there is a positive number d, > 0 such that
le(x) = C| <e forany 0<|z—V]|<do.
By inequality 4 on page on page xii
—e<c(x)—C<e forany 0<|z—V]|<d. (5.6)
For § = min(dy, d2) > 0 both statements (5.5) and (5.6) hold. Thus,
f@)(e(x) —=C) > —ef(x) forany 0<|z—-V]|<d
and

c(x)f(z) = f(@)e(x) — Of (x) + Of (2) = f(z)(c(x) — C) + Cf(x)
> —ef(x) + Cf(x) = f(2)(C —¢)

ORT

2M [ C
—7(5)—M

Thus part (e) for C' > 0 follows from part (c) of Definition 4.4 (page 81).
Let N < 0 be any negative number. If C' < 0, then for the positive number

M, = Nal > 0, there is a positive number d; > 0, such that
f(z) > M; forany 0<|x—V|<d. (5.7)
.. C .
For the positive number € = 5 > 0, there is d; > 0 such that
le(x) = Cl <e forany 0< |z —V]|<ds.
By inequality 4 on page xii
—e<c(r)—C<e forany 0<|z—V]|<do. (5.8)

For 6 = min(dy, d2) > 0 both statements (5.7) and (5.8) hold.
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Thus,
f@)(e(x) = C) <ef(x) forany0 < |z—V]|<§
and

c(x)f(z) = f(2)e(z) — COf (x) + Cf (2) = f(z)(c(x) — C) + Cf(2)
<ef(x)+ Cf(x) = f(2)(C +e)

0(9)<m ()

2N [ C
—7<5>—N

Thus part (e) for C' < 0 follows from part (c) of Definition 4.5 (page 82).

. The proof of this part is left as an Exercise 5.

. Let M > 0 be any positive number. For the positive number

M, = My = /M > 0, there are positive numbers 91, do > 0 such that
f(x) >M; forany 0<|z—V|<d

and
g(z) > My forany 0 < |z —V|<ds.

Hence, for § = min(d;, d2) > 0 both statements hold and
flz)g(z) > MiMy =M forany 0< |z — V]| <.

Thus part (g) follows from part (c) of Definition 4.4 (page 81).

. Let M > 0 be any positive number. For the negative number M; = —v M < 0,

there are positive numbers 91, Jo > 0 such that
u(x) < My forany 0<|x—V|<d

and
v(r) < My forany 0 <|z— V] < ds.

Hence, for 6 = min(d;,d2) > 0 both statements hold and
u(z)v(x) > MiMy =M forany 0 < |z —V|<d.

Thus part (h) follows from part (c) of Definition 4.4 (page 81).
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1. Let N < 0O be any negative. For the negative number N; = —/—N < 0 there is a
positive number ¢; > 0 such that

u(z) < Ny forany 0<|z—V|<d.

For the positive number M = v/—N > 0, there is a positive number d, > 0 such
that

flx) > M forany 0 < |z —V| <.
Hence, for 6 = min(dy,d2) > 0 both statements hold and
w(x)f(z) < f(x)Ny < MN; =N forany 0<|z—V]<d.

Thus part (i) follows from part (c) of Definition 4.5 (page 82).

Q.ED.

For the particular case where the functions a(x) and ¢(x) are constants, we have the
following corollary.

Corollary 5.2. If lim f(x) =00 and limu(zx) = —o0, then

a. lim Pf(z) = o0 for any constant P > 0.

b. lim Qf(x) = —oo  for any constant () < 0.

c. lim Pu(z) = —oo  for any constant P > 0.
)

d. lim Qu(x) = 0o  for any constant () < 0.

e. lim f(x)+C =00 forany constant C.
)+

£ lim u(z = —oo0 for any constant C.

Students must know the correct applications of Theorem 5.1 and Corollary 5.2.
Theorem 5.1 is not saying that if lim f(z) = oo and lim g(x) = oo, then
lim f(z) + g(z) = lim f(z) + lim g(z) = co + oo this is incorrect.

Any similar applications of Theorem 5.1 are incorrect. Students should never applied
this theorem in this way.
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Example 5.1. By Exercise 4 on page 99, we have that

lim z = oo.
Tr—r00

Hence, by part (g) of Theorem 5.1,

lim " = oo for any positive integer n.
T—00

Similarly, by the same exercise

lim =z = —o0.
r—r—00

Thus, by parts (h) and (i) of Theorem 5.1,

lim 2" = oo for any even positive integer n.
T—>—00

and

lim z" = —oo for any odd positive integer n.
T——00

We apply parts (g), (h) and (i) of Theorem 5.1 to the product
1 flx
1) (o) = 1
g(x)/)  g(z)
to evaluate limits of the quotient of two functions.

Example 5.2. By Example 4.10 (page 96)

. . 1
lim cscx = lim —
z—0F z—0+ Sin T

=0

and

. _ T
lim cos 'z == > 0.
z—0t 2

Hence, by part (e) of Theorem 5.1

cos™!

lim — = (lim cos ' z)( lim cscx) = oo.
z—0t SInT z—07+ z—0t

It is incorrect to apply Theorem 5.1 in the following manner.

cos ' x

. . _ . m
lim — = (lim cos ' z)(lim cscx) = <—) 00 = 00.
=0t sinx 20+ 20+ 2

The product of a number times the infinity symbol does not make sense.
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We will show in the next three examples that if

ng/l f(z) =0 and ng/_lg(x) = *+o00,

then the limit

iy / (2)g/x)

may be finite, infinite or does not exist.

Example 5.3. By Proposition 4.15 (page 97)

lim — =00 and limsinz =0.
=0t T x—0

It is known that

lim (sinx) (1) = lim 22—,

z—07t x z—=0t X
O
Example 5.4. By Proposition 4.15 (page 97)
lim — =00 and limsinz =0.
a—0+ T2 z—0
Then,
sinz | 1
o =S| ).
We evaluate the limit of this function at zero from the right. As before
. sinx 1
lim =1 and lim — = oc.
z—0t X z—0T T
By part (a) of Theorem 5.1
. sinx . sinz (1
lim = lim <—> = 00.
z—0t T e—=0t T x
0J
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1
Example 5.5. By Example 3.4 (page 60), we have that  lim x sin (—) = 0.

z—0

Hence, by the Laws of Limits

) 9 . 1 . . . 1
limzssin| — | = (hm a:) lim zsin | — =0.
z—0 x x—0 x—0 X

By Proposition 4.15 (page 97)

1
lim — = oo.
x—0 ,ZE2

The product of these two functions is

wn(3) () = (3) =)
zisin| — ) (— | =sin|—)=sin|-
x x x x
and by Example 1.9 (page 17) the limit at zero of this product does not exist.

We must be clear that if th"I/l f(z) = oo and th‘} g(x) = —oo, then the limit

lim /(2) + 9()

may be finite, infinite or does not exist, as we show in the next two examples.

Example 5.6. By Proposition 4.15 (page 97)

1 1
lim — =00 and lim — = —o0.
z—0— 12 =0~ T
We have that

1 1 1—-=z 1
2tz 4o (z)
We apply Theorem 5.1 (page 101) with the limits

1
lim (1-2)=1>0 and lim — =oo0.
rz—0~ z—0~ T

Thus,

z—0~ 172 T z—0~

1 1 1
lim — 4+ — = lim (1 —2) (—) = 0.
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i 1
Example 5.7. Let f(z) = 51n2x and g(x) = —. We have that
x x
lim —g(z) = —
i, —gle) = —oc
and
lim ST g
z—0+ X

Hence, by part (f) of Theorem 5.1 (page 101)

sin 1
i = 1i — | = o0.
Jim f(z) xféi( " )() o

By applying "Hopital’s rule twice (covered in Chapter 6)

sinx —x
li — = lim ———
g, f@) —g(o) = lim =
cosz — 1 . —sinx
= J1m ———— = 11m - O
z—07F 2x z—0t 2
U
The next example is fundamental in the evaluation of polynomial and rational
functions.
Example 5.8. By Example 5.1 and Remark 4.14
1 n .
a. lim — =0 for any integer n.
z—oo
. 1 n e
b. lim — =0 for any even positive integer n.
z——oo ™
c. lim — =0~ forany odd positive integer n.
z——o0 M
U

Example 5.9. Let P(x) be any polynomial of degree n, thus,
P(z) = apx™ + ap_12™ " + -+ ax + ao.

‘We factor ™ and obtain

Py =" (O D)

++ =
xn xn
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By Theorem 3.2 and Example 5.9

b
lim — =0 for any number 0.
rz—+oo ™

Hence, by Theorem 3.2

Uy a a
lim (an—{— Ly 4 - _0>—Cln
Since
Uy a a
limP(x)zlimx”<an+ LR 1_’__0)'

By Example 5.9 and Theorem 5.1

o~ if a,>0

a. lim P(z) = for any integer n.
ree —oo if a,<D0.
. oo if an>0 o
b. lim P(z) = for any even positive integer n.
e —oo if a, <DO.
oo uf a,<0 o
c. lim P(x)= for any odd positive integer n.
e —oo if a,>0.

We use this example to explain what we promised in Example 1.9 (page 17).

Example 5.10. The function g(x) = 4wz + 7 is linear with positive slope 4.
By part (c) of Example 5.9,

lim 47z + 7 = 0.
Tr—r00

By Theorem 4.13 (page 94)

1
lim ——— =0".
z—oo A +

Thus, by part (b) of the Laws of Limits (Theorem 3.2 on page 47)

) 2
Im — =0
z—oo 4y + 1
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By Definition 2.5 (page 35), for any 6 > 0, there is M > 0 such that

2

m <6 forany x> M.

Similarly if g(z) = 6wz + 7, then
2

lim —
z—o00 OTTX + T

Again, for any 0 > 0, there is N > 0 such that

— | <J fi > N.
6mrx + orany ¢

For negative infinity, by part (c) of Example 5.9,

lim 4nx + 7= —0o0 and lim 67z + 7 = —o0.
r——00 Tr—r—00
Thus, by Theorem 4.13 (page 94),
1 1
im —— =0 and llm —— =0
z——oco 4Ty + T z——o00 OTTX + T

Hence, by Definition 2.5 (page 35), for any ¢ > 0, there is M, N < 0 such that

ﬁ <0 forany x < M.
and
2 <¢§ forany x < N.
O6rx +m
O
Inequalities

Theorem 5.3. a. If f(x) < g(x) forx — V and lin‘l/ f(z) = oo, then
T—

lim g(z) = occ.

z—V

b. If f(x) < g(z) for v — V and lim g(x) = —o0, then

z—V

lim f(z) = —oc.

z—V
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c. If f(z) < g(z) for x — +oo and lim f(x) = oo, then

d If f(z) < g(x) for x — oo and lim f(z) = —oo, then

This theorem also holds for x — V=,

Proof. We present the proofs of parts (a) and (b) for z — V/, the proofs for x — V*
and parts (c) and (d) are similar.

a. For any positive number M > 0, there is a positive number ¢; > 0 such that
flx) > M for |z—V]|<d.
Since f(z) < g(z) for x — V, there is a positive number d, > 0, such that
g(x) > f(z) for |z —V|<ds.
If § = min(dy, d2) > 0, then both statements hold for this § > 0, and
g(x) > f(z) > M for |x—V]<d.
Therefore

lim g(z) = oc.

o=V
b. For any negative number N < 0, there is a positive number ¢; > 0 such that
glx) <N for |x—V]|<d.
Since f(x) < g(z) for z — V, there is a positive number do > 0, such that
g(x) > f(z) for |x—V|<do.
If 6 = min(dy, d2) > 0, then both statements hold for this 6 > 0, and
f(x) <g(z) <N for |xz—V|<o.
Therefore

lim f(z) = —oc.

z—V
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Q.ED.

Example 5.11. To evaluate the limit

1
f S2G)
z—1/mt T — b

we have that if v — 1/77", then 1/ — 7~ and for this z,

1
csce (—) > 1.
T

Hence, for x — 1/7"

csc(%) S 1
r—1/r ~x—1/7

Since

) 1
lim =00
esl/nt T — 1/m

by part (a) of Theorem 5.3 (page 112)

1
e
=1/t T — p

= OQ.

Composition of Functions

For infinite limits, we have a theorem similar to Theorem 3.7 (page 63).

Theorem 5.4. a. If limg(x)= b" and lim f(y) = doo, then

y—bt

lim f(g(x)) = +o0.

b. If limg(z)= b and lim f(y) = oo, then

y—b—

lim f(g(z)) = +oo.
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c. If limg(z)= 0 and lim f(y) = to0, then

y—b

lim f(g(x)) = £o0.

d If limg(x)= and lim f(y) = b, then

lim f(g(x)) =b.

e. If limg(x)= —o0 and lim f(y) = b, then

lim f(g(z)) = b.

fIf limg(x) = +oo and lim f(y) = oo, then

y—+too

lim f(g(z)) = +oo.

Proof. We present the proofs of parts (a) and (b) for positive infinity and x — V, the
other proofs for x — V* and x — 400 are similar.

a. Let M > 0 be any positive number. There is a positive number §; > 0, such that
flyy>M for 0<y—0b<d.
For this positive number d; > 0, there is a positive number ¢ > 0, such that
0<y=g(x)—b<dfor |z—V|<o.
Hence,

flg(x)) > M for |x—V]|<é.

b. Let M > 0 be any positive number. There is a positive number ; > 0, such that
flyy>M for 0<b—y<d.
For this positive number 9; > 0, there is a positive number ¢ > 0, such that
0<b—y=g(x)<d for |z—V|<§d.
Hence,

flg(x)) > M for |x—V]|<o.
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The proof of part (c) is similar to parts (a) and (b).

We present the proof of parts (d) and (e) for x — V proofs for z — V* and z — 400
are similar.

d. Let € > 0 be any positive number. There exists a positive number P > 0 such that
|f(y) —b| <e forall y> P.

For any positive number P > 0 there is a positive number > 0, such that
y=g(z)>P forall |z—V]|<d.

Hence,
|f(g(x)) —b| <e forall |z—V]|<§

and

lim f(g(x)) = b.

z—V

e. Let € > 0 be any positive number. There exists a positive number () < 0 such that
|f(y) —b] <e forall y<@Q.

For any negative number () < 0 there is a positive number ¢ > 0, such that
y=g(r)<@Q foral |z—-V]|<§.

Hence,
|f(g(z)) —b] <e forall |z—V|<d

and

lim f(g(x)) = b.

z—V

Finally, we present the proof of part (f) for + — oo and lim g(x) = oo and

lim f(y) = oc.

y—+oo

The proofs for x — V, z — V* and x — —oo and lim g(z) = —oo and
lim f(y) = —oc.

y—+oo

f. Let M > 0 be any positive number. There is a positive number P; > 0 such that

fly) > M forall y> Pi.
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For this positive number P; > 0, there is a positive number P > 0, such that
y=g(xr)> P, forall x> P

Hence,
f(g(z)) > M forall x> P

and

lim f(g(x)) = oo.

T—r00

Q.E.D.

It is important to apply this theorem correctly. For example, in part (a), if we set
= g(x), then g(z) — b" as © — a. Hence,

lim f(g(x)) = lim f(y) = +o0.

T—a y—bt

The same for the other parts of this theorem.

It is incorrect to evaluate a function at infinity because oo does not represent a real
number. Hence, in part (d)

lim f(g(z)) = lim f(c0) = b is incorrect,
and
lim f(g(z)) = f(limg(z)) = f(co) = b is even worse.

Example 5.12. To evaluate the limit

o ()
lim csc| —
z—1/7t T

1
We have that the function csc (—) is the composition of the functions 1/z and

x
cosecant. In order to apply Theorem 5.4 (page 114), we consider the limit
) 1
lim —=m.
z—1/nt T

1 1
If z > —, then — < 7. Thus,
T T

lim —=n".
z—1/7t T
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On the other hand

lim csc(y) = oo.
YT

1
If y = —, then by part (a) of Theorem 5.4 (page 114)
x

: 1 .
lim csc (—> = lim cscy = oo.

z—1/mt X y—T

Exercises

1. Prove part (f) of Theorem 5.1 (page 101) forx — V.
Note. Assume parts (a) - (e) hold for x — V= and z — Fo0.

2. Prove part (g) of Theorem 5.1 (page 101) for x — oc.
Note. Assume parts (a) - (f) hold for x — V* and x — +o0.

3. Prove part (h) of Theorem 5.1 (page 101) for x — —o0.
Note. Assume parts (a) - (g) hold for x — V* and x — Fo0.

4. a. Prove part (a) of Theorem 5.3 (page 112), forz — V.

b. Prove part (b) of Theorem 5.3 (page 112), forx — V.
c. Prove part (c) of Theorem 5.3 (page 112), for x — oo.
d. Prove part (d) of Theorem 5.3 (page 112), for x — —o0.

5. Prove part (f) of Theorem 5.4 (page 114), for x — —o0.

6. Determine whether the conditionals listed below are true or false. If they are true
prove it, if they are false give a counterexample.

a. If lim g(x) = —ooand lim f(y) = oo, then
T—00 y——00

lim f(g(x)) = oo

T—00

b. If lim g(x) = coand lim f(y) = —oo, then

T——00 Y—>00

lim f(g(x)) = —oc.

T——00
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10.

11.

. Prove that lim

. Prove that

lim ax =2b =00 and lim az b= -0
T—00 T——00

for any linear function g(x) = ax + b where a > 0.

2
Prove that lim ——— = 0.
z——o0 (dx — )7

0.

250 (1220 — D
Evaluate the limit
—.

a1 T — &
Explain why L"Hopital’s rule cannot be applied to evaluate the limit

. esc(2)
lim ——%~ of Example 5.11 (page 114).

1— _ =
z—17 T — &

Complete solutions are provided on page 314.
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Chapter 6

Continuity in the Evaluation of Limits

It is said that a function is continuous if its graph does not “break.”

Although this “visual” interpretation is considered to be “useful,” it is incorrect and
leads to misunderstandings.

The definition of a continuous function at a number is as follows.

Definition 6.1. A function f is continuous at a number a if

lim f(2) = f(a).

T—ra

It is implicit in this definition that

= the number « is in the domain of f. That is, f(a) is defined.
» f(x) is defined for x — a.

» the limit lim f(z) exist and it is equal to f(a).

Tr—ra

Therefore, a function may only be continuous at a number «a if and only if the number
a 1s 1n its domain.

Negation of Definition 6.1.

A function f is discontinuous at a number a if either

» the number a is not in the domain of f, or

« the limit lim f(z) does not exist, or
Tr—a

» the limit lim f(z) exists but it is not equal to f(a).

T—ra
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Remark 6.2. By Definition 1.9 (page 15), a function [ is continuous at a if for any
positive number € > 0 there is a positive number 6 > 0 such that

|f(z) — fla)| <e forall 0<|x—al<o. (6.1)

Since a continuous function f is defined at this number a, the expression (6.1) is valid
for x = a. Hence, a function f is continuous at a if for any positive number ¢ > ()
there is a positive number > 0 such that

|f(z) — f(a)| <e forevery |x—al<?d. (6.2)
Definition 6.3. A function f is continuous everywhere if

lim f(x) = f(a) for every z € R.
r—a

The functions given in the next three examples are not continuous everywhere.

Example 6.1. The domain of the function

1
f(x) = — is all nonzero numbers.
T

Hence, it cannot be continuous at zero. The function is continuous on its domain since

.11
lim — = — for any nonzero a.
r—a I a
See Exercise 5 (page 71). U

Example 6.2. The domain of the function

x if x#0
1 if z=0

g(z) =

is R. It is not continuous at zero because
lim g(z) = limz = 0 # 1 = ¢(0).
Hence, it is not continuous everywhere. O
Example 6.3. The domain of the function
sin (1) if z#0
0 if =0

h(z) =

is R. Since the limit

1
lim h(z) = lim sin (—) does not exist
z—0 z—0 T

the function is not continuous at zero, and therefore it is not continuous everywhere. [
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In the next example, we prove that the exponential function e* is continuous

everywhere.

Example 6.4. We apply (6.2) to prove that e” is continuous for every number a.

For any positive number € > 0 there is the positive number

5:ln<£+1) >0 such thatif [z —a| < J,
ea

then
—d<zr—a<d=—0<In(e”) —In(e?) < 6.
By the properties of the natural logarithm
In(e®) —In(e*) = In (e_) :
ea

Hence,

—0 <In <e—> < 0.
ea

Since the exponential function is increasing, we have
eét
e < — < ¢ = e % <t < et
e
and
-0 _a a T a 0 _a a
e % —e? < et —e <ele — e,
The right side of the inequality (6.3) is equal to

€
e — e = (——i—l)e“—e“
60/

6@

ce®
= (——i—e“) —e*=c+e*—e*=c¢.

The left side of this same inequality (6.3) is equal to

(6.3)

_ e? e?
666a—€a:—6—6a:€ — e
(& _ ‘I’l
ea
a 2a
= —e — a = e — a
€+€a 5+ea
e(l
62a _ €a(6 + ea) 62(1 — g — 62(1
€+ e? €+ e
—ce?
€+ e
122
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a

Since e < ¢ + e¢* we have that < 1. Hence,
e+ et
—ee?
> —€.
e+ e?

Therefore, from the inequality (6.3)

—e<e’—e'<e = |e"—e<e

We must always specify where a function is continuous.

Examples of everywhere continuous functions are:

i. polynomials
ii. sine and cosine
1il. exponentials
iv. inverse trigonometric tangent and cotangent

v. hyperbolic sine, cosine, tangent, secant.

It is incorrect to say that a function is discontinuous because its graph “breaks.”

If the graph of a function is “broken,” then the function is not continuous everywhere,
but it may well be contiguous on its domain as we see next.

The continuity of a function at a number from the right or left is as follows.

Definition 6.4. a. A function f is continuous at the right of a number a if

lim f(z) = f(a).

x—a’t
b. A function f is continuous at the left of a number a if

lim f(x) = f(a).

r—a
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Again, a function may only be continuous from the right or left of a number if and
only if this number is in its domain.

It is implicit in part (a) of Definition 6.4 that

» The function f is defined for + — a™, and

» the limit lim f(x) exist and it is equal to f(a).

z—at

in part (b)

»« The function f is defined for x — a~, and

« the limit lim f(z) exist and it is equal to f(a).

T—ra~

Remark 6.5. Similarly to Remark 6.2 (page 121), we have that a function f is
continuous at the right of a if for any positive number ¢ > 0 there is a positive number
0 > 0 such that

|f(x) — f(a)| <e forevery 0<a—z<0d. (6.4)

And, a function f is continuous at the left of a if for any positive number ¢ > 0 there is
a positive number 6 > 0 such that

|f(x) — f(a)]| <e forevery 0<xz—a<y/. (6.5)

Definition 6.4 allows us to define continuous functions on their domains.

Definition 6.6. If the domain D; of a function f is

a. an open interval, then f is continuous on its domain if

lim f(z) = f(a) foreverya € Dy.

T—ra

b. a semi-closed interval such as [u, 00) or [u,v), then f is continuous on its domain
if

lim f(z) = f(u)

z—ut

and

lim f(z) = f(a) forevery u < aoru < a < v respectively.
T—a
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c. a semi-closed interval such as (—oo, v] or (u, v], then f is continuous on its

domain if
lim f(z) = f(v)
Tr—rv

and

lim f(x) = f(a) foreverya < voru < a < v respectively.
T—a

d. aclosed interval such as [u, v], then f is continuous on its domain if

lim f(z) = f(a) foreveryu <a <w,

lim f(x) = f(u) and lim f(z)= f(v).

If the domain Dy is the union of any type of intervals listed above, then the function f
is continuous on Dy if it is continuous in each one of the intervals of its union.

Example 6.5. The domain of the function
sin~'z is the close interval [—1, 1].
Hence, sin~! z is continuous on its domain because

limsin'z =sin"'a forevery -1 <a <1

T—a
and also
m£§+ sin"'z =sin7'(=1) = —g and xlg{lﬁ sin~'z =sin"'(1) = g
O
Example 6.6. The domain of the function
tanh ™'z is the open interval (—1,1).
Hence, tanh ™! z is continuous on its domain because
limtanh ™z =tanh™'a for —1<a<1.
a—a
O
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Example 6.7. The domain of the function
h(z) = +/z is the semi-open interval [0, co).

We apply the statements (6.2) on page 121 and (6.4) on page 124 to prove that h is
continuous in its domain.

Let a > 0 be in the domain of f(x) = /z. For any positive number ¢ > 0 there is
§ = ey/a > 0 such that if |z — a| < 4, then

Y- el B

Hence,

lim /z = v/a foreverya > 0.

Tr—a

On the other hand, for any positive number £ > 0 there is § = g2 > 0, such that if
0 <z <4, then /z < V22 = . Hence,

lim vz =0 =0.

z—0t

Examples of continuous functions on their domains are:

1. rational

il. trigonometric tangent, cotangent, secant, and cosecant

iii. logarithmic

iv. inverse trigonometric sine, cosine, cotangent, secant, cosecant
v. hyperbolic cotangent and cosecant

vi. inverse hyperbolic.

Negation of Definition 6.4 (page 123)

a. A function f is discontinuous at a number a from the right if either
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» the number a is not in the domain of f, or

« the limit lim f(x) does not exist, or
z—at

« the limit lim f (x) exists and it is not equal to f(a).
Tr—a

b. A function f is discontinuous at a number a from the left if either

» the number a is not in the domain of f, or

« the limit lim f(z) does not exist, or
Tr—a~

» the limit lim f(z) exists and it is not equal to f(a).
Tr—a~

Example 6.8. The domain of the function

x if x>0
h(z) = Ve is the interval [0, co).

1 if z=0
This function is not continuous at zero from the right because

lim h(z) = lim vz =0# 1= h(0).

z—0t z—0t

Hence, it is not continuous on its domain. O

Example 6.9. The domain of the function

is the interval (—oo, 0].

It is not continuous at zero from the left because the limit

. .1
lim g(z) = lim — = —oc0
r—0~ r—0— T
1s infinite, and therefore it does not exist. Hence, this function is not continuous on its
domain. U

By the Laws of Limits (Theorem 3.2 on page 47) and Theorem 3.7 on page 63, we
have the following theorem.
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Theorem 6.7. If the functions f and g are continuous at a number a, then the
following functions are also continuous at the number a.

This theorem also holds for continuous functions at the right and left of a number.

Proof. The proof is a direct consequence of Theorem 3.2 (page 47) because we have
that

lim f(z) = f(a) and lim g(x) = g(a).

r—ra T—a

Thus,

a. lim[f(x) £ g(x)] = f(a) = g(a).

T—a

b. lim[f(x)g(x)] = f(a)g(a).

T—a

c. lim[cf(z)] = c¢f(a) for any constant c.
T—a

W N R
d'ilgig(x)_g(a) only if g(a) # 0.

Q.ED.

Remark 6.8. From Theorem 6.7 we conclude that if f and g are two functions
continuous on their domains, then all the functions listed in this theorem are also
continuous on their domains. O

Example 6.10. By Exercise 4 of Chapter 3

limz = a for any number a.
Tr—a

Hence, by part (b) of Theorem 6.7

lim 2" = o™ for any positive integer n.
Tr—a

By parts (a) and (c) of Theorem 6.7 we conclude that all polynomials functions are
continuous everywhere. U
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Example 6.11. The functions f(x) = /7 and g(z) = sin™'  are continuous on their
domains: [0, c0) and [—1, 1] respectively. Thus, the functions

1. f(z)+g(z) = /x +sin 'z,
2. f(x)g(x) = /zsin 'z, and
3. af(x) + bg(x) = ay/r + bsin~' x where a, b are any numbers.

are continuous on [0, 00) N [—1,1] = [0, 1].
Since sin~!(0) = 0, the function

flx) Ve

g(x) sin'z

is continous on (0,1].

We stated in (3.24) on page 64 that if

lim g(z) =b
and the function f is continuous at b, then

lim f(g(x)) = f (lim g(x)) = f(b) = c.
We prove this claim in the next Proposition.

Proposition 6.9. If lim g(z) = band [ is continuous at b, then

lim f(g(z)) = £(0)
This proposition also holds for b* and ™.

Proof. We give the proof for x — a. The proofs for x — a* and x — oo are similar.
As in the proof of Theorem 3.7 (page 63). For any positive number £ > 0, there is a
positive number d; > 0 such that

|f(y) — f(b)] < e forevery |y—al< 0.
For this positive number 9; > 0, there is a positive number 5 > 0 such that
lg(z) —b] <01 forevery 0 < |z —al<ds.
Thus, for y = g(x)
|f(g(z)) — f(b)| <e forevery 0< |z —al<d.
Q.E.D.
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Corollary 6.10. If the function g is continuous at b and f is continuous at g(b), then
the composition f o g(x) is continuous at b.

This corollary holds for b* and b~

Proof. It follows directly from Proposition 6.9 since lin}) g(x) = g(b). Q.E.D.

r—r

Remark 6.11. By Corollary 6.10 we conclude that if g and f are two continuous
functions on their domains, then its composition f(g(x)) is continuous on its domain.

The function f(x) = x™ for some positive integer n is continuous everywhere, then if g
is continuous on its domain, then the composition f(g(x)) = (g(x))™ is continuous on
the domain of g.

Example 6.12. The functions f(z) = 2" for some positive integer n and g(z) = Inz,
are continuous on their domains. Thus, the composition

f(g(z)) = (Inz)™ is continuous on its domain which is (0, c0).
0

Example 6.13. The exponential function e” and the linear function f(x) = cz for any
number c, are continuous everywhere Thus, its composition

e/@ = ¢ is also continuous everywhere.

Continuity is also preserved for the inverse functions.

Theorem 6.12. If f is a continuous and one-to-one function on an interval I, then its
inverse f~1 is also continuous on the interval f(I) = {f(x)| x € I}, the image of I
under f.

The proof of this theorem is beyond the scope of this manuscript. However, we
encourage you to read its proof in [S]

In Example 6.4 (page 122), we proved that the exponential function e is continuous
everywhere. Its inverse function is the natural logarithm function In z. By Theorem
6.12, the function In z is continuous on (0, co) which is the range of e”.

! Spivak, M. Calculus, (1994) Ed. Publish or Perish.
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Any exponential function a” of base a is continuous everywhere because for any a > 0

a® =e“” where c¢=Ina,

and the exponential function e is continuous everywhere (Example 6.13).

Similarly, any logarithmic function log, x is continuous on its domain (0, c0) because
for any a > 0

Inz
log, © = —.
Ina

See Theorem 6.7 (page 128).

Transformations

Basically, we study three types of transformations: shifts (S), compressions/stretches
(T) and reflections (R). These everywhere continuous transformations are of
fundamental importance in the evaluation of limits.

The effects that these transformations have on the graph of a function f are described

below.

1. When a function f is composed with the shift transformation
Se(x)=x+c (c>0),
its graph is shifted as follows.

a. Sc(f(x)) = f(z) + ¢ cunits up.

b. S_.(f(z)) = f(x) — ¢ cunits down.

c. f(Se(x))= f(x+c¢) cunits to the left.

d. f(S_¢(x)) = f(x —¢) c units to the right.

2. When a function f is composed with the stretch/compress transformation
T(x) =cx (c>1),
its graph is stretched or compressed as follows.

a. T.(f(z)) = cf(xz) stretch it vertically by a factor of ¢ units.
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f(x)

b. Th(f(x)) = —  compress it vertically by a factor of ¢ units.
c. f(T.(z)) = f(cx) compress it horizontally by a factor of ¢ units.
d. f(Thje(x)) = f (;) stretch it horizontally by a factor of ¢ units.
3. When a function f is composed with the reflection transformation
R(z) = —ux,
its graph is reflected with respect to the axis as follows.

a. R(f(z))= —f(z) the z-axis.
b. f(R(z)) = f(—z) the y-axis.

Since all these transformations are everywhere continuous, by Corollary 6.10 (page
130), their compositions with a continuous function f are also continuous on the
domain Dy of f. That is, the graph of f does not “break” when f is composed with
these transformations.

Students must be clear that shifts, compressions, stretches, and reflections are the
results of compositions with these transformations.

When several transformations are composed with a function f, the effect on the graph
of the function f is described from right to lefft.

Example 6.14. Let f(z) = |z| and consider the composition
TyoRo foS g(x) =ThoR(f(x—2)) = To(—f(x—2)) = =2f(x - 2).

The effect on the graph of f is as in the following order.

1. For the composition
foS_ox)=f(z—2)=|x—2
the graph of f is shifted 2 units to the right.
2. For the composition
RofoS o) =—fle—2) = |z —2

the graph of f(x — 2) is reflected with respect to the x axis.
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3. For the composition
TyoRo foS o(x) = =2f(r —2) = —2|z - 2|

the graph of — f(x — 2) is stretched vertically by 2 units. In summary, the graph of
f is shifted 2 units to the right, followed by a reflection with respect to the x axis,
followed by a vertical stretch by two units.

See Exercise 3 (page 154). U

Limits of Discontinuous Functions

We now turn out attention to the evaluation of limits of discontinuous functions.

We may apply Theorem 6.13 below to evaluate limits of a function f which is
discontinuous at a, a™ or a~, and none of the results in Chapters 3, 4, and 5 apply.

Theorem 6.13. If f(x) = g(x) for v — a, and

lim g(x) exist or is equal to 0o or —oo,
Tr—ra

then

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

r—a r—a
This theorem also holds for x — a® and x — +o0.

Proof. We give the proof for z — a and lim g(a) = L.

T—ra

There is a positive number d; > 0, such that f(z) = g(z) forall 0 < |z — a| < d;.
For any positive number € > 0, there is a positive number J, > 0, such that

lg(z) — L| <e forevery 0< |z —al<ds.

Hence, for 0 = min(dy,6;) > 0
|f(z) — L| <e forevery 0< |z—al<0é.

The proofs of the other cases are similar. Q.E.D.
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Take note that Theorem 6.13 applies whenever it is possible to modify the function f

» algebraically,
» applying identities, or

» applying properties of the function f itself,

in such a way that the hypothesis of the theorem are met.
We illustrate the application of Theorem 6.13 (page 133) in the next examples.

Example 6.15. The function
f(z) =In(z — 1) —In(2® — 1) is not continuous at 1 from the right.

However, by the properties of the natural logarithm

f(z) =1In (;2_—_11> = ((m —x1)_(x1+ 1))

1
=In
(x—l—l)

=—In(x +1) foreveryz > 1.

Thus,
flz)=—In(x+1) forx — 17
and the function
g(x) = —In(z + 1) is continuous at 1.
By Theorem 6.13 (page 133),
mlgg In(r —1) —In(2z* — 1) = mlg% —In(z+1) = —In(2).

Example 6.16. The function

T+ 2
2 — 3x — 222

fta) = sin

) is not continuous at —2.
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However,

T+ 2 T+ 2 1
= = for all —2,1/2.
s w12 a_1p Corales -2l
Thus,
f(z) ! forx — —2
T) = T — —2,
r—1/2
the function
(x) ! is continuous at —2
x) = uous at —
=21

and the sine function is continuous everywhere.

By Theorem 6.13 (page 133), and Proposition 6.9 (page 129),
: : T+ 2 ) ) 1
lim sin | ————— ] = lim sin
T——2 2 — 3z — 222 z——2 x—1/2
. . 1
=gin | lim

a(st) ()

Limits at Infinity of Polynomial and Rational Functions

Let P(z) and Q(x) be the polynomial functions
P({L’) = anl'n‘i‘anfll'nil—i“ --tar—+ag Q(l’) = bm$m+bm,1xm71—|—- . +b$+bo

To evaluate the limits of polynomials and rational functions at infinity we apply
Example 5.9. In this example we show that

. oo if a, >0
lim P(z) = (6.6)

e -0 if a, <0
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and

—oo if nis an odd positive integer and a,, > 0

] oo if misan odd positive integer and a,, < 0
lim P(x) = (6.7)
e oo if nisan even positive integer and a,, > 0

—oo if nis an even positive integer and a,, < 0
\

In the same example we show that

P(z) . apx”

If m = n, then

n
anT an, an,

lim = lim — = —.
r—400 bmxm r—=400 bm bm

If n < m, then m —n > 0 and by Theorem 4.13 (page 94)

n

. an,T . an,
lim = lim — =0
r—400 bm:[)m r—+o00 bml'm*n
If n > m, thenn — m > 0 and
. a,x" . apx" ™
lim = lim
T—=400 bml'm T—F00 bm

We have several cases to consider.

By Example 5.1 (page 107) and Corollary 5.2 (page 106)

) a, "t m oo if >0
lim — = bm
ree Om —oo if =<0
(
—oo if n — mis an odd positive integer and ;= > 0
m
" "™ oo if n —misan odd positive integer and ;> < 0
m = "
T Om oo if n —m isan even positive integer and ;= > 0
—oo if n — mis an even positive integer and ;> < 0
\ m
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In summary,

e if m=mn
m

P() 0 if n<m 6.8)

AR O T

+oo if n>m

Example 6.17. In the limit

I T+ 2
im cos | ——————
z—00 2 — 3x — 222

the function

h(z) = cos (:c—+2)

2 — 3 — 227
is the composition of the cosine and the rational function
T+ 2
2 — 3z — 222
Since,
T+ 2

llm —mm—— =
z—oo 2 — 3z — 222

by Theorem 5.4 (page 114)

2
tim con (55 ) =0 =

Y

O
Trigonometric Limits
We apply Theorem 6.13 (page 133) to evaluate several trigonometric limits.
The evaluation of the limit
lim 2% (6.9)
z—0 X

can be found in most calculus textbooks, see for example any edition of [JS].?

From the limit (6.9) we deduce the trigonometric limits listed in the proposition below.

2 Stewart, J. Single Variable Calculus, Brooks/Cole.
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Proposition 6.14. Let

. sinzx
lim =1.
x—0

Hence, for any nonzero numbers u, v

1 —cosz
a. lim — = 0.
x—0 x

sin(ux)

b. lim ———=

z—0 xT

i x 1

c. llm—— =

2—0 sin(ux)

4. Tim SR(02)
v—=0 sin(vr) v

tan(uxr) u

20 tan(vr) v’
Proof. We apply Theorem 6.13 (page 133).

a. By the trigonometric identity sin? z = 1 — cos® z, we have

1—cosz B 1—cosz| |1+cosz
T T 1+ cosx

1 —cos?®zx sin z

(1+cosz)r  2(1+cosx)

_ [smx}{ sin } for & — 0.

T 1+ coszx

By the Laws of Limits (Theorem 3.2 on page 47)

sinx lim,_,gsinx 0

im = =-=0.
2014+ cosz  lim,o(l +cosx) 2

and by Theorem 6.13 (page 133),

. 1—coszx . sinx sinx
lim ——— = lim l ] [ }

x—0 €T x—0

. sinz . sinx
{hm } {hm —}
z—0 I z—0 1 4+ cosx

A Guide for Calculus Instructors



b. It is true that

— u(sm(uaz)) forz — 0.
T UL

By Corollary 3.3 (page 53)

sin(uzx)

lim uz = u(0) = 0.
z—0
Ift = ux,thent — 0asx — 0.
By part (c) of Theorem 3.7 (page 63) and the limit (6.9)

z—0 uxr t—0

c. This limit follows from part (b) of this proposition and part (d) of Theorem 3.2
(page 47).

d. We have
e =[5 [t e

By the Laws of Limits (Theorem 3.2 on page 47) and part (c) of this proposition

i S = ) [

{lim sm(um)] {Iim | x }
250 T 20 sin(vx)

L u
v

e. We have
tan(ur)  [sin(ux)| [cos(vz)
tan(ve) | sin(vz) | |cos(ux)

By the continuity of the cosine function at zero

lim cos(vx) _ cos(0) _
z—0 cos(ux)  cos(0)

By Theorem 3.2 (page 47) and part (c) of this proposition
tan(ux) _ [li sm(ux)} {li cos(vx)}

20 tan(vx) =0 sin(vz) | |#—0 cos(ux)

SHES
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Q.ED.

Example 6.18. To evaluate the limit

lim sin(z — 3)

r—3 3—:1;‘ ’

we apply Theorem 3.7 (page 63). By Corollary 3.3 (page 53), if t = x — 3, then
t—0 asxz — 3.

Hence,

Example 6.19. To evaluate the limit

. T
lim ——
z—0 1 — coszx

we apply Theorem 4.13 (page 94) to the limits

: x ) x
lim — and lim ——.
z—0+t 1 —cosx z—0- 1 —cosx
We know that cosx < 1 for z — 0 (see Figure 1.4 on page 6).

Thus, 1 — cosz > 0 for x — 0 and

1 —
o oos >0 forO<zx< E.
€T 2

By 3.6 (page 61),

. 1 —coszx
lim —— =
z—0t xT

0t.

Hence, by part (a) of Theorem 6.13 (page 133) and Theorem 4.13 (page 94),

i

lim —— =
z—0+ 1 — coszx
Similarly,
1 —cosz T
——— <0 for—=<z<0
T 2
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and by Proposition 3.6 (page 61),

1—coszx

lim =0".

z—0~ i
Hence, by part (a) of Theorem 6.13 (page 133) and Theorem 4.13 (page 94),

. T
lim — = —o0.
z—0- 1 — cosx

Therefore, by the negation of Proposition 4.8 (86), the limit

. xr .
lim ————  does not exist.
z—01 — cosx

L’Hospital’s Rule

The application of L’Hospital’s Rule * must be carefully understood. It only applies to
the type of limits listed in Definition 6.15.

Definition 6.15. Let f and g be two functions

a. Iflim f(z) = +oo and lim g(x) = -+oo, then the limit

f(x)
g()

b. Iflim f(z) =0 and lim g(z) = 0, then the limit

/()
g(z)

c. Iflim f(z) =0 and lim g(z) = oo, then the limit

lim

is of type co/00.

lim

is of type 0/0.

lim f(z)g(z) is of type Ooc.

d. Iflim f(x) =0 and lim g(x) = fo0, then the limit

lim g(z)"® s of type oc”.

3 This rule is also spelled as I’Hopital
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e. Iflim f(z) =1 and lim g(z) = Fo0, then the limit

lim f(x)?® s of type 1%°.

f. Iflim f(z) =0 and lim g(z) = 0, then the limit

lim f(2)'® is of type 0°.

Students must know how to evaluate limits in order to determine whether a limit is of
any of the types listed in Definition 6.15.

Theorem 6.16. L’Hospital’s Rule. If the limit

()

lim o) is of type 0/0 or oo/o0,
then

S ()

lim m = lim 7 ()

if the limit on the right exist or is equal to co or —o<.

The proof of L’Hospital’s Rule can be found in [S] *.

It is implicit in Theorem 6.16 that

» both functions f and g are differentiable on their domains.

!/
» ¢'(x) # 0 wherever the limit lim f'@) is defined.

g'(x)
Limits of type Ooo.
If either
lim f(z) =0" or lim f(z)=0"
and

lim g(x) = =+o0,

4 Spivak, M. Calculus, (1994) by Publish or Perish.
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then by Theorem 4.13 and Remark 4.14 (pages 94 and 96, respectively)

lim =0 (6.11)
9(x)
and
li L + (6.12)
im — = 400 .
(@)
If (6.11) and (6.12) hold, then we may be able to apply I’Hospital’s rule to the limits
- f(=) - g(x)
lim ——— and lim ——— (6.13)
1/g() 1/f(x)
because the former is of type 0/0 and the latter is of type co/oc.
Example 6.20. To evaluate the limit
. (1
lim xsin (—) (6.14)
T—00 x

we consider the limits

lim z = oo, [by (6.6) on page 135]
T—00
.1 i
lim — =07, [by Theorem 4.13 on page 94]
T—00 I

and

= lim sint = 0"
t—0t

1
lim sin (—) [by Proposition 6.9 (page 129)]
r—00 x
Hence, the limit (6.14) is of type Ooo and we can apply I’Hospital’s rule. Since the
limit
lim
z—00 Sin ( 1 )

T

is undefined (see Figure 1.11 (page 17)),

we must consider the limit

in (L
fn S12)
Z—00 1/1‘

of type 0/0. (6.15)

The derivatives of the numerator and denominator functions are:

Lan (L) = (1)(2)
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and

d1 1

-— —=—=.

dz x T

Applying I’Hospital’s rule we have by Proposition 6.9 (page 129),

d o (1
= sin (= 1
lim dxd—l(””) = lim cos (—) = cos(0) = 1.
Therefore the limit (6.14) is equal to 1. ]

Study the next example carefully. Pay attention to the importance that the choice of the
limits (6.13) have in order to apply I’Hospital’s rule properly, and the strategy used to
evaluate the given limit.

Example 6.21. To evaluate the limit

1
lim xsin (—) Inz (6.16)
z—0t x
We recall that

1
lim zsin (—) =0T (see Example 3.4 (page 60)).

z—0t T

Since lim+ In x = —o0, the limit (6.16) is of type Oocc.
z—0

To apply I’Hospital’s rule we must consider the quotient

T sin (%)

Y (6.17)

because the reciprocal of the numerator function

———— is undefined for z — 0% as shown in Example 4.9 (page93).
Z S1n (%)

If we take the derivatives of the numerator and denominator of the quotient (6.17), we

b)) (2
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and

df1] 5 1
dr [Inz|  (nz)2  z(nx)?

Thus, we end up with the limit

2
lim _(lna:) [xg sin (1) — 2 CoSs <l>] .
z—0+ T x T

We cannot apply 1’Hospital’s rule because this limit is none of the types listed in
Definition 6.15.

1
We change our approach and consider the product of = In z and sin (—) instead.
x

The function zlnx < 0 for z — 07; thus,

1 1
—1 <sin <—) <1= —zlnz > (zrlnz)sin (—) >xlnz
x x

We must evaluate the limits on the right and left of this inequality to apply the Squeeze
Theorem 3.13 on page 70. The limit

lim zlnz is of type Ooco [why?].
z—0t

We apply 1’Hospital’s rule to the quotient of In z and 1/x

| 1
limﬂ:hm— /x:hm—x:().
z—0t 1/$ z—0t 1/1’2 z—0t

By the Squeeze Theorem

1
lim (zInz)sin (—) = 0.
z—0t X
What happens if we apply I’Hospital’s rule to the limit

T

lim ?
=0+ 1/Inx

Remark 6.17. If

lim f(x) =0 neither from the right nor left
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and
lim g(x) = +o0,
we must apply I’Hospital’s rule to the limit of type 0/0

f(x)
1/g(x)

lim

if it is defined.

Limits of type oc?, 1°° and 0°.
If we apply the natural logarithmic function to the function h(z) = f(2)9®), we get
In(h(x)) = In (f()*) = g(z) In(J ().
Thus,
lim In(h(z)) = lim g(z) In(f(z)). (6.18)
The limit (6.18) is of type 0oo, if

» lim f(z) =00 and lim g(z) =0,
« lim f(x) =1 and lim g(z) = +oo,or
« lim f(z) =0" and lim g(z) = 0.

In other words, the limit (6.18) is of type Ooco if and only if the limit

lim f(z)'™ s of type oo, 1 or 0°.

The exponential function e” is continuous everywhere and

lim e* = oo and lim e* =0.
Tr—r0Q0 r——00

Thus, if the limit

« lim g(z)In(f(x)) = K exists, then by Proposition 6.9 (page 129),
lim f(2)"® = lim explg(z) In(f(x))] = explim g(z) In(f(z))] = ¢". (6.19)
« lim g(z)In(f(x)) = oo, then by part (f) of Theorem 5.4 (114),
lim f(2)!® = lim exp[g(z) In(f(z))] = oco. (6.20)
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» lim g(x)In(f(z)) = —o0, then by part (e) of Theorem 5.4 (page 114),
lim f(z)?®) = lim explg(z) In(f(z))] = 0. (6.21)

Remark 6.18. For these types of limits, we must verify that the limit (6.18) is defined.
Observe that the function In(x?) is defined for all non-zero x, and the function 21n x is
defined for all x > 0. Hence,

In(z?) = In(|z*) =2In|z|  forz #0.
and

In(z®) =2lnx  forxz > 0.
Example 6.22. The limit

lim (sin®z)” is defined since sin® x > 0 for every number .
z—0~

If we apply the natural logarithm to the function (sin z)* we may consider
In(sin® 7)* = zIn(sinx)? = 2z In(sin z).

However, sin x < 0 for z — 0~ and therefore In(sin ) is undefined for x — 0~.
So we must consider 2x In | sin x| instead of 2z In(sin z).
Thus,

In|sinz| =In(—sinz) forz — 0.
We apply I’Hospital’s rule to the limit

2In(—sinx)

li ft .
Jm gy ofpeco/ee
We have,
—2cosT

sinz

. 222 cos x
lim im —.
e—0- —1/22 20— sinx
This limit of type 0/0 and we apply 1’Hospital’s rule once more together with the
Laws of Limits.

lim 20 [2cosx—xsinx} _ [lim 23:] [lim 2c08sx —xsine _0(2) =0,
20— CoS T 20— 50— COS T
By (6.19)

lim (sin®2)* = € = 1.
z—0~
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Example 6.23. We consider the well-defined limit

w (1)
lim [ =) .
=0T \ T

1 x
We apply the natural logarithm function to the function (—) .

x
1\* 1
In (—) =zln (—) = —xlnz forz — Ot.
x x

Thus, the limit

lim —zlnzx is of type Ooco.
z—0t

We apply I’Hospital’s rule to the limit

1 1
TR TN AN
z—0t 1/ZE r—0T — 1/[152 z—0t

Hence, by (6.19)
1 xr
lim (—) =’ =1.
z—0t \ X

Example 6.24. The limit
: 1\* .
lim <—) is of type 0.
T—r00 X

Thus, I’Hospital’s rule does not apply. However, we can apply the same strategy and

1 x
we apply the natural logarithm function to the function (—> .
x

1 x
In (—) = —zlnx forz — oo.

T

By Theorem 3.2 (page 47)

lim —zlnx = —o0.
Tr—r0Q0

By (6.21)

1 X
lim <—) =0.
r—00 \ T

O

148 A Guide for Calculus Instructors



Limits of Type co — oo

L’Hospital’s rule may be used to evaluate limits of type co — oo, only if the function
can be modified in such a way that the resulting limit is of either type 0/0 or co/oc.
However, this is not always possible, as we show in the next example.

Example 6.25. The limit

1
lim —+Inz isof type oo — oo.
z—0t T

We change it algebraically to get a quotient

1 l—zlnz
—+lhe=———
T T

But the limit

1 -zl
lim — " s neither type 0/0 nor co/oc.
z—07F x

We cannot apply 1’Hospital’s rule, but by Example 6.24

lim —zlnx =0

z—0t
and
lim 1 —xlnx =1 by the Laws of Limits.
z—0t
Since,
lim — = o0
=0t T

By part (e) of Theorem 5.1 (page 101)

lim 1z lim (1 —zlnx) (l> = 00.

z—0* T z—0t
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Limits of Type oc/0

f(z)

as the
g9()

To evaluate limits of type co/0 we must consider the quotient function

product f(x) (L) :

g(x)
If lim g(x) = 0%, then by Theorem 4.13 (page 94),

. 1
lim = 00.
g9(z)
Therefore, if
. . 1
lim f(x) =00 and lim — = oo,

g(x)
then by part (g) of Theorem 5.1 (page 101) we have that

Similar applications of Theorem 4.13 (page 94), and parts (g), (h) and (i) of
Theorem 5.1 (page 101), give the following result.

Theorem 6.19. If

lim f(x) = oo, lim F(x) = —o0,

lim g(z) = 07", lim G(z) =0,

N}
5.
=

S
=
(o

|

|

o
—
p
=
=
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The limits listed in Theorem 6.19 must be defined in order to conclude. See that the

limit
1
lim sin (—) =0"
T—00 x

but the limit

lim L is undefined, see Example 1.4 on page 9.
z—oo sin(1/x)

Also, by Exercise 6 (page 99), the limit

1
lim ——* s well-defined and of type 0o /0
2—0+ w(r)

where w(x) is the function defined in Example 4.8 (page 92). However, by part (b) of
Exercise 12 (page 99)

) 1 )
lim —— does not exist.
e—0+ w(T)

Therefore, if

|
lim L K for some K,
z—0+ w(x)

then by Theorem 3.2 (page 47)
. Inz ) ) Inz .
=|lim — | | lim w(z)| = lim | — |w(z) = lim Inz = —c0.

This contradiction tells us that

) Inx )
lim —— does not exist.
-0+ w(x)

Thus, it cannot be infinite. See Exercise 8 of this chapter.
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Summary

In Figure 6.1, we present a Venn diagram indicating the relations of finite limits,
infinite limits and non-existing limits.

E DNE
l;TnVl fx) =1L

lim f(x) #L
x—>too

Iy f@ =K

lim f(x)=K
x—>t00 &) for any number L

for some number K

lim (@) = too

lim f(x)=+o
x>t

Figure 6.1: Venn diagram of finite, non-existing and infinite limits

The set E' consists of finite limits, the set D /N E consists of limits which do not exist,
and the set [ consists of infinite limits.

The sets £ and DN F are disjoint. That is, a limit either exists or does not exist but not
both.

The set I is a proper subset of the set DN E. That is, all infinite limits do not exist, and
there are limits which do not exist and are not infinite.

Looking at the complements of these sets.

« If a limit is not finite, then either it does not exist or it is infinite, or both.
» If a limit is not infinite, then either it is finite or it does not exist but not both.

We presented the sequence of learning of limits from their definitions and their
negations.

1. Finite Limits. Chapters 1 - 3.

(a) Finite limits at a number. Definition 1.9 (page 15), Definition 1.10 (page 20),
Definition 1.11 (page 22).
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(b) Finite limits at infinity. Definition 2.5 (page 35), Definition 2.6 (page 40).
Horizontal asymptotes. Definition 2.7 (page 43).

(c) Properties of finite limits. Laws of Limits (Theorem 3.2 on page 47).

i. Finite Limits from the right and left. Definition 3.4 (page 56).
ii. Limits of polynomial and rational functions. Corollary 3.3 (page 53).
iii. Finite Limits of composition of functions. Theorem 3.7 (page 63).

iv. Finite limits of inequalities. The Squeeze Theorem (Theorem 3.13 on
page 70).

2. Infinite Limits Chapters 4 - 5.
(a) Infinite limits at a number. Definition 4.4 (page 81), Definition 4.5 (page 82).

Vertical asymptotes. Definition 4.6 (page 83).

(b) Infinite limits at infinity. Definition 4.9 (page 89).
Reciprocal functions and finite side limits. Theorem 4.13 (page 94)

(c) Properties of infinite limits. Theorem 5.1 (page 101), Corollary 5.2 (page
106)

1. Limits of polynomial functions at infinity. Example 5.9 (page 110).
ii. Inequalities. Theorem 5.3 (page 112).
ii1. Composition of functions. Theorem 5.4 (page 114).

3. Evaluation of Limits Chapter 6.

(a) Continuity. Definition 6.1 (page 120).

(b) Continuous functions on their domains. Definition 6.6 (page 124).
(c) Transformations. Chapter 6 (page 131).

(d) Limits of discontinuous functions. Theorem 6.13 (page 133).

(e) Limits of polynomial functions at infinity. Equation (6.7) (page 136).
(f) Limits of rational functions at infinity. Equation (6.8) (page 137).
(g) Squeeze Theorem. Theorem 3.13 (page 70).

(h) Trigonometric limits. Proposition 6.14 (page 138).

(1) L’Hospital’s rule. Definition 6.15 (page 141).

() Limits of type oo — oo. Theorem 6.19 (page 150).

(k) Limits of Type oo /0. Theorem 6.19 (page 150).

(I) Limits of Type 0/oc0. Exercise 9.
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Exercises

1. a. By Exercise 9 of Chapter 1 the sine function is continuous on the close
. ™ . . . .
interval [0, 5] . Apply transformations to prove that the sine function is

everywhere continues.
b. Use part (a) to prove that the cosine function is everywhere continuous.

2. Sketch the graph of the composition
Tr0Ro foS s(z)
of Example 6.14 (page 132).

3. Describe the transformations and the order in which they modify the graph of
the function

1 if <0
1 if O<ux

fz) =

in the composition
SyoTi30Ro f(x).
Give the graph of the function Sy 0 Ty /30 Ro f(x).

4. Give an example of one and only one function f which satisfies all the
conditions listed below.
a. The domain of f is R.
b. It is discontinuous at 0.
c. Itis continuous from the left at 0.

d. Tt is continuous on the interval (0, 0o).

5. Give an example of a rational function R(z) so that

2
a. lim R(z) = -,

T—00 3
b. R(1) =0 = R(3), and
c. R(—1) is undefined.
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6. Determine the type of the limits listed below.

. Inzx
a. lim —
z—0t T
. sinx
b. lim
r—oo I
. Inz
c. lim —
z—0+ SIn

7. Evaluate the limits listed below

. 1l —secx
a. lim ———
z—0 T
. tan(ux)
b. lim for any nonzero u.
z—0 xX

c. lim for any nonzero u.
z—0 tan(ux)

8. Let w(x) be the function defined in ?? (page ??). In Exercise 6 of Chapter 4 it
was proved that

lim w(z) = 0.

x—0

Prove that

1irr(1] w(z) =0 from neither the left nor right of zero.
T—

lim f(x) =0 and lim g(z) = Foo0,

then

f(z)

is of type 0/o0.
9(x) /

lim

Apply Remark 4.14 (page 96) to explain why in this case

f(z)

lim
g(z)

=0.

Complete solutions are provided on page 323.
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Chapter 7

Teaching Limits

In Chapters 1-6, we cover all necessary definitions and results about limits and their
evaluation. Calculus instructors must master the content of these chapters.

In the next three chapters, we provide our recommendations on how to teach limits
when definitions of limits are left out, left as optional, or learned after the material of
limits have been covered.

At the end of each section, we state the learning objectives followed by suggested
exercises. Always look for or make up your own exercises, aiming, at a minimum, to
test each objective.

Basic Functions

If the definition of a limit is not our starting point, we must provide a solid base to
develop our understanding of what a limit is.

The best approach is to introduce a minimum number of “basic” everywhere
continuous functions, such as

i. Constant function C'(z) = c.

ii. Identity function I(x) = x.

iii. Simplest square function S(z) = z?.

iv. Simplest cubic function C'(z) = .

v. Absolute value function V'(z) = |z|.

vi. Since and cosine functions.

These functions are taken as “axioms” from which we can generate more continuous
functions by composing them with the transformations described in Chapter 6

(page 131). Moreover, students should be able to sketch the graphs of the
compositions of basic functions and transformations, by applying the effect that the
transformations have on the graphs of these basic functions.
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Since continuity is preserved under these transformations, all the functions listed
below, where b and c are any positive real numbers, are examples of continuous
everywhere functions.

a. Sp(Te(x)) =cx+band S_y(T.(x)) = cx —b linear functions,

cx? +band S_4(T.(S(x))) = cx? —b  quadratic functions,

cxd +band S_4(T.(C(z))) = cz® — b  cubic functions,

) =
c. Co(S(Sy(x))) = c(x +b)* and C.(S(S_4())) = c(x — b)*  quadratic functions,
) = )
) = (

(
e. C.(C(Sy(z) c(z +b)* and C.(C(S_4(z))) = c(x — b)®  cubic functions,
f. Sp(Te(sinz)) = csinz + band S_p(T.(sinx)) = csinz — b,
g. Sp(Te(cosx)) = ccosx +band S_y(T.(cosz)) = ccosx — b, and

h. sin(Sy(x)) = sin(z + b) and sin(C.(z)) = sin(cz).

At this point, students do not know what a continuous function is, but they should be
able to sketch the graphs of these basic functions and their composition with the
transformations described in Chapter 6 (page 131).

Piecewise functions are very useful as examples and counterexamples. Hence,
students must learn

» to identify their domains,

= how to evaluate them, and

= sketch their graphs.

Objectives

Students should be able to

1. Sketch the graphs of all the basic functions.

2. compose functions.
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3. know the effect that transformations have on the graphs of basic
functions.

sketch the graphs of composition of functions with transformations.
find the domains of piecewise functions.

evaluate piecewise functions.

-

sketch the graphs of piecewise functions.

Each of the questions below tests the objectives of this section in
sequential order. Review them and make up your own questions.

Exercises

1. Give the composition functions indicated below.

a. Fy(Fy(x)) where Fi(v) = x + 4 and Fy(z) = il
b. sin(C(x)) where C(x) = 2.
c. F3(S(Fy(x))) where F3(z) = 2z, Fy(z) = — g and

S(x) = 22

2. Describe the effect that the compositions listed below have on the
graph of a function f.

a. T 5(S5(f(x))) where T () = g and Ss(z) = z + 3.
b. f(T5(x)) where T, = 2x.
c. S_4((f(R(x))) where S_4(x) =z — 4, R(x) = —=.

3. Sketch the graphs of the functions listed in the previous question
where f(z) = cosx.
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4. Give a piecewise function with domain all real numbers except the
numbers 0, 2, and 7

5. Evaluate the piecewise function

)
siny if =< —%

fla)y=9 2 if ~-T<z<3

\ 2—1 if r<zxr<2rm
7r
at the numbers —1,3, 7.

Explain why f (%T) 1s undefined.

6. Sketch the graph of the function in the previous question.

Complete solutions are provided on page 329.

Visual Understanding of Values of a Function

We teach limits at

= a number from the right (z — a™),
« a number from the left (v — a™),
« a number (z — a), and

« infinity (r — £00).

We strongly recommend to teach them in this order.

As it was explained in Chapter 1, the understanding of “closeness” of
two numbers is fundamental in the learning of limits.
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To arrive at the intuitive ideas of limits at a number a from the right
or left, we must know

a. which numbers are at the left or right of a number a
(Definition 1.1 on page 1),

b. that there are numbers sufficiently close to a number a from the
right or left (Remark 1.7 on page 11),

c. when a number is very close to a number a from the left or right
(Definition 1.2 on page 3), and

d. how to locate the values f(z) of a function f for numbers x
sufficiently close to a number a from the right or left.

To consider numbers from the right, left and around a number a,
students should get used to working with open intervals of the forms
(a,a+9),(a—9d,a)and (a — 9, a + &) for some positive number § > 0.
The use of these intervals makes easier for the students to understand
that the smaller 0 the closer a number is to the number a.

We know that

there are numbers sufficiently close to a number a from the
right or left

because any open interval is nonempty.
Hence, for any number @ and any positive number > 0, there is a
number between a and a + ¢ and a number between a — ¢ and a.

Visually, the interval (a, a + 0) is the set of all numbers between a and
a+o.
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v

a x a+t o

Figure 7.1: There is a number z in the open interval (a, a + §)

Since the number 6 > 0 is arbitrary, it can be taken arbitrary small,
making the distance x — a > 0 between the numbers a and x very small.
Thus, there are numbers very close to a from the right.

The interval (a — 0, a) is the set of all numbers between a — ¢ and a.

a-ao x a

Figure 7.2: There is a number z in the open interval (a — 0, a)

Again, since the number ¢ > 0 is arbitrary small, there are numbers
very close to a from the left.

We conclude that there are no “holes” on the real line. Therefore, we
know that there are numbers sufficiently close to a number a from the
right or left.

Based on this fact we say that

« - — a represents the set of those numbers very close to the
number a from the right. That is,

r—a ={reR|a<wz<a+d foraverysmalld>0.}

« £ — a  represents the set of those numbers very close to the
number «a from the left. That is,

r—a ={reR|la—-—J<z<a foraverysmallé>0.}

« © — a represents the set of those numbers close to the number a
from the right and left. That is,

r—a={reRla-d<x<a+d foraverysmalld> 0.}
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See Definition 1.2 (page 3).

The next step is to visually locate the values of f(x) for numbers x
sufficiently close to the number a from the right and left.

In the next three examples, we identify the domains and values of the

piecewise functions close to a number.

Example 7.1. The domain of the piecewise function

22 if x<?2

f(x) = is R

z if z>2

Its graph is shown in Figure 7.3.

Figure 7.3: The graph of the piecewise f(z)

The values of this function around 2 are

162
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Example 7.2. The domain of the piecewise function

22 if x<?2

g(x) = ' isR—1[2,3) = (—00,2) U3, 00).
r if >3

Its graph is shown in Figure 7.4.

Figure 7.4: The graph of the piecewise g(z)

This function is undefined for numbers sufficiently close to 2 form the
right. That is, the function is undefined for z — 2*. It is also undefined
for numbers sufficiently close to 3 from the left. That is, the function is
undefined for x — 3.

The values of this function around the number 2 are

g(x) =2* forx — 27.

The values of this function around the number 3 are

g(3)=3 and g(x)=2x forxz — 3T

Example 7.3. The graph of a piecewise function A(x) is shown in
Figure 7.5.

Its domain is the union of three intervals: (—oo, a) U [b,0) U (0, 00).
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AN/

ab ¢

Figure 7.5: The graph of the piecewise h(x)

It is undefined at the numbers ¢ and 0, and forx — o™ and x — b~

Itis defined forx - a ,x = b ",z = 0and x — c. O

In Examples 7.1 to 7.3, we pay attention to the values of the functions
on the z-axis .

In Figure 7.3, we pay attention to the numbers, on the z-axis, close to
the number 2 from the right. The corresponding values f(x) of f on the
y-axis are close to the number 2 from the right. That is,

f(x)—=2>0 forx— 2%,

Figure 7.6: f(z) is close to 2 as x — 27

In Figure 7.4, we consider the numbers, on the x-axis, close to the
number 2 from the left. The corresponding values g(x) of g on the
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y-axis are close to the number 4 from the left. That is,

4—g(x)>0 forz— 2.

B |-y

Figure 7.7: g(z) isclose to 4 as © — 2~

In Figure 7.5, we consider the numbers, on the x-axis, close to the
number ¢ from the left and right. The corresponding values h(x) of h on
the y-axis are close to the number O from the right. That is,

h(z) >0 forx — c.

c

x—qu—x

Figure 7.8: h(x) iscloseto 0 as z — ¢

Using particular cases, we explain what we mean by the values of a
function to be close to a number and to be close from the right and left.

The values f(z) of a function f are close to a number L, if their
distance is small (see the distance between two numbers on page 3).
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A. The values of f(x) are very close to a number L from the right if

0< f(r)— L <e ande > 0isa very small number.

B. The values of f(x) are very close to a number L from the left if

0< L — f(zr) <e ande > 0isavery small number.

C. The values of f(z) are very close to a number L if

|f(x) — L| <& ande > 0is a very small number.

We introduce next the notation of the situations described above.

« f(x) > R”
represents those values f(x) of the function f which are very close
to the number R from the right,

. f(l‘) — L
represents those values f(z) of the function f which are very close
to the number L from the left, and

« flx) > M
represents those values f(x) of the function f which are very close
to the number M from the right and left.

Students should do as many exercises as possible to visually locate the
values of functions on the y-axis.

Objectives

Students should be able to

1. Determine how close two numbers are on the real line.
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2. Locate the values of a function for numbers close to a number from
the left and right.

3. Visually determine the values of a function at a number from the left
and right.

Each of the questions below tests the objectives of this section. Review
them and make up your own questions.

Exercises

7. If 6 = 0.01, give a number in the intervals listed below

a. (0,0)
b. (2 —0,2)
c. (1.001,1.001 + )

8. How close is 7 from 3.1416.

9. A. Sketch the graph of the function g

)
3z +2 if < -2

g(z) = 1 r if —2<ax<2m

\ 2sinx if x> 2«
B. Give the values of the function at the numbers listed below.

. g(—3)
. 9(0
. g(1
- 9(
- 9(

o o o ®
Q
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C. Give the number R so that

.g(r) > R forx — —2~
) — R forx — —2%
c. g(x) > R forx — 27~
d. g(x) > R forz — 27t
10. Give the graph of one and only one function f which satisfies all
the conditions listed below.

a. its domain is R

b. f(z) > —2Tasz — 2~

Complete solutions are provided on page 332.

Intuitive Understanding of Limits

The intuitive ideas of side limits must be introduced only after the
concept of “closeness” introduced on pages 161 and 165 is well
understood.

We introduce the notation of limits at the same time we learn about
numbers and values of a function being close.

We are ready to establish the intuitive meaning of side limits and limits.
See statements (1.1) on page 15, (1.11) on page 20 and (1.14) on page
22,
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Limit at the right of a number. If we can make the values of f(x)
to be very close to R (as close as we like) by taking x
sufficiently close to a from the right, then

lim f(z) = R.
r—at
Limit at the left of a number. If we can make the values of f(x) to

be very close to L (as close as we like) by taking x sufficiently
close to a from the left, then

lim f(z) = L.

Limit at a number. If we can make the values of f(x) to be very

close to M (as close as we like) by taking = sufficiently close to
a, then

lim f(z) = M.

T—a

It is implicit in the limits stated above that

a. the number ¢ may not be in the domain of f.

b. for z — a™, the domain of f must contain an open interval
(a,a + ¢) for some § > 0.

c. for x — a~, the domain of f must contain an open interval
(a — 0, a) for some 6 > 0.

d. for x — a, the domain of f must contain an open interval
(@ —6,a) U (a,a+ 9) for some § > 0.

A limit is undefined if the conditions (a) - (c) are not met.
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In Examples 7.1 to 7.3 we see that we can consider f(x) for x — 2 and
g(x) for x — 2~ and for x — 3" but not for x — 2" nor x — 3~. Thus,

« lim f(z) is well defined.

r—2

« lim g(z) is well defined.

r—2~

« lim g(z) is well defined.
x—3T

« lim g(z) is undefined.
x—2+

« lim g(x) is undefined.
T3~

It must be made clear to the students that a limit

lim f(x) does not exist
rz—Ta

if and only if

lim f(z) # K for any number K.

r—Ta

The relationship between side limits and limits at a number was
established in Proposition 1.12 (page 24). We re-state it here for clarity.
Proposition 7.1. The limit lim f(x) = M exists  if and only if

Tr—a

a. lim f(z) =R exists,
r—at

b. lim f(x) =1L exists, and

r—a—

c. R=L =M.
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This proportion says that
lim f(z) = M ifandonlyif lim f(z)=M = lim f(z).

T—a rx—at T—a~

For example, in Figure 7.8 we see that

lim h(x) =0 = lim h(x).
x—ct

Tr—Cc™

Thus, by Proposition 7.1
lim h(z) = 0.

Tr—C

In Figure 7.6 we see that

lim f(x) =4 and lim f(x) = 2.

T2~ r—2F

Thus, by Proposition 7.1

lim f(z) does not exist.
T—2

To understand non-existing limits, students must learn the negations of
the statements above.

Negation of a limit at the right of a number. The limit

lim f(x) does not exist if

r—at

lim+ f(z) #R for any number R.
r—a

That is, for any number I?, there is a number x close to the number a
from the right, such that f(z) is not close to the number R (i.e. the
distance between f(x) and R is not small).

Negation of a limit at the left of a number. The limit

lim f(x) does not exist if
x—at
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lim f(x) # L for any number L.

T—a—

That is, for any number L, there is a number x close to the number a
from the left, such that f(x) is not close to L (i.e. the distance
between f(x) and L is not small).

Negation of a limit at of a number. The limit

lim f(x) does not exist if

rz—at

lim f(z) # M for any number M.
Tr—a

That is, for any number M, there is a number z close to the number
a, such that f(x) is not close to M (i.e. the distance between f(x)
and M is not small).

Students must also understand these negations visually.

For example, from the graph of the function

1
sin <—) Figure 1.11 on page 17,
x

we see that for any number M, we can find a number x close to the
number O (from the left or right) such that f () is not close to M.

That is, the distance between f(x) and M is not small for some number
x close to the number 0. Hence,

. 1 )
lim sin (—) does not exist.
x—0 €T

Without the graph of a function, it is difficult or impossible for the
students to explain why a limit does not exist. However, they must learn
the negation of Proposition 7.1.
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The limit

lim f(x) does not exist,
Tr—a

if and only if either

a. lim f(xz) does not exists,
Tr—a—

b. lim f(x) does not exists, or
z—at

c. lim f(x)=L# R= lim f(z).

T—a~ z—at

Most students are capable of applying part (¢) of this negation to
explain why a limit does not exist.

Students should do as many exercises as possible to understand,
visually, the existence and non-existence of limits.

Objectives

Students should be able to

1. Determine whether a limit is either well defined or undefined.

2. Locate the values of a function for numbers close to a number from
the left and right.

3. Explain the value of a limit of a function by looking at its graph.

4. Explain the non-existence of a limit of a function by looking at its
graph.
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Each of the questions below tests the objectives of this section. Review
them and make up your own questions.

Exercises

11. Sketch the graph of one and only one function f such that

a. lim f(x) is defined.

r——1t

b. lim f(z) is undefined.

r——1"

c. f(0) is defined and lir% f(z) is undefined.
T—

12. Consider the graph of the function h shown below.

Figure 7.9: Graph of the function h

A. Give a number a such that h(a) is undefined. Explain.

B. Give a number b such that h(b) is defined and £1LI}) f(x) # h(b).
C. Explain why xlirgl+ h(z) is undefined.

D. Give a number ¢ # 0 such that lim h(x) is undefined

z—ct
E. Give the value of the limits listed below

(a) liliJ%Jr h(z),
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(b) lim h(x),

rz—0~

(¢) lim h(z),

r—21

Complete solutions are provided on page 335.
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Chapter 8

Continuous Functions

Since students do not learn the definition of limits, they do not have to
prove which functions are continuous. It is enough for them to see and
accept from the basic functions’ graphs that these functions are
everywhere continuous; hence, their compositions with the
transformations listed on page 131 are also everywhere continuous.

We start by defining continuity at a point to generalize it later to
intervals. Again, appealing to our visual understanding of limits.

A function f is continuous at a number a if

lim f(x) = f(a). (8.1)

T—a

For (8.1) to hold we must have three things

1. The number a belongs to the domain of f; thus, f(a) is defined,

2. the limit lim f(z) exists, and
r—a

3. the limit lim f(x) = f(a) exists and it is equal to f(a).

Tr—a

Students must understand that if a function i1s continuous at a number a,
then visually, its graph “does not break™ around a. Hence, all basic
functions are continuous at any number and therefore they are
continuous everywhere.

A function f is not continuous at a number « if the negations of
either of the three statements above do not hold. That is,
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1. The number a does not belong to the domain of f; thus, f(a) is
not defined, or

2. the limit lim f(z) does not exists, or
Tr—a

3. the limit lim f(x) exists but it is not equal to f(a).

Tr—a

In Figure 8.1, the number a is not in the domain of f, and the limit

lim f(x) = L exists.

T—a

Figure 8.1: The function f is not defined at a number a

In Figure 8.2, the number « is in the domain of f, and the limit

lim f(x) does not exist.
r—a

In Figure 8.3, the number « is in the domain of f, and the limit

lim f(z) = L # f(a) exists but it is not equal to f(a).

Tr—a
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P

7 i

Figure 8.2: The limit lim f(x) does not exists

T—a

Figure 8.3: The limit lim f(x) exists but it is not equal to f(a)

T—ra

Next, we define the continuity at a number from the right and left.

A function f is continuous at a number a from the right if

lim f(z) = f(a). (8.2)
Tr—a
For (8.2) to hold we must have three things

1. The number a belongs to the domain of f; thus, f(a) is defined,

2. the limit lim f (x) exists, and
r—a

3. the limit lim f(x) = f(a) exists and it is equal to f(a).

rz—at
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As before, a function f is not continuous at a number a from the
right, if either

1. The number a does not belong to the domain of f; thus, f(a) is
not defined, or

2. the limit lim f(z) does not exists, or
rx—at

3. the limit lim f(x) exists but it is not equal to f(a).

r—at

A function f is continuous at a number a from the left if

lim f(z) = f(a). (8.3)

Tr—a

For (8.3) to hold we must have three things

1. The number a belongs to the domain of f; thus, f(a) is defined,

2. the limit lim f(x) exists, and
Tr—a—

3. the limit lim f(x) = f(a) exists and it is equal to f(a).

Tr—a—

A function f is not continuous at a from the left, if either

1. The number a does not belong to the domain of f; thus, f(a) is
not defined, or

2. the limit lim f(z) does not exists, or
Tr—a—

3. the limit lim f(z) exists but it is not equal to f(a).

Tr—a—
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The function in Figure 8.2 (page 162), is continuous at a number a from
the left, because lim f (x) = f(a).
Tr—a

It is not continuous at a number a from the right, because

lim
z—at

fx) # f(a).

Below we present the generalization of continuity on intervals.

A function f is continuous on the interval

R = (—00,00), if f(a) is continuous for every number a. In this
case, the function is continuous everywhere.

(—o0,n), if f(a) is continuous for every number a < n.
(m, 00), if f(a) is continuous for every number m < a.

(—o0, nl, if f(a) is continuous for every number a < n and f is
continuous at n from the left.

[m, 00), if f(a) is continuous for every number m < a and f is
continuous at m from the right.

(m,n), if f(a) is continuous for every number m < a < n.

[m, n), if f(a) is continuous for every number m < a < n, and f
is continuous at m from the right.

(m,n], if f(a) is continuous for every number m < a < n, and f
1s continuous at n from the left.

[m, n], if f(a) is continuous for every number m < a < n, and f is
continuous at m from the right and at n from the left.
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The function in Figure 8.1 (page 177), is continuous on the intervals
(—00,a) and (a, 00).

The function in Figure 8.2 (page 178), is continuous on the intervals
(—o0,a] and (a, o).

The function in Figure 8.3 (page 178), is continuous on the intervals
(—00,a) and (a, c0).

In the next example, we explain where the given piecewise function is
continuous.

Example 8.1. Let f be the function

(

(x+2)* if 2<0

0 if z=0
fla)=9 —%+4 if 0<z<3
0 if 3<z<5

—1 if z>5

\

The domain of f is R [Why?]. The function
fi(z) = (z +2)* is the left shift of 2 by 2 units.

The function

4
fo(x) = —; + 4 is a linear function.
The functions
fs(x) =0, fi(r) =—1 are constant functions.

All these three functions are continuous everywhere. Hence the function
f is continuous on the intervals (—oo, 0), (0, 3), (3,5) and (5, 00)
[Why?].
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To determine whether the function f is continuous on R, we need to
consider the continuity of f at the numbers 0, 3, and 5.[Why?]

The side limits at zero are:

lim f(z) = lir(lgl_(x +2)2=(0+2)?%=4

z—0~
and
4x 0
li = lim ——+4=—4+4=4.
Jim flo) = lim =2 b=
Hence,

hr(r)l+ f(z) =44 f(0) =0 and the function f is not continous at zero.
T

The side limits at 3 are:

: dx 4(3)
li =lm -——+4=——""=+4=0
Jim fr) = lim = 3
and
li = lim 0 =0.
Jim fx) = lim
Hence,

lir% f(z) =0= f(3) and the function f is continuous at 3.
Tr—

The side limits at 5 are:

lim f(z) = lim 0=0= f(5),

T—5~ T—5"

the function f is continuous at 5 from the left.

lim f(z) = xhj% —1=—1# f(5).

r—5t

Hence,

lin’% f(x) does not exist and the function f is not continous at 5.
Tr—
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Figure 8.4: The graph of f(x)

We corroborate these statements, visually, by looking at the graph of f.
We conclude that the function f is continuous on
(—00,0) U (0,5] U (5, 00). L]

It is time to determine which functions are continuous on their domains.

We have established, visually, that the basic functions, listed on page
156, and their composition with the transformations listed on page 131
are continuous everywhere.

At this point, we do not have the Laws of Limits (Theorem 3.2 on page
47) yet, so we must recourse to our intuition and accept, for the moment,
that the sum and product of continuous functions are continuous.

Theorem 8.1. If

lim f(z) = f(a) and limg(z) = g(a),

r—a r—a
then

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

Tr—a

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

T—a
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Theorem 8.1 says that if the functions f and g are continuous at a
number a, then the number a is in their domains, and their sum f + ¢
and product fg¢ are also continuous at the number a.

Therefore, if the function f and g are continuous on their domains Dy
and D, respectively, then their sum f + ¢ and product fg are
continuous on the intersection Dy N D, of their domains.

The identity function /(x) = x is continuous everywhere; hence, by
part (b) of Theorem 8.1 (page 183), the polynomial function

Py(x)=(I(x))"=I(x)... I(x) = 2"
n times

1s continuous everywhere for any positive integer n.
Also, the composition
Te(P(x)) = ca”

of the function P, (x) and the transformation 7.(x) is continuous
everywhere, where 7.(x) = cx is either one of the transformations
Co(z) =ca" (c < D) orT.(x) = cx (c > 1).

Note. For n = 0, we have Py(x) = 2° = 1; hence, the composition

T.(Py(x)) = ¢ is the constant function c.

Finally, by part (a) of Theorem 8.1 (page 183), any polynomial function

P(x) =T, (Pu(r)) + T, , (Po-1()) + Ta,_,(Pr2())
+ o+ 1o (Pi(z )) + T (Po())
= " + Ay 2"+ o™ arr + ag

1s continuous everywhere.

Example 8.2. Explain why the functions listed below are everywhere
continuous.
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They are everywhere continuous, because they are combinations of
sums, products or compositions of basic functions and transformations.

(z)
b. fo(r) =sinx —xcos’z + 7 =sinx + [(x) Py(cos x) + T7(Py(z))
(z)

= (bx3 —1)(3z + 6cosx) =
[T5(P3(x)) — Po(2)][T5(x) + T3(cos x)]

d. fi(z) = |4z + 1|sin’ z = V(Ty(x)) + Py(2)

For the composition of continuous functions we have the theorem
below, which is proved as Corollary 6.10 (page 130).

Theorem 8.2. If the function g is continuous at b and f is continuous at

g(b), then the composition f o g(x) is continuous at b.

Theorem 8.2 says that if

limg(z) =g(b) =a and lim f(y) = f(a),

x—b y—a

then,

lim f(g(x)) = f [lim g(x)] = f(9(0)) = f(a).

T—b T—b
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Example 8.3. The function

. ™ . .
f(x) = sin (x — §) is everywhere continuous

because it is the composition of the transformation .S, /3(x) and the
basic function sin z. Hence,

T ( ﬂ) . (1. 7r) . ( W) o (27 V3

1111 S111 —_ — — S1n 11m —_ — — S1n —_ — — S1n —_— = —.

x%ﬂ_s T 3 S x_}ﬂ_ﬁlj 3 S T 3 S 3 2
]

Students should always identify the set where a function is continuous.

The basic functions and their composition with transformations together
with Theorem 8.1 and Theorem 8.2 provide us with infinitely many
everywhere continuous functions.

186 A Guide for Calculus Instructors



Objectives

Students should be able to

1. Give examples of everywhere continuous functions.

2. Determine, using side limits, whether a function is continuous on its
domain.

Determine, visually, whether a function is continuous on its domain.
Explain why a function is continuous on a given set.
Explain why a function is not continuous on a given set.

Sketch the graph of a continuous function on a given set.

A G

Apply Theorem 8.2 (185), to determine whether the sum, product
and/or composition of continuous functions is continuous on a given
set.

Each of the questions below tests the objectives of this section. Review
them and make up your own questions.

Exercises

1. If a function f is everywhere continuous and the function g is
continuous on its domain D, where is their sum f + ¢ continuous
on?

2. Determine whether the function
) i -
sin(x —m) if r<—F

fle)=9 2z+4+7 if —Z<z<3nm

IR T
\
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1s continuous on its domain.

3. Sketch the graph of a function which is continuous on the set
(—o0,—1) U (-1, 3] U (3,6] and it is discontinuous at 3.

4. Explain why the function
f(z) = [2* —sin®(22)][32* —cos(z—3)] is continuous everywhere.

5. Explain why the function

(1 . .
sSin (— 1S not continuous at zero.
X

6. Sketch the graph of one and only one function f which satisfies all
the conditions listed below.

a. f is defined and discontinuous at zero.
b. lim f(z) = 1.

x—0

c. f(xz) > 0forall z > 0.

d. fis continuous on the interval (0, co).

Simplifying Functions in the Evaluation of Limits

Compare the graph of the identity function I (x) = z with the graph of
the function

g(x) = T shownin Figure 8.5.

The function g is not defined at zero and

g(x) = I(z) for every nonzero x.
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1,2

Figure 8.5: Graph of the function g(x) = —
T

Based on their graphs, we conclude that I and g are not equal. If they
were, their graphs would be the same. Hence, the domains of two
functions are important to determine whether they are equal.

Definition 8.3. Two functions f(x) and g(x) are equal if they have the
same domain D and

f(z) = g(x) forevery xin D.
The functions I and g are not equal because they do not have the same
domain. The domain of [ is R and the domain of g is R — {0}. However,
I(z) =g(z) forz—0
and their limits at zero are equal

lim I (z) = 0 = lim g(x).

x—0 x—0

In general, we have the following theorem, proved as Theorem 6.13 on
page 161.

Theorem 8.4. a. If f(x) = g(x) for x — a~, then

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

T—a— T—a~
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b. If f(x) = g(x) for x — a™, then

lim f(xz) = lim g(x).

z—at rz—at
c. If f(x) = g(x) for x — a, then

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

Tr—a T—a

Theorem 8.4 justifies the simplification of functions to evaluate limits.
When we simplify a function f, we aim to obtain another function g
which

= 1S continuous from the left at a number a and satisfies condition (a)

of Theorem 8.4.

= 1S continuous from the right at a number a and satisfies condition
(b) of Theorem 8.4.

= 1S continuous at a number a and satisfies condition (c) of
Theorem 8.4.

To simplify a function we may

A. manipulate the function algebraically.
B. apply identities.

C. apply properties of the function.

We illustrate this in the next examples.

Example 8.4. The rational function

—1
f(x) = J; 1 is simplified by factoring.
x —_—
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Hence,

> =1 (z—1)(z+1)

— = 1.
rz—1 r—1 v

This equality holds for all numbers except 1, and the everywhere
continuous function g(x) = x + 1 satisfies condition (c¢) of
Theorem 8.4. Hence,

2
-1
’ =limlimz+1=g(1) =2.

r—1 1 — r—1x—1

]

Students must understand that the functions f and g are not equal. But
their limits at 1 are equal.

Example 8.5. The function

1 —cos?x

f(x) = ——— is not continuous at zero.
sin
To evaluate its limit at zero we apply the trigonometric identity
sin® x + cos®z = 1. Hence,
r sin’z ,
- = — =sinx forx — 0.
sin sin

The condition (c¢) of Theorem 8.4 holds and

1 — cos?

1 —cos?zx

lim ——— = limsinxz =sin0 = 0.
z—0 Sinx x—0
Example 8.6. The function
In(z* — 1) —In(z — 1) is not continuous at 1.

To evaluate the limit

lim In(z? — 1) — In(z — 1),

r—1
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we apply the properties of the natural logarithmic function and the
factorization of the function in Example 8.4. Thus,

|

r—1

1n(x2—1)—1n(x—1):1n< ) =In(z+1) forxz — 1.
The limit 1s

limIn(z? — 1) —In(z — 1) = lim In(z 4 1) = In(2).

z—1 r—1
because the function In(x 4 1) is continuous at 1. [
Objectives

Students should be able to

1. determine whether two given functions are equal.

2. simplify functions in order to evaluate limits.

Each of the questions below tests the objectives of this section. Review
them and make up your own questions.

Exercises

7. For which z does the equality below hold?

23+ 222 —4xr — 8
x?2 —4

=x + 2.

8. Is the function
3+ 22 —4x — 8

equal to the function g(z) = x + 2?
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9. Sketch the graphs of the functions f and g in question 2.

10. Evaluate the given limits by simplifying the given function.

1 —sec’(z —1)

a. lim
z—1 rx—1

b. litnll In(z — 1) + In(x + 1) — In(22* — 2)
o3 =32 +22—6

c. lim
T—3 Tz —3
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Finite Limits from the Right and Left

Students must be able to determine if the limit L of a function is from
the right L™ or left L.

In Figure 8.6 we have the limits of a function f from the right and left at
a number a.

M|

Figure 8.6: Limit at a number a from the left and right

It is clear that

lim f(z)=L and lim f(z)f(z) = M.

T—a~ r—at

Moreover, for a positive number § > 0 we have that
flz)< L foralla—d <z <a

and
f(x) <M foralla <z <a+§d.

These indicate that on the sets  — a~ and x — a™, the values f(z)
“approach” L and M, respectively, both from the left. We write,

lim f(z)=L" and lim f(x)=M".

T—a~ z—at
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In general, we define the limits at a number from left and right as
follows.

Definition 8.5. a. The limit at a number a from the right of a
function f(x) is L from the right if
i. lim f(z)=L,and
x—at
ii. f(z) > L forx — a™; that is, there is a positive number
0 > 0, such that

f(z) > L forany0 <z —a <.

We write

lim f(z)=L".

z—at

b. The limit at a number a from the left of a function f(z) is L from
the right if
i. lim f(x) =L, and
Tr—a—
ii. f(x) > L forz — a; thatis, there is a positive number
6 > 0, such that

f(z) > L forany0 <a—2x <J.

We write

lim f(z)=L".

T—a—

c. The limit at a number a of a function f(x) is L from the right if

i. lim f(x) = L, and

Tr—a
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ii. f(z)> L forxz — a; that is, there is a positive number
6 > 0, such that

f(z) > L forany0 < |x —al| <.
We write

lim f(z) = L".

Tr—a

d. The limit at a number a from the right of a function f(x) is L
from the left if

i. lim f(z) =L, and

z—at
ii. f(r) < Lforx — a™; that is, there is a positive number
0 > 0, such that

f(z) <L forany0 <z —a<J.

We write

lim f(x)=L".

z—at

e. The limit at a number a from the left of a function f(z) is L from
the left if
i. lim f(x) =L, and
Tr—a—

ii. f(zr) < L forxz — a~; thatis, there is a positive number
0 > 0, such that

f(z) <L forany0 <a—2x <.

We write

lim f(z)=L".

T—a—
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f. The limit at a number a of a function f(x) is L from the left if

i. lim f(z) = L, and

Tr—a
ii. f(x) < L for x — a; that is, there is a positive number
6 > 0, such that

f(z) < L foranyO < |z —al| <34.
We write

lim f(z) =L .

Tr—a

Objectives

Students should be able to

1. determine visually whether the limit of a function is from the right or
left.

2. determine whether the limit of a function is from the right or left.

Each of the questions below tests the objectives of this section. Review
them and make up your own questions.

Exercises

11. Sketch the graph of one function whose limit at the number a is L
from the left.

12. Sketch the graph of one function whose limit at the number a from
the right is L from the right.
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13. Evaluate the limits listed below and determine whether the limits
are from the right or left.

) T+ 2

a. hm—.
=12 +4x + 4

b. lim z° + 322 — 22 — 6.

T2~

c. lim zsin(2x)
x—m /2%
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Chapter 9
Infinite Limits: Vertical Asymptotes

We recommend to teach infinite limits through the study of reciprocal
functions.

The reciprocal function [ of a function f with domain Dy is defined as

F(x) = —— forxz € Dy sothat f(z) # 0.

See Definition 4.12 (page 92).

The continuity of the reciprocal function /' depends on the continuity of
the function f.

Theorem 9.1. If f is continuous at a number a and f(a) # 0, then its

reciprocal
F(z) = L is continuous at a.
()
And,
lim F(z) = !
T

Example 9.1. The polynomial function P(z) = x? + 1 is positive for
all x and continuous everywhere. Hence, its reciprocal
1

Qz) = — 1 is continuous everywhere.
T
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Example 9.2. The polynomial function P(z) = 2% — 1 is continuous
everywhere. Since, f(z) # 0 for all x except 1 and —1, its reciprocal

1

Qz) = — 1 is continuous on the set (—oo, —1) U (—1,1) U (1, 00).
x JE—

L]

The evaluation of limits

1
lim — where f(a) = 0

e ()

starts with the understanding of “large” and “small” numbers. At this
moment, the quantitative value of a large and small number is not
important. What it is important is the understanding of the location of
small and large numbers on the real line.

On the real line all numbers on the right of zero are positives and all
numbers on the left of zero are negatives.

In Figure 9.1 the number £ is positive and the number s is negative. The
quantity k — s is the distance from s to k.

Figure 9.1: Location of the numbers s and & on the real line

A number s is smaller than a number £ if and only if on the real line, the
number s is on the left of the number k. We write s < k. Also, a number
k is larger than a number s if and only if on the real line, the number &
is on the right of the number s. We write k£ > s.

In Figure 9.1 the number s is smaller than the number £, and the
number £ is larger than the number s.

On the real line, all numbers are order related (<).
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Definition 9.2. Two numbers £ and s are order related,

s <k ifandonlyif k—s>0.

Observe that if £ — s > 0, then s — k < 0. Then, two numbers &k and s
are order related,

k>s ifandonlyif s—Fk <0.

Looking at the real line, we have that

1. the farther a positive number is from zero, the larger it is. That is, a
number is “very large” if it is positive and very far from zero.

2. the farther a negative number is from zero, the smaller it is. That is, a

number is “very small” if it is negative and very far from zero.

Students must understand that on the real line, very large numbers are
positive and very small numbers are negative. Numbers around zero are
not very small.

Let us consider, next, the relationship between a number and its
reciprocal.

1
Definition 9.3. The reciprocal of a non-zero number £ is =

Remark 9.4. 1. A non-zero number has only one reciprocal.
2. The number zero is the only one without a reciprocal.

3. The only numbers which are equal to their reciprocals are —1 and 1.

q

p

4. The reciprocal of a non-zero rational number P is
q

QS| =
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5. If a positive number k is bigger than 1, then its reciprocal is positive
and smaller than 1. That is,

1
1<k = 0< T <1 asshown in Figure 9.2.

= =T

Figure 9.2: Location on the real line of the numbers k£ > 1 and its reciprocal 1/k

6. If a positive number k is smaller than 1, then its reciprocal is positive
and larger than 1. That is,

1
0<k<l = = > 1 as shown in Figure 9.3.

x| =

Figure 9.3: Location of the numbers & < 1 and its reciprocal 1/k on the real line
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7. If a negative number s is smaller than -1, then its reciprocal is
negative and larger than -1. That is,

1
s<—-1 = —-1<-<0 as shown in Figure 9.4.

Figure 9.4: Location of the numbers s < —1 and its reciprocal 1/s on the real line

8. If a negative number s is bigger than -1, then its reciprocal is
negative and smaller than -1. That is,

1
-1<s<0 = —-<—1 asshownin Figure9.5.
s

| | i | ;
1 -1 ) 0
S

Figure 9.5: Location of the numbers s > —1 and its reciprocal 1/s on the real line

Figures 9.6 to 9.12 show the relationships between positive numbers
and their reciprocals.
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Figure 9.6 shows that

<

S| =

1
O<k<m<l1l,! = 1<—=—
m

1 1
| 1
1 1
m k

Figure 9.6: Order relation between the reciprocals of positive numbers close to zero

Conclusion 9.5. The closer a positive number is to zero, the farther its
reciprocal is from zero.

1
X E — "
| |
1 I ;
0 1
Figure 9.7: Diagram of Conclusion 9.5
Figure 9.8 shows that
1 1
I<k<m = 0<—<-<L
m k

Conclusion 9.6. The farther is a positive from zero, the closer its
reciprocal is to zero.

Figure 9.10 shows that

1 1
—-1l<m<s<0 = -<—<-1.
S m
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0

1 1
m k

Figure 9.8: Order relation between the reciprocals of numbers greater than 1

@ | = -

1
I
1
m
Figure 9.10: Order relation between the reciprocals of negative numbers close to zero

Conclusion 9.7. The closer a negative number is to zero, the farther its

reciprocal is from zero.

Figure 9.11: Diagram of Conclusion 9.7
Figure 9.12 shows that

1 1
m<s<-1 =-1<-<—<0.
S m
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1 ]
| | i

0

1
1
m s —1 1

1
m

Figure 9.12: Order relation between the reciprocals of small negative numbers

Conclusion 9.8. The farther is a negative number from zero, the closer
its reciprocal is to zero.

= | =

Figure 9.13: Diagram of Conclusion 9.8

Students must fully understand Conclusions 9.5 to 9.8 (pages 204 to
206) and be able to describe the relationship between a function and its
reciprocal.

Objectives

Students should be able to

1
1. Identify the set where the reciprocal function m of a function
x
f(x) is continuous.
2. Establish the order relation between any two numbers.

3. Establish the order relation between any two reciprocal numbers.
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Each of the questions below tests the objectives of this section. Identify
the objective(s) tested by each exercise. Make up your own exercises.

Exercises

1. Give the set where the function

1

——— 1s continuous.
202 — 1 — 6
2. Give an example of a function f(z) such that its reciprocal

1
V()
3. Explain why the function

1
3 —

is continuous everywhere.

1s not continuous everywhere.

4. Give two positive numbers a and b such that

a < 10" < b.
5. Give two negative numbers a and b such that

1 1
<1072 < -

a b
6. Give the reciprocal of the numbers listed below.
. 3
-3
b. =5,
5—17
c.

V242
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d. 379,

7. Establish the order relation between any two of the numbers given
below.

1
—v65,1 — 3, -1, 1, —, 3.
V2T

8. Give a number n such that

3
- <n<l.
= n

9. Give an integer n such that
8 6

15 n
10. Give all positive integers n such that
n 7 5n

< .
6 n 9

Complete solutions are provided on page ??.

The Symbols co and —oo

The symbols infinity (c0) and negative infinity (—oo) are used to
represent unbounded sets of numbers so that under the order relation
(<) they increase or decrease without bound.

On the real line, unbounded sets have no boundaries above or below.
Thus, their elements are larger or smaller than any given numbers,
whatever the values of these given numbers may be.

Definition 9.9. A subset S of R is unbounded above if for any V' > 0,
there is an x € S such that x > V.
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Note that if V' > 0 is a very large number and x > V/, then the number x
is also a very large number. That 1s, all numbers on the right of V' are
“infinitely” large.

Example 9.3. The set
{2,4,6,8,10,12...} = {2n| n € Z"} of even positive integers

1s unbounded above, because for any positive number V' > 0, there is an
integer n > V/, and the even integer 2n is bigger than n and therefore
bigger than V. [

The expression x — oo reads “x tends to infinity” and it indicates a set
of infinitely large numbers. That is, for any large V' (it does not matter
how large) there is always a number larger than V. This is what we
mean by “numbers which increase without bound.”

It is incorrect to read z — oo as “x approaches infinity.”

On the real line, there is no place for infinity (co0), so numbers cannot
approach something which is nowhere.

Definition 9.10. A subset S of R is unbounded below if for any U < 0,
thereisan z € S such that x < U.

Note that if U < 0 is a very small number and if x < U, then the
number z is also a very small number. That is, all numbers on the left of
U are “infinitely” small.

Example 9.4. The set
{—2,—4,-6,—-8,—-10,—12...} ={2n|n € Z~} of even negative integers

is unbounded below, because for any negative number U < 0, there is
an integer m < U, and the even integer 2m is smaller than m and
therefore smaller than U. L]
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The expression x — —oo reads “the number x fends to negative
infinity” and it indicates a set of infinitely small numbers. That is, for
any small U (it does not matter how small) there is always an x smaller

than U. This is what we mean by “numbers which decrease without
bound.”

It is incorrect to read x* — —o0 as “x approaches negative infinity.”

On the real line, there is no place for negative infinity (—o0), so
numbers x cannot approach something which is nowhere.

Study carefully, the steps we follow to sketch the graph of the reciprocal
function

1

1
m = — of the everywhere continuous identity function /(x) = .
r)

1. Identify the set where the function is positive.
The function

I(x) is positive and continuous on (0, 00).

Hence,

—— is also positive and continuous on (0, co).
I(x)
2. Identify the set where the function is negative.
The function

I(x) is negative and continuous on (—o0, 0).

Hence,

1

@ is also negative and continuous on (—oo, 0).
T

3. Identify the set where the function is zero.
Since 1(0) = 0, the function

1
—— 1s undefined at zero.
I(r)
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4. Identify the set where the function is positive and very large.
From the graph of the identity function, we see that the value of

I(a) = a is very far from zero for a very large a > 1.

Then, by (5) of Remark 9.4 (page 201), the reciprocal

1
—— 1s positive and very close to zero.
I(a)
Also, by Figure 9.8
1 1 1 1
ifl<a<bthenl< —=-< —-—=——-<1.
nisd VST T S a1
Conclusion 9.11. The farther is x from 1, the closer is the positive
number ) fo zero.

Figure 9.14: Diagram of Conclusion 9.11

5. Identify the set where the function is positive and very close to
Zero.
The function I (x) is positive and very close to zero for x — 0.
Then, by (6) of Remark 9.4 (page 201), the reciprocal

1 : .
—— is positive and far from zero for x — 0.

I(z)
Also, by Figure 9.6
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1

I(a)

1 1 1
if 0 b<l,thenl < — =—-< —
f0<a<b< en <I(b) ;<

1
Conclusion 9.12. The closer is x to zero, the farther is —— from 1.

I(x)

Ix)

Figure 9.15: Diagram of Conclusion 9.12

6.

Identify the set where the function is negative and very small.
The function /(x) = x is negative and very far from —1 for a < —1.
Then, by (7) of Remark 9.4 (page 201), the reciprocal

1
m 1s negative and very close to zero for a < —1.
x
Also, by Figure 9.12
1 1 1 1
fa<b<—-lthen—-1< —=-<-=—-<0
na - )" b a  I(a)

Conclusion 9.13. The farther is the negative number x from zero, the

closer is the negative number to zero.

I(z)
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farther is the negative number

Ix)

Figure 9.16: Diagram of Conclusion 9.13

7. Identify the set where the function is negative and close to zero.

The function /() is negative and very close to zero for z — 0~.
Then, by (8) of Remark 9.4 (page 201), the reciprocal

1
m is negative and very far from zero for z — 0.
x

Also, by Figure 9.8, if

1<a<b<0,th 1< L 1<1 L <0
— en — —— =< —-= = .
¢ ’ I0) " b a  I(a)

Conclusion 9.14. The closer is the negative number x to zero, the
1

I(x)

from zero.
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Figure 9.17: Diagram of Conclusion 9.14

8. Sketching the reciprocal function.
1
We sketch the graph of m, by putting together the information we
x
obtained from Conclusions 9.11 to 9.14 (from pages 211 to 213).

Ix)

1 1
Figure 9.18: The graph of the reciprocal function ) ==
x T

Similarly, we sketch the graph of the reciprocal of the piecewise
function.
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x if x#0
1 if x=0

fx) =

The domain of this function is R, and f(x) # 0 for any x.

Figure 9.19 shows the graph of the function f.

Figure 9.19: Graph of the piecewise function f(x)

Its reciprocal function is

1 % if z#0
/() 1 if z=0
Hence,
1 1 ‘
= or any nONzero x.
f(x)  I(z)
On the other hand,
1 —_—
f(0)
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Applying the graph of the function

1 1
— =— fi 0,
OB or x #

1
we obtain the graph of —.

/()

J®

e,
&

Figure 9.20: Graph of the function

1
/()

Comparing the graphs of the functions f(x) and I(x), we see that

I1(0)=0 and lim I(z) =0

z—0

f(0)=1 and lim f(x) = 0.

x—0

The graphs of the reciprocal functions

1 1
—— and —— are equal around zero

I(x) ()
See Figure 9.18 on page 214 and Figure 9.20 on page 216.
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This 1s due to the fact that

I(z) = f(x) forx — 0.

Also, the set

1
{— ‘:c — O+} is unbounded.
I(x)

Indeed, in Figure 9.21 below,

1
Figure 9.21: Graph of the function — for z — 0™

I(x)

we see that for any V' > 0, there 1s a number a close to zero from the
right, such that
1 1

m:g>v

The same 1s true for the set
(=0}
— |z )
I(x)

These two examples take us to the study of vertical and horizontal
asymptotes.
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Objectives

Students should be able to

1. Give examples of unbounded sets.

2. Sketch the graph of reciprocal functions.

Each of the questions below tests the objectives of this section. Identify
the objective(s) tested by each exercise. Make up your own exercises.

Exercises

11. Apply Definition 9.9 to show that the set
S = {625“/3 | z € R}
1s unbounded above.

12. Give the definition of a bounded set.
Hint. Consider the negations of Definition 9.9 and Definition 9.10.

13. Follow the steps 1-8 above on page 210, to sketch the graph of the

reciprocal of the basic square function S(z) = 2.

1
14. Give the sketch of the graph of the function —— where

()
2?2 if 2 #0
2 if =0

flz) =
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15. Explain why the set
{7 o)
— |z
I(z)
1s unbounded below and bounded above.

Complete solutions are provided on page 345.
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Vertical Asymptotes of Reciprocal Functions

We start our study of vertical asymptotes with the definitions of
unbounded functions. See the negation of Definition 4.2 on page 4.

Definition 9.15. A function f is
a. unbounded above on a set I, if for any number V', there is a number
x € I, such that f(z) > V.

b. unbounded below on a set I, if for any number /N, there is a number
x € I, such that f(z) < N.

c. unbounded on a set I, if 1t 1s unbounded above and below. That is, if
for any number B, there are numbers a, b in I, such that f(a) > B

and f(b) < B.
The definition of bounded functions is the negation of Definition 9.15.

Convince yourself of the veracity of the statements listed below.

1
a. The identity function /(z) and its reciprocal m are unbounded on
x

their domains.

b. The square function S(z) = x? is unbounded above, and bounded
below.

c. The sine and cosine functions are bounded.

If a function f(x) is unbounded above on a set S, then we say that f(x)
tends to infinity on S. We write,

f(z) — oo onthesetS.
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If a function f(x) is unbounded below, then we say that f(x) fends to
negative infinity. We write,

f(x) = —oo on the set S.
For the same reasons indicated earlier, it is incorrect to say that f(x)
approaches infinity or negative infinity.
By Definition 8.5, the notation

lim f(z) =07 indicates two facts
T K

. };T% f(z) =0, and

« f(z)>0forx — Kt K~ K.

Similarly,

lim f(z) =0 indicates two facts
T K

. }:1%% f(z) =0, and

« f(z) <Oforz — K", K K.

We re-write Conclusions 9.11 to 9.14 (pages 211 to 213).

Conclusion 9.11. The farther is the number = from zero, the closer is the

positive number —— to zero.
I(x)
T — 00 the farther is the number x from zero
1 : .
—— =07 the closer is the positive number —— to zero.
I(x) I(x)
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Conclusion 9.12. The closer is the positive number x to zero, the farther

1s the positive number —— from zero.
I(x)
r— 0" the closer is the positive number x to zero
1 : . 1
—— — 0 the farther is the positive number —— from zero.
I(z) I(x)
Conclusion 9.13. The closer is the negative number x to zero, the farther
: L.
the negative number —— is from zero.
I(x)
r — —00 the farther is the negative number x from zero
— = 0" the closer is the negative number —— to zero.

I(z) I(z)

Conclusion 9.14. The closer is the negative number x to zero, the farther

1s the negative number —— from zero.
I(x)
x— 0" closer is the negative number x to zero
1 _ 1
—— — —0 the farther is the number —— < 0 from zero.
I(x) I(x)

Graphically, if the values f(x) of a function increase without bound as
x tends to a number K from the right or left, then the vertical line
x = K is an asymptote of the function f. We write

x1_1>111<1+ f(z) =00 or xlir}?f f(x) = occ.
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From Figure 9.15 (page 212), the line z = 0 1s a vertical asymptote of

the function m, and
li L
im —— = oo.
z—07t ](CI?)

Also, if the values f(x) of a function decrease without bound as z tends
to a number K from the right or left, then the vertical line x = K is an
vertical asymptote of the function f. We write

I — I = —0o0.
lim fz)=—co or  lim f(z) = —occ

From Figure 9.17 (page 214), the line x = 0 is a vertical asymptote of

the function @, and
! 1
im —— = —00.
z—0~ [(l’) >

The definition of vertical asymptotes is given in terms of limits, as in
Definition 4.6 (page 83).

Definition 9.16. A vertical line x = K is a vertical asymptote of the
function f(x), if any of the limits listed below holds.

i =
RS = e

b. lim f(z)= oo,

=K~
i =
“ ) =
d. li = —o0.
LS9 = e
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If a function is not defined at a number a, then it may or may not have a
vertical asymptote at a.

See that the reciprocal of the piecewise function, sketched in
Figure 9.20 (page 216), is nonzero for all numbers. However, it has a
vertical asymptote.

Students must evaluate limits to determine whether a function has a
vertical asymptote or not. That is, they must apply Definition 9.16.

To apply Definition 9.16, we must determine the number K where the
function may have a vertical asymptote.

For reciprocal functions, we apply Theorem 4.13 (page 94). That is, the
reciprocal of a function f has a vertical asymptote at the number K if
and only if either

. _ + . _ —
ilT%f(x)—O or ET%JC(:C)_O :

In summary, we have the following theorem for reciprocal functions.

Theorem 9.17. a. If f(x) >0 forx — KT (K )(K) and

lim f(z) =0 (lim f(x)zO) <lim f(x)zO),

z—K+ z— K~ z—K

then
1

Iim —— = 0.

f(z)
b. If f(x) <0 forx— K" (K )(K)and

lim f(z) =0 ( lim f(z) = 0) (lim flz) = 0),

r— K+ r— K~ z—K

then

1
lim —— = —o0.

/()
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In either case, the line v = K is a vertical asymptote of the function
1

f(z)

In short, Theorem 9.17 is saying that

e 1 I .1
if ETI[I} f(z) =07 then ilTr[r% ) - 0.
and
if limf(z)=0" then lim L —00.
oK 1K f(x)

In the next examples we show the correct application of Theorem 9.17.

Example 9.5. To evaluate the limit

lim cscxz
rz—0t

we consider the cosecant function as the reciprocal of the sine function.
From the graph of sine

lim sinx =07
z—0t

and by Theorem 9.17

lim cscx = oo.
z—0t

Example 9.6. To evaluate the limit

with n a positive integer, we consider the limits

lim 2" and lim 2".
z—0Tt z—0~
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If n 1s even, then
lim 2" = 0",
x—0

If n 1s odd, then

lim 2" =0" and lim 2" =0".

rz—0Tt z—0—

By Theorem 9.17
1
lim — = oo 1ifniseven.
z—0 "
) 1 e

lim — =00 ifnisodd.

x—0+ "

lim — = —o0 if nis odd.

z—0— "

]

Example 9.7. To evaluate the limit

) 1

lim

=12 —1
we consider the limits

1 1

lim and lim )

rz—1t 1’2 —1 z—1- I‘Q —1
Since

2—1>0 forx— 17 and 22—-1<0 forx — 1",
by Theorem 9.17

i 1 . 1

xhj% 2—1 o and xlglqu 2—1 o
Therefore,

lim 5 does not exist.

x—1 4 —

]
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Students must avoid erroneous interpretations of Theorem 9.17.
To determine vertical asymptotes of reciprocal functions, we may
follow the three steps related to Theorem 9.17 listed below.

1. Find numbers K such that lim,,x f(z) = 0.

2. Determine whether f(z) > Oor f(z) <Oforz — K™, K~ K.

3. If the above two steps hold, then x = K is a vertical asymptote of the

function ——.

f(z)

The second step 1s necessary. Example 4.8 (92) shows that it is not

true that if llTl}l f(x) = 0, then the line x = K is a vertical asymptote
TTI

of the function

1
flz)

Example 9.8. To determine the vertical asymptotes of the function
1
flz) =

" Ing’
we find all numbers where the limit of the function In x is zero. We have
lIimlnxe =0
r—1

and the number 1 is the only such.
Since
lnz >0 forzr —1" and lnx <0 forz— 1",

we conclude by Theorem 9.17 that
1 1

lim — =00 and lim — = —o0.
a1+ Inx a—1-Inz
Thus, the vertical line x = 1 is a vertical asymptote of the function
fla)= o 0
Tr) = —.
Inx
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Example 9.9. The function
f(x) = (z —2)Inz is continuous at 1 and 2.
We have the limits,

lim(z—2)Inz = (-1)In1=0 and lim(zx—2)lnz = (0)In2=0.

r1 72
On the other hand,

a. f(r)=(r—2)lnz <0forx — 17,

b. f(x)=(x—2)Inx >0forz — 17,

c. f(x)=(r—2)Inz>0forx — 27,

d. f(xr)=(x—2)lnz <O0forz — 2.

By Theorem 9.17

1
. lim ——r— = —00,
et (x—2)Inz >
1
b. lim ———r— = o0,
ol (x—2)Inx >
: 1
c. im ———— =00
=2+ (r —2)Inx
1
d. lim ———— = —o0.

2= (x —2)Inx

The vertical lines x = 1 and x = 2 are vertical asymptotes of the

1
function ——M—. L]
(x —2)Inzx

Students must be able to sketch the graph of a reciprocal function
around a number K, of any given function whose limit at K is zero.
Figure 9.22 and Figure 9.23 are examples of these graphic
representations.
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1
f&) fCx)

Figure 9.22: Graph of the reciprocal function

of the given function f(x)

1
f(x)

Jx) ﬁ K

¥

Figure 9.23: Graph of the reciprocal function of the given function f(x)

1
f(x)

Objectives

Students should be able to

1. determine whether a function is bounded or unbounded.

2. evaluate infinite limits of reciprocal functions.
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3. find the vertical asymptotes of reciprocal functions.

4. sketch the graphs of reciprocal functions.

Each of the questions below tests the objectives of this section. Identify
the objective(s) tested by each exercise. Make up your own exercises.

Exercises

16. Determine whether the functions listed below are unbounded
(below or above) on the indicated range. Explain.

a. f(r) =zsinz forallz € R
b. g(z) =tanz forall0 <z < g
c. h(z)=Inz for0<z<1

17. Give an example of a function which is bounded below and
unbounded above on the interval (0, 1).

18. Evaluate the limits listed below.

’ 1
a. lim
r—21 33'2 —4
1
b. li
xigl_ 33‘2 — 4
c. lim secx
r—mt
1
d. lim

z—2+ In(x — 1)

19. Find the vertical asymptotes of the functions listed below.

2 fla) = —

3 — 8
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¢ h(x) = sec(x — ) on the interval [0, 27|
20. Sketch the graph of the functions listed below.
a f(x) =1In(z —1)

b glr) = ln(acl— 1)

21. Explain why the application of Theorem 9.17 (page 224), shown
below is incorrect. Give its correct application.

’ 1 I 1 1
im = lim
z—1+ (r — 1)sin(mx)  z—1+ (z — 1) sin(7x)
: , 1
= lim lim ———
z—1+ (x — 1) 2—1+ sin(7x)
_ 1 1
= lim — lim —
z—1+ 07 z—1+ 0~
= (00)(~00) = —o0.

Complete solutions are provided on page 348.

Vertical Asymptotes of Quotient Functions

To establish the vertical asymptotes of quotient functions

f(x)
9(x)
we must consider them as the product

M = f(2) (L) _ 9.1)

g(z) g(z)

Y
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Definition 9.16 indicates that a quotient function has a vertical
asymptote x = K if any of the limits at i, K, or K~ is either infinite
or negative infinite.

By parts (e) and (f) of Theorem 5.1 (page 101), the function (9.1) has a
vertical asymptote at K if either

1
« lim f(x) = +oo and lim—— =L #0,or
me( ) oK g(x) 7
1
« lim f(x) =L #0 and lim—— = +o0.
a:TKf( ) 7 21K g(x)

By parts (g), (h), and (i) of Theorem 5.1 (page 101), the function (9.1)
has a vertical asymptote at K if

1
lim f(z) = £00 and lim — = +o0.
1K 21K g(x)

These claims are stated in the following theorem.

Theorem 9.18. A. If

g 1) =040, Ty s =0 and s = =0
then
aia%%—oo if L >0
b.gw% — ifL<0
ol gy = LSO
gy = ¥L>0
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B. If

1
lim f(x) =00, lim——=L+#0 and
1TKf( ) TK g(ZE) #
then
a. limm:oo if L > 0.
K g(x)
b. limm =—oc0 IfL<NO.
1K g()
F
c. lim (v =—o00 IfL>0.
2K g(x)
d. lim Fx) =o0 IfL <.
21K g(z)
C. If
lim f(z) 4 lim—
im f(x) =00, an im —— = oo,
ot K oK g(x)
then
lim _f(a:) = 00
oK g(x)
D. If
lim f(z) 4 lim—
im f(x) =00, an im —— = —o0,
1K oK g(x)
then
lim _f(x) = —00
K g()
E. If
lim £(2) d lim—
im f(x) =00, an im —— = —o0,
1K etk g(x)
then
limm = —00
21K g(x)

lim F(z) = —o0,
K

Teaching Limits 233



EIf
1

lim f(x) = —00, and lim—— = —o0,
xTKf( ) otk g(x)
then
lim _f(x) =
21K g(7)

To conclude correctly, students must pay attention to the conditions of
Theorem 9.18.

In the next two examples we show the correct and incorrect applications
of Theorem 9.18.

Example 9.10. The function

COS T

= is the product or cos x and —.
Inz Inx

f(x)
We have

lim cosx = cos1 >0
r—1t

and by Example 9.8

) 1
lim — = oo.
=1+ 1nx

Hence, by (a) of part (A) of Theorem 9.18 (page 232),
. COST

lim

z—1+ Inx

= OQ.

It is incorrect to state the following.

. cosx i 1
lim = lim — = oo.
r—1+ Inx rz—1+ 0t

Division by zero is undefined, it is a bad habit to allow oneself these
kind of “interpretations.” O
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Example 9.11. The function

COSTT |
f(x) = is the product or cos 7z and —.
Inx Inx

By Example 9.8

1
lim — =00 and lim cos7wx = —1 < 0.
=1+ Inx r—1t
Hence, by (b) of part (A) of Theorem 9.18 (page 232),
. CoSTx
lim = —00.
z—1t Inx

It 1s incorrect to state the following.

COSTTX COS T

li = — —1(—00) = 0.
B T A
The product of the infinity symbol is undefined. [J

Theorem 9.18 (page 232) must be applied correctly. If the conditions
of the theorem hold, then the conclusions. No more, no less.

Objectives

Students should be able to

1. evaluate infinite limits of quotient functions at a number.

2. find vertical asymptotes of quotient functions.

Each of the questions below tests the objectives of this section. Identify
the objective(s) tested by each exercise. Make up your own exercises.
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Exercises

22. Evaluate the limit
. Ccosx
lim i
r—1- ln X

23. Find the vertical asymptotes of the function
23 —1
(22 —1)(z + 3)°

24. Explain why the application of Theorem 9.18 below is incorrect.
Give its correct application.

: 3z : 3T
lim ——— = lim
z—n- cos(3x)  a—n cos(3m)
3T
= Jim g5 =3(e0) = o0

25. Give an example of a non-constant function f and a function g
such that

lim @ = —00
=0 g(z)

Complete solutions are provided on page ??.

Vertical Asymptotes of Composition of Functions

We apply particular cases of parts (a), (b), (c), (f) of Theorem 5.4 (page
114), to study the vertical asymptotes of composition of functions.

Theorem 9.19. a. If liI‘I/li g(x)=b" and lim f(y) = +oo,
T—

y— bt
then

lim f(g(x)) = +oo.

z—VE
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b.If lim g(z)= b and lim f(y) = foo, then

z—=V*E y— b

lim f(g(x)) = to0.

r—V*E

c. If lim g(z)= 0 and lim f(y) = £oo, then

z—=V=E y— b

lim f(g(z)) = +oc.

z—=V=E

d If lim g(xr)= +c0 and lim f(y) = oo, then

rz—V*E Yy— 00

lim f(g(x)) = +oo.

r—V*E

If the conditions of Theorem 9.19 hold, then the vertical line x = V is a
vertical asymptote of the function f(g(x)).

Attention should be paid to the correct application of this theorem.

Example 9.12. Observe that in the evaluation of the limit

1 2
lim <—>
z—0T \ T

we have the composition f o g(x) of the functions

g(x) = é and f(z) = 2°

For these functions we have the limits

1
lim — =00 and lim 2% = oo.
x—=0t T T—00

By part (d) of Theorem 9.19 we conclude that

1 2
lim <—> = 0.
z—0T \ T
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This is the correct application of Theorem 9.19. It is incorrect to state
the following.

lim (1>2 ~ (00)? = .

x—=0T \ T
The expression (c0)? is meaningless. O

Example 9.13. In the evaluation of the limit
. T
lim tan <—>
x—1t 2

we have the composition f o g(x) of the functions

g(x) = %95 and f(z)=tanzx.

For these functions we have the limits

lim — = — and lim tanz = —oo.
r—1+ 2 2 x—7 /2T

By part (a) of Theorem 9.19 we conclude that

) T
lim tan (7> = 00.

r—1+

It is incorrect to state the following.
iy (5) =1 () -
lim tan (—- ) =tan (5 ] = oo.
The tangent function is undefined at 7 /2. L]

Take note that only unbounded functions may have infinite limits.

Objectives

Students should be able to
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1. determine whether the composition of functions may have a vertical
asymptote.

2. determine the vertical asymptotes of the composition of functions.

Each of the questions below tests the objectives of this section. Identify
the objective(s) tested by each exercise. Make up your own exercises.

Exercises

26. Explain why the function
f(z) = 2*sinx
does not have vertical asymptotes on its domain R.

27. Give an example of an unbounded function f and a bounded
function g such that their composition f(g(x)) is bounded.

28. Find a vertical asymptote of the function

() = sec (x”f2> .

29. Evaluate the limit

. 2 .
xl;r% In(z® —1).

30. Explain why the evaluation of the limit shown below is incorrect.
Give its correct evaluation.
lim In(—sin(7z)) = In(— sin(m))
r—1t
=1In(0") = —c0.

Complete solutions are provided on page 356.
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Chapter 10
Limits at Infinity:Horizontal Asymptotes

Visually, in Figures 2.2 to 2.4 (pages 34 to 34), the horizontal line

y = K is a horizontal asymptote of the function f in the positive
direction, and in Figures 2.6 to 2.8 (pages 39 to 40), the horizontal line
y = K is a horizontal asymptote of the function f in the negative
direction.

Horizontal asymptotes are determined by limits at infinity. That is, we
must consider the behaviour of functions for very large and very small
numbers in their domain.

In Chapter 2 we established the meaning of an infinitely large (small)
number. Basically, a number is infinitely large (small) if on the real line,
it is very far from zero on the right (left).

We write x — oo to indicate the set of numbers which are infinitely
large, and x — —oo to indicate the set of numbers which are infinitely
very small.

Let us to emphasize that neither x — oo nor x — —o0o should be
interpreted as “x approaches infinity or negative infinity.” The symbols
oo and —oo do not have a place on the real line, therefore a number on
the real line cannot approach something which is nowhere.

Figure 10.1 shows the graph of a function f whose values are close to
the number M for infinity large numbers and to the number L for
infinity small numbers. ??

The horizontal lines y = M or y = L are horizontal asymptotes of the
function f, if its limit at infinity is M or its limit at negative infinity is L.

Intuitively, the number M is the limit of the function f(x) for infinitely
large z if
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Figure 10.1: Graph of a function f with horizontal asymptotes

we can make the values of f(x) to be very close to M (as
close as we like) by taking x infinitely large.

Similarly, the number L is the limit of the function f(x) for infinitely
small z if

we can make the values of f(z) to be very close to L (as close
as we like) by taking x infinitely small.

These statements establish that the values f(x) are close to a number
for infinitely large or infinitely small numbers. Hence, f(z) must be
defined for infinitely large or small numbers. In other words, the domain
of f contains infinite intervals of the form (a, co) or (—o0, a) for some
number a. We then conclude that

only functions whose domains contain infinite intervals may
have horizontal asymptotes.

Examples of such functions are:

« sine and cosine functions.
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polynomial functions.

= rational functions.
=« exponential functions.
« tangent inverse function.

= sine and cosine hyperbolic functions.

Students must be made aware that there are functions with horizontal
asymptotes

= whose graph crosses the horizontal asymptote (see Figure 2.4
on page 34).

« which are discontinuous on an infinite interval (see Figure 2.5
on page 37).

Objectives

Students should be able to

1. determine visually whether a function has a horizontal asymptote in
the positive or negative direction.

Each of the questions below tests the objectives of this section. Identify
the objective(s) tested by each exercise. Make up your own exercises.

Exercises
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1. Sketch the graph of a function which is discontinuous at infinitely
many numbers and it has a horizontal asymptote in the negative
direction.

2. Sketch the graph of an everywhere continuous function with
horizontal asymptotes y = 1 and y = —1.

3. Sketch the graph of a nonconstant, everywhere continuous
function with the horizontal asymptote y = 2 in both directions
positive and negative.

4. Explain why the sine function does not have a horizontal
asymptote.

Complete solutions are provided on page 358.

Horizontal Asymptotes of Quotient Functions

As in Chapter 7, the evaluation of finite limits at infinity of rational
functions is based on the reciprocal function

1
F(x) = — see Figure 9.18 on page 214.

This function has a horizontal asymptote y = 0 in the positive and
negative directions. That is, the values of F'(x) get close to zero as the
values of z increase and decrease infinitely. We express this behaviour
with the limits

1 1
lim — =0 and lim — = 0.
T—00 T T——00 T
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The Law of Limits (Theorem 3.2 on page 47), holds for limits at
infinity. Hence, by part (b) of this theorem, for any positive integer n

lim i:[Iim 1][hm 1] = 0.

r—Fo00

Moreover, for a function g(z) with a finite limit at infinity

i o(a) = M
we have

Jim = i o) |l ] = Vo) =0
If

R(x) = bin @™ + b1 2™ - 4 b+ by

anx™ + Gp12" L+ - 4 ax + ag

1s a rational function with m < n, then by factoring " from the
numerator and 2" from the denominator, we have

xm<bm—|—b”;—‘1+b’;_2—2 ...+#b_1+§_%)
R(z) = - - (10.1)
an(CL?”L—F"T*l—i—;—f{_..._'_xna_l_{_x_g)

We apply the Laws of Limits to evaluate the limit at infinity of R(z).
You justify our conclusions.

R e o M

. 2
lim L _m
Gn— An— a a :

Since eithern —m > 0orm =n

m
. . 1
lim — = lim =0,
z—+oo T r—too0 xn—m
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or

im 2 = lim 1=1.
rz—+oo " T—+o00
Therefore,

lim R(x)=0 ifm<n (10.2)

r—+o0

and

. b
lim R(z)=— form =n. (10.3)

r—+00 ap,

As a particular case we have

1
lim

= 0. (10.4)
r—+00 @, + anlﬂjn_l + - 4+ ax + ag

We define the limits at infinity and negative infinity from left and right

as follows.

Definition 10.1. a. The limit at infinity of a function f(z) is a
number L from the right if

i. lim f(z)= L.

TrT—00
ii. If there is a positive number V' > 0, such that

f(x) > L foranyxz >V,

then f(z) > L for x — oo and we write

lim f(z) = L".

T—00

Figure A.9 (page 266) shows its graphic representation.
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b. The limit at negative infinity of a function f(x) is a number L
from the right if

i. lim f(z)= L.

Tr—r—00
i1. If there is a negative number W < 0, such that

f(z)> L foranyz < W,

then f(x) > L for z — —oo and we write
lim f(z)=L".

T—r—00

Figure A.10 (page 267) shows its graphic representation.

c. The limit at infinity of a function f(x) is a number L from the
left if

i. lim f(z)= L.

T—00
i1. If there is a positive number V' > 0, such that
f(x) < L foranyx >V,

then f(x) < L for v — oo and we write
lim f(z) =L".

T—00

Figure A.14 (page 269) shows its graphic representation.

d. The limit at negative infinity of a function f(z) is a number L
from the left if

i. lim f(z)= L.
T——00
11. If there is a negative number W < 0, such that

f(z) < L foranyz < W,

then f(x) < L for z — —oo and we write
lim f(x)=L".

T——00

Figure A.15 (page 269) shows its graphic representation.
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From Figure 9.18 (page 214), we see that

1 1
lim = =07 and lim —=0".
T—00 T——00

Example 10.1. By Equation (10.3),

ot 4322 -12 1
lim = —.
r——oc0 33 — 312 + x 3

To determine if this limit is from the right or left we take a very small «,
say + = —10°, and evaluate the rational function
(—10°)% +3(-10%2—-12  —10" 4 3(10"%) — 12
3(—106)3 — 3(—109)2 + (—106)  3(—10'8) — 3(1012) — 106

> 0.

Hence,

L 3+ 3r-12 17
lim = — .
a—-o00 33 — 312+ 3

This is a first “approach” to determine that the limit is from the right.
The derivative of this function should be applied to determine properly
this same result. L]

Example 10.2. From the graph of the tangent inverse function we
deduce that

lim tan 'z = T
2

r—0Q
and
. 1 T+
lim tan "z = —— .
T——00 9

For the composition of functions we have parts (d) and (e) of
Theorem 5.4 (page 114).
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A If limg(z) = and lim f(y) = b, then

yY— 00
lim f(g(z)) = b
B. If limg(z)= — and lim f(y) =0, then
y— —00

lim f(g(x)) =b.

In the next two examples we show the correct and incorrect application
of these two statements.

Example 10.3. To evaluate the limit

lim tan '(Inz)
x—07T

we consider the composition of the functions tan~!y and y = In .
Thus,

lim Inx = —o0 and lim tan 'y = T
z—0+ y——00 2
By part (e) of Theorem 5.4
lim tan '(lnz) = T
x—07F 2

It is incorrect to evaluate this limit in the following manner

. _ _ . _ v
lim tan '(Inz) = tan™* (hm 1nm> =tan !(—00) = —=
z—0Tt rz—0Tt 2
because it does not make sense to evaluate a function at —oo.

Example 10.4. To evaluate the limit

) 4
lim 5
r—n— sect xr +secx — 4

we consider the composition of the functions
A d
—— an = sec .
v+ —4 Y
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Thus,

4
lim secz = o0 and lim ——— = 0.
T z—oo x2 +x — 4
By part (d) of Theorem 5.4
4

lim 5 = 0.
z—7— secr +secx — 4

It is incorrect to argue that because

lim secx = oo
r—m

then

li 4 4 0
im —— =0.
zor- 002 +00—4 0

The symbol oo cannot be treated as a number. Moreover, the expression

4 ..
— = (0 1s incorrect.
00

Objectives

Students should be able to

1. evaluate limits at infinity of rational functions.
2. evaluate limits at infinity of the quotient of functions.

3. evaluate limits at infinity of composition of functions.

Each of the questions below tests the objectives of this section. Review
them and make up your own questions.

Exercises
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5. Sketch the graph of one function whose limit at negative infinity is
L from the right.

6. Explain why the limit

sin x

=0

lim
Tr—0Q0 T

is neither from the right nor the left.

7. Evaluate the limits listed below and determine whether the limits
are from the right or left.

) 32 —1
a. lim ——
z—oo 20 + 220 — 1
- 3x2 — 7x3
b. lim —
z—o00 202 4+ 2 13+ 22242
’ 24322 -7 22-3x
¢ x—1>13100 6 + 23 4 — Hx?

8. Evaluate the limits listed below.

a. lim cot !(cscx)
x—0~

b. lim In(sinx)
x—07T

Complete solutions are provided on page 360.

Infinite Limits at Infinity

As in the previous section we apply parts (e), (f), (g), (h), and (1) of
Theorem 5.1 (page 101), to the product

F() (ﬁ)
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to evaluate limits such as

lim f(z)g(z).

r—+00

Theorem 10.2 is similar to Theorem 5.1.

: , 1
Theorem 10.2. A. If wl_l)gloo f(x) =L #0, xl_lgloo m = 0q,
and g% Gl = —00, then
a. lim M:oo ifL >0
z—+o00 g(x)
b. lim @:—oo ifL <0
r—+o0 g(x)
flx) :
C. mLim Glo) oo IfL<0
. J(@) :
d IEIEOOG@) —oo IfL >0
: 1
BAf Mm flo)=co  lm —m5 =170,
lim F(z) = —o0, then
r—=+00
a. lim ﬁ =00 IfL>0
r—+o0 g(:c)
b. lim Ez—oo ifL <0
r—+o0 g(x)
F
c. lim (x)——oo ifL >0
T—+00 g(gj)
F
i lim T8 o <o
r—+00 g(x)
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: , 1
C. If xgrfoof(x) =00, and Lgrinoo 9@ oo, then

D. If xl_l&loof(x) =00, and x1—1>Iinoo m = —00, then

1
E. If lim f(z)=-00, and lim —— = oo, then

r—+o00 r—+o00 g(x)
lim _f(:c) —
r—=+00 g(x)
F [ li f( )— d li ! = th
A i f@) = oo and -l oo = —oc, then
lim _f(x) =00
r—+00 g(aj)
Example 10.5. We have the limits
: ) 1 ) 1
lmzr=0c0 and I|lIm —— = lim ——— = oo.
T—00 T—500 Sln(l/x) t—0+ Sln(t)

By part (C) of Theorem 10.2

lim ——
im ———— = o0.
r—oo sin(1/x)

Theorem 10.2 must be applied correctly avoiding products of the
infinity symbol. If the conditions of the theorem hold, then the
conclusion. No more, no less.
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For rational functions

bin®™ + by 12™ L+ b 4 by
anx™ + ap_12™ L+ - 4 ax + ag

R(x) =

with . > n we have as in (10.1)

o (b bt bz b )
R(x) =
(@) a? (an + 2t 4 B2 L 0 G0

By the Laws of Limits

R L S Y

2
lim - = —
Ay — Ay — .
roko an B p R b8 T gy
On the other hand,
.o . em
lim — = lim « = 0.
z—o00 " T—00
For m — n odd
.o . n
lim — = lim z = —00.
z——o0 T——00
For m — n even
.o . S
lim — = lim z = 0.
z——o00 T T——00

By parts (e) and (f) of Theorem 5.1 (page 101),

Teaching Limits 253



o (bm+£+lﬁ;—;2+---+x+‘l+”—&)
lim R(x) = lim | — - -
T—00 r—00 \ (an_|_n1_|_n_2_|_..._|_xnl+xn)

_ o0 Z>O
o0 m
P

For m — n odd

o (bm+l’m——1+l”;;—;2+---+xn?1+f—g>
lim R(z) = lim <—)

an— Qan—
G =00 \ 2" (an + Bt 4 dn2 gy 0y o)
. b
I an>0
. b
o =<0

For m — n even

lim R(z)= lim

T——00 T——00

<xm) (bm—l—b’”—_l—l—b’;—f—i-'”-i-xml-l-bo)

" (an + %2t 4 2252 4 0 4 0

oo o om > ()

p— an
o0 moo

an

We conclude that rational functions with m > n do not have horizontal
asymptotes.

Example 10.6. For the limit of the rational function
. 3z — 22°
lim ——
=00 3T —+ 4
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b
Wehavem:Q,n:Iand—Qz?<O;hence,m—n=1isoddand
a

 3x — 222
lim ——— = —o0.
x—00 31 + 4

Example 10.7. For the limit of the rational function

’ 3r — 2zt
im
T——00 (3:13 -+ 4)(1 — 5332)

wehavem:4,n:3and%:—15 > 0; hence,,m — n = 11s odd and
as —

lim 3x — 22
T——00 (3:(,‘ + 4)(1 — 5%2)

= —00

For a polynomial function p(x) = a,x" + ap 12" 4+ az + ao,
we factor " and obtain

Ay — a a
p(ﬂf)zx”<an+ bt n1+—2).
i i i

By part (g) of Theorem 5.1 (page 101), we have

lim " = oo  for any positive intern n.
T—r00

For n odd

lim 2" = —oc0
r——00

and for n even

lim z" = oo.
r—r—00
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By (10.4)
lim ap+ 2L gy 20

r—+00 X a1 xn

By parts (e) and (f) of Theorem 5.1 (page 101),

— a/n.

lim p(z) = oo for any positive intern 7.

T—00
For n odd
_ —00 1 ap >0
lim p(x) =
e oo : a,<0
For n even
_ oo : oa,>0
lim p(x) =
e —0 : a, <0

For the composition of functions we have parts (a), (b), (c¢) and (f) of
Theorem 5.4 (page 114).
Corollary 10.3. a. If limg(x)= 0" and lim f(y) = +oq,

y— bt
then

lim f(g(z)) = too.

b. If limg(x)= b and linbl f(y) = Loo, then
y— b~
lim f(g(x)) = £oo.
c. If limg(z)= 10> and lim f(y) = do0, then

y— b

lim f(g(z)) = toc.

d If limg(zr)= 4+ and lim f(y) = oo, then

y— oo

lim f(g(x)) = too.
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Example 10.8. To evaluate the limit

. ( 1 )
lim csc | —
T—00 T

o : 1 .
we have the composition of the functions csc y and y = —, and the limits
x

.1 .
lim — =07 and lim cscy = oo
T—00 I y—07t

Hence, by part (a) of Corollary 10.3

. ( 1 )
lim csc [ — | = 0.
T—00 x

It is incorrect to evaluate this limit in the following manner

1
lim csc (—) = lim csc(0) = oc.

T—00 €T T—00
We should never evaluate a function at a number which is not in its
domain. ]
Finally, we restate Theorem 5.1 (page 101). For the notation of
Theorem 10.4 see Chapter 3.
Theorem 10.4. If lima(x) = A and lim ¢(x) = C (C #0),

lim f(z) =00, lim g(z)= oo,

lim u(x) = —oo, limv(x) = —o0,
then

a. lima(z) + f(x) = 00

b. lim a(x) + u(x) = —oc0

c. lim f(z) + g(x) = o0
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d. lim u(x) + v(zr) = —o0

oo if C>0
e. lim c(z)f(x) = <
| —© of  C <.
. ( —o0 if C>0
£ lim e(x)u(x) = <
| > of  C <.
g lim f(z)g(x) = o0
h. lim u(z)v(z) = 0o
L lim f(z)u(xr) = —o0

Theorem 10.4 must be applied correctly. If the conditions of the
theorem hold, then the conclusions. No more, no less.

In the next example we show the correct and incorrect application of
Theorem 10.4.

Example 10.9. Be Example 9.11 (page 235)

COSTTX
= —OQ.

lim
r—1+t Inxz

Hence, by part (h) of Theorem 10.4

) COSTTT\ 2 ) COSTTT COSTTT
lim = lim = 0.
r—1+ \ Inxz =1+ \ Inzx Inx

It is incorrect to state the following.

iy (27) (22) = (o) = .

r—1t

The expression (—oo)(—o0) is undefined. O

258 A Guide for Calculus Instructors



Objectives

Students should be able to

1. evaluate limits at infinity of rational functions.

2. find horizontal asymptotes.

Exercises

9. Evaluate the limits listed below. If a limit does not exist explain
why.
cos(mx)

i
a xlgl} SiIl(SU — 1)

10. Give two vertical asymptotes of the function

cos(mx)
sin(z — 1)

11. Explain why we do not apply Theorem 5.1 (page 257), to evaluate
the limit

lim r+1
i (1)

12. Evaluate the limits listed below.

1
a. lim In (—)
T—00 T
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b, lim %

z——00 e

13. Explain why the application of Theorem 10.2 below is incorrect
and give the correct evaluation.
— [ 1
lim " = lim (x —m) }
x—m/2t COSXT x—m /2t | cOS T

1
= lim (z—m)| lim ]
x—m /2t | r—m /2T COS T

(- (D=

Complete solutions are provided on page 363.

Summary
We presented the sequence of teaching of limits from basic functions.

1. Functions. Chapter 7.

a. Basic functions on page 156.
b. Transformations in Chapter 6 (page 131).

c. Visual understanding of limits on page 169.
2. Continuity Chapter 8.

a. Definition of continuous functions on pages 178, 180 and 183.

b. Continuity of composition of functions on page 185.
3. Limit Evaluation of Discontinuous Functions. Chapter 8.

a. Simplification techniques on page 189.
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° L =2 o

10.
1.

b. Finite limits from the right and left on page 195.
Infinite limits Chapter 9.

a. Reciprocal functions on page 199.
b. Bounded functions on page 220.
c. Vertical asymptotes on pages 223, 232 and 236.

. Limits at infinity Chapter 10.

a. Horizontal asymptotes on page 245.
b. Infinite limits on pages 251, 256 and 257.

Squeeze Theorem Theorem 3.13 (page 70).
Trigonometric limits Proposition 6.14 (page 138).
I’Hospital’s rule Definition 6.15 (page 141).
Limits of type oo — oco. Theorem 6.19 (page 150).
Limits of type oo /0. Theorem 6.19 (page 150).
Limits of Type 0/cc. Exercise 9 of Chapter 6.
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Appendix A: Graphic Representations of Limits

In this appendix we provide the graphic representations of the limits
studied in this guide. Read them following the order indicated:
1—=2—=3—=4

See how the existence of 6 > 0 (V > 0, U < 0) follows after the
arbitrary choice of ¢ > 0 (M > 0, N < 0).

Finite Limits at a Number

@ Forany £ > 0 I
R+e

i 7T l

(4) If) —Rl<e {

) PSS O

@ Thereisad = 0

@forany 0<x—a<é

Figure A.1: lim f(z) =R

r—a™t
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@ If)—Ll<e {
0

@ Forany € > 0 L-¢

G (e s

a—§&

a

@ Thereisad = 0

@ for any

Figure A.2: lim f(x)=1L

r—a~

@ Forany £ > 0
M+ e

769
@ If) —M| < {

M

\_[_J

OD<a—x<§6

@ Thereisad >0

®

Figure A.3: lim f(z) = M

Tr—ra

a—386 a a+é
)
forany |a—x|<§
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Finite Limits at Infinity

@ Forany ¢ > 0 K+e

f()

K-¢ 1~

@ Fw-Ki<e |

@ Thereis V>0

Figure A4: lim f(z) = K

T—00

!
rK+e

f@)} @ If@) —K| <&
K

@ Foranye >0

K-¢

R

@ Thereis U< 0

@ forany x<U

Figure A.5: lim f(z) =K

T—r—00
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Finite Limits from the Right

@ Forany £ > 0

R+ e l
g™
@ 0<f(x)—R<c¢ { :7T

2 SR ¥e

@ Thereisad =0

@forany O<x—a<é

Figure A.6: lim f(z) = R"

z—at

@ Forany £ > 0 R+4+e

@ D<f(x)—R<£{f;X)

L

: - X a
@ Thereisad > 0 a—=4§ —

(3) forany O<a—x<§

Figure A.7: lim f(z) = R*

r—a~
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@ Forany € > 0 R+e

@ O<f(x)—R<£~[f}(:)

X a a+d

@Thereisaé‘>0 a=§ S

@ forany 0<|x—a|<é

Figure A.8: lim f(z) = R"

Tr—a

(1) Foranye>0 Ktel—

{f(x)
0 -K
@ 0<f)-K<e .

(2) Theteis V>0
(3 forany x>V

Figure A.9: lim f(z) = R*

T—r00
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@ Forany &> 0
K +e

f&) } @{]<f(x)—f(<£
K

K-¢

r

@ Thereis U< 0 i

@ forany x<U

Figure A.10: lim f(z) = R"

T—r—00

Finite Limits from the Left

L
@ 0<L7f(x)<£{f(x)

@ Forany € > 0 L-¢ ,,__

1
@Thereisaé‘>0 q—’—g até

@forau}-‘ D<x—a<§

Figure A.11: lim f(z) =L~

z—at
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E
@ 0<L—-f(x)<e {f(x)

@ Forany e > 0 L-¢

@Thereisa5>0 a-§

@ for any

Figure A.12: lim f(z) =L~

r—a—

@ O<L—flx)<e {
el e ;
@ Forany € > 0 L-¢ 1
£

Thereisad > 0 a—4§ i o a—ao
)

@ for any

Figure A.13: lim f(z) = L~

r—a

O<|x—a|<d
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L

f@) —/
0<L—f(x)<e
® o<t—f@<e { ||
@ Forany £ > 0

@ Thereis =0

Figure A.14: lim f(z) =L~

T—r00

L
} @ 0<L- f)<e
1f(x)
e @ Forany & > 0
b
. x
@ There is U< 0 U

@ forany x<U

Figure A.15: lim f(x) =L~

T—r—00
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Infinite Limits at a Number

@ f@)>M

@ For any M>=0

! Vv x V+é @ Thereisad > 0

@ Forany  g<x-v<s$

Figure A.16: lim f(z) = o0

z—V+

@ fx)>M

(D) Forany M=>0

| : : 5
@ Thereisad >0 V-8 x V

I

|® For any 0<V—-—x<9¢

Figure A.17: lim f(z) = o0

z—V =
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(1) f>M  f(x)

@ For any M >0 M

@ Thereis a|6 > 0 V=06 % Vid
=i
@Forany 0« le—¥l=b

Figure A.18: lim f(z) = 0o
z—=V

@Fcrauy 0<x—-V<§

——
X V+c5‘/ @Thereisa@>0
-

@ For any N> 0 N

(4) f&@<N ] —

Figure A.19: lim f(z) = —©

z—V+
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(3 Forany g<v-—x<s

(2) Thereisad >0 V—-&§x ¥V

3 '

(1) Forany N>0 3 [ !
@ f@<N [f&)p—

Figure A.20: lim f(z) = —o0

z—V =

@ Forany ¢ x—V|<8§

ok
Viesdy %t ¥ Vb Thereisad > 0

3

@ Forany N=0 [ | ..

@ <N Thr] ey

Figure A.21: lim f(z) = —c0

z—V
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Infinite Limits at Infinity

@ f&x)>M P s s

(1) Forany M>0 [T 4] E = —

L
- X

_// P
(2) ThereisaP >0

@ Forany x > P

Figure A.22: lim f(z) = o0

T—r00

@ Forany x > P
@ ThereifsaP >0 P
X

e | i

v

@ Forany N=0 N

@ fx)<N )

Figure A.23: lim f(z) = —o0

T—00
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I S e @ f@>M

\ M (1) Forany M>0

-

* N @ThereisaN<{]

@ Foranyx < N

Figure A.24: lim f(z) = o0

T—r—00

@ ThereisaQ < 0

(3) Forany x < Q % 0 /
'

_____________ -~ N @ Forany N< 0

777777777777777777777777777 —{f) @ f)<N

Figure A.25: lim f(z) = —0

T—r—00
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Appendix B: Solutions

In this appendix we provide the complete solutions to all the exercises
in this guide.

Exercises Chapter I
Exercises I (page 26)

1. For a positive integer n, the number

1
a+ o belongs to the set x — a™,
n

because

N | —

0< —1—1 ! <
at+——a=—
2n 2n

Hence, the set

1 e o .
{a + o |n e N} is infinite and it is a subset of z — a™.
n

2. a. For any positive number £ > 0, there is a number x such that
lz —2| <e.
b. |a —b| < 1075,
c. For any positive number € > 0 there is a rational number x such
that |z — 7| < e.
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3. For any § > 0, there is a negative integer k such that

k< 1<0 = (5<—1<0
207 u_2k7r '

For this particular © we have
1
sin (—) = sin(2km) = 0.
u

By part (b) of the negation of Definition 1.4 (page 8)

. (1 L ... :
sin (—) is neither positive nor negative for x — 0.
x

By part (c) of the negation of Definition 1.4.

sin (—) is neither positive nor negative for v — 0.
x

4. For any ¢ > 0, there is an integer n so that

1 1
<——<0 = 0<-—-——<).
" 207 2nm

: . 1
For this particular number u = —
2nm

1 1
sin (—) =sin(2nm) =0 = csc <—> is undefined.
u u

Hence, by part (b) of the negation of Definition 1.4 (page 8)
1

cse (—) 1s undefined for x — 0.
T

5. The domain of the function
f(z) =+1—2x istheinterval (—oo,1].
Hence,

lim f(z) 1isundefined.

rz—1t
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6. By the negation of Definition 1.10 on page 21, the limit at zero from

the left does not exist if for any real number L, there is a positive
number € > 0 such that for any positive number ¢ > 0

)sin<l>—L‘25 forsome —9d<ax<O. 5
X

For any positive number 0 > 0, there are negative numbers
N, M < 0, such that

2

’m‘<(5 forany xr < N. (6)

and

6

— (<9 f M. 7
’(12:15—1)77‘ < or any x < (7)

If the number k£ < N is an integer, then
< u =————<0 and —=-—"—"—<0.
For this particular number © we have

sin (l) = sin (M> = —1. (8)
U 2

If L is any number we have by inequality 3 on page xii

’sin (l) — L‘ > ‘sin <l> ‘ — | L] )
xr s

sin <1> _ L‘ > |L| — | sin <1> ‘ (10)
xr s

For this number L we have three cases.
Case 1. If || > 1, we have the positive number ¢ =|L| —1 > 0.
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By the statement (8) and inequality (10), we have that for this
particular € and any positive number ¢ > 0 there is

2
—d<u=-——<0,
so that

(4k — 1)m
1 1
sm<—>—Lﬁzwp-gnQ)‘:uq—1:a
Uu u

Case 2. If |L| < 1, we have the positive number ¢ = 1 — |L| > 0.

By the statement (8) and inequality (9), we have that for this

particular € and any ¢ > 0 there is
2
—<u=—"--<0
YT Uk Dr S

so that

1 1
’Sin(—)—L‘ Z‘Sin<—>‘—\L|:1—\L|:5.
U u

Similarly, if £ < M is an integer, then

6 1 (12k— )7
)< = —— <0 d —=—"<0.
YT M2k — n anc 6

For this particular number © we have

. ry . (12k — D)7 __1
sin (Z) = sin <—6 ) =3 (11)

Case 3. If |L| = 1, we have the positive number € = ot

By the statement (1 1) and inequality (10), we have that for this € and
any positive number o > 0 there is
3

- __° <o
YTk —1m
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so that

1 1 1 1
’sin — —L‘Z\L|—‘sin — ‘:1——:—:5.
u u 2 2

In either case we have that the statement (5) holds. Hence, the limit

1 )
lim sin (—) does not exist.

z—0~ X
7. By Definition 1.11 (page 22) if

lim f(z) = L,

Tr—a

then for any positive number € > ( there is a positive number o > 0
such that

|f(x) — L| <e forany 0 < |z —al <9,
and 1f
lim () — L) = 0,

Tr—a

then for any positive number € > ( there is a positive number § > 0
such that

|f(x) =L =|(f(z) —L)—0| <e forany 0 < |z —al<?d.
Since both statements are equal, it follows that

lim f(x) = L ifandonlyif lim(f(z)— L)=0.

Tr—a Tr—a

8. By the definition of absolute value (page xii)
(

[f(@)] = IL| if [f(z)] = |L] >0
1f @) = [LIl = q LI = |f(@)] if [f(=)]-[L] <0
0 if [f(z)] = |L]
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By inequality 3 on page xii

[f(@)| = [L] < [f(z) = L] and [L| = |f(2)] < [f(z) = L].
Therefore

1f (@) = L[| < |f(x) — LI. (12)

Let ¢ > 0 be any positive number. By Definition 1.11 (page 22),
there is a positive number ¢ > 0 such that

|f(z) — Ll <e forany 0<|z—al<0d.
Hence, by (12) for this same ¢ > 0

| f(z)] —|L|| <e forany 0 < |x—al| <.
This proves that if glgrcll f(z) = L, then ;1613% |f(x)] =|L|.

. Let f(x) be the piecewise function

1 if >0
fx) =
~1 if 2<0

We have that |f(x)| = 1 for any nonzero x. Hence,
lim |f(x)| =1
z—0

and

lim f(x) =1 and lim f(z)= —1.

x—07T x—0~

Therefore,

1111(1) f(x) #1 moreover, this limit does not exist.
T—r
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10. Let f(z) be the function

Fa) = 0 of <0

1 if 0<zx<m.
It 1s clear that

lim f(z)=0 and lim f(z)=1.

z—0~ z—0t

By the negation of Proposition 1.12 (page 1)

lim f(z) does not exist.
z—0

The function f is undefined for z — 7 because its domain is the
interval (—oo, ). Hence, the function f is undefined for + — 7 and
the limit

lim f(z) 1is undefined.

T—rT

I1. a.Let0 < a,0 < g be two numbers in the open interval (O, g)

Figure B.1: Angles o and 6 on the unit circle

On the unit circle, the arcs AC' = 0 and BC' = « are shown in
Figure B.1.
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0< 6!<7r
a, 2

\

Figure B.2: sin « and sin # on the unit circle

By the definition of the sine function, the purple vertical lines in
Figure B.2 correspond to sin ¢ and sin a as shown.

sina

1

—

sinﬂ{

/sina

Aot -

sin 8

1“ \“6

)

5

Figure B.3: Differences o — # and sin a — sin 6

The differences o — 6 and sin o — sin 6 are shown in Figure B.3.

The difference sin @ — sin 6 is the side of a straight triangle, and the
arc o — 6 is greater than its hypothenuse, say ab. Hence, we conclude

that

|sina —sinf| < |ab] < |a— 0] forany 0 < «,0 < g

282
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sin a

Figure B.4: Straight triangle with hypotenuse ab

b. For any € > 0 be any positive number and let

0<a< g be a number in the open interval (O, %)

For the positive number
) = min (5,@,%—@) > 0,
we have that
’<a = a—06>0 (13)
and
s<Xl_ a4 = d4+a<l. (14)
2 2
If0 < |a— x| <J,then —) < x — a < J; thus, by (13) and (14)
0<a—5<x<5+a§g.
Hence, by part (a)
|sinz —sina| < |a—z| < <e.

By Definition 1.11 (page 22), the sine function is continuous at a.

For any positive number € > 0 there is the positive number
0 = min(e, w/2) > 0, so that
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i. forany0 <z <9< g,
|sinz —sin0] < |z| =x < J < e by part (a).
By Definition 1.9 (page 15), the sine function is continuous at ()
from the right.

ii. forany0<g—x<5§g,then0<x<gand

| sin 2 — sin (g) | < }——:c’ :g—x<5<s by part (a).

By Definition 1.10 (page 20), the sine function is continuous at
g from the left.

Therefore,

o ) s
limsinx =sina forany 0 <a < —.
r—a 2

Exercises Chapter 11

Exercises II (page 43)

: : : U :
1. For any negative number U < 0 there is an integer k < o For this
T
particular integer, the number

u=2kr <U issothat sinu = sin(2km) = 0.

In summary, for any U < 0 there is a numbers v < U such that
sinu = 0.

Hence, by the negation of Definition 1.4 on page 8 the sine function
is neither positive nor negative for r — —oo.

2. For any number K and any negative number U < 0, we have to show
that there is a positive number € > 0 so that (2.12) holds.

We consider two different cases for any number K.
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[K # 0 ] For this number K there is the positive number
e = |K| > 0. Thus, for any negative number U < 0 there is an

integer
2
k < Ut such that u:2k7r—z < U.
A 2
Hence,

|cosu — K| = |K|=¢.

[| K| = 0 ] For this number K there is the positive number € = 1.
Thus, for any negative number U < 0, there is an integer

U
k < — suchthat u =27k < U.
2T
Hence,
|cosu — K|=1=¢.
In any case (2.12) holds.
3. Let
x if xel

0 if x¢Z

(50(33) =

For any number K and any positive number V' > 0, we have to show
that there is a positive number € > 0 such that (2.7) holds. We
consider two different cases for any number K.

[K # 0 ] For this K there is the positive number ¢ = | K| > 0. Thus,
for any V' > 0, there is a non-integer . > V', and

0c(u) — K| = |K| =«.

[| K| = 0 ] For this K there is the positive number € = 1. Thus, for
any V' > 0 there is an integer £ > max(V/, 1), and

6o(k) — K| =|z] >1=c¢.
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Hence, the limit lim dc(x) does not exist.
T—00

. Since | sin z| < 1, we have that for any non-zero number x

sin x 1
= lm
r ]

For any positive number £ > 0, we have the positive number

1 1
V =—->0,suchthatif x >V, then — < ¢ and

g T
sin 1 1
’ ’ < —=—-<ec
Hence,
. sinx
lim =0.
TrT—00 T

For any positive number € > 0 we have the negative number

1 1
U=——<0,suchthatif xr < U,then0) < —— < ¢ and

€ x
sin 1
<—=——<c¢
Hence,
. sin x
lim =0.

T—r—00 T

Exercises Chapter II1

Exercises III (page 71)

1. Let f(x) = c be the constant function ¢ and let a be any real number.

a. For any positive number € > 0 there is a positive number
0 =1 > 0 such that

f(x) —c|=|c—c=0<e forevery0 < |z —a| <1.
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Hence, lim f(z) = ¢ and by Proposition 1.12 (page 24)

T—a

lim f(x) =c¢ and lim f(z)=c.

r—at r—a~
For any positive number € > 0 there is a positive number
V' =1 > 0 such that

|f(z) —c|=|c—c|=0<e foreveryx >V
Hence, lim f(x) = c.

T—00
b. For any positive number € > ( there is a negative number

U = —1 < 0 such that

f(z) —c|=|c—c|=0<¢e foreveryx <U

Hence, lim f(z) = c.

T——00

2. Let € > 0 be any positive number.
a. If
lim f(x) =M; and lim f(x) = Mo,

z—at z—at

for the positive number £/2 > 0, there are positive numbers
01, 09 > 0, such that

|[f(z) = My| <

forevery 0 <x—a <o
and
|f(::r;)—M2|<§ forevery 0 <z —a < ds

These two statements hold for the positive number
0 = min(dy, d2) (see statement 1 on page 44). Thus, for any
O<zx—a<d
| My — M| = [f(z) — Mz + My — f(z)]
< |f(z) = M| + [f(z) — M|
£
2

<-4+ -=c

DO ™
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Since ¢ is any positive number, we conclude that |M; — Ms| = 0
and therefore M, = M.

It
lim f(z)=M; and lim f(x)= Mo,

T—a T—a

then for the positive number /2 > 0, there are positive numbers
01,09 > 0, such that

|f(37)_M1|<g forevery 0 <a—x <4
and
| f(x) — M| < % forevery 0<a—x <.

These two statements hold for the positive number
9 = min(d, d2) (statement 1 on page 44)). Thus, for any
0<a—x<9
[ My — M| = [f(x) — Mz + My — f(z)]
< [f(z) = Mi| + | f(z) — M
£

£
<-+-=¢

2 2
Since ¢ is any positive number, we conclude that M, = M.
. The proof for x — —oo 1s similar. For the positive number
e/2 > 0, there are negative numbers U; < 0 and Us < 0 such that
|f(x) — M| < g forevery x < U
and

|f(x) — M| < g forevery =z < Us.

These two statements hold for the negative number
U = min(Uy, Us) (statement 3 on page 44). Thus, for any = < U

|My — Ms| = |f(x) = My + My — f(z)| < |f(x) — My| + | f(x) — My

£ £
<=4

5 2:8.
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Again, since ¢ is any positive number, we conclude that
My, = M.

3. Let € > 0 be any positive number.

a. Part (a) of Theorem 3.2 (page 47) for z — a™.
For the positive number /2 > 0 there are positive numbers
01, 02 > 0 such that

[f(z) — K| <

for every 0<x—a<id, (15)

and

lg(x) — M| < % for every O<x—a<d. (16

Both statements (15) and (16) hold forevery 0 < z —a < ¢
where 6 = min(dy, dy) > 0. Thus, forevery 0 < z —a < 9

|(f(2) £ 9(z)) = (K = M)| < [f(2) = K| + |g(z) — M]|
< %+ g = €.
Hence, xlgﬁ[f(a:) +g(x)] = K + M.

b. Part (b) of Theorem 3.2 (page 47) for x — a~. We consider three
cases.
Case 1. If K, M = 0, for the positive number /¢ > 0 there are
positive numbers d1, o3 > 0 such that

|f(x)| < e  forevery 0<a—x<dy, (17)
and
lg(z)| < Ve  forevery 0<a-—x<5d. (18)

Both statements (17) and (18) hold forevery 0 < a —z < ¢
where § = min(dy, d3) > 0. Thus, forevery 0 < a —x < 9

|f(z)g(2)] = | f(2)[|lg(z)]
<\Veve=e.
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Case 2. If K = 0 and M # 0, for the positive number

€ .
> (0 there are positive numbers 91, do > 0 such that
e+ | M|

€
@) <

for every O<a—xz<9d, (19

and
lg(x)| —|M| < |g(z)—M| <e for every 0<a—x <.
(20)

Both statements (19) and (20) hold forevery 0 < a —x < ¢
where § = min(dy, d9) > 0. Thus, forevery 0 < a —x < §

F@)o@)] = 1) lg)] < [ fwd R

Case 3. If K, M # 0, for the positive number

€ . .
W > (), there is a positive number d; > 0 such that

[f(2) = K| < 5=

2\M| for every 0<a—x<d, (21)
and
£

Then
e+ 2|KM|

HEI= =500

|f(z)] < Q‘j\ﬂ for every 0<a—x<d.

(22)
For the positive number

| M|e
e+ 2|K M)

> (0, there is a positive number d- such that
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| Me
e+ 2|KM])

for every 0<a—x<ds.

(23)

lg(z) — M| <

By statement 1 on page 44, the statements (21), (22) and (23)
hold for every 0 < a — x < 6 where 6 = min(dy,d2) > 0 ().
Thus, forevery 0 < a —x < ¢

|f(x)g(z) — KM| < [f(z) — f(x)M + f(x)M — KM|
<[f(@)llg(z) — M| + |M||f(z) — K|
e+ 2|KM| |M|e |M e
- ( o] > (e+2!KM|>) o]
= 5 + 5 = €.
Hence, mliglﬁ [f(x)g(x)] = KM.

c. Part (c) of Theorem 3.2 (page 47), forx — a™.

By Exercise 1, lim ¢ = ¢ for any constant c. By part (b) of
T—a—

this exercise

K = (lim c) (lim f@)) = lim [cf()].

Tr—a— r—a— Tr—a—

d. part (d) of Theorem 3.2 (page 47), for z — —oc.
For the positive number

LQ
el > (0, there is a positive number N < 0 such that
1+ |Lle
lg(x) — L| < elLf for ever <N (24)
xr)— T .
g 1+ [L]e y
Since
elL)?
M| — < — L
M| = lg(a)| < lo(e) ~ LI
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we have that

elL|? L]
— < —|L| =— .
9O < e =
Therefore,
1 1+ |L
< |Lle for every r < N. (25)
|g(2)] L]

Thus, for every x < NN the statement (25) holds and
‘ 1 1 ’L —g(x) ‘

g(z) LI | Lg(x)
_ e|L|? 1+|Le .
1+ |Lle |L|? -
Hence,
li L ! only if M # 0
im — = — :
eeog(e) MO

e. Part (e) of Theorem 3.2 (page 47), forx — a™.
This follows from parts (c¢) and (d) assuming part (d) holds for
r—a .

1
lim @) = (lim f(x)) (lim —)
r—a~ g(.’L’) r—a~ r—a~ g($)
1 K
()=
4. Let a be any number and € > 0 be any positive number. For the

identity function f(z) = x, we have the positive number § = ¢ > 0
such that

|f(x) —a|=|r—a| <e forany( < |x —a| <.

Hence, lim z = a.
Tr—a

292 A Guide for Calculus Instructors



5. Let a be any non zero number. By part (¢) of Theorem 3.2 (page 47)
and the previous exercise

o1 ) 1 1
lim - =lim — = —.
T—a T T—a f(g;) a

6. Let f(z) = sin <§> and g(r) = —sin (l) Hence

x
f(x)+ g(z) =sin (i) — sin (é) =0 for any nonero x.
Thus,
lim[f(z) + g(2)] = 0

and by Example 1.9 (page 17)

1
lim f(x) = lim sin (—) does not exist.

x—0 x—0 x

7. We give the definitions of the expressions listed in Exercise 6.

a. f(r) > RTasx —a .
For any positive number £ > 0, there is a positive number 0 > 0
such that

0< f(x)—R<e forevery) <a—x <.

b. f(r) > L asx —a™.
For any positive number € > 0, there is a positive number 6 > 0
such that

0<L—f(x)<e forevery) <z —a<).

c. f(x) > L™ asx — oo.
For any positive number € > 0, there is a positive number V' > (
such that

0<L—f(x)<e foreveryxz >1V.
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d. f(x) » L™ asz — —o0.
For any positive number € > 0, there is a positive number U < 0
such that

0<L—f(x)<e foreveryz <U.

8. The graphic representations of the definitions of Exercise 7 are in
Appendix B.

a. Figure A.7 (page 265) shows the graphic representation of

lim f(x) = R".
Tr—a—

b. Figure A.11 (page 267) shows the graphic representation of
lim f(x)=L".
x—at

c. Figure A.14 (page 269) shows the graphic representation of
g fe) =1

d. Figure A.15 (page 269) shows the graphic representation of
xgmoof(aj) =L".

9. If either c = 0 or K = 0, then

lim[cf(z)] = lim0 =0 = (0)K.

Tr—a Tr—a

Let € > 0 be any positive number. If ¢, K # 0, then for the positive
number

€ : o
— >0, there is a positive number § > 0 such that

c]
f(z) — K| < |5—| for 0 < |z — a| < 6.
c
Hence,

lef(x)—cK| = |c||f(x)—K]| < || (i) =¢ for0 < |z —a| <.

]

Therefore lim[cf(x)] = cK.

Tr—a
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10. Negation of Definition 3.4 (page 56).

a. For any number R, there is a positive number € > ( for any
positive number > 0 such that either

g(zr)—R<0 or g(z)—R>¢ forsome 0<z—a <J.

Thus, either

- lim g(x) # R for any real number R or
T—a

g(x) —R#0 forz—at.
That is, either

lim g(z) does not exist or g(x) # Rforxz — a™.
rz—at

b. For any number R, there is a positive number £ > 0 for any
positive number ¢ > 0 such that either

L—g(x) <0 or L—g(x)>c¢ forsome 0<a—x <.

Thus, either

« lim g(x) # L for any real number L or
r—a~

« L—g(x) 0 forx —a .
That 1s, either

lim g(z) does not exist or g(x) £ L forx — a™.

Tr—a—
c. For any number R, there is a positive number € > 0 for any
positive number ¢ > 0 such that either

g(x)—-R<0 or g(x)-R>c¢ forsome 0 < |z—al <.

Thus, either
« lim g(x) # R for any real number R or

T—a

«g(x) —R#0 forx — a.
That 1s, either
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lim g(x) does not exist or g(z) ¥ R forz — a.
Tr—a

d. For any number L, there is a positive number € > 0 for any
positive number 0 > 0 such that either

L—g(x) <0 or L—g(z)>¢ forsome 0 < |z—al <.

Thus, either

« limg(x) # L  for any real number L or
r—a

« L—g(x) #0 forzx — a.
That 1s, either

lim g(x) does not exist or g(z) £ L for z — a.
r—a

e. For any number R, there is a positive number € > 0 for any
positive number M > 0 such that either

glx) —R<0 or g(z)—R>¢ for some = > M.

Thus, either
« lim g(z) # R for any real number R or

T—00

«»g(x) —R#0 forz— oo.
That 1s, either

lim g(x) does not exist or g(z) # R for x — oo.

T—r00
f. For any number R, there is a positive number € > 0 for any
negative number N < 0 such that either

glx) —R<0 or g(z)—R>¢ for some = < N.

Thus, either

. xl_i)moo g(x) # R for any real number R or
«g(x) —R#0 forx — —o0.

That 1s, either

lim g(x) does not exist or g(x) ¥ R for z — —o0.

T——00
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11. Proof of part (a) of Theorem 3.7 (page 63).
a. Let lim g(x) =b" and lim f(y) = c.

rx—at y—bt
For any positive number £ > 0 there is a positive number ¢; > 0
such that

If(y) —c| <e forevery 0<y—b<d.

For the positive number ¢; > 0, there is positive number d > 0
such that

0<g(x)—b<dy forevery 0<z—a<ds.
Thus,
|f(g(x)) —c| <e forevery 0<z—a<d.

Hence,

lim f(g(z)) =c.

r—at

b. Let lim g(z) =b" and lim f(y) =c.

T—a~ y—bt
For any positive number £ > 0 there is a positive number ¢; > 0
such that

1f(y) —c| <e forevery 0<y—b<d.

For the positive number 9; > 0, there is a positive number d > 0
such that

0<g(x)—b<dy forevery 0<a—zx<ds.
Thus,
|f(g(x)) —c| <e forevery 0<a—x <.

Hence,

lim f(g(z)) = c.

Tr—a—
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c. Let lim g(x) =0b" and lim f(y) = c.
‘ y—bt

T—> —00
For any positive number € > 0 there is a positive number ¢; > 0
such that

If(y) —c| <e forevery 0<y—b<d.

For the positive number ¢; > 0, there is a negative number U < 0
such that

0<g(zx)—b<d forevery x<U.
Thus,
1f(g(x)) —c| <e forevery z < U.

Hence,

lim f(g(z)) =c.

T——00

12. If g(x) — R* as x — a, then for any positive number € > 0 there is

13.

a positive number § > 0 such that
0< f(z)—R<e forevery 0 < |z —a| <.

Hence, for any positive number € > 0 there is a positive number
0 > 0 such that

|f(z) —R| <e  forevery 0<|z—al<é.

Thus, g(z) — Rasx — a.

1
Let h(x) = zsin (—) . By Example 3.12
T

: . (1
lim x sin (—) =0,
z—0 X
and by Example 3.4 (page 60), for any positive number ¢ > 0 there
are integers 0 < a, b < ¢ such that

h(a) >0 and h(b) <O.
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Hence, h(x) # 0 for x — 0 and by part (c) of Question 10,
: . (1 n
limzsin (-] #0".

x—0 x

14. Proof of Theorem 3.10 (page 68).
a. For z — a™. There is a positive number z > 0, such that
f(x) <0 forevery 0<x—a< pu.

For any positive number € > 0, there is a positive number ¢; > 0
such that

|f(z) — L| <e forevery 0<z—a<d.

If § = min(p, d;) > 0, then the above two inequalities hold for
any every 0 < x —a < 6. Thus, —e < L — f(x) < ¢ and
f(x) < 0. Therefore,

L=L—-f(x)+ f(z) <L-—f(z) <e.

Since ¢ is arbitrary, L cannot be positive. Hence, L < 0.

b. For x — a~. There is a positive number p > 0, such that
f(x) <0 forevery 0<a—xz<p.

For any positive number € > 0, there is a positive number ¢; > 0
such that

|f(z) — L| <e forevery 0<a—x<d.

If § = min(u, d1) > 0, then the above two inequalities hold for
every 0 < a —x < 0. Thus, —e < L — f(x) < eand f(z) <0,
Therefore,

L=L-f(@)+fa)<L—f(x) <e.

Since ¢ is arbitrary, L cannot be positive. Hence, L < 0.

Teaching Limits 299



c. For x = —oo. There is a negative number /N; < 0, such that
f(z) <0 forevery z < Nj.

For any positive number € > 0, there is a negative number
N5 < 0 such that

|f(x) — L| <e forevery z < Nj.

If N = min(Ny, Ny) > 0, then the above two inequalities hold
for every x < N. Thus, — < L — f(x) < eand f(z) < 0.
Therefore,

L=L—f(e)+f)<L—f(x)<e
Since ¢ is arbitrary, L cannot be positive. Hence, L < 0.
15. For any ¢ > 0 there is a number c so that
0<c<d,

in particular for any non-zero z there is a ¢ so that

1
O<e< —.
y4

1
By Theorem 3.13 (page 70) with h(x) =0, f(z) = cand g(z) = —,

2
we have

26, M) = 0= i o).

Hence,

lim f(z) = lim c=c¢=0,
T—00 T—00

Exercises Chapter IV

Exercises IV (page 99)
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1. If the function f with domain D/ is bounded, then there is a constant
B such that

—B < f(x) < B forevery x € Dy.

Therefore, the function f is bounded with bounds B and — B above
and below, respectively.

If f is bounded above with bound B; and below with bound B», then
By < f(z) < By forevery x € Dy.

If B = max(|B|,|Bz2|), then | By| < B. Thus, —B < —|B,| and
|B1| < B. By inequality 6 (page xii)

_BS—‘BQ‘ SBQSf(QZ‘)SBlS ‘Bl‘ < B fOI‘CVCI'YZCEDf.
Hence, f is bounded with bound B.

2. Negation of Definition 4.1 (page 74).
Let Dy be the domain of a function f. The function f is

a. unbounded above if for any number By
f(z) > By for some x € Dy.
b. unbounded below if for any number By,
f(z) < Bg for some x € Dy.
c. unbounded if for any number B
|f(z)] > B for some x € Dy.

3. a. Negation of part (a) of Definition 4.4 (page 81).
The limit of a function f at the number V' from the right is not
infinite if there is a positive number M > 0 such that for any
positive number § > 0

flz) <M forsome 0<z—V <. (26)
We write,

lim f(x)#00 or  f(x) A oo as x— VT

x—=V+
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b. Negation of part (b) of Definition 4.4 (page 81).
The limit of a function f at the number V from the left is not
infinite if there is a positive number M > 0 such that for any
positive number 6 > 0

f(x) <M forsome 0<V —x <.
We write,

lim f(z) # oo or flx) Aoo as z— V™.

=V
4. Negation of Definition 4.5 (page 82).

a. The limit of a function f at the number V from the right is not
negative infinite if there is a negative number /N < 0 such that for
any positive number > 0

f(x) > N forsome 0<z—V <.
We write,

lim f(x)# —o00 or  f(z) /A —o0 as z— V"

z—V+

b. The limit of a function f at the number V' from the left is not
negative infinite if there is a negative number /N < 0 such that for
any positive number o > 0

f(x) > N forsome 0<V —x <.

lim f(z) # —o0 or f(z) A —c0 as z— V.

z—V -

c. The limit of a function f at the number V is negative not infinite
if there is a negative number N < 0 such that for any § > 0

f(z) > N forsome 0<|z—V|<d.
lim f(z) # —o0 or f(z) A -0 as z—V.

z—V
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5. We apply Definition 4.9 (page 89) to prove that

lim x = o0 and Iim 2 = —o0.
r—00 T——00

Let f(z) = z be the identity function.
For any positive number M > 0, there is a positive number
P = M > 0, such that if x > P, then

flz)=2> M.

Hence,
lim z = oo by part (a) of Definition 4.9 (page 89).
T—00

For any negative number N < 0, there is a negative number
Q) = N < 0, such that if x < @, then

f(z) =2 < N.
Hence,

lim x = —oo by part (d) of Definition 4.9 (page 89).

T——00

6. Let w(x) be the function

z if zeQ-{0}

—x if zel

w(zx) =

a. We apply Definition 1.11 (page 22) to prove that

chlgx(l) w(z) = 0.

Since |w(z)| = |x| for any nonzero z, for any positive number
e > ( there is = ¢, so that

lw(z)| = |z| <e forevery 0 < |x| <.
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b. We assume that

lim w(z) = K for some number K.
Tr—a

1. For a > 0, we consider three cases.

Case 1: K > 0. Fore = K/2 > 0, and any 0 > 0, there is
an irrational v such that ) < a < u < a + 9. If

w(u)—K|<e = K-e<wu)=-u<e+K.

Hence,

3K . )
0< > < —u< 53 a contradiction, since u > 0.

K
Therefore, for ¢ = - > 0, and any 0 > 0,

lw(u) — K| >¢e for 0 <u—a<d.

Case 2: K < 0. Fore = —K/2 > 0, and any ¢ > 0, there is
arational v suchthat )0 <a < v <a+ 4. If

wv)—K|l<e = K-e<wl)=v<e+K.

Hence,

3K .. )
- <v< - < 0 acontradiction, since v > 0.

K
Therefore, for ¢ = 5 > 0, and any 0 > 0,
lww) — K|>e¢ for 0 <v—a<).

Case 3: K = 0. For e = a/2 and any § > 0, there is a
rational z suchthat) < a < z < a +9.If

w(z)| <e = —g <wlz)=z< g
Hence,

—a < z < a acontradiction, since a < z.
Therefore, for e = a/2 and any ¢ > 0,

lw(z)| >e for 0<z—a<é.
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In any case, by the negation of Definition 1.9 on page 16

lim w(x) # K forany K.

z—at

ii. For a < 0 again we consider three cases.

Case 1. K > 0. Fore = K/2 > 0, and any 0 > 0, we
consider the number m = min(0, a 4 §). There is a
rational v suchthata < u <m < a+ 9. If

wu) - K|<e = K-e<u<e+ K.

Hence,

3K . )
0< ) <u< b3 a contradiction, since u < 0.

K
Therefore, for ¢ = 5 > 0, and any 0 > 0,

lw(u) — K| >¢ for 0 <u—a<3d.

Case 2. K < 0. Fore = —K/2 > 0, and any 6 > 0, we
consider the number m = min(0, a + ¢). There is an
irrational v such thata < v <m < a -+ 4. If

lwv)—K|<e = K-e<-v<e+K.

Hence,

3K .. )
B3 < —v < o) < 0 acontradiction, since v < 0.

K
Therefore, For ¢ = B > (, and any 0 > 0,

lw(w) — K| >e for 0<v—a<0d.

Case3. K = 0. Fore =a/2 < 0and any § > 0, we
consider the number m = min(e, a + 0). There is a
rational z suchthata < z <m < a + 4. If

w(z)| < —e = e<z<—c
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This 1s a contradiction because z < m < &. Therefore,
for e = /2 and any 0 > 0,

lw(z)| >e for 0<z—a<0§.

In any case, by the negation of Definition 1.9 on page 16
lim w(z) # K forany K.

z—at

We leave the case of x — a~ to the reader. By negation of
Proposition 1.12 (page 25)

limw(xz) # K forany K.

r—a
. We apply parts (a) and (b) of the negation of Definition 4.9 on
page 90.

1. Let M =1 > 0 and let P > 0 be any positive number.

Hence,
w(x) = —x # M for an irrational number z > P > 0.
Thus
lim w(x) # oo.
T—r00
ii. Let N = —1 < 0 and let P > 0 be any positive number.
Hence,

w(z) =2 £ N for arational number z > P > 0.
Thus

lim w(x) # —o0.

T—r00

. We apply parts (c) and (d) of the negation of Definition 4.9 on
page 90.

Let M =1 > 0and let () < 0 be any negative number. Hence,
w(z) =2 # M for arational number z < @ < 0.
Thus

lim w(x) # oc.
T——00
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e. Let N = —1 < 0and let ) < 0 be any negative number. Hence,
w(z) = —x £ N for an irrational number z < @ < 0.

Thus

lim w(z) # —oc.
T——00

7. Let V' > 0 be any positive number. For the negative number —V < (
there is 6 > 0 such that

f(z) < =V <0 forevery 0< |x—a| <.
Hence,

|f(x)|=—f(x) >V forevery 0 < |z—al<o.
By part (c¢) of Definition 4.4 (page 81)

lim | £ ()] = oo.

Tr—a
8. We prove the contrapositive for z 1T V.
1. We assume that

lim f(z) = K for some K.

z—V

For the positive number ¢ = |K| + 1 > 0, there is a positive
number d; > 0 such that

|f(z) — K| <e forevery 0<|z—V|<d.

Since, —¢ < f(z) — K < e we have that for every
O0<l|z—-V|<d

—(|K|+1)+ K < f(z) < |[K|+1+ K.

For any positive number 6 > 0, we have either § < d; or 6; < 6.
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1l.

1il.

If § < 0, and z is a number such that |x — V| < § < 41, then
—(|K|+1)+ K < f(x).

If §; < § and x is a number such that 0 < |z — V| < 07 < 6,
then f(z) > —|K| — 1+ K > —2|K| — 1 (see inequality 6).
In either case f(x) > N = —(2| K|+ 1) for some |z — V| < 6.
Therefore 1131/ f(z) # —o0.

We assume that

lim f(z) =K forsome K.

z—V+

For the positive number ¢ = |K| + 1 > 0, there is a positive
number d; > 0 such that

|f(z) — K| <e forevery 0<x—V <.

Since, —¢ < f(z) — K < € we have that for every
O<z—-V <

—(|K|+1)+ K < f(z) < |[K|+ 1+ K.

For any positive number § > 0, we have either § < d; or ; < 6.
If 6 < 61 and z is a number such that x — V < § < 41, then
—(|K|+1)+ K < f(x).

If 6 < § and x is a number such that 0 < z — V < §; < 9, then
f(z) > —|K| -1+ K > —2|K| — 1 (see inequality 6).

In either case f(x) > N = —(2|K| + 1) for some x — V' < 4.
Therefore lim f(z) # —oc.

z—V+

We assume that

lim f(x) = K forsome K.

x—V -

For the positive number ¢ = |K| + 1 > 0, there is a positive
number ¢; > 0 such that

|f(z) — K| <e forevery 0<V —ux <d.
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Since, —¢ < f(z) — K < € we have that for every
O<V—-—zx< (51

—(|K|+1)+ K < f(z) < |[K|+ 1+ K.

For any 0 > 0, we have either 6 < 9; or §; < 9.

If 6 < 67 and z is a number such that V' — z < § < 41, then
—(|K|+1)+ K < f(z).

If 6 < § and x is a number such that 0 < V — 2 < §; < 9, then
f(x) > —|K| -1+ K > —=2|K| — 1 (see inequality 6).

In either case

f(z) >N =—(2|K|+1) forsomeV —z <J.
Therefore lim f(z) # —oo.

z—V -

9. We prove the contrapositive. We assume that

lim f(x) = K for some number K.
T——00

For the positive number ¢ = |K| + 1 > 0, there is a negative number
N7 < 0 such that

|f(z) — K| <e forevery xz < Nj.
Since, —¢ < f(x) — K < ¢ we have that for every x < N,
—(|K|+1)+ K < f(z) < |[K|+1+ K.

For any negative number NV < 0, we have that N < Ny or N > Nj.
If N < Nyand z < N < Ny, then f(z) < 2| K| + 1.

If N> Nyand x < Ny < N, then f(z) < 2| K|+ 1.

In either case

flz) < M =2|K|+1 forsomez < N.
Therefore lim f(x) # oo.

T——00
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10. Part (a) of Theorem 4.13 (page 94)

1.

11.

Forx — V'*.

(=) Let M > 0 be any positive number.

By part (a) of Definition 3.4 (page 56), for the positive number
1

£ = i > (), there is a positive number 0 > 0 such that

0< f(x) <e forevery 0 <z —V <.

Hence,

1 1
—>-=M forevery O0<x—V <.

flz) e
By part (a) of Definition 4.4 (page 81)

lim L = 0.

x—=VT f(.%‘)
(<) Let £ > 0 be any positive number. By part (a) of
Definition 4.4 (page 81), for the positive number M = % > 0,
there is a positive number ¢ > 0 such that
L>1\4:1>0 forevery O0<ax—V <.

f(@) 2

We then have that
f(z)>0 and f(x)<e forevery0<z—V <.
Hence, by part (a) of Definition 3.4 (page 56)
lim f(z)=0".

VT

Forx — V.
(=) Let M > 0 be any positive number.
By part (a) of Exercise 7 of Chapter III, for the positive number

g = U > (), there is a positive number § > 0 such that

0< f(z)<e forevery 0 <V —az <.
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1 1
—>-=M forevery 0<V —z <.
flx) e
By part (a) of Definition 4.4 (page 81),
li !
im —— = oo.
=V~ f(.CU)

(<) Let £ > 0 be any positive number.
By part (a) of Definition 4.4 (page 81), for the positive number

M = — > 0, there is a positive number 6 > 0 such that
€

1 1
——>M=->0 forevery 0<V —xz <.

() 2

We then have that
f(z)>0 and f(x)<e foreveryO <V —z <J.

Hence, by part (a) of Exercise 7 of Chapter III,

lim f(z)=0".

z—V—

11. Part (b) of Theorem 4.13 (page 94).

1. Forx — V.

(=) Let N < 0 be any negative number. By part (d) of
Definition 3.4 (page 56), for the positive number € = N > 0,

there is a positive number ¢ > 0 such that
0<0—f(x)<e forevery 0 < |z — V| <.

Hence,

— <N forevery 0< |z —V]| <.
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11.

By part (c¢) of Definition 4.5 (page 82)
1
lim —— = —o0.

x—V f(x)

(<) Let e > 0 be any positive number. By part (¢) of
Definition 4.5 (page 82), for this negative number

N = —— < 0, there is a positive number o > 0 such that
€

1 1
—— < N=—-<0 forevery 0<|z—V]|<§.

f(@) e

We then have that

f(x) <0 and f(z)<e forevery( < |z — V| <.
Hence, part (d) of Definition 3.4 (page 56),

lim f(z)=10".

z—V

For x — —oc.
(=) By part (d) of Exercise 7 (page 293), if N < 0 is any

negative number, then for the positive number € = N > 0,
there is a negative number U < 0 such that

0<0—f(xr)<e  forevery z <U.

Hence,
1 1
— < —=N forevery z < U.
flz) e
By part (d) of Definition 4.9 (page 89),
li !
im —— = —o0.
T—>—00 f(gj)

(<) Let € > 0 be any positive number. By part (d) of
Definition 4.9 (page 89), for this negative number
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1
N = —— < 0, there is a negative number () < 0 such that
€

1 1
—— < N=—-<0 forevery z<@Q.

() 2

We then have that
f(z) <0 and f(x)<e foreveryz < Q.
Hence, by part (d) of Exercise 7 of Chapter III,
lim f(z)=0".

T——00

12. Let w(x) be the function of Exercise 6 above, and

1
Qz) = ——.
(z) = — @
a. For the negative number NV = —1 < 0 and any positive number
0 > 0, we have that
1 1 :

—— =—¢ N forarational 0 < x = |x| < J.

w(x) =

Thus, by Exercise 4 above

) 1
I @ 7

b. Let us assume that

1
lim —— = K for some K # 0.
=0 w(x)

Hence, by Theorem 3.2 (page 47)
1

i $U) = o+
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But, we proved in part (a) of Exercise 6 above that this limit 1s
equal to zero. This contradiction implies that ' = 0. But in this
case by the same Theorem 3.2

1 1
0= [lim w(:c)} lim —— | =limw(z) | — | =lim1 = 1.
z—0 z—0 w(:(;) z—0 w(aj) z—0
This contradiction implies that

1
lim—— # K forany K.
x—0 w(aj)

Exercises Chapter V

Exercises V (page 118)

1. Part (f) of Theorem 5.1 (page 101) forx — V.
By part (c) of Theorem 3.2 (page 47)

lim —c¢(z) = —C.

z—V

Let M > 0 be any positive number. For the particular negative
number — M < 0, there is a positive number § > 0 such that

u(z) < —M forevery 0 < |z—V]|<oé.
Hence,

—u(x) > M forevery 0< |z —V|<§.
Therefore,

ggr‘l/ —u(x) = 0.
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Hence, by part (e) of Theorem 5.1 (page 101)

lim e(z)u(w) = lim —c(z)(—u())

oo i1f —C>0
- if —C<0.

\
,

oo if C<0
—o0 iof C>0.

\

2. Part (g) of Theorem 5.1 (page 101) for x — oo.

Let M > 0 be any positive number. For the particular positive
number M, = v/ M, there are positive numbers P, P, > 0 such that

f(z) > M; forevery x> P
and
g(x) > M; forevery x> P,.
Both statements hold for P = max(P;, P») > 0; thus,
f(z)g(x) > g(x)M; > M7 = M forevery x> P.
Therefore,

lim f(x)g(x) = oc.

T—00

. Part (h) of Theorem 5.1 (page 101) for z — —oo.

Similarly to Exercise 1 above, it can be proved that

xl_lg}’loo —u(r) =00 and w1_1>15100 —v(x) = 0.

Hence, by part (g) for x — —o0

0o = lim (~u(x))(~v(x)) = lim_u(x)o(x)
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4. a. Part (a) of Theorem 5.3 (page 112), forz — V',
For any positive number M > 0, there is a positive number
01 > 0 such that

f(z)> M forevery 0<x—V <.

Since f(z) < g(x) for x — VT, there is a positive number
0o > 0, such that

g(x) > f(z) forevery 0<z—V <.
If § = min(dy, d2) > 0, then both statements hold for § > 0, and
g(x) > f(r) > M forevery 0<z—V <.
Therefore

li = 00.
Jia, 9(0) = oc

b. Part (b) of Theorem 5.3 (page 112), forz — V.
For any negative number NV < 0, there is a positive number
01 > 0 such that

g(x) < N forevery 0<V —uz <d.

Since f(z) < g(x) for x — V', there is a positive number
do > 0, such that

g(x) > f(z) forevery 0<V —ax <.

If § = min(dy, d9) > 0, then both statements hold for § > 0, and
flz) <g(zr) <N forevery 0<V —x <.

Therefore

lim f(x) = —o0.

=V~
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c. Part (c) of Theorem 5.3 (page 112), for x — oo. For any positive
number M > 0, there is a positive number P; > 0 such that

f(x) > M forevery x> Pi.

Since f(z) < g(x) for x — oo, there is a positive number P» > 0
such that

g(x) > f(z) forevery x> Ps.

If P = max(P;, P») > 0, then both statements hold for P, and
g(x) > f(x) > M forevery z > P.

Hence,

5, 9() = oo

d. Part (d) of Theorem 5.3 (page 112), for x — —o0.
For any negative number N < 0, there is a negative number
()1 < 0 such that

f(x) < N forevery x < Q.

Since f(z) < g(x) for x — —o0, there is a negative number
()2 < 0 such that

g(x) > f(z) forevery z < Q.

If Q = min(Q1, Q2) < 0, then both statements hold for (), and
g(x) < f(z) < N forevery z < Q.

Hence,

5. Part (f) of Theorem 5.4 (page 114),
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1. There are two parts forx — V.

1. If lim g(z) =00 and lim f(y) = oo, then

z—V Yy—00

lim f(g(x)) = oo.

z—V

Proof. Let M > 0 be any positive number. For this M there
1s a positive number P; > 0 such that

f(y) > M forevery y> P.

For the positive number P; > 0, there is a positive number
0 > 0 such that

g(x) > P, forevery 0<|z—V]<o.
Hence,
f(g(x)) > M forevery 0<|x—V|<§
and lim f(g(x)) = oc. Q.E.D.
x—V
2. If  limg(z) = —o0 and lim f(y) = —oo, then

=V Yy——00

lim f(g(x)) = —oo.

z—V

Proof. Let N < 0 be any negative number. For this N there
is a negative number N; < 0 such that

f(y) < N forevery y < Ni.

For this negative number N, there is a positive number § > 0
such that

g(x) < Ny forevery 0<|z—V|<d.
Hence,
f(g(x)) < N forevery 0<|z—V|<§,
and ;51‘1/ flg(x)) = —0. Q.E.D.
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ii. There are also two parts for x — —oo.
1. If lim g(x) =00 and lim f(y) = oo, then

T——00 Yy—00

lim f(g(x)) = oo.

T——00

Proof. Let M > 0 be any positive number. For this M there
1s a positive number P; > 0 such that

f(y) > M forevery y > P.

For the positive number P, there is a negative number () < 0
such that

g(x) > P, forevery = <Q.

Hence,
f(g(x)) > M forevery x <@,

and lim f(g(z)) = Q.E.D.
r——00

I lim g(z) = —o0 and lim f(y) = —o0,
T——00 Y—>—00

then

lim f(g(x)) = —oo.

T——00

Proof. Let N < 0 be any negative number. For this N there
is a negative number N; < 0 such that

f(y) < N forevery y < M.

For this negative number /V; there is a negative number
() < 0 such that

g(x) < Ny forevery z < Q.
Hence,
flg(x)) < N forevery z < (@
and xl_%leoof(g(a:)) = —00. Q.E.D.
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6. Both conditionals are true.

Proof. a. Let M > 0 be any positive number. For this M, there is a
negative number N < 0 such that

fly) > M forevery y < N.

For this negative number N < 0, there is a positive number
P > 0 such that

g(x) < N forevery x> P.
Hence,
f(g(x)) > M forevery x> P.

Therefore lim f(g(x)) = oc.
T—00

b. Let N < 0 be any negative number. For this negative number /V,
there is a positive number P > 0 such that

fly) < N forevery y> P.

For the positive number P > 0, there is a negative number () < 0
such that

g(x) > P forevery z < Q.
Hence,
flg(xz)) < N forevery z < Q.

Therefore, lim f(g(z)) = —oc.

T——00

Q.ED.

7. Let A(z) = a and B(z) = b be constant functions with a > 0 and b
any number.
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By Exercise 5 (page 99) of Chapter 4, and parts (e) and (f) of
Theorem 5.1 (page 101),

lim axr = oo and lim axr = —o0.
rT—r00 rT—r—00

By parts (a) and (b) of Corollary 5.2 (page 106),

limar+b=00 and lim ax+b= —oc.
T—r00 T—r—00
8. Let g(x) = 4z — 1. By Theorem 4.13 (page 94) and previous
Exercise 7,

1
i — =0
x—l>rfloo (4x — 1)7T

By part (¢) of Corollary 5.2 (page 106),

li 2 0
11m -———F—— = U.
T——00 (4x — 1)7T

9. Similarly to the previous Exercises 7 and 8,

li ! 0~
m -—— = .
z——o0 (122 — 1)m

Hence

: 6 , 1
lim —— = lim 6 ( — ) =0.
r—o—o0 (122 — 1)m a—=—oc0  \ (122 — 1)7

1
10. Let o = o > () be this particular positive number. If x is any
T

1
number such that 0 < — — x < 9, then
T

1 1

1 1
— << —=—<z<—
T T 2T T

1
=>1< — <27
T

1
0< ——7T <2 —7=mr.
T
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Hence, by part (b) of Definition 1.4 (page 4),

1 1~
—>n for »— — |
x 7

and by part (d) of Theorem 3.2 (page 47) and Proposition 3.6 (page
61),

= 7T+.

S|~

lim
P
U

Since

Iim sinz =sinmt =0
Tzt

and
sinx <0 for z—7",
by Proposition 3.6 (page 61)

lim sinz =0".
=t

Therefore, by Theorem 5.4 (page 114)

r—L” x

T

lim sin <1> =0". 27)

Similarly, the function

1 1-
glx)=x——<0 for z—— ;
m m

thus,

1
lim z—~=0". (28)

17 T

™

Therefore, the product of these two functions

< 1) , (1) o 1-
r——|sin( - is positive for x — — ,
m x m
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and

1 1
lim (x — —) sin (—) =0t.
z—1” T X

By Remark 4.14 (page 96)

1

lim ! = lim e <‘”1) = 00.
r—17 1 : 1 r—i" T — —
B (:L' — ;) Sin (E) i T

11. I’Hospital’s rule cannot be applied because the function

(2
csc | —
x

1

€T — —
T

Indeed, by Remark 4.14 (page 96) and limit (27),

, 1
lim csc | — ) = —o0,
rx—Li” z

and the limit of the denominator function is zero by (28).

is of type 00/0.

Exercises Chapter VI
Exercises VI (page 154)

1. a. We have tha7tT the sine function is continuous on the close
interval {O, 5} . Hence, the composition

sinoRo S_(x) = sin(R(S_(z))) = sin(—(z — 7))
=sin(m — ) =sinx

is continuous in the domain of the composition
sinoR o S_,(x). That is, it is continuous for any

T T
OSW—I§§ = §§SU§7T~
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We conclude that the sine function is continuous on the close
interval [0, ]. Similarly the composition

RosinoS_,(x) = —sin(z — )
1s continuous for any
0<z—7<7m = 7n<z<2r.

We conclude that the sine function is continuous on the close
interval [0, 27].
The composition
sin(Sokr () = sin(x + 2km)
is continuous at 0 < x + 2k7 < 27 for any integer k. Hence,
sin(z + 2km) = sinx

is continuous at 2km < x < 2(k 4 1)7 for any integer k.
Therefore the sine function is continuous everywhere.

b. Since

sin oSy /() = sin (g + x) =cosz forany z,

and the composition of the sine function with any
transformation is continuous everywhere, we conclude that the
cosine function is also continuous everywhere.

2. Figure B.5 shows the sketch of the composition

TooRo foS o(x) of Example 6.14 (page 132).
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Figure B.5: Sketch of the composition 75 0 Ro f o S_5(z)

3. Description of the effect that the transformations have on the graph
of the function

1 if <0
-1 of O<z

flz) =

under the composition
SyoTy30 Ro f(z).
1. Under the composition
Ro f(z) = —f(z)

the graph of the function f is reflected with respect to the
x-axis.

2. Under the composition

—f(x
T1/3OROf(x) = ];( )
the graph of the function — f(x) is compressed vertically by 3
units.
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3. Under the composition

SyoTysoRo f(x) = —fg(x) + 2
. —flx). . .
the graph of the function 3 is shifted 2 units up.

The graph of the function Sy 0 Ty /3 0 R o f(x) is shown in
Figure B.6.

wl Ul

Figure B.6: Sketch of the composition S, 0 T’ /3 0 Ro f(x)
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4. Let f be the piecewise function

—1 if <0
f(z) =
1 if x>0

a. The domain of f is R because is defined for any .

b. It is discontinuous at O because

lim f(x) =1%# —1= lim f(x).

z—0t z—0~

c. It 1s continuous from the left at O because

lim f(z) = —1= f(0).

z—0~

d. It is continuous on the interval (0, co) because for any a > 0

lim f(x) =lim1=1= f(a).

Tr—a T—a
5. Let R(x) be the rational function

22" —8x 46
322+ 6x+3

R(z)

a. By the statement (6.8) on page 137

- 2
Jim R(x) =3
2(z — 1)(z — 3)
b. R(1) =0= R(3) because R(x)= P
202 — 8r + 6
c. R(—1) is undefined because R(z) = g(x +$1;

6. We can only determine the type of the limits in parts (a) and (c).
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sin x

b. lim

none because lim sin x does not exist.
r—o0 T—00
Inx
c. lim — type oo /0.
z—0+ Sin x

7. Evaluation of the given limits.

a. The limit
1 —
lim — % s of type 0/0.
z—0 €T
Hence,
11— t
lim —— " = i sec(0) tan(0) = 0.
z—0 X z—0 1
b. The limit
t
lim tan(uz) is of type 0/0.
z—0 T
Hence,
t 2
li 2000) gy 150 (UD) L ce?(0) =
z—0 T z—0 1

¢. The function

. . . tan(ux
——— is the reciprocal of the function L

tan(uz) x
Hence, by the Laws of Limits,

, x 1
lim ——— :
r—0 tan(uz)

8. For any positive number 6 > 0 there is a rational u and an
irrational v so that 0 < |ul, |[v| < 6. Hence,

w(v) # 1 for some irrational 0 < |[v| < §
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and
w(u) £ —1 for some rational 0 < |u| < 0.
By Exercise 10 of chapter 3 on page 295

liH(l) w(xz) =0 from neither the left nor right of zero.
T—

9.1t
lim f(z) =0 and lim g(z) = $oo0,

then by Remark 4.14 (page 96)

1
lim —— =0 from the right or left.

9(x)
Hence, by the Laws of Limits (Theorem 3.2 on page 47)
1
lim J@) = lim f(x) (lim —) = 0.
9(x) 9(x)
Exercises Chapter VII

Exercises VII.1 (page 158)

1. Composition of functions.

a. Fy(Fy(z) = R G) - Z vy

b. sin(C(x)) = sin(z?)
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2. Description of the effect that the compositions have on the graph
of a function f.

a. Under the composition

S3(f(x))) = f(x) +3

the graph of f is shifted 3 units up.
Under the composition

TynlSs( (o) = 102

the graph of f(xz) 4 3 is shrunk vertically by 1/2.
Hence, the graph of f is shifted 3 units up and then shrunk
vertically by 1/2.

b. Under the composition

f(Ta(z)) = f(22)
the graph of f is compressed horizontally by a factor of 2 units.

c. Under the composition

f(R(x) = f(-=)

the graph of f is reflected with respect to the y-axis.
Under the composition

Soa(f(=x)) = f(—x) —4

the graph of f(—x) is shifted 4 units down.
Hence, the graph of f is reflected with respect to the y-axis and
then it is shifted 4 units down.

3. Sketch of the graphs of the functions listed in the previous
question where f(x) = cosz.

a. Shifted 3 units up and then shrunk vertically by 1/2.

b. Compressed horizontally by a factor of 2 units.
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cosx + 3

\\\ cos(2x)

c. Reflected with respect to the y-axis (the cosine is an even
function) and then it is shifted 4 units down.

5
4. The piecewise function defined below is not defined at 0, 2, nor 5

1 iof <0
1 iof O<x<?2
fle)=9 5
1 of 2<x<§

5

1 2 —

\ vf ::r;>2
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cosx |

cos(—x) — 4

5. For the piecewise function

)
sinz if z< —%

f(x) =< 2?2 if —Z<az<3

-1 if r<xr<2rm

we have

f(3)=3*=9 and f(7)="7 —1=342.
. 97 O . )
Since > > 27 the number — is not in the range of f; hence,
9
f (;) is undefined.

6. Graph of the function f(x) of Exercise 5.
Exercises VII.2 (page 167)

7. Let 0 = 0.01 be a positive number.
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TS

a. The number

0.01 9
T=—-=3 is positive and less than ¢.

Hence,

0 <z <d and belongs to the open interval (0, 6).
b. The distance between the numbers 2 and 2 — 9 is
2—(2—=9)| =09
Hence, the number

J
r = 2—5+§ = 1.995 belongs to the open interval (2 — 4, 2).

c. The distance between the numbers 1.001 and 1.001 + ¢ is
11.001 — (1.001 4 §)| = 6.

Hence, the number
J
T = 1.001—|—§ = 1.006 belongs to the open interval (1.001, 1.001 + 9).

8. The distance between the numbers 7 and 3.1416 is

| — 3.1416| & 0.0000073.
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9. Let g be the piecewise function g.

.
3z +2 if < -2

g(z) = < r if —2<x<27

\ 2sinx if x> 27
A. Graph of the function g

2T ;

-2 2w

B. Particular values of the function g.

a. g(—=3)=3(-3)+2=-94+2=-7
b. g(0) =0

c.g(1)=1

d. g(27) = 2sin(27) =0

e. g(3m) =2sin(37) =0

C. The number R is:

a. g(r) > R=—-4 forxz — —2".
b. g(x) > R=-2 forx — —2*.
c. g(x) > R=2m forz — 27".
d. g(x) > R=0 forx — 2n™.
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10. Figure B.7 is the graph of one of infinitely many functions f
satisfying all the conditions listed below.

a. its domain is R,
b. f(x) > —2tasx — 27,

f

() = —2Tasx — 27,
f(z) -0 asz — 3", and
()

C.
d.
e. f(xr) > lasx— 3.

Figure B.7: Graph of a function f(z)

Exercises VII.3 (page 174)

11. Figure B.8 is the graph of one of infinitely many functions f
satisfying all the conditions (a) - (¢).

a. limri+ f(z) is defined because the function f is defined on the
T—r—

interval (—1,0).

b. lim1 f(x) is undefined because the function f is undefined on
r——1-

the interval (oo, —1).
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Figure B.8: Graph of a function f(z)

c. f(0) is defined and 111% f(z) is undefined because the function
T—
f is undefined on the interval (0, co); hence, 111%1+ f(x)is
Tr—

undefined.

12. Consider the graph in Figure B.9.

Figure B.9: Graph of the function h

A. h(a) is undefined for any —4 < a < —3 or 0 < a < 2 because
the function A is undefined on the intervals (—4, —3) and (0, 2).

B. h(2.5) = 5 is defined and hrgyf(x) =4 # 5= h(2.5).
T—r 2.
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C. The limit

lim A(z) isundefined
x—07t

because the function h is undefined on the interval (0, 2) and
therefore on the right of zero.

D. The non-zero number —4 is such that the limit

lim h(xz) isundefined
x——4t

because the function h is undefined on the interval (—4, —3)
and therefore on the right of —4.

E. Value of the given limits.
lim A(x) =
(@) lim h(z) =0
(b) lim h(z) =5
z—0~
(¢) lim h(z)=-2.5

r—2t

Exercises Chapter VIII
Exercises VIII.1 (page 187)

1. The function f + g is continuous on the domain D, of g.

2. The domain of the function

(
sin(fx — ) if x<—

f(x) = S 20 +m 1if —

~T 35 f >3

b3

<37

vol3

<

8

\

1s (—oo, _f) U (—z,oo>. Thus,

2 2
lim f(z)= lim 20 4+7=7Tr=23nm)+7="Tr
T—3m T—3m
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and

Tr 357
lim r)= lim —+ — = Tm.
r—3nt f( ) r—3nt 2 2
The function f is continuous at 37, and therefore continuous on its

domain.

3. Figure B.10 shows one of infinitely many functions which are
continuous on the set (—oo, —1) U (—1,3] U (3,6] and it is
discontinuous at 3.

— .

: B >
-1': 3 \

Figure B.10: Graph of the function f

4. The function f(z) = [2? — sin®(22)][32? — cos(z — 3)] is the
product of everywhere continuous functions.

5. The function sin <—) 1S not continuous at zero because its limit at
T

zero does not exist.

6. Figure B.11 shows the graph of one of infinitely many functions
which satisfy all the conditions listed below.

a. f is defined and discontinuous at zero.
b. lim f(x) = 1.

z—0
c. f(x) > 0forallz > 0.

d. fis continuous on the interval (0, co).
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P

Figure B.11: Graph of the function f

Exercises VIIL.2 (page 192)

7. The equality holds for any = except 2 and —2, since
23+ 222 — 4 — 8
x?—4
2?4227 — 4y — 8 = (2 — 4)(z + 2)
o’ 4 22° — 4o — 8 = 2° + 22° — 4o — 8

=x+2

and the quotient

23+ 222 —4r — 8

1s not defined at 2 and —2.
|

8. The domain of the function

_x3+2x2—4:z:—8
- x?2 — 4

is all real numbers except 2 and —2

f(x)
and the domain of the function

g(x) =x+2 is all real numbers.

Hence they are not equal.

9. Figure B.12 shows the graph of the linear function g.

Figure B.13 shows the graph of the linear function f undefined at 2
and —2.
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g(x)

Figure B.12: Graph of the function g of Exercise 2

‘/ f(x)

Figure B.13: Graph of the function f of Exercise 2

10. Evaluate the given limits by simplifying the given function.
a. Applying the identity 1 + tan®?z = sec’x

1 —sec’(z —1) —tan®*(z—1)

r—1 r—1

Ify=ax—1,theny — O0asxz — 1.
Thus, by the laws of limits

. —tan®(x —1) siny\ siny
lim = lim —
a—1 x—1 y—0 y ) cos?y

: siny . siny
= | lim — lim 5 =0
y—0 Y y—0 COSs” Yy
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b. By the properties of natural logarithm

In(z —1) +In(z + 1) —In(22> — 2) = In (

2 1
2(z2 — 1)
Hence,

limIn(z — 1) + In(z + 1) — In(22% — 2) = —In 2.

rz—1

(x—1)(z+1)
2(z2 - 1) )

c. By simplifying, for any = # 3
=32 +20 -6 (2*+2)(x—3)

2
— = 2.
r—3 r—3 vt
Hence,
3 _3x24+2x—6
i L2 =0 2o o1
r—3 r—3 r—3

Exercises VIIL.3 (page 197)

11. Figure B.14 shows the graph of one of infinitely many functions
whose limit at the number a is L from the left. ??

Figure B.14: Limit at a is L

12. Figure B.15 shows the graph of one of infinitely many functions
whose limit at the number @ from the right is L from the right.
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Figure B.15: Limit at a from the right is L

13. Evaluate the limits listed below and determine whether the limits
are from the right or left.

a. The rational function

T+ 2 : :
f(z) = o continuous at 1.
Hence,
T+ 2 1

el + 4z +4 3
1
The limit is 3 from the right, since

T+ 2

f(x):x2+4x+4

>0 forany 0 <z < 2.

b. The polynomial function
f(z) = 2° +32% — 20 — 6 is continuous at 2;
hence,

lim z° + 322 — 22 — 6 = 10.

T2~

The limit is 10 from the right, since

?+322—2r—6 = (v+3)(2°—2) >0 forany v2 < x < 2.
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c. The function f(z) = zsin(2x) is continuous everywhere;
hence,

2
lim zsin(2z) = <E> sin [ — ) = 0.
x—m /2% 2 2
The limit is zero from the left, since

3
xsin(2z) < 0 for any g <z < Zﬂ

Exercises Chapter IX

Exercises IX.1 (page 207)

1. The rational function
1 1

202 —x— 6 (2 4+ 3)(z — 2)

is continuous for every x except 2 and 3/2.

2. Since 22 + 1 > 0 for any z, the function

f(x) =+2>+1 isdefined on R,

and therefore
1
2 +

1s continuous everywhere.

3. Since
23— 3 = (x —V3)(2? + V3z + V9),

the rational function
1

2 is undefined at /3
x —_

and therefore is not continuous everywhere.
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4. Let a = 10" and b = 10'3. Thus,
a < 10" < b since a(10) = 10" and 10'2(10) = b.
Note. There are infinitely many such numbers a and b.

5. Leta = —10'" and b = —10'3. By Exercise 4, and inequality 6
(page xii)
1 1 1
105 = 1012 10T

10" <102 <10 =

By inequality 5 (page xii)
I 1 - 1 - 1
a 10U 1012 1018 b’

Note. There are infinitely many such numbers a and b.

6. Reciprocal of the given numbers.

3. 8
. Reci lof —is —.
a. Reciprocal o 3 1s 3

1
b. Reciprocal of —5 is —x

5—7 . V242 V2

c. Reciprocal of s — =—— -1
P V212 2 2
1
d. Reciprocal of 376 = 3% is 3°.
7. The relation in increasing order of the given numbers is:
1

V65 < —-1<1-V3<3<m<—.
\ 2T

Note. There are infinitely many such numbers n.
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9. Let n = 5. Thus,
S 6 8
° 20 L 8(5) =40 < 6(15 °
5 n (5) <6(15) = ¢

Note. There are infinitely many such numbers n.

<

ot O

10. We have that
n - 7 - 5n
6 n 9

Since n? < 42 for 1 < n < 6 and 63 < 5n? for n > 4, both
inequalities holds for 4, 5 and 6 only.

= n’<6(7)=42 and 7(9) =63 < 5n’.

Exercises [X.2 (page 218)

11. Let V' > 0 be any positive number. For this positive number there
1s

In((V +1)3)
2

so that the number e2*/3 belongs to the set S and

2413 — oxp (21[1((21?34)r 1)3)) ~ exp <31n(‘; +1)

By Definition 9.9 the set .S is unbounded above.

u =

)=V+1>V.

12. a. Negation of Definition 9.9.
A set S'is bounded above if there is a positive number B4 > 0
such that

xr < By foreveryx € S.

b. Negation of Definition 9.10.
A set S is bounded below if there is a negative number By < 0
such that

x> Bp foreveryx € S.
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c. A set S is bounded if its is bounded above and below. Hence, S
is bounded if there is a positive number B > 0 such that

|z| < |B| foreveryx € S.

1
13. The function f(z) = —; is the reciprocal of the basic square
x

function S(z) = 22

1. The function S is continuous and positive on the intervals
(—00,0) and (0, c0). Hence, the function f is continuous and
positive on intervals (—oo, 0) and (0, co).

2. The function S never negative. Hence, the function f is never
negative.

3. The function S is zero at zero only. Hence, the function f is
undefined at zero.

4. The function S is very large on the intervals (—oo, —1) and

(1, 00). Hence the function f is very small on the intervals
(—oo, —1) and (1, 00).

5. The function S is positive and close to zero on the intervals
(—1,0) and (0, 1). Hence, the function f is positive and very
large on the intervals (—1,0) and (0, 1).

6. Step 6 does not apply.
7. Step 7 does not apply.
8. Figure B.16 shows the sketch of graph of the function
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1

Figure B.16: Graph of the function f(z) = —
T

1
14. Figure B.17 shows the sketch of the graph of the function m
x

where

2?2 if x#£0
flz) =
2 if =0

1
Figure B.17: Sketch of the function ——
f(x)

15. Since

1
—— <0 forx — 0,
I(z)

the given set is bounded above with bound 1.
Let 6 > 0 be a positive number, so that

r—0 ={reR| —§<z<0}.
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For any negative number U < 0 the number

N = L o
= max TR :

is such that any number x > N belongs to the set z — 0~ and
therefore

— belongs to the given set. Moreover,
x

T >

1 1
= —<U-1<U.
U-1 €T

And the given set is unbounded below.
Exercises IX.3 (page 230)

16. Functions which are unbounded (below or above) on the indicated
range.

a. The function f(z) = xsinx for all x € R is unbounded.
Since,
2 2
lim T oo and  lim T —00,
z—00 2 z——00 2

for any nonzero number B there are integers £, n such that

ok 2
=7 - |B| and % < —|B|.

2
2kmx 2nm
Hence, for u = and v = 5
, 2k . 2k 2k - 1B
usinu = — sin =
2 2 2

and

) 2nm | 2nm 2nm - | B\
mv = ——SI1n = — .
v Sin v 5 5 5

Therefore, the function f is neither bounded below nor above.
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b. The function

g(x) =tanx for0 < x <g

18 bounded below with bound zero, since,

tanxz > 0 f0r0<x<g.

It is unbounded above, because for any positive number B,

there 1s

0 <y=tan '(2B) <

N[N

so that
tany = tan(tan ' (2B)) = 2B > B.
c. The function
h(z) =Inz for 0<zx<1
18 bounded above with bound zero, since

Inz <0 forO<z<l.

It is unbounded below, because for any negative number B,

there is 0 < u = eP~1 < 1 so that
Inu=In(e?')=B-1<B.

17. The function

flx)=— is one of such infinitely many functions.

This function is bounded below with bound 0, since

f(x) >0 forevery 0 <z < 1.

F ber B > 0, thereis 0 < u =
or any number ere is U=z 1

1
u
Hence f is unbounded above.

=B+1>B.
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18. We apply Definition 8.5 and Theorem 9.17 in the evaluation of the
given limits.

a. The polynomial function 22 — 4 is continuous everywhere and
x? — 4 > 0for z > 2; hence,

lim 22 —4=22—-4=0",

x—2t
By Theorem 9.17
1
lim = 00.

z—2F I’2 —4

b. The polynomial function 2> — 4 is continuous everywhere and
22 —4 < 0forz < 2 ; hence,

lim 22 —4=922—-4=0".

T2~
By Theorem 9.17
1
lim = —00.

r—2~ :L‘2 —4

c. The cosine function is continuous everywhere and cos x < 0
for 7 < x < 37/2; hence,

lim cosz = cos(m) = —1".
=t

By Theorem 9.17

lim secx = —o0.
=t
d. The function In(x — 1) is continuous on (1, co) and
In(x — 1) > 0 for = > 2; hence,
lim In(x —1) =In(2 — 1) = 0%.

z—27F

By Theorem 9.17
1

lim —— = oc.
o2 In(x — 1) >
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19. Vertical asymptotes of the given functions.

a The only possible asymptote of the function

1 .
f(x):x3—8 isz = 2.

3

Since z° — 8 is a polynomial and

2 —8=(x—-2)(2*+22+4) >0 forz >2
we conclude that

lim 2 -8 =23 -8 =0%.
r—2+

By Theorem 9.17

) 1
lim =
r—2+ $3 —8

Q.

Indeed, the vertical line x = 2 is a vertical asymptote.

b The only possible vertical asymptotes are x = /2 and

T =—2.
Ift =22 —1,
lim 2°—1=1" = limInt=0".
T—V2+ t—=1%
By Theorem 9.17
. 1
im ————— = 00.
ry I(2? — 1)

Also,

lim 2°—1=1" = limIlnt=0".
T——\2— t—1+t

By Theorem 9.17
li !
im — = 0.
s In@? = 1)

Therefore the vertical lines z = /2 and z = —+/2 are vertical
asymptotes of the function g.
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: . 3
¢ The possible vertical asymptotes are x = g and 2~

2
Ift=o—m,
+
lim x—ﬂ:—z = lim cost=0".
x—m /2% 2 t——m /2%
By Theorem 9.17
lim sec(z —7) = o0.
x—7/2F
Also, if t = S—W,
2
T+
lm x—7m== = lim cost=0".
z—(3m/2)* 2 t—m/2+
By Theorem 9.17
lim sec(z — ) = —o0.

x—(37/2)*F

) ) ™ 3T )
Therefore the vertical lines x = — and — are vertical

asymptotes of the function h on the interval [0, 27].
20. Graphs of the given functions.

a Figure B.18 shows the graph of the natural logarithm function
shifted one unit to the right.

b Figure B.19 shows the graph of the reciprocal function of the
function In(x — 1).

21. The application of Theorem 9.17 (page 224) shown below is
incorrect because the Laws of Limits cannot be applied in step
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Figure B.18: Sketch of the function f(x) = In(x — 1)

1
Figure B.19: Sketch of the function g(x) =
In(x — 1)
(21a) since both limits are not finite.
1 1 1

. T
! (x — 1) sin(mx) B! (x — 1) sin(mx)

1

= lim

_— 21
z—1+ (x — 1) ! sin(mx) (21a)
. 1 . 1
= (00)(—) = —. (21¢)
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. , 1
Moreover, the step (21b) is incorrect because both expressions or

1
and 0= are undefined, and the multiplication (21c) is also

undefined.
The correct application of Theorem 9.17 is as follows.

The function (z — 1) sin(7x) is everywhere continuous; hence,

lim (z — 1) sin(rz) = (1 — 1) sin(7) = 0.

x—1*
Since (x — 1) sin(wz) < 0 for 1 < x < 3/2, by Theorem 9.17
1
lim = —0Q.

z—1+ (x — 1) sin(7x)
Exercises [X.4 (page 236)

22. Since Inx < 0 for 0 < z < 1, by Theorem 9.17
1

lim — = —o0.
r—1— IDQ?

The cosine function is everywhere continuous; hence,

lim cosz = cos1 > 0.

z—1—
Therefore, by Theorem 9.18
. COosSXT
lim = —00.
a—1- Inx

23. The possible vertical asymptotes of the function

-1
(2 —=1)(x +3)

Factoring and simplifying

are xr = +1 and x = —3.

23— 1 (z—1)(a*+2+1)  2*4+a+1

(2—1)(x+3) (x—1)(xz+1)(x+3) (x+1)(x+3)
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for any x # 41, —3. The vertical line x = 1 is not a vertical
asymptote.
The polynomial function 22 +  + 1 is continuous everywhere;
hence,
lim 22 42+1 = (—1)’~1+1=1 and lim 2*+2+1=(-3)*-3+1=T.

z——1 T——3

Since (x +1)(x +3) >0for—1 <x <0and —4 <z < —3,

1 1
Lo @+ D@+3) i (z+1)(z +3)°
By Theorem 9.18
lim v -1 =00 = lim w1 :
z——1* (2 = 1)(x + 3) -3~ (2 = 1)(z + 3)
Therefore the vertical lines * = —1 and x = —3 are vertical

asymptotes.

24. The given application of Theorem 9.18 is incorrect because

3 3
lim Y lim 1 cos(3m) is undefined
T COS(BIL‘) T COS(?)TF)
= lim 57 division by zero is undefines
g 0T
= 3(c0) = 0 3(00) is undefined.

Moreover, a limit is not equal to a limit of a constant. The correct
application is as follows.

The functions 3x and cos(3z) are continuous everywhere; hence,

lim 3z =27 >0 and lim cos(3z) = cos(37) = 0.

T—T T—T

Since cos(3x) > 0 for z — 7, by Theorem 9.17

) 1
lim
T—T COS(BJJ)

= OCQ.
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Therefore, by Theorem 9.18

) 3x
lim
z—m— cos(31)

= OQ.

25. Let f(z) = cosx and g(z) = x°. Then,

lim —cosz = —1 and limz® = 0.
r—0 r—0

Since 22 > 0 for any nonzero x, by Theorem 9.17 and
Theorem 9.18

— COS T

lim

5 = —OQ.
z—0 x

Exercises IX.5 (page 239)
26. The function f(z) = 2% sin x does not have vertical asymptotes on
its domain R because it is continuous everywhere.

27. Let f(z) = e” be an unbounded function and let g(z) = sinx be a
bounded function. Hence,

f(g(x)) = exp(sinz) is bounded.

Indeed, since —1 < sinx < 1 for any z, and the exponential
function is increasing and continuous,

e ! <exp(sinz) <e forevery z.
The lower bound of f o g is e! and its upper bound is e.

28. Since the rational function 18 continuous at 2, we have

r+2

) T T

lim = —.
=2 + 2 2

Moreover, by Theorem 9.18
+

lim ™o_T because > 0 for x — 2.

=21 +2 2 T+ 2

356 A Guide for Calculus Instructors



29.

30.

Hence, by Theorem 9.19

) T )
lim sec ( ) = lim sect = —o0.
T—2 r+2 t—m/2+

. . . .
Therefore, the vertical line x = 5 is a vertical asymptote of the

T
functi = .
unction f(z) = sec (:13 n 2)

Let t = 2% — 1 be a quadratic function. Since t — 07 for x — 1%,
by Theorem 9.19

lim In(z* — 1) = lim Int = —oc0.
x—1t t—0t

The evaluation of the given limit is incorrect because
lilr?+ In(—sin(rz)) = In(—sin(7)) In(—sin(r)) is undefined
T—r
=1In(0") In(0") is undefined

- — 00 the equality 1s incorrect.

Its correct evaluation is as follows.

The composition
—sin(7x) is continuous everywhere
and
mx — 7w forx — 1T,
Hence,
lim —sin(7z) = lim —sint = 0".
x—1* t—mt

By Theorem 9.19 (page 236)

lim In(—sin(7z)) = lim Int = —o0.
=1t t—0+
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Exercises Chapter X

Exercises X.1 (page 242)

1. Figure B.20 shows the graph of a function which is discontinuous
at all the negative integers and it has y = 0 as a horizontal

asymptote in the negative direction.

Figure B.20: Sketch of a discontinuous function with a horizontal asymptote
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2. Figure B.21 shows the graph of an everywhere continuous function
with horizontal asymptotes y = 1 and y = —1.

Figure B.21: Graph of a continuous function with two horizontal asymptote

3. Figure B.22 shows the graph of a non-constant, everywhere
continuous function with the horizontal asymptote y = 2 in both
directions positive and negative.

(3

Figure B.22: Graph of a continuous function with one horizontal asymptote

Teaching Limits 359



4. The sine function does not have a horizontal asymptote because its
limits at infinity and negative infinity do not exist.

Exercises X.2 (page 249)

5. Figure B.23 shows the graph of a function whose limit at negative
infinity is L from the right.

HH_H//////

Figure B.23: Graph of a function with horizontal asymptote y = L from the right

6. The limit
lim 2 —
T—00 T

1s neither zero from the right nor the left because as shown in
Example 2.5 (page 33), for any M > 0, there is a number u > M
such that

sinu = 0.

Hence, for x — oo

Sinu{O and sinv_}o.

u (%

7. Evaluation of the given limits.
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a. By (10.2) on page 245

. 3x2 —1
lm — =
z—oo 0 + 220 — 1
Since,
3x2 —1
m>0 foranyx>1,
by Definition 10.1 (page 245)
32 —1
lim S 0.

rooo 26 + 22 —1

b. By (10.2) on page 245 and the Laws of Limits

g 3r2 — 73
lim — =
z—00 202+ 2 134222+ 2
B ) 3x2 — 723
lim — lim =
T—00 2332 + 9 T—00 333 -+ 2332 —+ 2

14+7=8.

Since

202 — x 322 — 723 B
202 +2 a3 +212+2
202 — 723 + 32
222 4 2 +x3+2x2+2
by Definition 10.1 (page 245)

> (0 foranyz > 1,

D 3x2 — 723
lim

_ _ g+
z—o00 202 4+ 2 a3+ 22242

c. By (10.2) on page 245 and the Laws of Limits

24322 -7 22-3x

x1_1>r_noo 26 1 3 +4—5:c2 -
. x4—|—3x2—7+ . % — 3z 0 1
111 1m =0 - —.
-0 64 23 a——o00 4 — 512 5
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2t + 322 =7

by Definition 10.1

> (0 forany z,

xt+ 322 =7

: —_ 0t
x1—1>I—rloo 6 —+ 3 = 0"
Since,
2
-3
g(x) = Z——5xg <0 foranyz < —2,
again by Definition 10.1
— 3z 17
lim = —— .
rs-0 4 —Bg2 5§

Hence, there exist V7, V5 < 0 such that

(G20 \)

0< f(x) < for any z < V;
and

1
g(x) < —x for any = < V5.

Let V be the negative number V' = min(V7, V5).
For x < V both statements above hold; thus, for any x < V'

0<f()<§<1< —g(x) =
fo) +gl@) < 2 hgl) <2 -z =1

By Definition 10.1

. :1:4+3x2—7+x2—3:r: 1~
im == .
z——o00 g0 4 g3 4 —5x2 5
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8. Evaluation of the given limits.

a. Ift =cscx,thent — —oco as x — 0. Thus,

lim cot '(cscz) = lim cot 't =0.
x—0~ t——00

b. Lett =sinz, thent — 0" as x — 0. Thus,

lim In(sinz) = lim Int = —oo0.
=07 t—0*

Exercises X.3 (page 259)

9. Evaluation of the given limits.

a. The function cos(7x) is continuous everywhere; thus,

lim cos(mx) = cos(mw) = —1.
z—1

The function sin(x — 1) is positive for x — 11 and negative for

xr — 17; thus,
lim sin(z —1) =0" and lim sin(z —1)=0".
r—1F r—1-
Hence,
1 1
lim ——— =00 and lim ——— = —o0.
z—1+ sin(x — 1) z—1- sin(x — 1)

By Theorem 10.2 (page 251)

lim M = —oo0 and lim M = 0.

z—1+ sin(x — 1) z—1- sin(z — 1)
Therefore,

lim M does not exist.

r—1sin(z — 1)
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b. Since z2 > 0 is continuous everywhere and
8= (x—-2)(2*+22+4) >0 forz — 2%,
we have that

lim 2 =4 and lim (x —2)(2* + 22 +4) = 0",

z—2%1 r—2t

By Theorem 10.2 (page 251)

.%‘2

lim

= Q.
z—27F IE?’ -8

c. Since 22 > 0 is continuous everywhere and
2’ —8=(r—2) (2 +22+4) <0 forz — 27,
we have that

lim 2 =4 and lim (x —2)(2* + 22 +4) =0".

T—27 T—2~

By Theorem 10.2 (page 251)

$2

lim

= —OQ.
r—27F x3 -8

10. By Exercise 1 above, one vertical asymptotes of the function

_cos(ma) oL g,
sin(x — 1)

We have that (v — 1) - 7" asx — (7 — 1)%; thus, if t = 2 — 1,

lim sin(x —1) = lim sint =0".
z—(r—1)* t—nt

Hence,
1

li —— = —0ox.
x—>(¥£l1)+ sin(x — 1) >
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Since cos(mx) is continuous everywhere

lim cos(mzx) = cos(m(m — 1)) < 0.
x—(r—1)*

By Theorem 10.2 (page 251)

, cos(mx)
lim @ ——— = .
z—(r—1)*+ sin(x — 1)
The vertical line x = m — 1 is another vertical asymptote of the
given function.

11. We do not apply Theorem 10.4 (page 257), to evaluate the limit

1 1
lim v because lim sin <—> does not exist.

z—0 sin (%) z—0 X

12. Evaluation of the given limits.

1
a. Ift = —, thent — 0" as z — oo; thus,

T

. 1 :

lim In (—) = lim Int = —o0.
T—00 T t—0+

b. We have that
1

lim ¢ =07 = lim — = oo.

T——00 z——o00 ev

Also,

lim 1 — 2 = 0.
Tr——00

By Theorem 10.4 (page 257)

1 - 1
lim T~ lim (1—2) <—> = —00.

x——o00 er T——00 et
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13. The application of Theorem 10.2 below is incorrect because

. rT—T : 1
lim = lim (z—m) [ }
zom/2t COST  a—m/2+ cos T

= lim (z—m) [ lim ] the Laws of Limits does n

x—7/2F x—7/2T COS T
m\ 1 o .
- (_5) 0 division by zero is ur
= (—%) (00) = — multiplication by oo is un

The correct application is as follows. By continuity

r— T m

lim — —m=—— and lim cosz=0".
z—m/2t = 2 2 x—/2F
Hence;
1
lim = —00.

x—7w/2t COS T

By Theorem 10.4 (page 257)

T — T

lim
x—7/2T COST

= OQ.
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Index

lim f(x), 45

liInf(x),45
T — 00, 29
r—a,3
r—at,3
r—a,3

absolute value, xii

asymptote
horizontal, 43
vertical, 84

distance between two numbers, 2

function

basic, 159

bounded, 75
above, 75
above on a set, 75
below, 75
below on a set, 75
on a set, 75

continuous
at a number, 123
from the left, 126
from the right, 126
on its domain, 127

continuous everywhere, 124

defined

at a number, 10
at a number from the left, 10
at a number from the right, 10
discountinuous
at a number, 123
property
forx — —o0, 32
for r — oo, 30
forx — a, 4
forz —a',4
forr —a,4
not for x — oo, 31
not forz — a, 8
not forz — at, 8
not forz — a—, 8
recirpocal, 93
unbounded, 76
above, 76
above on a set, 77
below, 76
below on a set, 77
on a set, 77
undefined
at a number from the right, 11
at a number, 11
at a number from the left, 11

functions

continuous, 131
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iqual, 192

L’Hospital’s Rule, 145
Laws of Limits, 48
limit

negative infinite, 83
positive infinite, 82
at infinity

rational functions, 140
finite

at a number, 22

at negative infinity, 40

at positive infinity, 35

at the left of a, 20

at the right of a, 15
finite side limit

s 713
finite side limits, 57
infinite

at infinity, 90

non-exist
forx — —o0, 41
forx — a, 23
non-exists

for xr — o0, 36

forz — a™, 16
not infinite, 88
trigonometric, 141
type 0/0, 144
type Ooo, 144, 145
type 0°, 144
type 1°°, 144, 149
type oo — oo, 152
type oo/o0, 144

type oo’, 144, 149
undefined
forrx — —o0, 41
for r — o0, 36
forx — a, 23
forx — at, 16
forx — a, 21
uniqueness, 47

order relation, 204, 205
reciprocal number, 205

set
bounded above, 212
bounded below, 213
Squeeze Theorem, 71

transformations, 134
trigonometric limits, 140
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