Chapter 13 - Inverse Functions

In the second part of this book on Calculus, we shall be devoting our study to another type of function, the
exponential function and its close relative the Sine function. Before we immerse ourselves in this complex and
analytical study, we first need to understand something about inverse functions.

The Inverse function is by definition a function who output becomes the input or the independent variable
becomes an independent variable. For example given the function:

Ma)=ma

Which is Newton.s second law, or the force acting on a body of mass, m, is a function of the acceleration
given to it. We are free to input any a and what we get out is the force. The inverse of this Force function,
according to the definition, will give us the acceleration as a function of Force. This is done by simply solving
for the independent variable, a:

F=ma
F
I
e
F
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Now I can let F be anything and then find the acceleration as a function of it.
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The inverse of a function, f(x), is commonly written as, J iz . Now we will look at the more general case of

3
graphing a function and its inverse in the same co-ordinate planes. Given the function % = % | to calculate its
1

_ 3
inverse we only have to solve this for x to get r= "E . Notice that we have not really changed the function
at all, we have only solved for the independent variable. The graph of these two functions would be exactly
the same. Our definition of the inverse function there{ore has to be slightly modified. After finding the inverse

_z
of a function we just interchange x and y to get: + = "E

What does this do to the inverse function? This essential flips the graph of f(x) about the line y=x such that
for every point (x,y) there is a corresponding point (y,x) on the graph of the inverse function. Now both the
functions can be graphed in the same x-y plane.

Remember that if we just solve for the dependent, we are not changing the equation but merely re-writing it.
For this reason its graph is the same. By flipping the x and y, we get another function of x, whose relation to f
(x) is that it has been graphed as though the x-axis were the y-axis and vice-versa. It is best we look at the
two graphs:
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(4, 2)

Notice how every point (X, y) has a corresponding point (y,x) on the inverse function. The graph of the
inverse function is therefore exactly the same as the original function except that the x and y-axis have been
switched:
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Since every point (X, y) has a corresponding point (y,x) then any point y from the inverse function when
inputted in the original function should yield x:

A0 =2 and f 7 (x) = Y
FU N =%
FUT)=@7) =2

Remember the a function and its inverse are both function.s of x. The way they are related is that the inverse
function represents the original function by just having its dependent and independent variable switched
around. As you can see from the first graph, when the two function.s are graphed together, the inverse
function contains all the point (X, y), of the first function, plotted as (y, x) with the exception that y is given as
function of x. For this reason



S = x
e =¥ =x

What is important to understand about the inverse function is that it is obtained by solving for the
independent variable, then replacing it with y, to create a function that is also a function of x and can be
graphed along with the original function.

Now that we know how a function and its inverse function are closely related, it brings us to the question, how
FiNy Ax

are the derivatives related? Logic would tell us that instead of A% we should just find dy by taking the
reciprocal of the derivative. For example if we had:

y=xor flx)=x°

S
y=Axorfm=x

The derivative of the inverse function might be:

E:E:Jr
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Or the derivative of J LX) oty = Vx is 1/2x. But this is not the case, the derivative is:

y=+r
y_ 1
Ax 24 x

Let us examine the graph of f(x) and its inverse function to see what exactly is going on.
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Note that at x=2, the slopes are not reciprocals but are reciprocals only at y values of on the inverse function
or through (x, f(x)) and (f'l(f(x)), x). Or the point (3,9) will have a reciprocal slope at (9,3) since at this point
Fi%s

x and y are reversed hence the slope becomes the reciprocal or ty This is the important point to understand
about the function and its inverse, they only behave as opposites at point (a,b) and (b,a). This means that at
point a something different is going on. The question is then how can we find the derivative of the inverse
function with respect to the x-axis? Looking again at:

y:xj also equals ;»;:_‘1';;
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By replacing x with y and y with x in this last expression we get:

1
Ax 4%

What we have just done is calculated the derivative of the inverse function only by looking at the original
function and its derivative. The reason the derivative was not just the reciprocal of y=2x was because we
forgot to do the following two steps:

1) Replace x with its equivalent expression in terms of y.

Ay
The slope in the following graph is AX at x=2 the slope is (2)(2)=4



slope=4

By replacing x with ‘VG we can find the derivative with respect to the same x-axis but instead with a y-
value.

E:Ex:EV@:E-ﬂzat

At y=4 the slope is Ax which is the answer we got using x=2 instead.
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Since the inverse function is graphed in the same xy plane as Y =X  we can find the derivative of the
By
= _ EV'E
inverse function with respect to the axis by taking the reciprocal of the expression Ax and then
replacing every y with x and vice-versa.
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This last expression is the derivative for the function.s inverse with respect to the x-axis.

To summarize we can state the following theorem:

To find the derivative of the inverse function,

1) Remember the inverse function is related to the main function by being rotated 90 degrees.
2) First find the derivative of f(x)

3) Replace any x in the derivative with its y-equivalent, so as to be able to find the derivative with any given
y-value.

%y

4) Take the reciprocal of the derivative to get dy so as to be able to find the derivative with respect to the y-
axis.

5) Since the inverse function is graphed with respect to x, replace every y with x and x with y to find the
derivative of the inverse function.

To summarize further:

Ay _ 1
T = g
x Ax of F(x) , wherex = x(3), then replace all  with ¥
x

3 -1
For example given Jlx=x find the derivative of its inverse, J iz

g=3x:’
x(y)=
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Ax Gy
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Chapter 14 - Introduction to Exponents

This chapter on exponents marks the beginning of the second half of our study of Calculus. In the first half we
introduced the concepts of numbers, functions and graphs, then went on to analyze them in more depth using
the derivative. Having understood what the derivative was, the remainder of the first half was devoted to
integration, or the reverse of differentiation. It required some abstract thinking since what we were doing was
analyzing that which we could net directly see.

The first half we basically focused entirely on simple rules of arithmetic. Differentiation was presented as a
subtracting and dividing process while Integration was shown to be a multiplicative and additive operation. In
other words our study of Calculus was limited to multiplication and addition. From the first chapter you might
recall how multiplication was defined as repetitive addition where x multiplied by y was just x plus itself y
times. With this idea we can say that all multiplication reduces to addition and this means our study of
Calculus was based entirely on addition.

Now we will study Calculus based on multiplication through the study of exponential and Logarithmic function.
Before continuing we need to establish a few properties of exponents. The rules that govern exponents are
very similar to addition. The definition of an exponent or a power is:

®
a
Where a is called the base, and x is the exponent or power. Therefore a raised to the x power is defined to be:

a' = axaxax .. (amiltipled by tself = tirnes)

For example:

5 = §x 5%
7P =TxInT
2 = B ExExE

Compare this with the definition of multiplication where:

axx=a+a+a+ta. (aadded with itzelf = times)
S5x3=5+5+5

Since multiplication can be called repetitive addition then exponent or raising something to a power can be



though of as repetitive multiplication. This is really all that we mean by exponents. They can be reduced to
multiplication and multiplication can be further reduced to exponents.

Now let us take a look at some properties of exponents. The first being the rule for multiplying two exponents
of the same base.

a" xa’ ={axaxaxa xtmes) x(axaxaXa .  ytmes)

a’ xa =a" = (axava xa. (z+7) times)

Notice how multiplication of exponents has been reduced to addition of exponents. For example:

10* =10 %10 %10 % 10
10° =10%10
10* % 10° = (10% 10 x 10% 10) % (10 % 10)
10* %107 = 108 = 10 multiplied by itself 6 times = 10°

It is really this simple. The second important property of exponents states that a to the x power raised to the
y power is just a to the product of x and y power or:

) =

(a”j ={axaxa xtmes) ®(@xaxa 2tmes) ®i{axa Ka Xtmes) . vimes

(ﬂx)v _ ﬂ(:rx;u)
All this is saying is that
an exponent raised to another exponent can be reduced to multiplying the two exponents out or:

T = 3x3x3IxIn3
(3} =(3x3x3x3x3)" = 3° multiplied by itself two tirmes
35 3% o 454 _ gl2) _ 10

Take note of how this rule reduces exponents of exponents to just multiplication of the two exponents
whereas rule one reduces multiplication of exponents to addition of exponents, ( assuming a common base a).

These two important properties of exponents are the fundamental ways of defining what exponents are and
how they relate to repetitive multiplication, where multiplication is just repetitive addition. It now remains for
us to define what we mean by raising an exponent to a fractional power. This is actually much simpler than it
sounds.

Since we defined whole number exponents to denote repetitive multiplication, we would want fractional
powers to represent repetitive division. Fractional exponents therefore are called roots and tell us into how
many equal multiples a number has been divided into ,such that the product of these roots gives us the
original number a back.
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This definition of fractional exponents remains consistent with the first and second rule of adding and
multiplying exponents.

Last but not least we need to define what we mean by raising exponents to negative numbers. This is done by
remembering that positive exponents refer to multiplication, therefore negative exponents would refer to
division. In order for our definition to remain in accordance with the two rules of exponents we need to define
it this way:

% e W C 0D RN 5
Q' = axaxa ¥a¥a ¥ hmes

= axaxa (¥-v) tmes

X - X
(ac gt ”)xa”:a

¥ - - x
a'aa = a
ata’ =1
1

a¥ = —

a}r

This is rather a long way of deriving this as you can clearly see from the following example how negative
exponents are defined.

6 =6 XEXEXEXE
65 w5 = g1 _ g8
63:6><6><6

1

6~ must equal =
Bxbhxbxfxg
6% = =6xbxb =6
&G

Increasing the power means multiplying it more times by itself, while decreasing the power means dividing it
more times by itself. Therefore multiplication and division reduce to addition and subtraction in exponents.

Since a raised to the first power is a multiplied by itself once, or just a, by definition then what is a raised to
the zero power. Once again this definition must remain consistent with the rules of exponents. Instead of
raising a to zero power, we can raise it to 1/« or one over infinity which is close to zero. Therefore a raised to
the negative 1 over infinity is:

fl- &



From the definition of fractional exponents, we are asking our selves what number multiplied by itself an
infinite amount of times gives a? If this number were slightly less than 1, then as you multiply infinite times,
you get a smaller and smaller number or zero. If this number were slightly greater than 1 then you would get
a larger and larger number each time you multiply it by itself, or eventually infinity. Therefore only the
number one satisfies both limits as you approach it from either 1/~ or -1/~. Hence:

a” =1

|
() =ar=a
You might think that how can: . This is because zero and 1/« are not exactly the same.

This definition of zero exponent power tells us an important property of exponential.s. In multiplication you
are adding, where adding nothing is zero. In exponents you are multiplying, where multiplying nothing is one,
not zero. Therefore all exponents are expressed as repetitive multiplication of humbers greater than or equal
to one. We can say that the base of exponents is therefore 1.

Chapter 15 - Logarithmic and Exponential Functions

The previous chapter was devoted to defining a new type of function, the exponential function. The base of
this function was multiplication. We can describe the exponential function as simply:

y=a orflxi=a

This is defined for all values of x, as defined in the previous chapter. Let us now look at the inverse of this
function or what we shall refer to as the Logarithmic of this function. Remember the inverse function is found
by interchanging y and x so we get:

By solving for y to get the inverse function we get:
Samthing (x)= ¥

This tells us that we must do something to an inputted x value to find y. Remember x refers to the number we
get by raising a to some power y. Therefore if we were given x then in order to get y, we must ask ourselves
to what power has, a, been raised to so as to get y? This question can be replaced with the word . Log., where
the Log, base a, of a number is the power a or the base has been raised to so as to get x. Stated
mathematically:

Logx=y

i
ot =X

The question marks refers to our output or y values. Remember we are inputting values of x, making x our
independent variable, then calculating what power the base must be raised to get x. This answer is our
dependent variable as its value depends on what number x we have inputted. Hence:

¥ = flx)= Log,ix)
y = f11000) = Log,(1000)
y=73

This is really not that difficult, just remember that the Logarithmic function is the inverse or opposite of the



exponential function.
Now let us move on to examine some unique properties of the Logarithm.

Loged = Loge+ Logd

Or the Log of a product is simply the sum of the Log.s of each number. To understand this, recall the property
of exponential multiplication, where the product of two exponential humbers of the same base is simply the
sum of the exponents with the same base.

atat = gt

10%10° = 10°
Loged = Loge+ Logd

we begin by assuming that ¢ and d can be expressed as some exponent of the

log,x = yisthe same as & = x

base. Remember that . Therefore we can let:

¢ = & where y =Log, (o)

d = a® where y, = Log,(d)

Loged = L-::-ga{a:yl}(a

» M »2
This means that ) by substituting c and d for @ and & respectively. Then:

Log, (@ a” = Log,(a?* 7))

Log, (@™ " y=y| +y, =log, (c) +Log, (@)
Lleg, (wd)= Log, (e)+ Log , (d)

The second important property of Logarithms is that:

Lc:'ga[c—j = Log,e— Log,d

M I'(
i C
et roald)
The proof is based on property 1, excepts that we must keep in mind that & . Thus d
is expressed as difference of two Logarithms and not a sum, since we are dividing not multiplying.

The final and most important property of Logarithms is that:

Log,(x)" = nlog, (x)

»
The proof of this extremely useful property requires us to first re-write E.c:-ga(x) as & =X where

Y= L-::'ga () . When we raise x to the n we must raise the left side of the equation also to the n.th power:

@) -

a™ =x



This is based on the third property of exponential functions that tells is that an exponents raised to an

m » Hy b
exponent can be reduced to the product of the exponents. We can now write @ = & as @ =X which is
the same as

Logx" = nywhere y = Log, (x)

Lo Logxt = wnlog,(x)

Having proved the unique propertied of Logarithms, all of which related to the property of exponents, we shall
now calculate the derivative of the logarithmic function. We begin with the function:

¥ = Log,(x)
From the definition of the derivative:

Hy i M_}Df(x+ﬁ?f)—f(x)
Mx Ax

Using this we get:

log,(x +ix) — Log,(x)

My B

= litn
%

Log,(x+ Ax)— Log,(x)

From the second property of Logarithms the numerator:

Can be simplified to:

Substituting this back into the definition of the derivative we get:

{ &x)
Log |14+ —
Ay e T 1 [ m)
— =lm of — Log 1 14+—
M =1 fi¥y fi¥y &l %
R . , . Log,x" = nlog, (x) )
ecall the third property of Logarithms; Consequently:

&~

1 (. fx 1 (. hAx
— L-::'gEL\1+— alzo equals —L-::'gEL\1+—
M x fi%y x
Clearly as Ax goes to zero, Ax / X also goes to zero regardless of what value x is. Outside the brackets, 1/
AX tends to infinity as Ax goes to zero. This means we can rewrite:

t 1
Lc:'ga{l +%) o as Log, [l + ﬁxj i

X

X/ A% s therefore the reciprocal of hx / x and it also tends to infinity as hx approaches zero, regardless of



what value x takes on. Thus from the third property of Logarithms:

1 r1 X
Logil +%) " Lﬂgﬂil +%) = 1—1;_ L-::'galil + ﬁx) o

X

We shall now make a small change in variables to help evaluate the limit inside the Log brackets. We replace
Ax / x with 1/n and x / Ax with n. The derivative can now be re-written as:

Y M_}Dlﬁagﬂ{1+gjﬂx
Ax x x

which now becomes

1 I
—lm Lagil + —)
x b
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{1y 1y wla-101%" ae—-Da—-201% wla-T(n—20.. .. (n—(n—10{ 1y"
J o) 2D 1) BB 1) g
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(o Iy 2 {1y (=D
[1+ijnzl+l+|\1 2!"2)+|1\1 H)Bt\l *‘3) Il\l Pﬂ) """" :‘; |1 P )

Let us now evaluate the limit an n -> infinity of . By the Binomial Theorem we get:

(75

M

The sum of the terms after the first two will always be less than the sum of the corresponding infinite series
= 1

At
w1 2 whose sum can be proven to be one. Just think that it will take an infinite number of steps to cover
one meter if in each step you can only cover half the remaining distance.

1 1 1 1
—+—+=+...
2 4 B pr-l

( 1) ( 1)( 2)

1-— 1-—|j1-=
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This is true because: 2l 2 3l 2" | The same reasoning can be applied to the

remaining n terms; the numerator will always be less than one and the denominator will be greater than the
denominator of the corresponding n.th term in the series. For example:
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or nl = 281

n—1

Since the sum of this series is 1, we can make an important conclusion,

(

1 R
2 -::nmﬁm.l\n—) <2+1=3
#

As we shall see later, this limit tends to the number e, where e=2.71828...Returning back to our derivative we
get.

A 1 1Y
2 i M_}D—E.agﬂ[1+—]
Mx x

Therefore:
My 1

— == loze
Arooox &

My 1

— =—logg

Axooox

Ay 1

A YD)

X x

fy 1

Mxooox

For this reason we denote the Logarithm of base, e, to be called the Natural Logarithm or In x , whose
My 1
— =—Lloge

derivative is simply 1/x .The derivative of logarithms of other bases is Ax x , where the Log e is

some other constant other than 1.

Having shown that the derivative of In x is 1/x we can go on to prove the derivative of the inverse of the
logarithm function, the exponential function, using our algorithm presented in the chapter on inverse
functions. Before doing it that way let us use the definition of the derivative to find the exponential function.s
derivative.

To do this we follow similar steps to those we used to calculate the derivative of the Logarithm of base a,

¥ _ xXo_
function. Instead of ¥ = & W& have a* =y

[x+ax) ¥

by & a
Ax =0 Ax



¥ » [x+¥ £ 12
Recall the first property of exponential multiplication, where & & = & or 107107 =10

E L a?{ﬂﬂ.?{ _ﬂ?{
Mx ix=0 Mx
X ax
a o —1 .
= M_},JQ (Factoring out @ )

Fi%y

: 4 ax 1

[ ¥+ i ¥ hx :]ﬂnﬂx—ﬂja (ﬂ -1y —

Therefore @ =& & and Ax

As & gets closer and closer to zero,

1
@ ma =1 and — tendsto nfimty
x

We will now make a small change in variable to simplify the limit calculation. We replace Ax with
1 by !
— asx —» —yhmhmax%"—l}}

A . We now have: {ix

Let us now evaluate the limit in the brackets.

]itn = ai _1)

litn
B @E—l}w

— ask — 0o

The value within the parenthesis will tend to zero or # since for example

1 111
1.0001—-1= —— wheren = 10000 T —1— =1
10000 . We now want to solve (‘E 1) for # lll“*i)l

and the derivative
x
will be &

Solving the part in parenthesis gives us:

1
Va-1=-
2

1

Vo =1+-
b

1 1
a" =1+-
B

Raising both sides to the n.th power, we get:
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n
1 ]
@ = {1+ —j
n
Remember we are taking the limit as n goes to infinity so we have:
. [, v
i = lim ||\1 +—| =@
M

M=o

x
This tell us that if the base a were equal to e the derivative of &

1"1'; 1
_ymxamax%"_l}‘]
M S

Becomes:

by .
— =g (l=¢
i (1

The reason we get 1 is because:

lirn M_},J(.:;t - I)E 1z the same as ln ., fa"— 1)1
Setting a equal to e gives us:

My J !

= Hmé'x%"—l}}where G"—l)becomes ;
Mo

W (D)= (-

A
Mx

— L ¥
Remember this only happens when a=e. The derivative of ¥ = ¢ is € or the function itself. This tells us that
the rate of change of the function at a point x is proportional to the function.s value at that point. This will be

discussed further in the next chapter.

Now let us examine the graphs of the Natural Logarithm function, + = Inx , and the exponential function of

¥

base e, Y =€  Remember these two functions are inverses of each other, since only the dependent and

independent variable have switched places, or x and vy.
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Since we know that the derivative of y = In x is simply 1/x, we can then find the derivative of the inverse
function, the exponential function, with respect to the x-axis, using our algorithm presented in the chapter on
inverse functions. It goes as follows:

y=lh,x or e’ =x
& 1

2 _- where x = &
hxox

y_1

Ax &

Takung the reciprocal
Ar_,

by
Eeplacng = with v
by

Ax

¥

We have just found proven that the derivative of +* = ¢ s the function itself or g y. = y. This was done by
just examining the function.s inverse, the natural logarithm and its derivative with respect to x. This shows
the close relationship the Exponential Function has with the Logarithmic function, the two being inverses of
one another. This concludes our study of these two function.s and their derivatives. We will explain later how
e is actually a number defined as a limit. For now just consider how in calculating the derivative of the
multiplicative function, the exponential function, involved an analysis of each term in the series of the
binomial expansion, whereas in the study of repetitive addition functions, polynomials, all the terms except
the second, went to zero.

Chapter 16 - Applications of the Exponential Function

In this chapter we will take a look at just a few of the many interesting situations where the exponential
function arises. The emphasis on the exponential function was that its base was multiplication, or it can be
thought of as a repetitive multiplication function.

We proved its derivative, but now we need to explain how to integrate it. You may recall from Part I, that in
integrating a function over any interval, we just added a constant to our integral. The derivative of the
function with or without an added constant was still the same. The important point to realize here is that if we
were calculating the integral over a definite interval from a to b, then the constants are useless and take no



part in the calculation. For example if the integral of f(x) is F(x) + C, then the integral from a to b is:
] A
[f(x;m = [Fi+c = (Fla)+C) —(F(B) + C) = Fla) + T - FiB)— €= Fa)- F(E)

This tells us that the change in a function over an interval is independent of the constants that are added on.
The constant are there to define the initial condition, such that for any, x, F(x) is simply plus or minus a
constant. This will become clearer later on as we look at examples.

If constants are added on to polynomial functions, then they are multiplied on to exponential functions. What
do we mean by this? When we are integrating the Logarithmic and exponential functions we can multiply
constants that have no effect on the derivative, they are there only to satisfy initial condition. For example,
the integral of 1/x is:

I%ﬂx:]nx

What is then the derivative of In of a constant times x?

y=lhex

ﬂy_ 1 _1

Ax  gx  x

I—lﬂ;r::hlcx
x

Note that we have not attached any limits to the integral, this is called the indefinite integral as it simply
refers to any x over any interval. Suppose we were to integrate over a definite interval from a to b, then just
as the constants in the polynomial functions canceled out, so will the constant in In cx:

b .Ei'n,f
Ar=[thex=thbc-hac=th— =hb-Ina

cad

Fo Se—
o

Therefore the constant plays no role in the change of function over an interval and is only there to define the
initial condition..

Now let us move on to some applications, first a look at populations. Population growth is generally expressed
as a percentage of the population per year. Such that a 3% growth rate means that a population of 1000
people will see 3 new babies for the first year, 3% of 1003 for the next year and so on. No matter how large
the population, there will always be 3% of the population wanting to have babies every year. We can express
this relationship as follows:

AFaoprlat Fiy
M or =L = 03p or 3% of the population
htime Fi¥;

This can be written more generally as:

AF
™ = r- P (r = Growth rate per unit time)

The only function whose rate of change or derivative is proportional to itself is the exponential function or:



¥
Y=g
_
Ax

A more accurate way of solving this, is separating the variables and integrating the change in population from
some initial to some final population, and integrating time from 0O to t.

AP b

M

AP =rPly
AF

— =i

F

We can now integrate both sides over the limits just defined:

P e 1 '
—&6F = ri
A

hli?ﬁm_hlﬂm
=

]neﬂ =r-f
Pz"xiziai

a="r-i

From the definition of the Logarithm we get:

P“ﬁm‘i _ En

Fuitiaz
_ ot
Pern = Brana®

Note how the initial condition of a given population at t=0 is multiplied on to the exponential function and not
added on, such that at t=0 we have:

_ kg Q1B
Eﬁ?am! = S

Eﬁm = ﬁm‘z‘ﬁ?u (é‘a =1
Eﬁm = gy 2t t=100

Consider the population of Pakistan, 120,000,000 people. If the birth rate is 3% per year, then what will be
the population in 10 years?

We do not take the death rate into consideration is because the birth rate, takes into account both the birth
and death rate such that it reflects the net or true growth in population per year. Our equation becomes:



Future Population = Present Population (2)™™*™

F= P,Je?”

P =110,000,000¢ 7410
P=110,000,000(2.713%
P = 148484, 468

The population will therefore be over 148,484,468 people which represents an increase of 38,484,468 people
in ten years. Note that this answer was not found by taking 3% of 110 million and multiplying by ten. This
fails to work since it assumes that every year the population is 110 million, but this is clearly not the case,
since the population is constantly growing and growing and 3% of the population is a larger and larger
number. That is why 38,484,468 > 33,000,000.

If you are a skeptical person, like me, you will probably doubt how accurate our answer is. One argument
might be that since the population is increasing every second and not only once a year, then 38,484,468 is
not the exact increase as it is based on a yearly increase in population growth. In fact our answer does indeed
take into consideration that babies are born every second and not only one a year. To understand this, go
back to our proof of the derivative of the exponential function:

AF
P

E = 0 S g

We are taking the limit as time goes to zero and similarly the integral:

AP _ . p
Mg
HF
—=Irﬁﬁ
F

Is also based on At going to zero. Furthermore the growth rate is a constant value and will always be 3%, in
this case, regardless of how much time has passed in years, months or seconds. The fact remains that there
will always be 3% of the population desiring to have babies.

s
F= PUE is based on time going to zero, how can we be sure that when we solve for t =10, it is referring to
ten years and not ten months or ten seconds later.

The way we are sure that 10 refers to years and not anything else, is by remembering that 3% growth rate is
a per year figure. So.

AF
— = .03F
M

means that even though the growth rate is always 3%, it doesn't take into consideration that it takes around
a year for a baby to be born, so that 3% per year means that the there will be .03P new babies per year, not
per month.

Another fault with our equation is that it assumes that the 3 percent of the entire population at any given time
t, has an equal desire to have a baby in one year. This is obviously untrue. Therefore our population equation
is clearly flawed but the general idea is correct.

The continent of South Asia has an average growth rate of 2.5% per year. If the current population is 1.1



billion, in how many years will the population double or be 2.2 billion. Our equation:

Future Population = Present Population ™

2 2 billion = 1 1billion -2 "2
2 — EDESI

Taking the natural log of both sides gives us:

In 2 =025
BE3147 = 025
t=217

In 27 years the Population of South Asia will double.

In this next example we will take a closer look at the exponential function's role as a solution to the equation:
-
¥ =7¥  Hopefully all doubts will be cleared up now.

When one deposits money in a savings account, it is generally for letting the money earn interest. Interest is
just money paid for the use of money. Interest rates are quoted as per year or 6% per year or 9% per annum

)
— 1000 = §60
( per year). So a 6% rate would mean that $1000 would earn 100 . This is called simple interest
since the money only earn interest once a year.

Compound interest on the other hand, is where the interest earns interest. So $10,000 put into an account
that earns 6% interest, compounded quarterly or every three months, undergoes a series of calculation. In
each quarter we add the interest earned from the previous quarter to the amount of money in the bank to get
our new balance for the next quarter. Therefore the interest earned in the previous quarters adds to the
interest earned in the following quarters

Quarter 1:
Interest = Principal = Rate » Time

Inferest = (10,0007 {1%20) * {:D =§150

Quarter 2:

6 1
Interest = (10,000 + Earned Interest ) x {ﬁ) x {EJ

& 1
Interest = (10,000 4+ 150) x {H}j x {3) = §152.25

Quarter 3:

& 1
fnterest = (10,150 +152 250 = ( ) Ir’—

'\ﬁ] * |\4) = §154.53

End of 1 Year:



& 1

Interest = (10,302,254 154.55) x {—j X [—j = §156.85
100 4

Total = F10613.63 » F10600

The difference is not much since the amount of interest earning interest is small. The balance in the bank after
one period for money compounded n times a year can be found by:

Principal g, = Principaly,,+ terest

F

_ 1 .
“inas = L i+ Sonad Pt )(time) The time 15 " for money compounded n times a year

(1
Faa = Fiumart Suniad? :'I,\—)
M
{ r)
final z:mmﬂ.\ "

This last formula gives us the new balance after the first time it was compounded. To find the amount for the
second compounding period we multiply by:

F= 5, + Interest

1
P= Exiﬁil +a + Bynafrate)(time) t =

F= i?xin'ﬂj{l +i) + E"mﬂ;\(l * r) [i)

H

P= gmﬁ'il +—’") [1 +9

2 1 ’"] P=F r/1+—’"T
z‘m‘zi.:z.ﬂl\ +; = z‘:u'n'aﬁ.\ s

Factoring out a gives us:

The money in the bank after the 3.rd and 4.th it has been compounded is given by

(

Py |'/ it
i?m‘n‘a.ﬂ.\l"' _) : l?mm.ﬂ.\l +_)

# #" | By observing the pattern we can conclude that the balance at the end of the
year, when the money has been compounded n times is:

PW{HI—:T

If $10,000 were put into a savings account that gives an interest rate of 6%. compounded quarterly,



[oeyt
By = 10,0001 1 +?)

Pros = $10,613.63

If this new balance were put into the same account for another year we would have:

= Exiziajlil_'_::]

4 4
F= ID,DDD{1+%) [1+%)

dxtord+d
F= 10,(]'30{1 +%)

2
B ovopers = 10,000{1+%}

The formula then for calculating the new balance, or how much money is in the bank after t years
compounded n times is:

(

r ()
Principal = F = Pi‘mizia_ﬂ.\l'i__)
e

The exponent (nt) refers to how many times the money has been compounded. If in one year it is
compounded n times, then in t years it is compounded nt times over the t years.

If the same money were compounded infinite times this would mean that the interest is constantly earning
interest. The interest earned over a small Al is added to the previous balance, creating a new balance on

which the interest earned over the next AL is based on. Therefore the rate at which the money is changing is
proportional to the amount of money in the bank times the interest rate.

a d
Principal = F- ]jmm_m([l+ E) ]
n

(Y

'.\1 +-
Let us examine this familiar looking limit in the brackets, # . It looks similar to the definition for e,
except for the r, interest rate which is constant throughout the time interval. To evaluate this recall that the

limit as AX goes to zero of x’/AX and AX/X were infinity and zero, respectively. This is true regardless of

I'/1+f)m

the value of x, since its value was fixed and did not change. Therefore by raising % to the 1/r power
gives us:



1 »
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lim [1+—)] = 1+—) = 1+—)
e | (12 | |
Now as n tends to infinity, r/n goes to zero, and n/r goes to infinity. This gives us the familiar answer, e.

“ tim [1+£)r:9
= 5

Raising both sides to the, r, power we get:

[ LAY
lim L[l +£)r]| =g

This gives us the limit of what we were initially looking for:

. |'/ .?") ;.r |'/ .?"jx ¥
P S LA LS IEA R
?é—}u:-l,\ " |,\ 2 g

Or more generally for any x,
. L
o, ||\1+ -] =e

b

Returning back to our initial problem of calculating the Principal in an account that compounds interest infinite
times per year:

( !

(. r .-3\]'

Principal :Pn]jmx_m| |\1+—) J
||\ #

Principal = Pn{er]r
Principal = P, ®
This important answer could also have been arrived at by realizing that money that is put into an account that
compounds interest infinitely is changing at a rate proportional to the amount of money in the bank, times the
interest rate. For example if at t=4, the amount of money in the bank was $10000, and the interest rate was

6%, then at that instant the money would be changing at the rate of $600 a year. As the money changes then
so does the amount of money in the bank, such that our equation becomes:

MMorey

_ = rate - Monrgy
Miime

We can call Money, Principal or just P, and separate variables:



MF
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We can integrate this equation to solve for P in terms of r and t. We integrate time from 0 to t, and Principal,
from P at t=0, to some final value of P.

¥
:Ir&z

i

Moy By

4P
P

This yields the solution:

InP—ln B = rt

This last answer is the same answer we derived using the definition of compound interest, which gives us the
amount of money in a bank after t years and infinite compounding with an initial deposit of P,. Differentiating

this equation with respect to time:

P=pe"

AP "
= —¥F

ﬂf, ,r'( f?E )
g = rF

M

Despite how difficult it may seem to explain this change the fact remains that the money is changing at a rate
proportional to the amount of money itself, such that as the money begins to change over a small change in
time, the amount of money in the bank changes by a small amount creating a new balance that is only

accurate for the next At . It is really this simple.

In this example we will compare simple interest to compound interest. Consider a poor college student who
decides to put his summer earnings of $2000 into a savings account for 3 years. His choices are to Watchovia
Bank that offers a simply interest rate of 3.2% per year or Carolina Bank that offer an interest rate of 2.9%
compounded continuously. Where should he put his money? Also note that Watchovia offers a free T-shirt for
opening a savings account, that makes an excellent Pajama top.

Lets first consider Watchovia. The rate at which his money will be changing is the rate of interest time the
amount of money in the bank or (3.2/100)(2000) = $64/year. Remember this is the definition of simple
interest, the rate at which your money is changing is only dependent on how much Money you initially open
the savings account with.



MM
— = k64
Iy year

AM = 64
A 3
[ae= [6ans

2000 0

M—2000 = 64(3)
M= 2000 +192 = $2192

With Carolina Bank, the interest rate is 2.9% compounded continuously. We can just go directly to our
equation for continuous compounding:

P=R.¢
F=2000.g"4
P=2000.g"°
P = $2201.52

This tells us that the interest earning interest only contributed to an extra $9.52, barely more than the cost of
the shirt. This is because the interest earned was small, and the interest it earns is even smaller. Now if we
were to put the money on for 30 years, then the interest earned will have enough time to earn some
substantial interest.

Wachoviain30years = 2000 +{ 6307 = $3520
Carofinain 30years = 2000 ¢" 4™ = §5223 39

In simple interest the amount of money in the bank remains constant, while in compound interest the balance
is increasing constantly.

Just as exponential functions increase with rates proportional to the function itself, they can also decrease.
This happens when:

Ly

M

Whose solution is simply:
_ -k

F=Fy- €

Consider the element Uranium that undergoes radioactive decay at the rate of 12% of the material per year.
This decay rate, 12%, is independent of the amount of material present. Find the time taken for half of
Uranium to disappear, or the half life.
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In 5=12¢
= 5770 years

This half life is true for any amount of material. A 1000 kg sample and a 1 kg sample will both take the same
time to reduce to half their original mass.

This concludes our study of the exponential and logarithmic function and their functions. It is important to
understand the differences and similarities to polynomial function. The base of these two functions is
multiplication and exponential growth can often be though of as repetitive multiplication. In this chapter we
saw how this applies to multiplying populations and multiplying money. Exponential decay occurs whenever
the rate at which the function is decreasing is proportional to the function itself.



