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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+
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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

.

-

© 2007 Paul Dawkins 410 http://tutorial.math.lamar.edu/terms.aspx



Calculus |

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):
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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.
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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]

© 2007 Paul Dawkins 415 http://tutorial.math.lamar.edu/terms.aspx




Calculus |

© 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.
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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=
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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
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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.

X
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£ 6 4 20 2 4 6 8

2 6 <4 2 0 2 4 6 3

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,

© 2007 Paul Dawkins 468 http://tutorial.math.lamar.edu/terms.aspx




Calculus |

d
V:J'c A(y)dy
4 4
y
—r| ay-Y g
”L 16
1
— 2 2 &5
”( d 8oyj
9z
5

4

0

© 2007 Paul Dawkins

469

http://tutorial.math.lamar.edu/terms.aspx




Calculus |

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
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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

g6z
5

2

0

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

2]
15
_212r

15

1
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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
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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

© 2007 Paul Dawkins 489 http://tutorial.math.lamar.edu/terms.aspx




Calculus |

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.
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