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Preface

Here are my online notes for my Calculus 111 course that I teach here at Lamar
University. Despite the fact that these are my “class notes” they should be accessible to
anyone wanting to learn Calculus 111 or needing a refresher in some of the topics from the

class.

These notes do assume that the reader has a good working knowledge of Calculus I topics
including limits, derivatives and integration. It also assumes that the reader has a good
knowledge of several Calculus Il topics including some integration techniques,
parametric equations, vectors, and knowledge of three dimensional space.

Here are a couple of warnings to my students who may be here to get a copy of what
happened on a day that you missed.

1.

Because | wanted to make this a fairly complete set of notes for anyone wanting
to learn calculus I have included some material that | do not usually have time to
cover in class and because this changes from semester to semester it is not noted
here. You will need to find one of your fellow class mates to see if there is
something in these notes that wasn’t covered in class.

In general | try to work problems in class that are different from my notes.
However, with Calculus I11 many of the problems are difficult to make up on the
spur of the moment and so in this class my class work will follow these notes
fairly close as far as worked problems go. With that being said | often don’t have
time in class to work all of these problems and so you will find that some sections
contain problems that weren’t worked in class due to time restrictions.
Sometimes questions in class will lead down paths that are not covered here. 1 try
to anticipate as many of the questions as possible in writing these up, but the
reality is that | can’t anticipate all the questions. Sometimes a very good question
gets asked in class that leads to insights that I’ve not included here. You should
always talk to someone who was in class on the day you missed and compare
these notes to their notes and see what the differences are.

This is somewhat related to the previous three items, but is important enough to
merit its own item. THESE NOTES ARE NOT A SUBSTITUTE FOR
ATTENDING CLASS!! Using these notes as a substitute for class is liable to get
you in trouble. As already noted not everything in these notes is covered in class
and often material or insights not in these notes is covered in class.
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Three Dimensional Space

Introduction

In this chapter we will start taking a more detailed look at three dimensional space (3-D

space or R*). This is a very important topic in Calculus I11 since a good portion of
Calculus 111 is done in three (or higher) dimensional space.

We will be looking at the equations of graphs in 3-D space as well as vector valued
functions and how we do calculus with them. We will also be taking a look at a couple of
new coordinate systems for 3-D space.

This is the only chapter that exists in two places in my notes. When | originally wrote
these notes all of these topics were covered in Calculus 11 however, we have since moved
several of them into Calculus Il1. So, rather than split the chapter up | have kept it in the
Calculus 11 notes and also put a copy in the Calculus 111 notes. Many of the sections not
covered in Calculus 111 will be used on occasion there anyway and so they serve as a
quick reference for when we need them.

Here is a list of topics in this chapter.

The 3-D Coordinate System — We will introduce the concepts and notation for the three
dimensional coordinate system in this section.

Equations of Lines — In this section we will develop the various forms for the equation
of lines in three dimensional space.

Equations of Planes — Here we will develop the equation of a plane.

Quadric Surfaces — In this section we will be looking at some examples of quadric
surfaces.

Functions of Several Variables — A quick review of some important topics about
functions of several variables.

Vector Functions — We introduce the concept of vector functions in this section. We
concentrate primarily on curves in three dimensional space. We will however, touch
briefly on surfaces as well.

Calculus with Vector Functions — Here we will take a quick look at limits, derivatives,
and integrals with vector functions.

Tangent, Normal and Binormal Vectors — We will define the tangent, normal and
binormal vectors in this section.
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Arc Length with Vector Functions — In this section we will find the arc length of a
vector function.

Velocity and Acceleration — In this section we will revisit a standard application of
derivatives. We will look at the velocity and acceleration of an object whose position
function is given by a vector function.

Curvature — We will determine the curvature of a function in this section.

Cylindrical Coordinates — We will define the cylindrical coordinate system in this
section. The cylindrical coordinate system is an alternate coordinate system for the three
dimensional coordinate system.

Spherical Coordinates — In this section we will define the spherical coordinate system.
The spherical coordinate system is yet another alternate coordinate system for the three
dimensional coordinate system.

The 3-D Coordinate System

We’ll start the chapter off with a fairly short discussion introducing the 3-D coordinate
system and the conventions that we’ll be using. We will also take a brief look at how the
different coordinate systems can change the graph of an equation.

Let’s first get some basic notation out of the way. The 3-D coordinate system is often

denoted by R®. Likewise the 2-D coordinate system is often denoted by R* and the 1-D
coordinate system is denoted by R . Also, as you might have guessed then a general n

dimensional coordinate system is often denoted by R".

Next, let’s take a quick look at the basic coordinate system.

Az

A=(0vyz
S=|':x,[],z:l [ ,!)

"
]
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This is the standard placement of the axes in this class. It is assumed that only the
positive directions are shown by the axes. If we need the negative axis for any reason we
will put them in as needed.

Also note the various points on this sketch. The point P is the general point sitting out in
3-D space. If we start at P and drop straight down until we reach a z-coordinate of zero
we arrive that the point Q. We say that Q sits in the xy-plane. The xy-plane corresponds
to all the points which have a zero z-coordinate. We can also start at P and move in the
other two directions as shown to get points in the xz-plane (this is S with a y-coordinate of
zero) and the yz-plane (this is R with an x-coordinate of zero).

Collectively, the xy, xz, and yz-planes are sometimes called the coordinate planes. In the
remainder of this class you will need to be able to deal with the various coordinate planes
so make sure that you can.

Also, the point Q is often referred to as the projection of P in the xy-plane. Likewise, R is
the projection of P in the yz-plane and S is the projection of P in the xz-plane.

Many of the formulas that you are used to working with in R* have natural extensions in
R®. For instance the distance between two points in R? is given by,

d(R.P) =05 =1) + (.~ )
While the distance between any two points in R® is given by,

d(P,P) =6 —%) +(Yo—-v.) +(2-2.)

Likewise, the general equation for a circle with center (h, k) and radius r is given by,
(x=h) +(y-k)" =r?
and the general equation for a sphere with center (h, k,I) and radius r is given by,
(x—h)2 +(y—k)2 +(z—|)2 =r?

With that said we do need to be careful about just translating everything we know about

R? into R® and assuming that it will work the same way. A good example of this is in
graphing to some extent. Consider the following example.

Example 1 Graph x=3 in R, R* and R®.

Solution
In R we have a single coordinate system and so x =3 is a point in a 1-D coordinate
system.

In R? the equation x =3 tells us to graph all the points that are in the form (3, y). This
is a vertical line in a 2-D coordinate system.
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In R® the equation x =3 tells us to graph all the points that are in the form (3, Y, z) Cf

you go back and look at the coordinate plane points this is very similar to the coordinates
for the yz-plane except this time we have x =3 instead of x=0. So, in a 3-D coordinate
system this is a plane that will be parallel to the yz-plane

Here are the graphs of each of these.
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Note that at this point we can now write down the equations for each of the coordinate
planes as well using this idea.

0 xy —plane
0 Xz —plane
0 yz —plane

X < N
I
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Let’s take a look at a slightly more general example.

Example 2 Graph y=2x-1in R? and R®.

Solution
Of course we had to throw out R for this example since there are two variables which
means that we can’t be in a 1-D space.

In R? this is a line with slope 2 and ay intercept of -1.

However, in R*this is not necessarily a line. Because we have not specified a value of z
we are forced to let z take any value. This means that at any particular value of z we will
get a copy of this line. So, the graph is then a vertical plane that lies over the line given
by y =2x-1 in the xy-plane.

Here are the graphs for this example.
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Notice that if we look to where the plane intersect the xy-plane we will get the graph of
the line in R? as noted in the above graph.

Let’s take a look at one more example of the difference between graphs in the different
coordinate systems.

Example 3 Graph x*+y* =4 inR* and R®.

Solution
As with the previous example this won’t have a 1-D graph since there are two variables.

In R? this is a circle centered at the origin with radius 2.

In R® however, as with the previous example, this may or may not be a circle. Since we
have not specified z in any way we must assume that z can take on any value. In other
words, at any value of z this equation must be satisfied and so at any value z we have a
circle of radius 2 centered on the z-axis. This means that we have a cylinder of radius 2
centered on the z-axis.

Here are the graphs for this example.
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Notice that again, if we look to where the cylinder intersects the xy-plane we will again
get the circle from R®.

We need to be careful with the last two examples. It would be tempting to take the
results of these and say that we can’t graph lines or circles in R® and yet that doesn’t
really make sense. There is no reason for the graph of a line or a circle in R®. Let’s
think about the example of the circle. To graph a circle in R® we would need to do
something like x*+y® =4 at z=5. This would be a circle of radius 2 centered on the z-
axis at the level of z=5. So, as long as we specify a z we will get a circle and not a
cylinder. We will see an easier way to specify circles in a later section.
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We could do the same thing with the line from the second example. However, we will be
looking at line in more generality in the next section and so we’ll see a better way to deal

with lines in R there.

The point of the examples in this section is to make sure that we are being careful with
graphing equations and making sure that we always remember which coordinate system
that we are in.

Another quick point to make here is that, as we’ve seen in the above examples, many
graphs of equations in R® are surfaces. That doesn’t mean that we can’t graph curves in
R®. We can and will graph curves in R?® as well as we’ll see later in this chapter.

Equations of Lines

In this section we need to take a look at the equation of a line in R®. As we saw in the
previous section the equation y =mx+b does not describe a line in R?, instead it
describes a plane.

This doesn’t mean however that we can’t write down an equation for a line in 3-D space.
To see how to do this let’s think about what we need to write down the equation of a line

in R*. In two dimensions we need the slope (m) and a point that was on the line in order
to write down the equation.

In R? that is still all that we need except in this case the “slope” won’t be a simple
number as it was in two dimensions. In this case we will need to acknowledge that a line
can have a three dimensional slope. So, we need something that will allow us to describe
a direction that is potentially in three dimensions. We already have a quantity that will
do this for us. Vectors give directions and can be three dimensional objects.

So, let’s start with the following information. Suppose that we know a point that is on
the line, P, =(X,, Yy, Z,), and that V =(a,b,c) is some vector that is parallel to the line.

Note, in all likelihood, v will not be on the line itself. We only need v to be parallel to
the line. Finally, let P =(x,y,z) be any point on the line.

Now, since our “slope” is a vector let’s also turn the two points into vectors as well. Of

course, we don’t actually turn them into vectors, we instead use position vectors to
represent them. So, let r, and 1 be the position vectors for Py and P respectively. Also,

for no apparent reason, let’s define &to be the vector with representation ﬁ :

We now have the following sketch with all these vectors.
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At this point, notice that we can write r as follows,
F=r,+a
If you’re not sure about this go back and check out the sketch for vector addition in the

vector arithmetic section. Now, notice that the vectors @ and vV are parallel. Therefore
there is a number, t, such that

a=tv

We now have,

r= I’O +t\7=<X0! yOIZO>+t<a'b’C>

This is called the vector form of the equation of a line. The only part of this equation
that is not known is the t. Notice that tV will be a vector that lies along the line and it
tells us how far from the original point that we should move. If tis positive we move to
the right of the original point and if t is negative we move to the left of the original point.
As t varies over all possible values we will completely cover the line.

© 2005 Paul Dawkins 9 http://tutorial.math.lamar.edu/terms.asp




Calculus Ill

There are several other forms of the equation of a line. To get the first alternate form
let’s start with the vector form and do a slight rewrite.

F=(X Yo, Z)+t{a,b,c)
(x,y,2)=(x, +ta, y, +tb, z, +tc)

The only way for two vectors to be equal is for the components to be equal. In other
words,

X=X, +ta
y=Yy,+tb
z=1,+tc

This set of equations is called the parametric form of the equation of a line. Notice as
well that this is really nothing more than an extension of the parametric equations we’ve
seen previously. The only difference is that we are now working in three dimensions
instead of two dimensions.

To get a point on the line all we do is pick a t and plug into either form of the line. In the
vector form of the line we get a position vector for the point and in the parametric form
we get the actual coordinates of the point.

There is one more form of the line that we want to look at. If we assume that a, b, and ¢
are all non-zero numbers we can solve each of the equations in the parametric form of the
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line for t. We can then set all of them equal to each other since t will be the same number
in each. Doing this gives the following,

X=X — Y=Y Z-%

a b C

This is called the symmetric equations of the line.

If one of a, b, or ¢ does happen to be zero we can still write down the symmetric
equations. To see this let’s suppose that b=0. In this case t will not exist in the
parametric equation for y and so we will only solve the parametric equations for x and z
for t. We then set those equal and acknowledge the parametric equation for y as follows,

X=X, Z-—1,
_ = y:y0
a C

Let’s take a look at an example.

Example 1 Write down the equation of the line that passes through the points (2,—1, 3)
and (1,4,-3). Write down all three forms of the equation of the line.

Solution

To do this we need the vector v that will be parallel to the line. This can be any vector
as long as it’s parallel to the line. In general, v won’t lie on the line itself. However, in
this case it will. All we need to do is let V be the vector that starts at the second point
and ends at the first point. Since these two points are one the line the vector between
them will also lie on the line and will hence be parallel to the line. So,

vV =(1-56)
Note that the order of the points was chosen to reduce the number of minus signs in the
vector. We just have easily gone the other way.

Once we’ve got V there really isn’t anything else to do. To use the vector form we’ll
need a point on the line. We’ve got two and so we can use either one. We’ll use the first
point. Here is the vector form of the line.

F=(2,-1,3)+t(1,-5,6)

(2+t,—1-5t,3+6t)

Once we have this equation the other two forms follow. Here are the parametric
equations of the line.
X=2+t

y=-1-5t
z=3+6t

Here is the symmetric form.

© 2005 Paul Dawkins 11 http://tutorial. math.lamar.edu/terms.asp




Calculus Ill

Xx-2 y+1 z-3
1 -5 6

Example 2 Determine if the line that passes through the point (O,—3,8) and is parallel to

the line given by x=10+3t, y=12t and z =-3—t passes through the xz-plane. If it
does give the coordinates of that point.

Solution

To answer this we will first need to write down the equation of the line. We know a point
on the line and just need a parallel vector. We know that the new line must be parallel to

the line given by the parametric equations in the problem statement. That means that any
vector that is parallel to the given line must also be parallel to the new line.

Now recall that in the parametric form of the line the numbers multiplied by t are the
components of the vector that is parallel to the line. Therefore, the vector,

v=(312,-1)
is parallel to the given line and so must also be parallel to the new line.

The equation of new line is then,
F=(0,-3,8)+t(3,12,-1) =(3t,-3+12t,8—t)

If this line passes through the xz-plane then we know that the y-coordinate of that point
must be zero. So, let’s set the y component of the equation equal to zero and see if we
can solve for t. If we can, this will give the value of t for which the point will pass
through the xz-plane.

_3+12t=0 = tzi

So, the line does pass through the xz-plane. To get the complete coordinates of the point

. 1. .
all we need to do is plug t = 2 into any of the equations. We’ll use the vector form.

i) o

Recall that this vector is the position vector for the point on the line and so the

coordinates of the point here the line will pass through the xz-plane are (%O%) :
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Equations of Planes

In the first section of this chapter we saw some equations of planes. However, none of
those equations had three variables in them and were really extensions of graphs that we
could look at in two dimensions. We would like a more general equation for planes.

So, let’s start by assuming that we know a point that is on the plane, P, = (xo, YoiZg)-

Let’s also suppose that we have a vector that is orthogonal (perpendicular) to the plane,
n :<a,b,c>. This vector is called the normal vector. Now, assume that P :(x, Y, z) is

any point in the plane. Finally, since we are going to be working with vectors initially
we’ll let FO and r be the position vectors for Py and P respectively.

Here is a sketch of all these vectors.

Notice that we added in the vector r —Fo which will lie completely in the plane. Also

notice that we put the normal vector on the plane, but there is actually no reason to expect
this to be the case. We put it here to illustrate the point. It is completely possible that the
normal vector does not touch the plane in any way.

Now, because fi is orthogonal to the plane, it’s also orthogonal to any vector that lies in
the plane. In particular it’s orthogonal to F—FO . Recall from the Dot Product section
that two orthogonal vectors will have a dot product of zero. In other words,

(7 =1, ) =0 = fieF = Aer,

This is called the vector equation of the plane.
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The vector equation of the plane is not a very useful equation in some ways. Let’s geta
much more useful form of the equations. Let’s start with the first form of the vector

equation.
(BB, EH{(1,Y,2)~ (o1 2)) =0
(a,b,C)e(X=Xy, Y= Y5, 2—2,) =0

Now, actually compute the dot product.

a(x—x,)+b(y-y,)+c(z—2,)=0

This is called the scalar equation of plane. Often this will be written as,
ax+by+cz=d

where d =ax, +by, +cz,.

This second form is often how we are given equations of planes. Notice that if we are
given the equation of a plane in this form we can quickly get a normal vector for the
plane. A normal vector is,

fi=(a,b,c)

Let’s work a couple of examples.

Example 1 Determine the equation of the plane that contains the points P = (1, —2,0) ,
Q=(314) and R=(0,-12).

Solution

In order to write down the equation of plane we need a point (we’ve got three so we’re
cool there) and a normal vector. We need to find a normal vector. Recall however, that
we saw how to do this in the Cross Product section.

We can form the following two vectors from the given points.
PQ=(2,34) PR=(-11,2)
These two vectors will lie completely in the plane since we formed them from points that

were in the plane. Notice as well that there are many possible vectors to use here, we just
chose two of the possibilities.

Now, we know that the cross product of two vectors will be orthogonal to both of these
vectors. Since both of these are in the plane any vector that is orthogonal to both of these
will also be orthogonal to the plane. Therefore, we can use the cross product as the
normal vector.

-
fi=PQxPR= 2

N

-1
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The equation of the plane is then,
2(x-1)-8(y+2)+5(z-0)=0
2x—-8y+5z=18

We used P for the point, but could have used any of the three points.

Example 2 Determine if the plane given by —x+2z =10 and the line given by
F =(5,2—1,10+4t) are orthogonal, parallel or neither.

Solution
This is not as difficult a problem as it may at first appear to be. We can pick off a vector

that is normal to the plane. Thisis i = <—1,0, 2>. We can also get a vector that is parallel
to the line. Thisis v=(0,-14).

Now, if these two vectors are parallel then the line and the plane will be orthogonal. If
you think about it this makes some sense. If i and v are parallel, then v is orthogonal
to the plane, but v is also parallel to the line. So, if the two vectors are parallel the line
and plane will be orthogonal.

Let’s check this.
kl T ]
AxV=|-1 0 2| -1 0=2i+4j+k=0
4 0 -1
So, the vectors aren’t parallel and so the plane and the line are not orthogonal.
Now, let’s check to see if the plane and line are parallel. If the line is parallel to the plane
then any vector parallel to the line will be orthogonal to the normal vector of the plane.

In other words, if i and V are orthogonal then the line and the plane will be parallel.

Let’s check this.
NeV =0+0+8=8=«0

The two vectors aren’t orthogonal and so the line and plane aren’t parallel.

So, the line and the plane are neither orthogonal nor parallel.
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Quadric Surfaces

In the previous two sections we’ve looked at lines and planes in three dimensions (or R?)
and while these are used quite heavily at times in a Calculus class there are many other
surfaces that are also used fairly regularly and so we need to take a look at those.

In this section we are going to be looking at quadric surfaces. Quadric surfaces are the
graphs of any equation that can be put into the general form

AX? +By® +Cz* + Dxy + Exz+ Fyz+Gx+Hy + 12+ J =0
where A,...J are constants.

There is no way that we can possibly list all of them, but there are some standard
equations so here is a list of some of the more common quadric surfaces.

Ellipsoid

Here is the general equation of an ellipsoid.
2 2 2

If a=b=c then we will have a sphere.

Notice that we only gave the equation for the ellipsoid that has been centered on the
origin. Clearly ellipsoids don’t have to be centered on the origin. However, in order to
make the discussion in this section a little easier we have chosen to concentrate on
surfaces that are “centered” on the origin in one way or another.

Cone
Here is the general equation of a cone.
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X2
a2

y2 _ZZ
t2= 2

oy

Here is a sketch of a typical cone.

Note that this is the equation of a cone that will open along the z-axis. To get the
equation of a cone that opens along one of the other axes all we need to do is make a
slight modification of the equation. This will be the case for the rest of the surfaces that
we’ll be looking at in this section as well.

In the case of a cone the variable that sits by itself on one side of the equal sign will
determine the axis that the cone opens up along. For instance, a cone that opens up along
the x-axis will have the equation,
2 2 2
y° z° X
wt=z==2

b 2

()

For most of the following surfaces we will not give the other possible formulas. We will
however acknowledge how each formula needs to be changed to get a change of
orientation for the surface.

Cylinder
Here is the general equation of a cylinder.

X2 + y2 — r2
Here is a sketch of typical cylinder.
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The cylinder will be centered on the axis corresponding to the variable that does not
appear in the equation.

Be careful to not confuse this with a circle. In two dimensions it is a circle, but in three
dimensions it is a cylinder.

Hyperboloid of One Sheet

Here is the equation of a hyperboloid of one sheet.
X2 y2 22

P
Here is a sketch of a typical hyperboloid of one sheet.
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The variable with the negative in front of it will give the axis along which the graph is
centered.

Hyperboloid of Two Sheets
Here is the equation of a hyperboloid of two sheets.

The variable with the positive in front of it will give the axis along which the graph is
centered.

Notice that the only difference between the hyperboloid of one sheet and the hyperboloid
of two sheets is the signs in front of the variables. They are exactly the opposite signs.

Elliptic Paraboloid

Here is the equation of an elliptic paraboloid.
X y? oz
—2+y—2 ==
a~ b c
Here is a sketch of a typical elliptic paraboloid.
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In this case the variable that isn’t squared determines the axis upon which the paraboloid
opens up. Also, the sign of ¢ will determine the direction that the paraboloid opens. If ¢
is positive then it opens up and if ¢ is negative then it opens down.

Hyperbolic Paraboloid
Here is the equation of a hyperbolic paraboloid.

X _y_z
a®> b* ¢
Here is a sketch of a typical hyperbolic paraboloid.

As with the elliptic paraoloid the sign of ¢ will determine the direction in which the
surface “opens up”. The graph above is shown for ¢ positive.

With the both of the paraboloids the surface can be easily moved up or down by
adding/subtracting a constant from the left side.
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For instance
7=-X"-y*+6

is an elliptic paraboloid that opens downward and starts at z=6 instead of z=0.

Here is a sketch of this surface.

Functions of Several Variables
In this section we want to go over some of the basic ideas about functions of more than

one variable.

First, remember that graphs of functions of two variables, z = f (x, y) are surfaces in

three dimensional space. For example here is the graph of z=x*+y*-6.
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This is an elliptic parabaloid and is an example of a quadric surface. We saw several of
these in the previous section. We will be seeing quadric surfaces fairly regularly later on
in the semester.

Another common graph that we’ll be seeing quite a bit in this course is the graph of a
plane. We have a convention for graphing planes that will make them a little easier to
graph and hopefully visualize.

Recall that the equation of a plane is given by

ax+by+cz=d
or in terms of function notation this would be given by,
f(x,y)=ax+by+c

To graph a plane we will generally find the intersection points with the three axes and the
graph the triangle that connects those three points. This triangle will be a portion of the
plane and it will give us a fairly decent idea on what the plane itself should look like. For
example let’s graph the plane given by,

f(x y)=12-3x—4y

For purposes of graphing this it would probably be easier to write this as,
2=12-3x-4y = 3X+4y+z=12

Now, each of the intersection points with the three main coordinate axes is defined by the
fact that two of the coordinates are zero. For instance, the intersection with the z-axis is
defined by x=y=0. So, the three intersection points are,
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x—axis : (4,0,0)
y—axis: (0,3,0)
z—axis: (0,0,12)

Here is the graph of the plane.

Now, to extend this out, graphs of functions of the form w= f (x, y,z) would be four
dimensional surfaces. Of course we can’t graph them, but it doesn’t hurt to point this out.

We next want to talk about the domains of functions of more than one variable. Recall
that domains of functions of a single variable, y = f (x), consisted of all the values of x

that we could plug into the function and get back a real number. Now, if we think about
it, this means that the domain of a function of a single variable is an interval (or intervals)
of values from the number line, or one dimensional space.

The domain of functions of two variables, y = f (x,y), are regions from two dimensional

space and consist of all the coordinate pairs, (x, y), that we could plug into the function
and get back a real number.

Example 1 Determine the domain of each of the following.
@ f(xy)=yx+y
(b) f(xy)=vx+y
© f(xy)=In(9-x*-9y?)
Solution
(a) In this case we know that we can’t take the square root of a negative number so this

means that we must require,
X+y=>0
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Here is a sketch of the graph of this region.
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(b) This function is different from the function in the previous part. Here we must
require that,

x>0 and y>0
and they really do need to be separate inequalities. There is one for each square root in
the function. Here is the sketch of this region.
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(c) In this final part we know that we can’t take the logarithm of a negative number or

zero. Therefore we need to require that,
2

9-x2-9y? >0 N %+y2<1

and upon rearranging we see that we need to stay interior to an ellipse for this function.
Here is a sketch of this region.
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Note that domains of functions of three variables, w = f (x, Y, z), will be regions in three
dimensional space.

Example 2 Determine the domain of the following function,

1
f(X'y'Z)z\/x2+y2+zz—16

Solution
In this case we have to deal with the square root and division by zero issues. These will
require,

X*+y>+2°-16>0 = X +y*+12*>16

So, the domain for this function is the set of points that lies completely outside a sphere
of radius 4 centered at the origin.

The next topic that we should look at is that of level curves or contour curves. The
level curves of the function f (x, y) are two dimensional curves with equation

f (x,y)=k where k is any number.

You’ve probably seen level curves (or contour curves, whatever you want to call them)
before. If you’ve ever seen the elevation map for a piece of land, this is nothing more
than the contour curves for the function that gives the elevation of the land in that area.
Of course, we probably don’t have the function that gives the elevation, but we can at
least graph the contour curves.

Example 3 Identify the level curves of f (x, y) =/Xx* +y*. Sketch a few of them.

Solution
First, for the sake of practice, let’s identify what this surface given by f (x,y) is. To do

this let’s rewrite it as,
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z2=4X"+y’
Now, this equation is not listed in the Quadric Surfaces section, but if we square both
sides we get,

2 =x*+y?
and this is listed in that section. So, we have a cone, or at least a portion of a cone. Since
we know that square roots will only return positive numbers, it looks like we’ve only got
the upper half of a cone.

Note that this was not required for this problem. It was done for the practice of
identifying the surface and this may come in handy down the road.

Now on to the real problem. The level curves (or contour curves) for this surface are
given by the equation,

k=+x*+Vy° = X° +y? =k?
where k is any number. This is the equation of a circle of radius k with center at the
origin.

We can graph these in one of two ways. We can either graph them on the surface itself or
we can graph them in a two dimensional axis system. Here is each graph for some values
of k.
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Note that we can think of contours in terms of the intersection of the surface that is given
by z=f (x, y) and the plane z=k . The contour will represent the intersection of the

surface and the plane.

For functions of the form f (x, y,z) we will occasionally look at level surfaces. The
equations of level surfaces are given by f(x,y,z)=k where k is any number.

The final topic in this section is that of traces. In some ways these are similar to
contours. As noted above we can think of contours as the intersection of the surface

given by z= f (x,y) and the plane z =k . Traces of surfaces are curves that represent
the intersection of the surface and the plane given by x=a or y=Db.

Let’s take a quick look at an example of traces.

Example 4 Sketch the traces of f (x,y)=10-4x" -y’ for the plane x=1and y=2.

Solution
We’ll start with x =1. We can get an equation for the trace by plugging x =1 into the
equation. Doing this gives,
z:1‘(1,y):10—4(1)2—y2 = 7=6-Yy’
and this will be graphed in the plane given by x =1.
Below are two graphs. The graph on the left is a graph showing the intersection of the

surface and the plane given by x =1. On the right is a graph of the surface and the trace
that we are after in this part.
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For y =2 we will do pretty much the same thing that we did with the first part. Here is
the equation of the trace,

z:f(x,2):10—4x2—(2)2 = z=6-4x%°

and here are the sketches for this case.
FE Ez
10 0

Vector Functions

To this point, with the exception of lines, we only looked at graphing surfaces in R®.

However, as we saw with lines, not every graph in R® needs to be a surface. We can
graph curves (sometimes called space curves) that are three dimensional as well. To do
this we use vector-valued function or vector functions.

Note that we can also use vector functions to represent surfaces as well as we’ll see at the
end of this section. With that being said however we will spend most of this section
talking about curves instead of surfaces.

The vector form of the equation of a line is a good example a vector function.
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F(t)=r,+tv
Vector functions take real numbers as arguments, t in this case, and return vectors that are

the position vector for points on the curve (or surface). The general form of a three
dimensional vector function for a curve is,

r(t)=(f(t).9(t).h(1))

where f(t), g(t), and h(t) are sometimes called the component functions.

The domain of a vector function is the set of all t’s for which all the component functions
are defined.

Example 1 Determine the domain of the following function.

F(t)= <cost, In(4-t),vt +1>
Solution
The first component is defined for all t’s. The second component is only defined for
t <4. The third component is only defined for t > —1. Putting all of these together gives
the following domain.

[-1.4)

This is the largest possible interval for which all three components are defined.

We now need to think about how to get the graph of a space curve from a vector function.
There are two ways to do this. The first is to think of the graph as the set of points

(x,y,z) where,

x=f(t) y=9(t) z=h(t)
Note that these are also the parametric equations for the curve. We’ve seen parametric
equations before and the only difference is that we are now working with them in three
dimensions instead of the two dimensions that we used the last time we worked with
them.

The second way of thinking of the graph is to think of 7 (t)=(f (t),g(t),h(t)) as the
position vector of the point ( f (t),g(t),h(t)).

Either of these two ways of thinking of the graph will work and each has its uses. We
will mostly use the first way of thinking of the graph of a vector function.

Let’s take a look at a couple of graphs of vector functions.

Example 2 Sketch the graph of the following vector function.
F(t)=(2-4t1+2t,-3-t)

Solution

Notice that this is nothing more than a line. It might help if we rewrite it a little.
F(t)=(2,1,-3)+t(-4,2,-1)
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In this form we can see that this is the equation of a line that goes through the point
(2,1,-3) and is parallel to the vector V =(-4,2,-1).

To graph this line all that we need to do is plot the point and then sketch in the parallel
vector. In order to get the sketch will assume that the vector is on the line and will start
at the point in the line. To sketch in the line all we do this is extend the parallel vector
into a line.

Here is a sketch.

Example 3 Sketch the graph of the following vector function.
F(t)=(2cost,2sint,5)

Solution
In this case to see what we’ve got for a graph let’s get the parametric equations for the
curve.

X =2cost

y =2sint

z=5

If we ignore the z equation for a bit we’ll recall (hopefully) that the parametric equations
for x and y give a circle of radius 2 centered on the origin (or about the z-axis since we

are in R®).

Now, all the parametric equations here tell us is that no matter what is going on in the
graph all the z coordinates must be 5. So, we get a circle of radius 2 centered on the z-
axis and at the level of z=5.

Here is a sketch.
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Note that it is very easy to modify the above vector function to get a circle centered on
the x or y-axis as well. For instance,
F(t)=(10sint,-3,10cost)

will be a circle of radius 10 centered on the y-axis and at y=-3.
In other words, as long as two of the terms are a sine and a cosine (with the same

coefficient) and the other is a fixed number then we will have a circle that is centered on
the axis that is given by the fixed number.

Example 4 Sketch the graph of the following vector function.
F(t)=(4cost,4sint,t)

Solution

If this one had a constant in the z component we would have another circle. However, in
this case we don’t have a constant. Instead we’ve got a t and that will change the curve.
However, because the x and y component functions are still a circle in parametric
equations our curve should have a circular nature to it in some way.

In fact, the only change is in the z component and as t increases the z coordinate will
increase. Also, as t increases the x and y coordinates will continue to form a circle
centered on the z-axis. Putting these two ideas together tells us that at we increase t the
circle that is being traced out in the x and y directions should be also be rising.

Here is a sketch of this curve.
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104

So, we’ve got a helix here.

As with circles the component that has the t will determine the axis that the helix rotates
about. For instance,

r(t)= <t, 6cost, 65int>
is a helix that rotates around the x-axis.

Also note that if we allow the coefficients on the sine and cosine for both the circle and
helix to be different we will get ellipses.

For example,
F(t)=(9sint,t,2sint)
will be a helix that rotates about the y-axis and is in the shape of an ellipse.

There is a nice formula that we should derive before moving onto representing surfaces
with vector functions.

Example 5 Determine the vector equation for the line segment starting at the point
P =(x,Y;,2) and ending at the point Q =(x,, Y,,Z,).

Solution

It is important to note here that we only want the equation of the line segment that starts
at P and ends at Q. We don’t want any other portion of the line and we do want the
direction of the line segment preserved as we increase t. With all that said, let’s not
worry about that and just find the vector equation of the line that passes through the two
points. Once we have this we will be able to get what we’re after.

So, we need a point on the line. We’ve got two and we will use P. We need a vector that
is parallel to the line and since we’ve got two points we can find the vector between
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them. This vector will lie on the line and hence be parallel to the line. Also, let’s
remember that we want to preserve the starting and ending point of the line segment so
let’s construct the vector using the same “orientation”.

V=(X%—X,Y,~ Y12, —2)
Using this vector and the point P we get the following vector equation of the line.
F(t)=(X, Y0 2)+t (X =X, ¥, = Y1, 2, 2,)
While this is the vector equation of the line, let’s rewrite the equation slightly.

F(t) - <X1’ Yo Zl>+t<X2, Y2 22>—'[<X1, Yis Zl>
2(1—t)<X1, y1,21>+t<X2, y2’22>
This is the equation of the line that contains the points P and Q. We of course just want

the line segment that starts at P and ends at Q. We can get this by simply restricting the
values of t.

Notice that
F(0)=(%,Yu2) F(1)=(%1Y,2)

So, if we restrict t to be between zero and one we will cover the line segment and we will
start and end at the correct point.
So the vector equation of the line segment that starts at P =(x,, y;,z,) and ends at
Q=(%,,Y,12,) is,

F(t)=(1-t)(X, Y0, 2) +t(X,, ¥, 2,) 0<t<1

As noted at the beginning of this section we can also use vector functions for surfaces as
well. So, to make sure that we don’t forget that let’s work an example with that as well.

Example 6 Identify the surface that is described by 7 (x,y)=xT +y J+(x*+y?*)k.

Solution

First, notice that in this case the vector function will in fact be a function of two
variables. This will always be the case when we are using vector functions to represent
surfaces.

To identify the surface let’s go back to parametric equations.
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X
y
X* +y?

N < X
I

The first two are really only acknowledging that we are picking x and y for free and then
determining z form our choices of these two. The last equation is the one that we want.
We should recognize that function from the section on quadric surfaces. The third
equation is the equation of an elliptic paraboloid and so the vector function represents an
elliptic paraboloid.

As a final topic for this section let’s generalize the idea from the previous example and
note that given any function of one variable (y = f (x) or x=h(y)) or any function of
two variables (z=g(x,y),x=9(y,z),or y=g(x,z)) we can always write down a
vector form of the equation.

For a function of one variable this will be,
F(x)=xi+f(x)]
Fy)=h(y)i+yj
and for a function of two variables the vector form will be,
F(xy)=xi+yj+g(xy)k
r(y,z)=9g(y,2)i +yj+zk
F(x,z)=xi+g(xz)j+zk
depending upon the original form of the function.

For example the hyperbolic paraboloid y = 2x* —5z* can be written as the following
vector function.
r(x,z)= xiq+(2x2 —522)T+2IZ

This is a fairly important idea and we will be doing quite a bit of this kind of thing in the
later portions of this class.

Calculus with Vector Functions

In this section we need to talk briefly about limits, derivatives and integrals of vector
functions. As you will see, these behave in a fairly predictable manner. We will be

doing all of the work in R® but we can naturally extend the formulas/work in this section
to R" (i.e. n-dimensional space).

Let’s start with limits. Here is the limit of a vector function.
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limr (t) = lim ( f (t)’g(t)’h(t»
=(lim f (t),limg ), limh(t))

t—a

=lim f (t)i +I|mg(t)j I h()k

t—a

So, all that we do is take the limit of each of the components functions and leave it as a
vector.

- ~ sin(3t—-3
Example 1 Compute |tI£T11I’(t) where r(t):<t3,%,e2t>.

Solution
There really isn’t all that much to do here.

limF (t) = <Iimt3, Iimw, |ime2t>

t—1 t—1 t—-1 t—>1
. 3cos(3t-3
_<I|mt3,I|m ( ),I me?®
t-1 t—>1 1 t-1

Notice that we had to use L’Hospital’s Rule on the y component.

Now let’s take care of derivatives and after seeing how limits work it shouldn’t be to
surprising that we have the following for derivatives.

F(t)=(f'(t).q'(t).h'(1))
=f'()T+g'(t)J+h (DK

Example 2 Compute F'(t) for F(t)=t°T +sin(2t)J-In(t+1)k .
Solution
There really isn’t too much to this problem other than taking the derivatives.

e = l e
r(t)=6t"1+2 2t) ] ———k
F(t) i +2cos(2t) ] T

Most of the basic facts that we know about derivatives still hold however, just to make it
clear here are some facts about derivatives of vector functions.

Facts
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There is also one quick definition that we should get out of the way so that we can use it
when we need to.

A smooth curve is any curve for which F'(t) is continuous and F'(t) =0 forany t. A
helix is a smooth curve, for example.

Finally, we need to discuss integrals of vector functions. Using both limits and
derivatives as a guide it shouldn’t be too surprising that we also have the following for
integration for indefinite integrals

[r)=(] f(t)dt,[g(t)dt, [h(t)dt)+c
[r@)=]f()dti+[g(t)dt j+[h(t)dt k+c

and the following for definite integrals.

j:r(t)dt =<I: f (t)dt,j:g(t)dt,j:h(t)dt>

[(F(R)dt=["f(t)dtT+[ g(t)dt j+[ h(t)dt K

With the indefinite integrals we put in a constant of integration to make sure that it was
clear that the constant in this case needs to be a vector instead of a regular constant.

Also, for the definite integrals we will sometimes write it as follows,
[Cr@de=(([ f (et fo (t)dt,jh(t)dt>)‘a
[Cr(t)dt=([ t(t)dtT+[g(t)dt T+ [n(t)at IZ)‘

b
a
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In other words, we will do the indefinite integral and then do the evaluation of the vector
as a whole instead of on a component by component basis.

Example 3 Compute J.F(t)dt for 7 (t)=(sin(t),6,4t).

Solution
All we need to do is integrate each of the components and be done with it.

[ (t)dt=(—cos(t),6t,2t*)+¢

Example 4 Compute '[:F(t)dt for 7 (t)=(sin(t),6,4t).

Solution
In this case all that we need to do is reuse the result from the previous example and then

do the evaluation.

(<—cos(t),6t, 2t2>):
(~cos(1),6,2)-(-1,0,0)
(1-cos(1),6,2)

[Cr(t)at

Tangent, Normal and Binormal Vectors

In this section we want to look at an application of derivatives for vector functions.
Actually, there are a couple of applications, but they all come back to needing the first
one.

In the past we’ve used the fact that the derivative of a function was the slope of the
tangent line. With vector functions we get exactly the same result, with one exception.
Given the vector function, F(t), we call F'(t) the tangent vector provided it exists and
provided '(t)=0. The tangent line to 7 (t) at P is then the line that passes through the
point P and is parallel to the tangent vector, F’(t). Note that we really do need to require

F'(t)= 0 in order to have a tangent vector. If we had '(t)=0we would have a vector
that had not magnitude and so couldn’t give us the direction of the tangent.

Also, provided F’(t) # 0, the unit tangent vector to the curve is given by,

- (1)
T(t)—m
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While, the components of the unit tangent vector can be somewhat messy on occasion
there are times when we will need to use the unit tangent vector instead of the tangent
vector.

Example 1 Find the general formula for the tangent vector and unit tangent vector to the
curve given by T (t)=t*T +2sint j +2costk .

Solution

First, by general formula we mean that we won’t be plugging in a specific t and so we
will be finding a formula that we can use at a later date if we’d like to find the tangent at
any point on the curve. With that said there really isn’t all that much to do at this point
other than to do the work.

Here is the tangent vector to the curve.
F'(t)=2ti +2cost j —2sintk
To get the unit tangent vector we need the length of the tangent vector.
|7 (t)]|= JAt? + 4cos?t + 4sin’t

=4t? +4

The unit tangent vector is then,

f(t)=;(2tf+2costT—Zsintl?)
42 + 4
2t . 2cost - 2sint

k

= i + j—
Jat +4 147 a2 +4

Example 2 Find the vector equation of the tangent line to the curve given by
F(t)=t>T +2sint j+2costk at tzg,

Solution
First we need the tangent vector and since this is the function we were working with in
the previous example we can just reuse the tangent vector from that example and plug in

t=2.
3
r'(fj—zlmcos(ﬁjj_zsin(ﬁjlz—zlnj_ﬁlz
3 3 3 3

3

We’ll also need the point on the line at t =% SO,

2
F(zj:ﬁ—f+ 3j+k
3 9
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The vector equation of the line is then,

F(t):<%2,\/§,l>+t<27ﬂ,l,—\/§>

Before moving on let’s note a couple of things about the previous example. First, we
could have used the unit tangent vector had we wanted to for the parallel vector.
However, that would have made for a more complicated equation for the tangent line.

Second, notice that we used f(t) to represent the tangent line despite the fact that we

used that as well for the function. Do not get excited about that. The F(t) here is much

like y is with normal functions. With normal functions, y is the generic letter that we
used to represent functions and f(t) tends to be used in the same way with vector

functions.
Next we need to talk about the unit normal and the binormal vectors.

The unit normal vector is defined to be,

The unit normal is orthogonal (or normal) to the unit tangent vector and hence to the
curve as well.

The binormal vector is defined to be,

B(t)=T(t)xN(t)

The binormal vector is orthogonal to both the tangent vector and the normal vector.

Example 3 Find the normal and binormal vectors for F(t) :<t,3sint,3005t>.

Solution
We first need the unit tangent vector so first get the tangent vector and its magnitude.

I (t)=(13cost,—3sint)
HF'(t)H —J1+9c0s?t +9sin?t = /10

The unit tangent vector is then,

= 1 3 3 .
T(t)=(—=,—=cost,———sint
(®) <\/10 V10 V10 >
The unit normal vector will now require the derivative of the unit tangent and its
magnitude.

© 2005 Paul Dawkins 39 http://tutorial.math.lamar.edu/terms.asp




Calculus Ill

O

9_3
10 10

[P (0= st 2 cos't =
10 10
The unit normal vector is then,
- J10 < 3 3 > .
N (t ——sint,———cost 0,—sint,—cost
(t)= TN T ( )

Finally, the binormal vector is,

B(t)=T(t)xN(t)

i j k i j
1 3 3 . 1
:E Ecost —Esmt ﬁ ﬁcost
0 —sint —cost 0 —sint
:—%cosztf—%sinﬂz+%cost T—%sinztf
3 - 1 1
= EI +Ecost J—Esmt k

Arc Length with Vector Functions

In this section we’ll recast an old formula into terms of vector functions. We want to
determine the length of a vector function,

r(t)=(f(1).9(t).h(t))

on the interval a<t<b.

We actually already know how to do this. Recall that we can write the vector function
into the parametric form,

Also, recall that with two dimensional parametric curves the arc length is given by,

L= [T +[o)] a

There is a natural extension of this to three dimensions. So, the length of the curve F(t)
on the interval a<t<b is,

L= [T Lo [ ] o
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There is a nice simplification that we can make for this. Notice that the integrand (the
function we’re integrating) is nothing more than the magnitude of the tangent vector,

o)=L 0F +[o' ] +[" )T

Therefore, the arc length can be written as,

L=,

r’(t)H dt

Example 1 Determine the length of the curve T (t) =(2t,3sin(2t),3cos(2t)) on the
interval 0<t<2rx.

Solution
We will first need the tangent vector and its magnitude.

F'(t)=(2,6cos(2t),-6sin(2t))
F'(t)|= /4 +36c0s? (2t) +36sin? (2t) = /4+36 = 2410

The length is then,
SN0
=210t
— 4710

We need to take a quick look at another concept here. We define the arc length function

s(t)=],

F'(u)] du

Before we look at why this might be important let’s work a quick example.

Example 2 Determine the arc length function for F (t)= <2t,33in (2t),3czos(2t)>.

Solution
From the previous example we know that,

F(t)=2v10

The arc length function is then,

s(t):jSZ@du :(Z@U) =210t

t
0
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Okay, just why would we want to do this? Well let’s take the result of the example above
and solve it for t.
S

2410

Now, taking this and plugging it into the original vector function and we can
reparameterize the function into the form, F(t(s)). For our function this is,

69~ i (i

So, why would we want to do this? Well with the reparameterization we can now tell
where we are on the curve after we’ve traveled a distance of s along the curve. Note as
well that we will start the measurement of distance from where we are at t=0.

t=

Example 3 Where on the curve F(t)= <2t,33in (2t),3cos(2t)> are we after traveling for

710

a distance of ?

Solution
To determine this we need the reparameterization, which we have from above.

)~y 2en{ i 2 )

Then, to determine where we are all that we need to do is plug in s = into this and

710
3
we’ll get our location.

T ymiont2

7310
3

So, after traveling a distance of

along the curve we are at the point

TN
w
N |

53\/5 3]
12 .

Velocity and Acceleration
In this section we need to take a look at the velocity and acceleration of a moving object.
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From Calculus | we know that given the position function of an object that the velocity of
the object is the first derivative of the position function and the acceleration of the object
is the second derivative of the position function.

So, given this it shouldn’t be too surprising that if the position function of an object is
given by the vector function f(t) then the velocity and acceleration of the object is given

by,

v(t)=r(t) at)=r(t)
Notice that the velocity and acceleration are also going to be vectors as well.

In the study of the motion of objects the acceleration is often broken up into a tangential
component, ar, and a normal component, ay. The tangential component is the part of
the acceleration that is tangential to the curve and the normal component is the part of the
acceleration that is normal (or orthogonal) to the curve. If we do this we can write the
acceleration as,

d=a.T +a N
where T and N are the unit tangent and unit normal for the position function.

If we define v =|[v(t)| then the tangential and normal components of the acceleration are
given by,

PO (1) [ (&) (t)

a =V =—’t—r ay =kV =t ——

' (t)] r(1)]

where x is the curvature for the position function. The curvature is actually given in the
next section, but isn’t really needed for the computations here. We just wanted to
acknowledge the first form for the normal acceleration.

There are two formulas to use here for each acceleration and while the second formula
may seem overly complicated it is often the easier of the two. In the tangential
component, v, may be messy and computing the derivative may be unpleasant. In the
normal component we will already be computing both of these quantities in order to get
the curvature and so the second formula in this case is definitely the easier of the two.

Example 1 If the acceleration of an object is given by a =1 +2] +6tk find the objects
velocity and position functions given that the initial velocity is \7(0) = j—k and the

initial position is 7 (0) =1 -2] +3k .
Solution

We’ll first get the velocity. To do this all (well almost all) we need to do is integrate the
acceleration.
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v(t)=[a(t)dt
:IT+ZT+6tEdt
—ti+2t]+3t2k+C
To completely get the velocity we will need to determine the “constant” of integration.
We can use the initial velocity to get this.

j-k=v(0)=

Ol

The velocity of the object is then,
V(t)=ti+2tj+3t°k+j -k
=ti+(2t+1)J+(3t° -1k
We will find the position function by integrating the velocity function.

r(t)=[v(t)dt

:th+(2t+1)f+(3t2—l)IZdt
1o+ 2 H 3 P
=—t "+t t°—t)k
5 |+( + )]+( ) +C
Using the initial position gives us,
i-2j+3k=r(0)=¢C

So, the position function is,

TR S

Example 2 For the object in the previous example determine the tangential and normal
components of the acceleration.

Solution
There really isn’t much to do here other than plug into the formulas. To do this we’ll
need to notice that,

F(t)=ti +(2t+1) T+ (3t 1)k
7(t)=1+2] +6tk

Let’s first compute the dot product and cross product that we’ll need for the formulas.
F(t)r"(t) =t+2(2t+1)+6t(3t* 1) =18t"—t+ 2
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-

i k | T ]
F()xr(t)=It 2t+1 3t°-1 t 2t+1
12 6t | 1 2

(6t)(2t+1)i +(3t° —1) j + 2tk — 6] —2(3t* —1)i — (2t +1)k
=(6t* +6t+2)i —(3t° +1) -k

Next, we also need a couple of magnitudes.
P 2 4 2
H—\/t (2t+1)" +(3t2 1) =Ot* —t* +4t+2

F(t)xr" H—\/(6t +6t+2) + (3t +1) +1=+/45t" + 72t + 6617 + 24t + 6

The tangential component of the acceleration is then,
18t° —t+2

ot —t? +4t+2

The normal component of the acceleration is,
45t 47213 + 66t + 24t +6 \/45t4 + 72t + 66t% + 24t +6
Jot* —t2 + 4t +2 ot —t* +4t+2

Curvature
In this section we want to briefly discuss the curvature of a smooth curve (recall that for
a smooth curve we require f’(t) is continuous and f’(t) #0). The curvature measures

how fast a curve is changing direction at a given point.

There are several formulas for determining the curvature for a curve. The formal
definition of the curve is,

a7
ds

where T is the unit tangent and s is the arc length. Recall that we saw in a previous
section how to reparameterize a curve to get it into terms of the arc length.

K=

In general the formal definition of the curvature is not easy to use so there are two
alternate formulas that we can use. Here they are.

QI _
I (v) [ of

K=
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These may not be particularly easy to deal with either, but at least we don’t need to
reparameterize the unit tangent.

Example 1 Determine the curvature for F(t)=(t,3sint,3cost).

Solution
Back in the section when we introduced the tangent vector we computed the tangent and
unit tangent vectors for this function. These were,

F(t)= (1,3005t,—3sint>

- 3
T(t —sint
0= 55"
The derivative of the unit tangent is,
T'(t ——sint,————cost
=0 Fgsnt~ s

The magnitudes of the two vectors are,
7' ( H_\/1+9cos t+9sin’t =410

ol 3222

The curvature is then,

I 0 AT
7] w0 10

In this case the curvature is constant. This means that the curve is changing direction at
the same rate at every point along it. Recalling that this curve is a helix this result makes
sense.

Example 2 Determine the curvature of (t)=t7 +tk.

Solution
In this case the second form of the curvature would probably be easiest. Here are the first
couple of derivatives.

r(t)=2tT +k r(t)=27

Next, we need the cross product.
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i 7kl TJ

F(t)xr(t)=2t 0 1] 2t O
2 00 2 0
=2j

The magnitudes are,

(o) -2

The curvature at any value of t is then,

r'(t)H =/4t? +1

2

K=

(4t* +1)

3
2

There is a special case that we can look at here as well. Suppose that we have a curve
given by y = f (x) and we want to find its curvature.

As we saw when we first looked at vector functions we can write this as follows,

F(x)=xi+f(x)]

If we then use the second formula for the curvature we will arrive at the following
formula for the curvature.
‘ f II(X)‘
3

(1+[f'(x)]2)5

K=

Cylindrical Coordinates
As with two dimensional space the standard (x, y, z) coordinate system is called the

Cartesian coordinate system. In the last two sections of this chapter we’ll be looking at
some alternate coordinates systems for three dimensional space.

We’ll start off with the cylindrical coordinate system. This one is fairly simple as it is
nothing more than an extension of polar coordinates into three dimensions. Not only is it
an extension of polar coordinates, but we extend it into the third dimension just as we
extend Cartesian coordinates into the third dimension. All that we do is add a z on as the
third coordinate. The r and fare the same as with polar coordinates.

Here is a sketch of a point in R®.
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z
[x,y,z:l = [r,é?,z:l
k4
2
8 T |
* RNy

The conversions are the same conversions that we used back in when we were looking at
polar coordinates. So, if we have a point in cylindrical coordinates the Cartesian
coordinates can be found by using the following conversions.

X =1rcoséd
y=rsinéd
1=1

The third equation is just an acknowledgement that the z-coordinate of a point in
Cartesian and polar coordinates is the same.

Likewise, if we have a point in Cartesian coordinates the cylindrical coordinates can be
found by using the following conversions.

r=yx‘+y OR r’=x’+y?

Let’s take a quick look at some surfaces in cylindrical coordinates.

Example 1 Identify the surface for each of the following equations.
(@ r=5
(b) r?+2z°=100
() z=r

Solution
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(&) Intwo dimensions we know that this is a circle of radius 5. Since we are now in
three dimensions and there is no z in equation this means it is allowed to vary freely. So,
for any given z we will have a circle of radius 5 centered on the z-axis.

In other words, we will have a cylinder of radius 5 centered on the z-axis.

(b) This equation will be easy to identify once we convert back to Cartesian coordinates.
r’+z°=100

x* +y*+2* =100
So, this is a sphere centered at the origin with radius 10.

(c) Again, this one won’t be too bad if we convert back to Cartesian. For reasons that
will be apparent eventually, we’ll first square both sides, then convert.

22 =r?

22=X2+y2

From the section on quadric surfaces we know that this is the equation of a cone.

Spherical Coordinates

In this section we will introduce spherical coordinates. Spherical coordinates can take a
little getting used to. It’s probably easiest to start things off with a sketch.

z

(xy.z)=(0.0,9)

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
:
- 1
x Sy

Spherical coordinates consist of the following three quantities.
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First there is p. This is the distance from the origin to the point and we will require
p>0.

Next there is 8. This is the same angle that we saw in polar/cylindrical coordinates. It is
the angle between the positive x-axis and the line above denoted by r (which is also the
same r as in polar/cylindrical coordinates). There are no restrictions on 4.

Finally there is . This is the angle between the positive z-axis and the line from the
origin to the point. We will require 0<¢p <.

In summary, p is the distance from the origin of the point, ¢ is the angle that we need to

rotate down from the positive z-axis to get to the point and & is how much we need to
rotate around the z-axis to get to the point.

We should first derive some conversion formulas. Let’s first start with a point in
spherical coordinates and ask what the cylindrical coordinates of the point are. So, we

know (p,0,¢) and what to find (r,0,z). Of course we really only need to find r and z
since @ is the same in both coordinate systems.

We will be able to do all of our work by looking at the right triangle shown above in our
sketch. With a little geometry we see that the angle between z and p is ¢ and so we can

see that,

Z=pCoSQ

r=psing
and these are exactly the formulas that we were looking for. So, given a point in
spherical coordinates the cylindrical coordinates of the point will be,

r=psing
0=0
Z=pCoSQ

Note as well that,

r*+2% = p* cos’ o+ p’sin’ p = p’ (cos’ p+sin’ o) = p’

Or,

p2:r2+22

Next, let’s find the Cartesian coordinates of the same point. To do this we’ll start with
the cylindrical conversion formulas from the previous section.

X=rcosf
y=rsind
71=12
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Now all that we need to do is use the formulas from above for r and z to get,

X = psin pcosé
y = psingsin @
Z=pCosy

Also note that since we know that r® = x* + y> we get,

p2:x2+y2+22

Converting points from Cartesian or cylindrical coordinates into spherical coordinates is
usually done with the same conversion formulas. To see how this is done let’s work an
example of each.

Example 1 Perform each of the following conversions.

(a) Convert the point (\/5%\/5} from cylindrical to spherical coordinates.

(b) Convert the point (—1,1, 2 ) from Cartesian to spherical coordinates.

Solution
(a) We’ll start by acknowledging that @ is the same in both coordinate systems and so we
don’t need to do anything with that.

Next, let’s find p .

p=~rP+z2 =J6+2=+8=22

Finally, let’s get ¢. To do this we can use either the conversion for r or z. We’ll use the
conversion for z.

Z=pCcosp = cow—i—£ = (o—COS'l(lj—z
p 222 2) 3

. . s 1
Notice that there are many possible values of ¢ that will give cos ¢ =5 however, we

have restricted ¢ to the range 0 <@ < 7 and so this is the only possible value in that
range.

So, the spherical coordinates of this point will are (2&%%) :

(b) The first thing that we’ll do here is find p.

p=AX+y +2° =\J1+1+2=2
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Now we’ll need to find ¢. We can do this using the conversion for z.

Z _\/E -1 _\/E 3z
Z=pCOSQ = CoOSsp=—=—— = @=C0S | — |=—
p 2 2 4

As with the last parts this will be the only possible ¢ in the range allowed.

Finally, let’s find €. To do this we can use the conversion for x or y. We will use the
conversion for y in this case.

sing = y 1 =i:£ = 49:£or0=3—7r
psing 2(\/5} J2 2 4 4
2

Now, we actually have more possible choices for @ but all of them will reduce down to
one of the two angles above since they will just be one of these two angles with one or
more complete rotations around the unit circle added on.

We will however, need to decide which one is the correct angle since only one will be.
To do this let’s notice that, in two dimensions, the point with coordinates x =-1 and
y =1 lies in the second quadrant. This means that & must be angle that will put the point

. 3
into the second quadrant. Therefore, the second angle, € = Tﬂ must be the correct one.

The spherical coordinates of this point are then (2%%)

Now, let’s take a look at some equations and identify the surfaces that they represent.

Example 2 Identify the surface for each of the following equations.
(@ p=5
b) p=2
(b) ¢ 3
2

(C) 9:?

(d) psinp=2
Solution
(&) There are a couple of ways to think about this one.

First, think about what this equation is saying. This equation says that, no matter what &
and ¢ are, the distance from the origin must be 5. So, we can rotate as much as we want
away from the z-axis and around the z-axis, but we must always remain at a fixed
distance from the origin. This is exactly what a sphere is. So, this is a sphere of radius 5
centered at the origin.

© 2005 Paul Dawkins 52 http://tutorial.math.lamar.edu/terms.asp




Calculus Ill

The other way to think about it is to just convert to Cartesian coordinates.
p=35
p? =25
x> +y?+2°=25

Sure enough a sphere of radius 5 centered at the origin.

(b) In this case there isn’t an easy way to convert to Cartesian coordinates so we’ll just
need to think about this one a little. This equation says that no matter how far away from
the origin that we move and no matter how much we rotate around the z-axis the point

must always be at an angle of % from the z-axis.

This is exactly what happens in a cone. All of the points on a cone are a fixed angle from

the z-axis. So, we have a cone whose points are all at an angle of 3 from the z-axis.

(c) As with the last part we won’t be able to easily convert to Cartesian coordinates here.
In this case no matter how far from the origin we get or how much we rotate down from

. . : 2 : .
the positive z-axis the points must always form an angle of ?ﬂ with the x-axis.

Points in a vertical plane will do this. So, we have a vertical plane that forms an angle of

2?” with the positive x-axis.

(d) In this case we can convert to Cartesian coordinates so let’s do that. There are
actually two ways to do this conversion. We will look at both since both will be used on
occasion.

Solution 1
In this solution method we will convert directly to Cartesian coordinates. To do this we
will first need to square both sides of the equation.

pisinp=4

Now, for no apparent reason add p” cos” ¢ to both sides.
p2sin’ o+ p?cos’ p =4+ p? cos’ ¢
P’ (sin® p+cos’ p) =4+ p* cos’ o
po= 4+(pCOS(/))2

Now we can convert to Cartesian coordinates.
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X2 +y*+2t=4+7°
X +y>=4

So, we have a cylinder of radius 2 centered on the z-axis.

This solution method wasn’t too bad, but it did require some not so obvious steps to
complete.

Solution 2

This method is much shorter, but also involves something that you may not see the first
time around. In this case instead of going straight to Cartesian coordinates we’ll first
convert to cylindrical coordinates.

This won’t always work, but in this case all we need to do is recognize that r = psing
and we will get something we can recognize. Using this we get,
psing =2
r=2

At this point we know this is a cylinder (remember that we’re in three dimensions and so
this isn’t a circle!). However, let’s go ahead and finish the conversion process out.

r’=4
X +y* =4

So, as we saw in the last part of the previous example it will sometimes be easier to
convert equations in spherical coordinates into cylindrical coordinates before converting
into Cartesian coordinates. This won’t always be easier, but it can make some of the
conversions quicker and easier.

The last thing that we want to do in this section is generalize the first three parts of the
previous example.

a sphere of radius a centered at the origin
a cone that makes and angle of & with the positive z —axis
p vertical plane that makes and angle of £ with the positive x —axis

NSRS
I

Partial Derivatives

© 2005 Paul Dawkins 54 http://tutorial.math.lamar.edu/terms.asp




Calculus Ill

Introduction

In Calculus I and in most of Calculus 11 we concentrated on functions of one variable. In
Calculus 111 we will extend our knowledge of calculus into functions of two or more
variables. Despite the fact that this chapter is about derivatives we will start out the
chapter with a section on limits of functions of more than one variable. In the remainder
of this chapter we will be looking at differentiating functions of more than one variable.
As we will see, while there are differences with derivatives of functions of one variable,
if you can do derivatives of functions of one variable you shouldn’t have any problems
differentiating functions of more than one variable.

Here is a list of topics in this chapter.
Limits — Taking limits of functions of several variables.

Partial Derivatives — In this section we will introduce the idea of partial derivatives as
well as the standard notations and how to compute them.

Interpretations of Partial Derivatives — Here we will take a look at a couple of
important interpretations of partial derivatives.

Higher Order Partial Derivatives — We will take a look at higher order partial
derivatives in this section.

Differentials — In this section we extend the idea of differentials to functions of several
variables.

Chain Rule — Here we will look at the chain rule for functions of several variables.
Directional Derivatives — We will introduce the concept of directional derivatives in this

section. We will also see how to compute them and see a couple of nice facts pertaining
to directional derivatives.

Limits
In this section we will take a look at limits involving functions of more than one variable.

In fact, we will concentrate mostly on limits of functions of two variables, but the ideas
can be extended out to functions with more than two variables.

Before getting into this let’s briefly recall how limits of functions of one variable work.
We say that,
lim f (x) =L

provided,
lim f (x)=lim f(x)

x—a* x—a~

L
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Also, recall that,
lim f (x)

x—a*

is a right hand limit and requires us to only look at values of x that are greater than a.
Likewise,
lim f (x)

X—a~

is a left hand limit and requires us to only look at values of x that are less than a.

In other words, we will have lim f (x)=L provided f (x) approaches L as we move in

towards x = a (without letting x = a) from both sides.

Now, notice that in this case there are only two paths that we can take as we move in
towards x =a. We can either move in from the left or we can move in from the right.
Then in order for the limit of a function of one variable to exist the function must be
approaching the same value as we take each of these paths in towards x =a.

With functions of two variables we will have to do something similar, except this time
there is (potentially) going to be a lot more work involved. Let’s first address the
notation and get a feel for just what we’re going to be asking for in these kinds of limits.

We will be asking to take the limit of the function f (x,y) as x approaches a and as y

approaches b. This can be written in several ways. Here are a couple of the more
standard notations.

le_rg f (X’ y) (x,yl)ig(]a,b) f (X’ y)
y—b

We will use the second notation more often than not in this course. The second notation
is also a little more helpful in illustrating what we are really doing here when we are
taking a limit. In taking a limit of a function of two variables we are really asking what

the value of f(x,y) is doing as we move the point (x,y) in closer and closer to the
point (a,b) without actually letting it be (a,b).

Just like with limits of functions of one variable, in order for this limit to exist, the
function must be approaching the same value regardless of the path that we take as we

move in towards (a,b). The problem that we are immediately faced with is that there are

literally an infinite number of paths that we can take as we move in towards (a,b). Here
are a few examples of paths that we could take.
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\

/

We put in a couple of straight line paths as well as a couple of “stranger” paths that aren’t
straight line paths. Also, we only included 6 paths here and as you can see simply by
varying the slope of the straight line paths there are an infinite number of these and then
we would need to consider paths that aren’t straight line paths.

In other words, to show that a limit exists we would technically need to check an infinite
number of paths and verify that the function is approaching the same value regardless of
the path we are using to approach the point.

Luckily for us however we can use on of the main ideas from Calculus I limits to help us
take limits here.

Definition

A function f (x,y) is continuous at the point (a,b) if,
lim f(xy)="f(ab)

(x,y)—>(a,b)

From a graphical standpoint this definition means the same thing as it did when we first
saw continuity in Calculus I. A function will be continuous at a point if the graph doesn’t
have any holes or breaks at that point.

How can this help us take limits? Well, just as in Calculus I, if you know that a function
is continuous at (a, b) then you also know that
lim f(x,y)="f(ab
oJim f(xy)=f(ab)
must be true. So, if we know that a function is continuous at a point then all we need to
do to take the limit of the function at that point is to plug the point into the function.
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All the standard functions that we know to be continuous are still continuous even if we
are plugging in more than one variable now. We just need to watch out for division by
zero, square roots of negative numbers, logarithms of zero or negative numbers, etc.

Note that the idea about paths however isn’t one that we shouldn’t forget since it is a nice
way to determine if a limit doesn’t exist. If we can find two paths upon which the
function approaches different values as we get near the point then we will know that the
limit doesn’t exist.

Let’s take a look at a couple of examples.

Example 1 Determine if the following limits exist or not. If they do exist give the value
of the limit.

()

lim  3x*z+yxcos(zx—7z)
(x,y,2)>(21,-1)

() lim
(x,y)=>(51) X + y

2y,2
lim Y
(xy)=>(0.0) X" + 3y

. Xy
@ (x,J)ILT(]QO) x® +y?
Solution
(a) Okay, in this case the function is continuous at the point in question and so all we
need to do is plug in the values and we’re done.

)3xzz +yxcos(zXx—7z) :3(2)2 (-1)+(1)(2)cos(27+7)=-14

(©)

(x,y,zI)L(Z,l,—l
(b) In this case the function will not be continuous along the line y =—-x since we will
get division by zero when this is true. However, for this problem that is not something

that we will need to worry about since the point that we are taking the limit at isn’t on
this line.

Therefore, all that we need to do is plug in the point since the function is continuous at
this point.
T
(y)>(51) X + Y

S
6

(c) Now, in this case the function is not continuous at the point in question and so we
can’t just plug in the point. So, since the function is not continuous at the point there is at
least a chance that the limit doesn’t exist. If we could find two different paths to
approach the point that gave different values for the limit then we would know that the
limit didn’t exist. Two of the more common paths to check are the x and y-axis so let’s
try those.

Before actually doing this we need to address just what exactly do we mean when we say
that we are going to approach a point along a path. When we approach a point along a
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path we will do this be either fixing x or y or by relating x and y through some function.
In this way we can reduce the limit to just a limit involving a single variable which we
know how to do from Calculus 1.

So, let’s see what happens along the x-axis. If we are going to approach (0,0) along the

x-axis we are can take advantage of the fact that that along the x-axis we know that y =0.
This means that, along the x-axis, we will plug in y =0 into the function and then take
the limit as x approaches zero.

. 2y2 . x2(0)’ .

lim %: lim %z lim 0=0
(xy)=(0.0) X" +3y"  (x0)>(00) x4 +3(0) (x,0)~(0,0)

So, along the x-axis the function will approach zero as we move in towards the origin.

Now, let’s try the y-axis. Along this axis we have x =0 and so the limit becomes,

2.2 0 2.2
im XY im0 oo
(x,y)—(0,0) X +3y (O,ye0,0)(O) +3y4 (0,y)—(0,0)

So, the save limit along two paths. Don’t misread this. This does NOT say that the limit
exists and has a value of zero. This only means that the limit happens to have the same
value along two paths.

Let’s take a look at a third fairly common path to take a look at. In this case we’ll move
in towards the origin along the path y = x. This is what we meant previously about

relating x and y through a function.

To do this we will replace all the y’s with x’s and then let x approach zero. Let’s take a

look at this limit.
X2y2 X2X2 X4
lim T - i lim 7 7= lim — = lim
(xy)=>(0.0) X" 4+ 3y (xx)=(0,0) X* 4+ 3X (xx)=(0,0) 4x (x.x)—>(0,0)

1
4

NP

So, a different value from the previous two paths and this means that the limit can’t
possibly exist.

Note that we can use this idea of moving in towards the origin along a line with the more
general path y =mx if we need to.

(d) Okay, with this last one we again have continuity problems at the origin. So, again
let’s see if we can find a couple of paths that give different values of the limit.

First, we will use the path y =x. Along this path we have,

3 3 4 2
) X ) XX . X .
im y _ lim = |im = |lim

I 6, 2 6, o2 -0
(xy)=(00) X° +y°  (xx)>(00) X° + X7 (xx)=>(00) X° + X°  (xx)=(00) X" +1
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Now, let’s try the path y = x*. Along this path the limit becomes,
3 3y3 6
im o= lim X = fim = |

(x,y)—(0,0) )(6 + y2 (x,x3)9(0,0) XG +(X3 )2 (x,x3)e(0,0) 2X6 (X,X

N| -

im L
)»(o,o) 2

We now have two paths that give different values for the limit and so the limit doesn’t
exist.

As this limit has shown us we can, and often need, to use paths other than lines.

Partial Derivatives

Now that we have the brief discussion on limits out of the way we can proceed into
taking derivatives of functions of more than one variable. Before we actually start taking
derivatives of functions of more than one variable let’s recall an important interpretation
of derivatives of functions of one variable.

Recall that given a function of one variable, f (x), the derivative, f'(x), represents the

rate of change of the function as x changes. This is an important interpretation of
derivatives and we are not going to want to lose it with functions of more than one
variable. The problem with functions of more than one variable is that there is more than
one variable. In other words, what do we do if we only want one of the variables to
change, or if we want more than one of them to change? In fact, if we’re going to allow
more than one of the variables to change there are then going to be an infinite amount of
ways for them to change. For instance, one variable could be changing faster than the
other variable(s) in the function. Notice as well that it will be completely possible for the
function to be changing differently depending on how we allow one or more of the
variables to change.

We will need to develop ways, and notations, for dealing with all of these cases. In this
section we are going to concentrate exclusively on only changing one of the variables at a
time, while the remaining variable(s) are held fixed. We will deal with allowing multiple
variables to change in a later section.

Because we are going to only allow one of the variables to change taking the derivative
will now become a fairly simple process. Let’s start off with a fairly simple function.

Let’s start off with the function f (X, y) =2x’y® and let’s determine the rate at which the

function is changing at a point, (a,b), if we hold y fixed and allow x to vary and if we
hold x fixed and allow y to vary.
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We’ll start by looking at the case of holding y fixed and allowing x to vary. Since we are
interested in the rate of change of the function at (a,b) and are holding y fixed this

means that we are going to always have y =b (if we didn’t have this then eventually y

would have to change in order to get to the point...). Doing this will give us a function
involving only x’s and we can define a new function as follows,

g(x)=f(x,b)=2x%’

Now, this is a function of a single variable and at this point all that we are asking is to
determine the rate of change of g (x) at x=a. In other words, we want to compute

g’(a) and since this is a function of a single variable we already know how to do that.

Here is the rate of change of the function at (a,b) if we hold y fixed and allow x to vary.
g'(a)=4ab’

We will call g'(a) the partial derivative of f(x,y) with respect to x at (a,b) and we

will denote it in the following way,
f, (a,b) =4ab’

Now, let’s do it the other way. We will now hold x fixed and allow y to vary. We can do
this in a similar way. Since we are holding x fixed it must be fixed at x =a and so we
can define a new function of y and then differentiate this as we’ve always done with
functions of one variable.

Here is the work for this,
h(y)=f(a y)=2a%y’ = h'(b)=6a’b’
In this case we call h’(b) the partial derivative of f(x,y) with respecttoy at (a,b)

and we denote it as follows,
f,(a,b)=6a’b’

Note that these two partial derivatives are sometimes called the first order partial
derivatives. Just as with functions of one variable we can have derivatives of all orders.
We will be looking at higher order derivatives in a later section.

Note that the notation for partial derivatives is different than that for derivatives of
functions of a single variable. With functions of a single variable we could denote the
derivative with a single prime. However, with partial derivatives we will always need to
remember the variable that we are differentiating with respect to and so we will subscript
the variable that we differentiated with respect to. We will shortly be seeing some
alternate notation for partial derivatives as well.
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Note as well that we usually don’t use the (a,b) notation for partial derivatives. The

more standard notation is to just continue to use (x, y). So, the partial derivatives from

above will more commonly be written as,
f, (X, y)="4xy’ and f,(x,y)=6xy’

Now, as this quick example has shown taking derivatives of functions of more than one
variable is done in pretty much the same manner as taking derivatives of a single

variable. To compute f (x,y) all we need to do is treat all the y’s as constants (or

numbers) and then differentiate the x’s as we’ve always done. Likewise, to compute
f, (x,y) we will treat all the x’s as constants and then differentiate the y’s as we are used

to doing.

We should probably work a few examples as this point. However, before we do that let’s
get the formal definition of the partial derivative out of the way as well as some alternate
notation.

Since we can think of the two partial derivatives above as derivatives of single variable
functions it shouldn’t be too surprising that the definition of each is very similar to the
definition of the derivative for single variable functions. Here are the formal definitions
of the two definitions partial derivatives we looked at above.

f, (x.y) = lim Y= T (0y) £ (xy)=lim

h—0 h h—0

f(xy+h)-f(xy)
h

Now let’s take a quick look at some of the possible alternate notations for partial
derivatives. Given the function z = f (x, y) the following are all equivalent notations,

of 0 0z
f , :f:—:—f ) = :—:Df
(9= 1= =L (1 (xy) -2~ 2D,
_of 0 :Q:

f,(xy)=f, (f(xy))=2z Py D, f

o oy
For the fractional notation for the partial derivative notice the difference between the
partial derivative and the ordinary derivative from single variable calculus.

(%) = ()=
fy) = R(X-2 & fy(x):%

Okay, now let’s work some examples. When working these examples always keep in
mind that we need to play very careful attention to which variable we are differentiating
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with respect to. This is important because we are going to treat all other variables as
constants and then proceed with the derivative as if it was a function of a single variable.

Example 1 Find all of the first order partial derivatives for the following functions.
(@ f(xy)=x' +64/y -10
(b) w=x*y—10y*z° + 43x—7tan(4y)

(©) h(s,t)=t’ In(32)+g— s

t3
4 2y 53
(d) f(x,y):cos(—je y=oy
X
u
e) 2=
© u® +5v
xsin(y)

(f) g(X1 y’z):T

Q) z :\/x2+ln(5x—3y2)

Solution
(a) Let’s first take the derivative with respect to x and remember that as we do so all the
y’s will be treated as constants. The partial derivative with respect to X is,

f (X y)=4x°
Notice that the second and the third term differentiate to zero in this case. It should be
clear why the third term differentiated to zero. It’s a constant and we know that constants
always differentiate to zero. This is also the reason that the second term differentiated to
zero. Remember that since we are differentiating with respect to x here we are going to
treat all y’s as constants. That means that terms that only involve y’s will be treated as
constants and hence will differentiate to zero.

Now, let’s take the derivative with respect to y. In this case we treat all x’s as constants
and so the first term involves only x’s and so will differentiate to zero, just as the third
term will. Here is the partial derivative with respect to y.

3

f, (x.y) NG,

(b) With this function we’ve got three first order derivatives to compute. Let’s do the
partial derivative with respect to x first. Since we are differentiating with respect to x we
will treat all y’s and all z’s as constants. This means that the second and fourth terms will
differentiate to zero since they only involve y’s and z’s.

This first term contains both x’s and y’s and so when we differentiate with respect to x the
y will be thought of as a multiplicative constant and so the first term will be differentiated
just as the third term will be differentiated.

Here is the partial derivative with respect to x.
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@ =2Xy +43
OX

Let’s now differentiate with respect to y. In this case all x’s and z’s will be treated as
constants. This means the third term will differentiate to zero since it contains only x’s
while the x’s in the first term and the z’s in the second term will be treated as
multiplicative constants. Here is the derivative with respect to y.

— =X"—-20yz° —28sec” (4y
o (#)

Finally, let’s get the derivative with respect to z. Since only one of the terms involve z’s
this will be the only non-zero term in the derivative. Also, the y’s in that term will be
treated as multiplicative constants. Here is the derivative with respect to z.

N _ 30y

0z

(c) With this one we’ll not put in the detail of the first two. Before taking the derivative
let’s rewrite the function a little to help us with the differentiation process.

4
h(s,t)=t" In(32)+9t’3—37

Now, the fact that we’re using s and t here instead of the “standard” x and y shouldn’t be
a problem. It will work the same way. Here are the two derivatives for this function.
_3 7 3
hS(S,t)Zg—hzt7(28)_ﬂs7:2t 4S7
S

SZ

7 s 7

oh 6 2 4
A)=—=T71"1 — 27t
h(st) po n(s )

Remember how to differentiate natural logarithms.

9 ing(x))= 2

dx g(x)

(d) Now, we can’t forget the product rule with derivatives. The product rule will work
the same way here as it does with functions of one variable. We will just need to be
careful to remember which variable we are differentiating with respect to.

Let’s start out by differentiating with respect to x. In this case both the cosine and the
exponential contain x’s and so we’ve really got a product of two functions involving x’s
and so we’ll need to product rule this up. Here is the derivative with respect to x.

- 4 4 2 3 4 2 3
f , = — — - X°y-5y _ X°y-5y 2
(%) sm(xj( Xz)e +cos(xje (2xy)

= izsin (ijexzyf’ya +2Xy COS (ijexzng
X X X
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Do not forget the chain rule for functions of one variable. We will be looking at the
chain rule for some more complicated expressions for multivariable functions in a latter
section. However, at this point we’re treating all the y’s as constants and so the chain
rule will continue to work as it did back in Calculus I.

Also, don’t forget how to differentiate exponential functions,

%(ef(x))= fr(x)e"™

Now, let’s differentiate with respect to y. In this case we don’t have a product rule to
worry about since the only place that the y shows up is in the exponential. Therefore,
since x’s are considered to be constants for this derivative, the cosine in the front will also
be thought of as a multiplicative constant. Here is the derivative with respect to y.

4 20 £.3
f,(xy)=(x’ —15y2)cos(;jeX Y5

(e) We also can’t forget about the quotient rule. Since there isn’t too much to this one,
we will simply give the derivatives.

B 9(u’ +5v)-9u(2u) _ —9u? +45v

’ (u2 +5v)2 (u2 +5v)2
o (0)(u?+5v)-9u(5) _ 45
! (u2 +5v)2 (u2 +5v)2

In the case of the derivative with respect to v recall that u’s are constant and so when we
differentiate the numerator we will get zero!

() Now, we do need to be careful however to not use the quotient rule when it doesn’t
need to be used. In this case we do have a quotient, however, since the x’s and y’s only
appear in the numerator and the z’s only appear in the denominator this really isn’t a
quotient rule problem.

Let’s do the derivatives with respect to x and y first. In both these cases the z’s are
constants and so the denominator in this is a constant and so we don’t really need to
worry too much about it. Here are the derivatives for these two cases.

g, (%, y,2)=5inz(2y) g, (x, y,z)=—xcozsz(y)

Now, in the case of differentiation with respect to z we can avoid the quotient rule with a
quick rewrite of the function. Here is the rewrite as well as the derivative with respect to
Z.
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g(xy,z)=xsin(y)z”

6, 0x3.7) = 2uin(y)2* - 210

We went ahead and put the derivative back into the “original” form just so we could say
that we did. In practice you probably don’t really need to do that.

(9) In this last part we are just going to do a somewhat messy chain rule problem.
However, if you had a good background in Calculus I chain rule this shouldn’t be all that
difficult of a problem. Here are the two derivatives,

z, :%(x2 + In(5x—3y2))_; %(x2 + In(5x—3y2))

1/, 2\ 5
:E(X +In(5x—3y )) (2X+5x—3y2]

{x+ﬁ}(xz+ln(5x—3yz));

1

Z, :%(x2 + In(5x—3y2))_2%(x2 +In(5x-3y?))

1 <[ -6
:E(x2 +In(5x—3y2)) 2 (5X—gy2j
1

= —&(i—éyz(xz +In (5x—3y2))75

So, there are some examples of partial derivatives. Hopefully you will agree that as long
as we can remember to treat the other variables as constants these work in exactly the
same manner that derivatives of functions of one variable do. So, if you can do Calculus
| derivative you shouldn’t have too much difficulty in doing basic partial derivatives.

There is one final topic that we need to take a quick look at in this section, implicit
differentiation. Before getting into implicit differentiation for multiple variable functions
let’s first remember how implicit differentiation works for functions of one variable.

Example 2 Find % for 3y* + x" =5x.
X

Solution
Remember that the key to this is to always think of y as a function of x, or y = y(x) and

so when ever we differentiate a term involving y’s with respect to x we will really need to

use the chain rule which will mean that we will add on a % to that term.

X
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The first step is to differentiate both sides with respect to x.
12y° L +7x° =5
dx

The final step is to solve for %
X
dy 5-7x°

dx  12y°

Now, we did this problem because implicit differentiation works in exactly the same
manner with functions of multiple variables. If we have a function in terms of three
variables x, y, and z we will assume that z is in fact a function of x and y. In other words,

z=1z(x,y). Then when ever we differentiate z’s with respect to x we will use the chain

rule and add on a % . Likewise, whenever we differentiate z’s with respect to y we will
X

add ona@.
oy

Let’s take a quick look at a couple of implicit differentiation problems.

Example 3 Find % and % for each of the following functions.
X

(@) x*z* -5xy°’z=x*+y*
(b) x*sin(2y—-5z)=1+ycos(6zx)
Solution

(a) Let’s start with finding % . We first will differentiate both sides with respect to x
X

and remember to add on a % whenever we differentiate a z.
X

3x°z% + 2x3z@—5y52 —5xy° o _ 2X
OX OX

Remember that since we are assuming z = z(x, y) then any product of x’s and z’s will be
a product and so will need the product rule!

Now, solve for Q
OX

(2x32 —5xy5)g =2x—3x°2* +5y°z
OX

dz _2x-3x°2° +5y°z
OX 2x%z —5xy°
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. z L
Now we’ll do the same thing for % except this time we’ll need to remember to add on a

% whenever we differentiate a z.

2

ZXSZ%— 25xy*z —5xy° % =3y

(2x3z —5xy5)% =3y? +25xy‘z

oz 3y’ +25xy‘z

oy  2xz-5xy°
(b) We’ll do the same thing for this function as we did in the previous part. First let’s
. 0z
find —.
OX

2xsin(2y—5z)+x* cos(2y—52)(—5%) = —ysin(6zx)(6z +6x%)

Don’t forget to do the chain rule on each of the trig functions and when we are
differentiating the inside function on the cosine we will need to also use the product rule.

Now let’s solve for Q .
OX

2xsin(2y—52)—5%x2 cos(2y—5z)= —62ysin(6zx)—6yxsin(6zx)%
2xsin(2y—5z)+6zysin(6zx) = (5x2 COS(Zy—5Z)—6yX5in(62X))%

oz 2xsin(2y —5z)+6zysin(62x)
ox  5x*cos(2y —5z)—6yxsin (62x)

Now let’s take care of Q. This one will be slightly easier than the first one.
x? cos(2y —52)(2 —SgJ =cos(6zx)— ysin (62x)[6x@j
oy oy
2 2 674 . 0z
2x* cos(2y —5z)—5x cos(2y—52)a:cos(62x)—6xysm(62x)5

(6xysin(62x)—5x" cos(Zy—SZ))% = cos(62x)—2x° cos(2y —52)

oz cos(B2x)-2x”cos(2y -52)
&y  6xysin(62x)—5x* cos(2y —52)
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There’s quite a bit of work to these. We will see an easier way to do implicit
differentiation in a later section.

Interpretations of Partial Derivatives

This is a fairly short section and is here so we can acknowledge that the two main
interpretations of derivatives of functions of a single variable still hold for partial
derivatives, with small modifications of course to account of the fact that we now have
more than one variable.

The first interpretation we’ve already seen and is the more important of the two. As with
functions of single variables partial derivatives represent the rates of change of the

functions as the variables change. As we saw in the previous section, f, (x, y) represents
the rate of change of the function f (x, y) as we change x and hold y fixed while
f,(x,y) represents the rate of change of f (x,y) as we change y and hold x fixed.

2
Example 1 Determine if f (x,y) =X—3 is increasing or decreasing at (2,5),
y

(a) if we allow x to vary and hold y fixed.
(b) if we allow y to vary and hold x fixed.

Solution
(@) In this case we will first need f, (x, y) and its value at the point.
2X 4
f(Xy)=—% = f (2,5)=—>0
X( y) y3 X( ) 125

So, the partial derivative with respect to x is positive and so if we hold y fixed the
function is increasing at (2,5) as we vary Xx.

(b) For this part we will need f, (x, y) and its value at the point.

3x? 12
fy(x'y):_7 = fy(2,5)=——<0

Here the partial derivative with respect to y is negative and so the function is decreasing
at (2,5) as we vary y and hold x fixed.

Note that it is completely possible for a function to be increasing for a fixed y and
decreasing for a fixed x at a point as this example has shown. To see a nice example of
this take a look at the following graph.
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This is a graph of a hyperbolic paraboloid and we at the origin we can see that if we
move in along the y-axis the graph is increasing and if we move along the x-axis the
graph is decreasing. So it is completely possible to have a graph both increasing and
decreasing at a point depending upon the direction that we move. We should never
expect that the function will behave in exactly the same way at a point as each variable
changes.

The next interpretation was one of the standard interpretations in a Calculus I class. We
know from a Calculus I class that f’(a) represents the slope of the tangent line to

y=f(x)at x=a. Well, f (a,b)and f, (a,b) also represent the slopes of tangent
lines. The difference here is the functions that they represent tangent lines to.

Partial derivatives are the slopes of traces. The partial derivative f, (a, b) is the slope of
the trace of f(x,y) for the plane y =b at the point (a,b). Likewise the partial
derivative f, (a,b) is the slope of the trace of f(x,y) for the plane x =a at the point

(a,b).

Example 2 Find the slopes of the traces to z =10-4x” —y* at the point (1,2).

Solution
We sketched the traces for the planes x =1 and y =2 in a previous section and these are

the two traces for this point. For reference purposes here are the graphs of the traces.
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12 EIE
EIEI 10
E
{ :
¥
1 / 4
S 4 -4
Trace for z=1 Trace for y=1

Next we’ll need the two partial derivatives so we can get the slopes.
f (X, y)=-8x f,(xy)==-2y

To get the slopes all we need to do is evaluate the partial derivatives at the point in
question.
f,(12)=-8 f,(1L2)=—4

So, the tangent line at (1, 2) for the trace to z =10—4x* —y? for the plane y =2 has a
slope of -8. Also the tangent line at (1,2) for the trace to z=10—4x"—y* for the plane
x =1 has a slope of -4.

Finally, let’s briefly talk about getting the equations of the tangent line. Recall that the
equation of a line in 3-D space is given by a vector equation. Also to get the equation we
need a point on the line and a vector that is parallel to the line.

The point is easy. Since we know the x-y coordinates of the point all we need to do is
plug this into the equation to get the point. So, the point will be,

(a,b, f (a,b))

The parallel (or tangent) vector is also just as easy. We can write the equation of the
surface as a vector function as follows,

F(xy)=(xy, z>:<x, y, f (X, y)>

We know that if we have a vector function of one variable we can get a tangent vector by
differentiating the vector function. The same will hold true here. If we differentiate with
respect to x we will get a tangent vector to traces for the plane y =b (i.e. for fixed y) and

if we differentiate with respect to y we will get a tangent vector to traces for the plane
x =a (or fixed Xx).

So, here is the tangent vector for traces with fixed y.
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£ (xy)= (0. £ (x.y))

We differentiated each component with respect to x. Therefore the first component
becomes a 1 and the second becomes a zero because we are treating y as a constant when
we differentiate with respect to x. The third component is just the partial derivative of the
function with respect to x.

For traces with fixed x the tangent vector is,
f,(xy)=(0.L f,(xy))

The equation for the tangent line to traces with fixed y is then,
F(t)=(ab, f(ab))+t(10,f (ab))
and the tangent line to traces with fixed x is,
F(t)=(ab, f(ab))+t(0,1 f, (ab))

Example 3 Write down the vector equations of the tangent lines to the traces to
z=10-4x" —y* atthe point (1,2).

Solution
There really isn’t all that much to do with these other than plugging the values and
function into the formulas above. We’ve already computed the derivatives and their

values at (1,2) in the previous example and the point on each trace is,
(1L2,1(1,2))=(1,2,2)

Here is the equation of the tangent line to the trace for the plane y=2.
F(t)=(1,22)+t(1,0,-8) =(1+t,2,2—8t)

Here is the equation of the tangent line to the trace for the plane x =1.
F(t)=(122)+t(0,1,-4)=(1,2+t,2—-4t)

Higher Order Partial Derivatives

Just as we had higher order derivatives with functions of one variable we will also have
higher order derivatives of functions of more than one variable. However, this time we
will have more options since we do have more than one variable..

Consider the case of a function of two variables, f (x, y) since both of the first order

partial derivatives are also functions of x and y we could in turn differentiate each with
respect to x or y. This means that for the case of a function of two variables there will be
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a total of four possible second order derivatives. Here they are and the notations that
we’ll use to denote them.

o ( of o° f
f = f = — | =
( X)X X 6x(6xj x>

(1, =t =2 &) -2
Ty ey ox ) oyox

o of o* f
(fY)x = fyX :&[EJ: axay

of(of ) o°f
(fy)y =Ty, =E(Ej= oy?

The second and third second order partial derivatives are often called mixed partial
derivatives since we are taking derivatives with respect to more than one variable. Note
as well that the order that we take the derivatives in is given by the notation for each
these. If we are using the subscripting notation, e.g. f  , then we will differentiate from

left to right. In other words, in this case, we will differentiate first with respect to x and
2

then with respect to y. With the fractional notation, e.g.

f , it is the opposite. In these
OX

cases we differentiate moving along the denominator from right to left. So, again, in this
case we differentiate with respect to x first and then y.

Let’s take a quick look at an example.

Example 1 Find all the second order derivatives for f (x,y)=cos(2x)-x%’ +3y’.

Solution
We’ll first need the first order derivatives so here they are.

f, (X y)=-2sin(2x)-2xe>
f,(x y)=-5x%" +6y

Now, let’s get the second order derivatives.
f, =—4cos(2x)—2e"

f,, =—10xe>
f,, =—10xe®
f,, =—25x%" +6

Notice that we dropped the (X, y) from the derivatives. This is fairly standard and we

will be doing it most of the time from this point on. We will also be dropping it for the
first order derivatives in most cases.
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Now let’s also notice that, in this case, f, = f . Thisis not by coincidence. If the

function is “nice enough” this will always be the case. So, what’s “nice enough”? The
following theorem tells us.

Clairaut’s Theorem

Suppose that f is defined on a disk D that contains the point (a,b). If the functions f,
and f  are continuous on this disk then,

f, (ab)=1,(ab)

Now, do not get too excited about the disk business and the fact that we gave the theorem
is for a specific point. In pretty much every example in this class if the two mixed second
order partial derivatives are continuous then they will be equal.

2,,2

Example 2 Verify Clairaut’s Theorem for f (x,y)=xe™"" .

Solution
We’ll first need the two first order derivatives.

f(xy)= e XY _ 2x2y2e*X2y2

3e—><2y2

f, (X, y)=-2yx

Now, compute the two fixed second order partial derivatives.
4, ,3,-x2y% _

fy (X y)=—2yx’e ™Y —ax?ye ™ +4x*y’e

_x2y2 w242
—6x°ye Y +4x ye Y

4, —x2y?

L (Xxy)= —6yx2e XY +4y°x%e

Sure enough they are the same.

So far we have only looked at second order derivatives. There are, of course, higher
order derivatives as well. Here are a couple of the third order partial derivatives of

function of two variables.
fx X :( fx ) = i a = of
g Yx ox\ oyox )  oxoyox

o of of
fo =( fyx)X I&[%J = ooy

Notice as well that for both of these we differentiate once with respect to y and twice with
respect to x. There is also another third order partial derivative in which we can do this,
f There is an extension to Clairaut’s Theorem that says if all three of these are

XXy *

continuous then they should all be equal,
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To this point we’ve only looked at functions of two variables, but everything that we’ve
done to this point will work regardless of the number of variables that we’ve got in the
function and there are natural extensions to Clairaut’s theorem to all of these cases as
well. For instance,

fo, (X, ¥, 2)=f,, (X V,2)
provided both of the derivatives are continuous.

In general, we can extend Clairaut’s theorem to any function and mixed partial
derivatives. The only requirement is that in each derivative we differentiate with respect
to each variable the same number of times. In other words, provided we meet the
continuity condition, the following will be equal

f = ftrsrssr

because in each case we differentiate with respect to t once, s three times and r three
times.

ssrtsrr

Let’s do a couple of examples with higher (well higher order than two anyway) order
derivatives and functions of more than two variables.

Example 3 Find the indicated derivative for each of the following functions.
(a) Find f,,,,, for f(x,y,z)=2"y*In(x)

3

Oyox?

(b) Find for f(x,y)=e"

Solution

(a) In this case remember that we differentiate from left to right. Here are the derivatives
for this part.

f _ Z3y2
X
¢ 2%y?
XX Xz
P 27%y
XKy X2
£ 62°y
XXYyZ Xz
; _12zy
XXyzz Xz

(b) Here we differentiate from right to left. Here are the derivatives for this function.
of
— =vyeY
OX y
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o* f 2
= eXy
ox’ Y

o°f
Oyox?

=2ye" + xy’e"

Differentials

This is a very short section and is here simply to acknowledge that just like we had
differentials for functions of one variable we also have them for functions of more than
one variable. Also, as we’ve already seen in previous sections, when we move up to
more than one variable things work pretty much the same, but there are some small
differences.

Given the function z= f (x,y) the differential dz or df is given by,
dz = f, dx+ f dy or df = f, dx+ f, dy

There is a natural extension to functions of three or more variables. For instance, given
the function w=g(x,y,z) the differential is given by,

dw=g, dx+g,dy+g,dz

Let’s do a couple of quick examples.

Example 1 Compute the differentials for each of the following functions.
(@) z=e*" tan (2x)
t°r®

(b) u=—
S

Solution
(a) There really isn’t a whole lot to these outside of some quick differentiation. Here is
the differential for the function.

dz = (2xeXz+y2 tan (2x)+ 26’ sec? (ZX)) dx+2ye* Y’ tan (2x)dy

(b) Here is the differential for this function.
3t?r® 6t°r®

du= dt+

s? s?

2t3r®
-

dr ds

Note that some times these differentials are called the total differentials.
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Chain Rule

We’ve been using the standard chain rule for functions of one variable throughout the last
couple of sections. It’s now time to extend the chain rule out to more complicated
situations. Before we actually do that let’s first review the notation for the chain rule for
functions of one variable.

The notation that’s probably familiar to most people is the following.

F(x)=f(g(x) F(x)=1"(9(x))g’(x)

There is an alternate notation however that while probably not used much in Calculus 1 is

more convenient at this point because it will match up with the notation that we are going
to be using in this section. Here it is.

dy dy dx

If =f(x and x=g(t then —=——

y=1(x) 9(t) dt dx dt

Notice that the derivative % really does make sense here since if we were to plug in for

x then y really would be a function of t. One way to remember this form of the chain rule
is to note that if we think of the two derivatives on the right side as fractions the dx’s will
cancel to get the same derivative on both sides.

Okay, now that we’ve got that out of the way let’s move into the more complicated chain
rules that we are liable to run across in this course.

As with many topics in multivariable calculus, there are in fact many different formulas
depending upon the number of variables that we’re dealing with. So, let’s start this

discussion off with a function of two variables, z = f (x,y). From this point there are

still many different possibilities that we can look at. We will be looking at two distinct
cases prior to generalizing the whole idea out.

Casel:z="f(xYy), x=g(t), y=h(t) and compute %

This case is analogous to the standard chain rule from Calculus | that we looked at above.
In this case we are going to compute an ordinary derivative since z really would be a
function of t only if we were to substitute in for x and y.

The chain rule for this case is,
dz _of dx_of dy
dt oxdt oy dt

So, basically what we’re doing here is differentiating f with respect to each variable in it
and then multiplying each of these by the derivative of that variable with respect to t.
The final step is to then add all this up.
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Let’s take a look at a couple of examples.

Example 1 Compute % for each of the following.

(@) z=xe¥, x=t*, y=t™
(b) z=x’y*+ycosx, x=In(t*), y =sin(4t)

Solution
(a) There really isn’t all that much to do here other than using the formula.
dz _of dx of dy

- = + —
dt oxdt oy dt
= (¥ +yxe¥)(2t)+xe¥ (-t 7?)
=2t(e +yxe¥ )t *x’e"
So, technically we’ve computed the derivative. However, we should probably go ahead

and substitute in for x and y as well at this point since we’ve already got t’s in the
derivative. Doing this gives,

dz
—= 2t(et +tet)—t’2t4et = 2te' +t%!
dt

Note that in this case it might actually have been easier to just substitute in for x and y in
the original function and just compute the derivative as we normally would. For
comparisons sake let’s do that.

z =t%" = % = 2te' +t2%e"

The same result for less work. Note however, that often it will actually be more work to
do the substitution first.

(b) Okay, in this case it would almost definitely be more work to do the substitution first
so we’ll use the chain rule first and then substitute.

dz . 2
e (2xy3 —ysin x)(?j+(3x2y2 +c0s x)(4cos(4t))
_ 4sin’ (4t)Int* —sin (4t)sin(Int? )

. t acos(a)(3si” (41 [ne' ] os(nc)

Note that sometimes, because of the significant mess of the final answer, we will only
simplify the first step a little and leave the answer in terms of x, y, and t. This is
dependent upon the situation, class and instructor however and for this class we will
pretty much always be substituting in for x and y.

Now, there is a special case that we should take a quick look at before moving on to the
next case. Let’s suppose that we have the following situation,
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z=f(xy) y=9(x)

In this case the chain rule for % becomes,
X

dz _of dx of dy of of dy

dx_axdx+8ydx_ax oy dx
In the first term we are using the fact that,
o)
dx dx
Let’s take a quick look at an example.

Example 2 Compute % for z=xIn(xy)+y®, y= cos(x2 +1)
X

Solution
We’ll just plug into the formula.

%: (In(xy)+ xx—>;j+[xi+3y2)(—2xsin(x2 +1))

Xy

+3c032(x2+1)

_ |n(xcos(X2 +1))+1—2xsin(x2 +l){m

= In(xcos(x2 +1))+1—2x2 tan(x2 +1)—6xsin(x2 +1)cos2 (x2 +1)

Now let’s take a look at the second case.

Case2: z=f(xy), x=g(s,t), y=h(s,t) and compute % and %

In this case if we were to substitute in for x and y we would get that z is a function of s
and t and so it makes sense that we would be computing partial derivatives here and that
there would be two of them.

Here is the chain rule for both of these cases.
oz of ox of oy

0S OX0s 0y oS ot oxot oyot

oz of ox  of oy

So, not surprisingly, these are very similar to the first case that we looked at. Here is a
quick example of this kind of chain rule.

Example 3 Find % and % for z=esin(30), r=st—t?, O=+s’+t*.
S

Solution
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Here is the chain rule for Q_

0os
oz 2r 2r >
(o a0 ) e

12
3se2(St t )005(3\/52 +t2)

Vs 412

=t (ZeZ(SHZ) sin (3@)) +

Now the chain rule for %

0z

a:(2e2rSin(3,9))(s—2t)+(3e2r COS(319)) t

\s? +t?
42
3te2(St ) cos(:’u\/s2 +12 )
+

s? +12

~(s- 2t)(2e2(5”2) sin(3s? 7 ))

Okay, now that we’ve seen a couple of cases for the chain rule let’s see the general
version of the chain rule.

Chain Rule
Suppose that z is a function of n variables, x,,x,,...,x,, and that each of these variables
are in turn functions of m variables, t;,t,,...,t,. Then for any variable t,, i=1,2,...,m

we have the following,
0z 070X, 0z 0OX, 0z OX,
_— == 44—
ot, ox o 0Ox, o, oX, ot

Wow. That’s a lot to remember. There is actually an easier way to construct all the chain
rules that we’ve discussed in the section or will look at in later examples. We can build
up a tree diagram that will give us the chain rule for any situation. To see how these

work let’s go back and take a look at the chain rule for % giventhat z=f (x,y),
S

x=g(s,t), y=h(s,t). We already know what this is, but it may help to illustrate the

tree diagram if we already know the answer. For reference here is the chain rule for this
case,
oz of ox of oy

0S OXO0s 0y 0s

Here is the tree diagram for this case.
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/W
A

We start at the top with the function itself and the branch out from that point. The first
set of branches is for the variables in the function. From each of these endpoints we put
down a further set of branches that gives the variables that both x and y are a function of.
We connect each letter with a line and each line represents a partial derivative as shown.
Note that the letter in the numerator of the partial derivative is the upper “node” of the
tree and the letter in the denominator of the partial derivative is the lower “node” of the
tree.

To use this to get the chain rule we start at the bottom and for each branch that ends with
the variable we want to take the derivative with respect to (s in this case) we move up the
tree until we hit the top multiplying the derivatives that we see along that set of branches.
Once we’ve done this for each branch that ends at s, we then add the results up to get the
chain rule for that given situation.

Note that we don’t usually put the derivatives in the tree. They are always an assumed
part of the tree.

Let’s write down some chain rules.

Example 4 Use a tree diagram to write down the chain rule for the given derivatives.

(a) Z—\ivfor w=f(xVv,2), x=0,(t), y=0,(t),and z=g,(t)

(b) % for w=f(x,v,2), x=0,(s,t,r), y=0,(s,t,r),and z=g,(s,t,r)

Solution
(a) So, we’ll first need the tree diagram so let’s get that.

From this is looks like the chain rule for this case should be,
dw _ of dx 8f dy of dz

dt ox dt 8y dt az dt
which is really just a natural extension to the two variable case that we saw above.
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(b) Here is the tree diagram for this situation.
W

x/i\z
SN N AN

From this it looks like the derivative will be,
@_ of ox of ngﬂ@

or oxor oyor ozor

So, provided we can write down the tree diagram, and these aren’t usually too bad to
write down, we can do the chain rule for any set up that we might run across.

We’ve now seen how to take first derivatives of these more complicated situations, but
what about higher order derivatives? How do we do those? It’s probably easiest to see
how to deal with these with an example.

0%z

02

Example 5 Compute for f(x,y) if x=rcos@ and y=rsing.

Solution
We will need the first derivative before we can even think about finding the second
derivative so let’s get that. This situation falls into the second case that we looked at
above so we don’t need a new tree diagram. Here is the first derivative.

of of ox of oy

00 ox 060 oy o8
= —rsin(e)ﬂ+ rcos(@)ﬂ
OX oy
Okay, now we know that the second derivative is,

2
0 f2 :i(ﬂj:i(—rsin(e)ﬂﬂcos(ﬁ)ﬂJ
00° 00\06) 06 OX oy

The issue here is to correctly deal with this derivative. Since the two first order

derivatives, ;ﬂ and % are both functions of x and y which are in turn functions of r and
X

@ both of these terms are products. So, the using the product rule gives the following,

2
g fz :—rcos(&)ﬂ—rsin(@)i(ﬂj—rsin(e)ﬂ+rcos(@)i(ﬂ]
00 ox 00\ ox oy 00\ oy

We now need to determine what ai(ﬁj and i[%} will be. These are both chain

0\ ox 00
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rule problems again since both of the derivatives are functions of x and y and we want to
take the derivative with respect to 4.

Before we do these let’s rewrite the first chain rule that we did above a little.

0 . 0 0
—(f)=-rsin(8)—(f)+rcos(&d)—(f 1
5(T)=-rsin(9) (1) +roos(0) (1) @
Note that all we’ve done is change the notation for the derivative a little. With the first
chain rule written in this way we can think of (1) as a formula for differentiating any

function of x and y with respect to @ provided have x=rcoséd and y=rsiné.

This however is exactly what we need to do the two new derivatives we need above.

Both of the first order partial derivatives, (;i and % are functions of x and y and
X

x=rcosd and y =rsiné so we can use (1) to compute these derivatives.

To do this we’ll simply replace all the f ‘s in (1) with the first order partial derivative that
we want to differentiate. At that point all we need to do is a little notational work and
we’ll get the formula that we’re after.

Here is the use of (1) to compute ai(ﬂj

6\ ox
i(ﬂj:—rsin(e)i(ﬂ}rrcos(é’)i(ij
06\ ox OX \_OX oy \ ox

. o f o* f

=—rsin(6) Ve +rcos(6) oo

Here is the computation for GE(QJ .

0\ oy
i(ﬂj:—rsin(@)i(ﬂJ+rcos(@)ﬁ[i]
06\ oy ox\ oy oy \ oy

:—rsin(e)axzafyJrrcos(é?)(az2

The final step is to plug these back into the second derivative and do some simplifying.
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2 2 2
Z;Z :—rcos(&)%—rsin(&)(—rsin(@)zx +rcos(6) fJ—

rsin («9)%+ rcos(&)[—r sin(0) s:;y +rcos(0) Z,z J

2 2
:—rcos(e)%+ rzsinz(a)zxz —r*sin(0)cos(8) of

2 2

rsin(@)%— r’sin(@)cos(0) aax(;y +r?cos? (6?)(?3

o’ f

2

_ o . o oo
= rcos(e)ax r5|n(9)ay+r sin®(0) ™
2 2
2r?sin(0)cos(6) g;/(;chrrzcosz(H)a z

It’s long and fairly messy but there it is.

The final topic in this section is a revisiting of implicit differentiation. With these forms
of the chain rule implicit differentiation actually becomes a fairly simple process. Let’s
start out with the implicit differentiation that we saw in a Calculus I course.

We will start with a function in the form F (x, y) =0 (if it’s not in this form simply move
everything to one side of the equal sign to get it into this form) where y=y(x). Ina

d . .
Calculus I course we were then asked to compute d—y and this was often a fairly messy
X
process. Using the chain rule from this section however we can get a nice simple formula
for doing this. We’ll start by differentiating both sides with respect to x. This will mean
using the chain rule on the left side and the right side will, of course, differentiate to zero.
Here are the results of that.

F+F @ 0 = y__F
Y dx dx F
As shown, all we need to do next is solve for % and we’ve now got a very nice formula
X

to use for implicit differentiation. Note as well that in order to simplify the formula we
switched back to using the subscript notation for the derivatives.

Let’s check out a quick example.

Example 6 Find % for xcos(3y)+x’y® =3x—e¥.
X

Solution
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The first step is to get a zero on one side of the equal sign and that’s easy enough to do.
xcos(3y)+x°y’ —3x+e¥ =0
Now, the function on the left is F (x, y) in our formula so all we need to do is use the
formula to find the derivative.
dy  cos(3y)+3x’y’ —3+ye"
dx  —3xsin (3y)+5x°y* +xe®

There we go. It would have taken much longer to do this using the old Calculus | way of
doing this.

We can also do something similar to handle the types of implicit differentiation problems
involving partial derivatives like those we saw when we first introduced partial

derivatives. In these cases we will start off with a function in the form F(x,y,z)=0 and

assume that z = f (X, y) and we want to find % and/or %
X

Let’s start by trying to find % We will differentiate both sides with respect to x and
X

we’ll need to remember that we’re going to be treating y as a constant. Also, the left side
will require the chain rule. Here is this derivative.

ﬁ%.i_a_lzg_kﬁ@ =0

OX OX 0Oy OX 01 OX

Now, we have the following,

%:1 and ﬂ:0
OX OX

The first is because we are just differentiating x with respect to x and we know that is 1.
The second is because we are treating the y as a constant and so it will differentiate to
zero.

Plugging these in and solving for % gives,
X
o _ F
OX F
A similar argument can be used to show that,

a__5

@ F

As with the one variable case we switched to the subscripting notation for derivatives to
simplify the formulas. Let’s take a quick look at an example of this.
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Example 7 Find % and % for x*sin(2y—5z) =1+ ycos(62x).
X

Solution

This was one of the functions that we used the old implicit differentiation on back in the
Partial Derivatives section. You might want to go back and see the difference between
the two.

First let’s get everything on one side.
x?sin(2y—5z)—1-ycos(6zx) =0
Now, the function on the left is F (x, Y, z) and so all that we need to do is use the
formulas developed above to find the derivatives.
oz 2xsin(2y—-5z)+6yzsin(62x)
o  —5xcos(2y—52)+6yxsin(62x)

oz 2x’cos(2y-5z)—cos(62x)

oy —5x’cos(2y—5z)+6yxsin(62x)

If you go back and compare these answers to those that we found the first time around
you will notice that they might appear to be different. However, if you take into account
the minus sign that sits in the front of our answers here you will see that they are in fact
the same.

Directional Derivatives
To this point we’ve only looked at the two partial derivatives f,(x,y) and f, (x,y).

Recall that these derivatives represent the rate of change of f as we vary x (holding y
fixed) and as we vary y (holding x fixed) respectively. We now need to discuss how to
find the rate of change of f if we allow both x and y to change simultaneously. The
problem here is that there are many ways to allow both x and y to change. For instance
one could be changing faster than the other and then there is also the issue of whether or
not each is increasing or decreasing. So, before we get into finding the rate of change we
need to get a couple of preliminary ideas taken care of first. The main idea that we need
to look at is just how are we going to define the changing of x and/or y.

Let’s start off by supposing that we wanted the rate of change of f and a particular point,
say (X, yo) . Let’s also suppose that both x and y are increasing and that, in this case, x is

increasing twice as fast as y is increasing. So, asy increases one unit of measure x will
increase two units of measure.

To help us see how we’re going to define this change let’s suppose that a particle is
sitting at (xO, yO) and the particle will move in the direction given by the changing x and

y. Therefore, the particle will move off in a direction of increasing x and y and the x
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coordinate of the point will increase twice as fast as the y coordinate. Now that we’re
thinking of this changing x and y as a direction of movement we can get a way of
defining the change. We know from Calculus 11 that vectors can be used to define a
direction and so the particle, at this point, can be said to be moving in the direction,

v=(21)

Since this vector can be used to define how a particle at a point is changing we can also
use it describe how x and/or y is changing at a point. For our example we will say that

we want the rate of change of f in the direction of vV = <2,1> . In this way we will know

that x is increasing twice as fast as y is. There is still a small problem with this however.
There are many vectors that point in the same direction. For instance all of the following

vectors point in the same direction as v =(2,1).

R

We need a way to consistently find the rate of change of a function in a given direction.
We will do this by insisting that the vector that defines the direction of change be a unit
vector. Recall that a unit vector is a vector with length, or magnitude, of 1. This means
that for the example that we started off thinking about we would want to use

(2]
V5'\5
since this is the unit vector that points in the direction of change.

For reference purposes recall that the magnitude or length of the vector v = <a, b,c> IS

given by,
V]| =va*+b? +c?

For two dimensional vectors we drop the ¢ from the formula.

Sometimes we will give the direction of changing x and y as an angle. For instance, we
may say that we want the rate of change of f in the direction of 8 = % The unit vector
that points in this direction is given by,

U =(cos@,sin6)

Okay, now that we know how to define the direction of changing x and y its time to start
talking about finding the rate of change of f in this direction. Let’s start off with the
official definition.

Definition

The rate of change of f (X, y) in the direction of the unit vector @ =(a,b) is called the
directional derivative and is denoted by D f (x,y). The definition of the directional
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derivative is,
f (x+ah,y+bh)—f(x,y)
h

D, f (X, y)zLiEg

So, the definition of the directional derivative is very similar the definition of partial
derivatives. However, in practice this can be a very difficult limit to compute so we need
an easier way of taking directional derivatives. It’s actually fairly simple to derive an
equivalent formula for taking directional derivatives.

To see how we can do this let’s define a new function of a single variable,
9(z)=f(x,+az,y,+bz)

where x,, Y,, a, and b are some fixed numbers. Note that this really is a function of a

single variable now since z is the only letter that is not representing a fixed number.

Then by the definition of the derivative for functions of a single variable we have,
g(z+h)-g(z2)
h

ORI
and the derivative at z =0 is given by,

h—0

If we now substitute in for g(z) we get,

, . g(h)=g(0) .. f(x,+ah,y,+bh)—1f(x,,Y
0/(0)= lim OO gy LC 2 ML) g,y
So, it looks like we have the following relationship.
9'(0) =Dy f (X5 ¥o) (1)

Now, let’s look at this from another perspective. Let’s rewrite g (z) as follows,
9(z)=f(x,y) where x=x,+az and y=y,+bz

We can now use the chain rule from the previous section to compute,

, dg of dx of dy
== — ——:f , f , b
9'(2) dz ox dz+ay dz (xy)as y(x Y)

So, from the chain rule we get the following relationship.

9'(z)="f,(xy)a+f, (xy)b )
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If we now take z =0 we will get that x=x, and y =y, (from how we defined x and y
above) and plug these into (2) we get,
9'(0) =1, (% Yo)a+ f, (X, ¥,)b (3)

Now, simply equate (1) and (3) to get that,
Dy f (% ¥0)=9"(0) = f, (Xo: Yo )a+ f, (X5, ¥ )b

If we now go back to allowing x and y to be any number we get the following formula for
computing directional derivatives.

D, f(xy)=f (xy)a+f, (xy)b

This is much simpler than the limit definition. Also note that this definition assumed that
we were working with functions of two variables. There are similar formulas that can be
derived by the same type of argument for functions with more than two variables. For

instance, the directional derivative of f (x, Y, z) in the direction of the unit vector
0 =(a,b,c) is given by,

Dy f(xy.2)=f (xy.z)a+f (x,y,z)b+f,(xy,2)c

Let’s work a couple of examples.

Example 1 Find each of the directional derivatives.
(a) Dy f (2,0) where f(x,y)=xe™+y and U is the unit vector in the direction

of 0:2—7[.
3

(b) D, f (X, y,2) where f(x,y,z)=x’z+y’z* —xyz in the direction of
v=(-10,3)
Solution
(a) We’ll first find D, f (x,y) and then use this a formula for finding Dy f (2,0). The

unit vector giving the direction is,
U= COS[Z—”J,SM(Z—”] = _l’ﬁ
3 3 2 2

So, the directional derivative is,

D, f(xy)= (—%)(ex" + xyexy)J{?](xzexy +1)

Now, plugging in the point in question gives,
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(b) In this case let’s first check to see if the direction vector is a unit vector or not and if it
isn’t convert it into one. To do this all we need to do is compute its magnitude.

[V]|=v1+0+9 =10 %1

So, it’s not a unit vector. Recall that we can convert any vector into a unit vector that
points in the same direction by dividing the vector by its magnitude. So, the unit vector
that we need is,

1 3

1
0=——(-10,3)=( ——,0,—
\MO< ) < J10 \MO>
The directional derivative is then,
1 3
D.f(x,y,z)=| ——— |(2xz2—yz)+(0)(3y?z—xz)+| — |(x* +2y®z—x
1 0u2)= - (2 a)  (0)a-x2) 5 i 2-)

3x% +6y°z—3xy —2xz + yz)

__i_(
~J10

There is another form of the formula that we used to get the directional derivative that is
a little nicer and somewhat more compact. It is also a much more general formula that
will encompass both of the formulas above.

Let’s start with the second one and notice that we can write it as follows,
Dy f(xy.z)="f (xy,z)a+f (x,y,z)b+f,(xy,2)c

=(f,. f,.f,)(ab,c)

In other words we can write the directional derivative as a dot product and notice that the
second vector is nothing more than the unit vector G that gives the direction of change.
Also, if we had used the version for functions of two variables the third component
wouldn’t be there, but other than that the formula would be the same.

Now let’s give a name and notation to the first vector in the dot product since this vector

will show up fairly regularly throughout this course (and in other courses). The gradient
of f or gradient vector of f is defined to be,

v =(f,f,.1,) or v =(f,f,)

Or, if we want to use the standard basis vectors the gradient is,

Vi =f0+f7+fKk or Vi =fi+f]
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The definition is only shown for functions of two or three variables, however there is a
natural extension to functions of any number of variables that we’d like.

With the definition of the gradient we can now say that the directional derivative is given
by,

D, f =Vfei
where we will no longer show the variable and use this formula for any number of
variables. Note as well that we will sometimes use the following notation,

D, f (X)=Vf0

where X =(x,y,z) or X=(x,y) as needed. This notation will be used when we want to

note the variables in some way, but don’t really want to restrict ourselves to a particular
number of variables. In other words, X will be used to represent as many variables as we
need in the formula and we will most often use this notation when we are already using
vectors or vector notation in the problem/formula.

Let’s work a couple of examples using this formula of the directional derivative.

Example 2 Find each of the directional derivative.
() Dy f (X) for f(x,y)=xcos(y) inthe direction of ¥ =(2,1).

(b) D, f (X) for f(x, y,z):sin(yz)+ln(x2) at (1,1,7) in the direction of
v=(11-1)

Solution
(a) Let’s first compute the gradient for this function.

vf =(cos(y),—xsin(y))
Also, as we saw earlier in this section the unit vector for this direction is,

LY
J5'\5
The directional derivative is then,

Dcrf(X)=<Cos(y),—xsin(y)>.< 2 i>

5

= &

:%(ZCOS(V)—XSW\(Y)

(b) In this case are asking for the directional derivative at a particular point. To do this
we will first compute the gradient, evaluate it at the point in question and then do the dot
product. So, let’s get the gradient.
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v (xy,2) =<§ zcos(yz), ycos(yz)>
vf (L1 7)= <%,7zcos(7z),cos(7z)> =(2,-7,-1)

Next, we need the unit vector for the direction,

Finally, the directional derivative at the point in question is,

Duf(l,l,n):<z,_ﬁ,_1>.<%, EHS >

1
=£(2—7z+1)

0T

e

w

Before proceeding let’s note that the first order partial derivatives that we were looking at
in the majority of the section can be thought of as special cases of the directional
derivatives. For instance, f, can be thought of as the directional derivative of f in the

direction of U =(1,0) or G'=(1,0,0), depending on the number of variables that we’re
working with. The same can be done for f, and f,

We will close out this section with a couple of nice facts about the gradient vector. The
first tells us how to determine the maximum rate of change of a function at a point and
the direction that we need to move in order to achieve that maximum rate of change.

Theorem

The maximum value of Dy f (X) (and hence then the maximum rate of change of the

function f (X)) is given by |[Vf (x)| and will occur in the direction given by Vf (X).

Example 3 Suppose that the height of a hill above sea level is given by
z=1000-0.01x* —0,02y*. If you are at the point (60,100) in what direction is the

elevation changing fastest? What is the maximum rate of change of the elevation at this
point? Is the maximum rate of change of the elevation towards the center of the hill or
away from it?

Solution
First, you will hopefully recall from the Quadric Surfaces section that this is an elliptic
paraboloid that opens downward. So even though most hills aren’t this symmetrical it
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will at least be vaguely hill shaped and so the question makes at least a little sense.

Now on to the problem. There are a couple of questions to answer here, but using the
theorem makes answering them very simple. We’ll first need the gradient vector.

Vf (%) =(-0.02x,-0.04y)

The maximum rate of change of the elevation will then occur in the direction of
v (60,100) = (-1.2,-4)

The maximum rate of change of the elevation at this point is,
[Vf (60,100)| =/(-1.2)" +(4)" =~/17.44 =4.176

To answer the final part it might be convenient to have a quick sketch of the gradient at
this point.
(004 J

= @ o
Lo S | =

[u]
(]

=

o 20 40 wO B0 100

We’ve only shown a portion of the axis system here to make the picture easier to see.
The center of the hill is at the origin and that is also the highest point on the hill. If we

are standing at the point (60,100) then the direction greatest rate of change of the

elevation is given by the vector Vf (60,100) =(-1.2,-4). This means that both x and y

are decreasing (since they are negative) and y is decreasing faster than x. This is shown
by the vector in this sketch.

This also shows that the direction of greatest change of elevation is generally up the hill
(and hence towards the center) rather than down the hill (and hence generally away from
the hill).

The second fact about the gradient vector that we need to give in this section will be very
convenient in some later sections.

Fact

The gradient vector Vf (xo, yo) is orthogonal (or perpendicular) to the level curve
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f (x,y)=k atthe point (x,,Y,). Likewise, the gradient vector Vf (x,,Y,,Z,) is
orthogonal to the level surface f(x,y,z)=k at the point (X,,Y,,Z,).

As we will be seeing in later sections we are often going to be needing vectors that are
orthogonal to a surface or curve and using this fact we will know that all we need to do is
compute a gradient vector and we will get the orthogonal vector that we need. We will
see the first application of this in the next chapter.

Applications of Partial Derivatives

Introduction

In this section we will take a look at a couple of applications of partial derivatives. Most
of the applications will be extensions to applications to ordinary derivatives that we saw
back in Calculus I. For instance, we will be looking at finding the absolute and relative
extrema of a function and we will also be looking at optimization. Both (all three?) of
these subjects were major applications back in Calculus I. They will, however, be a little
more work here because we now have more than one variable.

Here is a list of the topics in this chapter.

Tangent Planes and Linear Approximations — We’ll take a look at tangent planes to
surfaces in this section as well as an application of tangent planes.

Gradient Vector, Tangent Planes and Normal Lines — In this section we’ll see how the
gradient vector can be used to find tangent planes and normal lines to a surface.

Relative Minimums and Maximums — Here we will see how to identify relative
minimums and maximums.

Absolute Minimums and Maximums — We will find absolute minimums and
maximums of a function over a given region.

Lagrange Multipliers — In this section we’ll see how to use Lagrange Multipliers to find
the absolute extrema for a function subject to a given constraint.

Tangent Planes and Linear Approximations
Earlier we saw how the two partial derivatives f,_and f, can be thought of as the slopes
of traces. We want to extend this idea out a little in this section. The graph of a function

© 2005 Paul Dawkins 94 http://tutorial.math.lamar.edu/terms.asp




Calculus Ill

z=f (x, y) is a surface in R®(three dimensional space) and so we can now start thinking
of the plane that is “tangent” to the surface as a point.

Let’s start out with a point (x,, y, ) and let’s let C, represent the trace to f (x,y) for the
plane y =y, (i.e. allowing x to vary with y held fixed) and we’ll let C, represent the
trace to f (x, y) for the plane x = x, (i.e. allowing y to vary with x held fixed). Now, we
know that f, (x,,Y,) is the slope of the tangent line to the trace C, and f, (x,,y,) is the
slope of the tangent line to the trace C,. So, let L, be the tangent line to the trace C, and
let L, be the tangent line to the trace C,.

The tangent plane will then be the plane that contains the two lines L, and L,.

Geometrically this plane will serve the same purpose that a tangent line did in Calculus I.
A tangent line to a curve was a line that just touched the curve at that point and was
“parallel” to the curve at the point in question. Well tangent planes to a surface are
planes that just touch the surface at the point and are “parallel” to the surface at the point.
Note that this gives us a point that is on the plane. Since the tangent plane and the

surface touch at (xo, yO) the following point will be on both the surface and the plane.
(%01 Yo:20) = (%01 Yor F (%01 ¥5))

What we need to do now is determine the equation of the tangent plane. We know that
the general equation of a plane is given by,

a(x—x,)+b(y-y,)+c(z—-2,)=0
where (X,,Y,,2,) is a point that is on the plane, which we know already. Let’s rewrite
this a little. We’ll move the x terms and y terms to the other side and divide both sides by
c. Doing this gives,

a b
-1, :_E(X_Xo)_g(y_yo)

Now, let’s rename the constants to simplify up the notation a little. Let’s rename them as
follows,

With this renaming the equation of the tangent plane becomes,
Z—2y=A(X—=%)+B(y—Y,)
and we need to determine values for A and B.

Let’s first think about what happens if we hold y fixed, i.e. if we assume that y=1y,. In
this case the equation of the tangent plane becomes,
z-2,=A(X-X))
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This is the equation of a line and this line must be tangent to the surface at (xo, yo) (since

its part of the tangent plane). In addition, this line assumes that y =y, (i.e. fixed) and A

is the slope of this line. But if we think about it this is exactly that the tangent to C, is, a

line tangent to the surface at (xo, yo) assuming that y =y, . In other words,
z-2,=A(X-X,))

is the equation for L, and we know that the slope of L, is given by f,(X,,Y,)-

Therefore we have the following,

A= fx(XO'yO)

If we hold x fixed at x = X, the equation of the tangent plane becomes,

z2-2,=B(y-Y,)
However, by a similar argument to the one above we can see that this is nothing more
than the equation for L, and that it’s slopeis B or f (x,,y,). So,

B:fy(xo,yo)

The equation of the tangent plane to the surface given by z = f (x, y) at (X, yO) is then,
2—2,=f, (X, Yo ) (X=X )+ £, (X5, Yo ) (Y= Yo)
Also, if we use the fact that z, = f (x,, Yy, ) We can rewrite the equation of the tangent
plane as,
z—f (Xo’ yo) = fx (Xo’ yo)(x_xo)+ fy (X07 yo)(y_ yo)
z=f (XO’ yo)+ 1Ex (Xo: YO)(X_X0)+ fy (Xo’ yo)(y_ yo)
We will see an easier derivation of this formula (actually a more general formula) in the

next section so if you didn’t quite follow this argument hold off until then to see a better
derivation.

Example 1 Find the equation of the tangent plane to z =In(2x+y) at (-1,3).

Solution
There really isn’t too much to do here other than taking a couple of derivatives and doing
some quick evaluations.

f(x,y)=In(2x+y) z,=f(-13)=In(1)=0
fX(X’y):2x+y f(-13)=2
f(uy) =5 f,(-13)=1

The equation of the plane is then,
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z-0=2(x+1)+(1)(y-3)
z2=2x+y-1

One nice use of tangent planes is they give us a way to approximate a surface near a
point. As long as we are near to the point (xo, yO) then the tangent plane should nearly

approximate the function at that point. Because of this we define the linear
approximation to be,
L(X, y): f (XO' YO)"' fx(xm yo)(x_xo)+ fy(XO' YO)(y_yo)

and as long as we are “near” (X,,Y,) then we should have that,

f(x, y)z L(X* y)= f(xo’ y0)+ fx(Xo'yo)(X_Xo)+ fy(xo’ VO)(y_VO)

2 2

Example 2 Find the linear approximation to z :3+:_6+y§ at (-4,3).

Solution

So, we’re really asking for theztanggnt plane so let’s find that.
f(x,y):3+i(—6+y? f(—4,3)=3+1+1=5
f (%) =§ f,(-4.3)= _%
fy(x,y)z% fy(—4,3):§

The tangent plane, or linear approximation, is then,
L(x, y):S—%(x+4)+§(y—3)

For reference purposes here is a sketch of the surface and the tangent plane/linear
approximation.
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Gradient Vector, Tangent Planes and Normal Lines

In this section we want to revisit tangent planes only this time we’ll look at them in light
of the gradient vector. In the process we will also take a look at a normal line to a
surface.

Let’s first recall the equation of a plane that contains the point (xo, Yo 20) with normal
vector fi=(a,b,c) is given by,
a(x—x)+b(y-y,)+c(z-2,)=0

When we introduced the gradient vector in the section on directional derivatives we gave
the following fact.

Fact

The gradient vector Vf (x,,Y,,Z,) is orthogonal to the level surface f(x,y,z)=k atthe
point (X, Yo Zo)-

Actually, the fact we gave was a little more general than what we’ve given here, but this
is the portion that we need. This says that the gradient vector is always orthogonal, or
normal, to the surface at a point.

Also recall that the gradient vector is,
v =(f,f,.1,)

x? tyr iz

So, the tangent plane to the surface given by f(x,y,z)=k at (x,, Y,,Z,) has the
equation,
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fx(Xovyovzo)(X_X0)+ fy(XO! yO’ZO)(y_yO)+ fz(XO’ yO’Zo)(Z_Zo)ZO

This is a much more general form of the equation of a tangent plane that the one that
derived in the previous section.

Note however, that we can also get the equation from the previous section using this
more general formula. To see this let’s start with the equation z = f (X, y) and we want

to find the tangent plane to the surface given by z = f (x,y) at the point (X,, Y,,Z,)

where z, = f (X,,Y,). Inorder to use the formula above we need to have all the variables

on one side. This is easy enough to do. All we need to do is subtract a z from both sides
to get,

f(xy)-z=0

Now, if we define a new function

F(xy,z)="f(xy)-z
we can see that the surface given by z = f (x, y) is identical to the surface given by
F(x,y,z)=0 and this new equivalent equation is in the correct form for the equation of
the tangent plane that we derived in this section.

So, the first thing that we need to do is find the gradient vector for F.
VF =(F.F,.F)=(f,f,-1)

x?yrtz

Notice that
=2 (f(xy)-2)=1,
2 12,
F= 2 (1 (xy)-2)=-1

The equation of the tangent plane is then,

fx(xo’ yO)(X_XO)+ fy(XO’yO)(y_yO)_(Z_ZO):O

Or, upon solving for z, we get,

2= T (X, Yo)+ o (X0 Yo ) (X=X )+ T, (X0, Yo ) (Y= ¥o)

which is identical to the equation that we derived in the previous section.
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We can get another nice piece of information out of the gradient vector as well. We
might on occasion want a line that is orthogonal to a surface at a point, sometimes called
the normal line. This is easy enough to get if we recall that the equation of a line only
requires that we have a point and a parallel vector. Since we want a line that is at the

point (X, Yo, Z,) We know that this point must also be on the line and we know that

Vf (X, ¥o: Z,) is @ vector that is normal to the surface and hence will be parallel to the

line. Therefore the equation of the normal line is,
F(t)=(X: Yo: Z0) +t VE (X5, Vo, 25)

Example 1 Find the tangent plane and normal line to x* +y® +z* =30 at the point
(1,-2,5).

Solution
For this case the function that we’re going to be working with is,

F(xyz)=x+y’+72°
and note that we don’t have to have a zero on one side of the equal sign. All that we need
is a constant. To finish this problem out we simply need the gradient evaluated at the
point.
VF =(2x,2y,2z)

VF(1,-2,5)=(2,-4,10)

The tangent plane is then,
2(x-1)-4(y+2)+10(z-5)=0

The normal line is,
F(t)=(1,-2,5)+t(2,-4,10) = (1+2t,—2—4t,5+10t)

Relative Minimums and Maximums

In this section we are going to extend one of the more important ideas from Calculus I
into functions of two variables. We are going to start looking at trying to find minimums
and maximums of functions. This in fact will be the topic of the following two sections
as well.

In this section we are going to be looking at identifying relative minimums and relative
maximums. Recall as well that we will often use the word extrema to refer to both
minimums and maximums.

The definition of relative extrema for functions of two variables is identical to that for
functions of one variable we just need to remember now that we are working with
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functions of two variables. So, for the sake of completeness here is the definition of
relative minimums and relative maximums for functions of two variables.

Definition

1. Afunction f(x,y) has a relative minimum at the point (a,b) if f(x,y)> f(a,b)
for all points(x, y) in some region around (a,b).

2. Afunction f(x,y) has a relative maximum at the point (a,b) if f(x,y)< f(a,b)
for all points(x, y) in some region around (a,b).

Note that this definition does not say that a relative minimum is the smallest value that
the function will ever take. It only says that in some region around the point (a,b) the

function will always be larger than f (a,b). Outside of that region it is completely
possible for the function to be smaller.

Likewise, a relative maximum only says that around (a,b) the function will always be

smaller than f (a,b). Again, outside of the region it is completely possible that the
function will be larger.

Next we need to extend the idea of critical points up to functions of two variables.
Recall that a critical point of the function f (x) was a number x =c so that either

f’(c)=0 or f'(c) doesn’t exist. We have a similar definition for critical points of
functions of two variables.

Definition

The point (a,b) is a critical point (or a stationary point) of f (x,y) provided one of
the following is true,
1. Vf(a,b)=0 (this is equivalent to saying that f,(a,b)=0 and f,(a,b)=0),
2. f,(ab) and/or f (a,b) doesn’texist.

To see the equivalence in the first part let’s start off with Vf =0 and put in the definition
of each part.
Vf (a,b)=0
(f.(ab).f,(ab))=(0.0)
The only way that these two vectors can be equal is to have f, (a,b)=0 and
f, (a, b) =0). In fact, we will use this definition of the critical point more than the

gradient definition since it will be easier to find the critical points if we start with the
partial derivative definition.
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Note as well that BOTH of the first order partial derivatives must be zero at (a, b). If

only one of the first order partial derivatives are zero at the point then the point will NOT
be a critical point.

We now have the following fact that, at least partially, relates critical points to relative
extrema.

Fact

If the point (a,b) is a relative extrema of the function f (x,y) then (a,b) isalsoa

critical point of f (x,y).

Note that this does NOT say that all critical points are relative extrema. It only says that
relative extrema will be critical points of the function. To see this let’s consider the
function

f(xy)=xy

The two first order partial derivatives are,
f(xy)=y f(xy)=x

The only point that will make both of these derivatives zero at the same time is (0,0) and
so (0,0) is a critical point for the function. Here is a graph of the function.

Note that the axes are not in the standard orientation here so that we can see more clearly
what is happening at the origin, i.e. at (0,0). If we start at the origin and move into

either of the quadrants where both x and y are the same sign the function increases.
However, if we start at the origin and move into either of the quadrants where x and y
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have the opposite sign then the function decreases. In other words, no matter what region
you take about the origin there will be points larger than f (O, 0) =0 and points smaller

than f(0,0)=0. Therefore, there is no way that (0,0) can be a relative extrema.

Critical points that exhibit this kind of behavior are called saddle points.

While we have to be careful to not misinterpret the results of this fact it is very useful in
helping us to identify relative extrema. Because of this fact we know that if we have all
the critical points of a function then we also have every possible relative extrema for the
function. The fact tells us that all relative extrema must be critical points so we know
that if the function does have relative extrema then they must be in the collection of all
the critical points. Remember however, that it will be completely possible that at least
one of the critical points won’t be a relative extrema.

So, once we have all the critical points in hand all we will need to do is test these points
to see if they are relative extrema or not. To determine if a critical point is a relative
extrema (and in fact to determine if it is a minimum or a maximum) we can use the
following fact.

Fact

Suppose that (a,b) is a critical point of f (x,y) and that the second order partial
derivatives are continuous in some region that contains (a,b). Next define,

D= D(a’b) = fxx(a'b) fyy (a’b)_[ ny (a’b)]z

We then have the following classifications of the critical point.
1. If D>0 and f,,(a,b)>0 then (a,b) is a relative minimum.

2. If D>0 and f,(a,b)<0 then (a,b) is a relative maximum.
3. If D<O then (a,b) is a saddle point.
4

If D=0 then (a,b) may be a relative minimum, relative maximum or a saddle
point. Other techniques would need to be used to classify the critical point.

Note that we aren’t going to be seeing any cases in this class where D =0. We will be
able to classify all the critical points that we find.

Let’s see a couple of examples.

Example 1 Find and classify all the critical points of f (x,y)=4+x"+y>-3xy.

Solution
We first need all the first order (to find the critical points) and second order (to classify
the critical points) partial derivatives so let’s get those.
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f =3x*-3y f, =3y*—3x
f,, =6X f,, =6y f,, =-3

Xy

Let’s first find the critical points. Critical points will be solutions to the system of
equations,
f =3x*-3y=0

f,=3y*-3x=0

This is a non-linear system of equations and these can, on occasion, be difficult to solve.
However, in this case it’s not too bad. We can solve the first equation for y as follows,

3x*-3y=0 = y=x

Plugging this into the second equation gives,
3(x2)2 -3x= ?,x(x3 —1) =0

From this we can see that we must have x =0 or x=1. Now use the fact that y = x* to
get the critical points.

x=0: y=0°=0 = (0,0)

x=1: y=1"=1 = (L1)

So, we get two critical points. All we need to do now is classify them. To do this we will
need D. Here is the general formula for D.

D(x,y) = fo (% ¥) f,, (% y)=[ £, (x )]

= (6x)(6y)—(-3)

=36xy—9

To classify the critical points all that we need to do is plug in the critical points and use
the fact above to classify them.

(0,0):
D=D(0,0)=-9<0

So, for (0,0) D is negative and so this must be a saddle point.

(L1):

D=D(11)=36-9=27>0 f, (L1)=6>0

For (1,1) D is positive and f,, is positive and so we must have a relative minimum.
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For the sake of completeness here is a graph of this function.

Ei ‘!ﬂﬂ “
15“

Notice that in order to get a better visual we used a somewhat nonstandard orientation.
We can see that there is a relative minimum at (1, 1) and (hopefully) it’s clear that at

(0,0) we do get a saddle point.

Example 2 Find and classify all the critical points for f (x,y)=3x"y+y®-3x* -3y +2

Solution
As with the first example we will first need to get all the first and second order
derivatives.

f =6xy—6X f, =3x*+3y’ -6y

f,,=6y—6 f,,=6y—6 f,, = 06X

Xy

We’ll first need the critical points. The equations that we’ll need to solve this time are,
6Xxy —6x=0

3x*+3y* -6y =0

These equations are a little trickier to solve than the first set, but once you see what to do
they really aren’t terribly bad.

First, let’s notice that we can factor out a 6x from the first equation to get,

6x(y-1)=
So, we can see that the first equation will be zero if x=0 or y=1. Be careful to not just
cancel the x from both sides. If we had don’t that we would have missed x =0.

To find the critical points we can plug these (individually) into the second equation and
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solve for the remaining variable.

x=0:
3y’ -6y =3y(y-2)=0 = y=0y=2

<
Il
=

3x2—3:3(x2—1)=0 = Xx=-1 x=1

So, if x=0 we have the following critical points,

(00) (0.2
1) (1)

Now all we need to do is classify the critical points. To do this we’ll need the general
formula for D.

and if y =1 the critical points are,

D(x,y)=(6y—6)(6y—6)—(6x)°" =(6y—-6)" —36x>

(0,0):
D=D(0,0)=36>0 f,(0,0)=—6<0
(0,2):
D=D(0,2)=36>0 f.(0,0)=6>0
(L1):
D=D(L1)=-36<0
(-11):

D=D(-11)=-36<0

So, it looks like we have the following classification of each of these critical points.

(0,0) : Relative Maximum
,2) : Relative Minimum
1) : Saddle Point

1,1) : Saddle Point

(0
i
(_

Here is a graph of the surface for the sake of completeness.
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Let’s do one more example that is a little different from the first two.

Example 3 Determine the point on the plane 4x—2y +z =1 that is closest to the point
(-2,-1,5).

Solution
Note that we are NOT asking for the critical points of the plane. In order to do this

example we are going to need to first come up with the equation that we are going to
have to work with.
First, let’s suppose that (x, y,z) is any point on the plane. The distance between this
point and the point in question, (—2,—1,5), is given by the formula,

d =(x+2) +(y+1) +(z-5)
What are then asking is to find the minimum value of this equation. The point (x, Y, z)

that gives the minimum value of this equation will be the point on the plane that is closest
to (-2,-1,5).

There are a couple of issues with this equation. First, it is a function of x, y and z and we
can only deal with functions of x and y at this point. This is easy to fix however. We can

solve the equation of the plane to see that,
z=1-4x+2y

Plugging this into the distance formula gives,
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d

\/(x+2)2 +(y+1)2 +(1—4x+2y—5)2

JO+2) +(y+1)° +(~4—ax+2y)’

Now, the next issue is that there is a square root in this formula and we know that we’re
going to be differentiating this eventually. So, in order to make our life a little easier let’s
notice that finding the minimum value of d will be equivalent to finding the minimum

value of d?.

So, let’s instead find the minimum value of
f(xy)=d®=(x+2)" +(y+1)" +(-4—4x+2y)’

Now, we need to be a little careful here. We are being asked to find the closest point on
the plane to (—2, —1,5) and that is not really the same thing as what we’ve been doing in
this section. In this section we’ve been finding and classifying critical points as relative

minimums or maximums and what we are really asking is to find the smallest value the
function will take, or the absolute minimum. Hopefully, it does make sense from a

physical standpoint that there will be a closest point on the plane to (—2, -1,5). Also, this
point should be a relative minimum.

So, let’s go through the process from the first and second example and see what we get as
far as relative minimums go. If we only get a single relative minimum then we will be
done since that point will also need to be the absolute minimum of the function and hence

the point on the plane that is closest to (-2,-1,5).

We’ll need the derivatives first.
f, = 2(x+2)+2(—4)(—4—4x+2y)=36+34x—16y

f,=2(y+1)+2(2)(-4-4x+2y)=-14-16x+10y

., =34
f,, =10
f,, ~16

Xy

Now, before we get into finding the critical point let’s compute D quickly.

D =34(10)-(~16)° =84 >0
So, in this case D will always be positive and also notice that f,, =34 >0 is always
positive and so any critical points that we get will be guaranteed to be relative minimums.

Now let’s find the critical point(s). This will mean solving the system.
36+34x-16y=0

-14-16x+10y =0
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To do this we can solve the first equation for x.

1

1
= (16y-36) =
x=3416Y-36)

—(8y-18
17( y )
Now, plug this into the second equation and solve fory.
16 25
-14-—(8y-18)+10y =0 = =——
17( y ) y y 21

Back substituting this into the equation for x gives x = —% .

So, it looks like we get a single critical point : (—2—,——j . Also, since we know this

will be a relative minimum and it is the only critical point we know that this is also the x
and y coordinates of the point on the plane that we’re after. We can find the z coordinate
by plugging into the equation of the plane as follows,

2=1-4[ -2 ]2 10
21 21 21

So, the point on the plane that is closest to (-2,—1,5) is [—%,—E 10—7j

21" 21' 21

Absolute Minimums and Maximums

In this section we are going to extend the work from the previous section. In the previous
section we were asked to find and classify all critical points as relative minimums,
relative maximums and/or saddle points. In this section we are want to optimize a
function, that is identify the absolute minimum and/or the absolute maximum of the

function, on a given region in R*. Note that when we say we are going to be working on
aregion in R* we mean that we’re going to be looking at some region in the xy-plane.

In order to optimize a function in a region we are going to need to get a couple of
definitions out of the way and a fact. Let’s first get the definitions out of the way.

Definitions

1. Aregionin R? is called closed if it includes its boundary. A region is called open if
it doesn’t include any of its boundary points.

2. Aregion in R? is called bounded if it can be completely contained in a disk. In
other words, a region will be bounded if it is finite.
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Let’s think a little more about the definition of closed. We said a region is closed if it
includes its boundary. Just what does this mean? Let’s think of a rectangle. Below are
two definitions of a rectangle, one is closed and the other is open.

Open Closed
-5<x<3 -5<x<3
1<y<6 1<y<6

In this first case we don’t allow the ranges to include the endpoints (i.e. we aren’t
including the edges of the rectangle) and so we aren’t allowing the region to include any
points on the edge of the rectangle. In other words, we aren’t allowing the region to
include its boundary and so it’s open.

In the second case we are allowing the region to contain points on the edges and so will
contain its entire boundary and hence will be close.

This is an important idea because of the following fact.

Extreme Value Theorem

If f(x, y) is continuous in some closed, bounded set D in R? then there are points in D,

(x,y,) and (x,,y,) sothat f(x,y,) isthe absolute maximumand f (x,,y,) is the
absolute minimum of the function in D.

Note that this theorem does NOT tell us where the absolute minimum or absolute
maximum will occur. It only tells us that they will exist. Note as well that the absolute
minimum and/or absolute maximum may occur in the interior of the region or it may
occur on the boundary of the region.

The basic process for finding absolute maximums is pretty much identical to the process
that we used in Calculus I when we looked at finding absolute extrema of functions of
single variables. There will however, be some procedural changes to account for the fact
that we now are dealing with functions of two variables. Here is the process.

Finding Absolute Extrema

1. Find all the critical points of the function that lie in the region D and determine the
function value at each of these points.

2. Find all extrema of the function on the boundary. This usually involves the Calculus
I approach for this work.

3. The largest and smallest values found in the first two steps are the absolute minimum
and the absolute maximum of the function.

The main difference between this process and the process that we used in Calculus | is
that the “boundary” in Calculus I was just two points and so there really wasn’t a lot to do
in the second step. For these problems the majority of the work is often in the second
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step as we will often end up doing a Calculus I absolute extrema problem one or more
times.

Let’s take a look at an example or two.

Example 1 Find the absolute minimum and absolute maximum of
f (x,y)=x*+4y?—2x*y+4 on the rectangle given by —-1<x<1 and -1<y<1.

Solution
Let’s first get a quick picture of the rectangle for reference purposes.

The boundary of this rectangle is given by the following conditions.
right side : x=1-1<y<1

left side : x=-1 -1<y<1

upperside: y=1 -1<x<1

lowerside: y=-1 -1<x<1
These will be important in the second step of our process.

We’ll start this off by finding all the critical points that lie inside the given rectangle. To
do this we’ll need the two first order derivatives.

f =2x-4xy f, =8y-2x°
Note that since we aren’t going to be classifying the critical points we don’t need the
second order derivatives. To find the critical points we will need to solve the system,
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2X—4xy =0
8y—-2x>=0

We can solve the second equation for y to get,

XZ

VZI

Plugging this into the first equation gives us,

XZ
2x—4x(—J:2x—x3 = X(Z—XZ):O
4

This tell us that must have X =0 or x =++/2 =+1.414.... Now, recall that we only want
critical points in the region that we’re given. That means that we only want critical
points for which —1< x<1. The only value of x that will satisfy this is the first one so
we can ignore the last two for this problem. Note however that a simple change to the
boundary would include these two so don’t forget to always check if the critical points
are in the region (or on the boundary since that can also happen).

Plugging x =0 into the equation for y gives us,

y= i 0
The single critical point, in the region (and again, that’s important), is (0,0). We now
need to get the value of the function at the critical point.

£(0,0)=4
Eventually we will compare this to values of the function found in the next step and take
the largest and smallest as the absolute extrema of the function in the rectangle.

Now we have reached the long part of this problem. We need to find the absolute
extrema of the function along the boundary of the rectangle. What this means is that
we’re going to need to look at what the function is doing along each of the sides of the
rectangle listed above.

Let’s first take a look at the right side. As noted above the right side is defined by
x=1 -1<y<1

Notice that along the right side we know that x =1. Let’s take advantage of this by
defining a new function as follows,

a(y)="f(1 y):12+4y2—2(12)y+4:5+4y2—2y

Now, finding the absolute extrema of f (x, y) along the right side will be equivalent to

finding the absolute extrema of g(y) in the range —1<y <1. Hopefully you recall how
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to do this from Calculus I. We find the critical points of g(y) inthe range -1<y<1
and then evaluate g(y) at the critical points and the end points of the range of y’s.

Let’s do that for this problem.

, 1

9'(y)=8y-2 = y=7
This is in the range and so we will need the following function evaluations.
g(-1)=11 g(1)=7 g&}%:ms

Notice that, using the definition of ¢ (y) these are also function values for f (x, y).
g(-1)=f(1,-1)=11
9(1)=1(11)=7

o5)-1[13)-2-as
4 4 4

We can now do the left side of the rectangle which is defined by,
x=-1-1<y<1

[ ——

Again, we’ll define a new function as follows,
g(y)=f(-Ly)=(-1) +4y* ~2(-1) y+4=5+4y* -2y

Notice however that, for this boundary, this is the same function as we looked at for the
right side. This will not always happen, but since it has let’s take advantage of the fact
that we’ve already done the work for this function. We know that the critical point is

y :% and we know that the function value at the critical point and the end points are,
g(-1)=11 9(1)=7 ng=%=4.75

The only real difference here is that these will correspond to value of f (x,y) at different

points than for the right side. In this case these will correspond to the following function
values for f (x,y).

We can now look at the upper side defined by,
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y=1 -1<x<1

We’ll again define a new function except this time it will be a function of x.
h(x)=f(x1)=x* +4(12)—2x2(1)+4=8—x2

We need to find the absolute extrema of h(x) on the range —1<x<1. First find the
critical point(s).
h'(x) =-2x = x=0

The value of this function at the critical point and the end points is,
h(-1)=7 h(1)=7 h(0)=8
and these in turn correspond to the following function values for f (x,y)
h(-1)=f(-11)=7

h(1)=f(11)=7

h(0)=f(0,1)=8
Note that there are several “repeats” here. The first two function values have already
been computed when we looked at the right and left side. This will often happen.

Finally, we need to take care of the lower side. This side is defined by,
y=-1 -1<x<1

The new function we’ll define in this case is,
h(x)=f(x-1)=x" +4(-1)" ~2x* (-1)+ 4=8+3x’

The critical point for this function is,
h'(x)=6x = x=0

The function values at the critical point and the endpoint are,
h(-1)=11 h(1)=11 h(0)=8
and the corresponding values for f (x, y) are,
h(-1)=f(-1-1)=11
h(1)=f(1L-1)=11
h(0)=f(0,-1)=8

The final step to this (long...) process is to collect up all the function values for f (x, y)
that we’ve computed in this problem. Here they are,
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£(0,0)=4 f(L-1)=11 f(L1)=7
f(l,%]:ﬂs f(-11)=7 f(-1,-1)=11
f (_1,3 475 1(01)=8 f(0,-1)=8

The absolute minimum is at (0,0) since gives the smallest function value and the

absolute maximum occurs at (1,—1) and (—1,—1) since these two points give the largest
function value.

Here is a sketch of the function on the rectangle for reference purposes.

As this example has shown these can be very long problems. Let’s take a look at an
easier problem with a different kind of boundary.

Example 2 Find the absolute minimum and absolute maximum of
f (x,y)=2x*-y?+6y on the disk of radius 4, x* + y* <16

Solution

First note that a disk of radius 4 is given by the inequality in the problem statement. The
“less than” inequality is included to get the interior of the disk and the equal sign is
included to get the boundary. Of course, this also means that the boundary of the disk is
a circle of radius 4.

Let’s first find the critical points of the function that lie inside the disk. This will require
the following two first order partial derivatives.

f, =4x f,=-2y+6
To find the critical points we’ll need to solve the following system.
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4x =0
-2y+6=0

This is actually a fairly simple system to solve however. The first equation tells us that
x =0 and the second tells us that y =3. So the only critical point for this function is

(0,3) and this is inside the disk of radius 4. The function value at this critical point is,
f(0,3)=9

Now we need to look at the boundary. This one will be somewhat different from the
previous example. In this case we don’t have fixed values of x and y on the boundary.

Instead we have,
2 2

X“+y° =16
We can solve this for x* and plug this into the x* in f (x,y) to get a function of y as
follows.
x*=16-y°
g(y)=2(16-y*)-y*+6y=32-3y’ +6y

We will need to find the absolute extrema of this function on the range —4 <y <4 (this is
the range of y’s for the disk....). We’ll first need the critical points of this function.

g'(y)=—-6y+6 = y=1

The value of this function at the critical point and the endpoints are,

Unlike the first example we will still need to find the values of x that correspond to these.
We can do this by plugging the value of y into our equation for the circle and solving for

y.

y=-4: x*=16-16=0 = x=0
y=4 : x*=16-16=0 = x=0
y=1 : x?=16-1=15=  Xx=+/15=143.87

The function values for g(y) then correspond to the following function values for
f(xy).

g(-4)=-40 =  f(0,-4)=-40

g(4)=8 =  f(0,4)=8

9(1)=3 =  f(~/15,1)=35 and f(V151)=35

© 2005 Paul Dawkins 116 http://tutorial. math.lamar.edu/terms.asp




Calculus Ill

Note that the third one actually corresponded to two different values for f (x, y) since
that y also produced two different values of x.

So, comparing these values to the value of the function at the critical point of f (x,y)
that we found earlier we can see that the absolute minimum occurs at (O, —4) while the

absolute maximum occurs twice at (—\/E,l) and (\/1_51)

Here is a sketch of the region for reference purposes.

In both of these examples one of the absolute extrema actually occurred at more than one
place. Sometimes this will happen and sometimes it won’t so don’t read too much into
the fact that it happened in both examples given here.

Also note that, as we’ve seen, absolute extrema will often occur on the boundaries of
these regions, although they don’t have to occur at the boundaries. Had we given much
more complicated examples with multiple critical points we would have seen examples
where the absolute extrema occurred interior to the region and not on the boundary.

Lagrange Multipliers

In the previous section we optimized (i.e. found the absolute extrema) a function on a
region that contained its boundary. Finding potential optimal points in the interior of the
region isn’t too bad in general, all that we needed to do was find the critical points and
plug them into the function. However, as we saw in the examples finding potential
optimal points on the boundary was often a fairly long and messy process.
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In this section we are going to take a look at another way of optimizing a function subject
to given constraint(s). The constraint(s) may be the equation(s) that describe the
boundary of a region although in this section we won’t concentrate on those types of
problems since this method just requires a general constraint and doesn’t really care
where the constraint came from.

So, let’s get things set up. We want to optimize (find the absolute minimum and
maximum) of a function, f(x,y,z), subject to the constraint g(x,y,z)=k. Again, the
constraint may be the equation that describes the boundary of a region or it may not be.

The process is actually fairly simple, although the work can still be a little overwhelming
at times.

Method of Lagrange Multipliers

1. Solve the following system of equations.
V(X y,2)=2 Vg(x,y,z)

g(x,y,z)=c

2. Plug in all solutions, (x,y,z), from the first step into f (x,y,z) and identify the

absolute minimum and absolute maximum values.
The constant, A1, is called the Lagrange Multiplier.

Notice that the system of equations actually has four equations, we just wrote the system
in a simpler form. To see this let’s take the first equation and put in the definition of the
gradient vector to see what we get.

(.1, f.)=2(9,.9,.9,) = (49,,29,,49,)

In order for these two vectors to be equal the individual components must also be equal.
So, we actually have three equations here.

f, =10, f, =19, f, =10,
These three equations along with the constraint, g (x, Y, z) =, give four equations with
four unknowns x, y, z, and 4.
Note as well that if we only have functions of two variables then we won’t have the third
component of the gradient and so will only have three equations in three unknowns X, v,
and 4.

Let’s work a couple of examples.

Example 1 Find the dimensions of the box with largest volume if the total surface area is
64 cm?.

Solution
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Before we start the process here note that we also saw a way to solve this kind of problem
in Calculus 1, except in those problems we required a condition that related one of the
sides of the box to the other sides so that we could get down to a volume and surface area
function that only involved two variables. We no longer need this condition for these
problems.

Now, let’s get on to solving the problem. We first need to identify the function that
we’re going to optimize as well as the constraint. Let’s set the length of the box to be x,
the width of the box to be y and the height of the box to be z.

We want to find the largest volume and so the function that we want to optimize is given
by,
f(xy,z)=xyz

Next we know that the surface area of the box must be a constant 64. So this is the
constraint. The surface area of a box is simply the sum of the areas of each of the sides
so the constraint is given by,

2Xy +2X2+2yz =64 = Xy +XZ +yz =32

Note that we divided the constraint by 2 to simplify the equation a little. Also, we get the
function g(x,y,z) from this.

g(X,y,2) =Xy +xz+Yyz

Here are the four equations that we need to solve.

yz=2A(y+2) (f.=19,) (1)
Xz =2A(x+12) (fy:/lgy) (2)
xy =A(X+Y) (f,=19,) (3)
Xy + XZ + yz = 32 (g(x,y,2)=32) (4)
There are many ways to solve this system. We’ll solve it in the following way. Let’s
multiply equation (1) by x, equation (2) by y and equation (3) by z. This gives,
xyz =Ax(y+12) ()
xyz=Ay(x+2) (6)
Xyz =2z(X+Y) (7)

Now notice that we can set equations (5) and (6) equal. Doing this gives,
Ax(y+2)=Ay(x+2)

A(xy+xz)-A(yx+yz)=0
A(xz-yz)=0 = A1=0 or xz=yz
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This gave two possibilities. The first, 2 =0 is not possible since if this was the case
equation (1) would reduce to

yz=0 = y=0or z=0
Since we are talking about the dimensions of a box neither of these are possible so we

can discount A =0. This leaves the second possibility.
Xz =Yz

Since we know that z = 0 (again since we are talking about the dimensions of a box) we
can cancel the z from both sides. This gives,

X=y (8)

Next, let’s set equations (6) and (7) equal. Doing this gives,

Ay(x+2)=Az(x+Y)

A(yx+yz—2x—12y)=0

A(yx—2x)=0 = A=0 or yx=2zx

As already discussed we know that 4 =0 won’t work and so this leaves,
X = ZX

We can also say that x = 0since we are dgaling with the dimensions of a box so we must
have,

2=y 9)

Plugging equations (8) and (9) into equation (4) we get,

y +y +y*=3y" =32 yziEZi&ZGG

However, we know that y must be positive since we are talking about the dimensions of a
box. Therefore the only solution that makes physical sense here is

X=Yy=12=3.266
So, it looks like we’ve got a cube here.

We should be a little careful here. Since we’ve only got one solution we might be
tempted to assume that this is dimensions that will give the largest volume. The method
of Lagrange Multipliers will give a set of points that will either maximize or minimize a
given function subject to the constraint. However, when we get a single solution it may
be either a maximum or a minimum. To verify that we’ve gotten a maximum, as we
want, all that we need to do is pick any other point that satisfies the constraint and check
its volume against the volume of the point we got above. If the volume of the point
above is larger than the second point we will know that we’ve got a maximum.

To get the second point let’s choose y =z =2 plugging these into the constraint gives,
2X+2x+4=32 = X=7
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Checking the volume at the two points gives,

f (3.266,3.266,3.266) = 34.8376
f(7,2,2)=28

So, it looks like we did get a maximum value as expected.

Notice that we never actually found values for A in the above example. This is fairly
standard for these kinds of problems. The value of A isn’t really important to
determining if the point is a maximum or a minimum so often we will not bother with
finding a value for it. On occasion we will need its value to help solve the system, but
even in those cases we won’t use it past finding the point.

Example 2 Find the maximum and minimum of f (x,y)=5x—3y subject to the
constraint x> +y* =136.

Solution
This one is going to be a little easier than the previous one since it only has two variables.
Here is the system that we need to solve.

5=21x

~3=24y
X’ +y> =136

Notice that, as with the last example, we can’t have 4 =0 since that would not satisfy the
first two equations. So, since we know that A = 0we can solve the first two equations for
x and y respectively. This gives,

5 3

X=— -
24 y 24

Plugging these into the constraint gives,
25 9 17

+ = =136
A% AQ*  2)°
We can solve this for 1.
P = 1=+
16 4

Now, that we know A we can find the points that will be potential maximums and/or
minimums.

If 1= 1 we get,
4
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x=-10 y=>6
and if /1:% we get,
x=10 y=—6

To determine if we have maximums or minimums we just need to plug these into the
function.

f (-10,6)=—68 Absolute Minimum at (-10,6)
f (10,-6) =68 Absolute Maximum at (10,-6)

In the first two examples we’ve excluded A =0 either for physical reasons or because it
wouldn’t solve one or more of the equations. Do not always expect this to happen.
Sometimes we will be able to automatically exclude a value of 4 and sometimes we
won’t.

Let’s take a look at another example.

Example 3 Find the maximum and minimum values of f (x,y,z)=xyz subject to the
constraint Xx+y+z=1.

Solution
Here is the system of equation that we need to solve.
yz=A71 (10)
XZ=21 (11)
Xy=A41 (12)
X+y+z=1 (13)

Let’s start this solution process off by noticing that since the first three equations all have
A they are all equal. So, let’s start off by setting equations (10) and (11) equal.

yZ =Xz = z(y-x)=0 = z=0or y=x

So, we’ve got two possibilities here. Let’s start off with by assuming that z=0. In this
case we can see from either equation (10) or (11) that we must then have 4 =0. From
equation (12) we see that this means that xy =0. This in turn means that either x =0 or

y=0.

So, we’ve got two possible cases to deal with there. In each case two of the variables
must be zero. Once we know this we can plug into the constraint, equation (13), to find
the remaining value.
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z=0, x=0: =
z=0,y=0: = X

So, we’ve got two possible solutions (0,1,0) and (1,0,0).

Now let’s go back and take a look at the other possibility, y =x. We also have two
possible cases to look at here as well.

This first case isx =y =0. In this case we can see from the constraint that we must have
z =1 and so we now have a third solution (0,0,1).

The second case is x=y #0. Let’s set equations (11) and (12) equal.
Xz = Xy = x(z-y)=0 = x=0o0rz=y

Now, we’ve already assumed that x = 0 and so the only possibility is that z=y.
However, this also means that,

X=y=1
Using this in the constraint gives,
3x=1 = X = 1
3
So, the next solution is (1,1,1)
333

We got four solutions by setting the first two equations equal.

To completely finish this problem out we should probably set equations (10) and (12)
equal as well as setting equations (11) and (12) equal to see what we get. Doing this
gives,

yz =Xy = y(z-x)= = y=0or z=x
=

Xz = Xy

U
>
—~
N
|
<
~
Il

x=0o0rz=y

Both of these are very similar to the first situation that we looked at and we’ll leave it up
to you to show that in each of these cases we arrive back at the four solutions that we
already found.

So, we have four solutions that we need to check in the function to see whether we have
minimums or maximums.
f(0,01)=0 f(0,,0)=0 f(1,0,0)=0 all absolute minimums

f (lllj = i absolute maximum
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So, in this case the maximum occurs only once while the minimum occurs three times.

To this point we’ve only looked at constraints that were equations. We can also have
constraints that are inequalities. The process for these types of problems is nearly
identical to what we’ve been doing in this section to this point. The main difference
between the two types of problems is that we will also need to find all the critical points
that satisfy the inequality in the constraint and check these in the function when we check
the values we found using Lagrange Multipliers.

Let’s work an example to see how these kinds of problems work.

Example 4 Find the maximum and minimum values of f (x, y) = 4x* +10y? on the disk

X*+y><4,

Solution
Note that the constraint here is the inequality for the disk.

The first step is to find all the critical points that are in the disk (i.e. satisfy the
constraint). This is easy enough to do for this problem. Here are the two first order
partial derivatives.

f, =8x = 8x=0 =
f, =20y = 20y =0 = y

Il
o O

So, the only critical point is (0, 0) and it does satisfy the inequality.

At this point we proceed with Lagrange Multipliers and we treat the constraint as an
equality instead of the inequality. We only need to do deal with the inequality when
finding the critical points.

So, here is the system of equations that we need to solve.

8X = 24X
20y =21y
X +y>=4
From the first equation we get,
2x(4-4)=0 = x=0 or 1=4

If we have x =0 then the constraint givesus y=+2.

If we have 4 =4 the second equation gives us,
20y =8y = y=0
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The constraint then tells us that x=+2.

If we’d performed a similar analysis on the second equation we would arrive at the same
points.

So, Lagrange Multipliers gives us four points to check :(0,2), (0,-2), (2,0), and
(=2,0).

To find the maximum and minimum we need to simply plug these four points along with
the critical point in the function.

f(0,0)=0 absolute minimum
f(2,0)=f(-2,0)=16
f(0,2)=f(0,-2)=40 absolute maximum

In this case, the minimum was interior to the disk and the maximum was on the boundary
of the disk.

The final topic that we need to discuss in this section is what to do if we have more than
one constraint. We will look only at two constraints, but we can naturally extend the
work here to more than two constraints.

We want to optimize f (Xx,y,z) subject to the constraints g(x,y,z)=c and
h(x,y,z)=k. The system that we need to solve in this case is,

VE(Xy,2)=AVa (X Y,2)+uVh(x,y,2)

g(x,y,z)=c
h(x,y,z)=k

So, in this case we get two Lagrange Multipliers. Also, note that the first equation really
is three equations as we saw in the previous examples. Let’s see an example of this kind
of optimization problem.

Example 5 Find the maximum and minimum of f (x, y,z)=4y—2z subject to the
constraints 2x—y—z=2 and x*+y’ =1.

Solution

Here is the system of equations that we need to solve.
0=21+2ux (fX:/ng+,uhX) (14)
4=-2+2uy (f, =29, +uh,) (15)
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2=-1 (f,=29,+uh,) (16)
2X—y—-2=2 a7)
X +y’=1 (18)

First, let’s notice that from equation (16) we get 4 =2. Plugging this into equation (14)
and equation (15) and solving for x and y respectively gives,

0=4+2ux = x:—g

U

3

4=-2+2uy = y=—

y7]
Now, plug these into equation (18).
4 9 13

—2+—2:—2=1 = ﬂ:i\/ﬁ
uooopu

So, we have two cases to look at here. First, let’s see what we get when u = J13. Inthis
case we know that,

2 3
X=——— _-
73 SNE
Plugging these into equation (17) gives,
_i_i_z—z = Z—_Z_L
V13 V13 V13

So, we’ve got one solution.

Let’s now see what we get if we take x = —J13. Here we have,

2 3
X = = —
NE SN
Plugging these into equation (17) gives,
i+i—z—2 = z——2+i
NEN NE

and there’s a second solution.

Now all that we need to is check the two solutions in the function to see which is the
maximum and which is the minimum.

2 3 7 26
flote 2 o L 14025 _q10111
[ 13’13 13) J13
f(i,_i,_2+ij:4_£:—3.2111
13" V13 13 J13
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,i,—Z—Lj and a minimum at

So, we have a maximum at (—
13 13

&‘N
w

Multiple Integrals

Introduction

In Calculus | we moved on to the subject of integrals once we had finished the discussion
of derivatives. The same is true in the course. Now that we have finished our discussion
of derivatives of functions of more than one variable we need to move on to integrals of
functions of two or three variables.

Most of the derivatives topics extended somewhat naturally from their Calculus |
counterparts and that will be the same here. However, because we are now involving
functions of two or three variables there will be some differences as well. There will be
new notation and some new issues that simply don’t arise when dealing with functions of
a single variable.

We will be working almost exclusively with definite integrals in this chapter. We will
also be seeing an application of double integrals towards the end of the section.

Here is a list of topics covered in this chapter.

Double Integrals — We will define the double integral in this section.

Iterated Integrals — In this section we will start looking at how we actually compute
double integrals.

Double Integrals over General Regions — Here we will look at the most general double
integral.

Double Integrals in Polar Coordinates — In this section we will take a look at
evaluating double integrals using polar coordinates.

Triple Integrals — Here we will define the triple integral as well as how we evaluate
them.

Triple Integrals in Cylindrical Coordinates — We will evaluate triple integrals using
cylindrical coordinates in this section.
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Triple Integrals in Spherical Coordinates — In this section we will evaluate triple
integrals using spherical coordinates.

Change of Variables — In this section we will look at change of variables for double and
triple integrals.

Surface Area — Here we look at the one real application of double integrals that we’re
going to look at in this material.

Area and Volume Revisited — We summarize the area and volume formulas from this
chapter.

Double Integrals

Before starting on double integrals let’s do a quick review of the definition of a definite
integrals for functions of single variables. First, when working with the integral,

b
L f (x)dx
we think of x’s as coming from the interval a < x <b. For these integrals we can say that

we are integrating over the interval a < x <b. Note that this does assume that a<b,
however, if we have b <a then we can just use the interval b<x<a.

Now, when we derived the definition of the definite integral we first thought of this as an
area problem. We first asked what the area under the curve was and to do this we broke

up the interval a <x <b into n subintervals of width Ax and choose a point, x; , from
each interval as shown below,
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b X x, X1 ' b:4)
Each of the rectangles has height of f (x,) and we could then use the area of each of
these rectangles to approximate the area as follows.

Ax f (X ) Ax+ (X )Ax+e+ (%) Ax+e+ (X)) Ax
To get the exact area we then took the limit as n goes to infinity and this was also the
definition of the definite integral.

J':f(x)dx:

n

limy" f(x)Ax

n—oo =
i=1

In this section we want of integrate a function of two variables, f (x, y). With functions

of one variable we integrated over an interval (i.e. a one-dimensional space) and so it
makes some sense then that when integrating a function of two variables we will integrate

over a region of R? (two-dimensional space).

We will start out by assuming that the region in R* is a rectangle which we will denote
as follows,

R:[a,b]x[c,d]
This means that the ranges for xandy are a<x<b and c<y<d.

Also, we will initially assume that f (x, y) >0 although this doesn’t really have to be the

case. Let’s start out with the graph of the surface S give by graphing f (x, y) over the
rectangle R.
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.
m
=

- ——— - - — - = =

U |
i’
S

Now, just like with functions of one variable let’s not worry about integrals quite yet.
Let’s first ask what the volume of the region under S (and above the xy-plane of course)
IS.

We will first approximate the volume much as we approximated the area above. We will
first divide up a < x <b into n subintervals and divide up ¢ <y <d into m subintervals.

This will divide up R into a series of smaller rectangles and from each of these we will
choose a point (x;,y}). Here is a sketch of this set up.

.}? L] L]
'l (xi ’y.i")
d =V, /f
L /
_f’
C =Yy
| | | | | | |
| | | | | | I
a=x ¥ X Tyg b=1x,

Now, over each of these smaller rectangles we will construct a box whose height is given
by f(x,y;). Hereis asketch of that.
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Each of the rectangles has a base area of AA and a height of f (xI yj) so the volume of

each of these boxes is f (X', y;)AA. The volume under the surface S is then
approximately,

Ve S E(x,y))AA
i=1 j=1
We will have a double sum since we will need to add up volumes in both the x and y
directions.

To get a better estimation of the volume we will take n and m larger and larger and to get
the exact volume we will need to take the limit as both n and m go to infinity. In other

words,
V = lim ZZf(xI,y)

n, m—ow i=1 j=1

Now, this should look familiar. This looks a lot like the definition of the integral of a
function of single variable. In fact this is also the definition of a double integral, or more
exactly an integral of a function of two variables over a rectangle.

Here is the official definition of a double integral of a function of two variables over a
rectangular region R as well as the notation that we’ll use for it.

” X,y)dA= lim IZ_:Zf(x,,y )AA

n, m—oo

Note the similarities and differences in the notation to single integrals. We have two
integrals to denote the fact that we are dealing with a two dimensional region and we
have a differential here as well. Note that the differential is dA instead of the dx and dy
that we’re used to seeing. Note as well that we don’t have limits on the integrals in this
notation. Instead we have the R written below the two integrals to denote the region that
we are integrating over.
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Note that one interpretation of the double integral of f (x, y) over the rectangle R is the
volume under the function f (x,y) (and above the xy-plane). Or,

Volume = ” f(x,y)dA

We can use this double sum in the definition to estimate the value of a double integral if
we need to. We can do this by choosing (xI yj) to be the midpoint of each rectangle.

When we do this we usually denote the point as (Yi , 7,-) . This leads to the Midpoint
Rule,

n m

[[f(xy)dA=d> > (X,7,)AA

R i=1 j=1

In the next section we start looking at how to actually compute double integrals.

Iterated Integrals

In the previous section we gave the definition of the double integral. However, just like
with the definition of a single integral the definition is very difficult to use in practice and
so we need to start looking into how we actually compute double integrals. We will
continue to assume that we are integrating over the rectangle

R=[a,b]x[c,d]
We will look at more general regions in the next section.

The following theorem tells us how to compute a double integral over a rectangle.

Fubini’s Theorem

If f(x,y) is continuous on R=[a,b]x[c,d] then,

H f(x, y)dA:f:J'cd f(x, y)dydx:fcd I: f (x,y)dxdy

These integrals are called iterated integrals.

Note that there are in fact two ways of computing a double integral and also notice that
the inner differential matches up with the limits on the inner integral and similarly for the
out differential and limits. In other words, if the inner differential is dy then the limits on
the inner integral must be y limits of integration and if the outer differential is dy then the
limits on the outer integral must be y limits of integration.

Now, on some level this is just notation and doesn’t really tell us how to compute the
double integral. Let’s just take the first possibility above and change the notation a little.
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b

.[RJ' f(x, y)dAzj

We will compute the double integral by first computing
d
L f(x y)dy

and we compute this by holding x constant and integrating with respect to y as if this
were an single integral. This will give a function involving only x’s which we can in turn
integrate.

Ucd f(x, y)dy}dx

a

We’ve done a similar process with partial derivatives. To take the derivative of a
function with respect to y we treated the x’s as constants and differentiated with respect to
y as if it was a function of a single variable.

Double integrals work in the same manner. We think of all the x’s as constants and
integrate with respect to y or we think of all y’s as constants and integrate with respect to
X.

Let’s take a look at some examples.

Example 1 Compute each of the following double integrals over the indicated
rectangles.

(@) [[6xy’dA, R=[2,4]x[12]
(b) jjzx—4y3dA, R =[-5,4]x[0,3]

(c) ”x y? +cos(zx)+sin(zy)dA, R=[-2,-1]x[0,1]

() ﬂﬁdk R=[0,1]x[L 2]

(e) ”xeXy dA, R=[-12]x[0,1]

Solution

(a) It doesn’t matter which variable we integrate with respect to first, we will get the
same answer regardless of the order of integration. To prove that let’s work this one with
each order to make sure that we do get the same answer.

Solution 1
In this case we will integrate with respect to y first. So, the iterated integral that we need
to compute is,

Lf 6xy* dA = f:J.f 6xy?> dy dx

When setting these up make sure the limits match up to the differentials. Since the dy is
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the inner differential (i.e. we are integrating with respect to y first) the inner integral
needs to have y limits.

To compute this we will do the inner integral first and we typically keep the outer integral

around as follows,
4 2
.g6xy2 dA= fz (2xy° )L dx

= _[2416x—2x dx

= J'2414x dx

Remember that we treat the x as a constant when doing the first integral and we don’t do
any integration with it yet. Now, we have a normal single integral so let’s finish the
integral by computing this.

[[6xy?da=7x] =84
R

Solution 2
In this case we’ll integrate with respect to x first and then y. Here is the work for this
solution.

.[Rj 6xy? dA = flz_[: 6xy? dx dy

_ flz(szy2 )E dy
= J' 1236y2 dy

12y}
=84

Sure enough the same answer as the first solution.
So, remember that we can do the integration in any order.

(b) For this integral we’ll integrate with respect to y first.
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”2x—4y3 dA = fi_)J.()32x—4y3 dy dx
. _

_ fi(ny— y“)‘z dx
= [ 6x—81dx

4
=(3x* —81x)‘
-5
=-756
Remember that when integrating with respect to y all x’s are treated as constants and so
as far as the inner integral is concerned the 2x is a constant and we know that when we

integrate constants with respect to y we just tack on a 'y and so we get 2xy from the first
term.

(c) In this case we’ll integrate with respect to x first.

1.
”x y? +cos(zx)+sin(zy) dA:f I :xzyz+cos(7rx)+sin(7zy)dxdy
0=

-1

dy

4 -2

_ J:(%Xsyz +lsin(7zx)+ xsin(ﬂy)j

17
:J —y*+sin(zy)dy
03
1

e 1
=3 y ﬁcos(zzy)

0

Don’t forget your basic Calculus I substitutions!

(d) In this case because the limits for x are kind of nice (i.e. they are zero and one which
are often nice for evaluation) let’s integrate with respect to x first. We’ll also rewrite the
integrand to help with the first integration.
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J:|'(2x+3y)_2 dA = szol(2x+3y)_2 dx dy

- le(—%(2x+3y)_lj

1
dy

0

2

1(1 1
_—E(§In|2+3y|—§ln|y|j

1

:—%(In8—ln2—ln5)

(e) Now, while we can technically integrate with respect to either variable first sometimes
one way is significantly easier than the other way. In this case it will be significantly
easier to integrate with respect to y first as we will see.

H xe® dA = Jjj: xe™ dy dx

R

The y integration can be done with the quick substitution,

u=Xxy du = xdy
which gives
IR_[ xe® dA = fle"y 2 dx
= J‘iex —1dx
2
= (eX —x)‘_1
=’ —2—(e"+1)
—e?—e1'-3

So, not too bad of an integral there provided you get the substitution. Now let’s see what
would happen if we had integrated with respect to x first.

_[Rj xe® dA = I:fl xe® dx dy

In order to do this we would have to use integration by parts as follows,

u=Xx dv=e" dx
du = dx v=lev
y

The integral is then,
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2

rl
j xe¥da=| | X XV—J iexyde dy

R . y y

-1

2
X

=| |=e¥ —izexyj
y y o

rl
— Eezy _izezyj_[_le_Y_ize_yjdy
JolY y y

We’re not even going to continue here as these are very difficult integrals to do.

As we saw in the previous set of examples we can do the integral in either direction.
However, sometimes one direction of integration is significantly easier than the other so
make sure that you think about which one you should do first before actually doing the
integral.

The next topic of this section is a quick fact that can be used to make some iterated
integrals somewhat easier to compute on occasion.

Fact

If f(x,y)=g(x)h(y) and we are integrating over the rectangle R =[a,b]x[c,d] then,

H f (x,y)dA=ng(x)h(y)dA=(J:g(x)dX)(chh(y)dy)

R

So, if we can break up the function into a function only of x times a function of y then we
can do the two integrals individually and multiply them together.

Let’s do a quick example using this integral.

Example 2 Evaluate ”xcosz(y)dA, Rz[—2,3]>{0,%}.
R

Solution
Since the integrand is a function of x times a function of y we can use the fact.
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j X C0S’
R

3 de)[j cos (y)dyj
L
j%(y+ sm(Zy)J

o7
8

[ 21+cos(2y)dyJ

z
2

=1’
(
d

N | o1

0

We have one more topic to discuss in this section. This topic really doesn’t have
anything to do with iterated integrals, but this is as good a place as any to put it and there
are liable to be some questions about it at this point as well so this is as good a place as
any.

What we want to do is discuss single indefinite integrals of a function of two variables.
In other words we want to look at integrals like the following.

Ixsecz (2y)+4xydy

X
fx3—e Y dx

From Calculus | we know that these integrals are asking what function that we
differentiated to get the integrand. However, in this case we need to pay attention to the
differential (dy or dx) in the integral, because that will change things a little.

In the case of the first integral we are asking what function we differentiated with respect
to y to get the integrand while in the second integral we’re asking what function
differentiated with respect to x to get the integrand. For the most part answering these
questions isn’t that difficult. The important issue is how we deal with the constant of
integration.

Here are the integrals.

Ixsec2 (2y)+4xydy :gtan(Zy)+2xy2 +9(x)
Jx3 —e dx=%x4 +ye ? +h(y)

Notice that the “constants” of integration are now functions of the opposite variable. In
the first integral we are differentiating with respect to y and we know that any function
involving only x’s will differentiate to zero and so when integrating with respect to y we
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need to acknowledge that there may have been a function of only x’s in the function and
so the “constant” of integration is a function of x.

Likewise, in the second integral, the “constant” of integration must be a function of y
since we are integrating with respect to x. Again, remember if we differentiate the
answer with respect to x then any function of only y’s will differentiate to zero.

Double Integrals Over General Regions

In the previous section we looked at double integrals over rectangular regions. The
problem with this is that most of the regions are not rectangular so we need to now look
at the following double integral,

J'J‘ f(x y)dA

D

where D is any region.

There are two types of regions that we need to look at. Here is a sketch of both of them.

y y
J’=Ez[~’f)

x=§z2[;u‘:l
i\_//‘
| |
| |
| y=g(x) |
| |
| |
! !

e b'x 1 X

Caze 1 Case 2

We will often use set builder notation to describe these regions. Here is the definition for
the region in Case 1

D={(x.y)lasx<h, g,(x)<y<g,(x)]
and here is the definition for the region in Case 2.
D={(xy)lh(y)<x<h/(y).c<y<d}

This notation is really just a fancy way of saying we are going to use all the points,
(x, y), in which both of the coordinates satisfy the two given inequalities.

The double integral for both of these cases are defined in terms of iterated integrals as
follows.
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In Case 1 where D = {(x y)la<x<b, g, (x)<y<g, (x)} the integral is defined to be,
b 9a(%)
_gf(x, y)dA:Ja Igl(x) f (x,y)dydx
In Case 2 where D ={(x,y)|h (y)<x<h,(y),c<y<d} the integral is defined to be,

d
_g f(x, y)dA:Jc J.hhlz((y);) f (x,y)dxdy

Here are some properties of the double integral that we should go over before we actually
do some examples. Note that all three of these properties are really just extensions of
properties of single integrals that have been extended to double integrals.

Properties

1. H f(xy)+g(x y)dA:_U f(x, y)dA+_Ug(x, y)dA

D

2. H cf (x,y)dA= CH f (x,y)dA, where c is any constant.
D D

3. If the region D can be split into two separate regions D; and D, then the integral

can be written as
” f(x, y)dA:H f(x, y)dA+H f (x,y)dA

Let’s take a look at some examples of double integrals over general regions.

Example 1 Evaluate each of the following integrals over the given region D.
(a) jfeydA, D:{(x,y)|1£ y<2, y<x< y3}
D
(b) ﬂ4xy— y*dA, D is the region bounded by y=+/x and y=x3
D
(c) ”6x2 —40ydA, D is the triangle with vertices (0,3), (1,1), and (5,3)
D

Solution
(a) Okay, this first one is set up to just use formula above so let’s do that.
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X y
[[eraa=| |
5 J1vY

(b) In this case we need to determine the two inequalities for x and y that we need to do
the integral. The best way to do this is the graph the two curves. Here is a sketch.

—_

o
oo

y =z

o
a7

o
.

y=x

o
(]

=

TTITTT I T T T T T T TTTTITTITI T I TT11

a 0z 04 0B 08 1

So, from the sketch we can see that that two inequalities are,
0<x<1 3 <y<x
We can now do the integral,

H4xy— y dA= Jljf4xy— y* dy dx
D 0

1
1
=| | 2xy*—=y*
J( =

1
:J Zx2—2x7+£x12 dx
04 4

1
=(lxs_lxs+ixw] _35
12" 4 52 ), 15

(c) We got even less information about the region this time. Let’s start this off by

X
dx

X3
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sketching the triangle and getting equations for each side of the triangle.

3.53 y=3

37 R

25

y=-2x+3 2] \

] 11
1.5 =—xt+t—
: YTy
0.53
|:I:||||||||||||||||||||||||||||
o1 2 3 4 5

Now, there are two ways to describe this region. If we use functions of x, as shown in the
image we will have to break the region up into two different pieces since the lower
function is different depending upon the value of x. In this case the region would be
given by D =D, uD, where,

D, ={(xy)|0<x<1, —2x+3<y<3]
D, ={(x,y)|1£x£5, %x+%s ySS}

Note the v is the “union” symbol and just means that D is the region we get by combing
the two regions. If we do this then we’ll need to do two separate integrals, one for each
of the regions.

To avoid this we could turn things around and solve the two equations for x to get,

1 3
=-2X+3 = X=—=Y+—
y 2y 2
1.1
= X+— = x=2y-1
y 5 X5 y

If we do this we can notice that the same function is always on the right and the same
function is always on the left and so the region is,

D={(x,y)|—%y+%£x£2y—l, 1< ySB}

Writing the region in this form means doing a single integral instead of the two integrals
we’d have to do otherwise.

Either way should give the same answer and so we can get an example in the notes of
spiting a region up let’s do both integrals.

Solution 1
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6x2 —40ydA = || 6x*> —40y dA+ || 6x* — 40y dA
D s a
- [ 160 ‘4°dedx+fffx+;6x2 ~40ydydx

1
= f0(6x2y—20y2)

1 3 2 s 3 2
:jolzx +80x —240xdx+L —3x3+20x2 +10x —175dx

3

dx+J5(6x2y— 20y2)EX+1 dx

1 2 2

-2X+3

5

1
:(3x4+@x3—120x2j +(—§x4+§x3+5x2—175j
3 Lt T3

1

95
3

That was a lot of work.

Solution 2

This solution will be a lot less work since we are only going to do a single integral.
r3

2y-1 2
J'l 36X —40y dx dy
1727

r3

= (2¢ —4Oxy)‘2y_1+§ dy

ijexz—40ydA=J

J1 _%y 2
= P3§y3_@y2+ﬁy_§dy
J, 4 4 47 4

3

By Sy 4T B

16 12 8 4
935

Y

1

So, the numbers were a little messier, but other than that there was much less work for
the same result.

As the last part of the previous example has shown us we can integrate these integrals in
either order (i.e. x followed by y or y followed by x), although often one order will be
easier than the other. In fact there will be times when it will not even be possible to do
the integral in one order while it will be possible to do the integral in the other order.

Let’s see a couple of examples of these kinds of integrals.

Example 2 Evaluate the following integrals by first reversing the order of integration.
3¢9 3 y3
@) fo [, x%” dyax
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(b) J:J‘%\/x“ +1dxdy

Solution

(a) First, notice that if we try to integrate with respect to y we can’t do the integral
because we would need a y? in front of the exponential in order to do the y integration.
We are going to hope that if we reverse the order of integration we will get an integral
that we can do.

Now, when we say that we’re going to reverse the order of integration this means that we
want to integrate with respect to x first and then y. Note as well that we can’t just
interchange the integrals, keeping the original limits, and be done with it. This would not
fix our original problem and in order to integrate with respect to x we can’t have x’s in
the limits of the integrals. Even if we ignored that the answer would not be a constant as
it should be.

So, let’s see how we reverse the order of integration. The best way to reverse the order of
integration is to first sketch the region given by the original limits of integration. From
the integral we see that the inequalities that define this region are,

0<x<3

X*<y<9

These inequalities tell us that we want the region with y = x* on the lower boundary and
y =9 on the upper boundary that lies between x =0 and x =3. Here is a sketch of that
region.

] y=3 ;
ch
B b
41 /
] S
25 #,/fy=x2 or x=V'{;
1
I:I:_Il_l_ll_-l-d-lllllllllll|||||||||||||||||
o o5 1 1 2 25 3 34

Since we want to integrate with respect to x first we will need to determine limits of x
(probably in terms of y) and then get the limits on the y’s. Here they are for this region.

0<x<.fy

0<y<9
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Any horizontal line drawn in this region will start at x=0 and end at x=1/y and so
these are the limits on the x’s and the range of y’s for the regions is 0 to 9.

The integral, with the order reversed, is now,
3609 3.y 9 ﬁ 3.y°
fj'zxe dydx:jj x’e’ dxdy
09X 070

and notice that we can do the first integration with this order. We’ll also hope that this
will give us a second integral that we can do. Here is the work for this integral.

3.9 3.y _ 9 ﬁ 3.y
foszxe dydx_joj'0 x’e’ dxdy

:é(eng _1)

(b) As with the first integral we cannot do this integral by integrating with respect to x
first so we’ll hope that by reversing the order of integration we will get something that we
can integrate. Here are the limits for the variables that we get from this integral.

Yy <x<2

0<y<8
and here is a sketch of this region.

8]

6

45 x=3y or y=x x=12
2]
|:I:llllllllllllllllllnIIIII
0 045 1 1.5 2 248

So, if we reverse the order of integration we get the following limits.
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0<y<x

The integral is then,

2
Jgjz \/x4+1dxdy:f IX3\/X4+1dde
0y 070
2
=J yvx* +1
0
:j02x3\/x4+1dx

3
:1[172 —1J
6

X3
dx
0

The final topic of this section is two geometric interpretations of a double integral. The
first interpretation is an extension of the idea that we used to develop the idea of a double
integral in the first section of this chapter. We did this by looking at the volume of the

solid that was below the surface of the function z = f (x,y) and over the rectangle R in
the xy-plane. This idea can be extended to more general regions.

The volume of the solid that lies below the surface given by z = f (x, y) and above the
region D in the xy-plane is given by,

\Y, :Hf(x,y)dA

Example 3 Find the volume of the solid that lies below the surface given by
z =16xy +200 and lies above the region in the xy-plane bounded by y = x* and

y=8-x°.

Solution
Here is the graph of the surface and the region in the xy-plane.
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ny .
. y=8-x
B

N 47

\ y
2:
] y=xj

By setting the two bounding equations equal we can see that they will intersect at x =2
and x=-2. So, the inequalities that will define the region D in the xy-plane are,
—2<x<L2

X*<y<8-x°

The volume is then given by,
V = [[16xy+200dA
D

2 gy
_ f [, 16xy+ 200dy dx
2

8-x2
dx
XZ

2
2
L(sxy +200y)

_ jz _128x% — 400X + 512X +1600 dx

2

12800

= [32x4 —4—20x3 + 256> +1600XJ

-2

Example 4 Find the volume of the solid enclosed by the planes z+4x+2y =10, y=3x,
z=0, x=0.

Solution This example is a little different from the previous one. Here the region D is not
explicitly given so we’re going to have to find it. First, notice that the last two planes are
really telling us that we won’t go past the xy-plane and the yz-plane when we reach them.

The first plane, z+4x+2y =10, is the top of the volume and so we are really looking for
the volume under,

z=10-4x-2y
and above the region D in the xy-plane.
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The second plane, y =3x (yes that is a plane), gives one of the sides of the volume as
shown below.

The region D will be the region in the xy-plane (i.e. z=0) that is bounded by y = 3x,

x =0, and the line where z+4x+ 2y =10 intersects the xy-plane. We can determine

where z+4x+ 2y =10 intersects the xy-plane by plugging z =0 into it.
0+4x+2y=10 = 2X+y=5 = y=-2X+5

So, here is a sketch of the solid and the region in the xy-plane. Note that the region D is a
little out of scale.

ik

y=-2x+32

=

o] [}

y=3x

—

=

P

o]
=3
(]
o
=
=
o
=
(]
_. 3

The region D is really where this solid will sit on the xy-plane and here are the
inequalities that define the region.
0<x<1

3XLy<-2x+5
Here is the volume of this solid.
Vv :Hlo—4x—2ydA
D

= J-01J-3;2x+510 —4x—2ydydx
—2x+5

_ fol(loy—4xy— y? )‘ dx

3X

= j0125x2 —50x + 25dx

= (2—; x3 —25x% + 25XJ

0

The second geometric interpretation of a double integral is the following.
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Area of D = '“' dA
D

This is easy to see why this is true in general. Let’s suppose that we want to find the area
of the region shown below.

¥

F T Ey [x)
.
L

J’=21[x)

X

|
|
|
[
I |
I |
I |
I [
I |
it bl

From Calculus I we know that this area can be found by the integral,

A=J:gz(x)—g1(x)dx

Or in terms of a double integral we have,
Area of D = ﬂ dA

D

b X
:f J‘gz( )dde

a v 9%
_ b ga(x)
_Ia y91(x) dx

b
:Ia gz(X)—gl(X)dX

This is exactly the same formula we had in Calculus I.

Double Integrals in Polar Coordinates

To this point we’ve seen quite a few double integrals. However, in every case in region
D could be easily described in terms of simple functions in Cartesian coordinates. In this
section we want to look at some regions that are much easier to describe in terms of polar
coordinates. For instance, we might have a region that is a disk, ring, or a portion of a
disk or ring. In these cases using Cartesian coordinates could be somewhat cumbersome.
For instance let’s suppose we wanted to do the following integral,
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[[ £ (x.y)dA, D is the disk of radius 2

D

To this we would have to determine a set of inequalities for x and y that describe this

region. These would be,
—2<x<L2

—4—x* <y<4-X°

and then integral would become,
2 o\ad
(% dA:J f (% y)dyd
JrOoyyan= | [ fOay)dydx

Due to the limits on the inner integral this is liable to be an unpleasant integral to
compulte.

However, a disk of radius 2 can be defined in polar coordinates by the following
inequalities,

These are very simple limits and, in fact, are constant limits of integration which almost
always makes integrals somewhat easier.

So, if we could convert our double integral formula into one involving polar coordinates
we would be in pretty good shape. The problem is that we can’t just convert the dx and
the dy into a drand a d@. In computing double integrals to this point we have been
using the fact that dA =dxdy and this really does require Cartesian coordinates to use.

At this point we can’t justify this yet, however, once we reach the Change of Variables
section in this chapter we will be able to justify this. It can be shown (as we’ll do in the
Change of Variables section) that, in terms of polar coordinates, dA can be written as,

dA=rdrdé@

Note the addition of the r in the formula! That is important. Without it the answer would
be wrong and in fact it will often enable us to do integrals that we might not be able to do
otherwise.

We now need to find a formula for the double integral when we use polar coordinates to
define the region D. First, let’s get a sketch of a sample region.
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So, our general region will be defined by inequalities,
a<O0<p

h(6)<r<h,(0)

Now, if we’re going to be integrating with respect to polar coordinates we are going to
have to make sure that we’ve also converted all the x’s and y’s into polar coordinates as
well. To do this we’ll need to remember the following conversion formulas,

X =rcosé y=rsinéd r’=x’+y°

We are now ready to write down a formula for the double integral in terms of polar
coordinates.

B hy(6) .
Hf(x,y)dA:f jhl(e) f(rcosd,rsing)rdrde
D a

It is important to not forget the added r and don’t forget to convert the Cartesian
coordinates in the function over to polar coordinates.

Let’s look at a couple of examples of these kinds of integrals.

Example 1 Evaluate the following integrals by converting them into polar coordinates.
(@) J.IZX ydA, D is the portion of the region between the circles of radius 2
D

and radius 5 centered at the origin that lies in the first quadrant
(b) Hexzﬂz dA, D is the unit circle centered at the origin.
D

Solution
(a) First let’s get D in terms of polar coordinates. The circle of radius 2 is given by r =2
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and the circle of radius 5 is given by r =5. We want the region between them so we will
have the following inequality for r.

2<r<5
Also, since we only want the portion that is in the first quadrant we get the following
range of &°’s.

0<6<

NN

Now that we’ve got these we can do the integral.

JJZX ydAzf;I:Z(rcose)(rsin @)rdrdo

Don’t forget to do the conversions and to add in the extra r. Now, let’s simplify and
make use of the double angle formula for sine to make the integral a little easier.

ijzxydA=f;jjrssin(2¢9)drde

5

dé

= EEr“sin(29)
4

0

2

= [ *®%in(260)d0
o 4

s

:—%cos(%’) ’

0

(b) In this case we can’t do this integral in terms of Cartesian coordinates. We will
however be able to do it in polar coordinates. First, the region D is defined by,
0<0<2n

0<r<1
In terms of polar coordinates the integral is then,

Hex2+y2 dA= f 2ﬁj:rerz drdé
D 0

Notice that the addition of the r gives us an integral that we can now do. Here is the
work for this integral.
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ﬂex2+y2 dA= J_:H j: re” drdé
D

Let’s not forget that we still have the two geometric interpretations for these integrals as
well.

Example 2 Determine the area of the region that lies inside r =3+ 2sin @ and outside
r=2.

Solution
Here is a sketch of the region, D, that we want to determine the area of.
E_

4 =3+2an 8

To determine this area we’ll need to know that value of &for which the two curves
intersect. We can determine these points by setting the two equations and solving.

3+2sin@=2

sing=—= = o=-2="=
2

Here is a sketch of the figure with these angles added.

© 2005 Paul Dawkins 153 http://tutorial.math.lamar.edu/terms.asp




Calculus Ill

Hr=3+2sn8&

T 1
4

T

T 6

—_
—

Note as well that we’ve acknowledged that —% is another representation for the angle
11z L : .
5 This is important since we need the range of @ to actually enclose the regions as

we increase from the lower limit to the upper limit. 1f we’d chosen to use % then as

. 7 1 . . .
we increase from ?ﬂ to Tlﬂ we would be tracing out the lower portion of the circle and

that is not the region that we are after.

So, here are the ranges that will define the region.

g7

6 6
2<r<3+2sin¢
To get the ranges for r the function that is closest to the origin is the lower bound and the
function that is farthest from the origin is the upper bound.

The area of the region D is then,
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A:j dA

D

"-_77[;;/6 J-3+23in9 rdrdo

6 J2
p7zr/61
= =r

-7/6 2
r 17/6
= = +6sin@+2sin>0do
a6 2
r 17/6
= —+6sing—cos(20)do

J -7/6

3+2siné

déo

2

2

(&

(&

T

6

n
6

[L9+6c059—isin(29)j
2 2

:%ﬂ“?”:m.m

Example 3 Determine the volume of the region that lies under the sphere
x* +y*+12° =9, above the plane z =0 and inside the cylinder x*+y* =5.

Solution
We know that the formula for finding the volume of a region is,

\Y, :Hf(x,y)dA

In order to make use of this formula we’re going to need to determine the function that
we should be integrating and the region D that we’re going to be integrating over.

The function isn’t too bad. It’s just the sphere, however, we do need it to be in the form
z=f (x, y). We are looking at the region that lies under the sphere and above the plane
z =0 (just the xy-plane right?) and so all we need to do is solve the equation for z and

when taking the square root we’ll take the positive one since we are wanting the region
above the xy-plane. Here is the function.

7=49-Xx"—y?

The region D isn’t too bad in this case either. As we take points, (x, y), from the region

we need to completely graph the portion of the sphere that we are working with. Since
we only want the portion of the sphere that actually lies inside the cylinder given by

x* +y? =5 this is also the region D. The region D is the disk x*+ y? <5 in the xy-plane.

For reference purposes here is a sketch of the region that we are trying to find the volume
of.
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h

¥

0,

]
".
]

So, the region that we want the volume for is really a cylinder with a cap that comes from
the sphere.

We are definitely going to want to do this integral in terms of polar coordinates so here
are the limits (in polar coordinates) for the region,
0<6<L2rx

0<r<+5
and we’ll need to convert the function to polar coordinates as well.

The volume is then,
Vv =ﬂ 9-x*—y? dA
D

:thoﬁr\w—rz drde
0

27 NG
I R YA

do

27

=J 1940
o 3

_3er
3

0

Example 4 Find the volume of the region that lies inside z = x>+ y® and below the
plane z=16.
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Solution
Let’s start this example off with a quick sketch of the region.

Now, in this case the standard formula is not going to work. The formula
\Y, :H f (x,y)dA
D

finds the volume under the function f (x, y) and we’re actually after the area that is
above a function. This isn’t the problem that it might appear to be however. First, notice
that
V =[[16dA
D

will be the volume under z =16 (of course we’ll need to determine D eventually) while
V= ” x? + y? dA
D

is the volume under z = x* + y*, using the same D.

The volume that we’re after is really the difference between these two or,
Vv =jj16dA—ﬂx2 +y° dA=”16—(x2 +y*)dA
D D D

Now all that we need to do is to determine the region D and then convert everything over
to polar coordinates.

Determining the region D in this case is not too bad. If we were to look straight down the
z-axis onto the region we would see a circle of radius 4 centered at the origin. This is
because the top of the region, where the elliptic paraboloid intersects the plane, is the
widest part of the region. We know the z coordinate at the intersection so, setting z =16
in the equation of the paraboloid gives,

16 = x* +y?
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which is the equation of a circle of radius 4 centered at the origin.
Here are the inequalities for the region and the function we’ll be integrating in terms of
polar coordinates.
0<0<2rx 0<r<4 2=16-r?
The volume is then,
Vv =”16—(x2 +y*)dA
D

:f:”I:r(lG—rz)drde

2 4
:J (Sr2 L r“j
0 4

0

déo

Yy s
=| 64d60

0

=1287

In both of the previous volume problems we would have not been able to easily compute
the volume without first converting to polar coordinates so, as these examples show, it is
a good idea to always remember polar coordinates.

There is one more type of example that we need to look at before moving on to the next
section. Sometimes we are given an iterated integral that is already in terms of x and y
and we need to convert this over to polar so that we can actually do the integral. We need
to see an example of how to do this kind of conversion.

Example 5 Evaluate the following integral by first converting to polar coordinates.
1 2
J IJchos(x2 +y?)dxdy
0 0

Solution

First, notice that we can not do this integral in Cartesian coordinates and so converting to
polar coordinates may be the only option we have for actually doing the integral. Notice
that the function will convert to polar coordinates nicely and so shouldn’t be a problem.

Let’s first determine the region that we’re integrating over and see if it’s a region that can

be easily converted into polar coordinates. Here are the inequalities that define the region
in terms of Cartesian coordinates.

Now, the upper limit for the x’s is,
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and this looks like the right side of the circle of radius 1 centered at the origin. Since the
lower limit for the x’s is x =0 it looks like we are going to have a portion (or all) of the
right side of the disk of radius 1 centered at the origin.

The range for the y’s however, tells us that we are only going to have positive y’s. This
means that we are only going to have the portion of the disk of radius 1 centered at the
origin that is in the first quadrant.

So, we know that the inequalities that will define this region in terms of polar coordinates
are then,

Finally, we just need to remember that,
dxdy=dA=rdrdé

and so the integral becomes,
J:.fjl?cos(xz +y?)dxdy = IEJ':rcos(rz)dr do

Note that this is an integral that we can do.

Here is the rest of the work for this integral.

jjl zcos X* +y?)dxdy = JZ% in(r?)

Triple Integrals

Now that we know how to integrate over a two-dimensional region we need to move on
to integrating over a three-dimensional region. We used a double integral to integrate
over a two-dimensional region and so it shouldn’t be too surprising that we’ll use a triple
integral to integrate over a three dimensional region. The notation for the general triple

integrals is,
J:” f(xy z)dVv
E

Let’s start simple by integrating over the box,

B=[a,b]x[c,d]x][r,s]
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Note that when using this notation we list the x’s first, the y’s second and the z’s third.

The triple integral in this case is,
”J. f(xy z)dv :J.rsjcd J.: f (x y,z)dxdydz
B

Note that we integrated with respect to x first, then y, and finally z here, but in fact there
is no reason to the integrals in this order. There are 6 different possible orders to do the
integral in and which order you do the integral in will depend upon the function and the
order that you feel will be the easiest. We will get the same answer regardless of the
order however.

Let’s do a quick example of this type of triple integral.

Example 1 Evaluate the following integral.
[[[exyzdv, B=[2,3]x[12]x[0,]
B

Solution

Just to make the point that order doesn’t matter let’s use a different order from that listed
above. We’ll do the integral in the following order.

Jﬂ8xyz dv = J12I5I28xyz dz dxdy
B
SN
= J.12I54xy dxdy

-[roef o

Before moving on to more general regions let’s get a nice geometric interpretation about
the triple integral out of the way so we can use it in some of the examples to follow.

Fact

The volume of the three-dimensional region E is given by the integral,

V=j£jdv

Let’s now move on the more general three-dimensional regions. We have three different
possibilities for a general region. Here is a sketch of the first possibility.
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In this case we define the region E as follows,

E={(x.y.2)|(xy)eD, u(xy)<z<u,(xy)}
where (X, y)e D is the notation that means that the point (x, y) lies in the region D from
the xy-plane. In this case we will evaluate the triple integral as follows,

jy (% y,2)dV =H[ju“lz((xyy)) (% y,z)dszA

where the double integral can be evaluated in any of the methods that we saw in the
previous couple of sections. In other words, we can integrate first with respect to x, we
can integrate first with respect to y, or we can use polar coordinates as needed.

Example 2 Evaluate ”IZX dV where E is the region under the plane 2x+3y+z="6
E

that lies in the first octant.

Solution

We should first define octant. Just as the two-dimensional coordinates system can be
divided into four quadrants the three-dimensional coordinate system can be divided into
eight octants. The first octant is the octant in which all three of the coordinates are
positive.

Here is a sketch of the plane in the first octant.
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We now need to determine the region D in the xy-plane. We can get a visualization of
the region by pretending to look straight down on the object from above. What we see

will be the region D in the xy-plane. So D will be the triangle with vertices at (0,0),
(3,0),and (0,2). Here is a sketch of D.

3_
] 2
2 S
] y=-—x+2
] £
- OF.
1 3
] x=——y+3
2
||||m||||||||||||||||||||
-1 1 1 2 3 4
1

Now we need the limits of integration. Since we are under the plane and in the first
octant (so we’re above the plane z =0) we have the following limits for z.

0<z<6-2x-3y

We can integrate the double integral over D using either of the following two sets of
inequalities.

<x< |
O<x=3 § 0£x£—§y+3
| 2
i

2
0£y£—§x+2 O<y<?

Since neither really holds an advantage over the other we’ll use the first one. The
integral is then,
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flf2xav = j J{J27 " 2xaz o

_|..[2xz|zfzxf3y dA

= ( j 2x 6—2x—3y)dy dx

3 2 —§x+2
:d 0(12xy 4xy —3xy )‘0 dx
~3

= ;13 8x2 +12x dx

0

(1 —X +6xj
3

=9

(&

3

0

Let’s now move onto the second possible three-dimensional region we may run into for
triple integrals. Here is a sketch of this region.

=i [Jﬁ,Z)

For this possibility we define the region E as follows,
E={(xy.2)|(y.2) €D, u,(y,z)<x<u,(y,2)}
So, the region D will be a region in the yz-plane. Here is how we will evaluate these

integrals.
jy f(xy,2)dV :HU:((yy? (% y,z)dx}dA

As with the first possibility we will have two options for doing the double integral in the
yz-plane as well as the option of using polar coordinates if needed.

Example 3 Determine the volume of the region that lies behind the plane x+y+z=8
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and in front of the region in the yz-plane that is bounded by z :gﬁ and z :%y :

Solution
In this case we’ve been given D and so we won’t have to really work to find that. Here is
a sketch of the solid that we want the volume of as well as the region D.

5]

I:I_IIIIIIIIIIIIIIIIIIIIII}?
a 1 2 3 4

The solid that we’re after is the portion that is behind the plane and not the portion that is
in front of the plane.

Here are the limits for each of the variables.
0<y<4

The volume is then,

V- mdv=ﬂ

r4 1

Jo 32
— SyS_Eyz 3y%+£y3 4—4_9
16 32 . 5
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We now need to look at the third (and final) possible three-dimensional region we may
run into for triple integrals. Here is a sketch of this region.

-

In this final case E is defined as,
E={(x,y,2)|(x.2)eD, y(x2z)<y<u,(xz)}
and here the region D will be a region in the xz-plane. Here is how we will evaluate these

integrals.
'”E.J‘ f(xy,z)dVv :LJD:((XXZZ)) f(xy, z)dy}dA

where we will can use either of the two possible orders for integrating D in the xz-plane
or we can use polar coordinates if needed.

Example 4 Evaluate J'”\/sz +3z> dV where E is the solid bounded by y = 2x* + 2z°
E

and the plane y =8.

Solution
Here is a sketch of the solid E.
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“ E/
‘ﬁ’ﬂ ‘i
mnﬂ‘f

The region D in the xz-plane can be found by “standing” in front of this solid and we can
see that D will be a disk in the xz-plane. This disk will come from the front of the solid
and we can determine the equation of the disk by setting the elliptic paraboloid and the
plane equal.

2x* +2z% =8 = x>+22=4

This region, as well as the integrand, both seems to suggest that we should use something
like polar coordinates. However we are in the xz-plane and we’ve only seen polar
coordinates in the xy-plane. This is not a problem. We can always “translate” them over
to the xz-plane with the following definition.

X =1rcosé z=rsind

Since the region doesn’t have y’s we will let z take the place of y in all the formulas.
Note that these definitions also lead to the formula,

x*+z28=r?

With this in hand we can arrive at the limits of the variables that we’ll need for this
integral.

2x*+27°<y<8
0<r<2
0<O0<L2x

The integral is then,
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.[”\/de:fj[ ps? ey’ 3% +3z° dy}dA

Jj( 3x* +32
_Hm 2x +22 )dA

Now, since we are going to do the double integral in polar coordinates let’s get
everything converted over to polar coordinates. The integrand is,

3(X2+22)(8_(2)(2+222)):\/37(8—2r2)
=3 I’(8—2r2)
=\/§(8I’—2r3)

[[[Vax* +322 dv = [[+/3 (8r —2r*)dA

:\/§f2”.f2(8r—2r3)rdrd6?

_\/_J (Br —%r JZ
—szn%de
_256\37

15

dA

2x +222

The integral is then,

déo

0

Triple Integrals in Cylindrical Coordinates

In this section we want do take a look at triple integrals done completely in Cylindrical
Coordinates. Recall that cylindrical coordinates are really nothing more than an
extension of polar coordinates into three dimensions. The following are the conversion

formulas for cylindrical coordinates.

X=1rcosé y=rsing z2=12

In order to do the integral in cylindrical coordinates we will need to know what dV will
become in terms of cylindrical coordinates. We will be able to show in the Change of

Variables section of this chapter that,
dV =rdzdrdé
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The region, E, over which we are integrating becomes,
E= {(x ¥,2)[(x,y)eD, u(xy)<z<u,(x, y)}
={(r.0,2)la<6< B, h(0)<r<h,(0), u (rcosd,rsind)<z<u,(rcos,rsing)}

Note that we’ve only given this for E’s in which D is in the xy-plane. We can modify this
accordingly if D is in the yz-plane or the xz-plane as needed.

In terms of cylindrical coordinates a triple integral is,

Hj f(xy,z)dV = jfjr:ig)juz(rcow’mina) r f (rcosé,rsing,z)dzdrdé
2

U (rcosd,rsing)

Don’t forget to add in the r and make sure that all the x’s and y’s also get converted over
into cylindrical coordinates.

Let’s see an example.

Example 1 Evaluate ”_[ ydV where E is the region that lies below the plane z = x+2
E

above the xy-plane and between the cylinders x> +y? =1 and x* +y*=4.

Solution
There really isn’t too much to do with this one other than do the conversions and then
evaluate the integral.

We’ll start out by getting the range for z in terms of cylindrical coordinates.
0<z<x+2 = 0<z<rcosfd+2
Remember that we are above the xy-plane and so we are above the plane z=0

Next, the region D is the region between the two circles x* +y> =1 and x* +y° =4 in
the xy-plane and so the ranges for it are,
0<O0<L2rx 1<r<?2

Here is the integral.
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m.de =102”jlzjorcow+2(rsin 49)rdz drdé
E
=rﬁrrzsine(rcosé’JrZ)drde

2r 021 3
_I j—r sin(26)+2rsin@drdo

2z
= (Er“ sin(29)+zr3sin 0)
o 8 3

2r
:f %sm (249)+%sm 0do

0

2

déo

1

2z

[—Ecos(ze)—gcose)
16 3

0

0

Just as we did with double integral involving polar coordinates we can start with an
iterated integral in terms of X, y, and z and convert it to cylindrical coordinates.

Xyz dzdxdy into an integral in cylindrical

1
Example 2 Convert I_JO X242

coordinates.

Solution
Here are the ranges of the variables from this iterated integral.
-1<y<1

0<x<J1-y?
X +y?<z<Yxi+y°

The first two inequalities define the region D and since the upper and lower bounds for
the x’s are x=4/1—y® and x =0 we know that we’ve got at least part of the right half a

circle of radius 1 centered at the origin. Since the range of y’s is —1< y <1we know that

we have the complete right half of the disk of radius 1 centered at the origin. So, the
ranges for D in cylindrical coordinates are,

All that’s left to do now is to convert the limits of the z range, but that’s not too bad.
r’<z<r

On a side note notice that the lower bound here is an elliptic paraboloid and the upper

bound is a cone. Therefore E is a portion of the region between these two surfaces.
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The integral is,

IZIOWI@xyzdzdxdy=j”j2j:j; r(rcosd)(rsin)zdzdrdo

/2

X2+y

ler .
_[ I ,zricos@sinfdzdrde
oJdr

72

Triple Integrals in Spherical Coordinates

In the previous section we looked at doing integrals in terms of cylindrical coordinates
and we now need to take a quick look at doing integrals in terms of spherical coordinates.

First, we need to recall just how spherical coordinates are defined. The following sketch
shows the relationship between the Cartesian and spherical coordinate systems.

z

(xy.z)=(0.0,9)

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
:
. 1
x Sy

¥
a el T
Here are the conversion formulas for spherical coordinates.
X = psSingpcosé y = psingsin @ Z=pCoSp

x> +yi+2°=p?

We also have the following restrictions on the coordinates.
p=>0 0<¢p=<r

For our integrals we are going to restrict E down to a spherical wedge. This will mean
that we are going to take ranges for the variables as follows,
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asp<b
all0Lp
0Ly

Here is a quick sketch of a spherical wedge for reference purposes.

From this sketch we can see that E is really nothing more than the intersection of a sphere
and a cone.

In the next section we will show that

dV = p’sinpdpdfde

Therefore the integral will become,

'm f(xy z)dVv :J.:'[jj‘;pz sing f (psingcosé, psingsing, pcosp)dpddde
E

This looks bad, but given that the limits are all constants the integrals here tend to not be
too bad.

Example 1 Evaluate I_Ule dV where E is the upper half of the sphere x* +y*+z°=1.
E

Solution
Since we are taking the upper half of the sphere the limits for the variables are,
0<p<l
0<0<2r
T
0<p<—
Y=7
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The integral is then,

J[J16zav =IOZI02”IZ/02 sing(16pcosp)d pdade
E
=If‘[oZ”IZSpSSin(Zgo)dpd@dgo
=jfj02”2sin(2(p)d9d(p

= J'0547zsin(2(p)dgo

=2 COS(Z(/))E
=4

x* +y*+z° dzdxdy into spherical coordinates.

2 18—x2_y?
Example 2 Convert j:jjﬁjﬁ '

Solution
Let’s first write down the limits for the variables.
0<y<3

0<Xx<4/9-y°
X +y? <2< 18-x2—y®

The range for x tells us that we have a portion of the right half of a disk of radius 3
centered at the origin. Since we are restricting y’s to positive values it looks like we will
have the quarter disk in the first quadrant. Therefore since D is in the first quadrant the
region, E, must be in the first octant and this in turn tells us that we have the following
range for @ (since this is the angle around the z-axis).

0<o<Z
2

Now, let’s see what the range for z tells us. The lower bound, z =+/x*+Yy? , is the upper
half of a cone. At this point we don’t need this quite yet, but we will later. The upper

bound, z=/18—x*—y?, is the upper half of the sphere,
X +y*+z°=18
and so from this we now have the following range for p

0<p<18=3/2

Now all that we need is the range for ¢. There are two ways to get this. One is from

where the cone and the sphere intersect. Plugging in the equation for the cone into the
sphere gives,
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(W)ZJFZZ =18
72 +7% =18

=9

z=3

Note that we can assume z is positive here since we know that we have the upper half of
the cone and/or sphere. Finally, plug this into the conversion for z and take advantage of

the fact that we know that p = 32 since we are intersecting on the sphere. This gives,

pCOSp =3

3J2cosp=3
1 2 /2
COSp=—1=— = ==
N Y%

So, it looks like we have the following range,

V4
0<p<—
4 4

The other way to get this range is from the cone by itself. By first converting the
equation into cylindrical coordinates and then into spherical coordinates we get the

following,
Z=r

PCOSp = psSing
l1=tang - p==
4
So, recalling that p2 = x* +y® + 2%, the integral is then,

I, fg ' [je T +yz+22dZdXdy=foﬁmf:/zf:ﬁp“sinwdpdﬁd(ﬂ

X+y

Change of Variables
Back in Calculus | we had the substitution rule that told us that,

'[:f(g x)dx = I u)du  where u=g(x)

In essence this is taking an integral in terms of x’s and changing it into terms of u’s. We
want to do something similar for double and triple integrals. In fact we’ve already done
this to a certain extent when we converted double integrals to polar coordinates and when
we converted triple integrals to cylindrical or spherical coordinates. The main difference
is that we didn’t actually go through the details of where the formulas came from. If you
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recall, in each of those cases we commented that we would justify the formulas for dA
and dV eventually. Now is the time to do that justification.

While often the reason for changing variables is to get us an integral that we can do with
the new variables another reason for changing variables is to convert the region into a
nicer region to work with. When we were converting the polar, cylindrical or spherical
coordinates we didn’t worry about this change since it was easy enough to determine the
new limits based on the given region. That is not always the case however. So, before
we move into changing variables with multiple integrals we first need to see how the
region may change with a change of variables.

First we need a little notation out of the way. We call the equations that define the
change of variables a transformation. Also we will typically start out with a region, R,
in xy-coordinates and transform it into a region in uv-coordinates.

Example 1 Determine the new region that we get by applying the given transformation

to the region R.
2

(a) R is the ellipse X +% =1 and the transformation is x = % y=3v.

(b) R is the region bounded by y=—-x+4, y=x+1, and y=§—§ and the

transformation is x = %(u +V), y= %(u -v).

Solution
(a) There really isn’t too much to do with this one other than to plug the transformation
into the equation for the ellipse and see what we get.

)

2 2
vy
4 36

u?+v: =4

So, we started out with an ellipse and after the transformation we had a disk of radius 2.

(b) As with the first part we’ll need to plug the transformation into the equation,
however, in this case we will need to do it three times, once for each equation. Before we
do that let’s sketch the graph of the region and see what we’ve got.
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So, we have a triangle. Now, let’s go through the transformation. We will apply the
transformation to each edge of the triangle and see where we get.

Let’sdo y=—-x+4 first. Plugging in the transformation gives,
1 1
E(u -V) :—E(u +V)+4
Uu-v=-u-v+8
2u=8
u=4
The first boundary transforms very nicely into a much simpler equation.

Now let’s take a look at y = x+1,

1 1
E(u -V) :E(u +V)+1

Uu-v=u+v=2

—2v=2
v=-1
Again, a much nicer equation that what we started with.
Finally, let’s transform y :g—g.

%(u -V) =%G(u +v)j—%

3u-3v=u+v-8

4y =2u+8
v=_yo
2

So, again, we got a somewhat simpler equation, although not quite as nice as the first
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two.

Let’s take a look at the new region that we get under the transformation.

32

F4

53 =4

¥ :
y=_+2 £
2 -

-1
IIIIIIIIIIIIIII:DIIIIIIIIu
5 4 2 T 2 1

y=-1

We still get a triangle, but a much nicer one.

Note that we can’t always expect to transform a specific type of region (a triangle for
example) into the same kind of region. It is completely possible to have a triangle
transform into a region in which each of the edges are curved and in no way resembles a
triangle.

Notice that in each of the above examples we took a two dimensional region that would
have been somewhat difficult to integrate over and converted it into a region that would
be much nicer in integrate over. As we noted at the start of this set of examples, that is
often one of the points behind the transformation. In addition to converting the integrand
into something simpler it will often also transform the region into one that is much easier
to deal with.

Now that we’ve seen a couple of examples of transforming regions we need to now talk
about how we actually do change of variables in the integral. We will start with double

integrals. In order to change variables in a double integral we will need the Jacobian of
the transformation. Here is the definition of the Jacobian.

Definition
The Jacobian of the transformation x=g(u,v), y=h(u,v) is
oX OX
o(xy) lou ov
o(uv) |y o
ou ov

The Jacobian is defined as a determinant of a 2x2 matrix, if you are unfamiliar with this
that is okay. Here is how to compute the determinant.
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c d

b
a ‘:ad—bc

Therefore, another formula for the determinant is,
x X
o(xy) _|ou ov|_oxdy oxdy

o(u,v) |oy Qzauav ov u
ou ov

Now that we have the Jacobian out of the way we can give the formula for change of
variables for a double integral.

Change of Variables for a Double Integral

Suppose that we want to integrate f(x, y) over the region R. Under the transformation
x=g(u,v), y=h(u,v) the region becomes S and the integral becomes,

ijf(x, y)dA:ﬂ f (g(u,v),h(u,v))M

dudv

d(u,v)

Note that we used du dv instead of dA in the integral to make it clear that we are now
integrating with respect to u and v. Also note that we are taking the absolute value of the
Jacobian.

If we look just at the differentials in the above formula we can also say that
o(xy)

o(u,v)

dA = dudv

Example 2 Show that when changing to polar coordinates we have dA=rdrdé
Solution

So, what we are doing here is justifying the formula that we used back when we were
integrating with respect to polar coordinates. All that we need to do is use the formula
above for dA.

The transformation here is the standard conversion formulas,
X =1rCcosé y=rsind

The Jacobian for this transformation is,
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ox OX
o(xy) _lor a6
o(r.0) |y o

or 06

coséd -—rsind

“|sin@  rcos®

= r cos? 0—(—rsin2 9)
:r(c0529+sin26’)

=r

We then get,

o(x.Y)

dA=|——""Adrd¢=|r|drdd=rdrd6
o(r.0)

So, the formula we used in the section on polar integrals was correct.

Now, let’s do a couple of integrals.

Example 3 Evaluate “ X+ ydA where R is the trapezoidal region with vertices given by
R

(0,0), (5,0), (EE) and @—g) using the transformation x =2u+3v and

2 2
y=2u—-3v.
Solution
First, let’s sketch the region R and determine equations for each of the sides.
Y
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Each of the equations was found by using the fact that we know two points on each line
(i.e. the two vertices that form the edge).

While we could do this integral in terms of x and y it would involve two integrals and so
would be some work.

Let’s use the transformation and see what we get. We’ll do this by plugging the
transformation into each of the equations above.

Let’s start the process off with y =x.
2u—3vV =2uU+3v

6v=0
v=0

Transforming y =—x is similar.
2u—-3v=—(2u+3v)
4qu=0
u=0

Next we’ll transform y=—-x+5.
2u-3v=—(2u+3v)+5

4qu =5
5
u=—
4

Finally, let’s transform y=x-5.
20-3v=2u+3v-5
—6v=-5

V==
6

The region S is then a rectangle whose sides are givenby u=0, v=0, u :% and v =%

and so the ranges of u and v are,

OSUSE OgvsE
4 6
Next, we need the Jacobian.
o(x, 2 3
(%) _ 66212
a(u,v) 2 -3

The integral is then,
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-
Hx+ ydA:f6_|'O4(2u+3v)+(2u—3v)|—12|du dv
5 0

S 5
:fﬁj448udu dv

0 0

5

= 5
=j624u2\gdv
0

<75
:Je—dv
0 2

Example 4 Evaluate H x> —xy + y> dA where R is the ellipse given by x> —xy+y* =2
R

and using the transformation x=\/§u—\/§v, y=x/§u+\/§v.

Solution
The first thing to do is to plug the transformation into the equation for the ellipse to see
what the region transforms into.

2=Xx"—xy+y’

2 2
= \/Eu—\/gv 1 V2u- gv «/§u+\/§v + \/§u+\/gv
3 3 3 3
:2u2—iuv+gv2—(2u2—zv2j+2u2+iuv+gv2
3 3 3

NG NG

=2u® +2v?

Or, upon dividing by 2 we see that the equation describing R transforms into
2 2
u“+ve =1
or the unit circle. Again, this will be much easier to integrate over than the original
region.

Note as well that we’ve shown that the function that we’re integrating is

X2 —xy +y? :2(u2 +v2)
in terms of u and v so we won’t have to redo that work when the time to do the integral
comes around.
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Finally, we need to find the Jacobian.

2
2 _|=
8(x,y)_[ 3.2 .2 _4
W) |5 2| VB R
3
The integral is then,
ﬂ —xy+Yy*dA= JJ u® +v? dudv

Before proceeding a word of caution is in order. Do not make the mistake of substituting
X —xy+y? =2 or u®+v® =1 in for the integrands. These equations are only valid on

the boundary of the region and we are looking at all the point interior to the boundary as
well and for those points neither of these equations will be true!

At this point we’ll note that this integral will be much easier in terms of polar coordinates
and so to finish the integral out will convert to polar coordinates

ﬁx —xy+Yy*dA= JJ u +v dudv
:%J_:”J':(rz)rdrde

27 1

8 1,
=— | =r| dé@

\/gjo 4r 0

8 (*1
-5 ), 1

dr

B

Let’s now briefly look at triple integrals. In this case we will again start with a region R
and use the transformation x =g (u,v,w), y=h(u,v,w), and z=k(u,v,w) to transform
the region into the new region S. To do the integral we will need a Jacobian, just as we
did with double integrals. Here is the definition of the Jacobian for this kind of
transformation.

oX OX OX
U voow
a(z,y,z)_g oy
8(u,v,w)_8u o ow
0z 07 o1
U v ow
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In this case the Jacobian is defined in terms of the determinant of a 3x3 matrix. We saw
how to evaluate these when we looked at cross products back in Calculus Il. If you need
a refresher on how to compute them you should go back and review that section.

The integral under this transformation is,

I;[_[f(x, y,z)dv =JJ'Jf(g(u,v,w),h(u,v,w),k(u,v,w))

S

o(x,y,z)
o(u,v,w

du dvdw

As with double integrals we can look at just the differentials and note that we must have
o(x,y,z)

dudvd
o(u,v,w) uaveaw

dv =

We’re not going to do any integrals here, but let’s verify the formula for dV for spherical
coordinates.

Example 5 Verify that dV = p’singpd pd@dg when using spherical coordinates.

Solution
Here the transformation is just the standard conversion formulas.
X = psSingcosé y = psingsin @ Z=pCoSp

The Jacobian is,

d(z,y.2)
0(p.0.9)

sinpcosd —psingsing  pcosepcosd| singcosd —psingsind
=|sinpsingd psingcosd pcosesind| singsingd  psingcosd

Cos@ 0 —psing cos@ 0
=—p°sin® pcos® @ — p®sin pcos® psin® @ +0

—p?sin® psin® @—0- p®sin pcos® pcos® &

=—p’sin’ p(cos’ 0 +sin’ @) - p’ sin pcos’ p(sin® O+ cos’ 0)
=—p°sin®p— p*singpcos® ¢
=—p’sing(sin’ p+cos’ p)
=-p’sing
Finally, dV becomes,
dV =|-p’sing|dpdode = p’sinpd pdode

Recall that we restricted ¢ to the range 0 < ¢ < x for spherical coordinates and so we
know that sin¢@ >0 and so we don’t need the absolute value bars on the sine.
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We will leave it to you to check the formula for dV for cylindrical coordinates if you’d
like to. It is a much easier formula to check.

Surface Area

In this section we will look at the lone application (aside from the area and volume
interpretations) of multiple integrals in this material. This is not the first time that we’ve
looked at surface area We first saw surface area in Calculus I, however, in that setting
we were looking at the surface area of a solid of revolution. In other words we were
looking at the surface area of a solid obtained by rotating a function about the x or y axis.
In this section we want to look at a much more general setting although you will note that
the formula here is very similar to the formula we saw back in Calculus II.

Here we want to find the surface area of the surface given by z = f (x,y) where (x,y) is
a point from the region D in the xy-plane. In this case the surface area is given by,

szﬂ\/[fx]z+[fy]2+1dA

Let’s take a look at a couple of examples.

Example 1 Find the surface area of the part of the plane 3x+2y +z =6 that lies in the
first octant.

Solution

Remember that the first octant is the portion of the xyz-axis system in which all three
variables are positive. Let’s first get a sketch of the part of the plane that we are
interested in. We’ll also get a sketch of the region D.

J=
by

3
=-_—x+3
7Ty

I:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII-}?

o o0os 1 15 2 25 3
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Remember that to get the region D we can pretend that we are standing directly over the
plane and what we see is the region D. We can get the equation for the hypotenuse of the
triangle by realizing that this is nothing more than the line where the plane intersects the
xy-plane and we also know that z =0 on the xy-plane. Plugging z =0 into the equation
of the plane will give us the equation for the hypotenuse.

Notice that in order to use the surface area formula we need to have the function in the
form z=f (x, y) and so solving for z and taking the partial derivatives gives,

Z=6-3x-2y f =-3 f, =-2

X y

The limits defining D are,

0<x<2 0£y£—§x+3

The surface area is then,

s=[[/[-3] +[-2] +1dA
D
2 —§x+3
1 o
= \/1_4J'02—gx+3dx
= x/1_4(—%x2 +3xj
=3J14

2
0

Example 2 Determine the surface area of the part of z=xy that lies in the cylinder
given by x> +y*=1.

Solution
In this case we are looking for the surface area of the part of z=xy where (x, y) comes

from the disk of radius 1 centered at the origin since that is the region that will lie inside
the given cylinder.

Here are the partial derivatives,
f.=y f, =X

X

The integral for the surface area is,
S =ﬂ x*+y2 +1dA
D
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Given that D is a disk it makes sense to do this integral in polar coordinates.
S =J-J. X* +y° +1dA

D
= J.OZHI:r\/lJr r’drdo

_ ﬂzzl(gj(lﬂz)i
Jy 2\ 3

(‘27Z1 3
= —(22—1)019
Jo 3

3

1

dé

0

Area and Volume Revisited

This section is here only so we can summarize the geometric interpretations of the double
and triple integrals that we saw in this chapter. Since the purpose of this section is to
summarize these formulas we aren’t going to be doing any examples in this section.

We’ll first look at the area of a region. The area of the region D is given by,

Area of D = ” dA
D

Now let’s give the two volume formulas. First the volume of the region E is given by,

Volume of E = IJ'.[ dv
E

Finally, if the region E can be defined as the region under the function z = f (x, y) and
above the region D in xy-plane then,

Volume of E = ﬂ f(xy)dA
D

Note as well that there are similar formulas for the other planes. For instance, the volume
of the region behind the function y = f (x,z) and in front of the region D in the xz-plane

is given by,
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Volume of E = H f(x z) dA
D

Likewise, the the volume of the region behind the function x = f (y, z) and in front of
the region D in the yz-plane is given by,

Volume of E = J‘J' f(y,z)dA
D

Line Integrals

Introduction

In this section we are going to start looking at Calculus with vector fields (which we’ll
define in the first section). In particular we will be looking at a new type of integral, the
line integral and some of the interpretations of the line integral. We will also take a look
at one of the more important theorems involving line integrals, Green’s Theorem.

Here is a listing of the topics covered in this chapter.
Vector Fields — In this section we introduce the concept of a vector field.

Line Integrals — Part | — Here we will start looking at line integrals. In particular we
will look at line integrals with respect to arc length.

Line Integrals — Part 11 — We will continue looking at line integrals in this section.
Here we will be looking at line integrals with respect to x, y, and/or z.

Line Integrals of Vector Fields — Here we will look at a third type of line integrals, line
integrals of vector fields.

Fundamental Theorem for Line Integrals — In this section we will look at a version of
the fundamental theorem of calculus for line integrals of vector fields.

Conservative Vector Fields — Here we will take a somewhat detailed look at
conservative vector fields and how to find potential functions.

Green’s Theorem — We will give Green’s Theorem in this section as well as an
interesting application of Green’s Theorem.

Curl and Divergence — In this section we will introduce the concepts of the curl and the
divergence of a vector field. We will also give two vector forms of Green’s Theorem.
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Vector Fields

We need to start this chapter off with the definition of a vector field as they will be a
major component of both this chapter and the next. Let’s start off with the formal
definition of a vector field.

Definition

A vector field on two (or three) dimensional space is a function F that assigns to each
point (x,y) (or (x,y,z)) atwo (or three dimensional) vector given by F (X, y) (or

F(XV,2)).

That may not make a lot of sense, but most people do know what a vector field is, or at
least they’ve seen a sketch of a vector field. If you’ve seen a current sketch giving the
direction and magnitude of a flow of a fluid or the direction and magnitude of the winds
then you’ve seen a sketch of a vector field.

The standard notation for the function F is,

F(xy)=P(xy) +Q(x,y)]

F(xY,2)=P(xy,2)i +Q(x,y,2) J+R(x,y,2)k
depending on whether or not we’re in two or three dimensions. The function P, Q, R (if
it is present) are sometimes called scalar functions.

Let’s take a quick look at a couple of examples.

Example 1 Sketch each of the following direction fields.
@ F(xy)=-yi+x]
(b) F(xy,z)=2xi -2y j-2xk

Solution

(a) Okay, to graph the vector field we need to get some “values” of the function. This
means plugging in some points into the function. Here are a couple of evaluations.

(14)-Lid;

So, just what do these evaluations tell us? Well the first one tells us that at the point
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(%%) we will plot the vector —%T+% j . Likewise, the third evaluation tells us that at

the point El we will plot the vector —£T+§].
2 4 4 2

We can continue in this fashion plotting vectors for several points and we’ll get the

following sketch of the vector field.

If we want significantly more points plotted then it is usually best to use a computer aided
graphing system such as Maple or Mathematica. Here is a sketch with many more

vectors included that was generated with Maple.

PP P I 57 P 7 &R 40 BT g e i Wy 6 By By 0T,
CF O I 0P P O R e e S e e P Py O By B R
= ==l ol iy EoR I S N e Y
el e rmer]e o m @ Q00
A e omom B0 O R
O B B N = R A N R
ﬂ&g;ﬁﬂ‘d‘:ﬂ-.r:-nqqqq%%qﬁﬁ
{ld&&‘fﬂd-v:‘tq“‘qqﬂqq
| R | T O O o T T I B T B I
||4}I&Iﬁlﬁlulillllilllﬂ_ll [lllzlgjglglﬁlﬁn
'!]? L ] e ] i
%J}&Ezllaﬂ-.-f]-, e ,f}ﬁ,ﬁ,g
LLoEbk s s w ._...,_px,,,.u,ﬁﬁ.
EEEEQ%“"‘-.L:“‘FPFF.FFP
T o h v wwa r|esmsagagpgnRG
EE%%%%M‘E':{QJ&FEQQEFF
VR TRTITIL I IR P AP R R B B
TR E e e e CO S I - - I B
R R el s A [ . O R 0 .~ [
%1 T % R R B o o R H A A D

Note that in this case to prevent overlap Maple “thickened” each vector to denote

magnitude instead of lengthening it as normal.
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(b) In the case of three dimensional vector fields it is almost always better to use Maple,
Mathematica, or some other such tool. Despite that let’s go ahead and do a couple of
evaluations anyway.

T

(1,-3,2)=27 +6] -2k
F(0,53)=-10]
Notice that z only affect the placement of the vector in this case and does not affect the

direction or the magnitude of the vector. Sometimes this will happen so don’t get excited
about it when it does.

Here is a sketch generated by Maple.

LY

PR

S ATy

AT
‘“-'"-.-hq_._h.n,.l_-".

2 gl g

oL M LS N
= e

Now that we’ve seen a couple of vector fields let’s notice that we’ve already seen a
vector field function to this point. In the second chapter we looked at the gradient vector.

Recall that given a function f (x, Y, z) the gradient vector is defined by,

vt =(f,f,.1,)

x? ty1 Yz

This is a vector field and is often called a gradient vector field.

In these cases the function f (x,y,z) is often called a scalar function to differentiate it
from the vector field.

Example 2 Find the gradient vector field of the following functions.
(@ f(xy)=x’sin(5y)
(b) f(x,y,z)=2e7
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Solution

(a) Note that we only gave the gradient vector definition for a three dimensional
function, but don’t forget that there is also a two dimension definition. All that we need
to drop off the third component of the vector.

Here is the gradient vector field for this function.
Vi = <2xsin (5y),5x? cos(5y)>

(b) There isn’t much to do here other than take the gradient.
Vi =(-yze™,—xze™,e™)

Let’s do another example that will illustrate the relationship between the gradient vector
field of a function and its contours.

Example 3 Sketch the gradient vector field for f (x, y) = x? + y* as well as several

contours for this function.
Solution
Recall that the contours for a function are nothing more than curves defined by,

f(xy)=k

for various values of k. So, for our function the contours are defined by the equation,
x> +y* =k

and so they are circles centered at the origin with radius vk .

Here is the gradient vector field for this function.
Vi (xy)=2xi+2y]
Here is a sketch of several of the contours as well as the gradient vector field.

ip

o o

I IIIIIE
_@K.

| T = |

Ib_ﬁ;
11
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Notice that the vectors of the vector field are all perpendicular (or orthogonal) to the
contours. This will always be the case when we are dealing with the contours of a
function as well as its gradient vector field.

Notice as well that the closer the gradient curves are to each other the larger the vectors
in the vector field. The closer the contour curves are the faster the function is changing at
that point. Also recall that the direction of fastest change for a function is given by the
gradient vector at that point. Therefore, it should make sense that the two ideas should
match up as they do here.

The final topic of this section is that of conservative vector fields. A vector field F is
called a conservative vector field if there exists a function f suchthat F=Vf. If F is

a conservative vector field then the function, f, is called a potential function for F .

All this definition is saying is that a vector field is conservative if it is also a gradient
vector field for some function.

For instance the vector field F = yi +x ] is a conservative vector field with a potential
function of f (x,y)=xy because Vf =(y,x).

On the other hand, F =—yi +x j is not a conservative vector field since there is no

function f such that F = Vf . If you’re not sure that you believe this at this point be

patient, we will be able to prove this in a couple of sections. In that section we will also
show how to find the potential function for a conservative vector field.

Line Integrals — Part |

In this section we are now going to introduce a new kind of integral. However, before we
do that it is important to note that you will need to remember how to parameterize
equations, or put another way, you will need to be able to write down a set of parametric
equations for a given curve. You should have seen some of this in your Calculus 11
course. If you need some review you should go back and review some of the basics of
parametric equations and curves.

Here are some of the more basic curves that we’ll need to know how to do as well as
limits on the parameter if they are required.

Curve Parametric Equations
Xy X =acos(t
Z ! o M) octezn
(Ellipse) y =bsin(t)
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_ = t
X4yt =re = reos() ,0<t<2z
(Circle) y=rsin(t
f X=t
=f(x
= y=1()
x=g(t)
X=
g(y) Jot

F(t)=(1-t)(Xy Yo Zo)+t(X, ¥;, ) , 0<t<1

or
Line Segment From

(XO,yO,ZO) to (Xl,yl,zl) (1—'[)X0+tx1

(I-t)y,+ty, , 0<t<1
(1-t)z,+tz,

X
y
z

With the final one we gave both the vector form of the equation as well as the parametric
form and if we need the two-dimensional version then we just drop the z components. In
fact, we will be using the two-dimensional version of this in this section.

Now let’s move on to line integrals. In Calculus I we integrated f (x), a function of a

single variable, over an interval [a, b] . In this case we were thinking of x as taking all the

values in this interval starting at a and ending at b. With line integrals we will start with
integrating the function f (x,y), a function of two variables, and the values of x and y

that we’re going to use will be the points, (x, y), that lie on a curve C. Note that this is

different from the double integrals that we were working with in the previous chapter
where the points came out of some two-dimensional region.

Let’s start with the curve C that the points come from. We will assume that the curve is
smooth (defined shortly) and is given by the parametric equations,

x=h(t) y=9(t) a<t<b
We will often want to write the parameterization of the curve as a vector function. In this
case the curve is given by,

F(t)=h(t)i+g(t)]

as<t<b
The curve is called smooth if F'(t) is continuous and F'(t =0 for all t.

The line integral of f (x,y) along C is denoted by,

Jf (x,y)ds

(03

We use a ds here to acknowledge the fact that we are moving along the curve, C, instead
of the x-axis (denoted by dx) or the y-axis (denoted by dy). Because of the ds this is
sometimes called the line integral of f with respect to arc length.
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We’ve seen the notation ds before. If you recall from Calculus Il when we looked at the
arc length of a curve given by parametric equations we found it to be,

2 2
L:jbds, where ds= % + ﬂ dt
a dt dt

It is no coincidence that we use ds for both of these problems. The ds is the same for
both the arc length integral and the notation for the line integral.

So, to compute a line integral we will convert everything over to the parametric
equations. The line integral is then,

[t v)dsjb {(0000) %) (2

C a

Don’t forget to plug the parametric equations into the function as well.

If we use the vector form of the parameterization we can simplify the notation up

somewhat by noticing that,
dx )" (dyY’ e
) Hlgr) Il

where | (t)] is the magnitude or norm of '(t). Using this notation the line integral

becomes,

[f(xy)ds=[f(h(t).q(1))|

C

F(t)|dt

Note that as long as the parameterization of the curve C is traced out exactly once at t
increases from a to b the value of the line integral will be independent of the
parameterization of the curve.

Let’s take a look at an example of a line integral.

Example 1 Evaluate jxy“ ds where C is the right half of the circle, x* + y* =16.
C

Solution
We first need a parameterization of the circle. This is given by,
X = 4cost y =4sint
We now need a range of t’s that will give the right half of the circle. The following range
of t’s will do this.

|
NN
INA
IA
Ny
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Now, we need the derivatives of the parametric equations and let’s compute ds.
%=—4sint d—y:4cost

ds = +/165sin?t +16cos? t dt = 4dt

The line integral is then,
/2

_fxy“ ds = J'_ /24cost(4sint)4 (4)dt
Cc

:4096J'j//22cost sin* t dt

:@Sinst ?

N

Next we need to talk about line integrals over piecewise smooth curves. A piecewise
smooth curve is any curve that can be written as the union of a finite number of smooth
curves, C,,...,C, where the end point of C; is the starting point of C; ;. Below isan

illustration of a piecewise smooth curve.
F

A

Ve

G

Evaluation of line integrals over piecewise smooth curves is a relatively simple thing to
do. All we do is evaluate the line integral over each of the pieces and then add them up.
The line integral for some function over the above piecewise curve would be,

jf(x, y)ds:j f(x, y)ds+j f(x, y)ds+J' f(x, y)ds+J' f(xy)ds

c o)

Let’s see an example of this.
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Example 2 Evaluate J‘4x3 ds where C is the curve shown below.
C

237 >
1.5
] Chox=1
"I_
] A
0.5
IIIIIIIIID:IIIIIIIIII
2 -1 Fi 1 2
0.5
] Cyy=x -1
Cliy=-1 ]
@ I
Solution
So, first we need to parameterize each of the curves.
C, : x=t,y=-1, -2<t<0
C,: x=t,y=t*-1 0<t<1
C,: x=1 y=t, 0<t<2

Now let’s do the line integral over each of these curves.

j4x3 ds = j_oz4t3\/(1)2 +(0)* dt = j_oz4t3 dt =t* : --16
Cl
1

= [ :4t3\/l+ ot* dt

3 3
ZE(EJ(Hgﬁ)z _2[102-1|=2268
0|3 27

[axids=]"a(1)’J(0)" +(1) dt=] 4dt=8

1

0

Finally, the line integral that we where asked to compute is,
J.4x3 ds = J'4x3 ds + J' 4x° ds + J' 4x° ds
C C, C, Cs

=-16+2.268+8
=-5.732
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Notice that we put direction arrows on the curve in the above example. The direction of
motion along a curve may change the value of the line integral as we will see in the next
section. Also note that the curve can be thought of a curve that takes us from the point

(—2,-1) to the point (1,2). Let’s see what happens to the line integral if we change the
path between these two points.

Example 3 Evaluate j4x3 ds were C is the line segment from (-2,-1) to (1,2).

Solution
From the parameterization formulas at the start of this section we know that the line

segment start at (—2,—1) and ending at (1,2) is given by,

F(t)=(1-t)(-2,-1)+t(1,2)
=(-2+3t,—1+3t)

for 0<t<1. This means that the individual parametric equations are,
X=-2+3t y=-1+3t

Using this path the line integral is,

I4x ds = I 2+3t \/9+ dt
:12\/§J‘027t _54t2 + 36t —8dt

=124/2 (—%)

=152 =-21.213

So, the previous two examples seem to suggest that if we change the path between two
points then the value of the line integral (with respect to arc length) will change. While
this will happen fairly regularly we can’t assume that it will always happen. In a later
section we will investigate this idea in more detail.

Next, let’s see what happens if we change the direction of a path.

Example 4 Evaluate J'4x3 ds were C is the line segment from (1,2) to (-2,-1).

Solution
This one isn’t much different, work wise, from the previous example. Here is the

parameterization of the curve.
F(t)=(1-1)(1,2)+t(-2,-1)

=(1-3t,2-3t)
for 0<t<1. Remember that we are switch the direction of the curve and this will also
change the parameterization so we can make sure that we start/end at the proper point.
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Here is the line integral.

[axtds=] 4(1-3t)' Vo +9t
C
- 12\/§j01—27t3 +27t2 ot +1dt

=1242 [—%)

=152 =-21.213

So, it looks like when we switch the direction of the curve the line integral (with respect
to arc length) will not change. This will always be true for these kinds of line integrals.
However, there are other kinds of line integrals in which this won’t be the case. We will
see more examples of this in the next couple of sections.

Before working another example let’s formalize this idea up somewhat. Let’s suppose
that the curve C has the parameterization x=h(t), y=g(t). Let’s also suppose that the
initial point on the curve is A and the final point on the curve is B. The parameterization
x=h(t), y=g(t) will then determine an orientation for the curve where the positive
direction is the direction that is traced out as t increases. Finally, let —C be the curve
with the same points as C, however in this case the curve has B as the initial point and A

as the final point, again t is increasing as we traverse this curve. In other words, given a
curve C, the curve —C is the same curve as C except the direction has been reversed.

We then have the following fact about line integrals with respect to arc length.

J.f (x,y)ds= I f(x, y)ds

C -C

So, we can change the direction of a line integral with respect to arc length and not
change the value of the integral.

Now, let’s work another example.

Example 5 Evaluate des for each of the following curves.
C

(@) C,:y=x% -1<x<1
(b) C,: The line segment from (-1,1) to (1,1).
(c) C,: The line segment from (1,1) to (-1,1).

Solution
Before working any of these line integrals let’s notice that all of these curves are paths

that connect the points (-1,1) and (1,1). Also notice that C, =—-C, and so by the fact
above these two should give the same answer.
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Here is a sketch of the three curves.

/N

o =2 o
e I =

o
]
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-1 0.5 a 0.5 1

(a) Here is a parameterization for this curve.
C,:x=t, y=t? -1<t<1
Here is the line integral.
3 1
[ xds =" tJ+at? ot :i(1+ 42)2| =0
g, -1 12

-1

(b) There are two parameterizations that we could use here for this curve. The first is to
use the formula we used in the previous couple of examples. That parameterization is,

C,:F(t)=(1-t)(-11)+t(11)
=(2t-11)
for 0<t<1. Sometimes we have no choice but to use this parameterization. However,

in this case there is a second (probably) easier parameterization. The second one uses the
fact that we are really just graphing a portion of the line y =1. This parameterization is,

C,:x=t, y=1 -1<t<1

This will be a much easier parameterization to use so we will use this. Here is the line

integral for this curve.

1
=0

-1

1
é[xds=J‘llt\/l+_Odt:§t2

Note that this time, unlike the line integral we worked with in Examples 2, 3, and 4 we
got the same value for the integral despite the fact that the path is different. This will
happen on occasion. We should also not expect this integral to be the same for all paths
between these two points. At this point all we know is that for these two paths the line
integral will have the same value. It is completely possible that there is another path
between these two points that will give a different value for the line integral.

(c) Now, according to our fact above we really don’t need to do anything here since we
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know that C, =—-C,. The fact tells us that this line integral should be the same as the

second part (i.e. zero). However, let’s verify that, plus there is a point we need to make
here about the parameterization.

Here is the parameterization for this curve.
C,:iF(t)=(1-t)(L1)+t(-11)
=(1-2t,1)

for 0<t<1. Note that this time we can’t use the second parameterization that we used in
part (b) since we need to move from right to left as the parameter increases and the
second parameterization used in the previous part will move in the opposite direction.

Here is the line integral for this curve.
[xds=] (1-2t)Va+0dt=2(t-t*) =0
Cs

Sure enough we got the same answer as the second part.

To this point in this section we’ve only looked at line integrals over a two-dimensional
curve. However, there is no reason to restrict ourselves like that. We can do line
integrals over three-dimensional curves as well.

Let’s suppose that the three-dimensional curve C is given by the parameterization,
x=x(t), y=y(t) z=1(t) a<t<b
then the line integral is given by,

j f(xy,z)ds= J’: f(x(t),y(t), z(t))\/{%)2 +(3—¥jz +(%)2 dt

©

Note that often when dealing with three-dimensional space the parameterization will be

given as a vector function.
F(t)=(x(t).¥(t).2(1))

Notice that we changed up the notation for the parameterization a little. Since we rarely
use the function names we simply kept the x, y, and z and added on the (t) part to denote

that they may be functions of the parameter.

Also notice that, as with two-dimensional curves, we have,

GRERORIC

and the line integral can again be written as,

()]t

[ (xy.z)ds=[f(x(t), y(t)2(t))

(03
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So, outside of the addition of a third parametric equation line integrals in three-
dimensional space work the same as those in two-dimensional space. Let’s work a quick
example.

Example 6 Evaluate Ixyz ds where C is the helix given by, T (t)=(cos(t),sin(t),3t),
C

0<t<4r.

Solution

Note that we first saw the vector equation for a helix back in the Vector Functions
section. Here is a quick sketch of the helix.

Here is the line integral.
.[xyz ds = jo4”3t cos(t)sin (t)x/s.in2 t+cos’t+9dt
C

:JO4”3t(%sin(2t)j\/H_9dt

_3\/5 4z
_T 6

tsin(2t)dt

=@[%sin(2t)—%cos(2t)j4ﬂ

0

:—&ﬁ6ﬂ

You were able to that integral right? It required integration by parts.

So, as we can see there really isn’t too much difference between two- and three-
dimensional line integrals.
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Line Integrals — Part Il

In the previous section we looked at line integrals with respect to arc length. In this
section we want to look at line integrals with respect to x and/or y.

As with the last section we will start with a two-dimensional curve C with
parameterization,

x=x(t) y=y(t) a<t<b

The line integral of f with respect to x is,

b
j f(x, y)dx:J‘a f(x(t),y(t))x (t)dt
C

while the line integral of f with respect toy is,

[ £ y)dy=["f(x(t), y(t)y'(t)t

C

Note that the only notational difference between these two and the line integral with
respect to arc length (from the previous section) is the differential. These have a dx or dy
while the line integral with respect to arc length has a ds. So when evaluating line
integrals be careful to first note which differential you’ve got so you don’t work the
wrong kind of line integral.

These two integral often appear together and so we have the following shorthand notation
for these cases.

[Pax+Qdy=[P(xy)dx+[Q(x y)dy

Let’s take a quick look at an example of this kind of line integral.

Example 1 Evaluate jsin(zy)dy+ yx® dx where C is the line segment from (0,2) to
C

(L4).
Solution
Here is the parameterization of the curve.

F(t)=(1-1)(0,2)+t(1,4) =(t,2+2t) 0<t<1

The line integral is,
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Isin (zy)dy+yx* dx = Isin (zy)dy +J.yx2 dx
C

= [ sin(z(2+2t))(2)dt+ [ (2+21)(t)" (1)at

1 1
+(gt3+£t4j

o \3 2

1
=— 27+ 27t
ﬁcos( 7w+ 27t)

0

’
6

In the previous section we saw that changing the direction of the curve for a line integral
with respect to arc length doesn’t change the value of the integral. Let’s see what
happens with line integrals with respect to x and/or y.

Example 2 Evaluate jsin(zy)dy+ yx* dx where C is the line segment from (1,4) to

(0,2).

Solution

So, we simply changed the direction of the curve. Here is the new parameterization.
F(t)=(1-t)(L4)+t(0,2)=(1-t,4-2t)  0<t<l

The line integral in this case is,
Ism 7ry dy+yx dx = Ism 7zy dy +jyx dx

= [ sin(z(4-21))(-2)dt+ [ (4-2t)(1-t)" (-D)at

—(—Et“ B s +4tj
2 3

1 1

1
=—cos(4x—2xt
L cos (47~ 21t)

0 0

So, switching the direction of the curve got us a different value or at least the opposite
sign of the value from the first example. In fact this will always happen with these kinds
of line integrals.

If C is any curve then,
I f(x,y)dx:—jf(x,y)dx and .[ f(x,y)dy:—jf(x,y)dy
—C C -C c

With the combined form of these two integrals we get,

j de+Qdy:—'[de+Qdy
-C (0]
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We can also do these integrals over three-dimensional curves as well. In this case we
will pick up a third integral (with respect to z) and the three integrals will be.

J‘ f(x, y,z)dx:f: f(x(t),y(t),z(t))x (t)dt

C

[ £y, z)dy=[F(x(t).y(t).2(t) y'(t)ct

C

b
j f(x,y,z)dz= _[a f(x(t),y(t),z(t))z'(t)dt
©
where the curve C is parameterized by

x=x(t) y=y(t) z=1(t) ast<b

As with the two-dimensional version these three will often occur together so the
shorthand we’ll be using here is,

Ide+Qdy+Rdz =J-P(x, y,z)dx+IQ(x, y,z)dy+_[R(x, y,z)dz

Let’s work an example.

Example 3 Evaluate J'ydx+xdy+zdz where C is given by x=cost, y=sint, z=t?,
C

0<t<2r.

Solution

So, we already have the curve parameterized so there really isn’t much to do other than
evaluate the integral.

J'ydx+xdy+zdz:Iydx+J.xdy+jzdz

C C C C
:I;ﬂsint(—sint)dt+I;ﬁcost(cost)dt+_[02”t2(Zt)dt
=] "sin®tdt+ [ “costtdt+ [ 2t dt
- _%I;”(l—cos(Zt))dt +%j02”(1+ cos(2t))dt+ [ 2t" dt

- (—%(t —%sin (2t))+%(t +%sin (2t)j+%t4J

=8r*

27

0

Line Integrals of Vector Fields

In the previous two sections we looked at line integrals of functions. In this section we
are going to evaluate line integrals of vector fields. We’ll start with the vector field
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F(xy,2)=P(xy,2)i +Q(x,y,2) J+R(x,y,2)k
and the three-dimensional, smooth curve given by

F(t)=x(O)T+y() T +z(t)k a<t<b

The line integral of F along C is

llf.d r:j: F(F(t))-r'(t)dt

Note the notation in the left side. That really is a dot product of the vector field and the
differential and the differential really is a vector. Also, F (F(t)) is a shorthand for,

F(r (1) =F(x(t) y(t).2(1))

We can also write line integrals of vector fields as a line integral with respect to arc
length as follows,

[FedP=[FTds
C C
where f(t) is the unit tangent vector and is given by,
_ r(t)
T(O) ==
F(t)

In general we use the first form to compute these line integral as it is usually much easier
to use. Let’s take a look at a couple of examples.

Example 1 Evaluate Ilf-d r where F(x,y,2)=8x"yzi +5z j—4xyk and Cis the
C

curve given by F(t)=ti +t* j+t°k, 0<t<1,

Solution

Okay, we first need the vector field evaluated along the curve.
F(F(t))=8t°(t")(t*)T +5t> J—4t(t* )k =8t" T +5t* J-4t°k

Next we need the derivative of the parameterization.
F(t)=i +2tj+3t°k

Finally, let’s get the dot product taken care of.
F(F(t))r(t)=8t" +10t* —12t°
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The line integral is then,
— 1
[Fedr =] 8t’+10t" ~12¢°dit
Cc

1

=(t+2t° —2t6)‘
~1

0

Example 2 Evaluate J'If-d r where If(x, Y, z) =xzi —yzk and C is the line segment
C
from (-1,2,0) and (3,0,1).

Solution

We’ll first need the parameterization of the line segment. We saw how to get the
parameterization of line segments in the first section on line integrals. Here is the
parameterization.

F(t)=(1-1)(-1,2,0)+t(3,0,1)
=(4t-1,2-2t,t), 0<t<1

So, let’s get the vector field evaluated along the curve.
F(F(t))=(4at-1)(t) —(2-2t)(t)k
=(4t* —t)i —(2t-2t*)k

Now we need the derivative of the parameterization.
F(t)=(4,-2,1)

The dot product is then,
F(r(t))r(t)=4(4t* —t)—(2t—2t*) =18t> -6t

The line integral becomes,
[Fedi= j118t2 —6tdt
s 0

(6t° —3t2)‘
3

1
0

Let’s close this section out by doing one of these in general to get a nice relationship
between line integrals of vector fields and line integrals with respect to x, y, and z.

Given the vector field F(x,y,z)=Pi +QJj+R k and the curve C parameterized by
F(t)=x(t)i +y(t)J+z(t)k, a<t<b the line integral is,
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llf-d F= :<PT+QT+RIZ)-(X'T+ y']+z’|2)dt

J
j: Px"+Qy'+ Rz'dt
:.[: Px'dt+I:Qy’dt+I: Rz'dt
J
C
=|Pdx+Qdy+Rdz

So, we see that,

O ey

Fed T = [Pdx+Qdy+Rdz
C

Note that this gives us another method for evaluating line integrals of vector fields.

This also allows us to say the following about reversing the direction of the path with line
integrals of vector fields.

j lf-drz—jlf-dr
-C C

This should make some sense given that we know that this is true for line integrals with
respect to x, y, and/or z and that line integrals of vector fields can be defined in terms of
line integrals with respect to x, y, and z.

Fundamental Theorem for Line Integrals

In Calculus | we had the Fundamental Theorem of Calculus that told us how to evaluate
definite integrals. This told us,

b
'[ F'(x)dx=F(b)-F(a)
It turns out that there is a version of this for line integrals over certain kinds of vector
fields. Hereitis.

Theorem

Suppose that C is a smooth curve given by F(t), a<t<b. Also suppose that fis a
function whose gradient vector, Vf , is continuous on C. Then,

lw-d r=f(r(b))-f(r(a))

© 2005 Paul Dawkins 206 http://tutorial.math.lamar.edu/terms.asp




Calculus Ill

Note that F(a) represents the initial point on C while F(b) represents the final point on

C. Also, we did not specify the number of variables for the function since it is really
immaterial to the theorem. The theorem will hold regardless of the number of variables
in the function.

Let’s take a quick look at an example of using this theorem.

Example 1 Evaluate J'Vf «d T where f(x,y,z)=cos(zx)+sin(zy)-xyz and Cis any
C

path that starts at (1,%,2} and ends at (2,1,-1).

Solution

First let’s notice that we didn’t specify the path for getting from the first point to the
second point. The reason for this is simple. The theorem above tells us that all we need
are the initial and final points on the curve in order to evaluate this kind of line integral.

So, let F(t), a<t<b be any path that starts at (1,%,2} and ends at (2,1,—1). Then,

F(a):<1,%,2> F(b)=(21-1)
The integral is then,
[viedr=f(21-1)-f (1,32)
J 2

=cos(27)+sinz— 2(1)(—1)—(c037z+sin (%)—1(%)(2))
=4

Notice that we also didn’t need the gradient vector to actually do this line integral.
However, for the practice of finding gradient vectors here it is,

Vf =(-zsin(zx)- yz, mcos(zy) - xz,—xy)

The most important idea to get from this example is not how to do the integral as that’s
pretty simple, all we do is plug the final point and initial point into the function and
subtract the two results. The important idea from this example (and hence about the
Fundamental Theorem of Calculus) is that we didn’t really need to know the path to get
the answer. In other words, we could use any path we want and we’ll always get the
same results.

In the first section on line integrals (even though we weren’t looking at vector fields) we
saw that often when we change the path we will change the value of the line integral. We
now have a type of line integral for which we know that changing the path will NOT
change the value of the line integral.
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Let’s formalize this idea up a little. Here are some definitions. The first one we’ve
already seen before, but it’s been a while and it’s important in this section so we’ll give it
again. The remaining definitions are new.

Definitions

First suppose that F is a continuous vector field in some domain D.
1. F isaconservative vector field if there is a function f such that F = Vf . The

function f is called a potential function for the vector field. We first saw this
definition in the first section of this chapter.

2. [F.dr isindependent of pathif [ FedF = [ F+d 7 for any two paths C, and
c ¢
C, in D with the same initial and final points.

3. Apath C s called closed if its initial and final points are the same point. For
example a circle is a closed path.

4. A path Cissimple if it doesn’t cross itself. A circle is a simple curve while a
figure 8 type curve is not simple.

5. Aregion D is open if it doesn’t contain any of its boundary points.

6. A-region D is connected if we can connect any two points in the region with a
path that lies completely in D.

7. Aregion D is simply-connected if it is connected and it contains no holes. We
won’t need this one until the next section, but it fits in with all the other
definitions given here so this was a natural place to put the definition.

With these definitions we can now give some nice facts.

Facts

1. '[Vf «d T is independent of path.
C

This is easy enough to justify since all we need to so is look at the theorem above.
The theorem tells us that in order to evaluate this integral all we need are the initial
and final points of the curve. This in turn tells us that the line integral must be
independent of path.

2. If F isaconservative vector field then jﬁ-d I is independent of path.
C
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This fact is also easy enough to justify. If F is conservative then it has a potential
function, f, and so the line integral becomes jlf-d r= ij «d . Then using the first
C C

fact we know that this line integral must be independent of path.
3. If F isa continuous vector field on an open connected region D and ifj FedT is
C
independent of path (for any path in D) then F is a conservative vector field on D.

4. If J'If-d F is independent of path then J'lf-d F =0 for every closed path C.
C ©

5 If jlf-d r =0 for every closed path C then jlf-d r is independent of path.
C C

These are some nice facts to remember as we work with line integrals over vector fields.
Also notice that 2 & 3 and 4 & 5 are converses of each other.

Conservative Vector Fields

In the previous section we saw that if we knew that the vector field F was conservative
then jﬁod r was independent of path. This in turn means that we can easily evaluate
Cc

this line integral provided we can find a potential function for F .

In this section we want to look at two questions. First, given a vector field F is there

any way of determining if it is a conservative vector field? Secondly, if we know that F
is a conservative vector field how do we go about finding a potential function for the
vector field?

The first question is easy to answer at this point if we have a two-dimensional vector
field. For higher dimensional vector fields we’ll need to wait until the final section in
this chapter to answer this question. With that being said let’s see how we do it for two-
dimensional vector fields.

Theorem

Let F=Pi+Q ] be a vector field on an open and simply-connected region D. Then if P
and Q have continuous first order partial derivatives in D and

oP 0Q

oy ox

the vector field F is conservative.
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Example 1 Determine if the following vector fields are conservative or not.
(@ F(x.y) :(x2 — yx)iﬁ+(y2 —xy)i
(b) F(xy)=(2xe¥ +x’ye¥ )i +(x%" +2y)]
Solution
Okay, there really isn’t too much to these. All we do is identify P and Q then take a
couple of derivatives and compare the results.

(a) In this case here is P and Q and the appropriate partial derivatives.

P=x"-yx Py
oy
0

Q=Y -xy Ry
OX

So, since the two partial derivatives are not the same this vector field is NOT
conservative.

(b) Here is P and Q as well as the appropriate derivatives.

P =2xe? +x*ye? g—P =2x%e¥ + x%Y + x’ye?¥ =3x%eY + x*ye”
y

Q=x%"Y+2y %—Q =3x%eY + x’ye”
X

The two partial derivatives are equal and so this is a conservative vector field.

Now that we know how to identify if a two-dimensional vector field is conservative we
need to address how to find a potential function for the vector field. This is actually a
fairly simple process. First, let’s assume that the vector field is conservative and so we

know that a potential function, f (x, y) exists. We can then say that,

VE=27+Zj=Pi+Qj=F
= o) QJ

Or by setting components equal we have,

il P and ﬂ=Q

X oy

By integrating each of these with respect to the appropriate variable we can arrive at the
following two equations.

f(x,y):jP(x,y)dx or f(x,y):IQ(x,y)dy
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We saw this kind of integral briefly at the end of the section on iterated integrals in the
previous chapter.

It is usually best to see how we use these two facts to find a potential function in an
example or two.

Example 2 Determine if the following vector fields are conservative and find a potential
function for the vector field if it is conservative.

(@) F=(2" +x)T+(2x"y’ +y)]
(b) F(xy)= (2xeXy + xzyexy)iﬁr(x%Xy + 2y) i

Solution
(a) Let’s first identify P and Q and then check that the vector field is conservative..
P =2x%y* +x @:8x3y3
oy
Q=2x'y’+y @:8x3y3
OX

So, the vector field is conservative. Now let’s find the potential function. From the first
fact above we know that,

ﬁ:2x3‘y“+x i:2x“y3‘+y
OX oy

From these we can see that
f(x,y):J'2X3y4+xdx or £(x, Y)ZJ-2X4y3+ydy

We can use either of these to get the process started. Recall that we are going to have to
be careful with the “constant of integration” which ever integral we choose to use. For
this example let’s work with the first integral and so that means that we are asking what
function did we differentiate with respect to x to get the integrand. This means that the
“constant of integration” is going to have to be a function of y since any function
consisting only of y and/or constants will differentiate to zero when taking the partial
derivative with respect to x.

Here is the first integral.
f(xy)= J.2x3y4 +xdx

:%x4y4+%x2+h(y)

where h(y) is the “constant of integration”. We now need to now determine h(y). This

is easier that it might at first appear to be. To get to this point we’ve used the fact that we
knew P, but we will also need to use the fact that we know Q to complete the problem.
Recall that Q is really the derivative of f with respect toy. So, if we differentiate our
function with respect to y we know what it should be.
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So, let’s differentiate f (including the h(y)) with respect to y and set it equal to Q since
that is what the derivative is supposed to be.

%=2x4y3+h'(y):2x4y3+y:Q

From this we can see that,

h(y)=y
Notice that since h’(y) is a function only of y so if there are any x’s in the equation at
this point we will know that we’ve made a mistake. At this point finding h(y) is simple.

h(y)=jh’(y)dy=jydy=%y2+c

So, putting this all together we can see that a potential function for the vector field is,
1 1 1
f(xy)==x"y'+=x*+=y*+c
(xy) 2 y 2 2 y

Note that we can always check our work by verifying that Vf = F . Also note that

because the ¢ can be anything there are an infinite number of possible potential functions,
although they will only vary by an additive constant.

(b) Okay, this one will go a lot faster since we don’t need to go through as much
explanation. We’ve already verified that this vector field is conservative in the first set of
examples so we won’t bother redoing that.

Let’s start with the following,
a_ 2xe™ + x*ye" (;i =x%eY +2y

This means that we can do either of the following integrals,
f(x, y):I2xe"y+x2yeXy dx or f(x, y):.[xsexy+2ydy

While we can do either of these the first integral would be somewhat unpleasant as we
would need to do integration by parts on each portion. On the other hand the second
integral is fairly simple since the second term only involves y’s and the first term can be
done with the substitution u = xy . So, from the second integral we get,

f(x y)=x%Y+y*+h(x)

Notice that this time the “constant of integration” will be a function of x. If we
differentiate this with respect to x and set equal to P we get,
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;ﬂ =2xe™ + x°ye¥ +h'(x)=2xe” + x’ye¥ =P
X

So, in this case it looks like,
h'(x)=0 =  h(x)=c

So, in this case the “constant of integration” really was a constant. Sometimes this will
happen and sometimes it won’t.

Here is the potential function for this vector field.
f(xy)=x%Y+y*+c

Now, as noted above we don’t have a way (yet) of determining if a three-dimensional

vector field is conservative or not. However, if we are given that a three-dimensional

vector field is conservative finding a potential function is similar to the above process,
although the work will be a little more involved.

In this case we will use the fact that,
Vf:ir+ii+—E:PT+Qj+RE=ﬁ
ox oy 0z

Let’s take a quick look at an example.

Example 3 Find a potential function for the vector field
F=2xy°z* T +3x%y?z* J +4x2y°2°k

Solution

Okay, we’ll start off with the following equalities.
A oxyist T _axyes! X sy
OX oy 0z

To get started we can integrate the first one with respect to x, the second one with respect
to y, or the third one with respect to z. Let’s integrate the first one with respect to x.

f(xyz)= j2xy3z4 dx=x*y’z* +g(y,2)

Note that this time the “constant of integration” will be a function of both y and z since
differentiating anything of that form with respect to x will differentiate to zero.

Now, we can differentiate this with respect to y and set it equal to Q. Doing this gives,
% =3x’y’z* +9,(y,2)=3x"y’z* =Q

Of course we’ll need to take the partial derivative of the constant of integration since it is
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a function of two variables. It looks like we’ve now got the following,
9,(y.2)=0 = g(y.2)=h(z)
Since differentiating g (y, z) with respect to y gives zero then g(y,z) could at most be a

function of z. This means that we now know the potential function must be in the
following form.

f(x,y,z)=xy’z* +h(z)

To finish this out all we need to do is differentiate with respect to z and set the result
equal to R.

%:4x2y323+h’(z):4x2y323 =R
z

So,

The potential function for this vector field is then,
f(x,y.z)=xyz"+c

Note that to keep the work to a minimum we used a fairly simple potential function for
this example. It might have been possible to guess what the potential function was based
simply on the vector field. However, we should be careful to remember that this usually
won’t be the case and often this process is required.

Also, there were several other paths that we could have taken to find the potential
function. Each would have gotten us the same result.

We need to work one final example in this section.

Example 4 Evaluate jlf-d F where F :(2x3y4 + x)i%+(2x“y3 + y)f and C is given by
C

F(t)=(tcos(ﬂt)—1)f+sin(%t)], o<t<1.

Solution
Now, we could use the techniques we discussed when we first looked at line integrals of
vector fields however that would be particularly unpleasant solution.

Instead, let’s take advantage of the fact that we know this vector field is conservative and
that a potential function for the vector field is,
1 1 1
f(x,y)==x'yv'+=x*+=y°+c
(xy)=Sxy 42X+ 2y
We found this in the second example above.
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Using this we know that integral must be independent of path and so all we need to do is
use the theorem from the previous section to do the evaluation.

llf-d r:lw-d r=f(F(1)-f(r(0))

where,

F(1)=(-21) F(0)=(-1,0)

So, the integral is,
[Fedr=f(-21)-f(-10)
C

Green’s Theorem
In this section we are going to investigate the relationship between certain kinds on line
integrals (on closed paths) and double integrals.

Let’s start off with a simple (recall that this means that it doesn’t cross itself) closed
curve C and let D be the region enclosed by the curve. Here is a sketch of such a curve

and region.

First, notice that because the curve is simple and closed there are no holes in the region
D. Also notice that a direction has been put on the curve. We will use the convention
here that the curve C has a positive orientation if it is traced out in a counter-clockwise
direction. Another way to think of a positive orientation (that will cover much more
general curves as well see later) is that as we traverse the path following the positive
orientation the region D must always be on the left.
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Given curves/regions such as this we have the following theorem.

Green’s Theorem

Let C be a positively oriented, piecewise smooth, simple, closed curve and let D be the
region enclosed by the curve. If P and Q have continuous first order partial derivatives

on D then,
— 8_Q_8_I
E[de+Qdy JJ( o jdA

Before working some examples there are some alternate notations that we need to
acknowledge. When working with a line integral in which the path satisfies the condition
of Green’s Theorem we will often denote the line integral as,

c.f) Pdx + Qdy or 95 Pdx + Qdy

C C
Both of these notations do assume that C satisfies the conditions of Green’s Theorem so
be careful in using them.

Also, sometimes the curve C is not thought of as a separate curve but instead as the
boundary of some region D and in these cases you may see C denoted as oD .

Let’s work a couple of examples.

Example 1 Use Green’s Theorem to evaluate <5|'>xy dx + x?y*dy where C is the triangle
C
with vertices (0,0), (1,0), (12).

Solution
Let’s first sketch C and D for this case to make sure that the conditions of Green’s
Theorem are met for C and will need the sketch of D to evaluate the double integral.
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So, the curve does satisfy the conditions of Green’s Theorem and we can see that the
following inequalities will define the region enclosed.

0<x<1 0<y<2x

We can identify P and Q from the line integral. Here they are.
P =xy Q=xy*

So, using Green’s Theorem the line integral becomes,
35xydx+x2y3 dy=ﬂ2xy3 —xdA
C D

1.2x
:f _[ 2xy® —xdy dx
0v0

1 2x
[
o 2

dx
1
= J.O 8x° — 2x? dx

0

Example 2 Evaluate SB y* dx—x®dy where C is the positively oriented circle of radius 2
C

centered at the origin.

Solution
Okay, a circle will satisfy the conditions of Green’s Theorem since it is closed and simple
and so there really isn’t a reason to sketch it.

Let’s first identify P and Q from the line integral.
P = y3 Q = —X3
Be careful with the minus sign on Q!

Now, using Green’s theorem on the line integral gives,
<j> y dx—x%dy = ”—3x2 —3y?dA
C D

where D is a disk of radius 2 centered at the origin. So, since D is a disk it seems like the
best way to do this integral is to use polar coordinates. Here is the evaluation of the
integral.
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So, Green’s theorem, as stated, will not work on regions that have holes in them.
However, many regions do have holes in them. So, let’s see how we can deal with those
kinds of regions.

Let’s start with the following region. Even though this region doesn’t have any holes in
it the arguments that we’re going to go through will be similar to those that we’d need for
regions with holes in them, except it will be a little easier to deal with and write down.

Cy

G

The region D will be D, U D, and recall that the symbol U is called the union and means
that we’ll D consists of both D; and D,. The boundary of D; is C, UC, while the
boundary of D, is C, u(—C;) and notice that both of these boundaries are positively

oriented. As we traverse each boundary the corresponding region is always on the left.
Finally, also note that we can think of the whole boundary, C, as,

C=(C,uC,)u(C,u(-C,))=C,uC,
since both C, and —C, will “cancel” each other out.

Now, let’s start with the following double integral and use a basic property of double
integrals to break it up.

”(QX _Pv)dA: ” (QX_Py)dA:.”(QX_Py)dAJr”(QX_Py)dA

D,uD,
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Next, use Green’s theorem on each of these and again use the fact that we can break up
line integrals into separate line integrals for each portion of the boundary.

JDI(QX - Py)dAzg(Qx - Py)dA+g(Qx —P,)dA

= <ﬁ Pdx + Qdy + gf) Pdx + Qdy

C,uC,4 C,u(-Cy)

= Pdx+Qdy +§ Pdx+Qdy +  Pdx+Qdy + ¢ Pdx-+Qdy
c, Cy C,

,C3

Next, we’ll use the fact that,
c_f> Pdx +Qdy = —(f) Pdx + Qdy

-G Cs
Recall that changing the orientation of a curve with line integrals with respect to x and/or
y will simply change the sign on the integral. Using this fact we get,

H(QX—Py)dA=3[>de+Qdy+gSde+Qdy+qSde+Qdy—gSde+Qdy
D (o Cy C, Cs

:qudx+Qdy+q5 Pdx + Qdy
o c,

Finally, put the line integrals back together and we get,
[[(Q,—P,)dA = Pdx+Qdy +¢ Pdx+Qdy
D G, C,

= Sf) Pdx + Qdy

G VG,

= c_f> Pdx + Qdy
C

So, what did we learn from this? If you think about it this was just a lot of work and all
we got out of it was the result from Green’s Theorem which we already knew to be true.
What this exercise has shown us is that if we break a region up as we did above then the
portion of the line integral on the pieces of the curve that are in the middle of the region
(each of which are in the opposite direction) will cancel out. This idea will help us in
dealing with regions that have holes in them.

To see this let’s look at a ring.
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¢
¥,

Notice that both of the curves are oriented positively since the region D is on the left side
as we traverse the curve in the indicated direction. Note as well that the curve C, seems
to violate the original definition of positive orientation. We originally said that a curve
had a positive orientation if it was traversed in a counter-clockwise direction. However,
this was only for regions that do not have holes. For the boundary of the hole this
definition won’t work and we need to resort to the second definition that we gave above.

Now, since this region has a hole in it we will apparently not be able to use Green’s
Theorem on any line integral with the curve C =C, UC,. However, if we cut the disk in

half and rename all the various portions of the curves we get the following sketch.

The boundary of the upper portion (D;)of the disk is C, wC, UC, UC, and the boundary
on the lower portion (Dz)of the disk is C, uC, U(—C;)w(-Cs). Also notice that we can
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use Green’s Theorem on each of these new regions since they don’t have any holes in
them. This means that we can do the following,

JJ(QX—Py)dAzg(QX —Py)dA+g(Qx—Py)dA

= <j> Pdx + Qdy + cﬁ Pdx + Qdy

C,uC,UCsUCq C3UC,U(-Cs)u(-Cg)

Now, we can break up the line integrals into line integrals on each piece of the boundary.
Also recall from the work above that boundaries that have the same curve, but opposite
direction will cancel. Doing this gives,

ij(QX—Py)dAzg(Qx—Py)dA+g(Qx—Py)dA

=Sﬁde+Qdy+Sf> de+Qdy+<j> de+Qdy+<_[> Pdx + Qdy
C C, Cs Cy

But at this point we can add the line integrals back up as follows,

ij(QX -P,)dA= ¢  Pdx+Qdy

C,uC,uC;uUC,

= Pdx+Qdy
C

The end result of all of this is that we could have just used Green’s Theorem on the disk
from the start even though there is a hole in it. This will be true in general for regions
that have holes in them.

Let’s take a look at an example.

Example 3 Evaluate SB y* dx—x®dy where C are the two circles of radius 2 and radius 1
C
centered at the origin.

Solution

Notice that this is the same line integral as we looked at in the second example and only
the curve has changed. In this case the region D will now be the region between these
two circles and that will only change the limits in the double integral so we’ll not put in
some of the details here.

Here is the work for this integral.
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<I>y3 dx — x° dy:—SH(x2 + yz)dA
C D

We will close out this section with an interesting application of Green’s Theorem. Recall
that we can determine the area of a region D with the following double integral.

A:gdA

Let’s think of this double integral as the result of using Green’s Theorem. In other
words, let’s assume that

Q.-P =1
and see if we can get some functions P and Q that will satisfy this.

There are many functions that will satisfy this. Here are some of the more common
functions.

y
P=-2
P=-y 2

Q=0

Il
x O

O T
Il

Q=

§
é X
| 2

Then, if we use Green’s Theorem in reverse we see that the area of the region D can also
be computed by evaluating any of the following line integrals.

A:i)xdy:—gcﬁydx:%(fxdy—ydx

where C is the boundary of the region D.

Let’s take a quick look at an example of this.

Example 4 Use Green’s Theorem to find the area of a disk of radius a.

Solution
We can use either of the integrals above, but the third one is probably the easiest. So,
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1
A== xdy-ydx
qu y-y
where C is the circle of radius a. So, to do this we’ll need a parameterization of C. This
IS,
X =acost y =asint 0<t<2rx
The area is then,
1
A== xdy-ydx
2%5 y-y
1 2z d 2r . d
:E(Io acost(acost) t—J'O asint(-asint) t)
1or .
:—j a’cos’t+a’sin’tdt
290
_1 2z 2
_E'[O a“dt

=za’

Curl and Divergence

In this section we are going to introduce a couple of new concepts, the curl and the
divergence of a vector.

Let’s start with the curl. Given the vector field F =P +Q j+Rk the curl is defined to
be,

curlﬁ:(Ry—QZ)h(PZ—Rx)j+(QX—Py)|Z

There is another (potentially) easier definition of the curl of a vector field. We use it we
will first need to define the V operator. This is defined to be,

A ]+i k
OX oy 0z
We use this as if it’s a function in the following manner.
N AL L f+ﬂ k
OX oy 0z

So, what ever function is listed after the V is substituted into the partial derivatives.
Note as well that when we look at it in this light we simply get the gradient vector.

Using the V we can define the curl as the following cross product,

© 2005 Paul Dawkins 223 http://tutorial.math.lamar.edu/terms.asp




Calculus Ill

curlFE =V xF =

T Q> -
O%|Q)~—-¢
o X =

We have a couple of nice facts that use the curl of a vector field.

Facts

1. If f(x,y,z) has continuous second order partial derivatives then curl(Vf)=0. This

is easy enough to check by plugging into the definition of the derivative so we’ll
leave it to you to check.

2. If F isa conservative vector field then curl F =0. This is a direct result of what it
means to be a conservative vector field and the previous fact.

3. If Fisdefined on all of R® whose components have continuous first order partial

derivative and curl F =0 then F is a conservative vector field. This is not so easy to
verify and so we won’t try.

Example 1 Determine if F = x?yi +xyz j —x?y2K is a conservative vector field.

Solution
So all that we need to do is compute the curl and see if we get the zero vector or not.
i ] k i ]
ang=|2 2 2| 9 9
oX oy 0z ox oy
X’y xyz —x*y*| X’y xyz
= -2y T +yzk —(-2xy* J)-xyT —=x’k
:—(2x2y+xy)iq+2xy2 T+(yz—x2)lz
%0

So, the curl isn’t the zero vector and so this vector field is not conservative.

Next we should talk about a physical interpretation of the curl. Suppose that F is the
velocity field of a flowing fluid. Then curl F represents the tendency of particles at the
point (x, Y, z) to rotate about the axis that points in the direction of curl F . If curl F =0

then the fluid is called irrotational.

© 2005 Paul Dawkins 224 http://tutorial.math.lamar.edu/terms.asp




Calculus Ill

Let’s now talk about the second new concept in this section. Given the vector field
F=Pi+Qj+Rk the divergence is defined to be,

divE =P, R R

X oy oz

There is also a definition of the divergence in terms of the V operator. The divergence
can be defined in terms of the following dot product.

divF =V.F

Example 2 Compute divF for F = x2yi +xyz j —x?y?k
Solution
There really isn’t much to do here other than compute the divergence.

divF :i(xzy)jta%(xyzﬁa—i(—xzyz) = 2Xy + XZ

We also have the following fact about the relationship between the curl and the
divergence.

div(curl ﬁ):o

Example 3 Verify the above fact for the vector field F = yzi +xy j + yzk .

Solution
Let’s first compute the curl.

i
_ o @
ox oy oz ox oy

Now compute the divergence of this.
div(curl If) :§(2)+%(2yz)+§(y— zz) =27-27=0

We also have a physical interpretation of the divergence. If we again think of F as the
velocity field of a flowing fluid then divF represents the net rate of change of the mass
of the fluid flowing from the point (x, Y, z) per unit volume. This can also be thought of
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as the tendency of a fluid to diverge from a point. If divF =0 then the F is called
incompressible.

The next topic that we want to briefly mention is the Laplace operator. Let’s first take a
look at,
div(Vf)=Vevi = f +f +1,
The Laplace operator is then defined as,
V? =V.V
The Laplace operator arises naturally in many fields including heat transfer and fluid
flow.

The final topic in this section is to give two vector forms of Green’s Theorem. The first
form uses the curl of the vector field and is,

gf FedF = g(curl If)-lz dA

where K is the standard unit vector in the positive z direction.

The second form uses the divergence. In this case we also need the outward unit normal
to the curve C. If the curve is parameterized by

F(t)=x(t)i +y(t)]
then the outward unit normal is given by,
YU o X
O/ U

Here is a sketch illustrating the outward unit normal for some curve C at various points.

A=

P o 2

Ny

E)

1)
11

il

The vector form of Green’s Theorem that uses the divergence is given by,

Sf)lf-ﬁds=”divlfdA
© D
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Surface Integrals

Introduction

In the previous chapter we looked at evaluating integrals of functions or vector fields
where the points came from a curve in two- or three-dimensional space. We now want to
extend this idea and integrate functions and vector fields where the points come from a
surface in three-dimensional space. These integrals are called surface integrals.

Here is a list of the topics covered in this chapter.

Parametric Surfaces — In this section we will take a look at the basics of representing a
surface with parametric equations. We will also take a look at a couple of applications.

Surface Integrals — Here we will introduce the topic of surface integrals. We will be
working with surface integrals of functions in this section.

Surface Integrals of Vector Fields — We will look at surface integrals of vector fields in
this section.

Stokes’ Theorem — We will look at Stokes” Theorem in this section.

Divergence Theorem — Here we will take a look at the Divergence Theorem.

Parametric Surfaces

Before we get into surface integrals we first need to talk about how to parameterize a
surface. When we parameterized a curve we took values of t from some interval [a,b]

and plugged them into
F(t)=x(t)i +y(t)j+z(t)k
and the resulting set of vectors will be the position vectors for the points on the curve.

With surfaces we’ll do something similar. We will take points, (u,v) , out of some two-
dimensional space D and plug them into

7 (u,v)=x(uv)i +y(u,v)j+z(uv)k
and the resulting set of vectors will be the position vectors for the points on the surface S

that we are trying to parameterize. This is often called the parametric representation of
the parametric surface S.
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We will sometimes need to write the parametric equations for a surface. There are
really nothing more than the components of the parametric representation explicitly
written down.

x=x(u,v) y=y(u,v) z=1(u,v)

Example 1 Determine the surface given by the parametric representation
F(u,v)=ui +ucosv]j+usinvk
Solution

Let’s first write down the parametric equations.
X=U y =ucosv z=usinv

Now if we square y and z and then add them together we get,
y? +2° =u’ cos’ v+u®sin? v =u?(cos’ v+sin’ v) =u® = X’

So, we were able to eliminate the parameters and the equation in x, y, and z is given by,
2 2 2
X“=y“+12

From the Quadric Surfaces section notes we can see that this is a cone that opens along
the x-axis.

We are much more likely to need to be able to write down the parametric equations of a
surface than identify the surface from the parametric representation so let’s take a look at
some examples of this.

Example 2 Give parametric representations for each of the following surfaces.
(a) The elliptic paraboloid x =5y* +2z*-10.
(b) The elliptic paraboloid x =5y*+2z°—10 that is in front of the yz-plane.
(c) The sphere x* +y*+2*=30.
(d) The cylinder y* +z* =25
Solution
(a) This one is probably the easiest one of the four to see how to do. Since the surface is
in the form x = f (y, ) we can quickly write down a set of parametric equations as
follows,
x=5y*+2z7°-10 y=y z=12
The parametric representation is then,
r(y.z) :(5y2 +27° —10)T+ yj+zk

(b) This is really a restriction on the previous parametric representation. The parametric
representation stays the same.

F(y,z):(Sy2 +27° —10)T+ yj+zk
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However, since we only want the surface that lies in front of the yz-plane we also need to
require that x> 0. This is equivalent to requiring,

5y*+2z°-10>0 or 5y*+2z° >10

(c) This one can be a little tricky until you see how to do it. In spherical coordinates we
know that the equation of a sphere of radius a is given by,
p=a
and so the equation of this sphere (in spherical coordinates) is p = J/30. Now, we also
have the following conversion formulas for converting Cartesian coordinates into
spherical coordinates.
X = psingcosd y = psingsing Z=pCosS¢p

However, we know what p is for our sphere and so if we plug this into these conversion

formulas we will arrive at a parametric representation for the sphere. Therefore, the
parametric representation is,

F(0,9)=+/30sinpcosdi ++/30sinpsin @ j ++/30 cospk

All we need to do now is come up with some restriction on the variables. First we know
that we have the following restriction.
O<ep<rm
This is enforced upon us by choosing to use spherical coordinates. Also, to make sure
that we only trace out the sphere once we will also have the following restriction.
0<6<2x

(d) As with the last one this can be tricky until you see how to do it. In this case it makes
some sense to use cylindrical coordinates since they can be easily used to write down the
equation of a cylinder.

In cylindrical coordinates the equation of a cylinder of radius a is given by
r=a
and so the equation of the cylinder in this problemis r=5.

Next, we have the following conversion formulas.

X=X y=rsind z=rcosé
Notice that they are slightly different from those that we are used to seeing. We needed
to change them up here since the cylinder was centered upon the x-axis.

Finally, we know what r is so we can easily write down a parametric representation for
this cylinder.

F(x,0)=xi +5sin@ j +5cos Ok

We will also need the restriction 0 <8 <2z to make sure that we don’t retrace any
portion of the cylinder. Since we haven’t put any restrictions on the “height” of the
cylinder there won’t be any restriction on Xx.
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In the first part of this example we used the fact that the function was in the form
x = f(y,z) to quickly write down a parametric representation. This can always be done

for functions that are in this basic form.

Okay, now that we have practice writing down some parametric representations for some
surfaces let’s take a quick look at a couple of applications.

Let’s take a look at finding the tangent plane to the parametric surface S given by,
7 (u,v)=x(uv)i +y(u,v)j+z(uv)k

First, define
)= () 1+ E i
ru(u,v)_au(u,v)l +au(u,v)1+au (u,v)k
- OX ay oz
F,(u,v)= 6v(u V)i av(u V)J+av(u v)k

Now, provided F, xF, # 0 it can be shown that the vector T, xF, will be orthogonal to the

surface S. This means that it can be used for the normal vector that we need in order to
write down the equation of a tangent plane. This is an important idea that will be used
many times through out the next couple of sections.

Let’s take a look at an example.

Example 3 Find the equation of the tangent plane to the surface given by
F(u,v)=ui+2v? ]+(u2 +V)|Z
at the point (2,2,3).

Solution
Let’s first compute T, xT,. Here are the two individual vectors.

r,(u,v) =i +2uk 7 (uv)=4v]+k

Now the cross product (which will give us the normal vector i) is,
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Now, this is all fine, but in order to use it we will need to determine the value of u and v
that will give us the point in question. We can easily do this by setting the individual
components of the parametric representation equal to the coordinates of the point in
question. Doing this gives,

2=U = u=
2=2v? = v=+1
3=u’+v

Now, as shown, we have the value of u, but there are two possible values of v. To
determine the correct value of v let’s plug u into the third equation and solve for v. This
should tell us what the correct value is.

3=4+v = v=-1

Okay so we now know that we’ll be at the point in question when u=2 and v=-1. At
this point the normal vector is,

=167 — j—4k

35l

The tangent plane is then,
16(x—2)—(y-2)-4(z-3)=0
16x—-y—-4z=18

You do remember how to write down the equation of a plane, right?

The second application that we want to take a quick look at is the surface area of the
parametric surface S given by,

7 (u,v)=x(uv)i +y(u,v)j+z(uv)k
and as we will see it again comes down to needing the vector F, xT,.

So, provided S is traced out exactly once as (u,v) ranges over the points in D the surface
area of S is given by,

A= [l <wan

Let’s take a look at an example.

Example 4 Find the surface area of the portion of the sphere of radius 4 that lies inside
the cylinder x* + y* =12 and above the xy-plane.
Solution
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Okay we’ve got a couple of things to do here. First we need the parameterization of the
sphere. We parameterized a sphere earlier in this section so there isn’t too much to do at
this point. Here is the parameterization.

7(0,0)=4sinpcosdi +4sinsin @ j +4cospk

Next we need to determine D. Since we are not restricting how far around the z-axis we
are rotating with the sphere we can take the following range for 4.
0<0<2n

Now, we need to determine a range for ¢. This will take a little work, although it’s not
too bad. First, let’s start with the equation of the sphere.

X +y°+2° =16
Now, if we substitute the equation for the cylinder into this equation we can find the
value of z where the sphere and the cylinder intersect.

X +y°+2° =16
12+2% =16
=4 =3 7=12

Now, since we also specified that we only want the portion of the sphere that lies above
the xy-plane we know that we need z =2. We also know that p =4. Plugging this into

the following conversion formula we get,
Z=pCosg

2=4cos¢g
cos 1 = =z
Y73 Y73

So, it looks like the range of ¢ will be,

Finally, we need to determine T, xr . Here are the two individual vectors.
T, (6,9)=—4sinpsin @i +4sinpcosé j
7 (0,9)=4cospcosi +4cosgsing j —4sinpk

Now let’s take the cross product.
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i ] k i i
r,xf, =|-4singsin® 4sinpcosd 0 —4sinpsin@  4sin pcosé
4cospcosd 4cosesingd  —4sing| 4cosepcosd  4cosesind
=—165sin? pcos&T —16sin pcospsin? Ok —16sin? psin & J —16sin g cos pcos? Ok
:—165in2¢COSHT—l6Sin2gosin@]—leingoCOS(p(Sinz(9+C0829)|Z

=-16sin? pcos&i —16sin’ psin & j —16sin pcospk

We now need the magnitude of this,

|, F,| = /256sin* pcos? 9+ 256sin* psin” 6+ 256sin” g cos? ¢

= [2565sin* @(cos® @ +sin? &)+ 256sin? ¢ cos®
J ¢ pCos” @

= \/256sin2 go(sin2 @+ cos’ (p)
=164/sin’ ¢

=16[sin ¢|

=16sin g

We can drop the absolute value bars in the sine because sine is positive in the range of ¢
that we are working with.

We can finally get the surface area.
A= Hlein pdA
D
2z z .
:101516mn¢d¢d9
2z /3
= jo —16005(/)|0/ dé

27
=| 8d¢#
0
=167

Surface Integrals

It is now time to think about integrating functions over some surface, S, in three-
dimensional space. Let’s start off with a sketch of the surface S since the notation can get
a little confusing once we get into it. Here is a sketch of some surface S.
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The region S will lie above (in this case) some region D that lies in the xy-plane. We
used a rectangle here, but it doesn’t have to be of course. Also note that we could just as
easily looked at a surface S that was in front of some region D in the yz-plane or the xz-
plane. Do not get so locked into the xy-plane that you can’t do problems that have
regions in the other two planes.

Now, how we evaluate the surface integral will depend upon how the surface is given to
us. There are essentially two separate methods here, although as we will see they are
really the same.

First, let’s look at the surface integral in which the surface Sis givenby z =g (x, y). In
this case the surface integral is

g f(xy.2)ds =J'J f(xy.9(x y))\/(%T{%THdA

D

Now, we need to be careful here as both of these look like standard double integrals. In
fact the integral on the right is a standard double integral. The integral on the left
however is a surface integral. The way to tell them apart is by looking at the
differentials. The surface integral will have a dS while the standard double integral will
have a dA.

In order to evaluate a surface integral we will substitute the equation of the surface in for

z in the integrand and then add on the often messy square root. After that the integral is a
standard double integral and by this point we should be able to deal with that.
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Note as well that there are similar formulas for surfaces given by y=g (x, z) (with D in

the xz-plane) and x = g(y,z) (with D in the yz-plane). We will see one of these formulas
in the examples and we’ll leave the other to you to write down.

The second method for evaluating a surface integral is for those surfaces that are given by
the parameterization,

F(u,v)=x(uVv)i +y(uv)j+z(uv)k
In these cases the surface integral is,

J-J' (x,y,z)dS = H uv ||rxr||dA

where D is the range of the parameters that trace out the surface S.

Before we work some examples let’s notice that since we can parameterize a surface
givenby z=g(x,y) as

F(xy)=xi +yj+g(xy)k
we can always use this form for these kinds of surfaces as well. In fact it can be shown

that,
2 2
rox fyH: \/(a—gj J{@_g] +1
OX oy

for these kinds of surfaces. You might want to verify this for the practice of computing
these cross products.

Let’s work some examples.

Example 1 Evaluate ”6xy dS where S is the portion of the plane x+y+z =1 that lies
in front of the yz-plane.

Solution
Okay, since we are looking for the portion of the plane that lies in front of the yz-plane

we are going to need to write the equation of the surface in the form x=g (y, z) . Thisis
easy enough to do.

X=1-y-z
Next we need to determine just what D is. Here is a sketch of the surface S and the
region D.
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Notice that the axes are labeled differently than we are used to seeing in the sketch of D.
This was to keep the sketch consistent with the sketch of the surface. We arrived at the
equation of the hypotenuse by setting x equal to zero in the equation of the plane and
solving for z. Here are the ranges for y and z.

0<y<1 0<z<l-y

Now, because the surface is not in the form z=g (x, y) we can’t use the formula above.
However, as noted above we can modify this formula to get one that will work for us.

Here it is,
L[ f(xy,z)dS :J'J f(g(y.2).y, z)\/1+[%‘:]J2 +(‘2—gjz dA

D
The changes made to the formula should be the somewhat obvious changes. So, let’s do
the integral.

[[oxyds = [[6(1-y—2) yL+(~1)° +(~1) dA

S
Notice that we plugged in the equation of the plane for the x in the integrand. At this
point we’ve got a fairly simple double integral to do. Here is that work.

HnydS =\/§H6(y—y2 ~2y)dA

- 6\/§I:J‘OH y—y2—zydzdy

1 1-y
:6\/§J (yz—zyz—lzzyj dy
0 2 0
1
=6J§f Ty-yiesydy
02 2
1
1 1 1 3
=63 Sy —Zyiasyt | =2
\/_(4)/ 3y 8y jo 4
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Example 2 Evaluate ” zdS where S is the upper half of a sphere of radius 2.
S

Solution
We gave the parameterization of a sphere in the previous section. Here is the
parameterization for this sphere.

7(0,9)=2sinpcosdi +2sinpsin J +2cospk
Since we are working on the upper half of the sphere here are the limits on the
parameters.

0<0<L2rx 0<p<

NN

Next, we need to determine 1, x T, . Here are the two individual vectors.
T, (0,0)=-2sinpsin @i +2singpcosd j
7 (6,9)=2c0spcosdi +2cospsind j —2sin gk
Now let’s take the cross product.

s - — s -

i J k I J
Iy xT,=|-2singsing 2sinpcosd 0 —2singpsin@ 2sin pcosé
2C0sSpCcosfd 2cospsingd  -2sing| 2cos@cosd 2cosesind
= —4sin® pcos @i —4sinpcosgsin® Ok —4sin? psin 6 ] —4sin pcos pcos® Ok
=—4sin” pcos T —4sin’ psin 6 ] - 4sin pcos p(sin® 0+cos® )k

= —4sin? pcos O —4sin? psin @ j —4sin pcos gk

Finally, we need the magnitude of this,
HF@ x QH = J165in‘ pcos® @ +165sin* psin® @ +16sin’ pcos’ ¢

= \/16sin4 p(cos® 0+sin” 0)+16sin’ pcos’ p

= \/165in2 o(sin® p+cos’ p)

=4,/sin’* ¢

=4]sin ¢|

=4sing
We can drop the absolute value bars in the sine because sine is positive in the range of ¢
that we are working with.

The surface integral is then,
.”' f(x,y,2)dS :_[I2003¢(4sin¢)dA
S D
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Don’t forget that we need to plug in for x, y and/or z in these as well, although in this case
we just needed to plug in z. Here is the evaluation for the double integral.

” f(xy,z)dS =J.02”j54sin(2¢)d¢d9

_I 2cos Z(p ‘Zde

= 4d(9

0

=8r

Example 3 Evaluate “ ydS where S is the portion of the cylinder x* + y* =3 that lies
S

between z=0 and z=6

Solution

We parameterized up a cylinder in the previous section. Here is the parameterization of
this cylinder.

F(z,0)=+/3cosOi +/3sind+2K
The ranges of the parameters are,
0<z<6 0<6<2rx

Now we need T, xT,. Here are the two vectors.
r,(z,0)=k

r,(2,0)=—/3sin 07 +~/3cos b J
Here is the cross product.
i i k i j
FxF,= 0 0 1 0 0
—/3sin@ /3cosd 0| —/3sind +/3cosd

=—J3cos0i —+/3sin6

The magnitude of this vector is,
A J3cos? 0 +3sin” 0 =+/3

The surface integral is then,
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[[yds =gﬁsin9(ﬁ)dA

S

:3joz”j§sin 6dzdo
27
:3[0 6singde

2z
=(-18cos 6’)‘0
=0

Example 4 Evaluate [[y-+zdS where S is the surface whose side is the cylinder
S

x* +y? =3, whose bottom is the disk x*+ y? <3 in the xy-plane and whose top is the
plane z=4-y.

Solution

There is a lot of information that we need to keep track of here. First, we are using pretty
much the same surface (the integrand is different however) as the previous example.
However, unlike the previous example we are putting a top and bottom on the surface this
time. Let’s first start out with a sketch of the surface.

1
7 Sﬂ
-
1
7
-
AL
) 1
2 # - 2

A3 18 the bottom of cylinder

Actually we need to be careful here. There is more to this sketch than the actual surface
itself. We’re going to let S, be the portion of the cylinder that goes from the xy-plane to

the plane. In other words, the top of the cylinder will be at an angle. We’ll call the
portion of the plane that lies inside (i.e. the cap on the cylinder) S,. Finally, the bottom

of the cylinder (not shown here) is the disk of radius J3 inthe xy-plane and is denoted
by S,.

In order to do this integral we’ll need to note that just like the standard double integral, if
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the surface is split up into pieces we can also split up the surface integral. So, for our
example we will have,

J‘J'y+zd8=Hy+zd8+”y+zd8+”y+zds
S S S, S

We’re going to need to do three integrals here. However, we’ve done most of the work
for the first one in the previous example so let’s start with that.

The parameterization of the cylinder and ||, xF, | is,
F(2,0)=+/3cosOT ++/3sin@ ]+ 2k |, <7, | =3

The difference between this problem and the previous one is the limits on the parameters.
Here they are.
0<0<L2rx

0<z<4-y=4-+/3sin0
The upper limit for the z’s is the plane so we can just plug that in. However, since we are

on the cylinder we know what y is from the parameterization so we will also need to plug
that in.

Here is the integral for the cylinder.

gy+zd8 :g(ﬁsin9+ z)(\/§)dA

:\@.[Z”J'4_ﬁ5in9\/§sin9+zdzd0

=3[ "3sin0(4-3sing) + (4 \/§Sln9) de
:\/§J'O 8—Esin29d¢9
:\/§J'02”8—%(1—cos(26’))d6

2z

—f( 9+4SIH(29))
_ 293z

2

0

Let’s take care of the plane next. In this case we don’t need to do any parameterization
since it is set up to use the formula that we gave at the start of this section. Remember
that the plane is given by z=4-y. Also note that, for this surface, D is the disk of

radius /3 centered at the origin.
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Here is the integral for the plane.

[[y+zds Zﬂ(y+4—y)\/(0)2+(—1)2+1dA
=2[[4dA

Don’t forget that we need to plug in for z! Now at this point we can proceed in one of
two ways. Either we can proceed with the integral or we can recall that ” dA is nothing
D

more than the area of D and we know that D is the disk of radius «/§ and so there is no
reason to do the integral.

Here is the remainder of the work for this problem.
Hy+zdS :4J§Ij dA
S, D
- 4&(7[(@)2)
=122z

Finally, we need to do the integral of the bottom of the cylinder. Again, this is set up to
use the initial formula we gave in this section once we realize that the equation for the

bottom is given by g (x, y) =0 and D is the disk of radius ~/3 centered at the origin.
Also, don’t forget to plug in for z.

Here is the work for this integral.
[[y+2ds = [[(y+0)y/(0) +(0) +(2)’ da
S, D
:”ydA
D
:fhv[ﬁrzsinedrde
o Jo
2z l J3
:J (—rssinej do
3
0
:J‘OZH\/§sin9d0

= —\/§ cos HEH
=0

0

We can now get the value of the integral that we are after.
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Hy+zdS:”y+zd8+”y+zd8+ﬂy+zds
S S, S, S3

2937x
2

+12\/§7z+0

=%(29ﬁ+24ﬁ)

Surface Integrals of Vector Fields

Just as we did with line integrals we now need to move on to surface integrals of vector
fields. Recall that in line integrals the orientation of the curve we were integrating along
could change the answer. The same thing will hold true with surface integrals. So,
before we really get into doing surface integrals of vector fields we first need to introduce
the idea of an oriented surface.

Let’s start off with a surface that has two sides (while this may seem strange, recall that
the Mobius Strip is a surface that only has one side!) that has a tangent plane at every
point (except possibly along the boundary). Making this assumption means that every
point will have two unit normal vectors, i, and fi, =—f,. This means that every surface
will have two sets of normal vectors. The set that we choose will give the surface an
orientation.

There is one convention that we will make in regards to certain kinds of oriented
surfaces. First we need to define a closed surface. A surface S is closed if it is the
boundary of some solid region E. A good example of a closed surface is the surface of a
sphere. We say that the closed surface S has a positive orientation if we choose the set of
unit normal vectors that point outward from the region E while the negative orientation
will be the set of unit normal vectors that point in towards the region E.

Note that this convention is only used for closed surfaces.

In order to work with surface integrals of vector fields we will need to be able to write
down a formula for the unit normal vector corresponding to the orientation that we’ve
chosen to work with. We have two ways of doing this depending on how the surface has
been given to us.

First, let’s suppose that the function is given by z=g (x, y). In this case we first define a
new function,

f(xyz)=z2-9(xYy)
In terms of our new function the surface is then given by the equation f (x, Y, z) =0.
Now, recall that Vf will be orthogonal (or normal) to the surface given by
f (x, Y, z) =0. This means that we have a normal vector to the surface. The only
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potential problem is that it might not be a unit normal vector. That isn’t a problem since
we also know that we can turn any vector into a unit vector by dividing the vector by its
length. In or case this is,

o i

VAl

In this case it will be convenient to actually compute the gradient vector and plug this
into the formula for the normal vector. Doing this gives,

Vi  -gd-g,j+k

"I 0 (a1

Now, from a notational standpoint this might not have been so convenient, but it does
allow us to make a couple of additional comments.

First, notice that the component of the normal vector in the z-direction (identified by the

k in the normal vector) is always positive and so this normal vector will generally point
upwards. It may not point directly up, but it will have an upwards component to it.

This will be important when we are working with a closed surface and we want the
positive orientation. If we know that we can then look at the normal vector and
determine if the “positive” orientation should point upwards or downwards. Remember
that the “positive” orientation must point out of the region and this may mean downwards
in places. Of course if it turns out that we need the downward orientation we can always
take the negative of this unit vector and we’ll get the one that we need. Again, remember
that we always have that option when choosing the unit normal vector.

Before we move onto the second method of giving the surface we should point out that
we only did this for surfaces in the form z =g (x, y) . We could just as easily done the

above work for surfaces in the form y=g(x,z) (so f(x,y,z)=y—-g(x,z)) or for
surfaces in the form x=g(y,z) (so f(x,y,z)=x-g(y,2)).

Now, we need to discuss how to find the unit normal vector if the surface is given
parametrically as,

F(u,v)=x(uv)i +y(uv)j+z(uv)k
In this case recall that the vector T, xT, will be normal to the tangent plane at a particular

point. But if the vector is normal to the tangent plane at a point then it will also be
normal to the surface at that point. So, this is a normal vector. In order to guarantee that
it is a unit normal vector we will also need to divide it by its magnitude.

So, in the case of parametric surfaces one of the unit normal vectors will be,

fi =
7%
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As with the first case we will need to look at this once it’s computed and determine if it
points in the correct direction or not. If it doesn’t then we can always take the negative of
this vector and that will point in the correct direction.

Finally, remember that we can always parameterize any surface given by z=g (x, y) (or

y=9(xz) or x=g(y,z)) easily enough and so if we want to we can always use the
parameterization formula to find the unit normal vector.

Okay, now that we’ve looked at oriented surfaces and their associated unit normal vectors
we can actually give a formula for evaluating surface integrals of vector fields.

Given a vector field F with unit normal vector fi then the surface integral of F over the

S

surface S is given by,
[[Feds = [[Feids
S

where the right hand integral is a standard surface integral. This is sometimes called the
flux of F across S.

Before we work any examples let’s notice that we can substitute in for the unit normal
vector to get a somewhat easier formula to use. We will need to be careful with each of
the following formulas however as each will assume a certain orientation and we may
have to change the normal vector to match the given orientation.

Let’s first start by assuming that the surface is given by z=g(x, y). In this case let’s

also assume that the vector field is given by F =Pi +Q j+RKk and that the orientation
that we are after is the “upwards” orientation. Under all of these assumptions the surface
integral of F over S is,

[[FedS = [[Ferids

S S

_gx ]+E

i-g,
V@) +(,) +1

JI(PT+QT+RIZ)-(—gxf—gy ]+R)dA

j ~Pg, -Qg, +RdA

D

\/(gx)2+(gy)2+1dA

(PT+QT+RIZ)-

Now, remember that this assumed the “upward” orientation. If we’d needed the
“downward” orientation then we would need to change the signs on the normal vector.
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This would in turn change the signs on the integrand as well. So, we really need to be
careful here when using this formula. In general it is best to rederive this formula as you
need it.

When we’ve been given a surface that is not in parametric form there are in fact 6
possible integrals here. Two for each form of the surface z=g(x,y), y=9(x,z) and

x=g(y,z). Given each form of the surface there will be two possible unit normal

vectors and we’ll need to choose the correct one to match the given orientation of the
surface. However, the derivation of each formula is similar to that given here and so
shouldn’t be too bad to do as you need to.

Notice as well that because we are using the unit normal vector the messy square root
will always drop out. This means that when we do need to derive the formula we won’t
really need to put this in. All we’ll need to work with is the numerator of the unit vector.
We will see at least one more of these derived in the examples below. It should also be
noted that the square root is nothing more than,

Yo, +(g,) +1=|ve]

so in the following work we will probably just use this notation in place of the square
root when we can to make things a little simpler.

Let’s now take a quick look at the formula for the surface integral when the surface is
given parametrically by F(u,v). In this case the surface integral is,

[[Feds = [[Feids

S S

NETIATN.
-] F{jet et

Again note that we may have to change the sign on T, x ¥, to match the orientation of the

surface and so there is once again really two formulas here. Also note that again the
magnitude cancels in this case and so we won’t need to worry that in these problems
either.

Note as well that there are even times when we will used the definition,
_U FedS = ” FeidS, directly. We will see an example of this below.
S S

Let’s now work a couple of examples.
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Example 1 Evaluate H F.dS where F=yj—zk and S is the surface given by the
S

paraboloid y = x*+2*, 0<y <1 and the disk x*+z° <1 at y=1. Assume that S has
positive orientation.

Solution

Okay, first let’s notice that the disk is really nothing more than the cap on the paraboloid.
This means that we have a closed surface. This is important because we’ve been told that
the surface has a positive orientation and by convention this means that all the unit
normal vectors will need to point outwards from the region enclosed by S.

Let’s first get a sketch of S so we can get a feel for what is going on and in which
direction we will need to unit normal vectors to point.

As noted in the sketch we will denote the paraboloid by S, and the disk by S,. Also note

that in order for unit normal vectors on the paraboloid to point away from the region they
will all need to point generally in the negative y direction. On the other hand, unit normal
vectors on the disk will need to point in the positive y direction in order to point away
from the region.

Since S is composed of the two surfaces we’ll need to do the surface integral on each and
then add the results to get the overall surface integral. Let’s start with the paraboloid. In

this case we have the surface in the form y = g(x, z) so we will need to derive the

correct formula since the one given initially wasn’t for this kind of function. This is easy
enough to do however. First define,

f(x,y,z2)=y-g(x,z)=y—x*—-2

We will next need the gradient vector of this function.
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vf =(-2x,1,-22)
Now, the y component of the gradient is positive and so this vector will generally point in
the positive y direction. However, as noted above we need the normal vector point in the
negative y direction to make sure that it will be pointing away from the enclosed region.
This means that we will need to use
Vi (2x,-1,27)
n= =
[=vel Ve

Let’s note a couple of things here before we proceed. We don’t really need to divide this
by the magnitude of the gradient since this will just cancel out once we actually do the
integral. So, because of this we didn’t bother computing it. Also, the dropping of the
minus sign is not a typo. When we compute the magnitude we are going to square each
of the components and so the minus sign will drop out.

Okay, here is the surface integral on the paraboloid.

(7o = (5~ 5t on
=_U—y—22 dA
:'g—(x2+22)—222dA
= —H x> +32% dA

Don’t forget that we need to plug in the equation of the surface for y before we actually
compute the integral. In this case D is the disk of radius 1 in the xz-plane and so it makes
sense to use polar coordinates to complete this integral. Here are polar coordinates for
this region.

X=rcosd z=rsiné

0<6<2rx 0<r<1
Note that we kept the x conversion formula the same as the one we are used to using for x
and let z be the formula that used the sine. We could have done it any order, however in
this way we are at least working with one of them as we are used to working with.

Here is the evaluation of this integral.
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J.J' F.dS = —_U x? +3z2 dA
S, D
- _f:”.[:(rz cos® @ +3r?sin’ 6') rdrde

_ _fmjol(cos2 6 + 3sin? 19)r3 drde
0

- _J' 2”(%(“ cos(20))+g(l—cos(20))j(%r“j

0

1

do

0

1 2z
:—gjo 4-2cos(20)d6

27

=—%(4H—sin(20))

0
=—

We can now do the surface integral on the disk (cap on the paraboloid). This one is
actually fairly easy to do and in fact we can use the definition of the surface integral
directly. First let’s notice that the disk is really just the portion of the plane y =1 that is

in front of the disk of radius 1 in the xz-plane.

Now we want the unit normal vector to point away from the enclosed region and since it
must also be orthogonal to the plane y =1 then it must point in a direction that is parallel

to the y-axis, but we already have a unit vector that does this. Namely,
=]
the standard unit basis vector. It also points in the correct direction for us to use.

Because we have the vector field and the normal vector we can plug directly into the
definition of the surface integral to get,

At this point we need to plug in for y (since S, is a portion of the plane y =1 we do know

what it is) and we’ll also need the square root this time when we convert the surface
integral over to a double integral. In this case since we are using the definition directly
we won’t get the canceling of the square root that we saw with the first portion. To get
the square root well need to acknowledge that

y=1=9(x2)
and so the square root is,

J(g, ) +1+(q,)

The surface integral is then,
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[[Feds =([yds
2 =ﬂ1¢0+1+0dA
- Jfon

At this point we can acknowledge that D is a disk of radius 1 and this double integral is

nothing more than the double integral that will give the area of the region D so there is no
reason to compute the integral. Here is the value of the surface integral.

'U FedS =1
Sy

Finally, to finish this off we just need to add the two parts up. Here is the surface integral
that we were actually asked to compute.

[[FedS = [[FedS +[[FedS =7+ 7 =0
S, S,

S

Example 2 Evaluate ” F«dS where F =xi +yj+z*k and S is the upper half the
S

sphere x* +y*+2z° =9 and the disk x>+ y® <9 inthe plane z=0. Assume that S has
the positive orientation.

Solution

So, as with the previous problem we have a closed surface and since we are also told that
the surface has a positive orientation all the unit normal vectors must point away from the
enclosed region. To help us visualize this here is a sketch of the surface.

,;JHLV{{_‘A“%?#%
(TS L W7 e Y
e f.d;‘ ﬂ#ﬂ

We will call S; the hemisphere and S, will be the bottom of the hemisphere (which isn’t

shown on the sketch). Now, in order for the unit normal vectors on the sphere to point
away from enclosed region they will all need to have a positive z component. Remember
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that the vector must be normal to the surface and if there is a positive z component and
the vector is normal it will have to be pointing away from the enclosed region.

On the other hand, the unit normal on the bottom of the disk must point in the negative z
direction in order to point away from the enclosed region.

Let’s to the surface integral on S, first. In this case since the surface is a sphere we will
need to use the parametric representation of the surface. This s,

7(6,¢)=3sinpcosdi +3sinsin @ j +3cospk
Since we are working on the hemisphere here are the limits on the parameters that we’ll
need to use.

0<6<2r OS(/)S%

Next, we need to determine 1, xT . Here are the two individual vectors and the cross
product.

El

(0,90)=-3singsin i +3sinpcosé j
(6,¢0)=3cospcosdi +3cospsind j—3sinpk

N

0 g " -

i ] k i ]
Iy xT,=|-3singsing 3singpcosd 0 —3singpsin@ 3sinpcosé
3cospcosd  3cosesind  —3sing| 3cosepcosd  3cosesind

=—9sin® pcos @i —9sin pcospsin® Ok —9sin’ psin & j —9sin pcos pcos® Ok
=-9sin’ pcos T —9sin® psin 6 J—9sin pcos p(sin’ 6+ cos’ 6 )k

=-9sin? pcos @i —9sin? psin & j —9sinpcospk

Note that we won’t need the magnitude of the cross product since that will cancel out
once we start doing the integral.

Notice that for the range of ¢ that we’ve got both sine and cosine are positive and so this

vector will have a negative z component and as we noted above in order for this to point
away from the enclosed area we will need the z component to be positive. Therefore we
will need to use the following vector for the unit normal vector.

_ Xt 9sin? pcos AT +9sin® psin @ j +9sinpcospk
|7, x7,] [F, <]

A =

Again, we will drop the magnitude once we get to actually doing the integral since it will
just cancel in the integral.

Okay, next we’ll need
F (7 (6,0))=23sinpcosdi +3sinpsind J +81cos* pk
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Remember that in this evaluation we are just plugging in the x component of r(e,go) into
the vector field etc.

We also may as well get the dot product out of the way that we know we are going to
need.
F(7(0.9))(T, xF,) = 27sin* pcos’ 0 + 27sin’ psin® 0 + 729sin g cos® ¢

=27sin® p+729sin pcos® ¢
Now we can do the integral.

[[FedS = [[ Fe(7, xT,)dA

S1

2 L
:J J'OZ 27sin® p+729sinpcos® pdpdo
0

2 ®
:J J'OZ 27sin p(1-cos’ p)+729sin pcos® pdpdo
0

2z
=— 27(c05(p—1cos3 (pj+7—29c036¢
3 6
0

2z
:J 2719 45
o 2

=2197

i
2

déo

0

Now, we need to do the integral over the bottom of the hemisphere. In this case we are
looking at the disk x*+z* <9 that lies in the plane z =0 and so the equation of this
surface is actually z=0. The disk is really the region D that tells us how much of the
surface we are going to use. This also means that we can use the definition of the surface
integral here with

fi=-k
We need the negative since it must point away from the enclosed region.

The surface integral in this case is,

However, remember that we are in the plane given by z =0 and so the surface integral
becomes,

[[FedS = [[-2*ds = [[ods =0

S, S, S,

The last step is to then add the two pieces up. Here is surface integral that we were asked
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to look at.
[[FedS = [[ FoaS + [[ FodS = 2797 +0=2797
S S,

S

We will leave this section with a quick interpretation of a surface integral over a vector
field. If v is the velocity field of a fluid then the surface integral

js [v.ds

represents the net amount of fluid flowing through S.

Stokes’ Theorem

In this section we are going to take a look at a theorem that is a higher dimensional
version of Green’s Theorem. In Green’s Theorem we related a line integral to a double
integral over some region. In this section we are going to relate a line integral to a
surface integral. However, before we give the theorem we first need to define the curve
that we’re going to use in the line integral.

Let’s start off with the following surface with the indicated orientation.

P -+

\ 81 Pl

wH)

Around the edge of this surface we have a curve C. This curve is called the boundary
curve. The orientation of the surface S will induce the positive orientation of C. To get
the positive orientation of C think of yourself as walking along the curve. While you are
walking along the curve if your head is pointing in the same direction as the unit normal
vectors while the surface is on the left then you are walking in the positive direction on C.

Now that we have this curve definition out of the way we can give Stokes’ Theorem.

Stokes” Theorem
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Let S be an oriented smooth surface that is bounded by a simple, closed, smooth
boundary curve C with positive orientation. Also let F be a vector field then,
J'If-d sz'.[curllf-d§
© S

In this theorem note that the surface S can actually be any surface so long as its boundary
curve is given by C. This is something that can be used to our advantage to simplify the
surface integral on occasion.

Let’s take a look at a couple of examples.

Example 1 Use Stokes’ Theorem to evaluate chrl F.dS where
S

F =227 -3xy j+x*y*k and S is the part of z=5-x?—y? above the plane z =1.
Assume that S is oriented upwards.

Solution
Let’s start this off with a sketch of the surface.

In this case the boundary curve C will be where the surface intersects the plane z =1 and
so will be the curve
1=5-x*-y?
X2 +yi=4 atz=1
So, the boundary curve will be the circle of radius 2 that is in the plane z=1. The
parameterization of this curve is,
F(t)=2costi +2sintj+k, 0<t<2z
The first two components give the circle and the third component makes sure that it is in
the plane z =1.

Using Stokes’ Theorem we can write the surface integral as the following line integral.
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[JourlFedS = [Fedr=[ "F(F(t)-F(t)dt

S

So, it looks like we need a couple of quantities before we do this integral. Let’s first get
the vector field evaluated on the curve. Remember that this is simply plugging the
components of the parameterization into the vector field.

F(F(t))= (1)’ —3(2cost)(2sint) J +(2cost)’ (2sint)’k
=i —12costsint j +64cos’tsin®tk

Next, we need the derivative of the parameterization and the dot product of this and the
vector field.

r'(t)=-2sinti +2cost j
F(F(t))r(t)=—2sint—24sintcos’t

We can now do the integral.
”curl F.dS :IOZH—Zsint—24sintcosztdt
S

= (2 cos+8cos® t)E”

=0

Example 2 Use Stokes’ Theorem to evaluate Ilf «d¥ where F=22T+y?j+xk and C
Cc

is the triangle with vertices (1,0,0), (0,1,0) and (0,0,1).

Solution
We are going to need the curl of the vector field eventually so let’s get that out of the way
first.

i 7 kT
curl F = i i 2 i i
OXx oy o0z| ox O
Z2 y2 X ZZ y2
=22-]
=(2z-1)j

Now, all we have is the boundary curve for the surface that we’ll need to use in the
surface integral. However, as noted above all we need is any surface that has this as its
boundary curve. So, let’s use the following plane with upwards orientation for the
surface.
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Since the plane is oriented upwards this induces the positive direction on C as shown.
The equation of this plane is,

X+y+z=1 = z=g(x,y)=1-x-y

Now, let’s use Stokes’ Theorem and get the surface integral set up.
[Fedr=[[curlF.dS
C S

= [[(22-1)j-daS

= [[(22-1) ]-vi dA

D

Okay, we now need to find a couple of quantities. First let’s get the gradient. Recall that
this comes from the function of the surface.

f(xy,.2)=2-9(xy)=2-1+x+Yy
V=i +]+k
Note as well that this also points upwards and so we have the correct direction.

Now, D is the region in the xy-plane shown below,
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13
0.8
0.6 y=-x+1
0.4
. D
0.24
DI:IIIIIIIIIIIIIIIIIIIIIIIIII
0 02 04 06 08 1

We get the equation of the line by plugging in z =0 into the equation of the plane. So
based on this the ranges that define D are,
0<x<1 0<y<—x+1

The integral is then,
_[If-d F :II(ZZ—l) T-(T+ 17+I2)dA
C

D

- J';J'(;Mz(l— x—y)—1dy dx

Don’t forget to plug in for z since we are doing the surface integral on the plane.
Finishing this out gives,

[Fedr=[ [ "1-2x-2ydydx
C

—x+1

= [ (y-29-y) "oy

1o
:j X~ —xdx
0

{4,
3 2

1

6

0

1

0

In both of these examples we were able to take an integral that would have been
somewhat unpleasant to deal with and by the use of Stokes” Theorem we were able to
convert it into an integral that wasn’t too bad.
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Divergence Theorem
In this section we are going to relate surface integrals to triple integrals. We will do this
with the Divergence Theorem.

Divergence Theorem

Let E be a simple solid region and S is the boundary surface of E with positive
orientation. Let F be a vector field whose components have continuous first order

partial derivatives. Then,
jjﬁ-d§=jjjdivﬁdv
E

S

Let’s see an example of how to use this theorem.

Example 1 Use the divergence theorem to evaluate ” F«dS where
S

F=xyi —% y2 j+zk and the surface consists of the three surfaces, z =4—-3x*-3y?,

1<z<4 onthetop, xX*+y?=1, 0<z<1 onthe sides and z =0 on the bottom.

Solution
Let’s start this off with a sketch of the surface.

1.5

15 ST g5
2yt =1

The region E for the triple integral is then the region enclosed by these surfaces. Note
that cylindrical coordinates would be a perfect coordinate system for this region. If we
do that here are the limits for the ranges.

0<z<4-3r?

0<r<i1

0<0<2r
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We’ll also need the divergence of the vector field so let’s get that.
divF =y-y+1=1

The integral is then,

jjﬁ-d§=jjjdivﬁdv
S E
- J:ﬁ J:J:_srz rdzdrdé@

2r 1
=f J. 4r —3rédrdé
0 0

27
:J (Zr2 —§r4j
4
0

2z
=J 540
0o 4

1

dé

0
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