MAT 1339 Calculus Material



Chapter 1

Goals

e to understand average and instantaneous rates of change and their connections to the
slopes of secant and tangent lines

e to be able to calculate average rates of change and estimate instantaneous rates of
change from an equation, a graph or a data table

e to understand the concept of a limit and be able to use the basic limit properties to
find limits of sequences and functions

e to understand the concept of continuity and be able to tell if a function is continuous
or not at a point

e to be able to recognize the common discontinuities that can occur on the graph of a
function

e to be able to recognize the indeterminate form % when it occurs in the evaluation of a
limit and know what to do to find the limit

e to understand the definition of the derivative of a function at a point and as a function
and be able to use the definitions to calculate them

e to be comfortable with the different notations for the derivative



Rates of Change and the Slopes of Curves

Suppose we have a function y = f(z). If we change z from z = a to z = a + Az = a + h,
for a step or difference in x of Az = h, then the value of the function (asuming it’s not
constant), will change from f(a) to f(a + h).

y=1x)

(a+h fla=h))

e

If we look at the change in the value of the function, Af = f(a + h) — f(a), relative to the
change in the independent variable x, Az = (a + h) — a = h, we’ll have

Af _ flath) - f(a)

x
a<zr<a+h

, which is the average rate of change of the function on the interval

The most familiar example of this is probably the velocity of a moving object. if you drive a

120 k
distance of 120 km in an hour and a half, your average speed for the trip is 15 l;rn = 80 km/h

(and this is a change in position divided by a change in time).

Let’s go back to what we had above. Notice that the expression

A h) —
A—i = flath) = flo) (called the difference quotient) would represent the slope of a straight
line through the two points (a, f(a)) and (a + h, f(a + h)) on the curve.




A line that passes through two points P and @) on a curve y = f(x) is called a secant line.

X

Example:

Find the slope of the secant line passing through the points (—1,1) and (2,4) on the curve
2

Yy = x°.

A 4—-1 3
A_zZQ——(—l):§:1 and the line is y = x + 2 (can you see that ?).

Example:
Suppose the population of a small town was measured every year from 2001 to 2010.

Year | Population
2001 6210
2002 6347
2003 6523
2004 6704
2005 6851
2006 6975
2007 7087
2008 7214
2009 7326
2010 7472

(i) What was the average rate of change of the population over the entire period ?
(ii) How about over 2006 to 20107

0 AP 7472 — 6210
YAt T 2010 — 2001
AP 7472 — 6975
(i) 52 -

At 2010 — 2006

~ 140 people/year

~ 124 people/year

In our driving example above, we had that the average speed over the trip was 80 km/h.



It is unlikely that we were actually driving at exactly 80 km/h the entire 1.5 hours — more
likely, at times we were going faster and at other times, slower. Also, the average does not
tell us what our speed was at any particular time, which would be an instantaneous velocity
(speed at one particular instant).

How could we find the instantaneous rate of change of a function y = f(z) at the value
x = a? By recognizing that this would correspond to the “slope” of the curve at this point,
which would have to be equal to the slope of the tangent line to the curve at the point.

tangent line

The tangent line to a curve at a point P = (a, f(a)) is the straight line that passes through
the point and best approximates the curve near the point.

So if we have the graph of the function, we could draw the tangent line and find its slope.
(But this would only be an approximation or estimate as we cannot draw the tangent line
with perfect accuracy.)

If we have a table of values, we could calculate the average rate of change over as short an
interval as possible that contains the point of interest (but again, only an estimate).

Example:
The instantaneous rate of change m of the population of the town in 2004 is approximately
AP P(2005) — P(2004) 6851 — 6704
At 2005—2004 1

m =

= 147 people/year.

Notice that either way (graphically or numerically), the best we can do is an estimate. Why
do we have this problem ? Because we only know that the tangent line passes through the
point (a, f(a)) and nothing else. We cannot calculate the slope (or find the equation) of the
line knowing only a single point. So, clearly, if we wish to calculate instantaneous rates of
change (which we do), we need to figure out a way to do so.



Rates of Change Using Equations

If we have the equation of a function, y = f(z), we can make more accurate estimates of the
instantaneous rate of change when x = a by finding the average rate of change over a small
interval a < x < a+ h.

Example:
The position (in meters) of a moving object is given by s(t) = 2t* + 3t + 2, where t is mea-
sured in seconds. What is the instantaneous velocity of the object at time t =2 s7?

The slope of the secant line (which we are using as an approximation of the tangent line)
passing through P = (2,5(2)) and @ = (2+ h,s(2+ h)) is
As  s(2+h)—5(2)
At (24+h)-2
22+ h)2+3(2+h)+2—(2(2)2+3(2) +2))

h
_ 2(4+4h+h*)4+6+3h+2—16

h
_ 8+8h+2h°+6+3h+2—16

_ 11h+2R°

h
=11+ 2h

As
E = ]_3 m/S

A
soif h=0.1s, Kj —11.2 m/s

soif h =1s,

A
soif h = 0.01 s, Ki = 11.02 m/s

and so it appears that the instantaneous velocity of the object at time ¢t =2 s is 11 m/s.



What are we actually doing here? We’re using secant lines to approximate the tangent line.

Q = (a~h fla~h))

tangent line

Q= (avh fla-h))
P=(a, fla))

The smaller h is, the closer () is to P and the better the secant line approximates the tan-
fla+h)—fla) .
, which is the

slope of the secant line or the average rate of change on the interval a < x < a + h becomes
closer and closer to the slope of the tangent line or the instantaneous rate of change at = = a.

gent line. And as we shrink A to zero, the difference quotient

But what do we mean by shrinking h to 0 and something becoming closer and closer to
something else ?
Limits

The set of natural numbers is N = {0,1,2,3,...}. An infinite sequence is an infinite list of
numbers generated by a function f(n) = a, whose domain is N.

Example:
22 2 2
7379727817

2
The general term here is a,, = —— and as n gets bigger, the values will get smaller and smaller

or closer to 0. There is an a, for all n, no matter how large n is and we can denote the
idea of n getting larger and larger without bound by saying that n approaches infinity, which

we write as n — co. Asn — 00, a, — 0. We can write this as a limit: lim a, = lim — = 0.
n—00 n—oo 3"
Example:
If a,, = (—1)", we have the sequence
1,-1,1,—-1,...
Here, lim a, = lim (—1)" does not exist because the terms in the sequence are not ap-
n—oo n—oo

proaching a single value.



Example:
1,2,4,8,16,32,...
Here a,, = 2" and then lim a, = lim 2" = oo. This limit does not exist as the terms in the

n—oo n—oo
sequence are growing without bound, getting larger and larger, and so they do not approach

a single (finite) value.
00 1s not a number — it represents the idea of unbounded growth.

If lim a, = L, where L is a unique and finite number, then the sequence {a,} has a limit
n—oo

as n — oo and is said to converge to L which means that as n gets larger and larger, the
values of a,, approach L.

Given a function f(x), we can also look at what happens as x — a, ie take lim f(z).
r—a

We can approach a from either the left side, where x < a or the right side, where x > a.
This leads to the limit from the left lim f(x) and the limit from the right lim f (x).

Tr—a~ Tr—a




Suppose that lim f(z) and lim f(x) both exist, but are different (not equal).

T—a— z—at

v={x)

\ x
N
4

a

Then lim f(x) cannot exist as f(z) is not approaching a single value as z — a.
r—a

What if lim f(x) = lim f(z)? Then lim f(z) must exist and be the same value.

T—a~ z—at T—a

Example:
Consider the function f(x) = x* — 2z + 3. What is lin% f(z)?
r—r

We can see from the graph that as * — 27 (ie from the left, x = 1.9,1.99,1.999,...),
the value of the function will increase up to 3. And as x — 27 (ie from the right,
x =2.1,2.01,2.001, .. .), the value of the function decreases to 3.
So we have lim f(z) =3 = lim f(x) and so lim f(z) = 3.

T2~ z—21 T—2

We could have seen this numerically as well.



10

T f(z) z f(x)
1.9 | 281 | 21 | 321
1.99 | 2.9801 | 2.01 | 3.0201
1.999 | 2.998001 | 2.001 | 3.002001

Can you see what these values are saying about lim f(z) and lim f(x) and hence about

T—2~ z—21
lim f(z) ¢
r—2

If we look at our example above, we see that lir% f(z) is simply the value of f(z) at z = 2.
T—r

We can see that this must be the case because if we traced along the curve from either side
of 2 towards 2, we would not experience any breaks in the graph and so we approach f(2).
This means that our function f(z) = 2% — 2x + 3 is continuous at = = 2.

We say that f(z) is continuous at x = a if three conditions are met.
(i) f(a) is defined
(ii) lim f(x) exists
Tr—a
(i) Tan /() = f(a)
Tr—a

A function is continuous at x = a if you can draw the graph near at x = a without lifting
your pencil. A function is called continuous if it is continuous for all x in its domain. If
there is a place where there is a break in the graph, we have a discontinuity (and at least
one of the three conditions above is violated).

Limits and Continuity

If lim f(z) and lim g(z) exist and ¢ is any constant, we have the following limit properties.
—a Tr—a

(i) glcl_rgc:c

i) imz =a
r—a

(
() Tim(f(x) + g(x)) = im F(x) + im o)
(iv) lim(cf(x) = ¢ (1m f(x))
(

T—a

v) lim (f(@)g(x)) = (lim f(x)) (lim g(x))

o) Tim flx)  limg_, f(z
( )}:Ha ( ) llmxg)ag(x

;, provided lim g(z) # 0

r—a

(vii) hm(f(:v)) (hm f(:c))n, if n is rational
T—a
(viii) hm Vv fx) = ‘n/hm f(x), provided the root on the right hand side exists

These allow us to find many limits (which are really then being calculated by substitution).

Examples:
(i) lim 27 =27
rz——3



11

(ii) a:ll>n—13x =-3
3
(iii) lim (22° + 32 — 4) = 2 <1im ;1:) +3 <lim x) ~lim4 = 2(2)° +3(2) — 4 =18
T—2 T2 T2 2
% 5 (limgy; m)

(iv) lim does not exist

a—>1 g — 1 llmz_>1 x—1)
. p2+ 1 [(limgy x 42 +1 17
(v) lim =4\/—=
ood \ x+2 (lim,_,4 x) —|—2 442 6
What we can recognize is that algebraic functions, rational functions and polynomials are

all continuous everywhere on their domains and hence limits (within the domains) can be
calculated by simply substituting.

Examples:

(i) lim1(2x2 + 70 —2)=2(=1)*+7(-1) —2= -7
T——

r+7 3+7 10_10
a=3r—2 3-2 1

(iii) lin% Vo —T7=+/-=5 does not exist (2 is not in the domain)
T—

(iv) im V2o + 1= /2(2) +1 =5

We said that f(z) is continuous at x = a if f(a) is defined, lim f(x) exists and lim f(z) = f(a)
Tr—a Tr—a

and we said that this would correspond to being able to draw the graph of f(x) without
lifting our pencil or without there being a break in the graph at x = a. But what if there is
a discontinuity at x = a? Consider the following graphs.

f(a) defined, lim f(z)= lim f(z) so lim f(z) exists and lim f(z) = f(a) and thus f(z) is

T—a~ z—at T—a r—a
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continuous at z = a.

v=1x)

f(a) is defined, lim f(x) exists and lim f(x) exists but lim f(z) # lim f(x) so lim f(x)
T—a~ z—at T—a~ z—at T—a

does not exist and thus f(x) is discontinuous at z = a. This is called a jump discontinuity.

v=1fx)

f(a) is defined, lim f(x) exists and lim f(x) exists but lim f(z) # lim f(z) so lim f(x)
T—a~ T—a T—a

T—a~ z—at
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does not exist and thus f(x) is discontinuous at = a. This is called a jump discontinuity.

-~
+

f(a) is not defined, but lim f(z) = lim+ f(z) so lim f(x) exists, but f(x) is discontinuous
r—a~ r—a T—a
at = a. This is called a hole or removable discontinuity.

-~
v

f(a) is defined, lim f(z)= lim f(z) so lim f(x) exists, but ilirtll f(z) # f(a), so f(x) is

T—a— T—ra r—a



14

discontinuous at « = a. This is called a hole or removable discontinuity.

r—a

f(a) is not defined, lim f(x) does not exist, lim+ f(z) does not exist and lim f(z) does not
Tr—a~ Tr—a

exist. f(x) is discontinuous at x = a. This is called a vertical asymptote.

Example:
1+ <2
Consider the function f(z) = ¢ 2 r=2.
x? x> 2

This is an example of a piecewise defined function.

-

/ I __I‘ +

lim f(z) = hm L (14 2) =3,

T—27
lim f(x) = hm 2? =4,
xz—2+ xz—2+1

SO hm f(z) does not exist (so f(z) cannot be continuous at x = 2),
Whlle f (2) =



but f(z) has a jump discontinuity at x = 2.

Consider the following limits.

L1t =9
R
V -2
(ii) lim vr+3—2
z—1 T — 12
—-1)° -1
(iii) lim (-1)0-1
r—2 xr — 2

Substituting into all of these will yield the indeterminate form
can evaluate limits like these by doing certain manipulations.

. 2?9
i) lim
r—3 r — 3
(24 3)(r—3)
= 31612% " (factor)

=lim(z+3) (cancel common factor — allowed because x # 3)

z—3

vVao+3 -2
(i) lim vrts—z
x—1 xr — 1

vVr+3—-—2 Vxr+3+2

=1 X
o z—1 vVr+3+2
I (x+3)—4
= lim
=1 (z —1)(vVz + 3+ 2)
-1
= lim *

=1 (z — 1) (Vo + 3+ 2)
1

lim ——

=1 \/x + 3+ 2

=1/4
-1)2 -1
(iii) lim z=1)
T2 r—2
2 —2r+1-1

:3161_% p— (expand)

. r? =2
= lim

r—2 Qj—2

. x(x—2)
_}:1_>2 . (factor)

(All of these discontinuities are removable.)

Example:

(rationalize the numerator)

(cancel common factor)

15

(which is undefined). We
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Is f(x) = ————— continuous at x = —1 7 Does the limit exist at x = —17
2?2 + 5+ 4

f(=1) =2, so f(x) is not defined at 2 = —1 and so it cannot be continuous there.

i x?—2r—3
e 22+ 5x+4
lim (x —=3)(x+1)
A @+ 1) (o + 4)
i r—3

im
z——1x + 4
= —4/3

so yes, lim f(z) exists.
r——1

And this discontinuity is removable — so the graph of the function would have a hole at point

(—1,-4/3).

Introduction to Derviatives

If we go back to what we had previously, we had said that the instantaneous rate of change
of a function y = f(z) at point P = (a, f(a)), which is the slope m of the tangent line to
the curve at that point, could be found by taking the slope of the secant line through P and
Q = (a+h, f(a+ h)), which would be the difference quotient

Jlath) = Jla) A _ Ay

—, and letting A shrink to 0. We can now understand that we

h Ar Az’ .
mean take the limit as A — 0. And so m = lim flath) = fa)
0 h—0 h

be an indeterminate form § on substitution of & = 0, so we will have to do some manipula-
tions to calculate these limits.

. Note that this will always

The instantaneous rate of change of y = f(z) at P = (a, f(a)) is equal to the slope of the tan-
gent line to the curve y = f(z) at = a and is also called the derivative of y = f(z) at z = a
and is written f'(a).

So f’(a) :£%f<a+h})z_f(a)

(which is called the first principles definition).

Example:
Consider the function y = f(x) = 2%, Find the derivative and the equations of the tangent
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lines at x = —1 and = = 2.

so the tangent line passes through (—1,1) with slope m = —2 and so its equation is
y — yo = m(x — xg) (slope-point formula) or y — 1 = (=2)(x — (—=1)) or y = —2z — 1.

f2+h) - f2)

/ 1
f12) = Jim .
~ im (2+h)* —(2)

h—0 h

(4+4h+h2) —(4)

= lim

h—0 h

. 4h + h?
= lim

h—0 h
=1lim4+h

h—0

so the tangent line is y — 4 = (4)(x — 2) or y = 4o — 4.

If we look at the graph of y = f(z) = 2%, we can see that we would be able to draw a
tangent line to the curve at any point but its slope would depend on the value of x. So
the derivative of a function is itself a function of x and we can find it as such
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fla+h) = f(z)

7o) - 1)
So, for f(z) = a2,
() :}IL{% f($+h})b—f($)

(x +h)* — ()

= lim

h—0 ) h 9 9
_ lim (x® 4 2zh + h*) — (%)
h—0 h
. 2zh+h?
= lim ——
h—0 h
=lim2x + h
h—0
=2z (can you see that this is what we have in the example above ?)
. . . . . / / ! df dy
There is another notation for the derivative: if y = f(x), f'(z) = ¢ and f'(z) = = I
x x
d A d
(from % = Alirgo A_i/:) and f'(z) = ﬁ(f(x)) (a(l)perator notation). If we are evaluating the
derivative at x = a, f'(a) =y'(a) = e = —f|x:a. Y is read as “dee y by dee z” and it
dx dx dz

represents the derivative of y with respect to (wrt) .

Example:
If f(x) = a?,

(x+h)° = (2)°

= lim
h—0

h
(2% 4 32%h 4 3xh? + BP) — (2°)
-l

h
_ 32%h + 3zh? + K3
= lim
h—0 h
= lim 322 + 3zh + h?
h—0

= 322




19

- lm -
b0 z(x + h)
—1

x?’

Do you notice something ¢ We’ve just seen this:

flz) | f(x)
x3 322
x? 2x
N

Can you see a pattern ?

What if y = f(z) = ma + b, a straight line? Then the line would be tangent to itself
everywhere and hence the slope of the tangent would always be m. So we must have that
f'(x) = m. Let’s verify:

dy e h) - fo)
dr ~ ho0
_ lim (m(x + h)+b) — (mz +b)
b0 h
1 mh
Tl h
= limm
h—0

=m (as expected).

Example:

Let’s go back to our moving object with position function s(t) = 2t* + 3t + 2 (where s is in
m and ¢ in s). The velocity v(t) of the object is the instantaneous rate of change of position
with respect to time, or the derivative of s(¢) with respect to t.

So v<t):s’(t):f; lim (Hh;_s(t)
:1im(2(t+h) 3(t+h)+2)— (2t + 3t +2)

h
b (2(¢* + 2th + h?) + 3t + 3h + 2) — (2t* + 3t + 2)

h—0 h
Ath + 2h* + 3h

= lim
h—0 h
=lim4t+2h+3
h—0
=4t + 3

so, in particular, the velocity at time t = 2 s is v(2) = §'(2) = 4(2) + 3 =11 m/s.

Since the derivative (or instantaneous rate of change or slope of the tangent line) is defined

by a limit, we should be careful to realize that it does not have to exist for all x. We say
B) —
that f(z) is differentiable at = = a if f'(a) = hrré Jlat })L J(a) exists. How could f'(a)
ﬁ.

fail to exist ? If a is not in the domain of f, f(a) is undefined and f’(a) cannot exist. If f is
discontinuous at = = a, f'(a) will also fail to exist (we can’t draw a tangent to the curve at
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that point). But, it is also possible for f(z) to be continuous at x = a and for f’(a) to fail
T x>0

to exist. Consider y = f(x) = |z| = :
—r x<0

v=f0=x

Notice that f(x) is continuous at x = 0 as f(0) = 0 and li%l flx)=0= lir(r)l+ f(z). But,
z—0— z—

if we try to find f/(0), f'(0) = ;lfi% fO+ h})L — f(0)

limits separately as the definition of the function is different for positive and negative values.

, we'll have to consider the two one-sided

h—0~ h h—0~ h h—0— h h—0— h h—0~
And lim FO+2) = 10) _ lim [0+A[ =10} _ lim Il _ lim — = lim 1=1.
h—0*t h h—0Tt h h—0+ h h—0+ h h—0t
0+h)— f(0 0+h)— f(0 04+ h)— f(0
Thus lim JO+h) = ) # lim JO+h) = ) and so f'(0) = lim fO0+h) = 1) does
h—0— h h—0+ h h—0 h

not exist. And hence, y = f(z) = |z| is not differentiable at 0. The graph of y = f(z) = |z|
is said to have a corner at x = 0.

f'(a) will also fail to exist if there is a cusp or vertical tangent at = = a.
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Practice Problems

1. Given the data in the table, find the average rate of change of the function ¢(t) on the
following intervals.

(a) 0 <t <2
(b)o<t<4
(c)d4<t<T7
9(t)
1

O O W

0 ~1 O Uk WK — O
—
s

2. Use rates of change to estimate the instantaneous velocity of a moving object at time
t = 3 s if the position of the object is given by the function s(t) = 4t* — 2t + 1 (in m).

ot
ot
Nej

) 7971371_3:"'72+ﬂ7~"
3 415 6 7 n

- 1-n

IIRRIC AT,

.66, 0.666, 0.6666, 0.66660, . . .

d) 1,-2,3,-4,5,—6,...,(=1)"n, ...

4. Find the limits.
(a) lim 2®+ 3z —7

T——2
2?2 +1
b) li
()rgril*»x—F?
. T+ 2
(c) lim /5"
2% — 2
(d) 1i x 5T +
x—0 ‘/Qj_‘_4
r+4 x< -2
2 —-2<z<l1
5. Consider the function f(x) = = .
1—22 1<z<3
1 x> 3

Determine if the function has any discontinuities. If so, what type(s) ?



6. Consider g(z) =
Tz —

: o
9151_% g(x) exist

7. Find the limits.
22% + 3z

x? —4

22

5 Is g(x) defined for x = 27 Is g(z) continuous at x = 2?7 Does

8. What is the derivative of f(r) = /x = z'/2?

9. If a moving object has position function s(t) = 4t* + 2t (in m), what is the velocity at

time t =5s7?

1
10. What is the equation of the tangent line to the curve y = — at the point (1,1)7
x



Practice Problems Solutions
9(2)—g(0) 6-1

1. (a) 50 5 =5/2
(b) 9(411:3(0) _ 144 1 _13/4
(© g(?:f}l(él) _ 37; 14 23/3
2. 0(3) ~ s(3+h) —s(3)

(43+h)* =234+ h)+1) — (4(3)*—2(3) + 1)

h
49+6h+h*)—6—2h+1—4(9)+6—1

h
 24h 4 4R2 —2h 22k + 42

=22+4h

soif h = (gL.l, v(3) &~ 22.4 m/s

it h=0.01, v(3) ~ 22.04 m/s

if h = 0.001, v(3) ~ 22.004 m/s

and thus it looks like v(3) =22 m/s

3. (a)since( ) — 0 as n — oo, lim2—|—u:2
n 3 n—oo n
(b) clearly lim 3" = lim — =0
n—00 n—oo 3™

(c) here the sequence is converging to 2/3, so lim a, = 2/3
n—o0

(d) no limit or limit does not exist

23
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from the graph, we see that the function is continuous at x = —2, but there are jump dis-
continuities at x = 1 and x = 3

OR

since the definition of f(x) changes at x = —2, 1,3, we check what happens there:
lim f(zr)= lim z+4=2 and lim f(z)= lim 2=2
T——2" T——2" z——2F r——27F

SO lim2 f(z) =2 and since f(—2) = 2, the function is continuous at z = —2
T——

li = lim 2=2 and i = lim 1—-2°=0

Jm flo) = lim and  lim, f(z) = lim 12

SO hn% f(x) does not exist, the function has a jump discontinuity at = = 1
—
lim f(r) = lim 1 —2*=—8 and lim f(z)= lim 1 =1

T—3~ z—3~ z—3t r—3t
SO lir% f(z) does not exist, the function has a jump discontinuity at = = 3
T—r

6. no, g(2) is not defined (dividing by 0 or have 3 indeterminate form)

no, since ¢(2) is not defined, g(z) cannot be continuous there
. . ot —4 (2 —-2)(x+2)
yes,smcegl;_}r%g(x)—il_)r%m—i% o —glcl_)r%:c+2_4

x?—4

T — 2

(notice that g(z) = =1x + 2, (x # 2) — ie the graph of g(x) looks like the straight line
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y = x + 2 with the point (2,4) removed and so the discontinuity is a hole (or removable))

v=flx)=(x"2-4)/(x-2)

. 2243z . x(2x+3) . 2z+3
7. (a) lim ———— = lim —— = = lim =
-0 x + x2 z—0 aj(l—l—x) z—0 1+ =x
() i V23 gy VI3 (VIS e m0 gy T
29 9—x 229 9—x \T+3 2=9 (9 —2)(v/x+3) 229/ +3

z—4

- —1
= lim —%— = lim — = —1/16
z—4 4 — g z—4 4 — g z—4 4

=27 . (x—=3)(a®+3x4+9)

=3 1 —3 112% r—3
8. f’(x):}lli()”“ — VT
=

Vo +h— f(m+ﬁ)

hﬁoh(\/ﬁﬁ-\/_)
:h%er\/z:2ﬁ 2

s(54h) —s(b)

= lim

9. v(5) = §'(5) = lim

) h—0
4 _
 lim (5+h)*+2(5+h) — 110
h—0 h
iy 425+ 10+ %) +10 + 2 — 110
~ , h
A2h + 4
_ Jig 22T = lim 42+ 4h = 42 m/s

h—0 h



(1+1h)2_ﬁ . 1(1—1—2h—h2

(1+h)?

)

Tho (L+h)?

-2
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Chapter 2

Goals

e to be familiar with the basic rules of differentiation (constant, constant multiple, sum
and difference, power, product, quotient and chain) and be able to use them to find
the derivatives of given functions

e to be able to use derivatives to solve problems involving rates of change, including
real-world applications from physics and business

e to be able to find second (and potentially higher) derivatives of functions using the
rules

Derivatives of Polynomials

Let’s look some more at differentiation (we're assuming that all functions below are differ-
entiable).

Suppose that f(z) = ¢, a constant function, then
. fle+h)—fl@) . c—c

/ . —
f(x)—ilzlgtl) h nao b hs0h

d
ie e (¢) = 0, which is called the Constant Rule.
x

The rate of change of a constant is 0, which makes sense as a constant does not change.

h) —cg(z) _ . clglz+h)—g(x)) _ (hm glx +h)— g(x)) -

h—0 h

ie — (cg(x)) = cdi (g(x)), which is called the Constant Multiple Rule.
T

And if f(x) = p(a:)hzlz q(z), then
f’(x) :Ilzli%f(x—l— })L_f(x)

27



28

(p(z +h) £ q(z + 1)) — (p(x) + q(x))

= lim

o (z +h) — p(z) (z+h) —q(z)
_ooplet+h)—pl) gz —q(z) :
I Rt

e - (p (p(z) £ q(x)) = p'(x) £ ¢'(x), which is called the Sum and Difference Rule.

Now, what if f(z) = 2"? The examples we have seen suggest that f’(z) = nz"! or
d
T (#") = na™ ' If n € N, this is easily proven to be true:
T
d . (z+nh)
& )=l h
1 -1 —1)(n—2
= lim — |2" 4+ na" 'h + M:];”’Q}f + n(n = D )x"*3h3 + o+ nzh" T+ B — 2"
h—0 h 2! 3!
1 -1 —1)(n—2
= lim — |na™ 'h + —n(n >x”_2h2 + nn = Din >x”_3h3 4+ nxh™ 4 p"
h—0 h 2! 3!
-1 —1)(n—2
= lim na" " + nin—1) )x"_Qh + n(n = Din )x"_3h2 + - b noh® 24 p!
ho0 2! 3!

But we have also seen examples that suggest the rule is true for negative integer and rational

powers. In fact, the Power Rule e (") = na" " is true for all real n (we just can’t prove
x
that yet).

Examples
d

)& <f>:@<x“3>:3ﬂ3 G

d
11) ( %) = 4% (2°) = 4(2z) = 8z

( 1
(
(iii) Iff( ) = 22" — 32 + x, then f'(z) = 2(423) — 3(2x) + 1 = 823 — 6z + 1.
(
(

1

dy
iv) If y = 3t? — \/_thend —6t—2\/_

Note that the rules are independent of the names given to the variables.)

Example:
Find the equation of the tangent line to the curve y = f(z) = 223 + 62> — 4z +3 at © = —2.

The slope of the line is m = f'(—2).
Fl(x) = 622 + 120 — 4, 50 m = f(—2) = 6(—2)2 + 12(—2) — 4 = —4.
The point on the curve has y coordinate f(—2) = 2(—2)® + 6(—2)* — 4(—2) + 3 = 19.
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So the tangent line is y — 19 = (—4)(x — (=2)) or y = —4x + 11.

Example:

The height above the ground, in metres, of an object dropped from the top of a building of
height 60 m, after ¢ seconds, is h(t) = 60 — 4.9¢2.

(i) How fast is the object falling after 2 s?

(ii) How fast does the object hit the ground ?

(i) The velocity is v(t) = h'(t) = —9.8t, so after 2 s, v(2) = —19.6 m/s (the negative indicates
downward motion).
(ii) The object hits the ground when h(t) = 0 or 4.9t> = 60 or t = 3.5 s, so v(3.5) = 34.3 m/s.

The Product Rule

Suppose we have a product of functions, p(z) = f(x)g(z). It’s tempting to think that
p'(z) = f'(x)g'(z), but a simple example will demonstrate that this is not true. If f(z) = 23
and g(x) = 22, then p(z) = 2°, so p/(z) = bzt. But f'(x)g'(x) = (32?)(2z) = 623. So clearly,
p'(x) # f'(z)g (z).

But what is the derivative of a product of differentiable functions ?

p(z +h) = plx)

p(z) = im h
o S By B — f@)g(a)
h—0 h
_ i L sl 1) ke 1)+ £0sla 1) = SO (g
i e Rgle )~ Sl +8) | gl + )~ S
h—0 h h—0 h
gt W~ f@) e+ )~ @)

h—0 h h—0 h
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(hm g(z + h)) (lim flz+h) — f(a:)) <hm It )> (hm g(z + h;)L _ g(gj))

h—0 h—0 h h—0 h—0

g(x)f'(x) + f(x)g'(x)

d
The Product Rule is . (f(x)g(x)) = f(x)g(z) + f(x)d'(2).
Derivative of the first times the second plus first times the derivative of the second.

Let’s check our example: f'(z)g(z) + f(2)g'(z) = (32°)(2”) + (2°)(22) = 5a* dci ( 5)

Exaénples:
(i) . ((2® +1)(2” + 3z — 2))

= (% (;c2+1)) (z* 4+ 3z — 2) + (z” + 1) (% (m2+3x—2))
= (2z)(2* + 3x — 2) + (z* + 1)(22 + 3)

=223 + 62 — 4o + 22% + 22 + 322 + 3

=423 +92% — 22 + 3

(check this by expanding first and then differentiating).
(ii) If f(t) = (¢ + 1)(3t* — t?),

then f/(t) = (1)(3t* — ¢) + (¢ + 1)(12> — 2¢)

=3t — 7+ 126" + 1263 — 262 — 2t

= 15t" 4 12° — 3t — 2t

(check this, too).

(iii) If y = (222 + 1)? = (222 + 1)(22% + 1),

then j—i = (42)(22% + 1) + (22° + 1)(42)

= 2(22? + 1)(4z)  (there is a pattern here)

= (8z)(2z% + 1)

= 1623 + 8z.

d
How about e (22 +1)%) 7

Ci ((22* 4+ 1)*(22% + 1))

Y) =
47)(22% + 1) + (222 + 1)*(4x))
4x)  (can you see the pattern ?)

% ((22% 4+ 1)
= (2(22% + 1)(

=3(22% + 1)¥(

Example:

A local coffee shop sells 100 mochas per day at a price of $2.75. They have determined that
for each 25¢ price increase, they will sell 5 fewer per day.

If we let n be the number of 25¢ price increases, then the price per mocha would be

2.75 4 0.25n and the number sold would be 100 — 5n.

So the revenue from the mocha sales would be R(n) = (2.75 + 0.25n)(100 — 5n).

dR
Then = (0.25)(100 — 5n) + (2.75 + 0.25n)(~5)
=25 — 1.25n — 13.75 — 1.25n
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=11.25 — 2.5n.

Velocity, Acceleration and Second Derivatives

Suppose an object moving in a straight line has position function s(¢). Then s(t) gives the
distance that the object is from the origin at time ¢. The sign of s(¢) tells us on which side
of the origin the object is located — we usually take upward or rightward as the positive
direction. The velocity is v(t) = §'(¢t) and if v(t) > 0, the object is moving in the positive
direction and if v(¢) < 0, it is moving in the negative direction. The speed of the object is
lu(t)|. If we were to differentiate again, we'd have the acceleration of the object, which is
the rate of change of velocity wrt time, ie a(t) = v'(t).

. d d d (ds d*s
But this is a(t) = v'(t) = p (v(t)) = p (s'(t)) = pr (%> =n = s"(t),
the second derivative of the position function s(¢). And if a(t) > 0, the object is accelerating
(the velocity is increasing). If a(t) < 0, the object is decelerating. Whether the object is
speeding up or slowing down depends on the signs of both v(t) and a(t). If v(t) and a(t)
have the same sign, the object is speeding up or going faster. If v(¢) and a(t) have opposite
signs, the object is slowing down.

So, for example, if v(t) < 0 and a(t) > 0, the object is accelerating, which means slowing
down in this case as v(t) < 0 means the object is moving in the negative direction whereas
a(t) > 0 means that v(t) is increasing and hence is becoming less negative and thus |v(t)|
is getting smaller or decreasing (it will make more sense the second or third time you read it).

Example:

A ball is thrown straight up into the air. Its height, in metres, after ¢ seconds, is

h(t) = —4.9t% 4 20t + 2.

The velocity is v(t) = h/(t) = —9.8t 4+ 20 and the acceleration is a(t) = —9.8 (which is the
acceleration due to gravity, usually denoted g).

v(t) = 0 when 9.8t = 20 or t = 2.04 s.

At this point, the ball has reached its maximum height h(2.04) ~ 22.4 m and will start to
fall back to the ground.

Example:

An object moving in a staight line has position function s(t) = %t?’ +t? —3t+2 m, for ¢
measured in seconds.

The velocity is v(t) = s'(t) = t*> + 2t — 3 and the acceleration is a(t) = v/(t) = s"(t) = 2t + 2.



Have a look at the graphs to see the connections.
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For example, s(t) has zero slope at t = —3 and ¢t = 1 and these are the roots of v(t). Also,
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s(t) has a negative slope for —3 < ¢t < 1, which is where v(t) is negative. v(t) has zero slope
at t = —1, which is where a(t) = 0.

At time ¢t = 0, 5(0) = 2,v(0) = —3 and a(0) = 2, so the object is located 2 m to the right of
the origin, moving with velocity —3 m/s (ie to the left) and with acceleration 2 m/s?, so it
is slowing down. It will come to a stop at time ¢ = 1 s (where v(t) = 0 and s(¢) = 1/3) and
then start moving to the right, while continuing to speed up.

Examples:

(i) If f(z) = ga* + T2 — ma® — x + 1, then

fl(@) = 32° + 212 — 272 — 1 and f"(z) = 42” + 422 — 2m.

The third derivative would be f”(x) = 8z + 42 and the fourth f®(z) = 8.
(i) If y = 3t — v/t + 5t, then

dy 1 d?y 1
— =6t— ——=+b5and — =6+ —.
dt o oM T 0T g
Example:

Consider the following graph.

What can we say about the signs of the first and second derivatives of the functions? Since
all of the functions are increasing (their values increase as x increases), all have positive
slope and hence f* > 0, ¢’ > 0 and p’ > 0. But since p(x) is a straight line, p”(z) = 0. What
about the second derivatives of f and g7 The slopes of ¢ would be increasing as x increases,
so ¢” > 0 whereas the slopes of f would be decreasing, so f” < 0.

Draw tangents to the curves for different values of x to see this.

The Chain Rule

If we have two functions, f(x) and g(z), we can combine them to form new functions, like
f(@)g(x), f(z) + 29(x),3f(x) — Lg(z), etc. Another way to combine them is to compose
them, ie form the composite functions f o g = f(g(z)) and go f = g(f(z)).
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Example:
If f(x) =+/x and g(x) = 2® + 2, then fog= f(g9(x)) = f(2® +2) = Va2 + 2,

whereas g o f = g(f(2)) = g(vZ) = (Va2 +2 =z +2.
Notice that, in general, fog#go f

In the composition f(g(x)), we call g(z) the inner function and f(z) the outer function. So
if we had ¢(z) = (22° + x — 1)*, we’d have outer function f(z) = z* and inner function
g(z) =22+ — 1.

If you have trouble identifying the inner part of a composite function, just ask yourself what
you would have to calculate first to evaluate the composite function at a specific value of x.

How do we differentiate composite functions ?

d
Let’s go back to an example we had earlier: . ((22% 4+ 1)%) = 3(22° + 1)*(4x).
Let f(z) = 2% and g(x) = 22% + 1, so we have f(g(x)) = (222 + 1)3.
Then f'(z) = 32%, so f'(g(x)) = 3(22? + 1)? and ¢'(z) = 4z, so it looks like

% (f(g(x))) = % ((22% 4+ 1)%) = 3(22° +1)*(4z) = f'(9(2))g'(z) and that is exactly it.

d
The Chain Rule says that if f and g are differentiable, then . (f(g(x))) = f'(g(x)d(x).

x
Derivative of outer function wrt inner times derivative of inner.

Example:

2 (var+5a)

T
_d 4 211/2
= x((QI + 52%) /%)

1 d
= 5(2.754—1-51' ) 1/2d (22" + 52?)
1
= 5(2:54 + 522)712(82% 4 10x)
8z + 10x

2v/ 224 + Ha?
423 + 5z

V2rt + 5a?

In the other notation, if y = f(u) and u = ¢g(z), then — = —=—.

To see that this is saying the same thing as the rule above:
if y = f(u) and u = g(x), then y = f(g(x)), so
d
%=~ (f(g())
F'(g(x))g' ()
J; '(z)
)

Il &

(x
f( u)g
= —u(x

Tu (since u = g(x))
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_drdn
- dudz

dy du ,
= (since y = f(u)).

When the outer function is just a power, f(x) = z™, we have a special case of the Chain Rule

called the Power of a Function Rule: % (flg(x))) = % ((9(x)™) = n(g(x))" g (x) (which

is all we have really dealt with so far).

Examples:

(i) d‘i ((52% — 2)7) = 7(5a® — 2)°(10z — 1)

A

((238 +1)%(62” — 2)°)  (product rule and chain rule)

) 1

4<2£U +1)3(2)(62% — 2)3 + (2 + 1)*(3)(62% — 2)*(12x)
422 + 1)3(622 — 2)2 [2(62 — 2) + 9(2z + 1)]
‘i )(

= 4(2x + 1)3(62* — 2)*(122% + 18z + 5)

(iii) If p(t) = V& + 3t + 2 = (t* + 3t + 2)'/3, then p'(t) = 5(t* + 3t +2)72/3(2t + 3).
Example:

At time t = 0, a car starts driving eastward from point P at 60 km/h. A second car, initially
at point () 200 km south of the first starts driving northward at 80 km/h. After ¢ hours,
what is the distance between the cars and at what rate is that distance changing ?

60t km
P-I-—7 car 1

7

200 - 80t km

80t km

Car 1 has travelled 60t km east of P and car 2 has travelled 80¢ km north of ), which is
200 — 80t km south of P.

So the distance between the cars (by Pythagoras) is

d(t) = +/(60t)2 + (200 — 80¢)2

= /3600¢2 + 40000 — 32000t + 64002
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= /100002 — 32000t + 40000

= 100Vt? — 3.2t + 4 km.

Rate of change is

d'(t) =100 (1) (> — 3.2t + 4)71/2(2t — 3.2)

2t — 3.2
= 50( 32) km /h.
V2 —3.2t+ 4
So, after 1 hour, for example, d(1) ~ 134 km and d'(1) ~ —44.7 km/h

(d'(1) < 0 means the distance between the cars is decreasing).

Derivatives of Quotients

If f(z) and g(z) are differentiable functions (and g(z) # 0), what is the derivative of their
quotient 7

d f(x) _ -1
& (15) = & U6
—f’(x)(g( )t zrf(/ )( )( (z))%¢/ ()

(a:)g(()( I )9 (z) called the Quotient Rule.
g(x
Derivative of the top times the bottom minus top times derivative of the bottom all over the

bottom squared.

Examples:
L d [(2x+1
(i) du (3:15 + 2)
C(F@r+1)Br+2) - (20 4+1) (£ (32 +2))
B (3z + 2)?
C(2)Bz+2) - (22 +1)(3)
B (3z + 2)2

h (3z + 2)?

(i) I f() =
N 1 D~Y2(1)(22% + ) — (. + 1)Y2(4a + 1)
f ([L’) - (21‘2—|—$)2
%(a: + )72 (222 + ) — 2(z + 1) (4 + 1)]
(222 + x)?
(62 + 9z +2)
2222+ a)2Vr 1

Example:

202 + 4
5x + 2

Find the equation of the tangent line to the curve y = at v = 1.
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dy Az(5x+2) — (222 4+4)(5)  102* + 8z — 20

dr (5z + 2)? (5z +2)2
the sdone | dy| 10+8-20 —2
SO eslope1Ism = —|p=1 = ———5—— = ——
P dz'™! (7)2 19

and the lineis y — = 2(x — 1) or y = 20 + 4.

v=x2+4) Gxe2) )]

A
= ((249)x = (44/49) :—L_é
M I L ]
3 6 3 3 2 3 4 3 6 Il

T T T
2 -l 1

BES

- 403 4 5 2
a1
/_\-3 1

Example:

20000 + 2¢
The value of a car, in dollars, ¢ years after purchase is given by V(t) = 1—_1_—1;

Then V'(¢) — 2(1+ ) — (20000 +2t) _ 19998
(1+1)2 (1+ 1)
tT Ve | V)
0| 20000 | -19998
1| 10001 | -4999.50
2| 6668 | -2222
3 | 5001.50 | -1249.88
4| 4001.60 | -799.92
5| 3335 | -555.50

So, after ¢ = 2 years, for example, the car is worth $6668 and is depreciating at $2222 per
year (this is why many people buy used cars).

(Khan Academy video Calculus: “Quotient Rule” here)

Rate of Change Problems

We'll start with some ideas from Business and Economics. The demand or price function,

p(z), is the price per unit when z units of a product are sold. The revenue function is
R(z) = zp(z), the amount of money received for selling = units at price p(z) each. The
cost function, C'(z), is the total cost of producing x units of the product. The profit function
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is P(z) = R(z) — C(x), the profit from the sale of x units.

The marginal cost function is C'(x), the rate of change of cost.

The marginal revenue function is R'(x), the rate of change of revenue.
The marginal profit function is P’(x), the rate of change of profit.

All are wrt x, the number of units produced or sold.

The marginal cost at = = 100, C’(100), for example, is an estimate of the true cost of pro-
ducing the 101st unit of the product, whereas, P’(100) is an estimate of the change in profit
for selling the 101st unit.

Example:

The coffee shop sells 100 mochas per day at $2.75 and we saw that they have determined
that they will sell 5 fewer per day for each 25¢ price increase.

Let n be the number of 25¢ price increases, then the price is p = 2.75 + 0.25n and the

100 —
number sold will be z = 100 — 5n. Then n = 00— =20 — 0.2z and so the price is

p(r) = 2.75+0.25(20—0.2z) = 7.75—0.052 and the revenue is R(z) = zp(z) = 7.75x—0.0522.
So the marginal revenue is R'(x) = 7.75 — 0.1z. So if they have raised the price to $3.25,
they will be selling 2 = 90 mochas per day and their revenue would be R(90) = $292.50
and the marignal revenue would be R'(90) = —$1.25 and thus revenue is decreasing at this
point.

Example:
The cost of producing z units of a product is C'(x) = —0.002z% + 10z + 4000. Compare the
marginal cost at 500 units with the true cost of producing the 501st unit.

C’'(x) = —0.004x + 10, so marginal cost is C’(500) = 8.
The true cost is AC = C'(501) — C'(500)
— (—0.002(501) + 10(501) + 4000) — (—0.002(500)% + 10(500) 4 4000) = 7.998 (very close).

Now, let’s look at an idea from Physics. The kinetic energy, in Joules J, of an object with
mass m kg and velocity v m/s is K = 1mu?.

Example:

A baseball with mass 150 g is thrown upward with an initial velocity of 30 m/s, so its velocity
function is v(t) = 30 — 9.8t.

So the kinetic energy is K (t) = smv? = 1(0.150)(30 — 9.8¢)% = 0.075(30 — 9.8t)?,

then K'(t) = 2(0.075)(30 — 9.8¢)(—9.8) = —1.47(30 — 9.8¢).

So K'(2) = —15.288 J/s and the ball is slowing down at this time as its kinetic energy is
decreasing.
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Practice Problems

1. Find the derivatives of the following functions.
a) f(z) =22* — 4z +1

b) g(t) = 3t* — \/_t2+—— k

#

e) g(z) =V +4x+6
f) (x)_élx—i-?
4 24+
t2+1

t I
24+
h =

Wy=y\5271

4x+3
(r) = (3r2 +2r + 7)*

/ 1
3. Find the equation of the tangent line to the curve y = % at v = 2.
x

22 +1\°
4. Find the equation of the tangent line to the curve y = (3 n 2) at r = —1.
x

5. A model rocket is shot into the air. Its height, in metres, after ¢ seconds, is given by
h(t) = —4.9t% 4+ 20t + 1.
(a) What is the maximum height the rocket reaches?
(b) How long does it take for the rocket to hit the ground ?
(c) What is its speed when it hits the ground ?
82

6. Are there any points on the curve y = —( 21 2)
T

where the tangent line would be hori-

zontal 7 If so, at what point(s) ?
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7. The population of chipmunks in a city park is given by P(t) = /100t 4 20t? for ¢t mea-
sured in years.

(a) What is the growth rate of the population after 3 years?
(b) When does the population reach 30 chipmunks?

(323 + 422 — Tx)?

8. Find the derivative of f(z) = (22 + 67 + 2)°
x x

22000 + 4t
9. The value, in dollars, of a new car, t years after purchase, is given by V(t) = TO—;

(a) What is the initial value of the car?
(b) What is the rate of depreciation of the car after 1, 2 and 3 years?

10. The cost, in dollars, of producing = widgets is C'(z) = 0.1z 4 30z + 100 and the demand
or price function is p(x) = 125 — 0.2z.

(a) Find the revenue and profit functions.

(b) Determine the marginal cost at 100 widgets.

(c) Determine the actual cost of producing the 101st widget.

(d) What are the marginal revenue and profit for the sale of 100 widgets ?
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Practice Problems Solutions

1. (a) fi(x) =4z —4

(b) ¢'(t) = 1263 — 2V/2t — 7 152
(c) % (4x 4+ 5)(6x + 3) + (22% + 52)(6) = 362* + 727 + 15
d) p'(r) =50Br + D)43)(4r® +r)? + (3r + 1)°(2)(4r3 +r)(12r2 + 1)

r+ 1) (4r3 + ) [15(4r3 +7r) +2(3r + 1)(12r% + 1)]
r 4+ 1)4(4r3 + r) (13273 + 2472 4 21r + 2)

1, ., _1/9 T+ 2
A +r) - e+ T)2e+1)  —(42®+ 1z +7)
(2% 4 x)? B (2% 4 x)?
) L2+ 1)712(2t) (58 + 6t) — (£ + 1)1/2(15t* + 6)
(8) () = 5 1 607

(53 46t) — (* +1)(15t* +6)  —(10t* 4 15¢* + 6)
B VE £ 1(563 + 6t)? V2 +1(58 + 6t)?2
() d_y:1<x2+x)l/2i (x2+$)

de 2 \222+4 dr \ 222+ 4

1 ( 22+ )—1/2 <(2a: +1)(222 4 4) — (22 +:U)(4:c))

2\ 222 +4 (222 + 4)2
1 /222 44\ "? [ —22% + 8z + 4
5<x2+x> < (202 + 4)2 )

- —x° +4r + 2

Vi x(22 4 4)3/2

2. (a) f'(x) = 202® + 1822 — 8z + 7, so f"(z) = 6022 + 36z — 8

(b) ¢'(t) = 612 + 3t /2, s0 g"(t) = 3t71/2 — 373/2
dy 2(4:U +3) — (295 +1)(4) 2 =
= = 2(4x 43
©) % (42 + 3)2 o rape ~ 2Wrts)
d2y . —16

05 = =2(—2)(4r +3)*(4) = T

(d) p '(r) = 4(3r? +2r + 7)3(6r + 2) = (3r% + 2r + 7)3(24r + 8),
so p"(r) = 3(3r2 + 2r + 7)%(6r + 2)(24r + 8) + (3r? + 2r + 7)3(24)
= 3(3r? +2r + 7)%[(6r + 2)(24r + 8) + 8(3r* + 2r + 7)]

= 3(3r% + 2r + 7)%(168r* + 112r + 72)
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dy 1 a+1\" /() +4) — (x+1)(22)
=) (Mers )
(22 A\P (4?2
_§(x+1> ( (x2 + 4)? )
B 4 — 2% -2
2V 1(a? 4 4)3/2

4-202)- (22 4 —2 ~1

dy
e W B 1((2)2+4)32  2¢/3(8)3%2  /3(16v2) 86
and the line is y — \/2 = & (2 = 2) or y = ki + g% + /2 or y & ~0.0512 +0.714

so the slope is m =

dy (2*+1\ (22(B3z+2)— (> +1)(3)\ _ 2(z® +1)(32% + 4z — 3)
4'£_2(3x+2)( (3$—1—2))2 )_ ( (3z 4 2)3
. dy C2((-1)P B2+ 4(-1) =3 2(2)(—4)
so the slope is m = %Lpz_l = e =T 16

and the line is y — 4 = 16(z — (—1)) or y = 16z + 20

5. (a) the rocket is at its highest point when v(¢) =0, so v(t) = —9.8t+20 = ¢t~ 2.041 s
thus the maximum height is h(2.041) ~ 21.41 m
L =204 /(202 = 4(—4.9)(1) 20+ 20.484
b) h(t) =0ift = = = =0 4.131
(b) h(t) =01 2(—4.9) 9.8 0449,
so it takes 4.131 s for the rocket to hit the ground
(c) its speed when it does is |v(4.131)| = | — 9.8(4.131) + 20| = 20.484 m/s
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¢ dy  16z(x* 4 2)* — 82(2)(2? 4 2)(2x)
Cdr (22 +2)2)?
_ 16x(2* +2) —322° 322 —162°  16x(2 — 2?)
@R @A @
SO % =0ifz=0,+v2
T
so horizontal tangents at (0,0) and (+v/2,1)

v=8x"2/(x"2+2)y2

50 + 20t
V100t + 20¢2

~ 5 chipmunks per year

1
7. (a) P'(t) = 5(100f + 20t%)~1/2(100 + 40t) =

2

S0 P'(3) = 50 +20(3) _ 20 + 60

\/100(3) +20(3)2 /300 + 180
(b) P(t) = v/100t + 2012 = 30 = 100t + 20t* = 900
— 20?4+ 100t —900 =0 = t*+ 5t —45=0

=5+ +/(5)2 —4(1)(—45 -5+ 14.31

sot= \/( )2(1> (1) ): > 5 38:79766,4.66
so the chipmunk population reaches 30 at approximately 4 years and 8 months

S, f(x) = 2(323 + 42% — 7x)(92% + 8x — 7)(2® + 62 + 2)3 — (323 + 42 — T2)2(3) (22 + 62 + 2)%(2x + 6)
(2% 4 6z + 2)3)?
2(3x3 + 4x? — Tx)(2? + 62 + 2)? [(92% + 8z — T)(2? + 6x + 2) — 3(323 + 42? — Tx)(x + 3)]
(2?2 4 62 + 2)8
2(3x3 + 4x? — Tx)(2323 + 442% + 372 — 14)
(2% 4 62 + 2)*
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. (a) V(0) = $22000

Vi(t
1) =
2) =
3) =

/

)
V(
V(
(

0. (a)

o

c) AC
d)

()
and so

4(1 + 0.5¢) — (22000 + 4£)(0.5)  —10996
)= (1+0.5¢t)2 ~ (1+0.5t)2
—$4887.11 per year,
—$2749 per year and
—$1759.36 per year

R(z) = zp(x) = 125z — 0.2z

() = R(z) — C(z) = 1252 — 0.22% — (0.12% + 30z + 100) = 95z — 0.32% — 100
) C'(x) = 0.2z 4+ 30, so C’(100) = $50

C(101) = C(100) = 0.1(101)2+30(101) 4100 — (0.1(100)+30(100) +100) = $50.10

R'(z) = 125 — 0.4z, so R'(100) = $85
=9

5 — 0.6z, so P’(lOO) = $35
o both revenue and profit are increasing at 100 units sold



Chapter 3

Goals

e to understand what it means for a function to be increasing or decreasing and the
connection with the first derivative

e to understand what a critical number (or point) of a function is

e to understand local and absolute extrema of functions and be able to find and identify
them using the First or Second Derivative Tests and the Closed Interval Method

e to understand what it means for a function to be concave up or down and the connection
with the second derivative

e to be able to find the points of inflection of a function

e to be to recognize when the graph of a rational function would have vertical asymptotes
and be able to identify them

e to be able to sketch the graph of a function using the first and second derivatives

e to be able to use derivatives to solve optimization problems

Increasing and Decreasing Functions

A function f(x) is said to be increasing on an interval a < z < b if its values get larger as z
gets larger on that interval, ie x5 > 1 = f(x3) > f(z1). It is decreasing if its values get

45
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smaller, ie x5 > 1 = f(z2) < f(21).

b
+

increasing

decreasing

Notice the connection with the first derivative — if the function is increasing, then slopes of
tangents will be positive and hence f'(x) > 0. If it is decreasing, then the slopes of tangents
will be negative and so f'(x) < 0.

Example:

Consider f(x) = x® — 3z% — 24x + 6.

Then f'(z) = 32% — 6x — 24 = 3(2% — 20 — 8) = 3(x + 2)(x — 4),

so fl(z) =0ifz = —-2o0r z =4.

This divides the domain into three intervals r < —2, =2 < x < 4 and = > 4.
If 2 <=2, f'(xz) >0, so f(z) is increasing.

If -2 <z <4, f'(r) <0,s0 f(x) is decreasing.

If x >4, f'(x) >0, so f(z) is increasing.



e
v=0x)=x"3-3x"2-24x7 6 ‘:__ f(x) increasing
& £1)>0
T fx>4
X
Il Il Il Il Il t } »
- —t—F
9 8 o 5 3 5 ¢
f(x) increasing
f'm) =0
fx<-2
e
flx)=3x"2-6x-24
(x) f'x)=0
fa=4
fix)=0 107
fx=-2
X
by T
T T T T T L T I L4
L L
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Example:
Suppose the graph of f'(x) looks like

then f'(z) < 0 for x < 0 and = > 2 tells us that f(z) is decreasing on these intervals.
Whereas f'(z) > 0 on 0 < x < 2 means that f(z) is increasing there. Notice that f'(z) =0
at z = 0 and x = 2 and so f(x) would have a horizontal tangent at these points (ie the curve
is flat there). So we can make a sketch of the graph of f(z).

many possibilities
for v =1{x)

But notice that there are several (actually infinitely many) such f(z) as we can add any
constant to f(z) and still have the same f'(x).

We would have to know another piece of information to choose a specific f(x). For example,
suppose we know that we were supposed to have that f(0) = 3, then we would have only
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one choice for f(z).

onlv one fix)
such that f0) =3

Maxima and Minima

A function f(x) has an absolute or global maximum at = = a if f(a) > f(x) for all z
in the domain (ie f(a) is the largest value the function achieves). It has an absolute or
global minimum at x = a if f(a) < f(z) for all z in the domain (ie f(a) is the smallest value
the function achieves). Any given function may have one, both or neither.

Example:
Consider f(z) = 2.

This function has an absolute min of 0 at = 0, but no absolute max as f(xz) — oo as
T — *£o00.

In addition to global or absolute extrema, a function can also have local extrema, the largest
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or smallest values in a neighbourhood or vicinity. The function f(z) has a local maximum
at x = a if f(a) > f(z) for all x near a (ie for all z in an open interval around a). It has a
local minimum at x = a if f(a) < f(z) for all z near a.

Example:
Consider the function f(z) = a* — 32 — 32% + 4 as shown in the graph below.
ot v=1x)
10+
oL
- »
ot
104
-12
This function has a local max at x = 0, a local min at x = —2, a local (and absolute) min

at £ = 3 and no absolute max.

Notice that f'(z) = 2* — 2* — 62 = z(2? — 2 — 6) = z(z + 2)(x — 3) and so f'(z) = 0 at
xr = 0,—2 and 3 — ‘e the local extrema, also called turning points, occur at places where
f'(z) = 0 for this function.

A critical number or point for a function f(z) is a value a in the domain such that f'(a) =0
or f’(a) is undefined. Local extrema will occur at critical numbers — e if f(x) has a local
extremum at x = a, then f’'(a) =0 or f'(a) is undefined.
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To see that f'(a) being undefined can lead to a local extremum, consider f(z) = |z|.

v=fix)= |«

f'(0) is undefined, there is a local (and absolute) min there.
But it is also very important to recognize that just because x = a is a critical number of

f(x), f(x) need not have a local extremum at z = a. For example, if f(x) = 3, then
f'(x) = 32* =0 if x = 0, but there is no local max or min there.

v=fx)=x"3

£'(0) =0,
but nolocal
ma o min

We can distinguish a local max from a local min by noticing that the way the sign of the
derivative changes is different (look back at our quartic example above).

The First Derivative Test

Suppose that x = ¢ is a critical number of f(x).

(i) If f'(z) changes sign from + to — at x = ¢, then f(x) has a local max at = = c.
(ii) If f'(z) changes sign from — to + at « = ¢, then f(z) has a local min at z = c.
(iii) If f’(z) does not change sign at = ¢, then there is no local extremum there.
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To see that (iii) is so, see our example with f(x) = 23 above.

Example:

Consider f(x) = 223 — 32? — 12z + 2.

Then f'(z) = 62 — 62 — 12 =6(2®> — 2 —2) = 6(x + 1)(z — 2),

so the critical numbers are x = —1 and = = 2.

If < —1, f/(z) > 0 and f(z) is increasing,.

If -1 <2<2 f'(r) <0and f(z) is decreasing. So there is a local max at x = —1.
If > 2, f/(x) >0 and f(x) is increasing. So there is a local min at z = 2.

fx=-1,
flx) =0
fix) increasing a4

TiE-1===2, x> 2,
ad flix) <0 fix) =0
flx) decreasing f(x) increasing

If f(z) is a continuous function defined on a closed interval @ < x < b, then f(x) attains
both an absolute max and an absolute min on the interval. But where would they occur?
If f(x) were monotonic (always increasing or always decreasing), they would occur at the
endpoints of the interval (see the graph below).

fix) mcreasing

fix) decreasing

What would have to happen for the extrema to occur inside the interval? The function
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would have to increase and decrease inside the interval — meaning that the derivative would
have to change sign — meaning that there would be local extrema inside the interval.

/ a

So we can put it all together to get the Closed Interval Method to find the absolute max
and/or min of a continuous function f(z) on a closed interval a < x < b.

(i) Find the critical numbers of f(z) that are inside the interval and evaluate the function
at them.

(ii) Evaluate the function at the endpoints of the interval x = a and x = b.

(iii) Compare the values and identify the max and/or min.

Example:

Find the absolute extrema of f(z) = 2* + 3z% + 4 on the interval —3 < z < 3.

f'(z) = 32 + 62 = 3x(x + 2), so the critical numbers are z = —2 and x = 0.

F(=2) =8, (0) = 4

F(=3) = 4 f(3) = 58

So the absolute max is 58 (at # = 3) and the absolute min is 4 (at x = —3 and = = 0).
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Concavity and the Second Derivative Test

If f”(z) > 0 on the interval a < x < b, we say that f(x) is concave up on the interval and
the curve would be bending upwards as slopes of tangents would be increasing. If f”(z) <0,
f(z) is concave down and the curve bends downwards. A point where the concavity changes
(from up to down or down to up) is called an inflection point. The concavity changing re-
quires f”(x) to change sign and hence inflection points occur where f”(x) = 0 or is undefined.
But f"(c) = 0 or being undefined does not mean that there must be an inflection point at
x =c — see the * exzample below.

Example:

If f(z) = 2® — 32? + 6, then f'(z) = 32> — 6z and f"(z) = 6x — 6,

so f'(z)=0ifz = 1.

If x <1, f’(x) <0 and so f(x) is concave down.
If x> 1, f’(x) > 0 and so f(z) is concave up and there is an inflection point at (1,4).

a1 f"(x) =<0
f(x) concave down

-

inflection point
(1.4

=fix)=x"3-3x"2+6

fa=1.1"x)=0
f(x) concave up

==
t t
2 -1
1+
3+

Example:

If f(x) = 2% then f/(z) = 42% and f(z) = 1222
Then f”(0) =0, but f”(x) > 0 for all  and the function is always concave up.
There is no point of inflection as the concavity has not changed.
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But there is a local (and absolute) minimum at x = 0.

101 v=fx)=x"4

£"(0) = 0. but no
inflection point

T local (and abs)
4 minatx =0

Consider the functions f(z) = z? and g(z) = —z?. Then f'(z) = 2z, f”(z) = 2 and so the
function is always concave up and tangent lines lie below the curve and there is a local min,
whereas ¢'(z) = —2z,¢"(xr) = —2 and that function is always concave down and tangent
lines always lie above the curve and there is a local max. (This tells us that the tangent line



would have to cross the curve at a point of inflection.)

local (and abs)
min atx =0

tangent knes
lie below curve  x
. . N

local (and abs)

max at x =0

tangent fines
lie above curve

These graphs also show us the connection between concavity and local extrema.

The Second Derivative Test

Suppose that f'(¢c) =0 and f”(c) # 0.

(i) If f"(¢) > 0, f(x) has a local min at z = c.
(ii) If f"(c) <0, f(x) has a local max at x = c.

Example:

Consider our example above, f(z) = 23 — 322 + 6.
Then f'(z) = 32* — 6x = 3z(x — 2) and f”(z) = 6z — 6.
So f'(x) =01if x =0 or 2.

f"(0) = -6 <0 = local max at = = 0.

f"(2) =6 >0 = local min at x = 2.
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Example:

Consider the function f(x) = 2% — 82% + 3

(this function has even symmetry as f(—z) = f(x) for all x).

Then f'(z) = 423 — 162 = 4x(2? — 4) = dx(x + 2)(v — 2)

and so f'(x) =0if x = —2,0 or 2.

If 2 <=2, f'(z) <0 = f(z) decreasing.

If -2<2<0, f(x) >0 = f(x) increasing, so (—2,—13) is a local min (FDT).
If0<x<2 f'(x) <0 = f(x) decreasing, so (0,3) is a local max (FDT).

If x>2, f'(x) >0 = f(x) increasing, so (2, —13) is a local min (FDT).

And f"(x) = 122% — 16 = 4(32% — 4),

so f"(x) = 0 if = +1/4/3 = £2//3.

If v < —2/V/3, f"(z) > 0 and f(x) is concave up (agrees with min at x = —2).

If —2/v/3 <z <2/V3, f'(z) <0and f(z) is concave down (agrees with maz at x = 0) and
there is an inflection point at (—2/+/3, —53/9).

If © > 2//3, f"(x) > 0 and f(z) is concave up (agrees with min at x = 2) and there is an
inflection point at (2/v/3, —53/9).

Or, we could have used the SDT to classify the extrema:

f"(—=2) >0 = local min at x = —2,

f"(0) <0 = local max at x =0,

and f”(2) >0 = local min at x = 2.




See the graphs below.
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84
0t
-124
BES v=flx)=x"4-8x"2+3
-~
al Y yefm=wafs2-s
124
o . s o
F-2<x=<0 =0 .
fix) meread . fO<x<2 f'x)<0
N fix) decreasing
local max 1
T X
1 1 1 1 1 1 Iy
} } ) t } 4
4 N 2 3 4
i fx=2 x>0
Fan fx) increasing
84
= . s o
tx<-2,f(x) <0 o
f(x) decreasing local Tand abs) 712__ local (and abs)
min atx =-2 min at x =1
-~
1;__.‘ v=fx)=x"4-[8x2+3
4
L

if -2/sgri(3) = x < 2/s

f{x) concave down

bet(3), £7() < 0

6
s
fa<-2sqrt3A " A0 _qpd
f(x) concave up 124
-124

- M

(Khan Academy video Calculus: “Inflection Points

and Concavity Intuition” here)

o8
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Simple Rational Functions

P
A rational function has the form f(z) = %, where both P(z) and Q(x) are polynomials.
x

A rational function will be undefined wherever Q(x) = 0 (as we cannot divide by 0) and it
will be continuous everywhere on its domain, {x | Q(z) # 0}.

If + = a is a value where the denominator is zero and the numerator is not, ie Q(a) = 0
and P(a) # 0, the rational function will have a vertical asymptote at x = a. More ex-
actly, f(z) has a vertical asymptote = = a if f(a) is undefined and lim f(x) = +o00 and/or

r—a

li]rn+ f(z) = £oo. If we graph f(z), the curve cannot cross a vertical asymptote.
r—a

Example:
2
Conside = —.
nsider f(x) P
f(z) is undefined at x = —1 (denominator is 0)
2
and lim f(z)= lim = —00
z——1- z—-1- T+ 1
and lim f(z)= lim =00
z——1% z——1+t x4+ 1
and so x = —1 is a vertical asymptote.
‘i Y v=fx)=2/(x+1)
e :_\_"
vertical 1
asymptote -

The signs of f'(x) and f”(z) can change from one side of a vertical asymptote x = a to
the other, so we must check for that when we look for intervals of increase/decrease and/or
intervals of concavity. But there will be no local extremum or inflection point at x = a even
iof there is a sign change in the appropriate derivative as there is no point on the curve when
T =a.
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Example:
Consider f(r) = —— -
nsider = = :

R e Sy (x+3)(z —2)

f(z) is undefined at x = —3 and = = 2.
4

li = i =

A= ey =

d I = 1l = —
and Hm f(e)= o gm—y — >

so there is a vertical asymptote at z = —3.

J )= b ey T

d li = 1li =
and T fl@) = B o e ~ %
so there is a vertical asymptote at x = 2.

_ 4 A2 —1
f(x)—m—‘l(ﬂﬁ +x—06)", ( |
—4(2z +1

_ 2 -2 _
fl(x) =0if 2z +1 =0 or x = —1/2 (where the numerator is 0).
If <=3, f'(z) >0, so f(z) is increasing.
If -3<xz<—1/2, f'(x) > 0,s0 f(x) is increasing,.
If —1/2 <z <2, f/(x) <0,s0 f(z) is decreasing and there is a local max at (—1/2, —16/25).
If > 2, f'(z) <0, so f(z) is decreasing.

v 200 +2—6)2 — 2z + 1)(2)(2* +z — 6)(2x + 1)
f(x)——4{ (22 + 2 —6)*
L (z2 4+ 2 —6) — (2 +1)?
— 4(2)2{ (%2 +<i_26)1 J
¢+ x—6— (4o” + 4o +

=8 @+ -6 )
_ —8(=32* -3z —7)
- (22 +z2-6)3
_ 8(3x* 43z +7)

(2242 —6)3 "’

so f"(z)=0if 323+ 3z +7=0,
-3+ /(3)2—-4(3)(7)  -3+/9-84
2(3) B 6
If x <=3, f’(x) >0 and f(x) is concave up.
If -3<2<2, f"(r) <0 and f(z) is concave down.
If 2 >2, f'(z) >0 and f(x) is concave up.

orif r = , so there are no real roots.
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But there are no inflection points. Why not ¢

decreasing
concave up

increasing
concave up

- LT
mcreasing

conc ax;e

Example:
Consid =
onsider f(z) o

(this function has odd symmetry as f(—x) = —f(x) for all x).
The denominator is never zero, so no vertical asymptotes (ie a rational function does not
have to have them).

D(2z?+1) —x(2x 1— 22
py = D) ) 1s

(22 +1) (22 +1)
so fl(z) =0if 2z = £1.
If x < —1, f'(x) <0 = f(x) is decreasing.
If -1<z<1, f(x) >0 = f(x) is increasing and there is a local min at (—1,—1/2).
Ifz>1, f(x) <0 = f(x) is decreasing and there is a local max at (1,1/2).
() —2x(2? +1)% — (1 — 22)(2) (2 + 1)(22)
€Tr) =
(.’172 + 1)4

 2w(2®+ 1) — 2(22)(1 — a?)
o (22 +1)3
2z +142(1 — %))
o (224 1)3
_ —2z(3—a?)
o (224 1)3
_ 2x(z® - 3)
o (224 1)3
and so f"(z) =0 if . =0 or = = +/3.
If . < —V/3, f"(z) < 0 and f(x) is concave down.
If —v3 <2 <0, f() >0 and f(x) is concave up and thus there is an inflection point at
If0 <z <3, f'(r) <0 and f(z) is concave down and thus there is an inflection point at
0,0).
If + > /3, f/(x) > 0 and f(z) is concave up and thus there is an inflection point at

X
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(V3,V3/4).

v=fx)=x/(x"2+1)

. | concave down

concave up

increasing|

.
1

-5 4 -1 1

concave down

0.3
concave up

Putting It All Together

If we want to sketch the graph of a function y = f(x), we can obtain information about
the shape and behaviour of the curve and about special points on the curve by finding the
following;:

(i) the domain

(ii) the intercepts (where the curve crosses the x and y azxes)

(iii) symmetry (if the function is even f(—x) = f(x) or odd f(—x) = —f(x), though most
functions are neither)

(iv) vertical asymptotes

v) horizontal asymptotes (check if either 2ii)moO f(z) or xh_}rgo f(z) is a constant)

(
(vi) intervals of increase and decrease and local extrema
(vii) intervals of concavity and points of inflection.

Example:

1
y=fla)=z+—
This function is defined for all x except z = 0, so = 0 could be a vertical asymptote.

1
lim f(z)= lim z+—-=0—00=—0
z—0~ z—0~ X 1
and lim f(z) = lim x+ — =0+ co = o0,
x—07+ x—07t T

so, yes, x = ( is a vertical asymptote.
f(0) is undefined, so there is no y-intercept.

f(x) =0only if z + — =0 or 22 + 1 = 0, which is impossible (z is real), so no z-intercepts
x

either. . ) .

f(=z) = (—z)+ =—z——=— <x + —> = —f(z), so this function is odd (and the

(—x) T x




symmetry is about the origin as we’ll see in the graph).

1
lim f(z)= lim 24+ —=—-00—0=—00
T——00 T——00 €T

and lim f(z) = lim 2+ — =00+ 0 = o0,
T—00 T—00 x
so no horizontal asymptotes.

fla)=1-—,

so fi(x) =0if z = +1.

If # < —1, f/(z) > 0 and so f(z) is increasing.

If -1 <2<0, f/(r) <0 and so f(x) is decreasing and there is a local max at (—1, —2).
If0<x<1, f(x) <0 and so f(z) is decreasing.

If > 1, f/(z) > 0 and so f(x) is increasing and there is a local min at (1, 2).

Why did we use x = 0 as one of the divisions for the intervals ¢

2
f"(z) = 3 # 0 for any z.

If 2 <0, f’(x) <0 and f(x) is concave down.
If x>0, f’(x) >0 and f(x) is concave up.
But there is no inflection point. Why not ¢
Put it all together to get the graph.

-

511 decreasmg

v=fx)=x+(1 %) local min

(1.2)

increasing

concave up

. .
t }
-1 1
RES
concavedown

increasing local max 1

-L-2 11 x=0 (v-ais)
vertical
T asvmptote

decreasing

Example:
y= f(z) = 2% — 62> — 36z
f(zx) is a polynomial, so it is defined for all  and there are no vertical asymptotes.
f(0)=0 = (0,0) is the y-intercept.
f(x) =0if 23 — 62% — 36x = z(2* — 62— 36) =0 or if x = 0
6+ /(=6)2—4(=36) _ 6++/5(36) _ 6+6v5 _ 34 3VB,
2(1) 2 2
and thus the z-intercepts are 0,3 — 3v/5 ~ —3.71 and 3 + 3v/5 ~ 9.71.
This function has no symmetry (it has both even and odd powered terms).
lim f(x) = —o0 and xh_{rolo f(z) = oo, so no horizontal asymptotes.

orif x =

T—r—00

f(x) =32 — 122 — 36 = 3(2? — 42 — 12) = 3(z + 2)(z — 6),



64

so f'(z) =0if z = =2 or z = 6.

If 2 <=2, f'(z) >0, so f(z) is increasing.

If -2 <2 <6, f'(r) <0,s0 f(x) is decreasing and there is a local max at (—2,40).

If > 6, f'(x) >0, so f(z) is increasing and there is a local min at (6, —216).

f'(x) =6z — 12 =6(x — 2),

so f"(z)=0if z = 2.

If # <2, f'(z) <0 and f(x) is concave down.

If > 2, f’(x) >0 and f(x) is concave up and there is an inflection point at (2, —88).

.
Yo oy=fix)=x"3-6x°2 - 36x

1201 increasing

(-2,40)

decreasing x
1 1 1 1 1 1 1 1 L 1 1 1 1 1 1 1 1 1 1 Iy
-+ttt
& -3 3 -3 -2 -l 125 4 3 8 3 & /10 11

inflection

) ) S0 point
mereasmg { concave down (2, -88)
1204
local min

(6. -216)

Concave up

Optimization Problems

We can use our knowledge of how to find the absolute extrema of a function on a closed
interval and the Derivative Tests to solve real-world optimization problems like minimizing
costs, maximizing area, etc. When solving these problems, there are simple things to keep
in mind:

(i) we need to be sure what the question is asking for and what the given information is
(ii) we need to be able to identify what function needs to be optimized and what the interval
is (if appropriate), which usually requires reduction to a single variable and determination
of constraints

(iii) a diagram often helps.

Example:
A farmer has 800 m of fence and wishes to enclose a rectangular field. What dimensions will
maximize the area enclosed ?
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Let [ and w be the length and width of the field.

We are told that he has 800 m of fence, so the perimeter of the rectangle must be 800 m.
So we have that 2[ + 2w = 800 or [ + w = 400.

The area enclosed is A = [w, but w = 400 — [, so A(l) = (400 — ) = 4001 — [

Clearly, I > 0 and since w > 0, we must have [ < 400 (because | + w = 400), so the interval
is 0 <1 < 400.

A'(l) =400 — 21, so A'(I) = 0 if [ = 200.

A(0) =0, A(200) = 40000 and A(400) = 0,

so the maximum area enclosed is 40 000 m? if the field is a 200 m by 200 m square.

Example:
What if the farmer only needed to enclose three sides with 100 m of fence to create a pen
beside the barn?

w

barn

Now [ + 2w = 100, so w = (100 —1)/2

and the area is A(l) = (100 — 1)/2 = 501 — [?/2 and the interval is 0 < [ < 100. Why ?
Then A’(l) =50 — 1, so A'(l) = 0 if [ = 50.

A(0) = A(100) = 0 and A(50) = 1250,

so the maximum area enclosed is 1250 m? with dimensions 50 m by 25 m, with the 50 m
side parallel to the barn.

Example:
A soup can is to have a volume of 500 mL. What dimensions will minimize the amount of
tin used ?
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L

~

Let the radius and height of the can be r and h, respectively.
The amount of tin used corresponds to the surface area of the can,
which is A = 2712 + 27wrh (can you see that ?).

500
But the volume is supposed to be V = 7r?h = 500 cm?, so h = —.
r
500 1000
And so A(r) = 2mr® + 27r (—2 = 27r? + :
r r
Clearly, the dimensions must be positive values.
1000
A(r) = dmr — o
1000 250 250
so A'(r) = 0 if 473 = 1000 or 1* = —— = “— or r = {/ — =~ 4.30 cm.
2000 i " "
A'(r) =47 + > 0 for all » > 0, so this value must be a local (and absolute) min for

3
the function (see the graph for confirmation).

The height is then h = ~ 8.61 cm

7(4.3)2
(notice that the height and the diameter are equal here).

1 Surfice Area

Example:
Suppose that the material for the top and bottom of the can costs twice as much as that for
the side. What dimensions would minimize the cost of producing the can?
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The (relative) cost would be C' = 2(271?) + 2wrh = 4mwr? + 27rh,

1000 125
Then C'(r) = 87r — —5—, so C'(r) = 0 if r = {/ — ~ 3.41 cm
r

T
and then the height would be h ~ 13.69 cm
(notice that the height is now twice the diameter).

Example:

If the cost of producing z widgets is C'(z) = 0.122 + 302 + 100 and the price function is
p(z) = 125 — 0.2z, how many widgets should be produced and sold to maximize profits ?
The profit function is

P(z) = R(z) — C(x)

— apla) - C(a)

= (125 — 0.22) — (0.12% + 30z + 100)

= —0.32% 4+ 95z — 100.

So P'(x) = —0.6z + 95, and then P'(z) =0 if 2 = 95/0.6 ~ 158 (round to nearest integer).
P"(z) = —0.6 < 0 = this is a local (and absolute) max for the function (which is a
parabola opening downwards).
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Practice Problems

1. Find the intervals of increase and decrease of the following functions. Find and identify
any local extrema.

(a) f(x) =222 =52 +6

(b) g(t) = 2t3 + 15> — 84t + 13

(c)y=

2. Find the intervals of concavity and any inflection points for the following functions.

(a) f(x) =222 =52 +6

(b) g(t) :52t3 + 15¢% — 84t + 13
(c)y = r+3

(@) f(@) = 5

(@) f(2) = = on [0,

- % on [1,4]
) =223 — 1522 + 24z + 7 on [—1, 6]
(d) f(t) =t* — 8> + 22¢* — 24¢ on [0, 4]

4. Identify any vertical asymptotes of the following functions.

(@) S(0) = ——

(b) f(x) = 57

(c) y = 2%

(@) glr) = 5

5. Analyze the function f(z) = z* — 823 + 2222 — 24z and sketch its graph.

2
8

6. Analyze the function f(z) = % + — and sketch its graph.

T

12

7. Analyze the function f(z) =

71 and sketch its graph.
x
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2

e a— and sketch its graph.

8. Analyze the function f(z) =
72—z

9. An open-top box is to be constructed so that its base is twice as long as it is wide and its
volume is to be 2800 cm?. Find the dimensions that will minimize the amount of cardboard
required.

13
10. The cost of fuel per kilometre for a truck travelling v km/h is C(v) vz

450 v
(a) What speed will result in the lowest fuel cost per km ?
(b) If the driver is paid $25 per hour, what speed would give the lowest total cost for a

1500 km trip ?
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Practice Problems Solutions

1. (a) f'(x) =42 —5,s0 f'(x) =0if z =5/4

if x <5/4, f'(r) < 0so f(z) decreasing

if x > 5/4, f'(x) > 0 so f(z) increasing and local min at z = 5/4

(b) ¢'(t) = 6% + 30t — 84 = 6(t* + 5t — 14) = 6(t + 7)(t — 2), 80 ¢'(t) =0 if t =2 or —7
if t < —7,¢'(t) > 0 so g(t) increasing

if —7<t<2,¢(t) <0so g(t) decreasing and local max at t = —7

if t > 2,4'(t) > 0 so g(t) increasing and local min at t = 2

(c) d_ayc = (x:— O < 0 for all z # —3, so always decreasing
2a(z? + 1) — 2%(2 2
@ o) = ZEED @) 20 ) it =0

($2 +1)2 B (22 + 1)2’
if © <0, f'(x) <0so f(x) decreasing
if x >0, f'(x) > 0 so f(z) increasing and local min at z = 0

2. (a) f'(z) =4x =5, f"(x ) =4>0 = always concave up

(b) ¢'(t) = 6t% + 30t — 84, ¢"(t) = 12t + 30, so ¢"(t) = 0 if t = —30/12 = —5/2

if t < —5/2,¢"(t) <0 so g(t) concave down

if t > —5/2,¢"(t) > 0 so g(t) concave up and there is an inflection point at t = —5/2
dy 5 &y 10

(¢) == o= (x+3)2’@ =ty # 0 for any x

if < —3,4"” < 0 so concave down

if x > —3,y” > 0 so concave up (but no inflection point)

/ o 2z

(d) / (x) = W7

() = 2(2% +1)% — 20(2) (22 + 1)(22) _ 2[(2? + 1) —42?]  2(1 — 3a?)
= (x2+1)4 - (22 + 1) BCCESNE

so f"(z) = 0if v = £1//3 =~ £0.577

if v < —1/v/3, f"(z) <0, so f(x) concave down

if —1/v3 <x<1/V3,f"(x)>0,so f(zx) concave up and inflection point at x = —1/v/3
if x> 1/v/3, f(x) <0, so f(zx) concave down and inflection point at 2 = 1//3

@) £0) = g

so f(0) = 3/2 is the max and f(5) = 3/7 is the min

dy 8 dy
b) 2 =t——, 2 =0ift?=8 = t=2
b) erar ]
critical number ¢ = 2 is in the interval [1, 4]

f(1)=17/2, f(2) = 6 is min, f(4) = 10 is max

(c) ¢'(x) = 62? — 30z + 24 = 6(2® — 5z +4) = 6(x — 1)(x — 4)

critical numbers z = 1 and x = 4 are in interval

g(—1) = —34 is min, g(1) = 18, g(4) = —9, g(6) = 43 is max

(d) f/(t) = 463 —24t2+44t—24 = 4(t>—6t*+11t—6) = 4(t—1)(t*—5t+6) = 4(t—1)(t—2)(t—3)

< 0 for all x # —2, so f(x) always decreasing



all three critical points are in the interval

f(0) = f(4) = 0is max, f(1) = f(3) = —9 is min, f(2) = —8

4. (a) v = —6

(b) none

(c) t =2
(d)r=—-2andr=6

5. f(x) is a polynomial, so defined for all  and no vertical asymptotes

lim f(z) = oo so no horizontal asymptotes
z—+o0o

no symmetry
f(0) =0 = (0,0) is y-intercept
flx) =0 = 2" — 823 +222% — 24x = 0 or z(2® — 8% + 222 — 24) =0
or #(x — 4)(2* — 42 + 6) = 0 = z-intercepts are z = 0 and z = 4
f(x) = 4a® — 2422 + 442 — 24 = 4(23 — 62% + 11z — 6) = 4(z — 1)(z — 2)(z — 3)
= fl(x)=0ifx=1,2,3
if v <1, f'(x) <0, f(x) decreasing
if 1 <2 <2, f(z) >0, f(x) increasing and local min at (1, —9)
if 2 <z <3, f(x) <0, f(x) decreasing and local max at (2, —8)
if x> 3, f'(z) <0, f(z) increasing and local min at (3, —9)
f"(x) = 1222 — 48z + 44 = 4(32* — 122 + 11),
— 2 _
w0 () = 0if 2 = 12 +/(=12)2 — 4(3)(11) _ 12+ /12 _ 12423

2(3) 6 6
=24+1//3 ~1.42,2.58
if v <2—1/V3, f"(x) >0, f(x) concave up

71

if 2 -1/V3 < o < 2+ 1/V3,f"(z) < 0, f(x) concave down and inflection point at

(1.42, —8.56)



if > 2+1/v3, f"(x) >0, f(x) concave up and inflection point at (2.58, —8.56)

I
T
1

v=fx)=x'4-8x°3 = 22x°2 - 24x

- inflection points local min
o -9 (142, -8.56) (3,-9
- and (2.58, -8.56)

z
B
g

6. f(x) defined for all x # 0, so no y-intercept

. , > 8
lim f(z)=lim | =+ -] =0—00=—0
r—0~ r—0~ 2 X
. (2?8 .
lim f(z)= lim [ —+ — ) =04 0o = 00, so x = 0 is vertical asymptote
z—07+ z—0T \ 2 X
no symmetry
2
8
f(l’)=0if%+—:OOrx3:—160rx:\3/—16%—2.52
. . r? 8
lim f(z)= lim (—+—-)=0c0—-0=0c0
z——00 z——o0 \ 2 T
2

lim f(z) = lim (x_ + §> = 00 + 0 = 00, so no horizontal asymptotes
T—00 z—o0 \ 2 T
8
fl(x) =2~ —,s0 fl(v) =0if x =2
x
if © <0, f'(z) <0, f(z) is decreasing
if0<x<2 f(z) <0, f(x) is decreasing
if > 2 f'(x) >0, f(z) is increasing and there is a local min at (2, 6)

1

f"(x)y=1+ —S, so f"(z) =0if 2> = =16 or z = /=16 ~ —2.52
x

if © < /=16, f"(x) > 0, f(x) is concave up

72

if V=16 < = < 0,f"(xz) < 0, f(x) is concave down and there is an inflection point at

(v/—16,0)



if >0, f"(z) >0, f(z) is concave up

S04
inflection point
(-232,0

v=fix)=035x2+(8/x)

ST vertica
o4 asvmptate
1+ x=0

7. f(z) defined for all z, so no vertical asymptotes
f(0) =0 and f(x) =0 only if x = 0, so (0,0) is the only intercept
f(—=z) = f(z) and so the function is even

. : 2 : 1 . :
xgrfoo f(x) = xgrinoo o im T, :%2 =1, so y = 1 is a horizontal asymptote
2z(2% + 1) — 2%(27) 21
! _ _ _ : _
fl(x) = S _($2+1)2,sof’(x)—01fx—0

if v <0, f'(x) <0, f(x) decreasing

if x >0, f'(x) > 0, f(x) increasing and there is a local (and abs) min at (0, 0)
gy 2@ +1)? —22(2) (2 +1)(22)  2[(2®+1) —42?]  2(1 — 32?)

fi(x) = (224 1)4 o (224 1)3 o (z2 4 1)3

so f"(x) =0if r = +1/v/3 ~ +0.577

if © < —1/4/3, f"(2) <0, so f(x) concave down

73

if —1/v3<x<1/V3,f"(x) >0, so f(x) concave up and inflection point at (—1/v/3,1/4)
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if x> 1//3, f"(x) <0, so f(z) concave down and inflection point at (1/+/3,1/4)

horizontal v=fx)=x"2/(x"2+1)

inflectionpaint % .| /inflection point
(-0.577.025 Y\ (0.577,0.25)

LI {
local (and abs)jmmn (0, 0)

8. f(x) = o CESN ) defined for all x # —1,2

)= gy =

xgrrh fz) = xEI—%+ o 1)2(90 Y = —00, and so x = —1 is a vertical asymptote
Jm S = I o 1)2(33 2~ ™

xlgg f(z) = Cclgg e 1)2(x %) = = 00, and so x = 2 is a vertical asymptote

7(0) = -1

f(z) # 0 for any z, so no x-intercepts
no symmetry

2 . Z 0 . .
xggloof( )zxgrfwm:xgrfwl_%_% _I_O and so y = 0 is a horizontal
asymptote

—22 -1 2(1 -2
fla) =~ Uj ) A x)2,sof’()—01fx—1/2

—2)2 (22 —2-2)

if v < —1 f’( ) 0, f(x )m(:reasmg
if —1 <z <1/2,f(x) >0, f(x) increasing
if1/2<ax <2 f(z)<0 ( ) decreasing and local max at (1/2,—8/9)
if v > 2, f'(x )<0, (x )decreasmg

2@ —2-2-(1-22)2)(2z* —2—2)(2x — 1)
f(x)—?{ (22 — x — 2)*
_ 4 (22 —2—2) — (20 — 1)?
Sl

—4(x? —x — 2 — (42® — 4z + 1)
(22 —x —2)3




—4(—=322 + 3z — 3)

(2 —x —2)3
2
— 1(2;;3_; JL—;)? = ["(x) # 0 for any z

if v < —1, f"(x) > 0, f(x) is concave up

if —1<z<2, f'(x) <0, f(x) is concave down
if x> 2, f"(z) >0, f(z) is concave up

but there are no inflection points

4 3 2
horizontal asvoptote v=10

vertical
asvmptote
x=-1

| =2w

let w be the width of the base, then the length of the base is [ = 2w

and let A be the height

the surface area is

A = lw + 2wh + 2lh = (2w)w + 2wh + 2(2w)h = 2w? + 2wh + 4wh = 2w?* + 6wh

but the volume is V = lwh = (2w)wh = 2w*h = 2800
2800 1400

2?2 w2

and so A(w) = 2w? + 6w (

so h =

1400) gy 4 8400

w? w

75
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8400
and then A'(w) = 4w — —
w

so A'(w) = 0 if 4w3 = 8400 or w? = 2100 or w ~ 12.81 cm
1400

then [ = 2w ~ 25.61 cm and h = — & 8.54 cm
w
16 800
A'(w) =4+ ———>0forallw >0
w

so this a local (and abs) min for the area function

10. (a) clearly, v > 0
1 13
C'(v)

=10 o2 5 C'(v) = 0 if v? = (13)(450) = 5850 or v ~ 76.5 km/h
since C"(v) = — >0 for all v > 0, the function is always concave up and hence we have
found the local (and absolute) minimum of it
(b) total cost = wages + fuel
25 v 13 v 38
T=1500 |+ (—+—=)| =1 — + =
or 500[1}%—(450-1—1})} 500<450+U)
1 38
T'(v) =1 — - —
so T"(v) = 1500 <450 2
and thus, T’(v) = 0 if v = (38)(450) = 17100 or v ~ 130.8 km/h



Chapter 4

Goals

e to know the derivatives of the trigonometric functions and be able to use them in
applications

to know the derivatives of exponential functions

to understand the properties of the exponential function f(x) = e”

to understand the properties of the natural logarithm function f(z) =Inx

to be able solve application problems involving exponentials

Derivatives of Trigonometric Functions

In Calculus, we always use radian measure for angles — the formulas we will find below for
the derivatives of the trigonometric functions require radian measure to be true.

Recall the definitions of the trigonometric functions from a right-angled triangle.

hypotenuse
opposite

theta f

adjacent

adjacent
cosf = ——
hypotenuse

) opposite
sinf = —
hypotenuse

opposite
tanf = ————
adjacent

7



1 hypotenuse

secf = =
cos adjacent
1 hypotenuse
cscl) = — = .
sin 6 opposite
1 cosf  adjacent
cotf = = =

tanf sinf  opposite

Or, from the unit circle, 2% + y? = 1.

unit circle
2+y2=1

% = cos(theta)
v = sin(theta)

x = cosf and y = sin 6.

The graphs of the functio

ns follow below.

v = flx) = sinix)

AV

78
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cos(x)

flx) =

v=
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F's

|
v=fx)= csc(x]|

v

X
»

|

|

|

| |
| |
| |
| |

: | : 5
i .'r I/ L _'[T

| |
| |
| |
| |
| |
| |

FS ¥ L]

v =\fix) = cot(x)

|
|
|
|
!
w2 'r 3m
I
|
|
|
|

-

All of the functions are periodic, ie they repeat themselves over and over again. Some have
period 27 while the others have period m — can you tell which are which ?

What would the derivatives of sin z and cos = be like 7 We can make graphical approximations
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and see that they will also be periodic and look like trigonometric functions themselves.

the derivative of sin(x)

AL
VARV

the derivative of cosi(x)

d d
Notice that — (sinx) has the shape of cosz and that — (cosx) has the shape of —sinz.

However, because we cannot be sure of the y values of the derivatives from our graphical
approximations, we cannot say at this point that the derivatives are exactly these functions.
But we will see that they are.

sin(x + h) —sinz

lim
h—0
sinxzcosh + cosxsinh — sinz

4 (sinz) =

dx

= lim
h—0

h
(using the trig identity sin(f + ¢) = sin € cos ¢ £ cos 0 sin @)
sinz(cosh — 1) + coszsinh
= lim

h—0 h

sinxz(cosh —1) . cosxzsinh
= lim + lim ——
h—0 h h—0 h
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, . cosh—1 . sinh
:(smx)}g%T—F(COS@}Z% A

To see what these limits are, look at the graphs. The functions are not defined at x = 0, but
the graphs show us that the limits exist.

v=1fix)=sn(x) 'z

v=1fx)= (cos(x)- 1) /x

-

h h—1
We can see that lim Sl% =1 and lim coshT 2 0

h—0 h—0 h

And thus 4 (sinz) = cosx (for z in radians).

dx

We can use the trig identity cosz = sin(3 — x) and the chain rule to get

% (cosz) = % (Sin (g — x)) = Cos <g — x) % <g — x) = (sinzx)(—1) = —sinz.

The derivatives of the other trigonometric functions are as follows.

i (tanz) = i sinz
dx ~ dx \cosx




B % (sinx)(cosx) — (sinx) % (cos z)

(cosx)?
(cosz)(cosx) — (sinx)(—sinx)

(cosx)?

cos?x + sin’x

= using notation convention (sinx)™ = sin” x
(using (sinz)

cos?x
= (using trig identity cos® x + sin®x = 1)
2
cos? x
= sec’ x

d -1
. (secx) = e ((cosz)™")

= —(cos x)_2% (cos z)

= —(cos r)"%(—sinz)

ST

cos? x

B 1 sin x
~ \coszx Ccos &

=gsecrtanx

d d
. (cscx) = .

((sinz)™")

d
’— (sinx)

= —(sinz)” e
= —(sinz) ?*(cos 1)

— COS T

sin?
-1 ( CoS & )
sinx sin x

= —cscxrcotx

d d /cosx

_ t _

dx cotz) dx (sin$>

B d%(cos x)(sinx) — (cos x)%(sin x)
a 2

(sinx)
(—sinx)(sinz) — (cos x)(cos x)

(sinz)?
x — cos?x

sin?

— sin?

sin? x2
= —csctx

Exaénples:
(i) e (cos(3x)) = —sin(3z)(3) = —3sin(3z)

(ii) % (sin(z?)) = cos(2”)(2z) = 2z cos(z?)
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Z—i = 2 cos(4z)(—sin(4x))(4) = —8sin(4x) cos(4dx) = —4sin(8z)
(using the double angle trig identity sin(20) = 2sin 0 cos 0).
(vii) If g(z) = 2 cos? x — 3zt sin(2?),

then ¢'(z) = 4 cosz(—sinz) — 1223 sin(z?) — 32*(cos(z?)(27))
= —4sinx cosx — 1223 sin(z?) — 62° cos(z?)

= —2sin(2x) — 1223 sin(z?) — 62° cos(z?).

tcost
(viid) Iy = t+sint’
dy  (cost —tsint)(t+sint) — (tcost)(1l + cost)
dt (t +sint)?
_ tcost —t*sint + costsint — tsin®t — tcost — t cos? t
B (t + sint)?
_ costsint —t*sint —t
B (t + sint)?
Example:

Find the equation of the tangent line to y = tanx at z = 7.
The point on the curve is (7, 0).

The slope is m = d_y|;r:7r =sec’(m) = (—1)* =1,
x

so the lineisy — 0= (1)(x —7) or y = — 7.

v = fix) = tan(x)

Example:

Analyze the function y = f(z) = « + sinx on [0, 27] and sketch its graph.

f(z) is defined for all x in [0, 27|, so no vertical asymptotes.
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We’re considering only a finite interval, so no horizontal asymptotes.

There is no symmetry because the interval is not symmetric around origin (though function
is odd for any interval of form [—a,al).

f(0) =0 and f(27) = 27.

f(z) =0 if 2 + sinz = 0, which has no solution.

f'(x) =1+cosx,so f'(x) =0if cosz = -1 = x=m.

If0<x<m, f'(x) >0 and f(z) is increasing.

If 7 <ax<2m f'(x) >0 and f(z) is increasing.

So there are no local extrema, but the graph does have a horizontal tangent at x = 7.
f"(x) = —sinx, so f"(z) =0if z = 7.

If0<z<m, f(r) <0 and f(z) is concave down.

If 7 <ax<2m f’(x) >0 and f(x) is concave up and there is an inflection point at (m, 7).

v =fix)=x~ sin(x)

inflection point
(pi. pi)




86

Applications of Trigonometric Functions

Example:
The voltage in a wall socket is given by V (t) = 170sin(1207t) volts for ¢ measured in seconds.

T Voltage (volts)

time| (secpnds)

V'(t) = 170 cos(1207t) (1207) = 20 4007 cos(1207t),

so V'(t) = 0 if cos(1207t) = 0 or if 1207t = (2k + 1)F for k € Z.

So we have the maximum voltage of 170 V if 1207t = (4k +1)% or if ¢ = &t .

And we have the minimum voltage of —170 V if 1207t = (4k + 3)5 or if t = &2 s,

The period of oscillation is T' = éﬁ = % s and the frequency is f = 60 Hz.

Example:

The standard household voltage in many other countries is given by a different function.

The wall socket voltage in India, for example, is given by V (t) = 325sin(1007t).

P . .
300F Voltage in India (volts)
2304
w0
1604
1204
304
409 time (setonds)

»

0. 02 093 04 093 0406 097 08 099
4k+1

Which delivers the maximum 325 V when ¢t = 2= s and the minimum —325 V when

200
t= ‘L;“‘Tj;?’ s, with a frequency of f = 50 Hz.
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Derivatives of Exponential Functions

Recall that the graph of an exponential function y = f(z) = a® (for a > 1) would look like
the one below.

v=fx)=a"x

(a»1)

14

/ i
! L L L ! »
T T T T T L4
3 -2 2 K}

T
-1 1

The function is always positive, increasing, concave up, passes through (0,1) and has lim a® =0
T——00

and lim a® = oo.
Tr—00

d
What is the derivative of this function? Graphically, we can see that — (a”) would have the

x
same shape as a” itself — increasing, concave up, always positive, starts small (for negative
x) and gets larger.

derivative of
v=fx)=a'x
(a=1)

same shape
as orignal

So it appears that the derivative of an exponential is another exponential function. Is it
really 7

aw—l—h _

gz (@) = Jim ——



38

(because a® is independent of the limit)

h

where k = lim is a constant.

h—0

d . . . : : o
Indeed, . (a) is an exponential function — in fact, . (a®) = ka®.

But, we can do a little better, since if f(z) = a”,

h
a0+h _ g0

h—0 h
and so k = f/(0), the slope of the tangent line to the curve at x = 0.

Let’s see what happens with 27, 3" and 4”.

slopé = 1.0986

slepe = 0.6531

// ;

For 27 f'(0) ~ 0.6931, for 3*, f’(0) ~ 1.0986 and for 4%, f'(0) ~ 1.3863. So we can see
h _

a
that lim
h—0

number between 2 and 3 (closer to 3) such that the slope of the tangent at x = 0, or the
limit, is 1. We call that number e.

increases as a increases. And we can see something else — there must be a

€h—

1
; ~1forsmall h. Ore" —1~h. Ore" ~ h+1. So

So e is the number such that

e (14 h)V",
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And thus e = lim(1 + h)'/"
h—0

n

n—o0

~ 2.718281828459... .

1
= lim (14— (n=1/h)

d
And we have that e () = €”, ie this exponential function is everywhere equal to its own
x

derivative (and second derivative and third derivative, etc.).

The Natural Logarithm

Since we have defined the exponential function f(x) = e, we can define its inverse function,
called the natural logarithm, f~!(z) = log,x = Inx (pronounced as “lawn of x”), defined
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for all z > 0.

.
v=fx)=e'x el

Inz

So we have that e™* =z = In(e”) (since they are inverses).
If y=Inx, then z = €Y,

d

() = — (e
80— (x) o (e”)

or 1= ey% (by the chain rule).
x
dy 1 1

S

0 = — .

de e «x p .
And thus, we have that — (Inz) = — for x > 0.

dx x

Example:
Suppose the population of a bacterial culture after ¢ days is given by P(t) = 15008,
Then the initial population is P(0) = 1500e’%©®) = 1500¢° = 1500.
The population after two days is P(2) = 1500%%(?) = 150016 = 1500(1.1735) =~ 1760.
How long would it take for the population to reach 2000 ?
2000 = 1500e°%% means that e?08 = 2000 _ 4

1500 — 37
so In(e%%%) =1n(4/3) or 0.08t = In(4/3)
and so t = % ~ 3.6 days.

Since we have defined Inx, we can identify the constant £ = f/(0) in the derivative of a®.

d d
Recall that e (a®) = ka® = f'(0)a®. Actually, k = f’(0) = Ina and so e (a”) = a”Ina.
x

Examples:
d
(i) dcxi (3%) =3%In3
(ii) — (t%¢") = 2te’ + t%e' = (2t + ¢*)e’

t
d

(iii) T (x5%) =5" + 25" Inb = (1 + x1In5)5*
x



Applications of Exponential Functions

If we have f(z) = €9, then the chain rule tells us that

() = 2 (¢9) = 1™ 2L (g(2)) = 2/ (2),

Examples:
(i) f/(x) — ecosa:’ f/(;p) = —(Sin x)eCOSz

= 2¢!"43, d_?z = 4tet’*?

(€4mfsinaz) — (4 — COS x)ellesinx
(e®sinz) = e”sinx + €” cosx

<I26m2> — 9re” + 2x3e™”

re®

cosz’ '
(e 4+ ze®) cosx — xe®(—sinx)

then f'(z) = .

e*(cosx + z(cosx + sinx))

y cos?
vii) - (sin(6x2+5“1))
x2+5x+1 i ( x2+5x+1>
)d:v ‘ p
_ Cos(ex2+5x+1>6x2+5x+1% (x2 + 5z 4+ 1)
= (22 + 5)e” 5 H cog(e” T

—~

= cos(e

Example:

Analyze the function y = f(x) = e™®" and sketch its graph.
f(z) is defined for all z, so no vertical asymptotes.
f(0)=1 = (0,1) is the y-intercpet.

f(z) # 0 for any z, so no x-intercepts.

f(=x) = e 9 = ¢=%" = f(x), so the function is even.

lim e = 0, so y = 0 is a horizontal asymptote.
z—+o00

fl(x) = —2ze™ so f/(x) =0if z = 0.
If 2 <0, f/(x) > 0 and so f(z) is increasing.

22

If >0, f'(z) <0 and so f(z) is decreasing and (0, 1) is a local (and abs) maximum.

1
f(x) = =2 +da2e " = 2(22% — 1)e ", so f"(z) =0 if & = +£1//2.
If v < —1/v/2, f"(z) > 0 and f(x) is concave up.
If —1/v/2 <2 <1/V/2, f"(x) <0 and f(z) is concave down (agrees with local max).
So there is an inflection point at (—1/v/2,e~/?) a~ (=0.707,0.607).
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If 2 > 1/v/2, f’(z) > 0 and f(x) is concave up.
So there is another inflection point at (1/v/2,e~'/?) ~ (0.707,0.607).

v=fx)=e(-x2)

local (and abs)
mazx (0,1)

inflection point
(-0.707,0.607)

inflection point
(0707, 0.607)

v =10 (x-axi)
horizontal asymptote
X

Example:

Analyze the function y = f(z) = ze® and sketch its graph.
f(z) is defined for all x = no vertical asymptotes.

f(0) =0 and so (0,0) is the y-intercept.

f(z) =0 only if z = 0 and so (0,0) is the only intercept.
This function has no symmetry.

lim ze™ = —o0
T—r—00

lim xe™™ = 0 and so y = 0 is a horizontal asymptote.
T—00

fl(z)=e®—ze = (1—z)e* and so f'(x) =0if z = 1.

If <1, f/(x) >0 and f(x) is increasing.

If z > 1, f/(z) <0 and f(x) is decreasing and thus (1,e™!) & (1,0.368) is a local (and abs)
max.

f'(z)=—e"—e"Fre®=(x—2)e " s0 f'(z)=0if x =2.

If <2, f’(x) >0 and f(x) is concave up.

If z > 2, f"(x) < 0 and f(z) is concave down and so (2,2e72) ~ (2,0.271) is an inflection



point.
¥ v=fx)=xe"(-x)
local (and abs)
max (1, 0.368)
inflection point
(2,0271)
.
t f 4
-1 1 2 3
v = {0 horizontal asvmptote
Example:

Analyze the function y = f(z) = (Inz)? and sketch its graph.

f(x) is defined for all x > 0.

lilr(r)l+ (Inz)* = (—00)? = 0o and so z = 0 is a vertical asymptote.
136\1_(; y-intercept.

There is no symmetry.

f(z) =0ifInz =0, or if z = 1. So there is an z-intercept at (1,0).

lim (Inz)* = oo so no horizontal asymptotes.
T—00

1
f(z)=2(Inx) =, s0o f'(x) =0if x = 1.
T
If0<xz<1, f(x) <0 and f(x) is decreasing.

If > 1, f/(x) > 0 and f(x) is increasing and thus (1,0) is a local (and abs) min.

2 21 2
f"(m)z;— ;;x :ﬁ(l—lnx) and thus f/(z) =0iflnx =1 = z=e.

If0<z<e, f/() >0 and so f(z) is concave up.
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If x >e, f"(r) <0 and f(z) is concave down and there is an inflection point at (e, 1).

| v=fx)=(ln(x} )2
(-9
51 vertical
asvmptote

E inflection point
) .
; ; >

1 1
local (and abs)
min (1, 0)

Radioactive decay can be modelled using exponential functions. The mass of the radioactive
clement at time ¢ is given by m(t) = moe ™ = mge~""2/11/2 where my is the initial mass of
the sample and ¢,/, is the half-life (time for half of the sample to decay) of the element.

Example:

Radon 222, ?*?Rn, has a half-life of 3.8 days. How much of a 100 mg sample will remain in
5 days? How long does it take for the sample to be reduced to 10 mg?

m(t) — moe—t(1n2)/t1/2 — 100€—t(1n2)/3.8’

so m(5) = 100e°"2)/38 ~ 40.2 mg.

We want ¢ such that m(t) = 10 mg.

So 100e~tn2)/38 — 10,

or eft(ln2)/3.8 _ 01’

or % = In(0.1),

and so t = W ~ 12.6 days.



95

Practice Problems

1. Find the derivatives of the following functions.
(a) f(x) = x*cosx + Te”
(b) g(t) = ses)

(c) y = cos(sin(e”))

(d) 7(0) = 2tan?(50 + €%)

2. Find the absolute maximum and minimum of f(z) = z 4+ e~ on the interval [—1, 3].

d
3. Show that e (log, z) = (for z > 0).
T

rlna
4. Analyze the function y = f(z) = « — cosz on the interval [0, 27| and sketch its graph.

5. Analyze the function y = f(z) = xe® and sketch its graph.

6. Suppose that voltage is given by V(¢) = 125sin(4nt) volts, for ¢ measured in seconds.
(a) Find the max and min voltages and the times at which they occur.
(b) Determine the period and the frequency.

7. The radioactive element Unstablium has a half-life of 2.3 hours.
(a) How much of a 10 mg sample is left after 1 day?
(b) How long does it take for the sample to be reduced to 2 mg?

8. Find the equation of the tangent line the curve y = f(x) = e* cosz at x = 0.
9. On what interval(s) is the function f(z) = (2 + x)e” concave down ?

10. Consider the function g(x) = e*sinz. Find the first four derivatives. What do you
suspect the 8th derivative is?



Practice Problems Solutions

1. (a) f'(z) = 2z cosz — x®sinz + Te®
/

(b) ¢'(t) = 10t cos(t?)es™(**)
(c) % = —e”sin(sin(e”)) cos(e”)
(d) (0) = 4(5 + €%) tan(50 + €%) sec?(50 + €%)

2. flley=1—e*=0ifz=0

f(—=1)=—-1+e=1.72, f(0) = 1is the min, f(3) =3+ e 3 &~ 3.05 is the max
d d (Inz 1 d 1

2 I e R Sy R

k dx(Og“x) dx <lna) 1nad:1:<n$) zrlna

4. f(0)=—1,f(2r) =27 —1

no symmetry, no asymptotes

f(z) =0if z = cosx, so v ~ 0.74

fl(x) =1+sinz, f'(x) =0if x = 371/2

if 0 <2 <3m/2, f'(x) >0, f(x) increasing

if 37/2 < x < 2m, f'(x) >0, f(x) increasing so no local extrema

but there is a horizontal tangent at = 37/2

f"(z) = cosz, so f"(z) =0if x =7/2,31/2

if0 <z <nw/2, f"(x) > 0so f(x)is concave up

if 7//2 <z <3m/2, f'(x) <0so f(x) is concave down
and there is an inflection point at (7/2,7/2)

if 37/2 < x < 2m, f"(x) > 0so f(x) is concave up
and there is also an inflection point at (37/2,37/2)

v=fx)=x- cos(x)

inflection point
(3pi'2, 3pi'2)

mflection point
1+ (pi'2, piZ)
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5. f(x) is defined for all z, so no vertical asymptotes.
f(0) =0 and f(x) =0 only if x = 0, so (0,0) is only intercept
no symmetry

lim xze® = 0 so y = 0 is horizontal asymptote
Tr—r—00

li_>m xre' = 00

fl(z)=e"+ze® = (1+x)e", s0 f'(x) =0if x = —1

if v < =1, f'(x) <0 and f(x) is decreasing

if © > —1, f'(x) > 0 and f(z) is increasing

and thus there is a local (and abs) min at (—1, —e™!) & (=1, —0.368)
f'(z) =e"+e* +xe” = (24 x)e” and so f’(z) =0if z = —2

if © < =2, f’(xz) <0 and f(x) is concave down

if v > =2, f’(x) > 0 and f(x) is concave up

and there is an inflection point at (—2, —2¢7%) &~ (-2, —0.271)

v=fx)=xne'x

v = 0 hotizontal asymptote £
> 1 1 '
nflecti it
‘}_fc_onilflu)m local (and abs)_l__
R min (-1, -0.368)

6. (a) V'(t) = 125(4~) cos(4dnt) = 0 if 4wt = (2n + 1)7/2

4 1
have max of 125 V if 47t = (dn+ 1)w/2 or t = nt S
4 3
and have min of —125 V if 4wt = (dn+3)7/2 or t = n;— S
2 1
(b) the period is T' = 4—7T =38 and the frequency is f = 2 Hz
T

7. (a> m(t) — moe—t(an)/t1/2 — 106—1&(1112)/2.3

so after 1 day, m(24) = 10e=24102)/2:3 ~ 722 x 1073 mg
(b) m(t) =2 = 10e~n2/23 — 9

or eft(ln2)/2.3 =0.2

or #‘;2) = In(0.2)

sot = % ~ 5.3 hours
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8. f(0) =1, f'(z) = e*cosx — e sinz, so slope is m = f'(0) =1
so the tangent lineisy — 1= (1)(x —0) = y=x+1

v=fix) = e"x cos(x)

9. f'(zr) = 2x+1)e® + (2* + x)e” = (2? 4+ 3z + 1)e”

Oife=—4,—1land f"(z)<0if -4 <z < —1

=
I

10. g(z) = e*sinx

() = e"sinz + e* cosx

"(x) =e*sinz + " cosx + e* cosx — e” sinx = 2¢e” cos x

" (x) = 2e* cosx — 2e” sinx

g (x) = 2e*cosx — 2e"sinx — 2e”sinx — 2e” cosx = —4esinx
so it looks like we should have ¢® (x) = 16e” sinz (verfiy directly)

Q

f"(x) = 2z + 3)e” + (2* + 3z + 1);" = (22 + 5z +4)e* = (v +4)(x + 1)e”
(
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