Limits and
Continuity

The development of calculus in the seventeenth century by Newton and Leibniz
provided scientists with their first real understanding of what is meant by an
“instantaneous rate of change” such as velocity or acceleration. Once the idea
was understood conceptually, efficient computational methods followed, and
science took a quantum leap forward. The fundamental building block on which
rates of change rest is the concept of a “limit,” an idea that is so important that
all other calculus concepts are now based on it.

Kevin Morroun and William O'Nieal

Air resistance prevents the velocity of a
skydiver from increasing indefinitely. The
velocity approaches a limit, called the
“terminal velocity.”

In this chapter we will develop the concept of a limit in stages, proceeding
from an informal, intuitive notion to a precise mathematical definition. We will
also develop theorems and procedures for calculating limits, and use limits to
study “continuous” curves. We will conclude by studying continuity and other
properties of trigonometric, inverse trigonometric, logarithmic, and exponential
functions.

1.1 | Limits (An Intuitive Approach)

The concept of a “limit” is the fundamental building block on which all calculus concepts are
based. In this section we will study limits informally, with the goal of developing an intuitive feel
for the basic ideas. In the next three sections we will focus on computational methods and precise
definitions.

Many of the ideas of calculus originated with the following two geometric problems:

Tangent Line Problem  Given a function f and a point P(xp,yo) on its graph, find an
equation of the line that is tangent to the graph at P (Figure 1.1.1).

Area Problem  Given a function f, find the area between the graph of f and an interval
[a, b] on the x-axis (Figure 1.1.2).

Traditionally, that portion of calculus arising from the tangent line problem is called differ-
ential calculus and that arising from the Area Problem is called integral calculus. However, we
will see later that the Tangent Line and Area Problems are so closely related that the distinction
between differential and integral calculus is somewhat artificial.

Tangent Lines and Limits

In plane geometry, a line is called fangent to a circle if it meets the circle at precisely one point
(Figure 1.1.3a). Although this definition is adequate for circles, it is not appropriate for more gen-
eral curves. For example, in Figure 1.1.3b, the line meets the curve exactly once but is obviously

Tangent at P
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In the solution to Example 1,
why are we requiring that P
and Q be distinct?

not what we would regard as a tangent line; and in Figure 1.1.3c, the line appears to be tangent to
the curve, yet it intersects the curve more than once.

To obtain a definition of a tangent line that applies to curves other than circles, we must view
tangent lines another way. For this purpose, suppose that we are interested in the tangent line at
a point P on a curve in the xy-plane and that Q is any point that lies on the curve and is different
from P. The line through P and Q is called a secant line for the curve at P. Intuition suggests that
if we move the point Q along the curve toward P, then the secant line will rotate toward a limiting
position. The line in this limiting position is what we will consider to be the tangent line at P
(Figure 1.1.4a). As suggested by Figure 1.1.4b, this new concept of a tangent line coincides with
the traditional concept when applied to circles.
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FIGURE 1.1.4

Example 1 Find an equation for the tangent line to the parabola y = x? at the point P(1, 1).

Solution If we can find the slope man of the tangent line at P, then we can use the point P
and the point-slope formula for a line (Web Appendix H) to write the equation of the tangent
line as

y—1=mamkx—1) (1)
To find the slope man, consider the secant line through P and a point Q(x, x?) on the parabola

that is distinct from P. The slope ms. of this secant line is

x2 -1
x—1

Msec — (2)
Figure 1.1.4a suggests that if we now let Q move along the parabola, getting closer and
closer to P, then the limiting position of the secant line through P and Q will coincide with that
of the tangent line at P. This in turn suggests that the value of mg will get closer and closer
to the value of mu, as P moves toward Q along the curve. However, to say that 0(x,x%) gets
closer and closer to P(1, 1) is algebraically equivalent to saying that x gets closer and closer to
1. Thus, the problem of finding m, reduces to finding the “limiting value” of mg.. in Formula
(2) as x gets closer and closer to 1 (but with x ## 1 to ensure that P and Q remain distinct).
We can rewrite (2) as
CxP—1 (x—=Dx+ D)
Msee =1 77 =)
where the cancellation of the factor (x — 1) is allowed because x # 1. It is now evident that
msec gets closer and closer to 2 as x gets closer and closer to 1. Thus, ma = 2 and (1) implies
that the equation of the tangent line is

x+1

y—1=2(x—1) orequivalently y=1+2(x—1)

Figure 1.1.5 shows the graph of y = x? and this tangent line.
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Areas and Limits

Just as the general notion of a tangent line leads to the concept of limit, so does the general
notion of area. For plane regions with straight-line boundaries, areas can often be calculated by
subdividing the region into rectangles or triangles and adding the areas of the constituent parts
(Figure 1.1.6). However, for regions with curved boundaries, such as that in Figure 1.1.7a, a
more general approach is needed. One such approach is to begin by approximating the area of the
region by inscribing a number of rectangles of equal width under the curve and adding the areas
of these rectangles (Figure 1.1.7b). Intuition suggests that if we repeat that approximation process
using more and more rectangles, then the rectangles will tend to fill in the gaps under the curve,
and the approximations will get closer and closer to the exact area under the curve (Figure 1.1.7¢).
This suggests that we can define the area under the curve to be the limiting value of these approx-
imations. This idea will be considered in detail later, but the point to note here is that once again
the concept of a limit comes into play.
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Decimals and Limits

Limits also arise in the familiar context of decimals. For example, the decimal expansion of the

fraction % is

% =0.33333... 3)

in which the dots indicate that the digit 3 repeats indefinitely. Although you may not have thought
about decimals in this way, we can write (3) as

% =0.33333... =0.3+0.03 4+ 0.003 4 0.0003 + 0.00003 + - - - “)

which is a sum with “infinitely many” terms. As we will discuss in more detail later, we interpret
(4) to mean that the succession of finite sums

0.3, 0.3+ 0.03, 0.3+ 0.03 +0.003, 0.3+ 0.03 4+ 0.003 + 0.0003, ...

gets closer and closer to a limiting value of % as more and more terms are included. Thus, limits
even occur in the familiar context of decimal representations of real numbers.

Limits
Now that we have seen how limits arise in various ways, let us focus on the limit concept itself.

The most basic use of limits is to describe how a function behaves as the independent variable
approaches a given value. For example, let us examine the behavior of the function

fo)y=x*—x+1

for x-values closer and closer to 2. It is evident from the graph and table in Figure 1.1.8 that the
values of f(x) get closer and closer to 3 as values of x are selected closer and closer to 2 on either
the left or the right side of 2. We describe this by saying that the “limit of x2—x+1is3asx
approaches 2 from either side,” and we write

lim > —x+1)=3 (5)
x—2

()

Andreas Nilsson/Shutterstock

This figure shows a region called the
Mandelbrot Set. It illustrates how
complicated a region in the plane
can be and why the notion of area
requires careful definition.
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y
Jx)
y=f) =x>—x+1
T
yACY)
X
X 1.0 1.5 1.9 1.95 1.99 1.995 1.999 |2 | 2.001 2.005 2.01 2.05 2.1 2.5 3.0

f(x) {1.000000|1.750000|2.710000(2.852500|2.970100(2.985025|2.997001

3.003001(3.015025 (3.030100{3.152500(3.310000|4.750000| 7.000000

Since x is required to be dif-
ferent from a in (6), the value
of f at a, or even whether f
is defined at @, has no bear-
ing on the limit L. The limit
describes the behavior of f
close to a but not at a.

Technology Mastery Use a
graphing utility to generate
the graph of the equation
y = f(x) for the function in
(9). Find a window contain-
ing x = 1 in which all values
of f(x) are within 0.5 of y =2
and one in which all values of
f(x) are within 0.1 of y = 2.

AY

Left side

> <
> <

Right side

This leads us to the following general idea.

1.1.1 Limits (An Informal View) If the values of f(x) can be made as close as we like to
L by taking values of x sufficiently close to a (but not equal to a), then we write

lim flx) = L ©)

which is read “the limit of f(x) as x approaches a is L” or “f(x) approaches L as x approaches
a.” The expression in (6) can also be written as

f)—L as x—a (7)

Example 2  Use numerical evidence to make a conjecture about the value of

x—1

lim ——— 8
xg)n 1 \/)_C —1 ( )
Solution  Although the function
x—1
= 9
fo0 = 2 ©)

is undefined at x = 1, this has no bearing on the limit. Table 1.1.1 shows sample x-values
approaching 1 from the left side and from the right side. In both cases the corresponding values
of f(x), calculated to six decimal places, appear to get closer and closer to 2, and hence we
conjecture that

im =L o

x—14/x—1
This is consistent with the graph of f shown in Figure 1.1.9. In the next section we will show
how to obtain this result algebraically.

TABLE 1.1.1

x 0.99 0.999 09999 | 0.99999 1.00001 | 1.0001 1.001 1.01

F0) | 1.994987 | 1.999500 | 1.999950 | 1.999995 2.000005 | 2.000050 | 2.000500 | 2.004988
Left side T Right side
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TABLE 1.1.2
Example 3 Use numerical evidence to make a conjecture about the value of " sin
X
. y =
; sinx " (Radians) X
- (10) +1.0 0.84147
. . . - . . . *0.9 0.87036
Solution With the help of a calculating utility set in radian mode, we obtain Table 1.1.2. The
. +0.8 0.89670
data in the table suggest that
. +0.7 0.92031
lim 20X _ (11 +0.6 0.94107
o +0.5 0.95885
The result is consistent with the graph of f(x) = (sin x)/x shown in Figure 1.1.10. Later in this +04 0.97355
chapter we will give a geometric argument to prove that our conjecture is correct. +0.3 0.98507
+0.2 0.99335
+0.1 0.99833
AY +0.01 0.99998

Use numerical evidence to
determine whether the limit
in (11) changes if x is mea-
sured in degrees.

As x approaches 0 from the left
or right, f(x) approaches 1.

Sampling Pitfalls

Numerical evidence can sometimes lead to incorrect conclusions about limits because of roundoff
error or because the sample values chosen do not reveal the true limiting behavior. For example,
one might incorrectly conclude from Table 1.1.3 that

tim sin () =0
x—=0 X

The fact that this is not correct is evidenced by the graph of f in Figure 1.1.11. The graph reveals
that the values of f oscillate between —1 and 1 with increasing rapidity as x — 0 and hence do not
approach a limit. The data in the table deceived us because the x-values selected all happened to
be x-intercepts for f(x). This points out the need for alternative methods for corroborating limits
conjectured from numerical evidence.

TABLE 1.1.3 —in (T
RYIR R

X ;—T fx) = sin(%)
x = *1 7 sin(£m) =0 X
x = *0.1 107 sin(*107) = 0 -1 1 -
x = +0.01 +1007 sin(*+1007) = 0
x = *0.001 =10007 sin(*=10007) = 0
x = *£0.0001 =*£10,000r sin(*=10,000r) = 0 -1

One-Sided Limits

The limit in (6) is called a two-sided limit because it requires the values of f(x) to get closer and
closer to L as values of x are taken from either side of x = a. However, some functions exhibit
different behaviors on the two sides of an x-value a, in which case it is necessary to distinguish
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As with two-sided limits, the
one-sided limits in (14) and
(15) can also be written as

Jfx)—L as x— at
and

fx)—L a x—a

respectively.

whether values of x near a are on the left side or on the right side of a for purposes of investigating
limiting behavior. For example, consider the function

12)

f(x):'x‘ :{ I, x>0

X -1, x<0

which is graphed in Figure 1.1.12. As x approaches O from the right, the values of f(x) approach a
limit of 1 [in fact, the values of f(x) are exactly 1 for all such x], and similarly, as x approaches 0
from the left, the values of f(x) approach a limit of —1. We denote these limits by writing

lim m:1 and lim m:fl (13)

x—0t X x—0" X

With this notation, the superscript “+” indicates a limit from the right and the superscript “—"
indicates a limit from the left.
This leads to the general idea of a one-sided limit.

1.1.2 One-Sided Limits (An Informal View) If the values of f(x) can be made as close
as we like to L by taking values of x sufficiently close to a (but greater than a), then we write

lim fix) =L (14)
x—at
and if the values of f(x) can be made as close as we like to L by taking values of x sufficiently
close to a (but less than a), then we write

lim f(x) =L (15)

Expression (14) is read “the limit of f(x) as x approaches a from the right is L” or “f(x)
approaches L as x approaches a from the right.” Similarly, expression (15) is read “the limit
of f(x) as x approaches a from the left is L or “f(x) approaches L as x approaches a from the
left.”

The Relationship Between One-Sided Limits and Two-Sided Limits

In general, there is no guarantee that a function f will have a two-sided limit at a given point a;
that is, the values of f(x) may not get closer and closer to any single real number L as x — a. In this
case we say that

lim f(x) does not exist
X—a

+

Similarly, the values of f(x) may not get closer and closer to a single real number L as x —a™ or

as x—a~ . In these cases we say that

lim f(x) does not exist
x—at

or that

lim f(x) does not exist
xX—a-

In order for the two-sided limit of a function f(x) to exist at a point a, the values of f(x) must
approach some real number L as x approaches a, and this number must be the same regardless of
whether x approaches a from the left or the right. This suggests the following result, which we
state without formal proof.

1.1.3 The Relationship Between One-Sided and Two-Sided Limits The two-sided
limit of a function f(x) exists at a if and only if both of the one-sided limits exist at @ and have
the same value; that is,

lim flx) =L ifandonlyif lim fix)=L= lim f(x)
x—a x—a— x—at
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Example 4 Explain why

does not exist.

Solution  As x approaches 0, the values of f(x) = |x|/x approach —1 from the left and approach
1 from the right [see (13)]. Thus, the one-sided limits at O are not the same.

Exam pIe 5 For the functions in Figure 1.1.13, find the one-sided and two-sided limits at
x = a if they exist.

Solution The functions in all three figures have the same one-sided limits as x — a, since the
functions are identical, except at x = a. These limits are

lim fix)=3 and Ilim f(x)=1
x—at x—a—

In all three cases the two-sided limit does not exist as x — a because the one-sided limits are
not equal.

Limits (An Intuitive Approach) 7

Exam pIe 6 For the functions in Figure 1.1.14, find the one-sided and two-sided limits at
x = a if they exist.

Solution As in the preceding example, the value of f at x = a has no bearing on the limits as
x—a, so in all three cases we have

lim fix)=2 and lim f(x) =2

x—at

Since the one-sided limits are equal, the two-sided limit exists and

lim f(x) = 2

y = y=rm

y =

Qb

/]
/]

N\
[FIGURE 1.1.14

Infinite Limits

Sometimes one-sided or two-sided limits fail to exist because the values of the function increase or
decrease without bound. For example, consider the behavior of f(x) = 1/x for values of x near 0. It
is evident from the table and graph in Figure 1.1.15 that as x-values are taken closer and closer to
0 from the right, the values of f(x) = 1 /x are positive and increase without bound; and as x-values
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The symbols +oco and —oo
here are not real numbers;
they simply describe partic-
ular ways in which the lim-
its fail to exist. Do not
make the mistake of manip-
ulating these symbols using
rules of algebra. For exam-
ple, it is incorrect to write
(400) — (+00) = 0.

Increases
without
bound
1
X x
?
\ 1
4L
* Decreases
without
bound
X —1 —=0.1 —0.01 | —0.001 | —0.0001| 0| 0.0001 0.001 0.01 0.1 1
% -1 —10 —100 | —1000 |—10,000 10,000 1000 100 10 1
Left side " h Right side

are taken closer and closer to O from the left, the values of f(x) = 1/x are negative and decrease
without bound. We describe these limiting behaviors by writing

. 1
lim — = —o0
x—0" X

. 1
lim — = +oo and
x— 0t X

1.1.4 Infinite Limits (An Informal View)  The expressions

lim f(x) = +oco and

X—a-

lim f(x) = +oo

x—at

denote that f(x) increases without bound as x approaches a from the left and from the right,
respectively. If both are true, then we write

lim f(x) = +o0
xX—a
Similarly, the expressions
lim f{x) = —oo and lim f(x) = —o0
x—a- x—at
denote that f(x) decreases without bound as x approaches a from the left and from the right,
respectively. If both are true, then we write

lim fx) = —oc

Example 7 For the functions in Figure 1.1.16, describe the limits at x = @ in appropriate
limit notation.

Solution (a) In Figure 1.1.16a, the function increases without bound as x approaches a from
the right and decreases without bound as x approaches a from the left. Thus,

. 1
lim = —00
x—a- X —d

= +oo and

lim

x—at X —a

Solution (b) In Figure 1.1.16b, the function increases without bound as x approaches a from
both the left and right. Thus,

. 1 . 1

Pt (x —a)? - xl—l>nal+ (x — a)? - xl—lgl— (x — a)? =t
Solution (¢) In Figure 1.1.16c¢, the function decreases without bound as x approaches a from
the right and increases without bound as x approaches a from the left. Thus,

-l lim
x—a- X —d
Solution (d) In Figure 1.1.16d, the function decreases without bound as x approaches a from
both the left and right. Thus,

= —oo and

= 400

-1

m-———= lim —— = lim
x—a(x—a)} xoat (x—a)P? xoa (x—a)?
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Vertical Asymptotes
Figure 1.1.17 illustrates geometrically what happens when any of the following situations occur:
lim f(x) = 400, lim f(x) = 400, lim f(x) = —oo, lim f(x) = —oc0
x—a~ x—at x—a~ x—at

In each case the graph of y = f(x) either rises or falls without bound, squeezing closer and closer
to the vertical line x = a as x approaches a from the side indicated in the limit. The line x = a
is called a vertical asymptote of the curve y = f(x) (from the Greek word asymptotos, meaning
“nonintersecting’).

FIGURE 1.1.17

In general, the graph of a single function can display a wide variety of limits.

. - Y y = f)
Example 8 For the function f graphed in Figure 1.1.18, find
41
a. lim f(x) b. lim f(x) c. lim f(x) d. lim f(x)
xX— =2~ x— —27F x—0~ x— 0t i
e. lim f(x) f. lim f(x) g. the vertical asymptotes of the graph of f.
x—4- x— 4+ { I | I X
Ry =) ) 4
Solution (a) and (b)
—2

lim f(x)=1=f(—2) and lim f(x)= -2
x— =2~ x— —2F
Solution (¢) and (d)
i f)=0=7(0) and lim f(x)= —o0
Solution (e) and (f)

lim f(x) does not exist due to oscillation and lim f(x) = +oo
x—4- x— 4+

Solution (g) The y-axis and the line x = 4 are vertical asymptotes for the graph of f.
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1.1 | QUiCk Check Exercises (See page 13 for answers.)
1. We write limy_,f(x) =L provided the values of 5. Use the accompanying graph of y = f(x) (—oo < x < 3)
can be made as close to —_____ as desired, to determine the limits.

by taking values of _____ sufficiently close to a. lim f(x) =

but not x—0
2. We write lim,_, ,— f(x) = +oco provided —_______ increases b. XLm; f) =

without bound, as — approaches — from the c. lim flx) =

left. x—2+
3. State what must be true about d. XEI?* f&) =

lim f(x) and lim f(x)
x—a— x—at AY
in order for it to be the case that 2- }
lim fix) = L 1+
x—a l X
| | | | Ly

4. The slope of the secant line through P(2,4) and Q(x,xz) on -2 —1 1 2 \3

the parabola y = x2 i8S M = x + 2. 1t follows that the slope -1+ o |\I

of the tangent line to this parabola at the point P is ol }

| | FIGURE Ex-5.
Exercise Set 1.1 ¢ Graphing Utility ¢ CAS

1-10 In these exercises, make reasonable assumptions about the

>t : ‘ - ; 4. For the function f graphed in the accompanying figure, find
graph of the indicated function outside of the region depicted. m

. i b. i
1. For the function g graphed in the accompanying figure, find N xir?— fo xigl+f(X)
a. lim g(x) b. lim g(x) c. lim f(x) d. A2).
x—=0— x—0t x—2
c. lim g(x) d. g(0). AY y = flx)
x—=0 -
AY y =8
\ 4 / 2
\ / . al
: — { N
S/ . X

2. For the function G graphed in the accompanying figure, find m
a xﬂﬂ'ﬁ G b. xﬂ%ﬁ G 5. For the function F graphed in the accompanying figure, find
¢. lim G(x) d. GO a. lim F(x) b. lim F(x)
— x— =2 x— —2+
y y=Gx
c. lim F(x) d. F(-2).
x— =2
/\ N /
\IIIIIIIIIIIIIIIIII\X ‘7yy=F(x)
/ NS |: o [ INLA

3. For the function f graphed in the accompanying figure, find

a. lim f(x) b. lim f(x)
x—3~ x—3+
c. lim f(x) d. f(3).
x—3
Y y =/
3 5 6. For the function G graphed in the accompanying figure, find
! X a. lim G(x) b. lim G(x)
10 x—0— x— 0t
L c. lim G(x) d. G(0).
- | FIGURE Ex-3. o

(Continued)




2\)’ y = G(x)
/
| // \\\ |
-3 = 3
pd N~
—2F | FIGURE Ex-6.

7. For the function f graphed in the accompanying figure, find

a. lim f(x) b. lim f(x)
x—=3" x—3+
C. 1im3 f(x) d. f(3).
4 y = fx)

4

/\

T T T 1T /I T T
~<
W e

FIGURE Ex-7

8. For the function ¢ graphed in the accompanying figure, find

a. lim @) b. lim é(x)
x—4- x—4+
c. Xlgn4 d(x) d. ¢(4).
y y =¢x)
4
P—O—H"\( | S N A | \{
- 4

9. For the function f graphed in the accompanying figure, find

a. EH,I s f(x) b. lir(r)li f(x)
c. lim f(x) d. lim f(x)
x— 0+ x—2-

e. lim
x— 2+f(X)

f. the vertical asymptotes of the graph of f.

- FIGURE Ex-9.
10. For the function f graphed in the accompanying figure, find
a. lim f(x) b. lim f(x) c. lim f(x)
x— —2+ x—0—

xX— =2
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d. lim f(x) e. lim f{x) f. lim f(x)
x—0t x—2- x—2t

g. the vertical asymptotes of the graph of f.

Yy =)

[ 11-12 (i) Complete the table and make a guess about the limit indi-
cated. (ii) Confirm your conclusions about the limit by graphing a
function over an appropriate interval. [Note: For the trigonometric
functions, be sure to put your calculating and graphing utilities in
radian mode.] ®m

s1n2x
11. flx) = f(X)
x | —0.1| —0.01| —0.001 | 0.001 | 0.01 | 0.1
S
12. fx) = S8~ ; lim fx)
x | —05| —0.05| —0.005| 0.005 | 0.05| 0.5
S

TABLE Ex-12

13-16 (i) Make a guess at the limit (if it exists) by evaluating the
function at the specified x-values. (ii) Confirm your conclusions about
the limit by graphing the function over an appropriate interval. (iii) If
you have a CAS, then use it to find the limit. [Note: For the trigono-
metric functions, be sure to put your calculating and graphing utilities
in radian mode.] W

13.

14.

a. lim 371; x=2.15,1.1,1.01,1.001,0,0.5, 0.9,

x—1Xx 1
0.99,0.999
1

b. lim ST v =21.51.1,1.01,1.001,1.0001
1+ x> —1

e tim 2T 1 =0,05,09,099,0999,09999
x—1— X7 —

a tim VXTI 1 005, 20.1,40.001,
x—0 X

£0.0001

b, gim YL 025.0.1.0.001,0.0001
x— 0t

¢ lim ‘h“” — —0.25,-0.1, —0.001,
x—0—

—0.0001
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15. a. lim SIN3X. 40,25, 40.1,40.001, +0.0001
x—
b, lim S v —0,-0.5,-0.9,-0.99, —0.999,
x—>—1x4+1
—1.5,—1.1,—1.01,—1.001
16. 2. Tim 2D 05.-0.9.-0.99, —0.999,
r—=—1 x—+1
~1.5,—1.1,—1.01, —1.001
b SINGY . 1025, 40.1, 40,001, 40,0001

. lim =
x—0 sin (2x)’

17-20 True-False Determine whether the statement is true or
false. Explain your answer. W

17. If fla) = L, then lim, _, , f(x) = L.

18. If lim, . f(x) exists, then so do lim, _, ,— f(x) and lim, _, ,+ f(x).
19. Iflim,_, ,— f(x) and lim, _, ,+ f(x) exist, then so does lim,_; , f(x).
20. If lim,_, ,+ f(x) = +oo, then f(a) is undefined.

21-26 Sketch a possible graph for a function f with the specified
properties. (Many different solutions are possible.) ®

21. i. the domain of f is [—1, 1]
ii. f[(=D=f0)=f1)=0

iii. lim f(x) = lim fix) = lim flx)=1
x— —1+ x—0 x—1-

22. i. the domain of f is [—2, 3]
ii. f(=2)=f)=fB3)=1
iii. xiig+_f(x) = l,xgnllif(x) = 2,X£1111+f(x) =1, and
lim, _, ;- f(x) =0
23.  i. the domain of f is (—oo, 0]
ii. f(-2)=f0)=1
iii. Xgnlzf(x) = 400
24.  i. the domain of f is (0, 4+-o0)
ii. f(1)=0
iii. the y-axis is a vertical asymptote for the graph of f
iv. flx) <0if0 <x < 1

25. L fO)=0,f(H=1f2=0
ii. lim fx) =0, lim flx) =400, lim f(x) = —oo,
x— 0+ x—1— x— 1t
and lim, _, ,— f(x) =0

iii. fis an odd function

26. i. f(—1)=0,/(00=1,/1)=0
ii. lim fix) =0and limH_f(x) = 400

x——1-

iii. lim fix) =1and lim f(x) = 400
x—1- x— 1t

27-30 Modify the argument of Example 1 to find the equation of the
tangent line to the specified graph at the point given. |

27. the graph of y = x? at (—1, 1)
28. the graph of y = x? at (0,0)
29. the graph of y = x* at (1,1)
30. the graph of y = x* at (=1, 1)

Focus on Concepts

31. In the special theory of relativity the length / of a narrow
rod moving longitudinally is a function / = I(v) of the rod’s
speed v. The accompanying figure, in which ¢ denotes the
speed of light, displays some of the qualitative features of
this function.

a. What is the physical interpretation of /p?
b. What is lim,, _, .- /(v)? What is the physical significance
of this limit?

[

I R0

Length

o e

Speed

32. In the special theory of relativity the mass m of a moving
object is a function m = m(v) of the object’s speed v. The
accompanying figure, in which ¢ denotes the speed of light,
displays some of the qualitative features of this function.

a. What is the physical interpretation of mg?
b. Whatis lim,, _, .- m(v)? What is the physical significance
of this limit?

m

Mass

m = m(v)

ny

[ S ————

Speed

33. For the function f graphed in Exercise 9 and the function g
graphed in Exercise 1, find

a. lim f(g(0)

b. lim f(g(x))
x— 4+

. lim f(g(x)

34. For the function f graphed in Exercise 10 and the function g
graphed in Exercise 1, find

a. lim f(z(0)
b. lim f(g(x))
x—4+

. lim f(g(x)

M 35. Let

F) = (1 +x2)1,1/x2

a. Graph f in the window
[—0.001,0.001] x [2.5,3.5]

and use the utility’s trace feature to make a conjecture about
the limit of f(x) as x —0.

(Continued)
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b. Graph f in the window 36. Writing Two students are discussing the limit of /x as x
[—0.000001, 0.000001] x [2.5,3.5] approaches 0. One student maintains that the limit is O, while the

and use the utility’s trace feature to make a conjecture about other claims that the limit does not exist. Write a short paragraph
the limit of £(x) as x—0 that discusses the pros and cons of each student’s position.

c. Evaluate f at x = (0.001)" for k = 1,2,3,4,5, and use these 37. Writing Given a function f and a real number a, explain infor-

values to make a conjecture about the limit of f(x) as x —0. mally why

lim f(x + @) = lim f(x)

x—0 x—a
(Here “equality” means that either both limits exist and are equal
or that both limits fail to exist.)

d. Later we will be able to show that
2
lim (1 +x2)“/x ~ 3.00416602
x—0
What does your work on the previous parts say about basing
conjectures about limits upon results from graphing or numer-
ical tools?

1.1 | QUiCk Check Answers 1. fx); Ly x;a;a 2. f(x); x;a 3. Both one-sided limits must exist and equal L.
4.4 5.a.0b.1c 4ood. —c0

12 | Computing Limits

In this section we will discuss techniques for computing limits of many functions. We base these
results on the informal development of the limit concept discussed in the preceding section. A more
formal derivation of these results is possible after Section 1.4.

Some Basic Limits

Our strategy for finding limits algebraically has two parts:
* First we will obtain the limits of some simple functions.

e Then we will develop a repertoire of theorems that will enable us to use the limits of those
simple functions as building blocks for finding limits of more complicated functions.

We start with the following basic results, which are illustrated in Figure 1.2.1.

Theorem 1.2.1 Let a and k be real numbers.

. . . 1 . 1
(a) lim k =k (b) limx=a (¢c) lim — =—o0 (d) lim — = 4o
x—a x—a x—0— X x—0t X
y y=x
f)=x¢————————
| | !
Ay | 1
k —> <« YTk “areT \ x x
— 0 | | T,
| | | f@) = x¢-— | | 1%
|
| | | . 1 1 X
¢ . s i X —» a4 «— X l
X —» a «— X
. 1 . 1
: — : — 1 - =—0 1 — =+
}clﬁak k xh—l;rb . a x~1>I(1;L X Jc~1>r(1;14r X
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Do not confuse the algebraic
size of a number with its
closeness to zero. For posi-
tive numbers, the smaller the
number the closer it is to
zero, but for negative num-
bers, the larger the number
the closer it is to zero. For
example, —2 is larger than
—4, but it is closer to zero.

Theorem 1.2.2(e) remains
valid for n even and L; =0,
provided f(x) is nonnegative
for x near a with x # a.

The following examples explain these results further.

Example 1 If f(x) = ks a constant function, then the values of f(x) remain fixed at k as x
varies, which explains why f(x) — k as x — a for all values of a. For example,

lim 3 =3

lim 3 =3,
5 xX—=T

lim 3 = 3,
x— —2 x—0

Example 2 Iff(x) = x, then as x — a it must also be true that f(x) — a. For example,

lim x = 0, lim x = -2, limx=nx
x—0 x— =2 xX— T

Example 3 You should know from your experience with fractions that for a fixed nonzero
numerator, the closer the denominator is to zero, the larger the absolute value of the fraction.
This fact and the data in Table 1.2.1 suggest why 1/x— +oc as x—0" and why
1/x— —ccasx—0".

TABLE 1.2.1
Values Conclusion
X -1 -0.1 -0.01 -0.001 -0.0001 --- As x— 0 the value of 1/x
I/x -1 -10 -100 -1000 -—10,000 --- decreases without bound.

X 1 0.1 0.01 0.001 0.0001 ---
1/x 1 10 100 1000 10,000 ---

As x— 0" the value of 1/x
increases without bound.

The following theorem, parts of which are proved in Web Appendix L, will be our basic tool

for finding limits algebraically.

Theorem 1.2.2 Let a be a real number, and suppose that
lim fix) =L; and lim g(x) =L,
x—a x—a
That is, the limits exist and have values L; and L,, respectively. Then:
(@ lim [f(x)+ g(x)] = lim f(x) + lim g(x) = L; + L,
x—a x—a x—a

(b) lim [f(x) —g()] = lim f(x) — lim g(x) = L1 — Lp

© lim [f0g@] = (lim fx)) (1im g(0) = LiLo

lim f(x)
. f(x) _ Xx—a o E .
(d) xlgna —g o Tm o) @ L’ provided L, # 0
X—a

(e) lim {/f(x) = »/lim f(x) = v/L;, provided L; > 0if n is even.
xX—a xX—a
+

Moreover, these statements are also true for the one-sided limits as x—a~ orasx—a ' .

This theorem can be stated informally as follows:

(a) The limit of a sum is the sum of the limits.
(b) The limit of a difference is the difference of the limits.
(¢) The limit of a product is the product of the limits.

(d) The limit of a quotient is the quotient of the limits, provided the limit of the denominator is
not zero.

(e) The limit of an nth root is the nth root of the limit.
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For the special case of part (c) in which f(x) = k is a constant function, we have
lim (kg(x)) = lim k- lim g() = k lim g(x) ()
and similarly for one-sided limits. This result can be rephrased as follows:
A constant factor can be moved through a limit symbol.

Although parts () and (¢) of Theorem 1.2.2 are stated for two functions, the results hold
for any finite number of functions. Moreover, the various parts of the theorem can be used in
combination to reformulate expressions involving limits.

Example 4

lim [ f(x) — () + 2h()] = lim /(@) — lim g(x) +2 lim /(x)
lim [fgho] = ( lim /) ( lim g0) ( lim heo)

3
lim [f(x)]3 = ( lim f(x)) Take g(x) = h(x) = f(x) in the last equation.
xX—a X—a

The extension of Theorem 1.2.2(¢) in which
there are n factors, each of which is f(x)

Tim [f]" = ( lim )"

n
lim x" = ( lim x) =a" Apply the previous result with f(x) = x.
X—a X—a

Limits of Polynomials and Rational Functions as x —a

Example 5 Find lim (x* — 4x +3).
x—
Solution

lim (x* —4x +3) = lim x> — lim 4x + lim 3 Theorem 1.2.2(a), (b)
x—

x—5 x—5 x—5
— lim x2 — 4 lim x + lim 3 A constant can be moved
x—5 x—5 x—5 through a limit symbol.
=52 —4(5)+3 The last part of Example 4
=8

Observe that in Example 5 the limit of the polynomial p(x) = x? — 4x + 3 as x— 5 turned out
to be the same as p(5). This is not an accident. The next result shows that, in general, the limit of a
polynomial p(x) as x— a is the same as the value of the polynomial at a. Knowing this fact allows
us to reduce the computation of limits of polynomials to simply evaluating the polynomial at the
appropriate point.

Theorem 1.2.3 For any polynomial
pX) =co+cix+ -+ cax”

and any real number a,

lim p(x) = co + cra+ -+ + cua” = p(a)
X—a

Proof

lim p(x) = lim (co+cix+---+ c,,x")
xX—a xX—a

= lim ¢y + lim cix+ - - + lim cx”
X—a X—a X—ra

= lim ¢p + ¢; lim x+ --- + ¢, lim x"
X—a X—a X—a

=co+ciat---+cha" =pla m

15
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Example 6 Find lim o =27+ )7
x—

Solution The function involved is a polynomial (why?), so the limit can be obtained by eval-
uating this polynomial at x = 1. This yields

lim ' =2+ 1D¥ =0
x—1

Recall that a rational function is a ratio of two polynomials. The following example illustrates
how Theorems 1.2.2(d) and 1.2.3 can sometimes be used in combination to compute limits of
rational functions.

3
4
Example 7 Find lim 2> =2
x—=2 x—3
Solution \
Csoge Jmeded
lim == Theorem 1.2.2(d)
x—2 x—3 lim (x — 3)
x—2
5.2 44
- = T _ _ 23
73 44 Theorem 1.2

The method used in the last example will not work for rational functions in which the limit of
the denominator is zero because Theorem 1.2.2(d ) is not applicable. There are two cases of this
type to be considered—the case where the limit of the denominator is zero and the limit of the
numerator is not, and the case where the limits of the numerator and denominator are both zero. If
the limit of the denominator is zero but the limit of the numerator is not, then one can prove that
the limit of the rational function does not exist and that one of the following situations occurs:

e The limit may be —oc from one side and +co from the other.
e The limit may be +oco.

* The limit may be —oo.

Figure 1.2.2 illustrates these three possibilities graphically for rational functions of the form
1/(x —a),1/(x — a)*, and —1/(x — a)’.

1

| | |
| | |
= | y= | y=- |
Yx—a | x —a)’ | (x*a)Z}
| | |
1 x 1 X 1 X
a - a i a
| | |
| | |
| | |
| | |
| | |
| | |
lim =+
X —a
xoat lim o = T lim — 1 5=
lim —— = —o r>a(x = a) va (X — a)

Example 8 Find

2—x . 2—x 2—x

Clim —=—* b fm —=—* ¢ lm—— %
a m ety O Gt CiMGCaar2

Solution In all three parts the limit of the numerator is —2, and the limit of the denominator
is 0, so the limit of the ratio does not exist. To be more specific than this, we need to analyze




the sign of the ratio. The sign of the ratio, which is given in Figure 1.2.3, is determined by
the signs of 2 — x, x — 4, and x + 2. (The method of test points, discussed in Web Appendix
F, provides a way of finding the sign of the ratio here.) It follows from this figure that as x
approaches 4 from the right, the ratio is always negative; and as x approaches 4 from the left,
the ratio is eventually positive. Thus,

2—x

lim —=—* _ — _o and lim 2-x
xoat (x—DHx+2)

S G—dat2

Because the one-sided limits have opposite signs, all we can say about the two-sided limit is
that it does not exist.

In the case where p(x)/q(x) is a rational function for which p(a) = 0 and g(a) = 0, the numer-
ator and denominator must have one or more common factors of x — a. In this case the limit of
p(x)/q(x) as x—a can be found by canceling all common factors of x — a and using one of the
methods already considered to find the limit of the simplified function. Here is an example.

Example 9 Find

a fim T 6O L w8 =3k 10
Tx53 x—3 Ty —ax24+x—12 T xo5x2—=10x+25

Solution (a) The numerator and the denominator both have a zero at x = 3, so there is a
common factor of x — 3. Then

x2—6x+9 . (x—3)
— = lim

xlgn3 x—3 x—=3 x—3 :Xlgn3(x—3):0
Solution (b) The numerator and the denominator both have a zero at x = —4, so there is a
common factor of x — (—4) = x + 4. Then
2x + 8 2(x+4) 2 2

im —=*t% _ _ fim Y gy £ 2
12 s+ A —3) oax—3 7

Solution (¢) The numerator and the denominator both have a zero at x = 5, so there is a

common factor of x — 5. Then

g A —10 L G =S)E+D) L xf2
x55x2 —=10x+25 x—5(x—=5x—5) x—5x—35

However,
lim (x+2)=7#0 and Ilim(x—5)=0
x—5 x—5

SO
x> =3x—10 x+2

lim & Y19
T T k125 a5y —5

does not exist. More precisely, the sign analysis in Figure 1.2.4 implies that

TR el (NS 1 S
x5t x2 —10x+25 5

x—5t X —
and
T S L (U
xo5- x2—10x+25 xos5-x—5

A quotient f{(x) / g(x) in which the numerator and denominator both have a limit of zero asx —a
is called an indeterminate form of type 0/0. The problem with such limits is that it is difficult to
tell by inspection whether the limit exists, and, if so, its value. Informally stated, this is because
there are two conflicting influences at work. The value of f(x)/ g(x) would tend to zero as f(x)
approached zero if g(x) were to remain at some fixed nonzero value, whereas the value of this ratio
would tend to increase or decrease without bound as g(x) approached zero if f(x) were to remain at
some fixed nonzero value. But with both f(x) and g(x) approaching zero, the behavior of the ratio
depends on precisely how these conflicting tendencies offset one another for the particular f and g.
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tt++ —=-=-=-0++ - = -
| | |
-2 2 4
. 2-x
Sign of = 5

In Example 9(a), the simpli-
fied function x — 3 is defined
at x=3, but the original
function is not. However, this
has no effect on the limit
as x approaches 3 since the
two functions are identical if
x # 3 (Exercise 54).

Discuss the logical errors in
the following statement: An
indeterminate form of type
0/0 must have a limit of
zero because zero divided by
anything is zero.
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Sometimes, limits of indeterminate forms of type 0/0 can be found by algebraic simplification,
as in the last example, but frequently this will not work and other methods must be used. We will
study such methods in later sections.

The following theorem summarizes our observations about limits of rational functions.

Theorem 1.2.4 Let

_ P
o =

be a rational function, and let a be any real number.
(a) If g(a) # 0, then lim f(x) = f(a).
X—a

(b) If g(a) = 0 but p(a) # 0, then lim f(x) does not exist.
xX—a

Limits Involving Radicals

—1
Example 10 Find lim .
x—1 x—1

Solution In Example 2 of Section 1.1 we used numerical evidence to conjecture that this
limit is 2. Here we will confirm this algebraically. Since this limit is an indeterminate form of
type 0/0, we will need to devise some strategy for making the limit (if it exists) evident. One
such strategy is to rationalize the denominator of the function. This yields

Confirm the limit in Example x—1 G Dvx+1 _ = DEx+1D — il @£
10 by factoring the numera- V=1 (= DHx+1) x—1
tor.

Therefore,

x—1
lim —— = 1i 1)=2
Jim g = lim (D

Limits of Piecewise-Defined Functions

For functions that are defined piecewise, a two-sided limit at a point where the formula changes is
best obtained by first finding the one-sided limits at that point.

Example 11 Let
1/(x+2), x<-2

fx) = x? =5, —2<x<3
Vx+ 13, x>3
Find
a. lim fix) b. limflkx) c. lim f(x)
x— —2 x—0 x—3

Solution (a) We will determine the stated two-sided limit by first considering the corre-
sponding one-sided limits. For each one-sided limit, we must use that part of the formula that
is applicable on the interval over which x varies. For example, as x approaches —2 from the
left, the applicable part of the formula is

1

W=
and as x approaches —2 from the right, the applicable part of the formula near —2 is

flx) = x*—5
Thus,

1
li = 1 —_— =
xﬁn}lﬁf(x) XHIIEIZ* x+2 >

lim fix)= lim (*>—=35)=(-2"-5=—1
x— —2+ x— —2F

from which it follows that lim R f(x) does not exist.
x——
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Solution (b) The applicable part of the formula is f{x) = x? — 5 on both sides of 0, so there
is no need to consider one-sided limits here. We see directly that

lim f(x) = lim x> —=5) =0 —5=—5
x—0 x—0

y
Solution (¢) Using the applicable parts of the formula for f(x), we obtain A
lim f(x) = lim (x> —5)=3"-5=4 - y = fx)
x— 3~ x— 3~ 2+
1 — 1 — 1 — — | N I 1 i 1 L1 1 X
xlinsl+f(x)fx15131+\/x+l3f Xlin31+(x+13)f\/3+13f4 = - i

Since the one-sided limits are equal, we have

lim f(x) = 4

We note that the limit calculations in parts (a), (b), and (c) are consistent with the graph of f

shown in Figure 1.2.5. m

1.2 | QUiCk Check Exercises (See page 21 for answers.)

1. In each part, find the limit by inspection. 3. Find the limits.

a lim7=____ b. lim 12y =___ a. lim (¢ +x> 40" =

x—8 y—3+ x——1
e lim ~ = dlim L=—_ b, fim &= D=2

x>0 || w=5 |wl 2 X+ 1

] 1 . x—Dx—=2) _

e. lim = ¢ Xi171+ x+1

z—1 —Z

d 1 x> —16 _
2. Given that lim,_,,f(x) =1 and lim,_, g(x) = 2, find the i) x—4

limits. 4 Let
a. lim [3f(x) +2¢gx)] = — _Jx+1, x<1

x—a f(x)— X*l, >1
b. lim 2o+l = Find the limits that exist.

a1 — f0g() , ,

a. lim f\)=—__ b 11m+f(x) =
x—1- x—1
. Vfx)+3

c. lim v +3 =_ c. imflx)=—

x—a g(x) x—1

Exercise Set 1.2

1. Given that 2. Use the graphs of f and g in the accompanying figure to
find the limits that exist. If the limit does not exist, explain
lim f{x) =2, limgx)=—4, limhx)=0 why.
X—a X—a X—a
. i . i
find the limits. a. lim [f(x) + g(x)] b. lim [ f(x) + g(x)]
a. lim [f(x) 4+ 2gx)] b. lim [A(x) — 3g(x) + 1] c. lim [f(x)+ g(x)] d. lim [f(x)+ g)]
x—a Xx—a x—0t x—=0—
. . 2
e lim [f(0g()] d. lim [g(x)] o gim @ o i L@
r—2 14 g(x) =2 f(x)

2
e. lim /6 + flx f. lim —
xX—a f ) xX—a g(_x) g.

m \/f@ h. m_\/]@

1 Ii
x—=0F x—0 (Continued)
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3-30 Find the limits. m

3. lim x(x — Dx + 1) 4. lim (x* +2x — 5)
x—2 x—2
.oxT—2x . 6x—9
S Jim = 6. lim 513
4 3
. x"—1 . t°+8
[y 5 m, 0
2 2 _
9. fim L TOHS 10. 1im 2 *4

r—=2 x24+x—6

3 2
x7 —9x 3x"—x—2
1. lim -~ 2% 12. lim 2% —*=2
x—l>n13x2—|—4x—|—3 xl—>n112x2+x—3
P43 1244 PP =543
T L B T I
15. 16. 1
x~1>n}1+x—3 xil.;l*x—3
U imis B e
19. xl—lgl— x2—4 20. Xh_}mz x2—4
. y+6 . y+6
21. lim 22. lim
y—6t y2 —36 y—6— y*—36
. y+6 . 3—x
23. 1 24. 1 _
,vl—r>nf>y2—36 X2 —2x—38
3—x 3—x
25. I 26. li
xan?fxz—Zx—%S xlgztxz—Zx—S
27. lim ; 28. lim !
o2+ |2 — x| =3 Jx = 3|
29, lim =2 30. lim > =Y
=9 ./x—3 w~>255—\/a
31. Let
x—1, x<3
fo = {3x77, x>3
Find
a. lim f(x) b. lim f(x) c. lim f(x).
x—3— x— 3t x—3
32. Let
t—2, t<0
g =41’  0<r<2
2t, t>2
Find
a. lim g(7) b. lim g(7) c. lim g(7).
t—0 t—1 t—2

33. If lim,—,,f(x) and lim,_,, g(x) exist, then so does

lim, o [ fx) + g(0)].
34. If limy—,g(x) =0 and lim,_,,f(x) exists, then
lim, _s , [ f(x)/ g(x)] does not exist.

35. If lim,— . f(x) and lim,_, g(x) both exist and are equal, then

lim, 4 [f(x)/g(x)] =1

36. If f(x) is a rational function and x = @ is in the domain of f, then

lims—s o f(X) = f(@).

37-38 First rationalize the numerator and then find the limit.

\/ _ 2 _
37, lim YX+t4=2 38, lim Y T4=2
x—0 X x—0 X
3 —
39. Letfix) = .
x—1
a. Find lim,_, | f(x).
b. Sketch the graph of y = f(x).
40. Let
x4+
_— -1
fw={xr1° 7
k, x=—1

a. Find & so that f(—1) = lim,— —1 f(x).

b. With k assigned the value lim,_ —; f(x), show that f(x)

can be expressed as a polynomial.

Focus on Concepts

. 3 2 . 3 . 2
lim S t+=)= lim =+ lim —
X

x—0— \ X2 x—0" X x—0— x3

= (+09) + (=00) = 0

b. Show that lim

5.2V
voo- \x2  x3) '

. 2 1 1
b. Show thatxlgl}) <m — 12 +2x> = g

43. Find all values of a such that

tim [ — a
x—1\x—1 x2—1

exists and is finite.

44. a. Explain informally why

. 1 1
lim | -+ = | =+
x—=07 \( X X

b. Verify the limit in part (a) algebraically.

41. a. Explain why the following argument is incorrect.

42. a. Explain why the following argument is incorrect.

1

lim L, ! *liml 2 —
=0\ x24+4x  x2+2x)  ioox \x+4 x+2

)

33-36 True—False Determine whether the statement is true or
false. Explain your answer. W

45.

Let p(x) and g(x) be polynomials, with g(xo) = 0. Discuss
the behavior of the graph of y = p(x)/¢(x) in the vicinity of
x = xo. Give examples to support your conclusions.




46. This exercise develops some versions of the substitution
principle, a useful tool for evaluation of limits.

a. Suppose that lim,_, 4+ g(x) = K and that g(x) < K on
some open interval (a,b). Given any function f for
which lim, _, x— f(#) exists, explain why we can evaluate
lim, _, ,+ f(g(x)) by substituting t = g(x) and writing

lim f(g(x)) = lim f(r)
x—a t—K—

b. Suppose that lim,_, ,+ g(x) = L and that g(x) > L on
some open interval (a,b). Given any function f for
which lim,_, ;+ f(#) exists, explain why we can evaluate
lim, _, ,+ f(g(x)) by substituting t = g(x) and writing

lim f(g0) = lim_f()

c¢. Why do the results in part (a) and (b) remain valid if
lim, _, ,+ and the interval (a, b) are replaced everywhere

by lim,_, ,— and the interval (b, a), respectively?

47. Given that
f0)=5, lim f(x)=3, and lim f(x)=7
x—0— x—0t

evaluate the limits using appropriate substitutions.

a. lim f(1 —x) b. lim f(1 —x)
x— 1= x— 1t

c. lim f(1 —x) d. lim f(—x%)
x—1 x—0

48-49 A road is planned in a 2 km by 10 km rectangular plot,
with its southwest corner at (x,y) = (0,0) and its northeast corner at
(x,¥) = (2, 10). The road consists of two segments. A curved segment
with equation y = ax® + bx® starts at (0, 0) and smoothly connects at
(1, y1) to a straight segment from (1, y;) to (2, 10) so that
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3 2 _
lim & + bx” — yi _ 10 — y;
x— 1= x—1 2—1

In these exercises, for the given value of yi, find values of a and b so
that this limit equation is satisfied.

48.
49.
50.

51.

52.

53.

54.

n=3
yi = 2.8
Suppose that f and g are two functions such that lim,_,,f(x)

exists but lim,_,, [ f(x) + g(x)] does not exist. Use Theorem
1.2.2 to prove that lim,_, , g(x) does not exist.

Suppose that f and g are two functions such that both lim, _, , f(xx)
and lim, . [ f(x) + g(x)] exist. Use Theorem 1.2.2 to prove that
lim, _, , g(x) exists.

Suppose that f and g are two functions such that

lim g(x) =0 and lim @
X—a xX—a g(x)

exists. Use Theorem 1.2.2 to prove that lim, — . f(x) = 0.

Writing According to Newton’s Law of Universal Gravita-
tion, the gravitational force of attraction between two masses
is inversely proportional to the square of the distance between
them. What results of this section are useful in describing the
gravitational force of attraction between the masses as they get
closer and closer together?

Writing Suppose that f and g are two functions that are equal
except at a finite number of points and that a denotes a real num-
ber. Explain informally why both

lim f(x) and lim g(x)
X—a X—a
exist and are equal, or why both limits fail to exist. Write a short

paragraph that explains the relationship of this result to the use
of “algebraic simplification” in the evaluation of a limit.

3.a. =1 b. 0c. +00 d. 8 4. a. 2 b. 0 c. does not exist

1.2 | Quick Check Answers 1. a 7b.36c —1d le 400 2 a7b =3¢l

13 | Limits at Infinity; End Behavior of a Function

Up to now we have been concerned with limits that describe the behavior of a function f(x) as x
approaches some real number a. In this section we will be concerned with the behavior of f(x) as

x increases or decreases without bound.

Limits at Infinity and Horizontal Asymptotes

If the values of a variable x increase without bound, then we write x — +oo, and if the values of
x decrease without bound, then we write x — —oo. The behavior of a function f{x) as x increases
without bound or decreases without bound is sometimes called the end behavior of the function.

For example,

lim - =0| and Iim - =0

(1-2)
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are illustrated numerically in Table 1.3.1 and geometrically in Figure 1.3.1.

TABLE 1.3.1
Values Conclusion
X -1 -10 -100 -1000 -10,000 --- As x — —oc the value of 1/x
I/x -1 -0.1 -0.01 -0.001 -0.0001 --- increases toward zero.
x 1 10 100 1000 10,000 --- As x — +oo the value of 1/x
1/x 1 0.1 0.01 0.001 0.0001 --- decreases toward zero.
. 1
Jim 5 =0 In general, we will use the following notation.

1.3.1 Limits at Infinity (An Informal View) If the values of f(x) eventually get as close
as we like to a number L as x increases without bound, then we write

LHE fx)y=L or flx)—Lasx—+oo 3)

<
=|—

Similarly, if the values of f(x) eventually get as close as we like to a number L as x decreases
without bound, then we write

lim fix)=L or f(x)—Lasx— —o0 @)
X—> —00
lim 1 =0
xto Figure 1.3.2 illustrates the end behavior of a function f when
lim filx)=L or lim flx)=L
X— 400 X—> —00

In the first case the graph of f eventually comes as close as we like to the line y = L as x increases
without bound, and in the second case it eventually comes as close as we like to the line y = L as
x decreases without bound. If either limit holds, we call the line y = L a horizontal asymptote for
the graph of f.

Example 1 It follows from (1) and (2) that y = 0 is a horizontal asymptote for the graph
of f(x) = 1/x in both the positive and negative directions. This is consistent with the graph of
limf(x) = L y = 1/x shown in Figure 1.3.1.

x>t

Limit Laws for Limits at Infinity

; It can be shown that the limit laws in Theorem 1.2.2 carry over without change to limits at +occ and
y = L Horizontal asymptote

X —oo. Moreover, it follows by the same argument used in Section 1.2 that if » is a positive integer,
then
lim f(x) = L
X% n n
lim (f(x)" = < lim f(X)> lim  (f(x))" = ( lim f(X)> (5-6)
m xX— +oo xX— +oo X— —oo X— —o0

provided the indicated limit of f(x) exists. It also follows that constants can be moved through the
limit symbols for limits at infinity:

lim kfo) =k _lim_f(o) lim k) =k im0 (7-8)

provided the indicated limit of f(x) exists.
Finally, if f(x) = k is a constant function, then the values of f do not change as x — +oco or as
X— —00, SO

lim k=k lim k=k (9-10)

X — +o0 X —» —o00
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Exam pIe 2 It follows from (1), (2), (5), and (6) that if n is a positive integer, then

lim i:< lim 1) =0 and lim i:( lim 7> =0
x— +oo x" x— 400 X x— —oo Xt X— —o0 X

Infinite Limits at Infinity

Limits at infinity, like limits at a real number «, can fail to exist for various reasons. One such possi-
bility is that the values of f(x) increase or decrease without bound as x— +oco or as
x— —oo. We will use the following notation to describe this situation.

1.3.2 Infinite Limits at Infinity (An Informal View) If the values of f(x) increase without
bound as x — +oo or as x — —oo, then we write

lim f(x) =400 or lim f(x) = +o0
X — 400 X — —oo

as appropriate; and if the values of f(x) decrease without bound as x—-+oco or as
x— —oo, then we write

lim f(x) = —oco or lim f(x) = —o0
x— +o0 X —> —0o0

as appropriate.

Limits of x" as x — +

Figure 1.3.3 illustrates the end behavior of the polynomials x" for n = 1,2, 3, and 4. These are
special cases of the following general results:

lim x" =400, n=1,2,3,... lim x" = (11-12)

x— +oo X— —oo

400, n=2,4,6,...

{—oo, n=173,5,...

Multiplying x" by a positive real number does not affect limits (11) and (12), but multiplying
by a negative real number reverses the sign.

Ay Y AY Ay
)
8 8 8 |y=x s [V
Ty =x T [y=x i i
X X X X
1 1 1 1 > 1 1 1 1 > 1 1 1 1 > 1 1 1 1 >
-4 4 —4 4 -4 4 —4 4
-8 F -8 F -8 -8 F
lim x = +o lim x2 = 4o lim x3 = 4o lim x* = 4+
x—>+w x—>+x x—>+x x—>+w
lim x = — lim x2 = 4o lim x3 = lim x* = +
xX——% X% X% X%

Example 3 lim 2x5 = 400, lim 2)65 = —0
x— 400 X — —o0
lim —7x% = —oo, lim —7x% = -0

x— 4o xX— —o0
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Limits and Continuity

Limits of Polynomials as x — +o0
There is a useful principle about polynomials which, expressed informally, states:
The end behavior of a polynomial matches the end behavior of its highest degree term.

More precisely, if ¢, # 0, then

lim (co+cix+---+eux") = lim cux" (13)
xX— —o0 X—r —00
x—1>iI-I‘,-loo (co+cix+ - +eux") = x_lflfoo cnx” (14)

We can motivate these results by factoring out the highest power of x from the polynomial and
examining the limit of the factored expression. Thus,
Co C1

X" + xn—1

co+clx+---+cnx":x"( +---+Cn)

As x— —o0 or x — +o0, it follows from Example 2 that all of the terms with positive powers of x
in the denominator approach 0, so (13) and (14) are certainly plausible.

Example 4

lim (7x° —4x> +2x—9)= lim 7x° = —o0

li
X—r —00 X—r —00

lim (—4x® +17x° = 5x+ 1) = lim —4x® = —o0

X— —o0 x— —o0

Limits of Rational Functions as x — + oo

One technique for determining the end behavior of a rational function is to divide each term in the
numerator and denominator by the highest power of x that occurs in the denominator, after which

the limiting behavior can be determined using results we have already established. Here are some
examples.

. . 3x+5
Example 5 Find lim + )
x— o0 6x — 8
Solution Divide each term in the numerator and denominator by the highest power of x that
occurs in the denominator, namely, x! = x. We obtain
5
3x+5 . 3+ x .
= lim Divide each term by x.
xX— 4o 6x — 8 xX— 400 6 §
X
lim (3 + 7>
X too X Limit of a quotient is the
. 8 quotient of the limits.
lim (6— —
x— +oo X
lim 3+ lim
_ x—>+oo x— +oo X Limit of a sum is the
lim 6— lim 8 sum of the limits.
X — +oo xX— +oo X
. 1
345 lim -
xstoox 340 1 A constant can be moved through a
- . 1 6-0 2 limit symbol; Formulas (2) and (9).
6—8 lim -
X— 400 X
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Example 6 Find
a. lim 4x? —x b. lim M
x——o0 2x3 — 5 x> oo 1 —3x
Solution (a) Divide each term in the numerator and denominator by the highest power of x
that occurs in the denominator, namely x>, We obtain

2 4 1
. 4x” —x . x  x2
lim = lim * 2~ Divide each term by x3.
x——o0 2x3 =5 X—r —00 5
2-3
X
. 4 1
lim Y
X \X X Limit of a quotient is the
- ] 5 quotient of the limits.
lim (2-— =
X— —o00 X
. 4 . 1
lim — — lim -
_ XX x——ooX Limit of a difference is the
. . 5 difference of the limits.
lim 2— lim —
X—r —00 xX— —0o0 X
. 1 . 1
4 lim - — lim ) 0—-0 A constant can be moved through
X— —oo X X— —o0 X P
= i = =0  alimit symbol; Formula (10) and
25 lim — 2-0 Example 2.

X——00 X 3
Solution (b) Divide each term in the numerator and denominator by the highest power of x
that occurs in the denominator, namely x!' = x. We obtain
1
5x3_2x2+1 5x272.x+7
lim —— = lim X
X — +oo 1—3x X— +oo 1_3
X
In this case we cannot argue that the limit of the quotient is the quotient of the limits because

the limit of the numerator does not exist. However, we have

lim 5x> —2x = 400, lim 1:0, lim <1—3>:—3

5)

X — 4oo xX— 400 X x—4oco \ X
Thus, the numerator on the right side of (15) approaches +oo and the denominator has a finite
negative limit. We conclude from this that the quotient approaches —oo; that is,

1
5x2 —2x 4+ —
X

A Quick Method for Finding Limits of Rational Functions as x — 4o
or x — —o0

Since the end behavior of a polynomial matches the end behavior of its highest degree term, one
can reasonably conclude:

The end behavior of a rational function matches the end behavior of the quotient of
the highest degree term in the numerator divided by the highest degree term in the

denominator.

Example 7 Use the preceding observation to compute the limits in Examples 5 and 6.

Solution
XS o o, Lo
X—>+006X78_X—>+006x_x—>+002_2
2 2
im P opm R 2o

x> —002x3 —5 x> —002x3 x> -—o0ox

fm 2l S (L5 L
x— 00 1 —3x Cx— oo (=3%)  x—too 3 B
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Technology Mastery It fol-
lows from Example 8 that the

function

VX242

3x—6
has an asymptote of y = 1 in
the positive direction and an
asymptote of y = —1 in the
negative direction. Confirm

this using a graphing utility.

) =

y= Vx© + 5x3—x3,x20
(b)

Limits Involving Radicals

Example 8 Find

. x2 42 . VxZ42
a. lim —/——— b. lim ————
x—+oo 3x—06 r——oc0 3x—6

In both parts it would be helpful to manipulate the function so that the powers of x are trans-
formed to powers of 1/x. This can be achieved in both cases by dividing the numerator and
denominator by |x| and using the fact that vVx? = |x]|.

Solution (a) As x— +oo, the values of x under consideration are positive, so we can replace
|x| by x where helpful. We obtain

x242 x2 42

. X242 ] . Vx2
Jm e = Am e = m 5T

|x] x

2

1+3 lim /1+ =

. x2 xX— 400 xZ

=, lim 6 6

— + 00
) 3—-— lim <3—7)
X X — Fo0 X

Wm (1+2) W im 1)+ (2,m L)
x— +o0 X x— 400 xX—+4oo X
- 1

Vit 1

3-6-00 3

Solution (b) Asx— —oo, the values of x under consideration are negative, so we can replace
|x| by —x where helpful. We obtain

x2 42 x2 42
. x2+2 . |x| . Vx2
x—l)uzloo 3_x76 _x—l)nlloo 3x—6 _x—1>111100 3.7C_6
x| (=)
2
= lim =—=
oo 6
x— 3.0 3

Example 9 Find

a. lim (Vx0+5—x%

b. lim (v/x®+5x3 —x°)
X — +o0 x— 400
Solution Graphs of the functions f(x) = v/x® +5 — x>, and g(x) = Vx° + 5x3 — x* for
x > 0, are shown in Figure 1.3.4. From the graphs we might conjecture that the requested
limits are 0 and %, respectively. To confirm this, we treat each function as a fraction with a
denominator of 1 and rationalize the numerator.
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Vx4 54 x°
lim (Vx6+5—x)= lim (Vx0+5—x") t—""
x—)+oo( ) xﬂ—&-oo( ) \/X6+5+X3
x5 —x° . 5
= lim —— = |lim ——
x40 \/x0 £ 5 4 x3 x> too \/x0 45443
S
3
= lim —X* Vx6 =x3forx>0
xX— 4o 5
I+ —+1
X
VvVI+0+1
V/x6 + 5x3 3
liIE (Vx6 +5x3 —x%) = liIE (Vx6 +5x3 —x%) (%)
— +oo —> T oo
! ! X0+ 5% +x We noted in Section 1.1 that
(x6 + 5x3) 6 5x3 the standard rules of algebra
= lim ——— = lim ——— do not apply to the symbols
¥ oo Vx0 4 5xd 4 x? ¥ ee Vx0 o 5x3 o+ x +oo and —oco. Part (b) of
) 5 Example 9 illustrates this.
= x_]:TOO T Vx6 = x¥ forx >0 The terms +/x®+5x3 and
1+ 2 +1 x3 both approach +oco as
x3 x— 400, but their difference
5 5 does not approach 0.
S VIF04+1 2

End Behavior of Trigonometric Functions

Consider the function f(x) = sinx that is graphed in Figure 1.3.5. For this function the limits as
x— —+oo and as x — —oo fail to exist not because f(x) increases or decreases without bound, but
rather because the values vary between —1 and 1 without approaching some specific real number.
In general, the trigonometric functions fail to have limits as x — +oc and as x — —oo because of
periodicity. There is no specific notation to denote this kind of behavior. m

There is no limit as
X —+0o0 or x——00,

1.3 | QUiCk Check Exercises (See page 30 for answers.)

1. Find the limits. 3. Given that
a. lim (—2x)=_ i - i —
L im (—2x) Xllrfmf(x) 2 and XBTOO g(x) 3
b. lim ~=__ find the limits that exist.

xX— —00 |x|

. a. lim [3f(x) — g)] =
c. llriloo B—x) = x—too

. 1 b, lim O _
d. lim 5——-)|=_ x— 400 g(x)
xX— 400 X
. 2/(00) +38() _
2. Find the limits that exist. x= oo 3f(x) + 2g(x)

a dim 2P d. lim_ /10— fog) =

x—)—oo4x2—3 o e

1 B 4. Consider the graphs of y = 1/(x+ 1), y= x/(x—|— 1), and

x_lfrf_loo 2 +sinx y =x2/(x+ 1). Which of these graphs has a horizontal
asymptote?

b.
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Exercise Set 1.3

6 Graphing Utility

1-4 In these exercises, make reasonable assumptions about the end

behavior of the indicated function. ®
1. For the function g graphed in the accompanying figure, find

a. lim g(x) b. lim g(x).
X— —00 x— +00

Y y = gx)

2. For the function ¢ graphed in the accompanying figure, find

a. iirlloo d(x) b. llrlloo o (x).

AY y = o)

\

TS e

=2

T
=

3. For the function ¢ graphed in the accompanying figure, find

a. liIEl P(x) b. liIE P(x).

y = o)

P—I—P—T“‘(IIIIIIIIIIIIX
4

4. For the function G graphed in the accompanying figure, find

a. lim G() b. lim G(x).
X — —00 x— 400

y y = Gx)

5. Given that

Jm =3 lm o)==, lim_#) =0

find the limits that exist. If the limit does not exist, explain why.

a. x_lfrfoo [f(x) + 3g(x)]
b. ET [h(x) — 4g(x) + 1]

. . 2
e lim_[fg()] d. lim_[g)]
. 3 . 3
e. lim V5+fx) £ Im ®
g lim 3h(x) + 4 h . 6f(x)

X — 400 x2

. lim — Y
oo 500 + 3g0)
6. Given that

lim f(x)=—4 and lim g(x) =38
xX— —00 X —> —00

find the limits that exist. If the limit does not exist, explain why.

a. lim [3gx) —f()] b. lim [6f(x) + 5¢(x)]
¢. lim e + 0] d. lim ]
e. lim Jfx)gk) f. f®

X —> —00 X — — 00 g(_x)

e 7 x4 fx)
& n {7 - @] AT Gr e
7. Complete the table and make a guess about the limit indicated.
Vx4 x, .
fo = dim o

X 10 | 100 | 1000 | 10,000 | 100,000 | 1,000,000
f)

8. Complete the table and make a guess about the limit indicated.

foo = YEEE
x+1 X— —00

x |—10|=100|—1000 |—10,000|—100,000 |—1,000,000
J)

9-32 Find the limits.

9. lim (5—4x+3x%) 10. lim (2x* — 100x + 5)
x— +00 X — 400
11. lim +x 12. lim /1 —2x
x— 400 X — —00
3x+ 1 . 5x% —4x
13. 14. =
3 x—+o00 2x — 5 XJTOO 2% +3
) 1
5. 16 I
x—2 3x—4
17. lim —— =~ 18. lim —
o2 Tox+1 o Poo 220 + 5x
_ 5 o 5
19. lim =% 20. lim 2=
x—=+oo x+3 t——oc0 t24+9
_ 43 _ _ 3
. 6—1 2”1 2 —x*—9x

li m =—* — %
S 7 + 3 T 10+ x + 50

. 2 + 3x — 5x2 . 3/3s7 — 4s5
23. 1 V- 24. 1 —_
oo V187 oo \ 25741



2 _ 2 _
25 lim YO =2 2. lim YO 2
x——0co x4+ 3 x—>+o0  x4+3

: 2—y . 2—y
27. lim —— 28. lim

y— —o0 /7+6y2 y— 400 /7+6y2
V3x4 4+ x . V3x* 4 x

31. HT (Vx2+3—x 32. HT (Vx2—=3x—x)
X — +00 X —> +00

33-36 True—False Determine whether the statement is true or
false. Explain your answer.

3. By subtraction, _lim (x? = 1000x) = 00 — 0o = 0.
X —r oo

34. If y = L is a horizontal asymptote for the curve y = f(x), then

lim f)=L and lim f(x)=L
x— —o0 X — 400

35. If y = L is a horizontal asymptote for the curve y = f(x), then it
is possible for the graph of f to intersect the line y = L infinitely
many times.

36. If a rational function p(x)/q(x) has a horizontal asymptote, then
the degree of p(x) must equal the degree of g(x).

Focus on Concepts

37. Assume that a particle is accelerated by a constant force. The
two curves v = n(t) and v = e(t) in the accompanying figure
provide velocity versus time curves for the particle as pre-
dicted by classical physics and by the special theory of rela-
tivity, respectively. The parameter ¢ represents the speed of
light. Using the language of limits, describe the differences
in the long-term predictions of the two theories.

\ U
v = n(t)
(Classical)

v = e(t)
(Relativity)

Velocity

t

Time FIGURE Ex-37

38. Let T = f(¢) denote the temperature of a baked potato ¢ min-
utes after it has been removed from a hot oven. The accom-
panying figure shows the temperature versus time curve for
the potato, where r is the temperature of the room.

a. What is the physical significance of lim,_, o+ f(1)?
b. What is the physical significance of lim;_; 4o f(1)?

AT

400¢

Temperature (°F)
~
I
=

Tme i) iUt Ex 3
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39. Let
2x° +5, x<0
fx) = 5,3
3= )
1 + 4x 4 x3
Find
a. lim f(x) b. lim f(x).
X — —00 X — 400
40. Let
/072 _
VIO =32 100,000
6r + 8
g(t) = £ —5r+8, —100,000 < r < 100,000
2
100+ 1077 06,000 < ¢
248
Find
a. lim g b. lim g(@).
X— —00 X — 400
41. Discuss the limits of p(x) = (1 —x)" as x—+4oo and

42,

43.

44.

x — —oo for positive integer values of n.

In each part, find examples of polynomials p(x) and g(x)
that satisfy the stated condition and such that p(x)— 4oc
and g(x) — +oo as x— +oo.

a. ) =1 . ) =0

¥ = oo g(x) x> o0 q(x)
. px) .

c. lim — =400 d. lim — =3
Jim B = im_[p() — )]

a. Do any of the trigonometric functions sin x, cos x, tan x, cotx,
sec x, and csc x have horizontal asymptotes?

b. Do any of the trigonometric functions have vertical asymp-
totes? Where?

Find

lim 0 +ox 44 epx”
x—+oody +dix+ -+ dpx™

where ¢, # 0 and d,, # 0. [Hint: Your answer will depend on
whether m < n,m = n, orm > n.]

Focus on Concepts

45. a. Suppose g(x) — +oo as x — +oc. Given any function f(x),

explain why we can evaluate lim,_, o f[g(x)] by substi-
tuting r = g(x) and writing

limflg(0] = lim_f)

(Here, “equality” is interpreted to mean that either both
limits exist and are equal, or that both limits are +oo, or
that both limits are —oo.)

. Why does the result in part (a) remain valid if lim — 4 o
is replaced everywhere by one of limy_; _ o, lim,_,
lim,_, ., orlim,_, +?
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tuting t = g(x) and writing

46. a. Suppose g(x) — —oo as x — +oco. Given any function f{(x),
explain why we can evaluate lim, , oo f[g(x)] by substi- lim [f(x) —g(x)] =0
X— —00

imflg@] = lim ()

and are asymptotic as x — — oo provided

In these exercises, determine a simpler function g(x) such that
y=f(x) is asymptotic to y =g(x) as x——+oo or x— —oo.
Use a graphing utility to generate the graphs of y = f(x) and y = g(x)

(Here, “equality” is interpreted to mean that either both and identify all vertical asymptotes. m

limits exist and are equal or that both limits fail to exist.) 2,
. Why does the result in part (a) remain valid if limy_ oo 51. flx) = r - [Hint: Divide x — 2 into x* — 2.]
is replaced everywhere by one of limy_; — oo, limc_,, X 3_ 2 s 5
lim, _, .—,or lim,_, .+? 52 _ 6" —4x+9 53 _ X A3 A~
o = ) = S
3
x'+8  Vxr43 . 1
47-50 Given that 54. fix) = + — 55, filx) =sinx + ——
xX+2 X x—1
lim f(x)=0 and lim f(x) = +o0 56. Writing In some models for learning a skill (e.g., juggling),
xX— —00 x— 400

it is assumed that the skill level for an individual increases with

evaluate the limit using an appropriate substitution. W practice but cannot become arbitrarily high. How do the concepts
of this section apply to such a model?

47. Xg%l+f(1/x) 48. Yl_iglif(l/x) 57. Writing In some population models it is assumed that a given
49. lim flcsc x) 50. lim ficsc x) ecological system possesses a carrying capacity L Populations
x—0t x—=0— greater than the carrying capacity tend to decline toward L,
while populations less than the carrying capacity tend to increase
[ 51-55 The notion of an asymptote can be extended to include curves toward L. Explain why these assumptions are reasonable, and dis-

as well as lines. Specifically, we say that curves y = f(x) and y = g(x) cuss how the concepts of this section apply to such a model.

are asymptotic as x —+ oo provided

im0 — g@) =0

3

1.3 | QUiCk Check Answers 1.a. —cob. —l1c +od. 5 2. a 1 b. does not exist
3.a. 9 b. —2 c. does notexist d. 4 4. The graphs of y = 1/(x 4+ 1) and y = x/(x + 1) have horizontal asymptotes.

14 | Limits (Discussed More Rigorously)

In the previous sections of this chapter we focused on the discovery of values of limits, either
by sampling selected x-values or by applying limit theorems that were stated without proof. Our
main goal in this section is to define the notion of a limit precisely, thereby making it possible to
establish limits with certainty and to prove theorems about them. This will also provide us with a
deeper understanding of some of the more subtle properties of functions.

Motivation for the Definition of a Two-Sided Limit

The statement lim, —; , f(x) = L can be interpreted informally to mean that we can make the value
of f(x) as close as we like to the real number L by making the value of x sufficiently close to a. It
is our goal to make the informal phrases “as close as we like to L” and “sufficiently close to a”
mathematically precise.

To do this, consider the function f graphed in Figure 1.4.1a for which f(x)—L as
x—a. For visual simplicity we have drawn the graph of f to be increasing on an open interval
containing a, and we have intentionally placed a hole in the graph at x = a to emphasize that f
need not be defined at x = a to have a limit there.

Next, let us choose any positive number € and ask how close x must be to a in order for the
values of f(x) to be within e units of L. We can answer this geometrically by drawing horizontal
lines from the points L + € and L — € on the y-axis until they meet the curve y = f(x), and then
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Y y = fx) Y

v =

drawing vertical lines from those points on the curve to the x-axis (Figure 1.4.15). As indicated in
the figure, let xp and x; be the points where those vertical lines intersect the x-axis.

Now imagine that x gets closer and closer to a (from either side). Eventually, x will lie inside
the interval (xo, x;), which is marked in green in Figure 1.4.1c; and when this happens, the value
of f(x) will fall between L — € and L + €, marked in red in the figure. Thus, we conclude:

If f(x)— L as x— a, then for any positive number €, we can find an open interval (xo, x1)
on the x-axis that contains a and has the property that for each x in that interval (except
possibly for x = a), the value of f(x) is between L — € and L + €.

What is important about this result is that it holds no matter how small we make e. However,
making e smaller and smaller forces f(x) closer and closer to L—which is precisely the concept
we were trying to capture mathematically.

Observe that in Figure 1.4.1 the interval (xo, x1) extends farther on the right side of a than on
the left side. However, for many purposes it is preferable to have an interval that extends the same
distance on both sides of a. For this purpose, let us choose any positive number § that is smaller
than both x; — a and a — x¢, and consider the interval

(a—906,a+90)
This interval extends the same distance § on both sides of a and lies inside of the interval (xg,x1)
(Figure 1.4.2). Moreover, the condition
L—e<f(x)y<L+e (D)
holds for every x in this interval (except possibly x = a), since this condition holds on the larger
interval (xg, x1).
Since (1) can be expressed as
| flx) — L| < e
and the condition that x lies in the interval (a — d,a + J), but x # a, can be expressed as
O0<|x—al<$é

we are led to the following precise definition of a two-sided limit.

Definition 1.4.1: Limit Definition Let f(x) be defined for all x in some open interval con-
taining the number a, with the possible exception that f(x) need not be defined at a. We will
write

lim f(x) =L
X—a
if given any number € > 0 we can find a number 6 > 0 such that

[fx)—Ll<e if 0<|x—a|l<d

This definition, which is attributed to the German mathematician Karl Weierstrass and is
commonly called the “epsilon-delta” definition of a two-sided limit, makes the transition from an
informal concept of a limit to a precise definition. Specifically, the informal phrase “as close as we
like to L” is given quantitative meaning by our ability to choose the positive number € arbitrarily,
and the phrase “sufficiently close to a” is quantified by the positive number 4.

In the preceding sections we illustrated various numerical and graphical methods for guessing
at limits. Now that we have a precise definition to work with, we can actually confirm the validity
of those guesses with mathematical proof. Here is a typical example of such a proof.

[

At
7
Xy a—-6 a a+d Xy

The definitions of one-sided
limits require minor adjust-
ments to Definition 1.4.1. For
example, for a limit from the
right we need only assume
that f(x) is defined on an
interval (a,b) extending to
the right of a and that the e
condition is met for x in an
interval a < x < a + ¢ extend-
ing to the right of a. A simi-
lar adjustment must be made
for a limit from the left. (See
Exercise 27.)
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Example 1 Use Definition 1.4.1 to prove that lim2 Bx—5)=1.
X —

Solution We must show that given any positive number ¢, we can find a positive number §

such that
[Bx—=5— 1 |<e if O<|x— 2 |<90 (2)
—— ~— ~—
Sfix) L a

There are two things to do. First, we must discover a value of ¢ for which this statement holds,
and then we must prove that the statement holds for that §. For the discovery part we begin by
simplifying (2) and writing it as

Bx—6/<e if 0<|x—2]<¢

Next we will rewrite this statement in a form that will facilitate the discovery of an appropri-
ate J:

3x—2|<e if O0<|x—2|<$§

x—2|<e/3 if 0<|x—2/<$§

It should be self-evident that this last statement holds if § = €/3, which completes the discovery
portion of our work. Now we need to prove that (2) holds for this choice of §. However,
statement (2) is equivalent to (3), and (3) holds with 6 = €/3, so (2) also holds with § = €/3.
This proves that )Clgnz Bx—5=1.

3

Remark This example illustrates the general form of a limit proof: We assume that we are given a
positive number ¢, and we try to prove that we can find a positive number § such that

|fx)y—L|<e if 0<|x—a|l<$§ “)

This is done by first discovering §, and then proving that the discovered § works. Since the argument
has to be general enough to work for all positive values of ¢, the quantity § has to be expressed
as a function of e. In Example 1 we found the function § = ¢/3 by some simple algebra; however,
most limit proofs require a little more algebraic and logical ingenuity. Thus, if you find our ensuing
discussion of “e-§" proofs challenging, do not become discouraged; the concepts and techniques are
intrinsically difficult. In fact, a precise understanding of limits evaded the finest mathematical minds
for more than 150 years after the basic concepts of calculus were discovered. |

Historical Note

Weierstrass, the son of a customs officer, was born in Ostenfelde, Germany. As a
youth Weierstrass showed outstanding skills in languages and mathematics. How-
ever, at the urging of his domineering father, Weierstrass entered the law and com-
merce program at the University of Bonn. To the chagrin of his family, the rugged
and congenial young man concentrated instead on fencing and beer drinking. Four
years later he returned home without a degree. In 1839 Weierstrass entered the
Academy of Miinster to study for a career in secondary education, and he met
and studied under an excellent mathematician named Christof Gudermann. Guder-
Karl Weierstrass mann’s ideas greatly influenced the work of Weierstrass. After receiving his teach-
(1815-1897) ing certificate, Weierstrass spent the next 15 years in secondary education teaching

German, geography, and mathematics. In addition, he taught handwriting to small
children. During this period much of Weierstrass’s mathematical workwas ignored because he was a sec-
ondary schoolteacher and not a college professor. Then, in 1854, he published a paper of major importance
that created a sensation in the mathematics world and catapulted him to international fame overnight. He
was immediately given an honorary Doctorate at the University of Konigsberg and began a new career
in college teaching at the University of Berlin in 1856. In 1859 the strain of his mathematical research
caused a temporary nervous breakdown and led to spells of dizziness that plagued him for the rest of his
life. Weierstrass was a brilliant teacher and his classes overflowed with multitudes of auditors. In spite
of his fame, he never lost his early beer-drinking congeniality and was always in the company of stu-
dents, both ordinary and brilliant. Weierstrass was acknowledged as the leading mathematical analyst in
the world. He and his students opened the door to the modern school of mathematical analysis.

[Image: Source: Smithsonian Libraries and Archives]
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Example 2 Prove that lim /x = 0.
x—0t

Solution Note that the domain of 1/x is 0 < x, so it is valid to discuss the limit as x—0t.
We must show that given € > 0, there exists a § > 0 such that
[Vx—0]<e if 0<x—-0<6
or more simply,
Vi<e if 0<x<§ 3)
But, by squaring both sides of the inequality \/x < €, we can rewrite (5) as
x<ée if 0<x<§ (©6)

It should be self-evident that (6) is true if § = €>; and since (6) is a reformulation of (5), we have
shown that (5) holds with § = €. This proves that lin(}+ Vx=0.
xX—r

The Value of § Is Not Unique

In preparation for our next example, we note that the value of § in Definition 1.4.1 is not unique;
once we have found a value of ¢ that fulfills the requirements of the definition, then any smaller
positive number ¢; will also fulfill those requirements. That is, if it is true that

[fx)— Ll <e if 0<|x—al<$§
then it will also be true that

[f(x)— Ll <e if O0<|x—a|<d

This is because {x: 0 < |x —a| < 41} is a subset of {x:0 < |x — a| < ¢} (Figure 1.4.3), and
hence if | f(x) — L| < e is satisfied for all x in the larger set, then it will automatically be satisfied
for all x in the subset. Thus, in Example 1, where we used 6 = € /3, we could have used any smaller
value of § such as § = €/4, § = ¢/5, 0r 6 = ¢/6.

Example 3 Prove that lim x* = 9.
x—3

Solution We must show that given any positive number €, we can find a positive number §
such that

2 =9 <e if 0<|x—3]<é (7)
Because |x — 3| occurs on the right side of this “if statement,” it will be helpful to factor the
left side to introduce a factor of |x — 3|. This yields the following alternative form of (7):

[x+3]x—=3]<e if O0<|x—3|<¢ (8)

We wish to bound the factor |x + 3|. If we knew, for example, that § < 1, then we would have
—1<x—-3<1,s05<x+3<7, and consequently |x + 3| < 7. Therefore, if 6 < 1 and
0 < |x—3| <4, then

|x +3||x = 3] <75
It follows that (8) will be satisfied for any positive § such that § < 1 and 76 < e. We can
achieve this by taking & to be the minimum of the numbers 1 and €/7, which is sometimes
written as § = min(1, €/7). This proves that liﬁrn%)c2 =0.

X 3

Limits as x — + o0
In Section 1.3 we discussed the limits
lim f(x) =L and lim f(x)=L
X — 400 X — —o0

from an intuitive point of view. The first limit can be interpreted to mean that we can make the
value of f(x) as close as we like to L by taking x sufficiently large, and the second can be interpreted
to mean that we can make the value of f(x) as close as we like to L by taking x sufficiently far to the
left of 0. These ideas are captured in the following definitions and are illustrated in Figure 1.4.4.

In Example 2 the limit from
the left and the two-sided
limit do not exist at x =0
because /x is defined only
for nonnegative values of x.

X

€ € ) )
a=-6 a—-6,a a+da+d

If you are wondering how
we knew to make the restric-
tion 6 <1, as opposed to
5§<5 or §< 4, for exam-
ple, the answer is that 1 is
merely a convenient choice—
any restriction of the form
6<c¢ would work equally
well.




34 CHAPTER 1

Limits and Continuity

positive x-direction. We will write
lim fix)=L
x— 4o
if given any number € > 0, there corresponds a positive number N such that

|fx)— Ll <e if x>N

Definition 1.4.2 Let f(x) be defined for all x in some infinite open interval extending in the

negative x-direction. We will write
lim fx) =L
X— — 00
if given any number € > 0, there corresponds a negative number N such that
|fx)—L| <e if x<N

Definition 1.4.3 Let f(x) be defined for all x in some infinite open interval extending in the

To see how these definitions relate to our informal concepts of these limits, suppose that
f(x)— L as x— +oo, and for a given € let N be the positive number described in Definition 1.4.2.
If x is allowed to increase indefinitely, then eventually x will lie in the interval (N, +oc), which
is marked in green in Figure 1.4.4a; when this happens, the value of f(x) will fall between L — €
and L + ¢, marked in red in the figure. Since this is true for all positive values of ¢ (no matter how
small), we can force the values of f(x) as close as we like to L by making N sufficiently large. This
agrees with our informal concept of this limit. Similarly, Figure 1.4.4b illustrates Definition 1.4.3.

| f)—Ll <eifx>N [f()—Ll <eifx<N
(@) )

Example 4 Prove that lim 1:0.

X— 400 X

€ > 0, we can find a number N > 0 such that

1
Z-0
X

<e if x>N

statement and rewrite it as |
- <e if x>N
X

or, on taking reciprocals,

1 .
x>—- if x>N
€

for x > 0, the proof is complete.

Solution Applying Definition 1.4.2 with f(x) = 1/x and L = 0, we must show that given

Because x — +oo we can assume that x > 0. Thus, we can eliminate the absolute values in this

It is self-evident that N = 1/e satisfies this requirement, and since (10) and (9) are equivalent

(€))

(10)
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Infinite Limits

In Section 1.1 we discussed limits of the following type from an intuitive viewpoint:

limy — 4 f(x) = +o0, ligl flx) = —o0 (11)
lim, _, 4+ f(x) = +oo, lim f(x) = —o0 (12)
lim, , ,— f(x) = +o0, lim f(x) = —o0 (13)

Recall that each of these expressions describes a particular way in which the limit fails to exist.
The +oc indicates that the limit fails to exist because f(x) increases without bound, and the —oo
indicates that the limit fails to exist because f(x) decreases without bound. These ideas are captured
more precisely in the following definitions and are illustrated in Figure 1.4.5.

Definition 1.4.4 Let f(x) be defined for all x in some open interval containing a, except that
f(x) need not be defined at a. We will write

lim f(x) = 400
xX—a
if given any positive number M, we can find a number § > 0 such that f(x) satisfies

foo>M if 0<|x—a|<d

Definition 1.4.5 Let f(x) be defined for all x in some open interval containing a, except that
f(x) need not be defined at a. We will write

lim f(x) = —oo
X—a
if given any negative number M, we can find a number § > 0 such that f(x) satisfies

<M if 0<|x—a|l<d

To see how these definitions relate to our informal concepts of these limits, suppose that
f(x)— +oco as x—a, and for a given M let ¢ be the corresponding positive number described in
Definition 1.4.4. Next, imagine that x gets closer and closer to a (from either side). Eventually,
x will lie in the interval (a — d,a + J), which is marked in green in Figure 1.4.5a; when this
happens the value of f(x) will be greater than M, marked in red in the figure. Since this is true for
any positive value of M (no matter how large), we can force the values of f(x) to be as large as
we like by making x sufficiently close to a. This agrees with our informal concept of this limit.
Similarly, Figure 1.4.5b illustrates Definition 1.4.5.

.1
Example 5 Prove that lim — = +oo.
x—0X

Solution Applying Definition 1.4.4 with f(x) = 1/x? and a = 0, we must show that given a
number M > 0, we can find a number 6 > 0 such that

1 .
S >M if 0<[x—0]<§ (14)
X
or, on taking reciprocals and simplifying,

x2<$ it 0<|x| <6 (15)

But x> < 1/M if |x| < 1/v/M, so that § = 1/+/M satisfies (15). Since (14) is equivalent to
(15), the proof is complete.

(@)

f)<Mif0<|x—a <3
(b)

How would you revise Defini-
tions 1.4.4 and 1.45 if x—a
is replaced by x—at. x—a~,
X —+00, or x ——007?
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1.4 | QUiCk Check Exercises (See page 39 for answers.)

1. The definition of a two-sided limit states: lim,_, , f(x) = L if
given any number there is a number such
that | flx) — L| < eif

2. Suppose that f(x) is a function such that for any given ¢ > 0,
the condition 0 < |x — 1| < ¢/2 guarantees the result that

4. The definition of limit at +oo states: limy— yoo f(x) =L
if given any number there is a positive number
such that | f(x) — L] < eif

5. Find the smallest positive number N such that for each x > N,
the value of f(x) = 1/+/x is within 0.01 of 0.

| fix) — 5| < e. What limit results from this property?

3. Suppose that € is any positive number. Find the largest value
of § such that |5x — 10| < €if 0 < |x — 2| < 0.

6 Graphing Utility

Exercise Set 1.4

. Find the largest open interval, centered at the origin on the AY
x-axis, such that for each x in the interval the value of the func-
tion f(x) = x + 2 is within 0.1 unit of the number f(0) = 2.

b. Find the largest open interval, centered at x = 3, such that for
each x in the interval the value of the function f(x) = 4x — 5
is within 0.01 unit of the number f(3) = 7.

c. Find the largest open interval, centered at x = 4, such that for
each x in the interval the value of the function f(x) = x2is
within 0.001 unit of the number f(4) = 16.

1+0.1F—
==

1-0.1

\

T

4‘ —
\

Y =

‘p =
\
1

X0

Not drawn to scale

Generate the graph of f(x) = x* —4x+5 with a graphing
utility, and use the graph to find a number § such that
|f(x) =2 <0.05 if 0<|x—1|<d. [Hint: Show that
the inequality |f(x) —2| <0.05 can be rewritten as
1.95 < x3 —4x+5 < 2.05, and estimate the values of x for
whichx® —4x+5=1.95and x* — 4x + 5 = 2.05.]

2. Ineach part, find the largest open interval, centered at x = 1, such
that for each x in the interval the value of f{x) = 5x + 3 is within
€ units of the number f(1) = 8. A s.

a. e=0.1 b. € =0.05 c. € =0.004

3. a. Find the values of xo and x; in the accompanying figure.

b. Find a positive number ¢ such that |/x —2| < 0.05 if
0< |x—4]<é.

[ 6. Use the method of Exercise 5 to find a number ¢ such that
Ly [V4x —3—5/<02if0<|x—7| < 0.

2+ 0.05 2 " @A 7. Let f(x) = (2/x) + v/x with L =lim,_, f(x) and let ¢ = 0.1.
Y S } Use a graphing utility to find a positive number § such that

9 0.05 - —— ‘ } } [fx) —L| < eif0 < |x— 1| <4.
\ \ \ [@ 8. Letf(x) = (sin2x)/x and use a graphing utility to conjecture the
} } } value of L = lim,—, o f(x). Then let e = 0.1 and use the graph-
} } } X ing utility to find a positive number § such that | f(x) — L| < € if

o n x| > 0 < |x] < 6.

Not drawn to scale 9-16 A positive number € and the limit L of a function f at a are
given. Find a number 6 such that | f(x) — L| < e if 0 < |x — a| < 6.

|
10. lim (5x —2) =13;e = 0.01
x—3

9. lim2x =8;¢=0.1
4. a. Find the values of xy and x; in the accompanying figure. x4
. .. . 2
b. Find a positive number & such that |(1/x) — 1| < 0.1 if 1. Tim * 9 _ 6: ¢ = 0.05
0<|x—1]<3. 3

x—=3 X —




2_
12, lim X =9

=6; ¢ =0.002
x—3/2 2x —3 €

Iim vV12x =2; ¢ =0.01

x—1/3

13. lim x> = 8; € = 0.001 14.
x—2

15. lim 1 = %; € =0.05

16. lim x* = 0; €=0.01
x—5X x—0
17-26 Use Definition 1.4.1 to prove that the limit is correct. ®
17. lim 7 =7 18. lim (x —5) =4
x—3 x—9
19. lim 3x =15 20. lim (5x+ 1) =21
x—5 x—4

2x — 3x° x2—9

21. lim ——— =2 22. lim = -6
x—0 X x——-3 X+ 3
. - Cfx+2, x#1
23. Jﬂf(x) = 3, where f(x) = {10’ e
. - 9 —-2x, x#2
24. }Lnlzf(x) =5, where f(x) = {49, DN
25. lim |x| =0
x—0
. . A +1 x<2
26. xll_I}lzf(x) =9, where f(x) = {Sx 1L ox>2
Focus on Concepts
27. Give rigorous definitions of lim,_, .+ f(x) =L and

lim, _, - f(x) = L.
28. Consider the statement that lim,,, | f(x) — L| = 0.
a. Using Definition 1.4.1, write down precisely what this
limit statement means.
b. Explain why your answer to part (a) shows that

lim |f(x) —L| =0 ifandonlyif limfix)=L
X—a X—a
29. a. Show that
|(3x* 4 2x — 20) — 300| = [3x + 32| - |x — 10|
b. Find an upper bound for |3x+ 32| if x satisfies
lx—10] < 1.
c. Fill in the blanks to complete a proof that

lim [3x% + 2x — 20] = 300
x— 10

Suppose that € > 0. Set ¢ = min(l,
assume that 0 < |x — 10| < 4. Then

) and

(3x? + 2x — 20) — 300| = |3x + 32| - |x — 10]
< |x — 10|

AN A

I
m

30. a. Show that

28 4‘_‘ 12

4= | x=2
3+ 1 3x+l‘ =2l

b. Is |12/(3x + 1)| bounded if |x — 2| < 47 If not, explain;
if so, give a bound.
c. Is |12/(3x + 1)‘ bounded if |x — 2| < 1? If not, explain;

if so, give a bound.
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d. Fill in the blanks to complete a proof that

28
li =4
x1—I>n2 |:3X + 1:|
Suppose that € > 0. Set ¢ = min(l,
assume that 0 < |x — 2| < §. Then

28 _4‘ 12

) and

——= | x=2
3x+1 b |
< - |x—2

<

3x+1 -

=€

31-36 Use Definition 1.4.1 to prove that the stated limit is correct. In
each case, to show that lim, _, . f(x) = L, factor | f(x) — L| in the form

| f(x) — L| = |“something”| - |x — q]

and then bound the size of
the size of 5. ®

31. lim 2x% =2 [Hint: Assume § < 1.]
X —

“something”| by putting restrictions on

32. lim, (x*+x) =12 [Hint: Assume § < 1.]
x—

. 1 1 . 3x+2 9
33. 1 == 34. 1 =2

BT T T T3 s x5
35. lim v/x =2 36. limx® =38

x—4 x—2

37. Let
if x is rational

0,
fx) = {

x, if x is irrational
Use Definition 1.4.1 to prove that lim, ¢ f(x) = 0.
38. Let

0, if xis rational
J&x) = e
1, if xis irrational

Use Definition 1.4.1 to prove that lim,_ o f(x) does not exist.
[Hint: Assume lim,_, f(x) = L and apply Definition 1.4.1 with
€ = 1 toconclude that |1 — L| < Jand [L| = |0 — L| < 1. Then
show 1 < |1 — L| 4 |L| and derive a contradiction.]
39. a. Find the smallest positive number N such that for each x in
the interval (N, +o0), the value of the function f(x) = 1/ x2is
within 0.1 unit of L = 0.

b. Find the smallest positive number N such that for each x in
the interval (N, 4+o0), the value of f(x) = x/(x + 1) is within
0.01 unitof L = 1.
c. Find the largest negative number N such that for each x in
the interval (—oo, N), the value of the function f(x) = 1/x> is
within 0.001 unit of L = 0.
d. Find the largest negative number N such that for each x in the
interval (—oo, N), the value of the function f(x) = x/(x + 1)
is within 0.01 unit of L = 1.
40. In each part, find the smallest positive value of N such that for
each x in the interval (N, +oc), the function f(x) = 1/x> is within
€ units of the number L = 0.
a. ¢e=0.1 b. ¢ = 0.01 c. ¢ =0.001
41. a. Find the values of x; and x; in the accompanying figure.

b. Find a positive number N such that
2

1+x2—1’<6

forx > N. (Continued)
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c. Find a negative number N such that

x? 1| <e
1+ x2
forx < N.
y
y = x?
1 l+x2
e
|
|
| | 3
X1 X2

Not drawn to scale

42. a. Find the values of x; and x, in the accompanying figure.

b. Find a positive number N such that

l 0 ! <
0= €
vx v
forx > N.
c. Find a negative number N such that
1
T\/; - 0‘ = Tx <€

for x < N.

43-46 A positive number e and the limit L of a function f at
o0 are given. Find a positive number N such that if x > N then
[f(x)— L < €. m

1
43. lim — =0; e =0.01

3 =

xX— 400 X

44. lim =0; € =0.005
x—+4oo x 4+ 2

45. =1; ¢ =0.001

I
rJToo x+ 5

NS 3o

46.
X — 400 2x—4 2’

47-50 A positive number ¢ and the limit L of a function f at —oco
are given. Find a negative number N such that | fix) — L| < e if
x<N. m

47. i
erPoo X+ 2

=0; € =0.005

48. lim 1 0; e =0.01

x— —o0 X2 -
4x — 1

49. i =
AJIEICX) 2x —+ 5

2; e=0.1

50. lim —~
x~>—oox+5

=3; € =0.002

51-56 Use Definition 1.4.2 or 1.4.3 to prove that the stated limit is
correct. M

51 Lm L =0 2. lim =0
x— 400 x2 x—too x + 7

53 oim X-1_, 54. lim —— =1
x——o00 2x + 5 x——oo x + 1
3
55. i Vx _, 56 v

. lim = . lim =
X‘>+°°\/}—1 X— —00 %+2
57. a. Find the largest open interval, centered at the origin on the
x-axis, such that for each x in the interval, other than the cen-
ter, the values of f(x) = 1/x? are greater than 100.

b. Find the largest open interval, centered at x = 1, such that for
each x in the interval, other than the center, the values of the
function f(x) = 1/|x — 1] are greater than 1000.

c. Find the largest open interval, centered at x = 3, such that for
each x in the interval, other than the center, the values of the
function f(x) = —1 / (x— 3)2 are less than —1000.

d. Find the largest open interval, centered at the origin on the
x-axis, such that for each x in the interval, other than the cen-
ter, the values of f(x) = — 1/x* are less than —10,000.

58. In each part, find the largest open interval centered at x = 1, such
that for each x in the interval, other than the center, the value of
fx)=1/(x— D?is greater than M.

a. M =10 b. M = 1000 c. M = 100,000

59-64 Use Definition 1.4.4 or 1.4.5 to prove that the stated limit is
correct. W

59. lim

. —1
L m 60. im ——— = —

= oo S Yy

62. lim % = 400

61. lim i = 400
a1 |x — 1]

=0 |x]|
. 1

63. lim ——= | =-
x—0 X

65-70 Use the definitions in Exercise 27 to prove that the stated one-
sided limit is correct. W

64. lim % = 400
x—0X

65. lim (x+1)=3 66. lim (Bx+2)=5
x—2+ x—1-
67. lim vVx—4=0 68. lim /—x=0
x—4+ x—0—
. 2x—1, x<3
69. Xgn31+f(x) = 8, where f(x) = {x 45 x>3
. 2x—1, x<3
70. Xlﬁlrglﬁf(x) =5, where f(x) = {x 45 x>3

71-74 Write out the definition for the corresponding limit in the
marginal note on page 35, and use your definition to prove that the
stated limit is correct. M

71. a. lim ! = —00 b. lim ! = 400
=1+ 1 —x r—=1- 1 —x
1
72. a. lim — = +o0 b. lim - = -
x—0t X x—0— X

73. a. lim (x+1)=+o0 b.
x— 400 x—

74. a. lim (*—3)=+4co b. lim (°+5)=—o0
X — —00

xX— 400
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75. According to Ohm’s law, when a voltage of V volts is applied 76. Writing Compare informal Definition 1.1.1 with Definition

across a resistor with a resistance of R ohms, a current of 1.4.1.
I = V/R amperes flows through the resistor.

a. What portions of Definition 1.4.1 correspond to the expres-

a. How much current flows if a voltage of 3.0 volts is sion “values of f(x) can be made as close as we like to L” in
applied across a resistance of 7.5 ohms? Definition 1.1.1? Explain.

b. If the resistance varies by 0.1 ohm, and the voltage remains b. What portions of Definition 1.4.1 correspond to the expres-
constant at 3.0 volts, what is the resulting range of values for sion “taking values of x sufficiently close to a (but not equal
the current? to a)” in Definition 1.1.1? Explain.

c. If temperature variations cause the resistance to vary by +¢ 77. Writing Compare informal Definition 1.3.1 with Definition
from its value of 7.5 ohms, and the voltage remains constant at 1.4.2.

3.0 volts, what is the resulting range of values for the current? a. What portions of Definition 1.4.2 correspond to the expression

d. If the current is not allowed to vary by more than ¢ = +0.001 “values of f(x) eventually get as close as we like to a number
ampere at a voltage of 3.0 volts, what variation of +§ from L” in Definition 1.3.1? Explain.
the value of 7.5 ohms is allowable? b. What portions of Definition 1.4.2 correspond to the expres-

e. Certain alloys become superconductors as their tempera- sion “as x increases without bound” in Definition 1.3.1?
ture approaches absolute zero (—273° C), meaning that their Explain.

resistance approaches zero. If the voltage remains constant,
what happens to the current in a superconductor as R— 07" ?

4. ¢ > 0;N;x >N 5. N =10,000

1.4 | Quick Check Answers 1.¢>0,6>00<|x—a/ <6 2 lim— f)=5 3.6=¢/5

1.5 | Continuity

A thrown baseball cannot vanish at some point and reappear someplace else to continue its motion.
Thus, we perceive the path of the ball as an unbroken curve. In this section, we translate “unbroken
curve” into a precise mathematical formulation called continuity, and develop some fundamental
properties of continuous curves.

Definition of Continuity

Intuitively, the graph of a function can be described as a “continuous curve” if it has no breaks
or holes. To make this idea more precise we need to understand what properties of a function can
cause breaks or holes. Referring to Figure 1.5.1, we see that the graph of a function has a break or
hole if any of the following conditions occur:

e The function f is undefined at ¢ (Figure 1.5.1a).

e The limit of f(x) does not exist as x approaches ¢ (Figures 1.5.15, 1.5.1¢).

* The value of the function and the value of the limit at ¢ are different (Figure 1.5.1d ).

This suggests the following definition.

Definition 1.5.1 A function f is said to be continuous at x = ¢ provided the following
conditions are satisfied:

1. f(c) is defined.

2. lim f(x) exists.
H=E

3. lim /() = fle).

- .
L._*"t ¥

Do S

Joseph Helfenberger/iStockphoto

A baseball moves along a “continu-
ous” trajectory after leaving the
pitcher’s hand.

The third condition in Def-
inition 1.5.1 actually implies
the first two, since it is tacitly
understood in the statement

Xli_Qle (x) = flc)
that the limit exists and the
function is defined at c. Thus,
when we want to establish
continuity at ¢ our usual pro-

cedure will be to verify the
third condition only.
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If one or more of the conditions of this definition fails to hold, then we will say that f has a
discontinuity at x = c. Each function drawn in Figure 1.5.1 illustrates a discontinuity at x = c.
In Figure 1.5.1a, the function is not defined at ¢, violating the first condition of Definition 1.5.1.
In Figure 1.5.1b, the one-sided limits of f(x) as x approaches ¢ both exist but are not equal. Thus,
lim, s  f(x) does not exist, and this violates the second condition of Definition 1.5.1. We will say
that a function like that in Figure 1.5.1b has a jump discontinuity at c. In Figure 1.5.1¢, the one-
sided limits of f(x) as x approaches c are infinite. Thus, lim, —, . f(x) does not exist, and this violates
the second condition of Definition 1.5.1. We will say that a function like that in Figure 1.5.1c has
an infinite discontinuity at c. In Figure 1.5.1d, the function is defined at ¢ and lim, _, . f(x) exists,
but these two values are not equal, violating the third condition of Definition 1.5.1. We will say
that a function like that in Figure 1.5.1d has a removable discontinuity at c. Exercises 33 and 34
help to explain why discontinuities of this type are given this name.

Example 1 Determine whether the following functions are continuous at x = 2.

2 2
2 x°—4 x°—4
- R 2 E—— 2
fo=""t aw={i2 7 o - x—20 ¥
* 3, x=2, 4, r=2

Solution In each case we must determine whether the limit of the function as x— 2 is the
same as the value of the function at x = 2. In all three cases the functions are identical, except
at x = 2, and hence all three have the same limit at x = 2, namely,

2

lim f(x) = lim g(x) = lim A(x) = lim o4 =lim (x+2)=4

x—2 x—2 x—2 x—2 X — x—2
The function f is undefined at x = 2, and hence is not continuous at x = 2 (Figure 1.5.2a).
The function g is defined at x = 2, but its value there is g(2) = 3, which is not the same
as the limit as x approaches 2; hence, g is also not continuous at x = 2 (Figure 1.5.2b). The
value of the function / at x = 2 is h(2) = 4, which is the same as the limit as x approaches 2;
hence, & is continuous at x = 2 (Figure 1.5.2¢). (Note that the function /4 could have been
written more simply as A(x) = x + 2, but we wrote it in piecewise form to emphasize its rela-
tionship to f and g.)




Continuity in Applications

In applications, discontinuities often signal the occurrence of important physical events. For exam-
ple, Figure 1.5.3a is a graph of voltage versus time for an underground cable that is accidentally cut
by a work crew at time ¢t = £, (the voltage drops to zero when the line is cut). Figure 1.5.3b shows
the graph of inventory versus time for a company that restocks its warehouse to y; units when the
inventory falls to yo units. The discontinuities occur at those times when restocking occurs.

V (Voltage) y (Amount of inventory)
Y1
|
|
| Yo
! [ \ ! ! -
d l l l \
Line ~7 1t N N
cut Restocking occurs
(a) (b)

Continuity on an Interval

If a function f is continuous at each number in an open interval (a, b), then we say that f is con-
tinuous on (a, b). This definition applies to infinite open intervals of the form (a, +o<), (—o0, b),
and (—oo, +00). In the case where f is continuous on (—oo, +o0), we will say that f is continuous
everywhere.

Because Definition 1.5.1 involves a two-sided limit, that definition does not generally apply
at the endpoints of a closed interval [a, b] or at the endpoint of an interval of the form [a, ), (a, b],
(—o0, b], or [a,+). To remedy this problem, we will agree that a function is continuous at an
endpoint of an interval if its value at the endpoint is equal to the appropriate one-sided limit at that
endpoint. For example, the function graphed in Figure 1.5.4 is continuous at the right endpoint of
the interval [a, b] because

lim f(x) = f(b)
x—b

but it is not continuous at the left endpoint because

lim f(x) # fla)
x—at
In general, we will say a function f is continuous from the left at c if
lim_f(x) = flc)
X—c™
and is continuous from the right at c if
lim f(x) = f(c)
x—ct

Using this terminology, we define continuity on a closed interval as follows.

Definition 1.5.2 A function f is said to be continuous on a closed interval [a, b] if the
following conditions are satisfied:

1. fis continuous on (a, b).
2. f1is continuous from the right at a.

3. fis continuous from the left at b.

Example 2 What can you say about the continuity of the function f(x) = /9 — x2?

Solution Because the natural domain of this function is the closed interval [—3, 3], we will
need to investigate the continuity of f on the open interval (—3, 3) and at the two endpoints. If
¢ is any point in the interval (—3, 3), then it follows from Theorem 1.2.2(e) that

lim f() = lim /9 —x2 =, [lim (9 —2%) = /9 —¢2 = fle)

1.5 Continuity 41

Shannon Faulk/DreamPictures/Getty Images

A poor connection in a transmission
cable can cause a discontinuity in the
electrical signal it carries.

Modify  Definition  1.5.2
appropriately so that it
applies to intervals of the
form [a,+00),(—o0,b], (a,b],
and [a, b).
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which proves f is continuous at each point in the interval (—3, 3). The function f is also con-
tinuous at the endpoints since

lim f(x) = lim \/9—x2=\/ lim (9—x2)=0=£3)
x—3- x—3- x—3-

lim f) = lim V9—x2= | lim (9—x2)=0=f(—3)
x— —3F x— =3+ x— —3%

Thus, f is continuous on the closed interval [—3, 3] (Figure 1.5.5).

Some Properties of Continuous Functions

The following theorem, which is a consequence of Theorem 1.2.2, will enable us to reach conclu-
sions about the continuity of functions that are obtained by adding, subtracting, multiplying, and
dividing continuous functions.

Theorem 1.5.3 If the functions f and g are continuous at ¢, then
(a) f + gis continuous at c.
(b) f — gis continuous at c.

(c) fgis continuous at c.

(d) f/gis continuous at c if g(c) # 0 and has a discontinuity at ¢ if g(c) = 0.

We will prove part (d ). The remaining proofs are similar and will be left to the exercises.

Proof First, consider the case where g(c) = 0. In this case f(c)/g(c) is undefined, so the function
£/ ¢ has a discontinuity at c.
Next, consider the case where g(c) # 0. To prove that f/g is continuous at ¢, we must show

that
i 10 f©)

1
x—=cglx)  glo) M

Since f and g are continuous at c,
lim f(x) = f(c) and lim g(x) = g(c)
X—cC xX—c
Thus, by Theorem 1.2.2(d) )
i 10 _ 2D o
x—egr)  lim gx)  g(c)
xX—c
which proves (1). ®

Continuity of Polynomials and Rational Functions

The general procedure for showing that a function is continuous everywhere is to show that it
is continuous at an arbitrary point. For example, we know from Theorem 1.2.3 that if p(x) is a
polynomial and a is any real number, then

lim p(x) = p(a)

xX—a
This shows that polynomials are continuous everywhere. Moreover, since rational functions are
ratios of polynomials, it follows from part (d) of Theorem 1.5.3 that rational functions are continu-

ous at points other than the zeros of the denominator, and at these zeros they have discontinuities.
Thus, we have the following result.

Theorem 1.5.4
(a) A polynomial is continuous everywhere.

(b) A rational function is continuous at every point where the denominator is nonzero, and has
discontinuities at the points where the denominator is zero.




Example 3 For what values of x is there a discontinuity in the graph of

2
_ X 9 9
x2—=5x+6
Solution The function being graphed is a rational function, and hence is continuous at every
number where the denominator is nonzero. Solving the equation

¥ —5x+6=0

yields discontinuities at x = 2 and at x = 3 (Figure 1.5.6).
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Technology Mastery If you
use a graphing utility to gen-
erate the graph of the equa-
tion in Example 3, there is a
good chance you will see the
discontinuity at x = 2 but not
at x =3. Try it, and explain

Example 4 Show that |x| is continuous everywhere.

Solution We can write |x| as

x if x>0
x[=49 0 if x=0
—x if x<0

so |x| is the same as the polynomial x on the interval (0, +oo) and is the same as the polynomial
—x on the interval (—oc, 0). But polynomials are continuous everywhere, so x = 0 is the only
possible discontinuity for |x|. Since |0| = 0, to prove the continuity at x = 0 we must show that

lim || = 0 @
x—0

Because the piecewise formula for |x| changes at 0, it will be helpful to consider the one-sided
limits at O rather than the two-sided limit. We obtain

lim |x| = lim x=0 and lim |x/= lim (—x)=0
x—0t —0t x—0~ x— 0~

X

Thus, (2) holds and |x]| is continuous at x = 0 (Figure 1.5.7).

what you think is happening.

Continuity of Compositions

The following theorem, whose proof is given in Web Appendix L, will be useful for calculating
limits of compositions of functions.

Theorem 1.5.5 If lim,_.g(x) =L and if the function f is continuous at L, then
lim, —, . f(g(x)) = f(L). That is,

tim (g0 = ( Jim 00

This equality remains valid if lim,_,. is replaced everywhere by one of lim,_, .+,
lim, _, .—, limy - 4 oo, OF limy 5 —oo.

In the special case of this theorem where f(x) = |x|, the fact that |x| is continuous everywhere
allows us to write

lim |g00] = [lim (o) 3)

provided lim, ;. g(x) exists. Thus, for example,

lim |5 — x| = [lim (5 — x?%)
x—3 x—3

The following theorem is concerned with the continuity of compositions of functions; the first
part deals with continuity at a specific number and the second with continuity everywhere.

Tttt | | I T I |
-8 -6 -4 -2 4 6 8
-2
-4
-6
-8
y— x2—9
xX2=-5x+6
y =
FIGURE 1.5.7
In words, Theorem 1.5.5

states that a limit symbol
can be moved through a
function sign provided the
limit of the expression inside
the function sign exists and
the function is continuous at

this limit.
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Can the absolute value of a
function that is not continu-
ous everywhere be continu-
ous everywhere? Justify your
answer.

y y=l4-x

To paraphrase Theorem 1.5.7,
the inverse of a continuous
function is continuous.

y
200 -
y= X3 +x
100
1 1 1 1 X
-10 -5 5 10
100
=200 -
y
fB) e ‘
|
k |
|
|
fla) |- |
| |
| |
a x b

Theorem 1.5.6

(a) If the function g is continuous at ¢, and the function f is continuous at g(c), then the
composition f'o g is continuous at c.

(b) If the function g is continuous everywhere and the function f is continuous everywhere,
then the composition f o g is continuous everywhere.

Proof We will prove part (a) only; the proof of part (b) can be obtained by applying part (a) at an
arbitrary number c. To prove that f o g is continuous at ¢, we must show that the value of fo g and
the value of its limit are the same at x = ¢. But this is so, since we can write

Tim (fog)() = lim f(g(x) Tf (1im g0) =|f(g(C)) = (fop)c) m

| Theorem 1.5.5 ” g is continuous at c. I

We know from Example 4 that the function |x| is continuous everywhere. Thus, if g(x) is
continuous at ¢, then by part (a) of Theorem 1.5.6, the function |g(x)| must also be continuous at
¢; and, more generally, if g(x) is continuous everywhere, then so is |g(x)|. Stated informally:

The absolute value of a continuous function is continuous.

For example, the polynomial g(x) = 4 — x? is continuous everywhere, so we can conclude that the
function |4 — x?| is also continuous everywhere (Figure 1.5.8).

Continuity of Inverse Functions

Since the graphs of a one-to-one function f and its inverse f ' are reflections of one another
about the line y = x, it is clear geometrically that if the graph of f has no breaks or holes in it, then
neither does the graph of f ~!. This, and the fact that the range of f is the domain of f - suggests
the following result, which we state without formal proof.

Theorem 1.5.7 If f is a one-to-one function that is continuous at each point of its domain,
then f ! is continuous at each point of its domain; that is, f ~! is continuous at each point in
the range of f.

Example5 Show that the function f(x) = x> + x has an inverse. Is f ~! continuous at each
point in (—oo, 4+00)?

Solution Note that f is increasing for all x (why?), so f is one-to-one and has an inverse. Also
notice that f is continuous everywhere since it is a polynomial. From Figure 1.5.9 we infer that
the range of f is (—oo, 40), so the domain off_1 is also (—oo, +00). Although a formula for
£ ~'(x) cannot be found easily, we can use Theorem 1.5.7 to conclude that f ! is continuous
on (—oo, +00).

The Intermediate-Value Theorem

Figure 1.5.10 shows the graph of a function that is continuous on the closed interval [a, b]. The
figure suggests that if we draw any horizontal line y = k, where k is between f(a) and f(b), then that
line will cross the curve y = f(x) at least once over the interval [a, b]. Stated in numerical terms, if
f is continuous on [a, b], then the function f must take on every value k between f(a) and f(b) at
least once as x varies from a to b. For example, the polynomial p(x) = x> — x4 3 has a value of
3 atx =1 and a value of 33 at x = 2. Thus, it follows from the continuity of p that the equation
x> — x+ 3 = k has at least one solution in the interval [1,2] for every value of k between 3 and

33. This idea is stated more precisely in the following theorem.

Theorem 1.5.8: Intermediate-Value Theorem If f is continuous on a closed interval [a, b]
and k is any number between f(a) and f(b), inclusive, then there is at least one number x in the
interval [a, b] such that f(x) = k.




Although this theorem is intuitively obvious, its proof depends on a mathematically precise devel-
opment of the real number system, which is beyond the scope of this text.

Approximating Roots Using the Intermediate-Value Theorem

A variety of problems can be reduced to solving an equation f{(x) = 0 for its roots. Sometimes it
is possible to solve for the roots exactly using algebra, but often this is not possible and one must
settle for decimal approximations of the roots. One procedure for approximating roots is based on
the following consequence of the Intermediate-Value Theorem.

Theorem 1.5.9 If f is continuous on [a, b], and if f(a) and f(b) are nonzero and have opposite
signs, then there is at least one solution of the equation f(x) = 0 in the interval (a, b).

This result, which is illustrated in Figure 1.5.11, can be proved as follows.

Proof Since f(a) and f(b) have opposite signs, 0 is between f(a) and f(b). Thus, by the Intermediate-
Value Theorem there is at least one number x in the interval [a, b] such that f(x) = 0. However,
f(a) and f(b) are nonzero, so x must lie in the interval (a, b), which completes the proof. m

Before we illustrate how this theorem can be used to approximate roots, it will be helpful to
discuss some standard terminology for describing errors in approximations. If x is an approxima-
tion to a quantity xo, then we call

€ = |x — xo]

the absolute error or (less precisely) the error in the approximation. The terminology in Table 1.5.1
is used to describe the size of such errors.

TABLE 1.5.1
Error Description
x—xo|=0.1 X approximates x with an error of at most 0.1.
Ix = x| = 0.01 X approximates x, with an error of at most 0.01.
[x — xp| = 0.001 x approximates xq with an error of at most 0.001.
Ix = x| = 0.0001 x approximates x( with an error of at most 0.0001.
x—xp =0.5 X approximates x to the nearest integer.
|x = xo| =0.05 x approximates x( to 1 decimal place (i.e., to the nearest tenth).
lx — xo| = 0.005 x approximates x to 2 decimal places (i.e., to the nearest hundredth).
Jx = xo| = 0.0005 X approximates x to 3 decimal places (i.e., to the nearest thousandth).

Example 6 The equation

x—x—1=0
cannot be solved algebraically very easily because the left side has no simple factors. However,
if we graph p(x) = x> — x — 1 with a graphing utility (Figure 1.5.12), then we are led to con-
jecture that there is one real root and that this root lies inside the interval [1, 2]. The existence
of a root in this interval is also confirmed by Theorem 1.5.9, since p(1) = —1 and p(2) =5

have opposite signs. Approximate this root to two decimal-place accuracy.

Solution Our objective is to approximate the unknown root xo with an error of at most 0.005.
It follows that if we can find an interval of length 0.01 that contains the root, then the midpoint
of that interval will approximate the root with an error of at most %(0.01) = 0.005, which will
achieve the desired accuracy.
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We know that the root x lies in the interval [1,2]. However, this interval has length 1, which
is too large. We can pinpoint the location of the root more precisely by dividing the interval
[1,2] into 10 equal parts and evaluating p at the points of subdivision using a calculating utility
(Table 1.5.2.2). In this table p(1.3) and p(1.4) have opposite signs, so we know that the root
lies in the interval [1.3, 1.4]. This interval has length 0.1, which is still too large, so we repeat
the process by dividing the interval [1.3, 1.4] into 10 parts and evaluating p at the points of sub-
division; this yields Table 1.5.3.3, which tells us that the root is inside the interval [1.32,1.33]
(Figure 1.5.13). Since this interval has length 0.01, its midpoint 1.325 will approximate the
root with an error of at most 0.005. Thus, xo = 1.325 to two decimal-place accuracy.

TABLE 1.5.2

X 1 1.1 1.2 1.3 14 1.5 1.6 1.7 1.8 1.9 2
px)| —1 |—-0.77|-047|-0.10| 034 | 0.88 | 1.50 | 2.21 | 3.03 | 3.96 5

TABLE 1.5.3

X 1.3 1.31 132 | 133 | 1.34 | 135 | 136 | 1.37 | 1.38 | 1.39 1.4
p(x) |—0.103|—0.062|—0.020| 0.023 | 0.066 | 0.110 | 0.155 | 0.201 | 0.248 | 0.296 | 0.344

AY
0.02 - v=pl) = B -x-1
0.01 |-
-—y | | | | 3
Technology Mastery Use a 1.320 1.322 1,374 1326 1.328 1.330
graphing or calculating util- 001
ity to show that the root x
in Example 6 can be approxi- _0.02
mated as xo ~ 1.3245 to three
decimal-place accuracy.

Remark To say that x approximates x, to n decimal places does not mean that the first n decimal
places of x and x; will be the same when the numbers are rounded to n decimal places. For example,
x = 1.084 approximates x, = 1.087 to two decimal places because |x — xo| = 0.003 (< 0.005). However,
if we round these values to two decimal places, then we obtain x ~ 1.08 and xy ~ 1.09. Thus, if you
approximate a number to n decimal places, then you should display that approximation to at least
n + 1 decimal places to preserve the accuracy. |

1.5 | QUiCk Check Exercises (See page 49 for answers.)

1. What three conditions are satisfied if f is continuous at x = ¢? 4. For what values of x, if any, is the function
2 —
2. Suppose that f and g are continuous functions such that fx) = 2)‘716
£(2) = 1 and lim [f(x) + 4g(x)] = 13. Find xt—5x+4
=2 discontinuous?
a. g(2) ) ) )
. 5. Suppose that a function f is continuous everywhere and
b. lim g(x). that f(~2) =3, f(—=1)=—1, f(0)=—4, f(1)=1, and
f(2) =5. Does the Intermediate-Value Theorem guarantee
3. Suppose that f and g are continuous functions such that that f has a root on the following intervals?

)}i_rgg(x) =S5and f(3) = 2. Findxliﬁm3 LAx)/ g)]. a. [—2,—1] b. [—1,0] c [—1,1] d. [0,2]
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G Graphing Utility

1-4 Let f be the function whose graph is shown. On which of the
following intervals, if any, is f continuous?

a. [1,3] b. (1,3) c [1,2] d. (1,2) e. [2,3] f.(2,3)

For each interval on which f is not continuous, indicate which condi-
tions for the continuity of f do not hold. m

1 .y 2.
AY ;
*-—e }
. /s
——o0 |
|
! ! L ! ! l >
1 2 3 1 2 3
3 4. Ay
AY
\
|
|
|
|
|
' .
|
| ! ! ):C 1 L );C
1 2 3 1 2 3
5. Consider the functions
_fx+2, x#5 _flx=5], x#5
f(x)—{z’ T7L and g(x)f{i 17

In each part, is the given function continuous at x = 5?

a. flx) b. g(x) c. f(2x) d. f(x) + g(x)
e f(gl) f. flrgk) g. 5f(x) +2g(x)
6. Consider the functions
1, 0<x _J0, 0<«x
fo) = {0, x<0 and - g(x) = {l, x<0

In each part, is the given function continuous at x = 0?
a. f(x) b. g(x) ¢ fl—=x) d. [g(x)]
e. flogl)  f. g(fx) g flx) + g(x)

Focus on Concepts

7. In each part sketch the graph of a function f that satisfies the
stated conditions.

a. f is continuous everywhere except atx = 3, at which point
it is continuous from the right.

b. f has a two-sided limit at x = 3, but it is not continuous at
x=3.

c. f is not continuous at x = 3, but if its value at x = 3 is
changed from f(3) = 1 to f(3) = 0, it becomes continuous
atx = 3.

d. f is continuous on the interval [0, 3) and is defined on the
closed interval [0, 3]; but f is not continuous on the inter-
val [0, 3].

8. The accompanying figure models the concentration C
of medication in the bloodstream of a patient over a
48-hour period of time. Discuss the significance of the dis-
continuities in the graph.

A C (mg/L)

W\,

4
2 \
|
1 | FIGURE Ex-8

9. A student parking lot at a university charges $2.00 for the
first half hour (or any part) and $1.00 for each subsequent
half hour (or any part) up to a daily maximum of $10.00.

6

1 1
4 36 48

a. Sketch a graph of cost as a function of the time
parked.

b. Discuss the significance of the discontinuities in the
graph to a student who parks there.

10. In each part determine whether the function is continuous or
not, and explain your reasoning.
a. The Earth’s population as a function of time.
b. Your exact height as a function of time.
c. The cost of a taxi ride in your city as a function of the
distance traveled.
d. The volume of a melting ice cube as a function of time.

11-22 Find values of x, if any, at which f is not continuous. ®

11. f(x) = 3x° — 4)x| + 12 12. ) = Vx—38

x+2 x+2
13. = 14. =
3 fw=5 fo =5
X 2x+ 1
15. = 16. = -
=T x = s
3 x—1 2 3
17. == 18. - =
o x+x2—1 8. f) x—1+4—|x|
x4+ 6x+9 -1
19. = 20. =
S W +3 fx) ‘|x|—l‘
2x+3, x<4
21. f(x) =
A 7—|—E, x>4
X
X —6x+9
2. =4 £_9 ° X # 13
0, x =43

23-28 True-False Determine whether the statement is true or
false. Explain your answer. W

23. If f(x) is continuous at x = ¢, then so is | f(x)|.
24. If | f{x)| is continuous at x = ¢, then so is f(x).
25. If f and g are discontinuous at x = ¢, then sois f + g.

26. If f and g are discontinuous at x = ¢, then so is fg.
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27. If \/f(x) is continuous at x = ¢, then so is f(x).
28. If f(x) is continuous at x = ¢, then 80 is y/f(x).

29-30 Find a value of the constant &, if possible, that will make the
function continuous everywhere. W

2. a. o) Tx—2, x<1 b ) kx2, x<2
. a. J(X) = . X) =
kx?, x> 1 24k, x>2
k/(x —30), x>50
30. a. flx) = ( )
x + 30k, x <50
~ [k/(x—=30), x>30
b. fo) = {x +30k, x<30

31. Find values of the constants k and m, if possible, that will make
the function f continuous everywhere.

x> 45, x>2
)y =dmx+1D+k —-1<x<2
23+ x4+ 7, x<—1
32. On which of the following intervals is
x—9
X) =
fo0 = S

continuous?

a. [9,40) b. (9,400) c. (—,9) d. [0,9)

33-36 A function f is said to have a removable discontinuity at
x = c if lim,_, . f(x) exists but f is not continuous at x = ¢, either
because f is not defined at ¢ or because the definition for f(c) differs
from the value of the limit. This terminology will be needed in these
exercises. M

33. a. Sketch the graph of a function with a removable discontinuity
at x = ¢ for which f(c) is undefined.

b. Sketch the graph of a function with a removable discontinuity
at x = ¢ for which f(c) is defined.

34. a. The terminology removable discontinuity is appropriate
because a removable discontinuity of a function f at x = ¢
can be “removed” by redefining the value of f appropriately
at x = c¢. What value for f(c) removes the discontinuity?

b. Show that the following functions have removable disconti-
nuities at x = 1, and sketch their graphs.

2 1 1, x>1
fo=""" and gw={0. x=1
I, x<1

c. What values should be assigned to f(1) and g(1) to
remove the discontinuities?

35-36 Find the values of x (if any) at which f is not continuous, and
determine whether each such value is a removable discontinuity. B

|x]| x* 4 3x
S. a. = — . =
35. a. flx) T b. f(x) i3
x—2
c. flx) = =2
K =2, x| #3 /x—4), x| <4
36. a. fix) = b. fx) =
2x+ 1, |x| =3 8/x, |x| >4
2x+1, x<1
c. fix)= P42, l<x<?2
3—-2x, x>2

[ 37. a. Use a graphing utility to generate the graph of the func-

tion f(x) = (x + 3)/ (2x2 + 5x — 3), and then use the graph to
make a conjecture about the number and locations of all dis-
continuities.

b. Check your conjecture by factoring the denominator.

[ 38. a. Use a graphing utility to generate the graph of the function

f(x) = x/(x> — x + 2), and then use the graph to make a con-
jecture about the number and locations of all discontinuities.
b. Use the Intermediate-Value Theorem to approximate the loca-
tions of all discontinuities to two decimal places.
39. Prove that f(x) = x*/3 is continuous everywhere, carefully justi-
fying each step.

40. Prove that f(x) = 1/v/x* 4 7x2 4 1 is continuous everywhere,
carefully justifying each step.

41. Prove:
a. part (a) of Theorem 1.5.3  b. part (b) of Theorem 1.5.3
c. part (¢) of Theorem 1.5.3.

42. Prove part (b) of Theorem 1.5.4.

43. a. Use Theorem 1.5.5 to prove that if f is continuous at x = c,
then limy, —, o f(c + h) = f(c).
b. Prove that if lim,,—, o f(c + h) = f(c), then f is continuous at
x = c. [Hint: What does this limit tell you about the continu-
ity of g(h) = flc + h)?]
c. Conclude from parts (a) and (b) that f is continuous at x = ¢
if and only if lim;, _, o f(c + h) = f(c).
44. Prove: If f and g are continuous on [a,b], and f(a) > g(a),
f(b) < g(b), then there is at least one solution of the equation
f(x) = g(x) in (a, b). [Hint: Consider f(x) — g(x).]

Focus on Concepts

45. Give an example of a function f that is defined on a closed
interval, and whose values at the endpoints have opposite
signs, but for which the equation f{x) = 0 has no solution in
the interval.

46. Let f be the function whose graph is shown in Exercise 2.
For each interval, determine (i) whether the hypothesis of the
Intermediate-Value Theorem is satisfied, and (ii) whether the
conclusion of the Intermediate-Value Theorem is satisfied.
a. [1,2] b. [2,3] c. [1,3]

47. Show that the equation x* 4 x? — 2x = 1 has at least one solu-
tion in the interval [—1, 1].

48. Prove: If p(x) is a polynomial of odd degree, then the equation
p(x) = 0 has at least one real solution.

49. The accompanying figure shows the graph of the equation

y = x* +x — 1. Use the method of Example 6 to approximate
the x-intercepts with an error of at most 0.05.

[5, 4] X [-3, 6]
xScl = 1,yScl =1



50.

51.

52.

53.

The accompanying figure shows the graph of the equation
y =5 —x—x* Use the method of Example 6 to approximate
the roots of the equation 5 — x — x* = 0 to two decimal-place
accuracy.

[=5, 4] X [-3, 6]
xScl = 1,yScl = 1

Use the fact that v/7 is a solution of x> — 7 = 0 to approximate
/7 with an error of at most 0.005.

A sprinter, who is timed with a stopwatch, runs a hundred-yard
dash in 10 s. The stopwatch is reset to 0, and the sprinter is timed
jogging back to the starting block. Show that there is at least one
point on the track at which the reading on the stopwatch during
the sprint is the same as the reading during the return jog. [Hint:
Use the result in Exercise 44.]

Prove that there exist points on opposite sides of the equator
that are at the same temperature. [Hint: Consider the accompa-
nying figure, which shows a view of the equator from a point
above the North Pole. Assume that the temperature 7'(0) is a
continuous function of the angle 0, and consider the function

f10) =T +m —T(0).]

Temperature at this
point is T(0)

0 Intersection of the
equator and the
prime meridian

55.

56.

57.

58.

59.

60.
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. Let R denote an elliptical region in the xy-plane, and define f(z)

to be the area within R that is on, or to the left of, the verti-
cal line x = z. Prove that f is a continuous function of z. [Hint:
Assume the ellipse is between the horizontal lines y = a and
y= b,a <b. Argue that |f(Zl) —f(Zz)| < (b —a)- |Z] — Zzl.]
Let R denote an elliptical region in the plane. For any line L,
prove there is a line perpendicular to L that divides R in half by
area. [Hint: Introduce coordinates so that L is the x-axis. Use the
result in Exercise 54 and the Intermediate-Value Theorem.]

Suppose that f is continuous on the interval [0, 1] and that
0 < fix) < 1 for all x in this interval.

a. Sketch the graph of y = x together with a possible graph for f
over the interval [0, 1].

b. Use the Intermediate-Value Theorem to help prove that there
is at least one number c in the interval [0, 1] such that f(c) = c.

Let f(x) = 3 + 5x> 4+ 7x%,x > 0. Show that f is an invertible
function and that f ~!is continuous on [3, +co).

Suppose that f is an invertible function, f(0) = 0, f is continu-
ous at 0, and lim, _, ¢ f(x)/x exists. Given that L = lim, _, o f(x)/x,
show

l. X _
SB0f )

[Hint: Apply Theorem 1.5.5 to the composition io g, where
_ [f/x, x#0
hix) = {L, x=0

and gv) = f~'(@)]

Writing 1t is often assumed that changing physical quantities,
such as the height of a falling object or the weight of a melting
snowball, are continuous functions of time. Use specific exam-
ples to discuss the merits of this assumption.

Writing The Intermediate-Value Theorem is an example of
what is known as an “existence theorem.” In your own words,
describe how to recognize an existence theorem, and discuss
some of the ways in which an existence theorem can be useful.

1.5 | Quick Check Answers 1. fc) is defined; lim, . f(x) exists; lim, . f(x) = fc) 2. a. 3 b. 3 3. —2/5

4. x=1,4 5. a. yes b. no c. yes d. yes
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///‘ Q(cos ¢, sin ¢)

@ P(cos x, sin x)

As x approaches ¢ the point
P approaches the point Q.

Theorem 1.6.1 implies that
the six basic trigonometric
functions are continuous on
their domains. In particular,
sinx and cosx are continuous
everywhere.

16 | Continuity of Trigonometric Functions

In this section we will discuss the continuity properties of trigonometric functions. We will also
discuss some important limits involving such functions.

Continuity of Trigonometric Functions

Recall from trigonometry that the graphs of sinx and cos x are drawn as continuous curves. We
will not formally prove that these functions are continuous, but we can motivate this fact by letting
¢ be a fixed angle in radian measure and x a variable angle in radian measure. If, as illustrated in
Figure 1.6.1, the angle x approaches the angle c, then the point P(cos x, sinx) moves along the unit
circle toward Q(cos c, sin ¢), and the coordinates of P approach the corresponding coordinates of
Q. This implies that

lim sinx =sinc and lim cosx = cosc (1)
X—cC X—cC

Thus, sin x and cos x are continuous at the arbitrary point c; that is, these functions are continuous
everywhere.
The formulas in (1) can be used to find limits of the remaining trigonometric functions by
expressing them in terms of sin x and cos x; for example, if cos ¢ # 0, then
sinx sinc¢

lim tanx = lim = =tanc
x—c x—c COSX  COSC

Thus, we are led to the following theorem.

Theorem 1.6.1 If ¢ is any number in the natural domain of the stated trigonometric function,
then

lim sinx = sinc¢ lim cosx = cosc lim tanx = tanc
X—cC X—cC X—C
lim cscx = cscce lim secx = secc lim cotx = cotc
X—cC X—cC X—C

Example 1 Find the limit

lim cos
x—1 x—1

Solution Since the cosine function is continuous everywhere, it follows from Theorem 1.5.5
that

lim1 cos (g(x)) = cos (lim1 g(x))

provided lim1 g(x) exists. Thus,
x—

2
lim cos <L> = lim cos(x + 1) = cos (lim (x+ 1)) =cos?2
—1 x—1 x—1

x—1

Obtaining Limits by Squeezing
In Section 1.1 we used numerical evidence to conjecture that

lim 2 _ )
x—0 X
However, this limit is not easy to establish with certainty. The limit is an indeterminate form of
type 0/0, and there is no simple algebraic manipulation that one can perform to obtain the limit.
Later in the text we will develop general methods for finding limits of indeterminate forms, but in
this particular case we can use a technique called squeezing.
The method of squeezing is used to prove that f(x) — L as x — ¢ by “trapping” or “squeezing”
f between two functions, g and s, whose limits as x— ¢ are known with certainty to be L. As
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illustrated in Figure 1.6.2, this forces f to have a limit of L as well. This is the idea behind the
following theorem, which we state without proof.

Theorem 1.6.2: Squeezing Theorem Let f, g, and & be functions satisfying

8 < f(x) < h(x)

for all x in some open interval containing the number ¢, with the possible exception that the
inequalities need not hold at c. If g and & have the same limit as x approaches c, say

lim g(x) = lim h(x) = L
XxX—cC =@
then f also has this limit as x approaches c, that is,

lim f(x) = L

To illustrate how the Squeezing Theorem works, we will prove the following results, which
are illustrated in Figure 1.6.3.

Theorem 1.6.3 ) ]
@ Lim 2*_1 ) lim—2%_p
x—0 X

x—0 X

Proof (a) In this proof we will interpret x as an angle in radian measure, and we will assume to
start that 0 < x < 7/2. As illustrated in Figure 1.6.4, the area of a sector with central angle x and
radius 1 lies between the areas of two triangles, one with area % tan x and the other with area % sin x.
Since the sector has area %x (see marginal note), it follows that

1 1 .
Etanx > Ex > Esmx

Multiplying through by 2/(sin x) and using the fact that sinx > 0 for 0 < x < 7/2, we obtain

! ZL21
sinx

cosx
Next, taking reciprocals reverses the inequalities, so we obtain

cosx < % <1 3)

which squeezes the function (sinx)/x between the functions cosx and 1. Although we derived
these inequalities by assuming that 0 < x < /2, they also hold for —7/2 < x < 0 [since replacing
x by —x and using the identities sin (—x) = — sinx and cos (—x) = cosx leaves (3) unchanged].
Finally, since

limcosx=1 and Ilm1=1
x—=0 x—0
the Squeezing Theorem implies that
. sinx
lim — =1
x—=0 X
(1, tan x)
4/}— (cos x, sin x)
| \ A\
\\ | \ fanx } \\ sin x
X MNd,0 Nx x x|
" 1 1 1
1 Area of triangle = Areaof sector = Area of triangle
tan x - X - sin x
2 N 2 - 2

The Squeezing Theorem also
holds for one-sided limits and
limits at +oc0 and —oo. How
do you think the hypotheses
would change in those cases?

sin x

lim

x—0

y
_l—cosx
P | | | | I L {
—271'\/': 2r

1—cosx —0

=1

lim

x—0

Recall that the area A of a
sector of radius r and central
angle 6 is

1
A=—r20
2

This can be derived from the
relationship

A 0

m T on

which states that the area of
the sector is to the area of
the circle as the central angle
of the sector is to the central

angle of the circle.

Area = A
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Technology Mastery Use a
graphing utility to confirm
the limits in Example 2, and
if you have a CAS, use it to
obtain the limits.

|

v
| FIGURE 1.6.5 |

Confirm (4) by considering
the cases x > 0 and x < 0 sep-
arately.

\

y

y =l

y=x sin(%)

For the proof of part (b), we will use the limit in part (a), the continuity of the sine function,

and the trigonometric identity sin? x = 1 — cos® x. We obtain

1 —cosx {1 —cosx 1+ cosx] ) sin® x

lim —— = lim = lim ———
X 1+ cosx x—0 (1 + cosx)x

x—0 X x—0
— (tim S (i S0 ) gy (9 ) 2
T\ 0 x x—=01+4+cosx/) 1+1)

Example 2 Find

. tanx . sin20 . sin3x
a. lim —— b. lim . lim —
x—0 X 6—0 x—0 sin 5x

Solution (a)

t i 1 i 1
lim o = lim (% : —) - (lim %) (nm —) =) =1
x—=0 X x—0 X COSX x—0 X x—0 COS X
Solution (b) The trick is to multiply and divide by 2, which will make the denominator the
same as the argument of the sine function [just as in Theorem 1.6.3(a)]:
sin 260 . sin20 . sin20

911310 0 :9113102- 260 Zahglo 20

Now make the substitution x = 26, and use the fact that x—0 as 6 — 0. This yields

sin 20 . sin260 sinx

lim =2 lim =21lim — =2(1)=2

6—0 0 0—0 x—0 X

Solution (¢)

sin 3x 3 sin 3x
sin 3x . X . 3x 3.1 3
im — = lim — =lim ——— = — =
x—08in5x x—0sin5x x—0 5 sin 5x -1 5

X S5x

Remark It follows from part (b) of this example that the function
_ fxsin(1/x), x#0
fx) = {O, r=0
is continuous at x = 0, since the value of the function and the value of the limit are the same at 0.
This shows that the behavior of a function can be very complex in the vicinity of x = ¢, even though
the function is continuous atc. |

Example 3 Discuss the limits

a. lim sin <1) b. lim xsin <1>
x—0 X x—0 X

Solution (a) Let us view 1/x as an angle in radian measure. As x— 0t, the angle 1 /x
approaches +oo, so the values of sin (1/x) keep oscillating between — 1 and 1 without approach-
ing a limit. Similarly, as x— 07, the angle 1/x approaches —co, so again the values of sin (1/x)
keep oscillating between —1 and 1 without approaching a limit. These conclusions are consis-
tent with the graph shown in Figure 1.6.5. Note that the oscillations become more and more
rapid as x — 0 because 1/x increases (or decreases) more and more rapidly as x approaches 0.

Solution (b) Since
—1 <sin <1> <1
X

—Jx| < xsin (%) < x| 4)

Since |x| — 0 as x— 0, the inequalities in (4) and the Squeezing Theorem imply that

lim xsin (1) =0
x—0 X

This is consistent with the graph shown in Figure 1.6.6.

it follows that if x # 0, then
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1. In each part, is the given function continuous on the interval

[0, 7/2)?
a. sinx b. cosx c. tanx d. cscx
2. Evaluate '
. sinx . — Ccosx
a. lim —— b. lim ————.
x—0 X x—0 X

1.6 | QUiCk Check Exercises (See page 55 for answers.)

3. Suppose a function f has the property that for all real num-

bers x

3— x| <flx) <3+ |y
From this we can conclude that f(x) - as
X—

Exercise Set 1.6

G Graphing Utility

1-8 Find the discontinuities, if any. B

1. f(x) = sin(x? — 2) 2. f(x) = cos (i)
™ —2

3. f(x) = |cotx]| 4. f(x) = secx

x
5. flx) = csc 5 6. fix) = 3 et
7. flx) = 1 ! 8. f(x) = /2 +tan’x

— 2sinx

9-10 In each part, use Theorem 1.5.6(b) to show that the function is
continuous everywhere. W

9. a. sin(x*+7x+ 1)
c. cos’(x+ 1)
10. a. |1 + 2 cos ()| b. sec (sinx)

c. 4sin’x — 7sinx+9

b. |sinx]|

11-32 Find the limits. ®

1. lim cos [ - 12. lim sin (X H+6
x— +o0 x+3 x— 400 6x +7
. sin36 . sinh
1. fim % 14 fim
15. lim 2530 16, lim 23X
x—0 4x x— 400 Adx
sin 6 . sin®@
- lim 18 Jim =
19, lim 07X 20. lim 06
x—0 sin 3x x—0 sin 8x
. .2
. sinx . sin“x
21 lim o= 22. lim
23, Tim 1 — cos3x + sin4x 24, lim sin A
x—0 5x h—o0— 1 — cosh?

2

25. lim 26. lim

t—01 — cos?t x—=0 cos (%W—x)
. 0* .l —cos3h
27 e)hino 1 —cos@ 28. hhino cos?5h — 1
. 2 .2
29, 1im sin (1/x) 30, lim tan (4x~) + sin” (3x)
x—0F X x—0 5x2
31 lim 229 (20,5 £ 0)

x—0 sinbx

-2
32. lim L(kx),
x—0 X

k#0
33-34 (a) Complete the table and make a guess about the limit indi-

cated. (b) Find the exact value of the limit. W

3. f = "2 im0

X
A TABLE Ex-33

sin(x2 +3x+2)

34. flx) = T2 ; limf(x)
x | —2.1| —2.01|—-2.001| —1.999 | —=1.99 | —1.9
)

TABLE Ex-34

35-38 True-False Determine whether the statement is true or
false. Explain your answer. W

35. Suppose that for all real numbers x, a function f satisfies
| fx) +5] < [x + 1]

Then lim,_, _; f(x) = —5.

36. For 0 < x < /2, the graph of y = sinx lies below the graph of
y = x and above the graph of y = xcosx.

37. The function
xsin(1/x), x#0
fo =
0, x=0
is continuous everywhere.
38. Suppose that M is a positive number and that for all real numbers
x, a function f satisfies

M < flx) <M

Then
lim0 xf(x) =0 and lim f—(x) =0
X —r

x—4o00 X
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Limits and Continuity

Focus on Concepts

39. In an attempt to verify that lim,_, ¢ (sin x)/x =1, a student

TABLE Ex-39

40. In the circle in the accompanying figure, a central angle of

constructs the accompanying table.
a. What mistake did the student make?
b. What is the exact value of the limit illustrated by this

table?
X —0.01 —0.001 0.001 0.01
(sinx)/x | 0.017453 | 0.017453 | 0.017453 | 0.017453

measure 6 radians subtends a chord of length ¢(6) and a cir-
cular arc of length s(6). Based on your intuition, what would
you conjecture is the value of lim,_, o+ c(6)/s(6)? Verify
your conjecture by computing the limit.

41.

42,

43.

44,

45.

Focus on Concepts
[d 47. Use the Squeezing Theorem to show that

Find a nonzero value for the constant k that makes

tan kx
R x<0
fx) = X
3x+2k% x>0
continuous at x = 0.
Is
sinx
—, x#0
fy =< |x
1, x=0

continuous at x = 0? Explain.

In parts (a)—(c), find the limit by making the indicated
substitution.

. ! 1
a. lim xsin—; = —
x—+oo X X

1 1
b. lim x(l—cosf>; t=—
X — —00 X X

. mM—X
c. lim ——; t=nwn—x
x—m SINX

Find lim

x—2

M. [Hint: Letr = T_ E.]
X — 2 x
Find lim sin 6x tanx — 1

. 46. Find lim
x—ow/2 2X — T

x— /4 dx —

lim x cos 30w =0
x—0 X

and illustrate the principle involved by using a graphing
utility to graph the equations y = |x|, y= —|x|, and
y = xcos (50m/x) on the same screen in the window
[—1,1] x [—1,1].

i 4s.

49.

50.

51.

52.

Use the Squeezing Theorem to show that

i 2 . (50w 0

lim x”sin (%) =

and illustrate the principle involved by using a graph-
ing utility to graph the equations y = x>,y = —x?, and
y:x2 sin (507/ /x) on the same screen in the window
[—0.5,0.5] x [—0.25,0.25].

In Example 3 we used the Squeezing Theorem to prove that
. e
lim x sin <f) =0
x—0 X

Why couldn’t we have obtained the same result by writing

. . (1)
lim xsin | —
x—0 X

. .. 1
= lim x - lim sin { —
x—0 x—0 X

()-

Sketch the graphs of the curves y = 1 — x%, y = cosx, and
y = f(x), where f is a function that satisfies the inequalities

=0- lim sin
x—0

1—x2 < flx) < cosx

for all x in the interval (—7/2, 7/2). What can you say about
the limit of f(x) as x—0? Explain.

Sketch the graphs of the curves y = 1/x, y = —1/x,
and y = f(x), where f is a function that satisfies the inequali-
ties | .
—— <fl < -
X X

for all x in the interval [1, 4-00). What can you say about the
limit of f(x) as x — +o00? Explain your reasoning.

Draw pictures analogous to Figure 1.6.2 that illustrate the
Squeezing Theorem for limits of the forms lim, _, 4 o f(x) and
limx — —00 f(x)

M 53. a.

@ 54.

@[ ss.

Use the Intermediate-Value Theorem to show that the equa-
tion x = cos x has at least one solution in the interval [0, 7/2].

b. Show graphically that there is exactly one solution in the
interval.

c. Approximate the solution to three decimal places.

a. Use the Intermediate-Value Theorem to show that the equa-
tion 4/x + sinx = 1 has at least one solution in the interval
[0, 1].

b. Show graphically that there is exactly one solution in the
interval.

c. Approximate the solution to three decimal places.

In the study of falling objects near the surface of the Earth, the
acceleration g due to gravity is commonly taken to be a constant
9.8 m/s’. However, the elliptical shape of the Earth and other
factors cause variations in this value that depend on latitude. The
following formula, known as the World Geodetic System 1984
(WGS 84) Ellipsoidal Gravity Formula, is used to predict the
value of g at a latitude of ¢ degrees (either north or south of
the equator):

1 +0.0019318526461 sin* ¢ /s

g = 9.7803253359
/T = 0.0066943799901 sin

(Continued)



a. Use a graphing utility to graph the curve y = g(¢) for
0° < ¢ <90°. What do the values of g at ¢ =0° and at
¢ =90° tell you about the WGS 84 ellipsoid model for the
Earth?

b. Show that g = 9.8 m/s? somewhere between latitudes of 38°
and 39°.

56. Writing In your own words, explain the practical value of the
Squeezing Theorem.

1.7 Inverse Trigonometric Functions 55

57. Writing A careful examination of the proof of Theorem
1.6.3 raises the issue of whether the proof might actu-
ally be a circular argument! Read the article “A Circular
Argument” by Fred Richman in the March 1993 issue of The
College Mathematics Journal, and write a short report on the
author’s principal points.

1.6 | QUiCk Check Answers 1. a. yes b. yes ¢. yes d. no 2. a.1b.0 3.3;0

1.7 | Inverse Trigonometric Functions

A common problem in trigonometry is to find an angle x using a known value of sin x, cos x,
or some other trigonometric function. Problems of this type involve the computation of inverse
trigonometric functions. In this section we will study these functions from the viewpoint of general
inverse functions. A discussion of general inverse functions is in Appendix E.

Inverse Trigonometric Functions

The six basic trigonometric functions do not have inverses because their graphs repeat periodi-
cally and hence do not pass the horizontal line test. To circumvent this problem we will restrict
the domains of the trigonometric functions to produce one-to-one functions and then define the
“inverse trigonometric functions” to be the inverses of these restricted functions. The top part of
Figure 1.7.1 shows geometrically how these restrictions are made for sin x, cos x, tan x, and sec x,
and the bottom part of the figure shows the graphs of the corresponding inverse functions

Y J \y\ | \ky\ |
B | | | | | |
! \ \ \ J \
| | | | | |
| | xl | X ‘I l X ;|l l|;x
N RN ARV AN G (ARSI
aas Lk | | | | | |
| | | | | |
| | | | | |
y = sinx y = cosx y = tan x y = secx
T 4 _ A A
_js,sz 0=x=nr 2<x<2 OSxSn:,xiz
y y Ay Ay
r
b3 2 T
N _/
| | X - L
-1 1 \ 2
7%_ | e | /x
_ -z
1 1 5 3 1
y = sin x y =cos'x y =tan'x y =sec ! x

FIGURE 1.7.1
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If you have trouble visual-
izing the correspondence
between the top and bottom
parts of Figure 1.7.1, keep in
mind that a reflection about
y = x converts vertical lines
into horizontal lines, and
vice versa; and it converts
x-intercepts into y-intercepts,
and vice versa.

Warning The notations
sin~!x, cos™!'x,... are reser-
ved exclusively for the

inverse trigonometric func-
tions and are not used for
reciprocals of the trigono-
metric functions. If we want
to express the reciprocal
1/sinx using an exponent,
we would write (sinx)~! and

never sin~ ! x.

Limits and Continuity

(These are also denoted by arcsin x, arccos x, arctan x, and arcsec x.) Inverses of cotx and csc x are
of lesser importance and will be considered in the exercises.
The following formal definitions summarize the preceding discussion.

the restricted sine function

sin x,

Definition 1.7.1 The inverse sine function, denoted by sin~!, is defined to be the inverse of

—m/2<x<7/2

of the restricted cosine function

COS x,

Definition 1.7.2 The inverse cosine function, denoted by cos™ !, is defined to be the inverse

0<x<m

of the restricted tangent function

tan x,

Definition 1.7.3 The inverse tangent function, denoted by tan !, is defined to be the inverse

—7/2 < x < 7/2

of the restricted secant function

sec x,

Definition 1.7.4 The inverse secant function, denoted by sec™!, is defined to be the inverse

0 < x < wwithx # 7/2

Remark There is no universal agreement on the definition of sec~! x, and some mathematicians pre-
fer to restrict the domain of secx so that 0 < x < 7/2 or = < x < 37/2, which was the definition used
in some earlier editions of this text. Each definition has advantages and disadvantages, but we will
use the current definition to conform with the conventions used by the CAS programs Mathematica,

Maple, and Sage. ®

Table 1.7.1 summarizes the basic properties of the inverse trigonometric functions we have
considered. You should confirm that the domains and ranges listed in this table are consistent with

the graphs shown in Figure 1.7.1.

TABLE 1.7.1
Properties of Inverse Trigonometric Functions
Function Domain Range Basic relationships
. _1 . _ .
.1 _ _ sin”'(sinx) = x if —7w/2 =x =7m/2
st (1,11 /2, 720 Gnsin ) = x if —1 =x =1
—1 _ .
71 3 cos (cosx) =xif 0=x=nm
cos [=1. 1] [0. 7] cos(cos'x) =x if -1 =x=1
-1 _ .
1 _ _ tan (tanx) = x if —7w/2 <x<7/2
tan (=e2, +0) 7/2, 7/2) tan(tan"'x) = x if 0 < x < +oo
1 _ .
sec”! (—oo, ~1] U [1, +o0) [0, 71/2) U (/2, 7] €€ (€0 = xif 0 =x =7 x7 7/2
sec(sec x) = x if =1

The following limits can be readily seen from the geometric relationships between the graphs
ofy = tan~! x and y= sec” ! x and the graphs of y = tanx and y = sec x, respectively.

lim tan™
X—r—00

1

X = -

T
2

lim tan " 'x= -
xX— oo 2

X—— 00

lim sec 'x=

. ) Fis
lim sec” x= —
x—+oo 2

(1-2)

3)
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Continuity of Inverse Trigonometric Functions

Exam pIe 1 Use Theorem 1.5.7 to prove that sin~! x is continuous on the interval [—1,1].

Solution By definition, sin~! x is the inverse of the restricted sine function whose domain is
the interval [—x/2, 7/2] and whose range is the interval [—1, 1]. Since sinx is continuous on
the interval [—7/2, 7/2], Theorem 1.5.7 implies sin~! x is continuous on the interval [—1,1].

Arguments similar to the solution of Example 1 show that each of the inverse trigonomet-
ric functions is continuous at each point of its domain.

sec™!

m+4tan—!x
Solution The fraction will be continuous at all points where the numerator and denominator
are both continuous and the denominator is nonzero. Since sec ™! x is continuous on its domain,
the numerator is continuous if x < —1 or x > 1. Since tan~! x is continuous everywhere,
the denominator is continuous everywhere, so the fraction will be continuous at all points
where the denominator is nonzero and either x < —1 or x > 1. Note that 7+ 4tan 'x =0
if x = tan (—7/4) = —1. Thus, f is continuous on the intervals (—oo, —1) and [1, +o0).

Example 2 Where is the function f(x) = continuous?

Evaluating Inverse Trigonometric Functions

A common problem in trigonometry is to find an angle whose sine is known. For example, you
might want to find an angle x in radian measure such that

sinx = 1 4)

and, more generally, for a given value of y in the interval —1 < y < 1 you might want to solve the
equation

sinx =y 5)
Because sin x repeats periodically, this equation has infinitely many solutions for x; however, if we
solve this equation as
x=sin"' y
then we isolate the specific solution that lies in the interval [—7/2,7/2], since this is the range

of the inverse sine. For example, Figure 1.7.2 shows four solutions of Equation (4), namely,
—11x/6, —77/6, 7/6, and 57/6. Of these, 7/6 is the solution in the interval [—x/2, 7/2], so

sin™' (1) = /6 (6)

In general, if we view x = sin~ ! y as an angle in radian measure whose sine is y, then the
restriction —7/2 < x < /2 imposes the geometric requirement that the angle x in standard posi-
tion terminate in either the first or fourth quadrant or on an axis adjacent to those quadrants.

Example 3 Find exact values of
a. sin”' (1/v2)
by inspection, and confirm your results numerically using a calculating utility.

Solution (a) Because sin”™! (1/\/5) > 0, we can view x = sin~! (1/\@) as that angle in the
first quadrant such that sin @ = 1/+/2. Thus, sin~' (1/4/2) = n/4. You can confirm this with
your calculating utility by showing that sin~' (1/1/2) ~ 0.785 ~ /4.

b. sin” ' (=1)

Solution (b) Because sin~ ! (—1) < 0, we can view x = sin~! (—1) as an angle in the fourth
quadrant (or an adjacent axis) such that sinx = —1. Thus, sin™' (=1) = —7/2. You can con-
firm this with your calculating utility by showing that sin~' (—1) ~ —1.57 ~ —7/2.

FIGURE 1.7.2

Technology Mastery Refer
to the documentation for
your calculating utility to
determine how to calculate
inverse sines, inverse cosines,
and inverse tangents; and
then confirm Equation (6)
numerically by showing that

sin”! (0.5) &~ 0.523598775598 . . .
~ /6

If x=cos™!'y is viewed as
an angle in radian measure
whose cosine is y, in what
possible quadrants can x lie?
Answer the same question
for

x=tan 'y and x =sec” 'y
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There is little to be gained by
memorizing these identities.
What is important is the mas-
tery of the method used to
obtain them.

Technology Mastery Most calculators do not provide a direct method for calculating inverse secants.
In such situations the identity
sec lx = cosfl(l/x) 7
is useful (Exercise 30). Use this formula to show that
sec”1(2.25) ~ 1.11 and sec™!(—2.25) ~ 2.03

If you have a calculating utility (such as a CAS) that can find sec™!x directly, use it to check these
values. W

Identities for Inverse Trigonometric Functions

If we interpret sin~' x as an angle in radian measure whose sine is x, and if that angle is non-
negative, then we can represent sin~ ' x geometrically as an angle in a right triangle in which the
hypotenuse has length 1 and the side opposite to the angle sin~! x has length x (Figure 1.7.3a).
Moreover, the unlabeled acute angle in Figure 1.7.3a is cos ! x, since the cosine of that angle
is x, and the unlabeled side in that figure has length v/1 — x2 by the Theorem of Pythagoras
(Figure 1.7.3b). This triangle motivates a number of useful identities involving inverse trigono-

metric functions that are valid for —1 < x < 1; for example,

sin"'x 4 coslx = g (3)

cos (sin”'x) = /1 —x2 9)
sin(cos ' x) = /1 —x2 (10)

tan (sin~'x) = > )

VI1—x2
In a similar manner, tan~ ! x and sec ™! x can be represented as angles in the right triangles shown in
Figures 1.7.3c and 1.7.3d (verify). Those triangles reveal additional useful identities; for example,

sec(tan”'x) = /1 + x2 (12)

2 _
sin (secflx) = xfl x>1) (13)
x 1+ x B Ny
tan' x sec!x
V1-x2 1 1
(b) (c) (d)

FIGURE 1.7.3

Remark The triangle technique does not always produce the most general form of an identity. For
example, in Exercise 41 we will ask you to derive the following extension of Formula (13) that is valid
forx < —1laswellasx > 1:

VaxZ—1
|x]

sin(sec ™ 'x) = (x| > 1) (14)

Referring to Figure 1.7.1, observe that the inverse sine and inverse tangent are odd func-
tions; that is,
sin”' (—x) = —sin"' (x) and tan~'(—x) = —tan"' (x) (15-16)

Example 4 Figure 1.7.4 shows a computer-generated graph of y = sin™ ' (sinx). One
might think that this graph should be the line y = x, since sin~! (sinx) = x. Why isn’t it?

Solution The relationship sin ! (sinx) = x is valid on the interval —7/2 < x < 7/2, so we
can say with certainty that the graphs of y = sin™! (sinx) and y = x coincide on this inter-
val (which is confirmed by Figure 1.7.4). However, outside of this interval the relationship
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sin~! (sinx) = x does not hold. For example, if the quantity x lies in the interval
/2 < x < 37/2, then the quantity x — 7 lies in the interval —7/2 < x < 7/2,5s0
sin”' [sin(x — ] =x— 7
Thus, by using the identity sin (x — m) = — sinx and the fact that sin~' is an odd function, we
can express sin”! (sinx) as
sin”! (sinx) = sin”! [—=sin(x — m)] = —sinfl[sin(x —m]=—-x—m)
This shows that on the interval 7/2 < x < 37/2 the graph of y = sin~! (sinx) coincides with
the line y = —(x — m), which has slope —1 and an x-intercept at x = . This agrees with
Figure 1.7.4.
y
zk
Il Il l/\l Il Il Il Il Il X
/47[ —3Mﬂ' - M]‘L’ 3Mﬂ
_rh
1.7 | QUiCk Check Exercises (See page 61 for answers.)
1. State the domain and range for f(x) = cos™' 2x. 4. In each part, determine the exact value without using a calcu-

_ lati tility.
2. State the domain and range for f(x) = tan "2x. althg Wy

a. sin”! (sin7/7) =
3. In .each I.)a.rt, determine the exact value without using a calcu- b. sin—! (sin 57/7) =
lating utility.
asin'(-H)=___ b.tan” ' ()=__ c. tan”' (tan 137/6) =
-1 (1 o —1 1Y\ _
esin (GV3)=———  docosT (3) =——— d. cos™' (cos 127/7) =

e. sec”! (—=2) =

Exercise Set 1.7 ¢ Graphing Utility

1-4 Determine where f is continuous. M 10. a. sin(cos™'x) =7
1. fx) = sin~' 2x 2. f(x) = 3xcos ' (27x°) c. csc(tan'x) =7
s Vian—Tx s sin~! (1/x) 11. a. cos(tan”'x) =7

) = x2—-9 - fl) = /2 _ 2y c. sin(sec”'x) =7

5. Given that 6 = tan™! (%), find the exact values of sin0, cos @, [ 12. a. Use a calculating utility set to radian measure to make tables
xand y = cos™ ' x for x = —1, —0.8,
—0.6,...,0,0.2,...,1. Round your answers to two decimal

cot @, secd, and csc 6. of values of y = sin™

6. Given that @ = sec™! 2.6, find the exact values of sin 6, cos 6,

tan 0, cot 6, and csc 6. places.
7. For which values of x is the equation true?
a. cos ! (cosx) = x b. cos(cos™'x) = x

c. tan~! (tanx) = x d. tan(tan"'x) = x

8-9 Find the exact value of the given quantity. |

Fi 1.7.1.
8. sec [sin~' (—3)] 9. sin [2cos™" (2)] R

10-11 Complete the identities using the triangle method ing utility.
(Figure 1.7.3). m a. y=sin"! (x/2)

. tan(cos 'x) =7
. sin(tan"'x) =7
. tan(cos 'x) =7

. cot(sec™'x) =7

b. y=tan ' (1 —x)

b. Plot the points obtained in part (a), and use the points to sketch
the graphs of y = sin~!' x and y = cos ™' x. Confirm that your
sketches agree with those in Figure 1.7.1.

c. Use your graphing utility to graph y=sin"'x and
y = cos~'x; confirm that the graphs agree with those in

[ 13. In each part, sketch the graph and check your work with a graph-
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14. The law of cosines states that

¢*=a*+b>—2abcosb

where a, b, and c are the lengths of the sides of a triangle and 0 is
the angle formed by sides a and b. Find 0, to the nearest degree,
for the triangle witha = 2, b = 3, and ¢ = 4.

15-16 Use a calculating utility to approximate the solution of each
equation. Where radians are used, express your answer to four deci-
mal places, and where degrees are used, express it to the nearest tenth
of a degree. [Note: In each part, the solution is not in the range of the
relevant inverse trigonometric function.] M|

15. a. sinx =0.63, 7/2<x<m

b. sinf = —0.33, 180° < 6 < 270°
16. a. cosx = —0.85, 7 < x < 37/2

b. cosf = 0.23, —90° < 0 < 0°

Focus on Concepts

17. a. Use a calculating utility to evaluate the expressions
sin™! (sin~!0.25) and sin~! (sin~' 0.9), and explain what
you think is happening in the second calculation.

b. For what values of x in the interval —1 <x <1
will your calculating utility produce a real value for the
function sin~! (sin~' x)?

18. A soccer player kicks a ball with an initial speed of 14 m/s
at an angle 6 with the horizontal (see the accompanying fig-
ure). The ball lands 18 m down the field. If air resistance is
neglected, then the ball will have a parabolic trajectory and
the horizontal range R will be given by

2
R = v sin 20
8

where v is the initial speed of the ball and g is the acceler-
ation due to gravity. Using ¢ = 9.8 m/s?, approximate two
values of 6, to the nearest degree, at which the ball could
have been kicked. Which angle results in the shorter time of

flight? Why?
////7—‘\\\\
& 2 N
:(\_‘ 0 \\
Vg N
2 R .

19-20 Find the limits. m

19. lim sin*‘<

x— +00

) 20. lim tan~' (cscx)

X
1— 2x x—n

21-24 True-False Determine whether the statement is true or
false. Explain your answer. W

21. By definition, sin~! (sin x) = x for all real numbers x.

22. The range of the inverse tangent function is the interval
—ir<y<im

23. The graph of y = sec™!

—1

x has a horizontal asymptote.

24. The function cos™ " x is defined whenever cos x # 0.

25-28 From Exercise 1.5.58, under the assumptions that f
is an invertible function, f(0) =0, f is continuous at 0, and
lim, o (f (x)/ X) exists, then

lim = lim f®
=0 f~1(x)  x—0 x
Apply this result, if needed, to find the limits. ®
—1
25. Tim —> 26. lim 20
x—0 sIn X x—0 X
P P
27. lim S0 % 28, lim S0~ D
x—0 X =1 x2—1

Focus on Concepts

29-30 The function cot™' x is defined to be the inverse of the
restricted cotangent function

cotx, O<x<m

and the function csc™'x is defined to be the inverse of the
restricted cosecant function

cscx, —m/2<x<m/2,

x#0
Use these definitions in these and in all subsequent exercises that
involve these functions. W

29. a. Sketch the graphs of cot ™! x and csc ™! x.
b. Find the domain and range of cot ™' x and csc ™! x.
30. Show that

. {tan1 (1/x),

a. cot x =
7w+ tan~' (1/x),

ifx >0
ifx <0

1.
b. sec™'x=cos™!' =, if|x] >1
x

. T B
c.esc'x=sin"' =, if x| > 1.
X

31. Most scientific calculators have keys for the values of only
sin”! x, cos ™! x, and tan~! x. The formulas in Exercise 30 show
how a calculator can be used to obtain values of cot ™' x, sec™' x,
and csc™ ! x for positive values of x. Use these formulas and
a calculator to find numerical values for each of the follow-
ing inverse trigonometric functions. Express your answers in
degrees, rounded to the nearest tenth of a degree.

a. cot™'0.7 b. sec™' 1.2

32. A camera is positioned x feet from the base of a missile launching
pad (see the accompanying figure). If a missile of length a feet is
launched vertically, show that when the base of the missile is b
feet above the camera lens, the angle 6 subtended at the lens by
the missile is

c. csc 2.3

/

X |

|

1
Camera




33.

34.

35.

The number of hours of daylight on a given day at a given point
on the Earth’s surface depends on the latitude A of the point, the
angle v through which the Earth has moved in its orbital plane
during the time period from the vernal equinox (March 21), and
the angle of inclination ¢ of the Earth’s axis of rotation measured
from ecliptic north (¢ & 23.45°). The number of hours of day-
light /& can be approximated by the formula

24, D>1
h=<12+ Lsin™'D, |D|<1
0, D<—1
where
D— sin ¢ siny tan A

V1 —sin’ ngsin2 ¥

and sin”!' D is in degree measure. Given that Fairbanks, Alaska,
is located at a latitude of A = 65° N and also that v = 90° on
June 20 and v = 270° on December 20, approximate

a. the maximum number of daylight hours at Fairbanks to one
decimal place

b. the minimum number of daylight hours at Fairbanks to one
decimal place.

Source: This problem was adapted from TEAM, A Path to Applied Mathematics,
The Mathematical Association of America, Washington, D.C., 1985.

An Earth-observing satellite has horizon sensors that can mea-
sure the angle 6 shown in the accompanying figure. Let R be
the radius of the Earth (assumed spherical) and % the distance
between the satellite and the Earth’s surface.
a. Show that sinf = L

R+h
b. Find the angle 6, to the nearest degree, for a satellite that is

10,000 km from the Earth’s surface (use R = 6378 km).

20

Earth

An airplane is flying at a constant height of 3000 ft above water
at a speed of 400 ft/s. The pilot is to release a survival package
so that it lands in the water at a sighted point P. If air resistance
is neglected, then the package will follow a parabolic trajectory
whose equation relative to the coordinate system in the accom-
panying figure is

y = 3000 — 2%):2

36.

37.

38.

39.

40.

41.
42,

1.7 Inverse Trigonometric Functions 61

where g is the acceleration due to gravity and v is the speed of
the airplane. Using g = 32 ft/s?, find the “line of sight” angle 6,
to the nearest degree, that will result in the package hitting the
target point.

AY
n— Parabolic
T trajectory
of object
3000 ft
1 :
LN iGurE Ex-35 |
Prove:
a. sin” ' (—x) = —sin"'x
b. tan~' (—x) = —tan"' x.
Prove:

a. cos”! (—x)=m— cos 'x

b. sec”! (—x)=m— sec ' x.

Prove:
a. sin'x=tan' ——— (x| <1

V11— x2
b. cos 'x =2 —tan”' —— (Ix| < D.

2 1 — x2
Prove:
tan~' x + tan~"' y= tan~" ( Xty )
1 —xy

provided —7/2 < tan~' x 4 tan~'y < /2. [Hint: Use an iden-
tity for tan (o + 5).]
Use the result in Exercise 39 to show that
a. tan”' J +tan"' § =n/4

3
b. 2tan™! % +tan”! % = 7/4.

Use identities (7) and (10) to obtain identity (14).

Writing Let @ = tan~' (—3/4) and explain why the triangle in
the accompanying figure may be used to evaluate sin 6 and cos 6.
More generally, suppose that g denotes a rational number and
that @ = tan~' ¢ or that @ = sin~' ¢. Find right triangles, with at
least two sides labeled by integers, that may be used to evaluate
sin @ and cos 6.

1.7 | QUiCk Check Answers 1. domain: [—1/2, 1/2];range: [0,7] 2. domain: (—oo, +00) ; range: (—7/2,7/2)
3.a. —7/2 b. ©/4 ¢. ©/3 d. ©/3 e. 27/3 4. a. /7 b. 27/7 c. /6 d. 2x7/7
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TABLE 1.8.1
X 2%

3 8.000000
3.1 8.574188
3.14 8.815241
3.141 8.821353
3.1415 8.824411
3.14159 8.824962

3.141592 8.824974
3.1415926 8.824977

Technology Mastery Use a
calculating utility to verify
the results in Table 1.8.1, and
then verify (1) by using the
utility to compute 27 directly.

1.8 | Exponential and Logarithmic Functions

When logarithms were introduced in the seventeenth century as a computational tool, they pro-
vided scientists of that period computing power that was previously unimaginable. Although com-
puters and calculators have replaced logarithm tables for numerical calculations, logarithmic func-
tions have wide-ranging applications in mathematics and science. In this section we will review
some properties of exponents and logarithms and then develop results about exponential and log-
arithmic functions.

Irrational Exponents

Recall from algebra that if b is a nonzero real number, then nonzero integer powers of b are defined
by
n —n 1
b"=bxbx---xb and b"=_—
n factors b"
and if n = 0, then 0 =1. Also, if p/ q is a positive rational number expressed in lowest terms,
then
- 1
b1 = Ybr = (Vb and b= -
brla
If b is negative, then some fractional powers of b will have imaginary values—the quantity
(—2)1/ 2 — /=2, for example. To avoid this complication, we will assume throughout this sec-
tion that b > 0, even if it is not stated explicitly.

There are various methods for defining irrational powers such as

27\" 3\/5, 7[._\/7

One approach is to define irrational powers of b via successive approximations using rational
powers of b. For example, to define 2™ consider the decimal representation of

3.1415926. ..

From this decimal we can form a sequence of rational numbers that gets closer and closer to T,
namely,
3.1, 3.14, 3.141, 3.1415, 3.14159

and from these we can form a sequence of rational powers of 2:

3.1 3.14 3.141 3.1415 3.14159
270, 277, 2 2 2

b} )

Since the exponents of the terms in this sequence get successively closer to m, it seems plausible that
the terms themselves will get successively closer to some number. It is that number that we define to
be 2. This is illustrated in Table 1.8.1, which we generated using a calculator. The table suggests
that to four decimal places the value of 27 is

27 ~ 8.8250 ey

With this notion for irrational powers, we remark without proof that the following familiar
laws of exponents hold for all real values of p and g:
b?

bPpe = bPJrfi’ ﬁ _ bP*q’ (b[’)q — pPa

The Family of Exponential Functions

A function of the form f(x) = b*, where b > 0, is called an exponential function with base b.
Some examples are

fo =2 fw=(3)" fo=r"
Note that an exponential function has a constant base and variable exponent. Thus, functions such
as flx) = x? and f(x) = x™ would not be classified as exponential functions, since they have a
variable base and a constant exponent.
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Figure 1.8.1 illustrates that the graph of y = b” has one of three general forms, depending on
the value of b. The graph of y = b™ has the following properties:

e The graph passes through (0, 1) because ' =1.

e If b > 1, the value of b increases as x increases. As you traverse the graph of y = b” from
left to right, the values of b* increase indefinitely. If you traverse the graph from right to left,
the values of b* decrease toward zero but never reach zero. Thus, the x-axis is a horizontal
asymptote of the graph of b™.

e If 0 < b < 1, the value of b* decreases as x increases. As you traverse the graph of y = b*
from left to right, the values of b* decrease toward zero but never reach zero. Thus, the x-axis
is a horizontal asymptote of the graph of b*. If you traverse the graph from right to left, the
values of b increase indefinitely.

e If b = 1, then the value of b* is constant.

Some typical members of the family of exponential functions are graphed in Figure 1.8.2.
This figure illustrates that the graph of y = (1/b)" is the reflection of the graph of y = »* about the
y-axis. This is because replacing x by —x in the equation y = »* yields

y=b"=(1/b)"

The figure also conveys that for b > 1, the larger the base b, the more rapidly the function
f(x) = b* increases for x > 0.

y=»b* y=>b (%)X (%)X (1170)x‘ R R

O<b<l y b>1)

-2 -1 1 2
y=b"(b>0)

Since it is not our objective in this section to develop the properties of exponential functions
in rigorous mathematical detail, we will simply observe without proof that the following properties
of exponential functions are consistent with the graphs shown in Figures 1.8.1 and 1.8.2.

Theorem 1.8.1 If b > 0 and b # 1, then:
(a) The function f(x) = b is defined for all real values of x, so its natural domain is (—oo, +00).

(b) The function f(x) = b” is continuous on the interval (—oo, +c0), and its range is (0, +oo).

Example 1 Sketch the graph of the function f(x) = 1 — 2* and find its domain and range.

Solution Start with a graph of y = 2*. Reflect this graph across the x-axis to obtain the graph
of y = —27%, then translate that graph upward by 1 unit to obtain the graph of y =1 — 2"
(Figure 1.8.3). The dashed line in the third part of Figure 1.8.3 is a horizontal asymptote for
the graph. You should be able to see from the graph that the domain of f is (—oo, +-oc) and the
range is (—oo, 1).

63
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FIGURE 1.8.4

The tangent line to the graph of
y = e* at (0, 1) has slope 1.

The use of the letter

is in honor of the Swiss
Leonhard
Euler, who is credited with
recognizing the  mathe-
matical importance of this

mathematician

constant.

The Natural Exponential Function

Among all possible bases for exponential functions there is one particular base that plays a special
role in calculus. That base, denoted by the letter e, is a certain irrational number whose value to six
decimal places is

e~ 2.718282 2)

This base is important in calculus because, as we will prove later, b = e is the only base for which
the slope of the tangent line to the curve y = b”* at any point P on the curve is equal to the y-
coordinate at P. Thus, for example, the tangent line to y = ¢” at (0, 1) has slope 1 (Figure 1.8.4).

The function f(x) = e” is called the natural exponential function. To simplify typography,
the natural exponential function is sometimes written as exp (x), in which case the relationship
e = %™ would be expressed as

exp (x; + x2) = exp (x1) exp (x2)

Technology Mastery Your technology utility should have keys or commands for approximating ¢ and
for graphing the natural exponential function. Read your documentation on how to do this and use
your utility to confirm (2) and to generate the graphs of y =1+ x, y = 2%, y = ¢, and y = 3* on the
same screen. W

The constant e also arises in the context of the graph of the equation

1 X
y:<l+;> 3)

As suggested by Figure 1.8.5 and Table 1.8.2, y = ¢ is a horizontal asymptote of this graph, and
the limits

1\" 1\"
lim (1 + 7> =e| and lim (1 + 7) =e (4-5)
x— +oo X X— —o0 X

are satisfied. These limits can be derived from the limit

lim (140" = ¢ ©)

which is sometimes taken as the definition of e.

TABLE 1.8.2

Ly The Values of (1 + 1/x)"

6 Approach e As x —>+x
= 1 1)*
oLy ; ey ()
- 3k y=e 1 2 ~2.000000
L 10 1.1 2.593742
. 100 1.01 2704814
L L . . . 4, x 1000 1.001 2716924
-7 -6 -5 -4 -3 -2 -1 1 2 3 4 5 6 7 10,000 1.0001 2718146
100,000 1.00001 2718268

1,000,000 1.000001 2.718280
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Historical Note

Euler was probably the most prolific mathematician who ever lived. It has been said
that “Euler wrote mathematics as effortlessly as most men breathe.” He was born in
Basel, Switzerland, and was the son of a Protestant minister who had himself studied
mathematics. Euler’s genius developed early. He attended the University of Basel,
where by age 16 he obtained both a Bachelor of Arts degree and a Master’s degree in
philosophy. While at Basel, Euler had the good fortune to be tutored one day a week
in mathematics by a distinguished mathematician, Johann Bernoulli. At the urging of
his father, Euler then began to study theology. The lure of mathematics was too great,
however, and by age 18 Euler had begun to do mathematical research. Nevertheless,
the influence of his father and his theological studies remained, and throughout his life Euler was a deeply
religious, unaffected person. At various times Euler taught at St. Petersburg Academy of Sciences (in
Russia), the University of Basel, and the Berlin Academy of Sciences. Euler’s energy and capacity for
work were virtually boundless. His collected works form more than 100 quarto-sized volumes and it is
believed that much of his work has been lost. What is particularly astonishing is that Euler was blind for
the last 17 years of his life, and this was one of his most productive periods! Euler’s flawless memory was
phenomenal. Early in his life he memorized the entire Aeneid by Virgil, and at age 70 he could not only
recite the entire work but could also state the first and last line on each page of the book from which he
memorized the work. His ability to solve problems in his head was beyond belief. He worked out in his
head major problems of lunar motion that baffled Isaac Newton and once did a complicated calculation in
his head to settle an argument between two students whose computations differed in the fiftieth decimal
place.

Following the development of calculus by Leibniz and Newton, results in mathematics developed
rapidly in a disorganized way. Euler’s genius gave coherence to the mathematical landscape. He was
the first mathematician to bring the full power of calculus to bear on problems from physics. He made
major contributions to virtually every branch of mathematics as well as to the theory of optics, planetary
motion, electricity, magnetism, and general mechanics.

Leonhard Euler
(1707-1783)

[Image: http://commons.wikimedia.org/wiki/File:Leonhard_Euler_by_Handmann_.png]

Logarithmic Functions

Recall from algebra that a logarithm is an exponent. More precisely, if » > 0 and b # 1, then for
a positive value of x the expression

log;, x
(read “the logarithm to the base b of x) denotes that exponent to which » must be raised to produce
x. Thus, for example,

log,, 100 = 2, log,,(1/1000) = —3, log, 16 =4, log, 1 =0, log,b=1

102 = 100 10—3 = 1/1000 24 =16 =1 b =0b

We call the function f(x) = log,, x the logarithmic function with base b.
Logarithmic functions can also be viewed as inverses of exponential functions. To see why
this is so, observe from Figure 1.8.1 that if » > 0 and b # 1, then the graph of f(x) = b* passes

the horizontal line test, so b* has an inverse. We can find a formula for this inverse with x as the
independent variable by solving the equation

x=2>b"

for y as a function of x. But this equation states that y is the logarithm to the base b of x, so it can
be rewritten as

y =log, x
Thus, we have established part (a) of the following theorem. Theorem 1.5.7 then implies part (b).

Theorem 1.8.2 Leth > 0,b # 1.
(a) The functions b* and log,, x are inverse functions.

(b) The function log,, x is continuous on (0, +oo).

Logarithms with base
10 are «called common
logarithms and are often
written  without explicit
reference to the base. Thus,
the symbol logx generally
denotes log x.
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y = log;xe
y y = log,x.
y = logxe

FIGURE 1.8.7

The family y = log, x (b > 1)

Technology  Mastery Use
your graphing utility to
generate the graphs of
y=Inxandy = logux.

Warning Expressions of
the form log,(u+v) and
log, (u —v) have no useful
simplifications. In particular,

log,, (u+v)# log,, (u)+ log, (v)
log,, (u—v)# log,, (u)— log, (v)

It follows from this theorem that the graphs of y = b and y = log, x are reflections of one
another about the line y = x (see Figure 1.8.6 for the case where b > 1). Figure 1.8.7 shows the
graphs of y = log, x for various values of b. Observe that they all pass through the point (1, 0).

The most important logarithm function in applications is the one with base e. This is called
the natural logarithm function because the function log, x is the inverse of the natural exponential
function e”. It is standard to denote the natural logarithm of x by Inx (read “ell en of x”), rather
than log, x. For example,

Inl=0, Ine=1, Inl/e=-1, In(?)=2
eV =1 el =e el =1/e e’ =e?
In general,
y=Inx ifandonlyif x=e¢”

As shown in Table 1.8.3, the inverse relationship between 5" and log, x produces a corre-
spondence between some basic properties of those functions.

TABLE 1.8.3

Correspondence Between Properties of
Logarithmic and Exponential Functions

Property of b* Property of log,x
=1 log,1 =0
bl =0b log, b =1
Range is (0, +) Domain is (0, +o0)
Domain is (-0, +©) Range is (o, +)
X-axis is a y-axis is a
horizontal asymptote vertical asymptote

It also follows from the cancellation properties of inverse functions that

log, (b*) = x for all real values of x o
p%¥ =x forx>0
In the special case where b = e, these equations become
In(e*) = x for all real values of x ®
e™ =x forx>0

In words, the functions o™ and log, x cancel out the effect of one another when composed in either
order; for example,

| | 5 |
log10* =x, 10" =x, Ine*=x, e¢""=x, Ine’=5 ¢e""=nx

Solving Equations Involving Exponentials and Logarithms

You should be familiar with the following properties of logarithms from your earlier studies.

Theorem 1.8.3: Algebraic Properties of Logarithms If b > 0,b # 1,a > 0,¢ > 0, and r
is any real number, then:

(a) logb(ac) e logb a—+ logb c Product property
(b) IOgb((l/C) = IOgb(l — lOgbC Quotient property

(C) logb(a r) = rlogba Power property

(d) logb(l/c) = —logbc Reciprocal property
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These properties are often used to expand a single logarithm into sums, differences, and multiples
of other logarithms and, conversely, to condense sums, differences, and multiples of logarithms
into a single logarithm. For example,

5

log% = logxy5 —log+/z = logx + logy5 — logzl/2

=logx+ 5logy — %logz

510g2+10g3—10g8:log32+log3—10g8:10g3

=log 12
Vax + 3)°

x2—1

An equation of the form log, x = k can be solved for x by rewriting it in the exponential form
x = b¥, and an equation of the form b* = k can be solved by rewriting it in the logarithm form
x = log,, k. Alternatively, the equation b = k can be solved by taking any logarithm of both sides
(but usually log or In) and applying part (¢) of Theorem 1.8.3. These ideas are illustrated in the
following example.

Tlnx—In(x* — Da2ln@x+3)=Inx" —In@ =) +In@x+37>2=1In

Example 2 Find x such that
a.logx=v2 b.Inx+1)=5 ¢5=7

Solution (a) Converting the equation to exponential form yields

x=10"2~25.95
Solution (b) Converting the equation to exponential form yields
xt+l=¢ or x=¢€ —1~147.41
Solution (¢) Converting the equation to logarithmic form yields
x =logs 7~ 1.21

Alternatively, taking the natural logarithm of both sides and using the power property of loga-
rithms yields
In7

— ~1.21
In5

xIn5=1In7 or x=

Example 3 A satellite that requires 7 watts of power to operate at full capacity is equipped
with a radioisotope power supply whose power output P in watts is given by the equation

P =753

where 7 is the time in days that the supply is used. How long can the satellite operate at full
capacity?

Solution The power P will fall to 7 watts when

t=—1251n(7/75) ~ 296.4

so the satellite can operate at full capacity for about 296 days.

Here is a more complicated example.

—X

et —e
Example 4 Solve — = 1 for x.
Solution Multiplying both sides of the given equation by 2 yields

ef—e =2

67

7 =75¢""1%
The solution for 7 is as follows:
7/75 = eit/lzs pete stopher/Getty Images
. —1/125 Power to satellites can be supplied by
In (7/ 75) = In(e ) batteries, fuel cells, solar cells, or radio-
In(7/75) = —t/125 isotope devices.
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or equivalently,
ef——=2
eX
Multiplying through by e” yields
e —1=2" or ¥ —2"—-1=0
This is really a quadratic equation in disguise, as can be seen by rewriting it in the form
(ex)z -2 —1=0
and letting u = e to obtain
wW—2u—1=0
Solving for u by the quadratic formula yields

u:21\2/4+4:2i2\/§:1iﬁ

or, since u = e~

=142
But e* cannot be negative, so we discard the negative value 1 — \/Z thus,
ef=1+2

Ine* =1In(1+v2)
x=In(1++v2)~0.881

Change of Base Formula for Logarithms

Scientific calculators generally have no keys for evaluating logarithms with bases other than 10
or e. However, this is not a serious deficiency because it is possible to express a logarithm with
any base in terms of logarithms with any other base (see Exercise 42). For example, the following
formula expresses a logarithm with base b in terms of natural logarithms:

Inx
log,x = —-

)

We can derive this result by letting y = log, x, from which it follows that b¥ = x. Taking the
natural logarithm of both sides of this equation we obtain y In b = Inx, from which (9) follows.

Example 5 Use a calculating utility to evaluate log, 5 by expressing this logarithm in
terms of natural logarithms.

Solution From (9) we obtain

In5
log, 5 — 12 5371928
%827 = 112

Logarithmic Scales in Science and Engineering

Logarithms are used in science and engineering to deal with quantities whose units vary over an
excessively wide range of values. For example, the “loudness” of a sound can be measured by its
intensity I (in watts per square meter), which is related to the energy transmitted by the sound
wave—the greater the intensity, the greater the transmitted energy, and the louder the sound is
perceived by the human ear. However, intensity units are unwieldy because they vary over an
enormous range. For example, a sound at the threshold of human hearing has an intensity of about
10~ 12 w/ mz, a close whisper has an intensity that is about 100 times the hearing threshold, and a
jet engine at 50 meters has an intensity that is about 10,000,000,000,000 = 10" times the hearing
threshold. To see how logarithms can be used to reduce this wide spread, observe that if

y = logx
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then increasing x by a factor of 10 adds 1 unit to y since

log 10x =log 10 +logx =1 +y

Physicists and engineers take advantage of this property by measuring loudness in terms of the
sound level (3, which is defined by

B = 10log (I/Io)

where Iy = 1072 W/m? is a reference intensity close to the threshold of human hearing. The units
of (8 are decibels (dB), named in honor of the telephone inventor Alexander Graham Bell. With
this scale of measurement, multiplying the intensity / by a factor of 10 adds 10 dB to the sound
level B (verify). This results in a more tractable scale than intensity for measuring sound loudness
(Table 1.8.4). Some other familiar logarithmic scales are the Richter scale used to measure earth-
quake intensity and the pH scale used to measure acidity in chemistry, both of which are discussed
in the exercises.

Example 6 A space shuttle taking off generates a sound level of 150 dB near the launch-
pad. A person exposed to this level of sound would experience severe physical injury. By
comparison, a car horn at 1 meter has a sound level of 110 dB, near the threshold of pain for
many people. What is the ratio of sound intensity of a space shuttle takeoff to that of a car
horn?

Solution Let I; and ) (= 150 dB) denote the sound intensity and sound level of the space
shuttle taking off, and let I and (3, (= 110 dB) denote the sound intensity and sound level of a
car horn. Then
L/ = (I1/1o)/(I/1o)
log (I;/ 1) = log (I /1y) — log (I/ 1)
10log (I1/ 1) = 101log (I /1y) — 101log (I/1o) = B1 — 2
10log (I;/1,) = 150 — 110 = 40
log(I/I) = 4

Thus, I;/I, = 10*, which tells us that the sound intensity of the space shuttle taking off is
10,000 times greater than a car horn!

Exponential and Logarithmic Growth

The growth patterns of e and Inx illustrated in Table 1.8.5 are worth noting. Both functions
increase as x increases, but they increase in dramatically different ways—the value of e” increases
extremely rapidly and that of Inx increases extremely slowly. For example, the value of e at
x = 10 is over 22,000, but at x = 1000 the value of In x has not even reached 7.

A function f is said to increase without bound as x increases if the values of f(x) eventu-
ally exceed any specified positive number M (no matter how large) as x increases indefinitely.
Table 1.8.5 strongly suggests that f(x) = e¢* increases without bound, which is consistent with
the fact that the range of this function is (0, +oc). Indeed, if we choose any positive number M,
then we will have e* = M when x = InM, and since the values of e* increase as x increases,
we will have

e">M if x>InM
(see Figure 1.8.8). It is not clear from Table 1.8.5 whether Inx increases without bound as x
increases because the values grow so slowly, but we know this to be so since the range of this

function is (—oo, +00). To see this algebraically, let M be any positive number. We will have
Inx = M when x = ¢, and since the values of In x increase as x increases, we will have

Inx>M if x>

(see Figure 1.8.9).
In summary,

lim ' = +o0 lim Inx = +oo (10-11)

X — 4o xX— 4o

TABLE 1.8.4
5 (dB) I/,
0 109 =1
10 10' = 10
20 102 = 100
30 10° = 1000
40 10* = 10,000
50 10° = 100,000
120 10'2 = 1,000,000,000,000

Mooneydriver/iStockphoto

The roar of a space shuttle near the
launchpad would damage your hearing
without ear protection.

TABLE 1.8.5

X e~ Inx
1 2.72 0.00
2 7.39 0.69
3 20.09 1.10
4 54.60 1.39
5 148.41 1.61
6 403.43 1.79
7 1096.63 1.95
8 2980.96 2.08
9 8103.08 2.20
10 22026.47 2.30
100 2.69 X 104 4.61
1000 1.97 X 10%* 6.91
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AY y
y=e'
y=M y=M y=Inx
_/} X /T/_—x
InM / M

[V R R B The value of y = e* H[V N R R The value of

will exceed an arbitrary y = Inx will exceed an
positive value of M when arbitrary positive value
x>InM. of M when x > eM.

The following limits can be deduced numerically by constructing appropriate tables of values
(verify):

lim e*=0 lim Inx = —o0 (12-13)
X— —o0 x— 0t

FIGURE 1.8.10

The following limits can be deduced numerically, but they can be seen more readily by noting
that the graph of y = ¢~ is the reflection about the y-axis of the graph of y = ¢” (Figure 1.8.10):

lim ¢ =0 lim e = +o0 (14-15)

x— 4o X—r —o00

1. The functi

3. Express as
a. 1

1.8 | QUiCk Check Exercises (See page 73 for answers.)

on y= (%)x has domain _ and range 4. Solve each equation for x.
a e =1 b. 10™ = 1,000,000
c. 7 =56

2. The function y = In(1 — x) has domain _________ and range

5. Solve each equation for x.
a power of 4: a. Inx=3 b. logx —1)=2

b. 2 c. Tlﬁ d. V8 e. 5. c. 2logx —log(x+ 1) =log4 — log3

Exercise Set 1.8 & Graphing Utility

1-2 Simplify the expression without using a calculating utility. ® 6. a 10g0(108) b. log,, (+/0.001)
. a. log, . .
_Q2/3 _q\2/3 —2/3
1 a -8 b. (=8) c 8 c. In(e™) d. In(v/1/e)
2.a 27" b. 4! c. 9707

3-4 Use a calculating utility to approximate the expression. Round

your answer to four

3. a. 2!

4. a. /42

5-6 Find the exact
ing utility. m
5. a. log, 16

c. log, 4

7-8 Use a calculating utility to approximate the expression. Round

. your answer to four decimal places. W
decimal places. ®

b, 5-21 7. a. log23.2 b. In0.74
b. V03 8. a. log (0.3¢) b. In 101

9-10 Use the logarithm properties in Theorem 1.8.3 to rewrite the
expression in terms of r, s, and ¢, where r =1Ina, s =Inb, and
t=Inc. |

b. log, (35)
2 9. a. Ina’vbc b. lni
d. log, 3 a’c

value of the expression without using a calculat-




3
10. a. In (V:Tb) b.

11-12 Expand the logarithm in terms of sums, differences, and mul-
tiples of simpler logarithms.

2.3
11. a. log (10xvx —3) b. In 2 MY
x2+1
S/ 2
12. a. log (Y21 b Iny/ 5%
X2 4+x—6 X3 4+ x2

13-15 Rewrite the expression as a single logarithm. m
13. 4log2 —log3 + log 16

14. 1logx — 3log(sin 2x) + 2

15. 2In(x 4+ 1) + § Inx — In (cos x)

16-23 Solve for x without using a calculating utility. ®
16. log(3 +x) =2 17. log,y (v/x) = —1
18. In(x —2)> =9 19. In(1/x) = =2
20. log, (8") =2 21. logs (5*) =8
22. Indx —3In(x?) = In2

23. In(1/x) + In(2x*) = In3

24-29 Solve for x without using a calculating utility. Use the natural
logarithm anywhere that logarithms are needed. ®

24. 3" =2 25. 5% =3

26. 37> =5 27. 2e% =7

28. ¢* —2xe* =0 29. xe " +2¢7=0

30. Solve e > — 3¢ = —2 for x without using a calculating utility.

[Hint: Rewrite the equation as a quadratic equation in u = e~ *.]

Focus on Concepts

31-34 In each part, identify the domain and range of the function,
and then sketch the graph of the function without using a graphing
utility. =

31 a. flo) = (1)
32.a. f() =2+In(x+3)
33. a. f(x) = In(x?)

4. a. f) =3 -

x—1

1 b. g(x) = In |x]
b. gx) =2+ ¢!
b. gx) =e™* ’

b. g(x) =2In{/(x — 1)?

35-38 True—False Determine whether the statement is true or
false. Explain your answer. W

35.
36.

The function y = x* is an exponential function.

The graph of the exponential function with base b passes through
the point (0, 1).

The natural logarithm function is the logarithmic function with
base e.

37.

38.
39.

The domain of a logarithmic function is the interval x > 1.

Use a calculating utility and the change of base formula (9) to
find the values of log, 10.6 and log, 0.28, rounded to four deci-
mal places.

[ 40-41 Graph the functions on the same screen of a graphing utility.
[Use the change of base formula (9), where needed.] ®

40. Inx, e*, logx, 10*
41. log, x, Inx, logsx, logx
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42. a. Derive the general change of base formula
log, x
1 = —4
8% log, b

b. Use the result in part (a) to find the exact value of
(log,81)(log,32) without using a calculating utility.

[ 43. Use a graphing utility to estimate the two points of intersection
of the graphs of y = (5/4)" and y = log; /, x.

[ 44. Use a graphing utility to estimate the two points of intersection

of the graphs of y = 0.6*") and y = log, ¢ (x?).

Focus on Concepts
[ 45. a. Is the curve in the accompanying figure the graph of an

exponential function? Explain your reasoning.

b. Find the equation of an exponential function that passes
through the point (4, 2).

c. Find the equation of an exponential function that passes
through the point (2, %)

d. Use a graphing utility to generate the graph of an expo-
nential function that passes through the point (2, 5).

Y

| FIGURE Ex-44
[d 46. a. Make a conjecture about the general shape of the graph of
y = log (log x), and sketch the graph of this equation and

y = log x in the same coordinate system.
b. Check your work in part (a) with a graphing utility.

47. Find the fallacy in the following “proof” that % > i.
Multiply both sides of the inequality 3 > 2 by log % to get

310g% > 210g%
3 2
log (5)" > log (3)
logé > logi

1 1
8>4

48. Prove the four algebraic properties of logarithms in Theorem
1.8.3.

49-56 Find the limits. |

—_e" X
49. lim L_° 50. lim L
x——oo | + e* x—4oo | 4+ e*
51 lim &1¢ 52, Lim &%
x— oo et — et x——oco e¥ — et
3 3
e e
53. lim In( — 54. lim In|{ —
¥ t+oo (ﬁ) v 0t (ﬁ)
x —x
55. lim &+D 56. lim <1+1>
x— 400 x* X — 400 X
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Limits and Continuity

57-64 Evaluate the limit using an appropriate substitution. (See
Exercises 45-46 of Section 1.3.) ®

57.

59.

61.

62.

63.

64.

65.

66.

@ 67.

[ 68.

69.

lim e'/* 58. lim e¢'/*
x—=0t x—=0—
lim e~ " 60. lim e
x—mt x— 7

In2
lim = [Hint: t = Inx]
x— +oo In 3x

lim [ln(x2 — 1) —In(x+ 1)] [Hint: t = x — 1]
X — 400

lim

(1 — l) [Hint: t = —x]
X — 400 X

lim (1 + i) [Hint: t = 2x/3]
x—+00 2x
Let f(x) = b", where 0 < b. Use the substitution principle to ver-

ify the asymptotic behavior of f that is illustrated in Figure 1.8.1.
[Hint: f(x) = b* = (e"?)" = £"""]

1/x

Prove that lim, —, ¢ (1 4+ x)"/* = e by completing parts (a) and (b).

a. Use Equation (4) and the substitution # = 1/x to prove that
lim, o+ (1 4+ =e.

b. Use Equation (5) and the substitution 7 = 1/x to prove that
lim, o 1+ =e.

Suppose that the speed v (in ft/s) of a skydiver ¢ sec-
onds after leaping from a plane is given by the equation
v =190(1 — ¢~ "1%%),

a. Graph v versus ?.

b. By evaluating an appropriate limit, show that the graph of v
versus ¢ has a horizontal asymptote v = ¢ for an appropriate
constant c.

c. What is the physical significance of the constant ¢ in part (b)?

The population p of the United States (in millions) in year ¢ can
be modeled by the function

B 525
p() = 1 + 1.1e—002225(—1990)

a. Based on this model, what was the U.S. population in 1990?
b. Plot p versus ¢ for the 200-year period from 1950 to 2150.

c. By evaluating an appropriate limit, show that the graph of p
versus ¢ has a horizontal asymptote p = ¢ for an appropriate
constant c.

d. What is the significance of the constant ¢ in part (c) for the
population predicted by this model?

a. Compute the (approximate) values of the terms in the
sequence

1.01'°", 1.001'°" " 1.0001'%%°!, 1.00001'0000!
1.000061"’0"0"1 1’.000000110005001 ’

What number do these terms appear to be approaching?
b. Use Equation (4) to verify your answer in part (a).

c. Let 1 <a <9 denote a positive integer. What number is
approached more and more closely by the terms in the follow-
ing sequence?

1.014%, 1.001°%, 1.0001°*, 1.00001°%°%,
1.000001°°%%, 1.0000001°°%*%% .

(The powers are positive integers that begin and end with the
digit a and have 0’s in the remaining positions.)

70.

71.

72.

73.

74.

75.

Let f(x) = (1 +%)

a. Prove the identity
X
f0)=—= flx—1
x—1
b. Use Equation (4) and the identity from part (a) to prove Equa-
tion (5).
If equipment in the satellite of Example 3 requires 15 watts to
operate correctly, what is the operational lifetime of the power
supply?
The equation Q = 12e gives the mass Q in grams of
radioactive potassium-42 that will remain from some initial
quantity after ¢ hours of radioactive decay.

—0.055¢

a. How many grams were there initially?
b. How many grams remain after 4 hours?

c. How long will it take to reduce the amount of radioactive
potassium-42 to half of the initial amount?

The acidity of a substance is measured by its pH value, which is
defined by the formula
pH = —log[H ]

where the symbol [H "] denotes the concentration of hydrogen
ions measured in moles per liter. Distilled water has a pH of 7;
a substance is called acidic if it has pH < 7 and basic if it has
pH > 7. Find the pH of each of the following substances and
state whether it is acidic or basic.

Substance [H*]

(a)  Arterial blood 3.9 X 10~% mol/L
6.3 X 107> mol/L
4.0 X 1077 mol/L
1.2 X 10~ mol/L

(b) Tomatoes
(¢) Milk
(d) Coffee

Use the definition of pH in Exercise 73 to find [H ] in a solution
having a pH equal to

a. 2.44 b. 8.06.

The perceived loudness 3 of a sound in decibels (dB) is related to
its intensity  in watts per square meter (W/ mz) by the equation

B = 10log (I/Iy)

where Iy = 107> W/m?. Damage to the average ear occurs at
90 dB or greater. Find the decibel level of each of the following
sounds and state whether it will cause ear damage.

Sound I

1.0 X 102 W/m?
1.0 W/m?

1.0 X10™* W/m?
3.2 X107 W/m?

(a) Jet aircraft (from 50 ft)
(b)  Amplified rock music

(¢) Garbage disposal
(d) TV (mid-volume from 10 ft)

76-78 Use the definition of the decibel level of a sound (see Exercise
75). m

76.

77.

If one sound is one and a half times as intense as another, how
much greater is its decibel level?

According to one source, the noise inside a moving automobile is
about 70 dB, whereas an electric blender generates 93 dB. Find
the ratio of the intensity of the noise of the blender to that of the
automobile.



78. Suppose that the intensity level of an echo is % the intensity level
of the original sound. If each echo results in another echo, how
many echoes will be heard from a 120 dB sound given that the
average human ear can hear a sound as low as 10 dB?

79. On the Richter scale, the magnitude M of an earthquake is related
to the released energy E in joules (J) by the equation
logE =44+ 1.5M
a. Find the energy E of the 1906 San Francisco earthquake that
registered M = 8.2 on the Richter scale.
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b. If the released energy of one earthquake is 10 times that of
another, how much greater is its magnitude on the Richter
scale?

80. Suppose that the magnitudes of two earthquakes differ by 1 on
the Richter scale. Find the ratio of the released energy of the
larger earthquake to that of the smaller earthquake. [Note: See
Exercise 79 for terminology.]

3.a. 4% b. 472 ¢, 472 d. 434 e, glousS

1.8 | Quick Check Answers 1. (—oc,+o0); (0,400) 2. (—oc, 1); (=00, +00)
4. a. ln% =—In2b.2c In2 5 a ¢ b 101 c. 2

Chapter 1 Review Exercises

1. For the function f graphed in the accompanying figure, find the

limit if it exists.

a. lim f(x) b. lim f(x) ¢ lim f(x)
d. lim f(x) e lim fox) f. lim /)
g lim f(x) h. lim f(x) i. lim f(x)
x—3t+ x—3— x—0
jo lim fGeosx) k. lim f3()) L Tim f3(0)
Y
7773, 77777777777777777
2 -
1 /X
— 1 1 1 1 1 1 1 ¥
-1 1 2 3 4 5 6 7 8 m

2. In each part, complete the table and make a conjecture about the
value of the limit indicated. Confirm your conjecture by finding
the limit analytically.

x—2 .
a. flx) = 24 nggl+f(x)
x | 2.00001 | 2.0001 | 2.001 | 2.01 | 2.1 | 2.5
)
4
b. fo) = 2" fim )
X x—0
x | —0.01 | —0.001 | —0.0001 | 0.0001 | 0.001 | 0.01
)
[@ 3. a. Approximate the value for the limit
. 3x _ 2X
lim
x—0 X
to three decimal places by constructing an appropriate table of

values.

b. Confirm your approximation using graphical evidence.

6 Graphing Utility ¢ CAS

4. Approximate
lim 2 _,3
1

xX— 5 x—i

both by looking at a graph and by calculating values for some
appropriate choices of x. Compare your answer with the value
produced by a CAS.

5-10 Find the limits. m

3.2 3 2
5. lim = —% 6. lim = —%
x——1 x—1 x—=1 X —
. dx 4+ 12 . dx 4+ 12
7. lim —— 12 8. lim ——~ %
Rl x24+5x+6 x->1§12* X2 +5x+6
. 2x — 1)
9. 1
3 Foo Bx2 + 2x — )P — 9x)
. Vxr4+4-2
10. lim XX T"* "<
x—0 x2

11. In each part, find the horizontal asymptotes, if any.

20 4+ —9 3x% +5x°
A Y= —(C—5 b.y=—"F"—7-"
5x24+6 Tx5 —6x2+2
oy VA= Sx 4l dy - 4’ tan~ ' x
SR YT -1y

12. In each part, find lim, , , f(x), if it exists, where a is replaced by
0,5%,—57,—5,5, —oc, and 4-oo.

a. f(x) =+v5—x
&> =5/Ix=5], x#5
b.f(x)—{o’ T
13-20 Find the limits. m
13. lim S0 14. lim —0
x—0 X CoS 3x x—01 —cosx
15, lim X =S000 g
x—0 X

16. lim tan (ﬂ)
0—0 9
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17.

19.

21.

22,

[ 23.

24.

25.

26.

27.

28.

29.

Limits and Continuity

lim (t2 + em“') 18. lim In(sin 26) — In (tan 6)
t— /2t 6 —0t
3x bx
lim (1 +i) 20. lim (1 +9) . ab>0
x— 400 X X — +00 X

If $1000 is invested in an account that pays 7% interest com-
pounded n times each year, then in 10 years there will be
1000(1 + 0.07/n)'%" dollars in the account. How much money
will be in the account in 10 years if the interest is compounded
quarterly (n = 4)? Monthly (n = 12)? Daily (n = 365)? Deter-
mine the amount of money that will be in the account in 10 years
if the interest is compounded continuously, that is, as n — +oo.

a. Write a paragraph or two that describes how the limit of
a function can fail to exist at x = a, and accompany your
description with some specific examples.

b. Write a paragraph or two that describes how the limit
of a function can fail to exist as x— +oo or x— —oo,
and accompany your description with some specific examples.

c. Write a paragraph or two that describes how a function can
fail to be continuous at x = a, and accompany your descrip-
tion with some specific examples.

a. Find a formula for a rational function that has a vertical
asymptote at x = 1 and a horizontal asymptote at y = 2.

b. Check your work by using a graphing utility to graph the
function.

Paraphrase the e-¢ definition for limy_, ,f(x) = L in terms of a
graphing utility viewing window centered at the point (a, L).

Suppose that f(x) is a function and that for any given
€e>0 the condition 0< |x—35|< 3¢ guarantees that
[f) = 7] <e

a. What limit is described by this statement?

b. Find a value of § so that 0 < [x — 5| < 0 guarantees that
16 f(x) — 42| < 0.036.
The limit
lim “F = |
x—=0 X

ensures that there is a number ¢ such that

sin x

l' < 0.001

if 0 < |x| < 0. Estimate the largest such 4.

In each part, a positive number e and the limit L of a function
f at a are given. Find a number § such that |f(x) — L| < € if
0<|x—a|l <é.

a. lim (4x—7)=1; e =0.01
x—2

4x2 -9

b. lim 3 =6; ¢ =0.05

x—3/2 —

c. lim x> = 16; € = 0.001
x—4

Use Definition 1.4.1 to prove the stated limits are correct.

4x* -9
lim =6
x—3/2 2x—3

a. lim(4x—-7)=1 b.
x—=2

Suppose that f is continuous at xo and that f(xo) > 0. Give either
an e-§ proof or a convincing verbal argument to show that there
must be an open interval containing xo on which f(x) > 0.

@ 30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

a. Let
sinx — sin 1
—1
Approximate lim,_, | f(x) by graphing f and calculating val-
ues for some appropriate choices of x.

fx) =

b. Use the identity

Q
+
™

. . . a—
sina — sin 8 = 2sin >

Cos

\S]

to find the exact value of lim1 f(x).
x—

Find values of x, if any, at which the given function is not
continuous.

a. fx) = b. f(x) = [x* — 2x7|

x2—1

x+3

c flx) = m

Determine where f is continuous.

_ (-3 C|5x—2
a. fo)="3—, b. flx) = x2+7‘
X
I = e e
Suppose that
x2—4, x <3
fo) = {|x— 8, x>3

Is f continuous everywhere? Justify your conclusion.

One dictionary describes a continuous function as “one whose
value at each point is closely approached by its values at neigh-
boring points.”

a. How would you explain the meaning of the terms “neighbor-
ing points” and “closely approached” to a nonmathematician?

b. Write a paragraph that explains why the dictionary definition
is consistent with Definition 1.5.1.

Show that the conclusion of the Intermediate-Value Theorem
may be false if f is not continuous on the interval [a, b].

Suppose that f is continuous on the interval [0, 1], that f(0) = 2,
and that f has no zeros in the interval. Prove that f(x) > 0 for all
xin [0, 1].

Use the Intermediate-Value Theorem to show that the equation
x* 4+ 3x2 —7x —4 =0 has at least two real solutions in the
interval [—1, 2].

In each part, find f ~'(x) if the inverse exists.

a. flx) = (") + 1
b.f(x):sin(l;zx), 2 <x< 2

1
1+3tan—!x

In each part, find the exact numerical value of the given expres-
sion.

a. cos[cos™! (4/5) + sin~! (5/13)]
b. sin[sin~! (4/5) + cos~! (5/13)]

¢ flx) =



[ 40. Ineach part, sketch the graph, and check your work with a graph- [ 47.

41.

42,

43.

44.

M 45.

A 46.

ing utility.

a. f(x) =3sin" ! (x/2)
b. f(x) =cos 'x —n/2
c. f(x) =2tan"' (—3x)

d. f(x) =cos 'x+sin"'x

Suppose that the graph of y = log x is drawn with equal scales of
1 inch per unit in both the x- and y-directions. If a bug wants to
walk along the graph until it reaches a height of 5 ft above the
x-axis, how many miles to the right of the origin will it have to
travel?

Suppose that the graph of y = 10" is drawn with equal scales of
1 inch per unit in both the x- and y-directions. If a bug wants to
walk along the graph until it reaches a height of 100 mi above
the x-axis, how many feet to the right of the origin will it have to
travel?

Express the following function as a rational function of x:
31n (ez"(e*‘f) +2exp(in 1)

Suppose that y = Ce", where C and k are constants, and let
Y = Iny. Show that the graph of Y versus ¢ is a line, and state
its slope and Y-intercept.

a. Sketch the curves y = +e™/2 and y= e % cos (mx) for

—2 < x <4 in the same coordinate system, and check your
work using a graphing utility.

b. Find all x-intercepts of the curve y = e % cos (mx) in the

stated interval, and find the x-coordinates of all points where
this curve intersects the curves y = e /2,
Suppose that a package of medical supplies is dropped from a
helicopter straight down by parachute into a remote area. The
velocity v (in feet per second) of the package ¢ seconds after it is
released is given by v = 24.61(1 — e~ '),

a. Graph v versus t.
b. Show that the graph has a horizontal asymptote v = c.

c. The constant c is called the terminal velocity. Explain what
the terminal velocity means in practical terms.

d. Can the package actually reach its terminal velocity? Explain.

e. How long does it take for the package to reach 98% of its
terminal velocity?

48.

[ 49.

[ so.

[ s1.
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A breeding group of 20 bighorn sheep is released in a protected
area in Colorado. It is expected that with careful management the
number of sheep, N, after ¢ years will be given by the formula

220
N= 1 4 10(0.831)

and that the sheep population will be able to maintain itself with-
out further supervision once the population reaches a size of 80.

a. Graph N versus t.

b. How many years must the state of Colorado maintain a pro-
gram to care for the sheep?

c¢. How many bighorn sheep can the environment in the pro-
tected area support? [Hint: Examine the graph of N versus
t for large values of 7.]

An oven is preheated and then remains at a constant temper-
ature. A potato is placed in the oven to bake. Suppose that
the temperature T (in °F) of the potato ¢ minutes later is
given by T = 400 — 325(0.97"). The potato will be considered
done when its temperature is anywhere between 260°F and
280°F.

a. During what interval of time would the potato be considered
done?

b. How long does it take for the difference between the potato
and oven temperatures to be cut in half?

(]

. Show that the graphs of y = Inx and y = /x intersect.

b. Approximate the solutions of Inx = /x to three decimal

places.
a. Show that for x > 0 and k # 0 the equations
k x Inx 1
= d —=-
X' =e an %

have the same solutions.

b. Use the graph of y = (In x)/x to determine the values of k
for which the equation x* = ¢* has two distinct positive solu-
tions.

c. Estimate the positive solution(s) of x¥=e"

Consider f(x) = ¢~ ™2 _Inx,0 < x < m.

a. Explain why f is one-to-one. Describe the range of f.

b. Use a graphing utility to generate the graph of f. Then sketch
the graphs of f and f ~' together. What are the asymptotes for
each graph?

Chapter 1 Making Connections

In Section 1.1 we developed the notion of a tangent line to a graph at
a given point by considering it as a limiting position of secant lines
through that point (Figure 1.1.4a). In these exercises we will develop
an analogous idea in which secant lines are replaced by “secant cir-
cles” and the tangent line is replaced by a “tangent circle” (called the

osculating circle). We begin with the graph of y = x~.

2

1.

Recall that there is a unique circle through any three noncollinear
points in the plane. For any positive real number x, consider the
unique “secant circle” that passes through the fixed point O(0, 0)
and the variable points O(—x,x%) and P(x,x?) (see the accompa-
nying figure). Use plane geometry to explain why the center of
this circle is the intersection of the y-axis and the perpendicular
bisector of segment OP.

(Continued)
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AY 3. Show that if we replace the curve y = x? by the curve y = f(x),
8 y = x2 where f is an even function, then the formula for C(x) becomes

A 2 cw =1 [0 4+ 2
0(-x,x2) i P(x, x*) 2 Sfx) — f(0)

B Secant [Here we assume that f(x) # f(0) for positive values of x

B circle close to 0.] If lim, _, o+ C(x) = L # f(0), then we define the oscu-

B lating circle to the curve y = f(x) at (0, f(0)) to be the unique circle

L B T, X through (0, f(0)) with center (0, L). If C(x) does not have a finite

-5 0(0, 0) 5 W limit different from £(0) as x— 07, then we say that the curve has

no osculating circle at (0, f(0)).

2. a. Let (0, C(x)) denote the center of the circle in Exercise 1 and 4. n each part, determine the osculating circle to the curve y = f(x)

show that at (0, f(0)), if it exists.
— 1,241
Clx) = 3x° + 3 a. flx) = 4x”

b. Show that as x— 0", the secant circles approach a limiting b. f(x) = x2 cosx

position given by the circle that passes through the origin and

is centered at (0, 3). As shown in the accompanying figure, c. flx) = |x|
this circle is the osculating circle to the graph of y = x? at the d. f(x) = xsinx
origin.

e. flx) =cosx

f. f(x) = x?g(x), where g(x) is an even continuous function with

g0)#0
g fo =x*




