Calculus I: Chapter 3 Notes

Fall 2011

These are blank lecture notes for the week of 10 — 14 Oct 2011. They cover sections 3.3 through
3.6 of our textbook. These notes are intended to help us cover the material more quickly. You are
still expected to pay attention, participate, and fill in any missing information in these notes.

There are 8 exercises scattered throughout these notes. You are expected to complete these on
your own, outside of class. If you have questions, and you can prove that you've put forth some
effort of your own, then I will offer some help. You will want to complete these exercises, as some
of them will certainly be on your next exam.

Section 3.3: Derivatives of Logarithmic and Exponential Functions

We began our study of this section last Friday. Let’s recall what we learned:

Theorem 1. The function f(x) = log, x is differentiable, and

1
!
= —log,e.
filx) = —logge
Proof.
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1
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Remark 1. If a = e we can use this theorem to obtain the formula for (Inz)’. Since log, e =
Ine =1, we have

1
d _

Remark 2. We can rewrite the result of theorem 1 by utilizing the change of base formula.

Ine 1
logae: = , SO
Ina Ina
d
d _
x (1080 7] zlna
Example 1. Find g—g for y =In (23 +1).
1o
|€‘|‘1 ‘F:[V\M ‘F:—J }__27 Jg —F[M/ | 25
I = = —-
W= X3‘I'| w=3x2 X W
- 3x*
x>+ |

Example 2. In general, if u = u(z) and y = Inu, then 4 can be found by using the chain rule.

dx
We have:
1
f=Iu ==
u
u=u u =

Ay et 1w
so g2 = flu' = Ju' =1,

d _ u
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Example 3. Find f'(z) if f(z) = In|z].

1
lth{: lhx x>0 = AD IXI:, X % >0
-)'( ()= X< 0

Inlx) x<o

So |2 [lald]) = 5 X #0

N
Example 4. Fmd 4 for y = (3:5—1—2) .
T"lk@ 'H\( 11’ V‘F lon'H\ S;Jef'
i Npvooun -
oo (Fise) =m0 (o)< b (o
) b3
= Inx bl () < n (354
:%,nx i ;'ln (X\""l) ~ 5w (3’“‘2)

pr,%ke Fhe derivative of cade side :

I:l"j] [Vl"x *»L]n(x H)— 5 (3x+2)]

¥z, o ax 3
y Tyx Tz

(’ﬁx—o-')_) Y4x

2011-10-12 22:32:31 3/20 QL -zIQgp9Hb.pdf (3/20)



Exercise 1. When we introduced the power rule for derivatives, we only proved it for positive
integers. Use the method of example 4 to prove the power rule for all n € R. That is, if f(z) = 2",
show that f/(z) = nz" L.

%:XV‘ = IV\‘ﬂ = ’\/‘l (Xh) =n [/\)(

fl;[lhﬂ] = jl; th lmc]

/

Y n ; n _
=L 5 _n 1 X n-l
y T x T YEg X =0 =X O

Next, we consider exponential functions f(z) = a® for a > 0, a # 1, and try to find their
derivatives. We’ll use the same method as example 4.

Example 5. Use the method of example 4 to calculate - [a?].
X
lﬂ =" > lh(j—_ lnoa= x e
d d
I Elhg] == [x ’vux]
= [lf\&

£l
Y
= lﬂl—: g\nm = D\X’l’lﬂl

Remark 3. Letting a = e in the formula obtained in example 5, we have (%) = e®lne = e®.
We sketched a proof of this fact in section 3.1, so this should not be a shock to anyone. We also
mentioned that f(z) = e is the only function other than f(x) = 0 whose derivative is itself.
Awesome!
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Example 6. Find f/(z) for f(z) = 3" Wiite: y= e3x1
Chain Koo le !
|f+ f; CW 3yt
w= 3x u-éK?> zelidx = bx e

Remark 4. In general, if u = u(z) and f(x) = €“, then we can use the chain rule to find f'(z).
It is fairly easy to show that f’(z) = v/e*. Do it.

Exercise 2. Find a similar formula for -£[a"] where u = u(z).

y=a
lf+ B l: “
j\i i‘;;l lmm} 7 %(/i :‘FJMI: lha-u' a®

Example 7. Find f'(z) for f(z) = aV®.

lef lﬂ:X‘Jz =

lmj:\l?lh)( So, y'= 5(21‘“\){ , ov
d d J %
— - & y X [24]|aX
JxD”'j]_dx&ilhx] < =* 15()
Y JIx | (
= Jx-L —_—
y % + fV\X T
= Loy Inx = 2, lax _ 2+lnx
¢§ Zr& S T o=

23x< 20x 2%
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sinz __

1 wx\”
Example 8. Evaluate the limit: lim 67. = (e{ '\x) e\fmlvm‘l'eal ot x =10

=T X — T

i / .
£inX Siax
{e ' ) S cosx €

K=A7 -

AT
Cos €' =(—l)'e°=~l‘|:ﬂ

Example 9. Show that y = Ae™® + Bwze ™ satisfies the differential equation y” + 2y’ +y = 0.

e vneed fo calculate ' y"

Y= A L B Bre

Y= Ae” -BeX —Be " 4 Bxe ™

So, YT hyry = AT B BNy B 28 428% 28" s ATT 1 Brd”

= 0. =
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Example 10. For what values of r does the function y = €™ satisfy the differential equation
y" + 5y — 6y =07

fgain, we need o calculade 4y

/ rx h b3
Yy = Yy e ) g:rerx

R s s alled the charactenshe
Flujg\nﬂ ity e f’q,uw%vﬂ/ we have N

P rn(ynnwn'o'l of +he D.E
;/+ 5«/ (, _ 2 X [ rX rx rx [/ 2
Y y—by=re " thre" et = e r-r?r/£>=0

Now, solve for
gygfrﬂgr—é]:o

= (f’f}(r+é)° 0

> [t ot

Exercise 3. If f(z) = ¢**, find a formula for () (z).

Sﬁr{’ L\/, ﬁkimj a %w Jo\#l\/m{*{vu‘/ Phen Jf‘f\/ H pehe a \o«#‘irnt
Pods 202"

£'0d = 22 P zle2><

‘FI”(K) _ 2.2'L€1>< - 236 2X

QY n 2x
Sy [ £ (4= 2 e
Example 11. Find % if ¥ = y*.

Comman Theme: take +he |09 o ot sides. <o,

thU:(V\gX = lem)c: xlv\j
Now, take He devivafive of eacl. side
i’[‘jlmx]zi[xlnﬁ

y %+ Ix = xR Iny
Ao o Xdy Y
=) c[KIV\X' \jd—x_ll’lj X
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Section 3.4: Exponential Growth and Decay

This section is an application of the calculus of exponential functions. In many real-life sit-
uations, quantities grow or decay at a rate proportional to their size. For example, if y = f(¢)
represents the number of individuals in a population at time ¢, then it makes sense to assume that
the population is growing at a rate proportional to f(¢); that is f/(t) = kf(t). It turns out that, in
most applications, this equation fairly accurately predicts what really happens in nature.

In general, if y(t) represents a quantity at time ¢, and if the rate of change of y with respect to
t is proportional to y for all times, then

This equation is called the law of natural growth if k > 0, or the law of natural decay if k < 0.

Theorem 2. The only solutions of the differential equation % = ky are the exponential functions

y(t) = y(0)e™ ()
Let’s investigate.
dy 1dy o
— =ky means -—— ===k,
dt ydt vy

but we learned in the last section that % = (Iny)". So our equation becomes
(Iny) = k.

Now, we work backwards. We want to take away the derivative on the left hand side, which means
that we need to replace the right hand side with a function whose derivative is k (remember, k is a
constant). Since our independent variable in this setting is ¢, we know that (kt + C1)" = k, for any
constant (7. Therefore we have

Iny =kt + Cj.

To solve for y, we take the exponential of both sides. We have

elny — ekt+01 — eclekt7 or

y = Coc™,
where Cy = €€ is another constant.

Finally, we want y(0) to equal the initial value of our quantity (population, mass, temperature,
whatever), but y(0) = Cae?0 = Coe® = Cy - 1 = Cy. This tells us that we should let the constant
C3 be equal to the initial value of the function y; Cy = y(0). Making this substitution, we obtain
equation (x) of the theorem:
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Example 12. Population Growth. Let P be the population at time ¢, and Py be the initial
population. Then equation (*) becomes

P(t) = Pye*

where k > 0 represents the growth rate of the population.

If the world population was 2560 million in 1950 and 3040 million in 1960, find an equation to
model the population growth in the second half of the 20" century. Use the equation you find to
estimate the population in 1993, and in 2020.

o0 = 2560 ¢ T. 193, =43,
Glve for K 300 7o e
[D(qg}: 2640 (m‘) ~ ‘5360 pmillion reo{ble
3slfo _ ko
2516 ¢
In @%‘OJ = ok T 2010, t=70.
5
olf 304 o
59, k= I_lﬁ‘]h (i;é(:)j F(70):2g60<%ﬁj :gglg willion (DQOIDI-C

3v4e

> P=1Sho e‘%’" )

30?0 tAb
or | = 1540 (ueoj

Example 13. Radioactive Decay. When k < 0, equation (*) models a quantity that is decaying

in time. If we let m be the mass of a radioactive substance at time ¢, with initial mass mg, then
equation (*) becomes

m(t) = moet.
Here k < 0 is the rate of decay of the substance.

The half-life of radium-226 is 1590 years. A sample of radium-226 has a mass of 100 mg. Find

a formula for the mass after ¢ years. Use the formula to find the mass after 1000 years, correct to
the nearest milligram.

ooq/
o) 00 (6 =iy
Selve ‘]er k:

ln % = 1590 k
|
:) k:F%‘JVI 2
So, the e%mml(om is:

s |
m(n&*—
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Example 14. Newton’s Law of Cooling. Let T represent the temperature of an object at time ¢,
and T be the ambient temperature of the surroundings. Newton’s Law of Cooling says

dT
— = k(T —Ts).
i M )
Making the substitution y(t) = T'(t) — Ts, the equation becomes the familiar

dy
Yy,
ar Y

A bottle of beer at room temperature (72° F) is placed in a refrigerator where the temperature
is 44° F. After half an hour the beer has cooled to 61° F. What is the temperature of the beer after
another half hour? How long does it take for the beer to cool to 50° F?

(T18-1) = (T6)-T,
Ts=94, T(o)=T2, T(1h)=1]

yy=29(%) = 103

So, TO=[134YY =] §4.3°F

L= 29( 31{ = 7%: 'ily)w

So ylo)=T-W4=2¢ , y(R)=4l-44=7
QVIJ) 17 :2?8)(‘/1} Solve '](UV’ lc

17, 7%
/Mz €

_ h(*43)
B 2In("hg

= (%) -1k

e Jc
= k:l}n(l‘\:’gj , So U(‘U: ')_5?821 (7?3

Remark 5. Compound Interest. Let A be the amount of money in a bank account after time ¢,
P be the principal, or initial amount invested, k be the interest rate, and n be the number of times
the interest is compounded per year. Then,

nt
a-r(1+2)
n

Exercise 4. Find a formula for continuously compounded interest; that is, calculate

k nt
A:IimP(lJrf) .
n

n—oo
Hint: make a change of variables: u = %
K [y - liM £ _
W=h (55U e n = O
,IVIA ) . N | % k<t _ kt
36, h%af I+ =P oo (H—uj M‘r;o(]m \«] = Pe s
N '
=€ 5 the {brmm'ﬂ_
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Example 15. If $3000 is invested at 5% interest, find the value of the investment at the end of
5 years if the interest is compounded (a) semianually, (b) monthly, and (c) continuously.

3 AW=30001H ) 1) A=3000( 1+ ) o) pG=To0e"
= 3000(1+£?)'° o5\ 6o 05('s)

= 3tooe
v 35924

Section 3.5: Inverse Trigonometric Functions

Recall from section 3.1 that a function has an inverse function if and only if it is one-to-one.
Trigonometric functions are not one-to-one. We want to define inverse functions for sine, cosine,
and tangent, so first we must restrict them to intervals on which they are one-to-one. We’ll develop
everything for sine, and then state the results for cosine and tangent.

M| A .

Sot /dhgt Oﬂf sinx = [‘lﬂj = Jommh D‘F
sa! = [-1,)]

ouqd dowutM 01[ Sin = E(\/l;ﬂ/z]:@ Fangt cﬂ[ y
" sin”’ s Eﬂ/z,[/z]
" restchecl(/

11
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We see that f(x) = sinz is one-to-one on the right hand side of the unit circle, or for -7 <
x < §, and it also takes on every one of its possible y-values on this interval. Therefore, we can

define the inverse sine function, also called arcsine, as follows

sinTly=12 <= sinz=y, -—

Sometimes we write f(z) = arcsinz for f(x) = sin~! z. Actually, I usually just write f(z) = asin =

for arcsine, because I am a lazy mathematician (in a good way). So, you can choose any of these
three notations.

Since sine and arcsine are inverse functions of one another we have the following identities

sin(asinz) =z, —-1<z<1

asin (sinz) =z, —-§<z<

Example 16. If f(z) = asin z, find f/(z). What is the domain of f'?

4
ax

y=sin'x & x=siny,  +ake of bLoth sides .

D Cesy= JIx2
. dowain = (-1,1) |

12
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Example 17. Let f(x) = asin (22 — 1). Find (a) domain(f), (b) f'(z), and (c) domain(f’).
b) et grsfn"(xl—f)

ot ) dy

-F Sinn ‘F-m ﬁEjﬁM{:M)

W= x> W= 2x

7 cJow\ainf Ry ) I-x* 40

PN
0L X7=2 42

0e x £J2 x £z
$o,  dovuain (‘F/) =

Now, we want to state similar results for the cosine and tangent functions. We’ll start with
tangent. First, notice that tangent is also one-to-one on the right half of the unit circle, except
that tangent is not defined at x = +5. Therefore, we define arctangent by

tanflyzm < tanzx =y, %<m<g
Arctangent has the inverse (or cancellation) properties
tan(atan z) =z, —oo0 <z <00
atan (tanz) =z, —-§<z<73

To develop the same theory for arccosine, we need to make a small change. Cosine is not one-
to-one on the right half of the unit circle, but it is one-to-one on the top half. So we can define
arccosine by

cosly=a0 <= cosz=y, 0<z<nm

Arccosine satisfies the following inverse (cancellation) properties

cos(acosz) =z, —1<z<1

acos (cosz) =z, 0<z<m

13
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Example 18. Let f(z) = atan x. Find f'(z).

let %:‘Hm_lx &y =tany %M _ )

N
d -
T b adh side
ke de fe : so lcosy)” = )(]L l
+
l=€,e.':1 —fl-u——— ﬂ/rl =¢osi
I Ik 2 dx Secty J
R =
e T X2+t
Exercise 5. Show that (acos z)’ = —\/11_7
!
y=Cos X & Csy=Xx
' 5 swy= Ji-2

So, —Siny j_i =1

Example 19. Define arc-functions for secant, cosecant, and cotangent. Do we really need these?

/

Cosx =

. - N )
SeeX Qm;larly.‘ csé (X) = Sm'(;)
-/ _ |
So, Y=gec X & secy=X Co‘fvl()a): o (E\
|
_/:X
= _
cosy | Exevcise Fiad Hie c(alMﬂfh and
= Cosy = x rﬁVlﬂ'e O‘F 5€(:_l) CS(—l)
= L ~'(L) and ot
= \-j-Cﬂg X

6r sec'(x)= cos' (%)
e,+c.) e+(.) €+C .
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Example 20. Find the exact values of the expressions
(a) asin (v/3/2)
o i
Y= sin [‘I}/zj & siny :‘E/>_
= 4y=1

s« (3]

(b) sec(atan ®) 1
y = ') & fany =)
50y :/[r/\f

(c) csc1(2)
tj:c;c”(z] & y=) 5 y=T

(d) esin (tari'?)

O=hi' s = b b=3

h - )<
K/ |« 5o, 5|V\3_~J_XL::—;
+

2

*) uIOMm\\(J[): g 4| :)@

IF 6= | < Chan kununle!

|- X

c,) JDMAN\C‘F/} : l-e™ 40

e |
X F0

So/ t(omn;ln (‘FI) CxX<0.

15

Example 21. Let f(z) = asin (e*). Find (a) domain(f), (b) f'(z), and (c¢) domain(f’).
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Section 3.6: Hyperbolic Functions

trig functions.

Definitions of the Hyperbolic Functions

Exercise 6. Use the chain rule to find formulas for the derivatives of sin™
where u = u(x).

T —T
sinhx =
et +e”"
coshz =
sinh x
tanhz =
coshz

csch ¢ =

sech = =

cothx =

sinh x

coshz

tanh z

16

L, cos™! u, and tan~! u,

Our book says: Certain combinations of exponential functions arise so frequently in mathematics
and physics that they deserve to be given their own names. In many ways they are analogous to trig
functions, so they are given similar names. They have the same relationship to the hyperbola that
the trig functions have to the circle. Therefore they are called hyperbolic functions, or hyperbolic
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Example 22. Find the domain and range of sinh, cosh, and tanh. Sketch their graphs.
donain (siak x) = IR rangt (s¥hx)= R
domaih (cosh )= R rage (costre) = [, @)
olomam ("‘M\L\ X) = fR range ({W\Lx)z (=1,1)

Y=coshx

Hyperbolic Identities
Eﬁfzh’r
C sinh(—xz) = —sinhz cosh(—xz) = coshz D ﬁ(wurJ
g cosh?z — sinh?2 = 1 1 — tanh? z = sech’z Bjo: k
sinh(z + y) = sinhz coshy + cosh z sinh y cosh(z + y) = cosh z coshy 4 sinh - sinh y

Exercise 7. Verify these. y .
- - » - -
e%-C ej-f—e J e +e Cj-e g
sinhxcoshy + coshx sinhy = ~3 S
@ SY - ee ! eig- &e’/% é/e/jw e ¢
P N — ¥ 9
4
20798~ 267  oted o<
— —’_————’_—’ —
= G 2
<ty -x-Yy <ty = (s+y)
pa A
17

cosh (x+y) = coshx cashy + sinhx + fmhg i f’xm]]arl\/ clamz n
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Derivatives of Hyperbolic Functions

EXC.
%[Sinh x] = coshx %[cschx} = —cschzcothz | = |
Do THESE!
4 [coshz] = sinh @ 4 [sechz] = —sechz tanh z (or ot least ]n
%[tanh ] = sech?z d%[coth ] = —csch?z sinh, (osh, { Jon j

Inverse Hyperbolic Functions

simh™'y=2 < sinhz=y
cosh™ly=xz < coshz=y, and y>0

tanh 'y=2z < tanhz=y

Example 23. Show that sinh™' 2z = In (x + Va4 1).
x X

. e -¢€
—_— ———
|4:§|Vl|/\><- 1

o fAnd §]nL—I)</ Swap M <Y and solve o y:

y_ sy 5 i
g2l 5 =t 5 P-le-dl =0
‘ bly e b | ot %
munrly Hhrug y e cancgl gt e ”:
j .
= 813 -2)(63*12 0 |€+ u=e t{VlJ u £e %MJ. g(wm\m ‘l‘D Solva 'ﬁy I'::L
> but [+ >X, S0 we (aw
2 2 I ed 2x F2lEed J
QH:M: P) = 3 X"+ = Xi\b(i-l—l I’MVC _ loc 6‘4 can pever L’e
y\fgﬂ"'l\/e,.
Formulas for I Hyperbolic Functi .
ormulas 10or iInverse yperbolic nctions ga} 0 X"'W

= y=ln (X+ ’x’-+l>

= Sinln-lx=|n (X‘\]X\"H)
coshflrc:ln(ach fol), z>1
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Example 24. Find %[Sinhf1 x).

é]n\«\/lx; [ (X’}

L)

><L+])

1 (-

X+ )(‘LH

|

o —

2

Derivatives of Inverse Hyperbolic Functions

X
x> 4]

" xle

2011

. 1 _ 1
[sinh™" z] = Nigws %[Csch 1] = _W
1 1
[cosh™t 2] = - d%[scch_lx] = i
di[tanh ] ] jx2 %[cothf1 x] = T jm2
Example 25. Find - [tanh ! (sinz)].
/
‘ d | U (85X _ Cosx
et u=Sn —[ . ]: = = >
| L N e [=girX cos’x
e
= o5 X Cec X
19
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Example 26. Show that coshz + sinhz = e**

BV e
FfreX d-e et x
. l/\ o e~c - 2% -5
Cochxt Sinhx = 2 2
6 X X =X ~
) g ee 2 x
C/Dd\)(—f'r\ X= "7 2 z
I
Example 27. Show that (coshz + sinhz)” = coshnz + sinhnz for all n € R.
- h h
CcofomeInx) = (ex) L7, He logh €><Otmr>|{_
_ eV\X
-n¥X  -nX nX
2
W =nX we -k
_ e, e
2 7
— oshw) + sinh () .
Exercise 8. Evaluate lim smh;v_
r—oo ev
-2 . u
S0 s IO T LI EP S S
i o () I 2 =5 =L
= A e 2 X9 2 2 z

20
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