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Chapter 1 Introduction

Welcome to Mathematica! This tutorial manual is intended as a supplement to Rogawski's Calculus textbook and aimed at
students looking to quickly learn Mathematica through examples. It also includes a brief summary of each calculus topic to
emphasize important concepts. Students should refer to their textbook for a further explanation of each topic.

m 1.1 Getting Started

Mathematica is a powerful computer algebra system (CAS) whose capabilities and features can be overwhelming for new users.
Thus, to make your first experience in using Mathematica as easy as possible, we recommend that you read this introductory
chapter very carefully. We will discuss basic syntax and frequently used commands.

NOTE: You may need to obtain a computer account on your school's computer network in order to access the Mathematica
software package available on campus computers. Check with your instructor or your school's IT office.

m 1.1.1 First-Time Users of Mathematica 7

Launch the program Mathematica 7 on your computer. Mathematica will automatically create a new Notebook (see typical
startup screen below).

m 1.1.2 Entering and Evaluating Input Commands

Just start typing to input commands (a cell formatted as an input box will be automatically created). For example, type 3+7. To
evaluate this command or any other command(s) contained inside an input box, simultaneously press SHIFT+ENTER, that is, the
keys SHIFT and ENTER at the same time. Be sure your mouse's cursor is positioned inside the input box or else select the input
box(es) that you want to evaluate. The kernel application, which does all the computations, will load at the first evaluation. This
is a one-time procedure whenever Mathematica is launched and may take a few seconds depending on the speed of your com-
puter, so be patient.
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As can be seen from the screen shot above, a cell formatted as an output box and containing the value 10 is generated as a result
of the evaluation. To create another input box (cell), just start typing again and an input box will be inserted at the position of the
cursor (use the mouse to position the cursor where you would like to insert the new input box).

= 1.1.3 Documentation Center (Help Menu)

Mathematica provides an online help menu to answer many of your questions about the program. One can search for a particular
command expression in the Documentation Center under this menu or else just position the cursor next to the expression (for
example, Plot) and select Find Selected Function (F1) under the Help menu (see screen shot that follows).

& Wobtimm Wathwematica 1.0 - [Untisied-1 *]

D vssities 1 *

Mathematica will then display a description of Plot, including examples on how to use it (see screen shot below).
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Plot

For only a brief description of Plot (or any other expression expr), just evaluate ?Plot (or ?expr).

n= ? Plot

Plot[ f, {X, Xmin, Xmax}] g€nerates a plot of f as a function of x from Xmin t0 Xmax-
Plot[{fy, f2, ...}, {X, Xmin, Xmax}] PlOts several functions fj. >

m 1.2 Mathematica's Conventions for Inputting Commands

m 1.2.1 Naming

Built-in Mathematica commands, functions, constants, and other expressions begin with capital letters and are (for the most part)
one or more full-length English words (each word is capitalized). Furthermore, Mathematica is case sensitive; a common cause
of error is the failure to capitalize command names. For example, Plot, Integrate, and FindRoot are valid function names. Sin,
Exp, Det, GCD, and Max are some of the standard mathematical abbreviations that are exceptions to the full-length English
word(s) rule.

User-defined functions and variables can be any mixture of uppercase and lowercase letters and numbers. However, a name
cannot begin with a number. User-defined functions may begin with a lowercase letter, but this is not required. For example, f,
g1, myPlot, r12, sOLution, and Method1 are permissible function names.

m 1.2.2. Parenthesis, Brackets, and Braces

Mathematica interprets various types of delimiters (brackets) differently. Using an incorrect type of delimiter is another common
source of error. Mathematica's bracketing conventions are as follows:

1) Parentheses, (), are used only for grouping expressions. For example, (x-y)*2, 1/(a+b) and (x"3-y)/(x+3y”*2) demonstrate
proper use of parentheses. Users should realize that Mathematica understands f(2) as f multiplied with 2 and not as the function
f(x) evaluated at x = 2.

2) Square brackets, [ ], are used to enclose function arguments. For example, Sqrt[346], Sin[Pi], and Simplify[(x"3-y"3)/(x-y)]
are valid uses of square brackets. Therefore, to evaluate a function f(x) at x = 2, we can type f[2].

3) Braces or curly brackets, { }, are used for defining lists, ranges and iterators. In all cases, list elements are separated by
commas. Here are some typical uses of braces:
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{1, 4,9, 16, 25, 36}: This lists the square of the first six positive integers.

Plot[f[x],{x,-5,5}]: The list {x,-5,5} here specifies the range of values for x in plotting f.

Table[m~3,{m,1,100}]: The list {m,1,100} here specifies the values of the iterator m in generating a table of cube powers of the
first 100 whole numbers.

m 1.2.3. Lists

A list (or string) of elements can be defined in Mathematica as List[es, €5,...,en] Or {€1, €2,....en}. For example, the following
command defines S = {1, 3, 5, 7, 9} to be the list (set) of the first five odd positive integers.

n2p= S = List[1, 3,5, 7, 9]
oupz= {1, 3,5, 7, 9}

To refer to the kth element in a list named expr, just evaluate expr[[k]]. For example, to refer to the fourth element in S, we
evaluate

In[3]:= S[ [4] ]

outgl= 7

It is also possible to define nested lists whose elements are themselves lists, called sublists. Each sublist contains subelements.
For example, the list T = {{1, 3, 5, 7, 9}, {2, 4, 6, 8, 10}} contains two elements, each of which is a list (first five odd and even
positive integers).

Inf4]:= T= {{1! 3, 5, 71 9}! {21 4, 61 8, 10}}
oup= {{1,3,5,7,9}, {2,4,6,8, 10}}

To refer to the kth subelement in the jth sublist of expr, just evaluate expr[[j,k]]. For example, to refer to the third subelement
in the second sublist of T (or 6), we evaluate

In[5]:= T[ [2, 3]]

outsl= 6

A detailed description of how to manipulate lists (e.g., to append elements to a list or delete elements from a list) can be found in

Mathematica's Documentation Center (under the Help menu). Search for the entry List.

m 1.2.4. Equal Signs

Here are Mathematica's rules regarding the use of equal signs:

1) A single equal sign (=) assigns a value to a variable. Thus, entering g = 3 means that g will be assigned the value 3.
Infel:= q = 3

outle]= 3

If we then evaluate 10+g”3, Mathematica will return 37.
n7= 10 + 9”3

out[71= 37

As another example, suppose the expression y = x~2-x-1 is entered.
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Infgl="Yy = XN2-x-1
ougl -1 - X+ X2

If we then assign a value for x, say x = 3, then in any future input containing y, Mathematica will use this value of x to calculate
y, which would be 5 in our case.

nEl= X =3
Yy

Out[9]= 3

outf10)= 5

2) A colon-equal sign (:=) creates a delayed statement for an expression and can be used to define a function. For example,

typing f[x_]: = x~2-x-1 tells Mathematica to delay the assignnment of f(x) as a function until f is evaluated at a particular value
of x.

ni= FIX_] 1= xM2-x-1
f[3]

ouj12= 5
We will say more about defining functions in section 1.3 below.

3) A double-equal sign (= =) is a test of equality between two expressions. Since we previously set x = 3, then evaluating x = =
returns True, whereas evaluating x = = -3 returns False.

In[13):= X == 3
== —3

outj13)= True

ounua= False

Another common usage of the double equal sign (= =) is to solve equations, such as the command Solve[x2-x-1= = 0, x] (see
Section 1.5). Be sure to clear the variable x beforehand.

nisp= Clear [X]
Solve[x"2-x-1 =0, X]
1

s {{x> (1-v8)]. (x> (1435 )]}

m 1.2.5. Referring to Previous Results

Mathematica saves all input and output in a session. Type In[k] (or Out[K]) to refer to input (or output) line numbered k. One
can also refer to previous output by using the percent sign %. A single % refers to Mathematica's last output, %% refers to the
next-to-last ouput, and so forth. The command %ok refers to the output line numbered k. For example, %12 refers to output line
number 12.

7= Out[12]

ou17= 5

Mathematica saves all input and output in a session. Type In[K] (or Out[K]) to refer to input (or output) line numbered k. One
can also refer to previous output by using the percent sign %. A single % refers to Mathematica's last output, %% refers to the
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next-to-last ouput, and so forth. The command %k refers to the output line numbered k. For example, %12 refers to output line
number 12.

nf18l= %12

outj18]= 5

NOTE: CTRL+L reproduces the last input and CTRL+SHIFT+L reproduces the last output.

m 1.2.6. Commenting
One can insert comments on any input line. The comments should be enclosed between the delimiters (* and *). For example,

naop= (* This command plots the graph of two functions in different colors. )
Plot[{Sin[X], Cos[X]}, {X, 0, 2Pi}, PlotStyle -> {Red, Blue}]

1.0

05

out[19]= / ‘ ‘ ‘ ‘ ‘ ‘

—-10F

NOTE: One can also insert comments by creating a text box. First, create an input box. Then select it and format it as Text using
the drop-down window menu.

m 1.3 Basic Calculator Operations

Mathematica uses the standard symbols +, -, *, /, , | for addition, subtraction, multiplication, division, raising powers
(exponents), and factorials, respectively. Multiplication can also be performed by leaving a blank space between factors. Powers
can also be entered by using the palette menu to generate a superscript box (or else press CTRL+6) and fractions can be entered
by generating a fraction box (from palette menu or pressing CTRL+/).

To generate numerical output in decimal form, use the command N[expr] or N[expr,d]. In most cases, N[expr] returns six digits
of expr by default and may be in the form n.abcde «10™ (scientific notation), whereas N[expr,d] attempts to return d digits of
expr.

NOTE: Mathematica can perform calculations to arbitrary precision and handle numbers that are arbitrarily large or small.

Here are some examples:

in20):= P
out[20]= 7T
1= N[Pi]

out21= 3.14159
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iniz2l= N[Pi, 200]

ou22]= 3.141592653589793238462643383279502884197169399375105820974944592307816406286208 -
9986280348253421170679821480865132823066470938446095505822317253594081284811174-
502841027019385211055596446229489549303820

In[23]:= 65"

ou23)= 2210708 544 304 025 665 789 890 545 869 282 983 189 550 730 342 026 817 054 484 706 923 451 -
925215263872221875601412877 526055033568 150952983 731997599 172762 855409 -
042386 638455130114567918179610415056 135043685 865981 465821197 678998054 -
981600364 232 459680450883 986513 397 952 866 100532961 319277 446513221836 325 -
497 685382494 082501890188 075860 096 650 899 943 982 604 939 901 346 570 765 022 869 -
199395889789 728 382946141484 842179531904 056612897 175359078 633987 736 867 -
003878781857613656893578474392372463398376238316805554810164 724551909376

infza1= 1 / 3001

oute4)= 1/

306057512216440636 035370461297 268 629388588804 173576999416776 741259476 -
533176716867 465515291422 477573349939147888701726 368864263907 759003154 -
226842927 906974559841 225476 930271954604 008012215776 252176 854 255 965 356 -
903506 788 725264 321 896 264 299 365 204 576 448 830388 909 753 943 489 625 436 053 225 -.
980776521270822437639449120128678675368305712293681943649 956460498 166 -
450227716500185176546469340112 226034 729724066 333 258583506870150169794 -
168 850353752137554910289126407 157 154 830282284937 952 636 580 145235233 156 -
936482233436 799254594 095276 820608 062232812 387 383880817 049 600 000 000 000 -
000 000 000 000 000 000 000 000 000000000000 000000000 000000000000000000

niesi= (% This command returns a decimal answer of the last output =)
N[%]

ouzsl= 3.267359761105326 x 107615
Example 1.1. How close is ¢¥ %% 7 to being an integer?
Solution:

inizel= EN™ (P % SqQrt[163])

outzel= eV 163 7
In[27]:= N[%, 40]

ou27)= 2.625374126407687439999999999992500725972 x 101/

We can rewrite this output in non-scientific notation by moving the decimal point 17 places to the right. This shows that eV 163 =
is very close to being an integer. Another option is to use the command Mod[n,m], which returns the remainder of n when

divided by m, to obtain the fractional part of eV 163 7:
in2el= Mod [%, 1]
out2gl= 0.9999999999992500725972
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o= 1-%

ouza)= 7.499274028 x 10713

m 1.4 Functions

There are two different ways to represent functions in Mathematica, depending on how they are to be used.

following example:

2
Example 1.2. Enter the function f (x) = LX;Z into Mathematica.
X+
Solution:
X2 X42

Method 1: Simply assign f the expression , for example,

x+1
nEo:= Clear[f, X] (» This clears the arguments f and X x)
nEi= F= (XN2+X+2) /7 (X+1)

2+ X+ X2
Out[3l]r ——
1+X

To evaluate f(x) at x = 10, we use the substitution command /. (slash-period) as follows:

nE2= £ /. x->10
112

Oout[32] ——

Warning: Recall that Mathematica reads f(x) as f multiplied by x; commas are considered delimiters.
nz3= F (10)

10 (2 + X+ X2>

ou33)r —mM8M88

1+X

Method 2: An alternative way to explicitly represent f as a function of the argument x is to enter

In[34]:= Clear[T]
FIX_ ] := (X™"2+X+2)/ (X+1)

Evaluating the command f[10] now tells Mathematica to compute f at x = 10.

inel:= F[10]
112

Out[36]= ——

More generally, the command f[{a,b,c,...}] evaluates f (x) for every value of x in the list {a,b,c,...}:

Consider the
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ner= FL{-3, -2, -1, 0, 1, 2, 3}]

1
Power::infy : Infinite expression — encountered. >
0
oo 8 7
out[37]= {74, -4, ComplexiInfinity, 2, 2, —, —}
3 2

Here, Mathematica is warning us that it has encountered the undefined expression —; in evaluating f(-1) by returning the

message ComplexInfinity.

x2+x+2

Remark: If there is no need to attach a label to the expression , then we can directly enter this expression into

X+1
Mathematica:

X2+ X+2
nEgl= —— /. X -> 10
X+1
112
Out[38]= ——
X2+ X +2
In[39)= —— /. X => {—3, —2, —1, 0, 1, 2, 3}
X+1

1
Power::infy : Infinite expression — encountered. >
0

{4 4C||f"t2287}

oufzel= {-4, -4, ComplexInfinity, 2, 2, —, —
p Yy 3’ 2

Piece-wise functions can be defined using the command If[cond, p, q], which evaluates p if cond is true; otherwise, q is

evaluated.
Example 1.3. Enter the following piece-wise function into Mathematica:

f00 :{tan(%x), if |x] <1,

X, if |x| =1
Solution:

o= F[X_]1 == IF[Abs[X] <1, Tan[Pi xx /4], X]

m 1.5 Palettes

Mathematica allows us to enter commonly used mathematical expressions and commands from six different palettes. Palettes are
calculator pads containing buttons that can be clicked on to insert the desired expression or command into a command line.
These palettes can be found under the Palettes menu. If the Basic Math Assistant Palette does not appear by default, then click
on Palettes from the menu and select it. One can also select more advanced math typesetting palettes such as the Basic Math
Input and Algebraic Manipulate Palettes.
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Example 1.4. Enter /% into a notebook.
/e

Solution:

Here is one set of instructions for entering this expression using the Basic Math Assistant Palette:

a) Click on the palette button v .
b) Click on E .
¢) Enter the number 3 into the highlighted top placeholder.

3

O

d) Press the TAB key to move the cursor to the bottom placeholder.
e) Click on o”.
f) Toinsert & into the base position, click on the palette button for x.

g) Press the TAB key to move the cursor to the superscript placeholder.
h) Enter the number 4.

m 1.6 Solving Equations

Mathematica has a host of built-in commands to help the user solve equations and manipulate expressions. The command
Solve[lhs == rhs, var] solves the equation Ihs == rhs (recall Mathematica's use of the double-equal sign) for the variable var.
For example, the command below solves the quadratic equation x? — 4 = 0 for x.
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1= Solve[x"2 -4 = 0, X]

outpi= {{X > -2}, {X->2}}

A system of m equations in n unknowns can also be solved with using the same command, but formatted as
Solve[{lhs; == rhsy, lhs, == rhs,, ..., lhsy, == rhsy,}, {X1, X2, ..., Xn}]. In situations where exact solutions cannot be obtained

(e.g., certain polynomial equations of degree 5 or higher), numerical approximations can be obtained through the command
NSolve[lhs == rhs, var]. Here are two examples:

2= Clear[X, Y]
Solve[{2X-y =3, X+4y= -2}, {X, y}]
10 7
Out[43]= {{X% E ’ y% *5}}
in441= NSolve[X"5-Xx+1 =0, X]
outadl= {{X - -1.1673}, {X > -0.181232-1.083951}, {X - -0.181232+1.083951i},
{X >0.764884 - 0.352472 i}, {X > 0.764884 +0.3524721}}

There are many commands to algebraically manipulate expressions: Expand, Factor, Together, Apart, Cancel, Simplify,
FullSimplify, TrigExpand, TrigFactor, TrigReduce, ExpToTrig, PowerExpand, and ComplexExpand.

in4s= Factor [X"2 +4 X - 21]

outgs= (=3 +X) (7 +X)

NOTE: These commands can also be entered from the Algebraic Manipulation Palette; highlight the expression to be manipu-
lated and click on the button corresponding to the command to be inserted. The screen shot below demonstrates how to select the
Factor command from the Algebraic Manipulate Palette to factor the highlighted expression x? + 4 x — 21.

iR R TS
[ r——

e

- m

m Exercises

In Exercises 1 through 5, evaluate the expressions:

1.103.41+20*76 2, S 3. 11 4, k"mz 5. What is the remainder of 1998 divided by 13?
147 [P 0.99+10

1
1+—
4

In Exercises 6 through 8, enter the functions into Mathematica and evaluate each at x = 1:
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6. f(X)=2x3-6x2+x-5 7.g(x):% 8.h(x):|\/7—3|
In Exercises 9 through 11, evaluate the functions at the given point using Mathematica:
9. f(x)=1001 + x* at x = 25 10.1+Vx +Vx +Vx atx=r  11.1+—— atx=1
2+
2 @x+1?2

2

In Exercises 12 through 17, enter the expressions into Mathematica:

12.V80 13, W 14,V V125
f 2 11y

15.4/ Y 10a’b 16. [ﬂ]_:3 17 3m6r;3

’ 4n 3

In Exercises 18 through 21, expand the expressions:

18. (x+ 1) (x - 1) 19. (x+y-2)(2x-3) 20. (X +x+1)(x - 1) 2L (®+x2+x+1)(x - 1)
In Exercises 22 through 25, factor the expressions:

22.x3—2x2-3x 23.4x%° +8x13 + 36 24.6+2x-3x3-x* 25.x5 -1

In Exercises 26 through 29, simplify the expressions using both of the commands Simplify and FullSimplify (the latter uses a
wider variety of methods to simplify expressions).

2. x2;4 xg12 27 (% _3)
X—

28. (X(1 = 2 )32 4+ (1 — 2 %) 12 29, X=

1
x=1

In Exercises 30 through 33, solve the equations for x (compare outputs using both the Solve and NSolve commands):

30.x2-x+1=0 3L x1-2x)"%+@1-2x"M=0 32.x3-1=0 334/ 1+4/ x+Vx* =5
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Chapter 2 Graphs of Functions, Limits, and
Continuity

m 2.1 Plotting Graphs

Students should read Chapter 1 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

m 2.1.1 Basic Plot

In this section, we will discuss how to plot graphs of functions using Mathematica and how to utilize its various plot options. We
will discuss in detail several options that will be useful in our study of calculus. The basic syntax for plotting the graph of a
function y = f(x) with x ranging in value from a to b is Plot[f, {X, &, b}]. On the other hand, Plot[{fy, fo, ..., fn}, {X, &, b}]
plots the graphs of f;, f,, ..., fy on the same set of axes.

Example 2.1. Plot the graph of f(x) =x? — 3 x + 1 along the interval [-2, 5].
Solution:

nisel= Plot[x? -3x+ 1, {X, -2, 5}]

10+

Out[46]=

Example 2.2. Plot the graph of y = cos (3 x) along the interval [-4, 4].

Solution:
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na71= Plot[Cos[3 X], {X, -4, 4}]

1.0

out[a7= _ ‘ ‘ ‘
-4 -2 2 4

—-1.0+

Example 2.3. Plot the graphs of the two functions given in Examples 2.1 and 2.2 prior on the same set of axes to show their
points of intersection.

Solution:

niasi= Plot[{ x*-3x+1, Cos[x]1}, {x, -3, 6}]

15+
10+
out[48]=
5 [
2 S~ = 6
Example 2.4. Plot the graphs of f(x) = XZXJ’TX;’l and g(x) = %44’0 on the same set of axes.
Solution:

n49)= PlLOE[{ (X2 +X+2) / (X+1), Sin[4X] /4}, {X, -4, 4}]

10

outj4g)=
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Note that the graph of y = (sin4 x)/4 is displayed poorly in output above since its range (from -1 to 1) is too small compared to
the range of y=(x2 + x+2)/(x+1). We can zoom in using the PlotRange option. The syntax for PlotRange is

PlotRange — {c, d} (the arrow is generated by entering a minus sign (-) followed by greater than sign) where [c, d] is the
interval on the y-axis to be displayed. More generally, PlotRange —> {{a, b}, {c, d}} specifies the interval [a, b] on the x-axis
while [c, d] specifies the interval on the y-axis.

o= PROE[{ (X2 +X+1) / (X+1), Sin[4Xx] /4}, {X, -4, 4}, PlotRange » {-4, 4}]

4 -

out[50]=

4 = 2 4

Example 2.5. Plot the graphs of the following functions.
a) f(x)=

XZ
X2—4

XZ
X2+4

b) f(x)=sinx +cosxc)f(x)=xe*+Inx d) f(x)=

Solution: We recall that the natural base e is entered as E or e (from the Basic Math Assistant Palette) and that In x is Log[x].
Note also that sin x and cos x are to be entered as Sin[x] and Cos[x] (see Chapter 1 of this text for a discussion of Mathematica's
notation). We leave it to the reader to experiment with different intervals for the domain of each graph so as to capture its salient
features.

a)
X2
In[51]:= PlOt[ . {X, -5, 5}]
4 - x2
4 |
2 .
Oout[51]= -4 2 4
2+
4t

b)
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2= Plot[Sin[X] + Cos[X], {X, -2Pi, 2Pi}]

1.0
5 F
out[52]= ‘ ‘
-6 — -2 2 4 6
-05¢
-10r
c)

3= Plot[X EX - Log[X], {X, -3, 3}]

60 -
50
40
out[53]= 30
20

10

NOTE: The above graph needs to be read carefully. First of all, it is clear from the graph above that f(x) = xe* — In x tends to co
as x tends to 0. It is also clear from the graph that f(x) tends to oo as x tends to co. Note, however, that the graph suggests
(incorrectly) that the domain is [0, o). If we zoom in on the graph near x = 0, then we see that the domain does NOT include the
point x = 0.
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X2
In[54]:= Plot[ . {X, -5, 5}]
X2 + 4

0.8
0.6 -

Out[54]= 0.4 f
0.2

_4 -2 2 4

m 2.1.2 Plot Options

Next, we will introduce various options that can be specified within the Plot command. To begin with, evaluating the command
Options[Plot] displays the following options:

nissi= Options[Plot]

1
out[55]= {AI ignmentPoint - Center, AspectRatio - ——  , Axes > True,
GoldenRatio

AxesLabel — None, AxesOrigin - Automatic, AxesStyle - {}, Background - None,
BaselinePosition » Automatic, BaseStyle » {}, ClippingStyle - None,
ColorFunction - Automatic, ColorFunctionScaling - True, ColorOutput - Automatic,
ContentSelectable » Automatic, CoordinatesToolOptions - Automatic,
DisplayFunction :» $DisplayFunction, Epilog —» {}, Evaluated - Automatic,
EvaluationMonitor - None, Exclusions » Automatic, ExclusionsStyle - None,
Filling - None, FillingStyle - Automatic, FormatType > TraditionalForm,

Frame —» False, FrameLabel - None, FrameStyle - {}, FrameTicks — Automatic,
FrameTicksStyle — {}, GridLines - None, GridLinesStyle - {},

ImageMargins —» 0., ImagePadding — All, ImageSize - Automatic,

ImageSizeRaw — Automatic, LabelStyle - {}, MaxRecursion - Automatic,

Mesh - None, MeshFunctions - {##1 &}, MeshShading - None, MeshStyle - Automatic,
Method - Automatic, PerformanceGoal :» $PerformanceGoal,

PlotLabel - None, PlotPoints - Automatic, PlotRange » {Full, Automatic},
PlotRangeClipping - True, PlotRangePadding — Automatic, PlotRegion —» Automatic,
PlotStyle — Automatic, PreservelmageOptions - Automatic, Prolog - {},
RegionFunction - (True &), RotateLabel - True, Ticks - Automatic,

TicksStyle - {}, WorkingPrecision - MachinePrecision}

= PlotStyle

PlotStyle is an option for Plot that specifies the style of lines or points to be plotted. Among other things, one can use this option
to specify a color of the graph and the thickness of the curve. PlotStyle should be followed by an arrow and then the option:
PlotStyle — {option}. For example, if we want to plot a graph colored in red, we evaluate
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nisei= Plot[x?, {x, -3, 3}, PlotStyle -> Red]

out[56]=

-3 -2 -1 1 2 3

The next example shows how to use PlotStyle to specify two styles: a color and thickness.

In[57]:= Plot[xz, {x, -3, 3}, PlotStyle -> { Blue, Thickness[0.02]}]

Out[57]=

PlotStyle can also be used to specify options for two or more graphs. Here are two examples to demonstrate this:

nisg= Plot[{x?, x®-x -1}, {x, -3, 3}, PlotStyle -> {Green, Yellow }]

20
15+

10+

Out[58]=
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nisor= Plot[{x?, x®-x -1}, {x, -3, 3}, PlotStyle -> {{Magenta, Thickness[0.01]},
{Cyan, Thickness[0.001], Dashing[{0.01, 0.01, 0.01}] }}]

20
15+

10+

Out[59]= 5

-10F

= PlotRange

We have already used the PlotRange option in Section 2.1 of this text (see Example 2.4 prior). This option specifies the range of
y-values on the graph that should be plotted. As observed in the same example in Section 2.1, some points of a graph may not be
plotted unless we specify the y-range of the plot. The option PlotRange — All includes all y-values corresponding to the
specified values of x. Here is an example.

nieop= PlOE[x®-2x-1, {X, -5, 5}]

1000 -
500 -

out[60]=

-500 -

-1000 -

1= Plot[x*-2x-1, {x, -5, 5}, PlotRange -> All]

3000
2ooo§
1000;

out[61]=

~1000 |

—2000 |

-3000 f
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= AXes
There are several options regarding axes of plots. We consider four of them.

1. Axes: The specification Axes — True draws both axes, whereas Axes — False draws no axes and Axes—{True,False}
draws the x-axis only. An example of the last case is given below.

ne2:= Plot[ x Sin[3 x], {X, -10, 10}, Axes -> {True, False}]

IRAAATE

2. AxesLabel: The default specification AxesLabel - None leaves the axes unlabeled. On the other hand, AxesLabel - expr

will only label the y-axis as expr and AxesLabel - { ""exprl", "expr2" } labels both the x-axis and y-axis as exprl and expr2,
respectively. Examples of both cases are given below.

ne3= Plot[x Cos[X], { X, -10, 10}, AxesLabel -> y]

y

out[63]=

-10 - 5 10
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ne4:= Plot[x Cos[X], { X, -10, 10}, AxesLabel -> {"x", "y"}]

y

Oout[64]=

-10 - 5 10

3. AxisOrigin: The option AxesOrigin specifies the location where the two axes should intersect. The default value given by
AxesOrigin - Automatic chooses the intersection point of the axes based on an internal (Mathematica) algorithm. It usually
chooses (0,0). The option AxesOrigin - {a,b} allows the user to specify the intersection point as (a,b).

4. AxesStyle: This option specifies the style of the axes. Here is an example where we specify the thickness of the x-axis and
color (blue) of the y-axis. We also use the AxesOrigin option.

nesi:= Plot[x Cos[x], { X, -10, 10}, AxesOrigin -> {-10, 10},
AxesStyle -> { Blue, Thickness[0.01]},
AxesLabel -> {"'x", "y"}]

out[65]=

s Frame

There are several options regarding the frame (border) of a plot. We show these options in the following examples:
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nee:= Plot[x Cos[X], { X, -10, 10}, Frame -> True ]

0 [\

out[66]=

-10 -5 0 5 10

ne7:= Plot[x Cos[x], { X, -10, 10}, Frame -> True,
FrameLabel -> {"The graph of y = x cos x", "y-axis', None, None}]

y—axis
o

out[67]=

-10 -5 0 5 10
The graph of y = x cos x

nesi= Plot[x Cos[x] , { X, -10, 10}, PlotStyle -» Red, Frame -> True,
FrameLabel -> {""The graph of y = x cos x", "y-axis", None, None},
FrameStyle -> {{Blue, Thickness[0.005]},
{Yellow, Thickness[0.005]}, {Green, Thickness[0.013]}, {Orange} }]

Out[68]=

-10 -5 0 5 10
The graph of y = x cos x
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We encourage the reader to experiment with this example by changing the color specifications to see which option controls
which edge color of the frame.
= Show

The command Show[graphics, options] displays graphics (consisting of possibly many different graphics objects) using the
options specified by options. Also Show[ plotl,plot2, ....] displays the graphics plotl, plot2, ... on one coordinate system.

neo)= plotl = Plot[Sin[x], {X, -Pi, Pi} ];
n7op= plot2 = ListPlot[ {{0, 0}, {Pi/2, 1}, {Pi, 0}}, PlotStyle » {Red, PointSize[.02]1}];

ni71:= Show[plotl, plot2]

10+

05¢

Out[71]= I I I I L Y

05+

-1.0+

Here is an option we can use to identify the sine curve by inserting the expression y = sin x near its graph.

nr72;= Show[plotl, plot2,
Epilog -> Text["y=sin X", {2.7, 1}, {0, 1}1]

10 [ y=sin x
0.5 ,
outf72]= — w \ " ‘ ‘ e
3 -2 -1 3 1 2 3
-0.5 i

= Animation

Animate[expr, {t, a, b}]generates an animation of expr in which the parameter t varies from a to b.

Animate[expr, {t, a, b, dt}]generates an animation of expr in which t varies from a to b in steps of dt.

Animate[expr, {t, a;, a», as, ..., ap}] generates an animation of expr in which t takes on the discrete set of values

dj, a as, ..., dn.

Animate[expr, {t, a, b}, {s, ¢, d}, ... ]generates an animation of expr in which t varies from a to b, s varies from c to d,
and so on.
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Important Note: If you are reading the printed version of this publication, then you will not be able to view any of the anima-
tions generated from the Animate command in this chapter. If you are reading the electronic version of this publication format-
ted as a Mathematica Notebook, then evaluate each Animate command to view the corresponding animation. Just click on the
arrow button to start the animation. To control the animation just click at various points on the sliding bar or else manually drag
the bar.

Example 2.6. Analyze the effect of the shift f(x +a), f(x)+a, f(bx), andb f(x) for various values of aand b for the fucntion
f(x) = cos x.

Solution:
n73i= FIX_] = Cos[X]

ni74p= Animate[Plot[{Cos[X], Cos[x+a]}, {X, -2Pi, 2Pi},
PlotStyle » {Black , Red}, PlotRange » {-2, 2}], {a, 0, 81}]

: T MERE

out[74]=

Next, we will animate the graphs of f(x +a) (inred)and f(x) + a(in blue) :



Mathematica for Rogawski's Calculus 2nd Editiion.nb | 35

ni7si= Animate [Plot[{Cos[x], Cos[x +a], Cos[X] +a}, {X, -2Pi, 2Pi},
PlotStyle -» {Black, Red, Blue}, PlotRange » {-1, 5}1, {a, 0, 6 }]

: 3 DPlaFIE]

Out[75]=

N

Here is the animation for the graphs of f(bx)andb f(x).

ni7el= Animate[Plot[{Cos[X], Cos[b *Xx], bxCos[X]},
{x, -2Pi, 2Pi}, PlotStyle » {Black , Red, Blue}], {b, 0, 8}]

: 3 DIAEIE]

Out[76]=

Gv 74 7
-1

Here is an animation that shows all four shifts at once. We can fix as many parameters as we want (just click on their pause
buttons) and analyze the behavior due to the remaining parameters.
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n77:= Animate [Plot[{Cos[ X] , Cos[x+a], Cos[x] +b, Cos[cXx], d xCos[X] }, {x, O, 10},
PlotStyle -» {Black, Red, Blue, Green, Brown, Yellow}, PlotRange -» {-5, 5}1],
{a, 0, 5}, {b, 0, 5}, {c, 0, 5}, {d, 0, 5}]

2 3 DIAEIE]
: 3 DIAEIE]
DIAEIE]
d 3 DIaEIE]

CJ)

out[77)=

<

g . . . . //‘ . AN ) ) . . , |
L \ 4 6, / 10
L

Example 2.7. Here is an animated example of a graph that shows the behavior of a general quadratic polynomial as we vary its
coefficients.

Solution:
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ni7e= Animate [Plot[ax®+bx+c, {x, -3, 3}, PlotRange » {-10, 10}],
{a, -3, 3}, {b, -3, 3}, {c, -3, 3}]

2 3 DlaFIE]
: 3 DPlaFIE]
: —DIEEIE]

10 -

Out[78]=

,10 L

We suggest that you pause two of the parameters and vary the third one manually to see the change in the location of the zeros,
the vertex, the regions of concavity, and the regions on which the graph increases and decreases. Then make the necessary
changes to redo this problem for polynomials of higher degree.

= Contour Plot

To end our discussion on graphics, we now consider plotting graphs of equations in two variables. Among such equations are the
famous family of elliptic curves that arise in number theory: y? = x3 + ax + b, where a and b are parameters. The command for
graphing equations implicitly in two variables x and y is ContourPlot[eqn, {x, a, b}, {y, c, d}], which displays the graph of eqn
for which x varies from ato b and y varies from ctod.

Example 2.8. Plot the graphs of curves given by the equation y? = x% + a x + b for various values of aand b.

Solution: First, we define a function f[x, a, b] to represent the right-hand side of the equation y? = x3 + ax + b so that f is a
function of x as well as a and b. We then plot the equation y? = f[x, a, b], where we consider three different sets of values:
a=1,b=1,a=-4, b=0;anda=-3, b=3.

nrop= FI[X_,a_,b 1 :=x>+ax+b
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nisor= ContourPlot[ y? =

10+

Oout[80]= v v v v

frx, 1,11, {x, -10, 10}, {y, -10, 10}, Axes » True, Frame -> False]

-10 -5

-10+

10

(8,

ins1:= ContourPlot [

10

[S2]

Out[81]= I I

= f[x, -4, 0], {x, -10, 10}, {y, -10, 10}, Axes -» True, Frame -> False]

N
-0 5\

-5+

—10+F

niezi= ContourPlot| y? =

/.
\

f[x, -3, 31, {x, -10, 10}, {y, -10, 10}, Axes » True, Frame -> False]

) /\
Out[82]= . .
k/

-10 -5

-10+

7
{

Discovery Exercise: Evaluate the following table and discuss which pararemeters produce curves that are familiar. Make sure to
delete the semicolon at the end of the command.

nis3= Table[ContourPlot[ y® == F[x, a, b], {x, -10, 10},

{y, -10, 10

m Exercises

}, Axes » True, Frame -> False] , {a, -4, 4}, {b, -3, 3}];

In Exercises 1 through 8, plot the graphs of the given functions on the specified interval:

1. f(x)=x2+1on[-5, 5]

2.900=—% on [0, 4]
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sin x

3.h(x) === on[-n, 7] 4, f(x)=x3-5x2+100n [-5, 5]
5. f(x)=V32-2x2 on [-4, 4] 6. f()=x+= for [-10, 10]
7. £ =x3—x+1on[-3, 3] 8.9(x) = ===* on [-7, 7]

9. Plot the graphs of f(x)=x(x—3) (x + 3) and g(x) = cos 2 x together on the same set of axes and over the interval [-20, 20].
Use the PlotRange option to adjust the range of the viewing window so that their points of intersection are visible.

In Exercises 10 through 13, plot the graphs of the given functions using at least one plot option discussed in this section.

NOTE: In x is one of the built-in Mathematica functions and is entered as Log[x]. The logarithmic function log , x is entered as
Log[a,x]. For the natural base e you either type E or you can obtain e from the Basic Math Assistant Palette.

10. fO=x*+2x3+1for —3=<x=<3 11. f(x)=xInx for 0<x=<4

12. f(x):l—x—lg +§ for —20 <x <20 13. f(x)=xe*for—4<x<4

In Exercises 14 through 18, plot the graphs of the given pairs of functions on the same axes. Use the PlotStyle option to distin-

guish the graphs.

14. f(x)=¢e*and g(x) = Inx 15. f(x) = 2—’(5 and g(x) =

X—

x5
2x

16. f(x)= x2—sinx and g(x):x/x4+l —\/x2+1
17. f(x) =3 x + 1 and g(x):%1 18. f(x)=Vx+1 and g(x) = (x — 1)
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19. Let fo0 = (x2 - 1%,

a) Define f in Mathematica as it appears above and plot its graph.

b) Rewrite f as f(x) = (x? - 1)2 plots its graph as it appears here.

c¢) Explain why the graphs are not identical. Generalize this remark to general functions with rational exponents.

2¢x—x?

20. Let f(x):T,c>O.

a) Graph f for various values of c. (You may use the Animate command.)
b) Use the graph in part a) to sketch the curve traced out by the vertices of the highest point as ¢ varies. Can you guess what this
curve is?

21. Use the Animate command to plot the graph of f(x) by varying the parameters a, b, ¢, d, ande for each of the following
functions. Discuss how each parameter affects the shape of the graph.

a) fo=ax+bx?+cx+d

b) fx)=ax*+bx3+cx2+dx +e

22. a) Use ContourPlot to plot the graph of the curve defined by the equation y (y2 - c) (y—d) = x(x—a) (x—b) for various

values of a, b, ¢, d. (Hint: You may want to define g[y,c,d] as the left hand side and f[x,a,b] as the right hand side and then use
the command ContourPlot[f[x, a, b] == g[y, ¢, d], {x, -5, 5}, {y, -5, 5}, Frame — False, Axes - True].)

b) For the parameters you selected in part a, at how many points is the slope of this curve equal to zero? Estimate the x-coordi-
nates of these points.
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m 22 Limits

Students should read Chapter 2 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

= 2.2.1 Evaluating Limits

Limit[ f, x —> a, Direction —> 1] computes the limit as x as approaches a from the left (i.e., x increases to a).
Limit[ f, x —> a, Direction —> —1] computes the limit as x approaches a from the right (i.e., x decreases to a).
Limit[ f, x —> a] finds the limiting value of f as x approaches a.

NOTE: Mathematica will use the right-hand limit when evaluating Limit. If the limit does not exist, then Mathematica will
attempt to explain why or else return the limit expression unevaluated if it has insufficient information about the function.

X+1

Example 2.9. Evaluate lim [
X—1

x2+x+2J

2
Solution: Here is a table of values of the function f(x) = %X;z when x is sufficiently close to 1.

X2+ X +2
4= F[X_] 12 —— —
X+1

ngsi= (xFrom the leftx)
Table[{x, F[x]}, {X, 0.8, 0.99, 0.01}] // TableForm

Out[85]//TableForm=

0.8 1.91111
0.81 1.91497
0.82 1.9189

0.83 1.9229

0.84 1.92696
0.85 1.93108
0.86 1.93527
0.87 1.93952
0.88 1.94383
0.89 1.9482

0.9 1.95263
0.91 1.95712
0.92 1.96167
0.93 1.96627
0.94 1.97093
0.95 1.97564
0.96 1.98041
0.97 1.98523
0.98 1.9901

0.99 1.99503
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inigel= (*From the rights)
Table[{x, f[x]}, {X, 1.2, 1.01, -0.01}] // TableForm

Out[86]//TableForm=

1.2 2.10909
1.19 2.10324
1.18 2.09743
1.17 2.09166
1.16 2.08593
1.15 2.08023
1.14 2.07458
1.13 2.06897
1.12 2.0634

1.11 2.05787
1.1 2.05238
1.09 2.04694
1.08 2.04154
1.07 2.03618
1.06 2.03087
1.05 2.02561
1.04 2.02039
1.03 2.01522
1.02 2.0101

1.01 2.00502

From the tables, it is reasonable to expect that the limit is 2. Here is the graph of the function together with the point (1, 2).

ns7i= plotl = Plot[ (X2 +Xx+2) / (Xx+1), {X, -1, 2}, PlotRange -» {0, 3}1;
plot2 = Graphics[{Green, PointSize[Large], Point[{1, 2}]1 1} 1;
plot3 = Graphics[{Red, Line[{{1, 0}, {1, 2}, {0, 2}}1}1;
Show[plotl, plot2, plot3]

3.0

25 /

2.

Out[90]= 15F
101

05F

-1.0 -0.5 0.0 0.5 1.0 15 2.0

Evaluating the limit confirms this:
1= LIMIt[(XM2+X+2) / (X+1), X ->1]

outlo1]= 2

Example 2.10. The height of a projectile, fired in the air with initial velocity 32 ft/s, is given by y(t) = —16 t? + 64 t + 3. Find the
average velocity of the projectile over the interval [1, t] for various values of t. Then find the instantaneous velocity at t = 1.

Solution: We define
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nozj= y[t ] =-161t>+64t+3
t]-y[1l
VIt ] = y[t] -y[1]
t-1

ourez= 3+ 64t - 16 12

-48+64t-16t?
-1+t

out[93]=

4= tt= {2, 1.5, 1.01, 1.001, 1.0001, 1.00001};
Table[{tt[[k]], V[tt[[k]l11}, {k, 1, Length[tt]}] // TableForm

Out[95]//TableForm=

2 16

1.5 24.
1.01 31.84
1.001 31.984
1.0001 31.9984
1.00001 31.9998

Here tt is the list of values for t and tt[[k]] refers to the kth element in the list tt (see Chapter 1 of this text for an explanation of
lists). Also, Length[t] gives the number of elements in the list tt, which is 6 for our example.

The above table clearly suggests that the instantaneous velocity at t = 1 is 32 ft/s. The graph below also verifies this.

In[96]:=
plotl = Plot[v[t], {t, O, 2}, PlotRange » {0, 50}];
y = Simplify[v[t]] /. t-> 1;
plot2 = Graphics[{ PointSize[Large], Point[{1, y}]}1;
plot3 = Graphics[{Red, Line[{{1, 0}, {1, ¥y}, {0, y}}1}1;

Show[plotl, plot2, plot3]

50

30+

out[100]=
20 +

10+

0.0 0.5 1.0 15 2.0

Example 2.11. Show that f(x) = cos(1/x) does not have a limiting value as x approaches 0.
Solution: We define

o= F[X_] = Cos[1l/ X]
f[{0.1, .05, 0.001, 0001, -000001}]

ou102)= {-0.839072, 0.408082, 0.562379, -0.952155, 0.936752}
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These values suggest that the limit does NOT exist. To make this clear, we consider the following two tables. The first table uses
values of the form x =2/(2n + 1) z, where n is a positive integer, while the second table uses x=1/(2n + 1) . Each of these
sets of values for x approach 0 as n - co.

nosy- Tl = Table[ , {n, 1, 100, 10}];

Pi (2n+1)
f[tl]

oufioa= {-1.83697 x 10716, - 3.1847x1071%, ~4.40935x1071°, 1.47143 x10°1%, ~2.10695 x 1014,

1.3233x 1074, -9.30793x 1071, -3.42715x 1015, -2.59681 x 10'1*, -2.00873 x 10°*}

nos)= T2 = Table[ , {n, 1, 100, 10}];

Pi (2n+1)
f[t2]

oufro6= {-1.,-1.,-1.,-1.,-1.,-1.,-1., -1., -1, -1.}

The first table indicates that the values of f(x) approach 0, while the second table indicates the values approach -1. Recall that if

the limit exists, then it must be unique. Thus, our limit does not exist because the values of f do not converge to a single value.
Next, we analyze the graph of the function.

inito7:= Plot[F[X], {X, -1, 1}]

1,

ouf107l= N L Uiiemny o) oo /0
-1.0 -0.5 0.5 1.0

This indicates that there is too much oscillation around x = 0. Let us try zooming in around this point.

inizogl= Plot[Cos[1/ X], {X, -0.1, 0.1}]
I'W

” olos 0.10
|
I

|
I
I
I
[
|
|
\

Out[108]= I I

|
~0.10 0. ‘

|

‘ )

Note how zooming in on this graph does not help. This indicates that the limit does not exist.



Mathematica for Rogawski's Calculus 2nd Editiion.nb |45

Example 2.12. Consider the function f(x) = ij:;;ii Find lim,_q f(x).
Solution:
21/x _ 2-1/x
in[109)= LiMit|——— , X » O]
21/x 4 21/x
Out[109]= —

It may appear that the limit is % but the simplified form of f(x) (using the Simplify command) shows this not to be the case.
Instead we shall consider one-sided limits.

21/x _ 2-1/x

o= Simplify | —————
21/)( + 21/)(

Out[110]=

(1_4—1/x)

N R

21/x _ 2—1/x

In[111]:= Limit[ﬁ , X > 0, Direction » 1]
2+4/% 4 24/%

21/x _ o-1/x
Limit|—, x> 0, Direction » —1]
21/)( + 21/)(
Out[111]= —oco

1

Out[112]= —

Since the left- and right-hand limits are not the same, we conclude that the limit does not exist.

21/x_2—1/x
In113):= Plot[— , {x, -1, 1}, PlotRange -> {-30, 1}]
21/x+21/x
—.“"—(‘).5““j““015““l.‘0
_5;
Out[113]= 15 i
—zoé
725§
_305

NOTE: One needs to be careful when using Mathematica to find limits. If you are not certain that the limit exists, use one-sided
limits:

Example 2.13. Evaluate lim J%

x-5% 27



46 | Mathematica for Rogawski's Calculus 2nd Editiion.nb

Solution:

inf114p= Limit[Abs[x-5] / (x-5), X -> 5, Direction -> -1]

ou114)= 1

Note that Mathematica's convention for right-hand limits is "going in the negative direction.” Thus, the standard notation XI|rT51
should be evaluated as Limit[ f[x], X = 5, Direction » —1]. A similar remark applies to the left-hand limit.

Again, we can check the answer by plotting the graph of the function:

in1s= Plot[Abs[x-5] / (X-5), {X, 3, 7}]

10

05L

Out[115]=

—10f

Warning: This plot does not show the true graph of f(x) near x=5. It may appear that f is continuous at x = 5 because of the
vertical line there but this is not the case since f is undefined at x = 5 and its one-sided limits do not agree:

initel= Abs[x-5]/7 (X-5) /. x5
Limit[Abs[x-5]/ (x-5), x- 5, Direction » 1]
Limit[Abs[x-5]/ (x-5), x> 5, Direction » -1]
1
Power::infy : Infinite expression — encountered. >
0
Infinity::indet : Indeterminate expression 0 ComplexInfinity encountered. >
ouj116)= Indeterminate

out117= -1

ouf118]= 1

Below is the true graph of f, which shows the (non-removable) discontinuity at x = 5.

10F
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= 2.2.2 Limits Involving Trigonometric Functions

For trigonometric functions, Mathematica uses the same traditional notation in calculus except that the first letter of the trigono-
metric function must be capitalized. Thus, Sin[x] is Mathematica's notation for sin x (see Appendix A of this text for a descrip-
tion of notational differences).

Example 2.14. Evaluate lim M.
x—0 X

Solution:

n119p= LImIE[SIn[4 X] / X, X -> 0]

ouj119]= 4

Let us check the answer by graphing the function up close in the neighborhood of x = 0:

in12o= Plo€[Sin[4 X] / X, {X, -1, 1}]

Out[120]=

-1.0 -0.5 0.5 1.0

Example 2.15. Evaluate lim Lnt.
t—0 [t

Solution: We will consider both the left- and right-hand limits.

o Sin[t] ) )
In[121]:= lelt[—, t-0, Dlrectlona—l]
Abs[t]
ouff121= 1
o Sin[t] ) )
In[122]:= lelt[—, t-0, Dlrectlonal]
Abs[t]

ouj122l= -1

Thus, the limit does not exist. This can be clearly seen from the graph of the function below.
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Sin[x
In[123]:= Plot[Ab—[], {x, -2Pi, 2Pi}]
S [X]
1.0
05}

out[123]= . ‘
-6 -4

Example 2.16. Find

. -1 . .
a) limy_o % b) limy_,o tan x cos(sin 1/x)

Solution:

in24l= a = LImit[ (Cos[x] -1) /Sin[Xx], X -» 0]
out[124]= 0

nz2sp= b = Limit[Tan[x] Cos[Sin[l/X]], X » 0]
out125]= 0

sin x

-1 )
COSX=2 =0 and limy_g 2

NOTE: In your textbook, it is proven that limy_,

X x

1. Writing

cosx-1 _

sin x

(

cos Xx—1

X

)/

sin x

X

), we see that the

answer for part a) is valid by applying the quotient rule for limits. For the second limit in part b), we note that
—1 =< cos(sin(1/x)) < land hence — | tan x| <tanxcos(sin(1/x)) <|tanx|. Since limy_ ptan x = lim,_o(—tan x) = 0 we call upon

the Squeeze Theorem to conclude that lim,_otan x cos (sin (1/x)) = 0.
The following graphs verify both answers.

Cos[x] -1 _ }
In[126]:= Plot[—, {X, -2Pi, 2PI}]

Sin[X]

Out[126]=
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n271= Plot[Tan[x] =« Cos[SIn[1/X]], {X, -2Pi, 2Pi}]

6,

Outf127]= .4 ‘ ‘ ‘
-6 - -2 2 4

-6+

COS X—CO0S C

Example 2.17. Find Iimx_,CT for valuesofc=0, n/6, n/4, n/3, x/2.

Solution: We will use the substitution command /. to evaluate the limit for different values of c.

Cos[x] -Cos|[c]

In{128]:= Limit[ , x—»c] /. c->{0,Pi/6, Pi/4, Pi/3, Pi/2)}

X-C
1 1 V3
out[128]= {0, ——, ——, —1}
2" yz 2

Can you guess a general formula for the answer in terms of ¢? (Hint: What trigonometric function takes on these values?)

cos (m x)—1
XZ

Example 2.18. Find limy_ for various values of m. Then make a general statement about this limit and prove your

assertion.
Solution: Here is a table of limits for integer values of m ranging from 1 to 10.

_ _ rCos[mx] -1
In[129]:= Table[lelt[—, x—»O], {m, 1, 10}]
X2
1 9 25 49 81
outf129]= {7—, 2,-—,-8,-~, .18, - —, 32, - —, 750}
2 2 2 2 2

A reasonable guess at a general formula for the answer would be limy_o(cosm x — 1)/x2 = —m2/2. We can check this with
values of m ranging from 10 to 20.

Cos[mx] -1

In[130]:= Table[{Limit[ , x—»O], —m’\2/2}, {m, 10, 20}]

X2
ouzor (50, -50}, {121 121} (-72, -723, {129, 129}, (-98, -98}, {225 225}
289 289 61 361

(-128, -128}, {77, 77}, (-162, -162}, {77, 77}, (-200, 7200}}

For a mathematical proof, first take m = 1 and plot the graph
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Cos[x] -1 _ i} -
In[131]:= Plot[— , {X, -P1, P1}, AxesOrigin -> {0, 0}]

X

-1}

Out[131]=

The graph above confirms that the limitis —1/2.

2
For the general case, let t =m x so that x? = L. Then note that x > 0 if and only if t - 0. Thus, the limit can be evaluated in

m?’

terms of t as

cosmx—1 - cost-1
=lim
2 t—0 tz/mz

2 cost-1 _  m?
=m* lim = T

Iiman

= 2.2.3 Limits Involving Infinity

Example 2.19. Evaluate lim (3x — 2)/\] 2x2+1 and lim Bx-2)/y2x*+1.
X——00

X—=00
Solution:

n3zp= LIMIE[(3X-2) /Sqrt[2x"2+1], X -> Infinity]

3
Out[132]= ——
V2
in133):= N[%]

out133= 2.12132

in34l= LIMIt[(3X-2) /Sqrt[2x"2+ 1], X » -Infinity]
3

out[134]= — ——

V2

Observe how the two limits differ. The following graph confirms this.



nizsi= PlOE[(3X-2) /SQre[2Xx°2+1], {X, -30, 30}]

2,

out[135]= 30 -20

NOTE: Can you explain the cusp on the graph near x = 0?

v 4—x2 .

Example 2.20. Evaluate lim

Solution:

-10

X—2~ X=2
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n1ze= LimIE[SqQrt[4 -x"2]1/ (Xx-2), X -> 2, Direction -> 1]

Ouf[136]= — oo

We plot the function over two different ranges to visually understand why the answer is —co. Notice how the first range fails to

show this.

n371= Plot [

out[137]=

Sgrt[4 - x~2]
X-2

. %, 1, 3Y]
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Sgrt[4 - x"2]

In[138]:= Plot[ >
X -

, {x, 1, 3}, PlotRange -» {-100, 10}]

,20 L
_40F
Out[138]=

—60

—-80+F

-100 -

NOTE: The plot domain is specified to be [1, 3], but observe that this function is undefined for values of x greater than 2 because
this results in taking the square root of a negative number.

Example 2.21. Evaluate lim sin x.

X=00
Solution:
nzer= LIMIE[SIn[X], X -> Infinity]

ouf1zo= Interval [{-1, 1}]

Here, Mathematica is telling us that the limit does not exist by returning the range of values for sin x as x approaches infinity.

sin x

Example 2.22. Find limy_,, —~

Solution:

Sin[x]

In{140):= Limit[ , X o Infinity]

X

out[1401= O

We can verify this limit by using the Squeeze Theorem. In our case, we take f(x)=-1/| x|, g(X) = Si%and h(x)=1/|x]|. Then

f(x) = g(x) < h(x) (recall that —1 < sin x < 1 for all x).
n41= Plot[{-1/ Abs[x], Sin[X] /X, 1/ Abs[x]},

{x, 0, 30}, PlotStyle » {Red, Green, Blue}]
03}
02F

01l

out[141]= ‘ ‘ ‘
01} —
02+ /

—03f /

Since 1/| x| and —1/| x| both approach 0 as x — oo, we conclude that (sin x)/x approaches zero as well.
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X
Example 2.23. Evaluate limy_,., (% ) where n is any integer.

Solution:

na2i= Table[Limit[e”x /X", x - Infinity], {n, 1, 200, 10}]

out[142]= {c0, ©, @, w0, 0, 0, W, O, O, W, W, O, ©, W, O, O, ©, W, ©, ©}

This table suggests that the limit is infinity. We confirm this with Mathematica:

eX
In[143]:= Limit[— , X = oo]
Xn

ouf143i= ComplexInfinity
NOTE: This example reveals that exponential functions grow more quickly than polynomial functions.

Example 2.24. Evaluate Iim>Hl+(WlX - lel)

Solution:
inf441= Limit[(1/Log[x])-(1/(x-1)),x->1,Direction->1]
1

Out[144]= —

Again, we can graph the function near x =1 to visually understand why the answer is 1/2 (we leave this to the student). Note,
however, that this example shows that 1/Inx and 1/(x — 1) both grow to oo at the same rate as x —» 1*.

x"—1
xm-1"

Example 2.25. Let f(x)= Evaluate limit,_,; f(x) by substituting in various values of mand n.

Solution:

inpasi= Table[Limit[(x"-1) / (X"-1), X171, {m, 1, 10}, {n, 1, 10}] // TableForm

Out[145]//TableForm=

[y
o

P wlo ~Nlo viw alo dlo W vlio ©

'8"‘ ©Olk ik Nk olk gk &Rk Wik v P
alk ol Be NI Wik gl v wid PN
B‘w"”"‘ olw Nlw Nk glw slw P vle W
gln old NIk NId wIivols BPowls N
NIk ol olo Nlo el P aslo wlo vlia O1
glw wlv dMw Nlo P oalondio N W O
B‘\l“’l“ o~ PP oolv v alN win i N
ols ©olo P Nl wls ol N wleo M

= ©|5 Mm\‘|5 wloa N N\U‘Iw|5 al

5lo

Can you guess a formula for limit,_,; f(x) in terms of m and n? Enter the command Limit[(x" — 1) / (x™ = 1), X = 1] into an
input box and evaluate it to verify your conjecture.

Let us end this section with an example where the Limit command is used to evaluate the derivative of a function (in anticipation
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of commands introduced in the next chapter for computing derivatives).

By definition, the derivative of a function f at x (i.e., the slope of its tangent line at x) is

fre)= lim M
A x-0 AX

Example 2.26. Find the derivative of f(x) = 1 according to the limit definition.
X

f(x+A x)—f(x)

Solution: We first examine the derivative by tabulating values of the difference quotient, , for some arbitrarily

chosen values of A x:
nae)= F[X_] 2=1/X

delta={0.1, 0.01, .0001, .00001, 000001, .00000001};
fx +delta[[K]]] - F[X]

delta[[K]] ]}’
{k, 1, Length[delta] }] // TableForm

Table[{delta[[k]], Simplify[

Out[148]/[TableForm=

0.1 7ﬁ
0.01 - o
0.0001 oo
0.00001 - st
1.x10° 7m
1.x108 L

T 1.x10°8 x4x2
This table suggests that f ' (x) = —1/x2 in the limitas A x - 0. We confirm this with Mathematica:

inf1a91= Limit[ (F[x + Deltax] - f[x]) / Deltax, Deltax -> 0]

1
Out[149]= — —

X2
m Exercises

In Exercises 1 through 8, compute the limits:

2 2 ;
1 lim XL 2. lim 100 3 lim 2T iy SinX
x-1 x-1 X—-5 X+5 X—oo 3f «10_y x-0 X
. _ 3_ ~
5 lim SIN9X 6. lim L=COSXx 7 lim X=27 8 lim x227
x—=0 3Xx x—=0 4x X—3 x2—9 X--co X6

In Exercises 9 through 13, evaluate each of the limits. Verify your answers by plotting the graph of each function in the neighbor-

hood of the limit point.
2 x—l)
4-3x

9. limy., o 11 lim, o+ (5 —Inx )

10. limy_ - (1"“ )

el/x
12. Iimx_}(f)- (sec3xcos5x) 13.limy, o(sin X) cos (é)

2

14. Use various values of a to find the following limits. Confirm your answers by plotting the graph of each function correspond-
ing to your chosen values for a. Make a conjecture for a general formula. Then verify your conjecture by using Mathematica to
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evaluate the limits but keeping the constant a unassigned.
x3-a® L xC-ax?+ax-1
b) lim 1

x—»a X-@ x—-1

15. Consider the quadratic function f(x) =ax? — x + 1. Plot the graph of f using small values of a. What do you observe about
the roots of f? What is the limit of the roots of f as a— 0? Hint: Use the command
Animate[PIot[a x? = x +1, {x, 0, 50}, PlotRange — {-50, 50}], {a, 0, .1, .01}] to help you analyze the root and then

change the values of a as well as the plot domain. Then use the quadratic formula to prove your assertion. NOTE: One can also
use the Solve or Roots commands to determine the roots of f.

m 2.3 Continuity

Students should read Section 2.4 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

Recall that a function is continuous at x = a if and only if lim,_, f(x) = f(a). Graphically, this means that there is no break (or
jump) in the graph of f at the point (a, f(a)). It is not possible to indicate this discontinuity using computer graphics for the
situation where the limit exists and the function is defined at a but the limit is not equal to f(a). For other cases of discontinuity,
computer graphics are very helpful.

To verify if a given function is continuous at a point, we evaluate its limit there and check if this limit is equal to the value of the
function.

Example 2.27. Show that the function f(x) = x® — 1 is continuous everywhere.
Solution: We could draw the graph and observe this fact. On the other hand, we can get Mathematica to check continuity:

nisop= FIx_] z=x3-1
Limit[f[x], X c] == F[c]

out[151]= True
This means that lim,_, . f(x) = f(c) and hence f is continuous everywhere.

Example 2.28. Find points of discontinuity for each of the following functions:

x2—1

a) Let f(x) = {H ifx#1
2, ifx=1.
x2-1 .

b) Let g(x) = { x-1" 'inl.
6, ifx=1.

Solution: The command If[cond, true, false] evaluates true if cond is satisfied and gives false if cond is not satisfied. This
command can be used to define piece-wise functions such as those in this example.

a) We first check continuity of f at x =1.

x2-1
x-1 '2]

n1s3= Limit[F[x], X - 1] = F[1]

nps2= F[X_] == If[x #1,

out[153]= True
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2_ . .
Hence, the function is continuous at x = 1. For continuity at other points, we observe that the rational function XX—_ll simplifies to

x + 1 in this case (factor the numerator!) and thus is continuous at any point except x = 1. Thus, f is continuous everywhere. We
can also confirm this by examining the graph of f below.

inis4= Plot[F[X], {X, -6, 6}]

out[154]=

b) As in part a, we first consider continuity of g at x = 1.

x?-1
Inss)= g[X_] == If[x 1, T 6]
X =

insel= LImMIt[g[X], X - 1] ==g[1]

ou156)= False

2_
Thus, g is NOT continuous at x = 1. For continuity at other points, we again observe that the rational function XX—_ll =X+ 1and

thus is continuous for x # 1.

Caution: The plot of the graph of g given below indicates (incorrectly) that g is continuous everywhere! Care must be taken
when examining Mathematica plots to draw conclusions about continuity.

ns7= Plot[g[X], {X, -6, 6}]

6 .
4 .
2 .
Out[157]=
2 4 6
2X+c, ifx=2
Example 2.29. Let f(x)= { .
X2+cx -1, ifx<?2.

For what values of ¢ is f continuous over its entire domain?

Solution: For x > 2, we have f(x)=2x+ c. Hence, f is continuous on the interval (2, o) since the interval is open. For x < 2,
f(x)=x2+cx —1. Thus, f is continuous on (—oo, 2) for the same reason. For f to be continuous at x = 2, we must have
lim,_,, f(x) = f(2). Butthe limit exists if and only if
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limy_o- f(X) = lim,_5+ f(X)

Note that lim,_,,- f(X) =4 + ¢ = f(2). Thus, it suffices to find all values of ¢ for which the left-hand limit and the right-hand limit
are equal. This can be done using Mathematica's Solve command.

nssr= Clear[c, f]
F[x_] 1= If[x<2, x2+Ccx-1, 2x+c]

neop= bhs = Limit[Ff[x], X -» 2, Direction - 1]
rhs = Limit[F[X], X-» 2, Direction-» -1]

ou160)= 3+ 2 C

out[161]= 4 + C

nie2i= Solve[lhs == rhs , c]

ou162)= {{C - 1}}

Thus, f is continuous if ¢ = 1. We confirm this by plotting the graph of f corresponding to this c value.

npes= Plot[F[X] /. c-»1, {X, -5, 7}]

151
10
Out[163]=
5 .
- - 2 s 6
.1 .
sin(=), if x+0 .
Example 2.30. Let f(x)= { X ; . Prove that for any number k between —1 and 1 there exists a value for ¢ such that
0, ifx=0
f(c) =k.

NOTE: Observe that f is not continuous at x = 0 so the converse of the Intermediate Value Theorem does not hold.

Solution: For k = 0, we choose ¢ = 0 so that f(0) =0. For any nonzero k between —1 and 1, define y = sin"* k (using the princi-
pal domain of the sine function) and letc=1/y. Then f(c) =sin(1/c) =siny=k. The graph of f following shows that there are
in fact infinitely many choices for c.
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initeal= F[X_] = Sin[1l/ X]
Plot[f[x], {x, -Pi, Pi}]

1

Out[165]= I
-3 1 2 3
m EXxercises
L Let f eX, ifx<0
- € (”‘{mex>o

a) Graph the above function and discuss the type of discontiniuty at x = 0.
b) Repeat part a. for the function

cos(%), if [x| =1

f(x)= .
® { [x=1],if |x| >1

2. Find values for ¢ in which f (defined below) is continuous over its entire domain:

X2 +¢c, x<1,
ceX, x=1

nm:{

Plot the graph of f corresponding to these ¢ values.

3. Let

X+1, if |x] =2

f(x)= .
®) {xz—c, if |x|>2

a) For what value(s) of c is the function continuous at x = 2? With this choice of ¢ does f have a discontinuity at any other
point? Plot the graph of the function.

b) For what value(s) of ¢ is the function continuous at x = —2? With this choice of c does f have a discontinuity at any other
point? Plot the graph of the function.

2ax +b, x<-5
4. Find values of a and b such that the function f is continuous everywhere where f(x) = { 6b, -5< x<1 . HINT: Solve
3, x=1
first for b by equating the second and third expressions for f.
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Chapter 3 Differentiation

m 3.1 The Derivative

Students should read Sections 3.1-3.5 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.
m 3.1.1 Slope of Tangent
The derivative is one of the most fundamental concepts in calculus. Its pointwise definition is given by
f(h+a)-f@a

f’ (@) =Ilim
h-0

where geometrically f'(a) is the slope of the line tangent to the graph of f(x) at x = a (provided the limit exists). We can view
this graphically in the illustration below, where the tangent line (shown in blue) is viewed as a limit of secant lines (one shown in
red) as h - 0.

a a-+h

Example 3.1. Calculate the derivative of f(x) = %2 at x = 1 using the pointwise definition of a derivative.

Solution: We first use the Table command to tabulate slopes of secant lines passing through the pointsat a=1anda+h=1+h
by choosing arbitrarily small values for h (taken as reciprocal powers of 10):

nesi= F[X ] = X2/ 3;

a=1;
h =10"(-n);
TableForm[N[Table[{h, f[a+h:]-f[a] } {n, 1, 5}]]]

Out[169]//TableForm=

0.1 0.7
0.01 0.67
0.001 0.667

0.0001 0.6667
0.00001 0.66667

Note our use of the TableForm command, which displays a list as an array of rectangular cells. From the table output, we infer
fa+h)-f(a) ,

that f'(1) =2/3. A more rigorous approach is to algebraically simplify the difference quotient, .
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niz7op= Clear[h]
Simplify[

2+h

fla+h] -f[a]
—

out[171]=

f(a+h)-f(a)

It is now clear that .

- %as h — 0. This can be checked using Mathematica's Limit command:

[f[a+h] - f[a]

n721= Limit ,h-o O]

2

out[172)= —

Below is a plot of the graph of f(x) (in black) and its corresponding tangent line (in blue), which also confirms our answer:

nie73= Plot[{F[x], F"[a] (x-a) + F[al}, {X, -2, 2}, PlotStyle -» {Black, Blue}]

05

Out[173]= -2 -1 1 2

NOTE: Recall that the tangent line of f(x) at x = a is given by the equation y=f'(a) (x —a) + f(a).

ANIMATION: Evaluate the following inputs to see animations of the secant lines approach the tangent line (from the right and
left).

Important Note: If you are reading the printed version of this publication, then you will not be able to view any of the anima-

tions generated from the Animate command in this chapter. If you are reading the electronic version of this publication format-
ted as a Mathematica Notebook, then evaluate each Animate command to view the corresponding animation. Just click on the
arrow button to start the animation. To control the animation just click at various points on the sliding bar or else manually drag
the bar.
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ni174= (* From the right x)
fal[x ] :=x"2/3;
al=1;
Animate[Plot]
{fal[x], fal"[al] (x-al) +fal[al], (Fal[al+h] -fal[al]) /h=x (x-al) +fal[al]},

{x, 0, 2}, PlotStyle » {Black, Blue, Red}], {h, 1.5, 0.1, -0.05}]

h - ERIE]

Out[176]=
n177:= (* From the left =)

fal[x_] :=x"2/3;al=1;

Animate[Plot]
{fal[x], fal"[al] (x-al) +fal[al], (Fal[al+h] -fal[al]) /h=x (x-al) +fal[al]},
{x, 0, 2}, PlotStyle » {Black, Blue, Red}], {h, -1.0, -0.1, 0.05}]
h B FERIE]

10+
Out[178]=

05+
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m 3.1.2 Derivative as a Function

The derivative is best thought of as a slope function, one that gives the slope of the tangent line at any point on the graph of f(x)
where this slope exists:

f(x+h) - f(x
f'x)=lim————.
h-0

Example 3.2. Compute the derivative of f(x) = sin x using the limit definition.

Solution: We first simplify the corresponding difference quotient to obtain

n7ep= Clear[h]
f[x_] =Sin[Xx];
Simplify[ (F[x+h] -F[x]) /h]
-Sin[x] +Sin[h+Xx]
h

out[181]=

Here, it is not clear what the limit of the difference quotient is as h » 0. To anticipate the answer for the derivative without
algebraic manipulation, we first note that since sin x is periodic, so should its derivative be. A plot of the difference quotient (as a
function of x) for several arbitrarily small values of h reveals the derivative to be cos x. Students should recognize from trigonom-
etry that the graph of cos x is merely a left horizontal translation of sin x by iZT

iniezi= plotl = Plot[{f[x], Cos[x]}, {X, -Pi, Pi}, PlotStyle » {Black, Blue}]

out[182]= - ‘ ‘ ‘ ‘ ‘

inies= Clear[h]
plot2 = Plot[Evaluate[Table[ (F[x+h] -f[x]) /h, {h, 0.1, 0.7, 0.3}11,
{x, -Pi, Pi}, PlotStyle -» Red]

out[184]= - s ‘ ‘ ‘
-3 -1 1 2 3

-05r+
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inizesi= Show[plotl, plot2]

Out[185]= s ‘ ‘ ‘
3 -1 1 2 3

-05F

-1.0F

Of course, there are a number of methods to compute the derivative directly in Mathematica. One method is to evaluate the
command D[ f, x] for a function f defined with respect to the variable x. A second method is to merely evaluate the expression
f'[x] using the traditional prime (apostrophe symbol) notation. A third method is to use the command 9, o. We shall only
discuss the first two methods since the third method is usually reserved for derivatives of functions depending on more than one
variable, a topic that is treated in the third volume of this publication.

Example 3.3. Compute the derivative of sin (x?) and evaluate itat x = _| ir .

Solution:
Method 1:

ini1eel= D[SEIN[X™N2], X]
D[SIin[x”"2], X] /- X - SQrt[Pi /4]

outj186]= 2 X Cos [Xz]

7T
out[187]= —
2

NOTE: Recall the substitution command /. x —> a was discussed in an earlier section.
Method 2:

nasg= F[X_] = SIN[X"2]
T [x]
T [Sqrt[Pi/4]]

ouf188= Sin [XZ]

out189]= 2 X Cos [XZ]

7T
out[190]= —
2

Warning: Observe that the derivative of sin (x2) is NOT cos (x?) but 2 x cos (x?). This is because sin (x?) is a composite funct-

sion. A rule for differentiating composite functions, known as as the Chain Rule, is discussed in ection 3.7 of Rogawski's
Calculus.
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X i x#0
Example 3.4. Compute the derivative of f(x) = { 8 y o
if x=

Solution: To define functions described by two different formulas over separate domains, we employ Mathematica's If[expr, p,

g] command:

nio1= F[x_] = IF[Xx # 0, Sin[Xx] / X, O]

S
out[191]= If[x +0, —,0

inprezy= FT [X]

Sin[x] Cos[X]
out[192]= If[x +0, - 5 + , 0
X X

NOTE: It is clear for x # 0 that the derivative is —%”ZX + &:X as a result of the Quotient Rule. For x = 0, Mathematica's answer

that f'(0) =0 is actually incorrect! Note that the fact that f (0) = 0 does not mean that f is a constant. One cannot differentiate a
formula that is valid at only a single point; it is also necessary to understand how the function behaves in a neighborhood of this
point.

A plot of the graph of f(x) reveals that it is discontinuous at x = 0, that is, limy_o f (x) £ f(0), and thus not differentiable there.

inpe3= Plot[F[X], {X, -3 Pi, 3Pi}]

Out[193]=

-0.2+

Observe that the point f(0) =0 is not distinguished in the Mathematica plot above so that the (removable) discontinuity is
detected only by examining the behavior of f around x = 0 (the true graph of f is shown following).
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In particular, f(x) » 1as x » 0. We confirm this with Mathematica.
infe4p= Limi€[F[X], X » 0]
out[194= 1

Of course, it is also possible to compute f ' (0) directly from the limit definition. Here, the difference quotient behaves as %h as

the output below shows. Since its limit does not exist as h — 0, we conclude that f ' (0) is undefined.

niosi= Simplify [ (F[0+h] - F[0]) / h]
Limit[ (F[O+h] -F[0]) /h, h - 0]

Sin[h]
Out[195]= { h? h#0
0 True

Out[196]= oo
NOTE: The discontinuity of f at x =0 can be removed by redefining it there to be f(0) =1. What is f ' (0) in this case?

Example 3.5 Find the equation of the tangent line to the graph of f(x) = Vx+1 at x=2.
Solution: Remember that the tangent line to a function f(x) at x =a is L(x) = f(a) + f'(a) (x-- a). Hear a=2:

In[197]:=

Clear[fF, L]

fix_ ] = \/x +1

Lix_1 = F[2] + F"[2] (X - 2)

outf198)= /1 + X

-2+X
2+/3

To see that L(x) is indeed the desired tangent line, we will plot f and L together.

out[199= V3 +
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inizooj= Plot[{F[x], L[X]}, {X, 0, 4}]
2.2;
20t
1.8;

out[200]= 16

12f

1 2 3 4
Example 3.6. Find an equation of the line passing through the point P(2, —3) and tangent to the graph of f(x) = x? + 1.

Solution: Let us refer to Q(a, f(a)) as the point of tangency for our desired tangent line. To determine Q, we compute the slope
of our desired tangent line from two different perspectives:

1. Slope of line segment PQ:

nrzo1= Clear[a]
f[x ] =x"2+1
m= (F[a] - (-3)) / (a-2)

ouz0z= 1 + X2

4 + a2
out[203]=

-2+a
2. Derivative of f(x) at x = a:

neoal= F[X_] =x"2+1
T [a]

ou204= 1 + X2
out2051= 2 a
Equating the two formulas for slope above and solving for a yields

o= Sollve[m == ¥" [a], a]
N[%]

oufzosl= {{a - 2 (17\/?)} fa-2 (l+\/7>}}

ou207)= {{a » -0.828427}, {a > 4.82843}}

Since there are two valid solutions for a, we have in fact found two such tangent lines. Their equations are given by
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inizogl= Clear[yl, y2]
ylix_] = Simplify[f' [a] (x-a) +F[a] /-a~»2 (1— \/?)]
y2[x_] = Simpl ify[f' [a] (x-a) +F[a] /. a-2 (1+ \/?)]

ouoss ~11+8+/2 -4 (-1++/2) x

oupzior -11-8+/2 +4 (1++/2) x

Plotting these tangent lines together with the graph of f (x) confirms that our solution is correct:

1= Plot[{F[X], Y1[X], Y2[X]}, {X, -6, 6},
PlotRange -» {-10, 40}, PlotStyle » {Black, Blue, Blue}]

40

Out[211]=

NOTE: How would the solution change if we move the given point in the problem to P(2, 5)? Or P(2, 10)?

m Exercises

In Exercises 1 through 3, compute the derivatives of the given functions:
sin x

1. f=3%+1 2 g(x):;la 3. h(x) = 2nx

COSs X

In Exercises 4 and 5, evaluate the derivatives of the given functions at the specified values of x:

(v _ VX
4, fX)=x-DxX+Datx=1 5. g(x)_‘ﬁil atx=9

In Exercises 6 and 7, compute the derivatives of the given functions:
6. f(X)=|x+3| 7.900=|x*-4|

x ifx=0
-x ifx <0
Example 3.4). Note that Mathematica does have a built-in Abs[x] command for defining the absolute value of x, but Mathemat-
ica treats Abs[x] as a complex function; thus its derivative Abs'[x] is NOT defined. The real derivative of Abs[x] for real values
of x can still be found using the numerical derivative ND command but we shall not discuss it here.

Hint: Recall the absolute value function: | X | ={ . Use the If command to define these absolute functions (see

8. Find an equation of the line tangent to the graph of x — y2 = 0 at the point P(9, —3).

9. Find an equation of the line passing through the point P(2, —3) and tangent to the graph of y = x2.

m 3.2. Higher-Order Derivatives
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Students should read Section 3.5 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

Suppose one is interested in securing higher order derivatives of a function. Reasons for doing so include applications to maxi-
mum and minimum values, points of inflection, and physical applications such as velocity and acceleration and jerk, which all fit
into such a context.

Example 3.6. Compute the first eight derivatives of f(x) =sinx. What is the 255th derivative of f?
Solution: Here are the first eight derivative of f:

inz1z= F[X_] = SIn[X];
TableForm[Table[{n, D[f[Xx], {X, n}]}, {n, 1, 8}]]
Out[213]//TableForm=
Cos|[X]
-Sin[Xx]
-Cos [X]
Sin[x]
Cos|[X]
-Sin[Xx]
-Cos|[X]
Sin[x]

o~NOOPA~WNPE

We observe from the output that the higher-order derivatives of f are periodic modulo 4, which means they repeat every four
derivatives. Since 255 has remainder 3 when divided by 4, it follows that f@5®(x) = f®(x) = —cos x. Of course, Mathematica
can compute this derivative directly (see output below), but the pattern above gives us a more in-depth understanding of the

higher-order derivatives of sin x.

nz14i= D[F[X], {X, 255}]

out214]= - COS [X]

Example 3.7. Compute the first three derivatives of f(x) = xcosx .
Solution: We use the command D[ f, {x, n}] to compute the nth derivative of f. Here, wesetn=1, 2, 3.
in21s]= F[X_] = X » COS[X]

out215]= X COS[X]

niz16l= D[F[X], X]

out216)= COS[X] - X SiN[X]

nziri= DIFIX], {X, 2}]

out217= - X COS[X] - 2 Sin[X]

nzisi= DF[X], {X, 3}]

ouz18]= —3 COS[X] + X SIN[X]

A quicker way to generate a list of higher-order derivatives is to use the Table command. For example, here is a list of the first
five derivatives of f:
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inie1op= Table[D[F[X], {X, n}], {n, 1, 5}]

ouf219= {Cos[X] -x Sin[X], -XCos[x] -2 Sin[Xx],
-3Cos[x] +xSin[x], XxCos[X] +4Sin[Xx], 5Cos[x] -xSin[X]}

Discovery Exercise: Find a formula for the nth derivative of f based on the pattern above. Can you prove your claim using
mathematical induction? What is the 100th derivative of f in this case? Check your answer using Mathematica.

m EXxercises

1. Let f(x)=1/x.

a) Compute the first five higher-order derivatives of f.

b) What is the 10th derivative of f?

c) Obtain a general formula for the nth derivative based on the pattern. Then use the principle of mathematical induction to
justify your claim.

2. Consider f(x)=xsinx. Determine the first eight derivatives of f and obtain a pattern. Justify your contention.

In Exercises 3 and 4, compute f®(x) for k = 1,2,3,4.
6
3. f=(1+x)
1-x2
1-3x+2x3

4. f(x) =

m 3.3 Chain Rule and Implicit Differentiation

Students should read Sections 3.7 and 3.10 of Rogawski's Calculus [1] for a detailed discussion of the material presented
in this section.

In this section, we demonstrate not only how Mathematica uses the Chain Rule to differentiate composite functions but also to
compute derivatives of functions defined implicitly by equations where solving for the dependent variable is not feasible.

Example 3.8. Find all horizontal tangents of f(x) = / ﬁ;—ii .

Solution: We first compute the derivative of f, which requires the Chain Rule.

nzop= F[X_] =

Simplify[F"[X]]
~1+3x%

Out[221]=

1-x+x4 4\ 2
Tl (1 + X+ X )

Horizontal tangents have zero slope and so it suffices to solve f'(x) =0 for x.

in222;= Solve[F" [X] = 0, X]
1

Out[222]= {{Xafﬁ}, {X»fsjﬂl}, {Xa 311/4}, {X»@}}
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Observe that the solutions above are nothing more than the zeros of the numerator of f'(x). We ignore the second and third

solutions listed above, which are imaginary. Hence, x=v1/3 ~ 0.76 and x=—-v 1/3 . A plot of the graph of f below
confirms our solution.

in223= Plot[F[X], {X, -2, 2}]

out[223]=

0.8+

-2 -1 1 2

Example 3.9. Find all horizontal tangents of the lemniscate described by 2 (x? + yz)2 =25(x2 - y2).

Solution: Implicit differentiation is required here to compute d—i which involves first differentiating the lemniscate equation and

then solving for our derivative. Observe that we make the substitution y — y(x), which makes explicit our assumption that y
depends on x.

in24= Clear[X, Y]
eq =2 (X"N2+yN2) "2 =25 (XN2-yN2)

out2zs}= 2 (X2 +y2)2 =25 (x*-y?)

nzsp= 2 (X2 +y2)2 = 25 (x%-y?)

outzz6)= 2 (X? +y2>2 =25 (x*-y?)

ne271= deq =D[eq /.y » Y[X], X]

ouzz7= 4 (X?+y[X]?) (2Xx+2Yy[x] Y [X]) =25 (2x-2Yy[x] Yy [X])
inizegl= Solve[deq, y " [X]]

25X -4x3 -4 xy[x]? }}
Y[Xx] (25+4x2+4y[x]?)

out[228]= {{y’[x} -

To find horizontal tangents, it suffices to find where the numerator of y'(x) vanishes (since the denominator never vanishes
except when y =0). Thus, we solve the system of equations 25x —4x3 —4xy?> =0 and 2 (x? + yZ)2 =25(x* - y?) since the
solutions must also lie on the lemniscate.

in229= Solve[{eq, 25X -4 X"3 -4 X xy"2 =0}, {X, Y}]

out[229]= {{x+0,y+0}, {X%O,y%—j—z_j—}, {xao,ye jzi} {xe_g,ye_;},
5+/3 5 5+/3 5 5+/3 5
{X*‘T’y*z}’{“ 2 ’y*‘z}’{“ 2 ’y*z}}
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From the output, we see that there are four valid solutions at (5 \/?/4, 5/4)z(2.17, 1.25), (—5 \/?/4, 5/4),
(5 \/?/4, —5/4), and (—5 \/?/4, —5/4), which can be confirmed by inspecting the graph of the lemniscate below. Observe

the symmetry in the solutions.
n230= N[5 % Sqrt[3] /4]
out230= 2.16506

nzail= CONEOUrPIOE[2 (XA2 +yA2) A2 == 25 (X2 -yA2), (X, -4, 4}, {y, -2, 2}]

2F

oue3i=  Of

m Exercises

x+1

;
1. Find all horizontal tangents of g(x) = (i) .

2. Find all tangents along the curve h(x) =V x + Vx  whose slope equals 1/2.
3. Find all vertical tangents of the cardioid described by x? + y? = (2x* + 2 y? — x)z.
4. Compute the first and second derivatives of

1 .
= if 0
f(X)={XCOSX IT X+

ifx=0
5. Compute the first and second derivatives of

2 1 .
xccos= ifx+0
go={" "Tx "7
ifx=0
How do these derivatives at the origin compare with those in the previous exercise?

6. Based on your investigations of the previous two exercises, explain the behavior of higher-order derivatives of

x”cos—i ifx+0

h(x)={ 0 ifx=0

at the origin for positive integer values of n.

7. Calculate the implicit derivative of y with respect to x of: xy? + x2y*-- x3 = 5,
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8. Plot (x* + yZ)2 =(x*—y?)+2 for -4 < x < 4 and -4 <y < 4. Then determine how many horizontal tangent lines the
curve appears to have and find the points where these occur.

m 34 Derivatives of Inverse, Exponential, and Logarithmic Functions

Students should read Sections 3.8-3.9 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

Exponential functions arise naturally. For example, mathematical models for the growth of a population or the decay of a radioac-
tive substance involve exponential functions. In this section, we will explore exponential functions and their inverses, called
logarithmic functions, using Mathematica. We begin with a review of inverse functions in general.

s 3.4.1. Inverse of a Function

Recall that a function g(x) is the inverse of a given function f(x) if f(g(x)) = g(f(x)) = x. The inverse of f(x) is denoted by
f~1(x). We note that a necessary and sufficient condition for a function to have an inverse is that it must be one-to-one. On the
other hand, a function is one-to-one if it is strictly increasing or strictly decreasing throughout its domain.

Example 3.13. Determine if the function f(x) = x? — x + 1 has an inverse on the domain (—co, o). If it exists, then find the
inverse.

Solution: We note that f(0)= f(1) = 1. Thus, f is not one-to-one. We can also plot the graph of f and note that it fails the
Horizontal Line Test since it is not increasing on its domain.

ine3z;= Clear [F, g]

ne3z)= F[X_ ] = XN2-X+1;
Plot[f[Xx], {x, -1, 2}]

3.0t

20
Out[234]=

15+

-1.0 -0.5 0.5

However, observe that if we restrict the domain of f to an interval where f is either increasing or decreasing, say [0.5, o), then
its inverse exists (see plot below).
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iniz3si= plotf = Plot[F[Xx], {X, 0.5, 5}]

20r
15

Out[235]= 10

To find the inverse on this restricted domain, we set y = f~%(x). Then f(y) = x. Thus, we solve for y from the equation f(y) = x.

iniz3el= sol = Solve[f[y] == X, Y]
1

out[236]= {{yaa (lfm”, {ya; (1+m)}}

Note that Mathematica gives two solutions. Only the second one is valid, having range [0.5, o), which agrees with the domain of
f. Thus,

f1x) = —; (1+\/—3+4x )
To extract this solution from the above output, we use the syntax below and denote the inverse function in Mathematica by g(x)
(Mathematica interprets the notation f~1(x) as ﬁ , the reciprocal of f).

ne37= grx_]1 =sol[[2, 1, 2]]
1

out[237]= 5 (1+ NV-3+4X% )

To verify that f(g(x)) = x, we use the Simplify command.
nzsgl= SIMplIFY [F[G[X]] = X]

out238]= True

NOTE: One can also attempt to verify g(f(x)) = x. However, Mathematica cannot confirm this identity (see output below)
because it is unable to simplify the radical, which it treats as a complex square root. Students are encouraged to algebraically
check this identity on their own.

ine3gr= Simplify [g[F[X]] == X]
ouzgl 1+ (-1+2X)?% =2X

Lastly, a plot of the graphs of f(x) and g(x) (in black and blue, respectively) shows their expected symmetry about the diagonal
line y = x (in red). Observe that the domain of g is [3/4, o), which is the range of f.
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ni40= plotg = Plot[g[X], {X, 3/4, 5}, PlotStyle » Red, AspectRatio -» Automatic]

25F
20
out2401= 1.5}

1.0

2 3 4 5
nrea1:= Show[plotf, plotg, Graphics[{Dashing[{0.05, 0.05}]1, Line[{{O, O}, {5, 5}}1}1,
PlotRange -» {0, 5}, AspectRatio » Automatic]

Out[241]=

0 2 3 4 5

Example 3.14. Determine if the function f(x) = x® + x has an inverse. If it exists, then compute (f ‘1)' ).

Solution: Since f'(x)=3x2+ 1> 0for all x, we see that f is increasing on its domain. Thus, it has an inverse. Again, we can
solve for this inverse as in the previous example:
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niea2;= Clear[F, g, X, sol]
FIXx_] :=xX"3+X
sol = Solve[f[y] = X, Y]

e ox 3 Jarzret |

out[244]= {{y > - 3 + } »

1/3 51/3 32/3
(9x+\/§\/4+27x2)
l+i\/§

5
1/3
22/3 31/3 [9x+\/§\/4+27x2 )

[(Liﬁ) (9X+ﬁx/4+27x2)m]/ (22t3323) |,
R 1-i+3
22/3 31/3 [9x+ﬁm)m

[ (9X+ﬁm)”]/ (2212329}

Only the first solution listed above is valid, being real valued. Thus,

HE (9xev3 Varzre )1/3

3

+
1/3 21/3 32/3
(9 x+V3 \ 4427 x2 )

[y

[y

frx= -

Again we denote our inverse by g(x):

nzasi= g[x_]1 =sol[[1, 1, 2]]

e fox- 3 farzme |

3
Out[245]= — +

1/3 21/3 32/3
[9X+\/3 A4+ 27 x? )

Lastly, we compute g' (2).

inpael= Simplify[g~[2]]

N [%]
oupeer (3Y° (14+3V21) (3484 (942721 )%)) / (28 (942721 )*7)
ou2471= 0.25

NOTE: The easier approach in computing g'(2) without having to explicitly differentiate g(x) is to instead use the relation
(f71)' ) =1/f"(f1(x)), which shows that the derivative of f ata point (a, b) on its graph and the derivative of f~* (or g in our
case) at the corresponding inverse point (b, a) on its graph are reciprocal. In particular, since (1) =2 and f~1(2) = 1, we have
() @=1/f(f2@)=1/f"1)=1/4
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n4si= 1/ £ [Q[2]]

N[%]
2
5 VS (1 (1844+21))""
out[248]= 1/ 1+3 |- +
3 (18+4+/21) 32/3
out2491= 0.25

NOTE: The plot below illustrates how the slopes of the two tangent lines, that of f at (1, 2) and that of g at (2, 1) (both in blue),
are reciprocal.

nzsor= PlOt[{F[X], g[Xx], F7[1] (x-1) +F[1], 9" [2] (Xx-2) +9[2]}, {X, -1, 5},
PlotRange » {-1, 5}, PlotStyle » {Black, Red, Blue, Blue}, AspectRatio -» Automatic]

S
out[250]= 2
/;
) 1 2 3 4 5
-1 L

= 3.4.2. Exponential and Logarithmic Functions

One of the most important functions in mathematics and its applications is the exponential function. In particular, the natural
exponential function f(x) = e*, where

e=lim, (1 +xY* ~2.718.

In Mathematica, we use the capital letter E or blackboard bold letter e from the Basic Math Input submenu of the Palettes menu
to denote the Euler number.

inesi= Limit[(L+X)™N(1/X), X 0]

Out[251]= e

Every exponential function f(x) =a*, a# 1, a>0, wherea+ 1 and a> 0, has domain (-0, c0) and range (0, o). It is also one-
to-one on its domain. Hence, it has an inverse. The inverse of an exponential function f(x) =aX is called the logarithm function
and is denoted by g(x) = log, x. The inverse of the natural exponential function is denoted by g(x) = In x and is called the natural
logarithm. In Mathematica, we use Log[a,x] for log, x and Log[x] for In x. Below is a plot of the graphs of e* and In x in black
and red, respectively. Observe their symmetry about the dashed line y = x.
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Please refer to Section 3.9 of Rogawski's Calculus textbook for derivative formulas of general exponential and logarithmic
functions.

Example 3.15. Compute derivatives of the following functions.
a) f(x) =2* b) f(x)=6x2+4e ) f(x) =logy, x? d) f(x) = In(cos(e3¥))

Solution: We will input the functions directly and use the command D to find each derivative. Thus, for a) we will evaluate
D[2%, x]. Again, note that Log[2] should be read as In 2.

a)
in2s2l= D[27X, X]

outzszl= 2* Log[2]
b)

In2531:= D [6 x2 + 4 EX, x]

outz53= 4 e* + 12 X

c)
in2s4p= D[Log[10, X™2], X]
2
out[254] ————
X Log[10]
d)

nizssi= F = D[Log[Cos[E®*]], X]
ouzssl= —3 e3X Tan [e3 X]
Example 3.16. Find points on the graph of f(x) = x? e3**5 + 3 x where the tangent lines are parallel to the line y = 3 x — 1.

Solution: Since the slope of the given line equals 3 it suffices to solve f ' (x) = 3 for x to locate these point(s).
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nizsel= Clear[F, sol]
F[x_ ] =x?E3**54+3x
sol = Solve[F" [X] == 3, X]

ouzs7= 3 X + 23X x2

out[258]= HX - 2} {X- O}}

Thus there are two solutions: (-2/3, -2 + 4¢*/9) and (0, 0).

nsep= X0 = sol[[1, 1, 2]]
x1l=sol[[2, 1, 2]]
f[x0]
f[x1]

2

out[259]= — —

out2601= O

4 &3

out[261]= -2 +
out262)= 0

The plot that follows on the next page confirms that the two corresponding tangent lines (in blue) are indeed parallel to the given
line (in red).

inze3l= y1 = F[x0] + F* [X0] (X -Xx0)
y2 = F[x1] + F" [x1] (X -Xx1)
Plot[{f[x], y1, y2, 3x-2}, {x, -1, 1},
PlotRange -» {-5, 15}, PlotStyle -» {Black, Blue, Blue, Red}]

4 ¢8 2
out[263]= —2 + +3 |-+ X)
3
out264]= 3 X
15 -
10 —
Out[265]= 5 ;

\““\““7““\‘%

1.0 05 / 10
/5
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NOTE: One would expect the tangent line at the origin to be horizontal based on a visual inspection of the graph of f, but this
demonstrates the pitfall of using a graphing approach.

m EXxercises

In Exercises 1 through 4, compute derivatives of the given functions.

1. f(x) = x2 e¥-4% 2. f(x)=x2 + a
x-3x+113/2
3. 100 =In(x= 1)+ Incx+ 4. 100 =logyox( 22"

5. Find the second and third derivatives of f(x) =e*Inx.

6. Let f(x)=cosx + Inx. Plot the graphs of f and f ' on the same set of axes.

. Find an equation of the line tangent to the graph of f(x) = % that is parallel to the x-axis.

~

8. Discovery Exercise: Define sinh x = (e¥ — e7)/2 and cosh x = (¢* + e7*)/2. These functions are called the hyperbolic sine and
hyperbolic cosine of x, respectively.

a) Determine the initial eight derivatives of each of these two hyperbolic functions.

b) Determine general formulas for the nth derivatives of these functions based on the pattern and verify your contentions via
mathematical induction.

¢) How do the higher-order derivatives of sinh x and cosh x compare with those of the trigonometric functions sin x and cos x?
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Chapter 4 Applications of the Derivative

We have seen how the derivative of a function is itself a function. This idea leads to many possible applications, some of which
we will now explore with Mathematica to demonstrate its ability to manipulate and calculate complicated or tedious expressions.

m 4.1 Related Rates

Students should read Section 3.11 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

Example 4.1. Let us assume a rubber ball is sitting out in the sun and that the heat causes its surface area to increase at the rate
of 1.5 square centimeters per hour. How fast is the radius increasing when the radius is 2 centimeters?

Solution: To solve this problem, we will need the formula for the surface area of a sphere: S = 4zr2. Here, the surface area S and
the radius r are expressed as functions of t (time).

inizee]:= Clear[S]

sa = S[t] = 4nr[E]"2
ouze7= S[t] =4 nr[t])?
nizeg)= dsa = D[sa, t]

ouzegl= S’ [t] =8 r[t] r [t]
Now differentiate this formula and solve for r' (t):

nizeol= sol = Solve[dsa, r"[t]]
S [t]

Out[269]= rit] - ———

g el
Since the output above is a nested list (each set of curly braces denotes a list; see Chapter 1 of this manual for a description of
S'()
8rr(t)’

nested lists) and our solution, represents the second element of the first (inner) list, we can extract it in order to define r' (t)

as follows:

me7o= rT[t] =sol[[1, 1, 2]]
S [t]

Out[270]= —

8rnr[t]

Since we are given that S' (t) = 1.5 and r(t) = 2, we substitute these into the formula for r' (t):

ne7i= rU[e] /. {ST[t] » 1.5, r[t] » 2}

out271]= 0.0298416

Therefore, when the radius is 2 cm, it is increasing at the rate of about .0298 cm per hour.

m EXxercises

1. If the volume of a cube is increasing at the rate of 2 cubic inches per minute, how fast is the length of one of its sides increas-
ing when that side is 8 inches?
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2. A particle is moving along a parabola y = 2 x? + 3x — 1 in such a way that the rate of change of its x-coordinate is constant,
namely x' (t) = 3. Find the rate of change of its y-coordinate when the position of the particle is (1,4).

3. The radius r and height h of a circular cone change at a rate of 2 cm/s. How fast is the volume of the cone increasing when r =
10 and h = 20? (Recall that the volume of a cone is 7r2h/3.)

m 4.2 Extrema

Students should read Section 4.2 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

Next, let us consider finding critical points and inflection points to determine extrema. Remember that critical points of a
function are those for which f'(x) = 0 or for which f'(x) does not exist. Similarly, inflection points occur where either
f"(x) = 0 or where f"(x) does not exist. Extrema occur at critical points, but not all critical points are extrema (consult your
calculus text). An inflection point is a point (¢, f (c)) where concavity changes; this occurs where f"(c) = 0 or where

f " (x) does not exist, and like critical points, not all points where f" (x) = 0 (or where f " (x) does not exist) are inflection points.

Example 4.2. Find all local extrema and inflection points of f(x) = 1/(x2 + 3).
Solution: We first define f in Mathematica:

ne721= Clear [F, X]

ne73= F[X_] = 1/ (X2 + 3)

ne7ai= Plot [F[X], {X, -4, 4}]

out[274]=

4

To find extrema of f, we locate its critical points, that is, those points where f'(x) =0 or f'(x) is undefined. We can solve the
first case using Mathematica:

in27si= F® [X]
Solve[f"[X] = 0, X]
2x

Oout[275]= - —88—
(3+x2)?

ouz7el= {{X - 0}}

Since f'(x) is defined everywhere, it follows that there is exactly one critical point at x = 0, and at that point, there is a maxi-
mum, as can be seen from the graph above. We could also have used the second derivative test to confirm this:
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ine771= F*7[0]
2

out[277]= — —

9

Since the second derivative is negative at x = 0, the curve is concave down there. This, of course, means that we have a local
maximum at x = 0.

To find the points of inflection, we locate zeros of the second derivative:
in27el= Solve[F"" [X] = 0, X]
ouz7gl= {{X > -1}, {X—>1}}

To determine if these solutions are indeed inflection points, we need to check if there is a sign change in f " (x) on either side of
each (at x=-1and x=1):

ne7ol= Plot[F" " [X], {X, -2, 2}]

Out[279]=

Notice from the graph above that f " (x) changes from positive to negative at x = —1 and from negative to positive at x = 1. Thus
both points (-1, f (-1)) and (1, f (1)) are inflection points.

m EXxercises

In Exercises 1through 5, find all critical points and inflection points for:

Lfx=x3-3x%+1 2.f(0)=(x* -3)e* 3. f(x)=sinxon [0, 27]
4. f(x)=2x>-5x*+5 5.f(x):L:4

6. Consider the function f(x) = x" where n is a positive integer. For what values of n do we have
a) a relative minimum but not a point of inflection at the origin?

b) a point of inflection at the origin but not a relative minimum?

Sketch the graph of several power functions to support your reasoning.

m 4.3 Optimization

Students should read Section 4.7 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

Extreme values of a function occur where f'(x) = 0 or where f'(x) does not exist. This idea allows us to find maxima and
minima, concepts that are crucial in many applications. For instance, in business, one wants to minimize costs or maximize
profits. In government, one wants to track the flow of money in an economy, and when that flow is a minimum or a maximum.
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In engineering design, we may want to know what shape of a conduit will generate maximum flow. Similar problems exist in
many other fields. We will now look at some of these applications.
= 4.3.1 Traffic Flow

Example 4.3. Traffic flow along a major highway in Boston between 6 AM and 10 AM can be modeled by the function

f(t)=20t—40+t +50 (in miles per hour), where t =0 corresponds to 6 AM. Determine when the minimum traffic flow
oceurs.

Solution: Let us first plot the graph of f(t).

inizgol= Clear [F, t]

npeet= F[E_ ] = 20t - 40Vt + 50

neezr= Plot[F[t], {t, 0, 4}]

50 +
45
out[282]= 40

35+

1 2 3 4

Note from the plot above that the average speed is decreasing between 6 AM and 7 AM and increasing after 7 AM.
At 6 AM the average speed is

inize3)= FLO]

out283)= 50

or 50 mph. At 6:30 AM the average speed is

inzeal= F[.5]

outzs4)= 31.7157

or 31.7 mph. To see how the average speed varies throughout the day we make a table of these values at each half hour from 6
AM to 10 AM:
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niessi= TableForm[ Table[{t, f[t]}, {t, 0, 4, .5}]1]
Out[285]//TableForm=

50.

-5 31.7157
30.

-5 31.0102
33.4315
-5 36.7544
40.718
-5 45_.1669
50.

P WWNNRFRPPFPOO

You can see from the table that the average speed quickly drops from 50 mph to 30 mph in the first hour and then gradually
increases back up to 50 mph during the next 3 hours. If we want to verify that the minimum occurs at 7 AM (or t = 1), we can
use calculus. Since extrema occur where the derivative is 0, we set the derivative equal to zero and solve for t:

inizsel= Solve[F"[t] == 0, t]
outzsel= {{t - 1}}

Therefore the minimum does occur when t =1 (7 AM) and from the table we see that the minimum average speed at this time is
30 mph.

s 4.3.2 Minimum Cost

Example 4.4. A friend of one of the authors owns some land on Long Island off the coast of Portland, Maine. He wants to build
a house there, but there is no electricity. He is considering laying an underwater cable to connect up with the mainland. After a
while I convince him of the ridiculousness of that idea. The cost is far more than he can afford, but it does get me thinking about
mathematics. What would be the cheapest way of hooking up a cable to the municipal electrical system? Let us consider the
following scenario:

=
{ 10,000, 0 )
1

I 10,000 METERS

Imagine the island connection point at (0, 3000) and the mainline connection point at (10000, 0) where the units are in meters.
Assume it costs $36 per meter to lay cable underwater and $24 per meter to lay cable on land. You can lay cable underwater
from (0, 3000) to (x, 0) and then lay cable on land from (x, 0) to (10000, 0). The variable x can vary between 0 and 10000.

What value of x would minimize the cost for laying this cable and what would that minimum cost be?

Solution: First, we need to determine the cost. There are two parts: the underwater part and the overland part. The cost of the
underwater part is just $36 times the distance D1 from (0, 3000) to (x, 0). We will call that cost c1:
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neer- C1[X_] := 36 %4 30007 + x2

The overland cost is $24 times the distance D2 from (x, 0) to (10000, 0). We will call that cost c2:
in2egl= C2[X_] = 24 % (10000 - x)

The total cost is then

in289):= COSE[X_] = Cl[X] + Cc2[X]

ouzeg)= 24 (10000 - X) + 36 1/ 9000 000 + x?

We need to minimize this cost function. First, we graph it to see if it has a minimum:
inrzoo)= Plot[cost[X], {X, 0, 10000}]
37oooof
3soooof
- 350000

340000

330000 |

2000 4000 6000 8000 10000

Notice that this cost function has its minimum somewhere between 2000 and 4000. Also, you will note that as x gets close to that
minimum the tangent lines of cost (x) are getting close to horizontal. In other words, the minimum will occur at a point x for
which the derivative is zero or horizontal (i.e., the derivative at a point gives the slope of the tangent line at that point). This is a
calculus problem that we can solve.

inizo1= Solve[cost ™ [X] = 0, X]

out[291]= { {x - 1200 \/g} }

In{292]:= N[cost[lZOO «/?]]

out292]= 320498.

Therefore, the minimum occurs at x = 1200 V5 ~ 2683.28 meters and the minimum cost is approximately $320,498.
NOTE: Another method in finding the minimum is to use the command FindMinimum. We will start our search near x = 2000:
in293= FindMinimum[cost([X], {X, 2000}, WorkingPrecision - 8]

ou293)= {320498.45, {X - 2683.2816}}

Again, we get an answer that corroborates the previous answer.

= 4.3.3 Packaging (Minimum Surface Area)

Example 4.5. A major concern in business is to minimize the cost of packaging. This cost is related to the surface area of the
package. If we can minimize that surface area, then we can minimize the cost. Let us assume that a company has a certain
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product that needs to be packaged in a rectangular box having a square base. If the volume of the box is required to be 1 cubic
meter, then find the dimensions of the box that will minimize its surface area.

Solution: If the length of the sides of the square base is x and the height of the box is y, then the volume of the box is given by
x? y and must equal 1 cubic meter (this is our constraint):

inzos;= Clear[x, Yy, S]

in2os)= constraint = Xx"2xy =1
5 w2y

u29s)= X<y =1

The surface area of our package (box) isS=4xy + 2 (xz) and is the quantity that must be minimized (recall that the top and

bottom sides each have area x? and the 4 sides each have area x y). Using our volume constraint, x2y = 1, we can solve for y in
terms of x:

<
I
%le

inrzosl= soll = Solve[constraint, y]
1

outzosr= {{y > = 1
The surface area function can then be expressed as a function of x only:
S(X) =4xy +2x2 =4x(1/x%) + 2x* = 4/x + 2%°

neo7i= S[X_] =4X*xy+2x"2/.y-»sol[[1l, 1, 2]]

oul297= — + 2 X2
X

Using the idea again that extrema occur at points where the derivative is zero, we calculate:
inrogl= Solve[S™ [X] = 0, X]
out[298]= {{xal}, {Xe—(—l)l/s}, {Xe (—1)2/3}}

This equation has 1 real and 2 imaginary solutions. We need only the real solution of x = 1. To see that this corresponds to an
actual minimum, we plot the curve:
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inizool= Plot[S[X], {X, 0, 5}]
80
70F
60 F
50 F
out299]= |
40 -
30F

20F

!
1 2 3 4 5

Alternatively, we could have used the second derivative test to show that a minimum occurs at x = 1:
in[Eooj= S [1]

out[300]= 12

Since f " (1) > 0, we know that the graph is concave up at x = 1 and hence must have a minimum there. Since y =1 when x =1,
we conclude that the box with minimum surface area is a cube with sides of 1 meter.

= 4.3.4 Maximize Revenue
The following application concerns optimizing group fares for charter flights.

Example 4.6. Suppose a travel agency charges $600 per person for a charter flight if exactly 100 people sign up. However, if
more than 100 people sign up, then the fare is reduced by $2 per person for each additional person over the initial 100. The travel
agency wants to know how many people they should book to maximize revenue. Also, determine what that maximum revenue is
and what the corresponding fare is for each person.

We let x denote the number of passengers above 100. Keep in mind that revenue is the product of the number of people multi-
plied by the cost (fare) per person. If R (x) is defined as the revenue function, then R (x) = (100 + x) (600 — 2 x). To determine
the maximum value of R (x) for x = 0, let us first examine its graph:

nEo1= R[X_] = (100 + X) (600 - 2X)
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iniozi= PIOE[R[X], {X, 0, 200}]

80000 -

75000

Out[302)= 70000

65000

L I I
50 100 150 200

From the plot above, we see that a maximum occurs at about x = 100. To confirm this, we first solve for the critical points:
in3o3:= Solve[R ™ [X] == 0, X]

out303)= {{X - 100} }

Therefore the maximum does indeed occur at x = 100, and the maximum revenue is

inzo4:= R[100]

out[304)= 80000

or $80,000. Since 100 + x represents the number of customers, this occurs when 200 customers sign up for the flight. In this
case, the cost per person is

inEosi= 600 - 2x /. X -> 100
out3051= 400

or $400 per person.

m Exercises

1. Assume traffic flow is given by a speed function f (t) = 25t — 45/t + 55. Analyze speed changes between 6 AM and 10
AM and calculate when traffic flow is minimized. What is that minimum speed?

2. Find the minimum value of f(x) =3 x* + 4 x5.

3. Assume that the average cost of producing compact discs is given by ¢ (x) = —.0002x + 3 + 2000/x. Show that the average
cost is always decreasing for x between 0 and 4000.

4. Suppose the population of a city is modeled by
p(t) = 4456t + 8939 t2 + 23463t + 25528
where t is measured in years from 1990 to 2000.

a) Show that the population was always increasing in this decade.
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b) Show that the population was increasing at its slowest rate in August of 1990. Hint: The population is increasing at its
slowest rate when p" (t) = 0.

5. Given that the total cost for manufacturing x units of a particular product is described by the function
C(x) = 0.0025 x? + 80 x + 10000, find the level of production that minimizes the total cost of manufacturing.

6. The total population of the planet is forecast by the function P(t) = 0.00074 t® — 0.07 t? + 0.89 t + 6.04 where t is measured in
decades, t =0 corresponds to the year 2000, and P(t) is measured in billions of people. In what year will the population peak
over the next 200 years?

7. A book designer has decided that the pages of a book are to have 1.5 inch margins top and bottom and 1 inch margins on each
side. If each page is to have an area of 100 square inches, what are the dimensions of this page if its printed area is to be a
maximum?

8. The owner of a farm wants to enclose a rectangular region with 3000 m of fencing while dividing the region into two parts,
each of which is rectangular, by using part of the fencing to subdivide it and running a fence parallel to the sides (see figure that
follows). What should be the dimensions of the region in order to maximize its area?

b4

¥

9. The owner of a cruise ship charges groups as follows: For a group of 40 people, the charge is $1,000 per person per day. If
more than 40 people sign up, the fare is reduced by $8 for each addtional person.

a) Assuming at least 40 people sign up, determine the number necessary to maximize revenue.
b) What is the maximum revenue?

¢) What would be the cost per person in this case?

m 4.4 Newton's Method

Students should read Section 4.7 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

= 4.4.1 Programming Newton's Method

Newton's Method is a technique for calculating zeros of a function based on the direction of its tangent lines. It is a recursive
routine that is rather tedious to do by hand or even with a calculator, but simple with Mathematica. To start the procedure one
should have an idea about the general location of each zero. This is because an initial approximation x, for that zero, say at x =r,
is needed to start the recursion. For example, one can specify xo by examining the graph of the function to see where the zeros
are approximately. Then the next approximation x; can be found by the recursive formula x; = xg — f(xg)/ f '(Xg). This process
can be iterated using the general formula
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Xne1 = Xn = F(Xn)/ T (Xp)
Under suitable conditions, the sequence of approximations {xg, X1, Xz, ...} (called the Newton sequence) will converge to r.
Example 4.7. Approximate the zeros of the function f (x) = In(9 - xz) - X.
inpoel= F[X_] = Log [9 - X2] -X

no7= Plot[F[X], {X, 0, 3}]

Out[307]=
_2 [

Clearly, there is one zero between 1.5 and 2 based on the plot above. To approximate this zero, we define a function newtn to
perform the recursion:

nEogl= newtn[x_]1 1= x - F[x] /" [x]

To generate the corresponding Newton sequence, we compute 8 iterates of this function starting with an initial guess of x = 1.6.
This iteration can be performed efficiently using the NestL.ist[f,x,n] function, which is a recursive routine that outputs a list with
x as its first value, followed by f[x], f[f[x]], fIf[f[x]1], etc., up to n iterates as shown in the example below:

In[309]:= approx = NestList[newtn, 1.6, 8]

ourzogl= {1.6, 1.77538, 1.76961, 1.7696, 1.7696, 1.7696, 1.7696, 1.7696, 1.7696}

From this we see that the root, accurate to 4 decimal places, is 1.7696. If greater accuracy is desired, say 12 decimal places, we
can redisplay the values of approx if it is already accurate to 12 decimal places or else recalculate it using a higher number of
iterations if necessary.

ini310:= NumberForm[approx // TableForm, 13]
Out[310]//NumberForm=
1.6

.775382136758
. 769608467699
.769601100211
.769601100199
.769601100199
-769601100199
-769601100199
.769601100199

RPRRPRPRRRRR

Discovery Exercise: The function f(x) = In(9 - x2) — x discussed above has a second zero. Locate it on the graph of f(x) and
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use Newton's method to approximate it to 12 decimal places. Hint: First, plot the graph over a wide interval to locate the zero,
and then zoom in to obtain an initial approximation.

Warning: Be sure that your initial approximation is sufficiently close to your zero; otherwise the Newton sequence may diverge
or converge to another zero.

= 4.4.2 Divergence

One interesting point about Newton's Method is that it does not always work. For instance, the function y = x3 clearly has a
rootatx = 0:

In[311]:= PIOt[W ., {X,0, 1}]

1.0
0.8
0.6

out[311]=

0.4

0.2

L
0.2 0.4 0.6 0.8 1.0

Yet, Newton's Method fails for any guess x + 0:
n312)= Clear [F]
f[x ] := \3/;
in;314)= NestList[newtn, 0.6, 6]
ouzi4- {0.6, -1.2, 2.4 -8.24861x10 i, -4.8+1.64972x10 " i,
9.6-3.16674x10 %1, -19.2+6.33348x10'° i, 38.4-4.98733x10 *° i}

NOTE: The extremely small imaginary values that appear in the answers earlier should be ignored (or treated as zero) since we
expect our answers to be entirely real. This is due to Mathematica's default algorithm for computing radicals in the domain of
complex numbers, which may introduce extremely small numerical errors. To eliminate these imaginary parts, we use the
Re[expr] command to extract the real part of expr.

ni315= Re[NestList[newtn, 0.6, 6]]
oufzis= {0.6, -1.2,2.4, -4.8, 9.6, -19.2, 38.4}

Question: Can you explain why Newton's Method fails in the above example?

= 4.4.3 Slow Convergence

Even when Newton's Method works, sometimes the Newton sequence converges very slowly to the answer. Consider the
following function:
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ini3iel= Clear[ F]
fix ] :=x3-x-1

inzie= Plot[F[X], {X, -3, 2}]

Out[318]= L

-15}F

20

_25 i
Clearly, there is a root between 1.2 and 1.4. If we use the newtn function with our guess as x = 1, we get quick convergence to
the root:

ini319:= NestList[newtn, 1.0, 6]

ougiel= {1., 1.5, 1.34783, 1.3252, 1.32472, 1.32472, 1.32472)

But if we choose our initial guess near 0.6, the convergence is much slower as discussed in the following exercises.

m EXxercises

1. Compare the convergence in the above example (Section 4.4.3) for initial guesses of 0.5 and 0.6. Why does Newton's Method
converge so slowly for these values? (Hint: Consider the tangent lines to the curve f(x).)

2. Synthesizing the discussion in Sections 4.4.1 and 4.4.2 on the flaws in Newton's Method, can you come up with any general
criteria that will tell us when Newton's Method will converge or diverge?

3. Use Newton's Method to find the postive zero of f(x) = x? — 2 accurate to 5 decimal places. Note: This demonstrates how
Newton's Method can be used to approximate V2 .

4. Consider the polynomial function p(x) = x* — 8 x% + 15.

a) Find all the roots of this function.

b) Graph this function over the interval [-5, 5].

¢) Explain why at x = 2 is not a good starting approximation for the root in the interval

d) Use Newton’s Method to approximate the other three roots in the appropriate intervals.
e) Which other values of are not good seed (starting) values and why? (Hint : Consider points of horizontal tangency.)

5. Use Newton's Method to find a solution (accurate to 5 decimal places) to the following equations:

a) sinx = cos (2 x) in the interval [0, 7/2] (Hint: Define f(x) = sin x — cos(2 x).) b) ¢*=5x C) COSX = X
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Chapter 5 Integration

m 5.1 Antiderivatives (Indefinite Integral)

Students should read Section 4.8 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

Integrate[ f, x] gives the indefinite integral (or antiderivative) of f with respect to x. The command Integrate can evaluate all
rational functions and a host of transcendental functions, including exponential, logarithmic, trigonometric, and inverse trigono-
metric functions. One can also use the palette button fm d o (BasicMathInput Palette) to evaluate integrals.

Example 5.1. Evaluate [(x* —2x+1)dx.

Solution:

Method 1: (Palette buttons)
In[320]:= J(Xz -2x+1) dx

2 x®
Out[320]= X — X + —

NOTE: Mathematica does not explicitly include the constant of integration C in its answers for indefinite integrals; the user
should always assume that this is implicitly part of the answer.
Method 2: (Integrate command)
nE21= Integrate[ (X2 -2Xx+1), X]
X3

Out[321]= X — X2 + —

Example 5.2. Evaluate [x(x*+ 1)2 dx.
Solution:

Method 1: (Palette buttons)

In[322]:= jx (x2 + 1) 2 dx

x2 x* x8
out[322]= — + — + —

2 6
NOTE: Observe that if the substitution u=x?+1 is used to transform this integral, then the answer becomes

[x(x® + 1)2 dx = —; fu?du= 715 (1+ x2)3. How does one reconcile this answer with the one obtained in the output above?

The following are examples of integrals that can be evaluated in a routine manner using the substitution method. The reader
should perform the integration by hand to check answers.

Example 5.3. Evaluate f—x dx.
p Neres

X+1
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Solution:
X
In[323]:= J— dXx
X+1
2
Out[323]= —

(-2+X) V1+X
3

Example 5.4. Evaluate [x?sin(x®)dx.
Solution:
In[324]:= sz Sin [X3] dx

1
out[324]= — — COS[X3]
3

Note: Mathematica can certainly integrate much more complicated functions, including those that may require using any of the
integration techniques discussed in your calculus textbook. We will consider some of these in Section 5.4.

m EXxercises

In Exercises 1 through 6, evaluate the integrals. Simplify your answers.

L [(x* +2)dx 2. [cos3xdx 3. f\/l—xz dx

L2 3x°+6 x4 —x+1 1
4. [sin®xdx 5.f7)(3 dx 6. f1+sin2x d x

In Exercises 7 and 8, evaluate the integrals by first using Mathematica to decompose the integrand as a sum of partial fractions
(using the Apart[expr] command to perform this decomposition).

X2+2 x—1 1
[l 8 [——L —
2X°+3X°=2 X X(x+1) (2 x+3)

m 5.2 Riemann Sums and the Definite Integral

Students should read Sections 5.1 and 5.2 of Rogawski's Calculus [1] for a detailed discussion of the material presented in
this section.

There are two basic integration commands in Mathematica to evaluate definite integrals. Integrate[ f, {x, a, b}] calculates the
definite integral (area under the curve) of f on the interval [a, b] using analytic methods. NIntegrate[ f, {X, a, b}] calculates a
numerical approximation of the definite integral of f on [a, b] using numerical methods.

Review of Riemann Sums: A partition of a closed interval [a, b] isa set P = {xg, X1, X2, ..., Xn} Of points of [a, b] such that
A=Xg<X1 <Xp<.... <Xp=Dh.
Given a function f on a closed interval [a, b] and a partition P = {Xo, X1, ...., Xn} of the interval [a, b], recall that a Riemann

sum of f over [a, b] relative to P is a sum of the form

2 FOa) A X,
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where A X; =X — Xj_1 and X;*is an arbitrary point in the ith subinterval [xj_1, Xj]. For simplicity, we shall assume that
AXj=AX = b—;a forall i. A Riemann sum is therefore an approximation to the (signed) area of the region between the graph of f
and the x-axis along the interval [a, b]. The exact area is given by the definite integral of f over [a, b], which is defined to be the
limit of its Riemann sums as n — co and is denoted by ff(x) dx. In other words,

L0 dx=limpe X, fi)Ax.

This definite integral exists provided the limit exists. For a continuous function f, it can be shown that f f (X) dx exists.

m 5.2.1 Riemann Sums Using Left Endpoints

A Riemann sum of f relative to a partition P can be obtained by considering rectangles whose heights are based on the left
endpoint of each subinterval of P. This is achieved by setting xi* =xj=a+i(b—a)/nfori=0, 1, ...n—1, so that the
corresponding height of each rectangle is given by f(x;). This leads to the following formula for a Riemann sum using left
endpoints, which we denote by LRSUM. To use this function, we need to specify the values of a, b, andn as well as define f
using Mathematica's format.

in32s)= Clear [F]

LRSUM[a_, b_,n_] :=Sum[f[a+i*x(b-a)/n]x(b-a)/n, {i,0,n-1}]
Example 5.4. Let f(x) = X2 on [0,1]and let P ={0, 1/n, 2/n, 3/n, ..., (n—=1)/n, 1} be a partition of [0, 1].
a) Approximate ﬁ f (x) dx by computing the Riemann sum relative to P using the left endpoint method.

b) Plot the graph of f and the rectangles corresponding to the Riemann sum in part (a).
c) Find the limit of the Riemann sum obtained in part a) by letting n - co.

Solution: a) We define f(x) = x? in Mathematica and evaluate LRSUM using a =0, b = 1, and various values for n. In the table
below, the first column gives the value of n and the second column gives the corresponding Riemann sum.

nEe7= FIX_] 1= X2
TabIeForm[TabIe[{n, N[LRSUM[O, 1, n]1}, {n, 10, 100, 10}],
TableHeadings - {{}, {"'n", "Riemann Sum"}}]

Out[328]//TableForm=

n Riemann Sum
10 0.285

20 0.30875
30 0.316852
40 0.320938
50 0.3234
60 0.325046
70 0.326224
80 0.327109
90 0.327798
100 0.32835

Thus, ﬁxz dx ~ 0.30875 for n = 20 (rectangles). We leave it to the reader to use large values of n to investigate more accurate
approximations using left endpoints.

b) The following program gives a plot of the rectangles corresponding to the Riemann sum in part (a) using left endpoints.
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iniz2o)= LEPT[F_, {a_, b_, n_}] = Module[
{dx, k, xstar, Irect, plot},
dx=N[(b-a) /n];
xstar = Table[a+ 1 x dx, {i, 0, n}];
Irect = Table[Line[{{xstar[[i]], O}, {xstar[[i]], F[xstar[[i]]] },
{xstar[[1+1]], F[xstar[[i]]]}, {xstar[[i+1]], O}}], {i,1,n}];
plot = Plot[f[X], {X, a, b}, Filling -» Axis];
Show[plot, Graphics[{Green, Irect}]]]

To demonstrate this for our example, we evaluate LEPT by specifying f(x) =x?, a=0, b=1and n=20.

nE3op= F[X_] 2= X2
LEPT[F, {0, 1, 20}]

!.0 L

0.8

0.6 -

out[331]=
0.4
0.2
—
ey 1 L L i L L L i L i L L L L i i 1
0.2 0.4 0.6 0.8 1.0

Here is a graphics animation of the plot above as n (number of rectangles) increases from 1 to 50.

Important Note: If you are reading the printed version of this publication, then you will not be able to view any of the anima-
tions generated from the Animate command in this chapter. If you are reading the electronic version of this publication format-
ted as a Mathematica Notebook, then evaluate each Animate command to view the corresponding animation. Just click on the
arrow button to start the animation. To control the animation just click at various points on the sliding bar or else manually drag

the bar.
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in;332;= Animate[LEPT[F, {0, 1, a}]1, {a, 1, 50, 51}]

- E
s d DIrFIE]
1.0 -
0.8 -
0.6 -
out[332]= L
0.4 -
b
L L L L L L L L | L L L | L L L L
0.2 0.4 0.6 0.8 1.0

NOTE: The underestimation given by LRSUM in this example can be explained from the above graph: The sum of the area of
the rectangles is less than the area of the region under the graph of f since the rectangles are contained inside the same region.
This is due to the fact that f is increasing on [0, 1].

¢) We evaluate LRSUM in the limitasn - oo.

in33p= LIMIE[LRSUM[O, 1, n], n- Infinity]

1
Out[333]= —

3
Thus, ['x2 dx=1/3=0.33....

m 5.2.2 Riemann Sums Using Right Endpoints

We can similarly define a Riemann sum of f relative to a partition P by considering rectangles whose heights are based on the
right endpoint of each subinterval of P. This is achieved by setting xi* =xi=a+i(b—a)/n fori=1, 2, ....n, so that the
corresponding height of each rectangle is given by f(x;). Note that i ranges from 1 to n in this case (as opposed to 0 to n — 1 for
the left endpoint method). This leads to the following formula for the Riemann sum using right endpoints, which we denote by
RRSUM:

in334:= Clear [F]

RRSUM[a_, b_, n_] :=Sum[f[a+i*x (b-a) /n]x(b-a)/n, {i, 1, n}]
Example 5.5. Let f(x) =x?on[0,1] and let P ={0, 1/n, 2/n, 3/n, ..., (n—1)/n, 1} be a partition of [0, 1].
a) Approximate f f (X) d x by computing the Riemann sum relative to P using the right endpoint method.

b) Plot the graph of f and the rectangles corresponding to the Riemann sum in part (a).
¢) Find the limit of the Riemann sum obtainded in part a) by letting n —» co.

Solution: a) We evaluate
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nEsel= FIX_] 1= X2
TableForm[Table[{n, N[RRSUM[O, 1, n]1}, {n, 10, 100, 10}],
TableHeadings » {{}, {""n", "Riemann Sum"}}]

Out[337]//TableForm=

n Riemann Sum
10 0.385

20 0.35875
30 0.350185
40 0.345938
50 0.3434
60 0.341713
70 0.34051
80 0.339609
a0 0.338909
100 0.33835

b) Similarly, we can write a program that gives a plot of the rectangles corresponding to the Riemann sum in part (a) using right
endpoints.

ine3el= REPT[F_, {a_, b_, n_}] := Module[
{dx, i, xstar, rrect, plot},
dx =N[(b-a) /n];
xstar = Table[a+ 1% dx, {i, 0, n}];
rrect = Table[Line[{{xstar[[i]], O}, {xstar[[i]], F[xstar[[i+1]]]},

{xstar[[1+1]], F[xstar[[1+1]]]1}, {xstar[[i+1]], 0}}], {i, 1, n}];

plot = Plot[f[X], {X, a, b}, Filling - Axis];
Show[plot, Graphics[{Blue, rrect}]]]

For our example, we have:

inEagl= F[X_] 1= X2
REPT[F, {0, 1, 20}]

1.0 —

0.8 . 7‘7
1%
0.6
out[340]= _ 7

0.4

0.2

[
0.2 0.4 0.6 0.8 1.0

Important Note: If you are reading the printed version of this publication, then you will not be able to view any of the anima-

tions generated from the Animate command in this chapter. If you are reading the electronic version of this publication format-
ted as a Mathematica Notebook, then evaluate each Animate command to view the corresponding animation. Just click on the
arrow button to start the animation. To control the animation just click at various points on the sliding bar or else manually drag
the bar.
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in341:= Animate[REPT[F, {0, 1, a}]1, {a, 1, 50, 51}]

- E
; 3 DlaFIE]

1.0 -

0.8

0.6 -
Out[341]= F

0.4r

0.2

I . . . | . . . I . . . I . . . |
0.2 0.4 0.6 0.8 1.0

NOTE: The overestimation of the RRSUM can be explained analogously as with the underestimation obtained from LRSUM.
¢) We evaluate RRSUM in the limitas n - oo:

in42)= LIMIt[RRSUM[O, 1, n], n- Infinity]
1

Out[342]= —

NOTE: Here is a comparison between the two plots of the left-endpoint and right-endpoint rectangles:

in343= LREPT[F_, {a_, b_, n_}] := Module][

{dx, i, xstar, Irect, rrect, plot},

dx=N[(b-a) /n];

xstar = Table[a+ 1 * dx, {i, 0, n}];

Irect = Table[Line[{{xstar[[i]], O}, {xstar[[i]], F[xstar[[i]]] },
{xstar[[1+1]], F[xstar[[i]]]}, {xstar[[i+1]], O}}], {i,1,n}];

rrect = Table[Line[{{xstar[[i]], O}, {xstar[[i]], F[xstar[[i+1]]]},
{xstar[[1+1]], F[xstar[[1+1]]]1}, {xstar[[i+1]],0}}], {i, 1, n}];

plot = Plot[f[X], {X, a, b}, Filling - Axis];

Show[plot, Graphics[{Blue, rrect}], Graphics[{Green, Irect}] ]
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npas= FIX_] 1= X2
LREPT[F, {0, 1, 20}]

1.0+
0.8
0.6

out[345]=

0.4

npasi= FIX_] 1= X2
Animate[LREPT[F, {0, 1, a}], {a, 1, 100, 5}]

= [=]
a d DIRFIE]
1.0 -
0.8 -
0.6 -
out[347]= H
04 -
0.2+
| | | | |
0.2 0.4 0.6 0.8 1.0

= 5.2.3 Riemann Sums Using Midpoints
The Riemann sum using the midpoints of each subinterval is given by the following formula. (We leave it to the student to verify

that the midpoint of ith subinterval is given by a+ (i + —;) (b—;a) fori=1, .., n)

in34g;= Clear [F]
MRSUM[a_, b_, n_] :=Sum[f[a+ (i+1/2)x(b-a)/n]*(b-a)/n, {i, 1, n}]

Example 5.6. Let f(x) =x%on[0,1] and letP ={0, 1/n, 2/n, 3/n, ..., (n—1)/n, 1} be a partition of [0, 1].
a) Approximate ﬁ f(x) d x by computing the Riemann sum relative to P using the midpoint method.
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b) Plot the graph of f and the rectangles corresponding to the Riemann sum in part (a).
c) Find the limit of the Riemann sum obtainded in part a) by letting n - co.

Solution: a) We evaluate
nEsof= FIX_] 1= X2

TabIeForm[Table[{n, N[MRSUM[O, 1, n]]}, {n, 10, 100, 10}],
TableHeadings - {{}, {"'n", "Riemann Sum"}}]

Out[351])//TableForm=

n Riemann Sum
10 0.4425
20 0.385625
30 0.367685
40 0.358906
50 0.3537
60 0.350255
70 0.347806
80 0.345977
90 0.344558
100 0.343425

in3s2= Options[TableForm]

ougzszl= {TableAlignments » Automatic, TableDepth - «,
TableDirections - Column, TableHeadings — None, TableSpacing » Automatic}

b) Again, we can write a program that gives a plot of the rectangles corresponding to the Riemann sum in part (a) using
midpoints.

ini3s3= MIDPT[f_, {a_, b_, n_}] := Module[

{dx, i, xstar, mrect, plot},

dx=N[(b-a) /n];

xstar = Table[a+ 1 * dXx, {i, 0, n}];

mrect =

Table[Line[{{xstar[[i]], O}, {xstar[[i]], F[(xstar[[i]] +xstar[[i+1]]) /2]},
{xstar[[i+1]], F[(xstar[[i]] +Xxstar[[i+1]])/2]},
{xstar[[1+11], 0}}1, {i,1,n}];

plot = Plot[f[X], {X, a, b}, Filling - Axis];

Show[plot, Graphics[{Red, mrect}]]
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npsa= FIX_] 1= X2
MIDPT[F, {0, 1, 10}]

0.8 /
0.6
out[355])= r /:
0.4
0.2
0.2 0.4 0.6 0.8 1.0

Important Note: If you are reading the printed version of this publication, then you will not be able to view any of the anima-
tions generated from the Animate command in this chapter. If you are reading the electronic version of this publication format-
ted as a Mathematica Notebook, then evaluate each Animate command to view the corresponding animation. Just click on the
arrow button to start the animation. To control the animation just click at various points on the sliding bar or else manually drag
the bar.

nasel= FIX_] 2= X2
Animate [MIDPT[Ff, {0, 1, a}], {a, 1, 100, 51}]

: d DIEE]E]
10F
0.8
0.6 -
out[357]= L
04
0.2 -
| | | | | |
0.2 0.4 0.6 0.8 1.0

¢) The limit of the Riemann sum using the midpoints is given by
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in3sgl= LIMIt[MRSUM[O, 1, n], n - Infinity]
1

Out[358]= —

NOTE: Here is a visual comparison of all three Riemann sums in terms of rectangles:

nssol= ALL[F_, {a_, b_, n_}] = Module[

{dx, i, xstar, Irect, rrect, mrect, plot},

dx=N[(b-a) /n];

xstar = Table[a+ 1 * dXx, {i, 0, n}];

Irect = Table[Line[{{xstar[[i]], O}, {xstar[[i]], F[xstar[[i]]] },
{xstar[[1+1]], F[xstar[[i]]]}, {xstar[[i+1]], O}}], {i,1,n}];

rrect = Table[Line[{{xstar[[i]], O}, {xstar[[i]], F[xstar[[i+1]]]},
{xstar[[1+1]], F[xstar[[1+1]]]1}, {xstar[[i+1]],0}}], {i, 1, n}];

mrect = Table[Line[{{xstar[[i]], O}, {xstar[[i]],
fl(xstar[[i]] +xstar[[i+1]]) /2]1}, {xstar[[i+1]],
Fl(xstar[[i]] +xstar[[1+1]]) /2]}, {xstar[[i+1]], O}}], {i,1,n}];

plot = Plot[F[X], {X, a, b}, Filling - Axis];

Show[plot, Graphics[{Blue, rrect}],

Graphics[{Green, lrect}], Graphics[ {Red, mrect}]]

In[360]:=
fIx_] 1= X2
ALL[F, {0, 1, 10}]

1.0

0.8

Ny
£

U .{‘ /

out[361]= 7/

0.4

0.2 0.4 0.6 0.8 1.0

Here is how all three Riemann sums behave when we increase the number of rectangles.
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nez= FIX_] = x2
Animate[ALL[Ff, {0, 1, a}], {a, 1, 100, 51}]

- 3
. —0 PERIE]

1.0 -

0.8

0.6 -
out[363]= t

0.4

0.2 -

1 1 L 1 1
0.2 0.4 0.6 0.8 1.0

NOTE: All three limits from the left-endpoint, right-endpoint, and midpoint methods are equal. This is not surprising since each
is equal to lez dx (remember that the existence of a definite integral requires that all Riemann sums converge to the same limit).
However, the midpoint method tends to converge faster to the limit than the other two methods (discussed in your calculus text).

Example 5.7. Let f (x) =x3+x>+1o0n[0, 1]and letP={0, 1/n, 2/n, ..., n/n=1} be a partition of [0, 1].
a) Find the Riemann sum of f relative to P using the left endpoints of the partition.

b) Find the Riemann sum of f relative to P using the right endpoints of the partition.

¢) Show that the difference between the two sums goes to 0 at n —» co.

d) Find the limit of the Riemann sums in parts (a) and (b). Is this consistent with part (c)?

e) What do you conclude from part (d)?

Solution: a) The Riemann sum using left endpoints is given by

inzea= Clear [F]
LRSUM[a_, b_, n_] :=Sum[f[a+i*x (b-a)/n] *xN[(b-a)/n], {i, 0, n-1}]
nses= FIX_] 2= X3+ X%+ 1
LRSUM[O, 1, n]
5-12n+19n2
ou[367)z —m8M

12 n?

b) The Riemann sum using right endpoints is given by

inizes;= Clear [F]
RRSUM[a_, b_, n_] :=Sum[f[a+i* (b-a) /n]*N[(b-a) /n], {i, 1, n}]
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nE7op= FIX_] 1= x3+x%+1
RRSUM[O, 1, n]

5+12n+19n2
12 n?

Out[371]=

¢) We now evaluate and simplify the difference between the two Riemann sums:

in372= Simplify [RRSUM[O, 1, n] - LRSUM[O, 1, n]]
2

out[372)= —
n

As n — oo, observe that this difference goes to zero.
d) Next, we use the limit command to evaluate the limit of the two Riemann sums:

in373= LIMIt[LRSUM[O, 1, n], n- Infinity]
19

out[373]= —
12

in374r= LIMIE[RRSUM[O, 1, n], n - Infinity]
19

out[374]= —

In light of (c), we should not be surprised that the two limits are the same. After all, their difference was seen to converge to zero!

e) By definition of a definite integral, we conclude from (d) that £1(x3 +X° 4+ 1) dx=19/12. We confirm this by evaluating

1
In[375]:= J (x3 +X% 4 1) dx
o

19
out[375]= ——
12
m EXxercises

X

1. Let f(x)= forO<x<1landletP={0/n, 1/n, 2/n, ..., n/n=1}be a partition of [0, 1].

x2+1

a) Find the Riemann sum of f using the left endpoints of P and plot the rectangles that approximate the integral of f over [0, 1].
Also, use the Animate command to see if the total area of the rectangles converges to the area of the region under the graph of f
and above the x-axis.

b) Repeat (a) using right endpoints of P.
¢) Repeat (a) using midpoints of P.

2. Let f(x) =xsinxon [0, x]. Use a uniform partition P and repeat Exercise 1 (immediately above) for this function.

m 5.3 The Fundamental Theorem of Calculus

Students should read Sections 5.3 and 5.4 of Rogawski's Calculus [1] for a detailed discussion of the material presented in
this section.
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The crowning achievement in calculus is the Fundamental Theorem of Calculus (FTC), which reveals that integration and
antidifferentiation are equivalent. This can be expressed in two parts:

FTC - Part I: Given a continuous function f(x) on [a, b], we have

Lt dx=Fb)-F@).
Here, F(x) is any antiderivative of f(x).
FTC-Part II: If F(x) = [f(t)dt, then F' (x) = f(x).

NOTE: Physically the Fundamental Theorem of Calculus tells us that the area under a velocity curve of an object is the same as
the change in position of the object.

Mathematica naturally uses FTC to evaluate definite integrals whenever it is able to find an antiderivative. Of course, there are
examples where it is not able to do this, as the latter examples following demonstrate.

Example 5.8. Evaluate f* dx.

V2x-1
Solution:
5 X
In[376]:= J dx
1 y2x-1
16
Out[376]= ——

dx.

vV x2—3
X

Example 5.9. Evaluate fjs—

Solution:

nE77:= Integrate [SQrE[x”™2-3] / X, {X, SqQrt[3], 2}]

s

243

in378l= N[%]

ou3771= 1 -

out;z7el= 0.0931003

Example 5.10. Approximate ﬁtan X2 dx.

Solution: Here is an example of an integral that Mathematica cannot evaluate exactly but returns the integral unevaluated
because the precise answer is not expressible in terms of elementary functions.

nE79r= Integrate[Tan[x™2], {X, 0, 1}]

1
out[379]= JTan[xz} dx
0

However, a numerical approximation is still possible through the command N.
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in3s0)= N[%]
out3s0)= 0.398414

Or we could use the command NIntegrate to perform both steps at once:

nEs1= NIntegrate[Tan[x”™2], {X, 0, 1}]
ou3s1]= 0.398414

Example 5.11. Use the fact that if m< f(x) <M for all x € [a, b], then m(b —a) < j:f(x)dx <M (b - a) to approximate

LZ\/ XX +1 dx.

Solution: We note that the function f(x) = v/ x3 + 1 is increasing on [0, 2]. This can be checked by finding f ' (x) and observing
that f'(x) > 0 for all x (or by simply drawing the graph of f). Thus, 1= f(0) < f(x) < f(2) =3 and so

12-0)=< {1+ dx<3(2-0)

or

2= N1+ dx=<6

We can confirm this by evaluating

In[382]:= Integrate[\/ x2+1, {x, 0, 2}]

ouyzszl= 2 Hypergeometric2Fl [—

N e

Since the function Hypergeometric2F1 is not known to us, we use

In[383]:= Nlntegrate[\/ x3+1, {x, 0, 2}]

out383= 3.24131

Example 5.12. Let f(x) = cos(x?) on [0, 2] and define g(x) = [*f(t) dt = [‘cos(t?)dt.
a) Plot the graph of f.

b) Find the value(s) of x for which g(x) starts to decrease.

c) Estimate g(x) for x=0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1, 4, 1.6, 1.8, 2.

d) Draw the graphs of g(x) and g' (x).

e) How do the graphs of f(x) and g' (x) compare?

Solution: a) We plot the graph of f.
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inzs4= Clear [F]
F[x_] = Cos[x?]

X
g[x_] = J f[t] dt
0

out[385]= COS[XZ]

JT
out[386]= — Fresnelc[
\ 2

2
~ X

NOTE: The function FresnelC is called the Fresnel Cosine function and plays an important role in physics and engineering. The

Fresnel Sine function is defined in the obvious manner.

ines7i= Plot[F[X], {X, 0, 2}]

1.0

0.5

Out[387]=

-0.5

-1.0

0.5 1.0 15 2.0

b) We note that the graph of f is above the x-axis (positive area) for x between 0 and Vv /2 and below the x-axis for x between
Vr/2 and 2. Thus, the graph of g starts to decrease after v /2 . The following table of the Riemann sums of f on [0, x] (for x

varying from 0 to 2) shows this point.

nzes= FIX_] 1= X2
TableForm[Table[{n, N[MRSUM[O, 1, n]]}, {n, 10, 100, 10}1]

Out[389]//TableForm=

10 0.4425

20 0.385625
30 0.367685
40 0.358906
50 0.3537

60 0.350255
70 0.347806
80 0.345977
90 0.344558
100 0.343425

inEoo= LRSUM[a_, b_, n_] :=Sum[f[a+ix* (b-a) /n] *N[(b-a) /n], {i, 0, n-1}]



Mathematica for Rogawski's Calculus 2nd Editiion.nb | 109

nisou= TableForm[Table[{x, LRSUM[ O, x, 1001}, {x, 0, 2, 0.1}],
TableHeadings » {{}, {"x", "Riemann Sum"}}]

Out[391])//TableForm=

X emann Sum

-00032835
-0026268
-00886545
.0210144
-0410438
-0709236
-112624
-168115
.239367
-32835
-437034
-567389
.721385
-900992
-10818
-34492
-61318
-91494
.25215
-6268

©CoOo~NOOUPA~AWNEPE

O©CoO~NOUILA~WDNEPE
NNRPPPPOOOOOOOOOOOOOOO0O T

NRRRPRRRPRRRRPRRPPOOOOOOOOODO

NOTE: Since g is the integral, it should start to decrease at x =V 7/2 ~1.25. We can confirm this by examining the values of g
in the neighborhood of this point:

inze2= Table[{x, LRSUM[ O, X, 1001}, {x, 1.2, 1.3, 0.01}] // TableForm

Out[392]//TableForm=

1.2 0.567389
1.21 0.581692
1.22 0.596234
1.23 0.611016
1.24 0.62604
1.25 0.641309
1.26 0.656823
1.27 0.672587
1.28 0.6886
1.29 0.704865
1.3 0.721385

From the table above, we see that the function g does indeed start to decrease at approximately x = 1.25:

c) Here is the table of values for g(x):
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inze3=  TableForm[Table[{x, g[X]}, {X, 0.2, 2, 0.2}]1]

Out[393]//TableForm=

-199968
-398977
.592271
.767848
.904524
-973945
-949779
.825517
.635365
-461461

oo hrN

0o r~DN

0
0
0
0
1.
1
1
1
1
2

cNoNoNoNoNoNoNoNoNe)

d) The graphs of the function f(x) and g' (x) are given below:

inEoa= Plot[{g[X], g"[X]}, {X, O, 2}, PlotStyle -» {Red, Blue}]

1.0

Out[394]= L ‘ ‘ ‘ ‘
— 05 1.0 15 2.0

_0sl

e) The graphs of the function f(x) and g' (x) are given below:

nesi= Plot[{F[x], 9" [X]}, {X, 0, 2}, PlotStyle » {Red, Blue}]

4,

Out[395]=

0.5 1.0 15 2.0

-1F

This means that the two graphs are the same. In fact, from the Fundamental Theorem of Calculus, we know that g' (x) = f(x).

m EXxercises

In Exercies 1 troough 11, evalaute the given integrals.

1. Ll(x2+2)clx 2. KcosSxdx 3. 1;1\/1—x2 dx 4. ﬁ;sinzxdx
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Jz

5. £3(X3_4X2+X)dX6. £4(\/_17 +2\/7)dx 7. ££SECXdX 8. ﬁ_4 1_24X2 d x
9 [ dx 10. f14(—xl+2x2)dx 11. ["eXsinx d x

12. Let S(x) = Lxsin(—; mt2)dt (S(x) is called the Fresnel sine)

a) Plot the graph of S and approximate the value of S as x —» co. Confirm your approximation by evaluating the limit as x - oo.

b) Find S'(x)and use it to find the interval(s) on whcih S(x) increase and decrease. Hint: Apply the Fundamental Theorem of
Calculus.

¢) On what intervals is S concave up? Concave down?

d) Find the value of x for which S(x) = 0.7.
13. Find an explicit formula for a continuous function f such that

x f(t)

21241 dt.

Ffmdt=xe +

(Hint: First take the derivative of both sides and then solve for f(x).)

m 5.4 Integrals Involving Trigonometric, Exponential, and Logarithmic
Functions

In your calculus text, you will learn how to evaluate integrals using different techniques. In Mathematica, we do not need to
specify the technique. It chooses the technique appropriate for the problem. However, there are some integrals that cannot be
evaluated in terms of elementary functions. In such cases, Mathematica will return the integal unevaluated or gives us a name for
the integral.

Below, we will consider some examples of integrals that involve trigonometric functions, exponential, and logarithmic functions.
If done by hand, some of these integrals require integration by parts, partial fraction decompositions, or trigonometric substitu-
tions.

Example 5.13. Evaluatef SXZ dx.

(x +1)2
Solution: If done by hand, this integral involves using the substitution method.

nEeel= Integrate[x™N2/ (X3 +1) "2, X]
1
3 (1+%3)

out[396]= —

Example 5.14. Evaluate I%ZHZ dx.

X2—

Solution: This integral involves long division and partial fraction decomposition.
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XP+ X2+ X +2
In[397]:= j— dx
x2-1
x2 x4

5 1
ou397)= X+ — + — + — Log[1l-X] - — Log[1l +X]
2 4 2 9 2 g

X4 +x+1

Example 5.15. Evaluate f 5
(x2+1)

Solution: This integral involves long division, partial fraction decomposition, and inverse trigonometric functions.

x*+x3ex+1
In[398]:= — dX
(x2+1)?

X

out[398]= X +

1
- ArcTan([x] + — Log[1 +x?]
1+ %2 2
NOTE: All functions that appear as output are written in Mathematica's notation. To convert the output to a more familiar form
the command TraditionalForm can be used. Here is the "traditional” form of the output below (note that log x means the same
as In x in this case).

x*xBex+1 o
In[399]:= ——— dx // TraditionalForm
2 2
(X + 1)
Out[399]//TraditionalForm=

X 1
" + . log(x? + 1) + x — tan™(x)
X2 +

Example 5.16. Evaluate [Xsinxdx.

Solution: This integral involves integration by parts (twice).
In[400]:= sz Sin[x] dx

ouaoo= - (-2 +x?) Cos[X] +2x Sin[x]

Example 5.17. Evaluatef dX.

1-x2
Solution: This integral involves trigonometric substitution.
n2o1:= Integrate[-1/Sqrt[l - Xx"2], X]

out401]= —ArcSin[x]

NOTE: Your calculus textbook may give arccos x for the answer, as opposed to —arcsin x as above. Can you explain how the
integration constant resolves the difference in these two answers?

Here are some examples of integrals that are important in applications but do not have an elementary antiderivative.
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In[402]:= J Sin [Xz] dx

T 2
out[402]= — FresnelS[ — x}
2
In[403]:= JE‘XZ dx

1
Out[403]= E \/;Erf[x]

|

ina04:= Integrate[Sin[X] / X, X]

outso4l= Sinlntegral [X]

We can use NIntegrate to evaluate these integrals over any finite interval. For example:
nia0s= NIntegrate [E'X2 . {X, 0, 10}]

out405)= 0.886227

in406l:= NlIntegrate[Log[X] / X, {X, 2, 100}]
out406)= 10.3636

Example 5.18. Let fy(x) = flxt”dt. Investigate the limit graphically by plotting f,(x) forn = 0, -0.3, -0.6, and-0.9 together
with g(x) = Inx on a single plot.

no7i= Clear [F, g]
gI[x_] 1= Log[X]

X
f[x ,n_]:= j t"dt
1

ina10p= Plot[{f[Xx, n] /-n-» {0, -0.3, -.6, -.9}, g[x1}, {X, 0, 10}, PlotStyle » {Red, Blue}]

out[410]=

m EXxercises

In Exercises 1 though 5, evaluate the given integral.
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L fxV2-x dx 2. fx3\/1+x2 dx 3. [tan? xsec* xdx
2_2x-1 x=1
4. | =222 gx s.f dx
f x+x V X24+x-1

In Exercises 6 through 11, use various values of a, b, and n to evaluate the given integral. Then make a conjecture for a general
formula and prove your conjecture.

6. [ S 7. [cos (ax)sin(b x) dx 8. [x"Inxdx

(x+a) (x+h)

9. [x"e*dx 10. [X"sin(x)d 11. [e?* cos(b X) dx
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Chapter 6 Applications of the Integral

Evaluating integrals can be tedious and difficult. Mathematica makes this work relatively easy. For example, when computing
the area of a region the corresponding integral can be difficult to set up because the limits of integration are not known. Mathemat-

ica, with its powerful plotting capability, can turn this job into a very doable one. We will examine several applications that
demonstrate this.

m 6.1 Area Between Curves

Students should read Section 6.1 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

Let us consider the problem of finding the area between two curves.

Example 6.1. Determine the area of the region bounded between the curves f(x) = sinx and g(x) = csc? x on [n/4, 37/4].
Solution: To find the area here, we first plot the graphs of f and g.
na11= Clear [f, g]

infa12= FIX_]
g[x_]

Sin[Xx]
Csc[x]"2

ina14:= PlOot[{F[X], 9[X]}, {X, w/4, 3x/4},
PlotStyle -» {Red, Blue}, PlotRange -» {-.5, 2.5},
Filling » {1 -» {2}}]

Out[414]= 1.0

-0.5

Looking at the plot above and recalling that csc x is always greater than or equal to 1 on this interval, it follows that csc? x is

always greater than or equal to sin x, which is less than or equal to 1 on the same interval. Hence, calculating the area between
these two curves between x = /4 and x = 3 /4 is straightforward:

/4
In[415]:= ﬁ (g[x] - F[x]) dx

/4
out[a15= 2 - 2
inf416]:= N [%]

outa16]= 0.585786
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Example 6.2. Determine the area of the region enclosed between the curves f(x) = x( - 3Xx+ 3) and g(x) = x2.

Solution: To find the area between these two curves, we will need to see if they intersect and if so where by plotting their graphs.

n4171= Clear [, g, X]

infa18l= F[X_] X (X2 - 3X + 3)

2

Inf419]:= g [X_] X

ngazop= Plot[{F[X], g[X1}, {X, -2, 4},
PlotStyle -» {Red, Blue}, PlotRange -» (-2, 11},
Filling » {1 -» {2}}]

10 )

8

Out[420]=

Notice that f(x) is graphed in red, while g(x) is graphed in blue. Also, the "Filling" option in the Plot command fills in the
region between the two graphs (functions 1 and 2 in the Filling command) in gray. The bounded region between the two curves
seems to lie between x = 0 and x = 3. To ascertain this, we solve for the intersection points:

n4211= Sollve[ F[X] = g[X], X]
oua21= {{X -> 0}, {Xx > 1}, {xX-> 3}}

Hence, the intersection points are at x =0, 1, and 3. Noting that f(x) is greater than g(x) on [0, 1] and g(x) is greater than f (x)
on [1, 3], we need two integrals to calculate the (physical) area between the two curves since areas are always calculated by

subtracting the smaller function from the larger one. In particular, on [0, 1] the area is given by Ll[f(x) —g(x)]dxandon[1, 3]

the area is given by f’[g(x) — (0] dx.

1 3
In[422]:= J (F[X] - g[x]) dx + j (g[x] - F[x]) dx
) 1

37
out[422)= —

12
in@23):= N[%]
out423)= 3.08333
Example 6.3. Determine the area of the region bounded between the curves f(x) = | x| and g(x) = cos x on [-7/2, /2].
Solution: To find the area here, we first plot the graphs of f and g.

nia24i= Clear [F, g]
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ina2s)= F[X_]
gx_]
npa27= Plot[{F[x], 9[X1}, {X, -n/2, n/2},
PlotStyle » {Red, Blue}, PlotRange -» {-1, 2},
Filling » {1 - {2}}]

Abs[X]
Cos[X]

20

out[427]=

-0.5°

-1.0

From the picture above, we will need to consider the total area as a sum of three separate regions. To this end, we first find the
intersection points of these two curves in order to obtain the limits of integration. Make note of the fact that the Solve command
does not work here because it is only able to solve algebraic equations. Instead, we use the FindRoot command to solve the
equation f(x) — g(x) = 0 using an initial guess of x = 0.75 (based on the plot above):

inf428)= FindRoot [F[X] -g[X], {X, 0.75}]
outf4z8l= {X - 0.739085}

Thus our root is approximately x = 0.739085. By symmetry we see there is another root at x = —0.739085. Hence, the area
between these two curves is the sum of the three integrals:

-0.739085 .739085 /2
In[429]:= J (FIX] - g[Xx]) d1x+fO (g[x] - F[x]) dx +J (F[x] - g[x]) dx
-n/2 -0.739085 0.739085
out[429]= 2 .06936

Hence the area of our bounded region is 2.06936.

NOTE: Observe that our region is symmetric about the y-axis and thus the same answer could have been found by computing the
area of only half the region (the right half, say) and doubling the result.

m  Exercises
1. Find the area between the curves y = sinxand y = sin (2 x) between x =0and x = x.
2. Find the area between the graphs of x = sinyand x = 1 — cos y between y=0and y =x/2.

3. Find the areaabove y = 1 — x/m and below y = sinx.

m 6.2 Average Value

Students should read Sections 6.2 and 6.3 of Rogawski's Calculus [1] for a detailed discussion of the material presented in
this section.



118 | Mathematica for Rogawski's Calculus 2nd Editiion.nb

Remember that the average value of a function f (x) on [a, b] is defined as

fave = b—fa j:f(x)dx.

Related to this notion is the Mean Value Theorem for Integrals (MVTI), which states that for any continuous function f(x) on
[a, b] there exists a value ¢  [a, b] such that

f(C) = fave-

Example 6.4. Let f(x) =2cosx — X.

a) Find the only positive root « of f.

b) Calculate the average value of f on [0, «].

c) Determine a value c that satisfies the Mean Value Theorem for Integrals on [0, «].

Solution:
a) To calculate a, we first plot the graph of f and then use the FindRoot command with x = 1 as our initial guess:

inaz0= Clear [F]
nas1= F[X_] 1= 2Cos[x] -X

in432;= Plot[F[X], {X, -m, 7}]

out[432]=

5f
in433:= root = FindRoot[F[Xx], {X, 1}]
out433= {X - 1.02987}

Therefore, a =1.02987 accurate to 5 decimal places.
b) We next calculate the average value of f on [0, a]:

n434p= a = root[[1, 2]]
out434)= 1.02987

1
ina3s)= Fave = —— F[x] dx
a-0 Jo

outa3s)= 1.14981
Thus, the average value is approximately f,, = 1.14981.

¢) By MVTI, there exists a value ¢ € [0, a] such that f(c) = fae. To find c, we solve this equation for c, or equivalently,

f(C) — fave = 0.
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in43el= FindRoot[f[c] - Fave, {c, .5}]
out436]= {€ - 0.55256}

m  EXxercises

1. Which of f(x) = xsin? xand g(x) = x2sin? x has a larger average value over [0, 2]? Over [2, 4]?

2. Let faye denote the average value of f(x)= x3 + x? + 50n [0, 4]. Find a value for ¢ inside [0, 4] such that f(C) = fae.

m 6.3 Volume of Solids of Revolution

Students should read Sections 6.2-6.4 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

We recall that a definite integral can be evaluated by employing the definition
Lfo0dx= lim [S £ o) Axil

Another application of the definite integral involves finding the volume of a solid of revolution, that is, a solid obtained by
revolving a region in the plane about one of the coordinate axes.

m 6.3.1 The Method of Discs

Let S be a solid of revolution obtained by revolving the region bounded by the graphs of y = f(x), y =0, and the vertical lines
x = aand x = b, about the x-axis. To obtain the volume of S, we can approximate S by discs, i.e., cylinders obtained by revolv-
ing each rectangle, constructed by a Riemann sum of f relative to a partition P = {Xg, X1, X2, ..., Xn} Of [@, b], about the x-axis.
Using the fact that the volume of a cylinder with radius R and height h is given by

V =7 R?h,

it follows that the volume of the ith cylinder (corresponding to the ith rectangle) is V; = #[ f (x;)1* A x. Hence, an approximation
to the volume of S is given by the Riemann sum

VoI(S) ~ Y0, Vi =7 30, [f (x)2Ax.
In the limit as n - oo, we obtain the exact volume of S:
Vol(S) = 1 liMyoeo ST [F ()P Ax =1 [[f (0012 dx.

NOTE: If the region is revolved about the y-axis, then the volume of S is given by
vols) = ['[f (R dy.

Example 6.5. Find the volume of the solid of revolution obtained by rotating the region bounded by the graph of f(x) = V/x , the
x-axis, and the vertical line x = 3.

Solution: We define f(x) in Mathematica and illustrate both the region and rectangles that are rotated to obtain the solid and
discs, respectively. For this, we recall our program from Chapter 5 of this manual that was used to draw these rectangles.
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in437= LEPT[F_, {a_, b_, n_}] = Module[

{dx, k, xstar, lrect, plot},

dx=N[(b-a) /n];

xstar = Table[a+ 1 x dx, {i, 0, n}];

Irect = Table[Line[{{xstar[[i]], O}, {xstar[[i]], F[xstar[[i]]] },

{xstar[[1+1]], F[xstar[[i]]]}, {xstar[[i+1]], O}}], {i,1,n}];

plot = Plot[f[X], {X, a, b}, Filling -» Axis];

Show[plot, Graphics[{Green, Irect}]]
1

in43gl= F[X_] -= Vx
plot = LEPT[F, {0, 3, 20}]

1.0 ]
Out[439]= &

0.5 1.0 1.5 2.0 25 3.0

The plot above shows our region shaded in gray and our rectangles outlined in green. We now rotate this shaded region about
the x-axis to obtain a solid of revolution called a paraboloid. This is achieved in Mathematica using the Revolution-
Plot3D[{f,x},{x,a,b}] command, which generates a surface of revolution having radius f at height x. This means that the vertical
axis shown in the plot below is actually the x-axis.
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Inf4401:= S = RevolutionPIotSD[{\/;, x}, {x, 0, 3}]

[ ==

out[440]=

The exact volume of the paraboloid is then given by

naty= Vo= 7 Je (F[x])2dx
0

9

out[441]= ——

m 6.3.2 The Method of Washers

For a solid of revolution S generated by revolving a region bounded between two curves f(x) and g(x) on [a, b] about the x-axis,
we employ washers (rings) instead of discs. Refer to your calculus textbook for a detailed treatment. The corresponding volume
of S is given by (let's assume g(x) = f(x))

Vol($) = [P{Ig00r? - [f 012} dx

Example 6.6. Find the volume of the solid generated by revolving about the x-axis the region enclosed by the parabola y = x? + 1
and the straight line y = x + 3.

Solution: Our initial goal is to find the points of intersection and secure the limits of integration.

ina4a2= Clear [, g, X]
Fix_] :=x%+1
g[X_] =X+3
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in44s= Plot[{F[X], g[x]1}, {X, -2, 4}, PlotStyle -» {Red, Blue},
PlotRange -» {-2, 8}, Filling » {1 - {2}}]

Out[445]=

We notice that f(x) is graphed in red, while g(x) is graphed in blue. The following command solves for their intersection points:

injas6}= Solve [F[X] == g[X], X]

outaael= {{X - -1}, {X > 2}}
One can easily verify that the intersection points are (-1, 2)and (2, 5). Thus, our limits of integration are x = -1 and x = 2.

Let P and Q denote the solids of revolution by revolving each of the regions lying under f and g, respectively, along the interval
[-1, 2]. Our solid S, obtained by rotating the region between f and g on [-1, 2] about the x-axis, can then be viewed as the
difference of Q and P, i.e., the solid Q with the solid P removed from it. Following are surface plots of the three solids P, Q, and
S. Again, note that the vertical axis shown in each of the plots below is actually the x-axis.
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in447= P = RevolutionPlot3D[{f[x], X}, {X, -1, 2}, AspectRatio -» Automatic]
Q = RevolutionPlot3D[{g[x], X}, {X, -1, 2}, AspectRatio -» Automatic]

out[447]=

out[448]=
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inf4491:= S = Show [P, Q]

Out[449]=

Vs
bl

Since the curve y = f(x) = x + 3 is lower than the curve y = g(x) = x* + 1, it follows that the volume of S is given by

2
Inas01= V = nj ((g [X])? - (F[X] )2) dx

1
117 =

out[450]=

Observe that in the above discussion, the methods for calculating volumes of solids of revolution were via discs and washers. In
other words, the element of volume is obtained by taking the rectangular element of area whose height is perpendicular to the
axis of revolution and revolving it to construct a disc or washer.

m 6.3.3 The Method of Cylindrical Shells

Students should read Section 6.4 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

Another approach to finding the volume of a solid of revolution is to approximate it using cylindrical shells in contrast to discs
(or washers). Recall that a cylindrical shell element is one that is obtained by revolving a rectangular element of area whose
height is parallel to the axis of revolution.

A cylindrical shell is by definition a solid contained between two concentric cylinders having the same axis of rotation. Suppose
a cylindrical shell has inner radius ry, outer radius r,, and altitude h, then its volume V is given by

ry+ry

V=rrih-n rfh=2nh(T)(r2—r1)=2thAx,

where T = (r + rp)/2 is the average radius and A X =r; —ry.

Let S denote denote the solid obtained by revolving the region bounded between a function f (x), the x-axis, x=4a, and x = b,
about the y-axis. The volume of the ith shell corresponding to the ith rectangle is defined to be V; =27 x f(x) A x, where

XF = (X + Xi—1)/2. Hence, an approximation to the volume of S is given by the Riemann sum
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Vol(S) ~ Y1, Vi=2x 3 Xk f OG)AX.
In the limit as n — co, we obtain the exact volume of S:
Vol(S) =2 limpse i X F (X)) AX= 2ﬂ1:x f(x)dx.
NOTE: If the region is revolved about the x-axis using cylindrical shells, then the volume of S is given by
Vol(S) = Zyrfy f(y)dy.

Example 6.7. Consider the region bounded by the curve y = x?, the x-axis, and the line x = 2. Find the volume of the solid
generated by revolving this region about the y-axis using the method of cylindrical shells.

Solution: Let us first plot the region bounded by the given curves (shaded in the plot below):

nasi= F[X_] = XN2;
Plot[f[X], {x, 0, 2}, Filling - Axis]

4| y

Out[452]=

3

0.5 1.0 1.5 2.0

We then revolve this shaded region about the y-axis to obtain our solid S (parabolic bowl). This can be seen in the three plots
following, which illustrate S as the difference of the solids Q (cylinder) and P (paraboloid), that is, Q with P removed from it.
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n4s3= P = RevolutionPlot3D[{f[x]} , {X, 0, 2}]
Q = RevolutionPlot3D[{{2, y}} , {V, 0, 4}]

k.
outias3l=  §

Out454]=

U
(%)
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inssi= S = Show [P, Q]

out[455]=

The volume of S is given by

2
n@4sel= V= 2 nj X % F[X] dX
0

out[456]= 8 71

NOTE: The volume in this example can also be calculated using the washer method. However, one would first have to solve the

equation y = x? for x, yielding x = \/7 Moreover, the limits of integration (with respect to y) would have to be determined,
which in this case would be y = 0 and y = 4 corresponding to x = 0 and x = 2, respectively. Hence,

Ins7:= V = nJ:[ZZ - (\/7)2] dy

out[4571= 8 5t
The two answers from both methods agree as they should.

Example 6.8. Sketch the ellipse § + g =1 and find the volume of the solid obtained by revolving the region enclosed by the

ellipse about the x-axis.

Solution: We will use the ContourPlot command to plot the ellipse for a=2 and b =3. The reader should experiment with
other values of aand b.
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Inf4s8l= a = 2;
b=3;
X2 y2
ContourPIot[— +— =1, {X,-a-1,a+1}, {y, -b-1,b+1},
a?2 b?
AspectRatio » Automatic, Axes - True, Frame -> False]

4+

Out[460]= .\ ..

4t

2 2
To plot the corresponding solid of revolution (ellipsoid), we first solve % + é =1fory.
ne1= Clear([a, b]
2 2

sol = Solve[x—2 +y— =1, y]
a

b2

b4/ a? - x2 b4/ a? - x2

I R
a a

o by })

The positive and negative solutions above correspond to the upper half and lower half, respectively, of the ellipse. We shall
consider the upper half in plotting the ellipsoid and computing its volume by defining

b22 2
f(x):\/bz—sz :b\/l—é :

Out[462]= {{y - -

nae3r= F[x_]1 =sol[[2, 1, 2]]

b+ aZ-x2

a

out[463]=

Here is a plot of S (rotated 90 degrees about the x-axis).
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n464= a = 2;
b= 3;
RevolutionPlot3D[{f[x], X}, {X, -a, a}]

out[466]=

2 4

To find the volume of the ellipsoid, we can employ either method, disc or shell, but in this case the disc method is preferable

from a computational standard. This is because the disc formula for volume contains the square term [ f (x)]?, which lets us avoid
having to deal with radical terms if the shell method were used. Since the ellipsoid is defined along the integral [—a, a], its
volume based on the disc method is therefore

n4671= V = 7t ﬁ (F[x1)2dx
-a
out467]= 24 7t

More generally, the volume of the ellipsoid for arbitrary positive values of a and b is given by

ni4es= Clear[a, b]

V= nﬁ(f[x])zdx

oupssl= — ab?
3

Thus, V = g rab?.

NOTE: If we let a=h, then the ellipsoid becomes a sphere and the formula above reduces to the classic formula V = g nad,
where a is the radius of the sphere.

m EXxercises

1. Plot the solid of revolution obtained by rotating the region enclosed by the graphs about the given axis and calculate its
volume.
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a) y= % y = 10 — x? about the x-axis
b) y=16 — x* y =0, x =2, x = 3 about the y —axis
2. Plot the hypocycloid x%3 + y2/3 = 1 and find the volume of the solid obtained by revolving the region enclosed by the hypocy-

cloid about the y-axis. Is the volume of the solid obtained by revolving the same region about the x-axis the same? Justify your
answer. (Hint: Use the ContourPlot command.)

3. Use the Shell Method to find the volume of the solid obtained by rotating the region enclosed by the graphs in each part below
about the y-axis.

a) y=x%,y=8-x%andx=0

b)y= % x2and y = sin(x?)

4. The solid generated by revolving the region between the two branches of the hyperbola y? — x? = 1 from x = —a to x = a about
the x-axis is called a hyperboloid. Find the volume of the hyperboloid for a = 2 and then for any arbitrary value of a.
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Chapter 7 Techniques of Integration

m 7.1 Numerical Integration

Students should read Section 7.1 of Rogawski’s Calculus [1] for a detailed discussion of the material presented in this
section.

Numerical integration is the process of approximating a definite integral using appropriate sums of function values. We already
saw in Chapter 5 of this text formulas for Right, Left, and Midpoint Rules and their subroutines LRSUM, RRSUM, and
MRSUM, respectively. In this section, we will develop two additional rules: the Trapezoidal Rule and Simpson’s Rule.

m 7.1.1 Trapezoidal Rule
The Trapezoidal Rule approximates the definite integral j: f (x) d x by using areas of trapezoids and is given by the formula:

To = 5((-a)/n)(Yo +2y1 + ... + 2Y¥5_1 + Yn)

where n is the number of trapezoids and y; = f(a+i(b—a)/n) . This formula can be found in your calculus text. Here is a
Mathematica subroutine, called TRAP, for implementing the Trapezoidal Rule:

na70p= Clear[f, a, b, n]

n471:= TRAP[a_, b_, n_] :=

(F[a] + 2Sum[f[a+i*x(b-a)/n], {i,1,n-1}] + F[b]) (.5 (b-a) /n)

Example 7.1. Calculate the area under the function f(x) = x? on [0, 1] using the Trapezoidal Rule for various values of n.
Solution: The following output gives a table of approximations of lez d x based on the Trapezoidal Rule for n = 10, 20, ..., 100.

na72i= F[X_] -= x2
TabIeForm[TabIe[{n, N[TRAP[O, 1, n]]}, {n, 10, 100, 10}],
TableHeadings » {{}, {"n", " Ta"}}]

Out[473]/[TableForm=

n Th

10 0.335

20 0.33375
30 0.333519
40 0.333438
50 0.3334
60 0.33338
70 0.333367
80 0.333359
90 0.333354
100 0.33335

It is clear that these values are converging to 1/3, which is the exact value of our definite integral:
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[y

In[474]:= J x? dx
0

Out[474]=

wl R

m 7.1.2 Simpson’s Rule

One difference between Simpson’s Rule and all the other rules we have developed so far (TRAP, LRSUM, RRSUM, and
MRSUM) is that the number of partition points, n, in this case, must be even. The other difference is that Simpson’s Rule is a
quadratic approximation based on parabolas, whereas the other rules are linear approximations based on lines. The formula for
Simpson’s Rule is given by (refer to your calculus text for details):

Sh=(1/3)[yo+ 4y1+2Y,+4y3+2Ys+ ... +4 Yy 3+2Yn 2 +4Yy1+Yal (b—a)/n
=(1/)[(Yo+ 4y1+Y2)+ (Yo +4Yy3+Ya) + ..+ (Yn2 +4 Yn1 + yn)] (b —a)/n

where y; = f(a +i(b—a)/n). Here is a Mathematica subroutine, called SIMP, for implementing Simpson’s Rule:
n47s= Clear[a, b, n]

na7el= SIMP[a_, b_, n_] :=
(1/3)Sum[f[a + (21 -2) (b-a)/n] + 4F[a + (21-1) (b-a)/n] +
fla+ 21 (b-a)/n], {i, 1, n/2}] (b-a) /n
Example 7.2. Calculate the area under the function f(x) = x2 on [0, 1] using Simpson’s Rule for various values of n.

Solution: We use the same set of values of n as in the previous example. This will allow us to compare Simpson’s Rule with the
Trapezoidal Rule.

na77= F[X_] -= x2
TabIeForm[TabIe[{n, N[SIMP[O, 1, n]]}, {n, 10, 100, 10}],
TableHeadings - {{}, {"n", " sn"}}]

Out[478]/[TableForm=

n Sn
10 0.333333
20 0.333333
30 0.333333
40 0.333333
50 0.333333
60 0.333333
70 0.333333
80 0.333333
90 0.333333
100 0.333333

Notice how fast SIMP converges to the actual value of the integral (1/3) compared to TRAP.

Example 7.3. Calculate the definite integral of f(x)= sin(25 x2) on [0, 1] using Simpson’s Rule and approximate it to five
decimal places. What is the minimum number of partition points needed to obtain this level of accuracy?

Solution: We first evaluate SIMP using values for n in increments of 20.
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niaror= FIX_] 2= Sin[25 x?]
TableForm[TabIe[{n, N[SIMP[O, 1, n]]}, {n, 20, 200, 20}7],
TableHeadings » {{}, {"n", " sn"}}]

Out[480]//TableForm=

n Sn
20 0.0958943
40 0.10526
60 0.105526
80 0.105566
100 0.105576
120 0.10558
140 0.105582
160 0.105582
180 0.105583
200 0.105583

Based on the output our approximation, accurate to five decimal places, is 0.10558. This first occurs between n =100 to n = 120.
We evaluate SIMP inside this range to zoom in on the minimum number of partition points needed.

inas1= F[x_] == Sin[25 X2]
TableForm[TabIe[{n, N[SIMP[O, 1, n]]}, {n, 100, 120, 2}7],
TableHeadings » {{}, {"n", " sn"}}]

Out[482]//TableForm=

n Sn
100 0.105576
102 0.105577
104 0.105577
106 0.105578
108 0.105578
110 0.105579
112 0.105579
114 0.105579
116 0.10558

118 0.10558

120 0.10558

Thus, we see that the minimum number of points needed is n = 116. How does this compare with the minimum number of points
needed by TRAP to obtain the same level of accuracy?

NOTE: Observe that SIMP does not converge as fast in this example as in the previous example. This is because the function
f(x)= sin(25 x2) is oscillatory as the following graph demonstrates:



134 | Mathematica for Rogawski's Calculus 2nd Editiion.nb

ings3i= Plot[F[X], {X, 0, 1}]
1.0F

05F

out[483]=

—-05¢F

Try increasing the frequency of this function, say to sin(lOO xz), to see how well SIMP performs.

= 7.1.3 Midpoint Rule

Since most calculus texts include again the Midpoint Rule in the section on numerical integration, for completeness, we will too.
The Riemann sum using the midpoints of each subinterval is given by the following formula:

inaga= Clear [F]
MRSUM[a_, b _,n_] :=Sum[f[a+ (i-1/2) x (b-a) /n] %= (b-a) /n, {i, 1, n}]

Example 7.4. Calculate the area under the function f(x) = x% on [0, 1] using the Midpoint Rule for various values of n.

Solution:

nsel= FIX_] 1= X2
TabIeForm[TabIe[{n, N[MRSUM[O, 1, n]]}, {n, 10, 100, 10}],
TableHeadings -» {{}, {"n”, "Midpoint rule"}}]

Out[487]/[TableForm=

n Midpoint rule
10 0.3325
20 0.333125
30 0.333241
40 0.333281
50 0.3333
60 0.33331
70 0.333316
80 0.33332
90 0.333323
100 0.333325
m Exercises

1. Consider the definite integral flzln(x) dx.

a) Using the Trapezoidal Rule, Simpson's Rule, and Midpoint Rule, approximate this integral for n = 10, 20, ..., 100.

b) Compare how fast each subroutine (TRAP, SIMP, MRSUM) converges to fln(x)dx and decide which of these rules is
"best.”
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2. Repeat Exercise 1 for the following definite integrals:
a) Ki dx b) Llcos(xz) dx ) Llexz dx

x+1
Can you make any general conclusions about which rule (Trapezoidal, Simpson’s, Midpoint) is best?

3. For each of the functions given below, set up a definite integral for the volume of the solid of revolution obtained by revolving
the region under f (x) along the given interval and about the given axis. Then use the subroutines TRAP, SIMP, and MRSUM
to approximate the volume of each solid accurate to two decimal places (use various values of n to obtain the desired accuracy).

a) f (x) = cosx; [0, n/2]; x-axis b) f(x) = e*: 10, 1]; y-axisc) f(x) =sinx, [0, xr], X — axis

m 7.2 Techniques of Integration

Students should read Sections 7.2 trhough 7.4 and 7.6 of Rogawski's Calculus [1] for a detailed discussion of the material
presented in this section.

All calculus texts have at least a chapter devoted to "Techniques of Integration.” When using Mathematica, these techniques are
usually not necessary since Mathematica automatically gives you the answer.

m 7.2.1 Substitution

On occasion, we do need to use techniques of integration, even when using Mathematica.

Example 7.5. Evaluate the following integral: fzx V(@) -1 dx.

Solution: We evaluate this integral in Mathematica:

In[488]:= JZX '\/ (2%)2-1 dx

2X [T 4% ~ Log|2% + /~1+ 4% |
Log[4]

Out[488]=

To students in a first-year calculus course, this answer makes no sense. There are many integrals that Mathematica cannot

evaluate at all, or cannot evaluate in terms of elementary functions (such as the integral above). Some of these integrals are

doable in terms we should understand, once we first use an appropriate technique of integration. In the above example, all we
need to do is first make the following substitution: u = 2* and d u = (In 2) 2*d x, which transforms the integral to:

1
In[489):= — j\/ u?-1 du

Log[2]

TRV 2 _1
> u 1+u 2Log

Log[2]

U+\/—1+U2]

out[489]=

This is the correct answer. All we need to do is substitute 2* for u, and add the arbitrary constant of integration, getting:

2|_olg[2] ( ZXW - Log[2" + m] )+e

Note that the Mathematica function Log[x] is equivalent to the standard form In x.

m 7.2.2 Trigonometric Substitution
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Example 7.6. Evaluatef

X2\ x2-9

Solution: By hand, the integral dx would normally be evaluated with a trigonometric substitution of the form

x = 3secd. But with Mathematica, we can do this directly:

In[490]:=

J=e

9 X

Out[490]=

This, of course, is the correct answer, when we remember that Mathematica does not add an arbitrary constant to indefinite
integrals.

m 7.2.3 Method of Partial Fractions

Integrals of rational expressions often require the Method of Partial Fraction Decomposition to evaluate them (by hand). For
example:

(x+4)

f3x3 _f(x+4 x+1)dx 5In|x+4|-2In|x+1|=In L)

X2+5 x+4

On the other hand, Mathematica will give us essentially the same answer for this integral, but does its work behind the scenes
without revealing its technique:

3x-3

inf491:= Simpl ify[j dlx]

x2+5x+4

ous91)= -2 Log[1l+X] +5Log[4 + X]

If we would like to see the partial fraction decomposition of the integrand, Xi;’xi‘l, Mathematica will also do that for us without

strain by using the Apart command:

3x-3
In[492]:= Apart[ ]
x2+5%x+4
2 5
Out[492]= - +

1+X 4+X

2 x34x2-2 x+2

Example 7.7. Evaluatef
()<2+1)2

Solution: We simply evaluate this integral using Mathematica:

J2x3+ X2 -2x + 2
In[493]:= dx
(x2+ 1)°

4+ X 3 ArcTan[X]
out[493]= + +Log [1 + XZ]
2 (l + x2) 2
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3 y2_ .. R
ZXX2XE then this is straightforward
(x2+1)

But again, if we would like to see the partial fraction decomposition of the integrand,

with Mathematica:

2x3+ X2 -2x%x + 2
(x2+ 1)°

1-4x 1+2x

In[494]:= Apart[

]

Out[494]= +
(1+x2)%  1+x2

m Exercises

1. Evaluate f(l +In(x)) V 1+ (xIn(x))? dx with Mathematica. If it doesn't give an understandable answer, use a technique of
integration that changes the integral into one that Mathematica will evaluate.

In Exercises 2 through 5, use Mathematica to find the partial fraction decomposition of the given functions and then integrate
them:
. X2 +3x—44 . 3x2—4 x+5 4. 25 5. 10
(x=3) (x+5) (3x-2) (x=1) (x2+1) X (x2+2 x+5) X(x2+2 X+5)2

In Exercises 6 through 10, use Mathematica to evaluate the given integrals.

G.ILOZX 7.fx3\/9—x2 dx 8.

(-2

f L dx
V 25+x2

9. [sin®xdx 9. fta“_ltdt 10. [sinh® x cosh x d x

1412

m 7.3 Improper Integrals

Students should read Section 7.7 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

Recall that there are two types of improper integrals.

Type I: If we assume that f (x) is integrable over [a, b] for all b = a, then the improper integral of f (x) over [a, co) is defined as
f"f(x)clx = Iimtﬂogf(x)alx,
provided this limit exists. Similarly, we define
Potdx = lime o [Pf0dx,
provided this limit exists.
Type L1 If f (x) is continuous on [a, b) but discontinuous at x = b, we define
jabf(x)clx = Iimtﬁb_fatf(x)dx,
provided this limit exists. Similarly, if f (x) is continuous on (a, b] but discontinuous at x = a,
j:f(x)de = Iimt%a+ff(x)aix,
provided this limit exists. Finally, if f (x) is continuous for all x on [a, b] except at x = ¢, where a < ¢ < b, we define

j:f(x)clx= Iimm_f:f(x)clx+ Iimm+ff(x)dx,
provided both of these limits exist.
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By using the Limit command in Mathematica along with Integrate, Mathematica eliminates the drudgery of having to evaluate
these integrals by hand.

Example 7.8. Evaluate the following improper integrals:

a) g—idy
b) [“e X dx
c) Exlnxdx

1
d)f;1+X2 dx

Solution:

a) We evaluate

1
In[495]:= J'm— dy
20y

1
Integrate::idiv : Integral of — does not converge on {20, co}. >

y
1
Out[495]= Jw— dy
20y

Thus, evaluating this integral directly using Mathematica tells us it does not exist. Alternatively, we could have used the limit
definition:
t]1

In[496]:= Limit[f —dy, t-» oo]
20y

Out[496]= oo

Observe the difference in the two outputs above. Both correctly express the answer as divergent; however, the second answer is
better since it reveals the nature of the divergence (infinity), which is the answer we would expect if solving this problem by hand.

b) We evaluate

In[497]:= re‘z *dx
2

1

2t

Out[497]=
Again, we obtain the same answer using the limit definition (as it should):

t
In[498]:= Limit[j e?Xdx , to oo]
2

1

2t

Out[498]=

Mathematica will similarly handle discontinuities. In the following example, the function has a discontinuity at x = 0.

¢) We evaluate
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1
IN[499]:= J X Log[Xx] dx
o

Out[499]= — —

1
In[500]:= Limit[j x Log[x] dx, t- 0, Direction - —1]
t

, (t¢Reals || O0O<Re[t] <1 ||Re[t] >1) &&

AP

ous00l= ConditionalExpression [—

(%t eReaIs||Re[rtt] >0 ] Re{rtt] s—l)]

d) We evaluate

1
In[501]:= f d X
—o0 1+ X2

out[501]=  JT

Note that Mathematica does not require us to break the integral up into two integrals, which would be required according to its
definition, if evaluated by hand. On the other hand, there is nothing wrong with dividing this integral into two in Mathematica:

1 1
In[502]:= dx + Jm dx
o1 + X2 0 14+x?

out[502]= JT

NOTE: Observe that it does not matter where we divide the integral. It is valid to express fm L dx+ f L ix for the

1+x2 1+x2

integral f; lsz dx for any real value a as long as they are convergent. However, evaluating this sum in Mathematica yields

different expressions for the answer, which depend on the sign of a and whether it is real or complex. This is shown in the
following output:

iniso3;= Clear[a]

1 1
f t:11X+Jm dx
o1 + X2 a 1+x2

out[504]= ConditionalExpression[

% (JTH'LLog[lHia]—jl H

Conjugate[Log[l-ia]] Refa] ==0&&Im[a] <0

Log[l-1a] True
1 i ; .
- (eriLog[lfjla] . HConJugalte[Log[lﬂlaH Re[a] ==0&&Im[a] >0 ] 1.
2 Log[1l+ 1 a] True
Im[a] sl}

If instead, a is given a fixed value, then Mathematica will give us our answer of x:
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nBosi= a =1

1 1
ﬁ d1X+J0 dx
o1 + X2 a 1+x2

outs051= 1

Out[506]= JT

m Exercises

In Excercises 1 through 8, evaluate the given improper integrals:
01t 1 1 —x2
1 [* eotat 2. Yo dx 3. [ dx 4. [ xe™ dx

3 1 1 1 1
5. [y — dx 6. [ o dx 7. fﬂ@ dx 8. fxlvooz dx

11. Find the volume of the solid obtained by rotating the region below the graph of y = ¢ about the x-axis for 0 < x < co.

12. Determine how large the number b has to be in order that f"xz—lﬂ dx < .0001.

13. Evaluate the improper integral f_llﬁ dx.
X

14. Determine how large the number b should be so that sz_lu dx < .0001.

15. Consider the function defined by
G(x) = ["ttetdt

a) Evaluate G(n) forn=0, 2,, 3, 4, ..., 10. Make a conjecture about these values. Verify your conjecture.
b) Evaluate G((2n-1)/2),forn=1, 2, 3, ...10. Make a conjecture about these values. Verify your conjecture.
c) Plot the graph of G(x) on the interval [0, 5].

NOTE: The function G is called the gamma function and is denoted by I'[x]. In Mathematica it is denoted by Gamma[x]. The
gamma function was first introduced by Euler as a generalization of the factorial function.

m 7.4 Hyperbolic and Inverse Hyperbolic Functions

Students should read Section 7.5 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

m 7.4.1. Hyperbolic Functions

The hyperbolic functions are defined in terms of the exponential functions. They have a direct connection to engineering
mathematics, including bridge construction. For example, cables from suspension bridges typically form a curve called a
catenary (derived from the Latin word catena, which means chain) that is described by these functions.

The six hyperbolic functions are denoted and defined as follows:

eX—e¥ X+ e eX—e
5 coshx = > tanhx = ppe

sinhx =

eX+e7* 2 2
oyt sechx = prapet csch x = Py

cothx =
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The reason these functions are called hyperbolic functions is due to their connection with the equilateral hyperbola x? — y? = 1.
Here, one defines x = cosht and y = sinht. Hence, one obtains the basic hyperbolic identity cosh? t — sinh? t = 1, much the same
manner as the corresponding trigonometric identity cos?t + sin’t =1, when one considers the unit circle x? + y2 =1 with
x=costand y=sint.

In Mathematica, we use the same notation with the obvious convention that the first letter of each function is capitalized and
square brackets must be used in place of parentheses. Thus, sinh x will be entered as Sinh[x].

Example 7.9. Consider the hyperbolic sine function f(x) = sinh x.
a) Plot the graph of f.

b) From the graphs deduce the domain and range of the function.
c) Is f bounded?

d) Does f attain an absolute minimum? Maximum?

e) Repeat a) through d) for the hyperbolic function g(x) = cosh x
) Repeat a) through d) for the hyperbolic function h(x) = tanh x.

Solution: We begin by defining f in Mathematica:

ns071:= Clear [F, X]
f[x_] = Sinh[x]

outs08]= Sinh[X]
a) We next plot its graph on the interval [-3, 3].

iniso9r= Plot[F[X], {X, -3, 3}]

10+

Out[509]=

-3 -2 = r 1 2 3

_10f

b) The preceding graph indicates that the domain and range of sinh x is (—c0, o). To convince yourself, you should plot the graph
over wider intervals. We should also expect this from the definition of sinh x itself. Can you explain why?

¢) The function sinh x is not bounded. The graph earlier should not be used as a proof of this. However, we can evaluate its limit
at —oo and oo to see that this is indeed true.

ns10p= LIMIE[F[X], X » -]
Limit[Ff[X], X » o]

Out[510]= — oo
Out[511]= oo
d) The limits just computed show that sinh x has no absolute maximum or minimum since it is unbounded.

e) Next, we consider the hyperbolic cosine function denoted by cosh x.
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nis121= Clear[g, X]
g[x_] = Cosh[x]

our513)= Cosh [X]

nis14p= Plot[g[X], {X, -3, 3}]

10+

out[514]=

L I T 3

The preceding graph indicates that the domain of cosh X is (—co, c0). The range appears to be [1, o). Can you prove this?

The hyperbolic cosine function, cosh x, is not bounded from above. This can be seen from the following limits:

inis151:= Limit[Cosh[X], X » -]
Limit[Cosh[X], X » x]

Out[515]= co

Out[516]= co

Again, since cosh x is not bounded from above, it follows that cosh x has no absolute maximum. As we have observed in part b)
of this example, cosh x has absolute minimum value 1, attained at x = 0.

f) Finally, we consider the hyperbolic tangent function, tanh x:

nis171:= Clear [h, X]
h[x_1 = Tanh[X]

outs18)= Tanh [X]

1= Plot[h[Xx], {X, -3, 3}]

10+

05+

Out[519]= I I I | |

—-1.0+



Mathematica for Rogawski's Calculus 2nd Editiion.nb | 143

Again, the preceding graph indicates that the domain of tanh x is (—co, o). The range appears to be (-1, 1). This can be seen
from the following limits:

in5201:= Limit[Tanh[X], X » -]
Limit[Tanh[X], X » o]

out520= —1

outs21= 1

The graph of tanh x also indicates that it is strictly increasing on its domain. This can be proven by showing that its derivative,
which we will calculate later, is strictly positive. It is clear that tanh x has no absolute extrema.

NOTE: The reader will notice some similarities between the hyperbolic functions and the associated trigonometric functions.
Moreover, if one studies the theory of functions of a complex variable, the relationship between these classes of transcendental
functions becomes even more transparent; for numerous identities exist between the classes of functions.

m 7.4.2 ldentities Involving Hyperbolic Functions

It is immediate that the ratio and reciprocal identities for the hyperbolic functions coincide with their trigonometric counterparts.
In fact, for each trigonometric identity, there is a corresponding (not necessarily the same) hyperbolic identity. Following are
some examples.

Example 7.10. Show that the following identities hold true.
a) 1 — tanh? x = sech? x b) cosh(x + y) = cosh x cosh y + sinh x sinh y

Solution:
a) We use the definitions for tanh x and sech x to express each side of the identity in terms of exponentials:
nis22= Simplify[ (1 - Tanh[x]?) /. Tanh[x] » (EAX-E~(-X)) / (E~X+E"(-x))]
4 2%
Out[522]=

(1+e2%)?

nisz3= Simplify[Sech[x]? /. Sech[x] » 2/ (E"x+E" (-x))]

4
out[523) —8M88
(e +eX)2
2 X
We leave it for the reader to verify that both of these outputs agree, that is, ( 4e2 7 = (e’x4ex)2 (cross-multiply and then simplify).
1+e2* +

The identity can also be confirmed in Mathematica by evaluating the difference between its left- and right-hand sides, which
should equal zero:

niszap= Simplify[1 - Tanh[x]? - Sech[x]?]

outs24)= O

NOTE: We can also confirm the identity graphically by plotting the graphs of each side of the identity, which should coincide.
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nis2si= Plot[{1 - Tanh[x] "2, Sech[x] "2}, {X, -2, 2}]

Out[525]=

b) We again evaluate the difference between the left- and right-hand sides of the identity:

inis26l= Simplify[Cosh[X +y] - (Cosh[x] Cosh[y] + Sinh[x] Sinh[y])]

outs26]= O

m 7.4.3 Derivatives of Hyperbolic Functions

We next contrast the formulas for the derivatives of the trigonometric functions versus the formulas for the derivatives of the
companion hyperbolic functions.

Example 7.11. Compare the derivatives of the given pair of functions.
a) sinh x and sin x b) coshxand cosx  c)tanh x and tan x

Solution: We use the derivative command, D, to evaluate derivatives of each pair.
a)

ins271:= D[Sinh[X], X]
D[SiIn[X], X]

out527)= Cosh [X]
out528)= COS [X]
b)

ini5291:= D[Cosh[X], X]
D[Cos[X], X]

out529]= Sinh [X]
out[530)= —~SEN[X]
b)

nis31:= D[Tanh[X], X]
D[Tan[X], X]

outsa1= Sech[x]?

oussz= Sec[x]2
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It is clear that derivatives of hyperbolic and trigonometric functions are quite similar.

m 7.4.4 Inverse Hyperbolic Functions

In light of the fact that hyperbolic functions are defined in terms of the exponential functions, it is readily apparent that the
inverse hyperbolic functions are defined in terms of the natural logarithmic function. The inverses of the hyperbolic functions
have notation similar to those of inverse trigonometric functions. Thus, the inverse of sinh x is denoted by arcsinh x or sinh™ x.
In Mathematica, the notation is sinh™* x is ArcSinh[x].

Example 7.12. Plot the graphs of sinh™* x and sinh x on the same axis.

Solution: Recall that the graph of a function and the graph of its inverse are reflections of each other across the line y = x. This
is confirmed by the following plot of sinh™ x (in blue) and sin x (in red).

inis33= Plot[{Sinh[x], X, ArcSinh[x]}, {x, -3, 3},
PlotStyle » {Blue, Green, Red}, AspectRatio -» Automatic, PlotRange » {-3, 3}]

3 -
ol
1L
Out[533]= _ I I I I I
-3 -2 -1 — 1 2 3
b
of
3t
Example 7.13. Show that tanh™* x = é In(%) for—1<x<1.
Solution: We plot the graphs of y =tanh™* x and y = % In(%:) on the same axes. Note that Mathematica's notation of tanh™* x is

ArcTanh [x] and Iny is entered as Log[y]:
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1+X

In[534]:= Plot[{ArcTanh[x] , E Log[

]} {x, -2, 2}

3k

Out[534]= I I I
-2 -1 1 2

The fact that there is only one graph indicates that the functions are the same. We prove this by letting y = tanh™! x and solving

for y as follows. From y = tanh™! x we get x = eyfe:i . Now solving this last equation for y in Mathematica yields:

inis3s= Solve[X = (ENY -EN(-Y)) / (ERY +EN(-Y)), V]

Solve::ifun : Inverse functions are being used by Solve, so
some solutions may not be found; use Reduce for complete solution information. >

m”’ {yﬂog[m]}}

The first solution in the preceding output is imaginary, which we ignore, and consider only the second solution. Hence,

out[535]= {{y - Log [f

— N-l-x 14X 1 1
tanhtx =y= X ~In(:2)
V-1+x 1-x 2

NOTE: The message in the previous output refers to the fact that when solving equations involving inverse functions, not all
solutions are necessarily found by Mathematica since there may be infinitely many of them or they depend on the domain of
definition. For example, the equation sin x = 1 has infinitely many solutions, in particular all values of the form x=7/2 + 2 n,
where n is any integer. On the other hand, solving this equation in Mathematica yields only the solution in its principal domain,
that is, x =n/2:

inis3el= Solve[Sin[X] = 1, X]

Solve::ifun : Inverse functions are being used by Solve, so
some solutions may not be found; use Reduce for complete solution information. >

out[536]= {{x - g}}

m EXxercises

In Exercises 1 through 5, verify the given hyperbolic identities using the Simplify command. Also state the corresponding
trigonometric identity.

1. sinh(x + y) = sinh x cosh y + cosh x sinh y 2. cosh2x = cosh? x + sinh? x 3. tanh2x=li::—:::x
tanh x+tanh y

4. cosh(x + y) =cosh xcoshy + sonhxsinhy 5. tanh(x + y) = Tewnhxtanhy
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6. Determine the first few positive integral powers of cosh x + sinh x. Can you form a general conjecture for the nth case,
namely (cosh x + sinh x)", where n is any natural number? Then justify your conclusion via mathematical induction.

In Exercises 7 through 12, determine the derivatives of thegiven functions and simplify your answers where possible. Compare
your solution via paper and pencil methods with the one generated by Mathematica.

7. f(x)=tanh (1 +x?) 8. f(x)=xsinhx — coshx 9. f(x) = /_lljttaa::i

10. f(x) = x2sinh™%(2 x) 11. f(x)=xtanh > x + In (\/ 1-x2 ) 12. f(x) = x coth x — sech x

13. The Gateway Arch in St. Louis was designed by Eero Saarinen and was constructed using the equation
y = 211.49 — 20.96 cosh (0.03291765 x)

for the central curve of the arch, where x and y are measured in meters and | x| < 91.20.

a) Plot the graph of the central curve.

b) What is the height of the arch at its center?

¢) At what points is the arch 100 meters in height?

d) What is the slope of the arch at the points in part (c)?

14. A flexible cable always hangs in the shape of a catenary y = ¢ + acosh (x / a), where cand a are constants and a > 0. Plot
several members of the family of functions y = acosh (x / a) for various values of a. How does the graph change as a varies?

In Exercises 15 through 17, evaluate each of the given integrals:

. n cosh x sech? x
15. [sinhx cosh" x dx 16. [ dx 17. fzmnhx dx
18. Lett= In(“f) and define
2 . .
—— cosh(tn), if nisodd
o ={ \;? inh(tn), ifni
— sinh(tn), if niseven
NS inh(tn), if nisev
Evaluate f(n) forn=1, 2, 3, ..., 20. Do these values seem familiar? If not, we highly recommend the interesting article by

Thomas Osler, Vieta-like products of nested radicals with Fibonacci and Lucas numbers, to appear in the journal Fibonacci
Quarterly.



148 | Mathematica for Rogawski's Calculus 2nd Editiion.nb

Chapter 8 Further Applications of Integration

m 8.1 Arc Length and Surface Area

Students should read Section 8.1 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

m 8.1.1 Arc Length

The integrals for calculating arc length and surface area are generally difficult to do by hand. Thus, Mathematica is the appropri-
ate tool for evaluating these integrals.

If y is a function of x, that is, y = f (x), and f'(x) exists and is continuous on [a, b], then the arc length of the graph of f (x) over

the interval [a, b] is
L:jab\ll + (0% dx

If x is a function of y, that is, X = g (y), and g' (y) exists and is continuous on [c, d], then the arc length of the graph of g (y) over

the interval [c, d] is
L:jcd\/ fray? +1 dy

Example 8.1. Estimate the arc length of y = —i over the interval [1, 2].

Solution: Finding the arc length of this simple rational function by hand is virtually impossible. This is because ' (x) = _:12 and

thus the arc length integral is L = f 1+ 714 dx, which cannot be evaluated in terms of elementary functions, as the following

answer illustrates.

In[537]:= J‘"l + —4 dx

V2 Gamma Z

out[537]= 4 - E Hypergeometric2F1| -

3 Gamma > |

However, there are numerical techniques that we can use. For example, the Mathematica command NIntegrate uses sophisti-
cated algorithms to gives us a good estimate for this definite integral:

, —16

I\)ll—‘
AP
Al w

alo

1
In[538]:= Nlntegrate[ 1+ = {x, 1, 2}]
X

outs38= 1.13209

A more elementary method of estimating this arc length is Simpson's Rule as shown in Section 7.1 of this text.
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nis39:= Clear[F, a, b, n]
SIMP[a_,b_,n_, f_ ] :=
(1/3) Sum[f[a + (21 -2) (b-a)/n] + 4F[a + (21-1) (b-a) /n] +
fla+2i(b-a)/n], {i, 1, n/2}] (b-a) /n

1
nsat= F[X_] -= 1+ —
X4
TabIeForm[Table[{n, N[SIMP[1, 2, n, f]]}, {n, 10, 100, 10}],
TableHeadings » {{}, {"n", "Sy"}} ]

Out[542]//TableForm=

n Sh

10 1.1321
20 1.13209
30 1.13209
40 1.13209
50 1.13209
60 1.13209
70 1.13209
80 1.13209
90 1.13209
100 1.13209

Thus, we see that Simpson's Rule gives us as accurate an estimate of the arc length, as does the NIntegrate command for n as
small as 20.

Example 8.2. Consider the the ellipse whose equation is given by

Assume that a > b. Find the arc length of the upper half of the ellipse.
Solution: To plot the ellipse for various values of a and b, we define a plotting command plot[a,b] as follows.

nis43:= Clear[a, b, X, y, eq, plot]
X2 y2
eq[x_,yY ,a ,b_1:= ; +E -1
plot[a_, b_] := ContourPlot[eq[X, V¥, a, b] ==0, {x, -a, a}, {y, -b, b},
AspectRatio » Automatic, Axes - True, Frame - False]

Here is a plot of the ellipse fora=2and b = 3.
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inis46l= plot[2, 3]

Out[546]=

On the upper half of the ellipse, we have y = 0. Thus, we can solve for y and and take the positive solution. We will denote this
positive solution as a function of x, a, and b.
X2 y2
ns471= sol = Solve|— + — =1, y] ;
az2 b?
f[x_,a_,b_]=sol[[2,1, 2]]

b4/ a? - x2

a

Out[548]=

Clearly, the domain of f is [-a, a]. The natural thing to do would be to evaluate the integral fa\/ 1+ (f'(x)? dx. Try this
yourself, but be prepared to wait awhile. Moreover, Mathematica will give the following output:

1
If[lm[a] - 08&& alm{i} > 1
-a%+b?
1+alm[;]50||alm{;}::0||aRe[ ! ]qto,

-a2+b? \/ -a? + b? a2+ b?
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a)3/2 4/ b2 ElllpthE{ 7%] Signia] b2 x2
, Integrate 1+——, {X, -a, a},

4 2 2
/ a*-a?x
—ab?

Assumptions > (Re[b] - 0&&Re[a] + 0&& Im[a] = 0&& Im[b] #0) || Im[a] <0 || Im[a] >0H

To understand this output, let us make a change of variable x = asin t. Then the integral becomes (verify this)

LV1+(f'(x)? dx=a / bzs'”t costdt

The latter integral can be expressed as

2a [ |1+ bzsmt costdt =2a [ \/coszt+(b2/a2)sm tdt=2a["y1-csin’t dt,

where ¢ =4/ 1 - (b/a)? and we have used the identity cos?t =1 — sin’t.

To simplify our notation, let us define the integrand in the preceding far left integral as

nsa9= glt_, a_, b_] =\/1- (1- (b/a)?) (Sin[t])?

b2
1-—

Sin[t]?
a2

out[549]= 1-

Here are some values of the arc length of the upper half of the ellipse.

7T/ 2
In[550]:= TableForm[Table[Zaj g[t, a, bjdt, {a, 1, 3}, {b, 1, 3}] ,
0

TableHeadings -» {{'"a=1", "a=2", "a=3"}, {"b=1", "b=2", "b=3"} }]

Out[550]//TableForm=

| b=1 b=2 b=3
a=1 7T 2ElNipticE[-3] 2ElNipticE[-8]
a=2 | 4EllipticE[Z] 27 4ElNipticE[- 2]
a=3 | 6EllipticE[S]|  6EllipticE[:] 3n

Observe that we obtain exact values for the arc length when a =b. Can you explain why?

The approximate values of the numbers appearing in the preceding table are as follows:

gt/ 2
— TableForm[N[Table[Zaj glt. a, b] at, {a, 1,3}, (b, 1, 3}], 10],
0

TableHeadings » {{"a=1", "a=2", "a=3"}, {"b=1", "b=2", "b=3"} }]

Out[551)//TableForm=

b=1 b=2 b=3
3.141592654 4.844224110 6.682446610
4.844224110 6.283185307 7.932719795
6.682446610 7.932719795 9.424777961
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NOTE: The integral | v/ 1-c?sin*t d't is known as an elliptic integral. It is very useful in mathematics and has many applica-

tions. In Mathematica, it is denoted by Elliptic[t,c”~2]. The command Elliptic[x,m] gives Lx\/ 1-msin?t dt, while Elliptic[m]

gives g/zx/ 1-msin?t dt.

m 8.1.2 Surface Area

If f'(x)exists and is continuous on [a, b], then the surface area of revolution obtained by rotating the graph of f (x) about the x-
axisfora< x < bis

s=27 [P0V 1+ [f' (0P dx

Similarly, if x=g(y) and g'(y) exists and is continuous on [c, d], then the surface area of revolution obtained by rotating g (y)

about the y-axisforc < y < d is
s=2x [famVIg' WP+ 1 dy

Again, evaluating these complicated integrals is what Mathematica does best, as the following examples illustrate.

Example 8.3. Determine the surface area of revolution obtained by rotating the region under y = ¢ * along the interval [0, 2]
about the x-axis.

Solution: We calculate

iniss21= Clear [F, X]

f[x ] := ¥
2
S = 27rjf[X] \/1+ £ [x]?% dx
(6]
1 2 2
oulgsl= — 4:24/2 - - +Log[3+2\/?]7Log[2+e4+2\/1+e4]
1+e? e*\1+e?
in5551= N[%]

out555)1= 6.35887

Here is the corresponding surface of revolution (rotated 90 ° about the y-axis):
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inssel= RevolutionPlot3D[E™, {Xx, 0, 2}]

1.0,

0.8"

Out[556]= 0.6+
0.4
0.2}

(]

NOTE: Observe that in this case Mathematica was able to find an anti-derivative of the integrand. However, not all integrals of
this form can be evaluated analytically as the next example illustrates.

Example 8.4. Determine the surface area of revolution obtained by rotating the region under y = tan x along the interval [O, g ]

about the x-axis.
Solution: As in the previous example, we evaluate

niss71:= Clear [F, X]
f[x_]1 := Tan[Xx]

Nlntegrate[27rf[x] Vi1+ £ [x1%2, {x, 0, Pi /4}]
outj5591= 3.83908

To appreciate the complexity of the integral and understand why we used the command NiIntegrate, we advise the reader to
define the anti-derivative F[t] below and evaluate F[x/4] (be prepared to wait awhile).

iniseol= FL[E_] = Integrate[f[x] \/ 1+ F7[x]%, {x, 0, t}]

Here is the corresponding surface of revolution:
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nise1:= RevolutionPlot3D[Tan[x], {X, O, Pi/4}]

J10
Jos
out[561]= 0.0
{]Io-' g
m Exercises

In Exercises 1 and 2, calculate the arc length of the given function over the given interval:
1. y=x4 over[l, 2] 2. y=sinx, over |0, 127]

3. Calculate the arc length of the astroid x%3 + y?® =1. Below is a plot of its graph. Hint: By symmetry it suffices to calculate
only the portion in the first quadrant.

nise2i= ContourPlot[ (Xx"2)N(1/3) + (y*2)~(1/3) =1, {x, -1, 1}, {y, -1, 1}]

10 \ T \ —

0.5 -

0.0 -

out[562]=

—-05+ |

10 [ | | L

-1.0 -0.5 0.0 0.5 1.0

4. Show that the circumference of the unit circle is 2z by calculating its arc length. Use the fact that the equation of the unit
circleis given by x% +y?=1.
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In Exercises 5 through 7, compute the surface area of the given functions rotated about the x-axis over the given intervals:

5. y=x3+ é over[1,4] 6. y=(4- x2/3)2/3 over [0, 8] 7. y=cosX, over [0, ]

8. Show that the surface area of the unit sphere is 4 by rotating the top half of the unit circle x? + y? = 1 about the x-axis.

m 8.2 Center of Mass

Students should read Section 8.3 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

A lamina is a thin plate whose mass is distributed throughout a region in the plane. Suppose a lamina has a constant density o and
that the lamina occupies a region in the plane under the graph of a continuous function f over the interval [a, b], where f(x) =0
for all x.

The mass of the lamina is given by

M :pff(x)a?x

Then the moments of the lamina with respect to x-axis and y-axis are denoted by M, and M, and are defined by

My =5 o [Tf0OP dx

My:pj:x f(x)dx
The center of mass (also called the centroid) of the lamina is defined to be (X, y), where

My
M

<

X

X=—andy=

2|

NOTE: If the lamina described above as a density p that continuously depends on X, that is, if p = p(x) for x in the interval [a, b],
then the moments, the total mass, and the center of mass are given by

M = [*p(x) f(x) dx

My =3 [ p0OLT 001 dx

My = bep(x) f(X)dx

<

X

My

X=r andy=

2|

Example 8.5. Suppose a lamina lies underneath the graph of y = 16 — x? and over the interval [-4, 4].

a) Assume the density of the lamina is p = 3. Find the mass, moments, and the center of mass of the lamina.
b) Assume the density of the lamina is p = g + 2. Find the mass, moments, and the center of mass of the lamina.

Solution:

a) We use the above formulas with p = 3:
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nsesf= FIX_] = 16 - X2
outse3= 16 - X2

The mass is given by

inse4= M = 3 rf[x] dx
-4

out564]= 256

The moment with respect to the x-axis is

ins65l= MX = (37 2) r (F[x])? dx
-4

8192

out[565]= ———

The moment with respect to the y-axis is

iniseel= My = 3 rx f[x] dx
-4
outs66l= 0
The coordinates for the center of mass are

inise7:= Xbar = My / M
ybar = Mx /M
outs671= 0
32

Out[568]= —

Observe that the region of the lamina is symmetric with respect to the y-axis. Hence, the fact that X = 0 is also clear from the fact
that the density is a constant.

Below is the plot of the lamina and its center of mass:

nseol= plotl = Plot[F[Xx], {X, -4, 4}, Filling » Axis];
plot2 = ListPlot[ {{xbar, ybar}}, PlotStyle » {PointSize[0.02], Red}];
Show[plotl, plot2]

out[571)= 4 ' i

1

E =

1. |
(%]
%)
-
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b) Here, p = x + 4. With the above notation we have

16 - X2
X

inis721= FIX_]

p[Xx_1 +2

oul572- 16 — X2

X
outj573]= 2 + —

The mass is

in[s741= Mv = rp[x] f[x] dx
-4

512

Out[574]= ——
The moment with respect to the x-axis is

in5751:= MXv = (1/ 2) rp[x] (F[x])2 dx
-4

16384
15

out[575]=

The moment with respect to the y-axis is

in576l= Myv = fp[x] X F[X] dx
-4

2048

Out[576]= ——

The coordinates for the center of mass are

ins771:= Xbarv = Myv / M
ybarv = Mxv / M

8
Oout[577]= —
15
64
out[578]= —
15

Here is a plot of the lamina showing the center of masses with the uniform density of p = 3 and variable density of p = —: +2

represented by the red and green dots, respectively.
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nis791= plot3 = ListPlot[{{ xbarv, ybarv}}, PlotStyle » {Green, PointSize[.02]}];
Show[plotl, plot2, plot3]

== .
-~ 15 e,

4 h

out[580]=

_4.. _2. . . .: ..4

NOTE: Observe that the center of mass with variable density (green dot) is shifted to the right, as expected, since the density is
more weighted to the right.

Example 8.6. Suppose a lamina covers the top half of the ellipse

X2 y?

ERATI
a) Assume the density of the lamina is p = 1. Find the mass, moments and the center of mass of the lamina.
b) Assume the density of the lamina is p = e*. Find the mass, moments and the center of mass of the lamina.

Solution: To distinguish between the uniform and variable density cases in parts a) and b), respectively, we attach the letter u
and v to the notation in this solution. Thus, Mu will be the mass corresponding to the uniform density while Mv is the mass
corresponding the variable density.

a) We solve the equation of the ellipse for y:

nss1= Clear[a, b, X, Y]
%2 2
sol = Solve[— + Y =1, Y]
a2

b2

b/ a? - x? b/ a? - x?

_z = S R
a a

o by })

In the top half of the ellipse , we have y = 0. Thus, we take the second solution, simplify, and define it as a function of x, a, and b

out[582]= {{y -

nss3= Fa[x_,a , b ] :

Let the mass, the moment with respect to the x-axis, the moment with respect to the y — axis, and the center of mass be denoted
by M(a, b), My(a, b), My(a, b), and (X(a, b), ¥(a, b)), respectively. We now compute these quantities assuming p = 1.
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niss4= Clear[a, b, Mua, Mxua, Myua, xbaru, ybaru]

Muala , b ] = rfa[x, a, b] dx
-a

Mxua[a_, b_]

(1/72) r (Fa[x, a, b])2dx

Myuala_, b_] = Fxfa[x, a, by ax
-a
abr
Out[585]=
2 ab?
Out[586]=
out5871= 0
Myuala, b
inisssl= Xbaruaf[a_, b_] = L
Muala, b]
Mxuala, b]
ybaruala ,b ] = ——
Muala, b]
outj588]= 0
4b
Oout[589]= ——
37

That X =0 is also clear from the fact that the density is a constant and the upper half of the ellipse is symmetric with respect to
the y —axis.

The mass of the lamina, the moments of the lamina with respect to the x- and y-axis for various values of a and b are as follows:
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ins901= umassa = TableForm[Table[Mua[a, b], {a, 1, 3}, {b, 1, 3}],
TableHeadings -» {{"a=1", "a=2", "a=3"}, {"'b=1", "b=2", "b=3"}}1;
uxmomenta = TableForm[ Table [Mxua[a, b] , {a, 1, 3}, {b, 1, 3}7],
TableHeadings -» {{"a=1", "a=2", "a=3"}, {"'b=1", "b=2", "b=3"}}1;
uymomenta = TableForm[ Table[Myuala, b] , {a, 1, 3}, {b, 1, 3}1 ,
TableHeadings -» {{"a=1", "a=2", "a=3"}, {"b=1", "b=2", "b=3"}}1;
TableForm[ {umassa, uxmomenta, uymomenta},
TableHeadings -» {{"'Mass", ""x-moment", "y-moment"}, {}}]

Out[593]//TableForm=

b=1 b=2 b=3
a=1 z s 3x
2 2
Mass a=2 7T 27 3
3 9
b=1 b=2 b=3
a=1 2 8 6
X-moment 2 ie
a=2 3 3 12
a=3 2 8 18
b=1 b=2 b=3
_moment |2=1 0 0 0
y a=2 | o 0 0
a=3 0 0 0

The corresponding y-coordinate of the center of mass in each case is (recall that X = 0 for all cases)

Mxuala, b]

Inj594]= centermassua = Table[ , {a, 1,3}, {b, 1, 3}];

Muala, b]
TableForm[centermassua,
TableHeadings -» {{"a=1", "a=2", "a=3"}, {"b=1", "b=2", "b=3"}}]

Out[595]//TableForm=

| b=1  b=2  b=3
al | 3 5
a2 | 5 3
a3 | 5 5

The following animation shows how the center of mass changes as a and b varies.

nsoel= plotdafa_, b_] :=
Plot[f[x, a, b], {x, -a, a}, PlotRange » {{-5, 5}, {-15, 15}}, Filling » Axis];
Myuala, b] Mxuala, b] }}

plotsafa_, b_] := ListPlot|[{{ Muafa, b] ~ Muala, b]

PlotStyle » {Red, PointSize[0.02] }]
plotuala_, b_] := Show[plotd4a[a, b], plotba[a, b]]
Important Note:: If you are reading the printed version of this publication, then you will not be able to view any of the anima-

tions generated from the Animate command in this chapter. If you are reading the electronic version of this publication format-
ted as a Mathematica Notebook, then evaluate each Animate command to view the corresponding animation. Just click on the
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arrow button to start the animation. To control the animation just click at various points on the sliding bar or else manually drag
the bar.

inse91= Animate[plotuala, b], {a, 1, 8}, {b, 1, 10}]

“ SFIEEIE]
: S MEEIE]

15

10

(&)

Out[599]=

-10

-15

b) Here, p = e7*. With the above notations modified to reflect variable density, we have

neoo= Clear[a, b, Mv, Mxv, Myv, xbarv, ybarv]
o[x ] =E*

Mvbla , b ] = ﬁp[x] fa[x, a, b] dx
-a
Mxvb[a_, b 1= (1/2) rp[x] (fa[x, a, b])2dx
-a

Myvbla_, b ] = rp[x] x fa[x, a, b] dx
-a

outjeo1}= e

oueoz)= ConditionalExpression[b rBessell[1, a], a > 0]

2 b? (aCosh[a] - Sinh[a])

out[603]=

a2

outeo4)= ConditionalExpression[-ab nBessell[2, a], a > 0]
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Myvb[a, b]
ineosi= xXbarvb[a_, b_] = ————
Mvbla, b]
Mxvb[a, b]
ybarvia ,b ] = —mM8—
Mvb[a, b]

aBessell [2, a]

outeos)= ConditionalExpression [— , a> 0}

Bessell [1, a]

2b (aCosh[a] -Sinh[a])

out[606]= ConditionalExpression[ , a> 0}

a2 nBessell[1, a]

Observe that the formulas for the mass and moments of the lamina are no longer elementary. Here is a table of numerical values
for these quantities assuming various choices for a and b:

neo71= umassb = TableForm[Table[Mvb[a, b], {a, 1, 3}, {b, 1, 3}],
TableHeadings -» {{"a=1", "a=2", "a=3"}, {"b=1", "b=2", "b=3"}}];
uxmomentb = TableForm[ Table[Mxvb[a, b] , {a, 1, 3}, {b, 1, 3}],
TableHeadings -» {{"a=1", "a=2", "a=3"}, {"b=1", "b=2", "b=3"}}];
uymomentb = TableForm[ Table[Myvb[a, b] , {a, 1, 3}, {b, 1, 3}1 ,
TableHeadings -» {{"a=1", "a=2", "a=3"}, {"b=1", "b=2", "b=3"}}1;
TableForm[N[ {umassb, uxmomentb, uymomentb}],
TableHeadings -» {{''Mass", "x-moment", "y-moment™}, {}}]

Out[610]//TableForm=

b=1 b=2 b=3
Mass a=1 1.7755 3.551 5.3265
a=2 4.99713 9.99427 14.9914
a=3 12.4199 24.8398 37.2596
b=1 b=2 b=3
X_moment a=1 0.735759 2.94304 6.62183
a=2 1.94877 7.79506 17.5389
a=3 4.48558 17.9423 40.3702
b=1 b=2 b=3
y-moment a=1 -0.426464 -0.852928 -1.27939
a=2 -4.32879 -8.65758 -12.9864
a=3 -21.1606 -42.3213 -63.4819
The coordinates for the center of mass are
n11]:= centermassvb = N[Table[{Mbe[a’ bl Mxvbla, bl } {a, 1, 3}, {b, 1, 3}”
Mvb[a, b] Mvb[a, b]

outeli= {{{-0.240194, 0.414395}, {-0.240194, 0.828791}, {-0
({-0.866255, 0.389977}, {-0.866255, 0.779953}, (-0
({-1.70377, 0.361161}, {-1.70377, 0.722323}, {-1.7

.240194, 1.24319} },
.866255, 1.16993}},
0377, 1.08348} 1}

Here is a plot showing the two centers of mass with for uniform and variable density.
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In[612]:=
plotdb[a_, b_] :=Plot[f[Xx, a, b], {x, -a, a},
PlotRange -» {{-8, 8}, {-1, 8}}, AspectRatio -» Automatic, Filling » Axis];
Myvb[a, b] Mxvb[a, b] }}
Mvbla, b] ’ Mvb[a, b] ’
PlotStyle -» {Green, PointSize[0.02] }]

plotSbla_, b_] := ListPIot[{{

plotvb[a_, b_]1 :=Show[plotdb[a, b], plotsb[a, b]]

Important Note: If you are reading the printed version of this publication, then you will not be able to view any of the anima-
tions generated from the Animate command in this chapter. If you are reading the electronic version of this publication format-
ted as a Mathematica Notebook, then evaluate each Animate command to view the corresponding animation. Just click on the
arrow button to start the animation. To control the animation just click at various points on the sliding bar or else manually drag
the bar.

ne1sp= Animate[plotvb[a, b], {a, 1, 8}, {b, 1, 8}]

“ FIEEIE]
" JMEFEIE]

8 —
6 |
Oout[615]= [
4 |
2 |
| I |
-5 L 5
m Exercises

1. Suppose a lamina is lying underneath the graph of y = 1 + x? over the interval [0, 2] .

a) Assume the density of the lamina is p = 3. Find the mass, moments, and the center of mass of the lamina.
b) Assume the density of the lamina is p = 2 x. Find the mass, moments, and the center of mass of the lamina.
c) Plot the lamina and the center of mass on the same axes for both parts a) and b) above.

2. Suppose a lamina of constant density p = 2 is in the shape of the astroid x%® + y*3 =1. Find its mass, moments, and center
of mass. Plot the lamina with its center of mass.
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Chapter 9 Introduction to Differential Equations

m 9.1 Solving Differential Equations

Students should read Section 9.1 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

An ordinary differential equation is an equation that involves an unknown function, its derivatives, and an independent variable.
Differential equations are useful for modeling many physical phenomena some of which are discussed in the next section.

Given a differential equation, our objective is to find all functions that satisfy it. Mathematica's command for solving a differen-
tial equation is DSolve[egn,y[x],x] where eqn is the differential equation to be solved and y[x] is the unknown function that
depends on the independent variable x.

If the differential equation has initial conditions, we use braces { } to group the equation as well as the initial conditions (separated
by commas): DSolve[{eqn,condl,cond2,...,condn},y[x],x], where condl, cond2,...,condn are initial conditions.

m 9.1.1. Separation of Variables

As discussed in your textbook, there is a special class of first-order differential equations that can be solved by hand using the
method of separation of variables. Mathematica can help in applying this method but of course it can solve the differential
equation outright. This makes Mathematica useful for verifying solutions obtained by other methods or for solving more compli-
cated differential equations. Since your textbook focuses on solving differential equations by hand, we will primarily discuss
how to solve them using Mathematica.

Example 9.1. Solve the given differential equation and plot the graph of the solutions.

a) y'=24-y), y0)=1 b) V1-x® y'=xy c)yg—i +5x =0

Solution:

a) This is an initial value problem. Let us first solve this differential equation by hand using the method of separation of vari-

ables:

dy _ v o__
&_2(4—y) = i 2 dx

dy
fﬁ = —f2 dx
log|y-4] =-2x+C
| y— 4| — @ 2x+C _ oC g-2x
y—4=+eCe?X=Ce 2% (xe replaced by C)
This shows that the general solution is given by

y=Ce2*+4

It remains to determine the value of the constant C using the initial condition y(0) = 1 (recall from your textbook that each value
of C corresponds to a particular solution):

1=y(0)=Ce?°+4=C+4
Thus, C = =3 and the unique solution is

y=-3e2%X+4
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Next, let us confirm this solution using Mathematica. Recall that when entering a differential equation in Mathematica, we write
y[x] instead of y to make explicit the dependence on Xx.

ine161= sola = DSolve[{y"[X] =2 (4-Y[X])}, YI[X], X]
out[616]= {{y[x] >4 +e?XC[1] }}
This solution agrees with the solution obtained earlier by hand (the arbitrary constant C[1] is the same to the constant C). We can

visualize the behavior of the particular solutions by plotting some of their graphs for different values of C[1]. First, let us define
the general solution to be g(x, c¢), where ¢ = C[1] as follows (see Section 1.2.3 to learn how to extract elements from lists):

ne17:= Clear[g, X, C]
g[x_,c ]=sola[[l,1,2]]1/.C[1]~»cC

outsigl= 4 + C @ 2%

We then plot the one-parameter family of solution curves by combining the graphs of g(x, c¢) forc = -5, -4, ..., 5.

ne1o1= plotgeneralsolution =
Plot[Table[g[X, c], {Cc, -5, 5}1, {X, -2, 2}, PlotRange -» {-20, 20}, ImageSize - 250]

20

outl19l= . . e
-2 - 1 2

ool
Can you explain how the graph of g(x, c¢) varies as ¢ varies? Which c value corresponds to the top graph?

Next, to find the unique particular solution satisfying the given initial condition y(0) = 1, we solve the equation g(0, c¢) = 1 for c:
ne201= Solve[g[0, c] =1, C]

oute20)= {{C - -3}}

Thus, our unique solution is y = ~3e~2% + 4. This agrees with the solution we obtained earlier by hand. Of course, Mathematica
can solve for the unique solution on its own, bypassing the algebraic steps involved:

ne21)= sola = DSolve[{y"[X] =2 (4-Y[X]), YI[O] =1}, y[X], X]

out621]= {{y[x] - e 2X <73+4ezx)}}

However, this unique solution does not appear to be the same as the one we obtained earlier. To remedy this, let us extract
solution from the output and define itas y = f(x):

ne221= F[x_] = sola[[1l, 1, 2]]

oute22)= e 2% (—3 +4 ezx)

We then apply the Expand command to simplify f(x):
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ine23= Expand [F[X]]
oute23)= 4 - 3 @ 2%

Thus, the unique solution obtained by Mathematica is the same as the one obtained by hand. Here is the plot of the unique
solution:

ne241= plotuniquesolution = Plot[f[x], {X, -2, 2},
PlotRange -» {-20, 20}, PlotStyle » Thickness[0.01], ImageSize -» 250]

20

out[624]= ‘

,20 L

Lastly, we combine plots of the general solution and the unique solution to show where the latter (bold graph) is situated in the
former:

ne2s:= Show [ {plotgeneralsolution, plotuniquesolution}, ImageSize - 250]

20

outl62s)= v e
-2 - 1 2

20t

b) From this point on, we shall skip using the method of separation of variables, which we leave for the reader to employ, and
proceed directly to solving all differential equations using Mathematica as in part a) above.

ni626= solb = DSoIve[\/ 1-x% y"[X] =XY[X], Y[X], x]
out[626]= {{y[x] - e'm Cr1] }}

Again, we can visualize the behavior of these particular solutions by plotting graphs of some particular solutions corresponding
to different values of C[1]. As before, we define the general solution to be g(x, c), where c = C[1].

ne271= Clear[g, X, C]
g[x_,c_]=solb[[1,1,2]]/-C[1l]>C

2
oue28l= € e V1%

We then make a combined plot of the graphs of g(x, ¢) forc=-5, -4, ..., 5.
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ne20;= Plot[Table[g[X, c], {c, -5, 5}1, {X, -2, 2}, ImageSize » 250]

out[629]=

y\.

¢) We again use Mathematica to directly obtain the solution:

ine30):= Clear[y]
solde = DSolve[ y[X] Yy "[X] -5Xx =0, y[X], X]

oue3L]= {{y[x] 5 -+/5x2+2C[1] } {y[x] 545x2+2C[1] }}

Observe that the two solutions, which we denote by f (x, ¢) and g(x, c), differ only in sign:

ine3z21= FX_,
gx_,

oute32)= v/ 2 C + 5 X2
oue33= -~/ 2 C + 5 X2

The following two plots show the graphs of f(x, ¢) and g(x, ¢) corresponding to ¢ = -50, —-40, ..., 0, ..., 40, 50.

solde[[2, 1,2]] /-C[1] »cC

c_]-=
c_] =solde[[1,1,2]]1/-C[1l]~»C

ne34:= Plot[Table[f[X, c], {c, -50, 50, 10}],
{X, -5, 5}, PlotRange -» {0, 10}, ImageSize -» 250]

out[634]=
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ness= Plot[Table[g[X, c], {c, -50, 50, 10}],
{x, -5, 5}, PlotRange -» {-10, 0}, ImageSize -» 250]

4 2

out[635]=

Observe that the two solutions y = — 5x? + 2¢ and y =y 5 x? + 2 ¢ can be represented by a single equation:
y2-5x2=2¢

which describes a family of hyperbolas. Here is a contour plot of this equation. Observe that it nothing more than a combination
of the two plots above as to be expected.

nisssi= ContourPlot[y® - 5%, {x, -5, 5}, {y, -10, 10}, Frame - False,
Axes -> True, ContourShading -» False, Contours - 10, ImageSize » 250]

10+

Out[636]=

b3
.

—-4-”.—-2

m EXxercises

In Exercises 1 through 8, solve the given differential equations. If initial conditions are also given, then plot the unique solution.
If not, then make a combine plot of several particular solutions by choosing various values of the arbitrary constant. Then
describe the graphs and explain how they vary as the arbitrary constant varies.

L (1+x®)y'=x2y; y0)=2 2. y'+3x4y?2=0; y(0)=1
3.y +y=-1y0)=-1 4. y'+3y=sinx; y(0)=0
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5. y'=-2xy (bell-shaped curves) 6. 16yy'+9x=0
7.y - y=y2 8.2xyy' —y?+x2=0

9. Consider the differential equation
@B+2y)y'=2-¢% y0)=a

a) Solve the equation.

b) Plot the graphs for values of a=-2, -1, 0, 1, 2.

c) Plot the graphs for the values ofa=-.5, -.1, .1, .5.

NOTE: For parts b) and c), make sure to use a sufficiently large interval for x.

10. Consider the differential equation

y=xyb-y)/@+x, y0=a

a) Solve the equation.

b) Plot the graphs for values ofa=-2, -1, 0, 1, 2 andb=-2, -1, O, 1, 2.

c) Plot the graphs for the values ofa=-.5, -1, .1, 5andb=-.5 -1, .1, 5

d) Show that the limitas x —» oo of the solution does not depend on a. Does the limit depend on b? If so, how?

11. Suppose a skydiver falls from rest toward the earth and assume that the air resistance caused by his open parachute is propor-
tional to the square of his velocity v with proportionality constant k (we neglect air resistance due to the skydiver himself). A
model for describing the skydiver's velocity after his parachute opens is then given by the differential equation

where m is the mass of the skydiver and g = 9.8 meters/sec? is his acceleration due to gravity.

a) Solve the equation assuming an initial velocity v(0) = vo.

b) Suppose that for a particular skydiver m = 70 kg and k = 30 kg/meter. Solve the equation again using these values and plot the
particular solutions for the following values of vq: 0, 2, ..., 10.

¢) What is the skydiver's limiting (terminal) velocity as t — oo for each of the particular solutions in part b)? Does it depend on
Vo?

d) Find a formula for the terminal velocity in terms of m, g, and k.

12. Recall that the first-order linear differential equation y' + y = 0 has solution y = C e *. Solve the following higher-order
generalizations of this equation:

ay"+2y'+y=0

by y"+3y"+3y'+y=0

QYD +4y"+6y"+4y' +y=0

d) Do you recognize the coefficients involved in the differential equations above? What would be the next differential equation
(of order 5) that follows this pattern? Solve this differential equation to verify that its solution follows that same pattern exhibited
in parts a) through c).

m 9.2 Models of the Formy'=k(y —b)

Students should read Section 9.2 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

NOTE: The differential equations we encounter in this section can be solved by the method of separation of variables and is
discussed in the text. We leave it to the reader to solve the examples in this section by hand to verify the solutions obtained using
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Mathematica.

m 9.2.1. Bacteria Growth

The growth of bacteria in a culture is known to be proportional to the amount of the bacteria present at time t. Suppose the initial
amount of the bacteria is yo and the amount at time t is y(t). Then the above physical law is modeled by the differential equation

y'=ky,  y0)=yo
where K is the proportionality (growth) constant. Such a model exhibits exponential growth as can be seen from its solution below:

ne371:= Clear [K]
DSolve[{y"[X] = k*Yy[X], Y[0] = yO0}, Y[X], X]

outsas= {{y[x] > e**y0}}
NOTE: Since the bacteria is growing in number, y(t) is increasing and hence y' (t) > 0. Thus, k must be a positive number.

Example 9.2. Suppose the amount of bacteria in a culture was 200 at time t = 0. It was found that there were 450 bacteria after 2
minutes.

a) Find the amount of the bacteria at any time t.

b) At what time will the number of bacteria exceed 10,000?

Solution:
a) First, note that y(0) = 200 and y(2) = 450. We solve the differential equation y' = k y with the former as the initial condition:

ne39= Clear[y, t, K]
solde = DSolve[{y " [t] = ky[t], y[0] =200}, y[t], t]

outsaol= {{y[t] - 200 e *}}

ne4= F[t_] = solde[[1, 1, 2]]
oufsatl= 200 ekt

To find the value of k we solve f(2) = 450 for k.
ne42)= solk = Solve[f[2] == 450, K]

Solve::ifun : Inverse functions are being used by Solve, so
some solutions may not be found; use Reduce for complete solution information. >

1 9
u = k->—L —
out[642] {{ 92 09[4”}

ine43:= N[%]
oute43= { {k - 0.405465} }

Thus, the proportionality constant is k =% In(9/4) ~ 0.405465. Substituting this value into y(t), we see that the amount of

bacteria at a given time t is

y(t) =200 60'405465t

b) To find the amount of time it takes for the bacteria to exceed 10,000, we solve
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neaa= Kk = soblk[[1, 1, 2]]
Solve[f[t] == 10000, t]
- ogl |
Outl644]= — LOQ | —
2 4
Solve::ifun : Inverse functions are being used by Solve, so
some solutions may not be found; use Reduce for complete solution information. >

L 50
out[645]= {{t - - eg (591 }}
Log[2] - Log[3]

We can approximate this value for t by
infe46]:= N [%]
outfes6l= {{t€ - 9.64824}}

Thus, it takes about 9.64824 minutes for the bacteria to reach 10,000. To visually see this, we plot the graphs of the solution
y(t) = 200 e94054651 (plue curve) and y = 10000 (red line) on the same axes.

ne47= Plot[{f[t], 10000}, {t, O, 15}, PlotStyle » {Blue, Red}, ImageSize -» 250]

20000 |

15000 f

out[647]=

10000 f

5000 |

NOTE: The solution y(t) = 200 e%4054651 js only approximate since we approximated the growth constant k. By using the exact
value for k = % In(9/4) =1n(3/2), we can derive the exact solution:

tind n2) 3\t
y(t) =200kt =200e'"2 =200 e () = 200 (E)
This agrees with the answer obtained by Mathematica:

ineagl= F[E]

oufeas= 25 x 23t 3t

m 9.2.2. Radioactive Decay

The differential equation y' =k y is also used to model the amount of a radioactive substance whose rate of decay is proportional
to the amount present. However, in this case we note that the proportionality constant k < 0. (Explain this!)

Example 9.3. Carbon dating is a method used to determine the age of a fossil based on the amount of radioactive Carbon-14 in it
compared to the amount normally found in the living environment. Suppose that a bone fossil contains 5 % of the amount of
Carbon-14 normally found in living animals. If the half-life of Carbon-14 is 5600 years, estimate the age of the bone.

Solution: Let y(t) be the amount of Carbon-14 in the bone and let y, be the initial amount of Carbon-14. Then the differential
equation we need to solve is
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neso}= Clear [k, y, y0]
solde = DSolve[{y"[t] == ky[t], y[0] ==y0} , y[t], t]

Out[650]= {{y[t] - ektyo}}

Thus, the solution to the differential equation is y(t) = y e¥!. The half-life of Carbon-14 is 5600 implies that y(5600) = —; Yo. We
solve this equation for k:

nesi= y[t_] = solde[[1, 1, 2]]
1
solk = Solve[y[5600] =3 yO, k]
outesi= ekt y0
Solve::ifun : Inverse functions are being used by Solve, so
some solutions may not be found; use Reduce for complete solution information. >
Log[2]

out[652)= { {k - } }

5600
in653):= N[%]
outes3= { {kK - -0.000123776}}
Thus, k = —0.000123776. To find the age of the bone, we solve y (t) = 0.05 yq (5% of the initial amount) for t.

Log[2] _

5600
Solve[y[t] == 0.05Yy0, t]

n[es4= K = -

Solve::ifun : Inverse functions are being used by Solve, so
some solutions may not be found; use Reduce for complete solution information. >

ouessl= {{t - 24202.8}}

Thus, the bone is about 24,203 years old. Observe that it not necessary to know the original amount y, of Carbon-14 in the bone.

= 9.2.3. Annuity

An annuity is an investment in which a principal amount of money is placed in a bank account that earns interest at an annual
rate (compounded continuously) and the money is withdrawn at a regular interval. The differential equation that models an
annuity is given by the annuity equation (rate of change = growth due to interest — withdrawal rate):

P'®=rPt)-W =r(P(H) - )
where P(t) is the balance in the annuity at time t, r is the interest rate, and W is the rate (dollars per year) at which money is

withdrawn continuously.

Example 9.4. Find the general solution of the annuity equation for P(t) and then use it to calculate the following:

a) Assume r =6 % and W = $6000 per year and P(0) = $50000. Find P(t) and determine if and when the annuity runs out of
money.

b) Assume r =6 % and W = $ 6000 per year and P(0) = $100000. Find P(t) and determine if and when the annuity runs out of
money.

c) Assume r =6 % and W = $ 12000 per year. If we want the annuity to run out of money after 20 years, how much should be
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invested now?

Solution: We solve

W
In[656]:= DSoIve[P' [t] =T (P[t] - —J , P[], t]
r

Thus, the general solution is P(t)y =W /r + ce"t.
a) We set r = 0.06, W = 6000, and solve the initial value problem:

nes7.= Clear[r, W, P]
r=0.06;
W = 6000;

w
solde = DSoIve[{P'[t] (P[t] -—r) , P[O] = 5oooo}, PIt], t]

outssol= {{P[t] - 100000. - 50000. e%-%°*}}

We then define P(t) to be the solution above and plot it to see when the money will run out.

nee1= P[t_] = solde[[1, 1, 2]]
Plot[P[t], {t, O, 15}, ImageSize -» 250]

ourse1l= 100 000. - 50000. °-%6t

50000
40000 |
30000
20000

out[662]= F
10000 *

~10000F
~20000F

As the graph indicates, the money runs out after approximately 11.5 years. We can confirm this by solving P(t) = O:
inee3= NSolve[P[t] =0, t]

NSolve::ifun : Inverse functions are being used by NSolve, so
some solutions may not be found; use Reduce for complete solution information. >

ouees)= { {t - 11.5525}}

b) We repeat the procedure in part a) with the obvious modifications:
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nee4= Clear[r, W, P]
r=0.06;
W = 6000;

w
solde = DSoIve[{P'[t] =r [P[t] -—) , P[O] = 100000}, PIt], t];
r

P[t_] =solde[[1, 1, 2]]
Plot[P[t], {t, O, 80}, ImageSize -» 250]

outieesl= 100 000 .

200000

150000

out[669]= 100000

50000

20 40 60 80

Observe that the balance P(t) = 100, 000 remains constant (can you explain why?) and thus the account will never run out of
money. What happens if we invest $100,001? $99,999?

c) In this case, we have r = 0.06 and W = 10000 per year. The general solution is then given by

ne7op= Clear[r, W, P, c]
r=0.06;
W =12000;

w
dsol = DSoIve[{P'[t] {P[t] -—) , P[O] = } P[t], t];
r
P[t_] =dsol[[1, 1, 2]]
oute741- 200000 - 200000. €%-06t 1 ¢ 0-06¢
To determine the principal amount that will make the account run out of money in 20 years, we solve P(20) = 0 for c:
inie7s= NSolve [P[20] = 0, c]
oule75)= {{C - 139761.}}

Thus, we need to invest $139,761.00 now.

= 9.2.4. Newton's Law of Cooling

Newton's Law of Cooling states that the rate of change in the temperature of an object is proportional to the difference between its
temperature and that of the surrounding environment (known as the ambient temperature). If A is the ambient temperature and
T(t) is the temperature of the object at time t, then the differential equation that models this law is

T'®)=-kT®-A), TO)=To
where Ty is the initial temperature of the object and k is a positive proportionality constant.

Example 9.6. The temperature in an oven is 350° F when the oven is turned off. After 15 minutes, the temperature is 250" F.



Mathematica for Rogawski's Calculus 2nd Editiion.nb | 175

Assume the temperature in the house is 70" F.

a) Find the temperature of the oven at any time t.

b) At what time will the temperature become 75° F?
¢) What will the temperature be in the limitast - co?
d) Does your answer in c¢) conform with your physical intuition?

Solution:

a) The ambient temperature here is room temperature. Hence, A =70. The initial temperature is To = 350. Newton's Law of
Cooling then gives the model

T'(t)=-k(T(t) - 70)), T(0)=350
We solve this equation to get

ne7e= Clear [T, K]
sol = DSolve[{T"[t] = -k (T[t] -70), T[O] == 350}, T[t], t]

out[677]= {{T[t] > 70 ekt (4 + ekt> }}

mne7er= T[] =sol[[1, 1, 2]]

oure7el= 70 e X T (4+ ekt)
Thus, the solution is T(t) = 70e7*(4 + ek*) or T(t) = 70 + 280 e™*. To find the value of k, we solve T(15) = 250 for k:

ne79r= solk = Solve [T[15] == 250, K]

Solve::ifun : Inverse functions are being used by Solve, so
some solutions may not be found; use Reduce for complete solution information. >
14

1
u = k — L —
Oout[679] {{ %15 og[g}}}

nesol= k = solk[[1, 1, 2]]

1 L [ 14 ]
Out[680]= — LOQ | —

15 g 9
ine81:= N [%]

outes1]= 0.0294555

Thus, k = '”%:/9) =0.0294555. Hence, the temperature of the oven at any time t is given by

T(t) = 20 + 280 0-0294555t
b) We solve T(t) = 75 for t:
ines2l= NSolve[T[t] = 75, t]

NSolve::ifun : Inverse functions are being used by NSolve, so
some solutions may not be found; use Reduce for complete solution information. >

outesz= { {t - 136.659} }

Thus, the temperature will be 75° F after about two hours and 17 minutes.
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¢) We make a plot of the solution:

nes3= Plot[T[t], {t, O, 100}, AxesOrigin - {0, 0}, ImageSize -» 250]
350
300
250
200

Out[683]=

150

100

50

20 40 60 80 100
To find the limiting temperature, we evaluate

inesal= LIMIt[T[t], t- InFinity]

out[es4l= 70

d) Since heat flows from a region of higher temperature to a region of lower temperature, it is intuitively clear that the oven will
cool down to the room (ambient) temperature. Hence, the limit should be 70° F as expected.

m Exercises

1. Mass of bacteria in a culture grow at a rate proportional to its size. Suppose the culture contains 200 cells intially and there are
800 cells after 3 hours.

a) Find the formula for the number of cells in the culture at time t.
b) Find the amount of bacteria after 2 hours.
¢) At what time will the bacteria exceed 10,000 cells?

2. A mummy excavated from an archaelogical site in Egypt is found to contain 20% of Carbon-14 normally found in living
humans. Use carbon dating to estimate the age of the mummy.

3. Plutonium-239 is a highly radioactive element generated from waste in nuclear power plants and has a half-life of approxi-
mately 24,000 years. How many years would it take for Plutonium-239 to decay to a safe level of 1/1000 its original amount?

4. Solve the following using the annuity differential egaution discussed in this section.

a) Assume r =6 % and W = $500 per year and P(0) = $5, 000. Find P(t) and determine when the annuity runs out of money.

b) Assume r =6 % and W = $500 per year and P(0) = $9, 000. Find P(t) and determine when the annuity runs out of money.

c) Assume r =6 % and W = $20, 000 per year. If we want the annuity to run out after 40 years, how much should we invest
now?

5. Suppose a retired worker wants to invest in an annuity that will pay out $10,000 per year.

a) Assuming the annuity has an interest rate of 5%, find the minimum principal amount that should be invested so that the annuity
never runs out of money.

b) Assuming the principal amount of money invested is $250,000, find the minimum interest rate that the annuity should bear so
that it never runs out of money.

6. A hot metal rod is placed in a water bath whose temperature is 40° F. The rod cools from 300° F to 200° F in 1 minute. How
long will take the rood to cool down to 150° F? 45° F?
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m 9.3 Numerical Methods Using Slope Fields

Students should read Section 9.3 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

m 9.3.1. Slope Fields
Consider a differential equation in the form

y'=f(xy)

Since y' represents the slope of the line tangent to the graph of the solution y, we can think of f(x, y) as the slope of the same
tangent line at the point (x, y), which we indicate by drawing a segment of it at the point of tangency. The set of all such line
segments (normalized to have the same length) is called the slope (or direction) field of the differential equation. Note that the
slope field gives a graphical approximation to the solution. It enables us to draw or visualize the graph of the unique solution of
the equation passing through a given point. We will illustrate this in an upcoming example.

To plot the slope field of the differential equation y' = f(x, y) along the intervals (a, b) and (c, d) on the x- and y-axis, respec-
tively, we use the command VectorPlot[{1, f[x, y]}, {x, a, b}, {y, ¢, d}], where slope is represented as a two-dimensional vector
(1, f(x, y)) with the change in x normalized to equal 1.

NOTE: The command VectorPlot replaces the command VectorFieldPlot, which is obsolete in version 7 of Mathematica.
Example 9.9. Consider the differential equation y' = x> -2y, y(0) = —1.

a) Draw the slope fields for the differential equation.

b) Solve the differential equation.

c) Plot both the slope field and the solution on the same axes.

d) Redo parts b) and c) for the same equation but with initial condition given by y(a) = b. Choose various values for a and b.

Solution:
a) Here, f(x, y) = x? — 2'y. We use the VectorPlot command to plot the corresponding slope field:

neesi= FIX_, Yy 1 :1=x2-2y



178 | Mathematica for Rogawski's Calculus 2nd Editiion.nb

nese= plotl = VectorPlot[ {1, f[X, y1}, {X, -5, 5}, {y, -10, 10}, Axes -» True,
Frame -» False, VectorScale -» {Tiny, Tiny, None}, ImageSize - 250]
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P/ v v by VoV AN/
tr 7NV \57 VYAV N
Pt /=N \ VN N—/
(N Y AV N N VNN
AV A T T A
Out[686]= ‘4 ‘4!4/4 /412 AN S ‘”/\ZA‘/A‘ /421/4‘4
(A A R Y S AV (VA A A R B
bttt A
LI A A R ffs— [
(I A A A [ A S B A
[ A R A A A S S A
bttt (A N S S A
LA Y N N S B -l Y N BN B N B

b) We use the DSolve command to find the exact solution of the differential equation.

nes7= Clear[y, X, g]
sol = DSolve[{y"[X] == F[X, Y[X]], Y[0] = -1}, Y[X], X]
g[x_] =sol[[1, 1, 2]]

1
ousssl= {{y [X] > e?X (-5+e?*-2e**x+2e**x%)}}

1
outessl= — e 2% (—5+ezx—2 e?Xx+2 ezxxz)

¢) We now plot the slope field together with the solution above passing through the point (0, —1):

ineoo= plot2 = Plot[g[X], {X, -5, 5}, PlotRange -» {-10, 10}, ImageSize -» 250]

10 -

out[690]=

-10t
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neo1= Show[plotl, plot2, Graphics[{PointSize[Large], Point[{0, -1}]1}]1, ImageSize » 250]
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d) We can show several graphs of solution curves (called integral curves) together with the corresponding slope field. Here is an
example of how this can be done.

neoz= Clear[y, X, h, a, b]
sola = DSolve[{y " [X] = F[X, Y[X]], y[a] = b}, Y[X], X];
hix_,a_, b_]=Simplify[sola[[l, 1, 2]1]

1
outssaf= — e?X((-1+2a-2a%+4b) e®®+e®* (1-2x+2x?))
neos= plot3 = Plot[Evaluate[Table[h[X, a, b], {a, -3, 3, 2}, {b, -3, 3, 2}11,

{X, -5, 5}, PlotRange -» {-10, 10}1;
Show[plotl, plot3, ImageSize - 250]
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m 9.3.2. Euler's Method

The simplest numerical method for solving a first order differential equation is Euler's Method. This method approximates the
solution by moving along tangent lines described by the slope field of the differential equation. Here is a brief description.

Let y = ¢(x) be the solution of the differential equation
y =y, yxo)=Yo
Then the equation of the line tangent to the graph of y = ¢(x) at X = g is given by
Y =" (X0) (X — Xo) + ¢(Xo)
But when x = Xg, we have ¢(tg) = Yo and ¢' (Xo) = f(Xo, Yo). Thus, when X is close to Xg, ¢(X) can be approximated by
y ~ f(Xo, Yo) (X —Xo) + Yo

We now choose h > 0 to be a small positive number, called the step size, and define x; = Xo + h. Then ¢(x1) is approximately
equal to

y1= Yo+ f(Xo, Yo) (X1 — Xo)

or

1= Yo +h f(Xo, Yo)
We repeat the above argument at the point (x;, Y1) to get an approximation of ¢(x;), where X, = X3 + h=Xg + 2 h:

Y2=Yy1+hf(xqg, y1)
Proceeding in this manner, we obtain Euler's Method:

Yne1 =Yn+h f(Xa, yo) forn=0, 1, 2, 3, ...

where ¢(Xn) ~ Y.

If the approximated solution is calculated over an interval [a, b] and the step size h is specified, then the number of iterations (or
steps) required is given by m = (b — a)/h, where xo =a and x, = xg + nh.

Here is a Mathematica program called Euler for evaluating Euler's Method in m steps (the option SetPrecision sets the precision
of our calculations to 10 digits).

neo7:= Clear[f, X, y, X0, yO, h, m]
Euler[f_, h_, m_] := Module[{n},
Do[
y[n+1] = SetPrecision[N[y[n] + hxf[Xx[n], y[n]]], 107;
X[n+1] =x[n] +h,
{n, 0, m}11]

Example 9.7. Use the Euler program to construct a table of solution values for the differential equation y' = x> +2y, y(0)=1
with a step size of h = 0.1 and for m = 10 steps.

Solution: Here f(x, y)=x2+2y, X0 =0, yo = 1.
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neoo= FIX_, Yy 1 :1=x2+2y
m=10;
X0 =0;
y0 =1;
h =0.1;
X[0] = x0;
y[0] = y0;
Euler[f, h, m]
TableForm[Table[{n, x[n], y[Nn]}, {n, 1, m}],
TableHeadings - {{}, {"'n ™, "xn ", "yn"" }}]

Out[707]//TableForm=
n

X
5

Yn

1.200000000
1.441000000
1.733200000
2.088840000
2.522608000
3.052129600
3.698555520
4.487266624
5.448719949
6.619463939

O©CoO~NOOULA~,WNPE

P OoO~NO O WDNER
P OOOOOOOOQOQ

0]

To see how accurate the above approximation is, we solve the differential equation for the exact solution and plot both the
approximate and exact solutions on the same axes.

ni7ogl= Clear[z, t, exact]
exact = DSolve[{z"[t] == F[t, z[t]], z[x0] ==yO}, z[t], t];
z[t ] =2z[t] /. exact[[1]]
1

out[710}= 2 (7l+5eZt—2t—2t2>

n711= Clear[plotl, plot2]
plotl = Plot[z[t], {t, 0, 1} 1;
plot2 = ListPlot[Table[{X[n], y[n]}, {n, O, m}], PlotStyle » PointSize[0.01] ];
Show[ {plotl, plot2}, ImageSize -» 250]

8,
ras

6F

Out[714]=

0.2 0.4 0.6 0.8 1.0

Observe that the approximations become less accurate as we move away from the initial point (0, 1). This is typical of numerical
methods such as Euler's Method. However, we can increase the accuracy of our approximation by decreasing the step size. For
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example, we recompute the solution using h = 0.05 (this increases the number of steps to m = 20):
in7151= h = 0.05;
m = 20;
Euler[f, h, m]
TableForm[Table[{n, x[n], y[Nn]}, {n, 1, m}],
TableHeadings - {{}, {"n ", "xa ™, "yn"" }}]

Out[718]//TableForm=

n Xn Yn

1 0.05 1.100000000
2 0.1 1.210125000
3 0.15 1.331637500
4 0.2 1.465926250
5 0.25 1.614518875
6 0.3 1.779095763
7 0.35 1.961505339
8 0.4 2.163780873
9 0.45 2.388158960
10 0.5 2.637099856
11 0.55 2.913309841
12 0.6 3.219765826
13 0.65 3.559742408
14 0.7 3.936841649
15 0.75 4355025814
16 0.8 4.818653395
17 0.85 5.332518735
18 0.9 5.901895608
19 0.95 6.532585169
20 1. 7.230968686

The following plot of the two numerical solutions corresponding to h = 0.1 (small blue dots) and h = 0.05 (large red dots) clearly
shows that the latter is more accurate in comparison to the exact solution (curve):

ni7191= plot3 = ListPlot[Table[{X[n], y[n]}, {n, O, m}],
PlotStyle » {PointSize[0.01], Red, PointSize[0.015] }1;
Show[ {plotl, plot2, plot3}, ImageSize -» 250]
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Here is a modification of the Euler progam that allows the user to input the endpoints a and b directly (instead of the step size h)
and m.
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n721= Clear[Ff, X, ¥, h, a, b, m]
b-a
EulerEndpt[f_,a ,b_,m ] := Module[{n, hy, h= N[—];
m

Do[
y[n+1] = SetPrecision[N[y[n] + hxF[x[n], y[n]]], 10];
X[n+1] =X[n] +h,

(n, 0, m]

Example 9.8. For the differential equation y'=x% + 2y, y(0) = 1, approximate its solution over the interval [0, 2] using m = 10
steps.

Solution: Again, we have f(x, y) =X +y, X0 =0, yo = 1. However, we now input the interval [a, b] = [0, 2] into EulerEndPt.

nr2z= FIX_, Y 1 1=X2+y
m=10;
X0 = 0;
y0 =1;
X[0] = x0;
y[0] = y0;
a=0;
b=2;
n731:= EulerEndpt[f, 0, 2, m]
TabIeForm[TabIe[{n, X[nl, y[nl}, {n, 1, m}1,
TableHeadings - {{}, {"'n ™, "xn"", "yn"" }}]

Out[732]/[TableForm=
n

X
5

Yn

1.200000000
1.448000000
1.769600000
2.195520000
2.762624000
3.515148800
4.506178560
5.799414272
7.471297126
9.613556552

0 oBRDN

oo N

P OoO~NOOUA~AWNEPR
NFRPFRPFRPFPPOOORO

0

This time we numerically compare the approximate solution with the exact solution:
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ni733= Clear[z, t, exact]
exact = DSolve[{z"[t] == F[t, z[t]], z[x0] ==yO}, z[t], t];
z[t_]=2z[t] /- exact[[1]]
TableForm[TabIe[{n, X[n], y[n], N[z[xXO+n (b-a) /m]]}, {n, 1, m}],
TableHeadings - {{}, {"'n ™, "xn ™, "ya", "y (n)" }}]

oufrsi -2 +3et-2t- 12

Out[736]//TableForm=

n Xn Yn y(n)

1 0.2 1.200000000 1.22421
2 0.4 1.448000000 1.51547
3 0.6 1.769600000 1.90636
4 0.8 2.195520000 2.43662
5 1. 2.762624000 3.15485
6 1.2 3.515148800 4.12035
7 1.4 4_.506178560 5.4056
8 1.6 5.799414272 7.0991
9 1.8 7.471297126 9.30894
10 2. 9.613556552 12.1672

m Exercises

In Exercises 1 through 4, plot the slope field of the given differential equations:
1oy'=x2+y? 2. y' =ty 3. y'=sinx+Y) 4, y'=xe?y

5. Consider the differential equation y'=3y -2y

a) Draw the slope field for the differential equation.

b) Solve the differential equation.

¢) Assume y(0) = 2. Plot the graph of the solution for this case and also the slope field on the same axes. Discuss the behavior of
the solution as x - .

d) Redo part c) for the same differential equation but with initial condition given by y(a) = b (choose various values for a and b).

In Exercises 6 through 9, use Euler's Method to find a numerical solution to the given initial value problem along the stated
interval and using the prescribed number of steps. Also, find their exact solutions and compare the results.

6. y'=x-y, y0)=1;[0,1]; m=10 7. y'=(1-x%)cosy, y1)=0;[1,2]; m=208. y'—y?=x, y(©0)=1; [0, 5];
m =50 9. y'=-3x/2+In(x*+vy), y(1)=1;[1, 2]; m=100

10. Heun's method is a numerical method that improves on Euler's method. It uses the approximation from Euler's method as an
auxiliary value (called a predictor), which we denote by y;_;:

y;+1 =Yn+t+ h f(Xn, Yn)
The actual approximation (called the corrector) is then computed as the mean of y;,; (based on the slope of the tangent line at
(Xn, Yn)) and y;iq = yn +h f(Xne1, ¥i,1) (based on the slope of the tangent line at (Xn11, Y;i,1)):
Yoo =3 it + Vial = Yo+ 300 f O, yo) +h f (e, Vi)

a) Apply Heun's method to Exercise 6 and the compare the results obtained by Euler's method with the exact solution. How
much more accurate is Heun's method?
b) Redo part a) using m = 20. How much more accurate is the solution compared to that for m = 10?
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m 9.4 The Logistic Equation

Students should read Section 9.4 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

The differential equation

is called the logistics equation. Here, k > 0 and A is a constant called the carrying capacity. This equation is useful for modeling
the growth of a population where resources are limited and can only sustain a certain maximum population given by the carrying
capacity.

Example 9.5. The population p(t) of mosquito larvae growing in a tree hole increases according to the logistics equation with
growth constant k = 0.3 per day and carrying capacity A = 1000.

a) Assuming that the initial population of the larvae is 50, find the population p(t) at any time t.
b) After how many days will the larvae population exceed 5007

¢) When does the larvae population reach 99% of the maximum capacity?

Solution:

a) We use k = 1—% and solve the corresponding differential equation in Mathematica:

in7371:= Clear [Y]

3 y[t]
solde = DSolve "[t] =— y[t] [1-——|, y[0] =50, y[t], t
ve[{y*1t] 1Oy[]( 1000] y[0] =50}, y[t], t]

Solve::ifun : Inverse functions are being used by Solve, so

some solutions may not be found; use Reduce for complete solution information. >

1000 e3 t/10
oursgl= {{y[t] » —————
19 + e3 t/10

NOTE: Be careful with using a decimal approximation for k. For example, try using k = 0.3 and see what happens.
Next, for convenience we write the solution given in the previous output as

n73er= Clear[p, t]
p[t_] =solde[[1, 1, 2]]
1000 e3 t/10
out[740)r ——M8M
19 + e3t/10

Thus, the population of larvae at any time t is given by

1000 e3¥10
p(t) = 3t/10
19+e3Y

b) To find how long it takes for the larvae population to reach 500, we solve
ini741:= NSolve [p[t] == 500, t]

NSolve::ifun : Inverse functions are being used by NSolve, so
some solutions may not be found; use Reduce for complete solution information. >

ou741]= {{t - 9.8148}, {t »9.8148 -20.9441i}, {t ->9.8148 +20.944 1}}
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Thus, it takes about ten days for the larvae population to exceed 500. Observe that p(10) ~ 513.887.
NOTE: We ignored the other two solutions in the previous output since they are complex-valued and not physically relevant.

c) We first plot the graph of p(t) to estimate the number of days required for the larvae population to reach 99% of the maximum
capacity, that is, p(t) = 999.

n7421= Plot[p[t], {t, 0, 60}, ImageSize -» 250]

1000 -

800 -
600 -

Out[742]=
400 -

200 -

10 20 30 40 50 60

It appears that the population reaches 999 larvae after t = 30. We use the Table command to numerically confirm this.

n743:= TableForm[Table[{t, N[p[t], 201}, {(t, 10, 50, 5}1,
TableHeadings -» {{}, {''Days ', "Larvae Population'}}]

Out[743]/[TableForm=

Days Larvae Population

10 513.88668301168543188
15 825.71546532788782007
20 955.02200538248404316
25 989.60067930023585514
30 997.66069888351031767
35 999.47708104964742173
40 999.88327359193169386
45 999.97395245585093165
50 999.99418788969128789

We can reasonably conclude from the table that the population reaches 999 larvae between 30 and 35 days. To obtain a more
precise answer, we use Mathematica to solve p(t) = 999 for t:

in7441:= NSolve [p[t] == 999, t]

NSolve::ifun : Inverse functions are being used by NSolve, so
some solutions may not be found; use Reduce for complete solution information. >

oui[744]= {{t » 32.8373}, {t»32.8373-20.9441}, {t>32.8373+20.9441}}

Thus, the desired time is approximately t = 33 days.

B EXxercises

1. A population of squirrels live in a forest with a carrying capacity of 3000. Assume logistic growth with growth constant k = 0.8
per year.

a) Find the population of the squirrels at any time t assuming an initial population of P(0) = 800.

b) How long will it take for the squirrel population to double? Triple?
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2. From 1960 to 2000, the world's population doubled from approximately 3 billion to 6 billion people. Assuming that the human
population follows logistic growth and that the earth has a carrying capacity of 100 billion people, determine the following:

a) Find the population at any time t. What is the growth constant?

b) What will the population be in the year 2050? How does this answer compare with projections from the United Nations?

c) Find the year in which the human population will reach half its carrying capacity?

d) When will the population grow the fastest, that is, the point on the graph where it changes from concave up to concave down
(point of inflection)? What is the growth rate then?

3. In medicine, the logistics equation is used to model the growth of tumors in certain organs. Suppose a patient is diagnosed
with a tumor that has doubled in size to 2% of his liver when a year ago it only covered 1% of his liver. How long will it take the
tumor to grow to 10% of his liver when a transplant will most like by required to increase his chances of survival.

4. The current population of a herd of bison living inside a national park is 1000. To ensure that the population does not reach
more than 1500 bison in 50 years time and 2000 bison in 100 years time, what carrying capacity should the park maintain?
Assume that the bison population follows a logistics model.
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Chapter 10 Infinite Series

m 10.1 Sequences

Students should read Section 10.1 of Rogawski’s Calculus [1] for a detailed discussion of the material presented in this
section.

Recall that a sequence is a function whose domain is the set of non-negative integers.

In Mathematica, we denote a sequence a, as a function. Thus, instead of a, we write a(n). The limit of a sequence is evaluated by
using the Limit command. When Limit[a[n], n—oo] is evaluated, Mathematica automatically assumes that n is a continuous
variable (instead of a discrete variable). It employs various techniques to evaluate limits.

To plot the graph of a sequence, we use the ListPlot command. ListPlot[list] plots the graph of list, where list is a list of points
(X, ¥), denoted in Mathematica by {x,y}. In our case, list will be the table of values of the form {n,a[n]}. The corresponding plot
command in this case would be ListPlot[Table[{n,a[n]},{n,min,max}].

Example 10.1. Consider the sequence defined by

_ 4n+l
T 3n+2

an
a) Find the first few terms of the sequence.
b) Plot the graph of the sequence.
¢) Make a conjecture for the limit based on the graph.
d) Find the limit of the sequence.
Solution:

a) We define the sequence as a function of n and use the Table command to generate the first ten terms of the sequence.

n7asi=  Clear[a, n]
4n+1

3n+2

a[n_] ==



In[747]:= TableForm[TabIe[{n, a[ni}, {n, 1, 10}1,
TableHeadings - {{}, {"'n", "a,""}}]

Out[747]/[TableForm=
n

© 00 N o 0o b W N P

=
o

To obtain decimal expressions of these values, we evaluate

ni74s)- TableForm[N[Table[{n, a[n]}, {n, 1, 10}]1,
TableHeadings » {{}, {"n", "a."}}]

Out[748]/[TableForm=
n

29
23
33
26
37
29
41
32

Q
=

P OoO~NOOOULAWNPE

0.

PR RPRPRRPRRRRERBR

-125
.18182
.21429
.23529
.25
-26087
.26923
.27586
.28125
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b) To plot the graph of the sequence, we use the ListPlot command. Here is a plot of the first 100 terms of the sequence.
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ni7491= ListPlot[Table[{n, a[n]}, {n, 1, 100}]]

1.32

131

out[749]=

=
w
o
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c) The graph suggests that the limit is 1.333 .... We can use the Table command to see this more clearly.

In[750]:= TableForm[N[TabIe[{n, a[nil}, {n, 1000, 10000, 1000}11,
TableHeadings » {{}, {"'n", "a,"}}]

Out[750]//TableForm=

n an

1000. 1.33278
2000. 1.33306
3000. 1.33315
4000. 1.33319
5000. 1.33322
6000. 1.33324
7000. 1.33325
8000. 1.33326
9000. 1.33327
10000. 1.33328

Hence, the limit seems to be 1.3333... or 4/3. Here is a plot of y = 4/3 and the graph of the sequence for large values of n:



ni7s1= Clear[plotl, plot2]
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plotl = ListPlot[Table[{n, a[n]}, {n, 1, 1000, 10}11;

plot2 = Plot[4/3, {x, 1, 1000}1];
Show[plotl, plot2, PlotRange -» {1.25, 4/ 3}]

Out[754]=

200 400 600 800

L L
1000

d) Finally, we confirm this in Mathematica by evaluating the limit as n goes to .

n7ssk= Limit[a[n], n -> Infinity]
4

out[755]= —

Example 10.2. Consider the sequence defined by

a) Plot the graph of the sequence.

b) Does the sequence converge?

Solution:

a) Again, we use ListPlot to plot the graph.

ini7sel= Clear[a, n]
-1H"

a[n_jJ :=
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ni7ssl= ListPlot[Table[{n, a[n]}, {n, 1, 100}]]

0.10

0.05

OulreE T S S S RO R
@ “© ?q‘onooooQBQooonoooo}OO
AR

-0.05

-0.10

b) From the graph, it is clear that the sequence approaches 0 in the limit. We confirm this using the Limit command.

n7sep= Limit[a[n], n -> InFinity]

out7591= 0

NOTE: There are instances where the sequence a, may not be well-defined if n is treated as a real variable (as opposed to an

integer variable). In such cases, Mathematica may return the limit unevaluated or else gives an output that indicates the limit may
not exist, as the following example illustrates.

Example 10.3. Determine whether or not the sequence defined below converges:

a = (-1)"—

n+1
Solution: First, we will plot the graph of the sequence.
inizeol= Clear[a, n]

a[n_1 := (-1)"

n+1
ni7e2= ListPlot[Table[{n, a[n]}, {n, 1, 100}]]

10+ ........conoooon.oo.nooo.ooc-ooooooooconooo.o

o5

out[762]=
H 20 40 60 80 100

-1.0} ....'....00to...c....oooo.c..ooo.oo.coottooo..

The graph clearly indicates the sequence does NOT converge (to a unique limiting value). We can see this by investigating the
following tables of values. The first one lists the even terms while the second one lists the odd terms of the sequence.
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ni7es)= TableForm[Table[{n, N[a[2n]]}, {n, 10, 100, 10}],
TableHeadings » {{}, {"'n", "az"}}]

Out[763]//TableForm=

n aon

10 0.952381
20 0.97561

30 0.983607
40 0.987654
50 0.990099
60 0.991736
70 0.992908
80 0.993789
90 0.994475
100 0.995025

ni7esi= TableForm[Table[{n, N[a[2n-1]]}, {n, 10, 100, 10}],
TableHeadings » {{}, {"'n", "azn-1"}}]

Out[764]//TableForm=

n Qon-1

10 -0.95

20 -0.975

30 -0.983333
40 -0.9875
50 -0.99

60 -0.991667
70 -0.992857
80 -0.99375
90 -0.994444
100 -0.995

Finally, let us evaluate the limit.

nzesi= Limit[a[n], n -> InFinity]

out[765]= 62 i Interval [{0,r}]

This output, specifically the notation Interval[{0, z}], means that the limit does not exist uniquely, but has subsequences whose
limits take on the set of complex values e2'* for all x [0, x]. This is because the variable n that appears in the Limit command
is automatically assumed by Mathematica to be a complex variable. In our case, for n an integer variable, we have two subse-

quences, a,, and a, .1 (even and odd, respectively), converging to different limits (1 and —1, respectively). Thus, a, diverges.

Example 10.4. Consider the sequence {a,} defined recursively by a; =1 and a,.1 = Va, +1 . Generate the first ten terms of
this sequence and compute its limit.

Solution: Here is one method of defining a recursive sequence.

ni7eel= Clear[a, n]
a[1] =1
a[n_] :=a[n] =Sgrt[a[n-1] + 2]

out7671= 1

NOTE: The second occurrence of a[n] in the preceding command tells Mathematica to store all intermediate values of the
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recurrence in evaluating a[n].

Here are the first ten terms of the sequence:

ni7es)= TableForm[Table[{n, a[n]}, {n, 1, 10}],
TableHeadings » {{}, {"'n", "a,"}}]

Out[769]//TableForm=

n an

1 1

2 A3

3 \V2+4/3

5 24+/2+V2++/3
6 244 2++]/2+/2+/3
.

2+\2+ 2+4/2+V2+/3

_—

8 2+ 12+4|2+ 2+ 2+\2++3

\2+N2++/3
2+

2+ 2+\/?

10 2+ |2+ |2+

\

The following table gives decimal expressions of the same first ten terms and reveals the limit to be equal to 2.

9 2+ |2+.2+ 2+\/2+
2+\IZ+
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In[770]:= TabIeForm[TabIe[{n, N[a[n]]}, {n, 1, 10}],
TableHeadings - {{}, {"'n", "a,""}}]

Out[770]//TableForm=
n

Q
S

.73205
-93185
-98289
-99572
-99893
-99973
-99993
-99998

RPOO~NOUDNWNLER
NRRRPRRPRRPRRRR

0]

NOTE: In general, Mathematica is not able to directly compute limits of sequences defined recursively. Assuming a, converges
(prove this!), we then compute its limit, called L, say, by letting n — oo in the recurrence formula for a,:

L=liMysean = liMseVan: +2 = VIiMsean1+2 = VL0 +2

Solving the equation L = vV L + 2 thenyields L = 2 as the limit.
n771= Solve[L = Sqrt[L + 2], L]
ouf771)= {{L - 2}}

Example 10.5. Leta; =1andb; = V2. Define two sequences recursively by

an+by
ans1=Vanby, andbp,g = n2

a) Choose various values of a; and b; and calculate the first ten terms of the sequences {a,} and {bp}.
b) Show that a, < b, for every positive integer n.

¢) Show that both sequences converge to the same limit. (NOTE: This common limit is called the arithmetic-geometric mean of
a;and by.)

Solution:
a) Here is a program that generates the first ten values of a, and by,.

nr7721= Clear([a, b, n]

aflj =1
b[l] = 10
a[i_] := a[i] = \/a[i-l] =b[i-1] ;
afi-1] +b[i-1
bli_] o= bri] - - 1*PM0-71
2
ouf773]= 1

out[774)1= 10
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ni777:= TableForm[Table[{k, N[a[ k], 10], N[b[ k], 101}, {k, 1, 10} 1],
TableHeadings -» {{}, {''n", "a[n]", "b[Nn]"} }]

Out[777]/ITableForm=

n a[n b[n]

1 1.000000000 10.00000000

2 3.162277660 5.500000000

3 4.170434885 4.331138830

4 4.250027349 4._.250786858

5 4.250407086 4.250407103

6 4._.250407095 4._.250407095

7 4._.250407095 4.250407095

8 4.250407095 4.250407095

9 4._.250407095 4._.250407095

10 4.250407095 4.250407095

b) The following table suggests that a, < b, for at least the first ten terms:

ini77el= TableForm[
Table[{k, N[a[ k], 10], N[b[ k], 10], N[b[k], 10] -N[a[k], 101}, {k, 1, 10} 1],
TableHeadings -» {{}, {"'n", "a[n]", "b[n]", "b[n]-a[n]"} }]
Out[778]/[TableForm=
n an] b[n] bin]-afn]
1 1.000000000 10.00000000 9.00000000
2 3.162277660 5.500000000 2.337722340
3 4.170434885 4.331138830 0.160703945
4 4.250027349 4.250786858 0.000759508
5 4.250407086 4.250407103 1.7x10°8
6 4.250407095 4.250407095 0.x1010
7 4.250407095 4.250407095 0.x1010
8 4.250407095 4.250407095 0.x1010
9 4.250407095 4.250407095 0.x1010
10 4.250407095 4.250407095 0.x1010

For a better feel on this, let us plot the graphs on the same axes. To this end, we define two lists using the Table command and
use the ListPlot command to plot the graphs.

In[779]:=

plotl = ListPlot[Table[{k, a[k]}, {k, 1, 10}]1, PlotStyle » {Blue}];
plot2 = ListPlot[Table[{k, b[k]}, {k, 1, 10}], PlotStyle » {Red}];
Show[plotl, plot2, PlotRange -» {0, 10}]

10 .

Out[781]=




Mathematica for Rogawski's Calculus 2nd Editiion.nb | 197

The above graph suggests that the two sequences converge to the same limit. Unfortunately, Mathematica's Limit command
cannot help us compute the limit of a, and by, due to their recursive nature. (Try this!)

NOTE: We encourage the reader to experiment with different initial values for a; and b to see if the sequences a, and by, always
converge to the same limit.

Example 10.6. Consider the sequence

(n!)l/n

__ In()h-ninn

a) Show that if b, =Ina,, then b, =

b) Does b, converge? If so, find the limit.
¢) Does a, converge? If so, find the limit.

Solution:

In(nh-nlnn

a) We define a sequence ¢, = and then show that b, = c,.

ni7e2;= Clear[a, b, C]

(n !)l/n
a[n_] := —

n
b[n_] :=Log[a[n]]

Log[n!] -nlLog[n]

c[n_] :

n
In[786]:= TableForm[TabIe[{N[c[n]], N[b[n]l], N[c[n], 10] -N[b[n], 101}, {n, 2, 10}1,
TableHeadings - {Automatic, {" c,”, ™ by™, " ca-bn"}}]

Out[786]//TableForm=

Cnh bn Cn-bn
1 -0.346574 -0.346574 0.x1011
2 -0.501359 -0.501359 0.x10°10
3 -0.591781 -0.591781 0.x1010
4 -0.65194 -0.65194 0.x1010
5 -0.695218 -0.695218 0.x1010
6 -0.72803 -0.72803 0.x1010
7 -0.753866 -0.753866 0.x1010
8 -0.774799 -0.774799 0.x10°10
9 -0.792144 -0.792144 0.x1010

The preceding table indicates that the two sequences are the same. Here is a plot of both:
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ni7e7= ListPlot[{Table[{n, b[n]}, {n, 1, 100}], Table[{n, c[n]}, {n, 1, 100}1},
PlotRange -» {-1, 0.1}, AxesOrigin - {0, 0}]

20 40 60 80 100
_oal
Out[787]=
—0.6: (]
08 : ...\\_

This plot clearly shows that b, = ¢, that is, In(a,) = In(M)

n

_ In(nH-ninn
- n

. We leave it to the student to establish this equality

using properties of the natural logarithmic function.

b) The previous plot indicates that the limit of b, is —1. To confirm this, we use the Limit command.

n7egl= Limit[b[n], n - Infinity]

ou[78gl= -1

¢) Since by, = In (ay), it follows that a, = % and hence lim,_, . a, = 1. Again, we verify this using the Limit command:

ni7eol= Limit[a[n], n - InfFinity]

1
out[789]= —

e
m Exercises

In Exercises 1 though 3, determine the convergence of the given sequence.
1. a, = 32 2.an:In(2”+3) 3.a,=Vn

2n?+1 n+1l

1 1
=+ ..+ ==

1 1
4. Let = m T T 2n

Find the first ten terms of the sequence.

. Plot the graph of the sequence.

Is the sequence increasing? Bounded? Convergent? Prove each of your assertions.
Find limp_, o Cn.

oo oew

(&)

. The nth harmonic number is defined to be the sum

11 1
H”_1+2+3+"'+n'

+1 1
= dx.
X

Let @y =H, —Innand b, =
a. Showthat H, = b, forn=1, 2, 3, ..., 10. Prove that this holds for all positive integers n.

b. Showthata,=0forn=1, 2, 3, ..., 10. Prove that this holds for all positive integers n.
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c. Use the ListPlot command to plot the graph of a,. Does the graph indicate that a, is decreasing or increasing?
d. Evaluate limy_, « an.

e. The limitin part d) is called Euler's Constant and is denoted by y. Compute y accurate to 20 digits.

m 10.2 Infinite Series

Students should read Section 10.2-10.3 of Rogawski's Calculus [1] for a detailed discussion of the material presented in
this section.

m 10.2.1 Finite Sums

Sumla[n], n, n1, n2] evaluates the finite sum of a, as n goes from n; to n,.
Suml[a[n], n, n1, Infinity] evaluates the infinite series of a, as n goes from n; to co.

Using the BasicMathInput Palette, we can also enter finite sums or infinite series as Y12, a[n] or ¥*_., a[n], respectively.

Example 10.7. Compute the following finite sums:

a) 21121(__”1)” b) Moik-1D(k+1)

+2k2+1

c) ¥, (2k0 ) 2k d) XL,3i-2) e) Z‘%gowki
Solution:

a)

0 (-1"

In[790]:= Z

n=1

n

1627
2520

out[790]=

b)

n7o1= Sum[(k+1) (k-1), {k, 1, 5}]

ou[791)= 50

n!

n
¢) The binomial coefficient ( m ) = is expressed in Mathematica by the command Binomial[n, m].

m! (n—m)!
30
In[792]:= ZBinomial [30, k] 2%
k=0

ou[792)= 205891 132 094 649
NOTE: The above number is the same as 3%° = 205891 132 094 649. Verify this!

d)
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n
In[793]:= Z (3J-2)

j=1

1
ou[793= — (7 n+3 nz)
2

in7oa= Simplify[%]

1

ouf794= — N (-1 +3nN)
2

e)
10 k?2+1

In[795]:= Z

o k¥+2k?+1
361278549115758513
126627 880430636 728

out[795]=

m 10.2.2 Partial Sums and Convergence
Example 10.8. Consider the series fo:lﬁl_l. Let s, denote its nth partial sum.

a) Find s100.

b) Compute every 10th partial sum up to n = 100.

¢) Compute every 1000th partial sum up to n =10, 000.

d) From the tables of values in parts a) and b) what do you infer about the convergence of the series? Prove your assertion.

Solution:
a) First, we define s, in Mathematica and then evaluate s;qp.

ini7oel= Clear([s, n]

i 1
ja4i%-1
s[100]
100
Oout[798]= ——
201
in[799:= N[%]

out[7991= 0.497512

b) Here, we use the command Table[s[n],{n,1,J,K}], which gives the list of every K-th value of s,, as n goes from 1 to J. The
command TableForm[N[Table[s[n],{n, 1, J, K }]]] lists the values in column form.

inigoo= Table[s[n], {n, 1, 100, 10}]
1 11 212 31 41 51 61 71 81 91

w0l { =, =, = —— s — s —— s —— s —— 1 —— , —— }
3 23 43 63 83 103 123 143 163 183



inso1)= N[%]

ourso1= {0.333333, 0.478261, 0.488372, 0.492063,
0.493976, 0.495146, 0.495935, 0.496503, 0.496933, 0.497268}
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nisozj= TableForm[Table[{n, N[s[n]]}, {n, 10, 100, 10}],
TableHeadings » {{}, {"n", "sn"}}]

Out[802]//TableForm=

c)

n S

10 0.47619
20 0.487805
30 0.491803
40 0.493827
50 0.49505
60 0.495868
70 0.496454
80 0.496894
90 0.497238
100 0.497512

In[803]:= TabIeForm[TabIe[{n, N[s[n]1}, {n, 1000, 10000, 1000}1],

TableHeadings - {{}, {"n", "

Out[803]//TableForm=

n Sn
1000 0.49975

2000 0.499875
3000 0.499917
4000 0.499938
5000 0.49995

6000 0.499958
7000 0.499964
8000 0.499969
9000 0.499972
10000 0.499975

sn”'}}]

d) It seems that the partial sums converge to 0.5. We confirm this by evaluating

ingo4:= LIMIE[S[N], N - o]

1

Out[804]= —

Can you prove this? Hint: Use the method of partial fractions to decompose this series into a telescoping series as discussed in

your calculus text.

Example 10.9. Let s, be the nth partial sum of the harmonic series

a) Find s100.

b) Compute every 1000th partial sum up to n = 10, 000
c) Plot the graphs of the partial sums.

21y
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d) From the table of values in part (b) what do you infer? Prove your assertion.
Solution: We will follow the method of the preceding example. First, we define the nth partial sum.

inigos= Clear([s, n]
s[n_] :=Sum[1l/Kk, {k, 1, n}]

a) Then syqp is given by
ingo7:= S [100]

ou[so7)= 14466 636 279520351 160221 518043104 131447711 /
2788815009188 499 086 581 352357412492142272

ingog:= N[%]
outjgogl= 5.18738

b) Here is a table of values of every 1000th term in the sequence s, for n less than or equal to 10, 000.

In[809]:= TabIeForm[Table[{n, N[s[n]]}, {n, 1000, 10000, 1000}],
TableHeadings » {{}, {"n", " sn"}}]

Out[809]//TableForm=

n Sn
1000 7.48547
2000 8.17837
3000 8.58375
4000 8.87139
5000 9.09451
6000 9.27681
7000 9.43095
8000 9.56447
9000 9.68225
10000 9.78761

c) Here is a plot of s,.
nigio= ListPlot[Table[{n, s[n]}, {n, 1, 300, 20}1]

6 o o °* °

out[810l= 3|

50 100 150 200 250

The graph above indicates a slow growth that makes it difficult to reach a definitive conclusion regarding the convergence of the
harmonic series.

d) The table in b) and the plot in ) both suggest that the sequence of the partial sums is increasing. To convince ourselves of this,
we compare s, and .
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nisi= TableForm[Table[{n/2., N[s[2"]1]}, {n, 1, 10}],

TableHeadings - {{}, 2 ", " s}

Out[811])//TableForm=

g Son

0.5 1.5

1. 2.08333
1.5 2.71786
2. 3.38073
2.5 4.0585
3. 4.74389
3.5 5.43315
4. 6.12434
4.5 6.81652
5. 7.50918

This table suggests that s,n > 2 for n = 2. Use this fact (a proof of it can be found in your calculus text) to establish the diver-

gence of the harmonic series.

Example 10.10. Determine whether the following series converges or diverges.

) o b) 3, O Su(E-7=) O Zdn+n-Inn

Solution: In all cases, we let Mathematica attempt to evaluate the infinite sum. For those cases where Mathematica returns a
numeric output, this is understood to mean that the series converges and that the sum of the series is the given value.

a)

@ (_1)[1
In[812]:=
e 5
n=1
]T2
Out[812]= — —
12

Thus, the series converges to —’17—;. To see this graphically, we plot the graph of the partial sums of the series using the ListPlot

command, along with the horizontal line representing its sum s = —’;—; ~ —0.822467.

nig13= Clear[s, n]
(-1~

n
2
k=1 k

sS[n_] =
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nis1s= plotl = ListPlot[Table[{n, s[n]}, {n, 1, 100}11];

7[,2
plot2=PIot[—E, (x, 1, 100}];

Show[plotl, plot2]

-0.8218[ ‘.

L .
-0.8220F .

L L]

L ..
-0.8222

e
08224
Out[817]= [ cocsssccc000ee
~0.8226 [ eseeeetttt °°
...

, .
-0.8228

L o
-0.8230 S

[ .

0 20 40 60 80 100

b) Observe that limj_,. 'j =1+0. Hence, the series does not converge according to the Test for Divergence. This explains the

following output message from Mathematica if we attempt to evaluate the series.

< j
In[818]:= —
Sum::div : Sum does not converge. >

out[818]= i

i1

-1+
i

. This can be seen in the

¢) Since this is a telescoping series, it can be shown that the nth partial sum is given by s, =1 — -
n+

following output:

n 1 1
n[819l= S[N_] = Z _
=1 '\/F Vk+1

~
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In[820]:= TabIeForm[TabIe[{n, s[ni1}, {n, 1, 10}1,
TableHeadings » {{}, {"n", " sn"}}]

Out[820]//TableForm=

n Sn
1 1.1
V2
2 1.1
V3

1

3 2
4 1--L
V5
5 1--1
Ve
6 1--1
N7
7 1-—
22

2

8 3
9 1.1
V10
10 1-—1
Vit

Hence, the series converges to 1, which we confirm with Mathematica.

i 1 1
In[821]:= Z (— - —]
n=1 '\/F Yn+1

out821]= 1

d) This, too, is a telescoping series with the nth partial sum given by s, = In (n + 1) (verify this). Hence, the series diverges, as
shown by the following output.

[e<]

In[822]:= Z (Log[n+1] -Log[n])

n=1

Sum::div : Sum does not converge. >

©

out[s22)= Z (-Log[n] +Log[l+n])
n=1

m Exercises

1. Consider the series Y2, ————.
anl n?+3n+2

a. Use the Apart command to decompose the terms of the series, a, = —1n+2 into partial fractions.

n?+3
b. Use part (a) to find a formula for the nth partial sum of the series.
c) Is the series convergent? If so, then find its sum.

In Exercises 2 through 5, determine if the given series is convergent. If it s, then find its sum.
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co 1 o (D" co
2. 2”21 n(n+1) 3. Z‘ZOT 4. Z”:l(_l)ml

5. The sereis Y2 ar" is called a geometric series.

a. Find the nth partial sum of the geometric series.
b. For what values of r does the series converge? Diverge?
Find the sum of the geometric series for those values where the series converges.

. . o 1
6. Consider the series 312, Pt

Y n
a. Use the ListPlot command to plot the first ten partial sums of this series.

b. Show that the series converges.

m 10.3 Tests for Convergence

Students should read Sections 10.4-10.5 of Rogawski's Calculus [1] for a detailed discussion of the material presented in
this section.

m 10.3.1 Comparison and Limit Comparison Tests
The Comparison Test: Suppose 0 < a, < b, for all n> M, where M is some positive integer.

a) If 32 by is convergent, then 372, a, is also convergent.

b) If 372, an is divergent, then 372, by is also divergent.

The Limit Comparison Test: Suppose a, and by, are both positive and Iimn_m% =L If 0<l<oo (i.e., if | is a finite positive

number), then >3, a, and X324 by both converge or both diverge.

To test convergence of a given series};> ; a, using the Limit Comparison Test, it is important that the series X2 ; by easily be
checked for convergence.

Example 10.11. Discuss the convergence of the series

oo 1
2t
V n?+2
Solution: Since —— < \/L :711 and the harmonic series Y24 —i was shown to divergence in Example 10.8 of this text, it
v n?+2 n?

follows by the Comparison Test that our series diverges also. This is verified by Mathematica:

i 1
In[823]:= Z—
n=1 4’ n2 +2

Sum::div : Sum does not converge. >

i 1
out[823]= Z—
n=1 /2 4 n2?

Example 10.12. Discuss the convergence of the series
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3n3+40n2+4
n5+200 n*+1

2n1
Solution: To find another series to compare ours with, we consider one with terms by, = n—sz This comes from considering lower
powers of n in both the numerator and denominator of a,.
inig24;= Clear[a, b, n]
3n%+40n2+4

a[n_] o=
n®+200n%+1
b ) 3
[n_] == ;
. __ra[n] o
In[827]:= lelt[ , N Inflnlty]
b[n]
outs271= 1

2

Since the series Zg"ﬂ% is convergent (p-series) and limp_., .. =1 we conclude from the Limit Comparison Test that our series

3n’+40 n?+4

> ————— is also convergent.
2oty n+200 n*+1 9

Example 10.13. Discuss the convergence of the series Y32, [1 - cos(—rl])].

Solution: We note that limp_,.,[1 - cos(%} )] =0. This is confirmed by Mathematica.

inigzgl= Limit[1-Cos[1l/nNn], N » ]

outs2gl= 0

Thus, the necessary condition for convergence is satisfied. But this does not guarantee convergence. We will use the ListPlot
command to plot the graph of the partial sums to see if the series converges.

inig29)= Clear[s]
s[n_] :=Sum[1-Cos[1/Kk], {k, 1, n}]

ing31= ListPlot[Table[{n, s[n]}, {n, 1, 100}], PlotRange -» {0, 1}]

101

0.8+

06F,
Out[831]=
0.4+

0.2+

0 20 40 60 80 100

The graph above clearly indicates convergence. To see that this is indeed true, we compare it with a series that is known to
converge: 2,‘?:1?12. To this end, let us define a, and by as follows.
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inis3z;= Clear[a, b, n]
1
a[n_j := 1-Cos[—]
n
b 1
[n_] == E

Observe that both a, and by, are positive terms for all n. Hence, we can apply Limit Comparison Test:

a[n
In{83s):= |_imit[b ] , no Infinity]
[n]

Out[835]= —
. . . i_
Therefore, the given series, Y, [1 — cos(; )|, converges.

m 10.3.2 The Integral Test
The Integral Test. Given an infinite series

2ne1@n

we define f(x) so that f(n)=a, . If f(x)is positive on the interval [1, o), decreasing on this interval, and if limy_, f(x) =0,
then

Jfodx  and ¥y a,
both converge or both diverge.

Example 10.14. Use the integral test to determine the convergence of the following series.

1

o 1 o ia=f? ot
a) 2ol NeS ¢ X e ) 2ni -
Solution:

a) Here, a, = —\/1, and so we define f(n) in Mathematica:
n

inissel:= Clear[F, X]

1
fIx ] :=——
A x
ing3gl= F" [X]
1
Out[838]= —
2 X3/2

Since f'(x) <0 for all x e [1, o), it follows that f is decreasing. Clearly f is positive in value and lim,_,., f(X) = 0. Thus we
can apply the Integral Test by evaluating f“ f(x)dx:
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nig3ol= Integrate[F[x], {x, 1, Infinity}]

1
Integrate::idiv : Integral of —— does not converge on {1, co}. >
X

1
out[839]= f— dx
1 /%

To confirm this, we evaluate this improper integral according to its limit definition:

iniao= Clear [F, b]
F[b_] := Integrate[f[Xx], {X, 1, b}]

ingaz= LIMIE[F[b], b > o]
Out[842]= <o
b) Here, we define f as

ingaz;= Clear [F, X]
f[x_] = XEX
X2

Oout[844]= e~ X

nasp= Plot[F[X], {x, O, 5}, PlotRange -» {0, 1}]
10+
08
06
Out[845]= r

0.4+

0.2+

S NS SRS S S R SRR S
0 1 2 3 4 5

The graph clearly shows that the function is decreasing. We can confirm this by solving

ingae:= F* [X]
Solve[f"[x] == 0]

2 2
oufsasl= e X -2 e X x?

1 1

Out[847]= X>—— 1, i X>——
{ ﬁ} { ﬁ}}
ingagl= F*[1]
1
out[g4gl= - —

(S



210 | Mathematica for Rogawski's Calculus 2nd Editiion.nb

ingagl= N[1/ Sqrt[2]]
outg49)= 0.707107

Thus, f has critical points at 1% ~0.707. Since f'(1) <0, we conclude that f is decreasing on (1, o).

The graph also shows that limy._,., f(x) = 0. Again, we can confirm this by evaluating

ngsol= Limit[F[X], X - InFinity]

out[ssol= 0

Hence, the Integral Test can be used to determine if the series is convergent. That the series }72, e is convergent follows
from the fact that

In[851]:= rf[x] dx
1
1

Out[851]= ——
2e

Since the corresponding integral is convergent, it follows that the series 372, e isalso convergent.

c) In this case, we define f as

ns2= Clear [F, X]

1
fix_] =
Vx Log[x]

1
Vx Log[X]
ines4= Plot[F[X], {X, 2, 100}]

Out[853]=

014}
012}
010}
out[854]= [

0.06

0.04

20 40 60 80 100

We leave it for the reader to check that f satisfies all the conditions of the Integral Test, which we now apply.
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In[855]:= J“f[x] dx
2
1

Integrate::idiv : Integral of ————— does not converge on {2, co}. >

Vx Log[x]

1
out[855]= Jw— dx
2 4/x Log[x]

Since the preceding output states that the integral is divergent, we conclude that the corresponding series is divergent also.

1

Example 10.15. For what values of p does the series >7°, Py

converge?

1
n(Inn)?

Solution: We apply the Integral Test. Toward this end, we define f(x) so that f(n) = and then verify that f(x) is positive

and decreasing on the interval [a, o), and that limy_,., f(x) =0:

nesel= Clear[F, X, p]
1

flx ] i1z —m8 —
x (Log[x])P

ngssl= LImIt[F[X], X - InFinity]
out[ssgl= 0
To confirm this limit, we will plot graphs of f(x) for some values of p

nigsol= Plot[Evaluate[Table[f[x], {p, -4, 2, -5}1]1, {X, 2, 100}, PlotRange -» {0, 5}]

Out[859]=

0 20 40 60 80 100

In the plot above, observe that some of the graphs are initially increasing, but then begin to decrease at a certain point. Let us
then find the interval over which the function f (x) is decreasing for each p. To this end, we compute the derivative f'(x) and
solve f'(x) <0 for x.

inigeo:= F® [X]

pLog[x] *P Log[x]P

out[860]= —

X2 X2
inge1= Simplify[%]
Log[x] *P (p+Log[x])

out[86l]= —
x2
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inigez= Solve[F" [X] =0, X]

outgezl= {{X » e P}}

Since (Inx)™1"P > 0 for all x> 1, we see that f'(x) <0 if Inx > —p, or equivalently, x = ¢~P. Thus, f(x) is decreasing on [2, o)
where a is the maximum of 2 and e~ P.

To apply the Integral Test, we integrate fover the interval [2, o). This is easier than integrating over the interval [a, o), and
permissible since the integrals Kf(x)alx and jamf(x)de either converge or diverge together.

nige3= Integrate[F[X], {X, 2, o}]

Log[2]1P

oufse3= ConditionalExpression | 1

. Re[p] > 1]

The preceding output shows that fﬂ f(x) dx is convergent for p > 1. However, the case p <1 remains unsolved. To evaluate the

integral in this situation, we define its anti-derivative F(b) = jf f(X) dx and find the limit of F(b) as b - 0.

inige4= Clear [F, b]
F[b_] = Integrate[f[x], {X, 2, b}]

Log[2]'P-Log[b]*

oursesi= ConditionalExpression | . Re[b] =1||b¢Reals]

-1+p
Since b is a real number and b > 2, the solution to our integral is the first one, that is, F(b) = %"p"(b)lp provided p # 1. But
then for p <1, we see that limy_., F(0) = oo since limy_., IN(b)1 P = co. For p> 1, we have limy_,., F(b) = ('nlz)p , which we

already knew from the second previous Mathematica output. The following tables might be helpful to convince you about this.
inigeel:= Table[Limit[F[b], b - Infinity], {p, -3, .9, -5}]

out[866]= {c0, 0, @, 0, ©, 0, W, ©}

nge7= Table[LImit[F[b], b - Infinity], {p, 1.1, 9, .5}]

ourse7= {10.3733, 2.0766, 1.3605, 1.12346, 1.02813, 0.997425, 1.0048, 1.03926,
1.09605, 1.1734, 1.27122, 1.39056, 1.53333, 1.70219, 1.90056, 2.13262}

For p =1, we make this substitution inside the integral and evaluate it directly:

insesl= P =13
Integrate[f[x], {X, 2, o}]

Integrate::idiv : Integral of

1
out[869]= Jw— dx
2 X Log[X]

Therefore, the infinite series Y5>, —— u

does not converge on {2, co}. >
x Log[x]

s is convergent for p > 1 and divergent for p < 1.

NOTE: To see how slow the growth of this series is for the value of p = 1, we consider the following table of partial sums. Recall
that f(n) is the nth term of the series and hence the nth partial sum is given by
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nig7o= Clear[p, S, N]
s[n_] =Sum[f[K], {k, 2, n}]

N Log(k]P
Out[871]= Z L
k=2 k
The following output shows that the sum of the first ten thousand terms is only about 3.01501088.

ns72l= P =1;
N[s[10000]]

outg73)= 3.01501
Here is a plot of the graph of the first ten thousand partial sums in steps of 1,000.

ng74= ListPlot[Table[{n, s[n]}, {n, 1000, 10000, 1000}1]

3.00 °

Out[874]= o

4000 6000 8000 10000

= 10.3.3 Absolute and Conditional Convergence
Suppose a, > 0 for all n. The infinite series
pyaiy (-D"ay

is called an alternating series. If the series >, (—1)" a, is convergent but the series Y72, a, is divergent, then the alternating
series is called conditionally convergent. If Y32, a, is convergent, then the alternating series Y72, (—1)" a, is called absolutely
convergent.

Alternating Series Test: If a, is decreasing and limy_,,a, = 0, then the series Y52, (—1)" a, is convergent.
Example 10.16. Determine if the given series is conditionally or absolutely convergent.

[N

o (D" 00
a) Z] n2+1 C) Z‘n 2 ninn
Solution:
a) We define a, = |n Mathematica and check that a, satisfies the conditions of the Alternating Series Test.

nig7si= Clear[a, n]
1

n?+1

a[n_jJ :=
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ng77= Limit[a[n], N -> o ]

outs771= 0

nis7el= F[X_] = a[X];
7 [x]
2 X

Out[879]= — ——
(1+x2)°

Thus, a, is decreasing since f'(x) >0, where f(n)=a,. Moreover, a, converges to 0. Hence, the series 2:11% is convergent
by the Alternating Series Test.

To check absolute convergence, we use the Limit Comparison Test with b, = ;lz

nj -
, N> Inflnlty]

In[880]:= Limit[ / "
1/n

out[ssol= 1

Since the series Z;ﬁln—lz is convergent and the previous output shows Iimnm% =1, we conclude that the series

="
n°+1

1 . . . .
Yeii@n =2 —5 s also convergent. Therefore, the alternating series > 4 is absolutely convergent.

b) We procced as in part a).
nigs1= Clear[a, n]
1
a[n_] := —
nLog[n]
ings3= Limit[a[n], N -> o ]
out[ss3l= O
nsear= F[X_] = a[X];
7 Ix]
1 1

Out[885]= — _
x2 Log[x]? x?Llog[x]

For the same reasons we conclude that a, is decreasing and converges to 0. Hence, the series Zﬁ;z(n’l—i): is convergent by the
Alternating Series Test.
To check absolute convergence, we apply the Intgeral Test to f(x):
inissel:= Clear[m]
Limit[me[x] dx, m- Infinity]
out[887]= o

From this, we conclude that the series is conditionally convergent.

Example 10.17. Show that the series
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is conditionally convergent. Find a value of n for which the partial sum s, approximates the series by an error less than 107°.
Also, find the corresponding value for sp,.

Solution: We leave it for the reader to check that the series converges conditionally as in the preceding example. For the second
part of the problem, we proceed by first defining the partial sums of the series.

nesgi= Clear([s, a, n]
1

a[n_] 1= ———
‘\/ n?+1
s[n_] :=Sum[(-L)ka[k], {(k, 1, n}]

If S denotes the sum of the alternating series, it can be shown that |S —s, | < an.1 (refer to your calculus text for a proof of this
fact). The following table of values gives some numerical evidence of this fact:

@

(-"
n[89L]:= Table[{ [Abs[z —s[m]]], N[a[m]]}, {m, 1, 10 }]
241

outsor- {{0.266189, 0.707107}, {0.181024, 0.447214},
(0.135203, 0.316228}, {0.107332, 0.242536}, {0.088784, 0.196116} ,
(0.075615, 0.164399}, {0.0658064, 0.141421}, {0.0582284, 0.124035},
({0.0522031, 0.110432}, {0.0473006, 0.0995037}}

ingoz= Clear[S, n]

2, (-1)"
= ———
n= ‘\/ +1
© _1 n
Oout[893]= Z¥
n=1./1+n?
The table below gives the values of a, for large values of n.
insos= Table[N[a[10"] ], {n, 1, 10 }]
out[894]= {0-0995037, 0.0099995, 0.001, 0.0001,
0.00001, 1.x10°%,1.%x107, 1.x10%8,1.x10°, 1. xloflo}

Thus, n = 10° is a possible value. But solving a, = 107> can give us a more accurate value.

In[895]:= NSoIve[a[x] =107°, X]
outges= { {X - -100000.}, {xX > 100000.}}

Thus, if n= 100001, we have |S —s;| < 107°. We confirm this with Mathematica:
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insoel:= N[S -s[1000017]
ousosl= 4.99993 x 1078

Can you find a smaller value of n for which |S —s,| <107>?

m 10.3.4 Ratio Test
The Ratio Test: Suppose a, >0 and let

. Ans1
r=Ilimm,e ; .

a) Ifr < 1, the series 32, a, converges.

b) If r > 1, the series >, a, diverges.

c) If r =1, no conclusion can be drawn about the convergence of the series >7°, a,. In other words, if r = 1, then we must use
another test to determine the convergence.

Example 10.18. Use the Ratio Test to determine the convergence of the following series.

o N o 3nd+40n’+4
3) Xt n! ) ZJ 2 €) ot n°+200 n*+1

J(In Jan jp?

Bne1

Solution: For each series, we define a, to be its nth term and evaluate limy,_,., .

a)
ingo7= Clear([a, n]
nn
a[n_] 1= —
n't

ngog= Limit[a[n+1] /a[n], n -> o]

Out[899]= e
Since e > 1, the series 2;’;1% converges by the Ratio Test.

b)

neoo)= Clear([a, j]

1
afj_1] := ——
J (Logrjn)?
Limit[a[j+1]/a[jl.J -> ]

outj9o2)= 1

This output means that we must use a different test. However, this is an instance of Example 11.12 in this text with p = 3. Hence,
the series converges by the Integral Test.

c)

neoz;= Clear[a, n]

3n®+40n2+1

a[n_] := ——
n®+200n%+1
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ngosi= Limit[a[n+1]/a[n], N -> o]

out[oos]= 1

Again, this output means we are forced to use a different test. Therefore, we shall use the Limit Comparison Test instead. To this

end, we define b, = :3 :

2

inosl= Clear[b, n]

] , N> Infinity]

In[908]:= Limit[ 5
[n]

out9og]= 1

3n%+40n2+4

- is also convergent.
n°+200 n*+1

. . 1 . .
Since the series > 2 - is convergent, we conclude that the series >3 ;

= 10.3.5 Root Test
The Root Test: Suppose a, > 0 and let
r=1limn_. (@n)*".

a) Ifr < 1, the series >° ; anconverges.

b) If r > 1, the series Y12, an diverges.

c) If r=1, no conclusion can be drawn about the convergence of the series };2; a,. In other words, if r = 1, then we must use
another test to determine the convergence.

Example 10.19. Use the Root Test to determine the convergence of the following series:

1

) Y(5g) b) T —— 0) ¥,

n 3"4+n?

3n+l
n?4+n+1

Solution: For each series we define a, to be its nth term and evaluate limy_,, (a,)*".

a)
neoo;= Clear[a, n]

n n
afn_I == (Zn 1)
+

o= Limit[ (a[n])*", n -> o |

1

Out[911]= —

Thus, the series Y52, (57— )" converges by Root Test.

b)

n121= Clear[a, n]
1
afn_] := ———
n3"+n?
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In[914]:= Limit[ (a[n])l/”, n-> oo]

1

Out[914]= —

Even though the preceding Limit command is returned as unevaluated, the N command reveals that it is approximately 1/3.

ino15:= N[%]
outo151= 0.333333

L First, note that

To verify this, we use the Squeeze Theorem (discussed in your calculus text) with b, = ?lsn and ¢, = e

bn < an = c,. We can verify this using the following plot:

3-X 3-X
In[916]:= Plot[{;, a[x], 7} {x, 1, 10}, PlotStyle » {Green, Red, Blue}]

Out[916]=

6 8 10
We now define b, and ¢, as and evaluate limy_e (c,)Y" and limn_e (0n)*".

ne171= Clear[b, c, n]

b[n I=

(n_] 2n3"
1

c[n_] ==

(] n3"

miozop= Limit[ (b[n])*", n - Infinity]
Limit[(c[n])™", n - Infinity]

out[920]=

Out[921]=

Wlkr wlek

Thus, we also have limy_. (a,)"" = é and hence the series converges by the Root Test.

c)

ng221= Clear[a, n]
3n+2
afn_] 1= ——

n-n+1
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nozap= Limit[ (@[n])*", n -> o |
outlo24= 1
The Root Test fails. Let us try the Ratio Test:

a[n+1]

In[925]:= Limit[ , N> Infinity]

a[n]
out925]= 1

The Ratio Test fails as well. We can easily verify that the Integral Test is applicable. We will evaluate the integral

In[926]:= ra[x] dx
1
3x

2
Integrate::idiv : Integral of + does not converge on {1, co}. >

1-x+x° 1-x+x
2+3X
out[926]= Jmi dx
1 1-x+x?

To confirm the divergence of the improper integral, we leave it to the reader to evalaute the function F(x) defined below for large
values of x.

ne271= Clear[F, b]

b
Fib_] := J.l a[x] dx

m EXxercises

In Exercises 1 through 6, use the Comparison Test or the Limit Comparison Test to determine if the given series is convergent. If
it is convergent, then find its sum.

co n 0o Inn oo N*+200n+1000 n+2222
P Yt [oe1 2. 2ot n?+3Inn 3 2ah né+5n%+n+1
Inn 1 1
4.y, o 5. 33, - 6. 2, (1-2)

In Exercises 7 through 9, use the Integral Test to determine if the given series is convergent. If it converges, then find its sum.

(Inn)®

[ 8. I 9. % o

n?+1
. 0o _1 5
10. For what values of p does the series 332, ——— converge?

(Inn)k
nPoc

11. Consider the series 372,
a. Fixavalue of p (say, p=2or p=1/2) and find all values of k for which the series converges.
b. Fix avalue of k (say, k =2 or k = —2) and find all values of p for which the series converges.
c. Generalize the results of a) and b) to all values of p and k.

12. Let f be a positive valued function that decreases on [1, o) and let a, = f(n). It can be shown that
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[fodx =Y an<a + [ dx.
a. Use f(x)=— to verify this.

b. Approximate > 175 - using its nth partial sums with n =10, 100, 1000, 10000.

In Exercises 13 through 16, determine if each of the infinite series is absolutely convergent, conditionally convergent, or diver-
gent. Justify your conclusions!

w (D" (n°-1) o 20n2-n-1 0 (=2 o n+1
18, Yy 14, Yo, 2 15. 52, 16. T (<D™ H{Vn+1 -V ]
17. Discovery Exercise:
1 o 1 1

a. Determine the convergence or divergence of >°° , o yand Yo, ———— .,
9 9 21_2 nin(InInny°s Zﬁ"z nin(ninn) Z“z nin(ninny?

b. Generalize your work in part a) by determining for which real numbers p the series}y?, converges.

nin(nlnn)P

In Exercises 18 through 25, determine the convergence or divergence of the given infinite series using any of the convergence
tests discussed in this section.

co 3N+l 0 n o n+3 . 2\N
18. 2” 14n45 19. Zﬂ=l 2n2+1 20. Zn 1 4345 21. 2n=1 n(_S)

00 331 o N o (N2 oo 1\N
22.52.40(3) 23. 5T 24, Y, (;ny 25. Yo (-1 (1+ )

26. The Ratio Test proved to be inconclusive for some of the series in the previous exercise. Can you conjecture for what type of
series the Ratio Test will fail in general? Use other tests to rework the problems in the first exercise where the Ratio Test failed.

27. Of the following four conditions, one guarantees that a series will diverge, two conditions guarantee that a series will con-
verge, and one has no guarantee (the series can either converge or diverge). Identify each one and explain your reasoning.

limps o =0
an
. a, 1
||m n+1 - =
N— oo an 2
. Any1
limp, e | |=1
an
. i1
limp, o |22 |=2
an

28. Identify the two series that are the same:

a s b. 2o+ D) () e San(y)"

In Exercises 29 through 32, determine the convergence or divergence of the series:

29. ¥ (2Vn+1) " 30, T o6 3Ly, (222) 32. 3, (2

3n+l 2n+1 )

33. Construct two examples of infinite series, the first convergent and the second divergent, for which the Root Test generates
inconclusive information.

34. Use the Root Test to test for convergence or divergence of the series:
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a L + L + Ly 1 +
" (n3)®  (n4)*  (In5° (In6)°

4 5
=42

2,3 6
+Z 4= =+
b.1+ 3 + st Tt e

Hint: Write a formula for the general nth term in each case.

m 10.4 Power Series

Students should read Sections 10.6-10.7 of Rogawski's Calculus [1] for a detailed discussion of the material presented in
this section.

m 10.4.1 Taylor Polynomials

The Taylor polynomial of a given function f at a point x = a is given by

f" fm
@ (x—a)3+....+$ (x—a).

' @
2!

2
(x—a) -+ a

Tx=f@+f'@x-a+
The Mathematica Series[f {x, a, n}] generates the nth Taylor polynomial T,(x) plus a term of the form O[x]"*1. To obtain the
Taylor polynomial without this term, we use the command Normal[Series[f,{x, a, n}]].
The nth remainder R, (x) of f(x) at x = a is defined by
Rn(¥) = f(X) = Th(X).
Taylor's Theorem states that

Rn(X) = ﬁ LX fO+Dy (x — u" du.

Here is a way to define the Taylor polynomial of fat x = a by defining T,(x) and the nth remainder Rn(x) (using Taylor's Theo-
rem for R,,) without referring to Mathematica's built-in command Series.

no29}= Clear[a, x, F, T, R]

n D[f , , k .
T[x_,a_, n_] :=Z [TIx]. {x. K} /-x~4a (x-a)k
o k!

1 X
R[Xx ,a , n_] :=—jD[f[u], {u,Nn+131 % (x-u)"du
nt! Ja

Example 10.20. Let f(x) =e*. Find its 5th Taylor polynomial at x = 0.
Solution: We use the Series command to obtain the answer:
ine32;= Normal [Series[E*, {x, 0, 5}1]
x2 x3 x* x°
out932)= 1 + X + — + — + — +

2 6 24 120

Using the polynomial T[x, a, n], we defined above we get
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ine33;= Clear [f]

f[X_] o= EX

T[x, 0, 5]
x2 x3 x4 x°
outo3sl= L+ X+ — + — + — + ——
6 24 120

ine3el= R[x, 0, 5]
1
outpas —— (-120+120 e* - 120 x - 60 x* - 20 x® - 5 x* - x°)

Example 10.21. Find the nth Taylor polynomial of f(x) at x = a for various values of a and n.
a) f0=vVx b) f(x)=cosx

Solution: a) We shall use the same function T[x,a,n] defined in the previous example (make sure you evaluate this function
before you evaluate the table below).
ne371= Clear[a, X, F]

N DIF[X], {X,K}] /.x—>a .
. n]i= ) — (x-a)

k=0

—
X

Q

=}

n

pel
X

Q

)

1l

1 X
., n_]: —JD[f[u],{u,n+1}]*(x—u)”d1u
nt! Ja

ine40)= Clear [F]
fix_1=Vx
TableForm[Table[ T[x, a, n], {a, 1, 5}, {n, 1, 3}1,
TableHeadings -
{{"at a=1", "at a=2", "at a=3", "at a=4", "at a=5"}, {"n=1", "n=2", "n=3"}}]

out941]= ' X

Out[942]//TableForm=

n=1 n=2 n=3
at a=1 | 1+ (-1+x)  1+g (-1+x) -3 (<142 143 (-1+x) -5 (-1+x)2+ 2 (-1
-2+ -2+ —2+x)2 2+ -24+x)2 -2+x)3
_ _ _ 2 _ _ 2 _ 3
at a=4 2+:11 (-4 + X) 2+:11 (-4 + X) _6_14 (-4 +x)2 2+711 (-4 +X) _6_14 (—4+X)2+5—12 (-
-5+ -5+ -5+x)2 -5+ -54+x)2 -54+x)3

b) We proceed as in part a):



Mathematica for Rogawski's Calculus 2nd Editiion.nb |223

ing43;= Clear [f]
f[x_] = Cos[X]
TableForm[Table[ T[x, a, n], {a, 0, 2Pi, Pi/2}, {n, 1, 4}] ,
TableHeadings -» {{"at a=0", "at a=n/2", "at a=r", "at a=3x/2", "at a=2n"},
n=1", "*'n=2", ""n=3"", "n:4"}}]
out9441= COS [X]

Out[945]//TableForm=

n=1 n=2 n=3 n=4
at a=0 1 1-% 1-% 1-%. X
at a=n/2 Z-x Z-x Zox+3 (-Z24x)® Zox+3 (-24x)®
at a=r -1 —l+% (-7t +X)? —l+% (-7t +X)? —l+% (—7T+X)2—2—l4 (-7
at a=37/2 —3—2” X —3—2” X —3—2” +x——é (—3—2” +x)3 —3—2” +x-—é (—3—2” +x)3
at a=2r 1 1-2 (-274%x)2  1-3 (-27m+%)2 1-2 (-2n+%)2+ 2 (-
Example 10.22. Let f(x) = 2+13 -

a) Find the Taylor polynomials T,(x) of f at x=0forn=1, 2, ..., 6.
b) Draw the graphs of the function f and its Taylor polynomials found in part a).
c¢) Over which interval does the nth Taylor polynomial gives a close approximation to f(x) if n =4, n =10, and n = 20?

Solution:
a) Here are the Taylor polynomials up to order n = 6.

ine4e)= Clear [F]

1
flx ] =—
2+3x%x2

TableForm[Table[ {n, T[x, O, n1}, {n, 1, 6}1 ,
TableHeadings - {{}, {"'n", "T, at a=0"}}]

1
2+3x2

Out[948]//TableForm=
n T, at a=0

out[947]=

1
1 =
2
1 3x?
2 1 _3x
2 4
1 3x?
3 2 4
1 3x? x4
4 R
2 4 8
1 3x2 9 x4
z _sx  3X
5 2 4 8
6 }_3)(24_9%‘_27)(6
2 4 8 16

b) We first use the Plot command to plot the graphs of f and its Taylor polynomial at x = O for the desired values of n. We then
use the Show command to plot both graphs on the same axes.
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ne40= Clear[plotl, plot2]
plotl = Plot[f[Xx], {X, -3, 3}, PlotStyle - Red];
plot2 = Plot[Evaluate[Table[T[Xx, O, n], {n, 1, 6}11, {X, -3, 3}]
Show[plotl, plot2]

0.4+
0.3F
Out[952]=

0.2

01r

[ [ | | | |
-3 -2 -1 1 2 3

¢) We use the same commands as in part b) except that we do not use the Table command. The first one is for the case n = 4.

nes3= Clear[plotl, plot2]
plotl = Plot[f[X], {X, -3, 3}, PlotStyle - Red];

plot2 = Plot[Evaluate[T[X, 0, 411, {X, -3, 3}1] ;

Show[plotl, plot2]

Out[956]=

It seems that the two graphs are close to each other if x is in the interval (=0.5, 0.5). To see this close up, we recommend that
you change the range of values for x in both plots (plotl and plot2) to the interval [-1, 1]. We can confirm this by plotting the 4th
remainder of f(x)atx=0.
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nes7:= Plot[Evaluate[R[x, 0, 411, {X, -1, 1}, PlotRange -» {-1, 1}]

1.0
05

Out[957]= | . . . . L . . . I I . . . | . . . . I
-1.0 -0.5 L 0.5 1.0

-0.5

1ol
We repeat the above with n = 10.

nesel= Clear[plotl, plot2]
plotl = Plot[f[Xx], {X, -3, 3}, PlotStyle - Red];
plot2 = Plot[Evaluate[T[Xx, O, 10011, {X, -3, 3}] ;
Show[plotl, plot2]

Out[961]=

The graph above clearly indicates the 10th Taylor polynomial gives a close approximation for f in the interval [-.6, .6]. Again,
plotting Ry will confirm this.
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nge2;= Plot[Evaluate[R[Xx, O, 1017, {X, -1, 1}, PlotRange » {-1, 1}]

1.0
05

Out[962]= | . . h I I I I I . . . . | . . . I
-1.0 -0.5 L 0.5 1.0

-0.5

-1.0

If we continue in this manner, we see that the Taylor polynomial P, for large values of n gives a better approximation of f in the
interval [-1, 1]. In fact, for n = 20, we see that R,(x) is almost zero in the interval [-0.7, 0.7], which is an improvement over the
previous interval [-0.6, 0.6] obtained for n = 10.

inee3:= Plot[Evaluate[R[X, 0, 2011, {X, -1, 1}, PlotRange » {-1, 1}]

1.0
0.5

Out[963]= I I I , . | . . . . . . . . I . . . . |
-1.0 -0.5 L 0.5 1.0

-0.5

-1.0

m 10.4.2 Convergence of Power Series

A series of the form

T2 0an(X — Xo)" = ap + az(X — Xo) + A(X — X0)? + az(X — X0)° + ...

is called a power series.

The set of all x for which the series converges is called the interval of convergence.

If the series converges for x = xg only, we say is radius of interval is R = 0. In this case, its interval of convergence is {Xg}.

If the series converges for all real numbers x, we say its radius of convergence is R = co. In this case, its interval of convergence

IS (—oo, 00).
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If the series converges for some x # xq and diverges for some vy, then it can be shown that there exists R > 0 such that the power
series converges for all x for which | x — X | <R and diverges for all x for which |x—Xo| > R. The convergence at x =X, - R
and x = Xg + R needs to be checked.

When the radius of convergence R is a positive real number, there are four possiblities for the interval of convergence:
Xo—R, Xo+R)or[Xo—R, Xo+R)or(Xo— R, Xo+RJor[Xo—R, Xo+R]

depending on the convergence at the end points of the intervals.

The radius of convergence R of the power series Y2 o an(X — Xp)" can be found by using the Ratio or Root Test. Let

or r=Ilimp, e |an]

Ans1

r=Ilimpe

a) Ifr=0, then R = c.
b) If r =0, then R=0.
1

c) If0<r< oo, then R:—r.

Example 10.23. Find the radius and interval of convergence for the given power series.

n (x=3)" (x+2)"
) Xlogn X b) X1 T ) X0 s
d) Ten X" &) Moo (-1
Solution:

a) Let us define sy (X) to be the mth partial sum of the series and plot the graph of some of these partial sums. We will plot every
100th partial sum up to 10,000 terms.

inee4= Clear[s, n, m]

n

m
S[X_,m.] = Z
—rs 2n+1

Xn

ngee]:= Plot[Evaluate[Table[s[x, m], {m, 1, 1000, 100}]1]1, {X, -2, 2}]

4x10% -

2x10%

out[966]= r ‘

‘ -2x10% -

This clearly indicates that the partial sums diverge outside (-1, 1). Here is the plot over the interval (-1, 1).
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nee7= Plot[Evaluate[Table[s[x, m], {m, 1, 1000, 100}]1]1, {X, -1, 1}]
15
Lol

Out[967]=

05+

We now use calculus. Here, note that a, = ﬁ and xo = 0. We first define a, in Mathematica and find the radius of conver-

gence. We recall | a| (absolute value of a) is entered as Abs[a].

ngeg;= Clear[a, n, r]
n

2n+1

a[n_] ==

a[n+1]

IN©70;:= I = Limit[Abs[ ] n- Infinity]

a[n]

outo70]= 1

Thus, the radius of convergence is R = —i = —1 = 1. The power series convrges on (-1, 1). To check convergence at the endpoints

x =—1and x = 1, we note that the power series becomes Y, — 7 (=1)"and 2;’,‘;0?11 ()", both of which are divergent, since

2n+
their nth terms do not converge to 0. Here, Mathematica confirms the divergence at the endpoints.

[e<]

In[971]:= Z

n=0

(-n°
2n+1

Sum::div : Sum does not converge. >

© (-1)"n
out[e71)= ZL
io 1+2n
In[972]:= (H"
r;' 2n+1

Sum::div : Sum does not converge. >

= n

Oout[972]= Z
o 1+2n

Therefore, the interval of convergence is (-1, 1).

(x=3)"
b) X1 T



Mathematica for Rogawski's Calculus 2nd Editiion.nb |229

ne73= Clear[a, r, n]

[n_] !
a[n =
- n3"
. _raln+1] -
In[975]:= r=L|m|t[ , N> Inflnlty]
a[n]

out[975]= —

=1=3

Thus the radius of convergence isR = 7

=l

Since xg = 3, the power series converges on (Xo — R, Xg + R)=(3 -3, 3+ 3) = (0, 6). We need to check the endpoints x = 0 and
x = 6. We substitute these in the power series and evaluate
e (X _ 3) n

In[976]:= — /. X {0, 6}
gll‘ n3"

out976]= {-L0Og[2] , =}

Thus, the interval of convergence is [0, 6).

o (X+2)"
©) X,

n24+n+1

ne771= Clear([a, r, n]
1
a[n_J :=
n+n+1

In@79}= F = Limit[AbS[a[#;]l]] , > oo]

outo79l= 1

Hence, the radius of convergence is R = —i = 1. Since xg = —2, we see that the power series converges at least on the open interval

(-2-1, -2+ 1) =(-3, -1). To determine the actual interval of convergence we need to check the endpoints. As in part c), we
evaluate

e 2 n
In[980]:= Z& /. X-{-3, -1}
fon?+n+1
3 1+v3 3 13
oufeso- {HypergeometricPFQ[ {1, (-1)3, - (-1)?3}, {— - 1\/_, — 1\/—}, -1],
2 2 2 2
3 13 3 13
HypergeometricPFQ[ {1, (-1)%3, - (-1)2/3}, {E - ]Hé_, . lz—}, 1]}

infes1:= N[%]
out[981]= {0 .76131 +4.70246 x 10716 §, 1.79815 - 4.96787 x 1016 1'1}

Since this is not clear, we examine the series by plugging in by hand x = -3 and x = —1. When x = —3 the series becomes

(=3+2)" (@
2hel 5o = 2ne1

n2+n+1 n2+n+1’

applies in this case. Thus, we have a convergent series.

which is an alternating series. We leave it to the reader to verify that the Alternating Series Test
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Next, we substitute x = —1 to obtain the series Y=, clof _ py 1n+1 to which we apply the Integral Test (verify that the

n?+n+1

n?+
conditions of the Integral Test are satisfied):

In[982]:= Integrate[ , {X, 0, Infinity}]

x2ex+1
27
out[982]=
33
Thus, the series converges in this case as well. Therefore, the interval of convergence for the power series is [-3, —1].
d) Zpon"x"
ingss= Clear[a, r, n]
a[n_j1 :=n"
o a[n+1]
In[98s]:= I = lelt[Abs[—] , N oo]
a[n]

Out[985]= o
Thus, the radius of convergence is R = 0 and the series converges for x = 0 only.
o 1

nigsel= Clear[a, r, n]

1
a[n_] 1= —
n!
1
In[988]:= r=Limit[AbS[a[n+ ] , - oo]
arnj

outossl= 0

Thus, the radius of convergence is R = co and the series converges for all real x. Hence, the interval of convergence is (—co, o).

m 10.4.3 Taylor Series
The Taylor series for f(x) at x = a is given by the power series

o (x—af = f@)+ @ (x—a)+ 2 (x—ap+

The Mathematica command Series[f,{X, a, n}] generates the power series of f at x = a to the order (x —a)". It is not possible to
write all the terms explicitly since there are infinitely many.

1+X
14x2 "

Example 10.24. Let f(x) =

a) Find the first ten terms of the Taylor series of f at x =0.
b) Estimate the radius and interval of convergence of the Taylor series of f at x = 0.

Solution:

a) We use the Series command to obtain the Taylor series as follows:
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inesol= Clear [F, X]

1-x
f[X_] i=

2 +X
no1)= Series[F[x], {X, 0, 10}]

1 3x 3x%2 3x3 3x* 3x> 3x68 3x’ 3x8 3x% 3x10
Out[991] — — — + - + — + — +

_ N . 11
4 8 16 32 64 128 256 512 1024 2048

O[x

This output gives the Taylor series to order n = 10.

b) To first gain intuition for the radius of convergence of the Taylor series, we define the nth Taylor polynomial of f(x) as a
function of n (note our use of the Normal command to truncate the remainder term from the Taylor series).

inwoz;= Clear [T, X, Nn]
T[x_, n_] :=Normal [Series[f[X], {X, 0, n}]]

Here is a list of the first 20 of these polynomials.
ineo4= Table[T[X, n], {n, 0, 10}]

1 1 3x 1 3x 3x? 3x 3x%2 3x3
- - -— — +
4 8 16

Out[994]= {— s —_—, — +

1
2 472 4 8 2
1

3x 3x%2 3x3 3x*4 3x 3x2 3x3 3x* 3x°
"4 8 16 3272 a4 8 16 32 64’
3x 3x%2 3x® 3x* 3x> 3x5 1 3x 3x2 3x3 3x* 3x5 3x8 3x7
"4 8 16 32 64 128" 2 4 8 16 32 64 128 256°
3x 3x2 3x3 3x* 3x> 3x6 3x’ 3x8

4 '8 16 32 64 128 256 b512°

3x 3x%2 3x® 3x* 3x> 3x5 3x’ 3x8 3x°
"4 8 16 32 64 128 256 512 1024°
3x+3x2 3x3+3x4 3x5+3x6 3x7+3x8 3x? 3x10

- +
4 8 16 32 64 128 256 512 1024 2048

}

Observe that each polynomial appears twice, that is, T, = Ton41, Since f is an even function. Next, we plot the graphs of some
of these polynomials:

NIk NIFRP NP NRPEPNREDN
|
4
|
N
|
4
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ingosi= Clear [plotl]
plotl =
Plot[Evaluate[Table[T[Xx, n], {n, 1, 20}11, {X, -5, 3}, PlotRange » {-10, 10}]

10 -

Out[996]= ! !
-4 -2

_10 L
To compare the graph of these polynomials, we plot the graph of f and use the Show command.

7= Clear [plot2]
plot2 = Plot[f[x], {X, -5, 3}, PlotRange » {-10, 10}, PlotStyle -» Red]

10 -

Out[998]= . . | . . . . . . I . I

-10%-
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ingool= Show[{plotl, plot2}, PlotRange -» {-10, 10}]

10 j
)
\ L
out[999]= ‘ ! ‘ ‘ ‘
-4 -2 :
.
_10 ;

Observe that the graphs of the Taylor polynomials in the preceding plot seem to give a good approximation to f only inside the
interval (-2, 2). This suggests that the radius of convergence is 2. This becomes more evident as we plot the graph of T, for
large values of n as shown in the following plot, where n = 30, 35, 40, 45, 50.

inf1000;:= Clear [plot3]
plot3 = Plot[Evaluate[Table[T[x, n], {n, 30, 50, 5}11, {X, -3, 3}1;
plotd = Plot[f[Xx], {X, -5, 3}, PlotStyle » {Red, Thickness[0.002]1}];
Show[{plot3, plot4}, PlotRange » {-10, 10}]

10 -

out[1003]= _u ‘ ! ‘ ‘ ‘ ‘ ‘ ‘ —

_10 [
To prove that the radius of convergence is indeed R = 2, we first find a formula for the Taylor coefficients. Based on the follow-
ing table, it is clear that ag = 1/2 and a, = (-1)" 3/2”+1 (prove this for all n).
noo4= a[n_] :=D[F[X], {X, n}]/n! /. Xx-0
Table[a[n], {n, 0, 10}]

1 3 3 3 3 3 3 3 3 3 3
ouaoos= {—, -—, —, - —, —, -, s~ T~ — > —— }

2 4 8 16 32 64 128 256 512 1024 2048

We now apply the Ratio Test on Y52 ,an X"
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inizooel= Clear[a]
an_1=(-1)"Nn%x3/2"(n+1)
a[n+1]

r=Limit[Abs[ ] n- oo]

a[n]

oufi007)= 3 (-1)"2-1"

Out[1008]=

N R

Hence, the radius of convergenceisR=1/r=2.

Next, we determine whether the endpoints should be included in the interval of convergence. For this, we evaluate our Taylor
seriesat x=-2and x = 2.

In[1009]:= Za[n] (-2)™n

n=1

ia[n] (2) ™n

n=1

Sum::div : Sum does not converge. >

(71)2[’1

N8

Out[1009]=

N w

>
Il
[y

Sum::div : Sum does not converge. >

[ee]
Out[1010]= Z

=1

=}

This shows that the Taylor series diverges at both endpoints. Thus, the interval of convergence is (-2, 2).
Example 10.25. Let f(x) = sinx.

a) Find the Taylor series of f at x =0.
b) Find the radius and interval of convergence of the Taylor series.

Solution:
a) We repeat the steps in the previous example.

inppo11)= Clear [F]
f[x_] :=Sin[x]

nio13p= Clear[T]
T[x_, n_] :=Normal [Series[f[X], {X, 0, n}]]

nio15= Table[T[x, n], {n, 0, 10}]

x3 x3 x3 x5 x3  x° x3  x° x7
ouio1s)= {0, X, X, X = — , X=— , X=— + ——, X-— + S Xm— +—— — .
6 6 6 120 6 120 6 120 5040
x3  x° x7 x3 x5 x7 x9 x3  x° x7 x9

X-— +— - + s XK= — + — — + }

+— - 1]
6 120 5040 6 120 5040 362880 6 120 5040 362880
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Observe that all terms of the Taylor polynomials are odd powers of x. Can you explain why?
Here is a plot of the graphs of the first ten of these polynomials and the function f.

nizoe= Clear[plotl, plOt2]
plotl = Plot[Evaluate[Table[T[x, n], {n, O, 10}11, {X, -3Pi, 3Pi}];
plot2 = Plot[f[x], {x, -3Pi, 3Pi}, PlotStyle -» Red];
Show[ {plotl, plot2}, PlotRange -» {-10, 10}]

10

out[1019]= R \

-10 +

b) Observe that the higher the order of the Taylor polynomial the better it approximates f over a wider interval. To see this more
clearly, we plot T, for n = 20, 40, 60.

inizoz0= Clear[plotl, plot2]
plotl = Plot[f[x], {x, -40, 40}, PlotStyle -» Red, PlotRange » {-5, 5}1;
plot2 =
Plot[ Evaluate[T[x, 20]]1 , {Xx, -40, 40}, PlotStyle - Blue, PlotRange -» {-5, 5}1;

plot3 = Plot[ Evaluate[T[x, 40]] , {x, -40, 40},

PlotStyle -» Blue, PlotRange -» {-5, 5}1;
plot4 = Plot[ Evaluate[T[x, 60]] , {x, -40, 40},

PlotStyle -» Blue, PlotRange » {-5, 5}];
Show[ {plotl, plot2}]

A AWAWA AR AW WAWAWAWAW)
I AVAVE-AVA RVAVAVAVIVAVAVE
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inizo26l= Show[ {plotl, plot3}]

S AW AWA WAWA

AWAWAWAWAWE

I AVAVAAVAY

ni10271= Show[{plotl, plot4}]

Oout[1027]= | A /\

AVAVAVAVAVAVE

AWAWAWAWAWE

JAWAWA
ERVAVAVAVAY

AVAVAVIVAVATE

The preceding plots suggest that the radius of convergence for the Taylor series of sinx is R = co. To prove this, we first find a
formula for the Taylor coefficients {a,}. Again, based on the following table, it is clear that a, = sin(zn/2)/n! (prove this for all

n).

npozgl= a[n_] =D[F[X], {X, n}]/n! /. Xx-0

Table[a[n], {n, 0, 10}]
1

1 1

1
Out[1029]= {O, 1,0, e 0,

We now apply the Root Test on > gan X".

’ 0, - I O’ ’
120 5040 362880
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inizo30:= Clear[a, n, r]
a[n_] =Sin[Pi*n/2]/n!
Table[a[n], {n, 0, 10}]
r = Limit[Abs[a[n]]1™(1/nNn), N> o]

= n
Sin [7]
ouf1031}r ———
n!

1 1 1 1

out[1032]= {0, 1,0, - —, 0, —, 0, - , 0, ,0}
6 120 5040 362880

ouff1033= O

Hence, the radius of convergence is R = co.

m EXxercises

In Exercises 1 through 6, determine the radius and interval of convergence for the given power series.

co —1 n+l yn co oo 1"
Loy, 2. 520@m!(3) " 3 %G
co X! co 0 20"
4 Yo (-1 — 5. 25504 x)" 6. 200

7. Give examples of power series that have an infinite radius of convergence, a radius of convergence containing only the center,
and a radius of convergence of one.

8. Find the Taylor series for f(x) = e2* centered about ¢ = 0.
9. Find the Taylor series for f(x) = In x centered about the pointc = 1.

In Exercises 10 through 12, find the MacLaurin series for each of the given function.

10. f(x) =sin2x 11. g(x) = sinh x 12. h(x) = (arcsin x)/x

e /X if x 0

0 ifx=0

a. Plot the graph of this function using Mathematica.

b. Use the limit definition of the derivative and L'Hopital's Rule to show that every higher-order derivative of f at x = 0 vanishes.
c. Find the MacLaurin series for f. Does the series converge to f?

13. Consider the function f(x) = {

14. Use Taylor series to evalaute the following definite integral, which cannot be integrated via elementary means:

fsﬂ dx.

X
15. Find the following limit using the theory of Taylor series.

- 1-cos x
limy,o Y
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Chapter 11 Parametric Equations, Polar Curves,
and Conic Sections

m 11.1 Parametric Equations

Students should read Sections 11.1-11.2 of Rogawski's Calculus [1] for a detailed discussion of the material presented in
this section.

Parametric equations are useful for describing curves not modeled by functions or motions parametrized by quantities such as
time. The standard form for a set of parametric equations is

x(0) = f(t)
y® =9

where t is called the parameter.

m 11.1.1. Plotting Parametric Equations

The Mathematica command for plotting a curve defined by parametric equations x = f(t) and y = g(t) for a <t < b is Parametric-
Plot[{f(t),(t)}.{t.a,b}].

Here are some examples:
Example 11.1. Plot the curve described by the parametric equations x =costand y=sintforO<t=<2n.
Solution:

inf1034= ParametricPlot[{Cos[t], Sin[t]}, {t, O, 2}, ImageSize -» 200]

out[1034]=

NOTE: Recall that the above parametric equations represent the unit circle. However, Mathematica may produce a graph that,
depending on its default settings, looks visually like an ellipse due to different scalings of the x- and y-axes. In that case, the plot
option AspectRatio can be used to specify the ratio of the height to the width for a plot. For example, to stretch the plot above so
that the circle becomes elliptical where the height is twice as long as the width, we can set AspectRatio equal to 2.
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inf1035)= ParametricPlot[{Cos[t], Sin[t]}, {t, O, 2x}, AspectRatio -» 2, ImageSize -» 200]

out[1035]=

Example 11.2. Plot the curve described by the parametric equations x =t> =4 and y =t/2 for -2 <t < 3.
Solution: Here is a plot of the curve:

ini1o36)= ParametricPlot[{t"2-4, t/2}, {t, -2, 3}]

Out[1036]=

Example 11.3. Plot the curve (prolate cycloid) described by the parametric equations X =26 —4sin6 and y =2 — 4 cos 6 for
0 <t <2 and determine its y-intercepts.

Solution: We first plot the curve:
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inizo37:= Clear[F, g, 6]
fle_]1=26-4Sin[e];
g[e_]1 =2-4Cos|[e];
ParametricPlot[{f[e], g[©]}, {6, -4Pi, 4Pi},
PlotLabel -> "Prolate cycloid"]
Prolate cycloid
6

Out[1040]=

N 10 Y, Y, 20 Y,
To find the y-intercepts (there appears to be two based on the graph), we solve f (6) = 0 for 6:
npo41)= Solve[F[e] = 0, O]
Solve::nsmet : This system cannot be solved with the methods available to Solve. >

ouj1041)= Sollve[26 -4 Sin[6] =0, 6]

Observe that the Solve command here fails to give us an answer since the equation is non-algebraic. However, note that the
negative y-intercept is trivially located at y = —2 corresponding to 6 = 0. The other (positive) y-intercept must be solved numeri-
cally using the FindRoot command (even the NSolve command fails in this case), where we provide a nearby location (0 = 7/2)
for our desired solution.

inizo421:= root = FindRoot[f[e] == 0, {&, Pi/2}]
ou1042)= {6 - 1.89549}

inf1043:= g[root[[1l, 2]11]
out[1043)= 3.27609

Thus, the second y-intercept is located approximately at y ~ f(1.89549) = 3.276009.

NOTE: Observe that we used of the option PlotLabel to print the label "Prolate cycloid" in the plot above. In general, the inside
PlotLabel —»"text™ inside a plot command prints the title text for the given plot.

m 11.1.2. Parametric Derivatives

Recall that for a curve described by parametric equations x = f(t) and y = g(t), its derivative dy/dx can be expressed as a ratio
between the parametric derivatives dy/dt and dx/dt (application of the Chain Rule):

where it is assumed that f ' (t) # 0.

Example 11.4. Consider the following parametric equations (folium of Descartes):

T y= 1+t
a) Plot the curve described by the parametric equations above (select an appropriate interval for t that captures all the salient
features of the graph).

b) Find all points of horizontal tangency on the curve.
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c) Find the derivative at the tip of the folium.
Solution:
a) Here is a plot of the folium of Descartes on the interval [0, 20]:

inito44:= Clear [F, g, t]
f[t ]1=3t/(1+t"3);
g[t_]1=3t"2/ (1+t"3);
ParametricPlot[{f[t], g[t]}, {t, O, 20}, PlotRange -» All, AspectRatio- 1,
PlotLabel -> "Folium of Descartes", ImageSize - 200]

Folium of Descartes

Oout[1047]=

0.5 1.0 15

NOTE: The plot above does not reveal the full graph of the folium. A more complete graph is shown in the following plot. The
dashed line indicates an asymptote. Can you generate a Mathematica plot of it? Can you find an equation of the asymptote (see
Exercise 7)? Hint: Beware of the discontinuity at t = —1.

Folium of Descartes
3 —

-3t
b) In order to find points of horizontal tangency, that is, points where the slope of the tangent line is equal to zero, it suffices to
solve j—i =0, or equivalently, %’ =0 (assuming %f # 0). Hence, we evaluate
inizo48:= Solve[D[g[t], t] == 0, t]

out[1048]= {{t%O}, {ta—(—Z)l/s}, {t»21/3}, {t» (—1)2/3 21/3}}
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Since %: does not vanish att = 0 and t = 213 (we ignore the imaginary solutions), we conclude that there are two points

corresponding to these values at which the tangent lines are horizontal, namely at (0, 0) and (21/3, 22/3):

inpos9)= (F[€], g[t]} /-t->0
{fIt], g[t1} /- t-243

ou1049)= {0, 0}
Out[1050]= {21/3, 22/3}

c) To locate the tip of the folium, we take advantage of the folium's symmetry to argue that the slope of the tangent at the tip must

equal —1 (parallel to the asymptote of the folium). Thus, we solve j—i = -1, or equivalently, g' (t) = —f ' (t), for t:

nitos1:= sol = Solve[g™[t] = -F"[t], t]
oufr0s1)= {{t - -1}, {€->1}}

npos2;= Frsol[[1, 1, 2111
glsol[[1l, 1, 2]1]

1
Power::infy : Infinite expression — encountered. >
0

ouf10521= ComplexInfinity

1
Power::infy : Infinite expression — encountered. >
0

out1053)= ComplexInfinity

Thus, the tip is located at (3/2, 3/2).

m 11.1.3. Arclength and Speed

The arc length of a curve described by parametric equations x = f (t) and y = g(t), a <t <b, is given by

s= L\ (&) + (3 ar

Suppose (x(t), y(t)) now represent the position of a particle moving along a path at time t. The distance traveled by the particle
over the interval [to, t] is given by

s = [, (%)ﬁ(j—ﬁ)z du
and
ds dx\2 | (dy)?
@ =@ +(3)
represents its speed (length of the velocity vector (x' (t), y' (1))).

Example 11.5. Find the arc length of the curve x = e"tcost, y =e 'sintfor0<t<n/2.
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Solution: Here is a plot of the curve:

initos4:= Clear[x, y, t]
X[t_] =E~(-t) xCos[t];
y[t_] =EN(-t) *Sin[t];
ParametricPlot[{x[t], y[t]}, {t, O, Pi/2}, ImageSize » 250]

0.30
0.25
0.20
out[1057]= 0.15
0.10
0.05

0.2 0.4 0.6 0.8 1.0

To find its arc length, we compute

/2
In[1058]:= J A/ ((D[X[t], €])"2 + (D[y[t], t])"2) dt
0

Out[1058]= \/? (1 - e’”/z)

In[1059]:= N[%]

out[1059)= 1.12023

This answer makes sense based on the graph.

Example 11.5. A particle moves along a path described by x = t? — 4, y =t/2.
a) Find the distance traveled by the particle over the interval [-3, 3].
b) What is the particle's minimum speed over the same interval? When does this occur?

Solution:
a) The distance traveled is given by

inposo)= Clear([X, Yy, t]
X[t ] =t"N2-4;
y[t 1=t/2;

JZ«/((D[X[t] » t]) "2 + (D[y[t], t])"2) dt
1
Out[1063]= p (12+/145 +ArcSinh[12])

in[1064]:= N[%]
out[1064= 18.4599

a) We make a plot of the particle's speed:
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nossi= speed = 4/ ((D[X[t], t]) "2 + (D[y[t], t])"2)
Plot[speed, {t, -3, 3}, ImageSize -» 250]

1
Out[1065]= — 1412
4

Out[1066]=

This shows that the minimum speed is 1/2 and occurs at t = 0. Can you verify this using calculus techniques?

m Exercises

In Exercises 1 through 3, sketch the curve represented by the given parametric equations. Be sure to select an appropriate
interval for the parameter that captures all the salient features of the curve.
Lx=t,y=1/2 2. x=2(@-sinf), y=1-cosf 3. x=3c0s%6, y=3sin’6

4. Find all points of horizontal and vertical tangency to the curve x = cosé + 6siné, y= sing — §cosd, 0<6=<2x.

5. Consider parametric equations given by x = 3cos (t/3) — costand y = 3sin(t/3) — sint.
a) Graph the curve represented by the parametric equations above.

b) Find the slope of the line tangent to the curve at the point where t = /4.

c) Find the arc length of the curve fromt=0tot = 3x/2.

6. Consider a particle moving along a curve described by x =t — costand y =t — sint with respect to time t.
a) Approximate the distance traveled by the particle over the interval [0, 2 7]. Hint: Use the NIntegrate command.
b) Find the minimum and maximum speeds of the particle over the same interval. At what times do they occur?

7. Cornu's spiral (also known as Euler's spiral) is a curve defined by the following Fresnel integrals:
x(t) = ficos(u?) du, y(t) = [isin(u?)du

a) Plot Cornu's spiral for —10 <t < 10.

b) Compute the length of Cornu's spiral over the same interval. Then find a formula for the length of Cornu's spiral over the
intervala<t=<bh.

¢) Determine the coordinates of the center of the two "eyes" that form Cornu's spiral.

8. Find the asymptote corresponding to the folium of Descartes (see Example 11.4) and plot the asymptote together with the
folium of Descartes.

m 11.2 Polar Coordinates and Curves

Students should read Sections 11.3-11.4 of Rogawski's Calculus [1] for a detailed discussion of the material presented in
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this section.

Polar coordinates, expressed as (r, 6), represent the location of a point on the Cartesian plane in terms of distance r from the
origin and angle 6 with respect to the positive x-axis.

m 11.2.1. Conversion Formulas

Conversion between Cartesian (rectangular) coordinates (x, y) and polar coordinates (r, ) can be achieved by the following
formulas:

rr=x2+y? X =rcosé
f=tanty/x y=rsinf

Example 11.6. Perform the following conversions:
a) Convert the rectangular coordinates (3, 4) into polar coordinates.
b) Convert the polar coordinates (7, 7/3) into Cartesian coordinates.

Solution:
a) Using the first set of conversion formulas above, we find that

In[1067]:= ¥ = ‘\/ 32 4+ 42

6 = N[ArcTan[4 / 3]]

out[1067]= 5
outj1068= 0.927295
b) This time, we use the second set of conversion formulas:

in1069)= X = 7 * COS[Pi / 3]
y = 7 %Sin[Pi / 3]
7

out[1069]= —

7+/3

out[1070] ——

2

m 11.2.2. Polar Curves

The Mathematica command for plotting a curve described by a polar equation in the form r = f(6) for @ <6 < 8 is Polar-

Example 11.7. Plot the graph of the limacon r =3 — 4 cos 6.

Solution: Here is a plot of the limacon:
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npo71)= PolarPlot[3 -4 Cos[e], {6, -4Pi, 4Pi},
AspectRatio -> Automatic, ImageSize -» 200]

Out[1071]=

Example 11.8. Plot the graph of the six-leaf rose r = 2 cos(3 6/2).
Solution: Here is a plot of the six-leaf rose:

ni1o721= PolarPlot[2 Cos[3e6 /2], {6, -4Pi, 4Pi},
PlotLabel -> ""A Six-Leaf Rose', AspectRatio -> Automatic, ImageSize -» 200]

A Six—Leaf Rose
1.
1o F

05 |-
out[1072]=

Z0/5

Can you can modify the function to generate a 12-leaf rose?

m 11.2.2. Calculus of Polar Curves

Recall that the derivative of a polar equation in the form r = f () for @ < 6 < 8 is given by

ﬂ _ f'(0) sin 6+f(0) cos O
dx ~ f'(0)cosf—f (@) sing

Moreover, the area A of the region bounded by a polar equation in the form r = f(0) between a < 6 < S is given by
A=3 [Pt20)d6

Example 11.9. Locate all horizontal and vertical tangents of the limacon r = 2 —sin 6.
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Solution: We first plot the limacon to anticipate our solution points:

npo73= PolarPlot[1 + Cos[e], {6, -2Pi, 2Pi}, ImageSize -» 200]

Out[1073]=

From the plot above, we should expect to find two horizontal tangents and three vertical tangents.
Next, we compute the derivative of the limacon:

ini1o741= Clear [F, 6]
f[e_] =1+Cos[e]

ou1075)= 1 + COS[O]
inizo7el= dydx = Simplify [ (F"[6] »Sin[e] + F[6] xCos[e]) / (F"[6] »Cos[e] - f[O] *Sin[6])]

Cos[s—ze ] Csc[—g ]
Out[1076]= —

1+2Cos[o]
To obtain horizonal tangents, we solve dy/dx = 0 for 6.

In1077):= dydx == 0
Solve[dydx == 0, 6]
36 (€]
Cos[=7 | Csc|Z |

ouf[1077]= - =0
1+2Cos[9]

Solve::ifun : Inverse functions are being used by Solve, so
some solutions may not be found; use Reduce for complete solution information. >

5 5
ouora- {{0>-="}, 1971, {0 -2} {03}, (0 m, {0 )]

Therefore, our two horizontal tangents are located at 6 = +7/3.

As for vertical tangents, we solve for where the reciprocal of the derivative is zero, that is, 1/(dy/dx) = 0 for 6.
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inizo79l= 1 / dydx
Solve[l /dydx == 0, 6]
36, _ .6
oufi079)= - (1 +2Cos[e]) Sec|— | SII’][E]

Solve::ifun : Inverse functions are being used by Solve, so
some solutions may not be found; use Reduce for complete solution information. >

4 27 27 47
u = 80!9_—1 _—,8—,9—
ounsa {1001, {0 -2}, (00 -2, fo 2} o0 )

Since the solution above only gives us the principal solution 6 = 0 of —tan(34/2) = 0, we need to additionally solve 36/2=+n
for 6, which yields our two other solutions, § = =2 /3.

NOTE: What is the derivative at § = 7?

Example 11.10. Find the area of the region contained inside the circle r = 3 sin @ and outside the convex limacon r =2 —sin 6.

Solution: We first plot the two polar curves on the same set of axes.

ni1os1:= PolarPlot[{3 Sin[e], 2-Sin[e]}, {6, 0, 2},
AspectRatio -> Automatic, ImageSize -» 200]

Out[1081]=

Next, we find their points of intersection by equating them and solving for 6:
inpos2)= Solve[3 Sin[e] == 2-Sin[e], 6]
Solve::ifun : Inverse functions are being used by Solve, so

some solutions may not be found; use Reduce for complete solution information. >

Out[1082]= { {8 - iGT } }

Observe that Mathematica gives only the solution 6 = /6, which lies in the first quadrant since trigonometric inverse functions
are involved. We can see from the above graph that the other point of intersection must be at 6 = 57/6 due to symmetry. Thus,
the area of the enclosed region is given by the difference in areas enclosed by the circle and limacon between 6 = /6 and
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0 =5n/6:
npos3)= (1 /2) (Integrate[ (3Sin[e])”"2, {6, Pi/6,5Pi/6}] -
Integrate[ (2 -Sin[e])”"2, {6, Pi /6, 5Pi/6}])

out[1083= 3 /3
in[1084]:= N[%]
out[1084= 5.19615

NOTE: Using even symmetry of our region, it would have been enough to integrate between 6 = 7/6 and 6 = /2 and double the
result.

m Exercises

In Exercises 1 and 2, use Mathematica to perform the following conversions.
1. Convert the rectangular coordinates (—1, V3 ) into polar coordinates.

2. Convert the polar coordinates (5, 3 7/4) into Cartesian coordinates. What if we replace (5, 37/4) with (=5, 37/4)?

In Exercises 3 through 6, plot the graph of each of the given polar equations and find an interval for 6 over which each graph is
traced only once.
3. r=3-4cos60 4. r=2+sind 5 r=3cos(36/2) 6. r=5sin26

7. Generate the butterfly curve r = ¢ — 2 cos (4 6) + sin° (§/12).

8. Find all horizontal and vertical tangents of the lemniscate r? = cos(2 6). Plot its graph to confirm your answers.

9. Consider the rose curver = cos(26) for -2n< 6<2n.
a) Plot its graph.
b) Find the area of one petal of the curve.

In Exercises 10 through 12, graph and find the area of each of the given regions.
10. The common interior of r=3 - 2sinfand r = -3 + 2siné.

11. Inside r =2 (1 + cos @) and outside r = 2 cos 6.

12. Inner loop of r =3 + 4sin 6.

In Exercises 13 and 14, find the length of the given curve over the specified interval.
13. r=1+5sinf,0<0<2nr 14. r=6(1+cosh), 0 <0=<2n

15. Consider the polar equations r = 4sin@and r = 2( 2 —sin?6).

a) Graph the polar equations on the same axes.
b) Find the points of intersection of the curves.
¢) Find the circumference of each curve.

m 11.3 Conic Sections

Students should read Section 11.5 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

Conic sections refer to the three families of curves (ellipses, hyperbolas, parabolas) generated by intersecting a plane with a cone.
Recall the equations for describing each family of curves in standard position:
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I. Ellipse

X\2 | (Y\2 _

G +E) =1

If b>a> 0, then the ellipse has two foci located at (0, +c), where ¢ = v/ b? —a? .

11. Hyperbola
2

(G -G)=1

I11. Parabola

1
y=—x

4¢?

NOTE: These formulas assume that the "center" of the conic section is at the origin. To translate the center to a different point,
say (Xo, Yo), we replace x and y by x — xg and y — yo, respectively.

The most useful command for plotting conic sections is ContourPlot[egn,{x,a,b},{y,c,d}], where eqgn is the equation of the conic.
Example 11.10. Determine the family that each conic section below belongs to and then make a plot of each.
a) %f +1L:s =1
b)y=5
2
c) %2 - ig =1
Solution:
a) This conic is an ellipse. To plot it, we evaluate

initossi= ContourPlot[x"2/9+y”n2/16 =1, {X, -4, 4},
{y, -4, 4}, Axes » True, Frame -» False, ImageSize -» 200]

Out[1085]= —

Observe that the length of semi-major and semi-minor axes are 4 and 3, respectively. How would this change if we happen to
switch the coefficients 9 and 16?

b) This conic is a parabola. Since the equation here is solved for y, we merely use the Plot command:
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inizosel= PlOt[ (9 /4) x"2, {X, -2, 2}, ImageSize -» 200]

Out[1086]= 4l

) i 1 2
¢) This conic is a hyperbola. Here is its plot:

inf0871= ContourPlot[x"2/4-y~2/9=1, {X, -6, 6},
{y, -6, 6}, Axes » True, Frame -» False, ImageSize -» 200]

6,

out[1087]= - s s s

-6+

Example 11.11. Find an equation of an ellipse with center at (-1, 3) and having semi-major and semi-minor axes of lengths v'5
and 1/2, respectively.

Solution: From the given data, we see that (Xo, Yo) = (-1, 3),a= V5 ,and b= 1/2. The equation of our ellipse is therefore:

S gy - 3R =1
To plot it, we evaluate

infosgl= ContourPlot[ (x+1)"2/5+4 (y-3)"2 =1, {X, -4, 2}, {y, 2, 4},
AspectRatio -» 2/ 3, Axes -» True, Frame -» False, ImageSize -» 200]

4.0+

out[1088]= 30r
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m Exercises

In Exercises 1 through 4, plot each of the given conic sections. Can you determine the family that each conic section belongs to
before plotting? Also, what are the values of the parameters a and b (or c) in each conic section?

X ¥ _ ¥ _®_ _3y2 =27 12
1. 25+4_1 2. 36 16_1 3. y=3x 4. 25 49 =1

5. Consider the ellipse Xg +4y? =1,

a) Make a plot of the ellipse.

b) What are the lengths of the semi-major and semi-minor axes?

c) Where are the foci located?

d) Compute the sum of the distances from the two foci to any point on the ellipse. Do you recognize the answer?

6. Find an equation of an ellipse with center (1/2, —5) and having semi-major and semi-minor axes of lengths 3/4 and V7,
respectively.

7. Find all points on the hyperbola ;—; - 192 =1 where its slope equals 1.

de
1+ecosf’

8. Consider a polar curve of the form r = where d and e are non-negative constants.

a) Plot this curve ford =3, and e = 1/2. Do you recognize this curve as a conic section? Of which type? Hint: Use the com-
mand PolarPlot.

b) Repeat part a) but this time use e = 2 instead. Do you recognize this curve as a conic section? Of which type?
c) Repeat part a) but this time use e = 1 instead. Do you recognize this curve as a conic section? Of which type?

d) Describe how the graph changes as we vary the values d and e. What happens to the graph when e =0? NOTE: The value e
is called the eccentricity of the conic section.

de
1+ecos @

determine formulas for its center, semi-major, and semi-minor axes. Verify these formulas for the ellipse in part a).

X—Xg

to that in standard form for an ellipse, (= )+ (% )2 =1, and

e) Assume 0 <e <1. Convert the polar equation r =
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Chapter 12 Vector Geometry

Useful Tip: If you are reading the electronic version of this publication formatted as a Mathematica Notebook, then it is possible
to view 3-D plots generated by Mathematica from different perspectives. First, place your screen cursor over the plot. Then drag
the mouse while pressing down on the left mouse button to rotate the plot.

m 12.1 Vectors

Students should read Sections 12.1 - 12.3 of Rogawski's Calculus [1] for a detailed discussion of the material presented in
this section.

A vector is an object that has magnitude and direction. In physics, these vectors are denoted by arrows, where the magnitude of
the vector is represented by the length of the vector, and the way in which the arrow points indicates its direction. In mathemat-

ics, these vectors are represented by points in two or three dimensions, where the vector is the arrow that starts at the origin and

ends at the point. For example, the point (2, 1, 3) could be considered both as a point in 3-D space and as a vector from (0, 0, 0)
to (2, 1, 3). To distinguish a point from a vector, we will use the angled brackets ( and ) instead of parentheses. Thus, the point (2,
1, 3) is denoted (2, 1, 3) as usual, but the vector from the origin to that point is denoted (2, 1, 3).

The length or magnitude of a vector v is denoted ||v||, and is read as "norm v." If v =<a, b, c), then ||v|| = v a2 +b2+c?. In

two dimensions, if v = (a, b), then [Iv]| = v/ @ + b? .

Vectors and matrices, in Mathematica, are simply lists. A vector is a list of numbers within braces, with commas between
numbers, while a matrix is a list of lists (vectors), with each vector list being a row of the matrix (for a complete description of
lists in Mathematica, see Section 1.2.3 of this text). Of course, all rows must be the same size. For example, consider the vector
a below:

nosol= a = {1, 3, 5}
ouio89= {1, 3, 5}

The ith component of the vector a is denoted by a;, or in Mathematica, by a[[i]]. For instance the second component of a, which
is 3, would be obtained by:

inf1o90)= a[[2]]

out[1090]= 3

All of the usual vector algebra operations are available to us:
Dot Product

The Dot Product of two vectors u = (us, Uy, Us) and v = (v V,, V3) is defined by
U-v=upVy + UpVy + UzVz. Forexample:

npoo1= a = {1, 3, 5}
b= ({1, -2, 3}
a.b

ouf091)= {1, 3, 5}
our092)= {1, -2, 3}

out[1093)= 10
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or

ini1094:= Dot[a, b]

out[1094]= 10

NOTE: We use the ordinary period symbol on the keyboard for the dot product.
Cross Product

The cross product of two vectors u = (uj, Uz, Uz) and v =(vy Vo, V3), is defined as a vector perpendicular to both u and v, and
calculated by the following "right-hand" rule:

U X V = (UzV3 - UgV2, Ug V1 - Ug V3, UgVz - UpVy)
This calculation can be done in Mathematica in two ways. The first is to use the Cross command:
inizoos:= Cross[a, b]

ouf109s)= {19, 2, -5}

The second is by using the multiplication symbol "x". This special symbol can be entered on the Basic Math Input Palette or
by pushing the escape key, followed by typing the word "cross™ and hitting the escape key again: [esc]cross[esc]

nf1096= a x b

ou1096)= {19, 2, -5}

Recall that the cross product of 2 vectors, a and b creates a vector perpendicular to the plane of the vectors a and b. In your
Calculus text, the cross product is also defined as the determinant of a special matrix. We will look at this a little later.

Norm (Length) of a Vector
The norm or length of a vector can be calculated in Mathematica by the Norm command
ino97)= Clear([X, Y, z]

inf1o9sl:= NOrm[{X, Y, z}]

out[1098]= \/Abs [X]?+Abs[y]?+Abs[z]?

in[1099]:= Norm[a]

out[1099= /35

infz100:= Norm [2 a]

out[11001= 2 /35

In[1101]:=

Vector Addition

The sum of two vectors u = (uy Uy, uz) and v =(vy Vy, V) isdefinedtobeu+v=uiv; + upVvy + U3zvs.
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mi102p= 2a - 3b + {1, 1, 1}
oufri02)= {0, 13, 2}

Example 12.1. Leta=(1, 2, 3). Show that -2 s a unit vector.

llall
In[1103]:=
Solution:
inf1104:= Norm[a / Norm[a]]
out[1104]= 1
Example 12.2. Find the equation of a line in 3-space passing through Py = (3,-1,4) in the direction of v =(2,7,1) and graph it.
Solution: The line through Py = (Xo, Yo o) in the direction of v = (a, b, c) is described in vector or parametric form by:

Vector form: r(t) = (Xo, Yo, Zo) +t(a, b, )
Parametric Form: x=xg+at, y=yo+bt, z=2zg+ct

Thus, the vector description of the line is

n1105:= Clear([r, t];
rit_1= {3, -1,4}) + £t{2,7, 1}

oufr106)= {3+2t, -1+7t, 4+t}
To graph this line we use the ParametricPlot3D command:

ParametricPlot3D [{f,, fy, f,}, {U, Unins Unax} |

produces a three-dimensional space curve parametrized by a variable u which runs from
Umin €O Umax -

ini1107= ParametricPlot3D[r[t], {t, -3, 3},
ImageSize -» {250}, ImagePadding -» {{15, 15}, {15, 15}}]

Out[1107]=

NOTE: This plot command uses the option ImageSize to specify the size of graphics output. Settings include Tiny, Small,
Medium, Large, or {pt}, where pt is the number of points.
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Example 12.3. Give the description in vector form of the line that passes through the points P = (1, 0, 4) and Q = (3, 2, 1), then
find the midpoint of the line segment @ and plot this line segment.

Solution: The line through points P = (a1, by, ¢1) and Q = (ay, b,, ¢,) has vector form r(t) = (1 — t){(as, by, ¢1) + t{ay, by, ¢2). In
this parametrization, r(0) = P and r(1) = Q. Thus,

mogl= r[t_ ] = (1-t) {1, 0, 4} + t{3, 2, 1}
ouriog= {1+2t,2t, 4 (1-t) +t}

The midpoint of the line segment @ is
1

In[1109]:= I [— ]
2

5
- 412,11, —
Out[1109] { 5 }

The plot of the line segment is

ni1110p= ParametricPlot3D[r[t], {t, -0.1, 1.1},
ImageSize » {250}, ImagePadding » {{15, 15}, {15, 15}}]

2010 45

Out[1110]=

Example 12.4. Find the angle between the vectors v = (3,6,2) and w = (6,3,6).

Solution: Remember that the angle between two vectors, v and w, is given by 6, which is defined by 6 = cos‘l(&) .

(I liwll
Therefore,

n1= v = {3, 6, 2}
W = {6, 3, 6}

oufr111= {3, 6, 2}
ouj1112)= {6, 3, 6}
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V.wW

In[1113]= 6 = ArCCOS[N VN : ]]
ormlv ormfw

16
out11131= ArcCos [E ]

in[1114]:= N[%]
outj1114)= 0.704547

Therefore, 8 = .7045 radians.

m EXxercises
1. Calculate the length of the vector v = (1, 3, 4).

In Exerices 2 and 3, calculate the linear combinations.
2. 5¢2,-2,5+6(1, 3,8) 3. 6(2,0,-1) -3¢(8,6,9)

4. Find a vector parametrization for the line that passes through P = (1, 2, —6) with direction vector v = (2, 1, 5).

In Exercises 5 and 6, determine whether the two given vectors are orthogonal (v + w iff v.w = 0):
5. (1,1, 1), (1, -2, 3) 6. (1,1, 1), (-3,2,1)

In Exercises 7 and 8, find the angle between the vectors:
7' <11 2>1 <51 7) 8' <21 41 1)1 <11 _31 5>

m 12.2 Matrices and the Cross Product

Students should read Section 12.4 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

In order to understand the alternate approach to the cross product alluded to above, we need to define the terms matrix and
determinant.

Matrices

A matrix is a rectangular array of numbers consisting of n rows and m columns (denoted n x m). We are especially interested in
square matrices where m = n and, in particular, m = 2 orm =3. For example: A 3 x 3 matrix would be

daj; app a3

dp1 Az Az
dz; Az ass

but Mathematica would show this matrix as:

ntis= A = Table[10 ¥+, {i, 3}, {J, 3}]

ouwi11s= {{11, 12, 13}, {21, 22, 23}, {31, 32, 33}}

npiep= B = Table[i+J, {i, 2}, {J, 2}]

oufr116l= {{2, 3}, {3, 4}}

To have Mathematica display a matrix in the traditional way, use the MatrixForm command:
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in1117)= MatrixForm[A]
MatrixForm[B]

Out[1117]//MatrixForm=

11 12 13

21 22 23

31 32 33

Out[1118]//MatrixForm=
23
52

Note that in the definition of the matrices A and B, Mathematica treats them as lists and when we use the command Matrix-
Form, we can see the matrices presented in the traditional way.

Determinants

The determinant is a function, Det, which assigns to each square matrix a number which is defined for 2 x 2 and 3 x 3 matrices
as follows:

np119:= Clear[a, b];
F = {{a, b}, {c, d}}
MatrixForm[F]
oufi120= {{a, b}, {c, d}}
Out[1121]//MatrixForm=
% a)
cd
in1122)= Det[F]

oufi122)= -bc+ad

m1123= G = {{al, a2, a3}, {bl, b2, b3}, {cl1, c2, c3}}
MatrixForm[G]

ouf123= {{1, a2, a3}, {bl, b2, b3}, {cl, c2, c3}}

Out[1124]//MatrixForm=

1 a2 a3
bl b2 b3
cl c2 c3

inj1125)= Det[G]
ouf1125)= —a3b2cl+a2b3cl+a3blc2-b3c2-a2blc3+b2c3

Using these definitions, we can now define the cross product of two vectors by the formula

i j kK
(b1, by, bz)x{cy, Co, C3) = Det[ by by ba ]
Ci1 C» C3

wherei =(1,0,0),j =(0, 1, 0), and k =0, 0, 1).

Example 12.5. Calculate the cross product of v=(1, 3, 6) and w =(-2, 8, 5).
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In[1126]:=

Solution:

np1271= Clear[i, j, K]
g ={i,]J,k}
v= {1, 3, 6}
w = {-2,8,5}
A= {g,vVv,w}

ouiizel= {1, j, K}

oufiiz9)= {1, 3, 6}

oufuz0)= {-2, 8, 5}

oufis= {{W, J, k}, {1, 3, 6}, {-2, 8, 5}}

inf1132)= MatrixForm[A]

Out[1132]//MatrixForm=

i j ok
1 36
285

IN[1133]:= V x W
Det[A]

ouf1133= {-33, -17, 14}
ouf1134= -3301-17 J+14 Kk

Observe that the two previous outputs are equivalent.

m Exercises
050 35
1. Calculate the determinantsof| 1 3 6 |and of[6 2).
255

2. Calculate the cross product of v=(2, 0, 0y and w=(-1, 0, 1). Do this using the Cross command as well as by the determi-
nant approach.

3. Calculate the area of the parallelogram spanned by the vectors v and w above. (Hint: look up the formula for this in your
calculus textbook.)

4. Calculate the volumn of the parallelepiped spanned by:
u=-<2,21,v=«023), and w = (0, -4, 2)

5. Show that vxw = —wxVv and that vxv = 0.

m 12.3 Planes in 3-Space

Students should read Section 12.5 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
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section.

Note that a plane in 3-D space is defined as all points P (X, y, z) such that the line segment Pq P is perpendicular to a given
vector n, called the normal vector, where the initial point of n is Py = (Xg, Yo, Zo). In vector notation, this is described by the

equationn- PP =0, where Py P =(Xx—Xo Y- Yo,Z—2p). Therefore, the equation of the plane through Py = (Xo, Yo, Zo) With
nonzero normal vector n = (a, b, c) can be denoted by either of the following:

Vector form: n-(x,y, z)=d
Scalor form: ax+by+cz=d

Here,d =axg+byg+Czg=n-{Xg, Yo, Zo)-

Example 12.6. Find an equation of the plane determined by the points P = (1, 0, —1), Q = (2, 2, 1), and R = (4, 2, 5). Then plot
the graph of the plane.

Solution: The vectors a = W and b=PR lie in the plane, so the cross product n = axb is normal to the plane:

n1zsp= Clear[a, b, n]
a= {2, 2, 1y - {1, 0, -1}
b= {4, 2, 5} - {1, 0, -1}
n=axhb
n.{x,y,z}=d

ouf113e)= {1, 2, 2}

ou1137= {3, 2, 6}

ouf113g)= {8, 0, -4}

ouf1139= 8 X -4z =d

To compute the value of d, we choose any point on the plane, that is, we can choose either P, Q, or R, and then compute
d=n-P,d=n-Q,ord=n-R. Letuschoose P=(1, 0, —-1).

mw0p= d = n.o {1, 0, -1}

out[1140]= 12

Therefore, the plane we want has equation 8 x —4z=12 and the graph is obtained by using the ContourPlot3D command
which has the form:

ContourPlot3D[f, {X, Xmins Xmax}» {Y> Ymin> Ymax} s {Z» Zmin» Zmax}]
which produces a three-dimensional contour plot of ¥ as a function of x, y and z.
or

ContourPlot3D[f == g, {X, Xmin» Xmax}» {¥Y» Ymin> Ymax}» {Zs Zmin» Zmax}]
which plots the contour surface for which f=g.
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inf1141:= ContourPlot3D[8 X - 4z == 12, {X, -2, 2}, {y, -2, 2}, {z, -2, 2}, ImageSize » {250}]

Y

out[1141]=

>
In order to see this plane more clearly from a different perspective, move your cursor over the plot. Then drag the mouse while
pressing and holding the left mouse button to rotate the plot.

m Exercises

1. Let PL be the plane with equation 7x — 4y + 2z =10. Find an equation of the plane QL parallel to PL and
passing through Q = (2, 1, 3) and graph it.

2. Find the equation of the plane through the points P = (1, 5, 5),Q=(0, 1, 1), and R=(2, 0, 1) and  graph it.

3. Find the angle between the two planes: x+2y+z=3and4x+y+3z=2. (Hint: The angle between two planes is the angle
between their normal vectors.)

m 12.4 A Survey of Quadric Surfaces

Students should read Section 12.6 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

A quadric surface is the three-dimensional equivalent of a conic section (i.e., ellipses, hyperbolas, and parabolas). The basic

types of quadric surfaces are ellipsoids, hyperboloids (of one or two sheets), paraboloids (elliptic or hyperbolic), and cones.

m 12.4.1 Ellipsoids

The standard ellipsoid is described by (x/a)? + (y/b)? + (z/¢)? = 1. To help us visualize it, we are often interested in the mesh of
curves called traces, obtained by intersecting our quadric surface with planes parallel to one of the coordinate planes. In the plot
below, you can see that mesh, and also see that the traces of an ellipsoid are themselves ellipses.

Example 12.7. Graph the ellipsoid above, with a=3, b= 4, and ¢ = 5, and describe the traces of this ellipsoid.

Solution: The correct Mathematica command to use is ContourPlot3D. This is shown following:
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inf1142)= ContourPlot3D[(x/3) "2+ (y/4)"2+ (z/5)"2 =1, {X, -6, 6},
{y, -6, 6}, {z, -6, 6}, AxesLabel » {x, y, z}, ImageSize » {250}]

out[1142]= _

5

Again, note that the ellipsoid can be manually rotated to look at it from different perspectives. First, place your screen cursor over
the plot. Then drag the mouse while pressing down on the left mouse button to rotate the plot. When you do this, you will note
that, indeed, all of the traces are ellipses.

m 12.4.2 Hyperboloids

The three-dimensional hyperbolas are called hyperboloids, and come in two types: the hyperboloid of one sheet, with standard
form (x/a)% + (y/b)? = (z/c)? + 1, and the hyperboloid of two sheets, with standard form (x/a)% + (y/b)? = (z/¢)? — 1. A limiting
case of the hyperboloid is the elliptic cone, defined by the equation (x/a)? + (y/b)? = (z/¢)?.

Example 12.8. Describe the traces of the two hyperboloids: (x/3)? +(y/4)? = (z/5)% + 1 and (x/3)? +(y/4)> = (z/5)* - 1.

Solution: First we graph the hyperboloids:
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in1143)= ContourPlot3D[(X/3) "2+ (y/4)"2 = (z/5)"2+ 1, {X, -6, 6},
{y, -6, 6}, {z, -6, 6}, AxesLabel » {x, y, z}, ImageSize » {250}]

out[1143]= _

In this case, the traces parallel with the xy-axis are all ellipses, and the traces parallel wth the xz- and yz-axes are hyperbolas.

in1144)= ContourPlot3D[(X/3) "2+ (y/4)"2 == (z/5)"2-1, {x, -30, 30},
{y, -30, 303}, {z, -30, 30}, AxesLabel -» {x, y, z}, ImageSize » {250} ]

20 -

0 -
20"
«“ Y I,
| VoYt
201
out[1144]= _ \
-0}
'. : ‘)“.\\\‘
-20! ADLONERS
| AR
AR
90 T~ ALE

When we look at this plot, we see that the traces are the same as for the previous hyperboloid of one sheet.
Example 12.9. Graph the cone with a =3, b =4, and ¢ = 5, and define its relationship to the hyperboloid of one sheet.

Solution: We get the graph by using the ContourPlot3D Command:
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inj11451:= ContourPlot3D[(x/3) "2+ (y/4)"2 == (z/5) "2, {x, -30, 30},
{y, -30, 303}, {z, -30, 30}, AxesLabel -» {x, y, z}, ImageSize » {250} ]

20

out[1145]= _

-20

When we compare this plot with that of the hyperboloid of one sheet (see previous example), we can see clearly that this cone
can be thought of as a limiting case of the hyperboloid of one sheet in which we pinch the waist down to a point.

m 12.4.3 Paraboloids

The final family of quadric surfaces that we want to consider are the paraboloids, of which there are two types: elliptic and
hyperbolic. Their standard equations are z = (x/a)? + (y/b)? (elliptic paraboloid) and z = (x/a)? — (y/b)? (hyperbolic paraboloid).

Example 12.10. Graph the two types of paraboloids for a = 3 and b = 4 and describe their traces.
Solution: Here is the graph of the elliptic paraboloid:

inf1146l= ContourPlot3D[(x/3)"2+ (y/4)"2 ==z, {X, -30, 30},
{y, -30, 30}, {z, -30, 30}, AxesLabel » {x, y, z}, ImageSize » {250}]

20 1

out[1146]= _
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Observe that the traces in the direction of the xz- and yz-axes are both parabolas while those in the xy-direction are ellipses, which
can be seen by dragging the plot in the appropriate directions. Similarly, for the hyperbolic paraboloid:

inf11471= ContourPlot3D[(x/3) "2 - (y/4)"2 ==z, {X, -30, 30},
{y, -30, 30}, {z, -30, 30}, AxesLabel » {Xx, y, z}, ImageSize » {250}]

out[1147]= _

20

Again, by dragging the plot above, we see that the traces in the yz-direction are parabolas while those in the xz-direction are
hyperbolas.

m 12.4.4 Quadratic Cylinders

The last group of quadric surfaces we will look at are the quadratic cylinders. These are surfaces formed from a two-dimensional
curve (in the xy-plane) along with all vertical lines passing through the curve:

Example 12.11. Graph a selection of quadratic cylinders.
Solution:

a) A circular cylinder of radius r: x2 + y2 =r2. For the graph, we will use r = 3.
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inj1148)= ContourPlot3D[x"2 +y"N2 == 372, {X, -5, 5}, {Y, -5, 5},
{z, -30, 30}, AxesLabel -» {x, y, z}, ImageSize » {250}]

out[1148]=

b) An elliptic with equation (x/a)? + (y/b)?> = 1. We will use a=3 and b = 6.

inf11491:= ContourPlot3D[(x/3)"2+ (y/6)"2 =1, {X, -5, 5},
{y, -8, 8}, {z, -20, 20}, AxesLabel » {x, y, z}, ImageSize » {250}]

LU

~J
=
LY
-
o,
——

AT

/
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¢) A hyperbolic cylinder with equation (x/a)? — (y/b)> = 1. We willuse a=3 and b = 6.
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ContourPlot3D[(x/3)"2-(y/6)"2 =1, {x, -10, 10},

In[1150]:

{y, -10, 103}, {z, -20, 20}, AxesLabel -» {x, y, z}, ImageSize » {250} ]

=3.

d) A parabolic cylinder with equation y = a x* with a

ContourPlot3D[y = 3x"2, {x, -3, 3}, {y, -1, 8},

In[1151]:

{z, -10, 10}, AxesLabel -» {x, y, z}, ImageSize » {250}]

S uuunmww

o

10

out[1151]
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m Exercises

or paraboloid, and of which type.

In Exercises 1 through 5, state whether the given equation defines an ellipsoid, hyperboloid,

Then confirm your answer by graphing the quadric surface.

1. (X/5)%+(y/7) +(2/9)
2. (/52— (y/1)?+(2/97

1
1

=1

X2 +5y2-67°

3.

z=(x/57° + (y/7)?
2= (x/57° - (y/7)?

4.

5.
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In Exercises 6 through 8, state the type of the quadric surface and graph it, and then describe the trace obtained by intersecting it
with the given plane.

6. (X/52+y2+(z/9%=1, z=1/4

7. y=2x%, 1=25

8. (x/5)° —(Y/T)?+(z/9%=1, y=4

m 12.5 Cylindrical and Spherical Coordinates

Students should read Section 12.7 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

m 1251 Cylindrical Coordinates

In cylindrical coordinates, the point P = (x, Y, z) is expressed as (r, 6, z) where r and @ are the polar coordinates of x and y. The
formulas for converting from (x, y, z) to (r, 6, z) are:

Cylindrical to Rectangular Rectangular to Cylindrical
X =rcosé r=vx2+ y2

y=rsing tanf=y/x

7=17 Z1=17

The commands in Mathematica to do these conversions must first be loaded into Mathematica from the "Vector Analysis"
external package:

in1152:= << VectorAnalysis™

Example 12.12. Convert (r, 6, z) = (2, 37/4, 5) to rectangular coordinates.

Solution: We use the CoordinatesToCartesian command to convert from cylindrical to rectangular coordinates:
in1153:= CoordinatesToCartesian[{2, 3Pi /4, 5}, Cylindrical]

oupis= {-/2, V2, 5}

in[11547:= N[%]

out1154]= {-1.41421, 1.41421, 5.}

Example 12.13. Convert (x, y, z) = (2, 3, 5) to cyclindrical coordinates.

Solution: We use the CoordinatesFromCartesian command to convert from rectangular to cylindrical coordinates:

ini11ssi= CoordinatesFromCartesian[{2, 3, 5}, Cylindrical]
3
Out[1155]= {\/ 13 , ArcTan [E] , 5}

in[1156]:= N[%]
ou1156)= {3.60555, 0.982794, 5.}

Of course, one very strong point for Mathematica is its graphing ability. It will easily graph functions described in cylindrical
coordinates. The command to do this is RevolutionPlot3D.
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RevolutionPlot3D [f;, {t, tmins tmax}» {65 Omins Omax}]
takes the azimuthal angle 6 to vary between 6y, and Omax-

2r2sin(56)
142

Example 12.14. Graph the cylindrical coordinate function z =

Solution:

nuis7p= Clear[r, 6];

2r2sin[5e]

1+r?

RevolutionPlotso[ , {r, 0,5}, {6, 0, 2x}, ImageSize - {250}]

2.

out[1158]= UI:'-
-1
-2k

-

m 12.5.2 Spherical Coordinates

A point P = (X, Y, z) is described in spherical coordinates by a triple (p, 8, ¢) where p is the distance of P from the origin, @ is the
polar angle of the projection (x, y, 0), and ¢ is the angle between the z-axis and the ray from the origin through P. The formulas
for converting between rectangular and spherical coordinates are:

Spherical to Rectangular Rectangular to Spherical
X = p CoS @sin ¢ p=\ X + y? + 2
y=psinfsing tanf=y/x

Z=pCOS¢ cos¢=12/p

These conversions are done in Mathematica using the same commands as with cylindrical coordinates, but with the word spheri-
cal replacing cylindrical.

Example 12.15. Convert (p, 6, ¢) = (2, 3x/4, n/5) to rectangular coordinates.
Solution:

ni11s9p= CoordinatesToCartesian[{2, 3Pi /4, n/5}, Spherical]

1+ \/g
Out[1159]= { )

22
in[11601:= N[%]

ouf11e0)= {1.14412, 0.831254, -1.41421}
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Example 12.16. Convert (x, Y, z) = (2, 3, 5) to spherical coordinates.
Solution:

ni161:= CoordinatesFromCartesian[{2, 3, 5}, Spherical]

3
oufue= {/38, ArcCos | |, ArcTan[E ]}

/38
inf1162):= N [%]

ouf1162]= {6.16441, 0.624754, 0.982794)}

Again, the main use here of Mathematica is its graphing ability. It will easily graph functions described in spherical coordinates.
The command to do this is the SphericalPlot3D command.

SphericalPlot3D [r, {6, Onins Omax} s {Bs Bmins Pmax) ]
generates a 3D plotwith a spherical radius r as a function of spherical coordinates o and ¢.

Example 12.17. Graph the spherical coordinate function p = 1 + sin (6 ¢)/6.
Solution:

ini11e3:= SphericalPlot3D[p = 1+Sin[6¢] /6, {6, 0, Pi}, {¢, O, 2Pi}, ImageSize » {250}]

Out[1163]=

m EXxercises

Convert from cylindrical to rectangular:
1. 2, n/3,-4) 2. (1, 7/2,3)

Convert from rectangular to cylindrical:
3. (2,2,5) 4. (4,3, 8)

5. Plot the surface z2 + r2 = 25 6 and describe it.

Convert from spherical to rectangular:
6. (2, n/5, 7/3) 7. (4, n/6,5n/6)



Mathematica for Rogawski's Calculus 2nd Editiion.nb |271

Convert from rectangular to spherical:

8. (V2,23 9. (4,V3 [2,V8)

10. Plot the surface psin¢ =5 and describe it.
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Chapter 13 Calculus of Vector-Valued Functions

Useful Tip: If you are reading the electronic version of this publication formatted as a Mathematica Notebook, then it is possible
to view 3-D plots generated by Mathematica from different perspectives. First, place your screen cursor over the plot. Then drag
the mouse while pressing down on the left mouse button to rotate the plot.

m 13.1. Vector-Valued Functions

Students should read Section 13.1 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

A vector-valued function is a vector where the components of the vector are themselves functions of a common parameter (or
variable). For example, r is a vector-valued function if r(t) = (x(t), y(t), z(t)). If we think of t as the time variable, the r(t)
describes the motion of a particle through three-dimensional space over time. What we want to do is to understand what path is
taken. We do this through graphing in three dimensions. Also, sometimes it is helpful to consider the projections of these curves
onto the coordinate planes. For example, the projection of r(t) on the xy-plane is (x(t), y(t), 0).

Example 13.1. Trace the paths of each of the following vector functions and describe its projections onto the xy-, xz-, and yz-
planes:

a) r(t)=(t, t2, 2t)
b) r(t)=(cos®t, sint, sin2t)

Solution: We use the ParametricPlot3D command to trace the path of each curve and to see its projection.

a) First, we look at the plot of r(t) = t, t2, 2t):

niies- ParametricPlot3D[{t, t°, 2t}, {t, -3, 3}, PlotStyle » Red, ImageSize - {250} ]

out[1164]=

This curve looks very much like a parabola in 3-D space. To see the projections, we look first at:
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niies= ParametricPlot3D[{t, t*, 0}, {t, -3, 3},
PlotRange -» {-1, 1}, PlotStyle » Orange, ImageSize - {250}]

out[1165]=

This is clearly a parabola in the xy-plane.

ini1e6l= ParametricPlot3D[{t, O, 2t}, {t, -3, 3}, Ticks » {Automatic, {-1, 0, 1}, Automatic},
PlotStyle » Orange, ImageSize -» {250}, ImagePadding -» {{15, 15}, {15, 15}}]

out[1166]=

And this clearly a line in the xz-plane.
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nii67= ParametricPlot3D[{0, t*, 2t}, {t, -3, 3},
Ticks » {{-1, 0, 1}, Automatic, Automatic}, PlotStyle » Orange, ImageSize -» {250}]

-1
0

out[1167]=

This last plot is also clearly a parabola, but in the yz-plane.
b) Next, we look at r(t) = (cos®t, sint, sin 2t):

niies= ParametricPlot3D[{Cos[t]®, Sin[ t]®, Sin[2t]},
{t, -2x, 27}, PlotStyle » Orange, ImageSize » {250}]

Out[1168]=

Note that since both sine and cosine are periodic with period 2 7, it is not necessary to extend the domain beyond —2 & or +2 7.
The projection in the xy-plane is:
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6= ParametricPlot3D[{Cos[t]®, Sin[ t]3, 0},
{t, -2x, 2x}, PlotPoints » 100, ImageSize - {250} ]

out[1169]=

The projection in the xz-plane is:

nii70p= ParametricPlot3D[{Cos[t]®, 0, Sin[2t]}, {t, -2, 2}, ImageSize - {250} ]

out[1170]=

Lastly, the projection in the yz-plane is:



276 | Mathematica for Rogawski's Calculus 2nd Editiion.nb

nii71= ParametricPlot3D[{0, Sin[ t]°, Sin[2t]}, {t, -2, 2x}, ImageSize -» {250} ]

Out[1171]=

Note that the last two projections are almost exactly alike. This is to be expected because the sine and cosine functions have the
same graph, but 7/2 radians apart.
m Exercises

In Exercises 1 through 3, graph r(t) and its three projections onto the coordinate planes.
1. r(t) =(cos(2t), cost, sint) 2. r(t)=(t+15, e®Btcost, e*%tsint)

3. rt)=(t t, 25t/(1+ 1))

4. Which of the following curves have the same projection onto the xz-plane? Graph the three projections to check your answer.
a. ri =t et t2) b. rat)=(e', t, t?) c. ra(t) =t cost, t?)

m 13.2. Calculus of Vector-Valued Functions

Students should read Section 13.2 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

Since vector-valued functions are differentiated and integrated component by component, Mathematica will handle this easily
since it treats vectors as lists and automatically performs the indicated operation on each element of the list.

The derivative of a vector valued function r(t) = (x(t), y(t), z(t)) is defined to be
r@ =,y oz’
while the integral of r(t) is
[ryat=([xtdt, [ytydt, [zt dt).
Similarly, the limit is defined by
limea r(t) = limea X(1), limea y(b), limea z(1)).

Example 13.2. Differentiate and integrate each of the following vector functions:
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a)r(t) =(t, 2, 2t)
b) s(t) = (cost, sint, sin2t)

Solution:
(@)
n1172p= Clear([r, s, t]

nL173i= rLE_] == {t, 2, Zt}

s[t_] := {Cos[t]®, Sin[t]3, Sin[21t]}
In[1175]= Q¢ F[T]
oufui7sl= {1, 2, 2}

IN[1176]:= Jr [t] dt

v t
Out[1176]= {— . — tz}
2 3
(b)
In[11771:= 8¢ S[t]

ouii77= {-3Cos[t]?Sin[t], 3Cos[t] Sin[t]?, 2Cos[2t]}

In[1178]:= Js [t] At

3Sin[t] 1 3Cos[t] 1 1
Oul[1178]= {f +E Sin[3t], T +E Cos[3t], 5 Cos[2t]}

Limits are handled the same way both in the calculus of vector-valued functions and in Mathematica:
Example 13.3. Evaluate limit M for r(t) = (t, t2, 2t).

h-0
Solution:

Since r(t) has been defined in the previous example, we merely evaluate
rit+h] -r[t]
h

In[1179]:= Limit[ ,h- O]
oufui79)= {1, 2, 2}
As we would expect, this limit gives us the same answer for r' (t) as in the previous example.

Example 13.4. Evaluate Iimit(tz, 41, —13>
t-3 t

Solution:
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In[1180]:= Limit[{tz, 4t, é}, t->2]

1
oufiisol= {4, 8, —8}

Derivatives of Dot and Cross Products

Using the formulas of the derivative of the dot and cross products for vector-valued functions is simple in Mathematica. As a
reminder, the formulas are:

Edt (r(t)-s(t)) = r(t)-s"(t) + r'(t)-s(t) and Edt (r®)xs(t) = r)xs" () +r' ) xs()
Example 13.5. Evaluategdt (r(t)-s(t)) and Edt (r(tyxs() for r(t) = (t, 2, 2t) and s(t) = (cos®t, sin’t, sin 21t).

Solution:

in[1181]= ¢ (r[€].s[T])

oufis1= Cos[t]3+4tCos[2t] -3tCos[t]?Sin[t] +3t%Cos[t] Sin[t]?+2tSin[t]®+2Sin[21t]
inf1182]= ¢ (r[T] xs[t])

ouriiezl- {2t Cos[2t] -6tCos[t] Sin[t]*-2Sin[t]®+2tSin[2t],
2Cos[t]®-2tCos[2t] -6tCos[t]?Sin[t] -Sin[2t],
-2tCos[t]®+3t?Cos[t]?Sin[t] +3tCos[t] Sin[t]?+Sin[t]%}

Tangent Lines

Example 13.6. Find the vector parametrization of the tangent line to r(t) = (1 12,51, t3) at the point t = 1 and plot it along with
r(t).

Solution: Recall that the tangent line at ty has vector parametrization L(t) = r(ty) + tr' (to):

n[1s3= rt_] = {l—tz, 5¢t, t3}
r-[t]
L[t ] =r[l] +t*r=[1]

out[1183]= {1 ~t2,5+t, t3}
out[1184]= {—2 t,5,3 tz}
oufiies)= {-2€, 5+5t, 1 +3 t}

Here is a plot of the curve and the tangent line.
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ini1186l= ParametricPlot3D[{r[t], L[t]}, {t, -2, 4}, ImageSize -» Small]

20,

out[1186]=

NOTE: Recall that the plot can be rotated to better view it from different perspectives.

m EXxercises

In Exercises 1 and 2 evaluate the limits

1. lime,{sin2t, cost, tan 4 t) 2. Iimtﬁo<:ll, Lt_l 4t>
In Exercises 3 and 4 compute the derivative and integral.
3. r(t) = {tant, 4t -2, sint) 4. r(t) = (e, e?)

5. Find a parametrization of the tangent line at the point indicated and plot both the vector-valued curve and the tangent line on
the same set of axes.

6. Evaluate Edt r(g(t)) for r(t) = (4sin2t, 2 cos 2 ty and g(t) = t2.

m 13.3. Arc Length

Students should read Section 13.3 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

The arc length of a path r(t) = (x (t), y (1), z(t)) fora<t <bis given by

L=Liroldt= Ve o? + (' ©F + @ 02 dt
and like the one-dimensional version is difficult to evaluate by hand. Thus Mathematica is the perfect tool for calculating this.
Example 13.7. Compute the arc length of r(t) = (1 —t?, 5t, 2t%) over the interval 1 <t <2,

Solution:
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nL187= rle_] :-= {1—t2, 5t, 2t3}

2
L = jNorm[r'[t]] dt
1

1 i
out[1188]= | — + — (—1)3/4 9+/130 -18+/1234 -
54 54
7 o ) 3:31 i-4+/14
(8-81i) |-————— ElNlipticE[iArcSinh] s -
1+4+14 i-4~/14 1+4+14
o ) 3:31 i-4+/14
(1+1) —————— EllipticE[i ArcSinh| , +
i+4+/14 i 4+/14 i+4+/14
7 o ) 6+61i i-4+/14
(8-8i) |-————— EllipticE[iArcSinh| s +
i+4+14 i-4~14 i+4+14
o . 6+61 i-4/14
(1+1) ————— EllipticE[i ArcSinh| | +
i+4+14 i-4~/14 i+4+14
7 o ) 3:31 i-4+/14
(8-8i) |-————— EllipticF[iArcSinh| s -
i+4+14 i-4~14 i+4+14
2 o ) 3:31 i-4+/14
(224 +224 1) |-————— EllipticF[iArcSinh] . -
i+4+14 i-4~14 i+4+14
7 o ) 6+61i i-4+/14
(8-81i) |-———— EllipticF[iArcSinh| s +
i+4+14 i-4~14 1+4+14
2 o ) 6+61i i-4+/14
(224 +224 1) |-———— EllipticF[iArcSinh]|

1+4+14 i-4~14 1+4+14

Note that the above output indicates that Mathematica cannot find an antiderivative for the integrand, and thus we need to find
another technique to evaluate this integral. Hence, we next try the numerical integrate command, NIntegrate, which does give
us our result:

ni1s9r= L = NIntegrate[Norm[r*®[t]], {t, 1, 2}]
out1189= 15.285
Speed

The vector r' (t) is also known as the velocity vector as it points in the (instantaneous) direction of motion described by r(t). Its
length or norm, ||r' (t)||, gives the speed at time t.



Mathematica for Rogawski's Calculus 2nd Editiion.nb |281

Example 13.8. Compute the speed of r(t)= (1 - t2, 5t, 2t*) when t=1, 1.5, and 2.

Solution:

The following output gives a list of speeds of r' (t) at the three given times using the Norm command, which calculates the norm
of a vector:

n[11e0= rt_] :-= {l—tz, 5¢t, 2t3}
Speed = {Norm[r~"[1]], Norm[r~®[1.5]], Norm[r~"[2]]}

out[1191]= {\/ 65 , 14.7054, /617 }

inf1192:= N [%]
ou1192]= {8.06226, 14.7054, 24.8395}

Observe that the speed is increasing as we move along the path of r(t) from t=1 to t=2. This can be seen graphically by
plotting the speed:

in[1293):= Norm[r " [t]]
Plot[Norm[r"[t]], {t, 1, 2}]

out[1193]= \/25 +4 Abs[t]?+36 Abs[t]*
25+
20

Out[1194]=

15+

NOTE: Observe how the Norm command inserts absolute values around each vector component in the formula for ||r' (t)||, which
seems redundant since each component is squared. This is done because in Mathematica vector components are allowed to be
complex-valued, in which case absolute values are needed to refer to their magnitudes.

m Exercises

In Exercises 1 and 2, compute the length of curve over the given interval.
1. r(t)=(2sint, 6t, 2cost), —6<t<6 2. r(t)=(12t,8t%2,3t?), 0=t=<1

In Exercises 3 and 4, find the speed of a particle moving along the curve r(t) at the given value of t.
3. r(t)y=(e'"2,15t,5/t), t=1 4, r(t)=(sin2t, cos4t, sin6t), t=rx/2

5. Compute s(t) = ﬁ Il r' ()|l du for r(t) = (t?, 2%, t*) and interpret Mathematica's result.
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6. Forr(t) = <4t, 1-3t,v24 t>, compute s (t) as in the previous exercise. Then use s (t) to find an arc length parametrization of

r(t), that is, find ¢(s) = t, where ¢ is the inverse of s (t), and check to see that r(¢ (s)) has unit speed, that is, |[r' (¢ (5)) || = 1.
Lastly, plot r(t) and r(e (s)) and compare them.

7. Consider the helix r(t) = (asint, acost, ct).
a. Find a formula for the arc length of one revolution of r(t).
b. Suppose a helix has radius 10, height 5, and makes three revolutions. What is its arc length?

8. The Cornu spiral is defined by r(t) = (x(t), y(t)), where x(t) = L‘sin(i;)du and y(t) = ﬁcos(i;)du.

a. Plot the Cornu spiral over various intervals for t.
b. Find a formula for its arc length along the interval —a <t < a, where a is a positive real number.
¢. What is its arc length in the limit as a —» co?

m 13.4. Curvature

Students should read Section 13.4 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

Vector tools previously studied including arc length enables one to study the idea of curvature, which serves as a measure of how
a curve bends, that is, the rate of change in direction of a curve. In arriving at a definition of curvature, consider a path in vector
form and parametrized by

rt) = x, y®, z)

The parametrization is classified as regular if r' (t) = 0 for all values of t and for which r (t) is defined. Assume then that r(t) is
regular and define the unit tangent vector in the direction of r' (t), denoted T (t), as follows:

_rm
Tm_mmw

This unit tangent vector T at any point enables us to determine the direction of the curve at that point, so one may define the
curvature x (Greek letter kappa) at a point as

[T ®ll
lircon’

dT
k=115 ll=

which represents the magnitude of the rate of change in the unit tangent vector with respect to arc length. One denotes the vector
dT/ds as the curvature vector. Its scalar length therefore measures curvature. For example, a straight line has x = 0 (zero
curvature) as one would expect. For a circle of radius p, we have x = 1/p (reciprocal of p). This makes sense since a larger
circle should have smaller curvature. In general, if we were to secure a circle, called the osculating circle, that best fits a curve at
a specific point on the curve, then curvature of the curve at such a point should agree with the curvature of the osculating circle,
that is,

Moreover, the radius p of this circle is called the radius of curvature. Note that the equations linking x and p illustrate their
inverse relationship:

Example 13.9. Compute the curvature « for a circle of radius p defined by
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r(t)=(pcost, psint)

Solution: We first compute the unit tangent vector T using the formula T(t) = —”:: 8” :
npies)= Clear[r, T, t, p]

niee)= r[t_] = {p Cos[t], pSin[t]}
r-[t]
T[t_ ] =r"[t]/Simplify[Norm[r"[t]]]

ouf1196)= {p Cos[t], pSin[t]}
ouf1197= {-p Sin[t], pCos[t]}

o Sin[t] o Cos[t]

out[1198]= {—

}

\/AbS[p Cos[t]]2+Abs[pSin[t]]? \/AbS[p Cos[t]]2+Abs[pSin[t]]?

Observe that in this output Mathematica is not able to reduce the expression inside the radical, which simplifies to p as a result of
the fundamental trigonometric identity cos? x + sin? x = 1. This is due to the Norm command, which employs absolute values.
To remedy this, we use the formula ||r' (]| = V r' (t)-r'(t) instead of the Norm command.

np199)= T[E ] =r"[t] /Sqre[Simplify[r [t].r"[t]]]

}

oSin[t] pCos[t]
/02 IDZ

We then compute the curvature using the formula x =

Out[1199]=

I ol .
lir ol

inf1200)= x = SQre[Simplify [T [t]. T [t]] /Simplify[r " [t].r [t]1]]

1

Out[1200]= —
p2

Since the radius p is assumed to be positive, we conclude that « = / iz

1 1
H == as expected.
P P P

Example 13.10. Compute the curvature « for the curve defined by f (x) = x? at the point (3, 9).

Solution: Observe that the graph of a function y = f(x) can be parametrized by x =t and y = f(t) and hence r(t) = (t, f(t)). In
this case the formula for curvature reduces to

infz01)= Clear[r, t, F]
rit_] = {t, f[t]}

ouf1202)= {t, F[€]}
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ret]
Sqre[r-[t].r-[t]]
x = SqQrt[Simplify [T [t].T"[t]] /Simplify[r"[t]l.r"[t]]]

inpz203)= T[E_] =

1 [t
Out[1203]= { s [t }
\/1+f'[t]2 \/1+f'[t]2
ft)?
Out[1204]=

(1+F1t12)°

[ ]

(L+(F (2)¥? - With f(x) = X%, we get

which is the same as k =

nzosi= FLE_] = €2

K
ou1205]= 2

out[1206]= 2

At x =t =3, the curvature becomes

n2071= x /. €3
2
3737

Here is a plot of the curvature along with the function.

out[1207]=

nireog= Plot[{F[t], x}, {t, O, 3}]

out[1208]=

0.5 1.0 15 2.0 25 3.0

Example 13.10. Compute the curvature « and the radius of curvature p for the curve defined by
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r=(1-t+1 2 +1)att=1/2.
Solution: Again we begin by computing the unit tangent vector T:

inf209)= Clear[r, T, t, x]

n2op= rE_] = {1-t, €°2+1, (2/3) t~3+1}
r-[t]
Tt 1 =r"[t] /Sqrt[Simplify[r"[t].r [t]]]

}

2t
out[1210]= {1—t, 1+t2, 1+

out[1211]= {7 1,2¢t, 2 tz}

1 2t 2 t?
ou[1212]= {7 }

\/(1+2t2)2 , J(l+2t2)2 , \/(1+2t2)2

We then compute the curvature using the same formula as in the previous example and evaluate itatt = 1/2:

n1213)= k = SQre[Simplify [T [t] . T [t]] /Simplify[r " [t].r"[t]]]
k/-t->1/2

ouf[1213]= 2

out[1214]= —

Hence, the curvature x =8/9 at t = 1/2 and the corresponding radius of curvature is p=1/x=9/8.
Curvature Formula (Cross Product)

There is an alternative formula for calculating the curvature of space curves that involves the cross product and eliminates the
need to compute the unit tangent vector function:

K= Ir@®xroll _ lla®xvoll

o vy I

Example 13.11. Compute the curvature «(t) and the radius of curvature for the helix defined by r(t) = {cost, sint, t) for any real
number t.

Solution: We first find the derivative of the unit tangent vector with respect to t.

np21s= Clear[r, T, t, x]
rit_] = {Cos[t], Sin[t], t}
r-[t]
r-T[t]

oufi2i6]= {Cos[t], Sin[t], t}
oufi217= {-Sin[t], Cos[t], 1}

ouf1218= {-Cos[t], -Sin[t], 0}
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nizi9)= k[t_] = Sqre[Simplify[Cross[r*"[t], r"[t]].Cross[r""[t], r [t]11]/
Sqre[Simplify[r-[t].r-[t]]]3
1

out[1219]= —
1 ..
It follows that « = 5 and p = 2 for all values of t. Hence, our helix is a curve of constant curvature.

m Exercises

In Exercises 1 and 2, find r' (t) and T(t) and evaluate T(2).
Lr)=B+2)i+@2-5t)j+9tk 2. v(t) = (sint, cost, 1)

3. Use Mathematica to find the curvature function k(x) for y = cos x. Also plot «x(x) for 0 < x < 1. Where does the curvature
assume its maximum value?

4. Determine the unit normal vectors to r(t) = [ti+sint jlatt= f: andt=—.

5. Determine the curvature of the vector-valued function r(t) =3+ 2t)i+6tj+ (5 -t k.

6. Find a formula for the curvature of the general helix r(t) =acosti+asintj+ctk.

m 13.5. Motion in Three Space

Students should read Section 13.5 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

Recall that the velocity vector is the rate of the change of the position vector with respect to time while the acceleration vector
represents the rate of change of the velocity vector with respect to time. Moreover, speed is defined to be the absolute value of
the velocity vector. In short, we have the following:

V() =r' (), st) = lIv(tll and ait) =v' () =r" (t)
One can secure the velocity vector and the position function if the acceleration vector is known via integration. More specifically:
v(t) = Ea(u) du + vg where v represents the initial velocity vector and r(t) = Ev(u) du+ Vgt + rg where rg is the initial position.

Example 13.12. Find the velocity vector, the speed, and the acceleration vector for the vector-valued function
ry=ti+(1-tj+4t?kattimet=1.

Solution:
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inf1220= Clear([r, v, s, aj
rit_ 1 ={t"3,1-t, 4t"2}
VIt ] =r"[t]
s[t_] =Sqrt[v[t].v[t]]
a[t_] =r""[t]
V[1]
s[1]
a[l]

out[1221]= {t?’ ,1-t, 4 tz}

out[1222]= {3 t2, -1, 8 t}

out[1223]= \/ 1+64t2+9t*

oufi224= {6 €, 0, 8}

oufizzs= {3, -1, 8}

ouiz261= \ 74

oufi227= {6, 0, 8}

Thus, v(1)=r'(1)=3i-j+8k,s(1)=V74 ,and a(l)=6i + 8 k.

Example 13.13. Find r(t) and v(t) if a(t) =ti+4 j subject to the initial conditions v(0) =3i -2 j and r(0) = 0.
Solution: We first solve for v(t) by integrating a(t):

inp22g= Clear[r, v, al
a[t_] = {t, 4}
v[t_] = Integrate[a[u], {u, O, t}] + {vO01, vO2}

ouf1229]= {t, 4}
t2
Out[1230]= {E +v01, 4t + VOZ}

Here, the constant vector of integration v = (Vo1, Vg2) = (3, —2) equals the initial velocity:
n12311= Solve[v[0] = {3, -2}, {v01, v02}]

ou1231= {{v01l » 3, v02 - -2}}

Thus, vty = & i + 4t + 3i - 2]).

n1232r= V[E_] =v[t] /- {vO1l > 3, vO2 » -2}

-t2
out[1232]= {3 n FE -2+4 t}

Next, we solve for r(t) by integrating v(t):
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n233= r[t_] = Integrate[v[u], {u, O, t}] + {rO1, r02}
t3
omum:{r01+3t+?§,r02—2t+2tﬂ
Again, the constant vector of integration ro = (ro1, roz) = (0, 0) equals the initial position:
inf1234p= Solve[r[0] = {0, 0}, {rO1, rO2}]
ouf1234)= {{r0l1 -0, r02 - 0} }

Hence, r(t) = (t—; +3t)i+(2t2 - 21)j.

Components of Acceleration

There are two components of acceleration: tangential and normal. More precisely, the acceleration vector a can be decomposed

d?>s _ a-v . - ds\2
e v s the tangential component and ay = «( dt)

Moreover, one has a2 + a = [|a||l? so thatay =V ||a|l?—ar? andar =V [la|/® —an? .

Example 13.14. Determine the tangential and normal components of acceleration for the vector function r (t) = (t3, t2, t).

_ llaxvl

asa=ar T+ayN, where ar = vl

is the normal component.

Solution:

nj123sp= Clear([r, v, S]
rit_] = {t"3, t°2, t}
r-[t]
reT[t]

out[1236]= {t?’, 12, t}
Out[1237]= {3 2, 2t, 1}
out123g= {6, 2, 0}

inf1239]= speed = Simplify [Sqrt[r™[t].r"[t]]]

ourzag= \J1+4t2+9t4

The result in the last output represents the speed at time t. In order to secure the tangential component of the acceleration, we
differentiate the previous output:

inf1240:= at = D[speed, t]
8t+36t3

2+/1+4€2+9t4

The normal component of the acceleration is

Out[1240]=
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In[1241]:= an = '\/ re"[t].r""[t] - at?

(8t+3613)°

Out[1241]= 4+361t%-
4 <l+4t2+9t4)

infr242;:= Simplify[an]

1+9t2+9t
ouj1242= 2 | —m—mMmM8 ———
1+4t2+9t4
NOTE: The components of acceleration can also be found through the formulas at = ﬁ and ay = % confirmed using

Mathematica as follows:

n1243= at = r*"[t€].r"[€] /SQre[r " [t].r"[t]]
an =Sqrt[Cross[r""[t], r"[t]]-Cross[r™""[t], r"[t]]1]/SqQrE[r [t].r"[t]]

4t+18t3
Out[1243]=
\1+4t€2+90t4
\/4+36t2+36t4
Out[1244]=
\V1+4t2+9t¢4
m EXxercises

In Exercises 1 and 2, calculate the velocity and acceleration vectors and the speed at the time indicated:
Lry=ti+1-tj+(5%)k, t=2. 2. r=costi+sintj+tan2tk, t=7=.

3. Sketch the path r(t) = (1 - t2) i+(1-1)jfor -3 <t=<3and compute the velocity and acceleration vectors att =0, t =1, and
t=2.

4. Find v(t) given a(t) and the initial velocity vq.
a aM)=ti+3j, v(0)=3i+2] b. at)=e2'i+0j+(t+2)k, v(0)=i-3j+2k

(6]

. Find r(t) and v(t) given a(t) together with the initial velocity and position at rest:
at)=e3li+4tj+(t -2k v0)=0i+0j+k, r0=0i+3j+4k
at)=0i+0j+sintk, v(0)=i+], r(0)=i.

o ®

6. Find the decomposition of a(t) into its tangential and normal components at the indicated point:
a r=@-4ni+@t+1j+t?katt=1
b. rh=ti+etj+tetkatt=0

7. Show that the tangential and normal components of acceleration of the helix given by r(t) = (cost)i + (sint) j + tk are equal
to 0 and 1, respectively.
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Chapter 14 Differentiation in Several Variables

Useful Tip: If you are reading the electronic version of this publication formatted as a Mathematica Notebook, then it is possible
to view 3-D plots generated by Mathematica from different perspectives. First, place your screen cursor over the plot. Then drag
the mouse while pressing down on the left mouse button to rotate the plot.

m 14.1 Functions of Two or More Variables

Students should read Section 14.1 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

m 14.1.1 Plotting Level Curves using ContourPlot

We begin with plotting level curves f(x, y) =c of a function of two variables. The command to plot level curves is Contour-
Plot[f,{x,a,b}{y,c,d}].

Most of the options for ContourPlot are the same as those for Plot. In the following example, we consider the option Image-
Size.

Example 14.1. Plot the level curves of f(x, y)=x2+ Xy — y2.
Solution: Let us first plot the level curves using the default settings of Mathematica.

inf24si= Clear[x, y, F]
FIX_,y ]:=x?+xy -y?

out[1247]=

To get the level curves on the xy-plane without the shading, the colors, and the frame, but with the coordinate axes, we use the
following options of ContourPlot.
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inf1248]= ContourPlot[f[Xx, y], {X, -5, 5}, {Y, -5, 5}, Frame -» False,
Axes - True, ContourShading -» False, ImageSize » {250}]

AI‘"*&_‘_ o
"».\\\ T— . 1
\\\
.
~ 2
\\\
~
. S
N\ N ~ /
N, Ay ~ |/
Oull1248]= A hoa o
4 \ 2 AT~

Contours is an option of ContourPlot that can be used in two different ways: Contour—n displays n equally spaced contour
curves while Contour-list plots level curves f(x, y) = ¢ where c is an element of the list list.

To plot 15 level curves, we evaluate

inf1249p=  ContourPlot[f[Xx, yI], {x, -1, 1}, {y, -1, 1}, Contours - 15, ImageSize -» {250} ]

10}
0.5/

outfi249= 00T

Here is an example when list = {-10, -5, -2, -1, 0,1, 2, 5, 10}.

0.0

0.5

1.0
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inL2so)= ContourPlot[F[x, y], {X, -5, 5}, {Y, -5, 5},
Contours -» {-10, -5, -2, -1, 0, 1, 2, 5, 10}, ImageSize -» {250}]

Out[1250]=

-4 -2 0

L]
-

m 14.1.2 Plotting Surfaces using Plot3D

Plot3D is the three-dimensional analog of the Plot command. Given an expression in two variables and the domain for the
variables, Plot3D produces a surface plot.

The basic syntax to plot the graph of a function of two variables is Plot3D[ f,{x, a, b},{y, ¢, d}], where f is a function of x and y
with a<x=<bandc =y =d.

The command to plot the graphs of two or more functions on the same coordinate axes is Plot3D[{f, g, h, .... }, {X, a, b}, {y, c,
d}], where f, g, h, ... are the functions to be plotted.

We will begin with the default settings of plotting a graph of a function of two variables.
Example 14.2. Plot f(x, y) =sin(x — cos y).
Solution:

npz2s1= Plot3D[SIin[x - Cos[y]]l, {X, -3, 3}, {Vy, -3, 3}]

10,

0.5}
out[1251]= ;

Example 14.3. Plot the graphs of f(x, y)=3x+4y—-3and g (x, y) = 10sin(xy) on the same axes.
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Solution: We will use red color for the graph of f and blue for that of g. This is given using the option PlotStyle.

in12s2;= Plot3D[{3x+4y-3, 10Sin[xy]}, {X, -5, 5},
{y, -5, 5}, PlotStyle » {Green, Blue}, ImageSize » {250}]

out[1252]= ]
120

I_20

2 L i
NOTE: One of the most significant improvements of Mathematica 7.0 over the previous editions is its graphics capability.

Plot3D has many options. Evaluate the command Options[Plot3D] to see the many options you have to plot a nice graph.

We will discuss some of these options below.
ViewPoint

In Mathematica 7.0, we can rotate the graph of a function of two variables by simply clicking on the graph and dragging the
mouse around to see the graph from any point of view.

The option ViewPoint specifies the point in space from which the observer looks at a graphics object. The syntax for choosing a
view point of a surface is Plot3D[f[x, y], {X, a, b}, {y, ¢, d}, ViewPoint—{A, B, C} ]. The default value for {A, B, C} is
{1.3,-2.4,2.0}. This may be changed by entering values directly.

To view a graph from directly in front {0, -2, 0}; in front and up {0, -2, 2}; in front and down {0, -2, —2}; left hand corner
{ =2, =2, 0}; directly above {0, 0, 2}.

Plot3D[ f[x, v, {x, a, b}, {y, ¢, d}, ViewPoint — view ] produces a plot viewed from view. The possible values of view are
Above (along positive z-axis), Below (along negative z-axis), Front (along negative y-axis), Back (along positive y-axis), Left
(along the negative x-axis), and Right (along the positive x-axis).

Example 14.4. Plot f(x, y) = cos xsin y using ViewPoint option to view the graph from various view points.
Solution: We leave it to the reader to navigate all of the above choices. We will consider a few of them.

inf12s3= Clear [F]
FIx_, y_1 =Cos[Xx] Sin[y]

ouf1254]= COS [X] Sin[y]

Here is a plot of the graph using the default setting for ViewPoint:
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in2ssp= Plot3D[ F[x, y], {X, -2Pi, 2Pi}, {y, -2Pi, 2Pi} , PlotRange » All,
ImageSize -» {250} ]

0
Out[1255]=

View from directly in front:

in2se)= Plot3D[ F[X, y], {X, -2Pi, 2Pi}, {y, -2Pi, 2Pi}, ViewPoint » Front ,
PlotRange -» All , ImageSize » {250}]

Out[1256]=

View from in front and up:

nies7:= Plot3D[ F[x, y1, {X, -2Pi, 2Pi}, {y, -2Pi, 2Pi}, ViewPoint » {0, -2, 2},
PlotRange -» All, ImageSize » {250}]

out[1257]=

View from in front and down:



Mathematica for Rogawski's Calculus 2nd Editiion.nb |295

iniess= Plot3D[ F[x, y1, {xX, -2Pi, 2Pi}, {y, -2Pi, 2Pi}, ViewPoint » {0, -2, -2},
PlotRange -» All, ImageSize » {250}]

out[1258]=

View from directly above:

n2sop= Plot3D[ F[X, y], {X, -2Pi, 2Pi}, {y, -2Pi, 2Pi}, ViewPoint -» Above,
PlotRange -» All, Ticks -» {Automatic, Automatic, {-1, 0, 1}},
ImageSize » {250}]

ou12s9)= O

View from the right:

inizeo= Plot3D[ F[x, y1, {X, -2Pi, 2Pi}, {y, -2Pi, 2Pi}, ViewPoint -» Right,
PlotRange -» All, ImageSize » {250}]

1.0,
0.5
out[1260]= 0.0}

=05

-1.0=
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NOTE: As we pointed out earlier, we can also select different viewpoints by clicking on the graph and dragging the mouse
around until we get the desired viewpoint.

Mesh, MeshStyle, MeshShading

The option Mesh specifies the type of mesh that should be drawn.

The option MeshStyle specifies the style in which a mesh should be drawn.

The option MeshShading is an option for specifying a list of colors to be used between mesh divisions.
We illustrate some uses of these options in the example below.

Example 14.5. Plot f(x, y) = cos xsin y using various options involving Mesh.

Solution:

inf261]= Clear [F]
fIx_,y_1=Cos[x] Sin[y]

out1262)= COsS[X] Sin[y]
To plot a graph without a mesh we use the setting Mesh—None.

iniree3= Plot3D[ F[x, y1, {X, -2Pi, 2Pi}, {y, -2Pi, 2Pi} , Mesh - None,
ImageSize » {250} ]

10,
0.5}
0.0}
~05!
= U

out[1263]=

5

Mesh—n plots a surface with only nxn meshes.
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n264= Plot3D[ F[X, Y1, {X, -2Pi, 2Pi}, {y, -2Pi, 2Pi}, Mesh-» 8,
ImageSize -» {250} ]

0
out[1264]=

We can choose the color of the mesh using MeshStyle.

n2es)= Plot3D[ F[X, y1, {X, -2Pi, 2Pi}, {y, -2Pi, 2Pi} , MeshStyle »
{Red, Black}, ImageSize » {250} ]

Out[1265]=

Here is another use of MeshStyle:

inirzee= Plot3D[ F[X, y1, {X, -2Pi, 2Pi}, {y, -2Pi, 2Pi} , MeshStyle -»
{Dashing[0.01], None}, ImageSize -» {250} ]

1.0,
05!
0.0%
—0.5%
-LoY/

out[1266]=
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To display a plot with selected colors between meshes we use MeshShading:

n2e7:= Plot3D[F[X, Yy, {X, -2Pi, 2Pi}, {y, -2Pi, 2Pi},
MeshShading » {{Blue, Red, White}, {Purple, Green, Black}}, ImageSize » {250} ]

1.0,

out[1267]=

0.0}
—0.5}
-1.0%

-5

Here is a neat example in Mathematica 7.0:

inf2e8l= PlOE3D[ (X2 -yN2) / (X2 +y"~2) N2, {Xx, -1.5, 1.5}, {y, -1.5, 1.5},
BoxRatios -» Automatic, PlotPoints -» 25, MeshFunctions » {#3 &},
MeshStyle -» Purple, MeshShading -» {None, Green, None, Yellow}, ImageSize -» {250} ]

out[1268]=

BoxRatios

The option BoxRatios specifies the ratio of the lengths of the sides of the box. This is analogous to specifying the AspectRatio
of a two-dimensional plot. For Plot3D, the default setting is BoxRatios—Automatic.

Example 14.6. Plot f(x, y) = e'~¥ using the BoxRatio option.

Solution:
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inf1269)= Clear [F]
Fix_,y_1=E7Y

2
1-x2 _y2

out[1270= e

nire7i= Plot3D[ F[x, y1, {X, -2, 2}, {y, -2, 2}, ImageSize » {250}]

out[1271]=

np272= Plot3D[ F[X, y1, {X, -2, 2}, {y, -2, 2}, BoxRatios -» {1, 1, 0.627},
ImageSize » {250}]

out[1272]=

AxesLabel

The option AxesLabel is a command used to label the axes in plotting.

Example 14.7. Plot f(x, y) =V 9 —x? - y? using the AxesLabel option.
Solution:
in1273)= Clear [F]

fIx_,y 1= V9-x*-y?

2 2

out[1274]= 9-x

-y
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in275p= Plot3D[F[X, Y], {X, -3, 3}, {Yy, -3, 3}, AxesLabel » {"x ", "y ", "z "},
ImageSize -» {250}, ImagePadding -» {{15, 15}, {15, 15}}]

out[1275]= , 2t

NOTE: To label a graph, use the PlotLabel option as shown following:

npz7e= Plot3D[F[X, y1, {X, -3, 3}, {y, -3, 3}, AxesLabel - {"x ", "y ", "z "},
PlotLabel - "Upper hemisphere, BoxRatios -» Automatic, ImageSize -» {250},
ImagePadding -» {{15, 15}, {15, 25}}]

Upper hemisphere

Out[1276]=

[

ColorFunction

The option ColorFunction specifies a function to apply to the values of the function being plotted to determine the color to use
for a particular region on the xy-plane. It is an option for Plot3D, ListPlot3D, DensityPlot, and ContourPlot. The default
setting for ColorFunction is ColorFunction—-Automatic. ColorFunction—»Hue yields a range of colors.

Example 14.8. Plot f(x, y) =sin(x* + y?) + el=**=¥* in various colors using the ColorFunction option.

Solution:
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inp277:= Clear [F, X, Y]
f[X—’ y 1= Sin[X2+y2] , El—Xz—y

2

2 2 -
oufizzel= @Y 4 Siin [Xz + yz}

in279p= Plot3D[F[x, y], {X, -Pi, Pi}, {y, -Pi, Pi}, ColorFunction - Hue,
ImageSize » {250}]

out[1279]=

Here are other ways to use ColorFunction.

infzs0= Plot3D[F[X, y], {X, -Pi, Pi}, {y, -Pi, Pi}, ColorFunction » "Rainbow",
ImageSize - {250} ]

Out[1280]=
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npz2s1= Plot3D[F[X, y], {X, -Pi, Pi}, {y, -Pi, Pi}, ColorFunction -
"BlueGreenYellow', ImageSize » {250}]

Out[1281]=

NOTE: We can use PlotStyle option to select color for graphs. The plot below uses this option.

n2s2;= Plot3D[F[x, y], {X, -Pi, Pi}, {y, -Pi, Pi}, PlotStyle - Yellow,
ImageSize -» {250} ]

Out[1282]=

RegionFunction
The option RegionFunction specifies the region to include in the plot drawn.

10sin(3x—vy), if x2+y?<4;

Example 14.9. Plot f(x, y) = { 24y 5 otherwise

Solution: We will use the command RegionFunction to specify the domain x2 + y? < 4 as follows.

Show to display the graphs.

Note that we have used
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ini12s3= Clear[plotl, plot2]
plotl =Plot3D[10Sin[3x-Vy], {X, -4, 4}, {y, -4, 4}, PlotStyle - Blue,
RegionFunction -» Function[{X, Y, 2z}, X"2+y"2<4]];
plot2 =Plot3D[ x*+y® -5, {X, -4, 4}, {y, -4, 4}, PlotStyle - Red,
RegionFunction -» Function[{X, Y, Z}, X"2+y"2 2 4]];
Show[plotl, plot2, ImageSize » {250}]

Out[1286]= 0}

ta

¥

4. ¥ i
If we want to focus on a particular part of a surface defined by a function, we can use the option RegionFunction. The following
example shows this point.

Example 14.10. Plot the graph of f(x, y) =x? —3xy—2y? and show the portion of the surface direclty above the unit circle
centered at the origin.

Solution: We will use the option ViewPoint.

ni2s7:= Clear[plotl, plot2, f, X, y]
FIX_,y 1=x2-3xy -2Yy?
plotl = Plot3D[Ff[X, Y], {X, -4, 4}, {y, -4, 4}, PlotStyle -» Blue,
RegionFunction -» Function[{X, Y, z}, X"2+y"2<11];
plot2 =Plot3D[F[X, y] , {X, -4, 4}, {y, -4, 4}, PlotStyle - Red,
RegionFunction -» Function[{X, Yy, z}, X™"2+y”~2>11];
Show[plotl, plot2 , ViewPoint - Front, ImageSize » {250} ]

2

ouizss- X2 -3 Xy -2y

Out[1291]=

m 14.1.3 Plotting Parametric Surfaces using ParametricPlot3D

ParametricPlot3D is a direct analog of ParametricPlot. Depending on the input, ParametricPlot3D produces a space curve
or a surface. ParametricPlot3DI[{f, g, h}, {t, a, b }] produces a three-dimensional space curve parametrized by the variable t,
which runs from a to b. ParametricPlot3D[{f, g, h}, {t, a, b },{u, ¢, d}] produces a two-dimensional surface parametrized by t
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and u. Options are given to ParametricPlot3D the same way as for Plot3D. Most of the options are the same.

Example 14.11. Plot the curve that is parametrized by x =sint, y=costand z=t/3with0<t<2x.

Solution:

t
In[1292]:= ParametricPIotsD[{Sin[t] , Cos[t], 5} {t, 0, 2=}, ImageSize » {250},

ImagePadding » {{15, 15}, {15, 15}}]

out[1292]=

1.0

Example 14.12. Plot the surface that is parametrized by x = ucosu(4 + cos(u + Vv)), y = usinu(4 + cos(u + v)), and
Z = usin(u + v).

Solution:

inf1293)= ParametricPlot3D[{u Cos[u] (4 +Cos[u+V]), uSin[u] (4+Cos[u+V]), uSin[fu+V]},
{u, 0, 4x}, {v, 0, 2x}, ImageSize » {250}]

out1293]= @}

m 14.1.4 Plotting Level Surfaces using ContourPlot3D

ContourPlot3D is the command used to plot level surfaces of functions of three variables. Its syntax is Contour-

Plot3D[f {x,a,b}, {y.c,d}.{z.e,f}]. Most of the Options for ContourPlot3D are the same as those of Plot3D. Below we will
consider the option Contours of ContourPlot3D.
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Example 14.13. Plot level surfaces of f(x, y, z) = X2 + y? + 7.

in204= Clear[X, y, z, F]
FIX ,Y ,2Z ]=x2+y?+27°
ContourPlot3D[f[X, VY, z], {X, -3, 3}, {Vy, -3, 3}, {z, -3, 3}, ImageSize » {250} ]

Out[1295]= X2 + y2 + Z2

-
P

out[1296]=

o/

The following displays five (5) equally spaced contour surfaces of f.

inf1297= ContourPlot3D[F[X, vy, z], {X, -3, 3}, {y, -3, 3}, {z, -3, 3},
Contours - 5, ImageSize » {250} ]

out[1297]=

2 £

The following displays three level surfaces f(x, y, z) =c, wherec=1, 4, 9.
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ini120gl= ContourPlot3D[F[X, Yy, z], {X, -3, 3}, {y, -3, 3}, {z, -3, 3},
Contours -» {1, 4, 9}, ImageSize » {250}]

2

(%7

out[1298]=
0}

i

Notice that we only see one sphere. The other two are enclosed in the sphere of radius 3 corresponding to ¢ =9. One way to
remedy this is to plot the level surfaces one by one. For this we use the GraphicsArray command. First, let us define the level
surfaces as function of c:

inf1299)= Clear[c, plot]
plot[c_] := ContourPlot3D[f[X%, V¥, z], {X, -3, 3}, {y, -3, 3}, {z, -3, 3},
Contours -» {C}]

Here are the three level surfaces correspondingtoc=1, 4, 9.
ini1301:= Show[GraphicsArray[{plot[1l], plot[4], plot[9]1}]]

GraphicsArray::obs : GraphicsArray is obsolete. Switching to GraphicsGrid. >

el gl )

ouf130ll= o ° o

m EXxercises

In Exercises 1 through 4, plot the level curves and the graphs of the given functions.
1 f(x, y)=xy>-x°yfor-10<x<10,-10<y<10

X2+

2. f(x, y)= 2; for —10 <x <10, ~10 <y <10

1+x%+
3. f(x, y)=(siny)eS*for2x<x<2nx, 27x<y<2n
4, f(x,y)=sin(x+sin(y)) for—4dn<x<dn -4dr<y<dn

In Exercises 5 through 7, use at least two nondefault options to plot the given functions.
5. f(x, )=sin(x=2y)eYY Y for -2r<x<2n 2n<y<2n
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6. f(x,y)=4-3|x|-2|y|for-10=x=<10,-10=<y=<10
7. f(x, y)=tanh™l(x/y) for-5<x<5,-5<y=<5

8. Plot f(x )_{x2+y2—4 if X2 +y%2<4
' = 4-x2+3y2  otherwise

9. Plot the portion of the helicoid (spiral ramp) that is defined by:
X =ucosv, y=usinv,z=vforO<u=<3and 27 <v <27

10. Use ContourPlot3D to plot the level surfaces of the function f(x, y, z) =9 — x? — y? - 22,

m 14.2 Limits and Continuity

Students should read Section 14.2 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

m 14.2.1 Limits

If f(x, y) isa function of x and y, and if the domain of f contains a circle around the point (a, b), we say that the limit of f at
(a, b)is L if and only if f(x, y) can be arbitrarily close to L for all (x, y) arbitrarily close (a, b).

More precisely, for a given € > 0, there exists a § > 0 such that for every (x, y) is in the domain of f,

0<\/(x—a)2+(y—b)2 <6 = |f(x,y)-Ll<e
If this is the case, we write
Iim(x,y)a(a,b) f(Xv Y) =L

The Limit command of Mathematica is restricted to functions of one variable. However, we can use it twice to find the limit of
function of two variables provided the limit exists.

Example 14.14. Find limy .34 (X2 + Y?).

Solution: We can easliy determine that the limit exists. We can find the limit by evaluating
In[1302]:= Limit[Limit[X2 +y?, X > 3] , Y- 4]

out[1302]= 25

The plot following confirms this.
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ini303:= Clear[plotl, plot2]
plotl = Plot3D[x* +y?, {x, 1, 4}, {y, 3, 5}];
plot2 = Graphics3D[ {Red, PointSize[.025], Point[{3, 4, 25}1}1;
Show[plotl, plot2, ImageSize » {250}, ImagePadding -» {{15, 15}, {15, 15}}]

Out[1306]=

3 x+y?

Example 14.15. Find limy y)-.1) "y

Solution: We will evaluate the limit in two different orders. The limit in which we use limit with x first and then with y is

inz07:= Clear [F, X, Y]

3x+y?

Fix_,y l=——

X-4y
3x+y?
out[1308]= —————
X-4y

The limit in which we use limit with x first and then with y is
in309)= Limit[Limit[F[X, y], X>4], Yy > 1]
out[1309]= — o

The limit in which we use limit with y first and then with x is
int30p= Limit[Limit[F[X, Y],y -» 1], X 4]
Out[1310]= oo

Here is the plot of the graph near the point (4, 1). Observe that the graph of the function is in green and the point (4, 1, 0) is in
red. For a better comaprison, we have colored the xy-plane light blue. You may need to rotate the graph to see the point (4, 1, 0)
on the xy-plane and see how the graph behaves when (x, y) is close to (4, 1).
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nz11= Clear [plotl, plot2]
plotl = Plot3D[{f[Xx, Y], 0}, {X, 3, 5},
{y, 0, 23}, PlotStyle » {Green, LightBlue}, PlotPoints - 100] ;
plot2 = Graphics3D[ {Red, PointSize[.025], Point[{4, 1, 0}1}1;
Show[plotl, plot2, ImageSize » {250},
ImagePadding -» {{15, 15}, {15, 15}}]

Out[1314]=

Here is the animation with x as the animation parameter.

Important Note: If you are reading the printed version of this publication, then you will not be able to view any of the anima-
tions generated from the Animate command in this chapter. If you are reading the electronic version of this publication format-
ted as a Mathematica Notebook, then evaluate each Animate command to view the corresponding animation. Just click on the
arrow button to start the animation. To control the animation just click at various points on the sliding bar or else manually drag
the bar.

n1315p=  Animate[Plot[F[X, Y], {y, O, 3}, PlotRange » {-20, 20}1, {X, 3, 5}]

x MaF]E=]

10 -

Out[1315]=

0.5 1.0 15 2.0 25 3.0

-20-
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sinxsiny
Xy

Example 14.16. Find lim y)-0,0)

Solution: We will evaluate the limit in two different orders.

inziel= Clear [F, X, Y]

Sin[x y]
FIx_ .,y 1l=—"
Xy
Sin[xy]
out[1317] —————
Xy

npz1g)= Limit[Limit[F[Xx, y], x> 0], y - 0]
out[1318]= 1
infz19)p= Limit[Limit[F[X, y], Yy > 0], X 0]

out[1319]= 1
Here is the plot of the graph and the point (0, 0, 1).

ini3z01:= Clear[plotl, plot2]
plotl = Plot3D[f[X, Y], {X, -1, 1}, {y, -1, 1}, PlotStyle » Green];
plot2 = Graphics3D[ {Red, PointSize[.02], Point[{0, O, 1}1}1;
Show[plotl, plot2, ImageSize » {250}]

100,

ouf1323= ggst

If we rotate this graph to a suitable position, we notice that the limit exists. Here are animations with x and y as animation
parameters, respectively.
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ini1324;= Animate[Plot[f[X, y], {X, -2, 2}, PlotRange -» {0, 1}1, {y, -2, 2}]

v {3 MEFIE]

1.0

0.8

0.6 -

out[1324]= =

04

0.2

ini32si= Animate[Plot[f[X, y]1, {Yy, -2, 2}, PlotRange -» {0, 1}1, {X, -2, 2}]

0 MaF]=]

1.0

0.8 -

0.6 -

Out[1325]= r

0.4+

0.2

Example 14.17. Find lim y)0,0 XInYy.

Solution:
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inz26)= Clear [, X, y]
f[x_,y_]=xLlLogl[y]
ou1327]= X Log Y]

n132g)= Limit[Limit[F[X, Y], X-» 0], y - 0]

ou[13281= O

inft3zol= Limit[Limit[f[X, Y], y-»0], x-0]

ouf1329]= Indeterminate

iniz330:= Clear[plotl, plot2]
plotl =
Plot3D[{f[x, Y], 0}, {x, -1, 1}, {y, -1, 1}, PlotStyle » { Green, LightBlue}];
plot2 = Graphics3D[{Red, PointSize[.025], Point[{0, O, 0}]1}1;
Show[plotl, plot2, ImageSize » {250},
ImagePadding » {{15, 15}, {15, 15}}]

out[1333]=

Here is the animation with x as the animation parameter.
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ini1334:= Animate[Plot[f[Xx, y], {Yy, -2, 2}, PlotRange » {-10, 10}], {X, -2, 2}]

< MEFIE]

10~
5 |
out[1334]= I
| L L | | |
-2 -1 L 1 2
-5+
_10 L
2
Example 14.18. Consider the function f(x, y) = X:ij. Show that lim y)-(0,0) T (X, y) does not exist.

Solution:

ini33s= Clear [F, X, Y]

X y?
f [X_, y_] = > B
X“+Yy
X y?
Out[1336]=
x2 +y*

in337;= Limit[Limit[F[X, Y], x> 0], y-0]

ouf[13371= 0

infz33gl= Limit[Limit[F[X, Y], y-»0], x-0]

out[1338]= 0

n1339p= Limit[Limit[F[X, Y],y -» mXx], X - 0]
outf1339)= 0

However, note that the limit along the curve y = V'x is

In{1340]:= Limit[Limit[f[x, vl,y - «/Y] x->0]
1

Out[1340]= —

Hence, the limit does not exist. Here is the plot of the function:
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in341:= Plot3D[F[x, y], {X, -1, 1}, {y, -1, 1}, ImageSize » {250}]

m 14.2.2 Continiuty

Recall that a function f of two variables x and y is continuous at the point (a, b) if and only if limiy @b f(X, y) = f(a, b).

1-x2—y? ifx2+y*<1

PR . Is f continuous?
0, ifx“+y =1

Example 14.19. Let f(x, y) = {

Solution: Clearly, f is continuous at all points inside and outside the circle of radius 1. To check continuity on the unit circle,
we let x=rcostand y =rsint. We then letr — 1.

npsa2i= Clear[X, y, r, s, t, ]

FIx_,y 1=1-vx%+y?
oufizaz= 1 -~/ X2 + y2

In[1344]= X = r Cos[t]
y = rSin[t]

out[1344]= ¥ COS [1T]

ou1345)1= ¥ SIN[t]
infzael= Simplify[F[x, y11]

ouf1z46= 1 -~/ r?

n1z471= Limie[F[X, y1, r- 1]

out[13471= 0
The command below evaluates f on the circle.

in1z4g)= SImplify[F[X, y] /- r-» 1]

out[1348]= O

Thus, the limit and the value of f are equal at all points on the unit circle. Hence, f is continuous everywhere. Here is the graph.
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niz3491= Clear[plotl, plot2]
plotl = Plot3D[F[X, y], {X, -5, 5}, {y, -5, 5}, PlotStyle - Red,
RegionFunction -» Function[{X, Y, 2z}, X*"2+y”~2 < 1], Mesh - None] ;
plot2 = Plot3D[ O, {x, -5, 5}, {y, -5, 5}, PlotStyle -» LightBlue,
RegionFunction -» Function[{X, Y, z}, X"2+y”~2 > 1], Mesh -» None];
Show[plotl, plot2, ImageSize » {250} ]

m Exercises

In Exercises 1 through 4, find the limit, if it exists.

. 3x2+y?
1. |Im(xyy)_>(1’_1) (2 X2 Yy +X y2) 2. |Im(x y)-(1,1) _y

tan xsin'y

Xy 4. limy 0,0 SinxIny

3. limey 00

X+y

5. Consider the function f(x, y) =

. Show that limy)-0,0) (X, y) does not exist.

X2 —y% ifx+y<0

6. Let f(x, y):{2x+y, ifx+y=0

Is f continuous?

7. Let f(x, y)_

ous everywhere? Plot the graph of f to support your conclusions.

8. The domain of f(x, y)= XXTyy is the whole plane without the line y = —x. Is it possible to define f (0, 0) so that f is continu-

ous everywhere? Plot the graph of f to support your conclusions.

m 14.3 Partial Derivatives

Students should read Section 14.3 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

Recall that the Mathematica command for the partial derivative of a function f with respect to x is D[f, x], and D[f,{x,n}] gives
the nth partial derivative of f with respect to x. The multiple (mixed) partial derivative of f with respect to X1, X, X3, ... iS
obtained by DI[f, X1, X2, X3, ...]. We can access this command from BasicMathlInput. The symbols are 95 cand 9,0 .
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Example 14.20. Find the first partial derivatives of x® + y? with respectto x and y .
Solution: We give two methods of input.
Method 1: We can type all the inputs and the command as follows:

ni13s3i= Clear[X, Y]
D[x"3+y”"2, X]

ouf1354= 3 X2

in13ssi= D[XN3 +yN2, y]

out[1355]= 2y

Method 2: We can use the Basiclnput palette to enter the inputs.

IN[1356]:= Oy (X3 + y2)

ouf1356)= 3 X2

In[1357:= By (X3 + yz)

out[1357]= 2y

Example 14.21. Find the four second partial derivatives of x3 sin(y) + e*V.
Solution: Let z = x3sin y + €Y. We again demonstrate two methods of input.
Method 1:

We can find zy by

ni3ssl= Clear[X, Y]
D[x"3%Sin[y] +EN(X*xY), {X, 2}]

ouzso= XY y? + 6 X Sin[y]

We can find z,y, by

in1360;= D[X"3 *SIN[y] + EN(X*Y), {Y, 2}]
ouzeol= €Y X2 - x3 Sin vyl

We can find z,y by

nseii= D[XA3 % SIN[y] + EN (X *Y) , X, Y]
ouizei= eXY + €Y Xy + 3 x2 Cos[y]

Zyy is given by

n362)= D[XA3 % SIn[y] + EN (X *Y), Y, X]
ounzezl= €Y + XY Xy + 3 x? Cos[y]

NOTE: Clairaut's Theorem states that if the mixed partial derivatives f,, and fy are continuous at a point (x, y), then they are
equal: fyy = fyy. The last two outputs confirm Clairaut's Theorem for this particular example.
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Method 2: Here is the input using the palette symbol 9, 0:

n13e3;= Clear[X, Y]
Ax,x (X° * Sin[y] +e**Y

)
Oy.y (X3 *Sin[y] + ex*y)
A,y (X® % Sin[y] + )

)

dy.x (X* *Sin[y] +e**Y
out13e4= eXY y? + 6 X Sin[y]
ouzesi= €Y x2 - x3 Sin[y]
ouizeel= €Y + XY Xy + 3x2 Cos[y]
ounze7= €Y + XY Xy + 3 x? Cos[y]

Example 14.22. Evaluate the first partial derivatives of x y + y 22 + x z at (-1, 2, 3).

Solution: Recall that Expr /. {X; = a;, X = ap X3 = as, ... } is the command for substituting x; by a;, X, by a,, X3 by as, ....

in Expr.

n[1368]:= CI ear[X .Y, Z]
DIx*y + y*z"2 + x*z,x1/.{x-> -1, y->2, z->3}

ou[1369= 5

n1370= D[X*Y + Y*Z™2 + X*Z,Y] /- {X->-1, y->2, z->3}

ouf1370}= 8

n1371)= D[X*Yy+Yy*z"2+X%2,2] /. {X->-1, y->2, z->3}

ou1371)= 11

Example 14.23. Let f(x, y, 2)=ye*+xeVInz. Find fixy fxyz fxzz, foxz, and fr5y

Solution: First, we define f(x, y, z) in Mathematica. We can use the 9 ;o notation. Since the palette gives only two boxes for

the variables, we need to add one more box. This can be done by using CTRL +, (comma), that is, hold the CONTROL key and

press the COMMA button. Note also that the command D[f[x,y,z].x,y,z] gives fy,. We demonstrate both methods.

ine7zi= Clear[X, y, z, F]
fIx ,y ,z ]:=yxe*+x xLog[z] xe™Y

n13741=  Ox x.x F[X, ¥, 2]

ouf1374]= Xy

In[1375)=  Ox,y,z FI[X, Y, Z]
Out[1375]= — ——
In[13761=  Ox,z.z F[X, ¥, 2]

Out[1376]= — ——
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n1377:= D[F[X, ¥, 2], Z, X, Z]

Out[1377]= — ——

ns7e= DIFIX, Y, 21, Z, Z, X]
ey

out[1378]= — ——
22

Example 14.24. Let f (x, y) = xy

a) Find f,(x, y) and fy(x, y) for (x, y) (0, 0).

b) Use the limit definition to find f,(0, 0) and f,(0, 0).
c) Find fxy (x, y) and fyx(x, y) for (x, y) # (0, 0).

d) Use the limit definition to find f, (0, 0) and fy(0, 0).

Solution: We will first define f using the If command.

ne7ei= Clear[x, y, ¥, fx, fy, fxy, fyx]

FIx_, y_1 = IF[{x, ¥} # {0, 0}, xy

out[1380]= If[{x, y} # {0, 0},

Xy (x2 - y?)

x2+y2

X2+y2

0]

2 2

xX2-y? .
— if (x, y) #(0, 0) and (0, 0) = 0.
X2 4y

. 0]

a) Let fx and fy denote the partial derivatives with respect to x and y, respectively. Then

n3s1= FX[X_, y 1 =D[F[X, y], X]
fylx_,y_1=D[F[X,y],V]

out[1381]= If[{x, y} +# {0, 0},

out[1382]= If[{x, y} # {0, 0},

2x (x2-y?) 2 X
+
(x2+y2)2 x2 +y?
2y (x*-y?) 2y
(x2+y2)2 X2 +y?

(Xy) +

If we use the FullSimplify command to simplify the preceding output, we get

infzesi= FUlISimplify [FX[X, Y11
FullSimplify[fy[x, Y]]

y (x*+4 x2 y2_y*)

———— X0 0
out[1383]= { (xX21y2)2 t0]ly+

0 True

x (x*-4x2y2oyt)

———— X=#0 0
out[1384]= { Ery2)2 +0||y+

0 True

4 3 \2_
Thus, fy(x, y) = L4y - ¥)
(¢+y?)

and fy(x, y) =

X(x4-4x% y?—y*)

(><2+y2)2

if (x, y)# (0, 0).

X <X2 _y2>

X2+y2

0]
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£(0+h,0)~ (0,0) £(0,0+k)— (0,0)

b) We use the limit definition f4(0, 0) = limp_q and fy(0, 0) = limy_o to find the partial derivatives at

h k

(0, 0).
iniz3ssi= Clear[h, K]

f[0+h, 0] -F[0, 0

Limit[ [ Ll ],h->0]
h

out1386]= 0

f[0, 0+k]-F[0, 0
IN[1387]:= Limit[ [ ']( [ ] R k-)O]

ouf[13871= O
Hence, (0, 0)=0and f,(0, 0)=0.

¢) To find the mixed second partial derivatives, we use fx and fy from the outputs in part a). Note that the FullSimplify com-
mand is used to to get a simplified form of the mixed partial derivatives.

in3sg)= XY [X_, y_]1 = FullSimplify [D[FX[X, Y], Y]]
fyx[x_, y_1 = FullSimplify[D[fy[X, y], X]]

(X-Y) (X+Y) (X*+10 %2 y2+y*)
X+ 0 0
out[1388]= { (X21y2)® t0]1y+
0 True
(X-y) (x+y) (x*+10 X2 y21y?)
X#+0 0
Out[1389]= { RVIE +0]|y+#
0 True

_ 4 10 2 2\ 4 _ 4 10 2 2\ 4 .
Thus, fyy = 0y) 06ty) (41028 ¥ 4y) and fyy = (op) 0t (410, y+y') for (x, y) # (0, 0). Note that these two functions are equal for

(><2+y2)3 (><2+y2)3

(%, y) # (0, 0) in conformity with Clairaut's Theorem, since both are continuous when (x, y) # (0, 0).

d) We use the limit definition of a partial derivative to compute f,,(0, 0) and fy(0, 0). Recall that we have defined fy as fx[x,y]
and f, as fy[x,y].

Then f,y(0, 0) is given by

x[0, 0+k] - fx[0, O
In[1390]:= Limit[ [ Ii [ ] , k-)O]

out[1390)= -1
and fy(0, 0) is given by

fy[0+h1 O] _fy[os O]
h

In[1391]:= Limit[ ,h- O]

ouf[1391]= 1

Thus, f,y(0, 0) = —1and fy(0, 0) = 1. Note that this implies that the mixed partial derivatives are not continuous at (x, y) = (0, 0).
To see this graphically, first consider the following graph of f, which confirms that f has partial derivatives everywhere.
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in1392;= Plot3D[F[X, Yy, {X, -3, 3}, {y, -3, 3}, ImageSize » {250}]

out[1392]=

2

Here are the graphs of f, and f,, which now show why the second mixed partials at the origin are not equal.

ini393:= Clear[plotl, plot2]
plotl = Plot3D[fx[X, y], {X, -3, 3}, {y, -3, 3},
PlotStyle -» Red, AxesLabel » {"'Graph of z=f\", None, None}] ;
plot2 = Plot3D[fy[x, y], {X, -3, 3}, {y, -3, 3}, PlotStyle - Blue,
AxesLabel » {"Graph of z=f,", None, None}] ;
Show[GraphicsArray[{plotl, plot2}], ImageSize » {420}]

GraphicsArray::obs : GraphicsArray is obsolete. Switching to GraphicsGrid. >

.
Out[1396]= o'
=21

=2

0 / _ 0
Graph of z=f, v /=2 Graph of z=1,

In addition, the graphs of fy, and f,x show the mixed partials are not continuous at the origin. This is the main reason why the
inequalities of the mixed partials at the origin does not contradict Clairaut's Theorem.
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ini1397:= Clear[plotl, plot2]
plotl = PIot3D[fxy[X, y], {X, -3, 3}, {y, -3, 3},
PlotStyle » Red, AxeslLabel » {"Graph of z=f,,", None, None}];
plot2 = Plot3D [ fyx[x, y1, {X, -3, 3}, {y, -3, 3}, PlotStyle - Blue,
AxesLabel » {"Graph of z=f,", None, None}];
Show[GraphicsArray[{plotl, plot2}], ImageSize -» {420}]

GraphicsArray::obs : GraphicsArray is obsolete. Switching to GraphicsGrid. >

Out[1400]= u."
_2.
Graph of z=f,, 0 e =2 Graph of z=f,,, ¢ ' 3 /=2
2 2

m Exercises

S
1. Let f(x, y)= g Find:
a. fx (1,0) b. fy(1, 0) C. fyy d. fyx e. Ty

2. Find the first partial derivatives of z = x3 y2 with respect to x and y.
3. Find the four second partial derivatives of x? cos(y) + tan(x eY).
4. Evaluate the first partial derivatives of f(x, y, z) =e 2xy + yz2 + xz at (-1, 2, 3).

x4 y3 .
Zrsing Find fuxx, fayzr fxzzs foxe, and foux

5.Let f(x,y,2)=

6. Let f (x, y) = % if (x, y) (0, 0) and f(0, 0) =0,
a. Find fy(x, y) and fy(x, y) for (x, y) # (0, 0).

b. Use the limit definition to find (0, 0) and f,(0, 0).
c. Find fyy (x, y) and fy(x, y) for (x, y) # (0, 0).

d. Use the limit definition to find f,,(0, 0) and fy(0, 0).

m 14.4 Tangent Planes

Students should read Section 14.4 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.



322 | Mathematica for Rogawski's Calculus 2nd Editiion.nb

Let z= f(x, y) be a function of two variables. The equation of the tangent plane at the point (a, b, f(a, b)) is given by
z=fy(a, b)(x—a) + fy(a b)(y—b)+ f(a, b)

Example 14.25. Let f (x, y) = X%+ y2.
a) Find the equation of the tangent plane to the graph of f at the point (2, 1, 3).
b) Plot the graph of f and its tangent plane at (2, 1, 3).

Solution: Here,a=2,b=1.
a)
niz401= Clear[f, X, Yy, Z]

FIX_,y ]1=x2+y?

Out[1402]= X2 + y2

Thus, the equation the of the tangent plane is

int403= A = 9x F[X, Y] /- {X->2,y->1};
B=9oy FIX,y] /. {X>2,y->1};
z=A(Xx-2) + B(y-1) +f[2, 1];
Simplify[z]

ouj1406l= -5 +4 X +2Yy

b) Here is a plot of the graph of f:

ni4071= plotl = Plot3D[{F[X, V1, z}, {X, -10, 10}, {y, -10, 10}, PlotStyle » {Blue, Green}];
plot2 = ListPointPlot3D[{ {2, 1, 3}}, PlotStyle » {Red, PointSize[Large]} ];
Show[plotl, plot2, ImageSize » {250}, ImagePadding -» {{15, 15}, {15, 15}}]

200,
Out[1409]= mn"-_
0}

10

Example 14.26. Let f (x, y) =x?y—6xYy? +3y. Find the points where the tangent plane to the graph of f is parallel to the xy-
plane.

Solution: For the tangent plane to be parallel to the xy-plane, we must have f, =0 and f, =0.

nita10p= Clear [F, X, y]
fIX ,y 1=xX>y-6xy?+3y

oua11= 3y + X2y - 6 X y?
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A tangent plane is parallel to the xy-plane at

inf1412)= Solve[{ D[F[X, y], X] =0, D[F[X, Y], Y] = 0}]
1 1
out[1412]= {{ye—g,Xe—l}, {y—>0,x»—1‘1\/§}, {yaO,Xej\/?}, {yeg,x—>1}}

Rotate the following graph to see the points of tangencies.

np413:= Plot3D[{Ff[x, y], f[-1, -1/3], f[1, 1/3]1}, {x, -1, 1},
{y, -1, 1}, PlotStyle » {LightBlue, Green, Red}, PlotRange -» All,
ImageSize » {250}, ImagePadding » {{15, 15}, {15, 15}}]

Out[1413]=

m Exercises

1Let f(x, Y)=x3y +xy?-3x +4.
a) Find a set of parametric equations of the normal line and an equation of the tangent plane to the surface at the point (1, 2).
b) Graph the surface, the normal line, and the tangent plane found in a).

2. Let f(x, y) = x>+ VY2
a. Find the equation of the tangent plane to the graph of f at the point (2, 1, 5).
b. Plot the graph of f and its tangent plane at (2, 1, 5).

3. Let f(x, y) = e¥X
a. Find the equation of the tangent plane to the graph of f at the point (1, 0, 1).
b. Plot the graph of f and its tangent plane at (1, 0, 1).

4. Let f (x, y) =cos(xy). Find the points where the tangent plane to the graph of f is parallel to the xy-plane.

m 14.5 Gradient and Directional Derivatives

Students should read Section 14.5 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

Recall that the notation for a vector suchas u=2i +5j — 6 k in Mathematica is {2,5,-6}. The command for the dot product of
two vectors u and v is obtained by typing u.v.

The gradient of f, denoted by VY f, at (a, b) can be obtained by evaluating ¥ f(a, b) = (ax f(a, b), 9y f(a, b)).
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The directional derivative of f at (a, b) in the direction of a unit vector u is given by D, f =V f(a, b)-u.

Example 14.27. Find the gradient and directional derivative of f(x, y)=x’sin2y at the point (1, 7, 0) in the direction of

v:(é,—é).

Solution:

inf14141= Clear [, v]
fIx_,y ] :=x?*Sin[2y]

3 -4
velz-3)

4

Out[1416]= {i, 73}

The gradient of f at (1, 7) is

7T
na17= WF = {OX fx, yl, oy F[X, y]} / - {X ->1,y-> E}
ouf1417= {0, -2}
Since v is a unit vector, the directional derivative is given by

inf418)= direcderiv=v.Y T

8

Out[1418]= —

Example 14.28. Find the gradient and directional derivative of f(x, y, z)=xy+yz+ xzat the point (1, 1, 1) in the direction
ofv=2i+j-k.

Solution:

inra19:= Clear[X, Yy, z]
W=X*Y+Y*Z+X%Z
v={2,1, -1}

outf1420)= XY +XZ+Yy Z

ouf1421)= {2, 1, -1}

We normalize v:

in[14221= unitvector = v/ Norm[v]
1 1

, \/—K , f\/—g

The gradientofw= f(x, y, z)at (1, 1, 1) is

}

2
Out[1422]= { —
3

n423r= Yw={D[w, X], D[w, y],D[w, z]} /- {X->1,y->1,z->1}
out[1423= {2, 2, 2}

Hence, the directional derivative is given by
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inf1424)= direcderiv = unitvector.Yw

2
out[14241= 2 | —
3

Example 14.29. Plot the gradient vector field and the level curves of the function f(x, y) = x2sin2'y.
Solution:

npazsi= Clear [F, fx, fy, X, Y]
FIX_, y_1=x*-3xy+y-y?
x =D[F[X, Y], X]
fy =D[F[X, Y1, Y]

ouiazel= X2 +y -3 XYy -Yy?

ouf1427)= 2X -3y

ou1428)= 1 -3 X -2y

Thus, the gradient vector field is YV f(x, y) =(2x-3y,1-3x-2y). To plot this vector field, we need to download the
package VectorFieldPlots, which is done by evaluating

inf14291= Needs["'VectorFieldPlots™"]

General::obspkg :
VectorFieldPlots™ is now obsolete. The legacy version being loaded may conflict with current Mathematica
functionality. See the Compatibility Guide for updating information. >

Here is a plot of some level curves and the gradient field.

inz430:= Clear[plotl, plot2]
plotl = ContourPlot[f[X, y], {X, -5, 5}, {y, -4, 4},
Axes » True, Frame -» False, Contours -» 15, ColorFunction - Hue] ;
plot2 = VectorFieldPlot[ {fx, fy}, {Xx, -5, 5}, {y, -4, 4},
Axes -» True, Frame -» False];
Show[plotl, plot2, ImageSize -» {250}]

Out[1433]=
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X

Example 14.30. Let the temperature T at a point (x, y) on a metal plate be given by T(x, y) =

X2+y2
a) Plot the graph of the temperature.

b) Find the rate of change of temperature at (3, 4), in the direction of v=i-2]j.

¢) Find the unit vector in the direction of which the temperature increases most rapidly at (3, 4).

d) Find the maximum rate of increase in the temperature at (3, 4).

Solution:
a) Here is the graph of T.

nasa= T[X_, Y ] =
X2 + y2

X
Out[1434]=

x2+y2

inf1435):= graphofT =
Plot3D[T[X, Y], {X, -5, 5}, {y, -5, 5}, BoxRatios -» {1, 1, 1}, ImageSize -» Small]

Out[1435]=

=5

b) Letu= ”—z” Then u is a unit vector and the rate of change in temperature at (3, 4) in the direction of v is given by

DuT@B,4)=V1(3, 4)-u.

nasel= WT = {D[T[X, Y], X], D[T[X, ¥1, Y1}

v=1{1, -2}
v
u-=
Vv.v
u.¥YT/.{x->3,y->4}//N
2 x? 1 2Xy
Out[1436]= {7 + .- }
(x2+y2)2 X% +y? (x2+y2)2

ou1437)= {1, -2}

1 2
NCG
out1439)= 0.0393548

Out[1438]= {

}

Thus, the rate of change at (3, 4) in the direction v is 0.0393548. NOTE: The command //N in the last line of the previous input
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converts the output to decimal form.

¢) The unit vector in the direction of which the temperature increases most rapidly at (3, 4) is given by

VT
In[1440= ——— /. {X => 3,y -> 4}
Norm[WY T]
7 24
Out[1440]= {— ) 7—}
25 25

d) The maximum rate of increase in the temperature at (3,4) is the norm of the gradient at this point. This can be obtained by:

inaa1= Norm[WT] /. {X->3, Yy ->4}
1

out[1441]= —

m EXxercises

[ERN

. Find the gradient and directional derivative of f(x, y)=sin"*(x y) at the point (1, 1, g) in the direction of v = (1, —1).

2. Let T(x, y)=eXV¥.
a. FindV T, y).
b. Find the directional derivative of T (x, y) at the point (3, 5) in the dierection ofu = 1/2i + \/?/Zj.

o

. Find the direction of greatest increase in T from the point (3, 5).

3. Plot the gradient vector field and the level curves of the functiona f (x, y) = cosxsin?y.

4. Find the gradient and directional derivative of f (X, y,2) = xyeY?+ sin(xz) at the point (1, 1, 0) in the direction of
v=i-j-k.

m 14.6 The Chain Rule

Students should read Section 14.6 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

Example 14.31. Letx=t>+s, y=t+s? and z=xsiny. Find the first partial derivatives of z with respect to s and t.
Solution:

in442)= Clear([X, Y, z, S, t]

X=t2+S
y=t+S2
z = XSin[y]

ouf1443= S + t?

out1444= SZ + €

oufiassl= (S + tz) Sin[s?+ t]
in[1446]= D[z, S]

oufia46l= 2 S (s+t2) Cos[s?+t]| +Sin[s? + t]
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in14471:= D[z, €]
out[1447]= (S + t2> Cos [82 + t} +2tSin [82 + t}

Example 14.32. Find the partial derivatives of z with respect to x and y assuming that the equation x> z — y 7> = x y defines z as a
function of x and y.

Solution:

inf4481= Clear[X, y, z, r, t, s]
eq= x*Z[X,y] -y Z[X, y]* =Xy

Solve[D[eq, X], D[z[X, Y], X]1]
Solve[D[eq, y1l, D[z[X, Y], Y11

out1449= X2 Z[X, Y] -Y Z[X, Y]? = XYy
-y +2XZ[X, Y]

oufuaso)= { {z(1:9 [x, y] >
(! -x2+2yz[x, Y] /

X+Z[X, Y]?
out[1451]= {{Z(O.l) (X, y] > +Z] Y] }
X2-2yz[X,Y]

Example 14.33. Let f(x, y, z) = F(r), where r =/ x?> + y?> + z> and F is a twice differentiable function of one variable.
a) Show that V f = F' (1) < (xi +yj + k).
b) Find the Laplacian of f.

Solution:

a)

in4as21= Clear([X, y, z, r, ¥, F]
fIx_,y_,z_]=F[r]

r=+x%+y?+2?

ou14531= F[r]

Out[1454]= / X2 + y2 + Z2

Here is the gradient of f:

inp4ssi= grad¥ = {(D[F[X, Yy, z], x], D[F[X, Yy, z], y1, D[F[X, Yy, z], z]}

XF[\x2+y2+22 | yF[\[x2+y2+22 ] zF[x?+y?+2? |

Out[1455]= { ’ ’ }
\ X? +y? 4+ z? \ X? +y? 4 z? A X2 +y?+ z2
With r=+/ x2 + y2 + 22 , the preceding output becomes

Vf(X, y' Z):< XF':(r)’ yF'(r), ZF;’(r)>:F'(I’)—i(X, y, Z)

r

which proves part a).
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b) Recall that the Laplacian of f, denoted by A f, is defined by A f = fy + fyy + .

npasel= D[F[X, Yy, z], {X, 2}]1 +D[F[X, Yy, z], {y, 2}]1 +D[F[X, Yy, z], {Z, 2}]

X2F [\[x2+y2+22 | y2F [\X2+y2+22 | Z2F [\[x2+y?+22 |

Out[1456]= — - — +
(x2+y2+22)3/2 (x2+y2+22)3/2 (x2+y2+22)3/2

BF [x2+y2+2z2 | X2F7[\x2+y?2+22 | y2F/[\[X2+y?2+2Z2 | Z2F7[\[xZ+y?+22 |

+ + +
2, y2, 22 2,.y2, 22 2, y2, 22
/x2+y2+22 x2+y2+z X2 +y2+z X2 +y2+z

We simplify this to get

inas7i:= SimpliFy [%]

out[1457]=

2F (/X2 42 4 22
[ Y } +F”[\/x2+y2+22}
A X2 +y2 4 72

which is the same as —f F'[r]+ F"[r].

m Exercises
1. Letx=u?+sinv, y=ue"™ and z=y3Inx . Find the first partial derivatives of z with respect to u and v.

2. Find the partial derivatives of z with respect to x and y assuming that the equation x? z — y z2 = x y defines z as a function of x
and y.

3. Find an equation of the tangent plane to the surface xz +2x2y + y? 28 =11 at (2, 1, 1).

m 14.7 Optimization

Students should read Section 14.7 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

Second Derivative Test: Suppose fy(a, b)=0and fy(a, b)=0. Define

D(x, y) = fyx fyy — (fxy)2
The function D is called the discriminant function.

i) IfD(@,, b)>0and f«(a, b)>0, then f(a, b) is a local minimum value.
ii) 1f D(a,, b)>0and fy«(a, b) <0, then f(a, b) is a local maximum value.
iii) If D(a, , b) <0, then (a, b, f(a, b)) is a saddle point on the graph of f.
iv) If D(a, b) = 0, then no conclusion can be drawn about the the point (a, b).

Example 14.34. Let f(x, y)=x*—4xy + 2 Y2
a) Find all critical points of f.
b) Use the second derivative test to classify the critical points as local minimum, local maximum, saddle point, or neither.

Solution: Since D is used in Mathematica as the command for derivative, we will use disc for the discriminant function D.
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inuasgl= Clear [F, X, Y]
FIX_,y 1=x*-4xy +2Vy?

out[1459]= x4—4xy+2y2

a) The critical points are given by

nia60= cp = Solve [{D[F[X, y], X] =0, D[F[X, y], Y] = 0}]
oufaso= {{y - -1, X->-1}, {y->0,x->0}, {y->1,x->1}}
b)

in461)= Clear [fxx, disc]
XX[x_,y_ ] =D[F[X, Y], {X, 2}]
disc[x_, y_1 =D[F[X, Y], {X, 2}] *D[F[X, Y], {y, 2}]1 - (DID[F[X, Y], x], y])?

out1462= 12 X2

ouf463= - 16 + 48 X2

s TableForm[Table[{ cp[[k, 2, 2]], cp[[k, 1,211,
disc[cp[[k, 2, 211, cpl[k, 1, 2111, fxx[cp[[k, 2, 2]], cp[[k, 1, 2111,
fleplik, 2, 211, cpl[k, 1, 2111}, {k, 1, Length[cpl}],
TableHeadings » {{}, {"x ™, "y ™, "™ D(Xy) "," fux ", "F(X,y)"}}]

Out[1464]//TableForm=

| X y D(X,y) Tux T(x,y)
-1 -1 32 12 -1
0 0 -16 0 0
1 1 32 12 -1

By the second derivative test, we conclude that f has a local minimum value of —1 at (-1, —1) and (1, 1), and a saddle point at
0, 0).

Here is the graph of f and the relevant points.
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inu4esi= Clear[plotl, plot2]
plotl =
Plot3D[F[X, Y], {X, -2, 2}, {y, -2, 2}, PlotStyle - LightBlue, PlotRange » 10];
plot2 = Graphics3D[ {PointSize[Large], Red,
Point[Table[{ cp[[k, 2, 2]1], cpl[k, 1,2]1, Fflcpllk, 2,211, cpllk, 1, 2111},
{k, 1, Length[cp]}]11}, PlotRange - 10];
Show[plotl, plot2, ImageSize » {250}]

out[1468]=

Example 14.35. Let f(x, y)=x3+ y* —6x -2 y2.
a) Find all critical points of f.
b) Use the second derivative test to classify the critical points as local minimum, local maximum, saddle point, or neither.

Solution: Again, we will use disc to denote the discriminant function D since the letter D is used in Mathematica for the deriva-
tive command.

infa69)= Clear [F, X, y]
FIX_,y 1=x+y*-6x -2y’

ou1470)= -6 X + x5 - 2y? + y*

a) The critical points are given by

nia71= cp = Solve [{D[F[X, y], X] =0, D[F[X, y], Y] = 0}]

oupar= {{y > -1, x> -2}, {y>-1,x-/2}, {y->0,x--V2},
{y-0.,x-v2}, {y-1,x>-v2}, {y-1,x->v2}}

b)

inj14721= Clear [fxx, disc]
xx[x_, y_1=D[F[x, y], {X, 2}]
disc[x_, y_1=D[F[x, ¥], {X, 2}]1 *D[F[X, Y1, {Y, 2}] - (DID[F[X, y1, X1, y1)?

out[1473]= 6 X

ou[1474]= 6 X (74 +12 y2)
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nia7si= TableForm[Table[{ cp[[k, 2, 2]], cpl[k, 1,211,
disc[cp[[k, 2, 211, cpl[k, 1, 2]1], Fxx[cp[[k, 2, 211, cp[[k, 1, 2]1],
flepllk, 2, 211, cpllk, 1, 2111}, {k, 1, Length[cp]}],
TableHeadings » {{}, {"x ™, "y ™, " D(x,y) "," fux ", "F(x,y)"}}]

Out[1475]//TableForm=

X y D(X,Yy) Tx T(x,y)
-+/2 -1 -48+/2 -6+/2 ~1+44/2
V2 -1 482 62 -1-4+/2
-+/2 0 242 -6+/2 42
V2 0 -24/2 62 -4+/2
-+/2 1 -48+/2 -6+/2 ~1+44/2
V2 1 482 62 -1-4+/2

By the second derivative test we conclude that f has local maximum value of 4 V2 at (—\/7, O), local minimum value of
“1-4+2 at (\/? —1) and (\/? 1), and saddle points at (—\/?, —1), (\/7 0), and (—\/7, 1).

Here is the graph of f and the relevant points.

ini1476l= Clear[plotl, plot2]
plotl = Plot3D[f[X%, V], {X, -2.5, 2.5},
{y, -2.5, 2.5}, PlotStyle » LightBlue, PlotRange » 10];
plot2 = Graphics3D[ {PointSize[Large], Red,
Point[Table[{ cp[[k, 2, 2]1], cpl[k, 1,2]1, Fflcp[Ilk, 2, 2]1],cp[l[k, 11,2111},
{k, 1, Length[cp]}]11}, PlotRange - 10];
Show[plotl, plot2, ImageSize » {250}]

Out[1479]= ot
-5 ':_
~10%

[

Example 14.36. Let f(x, y)=2x>-3xy—x+y+ y? and let R be the rectangle in the xy-plane whose vertices are at (0,0),
(2,0), (2,2), and (0,2).

a) Find all relative extreme values of f inside R.

b) Find the maximum and minimum values of f on R.

Solution:
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niuasop= Clear [F, X, y, disc]
fix_,y_] = 2 x? —3X*y—x+y+y2+5

ouiasl= 5-X+2X2+y -3 XYy +Yy?
npaszi= Solve[{ox FIx, y] == 0, 8y F[x, y] == 0}, {X, y}]
oufi4s2)= {{X -1,y —>1}}

nass= diSCIX_, Y_1 = Oy,xFIX, Y] %8y.yFIX, ¥ - (8x.y FIx, y1)?
out1483= -1
inf1484l= Oy xF[X, Y1 /- {X->1,y->1}
disc[X, Y] /- {x->1,y->1}
out[1484= 4
out[1485]= —1
Thus, (1, 1) is the local minimum point of f inside R and its local minimum value is f(1, 1) = 5. Next, we find the extreme values
of f on the boundary of the rectangle. This is done by considering f as a function of one variable corresponding to each side of R.

Let f; = f(x, 0), f, = f(x, 2), for x between 0 and 2, and f3 = f(0, y) and f4 = f(2, y), for y between 0 and 2. We now proceed
as follows:

nasei= Clear[Fl, F2, 3, 4]

f1 = f[x, 0]
2 = f[x, 2]
3 =T[0, y]
T4 =F[2,y]

ouf4s7= 5 - X + 2 X2
oufiasgl= 11 - 7 X + 2 X2
oui4s9)= 54y +y?
out1490)= 11 -5y +y?

inf1491)= Solve [D[Fl, X] == 0]
1

Out[1491]= { {X - Z }}

ni14921= Solve [D[F2, X] == 0]
7
Out[1492]= {{X - — }}
4
ni1493:= Solve [D[F3, y] == 0]
1

Out[1493]= { {y - - E } }

ni1a04:= Solve[D[F4, y] == 0]
5

Out[1494]= { {y - E }}



334 | Mathematica for Rogawski's Calculus 2nd Editiion.nb

Thus, points on the boundary of R that are critical points of f are (;11 0) and (;71 2). Observe that the points (0, —1/2) and

(2, —2) are outside the rectangle R. The four vertices of R at (0,0), (2,0), (0,2) and (2,2) are also critical points. Can you explain

why? We now evaluate f at each of these points and at (1, 1) (the relative minimum point found earlier) using the substitution
command and compare the results.

1 7
infa9s1= F[X, /. X=>—,yY->0}, {X->—,y->2¢,
n . vl /- {{ Y b 7Y }
{X->0,y->0}, {(x->2,y->03},
{x->0,y—>2},{x—>2,y->2},{x—>1,y—>1}}

39 39
Out[1495]= {? g 5,11, 11, 5, 5}

Thus, the minimum value of f is 39/8, which occurs at (1/4, 0) and also at (7/4, 2). The maximum value of f is 6, which is
attained at (2, 0) and also at (0, 2). Here is the graph of f over the rectangle R.

inf1a06)= Clear [plotl, plot2, plot3]
plotl = Plot3D[{f[X, Y], 0}, {x, 0, 2},
{y, 0, 2}, PlotStyle » {Green, Blue}, PlotRange -» All];
plot2 = Graphics3D[{PointSize[Large], Red,
Point[{ {1/4,0, f[1/4,01}, {7/4,2, F[7/4, 2]} }]1}, PlotRange -» All ];
plot3 = Graphics3D[ {PointSize[Large], Black ,
Point[{ {2, 0, f[2, 01}, {0, 2, F[2, 0]1}}]1}, PlotRange -» All ];
Show[plotl, plot2, plot3, ImageSize » {250}, ImagePadding -» {{15, 15}, {15, 15}}]

Out[1500]=

Exercises

CLet f(x, y)=xt—4xy+2vy2

. Find all critical points of f.

. Use the second derivative test to classify the critical points as local minimum, local maximum, saddle point, or neither.
. Plot the graph of f and the local extreme points and saddle points, if any.

o T o

-Let f(x, y)= (x+y)In(x? + y?), for (x, y) # (0, 0).
. Find all critical points of f.

. Use the second derivative test to classify the critical points as local minimum, local maximum, saddle point, or neither.
. Plot the graph of f and the local extreme points and saddle points, if any.

o T 9 N
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3. Let f(x, y)=2x2—3xy—x+Yy+y?and let R be the rectangle in the xy-plane whose vertices are at (0, 0), (2, 0), (2, 2), and
0, 2).

a. Find all relative extreme values of f inside R.

b. Find the maximum and minimum values of f on R.

c. Plot the graph of f and the local extreme points and saddle points, if any.

m 14.8 Lagrange Multipliers

Students should read Section 14.8 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

Example 14.37. Let f(x, y)=xyand g(x, ) =X* + y? — 4.
a) Plot the level curves of f and g as well as their gradient vectors.
b) Find the maximum and minimum values of f subject to the constraint g(x, y) = 0.

Solution:
a) We will define f and g and compute their gradients. Recall that we need to evaluate the command Needs[**"VectorField-
Plots™**] before we plot the gradient fields.

nso:= Clear [F, g, Fx, fy, gx, gy, X, VY]
FIX ,y 1=2x+3y

glx_,y_1=x*+y*-4
x =D[F[X, y], X]
fy =D[F[X, y1, VY]
gx =D[g[X, Y], X]
gy =D[g[X, Y], Y]

ou1502= 2 X + 3y
ou1503)= -4 + X2 + y2
out[1504]= 2

out[1505]1= 3

out[1506]= 2 X

out[1507]= 2y

ini1s08l= Needs['"'VectorFieldPlots™"]
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niiso9= Clear [plotl, plot2, plot3, plot4]
plotl = ContourPIot[x +y? -4, {x, -2, 2}, {y, -2, 2},
Frame -» False, Axes -» True, ContourShading -» False, PlotRange -» AII] ;
plot2 = ContourPlot[2x+3Yy, {X, -2, 2}, {y, -2, 2}, Frame » False,
Axes -» True, ContourShading -» False, PlotRange -» All];
plot3 = VectorFieldPlot[ {fx, fy}, {X, -2, 2}, {y, -2, 2},
Axes -» True, Frame » False, ColorFunction - Hue];
plot4 = VectorFieldPlot[ {gx, gy}, {X, -2, 2}, {y, -2, 2},
Axes -» True, Frame » False, ColorFunction - Hue];
Show[plotl, plot2, plot3, plot4, ImageSize » {250}]
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b) Let us use | for A. To solve ¥V f =1V g we compute

nsis= Solve[{fx = 1gx, fy = 1gy, g[X, y] =0} ]

£/ 13 4 6 V13 4 6
Out[1515]= {{Ief—,Xe——,yaf—},{la , X > , Yo }}
4 V13 V13 4 V13 V13
6 4
Thus, ( = \/—1_3) and (\/—1_3 F) are the critical points. We evaluate f at these points to determine the absolute maximum
and the absolute minimum of f on the graph of g(x, y)=0
4 6
In[1516]:= f[ -_—— - —
V13 V13

4 6

ouf[1516]= -2 /13
ou1517]= 2 +/ 13

Hence, f attains its absolute minimum value of -2 v 13 at (—\/% —\/%) and absolute maximum value of —2+v 13 at

7 7
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Here is a combined plot of the gradients of f (in black) and g (in red) at the critical points.

nsisp= Clear[plotl, plot2, plot3, plot4, plot5, plot6]
plotl = ContourPlot[g[X, Y], {X, -3, 3}, {y, -3, 3},
Contours » {0}, Frame -» False, Axes -» True, ContourShading - False];

4 6 4 6
lot2 = ListPIl - y - » ’ ;
o= et Tw ) Um v )
ins21:= plot3 = Graphics[Arrow[
4 6 4 6 -4 -6
- - - - + {Fx, Ty} /. {x -> LY > ;
R R AL e a2 Bl
inis221= plot4 = Graphics[
4 6 4 6 4 6
Arrow , , , + {Fx, fy} /. {x -> , Y -> ;
"W wh s mhem b o mH
ini1s23:= ploth = Graphics[{Red, Arrow[{{ _«/%_3 , —\/%_3} ’
4 6 -4 -6
{—E,—E}ng,gy}/-{X» m,y» «/ﬁ}}]}]
inf15241= plot6 = Graphics[{Red, Arrow[
4 6 4 6 4 6
R R o A LA v ML

nis2si= Show[plotl, plot2, plot3, plot4, plot5, plot6,
PlotRange -» All, AspectRatio -» Automatic, ImageSize -» {250}]

(157

Out[1525]=

/’ -4

m EXxercises
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1. Let f(x, y)=4x>+9y?and g(x, y) =xy—4.
a. Plot the level curves of f and g as well as their gradient vectors.
b. Find the maximum and minimum values of f subject to g(x, y) =0.

2. Find the maximum and minimum values of f(x, y, z) = x3 — 3 y2 + 4 z subject to the constraint g(x, y, 2) =x +yz—4=0.

2 2
3. Find the maximum area of a rectangle that can be inscribed in the ellipse ? + % =1.

4. Find the maximum volume of a box that can be inscribed in the sphere x% + y? + 22 = 4.
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Chapter 15 Multiple Integration

Useful Tip: If you are reading the electronic version of this publication formatted as a Mathematica Notebook, then it is possible
to view 3-D plots generated by Mathematica from different perspectives. First, place your screen cursor over the plot. Then drag
the mouse while pressing down on the left mouse button to rotate the plot.

m 15.1 Double Integral over a Rectangle

Students should read Section 15.1 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

Integration can be generalized to functions of two or more variables. As the integral of a single-variable function defines area of
a plane region under the curve, it is natural to consider a double integral of a two-variable function that defines volume of a solid
under a surface. This definition can be made precise in terms of double Riemann sums where rectangular columns (as opposed to
rectangles) are used as building blocks to approximate volume (as opposed to area). The exact volume is then obtained as a limit
where the number of columns increases without bound.

m 15.1.1 Double Integrals and Riemann Sums

Let f(x,y) be a function of two variables defined on a rectangular domain R =[a, b]x[c, d] in R2. Let
P={a=Xxg<X1<..<Xp=b, c=Yyp<Yy;<..<Yy,=d} be an arbitrary partition of R into a grid of m-n rectangles, where m and
n are integers. For each sub-rectangle Rjj = [Xi_1, xi]x[yj_l, yj] denote by AA; its area and choose an arbitrary base point
(xij, Yij) € Rij, where xjj € [xi_1, Xi] and yjj € [yj_1, yj|- The product f(x;, yij) AA;; represents the volume of the ij-rectangular
column situated between the surface and the xy-plane. We then define the double Riemann sum S, of f(x, y) on R with respect
to P to be the total volume of all these columns:

m n

Sp = sz(xun Yij) AA;

Define || P || to be the maximum dimension of all the sub-rectangles. The double integral of f(x, y) on the rectangle R is then
defined as the limitof Sp as || P || = O:

m n

f(x, WdA=li f(Xii, Vii) AAGi
ffR %y ||PI\|TOZ (s i) A

i=1 j=1

If the limit exists regardless of the choice of partition and base points, then the double integral is said to exist. Otherwise, the
double integral does not exist.

MIDPOINT RULE (Uniform Partitions): Let us consider uniform partitions P, where the points {x;} and {yj} are evenly
spaced, thatis, xi=a+iAXx, yj=b+ jAyfori=0,1, .., mand j=0, 1, .., n, and with Ax=(b —a)/m and Ay =(d —c)/n.
Then the corresponding double Riemann sum is

m n
Smn = ZZ f (Xijy Yij) AXAy
i=1 j=1
Here is a subroutine called MDOUBLERSUM that calculates the double Riemann sum Sy, , of f(x, y) over a rectangle R for
uniform partitions using the center midpoint of each sub-rectangle as base point, that is, xjj = (xi-1 + X))/2=a+ (i—-1/2)Ax and
yii= (Vi +yj)/2=c+(j-1/2)Ay.
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ini1s261= Clear [F]
MDOUBLERSUM[a_, b_,c_,d_,m_,n_] :=

Sum[fla+ (I1-1/2)%x (b-a)/m,c+(J-1/2)x(d-c)/n]%=(b-a)/mx(d-c)/n,
{i,1,m}, (3,1, n}]

Example 15.1. Approximate the volume of the solid bounded below the surface f(x)=x?+ y? and above the rectangle
R =[-1, 1]x[-1, 1] on the xy-plane using a uniform partition with m = 10 and n = 10 and center midpoints as base points. Then
experiment with larger values of m and n and conjecture an answer for the exact volume.

Solution: We calculate the approximate volume for m = 10 and n = 10 using the subroutine MDOUBLERSUM:

nszel= FI[X_, Y ] =XN2+y~"2;
MDOUBLERSUM[-1, 1, -1, 1, 10, 10]

66
Out[1529]= —

25
In15301:= N[%]

out[1530)1= 2 .64

ins31- Table [MDOUBLERSUM[-1, 1, -1, 1, 10+k, 10 xKk], {k, 1, 10}]
66 133 1798 533 1666 3599 3266 2133 16198 3333
257 50 ° 675 200 625 1350 1225 800 = 6075 = 1250

Out[1531]= {

in15321:= N[%]

ouf1532)= {2.64, 2.66, 2.6637, 2.665, 2.6656, 2.66593, 2.66612, 2.66625, 2.66634, 2.6664}

It appears that the exact volume is 8/3. To prove this, we evaluate the double Riemann sum S, , in the limitas m, n - co:

ini1s33:= Clear[S, m, n];
S[m_, n_] =Simplify[MDOUBLERSUM[-1, 1, -1, 1, m, n]]

Out[1534]= — (2__ __)
3
in1s35)= Limi€[LImIt[S[m, n], m > Infinity], n - Infinity]

8

Out[1535]= —

To see this limiting process visually, evaluate the following subroutine, called DOUBLEMIDPT, which plots the surface of the
function corresponding to the double integral along with the rectangular columns defined by the double Riemann sum considered
in the previous subroutine MDOUBLERSUM.
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in1s36)= Clear [F] ;

DOUBLEMIDPT[F_, {a_, b_, m_}, {c_,d_, n_}] = Module[
{dx, dy, i, J, xstar, ystar, mrect, plot},
dx =N[(b-a) /m];
xstar = Table[a+ 1 = dx, {i, O, m}];
dy =N[(d-c) /n];
ystar = Table[c+J » dy, {j, 0, n}];
mcolumn = Table[Cuboid[{xstar[[i]], ystar[[j]], O},

{xstar[[i+1]], ystar[[j+1]], F[(xstar[[i]] +xstar[[i+1]]) /2,
(ystar[[J]] +ystar[[J+1]1]) /2]}], {1, 1, m}, {J, 1,n}];

plot = Plot3D[F[X, y], {X, a, b}, {y, c, d}, Filling - Bottom] ;
Show[plot, Graphics3D[mcolumn], ImageSize » {300}]]

npssel= FIX_, y_] 2= X2 +y~2;
DOUBLEMIDPT[F, {-1, 1, 10}, {-1, 1, 10}]

Out[1539]=

Here is an animation that demonstrates how the volume of the rectangular columns approach that of the solid in the limit as

m, N = oo.

Important Note: If you are reading the printed version of this publication, then you will not be able to view any of the anima-

tions generated from the Animate command in this chapter. If you are reading the electronic version of this publication format-
ted as a Mathematica Notebook, then evaluate each Animate command to view the corresponding animation. Just click on the
arrow button to start the animation. To control the animation just click at various points on the sliding bar or else manually drag
the bar.
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inf1s40=  Animate [DOUBLEMIDPT[F, (-1, 1, a}, {-1, 1, a}] , {a, 5, 50, 51}]

]
; FMEEFIE]

Out[1540]=

m 15.1.2 Double Integrals and Iterated Integrals in Mathematica

The Mathematica command for evaluating double integrals is the same as that for evaluating integrals of a single-variable
function, except that two limits of integration must be specified, one for each independent variable. Thus:

Integrate[f[x,y],{X,a,c},{y,c,d}] analytically evaluates the double integral ffR f(x, y)d A over the rectangle R = [a, b] x[c, d].
Nintegrate[f[x,y].{X,a,c}.{y,c,d}] numerically evaluates the double integral fo(x, y) d A over the rectangle R = [a, b] x[c, d].

Iterated Integrals: In practice, one does not actually use the limit definition in terms of Riemann sums to evaluate double
integrals, but instead apply Fubini's Theorem to easily compute them in terms of iterated integrals:

Fubini's Theorem: (Rectangular Domains) If R ={(x, y):a=<x<b, c <y <d}, then

fff(x, y)dA:ffjf(x, y)dydx:fdff(x, y)dxdy
R a C c a

Thus, Mathematica will naturally apply Fubini's Theorem whenever possible to analytically determine the answer. Depending on
the form of the double integral, Mathematica may resort to more sophisticated integration techniques, such as contour integration,
which are beyond the scope of this text.

Example 15.2. Calculate the volume of the solid bounded below by the surface f(x)= x?+ y? and above the rectangle
R=[-1, 1]x[-1, 1].

Solution: The volume of the solid is given by the double integral Lg f(x, y)dA. To evaluate it, we use the Integrate command:
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nsa1)= F[X_, Y_] 1= X"N2+yN2;
Integrate[f[X1 y]1 {Xs _11 1}1 {ys _11 l}]

8

out[1542]= —

This confirms the conjecture that we made in the previous example for the exact volume.

NOTE: Observe that we obtain the same answer by explicitly computing this double integral as an integrated integral as follows.
Moreover, for rectangular domains, the order of integration does not matter.

ns43= Integrate[Integrate[f[X, y], {X, -1, 1}1, {y, -1, 1}]
Integrate[Integrate[f[X, Y], {Yy, -1, 1}]1, {X, -1, 1}]

Out[1543]=

Out[1544]=

wlo wlo

Example 15.3. Compute the double integral ffo e¥* d A on the rectangle R = [0, 1]x[O, 1].

Solution: Observe that the Integrate command here gives us an answer in terms of the non-elementary error function Erf:

ni1s45:= Integrate[x « EN (-y™2), {X, 0, 1}, {y, 0, 1}]

1
Out[1545]= Z At Erfil]

This is because the function f(x, y) = x e~ has no elementary anti-derivative with respect to y due to the Gaussian factor eV’
(bell curve). Thus, we instead use the NIntegrate Command to numerically approximate the double integral:

niis46i= NIntegrate[xX « EN (-y™2), {Xx, 0, 1}, {y, 0, 1}]
outj1546]= 0.373412

m Exercises

1. Consider the function f(x, y) = 16 — x? — y? defined over the rectangle R = [0, 2]x[-1, 3].

a. Use the subroutine MDOUBLERSUM to compute the double Riemann sum Sy, , of f(x, y) overRform=2andn=2.

b. Repeat part a) by generating a table of double Riemann sums for m=10k and n=10k where k=1, 2, ..., 10. Make a
conjecture for the exact value of [ [ f(x, y)dA.

c. Find a formula for Sy, , in terms of m and n. Verify your conjecture in part b) by evaluating limm n_co Smn-
d. Directly compute fﬁef(x, y) d A using the Integrate command.

2. Repeat Exercise 1 but with f(x, y) = (1 + x) (1 + y) (1 + x y) defined over the rectangle R = [0, 1]x[0, 1].

3. Evaluate the double integral ff\/ x4+ y* dA over the rectangle R = [-2, 1]x[-1, 2] using both the Integrate and NInte-
grate commands. How do the two answers compare?

4. Calculate the volume of the solid lying under the surface z = e‘y(x + y2) and over the rectangle R = [0, 2]x[0, 3]. Then make a
plot of this solid.
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5. Repeat Exercise 4 but with z = sin(x? + y?) and rectangle R = [-Vr , v |x[-V7r , V1 |-

6. Evaluate the double integral [ [ f(x, y)d A where f(x, y)=xycos(x? +y?) and R =[x, 7] x[-n, z]. Does your answer

make sense? Make a plot of the solid corresponding to this double integral to intuitively explain your answer. HINT: Consider
symmetry.

7. Find the volume of solid bounded between the two hyperbolic paraboloids (saddles) z=1 + x> — y? and z =3 — x? + y? over
the rectangle R = [-1, 1]x[-1, 1].

8. Find the volume of the solid bounded by the planes z=2x,z=-3x+2,y=0,y=1,and z=0.

m 15.2 Double Integral over More General Regions

Students should read Section 15.2 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

For domains of integration that are non-rectangular but still simple, that is, bounded between two curves, Fubini's Theorem
continues to hold. There are two types to consider:

Fubini's Theorem: (Simple Domains)

Type | (Vertically Simple): If D ={(x, y):a<x<b, a(x) <y < B(X)}, then

B(X)
fff(x, y)dA=ff fx, y)dydx
D a Ja(x)

The corresponding Mathematica command is Integrate[f[x,y],{X,a,b},{y,a[X],8[x1}].

Type Il (Horizontally Simple): If D={(x, y):c <y =<d, a(y) < X < B(y)}, then

B(Y)
fff(x, y)dA=fdf fx, y)dxdy
D c Ja(y)

The corresponding Mathematica command is Integrate[f[x,y].{y.c,d}.{X,e[y].B[Y1}]-

Warning: Be careful not to reverse the order of integration prescribed for either type. For example, evaluating the command
Integrate[f[x,y].{y,@[X],B[x]}.{x,a,b}] for Type I (x and y are reversed) will lead to incorrect results.

Example 15.4. Calculate the volume of the solid bounded below by the surface f(x, y) =1 - x? + y2 and above the domain D
bounded by x=0,x=1,y=x,and y = 1 + x2.

Solution: We observe that x =0 and x = 1 represent the left and right boundaries, respectively, of D. Therefore, we plot the
graphs of the other two equations along the x-interval [0, 2] to visualize D (shaded in the following plot):
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inis47:= Clear [X, Y]
plotl = Plot[{x, 1+X"2}, {x, 0, 1}, Filling - {1 - {2}}, ImageSize » 250]

2.0

out[1548]= -0 —

0.5

0.2 0.4 0.6 0.8 1.0
Here is a plot of the corresponding solid situated over D:

nsa9i= F[X_, Y 1 =1-X"2+y”"2;
plot3 = Plot3D[F[X, y], {X, 0, 1}, {y, X, 1 +x”72}, Filling -» Bottom,
ViewPoint » {1, 1, 1}, PlotRange -» {0, 4}, ImageSize » {250}]

Out[1550]= 0.0
0.5

0.5

To compute the volume of this solid given by ffo(x, y) d A, we describe D as a vertically simple domain where 0 <x <1 and

x <y =<1+ x?and apply Fubini's Theorem to evaluate the corresponding iterated integral ﬁf”z f(x, y)dydx (remember to use
the correct order of integration):

nissi= Integrate [F[x, y1, {X, 0, 1}, {y, X, 1+x?}]
29

out[1551]= —

Example 15.5. Evaluate the double integral [ [ sin(y?)d A, where D is the domain bounded by x =0, y =2, and y = X.

Solution: We first plot the graphs of x =0, y =2, and y = x to visualize the domain D:
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iniss2i= plotl = ContourPlot[{xX =0, y =2, Yy == X},
{x, -0.5, 2.5}, {y, -0.5, 2.5}, ImageSize » {250}]

20f 1
15] 1
out[1552]=
05} 1

00} 1

~051, ! ‘ ‘ ‘ ‘ J
-0.5 0.0 05 1.0 15 2.0 2.5

It follows that D is the triangular region bounded by these graphs, which we shade in the following plot to make clear:
nss3= plot2 = Plot[x, {x, 0, 2}, Filling - 2];
Show[plotl, plot2, ImageSize » {250}]

2.51

Out[1554]= 1.0

0.5
0.0
-0.5

-0.5 0.0 0.5 1.0 1.5 20 2.5

To compute the given double integral, we describe D as a horizontally simple domain, where 0 <y <2 and 0 < x < y and apply
Fubini's Theorem to evaluate the corresponding iterated integral fﬁysin(yz) dxdy (again, remember to use the correct order of
integration):

npsssi=  Integrate[Sin[y”~2], {y, 0, 2}, {X, 0, y}]
ou1sssl= Sin[2]2
in[1556):= N[%]

out[1556]= 0.826822

NOTE: It is also possible to view D as a vertically simple domain, where 0 < x <2 and x <y <2. The corresponding iterated
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integral ffxzsin(yz) d'y d x gives the same answer, as it should by Fubini's Theorem:
niss7i= Integrate[Sin[y”~2], {X, 0, 2}, {Y, X, 2}]
ou1557= Sin[2]%

Observe that it is actually impossible to evaluate this iterated integral by hand since there is no elementary formula for the anti-
derivative of sin(yz) with respect to y. Thus, if necessary, Mathematica automatically switches the order of integration by

converting from one type to the other.

m EXxercises

In Exercises 1 through 4, evaluate the given iterated integrals and plot the solid corresponding to each one.

1. L1£XZ(4—x2+y2)dydx Z.Klg“zfyz x2ydxdy

ing 1
3. [ " r?cosodrde 4.££Xryxy dydx

In Exercises 5 through 8, evaluate the given double integrals and plot the solid corresponding to each one.
5. [fx+y)dA D={(x,y):0=x<30<y=<vVx]
6. [[[VXx+y dA D={(x,y):0=x=<1-y2 0=<y=1}
7. [[.e*Y d A where D ={(x, y): x* + y* < 4}
y : : : -
8. ffom d A, where D is the following shaded diamond region:

1Y

In Exercises 9 through 12, calculate the volume of the given solid S:
9. S is bounded under the paraboloid z = 16 — x> — y2 and above the region bounded between the line y = x and the parabola
y=6-Xx2.

10. S is bounded under the right circular cone z = v/ x? + y? and above the disk x? + y? < 1.

11. S is bounbed between the plane z=5+ 2 x + 2 y and the paraboloid z =12 — x* — y?. HINT: Equate the two surfaces to
obtain the equation of the domain.

12. S is bounded between the cylinders x2 + y?> =1 and y? + 22 = 1.

m 15.3 Triple Integrals

Students should read Section 15.3 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

Once the notion of a double integral is well established, it is straightforward to generalize it to triple (and even higher-order)
integrals for functions of three variables defined over a solid region in space. Here is the definition of a triple integral in terms of
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triple Riemann sums for a function f(x, y, z) defined on a box region B={(x, y, 2):a<x<bh, c<y=d, p=<z=<q} (refer to your
calculus text for details):

m n P
ffjl;f(xy y)clV=||FI)|ilrl1 ZZZT(Xijk, Yijk) AVijk
=1 j=1k=1

where the notation is analogous to that used for double integrals in Section 15.1 of this text. Of course, Fubini's Theorem also
generalizes to triple integrals:

Fubini's Theorem: (Box Domains) IfB={(x, y, 2):a<x=<b,c<y=<d, p<z=q}, then

ff f(x, y)alV:fhfdf]f(x,y)clzdydx
B a Jc Jp

The corresponding Mathematica commands are:

Integrate[f[x,y,z].{x,a,c}.{y.c,d},{z,e,f}] analytically evaluates the triple integral fffo(x, y)dV over the box
B =1a, blx[c, d]x[e, f].

NIntegrate[f[x,y].{X,a,c}.{y,c,d}.{z,e,f}] numerically evaluates the triple integral fffo(x, y)dV over the rectangle
B =[a, b]x[c, d]x[e, f].

NOTE: For box domains, the order of integration does not matter so that it is possible to write five other versions of triple iterated
integrals besides the one given in Fubini's Theorem.

Example 15.6. Calculate the triple integral [ [ fxyzdV over the box B = [0, 1]x[2, 3]x[4, 5].

Solution: We use the Integrate command to calculate the given triple integral.

npsssi= Integrate[xyz, {x, 0, 1}, {y, 2, 3}, {z, 4, 5}]
45

Out[1558]= ——

Volume as Triple Integral: Recall that if a solid region W is bounded between two surfaces ¥(x, y) and ¢(x, y), where both are
defined on the same domain D with (X, y) < ¢(X, Y), then its volume V can be expressed by the triple integral

(X,Y)
V:fffldV:ffﬁ ldzdA
w DJy(x,y)

Example 15.7. Calculate the volume of the solid bounded between the surfaces z=4x? +4y? and z=16 — 4 x> — 4 y? on the
rectangular domain [-1, 1]x[-1, 1].

Solution: Here is a plot of the solid:
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in1s59)= PlOt3D[{4 X2 +4yN2, 16 -4x"2-4y"2}, {x, -1, 1}, {y, -1, 1},
Filling -» {1- 8, 2 8}, ImageSize » {250}, ImagePadding -» {{15, 15}, {15, 15}}]

Out[1559]=

6-4 x>-4 y?

The volume of the solid is given by the triple iterated integral flflfxm e ldzdydx:

niseo= Integrate[l, {x, 0, 1}, {y, -1, 0}, {z, 4x"2+4y"2,16-4X"2-y"2}]

35

out[1560]= —

m EXxercises

In Exercises 1 through 4, evaluate the given iterated integrals:

L PP x+y+ndzdydx 2. PP P ixyzaxdzdy
3. [P [ r2dzarde 4. [ f 7V 2logd + xy)dzdy dx

In Exercises 5 through 8, evaluate the given triple integrals:

5. [[[,(x+y2dV,whereW ={(x, y, 2):0=x=<1, 0<y=<+vVx, 0=<z=<y?

6. [[f,sinydV, where W lies under the plane z=1+ X+ y and above the triangular region bounded by x =0, x=2, and
y=3x.

7. [[[,zdV, where W is bounded by the paraboloid z =4 — x* — y? and 2= 0.

8. [[[, f(x v, 2)dV, where f(x, y, ) = 22 and W is bounded between the cone 7=/ x? + y? and z=9.

1-x/2

9. The triple integral f 2

and describe it.

LZ_X_Z Ydzdy dx represents the volume of a solid S. Evaluate this integral. Then make a plot of S

10. Midpoint Rule for Triple Integrals:
a. Develop a subroutine called MTRIPLERSUM to compute the triple Riemann sum of the triple integral fffo(x, Y, 2)dV

over the box domain B={(x, y, 2):a<x=<b, c<y=<d, p=<z=q} for uniform partitions and using the center midpoint of each
sub-box as base point. HINT: Modify the subroutine MDOUBLERSUM in Section 15.1 of this text.

b. Use your subroutine MTRIPLESUM in part a) to compute the triple Riemann sum of [ [ [L(x*+y? + 22)3/2 dV over the box
B={(x,y,2):0=<x=<1, 0=<y=<2 0=<z<3}bydividing B into 48 equal sub-boxes, that is, cubes having side length of 1/2.
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c. Repeat part b) by dividing B into cubes having side length of 1/4 and more generally into cubes having side length of 1/2" for
n sufficiently large in order to obtain an approximation accurate to 2 decimal places.

d. Verify your answer in part c) using Mathematica's NIntegrate command.

m 15.4 Integration in Polar, Cylindrical, and Spherical Coordinates

Students should read Section 15.4 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

m 15.4.1 Double Integrals in Polar Coordinates

The following Change of Variables Formula converts a double integral in rectangular coordinates to one in polar coordinates:
Change of Variables Formula (Polar Coordinates):

I. Polar Rectangles: If R={(r, ) : 6, <0 < 0,, ry <r <r,}, then

fff(x, y)dA:fzfzf(rcosé), rsind)yrdrdé
R 6, Jr,

Il. Polar Regions: If D={(r, 0): 6, <0< 6,, a(f) <r < B()}, then

b BO)
fff(x, y)dA:ﬁf f(rcosd, rsin®)rdrd@
D 0 Ja()

Example 15.8. Calculate the volume of the solid region bounded by the paraboloid f(x) =4 — x? — y? and the xy-plane using
polar coordinates.

Solution: We first plot the paraboloid:

inse1l= F[X_, Y_ ] =4-X"2-y"2
Plot3D[Ff[X, y], {X, -2, 2}, {Y, -2, 2}, PlotRange -» {0, 4}, ImageSize -» {250}]

2

ou1s61)= 4 — X2 - Y

[

out[1562]=

The circular domain D can be easily described in polar coordinates by the polar rectangle R={(r, 0):0<r<2,0<0<2n}.
Thus, the volume of the solid is given by the corresponding double integral 1;2 "LZ f(rcos@, rsin@) rdrdo in polar coordinates:
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nise3= Clear[r, 6] ;
Integrate[r » F[rxCos[e], r«Sin[e]], {r, 0, 2}, {6, 0, 2Pi}]

out[1564]= 8 jT
Observe that here f(x, y) simplifies nicely in polar coordinates:

nisesi= F[r=Cos[e], r*Sin[e]]
Simplify[%]

ouses= 4 - r2 Cos[0]2 -r2Sin[o]?
outf1566= 4 — 12

NOTE: Evaluating the same double integral in rectangular coordinates by hand would be quite tedious. This is not a problem
with Mathematica, however:

nise7= Integrate[F[X, Y], {X, -2, 2}, {Y, -SqQrt[4 -x"2], SqQrt[4 -x"2]}]

out[1567]= 8 T

m 15.4.2 Triple Integrals in Cylindrical Coordinates
The following Change of Variables Formula converts a triple integral in rectangular coordinates to one in cylindrical coordinates:

Change of Variables Formula (Cylindrical Coordinates): If a solid region W is described by 6, <6 < 6,, a(0) <r < (6), and

71(r, 0) < 2 < 7,(r, 6), then
BO) [2,(r,0)
ff f(x,y,2dV = ﬁf f(rcos®, rsind, 2)rdzdrd8
a(6) 21(r 0)

Example 15.9. Use cylindrical coordinates to calculate the triple integral ffﬁv zdV, where W is the solid region bounded above
by the plane z = 8 — x — y, below by the paraboloid z = 4 — x? — y?, and inside the cylinder x? + y? = 4.
Solution: Since W lies inside the cylinder x? + y? = 4, this implies that it has a circular base on the xy-plane given by the same

equation, which can be described in polar coordinates by 0 <8 <2 and 0 <r < 2. Here is a plot of all three surfaces (plane,
paraboloid, and cylinder):
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nises= plotplane = Plot3D[8 -x -y, {X, -2, 2}, {Y, -2, 2}];
plotparaboloid = Plot3D[4 - x"2 -y"2, {X, -2, 2}, {Y, -2, 2}]1;
plotcylinder =
ParametricPlot3D[{2 » Cos[e], 2 *Sin[e], z}, {6, 0, 2xn}, {z, 0, 12}];
Show[plotplane, plotparaboloid, plotcylinder, PlotRange - All, ImageSize » {250}]

out[1571]=

Since W is bounded in z by 4 — x? — y> <7 <8 — x -y, or in cylindrical coordinates, 4 —rcosf —rsinf <z <4 —r?, it follows
that the given triple integral transforms to

LZnLZﬁ:gcose—rsinezrdzdrde

Evaluating this integral in Mathematica yields the answer

nps72i= Integrate[z+r, {6, 0, 2x}, {r, O, 2},
{z,4-rxCos[e] -r*=Sin[e], 8+rxCos[6] +r *Sin[e6]}]

out[15721= 96 5t

m 15.4.3 Triple Integrals in Spherical Coordinates
The following Change of Variables Formula converts a triple integral in rectangular coordinates to one in spherical coordinates:

Change of Variables Formula (Spherical Coordinates): If a solid region W is described by 6, <0 <6,, ¢1 < ¢ < ¢, and
p1(0, ) < p < po(0, ¢), then

02(6,¢)
ffo(x, Y, z)clV:J%f%f2 f(pcos@sing, psin@sing, pcose) p?singdpdddo
01 Jo1 Jp.(0.9)

Example 15.10. Use spherical coordinates to calculate the volume of the solid W lying inside the sphere x? + y? + 22 =z and

above the cone z =\ X2 + y? .

Solution: In spherical coordinates, the equation of the sphere is given by
pi=pcos¢

or equivalently, p = cos ¢. Similarly, the equation of the cone transforms to

pCOS = \/(pCOSOSin #)? + (psin@sing)? =p sing
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It follows that cos ¢ = sin ¢, or ¢ = /4. Therefore, the cone makes an angle of 45 degrees with respect to the z-axis, as shown in
the following plot along with the top half of the sphere:

inis73= Clear[p]
plotcone = ParametricPlot3D[{p Cos[e] Sin[Pi /4], pSin[e] Sin[Pi /4], pCos[Pi/4]},
{6, 0, 2Pi}, {p, 0, Sqrt[2] /2}];
plotsphere = ParametricPlot3D[{Cos[¢] Cos[e] Sin[¢],
Cos[¢] Sin[e] Sin[¢], Cos[¢] Cos[¢]}, {6, O, 2Pi}, {¢, O, Pi/4}];
Show[plotcone, plotsphere, PlotRange - All, ViewPoint-» {1, 1, 1/4},
ImageSize » {250}]

0.5

Out[1576]=

—0.5 7 9fs

0.0 00

0505

It is now clear that the solid W is described by 0 <0 <2x, 0<¢ <n/4,and 0 < p <cos¢. Thus, its volume is given by the triple

integral
2 1 /4 0S ¢
ff'f p’singdpdddo
o Jo Jo

nis771:= Integrate[p”™2 % Sin[¢], {6, 0, 2Pi}, {¢, O, Pi /4}, {p, O, Cos[¢]}]

which in Mathematica evaluates to

7T
out[1577]= —

m EXxercises

In Exercises 1 through 4, evaluate the given double integral by converting to polar coordinates:

L A -y dyax 2. 2V e o) ay ax

-V 1-x?
3. ffDx log yd A, where D is the annulus (donut-shaped region) with inner radius 1 and outer radius 3.

4, ffDarctan—)y( d A, where D is the region inside the cardioid r = 1 + cost.

5. Use polar coordinates to calculate the volume of the solid that lies below the paraboloid z = x? + y? and inside the cylinder
2 2
XE+y =2y.
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6. Evaluate the triple integral jf [ 4 [y Aoyt (x2 + y?)dzdy dx by converting to cylindrical coordinates.

7. Use cylindrical coordinates to calculate the triple integral [ [ [, (x* + y2)dV, where W is the solid bounded between the two
paraboloids z=x? + y? and z = 8 — x> — y2.

. . V 4-x2 4-x2—y? 2 2 2 . : .
8. Evaluate the triple integral fzzf Ay (% +y2 + 22)dzd'y d x by converting to spherical coordinates.
TV 4-x2 T XP+y?

9. The solid defined by the spherical equation p = sin ¢ is called the torus.
a. Plot the torus.
b. Calculate the volume of the torus.

10. Ice-Cream Cone: A solid W in the shape of an ice-cream cone is bounded below by the cylinder z =y X2 + y? and above by
the sphere x? + y? + z2 = 8. Plot W and determine its volume.

m 15.5 Applications of Multiple Integrals

Students should read Section 15.5 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

Mass as Double Integral: Consider a lamina (thin plate) D in R? with continous mass density p(x, y). Then the mass of D is

given by the double integral
M =ffp(><. y)dA
D

where the domain of integration is given by the region that describes the lamina D.
Example 15.11. Calculate the mass of the lamina D bounded between the parabola y = x? and y = 4 with density p(x, y) = V.
Solution: Here is a plot of the lamina D (shaded):

nps7el= PlOtE[{X"2, 4}, {X, -2, 2}, ImageSize » {250}, Filling » {2 » {1}}]

\ +H

td

(=7
T~

out[1578]= \

-2 -1 1 2

We can view D as a Type | region described by —2 < x <2 and x? <y <4. Thus. the mass of the lamina is given by the double
integral:
nis79r= Integrately, {X, -2, 2}, {y, X2, 4}]

128

out[1579]= ——
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NOTE: Mass of a lamina can also be interpreted as the volune of the solid bounded by its density function over D as shown in the
following plot:
inssor= Plot3D[y, {X, -2, 2}, {Yy, 0, 4}, RegionFunction -> (#1"2<#2<48&),

Filling - Bottom, Mesh » None, ImageSize -» 250]

out[1580]= 3t

x? +y%2=9, has electrical charge density

Example 15.12. Suppose a circular metal plate D, bounded by

p(X, y) =V 9—x?—y? . Calculate the total charge of the plate.

Solution: Here is a plot of the metal plate D (shaded):
nissi= Integrately, {X, -2, 2}, {Yy, X2, 4}]
128

Out[1581]= ——

5

inss2l= Plot[{SqQrt[9 -x”"2], -Sqrt[9-x"2]}, {X, -3, 3},
ImageSize -» {250}, Filling» {2 » {1}}, AspectRatio - 1]

out[1582]= | . . . . . .
I 1 2 3

=3+

We shall calculate the total charge of the plate using polar coordinates, which will simplify the corresponding double integral.

Since p(r, 6) =y 9 — r? and D is a simple polar region described by r = 3, the total charge is
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nse3= Integrate[SqQrt[9 -r~2] xr, {r, 0, 3}, {theta, 0, 2Pi}]

out[15831= 18 5t

Mass as Triple Integral: We can extend the notion of mass to a solid region W in R%. Suppose W is bounded between two
surfaces z =y(x, y) and z = @(x, y), where both are defined on the same domain D with ¥ (X, y) < ¢(X, y), and has density
o(X, ¥, 2). Then the mass of W can be expressed by the triple integral

(X,Y)
M=fffp(x, Y, Z)dV:fff@ yp(x, Y, )dzdA
W DJy(x,y)

Example 15.13. Calculate the mass of the solid region W bounded between the planes z=1-x-yand z=1+x+y and
situated over the triangular domain D bounded by x=0, y=0, and y=1-Xx. Assume the density of W is given by
X, Y, ) =1+ X2+ y2

Solution: Here is a plot of the solid region W:

nsea= PlOot3D[{1-X-y, 1 +X+VY}, {X, 0, 1}, {y, O, 1-x}, ViewPoint- {1, 1, 1},
Filling- {1-1, 21}, Ticks » {Automatic, Automatic, {1, 2}},
ImageSize -» {250}, ImagePadding -» {{15, 15}, {15, 15}}]

out[1584]=

1.0 1.0

T+X+Yy

oy (1+x*+y?)dzdydx:

The mass of the solid is given by the triple iterated integral 1;1 Ll_x

nisssi= Integrate[l + X2 +y”™2, {X, 0, 1}, {y, 0, 1-x%x}, {Z,1-X-Yy, 1+X+Vy}]
14

out[1585]= ——

Center of Mass: Given a lamina D in R?, its center of mass (Xcm, Yem) (or balance point) is defined as the ratio of its moments

(with respect to the coordinate axes) to its mass:
My My
XemM=—", Yem=—
M M

where the moments My and My are defined by

1 1
My =— xpX, YYdA, My=— X, Y)dA
yAfpo(y) Afnyp(y)
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NOTE: In case the lamina has uniform density, that is, o(X, y) = 1, then the center of mass is the same as the centroid whose
coordinates represent averages of the coordinates over the lamina.

Center of mass (and centroid) can be naturally extended to solid objects in R3. Refer to your textbook for further details.

Example 15.14. Calculate the mass of the solid region W bounded between the planes z=1-x—-yand z=1+ x+ y and
situated over the triangular domain D bounded by x=0, y=0, and y=1-x. Assume the density of W is given by
X Y, ) =1+xX2+ V2

m EXxercises

In Exercises 1 and 2, find the mass of the given lamina D.
1. D is bounded between y = sin (7 x) and y = 0 along the interval [0, 1] and has density p(X, y) = X(1 - X).
2. D is bounded by the linesy = x+ 1, y=-2x -2, and x = 1 and has density p(x, y) =1 + y?.

3. Find the center of mass of the lamina D in Exercises 1 and 2.
4. Find the centroid of the lamina in Exercises 1 and 2. Compare the centroid of each lamina with its center of mass.

In Exercises 5 and 6, find the mass of the given solidi object W.
5. W is the interior of the tetrahedron enclosed by the planes x=0, y=0, z=0, and z=1-x -y and has density

px, y,)=1-1z

6. W is the ice-cream cone bounded below by the cylinder z=+/ x? + y?> and above by the sphere x? + y? + 22 = 8 and has
density p(x, y, z) = 7%

7. Find the center of mass of the tetrahedron in Exercises 5 and 6. Refer to your textbook for appropriate formulas.

8. Find the centroid of the tetrahedron in Exercises 5 and 6. Compare this with its center of mass. Refer to your textbook for
appropriate formulas.

m 15.6 Change of Variables

Students should read Section 15.6 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

A change of variables is often useful for simplifying integrals of a single variable (commonly referred to as u-substitution):

ff(X)dhff(g(U))g'(U)du

where x = g(u), a = g(c), and b = g(d). This substitution formula allows one to transformation an integral in the variable x to one
in a new variable u. Observe that the interval [c, d] is mapped to interval [a, b] under the function g.

This technique can be extended to double integrals of the form ffD f(x, y)dxdy, where a change of variables is described by a
transformation G(u, v) = (X, y), which maps a region Dq in the uv-coordinate plane to the region D in the xy-coordinate plane.

The following Change of Variables Formula converts a double integral from the xy-coordinate system to a new coordinate system
defined by u and v:

Change of Variables Formula (Coordinate Transformation): If G(u, v) = (x(u, V), y(u, v)) is a C-mapping from Dy to D, then

9%, y)
fff(x, y)dxdy=ff Fxu, vy, V) | |duav
D Dy au, v)
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where | %\’2 ‘ referred to as the Jacobian of G and also denoted by Jac(G), is given by

ox X

R e I i B
au, v) Z—Z Z—z ou ov 0V du

The Jacobian relates the area of any infinitesimal region inside Dg with the corresponding region inside D = G(Dg). In fact, if G
is a linear map, then Jac(G) is constant and is equal in magnitude to the ratio of the areas of D to that of Dg:

Jacobian of a Linear Map: If G(u, v)=(Au+ Cv, Bu+ DV) is a linear mapping from Dq to D, then Jac(G) is constant with
value

A C
Jac(G):‘ =AD-BC

B D ‘
Moreover,

Area(D) = |Jac(G)| Area(Dg)
Refer to your textbook for a detailed discussion of transformations of plane regions.

Example 15.12. Make an appropriate changes of variables to calculate the double integral ffDx yd A, where D is the region
bounded by the curves xy=1,xy=2,xy? =1, and x y* = 2.

Solution: Here is a plot of the shaded region D bounded by the four given curves:

in1ssel= PlOtl = ContourPlot[{X*xy =1, X*xYy ==2, Xxy"2==1, X*y”"2 == 2},
{x, 0, 5}, {y, 0, 5}, AspectRatio -» Automatic, ImageSize » {250}];
plot2 = ContourPlot[1, {x, 0, 5}, {y, 0, 5}, AspectRatio -» Automatic,
RegionFunction -» Function[{X, Y}, 1 <Xy <2 &&1<xy”~2<2],
ImageSize -» {250}, PlotPoints -» 1007 ;
Show [
plotl,
plot2]

5

Out[1588]=

Observe that D is rather complicated. Since D can be described by the inequalities 1 < x y <2 and 1 < x y? < 2, we make the
natural change of variables u= x y and v = x y?, which transforms D to a simple square region Dy in the uv-plane bounded by
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u=1l,u=2,v=1andv=2:

ini1ss9l= ContourPlot[l, {u, O, 3}, {v, O, 3}, ImageSize -» {250},
RegionFunction -» Function[{u, v}, 1<u<2 &&1<Vv<2]]

30F T T T

2.0 : 4

Out[1589]=

10 : i

00F, ‘ ‘ ‘ ‘ ‘ J
0.0 05 10 15 20 25 3.0

To find the formula for our transformation G(u, v) = (x(u, v), y(u, v)) that maps Dq to D, we solve for x and y in terms of u and v:

nise0p= Clear[sol, X, y, U, V]
sol = Solve[{u==X=*Yy, V==XxYy"2}, {X, Y}]
u2 Y
Out[1591]= X->—, - —
wsm- {{x>—.y>~}}

It follows that G(u, v) = (u? /v, v/u) and the corresponding Jacobian is

nis92l= X = sol [[1, 1, 2]]
y =sol[[1, 2, 2]]
Jac =D[X, u] *D[y, v] -D[X, V] *D[y, u]

u2
Out[1592]= —
Vv
Vv
Out[1593]= —
u
1
Out[1594]= —
\"

Thus, the given integral transforms to [ [[xy dA = ffDD—: dA= flz 125 dv du with value

niisesi= Integrate[u/v, {u, 1, 2}, {v, 1, 2}]
3Log[2]
2

Out[1595]=

m Exercises

1. Consider the transformation G(u, v) = (2u +Vv, u— 3 V).
a. Set D = G(Dg) where Dp = {0 <u <1, 0 <v=<2}. Make a plot of D and describe its shape.
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b. Compute Jac(G).
c. Compare the area of D with that of Dg. How does this relate to Jac(G)?

2. Compute the area of the ellipse ij + %2 = 1 by viewing it as a transformation of the unit circle u? + v? = 1 under a linear map
G(u, v) = (X(u, V), y(u, v)) and using the area relationship described by Jac(G).

3. Evaluate the integral ffDx yd A, where D is the region in the first quadrant bounded by the equations y =x, y=4x, xy =1,
and x y =4. HINT: Consider the change of variablesu=xyandv=y.

4. Evaluate the integral ffD(x +Yy)/(x—Yy)dA, where D is the parallelogram bounded by the lines x—y=1, x—-y=3,
2x+y=0,and 2x + y=2. HINT: Consider the change of variablesu=x—-yandv=2x+y.

5. Evaluate the integral ffD—i/ d A, where D is the region bounded by the circles X2 + y> =1, X2 + y> =4 and lines y = X, y = 3.

HINT: Consider the change of variables u = x? + y? and v = y/x.
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Chapter 16 Line and Surface Integrals

Useful Tip: If you are reading the electronic version of this publication formatted as a Mathematica Notebook, then it is possible
to view 3-D plots generated by Mathematica from different perspectives. First, place your screen cursor over the plot. Then drag
the mouse while pressing down on the left mouse button to rotate the plot.

m 16.1 Vector Fields

Students should read Section 16.1 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

Let Fy, F,, and F3 be functions of x, y, and z. The vector-valued function

F(X, y, Z) = <F1(X1 y, Z)l FZ(Xv y, Z)l F3(X, y, Z))

is called a vector field. We have already encountered a vector field in the form of the gradient of a function. Other useful exam-
ples of vector fields are the gravitational force, the velocity of fluid, magnetic fields, and electric fields.

We use the Mathematica commands VectorFieldPlot and VectorFieldPlot3D to plot the graphs of vector fields. However,
before using these commands, it is advisable to load the VectorFieldPlots package. This is done by evaluating

ini1s596)= Needs[""VectorFieldPlots™ "]

Example 16.1. Draw the following vector fields.
a) F(x, y) = (siny, cos x) b) F(X, y,2)=(y, X+2,2Xx~-Y)

Solution:

a)

inse7:= Clear [F, X, vy, Z]
FIx_, y_1 = {Sin[y], Cos[X]}

oufisegl= {Sin[y], Cos[X]}

nse9)= VectorFieldPlot[F[Xx, y1, {X, -5, 5}, {Y, -4, 4}, ImageSize » {250} ]

‘,//X*\\\\‘///x‘
oy T ey
TR R TR
TANNN T LT NN T
TNNNN T L TN T
NN T T NN T
TN N YT TN YT
Out[1599]:,,++"4f4l'+*v,
‘,//,,\Qx‘,//,‘
\,///*\\\‘///,\
N NN T
S NN e
MR R P
AN s e
,\\\\,///,\\\\,

Here is another display of the preceding vector field with some options specified.
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ineooi=  VectorFieldPlot[F[Xx, y], {X, -5, 5}, {y, -4, 4}, Axes » True,
AxesOrigin - {0, 0}, Frame » False, ColorFunction -» Hue, ImageSize » {250}]

|
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NN ’:,27; NN
TaNNNTIR I TaNNT
SNNNERE SENND

Out[1600]= ‘ _— g ‘
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To see other available options of VectorFieldPlot, evaluate the command Options[VectorFieldPlot].

b) We shall use two of the options of VectorFieldPlot3D, which does not have as many options as VectorFieldPlot. (Again, you
can find these by evaluating Options[VectorFieldPlot3D].)

niteoi:= Clear[F, X, Yy, Z]
FIx_,y_,z_]1={yz?, xz?, 2xyz}
VectorFieldPlot3D[F[X, Vv, z], {X, -3, 3}, {y, -3, 3}, {z, -3, 3},
ColorFunction -» Hue, VectorHeads -» True, ImageSize -» {250}]

Out[1602]= {y z?, xz%, 2xy z}

out[1603]= | oL ‘,5.'.» : .
| . ‘./ T
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Example 16.2. Draw the unit radial vector fields:
Q) F(x, y) = (——, —— b) Fx, v, 2)=(——, ——, —*
VOC+YE A Xey? \/><2+y2+z2 \/x2+y2+22 \/x2+y2+22
Solution: For convenience, we define both vector fields to be 0 at the origin. We shall use the If command to do so.

a)

inpeoal= Clear [F, X, Y]

FxC .y 1= ]2 +y? £ 0, —=21 10, 0)]
X2+y2
VectorFieldPlot[F[Xx, y], {X, -3, 3}, {y, -3, 3}, ImageSize » {250}]
Out[1605]= If[x2+y2 +0, ﬁ {0, O}]
x2+y2
NN N N O T T S A A A
NN N N N U T N A A A
SN NN N U U T B A A A
SN NN U U T R A
SN N A f S s
Out[1606]= .
e N >
e VNN
/////'/'/ \\\\\\\
S]] R N
ey R R
STV
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b)

initeo7:= Clear [F, X, Yy, Z]

X, ’ Z
FIX_,Y_,2z.1= If[x2+y2+22 £0, _ X y. 2y

. {0, 0, 0}]
X2 +y?+ 22
VectorFieldPlot3D[F[X, vy, z], {X, -3, 3}, {y, -3, 3}, {z, -3, 3},
ColorFunction -» Hue, VectorHeads -» True, ImageSize » {250}]

{x,y,z}

oupeosl= IF[x? +y?+22 £ 0, ., {0, 0, 0}]

A X2 +y?+z2

Out[1609]=

m EXxercises

In Exercise 1 through 4, draw the given vector fields.

L F y)=(y>—2xy, xy+6x?) 2. F(X, Y, 2)=(sinx, cosy, Xz)
3. F(x, y) =< — > 4, F(X, Y, 2)=(X+C0s(xz), ysin(xy), Xz cos (yz) )
X2+y2 X2+y2

In Exerices 5 and 6, calculate and plot the gradient vector field for each of the following functions.
5. f(x y)=In(x+y? 6. f(x, y, 2)=sinx (cosz/y)

m 16.2 Line Integrals

Students should read Section 16.2 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

Suppose C is a smooth curve in space whose parametric equations are given by
X=X, y=y(), z=2(t)

where a<t<b. Let C;, Cy, C3, ..., Cy be a partition of the curve C with arc length As;, As,, Ass, ..., Asy and let
P1, Py, P3, ..., Py be points on the subarcs.



Mathematica for Rogawski's Calculus 2nd Editiion.nb |365

If f(x, Y, 2)isa function that is continuous on the curve C, then the line integral of f is defined by
Loy, 2y ds =limys o 0L F(P) As;

NOTE: If ¢ (t) = (x(t), y(t), z(t)) is the vector equation of the curve C, then it can be shown (refer to your calculus textbook) that
Loy, nds= e e ol dt
In addition, if F(x, y, 2) = (F1, F», F3) is a vector field that is continuous on C, then the line integral of F over C is given by

LF, y, -ds= [(F-T)ds= [°F(c(t)-c’ (B dt

where T is the unit vector T = HCC—E:;” and F - T is the dot product of Fand T.

Example 16.3. Find [ f(x, y, 2)ds, where f(x, y, 2)=xy+2z*and C isgivenby x=t,y=t?, andz=t%, for0<t=<1.
Solution:

nieo= Clear[x, y, z, t, F, c]
fIX ,y ,Z ]=%x%y+xz

X[t_] =t
y[t_ ] =t
z[t ] =13

clt_] = {xX[t], y[t], z[t]}
ou1611= X2y + X Z
ou1612]= €
out1613)= 2
oufie14= 3

Out[1615= {t, t2, ts}
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1
IN[1616]:= J fIx[t], y[t], z[t]] Norm[c"[t]] At
0

1

out[1616]= —

76545 —; (21+5)

3+3i
2 (-1)Y/% 84987 (-1)¥4~/2i ++/5 5321 +/14 EllipticE[ArcSin]| i ],
\/2(2]’1+\/€)
2i-+/5 3+3i 2i-/5
i}_zeewo ENlipticE [ArcSin| e r]+
2i++/5 2i++/5
2 (-2i++/5)
3+3i 2i-+/5
415 i \/14 EllipticF[ArcSin]| = - s +
2]'1+\/§
2(-2i++5)
3+3i 2i-/5
266 /70 EllipticF |ArcSin| 2l P s
2]'L+\/§
2 (-2i++/5)

Here is a numerical approximation of the preceding line integral.

nize17:= NIntegrate[F[x[t], yY[t], z[t]] Norm[c"[t]], {t, O, 1}]

ouf1617]= 1.16521

Example 16.4. Find [F(x, y, 2)-ds, where F(x, y, 2) = (X z, zy?, yx?) and the curve C is given by x= 2t, y = sint, and
z=cost,0=<t=<2m.

Solution:
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npeis= Clear[x, y, z, t, F, C]
FIX_,Y_,2z_]={xz,zy*, yx?}
X[t ]1=2t
y[t_] = Sin[t]
z[t_] = Cos[t]
cl[t_] = {x[t], y[t], z[t]}

Out[1619]= {x z,y%z, X2 y}
out[1620)= 2 t

ou1621= Sin[t]

ou1622)= Cos [t]

oufi623= {2 t, Sin[t], Cos[t]}

2 Pi
In[1624]:= J; FIx[t], Y[t], z[t]]-c"[t] At

97 1673
out[1624]= —— —
3

in[1625]:= N[%]

out1625)= —158.298

m Exercises

1. Find [ f(x, y, 2)ds, where:
a f(x,y,2)=xy?> —4zyandCisgivenby x= 2t,y=t?? andz=1-3t?, forO<t<1.
b. f(X v, z):lxZ and Cisgivenby x= Int,y=t?,and z=3t,for3<t<5.

2. Find LF(X, y)-ds, where:
a. F(x, y)=(e**2Y,e2*3Y)and Cisgivenby x= 2t y=sint, O<t<nx

b. F(x, y)=(x?, yx+y?) and C is the unit circle center at the origin.

3. Find LF(X, y, 2)-ds, where:
a. F(x, y,2)={xyz, —xz, xy)and Cisgivenby x=1t,y=2t%,z=3t 0=<t=<1
b. F(x, vy, 2)=(xy3, z+ %, z°) and C is the line segment joining (-1, 2, —1) and (1, 3, 4).

m 16.3 Conservative Vector Fields

Students should read Section 16.3 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

Let F(x, v, z) = (F1, F, F3) be a vector field. Let C; and C; be any two different curves with the same initial point P and end
point Q. We say that the vector field F is path independent if

Je F Y, 2-ds= [ F(x, y, 2)-ds
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A vector field that is path independent is called conservative.

fF(x, Yy, 2)-ds=0
C

NOTE 1: A vector field F is conservative if

for every closed curve C.

NOTE 2: If F =Y u is the gradient of a function u = u(x, y, z), then we say that u is the potential of F. Moreover, if the end
points of C are P and Q, we have

fF(x, Y, 2)-ds=u(P) — u(Q)
C

In particular, if the curve is closed, that is, if P = Q, then

fF(x, Yy, 2)-ds=0
C

Therefore, gradient is conservative. The converse of this statement is true if its domain is an open connected domain.

NOTE 3: Let F = (Fy, Fp). IfF=Vu= <Z—i g—; > then Fy = 2% and F, = ;—; Taking the partial derivative of Fywith respect to y

(?u_au

and that of F, with respect to x and using the fact that %6y = Byox’

we see that F; and F, must satisfy

This equation is used to check if a vector field is conservative. In that case, we solve F; = %; for u by integrating with respect to

x and then use the equation F, = z—; to find the constant of integration. Here is an example.

Example 16.5. Show that the vector function F = (3 X2 —2xy +2,6y° - X2+ 3) is conservative and find its potential.

Solution: Here, F1 = x y? and F, = x? y. We now compare ﬁ and BFZ to verify if F is conservative.

npez2e)= Clear([X, y, F1, F2]
FI[X_,Y 1=3x?-2xy+2
F2[X_,Yy 1=6y?-%x?+3

ouie27= 2+ 3 X2 -2 XYy
ouf1628)= 3 - X2 + 6 y?

ine29)= D[F1[X, Y1, Y]
D[F2[x, y], X]

out[1629]= -2 X

out[1630]= —2 X

Thus, the vector field is conservative. To find its potential u, we integrate F; = % with respect to x to get
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nizesi= Clear[h, u]
u = Integrate[F1[x, y], X] +h[y]

ouie32)= 2 X + X5 -x2y +hly]
Note that the addition of h(y) is necessary because the constant of integration may depend on y. We now solve the equation

F, = Z—; for h'(y).

ini1e33= Clear[sol]
sol = Solve[D[u, y] = F2[x, y], h"[y]]

ousssir {{h1y] >3 (1+257) }}

This means that h' (y) = 3 (1 + 2 y?).

niessi= Integrate[sol[[1, 1, 2]]1, VY]
oufiessl= 3y +2y3

Hence, h(y) =3y +2y? andso u(x, y) =2 x+ x> —x2y + 3y + 2 y3 is the potential of F.

NOTE 4: Let F=(Fy, Fp, F3). fF=Yu= <5;—‘X‘ f;—‘; ;> then F; = F2 =— and Fs=— Takmg the partial derivative of
Fywith respect to y and that of F, with respect to x and using the fact that -+ p» ay = ay —or We see that F1 and F, must satisfy

oF _ 0k

ay dx
Taking the partial derivative of Fywith respect to z and that of F3 with respect to x and using the fact that Fu :2 aux, we see that

F, and F3 must satisfy

aF, _ 0F,

az — ox
The preceding two equations can be used to check if a vector field is conservative. If this the case, we solve F; = ‘;—‘Xj for u by
integrating with respect to x and then use F, = z—; to find the constant of integration. We show this by the following example.
Example 16.6. Show that the vector function F = (yz + yzcos (xy), Xz + Xz cos(Xy), Xy + sin(xy)) is conservative and find its
potential.

Solution: Here, Fy =yz+yzcos(Xxy), Fo=Xz +xzcos(xy), and F3 =Xy + sin(xy).

nese)= Clear([x, y, F1, F2, F3]
F1[x_,Y ,Z ]1=Yyz +yzCos[xyVy]
F2[x_,Y _,Z_]1=Xz + xzCos[XY]
F3[X_,Y ,Z 1= XY + Sin[xy]

ouf1637= YZ+Y zZ CoS[X Y]
out[1638]= X Z + X 2 COS[X Y]
ouf[1639)= XY + SIN[X Y]

9F, .

We now compare and R
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inpesol= D[F1[X, Y, Z]1, Y]
D[F2[x, Yy, z], X]

out1640)= Z +Z COS[XY] - Xy z Sin[XYy]
ouf1641)= Z+Z2 COS[XY] - Xy z Sin[XYy]

oF oF
— and —2:

Next, we compare x

inpeazi= D[F1[X, Y, z], Z]
DIF3[X, Yy, z], X]
ouf1642)= Y +Y COS [X Y]

ouf1643]= Y + Yy COS [X Y]

Thus, the vector field is conservative. To find its potential u, we integrate F; = g—‘; with repsetct to x to get

inri644:= Clear[u, h]
u = Integrate[F1[x, y, z], X] +h[y, Z]

oufi64s)= Xy Z + h[y, z] +ZzSin[X Y]

Note that the addition of h(y, z) is necessary because the constant of intgeration can depend on y and z. We now solve the

0 dh
equation F, = '—” for ‘—y

inize4el= Clear[sol]
sol = Solve[D[u, yl = F2[X, Yy, z], 8y hly, Z]]

Out[1647)= {{hu'o) [y, z] > 0}}

This means that ih =0 and hence h is a function of z only. Next, we solve the equation F3 = 0“ f '3—:
inizesgl= Clear[sol2]
sol2 = Solve[D[u, z] = F3[X, Y, 2], 8, h[y, z]]
Out[1649]= {{hm’l) [y, z] > 0}}
Hence, 2" = 0 and we can take h = 0. Therefore, u = x yz +zsin(xy) is the potential for the vector field F.

m Exercises

1. Show that the vector field F = ( y® —=3x?y, 3xy? — x%) is conservative and find its potential.

X2

2. Show that the vector field F = <y Z+ Z—ny XZ + 122 Xy — —y> is conservative and find its potential.

72

3. Determine whether the vector field F = (xz, yX + €%, yez> is conservative. Ifitis, find its potential.

m 16.4 Parametrized Surfaces and Surface Integrals

Students should read Section 16.4 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.
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A parametrized surface is a surface whose points are given in the form
G(u, v) = (X(u, v), y(u, V), z(u, v))
where u and v (called parameters) are independent variables used to describe a domain D (called the parameter domain).

The command for plotting parametrized surfaces is ParametricPlot3D. This command has been discussed in Section 14.1.2 of
this text.
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Example 16.7. Plot the parametrized surface defined by G(u, v) =(cosusinv, 4sinucosv, cosv) over the domain
D={u,v)|0<u=2m O<v=2nm}.

Solution:

ini1es01= ParametricPlot3D[{ Cos[u] Sin[Vv], 4Sin[u] Cos[v], Cos[V]},
{u, 0, 2Pi}, {v, 0, 2Pi}, ImageSize » {250}]

Out{1650]=
10
05!
0.0!
0.5
-1.0% J
—10 e
-0.5 <
0.0

0.5 o

Example 16.8. Plot the parametrized surface defined by G(u, v):(u cosV, usinyv, 1—u2) over the domain

D={u,v)|0=<u=<1,0=<v=2n}.

Solution:

niesi= ParametricPlot3D[{uCos[v] , uSin[v] , 1-u?}, {u, 0, 1},

{v, 0, 2Pi}, ColorFunction - "BlueGreenYellow", ImageSize » {250},
ImagePadding » {{15, 15}, {15, 15}}]

Out[1651]=

0.00
-1.0

00 ey 7/ =03

NOTE: On a parametrized surface G(u, v) = (x(u, v), Yy(u, V), z(u, v)), if we fix one of the variables, we get a curve on the
surface. The plot following shows the curves corresponding to u = 3/4 (latitude) and v = 57/3 (longitude).
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nies2;= Clear[plotl, plot2, plot3]

plotl = ParametricPlot3D[{u Cos[v] , uSin[v] , 1—u2},
{u, 0, 1}, {v, 0, 2Pi}, ColorFunction » "BIueGreenYellow"];

plot2 = ParametricPlot3D[{ 3/4Cos[v] , 3/4 Sin[v] , 7/16},
{v, 0, 2Pi}, PlotStyle » {Thickness[0.01], Red}];

plot3 = ParametricPlot3D[{ u Cos[5Pi /3] , u Sin[5Pi/3] , 1—u2},
{u, 0, 1}, PlotStyle - {Thickness[0.01], Blue}];

Show[plotl, plot2, plot3, PlotRange -» All, ImageSize » {250},

ImagePadding -» {{15, 15}, {15, 15}}]

Out[1656]=

Let P = G(ug, Vo) be a point on the parametrized surface S. For fixed v = v, the tangent vector to the curve G(u, vp) at (Ug, Vo) is
given by

Ty= % (Uo, Vo)
while the tangent vector for G(ug, v) corresponding to a fixed u = uq is given by
JG
Ty =7, (Uo, Vo)
These two vectors are tangent to the surface S. Thus, the normal vector n to the tangent plane at G(ug, Vo) is given by
n(P)=n(Uo, vo) = Ty xXTy

Example 16.9. Consider the parametrized surface G(u, v) = (ucosv, usinv, 1-v?).
a) Find Ty, Ty, and n.

b) Find the equation of the tangent plane at (1/2, 5xr/3).

c) Plot the tangent plane and surface.

Solution: Let us define G as a function of u and v in Mathematica.

nes7= Clear [G, U, V]
G[u_, v_] = {uCos[v], uSin[v], 1-u?}

ouess= {uCos[v], uSin[v], 1-u?}

a) We use Tu for T, and Tv for T,. We evaluate these as functions of u and v.
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nizesor= Clear[Tu, Tv, n]
Tufu_, v_] =DI[G[u, v, u]
Tv[u_, v_] =D[G[u, V], V]
nfu_, v_] =Cross[Tu[u, V], Tv[u, V]]

ouf1ee0)= {Cos[v], Sin[v], -2 u}

oufie61)= {-uSin[v], uCos[v], 0}

oufissz= {2 u?Cos[v], 2u?Sin[v], uCos[v]?+uSin[v]?}
b) The normal vector to the tangent plane at (1/2, 5x/3) is

inee3)= Clear [normal]
normal =n[1/2, 5Pi/ 3]

1 43 1

Out[1664]= {Z T }

The tangent plane passes through the point

nizeesi= Clear [point]
point =G[1/2, 5Pi/ 3]

1 /3 3
Out[1666]= {— ) 77 ) :1}

Thus, the equation of the tangent plane is given by

niiee7:= Clear [tplane]
tplane = normal . ({X, y, z} - point) ==

V3
4

1 3
+— (——+Z =0

Out[1668]= — (__ +X] - +/3 Y
4

which simplifies to
neeor= Simplify[tplane]
oufiees= 2X+42z=5+2+/3 y

c) Here is the plot of the surface and the tangent plane. Observe that we have used ColorFunction and ColorFunctionScaling
options.
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nize7o= Clear [plotl, plot2]
plotl = ParametricPlot3D[G[u, V],
{u, 0, 1}, {v, 0, 2Pi}, ColorFunction - "BlueGreenYellow"] ;
plot2 = ContourPIot3D[2x+4z == 5+2\/3 y, {X, -3,3}, {y, -3, 3},
{z, -4, 4}, ColorFunction -» Function[{X, y, z}, Hue[Mod [z, 1117,
ColorFunctionScaling » False] ;
Show[plotl, plot2, ImageSize -» {250}, ImagePadding -» {{15, 15}, {15, 15}}]

out[1673]=

NOTE: The area A(S) of a parametrized surface S: G(u, v) = (x(u, v), y(u, V), z(u, v)), where (u, v) € D, is given by
A®) = [[lIn, v)[|dudv
If f(x, y, 2) is continuous at all points of S, then the surface area of f over S is given by
JEf Yy, 2dS = [[5f(G, v) [In, v) [ dudv

Example 16.10. Show the following:
a) The area of the cylinder of height h and radius r is 2 7 rh.
b) The area of the sphere of radius r is 4 7 r2.

Solution:
a) A parametric equation of the cylinder of height h and radius r can be given by

Xx=rcosv,y=rsinv,andz=u,where 0<v=<2x,0<u<h
Thus, the cylinder is given by G(u, v) = (rcosu, rsinu, v).

nie74:= Clear[ G, u, v, r]
G[u_, v_] = {rCos[v], rSin[v], u}

oufi675)= {r Cos[v], r Sin[v], u}

Here is a plot of the cylinder with r =3 and h =5:
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ne76l= r =3; h =53
ParametricPlot3D[G[u, v], {u, 0, h}, {v, 0, 2Pi}]

2,

Out[1677]=

o S
A
/

To compute the surface area of the cylinder, we need to compute its normal vector.

iniie78= Clear[Tu, Tv, n, r, h]
Tu[u_, v_] =D[G[u, V], u]l;
Tvlu_, v_] =D[G[u, V], V];
nfu_, v_] =Cross[Tulu, v], Tv[u, Vv]]

oufi6s1)= {-r Cos[v], -r Sin[v], 0}

Here is a plot of the cylinder with its normal vector for r=3 and h =5:
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nes2l= r =3; h =5;
Clear([plotl, plot2]
plotl = ParametricPlot3D[G[u, v], {u, O, h}, {v, 0, 2Pi}];
plot2 = VectorFieldPlot3D[n[u, v], {u, O, h},
{v, -2Pi, 2Pi1}, {z, -3, 3}, VectorHeads - True, PlotPoints -» 15];
Show[plotl, plot2, ImageSize » {250} ]
Clear]r, h]

2

Out[1686]=

The surface area is

in[1688:= SArea = LhJ:PiNorm [n[u, v]] dvdu
ouf16ssl= 2 h 7t Abs [r]
Since r > 0, |r] = r and hence the preceding outputis 2z rh.
b) A parametric equation of the sphere of radius r is
X=rcosusinv, y=rsinusinv,z=rcosv
where 0 <u=<2mand 0 <v <. Thus, the sphere is given by G(u, v) = (rcosusinv, rsinusinv, rcosyv).

ineso)= Clear[ G, u, Vv, r]
G[u_, v_] = {rCos[u] Sin[v], rSin[u] Sin[v], rCos[v]}

ouf1690)= {r Cos[u] Sin[v], rSin[u] Sin[v], rCos[Vv]}

Here is a plot of the sphere with r = 3.
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n[1691)= ¥ = 33
ParametricPlot3D[G[u, Vv], {u, 0, 2Pi}, {v, O, Pi}, ImageSize -» {250}]

2

(%7 =

out[1692]=

r f

To compute the surface area of the sphere, we need to compute its normal vector.

inee3)= Clear [Tu, Tv, n, r]
Tufu_, v_] =D[G[u, v], ul;
Tv[u_,v_]=D[G[u, V], V];
nfu_, v_] =Cross[Tu[u, V], Tv[u, V]]
Oul[1696]= {—rz Cos[u] Sin[v]2, -r2Sin[u] Sin[v]2,
-r?Cos[u]?Cos[v] Sin[v] - r?Cos[v] Sin[u]?Sin[v] }

Here is a plot of the sphere with its normal vector for r = 3.
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n6971= r =3; h =5;
Clear([plotl, plot2]
plotl = ParametricPlot3D[G[u, v], {u, 0, 2Pi}, {v, O, h}l;
plot2 = VectorFieldPlot3D[n[u, V], {u, -2Pi, 2Pi},
{v, 0, h}, {z, -3, 3}, VectorHeads - True, PlotPoints - 10];
Show[plotl, plot2, ImageSize » {250} ]
Clear]r, h]

out[1701]=
0}

2

The surface area is

Pi ~2Pi
in[1703]:= SArea = j j Norm[n[u, v]] du dv
o Jo
ouf1703)= 4 1 ¥ Conjugate [r]
For a real number r, the conjugate of r is r and hence the preceding output is 4  r2.

Example 16.11. Consider the parametrized surface S defined by G(u, v) = (ucosv, usinv, v),where0<u<1,0<v=<2n.
a) Find the surface area of S.
b) Evaluate [ [xyzdS.

Solution:
a)

in704= Clear[ G, u, V]
G[u_, v_] = {uCos[v], uSin[v], v}

ouf170s)= {u Cos[v], uSin[v], V}
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iniz7oel= Clear[Tu, Tv, n]
Tufu_, v_] =DI[G[u, v, u]
Tv[u_, v_] =D[G[u, v], V]
nfu_, v_] =Cross[Tu[u, V], Tv[u, V]]

ouf1707= {Cos[v], Sin[v], 0}
oufi708)= {-uSin[v], uCos[v], 1}

oui7os= {Sin[v], -Cos[v], uCos[v]?+uSin[v]?}

The surface area A(S) is given by

1 ~2Pi
nj1710p= SArea = j j Norm[n[u, v]] dvdu
0 JO

Ouf1710}= T (\/? +ArcSinh[1])
which is approximately equal to
In17113:= N[ %]

oui711)= 7.2118

b) We define f:

n7121= Clear [F]
fIX ,Y ,2 1=Xyz

out1713]= XYy Z

The surface integral of f is

1 ~2Pi
In[1714]:= j f[G[u, vI1[[1]], G[u, Vv]1[[2]1], G[u, VvI[[3]1]1] Norm[n[u, v]] dvdu
o Jo

1
out[1714]= “Te 7 (3 \/2 - ArcSinh [1])

Or numerically,

in[1715]:= N[%]

outj1715)= -0.659983

B Exercises
1. Plot the parametrized surface G(u, v) = (e sinv, e" cosv, v) over the domain D ={(u, V)| -1<u=<1, O0<v=<2nx}.

2. Plot the parametrized surface G(u, v) = (3sinucosV, sinusinv, cosV + 3 cos u) over the domain
D={(u,v)|0=<u=<2m O<v=<2n}.

3. Consider the parametrized surface G(u, v) = (e™ cosv, e“sinv, e" cos V).
a. Find Ty, Ty, and n.

b. Find the equation of the tangent plane at (0, 7/ 2).

c. Plot the tangent plane and surface.
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4. Consider the parametrized surface S: G(u, v) = ( U-v,3u+v,u2-2uv +6 vz), where0<u=<1,0=<v=<l.

a. Find the surface area of S. (Use NIntegrate for faster integration.)
b. Evaluate [ [(3x+ 2y? - 2%)dS.

m 16.5 Surface Integrals of Vector Fields

Students should read Section 16.5 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

An orientation of a surface S is a continuously varying choice of the unit normal vector e,(P) at each point of the surface. Thus,
en is given by either

n(P)
[In(P)I|

LG
(Pl

en(P) = or ey(P)=

If F(X, y, 2) is continuous at all points of a parametrized surface S, then the surface integral of F over S is given by

JEF-dS= [[(F-e)ds
where e, is the unit normal determined by an orientation. The surface integral of F is also called the flux of F across S.
The surface integral of F over a parametrized surface S given by G(u, v) = (x(u, V), y(u, v), z(u, v)), where (u, v) € D, is given by
JEF-dS= [[(F-en)dS = [ [JF(Gu, v))-n(u, v)dudv
Example 16.12. Find f£F~clS, where F(x, y, 2)=(x z, z, yx)and S is given by G(u, v)=(u—-V2 uv, u>-v), 0 <u =<2, and
l<v=3.
Solution:

np7i6p= Clear[F, G, X, ¥, Z, U, V]
FIX_,Y ,z 1={xz, z, yXx}
Glu_,v_]={u-v?, uv, u*-v}

outl1717]= {XZ, Z, XY}
oui7igl= {u - V2, uv, u?- v}

np719p= Clear [Tu, Tv, n]
Tu[u_, v_] =D[G[u, V], u]
Tv[u_,v_]=D[G[u, V], V]
nfu_, v_] =Cross[Tulu, v], Tv[u, Vv]]

our720= {1, v, 2 U}

ouf1721)= {-2V, U, -1}

o722 { -2 w-v,1-4uv, u+2v2}

2
In[1723]= Flux=ij[G[u,v1[[1]], G[u, VI[[2]]. G[u, VI[[3]]] -n[u, v] dvdu
0 J1

6928
Ouf[1723]r — ——

15
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Example 16.13. Find [[F-dS, where F(x, y, 2)=(x?, z2, y+ x?) and S is the upper hemisphere x? + y? + 2% = 4 with
outward normal orientation.

Solution: First, we find the parametric equation of the cylinder. This can be given by x=2cosusinv, y=2sinusinv, and
z=2cosv,where0<u<2randO0=<v=<nm/2.

For the hemisphere to have the outward orientation, we note that n = T, x T. With this in mind we compute the flux of F across
S through the following steps.
np724p= Clear[F, G, X, ¥, Z, U, V]
FIX_,y_,z_1={ x*, 2%, xX*+y+2°}
G[u_,Vv_]1= {2Cos[u] Sin[v] , 2Sin[u] Sin[v] , Cos[Vv] }
ounzzsl= {x?, 7%, x> +y + 2%}

oufi726)= {2 Cos[u] Sin[v], 2Sin[u] Sin[v], Cos[V]}

n727:= Clear [Tu, Tv, n]
Tufu_, v_]=D[G[u, V], u]
Tv[u_,v_]=D[G[u, V], V]
nfu_, v_] =Cross[Tv[u, v], Tu[u, Vv]]

ouf172gl= {-2 Sin[u] Sin[v], 2Cos[u] Sin[v], 0}

ouf1729)= {2 Cos[u] Cos[v], 2Cos[v] Sin[u], -Sin[v]}

ouizso= {2 Cos[u] Sin[v]?, 2Sin[u] Sin[v]?, 4Cos[u]?Cos[v] Sin[v] +4 Cos[v] Sin[u]?Sin[v]}

Pi/2 ~2Pi
IN[1731]:= Fqu:j j F[G[u, v][[1]1], G[u, Vv]1[[2]], G[u, VvI[[3]1]1] -n[u, v] dudv
o 0

28

Out[1731]= ———

B EXxercises
1.Find [ [F-dS, where F(x, y, 2) = (€%, z, yx) and S is given by G(u, v) = (uv, u—v, u), 0<u=2,and -1 <v =1, and
oriented by n =T, xT,.

y? 2 .
+5 =1forwhichx<0, y<0,and

2. Find ng-clS, where F(x, v, 2) = (z, X, y) and S is the portion of the ellipsoid :—Z +5

z < 0 with outward normal orientation.

3. Let S be given by G(u, v):((l+vcos§)cosu, (1+vcosi2’)sinu, vsinizj ), 0<u=<2n, and _—21 svs—;.
a. Plot the surface S. (S is an example of a Mobius strip.)

b. Find the surface area of S.

c. Evaluate [ [(x2+ 2y?+3 7%)dS.

d. Find the intersection points of S and the xy-plane.

e. For each of the points on the intersection of S and the xy-plane, find the normal vector n.

f. Show that n varies continuously but that n(2 7, 0) = —n(u, 0). (This shows that S is not orientable and hence it is impossible to
integrate a vector field over S.)
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Chapter 17 Fundamental Theorems of Vector
Analysis

Useful Tip: If you are reading the electronic version of this publication formatted as a Mathematica Notebook, then it is possible
to view 3-D plots generated by Mathematica from different perspectives. First, place your screen cursor over the plot. Then drag
the mouse while pressing down on the left mouse button to rotate the plot.

NOTE: In order to perform the operations of curl and divergence on vector fields discussed in this section using Mathematica, it
is necessary to first load the VectorAnalysis package:

n17321=  Needs[""VectorAnalysis™"']

The Fundamental Theorem of Calculus for functions of a single variable states that the integral of a function f(x) over an interval
[a, b] (domain) can be calculated as the difference of its anti-derivative F(x) at the endpoints (boundary) of the interval:

ff(x)dx =F() - F(@a)

a

This integral relationship between domain and boundary can be generalized to vector fields involving the operations of curl and
divergence and is made precise by three theorems that will be discussed in this chapter: Green's Theorem, Stoke's Theorem, and
Divergence Theorem.

m 17.1 Green's Theorem

Students should read Section 17.1 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

Let F(x, y) =(P(x, y¥), Q(x, y)) a vector field continuous on an oriented curve C. Recall that the line integral of F along C is
denoted by

LF(x y, 2)-ds= [ Pdx+Qdy

If c (t) = (x(t), y(t), z(t)) is the vector equation of the curve C, then

g Pdx+Qdy= [(Poat). y) 7 +Qx, yt) g Jdt

The following is a generalization of the Fundamental Theorem of Calculus to two dimensions, which relates a double integral
over a region with a corresponding line integral along its boundary.

Green's Theorem: If C is a simple closed curve oriented counterclockwise and D is the region enclosed, and if P and Q are
differentiable and have continuous first partial derivatives, then

9Q 9P
g Pdx+Qdy=[f(57-5)aA
Refer to your textbook for a detailed discussion and proof of Green's Theorem.

Example 17.1. Compute the line integral 5@ e2*Y dx +e~Y dy, where C is the boundary of the square with vertices (0, 0), (1, 0),
(1, 1), (1, 0) oriented counterclockwise.

Solution: We will use Green's Theorem. Thus, we need to verify that the hypotheses of Green's Theorem hold. To this end, we
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define the function P and Q and compute their partial derivatives.
nii73a= Clear [X, y, P, Q]
P[X_, y_] = E2X+y
QIx_,y_1=EY
outi1734]= @2 **Y
out[1735]= Y
ni1736)= D[P[X, Y], X]
D[P[x, y], VY]

DIQI[X, Y], X]
DIQ[X, Y1, VY]

ou1736= 2 @2**Y

ou1737= @2 **Y
ouff173gl= O
out1739]= —e Y

The partial derivatives are continuous inside the square and the curve is oriented counterclockwise. Thus, the hypotheses of
Green's Theorem are satisfied. Note that the region D enclosed by C isgivenby 0 <x=<land0=<y=<1.

1 ~1
nt1740) J j (D[QIX. Y. X] -D[P[X, y1. y]) dy dx
0 JO

1
oui740= —— (-1+e)? (1+e)

2
in1741):= N[%]
ou1741)= -5.4891
NOTE: If we were to solve this using the definition of line integral as discussed in Chapter 16 of this text, we would then need to
consider four pieces of parametrization of C and then sum the four integrals. Toward this end, let us use C; for the lower edge,

C, for the right edge, C3 for the top edge, and C, for the left edge of the square. Here are the parametrizations followed by their
line integrals.



Mathematica for Rogawski's Calculus 2nd Editiion.nb |385

nii7421= Clear[x1, x2, x3, x4, yl,y2,vy3,vy4, t, F, cl, c2, c3, c4]
FIx_, y_1={PIX, yl, Q[X, y]l}
x1[t ] =t
yl[t_1=0
cl[t_] = {x1[t], y1[t]}

X2[t_] =1

c2[t_] = {x2[t], y2[t]}
x3[t ]1=1-t
y3[t_1=1

c3[t_] = {x3[t], y3[t]}
xX4[t_ 1 =0

vt 1]=1-t
cA[t_] = {x4[t], y4[t]}

out[1743]= {ezx*y, e’y}
out[1744]= t

out[1745]= 0

ou1746)= {t, 0}
out17471= 1

out[1748]= t

oufa749)= {1, t}
oufa7s0= 1 -t
ou[1751= 1

oufi7s2)= {1-t, 1}
ouf1753)= 0

oufa7s4)= 1 -t

ou17ss5= {0, 1 -t}
1 1

In[1756]:= J FIx1[t], y1[t]].cl"[t] dlt+j FIx2[t], y2[t]].c2"[t] dt+
o o

1 1
J-F[XS[t], y3[t]].c3"[t] dlt+J~ FIx4[t], y4[t]].c4"[t] dt
0 0

1 -1 1 1
ou17s6)= -1 + — + +e+_ (—l+e2)——e<fl+ez)
e e 2 2

in[1757]:= N[%]
ou1757= -5.4891
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m  EXxercises

In Exercises 1 through 4, use Green's Theorem to evaluate the given line integral.

1. 5@ y2sinxdx + x ydy, where C is the boundary of the triangle with vertices (0, 0), (1, 0), (1, 1), oriented counterclockwise.
2. 4. 2x2ydx+x*dy, where C is the circle x* + y? = 4, oriented counterclockwise.

3. 5@ (X2 +y?)dx + ye*dy, where C is the boundary of the region bounded between the parabola y = 5 — x? and the line
y =2 x — 3, oriented clockwise.

4, 5@ xZiyZ dx - xZiyZ dy, where C is the boundary of the quarter-annulus situated between the circles x? + y> =1 and x? + y> =9
in the first quadrant (see plot below), oriented counterclockwise.

5. LetF(x, y)= (2 XYy+VY3, X2 +3xy+2 y). Use Green's Theorem to demonstrate that the line integral f:F(x, Yy, 2)-ds =0 for
every simple closed curve C. What kind of a vector field do we call F?

m 17.2 Stokes's Theorem

Students should read Section 17.2 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
section.

Let F(x, vy, z) = (F1, F2, F3) be a vector field. The curl of F, denoted by curl(F) or ¥ xF, is defined by

i j ok
- |2 6 O |_|[% oF OF OF OF, OF
curl(F) =V xF = ox 9y 0z _<c')y 0z ' oz ox ' ox 6y>
Fi F2 F3
Here, we are using the del or symbol ¥ (nabla) to denote the vector operator V = <§x , 6% , §Z>

The Mathematica command for computing the curl of a vector field F is Curl[F,coordsys], where coordsys is the coordinate
system of the vector field. This is demonstrated in the next example.

The following is a generalization of the Fundamental Theorem of Calculus three dimensions, which relates a surface integral
involving curl with a corresponding line integral along its boundary.

Stokes's Theorem: If F(x, vy, z) a vector field with continuous partial derivatives and if S is an oriented surface S with boundary
d8S, then

§sF-dS= [ Leurl(F)-dS
If S is closed, then it has no boundary and hence both integrals are equal to 0.

NOTE: Recall that if the surface S is given by G(u, v) = (x(u, v), y(u, v), z(u, v)), where (u, v) € D, then £curI(F)-dS is given
by
[ Eeurl(®)-ds = [ [eurl(F) (G(u, v)) -n(u, v) dudv

Refer to your textbook for a detailed discussion and proof of Stokes's Theorem.
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Example 17.2. Find the curl of the vector field F(x, y, 2) = (xsin (y2), e/ z, yx?).

Solution: We use the Curl command:

na7ssp= Clear [F, F1, F2, F3, X, y, z]
F1 =x Sin[y z]
F2 =E*Yz
F3 =x%y
F={F1, F2, F3}

ouf[1759)= X SIN[Yy Z]

ouf1760)= XY z

ou761)= X2y

out[1762]= {x Sin[yz], €Yz, x? y}
ni7e3= Curl [F, Cartesian[X, Yy, z]]

ex/y z

y

ounzes= {-eY+x?, -2xy+xyCos[yz], -xzCos[yz]}

NOTE: We obtain the same answer for the curl of F using the explicit formula:
nizea= curl = {8y F3-6,F2, 8,F1 - 6xF3, 0xF2 - 8yF1}

XYz

y

ounizen= {-eY+x%, -2xy+xyCos[yz], -xzCos[yz]}

Or equivalently,
np7es:= CurllF = {D[F3, y] -D[F2, z], D[F3, x] -D[F1, z], D[F2, x] -D[F1, y]}
ez

y

ouizes= {-e*Y+x?, 2xy-xyCos[yz], -xzCos[yz]}

Example 17.3. Let f(x, y, z) be a function of three variables with continuous first and second partial derivatives and let F =/ f
be the gradient of f. Find the curl of the vector field F.
Solution:

n7es)= Clear [F, F1, F2, F3, X, y, z]
F1 =D[Ff[X, Y, z], X]
F2 =D[F[X, Y, 2], Y]
F3 =D[f[X, Y, 2], Z]
F={F1, F2, F3}

oui767)= F(1:9:0) [, Y, Z]
oumzes= FO-5:0 x y, 7]
ouizeo)= FO-0-1) [x, y, z]

ounizrol= {FE00 [, y, z], FO-L0 [x,y, 7], £FO-0Dx,y, 7]}
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Then the curl of F is

ni1771:= Curl [F, Cartesian[X, Yy, z]1]

ou1771= {0, O, O}

To see why the curl is zero, let us examine each partial derivative used in computing the curl of F.

n17721= D[F3, Y]
D[F2, z]

ounzrz= FOLD x,y, 7]
oufi77a= FO-1-1) [x, y, z]

NOTE: Here, fO1[x, y, z] stands for the second partial derivative fy,. Thus, the two partial derivatives that appear in the x-
component of the curl of F are equal and hence their difference is zero. Similarly, we have

in1774p= D[F3, X]
D[F1, z]

oufr774= F1:0-1) [x, y, z]
oui7rs= 10D 1y, 7]
and

in77el= D[F2, X]
D[F1,y]

ourze) FL50 (x, y, 7]
oun777= FE50 1xy, 7]

Example 17.4. Compute ¢ F-d'S, where F(x, y, 2)=(xyz, z+3x -3y, y2x)and S is the upper hemisphere of radius 4.

Solution: Note that dS is a circle of radius 4 lying on the xy-plane. Hence, dS can be parametrized by the curve
c(t) = (x(t), y(t), z(t)) where

x=4cost, y=4sint,z=0,where O<t<2x

We then use this parametrization to evaluate the line integral 3§SF-aZ S= LZ"F(x(t), y(), z(t))-c' (t) dt:
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na77ep= Clear [F, X, Yy, z, t, ¢, curlF]
FIX_,Y_,z_]1={xyz, z+3x-3y, y*x}
X[t_] =4Cos[t]
y[t_] = 4Sin[t]
z[t_1=0
cl[t_] = {x[t], y[t], z[t]}

out[1779)= {xy z,3x-3y+2z, xyz}
ou1780)= 4 Cos [t]

ou1781)= 4 SIn[t]

ouf1782)= 0

oufi7ssl= {4 Cos[t], 4Sin[t], O}

2 Pi

In[1784]:= j FIx[t], Y[t], z[t]]-c"[t] At
0

out[1784]= 48 71

Next, we use Stokes's Theorem to obtain the same answer via the corresponding surface integral. The parametrization of the
upper hemisphere of radius 4 is given by S(u, v) = {x(u, v), y(u, v), z(u, v)}, where

x=4cosusinv, y=4sinusinv,and z=4cosv, where O<u<2n0=<v<n/2
We now compute the normal of the upper hemisphere:

n7esp= Clear[S, u, v, Tu, Tv, n]
S[u_, Vv_] := {4Cos[u] Sin[v], 4Sin[u] Sin[v], 4Cos[V] }
Tu[u_, v_] :=D[S[u, V], U]
Tv[u_, v_] :=D[S[u, V], V]
nfu_, v_] =Cross[TVv[u, V], Tul[u, V]]

oufizesl- {16 Cos[u] Sin[v]?, 16 Sin[u] Sin[v]?,
16 Cos[u]®Cos[v] Sin[v] + 16 Cos[v] Sin[u]®Sin[v]}

The curl of Fis
mnp7eop= curllF[x_, y_, z_] =Curl [F[X, y, z], Cartesian([X, Y, z]]

ouzeo {-1+2xy, xXy-y?, 3-x2}

Thus, the surface integral is given by

i/2 ~2Pi
IN[1791]:= f j curllF[S[u, v][[1]1], S[u, Vv1[I[2]1, S[u, V]1[[31]1] -n[u, v] dudv
0 0
out[1791]= 48
This answer agrees with the one obtained using the line integral definition.

Example 17.5. Find the flux of the curl of the vector field F(x, y, 2) = (x?, 2%, y+ x?) across S, where S is the part of the cone
7% = x? + y? for which 1 < z < 4 with outward normal orientation.
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Solution: First, we will need the following parametric equations to describe the cone S: x =ucosv, y=usinv, and z = u, where
O<v=2randl=u=<4

For the cone to have outward orientation, we set n =T, x T, (right-hand rule) since T, points in the horizontal direction around
the cone and T, points in the direction along the length of the cone.

nii7921= Clear[F, S, u, v, Tu, Tv, n]
FIX_,Y_,z_]={xX*+y?, x+2%, 0}
S[u_,Vv_]:= {uCos[v] , uSin[v] , u}
Tu[u_, v_] :=D[S[u, V], U]

Tv[u_, v_] :=D[S[u, V], V]
nfu_, v_] =Cross[Tv[u, V], Tu[u, V]]

out[1793]= {xz +y2, X +22, 0}
ounize7i= {uCos[v], uSin[v], -uCos[v]?-uSin[v]?}
We now compute the flux of curl (F) across S through the following steps.

np7egl= curllF[x_,y_, z_] =Curl [F[Xx, y, z], Cartesian([X, Y, z]]

oufi79g)= {-2z, 0, 1-2vy}

2 Pi
In[1799]:= Flux=rj curlF[S[u, v][[1]1], S[u, Vv1[[2]1, S[u, V][[3]1]]1-n[u, v] dvdu
1JO

out[1799]= -15 71

B  EXxercises

NOTE: In order to perform the curl operation in Mathematica, it is necessary to first load the VectorAnalysis package. See
instructions given at the beginning of this chapter.

In Exercises 1 and 2, find the curl of the given vector field.
LFX Y, 2)=(In(x?+y?+2%), x/ z, e*sin (y 2))

2. F(X, y, Z) = < - - )3/2' - ! )3/2‘ - - )3/2>

X2 +y2+22 X2 +y2+72 X2 +y2+722
(

In Exercises 3 and 4, verify Stokes's Theorem for the given vector field F and surface S.
3.F(x v, 2)=(x3e-3xy+72% 222 —xz2+y* 6y+22°x?) and S is the part of the paraboloid z = x* + y? for which z < 9 and

with outward normal orientation.
4.F(X, ¥, 2)=(Xyz XYy, x+Yy+2z)yandS is the elliptical region in the plane y + z = 2 whose boundary is the intersection of the
plane with the cylinder x2 + y? = 1 and with upward normal orientation.

In Exercises 5 and 6, use Stokes's Theorem to compute the flux of the curl of the vector field F across the surface S.
5 F(x y,2)= ( tan(x y z), e¥7*?, sec(y2 x)) and S is the upper hemisphere of radius 4.

6. F(x,y,2)= ( X2 7, Xy, 22> and S consists of the top and four sides of the cube (excluding the bottom) with vertices at (0, 0, 0),
(1,0,0),(0,1,0),(,1,0),(0,0,1),(,0,1),(0,1,1),(1,1,1).

m 17.3 Divergence Theorem

Students should read Section 17.3 of Rogawski's Calculus [1] for a detailed discussion of the material presented in this
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section.

Let F(x, vy, z) = (F1, F,, F3) be a vector field. The divergence of F, denoted by div(F) or V - F, is defined by

oy 0ROy

VP =V -F=T2 4 524

whereV:(ﬁ 9 ﬁ>.

ox' oy’ oz

The Mathematica command for computing the divergence of a vector field F is Div[F,coordsys], where coordsys is the coordi-
nate system of the vector field. This is demonstrated in the next example.

The following is another generalization of the Fundamental Theorem of Calculus three dimensions, which relates a triple integral
of a solid object involving divergence with a corresponding surface integral along its boundary.

Divergence Theorem: Let W be a region in R® whose boundary W is a piecewise smooth surface, oriented so that the normal
vectors to W point outside of W, and F(x, y, z) be a vector field with continuous partial derivatives whose domain contains W.
Then

[fF-ds = [[f,div(F)av

Refer to your textbook for a detailed discussion and proof of the Divergence Theorem.
Example 17.8. Find the divergence of the vector field F(x, vy, z) = ( xsin (yz), eV z, yx2>.
Solution:

nizgoor= Clear[F1, F2, F3, X, y, Z]
F1 = x Sin[y z]
F2 =FEYz
F3 =x%y
F={F1, F2, F3}
out[1801]= X SIN[Y Z]
out1802= XY z
out1803)= X2y
ounisos= {xSinlyz], ez, x*y}
Then the divergence of F is
nsos)= DiV[F, Cartesian([x, y, z]]
eXYxz
ou[1805]= - ———— + SN[y z]
y2
NOTE: Again we obtain the same answer for the divergence of F using the explicit formula:
nisosl= D[F1, x] +D[F2, y]1 +D[F3, z]
e*Yxz
out[1806)= - ——  + SN[y Z]
y2

Example 17.9. Find [ [ F-dS, where F(x, ¥, 2) = (X, Y% y+z) and S =W is the boundary of the region W contained in the
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cylinder x% + y? = 4 between the plane z=xand z = 8.

Solution: If S is the boundary of the solid W, then W is given by

={(X, ¥, 2): 2=<x=<2, —\V4-x2 <y=<+\4-x*, x=<z<8
{ v v

niso7i= Clear [F, divF, X, y, Z]
FIX_,Y_,»z_1={x,¥y?, y+z}
divF = D|v[F[x, y, z], Cartesian[x, y, z]]
ouisos= {X, y?, y+ 2}

ou[1809]= 2 + 2y

By the Divergence Theorem, we see that [ [ F-d'S is given by

4- x2
n[1810]:= J j diVF dz dy dx

A 4-x2

out[18101= 64 5T

B  EXxercises

NOTE: In order to perform the divergence operation in Mathematica, it is necessary to first load the VectorAnalysis package.
See instructions given at the beginning of this chapter.

In Exercises 1 and 2, find the divergence of the given vector field F.
LFX Y, 2=(Xxyz, x2+y?>+ 2% Xy+yz+X2)
2.F(x, y,2)=(eYcosz, e¥?sinz, 2

In Exercises 3 and 4, verify the Divergence Theorem for the given vector field F and solid region W.
3.F(x Y, =(x%y, y*z, 2x)and W = {(x, y, 2) : X2 + y? + 22 < 1} is the unit ball.
4. F(x, Yy, 2) =(e*cosy, e*siny, xyz)and W is the region bounded by the paraboloid z = x? + y? and z = 4.

In Exercises 5 and 6, use the Divergence Theorem to calculate the flux of the vector field F across the surface S.

5FX y,2)= ( xer, Y2, y+12 x) and S is tetrahedron bounded by the plane 3 x + 4 y + 5z = 15 and the coordinate planes in the
first octant.

6. F(x, y,2)=(xyz x>+ y?>+2% xy+yz+xz)and S is the unit cube with vertices at (0, 0, 0), (1, 0, 0), (0, 1, 0), (1, 1, 0),
0,0,1),(1,0,1),(0,1,1),(@1,1,1.
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Appendices - Quick Reference Guides

= A. Common Mathematical Operations - Traditional Notation versus Mathematica Notation

The following list demonstrates how to translate common mathematical operations described using traditional notation into
Mathematica notation. In many instances Mathematica's palettes (see Section 1.5) will allow the user to input commands using

traditional notation without having to convert to Mathematica notation.

Operation

Define a function

Evaluate a function

Square root
Absolution value
Limit

Derivative
Second derivative

Indefinite integral
Definite integral (Exact)

Definite integrate (Approximate)
Pi

Euler number

Imaginary number

Infinity

Sine function

Inverse sine function
Exponential function

Natural logarithm (base €)
Logarithm (base a)

Define i-th element of a sequence

Traditional Notation

f(x) = x2

f(1)

Y 0
[ f0]
lim f(x)

x-a
f '
f" X
[fodx
j:f(x)clx

jabf(x)clx
n
e
[

sin X

arcsin x or sin~! x

eX
Inx
log , x

Xi=a

Mathematica Notation

f=x"2or
f[x 1= x"2or
f[x_] := x”~2 (delayed assignment)

f /. x=>1or f[1]
Sart[f[xI]
Abs[ f[x]]

Limit[ f[x], x —=> a]

f "[x]or D[f[X], X]

f " [x]or D[f[x], {x, 2}]
Integrate[ f[x], x]

Integrate[ f[x], {Xx, a, b}]
Nintegrate[ f[x], {Xx, &, b}]

Pi or & (from palette menu)

E or e (from palette menu)

I or i (from palette menu)
Infinity or co (from palette menu)
Sin[x]

ArcSin[x]

E~x or Exp[x] or ¢* (from palette menu)
Log[x]

Log[x, a]

x[i] = a or x; = a (from palette menu)
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m B. Useful Commands for Plotting, Solving, and Manipulating Mathematical Expressions

Mathematica Command

Plot[ f[x], {x, &, b}]

Plot3D[ f[x, 1, {x, a, b}, {y, c, d}]
ParametricPlot[{x[t], y[t]}, {t, &, b}]
PolarPlot[ f[6], {0, a, b}]

ContourPlot[ f[x, yI, {x, a, b}, {y, c, d}]
ContourPlot[F[x, y] == 0, {x, a, b}, {y, ¢, d}]
Solve[ f[x] == g[x], x]

DSolve[F(x, y, y' (X)) ==0, y[x], X]

Part[expr,i] or expr[[i]]
N[expr] or N[expr,n] (n-digit precision)

Simplify[expr]

Description

Plot a function f(x) on the interval [a, b]

Plot a two-variable function f(x, y) on [a, b]x[c, d]
Plot parametric equations x = f(t), y=g(t) on [a, b]
Plot polar function r = f(6) on [a, b]

Plot contour of f(x, y) on [a, b]x[c, d]

Plot implicit function F(x, y) =0 on [a, b]x[c, d]
Solve an equation f(x) = g(x) for x

Solve a differential equation F(x, y, y'(x)) = 0 for y(x)
with initial value y' (0) = a

Refer to i-th element of list expr
Numerical approximation of a quantity expr

Reduce an expression expr to most simple

m C. Useful Editing and Programming Commands

Mathematica Command

SHIFT+ENTER
%

%%

%k or Out[K]
In[k]

CTRL+L
CTRL+SHIFT+L

?Plot

(* expr )
If[test,expr,else]
Dolexpr.{i,min,max,step}]

While[test, expr]

Description

Evaluates input

Refers to previous output

Refers to second previous output
Refers to output line k

Refers to input line k
Reproduces the previous input
Reproduces the previous output

Lists all Mathematica commands containing the expression Plot
(or any other specified command)

Insert comment expr (unevaluated)

Evaluate expr if test is true; otherwise, evaluate else

Evaluate expr through loop i running from min to max with increment step

Evaluate expr while test is true; otherwise stop
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m D. Formatting Cells in a Notebook

Mathematica organizes a notebook in terms of data boxes called cells. The size of a cell is indicated by the corresponding size of
the right bracket symbol attached to the right hand margin of each cell. A new cell can always be created by moving the cursor
to any position between cells and begin typing. To edit a cell, just move the cursor to the desired position within that cell.

Each cell can be formatted to perform a specified function. By default, a new cell is always formatted as an input cell, which are
used to evaluate Mathematica expressions. Mathematica outputs are contained within output cells, naturally. Other cell formats
included title, section, subsection, text, formula, etc. The format of a cell is indicated by the left-most box on the toolbar. To
change its format, first highlight the cell by clicking on the right bracket symbol attached to it. Then click on the indicator box
and choose the desired format.

m E. Saving and Printing a Notebook

Saving or printing a notebook can be accomplished by going to the File menu and selecting the desired option. To print a portion
of a notebook that has been highlighted, choose the Print Selection option instead. To save your Notebook in other formats such
as PDF, print it by selecting the desired format as the output source.
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