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Here are my online notes for my Calculus I course that | teach here at Lamar University. Despite
the fact that these are my “class notes” they should be accessible to anyone wanting to learn
Calculus I or needing a refresher in some of the early topics in calculus.

I’ve tried to make these notes as self contained as possible and so all the information needed to
read through them is either from an Algebra or Trig class or contained in other sections of the
notes.

Here are a couple of warnings to my students who may be here to get a copy of what happened on
a day that you missed.

1. Because | wanted to make this a fairly complete set of notes for anyone wanting to learn
calculus I have included some material that | do not usually have time to cover in class
and because this changes from semester to semester it is not noted here. You will need to
find one of your fellow class mates to see if there is something in these notes that wasn’t
covered in class.

2. Because | want these notes to provide some more examples for you to read through, |
don’t always work the same problems in class as those given in the notes. Likewise, even
if 1 do work some of the problems in here | may work fewer problems in class than are
presented here.

3. Sometimes questions in class will lead down paths that are not covered here. | try to
anticipate as many of the questions as possible when writing these up, but the reality is
that | can’t anticipate all the questions. Sometimes a very good question gets asked in
class that leads to insights that 1’ve not included here. You should always talk to
someone who was in class on the day you missed and compare these notes to their notes
and see what the differences are.

4. This is somewhat related to the previous three items, but is important enough to merit its
own item. THESE NOTES ARE NOT A SUBSTITUTE FOR ATTENDING CLASS!!
Using these notes as a substitute for class is liable to get you in trouble. As already noted
not everything in these notes is covered in class and often material or insights not in these
notes is covered in class.
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Here is a listing and brief description of the material in this set of notes.

Review

Limits

Review : Functions — Here is a quick review of functions, function notation and
a couple of fairly important ideas about functions.

Review : Inverse Functions — A quick review of inverse functions and the
notation for inverse functions.

Review : Trig Functions — A review of trig functions, evaluation of trig
functions and the unit circle. This section usually gets a quick review in my
class.

Review : Solving Trig Equations — A reminder on how to solve trig equations.
This section is always covered in my class.

Review : Solving Trig Equations with Calculators, Part | — The previous
section worked problem whose answers were always the “standard” angles. In
this section we work some problems whose answers are not “standard” and so a
calculator is needed. This section is always covered in my class as most trig
equations in the remainder will need a calculator.

Review : Solving Trig Equations with Calculators, Part 11 — Even more trig
equations requiring a calculator to solve.

Review : Exponential Functions — A review of exponential functions. This
section usually gets a quick review in my class.

Review : L ogarithm Functions — A review of logarithm functions and
logarithm properties. This section usually gets a quick review in my class.
Review : Exponential and Logarithm Equations — How to solve exponential
and logarithm equations. This section is always covered in my class.

Review : Common Graphs — This section isn’t much. It’s mostly a collection
of graphs of many of the common functions that are liable to be seen in a
Calculus class.

Tangent Lines and Rates of Change — In this section we will take a look at two
problems that we will see time and again in this course. These problems will be
used to introduce the topic of limits.

The Limit — Here we will take a conceptual look at limits and try to get a grasp
on just what they are and what they can tell us.

One-Sided Limits — A brief introduction to one-sided limits.

Limit Properties — Properties of limits that we’ll need to use in computing
limits. We will also compute some basic limits in this section
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Computing Limits — Many of the limits we’ll be asked to compute will not be
“simple” limits. In other words, we won’t be able to just apply the properties and
be done. In this section we will look at several types of limits that require some
work before we can use the limit properties to compute them.

Infinite Limits — Here we will take a look at limits that have a value of infinity
or negative infinity. We’ll also take a brief look at vertical asymptotes.

Limits At Infinity, Part | — In this section we’ll look at limits at infinity. In
other words, limits in which the variable gets very large in either the positive or
negative sense. We’ll also take a brief look at horizontal asymptotes in this
section. We’ll be concentrating on polynomials and rational expression
involving polynomials in this section.

Limits At Infinity, Part 11 — We’ll continue to look at limits at infinity in this
section, but this time we’ll be looking at exponential, logarithms and inverse
tangents.

Continuity — In this section we will introduce the concept of continuity and how
it relates to limits. We will also see the Mean Value Theorem in this section.
The Definition of the Limit — We will give the exact definition of several of the
limits covered in this section. We’ll also give the exact definition of continuity.

Derivatives
The Definition of the Derivative — In this section we will be looking at the
definition of the derivative.
Interpretation of the Derivative — Here we will take a quick look at some
interpretations of the derivative.
Differentiation Formulas — Here we will start introducing some of the
differentiation formulas used in a calculus course.
Product and Quotient Rule — In this section we will took at differentiating
products and quotients of functions.
Derivatives of Trig Functions — We’ll give the derivatives of the trig functions
in this section.
Derivatives of Exponential and Logarithm Functions — In this section we will
get the derivatives of the exponential and logarithm functions.
Derivatives of Inverse Trig Functions — Here we will look at the derivatives of
inverse trig functions.
Derivatives of Hyperbolic Functions — Here we will look at the derivatives of
hyperbolic functions.
Chain Rule — The Chain Rule is one of the more important differentiation rules
and will allow us to differentiate a wider variety of functions. In this section we
will take a look at it.
Implicit Differentiation — In this section we will be looking at implicit
differentiation. Without this we won’t be able to work some of the applications
of derivatives.
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Related Rates — In this section we will look at the lone application to derivatives
in this chapter. This topic is here rather than the next chapter because it will help
to cement in our minds one of the more important concepts about derivatives and
because it requires implicit differentiation.

Higher Order Derivatives — Here we will introduce the idea of higher order
derivatives.

Logarithmic Differentiation — The topic of logarithmic differentiation is not
always presented in a standard calculus course. It is presented here for those how
are interested in seeing how it is done and the types of functions on which it can
be used.

Applications of Derivatives
Rates of Change — The point of this section is to remind us of the
application/interpretation of derivatives that we were dealing with in the previous
chapter. Namely, rates of change.
Critical Points — In this section we will define critical points. Critical points
will show up in many of the sections in this chapter so it will be important to
understand them.
Minimum and Maximum Values — In this section we will take a look at some
of the basic definitions and facts involving minimum and maximum values of
functions.
Finding Absolute Extrema — Here is the first application of derivatives that
we’ll look at in this chapter. We will be determining the largest and smallest
value of a function on an interval.
The Shape of a Graph, Part | — We will start looking at the information that the
first derivatives can tell us about the graph of a function. We will be looking at
increasing/decreasing functions as well as the First Derivative Test.
The Shape of a Graph, Part 11 — In this section we will look at the information
about the graph of a function that the second derivatives can tell us. We will
look at inflection points, concavity, and the Second Derivative Test.
The Mean Value Theorem — Here we will take a look that the Mean Value
Theorem.
Optimization Problems — This is the second major application of derivatives in
this chapter. In this section we will look at optimizing a function, possible
subject to some constraint.
More Optimization Problems — Here are even more optimization problems.
L’Hospital’s Rule and Indeterminate Forms — This isn’t the first time that
we’ve looked at indeterminate forms. In this section we will take a look at
L’Hospital’s Rule. This rule will allow us to compute some limits that we
couldn’t do until this section.
Linear Approximations — Here we will use derivatives to compute a linear
approximation to a function. As we will see however, we’ve actually already
done this.
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Differentials — We will look at differentials in this section as well as an
application for them.

Newton’s Method — With this application of derivatives we’ll see how to
approximate solutions to an equation.

Business Applications — Here we will take a quick look at some applications of
derivatives to the business field.

Integrals
Indefinite Integrals — In this section we will start with the definition of

indefinite integral. This section will be devoted mostly to the definition and
properties of indefinite integrals and we won’t be working many examples in this
section.

Computing Indefinite Integrals — In this section we will compute some
indefinite integrals and take a look at a quick application of indefinite integrals.
Substitution Rule for Indefinite Integrals — Here we will look at the
Substitution Rule as it applies to indefinite integrals. Many of the integrals that
we’ll be doing later on in the course and in later courses will require use of the
substitution rule.

More Substitution Rule — Even more substitution rule problems.

Area Problem — In this section we start off with the motivation for definite
integrals and give one of the interpretations of definite integrals.

Definition of the Definite Integral — We will formally define the definite
integral in this section and give many of its properties. We will also take a look
at the first part of the Fundamental Theorem of Calculus.

Computing Definite Integrals — We will take a look at the second part of the
Fundamental Theorem of Calculus in this section and start to compute definite
integrals.

Substitution Rule for Definite Integrals — In this section we will revisit the
substitution rule as it applies to definite integrals.

Applications of Integrals
Average Function Value — We can use integrals to determine the average value
of a function.
Area Between Two Curves — In this section we’ll take a look at determining the
area between two curves.
Volumes of Solids of Revolution / Method of Rings — This is the first of two
sections devoted to find the volume of a solid of revolution. In this section we
look that the method of rings/disks.
Volumes of Solids of Revolution / Method of Cylinders — This is the second
section devoted to finding the volume of a solid of revolution. Here we will look
at the method of cylinders.
Work — The final application we will look at is determining the amount of work
required to move an object.
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Extras
Proof of Various Limit Properties — In we prove several of the limit properties
and facts that were given in various sections of the Limits chapter.
Proof of Various Derivative Facts/Formulas/Properties — In this section we
give the proof for several of the rules/formulas/properties of derivatives that we
saw in Derivatives Chapter. Included are multiple proofs of the Power Rule,
Product Rule, Quotient Rule and Chain Rule.
Proof of Trig Limits — Here we give proofs for the two limits that are needed to
find the derivative of the sine and cosine functions.
Proofs of Derivative Applications Facts/Formulas — We’ll give proofs of many
of the facts that we saw in the Applications of Derivatives chapter.
Proof of Various Integral Facts/Formulas/Properties — Here we will give the
proofs of some of the facts and formulas from the Integral Chapter as well as a
couple from the Applications of Integrals chapter.
Area and Volume Formulas — Here is the derivation of the formulas for finding
area between two curves and finding the volume of a solid of revolution.
Types of Infinity — This is a discussion on the types of infinity and how these
affect certain limits.
Summation Notation — Here is a quick review of summation notation.
Constant of Integration — This is a discussion on a couple of subtleties
involving constants of integration that many students don’t think about.
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Review

Introduction

Technically a student coming into a Calculus class is supposed to know both Algebra and
Trigonometry. The reality is often much different however. Most students enter a Calculus class
woefully unprepared for both the algebra and the trig that is in a Calculus class. This is very
unfortunate since good algebra skills are absolutely vital to successfully completing any Calculus
course and if your Calculus course includes trig (as this one does) good trig skills are also
important in many sections.

The intent of this chapter is to do a very cursory review of some algebra and trig skills that are
absolutely vital to a calculus course. This chapter is not inclusive in the algebra and trig skills
that are needed to be successful in a Calculus course. It only includes those topics that most
students are particularly deficient in. For instance factoring is also vital to completing a standard
calculus class but is not included here. For a more in depth review you should visit my
Algebra/Trig review or my full set of Algebra notes at http://tutorial.math.lamar.edu.

Note that even though these topics are very important to a Calculus class I rarely cover all of
these in the actual class itself. We simply don’t have the time to do that. | do cover certain
portions of this chapter in class, but for the most part | leave it to the students to read this chapter
on their own.

Here is a list of topics that are in this chapter. 1’ve also denoted the sections that | typically cover
during the first couple of days of a Calculus class.

Review : Functions — Here is a quick review of functions, function notation and a couple of
fairly important ideas about functions.

Review : Inverse Functions — A quick review of inverse functions and the notation for inverse
functions.

Review : Trig Functions — A review of trig functions, evaluation of trig functions and the unit
circle. This section usually gets a quick review in my class.

Review : Solving Trig Equations — A reminder on how to solve trig equations. This section is
always covered in my class.
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Review : Solving Trig Equations with Calculators, Part | — The previous section worked
problem whose answers were always the “standard” angles. In this section we work some
problems whose answers are not “standard” and so a calculator is needed. This section is always
covered in my class as most trig equations in the remainder will need a calculator.

Review : Solving Trig Equations with Calculators, Part 11 — Even more trig equations
requiring a calculator to solve.

Review : Exponential Functions — A review of exponential functions. This section usually gets
a quick review in my class.

Review : L ogarithm Functions — A review of logarithm functions and logarithm properties.
This section usually gets a quick review in my class.

Review : Exponential and Logarithm Equations — How to solve exponential and logarithm
equations. This section is always covered in my class.

Review : Common Graphs — This section isn’t much. It’s mostly a collection of graphs of many
of the common functions that are liable to be seen in a Calculus class.
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Review : Functions

In this section we’re going to make sure that you’re familiar with functions and function notation.
Both will appear in almost every section in a Calculus class and so you will need to be able to
deal with them.

First, what exactly is a function? An equation will be a function if for any x in the domain of the
equation (the domain is all the x’s that can be plugged into the equation) the equation will yield

exactly one value of y.

This is usually easier to understand with an example.

Example 1 Determine if each of the following are functions.

(@) y=x"+1
(b) y* =x+1
Solution

(a) This first one is a function. Given an x there is only one way to square it and then add 1 to the
result and so no matter what value of x you put into the equation there is only one possible value
ofy.

(b) The only difference between this equation and the first is that we moved the exponent off the
x and onto the y. This small change is all that is required, in this case, to change the equation
from a function to something that isn’t a function.

To see that this isn’t a function is fairly simple. Choose a value of x, say x=3 and plug this into
the equation.

y’=3+1=4
Now, there are two possible values of y that we could use here. We coulduse y=2 or y=-2.
Since there are two possible values of y that we get from a single x this equation isn’t a function.

Note that this only needs to be the case for a single value of x to make an equation not be a
function. For instance we could have used x=-1 and in this case we would get a single y (y=0).
However, because of what happens at x=3 this equation will not be a function.

Next we need to take a quick look at function notation. Function notation is nothing more than a
fancy way of writing the y in a function that will allow us to simplify notation and some of our
work a little.

Let’s take a look at the following function.
y=2x"-5x+3

Using function notation we can write this as any of the following.

© 2007 Paul Dawkins 4 http://tutorial.math.lamar.edu/terms.aspx




Calculus |

f (x)=2x*-5x+3 g(x)=2x"-5x+3
h(x)=2x*-5x+3 R(x)=2x*-5x+3
w(x)=2x>-5x+3 y(x)=2x*-5x+3

Recall that this is NOT a letter times X, this is just a fancy way of writing y.

So, why is this useful? Well let’s take the function above and let’s get the value of the function at
x=-3. Using function notation we represent the value of the function at x=-3 as f(-3). Function
notation gives us a nice compact way of representing function values.

Now, how do we actually evaluate the function? That’s really simple. Everywhere we see an x

on the right side we will substitute whatever is in the parenthesis on the left side. For our
function this gives,

Let’s take a look at some more function evaluation.

Example 2 Given f (x)=—x*+6x—11 find each of the following.
(@) f(2) [Solution]
(b) f(-10) [Solution]
(c) f(t) Solution]
(d) f(t—3) [Solution]
() f(x—3) I[solution]

(
() f(4x-1) [Solution]
Solution

@ f(2)=—-(2)" +6(2)-11=-3

[Return to Problems]

(b) f(~10)=—(~10)"+6(~10)-11=-100-60-11=-171

Be careful when squaring negative numbers!
[Return to Problems]

() f(t)=-t*+6t-11

Remember that we substitute for the x’s WHATEVER is in the parenthesis on the left. Often this
will be something other than a number. So, in this case we put t’s in for all the x’s on the left.
[Return to Problems]

© 2007 Paul Dawkins 5 http://tutorial.math.lamar.edu/terms.aspx




Calculus |

(d) f(t-3)=—(t-3) +6(t-3)-11=—t*+12t-38

Often instead of evaluating functions at numbers or single letters we will have some fairly
complex evaluations so make sure that you can do these kinds of evaluations.
[Return to Problems]

© f(x-3)=—(x-3)"+6(x—3)-11=—x*+12x—38
The only difference between this one and the previous one is that | changed the t to an x. Other
than that there is absolutely no difference between the two! Don’t get excited if an x appears

inside the parenthesis on the left.
[Return to Problems]

(f) f(4x-1)=—(4x—1)" +6(4x-1)-11=-16x* +32x-18

This one is not much different from the previous part. All we did was change the equation that
we were plugging into function.
[Return to Problems]

All throughout a calculus course we will be finding roots of functions. A root of a function is
nothing more than a number for which the function is zero. In other words, finding the roots of a
function, g(x), is equivalent to solving

g(x)=0

Example 3 Determine all the roots of f (t)=9t°—18t + 6t

Solution
So we will need to solve,

ot®—18t> +6t =0

First, we should factor the equation as much as possible. Doing this gives,
3t(3t° —6t+2)=0

Next recall that if a product of two things are zero then one (or both) of them had to be zero. This
means that,
3t=0 OR,

A2 —6t+2=0

From the first it’s clear that one of the roots must then be t=0. To get the remaining roots we will
need to use the quadratic formula on the second equation. Doing this gives,
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1
=1+—+3
3\/_

141

&

In order to remind you how to simplify radicals we gave several forms of the answer.

To complete the problem, here is a complete list of all the roots of this function.

t:0,t:3+3\/§, t:3_3\/§

Note we didn’t use the final form for the roots from the quadratic. This is usually where we’ll
stop with the simplification for these kinds of roots. Also note that, for the sake of the practice,
we broke up the compact form for the two roots of the quadratic. You will need to be able to do
this so make sure that you can.

This example had a couple of points other than finding roots of functions.

The first was to remind you of the quadratic formula. This won’t be the first time that you’ll need
it in this class.

The second was to get you used to seeing “messy” answers. In fact, the answers in the above list
are not that messy. However, most students come out of an Algebra class very used to seeing
only integers and the occasional “nice” fraction as answers.

So, here is fair warning. In this class I often will intentionally make the answers look “messy”
just to get you out of the habit of always expecting “nice” answers. In “real life” (whatever that
is) the answer is rarely a simple integer such as two. In most problems the answer will be a
decimal that came about from a messy fraction and/or an answer that involved radicals.
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The next topic that we need to discuss here is that of function composition. The composition of

f(x) and g(x) is
(fog)(x)="f(g(x)
In other words, compositions are evaluated by plugging the second function listed into the first

function listed. Note as well that order is important here. Interchanging the order will usually
result in a different answer.

Example 4 Given f (x)=3x*—-x+10 and g(x)=1-20x find each of the following.

(@) (fog)(5) [Solution]

(b) (fog)(x) [Solution]

(c) (g ° f)(X) [Solution]

(d) (go9g)(x) [Solution]
Solution

@ (fo9)(5)

In this case we’ve got a number instead of an x but it works in exactly the same way.

(fog)(5)="1(9(5)
=f (—99) =29512
[Return to Problems]

(b) (fog)(x)

(feog)(x)=1(g(x))

(1-20x)

3(1—20x) —(1-20x)+10
=3(1-40x+400x” ) —1+20x +10

=1200x* —100x +12
Compare this answer to the next part and notice that answers are NOT the same. The order in
which the functions are listed is important!

f
f

[Return to Problems]

© (g f)(x)
(9o f)(x)=9(f(x))
=g(3x* - x+10)
=1-20(3x" - x+10)

= —60x* +20x—199
And just to make the point. This answer is different from the previous part. Order is important in

composition.
[Return to Problems]
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@) (9°9)(x)

In this case do not get excited about the fact that it’s the same function. Composition still works

the same way.

(9°9)(x)=9(9(x))
=g(1-20x)
=1- 20(1— 20x)
=400x-19

[Return to Problems]

Let’s work one more example that will lead us into the next section.

Example 5 Given f(x)=3x—2 and g(x) :%x+§ find each of the following.

@ (fog)(x)
(b) (g f)(x)

Solution

(@)

(b)

In this case the two compositions where the same and in fact the answer was very simple.

(feg)(x)=(g°f)(x)=x
This will usually not happen. However, when the two compositions are the same, or more
specifically when the two compositions are both x there is a very nice relationship between the

two functions. We will take a look at that relationship in the next section.
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Review : Inverse Functions

In the last example from the previous section we looked at the two functions f (X) =3x—-2 and
X 2
X)=—+— and saw that
g( ) 3 3

(Feg)(x)=(gef)(x)=x
and as noted in that section this means that there is a nice relationship between these two
functions. Let’s see just what that relationship is. Consider the following evaluations.

-5 2 3
f(~1)=3(-1)-2=-5 ) S |
(-1)=3(-1) SR TEO S B
g(2)=2+2=12 = f(ﬂjzs(fj_2:4_z:z

3 3 3 3 3

In the first case we plugged x =—-1 into f (x) and got a value of -5. We then turned around and

plugged X =-5 into ¢ (x) and got a value of -1, the number that we started off with.

In the second case we did something similar. Here we plugged X =2 into g (x) and got a value

4 - . .
of§ , We turned around and plugged this into f (X) and got a value of 2, which is again the

number that we started with.

Note that we really are doing some function composition here. The first case is really,

(9o )1 =gl f(-1)]=09[-5]=-1

and the second case is really,

(1-9)2)= 1[0 (2] 1| 5|-2

Note as well that these both agree with the formula for the compositions that we found in the
previous section. We get back out of the function evaluation the number that we originally
plugged into the composition.

So, just what is going on here? In some way we can think of these two functions as undoing what
the other did to a number. In the first case we plugged x =-1 into f (x) and then plugged the

result from this function evaluation back into g (x) and in some way g(x) undid what f (x)

had done to X =—1 and gave us back the original x that we started with.
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Function pairs that exhibit this behavior are called inverse functions. Before formally defining
inverse functions and the notation that we’re going to use for them we need to get a definition out
of the way.

A function is called one-to-one if no two values of x produce the same y. Mathematically this is
the same as saying,

f(x)=f(x,) whenever X, # X,

So, a function is one-to-one if whenever we plug different values into the function we get
different function values.

Sometimes it is easier to understand this definition if we see a function that isn’t one-to-one.

2 is not one-to-one

Let’s take a look at a function that isn’t one-to-one. The function f (x) =X
because both f (—2)=4 and f(2)=4. Inother words there are two different values of x that

produce the same value of y. Note that we can turn f (X) = x? into a one-to-one function if we

restrict ourselves to 0 < X <oo. This can sometimes be done with functions.

Showing that a function is one-to-one is often tedious and/or difficult. For the most part we are
going to assume that the functions that we’re going to be dealing with in this course are either
one-to-one or we have restricted the domain of the function to get it to be a one-to-one function.

Now, let’s formally define just what inverse functions are. Given two one-to-one functions
f(x) and g(x) if

(fog)(x)=x AND (gof)(x)=x
then we say that f (x) and g(x) are inverses of each other. More specifically we will say that
g(x) is the inverse of f (x) and denote it by

6(0=17(x

Likewise we could also say that f (x) is the inverse of g(x) and denote it by
F(x)=97(x)
The notation that we use really depends upon the problem. In most cases either is acceptable.

For the two functions that we started off this section with we could write either of the following
two sets of notation.

f(x)=3x-2 fi(x) =242

9(x)=3+5 g7 (x)=3x—2
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Now, be careful with the notation for inverses. The “-1” is NOT an exponent despite the fact that
is sure does look like one! When dealing with inverse functions we’ve got to remember that

f(x)= f(lx)

This is one of the more common mistakes that students make when first studying inverse
functions.

The process for finding the inverse of a function is a fairly simple one although there are a couple
of steps that can on occasion be somewhat messy. Here is the process

Finding the Inverse of a Function

Given the function f (x) we want to find the inverse function, f~*(x).

First, replace f (x) with y. This is done to make the rest of the process easier.

2. Replace every x with a y and replace every y with an x.
3. Solve the equation from Step 2 for y. This is the step where mistakes are most often
made so be careful with this step.

4. Replaceywith f* (x) . In other words, we’ve managed to find the inverse at this point!
5. Verify your work by checking that ( fof ’1)(x) =X and ( flof )(x) =X are both

true. This work can sometimes be messy making it easy to make mistakes so again be
careful.

That’s the process. Most of the steps are not all that bad but as mentioned in the process there are
a couple of steps that we really need to be careful with since it is easy to make mistakes in those
steps.

In the verification step we technically really do need to check that both ( fof ’l)(x) =X and

( flof )(x) = X are true. For all the functions that we are going to be looking at in this course

if one is true then the other will also be true. However, there are functions (they are beyond the
scope of this course however) for which it is possible for only one of these to be true. This is
brought up because in all the problems here we will be just checking one of them. We just need
to always remember that technically we should check both.

Let’s work some examples.

Example 1 Given f (x)=3x-2 find f*(x).

Solution

Now, we already know what the inverse to this function is as we’ve already done some work with
it. However, it would be nice to actually start with this since we know what we should get. This
will work as a nice verification of the process.
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So, let’s get started. Well first replace f (x) withy.

y=3Xx-2
Next, replace all x’s with y and all y’s with x.
X=3y-2
Now, solve fory.
X+2=3y
1
—(x+2)=
Z(x+2)=y
3 3

Finally replace y with ().

rw@:§+§

Now, we need to verify the results. We already took care of this in the previous section, however,
we really should follow the process so we’ll do that here. It doesn’t matter which of the two that

we check we just need to check one of them. This time we’ll check that ( fof ‘1)(x) =X s

true.

Example 2 Given g(x)=~/x—3 find g™ (x).

Solution
The fact that we’re using g (x) instead of f (x) doesn’t change how the process works. Here

are the first few steps.
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Now, to solve for y we will need to first square both sides and then proceed as normal.

X=4,y—3

x*=y-3
X*+3=y
This inverse is then,
g7 (x)=x"+3

Finally let’s verify and this time we’ll use the other one just so we can say that we’ve gotten both
down somewhere in an example.

(97g)(x)=9"[g(x)]
()
=(Vx-3) +3

=X—-3+3
=X

So, we did the work correctly and we do indeed have the inverse.

The next example can be a little messy so be careful with the work here.

Example 3 Given h(x)= X+4 find h™ (x).
2X-5
Solution
The first couple of steps are pretty much the same as the previous examples so here they are,
_ x+4
2X-5
= y+4
2y-5

Now, be careful with the solution step. With this kind of problem it is very easy to make a
mistake here.
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X(2y-5)=y+4
2Xy —5x=y+4
2Xy —y =4+5x

(2x-1)y =4+5x

4+ 5%
Y1

So, if we’ve done all of our work correctly the inverse should be,
4()_4+5x
2x-1

Finally we’ll need to do the verification. This is also a fairly messy process and it doesn’t really
matter which one we work with.
(heh™)(x)=h[h™(x)]

:h[4+5x}
2x-1

4 +5x
2x-1

2(4+5x)_5

2x-1

Okay, this is a mess. Let’s simplify things up a little bit by multiplying the numerator and
denominator by 2x —1.

+4

4 +5x

(hoh)(x) = 2=L 2L~

2x—12(4+5xj_5
2x-1

(2x—1)(4+5x+4j
2x-1

) (2x—1)(2(215_5’1‘j—5)

4+5x+4(2x-1)
~ 2(4+5x)-5(2x~1)
_ 4+5x+8x-4
8+10x—-10x+5
13x
=—=X
13
Wow. That was a lot of work, but it all worked out in the end. We did all of our work correctly
and we do in fact have the inverse.
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There is one final topic that we need to address quickly before we leave this section. There is an
interesting relationship between the graph of a function and the graph of its inverse.

Here is the graph of the function and inverse from the first two examples.

Example 1 Example 2
¥
A
[ ¥
g_
j- - /
f flif
L /
4r
L e "‘
L .
2F
T 1] : \ { \ Loy

In both cases we can see that the graph of the inverse is a reflection of the actual function about
the line y = X. This will always be the case with the graphs of a function and its inverse.
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Review : Trig Functions

The intent of this section is to remind you of some of the more important (from a Calculus
standpoint...) topics from a trig class. One of the most important (but not the first) of these topics
will be how to use the unit circle. We will actually leave the most important topic to the next
section.

First let’s start with the six trig functions and how they relate to each other.

cos(x) sin(x)

an(x :sm(x) cot(x :cos(x): 1

tan(x) cos(x) t) sin(x) tan(x)
1 csc(x) = L

Sec(X)_cos(x) (%) sin(x)

Recall as well that all the trig functions can be defined in terms of a right triangle.

Hypotenuse

Cpposite

Adjacent

From this right triangle we get the following definitions of the six trig functions.

oS0 — adjacent no - opposite
hypotenuse hypotenuse
tan o op!oosne cotd = adjace.nt
adjacent opposite
el = hyp(_)tenuse sch hypoten_use
adjacent opposite

Remembering both the relationship between all six of the trig functions and their right triangle

definitions will be useful in this course on occasion.

Next, we need to touch on radians. In most trig classes instructors tend to concentrate on doing
everything in terms of degrees (probably because it’s easier to visualize degrees). The same is
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true in many science classes. However, in a calculus course almost everything is done in radians.
The following table gives some of the basic angles in both degrees and radians.

Degree 30| 45|60 |90 | 180 | 270 | 360
Radians KA B O T 3—” 27
64| 3|2 2

Know this table! We may not see these specific angles all that much when we get into the
Calculus portion of these notes, but knowing these can help us to visualize each angle. Now, one
more time just make sure this is clear.

Be forewarned, everything in most calculus classes will be done in radians!

Let’s next take a look at one of the most overlooked ideas from a trig class. The unit circle is one
of the more useful tools to come out of a trig class. Unfortunately, most people don’t learn it as
well as they should in their trig class.

Below is the unit circle with just the first quadrant filled in. The way the unit circle works is to
draw a line from the center of the circle outwards corresponding to a given angle. Then look at
the coordinates of the point where the line and the circle intersect. The first coordinate is the
cosine of that angle and the second coordinate is the sine of that angle. We’ve put some of the
basic angles along with the coordinates of their intersections on the unit circle. So, from the unit

circle below we can see that cos z :ﬁ and sin z =1.
6 2 6 2

w2
I 3
n/3
(IR
(—I’Ejl nid4
232
(35) s
IR
(22
10
5 LD ( )= 0,2n
@ -1
Aniz
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Remember how the signs of angles work. If you rotate in a counter clockwise direction the angle
is positive and if you rotate in a clockwise direction the angle is negative.

Recall as well that one complete revolution is 27, so the positive x-axis can correspond to either
anangle of 0 or 27 (or 4z ,or 67, 0r =27, or —4r , etc. depending on the direction of
rotation). Likewise, the angle % (to pick an angle completely at random) can also be any of the
following angles:

V4 137 Ve .
—+2r = ? (start at E then rotate once around counter clockwise)

T 251 V4 ) .
E +4r = T (start at E then rotate around twice counter clockwise)

T 11z T .

— — 27 =——— (start at — then rotate once around clockwise)
6 6 6

T 237 b4 . .
— —47 =——— (start at — then rotate around twice clockwise)
6 6 6

etc.

In fact £ can be any of the following angles £ +27zn, n=0,£1,£2,£3,... Inthis case n is

the number of complete revolutions you make around the unit circle starting atZ-. Positive

values of n correspond to counter clockwise rotations and negative values of n correspond to
clockwise rotations.

So, why did | only put in the first quadrant? The answer is simple. If you know the first quadrant
then you can get all the other quadrants from the first with a small application of geometry.
You’ll see how this is done in the following set of examples.

Example 1 Evaluate each of the following.
. (27 . 2 )
(@) sinj — | and sin| —— | [Solution]
3 3
i 14 .
(b) COS(?) and COS[—?J [Solution]
(c) tan (—%} and tan (77”} [Solution]

257 _
(d) sec (Tj [Solution]
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Solution

i . 2r .
(a) The first evaluation in this part uses the angle ? That’s not on our unit circle above,
. 2r Vd 2r . . V4 . i
however notice that ? =7——. SO ? is found by rotating up 5 from the negative x-axis.

2
This means that the line for ?ﬂ will be a mirror image of the line for % only in the second

. 2r . . V4 . .
quadrant. The coordinates for ? will be the coordinates for E except the x coordinate will be

negative.

L 2r . 2r V2 . .
Likewise for ——— we can notice that ——— = —x +—, so this angle can be found by rotating
3 3 3
V2 . . . . 2r . L
down — from the negative x-axis. This means that the line for —? will be a mirror image of
. T . . ) . .
the line for 3 only in the third quadrant and the coordinates will be the same as the coordinates

for % except both will be negative.

Both of these angles along with their coordinates are shown on the following unit circle.
nf2

2/3 + "l
7 0.n ni4
4% 6%
(22) s
33)
xCLO a0 = 0,21
(-
@ -1
—2n/3

Anf2

>

3 ( Zﬂj_ V3

. L . (27 ]
From this unit circle we can see that Sin (?) = Tand sin
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This leads to a nice fact about the sine function. The sine function is called an odd function and
so for ANY angle we have

sin(-@)=—sin(0)

[Return to Problems]

. . i V4 . V4
(b) For this example notice that — =7 +€ so this means we would rotate down E from the

. . . i Vs . Vs
negative x-axis to get to this angle. Also —? =-7 _E so this means we would rotate up E
from the negative x-axis to get to this angle. So, as with the last part, both of these angles will be
mirror images of E in the third and second quadrants respectively and we can use this to

determine the coordinates for both of these new angles.

Both of these angles are shown on the following unit circle along with appropriate coordinates for
the intersection points.

iz

L 7 3 7 3 .
From this unit circle we can see that cos (?ﬂ) = —% and cos(—%) = —%. In this case
the cosine function is called an even function and so for ANY angle we have
cos(—@)=cos(0).

[Return to Problems]
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7 7
(c) Here we should note that Tﬂ = 27[—% SO Tﬂ and —% are in fact the same angle! Also

note that this angle will be the mirror image of 7 in the fourth quadrant. The unit circle for this

angle is

I 3
mi3
0.1
&g "
(35) s
(73)
) S > 0,27
-9
-nfd, Taid
0.-1

in/2

we can use the unit circle to find the values the
cos(x)

Now, if we remember that tan(x) =

tangent function. So,

tan (%”j = tan (—%j = z;z((:z//i)) = _\/*/;/2 2.1

On a side note, notice that tan (—J =1 and we can see that the tangent function is also called an

odd function and so for ANY angle we will have
tan(—60) =—tan(6).

[Return to Problems]

. 251 Vs V4
(d) Here we need to notice that T =4r +€. In other words, we’ve started at E and rotated

around twice to end back up at the same point on the unit circle. This means that

S M i e O,
sec| — |=sec| 4r+— |=sec| —
6 6 6
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Now, let’s also not get excited about the secant here. Just recall that

sec(x)= cos(x)

and so all we need to do here is evaluate a cosine! Therefore,

e

[Return to Problems]

So, in the last example we saw how the unit circle can be used to determine the value of the trig
functions at any of the “common” angles. It’s important to notice that all of these examples used
the fact that if you know the first quadrant of the unit circle and can relate all the other angles to
“mirror images” of one of the first quadrant angles you don’t really need to know whole unit
circle. If you’d like to see a complete unit circle I’ve got one on my Trig Cheat Sheet that is
available at http://tutorial.math.lamar.edu.

Another important idea from the last example is that when it comes to evaluating trig functions all
that you really need to know is how to evaluate sine and cosine. The other four trig functions are
defined in terms of these two so if you know how to evaluate sine and cosine you can also
evaluate the remaining four trig functions.

We’ve not covered many of the topics from a trig class in this section, but we did cover some of
the more important ones from a calculus standpoint. There are many important trig formulas that
you will use occasionally in a calculus class. Most notably are the half-angle and double-angle
formulas. If you need reminded of what these are, you might want to download my Trig Cheat
Sheet as most of the important facts and formulas from a trig class are listed there.
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Review : Solving Trig Equations

In this section we will take a look at solving trig equations. This is something that you will be
asked to do on a fairly regular basis in my class.

Let’s just jump into the examples and see how to solve trig equations.

Example 1 Solve 2cos(t)=\/§.

Solution
There’s really not a whole lot to do in solving this kind of trig equation. All we need to do is
divide both sides by 2 and the go to the unit circle.
2cos(t) = NE)
NE

cos(t)=7

So, we are looking for all the values of t for which cosine will have the value of . S0, let’s

NI

take a look at the following unit circle.

nfz
F'
nf3
@1
(_I,E) nfd
22
G2)
53
x (L0 ao, 0,2x
5
i, -1
imi2

L . T . .
From quick inspection we can see that t = 5 is a solution. However, as | have shown on the unit
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circle there is another angle which will also be a solution. We need to determine what this angle
is. When we look for these angles we typically want positive angles that lie between 0 and 27 .
This angle will not be the only possibility of course, but by convention we typically look for
angles that meet these conditions.

To find this angle for this problem all we need to do is use a little geometry. The angle in the first

T . . .
guadrant makes an angle of E with the positive x-axis, then so must the angle in the fourth

Vs . .
guadrant. So we could use —E , but again, it’s more common to use positive angles so, we’ll use

oz Uz
6 6

t=2r

We aren’t done with this problem. As the discussion about finding the second angle has shown
there are many ways to write any given angle on the unit circle. Sometimes it will be _E that

we want for the solution and sometimes we will want both (or neither) of the listed angles.
Therefore, since there isn’t anything in this problem (contrast this with the next problem) to tell
us which is the correct solution we will need to list ALL possible solutions.

This is very easy to do. Recall from the previous section and you’ll see there that | used
%+27rn, N=0,+1+2+3,...

to represent all the possible angles that can end at the same location on the unit circle, i.e. angles

that end at % Remember that all this says is that we start at % then rotate around in the

counter-clockwise direction (n is positive) or clockwise direction (n is negative) for n complete
rotations. The same thing can be done for the second solution.

So, all together the complete solution to this problem is

Zo2rn, n=0+1+2+3. ...
%Jrzﬁn, n=0,+1+2,+3,...

. . V2 . . .
As a final thought, notice that we can get _E by using n =—1 in the second solution.

Now, in a calculus class this is not a typical trig equation that we’ll be asked to solve. A more
typical example is the next one.

© 2007 Paul Dawkins 25 http://tutorial. math.lamar.edu/terms.aspx




Calculus |

Example 2 Solve 2cos(t):\@ on [-2r,27].

Solution

In a calculus class we are often more interested in only the solutions to a trig equation that fall in
a certain interval. The first step in this kind of problem is to first find all possible solutions. We
did this in the first example.

X oxn, n=0+1+2+3,...

%wzn, N=0,£1+2,+3,...

Now, to find the solutions in the interval all we need to do is start picking values of n, plugging
them in and getting the solutions that will fall into the interval that we’ve been given.

n=0.
Zion(0)=2<2z
6 6

U7 on(0)= <22
6 6

Now, notice that if we take any positive value of n we will be adding on positive multiples of 2z
onto a positive quantity and this will take us past the upper bound of our interval and so we don’t
need to take any positive value of n.

However, just because we aren’t going to take any positive value of n doesn’t mean that we
shouldn’t also look at negative values of n.

n=-1.
zs 27r(—1)= —% > 27

ﬁ-f- 27[(—1) =25 oz
6 6

These are both greater than —27 and so are solutions, but if we subtract another 27 off (i.e use
n =—2) we will once again be outside of the interval so we’ve found all the possible solutions
that lie inside the interval [-27,27].

. T
So, the solutions are : E _— .

So, let’s see if you’ve got all this down.
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Example 3 Solve 23in(5x)=—\/§ on [-7,2x]

Solution

This problem is very similar to the other problems in this section with a very important
difference. We’ll start this problem in exactly the same way. We first need to find all possible
solutions.

2sin(5x) = —/3
sin(5x) =§

. . 3 . . .
So, we are looking for angles that will give —7 out of the sine function. Let’s again go to our

trusty unit circle.

mi2
f
nf3
0.1
59
P
(33
b L0 S = O 2m
4 &
0, -1
in/2

. . o 3
Now, there are no angles in the first quadrant for which sine has a value of S However,
there are two angles in the lower half of the unit circle for which sine will have a value of S

So, what are these angles? We’ll notice sin (%) = ? , 50 the angle in the third quadrant will be
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4
z below the negative x-axis or 7 +% = ?7[ Likewise, the angle in the fourth quadrant will %

below the positive x-axis or 27 —% = ?ﬁ . Remember that we’re typically looking for positive

angles between 0 and 27 .

Now we come to the very important difference between this problem and the previous problems
in this section. The solution is NOT

x=4?7z+27zn, n=0,+1+2,...

X=%+27Z’ﬂ, n=0,+1+2,...

This is not the set of solutions because we are NOT looking for values of x for which

3

sin(x) = —?, but instead we are looking for values of x for which sin (5x) = - Note the

difference in the arguments of the sine function! One is x and the other is 5X . This makes all the
difference in the world in finding the solution! Therefore, the set of solutions is

5x:%+27zn, n=0,1+1+2,...

5x:%+27m, n=0,+1+2,...

Well, actually, that’s not quite the solution. We are looking for values of x so divide everything
by 5 to get.

x:4—”+2Ln, n=0,+1+2,...
15 5

x:£+@, n=0,+1+2,...
3 5

Notice that we also divided the 2zn by 5 as well! This is important! If we don’t do that you
WILL miss solutions. For instance, take n=1.

Ar 2w 10m 2w g (2] (107) N3

15 5 15 3 3 3 2

x:£+2—”—& = sin[S(%D:sin(ﬁJ:—ﬁ

3 5 15 3 2
I’ll leave it to you to verify my work showing they are solutions. However it makes the point. If
you didn’t divided the 27zn by 5 you would have missed these solutions!

Okay, now that we’ve gotten all possible solutions it’s time to find the solutions on the given
interval. We’ll do this as we did in the previous problem. Pick values of n and get the solutions.
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n=0.
X=4—7[ 27z(0):4_7z<27[
15 5 15
2,270 7,
3 5 3
n=1
:4_72' 272'(1):27[ or
15 5 3
:E 272-—(1)—117[<27Z'
3 5 15
n=2.
_dr,27(2) tor_,,
15 5 1
Xzz 27[(2):17—7Z<27r
3 5 15
n=a3a.
L C N
15 5 1
- 27[(3)=23_7z<2
3 5 15
n=4.
4z 2n(4) 287,
15 5 15
_z 272'(4):29_7z<2ﬂ_
3 5 1
n=>5.
x=4—”+2ﬂ(5):3£1—7[>27r
15 5 15
x:£+2”( ):35—”>27z
3 5 15

Okay, so we finally got past the right endpoint of our interval so we don’t need any more positive
n. Now let’s take a look at the negative n and see what we’ve got.

n=-1.
4 27T(—1) 2
=— =——>-7
15 5 15
:z 2ﬂ(_1):—£>—7z'
3 5 15
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n=-2.
4r 27(-2) 8z
= =——>-7
15 5 15
r 27(-2) Tz
X=—+ =————>—7
3 5 15
n=-3.
4z 27(-3)  l4x
X=—+ =— >—7
15 5 15
r 27(-3) 13z
X== =— > -7
3 5 15
n=-4.
4r 27(-4) 4rx
=— =<7
15 5 3
r 27(-4) 197
X="—+ - <7
3 5 15

And we’re now past the left endpoint of the interval. Sometimes, there will be many solutions as
there were in this example. Putting all of this together gives the following set of solutions that lie
in the given interval.

Az 7 27 11z 167 177 227 23n 287 297

15'3°3°'15'15 '15 ' 15 ' 15 ' 15 ' 15
7z 27 Tn 87 13x 14r

15" 15° 15° 15 15" 15

Let’s work another example.

Example 4 Solve sin(2x)=—cos(2x) on {—37”3771
Solution
This problem is a little different from the previous ones. First, we need to do some rearranging
and simplification.

sin(2x) = —cos(2x)

sin(2x)

cos(2x)

tan(2x)=-1
So, solving sin(2x) = —cos(2x) is the same as solving tan(2x) =—1. At some level we didn’t
need to do this for this problem as all we’re looking for is angles in which sine and cosine have
the same value, but opposite signs. However, for other problems this won’t be the case and we’ll
want to convert to tangent.
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Looking at our trusty unit circle it appears that the solutions will be,

2x:%+2ﬂn, n=0,+1+2,...

2x:77”+27m, N=0,+L+2,...
Or, upon dividing by the 2 we get all possible solutions.

x:%wzn, n=0,+142,...

X=%+7Tn, n=0,+1+42,...

Now, let’s determine the solutions that lie in the given interval.

n=0.
x="2 1 7(0)=Z 3%
8 8 2
x:7—ﬂ 7[(0):7—ﬂ<3—ﬂ
8 8 2
n=1
x= s a)=2E 37
8 8 2
x=Zpa(1)=22 53
8 8 2

Unlike the previous example only one of these will be in the interval. This will happen
occasionally so don’t always expect both answers from a particular n to work. Also, we should

now check n=2 for the first to see if it will be in or out of the interval. I’ll leave it to you to check
that it’s out of the interval.

Now, let’s check the negative n.

n=-1.
L
8 8 2
x=1" g(-1)=-ZL5 3
8 8 2
n=-2.
X—3_7Z. (_2):—13_7T _3_7T
8 8 2
x=1" 4 p(-2)=-2, 37
8 8 2
Again, only one will work here. I’ll leave it to you to verify that n = -3 will give two answers
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that are both out of the interval.

The complete list of solutions is then,

Let’s work one more example so that | can make a point that needs to be understood when
solving some trig equations.

Example 5 Solve cos(3x)=2.

Solution
This example is designed to remind you of certain properties about sine and cosine. Recall that

—1<cos(#) <1 and —1<sin(#)<1. Therefore, since cosine will never be greater that 1 it
definitely can’t be 2. So THERE ARE NO SOLUTIONS to this equation!

It is important to remember that not all trig equations will have solutions.

In this section we solved some simple trig equations. There are more complicated trig equations
that we can solve so don’t leave this section with the feeling that there is nothing harder out there
in the world to solve. In fact, we’ll see at least one of the more complicated problems in the next
section. Also, every one of these problems came down to solutions involving one of the
“common” or “standard” angles. Most trig equations won’t come down to one of those and will
in fact need a calculator to solve. The next section is devoted to this kind of problem.

© 2007 Paul Dawkins 32 http://tutorial. math.lamar.edu/terms.aspx




Calculus |

Review : Solving Trig Equations with Calculators, Part I

In the previous section we started solving trig equations. The only problem with the equations we
solved in there is that they pretty much all had solutions that came from a handful of “standard”
angles and of course there are many equations out there that simply don’t. So, in this section we
are going to take a look at some more trig equations, the majority of which will require the use of
a calculator to solve (a couple won’t need a calculator).

The fact that we are using calculators in this section does not however mean that the problems in
the previous section aren’t important. It is going to be assumed in this section that the basic ideas
of solving trig equations are known and that we don’t need to go back over them here. In
particular, it is assumed that you can use a unit circle to help you find all answers to the equation
(although the process here is a little different as we’ll see) and it is assumed that you can find
answers in a given interval. If you are unfamiliar with these ideas you should first go to the
previous section and go over those problems.

Before proceeding with the problems we need to go over how our calculators work so that we can
get the correct answers. Calculators are great tools but if you don’t know how they work and
how to interpret their answers you can get in serious trouble.

First, as already pointed out in previous sections, everything we are going to be doing here will be
in radians so make sure that your calculator is set to radians before attempting the problems in
this section. Also, we are going to use 4 decimal places of accuracy in the work here. You can
use more if you want, but in this class we’ll always use at least 4 decimal places of accuracy.

Next, and somewhat more importantly, we need to understand how calculators give answers to
inverse trig functions. We didn’t cover inverse trig functions in this review, but they are just
inverse functions and we have talked a little bit about inverse functions in a review section. The
only real difference is that we are now using trig functions. We’ll only be looking at three of
them and they are:

Inverse Cosine : cos™(x)=arccos(x)
Inverse Sine  : sin™(x) =arcsin(x)

Inverse Tangent : tan™ (x) =arctan(x)

As shown there are two different notations that are commonly used. In these notes we’ll be using
the first form since it is a little more compact. Most calculators these days will have buttons on
them for these three so make sure that yours does as well.

We now need to deal with how calculators give answers to these. Let’s suppose, for example,
that we wanted our calculator to compute cos ™ (%) First, remember that what the calculator is

actually computing is the angle, let’s say x, that we would plug into cosine to get a value of 2, or
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X=cos™ (Ej = cos(x)= 3
4 4

So, in other words, when we are using our calculator to compute an inverse trig function we are
really solving a simple trig equation.

Having our calculator compute cos™ () and hence solve cos(x)=2 gives,

X =cos* [%) =0.7227

From the previous section we know that there should in fact be an infinite number of answers to
this including a second angle that is in the interval [O, 27z]. However, our calculator only gave us

a single answer. How to determine what the other angles are will be covered in the following
examples so we won’t go into detail here about that. We did need to point out however, that the
calculators will only give a single answer and that we’re going to have more work to do than just
plugging a number into a calculator.

Since we know that there are supposed to be an infinite number of solutions to Cos(x) =3 the

next question we should ask then is just how did the calculator decide to return the answer that it
did? Why this one and not one of the others? Will it give the same answer every time?

There are rules that determine just what answer the calculator gives. All calculators will give
answers in the following ranges.

0<cos™(x)<rz —%SSin’l(x)s

NN

—%<tan’1(x)<%

If you think back to the unit circle and recall that we think of cosine as the horizontal axis the we
can see that we’ll cover all possible values of cosine in the upper half of the circle and this is
exactly the range give above for the inverse cosine. Likewise, since we think of sine as the
vertical axis in the unit circle we can see that we’ll cover all possible values of sine in the right
half of the unit circle and that is the range given above.

For the tangent range look back to the graph of the tangent function itself and we’ll see that one
branch of the tangent is covered in the range given above and so that is the range we’ll use for
inverse tangent. Note as well that we don’t include the endpoints in the range for inverse tangent
since tangent does not exist there.

So, if we can remember these rules we will be able to determine the remaining angle in [O, 27z]

that also works for each solution.

© 2007 Paul Dawkins 34 http://tutorial. math.lamar.edu/terms.aspx



Calculus |

As a final quick topic let’s note that it will, on occasion, be useful to remember the decimal
representations of some basic angles. So here they are,

%:1.5708 7 =3.1416 %’”:4.7124 277 = 6.2832

Using these we can quickly see that cos™ (£) must be in the first quadrant since 0.7227 is
between 0 and 1.5708. This will be of great help when we go to determine the remaining angles
So, once again, we can’t stress enough that calculators are great tools that can be of tremendous
help to us, but it you don’t understand how they work you will often get the answers to problems

wrong.

So, with all that out of the way let’s take a look at our first problem.

Example 1 Solve 4cos(t)=3 on[-8,10].

Solution
Okay, the first step here is identical to the problems in the previous section. We first need to
isolate the cosine on one side by itself and then use our calculator to get the first answer.

cos(t) = % - t=cos™ [%) =0.7227

So, this is the one we were using above in the opening discussion of this section. At the time we
mentioned that there were infinite number of answers and that we’d be seeing how to find them
later. Well that time is now.

First, let’s take a quick look at a unit circle for this example.

The angle that we’ve found is shown on the circle as well as the other angle that we know should
also be an answer. Finding this angle here is just as easy as in the previous section. Since the
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line segment in the first quadrant forms an angle of 0.7227 radians with the positive x-axis then so
does the line segment in the fourth quadrant. This means that we can use either -0.7227 as the
second angle or 27 —0.7227 =5.5605 . Which you use depends on which you prefer. We’ll
pretty much always use the positive angle to avoid the possibility that we’ll lose the minus sign.

So, all possible solutions, ignoring the interval for a second, are then,

t=0.7227+27n

n=0,+1+2,...
t =5.5605+ 27zn

Now, all we need to do is plug in values of n to determine the angle that are actually in the
interval. Here’s the work for that.

n=-2: t= —I+8437 and —7.0059
n=-1: t=-55605 and —0.7227
n=0 : t=07227 and  5.5605
n=1 t=7.0059  and IT8437

So, the solutions to this equation, in the given interval, are,

t=-7.0059, —5.5605, —0.7227, 0.7227, 5.5605, 7.0059

Note that we had a choice of angles to use for the second angle in the previous example. The
choice of angles there will also affect the value(s) of n that we’ll need to use to get all the
solutions. In the end, regardless of the angle chosen, we’ll get the same list of solutions, but the
value(s) of n that give the solutions will be different depending on our choice.

Also, in the above example we put in a little more explanation than we’ll show in the remaining
examples in this section to remind you how these work.

Example 2 Solve —10cos(3t)=7on [-2,5].

Solution
Okay, let’s first get the inverse cosine portion of this problem taken care of.
7 7
cos(3t)=—— = 3t :cosl(——j:2.3462
10 10

Don’t forget that we still need the “3”!

Now, let’s look at a quick unit circle for this problem. As we can see the angle 2.3462 radians is
in the second quadrant and the other angle that we need is in the third quadrant. We can find this
second angle in exactly the same way we did in the previous example. We can use either -2.3462
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or we can use 27 —2.3462 =3.9370. As with the previous example we’ll use the positive
choice, but that is purely a matter of preference. You could use the negative if you wanted to.

Y
.14

So, let’s now finish out the problem. First, let’s acknowledge that the values of 3t that we need
are,

3t =2.3462+2zn
n=0,+142,...
3t =3.9370+27zn

Now, we need to properly deal with the 3, so divide that out to get all the solutions to the trig
equation.
t=0.7821+ 2L3”

t=1.3123+2—’3m

Finally, we need to get the values in the given interval.

n=-2: t= —34667 and —28765
n=-1: t=-1.3123 and -0.7821
n=0 t=0.7821 and 1.3123
n=1 t=2.8765 and 3.4067
n=2 t=49709 and 535611

The solutions to this equation, in the given interval are then,

t=-1.3123, —0.7821, 0.7821, 1.3123, 2.8765, 3.4067, 4.9709

We’ve done a couple of basic problems with cosines, now let’s take a look at how solving
equations with sines work.
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Example 3 Solve 6sin (gj =1 on [-20,30]

Solution
Let’s first get the calculator work out of the way since that isn’t where the difference comes into

play.
sin[ X)=1 - X _sint( 1201674
2)76 2 6

Here’s a unit circle for this example.

To find the second angle in this case we can notice that the line in the first quadrant makes an
angle of 0.1674 with the positive x-axis and so the angle in the second quadrant will then make an
angle of 0.1674 with the negative x-axis and so the angle that we’re after is then,

7—0.1674=2.9742 .
Here’s the rest of the solution for this example. We’re going to assume from this point on that

you can do this work without much explanation.

=0.1674+27n x =0.3348 + 47n
X =5.9484 + 47n

n=0,+1+2,...
=2.9742+27zn

N> N x

n=-1: Xx= 247980 and -19.1844

n=0 : x =0.3348 and 5.9484

n=1 : x=25.4676 and 30812

The solutions to this equation are then,

X =-19.1844, 0.3348, 5.9484, 25.4676
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Example 4 Solve 3sin(5z)=-2 on [0,1].

Solution
You should be getting pretty good at these by now, so we won’t be putting much explanation in
for this one. Here we go.

sin(52):—§ = Sz:sinl(—éj:—o.ng?

Okay, with this one we’re going to do a little more work than with the others. For the first angle
we could use the answer our calculator gave us. However, it’s easy to lose minus signs so we’ll
instead use 27 —0.7297 =5.5535. Again, there is no reason to this other than a worry about
losing the minus sign in the calculator answer. If you’d like to use the calculator answer you are
more than welcome to. For the second angle we’ll note that the lines in the third and fourth
guadrant make an angle of 0.7297 with the x-axis and so the second angle is

7+0.7297 =3.8713.

Here’s the rest of the work for this example.

27N
57 — 5.5535+ 271 2=11107+—
57=3.8713+2 = 2 n=0:+1£2,
z=o.0f13+cmn z:0.7743+—’;”

n=-1: x= D460 and —D#A8Z3

n=0 : X =%£4107 and 0.7743

So, in this case we get a single solution of 0.7743.

Note that in the previous example we only got a single solution. This happens on occasion so
don’t get worried about it. Also, note that it was the second angle that gave this solution and so if
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we’d just relied on our calculator without worrying about other angles we would not have gotten
this solution. Again, it can’t be stressed enough that while calculators are a great tool if we don’t
understand how to correctly interpret/use the result we can (and often will) get the solution
wrong.

To this point we’ve only worked examples involving sine and cosine. Let’s no work a couple of
examples that involve other trig functions to see how they work.

Example 5 Solve 9sin(2x)=-5cos(2x) on[-10,0].

Solution
At first glance this problem seems to be at odds with the sentence preceding the example.
However, it really isn’t.

First, when we have more than one trig function in an equation we need a way to get equations
that only involve one trig function. There are many ways of doing this that depend on the type of
equation we’re starting with. In this case we can simply divide both sides by a cosine and we’ll
get a single tangent in the equation. We can now see that this really is an equation that doesn’t
involve a sine or a cosine.

So, let’s get started on this example.

sin(2x) :tan(2x)=—§ = 2x:tan‘1(—§J=—0.5071
cos(2x) 9 9

Now, the unit circle doesn’t involve tangents, however we can use it to illustrate the second angle
in the range [0, 277].

=0.5071

The angles that we’re looking for here are those whose quotient of is the same. The

cosine
second angle were we will get the same value of tangent will be exactly opposite of the given
point. For this angle the values of sine and cosine are the same except they will have opposite
signs. In the quotient however, the difference in signs will cancel out and we’ll get the same
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value of tangent. So, the second angle will always be the first angle plus = .

Before getting the second angle let’s also note that, like the previous example, we’ll use the

27 —0.5071=5.7761 for the first angle. Again, this is only because of a concern about losing
track of the minus sign in our calculator answer. We could just as easily do the work with the
original angle our calculator gave us.

Now, this is where is seems like we’re just randomly making changes and doing things for no
reason. The second angle that we’re going to use is,

7 +(-0.5071) = 7 —0.5071= 2.6345

The fact that we used the calculator answer here seems to contradict the fact that we used a
different angle for the first above. The reason for doing this here is to give a second angle that is

in the range [O, 27z] . Had we used 5.7761 to find the second angle we’d get

m+5.7761=8.9177. This is a perfectly acceptable answer, however it is larger than 27
(6.2832) and the general rule of thumb is to keep the initial angles as small as possible.

Here are all the solutions to the equation.

2X=5.7761+27n X =2.8881+7zn

= n=0,+1+2,...
2X =2.6345+27n x=1.3173+7zn

n=-2: x=-9.6783 and —I&2491

n=-1: x=-3.3951 and —4.9659

n=0 : X=2:8881 and I3%3

The three solutions to this equation are then,

-3.3951, —4.9659, —9.6783

Note as well that we didn’t need to do the n =0 and computation since we could see from the
given interval that we only wanted negative answers and these would clearly give positive
answers.

Most calculators today can only do inverse sine, inverse cosine, and inverse tangent. So, let’s see
an example that uses one of the other trig functions.
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Example 6 Solve 7sec(3t)=-10.

Solution
We’ll start this one in exactly the same way we’ve done all the others.

sec(3t) = —? = 3t =sec‘1(—§j

Now we reach the problem. As noted above, most calculators can’t handle inverse secant so
we’re going to need a different solution method for this one. To finish the solution here we’ll
simply recall the definition of secant in terms of cosine and convert this into an equation
involving cosine instead and we already know how to solve those kinds of trig equations.

10

=sec(3t)=— = = cos(3t)=—%

cos(3t)

Now, we solved this equation in the second example above so we won’t redo our work here. The
solution is,

t=0.78214 27"
23 N=0,+L+2,
t=1.3123+%”

We weren’t given an interval in this problem so here is nothing else to do here.

For the remainder of the examples in this section we’re not going to be finding solutions in an
interval to save some space. If you followed the work from the first few examples in which we
were given intervals you should be able to do any of the remaining examples if given an interval.

Also, we will no longer be including sketches of unit circles in the remaining solutions. We are
going to assume that you can use the above sketches as guides for sketching unit circles to verify
our claims in the following examples.

The next three examples don’t require a calculator but are important enough or cause enough
problems for students to include in this section in case you run across them and haven’t seen them
anywhere else.

Example 7 Solve cos(46)=-1.

Solution
There really isn’t too much to do with this problem. It is, however, different from all the others
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done to this point. All the others done to this point have had two angles in the interval [0, 27r]
that were solutions to the equation. This only has one. Here is the solution to this equation.
zn

40 = 7+ 270 - 9=%+7 n=0+142 ...

Example 8 Solve sin(%) =0.

Solution
Again, not much to this problem. Using a unit circle it isn’t too hard to see that the solutions to

this equation are,

=0+27zn o = 147N

= n=0,+1+2,...
a=1Tr+14rzn
= +27n

~N| R IR

This next example has an important point that needs to be understood when solving some trig
equations.

Example 9 Solve sin(3t)=2.

Solution
This example is designed to remind you of certain properties about sine and cosine. Recall that

-1<sin(@)<land -1< COS(&) <1. Therefore, since sine will never be greater that 1 it
definitely can’t be 2. So THERE ARE NO SOLUTIONS to this equation!

It is important to remember that not all trig equations will have solutions.

Because this document is also being prepared for viewing on the web we’re going to split this
section in two in order to keep the page size (and hence load time in a browser) to a minimum. In
the next section we’re going to take a look at some slightly more “complicated” equations.
Although, as you’ll see, they aren’t as complicated as they may at first seem.
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Review : Solving Trig Equations with Calculators, Part II

Because this document is also being prepared for viewing on the web we split this section into
two parts to keep the size of the pages to a minimum.

Also, as with the last few examples in the previous part of this section we are not going to be
looking for solutions in an interval in order to save space. The important part of these examples
is to find the solutions to the equation. If we’d been given an interval it would be easy enough to
find the solutions that actually fall in the interval.

. . . a S
In all the examples in the previous section all the arguments, the 3t , Fx etc., were fairly simple.

Let’s take a look at an example that has a slightly more complicated argument.

Example 1 Solve 5cos(2x—1)=-3.

Solution

Note that the argument here is not really all that complicated but the addition of the “-1” often
seems to confuse people so we need to a quick example with this kind of argument. The solution
process is identical to all the problems we’ve done to this point so we won’t be putting in much
explanation. Here is the solution.

cos(2x—1):—§ = 2x—1:cosl(—§j=2.2143

This angle is in the second quadrant and so we can use either -2.2143 or 27 —2.2143 = 4.0689
for the second angle. As usual for these notes we’ll use the positive one. Therefore the two
angles are,

2X—-1=2.2143+27n

n=0,+1,+2,...
2Xx—-1=4.0689+27zn

Now, we still need to find the actual values of x that are the solutions. These are found in the
same manner as all the problems above. We’ll first add 1 to both sides and then divide by 2.
Doing this gives,

x=1.6072+ zn

n=0,+1+2,...
X =2.5345+ 7zn

So, in this example we saw an argument that was a little different from those seen previously, but
not all that different when it comes to working the problems so don’t get too excited about it.
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We now need to move into a different type of trig equation. All of the trig equations solved to
this point (the previous example as well as the previous section) were, in some way, more or less
the “standard” trig equation that is usually solved in a trig class. There are other types of
equations involving trig functions however that we need to take a quick look at. The remaining
examples show some of these different kinds of trig equations.

Example 2 Solve 2cos(6y)+11cos(6y)sin(3y)=0.
Solution

So, this definitely doesn’t look like any of the equations we’ve solved to this point and initially
the process is different as well. First, notice that there is a cos(6y) in each term, so let’s factor

that out and see what we have.
cos(6y)(2+11sin(3y))=0
We now have a product of two terms that is zero and so we know that we must have,
cos(6y)=0 OR 2+11sin(3y)=0

Now, at this point we have two trig equations to solve and each is identical to the type of equation
we were solving earlier. Because of this we won’t put in much detail about solving these two
equations.

First, solving cos(6y)=0 gives,

” 7 7N
6y:—+27l'n y=—+—

2 — 12 3 n=0,+1,+2,
6y=3—ﬂ+27zn y=2,70

2 43

Next, solving 2+11sin(3y)= 0 gives,
27n

3y =6.1004 +27zn y:2-0335+T
3y =3.3244+2 = 5 n=0,+142,...
Ahasiathl y=1.1081+%n

Remember that in these notes we tend to take positive angles and so the first solution here is in
fact 27 —0.1828 where our calculator gave us -0.1828 as the answer when using the inverse
sine function.

The solutions to this equation are then,
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y_Z A0
12 3
_x,an
4 3 5 n=0,%£1,%2,...
y =2.0335+ 71
3
y:1.1081+2—’3f”

This next example also involves “factoring” trig equations but in a slightly different manner than
the previous example.

Example 3 Solve 4sin® (%)—35“‘1 (%) =1.

Solution
Before solving this equation let’s solve an apparently unrelated equation.

4x* -3x=1 =  4x*-3x-1=(4x+1)(x-1)=0 = x=—%,1

This is an easy (or at least | hope it’s easy as this point) equation to solve. The obvious question

then is, why did we do this? We’ll, if you compare the two equations you’ll see that the only real
difference is that the one we just solved has an x everywhere the equation we want to solve has a
sine. What this tells us is that we can work the two equations in exactly the same way.

We, will first “factor” the equation as follows,
asin?( L) -3sin[ L )12 asin[ L]41| sin[ L]-1]=0
3 3 3 3
Now, set each of the two factors equal to zero and solve for the sine,
sin(Lj:—l sin(i):l
3 4 3

We now have two trig equations that we can easily (hopefully...) solve at this point. We’ll leave
the details to you to verify that the solutions to each of these and hence the solutions to the
original equation are,

t=18.0915+67n
t=10.1829+67n n=0,+1,+£2,...

t:3—7z+67rn

The first two solutions are from the first equation and the third solution is from the second
equation.
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Let’s work one more trig equation that involves solving a quadratic equation. However, this time,
unlike the previous example this one won’t factor and so we’ll need to use the quadratic formula.

Example 4 Solve 8cos” (1-x)+13cos(1-x)-5=0.

Solution

Now, as mentioned prior to starting the example this quadratic does not factor. However, that
doesn’t mean all is lost. We can solve the following equation with the quadratic formula (you do
remember this and how to use it right?),

8t° +13t-5=0 = t=

_K)’i—G V329 _ 03211 —1.9461

1

So, if we can use the quadratic formula on this then we can also use it on the equation we’re
asked to solve. Doing this gives us,

cos(1-x)=0.3211 OR cos(1—x)=-1.9461

Now, recall Example 9 from the previous section. In that example we noted that
-1< COS(@) <1 and so the second equation will have no solutions. Therefore, the solutions to

the first equation will yield the only solutions to our original equation. Solving this gives the
following set of solutions,

X=-0.2439-27n

n=0,£1+2,...
X =-4.0393-27zn
Note that we did get some negative numbers here and that does seem to violate the general form
that we’ve been using in most of these examples. However, in this case the “-”” are coming about
when we solved for x after computing the inverse cosine in our calculator.

There is one more example in this section that we need to work that illustrates another way in
which factoring can arise in solving trig equations. This equation is also the only one where the
variable appears both inside and outside of the trig equation. Not all equations in this form can be
easily solved, however some can so we want to do a quick example of one.
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Example 5 Solve 5xtan(8x) = 3x.

Solution

First, before we even start solving we need to make one thing clear. DO NOT CANCEL AN x
FROM BOTH SIDES!!! While this may seem like a natural thing to do it WILL cause us to
lose a solution here.

So, to solve this equation we’ll first get all the terms on one side of the equation and then factor
an x out of the equation. If we can cancel an x from all terms then it can be factored out. Doing
this gives,

5xtan (8x)—3x = x(5tan(8x)-3) =0
Upon factoring we can see that we must have either,
x=0 OR tan(8x):g

Note that if we’d canceled the x we would have missed the first solution. Now, we solved an
equation with a tangent in it in Example 5 of the previous section so we’ll not go into the details
of this solution here. Here is the solution to the trig equation.

x = 0.0676 + 22
4 n=0,41%2,...
x = 0.4603+ 22
4
The complete set of solutions then to the original equation are,
x=0

X = 0.0676+%n

X = 0.4603+%n
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Review : Exponential Functions

In this section we’re going to review one of the more common functions in both calculus and the
sciences. However, before getting to this function let’s take a much more general approach to
things.

Let’s start with b >0, b #1. An exponential function is then a function in the form,
f (x)=b"
Note that we avoid b =1 because that would give the constant function, f (x) =1. We avoid

b = 0 since this would also give a constant function and we avoid negative values of b for the

following reason. Let’s, for a second, suppose that we did allow b to be negative and look at the
following function.

Let’s do some evaluation.

0(2)=(-4)’ =16 of2)--(ap -2

2
So, for some values of x we will get real numbers and for other values of x we well get complex
numbers. We want to avoid this and so if we require b > 0 this will not be a problem.

Let’s take a look at a couple of exponential functions.

Example 1 Sketch the graph of f (x)=2" and g(x)= (lj

Solution
Let’s first get a table of values for these two functions.

X f(x) 9(x)

-2 f(—2):2‘2:% g(-2)= %_:4
-1 f(—1)=2‘1:% 9(-1)= %12
0| f(0)=2=1 | g(0)= %0=1

1| f(=2 9()=3

2| (2)=4 9(2)-3

Here’s the sketch of both of these functions.
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This graph illustrates some very nice properties about exponential functions in general.

Properties of f (x)=b"

1. f(0)=1. The function will always take the value of 1 at x=0.
f (x)#0. An exponential function will never be zero.

f (x)>0. An exponential function is always positive.

B GRS

The previous two properties can be summarized by saying that the range of an
exponential function is(O,oo) .
5. The domain of an exponential function is(—oo, oo). In other words, you can plug every x

into an exponential function.
6. If 0<b<1 then,

a. f(x)>0 as x—>w

b. f(x)—>oo as x—-w
7. If b>1 then,

a. f(x)>w as x>

b. f(x)>0 as x——w

These will all be very useful properties to recall at times as we move throughout this course (and
later Calculus courses for that matter...).

There is a very important exponential function that arises naturally in many places. This function
is called the natural exponential function. However, for must people this is simply the
exponential function.

Definition : The natural exponential function is f (x) =¢e" where,
e =2.71828182845905....
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So, since e >1 we also know that e > o as x— o and e* >0 as X — —x.

Let’s take a quick look at an example.

t
Example 2 Sketch the graph of h(t) —1-5e 2

Solution
Let’s first get a table of values for this function.

t | -2 -1 0 1 2 3
h(t)|-35.9453 -21.4084 -12.5914 -7.2436 -4 -2.0327

Here is the sketch.

The main point behind this problem is to make sure you can do this type of evaluation so make
sure that you can get the values that we graphed in this example. You will be asked to do this
kind of evaluation on occasion in this class.

You will be seeing exponential functions in pretty much every chapter in this class so make sure
that you are comfortable with them.
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Review : Logarithm Functions

In this section we’ll take a look at a function that is related to the exponential functions we looked
at in the last section. We will look logarithms in this section. Logarithms are one of the
functions that students fear the most. The main reason for this seems to be that they simply have
never really had to work with them. Once they start working with them, students come to realize
that they aren’t as bad as they first thought.

We’ll start with b >0, b #1 just as we did in the last section. Then we have

y =log, x is equivalent to x=h’
The first is called logarithmic form and the second is called the exponential form. Remembering
this equivalence is the key to evaluating logarithms. The number, b, is called the base.

Example 1 Without a calculator give the exact value of each of the following logarithms.
(a) log,16 [Solution]
(b) log,16 [Solution]
(c) log, 625 [Solution]

(d) log ! [Solution]
® 531441
(e) log, 36 [Solution]

6

27 .
) |Og3§ [Solution]
2

Solution
To quickly evaluate logarithms the easiest thing to do is to convert the logarithm to exponential
form. So, let’s take a look at the first one.

(a) log,16
First, let’s convert to exponential form.
log,16 ="? is equivalent to 2" =16
So, we’re really asking 2 raised to what gives 16. Since 2 raised to 4 is 16 we get,
log,16 = 4 because 2 =16

We’ll not do the remaining parts in quite this detail, but they were all worked in this way.
[Return to Problems]

(b) log, 16
log,16 =2 because 4* =16

Note the difference the first and second logarithm! The base is important! It can completely

change the answer.
[Return to Problems]
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(c) log, 625 =4 because 5* =625
[Return to Problems]
(d) log, L _ 6 because 9° :i6 __1
531441 9° 531441
[Return to Problems]
1 -2
(e) log, 36 =2 because (Ej =6°=36
6
[Return to Problems]
27 3y 27
Io =3 because — | =—
01,2 5)-2

[Return to Problems]

There are a couple of special logarithms that arise in many places. These are,

Inx =log, x This log is called the natural logarithm
log x = log,, x This log is called the common logarithm

In the natural logarithm the base e is the same number as in the natural exponential logarithm that
we saw in the last section. Here is a sketch of both of these logarithms.

¥
th )
_— - -:________—— log (x)
——
i =T 2 7

17
'/

From this graph we can get a couple of very nice properties about the natural logarithm that we
will use many times in this and later Calculus courses.
INX—>ow as x—ow

-

INnXx—>—-0 a x—0, x>0
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Let’s take a look at a couple of more logarithm evaluations. Some of which deal with the natural
or common logarithm and some of which don’t.

Example 2 Without a calculator give the exact value of each of the following logarithms.

@ In¥e

(b) log1000

(c) log,;16

(d) log,1

) log, /32
Solution
These work exactly the same as previous example so we won’t put in too many details.

1
@) In¥e =% because e3=3e
(b) log1000 =3 because 10° =1000
(c) log,;16 =1 because 16' =16
(d) log,,1=0 because 23" =1
1 1 5

e) log, ¥/32 =g because Y32=327 =(2°)7 =27

This last set of examples leads us to some of the basic properties of logarithms.

Properties

1. The domain of the logarithm function is (O, oo) . In other words, we can only plug
positive numbers into a logarithm! We can’t plug in zero or a negative number.

2. log,b=1
3. log,1=0
4. log,b" =x
5[5

The last two properties will be especially useful in the next section. Notice as well that these last
two properties tell us that,

f (x)=b" and g(x)=log, x

are_inverses of each other.

Here are some more properties that are useful in the manipulation of logarithms.
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More Properties

6. log, xy =log, x+log, y
7. log, (5J =log, x—log, y
y

8. log,(x")=rlog, x

Note that there is no equivalent property to the first two for sums and differences. In other words,
log, (x+y) = log, x+log, y
log, (x—y) = log, x—log, y

Example 3 Write each of the following in terms of simpler logarithms.
(@) Inx®y*z® [Solution]

4

(b) log (QL] [Solution]
Wy

[ X2 +y° ] _

(c) log| ——— | [Solution]

(x=y)

Solution

What the instructions really mean here is to use as many if the properties of logarithms as we can
to simplify things down as much as we can.

@) Inx’y‘z®
Property 6 above can be extended to products of more than two functions. Once we’ve used
Property 6 we can then use Property 8.
Inx*y*z°=Inx*+Iny* +Inz°
=3Inx+4Iny+5Inz
[Return to Problems]

ox*
(b) log;| —=
(W J

When using property 7 above make sure that the logarithm that you subtract is the one that
contains the denominator as its argument. Also, note that that we’ll be converting the root to
fractional exponents in the first step.

ox* :
log, [WJ =log, 9x* —log, y2
1

=log, 9+ log, x* —log, y?2

=2+4log, x—%log3 y

[Return to Problems]
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X2 + 2
(©) log| Y
(x=y)
The point to this problem is mostly the correct use of property 8 above.

IOQ((szjyy)zJ:'°9(X2+y2)—'09(x—y)3

=log(x* +y*)-3log(x-y)
You can use Property 8 on the second term because the WHOLE term was raised to the 3, but in
the first logarithm, only the individual terms were squared and not the term as a whole so the 2’s

must stay where they are!
[Return to Problems]

The last topic that we need to look at in this section is the change of base formula for logarithms.
The change of base formula is,
log, x
log, x = 9
log, b

This is the most general change of base formula and will convert from base b to base a.
However, the usual reason for using the change of base formula is to compute the value of a
logarithm that is in a base that you can’t easily deal with. Using the change of base formula
means that you can write the logarithm in terms of a logarithm that you can deal with. The two
most common change of base formulas are
log, x:ln—X and |Ong:|0ﬂ
Inb logh

In fact, often you will see one or the other listed as THE change of base formula!

In the first part of this section we computed the value of a few logarithms, but we could do these
without the change of base formula because all the arguments could be written in terms of the
base to a power. For instance,

log, 49 =2 because 77 =49

However, this only works because 49 can be written as a power of 7! We would need the change
of base formula to compute log, 50.

_In50  3.91202300543

log, 50 = =
In7  1.94591014906

=2.0103821378

OR
_log50  1.69897000434

log, 50 = =
log7  0.845098040014

=2.0103821378
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So, it doesn’t matter which we use, we will get the same answer regardless of the logarithm that
we use in the change of base formula.

Note as well that we could use the change of base formula on log, 49 if we wanted to as well.

In49 _ 3.89182020811 _,
In7 ~ 1.94591014906

log, 49 =

This is a lot of work however, and is probably not the best way to deal with this.
So, in this section we saw how logarithms work and took a look at some of the properties of

logarithms. We will run into logarithms on occasion so make sure that you can deal with them
when we do run into them.
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Review : Exponential and Logarithm Equations

In this section we’ll take a look at solving equations with exponential functions or logarithms in
them.

We’ll start with equations that involve exponential functions. The main property that we’ll need
for these equations is,

log, b* =X

Example 1 Solve 7+15e¢"** =10.

Solution
The first step is to get the exponential all by itself on one side of the equation with a coefficient of
one.

7+15e-% =10
15e"% =

3
gl 3 _ 1
5

Now, we need to get the z out of the exponent so we can solve for it. To do this we will use the
property above. Since we have an e in the equation we’ll use the natural logarithm. First we take
the logarithm of both sides and then use the property to simplify the equation.

In(e"*)=In (%)

1-3z=In (l)
5

All we need to do now is solve this equation for z.

1-3z= In(lj
5
-3z=-1+In (lj
5

zZ= —%[—1+ In (%D =0.8698126372

Example 2 Solve 10" =100.

Solution
Now, in this case it looks like the best logarithm to use is the common logarithm since left hand
side has a base of 10. There’s no initial simplification to do, so just take the log of both sides and

simplify.
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log10" " = 10g100

t?—t=2
At this point, we’ve just got a quadratic that can be solved
t?—t-2=0

(t-2)(t+1)=0
So, it looks like the solutions in this case are t =2 and t = -1.

Now that we’ve seen a couple of equations where the variable only appears in the exponent we
need to see an example with variables both in the exponent and out of it.

Example 3 Solve x—xe™** =0.

Solution
The first step is to factor an x out of both terms.

DO NOT DIVIDE AN x FROM BOTH TERMS!!!I!

Note that it is very tempting to “simplify” the equation by dividing an x out of both terms.
However, if you do that you’ll miss a solution as we’ll see.

X — XeSX+2 — O

X(l_e5x+2) -0

So, it’s now a little easier to deal with. From this we can see that we get one of two possibilities.
x=0 OR

1_ e5X+2 — 0
The first possibility has nothing more to do, except notice that if we had divided both sides by an

x we would have missed this one so be careful. In the second possibility we’ve got a little more
to do. This is an equation similar to the first two that we did in this section.

e5x+2=1
5x+2=Inl
5x+2=0
2
X=——
5

Don’t forget that In1=0!

. 2
So, the two solutions are X =0 and X = _E'
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The next equation is a more complicated (looking at least...) example similar to the previous one.

Example 4 Solve 5(x* —4)=(x*-4)e"*.

Solution

As with the previous problem do NOT divide an x* —4 out of both sides. Doing this will lose
solutions even though it “simplifies” the equation. Note however, that if you can divide a term
out then you can also factor it out if the equation is written properly.

So, the first step here is to move everything to one side of the equation and then to factor out the
X2 —4.
5(x2 —4)—(x2 —4)e7’X =0
(x —4)(5-¢"*)=0

At this point all we need to do is set each factor equal to zero and solve each.

x*-4=0 5-e"*=0
X=12 e’ X =g
7—x=In(5)
x=7-1In(5)=5.390562088

The three solutions are then X =22 and x=5.3906.

As a final example let’s take a look at an equation that contains two different logarithms.

Example 5 Solve 4e"** —9¢*?* =0.

Solution

The first step here is to get one exponential on each side and then we’ll divide both sides by one
of them (which doesn’t matter for the most part) so we’ll have a quotient of two exponentials.
The quotient can then be simplified and we’ll finally get both coefficients on the other side.
Doing all of this gives,

4e1+3X — 96572)(

el g
eS—ZX 4
e1+3x—(572x) :%
e5x—4 _ %
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Note that while we said that it doesn’t really matter which exponential we divide out by doing it
the way we did here we’ll avoid a negative coefficient on the x. Not a major issue, but those
minus signs on coefficients are really easy to lose on occasion.

This is now in a form that we can deal with so here’s the rest of the solution.

e5)(—4 :%
5x—4=In($)
5x=4+In($)

x=1(4+In($))=0.9621860432

This equation has a single solution of x =0.9622.

Now let’s take a look at some equations that involve logarithms. The main property that we’ll be
using to solve these kinds of equations is,

blogbx =X

Example 6 Solve 3+2In(;+3j =—4.

Solution
This first step in this problem is to get the logarithm by itself on one side of the equation with a

coefficient of 1.
2In (5 + 3) =-7
7

In(5+3J=—Z
7 2

Now, we need to get the x out of the logarithm and the best way to do that is to “exponentiate”
both sides using e. In other word,

X 7
eln(7+3J _ e_E
So using the property above with e, since there is a natural logarithm in the equation, we get,
7

X J—
—+3=¢?

Now all that we need to do is solve this for x.
7

Xi3=¢2
=

7
X 3te
7

,
X = 7[—3+ e'ZJ =-20.78861832
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At this point we might be tempted to say that we’re done and move on. However, we do need to
be careful. Recall from the previous section that we can’t plug a negative number into a
logarithm. This, by itself, doesn’t mean that our answer won’t work since its negative. What we

need to do is plug it into the logarithm and make sure that 7+3 will not be negative. I’ll leave it

to you to verify that this is in fact positive upon plugging our solution into the logarithm and so
X =—-20.78861832 is in fact a solution to the equation.

Let’s now take a look at a more complicated equation. Often there will be more than one
logarithm in the equation. When this happens we will need to use on or more of the following
properties to combine all the logarithms into a single logarithm. Once this has been done we can
proceed as we did in the previous example.

X r
log, xy = log, x+log, y log, (—] = log, x—log, y log, (x") =rlog, X
y

Example 7 Solve 2In(\/§)—ln(1—x): 2.

Solution
First get the two logarithms combined into a single logarithm.

2In(x/§)—ln(1—x)=2

|n L = 2
—X
Now, exponentiate both sides and solve for x.
X e
1-x
x =e”(1-x)
X =e? —e?x
x(l+ ez) =e?
e2
X= 5= 0.8807970780
1+e

Finally, we just need to make sure that the solution, x =0.8807970780, doesn’t produce
negative numbers in both of the original logarithms. It doesn’t, so this is in fact our solution to
this problem.

Let’s take a look at one more example.
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Example 8 Solve log x+log(x—3)=1.

Solution
As with the last example, first combine the logarithms into a single logarithm.

log x+log(x—3)=1
log(x(x—-3))=1
Now exponentiate, using 10 this time instead of e because we’ve got common logs in the
equation, both sides.
10°°* 100
x* —3x =10
x*-3x-10=0
(x=5)(x+2)=0
So, potential solutions are X =5 and X =—-2. Note, however that if we plug X =—2 into either
of the two original logarithms we would get negative numbers so this can’t be a solution. We can

however, use X =5.

Therefore, the solution to this equation is X=5.

When solving equations with logarithms it is important to check your potential solutions to make
sure that they don’t generate logarithms of negative numbers or zero. It is also important to make
sure that you do the checks in the original equation. If you check them in the second logarithm
above (after we’ve combined the two logs) both solutions will appear to work! This is because in
combining the two logarithms we’ve actually changed the problem. In fact, it is this change that
introduces the extra solution that we couldn’t use!

Also be careful in solving equations containing logarithms to not get locked into the idea that you

will get two potential solutions and only one of these will work. It is possible to have problems
where both are solutions and where neither are solutions.
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Review : Common Graphs

The purpose of this section is to make sure that you’re familiar with the graphs of many of the
basic functions that you’re liable to run across in a calculus class.

Example 1 Graph y:—§x+3.

Solution
This is a line in the slope intercept form
y=mx+b
In this case the line has a y intercept of (0,b) and a slope of m. Recall that slope can be thought of
as
m:H%

run
Note that if the slope is negative we tend to think of the rise as a fall.

The slope allows us to get a second point on the line. Once we have any point on the line and the
slope we move right by run and up/down by rise depending on the sign. This will be a second
point on the line.

. : : : 2 .
In this case we know (0,3) is a point on the line and the slope is _E . So starting at (0,3) we’ll

move 5 to the right (i.e. 0 — 5) and down 2 (i.e. 3—1) to get (5,1) as a second point on the
line. Once we’ve got two points on a line all we need to do is plot the two points and connect
them with a line.

Here’s the sketch for this line.
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Example 2 Graph f (x)=|x|

Solution
There really isn’t much to this problem outside of reminding ourselves of what absolute value is.
Recall that the absolute value function is defined as,

x ifx=0
X=1"
-x ifx<0
The graph is then,
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Example 3 Graph f (x)=-x*+2x+3.

Solution
This is a parabola in the general form.

f (x)=ax*+bx+c

In this form, the x-coordinate of the vertex (the highest or lowest point on the parabola) is

X= —23 and we get the y-coordinate is y = f (—zij . So, for our parabola the coordinates of
a a

the vertex will be.

y=f(1)=-(1)"+2(1)+3=4
So, the vertex for this parabola is (1,4).
We can also determine which direction the parabola opens from the sign of a. If a is positive the

parabola opens up and if a is negative the parabola opens down. In our case the parabola opens
down.
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Now, because the vertex is above the x-axis and the parabola opens down we know that we’ll
have x-intercepts (i.e. values of x for which we’ll have f (x) =0) on this graph. So, we’ll solve
the following.
—Xx*+2x+3=0
x*-2x-3=0
(x=3)(x+1)=0
So, we will have x-intercepts at X =—1 and X =3. Notice that to make our life easier in the

solution process we multiplied everything by -1 to get the coefficient of the x* positive. This
made the factoring easier.

Here’s a sketch of this parabola.

Example 4 Graph f (y)=y*-6y+5

Solution

Most people come out of an Algebra class capable of dealing with functions in the form

y = f(x). However, many functions that you will have to deal with in a Calculus class are in
the form X = f (y) and can only be easily worked with in that form. So, you need to get used to
working with functions in this form.

The nice thing about these kinds of function is that if you can deal with functions in the form
y = f(x) then you can deal with functions in the form x = f (y) even if you aren’t that familiar

with them.

Let’s first consider the equation.

y=x>—6X+5
This is a parabola that opens up and has a vertex of (3,-4), as we know from our work in the
previous example.
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For our function we have essentially the same equation except the x and y’s are switched around.
In other words, we have a parabola in the form,

x=ay’+by+c
This is the general form of this kind of parabola and this will be a parabola that opens left or right

depending on the sign of a. The y-coordinate of the vertex is given by y = —£ and we find the

x-coordinate by plugging this into the equation. So, you can see that this is very similar to the
type of parabola that you’re already used to dealing with.

Now, let’s get back to the example. Our function is a parabola that opens to the right (a is
positive) and has a vertex at (-4,3). The vertex is to the left of the y-axis and opens to the right so

we’ll need the y-intercepts (i.e. values of y for which we’ll have f (y) =0)). We find these just
like we found x-intercepts in the previous problem.
y?—6y+5=0
(y-5)(y-1)=0
So, our parabola will have y-interceptsat y =1 and y =5. Here’s a sketch of the graph.

Example 5 Graph x* +2x+y® -8y +8=0.

Solution
To determine just what kind of graph we’ve got here we need complete the square on both the x
and the y.

X +2x+y*-8y+8=0
X +2x+1-1+y* -8y +16-16+8=0
(x+1)2 +(y—4)2 =9
Recall that to complete the square we take the half of the coefficient of the x (or the y), square this
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and then add and subtract it to the equation.

Upon doing this we see that we have a circle and it’s now written in standard form.
(x—h)2 +(y—k)2 =r?

When circles are in this form we can easily identify the center : (h, k) and radius : r. Once we
have these we can graph the circle simply by starting at the center and moving right, left, up and
down by r to get the rightmost, leftmost, top most and bottom most points respectively.

Our circle has a center at (-1, 4) and a radius of 3. Here’s a sketch of this circle.

2
Example 6 Graph %+4(y+2)2 =1

Solution
This is an ellipse. The standard form of the ellipse is
2 2
(x=h)”  (y=k) _
2 + 2 =1

a b
This is an ellipse with center (h, k) and the right most and left most points are a distance of a
away from the center and the top most and bottom most points are a distance of b away from the
center.

1
The ellipse for this problem has center (2, -2) and has a=3 and b= E Note that to get the b

we’re really rewriting the equation as,
(x=2)° (y+2)° _

9+%_1

to get it into standard from.
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Here’s a sketch of the ellipse.

Example 7 Graph

Solution

This is a hyperbola. There are actually two standard forms for a hyperbola. Here are the basics

for each form.

(x=h) _(y=k)' _

(y=k)' _(x=h)" _

Form = o7 1 o7 " 1
Center (h, k) (h, k)

Opens Opens right and left Opens up and down
Vertices a units right and left b units up and down

Slope of Asymptotes

of center.

[+
o | o

from center.

I+

® | T

So, what does all this mean? First, notice that one of the terms is positive and the other is
negative. This will determine which direction the two parts of the hyperbola open. If the x term
is positive the hyperbola opens left and right. Likewise, if the y term is positive the parabola

opens up and down.

Both have the same “center”. Note that hyperbolas don’t really have a center in the sense that
circles and ellipses have centers. The center is the starting point in graphing a hyperbola. It tells
up how to get to the vertices and how to get the asymptotes set up.

The asymptotes of a hyperbola are two lines that intersect at the center and have the slopes listed
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above. As you move farther out from the center the graph will get closer and closer to the
asymptotes.

For the equation listed here the hyperbola will open left and right. Its center is

. ) 2
(-1, 2). The two vertices are (-4, 2) and (2, 2). The asymptotes will have slopes ig.

Here is a sketch of this hyperbola. Note that the asymptotes are denoted by the two dashed lines.
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Example 8 Graph f (x)=e*and g(x)=e

Solution
There really isn’t a lot to this problem other than making sure that both of these exponentials are
graphed somewhere.

These will both show up with some regularity in later sections and their behavior as x goes to
both plus and minus infinity will be needed and from this graph we can clearly see this behavior.
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Example 9 Graph f (x)=In(x).

Solution

This has already been graphed once in this review, but this puts it here with all the other

“important” graphs.
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Example 10 Graph y:\/;.

Solution
This one is fairly simple, we just need to make sure that we can graph it when need be.

....I....I....l....l....lx

0 ] 10 15 20 25

Remember that the domain of the square root functionis x>0

Example 11 Graph y = x°

Solution
Again, there really isn’t much to this other than to make sure it’s been graphed somewhere so we
can say we’ve done it.
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Example 12 Graph y = cos(x)

Solution
There really isn’t a whole lot to this one. Here’s the graph for -4z < x<4r.
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Let’s also note here that we can put all values of x into cosine (which won’t be the case for most
of the trig functions) and so the domain is all real numbers. Also note that

—1<cos(x)<1

It is important to notice that cosine will never be larger than 1 or smaller than -1. This will be
useful on occasion in a calculus class. In general we can say that

—R<Rcos(wx)<R

Example 13 Graph y =sin(x)

Solution

As with the first problem in this section there really isn’t a lot to do other than graph it. Here is
the graph.
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From this graph we can see that sine has the same range that cosine does. In general
—R<Rsin(wx)<R

As with cosine, sine itself will never be larger than 1 and never smaller than -1. Also the domain

of sine is all real numbers.

Example 14 Graph y =tan(X).

Solution
In the case of tangent we have to be careful when plugging x’s in since tangent doesn’t exist

o sin X . .
wherever cosine is zero (remember that tan x =——). Tangent will not exist at

COS X
=... OF S 7 & 3m 5%
] 2 ] 2 ] 2 ] 2 y 2 y 2 yoeos
and the graph will have asymptotes at these points. Here is the graph of tangent on the range
5t 57
—— < X<—.
2 2
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Example 15 Graph y =sec(x)

Solution
As with tangent we will have to avoid x’s for which cosine is zero (remember that

1 . .
sec X =——). Secant will not exist at
COS X

_.. .o 3% 77 3moT
H 2 H 2 i) 2 EH 2) 2 1 2 1.
and the graph will have asymptotes at these points. Here is the graph of secant on the range

5t_, 5¢

<X<
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Notice that the graph is always greater than 1 and less than -1. This should not be terribly

surprising. Recall that —1< cos(x) <1. So, one divided by something less than one will be

greater than 1. Also, %1 =1 and so we get the following ranges for secant.

sec(wx)>1

and

sec(wx)<-1
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Introduction

The topic that we will be examining in this chapter is that of Limits. This is the first of three
major topics that we will be covering in this course. While we will be spending the least amount
of time on limits in comparison to the other two topics limits are very important in the study of
Calculus. We will be seeing limits in a variety of places once we move out of this chapter. In
particular we will see that limits are part of the formal definition of the other two major topics.

Here is a quick listing of the material that will be covered in this chapter.
Tangent Lines and Rates of Change — In this section we will take a look at two problems that

we will see time and again in this course. These problems will be used to introduce the topic of
limits.

The Limit — Here we will take a conceptual look at limits and try to get a grasp on just what they
are and what they can tell us.

One-Sided Limits — A brief introduction to one-sided limits.

Limit Properties — Properties of limits that we’ll need to use in computing limits. We will also
compute some basic limits in this section

Computing Limits — Many of the limits we’ll be asked to compute will not be “simple” limits.
In other words, we won’t be able to just apply the properties and be done. In this section we will
look at several types of limits that require some work before we can use the limit properties to
compute them.

Infinite Limits — Here we will take a look at limits that have a value of infinity or negative
infinity. We’ll also take a brief look at vertical asymptotes.

Limits At Infinity, Part | — In this section we’ll look at limits at infinity. In other words, limits
in which the variable gets very large in either the positive or negative sense. We’ll also take a
brief look at horizontal asymptotes in this section. We’ll be concentrating on polynomials and
rational expression involving polynomials in this section.

Limits At Infinity, Part Il — We’ll continue to look at limits at infinity in this section, but this
time we’ll be looking at exponential, logarithms and inverse tangents.
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Continuity — In this section we will introduce the concept of continuity and how it relates to
limits. We will also see the Mean Value Theorem in this section.

The Definition of the Limit — We will give the exact definition of several of the limits covered
in this section. We’ll also give the exact definition of continuity.
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Rates of Change and Tangent Lines

In this section we are going to take a look at two fairly important problems in the study of
calculus. There are two reasons for looking at these problems now.

First, both of these problems will lead us into the study of limits, which is the topic of this chapter
after all. Looking at these problems here will allow us to start to understand just what a limit is

and what it can tell us about a function.

Secondly, the rate of change problem that we’re going to be looking at is one of the most
important concepts that we’ll encounter in the second chapter of this course. In fact, it’s probably
one of the most important concepts that we’ll encounter in the whole course. So looking at it now

will get us to start thinking about it from the very beginning.

Tangent Lines
The first problem that we’re going to take a look at is the tangent line problem. Before getting

into this problem it would probably be best to define a tangent line.

A tangent line to the function f(x) at the point X = a is a line that just touches the graph of the
function at the point in question and is “parallel” (in some way) to the graph at that point. Take a

look at the graph below.

¥
|III
We've got a Not a [
tangent line tangent |
at this point. line here. |

X

In this graph the line is a tangent line at the indicated point because it just touches the graph at
that point and is also “parallel” to the graph at that point. Likewise, at the second point shown,
the line does just touch the graph at that point, but it is not “parallel” to the graph at that point and

S0 it’s not a tangent line to the graph at that point.

At the second point shown (the point where the line isn’t a tangent line) we will sometimes call
the line a secant line.

We’ve used the word parallel a couple of times now and we should probably be a little careful
with it. In general, we will think of a line and a graph as being parallel at a point if they are both

© 2007 Paul Dawkins 78 http://tutorial. math.lamar.edu/terms.aspx



Calculus |

moving in the same direction at that point. So, in the first point above the graph and the line are
moving in the same direction and so we will say they are parallel at that point. At the second
point, on the other hand, the line and the graph are not moving in the same direction and so they
aren’t parallel at that point.

Okay, now that we’ve gotten the definition of a tangent line out of the way let’s move on to the
tangent line problem. That’s probably best done with an example.

Example 1 Find the tangent lineto f (x)=15-2x" atx = 1.

Solution

We know from algebra that to find the equation of a line we need either two points on the line or
a single point on the line and the slope of the line. Since we know that we are after a tangent line
we do have a point that is on the line. The tangent line and the graph of the function must touch

at x = 1 so the point (1, f (1)) = (1,13) must be on the line.

Now we reach the problem. This is all that we know about the tangent line. In order to find the
tangent line we need either a second point or the slope of the tangent line. Since the only reason
for needing a second point is to allow us to find the slope of the tangent line let’s just concentrate
on seeing if we can determine the slope of the tangent line.

At this point in time all that we’re going to be able to do is to get an estimate for the slope of the
tangent line, but if we do it correctly we should be able to get an estimate that is in fact the actual
slope of the tangent line. We’ll do this by starting with the point that we’re after, let’s call it

P= (1,13). We will then pick another point that lies on the graph of the function, let’s call that
point Q =(x, f (x)).

For the sake of argument let’s take choose X =2 and so the second point will be Q = (2, 7) :

Below is a graph of the function, the tangent line and the secant line that connects P and Q.

We can see from this graph that the secant and tangent lines are somewhat similar and so the
slope of the secant line should be somewhat close to the actual slope of the tangent line. So, as an

estimate of the slope of the tangent line we can use the slope of the secant line, let’s call it m,,

which is,

© 2007 Paul Dawkins 79 http://tutorial. math.lamar.edu/terms.aspx




Calculus |

Secant Line

A
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Now, if we weren’t too interested in accuracy we could say this is good enough and use this as an
estimate of the slope of the tangent line. However, we would like an estimate that is at least
somewhat close the actual value. So, to get a better estimate we can take an x that is closer to

X =1 and redo the work above to get a new estimate on the slope. We could then take a third
value of x even closer yet and get an even better estimate.

In other words, as we take Q closer and closer to P the slope of the secant line connecting Q and
P should be getting closer and closer to the slope of the tangent line. If you are viewing this on
the web, the image below shows this process.

- Exact Slope = -4
Approx. Slope = —6.000

16
. P =0l 13
12+
2
4l
L ™,
- ™,
, . =, 2.000 \ L
-1 L0 1 2 N 3
_al

As you can see (if you’re reading this on the web) as we moved Q in closer and closer to P the
secant lines does start to look more and more like the tangent line and so the approximate slopes
(i.e. the slopes of the secant lines) are getting closer and closer to the exact slope. Also, do now
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worry about how | got the exact or approximate slopes. We’ll be computing the approximate
slopes shortly and we’ll be able to compute the exact slope in a few sections.

In this figure we only looked at Q’s that were to the right of P, but we could have just as easily
used Q’s that were to the left of P and we would have received the same results. In fact, we
should always take a look at Q’s that are on both sides of P. In this case the same thing is
happening on both sides of P. However, we will eventually see that doesn’t have to happen.
Therefore we should always take a look at what is happening on both sides of the point in
guestion when doing this kind of process.

So, let’s see if we can come up with the approximate slopes | showed above, and hence an

estimation of the slope of the tangent line. In order to simplify the process a little let’s get a
formula for the slope of the line between P and Q, Mg , that will work for any x that we choose

to work with. We can get a formula by finding the slope between P and Q using the “general”
form of Q :(x, f (x))
f(x)-f(1) 15-2x°-13 2-2x°
mPQ == = =
X—-1 x—-1 x-1

Now, let’s pick some values of x getting closer and closer to x =1, plug in and get some
slopes.

X Mpg X m,

2 -6 0 -2

15 -5 0.5 -3

1.1 -4.2 0.9 -3.8

1.01 -4.02 0.99 -3.98

1.001 | -4.002 | 0.999 | -3.998

1.0001 | -4.0002 | 0.9999 | -3.9998
So, if we take X’s to the right of 1 and move them in very close to 1 it appears that the slope of the
secant lines appears to be approaching -4. Likewise, if we take X’s to the left of 1 and move them
in very close to 1 the slope of the secant lines again appears to be approaching -4.

Q

Based on this evidence it seems that the slopes of the secant lines are approaching -4 as we move
in towards X =1, so we will estimate that the slope of the tangent line is also -4. As noted above,
this is the correct value and we will be able to prove this eventually.

Now, the equation of the line that goes through (a, f (a)) is given by
y="f(a)+m(x-a)
Therefore, the equation of the tangent line to f (x) =15-2x* atx=11s

y =13-4(x—-1) = -4x+17
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There are a couple of important points to note about our work above. First, we looked at points
that were on both sides of X =1. In this kind of process it is important to never assume that what
is happening on one side of a point will also be happening on the other side as well. We should
always look at what is happening on both sides of the point. In this example we could sketch a
graph and from that guess that what is happening on one side will also be happening on the other,
but we will usually not have the graphs in front of us or be able to easily get them.

Next, notice that when we say we’re going to move in close to the point in question we do mean
that we’re going to move in very close and we also used more than just a couple of points. We
should never try to determine a trend based on a couple of points that aren’t really all that close to
the point in question.

The next thing to notice is really a warning more than anything. The values of m,,, in this

example were fairly “nice” and it was pretty clear what value they were approaching after a
couple of computations. In most cases this will not be the case. Most values will be far
“messier” and you’ll often need quite a few computations to be able to get an estimate.

Last, we were after something that was happening at X =1and we couldn’t actually plug x=1
into our formula for the slope. Despite this limitation we were able to determine some
information about what was happening at X =1 simply by looking at what was happening around
X =1. This is more important than you might at first realize and we will be discussing this point
in detail in later sections.

Before moving on let’s do a quick review of just what we did in the above example. We wanted
the tangent line to f (x) atapoint x =a. First, we know that the point P :(a, f (a)) will be
on the tangent line. Next, we’ll take a second point that is on the graph of the function, call it
Q= (x, f (x)) and compute the slope of the line connecting P and Q as follows,

f(x)-f(a)

PR x_a

We then take values of x that get closer and closer to X =a (making sure to look at x’s on both
sides of X =a and use this list of values to estimate the slope of the tangent line, m.

The tangent line will then be,
y="f(a)+m(x-a)

Rates of Change
The next problem that we need to look at is the rate of change problem. This will turn out to be
one of the most important concepts that we will look at throughout this course.
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Here we are going to consider a function, f(x), that represents some quantity that varies as x
varies. For instance, maybe f(x) represents the amount of water in a holding tank after x minutes.
Or maybe f(x) is the distance traveled by a car after x hours. In both of these example we used x
to represent time. Of course x doesn’t have to represent time, but it makes for examples that are
easy to visualize.

What we want to do here is determine just how fast f(x) is changing at some point, say x =a.
This is called the instantaneous rate of change or sometimes just rate of change of f(x) at
X=a.

As with the tangent line problem all that we’re going to be able to do at this point is to estimate
the rate of change. So let’s continue with the examples above and think of f(x) as something that
is changing in time and x being the time measurement. Again x doesn’t have to represent time
but it will make the explanation a little easier. While we can’t compute the instantaneous rate of
change at this point we can find the average rate of change.

To compute the average rate of change of f(x) at X =a all we need to do is to choose another
point, say x, and then the average rate of change will be,

_ change in f (x)

ARC.= -
change in x
_f(0-1(a)

~ x-a

Then to estimate the instantaneous rate of change at x = aall we need to do is to choose values of
X getting closer and closer to X =a (don’t forget to chose them on both sides of x =a) and
compute values of A.R.C. We can then estimate the instantaneous rate of change form that.

Let’s take a look at an example.

Example 2 Suppose that the amount of air in a balloon after t hours is given by
V(t)=t"—6t"+35
Estimate the instantaneous rate of change of the volume after 5 hours.

Solution
Okay. The first thing that we need to do is get a formula for the average rate of change of the
volume. In this case this is,
V t _V 5 3 pt2 _ 3__pt2
ARC.— ()-V(5) _t°-6t*+35-10 t'—6t"+25
t—-5 t-5 t—-5

To estimate the instantaneous rate of change of the volume at t =5 we just need to pick values of
t that are getting closer and closer to t =5. Here is a table of values of t and the average rate of
change for those values.
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t AR.C. t AR.C.

6 25.0 4 7.0

5.5 19.75 4.5 10.75

5.1 15.91 4.9 1411

5.01 15.0901 4.99 14.9101
5.001 15.009001 4999 14.991001
5.0001 15.00090001 | 4.9999 14.99910001

So, from this table it looks like the average rate of change is approaching 15 and so we can
estimate that the instantaneous rate of change is 15 at this point.

So, just what does this tell us about the volume at this point? Let’s put some units on the answer
from above. This might help us to see what is happening to the volume at this point. Let’s
suppose that the units on the volume were in cm®. The units on the rate of change (both average
and instantaneous) are then cm/hr.

We have estimated that at t =5 the volume is changing at a rate of 15 cm®hr. This means that
att =5 the volume is changing in such a way that, if the rate were constant, then an hour later
there would be 15 cm® more air in the balloon than there was at t = 5.

We do need to be careful here however. In reality there probably won’t be 15 cm® more air in the
balloon after an hour. The rate at which the volume is changing is generally not constant and so
we can’t make any real determination as to what the volume will be in another hour. What we
can say is that the volume is increasing, since the instantaneous rate of change is positive, and if
we had rates of change for other values of t we could compare the numbers and see if the rate of
change is faster or slower at the other points.

For instance, at t =4 the instantaneous rate of change is 0 cm®hr and at t =3 the instantaneous
rate of change is -9 cm*/hr. I’ll leave it to you to check these rates of change. In fact, that would
be a good exercise to see if you can build a table of values that will support my claims on these
rates of change.

Anyway, back to the example. At t =4 the rate of change is zero and so at this point in time the
volume is not changing at all. That doesn’t mean that it will not change in the future. It just
means that exactly at t =4 the volume isn’t changing. Likewise at t =3 the volume is
decreasing since the rate of change at that point is negative. We can also say that, regardless of
the increasing/decreasing aspects of the rate of change, the volume of the balloon is changing
fasterat t =5 than itisat t =3 since 15 is larger than 9.

We will be talking a lot more about rates of change when we get into the next chapter.
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Velocity Problem

Let’s briefly look at the velocity problem. Many calculus books will treat this as its own
problem. | however, like to think of this as a special case of the rate of change problem. In the
velocity problem we are given a position function of an object, f(t), that gives the position of an
object at time t. Then to compute the instantaneous velocity of the object we just need to recall
that the velocity is nothing more than the rate at which the position is changing.

In other words, to estimate the instantaneous velocity we would first compute the average
velocity,

_ change in position
~ time traveled
f)-f(a)

t—-a

AV.

and then take values of t closer and closer to t =a and use these values to estimate the
instantaneous velocity.

Change of Notation

There is one last thing that we need to do in this section before we move on. The main point of
this section was to introduce us to a couple of key concepts and ideas that we will see throughout
the first portion of this course as well as get us started down the path towards limits.

Before we move into limits officially let’s go back and do a little work that will relate both (or all
three if you include velocity as a separate problem) problems to a more general concept.

First, notice that whether we wanted the tangent line, instantaneous rate of change, or
instantaneous velocity each of these came down to using exactly the same formula. Namely,

f(x)-f(a)

X—a

1)

This should suggest that all three of these problems are then really the same problem. In fact this
is the case as we will see in the next chapter. We are really working the same problem in each of
these cases the only difference is the interpretation of the results.

In preparation for the next section where we will discuss this in much more detail we need to do a
quick change of notation. It’s easier to do here since we’ve already invested a fair amount of
time into these problems.

In all of these problems we wanted to determine what was happening at X =a. To do this we
chose another value of x and plugged into (1). For what we were doing here that is probably most
intuitive way of doing it. However, when we start looking at these problems as a single problem
(1) will not be the best formula to work with.
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What we’ll do instead is to first determine how far from X = a we want to move and then define
our new point based on that decision. So, if we want to move a distance of h from X =a the new
point would be x=a+h.

As we saw in our work above it is important to take values of x that are both sides of x =a. This
way of choosing new value of x will do this for us. 1f h>0 we will get value of x that are to the
right of X =a and if h<0 we will get values of x that are to the left of X =a.

Now, with this new way of getting a second x, (1) will become,

f(x)-f(a)_f(arh)-f(a)_f(ash)-f(a) @

X—a a+h-a h

On the surface it might seem that (2) is going to be an overly complicated way of dealing with
this stuff. However, as we will see it will often be easier to deal with (2) than it will be to deal
with (1).
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The Limit

In the previous section we looked at a couple of problems and in both problems we had a function
(slope in the tangent problem case and average rate of change in the rate of change problem) and
we wanted to know how that function was behaving at some point X =a. At this stage of the
game we no longer care where the functions came from and we no longer care if we’re going to
see them down the road again or not. All that we need to know or worry about is that we’ve got
these functions and we want to know something about them.

To answer the questions in the last section we choose values of x that got closer and closer to

X =a and we plugged these into the function. We also made sure that we looked at values of x
that were on both the left and the right of x =a. Once we did this we looked at our table of
function values and saw what the function values were approaching as x got closer and closer to
X =a and used this to guess the value that we were after.

This process is called taking a limit and we have some notation for this. The limit notation for
the two problems from the last section is,

. 2-2x° . tP-6t°+25
lim =4 lim——————=
x>l x—1 t—5 t_5

15

In this notation we will note that we always give the function that we’re working with and we
also give the value of x (or t) that we are moving in towards.

In this section we are going to take an intuitive approach to limits and try to get a feel for what
they are and what they can tell us about a function. With that goal in mind we are not going to
get into how we actually compute limits yet. We will instead rely on what we did in the previous
section as well as another approach to guess the value of the limits.

Both of the approaches that we are going to use in this section are designed to help us understand
just what limits are. In general we don’t typically use the methods in this section to compute
limits and in many cases can be very difficult to use to even estimate the value of a limit and/or
will give the wrong value on occasion. We will look at actually computing limits in a couple of
sections.

Let’s first start off with the following “definition” of a limit.

Definition

We say that the limit of f(x) is L as x approaches a and write this as
limf (x)=L

X—a
provided we can make f(x) as close to L as we want for all x sufficiently close to a, from both
sides, without actually letting x be a.
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This is not the exact, precise definition of a limit. If you would like to see the more precise and
mathematical definition of a limit you should check out the The Definition of a Limit section at
the end of this chapter. The definition given above is more of a “working” definition. This
definition helps us to get an idea of just what limits are and what they can tell us about functions.

So just what does this definition mean? Well let’s suppose that we know that the limit does in
fact exist. According to our “working” definition we can then decide how close to L that we’d
like to make f(x). For sake of argument let’s suppose that we want to make f(x) no more that
0.001 away from L. This means that we want one of the following

f (x)-L<0.001 if f (x) is larger than L
L— f(x)<0.001 if f (x) is smaller than L

Now according to the “working” definition this means that if we get x sufficiently close to we can
make one of the above true. However, it actually says a little more. It actually says that
somewhere out there in the world is a value of x, say X, so that for all x’s that are closer to a than
X then one of the above statements will be true.

This is actually a fairly important idea. There are many functions out there in the work that we
can make as close to L for specific values of x that are close to a, but there will other values of x
closer to a that give functions values that are nowhere near close to L. In order for a limit to exist
once we get f(x) as close to L as we want for some x then it will need to stay in that close to L (or
get closer) for all values of x that are closer to a. We’ll see an example of this later in this
section.

In somewhat simpler terms the definition says that as x gets closer and closer to x=a (from both
sides of course...) then f(x) must be getting closer and closer to L. Or, as we move in towards
x=a then f(x) must be moving in towards L.

It is important to note once again that we must look at values of x that are on both sides of x=a.
We should also note that we are not allowed to use x=a in the definition. We will often use the
information that limits give us to get some information about what is going on right at x=a, but
the limit itself is not concerned with what is actually going on at x=a. The limit is only
concerned with what is going on around the point x=a. This is an important concept about limits
that we need to keep in mind.

An alternative notation that we will occasionally use in denoting limits is
f(x) > L as X—a

How do we use this definition to help us estimate limits? We do exactly what we did in the
previous section. We take x’s on both sides of x=a that move in closer and closer to a and we
plug these into our function. We then look to see if we can determine what number the function
values are moving in towards and use this as our estimate.
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Let’s work an example.

Example 1 Estimate the value of the following limit.

. X2 +4x-12

x>2 X°—2X
Solution
Notice that | did say estimate the value of the limit. Again, we are not going to directly compute
limits in this section. The point of this section is to give us a better idea of how limits work and
what they can tell us about the function.

So, with that in mind we are going to work this in pretty much the same way that we did in the
last section. We will choose values of x that get closer and closer to x=2 and plug these values
into the function. Doing this gives the following table of values.

X f(X) X f(X)
2.5 3.4 1.5 5.0
2.1 3.857142857 | 1.9 4,157894737
2.01 3.985074627 | 1.99 4.015075377
2.001 3.998500750 | 1.999 4.001500750
2.0001 3.999850007 | 1.9999 4.000150008
2.00001 3.999985000 | 1.99999 4.000015000

Note that we made sure and picked values of x that were on both sides of x =2 and that
we moved in very close to x =2 to make sure that any trends that we might be seeing are
in fact correct.

Also notice that we can’t actually plug in x =2 into the function as this would give us a
division by zero error. This is not a problem since the limit doesn’t care what is
happening at the point in question.

From this table it appears that the function is going to 4 as x approaches 2, so
2
lim X P12y
2 X°—=2X

Let’s think a little bit more about what’s going on here. Let’s graph the function from the
last example. The graph of the function in the range of x’s that were interested in is
shown below.

First, notice that there is a rather large open dot at x =2. This is there to remind us that
the function (and hence the graph) doesn’t exist at x = 2.

As we were plugging in values of x into the function we are in effect moving along the
graph in towards the pointas x =2. This is shown in the graph by the two arrows on the
graph that are moving in towards the point.
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10+

When we are computing limits the question that we are really asking is what y value is
our graph approaching as we move in towards x =a on our graph. We are NOT asking
what y value the graph takes at the point in question. In other words, we are asking what
the graph is doing around the point x=a. In our case we can see that as x moves in
towards 2 (from both sides) the function is approaching y =4 even though the function

itself doesn’t even exist at x =2. Therefore we can say that the limit is in fact 4.

So what have we learned about limits? Limits are asking what the function is doing around

X =a and are not concerned with what the function is actually doing at X =a. This is a good
thing as many of the functions that we’ll be looking at won’t even exist at X =a as we saw in our
last example.

Let’s work another example to drive this point home.

Example 2 Estimate the value of the following limit.
x> +4x-12
1 — 2
leirgg(x) where,  g(x)=< x>-2x |
6 ifx=2

ifx=2

Solution
The first thing to note here is that this is exactly the same function as the first example with the
exception that we’ve now given it a value for x =2. So, let’s first note that

9(2)=6

As far as estimating the value of this limit goes, nothing has changed in comparison to the first
example. We could build up a table of values as we did in the first example or we could take a
quick look at the graph of the function. Either method will give us the value of the limit.

Lets’ first take a look at a table of values and see what that tells us. Notice that the presence of
the value for the function at X =2 will not change our choices for x. We only choose values of x
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that are getting closer to X =2 but we never take X =2 . In other words the table of values that
we used in the first example will be exactly the same table that we’ll use here. So, since we’ve
already got it down once there is no reason to redo it here.

From this table it is again clear that the limit is,

limg(x)=4

X—2 g ( )
The limitis NOT 6! Remember from the discussion after the first example that limits do not care
what the function is actually doing at the point in question. Limits are only concerned with what
is going on around the point. Since the only thing about the function that we actually changed
was its behavior at X =2 this will not change the limit.

Let’s also take a quick look at this functions graph to see if this says the same thing.

¥
10

Again, we can see that as we move in towards X =2 on our graph the function is still
approaching a y value of 4. Remember that we are only asking what the function is doing
around X =2 and we don’t care what the function is actually doing at X =2. The graph then
also supports the conclusion that the limit is,

limg(x)=4

X—2

Let’s make the point one more time just to make sure we’ve got it. Limits are not concerned with
what is going on at X = a. Limits are only concerned with what is going on around x=a. We
keep saying this, but it is a very important concept about limits that we must always keep in mind.
So, we will take every opportunity to remind ourselves of this idea.

Since limits aren’t concerned with what is actually happening at X =a we will, on occasion, see
situations like the previous example where the limit at a point and the function value at a point are
different. This won’t always happen of course. There are times where the function value and the
limit at a point are the same and we will eventually see some examples of those. It is important
however, to not get excited about things when the function and the limit do not take the same
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value at a point. It happens sometimes and so we will need to be able to deal with those cases
when they arise.

Let’s take a look another example to try and beat this idea into the ground.

Example 3 Estimate the value of the following limit.
lim 1—-cos(6)

-0 2

Solution

First don’t get excited about the @in function. It’s just a letter, just like x is a letter! It’s a Greek
letter, but it’s a letter and you will be asked to deal with Greek letters on occasion so it’s a good
idea to start getting used to them at this point.

Now, also notice that if we plug in =0 that we will get division by zero and so the function
doesn’t exist at this point. Actually, we get 0/0 at this point, but because of the division by zero
this function does not exist at §=0.

So, as we did in the first example let’s get a table of values and see what if we can guess what
value the function is heading in towards.

0 f(0) 0 f(0)

1 0.45969769 -1 -0.45969769
0.1 0.04995835| -0.1 -0.04995835
0.01 0.00499996 | -0.01 -0.00499996
0.001 0.00049999 | -0.001 -0.00049999

Okay, it looks like the function is moving in towards a value of zero as @ moves in towards 0,
from both sides of course.

Therefore, the we will guess that the limit has the value,

Iiml—cos(@)

0—0

So, once again, the limit had a value even though the function didn’t exist at the point we were
interested in.

It’s now time to work a couple of more examples that will lead us into the next idea about limits
that we’re going to want to discuss.
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Example 4 Estimate the value of the following limit.
. V4
lim cos(—j
t—0 t
Solution
Let’s build up a table of values and see what’s going on with our function in this case.

t f] t
1 1] -1 -1

0.1 1 -0.1 1
001 1] -001 1
0.001 1 |-0.001 1

Now, if we were to guess the limit from this table we would guess that the limit is 1. However, if
we did make this guess we would be wrong. Consider any of the following function evaluations.

(s (e ()2
2001 2001 4001 2

In all three of these function evaluations we evaluated the function at a number that is less that
0.001 and got three totally different numbers. Recall that the definition of the limit that we’re
working with requires that the function be approaching a single value (our guess) as t gets closer
and closer to the point in question. It doesn’t say that only some of the function values must be
getting closer to the guess. It says that all the function values must be getting closer and closer to
our guess.

To see what’s happening here a graph of the function would be convenient.
¥

[T S

From this graph we can see that as we move in towards t = 0 the function starts oscillating
wildly and in fact the oscillations increases in speed the closer tot = 0 that we get. Recall from
our definition of the limit that in order for a limit to exist the function must be settling down in
towards a single value as we get closer to the point in question.

This function clearly does not settle in towards a single number and so this limit does not exist!
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This last example points out the drawback of just picking values of x using a table of function
values to estimate the value of a limit. The values of x that we chose in the previous example
were valid and in fact were probably values that many would have picked. In fact they were
exactly the same values we used in the problem before this one and they worked in that problem!

When using a table of values there will always be the possibility that we aren’t choosing the
correct values and that we will guess incorrectly for our limit. This is something that we should
always keep in mind when doing this to guess the value of limits. In fact, this is such a problem
that after this section we will never use a table of values to guess the value of a limit again.

This last example also has shown us that limits do not have to exist. To this point we’ve only
seen limits that have existed, but that just doesn’t always have to be the case.

Let’s take a look at one more example in this section.

Example 5 Estimate the value of the following limit.

ILngH(t) where,  H(t)=

0 ift<0

1 ift>0
Solution
This function is often called either the Heaviside or step function. We could use a table of values
to estimate the limit, but it’s probably just as quick in this case to use the graph so let’s do that.

Below is the graph of this function.

¥
1.
e
02
06
04~
02
l ! 1 ! ] ! L | L | 1 ] t
=3 - -1 0 1 2 3

We can see from the graph that if we approach t =0 from the right side the function is moving in
towards a y value of 1. Well actually it’s just staying at 1, but in the terminology that we’ve been
using in this section it’s moving in towards 1...

Also, if we move in towards t =0 from the left the function is moving in towards a y value of 0.

According to our definition of the limit the function needs to move in towards a single value as
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we move in towards t =a (from both sides). This isn’t happening in this case and so in this
example we will also say that the limit doesn’t exist.

Note that the limit in this example is a little different from the previous example. In the previous
example the function did not settle down to a single number as we moved in towards t =0. In
this example however, the function does settle down to a single number as t =0 on either side.
The problem is that the number is different on each side of t =0. This is an idea that we’ll look
at in a little more detail in the next section.

Let’s summarize what we (hopefully) learned in this section. In the first three examples we saw
that limits do not care what the function is actually doing at the point in question. They only are
concerned with what is happening around the point. In fact, we can have limits at X =a even if
the function itself does not exist at that point. Likewise, even if a function exists at a point there
is no reason (at this point) to think that the limit will have the same value as the function at that
point. Sometimes the limit and the function will have the same value at a point and other times
they won’t have the same value.

Next, in the third and fourth examples we saw the main reason for not using a table of values to
guess the value of a limit. In those examples we used exactly the same set of values, however
they only worked in one of the examples. Using tables of values to guess the value of limits is
simply not a good way to get the value of a limit. This is the only section in which we will do
this. Tables of values should always be your last choice in finding values of limits.

The last two examples showed us that not all limits will in fact exist. We should not get locked
into the idea that limits will always exist. In most calculus courses we work with limits that
almost always exist and so it’s easy to start thinking that limits always exist. Limits don’t always
exist and so don’t get into the habit of assuming that they will.

Finally, we saw in the fourth example that the only way to deal with the limit was to graph the
function. Sometimes this is the only way, however this example also illustrated the drawback of
using graphs. In order to use a graph to guess the value of the limit you need to be able to
actually sketch the graph. For many functions this is not that easy to do.

There is another drawback in using graphs. Even if you actually have the graph it’s only going to
. . . . . . -15 .
be useful if the y value is approaching an integer. If the y value is approaching say 13 there is

no way that you’re going to be able to guess that value from the graph and we are usually going
to want exact values for our limits.

So while graphs of functions can, on occasion, make your life easier in guessing values of limits

they are again probably not the best way to get values of limits. They are only going to be useful
if you can get your hands on it and the value of the limit is a “nice” number.
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The natural question then is why did we even talk about using tables and/or graphs to estimate
limits if they aren’t the best way. There were a couple of reasons.

First, they can help us get a better understanding of what limits are and what they can tell us. If
we don’t do at least a couple of limits in this way we might not get all that good of an idea on just
what limits are.

The second reason for doing limits in this way is to point out their drawback so that we aren’t
tempted to use them all the time!

We will eventually talk about how we really do limits. However, there is one more topic that we

need to discuss before doing that. Since this section has already gone on for a while we will talk
about this in the next section.
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One-Sided Limits

In the final two examples in the previous section we saw two limits that did not exist. However,
the reason for each of the limits not existing was different for each of the examples.

. T
lim cos(—j
t—0 t

did not exist because the function did not settle down to a single value as t approached t =0.
The closer to t =0 we moved the more wildly the function oscillated and in order for a limit to
exist the function must settle down to a single value.

We saw that

However we saw that

0 ift<0

1 ift>0

did not exist not because the function didn’t settle down to a single number as we moved in
towards t =0, but instead because it settled into two different numbers depending on which side
of t =0 we were on.

t—0

limH (t)  where, H(t)={

In this case the function was a very well behaved function, unlike the first function. The only
problem was that, as we approached t = 0, the function was moving in towards different numbers
on each side. We would like a way to differentiate between these two examples.

We do this with one-sided limits. As the name implies, with one-sided limits we will only be
looking at one side of the point in question. Here are the definitions for the two one sided limits.

Right-handed limit

We say
lim f(x)=L

x—a*

provided we can make f(x) as close to L as we want for all x sufficiently close to a and x>a
without actually letting x be a.

Left-handed limit

We say
lim f(x)=L

Xx—a

provided we can make f(x) as close to L as we want for all x sufficiently close to a and x<a
without actually letting x be a.

Note that the change in notation is very minor and in fact might be missed if you aren’t paying
attention. The only difference is the bit that is under the “lim” part of the limit. For the right-

handed limit we now have X — a* (note the “+”) which means that we know will only look at
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x>a. Likewise for the left-handed limit we have X — a™ (note the “-”") which means that we will
only be looking at x<a.

Also, note that as with the “normal” limit (i.e. the limits from the previous section) we still need
the function to settle down to a single number in order for the limit to exist. The only difference
this time is that the function only needs to settle down to a single number on either the right side
of X =a or the left side of X=a depending on the one-sided limit we’re dealing with.

So when we are looking at limits it’s now important to pay very close attention to see whether we
are doing a normal limit or one of the one-sided limits. Let’s now take a look at the some of the
problems from the last section and look at one-sided limits instead of the normal limit.

Example 1 Estimate the value of the following limits.

: : 0 ift<0
limH(t) and limH(t) where, H (t):{ _
t—0* t—0" 1 if t>0
Solution
To remind us what this function looks like here’s the graph.
¥
1.
-y
gk
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| 1 " | " | | | t
-3 -2 -1 0 1 2 3

So, we can see that if we stay to the right of t =0 (i.e. t > 0) then the function is moving in
towards a value of 1 as we get closer and closer to t =0, but staying to the right. We can
therefore say that the right-handed limit is,

i (1) =1

Likewise, if we stay to the left of t =0 (i.e t <0) the function is moving in towards a value of 0
as we get closer and closer to t =0, but staying to the left. Therefore the left-handed limit is,

limH (t)=0

t—0"

In this example we do get one-sided limits even though the normal limit itself doesn’t exist.
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Example 2 Estimate the value of the following limits.
. T . T
lim cos (—J lim cos (—]
t—0* t t—0" t
Solution

From the graph of this function shown below,

we can see that both of the one-sided limits suffer the same problem that the normal limit did in
the previous section. The function does not settle down to a single number on either side of
t =0. Therefore, neither the left-handed nor the right-handed limit will exist in this case.

So, one-sided limits don’t have to exist just as normal limits aren’t guaranteed to exist.

Let’s take a look at another example from the previous section.

Example 3 Estimate the value of the following limits.

x> +4x-12 iy 2
XILn;g(x) and XILTQ(X) where, g(X)=4 x?—2x
6 ifx=2
Solution

So as we’ve done with the previous two examples, let’s remind ourselves of the graph of this
function.
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In this case regardless of which side of X =2 we are on the function is always approaching a

value of 4 and so we get,
limg(x)=4

x—2"

limg(x)=4

X—2"

Note that one-sided limits do not care about what’s happening at the point any more than normal
limits do. They are still only concerned with what is going on around the point. The only real
difference between one-sided limits and normal limits is the range of x’s that we look at when

determining the value of the limit.

Now let’s take a look at the first and last example in this section to get a very nice fact about the
relationship between one-sided limits and normal limits. In the last example the one-sided limits
as well as the normal limit existed and all three had a value of 4. In the first example the two

one-sided limits both existed, but did not have the same value and the normal limit did not exist.

The relationship between one-sided limits and normal limits can be summarized by the following

fact.

Fact

Given a function f(x) if,

lim f (x)=lim f(x)

x—a*

then the normal limit will exist and

Likewise, if

then,

lim f (x) = lim f (x)

x—a*

X—a~

lim f (x)=L

X—a

limf (x)=L

X—a

X—a~

L

L
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This fact can be turned around to also say that if the two one-sided limits have different values,
ie.,

lim f(x)= lim f(x)

then the normal limit will not exist.

This should make some sense. If the normal limit did exist then by the fact the two one-sided
limits would have to exist and have the same value by the above fact. So, if the two one-sided
limits have different values (or don’t even exist) then the normal limit simply can’t exist.

Let’s take a look at one more example to make sure that we’ve got all the ideas about limits down
that we’ve looked at in the last couple of sections.

Example 4 Given the following graph,

¥
°r 6.5)
____4____'[1,4) ;_r \
[_'4=2)ﬁ” f 2-_ .-";. ™ II
Ve i T )
[ 1 1 | L J | L L
— —4 -2 i y; 4/ é g
!
e/
- I'l,\ .ll."'f
L Y 4
5L g
compute each of the following.
(a) f(-4) (b) Iirﬂf f(x) () IirLL f(x) (d) |irp4f(x)
@ f(1) () |in1] f(x) (9) Iinl} f(x) (h) Ixmll f(x)
(i) (6) 0) XILT f(x) (K) XILT f(x) (I legg f(x)

Solution
(@) f(—4) doesn’texist. There is no closed dot for this value of x and so the function doesn’t
exist at this point.

(b) lim f (x) =2 The function is approaching a value of 2 as x moves in towards -4 from the

X—>—4"

left.

(c) lim f (x) =2 The function is approaching a value of 2 as x moves in towards -4 from the
x—>—4"

right.
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(d) Iim4 f (x) =2 We can do this one of two ways. Either we can use the fact here and notice
X—>—

that the two one-sided limits are the same and so the normal limit must exist and have the same

value as the one-sided limits or just get the answer from the graph.

Also recall that a limit can exist at a point even if the function doesn’t exist at that point.

e) f (1) =4 . The function will take on the y value where the closed dot is.

(f) lim f (X) =4 The function is approaching a value of 4 as x moves in towards 1 from the left.
x—1"

(9) lim f (X) =—2 The function is approaching a value of -2 as x moves in towards 1 from the
x—1"

right. Remember that the limit does NOT care about what the function is actually doing at the
point, it only cares about what the function is doing around the point. In this case, always staying
to the right of X =1, the function is approaching a value of -2 and so the limitis -2. The limit is
not 4, as that is value of the function at the point and again the limit doesn’t care about that!

(h) Iin’ll f (x) doesn’t exist. The two one-sided limits both exist, however they are different and

so the normal limit doesn’t exist.

(i) f(6)=2. The function will take on the y value where the closed dot is.

G) lim f (x) =5 The function is approaching a value of 5 as x moves in towards 6 from the left.

X—6"

(k) lim f (x) =5 The function is approaching a value of 5 as x moves in towards 6 from the

x—6"

right.

() Iing f (x) =5 Again, we can use either the graph or the fact to get this. Also, once more
X—

remember that the limit doesn’t care what is happening at the point and so it’s possible for the
limit to have a different value than the function at a point. When dealing with limits we’ve
always got to remember that limits simply do not care about what the function is doing at the
point in question. Limits are only concerned with what the function is doing around the point.

Hopefully over the last couple of sections you’ve gotten an idea on how limits work and what
they can tell us about functions. Some of these ideas will be important in later sections so it’s
important that you have a good grasp on them.
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Limit Properties

The time has almost come for us to actually compute some limits. However, before we do that
we will need some properties of limits that will make our life somewhat easier. So, let’s take a
look at those first. The proof of some of these properties can be found in the Proof of Various
Limit Properties section of the Extras chapter.

Properties
First we will assume that lim f (x) and limg(x) exist and that c is any constant. Then,
X—a X—a
1. leir;[cf (x)] =clim f (x)

In other words we can “factor” a multiplicative constant out of a limit.

2. lim[ f(x)£g(x)]=1im f (x)£limg(x)

X—a X—a

So to take the limit of a sum or difference all we need to do is take the limit of the
individual parts and then put them back together with the appropriate sign. This is also
not limited to two functions. This fact will work no matter how many functions we’ve
got separated by “+” or “-”.

3. lim[ f(x)g(x)]=lim f (x) limg(x)

X—a X—a

We take the limits of products in the same way that we can take the limit of sums or
differences. Just take the limit of the pieces and then put them back together. Also, as
with sums or differences, this fact is not limited to just two functions.

lim f (x
4. Iim{ f (x)}: X3 ( ) provided limg(x)=0
g(x)| limg(x) e
As noted in the statement we only need to worry about the limit in the denominator being
zero when we do the limit of a quotient. If it were zero we would end up with a division
by zero error and we need to avoid that.

X—a

5. lim| f (x)]n :[Iim f (x)}n, where n is any real number

X—a X—a

In this property n can be any real number (positive, negative, integer, fraction, irrational,
zero, etc.). In the case that n is an integer this rule can be thought of as an extended case
of 3.

For example consider the case of n = 2.
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lim[ f (x)]" =tim[ f (x) f (x)]

=lim f (x)lim f (x) using property 3

:[Iim f (x)}2

X—a

The same can be done for any integer n.

6. lim| /7 (x) | =gflim T (x)

X—a

This is just a special case of the previous example.

lim| 4/ (x) | = tim[ f (x)]%

X—a X—a
1

=[lim 7 ()|

SIo

7. limc=c, c is any real number

X—a

In other words, the limit of a constant is just the constant. You should be able to
convince yourself of this by drawing the graph of f (x) =C.

8. limx=a

X—a

As with the last one you should be able to convince yourself of this by drawing the graph
of f(x)=x.

9. limx"=a"

X—a

This is really just a special case of property 5 using f (x) =X.

Note that all these properties also hold for the two one-sided limits as well we just didn’t write
them down with one sided limits to save on space.

Let’s compute a limit or two using these properties. The next couple of examples will lead us to
some truly useful facts about limits that we will use on a continual basis.

Example 1 Compute the value of the following limit.
lim (3x* +5x - 9)
X—>—2
Solution
This first time through we will use only the properties above to compute the limit.
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First we will use property 2 to break up the limit into three separate limits. We will then use
property 1 to bring the constants out of the first two limits. Doing this gives us,

Iim2(3x2 +5x—9) — lim3x? + lim 5x— lim 9

X—>—2 X—>—2 X—>—2
=31lim x* +5limx—lim 9
X—>-2 X—-2 X—-2
We can now use properties 7 through 9 to actually compute the limit.
lim (3x* +5x —9) =3 lim x* +5lim x— lim 9
X—>—2

X—>-2 X—-2 X—-2
=3(-2)" +5(-2)-9
=7

Now, let’s notice that if we had defined
p(x)=3x*+5x-9
then the proceeding example would have been,
- L 2 _
lim p(x)= XILrpz(Sx +5x-9)

=3(-2)" +5(-2)-9

In other words, in this case we were the limit is the same value that we’d get by just evaluating
the function at the point in question. This seems to violate one of the main concepts about limits
that we’ve seen to this point.

In the previous two sections we made a big deal about the fact that limits do not care about what
is happening at the point in question. They only care about what is happening around the point.
So how does the previous example fit into this since it appears to violate this main idea about
limits?

Despite appearances the limit still doesn’t care about what the function is doing at x=-2. In
this case the function that we’ve got is simply “nice enough” so that what is happening around the
point is exactly the same as what is happening at the point. Eventually we will formalize up just
what is meant by “nice enough”. At this point let’s not worry too much about what “nice
enough” is. Let’s just take advantage of the fact that some functions will be “nice enough”,
whatever that means.

The function in the last example was a polynomial. It turns out that all polynomials are “nice

enough” so that what is happening around the point is exactly the same as what is happening at
the point. This leads to the following fact.
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Fact

If p(x) is a polynomial then,
limp(x)=p(a)

X—a

By the end of this section we will generalize this out considerably to most of the functions that
we’ll be seeing throughout this course.

Let’s take a look at another example.

Example 2 Evaluate the following limit.
. 6-3z+107°
lim—————
-1 27" +72° +1

Solution

First notice that we can use property 4) to write the limit as,

lim 4 3 ==t 2 3
-1 27 +72°+1 lim=-2z2"+7z2°+1

71

Well, actually we should be a little careful. We can do that provided the limit of the denominator
isn’t zero. As we will see however, it isn’t in this case so we’re okay.

Now, both the numerator and denominator are polynomials so we can use the fact above to
compute the limits of the numerator and the denominator and hence the limit itself.

. 6-324102° _ 6-3(1)+10(2)°
1274+ 728 +1 2(1)' +7(1)° +1
13
"6

Notice that the limit of the denominator wasn’t zero and so our use of property 4 was legitimate.

Notice in this last example that again all we really did was evaluate the function at the point in
guestion. So it appears that there is a fairly large class of functions for which this can be done.
Let’s generalize the fact from above a little.

Fact

Provided f(x) is “nice enough” we have,

limf (x)=f(a) lim f (x)=f(a) lim f(x)=f(a)

X—a Xx—a~ X—a
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Again, we will formalize up just what we mean by “nice enough” eventually. At this point all we
want to do is worry about which functions are “nice enough”. Some functions are “nice enough”
for all x while others will only be “nice enough” for certain values of x. It will all depend on the
function.

As noted in the statement, this fact also holds for the two one-sided limits as well as the normal
limit.

Here is a list of some of the more common functions that are “nice enough”.

e Polynomials are nice enough for all x’s.

X
o If f (x) :% then f(x) will be nice enough provided both p(x) and q(x) are nice
g(x
enough and if we don’t get division by zero at the point we’re evaluating at.
. Cos(x), sin(x) are nice enough for all x’s

e sec(x), tan(x) are nice enough provided x¢...,—5—”,—3—7[,£,3—”,5—7[,... In other

words secant and tangent are nice enough everywhere cosine isn’t zero. To see why
recall that these are both really rational functions and that cosine is in the denominator of
both then go back up and look at the second bullet above.

e csc(x), cot(x) are nice enough provided x #...,—37, — 7, 0, 7, 37,... Inother
words cosecant and cotangent are nice enough everywhere sine isn’t zero.

. Q/; is nice enough for all x if n is odd.

° Q/; is nice enough for x>0 if nis even. Here we require X >0 to avoid having to
deal with complex values.

e A, e* are nice enough for all x’s.

e log, X, Inx are nice enough for x>0. Remember we can only plug positive numbers

into logarithms and not zero or negative numbers.

e Any sum, difference or product of the above functions will also be nice enough.
Quotients will be nice enough provided we don’t get division by zero upon evaluating the
limit.

The last bullet is important. This means that for any combination of these functions all we need
to do is evaluate the function at the point in question, making sure that none of the restrictions are
violated. This means that we can now do a large number of limits.

Example 3 Evaluate the following limit.

Iim(—ﬁ/;+

X

oo im0

x>3 +In(x
Solution
This is a combination of several of the functions listed above and none of the restrictions are

violated so all we need to do is plug in X =3 into the function to get the limit.
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#n(x)win(x)cos(x)] =33 +#n(3)+sin(3)cos(3)

=8.185427271

Not a very pretty answer, but we can now do the limit.
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Computing Limits

In the previous section we saw that there is a large class of function that allows us to use
limf(x)="f
lim (x) = f (a)

to compute limits. However, there are also many limits for which this won’t work easily. The

purpose of this section is to develop techniques for dealing with some of these limits that will not
allow us to just use this fact.

Let’s first got back and take a look at one of the first limits that we looked at and compute its
exact value and verify our guess for the limit.

Example 1 Evaluate the following limit.

_ X*+4x-12
m—————
x>2  X©—2X
Solution
First let’s notice that if we try to plug in X =2 we get,
x*+4x-12 0

lim >
X2 X®—=2X 0

So, we can’t just plug in X =2 to evaluate the limit. So, we’re going to have to do something
else.

The first thing that we should always do when evaluating limits is to simplify the function as
much as possible. In this case that means factoring both the numerator and denominator. Doing
this gives,

2 —
X* +4x-12 _ lim (x—=2)(x+6)

lim
X—2 X2 —2X X—2 X(X— 2)
. X+6
=lim——
X—2 X

So, upon factoring we saw that we could cancel an X —2 from both the numerator and the
denominator. Upon doing this we now have a new rational expression that we can plug x =2
into because we lost the division by zero problem. Therefore, the limit is,

. x*+4x-12 .. x+6 8
lim > =lim —— =
x>2 X5 —=2X x>2 X

4

Note that this is in fact what we guessed the limit to be.

On a side note, the 0/0 we initially got in the previous example is called an indeterminate form.
This means that we don’t really know what it will be until we do some more work. Typically
zero in the denominator means it’s undefined. However that will only be true if the numerator
isn’t also zero. Also, zero in the numerator usually means that the fraction is zero, unless the
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denominator is also zero. Likewise anything divided by itself is 1, unless we’re talking about
zero.

So, there are really three competing “rules” here and it’s not clear which one will win out. It’s
also possible that none of them will win out and we will get something totally different from
undefined, zero, or one. We might, for instance, get a value of 4 out of this, to pick a number
completely at random.

There are many more kinds of indeterminate forms and we will be discussing indeterminate forms
at length in the next chapter.

Let’s take a look at a couple of more examples.

Example 2 Evaluate the following limit.
. 2(-3+h)"-18
i 205

Solution
In this case we also get 0/0 and factoring is not really an option. However, there is still some
simplification that we can do.

2(=3+h)’ -18 2(9—-6h+h?*)-18
im2(8+h) -18 ( )
h—0 h h—0
. 18-12h+2h*-18
=lim
h—0
. —12h+2h?
=lim———
h—0

So, upon multiplying out the first term we get a little cancellation and now notice that we can
factor an h out of both terms in the numerator which will cancel against the h in the denominator
and the division by zero problem goes away and we can then evaluate the limit.

_2(-3+h)’-18 —12h+2h?
lim =lim
h—0 h h—0

h(-12+2h

- i 2220

=lim -12+2h=-12
h—0

Example 3 Evaluate the following limit.
. 1—-+/3t+4
lim———
t—4 4—t
Solution
This limit is going to be a little more work than the previous two. Once again however note that
we get the indeterminate form 0/0 if we try to just evaluate the limit. Also note that neither of the
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two examples will be of any help here, at least initially. We can’t factor and we can’t just
multiply something out to get the function to simplify.

When there is a square root in the numerator or denominator we can try to rationalize and see if
that helps. Recall that rationalizing makes use of the fact that

(a+b)(a—b)=a*-b?
So, if either the first and/or the second term have a square root in them the rationalizing will
eliminate the root(s). This might help in evaluating the limit.

Let’s try rationalizing the numerator in this case.

e Biaa :“m(t—\/3t+4)(t+\/3t+4)
>4 4t 4 (4-1) (t+\/ﬁ)

Remember that to rationalize we just take the numerator (since that’s what we’re rationalizing),
change the sign on the second term and multiply the numerator and denominator by this new
term.

Next, we multiply the numerator out being careful to watch minus signs.
t-3t+4 . t? —(3t+4)
lim =lim
DU At o (aot)(teVaed)
: t*-3t-4
=lim

H4(4—-t)(t+\ﬁ3_t_-FZ)

Notice that we didn’t multiply the denominator out as well. Most students come out of an
Algebra class having it beaten into their heads to always multiply this stuff out. However, in this
case multiplying out will make the problem very difficult and in the end you’ll just end up
factoring it back out anyway.

At this stage we are almost done. Notice that we can factor the numerator so let’s do that.
Ct-3t+4 L (t-4)(t+])
lim =lim
BfA-t 4 (a-t)(t+Br+4)

Now all we need to do is notice that if we factor a “-1”out of the first term in the denominator we
can do some canceling. At that point the division by zero problem will go away and we can
evaluate the limit.
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t—3t+4 (t—4)(t+1)
i _m-(t-4)(t+M)

4 —(t+\/3t+4)
__3
-8

Note that if we had multiplied the denominator out we would not have been able to do this
canceling and in all likelihood would not have even seen that some canceling could have been
done.

So, we’ve taken a look at a couple of limits in which evaluation gave the indeterminate form 0/0
and we now have a couple of things to try in these cases.

Let’s take a look at another kind of problem that can arise in computing some limits involving
piecewise functions.

Example 4 Given the function,

245 ify<-2
g(y) _J)Y ! y
1-3y ify>-2
Compute the following limits.

(@) Iirrgg(y) [Solution]
y—>

(b) lim g(y) [Solution]
y—>-2

Solution
a) lim
@ limg(y)
In this case there really isn’t a whole lot to do. In doing limits recall that we must always look at
what’s happening on both sides of the point in question as we move in towards it. In this case
y =6 is completely inside the second interval for the function and so there are values of y on
both sides of y =6 that are also inside this interval. This means that we can just use the fact to
evaluate this limit.
lim =liml-

g(y)=1lim1-3y

y—6
=17
[Return to Problems]

(b) limg(y)
This part is the real point to this problem. In this case the point that we want to take the limit for
is the cutoff point for the two intervals. In other words we can’t just plug y =—2 into the second
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portion because this interval does not contain values of y to the left of y =—2 and we need to
know what is happening on both sides of the point.

To do this part we are going to have to remember the fact from the section on one-sided limits
that says that if the two one-sided limits exist and are the same then the normal limit will also
exist and have the same value.

Notice that both of the one sided limits can be done here since we are only going to be looking at
one side of the point in question. So let’s do the two one-sided limits and see what we get.

ylﬂiq’zlfg(y)zylﬂir_r; y’+5 sincey — 2 impliesy < -2
=9

yll[r; g(y):yli[r;+1—3y sincey — 2° impliesy > -2
=7

So, in this case we can see that,
lim =9%7= lim
lim g(y)=9=7= lim g(y)
and so since the two one sided limits aren’t the same
limg(y)

y—>-2
doesn’t exist.
[Return to Problems]

Note that a very simple change to the function will make the limit at y =—2 exist so don’t get in
into your head that limits at these cutoff points in piecewise function don’t ever exist.

Example 5 Evaluate the following limit.

. y’+5 ify<-2
lim where, =
yﬂfzg(y) g(y) {3—3y ify>-2
Solution
The two one-sided limits this time are,
lim g(y)= lim y*+5 sincey — 2~ impliesy < -2
y—>-2" y—>-2"
=9
lim g(y)= lim 3-3y sincey — 2* impliesy > -2
y—>-2* y—>-2"
=9
The one-sided limits are the same so we get,
limg(y)=9
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There is one more limit that we need to do. However, we will need a new fact about limits that
will help us to do this.

Fact

If f(x)<g(x) forallxon [a, b] (except possibly at x=c)and a<c<b then,

lim f (x) <limg(x)

Note that this fact should make some sense to you if we assume that both functions are nice
enough. If both of the functions are “nice enough” to use the limit evaluation fact then we have,

Ixigclf(x): f(c)gg(c):lxiirgg(x)

The inequality is true because we know that ¢ is somewhere between a and b and in that range we
also know f (x)<g(x).

Note that we don’t really need the two functions to be nice enough for the fact to be true, but it
does provide a nice way to give a quick “justification” for the fact.

Also, note that we said that we assumed that f (x) < g(x) for all x on [a, b] (except possibly at
X =C). Because limits do not care what is actually happening at X =c we don’t really need the
inequality to hold at that specific point. We only need it to hold around X = C since that is what
the limit is concerned about.

We can take this fact one step farther to get the following theorem.

Squeeze Theorem

Suppose that for all x on [a, b] (except possibly at X =C) we have,

f(x)<h(x)<g(x)
Also suppose that,
lim f (x)=1limg(x)=L
forsome a<c<b. Then,
limh(x)=L

X—C

As with the previous fact we only need to know that f (x)<h(x)<g(x) is true around x =c

because we are working with limits and they are only concerned with what is going on around
X =C and not what is actually happening at X =C.

Now, if we again assume that all three functions are nice enough (again this isn’t required to
make the Squeeze Theorem true, it only helps with the visualization) then we can get a quick
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sketch of what the Squeeze Theorem is telling us. The following figure illustrates what is
happening in this theorem.
¥

o,

—
by

—

From the figure we can see that if the limits of f(x) and g(x) are equal at X = C then the function
values must also be equal at X = ¢ (this is where we’re using the fact that we assumed the
functions where “nice enough”, which isn’t really required for the Theorem). However, because
h(x) is “squeezed” between f(x) and g(x) at this point then h(x) must have the same value.
Therefore, the limit of h(x) at this point must also be the same.

The Squeeze theorem is also known as the Sandwich Theorem and the Pinching Theorem.

So, how do we use this theorem to help us with limits? Let’s take a look at the following
example to see the theorem in action.

Example 6 Evaluate the following limit.
o5
lim x“ cos| —
x—0 X
Solution

In this example none of the previous examples can help us. There’s no factoring or simplifying to
do. We can’t rationalize and one-sided limits won’t work. There’s even a question as to whether
this limit will exist since we have division by zero inside the cosine at x=0.

The first thing to notice is that we know the following fact about cosine.
—1<cos(x)<1
Our function doesn’t have just an x in the cosine, but as long as we avoid X =0 we can say the

same thing for our cosine.
1
-1<cos (—j <1
X

It’s okay for us to ignore X =0 here because we are taking a limit and we know that limits don’t
care about what’s actually going on at the point in question, X =0 in this case.
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Now if we have the above inequality for our cosine we can just multiply everything by an x* and
get the following.

1
—x*<x? cos(— < x?
X

In other words we’ve managed to squeeze the function that we were interested in between two
other functions that are very easy to deal with. So, the limits of the two outer functions are.

limx? =0 Iim(—x2)=0

x—0 x—0

These are the same and so by the Squeeze theorem we must also have,
. 1
lim x* cos(—j =0
x—0 X

We can verify this with the graph of the three functions. This is shown below.
¥ 2

In this section we’ve seen several tools that we can use to help us to compute limits in which we
can’t just evaluate the function at the point in question. As we will see many of the limits that
we’ll be doing in later sections will require one or more of these tools.
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Infinite Limits

In this section we will take a look at limits whose value is infinity or minus infinity. These kinds
of limit will show up fairly regularly in later sections and in other courses and so you’ll need to
be able to deal with them when you run across them.

The first thing we should probably do here is to define just what we mean when we sat that a limit
has a value of infinity or minus infinity.

Definition

We say
lim f (x):oo

X—a

if we can make f(x) arbitrarily large for all x sufficiently close to x=a, from both sides, without
actually letting x=a.

We say
lim f (x)=—o

X—a

if we can make f(x) arbitrarily large and negative for all x sufficiently close to x=a, from both
sides, without actually letting X =a.

These definitions can be appropriately modified for the one-sided limits as well. To see a more
precise and mathematical definition of this kind of limit see the The Definition of the Limit
section at the end of this chapter.

Let’s start off with a fairly typical example illustrating infinite limits.

Example 1 Evaluate each of the following limits.
.1 .1 .1

lim— lim = lim=—

x—0" X x—0" X x—0 X
Solution
So we’re going to be taking a look at a couple of one-sided limits as well as the normal limit here.
In all three cases notice that we can’t just plug in X =0. If we did we would get division by
zero. Also recall that the definitions above can be easily modified to give similar definitions for
the two one-sided limits which we’ll be needing here.

Now, there are several ways we could proceed here to get values for these limits. One way is to
plug in some points and see what value the function is approaching. In the proceeding section we
said that we were no longer going to do this, but in this case it is a good way to illustrate just
what’s going on with this function.

So, here is a table of values of x’s from both the left and the right. Using these values we’ll be
able to estimate the value of the two one-sided limits and once we have that done we can use the
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fact that the normal limit will exist only if the two one-sided limits exist and have the same value.

1 1

X — X —
X X

01  -10 ]o1 10
001  -100 |0.01 100
-0.001  -1000 | 0.001 1000
-0.0001 -10000 | 0.0001 1000

. .1
From this table we can see that as we make x smaller and smaller the function — gets larger and
X

larger and will retain the same sign that x originally had. It should make sense that this trend will
continue for any smaller value of x that we chose to use. The function is a constant (one in this
case) divided by an increasingly small number. The resulting fraction should be an increasingly
large number and as noted above the fraction will retain the same sign as x.

We can make the function as large and positive as we want for all x’s sufficiently close to zero
while staying positive (i.e. on the right). Likewise, we can make the function as large and
negative as we want for all x’s sufficiently close to zero while staying negative (i.e. on the left).
So, from our definition above it looks like we should have the following values for the two one
sided limits.

1
lim==owo
x—0" X x—0" X

Another way to see the values of the two one sided limits here is to graph the function. Again, in
the previous section we mentioned that we won’t do this too often as most functions are not
something we can just quickly sketch out as well as the problems with accuracy in reading values
off the graph. In this case however, it’s not too hard to sketch a graph of the function and, in this
case as we’ll see accuracy is not really going to be an issue. So, here is a quick sketch of the
graph.
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So, we can see from this graph that the function does behave much as we predicted that it would
from our table values. The closer x gets to zero from the right the larger (in the positive sense)
the function gets, while the closer x gets to zero from the left the larger (in the negative sense) the
function gets.

Finally, the normal limit, in this case, will not exist since the two one-sided have different values.
So, in summary here are the values of the three limits for this example.

o1 .1 .1 ..
lim==-w lim==w lim= doesn't exist
x—0" X x—0" X x>0 X

For most of the remaining examples in this section we’ll attempt to “talk our way through” each
limit. This means that we’ll see if we can analyze what should happen to the function as we get
very close to the point in question without actually plugging in any values into the function. For
most of the following examples this kind of analysis shouldn’t be all that difficult to do. We’ll
also verify our analysis with a quick graph.

So, let’s do a couple more examples.

Example 2 Evaluate each of the following limits.

Solution
As with the previous example let’s start off by looking at the two one-sided limits. Once we have
those we’ll be able to determine a value for the normal limit.

So, let’s take a look at the right-hand limit first and as noted above let’s see if we can see if we
can figure out what each limit will be doing without actually plugging in any values of x into the
function. As we take smaller and smaller values of x, while staying positive, squaring them will
only make them smaller (recall squaring a number between zero and one will make it smaller)
and of course it will stay positive. So we have a positive constant divided by an increasingly
small positive number. The result should then be an increasingly large positive number. It looks
like we should have the following value for the right-hand limit in this case,

. b6
|Im—2=oo
x—0" X

Now, let’s take a look at the left hand limit. In this case we’re going to take smaller and smaller
values of x, while staying negative this time. When we square them we’ll get smaller, but upon
squaring the result is now positive. So, we have a positive constant divided by an increasingly
small positive number. The result, as with the right hand limit, will be an increasingly large
positive humber and so the left-hand limit will be,

. b
|Im—2:oo
x—0" X
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Now, in this example, unlike the first one, the normal limit will exist and be infinity since the two
one-sided limits both exist and have the same value. So, in summary here are all the limits for
this example as well as a quick graph verifying the limits.

) . b .
lim — = lim— = lim— =
x—0" X x—0" X x—=0 X
¥
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With this next example we’ll move away from just an x in the denominator, but as we’ll see in the
next couple of examples they work pretty much the same way.

Example 3 Evaluate each of the following limits.

- . -4 -
lim —— lim —— lim——
x>-2" X+ 2 x>-2" X+2 x>2X+2
Solution
Let’s again start with the right-hand limit. With the right hand limit we know that we have,
X>—2 = X+2>0

Also, as x gets closer and closer to -2 then X+ 2 will be getting closer and closer to zero, while
staying positive as noted above. So, for the right-hand limit, we’ll have a negative constant
divided by an increasingly small positive number. The result will be an increasingly large and
negative number. So, it looks like the right-hand limit will be negative infinity.

For the left hand limit we have,
X< =2 = X+2<0

and X+ 2 will get closer and closer to zero (and be negative) as x gets closer and closer to -2. In
this case then we’ll have a negative constant divided by an increasingly small negative number.
The result will then be an increasingly large positive number and so it looks like the left-hand
limit will be positive infinity.
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Finally, since two one sided limits are not the same the normal limit won’t exist.

Here are the official answers for this example as well as a quick graph of the function for
verification purposes.

. - . - . 4 .
lim ——=—x lim —=wo lim —— doesn't exist
x>-2" X4 2 x>-2" X+2 x>-2 X+ 2
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At this point we should briefly acknowledge the idea of vertical asymptotes. Each of the three
previous graphs have had one. Recall from an Algebra class that a vertical asymptote is a vertical
line (the dashed line at X =—2 in the previous example) in which the graph will go towards
infinity and/or minus infinity on one or both sides of the line.

In an Algebra class they are a little difficult to define other than to say pretty much what we just
said. Now that we have infinite limits under our belt we can easily define a vertical asymptote as

follows,

Definition

The function f(x) will have a vertical asymptote at X = a if we have any of the following limits at
X=a.
lim f(x):J_roo lim f(x):J_roo Iimf(X):ioo

x—a~ x—a’ X—a

Note that it only requires one of the above limits for a function to have a vertical asymptote at
X=a.

Using this definition we can see that the first two examples had vertical asymptotes at X =0
while the third example had a vertical asymptote at x =—2.
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We aren’t really going to do a lot with vertical asymptotes here, but wanted to mention them at
this since we’d reached a good point to do that.

Let’s now take a look at a couple more examples of infinite limits that can cause some problems
on occasion.

Example 4 Evaluate each of the following limits.

. 3 . 3 .
lim ——— lim——— lim 3
X—4 (4—X) X—4 (4—X) X—4 (4_X)
Solution
Let’s start with the right-hand limit. For this limit we have,
x> 4 =  4-x<0 = (4-x)*<0

also, 4—x — 0 as X —> 4. So, we have a positive constant divided by an increasingly small
negative number. The results will be an increasingly large negative number and so it looks like
the right-hand limit will be negative infinity.

For the left-handed limit we have,
x <4 = 4-x>0 = (4-x)° >0
and we still have, 4—Xx — 0 as X — 4. In this case we have a positive constant divided by an

increasingly small positive number. The results will be an increasingly large positive number and
so it looks like the right-hand limit will be positive infinity.

The normal limit will not exist since the two one-sided limits are not the same. The official
answers to this example are then,

: 3 : 3 : 3 . oo
lim———=-00 lim ————==oo lim——— doesn't exist
=4 (4-x) =4 (4-x) =4 (4-X)

Here is a quick sketch to verify our limits.
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All the examples to this point have had a constant in the numerator and we should probably take a
quick look at an example that doesn’t have a constant in the numerator.

Example 5 Evaluate each of the following limits.

. 2X . 2X . 2X
lim— lim— lim——
x>3" X —13 x>3 X —3 x>3 X -3
Solution
Let’s take a look at the right-handed limit first. For this limit we’ll have,
X>3 = Xx=3>0

The main difference here with this example is the behavior of the numerator as we let x get closer
and closer to 3. In this case we have the following behavior for both the numerator and
denominator.

Xx-3—>0 and 2x—>6 as x—»3

So, as we let x get closer and closer to 3 (always staying on the right of course) the numerator,
while not a constant, is getting closer and closer to a positive constant while the denominator is
getting closer and closer to zero, and will be positive since we are on the right side.

This means that we’ll have a numerator that is getting closer and closer to a non-zero and positive
constant divided by an increasingly smaller positive number and so the result should be an
increasingly larger positive number. The right-hand limit should then be positive infinity.

For the left-hand limit we’ll have,
X<3 = x—-3<0

As with the right-hand limit we’ll have the following behaviors for the numerator and the
denominator,
Xx—3—>0 and 2x—>6 as x—>3

The main difference in this case is that the denominator will now be negative. So, we’ll have a
numerator that is approaching a positive, non-zero constant divided by an increasingly small
negative number. The result will be an increasingly large and negative number.

The formal answers for this example are then,
. . . 2X .
lim——=w lim—=-w lim—— doesn't exist

x=3" X —3 x>3 X—3 x->3 X—3

As with most of the examples in this section the normal limit does not exist since the two one-
sided limits are not the same.

Here’s a quick graph to verify our limits.
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30

10+

So far all we’ve done is look at limits of rational expressions, let’s do a couple of quick examples
with some different functions.

Example 6 Evaluate lim In(x)

x—0"

Solution

First, notice that we can only evaluate the right-handed limit here. We know that the domain of
any logarithm is only the positive numbers and so we can’t even talk about the left-handed limit
because that would necessitate the use of negative numbers. Likewise, since we can’t deal with
the left-handed limit then we can’t talk about the normal limit.

This limit is pretty simple to get from a quick sketch of the graph.
¥

From this we can see that,
lim In(x) =—o0

x—0"
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Example 7 Evaluate both of the following limits.

lim tan(x) lim tan(x)
x—Z XX
2 2
Solution
Here’s a quick sketch of the graph of the tangent function.
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From this it’s easy to see that we have the following values for each of these limits,

lim tan(x) = —o lim tan(x) =0
xa% x»zi

Note that the normal limit will not exist because the two one-sided limits are not the same.
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Limits At Infinity, Part I

In the previous section we saw limits that were infinity and it’s now time to take a look at limits

at infinity. By limits at infinity we mean one of the following two limits.
lim f (x) lim f(x)

X—>0 X—>—00

In other words, we are going to be looking at what happens to a function if we let x get very large
in either the positive or negative sense. Also, as well soon see, these limits may also have infinity
as a value.

For many of the limits that we’re going to be looking at we will need the following facts.

Fact 1

1. If r is a positive rational number and c is any real number then,
. C
||m 5 = 0
X—0 ¥

2. If r is a positive rational number, ¢ is any real number and x" is defined for X <0 then,

. C
lim —=0

X—>—0 ¥

The first part of this fact should make sense if you think about it. Because we are requiring

r >0 we know that x" will stay in the denominator. Next as we increase x then x" will also
increase. So, we have a constant divided by an increasingly large number and so the result will
be increasingly small. Or, in the limit we will get zero.

The second part is nearly identical except we need to worry about x" being defined for negative x.

This condition is here to avoid cases such as r =3 . If this r were allowed then we’d be taking

the square root of negative numbers which would be complex and we want to avoid that at this
level.

Note as well that the sign of ¢ will not affect the answer. Regardless of the sign of ¢ we’ll still
have a constant divided by a very large number which will result in a very small number and the
larger x get the smaller the fraction gets. The sign of ¢ will affect which direction the fraction
approaches zero (i.e. from the positive or negative side) but it still approaches zero.

To see the proof of this fact see the Proof of Various Limit Properties section in the Extras
chapter.

Let’s start the off the examples with one that will lead us to a nice idea that we’ll use on a regular
basis about limits at infinity for polynomials.

© 2007 Paul Dawkins 126 http://tutorial.math.lamar.edu/terms.aspx




Calculus |

Example 1 Differentiate each of the following functions.
(a) lim2x* —x*-8x [Solution]

X—>»00

(b) IIim 1t°+2t°—t* +8 [Solution]

Solution
(@) lim2x* —x* -8x
X—0

Our first thought here is probably to just “plug” infinity into the polynomial and “evaluate” each
term to determine the value of the limit. It is pretty simple to see what each term will do in the
limit and so this seems like an obvious step, especially since we’ve been doing that for other
limits in previous sections.

So, let’s see what we get if we do that. As x approaches infinity, then x to a power can only get
larger and the coefficient on each term (the first and third) will only make the term even larger.
So, if we look at what each term is doing in the limit we get the following,

lim2x* —x* —=8x =00 —00 —

X—0

Now, we’ve got a small, but easily fixed, problem to deal with. We are probably tempted to say
that the answer is zero (because we have an infinity minus an infinity) or maybe —oo (because
we’re subtracting two infinities off of one infinity). However, in both cases we’d be wrong. This
is one of those indeterminate forms that we first started seeing in a previous section.

Infinities just don’t always behave as real numbers do when it comes to arithmetic. Without more
work there is simply no way to know what oo —co will be and so we really need to be careful
with this kind of problem. To read a little more about this see the Types of Infinity section in the
Extras chapter.

So, we need a way to get around this problem. What we’ll do here is factor the largest power of x

out of the whole polynomial as follows,
lim2x* — x? —8x = lim x* (2_%_ﬁj
X

X—0 X—>00 3

X

If you’re not sure you agree with the factoring above (there’s a chance you haven’t really been
asked to do this kind of factoring prior to this) then recall that to check all you need to do is

multiply the x* back through the parenthesis to verify it was done correctly. Also, an easy way
to remember how to do this kind of factoring is to note that the second term is just the original

polynomial divided by x*. This will always work when factoring a power of x out of a
polynomial.

Next, from our properties of limits we know that the limit of a product is the product of the limits
so we can further write this as,
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lim 2x* — x? —8x =(|im x“)(lim 2—%_%j

X—0 X X

The first limit is clearly infinity and for the second limit we’ll use the fact above on the last two
terms and so we’ll arrive at the following value of the limit,

lim2x* — x* —8x = (0)(2) =0

X—00

Note that while we can’t give a value for oo —oo, if we multiply an infinity by a constant we will
still have an infinity no matter how large or small the constant is. The only thing that we need to
be careful of is signs. If the constant had been negative then we’d have gotten negative infinity
for a value.

[Return to Problems]

(b) tIim it°+2t°-t* +8

We’ll work this part much quicker than the previous part. All we need to do is factor out the
largest power of t to get the following,

limt° +2t° —t* +8 = lim t° (1+%—%+§5J
t——o t——0 3 t t t

Remember that all you need to do to get the factoring correct is divide the original polynomial by
the power of t we’re factoring out, t° in this case.

Now all we need to do is take the limit of the two terms. In the first don’t forget that since we’re
going out towards —oo and we’re raising t to the 5™ power that the limit will be negative
(negative number raised to an odd power is still negative). In the second term well again make
heavy use of the fact above.

So, taking the limits of the two terms gives,

, 1
lim 30 +2C°-t° +8= (—oo)(gJ = -0

Note that dividing an infinity (positive or negative) by a constant will still give an infinity.
[Return to Problems]

Okay, now that we’ve seen how a couple of polynomials work we can give a simple fact about
polynomials in general.
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Fact 2

If p(x)=a,x"+a, ,X"" +---+aX+8a, isa polynomial of degree n (i.e. @, = 0) then,
limp(x)=Ilima,x" lim p(x)= lim a x"
X~>oop( ) xaooan xafoop( ) xafooan

What this fact is really saying is that when we go to take a limit at infinity for a polynomial then
all we need to really do is look at the term with the largest power and ask what that term is doing
in the limit since the polynomial will have the same behavior.

You can see the proof in the Proof of Various Limit Properties section in the Extras chapter.

Let’s now move into some more complicated limits.

Example 2 Evaluate both of the following limits.
_2x' —x? +8x _2x* —x* +8x
lim—m©p—— lim ——————
x>0 —BX" + 7 x>—o —BX" 4+ 7
Solution
First, the only difference between these two is that one is going to positive infinity and the other
IS going to negative infinity. Sometimes this small difference will affect then value of the limit

and at other times it won’t.

Let’s start with the first limit and as with our first set of examples it might be tempting to just
“plug” in the infinity. Since both the numerator and denominator are polynomials we can use the
above fact to determine the behavior of each. Doing this gives,

22X X" 48X

lim———=—

xoo X" +7 —0

This is yet another indeterminate form. In this case we might be tempted to say that the limit is
infinity (because of the infinity in the numerator), zero (because of the infinity in the
denominator) or -1 (because something divided by itself is one). There are three separate
arithmetic “rules” at work here and without work there is no way to know which “rule” will be
correct and to make matters worse it’s possible that none of them may work and we might get a

. 2 .
completely different answer, say _E to pick a number completely at random.

So, when we have a polynomial divided by a polynomial we’re going to proceed much as we did
with only polynomials. We first identify the largest power of x in the denominator (and yes, we
only look at the denominator for this) and we then factor this out of both the numerator and
denominator. Doing this for the first limit gives,
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Once we’ve done this we can cancel the x* from both the numerator and the denominator and
then use the Fact 1 above to take the limit of all the remaining terms. This gives,
2 _ i + ﬁ
22Xt —x*+8x . N
lim 4 =lim
X—>00 —5X _|_7 X—>00 7

In this case the indeterminate form was neither of the “obvious” choices of infinity, zero, or -1 so
be careful with make these kinds of assumptions with this kind of indeterminate forms.

The second limit is done in a similar fashion. Notice however, that nowhere in the work for the
first limit did we actually use the fact that the limit was going to plus infinity. In this case it
doesn’t matter which infinity we are going towards we will get the same value for the limit.

lim 2x' - x*+8x _ 2
x> Bx* 47 5

In the previous example the infinity that we were using in the limit didn’t change the answer.
This will not always be the case so don’t make the assumption that this will always be the case.

Let’s take a look at an example where we get different answers for each limit.

Example 3 Evaluate each of the following limits.
. 3x*+6 . \/3x°+6
lim—— lim ———
x>0 5—2X x>-o 5 —2X
Solution
The square root in this problem won’t change our work, but it will make the work a little messier.

Let’s start with the first limit. In this case the largest power of x in the denominator is just an x.
So we need to factor an x out of the numerator and the denominator. When we are done factoring
the x out we will need an x in both of the numerator and the denominator. To get this in the
numerator we will have to factor an x* out of the square root so that after we take the square root
we will get an x.

© 2007 Paul Dawkins 130 http://tutorial.math.lamar.edu/terms.aspx




Calculus |

This is probably not something you’re used to doing, but just remember that when it comes out of
the square root it needs to be an x and the only way have an x come out of a square is to take the
square root of x* and so that is what we’ll need to factor out of the term under the radical. Here’s
the factoring work for this part,

> x? (3+62j
. N3XT+6 . X
Iim——=lim——~

x—»o BH_92x X—>o0 X(S_ZJ
X

\/F 3+£2
—lim X

X—>00 X (5 _ 2)
X
This is where we need to be really careful with the square root in the problem. Don’t forget that

\/?=|x|

Square roots are ALWAYS positive and so we need the absolute value bars on the x to make sure
that it will give a positive answer. This is not something that most people every remember seeing
in an Algebra class and in fact it’s not always given in an Algebra class. However, at this point it
becomes absolutely vital that we know and use this fact. Using this fact the limit becomes,

6
V3X2+6 . |X| 3+F

lim =lim
x>0 5_2x X—>00 (5 j
X| —=2

X

Now, we can’t just cancel the x’s. We first will need to get rid of the absolute value bars. To do
this let’s recall the definition of absolute value.

{x ifx>0

[x|= _x ifx<0

In this case we are going out to plus infinity so we can safely assume that the x will be positive
and so we can just drop the absolute value bars. The limit is then,

X /3+ 6
A/2y2 2
IimM:Iim—x

x>0 B_ 2y x—mox(5_2j
X

6
~ lim 3+7=V3+0=—£
s 5, 0-2 2
X
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Let’s now take a look at the second limit (the one with negative infinity). In this case we will
need to pay attention to the limit that we are using. The initial work will be the same up until we
reach the following step.

6
N T I X 3+ 2

lim ———=lim

x—>—0 §_2x X—>—o0 X(S—Zj
X

In this limit we are going to minus infinity so in this case we can assume that x is negative. So, in
order to drop the absolute value bars in this case we will need to tack on a minus sign as well.
The limit is then,

6
V2

7 A~ —X,[3+
lim Y3X 6 _ i X

x—>-o §_ 92y X—>—00 X(S_Zj
X

So, as we saw in the last two examples sometimes the infinity in the limit will affect the answer
and other times it won’t. Note as well that it doesn’t always just change the sign of the number.
It can on occasion completely change the value. We’ll see an example of this later in this section.

Before moving on to a couple of more examples let’s revisit the idea of asymptotes that we first
saw in the previous section. Just as we can have vertical asymptotes defined in terms of limits we
can also have horizontal asymptotes defined in terms of limits.

Definition
The function f(x) will have a horizontal asymptote at y=L if either of the following are true.
Iimf(x):L lim f(x):L

We’re not going to be doing much with asymptotes here, but it’s an easy fact to give and we can
use the previous example to illustrate all the asymptote ideas we’ve seen in the both this section
and the previous section. The function in the last example will have two horizontal asymptotes.
It will also have a vertical asymptote. Here is a graph of the function showing these.
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Let’s work another couple of examples involving of rational expressions.

Example 4 Evaluate each of the following limits.

. 47+ 7° . A7% 47"

I”T]—3 lim 3

>0 1-5§7 1> 1-57
Solution
Let’s do the first limit and in this case it looks like we will factor a z* out of both the numerator
and denominator. Remember that we only look at the denominator when determining the largest
power of z here. There is a larger power of z in the numerator but we ignore it. We ONLY look

at the denominator when doing this! So doing the factoring gives,

4
47% +2° 23(z+23j
lim22 2 _jim—2 7/
>0 1—-57 75 3( 1 j
z ?—5
R
—limXZ
=lim-7
55

When we take the limit we’ll need to be a little careful. The first term in the numerator and
denominator will both be zero. However, the z* in the numerator will be going to plus infinity in
the limit and so the limit is,

. 47°+7° o

lim——=—=-—w

>0 1-57° 5

The final limit is negative because we have a quotient of positive quantity and a negative
guantity.

Now, let’s take a look at the second limit. Note that the only different in the work is at the final
“evaluation” step and so we’ll pick up the work there.
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47° +7° st _p
lim — = lim £ - -
75— 1_ 7 75— 1 5 _5
=
z

In this case the z* in the numerator gives negative infinity in the limit since we are going out to
minus infinity and the power is odd. The answer is positive since we have a quotient of two
negative numbers.

Example 5 Evaluate the following limit.

- t*-5t-9
to—e 2t* 4 3t°
Solution
In this case it looks like we will factor a t* out of both the numerator and denominator. Doing
this gives,
41 5 9
t?-5t-9 (tz_te'_t“]
e 2t 437 o t4(2+3j
t
1 5 9
S ———
B 943
t
0
2
=0

In this case using Fact 1 we can see that the numerator is zero and so since the denominator is
also not zero the fraction, and hence the limit, will be zero.

In this section we concentrated on limits at infinity with functions that only involved polynomials
and/or rational expression involving polynomials. There are many more types of functions that
we could use here. That is the subject of the next section.

To see a precise and mathematical definition of this kind of limit see the The Definition of the
Limit section at the end of this chapter.
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Limits At Infinity, Part II

In the previous section we look at limit at infinity of polynomials and/or rational expression
involving polynomials. In this section we want to take a look at some other types of functions
that often show up in limits at infinity. The functions we’ll be looking at here are exponentials,
natural logarithms and inverse tangents.

Let’s start by taking a look at a some of very basic examples involving exponential functions.

Example 1 Evaluate each of the following limits.
lime” lim e* lime™ lime™
X—0 X—>—00 X—>0 X—>—00
Solution
There are really just restatements of facts given in the basic exponential section of the review so

we’ll leave it to you to go back and verify these.
lime* =0 lime*=0 lime™ =0 lime™ =0

X—>00 X—>—00 X—00 X—>—00

The main point of this example was to point out that if the exponent of an exponential goes to
infinity in the limit then the exponential function will also go to infinity in the limit. Likewise, if
the exponent goes to minus infinity in the limit then the exponential will go to zero in the limit.

Here’s a quick set of examples to illustrate these ideas.

Example 2 Evaluate each of the following limits.
(@ lim g2 4x-8x [Solution]

X—©

R 4 2
(b) lime" "' [Solution]
t—o—o0
1

(©) lime? [Solution]

20"

Solution

. _Ay_ay?2

(a) Ilme2 4X—8X
X—0

In this part what we need to note (using Fact 2 above) is that in the limit the exponent of the
exponential does the following,

lim2—4x—-8x* = —w©

X—0

So, the exponent goes to minus infinity in the limit and so the exponential must go to zero in the
limit using the ideas from the previous set of examples. So, the answer here is,
||m e2—4X—8X2 — O

X—00

[Return to Problems]
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. 4 2
(b) Ilm et -5t +1

t—>—x
Here let’s first note that,
limt*—5t° +1=o0

t—>—o0

The exponent goes to infinity in the limit and so the exponential will also need to go to infinity in
the limit. Or,
I|m et4—5t2+l —

t—>—o0

00

[Return to Problems]

(c) lime?

20"
On the surface this part doesn’t appear to belong in this section since it isn’t a limit at infinity.
However, it does fit into the ideas we’re examining in this set of examples.

So, let’s first note that using the idea from the previous section we have,
1
lim==o
70" 7
Remember that in order to do this limit here we do need to do a right hand limit.

So, the exponent goes to infinity in the limit and so the exponential must also go to infinity.

Here’s the answer to this part.
1
lime? =0
z—0"

[Return to Problems]

Let’s work some more complicated examples involving exponentials. In the following set of
examples it won’t be that the exponents are more complicated, but instead that there will be more
than one exponential function to deal with.

Example 3 Evaluate each of the following limits.
(@) lime'®* —4e®* +3e* +2e2* —9e ™ [Solution]
X—>00

(b) lim e —4e% +3e* +2e7 —9e™* [Solution]
X—>—00

Solution

So, the only difference between these two limits is the fact that in the first we’re taking the limit
as we go to plus infinity and in the second we’re going to minus infinity. To this point we’ve
been able to “reuse” work from the first limit in the at least a portion of the second limit. With
exponentials that will often not be the case we we’re going to treat each of these as separate
problems.
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(a) lime'®™ —4e® +3e* + 2672 — Qe ¥

X—>00

Let’s start by just taking the limit of each of the pieces and see what we get.
lime'™ —4e® +3e* + 26 -9 ™™ =0—00+0+0-0

X—00

The last two terms aren’t any problem (they will be in the next part however, do you see that?).
The first three are a problem however as they present us with another indeterminate form.

When dealing with polynomials we factored out the term with the largest exponent in it. Let’s do
the same thing here. However, we now have to deal with both positive and negative exponents
and just what do we mean by the “largest” exponent. When dealing with these here we look at
the terms that are causing the problems and ask which is the largest exponent in those terms. So,
since only the first three terms are causing us problems (i.e. they all evaluate to an infinity in the
limit) we’ll look only at those.

So, since 10x is the largest of the three exponents there we’ll “factor” an €'°* out of the whole

thing. Just as with polynomials we do the factoring by, in essence, dividing each term by €'
and remembering that to simply the division all we need to do is subtract the exponents. For
example, let’s just take a look at the last term,

—9e ™ ~15X-10X 25x
o = e =—9e
e
Doing factoring on all terms then gives,
lime'™ —4e® + 3¢ + 26 —9e™™* = lime'* (1-4e ™ +3e ™ + 2e7** —9e ™)

X—00 X—0

Notice that in doing this factoring all the remaining exponentials now have negative exponents
and we know that for this limit (i.e. going out to positive infinity) these will all be zero in the
limit and so will no longer cause problems.

We can now take the limit and doing so gives,
lime™™ —4e® +3e* +2e2 -9 = (0)(1) =0

X—>00

To simplify the work here a little all we really needed to do was factor the €'°* out of the
“problem” terms (the first three in this case) as follows,

lime'® — 4% 4+ 3e* = lim ' (1— 4 4 3% ) + 2672 _ge 1%

7 :E:ow)(l)-kO—O

=00

We factored the €' out of all terms for the practice of doing the factoring and to avoid any

issues with having the extra terms at the end.
[Return to Problems]
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(b) lim e —4e® +3e* + 2% —9e ¥
X—>—0

Let’s start this one off in the same manner as the first part. Let’s take the limit of each of the
pieces. This time note that because our limit is going to negative infinity the first three
exponentials will in fact go to zero (because their exponents go to minus infinity in the limit).
The final two exponentials will go to infinity in the limit (because their exponents go to plus
infinity in the limit).

Taking the limits gives,
lim e —4e® +3e* + 26 -9 =0-0+0+00—o0

X—>—0

So, the last two terms are the problem here as they once again leave us with an indeterminate
form. As with the first example we’re going to factor out the “largest” exponent in the last two
terms. This time however, “largest” doesn’t refer to the bigger of the two numbers (-2 is bigger
than -15). Instead we’re going to use “largest” to refer to the exponent that is farther away from

zero. Using this definition of “largest” means that we’re going to factor an e °* out.

Again, remember that to factor this out all we really are doing is dividing each term by e ™** and

then subtracting exponents. Here’s the work for the first term as an example,

10x
€ 10X—(~15x)

25X
=€

=€

As with the first part we can either factor it out of only the “problem” terms (i.e. the last two
terms), or all the terms. For the practice we’ll factor it out of all the terms. Here is the factoring
work for this limit,

lim ¢ — 4e®™ +3e* + 22 —9e ¥ = lim 7 (% —4e™ + 3'* + 26" - 9)

X—>—00 X—>—0

Finally, all we need to do is take the limit.
lim e —4e® +3e* + 267 — 9e™ = (0)(-9) = —0

X—>—0

[Return to Problems]

So, when dealing with sums and/or differences of exponential functions we look for the
exponential with the “largest” exponent and remember here that “largest” means the exponent
farthest from zero. Also remember that if we’re looking at a limit at plus infinity only the
exponentials with positive exponents are going to cause problems so those are the only terms we
look at in determining the largest exponent. Likewise, if we are looking at a limit at minus
infinity then only exponentials with negative exponents are going to cause problems and so only
those are looked at in determining the largest exponent.
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Finally, as you might have been able to guess from the previous example when dealing with a
sum and/or difference of exponentials all we need to do is look at the largest exponent to
determine the behavior of the whole expression. Again, remembering that if the limit is at plus
infinity we only look at exponentials with positive exponents and if we’re looking at a limit at
minus infinity we only look at exponentials with negative exponents.

Let’s next take a look at some rational functions involving exponentials.

Example 4 Evaluate each of the following limits.

6e4X _ e72X
(@ lim [Solution]
x> 8ot — e +3g7
] 664X _ e—ZX
(b) lim [Solution]
x> 8e** — e + 3¢
. e —4e ™ _
(c) lim [Solution]

o0 ZeSt _5e—9t +e—3t

Solution

As with the previous example, the only difference between the first two parts is that one of the
limits is going to plus infinity and the other is going to minus infinity and just as with the
previous example each will need to be worked differently.

4X —2X
—e

(@) lim
x>0 8t — 2% 4 37

The basic concept involved in working this problem is the same as with rational expressions in
the previous section. We look at the denominator and determine the exponential function with
the “largest” exponent which we will then factor out from both numerator and denominator. We
will use the same reasoning as we did with the previous example to determine the “largest”
exponent. In the case since we are looking at a limit at plus infinity we only look at exponentials
with positive exponents.

So, we’ll factor an e** out of both then numerator and denominator. Once that is done we can
cancel the e** and then take the limit of the remaining terms. Here is the work for this limit,

. ee e : e™(6-e*)
lim——; —~ =lim ax ox 5X
x>0 8etX e 4 3e7X  xowg (8—e +3e )
. 6—e

=lm 8—e 3

_6-0

~8-0+0

2

"3

[Return to Problems]
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. 6e’* —e
(b) Ilm 4X 2X —X
x—>-0 8" —@°" + 38

In this case we’re going to minus infinity in the limit and so we’ll look at exponentials in the
denominator with negative exponents in determining the “largest” exponent. There’s only one
however in this problem so that is what we’ll use.

Again, remember to only look at the denominator. Do NOT use the exponential from the
numerator, even though that one is “larger” than the exponential in then denominator. We always
look only at the denominator when determining what term to factor out regardless of what is
going on in the numerator.

Here is the work for this part.

- 6e4x _e_ZX - efx (6€5X _efx>
XILrp 8e™ _ 2 43X xoomg X (gat¥ _ ¥
=8 —e?X 13X x> (8e —e +3)
6e5x_e—x
=lim —-
o 8™ —e¥ 43
00—
0-0+3
=—w0

[Return to Problems]

(C) Iim eﬁt _4e—6t
t>—0 203 _ 5% 4 g3t
We’ll do the work on this part with much less detail.

. -9t 15t 3t
o8t _ o6t e (e ke

tl_')r_rl 2% _gg ot | o it =am oot (2e12t _5+eet)
st _ o3t
=am 262t _ 5 oot
. 0-0
0-5+0

=0
[Return to Problems]

Next, let’s take a quick look at some basic limits involving logarithms.

Example 5 Evaluate each of the following limits.
lim In x limInx

x—0" X—>00

Solution
As with the last example I’ll leave it to you to verify these restatements from the basic logarithm
section.
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limilnx=—-x limlnx=o0

x—0" X—>00

Note that we had to do a right-handed limit for the first one since we can’t plug negative x’s into a
logarithm. This means that the normal limit won’t exist since we must look at x’s from both sides
of the point in question and x’s to the left of zero are negative.

From the previous example we can see that if the argument of a log (the stuff we’re taking the log
of) goes to zero from the right (i.e. always positive) then the log goes to negative infinity in the
limit while if the argument goes to infinity then the log also goes to infinity in the limit.

Note as well that we can’t look at a limit of a logarithm as x approaches minus infinity since we
can’t plug negative numbers into the logarithm.

Let’s take a quick look at some logarithm examples.

Example 6 Evaluate each of the following limits.
() limIn(7x*~x* +1)  [Solution]

X—©

(b) lim In(

t—>—0

7 SJ [Solution]

Solution
(@) limIn(7x° - x* +1)

X—0

So, let’s first look to see what the argument of log is doing,
lim7x® —x* +1=o0

X—©

The argument of the log is going to infinity and so the log must also be going to infinity in the
limit. The answer to this part is then,
limin(7x° - x* +1) = oo

X—>0

[Return to Problems]

. 1
(b) tlquoln(tz—Stj

First, note that the limit going to negative infinity here isn’t a violation (necessarily) of the fact
that we can’t plug negative numbers into the logarithm. The real issue is whether or not the
argument of the log will be negative or not.

Using the techniques from earlier in this section we can see that,

and let’s also not that for negative numbers (which we can assume we’ve got since we’re going
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to minus infinity in the limit) the denominator will always be positive and so the quotient will
also always be positive. Therefore, not only does the argument go to zero, it goes to zero from
the right. This is exactly what we need to do this limit.

. 1
lim In( > ]:—oo
to—= | t? -5t

So, the answer here is,

[Return to Problems]

As a final set of examples let’s take a look at some limits involving inverse tangents.

Example 7 Evaluate each of the following limits.
(a) limtan™ x [Solution]

(b) lim tan™' x [Solution]
(c) limtan™(x* —5x+6) [Solution]

X—>0

(d) Iirp tan™* (lj [Solution]
x—0" X

Solution

The first two parts here are really just the basic limits involving inverse tangents and can easily be
found by examining the following sketch of inverse tangents. The remaining two parts are more
involved but as with the exponential and logarithm limits really just refer back to the first two
parts as we’ll see.

(a) limtan™ x

X—>00
As noted above all we really need to do here is look at the graph of the inverse tangent. Doing
this shows us that we have the following value of the limit.
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X—>00

. _ T
limtan*x==
2

[Return to Problems]

(b) lim tan™ x

Again, not much to do here other than examine the graph of the inverse tangent.

X—>—00

. _ T
limtan*x=-=
2

[Return to Problems]

(c) lim tan‘l(x3 —5X+ 6)

X—>00
Okay, in part (a) above we saw that if the argument of the inverse tangent function (the stuff
inside the parenthesis) goes to plus infinity then we know the value of the limit. In this case

(using the techniques from the previous section) we have,
lim x* —5X+6 =0

X—>0

So, this limit is,

Iimtan’l(x3 —5x+6) :%

X—

[Return to Problems]

(d) lim tan™ (lj
X

x—0"

Even though this limit is not a limit at infinity we’re still looking at the same basic idea here.
We’ll use part (b) from above as a guide for this limit. We know from the Infinite Limits section
that we have the following limit for the argument of this inverse tangent,

1
lim==—-w
x—0" X

So, since the argument goes to minus infinity in the limit we know that this limit must be,

lim tan™ (1) -
x—0" X 2

[Return to Problems]

To see a precise and mathematical definition of this kind of limit see the The Definition of the
Limit section at the end of this chapter.
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Continuity

Over the last few sections we’ve been using the term “nice enough” to define those functions that
we could evaluate limits by just evaluating the function at the point in question. It’s now time to
formally define what we mean by “nice enough”.

Definition

A function f (x) is said to be continuous at x = a if

limf(x)=f

lim £ (x) = f (a)

A function is said to be continuous on the interval [a, b] if it is continuous at each point in the
interval.

This definition can be turned around into the following fact.

Fact 1

If f (x) is continuous at X = athen,

Ixm f(x)=f(a) lim f (x)="f(a) lim f(x)=f(a)

x—a~ x—a*

This is exactly the same fact that we first put down back when we started looking at limits with
the exception that we have replaced the phrase “nice enough” with continuous.

It’s nice to finally know what we mean by “nice enough”, however, the definition doesn’t really
tell us just what it means for a function to be continuous. Let’s take a look at an example to help
us understand just what it means for a function to be continuous.

Example 1 Given the graph of f(x), shown below, determine if f(x) is continuous at X = -2,
x=0,and x=3.

¥
(-2.2), >

Solution
To answer the question for each point we’ll need to get both the limit at that point and the
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function value at that point. If they are equal the function is continuous at that point and if they
aren’t equal the function isn’t continuous at that point.

First X =-2.
f(-2)=2 lim f (x) doesn't exist

X—>—2
The function value and the limit aren’t the same and so the function is not continuous at this
point. This kind of discontinuity in a graph is called a jump discontinuity. Jump discontinuities
occur where the graph has a break in it is as this graph does.

Now Xx=0.
f(0)=1 lim f (x)=1

x—0

The function is continuous at this point since the function and limit have the same value.

Finally x =3.
f(3)=-1 lim  (x)=0

X—3

The function is not continuous at this point. This kind of discontinuity is called a removable
discontinuity. Removable discontinuities are those where there is a hole in the graph as there is
in this case.

From this example we can get a quick “working” definition of continuity. A function is
continuous on an interval if we can draw the graph from start to finish without ever once picking
up our pencil. The graph in the last example has only two discontinuities since there are only two
places where we would have to pick up our pencil in sketching it.

In other words, a function is continuous if its graph has no holes or breaks in it.

For many functions it’s easy to determine where it won’t be continuous. Functions won’t be
continuous where we have things like division by zero or logarithms of zero. Let’s take a quick
look at an example of determining where a function is not continuous.

Example 2 Determine where the function below is not continuous.
h(t)= 4t+10
t*—2t-15
Solution
Rational functions are continuous everywhere except where we have division by zero. So all that
we need to is determine where the denominator is zero. That’s easy enough to determine by
setting the denominator equal to zero and solving.

t?—2t-15=(t-5)(t+3)=0

So, the function will not be continuous at t=-3 and t=5.

A nice consequence of continuity is the following fact.
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Fact 2

If f(x) iscontinuousat x=b and limg(x)=b then,

X—a

lim £ (g(x)) = f (limg (%))

X—a X—a

To see a proof of this fact see the Proof of Various Limit Properties section in the Extras chapter.
With this fact we can now do limits like the following example.

Example 3 Evaluate the following limit.

I|m eSinX
x—0
Solution
Since we know that exponentials are continuous everywhere we can use the fact above.
. ; limsinx
lime™™ =g~ " =g’ =1

x—0

Another very nice consequence of continuity is the Intermediate VValue Theorem.

Intermediate Value Theorem

Suppose that f(x) is continuous on [a, b] and let M be any number between f(a) and f(b). Then
there exists a number c such that,

1. a<c<b

2. f(c)=M

All the Intermediate Value Theorem is really saying is that a continuous function will take on all
values between f(a) and f(b). Below is a graph of a continuous function that illustrates the
Intermediate Value Theorem.

u}? -
-
f(®)
— —-.____.\. //"'
T CLEREETLY CERTERR. NTERTEPE ;"/
saf b
PR = 7
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As we can see from this image if we pick any value, M, that is between the value of f(a) and the
value of f(b) and draw a line straight out from this point the line will hit the graph in at least one
point. In other words somewhere between a and b the function will take on the value of M. Also,
as the figure shows the function may take on the value at more than one place.

It’s also important to note that the Intermediate Value Theorem only says that the function will
take on the value of M somewhere between a and b. It doesn’t say just what that value will be. It
only says that it exists.

So, the Intermediate Value Theorem tells us that a function will take the value of M somewhere
between a and b but it doesn’t tell us where it will take the value nor does it tell us how many
times it will take the value. There are important idea to remember about the Intermediate Value
Theorem.

A nice use of the Intermediate Value Theorem is to prove the existence of roots of equations as
the following example shows.

Example 4 Show that p(x)=2x°—5x*—10x+5 has a root somewhere in the interval
[-1.2].

Solution
What we’re really asking here is whether or not the function will take on the value

p(x)=0
somewhere between -1 and 2. In other words, we want to show that there is a number ¢ such that
—l<c<2and p(c)=0. However if we define M =0 and acknowledge that a =—1 and

b =2 we can see that these two condition on c are exactly the conclusions of the Intermediate
Value Theorem.

So, this problem is set up to use the Intermediate Value Theorem and in fact, all we need to do is
to show that the function is continuous and that M =0 is between p(—1) and p(2) (i.e.

p(-1)<0<p(2) or p(2)<0< p(-1) and we’ll be done.

To do this all we need to do is compute,
p(-1)=8 p(2)=-19

So we have,
-19= p(2) <0< p(—l) =8

Therefore M =0 is between p(—1) and p(2) andsince p(x) is a polynomial it’s continuous

everywhere and so in particular it’s continuous on the interval [-1,2]. So by the Intermediate
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Value Theorem there must be a number —1< ¢ < 2 so that,
p(c)=0
Therefore the polynomial does have a root between -1 and 2.
For the sake of completeness here is a graph showing the root that we just proved existed. Note

that we used a computer program to actually find the root and that the Intermediate Value
Theorem did not tell us what this value was.
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Let’s take a look at another example of the Intermediate Value Theorem.

XZ

Example 5 If possible, determine if f (x)=20sin (x+3)cos( 5 j takes the following values

in the interval [0,5].
(a) Does f(x)=10? [Solution]
(b) Does f (X) =-10? [Solution]

Solution

Okay, so much as the previous example we’re being asked to determine, if possible, if the
function takes on either of the two values above in the interval [0,5]. First, let’s notice that this is
a continuous function and so we know that we can use the Intermediate VValue Theorem to do this
problem.

Now, for each part we will let M be the given value for that part and then we’ll need to show that
M lives between f (0) and f (5). If it does then we can use the Intermediate Value Theorem to

prove that the function will take the given value.

So, since we’ll need the two function evaluations for each part let’s give them here,
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f (0)=2.8224 f (5)=19.7436

Now, let’s take a look at each part.

(a) Okay, in this case we’ll define M =10 and we can see that,
f (O) =2.8224<10<19.7436 = f (5)

So, by the Intermediate VValue Theorem there must be a number 0 < ¢ <5 such that
f(c)=10

[Return to Problems]

(b) In this part we’ll define M =—10. We now have a problem. In this part M does not live
between f(0) and f (5). So, what does this mean for us? Does this mean that f (x)#—10
in [0,5]?

Unfortunately for us, this doesn’t mean anything. It is possible that f (x) #—10 in [0,5], but is

it also possible that f (x) =-10 in [0,5]. The Intermediate Value Theorem will only tell us that

c’s will exist. The theorem will NOT tell us that ¢’s don’t exist.

In this case it is not possible to determine if f (X) =-10 in [0,5] using the Intermediate Value

Theorem.
[Return to Problems]

Okay, as the previous example has shown, the Intermediate Value Theorem will not always be
able to tell us what we want to know. Sometimes we can use it to verify that a function will take
some value in a given interval and in other cases we won’t be able to use it.

2
For completeness sake here is the graph of f (x)=20sin(x+3) cos(x?] in the interval [0,5].
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From this graph we can see that not only does f (X) =-10 in [0,5] it does so a total of 4 times!

Also note that as we verified in the first part of the previous example f (X) =10 in[0,5] and in

fact it does so a total of 3 times.

So, remember that the Intermediate Value Theorem will only verify that a function will take on a
given value. It will never exclude a value from being taken by the function. Also, if we can use
the Intermediate Value Theorem to verify that a function will take on a value it never tells us how
many times the function will the value, it only tells us that it does take the value.
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The Definition of the Limit

In this section we’re going to be taking a look at the precise, mathematical definition of the three
kinds of limits we looked at in this chapter. We’ll be looking at the precise definition of limits at
finite points that have finite values, limits that are infinity and limits at infinity. We’ll also give
the precise, mathematical definition of continuity.

Let’s start this section out with the definition of a limit at a finite point that has a finite value.

Definition 1 Let f(x) be a function defined on an interval that contains x = a, except possibly at
X =a. Then we say that,
lim f (x) =L

X—a

if for every number ¢ >0 there is some number ¢ > 0 such that
[f(x)-L<e whenever O<|x-al<s

Wow. That’s a mouth full. Now that it’s written down, just what does this mean?

Let’s take a look at the following graph and let’s also assume that the limit does exist.

/
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L= 7/
L-~ ~
(=)

1
1
1
1
1
1
1
1
1
e

o= d a+ 4

What the definition is telling us is that for any number & > 0 that we pick we can go to our graph
and sketch two horizontal lines at L+ & and L —& as shown on the graph above. Then
somewhere out there in the world is another number ¢ > 0, which we will need to determine,
that will allow us to add in two vertical lines to our graphat a+¢ and a—o .

Now, if we take any x in the pink region, i.e. between a+¢ and a—J, then this x will be closer
to a than either of a+ ¢ and a—o . Or,

[x—a|<o
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If we now identify the point on the graph that our choice of x gives then this point on the graph
will lie in the intersection of the pink and yellow region. This means that this function value f(x)
will be closer to L than either of L+¢ and L—¢. Or,

‘f(x)—L‘<g

So, if we take any value of x in the pink region then the graph for those values of x will lie in the
yellow region.

Notice that there are actually an infinite number of possible s that we can choose. In fact, if we
go back and look at the graph above it looks like we could have taken a slightly larger 6 and still
gotten the graph from that pink region to be completely contained in the yellow region.

Also, notice that as the definition points out we only need to make sure that the function is
defined in some interval around X = a but we don’t really care if it is defined at X =a.
Remember that limits do not care what is happening at the point, they only care what is
happening around the point in question.

Okay, now that we’ve gotten the definition out of the way and made an attempt to understand it
let’s see how it’s actually used in practice.

These are a little tricky sometimes and it can take a lot of practice to get good at these so don’t
feel too bad if you don’t pick up on this stuff right away. We’re going to be looking a couple of
examples that work out fairly easily.

Example 1 Use the definition of the limit to prove the following limit.

limx* =0

x—0
Solution
In this case both L and a are zero. So, let £ >0 be any number. Don’t worry about what the
number is, & is just some arbitrary number. Now according to the definition of the limit, if this
limit is to be true we will need to find some other number ¢ > 0 so that the following will be
true.

‘x2—0‘<g whenever 0<[x-0l<&
Or upon simplifying things we need,
‘x2‘<g whenever O<|x|<&

Often the way to go through these is to start with the left inequality and do a little simplification
and see if that suggests a choice for ¢ . We’ll start by bringing the exponent out of the absolute
value bars and then taking the square root of both sides.

© 2007 Paul Dawkins 152 http://tutorial.math.lamar.edu/terms.aspx




Calculus |

|x|2<g = |x|<\/E

Now, the results of this simplification looks an awful lot like 0 < |x| < ¢ with the exception of
the “0 < ” part. Missing that however isn’t a problem, it is just telling us that we can’t take

x=0. So, it looks like if we choose o = JZ we should get what we want.

We’ll next need to verify that our choice of o will give us what we want, i.e.,
‘x2‘<g whenever O<|X|<\/E

Verification is in fact pretty much the same work that we did to get our guess. First, let’s again
let £ >0 be any number and then choose 6 = \/E Now, assume that 0 < |x| < \/2 . We need to

show that by choosing x to satisfy this we will get,
‘xz‘ <¢

To start the verification process we’ll start with ‘XZ‘ and then first strip out the exponent from the

absolute values. Once this is done we’ll use our assumption on x, namely that |X| < \/E . Doing

all this gives,
x| =X strip exponent out of absolute value bars
< (\/Z)z use the assumption that |x| < Je
=g simplify

Or, upon taking the middle terms out, if we assume that 0 < |x| < \/2 then we will get,
‘xz‘ <¢
and this is exactly what we needed to show.

So, just what have we done? We’ve shown that if we choose &£ >0 then we can finda ¢ >0 so
that we have,

‘x2—0‘<g whenever O<|x—0|<\/§
and according to our definition this means that,
limx?=0
x—0

These can be a little tricky the first couple times through. Especially when it seems like we’ve
got to do the work twice. In the previous example we did some simplification on the left hand
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inequality to get our guess for ¢ and then seemingly went through exactly the same work to then
prove that our guess was correct. This is often who these work, although we will see an example
here in a bit where things don’t work out quite so nicely.

So, having said that let’s take a look at a slightly more complicated limit, although this one will
still be fairly similar to the first example.

Example 2 Use the definition of the limit to prove the following limit.
limbx—-4=6

X—2
Solution
We’ll start this one out the same way that we did the first one. We won’t be putting in quite the
same amount of explanation however.

Let’s start off by letting £ > 0 be any number then we need to find a number 6 > 0 so that the
following will be true.

|(5x—4)-6| <& whenever 0<|x-2|<ds
We’ll start by simplifying the left inequality in an attempt to get a guess for o . Doing this gives,
|(5x—4)—6|=[5x~10|=5]x~2| <& = |x—2|<§
So, as with the first example it looks like if we do enough simplification on the left inequality we
get something that looks an awful lot like the right inequality and this leads us to choose ¢ = %

Let’s now verify this guess. So, again let £ >0 be any number and then choose 6 = % Next,

assume that 0 <|x—2|< & :g and we get the following,

|(5x—4)—6|=[5x—10| simplify things a little
=5|x-2| more simplification....
< 5(%} use the assumption & :g
=g and some more simplification
So, we’ve shown that
(5x—4)-6| <« whenever 0<[x-2| <§
and so by our definition we have,
Iirr21 5x-4=6
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Okay, so again the process seems to suggest that we have to essentially redo all our work twice,
once to make the guess for ¢ and then another time to prove our guess. Let’s do an example that
doesn’t work out quite so nicely.

Example 3 Use the definition of the limit to prove the following limit.
limx®+x-11=9

x—4

Solution
So, let’s get started. Let £ >0 be any number then we need to find a number ¢ > 0 so that the
following will be true.

‘(x2+x—11)—9‘<g whenever O<|x-4/<s

We’ll start the guess process in the same manner as the previous two examples.
(X +x-11) =8| = |x* + x= 20| =|(x+5)(x-4)| =[x+ 5]|x~ 4| < &

Okay, we’ve managed to show that ‘(x2 + x—ll) —9‘ <& isequivalentto [x+5||x—4|<&.

However, unlike the previous two examples, we’ve got an extra term in here that doesn’t show up
in the right inequality above. If we have any hope of proceeding here we’re going need to find

some way to get rid of the |x+5|.

To do this let’s just note that if, by some chance, we can show that |x +5| < K for some number

K then, we’ll have the following,
|x+5|[x—4| <K |x—4|

If we now assume that what we really want to show is K |x—4| < ¢ instead of |x+5||x—4| < &

we get the following,

|x—4|<£
K

This is starting to seem familiar isn’t it?

All this work however, is based on the assumption that we can show that |x + 5| < K for some K.

Without this assumption we can’t do anything so let’s see if we can do this.

Let’s first remember that we are working on a limit here and let’s also remember that limits are
only really concerned with what is happening around the point in question, X =4 in this case.
So, it is safe to assume that whatever x is, it must be close to X =4. This means we can safely
assume that whatever x is, it is within a distance of, say one of Xx=4. Or in terms of an
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inequality, we can assume that,
x—4|<1

Why choose 1 here? There is no reason other than it’s a nice number to work with. We could
just have easily chosen 2, or 5, or 5. The only difference our choice will make is on the actual

value of K that we end up with. You might want to go through this process with another choice
of K and see if you can do it.

So, let’s start with |x - 4| <1 and get rid of the absolute value bars and this solve the resulting

inequality for x as follows,
-l<x-4<1 = 3<x<5

If we now add 5 to all parts of this inequality we get,
8<x+5<10

Now, since X+5 >8>0 (the positive part is important here) we can say that, provided
|x—4| <1 we know that X+5=|x+5|. Or, if take the double inequality above we have,

8<|x+5/<10 = x+5| <10 = K =10

So, provided |x —4| <1 we can see that |X+ 5| <10 which in turn gives us,

£_2%
K 10

|x—4| <
So, to this point we make two assumptions about |x —4| We’ve assumed that,
x—4<= AND x—4)<1
10

It may not seem like it, but we’re now ready to chose a o . In the previous examples we had only
a single assumption and we used that to give us ¢ . In this case we’ve got two and they BOTH

. &
need to be true. So, we’ll let & be the smaller of the two assumptions, 1 and E

d =min {1, i}
10

53% AND 5<1

Now that we’ve made our choice for 6 we need to verify it. So, € >0 be any number and then

Mathematically, this is written as,

By doing this we can guarantee that,
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choose o = min{l,%}. Assume that O<|x—4| <0= min{l,%}. First, we get that,
O<|x—4|<5£i = |x—4|<i
10 10

We also get,
O<[x-4<s<1 = [|x-4<1 = |x+5| <10

Finally, all we need to do is,

\(x2 + x—ll)—9‘ =|x*+x-20 simplify things a little
=|x+5||x—4| factor
<10|x—4| use the assumption that |x+5| <10
<10(ij use the assumption that |x —4| < £
10 10
<& a little final simplification

We’ve now managed to show that,
‘(x2+x_11)—9‘<g whenever O<|x—4|<min{l,%}
and so by our definition we have,

limx?+x-11=9

X—4

Okay, that was a lot more work that the first two examples and unfortunately, it wasn’t all that
difficult of a problem. Well, maybe we should say that in comparison to some of the other limits
we could have tried to prove it wasn’t all that difficult. When first faced with these kinds of
proofs using the precise definition of a limit they can all seem pretty difficult.

Do not feel bad if you don’t get this stuff right away. It’s very common to not understand this
right away and to have to struggle a little to fully start to understand how these kinds of limit

definition proofs work.

Next, let’s give the precise definitions for the right- and left-handed limits.

Definition 2 For the right-hand limit we say that,

lim f(x)=L
x—a* ( )
if for every number & >0 there is some number ¢ > 0 such that
[f(x)-L|<¢ whenever O<x-a<d (ora<x<a+d)
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Definition 3 For the left-hand limit we say that,
lim f (x) =L

X—a~

if for every number & >0 there is some number ¢ > 0 such that
f(x)-L|<e whenever ~§<x-a<0 (ora-d<x<a)

Note that with both of these definitions there are two ways to deal with the restriction on x and
the one in parenthesis is probably the easier to use, although the main one given more closely
matches the definition of the normal limit above.

Let’s work a quick example of one of these, although as you’ll see they work in much the same
manner as the normal limit problems do.

Example 4 Use the definition of the limit to prove the following limit.

lim+/x =0

x—0"

Solution
Let £ >0 be any number then we need to find a number 6 > 0 so that the following will be true.

‘\/;—0‘«9 whenever O0<x-0<o

Or upon a little simplification we need to show,
x<e whenever 0<x<o

As with the previous problems let’s start with the left hand inequality and see if we can’t use that
to get a guess for o . The only simplification that we really need to do here is to square both
sides.

Ix<e¢ = X< &?

So, it looks like we can chose & = &2.

Let’s verify this. Let & >0 be any number and chose & = &°. Nextassume that 0 < X < &°.
This gives,

‘\/;—0‘ =/x some quick simplification
< \/5_2 use the assumption that x < &°
<& one final simplification

We now shown that,
‘«/;—O‘<g whenever 0<x-0<g?
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and so by the definition of the right-hand limit we have,

lim vx =0

x—0"

Let’s now move onto the definition of infinite limits. Here are the two definitions that we need to
cover both possibilities, limits that are positive infinity and limits that are negative infinity.

Definition 4 Let f(x) be a function defined on an interval that contains x = a, except possibly at
X =a. Then we say that,
lim f (x)=c0

X—>a

if for every number M >0 there is some number 6 > 0 such that
f(x)>M whenever O<|x-a|<s

Definition 5 Let f(x) be a function defined on an interval that contains X = a, except possibly at
X =a. Then we say that,
!(ILQ f (X) =—©

if for every number N < O there is some number ¢ > 0 such that
f(x)<N whenever O<|x-a|<s

In these two definitions note that M must be a positive number and that N must be a negative
number. That’s an easy distinction to miss if you aren’t paying close attention.

Also note that we could also write down definitions for one-sided limits that are infinity if we
wanted to. We’ll leave that to you to do if you’d like to.

Here is a quick sketch illustrating Definition 4.
¥
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What Definition 4 is telling us is that no matter how large we choose M to be we can always find
an interval around X =a, given by 0 < |X — a| < o for some number ¢, so that as long as we

stay within that interval the graph of the function will be above the line y =M as shown in the

graph. Also note that we don’t need the function to actually exist at X =a in order for the
definition to hold. This is also illustrated in the sketch above.

Note as well that the larger M is the smaller we’re probably going to need to make o .

To see an illustration of Definition 5 reflect the above graph about the x-axis and you’ll see a
sketch of Definition 5.

Let’s work a quick example of one of these to see how these differ from the previous examples.

Example 5 Use the definition of the limit to prove the following limit.

Solution
These work in pretty much the same manner as the previous set of examples do. The main
difference is that we’re working with an M now instead of an &. So, let’s get going.

Let M >0 be any number and we’ll need to choose a ¢ > 0 so that,

%>M whenever 0<|x-0|=|x<&
X

As with the all the previous problems we’ll start with the left inequality and try to get something
in the end that looks like the right inequality. To do this we’ll basically solve the left inequality

for x and we’ll need to recall that v/ x* = |x| So, here’s that work.

iz>|\/| = <t =X Ix 1

X M JM

. . 1 i . .
So, it looks like we can chose & =——=—. All we need to do now is verify this guess.

N

Let M >0 be any number, choose & _ 1 andassume that 0 < X < 1

M M

In the previous examples we tried to show that our assumptions satisfied the left inequality by
working with it directly. However, in this, the function and our assumption on x that we’ve got
actually will make this easier to start with the assumption on x and show that we can get the left
inequality out of that. Note that this is being done this way mostly because of the function that
we’re working with and not because of the type of limit that we’ve got.
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Doing this work gives,

1
x| < —
SN
X[ < L square both sides
M
X <$ acknowledge that [x|" = x?
iz > M solve for x?
X

So, we’ve managed to show that,

iZ>M whenever O<|x—0|<L

X NT)

and so by the definition of the limit we have,

For our next set of limit definitions let’s take a look at the two definitions for limits at infinity.
Again, we need one for a limit at plus infinity and another for negative infinity.

Definition 6 Let f(x) be a function defined on an interval that contains X = a, except possibly at
X =a. Then we say that,
lim f (x) =L

X—00

if for every number & >0 there is some number M > 0 such that
[t (x)-L|<¢e whenever Xx>M

Definition 7 Let f(x) be a function defined on an interval that contains X = a, except possibly at
X =a. Then we say that,
XILrEO f(x)=L

if for every number & >0 there is some number N < Osuch that
[t (x)-L|<e whenever x<N

To see what these definitions are telling us here is a quick sketch illustrating Definition 6.
Definition 6 tells us is that no matter how close to L we want to get, mathematically this is given

by ‘ f (x) - L‘ < ¢ forany chosen ¢, we can find another number M such that provided we take

any x bigger than M, then the graph of the function for that x will be closer to L than either L —¢
and L+¢. Or, in other words, the graph will be in the shaded region as shown in the sketch
below.
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Finally, note that the smaller we make ¢ the larger we’ll probably need to make M.

Here’s a quick example of one of these limits.

Example 6 Use the definition of the limit to prove the following limit.

.1
lim==0
X—>—0 ¥
Solution
Let £ >0 be any number and we’ll need to choose a N <0 so that,
1 1
——0l==«<¢ whenever x<N
x| |¥
Getting our guess for N isn’t too bad here.
1
—<g = X|>=
x| £

Since we’re heading out towards negative infinity it looks like we can choose N =— Note

£
that we need the “-” to make sure that N is negative (recall that £ > 0).

. i 1 1
Let’s verify that our guess will work. Let £ >0 and choose N =—=— and assume that X < ——.
£ £

As with the previous example the function that we’re working with here suggests that it will be
easier to start with this assumption and show that we can get the left inequality out of that.
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1
X< —=
&
|x| >|-= take the absolute value
&
1 . ] e L
X >= do a little simplification
&
< solve for |x|
0
1 ] ] ]
—-0l<e rewrite things a little
X

Note that when we took the absolute value of both sides we changed both sides from negative
numbers to positive numbers and so also had to change the direction of the inequality.

So, we’ve shown that,

1 1 1
—-0l==<¢ whenever X<——
X | £
and so by the definition of the limit we have,
lim 1 =0
X—>—00 X

For our final limit definition let’s look at limits at infinity that are also infinite in value. There are
four possible limits to define here. We’ll do one of them and leave the other three to you to write
down if you’d like to.

Definition 8 Let f(x) be a function defined on an interval that contains X = a, except possibly at
X =a. Then we say that,

lim f (X) =0

X—>0

if for every number N > O there is some number M > 0 such that
f(x)>N whenever Xx>M

The other three definitions are almost identical. The only differences are the signs of M and/or N
and the corresponding inequality directions.

As a final definition in this section let’s recall that we previously said that a function was

continuous if,
lim f (x)=f(a)

X—a

So, since continuity, as we previously defined it, is defined in terms of a limit we can also now
give a more precise definition of continuity. Here it is,
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Definition 9 Let f(x) be a function defined on an interval that contains X =a. Then we say that
f(x) is continuous at X = a if for every number &£ > 0 there is some number ¢ > 0 such that

‘f(x)—f(a)‘<g whenever O<|x-al<s

This definition is very similar to the first definition in this section and of course that should make
some sense since that is exactly the kind of limit that we’re doing to show that a function is
continuous. The only real difference is that here we need to make sure that the function is
actually defined at X = a, while we didn’t need to worry about that for the first definition since
limits don’t really care what is happening at the point.

We won’t do any examples of proving a function is continuous at a point here mostly because
we’ve already done some examples. Go back and look at the first three examples. In each of
these examples the value of the limit was the value of the function evaluated at X =a and so in
each of these examples not only did we prove the value of the limit we also managed to prove
that each of these functions are continuous at the point in question.
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Derivatives

Introduction

In this chapter we will start looking at the next major topic in a calculus class. We will be
looking at derivatives in this chapter (as well as the next chapter). This chapter is devoted almost
exclusively to finding derivatives. We will be looking at one application of them in this chapter.
We will be leaving most of the applications of derivatives to the next chapter.

Here is a listing of the topics covered in this chapter.

The Definition of the Derivative — In this section we will be looking at the definition of the
derivative.

Interpretation of the Derivative — Here we will take a quick look at some interpretations of the
derivative.

Differentiation Formulas — Here we will start introducing some of the differentiation formulas
used in a calculus course.

Product and Quotient Rule — In this section we will took at differentiating products and
quotients of functions.

Derivatives of Trig Functions — We’ll give the derivatives of the trig functions in this section.

Derivatives of Exponential and Logarithm Functions — In this section we will get the
derivatives of the exponential and logarithm functions.

Derivatives of Inverse Trig Functions — Here we will look at the derivatives of inverse trig
functions.

Derivatives of Hyperbolic Functions — Here we will look at the derivatives of hyperbolic
functions.

Chain Rule — The Chain Rule is one of the more important differentiation rules and will allow us
to differentiate a wider variety of functions. In this section we will take a look at it.

Implicit Differentiation — In this section we will be looking at implicit differentiation. Without
this we won’t be able to work some of the applications of derivatives.
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Related Rates — In this section we will look at the lone application to derivatives in this chapter.
This topic is here rather than the next chapter because it will help to cement in our minds one of
the more important concepts about derivatives and because it requires implicit differentiation.

Higher Order Derivatives — Here we will introduce the idea of higher order derivatives.

Logarithmic Differentiation — The topic of logarithmic differentiation is not always presented in
a standard calculus course. It is presented here for those how are interested in seeing how it is
done and the types of functions on which it can be used.
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The Definition of the Derivative

In the first section of the last chapter we saw that the computation of the slope of a tangent line,
the instantaneous rate of change of a function, and the instantaneous velocity of an object at
X = a all required us to compute the following limit.

im f(x)-f(a)

We also saw that with a small change of notation this limit could also be written as,
. f(a+h)-f(a
IR R

3)

This is such an important limit and it arises in so many places that we give it a name. We call ita
derivative. Here is the official definition of the derivative.

Definition

The derivative of f (x) with respect to x is the function f’(x) and is defined as,

f (x+h)—f(x)

f'(x)=lim 4)

h—0

Note that we replaced all the a’s in (1) with x’s to acknowledge the fact that the derivative is
really a function as well. We often “read” f '(X) as “f prime of x”.

Let’s compute a couple of derivatives using the definition.

Example 1 Find the derivative of the following function using the definition of the derivative.

f (x)=2x*-16x+35
Solution
So, all we really need to do is to plug this function into the definition of the derivative, (1), and do
some algebra. While, admittedly, the algebra will get somewhat unpleasant at times, but it’s just
algebra so don’t get excited about the fact that we’re now computing derivatives.

First plug the function into the definition of the derivative.
. f(x+h)—f(x
f'(x)=lim ( )= (%)
h—0 h

2(x+h)’ —16(x+h)+35—(2x* -16x+35
_jim (x+h) (x+h)+ ( X X + )

h—0 h

Be careful and make sure that you properly deal with parenthesis when doing the subtracting.

Now, we know from the previous chapter that we can’t just plug in h =0 since this will give us a
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division by zero error. So we are going to have to do some work. In this case that means
multiplying everything out and distributing the minus sign through on the second term. Doing
this gives,

, . 2Xx®+4xh+2h?-16x—-16h+35-2x> +16x—35
f (x):llm

h—0 h

. 4xh+2h*-16h
=lim

h—0

Notice that every term in the numerator that didn’t have an h in it canceled out and we can now
factor an h out of the numerator which will cancel against the h in the denominator. After that we
can compute the limit.

h(4x+2h-16)

f'(x)= L'LTJ
= IhILT(} 4x+2h-16
=4x-16
So, the derivative is,
f'(x)=4x-16

Example 2 Find the derivative of the following function using the definition of the derivative.
t
t)=——
g( ) t+1
Solution
This one is going to be a little messier as far as the algebra goes. However, outside of that it will
work in exactly the same manner as the previous examples. First, we plug the function into the
definition of the derivative,
. t+h)—g(t
g’(t):llmg( )-9(t)

h—0

. 1( t+h t
=lim= P
>0 h{t+h+1 t+1

Note that we changed all the letters in the definition to match up with the given function. Also
note that we wrote the fraction a much more compact manner to help us with the work.

As with the first problem we can’t just plug in h=0. So we will need to simplify things a little.
In this case we will need to combine the two terms in the numerator into a single rational
expression as follows.
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L 1 (t+h)(t+1)—t(t+h+1)
h-0 h (t+h+1)(t+1) J

1 +t+th+h—(t? +th+t)}

h—0 h (t+h+1)(t+1)

) h
=iy (t+h+1)(t+1)J

Before finishing this let’s note a couple of things. First, we didn’t multiply out the denominator.
Multiplying out the denominator will just overly complicate things so let’s keep it simple. Next,
as with the first example, after the simplification we only have terms with h’s in them left in the
numerator and so we can now cancel an h out.

So, upon canceling the h we can evaluate the limit and get the derivative.
g'(t)=lim L
-0 (t+h+1)(t+1)
1
1
(t+1)

The derivative is then,

Example 3 Find the derivative of the following function using the derivative.
R(z)=+5z-8

Solution

First plug into the definition of the derivative as we’ve done with the previous two examples.

R(z+h)-R(z)
h

R'(z)=lim

h—0

:"m\/5(2+h)—8—\/52—8

h—0 h

In this problem we’re going to have to rationalize the numerator. You do remember
rationalization from an Algebra class right? In an Algebra class you probably only rationalized
the denominator, but you can also rationalize numerators. Remember that in rationalizing the
numerator (in this case) we multiply both the numerator and denominator by the numerator
except we change the sign between the two terms. Here’s the rationalizing work for this problem,

© 2007 Paul Dawkins 170 http://tutorial.math.lamar.edu/terms.aspx




Calculus |

(5(z+h)-8—52-8) (5(z )-8 +52 8]

R'(z)=lim h (\/5 (z+h)-8+5z- 8)
_im 5z+5h—-8—(52-8)

“*Oh(,/ 5(z+h)-8++/52- )

=lim

rHOh(,/ 5(z+h)-8++/5z2- )

Again, after the simplification we have only h’s left in the numerator. So, cancel the h and
evaluate the limit.

R'(z)=lim >
"0 [5(z+h)-8++/52-8
B 5
- J52-8+5z-8
5

~257-8

And so we get a derivative of,
5

Y

Let’s work one more example. This one will be a little different, but it’s got a point that needs to
be made.

Example 4 Determine f'(0) for f(x)=|x|
Solution
Since this problem is asking for the derivative at a specific point we’ll go ahead and use that in

our work. It will make our life easier and that’s always a good thing.

So, plug into the definition and simplify.

(0) = fim- 2N =1(0)
h—0 h
Iim|0+h|—|o|
h—0 h

—IimM
h—0 h
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We saw a situation like this back when we were looking at limits at infinity. As in that section
we can’t just cancel the h’s. We will have to look at the two one sided limits and recall that

h ifh>0
|h|:{—h ifh<0

h _
hIim%:r!im—h because h < 0 in a left-hand limit.
—0" —0"

=i ()
=-1
h
lim u = lim h because h > 0 in a right-hand limit.

h—»0* h  ho0*

=lim1l
h—0"

=1

The two one-sided limits are different and so

IimM
h—0 h

doesn’t exist. However, this is the limit that gives us the derivative that we’re after.

If the limit doesn’t exist then the derivative doesn’t exist either.

In this example we have finally seen a function for which the derivative doesn’t exist at a point.
This is a fact of life that we’ve got to be aware of. Derivatives will not always exist. Note as
well that this doesn’t say anything about whether or not the derivative exists anywhere else. In
fact, the derivative of the absolute value function exists at every point except the one we just
looked at, x=0.

The preceding discussion leads to the following definition.

Definition

A function f (x) is called differentiable at x=a if f'(x) existsand f (x) is called

differentiable on an interval if the derivative exists for each point in that interval.

The next theorem shows us a very nice relationship between functions that are continuous and
those that are differentiable.

Theorem

If f(x) isdifferentiable at x =a then f (x) is continuousat X =a.
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See the Proof of Various Derivative Formulas section of the Extras chapter to see the proof of this
theorem.

Note that this theorem does not work in reverse. Consider f (X) = |X| and take a look at,

lim f (x) = lim|x| =0 = f (0)

X—0 X—0

So, f (X) = |X| is continuous at X =0 but we’ve just shown above in Example 4 that

f (x)=|x| is not differentiable at x=0.

Alternate Notation

Next we need to discuss some alternate notation for the derivative. The typical derivative
notation is the “prime” notation. However, there is another notation that is used on occasion so
let’s cover that.

Given a function y = f (x) all of the following are equivalent and represent the derivative of

f (x) with respect to x.

Because we also need to evaluate derivatives on occasion we also need a notation for evaluating
derivatives when using the fractional notation. So if we want to evaluate the derivative at x=a all
of the following are equivalent.

_df

, , dy
f (a):y|x:a_& =

x=a dx

X=a

Note as well that on occasion we will drop the (x) part on the function to simplify the notation
somewhat. In these cases the following are equivalent.

f'(x)=f'

As a final note in this section we’ll acknowledge that computing most derivatives directly from
the definition is a fairly complex (and sometimes painful) process filled with opportunities to
make mistakes. In a couple of section we’ll start developing formulas and/or properties that will
help us to take the derivative of many of the common functions so we won’t need to resort to the
definition of the derivative too often.

This does not mean however that it isn’t important to know the definition of the derivative! It is

an important definition that we should always know and keep in the back of our minds. It is just
something that we’re not going to be working with all that much.
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Interpretations of the Derivative

Before moving on to the section where we learn how to compute derivatives by avoiding the
limits we were evaluating in the previous section we need to take a quick look at some of the
interpretations of the derivative. All of these interpretations arise from recalling how our
definition of the derivative came about. The definition came about by noticing that all the
problems that we worked in the first section in the chapter on limits required us to evaluate the
same limit.

Rate of Change
The first interpretation of a derivative is rate of change. This was not the first problem that we
looked at in the limit chapter, but it is the most important interpretation of the derivative. If

f (X) represents a quantity at any x then the derivative f '(a) represents the instantaneous rate

of change of f(x) at x=a.

Example 1 Suppose that the amount of water in a holding tank at t minutes is given by
V (t)=2t*—16t+35. Determine each of the following.

(@) Is the volume of water in the tank increasing or decreasing at t =1 minute?
[Solution]

(b) Is the volume of water in the tank increasing or decreasing at t =5 minutes?
[Solution]

(c) Is the volume of water in the tank changing faster at t =1 or t =5 minutes?
[Solution]

(d) Is the volume of water in the tank ever not changing? If so, when? [Solution]

Solution
In the solution to this example we will use both notations for the derivative just to get you
familiar with the different notations.

We are going to need the rate of change of the volume to answer these questions. This means that
we will need the derivative of this function since that will give us a formula for the rate of change
at any time t. Now, notice that the function giving the volume of water in the tank is the same
function that we saw in Example 1 in the last section except the letters have changed. The change
in letters between the function in this example versus the function in the example from the last
section won’t affect the work and so we can just use the answer from that example with an
appropriate change in letters.

The derivative is.
, dv
V'(t)=4t-16 OR E=4t—16
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Recall from our work in the first limits section that we determined that if the rate of change was
positive then the quantity was increasing and if the rate of change was negative then the quantity
was decreasing.

We can now work the problem.

(@) Is the volume of water in the tank increasing or decreasing at t =1minute?
In this case all that we need is the rate of change of the volume at t =1or,
V'(1)=-12 OR LA P
dt |,

So, at t =1 the rate of change is negative and so the volume must be decreasing at this time.
[Return to Problems]

(b) Is the volume of water in the tank increasing or decreasing at t =5 minutes?
Again, we will need the rate of change at t =5.

V'(5)=4 OR Ll
dt |,

In this case the rate of change is positive and so the volume must be increasingat t =5.
[Return to Problems]

(c) Is the volume of water in the tank changing faster at t =1 or t =5 minutes?

To answer this question all that we look at is the size of the rate of change and we don’t worry

about the sign of the rate of change. All that we need to know here is that the larger the number

the faster the rate of change. So, in this case the volume is changing fasterat t =1 thanat t =5.
[Return to Problems]

(d) Is the volume of water in the tank ever not changing? If so, when?

The volume will not be changing if it has a rate of change of zero. In order to have a rate of
change of zero this means that the derivative must be zero. So, to answer this question we will
then need to solve

V/(t)=0 OR Vo
dt
This is easy enough to do.
4t-16=0 = t=4

So at t =4 the volume isn’t changing. Note that all this is saying is that for a brief instant the
volume isn’t changing. It doesn’t say that at this point the volume will quit changing
permanently.
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If we go back to our answers from parts (a) and (b) we can get an idea about what is going on. At
t =1 the volume is decreasing and at t =5 the volume is increasing. So at some point in time
the volume needs to switch from decreasing to increasing. Thattimeis t=4.

This is the time in which the volume goes from decreasing to increasing and so for the briefest
instant in time the volume will quit changing as it changes from decreasing to increasing.
[Return to Problems]

Note that one of the more common mistakes that students make in these kinds of problems is to
try and determine increasing/decreasing from the function values rather than the derivatives. In
this case if we took the function valuesat t =0, t =1 and t =5 we would get,

Vv (0)=35 V(1)=21 V(5)=5

Clearly as we go from t =0 to t =1 the volume has decreased. This might lead us to decide that
AT t =1 the volume is decreasing. However, we just can’t say that. All we can say is that
between t =0 and t =1 the volume has decreased at some point in time. The only way to know

what is happening right at t =1 is to compute V ’(1) and look at its sign to determine

increasing/decreasing. In this case V’(l) is negative and so the volume really is decreasing at
t=1.

Now, if we’d plugged into the function rather than the derivative we would have been gotten the
correct answer for t =1 even though our reasoning would have been wrong. It’s important to not
let this give you the idea that this will always be the case. It just happened to work out in the case
of t=1.

To see that this won’t always work let’s now look at t =5. If we plug t =1 and t =5 into the
volume we can see that again as we go from t =1 to t =5 the volume has decreases. Again,
however all this says is that the volume HAS decreased somewhere between t =1 and t=5. It
does NOT say that the volume is decreasing at t =5. The only way to know what is going on

rightat t =5 is to compute V'(5) and in this case V'(5) is positive and so the volume is

actually increasingat t =5.

So, be careful. When asked to determine if a function is increasing or decreasing at a point make

sure and look at the derivative. It is the only sure way to get the correct answer. We are not

looking to determine is the function has increased/decreased by the time we reach a particular

point. We are looking to determine if the function is increasing/decreasing at that point in
question.
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Slope of Tangent Line
This is the next major interpretation of the derivative. The slope of the tangent line to f (X) at

x=a is f'(a). The tangent line then is given by,
y="f(a)+f'(a)(x-a)

Example 2 Find the tangent line to the following functionat z =3.
R(z)=+5z-8
Solution
We first need the derivative of the function and we found that in Example 3 in the last section.
The derivative is,
5

)= s

Now all that we need is the function value and derivative (for the slope) at z=3.
5
R(3)=+7 m=R'(3)=—=

The tangent line is then,

y:ﬁ+%(z—3)

Velocity
Recall that this can be thought of as a special case of the rate of change interpretation. If the

position of an object is given by f (t) after t units of time the velocity of the objectat t =a s

givenby f'(a).

Example 3 Suppose that the position of an object after t hours is given by,
t
t)=—
g() t+1
Answer both of the following about this object.

(@) Is the object moving to the right or the left at t =10 hours? [Solution]
(b) Does the object ever stop moving? [Solution]

Solution
Once again we need the derivative and we found that in Example 2 in the last section. The
derivative is,

1
g9'(t)=
(1) (t +1)2
(a) Is the object moving to the right or the left at t =10 hours?
To determine if the object is moving to the right (velocity is positive) or left (velocity is
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negative) we need the derivative at t =10.

900151

So the velocity at t =10 is positive and so the object is moving to the right at t =10.
[Return to Problems]

(b) Does the object ever stop moving?

The object will stop moving if the velocity is ever zero. However, note that the only way a
rational expression will ever be zero is if the numerator is zero. Since the numerator of the
derivative (and hence the speed) is a constant it can’t be zero.

Therefore, the velocity will never stop moving.
In fact, we can say a little more here. The object will always be moving to the right since the

velocity is always positive.
[Return to Problems]

We’ve seen three major interpretations of the derivative here. You will need to remember these,
especially the rate of change, as they will show up continually throughout this course.
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Differentiation Formulas

In the first section of this chapter we saw the definition of the derivative and we computed a
couple of derivatives using the definition. As we saw in those examples there was a fair amount
of work involved in computing the limits and the functions that we worked with were not terribly
complicated.

For more complex functions using the definition of the derivative would be an almost impossible
task. Luckily for us we won’t have to use the definition terribly often. We will have to use it on
occasion, however we have a large collection of formulas and properties that we can use to
simplify our life considerably and will allow us to avoid using the definition whenever possible.

We will introduce most of these formulas over the course of the next several sections. We will
start in this section with some of the basic properties and formulas. We will give the properties

and formulas in this section in both “prime” notation and “fraction” notation.

Properties

' d df  dg
1) (f(x)xg(x)) =f"(x)xg'(x OR —(f(x)£g(x))=—=x—
) (F(9£9(x) = T'(x)£9'(x) o (F()£9(x)) =+
In other words, to differentiate a sum or difference all we need to do is differentiate the
individual terms and then put them back together with the appropriate signs. Note as well

that this property is not limited to two functions.

See the Proof of Various Derivative Formulas section of the Extras chapter to see the
proof of this property. It’s a very simple proof using the definition of the derivative.

2) (cf(x))’:cf'(x) OR %(cf(x)):cg—i, ¢ is any number

In other words, we can “factor” a multiplicative constant out of a derivative if we need to.
See the Proof of Various Derivative Formulas section of the Extras chapter to see the
proof of this property.

Note that we have not included formulas for the derivative of products or quotients of two
functions here. The derivative of a product or quotient of two functions is not the product or
quotient of the derivatives of the individual pieces. We will take a look at these in the next
section.

Next, let’s take a quick look at a couple of basic “computation” formulas that will allow us to
actually compute some derivatives.
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Formulas

1)

2)

d
If f (x)=c then f'(x)=0 OR d—(c):O
X
The derivative of a constant is zero. See the Proof of Various Derivative Formulas

section of the Extras chapter to see the proof of this formula.

If f (x)=x"then f'(x)=nx"" OR %(x”): nx", n is any number.

This formula is sometimes called the power rule. All we are doing here is bringing the
original exponent down in front and multiplying and then subtracting one from the
original exponent.

Note as well that in order to use this formula n must be a number, it can’t be a variable.
Also note that the base, the x, must be a variable, it can’t be a number. It will be tempting
in some later sections to misuse the Power Rule when we run in some functions where
the exponent isn’t a number and/or the base isn’t a variable.

See the Proof of Various Derivative Formulas section of the Extras chapter to see the
proof of this formula. There are actually three different proofs in this section. The first
two restrict the formula to n being an integer because at this point that is all that we can
do at this point. The third proof is for the general rule, but does suppose that you’ve read
most of this chapter.

These are the only properties and formulas that we’ll give in this section. Let’s do compute some
derivatives using these properties.

Example 1 Differentiate each of the following functions.

(a) f(x)=15x"-3x"+5x—46 [Solution]
(b) g (t) =2t°+7t° [Solution]

(c) y=8z7° —%+ z—23 [Solution]
(T (X) = \/;+9$/X—7—% [Solution]

(e) h(x)=x"- x'2 [Solution]

Solution

(@ f(x)=15x""—3x"+5x—46

In this case we have the sum and difference of four terms and so we will differentiate each of the
terms using the first property from above and then put them back together with the proper sign.

Also, for each term with a multiplicative constant remember that all we need to do is “factor” the
constant out (using the second property) and then do the derivative.
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£/(x)=15(100)x* —3(12) X" +5(1) X’ -0
=1500%x* —36x" +5

Notice that in the third term the exponent was a one and so upon subtracting 1 from the original

exponent we get a new exponent of zero. Now recall that x° =1. Don’t forget to do any basic

arithmetic that needs to be done such as any multiplication and/or division in the coefficients.
[Return to Problems]

(b) g(t)=2t°+7t°
The point of this problem is to make sure that you deal with negative exponents correctly. Here
is the derivative.
9'(t)=2(6)t°+7(-6)t”
=12t°—42t™’

Make sure that you correctly deal with the exponents in these cases, especially the negative
exponents. It is an easy mistake to “go the other way” when subtracting one off from a negative

exponent and get —6t° instead of the correct —6t ™.
[Return to Problems]

(©) y:823—3—15+z—23
z

Now in this function the second term is not correctly set up for us to use the power rule. The
power rule requires that the term be a variable to a power only and the term must be in the
numerator. So, prior to differentiating we first need to rewrite the second term into a form that
we can deal with.

y:823—%25+z—23

Note that we left the 3 in the denominator and only moved the variable up to the numerator.
Remember that the only thing that gets an exponent is the term that is immediately to the left of
the exponent. If we’d wanted the three to come up as well we’d have written,

1

(32)°
so be careful with this! It’s a very common mistake to bring the 3 up into the numerator as well
at this stage.

Now that we’ve gotten the function rewritten into a proper form that allows us to use the Power
Rule we can differentiate the function. Here is the derivative for this part.

y' =247 +%z6 +1

[Return to Problems]
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d) T(x)=+x QW—L
(d) T(x) + e

All of the terms in this function have roots in them. In order to use the power rule we need to
first convert all the roots to fractional exponents. Again, remember that the Power Rule requires
us to have a variable to a number and that it must be in the numerator of the term. Here is the
function written in “proper” form.

T(x):x;+9(x7);— 2 ;
()

1 7
= X2 +9x% ——
X5
1 7 2

= X2 +9x3 —2x 5

In the last two terms we combined the exponents. You should always do this with this kind of
term. In a later section we will learn of a technique that would allow us to differentiate this term
without combining exponents, however it will take significantly more work to do. Also don’t
forget to move the term in the denominator of the third term up to the numerator. We can now

differentiate the function.
1 4 7
T’(x):ix 2 +9(ij3 —2(—ij 5
2 3 5

Make sure that you can deal with fractional exponents. You will see a lot of them in this class.
[Return to Problems]

(e) h(x)=x"- X2
In all of the previous examples the exponents have been nice integers or fractions. That is usually

what we’ll see in this class. However, the exponent only needs to be a number so don’t get
excited about problems like this one. They work exactly the same.

hr(x) — ﬂ_xﬂ—l _\/Exx/i—l

The answer is a little messy and we won’t reduce the exponents down to decimals. However, this
problem is not terribly difficult it just looks that way initially.
[Return to Problems]

There is a general rule about derivatives in this class that you will need to get into the habit of
using. When you see radicals you should always first convert the radical to a fractional exponent
and then simplify exponents as much as possible. Following this rule will save you a lot of grief
in the future.
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Back when we first put down the properties we noted that we hadn’t included a property for
products and quotients. That doesn’t mean that we can’t differentiate any product or quotient at
this point. There are some that we can do.

Example 2 Differentiate each of the following functions.
(@) y= Q/F(ZX - xz) [Solution]
(b) h (t) = % [Solution]
Solution
@@ y :%(Zx—xz)
In this function we can’t just differentiate the first term, differentiate the second term and then
multiply the two back together. That just won’t work. We will discuss this in detail in the next

section so if you’re not sure you believe that hold on for a bit and we’ll be looking at that soon as
well as showing you an example of what it won’t work.

It is still possible to do this derivative however. All that we need to do is convert the radical to

fractional exponents (as we should anyway) and then multiply this through the parenthesis.
5 8

y=x§(2x—x2)=2x3—x3

Now we can differentiate the function.
,_10 2 8
3

[Return to Problems]

2t° +t* -5
) h(t)==—5—
As with the first part we can’t just differentiate the numerator and the denominator and the put it
back together as a fraction. Again, if you’re not sure you believe this hold on until the next
section and we’ll take a more detailed look at this.

We can simplify this rational expression however as follows.
2t° t° 5 s >,
h(t) :t_2+t_2_t_2: 2t° +1-5t
This is a function that we can differentiate.
h'(t)=6t*+10t™°
[Return to Problems]
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So, as we saw in this example there are a few products and quotients that we can differentiate. If
we can first do some simplification the functions will sometimes simplify into a form that can be
differentiated using the properties and formulas in this section.

Before moving on to the next section let’s work a couple of examples to remind us once again of
some of the interpretations of the derivative.

Example 3 Is f (X) =2x° +3X$+4 increasing, decreasing or not changing at X =—27?

Solution
We know that the rate of change of a function is given by the functions derivative so all we need
to do is it rewrite the function (to deal with the second term) and then take the derivative.

f (x)=2x>+300x"° +4 = f’(x):6x2—900x’4:6x2—@

X4

Note that we rewrote the last term in the derivative back as a fraction. This is not something
we’ve done to this point and is only being done here to help with the evaluation in the next step.
It’s often easier to do the evaluation with positive exponents.

So, upon evaluating the derivative we get
f '(_2) = 6(4) _ 900 - _129 =-32.25
32 4

So, at X =—2 the derivative is negative and so the function is decreasing at X =—2.

Example 4 Find the equation of the tangent line to f (x) = 4x-8Vx at x=16.

Solution
We know that the equation of a tangent line is given by,

y="f(a)+f'(a)(x-a)

So, we will need the derivative of the function (don’t forget to get rid of the radical).

1 1 4
f (x)=4x—8x? = f'(x)=4-4x 2 =4-—

X2
Again, notice that we eliminated the negative exponent in the derivative solely for the sake of the
evaluation. All we need to do then is evaluate the function and the derivative at the point in
question, x=16.
4
f(16)=64—8(4)=32 f’(x)=4—z=3
The tangent line is then,

y=32+3(x-16)=3x-16
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Example 5 The position of an object at any time t (in hours) is given by,
s(t)=2t>-21t* + 60t -10
Determine when the object is moving to the right and when the object is moving to the left.

Solution

The only way that we’ll know for sure which direction the object is moving is to have the velocity
in hand. Recall that if the velocity is positive the object is moving off to the right and if the
velocity is negative then the object is moving to the left.

So, we need the derivative since the derivative is the velocity of the object. The derivative is,
s'(t) =6t"— 42t +60 = 6(t* — 7t +10) = 6(t - 2)(t-5)
The reason for factoring the derivative will be apparent shortly.

Now, we need to determine where the derivative is positive and where the derivative is negative.
There are several ways to do this. The method that | tend to prefer is the following.

Since polynomials are continuous we know from the Intermediate VValue Theorem that if the
polynomial ever changes sign then it must have first gone through zero. So, if we knew where
the derivative was zero we would know the only points where the derivative might change sign.

We can see from the factored form of the derivative that the derivative will be zero at t =2 and
t =5. Let’s graph these points on a number line.

[ . e
L —

Now, we can see that these two points divide the number line into three distinct regions. In reach
of these regions we know that the derivative will be the same sign. Recall the derivative can only
change sign at the two points that are used to divide the number line up into the regions.

Therefore, all that we need to do is to check the derivative at a test point in each region and the
derivative in that region will have the same sign as the test point. Here is the number line with
the test points and results shown.
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Here are the intervals in which the derivative is positive and negative.
positive: —oo<t<2 & 5<t<w

negative: 2<t<5

We included negative t’s here because we could even though they may not make much sense for
this problem. Once we know this we also can answer the question. The object is moving to the
right and left in the following intervals.

moving to theright: —oo<t<2 & 5<t<w

moving to the left : 2<t<5

Make sure that you can do the kind of work that we just did in this example. You will be asked
numerous times over the course of the next two chapters to determine where functions are
positive and/or negative. If you need some review or want to practice these kinds of problems
you should check out the Solving Inequalities section of my Algebra/Trig Review.
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Product and Quotient Rule

In the previous section we noted that we had to be careful when differentiating products or
quotients. It’s now time to look at products and quotients and see why.

First let’s take a look at why we have to be careful with products and quotients. Suppose that we
have the two functions f (x)=x’ and g(x)=x°. Let’s start by computing the derivative of

the product of these two functions. This is easy enough to do directly.
(fg) =(xx°) =(x) =9x°

Remember that on occasion we will drop the (x) part on the functions to simplify notation
somewhat. We’ve done that in the work above.

Now, let’s try the following.

f’(x)g'(x):(3x2)(6x5):18x7

So, we can very quickly see that.

(fg )' zf'g
In other words, the derivative of a product is not the product of the derivatives.

Using the same functions we can do the same thing for quotients.

) ] i e

f'(x) 3x* 1
9'(x) e 2x

)
9 9

To differentiate products and quotients we have the Product Rule and the Quotient Rule.

So, again we can see that,

Product Rule

If the two functions f(x) and g(x) are differentiable (i.e. the derivative exist) then the product is
differentiable and,

(fg)':f’g+fg’

The proof of the Product Rule is shown in the Proof of Various Derivative Formulas section of
the Extras chapter.
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Quotient Rule

If the two functions f(x) and g(x) are differentiable (i.e. the derivative exist) then the quotient is

differentiable and,
[ij’ B f , g 7 f g,
g 9°

Note that the numerator of the quotient rule is very similar to the product rule so be careful to not
mix the two up!

The proof of the Product Rule is shown in the Proof of Various Derivative Formulas section of
the Extras chapter.

Let’s do a couple of examples of the product rule.

Example 1 Differentiate each of the following functions.
(@) y= %/?(ZX - xz) [Solution]
(b) f(x)= (6X3 - X)(lO— 20X) [Solution]

Solution

At this point there really aren’t a lot of reasons to use the product rule. As we noted in the
previous section all we would need to do for either of these is to just multiply out the product and
then differentiate.

With that said we will use the product rule on these so we can see an example or two. As we add
more functions to our repertoire and as the functions become more complicated the product rule
will become more useful and in many cases required.

(@) y=3x? (2x—x2)
Note that we took the derivative of this function in the previous section and didn’t use the product
rule at that point. We should however get the same result here as we did then.

Now let’s do the problem here. There’s not really a lot to do here other than use the product rule.

However, before doing that we should convert the radical to a fractional exponent as always.
2

y=x%(2x-x*)
Now let’s take the derivative. So we take the derivative of the first function times the second

then add on to that the first function times the derivative of the second function.
1

' 2 3 2 2
= Zx 3 (2x— 3(2-2
y 3x (x x)+x( X)

© 2007 Paul Dawkins 188 http://tutorial.math.lamar.edu/terms.aspx




Calculus |

This is NOT what we got in the previous section for this derivative. However, with some
simplification we can arrive at the same answer.

4 2 2 5 2 5 10 2 8 32
T= XS =X 42X - 2x3 ==X —=X®

y 3 3 3 3

This is what we got for an answer in the previous section so that is a good check of the product
rule.
[Return to Problems]

(b) f(x)= (6x3 - x)(lO —20x)
This one is actually easier than the previous one. Let’s just run it through the product rule.
f'(x) =(18x* —1)(10-20x) +(6x° - x)(~20)
=-480x> +180x> +40x —10

Since it was easy to do we went ahead and simplified the results a little.
[Return to Problems]

Let’s now work an example or two with the quotient rule. In this case, unlike the product rule
examples, a couple of these functions will require the quotient rule in order to get the derivative.
The last two however, we can avoid the quotient rule if we’d like to as we’ll see.

Example 2 Differentiate each of the following functions.

(@ W (Z) = 322 +29 [Solution]

(b) h(x)= ):12\/_;2 [Solution]

© f(x % [Solution]
6

(d) y=W? [Solution]

Solution

(a)W(z):322_+9

There isn’t a lot to do here other than to use the quotient rule. Here is the work for this function.
3(2-2)—(32+9)(-1)

(2-2)

W'(z)=

[Return to Problems]
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o n(x) =%

Again, not much to do here other than use the quotient rule. Don’t forget to convert the square
root into a fractional exponent.

1

4(%)x 2 (x2 —2)—4x; (2x)

(x -2y

h'(x)=

3 1 3

_ 2X2—4x 2 —-8x?
(x-2)
3 1
_ —6x2—4x 2

(x-2)

[Return to Problems]

(c) f(x)z%

It seems strange to have this one here rather than being the first part of this example given that it
definitely appears to be easier than any of the previous two. In fact, it is easier. There is a point
to doing it here rather than first. In this case there are two ways to do compute this derivative.
There is an easy way and a hard way and in this case the hard way is the quotient rule. That’s the
point of this example.

Let’s do the quotient rule and see what we get.
0)(x®)-4(6x°) _24x°
- QAEE)_ 200 24
(XG) X X

Now, that was the “hard” way. So, what was so hard about it? Well actually it wasn’t that hard,
there is just an easier way to do it that’s all. However, having said that, a common mistake here
is to do the derivative of the numerator (a constant) incorrectly. For some reason many people
will give the derivative of the numerator in these kinds of problems as a 1 instead of 0! Also,
there is some simplification that needs to be done in these kinds of problems if you do the
quotient rule.

The easy way is to do what we did in the previous section.

f'(x)=4x"°=-24x" = —%

Either way will work, but 1’d rather take the easier route if | had the choice.
[Return to Problems]
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W6
(d)y ey

This problem also seems a little out of place. However, it is here again to make a point. Do not
confuse this with a quotient rule problem. While you can do the quotient rule on this function
there is no reason to use the quotient rule on this. Simply rewrite the function as

16
=—W
y 5
and differentiate as always.
y = EW
5

[Return to Problems]

Finally, let’s not forget about our applications of derivatives.

Example 3 Suppose that the amount of air in a balloon at any time t is given by

63t
V(=201

Determine if the balloon is being filled with air or being drained of airat t =8,

Solution

If the balloon is being filled with air then the volume is increasing and if it’s being drained of air
then the volume will be decreasing. In other words, we need to get the derivative so that we can
determine the rate of change of the volume at t =8.

This will require the quotient rule.

v'(t)

2 1
~ 2t 3 (4t+1)-6t°(4)
(4t+1)°

12
—16t3 + 2t 3
(4t+1)°
2
2
t3
(4t+1)°

1
-16t3 +

Note that we simplified the numerator more than usual here. This was only done to make the
derivative easier to evaluate.

The rate of change of the volume at t =8 is then,
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2
-16(2)+—
(2)+2

V(8= (8)

(33)°
__ 83
2178

Wl

-2 (@ =[] =(2 =4

So, the rate of change of the volume at t =8 is negative and so the volume must be decreasing.
Therefore air is being drained out of the balloon at t =8.

As a final topic let’s note that the product rule can be extended to more than two functions, for
instance.

(f gh)': f'gh+fg'h+fgh

(f ghw)' =f'ghw+fg'hw+fgh'w+fghw
With this section and the previous section we are now able to differentiate powers of x as well as
sums, differences, products and quotients of these kinds of functions. However, there are many

more functions out there in the world that are not in this form. The next few sections give many
of these functions as well as give their derivatives.
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Derivatives of Trig Functions

With this section we’re going to start looking at the derivatives of functions other than
polynomials or roots of polynomials. We’ll start this process off by taking a look at the
derivatives of the six trig functions. Two of the derivatives will be derived. The remaining four
are left to the reader and will follow similar proofs for the two given here.

Before we actually get into the derivatives of the trig functions we need to give a couple of limits
that will show up in the derivation of two of the derivatives.

Fact

00 @ 00 @

See the Proof of Trig Limits section of the Extras chapter to see the proof of these two limits.

Before we start differentiating trig functions let’s work a quick set of limit problems that this fact
now allows us to do.

Example 1 Evaluate each of the following limits.

(@) Iim % [Solution]

(b) lim m ( ) [Solution]
X— X
IXI—rJ(])SI E(7X) [Solution]
)I|n1 (3t) Solution]
Solution
-0 sin (8t)
in(x—4) _
(e) IIm [Solution]
X—4 X—4
wﬂZQ -1 _
(f) Izrrg . [Solution]
Solution
sing
@0 60

There really isn’t a whole lot to this limit. In fact, it’s only here to contrast with the next example
S0 you can see the difference in how these work. In this case since there is only a 6 in the
denominator we’ll just factor this out and then use the fact.
sing _ 1. sing 1
lim——==1lim (1) =1
6-0 64 6 6’»0 9 6

[Return to Problems]
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0) Iimsin(6x)
X

X—0

Now, in this case we can’t factor the 6 out of the sine so we’re stuck with it there and we’ll need
to figure out a way to deal with it. To do this problem we need to notice that in the fact the
argument of the sine is the same as the denominator (i.e. both &’s). So we need to get both of the
argument of the sine and the denominator to be the same. We can do this by multiplying the
numerator and the denominator by 6 as follows.

sin(6x) lim 6sin(6x) fim SN (6x)

lim =i
X—0 X X—0 6X X—0 6X

Note that we factored the 6 in the numerator out of the limit. At this point, while it may not look
like it, we can use the fact above to finish the limit.

To see that we can use the fact on this limit let’s do a change of variables. A change of variables
is really just a renaming of portions of the problem to make something look more like something
we know how to deal with. They can’t always be done, but sometimes, such as this case, they
can simplify the problem. The change of variables here is to let & = 6x and then notice that as

X — 0 we also have & — 0. When doing a change of variables in a limit we need to change all
the x’s into @’s and that includes the one in the limit.

Doing the change of variables on this limit gives,

lim SN (%) _ ¢ i SIN(6X) let 0 = 6x
X—0 X X—0 6)(
_glim "9
00 6

And there we are. Note that we didn’t really need to do a change of variables here. All we really
need to notice is that the argument of the sine is the same as the denominator and then we can use
the fact. A change of variables, in this case, is really only needed to make it clear that the fact
does work.

[Return to Problems]

©) lim—7-——

x>0sin(7x)

In this case we appear to have a small problem in that the function we’re taking the limit of here
is upside down compared to that in the fact. This is not the problem it appears to be once we
notice that,

© 2007 Paul Dawkins 194 http://tutorial.math.lamar.edu/terms.aspx




Calculus |

X 1
sin(7x)  sin(7x)
X
and then all we need to do is recall a nice property of limits that allows us to do,
. X . 1
||m_—:||m_—
X—0 SII’I(?X) X—0 sm(?x)
X
liml
— X—0
. sin(7x
jim 1 7%)
X—0 X
B 1
~ . sin(7x
|Im(7)
X—0 X

With a little rewriting we can see that we do in fact end up needing to do a limit like the one we
did in the previous part. So, let’s do the limit here and this time we won’t bother with a change of
variable to help us out. All we need to do is multiply the numerator and denominator of the
fraction in the denominator by 7 to get things set up to use the fact. Here is the work for this
limit.

lim—X___ !
X»Osin(?x)_ . 7sin(7x)
IX'HJ X
B 1
20 sin(7x)
X—0 X
1
(7)(1)
1
7
[Return to Problems]
) limn (%)
0 sin(8t)

This limit looks nothing like the limit in the fact, however it can be thought of as a combination

of the previous two parts by doing a little rewriting. First, we’ll split the fraction up as follows,
. sin(3t) . sin(3t 1
I|m_( )=I|m ( )
t>0sin(8t) >0 1 sin(8t)

Now, the fact wants a t in the denominator of the first and in the numerator of the second. This is
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easy enough to do if we multiply the whole thing by % (which is just one after all and so won’t
change the problem) and then do a little rearranging as follows,

lim in(3t)_"msin(3t) 1t

t>0 sin(8t)_HO 1 sin(8t)t
:"msm(St) t

>0t sin(8t)

At this point we can see that this really is two limits that we’ve seen before. Here is the work for
each of these and notice on the second limit that we’re going to work it a little differently than we
did in the previous part. This time we’re going to notice that it doesn’t really matter whether the
sine is in the numerator or the denominator as long as the argument of the sine is the same as
what’s in the numerator the limit is still one.

Here is the work for this limit.

[Return to Problems]

@ lim sin(x—4)

X—>4 X—4
This limit almost looks the same as that in the fact in the sense that the argument of the sine is the
same as what is in the denominator. However, notice that, in the limit, x is going to 4 and not 0 as
the fact requires. However, with a change of variables we can see that this limit is in fact set to
use the fact above regardless.

So, let & = X—4 and then notice that as X — 4 we have & — 0. Therefore, after doing the
change of variable the limit becomes,

. sin(x—4) . sing
lim =lim -
X—4 X—4 60 @

1

[Return to Problems]
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_cos(2z)-1
® hm——

z—0 Z
The previous parts of this example all used the sine portion of the fact. However, we could just
have easily used the cosine portion so here is a quick example using the cosine portion to
illustrate this. We’ll not put in much explanation here as this really does work in the same
manner as the sine portion.

cos(2z)-1 2(cos(22)—1)
| =lim————~
70 Z 70 27
=2Iimcos(22)_1
70 27
=2(0)
0

All that is required to use the fact is that the argument of the cosine is the same as the
denominator.
[Return to Problems]

Okay, now that we’ve gotten this set of limit examples out of the way let’s get back to the main
point of this section, differentiating trig functions.

We’ll start with finding the derivative of the sine function. To do this we will need to use the
definition of the derivative. It’s been a while since we’ve had to use this, but sometimes there
just isn’t anything we can do about it. Here is the definition of the derivative for the sine
function.

sin(x+h)—sin(x)

di(sin (x))= lim

X -0

Since we can’t just plug in h = 0 to evaluate the limit we will need to use the following trig
formula on the first sine in the numerator.

sin(x+h)=sin(x)cos(h)+cos(x)sin(h)

Doing this gives us,

%(Sin(x)):Lmsin(x)cos(h)+cosh(x)sin(h)—sin(x)
:"mSin(x)(cos(h)—1)+cos(x)sin(h)
h—0 h
:Ihifgsm(x)COS(:)_l“LLiL@COS(X)Sinrfh)
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As you can see upon using the trig formula we can combine the first and third term and then
factor a sine out of that. We can then break up the fraction into two pieces, both of which can be
dealt with separately.

Now, both of the limits here are limits as h approaches zero. In the first limit we have a sin(x)
and in the second limit we have a cos(x). Both of these are only functions of x only and as h
moves in towards zero this has no affect on the value of x. Therefore, as far as the limits are
concerned, these two functions are constants and can be factored out of their respective limits.
Doing this gives,

i(sin (x))=sin(x) Iimercos(x) Iimm

dx h—0 h h>0 h

At this point all we need to do is use the limits in the fact above to finish out this problem.

9 (sin()) -sin(x)(0)cos(x)(1)~os()

Differentiating cosine is done in a similar fashion. It will require a different trig formula, but
other than that is an almost identical proof. The details will be left to you. When done with the
proof you should get,

d .
d—(cos(x))z—sm(x)

X

With these two out of the way the remaining four are fairly simple to get. All the remaining four
trig functions can be defined in terms of sine and cosine and these definitions, along with
appropriate derivative rules, can be used to get their derivatives.

Let’s take a look at tangent. Tangent is defined as,

tan(x) = sin(x)

cos(x)

Now that we have the derivatives of sine and cosine all that we need to do is use the quotient rule
on this. Let’s do that.

d d [ sin(x
&(tan(x)):d_x(cosixg
_ cos(x)cos(x)—sin(x)(-sin(x))
(cos(x))’
=:cosz(x)+sin2(x)
cos? (X)
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Now, recall that cos” (x)+sin?(x) =1 and if we also recall the definition of secant in terms of
cosine we arrive at,

d _ cos®(x)+sin®(x)
&(tan (X)) - c0s2 (X)

The remaining three trig functions are also quotients involving sine and/or cosine and so can be
differentiated in a similar manner. We’ll leave the details to you. Here are the derivatives of all
six of the trig functions.

Derivatives of the six trig functions

d, . d .
&(sm(x)):cos(x) &(cos(x))z—sm(x)
%(tan(x))zsecz(x) %(cot(x)):—cscz(x)
%(sec(x)) = sec(x)tan(x) %(CSC(X)) = —csc(x)cot(x)

At this point we should work some examples.

Example 2 Differentiate each of the following functions.

(a) g(x)=3sec(x)—10cot(x) [Solution]

(b) h(w)=3w™—w"tan(w) [Solution]

(c) y =5sin(x)cos(x)+4csc(x) [Solution]

(d) P(t) = L(t) [Solution]

3-2cos(t)
Solution
(a) g(x)=3sec(x)—10cot(x)
There really isn’t a whole lot to this problem. We’ll just differentiate each term using the
formulas from above.
g'(x) =3sec(x)tan (x)-10(—csc’ (x))
=3sec(x)tan(x)+10csc®(x)
[Return to Problems]

(b) h(w)=3w"*—w’tan(w)
In this part we will need to use the product rule on the second term and note that we really will
need the product rule here. There is no other way to do this derivative unlike what we saw when
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we first looked at the product rule. When we first looked at the product rule the only functions
we knew how to differentiate were polynomials and in those cases all we really needed to do was
multiply them out and we could take the derivative without the product rule. We are now getting
into the point where we will be forced to do the product rule at times regardless of whether or not
we want to.

We will also need to be careful with the minus sign in front of the second term and make sure that
it gets dealt with properly. There are two ways to deal with this. One way it to make sure that
you use a set of parenthesis as follows,

h'(w)=-12w"° —(2Wtan (w)+w? sec? (W))

=-12w"° - 2wtan(w)—w’ sec’ (w)

Because the second term is being subtracted off of the first term then the whole derivative of the
second term must also be subtracted off of the derivative of the first term. The parenthesis make
this idea clear.

A potentially easier way to do this is to think of the minus sign as part of the first function in the
product. Or, in other words the two functions in the product, using this idea, are —w* and
tan(w). Doing this gives,

h'(w) =—-12w™ —2wtan (w)—w’ sec® (w)

So, regardless of how you approach this problem you will get the same derivative.
[Return to Problems]

(c) y =5sin(x)cos(x)+4csc(x)
As with the previous part we’ll need to use the product rule on the first term. We will also think
of the 5 as part of the first function in the product to make sure we deal with it correctly.
Alternatively, you could make use of a set of parenthesis to make sure the 5 gets dealt with
properly. Either way will work, but we’ll stick with thinking of the 5 as part of the first term in
the product. Here’s the derivative of this function.
y' =5c0s(x)cos(x)+5sin(x)(—sin(x))—4csc(x)cot(x)
=5c0s?(x)—5sin®(x)—4csc(x)cot(x)
[Return to Problems]

In this part we’ll need to use the quotient rule to take the derivative.
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_ cos(t)(3—2cos(t))—sin(t)(2sin(t))
(3—2003('[))2
_ 3cos(t)—2cos® (t)—2sin®(t)
(3—2cos(t))2

Be careful with the signs when differentiating the denominator. The negative sign we get from
differentiating the cosine will cancel against the negative sign that is already there.

P'(t)

This appears to be done, but there is actually a fair amount of simplification that can yet be done.
To do this we need to factor out a “-2” from the last two terms in the numerator and the make use

of the fact that cos® (8)+sin®(6) =1.
P (1) = 3cos(t)—2(cos’ (t)+zsin2 (1))
(3—2cos(t))
3cos(t)-2
(3—2cos(t))2

[Return to Problems]

As a final problem here let’s not forget that we still have our standard interpretations to
derivatives.

Example 3 Suppose that the amount of money in a bank account is given by
P(t)=500+100cos(t)—-150sin(t)

where tis in years. During the first 10 years in which the account is open when is the amount of

money in the account increasing?

Solution

To determine when the amount of money is increasing we need to determine when the rate of
change is positive. Since we know that the rate of change is given by the derivative that is the
first thing that we need to find.

P’(t) =-100sin (t)—150cos(t)

Now, we need to determine where in the first 10 years this will be positive. This is equivalent to
asking where in the interval [0, 10] is the derivative positive. Recall that both sine and cosine are
continuous functions and so the derivative is also a continuous function. The Intermediate Value
Theorem then tells us that the derivative can only change sign if it first goes through zero.

So, we need to solve the following equation.
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—100sin(t)-150cos(t)=0
100sin(t) =-150cos(t)

sin(t)
=-15
cos(t)
tan(t)=-15
The solution to this equation is,
t =2.1588+27n, n=0,+£1+2,...
t =5.3004 + 27n, n=0,+£1+2,...

If you don’t recall how to solve trig equations go back and take a look at the sections on solving
trig equations in the Review chapter.

We are only interested in those solutions that fall in the range [0, 10]. Plugging in values of n
into the solutions above we see that the values we need are,
t=2.1588 t =2.1588+ 27 =8.4420

t =5.3004

So, much like solving polynomial inequalities all that we need to do is sketch in a number line
and add in these points. These points will divide the number line into regions in which the
derivative must always be the same sign. All that we need to do then is choose a test point from
each region to determine the sign of the derivative in that region.

Here is the number line with all the information on it.

| | |
P’[1)=—165.2: P(4)=1737 : P(7)=-17838 : P(9)=955
P'g) <0 . Pl | Fle)<o . Ple)eo

| [ |
T
1] 1 2 3 4 5 ] 7 g a 10 11

So, it looks like the amount of money in the bank account will be increasing during the following
intervals.
2.1588 <1 <5.3004 8.4420<1 <10

Note that we can’t say anything about what is happening after t =10 since we haven’t done any
work for t’s after that point.

In this section we saw how to differentiate trig functions. We also saw in the last example that
our interpretations of the derivative are still valid so we can’t forget those.
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Also, it is important that we be able to solve trig equations as this is something that will arise off
and on in this course. It is also important that we can do the kinds of number lines that we used
in the last example to determine where a function is positive and where a function is negative.
This is something that we will be doing on occasion in both this chapter and the next.
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Derivatives of Exponential and Logarithm Functions

The next set of functions that we want to take a look at are exponential and logarithm functions.
The most common exponential and logarithm functions in a calculus course are the natural

exponential function, e*, and the natural logarithm function, In(x). We will take a more

general approach however and look at the general exponential and logarithm function.

Exponential Functions
We’ll start off by looking at the exponential function,

f(x)=a"

We want to differentiate this. The power rule that we looked at a couple of sections ago won’t
work as that required the exponent to be a fixed number and the base to be a variable. That is
exactly the opposite from what we’ve got with this function. So, we’re going to have to start with
the definition of the derivative.

f (x+h)—f(x)

, T
Fx)=lim
] x+h _ax
=lim
h—0 h
. a’a"-a*
=lim——
h—0 h
_a'(a"-1)
=lim————~=
h—0 h

Now, the a”is not affected by the limit since it doesn’t have any h’s in it and so is a constant as

far as the limit is concerned. We can therefore factor this out of the limit. This gives,
h
.a -
f'(x)=a*lim
( ) h—0

Now let’s notice that the limit we’ve got above is exactly the definition of the derivative at of
f(x)=a"at x=0,i.e. f'(0). Therefore, the derivative becomes,

f'(x) = 1"(0)aX
So, we are kind of stuck we need to know the derivative in order to get the derivative!

There is one value of a that we can deal with at this point. Back in the Exponential Functions
section of the Review chapter we stated that e = 2.71828182845905... What we didn’t do
however do actually define where e comes from. There are in fact a variety of ways to define e.
Here are a three of them.
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Some Definitions of e.

1. e= Iim(1+£j
n—oo n

h
) . - oo e -1

2. e is the unique positive number for which Ihlng
N

=1

The second one is the important one for us because that limit is exactly the limit that we’re
working with above. So, this definition leads to the following fact,

Fact 1

h_
e 121'

For the natural exponential function, f (x)=e* we have f'(0)=Ilim
h—0

So, provided we are using the natural exponential function we get the following.
f(x)=¢" = f'(x)=¢e"
At this point we’re missing some knowledge that will allow us to easily get the derivative for a

general function. Eventually we will be able to show that for a general exponential function we
have,

f(x)=a" = f'(x)=a"In(a)
Logarithm Functions
Let’s now briefly get the derivatives for logarithms. In this case we will need to start with the

following fact about functions that are inverses of each other.

Fact 2

If f(x) and g(x) are inverses of each other then,

So, how is this fact useful to us? Well recall that the natural exponential function and the natural
logarithm function are inverses of each other and we know what the derivative of the natural
exponential function is!

So, if we have f(x)=e* and g(x)=Inx then,
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The last step just uses the fact that the two functions are inverses of each other.

Putting this all together gives,

%(Inx):% x>0

Note that we need to require that X >0 since this is required for the logarithm and so must also
be required for its derivative. In can also be shown that,

d 1

—(In|x|)== X#0

dx X
Using this all we need to avoid is x=0.

In this case, unlike the exponential function case, we can actually find the derivative of the
general logarithm function. All that we need is the derivative of the natural logarithm, which we
just found, and the change of base formula. Using the change of base formula we can write a
general logarithm as,

Differentiation is then fairly simple.

i(|og X) — i(ln_Xj
dx @ dx\Ina

We took advantage of the fact that a was a constant and so Ina is also a constant and can be
factored out of the derivative. Putting all this together gives,

d 1

— (] -

dx( 9. X) xIna

Here is a summary of the derivatives in this section.

d X X d X X
&(e):e &(a)za Ina
d d 1
—(I =— —(1 =
dx(nx) X dx(oga ) xIna
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Okay, now that we have the derivations of the formulas out of the way let’s compute a couple of
derivatives.

Example 1 Differentiate each of the following functions.
(a) R(w)=4"-5log, w
(b) f(x)=3e*+10x*Inx

X

5e
e +1

©y=

Solution

(a) This will be the only example that doesn’t involve the natural exponential and natural
logarithm functions.

5

win9
(b) Not much to this one. Just remember to use the product rule on the second term.

R'(w)=4"In4-

f'(x)=3e* +30x" In x +10x’ (EJ
X

=3 +30x%In x+10x?

(c) We’ll need to use the quotient rule on this one.
| Be*(3e" +1)—(5e")(3e)
) (39X +1)2
_ 15e* +5e* —15e%*
()

5e”
(SeX +1)2

y

There’s really not a lot to differentiating natural logarithms and natural exponential functions at
this point as long as you remember the formulas. In later sections as we get more formulas under
our belt they will become more complicated.

Next, we need to do our obligatory application/interpretation problem so we don’t forget about
them.

Example 2 Suppose that the position of an object is given by
s(t)=te'
Does the object ever stop moving?

Solution
First we will need the derivative. We need this to determine if the object ever stops moving since
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at that point (provided there is one) the velocity will be zero and recall that the derivative of the
position function is the velocity of the object.

The derivative is,
s'(t)=e'+te' =(1+t)e'

So, we need to determine if the derivative is ever zero. To do this we will need to solve,
(1+t)e' =0

Now, we know that exponential functions are never zero and so this will only be zero at t =—1.
So, if we are going to allow negative values of t then the object will stop moving once at t =—1.
If we aren’t going to allow negative values of t then the object will never stop moving.

Before moving on to the next section we need to go back over a couple of derivatives to make
sure that we don’t confuse the two. The two derivatives are,

di(x” )=nx"* Power Rule

X

di(ax) =a“lna Derivative of an exponential function
X

It is important to note that with the Power rule the exponent MUST be a constant and the base
MUST be a variable while we need exactly the opposite for the derivative of an exponential
function. For an exponential function the exponent MUST be a variable and the base MUST be a
constant.

It is easy to get locked into one of these formulas and just use it for both of these. We also

haven’t even talked about what to do if both the exponent and the base involve variables. We’ll
see this situation in a later section.
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Derivatives of Inverse Trig Functions

In this section we are going to look at the derivatives of the inverse trig functions. In order to
derive the derivatives of inverse trig functions we’ll need the formula from the last section
relating the derivatives of inverse functions. If f(x) and g(x) are inverse functions then,

Recall as well that two functions are inverses if f (g (x)) =X and g ( f (x)) =X.

We’ll go through inverse sine, inverse cosine and inverse tangent in detail here and leave the
other three to you to derive if you’d like to.

Inverse Sine
Let’s start with inverse sine. Here is the definition of the inverse sine.

y=sin""x o siny = X for —

NN
IN
<
IN

(SN

So, evaluating an inverse trig function is the same as asking what angle (i.e. y) did we plug into
the sine function to get x. The restrictions on y given above are there to make sure that we get a
consistent answer out of the inverse sine. We know that there are in fact an infinite number of
angles that will work and we want a consistent value when we work with inverse sine. When
using the range of angles above gives all possible values of the sine function exactly once. If
you’re not sure of that sketch out a unit circle and you’ll see that that range of angles (the y’s) will
cover all possible values of sine.

Note as well that since ~1<sin(y)<1 we also have ~1<x<1.

Let’s work a quick example.

Example 1 Evaluate sin™ (%)

Solution
So we are really asking what angle y solves the following equation.

sin(y):%

and we are restricted to the values of y above.

o . V4
From a unit circle we can quickly see that y = E

We have the following relationship between the inverse sine function and the sine function.
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sin(sin’1 x):x sin” (sinx) = x

In other words they are inverses of each other. This means that we can use the fact above to find
the derivative of inverse sine. Let’s start with,
f (x)=sinx g(x)=sin"x
Then,
1 1

g'(x)= =

t(g(x)) cos(sin™ x)

This is not a very useful formula. Let’s see if we can get a better formula. Let’s start by recalling
the definition of the inverse sine function.

y =sin"(x) = x=sin(y)

Using the first part of this definition the denominator in the derivative becomes,
cos(sin™* x) = cos(y)
Now, recall that
cos’ y+siny=1 = CoSy =+/1-sin’y
Using this, the denominator is now,

cos(sin’l x) =cos(y)=+1-sin’y

Now, use the second part of the definition of the inverse sine function. The denominator is then,
cos(sin™ x) =1-sin’ y = 1-x?

Putting all of this together gives the following derivative.

d, . _
&(smlx): —

Inverse Cosine
Now let’s take a look at the inverse cosine. Here is the definition for the inverse cosine.

y =cos ' x N CoS Yy = X for 0<y<nr

As with the inverse since we’ve got a restriction on the angles, y, that we get out of the inverse
cosine function. Again, if you’d like to verify this a quick sketch of a unit circle should convince
you that this range will cover all possible values of cosine exactly once. Also, we also have

—1<x<1 because —1<cos(y)<1.
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g

Example 2 Evaluate cos‘1£—7 :

Solution
As with the inverse sine we are really just asking the following.

Cosy = 2
2
where y must meet the requirements given above. From a unit circle we can see that we must

have y—3—”
.

The inverse cosine and cosine functions are also inverses of each other and so we have,
cos(cos‘1 x) = X cos*(cosx) = x

To find the derivative we’ll do the same kind of work that we did with the inverse sine above. If
we start with
f (x)=cosx g(x)=cos™x
then,
1 1

9'(%)= f’(g(x))z—sin(cos’1 X)

Simplifying the denominator here is almost identical to the work we did for the inverse sine and
so isn’t shown here. Upon simplifying we get the following derivative.

d ~ 1
&(cos 'X)=- —

So, the derivative of the inverse cosine is nearly identical to the derivative of the inverse sine.
The only difference is the negative sign.

Inverse Tangent
Here is the definition of the inverse tangent.

y =tan™x & tany = X for —%<y<%

Again, we have a restriction on y, but notice that we can’t let y be either of the two endpoints in

the restriction above since tangent isn’t even defined at those two points. To convince yourself

that this range will cover all possible values of tangent do a quick sketch of the tangent function
and we can see that in this range we do indeed cover all possible values of tangent. Also, in this
case there are no restrictions on x because tangent can take on all possible values.
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Example 3 Evaluate tan™'1

Solution
Here we are asking,
tany =1

where y satisfies the restrictions given above. From a unit circle we can see that y = 2

Because there is no restriction on x we can ask for the limits of the inverse tangent function as x
goes to plus or minus infinity. To do this we’ll need the graph of the inverse tangent function.
This is shown below.

¥
I
T
.-Kff
& .-l; x
."f/
............. e mmmm-
z
From this graph we can see that
. _ T . _ T
limtan™ x == limtan ™" x=-=
X—>00 2 X—>—00 2
The tangent and inverse tangent functions are inverse functions so,
tan (tan™ x) = x tan™ (tan x) = x
Therefore to find the derivative of the inverse tangent function we can start with
f (x)=tanx g(x)=tan"'x

We then have,
'(x) B 1 B 1
= t'(g(x)) sec?(tan™x)

Simplifying the denominator is similar to the inverse sine, but different enough to warrant
showing the details. We’ll start with the definition of the inverse tangent.

y=tan™"x = tany = x

The denominator is then,
sec’ (tan™ x) =sec’ y
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Now, if we start with the fact that

cos’y+siny=1
and divide every term by cos? y we will get,

1+tan’y =sec’y

The denominator is then,
2 -1\ _ 2., 2
sec’ (tan ™ x)=sec’ y =1+tan’y

Finally using the second portion of the definition of the inverse tangent function gives us,
sec’ (tan ™ x)=1+tan’ y =1+ x*

The derivative of the inverse tangent is then,
1
1+ x?

d _
&(tan 1x)z

There are three more inverse trig functions but the three shown here the most common ones.
Formulas for the remaining three could be derived by a similar process as we did those above.
Here are the derivatives of all six inverse trig functions.

d, . _ 1 _ 1
&(sm 'x)= T —X(cos 'X)=- s
d _ 1 _ 1
&(tan 1X):1+x2 &(cot lx)=_1+ -

d 1 d, .\ 1
&(seclx):x = &(csc 'x)= T

We should probably now do a couple of quick derivatives here before moving on to the next
section.

Example 4 Differentiate the following functions.
(a) f(t)=4cos™(t)-10tan*(t)

(b) y= x/zsinfl(z)

Solution
(a) Not much to do with this one other than differentiate each term.
()=
1—-t2 1+t
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(b) Don’t forget to convert the radical to fractional exponents before using the product rule.
] 1 _1 - 1 \/E

y'==z2sin7(z)+——

2 V1-72

Alternate Notation
There is some alternate notation that is used on occasion to denote the inverse trig functions. This
notation is,

sin™ x = arcsin x COS™ X = arccos x
tan™* x = arctan x cot™ x = arccot x
sec™! x = arcsec x csc ! x = arcesc x
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Derivatives of Hyperbolic Functions

The last set of functions that we’re going to be looking in this chapter at are the hyperbolic

functions. In many physical situations combinations of €* and e ™™ arise fairly often. Because of
this these combinations are given names. There are six hyperbolic functions and they are defined
as follows.

. et —e™ e +e
smhx:T coshx=———
sinh x cosh x 1
tanh x = coth = — =
cosh x sinhx tanhx
sechx = csch x = —
cosh x sinh x

Here are the graphs of the three main hyperbolic functions.

y=cosh x y=sinhx
¥
| 6 = ] }'I
'.II .-'I 4 o /.-'
'."."' 4 / .
hN 3| ;/ —
3 ) 1 1 1 1 — 1 1 1 x
2t / =5 -2 - 1 2 3
" __.-"'-' —2 -
L
;// 4k
1 1 1 1 1 1 x 'l
=3 -2 -1 0 1 2 3 ! -6 -
¥y =tanh x
¥
----------- 4-_-----:_=_-—-_'--
.f/z"
1 1 1 1 1 1 x
3 2 1 1 2 3
_-"//
e 1

We also have the following facts about the hyperbolic functions.
sinh(—x) =-sinh(x) cosh (—x) = cosh(x)
cosh?(x)—sinh?(x)=1 1-tanh®(x) =sech?(x)

You’ll note that these are similar, but not quite the same, to some of the more common trig

identities so be careful to not confuse the identities here with those of the standard trig functions.
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Because the hyperbolic functions are defined in terms of exponential functions finding their
derivatives is fairly simple provided you’ve already read through the next section. We haven’t
however so we’ll need the following formula that can be easily proved after we’ve covered the
next section.

d —X —X
&(e )=-e

With this formula we’ll do the derivative for hyperbolic sine and leave the rest to you as an
exercise.

X _a X et —(—e7* X —X
i(sinhX)=i(e : ]= ( ):e *C  _coshx
dx dx 2 2 2

For the rest we can either use the definition of the hyperbolic function and/or the quotient rule.
Here are all six derivatives.

%(sinh x) = cosh x %(cosh x) =sinh x

d d

&(tanh X) = sech?x &(coth x) = —csch®x

i sech x) = —sech x tanh x i csch x) = —csch x coth x
dx dx

Here are a couple of quick derivatives using hyperbolic functions.

Example 1 Differentiate each of the following functions.
(@) f(x)=2x"coshx

sinht
b) h(t)=
(b) () t+1
Solution
(a)
f’(x):lox“cosh X+ 2x° sinh x
(b)

t+1)cosht—sinht
(t+1)2

h'(t):(
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Chain Rule

We’ve taken a lot of derivatives over the course of the last few sections. However, if you look
back they have all been functions similar to the following kinds of functions.

R(z):\/E f(t)=t> y = tan(x) h(w)=e" g(x)=Inx

These are all fairly simple functions in that wherever the variable appears it is by itself. What
about functions like the following,

R(z)=+/52-8 f(t)=(2t3+cos(t))50 y:tan(33x2 +tan(5x))
h(w):ewd’3Wz+9 g(x):ln(x’4+x4)

None of our rules will work on these functions and yet some of these functions are closer to the
derivatives that we’re liable to run into than the functions in the first set.

Let’s take the first one for example. Back in the section on the definition of the derivative we
actually used the definition to compute this derivative. In that section we found that,

5

RPN e

If we were to just use the power rule on this we would get,

1 1 1
—(5z2-8) 2 =————
2( ) 252 -8

which is not the derivative that we computed using the definition. Itis close, but it’s not the
same. So, the power rule alone simply won’t work to get the derivative here.

Let’s keep looking at this function and note that if we define,
f(z):ﬁ g(z)=5z-8
then we can write the function as a composition.
R(z)=(fog)(z)=T(9(z))=52-8
and it turns out that it’s actually fairly simple to differentiate a function composition using the
Chain Rule. There are two forms of the chain rule. Here they are.

Chain Rule

Suppose that we have two functions f(x) and g(x) and they are both differentiable.
1. Ifwedefine F(x)=(fog)(x) then the derivative of F(x) is,
F(x)=1"(a(x)) 9'(x)
2. Ifwehave y=f(u) and u=g(x) then the derivative of y is,
dy dy du
dx_ du dx
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Each of these forms have their uses, however we will work mostly with the first form in this
class. To see the proof of the Chain Rule see the Proof of Various Derivative Formulas section of
the Extras chapter.

Now, let’s go back and use the Chain Rule on the function that we used when we opened this
section.

Example 1 Use the Chain Rule to differentiate R(z)=+/5z2-8.

Solution
We’ve already identified the two functions that we needed for the composition, but let’s write
them back down anyway and take their derivatives.

f(z)=\/E g(z)=5z-8
f’(z)=% 9'(2)=5

So, using the chain rule we get,

R'(z)=1'(9(2)) 9'(2)
= f'(52-8) g'(z)
-2 (52-8)%(5)
1
“2 s ¥
5

And this is what we got using the definition of the derivative.

In general we don’t really do all the composition stuff in using the Chain Rule. That can get a
little complicated and in fact obscures the fact that there is a quick and easy way of remembering
the chain rule that doesn’t require us to think in terms of function composition.

Let’s take the function from the previous example and rewrite it slightly.
1

R(z)= (52-8) 2 _

L outside
inside function fynction

This function has an “inside function” and an “outside function”. The outside function is the
square root or the exponent of < depending on how you want to think of it and the inside
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function is the stuff that we’re taking the square root of or raising to the %, again depending on
how you want to look at it.

The derivative is then,

derivative of
outside function

R(2)=3 (52-8) = (5

inside function derivative of
left alone inside function

|
{

In general this is how we think of the chain rule. We identify the “inside function” and the
“outside function”. We then we differentiate the outside function leaving the inside function
alone and multiply all of this by the derivative of the inside function. In its general form this is,
F'(x)= f' X (X
(x) (9(x))  9'(¥)

derivative of jngide function  times derivative
outside function left alone of inside function

We can always identify the “outside function” in the examples below by asking ourselves how we
would evaluate the function. For instance in the R(z) case if we were to ask ourselves what R(2)
is we would first evaluate the stuff under the radical and then finally take the square root of this
result. The square root is the last operation that we perform in the evaluation and this is also the
outside function. The outside function will always be the last operation you would perform if you
were going to evaluate the function.

Let’s take a look at some examples of the Chain Rule.

Example 2 Differentiate each of the following.
() f(x)=sin (3X2 + X) [Solution]
(b) f (t) = (2‘[3 + COS(t))50 [Solution]
(©) h(w)= "3+ [solution]
() g(x) :In(x’4 + x“) [Solution]
ey =sec(1—5x) [Solution]
(f) P(t)=cos* (t)+cos(t4) [Solution]
Solution
() f(x)=sin(3x*+x)

It looks like the outside function is the sine and the inside function is 3x?+x. The derivative is
then.
f'(x)=  cos (3x2+x) (6x+1)
%,_J

- : %/_/ - . -
derivative of leave inside times derivative
outside function  g,nction alone  Of inside function
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Or with a little rewriting,
f'(x)=(6x +1)cos(3x2 + x)
[Return to Problems]

(b) f (t)=(2t*+cos(t))"
In this case the outside function is the exponent of 50 and the inside function is all the stuff on the

inside of the parenthesis. The derivative is then.
49

f/(t)=50(2t*+cos(t)) (6> —sin(t))

= 50(6t2 —sin (t))(Zt3 + (:os(t))49
[Return to Problems]

(©) h(w)=g""

Identifying the outside function in the previous two was fairly simple since it really was the
“outside” function in some sense. In this case we need to be a little careful. Recall that the
outside function is the last operation that we would perform in an evaluation. In this case if we
were to evaluate this function the last operation would be the exponential. Therefore the outside
function is the exponential function and the inside function is its exponent.

Here’s the derivative.
h’(W) _ ew4—3wz+9 (4W3 _ 6W)
_ (4W3 _ 6W) eW“—3w2+9
Remember, we leave the inside function alone when we differentiate the outside function. So, the

derivative of the exponential function (with the inside left alone) is just the original function.
[Return to Problems]

(d) g(x)=In(x"*+x)
Here the outside function is the natural logarithm and the inside function is stuff on the inside of
the logarithm.

9'(x) :ﬁ(—4x5 +4x3) =

—4X7° +4x°
X+ x*
Again remember to leave the inside function along when differentiating the outside function. So,

upon differentiating the logarithm we end up not with 1/x but instead with 1/(inside function).
[Return to Problems]

(e) y =sec(1-5x)

In this case the outside function is the secant and the inside is the 1—-5x.
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y' =sec(1-5x)tan(1-5x)(-5)
=-5sec(1-5x)tan(1-5x)

In this case the derivative of the outside function is sec(x)tan (x). However, since we leave the

inside function alone we don’t get x’s in both. Instead we get 1—-5x in both.
[Return to Problems]

(f) P(t)=cos" (t)+cos(t*)

There are two points to this problem. First, there are two terms and each will require a different
application of the chain rule. That will often be the case so don’t expect just a single chain rule
when doing these problems. Second, we need to be very careful in choosing the outside and
inside function for each term.

Recall that the first term can actually be written as,
cos* (t) = (cos(t))*

So, in the first term the outside function is the exponent of 4 and the inside function is the cosine.
In the second term it’s exactly the opposite. In the second term the outside function is the cosine

and the inside function is t*. Here’s the derivative for this function.
P'(t) = 4cos’ (t)(—sin(t))—sin(t4)(4t3)
=—4sin(t)cos® (t)—4t3sin(t4)

[Return to Problems]

There are a couple of general formulas that we can get for some special cases of the chain rule.
Let’s take a quick look at those.

Example 3 Differentiate each of the following.
@ f(x)=[g(x)]

(b) f(x)=e*¥

© f(x)=Mn(g(x))

Solution
(a) The outside function is the exponent and the inside is g(x).

() =n[g(x)]"" g'(x)

(b) The outside function is the exponential function and the inside is g(x).
f'(x)=g'(x)e”
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(c) The outside function is the logarithm and the inside is g(x).

(050 00- 2

The formulas in this example are really just special cases of the Chain Rule but may be useful to
remember in order to quickly do some of these derivatives.

Now, let’s also not forget the other rules that we’ve got for doing derivatives. For the most part
we’ll not be explicitly identifying the inside and outside functions for the remainder of the
problems in this section. We will be assuming that you can see our choices based on the previous
examples and the work that we have shown.

Example 4 Differentiate each of the following.
(a) T(x)=tan™"(2x) ¥1-3x* [Solution]
(x3 + 4)5

(1—2x2)3

(b) y= [Solution]

Solution
(@) T(x)=tan™"(2x)J1-3x"

This requires the product rule and each derivative in the product rule will require a chain rule
application as well.

T'(x)=— 2 (2) (1-3¢) +tan‘1(2x)(%j(l—3x2)§ (~6x)

1+(2x)
1
2(1-3x%) 2
:(—XZ)—Zx(l—sz) 3 tan~(2x)
1+(2x)

In this part be careful with the inverse tangent. We know that,

d _
&(tan 1x)z

1+ x?

When doing the chain rule with this we remember that we’ve got to leave the inside function
alone. That means that where we have the x* in the derivative of tan™" x we will need to have

(inside function)z.

[Return to Problems]
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(x3 +4)5

(1— 2x° )3
In this case we will be using the chain rule in concert with the quotient rule.
5(x* +4)" (3x¢)(1-2x) —(x* +4) (3)(1-2x?)" (~4x)

((1—2x2)3)2

These tend to be a little messy. Notice that when we go to simplify that we’ll be able to a fair
amount of factoring in the numerator and this will often greatly simplify the derivative.

v (x*+ 4)4 (1-2x* )2 (5(3x2 )(1-2x")-(x*+ 4)(3)(—4x))
(1-25)
3x(xC +4)" (5x—6x° +16)
(1-25¢)’

(b) y=

y'=

After factoring we were able to cancel some of the terms in the numerator against the
denominator. So even though the initial chain rule was fairly messy the final answer is
significantly simpler because of the factoring.

[Return to Problems]

The point of this last example is to not forget the other derivative rules that we’ve got. Most of
the examples in this section won’t involve the product rule or the quotient rule to make the
problems a little shorter. However, in practice they will often be in the same problem.

Now, let’s take a look at some more complicated examples.

Example 5 Differentiate each of the following.

(a) h(z):ﬁ [Solution]
+

(b) f(y):\/2y+(3y+4y2)3 [Solution]
(c) y:tan(3/3?+ln(5x4)) [Solution]

(d) g(t):sine’(el’t +35in(6t)) [Solution]
Solution

We’re going to be a little more careful in these problems than we were in the previous ones. The
reason will be quickly apparent.
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2

(4z+e )10

In this case let’s first rewrite the function in a form that will be a little easier to deal with.
h(z)= 2(42 +e¥ )_10

(@) h(z)=

Now, let’s start the derivative.
’ 97\ M d -9z
h(z):—20(4z+e9 ) a(4z+e9 )

Notice that we didn’t actually do the derivative of the inside function yet. This is to allow us to
notice that when we do differentiate the second term we will require the chain rule again. Notice
as well that we will only need the chain rule on the exponential and not the first term. In many
functions we will be using the chain rule more than once so don’t get excited about this when it
happens.

Let’s go ahead and finish this example out.
11

h(z)=-20(4z+e ) (4-9™)

Be careful with the second application of the chain rule. Only the exponential gets multiplied by
the “-9” since that’s the derivative of the inside function for that term only. One of the more
common mistakes in these kinds of problems is to multiply the whole thing by the “-9” and not

just the second term.
[Return to Problems]

(b) f(y):\/2y+(3y+4y2)3

We’ll not put as many words into this example, but we’re still going to be careful with this
derivative so make sure you can follow each of the steps here.

1
f’(y):%(2y+(3y+4y2)3) ? diy(2y+(3y+4y2)3)

= %(2y+(3y+4y2 )3)_; (2+3(3y+4y2)2 (3+8y))

=%(2y+(3y+4y2)3)_2(2+(9+24Y)(3V+4y2)2)

As with the first example the second term of the inside function required the chain rule to
differentiate it. Also note that again we need to be careful when multiplying by the derivative of

the inside function when doing the chain rule on the second term.
[Return to Problems]
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() y= tan(%/?Jrln(Sx“))

Let’s jump right into this one.

y =sec2(3 3x? +In(5x4))i((3x2 )3 +|n(5x4)]
) (e 20
(ZX(?’X ) e+ ]Sec (J_ In(5x° ))

Q.

(3x +In 5x (

OOII—‘

In this example both of the terms in the inside function required a separate application of the
chain rule.
[Return to Problems]

(d) g(t)=sin’(e" +3sin(6t))
We’ll need to be a little careful with this one.

=3sin’ (e"" +3sin (6t )%sin(el‘t+35in(6t))
=3sin’ (e"" +3sin (6t )cos(el“+35in(6t))%(el“+35in(6t))
=3sin’ (e"" +3sin (6t))cos (" +3sin(6t))(e* (~1)+3cos(6t)(6))

=3(—e*" +18cos(6t))sin® (e +3sin(6t))cos(e" " +3sin(6t))

This problem required a total of 4 chain rules to complete.
[Return to Problems]

Sometimes these can get quite unpleasant and require many applications of the chain rule.
Initially, in these cases it’s usually best to be careful as we did in this previous set of examples
and write out a couple of extra steps rather than trying to do it all in one step in your head. Once
you get better at the chain rule you’ll find that you can do these fairly quickly in your head.

Finally, before we move onto the next section there is one more issue that we need to address. In
the Derivatives of Exponential and Logarithm Functions section we claimed that,

f(x)=a" = f'(x)=a"In(a)
but at the time we didn’t have the knowledge to do this. We now do. What we needed was the
Chain Rule.

First, notice that using a property of logarithms we can write a as,
Ina
a=e
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This may seem kind of silly, but it is needed to compute the derivative. Now, using this we can
write the function as,

Okay, now that we’ve gotten that taken care of all we need to remember is that a is a constant and
so Ina is also a constant. Now, differentiating the final version of this function is a (hopefully)
fairly simple Chain Rule problem.

f'(x)=e*"?(Ina)

Now, all we need to do is rewrite the first term back as a* to get,
f'(x)=a"In(a)

So, not too bad if you can see the trick to rewrite a and with the Chain Rule.
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Implicit Differentiation

To this point we’ve done quite a few derivatives, but they have all been derivatives of functions
of the form y = f (x) . Unfortunately not all the functions that we’re going to look at will fall

into this form.

Let’s take a look at an example of a function like this.

Example 1 Find y' for xy =1.

Solution
There are actually two solution methods for this problem.

Solution 1 :
This is the simple way of doing the problem. Just solve for y to get the function in the form that
we’re used to dealing with and then differentiate.

y="= = y=-=
X X

So, that’s easy enough to do. However, there are some functions for which this can’t be done.
That’s where the second solution technique comes into play.

Solution 2 :

In this case we’re going to leave the function in the form that we were given and work with it in
that form. However, let’s recall from the first part of this solution that if we could solve for y
then we will get y as a function of x. In other words, if we could solve for y (as we could in this

case, but won’t always be able to do) we get y = y(x). Let’s rewrite the equation to note this.
xy =xy(x)=1
Be careful here and note that when we write y(x) we don’t mean y time x. What we are noting

here is that y is some (probably unknown) function of x. This is important to recall when doing
this solution technique.

The next step in this solution is to differentiate both sides with respect to x as follows,
d d

2 (xy()=<

The right side is easy. It’s just the derivative of a constant. The left side is also easy, but we’ve
got to recognize that we’ve actually got a product here, the x and the y(x) . So to do the

derivative of the left side we’ll need to do the product rul. Doing this gives,

B0+ x5 (¥(x)) =0
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Now, recall that we have the following notational way of writing the derivative.
d dy
S VX)=7 =

Using this we get the follow,
y+xy'=0

Note that we dropped the (x) on the y as it was only there to remind us that the y was a function

of x and now that we’ve taken the derivative it’s no longer really needed. We just wanted it in the
equation to recognize the product rule when we took the derivative.

So, let’s now recall just what were we after. We were after the derivative, y’, and notice that
there isnow a y' in the equation. So, to get the derivative all that we need to do is solve the
equation for y’.

y' =—-=
X

There it is. Using the second solution technique this is our answer. This is not what we got from
the first solution however. Or at least it doesn’t look like the same derivative that we got from the
first solution. Recall however, that we really do know what y is in terms of x and if we plug that
in we will get,

y = -l =
X X2

which is what we got from the first solution. Regardless of the solution technique used we should
get the same derivative.

The process that we used in the second solution to the previous example is called implicit
differentiation and that is the subject of this section. In the previous example we were able to
just solve for y and avoid implicit differentiation. However, in the remainder of the examples in
this section we either won’t be able to solve for y or, as we’ll see in one of the examples below,
the answer will not be in a form that we can deal with.

In the second solution above we replaced the y with y(x) and then did the derivative. Recall

that we did this to remind us that y is in fact a function of x. We’ll be doing this quite a bit in
these problems, although we rarely actually write y (x) . So, before we actually work anymore

implicit differentiation problems let’s do a quick set of “simple” derivatives that will hopefully
help us with doing derivatives of functions that also contain a y(x) .
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Example 2 Differentiate each of the following.
@ (56 ~7x+1)", [£ ()T [y()] tsolution
(b) sin(3-6x), sin(y(x)) [Solution]
(©) €, e’ [solution]

Solution

These are written a little differently from what we’re used to seeing here. This is because we
want to match up these problems with what we’ll be doing in this section. Also, each of these
parts has several functions to differentiate starting with a specific function followed by a general
function. This again, is to help us with some specific parts of the implicit differentiation process
that we’ll be doing.

5 5 5
(@ (5x°=7x+1), [ (%], [y(x)]
With the first function here we’re being asked to do the following,
d |: 3 5} 3 4 2
—[(5X°=7x+1) |=5(5x"-7x+1) (15x" -7
il ) |=sl ) (15x°-7)
and this is just the chain rule. We differentiated the outside function (the exponent of 5) and then
multiplied that by the derivative of the inside function (the stuff inside the parenthesis).

For the section function we’re going to do basically the same thing. We’re going to need to use
the chain rule. The outside function is still the exponent of 5 while the inside function this time is

simply f (x) . We don’t have a specific function here, but that doesn’t mean that we can’t at

least write down the chain rule for this function. Here is the derivative for this function,
d

5 4,
ST =5[] 1(x)
We don’t actually know what f (x) is so when we do the derivative of the inside function all we

can do is write down notation for the derivative, i.e. f'(x).

With the final function here we simply replaced the f in the second function with a y since most
of our work in this section will involve y’s instead of f’s. Outside of that this function is identical
to the second. So, the derivative is,

SIYOOT =s[y(0T v (9

[Return to Problems]

(b) sin(3-6x), sin(y(x))
The first function to differentiate here is just a quick chain rule problem again so here is it’s
derivative,
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dr.

—1| sin(3—-6x) |=—-6cos(3—-6x

- [sin(3-6x)]=-6eos (3-6x)
For the second function we didn’t bother this time with using f (x) and just jumped straight to
y(x) for the general version. This is still just a general version of what we did for the first

function. The outside function is still the sine and the inside is give by y(x) and while we don’t

have a formula for y(x) and so we can’t actually take its derivative we do have a notation for its

derivative. Here is the derivative for this function,

= [sin(y(x)]=y'(x)cos(y(x)

[Return to Problems]

(C) eX2—9X, ey(X)
In this part we’ll just give the answers for each and leave out the explanation that we had in the
first two parts.

%(exz-gx):(2x—9)exz—9x &(e)’(x)): yr(x)ey(x)

[Return to Problems]

So, in this set of examples we were just doing some chain rule problems where the inside function
was y(x) instead of a specific function. This kind of derivative shows up all the time in doing
implicit differentiation so we need to make sure that we can do them. Also note that we only did

this for three kinds of functions but there are many more kinds of functions that we could have
used here.

So, it’s now time to do our first problem where implicit differentiation is required, unlike the first
example where we could actually avoid implicit differentiation by solving for y.

Example 3 Find y’ for the following function.
x> +y>=9
Solution
How, this is just a circle and we can solve for y which would give,

y =449 x°

Prior to starting this problem we stated that we had to do implicit differentiation here because we
couldn’t just solve for y and yet that’s what we just did. So, why can’t we use implicit
differentiation here? The problem is the “+£ ™. With this in the “solution” for y we see that y is in
fact two different functions. Which should we use? Should we use both? We only want a single
function for the derivative and at best we have two functions here.
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So, in this example we really are going to need to do implicit differentiation so we can avoid this.
In this example ee’ll do the same thing we did in the first example and remind ourselves that y is

really a function of x and write y as y(x) . Once we’ve done this all we need to do is

differentiate each term with respect to x.
d 2 d
ST )=5-0)

As with the first example the right side is easy. The left side is also pretty easy since all we need
to do is take the derivative of each term and note that the second term will be similar the part (a)
of the second example. All we need to do for the second term is use the chain rule.

After taking the derivative we have,
2x+2[y(x):|l y'(x)=0

At this point we can drop the (X) part as it was only in the problem to help with the

differentiation process. The final step is to simply solve the resulting equation for y’.
2x+2yy' =0

X
y=——
y
Unlike the first example we can’t just plug in for y since we wouldn’t know which of the two

functions to use. Most answers from implicit differentiation will involve both x and y so don’t get
excited about that when it happens.

As always, we can’t forget our interpretations of derivatives.

Example 4 Find the equation of the tangent line to
X +y* =9

at the point (2, \/E)

Solution

First note that unlike all the other tangent line problems we’ve done in previous sections we need
to be given both the x and the y values of the point. Notice as well that this point does lie on the
graph of the circle (you can check by plugging the points into the equation) and so it’s okay to
talk about the tangent line at this point.

Recall that to write down the tangent line we need is slope of the tangent line and this is nothing
more than the derivative evaluated at the given point. We’ve got the derivative from the previous
example so as we need to do is plug in the given point.
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, 2
MVl sy =

The tangent line is then.

2
yzxf—ﬁ(x—z)

Now, let’s work some more examples. In the remaining examples we will no longer write y(x)

fory. This is just something that we were doing to remind ourselves that y is really a function of
x to help with the derivatives. Seeing the y(x) reminded us that we needed to do the chain rule

on that portion of the problem. From this point on we’ll leave the y’s written as y’s and in our
head we’ll need to remember that they really are y(x) and that we’ll need to do the chain rule.

There is an easy way to remember how to do the chain rule in these problems. The chain rule
really tells us to differentiate the function as we usually would, except we need to add on a
derivative of the inside function. In implicit differentiation this means that every time we are
differentiating a term with y in it the inside function is the y and we will need to add a y' onto the

term since that will be the derivative of the inside function.

Let’s see a couple of examples.

Example 5 Find y’ for each of the following.
(@) x’y* +3x=8y*+1 [Solution]
(b) x*tan(y)+y*sec(x)=2x [Solution]
(c) e =x*~In(xy*) [Solution]

Solution
(@) X’y* +3x=8y°+1
First differentiate both sides with respect to x and remember that each y is really y(x) we just

aren’t going to write it that way anymore. This means that the first term on the left will be a
product rule.

We differentiated these kinds of functions involving y’s to a power with the chain rule in the
Example 2 above. Also, recall the discussion prior to the start of this problem. When doing this
kind of chain rule problem all that we need to do is differentiate the y’s as normal and then add on
a y', which is nothing more than the derivative of the “inside function”.

Here is the differentiation of each side for this function.
3x°y° +5x3y*y’ +3=24y%y
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Now all that we need to do is solve for the derivative, y'. This is just basic solving algebra that

you are capable of doing. The main problem is that it’s liable to be messier than what you’re
used to doing. All we need to do is get all the terms with y’ in them on one side and all the terms

without y’ in them on the other. Then factor y’ out of all the terms containing it and divide both
side by the “coefficient” of the y’. Here is the solving work for this one,
3x%y°® +3=24y*y' - 5x°y'y’
3x°y° +3= (24y2 -5x°y* )y
. 3xX%y°+3
24y? —5x°y*

The algebra in these problems can be quite messy so be careful with that.
[Return to Problems]

(b) x*tan(y)+ y* sec(x) = 2x
We’ve got two product rules to deal with this time. Here is the derivative of this function.
2xtan(y)+x*sec’(y)y +10y°y'sec(x)+ y*’sec(x)tan(x)=2

Notice the derivative tacked onto the secant! Again, this is just a chain rule problem similar to
the second part of Example 2 above.

Now, solve for the derivative.

(x*sec?(y)+10y® sec(x))y' =2 y**sec(x)tan(x)—2xtan(y)

(x)tan(x)—
2-y“sec(x)tan(x)—2xtan(y)
x*sec’ (y)+10y® sec(x)

[Return to Problems]

!

y:

(©) e —y2 _|n (Xy3)

We’re going to need to be careful with this problem. We’ve got a couple chain rules that we’re
going to need to deal with here that are a little different from those that we’ve dealt with prior to
this problem.

In both the exponential and the logarithm we’ve got a “standard” chain rule in that there is
something other than just an x or y inside the exponential and logarithm. So, this means we’ll do
the chain rule as usual here and then when we do the derivative of the inside function for each
term we’ll have to deal with differentiating y’s.

Here is the derivative of this equation.
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3 2.,/
oy Y +3>§y y

e2x+3y(2+3yr) Xy

In both of the chain rules note that the y* didn’t get tacked on until we actually differentiated the
y’s in that term.

Now we need to solve for the derivative and this is liable to be somewhat messy. In order to get
the y’ on one side we’ll need to multiply the exponential through the parenthesis and break up

the quotient.

3 2.,
207 4 3y'e? = 2x _y_s_?axy_sy
Xy Xy
2e2x+3y +3yre2x+3y — 2X_£_3_y
Xy

(3e2x+3y + 3y—1) yI — 2X _ X—l _ 292X+3y

. 2% — X—l _ 262x+3y
3e2x+3y +3y—l

Note that to make the derivative at least look a little nicer we converted all the fractions to

negative exponents.
[Return to Problems]

Okay, we’ve seen one application of implicit differentiation in the tangent line example above.
However, there is another application that we will be seeing in every problem in the next section.

In some cases we will have two (or more) functions all of which are functions of a third variable.
So, we might have x(t) and y(t), for example and in these cases we will be differentiating

with respect to t. This is just implicit differentiation like we did in the previous examples, but
there is a difference however.

In the previous examples we have functions involving x’s and y’s and thinking of y as y(x) . In

these problems we differentiated with respect to x and so when faced with x’s in the function we
differentiated as normal and when faced with y’s we differentiated as normal except we then
added a y' onto that term because we were really doing a chain rule.

In the new example we want to look at we’re assume that x = x(t) and that y = y(t) and

differentiating with respect to t. This means that every time we are faced with an x or a y we’ll be
doing the chain rule. This in turn means that when we differentiate an x we will need to add on
an X" and whenever we differentiate ay we will addona y'.
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These new types of problems are really the same kind of problem we’ve been doing in this
section. They are just expanded out a little to include more than one function that will require a
chain rule.

Let’s take a look at an example of this kind of problem.

Example 6 Assume that x=x(t) and y = y(t) and differentiate the following equation with
respect to t.

x°y® +e'™* —cos(5y) =y
Solution

So, just differentiate as normal and add on an appropriate derivative at each step. Note as well
that the first term will be a product rule since both x and y are functions of t.

XY’ +6X°y°y - x'e* +5y'sin(5y) = 2yy’

There really isn’t all that much to this problem. Since there are two derivatives in the problem we
won’t be bothering to solve for one of them. When we do this kind of problem in the next section
the problem will imply which one we need to solve for.

At this point there doesn’t seem be any real reason for doing this kind of problem, but as we’ll see
in the next section every problem that we’ll be doing there will involve this kind of implicit
differentiation.
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Related Rates

In this section we are going to look at an application of implicit differentiation. Most of the
applications of derivatives are in the next chapter however there are a couple of reasons for
placing it in this chapter as opposed to putting it into the next chapter with the other applications.
The first reason is that it’s an application of implicit differentiation and so putting right after that
section means that we won’t have forgotten how to do implicit differentiation. The other reason
is simply that after doing all these derivatives we need to be reminded that there really are actual
applications to derivatives. Sometimes it is easy to forget there really is a reason that we’re
spending all this time on derivatives.

For these related rates problems it’s usually best to just jump right into some problems and see
how they work.

Example 1 Air is being pumped into a spherical balloon at a rate of 5 cm*min. Determine the
rate at which the radius of the balloon is increasing when the diameter of the balloon is 20 cm.

Solution
The first thing that we’ll need to do here is to identify what information that we’ve been given
and what we want to find. Before we do that let’s notice that both the volume of the balloon and

the radius of the balloon will vary with time and so are really functions of time, i.e. V (t) and
r(t).

We know that air is being pumped into the balloon at a rate of 5 cm*min. This is the rate at
which the volume is increasing. Recall that rates of change are nothing more than derivatives and
so we know that,

V'(t)=5
We want to determine the rate at which the radius is changing. Again, rates are derivatives and so
it looks like we want to determine,
d
r'(t)="2 when r(t):Ezlocm

Note that we needed to convert the diameter to a radius.

Now that we’ve identified what we have been given and what we want to find we need to relate
these two quantities to each other. In this case we can relate the volume and the radius with the
formula for the volume of a sphere.

V(o) =3alr ()]

As in the previous section when we looked at implicit differentiation, we will typically not use
the (t) part of things in the formulas, but since this is the first time through one of these we will
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do that to remind ourselves that they are really functions of t.

Now we don’t really want a relationship between the volume and the radius. What we really
want is a relationship between their derivatives. We can do this by differentiating both sides with
respect to t. In other words, we will need to do implicit differentiation on the above formula.
Doing this gives,

V'=4zxr?r’

Note that at this point we went ahead and dropped the (t) from each of the terms. Now all that

we need to do is plug in what we know and solve for what we want to find.

5=47r(102)r’ = r’=oi cm/min
T

We can get the units of the derivative be recalling that,
, dr
r j—

Tt
The units of the derivative will be the units of the numerator (cm in the previous example)
divided by the units of the denominator (min in the previous example).

Let’s work some more examples.

Example 2 A 15 foot ladder is resting against the wall. The bottom is initially 10 feet away
from the wall and is being pushed towards the wall at a rate of + ft/sec. How fast is the top of the

ladder moving up the wall 12 seconds after we start pushing?

Solution
The first thing to do in this case is to sketch picture that shows us what is going on.

fF=7
Y T 15 ft
¥

——

f—_1
=7

We’ve defined the distance of the bottom of the latter from the wall to be x and the distance of the
top of the ladder from the floor to be y. Note as well that these are changing with time and so we

really should write X(t) and y(t). However, as is often the case with related rates/implicit

differentiation problems we don’t write the (t) part just try to remember this in our heads as we

proceed with the problem.

Next we need to identify what we know and what we want to find. We know that the rate at
which the bottom of the ladder is moving towards the wall. This is,
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1
X'=—=
4

Note as well that the rate is negative since the distance from the wall, x, is decreasing. We always
need to be careful with signs with these problems.

We want to find the rate at which the top of the ladder is moving away from the floor. Thisis y'.
Note as well that this quantity should be positive since y will be increasing.

As with the first example we first need a relationship between x and y. We can get this using
Pythagorean theorem.

x? +y? =(15)" = 225

All that we need to do at this point is to differentiate both sides with respect to t, remembering
that x and y are really functions of t and so we’ll need to do implicit differentiation. Doing this
gives an equation that shows the relationship between the derivatives.

2xx'+2yy'=0 1)

Next, let’s see which of the various parts of this equation that we know and what we need to find.
We know X' and are being asked to determine Y’ so it’s okay that we don’t know that.

However, we still need to determine x and y.

Determining x and y is actually fairly simple. We know that initially X =10 and the end is being
pushed in towards the wall at a rate of 4 ft/sec and that we are interested in what has happened
after 12 seconds. We know that,

distance = rate x time

-(3)u2-3

So, the end of the ladder has been pushed in 3 feet and so after 12 seconds we must have X =7 ..
Note that we could have computed this in one step as follows,

1
=10-=(12)=7
x=10-£(12)

To find y (after 12 seconds) all that we need to do is reuse the Pythagorean Theorem with the
values of x that we just found above.

y =+/225-x* =+/225-49 = /176

Now all that we need to do is plug into (1) and solve for y’.
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7
1 A 7

2(7) == |+2(V176)v' =0 = = = =0.1319 ft/sec
( )( 4) ( )y y V176 44176

Notice that we got the correct sign for y’. If we’d gotten a negative then we’d have known that
we had made a mistake and we could go back and look for it.

Example 3 Two people are 50 feet apart. One of them starts walking north at a rate so that the
angle shown in the diagram below is changing at a constant rate of 0.01 rad/min. At what rate is
distance between the two people changing when € = 0.5 radians?

Moving Person

| :

& Stafuinary Person

50

Solution

This example is not as tricky as it might at first appear. Let’s call the distance between them at
any point in time x as noted above. We can then relate all the known quantities by one of two trig
formulas.

0030:@ secH=i
X 50

We want to find X" and we could find x if we wanted to at the point in question using cosine since
we also know the angle at that point in time. However, if we use the second formula we won’t
need to know x as you’ll see. So, let’s differentiate that formula.

!

sec@tand @' X
50

As noted, there are no x’s in this formula. We want to determine x’ and we know that & =0.5
and @' =0.01 (do you agree with it being positive?). So, just plug in and solve.

(50)(0.01)sec(0.5)tan (0.5) = X’ = X' =0.311254 ft/ min

So far we we’ve seen three related rates problems. While each one was worked in a very
different manner the process was essentially the same in each. In each problem we identified
what we were given and what we wanted to find. We next wrote down a relationship between all
the various quantities and used implicit differentiation to arrive at a relationship between the
various derivatives in the problem. Finally, we plugged into the equation to find the value we
were after.

So, in a general sense each problem was worked in pretty much the same manner. The only real
difference between them was coming up with the relationship between the known and unknown
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quantities. This is often the hardest part of the problem. In many problems the best way to come
up with the relationship is to sketch a diagram that shows the situation. This often seems like a
silly step, but can make all the difference in whether we can find the relationship or not.

Let’s work another problem that uses some different ideas and shows some of the different kinds
of things that can show up in related rates problems.

Example 4 A tank of water in the shape of a cone is leaking water at a constant rate of
2ft*/hour . The base radius of the tank is 5 ft and the height of the tank is 14 ft.

(a) At what rate is the depth of the water in the tank changing when the depth of the
water is 6 ft?

(b) At what rate is the radius of the top of the water in the tank changing when the depth
of the water is 6 ft?

Solution
Okay, we should probably start off with a quick sketch (probably not to scale) of what is going on
here.

14

As we can see, the water in the tank actually forms a smaller cone with the same central angle as
the tank itself. The radius of the “water” cone at any time is given by r and the height of the
“water” cone at any time is given by h. The volume of water in the tank at any time t is given by,

V :lm-Zh
3
and we’ve been given that V' =-2.

(a) At what rate is the depth of the water in the tank changing when the depth of the water
is 6 ft?

For this part we need to determine h" when h =6 and now we have a problem. The only

© 2007 Paul Dawkins 240 http://tutorial.math.lamar.edu/terms.aspx




Calculus |

formula that we’ve got that will relate the volume to the height also includes the radius and so if
we were to differentiate this with respect to t we would get,

V':Eyzrr’h +17rr2h'
3 3

So, in this equation we know V' and h and want to find h’, but we don’t know rand r’. As
we’ll see finding r isn’t too bad, but we just don’t have enough information, at this point, that will
allow us to find r' and h" simultaneously.

To fix this we’ll need to eliminate the r from the volume formula in some way. This is actually
easier than it might at first look. If we go back to our sketch above and look at just the right half
of the tank we see that we have two similar triangles and when we say similar we mean similar in
the geometric sense. Recall that two triangles are called similar if their angles are identical,
which in the case here. When we have two similar triangles then ratios of any two sides will be
equal. For our set this means that we have,

r o5 5

—=— = r=—=~n
h 14 14

If we take this and plug into our volume formula we have,

2
v =17zr2h=5ﬁ(3h] he 22 p
3 3"\ 12 588

This gives us a volume formula that only involved the volume and the height of the water. Note
however that this volume formula is only valid for our cone, so don’t be tempted to use it for
other cones! If we now differentiate this we have,
25
V'=——7zh’h’
196

At this point all we need to do is plug in what we know and solve for h'".
-2 =§7z(62)h' = h=—28 _ 01223
196 2557

So, it looks like the height is decreasing at a rate of 0.04413 ft/hr.

(b) At what rate is the radius of the top of the water in the tank changing when the depth of
the water is 6 ft?

In this case we are asking for r' and there is an easy way to do this part and a difficult (well,
more difficult than the easy way anyway....) way to do it. The “difficult” way is to redo the work
part (a) above only this time use,

h 14 14

—=— = h=—r

r 5 5
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to get the volume in terms of V and r and then proceed as before.

That’s not terribly difficult, but it is more work that we need to so. Recall from the first part that
we have,

r:ih j— r'Iih'
14 14

So, as we can see if we take the relationship that relates r and h that we used in the first part and
differentiate it we get a relationship between r’ and h'. At this point all we need to do here is
use the result from the first part to get,

r' S ( —98 j:— ! =-0.4369

“14\ 2557 ) Bl

Much easier that redoing all of the first part. Note however, that we were only able to do this the
“easier” way because it was asking for r' at exactly the same time that we asked for h’ in the
first part. If we hadn’t been using the same time then we would have had no choice but to do this
the “difficult” way.

In the second part of the previous problem we saw an important idea in dealing with related rates.
In order to find the asked for rate all we need is an equations that relates the rate we’re looking
for to a rate that we already know. Sometimes there are multiple equations that we can use and
sometimes one will be easier than another.

Also, this problem showed us that we will often have an equation that contains more variables
that we have information about and so, in these cases, we will need to eliminate one (or more) of
the variables. In this problem we eliminated the extra variable using the idea of similar triangles.
This will not always be how we do this, but many of these problems do use similar triangles so
make sure you can use that idea.

Let’s work some more problems.

Example 5 A trough of water is 8 meters deep and its ends are in the shape of isosceles
triangles whose width is 5 meters and height is 2 meters. If water is being pumped in at a

constant rate of 6 m®/sec. Atwhat rate is the height of the water changing when the water has a
height of 120 cm?

Solution
Note that an isosceles triangle is just a triangle in which two of the sides are the same length. In
our case sides of the tank have the same length.

We definitely need a sketch of this situation to get us going here so here. A sketch of the trough
is shown below.
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[ ]
L

2

1

)

Now, in this problem we know that V' =6 m®/sec and we want to determine h’ when
h=1.2m. Note that because V' is in terms of meters we need to convert h into meters as well.

So, we need an equation that will relate these two quantities and the volume of the tank will do it.

The volume of this kind of tank is simple to compute. The volume is the area of the end times the
depth. For our case the volume of the water in the tank is,

V = (Area of End)(depth)
= (4 base x height ) (depth)
=1hw(8)
=4hw

As with the previous example we’ve got an extra quantity here, w, that is also changing with time
and so we need to get eliminate it from the problem. To do this we’ll again make use of the idea
of similar triangles. If we look at the end of the tank we’ll see that we again have two similar
triangles. One for the tank itself and on formed by the water in the tank. Again, remember that
with similar triangles that ratios of sides must be equal. In our case we’ll use,

w h 5

—=— = w=—h

5 2 2
Plugging this into the volume gives a formula for the volume (and only for this tank) that only
involved the height of the water.

V = 4hw = 4h(ghj _10h?

We can now differentiate this to get,
V'=20hh’

Finally, all we need to do is plug in and solve for h".
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6=20(1.2)h' = h'=0.25 m/sec

So, the height of the water is raising at a rate of 0.25 m/sec.

Example 6 A light is on the top of a 12 ft tall pole and a 5ft 6in tall person is walking away
from the pole at a rate of 2 ft/sec.
(a) At what rate is the tip of the shadow moving away from the pole when the person is
25 ft from the pole?
(b) At what rate is the tip of the shadow moving away from the person when the person is
25 ft from the pole?

Solution

We’ll definitely need a sketch of this situation to get us started here. The tip of the shadow is
defined by the rays of light just getting past the person and so we can form the following set of
similar triangles.

Lamp
i xrp =2 ftfzec
Person —
)
12
5.5
¥ ¥ Shadow
- % - % -
- = -

Here x is the distance of the tip of the shadow from the pole, Xp is the distance of the person

from the pole and X is the length of the shadow. Also note that we converted the persons height
over to 5.5 feet since all the other measurements are in feet.

(a) At what rate is the tip of the shadow moving away from the pole when the person is 25 ft
from the pole?

In this case we want to determine X" when x, = 25 given that X, = 2.

The equation we’ll need here is,

X=X+ Xg

p
but we’ll need to eliminate X5 from the equation in order to get an answer. To do this we can
again make use of the fact that the two triangles are similar to get,
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11
ﬁzéz Xs Note:E:LZE
12 X Xp+Xs 12 12 24

We’ll need to solve this for X .

11
z(prrxS):xS
24°P 247
11
Our equation then becomes,
X=X +Ex —Ex
P 13"P 13°°P

Now all that we need to do is differentiate this, plug in and solve for x'.

, 24, ,_ 24

X'=—Xj, = X (2)=3.6923 ft/sec
13 13

The tip of the shadow is then moving away from the pole at a rate of 3.6923 ft/sec. Notice as
well that we never actually had to use the fact that X, = 25 for this problem. That will happen

on rare occasions.

(b) At what rate is the tip of the shadow moving away from the person when the person is
25 ft from the pole?

This part is actually quite simple if we have the answer from (a) in hand, which we do of course.
In this case we know that Xg represents the length of the shadow, or the distance of the tip of the

shadow from the person so it looks like we want to determine Xg when Xp =25.

Again, we can use X = X, + Xg , however unlike the first part we now know that X'IO =2 and

p
X" =3.6923 ft/sec so in this case all we need to do is differentiate the equation and plug in for
all the known quantities.

!

p
3.6923=2+Xg Xs =1.6923 ft/sec

r_ ’
X' =X}y + Xg

The tip of the shadow is then moving away from the person at a rate of 1.6923 ft/sec.
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Example 7 A spot light is on the ground 20 ft away from a wall and a 6 ft tall person is walking
towards the wall at a rate of 2.5 ft/sec. How fast the height of the shadow changing when the
person is 8 feet from the wall? Is the shadow increasing or decreasing in height at this time?

Solution

Let’s start off with a sketch of this situation and the sketch here will be similar to that of the
previous problem. The top of the shadow will be defined by the light rays going over the head of
the person and so we again get yet another set of similar triangles.

Wall
i x'=25 ftfzec
s
Person
E []
0
W
LL LL Spotlight
Sa-x | x "

In this case we want to determine Y’ when the person is 8 ft from wall or x =12 ft. Also, if the

person is moving towards the wall at 2.5 ft/sec then the person must be moving away from the
spotlight at 2.5 ft/sec and so we also know that x' = 2.5.

In all the previous problems that used similar triangles we used the similar triangles to eliminate
one of the variables from the equation we were working with. In this case however, we can get
the equation that relates x and y directly from the two similar triangles. In this case the equation
we’re going to work with is,

y 20

= =
6 X y

_120

Now all that we need to do is differentiate and plug values into solve to get y'.

y' =—@x’ = y' =—%(2.5) =—2.0833 ft/sec
X

The height of the shadow is then decreasing at a rate of 2.0833 ft/sec.

Okay, we’ve worked quite a few problems now that involved similar triangles in one form or
another so make sure you can do these kinds of problems.

It’s now time to do a problem that while similar to some of the problems we’ve done to this point
is also sufficiently different that it can cause problems until you’ve seen how to do it.
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Example 8 Two people on bikes are separated by 350 meters. Person A starts riding north at a
rate of 5 m/sec and 7 minutes later Person B starts riding south at 3 m/sec. At what rate is the
distance separating the two people changing 25 minutes after Person A starts riding?

Solution
There is a lot to digest here with this problem. Let’s start off with a sketch of the situation.

T z" =5 misec
I Person A
x
z
X+ ¥y
|
l
|
I &
l
|
Y o ________}x Person Bl
= 350 = ¥ =3 misec

Now we are after z' and we know that X'=5 and y'=3. We want to know z' after Person A

had been riding for 25 minutes and Person B has been riding for 25—7 =18 minutes. After
converting these times to seconds (because our rates are all in m/sec) this means that at the time
we’re interested in each of the bike riders has rode,

X =5(25x60) = 7500 m y =3(18x60) =3240 m

Next, the Pythagorean theorem tells us that,
2? =(x+ y)2 +350? 2)

Therefore, 25 minutes after Person A starts riding the two bike riders are

2= \(x+y) +350° = /(7500+3240)° +350° =10745.7015 m

apart.

To determine the rate at which the two riders are moving apart all we need to do then is
differentiate (2) and plug in all the quantities that we know to find z'.
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222" =2(x+y)(X'+Y')
2(10745.7015) z' = 2( 7500 +3240)(5+3)
z' =7.9958 m/sec

So, the two riders are moving apart at a rate of 7.9958 m/sec.

Every problem that we’ve worked to this point has come down to needing a geometric formula
and we should probably work a quick problem that is not geometric in nature.

Example 9 Suppose that we have two resistors connected in parallel with resistances R, and
R, measured in ohms (). The total resistance, R, is then given by,
1 1 1

R R, R,

Suppose that R, is increasing at a rate of 0.4 Q/min and R, is decreasing at a rate of

0.7Q/min. Atwhat rate is R changing when R, =802 and R, =105Q?

Solution
Okay, unlike the previous problems there really isn’t a whole lot to do here. First, let’s note that

we’re looking for R" and that we know R; =0.4 and R}, =—-0.7. Be careful with the signs

here.

Also, since we’ll eventually need it let’s determine R at the time we’re interested in.

1 1,1 3 = R=%=4S.4OS4Q

— =
R 80 105 1680

Next we need to differentiate the equation given in the problem statement.

1 1 1
-~ R=-—_R-—_R|
R2 (Rl)Z 1 (R2)2 2
R=R| R+ R,
R,) R,

Finally, all we need to do is plug into this and do some quick computations.

R’ = (45.4054)° (%(0.4) + 10152

So, it looks like R is decreasing at a rate of 0.002045 2 /min.

(—O.?)j =-0.002045
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We’ve seen quite a few related rates problems in this section that cover a wide variety of possible
problems. There are still many more different kinds of related rates problems out there in the
world, but the ones that we’ve worked here should give you a pretty good idea on how to at least
start most of the problems that you’re liable to run into.
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Higher Order Derivatives

Let’s start this section with the following function.
f (x)=5x°—3x* +10x -5

By this point we should be able to differentiate this function without any problems. Doing this
we get,
f'(x)=15x*-6x+10

Now, this is a function and so it can be differentiated. Here is the notation that we’ll use for that,
as well as the derivative.
!
f "(x) = ( f '(x)) =30x-6

This is called the second derivative and f ’(X) is now called the first derivative.

Again, this is a function as so we can differentiate it again. This will be called the third
derivative. Here is that derivative as well as the notation for the third derivative.

£7(x)=(f"(x)) =30

Continuing, we can differentiate again. This is called, oddly enough, the fourth derivative.
We’re also going to be changing notation at this point. We can keep adding on primes, but that
will get cumbersome after awhile.

FO(x)=(17(x) =0

This process can continue but notice that we will get zero for all derivatives after this point. This
set of derivatives leads us to the following fact about the differentiation of polynomials.

Fact

If p(x) is a polynomial of degree n (i.e. the largest exponent in the polynomial) then,
p“(x)=0 fork >n+1

We will need to be careful with the “non-prime” notation for derivatives. Consider each of the
following.

& (x) = 1(x)
2
P2 (x)=[f(x)]
The presence of parenthesis in the exponent denotes differentiation while the absence of

parenthesis denotes exponentiation.

Collectively the second, third, fourth, etc. derivatives are called higher order derivatives.
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Let’s take a look at some examples of higher order derivatives.

Example 1 Find the first four derivatives for each of the following.
1

(@) R(t) =3t>+8t2 +e' [Solution]

(b) y=cosx [Solution]

(©) f(y)=sin(3y)+e™ +In(7y) [Solution]
Solution

1
(@) R(t)=3t"+8t2 +¢'

There really isn’t a lot to do here other than do the derivatives.
1

R'(t)=6t+4t 2 +¢'

Notice that differentiating an exponential function is very simple. It doesn’t change with each

differentiation.
[Return to Problems]

(b) y=cosx
Again, let’s just do some derivatives.
y = COS X
y'=-sinx
y" =—Ccos X
y" =sin x
y“ = cos x

Note that cosine (and sine) will repeat every four derivatives. The other four trig functions will
not exhibit this behavior. You might want to take a few derivatives to convince yourself of this.
[Return to Problems]

(€ f(y)=sin(3y)+e™ +In(7y)

In the previous two examples we saw some patterns in the differentiation of exponential
functions, cosines and sines. We need to be careful however since they only work if there is just
atoranxinargument. This is the point of this example. In this example we will need to use the
chain rule on each derivative.
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f'(y)=3cos(3y)—2e® +% =3cos(3y)-2e +y™

=-9sin(3y)+4e™ -y~
=-27cos(3y)—8e* +2y~°
=81sin(3y)+16e™ -6y

So, we can see with slightly more complicated arguments the patterns that we saw for exponential

functions, sines and cosines no longer completely hold.
[Return to Problems]

Let’s do a couple more examples to make a couple of points.

Example 2 Find the second derivative for each of the following functions.
(a) Q(x)=sec(5t) [Solution]
(b) g(w)= e [Solution]
© f(t)=In (l+t2) [Solution]
Solution
() Q(x)=sec(5t)
Here’s the first derivative.
Q'(x)=5sec(5t)tan(5t)

Notice that the second derivative will now require the product rule.
Q" (x) = 25sec(5t)tan(5t)tan (5t)+ 25sec(5t ) sec” (5t)
= 25sec(5t)tan’ (5t) + 25sec’ (5t)

Notice that each successive derivative will require a product and/or chain rule and that as noted
above this will not end up returning back to just a secant after four (or another other number for
that matter) derivatives as sine and cosine will.

[Return to Problems]

(b) g(w)=e"*"
Again, let’s start with the first derivative.

gr(W) _ _6W2e172w3

As with the first example we will need the product rule for the second derivative.
g " (W) _ _12we1—2w3 . 6W2 (_6W2 )el—ZW3

1-2w? 1-2w?

=—12we +36w'e

[Return to Problems]
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(© f(t)=In(1+t?)

Same thing here.

2
1+t

(1)

The second derivative this time will require the quotient rule.
o 2(1+t)—(2t)(2t)
f (t): I\2
(1+t )
22t
(1+t2)2

[Return to Problems]

As we saw in this last set of examples we will often need to use the product or quotient rule for
the higher order derivatives, even when the first derivative didn’t require these rules.

Let’s work one more example that will illustrate how to use implicit differentiation to find higher
order derivatives.

Example 3 Find y” for
x*+y*=10
Solution

Okay, we know that in order to get the second derivative we need the first derivative and in order
to get that we’ll need to do implicit differentiation. Here is the work for that.
2x+4y°y' =0
, X
Yoy
Now, this is the first derivative. We get the second derivative by differentiating this, which will
require implicit differentiation again.

Y = X ’
2y*

2y° - x(6y’y’)
(2y°)
o 2y3 _6Xy2y!
-
y —3xy’
2y’
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This is fine as far as it goes. However, we would like there to be no derivatives in the answer.
We don’t, generally, mind having x’s and/or y’s in the answer when doing implicit differentiation,
but we really don’t like derivatives in the answer. We can get rid of the derivative however by
acknowledging that we know what the first derivative is and substituting this into the second
derivative equation. Doing this gives,
y—3xy’
2y*

X
y3[2y]

= 2y

yﬂ —

3 2.3
+>x
AV
2y’

Now that we’ve found some higher order derivatives we should probably talk about an
interpretation of the second derivative.

If the position of an object is given by s(t) we know that the velocity is the first derivative of the
position.
v(t)=s'(t)

The acceleration of the object is the first derivative of the velocity, but since this is the first
derivative of the position function we can also think of the acceleration as the second derivative
of the position function.

Alternate Notation
There is some alternate notation for higher order derivatives as well. Recall that there was a
fractional notation for the first derivative.

df
f'(x)=—
(X)="4
We can extend this to higher order derivatives.
d’y d’y
f"(x)= f"(x)=— etc.
( ) dXZ ( ) dXS
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Logarithmic Differentiation

There is one last topic to discuss in this section. Taking the derivatives of some complicated
functions can be simplified by using logarithms. This is called logarithmic differentiation.

It’s easiest to see how this works in an example.

Example 1 Differentiate the function.
5

y =
(1-10x)Vx* +2
Solution

Differentiating this function could be done with a product rule and a quotient rule. However, that
would be a fairly messy process. We can simplify things somewhat by taking logarithms of both
sides.

ny= In[(l—le)\/x2 +2}

Of course, this isn’t really simpler. What we need to do is use the properties of logarithms to
expand the right side as follows.

Iny= In(x*")—ln((l—lox)\/x2 +2)
Iny= In(x&")—ln(l—lox)—In(\/x2 +2)
This doesn’t look all the simple. However, the differentiation process will be simpler. What we

need to do at this point is differentiate both sides with respect to x. Note that this is really implicit
differentiation.

;(x2 + 2); (2x)

y 5 10
= :

y x> 1-10x (x2 N 2)2

y 5 10 X

Z =4 _

y x 1-10x x*+2

To finish the problem all that we need to do is multiply both sides by y and the plug in for y since
we do know what that is.

y’—y(§+ 10 x j
X 1-10x Xx°+2

_ X° (§+ 10 x J
(1-10x)vx*+2\x  1-10x X2 +2
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Depending upon the person doing this would probably be slightly easier than doing both the
product and quotient rule. The answer is almost definitely simpler that what we would have
gotten using the product and quotient rule.

So, as the first example has shown we can use logarithmic differentiation to avoid using the
product rule and/or quotient rule.

We can also use logarithmic differentiation to differentiation functions in the form.
9(x)
y=(f(x)

Let’s take a quick look at a simple example of this.

Example 2 Differentiate y = x*

Solution
We’ve seen two functions similar to this at this point.
d _ d
—(x")=nx"" —(a*)=a"Ina
dx dx

Neither of these two will work here since both require either the base or the exponent to be a
constant. In this case both the base and the exponent are variables and so we have no way to
differentiate this function using only known rules from previous sections.

With logarithmic differentiation we can do this however. First take the logarithm of both sides as
we did in the first example and use the logarithm properties to simplify things a little.

Iny=Inx"
Iny=xlInx

Differentiate both sides using implicit differentiation.

Y Cnx+ x(lj: Inx+1
y X
As with the first example multiply by y and substitute back in fory.
y'=y(1+Inx)
=x*(1+Inx)

Let’s take a look at a more complicated example of this.
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Example 3 Differentiate y = (1—3x)™"

Solution

Now, this look much more complicated than the previous example, but is in fact only
slightly more complicated. The process is pretty much identical so we first take the log
of both sides and then simplify the right side.

Iny = In[(1—3x)°°s(x)} = cos(x)In(1-3x)

Next, do some implicit differentiation.
yV: —sin(x)In(1-3x)+ COS(X)l—Sx =—sin(x)In(1-3x) _COS(X)l—Sx

Finally, solve for y’ and substitute back in for y.
. 3
"=—y|sin(x)In(1-3x)+cos(x
v ==y sin(0in(1-30)+c0s(x)

=—(1- SX)COS(X) (sin (x)In(1-3x)+cos(x) 1—33xj

A messy answer but there it is.

We’ll close this section out with a quick recap of all the various ways we’ve seen of
differentiating functions with exponents. It is important to not get all of these confused.

i(a'“):O This is a constant

dx

di(x” )=nx"* Power Rule
X

di(a\X ) =a*lna Derivative of an exponential function
X

&(x )=x*(1+Inx) Logarithmic Differentiation

It is sometimes easy to get these various functions confused and use the wrong rule for
differentiation. Always remember that each rule has very specific rules for where the variable
and constants must be. For example, the Power Rule requires that the base be a variable and the
exponent be a constant, while the exponential function requires exactly the opposite.

If you can keep straight all the rules you can’t go wrong with these.
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Applications of Derivatives

Introduction

In the previous chapter we focused almost exclusively on the computation of derivatives. In this
chapter will focus on applications of derivatives. It is important to always remember that we
didn’t spend a whole chapter talking about computing derivatives just to be talking about them.
There are many very important applications to derivatives.

The two main applications that we’ll be looking at in this chapter are using derivatives to
determine information about graphs of functions and optimization problems. These will not be
the only applications however. We will be revisiting limits and taking a look at an application of
derivatives that will allow us to compute limits that we haven’t been able to compute previously.
We will also see how derivatives can be used to estimate solutions to equations.

Here is a listing of the topics in this section.

Rates of Change — The point of this section is to remind us of the application/interpretation of
derivatives that we were dealing with in the previous chapter. Namely, rates of change.

Critical Points — In this section we will define critical points. Critical points will show up in
many of the sections in this chapter so it will be important to understand them.

Minimum and Maximum Values — In this section we will take a look at some of the basic
definitions and facts involving minimum and maximum values of functions.

Finding Absolute Extrema — Here is the first application of derivatives that we’ll look at in this
chapter. We will be determining the largest and smallest value of a function on an interval.

The Shape of a Graph, Part I — We will start looking at the information that the first derivatives
can tell us about the graph of a function. We will be looking at increasing/decreasing functions as
well as the First Derivative Test.

The Shape of a Graph, Part Il — In this section we will look at the information about the graph
of a function that the second derivatives can tell us. We will look at inflection points, concavity,
and the Second Derivative Test.

The Mean Value Theorem — Here we will take a look that the Mean Value Theorem.

© 2007 Paul Dawkins 258 http://tutorial.math.lamar.edu/terms.aspx



Calculus |

Optimization Problems — This is the second major application of derivatives in this chapter. In
this section we will look at optimizing a function, possible subject to some constraint.

More Optimization Problems — Here are even more optimization problems.

L’Hospital’s Rule and Indeterminate Forms — This isn’t the first time that we’ve looked at
indeterminate forms. In this section we will take a look at L’Hospital’s Rule. This rule will
allow us to compute some limits that we couldn’t do until this section.

Linear Approximations — Here we will use derivatives to compute a linear approximation to a
function. As we will see however, we’ve actually already done this.

Differentials — We will look at differentials in this section as well as an application for them.

Newton’s Method — With this application of derivatives we’ll see how to approximate solutions
to an equation.

Business Applications — Here we will take a quick look at some applications of derivatives to the
business field.
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Rates of Change

The purpose of this section is to remind us of one of the more important applications of
derivatives. That is the fact that f’(x) represents the rate of change of f (x). Thisisan

application that we repeatedly saw in the previous chapter. Almost every section in the previous
chapter contained at least one problem dealing with this application of derivatives. While this
application will arise occasionally in this chapter we are going to focus more on other
applications in this chapter.

So, to make sure that we don’t forget about this application here is a brief set of examples
concentrating on the rate of change application of derivatives. Note that the point of these
examples is to remind you of material covered in the previous chapter and not to teach you how
to do these kinds of problems. If you don’t recall how to do these kinds of examples you’ll need
to go back and review the previous chapter.

Example 3 Determine all the points were the following function is not changing.
g(x)=5-6x—-10cos(2x)

Solution

First we’ll need to take the derivative of the function.

g'(x) =—6+20sin(2x)
Now, the function will not be changing if the rate of change is zero and so to answer this question

we need to determine where the derivative is zero. So, let’s set this equal to zero and solve.

—6+20sin(2x)=0 = sin(2x):2%:0.3

The solution to this is then,
2Xx=0.2955+27zn OR 2X=2.8461+27n n=

X=0.1478 + zn OR Xx=1.4231+ 7zn n

2,...

0,41,
, 11,12,

o

If you don’t recall how to solve trig equations check out the Solving Trig Equations sections in
the Review Chapter.

Example 4 Determine where the following function is increasing and decreasing.
A(t) = 27t° —45t* —130t° +150

Solution

As with the first problem we first need to take the derivative of the function.

A(t) =135t* ~180t° —390t* = 15t* (9t* ~12t — 26

Next, we need to determine where the function isn’t changing. This is at,
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t=0

12+ 144-4(9)(-26) 12+1080 124630 _ 230
18 18 18 3

=-1.159, 2.492

So, the function is not changing at three values of t. Finally, to determine where the function is
increasing or decreasing we need to determine where the derivative is positive or negative.

Recall that if the derivative is positive then the function must be increasing and if the derivative is
negative then the function must be decreasing. The following number line gives this information.

—3 -2 -1 1] 1 2 3 4

So, from this number line we can see that we have the following increasing and decreasing
information.
Increasing : —oo<t<-1.159, 2492 <t< o Decreasing : —1.159 <t < 2.492

If you don’t remember how to solve polynomial and rational inequalities then you should check
out the appropriate sections in the Review Chapter.

Finally, we can’t forget about Related Rates problems.

Example 5 Two cars start out 500 miles apart. Car A is to the west of Car B and starts driving
to the east (i.e. towards Car B) at 35 mph and at the same time Car B starts driving south at 50
mph. After 3 hours of driving at what rate is the distance between the two cars changing? Is it
increasing or decreasing?

Solution
The first thing to do here is to get sketch a figure showing the situation.

B 300 Miles _
CarA| ________CarA Car B Initial
Initial | . z
Distance
Driven =
By Car A
Car B

In this figure y represents the distance driven by Car B and x represents the distance separating
Car A from Car B’s initial position and z represents the distance separating the two cars. After 3
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hours driving time with have the following values of x and y.
x:500—35(3):325 y=50(3):150

We can use the Pythagorean theorem to find z at this time as follows,
7* =325° +150% =128125 = Z7 =+/128125 =357.9455

Now, to answer this question we will need to determine z" given that x'=-35 and y'=50. Do

you agree with the signs on the two given rates? Remember that a rate is negative if the quantity
is decreasing and positive if the quantity is increasing.

We can again use the Pythagorean theorem here. First, write it down and the remember that x, v,
and z are all changing with time and so differentiate the equation using Implicit Differentiation.

77 =x"+y? = 227" = 2xx+2yy'

Finally, all we need to do is cancel a two from everything, plug in for the known quantities and
solve for z'.

' , —3875
z (357.9455) = (325)(—35)+ (150)(50) =

7' =———=-10.8257
357.9455

So, after three hours the distance between them is decreasing at a rate of 10.8257 mph.

So, in this section we covered three “standard” problems using the idea that the derivative of a
function gives its rate of change. As mentioned earlier, this chapter will e focusing more on other
applications than the idea of rate of change, however, we can’t forget this application as it is a
very important one.
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Critical Points

Critical points will show up throughout a majority of this chapter so we first need to define them
and work a few examples before getting into the sections that actually use them.

Definition

We say that X = C is a critical point of the function f(x) if f (c) exists and if either of the

following are true.
f'(c)=0 OR f’(c) doesn't exist

Note that we require that f (C) exists in order for x = to actually be a critical point. This is an

important, and often overlooked, point.

The main point of this section is to work some examples finding critical points. So, let’s work
some examples.

Example 1 Determine all the critical points for the function.

f (x)=6x°+33x" —30x° +100
Solution
We first need the derivative of the function in order to find the critical points and so let’s get that
and notice that we’ll factor it as much as possible to make our life easier when we go to find the
critical points.

f’(x)=30x"+132x* —90x?
= 6x> (5x2 +22X —15)
=6x(5x—3)(x+5)

Now, our derivative is a polynomial and so will exist everywhere. Therefore the only critical
points will be those values of x which make the derivative zero. So, we must solve.

6x*(5x—3)(x+5)=0

Because this is the factored form of the derivative it’s pretty easy to identify the three critical
points. They are,

Polynomials are usually fairly simple functions to find critical points for provided the degree
doesn’t get so large that we have trouble finding the roots of the derivative.
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Most of the more “interesting” functions for finding critical points aren’t polynomials however.
So let’s take a look at some functions that require a little more effort on our part.

Example 2 Determine all the critical points for the function.

g(t)=3¢ (2t-1)
Solution
To find the derivative it’s probably easiest to do a little simplification before we actually
differentiate. Let’s multiply the root through the parenthesis and simplify as much as possible.

This will allow us to avoid using the product rule when taking the derivative.
2 5 2

g(t)=t3(2t-1)=2t3-t3

Now differentiate.

102 2 5 1063 2
B 1
3t

We will need to be careful with this problem. When faced with a negative exponent it is often
best to eliminate the minus sign in the exponent as we did above. This isn’t really required but it
can make our life easier on occasion if we do that.

Notice as well that eliminating the negative exponent in the second term allows us to correctly
identify why t =0 is a critical point for this function. Once we move the second term to the
denominator we can clearly see that the derivative doesn’t exist at t =0 and so this will be a
critical point. If you don’t get rid of the negative exponent in the second term many people will
incorrectly state that t =0 is a critical point because the derivative is zero at t =0. While this
may seem like a silly point, after all in each case t =0 is identified as a critical point, it is
sometimes important to know why a point is a critical point. In fact, in a couple of sections we’ll
see a fact that only works for critical points in which the derivative is zero.

So, we’ve found one critical point (where the derivative doesn’t exist), but we now need to
determine where the derivative is zero (provided it is of course...). To help with this it’s usually
best to combine the two terms into a single rational expression. So, getting a common
denominator and combining gives us,

_10t-2

g'(t)

1
3ts

Notice that we still have t =0 as a critical point. Doing this kind of combining should never lose
critical points, it’s only being done to help us find them. As we can see it’s now become much
easier to quickly determine where the derivative will be zero. Recall that a rational expression
will only be zero if its numerator is zero (and provided the denominator isn’t also zero at that
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point of course).

e . . 1 .
So, in this case we can see that the numerator will be zero if t = E and so there are two critical
points for this function.

t=0 and t=

gl

Example 3 Determine all the critical points for the function.
2
w”+1
R(W)=———
() W —w—-6
Solution
We’ll leave it to you to verify that using the quotient rule we get that the derivative is,
, W’ —14w+1  w’+14w-1
R (W) - 2 T, 2
(W —w—6) (W —w—6)
Notice that we factored a “-1” out of the numerator to help a little with finding the critical points.

This negative out in front will not affect the derivative whether or not the derivative is zero or not
exist but will make our work a little easier.

Now, we have two issues to deal with. First the derivative will not exist if there is division by
zero in the denominator. So we need to solve,

W —w-6=(w-3)(w+2)=0

We didn’t bother squaring this since if this is zero, then zero squared is still zero and if it isn’t
zero then squaring it won’t make it zero.

So, we can see from this that the derivative will not existat w=3 and w=2. However, these
are NOT critical points since the function will also not exist at these points. Recall that in order
for a point to be a critical point the function must actually exist at that point.

At this point we need to be careful. The numerator doesn’t factor, but that doesn’t mean that
there aren’t any critical points where the derivative is zero. We can use the quadratic formula on
the numerator to determine if the fraction as a whole is ever zero.
2
~ —14i\/(14) ~4(1)(-1) -14+200 -14+10V2

= = —7+5J2
" 2(1) 2 2 V2

So, we get two critical points. Also, these are not “nice” integers or fractions. This will happen
on occasion. Don’t get too locked into answers always being “nice”. Often they aren’t.

Note as well that we only use real numbers for critical points. So, if upon solving the quadratic in
the numerator, we had gotten complex number these would not have been considered critical
points.
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Summarizing, we have two critical points. They are,
w=-7+5V2, w=-7-52

Again, remember that while the derivative doesn’t exist at w=3 and W =2 neither does the
function and so these two points are not critical points for this function.

So far all the examples have not had any trig functions, exponential functions, etc. in them. We
shouldn’t expect that to always be the case. So, let’s take a look at some examples that don’t just
involve powers of x.

Example 4 Determine all the critical points for the function.

y =6x—4cos(3x)
Solution
First get the derivative and don’t forget to use the chain rule on the second term.

y'=6+12sin(3x)

Now, this will exist everywhere and so there won’t be any critical points for which the derivative
doesn’t exist. The only critical points will come from points that make the derivative zero. We
will need to solve,

6+12sin(3x)=0

sin(3x):—%

Solving this equation gives the following.
3Xx=3.6652+27zn, n=0,£1,+2,...
3x=5.7596+27zn, n=0,£1+2,...

Don’t forget the 2zn on these! There will be problems down the road in which we will miss
solutions without this! Also make sure that it gets put on at this stage! Now divide by 3 to get all
the critical points for this function.

x=12217 + 221 N=0+142 ...
3
x:1.9183+2—7:', N=0+142 ...

Notice that in the previous example we got an infinite number of critical points. That will happen
on occasion so don’t worry about it when it happens.
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Example 5 Determine all the critical points for the function.

h(t)=10te™"
Solution
Here’s the derivative for this function.

h'(t)=10e*" +10te*" (-2t) =10e*" - 20t%**

Now, this looks unpleasant, however with a little factoring we can clean things up a little as
follows,

h'(t) =10e"" (1-2t%)

This function will exist everywhere and so no critical points will come from that. Determining
where this is zero is easier than it looks. We know that exponentials are never zero and so the
only way the derivative will be zero is if,

1-2t*=0
1=2t?
l_tz
2

We will have two critical points for this function.

sl

2

Example 6 Determine all the critical points for the function.

f(x)=x*In(3x)+6
Solution
Before getting the derivative let’s notice that since we can’t take the log of a negative number or
zero we will only be able to look at X > 0.

The derivative is then,
3
f(x)=2xIn(3x)+x?*| —
() =2xin(3) + < |
=2xIn(3x)+ X
= x(2|n(3x)+1)
Now, this derivative will not exist if x is a negative number or if x =0, but then again neither

will the function and so these are not critical points. Remember that the function will only exist if
X >0 and nicely enough the derivative will also only exist if X >0 and so the only thing we
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need to worry about is where the derivative is zero.

First note that, despite appearances, the derivative will not be zero for X =0. As noted above the
derivative doesn’t exist at X =0 because of the natural logarithm and so the derivative can’t be
zero there!

So, the derivative will only be zero if,
2In(3x)+1=0

In(3x):—%

Recall that we can solve this by exponentiating both sides.

There is a single critical point for this function.

Let’s work one more problem to make a point.

Example 7 Determine all the critical points for the function.
f(x)= xe*
Solution

Note that this function is not much different from the function used in Example 5. In this case the
derivative is,

2 2 2
f/(x)=e* +xe* (2x)=e* (1+2x°)
This function will never be zero for any real value of x. The exponential is never zero of course
and the polynomial will only be zero if x is complex and recall that we only want real values of x

for critical points.

Therefore, this function will not have any critical points.

It is important to note that not all functions will have critical points! In this course most of the
functions that we will be looking at do have critical points. That is only because those problems
make for more interesting examples. Do not let this fact lead you to always expect that a function
will have critical points. Sometimes they don’t as this final example has shown.
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Minimum and Maximum Values

Many of our applications in this chapter will revolve around minimum and maximum values of a
function. While we can all visualize the minimum and maximum values of a function we want to
be a little more specific in our work here. In particular we want to differentiate between two
types of minimum or maximum values. The following definition gives the types of minimums
and/or maximums values that we’ll be looking at.

Definition

1. We say that f(x) has an absolute (or global) maximum at x =c if f (x) <f (c) for every x

in the domain we are working on.
2. We say that f(x) has a relative (or local) maximum at x =c if f (x) <f (C) for every x in

some open interval around X =cC.
3. We say that f(x) has an absolute (or global) minimumat x=c if f (x)> f(c) for every x

in the domain we are working on.
4. We say that f(x) has a relative (or local) minimum at x =c if f (x)> f (c) for every x in

some open interval around X =cC.

Note that when we say an “open interval around X = ¢ ” we mean that we can find some interval
(a, b) , not including the endpoints, such that a <c <b. Or, in other words, ¢ will be contained

somewhere inside the interval and will not be either of the endpoints.

Also, we will collectively call the minimum and maximum points of a function the extrema of
the function. So, relative extrema will refer to the relative minimums and maximums while
absolute extrema refer to the absolute minimums and maximums.

Now, let’s talk a little bit about the subtle difference between the absolute and relative in the
definition above.

We will have an absolute maximum (or minimum) at X = C provided f(c) is the largest (or
smallest) value that the function will ever take on the domain that we are working on. Also, when
we say the “domain we are working on” this simply means the range of x’s that we have chosen
to work with for a given problem. There may be other values of x that we can actually plug into
the function but have excluded them for some reason.

A relative maximum or minimum is slightly different. All that’s required for a point to be a
relative maximum or minimum is for that point to be a maximum or minimum in some interval of
x’s around X =cC. There may be larger or smaller values of the function at some other place, but
relative to Xx=c, or local to Xx=c, f(c) is larger or smaller than all the other function values that
are near it.
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Note as well that in order for a point to be a relative extrema we must be able to look at function
values on both sides of X =C to see if it really is @ maximum or minimum at that point. This
means that relative extrema do not occur at the end points of a domain. They can only occur
interior to the domain.

There is actually some debate on the preceding point. Some folks do feel that relative extrema
can occur on the end points of a domain. However, in this class we will be using the definition

that says that they can’t occur at the end points of a domain.

It’s usually easier to get a feel for the definitions by taking a quick look at a graph.
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For the function shown in this graph we have relative maximums at x=band x=d . Both of
these point are relative maximums since they are interior to the domain shown and are the largest
point on the graph in some interval around the point. We also have a relative minimum at X =¢
since this point is interior to the domain and is the lowest point on the graph in an interval around
it. The far right end point, X = e, will not be a relative minimum since it is an end point.

The function will have an absolute maximum at X =d and an absolute minimum at x =a.
These two points are the largest and smallest that the function will ever be. We can also notice
that the absolute extrema for a function will occur at either the endpoints of the domain or at
relative extrema. We will use this idea in later sections so it’s more important than it might seem
at the present time.

Let’s take a quick look at some examples to make sure that we have the definitions of absolute
extrema and relative extrema straight.

Example 1 Identify the absolute extrema and relative extrema for the following function.
f(x)=x on [-12]

Solution

Since this function is easy enough to graph let’s do that. However, we only want the graph on the

interval [-1,2]. Here is the graph,
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Note that we used dots at the end of the graph to remind us that the graph ends at these points.
We can now identify the extrema from the graph. It looks like we’ve got a relative and absolute
minimum of zero at X =0 and an absolute maximum of four at X =2. Note that x=—1 isnota

relative maximum since it is at the end point of the interval.

This function doesn’t have any relative maximums.

As we saw in the previous example functions do not have to have relative extrema. It is
completely possible for a function to not have a relative maximum and/or a relative minimum.

Example 2 Identify the absolute extrema and relative extrema for the following function.
f(x)=x" on [-22]

Solution
Here is the graph for this function.
¥
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In this case we still have a relative and absolute minimum of zero at X =0. We also still have an
absolute maximum of four. However, unlike the first example this will occur at two points,
X=-2and xX=2.

Again, the function doesn’t have any relative maximums.

As this example has shown there can only be a single absolute maximum or absolute minimum
value, but they can occur at more than one place in the domain.
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Example 3 Identify the absolute extrema and relative extrema for the following function.
f(x)=x*
Solution

In this case we’ve given no domain and so the assumption is that we will take the largest possible
domain. For this function that means all the real numbers. Here is the graph.

In this case the graph doesn’t stop increasing at either end and so there are no maximums of any
kind for this function. No matter which point we pick on the graph there will be points both
larger and smaller than it on either side so we can’t have any maximums (or any kind, relative or
absolute) in a graph.

We still have a relative and absolute minimum value of zeroat x=0.

So, some graphs can have minimums but not maximums. Likewise, a graph could have
maximums but not minimums.

Example 4 Identify the absolute extrema and relative extrema for the following function.
f(x)=x° on [-2,2]

Solution
Here is the graph for this function.
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eightat x =—2. This function has no relative extrema.

This function has an absolute maximum of eight at X =2 and an absolute minimum of negative

So, a function doesn’t have to have relative extrema as this example has shown.

Example 5 Identify the absolute extrema and relative extrema for the following function.
f(x)=x°
Solution

Again, we aren’t restricting the domain this time so here’s the graph.

In this case the function has no relative extrema and no absolute extrema.

As we’ve seen in the previous example functions don’t have to have any kind of extrema, relative
or absolute.

Example 6 Identify the absolute extrema and relative extrema for the following function.
f (x)=cos(x)
Solution

We’ve not restricted the domain for this function. Here is the graph.
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Cosine has extrema (relative and absolute) that occur at many points. Cosine has both relative
and absolute maximums of 1 at

X=...—4rx,-2r,0, 2, 4r,...
Cosine also has both relative and absolute minimums of -1 at
X=...—-3x,—x, x, 3r,...
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As this example has shown a graph can in fact have extrema occurring at a large number (infinite
in this case) of points.

We’ve now worked quite a few examples and we can use these examples to see a nice fact about
absolute extrema. First let’s notice that all the functions above were continuous functions. Next
notice that every time we restricted the domain to a closed interval (i.e. the interval contains its
end points) we got absolute maximums and absolute minimums. Finally, in only one of the three
examples in which we did not restrict the domain did we get both an absolute maximum and an
absolute minimum.

These observations lead us the following theorem.

Extreme Value Theorem

Suppose that f (x) is continuous on the interval [a,b] then there are two numbers a<c,d <bso

that f (c) is an absolute maximum for the function and f (d) is an absolute minimum for the

function.

So, if we have a continuous function on an interval [a,b] then we are guaranteed to have both an
absolute maximum and an absolute minimum for the function somewhere in the interval. The

theorem doesn’t tell us where they will occur or if they will occur more than once, but at least it
tells us that they do exist somewhere. Sometimes, all that we need to know is that they do exist.

This theorem doesn’t say anything about absolute extrema if we aren’t working on an interval.
We saw examples of functions above that had both absolute extrema, one absolute extrema, and
no absolute extrema when we didn’t restrict ourselves down to an interval.

The requirement that a function be continuous is also required in order for us to use the theorem.
Consider the case of

1
f(x)==— on [-1]]
X
Here’s the graph.
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This function is not continuous at X = 0 as we move in towards zero the function approaching
infinity. So, the function does not have an absolute maximum. Note that it does have an absolute
minimum however. In fact the absolute minimum occurs twice at both X =-1 and x=1.

If we changed the interval a little to say,

1 1
f(x)== on =1
the function would now have both absolute extrema. We may only run into problems if the
interval contains the point of discontinuity. If it doesn’t then the theorem will hold.

We should also point out that just because a function is not continuous at a point that doesn’t
mean that it won’t have both absolute extrema in an interval that contains that point. Below is the
graph of a function that is not continuous at a point in the given interval and yet has both absolute
extrema.
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This graph is not continuous at X = C, yet it does have both an absolute maximum (x =b) and an
absolute minimum ( X = ¢). Also note that, in this case one of the absolute extrema occurred at
the point of discontinuity, but it doesn’t need to. The absolute minimum could just have easily
been at the other end point or at some other point interior to the region. The point here is that this
graph is not continuous and yet does have both absolute extrema

The point of all this is that we need to be careful to only use the Extreme Value Theorem when
the conditions of the theorem are met and not misinterpret the results if the conditions aren’t met.

In order to use the Extreme Value Theorem we must have an interval and the function must be
continuous on that interval. If we don’t have an interval and/or the function isn’t continuous on

the interval then the function may or may not have absolute extrema.

We need to discuss one final topic in this section before moving on to the first major application
of the derivative that we’re going to be looking at in this chapter.
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Fermat’s Theorem

If f(X) has arelative extremaat x =c and f’(c) exists then X = is a critical point of

f (x). Infact, it will be a critical point such that f '(c) =0.

Note that we can say that f'(c)=0 because we are also assuming that f’(c) exists.

This theorem tells us that there is a nice relationship between relative extrema and critical points.
In fact it will allow us to get a list of all possible relative extrema. Since a relative extrema must
be a critical point the list of all critical points will give us a list of all possible relative extrema.

Consider the case of f (x) = x%. We saw that this function had a relative minimum at X =0 in

several earlier examples. So according to Fermat’s theorem X =0 should be a critical point. The
derivative of the function is,

f'(x)=2x
Sure enough X =0 is a critical point.

Be careful not to misuse this theorem. It doesn’t say that a critical point will be a relative
extrema. To see this, consider the following case.

f(x)=x f'(x)=3x*

Clearly x =0 is a critical point. However we saw in an earlier example this function has no
relative extrema of any kind. So, critical points do not have to be relative extrema.

Also note that this theorem says nothing about absolute extrema. An absolute extrema may or
may not be a critical point.

To see the proof of this theorem see the Proofs From Derivative Applications section of the
Extras chapter.
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Finding Absolute Extrema

It’s now time to see our first major application of derivatives in this chapter. Given a continuous
function, f(x), on an interval [a,b] we want to determine the absolute extrema of the function. To
do this we will need many of the ideas that we looked at in the previous section.

First, since we have an interval and we are assuming that the function is continuous the Extreme
Value Theorem tells us that we can in fact do this. This is a good thing of course. We don’t want
to be trying to find something that may not exist.

Next, we saw in the previous section that absolute extrema can occur at endpoints or at relative
extrema. Also, from Fermat’s Theorem we know that the list of critical points is also a list of all
possible relative extrema. So the endpoints along with the list of all critical points will in fact be
a list of all possible absolute extrema.

Now we just need to recall that the absolute extrema are nothing more than the largest and
smallest values that a function will take so all that we really need to do is get a list of possible
absolute extrema, plug these points into our function and then identify the largest and smallest
values.

Here is the procedure for finding absolute extrema.

Finding Absolute Extrema of f(x) on [a,b].

0. Verify that the function is continuous on the interval [a,b].

1. Find all critical points of f(x) that are in the interval [a,b]. This makes sense if you think
about it. Since we are only interested in what the function is doing in this interval we
don’t care about critical points that fall outside the interval.

Evaluate the function at the critical points found in step 1 and the end points.

3. Identify the absolute extrema.

N

There really isn’t a whole lot to this procedure. We called the first step in the process step 0,
mostly because all of the functions that we’re going to look at here are going to be continuous,
but it is something that we do need to be careful with. This process will only work if we have a
function that is continuous on the given interval. The most labor intensive step of this process is
the second step (step 1) where we find the critical points. It is also important to note that all we
want are the critical points that are in the interval.

Let’s do some examples.

Example 1 Determine the absolute extrema for the following function and interval.
g(t)=2t+3t>-12t+4 on  [-4,2]
Solution

All we really need to do here is follow the procedure given above. So, first notice that this is a
polynomial and so in continuous everywhere and in particular is then continuous on the given
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interval.

Now, we need to get the derivative so that we can find the critical points of the function.
g'(t)=6t"+6t-12=6(t+2)(t-1)

It looks like we’ll have two critical points, t =—2 and t =1. Note that we actually want
something more than just the critical points. We only want the critical points of the function that
lie in the interval in question. Both of these do fall in the interval as so we will use both of them.
That may seem like a silly thing to mention at this point, but it is often forgotten, usually when it
becomes important, and so we will mention it at every opportunity to make it’s not forgotten.

Now we evaluate the function at the critical points and the end points of the interval.
g(-2)=24 g(1)=-3
g(-4)=-28 9(2)=8

Absolute extrema are the largest and smallest the function will ever be and these four points
represent the only places in the interval where the absolute extrema can occur. So, from this list
we see that the absolute maximum of g(t) is 24 and it occurs at t =—2 (a critical point) and the
absolute minimum of g(t) is -28 which occurs at t = —4 (an endpoint).

In this example we saw that absolute extrema can and will occur at both endpoints and critical
points. One of the biggest mistakes that students make with these problems is to forget to check
the endpoints of the interval.

Example 2 Determine the absolute extrema for the following function and interval.
g(t)=2t+3t>-12t+4 on  [0,2]

Solution

Note that this problem is almost identical to the first problem. The only difference is the interval

that we’re working on. This small change will completely change our answer however. With this

change we have excluded both of the answers from the first example.

The first step is to again find the critical points. From the first example we know these are
t=-2 and t =1.. Atthis point it’s important to recall that we only want the critical points that
actually fall in the interval in question. This means that we only want t =1 since t =-2 falls
outside the interval.

Now evaluate the function at the single critical point in the interval and the two endpoints.
9(1)=-8 g(0)=4 9(2)=8

From this list of values we see that the absolute maximum is 8 and will occur at t = 2 and the
absolute minimum is -3 which occurs at t =1.
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As we saw in this example a simple change in the interval can completely change the answer. It
also has shown us that we do need to be careful to exclude critical points that aren’t in the
interval. Had we forgotten this and included t = —2 we would have gotten the wrong absolute
maximum!

This is the other big mistakes that students make in these problems. All too often they forget to
exclude critical points that aren’t in the interval. If your instructor is anything like me this will
mean that you will get the wrong answer. 1t’s not to hard to make sure that a critical point outside
of the interval is larger or smaller than any of the points in the interval.

Example 3 Suppose that the population (in thousands) of a certain kind of insect after t months
is given by the following formula.

P(t) =3t +sin(4t)+100
Determine the minimum and maximum population in the first 4 months.

Solution
The question that we’re really asking is to find the absolute extrema of P(t) on the interval [0,4].
Since this function is continuous everywhere we know we can do this.

Let’s start with the derivative.
P'(t)=3+4cos(4t)

We need the critical points of the function. The derivative exists everywhere so there are no
critical points from that. So, all we need to do is determine where the derivative is zero.

3+4cos(4t)=0

cos(4t)=—%

The solutions to this are,

zn
4t=2.4189+27n, n=0,%142,... t=06047+=5 n=01%2,...

4t :3.8643+27Tn, n zoyil’iz’”' t:09661+%n, n :O,il,iZ,...

So, these are all the critical points. We need to determine the ones that fall in the interval [0,4].
There’s nothing to do except plug some n’s into the formulas until we get all of them.

n=0:
t =0.6047 t=0.9661
We’ll need both of these critical points.

n=1:
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t= 0.6047+§ —2.1755 t= 0.9661+%: 25369
We’ll need these.
n=2:

t=0.6047 + 7 =3.7463 t=0.9661+ 7 =4.1077
In this case we only need the first one since the second is out of the interval.

There are five critical points that are in the interval. They are,
0.6047, 0.9661, 2.1755, 2.5369, 3.7463

Finally, to determine the absolute minimum and maximum population we only need to plug these
values into the function as well as the two end points. Here are the function evaluations.

P(0)=100.0 P(4)=111.7121
P(0.6047) =102.4756 P(0.9661) =102.2368
P(2.1755) =107.1880 P(2.5369) = 106.9492
P(3.7463) =111.9004

From these evaluations it appears that the minimum population is 100,000 (remember that P is in
thousands...) which occurs at t =0 and the maximum population is 111,900 which occurs at
t =3.7463.

Make sure that you can correctly solve trig equations. If we had forgotten the 2zn we would
have missed the last three critical points in the interval and hence gotten the wrong answer since
the maximum population was at the final critical point.

Also, note that we do really need to be very careful with rounding answers here. If we’d rounded
to the nearest integer, for instance, it would appear that the maximum population would have
occurred at two different locations instead of only one.

Example 4 Suppose that the amount of money in a bank account after t years is given by,
'(2
A(t)=2000-10te” ®
Determine the minimum and maximum amount of money in the account during the first 10 years
that it is open.

Solution
Here we are really asking for the absolute extrema of A(t) on the interval [0,10]. As with the

previous examples this function is continuous everywhere and so we know that this can be done.

We’ll first need the derivative so we can find the critical points.
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The derivative exists everywhere and the exponential is never zero. Therefore the derivative will
only be zero where,
tz
_1+Z:0 = t?’=4 = t=42

We’ve got two critical points, however only t =2 is actually in the interval so that is only critical
point that we’ll use.

Let’s now evaluate the function at the lone critical point and the end points of the interval. Here
are those function evaluations.

A(0) = 2000 A(2)=199.66 A(10) =1999.94

So, the maximum amount in the account will be $2000 which occurs at t =0 and the minimum
amount in the account will be $199.66 which occurs at the 2 year mark.

In this example there are two important things to note. First, if we had included the second
critical point we would have gotten an incorrect answer for the maximum amount so it’s
important to be careful with which critical points to include and which to exclude.

All of the problems that we’ve worked to this point had derivatives that existed everywhere and
so the only critical points that we looked at where those for which the derivative is zero. Do not
get too locked into this always happening. Most of the problems that we run into will be like this,
but they won’t all be like this.

Let’s work another example to make this point.

Example 5 Determine the absolute extrema for the following function and interval.

2
Q(y)=3y(y+4)s on [-5,-1]

Solution

Again, as with all the other examples here, this function is continuous on the given interval and so

we know that this can be done.

First we’ll need the derivative and make sure you can do the simplification that we did here to
make the work for finding the critical points easier.
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Q’(y)=3(y+4)§+3y(§j(y+4)i

:3(y+4)§+i

1
(y+4)s
_3(y+4)+2y
== 2
(y+4):
_ 5y+12
= 1
(y+4):
So, it looks like we’ve got two critical points.
y=-4 Because the derivative doesn't exist here.
y= —% Because the derivative is zero here.

Both of these are in the interval so let’s evaluate the function at these points and the end points of
the interval.

Q(-4)=0 Q(—%)=—9.849
Q(-5)=-15 Q(-1)=-6.241

The function has an absolute maximum of zero at y =—4 and the function will have an absolute
minimum of -15at y =-5.

So, if we had ignored or forgotten about the critical point where the derivative doesn’t exist
(y =-4) we would not have gotten the correct answer.

In this section we’ve seen how we can use a derivative to identify the absolute extrema of a
function. This is an important application of derivatives that will arise from time to time so don’t
forget about it.
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The Shape of a Graph, Part I

In the previous section we saw how to use the derivative to determine the absolute minimum and
maximum values of a function. However, there is a lot more information about a graph that can
be determined from the first derivative of a function. We will start looking at that information in
this section. The main idea we’ll be looking at in this section we will be identifying all the
relative extrema of a function.

Let’s start this section off by revisiting a familiar topic from the previous chapter. Let’s suppose
that we have a function, f (x). We know from our work in the previous chapter that the first

derivative, f ’(x) , is the rate of change of the function. We used this idea to identify where a
function was increasing, decreasing or not changing.

Before reviewing this idea let’s first write down the mathematical definition of increasing and
decreasing. We all know what the graph of an increasing/decreasing function looks like but

sometimes it is nice to have a mathematical definition as well. Here it is.

Definition

1. Givenany x, and X, froman interval | with x, <X, if f(x )< f(x,) then f(x)is

increasing on |.
2. Givenany x, and x, froman interval 1with x, <X, if f(x)> f(x,) then f(x) is

decreasing on |.

This definition will actually be used in the proof of the next fact in this section.

Now, recall that in the previous chapter we constantly used the idea that if the derivative of a
function was positive at a point then the function was increasing at that point and if the derivative
was negative at a point then the function was decreasing at that point. We also used the fact that
if the derivative of a function was zero at a point then the function was not changing at that point.
We used these ideas to identify the intervals in which a function is increasing and decreasing.

The following fact summarizes up what we were doing in the previous chapter.

Fact

1. If £'(x)>0 forevery x on some interval I, then f (x) is increasing on the interval.
2. If f'(x)<0 forevery x on some interval I, then f (x) is decreasing on the interval.

3. If f'(x)=0 forevery x on some interval I, then f (x) is constant on the interval.

The proof of this fact is in the Proofs From Derivative Applications section of the Extras chapter.
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Let’s take a look at an example. This example has two purposes. First, it will remind us of the
increasing/decreasing type of problems that we were doing in the previous chapter. Secondly,
and maybe more importantly, it will now incorporate critical points into the solution. We didn’t
know about critical points in the previous chapter, but if you go back and look at those examples,
the first step in almost every increasing/decreasing problem is to find the critical points of the
function.

Example 1 Determine all intervals where the following function is increasing or decreasing.
5 40
f(x)=—x" +EX4 +?x3 +5

Solution
To determine if the function is increasing or decreasing we will need the derivative.

f’(x)=-5x* +10x° +40x
:—5x2(x2 —2x—8)
=-5x*(x—4)(x+2)

Note that when we factored the derivative we first factored a “-1” out to make the rest of the
factoring a little easier.

From the factored form of the derivative we see that we have three critical points : X =-2,
x=0,and x=4. We’ll need these in a bit.

We now need to determine where the derivative is positive and where it’s negative. We’ve done
this several times now in both the Review chapter and the previous chapter. Since the derivative
is a polynomial it is continuous and so we know that the only way for it to change signs is to first
go through zero.

In other words, the only place that the derivative may change signs is at the critical points of the
function. We’ve now got another use for critical points. So, we’ll build a number line, graph the
critical points and pick test points from each region to see if the derivative is positive or negative
in each region.

Here is the number line and the test points for the derivative.

| | |
p=ss ey s -
S(x)<0 S0 F{x)>0 o S(x)<o

[ | |
| l .l l ! l l | ! l l
—4 =3 -2 -1 1] 1 2 3 4 5 f
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Make sure that you test your points in the derivative. One of the more common mistakes here is
to test the points in the function instead! Recall that we know that the derivative will be the same
sign in each region. The only place that the derivative can change signs is at the critical points
and we’ve marked the only critical points on the number line.

So, it looks we’ve got the following intervals of increase and decrease.

Increase: —2<x<0andO<x<4
Decrease; —oo<x<—-2and 4< X< w

Note that often the fact that only a single point separates the two intervals of increase will be
ignored and the interval will be written —2 < x < 4.

In this example we used the fact that the only place that a derivative can change sign is at the
critical points. Also, the critical points for this function were those for which the derivative was
zero. However, the same thing can be said for critical points where the derivative doesn’t exist.
This is nice to know. A function can change signs where it is zero or doesn’t exist. In the
previous chapter all our examples of this type had only critical points where the derivative was
zero. Now, that we know more about critical points we’ll also see an example or two later on
with critical points where the derivative doesn’t exist.

How that we have the previous “reminder” example out of the way let’s move into some new
material. Once we have the intervals of increasing and decreasing for a function we can use this
information to get a sketch of the graph. Note that the sketch, at this point, may not be super
accurate when it comes to the curvature of the graph, but it will at least have the basic shape
correct. To get the curvature of the graph correct we’ll need the information from the next
section.

Let’s attempt to get a sketch of the graph of the function we used in the previous example.

Example 2 Sketch the graph of the following function.
f(x)=-x" 2308
2 3
Solution
There really isn’t a whole lot to this example. Whenever we sketch a graph it’s nice to have a
few points on the graph to give us a starting place. So we’ll start by the function at the critical
points. These will give us some starting points when we go to sketch the graph. These points are,

89 1423

f(—2):—?:—29.67 f(0)=5 f(4) =474.33

Once these points are graphed we go to the increasing and decreasing information and start
sketching. For reference purposes here is the increasing/decreasing information.
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Increase: —2<x<0andO<x<4
Decrease: —oo<x<—-2and 4 < X<

Note that we are only after a sketch of the graph. As noted before we started this example we
won’t be able to accurately predict the curvature of the graph at this point. However, even

without this information we will still be able to get a basic idea of what the graph should look
like.

To get this sketch we start at the very left of the graph and knowing that the graph must be
decreasing and will continue to decrease until we getto X =—2. At this point the function will
continue to increase until it getsto X =4. However, note that during the increasing phase it does
need to go through the point at X =0 and at this point we also know that the derivative is zero
here and so the graph goes through X =0 horizontally. Finally, once we hit X =4 the graph
starts, and continues, to decrease. Also, note that just like at X =0 the graph will need to be
horizontal when it goes through the other two critical points as well.

Here is the graph of the function. We, of course, used a graphical program to generate this graph,
however, outside of some potential curvature issues if you followed the increasing/decreasing
information and had all the critical points plotted first you should have something similar to this.
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C _}f"\\'
40| /
| - / b
I 300 - __f' I |
| r i ; | |
“'DEC"'*I > E Increasing b, "T"'DE"' >
200 N |
I r Vi I |
! n / I \
: 100 / '
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| ) | __1 {'ﬂ 5:}_ ——-'Tf-l | | | | x
-3 —e— -1 0f 1 2 3 4 5
(2, -29.67) C
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Let’s use the sketch from this example to give us a very nice test for classifying critical points as
relative maximums, relative minimums or neither minimums or maximums.

Recall Fermat’s Theorem from the Minimum and Maximum Values section. This theorem told
us that all relative extrema (provided the derivative exists at that point of course) of a function
will be critical points. The graph in the previous example has two relative extrema and both
occur at critical points as the Fermat’s Theorem predicted. Note as well that we’ve got a critical
point that isn’t a relative extrema (X =0). This is okay since Fermat’s theorem doesn’t say that

all critical points will be relative extrema. It only states that relative extrema will be critical
points.

© 2007 Paul Dawkins 286 http://tutorial.math.lamar.edu/terms.aspx




Calculus |

In the sketch of the graph from the previous example we can see that to the left of X =—-2 the
graph is decreasing and to the right of X =—2 the graph is increasing and x = -2 is a relative
minimum. In other words, the graph is behaving around the minimum exactly as it would have to
be in order for X =—2 to be a minimum. The same thing can be said for the relative maximum at
X =4. The graph is increasing of the left and decreasing on the right exactly as it must be in
order for X =4 to be a maximum. Finally, the graph is increasing on both sides of x =0 and so
this critical point can’t be a minimum or a maximum.

These ideas can be generalized to arrive at a nice way to test if a critical point is a relative
minimum, relative maximum or neither. If X =c is a critical point and the function is decreasing
to the left of X = and is increasing to the right then X = must be a relative minimum of the
function. Likewise, if the function is increasing to the left of X =c and decreasing to the right
then X =C must be a relative maximum of the function. Finally, if the function is increasing on
both sides of X = or decreasing on both sides of X =C then X =cC can be neither a relative
minimum nor a relative maximum.

These idea can be summarized up in the following test.

First Derivative Test

Suppose that x =c is a critical point of f () then,

1. If f'(x)>0totheleftof x=c and f'(x)<0 tothe right of x =c then X = is a relative

maximum.
2. If f'(x)<0 totheleftof x=c and f'(x)>0 to the right of x =c then X =Cis a relative

minimum.
3. If f ’(x) is the same sign on both sides of X =C then X =C is neither a relative maximum

nor a relative minimum.

It is important to note here that the first derivative test will only classify critical points as relative
extrema and not as absolute extrema. As we recall from the Finding Absolute Extrema section
absolute extrema are largest and smallest function value and may not even exist or be critical
points if they do exist.

The first derivative test is exactly that, a test using the first derivative. It doesn’t ever use the
value of the function and so no conclusions can be drawn from the test about the relative “size” of
the function at the critical points (which would be needed to identify absolute extrema) and can’t
even begin to address the fact that absolute extrema may not occur at critical points.

Let’s take at another example.
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Example 3 Find and classify all the critical points of the following function. Give the intervals
where the function is increasing and decreasing.

g(t)=tIt*-4
Solution

First we’ll need the derivative so we can get our hands on the critical points. Note as well that

we’ll do some simplification on the derivative to help us find the critical points.
1

g'(t)=(t*-4) +§t2 (t —4)_2

=(t2 _4)§ +2—t22

3(t*-4)
3(t2 - 4)+ 2t?
= —2
3(t* —4)
B 5t2 —12
- 2
3(t* - 4):
So, it looks like we’ll have four critical points here. They are,
t=12 The derivative doesn't exist here.
t=+ /% =+1.549 The derivative is zero here.

Finding the intervals of increasing and decreasing will also give the classification of the critical
points so let’s get those first. Here is a number line with the critical points graphed and test
points.

| g (-1.7)=076 g'(1.7)=076] [
g'(-3)=376 1 /g*[;)m g(£)> 0 ‘\ | g'(3)=3.76
garo K 3 SRS AN
I | I |
] g'(0)=-159 gle)<o 1
| R R | L |
-4 -2 -1 1] 1 2 3

So, it looks like we’ve got the following intervals of increasing and decreasing.

12 12
Increase: —oo<Xx<—,/— and ,|— < X< o
5 5
/12 /12
Decrease : —,|— <x<,|—
5 5
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From this it looks like t = —2 and t = 2 are neither relative minimum or relative maximums

since the function is increasing on both side of them. On the other hand, t = —\/% is a relative

maximum and t = /2 is a relative minimum.

For completeness sake here is the graph of the function.
¥
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/ —4r (1.549, -1.812)

In the previous example the two critical points where the derivative didn’t exist ended up not
being relative extrema. Do not read anything into this. They often will be relative extrema.
Check out this example in the Absolute Extrema to see an example of one such critical point.

Let’s work a couple more examples.

Example 4 Suppose that the elevation above sea level of a road is given by the following
function.

X . [ X

E(x)=500+cos| — |+~/3sin| —

4 4
where x is in miles. Assume that if x is positive we are to the east of the initial point of
measurement and if x is negative we are to the west of the initial point of measurement.

If we start 25 miles to the west of the initial point of measurement and drive until we are 25 miles
east of the initial point how many miles of our drive were we driving up an incline?

Solution

Okay, this is just a really fancy way of asking what the intervals of increasing and decreasing are
for the function on the interval [-25,25]. So, we first need the derivative of the function.

E'(x)= —%sin&}t?cos(ﬂ

Setting this equal to zero gives,
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The solutions to this and hence the critical points are,
X
=10472+2zn, n=0,£1,£2,... X =4.1888+87n, n=0,41,42,...

X=16.7552+8zn, n=0,£1,12,...

NN

=4.1888+27zn,n=0,+112,...

I’ll leave it to you to check that the critical points that fall in the interval that we’re after are,
—20.9439, —-8.3775, 4.1888, 16.7552

Here is the number line with the critical points and test points.

E(-251=04" LOE(0)=04 boE(20)=04
I [ I I :
‘ ‘ > |:|
B(x)>0 L E(x)>0 | (=)
B (-10Y = -0.2) | E'{10)=-05
B (x) <0 l L E(x)<0
I 4 H — | - |
=30 =20 -10 1] 10 20 30

So, it looks like the intervals of increasing and decreasing are,
Increase : —25<x<-20.9439, —8.3775< x < 4.1888 and 16.7552 < x < 25

Decrease : —20.9439 < x < —8.3775 and 4.1888 < x <16.7552

Notice that we had to end our intervals at -25 and 25 since we’ve done no work outside of these
points and so we can’t really say anything about the function outside of the interval [-25,25].

From the intervals of we can actually answer the question. We were driving on an incline during
the intervals of increasing and so the total number of miles is,

Distance =(-20.9439—(—-25))+(4.1888—(-8.3775))+(25-16.7552)
= 24.8652 miles

Even though the problem didn’t ask for it we can also classify the critical points that are in the
interval [-25,25].
Relative Maximums : —20.9439,4.1888

Relative Minimums ;: —8.3775,16.7552
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Example 5 The population of rabbits (in hundreds) after t years in a certain area is given by the
following function,

P(t)=t*In(3t)+6
Determine if the population ever decreases in the first two years.

Solution
So, again we are really after the intervals and increasing and decreasing in the interval [0,2].

We found the only critical point to this function back in the Critical Points section to be,

1

Xx=——==0.202
e

3Je

Here is a number line for the intervals of increasing and decreasing.

|
P(01)=-014 : P03)=024
Pz)<0 | P£)> 0
I
| | !' | |
0. 01 nz2 03z 0.4

So, it looks like the population will decrease for a short period and then continue to increase
forever.

Also, while the problem didn’t ask for it we can see that the single critical point is a relative
minimum.

In this section we’ve seen how we can use the first derivative of a function to give us some
information about the shape of a graph and how we can use this information in some applications.

Using the first derivative to give us information about a whether a function is increasing or

decreasing is a very important application of derivatives and arises on a fairly regular basis in
many areas.
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The Shape of a Graph, Part II

In the previous section we saw how we could use the first derivative of a function to get some
information about the graph of a function. In this section we are going to look at the information
that the second derivative of a function can give us a about the graph of a function.

Before we do this we will need a couple of definitions out of the way. The main concept that
we’ll be discussing in this section is concavity. Concavity is easiest to see with a graph (we’ll
give the mathematical definition in a bit).

Concave Up, Decreasing Concave Up, Increaszing
N Y
\ 7

A
\\ //
Concave Down, Decreasing Concave Down, Increasing
T _
'\\..\\‘ \ /-‘_.l'
\ 7
Y s

So a function is concave up if it “opens” up and the function is concave down if it “opens”
down. Notice as well that concavity has nothing to do with increasing or decreasing. A function
can be concave up and either increasing or decreasing. Similarly, a function can be concave
down and either increasing or decreasing.

It’s probably not the best way to define concavity by saying which way it “opens” since this is a
somewhat nebulous definition. Here is the mathematical definition of concavity.

Definition 1

Given the function f (x) then

1. f (x) is concave up on an interval | if all of the tangents to the curve on | are below the
graph of f(x).

2. f (x) is concave down on an interval | if all of the tangents to the curve on | are above
the graph of f (x).

To show that the graphs above do in fact have concavity claimed above here is the graph again
(blown up a little to make things clearer).
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Concave Up, Decreasmg Concave Up, Increasing

Concave Down, Increasing

So, as you can see, in the two upper graphs all of the tangent lines sketched in are all below the
graph of the function and these are concave up. In the lower two graphs all the tangent lines are
above the graph of the function and these are concave down.

Again, notice that concavity and the increasing/decreasing aspect of the function is completely
separate and do not have anything to do with the other. This is important to note because students
often mix these two up and use information about one to get information about the other.

There’s one more definition that we need to get out of the way.

Definition 2

A point X = c is called an inflection point if the function is continuous at the point and the
concavity of the graph changes at that point.

Now that we have all the concavity definitions out of the way we need to bring the second
derivative into the mix. We did after all start off this section saying we were going to be using
the second derivative to get information about the graph. The following fact relates the second
derivative of a function to its concavity. The proof of this fact is in the Proofs From Derivative
Applications section of the Extras chapter.

Fact

Given the function f (x) then,

1. If £"(x)>O0forall x in some interval | then f () is concave up on I.

2. If £"(x)<O0forall x in some interval I then f () is concave up on I.
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Notice that this fact tells us that a list of possible inflection points will be those points where the
second derivative is zero or doesn’t exist. Be careful however to not make the assumption that
just because the second derivative is zero or doesn’t exist that the point will be an inflection point.
We will only know that it is an inflection point once we determine the concavity on both sides of
it. It will only be an inflection point if the concavity is different on both sides of the point.

Now that we know about concavity we can use this information as well as the
increasing/decreasing information from the previous section to get a pretty good idea of what a
graph should look like. Let’s take a look at an example of that.

Example 1 For the following function identify the intervals where the function is increasing and
decreasing and the intervals where the function is concave up and concave down. Use this
information to sketch the graph.

h(x)=3x"-5x>+3

Solution
Okay, we are going to need the first two derivatives so let’s get those first.

h'(x)=15x" —15x* =15x* (x—1)(x +1)
h"(x) = 60x* —30x = 30x(2x* 1)

Let’s start with the increasing/decreasing information since we should be fairly comfortable with
that after the last section.

There are three critical points for this function: x=-1, x=0,and x=1. Below is the number
line for the increasing/decreasing information.

—_d — — — — —

So, it looks like we’ve got the following intervals of increasing and decreasing.
Increasing : —co<x<-landl< X <o

Decreasing : —1<x<1

Note that from the first derivative test we can also say that X =—1 is a relative maximum and
that x =1 is a relative minimum. Also x =0 is neither a relative minimum or maximum.

Now let’s get the intervals where the function is concave up and concave down. If you think
about it this process is almost identical to the process we use to identify the intervals of increasing
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and decreasing. This only difference is that we will be using the second derivative instead of the
first derivative.

The first thing that we need to do is identify the possible inflection points. These will be where
the second derivative is zero or doesn’t exist. The second derivative in this case is a polynomial
and so will exist everywhere. It will be zero at the following points.

1
Xx=0, x=+t—=40.7071
V2

As with the increasing and decreasing part we can draw a number line up and use these points to
divide the number line into regions. In these regions we know that the second derivative will
always have the same value since these three points are the only places where the function may
change sign. Therefore, all that we need to do is pick a point from each region and plug it into
the second derivative. The second derivative will then have that sign in the whole region from
which the point came from

Here is the number line for this second derivative.

| | |
AU-1=-300 0 BU(-1=75 1 BA)=-75 1 AU(1)=30
B (x) <0 B £ X N £ RS L M P3P
| | |
| ! |
| L | L |
-1.5 -1. —0.5 0. 0.5 1. 1.5

So, it looks like we’ve got the following intervals of concavity.

Concave Up : —i<x<0and i<x<oo

72 72

1 1
Concave Down: —oo<x<—— and O0<x<—

V2 V2

This also means that

Xx=0, x=1+t—=10.7071

N

are all inflection points.

All this information can be a little overwhelming when going to sketch the graph. The first thing
that we should do is get some starting points. The critical points and inflection points are good
starting points. So, first graph these points. Now, start to the left and start graphing the
increasing/decreasing information as we did in the previous section when all we had was the
increasing/decreasing information. As we graph this we will make sure that the concavity
information matches up with what we’re graphing.

© 2007 Paul Dawkins 295 http://tutorial.math.lamar.edu/terms.aspx




Calculus |

Using all this information to sketch the graph gives the following graph.
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We can use the previous example to get illustrate another way to classify some of the critical
points of a function as relative maximums or relative minimums.

Notice that X =—1 is a relative maximum and that the function is concave down at this point.
This means that f "(—1) must be negative. Likewise, X =1 is a relative minimum and the

function is concave up at this point. This means that f"” (1) must be positive.

As we’ll see in a bit we will need to be very careful with x=0. In this case the second
derivative is zero, but that will not actually mean that X =0 is not a relative minimum or
maximum. We’ll see some examples of this in a bit, but we need to get some other information
taken care of first.

It is also important to note here that all of the critical points in this example were critical points in
which the first derivative were zero and this is required for this to work. We will not be able to
use this test on critical points where the derivative doesn’t exist.

Here is the test that can be used to classify some of the critical points of a function. The proof of
this test is in the Proofs From Derivative Applications section of the Extras chapter.

Second Derivative Test
Suppose that x =c is a critical point of f’(c) suchthat f'(c)=0 and that f"(x) is

continuous in a region around X =C. Then,
1. If £"(c)<0 then x=c is a relative maximum.

2. If f"(c)>0 then x =c is a relative minimum.

3. If f"(c) =0 then X =cC can be a relative maximum, relative minimum or neither.

© 2007 Paul Dawkins 296 http://tutorial.math.lamar.edu/terms.aspx




Calculus |

The third part of the second derivative test is important to notice. If the second derivative is zero
then the critical point can be anything. Below are the graphs of three functions all of which have
a critical point at X =0, the second derivative of all of the functions is zero at x =0 and yet all

three possibilities are exhibited.

The first is the graph of f (x) = x*. This graph has a relative minimum at x=0.

¥
la

12

g | II|

) -1

Finally, there is the graph of f (x) = x* and this graph had neither a relative minimum or a

relative maximumat x=0.
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So, we can see that we have to be careful if we fall into the third case. For those times when we
do fall into this case we will have to resort to other methods of classifying the critical point. This
is usually done with the first derivative test.

Let’s go back and relook at the critical points from the first example and use the Second
Derivative Test on them, if possible.

Example 2 Use the second derivative test to classify the critical points of the function,
h(x)=3x"-5x>+3

Solution
Note that all we’re doing here is verifying the results from the first example. The second
derivative is,

h”(x) =60x* —30x

The three critical points (x=-1, X =0, and x =1) of this function are all critical points where
the first derivative is zero so we know that we at least have a chance that the Second Derivative
Test will work. The value of the second derivative for each of these are,

h"(~1)=-30 h"(0)=0 h"(1)=30

The second derivative at X =—1 is negative so by the Second Derivative Test this critical point
this is a relative maximum as we saw in the first example. The second derivative at X =1 is
positive and so we have a relative minimum here by the Second Derivative Test as we also saw in
the first example.

In the case of X =0 the second derivative is zero and so we can’t use the Second Derivative Test
to classify this critical point. Note however, that we do know from the First Derivative Test we
used in the first example that in this case the critical point is not a relative extrema.
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Let’s work one more example.

Example 3 For the following function find the inflection points and use the second derivative
test, if possible, to classify the critical points. Also, determine the intervals of increase/decrease
and the intervals of concave up/concave down and sketch the graph of the function.

() =t(6-t):

Solution
We’ll need the first and second derivatives to get us started.
' 18 -5t " 10t-72
f (t) - 1 f (t) - 4
3(6-t)e 9(6-1)3
The critical points are,
t= 18 =3.6 t=6
S)

Notice as well that we won’t be able to use the second derivative test on t =6 to classify this
critical point since the derivative doesn’t exist at this point. To classify this we’ll need the
increasing/decreasing information that we’ll get to sketch the graph.

We can however, use the Second Derivative Test to classify the other critical point so let’s do that
before we proceed with the sketching work. Here is the value of the second derivative at t =3.6.

f"(3.6)=-1.245<0

So, according to the second derivative test t = 3.6 is a relative maximum.

Now let’s proceed with the work to get the sketch of the graph and notice that once we have the
increasing/decreasing information we’ll be able to classify t =6.

Here is the number line for the first derivative.

| 1
S2)=168 | F(4)=-0.53 | 7Ty =567
P OB | Fe<o ' FE) >0
| |
| |
| 1 | .' | |
2 ] 4 ] f 7 2

So, according to the first derivative test we can verify that t = 3.6 is in fact a relative maximum.
We can also see that t =6 is a relative minimum.

Be careful not to assume that a critical point that can’t be used in the second derivative test won’t
be a relative extrema. We’ve clearly seen now both with this example and in the discussion after
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we have the test that just because we can’t use the Second Derivative Test or the Test doesn’t tell
us anything about a critical point doesn’t mean that the critical point will not be a relative
extrema. This is a common mistake that many students make so be careful when using the
Second Derivative Test.

Okay, let’s finish the problem out. We will need the list of possible inflection points. These are,
t=6 t= 2 =7.2
10

Here is the number line for the second derivative. Note that we will need this to see if the two
points above are in fact inflection points.

F(5) = -2.44
F<o

F(8)=0.35
FE) >0

[ T B

So, the concavity only changes at t = 7.2 and so this is the only inflection point for this function.

Here is the sketch of the graph.
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The change of concavity at t =7.2 is hard to see, but it is there it’s just a very subtle change in
concavity.
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The Mean Value Theorem

In this section we want to take a look at the Mean Value Theorem. In most traditional textbooks
this section comes before the sections containing the First and Second Derivative Tests because
the many of the proofs in those sections need the Mean Value Theorem. However, we feel that
from a logical point of view it’s better to put the Shape of a Graph sections right after the absolute
extrema section. So, if you’ve been following the proofs from the previous two sections you’ve
probably already read through this section.

Before we get to the Mean Value Theorem we need to cover the following theorem.

Rolle’s Theorem

Suppose f (x) is a function that satisfies all of the following.
1. f(x) is continuous on the closed interval [a,b].
2.
3.

(x is differentiable on the open interval (a,b).

)
(a)=1(b)

f
f

Then there is a number ¢ such that a<c <b and f'(c)=0. Or, in other words f (x) hasa

critical point in (a,b).

To see the proof of Rolle’s Theorem see the Proofs From Derivative Applications section of the
Extras chapter.

Let’s take a look at a quick example that uses Rolle’s Theorem.

Example 1 Show that f (x)=4x"+ X’ +7x—2 has exactly one real root.

Solution
From basic Algebra principles we know that since f (x) is a 5™ degree polynomial there it will

have five roots. What we’re being asked to prove here is that only one of those 5 is a real number
and the other 4 must be complex roots.

First, we should show that it does have at least one real root. To do this note that f (0) =-2 and

that f (1)=6 and so we can see that f (0) <0< f(1). Now, because f(x) is a polynomial
we know that it is continuous everywhere and so by the Intermediate Value Theorem there is a
number ¢ such that 0<c<Z1and f'(c)=0. Inother words f(x) has at least one real root.

We now need to show that this is in fact the only real root. To do this we’ll use an argument that
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is called contradiction proof. What we’ll do is assume that f (x) has at least two real roots.
This means that we can find real numbers a and b (there might be more, but all we need for this
particular argument is two) such that f (a)= f (b)=0. But if we do this then we know from

Rolle’s Theorem that there must then be another number ¢ such that f '(C) =0.

This is a problem however. The derivative of this function is,
f'(x)=20x"+3x*+7
Because the exponents on the first two terms are even we know that the first two terms will

always be greater than or equal to zero and we are then going to add a positive number onto that
and so we can see that the smallest the derivative will ever be is 7 and this contradicts the

statement above that says we MUST have a number ¢ such that f ’(C) =0.

We reached these contradictory statements by assuming that f (X) has at least two roots. Since

this assumption leads to a contradiction the assumption must be false and so we can only have a
single real root.

The reason for covering Rolle’s Theorem is that it is needed in the proof of the Mean Value
Theorem. To see the proof see the Proofs From Derivative Applications section of the Extras
chapter. Here is the theorem.

Mean Value Theorem

Suppose f (X) is a function that satisfies both of the following.

1. f(x) is continuous on the closed interval [a,b].

2. f(x) is differentiable on the open interval (a,b).

Then there is a number ¢ such thata < ¢ < b and

Or,

f(b)-1(a)=f'(c)(b-a)

Note that the Mean Value Theorem doesn’t tell us what c is. It only tells us that there is at least
one number c that will satisfy the conclusion of the theorem.

Also note that if it weren’t for the fact that we needed Rolle’s Theorem to prove this we could
think of Rolle’s Theorem as a special case of the Mean Value Theorem. To see that just assume

that f (@)= f (b) and then the result of the Mean Value Theorem gives the result of Rolle’s

Theorem.
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Before we take a look at a couple of examples let’s think about a geometric interpretation of the
Mean Value Theorem. First define A= (a, f (a)) and B = (b, f (b)) and then we know from

the Mean Value theorem that there is a ¢ such that a < ¢ <b and that

o) )1 (@

b-a

Now, if we draw in the secant line connecting A and B then we can know that the slope of the

secant line is,
f(b)-f(a)
b-a

Likewise, if we draw in the tangent line to f (x)at x =c we know that its slope is f(c).

What the Mean Value Theorem tells us is that these two slopes must be equal or in other words
the secant line connecting A and B and the tangent line at X =C must be parallel. We can see this
in the following sketch.

Let’s now take a look at a couple of examples using the Mean Value Theorem.

Example 2 Determine all the numbers ¢ which satisfy the conclusions of the Mean Value
Theorem for the following function.

f(x)=x>+2x*~x on [-1,2]
Solution
There isn’t really a whole lot to this problem other than to notice that since f (x) is a polynomial

it is both continuous and differentiable (i.e. the derivative exists) on the interval given.

First let’s find the derivative.
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f'(x)=3x"+4x-1

Now, to find the numbers that satisfy the conclusions of the Mean Value Theorem all we need to
do is plug this into the formula given by the Mean Value Theorem.

ey F(2)-F(-1)
A=

14-2 12

3¢’ +4c-1="—"= 4
3 3
Now, this is just a quadratic equation,
3c’+4c-1=4
3c¢°+4c-5=0

Using the quadratic formula on this we get,

-4+.[16-4(3)(-5) —4+76

cC= =
6 6

So, solving gives two values of c.

C_—4+\/%
6

=0.7863 =-2.1196

C_—4—\/%
6

Notice that only one of these is actually in the interval given in the problem. That means that we
will exclude the second one (since it isn’t in the interval). The number that we’re after in this
problem is,

c=0.7863

Be careful to not assume that only one of the numbers will work. It is possible for both of them
to work.

Example 3 Suppose that we know that f (X) is continuous and differentiable on [6, 15]. Let’s
also suppose that we know that f (6)=—2 and that we know that f’(x)<10. What is the
largest possible value for f (15)?

Solution
Let’s start with the conclusion of the Mean Value Theorem.

£ (15)— f (6) = f'(c)(15-6)

Plugging in for the known quantities and rewriting this a little gives,
f(15)=f (6)+ f'(c)(15-6)=—2+9f'(c)
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Now we know that f'(x)<10 so in particular we know that f'(c)<10. This gives us the
following,
f(15)=-2+9f'(c)
<-2+(9)10
=88

All we did was replace f ’(C) with its largest possible value.

This means that the largest possible value for f (15) is 88.

Example 4 Suppose that we know that f (X) is continuous and differentiable everywhere.

Let’s also suppose that we know that f () has two roots. Show that f'(x) must have at least
one root.

Solution
It is important to note here that all we can say is that f ’(x) will have at least one root. We can’t

say that it will have exactly one root. So don’t confuse this problem with the first one we
worked.

This is actually a fairly simple thing to prove. Since we know that f (x) has two roots let’s

suppose that they are a and b. Now, by assumption we know that f (X) is continuous and

differentiable everywhere and so in particular it is continuous on [a,b] and differentiable on (a,b).

Therefore, by the Mean Value Theorem there is a number c that is between a and b (this isn’t
needed for this problem, but it’s true so it should be pointed out) and that,

o) )1 (@)

b-a

But we now need to recall that a and b are roots of f (x) and so this is,

, 0-0
f (C)zsz

Or, f'(x) hasarootat x=c.

Again, it is important to note that we don’t have a value of c. We have only shown that it exists.
We also haven’t said anything about ¢ being the only root. It is completely possible for f ’(X) to

have more than one root.
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It is completely possible to generalize the previous example significantly. For instance if we
know that f (x) is continuous and differentiable everywhere and has three roots we can then
show that not only will f'(x) have at least two roots but that f”(x) will have at least one root.

We’ll leave it to you to verify this, but the ideas involved are identical to those in the previous
example.

We’ll close this section out with a couple of nice facts that can be proved using the Mean Value
Theorem. Note that in both of these facts we are assuming the functions are continuous and

differentiable on the interval [a,b].

Fact 1

If f'(x)=0 forallxinaninterval (a,b) then f(x) is constanton (a,b).

This fact is very easy to prove so let’s do that here. Take any two Xx’s in the interval (a, b), say
X, and X,. Thensince f (x) is continuous and differential on [a,b] it must also be continuous

and differentiable on [xl, xz] . This means that we can apply the Mean Value Theorem for these
two values of x. Doing this gives,

Fx)=F(x)=f(c)(x-x)
where X, <C < X,. Butby assumption f’(x)=0 for all x in an interval (a,b) and so in

particular we must have,
f'(c)=0

Putting this into the equation above gives,

f(x,)=f(x)=0 = f(x)="1(x)

Now, since X, and X, where any two values of x in the interval (@,b) we can see that we must

have f(x,)= f(x,) forall x, and X, in the interval and this is exactly what it means for a

function to be constant on the interval and so we’ve proven the fact.

Fact 2

If f'(x)=g’(x) forall xinan interval (a,b) then in this interval we have f (x)=g(x)+c

where ¢ is some constant.

This fact is a direct result of the previous fact and is also easy to prove.

If we first define,
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()= 1 (x)-9(x
Then since both f (x) and g (x) are continuous and differentiable in the interval (a,b) then so

must be h(x). Therefore the derivative of h(x) is,
h'(x)=f'(x)-g'(x)

However, by assumption f’(x)=g’(x) forall x in an interval (a,b) and so we must have that

h'(x)=0 forall x in an interval (@,b). So, by Fact 1 h(x) must be constant on the interval.

This means that we have,

which is what we were trying to show.
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Optimization

In this section we are going to look at optimization problems. In optimization problems we are
looking for the largest value or the smallest value that a function can take. We saw how to one
kind of optimization problem in the Absolute Extrema section where we found the largest and
smallest value that a function would take on an interval.

In this section we are going to look at another type of optimization problem. Here we will be
looking for the largest or smallest value of a function subject to some kind of constraint. The
constraint will be some condition (that can usually be described by some equation) that must
absolutely, positively be true no matter what our solution is. On occasion, the constraint will not
be easily described by an equation, but in these problems it will be easy to deal with as we’ll see.

This section is generally one of the more difficult for students taking a Calculus course. One of
the main reasons for this is that a subtle change of wording can completely change the problem.
There is also the problem of identifying the quantity that we’ll be optimizing and the quantity that
is the constraint and writing down equations for each.

The first step in all of these problems should be to very carefully read the problem. Once you’ve
done that the next step is to identify the quantity to be optimized and the constraint.

In identifying the constraint remember that the constraint is something that must true regardless
of the solution. In almost every one of the problems we’ll be looking at here one quantity will be
clearly indicated as having a fixed value and so must be the constraint. Once you’ve got that
identified the quantity to be optimized should be fairly simple to get. It is however easy to
confuse the two if you just skim the problem so make sure you carefully read the problem first!

Let’s start the section off with a simple problem to illustrate the kinds of issues will be dealing
with here.

Example 1 We need to enclose a field with a fence. We have 500 feet of fencing material and a
building is on one side of the field and so won’t need any fencing. Determine the dimensions of
the field that will enclose the largest area.

Solution

In all of these problems we will have two functions. The first is the function that we are actually
trying to optimize and the second will be the constraint. Sketching the situation will often help
us to arrive at these equations so let’s do that.

Building

X

In this problem we want to maximize the area of a field and we know that will use 500 ft of
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fencing material. So, the area will be the function we are trying to optimize and the amount of
fencing is the constraint. The two equations for these are,

Maximize : A= xy
Contraint : 500 = x+ 2y

Okay, we know how to find the largest or smallest value of a function provided it’s only got a
single variable. The area function (as well as the constraint) has two variables in it and so what
we know about finding absolute extrema won’t work. However, if we solve the constraint for one
of the two variables we can substitute this into the area and we will then have a function of a
single variable.

So, let’s solve the constraint for x. Note that we could have just as easily solved for y but that
would have led to fractions and so, in this case, solving for x will probably be best.
x=500-2y

Substituting this into the area function gives a function of y.
A(y)=(500-2y)y =500y —2y*

Now we want to find the largest value this will have on the interval [0,250]. Note that the
interval corresponds to taking y =0 (i.e. no sides to the fence) and y =250 (i.e. only two sides

and no width, also if there are two sides each must be 250 ft to use the whole 500ft...).

Note that the endpoints of the interval won’t make any sense from a physical standpoint if we
actually want to enclose some area because they would both give zero area. They do, however,
give us a set of limits on y and so the Extreme Value Theorem tells us that we will have a
maximum value of the area somewhere between the two endpoints. Having these limits will also
mean that we can use the process we discussed in the Finding Absolute Extrema section earlier
in the chapter to find the maximum value of the area.

So, recall that the maximum value of a continuous function (which we’ve got here) on a closed
interval (which we also have here) will occur at critical points and/or end points. As we’ve
already pointed out the end points in this case will give zero area and so don’t make any sense.
That means our only option will be the critical points.

So let’s get the derivative and find the critical points.
A'(y)=500-4y

Setting this equal to zero and solving gives a lone critical point of y =125. Plugging this into

the area gives an area of 31250 ft>. So according to the method from Absolute Extrema section
this must be the largest possible area, since the area at either endpoint is zero.
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Finally, let’s not forget to get the value of x and then we’ll have the dimensions since this is what
the problem statement asked for. We can get the x by plugging in our y into the constraint.

X =500 2(125) = 250

The dimensions of the field that will give the largest area, subject to the fact that we used exactly
500 ft of fencing material, are 250 x 125.

Don’t forget to actually read the problem and give the answer that was asked for. These types of
problems can take a fair amount of time/effort to solve and it’s not hard to sometimes forget what
the problem was actually asking for.

In the previous problem we used the method from the Finding Absolute Extrema section to find
the maximum value of the function we wanted to optimize. However, as we’ll see in later
examples we won’t always have easy to find endpoints and/or dealing with the endpoints may not
be easy to deal with. Not only that, but this method requires that the function we’re optimizing be
continuous on the interval we’re looking at, including the endpoints, and that may not always be
the case.

So, before proceeding with the anymore examples let’s spend a little time discussing some
methods for determining if our solution is in fact the absolute minimum/maximum value that
we’re looking for. In some examples all of these will work while in others one or more won’t be
all that useful. However, we will always need to use some method for making sure that our
answer is in fact that optimal value that we’re after.

Method 1 : Use the method used in Finding Absolute Extrema.

This is the method used in the first example above. Recall that in order to use this method the
range of possible optimal values, let’s call it I, must have finite endpoints. Also, the function
we’re optimizing (once it’s down to a single variable) must be continuous on I, including the
endpoints. If these conditions are met then we know that the optimal value, either the maximum
or minimum depending on the problem, will occur at either the endpoints of the range or at a
critical point that is inside the range of possible solutions.

There are two main issues that will often prevent this method from being used however. First,
not every problem will actually have a range of possible solutions that have finite endpoints at
both ends. We’ll see at least one example of this as we work through the remaining examples.
Also, many of the functions we’ll be optimizing will not be continuous once we reduce them
down to a single variable and this will prevent us from using this method.

Method 2 : Use a variant of the First Derivative Test.

In this method we also will need a range of possible optimal values, 1. However, in this case,
unlike the previous method the endpoints do not need to be finite. Also, we will need to require
that the function be continuous on the interior | and we will only need the function to be
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continuous at the end points if the endpoint is finite and the function actually exists at the
endpoint. We’ll see several problems where the function we’re optimizing doesn’t actually exist
at one of the endpoints. This will not prevent this method from being used.

Let’s suppose that X = C is a critical point of the function we’re trying to optimize, f (x) . We
already know from the First Derivative Test that if f ’(x) > 0 immediately to the left of X=C

(i.e. the function is increasing immediately to the left) and if f ’(x) < 0 immediately to the right

of x =c(i.e. the function is decreasing immediately to the right) then X =c will be a relative
maximum for f (x).

Now, this does not mean that the absolute maximum of f (x) will occur at X =cC. However,
suppose that we knew a little bit more information. Suppose that in fact we knew that f '(x) >0

forall x in I such that x < c. Likewise, suppose that we knew that f’(x) <0 forall xin I such

that x > C. In this case we know that to the left of X =, provided we stay in | of course, the
function is always increasing and to the right of X =, again staying in I, we are always

decreasing. In this case we can say that the absolute maximum of f (x) in I will occurat x=c.

Similarly, if we know that to the left of X = the function is always decreasing and to the right
of X =c the function is always increasing then the absolute minimum of f (x) in 1 will occur at

X=C.

Before we give a summary of this method let’s discuss the continuity requirement a little.
Nowhere in the above discussion did the continuity requirement apparently come into play. We
require that that the function we’re optimizing to be continuous in | to prevent the following
situation.

|
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In this case, a relative maximum of the function clearly occurs at X =c. Also, the function is
always decreasing to the right and is always increasing to the left. However, because of the

discontinuity at X =d , we can clearly see that f (d)> f (c) and so the absolute maximum of

the function does not occur at X = c. Had the discontinuity at X =d not been there this would
not have happened and the absolute maximum would have occurred at X =cC.

Here is a summary of this method.

First Derivative Test for Absolute Extrema

Let | be the interval of all possible optimal values of f (x) and further suppose that f () is

continuous on |, except possibly at the endpoints. Finally suppose that X = C is a critical point
of f (x) and that c is in the interval I. If we restrict x to values from | (i.e. we only consider

possible optimal values of the function) then,

1. If f'(x)>0 forall x<c andif f'(x)<0 forall x>c then f(c) will be the
absolute maximum value of f (x) on the interval .
2. If f’(x)<0 forall x <c and if f’(x)>0 forall x >c then f(c) will be the

absolute minimum value of f (x) on the interval .

Method 3 : Use the second derivative.

There are actually two ways to use the second derivative to help us identify the optimal value of a
function and both use the Second Derivative Test to one extent or another.

The first way to use the second derivative doesn’t actually help us to identify the optimal value.
What it does do is allow us to potentially exclude values and knowing this can simplify our work
somewhat and so is not a bad thing to do.

Suppose that we are looking for the absolute maximum of a function and after finding the critical
points we find that we have multiple critical points. Let’s also suppose that we run all of them
through the second derivative test and determine that some of them are in fact relative minimums
of the function. Since we are after the absolute maximum we know that a maximum (of any
kind) can’t occur at relative minimums and so we immediately know that we can exclude these
points from further consideration. We could do a similar check if we were looking for the
absolute minimum. Doing this may not seem like all that great of a thing to do, but it can, on
occasion, lead to a nice reduction in the about of work that we need to in later steps.

The second of way using the second derivative can be used to identify the optimal value of a

function and in fact is very similar to the second method above. In fact we will have the same
requirements for this method as we did in that method. We need an interval of possible optimal
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values, | and the endpoint(s) may or may not be finite. We’ll also need to require that the
function, f (X) be continuous everywhere in | except possibly at the endpoints as above.

Now, suppose that X = C is a critical point and that f "(C) > 0. The second derivative test tells
us that X = C must be a relative minimum of the function. Suppose however that we also knew
that f "(x) >0 forall xin I. In this case we would know that the function was concave up in all

of I and that would in turn mean that the absolute minimum of f (x) in | would in fact have to

beat X=cC.

Likewise if x =c is a critical pointand f ”(x) <0 forall x in I then we would know that the

function was concave down in | and that the absolute maximum of f (X) in | would have to be

at Xx=c.
Here is a summary of this method.

Second Derivative Test for Absolute Extrema

Let I be the range of all possible optimal values of f (x) and further suppose that f (x) is
continuous on |, except possibly at the endpoints. Finally suppose that X = c is a critical point
of f(x) and that cis in the interval I. Then,

1. If £"(x)>0 forallxin| then f (c) will be the absolute minimum value of f (x) on

the interval I.
2. If f"(x)<0 forallxin| then f (c) will be the absolute maximum value of f (x) on

the interval I.

Before proceeding with some more examples we need to once again acknowledge that not every
method discussed above will work for every problem and that, in some problems, more than one
method will work. There are also problems were we may need to use a combination of these
methods to identify the optimal value. Each problem will be different and we’ll need to see what
we’ve got once we get the critical points before we decide which method might be best to use.

Okay, let’s work some more examples.

Example 2 We want to construct a box whose base length is 3 times the base width. The
material used to build the top and bottom cost $10/ft> and the material used to build the sides cost
$6/ft°. If the box must have a volume of 50ft* determine the dimensions that will minimize the
cost to build the box.

Solution
First, a quick figure (probably not to scale...).
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I=3w

We want to minimize the cost of the materials subject to the constraint that the volume must be
50ft®. Note as well that the cost for each side is just the area of that side times the appropriate
cost.

The two functions we’ll be working with here this time are,

Minimize : C =10(2lw)+6(2wh + 2Ih)= 60w’ + 48wh
Constraint : 50 = Iwh = 3w?h

As with the first example, we will solve the constraint for one of the variables and plug this into
the cost. It will definitely be easier to solve the constraint for h so let’s do that.

50
3w?

Plugging this into the cost gives,
50

W2

800
w

C(w)=60w* +48w[ j = 60W? +

Now, let’s get the first and second (we’ll be needing this later...) derivatives,

3
C'(w) =120w 800w 2 = 22 ~800 C”(w)=120+1600w"
w

So, it looks like we’ve got two critical points here. The first is obvious, w= 0, and it’s also just
as obvious that this will not be the correct value. We are building a box here and w is the box’s
width and so since it makes no sense to talk about a box with zero width we will ignore this
critical point. This does not mean however that you should just get into the habit of ignoring zero
when it occurs. There are other types of problems where it will be a valid point that we will need
to consider.

The next critical point will come from determining where the numerator is zero.

120w° —800=0 S w=g 0 3/@ =1.8821
120 V3
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So, once we throw out w =0, we’ve got a single critical point and we now have to verify that
this is in fact the value that will give the absolute minimum cost.

In this case we can’t use Method 1 from above. First, the function is not continuous at one of the
endpoints, W= 0, of our interval of possible values. Secondly, there is no theoretical upper limit
to the width that will give a box with volume of 50 ft*. If w is very large then we would just need
to make h very small.

The second method listed above would work here, but that’s going to involve some calculations,
not difficult calculations, but more work nonetheless.

The third method however, will work quickly and simply here. First, we know that whatever the
value of w that we get it will have to be positive and we can see second derivative above that

provided w> 0 we will have C"(W) >0 and so in the interval of possible optimal values the

cost function will always be concave up and so w=1.8821 must give the absolute minimum
cost.

All we need to do now is to find the remaining dimensions.

w=1.8821

| = 3w =3(1.8821) = 5.6463

h=0_ 0 47050
3w’ 3(1.8821)

Also, even though it was not asked for, the minimum cost is : C (1.8821) = $637.60.

Example 3 We want to construct a box with a square base and we only have 10 m? of material
to use in construction of the box. Assuming that all the material is used in the construction
process determine the maximum volume that the box can have.

Solution

This example is in many ways the exact opposite of the previous example. In this case we want
to optimize the volume and the constraint this time is the amount of material used. We don’t
have a cost here, but if you think about it the cost is nothing more than the amount of material
used times a cost and so the amount of material and cost are pretty much tied together. If you can
do one you can do the other as well. Note as well that the amount of material used is really just
the surface area of the box.

As always, let’s start off with a quick sketch of the box.

© 2007 Paul Dawkins 315 http://tutorial.math.lamar.edu/terms.aspx




Calculus |

I=w

Now, as mentioned above we want to maximize the volume and the amount of material is the
constraint so here are the equations we’ll need.

Maximize : V =lwh = w?h
Constraint : 10 = 2lw+ 2wh + 2lh = 2w? + 4wh

We’ll solve the constraint for h and plug this into the equation for the volume.

2 2 2
h_10-2w 5-w N V(W)=WZ(5—W ng(SW_Ws)
4w 2w 2w 2

Here are the first and second derivatives of the volume function.
V'(w)=4(5-3w’) V"(w)=-3w

Note as well here that provided w > 0, which we know from a physical standpoint will be true,
then the volume function will be concave down and so if we get a single critical point then we
know that it will have to be the value that gives the absolute maximum.

Setting the first derivative equal to zero and solving gives us the two critical points,

W= J_r\/g =+1.2910

In this case we can exclude the negative critical point since we are dealing with a length of a box
and we know that these must be positive. Do not however get into the habit of just excluding any
negative critical point. There are problems where negative critical points are perfectly valid
possible solutions.

Now, as noted above we got a single critical point, 1.2910, and so this must be the value that
gives the maximum volume and since the maximum volume is all that was asked for in the

problem statement the answer is then : V (1.2910) = 2.1517m

Note that we could also have noted here that if w<1.2910 then V '(W) >0 and likewise if
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w>1.2910 then V’(W) < 0 and so if we are to the left of the critical point the volume is always

increasing and if we are to the right of the critical point the volume is always decreasing and so
by the Method 2 above we can also see that the single critical point must give the absolute
maximum of the volume.

Finally, even though these weren’t asked for here are the dimension of the box that gives the

maximum volume.
B 5-1.2910?

| =w=1.2910 h=2""2""C —12910
2(1.2910)

So, it looks like in this case we actually have a perfect cube.

In the last two examples we’ve seen that many of these optimization problems can in both
directions so to speak. In both examples we have essentially the same two equations: volume and
surface area. However, in Example 2 the volume was the constraint and the cost (which is
directly related to the surface area) was the function we were trying to optimize. In Example 3,
on the other hand, we were trying to optimize the volume and the surface area was the constraint.

It is important to not get so locked into one way of doing these problems that we can’t do it in the
opposite direction as needed as well. This is one of the more common mistakes that students
make with these kinds of problems. They see one problem and then try to make every other
problem that seems to be the same conform to that one solution even if the problem needs to be
worked differently. Keep an open mind with these problems and make sure that you understand
what is being optimized and what the constraint is before you jump into the solution.

Also, as seen in the last example we used two different methods of verifying that we did get the
optimal value. Do not get too locked into one method of doing this verification that you forget

about the other methods.

Let’s work some another example that this time doesn’t involve a rectangle or box.

Example 4 A manufacturer needs to make a cylindrical can that will hold 1.5 liters of liquid.
Determine the dimensions of the can that will minimize the amount of material used in its
construction.

Solution

In this problem the constraint is the volume and we want to minimize the amount of material
used. This means that what we want to minimize is the surface area of the can and we’ll need to
include both the walls of the can as well as the top and bottom “caps”. Here is a quick sketch to
get us started off.
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We’ll need the surface area of this can and that will be the surface area of the walls of the can
(which is really just a cylinder) and the area of the top and bottom caps (which are just disks, and
don’t forget that there are two of them).

Note that if you think of a cylinder of height h and radius r as just a bunch of disks/circles of
radius r stacked on top of each other the equations for the surface area and volume are pretty
simple to remember. The volume is just the area of each of the disks times the height. Similarly,
the surface area is just the circumference of the each circle times the. The equations for the
volume and surface area of a cylinder are then,

Vv =(7zr2)(h)=7rl’2h A=(27Z'r)(h)=271'rh

Next, we’re also going to need the required volume in a better set of units than liters. Since we
want length measurements for the radius and height we’ll need to use the fact that 1 Liter = 1000
cm® to convert the 1.5 liters into 1500 cm®. This will in turn give a radius and height in terms of
centimeters.

Here are the equations that we’ll need for this problem and don’t forget that there two caps and so
we’ll need the area from each.

Minimize : A=2zrh+27r?
Constraint : 1500 = zr°h

In this case it looks like our best option is to solve the constraint for h and plug this into the area
function.

h:15020 = A(r):27zr(15020]+27rr2 =271’ +
T T

3000
r

Notice that this formula will only make sense from a physical standpoint if r >0 which is a good
thing as it is not defined at r =0.

Next, let’s get the first derivative.

3000 _ 47r® —3000
— =

2

A =4
(r)=4zxr ; -
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From this we can see that we have two critical points : r =0 and r = 3/ =6.2035. The first

critical point doesn’t make sense from a physical standpoint and so we can ignore that one.

So we only have a single critical point to deal with here and notice that 6.2035 is the only value
for which the derivative will be zero and hence the only place (with r >0 of course) that the

derivative may change sign. It’s not difficult to check that if r <6.2035 then A’(r) <0 and

likewise if r >6.2035 then A’(r) > 0. The variant of the First Derivative Test above then tells

us that the absolute minimum value of the area (for r >0) must occur at r =6.2035.

All we need to do this is determine height of the can and we’ll be done.

h=— %0 154070

7(6.2035)

Therefore if the manufacturer makes the can with a radius of 6.2035 cm and a height of 12.4070
cm the least amount of material will be used to make the can.

As an interesting side problem and extension to the above example you might want to show that
for a given volume, L, the minimum material will be used if h = 2r regardless of the volume of
the can.

In the examples to this point we’ve put in quite a bit of discussion in the solution. In the
remaining problems we won’t be putting in quite as much discussion and leave it to you to fill in
any missing details.

Example 5 We have a piece of cardboard that is 14 inches by 10 inches and we’re going to cut
out the corners as shown below and fold up the sides to form a box, also shown below.
Determine the height of the box that will give a maximum volume.

10 -2k - {0

h i 14 — 2k

[ ]
Y

14 — 1k h

Solution

In this example, for the first time, we’ve run into a problem where the constraint doesn’t really
have an equation. The constraint is simply the size of the piece of cardboard and has already
been factored into the figure above. This will happen on occasion and so don’t get excited about
it when it does. This just means that we have one less equation to worry about. In this case we
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want to maximize the volume. Here is the volume, in terms of h and its first derivative.
\/ (h) = h(l4— 2h)(10—2h) =140h — 48h? + 4h® V’(h) =140-96h +12h*

Setting the first derivative equal to zero and solving gives the following two critical points,

h= @ —-1.9183, 6.0817

We now have an apparent problem. We have two critical points and we’ll need to determine
which one is the value we need. In this case, this is easier than it looks. Go back to the figure in
the problem statement and notice that we can quite easily find limits on h. The smallest h can be
is h =0 even though this doesn’t make much sense as we won’t get a box in this case. Also
from the 10 inch side we can see that the largest h can be is h =5 although again, this doesn’t
make much sense physically.

So, knowing that whatever h is it must be in the range 0 < h <5 we can see that the second
critical point is outside this range and so the only critical point that we need to worry about is
1.9183.

Finally, since the volume is defined and continuous on 0 <h <5 all we need to do is plug in the

critical points and endpoints into the volume to determine which gives the largest volume. Here
are those function evaluations.

Vv (0)=0 V (1.9183) =120.1644 Vv (5)=0

So, if we take h=1.9183 we get a maximum volume.

Example 6 A printer need to make a poster that will have a total area of 200 in? and will have 1
inch margins on the sides, a 2 inch margin on the top and a 1.5 inch margin on the bottom. What
dimensions will give the largest printed area?

Solution

This problem is a little different from the previous problems. Both the constraint and the function
we are going to optimize are areas. The constraint is that the overall area of the poster must be
200 in? while we want to optimize the printed area (i.e. the area of the poster with the margins
taken out).

Here is a sketch of the poster and we can see that once we’ve taken the margins into account the
width of the printed area is w— 2 and the height of the printer areais h—3.5.
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Here are the equations that we’ll be working with.
Maximize : A= (w—-2)(h-3.5)
Constraint : 200 = wh

Solving the constraint for h and plugging into the equation for the printed area gives,

A(w) = (W~ 2)(@_3.5] ~ 207 -35w— 0
w w
The first and second derivatives are,
, 400 400-3.5w? ” 800
A (W):—3.5+ WZ = Wz A (W):—F
From the first derivative we have the following three critical points.
w=0 w==+,/48 =+10.6904

However, since we’re dealing with the dimensions of a piece of paper we know that we must
have w > 0 and so only 10.6904 will make sense.

Also notice that provided w > 0 the second derivative will always be negative and so in the
range of possible optimal values of the width the area function is always concave down and so we
know that the maximum printed area will be at w=10.6904 inches .

The height of the paper that gives the maximum printed area is then,
200

= =18.7084 inches
10.6904

We’ve worked quite a few examples to this point and we have quite a few more to work.
However this section has gotten quite lengthy so let’s continue our examples in the next section.
This is being done mostly because these notes are also being presented on the web and this will
help to keep the load times on the pages down somewhat.
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More Optimization Problems

Because these notes are also being presented on the web we’ve broken the optimization examples
up into several sections to keep the load times to a minimum. Do not forget the various methods
for verifying that we have the optimal value that we looked at in the previous section. In this
section we’ll just use them without acknowledging so make sure you understand them and can
use them. So let’s get going on some more examples.

Example 1 A window is being built and the bottom is a rectangle and the top is a semicircle. If
there is 12 meters of framing materials what must the dimensions of the window be to let in the
most light?

Solution

Okay, let’s ask this question again is slightly easier to understand terms. We want a window in
the shape described above to have a maximum area (and hence let in the most light) and have a
perimeter of 12 m (because we have 12 m of framing material). Little bit easier to understand in
those terms.

Here’s a sketch of the window. The height of the rectangular portion is h and because the
semicircle is on top we can think of the width of the rectangular portion at 2r.

ar

The perimeter (our constraint) is the lengths of the three sides on the rectangular portion plus half
the circumference of a circle of radius r. The area (what we want to maximize) is the area of the
rectangle plus half the area of a circle of radius r. Here are the equations we’ll be working with
in this example.

Maximize : A= 2hr +1 zr?
Constraint : 12 =2h+2r + zr

In this case we’ll solve the constraint for h and plug that into the area equation.
h=6-r-1zr = A(r)y=2r(6-r—1zr)+izr’=12r-2r* -1 zr?

The first and second derivatives are,
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A(r)=12-r(4+7) A'(r)=—4-rx

We can see that the only critical point is,
12
4+

r= =1.6803

We can also see that the second derivative is always negative (in fact it’s a constant) and so we
can see that the maximum area must occur at this point. So, for the maximum area the semicircle

on top must have a radius of 1.6803 and the rectangle must have the dimensions 3.3606 x 1.6803
(h x 2r).

Example 2 Determine the area of the largest rectangle that can be inscribed in a circle of radius
4.

Solution
Huh? This problem is best described with a sketch. Here is what we’re looking for.

L]

We want the area of the largest rectangle that we can fit inside a circle and have all of its corners
touching the circle.

To do this problem it’s easiest to assume that the circle (and hence the rectangle) is centered at
the origin. Doing this we know that the equation of the circle will be

X*+y° =16
and that the right upper corner of the rectangle will have the coordinates (x, y) . This means that

the width of the rectangle will be 2x and the height of the rectangle will be 2y. The area of the
rectangle will then be,

A=(2x)(2y)=4xy
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So, we’ve got the function we want to maximize (the area), but what is the constraint? Well since
the coordinates of the upper right corner must be on the circle we know that x and y must satisfy
the equation of the circle. In other words, the equation of the circle is the constraint.

The first thing to do then is to solve the constraint for one of the variables.

y=+16—x°

Since the point that we’re looking at is in the first quadrant we know that y must be positive and
S0 we can take the “+” part of this. Plugging this into the area and computing the first derivative

gives,
A(X) = 4xy/16 - X?
K ()= 46— B4

J16—x2  \16-x

Before getting the critical points let’s notice that we can limit x to the range 0 < x <4 since we
are assuming that x is in the first quadrant and must stay inside the circle. Now the four critical
points we get (two from the numerator and two from the denominator) are,

16—-x°>=0 = X = +4

64-8x2=0 - X = 4242

We only want critical points that are in the range of possible optimal values so that means that we

have two critical points to deal with : X = 2x/§ and X =4. Notice however that the second
critical point is also one of the endpoints of our interval.

Now, area function is continuous and we have an interval of possible solution with finite
endpoints so,

A(0)=0 A(2v2)=32 A(4)=0

So, we can see that we’ll get the maximum area if X = 2x/§ and the corresponding value of y is,

y=\16-(2V2) =\B =212

It looks like the maximum area will be found if the inscribed rectangle is in fact a square.

We need to again make a point that was made several times in the previous section. We excluded
several critical points in the work above. Do not always expect to do that. There will often be
physical reasons to exclude zero and/or negative critical points, however, there will be problems
where these are perfectly acceptable values. You should always write down every possible
critical point and then exclude any that can’t be possible solutions. This keeps you in the habit of
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finding all the critical points and then deciding which ones you actually need and that in turn will
make it less likely that you’ll miss one when it is actually needed.

Example 3 Determine the point(s) on y = x* +1 that are closest to (0,2).

Solution
Here’s a quick sketch of the situation.

So, we’re looking for the shortest length of the dashed line. Notice as well that if the shortest
distance isn’t at X = 0 there will be two points on the graph, as we’ve shown above, that will give
the shortest distance. This is because the parabola is symmetric to the y-axis and the point in
guestion is on the y-axis. This won’t always be the case of course so don’t always expect two
points in these kinds of problems.

In this case we need to minimize the distance between the point (0,2) and any point that is one the
graph (x,y). Or,

d :\/(x—0)2+(y—2)2 =\/x2+(y—2)2

If you think about the situation here it makes sense that the point that minimizes the distance will
also minimize the square of the distance and so since it will be easier to work with we will use the
square of the distance and minimize that. So, the function that we’re going to minimize is,

D=d? :x2+(y—2)2

The constraint in this case is the function itself since the point must lie on the graph of the
function.

At this point there are two methods for proceeding. One of which will require significantly more
work than the other. Let’s take a look at both of them.
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Solution 1
In this case we will use the constraint in probably the most obvious way. We already have the
constraint solved for y so let’s plug that into the square of the distance and get the derivatives.

D(x)=x"+(x* +1—2)2 =x'—x*+1
D'(x) = 4% —2x = 2x(2x* -1)
D"(x)=12x* -2

So, it looks like there are three critical points for the square of the distance and notice that this
time, unlike pretty much every previous example we’ve worked, we can’t exclude zero or
negative numbers. They are perfectly valid possible optimal values this time.

1

Xx=0, X=t—
J2

Before going any farther, let’s check these in the second derivative to see if they are all relative

minimums.
D"(0)=-2<0 D"(ij=4 Dn(_ijﬂl
J2 J2

So, x =0 is a relative maximum and so can’t possibly be the minimum distance. That means
that we’ve got two critical points. The question is how do we verify that these give the minimum
distance and yes we did mean to say that both will give the minimum distance. Recall from our
sketch above that if x gives the minimum distance then so will —x and so if gives the minimum
distance then the other should as well.

None of the methods we discussed in the previous section will really work here. We don’t have
an interval of possible solutions with finite endpoints and both the first and second derivative
change sign. In this case however, we can still verify that they are the points that give the
minimum distance.

First, notice that if we are working on the interval [—%,%} then the endpoints of this interval

(which are also the critical points) are in fact where the absolute minimum of the function occurs
in this interval.

Next we can see that if X < —% then D'(X) < 0. Or in other words, if X < —% the function is

decreasing until it hits X = —% and so must always be larger than the function at X = —%.

Similarly, x> % then D’(x) > 0 and so the function is always increasing to the right of

—_1 i —_1
X=-= and so must be larger than the function at X = 5

© 2007 Paul Dawkins 326 http://tutorial.math.lamar.edu/terms.aspx




Calculus |

So, putting all of this together tells us that we do in fact have an absolute minimum at X = i%.

All that we need to do is to find the value of y for these points.

wo L _3
J2 2
x——i: y:E
J2 2

So, the points on the graph that are closest to (0,2) are,
(L §J (_i E)
V272 V272
Solution 2

The first solution that we worked was actually the long solution. There is a much shorter solution
to this problem. Instead of plugging y into the square of the distance let’s plug in x. From the
constraint we get,

2
X“=y-1
and notice that the only place x show up in the square of the distance it shows up as x* and let’s
just plug this into the square of the distance. Doing this gives,

D(y)= y—1+(y—2)2 =y?-3y+3
D'(y)=2y-3
D”(y)=2

There is now a single critical point, y =2, and since the second derivative is always positive we

know that this point must give the absolute minimum. So all that we need to do at this point is
find the value(s) of x that go with this value of y.
3 1

1
X==-1== = X=+—"=
2 2 7

ST

So, for significantly less work we got exactly the same answer.

The points are then,

This previous example had a couple of nice points. First, as pointed out in the problem, we
couldn’t exclude zero or negative critical points this time as we’ve done in all the previous
examples. Again, be careful to not get into the habit of always excluding them as we do many of
the examples we’ll work.
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Next, some of these problems will have multiple solution methods and sometimes one will be
significantly easier than the other. The method you use is up to you and often the difficulty of
any particular method is dependent upon the person doing the problem. One person may find one
way easier and other person may find a different method easier.

Finally, as we saw in the first solution method sometimes we’ll need to use a combination of the
optimal value verification methods we discussed in the previous section.

Let’s work some more examples.

Example 4 A 2 feet piece of wire is cut into two pieces and once piece is bent into a square and
the other is bent into an equilateral triangle. Where should the wire cut so that the total area
enclosed by both is minimum and maximum?

Solution
Before starting the solution recall that an equilateral triangle is a triangle with three equal sides
and each of the interior angles are % (or 60°).

Now, this is another problem where the constraint isn’t really going to be given by an equation, it
is simply that there is 2 ft of wire to work with and this will be taken into account in our work.

So, let’s cut the wire into two pieces. The first piece will have length x which we’ll bend into a
square and each side will have length % The second piece will then have length 2— X (we just

used the constraint here...) and we’ll bend this into an equilateral triangle and each side will have
length £(2—x). Here is a sketch of all this.

2 feet

|

-F-l -
[
—
-2

|

P
—

As noted in the sketch above we also will need the height of the triangle. This is easy to get if
you realize that the dashed line divides the equilateral triangle into two other triangles. Let’s look

at the right one. The hypotenuse is 4(2—x) while the lower right angle is %Z. Finally the

height is then the opposite side to the lower right angle so using basic right triangle trig we arrive
at the height of the triangle as follows.
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sin () =i = opp =4(2-x)sin(£) =4(2-x)(2) =¢(2-x)

~ hyp

So, the total area of both objects is then,
A(X)=(3) +5(3(2=0)($(2-%)) =+ 2 (2=x)

Here’s the first derivative of the area.
A(x)=3+32(2)(2-x)(-1)=

V3
8 +

9

sl&

o]

X

Setting this equal to zero and solving gives the single critical point of,
x =-28_—0.8699

T 94443

Now, let’s notice that the problem statement asked for both the minimum and maximum enclosed
area and we got a single critical point. This clearly can’t be the answer to both, but this is not the
problem that it might seem to be.

Let’s notice that x must be in the range 0 < X <2 and since the area function is continuous we
use the basic process for finding absolute extrema of a function.

A(0)=0.1925 A(0.8699) = 0.1087 A(2)=0.25

So, it looks like the minimum area will arise if we take X =0.8699 while the maximum area will
arise if we take the whole piece of wire and bend it into a square.

As the previous problem illustrated we can’t get too locked into the answers always occurring at
the critical points as they have to this point. That will often happen, but one of the extrema in the
previous problem was at an endpoint and that will happen on occasion.

Example 5 A piece of pipe is being carried down a hallway that is 10 feet wide. At the end of
the hallway the there is a right-angled turn and the hallway narrows down to 8 feet wide. What is
the longest pipe that can be carried (always keeping it horizontal) around the turn in the hallway?

Solution
Let’s start off with a sketch of the situation so we can get a grip on what’s going on and how
we’re going to have to go about solving this.
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The largest pipe that can go around the turn will do so in the position shown above. One end will
be touching the outer wall of the hall way at A and C and the pipe will touch the inner corner at B.

Let’s assume that the length of the pipe in the small hallway is L, while L, is the length of the
pipe in the large hallway. The pipe then has a lengthof L=1L, +L,.

Now, if & =0 then the pipe is completely in the wider hallway and we can see thatas 8 — 0
then L — oo . Likewise, if & =7 the pipe is completely in the narrow hallway and as 6 — 5
we also have L — oo. So, somewhere in the interval 0 <@ < Z is an angle that will minimize L

and oddly enough that is the length that we’re after. The largest pipe that will fit around the turn
will in fact be the minimum value of L.

The constraint for this problem is not so obvious and there are actually two of them. The
constraints for this problem are the widths of the hallways. We’ll use these to get an equation for
L in terms of € and then we’ll minimize this new equation.

So, using basic right triangle trig we can see that,
L, =8secd L, =10cscé = L =8secd+10csco

So, differentiating L gives,
L'=8secdtan & —-10cscHcotd

Setting this equal to zero and solving gives,
8secHdtan @ =10cscHcotd

secdtanéd 10

cschcotd 8
. 2
sindtan" 9 _ 5 N tan® @ =1.25
cos 6 4

Solving for & gives,

© 2007 Paul Dawkins 330 http://tutorial.math.lamar.edu/terms.aspx




Calculus |

tan @ = 31.25 - 9= tan’l(\3/1.25): 0.8226

So, if 8 =0.8226 radians then the pipe will have a minimum length and will just fit around the
turn. Anything larger will not fit around the turn and so the largest pipe that can be carried
around the turn is,

L =8sec(0.8226)+10csc(0.8226) = 25.4033 feet

Example 6 Two poles, one 6 meters tall and one 15 meters tall, are 20 meters apart. A length of
wire is attached to the top of each pole and it is also staked to the ground somewhere between the
two poles. Where should the wire be staked so that the minimum amount of wire is used?

Solution
As always let’s start off with a sketch of this situation.
LE
15
6 o
- T L e 2|:| . -

The total length of the wire is L =L, + L, and we need to determine the value of x that will

minimize this. The constraint in this problem is that the poles must be 20 meters apart and that x
must be in the range 0 < x <20. The first thing that we’ll need to do here is to get the length of
wire in terms of x, which is fairly simple to do using the Pythagorean Theorem.

L, =36+ % L, =225+ (20~x) L =/36+ x? +/625—40x + X°

Not the nicest function we’ve had to work with but there it is. Note however, that it is a
continuous function and we’ve got an interval with finite endpoints and so finding the absolute
minimum won’t require much more work than just getting the critical points of this function. So,
let’s do that. Here’s the derivative.

X x—20

L'= +
J36+x%  \/625—40x+X°
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Setting this equal to zero gives,
X N x—20 0
V36+x2 /625 40X + X2

XV625—40x + x* =—(x—20)V36+x’

It’s probably been quite a while since you’ve been asked to solve something like this. To solve
this we’ll need to square both sides to get rid of the roots, but this will cause problems as well
soon see. Let’s first just square both sides and solve that equation.

X* (625-40x+X*) = (x-20)" (36 +x*)
625x% — 40x° + x* =14400 —1440x + 436x° — 40X° + X

189x* +1440x ~14400 =0
9(3x+40)(7x—40)=0 = X=—% x=i

Note that if you can’t do that factoring done worry, you can always just use the quadratic formula
and you’ll get the same answers.

Okay two issues that we need to discuss briefly here. The first solution above (note that | didn’t
call it a critical point...) doesn’t make any sense because it is negative and outside of the range of
possible solutions and so we can ignore it.

Secondly, and maybe more importantly, if you were to plug X =—4 into the derivative you

would not get zero and so is not even a critical point. How is this possible? It is a solution after
all. We’ll recall that we squared both sides of the equation above and it was mentioned at the
time that this would cause problems. We’ll we’ve hit those problems. In squaring both sides
we’ve inadvertently introduced a new solution to the equation. When you do something like this
you should ALWAYS go back and verify that the solutions that you are in fact solutions to the
original equation. In this case we were lucky and the “bad” solution also happened to be outside
the interval of solutions we were interested in but that won’t always be the case.

So, if we go back and do a quick verification we can in fact see that the only critical point is
X =42 =5.7143 and this is nicely in our range of acceptable solutions.

Now all that we need to do is plug this critical point and the endpoints of the wire into the length
formula and identify the one that gives the minimum value.

L(0)=31 L(4%)=29 L (20) =35.8806

So, we will get the minimum length of wire if we stake it to the ground £ feet from the smaller
pole.
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Let’s do a modification of the above problem that asks a completely different question.

Example 7 Two poles, one 6 meters tall and one 15 meters tall, are 20 meters apart. A length of
wire is attached to the top of each pole and it is also staked to the ground somewhere between the
two poles. Where should the wire be staked so that the angle formed by the two pieces of wire at
the stake is a maximum?

Solution
Here’s a sketch for this example.

15

The equation that we’re going to need to work with here is not obvious. Let’s start with the
following fact.
0+0+¢p=180=r

Note that we need to make sure that the equation is equal to 7 because of how we’re going to
work this problem. Now, basic right triangle trig tells us the following,

tang =2 = s=tan" (%)
tan g = 522 = p=tan" (%)
Plugging these into the equation above and solving for & gives,
0=r—tan™(£)—tan™ (52x)
Note that this is the reason for the z in our equation. The inverse tangents give angles that are in
radians and so can’t use the 180 that we’re used to in this kind of equation.

Next we’ll need the derivative so hopefully you’ll recall how to differentiate inverse tangents.
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7= _1+(1§)2 (_%j_u(zléfx)z ((2011)2}

_ 6 15
X +36 (20-x)"+225
6 15 ~3(3x” +8x-1070)

T X136 X2—40X+625 (x* +36)(x* —40x + 625)

Setting this equal to zero and solving give the following two critical points.
X = =322 _ 202660, 17.5993

3
The first critical point is not in the interval of possible solutions and so we can exclude it.

It’s not difficult to show that if 0 < x <17.5993 that &' >0 and if 17.5993 < x < 20 that
6' <0 and so when x =17.5993 we will get the maximum value of 4.

Example 8 A trough for holding water is be formed by taking a piece of sheet metal 60 cm wide
and folding the 20 cm on either end up as shown below. Determine the angle & that will
maximize the amount of water that the trough can hold.

20 cm

Solution

Now, in this case we are being asked to maximize the volume that a trough can hold, but if you
think about it the volume of a trough in this shape is nothing more than the cross-sectional area
times the length of the trough. So for a given length in order to maximize the volume all you
really need to do is maximize the cross-sectional area.

To get a formula for the cross-sectional area let’s redo the sketch above a little.

We can think of the cross-sectional area as a rectangle in the middle with width 20 and height h
and two identical triangles on either end with height h, base b and hypotenuse 20. Also note that
basic geometry tells us that the angle between the hypotenuse and the base must also be the same
angle @ that we had in our original sketch.
Also, basic right triangle trig tells us that the base and height can be written as,

b =20cosd h=20sin&
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The cross-sectional area for the whole trough, in terms of 4, is then,
A=20h+2(1bh)=400sin 8+ (20cos8)(20sin #) = 400(sin & +sin #cos &)

The derivative of the area is
— 400(cos @ +cos® @ —sin’ 49)

= 400(2cos’ 9+cose—1)

(
= 400(cose+ cos’ 9—(1— cos’ 9))
(
=400(2cos6—-1)(cosf+1)

So, we have either,

2c0sd-1=0 = cosé =+ = 0==2
cosd+1=0 = cosf =— = O=rx

However, we can see that & must be in the interval 0 <@ < Z or we won’t get a trough in the

proper shape. Therefore, the second critical point makes no sense and also note that we don’t
need to add on the standard “+27n ” for the same reason.

Finally, since the equation for the area is continuous all we need to do is plug in the critical point
and the end points to find the one that gives the maximum area.

A(0)=0 A(%)=519.6152 A(Z)=400

So, we will get a maximum cross-sectional area, and hence a maximum volume, when 6 = £

© 2007 Paul Dawkins 335 http://tutorial.math.lamar.edu/terms.aspx




Calculus |

Indeterminate Forms and L’Hospital’s Rule

Back in the chapter on Limits we saw methods for dealing with the following limits.

x> —16 . 4x*—-5x
m lim———
x4 X —4 x> 1—3x

In the first limit if we plugged in X =4 we would get 0/0 and in the second limit if we “plugged”
in infinity we would get oo/—oo (recall that as x goes to infinity a polynomial will behave in the

same fashion that it’s largest power behaves). Both of these are called indeterminate forms. In
both of these cases there are competing interests or rules and it’s not clear which will win out.

In the case of 0/0 we typically think of a fraction that has a numerator of zero as being zero.
However, we also tend to think of fractions in which the denominator is going to zero as infinity
or might not exist at all. Likewise, we tend to think of a fraction in which the numerator and
denominator are the same as one. So, which will win out? Or will neither win out and they all
“cancel out” and the limit will reach some other value?

In the case of oo/—oo we have a similar set of problems. If the numerator of a fraction is going to

infinity we tend to think of the whole fraction going to infinity. Also if the denominator is going
to infinity we tend to think of the fraction as going to zero. We also have the case of a fraction in
which the number and denominator are the same (ignoring the minus sign) and so we might get -
1. Again, it’s not clear which of these will win out, if any of them will win out.

With the second limit there is the further problem that infinity isn’t really a number and so we
really shouldn’t even treat it like a number. Much of the time it simply won’t behave as we
would expect it to if it was a number. To look a little more into this check out the Types of
Infinity section in the Extras chapter at the end of this document.

This is the problem with indeterminate forms. It’s just not clear what is happening in the limit.
There are other types of indeterminate forms as well. Some other types are,

(O)(ioo) 1" 0° o’ 00—

These all have competing interests or rules that tell us what should happen and it’s just not clear
which, if any, of the interests or rules will win out. The topic of this section is how to deal with
these kinds of limits.

As already pointed out we do know how to deal with some kinds of indeterminate forms already.
For the two limits above we work them as follows.

2
lim* 28 _jim(x+4)=8

x4 X —4 x—4
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5
a-sx . T, 4
I —=li =—=
x—o 1—3X xawi_s 3
X2

In the first case we simply factored, canceled and took the limit and in the second case we

factored out an X’ from both the numerator and the denominator and took the limit. Notice as
well that none of the competing interests or rules in these cases won out! That is often the case.

So we can deal with some of these. However what about the following two limits.

. sinx . e
lim—— lim—
x—0 X X—wo X

This first is a 0/0 indeterminate form, but we can’t factor this one. The second is an oo/o0

indeterminate form, but we can’t just factor an X out of the numerator. So, nothing that we’ve
got in our bag of tricks will work with these two limits.

This is where the subject of this section comes into play.

L Hospital’s Rule

Suppose that we have one of the following cases,
f(x f(x
lim L 0 OR lim ( ) =

x-a g (X) 0 x-a g (X)

where a can be any real number, infinity or negative infinity. In these cases we have,
im0 _ ji ()
wag(x) e g'(x)

H |+
8‘8

So, L’Hospital’s Rule tells us that if we have an indeterminate form 0/0 or oo/oo all we need to do
is differentiate the numerator and differentiate the denominator and then take the limit.

Before proceeding with examples let me address the spelling of “L’Hospital”. The more correct
spelling is “L’Hépital”. However, when | first learned Calculus | my teacher used the spelling
that | use in these notes and the first text book that I taught Calculus out of also used the spelling
that I use here. So, I’m used to spelling it that way and that is the way that I’ve spelled it here.

Let’s work some examples.
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Example 1 Evaluate each of the following limits.

. SInX .
(@) lim—— [Solution]
x—0

X
(b) Iimw [Solution]
-1 10-t-9t°

X

. e
(c) lim— [Solution]
X~>oox

Solution

So, we have already established that this is a 0/0 indeterminate form so let’s just apply
L’Hospital’s Rule.

.. sinx ,. cosx 1
lim——=lim——===1
¢ x>0 ] 1

[Return to Problems]

. Btt—4t? -1
(®) i 10-t-9t°
In this case we also have a 0/0 indeterminate form and if we were really good at factoring we
could factor the numerator and denominator, simplify and take the limit. However, that’s going
to be more work than just using L’Hospital’s Rule.

5t*-4t-1 . 20t°-8t 20-8 3

lim—————=I1im == -
-1 10-t-9t o1 —1-27t -1-27 7
[Return to Problems]

X

. e
(c) lim—
X—=0 ¥
This was the other limit that we started off looking at and we know that it’s the indeterminate

form oo/o0 so let’s apply L’Hospital’s Rule.

et e
lim—=lim—
X—w0 X x>0 2X

Now we have a small problem. This new limit is also a oo/o0 indeterminate form. However, it’s

not really a problem. We know how to deal with these kinds of limits. Just apply L’Hospital’s
Rule.

X X X

. e .. e . e
I|m—2:I|m—:I|m—=oo
x>0 X x>0 2X x>0 2

Sometimes we will need to apply L’Hospital’s Rule more than once.
[Return to Problems]
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L’Hospital’s Rule is works great on the two indeterminate forms 0/0 and £oo/+o00. However,

there are many more indeterminate forms out there as we saw earlier. Let’s take a look at some
of those and see how we deal with those kinds of indeterminate forms.

We’ll start with the indeterminate form (0) (J_r oo) .

Example 2 Evaluate the following limit.
lim xIn x

x—0"

Solution
Note that we really do need to do the right-hand limit here. We know that the natural logarithm
only defined for positive x and so this is the only limit that makes any sense.

Now, in the limit, we get the indeterminate form (0)(—c0). L’Hospital’s Rule won’t work on

products, it only works on quotients. However, we can turn this into a faction if we write things a
little.

. . Inx
limxInx= lim —

x—0" x—0" }/
X

The function is the same, just rewritten, and the limit is now in the form —oo/c0 and we can now

: . Inx y
lim xInx = lim = lim —£X

x—0* x—0* x—0" _
X X2

Now, this is a mess, but it cleans up nicely.

use L’Hospital’s Rule.

lim xInx = lim % =lim(-x)=0

x—0* x—0* _}/2 x—0*
X

In the previous example we used the fact that we can always write a product of functions as a
guotient by doing on of the following.

f(x)g(x):M OR

()
f(x)g(x)= )
Fx) Fat0

Using these two facts will allow us to turn any limit in the form (0)(£0) into a limit in the form

0/0 or +oo/+00. One of these two we get after doing the rewrite will depend upon which fact we

used to do the rewrite. One of the rewrites will give 0/0 and the other will give ioo/ioo. Itall

depends on which function stays in the numerator and which gets moved down to the
denominator.
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Let’s take a look at another example.

Example 3 Evaluate the following limit.
lim xe*

X—>—0

Solution
So, it’s in the form (o0)(0). This means that we’ll need to write it as a quotient. Moving the x

to the denominator worked in the previous example so let’s try that with this problem as well.

lim xe* = lim —
X
Writing the product in this way gives us a product that has the form 0/0 in the limit. So,
let’s use L’Hospital’s Rule on the quotient

e* e
lim xe* = lim — = lim ———= lim —= lim ——

X—>—0 X—)oo X—>—00 }/ X—)oo/ x—>oo_/
4

X

Hummmm.... This doesn’t seem to be getting us anywhere. With each application of
L’Hospital’s Rule we just end up with another 0/0 indeterminate form and in fact the derivatives
seem to be getting worse and worse. Also note that if we simplified the quotient back into a

product we would just end up with either (c0)(0) or (—c0)(0) and so that won’t do us any
good.

This does not mean however that the limit can’t be done. It just means that we moved the wrong
function to the denominator. Let’s move the exponential function instead.

] « ) X . X
lim xe* = lim —= lim —
X—>—0 X—>—0 }/ x—>-o @~ %
eX
Note that we used the fact that,
1
eX

to simplify the quotient up a little. This will help us when it comes time to take some derivatives.
The quotient is now an indeterminate form of —oo/co and use L’Hospital’s Rule gives,

. . X . 1
lim xe* = lim —= lim —=0

X—>—00 X—>—00 e’ X—>-0 —@

So, when faced with a product (O)(i oo) we can turn it into a quotient that will allow us to use

L’Hospital’s Rule. However, as we saw in the last example we need to be careful with how we
do that on occasion. Sometimes we can use either quotient and in other cases only one will work.

Let’s now take a look at the indeterminate forms,
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130 00 OOO

These can all be dealt with in the following way so we’ll just work one example.

Example 4 Evaluate the following limit.
1
lim x*
X—>00

Solution

In the limit this is the indeterminate form oo®. We’re actually going to spend most of this

problem on a different limit. Let’s first define the following.
1

y=x"
Now, if we take the natural log of both sides we get,

m(w=m[$J:1mx=mz

X X

Let’s now take a look at the following limit.

nmm(wznmmlznmigzo

X—>00 X—o X x—ow ]

This limit was just a L’Hospital’s Rule problem and we know how to do those. So, what did this
have to do with our limit? Well first notice that,

eln(y) =y

and so our limit could be written as,
1

limx* =limy = lime"")

X—>0 X—00 X—>00
We can now use the limit above to finish this problem.
1 lim In(y)

limx* =limy=lime"¥) =e="" =¢° =1

X—>00 X—00 X—00

With L’Hospital’s Rule we are now able to take the limit of a wide variety of indeterminate forms
that we were unable to deal with prior to this section.
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Linear Approximations

In this section we’re going to take a look at an application not of derivatives but of the tangent
line to a function. Of course, to get the tangent line we do need to take derivatives, so in some
way this is an application of derivatives as well.

Given a function, f (X) , We can find its tangent at X =a. The equation of the tangent line,

which we’ll call L (x) for this discussion, is,
L(x)=f(a)+f'(a)(x—a)

Take a look at the following graph of a function and its tangent line.

’ y=£(2)

From this graph we can see that near X = a the tangent line and the function have nearly the
same graph. On occasion we will use the tangent line, L(x) , S an approximation to the

function, f (x) near X =a. Inthese cases we call the tangent line the linear approximation to

the functionat X =a.

So, why do would we do this? Let’s take a look at an example.

Example 1 Determine the linear approximation for f (x) = Q& at x=8. Use the linear
approximation to approximate the value of 3/8.05 and /25 .

Solution
Since this is just the tangent line there really isn’t a whole lot to finding the linear approximation.
12 1 1
f'(x)==x3=——= f(8)=2 f'(8)=—
(=35 = (®) (8)-1
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The linear approximation is then,

Now, the approximations are nothing more than plugging the given values of x into the linear
approximation. For comparison purposes we’ll also compute the exact values.

L (8.05) = 2.00416667 ¥/8.05 = 2.00415802
L(25) = 3.41666667 {25 =2.92401774

So, at X =8.05 this linear approximation does a very good job of approximating the actual value.
However, at X = 25 it doesn’t do such a good job.

This shouldn’t be too surprising if you think about. Near X =8 both the function and the linear
approximation have nearly the same slope and since they both pass through the point (8, 2) they

should have nearly the same value as long as we stay close to X =8. However, as we move away
from x =8 the linear approximation is a line and so will always have the same slope while the
functions slope will change as x changes and so the function will, in all likelihood, move away
from the linear approximation.

Here’s a quick sketch of the function and it’s linear approximation at X =8.
¥
35k

-
a2

b

=

(2]

I}""I""I""I""I""I_I:

0 5 10 15 20 25

As noted above, the farther from X =8 we get the more distance separates the function itself and
its linear approximation.

Linear approximations do a very good job of approximating values of f (x) as long as we stay

“near” X =a. However, the farther away from X =a we get the worse the approximation is
liable to be. The main problem here is that how near we need to stay to X =a in order to get a
good approximation will depend upon both the function we’re using and the value of x = a that
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we’re using. Also, there will often be no easy way of prediction how far away from X =a we
can get and still have a “good” approximtation.

Let’s take a look at another example that is actually used fairly heavily in some places.

Example 2 Determine the linear approximation for sin@ at 8 =0.

Solution
Again, there really isn’t a whole lot to this example. All that we need to do is compute the
tangent line to sin@ at #=0.

So, as long as @ stays small we can say that Sin@ ~ 4.

This is actually a somewhat important linear approximation. In optics this linear approximation
is often used to simplify formulas. This linear approximation is also used to help describe the
motion of a pendulum and vibrations in a string.
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Differentials

In this section we’re going to introduce a notation that we’ll be seeing quite a bit in the next
chapter. We will also look at an application of this new notation.

Given a function y = f (X) we call dy and dx differentials and the relationship between them is
given by,
dy = f'(x)dx

Note that if we are just given f (X) then the differentials are df and dx and we compute them the

same manner.
df = f'(x)dx

Let’s compute a couple of differentials.

Example 1 Compute the differential for each of the following.
(a) y=t°>—4t* + Tt
(b) w=x"sin(2x)

© f(z)=€"
Solution
Before working any of these we should first discuss just what we’re being asked to find here. We
defined two differentials earlier and here we’re being asked to compute a differential.
So, which differential are we being asked to compute? In this kind of problem we’re being asked
to compute the differential of the function. In other words, dy for the first problem, dw for the

second problem and df for the third problem.

Here are the solutions. Not much to do here other than take a derivative and don’t forget to add
on the second differential to the derivative.

(a) dy =(3t* —8t* +7)dt
(b) dw = (2xsin(2x)+2x’ cos(2x))dx

() df =—472%>"dz
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There is a nice application to differentials. If we think of AX as the change in x then
Ay = f (x+Ax)— f (x) is the change in y corresponding to the change in x. Now, if AXis

small we can assume that Ay ~dy . Let’s see an illustration of this idea.

Example 2 Compute dy and Ay if y= Cos(x2 +1) — X as x changes from x=2 to x=2.03.

Solution
First let’s compute actual the change iny, Ay .

Ay = cos((2.03)2 +1)— 2.03—(cos(2? +1)-2) =0.083581127

Now let’s get the formula for dy.
dy :(—szin(x2 +1)—1)dx

Next, the change in x from x =2 to x=2.03 is Ax =0.03 and so we then assume that
dx = Ax =0.03. This gives an approximate change iny of,

dy =(~2(2)sin(2* +1)~1)(0.03) = 0.085070913

We can see that in fact we do have that Ay ~ dy provided we keep AX small.

We can use the fact that Ay ~ dy in the following way.

Example 3 A sphere was measured and its radius was found to be 45 inches with a possible
error of no more that 0.01 inches. What is the maximum possible error in the volume if we use
this value of the radius?

Solution
First, recall the equation for the volume of a sphere.

Vv :iﬂr?’
3

Now, if we start with r =45 and use dr ~ Ar =0.01 then AV ~dV should give us maximum
error.

So, first get the formula for the differential.
dV =4zridr

Now compute dV.
AV ~dV = 47(45)° (0.01) = 254.46 in
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The maximum error in the volume is then approximately 254.46 in®.

Be careful to not assume this is a large error. On the surface it looks large, however if we
compute the actual volume for r =45 we get V =381,703.51in’. So, in comparison the error
in the volume is,

254.46

———x100=0.067%
381703.51

That’s not much possible error at all!
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Newton’s Method

The next application that we’ll take a look at in this chapter is an important application that is
used in many areas. If you’ve been following along in the chapter to this point it’s quite possible
that you’ve gotten the impression that many of the applications that we’ve looked at are just made
up by us to make you work. This is unfortunate because all of the applications that we’ve looked
at to this point are real applications that really are used in real situations. The problem is often
that in order to work more meaningful examples of the applications we would need more
knowledge than we generally have about the science and/or physics behind the problem. Without
that knowledge we’re stuck doing some fairly simplistic examples that often don’t seem very
realistic at all and that makes it hard to understand that the application we’re looking at is a real
application.

That is going to change in this section. This is an application that we can all understand and we
can all understand needs to be done on occasion even if we don’t understand the physics/science
behind an actual application.

In this section we are going to look at a method for approximating solutions to equations. We all
know that equations need to be solved on occasion and in fact we’ve solved quite a few equations
ourselves to this point. In all the examples we’ve looked at to this point we were able to actually
find the solutions, but it’s not always possible to do that exactly and/or do the work by hand.
That is where this application comes into play. So, let’s see what this application is all about.

Let’s suppose that we want to approximate the solution to f (x) =0 and let’s also suppose that

we have somehow found an initial approximation to this solution say, X,. This initial
approximation is probably not all that good and so we’d like to find a better approximation. This

is easy enough to do. First we will get the tangent line to f (x)at .
y="T(%)+f(%)(X=%)
Now, take a look at the graph below.

d y=7(z)
/v Tangent at x,

Tangent at x;
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The blue line (if you’re reading this in color anyway...) is the tangent line at xo. We can see that
this line will cross the x-axis much closer to the actual solution to the equation than x, does. Let’s
call this point where the tangent at x, crosses the x-axis x; and we’ll use this point as our new
approximation to the solution.

So, how do we find this point? Well we know it’s coordinates, (xl, O), and we know that it’s on

the tangent line so plug this point into the tangent line and solve for x; as follows,

0="f(x)+f'(%)(X—%)

EECY
f (%)
X 0 f'(Xo)

So, we can find the new approximation provided the derivative isn’t zero at the original
approximation.

Now we repeat the whole process to find an even better approximation. We form up the tangent
lineto f (x) at x; and use its root, which we’ll call x,, as a new approximation to the actual

solution. If we do this we will arrive at the following formula.

This point is also shown on the graph above and we can see from this graph that if we continue
following this process will get a sequence of numbers that are getting very close the actual
solution. This process is called Newton’s Method.

Here is the general Newton’s Method

Newton’s Method

If X, is an approximation a solution of f (x) =0 andif f ’(Xn ) # 0 the next approximation is

given by,

This should lead to the question of when do we stop? How many times do we go through this
process? One of the more common stopping points in the process is to continue until two
successive approximations agree to a given number of decimal places.
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Before working any examples we should address two issues. First, we really do need to be
solving f (x)=0 in order Newton’s Method to be applied. This isn’t really all that much of an

issue but we do need to make sure that the equation is in this form prior to using the method.

Secondly, we do need to somehow get our hands on an initial approximation to the solution (i.e.
we need X, somehow). One of the more common ways of getting our hands on X, is to sketch

the graph of the function and use that to get an estimate of the solution which we then use as X, .

Another common method is if we know that there is a solution to a function in an interval then we
can use the midpoint of the interval as X, .

Let’s work an example of Newton’s Method.

Example 1 Use Newton’s Method to determine an approximation to the solution to cos X = X
that lies in the interval [0,2]. Find the approximation to six decimal places.

Solution
First note that we weren’t given an initial guess. We were however, given an interval in which to
look. We will use this to get our initial guess. As noted above the general rule of thumb in these

cases is to take the initial approximation to be the midpoint of the interval. So, we’ll use X, =1
as our initial guess.

Next, recall that we must have the function in the form f (x) =0. Therefore, we first rewrite

the equation as,
cosx—x=0

We can now write down the general formula for Newton’s Method. Doing this will often
simplify up the work a little so it’s generally not a bad idea to do this.

COS X —X
X =X =
-sinx-1
Let’s now get the first approximation.
cos(1)-1
X, =1- (—) =0.7503638679
—sin(1)-1

At this point we should point out that the phrase “six decimal places” does not mean just get x; to
six decimal places and then stop. Instead it means that we continue until two successive
approximations agree to six decimal places.

Given that stopping condition we clearly need to go at least one step farther.
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cos(0.7503638679) - 0.7503638679
—sin (0.7503638679) -1

X, =0.7503638679 — =0.7391128909

Alright, we’re making progress. We’ve got the approximation to 1 decimal place. Let’s do
another one, leaving the details of the computation to you.

X, =0.7390851334

We’ve got it to three decimal places. We’ll need another one.
X, = 0.7390851332

And now we’ve got two approximations that agree to 9 decimal places and so we can stop. We
will assume that the solution is approximately X, =0.7390851332.

In this last example we saw that we didn’t have to do too many computations in order for
Newton’s Method to give us an approximation in the desired range of accuracy. This will not
always be the case. Sometimes it will take many iterations through the process to get to the
desired accuracy and on occasion it can fail completely.

The following example is a little silly but it makes the point about the method failing.

Example 2 Use x, =1 to find the approximation to the solution to x=0.

Solution
Yes, it’s a silly example. Clearly the solution is X =0, but it does make a very important point.

Let’s get the general formula for Newton’s method.
1
X 3
n
Xn+l:Xn_1 2 :Xn_3xn:_2Xn
Tx 3
3 n

In fact we don’t really need to do any computations here. These computations get farther and
farther away from the solution, x =0 ,with each iteration. Here are a couple of computations to
make the point.

X, =—2
X, =4
X; =—8
X, =16
etc.

So, in this case the method fails and fails spectacularly.
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So, we need to be a little careful with Newton’s method. It will usually quickly find an
approximation to an equation. However, there are times when it will take a lot of work or when it
won’t work at all.
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Business Applications

In the final section of this chapter let’s take a look at some applications of derivatives in the
business world. For the most part these are really applications that we’ve already looked at, but
they are now going to be approached with an eye towards the business world.

Let’s start things out with a couple of optimization problems. We’ve already looked at more than
a few of these in previous sections so there really isn’t anything all that new here except for the
fact that they are coming out of the business world.

Example 3 An apartment complex has 250 apartments to rent. If they rent x apartments then
their monthly profit, in dollars, is given by,

P(x) = —8x’ +3200x —80,000

How many apartments should they rent in order to maximize their profit?

Solution
All that we’re really being asked to do here is to maximize the profit subject to the constraint that
x must be in the range 0 < x < 250.

First, we’ll need the derivative and the critical point(s) that fall in the range 0 < x <250.
P'(x)=—16x+3200 = 3200-16x=0 = X =32 =200

Since the profit function is continuous and we have an interval with finite bounds we can find the
maximum value by simply plugging in the only critical point that we have (which nicely enough
in the range of acceptable answers) and the end points of the range.

P(0)=-80,000 P (200) = 240,000 P (250) = 220,000

So, it looks like they will generate the most profit if they only rent out 200 of the apartments
instead of all 250 of them.

Note that with these problems you shouldn’t just assume that renting all the apartments will
generate the most profit. Do not forget that there are all sorts of maintenance costs and that the
more tenants renting apartments the more the maintenance costs will be. With this analysis we
can see that, for this complex at least, something probably needs to be done to get the maximum
profit more towards full capacity. This kind of analysis can help them determine just what they
need to do to move towards goal that whether it be raising rent or find a way to reduce
maintenance costs.

Note as well that because most apartment complexes have at least a few unit empty after a tenant
moves out and the like that it’s possible that they would actually like the maximum profit to fall
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slightly under full capacity to take this into account. Again, another reason to not just assume
that maximum profit will always be at the upper limit of the range.

Let’s take a quick look at another problem along these lines.

Example 4 A production facility is capable of producing 60,000 widgets in a day and the total
daily cost of producing x widgets in a day is given by,

C(x) = 250,000+ 0.08x + 22%:000.000

X
How many widgets per day should they produce in order to minimize production costs?

Solution
Here we need to minimize the cost subject to the constraint that x must be in the range
0<x<60,000. Note that in this case the cost function is not continuous at the left endpoint and

so we won’t be able to just plug critical points and endpoints into the cost function to find the
minimum value.

Let’s get the first couple of derivatives of the cost function.
400,000,000

, 200,000,000 ,
C'(x)=0.08- === Cc’(x) >

The critical points of the cost function are,
0.08— 200, OOZO, 000

X
0.08x? = 200,000,000

x* =2,500,000,000 = X = +4/2,500, 000,000 = +50,000

=0

Now, clearly the negative value doesn’t make any sense in this setting and so we have a single
critical point in the range of possible solutions : 50,000.

Now, as long as X > 0 the second derivative is positive and so, in the range of possible solutions
the function is always concave up and so producing 50,000 widgets will yield the absolute
minimum production cost.

Now, we shouldn’t walk out of the previous two examples with the idea that the only applications
to business are just applications we’ve already looked at but with a business “twist” to them.

There are some very real applications to calculus that are in the business world and at some level
that is the point of this section. Note that to really learn these applications and all of their
intricacies you’ll need to take a business course or two or three. In this section we’re just going
to scratch the surface and get a feel for some of the actual applications of calculus from the
business world and some of the main “buzz” words in the applications.
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Let’s start off by looking at the following example.

Example 5 The production costs per week for producing x widgets is given by,
C (X) =500+350x—0.09x*, 0<x<1000

Answer each of the following questions.

(a) What is the cost to produce the 301* widget?
(b) What is the rate of change of the cost at x =300 ?

Solution

(@) We can’t just compute C (301) as that is the cost of producing 301 widgets while we are

looking for the actual cost of producing the 301* widget. In other words, what we’re looking for
here is,

C(301)-C(300)=97,695.91-97,400.00 = 295.91

So, the cost of producing the 301" widget is $295.91.

(b) In the part all we need to do is get the derivative and then compute C'(SOO).
C'(x)=350-0.18x = C'(300) = 296.00

Okay, so just what did we learn in this example? The cost to produce an additional item is called
the marginal cost and as we’ve seen in the above example the marginal cost is approximated by

the rate of change of the cost function, C (X) . So, we define the marginal cost function to be

the derivative of the cost function or, C'(x) . Let’s work a quick example of this.

Example 6 The production costs per day for some widget is given by,
C (X) =2500-10x —0.01x* +0.0002x*

What is the marginal cost when x =200, X =300 and x =4007?

Solution
So, we need the derivative and then we’ll need to compute some values of the derivative.

C’(x)=-10-0.02x +0.0006x’
C’(200)=10 C’(300) =38 C'(400)=78

So, in order to produce the 201 widget it will cost approximately $10. To produce the 301
widget will cost around $38. Finally, to product the 401* widget it will cost approximately $78.
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Note that it is important to note that C'(n) is the approximate cost of production the (n +1)St
item and NOT the n" item as it may seem to imply!

Let’s now turn our attention to the average cost function. If C (X) is the cost function for some
item then the average cost function is,

Here is the sketch of the average cost function from Example 4 above.
Cix)
20

60

40

xk_‘\ ,,-f‘*#

D 1 1 1 L ] L L 1 L ] L L L L ] 1 L L L ] L L L 1 ] X
100 200 300 400 500

L=

We can see from this that the average cost function has an absolute minimum. We can also see
that this absolute minimum will occur at a critical point with C’(x) =0 since it clearly will have
a horizontal tangent there.

Now, we could get the average cost function, differentiate that and then find the critical point.
However, this average cost function is fairly typical for average cost functions so let’s instead
differentiate the general formula above using the quotient rule and see what we have.

& (x) - xC'(x)—-C(x)

XZ

Now, as we noted above the absolute minimum will occur when 6’(x) =0 and this will in turn
occur when,

XC'(X)~C(x)=0 - c'(x)zc(xx)zé(x)

So, we can see that it looks like for a typical average cost function we will get the minimum
average cost when the marginal cost is equal to the average cost.
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We should note however that not all average cost functions will look like this and so you
shouldn’t assume that this will always be the case.

Let’s now move onto the revenue and profit functions. First, let’s suppose that the price that
some item can be sold at if there is a demand for X units is given by p(x). This function is

typically called either the demand function or the price function.

The revenue function is then how much money is made by selling x items and is,
R(X)=xp(x)

The profit function is then,

P(x)=R(x)=C(x)=xp(x)-C(x)

Be careful to not confuse the demand function, p(x) - lower case p, and the profit function,

P(X) - upper case P. Bad notation maybe, but there it is.

Finally, the marginal revenue function is R’(x) and the marginal profit function is P’(x)

and these represent the revenue and profit respectively if one more unit is sold.

Let’s take a quick look at an example of using these.

Example 7 The weekly cost to produce x widgets is given by

C (X) = 75,000 +100x —0.03x* +0.000004x* 0 <x<10000
and the demand function for the widgets is given by,
p(x)=200—0.005x 0 <x<10000

Determine the marginal cost, marginal revenue and marginal profit when 2500 widgets are sold
and when 7500 widgets are sold. Assume that the company sells exactly what they produce.

Solution
Okay, the first thing we need to do is get all the various functions that we’ll need. Here are the
revenue and profit functions.

R(x) = x(200-0.005x) = 200x —0.005x*
P(x) = 200x - 0.005X” (75,000 +100x - 0.03x” +0.000004x" )
= 75,000 +100x + 0.025x* — 0.000004x*

Now, all the marginal functions are,
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C’(x) =100-0.06x +0.000012x’
R’(x)=200-0.01x
P’(x) =100+ 0.05x —0.000012x’

The marginal functions when 2500 widgets are sold are,
C'(2500): 25 R’(2500):175 P’(2500)2150

The marginal functions when 7500 are sold are,
C’(7500) =325 R’(7500) =125 P’(7500) =-200

So, upon producing and selling the 2501* widget it will cost the company approximately $25 to
produce the widget and they will see and added $175 in revenue and $150 in profit.

On the other hand when they produce and sell the 7501% widget it will cost an additional $325
and they will receive an extra $125 in revenue, but lose $200 in profit.

We’ll close this section out with a brief discussion on maximizing the profit. If we assume that
the maximum profit will occur at a critical point such that P’(x) =0 we can then say the

following,
P'(x)=R'(x)-C'(x)=0 = R'(x)=C'(x)

We then will know that this will be a maximum we also where to know that the profit was always
concave down or,

P"(x)=R"(x)-C"(x)<0 = R"(x)<C"(x)

So, if we know that R"(x) < C"(x) then we will maximize the profit if R'(x)=C’(x) or if the

marginal cost equals the marginal revenue.

In this section we took a brief look at some of the ideas in the business world that involve
calculus. Again, it needs to be stressed however that there is a lot more going on here and to
really see how these applications are done you should really take some business courses. The
point of this section was to just give a few idea on how calculus is used in a field other than the
sciences.
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Introduction

In this chapter we will be looking at integrals. Integrals are the third and final major topic that
will be covered in this class. As with derivatives this chapter will be devoted almost exclusively
to finding and computing integrals. Applications will be given in the following chapter. There
are really two types of integrals that we’ll be looking at in this chapter : Indefinite Integrals and
Definite Integrals. The first half of this chapter is devoted to indefinite integrals and the last half
is devoted to definite integrals. As we will see in the last half of the chapter if we don’t know
indefinite integrals we will not be able to do definite integrals.

Here is a quick listing of the material that is in this chapter.

Indefinite Integrals — In this section we will start with the definition of indefinite integral. This
section will be devoted mostly to the definition and properties of indefinite integrals.

Computing Indefinite Integrals — In this section we will compute some indefinite integrals and
take a look at a quick application of indefinite integrals.

Substitution Rule for Indefinite Integrals — Here we will look at the Substitution Rule as it
applies to indefinite integrals. Many of the integrals that we’ll be doing later on in the course and
in later courses will require use of the substitution rule.

More Substitution Rule — Even more substitution rule problems.

Area Problem — In this section we start off with the motivation for definite integrals and give
one of the interpretations of definite integrals.

Definition of the Definite Integral — We will formally define the definite integral in this section
and give many of its properties. We will also take a look at the first part of the Fundamental
Theorem of Calculus.

Computing Definite Integrals — We will take a look at the second part of the Fundamental
Theorem of Calculus in this section and start to compute definite integrals.

Substitution Rule for Definite Integrals — In this section we will revisit the substitution rule as
it applies to definite integrals.
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Indefinite Integrals

In the past two chapters we’ve been given a function, f (x) , and asking what the derivative of

this function was. Starting with this section we are not going to turn things around. We now
want to ask what function we differentiated to get the function f (x).

Let’s take a quick look at an example to get us started.

Example 1 What function did we differentiate to get the following function.
f(x)=x*+3x-9

Solution

Let’s actually start by getting the derivative of this function to help us see how we’re going to

have to approach this problem. The derivative of this function is,

f'(x)=4x*+3

The point of this was to remind us of how differentiation works. When differentiating powers of
x we multiply the term by the original exponent and then drop the exponent by one.

Now, let’s go back and work the problem. In fact let’s just start with the first term. We got x* by
differentiating a function and since we drop the exponent by one it looks like we must have
differentiated x°. However, if we had differentiated x> we would have 5x* and we don’t have a 5
in front our first term, so the 5 needs to cancel out after we’ve differentiated. It looks then like

. 1 5.
we would have to differentiate E x° in order to get x*.

Likewise for the second term, in order to get 3x after differentiating we would have to
differentiate EXZ . Again, the fraction is there to cancel out the 2 we pick up in the

differentiation.

The third term is just a constant and we know that if we differentiate x we get 1. So, it looks like
we had to differentiate -9x to get the last term.

Putting all of this together gives the following function,

F(x):éxsjtgx2 —9x

Our answer is easy enough to check. Simply differentiate F (x) .

F'(x)=x*+3x-9=f(x)
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So, it looks like we got the correct function. Or did we? We know that the derivative of a
constant is zero and so any of the following will also give f (x) upon differentiating.

F(x):1x5+§x2 —9x+10
5 2

F(x):lx5 +§x2 —9x—-1954
5 2

F(x):lx5 #3252 gy 3489
5 2 123

etc.

In fact, any function of the form,

F(x):lx5 +§x2 —9x+c, cisaconstant
5 2

will give f (x) upon differentiating.

There were two points to this last example. The first point was to get you thinking about how to
do these problems. It is important initially to remember that we are really just asking what we
differentiated to get the given function.

The other point is to recognize that there are actually an infinite number of functions that we
could use and they will all differ by a constant.

Now that we’ve worked an example let’s get some of the definitions and terminology out of the
way.

Definitions

Given a function, f(x),an anti-derivative of f (x) is any function F (x) such that
F'(x)=1f(x)

If F(x) is any anti-derivative of f (x) then the most general anti-derivative of f (x) is called

an indefinite integral and denoted,

J. f(x)dx=F(x)+c, c isany constant

In this definition the j is called the integral symbol, f (x) is called the integrand, x is called

the integration variable and the “c” is called the constant of integration.
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Note that often we will just say integral instead of indefinite integral (or definite integral for that
matter when we get to those). It will be clear from the context of the problem that we are talking
about an indefinite integral (or definite integral).

The process of finding the indefinite integral is called integration or integrating f(x). If we
need to be specific about the integration variable we will say that we are integrating f(x) with

respect to X.

Let’s rework the first problem in light of the new terminology.

Example 2 Evaluate the following indefinite integral.

jx“ +3x-9dx
Solution

Since this is really asking for the most general anti-derivative we just need to reuse the final
answer from the first example.

The indefinite integral is,

J‘x“+3x—9dx:1x5+§x2 —9x+¢C
5 2

A couple of warnings are now in order. One of the more common mistakes that students make
with integrals (both indefinite and definite) is to drop the dx at the end of the integral. This is
required! Think of the integral sign and the dx as a set of parenthesis. You already know and are
probably quite comfortable with the idea that every time you open a parenthesis you must close it.
With integrals, think of the integral sign as an “open parenthesis” and the dx as a “close
parenthesis”.

If you drop the dx it won’t be clear where the integrand ends. Consider the following variations
of the above example.

jx4+3x—9dx:£x5+§x2—9x+c
5 2
J‘x4+3xdx—9:1x5+§x2 +c-9
5 2

jx4dx+3x—9:%x5+c+3x—9

You only integrate what is between the integral sign and the dx. Each of the above integrals end
in a different place and so we get different answers because we integrate a different number of
terms each time. In the second integral the “-9” is outside the integral and so is left alone and not
integrated. Likewise, in the third integral the “3x —9” is outside the integral and so is left alone.
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Knowing which terms to integrate is not the only reason for writing the dx down. In the
Substitution Rule section we will actually be working with the dx in the problem and if we aren’t
in the habit of writing it down it will be easy to forget about it and then we will get the wrong
answer at that stage.

The moral of this is to make sure and put in the dx! At this stage it may seem like a silly thing to
do, but it just needs to be there, if for no other reason than knowing where the integral stops.

On a side note, the dx notation should seem a little familiar to you. We saw things like this a
couple of sections ago. We called the dx a differential in that section and yes that is exactly what
it is. The dx that ends the integral is nothing more than a differential.

The next topic that we should discuss here is the integration variable used in the integral.
Actually there isn’t really a lot to discuss here other than to note that the integration variable
doesn’t really matter. For instance,

Ix4+3x—9dx=%x5+gx2—9x+c

jt“+3t—9dt=1t5+§t2 —9t+c
5 2

jw“ +3W—9dW=%W5 +ng —9w+cC

Changing the integration variable in the integral simply changes the variable in the answer. It is
important to notice however that when we change the integration variable in the integral we also
changed the differential (dx, dt, or dw) to match the new variable. This is more important that we
might realize at this point.

Another use of the differential at the end of integral is to tell us what variable we are integrating
with respect to. At this stage that may seem unimportant since most of the integrals that we’re
going to be working with here will only involve a single variable. However, if you are on a
degree track that will take you into multi-variable calculus this will be very important at that stage
since there will be more than one variable in the problem. You need to get into the habit of
writing the correct differential at the end of the integral so when it becomes important in those
classes you will already be in the habit of writing it down.

To see why this is important take a look at the following two integrals.
J‘ZX dx '[Zt dx

The first integral is simple enough.
I2x dx = x*+c

© 2007 Paul Dawkins 363 http://tutorial.math.lamar.edu/terms.aspx



Calculus |

The second integral is also fairly simple, but we need to be careful. The dx tells us that we are
integrating x’s. That means that we only integrate x’s that are in the integrand and all other
variables in the integrand are considered to be constants. The second integral is then,

'[thx:th+c

So, it may seem silly to always put in the dx, but it is a vital bit of notation that can cause us to get
the incorrect answer if we neglect to put it in.

Now, there are some important properties of integrals that we should take a look at.

Properties of the Indefinite Integral

'[k f dx kJ. dx where k is any number. So, we can factor multiplicative
constants out of |ndef|n|te integrals.

See the Proof of Various Integral Formulas section of the Extras chapter to see the proof of
this property.

2. I dx = —j dx This is really the first property with k = —1 and so no proof of
this property will be given.

3. I f ( dx j dx * j g . In other words, the integral of a sum or
difference of functlons is the sum or dlfference of the individual integrals. This rule can be
extended to as many functions as we need.

See the Proof of Various Integral Formulas section of the Extras chapter to see the proof of
this property.

Notice that when we worked the first example above we used the first and third property in the
discussion. We integrated each term individually, put any constants back in and the put
everything back together with the appropriate sign.

Not listed in the properties above were integrals of products and quotients. The reason for this is
simple. Just like with derivatives each of the following will NOT work.

If(X)Q(X)dX¢If(X)dXIg(x)dx Jf(x)dX¢Jf(x)dx

gX J.gxdx

With derivatives we had a product rule and a quotient rule to deal with these cases. However,
with integrals there are no such rules. When faced with a product and quotient in an integral we
will have a variety of ways of dealing with it depending on just what the integrand is.
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There is one final topic to be discussed briefly in this section. On occasion we will be given
f'(x) and will ask what f (x) was. We can now answer this question easily with an indefinite

integral.

f(x):jf’(x)dx

Example 3 If f'(x)=x"+3x—9 whatwas f(x)?

Solution
By this point in this section this is a simple question to answer.

f (x):.[ f’(x)dx:jx4+3x—9dx=%x5+gx2 —9X+cC

In this section we kept evaluating the same indefinite integral in all of our examples. The point of
this section was not to do indefinite integrals, but instead to get us familiar with the notation and
some of the basic ideas and properties of indefinite integrals. The next couple of sections are
devoted to actually evaluating indefinite integrals.
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Computing Indefinite Integrals

In the previous section we started looking at indefinite integrals and in that section we
concentrated almost exclusively on notation, concepts and properties of the indefinite integral. In
this section we need to start thinking about how we actually compute indefinite integrals. We’ll
start off with some of the basic indefinite integrals.

The first integral that we’ll look at is the integral of a power of x.

n+1

+C, n#-1

X
J-X dX_n+1

The general rule when integrating a power of x we add one onto the exponent and then divide by
the new exponent. It is clear (hopefully) that we will need to avoid n = —1 in this formula. If we
allow n=-1 in this formula we will end up with division by zero. We will take care of this case
in a bit.

Next is one of the easier integrals but always seems to cause problems for people.

j kdx=kx+c, candk are constants

If you remember that all we’re asking is what did we differentiate to get the integrand this is
pretty simple, but it does seem to cause problems on occasion.

Let’s now take a look at the trig functions.

J'sinxdx:—cosx+c .[cosxdx:sinx+c
j'seczxdx=tanx+c .[secxtanxdx=secx+c
J'csczxdx:—cotx+c J.cscxcotxdx=—cscx+c

Notice that we only integrated two of the six trig functions here. The remaining four integrals are
really integrals that give the remaining four trig functions. Also, be careful with signs here. Itis
easy to get the signs for derivatives and integrals mixed up. Again, remember that we’re asking
what function we differentiated to get the integrand.

We will be able to integrate the remaining four trig functions in a couple of sections, but they all
require the Substitution Rule.

Now, let’s take care of exponential and logarithm functions.

'[exdx:ex+c Iaxdx:a—x+c Jidx:jxldx:ln|x|+c
Ina X
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Integrating logarithms requires a topic that is usually taught in Calculus Il and so we won’t be
integrating a logarithm in this class. Also note the third integrand can be written in a couple of
ways and don’t forget the absolute value bars in the x in the answer to the third integral.

Finally, let’s take care of the inverse trig and hyperbolic functions.

szl 1dx=tan‘lx+c J%dx:sin‘lwrc
+ 1-x

jsinhxdx:coshx+c jcoshxdx:sinhx+c
jsechzxdx:tanh X+C jsech xtanh xdx = —sech x +¢
jcschzxdx:—cothx+c Icschxcothxdx:—cschx+c

As with logarithms integrating inverse trig functions requires a topic usually taught in Calculus 11
and so we won’t be integrating them in this class. There is also a different answer for the second

integral above. Recalling that since all we are asking here is what function did we differentiate to
get the integrand the second integral could also be,

J ! dx=-cos*Xx+C

J1-x?

Traditionally we use the first form of this integral.

Okay, now that we’ve got most of the basic integrals out of the way let’s do some indefinite
integrals. In all of these problems remember that we can always check our answer by
differentiating and making sure that we get the integrand.

Example 1 Evaluate each of the following indefinite integrals.
(a) [5t° 10t +4dt [Solution]

(b) _[X8 +x2dx [Solution]

7 1
o) | 3Yx® +—+—=dx [Solution]
© J NN

(d) j dy [Solution]
(e) I(W+§/W)(4—W2)dw [Solution]

10 ny4 2
) J4X 2X3 15X dx [Solution]
X

Solution
Okay, in all of these remember the basic rules of indefinite integrals. First, to integrate sums and
differences all we really do is integrate the individual terms and then put the terms back together
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with the appropriate signs. Next, we can ignore any coefficients until we are done with
integrating that particular term and then put the coefficient back in. Also, do not forget the “+c”
at the end it is important and must be there.

So, let’s evaluate some integrals.

(a) j5t3 ~10t™° + 4dt

There’s not really a whole lot to do here other than use the first two formulas from the beginning
of this section. Remember that when integrating powers (that aren’t -1 of course) we just add one
onto the exponent and then divide by the new exponent.

j5t3 —10t™ +4dt = SGJV‘ —1o(ijt5 +At+c

=%t4+2t‘5+4t+c

Be careful when integrating negative exponents. Remember to add one onto the exponent. One
of the more common mistakes that students make when integrating negative exponents is to “add
one” and end up with an exponent of “-7” instead of the correct exponent of “-5”.

[Return to Problems]

(b) ng +x 2 dx
This is here just to make sure we get the point about integrating negative exponents.
1 1
.[xg +xPdx==x"-=x"+c¢
9 7

[Return to Problems]

7 1
c) | WX +—+——dx
()J X 6%

In this case there isn’t a formula for explicitly dealing with radicals or rational expressions.
However, just like with derivatives we can write all these terms so they are in the numerator and
they all have an exponent. This should always be your first step when faced with this kind of
integral just as it was when differentiating.
7 1 3 1 -2
JS\“/X‘”' +—5+6—dx = J3X4 +7x7° e 2 dx
X

Ix

7 1
I NE ARG I N e

-
oot ok
7 1
2 Tt
7 4 3

When dealing with fractional exponents we usually don’t “divide by the new exponent”. Doing
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this is equivalent to multiplying by the reciprocal of the new exponent and so that is what we will

usually do.
[Return to Problems]

(d) [dy
Don’t make this one harder that it is...
dezfldyz y+cC

In this case we are really just integrating a one!
[Return to Problems]

(e) J.(W+ Q/W)(4—W2)dw

We’ve got a product here and as we noted in the previous section there is no rule for dealing with
products. However, in this case we don’t need a rule. All that we need to do is multiply things
out (taking care of the radicals at the same time of course) and then we will be able to integrate.

1 7
j(w+ E/W)(4—w2)dW= J-4W—W3 +4w3 —w3dw
1 4 10
=2w' ——w' +3wd ——w?3 +¢

[Return to Problems]

10 5y 4 2
o J4x 2x* +15x dx

3
X
As with the previous part it’s not really a problem that we don’t have a rule for quotients for this
integral. In this case all we need to do is break up the quotient and then integrate the individual
terms.

4x1°—2x“+15x2d 4x°  2x* 15%°
x® X= XX x® dx
:J4x7—2x+de
X

:%xg—x2 +15In|x|+c

Be careful to not think of the third term as x to a power for the purposes of integration. Using that
rule on the third term will NOT work. The third term is simply a logarithm. Also, don’t get
excited about the 15. The 15 is just a constant and so it can be factored out of the integral. In
other words, here is what we did to integrate the third term.

Jde=15J1dx=15|n|x|+c
X X

[Return to Problems]
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Always remember that you can’t integrate products and quotients in the same way that we
integrate sums and differences. At this point the only way to integrate products and quotients is
to multiply the product out or break up the quotient. Eventually we’ll see some other products
and quotients that can be dealt with in other ways. However, there will never be a single rule that
will work for all products and there will never be a single rule that will work for all quotients.
Every product and quotient is different and will need to be worked on a case by case basis.

The first set of examples focused almost exclusively on powers of x (or whatever variable we
used in each example). It’s time to do some examples that involve other functions.

Example 2 Evaluate each of the following integrals.
(@) j3ex +5c0sx—10sec xdx [Solution]

(b) JZSeCWtanW+6idW [Solution]
'

23 9 .
(c) J ——+6cscycoty+—dy [Solution]
y +1 y

+6sin Xx+10sinh xdx [Solution]

3
(d) J—
VJ1-x?
=2
e) wa [Solution]
sin“ @

Solution

Most of the problems in this example will simply use the formulas from the beginning of this
section. More complicated problems involving most of these functions will need to wait until we
reach the Substitution Rule.

(a) J‘3eX +5c0s x —10sec” x dx

There isn’t anything to this one other than using the formulas.
I3eX +5c0s x —10sec” xdx = 3e* +5sin x—10tan X+ ¢

[Return to Problems]

(b) JZsecwtan W+idW
6w

Let’s be a little careful with this one. First break it up into two integrals and note the rewritten
integrand on the second integral.

fZSecwtan w2 dw= IZsecwtan wdw+f1£dw
6w 6w

:J'Zsecwtanwdw+ijldw
6) w
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Rewriting the second integrand will help a little with the integration at this early stage. We can
think of the 6 in the denominator as a 1/6 out in front of the term and then since this is a constant
it can be factored out of the integral. The answer is then,

JZsecwtan W+idW= 25ecw+lln|w|+c
6w 6

Note that we didn’t factor the 2 out of the first integral as we factored the 1/6 out of the second.
In fact, we will generally not factor the 1/6 out either in later problems. It was only done here to
make sure that you could follow what we were doing.

23
© Jy2+1

In this one we’ll just use the formulas from above and don’t get excited about the coefficients.
They are just multiplicative constants and so can be ignored while we integrate each term and
then once we’re done integrating a given term we simply put the coefficients back in.

[Return to Problems]

+6csc ycoty+gdy
y

J 2231+6cscycoty+gdy=23'[61nl)/—6‘35‘33’+9|n|y|JrC
y:+ y

[Return to Problems]

+6sin x+10sinh x dx

3
(@ J _
J1-x
Again, there really isn’t a whole lot to do with this one other than to use the appropriate formula
from above.

+6sin x+10sinh xdx = 3sin ! x —6c0s x +10cosh X + ¢

3
V1-x?

7— 63|n6’
()J sin? @

This one can be a little tricky if you aren’t ready for it. As discussed previously, at this point the
only way we have of dealing with quotients is to break it up.

— i 2
JWM:J 7 _6do
sin“ @ sin“ @

=I7csc2¢9—6dt9

[Return to Problems]

Notice that upon breaking the integral up we further simplified the integrand by recalling the
definition of cosecant. With this simplification we can do the integral.

— 1 2
was?:—?cote—&éwc
sin® @

[Return to Problems]
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As shown in the last part of this example we can do some fairly complicated looking quotients at
this point if we remember to do simplifications when we see them. In fact, this is something that
you should always keep in mind. In almost any problem that we’re doing here don’t forget to
simplify where possible. In almost every case this can only help the problem and will rarely
complicate the problem.

In the next problem we’re going to take a look at a product and this time we’re not going to be
able to just multiply the product out. However, if we recall the comment about simplifying a
little this problem becomes fairly simple.

Example 3 Integrate Jsin(%jcos(%jdt :

Solution

There are several ways to do this integral and most of them require the next section. However,
there is a way to do this integral using only the material from this section. All that is required is
to remember the trig formula that we can use to simplify the integrand up a little. Recall the
following double angle formula.

sin(2t) = 2sintcost

A small rewrite of this formula gives,
sintcost =4sin(2t)

If we now replace all the t’s with 1 we get,
L[t t 1.
sin (—j cos[—j ==sin(t)
2 2) 2

Using this formula the integral becomes something we can do.

jsin G]COSGJ dt= J%sin(t)dt

1
= —— t
2cos( )+cC

As noted earlier there is another method for doing this integral. In fact there are two alternate
methods. To see all three check out the section on Constant of Integration in the Extras chapter
but be aware that the other two do require the material covered in the next section.

The formula/simplification in the previous problem is a nice “trick” to remember. It can be used
on occasion to greatly simplify some problems.

There is one more set of examples that we should do before moving out of this section.
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Example 4 Given the following information determine the function f (x)
(@) f'(x)=4x’-9+2sinx+7e*, f(0)=15 [Solution]

(b) £7(x)=15x +5x° +6, f(1):-%, f(4)=404 [Solution]

Solution
In both of these we will need to remember that

f(x) :J‘ f'(x)dx
Also note that because we are giving values of the function at specific points we are also going to
be determining what the constant of integration will be in these problems.

(@ f'(x)=4x’-9+2sinx+7e*, f(0)=15
The first step here is to integrate to determine the most general possible f (X) .
f (x)=j4x3—9+25in X+ 7e* dx

=x*-9x—2cosx+7e* +c¢

Now we have a value of the function so let’s plug in x =0 and determine the value of the
constant of integration c.

15=f(0)=0"-9(0)-2cos(0)+7e’ +c
=-2+7+cC
=5+cC
So, from this it looks like ¢ =10. This means that the function is,
f (x)=x"-9x—2cosx+7e*+10
[Return to Problems]

5}
(b) f"(x)=15vx +5x° +6, f(1) =— f(4)=404

This one is a little different form the first one. In order to get the function we will need the first
derivative and we have the second derivative. We can however, use an integral to get the first
derivative from the second derivative, just as we used an integral to get the function from the first
derivative.

So, let’s first get the most general possible first derivative.
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f'(x):jf”(x)dx
1
= J‘15xE +5x° +6dx

3
=15(gjx2 +§x4+6x+c
3 4

35
=10x2 +Zx4+6x+c

Don’t forget the constant of integration!

We can now find the most general possible function.
3
f (x)=J10x2 +%x4 +6x+cdx
> 1
=4x2 +=x° +3x* +cx+d

Do not get excited about integrating the c. It’s just a constant and we know how to integrate
constants. Also, there will be no reason to think the constants of integration from the integration
in each step will be the same and so we’ll need to call each constant of integration something
different.

Now, plug in the two values of the function that we’ve got.

. f(l):4+1+3+c+d :§+c+d
4 4 4
404 = f (4)=4(32)+%(1024)+3(16)+c(4)+d 432+ 4c +d

This gives us a system of two equations in two unknowns that we can solve.

5 29 13
——=—+cC+d C=——
4 4 = 2
404 =432 +4c+d d=-2
The function is then,
> 1 13

f(X)=4x7 +>x° +3x° - = x-2
4 2

Don’t remember how to solve systems? Check out the Solving Systems portion of my
Algebra/Trig Review.

[Return to Problems]

In this section we’ve started the process of integration. We’ve seen how to do quite a few basic
integrals and we also saw a quick application of integrals in the last example.
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There are many new formulas in this section that we’ll now have to know. However, if you think
about it, they aren’t really new formulas. They are really nothing more than derivative formulas
that we should already know written in terms of integrals. If you remember that you should find
it easier to remember the formulas in this section.

Always remember that integration is asking nothing more than what function did we differentiate

to get the integrand. If you can remember that many of the basic integrals that we saw in this
section and many of the integrals in the coming sections aren’t too bad.
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Substitution Rule for Indefinite Integrals

After the last section we now know how to do the following integrals.

[4/xax ft%dt [coswdw  [e’dy

However, we can’t do the following integrals.

3
j18x2 46x3 +5 dx Jﬂdt

(t+2t)

W

j(l—ijcos(w—ln w) dw J-(8y—1)e“y2‘y dy

All of these look considerably more difficult than the first set. However, they aren’t too bad once
you see how to do them. Let’s start with the first one.

_[18x2 6% +5dx

In this case let’s notice that if we let

u=6x*+5
and we compute the differential (you remember how to compute these right?) for this we get,

du =18x%dx
Now, let’s go back to our integral and notice that we can eliminate every x that exists in the

integral and write the integral completely in terms of u using both the definition of u and its
differential.

[18x* /6x° +5 dx = j (6x +5)‘11 (18x°dx)
= Iu‘l‘ du

In the process of doing this we’ve taken an integral that looked very difficult and with a quick
substitution we were able to rewrite the integral into a very simple integral that we can do.

Evaluating the integral gives,

1 5 5
.|.18x2 \“/6x3+5dx=.|.uZ du :gu4+c:%(6x3+5)4 +c

As always we can check our answer with a quick derivative if we’d like to and don’t forget to
“back substitute” and get the integral back into terms of the original variable.

What we’ve done in the work above is called the Substitution Rule. Here is the substitution rule
in general.
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Substitution Rule

[1@00)a' () =[f (s, where,u=5(x

A natural question at this stage is how to identify the correct substitution. Unfortunately, the
answer is it depends on the integral. However, there is a general rule of thumb that will work for
many of the integrals that we’re going to be running across.

When faced with an integral we’ll ask ourselves what we know how to integrate. With the
integral above we can quickly recognize that we know how to integrate

I x dx
However, we didn’t have just the root we also had stuff in front of the root and (more importantly

in this case) stuff under the root. Since we can only integrate roots if there is just an x under the
root a good first guess for the substitution is then to make u be the stuff under the root.

Another way to think of this is to ask yourself what portion of the integrand has an inside function
and can you do the integral with that inside function present. If you can’t then there is a pretty
good chance that the inside function will be the substitution.

We will have to be careful however. There are times when using this general rule can get us in
trouble or overly complicate the problem. We’ll eventually see problems where there are more
than one “inside function” and/or integrals that will look very similar and yet use completely
different substitutions. The reality is that the only way to really learn how to do substitutions is to
just work lots of problems and eventually you’ll start to get a feel for how these work and you’ll
find it easier and easier to identify the proper substitutions.

Now, with that our of the way we should ask the following question. How, do we know if we got
the correct substitution? Well, upon computing the differential and actually performing the
substitution every x in the integral (including the x in the dx) must disappear in the substitution
process and the only letters left should be u’s (including a du). If there are x’s left over then there
is a pretty good chance that we chose the wrong substitution. Unfortunately, however there is at
least one case (we’ll be seeing an example of this in the next section) where the correct
substitution will actually leave some x’s and we’ll need to do a little more work to get it to work.

Again, it cannot be stressed enough at this point that the only way to really learn how to do
substitutions is to just work lots of problems. There are lots of different kinds of problems and
after working many problems you’ll start to get a real feel for these problems and after you work
enough of them you’ll reach the point where you’ll be able to simple substitutions in your head
without having to actually write anything down.

As a final note we should point out that often (in fact in almost every case) the differential will
not appear exactly in the integrand as it did in the example above and sometimes we’ll need to do
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some manipulation of the integrand and/or the differential to get all the x’s to disappear in the
substitution.

Let’s work some examples so we can get a better idea on how the substitution rule works.

Example 1 Evaluate each of the following integrals.

(a) j(l—%}cos(w—ln w)dw  [Solution]

(b) I3(8y—1)e4y2‘y dy [Solution]
(c) IX2(3—10X3)4 dx [Solution]

(d) JLdX [Solution]
V1-4x%?

Solution

(a) J(l—%)cos(w—ln w)dw

In this case we know how to integrate just a cosine so let’s make the substitution the stuff that is
inside the cosine.

w
So, as with the first example we worked the stuff in front of the cosine appears exactly in the
differential. The integral is then,

J(l—ijcos(w—ln w)dw = jcos(u)du

w

u=w-Inw du:(l—ijdw

=sin(u)+c

=sin(w—Inw)+c

Don’t forget to go back to the original variable in the problem.
[Return to Problems]

(b) I3(8y —1)e“y2‘y dy
Again, we know how to integrate an exponential by itself so it looks like the substitution for this
problem should be,
u=4y’ -y du=(8y—-1)dy
Now, with the exception of the 3 the stuff in front of the exponential appears exactly in the

differential. Recall however that we can factor the 3 out of the integral and so it won’t cause any
problems. The integral is then,
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J.3(8y—1)e“y2‘y dy = 3J.e“ du
=3e" +¢

2
=3e"""7 +c
[Return to Problems]

(©) [x*(3-10x°)" dx
In this case it looks like the following should be the substitution.

u=3-10x° du = -30x” dx
Okay, now we have a small problem. We’ve got an x* out in front of the parenthesis but we don’t
have a “-30”. This is not really the problem it might appear to be at first. We will simply rewrite
the differential as follows.

X2 dx = —idu
30

With this we can now substitute the “x? dx” away. In the process we will pick up a constant, but
that isn’t a problem since it can always be factored out of the integral.

We can now do the integral.
sz (3—10x3 )4 dx = j(3—10x3)4 X2 dx

Note that in most problems when we pick up a constant as we did in this example we will

generally factor it out of the integral in the same step that we substitute it in.
[Return to Problems]

X
(d) J—dx
V1-4x%?
In this example don’t forget to bring the root up to the numerator and change it into fractional
exponent form. Upon doing this we can see that the substitution is,

u=1-4x? du=-8xdx = xdx:—%du

The integral is then,
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dex :Ix(l—4x2); dx
V1-4x?
——Eju; du
8
1
——Zu2+c
1 1

= —Z(l—4x2 )2 +c

[Return to Problems]

In the previous set of examples the substitution was generally pretty clear. There was exactly one
term that had an “inside function” that we also couldn’t integrate. Let’s take a look at some more
complicated problems to make sure we don’t come to expect all substitutions are like those in the
previous set of examples.

Example 2 Evaluate each of the following integrals.
(a) jsin (1- x)(2 —cos(1- x))4 dx [Solution]
(b) jcos(3z)sin1° (3z)dz [Solution]
() ISGCZ (4t)(3—tan (4’[))3 dt [Solution]

Solution
(@) J.sin (1-x)(2-cos(1- x))4 dx

In this problem there are two “inside functions”. There is the 1— X that is inside the two trig
functions and there is also the term that is raised to the 4™ power.

There are two ways to proceed with this problem. The first idea that many students have is
substitute the 1— X away. There is nothing wrong with doing this but it doesn’t eliminate the
problem of the term to the 4" power. That’s still there and if we used this idea we would then
need to do a second substitution to deal with that.

The second (and much easier) way of doing this problem is to just deal with the stuff raised to the
4™ power and see what we get. The substitution in this case would be,

u=2-cos(1-x) du = —sin(1-x)dx = sin(1-x)dx =—du

Two things to note here. First, don’t forget to correctly deal with the “-”. A common mistake at
this point is to lose it. Secondly, notice that the 1— X turns out to not really be a problem after
all. Because the 1— X was “buried” in the substitution that we actually used it was also taken
care of at the same time. The integral is then,
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jsin(l— x)(2-cos(1- x))4 dx = —Iu“ du

As seen in this example sometimes there will seem to be two substitutions that will need to be
done however, if one of them is buried inside of another substitution then we’ll only really need
to do one. Recognizing this can save a lot of time in working some of these problems.

[Return to Problems]

(b) _[cos(Bz)sinlO (3z)dz
This one is a little tricky at first. We can see the correct substitution by recalling that,
sin'® (3z) =(sin (32))lo

Using this it looks like the correct substitution is,

u=sin(3z) du=3cos(3z)dz = cos(3z)dz:%du

Notice that we again had two apparent substitutions in this integral but again the 3z is buried in
the substitution we’re using and so we didn’t need to worry about it.
Here is the integral.

Icos(Sz)sin10 (3z)dz = %jum du

EEIIER I
311

=%sin“(3z)+c

Note that the one third in front of the integral came about from the substitution on the differential
and we just factored it out to the front of the integral. This is what we will usually do with these
constants.

[Return to Problems]

(¢) [sec’ (4t)(3—tan (4t)) dt

In this case we’ve got a 4t, a secant squared as well as a term cubed. However, it looks
like if we use the following substitution the first two issues are going to be taken care of
for us.

u=3-tan(4t) du =—4sec®(4t)dt - sec2(4t)=—%dt
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The integral is now,

3 1
jsec2 (4t)(3—tan(4t)) dt = —Zjus du
=——u+c

= —E(S—tan (4t))4 +C

[Return to Problems]

The most important thing to remember in substitution problems is that after the substitution all
the original variables need to disappear from the integral. After the substitution the only variables
that should be present in the integral should be the new variable from the substitution (usually u).
Note as well that this includes the variables in the differential!

This next set of examples, while not particular difficult, can cause trouble if we aren’t paying
attention to what we’re doing.

Example 3 Evaluate each of the following integrals.

r

(@) dy [Solution]
J 5y+4
(b) [ 3y dy [Solution]
) By*+4
r 3y .
(c) | ————=dy [Solution]
J (5y° +4)

(d) J5y§+4dy [Solution]

Solution

3
(@) J—dy
Sy+4
We haven’t seen a problem quite like this one yet. Let’s notice that if we take the numerator and

differentiate it we get just a constant and the only thing that we have in the numerator is also a
constant. This is a pretty good indication that we can use the denominator for our substitution so,

u=5y+4 du=>5dy = dy:%du

The integral is now,
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J Jdu
5y+4

=—In|u|+c
5

:gln|5y+4|+c

Remember that we can just factor the 3 in the numerator out of the integral and that makes the

integral a little clearer in this case.
[Return to Problems]

The integral is very similar to the previous one with a couple of minor differences but notice that
again if we differentiate the denominator we something that is different from the numerator by
only a multiplicative constant. Therefore we’ll again take the denominator as our substitution.

u=5y*+4 du=10ydy = ydyzﬁdu

The integral is,

J f du
5y? +4 10

:—In|u|+c
10

:%In‘5y2+4‘+c

[Return to Problems]

3y d
(© J’(5y2 +4)2 y

Now, this one is almost identical to the previous part except we added a power onto the
denominator. Notice however that if we ignore the power and differentiate what’s left we get the
same thing as the previous example so we’ll use the same substitution here.

u=5y*+4 du=10ydy = ydy=%du

The integral in this case is,
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_ S e 3
_ (5y +4) +c 10(5y2+4)+c

Be careful in this case to not turn this into a logarithm. After working problems like the first two
in this set a common error is to turn every rational expression into a logarithm. If there is a power
on the whole denominator then there is a good chance that it isn’t a logarithm.

The idea that we used in the last three parts to determine the substitution is not a bad idea to
remember. If we’ve got a rational expression try differentiating the denominator (ignoring any
powers that are on the whole denominator) and if the result is the numerator or only differs from
the numerator by a multiplicative constant then we can usually use that as our substitution.

[Return to Problems]

3
d d
()J5y2+4 y

Now, this part is completely different from the first three and yet seems similar to them as well.
In this case if we differentiate the denominator we get a y that is not in the numerator and so we
can’t use the denominator as our substitution.

In fact, because we have y? in the denominator and no y in the numerator is an indication of how
to work this problem. This integral is going to be an inverse tangent when we are done. To key to
seeing this is to recall the following formula,

J L ~du=tan"u+c
1+u

We clearly don’t have exactly this but we do have something that is similar. The denominator
has a squared term plus a constant and the numerator is just a constant. So, with a little work and
the proper substitution we should be able to get our integral into a form that will allow us to use
this formula.

There is one part of this formula that is really important and that is the “1+” in the denominator.
That must be there and we’ve got a “4+” but it is easy enough to take care of that. We’ll just
factor a 4 out of the denominator and at the same time we’ll factor the 3 in the numerator out of
the integral as well. Doing this gives,
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4
=% 521 W
J L-I—l
4
3 1
S
4 y

&
2

Notice that in the last step we rewrote things a little in the denominator. This will help us to see
what the substitution needs to be. In order to get this integral into the formula above we need to
end up with a u? in the denominator. Our substitution will then need to be something that upon

squaring gives us % . With the rewrite we can see what that we’ll need to use the following
substitution.

U:@ du =

2 2

5 2

dy = dy:\/gdu

Don’t get excited about the root in the substitution, these will show up on occasion. Upon
plugging our substitution in we get,

J—S dy—EiJ L
5y?+4 4\ 5)) ut+1

After doing the substitution, and factoring any constants out, we get exactly the integral that gives
an inverse tangent and so we know that we did the correct substitution for this integral. The

integral is then,
3 3 1
dy = J du
J5y2+4 g 25J u?+1

[Return to Problems]

In this last set of integrals we had four integrals that were similar to each other in many ways and
yet all either yielded different answer using the same substitution or used a completely different
substitution than one that was similar to it.
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This is a fairly common occurrence and so you will need to be able to deal with these kinds of
issues. There are many integrals that on the surface look very similar and yet will use a
completely different substitution or will yield a completely different answer when using the same
substitution.

Let’s take a look at another set of examples to give us more practice in recognizing these kinds of
issues. Note however that we won’t be putting as much detail into these as we did with the
previous examples.

Example 4 Evaluate each of the following integrals.

3
(@) JZt—H'Sdt [Solution]
(t*+2t)

3
(b) j t24t++2i dt [Solution]

X
(c) J—dx [Solution]
V1-4x?

(d) J#dx [Solution]
V1-4x?

Solution

@ J 2,
(t4 +2t)

Clearly the derivative of the denominator, ignoring the exponent, differs from the numerator only
by a multiplicative constant and so the substitution is,

u=t'+2t  du=(4t"+2)dt=2(2t°+1)dt = (2t3+1)dt=£du
2
After a little manipulation of the differential we get the following integral.
3

g =1Ji3du

(t+2t) 2J)u
1
_EIU du

1( 1} "
==|-=|u?+c
2\ 2

-2

= —%(t4 +2t) " +c

[Return to Problems]
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23 +1
b dt
(b) Jt4+2t

The only difference between this problem and the previous one is the denominator. In the
previous problem the whole denominator is cubed and in this problem the denominator has no
power on it. The same substitution will work in this problem but because we no longer have the
power the problem will be different.

So, using the substitution from the previous example the integral is,
2t +1 1(1
J T Gt :—f—du
t"+2t 2) u
1

=—In|u|+c
2

:iln‘t4+2t‘+c
2

So, in this case we get a logarithm from the integral.
[Return to Problems]

X
(©) J—dx
V1-4x?
Here, if we ignore the root we can again see that the derivative of the stuff under the radical

differs from the numerator by only a multiplicative constant and so we’ll use that as the
substitution.

u=1-4x? du = —-8xdx = xdx:—%du

The integral is then,

X 1, -2
J—T—MZ dx=—§ju 2du
1
=—%(2)u2+c

= —%\/1—4x2 +C

[Return to Problems]

1
(d) J—dx
V1-4x%?
In this case we are missing the x in the numerator and so the substitution from the last part will do
us no good here. This integral is another inverse trig function integral that is similar to the last

part of the previous set of problems. In this case we need to following formula.
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J ! du=sintu+c

V1-u?

The integral in this problem is nearly this. The only difference is the presence of the coefficient
of 4 on the x2. With the correct substitution this can be dealt with however. To see what this
substitution should be let’s rewrite the integral a little. We need to figure out what we squared to
get 4x? and that will be our substitution.

1

dx

With this rewrite it looks like we can use the following substitution.

u=2x du = 2dx = dx:%du

The integral is then,
1 1 1
—dX:—J—du
J\/1—4x2 2) \1-u?
1.4
=—sin"u+c
2

1. .,
= — 2
2sm ( x)+c

[Return to Problems]

Since this document is also being presented on the web we’re going to put the rest of the
substitution rule examples in the next section. With all the examples in one section the section
was becoming too large for web presentation.
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More Substitution Rule

In order to allow these pages to be displayed on the web we’ve broken the substitution rule
examples into two sections. The previous section contains the introduction to the substitution
rule and some fairly basic examples. The examples in this section tend towards the slightly more
difficult side. Also, we’ll not be putting quite as much explanation into the solutions here as we
did in the previous section.

In the first couple of sets of problems in this section the difficulty is not with the actual
integration itself, but with the set up for the integration. Most of the integrals are fairly simple
and most of the substitutions are fairly simple. The problems arise in getting the integral set up
properly for the substitution(s) to be done. Once you see how these are done it’s easy to see what
you have to do, but the first time through these can cause problems if you aren’t on the lookout
for potential problems.

Example 1 Evaluate each of the following integrals.
(a) jeZ‘ +sec(2t)tan(2t)dt [Solution]

(b) J'sin('[)(40033(t)+60052 (t)—8)dt [Solution]
) X
©) chos(x +1)+ 7
Solution
(a) '[eZt +sec(2t)tan(2t)dt

This first integral has two terms in it and both will require the same substitution. This means that
we won’t have to do anything special to the integral. One of the more common “mistakes” here
is to break the integral up and do a separate substitution on each part. This isn’t really mistake
but will definitely increase the amount of work we’ll need to do. So, since both terms in the
integral use the same substitution we’ll just do everything as a single integral using the following
substitution.

dx [Solution]

u=2t du = 2dt = dt:%du
The integral is then,

IeZ‘ +sec(2t)tan(2t)dt =%Ie“ +sec(u)tan(u)du
1/
_E(e +sec(u))+c

Liaz
:E(e +sec(2t))+c
Often a substitution can be used multiple times in an integral so don’t get excited about that if it
happens. Also note that since there was a 3 in front of the whole integral there must also be a 3

in front of the answer from the integral.
[Return to Problems]
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(b) Ism (4cos®(t)+6cos’ (t)—8)dt

This integral is similar to the previous one, but it might not look like it at first glance. Here is the
substitution for this problem,

u=cos(t) du =—sin(t)dt = sin(t)dt =—du

We’ll plug the substitution into the problem twice (since there are two cosines) and will only
work because there is a sine multiplying everything. Without that sine in front we would not be
able to use this substitution.

The integral in this case is,
jsm 4cos )+6cosz(t)—8)dt=—I4u3+6u2—8du
—(u4+2u3—8u)+c
—(cos“(t)+20053(t)—8¢0$(t))+c

Again, be careful with the minus sign in front of the whole integral.
[Return to Problems]

dx

©) chos (x*+1)+ ]

It should be fairly clear that each term in this integral will use the same substitution, but let’s
rewrite things a little to make things reaIIy Clear.

fxcos(x2+1) T dx = j (cos(x2+1) X1+1jdx

Since each term had an x in it and we’ll need that for the differential we factored that out of both
terms to get it into the front. This integral is now very similar to the previous one. Here’s the
substitution.

u=x?+1 du = 2xdx = xdx=%du

Jcos + du

1
=5 sin( +In|u|)

The integral is,

chos(x2+1)

2
;(sm x? +1 +In‘x +1D

[Return to Problems]
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So, as we’ve seen in the previous set of examples sometimes we can use the same substitution
more than once in an integral and doing so will simplify the work.

Example 2 Evaluate each of the following integrals.
(@) IXZ +e" dx [Solution]

1
b) | xcos(x?+1)+
(b) f ( ) x?+1
Solution
(a) sz +e ™ dx

In this integral the first term does not need any substitution while the second term does need a
substitution. So, to deal with that we’ll need to split the integral up as follows,

_[xz +e'*dx :J'x2 dx+_[e1‘X dx

dx [Solution]

The substitution for the second integral is then,
u=1-x du =—dx = dx =—du

The integral is,
Ixz +e! dx:J'x2 dx—_[eu du

1
==x’-e"+c
3

1 _
==x’-e+c
3

Be careful with this kind of integral. One of the more common mistakes here is do the following
“shortcut”.

.[x2+el‘X dx:—jx2+eu du

In other words, some students will try do the substitution just the second term without breaking
up the integral. There are two issues with this. First, there is a “-” in front of the whole integral
that shouldn’t be there. It should only be on the second term because that is the term getting the
substitution. Secondly, and probably more importantly, there are x’s in the integral and we have a
du for the differential. We can’t mix variables like this. When we do integrals all the variables in
the integrand must match the variable in the differential.

[Return to Problems]

1
b) | xcos(x*+1)+ dx
®) j ( ) X2 +1
This integral looks very similar to Example 1c above, but it is different. In this integral
we no longer have the x in the numerator of the second term and that means that the
substitution we’ll use for the first term will no longer work for the second term. In fact,
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the second term doesn’t need a substitution at all since it is just an inverse tangent.

The substitution for the first term is then,

u=x?+1 du = 2xdx = xdx:%du

Now let’s do the integral. Remember to first break it up into two terms before using the
substitution.

chos(x2 +1)+ x21+1dx = [ xcos(x’ +1)dx+f x21+1dx

=%jcos(u)du +f x21+1

:%sin(u)+ln‘x2 +ﬂ+c

dx

=%sin(x2 +1)+ In‘x2 +ﬂ+c

[Return to Problems]

In this set of examples we saw that sometimes one (or potentially more than one) term in the
integrand will not require a substitution. In these cases we’ll need to break up the integral into
two integrals, one involving the terms that don’t need a substitution and another with the term(s)
that do need a substitution.

Example 3 Evaluate each of the following integrals.
2 2 Z .
(@) je +sec (E) dz [Solution]

1
W+ 2

(b) Jsin W~+/1—2cosw + - dw [Solution]

(c) J1(2)X+3dx [Solution]
X°+16

Solution

(a) Jez +sec’ (%} dz

In this integral, unlike any integrals that we’ve yet done, there are two terms and each will require
a different substitution. So, to do this integral we’ll first need to split up the integral as follows,

Jez +sec? (i] dz = je’zdz + Jsec2 (LJ dz
10 10

Here are the substitutions for each integral.
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Uu=-z du=-dz = dz =—du
v:i dv:idz = dz =10dv
10 10

Notice that we used different letters for each substitution to avoid confusion when we go to plug
back in for u and v.

Here is the integral.
Jez +sec? (%) dz = —J' e"du +1OJ'sec2 (v)dv
=—e’ +10tan(v)+c

=—e*+10tan (i] +C
10

[Return to Problems]

(b) Jsinw 1-2cosw + dw

TW+2
As with the last problem this integral will require two separate substitutions. Let’s first break up
the integral.

1
jsinw 1—2cosw + ! dw=jsinw(1—2cosw)5 dw+j dw
TW+2 TW+2
Here are the substitutions for this integral.
u=1-2cos(w) du = 2sin(w)dw = sin(w)dw:%du

v=Tw+2 dv =7dw = dW:%dV

The integral is then,
. 1 1¢ = 1(1
sinw+/1—2cosw + dW:EJ‘uzdu+7 —dv
v

TW+2

3

:E(Ej 2 +£In|v|+c
2\ 3 7

1 1
==(1-2cosw)z +=In|7w+2|+¢C
(1-2 ) In|[7w+2|

[Return to Problems]

10x+3
o dx
()fx2+16

The last problem in this set can be tricky. If there was just an x in the numerator we could do a
quick substitution to get a natural logarithm. Likewise if there wasn’t an x in the numerator we
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would get an inverse tangent after a quick substitution.

To get this integral into a form that we can work with we will first need to break it up as follows.

10x+3 10x 3
> dx = > dx + > dx
X +16 X +16 X +16

10x 1 3
=1 dx+— | ——dx
X" +16 16 | x
—+1
16

We now have two integrals each requiring a different substitution. The substitutions for each of
the integrals above are,

u=x*+16 du = 2xdx = xdx :%du

V= dV:%dX = dx = 4dv

X
4

The integral is then,

jlgx+3dx:5fidu+gj 21 dv
X +16 u 4 ) v-+1
:5In|u|+%tan‘1(v)+c
) 3, (X
:5In‘x +16‘+—tan (—]+c
4 4

[Return to Problems]

We’ve now seen a set of integrals in which we need to do more than one substitution. In these
cases we will need to break up the integral into separate integrals and do separate substitutions for
each.

We now need to move onto a different set of examples that can be a little tricky. Once you’ve

seen how to do these they aren’t too bad, but doing them for the first time can be difficult if you
aren’t ready for them.
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Example 4 Evaluate each of the following integrals.

(@) J'tan Xdx [Solution]
(b) Isec ydy [Solution]

Ccos (\/;)
(c) T dx [Solution]

(d) je”et dt [Solution]
(e) I2x3\/x2 +1dx [Solution]

Solution
@) .[tan X dx

The first question about this problem is probably why is it here? Substitution rule problems
generally require more than a single function. The key to this problem is to realize that there
really are two functions here. All we need to do is remember the definition of tangent and we can
write the integral as,

in
_[tan xdx:JS'—de
COoS X

Written in this way we can see that the following substitution will work for us,
U =CoS X du = —sin xdx = sinxdx=-du

The integral is then,

J.tan xdx=—f1du
u

=—Inu+c

=—In|cos x| +¢

Now, while this is a perfectly serviceable answer that minus sign in front is liable to cause
problems if we aren’t careful. So, let’s rewrite things a little. Recalling a property of logarithms
we can move the minus sign in front to an exponent on the cosine and then do a little
simplification.

jtan xdx =—In|cosx|+c

=In|cos x|'1 +c
1

=In
|cos |

+C

=Injsecx|+c
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This is the formula that is typically given for the integral of tangent.

Note that we could integrate cotangent in a similar manner.
[Return to Problems]

(b) I secydy

This problem also at first appears to not belong in the substitution rule problems. This is even
more of a problem upon noticing that we can’t just use the definition of the secant function to
write this in a form that will allow the use of the substitution rule.

This problem is going to require a technique that isn’t used terribly often at this level, but is a
useful technique to be aware of. Sometimes we can make an integral doable by multiplying the
top and bottom by a common term. This will not always work and even when it does it is not
always clear what we should multiply by but when it works it is very useful.

Here is how we’ll use this idea for this problem.

t
Isecydyzjsecy(sechr an y)dy
1 (secy+tany)

First, we will think of the secant as a fraction and then multiply the top and bottom of the fraction
by the same term. It is probably not clear why one would want to do this here but doing this will
actually allow us to use the substitution rule. To see how this will work let’s simplify the
integrand somewhat.

2
J‘secydyzjsec y + tan ysecydy
secy+tany

We can now use the following substitution.
u=secy-+tany du = (sec ytan y +sec’ y ) dy

The integral is then,
1
jsec ydy = J—du
u
=Injul+c
=Injsecy+tany|+c
Sometimes multiplying the top and bottom of a fraction by a carefully chosen term will allow us

to work a problem. It does however take some thought sometimes to determine just what the
term should be.

We can use a similar process for integrating cosecant.
[Return to Problems]
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x
This next problem has a subtlety to it that can get us in trouble if we aren’t paying attention.

Because of the root in the cosine it makes some sense to use the following substitution.

1 1 -L
u=x2 du:Ex 2dx

o J cos(Vx)

This is where we need to be careful. Upon rewriting the differential we get,
1
2du = —dx
Jx
The root that is in the denominator will not become a u as we might have been tempted to do.
Instead it will get taken care of in the differential.

The integral is,

cos(/x
J%dx_ZJ‘cos(u)du

=2sin(u)+c

=25in(\/§)+c

[Return to Problems]

(d) je”et dt

With this problem we need to very carefully pick our substitution. As the problem is written we
might be tempted to use the following substitution,

u=t+e' du=(1+e‘)dt

However, this won’t work as you can probably see. The differential doesn’t show up anywhere in
the integrand and we just wouldn’t be able to eliminate all the t’s with this substitution.

In order to work this problem we will need to rewrite the integrand as follows,

J.e”et dt = J.eteet dt

We will now use the substitution,
u=e' du =e'dt

The integral is,
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t
J'e”e dt =je” du
=e'+¢C
t
=e® +¢

Some substitutions can be really tricky to see and it’s not unusual that you’ll need to do some

simplification and/or rewriting to get a substitution to work.
[Return to Problems]

(e) IZXS\/XZ +1dx

This last problem in this set is different from all the other substitution problems that we’ve
worked to this point. Given the fact that we’ve got more than an x under the root it makes sense
that the substitution pretty much has to be,

u=x?+1 du = 2xdx

However, if we use this substitution we will get the following,

J'2x3\/x2 +1dx :.[xzx/x2 +1(2x)dx
1
=‘|‘x2uE du

This is a real problem. Our integrals can’t have two variables in them. Normally this would
mean that we chose our substitution incorrectly. However, in this case we can write the
substitution as follows,

X =u-1
and now, we can eliminate the remaining x’s from our integral. Doing this gives,

1
J'2x3\/x2 +1dx = f(u ~1)u?du

=_[u5 —u2du
2 25,6

5 3
=§(x2+1)3_§( 2 41)f e

Sometimes, we will need to use a substitution more than once.

This kind of problem doesn’t arise all that often and when it does there will sometimes be
alternate methods of doing the integral. However, it will often work out that the easiest method

of doing the integral is to do what we just did here.
[Return to Problems]
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This final set of examples isn’t too bad once you see the substitutions and that is the point with
this set of problems. These all involve substitutions that we’ve not seen prior to this and so we
need to see some of these kinds of problems.

Example 5 Evaluate each of the following integrals.

1 :
@ j dx [Solution]
xInx

2t
(b)J € s-dt  [Solution]
1+e

2t
(C)J € ;- dt  [Solution]
1+e

sin' x ,
(d) dex [Solution]

Solution

@ J ! dx
xIn x

In this case we know that we can’t integrate a logarithm by itself and so it makes some sense
(hopefully) that the logarithm will need to be in the substitution. Here is the substitution for this
problem.

u=Inx du:ldx
X

So the x in the denominator of the integrand will get substituted away with the differential. Here

is the integral for this problem.
1
J dx = Jidu
xInx u

=Injul+c

=In[inx|+c
[Return to Problems]

eZI
b dt
(b) J1+e2t

Again, the substitution here may seem a little tricky. In this case the substitution is,

u=1+e* du = 2e*'dt = e?dt =%du

The integral is then,
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[ i

:—In‘1+e2“+c
2

[Return to Problems]

In this case we can’t use the same type of substitution that we used in the previous problem. In
order to use the substitution in the previous example the exponential in the numerator and the
denominator need to be the same and in this case they aren’t.
To see the correct substitution for this problem note that,
2
e4t _ (eZt)

Using this, the integral can be written as follows,
2t 2t
J © _dt=| ——dt
1+e 1+(e™)

We can now use the following substitution.

u=e? du = 2e?dt = e’ldt = %du

e 1 1
J 0 dtz—f > du
l+e 2J) 1+u

1 -1
:—t
5 an~(u)+c

The integral is then,

=%tan‘l(e2‘)+c

[Return to Problems]

- J sin” x

V1-x?
This integral is similar to the first problem in this set. Since we don’t know how to integrate
inverse sine functions it seems likely that this will be our substitution. If we use this as our
substitution we get,
1

1-x?

dx

u=sin"(x) du =
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So, the root in the integral will get taken care of in the substitution process and this will eliminate
all the x’s from the integral. Therefore this was the correct substitution.

The integral is,
sin x

V1-x?

dx:judu
:£u2+c

= %(sin‘1 x)2 +C

[Return to Problems]

Over the last couple of sections we’ve seen a lot of substitution rule examples. There are a
couple of general rules that we will need to remember when doing these problems. First, when
doing a substitution remember that when the substitution is done all the x’s in the integral (or
whatever variable is being used for that particular integral) should all be substituted away. This
includes the x in the dx. After the substitution only u’s should be left in the integral. Also,
sometimes the correct substitution is a little tricky to find and more often than not there will need
to be some manipulation of the differential or integrand in order to actually do the substitution.

Also, many integrals will require us to break them up so we can do multiple substitutions so be on
the lookout for those kinds of integrals/substitutions.
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Area Problem

As noted in the first section of this section there are two kinds of integrals and to this point we’ve
looked at indefinite integrals. It is now time to start thinking about the second kind of integral :
Definite Integrals. However, before we do that we’re going to take a look at the Area Problem.
The area problem is to definite integrals what the tangent and rate of change problems are to
derivatives.

The area problem will give us one of the interpretations of a definite integral and it will lead us to
the definition of the definite integral.

To start off we are going to assume that we’ve got a function f (x) that is positive on some

interval [a,b]. What we want to do is determine the area of the region between the function and
the x-axis.

It’s probably easiest to see how we do this with an example. So let’s determine the area between
f (x)=x*+1 on[0,2]. In other words, we want to determine the area of the shaded region

below.

0 I I I L
0. 0.5 1. 15 2

Now, at this point, we can’t do this exactly. However, we can estimate the area. We will
estimate the area by dividing up the interval into n subintervals each of width,

_b-a
n

AX

Then in each interval we can form a rectangle whose height is given by the function value at a
specific point in the interval. We can then find the area of each of these rectangles, add them up
and this will be an estimate of the area.

It’s probably easier to see this with a sketch of the situation. So, let’s divide up the interval into 4
subintervals and use the function value at the right endpoint of each interval to define the height

of the rectangle. This gives,
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0. 0.5 L. 15 2

Note that by choosing the height as we did each of the rectangles will over estimate the area since
each rectangle takes in more area than the graph each time. Now let’s estimate the area. First,

the width of each of the rectangles is 3. The height of each rectangle is determined by the

function value at the right endpoint and so the height of each rectangle is nothing more that the
function value at the right endpoint. Here is the estimated area.

A =% f Gj% f (1)+% f @j% £(2)

S HECE G
=5.75

Of course taking the rectangle heights to be the function value at the right endpoint is not our only
option. We could have taken the rectangle heights to be the function value at the left endpoint.
Using the left endpoints as the heights of the rectangles will give the following graph and
estimated area.

0. 0.5 L. 1.5 2.
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=3.75

In this case we can see that the estimation will be an underestimation since each rectangle misses
some of the area each time.

There is one more common point for getting the heights of the rectangles that is often more

accurate. Instead of using the right or left endpoints of each sub interval we could take the

midpoint of each subinterval as the height of each rectangle. Here is the graph for this case.
¥

/
7

_
| e

So, it looks like each rectangle will over and under estimate the area. This means that the
approximation this time should be much better than the previous two choices of points. Here is
the estimation for this case.

2 \4) 2 \4) 2 \4) 2 \4
1(17) 1(25) 1(41) 1(65
= —|+—=] — |+—=| — |+ —| —
2[16} 2(1) 2(16) 2(16]

=4.625

We’ve now got three estimates. For comparison’s sake the exact area is

A=E=4.666
3
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So, both the right and left endpoint estimation did not do all that great of a job at the estimation.
The midpoint estimation however did quite well.

Be careful to not draw any conclusion about how choosing each of the points will affect our
estimation. In this case, because we are working with an increasing function choosing the right
endpoints will overestimate and choosing left endpoint will underestimate.

If we were to work with a decreasing function we would get the opposite results. For decreasing
functions the right endpoints will underestimate and the left endpoints will overestimate.

Also, if we had a function that both increased and decreased in the interval we would, in all
likelihood, not even be able to determine if we would get an overestimation or underestimation.

Now, let’s suppose that we want a better estimation, because none of the estimations above really
did all that great of a job at estimating the area. We could try to find a different point to use for
the height of each rectangle but that would be cumbersome and there wouldn’t be any guarantee
that the estimation would in fact be better. Also, we would like a method for getting better
approximations that would work for any function we would chose to work with and if we just
pick new points that may not work for other functions.

The easiest way to get a better approximation is to take more rectangles (i.e. increase n). Let’s
double the number of rectangles that we used and see what happens. Here are the graphs showing
the eight rectangles and the estimations for each of the three choices for rectangle heights that we
used above.

¥ ¥
Sk S5k
AF af
3| 3|
2| 2L
f —
1 1
1] x 0k x
0. 0325 05 orys 1. 125 1.5 175 2. 0. 025 05 orFs 1. 125 15 175 4.
¥
f /
i 7
=1
ir O :
F A1
2F = o I T
e =] [ [ | i
r - i [ i 1
Y o R
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[ 4 i i [ i i
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Here are the area estimations for each of these cases.
A, =5.1875 A =4.1875 A, =4.65625

So, increasing the number of rectangles did improve the accuracy of the estimation as we’d
guessed that it would.

Let’s work a slightly more complicated example.

Example 1 Estimate the area between f (x)=x°—5x*+6x+5 and the x-axis using n =5
subintervals and all three cases above for the heights of each rectangle.

Solution
First, let’s get the graph to make sure that the function is positive.

So, the graph is positive and the width of each subinterval will be,

AX:E:O.S
5

This means that the endpoints of the subintervals are,
0, 0.8, 16, 24, 3.2, 4

Let’s first look at using the right endpoints for the function height. Here is the graph for this case.

© 2007 Paul Dawkins 406 http://tutorial.math.lamar.edu/terms.aspx




Calculus |

14—

12

10+

0. 0.z 1.é 24 32 4.

Notice, that unlike the first area we looked at, the choosing the right endpoints here will both over
and underestimate the area depending on where we are on the curve. This will often be the case
with a more general curve that the one we initially looked at. The area estimation using the right
endpoints of each interval for the rectangle height is,

A, =08 (0.8)+0.8f (1.6)+0.8f (2.4)+0.8f (3.2)+0.8f (4)
~28.96

Now let’s take a look at left endpoints for the function height. Here is the graph.

¥
14

12+

10+

0. 0z 1.4 24 32 4.

The area estimation using the left endpoints of each interval for the rectangle height is,
A, =0.8f (O)+O.8f (O.8)+0.8f (l.6)+0.8f (2.4)+0.8f (3.2)

=22.56

Finally, let’s take a look at the midpoints for the heights of each rectangle. Here is the graph,
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14—
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0. 0.z 1.é 24 32 4.

The area estimation using the midpoint is then,
A, =0.8f (O.4)+0.8f (1.2)+0.8f (2)+O.8f (2.8)+0.8f (3.6)

=25.12

For comparison purposes the exact area is,

A= 7—?? =25.333

So, again the midpoint did a better job than the other two. While this will be the case more often
than not, it won’t always be the case and so don’t expect this to always happen.

Now, let’s move on to the general case. Let’s start out with f (X) >0 on [a,b] and we’ll divide

the interval into n subintervals each of length,

Note that the subintervals don’t have to be equal length, but it will make our work significantly
easier. The endpoints of each subinterval are,

X, =a
X =a+AX
X, = a+2AX

X, =a+IAX

X, =a+(n-1)Ax
X, =a+nAx=Db
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Next in each interval,
[% % o[ %0 %0 oo o[ X X ] [ Xt X0 ]
we choose a point X;, X,...,X ,...X,. These points will define the height of the rectangle in

each subinterval. Note as well that these points do not have to occur at the same point in each
subinterval.

Here is a sketch of this situation.

[]
ox M
I
2

*
X
Xy 2

The area under the curve on the given interval is then approximately,
Ax f (X )AX+ (5 ) Ao+ (%) Ax+e+ (X)) Ax

We will use summation notation or sigma notation at this point to simplify up our notation a
little. 1f you need a refresher on summation notation check out the section devoted to this in the
Extras chapter.

Using summation notation the area estimation is,

Azif(xi*)Ax
i=1

The summation in the above equation is called a Riemann Sum.

To get a better estimation we will take n larger and larger. In fact, if we let n go out to infinity we
will get the exact area. In other words,

A:Iimzn:f(xi*)Ax
1

n—oo -

Before leaving this section let’s address one more issue. To this point we’ve required the
function to be positive in our work. Many functions are not positive however. Consider the case
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of f (x) =Xx*>—40n[0,2]. If weuse n=8 and the midpoints for the rectangle height we get the

following graph,
Y oop3s 05 075 01 135 15 175 2

T X
I
I

/

N

N

i/
v

|
3]
I

—4

In this case let’s notice that the function lies completely below the x-axis and hence is always
negative. If we ignore the fact that the function is always negative and use the same ideas above
to estimate the area between the graph and the x-axis we get,

Am:lf(1j+1f(§j+lf(§j+if(zj+if(gj+

4 \8) 4 \8) 4 \8) 4 \8) 4 (8
() ()
4 \8) 4 \8) 4 8

Our answer is negative as we might have expected given that all the function evaluations are
negative.

=-5.34375

So, using the technique in this section it looks like if the function is above the x-axis we will get a
positive area and if the function is below the x-axis we will get a negative area. Now, what about

a function that is both positive and negative in the interval? For example, f (x) =x*—-2 on
[0,2]. Using n =8 and midpoints the graph is,
¥

T /
%

025 0.5 075 1 1.25 A

X

LN

175 2

.

-
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Some of the rectangles are below the x-axis and so will give negative areas while some are above
the x-axis and will give positive areas. Since more rectangles are below the x-axis than above it
looks like we should probably get a negative area estimation for this case. In fact that is correct.
Here the area estimation for this case.

G EREE):

4 \8) 4 \8) 4 \8)4 \8) 4 \8
IERICEL
4 \8) 4 (8) 4 \ 8

In cases where the function is both above and below the x-axis the technique given in the section
will give the net area between the function and the x-axis with areas below the x-axis negative
and areas above the x-axis positive. So, if the net area is negative then there is more area under
the x-axis than above while a positive net area will mean that more of the area is above the x-axis.

=-1.34375
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The Definition of the Definite Integral

In this section we will formally define the definite integral and give many of the properties of
definite integrals. Let’s start off with the definition of a definite integral.

Definite Integral

Given a function f (x) that is continuous on the interval [a,b] we divide the interval into n

subintervals of equal width, Ax, and from each interval choose a point, xi* . Then the definite
integral of f(x) fromato b is

n

lim (x7)Ax
=

j:f(x)dx:

The definite integral is defined to be exactly the limit and summation that we looked at in the last
section to find the net area between a function and the x-axis. Also note that the notation for the
definite integral is very similar to the notation for an indefinite integral. The reason for this will
be apparent eventually.

There is also a little bit of terminology that we should get out of the way here. The number “a”
that is at the bottom of the integral sign is called the lower limit of the integral and the number
“b” at the top of the integral sign is called the upper limit of the integral. Also, despite the fact
that a and b were given as an interval the lower limit does not necessarily need to be smaller than
the upper limit. Collectively we’ll often call a and b the interval of integration.

Let’s work a quick example. This example will use many of the properties and facts from the
brief review of summation notation in the Extras chapter.

Example 1 Using the definition of the definite integral compute the following.
joz x? +1dx
Solution
First, we can’t actually use the definition unless we determine which points in each interval that
well use for X . In order to make our life easier we’ll use the right endpoints of each interval.

From the previous section we know that for a general n the width of each subinterval is,
2-0 2
n n

AX

The subintervals are then,

o2} ) [3)-[2].. [r0]

As we can see the right endpoint of the i" subinterval is
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The summation in the definition of the definite integral is then,

e o3
35T 3)
(53]

Now, we are going to have to take a limit of this. That means that we are going to need to
“evaluate” this summation. In other words, we are going to have to use the formulas given in the
summation notation review to eliminate the actual summation and get a formula for this for a
general n.

To do this we will need to recognize that n is a constant as far as the summation notation is
concerned. As we cycle through the integers from 1 to n in the summation only i changes and so
anything that isn’t an i will be a constant and can be factored out of the summation. In particular
any n that is in the summation can be factored out if we need to.

Here is the summation “evaluation”.

Zn: f (xi*)Ax:Zn:i+ ' 2
i=1

izt N i1 N

L R Nz

8 [n(n +1)(2n +1)j+3(2n)

o 6 n
_ 4(n +1)(22n +1) o

3n
_14n*+12n+4
N 3n’?

We can now compute the definite integral.
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'[Ozx2+1dx—!1m2f( )

. 14n*+12n+4
=I|m—2
n—oo 3n
_14
3

We’ve seen several methods for dealing with the limit in this problem so I’ll leave it to you to
verify the results.

Wow, that was a lot of work for a fairly simple function. There is a much simpler way of
evaluating these and we will get to it eventually. The main purpose to this section is to get the
main properties and facts about the definite integral out of the way. We’ll discuss how we
compute these in practice starting with the next section.

So, let’s start taking a look at some of the properties of the definite integral.

Properties

1. '[ dx = —j dx We can interchange the limits on any definite integral, all that

we need to do is tack a minus sign onto the integral when we do.

2. Ia f (x)dx =0. If the upper and lower limits are the same then there is no work to do, the

integral is zero.

b
3. j cf( dx CJ. dx where ¢ is any number. So, as with limits, derivatives, and
a

indefinite integrals we can factor out a constant.

4. I: f(x)xg(x)dx= I: f (x)dx +I x)dx . We can break up definite integrals across a

sum or difference.

b
5. .[ f(x)dx= jc f (x)dx +.[ x)dx where c is any number. This property is more
a a

important than we might realize at first. One of the main uses of this property is to tell us
how we can integrate a function over the adjacent intervals, [a,c] and [c,b]. Note however
that c doesn’t need to be between a and b.

6. '[ dX I dt The point of this property is to notice that as long as the function

and limits are the same the variable of integration that we use in the definite integral won’t
affect the answer.

© 2007 Paul Dawkins 414 http://tutorial.math.lamar.edu/terms.aspx




Calculus |

See the Proof of Various Integral Properties section of the Extras chapter for the proof of
properties 1 — 4. Property 5 is not easy to prove and so is not shown there. Property is not really
a property in the full sense of the word. It is only here to acknowledge that as long as the
function and limits are the same it doesn’t matter what letter we use for the variable. The answer
will be the same.

Let’s do a couple of examples dealing with these properties.

Example 2 Use the results from the first example to evaluate each of the following.
0
(@) L x* +1dx [Solution]

(b) IOZIOX2+1OdX [Solution]

(c)I;t2+1dt [Solution]

Solution
All of the solutions to these problems will rely on the fact we proved in the first example.
Namely that,

jzx2+ldx:E
0 3

0
(a) .[2 x? +1dx
In this case the only difference between the two is that the limits have interchanged. So, using the
first property gives,
0 2 2 2
I X +1dx =—j X +1dx
2 0
14
3

[Return to Problems]

(b)j;10x2+10dx

For this part notice that we can factor a 10 out of both terms and then out of the integral using the
third property.

'[OZIOXZ +10dx = Iozlo(xz +1) dx
:10.|‘:x2 +1dx
ol
140

3
[Return to Problems]
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© j:tz +1dt

In this case the only difference is the letter used and so this is just going to use property 6.

J'th +1dt :szz +1dx:E
0 0 3

[Return to Problems]

Here are a couple of examples using the other properties.

Example 3 Evaluate the following definite integral.

J”O x* —xsin(x)+cos(x) ix
150 x*+1

Solution
There really isn’t anything to do with this integral once we notice that the limits are the same.
Using the second property this is,

130 3_ H
j X x5|n(2x)+cos(x)dX:O
130 X“+1

] 10 6 ]
Example 4 Given that '[6 f (x)dx =23 and j_m g (x)dx = —9 determine the value of

6
I_lOZf (x)—-10g(x)dx
Solution

We will first need to use the fourth property to break up the integral and the third property to
factor out the constants.

J.iOZf (X)_log(x)dxz.[ito (X)dX—IiOlOg(x)dx

= ZJ‘ZO f (x)dx—loﬁog(x)dx

Now notice that the limits on the first integral are interchanged with the limits on the given
integral so switch them using the first property above (and adding a minus sign of course). Once
this is done we can plug in the known values of the integrals.

J° 21 (x)-10g (x)ax =2, 1 (x)dx-10[ " g (x)x
=-2(23)-10(-9)
=44
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Example 5 Given that.[ dx 6, J- d =-2, and.[ dx 4 determine

100

the value of J:S f(x)dx.

Solution
This example is mostly an example of property 5 although there are a couple of uses of property 1
in the solution as well.

We need to figure out how to correctly break up the integral using property 5 to allow us to use
the given pieces of information. First we’ll note that there is an integral that has a “-5” in one of
the limits. It’s not the lower limit, but we can use property 1 to correct that eventually. The other
limit is 100 so this is the number ¢ that we’ll use in property 5.

[ (0ac= [t (x)aer [ 8 (x)

We’ll be able to get the value of the first integral, but the second still isn’t in the list of know
integrals. However, we do have second limit that has a limit of 100 in it. The other limit for this
second integral is -10 and this will be ¢ in this application of property 5.

J:l: f (x)dx=J'j:0 i (x)dx+j1;O f (x)dxjtjllfO f (x)dx

At this point all that we need to do is use the property 1 on the first and third integral to get the
limits to match up with the known integrals. After that we can plug in for the known integrals.

12 -5 -10 -10
.[75 f (x)dx=—_|.100 f (x)dx+'[100 f(x)dx—j12 f (x)dx
- 4-2-6
— 12

There are also some nice properties that we can use in comparing the general size of definite
integrals. Here they are.

More Properties

I:cdx =c(b—a), cisany number.
8. Iff(x)ZOforansbthenJ-bf(x)dXZO.
9. If f(x)=g(x )fora<x<bthenj I X)
10.|fmsf()<Mfora<x<bthenmb a) I (x)dx<M (b-a).

11. I:f(x)dx

gj:‘f(x)‘dx
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See the Proof of Various Integral Properties section of the Extras chapter for the proof of these
properties.

Interpretations of Definite Integral
There are a couple of quick interpretations of the definite integral that we can give here.

First, as we alluded to in the previous section one possible interpretation of the definite integral is
to give the net area between the graph of f (x) and the x-axis on the interval [a,b]. So, the net

area between the graph of f (x)=x’+1 and the x-axis on [0,2] is,

J.2x2+1dx=E
0 3

If you look back in the last section this was the exact area that was given for the initial set of
problems that we looked at in this area.

Another interpretation is sometimes called the Net Change Theorem. This interpretation says that
if f(x) issome quantity (so f’(x) is the rate of change of f (x), then,

b
[ f(x)dx=1(b)-f(a)
is the net change in f (X) on the interval [a,b]. In other words, compute the definite integral of

a rate of change and you’ll get the net change in the quantity. We can see that the value of the
definite integral, f (b)— f (@), does in fact give use the net change in f () and so there really

isn’t anything to prove with this statement. This is really just an acknowledgment of what the
definite integral of a rate of change tells us.

So as a quick example, if V (t) is the volume of water in a tank then,

[Vi©d=V (t)-V(t)

is the net change in the volume as we go from time t; to time t, .

Likewise, if S(t) is the function giving the position of some object at time t we know that the
velocity of the object at any time tis : v(t) =s'(t). Therefore the displacement of the object

time t, to time t, is,

t
J, v(D)dt=s(t,)-s(t)
Note that in this case if v(t) is both positive and negative (i.e. the object moves to both the right

and left) in the time frame this will NOT give the total distance traveled. It will only give the
displacement, i.e. the difference between where the object started and where it ended up. To get
the total distance traveled by an object we’d have to compute,
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t)|dt

It is important to note here that the Net Change Theorem only really makes sense if we’re
integrating a derivative of a function.

Fundamental Theorem of Calculus, Part |

As noted by the title above this is only the first part to the Fundamental Theorem of Calculus.
We will give the second part in the next section as it is the key to easily computing definite
integrals and that is the subject of the next section.

The first part of the Fundamental Theorem of Calculus tells us how to differentiate certain types
of definite integrals and it also tells us about the very close relationship between integrals and

derivatives.

Fundamental Theorem of Calculus, Part |

If f (x) is continuous on [a,b] then,

g(x)=["f(t)dt

is continuous on [a,b] and it is differentiable on (a, b) and that,

g'(0)= 1 (x)

An alternate notation for the derivative portion of this is,

—j t)dt=f(x)

To see the proof of this see the Proof of Various Integral Properties section of the Extras chapter.

Let’s check out a couple of quick examples using this.

Example 6 Differentiate each of the following.
(@ g(x J. e” cos® (1-5t)dt [Solution]

4
(b)J t2+1dt [Solution]
eto+1
Solution
(@ g(x J' e* cos’ (1-5t)dt

This one is nothing more than a quick application of the Fundamental Theorem of Calculus.
g'(x)=e* cos? (1-5x)
[Return to Problems]
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1.4
) J t2 +1 dt

2 to+1
This one needs a little work before we can use the Fundamental Theorem of Calculus. The first
thing to notice is that the FToC requires the lower limit to be a constant and the upper limit to be
the variable. So, using a property of definite integrals we can interchange the limits of the
integral we just need to remember to add in a minus sign after we do that. Doing this gives,

1,4 X2 .4 X2 4
i t2+1dt=i _J t2+1dt =_ij t2+1dt
dx J o t°+1 dx , to+1 dx ), t°+1

The next thing to notice is that the FToC also requires an x in the upper limit of integration and
we’ve got x°. To do this derivative we’re going to need the following version of the chain rule.

(o) =1-(s() F where u =  (x)

So, if we let u= x* we use the chain rule to get,
1,4 X2 4
1 1
d t2+ q _d t2+ dt
dx J o t°+1 dx.), t°+1
__ 4 J Al du
duJ, t?+1  dx

where u = x?

ut+1
_ 2
u2+1( X)

ut+1
u?+1

=-2X

The final step is to get everything back in terms of x.
L4 x2) +1
dx J o t°+1

[Return to Problems]

Using the chain rule as we did in the last part of this example we can derive some general
formulas for some more complicated problems.

First,

This is simply the chain rule for these kinds of problems.
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Next, we can get a formula for integrals in which the upper limit is a constant and the lower limit
is a function of x. All we need to do here is interchange the limits on the integral (adding in a
minus sign of course) and then using the formula above to get,

d ¢o __i v(x) _
Tk F O dE==— [T (E)dt=—v'(x) T (v(x))

Finally, we can also get a version for both limits being functions of x. In this case we’ll need to
use Property 5 above to break up the integral as follows,

u(x) a u(x)
J'V(X) f(t)dt= jv(x) f(t)de+[ 7 f(t)dt

We can use pretty much any value of a when we break up the integral. The only thing that we
need to avoid is to make sure that f (a) exists. So, assuming that f (a) exists after we break

up the integral we can then differentiate and use the two formulas above to get,

d pux _i a u(x)
S T (D= dx(jv(x)f(t)duja f(t)dt)

=V () £ (v(x))+u'(x) f (u(x))

Let’s work a quick example.

Example 7 Differentiate the following integral.
3x 2 . 2
j&t S|n(1+t )dt
Solution
This will use the final formula that we derived above.

%j;tz sin(1+1°) dt = —%x; («/;)2 sin (1+(«/§)2)+(3)(3x)2 sin(l+(3x)2)

1 ) )
=—— 1 27x° 1+9x°
> xsin (1+ )+ 27x sm( +9x )
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Computing Definite Integrals

In this section we are going to concentrate on how we actually evaluate definite integrals in
practice. To do this we will need the Fundamental Theorem of Calculus, Part 11.

Fundamental Theorem of Calculus, Part 11

Suppose f (x) is a continuous function on [a,b] and also suppose that F (x) is any anti-

derivative for f (x). Then,

[*f(x)dx=F(x)] =F(b)~F(a)

a

To see the proof of this see the Proof of Various Integral Properties section of the Extras chapter.

Recall that when we talk about an anti-derivative for a function we are really talking about the
indefinite integral for the function. So, to evaluate a definite integral the first thing that we’re
going to do is evaluate the indefinite integral for the function. This should explain the similarity
in the notations for the indefinite and definite integrals.

Also notice that we require the function to be continuous in the interval of integration. This was
also a requirement in the definition of the definite integral. We didn’t make a big deal about this
in the last section. In this section however, we will need to keep this condition in mind as we do
our evaluations.

Next let’s address the fact that we can use any anti-derivative of f (x) in the evaluation. Let’s

take a final look at the following integral.

jozxz +1dx

Both of the following are anti-derivatives of the integrand.

F(x):%x3+x and F(x)==x"+

Using the FToC to evaluate this integral with the first anti-derivatives gives,

2 1 2
J. NG +1dx=(—x3 +xj
0 3

0

:%(2)3+2—(%(0)3+0]
_14
3
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Much easier than using the definition wasn’t it? Let’s now use the second anti-derivative to
evaluate this definite integral.

J2x2+1dx:(lx3+x—§j
0 3

2

31,
:3(2)3+2—E—(1(0)3+0—§j
3 31 \3 31
_14_18 18

3 31 31

14

"3

The constant that we tacked onto the second anti-derivative canceled in the evaluation step. So,
when choosing the anti-derivative to use in the evaluation process make your life easier and don’t
bother with the constant as it will only end up canceling in the long run.

Also, note that we’re going to have to be very careful with minus signs and parenthesis with these
problems. It’s very easy to get in a hurry and mess them up.

Let’s start our examples with the following set designed to make a couple of quick points that are
very important.

Example 1 Evaluate each of the following.

(8 [y*+y~ dy [Solution]

() | 12 y?+y?dy [Solution]

22 2 :

© [ ,y*+y?dy [olution
Solution
(a) [y +y~dy
This is the only indefinite integral in this section and by now we should be getting pretty good

with these so we won’t spend a lot of time on this part. This is here only to make sure that we
understand the difference between an indefinite and a definite integral. The integral is,

jy2+y‘2dy=%y3—y‘l+c

[Return to Problems]

2
(b) [ y*+y?dy

Recall from our first example above that all we really need here is any anti-derivative of the
integrand. We just computed the most general anti-derivative in the first part so we can use that
if we want to. However, recall that as we noted above any constants we tack on will just cancel
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in the long run and so we’ll use the answer from (a) without the “+c”.

Here’s the integral,
2

2 5 1,1

+y“dy=|=-y —=

L y +y ay (33/ y}

-3
8 1

Remember that the evaluation is always done in the order of evaluation at the upper limit minus
evaluation at the lower limit. Also be very careful with minus signs and parenthesis. It’s very
easy to forget them or mishandle them and get the wrong answer.

Notice as well that, in order to help with the evaluation, we rewrote the indefinite integral a little.
In particular we got rid of the negative exponent on the second term. It’s generally easier to
evaluate the term with positive exponents.

[Return to Problems]

2
© [y +y*dy

This integral is here to make a point. Recall that in order for us to do an integral the integrand
must be continuous in the range of the limits. In this case the second term will have division by
zeroat Yy =0 and since y =0 is in the interval of integration, i.e. it is between the lower and
upper limit, this integrand is not continuous in the interval of integration and so we can’t do this
integral.

Note that this problem will not prevent us from doing the integral in (b) since Yy =0 is not in the

interval of integration.
[Return to Problems]

So what have we learned from this example?

First, in order to do a definite integral the first thing that we need to do is the indefinite integral.
So we aren’t going to get out of doing indefinite integrals, they will be in every integral that we’ll
be doing in the rest of this course so make sure that you’re getting good at computing them.
Second, we need to be on the lookout for functions that aren’t continuous at any point between

the limits of integration. Also, it’s important to note that this will only be a problem if the
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point(s) of discontinuity occur between the limits of integration or at the limits themselves. If the
point of discontinuity occurs outside of the limits of integration the integral can still be evaluated.

In the following sets of examples we won’t make too much of an issue with continuity problems,
or lack of continuity problems, unless it affects the evaluation of the integral. Do not let this
convince you that you don’t need to worry about this idea. It arises often enough that it can cause
real problems if you aren’t on the lookout for it.

Finally, note the difference between indefinite and definite integrals. Indefinite integrals are
functions while definite integrals are numbers.

Let’s work some more examples.

Example 2 Evaluate each of the following.
(@) J._136X2 —5x+2dx [Solution]

(b) [, VE(t-2)dt [solution]
J 22w —w+3 _
(c) | —————dw [Solution]
LW

(d) I;OdR [Solution]
Solution
1
(a) '|:36x2 —5X +2dx

There isn’t a lot to this one other than simply doing the work.
1

.[_136x2 —5x+ 2dx =(2x3 —gxz +2xj

-3

peh{ocg

=84
[Return to Problems]

®) [, VE(t-2)at

Recall that we can’t integrate products as a product of integrals and so we first need to multiply
the integrand out before integrating, just as we did in the indefinite integral case.
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0 o§ 1
_ — 2 _ 2
[ Vi(t-2)dt=] 2 -2t7 dt

0
(20 40
5 3

Also, don’t get excited about the fact that the lower limit of integration is larger than the upper
limit of integration. That will happen on occasion and there is absolutely nothing wrong with

this.
[Return to Problems]

2 5
“”f W w3y,
1 w

First, notice that we will have a division by zero issue at W =0, but since this isn’t in the interval
of integration we won’t have to worry about it.

Next again recall that we can’t integrate quotients as a quotient of integrals and so the first step
that we’ll need to do is break up the quotient so we can integrate the function.

2505 2
f ZW—;NJr?’dW:J 2w3—£+3w‘2dw
1 W 1 W

:(lw4—ln|w|—§)
2 w ),

o2

=9-1In2

2

Don’t get excited about answers that don’t come down to a simple integer or fraction. Often
times they won’t. Also don’t forget that In(1)=0.
[Return to Problems]
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-10
(@ [ dR
This one is actually pretty easy. Recall that we’re just integrating 1!.
[ "drR=R
25
=-10-25
=-35

-10
25

[Return to Problems]

The last set of examples dealt exclusively with integrating powers of x. Let’s work a couple of
examples that involve other functions.

Example 3 Evaluate each of the following.
@) J‘014X—6€/F dx [Solution]

(b) If 2s5in@—5c0s0d6é [Solution]

(c) j 77: 5-2secztanzdz [Solution]
-1

@ |
-20

3
(e) J 5t° —1Ot—i-i[—L dt [Solution]
-2

1
3z

3
— dz [Solution]
e

Solution
(@) J.014x— 63/x72 dx.

This one is here mostly here to contrast with the next example.

2
Iol4x —63/x% dx = .[:4x —6x3 dx

5 1
faxr By
5

0

-2-2-(0

[Return to Problems]

(b) IOEZSin 0—-5cos0do

Be careful with signs with this one. Recall from the indefinite integral sections that it’s easy to
mess up the signs when integrating sine and cosine.
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J'525in<9—50036?d¢9 =(~2c0s @ -5sin 6’)‘”/3
0 0
= —Zcos(%j—SSin(%)—(—ZCOSO—SSin 0)

5.3

—1-2°%5 7
2

53
12N
2

Compare this answer to the previous answer, especially the evaluation at zero. It’s very easy to
get into the habit of just writing down zero when evaluating a function at zero. This is especially
a problem when many of the functions that we integrate involve only x’s raised to positive
integers and in these cases evaluate is zero of course. After evaluating many of these kinds of
definite integrals it’s easy to get into the habit of just writing down zero when you evaluate at
zero. However, there are many functions out there that aren’t zero when evaluated at zero so be
careful.

[Return to Problems]

"5 _2secztanzd
(© J'”/G —2secztanzdz
Not much to do other than do the integral.

j”/45—23ecztan zdz =(5z-2sec z)‘”/4
7/6

7/6

) a3} () (2

5 4
12 3

Ne

For the evaluation, recall that

1
Secz=——
cosz

and so if we can evaluate cosine at these angles we can evaluate secant at these angles.
[Return to Problems]

a1
(@) j S 1
€ 3z

In order to do this one will need to rewrite both of the terms in the integral a little as follows,

-1 -1
J i—idz:f 3ez—l1dz
-20 e’ 3z _20 3z

For the first term recall we used the following fact about exponents.
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In the second term, taking the 3 out of the denominator will just make integrating that term easier.

Now the integral.

-20

—3et -1y -1- (3e‘2° i |—2o|j
3 3

1
=3 "' -3+ 3 In|20|
Just leave the answer like this. It’s messy, but it’s also exact.
Note that the absolute value bars on the logarithm are required here. Without them we couldn’t

have done the evaluation.
[Return to Problems]

: 1
(e) j 5t° —10t+f dt
-2

This integral can’t be done. There is division by zero in the third termat t =0 and t =0 liesin
the interval of integration. The fact that the first two terms can be integrated doesn’t matter. If

even one term in the integral can’t be integrated then the whole integral can’t be done.
[Return to Problems]

So, we’ve computed a fair number of definite integrals at this point. Remember that the vast
majority of the work in computing them is first finding the indefinite integral. Once we’ve found
that the rest is just some number crunching.

There are a couple of particularly tricky definite integrals that we need to take a look at next.
Actually they are only tricky until you see how to do them, so don’t get too excited about them.
The first one involves integrating a piecewise function.

Example 4 Given,

6 ifx>1
f(x):{sz ifx<1

Evaluate each of the following integrals.
@ J-lzz f (X)dX [Solution]
3
(b) _[72 f (X)dx [Solution]

Solution
Let’s first start with a graph of this function.
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The graph reveals a problem. This function is not continuous at X =1and we’re going to have to
watch out for that.

(a) LZZ f (x)dx

For this integral notice that X =1 is not in the interval of integration and so that is something that
we’ll not need to worry about in this part.

Also note the limits for the integral lie entirely in the range for the first function. What this
means for us is that when we do the integral all we need to do is plug in the first function into the
integral.

Here is the integral.
IZZ f(x)dx= Lzzde

10
2
= 6X|1o

=132-60

=72
[Return to Problems]

(b) f’zf(x)dx

In this part X =1 is between the limits of integration. This means that the integrand is no longer
continuous in the interval of integration and that is a show stopper as far we’re concerned. As
noted above we simply can’t integrate functions that aren’t continuous in the interval of
integration.

Also, even if the function was continuous at X =1 we would still have the problem that the
function is actually two different equations depending where we are in the interval of integration.
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Let’s first address the problem of the function not beginning continuous at X =1. As we’ll see,
in this case, if we can find a way around this problem the second problem will also get taken care
of at the same time.

In the previous examples where we had functions that weren’t continuous we had division by
zero and no matter how hard we try we can’t get rid of that problem. Division by zero is a real
problem and we can’t really avoid it. In this case the discontinuity does not stem from problems
with the function not existing at X =1. Instead the function is not continuous because it takes on
different values on either sides of x=1. We can “remove” this problem by recalling Property 5
from the previous section. This property tells us that we can write the integral as follows,

J'i f (x)dx=.[7l2 f (x)dx+J.13 f (x)dx

On each of these intervals the function is continuous. In fact we can say more. In the first
integral we will have x between -2 and 1 and this means that we can use the second equation for

f (x) and likewise for the second integral x will be between 1 and 3 and so we can use the first

function for f (x) The integral in this case is then,
3 1 3
j_z f(x)dx= '[_2 f (x)dx+J‘1 f (x)dx
= '[l 3x° dx+'[36dx
-2 1
1 3
= x3‘72 +6X|,

=1-(-8)+(18-6)
=21

[Return to Problems]

So, to integrate a piecewise function, all we need to do is break up the integral at the break
point(s) that happen to occur in the interval of integration and then integrate each piece.

Next we need to look at is how to integrate an absolute value function.

Example 5 Evaluate the following integral.
[ Jat-5at
0
Solution
Recall that the point behind indefinite integration (which we’ll need to do in this problem) is to
determine what function we differentiated to get the integrand. To this point we’ve not seen any

functions that will differentiate to get an absolute value nor will we ever see a function that will
differentiate to get an absolute value.
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The only way that we can do this problem is to get rid of the absolute value. To do this we need
to recall the definition of absolute value.

x ifx=0
[x= ~x ifx<0

Once we remember that we can define absolute value as a piecewise function we can use the
work from Example 4 as a guide for doing this integral.

What we need to do is determine where the quantity on the inside of the absolute value bars is
negative and where it is positive. It looks like if t > 2 the quantity inside the absolute value is

positive and if t <3 the quantity inside the absolute value is negative.

Next, note that t =2 is in the interval of integration and so, if we break up the integral at this

point we get,

5
[NES:LE =j;|3t—5|dt+j§|3t—5|dt

Now, in the first integrals we have t <3 and so 3t—5 <0 in this interval of integration. That

means we can drop the absolute value bars if we put in a minus sign. Likewise in the second
integral we have t >3 which means that in this interval of integration we have 3t —5> 0 and so

we can just drop the absolute value bars in this integral.

After getting rid of the absolute value bars in each integral we can do each integral. So, doing the
integration gives,

5
[NESEL :I03—(3t—5)dt+E3t—5dt

_ j§—3t+5dt+j§3t—5dt
=(_th +5tj2 +Gt2 —StJ
=_g@2+5@-<o>+(§<3>2—5(3)—[%(%]2—5@]}

3

25 8
=—+4—

6 3
_ 4

6
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Integrating absolute value functions isn’t too bad. It’s a little more work than the “standard”
definite integral, but it’s not really all that much more work. First, determine where the quantity
inside the absolute value bars is negative and where it is positive. When we’ve determined that
point all we need to do is break up the integral so that in each range of limits the quantity inside
the absolute value bars is always positive or always negative. Once this is done we can drop the
absolute value bars (adding negative signs when the quantity is negative) and then we can do the
integral as we’ve always done.

© 2007 Paul Dawkins 433 http://tutorial.math.lamar.edu/terms.aspx



Calculus |

Substitution Rule for Definite Integrals

We now need to go back and revisit the substitution rule as it applies to definite integrals. At
some level there really isn’t a lot to do in this section. Recall that the first step in doing a definite
integral is to compute the indefinite integral and that hasn’t changed. We will still compute the
indefinite integral first. This means that we already know how to do these. We use the
substitution rule to find the indefinite integral and then do the evaluation.

There are however, two ways to deal with the evaluation step. One of the ways of doing the
evaluation is the probably the most obvious at this point, but also has a point in the process where

we can get in trouble if we aren’t paying attention.

Let’s work an example illustrating both ways of doing the evaluation step.

Example 1 Evaluate the following definite integral.

j_oz 2t24/1— 4t° dt

Solution

Let’s start off looking at the first way of dealing with the evaluation step. We’ll need to be
careful with this method as there is a point in the process where if we aren’t paying attention
we’ll get the wrong answer.

Solution 1 :

We’ll first need to compute the indefinite integral using the substitution rule. Note however, that
we will constantly remind ourselves that this is a definite integral by putting the limits on the
integral at each step. Without the limits it’s easy to forget that we had a definite integral when
we’ve gotten the indefinite integral computed.

In this case the substitution is,

u=1-4t du = —12t%dt = tzdtz—%du

Plugging this into the integral gives,
1
[ 2t\1-att dt = —%jozuZ du

9 -2
Notice that we didn’t do the evaluation yet. This is where the potential problem arises with this
solution method. The limits given here are from the original integral and hence are values of t.

We have u’s in our solution. We can’t plug values of t in for u.

Therefore, we will have to go back to t’s before we do the substitution. This is the standard step
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in the substitution process, but it is often forgotten when doing definite integrals. Note as well
that in this case, if we don’t go back to t’s we will have a small problem in that one of the
evaluations will end up giving us a complex number.

So, finishing this problem gives,

3|0

j_oz 2t3\1-4¢° dt = —%(1—4t3)2

So, that was the first solution method. Let’s take a look at the second method.

Solution 2 :

Note that this solution method isn’t really all that different from the first method. In this method
we are going to remember that when doing a substitution we want to eliminate all the t’s in the
integral and write everything in terms of u.

When we say all here we really mean all. In other words, remember that the limits on the integral
are also values of t and we’re going to convert the limits into u values. Converting the limits is
pretty simple since our substitution will tell us how to relate t and u so all we need to do is plug in
the original t limits into the substitution and we’ll get the new u limits.

Here is the substitution (it’s the same as the first method) as well as the limit conversions.

u=1-4t° du =-12t*dt = t?dt :—%du
t=-2 = u=1-4(-2)"=33
t=0 = u=1-4(0y =1

The integral is now,

1
jo 2t2\/1— 4t dt :—lj'l u2 du
-2 6 J33

3t
9

33

As with the first method let’s pause here a moment to remind us what we’re doing. In this case,
we’ve converted the limits to u’s and we’ve also got our integral in terms of u’s and so here we
can just plug the limits directly into our integral. Note that in this case we won’t plug our

substitution back in. Doing this here would cause problems as we would have t’s in the integral
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and our limits would be u’s. Here’s the rest of this problem.

[ 2t\i-at dt=-
_ ___[_%(33)2J =é(33@—1)

We got exactly the same answer and this time didn’t have to worry about going back to t’s in our
answer.

So, we’ve seen two solution technigques for computing definite integrals that require the
substitution rule. Both are valid solution methods and each have their uses. We will be using the
second exclusively however since it makes the evaluation step a little easier.

Let’s work some more examples.

Example 2 Evaluate each of the following.
(@) ji(l+ w)(2w+w? )5 dw [Solution]

-6
(b) J 4 5= > dx [Solution]
L (1+2x)" 1+2x

1
(c) Ifey +2cos(zy)dy [Solution]

0
(d)J 3sin(§j—5cos(7r—z)dz [Solution]
3

Solution
Since we’ve done quite a few substitution rule integrals to this time we aren’t going to put a lot of
effort into explaining the substitution part of things here.
5 2 5
(a) L(l+w)(2w+w ) dw
The substitution and converted limits are,
1
U=2w+w du =(2+2w)dw = (l+W)dW=§dU

w=-1 = u=-1 w=5 = u=35

Sometimes a limit will remain the same after the substitution. Don’t get excited when it happens
and don’t expect it to happen all the time.

Here is the integral,
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Y (14 w)( 2w+ w? 5dW:l ® U8 du
=) 291
1 35
=—u® =153188802
12|,

Don’t get excited about large numbers for answers here. Sometime they are. That’s life.
[Return to Problems]

-6
4
(b) J 5= > dx
> (1+ 2x) 1+2x
Here is the substitution and converted limits for this problem,

u=1+2x du = 2dx = dx=%du

X=-2 = Uu=-3 X=—6 = u=-11
The integral is then,

-6 11
Jr . 7 > dx=lj a0 =2 du
L (1+2x)" 1+2x 2J) u

:%(—2u2 ~5In]ul)

-11

:1 —i—slnll 1 —E—SInB
2\ 121 20 9
=£—§In11+§ln3

1089 2 2
[Return to Problems]

1
(©) ery +2cos(y)dy

This integral needs to be split into two integrals since the first term doesn’t require a substitution
and the second does.

1 1 1
IOZ e’ +2cos(zy)dy = Iozey dy +j02 2cos(zy)dy

Here is the substitution and converted limits for the second term.

u=nxy du = zdy = dyzldu

N |-
U
c
I

Ny

y=0 = u=0 y=

© 2007 Paul Dawkins 437 http://tutorial.math.lamar.edu/terms.aspx




Calculus |

Here is the integral.
1 1 2 .r
IOZey +2cos(zy)dy = Iozey dy+;J‘o2 cos(u)du

z
2

> 2
:ey‘s +—sinu

T 0

1 2 T
=e2 -’ +=sin=—=sin0
T 2

1
:e2—1+3

T
[Return to Problems]

0
. (2
(d) J 3sm(§)—5003(n— z)dz
3
This integral will require two substitutions. So first split up the integral so we can do a

substitution on each term.
0

0
J 3sin(§j—5cos(ﬂ— z)dz =J 33in(§}dz —IiScos(;r— z)dz
z 3
3

T

There are the two substitutions for these integrals.
Z 1
du = Edz = dz=2du

V=r-—-12 dv =—-dz = dz =—dv
T 27

1=— = V=—o z=0 = V=r
3 3

Here is the integral for this problem.
0

J 3sin (éj—Scos(n— z)dz = GJ',(:sin (u)du +5_|'2”,, cos(v)dv
z 6 3

> +5sin (V)]s

=—6cos(u)

=3x/§—6+[—¥]
3

=¥ 6

2

[Return to Problems]
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The next set of examples is designed to make sure that we don’t forget about a very important
point about definite integrals.

Example 3 Evaluate each of the following.

(@ J_52 e dt [Solution]

(b)J > a0 dt [Solution]

Solution

()Jsz 8’

Be careful with this integral. The denominator is zero at t =+ and both of these are in the

interval of integration. Therefore, this integrand is not continuous in the interval and so the
integral can’t be done.

Be careful with definite integrals and be on the lookout for division by zero problems. In the
previous section they were easy to spot since all the division by zero problems that we had there
were at zero. Once we move into substitution problems however they will not always be so easy
to spot so make sure that you first take a quick look at the integrand and see if there are any
continuity problems with the integrand and if they occur in the interval of integration.

[Return to Problems]
b
®) J 2— 8t2

Now, in this case the integral can be done because the two points of discontinuity, t =+, are

both outside of the interval of integration. The substitution and converted limits in this case are,

u=2-8t du =-16t dt = dz=—%dt

t=3 = u=-70 t=5 = u=-198

The integral is then,

5 -198
J ®og=—2 [ Loy
3 28t 16.) 50 u

-198
=—=In|ul
4

70

—-2(In(198)-In(70))

[Return to Problems]
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Let’s work another set of examples. These are a little tougher (at least in appearance) than the
previous sets.

Example 4 Evaluate each of the following.

(a)j e* cos (1-€*)dx [Solution]

(b) J [Solution]

© Jg sec(3P)tan(3P)

= $/2+sec(3P)

12

dP [Solution]

(d) j_% cos(x)cos(sin(x))dx [Solution]
2 2

(e)J sv—m;dw [Solution]

1

50
Solution

(a)'[ "o cos (1-e*)ax

The limits are a little unusual in this case, but that will happen sometimes so don’t get too excited
about it. Here is the substitution.

u=1-e* du = —e*dx
x=0 = u=1-¢"=1-1=0
=In(1-7) =  u=1-e"""=1-(1-7)=x

The integral is then,

J:n(l_”)ex cos (l—eX ) dx = —I: cosu du

=—sin(u)|’

—(sinz—sin0)=0
[Return to Problems]

(b) J @dt

Here is the substitution and converted limits for this problem.
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u=Int
Ine® =6

t=e> = u=Ine?=2

The integral is,
b 4
J Mdt = j;u“ du

5
[Return to Problems]

©oly

sec(3P)tan(3P) 4P

(©
= 3[2+sec(3P)
Here is the substitution and converted limits and don’t get too excited about the substitution. It’s

12

a little messy in the case, but that can happen on occasion.
1

=—du
3

du =3sec(3P)tan(3P)dP = sec(3P)tan(3P)dP

u=2+sec(3P)
VA
= u=2+sec(2]=2+x/§

P=

b

P= = u=2+sec(%}=4

oy

Here is the integral,
Esec(BP)tan (3P) dp _lr u_% iU
= #2+sec(3P) 3722
12
4
1
2 242

1[43—(2+J§)§J

1(8—(2+\/§)§’]

So, not only was the substitution messy, but we also a messy answer, but again that’s life on
[Return to Problems]

occasion.
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(d)j cos(x)cos(sin(x))dx

This problem not as bad as it looks. Here is the substitution and converted limits.
u=sinx du = cos x dx

VA
X=

5 = u:singzl X=—1 = u=sin(-z)=0

The cosine in the very front of the integrand will get substituted away in the differential and so
this integrand actually simplifies down significantly. Here is the integral.

J‘_;;cos(x)cos(sin (x))dx = J'lcosu du

(),
sin (1) —sin(0)
(2

=sin(1)

Don’t get excited about these kinds of answers. On occasion we will end up with trig function
evaluations like this.

=sin

[Return to Problems]

2 2

(e)J' —dw
iw

50
This is also a tricky substitution (at least until you see it). Here it is,

u:E du=—i2dw = izdw:—ldu
w W W 2
w=2 = u=1 W:i = u=100

50
Here is the integral.
2 2
—d =—=| e"du
L W '[
50
1 [
=——e
2 100
_ 1 1 100
-5l )

[Return to Problems]
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In this last set of examples we saw some tricky substitutions and messy limits, but these are a fact
of life with some substitution problems and so we need to be prepared for dealing with them
when the happen.

Even and Odd Functions
This is the last topic that we need to discuss in this chapter. It is probably better suited in the
previous section, but that section has already gotten fairly large so | decided to put it here.

First, recall that an even function is any function which satisfies,

f(-x)=f(x)
Typical examples of even functions are,
f(x)=x? f (x)=cos(x)

An odd function is any function which satisfies,
F(=x)=-1(x)
The typical examples of odd functions are,
f(x)=x° f (x)=sin(x)

There are a couple of nice facts about integrating even and odd functions over the interval [-a,a].
If f(x) is an even function then,
a a
J:a f(x)dx= ZIO f (x)dx
Likewise, if f(x) is an odd function then,
a
[~ f(x)dx=0

Note that in order to use these facts the limit of integration must be the same number, but
opposite signs!

Example 5 Integrate each of the following.
@) ji4x4 —x?+1dx [Solution]
0 5 . )
(b) J:lox +sin(x)dx [Solution]

Solution
Neither of these are terribly difficult integrals, but we can use the facts on them anyway.

(a) '[f24x4 —x%+1dx

In this case the integrand is even and the interval is correct so,
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J‘_224x4 —x?+1dx = ZJ‘024X4 —x? +1dx

= [£x5—1x3+xj
5 3

748

15
So, using the fact cut the evaluation in half (in essence since one of the new limits was zero).
[Return to Problems]

2

0

(b) I:OO X° +sin(x)dx

The integrand in this case is odd and the interval is in the correct form and so we don’t even need

to integrate. Just use the fact.
10 .
X° +sin(x)dx =0
0

[Return to Problems]

Note that the limits of integration are important here. Take the last integral as an example. A
small change to the limits will not give us zero.

468559

9 5 . _ _
[, x°+sin(x)dx=cos(10) - cos(9) - = —78093.09461

The moral here is to be careful and not misuse these facts.
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Applications of Integrals

Introduction

In this last chapter of this course we will be taking a look at a couple of applications of integrals.
There are many other applications, however many of them require integration techniques that are
typically taught in Calculus Il. We will therefore be focusing on applications that can be done
only with knowledge taught in this course.

Because this chapter is focused on the applications of integrals it is assumed in all the examples
that you are capable of doing the integrals. There will not be as much detail in the integration
process in the examples in this chapter as there was in the examples in the previous chapter.

Here is a listing of applications covered in this chapter.

Average Function Value — We can use integrals to determine the average value of a function.

Area Between Two Curves — In this section we’ll take a look at determining the area between
two curves.

Volumes of Solids of Revolution / Method of Rings — This is the first of two sections devoted
to find the volume of a solid of revolution. In this section we look that the method of rings/disks.

Volumes of Solids of Revolution / Method of Cylinders — This is the second section devoted to
finding the volume of a solid of revolution. Here we will look at the method of cylinders.

Work — The final application we will look at is determining the amount of work required to move
an object.
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Average Function Value

The first application of integrals that we’ll take a look at is the average value of a function. The
following fact tells us how to compute this.

Average Function Value

The average value of a function f (x) over the interval [a,b] is given by,

1 b

avg :E a f(X)dX

To see a justification of this formula see the Proof of Various Integral Properties section of the
Extras chapter.

Let’s work a couple of quick examples.

Example 1 Determine the average value of each of the following functions on the given
interval.

(@ f (t) =t -5t + GCOS(ﬂ't) on [—1,%} [Solution]
(b) R(2) :Sin(ZZ)el_COS(ZZ) on [z, 7] [Solution]
Solution
(a) f(t)=t*-5t+6cos(zt) on [—1,%}
There’s really not a whole lot to do in this problem other than just use the formula.

5
:ﬁjitz —5t+6cos(7t)dt

avg 5
2
5
2
=3(1t3—§t2 +Esin(m)j
7\3 2 Vd .,
1213
T 6
=-1.620993

You caught the substitution needed for the third term right?

So, the average value of this function of the given interval is -1.620993.
[Return to Problems]

(b) R(z)=sin(2z)e"*** on [z, 7]

Again, not much to do here other than use the formula. Note that the integral will need the
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following substitution.

u=1-cos(2z)
Here is the average value of this function,

avg

() J';[sin (2z)e"**) gz
_1
2
=0

4

el—cos(z z)

-

So, in this case the average function value is zero. Do not get excited about getting zero here. It
will happen on occasion. In fact, if you look at the graph of the function on this interval it’s not
too hard to see that this is the correct answer.

Riz)
e 4 )
LAY A
II,.'- ||I 2+ JIIIlll_.' |III
_r'r |I 1 -I(.l" |I
Iy | ¢ |
L L | & | L L
-3 U S yd 1) 2 A
1 A 1 II i
|I 7 \ .:I
| 1
I| ."'lllllr -2 I' .-";
|III al.".l _ 3 IIII i
I\M, a "\._'J.r'.
[Return to Problems]
There is also a theorem that is related to the average function value.
The Mean Value Theorem for Integrals
If f (x) is a continuous function on [a,b] then there is a number c in [a,b] such that,

[*f(x)ax=f(c)(b-a)

for the proof.

Note that this is very similar to the Mean Value Theorem that we saw in the Derivatives
Applications chapter. See the Proof of Various Integral Properties section of the Extras chapter

Note that one way to think of this theorem is the following. First rewrite the result as,

rlaj: f(x)dx= f (c)
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and from this we can see that this theorem is telling us that there is a number a < ¢ <b such that
fog = F (c). Or, in other words, if f (x) isa continuous function then somewhere in [a,b] the

function will take on its average value.

Let’s take a quick look at an example using this theorem.

Example 2 Determine the number c that satisfies the Mean Value Theorem for Integrals for the
function f (X)=x"+3x+2 on the interval [1,4]

Solution
First let’s notice that the function is a polynomial and so is continuous on the given interval. This
means that we can use the Mean Value Theorem. So, let’s do that.

_[14x2 +3x+2dx:(c2 +3c+2)(4—1)

4

[1x3+§x2+2xj :3(c3+3c+2)

30 2 1
%:3c3+90+6
2
0:3c3+90—%

This is a quadratic equation that we can solve. Using the quadratic formula we get the following
two solutions,

c= ﬂ ~ 2593
Cc= ﬂ — 5593

Clearly the second number is not in the interval and so that isn’t the one that we’re after. The
first however is in the interval and so that’s the number we want.

Note that it is possible for both numbers to be in the interval so don’t expect only one to be in the
interval.
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Area Between Curves

In this section we are going to look at finding the area between two curves. There are actually
two cases that we are going to be looking at.

In the first case we are want to determine the area between y = f (x) and y =g(x) on the

interval [a,b]. We are also going to assume that f (x)>g(x). Take a look at the following

sketch to get an idea of what we’re initially going to look at.
¥

T

In the Area and Volume Formulas section of the Extras chapter we derived the following formula
for the area in this case.

b
A=["f(x)-g(x)dx (1)
The second case is almost identical to the first case. Here we are going to determine the area
between x = f (y) and x=g(y) on the interval [c,d] with f (y)>g(y).

d
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In this case the formula is,
d
Azj'C f(y)-g(y)dy (2)

Now (1) and (2) are perfectly serviceable formulas, however, it is sometimes easy to forget that
these always require the first function to be the larger of the two functions. So, instead of these
formulas we will instead use the following “word” formulas to make sure that we remember that
the formulas area always the “larger” function minus the “smaller” function.

In the first case we will use,

b
upper lower
A= PPEF) [ TOWET g a<x<b 3)
. function function
In the second case we will use,
d .
right left
A=J ( |g_ j—[ _ de, c<y<d 4)
. function function

Using these formulas will always force us to think about what is going on with each problem and
to make sure that we’ve got the correct order of functions when we go to use the formula.

Let’s work an example.

Example 1 Determine the area of the region enclosed by y = x* and y = \& .

Solution
First of all, just what do we mean by “area enclosed by”. This means that the region we’re
interested in must have one of the two curves on every boundary of the region. So, here is a
graph of the two functions with the enclosed region shaded.

¥

12

1.

0.8 y=of7

0.6
0.4
y=1
02+
| | | | | x
02 04 0.6 0.8 1 12
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Note that we don’t take any part of the region to the right of the intersection point of these two
graphs. In this region there is no boundary on the right side and so is not part of the enclosed
area. Remember that one of the given functions must be on the each boundary of the enclosed
region.

Also from this graph it’s clear that the upper function will be dependent on the range of x’s that
we use. Because of this you should always sketch of a graph of the region. Without a sketch it’s
often easy to mistake which of the two functions is the larger. In this case most would probably

say that y = x* is the upper function and they would be right for the vast majority of the x’s.
However, in this case it is the lower of the two functions.

The limits of integration for this will be the intersection points of the two curves. In this case it’s
pretty easy to see that they will intersect at X =0 and X =1 so these are the limits of integration.

So, the integral that we’ll need to compute to find the area is,

b
u |
A pp¢.3r ~ OW.eI‘ dx
. function function

:_[:«/;—xz dx

0

Before moving on to the next example, there are a couple of important things to note.

First, in almost all of these problems a graph is pretty much required. Often the bounding region,
which will give the limits of integration, is difficult to determine without a graph.

Also, it can often be difficult to determine which of the functions is the upper function and with is
the lower function without a graph. This is especially true in cases like the last example where
the answer to that question actually depended upon the range of x’s that we were using.

Finally, unlike the area under a curve that we looked at in the previous chapter the area between
two curves will always be positive. If we get a negative number or zero we can be sure that

we’ve made a mistake somewhere and will need to go back and find it.

Note as well that sometimes instead of saying region enclosed by we will say region bounded by.
They mean the same thing.

Let’s work some more examples.
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x2

Example 2 Determine the area of the region bounded by y=xe™" , y=Xx+1, Xx=2, and the

y-axis.

Solution
In this case the last two pieces of information, X =2 and the y-axis, tell us the right and left
boundaries of the region. Also, recall that the y-axis is given by the line X =0. Here is the graph
with the enclosed region shaded in.

¥

-
El

(S

Here, unlike the first example, the two curves don’t meet. Instead we rely on two vertical lines to
bound the left and right sides of the region as we noted above

Here is the integral that will give the area.
b
upper lower
A= pp_ — . |dx
. function function
:J':x+1—xe"‘2 dx

NPT
21 2

4
T 8 3500
2 2

2

0

Example 3 Determine the area of the region bounded by y =2x*+10and y =4x+16.

Solution

In this case the intersection points (which we’ll need eventually) are not going to be easily
identified from the graph so let’s go ahead and get them now. Note that for most of these
problems you’ll not be able to accurately identify the intersection points from the graph and so
you’ll need to be able to determine them by hand. In this case we can get the intersection points
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by setting the two equations equal.
2x*+10=4x+16

2x* —4x-6=0
2(x+1)(x-3)=0

So it looks like the two curves will intersect at X =—1 and x=3. If we need them we can get
the y values corresponding to each of these by plugging the values back into either of the
equations. We’ll leave it to you to verify that the coordinates of the two intersection points on the
graph are (-1,12) and (3,28).

Note as well that if you aren’t good at graphing knowing the intersection points can help in at
least getting the graph started. Here is a graph of the region.
¥

y=4x+16

With the graph we can now identify the upper and lower function and so we can now find the

enclosed area.
b
upper lower
A= pp_ - ) dx
. function function

=fl4x +16—(2x2 +10)dx

3
= J:l—2x2 +4x+6dx

3

= (—%x3 +2x° +6xj

-1
_b4
3

Be careful with parenthesis in these problems. One of the more common mistakes students make
with these problems is to neglect parenthesis on the second term.
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Example 4 Determine the area of the region bounded by y =2x*+10, y=4x+16, x= -2
and X=5

Solution
So, the functions used in this problem are identical to the functions from the first problem. The
difference is that we’ve extended the bounded region out from the intersection points. Since

these are the same functions we used in the previous example we won’t bother finding the
intersection points again.

Here is a graph of this region.

Okay, we have a small problem here. Our formula requires that one function always be the upper
function and the other function always be the lower function and we clearly do not have that here.
However, this actually isn’t the problem that it might at first appear to be. There are three regions
in which one function is always the upper function and the other is always the lower function.

So, all that we need to do is find the area of each of the three regions, which we can do, and then
add them all up.

Here is the area.
A=["2x* +10~ (4x+16)dx+ [ 4x+16(2x* +10)dx+ [ 2% +10-(4x+16) dx
=I_12X2 —4x—6dx+J’3 —2x° +4x+6dx+.|'52x2 —4x—-6dx
_2 1 3

3
:(Ex3—2x2—6xj +(Ex3—2x2—6x]
3 L3

5

1 2
+ (—— X3 +2x% + 6XJ
s 3

3

14 64 64
=t —t—

3 3 3
12

3

© 2007 Paul Dawkins 454 http://tutorial.math.lamar.edu/terms.aspx




Calculus |

Example 5 Determine the area of the region enclosed by y =sinx, y =cosXx, X :%, and the

y-axis.

Solution

First let’s get a graph of the region.
¥

1 ¥=CosX

b

y=snx

=
-

g

(=1
B

So, we have another situation where we will need to do two integrals to get the area. The
intersection point will be where

Sin X = C0S X

in the interval. We’ll leave it to you to verify that this will be x = 1 The area is then,

z ) 72
A:IO“cosx—sm xdx+I 4 sin X —cos x dx
T

=(sin x+cos X)E +(—cosx—sin X)‘Zj

= \/E—l+(x/§—1)
=22 -2=0.828427

We will need to be careful with this next example.

. i 1
Example 6 Determine the area of the region enclosed by x = 5 y’—3and y=x-1.

Solution

Don’t let the first equation get you upset. We will have to deal with these kinds of equations
occasionally so we’ll need to get used to dealing with them.

As always, it will help if we have the intersection points for the two curves. In this case we’ll get
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the intersection points by solving the second equation for x and the setting them equal. Here is
that work,

1 o
+1=—y°-3
y 2y
2y+2=y" -6
0=y*-2y-8

0=(y-4)(y+2)
So, it looks like the two curves will intersect at Y =—2 and y =4 or if we need the full
coordinates they will be : (-1,-2) and (5,4).

Here is a sketch of the two curves.

Now, we will have a serious problem at this point if we aren’t careful. To this point we’ve been
using an upper function and a lower function. To do that here notice that there are actually two
portions of the region that will have different lower functions. In the range [-2,-1] the parabola is
actually both the upper and the lower function.

To use the formula that we’ve been using to this point we need to solve the parabola for y. This

gives,
y=%+2X+6

where the “+” gives the upper portion of the parabola and the “-” gives the lower portion.

Here is a sketch of the complete area with each region shaded that we’d need if we were going to
use the first formula.
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The integrals for the area would then be,

A= [ N2x+6—(—2x+6)dx+ [ 2x+6—(x-1)dx
= [ 2V2x+Bax+ [ V2x+6 - x+1dx
- I::Zm dx+f1\/2x+6 dx+ji—x +1dx

4 16

3 3 °
_207 4Ly +[—1x2+xj
3|3 | |2 B
=18

While these integrals aren’t terribly difficult they are more difficult than they need to be.

Recall that there is another formula for determining the area. It is,

d .
ht left
A= “g_ - e. dy, c<y<d
. function function

and in our case we do have one function that is always on the left and the other is always on the
right. So, in this case this is definitely the way to go. Note that we will need to rewrite the

equation of the line since it will need to be in the form x = f (y) but that is easy enough to do.

Here is the graph for using this formula.
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The area is,

rd .
ht left
L A T Bt Y
function function

C

(.

r4 1
= (y+1)—(—y2—3jdy
J 22 2

r4 1
= —Ey2+y+4dy

J -2
1.1
—— Yy +-y +4
( 6y 2y yj

=18

4

-2

This is the same that we got using the first formula and this was definitely easier than the first
method.

So, in this last example we’ve seen a case where we could use either formula to find the area.
However, the second was definitely easier.

Students often come into a calculus class with the idea that the only easy way to work with
functions is to use them in the form y = f (x) . However, as we’ve seen in this previous

example there are definitely times when it will be easier to work with functions in the form
x=f (y) . In fact, there are going to be occasions when this will be the only way in which a

problem can be worked so make sure that you can deal with functions in this form.
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Let’s take a look at one more example to make sure we can deal with functions in this form.

Example 7 Determine the area of the region bounded by x =—y* +10 and X :(y—2)2 .

Solution
First, we will need intersection points.

—y? +10:(y—2)2

~y*+10=y* -4y +4
0=2y*-4y-6
0=2(y+1)(y-3)

The intersection points are y =—1 and y =3. Here is a sketch of the region.

This is definitely a region where the second area formula will be easier. If we used the first
formula there would be three different regions that we’d have to look at.

d .
ht left
-] o)t
. function function
I 2
_j_l—y +10—(y-2) dy

=f’l—2y2 +4y+6dy

The area in this case is,

3

:(—éys +2y° +6yj

-1
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In this section we will start looking at the volume of a solid of revolution. We should first define
just what a solid of revolution is. To get a solid of revolution we start out with a function,

y=f (X) on an interval [a,b].

¥

2
1
1
1
1
1
1
1
:
a

We then rotate this curve about a given axis to get the surface of the solid of revolution. For
purposes of this discussion let’s rotate the curve about the x-axis, although it could be any vertical
or horizontal axis. Doing this for the curve above gives the following three dimensional region.

Y

What we want to do over the course of the next two sections is to determine the volume of this

object.

In the final the Area and VVolume Formulas section of the Extras chapter we derived the following

formulas for the volume of this solid.
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where, A(x) and A(y) is the cross-sectional area of the solid. There are many ways to get the
cross-sectional area and we’ll see two (or three depending on how you look at it) over the next
two sections. Whether we will use A(x) or A('y) will depend upon the method and the axis of

rotation used for each problem.

One of the easier methods for getting the cross-sectional area is to cut the object perpendicular to
the axis of rotation. Doing this the cross section will be either a solid disk if the object is solid (as
our above example is) or a ring if we’ve hollowed out a portion of the solid (we will see this
eventually).

In the case that we get a solid disk the area is,
A= 7r(radius)2
where the radius will depend upon the function and the axis of rotation.

In the case that we get a ring the area is,

2 - 2
outer inner
A=rx . - .
(radlusj [radlus]

where again both of the radii will depend on the functions given and the axis of rotation. Note as
well that in the case of a solid disk we can think of the inner radius as zero and we’ll arrive at the
correct formula for a solid disk and so this is a much more general formula to use.

Also, in both cases, whether the area is a function of x or a function of y will depend upon the
axis of rotation as we will see.

This method is often called the method of disks or the method of rings.

Let’s do an example.

Example 1 Determine the volume of the solid obtained by rotating the region bounded by
y=xXx*—-4x+5, x=1, x=4, and the x-axis about the x-axis.

Solution
The first thing to do is get a sketch of the bounding region and the solid obtained by rotating the
region about the x-axis. Here are both of these sketches.
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Okay, to get a cross section we cut the solid at any x. Below are a couple of sketches showing a
typical cross section. The sketch on the right shows a cut away of the object with a typical cross
section without the caps. The sketch on the left shows just the curve we’re rotating as well as it’s
mirror image along the bottom of the solid.
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In this case the radius is simply the distance from the x-axis to the curve and this is nothing more
than the function value at that particular x as shown above. The cross-sectional area is then,

A(x):7z(x2 —4x+5)2 :7Z'(X4 —8x° +26x2 —40x+25)

Next we need to determine the limits of integration. Working from left to right the first cross
section will occur at x =1 and the last cross section will occur at X =4. These are the limits of
integration.
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The volume of this solid is then,
b
V= J.a A(x) dx

:nj:x“ —8x% +26x? — 40X + 25dx

4

:n(lxs —2x* +§x3 —20x? +25x]
5 3 1
_T8r

5

In the above example the object was a solid object, but the more interesting objects are those that
are not solid so let’s take a look at one of those.

Example 2 Determine the volume of the solid obtained by rotating the portion of the region

bounded by y = 3/; and y 22 that lies in the first quadrant about the y-axis.

Solution
First, let’s get a graph of the bounding region and a graph of the object. Remember that we only
want the portion of the bounding region that lies in the first quadrant. There is a portion of the
bounding region that is in the third quadrant as well, but we don't want that for this problem.

¥

There are a couple of things to note with this problem. First, we are only looking for the volume
of the “walls” of this solid, not the complete interior as we did in the last example.

Next, we will get our cross section by cutting the object perpendicular to the axis of rotation. The
cross section will be a ring (remember we are only looking at the walls) for this example and it
will be horizontal at some y. This means that the inner and outer radius for the ring will be x

values and so we will need to rewrite our functions into the form x = f (y) . Here are the

functions written in the correct form for this example.
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Here are a couple of sketches of the boundaries of the walls of this object as well as a typical ring.
The sketch on the left includes the back portion of the object to give a little context to the figure
on the right.
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The inner radius in this case is the distance from the y-axis to the inner curve while the outer
radius is the distance from the y-axis to the outer curve. Both of these are then x distances and so
are given by the equations of the curves as shown above.

The cross-sectional area is then,
AY)=((4y) ~(y") )= = (18y* - y*)

Working from the bottom of the solid to the top we can see that the first cross-section will occur
at y =0 and the last cross-section will occur at y =2 . These will be the limits of integration.

The volume is then,
d
\Y, :L A(y)dy

With these two examples out of the way we can now make a generalization about this method. If
we rotate about a horizontal axis (the x-axis for example) then the cross sectional area will be a
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function of x. Likewise, if we rotate about a vertical axis (the y-axis for example) then the cross
sectional area will be a function of y.

The remaining two examples in this section will make sure that we don’t get too used to the idea
of always rotating about the x or y-axis.

Example 3 Determine the volume of the solid obtained by rotating the region bounded by
y=x"—2x and y =X aboutthe line y=4.

Solution
First let’s get the bounding region and the solid graphed.

Again, we are going to be looking for the volume of the walls of this object. Also since we are
rotating about a horizontal axis we know that the cross-sectional area will be a function of x.

Here are a couple of sketches of the boundaries of the walls of this object as well as a typical ring.
The sketch on the left includes the back portion of the object to give a little context to the figure
on the right.
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Now, we’re going to have to be careful here in determining the inner and outer radius as they
aren’t going to be quite as simple they were in the previous two examples.

Let’s start with the inner radius as this one is a little clearer. First, the inner radius is NOT x. The
distance from the x-axis to the inner edge of the ring is x, but we want the radius and that is the
distance from the axis of rotation to the inner edge of the ring. So, we know that the distance
from the axis of rotation to the x-axis is 4 and the distance from the x-axis to the inner ring is X.
The inner radius must then be the difference between these two. Or,

inner radius =4 — x

The outer radius works the same way. The outer radius is,
outer radius = 4—(x2 - 2x) =X’ +2x+4

Note that give, the sketch above this may not look quite right, but it is. As sketched the outer
edge is below the x-axis and at this point the value of the function will be negative and so when
we do the subtraction in the formula for the outer radius we’ll actually be subtracting off a
negative number which has the net effect of adding this distance onto 4 and that gives the correct
outer radius. Likewise, if the outer edge is above the x-axis, the function value will be positive
and so we’ll be doing an honest subtraction here and again we’ll get the correct radius in this
case.

The cross-sectional area for this case is,
A(x)= 7z((—x2 + 2x+4)2 —(4- x)z) = 7z(x4 —4x° -5x* + 24x)
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The first ring will occur at X =0 and the last ring will occur at X =3 and so these are our limits
of integration. The volume is then,

\Y, :I:A(x)dx

= ﬂI: x* —4x3 —5x% + 24x dx

3

= ﬁ(lxs —x* > x3 +12x2)
5 3

0

153~
5

Example 4 Determine the volume of the solid obtained by rotating the region bounded by
y =2+/x-1and y=x-1 about the line x =-1.

Solution
As with the previous examples, let’s first graph the bounded region and the solid.

¥
TS
©
N
s
B
-1 1]

Now, let’s notice that since we are rotating about a vertical axis and so the cross-sectional area
will be a function of y. This also means that we are going to have to rewrite the functions to also

get them in terms of y.
2

y=2+x-1 = x:y7+1
y=x-1 = X=y+1

Here are a couple of sketches of the boundaries of the walls of this object as well as a typical ring.
The sketch on the left includes the back portion of the object to give a little context to the figure
on the right.
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The inner and outer radius for this case is both similar and different from the previous example.
This example is similar in the sense that the radii are not just the functions. In this example the
functions are the distances from the y-axis to the edges of the rings. The center of the ring
however is a distance of 1 from the y-axis. This means that the distance from the center to the

edges is a distance from the axis of rotation to the y-axis (a distance of 1) and then from the y-axis
to the edge of the rings.

So, the radii are then the functions plus 1 and that is what makes this example different from the
previous example. Here we had to add the distance to the function value whereas in the previous
example we needed to subtract the function from this distance. Note that without sketches the
radii on these problems can be difficult to get.

So, in summary, we’ve got the following for the inner and outer radius for this example.

outerradius=y+1+1=y+2
2 2

inner radius :y—+1+1=y—+2
4 4

The cross-sectional area it then,

A(y)=rn (y+2)2—(y72+2j2 =ﬂ(4y—£}

The first ring will occur at y = 0 and the final ring will occur at y =4 and so these will be our
limits of integration.

The volume is,
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Volumes of Solids of Revolution / Method of Cylinders

In the previous section we started looking at finding volumes of solids of revolution. In that
section we took cross sections that were rings or disks, found the cross-sectional area and then
used the following formulas to find the volume of the solid.

V=I:A(x)dx V:j: A(y)dy

In the previous section we only used cross sections that where in the shape of a disk or a ring.
This however does not always need to be the case. We can use any shape for the cross sections as
long as it can be expanded or contracted to completely cover the solid we’re looking at. Thisis a
good thing because as our first example will show us we can’t always use rings/disks.

Example 1 Determine the volume of the solid obtained by rotating the region bounded by
y=(x-1)(x- 3)2 and the x-axis about the y-axis.

Solution
As we did in the previous section, let’s first graph the bounded region and solid. Note that the

bounded region here is the shaded portion shown. The curve is extended out a little past this for
the purposes of illustrating what the curve looks like.
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So, we’ve basically got something that’s roughly doughnut shaped. If we were to use rings on
this solid here is what a typical ring would look like.

¥ ¥
1.2 - 1.2 1

P
=

This leads to several problems. First, both the inner and outer radius are defined by the same
function. This, in itself, can be dealt with on occasion as we saw in a example in the Area
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Between Curves section. However, this usually means more work than other methods so it’s
often not the best approach.

This leads to the second problem we got here. In order to use rings we would need to put this
function into the form x = f (y) . That is NOT easy in general for a cubic polynomial and in

other cases may not even be possible to do. Even when it is possible to do this the resulting
equation is often significantly messier than the original which can also cause problems.

The last problem with rings in this case is not so much a problem as its just added work. If we
were to use rings the limit would be y limits and this means that we will need to know how high
the graph goes. To this point the limits of integration have always been intersection points that
were fairly easy to find. However, in this case the highest point is not an intersection point, but
instead a relative maximum. We spent several sections in the Applications of Derivatives
chapter talking about how to find maximum values of functions. However, finding them can, on
occasion, take some work.

So, we’ve seen three problems with rings in this case that will either increase our work load or
outright prevent us from using rings.

What we need to do is to find a different way to cut the solid that will give us a cross-sectional
area that we can work with. One way to do this is to think of our solid as a lump of cookie dough
and instead of cutting it perpendicular to the axis of rotation we could instead center a cylindrical
cookie cutter on the axis of rotation and push this down into the solid. Doing this would give the
following picture,

y={x-1(z-3

Doing this gives us a cylinder or shell in the object and we can easily find its surface area. The

surface area of this cylinder is,

A(X) =27 (radius)(height)
27 (x)((x-2)(x-3)’)

= 27z(x4 —7x° +15x° —9x)
Notice as well that as we increase the radius of the cylinder we will completely cover the solid
and so we can use this in our formula to find the volume of this solid. All we need are limits of
integration. The first cylinder will cut into the solid at X =1 and as we increase x to X =3 we

© 2007 Paul Dawkins 471 http://tutorial.math.lamar.edu/terms.aspx




Calculus |

will completely cover both sides of the solid since expanding the cylinder in one direction will
automatically expand it in the other direction as well.

The volume of this solid is then,

V :J':A(x)dx

= Zﬂjls x* —7x3 +15x% —9x dx

3

=2 1xs—zx“+5x3—gx2
5 4 2

1
_24r
5

The method used in the last example is called the method of cylinders or method of shells. The
formula for the area in all cases will be,

A =27 (radius)(height)

There are a couple of important differences between this method and the method of rings/disks
that we should note before moving on. First, rotation about a vertical axis will give an area that is
a function of x and rotation about a horizontal axis will give an area that is a function of y. This is
exactly opposite of the method of rings/disks.

Second, we don’t take the complete range of x or y for the limits of integration as we did in the
previous section. Instead we take a range of x or y that will cover one side of the solid. As we
noted in the first example if we expand out the radius to cover one side we will automatically
expand in the other direction as well to cover the other side.

Let’s take a look at some another example.

Example 2 Determine the volume of the solid obtained by rotating the region bounded by
y= ?/; , X =8 and the x-axis about the x-axis.

Solution
First let’s get a graph of the bounded region and the solid.
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Okay, we are rotating about a horizontal axis. This means that the area will be a function of y and
s0 our equation will also need to be wrote in x = f (y) form.

y=3x = x=y

As we did in the ring/disk section let’s take a couple of looks at a typical cylinder. The sketch on
the left shows a typical cylinder with the back half of the object also in the sketch to give the right
sketch some context. The sketch on the right contains a typical cylinder and only the curves that
define the edge of the solid.

-

In this case the width of the cylinder is not the function value as it was in the previous example.
In this case the function value is the distance between the edge of the cylinder and the y-axis. We

the distance from the edge out to the line X =8 and so the width is then 8—y*. The cross
sectional area in this case is,
A(y) =2z (radius)(width)

=2z(y)(8-y*)
=2r(8y-y*)

The first cylinder will cut into the solid at y =0 and the final cylinder will cut inat y =2 and so
these are our limits of integration.

The volume of this solid is,
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V= ch A(y)dy
= ZﬂIOZSy— y* dy

2272'(4)/2 —%ySJ
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The remaining examples in this section will have axis of rotation about axis other than the x and
y-axis. As with the method of rings/disks we will need to be a little careful with these.

Example 3 Determine the volume of the solid obtained by rotating the region bounded by
y =2+X-1 and y=X-1 about the line x=6.

Solution
Here’s a graph of the bounded region and solid.
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Here are our sketches of a typical cylinder. Again, the sketch on the left is here to provide some
context for the sketch on the right.
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Okay, there is a lot going on in the sketch to the left. First notice that the radius is not just an x or
y as it was in the previous two cases. In this case x is the distance from the x-axis to the edge of
the cylinder and we need the distance from the axis of rotation to the edge of the cylinder. That
means that the radius of this cylinder is 6—X.

Secondly, the height of the cylinder is the difference of the two functions in this case.

The cross sectional area is then,
A(x) =27 (radius)(height)

:27r(6—x)(2\/E—x+1)
:27r(x2—7x+6+12M—2xm)

Now the first cylinder will cut into the solid at x =1 and the final cylinder will cut into the solid
at X =5x=5 so there are our limits.

Here is the volume.

V= .[: A(x)dx
= ZﬂLSXZ CTX+64124%—1— 2x/X—Ldx

5

3 3
= Zﬂ(%XS —%xz +6x+8(x—1)2 —%(x—l)2 —g(x—l)gJ
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The integration of the last term is a little tricky so let’s do that here. It will use the substitution,

u=x-1 du =dx X=u+1
1
J.Zx\/x—ldx:zf(uﬂ)uzdu
3 1
=2ju2+u2du
5 3
=2 Eu2+zu2 +C
5 3
4

1§ 4 1§
=2 (x=1)2 +—=(x-1)2
5(x ) +3(x ) +C

We saw one of these kinds of substitutions back in the substitution section.

Example 4 Determine the volume of the solid obtained by rotating the region bounded by
X =(y—2)2 and y = X about the line y =—-1.

Solution
We should first get the intersection points there.

2
y=(y-2)
y=y’—4y+4
0=y*-5y+4
0=(y-4)(y-1)

So, the two curves will intersectat y =1 and y =4 . Here is a sketch of the bounded region and
the solid.
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Here are our sketches of a typical cylinder. Tthe sketch on the left is here to provide some
context for the sketch on the right.
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Here’s the cross sectional area for this cylinder.
A(y) =2z (radius)(width)

:27r(y+1)(y—(y—2)2)
=27 (-y*+4y* +y-4)

The first cylinder will cut into the solid at Y =1 and the final cylinder will cutinat y=4. The
volume is then,

V= _[Cd A(y)dy

= 2ﬂj14—y3 +4y* +y—4dy

4

1 4 1
=2z -=y'+=y +=y* -4
ﬂ'( 4y 3y 2y yj1
63
2
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Work

This is the final application of integral that we’ll be looking at in this course. In this section we
will be looking at the amount of work that is done by a force in moving an object.

In a first course in Physics you typically look at the work that a constant force, F, does when
moving an object over a distance of d. In these cases the work is,
W = Fd

However, most forces are not constant and will depend upon where exactly the force is acting.
So, let’s suppose that the force at any x is given by F(x). Then the work done by the force in
moving an object from x =a to X =Db is given by,

W :I;F(x)dx

To see a justification of this formula see the Proof of Various Integral Properties section of the
Extras chapter.

Notice that if the force constant we get the correct formula for a constant force.
b
W = [ Fdx
a
= Fx|b
a
=F(b-a)

where b-a is simply the distance moved, or d.

So, let’s take a look at a couple of examples of non-constant forces.

Example 1 A spring has a natural length of 20 cm. A 40 N force is required to stretch (and hold
the spring) to a length of 30 cm. How much work is done in stretching the spring from 35 cm to
38 cm?

Solution
This example will require Hooke’s Law to determine the force. Hooke’s Law tells us that the
force required to stretch a spring a distance of x meters from its natural length is,

F(x)=kx
where k > 0 is called the spring constant.
The first thing that we need to do is determine the spring constant for this spring. We can do that
using the initial information. A force of 40 N is required to stretch the spring 30cm-20cm = 10cm

= 0.10m from its natural length. Using Hooke’s Law we have,
40 =0.10k = k =400

So, according to Hooke’s Law the force required to hold this spring x meters from its natural
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length is,
F (x)=400x

We want to know the work required to stretch the spring from 35cm to 38cm. First we need to
convert these into distances from the natural length in meters. Doing that gives us x’s of 0.15m
and 0.18m.

The work is then,
0.18

W = 400x dx
0.15

0.18

- 200x2\
—1.98J

0.15

Example 2 We have a cable that weighs 2 Ibs/ft attached to a bucket filled with coal that weighs
800 Ibs. The bucket is initially at the bottom of a 500 ft mine shaft. Answer each of the
following about this.
(a) Determine the amount of work required to lift the bucket to the midpoint of
the shaft.

(b) Determine the amount of work required to lift the bucket from the midpoint
of the shaft to the top of the shaft.

(c) Determine the amount of work required to lift the bucket all the way up the
shaft.

Solution
Before answering either part we first need to determine the force. In this case the force will be
the weight of the bucket and cable at any point in the shaft.

To determine a formula for this we will first need to set a convention for x. For this problem we
will set x to be the amount of cable that has been pulled up. So at the bottom of the shaft x=0,
at the midpoint of the shaft X =250 and at the top of the shaft x =500 . Also at any point in the
shaft there is 500 — x feet of cable still in the shaft.

The force then for any x is then nothing more than the weight of the cable and bucket at that
point. This is,

F (x) = weight of cable+ weight of bucket/coal
= 2(500— X)+800
=1800-2x
We can now answer the questions.

(@) In this case we want to know the work required to move the cable and bucket/coal from x=0
to x=250. The work required is,
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250

W = . F(x)dx
250
=j0 1800 — 2x dx

= (1800 - x? )\
— 387500

250
0

(b) In this case we want to move the cable and bucket/coal from X =250 to X =500. The work

required is,
w=["F(x)d
~ Jaso (X) X
500

= 1800 —2xdx
250
~ (2800x X )\500
250
— 262500

(c) In this case the work is,
500

W = . F(x)dx
500
=j0 1800 — 2x dx

= (1800x —x? )‘
=650000

500
0

Note that we could have instead just added the results from the first two parts and we would have
gotten the same answer to the third part.

Example 3 A 20 ft cable weighs 80 Ibs and hangs from the ceiling of a building without
touching the floor. Determine the work that must be done to lift the bottom end of the chain all
the way up until it touches the ceiling.

Solution

First we need to determine the weight per foot of the cable. This is easy enough to get,
801BS _ 4 1y
20 ft

Next, let x be the distance from the ceiling to any point on the cable. Using this convention we
can see that the portion of the cable in the range 10 < x <20 will actually be lifted. The portion
of the cable in the range 0 < x <10 will not be lifted at all since once the bottom of the cable has
been lifted up to the ceiling the cable will be doubled up and each portion will have a length of 10
ft. So, the upper 10 foot portion of the cable will never be lifted while the lower 10 ft portion will
be lifted.
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Now, the very bottom of the cable, x =20, will be lifted 10 feet to get to the midpoint and then a
further 10 feet to get to the ceiling. A point 2 feet from the bottom of the cable, x =18 will lift 8
feet to get to the midpoint and then a further 8 feet until it reaches its final position (if it is 2 feet
from the bottom then its final position will be 2 feet from the ceiling). Continuing on in this
fashion we can see that for any point on the lower half of the cable, i.e. 10 < x <20 it will be

lifted a total of 2(x—10).

As with the previous example the force required to lift any point of the cable in this range is
simply the distance that point will be lifted times the weight/foot of the cable. So, the force is
then,

F (x) = (distance lifted)(weight per foot of cable)

(x-10)(4)

2
8(x-10)

The work required is now,
20
W= 8(x—10)dx
=(4x* —80X)‘
=400J

20
10
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Introduction

In this chapter material that didn’t fit into other sections for a variety of reasons. Also, in order to
not obscure the mechanics of actually working problems, most of the proofs of various facts and
formulas are in this chapter as opposed to being in the section with the fact/formula.

This chapter contains those topics.

Proof of Various Limit Properties — In we prove several of the limit properties and facts that
were given in various sections of the Limits chapter.

Proof of VVarious Derivative Facts/Formulas/Properties — In this section we give the proof for
several of the rules/formulas/properties of derivatives that we saw in Derivatives Chapter.
Included are multiple proofs of the Power Rule, Product Rule, Quotient Rule and Chain Rule.

Proof of Trig Limits — Here we give proofs for the two limits that are needed to find the
derivative of the sine and cosine functions.

Proofs of Derivative Applications Facts/Formulas — We’ll give proofs of many of the facts that
we saw in the Applications of Derivatives chapter.

Proof of Various Integral Facts/Formulas/Properties — Here we will give the proofs of some
of the facts and formulas from the Integral Chapter as well as a couple from the Applications of
Integrals chapter.

Area and Volume Formulas — Here is the derivation of the formulas for finding area between
two curves and finding the volume of a solid of revolution.

Types of Infinity — This is a discussion on the types of infinity and how these affect certain
limits.

Summation Notation — Here is a quick review of summation notation.

Constant of Integration — This is a discussion on a couple of subtleties involving constants of
integration that many students don’t think about.
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Proof of Various Limit Properties

In this section we are going to prove some of the basic properties and facts about limits that we
saw in the Limits chapter. Before proceeding with any of the proofs we should note that many of
the proofs use the precise definition of the limit and it is assumed that not only have you read that
section but that you have a fairly good feel for doing that kind of proof. If you’re not very
comfortable using the definition of the limit to prove limits you’ll find many of the proofs in this
section difficult to follow.

The proofs that we’ll be doing here will not be quite as detailed as those in the precise definition
of the limit section. The “proofs” that we did in that section first did some work to get a guess for
the o and then we verified the guess. The reality is that often the work to get the guess is not
shown and the guess for o is just written down and then verified. For the proofs in this section
where a o is actually chosen we’ll do it that way. To make matters worse, in some of the proofs
in this section work very differently from those that were in the limit definition section.

So, with that out of the way, let’s get to the proofs.

Limit Properties

In the Limit Properties section we gave several properties of limits. We’ll prove most of them
here. First, let’s recall the properties here so we have them in front of us. We’ll also be making a
small change to the notation to make the proofs go a little easier. Here are the properties for
reference purposes.

Assume that lim f (x) =K and limg(x)=L existand that c is any constant. Then,

X—a X—a

1. lim[cf (x)]=clim f (x)=cK

X—a X—a

2. lim[ f(x)xg(x)]=limf(x)£limg(x)=K=+L

X—a X—a X—a

3. lim[ f(x)g(x)]=lim f (x) limg(x)=KL

X—a X—a X—a

lim f (x
4, Iim{f(x)}zw‘" ( )=5, provided L=Ilimg(x)=0
X—a g(x) X—a

limg(x) L
5. lim[ f(x)] :[Iim i (x)}n =K", where n is any real number

X—>a
X—a X—a

6. lim| /7 (x) | =gflim T (x)

X—a

© 2007 Paul Dawkins 483 http://tutorial.math.lamar.edu/terms.aspx




Calculus |

7. limc=c

X—a

8. limx=a

X—a

9. limx"=a"

X—a

Note that we added values (K, L, etc.) to each of the limits to make the proofs much easier. In
these proofs we’ll be using the fact that we know lim f (x) =K and limg(x)=L we’ll use

X—a

f (x)— K] and |g(x)— L| which will then

be used to prove what we actually want to prove. When you see these statements do not worry
too much about why we chose them as we did. The reason will become apparent once the proof
is done.

the definition of the limit to make a statement about

Also, we’re not going to be doing the proofs in the order they are written above. Some of the
proofs will be easier if we’ve got some of the others proved first.

Proof of 7

This is a very simple proof. To make the notation a little clearer let’s define the function
f (x) = C then what we’re being asked to prove is that lim f (x) =C. So let’s do that.
X—a
Let £ >0 and we need to show that we can find a ¢ > 0 so that
f(x)-c|<e whenever O<|x-a|<s

The left inequality is trivially satisfied for any x however because we defined lim f (x) =cC. So

simply choose ¢ >0 to be any number you want (you generally can’t do this with these proofs).
Then,

| (x)-c|=|c—c|=0<¢

Proof of 1

There are several ways to prove this part. If you accept 3 And 7 then all you need to do is let
g (x) = C and then this is a direct result of 3 and 7. However, we’d like to do a more rigorous

mathematical proof. So here is that proof.

First, note that if ¢ =0 then cf (x)=0 and so,
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lim[0f (x) ]=1im0=0=0f (x)

X—a
The limit evaluation is a special case of 7 (with ¢ =0) which we just proved Therefore we know
1 is true for ¢ =0 and so we can assume that ¢ # O for the remainder of this proof.

Let &> 0 then because lim f (x)= K by the definition of the limit there isa &, >0 such that,

X—a

‘f(x)—K‘<ﬁ whenever 0<|x-a|<s,

Now choose 6 =, and we need to show that

‘cf (x)—cK‘<g whenever 0O<|x-al<s

and we’ll be done. So, assume that 0 < |X - a| < &and then,

‘cf (x)—cK‘:|ch(x)—K‘<|c|ﬁ=e

Proof of 2
Note that we’ll need something called the triangle inequality in this proof. The triangle
inequality states that,

|a-+b|<|a]+]b|
Here’s the actual proof.

We’ll be doing this proof in two parts. First let’s prove Iim[ f(x)+g (x)] =K+L.

Let &> 0 then because lim f (x)=K and limg(x)=L thereisa §, >0 anda &, >0 such

that,
‘f(x)—K‘<§ whenever 0<|x-a|<3,
‘g(x)—L‘<% whenever 0<|x-a|<s,

Now choose & =min {51, 52} . Then we need to show that

[f(x)+g(x)—(K+L)<e whenever O<|x-a|<s

Assume that 0 <|x—a| < &. We then have,
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[£()+9(x)=(K+L)[=|(f (x)-K)+(g(x)-L)

<|f (x)-K]|+|g (x)-L by the triangle inequality
E &

<_ —_

2 2

=¢

In the third step we used the fact that, by our choice of ¢, we also have 0 < |X — a| <9, and

0< |x - a| < 0, and so we can use the initial statements in our proof.

Next, we need to prove Iim[ f(x)-g (x)] =K —L. We could do a similar proof as we did
X—a

above for the sum of two functions. However, we might as well take advantage of the fact that
we’ve proven this for a sum and that we’ve also proven 1.

lim[ f(x)—g(x)]=lim[ f(x)+(-1)g(x)]

X—a X—a

=lim f (x)+lim(-1)g(x) by first part of 2.

X—a X—a

=lim f (x)+(-1)limg(x) byl
=K +(—1)L
=K-L
|
Proof of 3
This one is a little tricky. First, let’s note that because lim f (x) =K and limg (x) =L wecan

use 2 and 7 to prove the following two limits.
lim[ f (x)-K]=lim f (x)-limK =K -K =0

X—a X—a X—a

lim[g(x)-L]=limg(x)-limL=L-L=0

Now, let £ >0. Thenthereisa 6, >0 and a ¢, >0 such that,
‘(f(x)—K)—O‘<\/E whenever 0<|x—a|<d,

‘(g(x)—L)—O‘«/Z whenever 0<|x_a‘|<§2

Choose & = min{§1,52}. If 0<|x—a|< & we then get,
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[f()-K][g(x)-L]-0=|f (x)-K[g(x)-L]
<Jee

=&
So, we’ve managed to prove that,

lim| f(x)-K][g(x)-L]|=0

X—a

This apparently has nothing to do with what we actually want to prove, but as you’ll see in a bit it
is needed.

Before launching into the actual proof of 3 let’s do a little Algebra. First, expand the following
product.
[F(0)-K][g(x)=L]= f(x)g(x)~LF (x)-Kg (x)+ KL

Rearranging this gives the following way to write the product of the two functions.

f(x)g(x)=[ f(x)-K][g(x)-L]+Lf(x)+Kg(x)-KL

With this we can now proceed with the proof of 3.
lim f (x)g(x)=lim[ f(x)-K][g(x)-L]+Lf(x)+Kg(x)-KL
=lim[ f (x)-K][g(x)-L]+limLf (x)+limKg(x)-limKL
=0+limLf (x)+limKg (x)-limKL
=LK+ KL-KL
=LK

Fairly simple proof really, once you see all the steps that you have to take before you even start.
The second step made multiple uses of property 2. In the third step we used the limit we initially
proved. In the fourth step we used properties 1 and 7. Finally, we just did some simplification.

|

Proof of 4

This one is also a little tricky. First, we’ll start of by proving,
. 1 1
lim =—
x-a (X) L

Let £ >0 . We’ll not need this right away, but these proofs always start off with this statement.
Now, because lim g (x) =L thereisa &, >0 such that,

X—a

‘g(x)—L‘<% whenever 0<|x-a|<s,
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Now, assuming that 0 < |x—a| <&, we have,

IL|=|L-g(x)+g(x) just adding zero to L
<|L-g(x ‘ ‘g X)| using the triangle inequality
=[o (%)= L[+[g(x) L-9(9=[g(x)-]
|I'|+‘g X) assuming that 0 <|x—a| <,
1
Rearranging this gives,

L] L] 1 2
L|<=+[g(x) = —<lg(x) = <—
| | 2 ‘ ‘ 2 ‘ ‘ ‘g(x)‘ |L|

Now, there is also a d, >0 such that,
2
‘g(x)—L‘<%g whenever 0<|x-a|<3,
Choose 5=min{51,52}. If 0<|x—a|<5 we have,
L h L-9(x) common denominators

g(x) L| | Lg(x)

1 . . ..
=———IL—g(x doing a little rewriting
:ii‘g (x)-L|  doing a little more rewriting

Lo (x)
<ﬁm‘g(x)—L‘ assuming that 0 <|x—a| <5 <&,
2
<%H assuming that 0 <|x—a|< 5 <6,
L 2
=&
Now that we’ve proven Ixmgﬁ = i the more general fact is easy.
LX) ] 1
lim =lim| f (x)—
im) L0310 L
. 1 .
=lim f (x)lim—— using property 3.
il ()Hag(x) J Propery
_kli_K
L L
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Proof of 5. for n an integer

As noted we’re only going to prove 5 for integer exponents. This will also involve proof by
induction so if you aren’t familiar with induction proofs you can skip this proof.

So, we’re going to prove,

lim[ f (x)]’ :[Iim f (x)}n =K", n>2, n is an integer.

X—a X—a

For n =2 we have nothing more than a special case of property 3.
lim[ f (x)]" =1lim £ (x) f (x) =lim f (x)lim f (x) = KK = K?

X—a X—a X—a

So, 5 is proven for n=2. Now assume that 5 is true for n—1, or Iim[ f (X)]nf1 —K"™*. Then,

X—a

again using property 3 we have,

lim[ £ (x)]" =tim([ £ ()] £ (x))

=tim[ f (x)]""lim f (x)
— K™K
—K"

|

Proof of 6

As pointed out in the Limit Properties section this is nothing more than a special case of the full
version of 5 and the proof is given there and so is the proof is not give here.

Proof of 8

This is a simple proof. If we define f (x) = X to make the notation a little easier, we’re being

asked to prove that lim f (x)=a.

X—a

Let &>0 and let 5 =¢. Then,if 0<|x—a]<&=¢ we have,
‘f(x)—a‘:|x—a|<§:g

So, we’ve proved that limx=a.

X—a
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Proof of 9

This is just a special case of property 5 with f (x) = X and so we won’t prove it here.

Fact 1, Limits At Infinity, Part 1

1. If r is a positive rational number and c is any real number then,

lim-<_=0

X—00 X

2. If r is a positive rational number, ¢ is any real number and x" is defined for X <0 then,

- C
lim —=0

X—>—0 X

Proof of 1

This is actually a fairly simple proof but we’ll need to do three separate cases.

Case 1 : Assume that ¢ > 0. Next, let £ >0 and define M = §/§ Note that because ¢ and &
&

are both positive we know that this root will exist. Now, assume that we have x > M = r|—.
&

Give this assumption we have,

C
X>r—
&

X >< get rid of the root
&
C : :
—<¢ rearrange things a little
X
‘%—0 <& everything is positive so we can add absolute value bars
X

. . C
So, provided ¢ >0 we’ve proven that lim—=0.

X—>00 X

Case 2 : Assume that ¢ =0. Here all we need to do is the following,

lim-S = 1im-2 — im0 =0

x—o X' xo0 ¥ X—>00
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Case 3 : Finally, assume that ¢ < 0. In this case we can then write ¢ =—Kk where k >0. Then
using Case 1 and the fact that we can factor constants out of a limit we get,

lim-<_ —lim =% = _limX. — _0—0

X—>0 Xr X—00 )(r X—0 Xr

Proof of 2

This is very similar to the proof of 1 so we’ll just do the first case (as it’s the hardest) and leave
the other two cases up to you to prove.

Case 1 : Assume that ¢ > 0. Next, let £ >0 and define N = —JE. Note that because ¢ and &
&

. . e c
are both positive we know that this root will exist. Now, assume that we have X < N = —{/: .
£

Note that this assumption also tells us that x will be negative. Give this assumption we have,

x| > take absolute value of both sides

X" > g get rid of the root

% <le|=¢  rearrange things a little and use the fact that £ >0
%—O <g rewrite things a little

. . C - .
So, provided ¢ >0 we’ve proven that lim— =0. Note that the main difference here is that we

X—>00 X
need to take the absolute value first to deal with the minus sign. Because we both sides are
negative we know that when we take the absolute value of both sides the direction of the
inequality will have to switch as well.

Case 2, Case 3 : As noted above these are identical to the proof of the corresponding cases in the
first proof and so are omitted here.
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Fact 2, Limits At Infinity, Part |

If p(x)=a,x"+a, X" +---+a,X+8, is a polynomial of degree n (i.e. 8, #0) then,

limp(x)=lima,x" lim p(x)=lim a x"

X—0 X—0 X—>—00 X—>—00

Proof of lim p(x)=lima x"

X—00 X—>00

We’re going to prove this in an identical fashion to the problems that we worked in this section

involving polynomials. We’ll first factor out X" from the polynomial and then make a giant use
of Fact 1 (which we just proved above) and the basic properties of limits.

limp(x)=lima,x"+a,_x""+---+aXx+a,

X—>00 X—>00
: a
=limx"| a, +“—4+-~-+%+$;
X—0 X X X
: : a
=lim x"(llm a +—L -t é:{l +3;j
X—0 X—>00 X X X

=limx"(a, +0+---+0+0)

X—0

H n
=a, limx

X—>00

=lima x"

X—0

Proof of lim p(x)= lim a x"

X——0 X—>—0

The proof of this part is literally identical to the proof of the first part, with the exception that all
oo’s are changed to = oo, and so is omitted here.

Fact 2, Continuity

If f(x) iscontinuousat x=b and limg(x)=b then,

X—a

lim  (9(x)) =  (limg(x)) = f (b)

X—a X—a
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Proof

Let ¢ > 0 then we need to show that there isa & > 0 such that,
‘f(g(x))—f(b)‘<g whenever O<|x—a|<&s

Let’s start with the fact that f (x) is continuous at X =b . Recall that this means that

IXiLrb1 f (x) =f (b) and so there must be a &, > 0 so that,

£ (x)-f(b)|<e whenever 0<|x-b|<é,

Now, let’s recall that lim g (x) =bh. This means that there mustbe a & > 0 so that,

X—a

|9(x)-b|<5, whenever O<|x—a|<s
But all this means that we’re done.

Let’s summarize up. First assume that 0 < |X - a| < ¢ . This then tells us that,

‘g(x)—b‘<5l

But, we also know that if 0 <|x—b]| < &, then we must also have | f (x)— f (b)| < &. What this
is telling us is that if a number is within a distance of o, of b then we can plug that number into

f (x) and we’ll be within a distance of & of f (b).

So, ‘g (x)—b‘ < &, istelling us that g(x) is within a distance of &, of b and so if we plug it

into f(x) we’ll get,

‘f(g(x))—f(b)‘<g

and this is exactly what we wanted to show.
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Proof of Various Derivative Facts/Formulas/Properties

In this section we’re going to prove many of the various derivative facts, formulas and/or
properties that we encountered in the early part of the Derivatives chapter. Not all of them will
be proved here and some will only be proved for special cases, but at least you’ll see that some of
them aren’t just pulled out of the air.

Theorem, from Definition of Derivative

If f (x) is differentiable at x =a then f (x) is continuous at X =a.

Proof

Because f (x) is differentiable at x =a we know that

£ ()= tim )= (@)
X—a X—a
exists. We’ll need this in a bit.

If we next assume that X = a we can write the following,
f(x)-f(a)
f(x)-f(a)=——"——%(x-a
(x)-(a) =——2—"(x-a)
Then basic properties of limits tells us that we have,

Rt

= IimM lim(x-a)

X—>a X—a X—a

lim(f(x)-f(a))=lim

X—a X—>a

The first limit on the right is just f ’(a) as we noted above and the second limit is clearly zero

and so,
lim(f(x)-f(a))="f'(a)-0=0

X—a

Okay, we’ve managed to prove that Iim( f(x)-f (a)) =0. But just how does this help us to

X—=a

prove that f (x) is continuous at x =a?

Let’s start with the following.

lim f (x)=lim[ f(x)+ f(a)-f(a)]

X—a X—a
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Note that we’ve just added in zero on the right side. A little rewriting and the use of limit

properties gives,
lim f (x)=lim[ f (a)+ f (x)-f(a)]

=lim f (a)+lim[  (x)-f (a)]

Now, we just proved above that Iim( f(x)-f (a)) =0 and because f(a) isa constant we
X—a

also know that lim f (a)= f (@) and so this becomes,
X—a
limf (x)=limf(a)+0=f(a)

X—a X—>a

Or, in other words, Iirg1 f (x)= f(a) but this is exactly what it means for f (x) is continuous
X—>

at X =a and so we’re done.
[ |

Proof of Sum/Difference of Two Functions : ( f(x)xg (X))’ = f'(x)£9'(x)

This is easy enough to prove using the definition of the derivative. We’ll start with the sum of
two functions. First plug the sum into the definition of the derivative and rewrite the numerator a
little.

f(x+h)+g(x+h)—(f(x)+g(x))

(f(x)+g(x)) =lim -
_lim f(x+h)—f(x)+g(x+h)-g(x)
h—0 h

Now, break up the fraction into two pieces and recall that the limit of a sum is the sum of the
limits. Using this fact we see that we end up with the definition of the derivative for each of the
two functions.

(f(x)+g(x))' =lim flxeh)- f (X)+Iim g(x+hg—g(x)

h—0 h h—0

=" (x)+9'(x)

The proof of the difference of two functions in nearly identical so we’ll give it here without any
explanation.
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h—0 h
iim f(x+h)-f (x)_ g(x+h)—g(x)
h—0 h

Proof of Constant Times a Function : (cf (x))' =cf'(x)

This is property is very easy to prove using the definition provided you recall that we can factor a
constant out of a limit. Here’s the work for this property.

(cf (x))' :Iime (x+h)—cf (x) _clim f(x+hr?— f(x) _of(x)

h—0 h h—0

. d
Proof of the Derivative of a Constant : d—(c) =0
X

This is very easy to prove using the definition of the derivative so define f (X) = C and the use

the definition of the derivative.

d
Power Rule : —(X”) =nx"*
dx

There are actually three proofs that we can give here and we’re going to go through all three here
so you can see all of them. However, having said that, for the first two we will need to restrict n
to be a positive integer. At the time that the Power Rule was introduced only enough information
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has been given to allow the proof for only integers. So, the first two proofs are really to be read at
that point.

The third proof will work for any real number n. However, it does assume that you’ve read most
of the Derivatives chapter and so should only be read after you’ve gone through the whole

chapter.

Proof 1

In this case as noted above we need to assume that n is a positive integer. We’ll use the definition
of the derivative and the Binomial Theorem in this theorem. The Binomial Theorem tells us that,

(a+h)' = i(EJa”‘kbk

k=0

P L P (L U et L PO I PYS A g I
1 2 3 n-1 n

=a"+ na”‘lb+—n(n '_1) a"’b’ + n(n _13?|(n ~2) a"*b®+---+nab"* +b"

e

are called the binomial coefficients and n!=n(n—1)(n—2)---(2)(1) is the factorial.

where,

So, let’s go through the details of this proof. First, plug f (x) = X" into the definition of the
derivative and use the Binomial Theorem to expand out the first term.
_ (x+h)"=x"
f'(x)= Ilm—( )
n(n-1
[x” +nx"*h+ (2|) X"?h% +-- 4+ nxh" " + h“j— X"

=lim
h—0 h

Now, notice that we can cancel an X" and then each term in the numerator will have an h in them
that can be factored out and then canceled against the h in the numerator. At this point we can
evaluate the limit.

n(n-1
nx"*h +(7) X"?h?+.--+nxh"*+h"
, . I
f (x):Llrrg -
n(n-1
:Iimnx“‘1+(—)x”‘zh+---+nxh”‘2+h“‘1
h—0 21
n-1

=NnX
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Proof 2

For this proof we’ll again need to restrict n to be a positive integer. In this case if we define
f (x) = X" we know from the alternate limit form of the definition of the derivative that the

derivative f'(a) is given by,

f’(a):limf(x)_f(a) . x"-a
X—a X_a X—a X_a

Now we have the following formula,

X"—a"=(x-a)(x""+ax"? +a’x" "+ +a" X’ +a" *x+a"t)
You can verify this if you’d like by simply multiplying the two factors together. Also, notice that
there are a total of n terms in the second factor (this will be important in a bit).

If we plug this into the formula for the derivative we see that we can cancel the X—a and then
compute the limit.

(x—a)(x"* +ax"? +a’x"* 4. +a" X’ +a"*x+a"t)

f'(a)=1i
(a)=lim T

n-3,,2

=limx"t+ax"? +a’x" 2 +---+a"x* +a" *x+a"*

X—a

=a""+aa"?+a’a"*+---+a"%a’

a’+a"a+a™!
— nan—l

After combining the exponents in each term we can see that we get the same term. So, then
recalling that there are n terms in second factor we can see that we get what we claimed it would
be.

To completely finish this off we simply replace the a with an x to get,
f'(x)=nx""

Proof 3

In this proof we no longer need to restrict n to be a positive integer. It can now be any real

number. However, this proof also assumes that you’ve read all the way through the Derivative
chapter. In particular it needs both Implicit Differentiation and Logarithmic Differentiation. If
you’ve not read, and understand, these sections then this proof will not make any sense to you.

So, to get set up for logarithmic differentiation let’s first define y = x" then take the log of both

sides, simplify the right side using logarithm properties and then differentiate using implicit
differentiation.
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Iny=Inx"

Iny=nlinx
y_nt

y X

Finally, all we need to do is solve for y’ and then substitute in for y.

,_.n (nj 1
y'=y——x"| —|=nx
X X

Before moving onto the next proof, let’s notice that in all three proofs we did require that the
exponent, n, be a number (integer in the first two, any real number in the third). In the first proof
we couldn’t have used the Binomial Theorem if the exponent wasn’t a positive integer. In the
second proof we couldn’t have factored x" —a" if the exponent hadn’t been a positive integer.
Finally, in the third proof we would have gotten a much different derivative if n had not been a
constant.

This is important because people will often misuse the power rule and use it even when the
exponent is not a number and/or the base is not a variable.

Product Rule : ( f g)’ =f'g+fg’

As with the Power Rule above, the Product Rule can be proved either by using the definition of
the derivative or it can be proved using Logarithmic Differentiation. We’ll show both proofs
here.

Proof 1

This proof can be a little tricky when you first see it so let’s be a little careful here. We’ll first
use the definition of the derivative on the product.

(1 g)f _lim f (x+h)g(x+h)-f(x)g(x)

h—0 h

On the surface this appears to do nothing for us. We’ll first need to manipulate things a little to
get the proof going. What we’ll do is subtract out and add in f (x+h)g(x) to the numerator.

Note that we’re really just adding in a zero here since these two terms will cancel. This will give
us,
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(1 o) =tim F M) F () g () + f (xrh)g (x) = F(x)9 ()

h—0 h

Notice that we added the two terms into the middle of the numerator. As written we can break up
the limit into two pieces. From the first piece we can factor a f (x + h) out and we can factor a

g(x) out of the second piece. Doing this gives,

9((f (x+h)=f(x))

h
f(x+h)—f(x)
h

(f g)’ —lim f(x+h)(g(x+h)—g(x))+"m

h—0 h h—0

=Ihimf(x+h)g(x+hg_g(x)

+limg(x
h—0 g( )
At this point we can use limit properties to write,

() =(timf (x+h))(m g(X+hg—g(X)]+(“mg(x))£“m f(x+hg— f (X)J

h—0 h—0

The individual limits in here are,

i SUZ900_ g5 img ()= 9 (x)
lim f(”hg_f(x): £(x) lim f (x-+h)= f (x)

The two limits on the left are nothing more than the definition the derivative for g (x) and

f (x) respectively. The upper limit on the right seems a little tricky, but remember that the limit

of a constant is just the constant. In this case since the limit is only concerned with allowing h to
go to zero. The key here is to recognize that changing h will not change x and so as far as this

limit is concerned ¢ (x) is a constant. Note that the function is probably not a constant, however

as far as the limit is concerned the function can be treated as a constant. We get the lower limit
on the right we get simply by plugging h =0 into the function

Plugging all these into the last step gives us,

(fg) =t(x)g'(x)+g(x)'(x)
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Proof 2

This is a much quicker proof but does presuppose that you’ve read and understood the Implicit
Differentiation and Logarithmic Differentiation sections. If you haven’t then this proof will not
make a lot of sense to you.

First write call the product y and take the log of both sides and use a property of logarithms on the
right side.

Next, we take the derivative of both sides and solve for y’.

A L)

y (0 g(x)

Finally, all we need to do is plug in for y and then multiply this through the parenthesis and we
get the Product Rule.

=100 TS0 = () e (08 ()

Quotient Rule : (ij :ﬁ.
g g

Again, we can do this using the definition of the derivative or with Logarithmic Definition.

Proof 1

First plug the quotient into the definition of the derivative and rewrite the quotient a little.

1 f(x+h)g(x)-f(x)g(x+h)

n>0 h g(x+h)g(x)
To make our life a little easier we moved the h in the denominator of the first step out to the front
asa +. We also wrote the numerator as a single rational expression. This step is required to

make this proof work.
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Now, for the next step will need to subtract out and add in f (x) g(x) to the numerator.

(i]' . f(x+h)g(x)-f(x)g(x)+ f(x)g(x)—f(x)g(x+h)
n0

g 0 g(x+h)g(x)

The next step is to rewrite things a little,

(ij':"m 1 f(x+h)g(x)—f(x)g(x)+f(x)g(x)—f(x)g(x+h)

g >0 g(x+h)g(x) h

Note that all we did was interchange the two denominators. Since we are multiplying the
fractions we can do this.

Next, the larger fraction can be broken up as follows.

(i]':"m L ((Hteehlote)-((ate) 1ix)aCo- (rlaCeen)

g) M™og(x+h)g(x) h h

In the first fraction we will factor a g (x) out and in the second we will factor a —f (x) out.

This gives,

. f(x+h)—f(x)_f(x)g(x+h)—g(x)J

h

We can now use the basic properties of limits to write this as,

DR Gl o

- (X))[Liﬂ(] g(x+hg—g(><)n

The individual limits are,

im SEZ90) ) img(xem=g()  lima(0=0(x)
lim f(”hg_ Ty lim £ (x)= f (%)

The first two limits in each row are nothing more than the definition the derivative for ¢ (x) and
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f (x) respectively. The middle limit in the top row we get simply by plugging in h=0. The
final limit in each row may seem a little tricky. Recall that the limit of a constant is just the
constant. Well since the limit is only concerned with allowing h to go to zero as far as its
concerned g(x) and f (x)are constants since changing h will not change x. Note that the

function is probably not a constant, however as far as the limit is concerned the function can be
treated as a constant.

Plugging in the limits and doing some rearranging gives,

!

ot X) f'(x)—f(x)g'(x
(_J _g(x)g(x) (g( )f( ) f( )g( ))

g
f Ig _ f g!
= T
There’s the quotient rule.
|

Proof 2

Now let’s do the proof using Logarithmic Differentiation. We’ll first call the quotient y, take the
log of both sides and use a property of logs on the right side.

Inyzln(fEX)J:Inf(x)—lng(x)

9(x)

Next, we take the derivative of both sides and solve for y’.

y_Fx)_g(x) . , (f’(X) g’(X)J

y 10 9(x) r

Next, plug in y and do some simplification to get the quotient rule.
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Chain Rule

If f(x) and g(x) are both differentiable functions and we define F(x)=(fog)(x) then the
derivative of F(x) is F'(x)= f ’(g (x)) g9'(x).

Proof

We’ll start off the proof by defining u =g (x) and noticing that in terms of this definition what

we’re being asked to prove is,

FAOIREOES

Let’s take a look at the derivative of u(x) (again, remember we’ve defined u = g () and so u

really is a function of x) which we know exists because we are assuming that g (x) is

differentiable. By definition we have,
u(x+h)-u(x)

u’(x)zLiLrg

Note as well that,

"m[u(x+hg—u(x) —u'(x)]: lim u()(Jrh)_u(x)—Iimu’(x):u’(x)—u’(x)zo

h—0 h—0 h h—0

Now, define,
u(x+h)-u(x)
v(h)= )
0 ifh=0

ifh=0

and notice that limv(h)=0=v(0) and sov(h) is continuous at h =0
h—0

Now if we assume that h = 0 we can rewrite the definition of v(h) to get,

u(x+h)=u(x)+h(v(h)+u’(x)) 1)
Now, notice that (1) is in fact valid even if we let h =0 and so is valid for any value of h.

Next, since we also know that f (x) is differentiable we can do something similar. However,

we’re going to use a different set of letters/variables here for reasons that will be apparent in a bit.
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So, define,

ifk=0

0 ifk=0
we can go through a similar argument that we did above so show that W(k) is continuous at
k =0 and that,

f(z+k)="f(z)+k(w(k)+f'(z)) )

Do not get excited about the different letters here all we did was use k instead of hand let x=1z.
Nothing fancy here, but the change of letters will be useful down the road.

Okay, to this point it doesn’t look like we’ve really done anything that gets us even close to
proving the chain rule. The work above will turn out to be very important in our proof however
so let’s get going on the proof.

What we need to do here is use the definition of the derivative and evaluate the following limit.

d t[uern)]- tlu(]
&[f [u(x)ﬂ =lim - ©)
Note that even though the notation is more than a little messy if we use U (x) instead of u we

need to remind ourselves here that u really is a function of x.

Let’s now use (1) to rewrite the U (x + h) and yes the notation is going to be unpleasant but

we’re going to have to deal with it. By using (1), the numerator in the limit above becomes,
Flu(cen)]=f[u(x)]= flu(x)+h(v(h)+u'(x))]- f [u(x)]

If we then define z=u(x) and k =h(v(h )+u’(x)) we can use (2) to further write this as,

flu(x+h)]=f[u(x)]= £ [u(x)+h(v(h)+u'(x)) ]~ £ [u(x)]

- tu(x ]+h<v(h < D(w(k)+ 1 [u()])~ £ [u()]
=h(v(h)+u'(x))(w(k)+ f u(x)])

Notice that we were able to cancel a f [u (x)] to simplify things up a little. Also, note that the
W(k) was intentionally left that way to keep the mess to a minimum here, just remember that

k=h(v(h)+u’(x)) here as that will be important here in a bit. Let’s now go back and

remember that all this was the numerator of our limit, (3). Plugging this into (3) gives,
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4 L] -t h<v<h>+u'<x>)(;v<k>+ flu()])

—tim (v(h)+u(x))(w(k)+ £'[u(x)])

Notice that the h’s canceled out. Next, recall that k = h(v(h) + u'(x)) and so,
limk =limh(v(h)+u'(x))=0
But, if Ihlrr(l) k =0, as we’ve defined k anyway, then by the definition of w and the fact that we

know w(k ) is continuous at k =0 we also know that,

0

limwi(k) = w(limk) = w(0)

Also, recall that Iimv(h) =0. Using all of these facts our limit becomes,

[ [u(x ]]_Ilm( h)+u’(x))(w(k)+ f’[u(x)])
) Flu(x)]
= f’[u(x) du

This is exactly what we needed to prove and so we’re done.
|
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Proof of Trig Limits

In this section we’re going to provide the proof of the two limits that are used in the derivation of
the derivative of sine and cosine in the Derivatives of Trig Functions section of the Derivatives
chapter.

Proof of : Iimﬂ =1
6—0 0

This proof of this limit uses the Squeeze Theorem. However, getting things set up to use the
Squeeze Theorem can be a somewhat complex geometric argument that can be difficult to follow
so we’ll try to take it fairly slow.

Let’s start by assuming that 0 <& <Z-. Since we are proving a limit that has & — 0 it’s okay to

assume that & is not too large (i.e. & <Z). Also, by assuming that & is positive we’re actually

going to first prove that the above limit is true if it is the right-hand limit. As you’ll see if we can
prove this then the proof of the limit will be easy.

So, now that we’ve got our assumption on € taken care of let’s start off with the unit circle
circumscribed by an octagon with a small slice marked out as shown below.

Points A and C are the midpoints of their respective sides on the octagon and are in fact tangent to
the circle at that point. We’ll call the point where these two sides meet B.

From this figure we can see that the circumference of the circle is less than the length of the
octagon. This also means that if we look at the slice of the figure marked out above then the
length of the portion of the circle included in the slice must be less than the length of the portion
of the octagon included in the slice.

Because we’re going to be doing most of our work on just the slice of the figure let’s strip that out
and look at just it. Here is a sketch of just the slice.

© 2007 Paul Dawkins 507 http://tutorial.math.lamar.edu/terms.aspx




Calculus |

Now denote the portion of the circle by arc AC and the lengths of the two portion of the octagon
shown by |AB| and |BC|. Then by the observation about lengths we made above we must have,

arc AC <|AB|+|BC| (4)

Next, extend the lines AB and OC as shown below and call the point that they meet D. The
triangle now formed by AOD is a right triangle. All this is shown in the figure below.

D

The triangle BCD is a right triangle with hypotenuse BD and so we know |BC|<|BD|. Also
notice that | AB|+|BD|=|AD|. If we use these two facts in (1) we get,
arc AC <|AB|+|BC|
<|AB|+|BD| (5)
-|aD

Next, as noted already the triangle AOD is a right triangle and so we can use a little right triangle
trigonometry to write |AD|=|AO|tan &. Also note that |AO| =1 since it is nothing more than

the radius of the unit circle. Using this information in (2) gives,
arc AC <|AD|

<|AO|tan g (6)
=tanéd
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The next thing that we need to recall is that the length of a portion of a circle is given by the
radius of the circle times the angle that traces out the portion of the circle we’re trying to
measure. For our portion this means that,

arc AC =|AO|6 =6

So, putting this into (3) we see that,

@ =arc AC <tan0:ﬂ
cosé
or, if we do a little rearranging we get,
cosé < # @)

We’ll be coming back to (4) in a bit. Let’s now add in a couple more lines into our figure above.
Let’s connect A and C with a line and drop a line straight down from C until it intersects AO at a
right angle and let’s call the intersection point E. This is all show in the figure below.

il
&
B
ol E [ A
1 E
Okay, the first thing to notice here is that,
ICE|<|AC|<arc AC (8)

Also note that triangle EOC is a right triangle with a hypotenuse of |CO| =1. Using some right

triangle trig we can see that,
|CE|=|CO[sing =sin®

Plugging this into (5) and recalling that arc AC = & we get,
sin@ =|CE|<arcAC =0

and with a little rewriting we get,

sin@
—x<1 9
o ©)
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Okay, we’re almost done here. Putting (4) and (6) together we see that,
in
cosé < % <1

provided 0 <@ <Z. Let’s also note that,

limcos@ =1 liml=1
0—0 0—0

We are now set up to use the Squeeze Theorem. The only issue that we need to worry about is
that we are staying to the right of & =0 in our assumptions and so the best that the Squeeze
Theorem will tell us is,

lim 30 _1

00" @

So, we know that the limit is true if we are only working with a right-hand limit. However we
know that sin @ is an odd function and so,

sin(-0) _—sing _sing

-0 -0 0

In other words, if we approach zero from the left (i.e. negative @’s) then we’ll get the same
values in the function as if we’d approached zero from the right (i.e. positive #’s) and so,
sind

lim——=1
650 @

We have now shown that the two one-sided limits are the same and so we must also have,

lim3M0 _q
6—0 0

That was a somewhat long proof and if you’re not really good at geometric arguments it can be
kind of daunting and confusing. Nicely, the second limit is very simple to prove, provided
you’ve already proved the first limit.

Proof of : IimM =0

-0

We’ll start by doing the following,

— 2 —
IimCOSH—lzlim(COSH 1)(COSI9+1)_"m cos° @ -1

= 10
00 6 050 @(cosf+1) 60 (cos @ +1) 10

Now, let’s recall that,
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cos’@+sin?0=1 = cos’@—-1=—sin?@

Using this in (7) gives us,

. cos@-1 . —sin’ @
lim =lim
650 @ 00 (cos @ +1)
. sin@ —sin@
=lim———
-0 @ cos@d+1
sin@ —siné@

=lim lim
00 @ 0-0c0s0+1

At this point, because we just proved the first limit and the second can be taken directly we’re
pretty much done. All we need to do is take the limits.

lim lim =
60 12 00 @ 60 cOS@ +1

cosf-1_. sind lim -siné - (1)(0)
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Proofs of Derivative Applications Facts/Formulas

In this section we’ll be proving some of the facts and/or theorems from the Applications of
Derivatives chapter. Not all of the facts and/or theorems will be proved here.

Fermat’s Theorem

If f(X) has arelative extremaat x =c and f’(c) exists then X = is a critical point of

f (x). Infact, it will be a critical point such that f'(c)=0.

Proof

This is a fairly simple proof. We’ll assume that f (x) has a relative maximum to do the proof.

The proof for a relative minimum is nearly identical. So, if we assume that we have a relative

maximum at X =c then we know that f (c)> f (x) for all x that are sufficiently close to x =c.

In particular for all h that are sufficiently close to zero (positive or negative) we must have,
f(c)>f(c+h)

or, with a little rewrite we must have,

f(c+h)-f(c)<0 (1)

Now, at this point assume that h >0 and divide both sides of (1) by h. This gives,
f (c + h) —f (c)

h
Because we’re assuming that h >0 we can now take the right-hand limit of both sides of this.

P Gl O P

h—o* h h—o0*

<0

We are also assuming that f '(C) exists and recall that if a normal limit exists then it must be

equal to both one-sided limits. We can then say that,
f(c+hg— f(c) :r!ir(r)l f(c+h)-f(c) <0

f'(c)= m
If we put this together we have now shown that f ’(c) <0.

Okay, now let’s turn things around and assume that h < 0 and divide both sides of (1) by h. This
gives,

fleth)-1(c)

Remember that because we’re assuming h <0 we’ll need to switch the inequality when we
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divide by a negative number. We can now do a similar argument as above to get that,
f(c+h)-f(c f(c+h)-f(c
(€)= 1(C) _ jjpg L= F(0) jiy g

h—0~ h h—0~

f'(c)= LILTJ

The difference here is that this time we’re going to be looking at the left-hand limit since we’re
assuming that h <0 . This argument shows that f'(c)>0.

We’ve now shown that f’(c)<0 and f'(c)>0. Then only way both of these can be true at

the same time is to have f ’(c) =0 and this in turn means that X = ¢ must be a critical point.

As noted above, if we assume that f (x) has a relative minimum then the proof is nearly

identical and so isn’t shown here. The main differences are simply some inequalities need to be
switched.

Fact, The Shape of a Graph, Part |

1. If £'(x)>0 for every x on some interval I, then f (X) is increasing on the interval.
2. If f'(x)<0 forevery x on some interval I, then f (x) is decreasing on the interval.

3. If f'(x)=0 forevery x on some interval I, then f (x) is constant on the interval.

The proof of this fact uses the Mean Value Theorem which, if you’re following along in my notes
has actually not been covered yet. The Mean Value Theorem can be covered at any time and for
whatever the reason | decided to put where it is. Before reading through the proof of this fact you
should take a quick look at the Mean Value Theorem section. You really just need the conclusion
of the Mean Value Theorem for this proof however.

Proof of 1

Let X, and X, be in I and suppose that X, < X,. Now, using the Mean Value Theorem on

[X., X, ] means there is a number ¢ such that X, < ¢ < X, and,

f (Xz)_ f (X1)= f'(C)(XZ _Xl)

Because X, <C < X, we know that ¢ must also be in | and so we know that f ’(C) >0 we also

know that X, —X, >0. So, this means that we have,

f(xz)_ f (X1)>0
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Rewriting this gives,
f (Xl) <f (Xz)
and so, by definition, since X, and X, were two arbitrary numbers in |, f (x) must be increasing

onl.
[ |

Proof of 2

This proof is nearly identical to the previous part.

Let X, and X, be in I and suppose that X, < X,. Now, using the Mean Value Theorem on

[%., X, ] means there is a number ¢ such that X, < ¢ < X, and,

f (Xz)_ f (Xl): f'(C)(xz _Xl)

Because X, < C < X, we know that ¢ must also be in | and so we know that f ’(c) <0 wealso

know that X, —X, >0. So, this means that we have,
f(x)-f(x)<0

Rewriting this gives,
f(x)>f(x)
and so, by definition, since x, and X, were two arbitrary numbersin I, f (X) must be decreasing

onl.
[ |

Proof of 3

Again, this proof is nearly identical to the previous two parts, but in this case is actually
somewhat easier.

Let X, and X, be in I. Now, using the Mean Value Theorem on [xl, xz] there is a number ¢ such

that c is between X, and X, and,

Note that for this part we didn’t need to assume that X, < X, and so all we know is that c is

between X, and X, and so, more importantly, ¢ is also in I. and this means that f’(c)=0. So,

this means that we have,
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f(Xz)_ f (X1)=0

Rewriting this gives,
f(x)="f(x)
and so, since X, and X, were two arbitrary numbersin I, f (x) must be constant on I.

Fact, The Shape of a Graph, Part 11

Given the function f (x) then,

1. If £"(x)>Ofor all x in some interval I then f () is concave up on I.

2. If £"(x)<O0forall xin some interval I then f () is concave up on I.

The proof of this fact uses the Mean Value Theorem which, if you’re following along in my notes
has actually not been covered yet. The Mean Value Theorem can be covered at any time and for
whatever the reason | decided to put it after the section this fact is in. Before reading through the
proof of this fact you should take a quick look at the Mean Value Theorem section. You really
just need the conclusion of the Mean Value Theorem for this proof however.

Proof of 1

Let a be any number in the interval I. The tangent lineto f (x) at x=a is,

y="f(a)+f'(a)(x—-2a)

To show that f (X) is concave up on | then we need to show that for any x, X # &, in | that,
f(x)>f(a)+f'(a)(x-a)
or in other words, the tangent line is always below the graph of f (X) on l. Note that we require

X # & because at that point we know that f (x)= f (&) since we are talking about the tangent

line.

Let’s start the proof off by first assuming that X > a. Using the Mean Value Theorem on [a, x]

means there is a number ¢ such that a < ¢ < X and,

f(x)-f(a)=f'(c)(x-a)

With some rewriting this is,
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f(x)="f(a)+ f'(c)(x—a) (2)

Next, let’s use the fact that f "(x) >0 for every x on I. This means that the first derivative,
f'(x), must be increasing (because its derivative, f" x), is positive). Now, we know from the

Mean Value Theorem that a < ¢ and so because f ’(X) is increasing we must have,

f'(a)< f'(c) 3

Recall as well that we are assuming X >a and so X—a > 0. If we now multiply (3) by x—a
(which is positive and so the inequality stays the same) we get,

f'(a)(x—a)< f'(c)(x—a)

Next, add f (&) to both sides of this to get,

f(a)+f'(a)(x—a)< f(a)+f'(c)(x—a)

However, by (2), the right side of this is nothing more than f (x) and so we have,

f(a)+ f'(a)(x-a)< f(x)

but this is exactly what we wanted to show.

So, provided X > a the tangent line is in fact below the graph of f (x)

We now need to assume X < a. Using the Mean Value Theorem on [x, a] means there is a

number ¢ such that X <c < a and,

f(a)-f(x)=f'(c)(a=x)

If we multiply both sides of this by -1 and then adding f (a) to both sides and we again arise at
().

Now, from the Mean Value Theorem we know that ¢ < a and because f ”(x) >0 for every x on

I we know that the derivative is still increasing and so we have,

f'(c)< f'(a)

Let’s now multiply this by X —a, which is now a negative number since X <a. This gives,

f'(c)(x-a)> f'(a)(x-a)

Notice that we had to switch the direction of the inequality since we were multiplying by a
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negative number. If we now add f (a) to both sides of this and then substitute (2) into the
results we arrive at,
f(a)+f'(c)(x—a)> f(a)+ f'(a)(x—a)
f(x)>f(a)+f'(a)(x-a)

So, again we’ve shown that the tangent line is always below the graph of f (x) .

We’ve now shown that if x is any number in I, with X # a the tangent lines are always below the
graph of f (x) onlandso f(x) isconcave uponl.

Proof of 2

This proof is nearly identical to the proof of 1 and since that proof is fairly long we’re going to
just get things started and then leave the rest of it to you to go through.

Let a be any number in I . To show that f (x) is concave down we need to show that for any x

in 1, X #a, that the tangent line is always above the graph of f (x) or,
f(x)<f(a)+f'(a)(x—a)

From this point on the proof is almost identical to the proof of 1 except that you’ll need to use the
fact that the derivative in this case is decreasing since f "(x) < 0. We’ll leave it to you to fill in

the details of this proof.
|

Second Derivative Test

Suppose that x =c is a critical point of f’(c) suchthat f'(c)=0 and that f"(x) is

continuous in a region around X =cC. Then,
1. If f ”(c) <0 then X =c is a relative maximum.

2. If f”(c) >0 then X = is a relative minimum.

3. If f”(c) =0 then X =cC can be a relative maximum, relative minimum or neither.

The proof of this fact uses the Mean Value Theorem which, if you’re following along in my notes
has actually not been covered yet. The Mean Value Theorem can be covered at any time and for
whatever the reason | decided to put it after the section this fact is in. Before reading through the
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proof of this fact you should take a quick look at the Mean Value Theorem section. You really
just need the conclusion of the Mean Value Theorem for this proof however.

Proof of 1

First since we are assuming that f "(X) is continuous in a region around X = C then we can

assume that in fact f”(c) <0 is also true in some open region, say (@,b) around x=c, i.e.

a<c<b.

Now let x be any number such that a < x < ¢, we’re going to use the Mean Value Theorem on
[x, C] . However, instead of using it on the function itself we’re going to use it on the first

derivative. So, the Mean Value Theorem tells us that there is a number X < d < ¢ such that,

f'(c)-f'(x)=f"(d)(c—x)

Now, because a < X < d < ¢ we know that f "(d ) < 0 and we also know that ¢ —x >0 so we

then get that,
f'(c)-f'(x)<0

However, we also assumed that f ’(c) =0 and so we have,

—-f'(x)<0 = f'(x)>0
Or, in other words to the left of X =c the function is increasing.

Let’s now turn things around and let x be any number such that ¢ < x <b and use the Mean
Value Theorem on [c, x] and the first derivative. The Mean Value Theorem tells us that there is

a number ¢ <d < X such that,

f'(x)-f'(c)=f"(d)(x—c)

Now, because ¢ < d < x <b we know that f "(d ) < 0 and we also know that x—c >0 so we

then get that,
f'(x)-f'(c)<0

Again use the fact that we also assumed that f'(c)=0 to get,
<0

—h

—_
>

N—"

We now know that to the right of X =c the function is decreasing.
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So, to the left of X = the function is increasing and to the right of x =c the function is
decreasing so by the first derivative test this means that X = ¢ must be a relative maximum.

Proof of 2

This proof is nearly identical to the proof of 1 and since that proof is somewhat long we’re going
to leave the proof to you to do. In this case the only difference is that now we are going to

assume that f "(x) < 0 and that will give us the opposite signs of the first derivative on either
side of X = which gives us the conclusion we were after. We’ll leave it to you to fill in all the
details of this.

|

Proof of 3

There isn’t really anything to prove here. All this statement says is that any of the three cases are
possible and to “prove” this all one needs to do is provide an example of each of the three cases.
This was done in The Shape of a Graph, Part Il section where this test was presented so we’ll
leave it to you to go back to that section to see those graphs to verify that all three possibilities
really can happen.

Rolle’s Theorem

Suppose f (X) is a function that satisfies both of the following.

1. f(x) is continuous on the closed interval [a,b].
2. f(x) is differentiable on the open interval (a,b).
3. f(a)="f(b)

Then there is a number ¢ such that a<c <b and f'(c)=0. Or, in other words f (x) hasa

critical point in (a,b).

Proof

We’ll need to do this with 3 cases.

Case1: f(x)=k on[ab] where ks a constant.

In this case f '(x) =0 for all x in [a,b] and so we can take c to be any number in [a,b].
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Case 2 : There is some number d in (a,b) such that f (d)> f (a).

Because f (x) is continuous on [a,b] by the Extreme Value Theorem we know that f (x) will

have a maximum somewhere in [a,b]. Also, because f(a)=f(b) and f(d)> f(a) we
know that in fact the maximum value will have to occur at some c that is in the open interval
(ab), or a<c <b. Because ¢ occurs in the interior of the interval this means that f (x) will
actually have a relative maximum at X = ¢ and by the second hypothesis above we also know
that f ’(c) exists. Finally, by Fermat’s Theorem we then know that in fact X = must be a

critical point and because we know that f '(c) exists we must have f '(c) =0 (as opposed to

f’(c) not existing...).

Case 3 : There is some number d in (a,b) such that f (d)< f (a).

This is nearly identical to Case 2 so we won’t put in quite as much detail. By the Extreme Value

Theorem f (x) will have minimum in [a,b] and because f (a)= f(b) and f(d)< f(a) we

know that the minimum must occur at X = ¢ where a <c <b. Finally, by Fermat’s Theorem we
know that f’(c)=0.

The Mean Value Theorem

Suppose f (x) is a function that satisfies both of the following.

1. f (x) is continuous on the closed interval [a,b].

2. f(x) is differentiable on the open interval (a,b).

Then there is a number ¢ such thata < c¢c < b and

Or,
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Proof

For illustration purposes let’s suppose that the graph of f (x) is,

y 7 B=[bS(2))
" ‘\S&caﬂll_.i_ﬂe
A= [a,fl[cz:l)

Note of course that it may not look like this, but we just need a quick sketch to make it easier to
see what we’re talking about here.

The first thing that we need is the equation of the secant line that goes through the two points A
and B as shown above. This is,

Let’s now define a new function, g(x), as to be the difference between f (x) and the equation

of the secant line or,

—da

(a)(x—a)j= ()1 (a) -1 021 (@)

0= 1 (3)-{ £(a)s L0 )-f

Next, let’s notice that because g () is the sum of f (), which is assumed to be continuous on

[a,b], and a linear polynomial, which we know to be continuous everywhere, we know that ¢ (X)

must also be continuous on [a,b].

Also, we can see that ¢ (x) must be differentiable on (a,b) because it is the sum of f (X) , Which

is assumed to be differentiable on (a,b), and a linear polynomial, which we know to be
differentiable.

We could also have just computed the derivative as follows,

o'(0)- (- B

b-a
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at which point we can see that it exists on (a,b) because we assumed that f ’(x) exists on (a,b)

and the last term is just a constant.

Finally, we have,

g(a)= 1 (a)-f (a)-+ =T 02yt (a)- 1 (a)=0

b-a

o(0)=(0) 1 (2) T 6 a)~ £ (5) -1 (2)(1 (0) 1 (a) =0

In other words, ¢ (x) satisfies the three conditions of Rolle’s Theorem and so we know that

there must be a number c such that a < ¢ < b and that,
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Proof of Various Integral Facts/Formulas/Properties

In this section we’ve got the proof of several of the properties we saw in the Integrals Chapter as
well as a couple from the Applications of Integrals Chapter.

Proof of : J-k f dX kJ‘ dx where k is any number.

This is a very simple proof. Suppose that F (X) is an anti-derivative of f(x), i.e.

F'(x)= f(x). Then by the basic properties of derivatives we also have that,

(kF(x)) =kF'(x)=k f ()
and so k F (x) is an anti-derivative of k f (x), i.e. (k F(x))r =k f(x). Inother words,
jkf x)dx =k F(x +c:kJ‘f x) dx

Proofof:J.f( x)dx = j dx+jg

This is also a very simple proof Suppose that F (X ) is an anti-derivative of f () and that
G(x) is an anti-derivative of g(x). Sowe have that F'(x)= f (x) and G'(x)=g(x).
Basic properties of derivatives we also tell us that

(F(x)£G(x)) =F'(x)£G'(x)= f (x)+g
andso F(x)+G(x) is an anti-derivative of f (x)+g(x) and F(x)—G(x) is an anti-

derivative of f (x)—g(x). Inother words,

jf(x)ig(x)dx: )+c= j dx+J'g X) dx
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Proof of : j dx——j

From the definition of the definite integral we have,

I dX—|Ime( ') Ax ax=b=2

n—o n

and we also have,

j dX—|Ime( ) Ax:a—_b

n—ow n

Therefore,
[7f(x) dx—!me( ) na
—Aﬁng( et
-tim[- if(.*)—bj
—lim Y ()21 ()
|
Proof of : J. dX 0

From the definition of the definite integral we have,

j dX—|Ime( ) m=2"2_¢

nN—oo n

_I|me( 7)(0)

n—ow

=1lim0

n—o

=0

© 2007 Paul Dawkins 524 http://tutorial.math.lamar.edu/terms.aspx




Calculus |

Proof of : jcf dx Cj

From the definition of the definite integral we have,

jcf dx_llchf(x) X
—I|chf(x,)

n—o

—Cllme( ") AX

n—ow
a

Remember that we can pull constants out of summations and out of limits.
[ |

Proofof : [ (x)£g(x)dx=" f(x)dx+[ g(x)dx

First we’ll prove the formula for “+”. From the definition of the definite integral we have,

'[: f (x)+g(x)dx:1mé(f(xi*)+g(xi*))Ax
—rl]m[zn: f(x )Ax+Zn:g(xi*)ij

—I|m2f( )AX+|Ing( ’)Ax

n—oo n—oo
=I x dx+j g x
a a

To prove the formula for “-” we can either redo the above work with a minus sign instead of a
plus sign or we can use the fact that we now know this is true with a plus and using the properties
proved above as follows.

.[ x)dx = .[ (x) dx

=| f(x) dx+'[a (—g(x))dx
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b
Proof of : L cdx=c(b—-a), cisany number.

If we define f (X) = ¢ then from the definition of the definite integral we have,

j:cdx=j:f x ) dx

=]

= lim f(xi*)Ax Ax=—2
:Iim(zn:c b-a
e\ n
. b-a
=| _—
nm(cn) -
=limc(b-a

n—oo

=c(b-a)

Proof of : If f (x )>0fora<x<bthenj x)dx>0.

From the definition of the definite integral we have,

j dX—|Ime( ) Ax:b_—a

n—oo n

Now, by assumption f (x)>0 and we also have Ax >0 and so we know that
n
> f(x)Ax=0
i=1
So, from the basic properties of limits we then have,

I|me( ")Ax=1im0=0

n—oo n—oo

But the left side is exactly the definition of the integral and so we have,

j dX—|Ime( ) Ax20

n—oo
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Proof of : If f(x)>g(x) fora<x<bthen J: f (x)dxzj:g(x)dx.

Since we have f (x)>g(x) then we know that f (x)—g(x)>0on a<x<b andso by

Property 8 proved above we know that,
[*(x)-g(x)dx>0

a

We also know from Property 4 that,

[Tt ()-g(x)dx=]" f(x)dx—[ g(x)x

So, we then have,

Proof of : If m< f (x)<M for a<x<b then m(b—a)SI: f(x)dx<M (b-a).

Give m< f (x) <M we can use Property 9 on each inequality to write,

I:mdxéj: f (x)dxéI:M dx

Then by Property 7 on the left and right integral to get,
m(b-a)< [ f(x)dx<M (b-a)

I:f(x)dx sj:‘f(x)‘dx

Proof of :

First let’s note that we can say the following about the function and the absolute value,

| £ (%)< £ (x)<|f(x)
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If we now use Property 9 on each inequality we get,

I:—‘ f (x)‘dxsj: f (x)dxs.[:

f (x)]dx

We know that we can factor the minus sign out of the left integral to get,

Jolr o= [ ax< )7

Finally, recall that if | p| <Db then —b < p <Db and of course this works in reverse as well so we

b
<]
a

then must have,

j:f(x)dx

f(x)‘dx

Fundamental Theorem of Calculus, Part |

If f(x) is continuous on [a,b] then,

g(x)=["f(t)dt

is continuous on [a,b] and it is differentiable on (a, b) and that,

9'(x)=f(x)

Proof

Suppose that x and x+h arein (a,b). We then have,
g(x+h)-g(x)=[ " f(t)dt—["f(t) dt

Now, using Property 5 of the Integral Properties we can rewrite the first integral and then do a
little simplification as follows.

g(x+h)—g(x)=(j: fe)dte [ (1) d)- [ () at
=[" () at

Finally assume that h = 0 and we get,

9(““2‘9("):%]:*%(0 dt (1)
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Let’s now assume that h >0 and since we are still assuming that X +h are in (a, b) we know

that f (x) is continuous on [X, X+ h] and so be the Extreme Value Theorem we know that

there are numbers c and d in [x, X+ h] so that f (c) =m is the absolute minimum of f (x) in

[X,x+h] and that f(d)=M is the absolute maximum of f (x) in[x,x+h].

So, by Property 10 of the Integral Properties we then know that we have,
x+h
mh< [ f (t)dt<Mh

Or,

Now divide both sides of this by h to get,

f(c)s%jxmf(t)dts £(d)

and then use (1) to get,

< f(d) 2

Next, if h <0 we can go through the same argument above except we’ll be working on
[x +h, x] to arrive at exactly the same inequality above. In other words, (2) is true provided

h=0.

Now, if we take h — 0 we also have ¢ — X and d — X because both ¢ and d are between x and
X+h. This means that we have the following two limits.

lim f (c)=1lim f (c) = f (x) lim £ (d)=lim f (d) = f ()

h—0 C—X h—0 d—x

The Squeeze Theorem then tells us that,

lim = f(x) 3

but the left side of this is exactly the definition of the derivative of g (x) and so we get that,

9'(x)=f(x)
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So, we’ve shown that g (x) is differentiable on (a,b).

Now, the Theorem at the end of the Definition of the Derivative section tells us that ¢ (X) is also

continuous on (a, b). Finally, if we take X =a or X =b we can go through a similar argument

we used to get (3) using one-sided limits to get the same result and so the theorem at the end of
the Definition of the Derivative section will also tell us that g (x) is continuous at X =a or

x=b and so in fact g(x) is also continuous on [a,b].

Fundamental Theorem of Calculus, Part 11

Suppose f (x) is a continuous function on [a,b] and also suppose that F (x) is any anti-

derivative for f (x) Then,

"=F(b)-F(a)

j:f(x)dx:F(x)

Proof

Firstlet g(x)= I " f (t) dt and then we know from Part | of the Fundamental Theorem of
a

Calculus that g'(x) = f (x) and so g(x) is an anti-derivative of f (x) on[ab]. Further

suppose that F () is any anti-derivative of f (x) on [a,b] that we want to chose. So, this

means that we must have,

Then, by Fact 2 in the Mean Value Theorem section we know that g(x) and F(x) can differ

by no more than an additive constant on (a, b). In other words for a < X <b we have,

F(x)=g(x)+c

Now because g(x) and F(x) are continuous on [a,b], if we take the limit of this as x —a"

and X = b~ we can see that this also holds if x=a and x=Db.

So, for a < x < b we know that F (x)=g(x)+c. Let’s use this and the definition of g(x) to

do the following.
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Note that in the last step we used the fact that the variable used in the integral does not matter and
so we could change the t’s to x’s.

Average Function Value

The average value of a function f (x) over the interval [a,b] is given by,

avg_b_a a

f f (x)dx

Proof

We know that the average value of n numbers is simply the sum of all the numbers divided by n
so let’s start off with that. Let’s take the interval [a,b] and divide it into n subintervals each of
length,

n

Now from each of these intervals choose the points XI , X;, s x: and note that it doesn’t really
matter how we choose each of these numbers as long as they come from the appropriate interval.
We can then compute the average of the function values f (xl*) f (x;) f (X:) by

computing,

f(xf)+ f (x2)+---+ f (x:)

(4)

Now, from our definition of AX we can get the following formula for n.
b-a
n=——
AX
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and we can plug this into (4) to get,
)+ F()++F(x) [f () + f(0g)+-+ f (x;)}Ax
b-a ) b-a
AX

o e s )]

1 «
:EIZZI: f (Xi )AX

Let’s now increase n. Doing this will mean that we’re taking the average of more and more
function values in the interval and so the larger we chose n the better this will approximate the
average value of the function.

If we then take the limit as n goes to infinity we should get the average function value. Or,

—I|m—2f( )Ax——a me( ’) Ax

nN—oo —_ a

We can factor the = out of the limit as we’ve done and now the limit of the sum should look

familiar as that is the definition of the definite integral. So, putting in definite integral we get the
formula that we were after.

The Mean Value Theorem for Integrals

If f (x) is a continuous function on [a,b] then there is a number ¢ in [a,b] such that,

[*f(x)dx=f(c)(b-a)

Proof

Let’s start off by defining,

Since f (x) is continuous we know from the Fundamental Theorem of Calculus, Part | that

F () is continuous on [a,b], differentiable on (a,b) and that F'(x)= f (X).
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Now, from the Mean Value Theorem we know that there is a number c such that a<c <b and
that,

F(b)-F(a)=F(c)(b-a)

However we know that F'(c) = f (c) and,
F(b)= . ()= f (x)ox F (a)=

So, we then have,

|
Work
The work done by the force F(x) (assuming that F () is continuous) over the range
as<x<b is,
b
W = .[a F (x)dx
Proof

Let’s start off by dividing the range a < X <b into n subintervals of width Ax and from each of
these intervals choose the points X, X,,..., X, .

Now, if n is large and because F () is continuous we can assume that F (x) won’t vary by
much over each interval and so in the i" interval we can assume that the force is approximately

constant with a value of F (X) ~F (X,*) . The work on each interval is then approximately,

W, ~ F(xi*)Ax

The total work over a < x <b is then approximately,

W~ Zn:wi = Z F(x)Ax
i=1 i=0

Finally, if we take the limit of this as n goes to infinity we’ll get the exact work done. So,
W =lim " F(x)Ax

n—o
i=0
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This is, however, nothing more than the definition of the definite integral and so the work done
by the force F (x) over a<X<b is,
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Area and Volume Formulas

In this section we will derive the formulas used to get the area between two curves and the
volume of a solid of revolution.

Area Between Two Curves
We will start with the formula for determining the area between y = f (x) and y = g(x) on the

interval [a,b]. We will also assume that f (x) > g(x) on [a,b].

We will now proceed much as we did when we looked that the Area Problem in the Integrals
Chapter. We will first divide up the interval into n equal subintervals each with length,
_b-a

“n

Next, pick a point in each subinterval, X, and we can then use rectangles on each interval as

AX

follows.

/—\.:c.
OGN ¢ |
P 5 ;
AT il iy
X \{L\_ - E____..-——x/ " M

The height of each of these rectangles is given by,

f(x)-9(x)

and the area of each rectangle is then,

So, the area between the two curves is then approximated by,
n
AzZ( f (xi*)—g(xi*))Ax
i=1

The exact area is,

n

A= IimZ( f (xi*)—g(xi*))Ax

n—oo <
i=1
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Now, recalling the definition of the definite integral this is nothing more than,

AI dx

The formula above will work provided the two functions are in the form y = f (x) and
y=g (x) . However, not all functions are in that form. Sometimes we will be forced to work

with functions in the form between x = f () and x=g(y) on the interval [c,d] (an interval of

y values...).

When this happens the derivation is identical. First we will start by assuming that f (y)>g(y)

on [c,d]. We can then divide up the interval into equal subintervals and build rectangles on each
of these intervals. Here is a sketch of this situation.

Fab

L

¥y \
M1 -

SR N — \

Following the work from above, we will arrive at the following for the area,

A= J' y)dy
So, regardless of the form that the functions are in we use basically the same formula.
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Volumes for Solid of Revolution
Before deriving the formula for this we should probably first define just what a solid of revolution

is. To get a solid of revolution we start out with a function, y = f (x) , on an interval [a,b].

¥

X

& b
We then rotate this curve about a given axis to get the surface of the solid of revolution. For

purposes of this derivation let’s rotate the curve about the x-axis. Doing this gives the following
three dimensional region.

¥

We want to determine the volume of the interior of this object. To do this we will proceed much
as we did for the area between two curves case. We will first divide up the interval into n
subintervals of width,

We will then choose a point from each subinterval, X; .

Now, in the area between two curves case we approximated the area using rectangles on each
subinterval. For volumes we will use disks on each subinterval to approximate the area. The area

of the face of each disk is given by A(Xi*) and the volume of each disk is

V, = A(xi*)Ax
Here is a sketch of this,
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The volume of the region can then be approximated by,
n
Vx> A(X)AX
i=1

The exact volume is then,

V= IimiA(xi*)Ax
=1

n—o i

:_f: A(x)dx

So, in this case the volume will be the integral of the cross-sectional area at any X, A(x) . Note

as well that, in this case, the cross-sectional area is a circle and we could go farther and get a
formula for that as well. However, the formula above is more general and will work for any way
of getting a cross section so we will leave it like it is.

In the sections where we actually use this formula we will also see that there are ways of
generating the cross section that will actually give a cross-sectional area that is a function of y
instead of x. In these cases the formula will be,

V:chA(y)dy, c<y<d

In this case we looked at rotating a curve about the x-axis, however, we could have just as easily
rotated the curve about the y-axis. In fact we could rotate the curve about any vertical or
horizontal axis and in all of these, case we can use one or both of the following formulas.

V= [ A(x)dx v =["A(y)dy
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Types of Infinity

Most students have run across infinity at some point in time prior to a calculus class. However,
when they have dealt with it, it was just a symbol used to represent a really, really large positive
or really, really large negative number and that was the extent of it. Once they get into a calculus
class students are asked to do some basic algebra with infinity and this is where they get into
trouble. Infinity is NOT a number and for the most part doesn’t behave like a number. However,
despite that we’ll think of infinity in this section as a really, really, really large number that is so
large there isn’t another number larger than it. This is not correct of course, but may help with
the discussion in this section. Note as well that everything that we’ll be discussing in this section
applies only to real numbers. If you move into complex numbers for instance things can and do
change.

So, let’s start thinking about addition with infinity. When you add two non-zero numbers you get
a new number. For example, 4+ 7 =11. With infinity this is not true. With infinity you have
the following.

w+a=0 where a # —oo

00+ 00 =00

In other words, a really, really large positive number (o) plus any positive number, regardless of
the size, is still a really, really large positive number. Likewise, you can add a negative number
(i.e. a<0)toareally, really large positive number and stay really, really large and positive. So,
addition involving infinity can be dealt with in an intuitive way if you’re careful. Note as well
that the a must NOT be negative infinity. If it is, there are some serious issues that we need to
deal with as we’ll see in a bit.

Subtraction with negative infinity can also be dealt with in an intuitive way in most cases as well.

A really, really large negative humber minus any positive number, regardless of its size, is still a

really, really large negative number. Subtracting a negative number (i.e. a <0) from a really,

really large negative number will still be a really, really large negative number. Or,
—o—a=-0 Wherea=#-w

—00 — 00 = —00
Again, a must not be negative infinity to avoid some potentially serious difficulties.

Multiplication can be dealt with fairly intuitively as well. A really, really large number (positive,
or negative) times any number, regardless of size, is still a really, really large number we’ll just
need to be careful with signs. In the case of multiplication we have

(a)(oo):oo ifa>0 (a)(oo):—oo ifa<0

(0)(oe) =20 (-)(-) == (o)) ==

What you know about products of positive and negative numbers is still true here.

Some forms of division can be dealt with intuitively as well. A really, really large number
divided by a number that isn’t too large is still a really, really large number.
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. o0 .
=00 ifa>0,az® —=-mw ifa<0,a%—x©
a

o4 og

. —00 .
= -0 ifa>0,a»x — = ifa<0,a# -
a

Division of a number by infinity is somewhat intuitive, but there are a couple of subtleties that
you need to be aware of. When we talk about division by infinity we are really talking about a
limiting process in which the denominator is going towards infinity. So, a number that isn’t too
large divided an increasingly large number is an increasingly small number. In other words in the
limit we have,

a_ 0 a_ 0

o0 —00
So, we’ve dealt with almost every basic algebraic operation involving infinity. There are two
cases that that we haven’t dealt with yet. These are

+ o0
w—00="7 )
+ o0

The problem with these two cases is that intuition doesn’t really help here. A really, really large
number minus a really, really large number can be anything (—oo, a constant, or o). Likewise, a
really, really large number divided by a really, really large number can also be anything (oo —
this depends on sign issues, 0, or a non-zero constant).

What we’ve got to remember here is that there are really, really large numbers and then there are
really, really, really large numbers. In other words, some infinities are larger than other infinities.
With addition, multiplication and the first sets of division we worked this wasn’t an issue. The
general size of the infinity just doesn’t affect the answer in those cases. However, with the
subtraction and division cases listed above, it does matter as we will see.

Here is one way to think of this idea that some infinities are larger than others. This is a fairly dry
and technical way to think of this and your calculus problems will probably never use this stuff,
but this it is a nice way of looking at this. Also, please note that I’m not trying to give a precise
proof of anything here. 1’m just trying to give you a little insight into the problems with infinity
and how some infinities can be thought of as larger than others. For a much better (and definitely
more precise) discussion see,

http://www.math.vanderbilt.edu/~schectex/courses/infinity.pdf

Let’s start by looking at how many integers there are. Clearly, | hope, there are an infinite
number of them, but let’s try to get a better grasp on the “size” of this infinity. So, pick any two
integers completely at random. Start at the smaller of the two and list, in increasing order, all the
integers that come after that. Eventually we will reach the larger of the two integers that you
picked.
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Depending on the relative size of the two integers it might take a very, very long time to list all
the integers between them and there isn’t really a purpose to doing it. But, it could be done if we
wanted to and that’s the important part.

Because we could list all these integers between two randomly chosen integers we say that the
integers are countably infinite. Again, there is no real reason to actually do this, it is simply
something that can be done if we should chose to do so.

In general a set of numbers is called countably infinite if we can find a way to list them all out. In
a more precise mathematical setting this is generally done with a special kind of function called a
bijection that associates each number in the set with exactly one of the positive integers. To see
some more details of this see the pdf given above.

It can also be shown that the set of all fractions are also countably infinite, although this is a little
harder to show and is not really the purpose of this discussion. To see a proof of this see the pdf
given above. It has a very nice proof of this fact.

Let’s contrast this by trying to figure out how many numbers there are in the interval (0,1). By
numbers, | mean all possible fractions that lie between zero and one as well as all possible
decimals (that aren’t fractions) that lie between zero and one. The following is similar to the
proof given in the pdf above, but was nice enough and easy enough (I hope) that | wanted to
include it here.

To start let’s assume that all the numbers in the interval (0,1) are countably infinite. This means
that there should be a way to list all of them out. We could have something like the following,

X, =0.692096---
X, =0.171034---
X, =0.993671. -

X, = 0.045908- -

Now, select the i decimal out of X; as shown below

X, = 0.692096.--
X, =0.171034---
X, =0.993671 -
X, =0.045908- --

and form a new number with these digits. So, for our example we would have the number
x=0.6739---

In this new decimal replace all the 3’s with a 1 and replace every other numbers with a 3. In the
case of our example this would yield the new number
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x =0.3313---

Notice that this number is in the interval (0,1) and also notice that given how we choose the digits
of the number this number will not be equal to the first number in our list, X, , because the first
digit of each is guaranteed to not be the same. Likewise, this new number will not get the same
number as the second in our list, X,, because the second digit of each is guaranteed to not be the

same. Continuing in this manner we can see that this new number we constructed, X, is
guaranteed to not be in our listing. But this contradicts the initial assumption that we could list
out all the numbers in the interval (0,1). Hence, it must not be possible to list out all the numbers
in the interval (0,1).

Sets of numbers, such as all the numbers in (0,1), that we can’t write down in a list are called
uncountably infinite.

The reason for going over this is the following. An infinity that is uncountably infinite is
significantly larger than an infinity that is only countably infinite. So, if we take the difference of
two infinities we have a couple of possibilities.

o0 ( uncountable) — 00 (countable) =00
o0 (countable) — 0 ( uncountable) = —00

00 (countable) — 00 (countable) = a constant

Notice that we didn’t put down a difference of two uncountable infinities. There is still have
some ambiguity about just what the answer would be in this case, but that is a whole different
topic.

We could also do something similar for quotients of infinities.

0 (countable) ~0
0 ( uncountable)
0 ( uncountable) —
o0 ( countable)
GO a constant
0 (countable )

Again, we avoided a quotient of two uncountable infinities since there will still be ambiguities
about its value.

So, that’ it and hopefully you’ve learned something from this discussion. Infinity simply isn’t a

number and because there are different kinds of infinity it generally doesn’t behave as a number
does. Be careful when dealing with infinity.
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Summation Notation

In this section we need to do a brief review of summation notation or sigma notation. We’ll start
out with two integers, n and m, with n <m and a list of numbers denoted as follows,

an' a‘n+l’ an+2’ ce am—2' a'm—l' a'm
We want to add them up, in other words we want,
a,+a ,+a, ,+..+a,,+a,,+a,

For large lists this can be a fairly cumbersome notation so we introduce summation notation to
denote these kinds of sums. The case above is denoted as follows.

m

Ya=a,+a,,+a,,+..+a

n+1 n+2
i=n

m-2 + am—l + am

The i is called the index of summation. This notation tells us to add all the a;’s up for all integers
starting at n and ending at m.

For instance,

i 0 1 2 3 4 163

=2.71666
|+1 O+1 1+1 2+l 3+1 4+1 60

2 = 240 4 28xM 4 26X =16X° +32xM + 64X

F(x)=106)+ £00)+ £06)+ £ (x)

- 104 -

1]
4N

Properties
Here are a couple of formulas for summation notation.

n n
Z ca, = CZ a, where c is any number. So, we can factor constants out of a summation.

i=iy i=ig

n n n
2. Y .(axb)=> a+> b Sowe can break up a summation across a sum or difference.

i=iy i=ig i=ig

Note that we started the series at i, to denote the fact that they can start at any value of i that we

need them to. Also note that while we can break up sums and differences as we did in 2 above
we can’t do the same thing for products and quotients. In other words,

n

2.8
] n

& =i

i=ig

i(aibi)i(_zn:ai}(ibi

i=i, i=ig i=ig
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Formulas

Here are a couple of nice formulas that we will find useful in a couple of sections. Note that
these formulas are only true if starting at i =1. You can, of course, derive other formulas from
these for different starting points if you need to.

. n(n+1)

2. IZl:I ==
_n(n+1)(2n+1)
= 6

4. _Zn:i3 = {@T

Here is a quick example on how to use these properties to quickly evaluate a sum that would not
be easy to do by hand.

Example 1 Using the formulas and properties from above determine the value of the following

summation.
100

> (a-2iy

i=1
Solution
The first thing that we need to do is square out the stuff being summed and then break up the
summation using the properties as follows,

100 9 100
D (3-2i) =) 9-12i+4i?
- ;2 100 100
=>19-) 12i+) 4
i:(l) I=l100 I=1100

=) 9-12)i+4) i°
i=1 i=1 i=1

Now, using the formulas, this is easy to compute,

1200:(3— 2i)° =9(100)-12 [%j N 4(100(101)(201)j

i-1 6

=1293700

Doing this by hand would definitely taken some time and there’s a good chance that we might
have made a minor mistake somewhere along the line.
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Constants of Integration

In this section we need to address a couple of topics about the constant of integration.
Throughout most calculus classes we play pretty fast and loose with it and because of that many
students don’t really understand it or how it can be important.

First, let’s address how we play fast and loose with it. Recall that technically when we integrate a
sum or difference we are actually doing multiple integrals. For instance,

_[15x4 —9x%dx = '[15x4 dx —J‘9x’2 dx

Upon evaluating each of these integrals we should get a constant of integration for each integral
since we really are doing two integrals.

Ile“ —9x2dx = J.15x4 dx —J'9x‘2 dx
=3x°+Cc+9x* +k

=3x°+9xt+c+k

Since there is no reason to think that the constants of integration will be the same from each
integral we use different constants for each integral.

Now, both ¢ and k are unknown constants and so the sum of two unknown constants is just an
unknown constant and we acknowledge that by simply writing the sum as a c.

So, the integral is then,
lex“ —9x?dx=3x>+9x" +cC

We also tend to play fast and loose with constants of integration in some substitution rule
problems. Consider the following problem,

_[cos(1+2x)+sin(1+2x)dx:%J'cosu+sinudu u=1+2x

Technically when we integrate we should get,

J'cos(1+ 2x)+sin (1+ 2x) dx :%(sin u—Ccosu+c)

Since the whole integral is multiplied by 1, the whole answer, including the constant of

integration, should be multiplied by 4. Upon multiplying the £ through the answer we get,

J'cos(1+ 2x)+sin(1+2x)dx = isin u —lcosu + &
2 2 2
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However, since the constant of integration is an unknown constant dividing it by 2 isn’t going to
change that fact so we tend to just write the fraction as a c.

J'cos(1+ 2x)+sin (1+2x)dx :%sin u —%cosu +C

In general, we don’t really need to worry about how we’ve played fast and loose with the constant
of integration in either of the two examples above.

The real problem however is that because we play fast and loose with these constants of
integration most students don’t really have a good grasp oF them and don’t understand that there
are times where the constants of integration are important and that we need to be careful with
them.

To see how a lack of understanding about the constant of integration can cause problems consider
the following integral.
1
J— dx
2X

This is a really simple integral. However, there are two ways (both simple) to integrate it and that
is where the problem arises.

The first integration method is to just break up the fraction and do the integral.
1 11 1
j—dx = J——dx ==In|x|+c
2X 2 X 2

The second way is to use the following substitution.

u=2x du = 2dx = dx=%du
fidx:lfldu :lln|u|+c=lln|2x|+c
2X 2J)u 2 2

Can you see the problem? We integrated the same function and got very different answers. This
doesn’t make any sense. Integrating the same function should give us the same answer. We only
used different methods to do the integral and both are perfectly legitimate integration methods.
So, how can using different methods produce different answer?

The first thing that we should notice is that because we used a different method for each there is
no reason to think that the constant of integration will in fact be the same number and so we
really should use different letters for each.

More appropriate answers would be,
Jidx:lln|x|+c Jidx=lln|2x|+k
2X 2 2X 2
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Now, let’s take another look at the second answer. Using a property of logarithms we can write
the answer to the second integral as follows,

Jidx:iln|2x|+k
2X 2
1
=E(In2+ln|x|)+k
:Eln|x|+lln 2+k
2 2

Upon doing this we can see that the answers really aren’t that different after all. In fact they only
differ by a constant and we can even find a relationship between c and k. It looks like,

c:lln2+k
2

So, without a proper understanding of the constant of integration, in particular using different
integration techniques on the same integral will likely produce a different constant of integration,
we might never figure out why we got “different” answers for the integral.

Note as well that getting answers that differ by a constant doesn’t violate any principles of
calculus. In fact, we’ve actually seen a fact that suggested that this might happen. We saw a fact

in the Mean Value Theorem section that said that if f’(x)=g’(x) then f(x)=g(Xx)+c. In

other words, if two functions have the same derivative then they can differ by no more than a
constant.

This is exactly what we’ve got here. The two functions,
1 1
f(x):EIn|x| g(x):EIn|2x|

have exactly the same derivative,
1

2x
and as we’ve shown they really only differ by a constant.

There is another integral that also exhibits this behavior. Consider,
jsin(x)cos(x)dx

There are actually three different methods for doing this integral.

Method 1 :
This method uses a trig formula,

sin(2x) = 2sin(x)cos(x)
Using this formula (and a quick substitution) the integral becomes,
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Ism )cos(x)dx :%jsin(ZX)dx = —%cos(Zx)+c

Method 2 :
This method uses the substitution,
u=cos(x) du =—sin(x)dx
1 1
Ism )cos(x)dx _—Iu du=->u®+c, =—=cos*(X)+c,
2 2
Method 3 :
Here is another substitution that could be done here as well.

u=sin(x) du = cos(x)dx

Ism )cos( dx:ju du =%u2 +C, :%sinz(x)+c3

So, we’ve got three different answers each with a different constant of integration. However,
according to the fact above these three answers should only differ by a constant since they all
have the same derivative.

In fact they do only differ by a constant. We’ll need the following trig formulas to prove this.
cos(2x) = cos® (x)—sin*(x) cos?(x)+sin®(x)=1

Start with the answer from the first method and use the double angle formula above.

1 2 P2
~ (008" (x)=sin’ (x)) +,

Now, from the second identity above we have,
sin? (x) =1-cos*(X)
s0, plug this in,

—%(cos2 (x)—(1-cos’ (x)))+ c, = —%(2 cos’ (x)-1)+¢,

:—%cosz(x)+%+c1

This is then answer we got from the second method with a slightly different constant. In other
words,

c,==+¢,

We can do a similar manipulation to get the answer from the third method. Again, starting with
the answer from the first method use the double angle formula and then substitute in for the
cosine instead of the sine using,
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cos’ (x) =1-sin*(x)

Doing this gives,
—%((1—Sin2 (x))-sin(x))+c, = —%(1— 2sin* (x)) +c,

:%sinz(x)—%+c1

which is the answer from the third method with a different constant and again we can relate the
two constants by,

C,=—=+¢C,

So, what have we learned here? Hopefully we’ve seen that constants of integration are important
and we can’t forget about them. We often don’t work with them in a Calculus I course, yet
without a good understanding of them we would be hard pressed to understand how different
integration methods and apparently produce different answers.
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