Chapter 17

Plane and Solid Integrals

In Chapter 2| we introduced the derivative, one of the two main concepts in
calculus. Then in Chapter[I5|we extended the idea to higher dimensions. In the
present chapter, we generalize the concept of the definite integral, introduced
in Chapter [0} to higher dimensions.

Take a moment to review the definite integral. Instead of using the notation
of Chapter [0, we will restate the definition in a notation that easily generalizes
to higher dimension.

We started with an interval [a, b], which we will call I, and a continuous
function f defined at each point P of I. Then we cut I into n short intervals
I, I, ..., I,, chose a point P, in Iy, P,in I, ..., P, in I,,. See Figure|17.0.1
Denoting the length of I; by L;, we formed the sum

Zf(Pi)Li.

The limit of these sums as all the subintervals are chosen shorter and shorter
is the definite integral of f over interval I. We denoted it fba f(z) dz. We now
denote it [ f(P)dL. This notation tells us that we are integrating a function,
f, over an interval I. The dL reminds us that the integral is the limit of
approximations formed as the sum of products of the function value and the
length of an interval.

We will define integrals of functions over plane regions, such as square and
disks, over solid regions, such as tubes and balls, and over surfaces such as the
surface of a ball, in the same way. You can probably conjecture already what
the definition will be. These integrals are needed to compute total mass if we
know the density at each point, or total gravitational attraction, or center of
gravity, and so on.

It is one thing to define these higher-dimensional integrals. It is another to
calculate them. Most of our attention will be devoted to seeing how to compute
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them with the aid of so-called “iterated integrals,” which involve integrals over
intervals, the type defined in Chapter [6]
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17.1 The Double Integral: Integrals Over Plane

Areas
We suggest you re-read the

The goal of this section is to define the integral of a function defined in a  introduction to this chapter
region of a plane. With only a slight tweaking of this definition, we will define and the definition of the

. . b
later in the chapter integrals over surfaces and solids. definite integral [ f(z) dx
before going on.

Volume Approximated by Sums

Let R be a region in the xy plane, bounded by curves. For convenience, assume
R is convex (no dents), for example, an ellipse, a disk, a parallelogram, a
rectangle, or a square. We draw R in perspective in Figure|17.1.1[a). Imagine

Figure 17.1.1:

that there is a surface above R (perhaps an umbrella). The height of the
surface above point P on R is f(P), as shown in Figure [17.1.1|(b)

If you know f(P) for every point P how would you estimate the volume,
V', of the solid under the surface and above R?

Just as we used rectangles to estimate the area of regions back in Sec-
tion [6.1, we will use cylinders to estimate the volume of a solid. Recall, from
Section [7.4], that the volume of a cylinder is the product of its height and the
area of its base.

Inspired by the approach in Section [6.1], we cut R into n small regions R,
Rsy, ..., R,. Each R; has area A;. Choose points P, in Ry, P, in Rs, ..., B,
in R,. Then we build a cylinder over each little region R;. Its height will be
f(F;). There will then be n cylinders. The total volume of these cylinders is

if(Pi)Ai. (17.1.1)

As we choose the regions Ry, Rs, ..., R,, smaller and smaller, the sum ({17.1.1))
approaches the volume V', if f is a continuous function.

EXAMPLE 1 Estimate the volume of the solid under the saddle z = zy

Calculus October 22, 2010
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SHERMAN: Changed left
edge from 0 to 1 so that
base and height are not the
same.

and above the rectangle R whose vertices are (1,0), (2,0), (2,3), and (1, 3).

SOLUTION  Figure [17.1.2(a) shows the solid region in question.

Figure 17.1.2:

The highest point is above (2,3), where z = 6. So the solid fits in a box
whose height is 6 and whose base has area 4. So we know the volume is at
most 4 - 6 = 24.

To estimate the volume we cut the rectangular box into four 1 by 1 squares
and evaluate z = xy at, say, the center of the squares, as shown in Fig-
ure [17.1.2|(b).

Then we form a cylinder for each square. The base is the square and the
height is determined by the value of xy at the center of the square. These are
shown in Figure [17.1.2)(c). (The cylinder over rectangle boxes.)

Then the total volume is

3 5 9 15

O e .1 = . 1 =8
“~~ area of base @~ area of base =~ area of base area of base
height height height height

(17.1.2)
This estimate is then 8 cubic units. We know this is an overestimate (Why?)
By cutting the base into smaller pieces and using more cylinders we could
make a more accurate estimate of the volume of the solid. o

Density

Before we consider a “total mass” problem we must define the concept of
“density.” Consider a piece of sheet metal, which we view as part of a plane.
It is homogeneous, “the same everywhere.” Let R be any region in it, of area
A and mass m. The quotient m/A is the same for all regions R, and is called
the “density.”

It may happen that the material, unlike sheet metal is not uniform. For
instance, a towel that was just used to dry dishes. As R varies, the quotient
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m/A, or “average density in R,” also varies. Physicists define the density at
a point as follows.

They consider a small disk R of radius r and center at P, as in Figure
Let m(r) be the mass in that disk and A(r) be the area of the disk (77?). The

“Density at P” = 71&1[1) TZ((:))

Thus density is denoted o(P), “sigma of P,”

With the physicists, we will assume the density o(P) exists at each point
and that it is a continuous function. In addition, we will assume that if R is a
very small region of area A and P is a point in that region then the product
o(P)A is an approximation of the mass in R.

Total Mass Approximated by Sums

Assume that a flat region R is occupied by a material of varying density. The
density at point P in R is o(P). Estimate M, the total mass in R.

As expected, we cut R into n small regions Ry, Ry, ..., R; has area A;.
We next choose points P, in Ry, P, in Ry, ..., P, in R,. Then we estimate
the mass in each little region R;, as shown in Figure . The mass in R; is
approximately

density area

Thus

i o(P)A; (17.1.3)

=1

is the total estimate. As we divide R into smaller and smaller regions, , the
sums (|17.1.2)) approaches the total mass M, if o is a continuous function.

EXAMPLE 2 A rectangular lamina, of varying density occupies the rect-
angle with corners at (0,0), (2,0), (2,3), and (0, 3) in the xy plane. Its density
at (z,y) is zy grams per square cm. Estimate its mass by cutting it into six 1
by 1 squares and evaluating the density at the center of each square.

SOLUTION One such square is shown in Figure [17.1.5 The density at its
1

center is 3 - % = }1. Since its area is 1 x 1 = 1, an estimate of o, its mass, is
1 1 1
- = — grams.
4 ~~ 4 &
~~ area
density
Calculus October 22, 2010
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o is Greek for our letter “s",
the initial letter of
“surface.” o(P) denotes

the depgityof1 qugace or

“lamina™ at P.

I

! ™

Figure 17.1.4: This exam-
ple has i = 7 subregions.

Figure 17.1.5:
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Similar estimates for the remaining six small squares gives a total estimate of

1 3 3 9 5 15
1421+ 1+214+42 14201 =09
g Tyttt Bratis
Thus sum is identical to the sum ({17.1.2), which estimates a volume. o

The arithmetic in Examples [1] and [2] show that totally unrelated problems,
one in volume, the other in mass, lead to the same estimates. Moreover, as
the rectangle is cut into smaller pieces, the estimate would become closer and
closer to the volume or the mass. These estimates, similar to the estimates
> (f(e;)Az; that appears in the definition of the definite integral f: f(z) dx,
brings us to the definition of “double integral”. It is called the double integral

because the domain of the function is in the two-dimensional plane.

The Double Integral

The definition of the double integral is almost the same as that of f: f(x) dx,
the integral over an interval. The only differences are:

1. instead of dividing an interval into smaller intervals, we divide a planar
region into smaller planar regions,

2. instead of a function defined on an interval, we have a function defined
on a planar region, and

3. we need a quantitative way to say that a “little” region is “small.”

To meet the need described in (3) we define the “diameter” of a planar
region. The diameter of a region bounded by a curve is the maximum distance
between two points in the region. For instance, the diameter of a square of
side s is sv/2 and the diameter of a disk is the same as its traditional diameter
that we know from geometry.

With that aside taken care of, we are ready to define a double integral.

DEFINITION (Double Integral) Let R be a region in a plane
bounded by curves and f a continuous numerical function defined
at least on R. Partition R into smaller regions R, Rs, ..., R, of
respective areas A;, As, ..., A,. Choose a point P; in Ry, P5 in
Ry, ..., P, in R, and form the approximating (Riemann) sum

zn:f(Pi)Ai. (17.1.4)
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Form a sequence of such partitions such that as one goes out in
the sequence of partitions, the sequence of diameters of the largest
region in each partition approaches 0. Then the sums (|17.1.4)

approach a limit, which is called “the integral of f over R” or the
“double integral” of f over R. It is denoted

R/ F(P) dA.

Before looking at some examples, we make four brief remarks:

1. It is called a double integral because R lies in a plane, which has dimen-
sion 2.

2. We use the notion of a diameter of a region only to be able to define the
double integral.

3. It is proved in advanced calculus that the sums do indeed approach a
limit.

4. Other notations for a double integral are discussed near the end of this
section.

Our discussion of integrals over a plane region started with two important
illustrations . The rest of this section is devoted to these applications in the
context of double integrals.

Volume Expressed as a Double Integral

Consider a solid S and its projections (“shadows”) R on a plane, as in Fig-
ure(17.1.6l Assume that for each point P in R the line through P perpendicular
to R intersects S in a line segment of length C'(P). Then L

“The double integral of cross-section is the volume.” / \\-\/.

Volume of S = /C’(P) dA.

R

Plane perpendicular 1o L

Figure 17.1.6: ARTIST:
Delete the line L, and the
Calculus October 22, 2010  current caption. Add a
point P in R and draw
the vertical line through P,
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F&

Figure 17.1.7:

Figure 17.1.8:

_R

Mass Expressed as a Double Integral

Consider a plane distribution of mass through a region R, as shown in Fig-
ure [I7.1.7, The density may vary throughout the region. Denote the density
at P by o(P) (in grams per square centimeters). Then

“The double integral of density is the total mass.”

Mass in R = /J(P) dA
R

Average Value as a Double Integral

The average value of f(x) for x is the interval [a, b] was defined in Section

fab f(x) dz

length of interval.

We make a similar definition for a function defined on a two-dimensional region.

DEFINITION (Average value) The average value of f over the

region R is
Jr f(P) dA
Area of R
If f(P) is positive for all P in R, there is a simple geometric interpretation
of the average of f over R. Let S be the solid situated below the graph of f (a
surface) and above the region R. The average value of f over R is the height
of the cylinder whose base is R and whose volume is the same as the volume

of S. (See Figure|17.1.8, The integral fR ) dA is called “an integral over a

plane region” to distinguish it from fa f(x dx, which, for contrast, is called,
“an integral over an interval.”

/mnoteSHERMAN Duplicitous? Or needed7 Shorten to margin note?
Recall that [, f R ) dA is often denoted [/, f R ) dA, with the two integral
signs emphas1zmg that the integral is over a plane set. However, the symbol
dA, which calls to mind areas, is an adequate reminder.

The integral of the function f(P) = 1 over a region is of special interest.
The typical approximating sum ., f(P;)A; then equals " | 1- A, = A +
As+---+ A,, which is the area of the region R that is being partitioned. Since
every approximating sum has this same value, it follows that

lim Z f(P;)A; = Area of R.

October 22, 2010 Calculus
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Integral Interpretation
Jr1 dA Area of R
[r0(P) dA, o(P) = density Mass of R
[rc dA ¢(P) = length of cross section of solid  Volume of R
Table 17.1.1:
Consequently The integral of a constant

function, 1, gives area.

/1 dA = Area of R.
R

This formula will come in handy on several occasions. The 1 is often omitted,
in which case we write | r dA = Area of R. This table summarizes some of
the main applications of the double integral [ r dA:

Properties of Double Integrals

Integrals over plane regions have properties similar to those of integrals over
intervals:

L [pcf(P)dA= ch ) dA for any constant c.
2. [alf( )] dA = [, f(P) dA+ [, g(P) dA.
3. If f(P) < g(P) for all points P in R, then [, f(P) dA < [, g(P) dA.

4. If R is broken into two regions, R, and Ry, overlapping at most on their
boundaries, then

/f(P) dA:/f(P) dA+/f(P dA

For instance, consider 3 when f(P) and g(P) are both positive. Then [, f(P) dA
is the volume under the surface z = f(P) and above R in the zy plane. Simi-
larly [ r9(P) dA is the volume under z = f(P) and above R. Then 3 asserts
that the Volume of a solid is not larger than the volume of a solid that contains

it. (See Figure|17.1.9}) SHERMAN:=This summary

needs to be written. . .

Calculus October 22, 2010 D=
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Summary

A Word about 4-Dimensional Space

We can think of 2-dimensional space as the set of ordered pairs (z,y) of real
numbers. The set of ordered triplets of real numbers (x,y, z) represents 3-
dimensional space. The set of ordered quadruplets of real numbers (z,y, z, t)
represents 4-dimensional space.

It is easy to show that 4-dimensional space is a very strange place.

In 2-dimensional space the set of points of the form (x,0), the z-axis, meets
the set of points of the form (0,y), the y-axis, in a point, namely the origin
(0,0). Now watch what can happen in 4-space. The set of points of the form
(x,y,0,0) forms a plane congruent to our familiar zy-plane. The set of points
of the form (0,0, z, ) forms another such plane. So far, no surprise. But notice
what the intersection of those two planes is. Their intersection is just the point
(0,0,0,0). Can you picture two endless planes meeting in a single point? If so,

tell us how.

October 22, 2010 Calculus
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EXERCISES for Section 17.1
M-moderate, C—challenging

Key: R-routine,

1.[R] In the estimates for the volume in Example
the centers of the squares were used as the P;’s. Make
an estimate for the volume in Example |1| by using the
same partition but taking as P;

(a) the lower left corner of each R;,
(b) the upper right corder of each R;.

(c) What do (a) and (b) tell about the volume of the
solid?

2.[R] Estimate the mass in Example [2| using the par-
tition of R into six squares and taking as the P;’s

(a) upper left corners,

(b) lower right corners.

3.[R] Let R be a set in the plane whose area is A. Let
f be the function such that f(P) = 5 for every point
Pin R.

(a) What can be said about any approximating sum
Yoy f(Pi)A; formed for this R and this f?

(b) What is the value of [, f(P) dA?

4.[R] Let R be the square with vertices (1,1), (5,1),
(5,5), and (1,5). Let f(P) be the distance from P to
the y-axis.

(a) Estimate [, f(P) dA by partitioning R into four
squares and using midpoints as sampling points.

(b) Show that 16 < [, f(P) dA < 80.

5.[R] Let f and R be as in Example [I| Use the es-

timate of [, f(P) dA obtained in the text to estimate
the average of f over R.

6.[R] Assume that for all P in R, m < f(P) < M,
where m and M are constants. Let A be the area of
R. By examining approximating sums, show that

mA < /f(P) dA < MA.
R

7.[R]

(a) Let R be the rectangle with vertices (0,0), (2,0),
(2,3), and (0,3). Let f(z,y) = x +y. Esti-
mate [,+/z +y dA by participating R into six
squares and choosing the sampling points to be
their centers.

Use (a) to estimate the average value of f over
R.

Let R be the square with vertices (0,0), (0.8,0),
(0.8,0.8), and (0,0.8). Let f(P) = f(z,y) = e™V.
Estimate [ € dA by partitioning R into 16
squares and choosing the sampling points to be
their centers.

Use (a) to estimate the average value of f(P)
over R.

Show that 0.64 < [, f(P) dA < 0.64¢"%.

Let R be the triangle with vertices (0,0), (4,0),
and (0,4) shown in Figure(17.1.10, Let f(z,y) =

x%y. Use the partition into four triangles and
sampling points shown in the diagram to esti-
mate [, f(P) dA.

(b) What is the maximum value of f(z,y) in R?

Calculus

October 22, 2010



CHAPTER 17 PLANE AND SOLID INTEGRALS

(c) From (b) obtain an upper bound on [, f(P) dA.

— =

S TS .

I 2 3 4

Figure 17.1.10:

Sketch the surface z = /a2 + y2.

Let V be the region in space below the surface in
(a) and above the square R with vertices (0, 0),
(1,0), (1,1), and (0,1). Let V be the volume of
V. Show that V < /2.

Using a partition of R with 16 squares, find an
estimate for V' that is too large.

Using the partition in (c), find an estimate for V'
that is too small.

11.[R] The amount of rain that falls at point P during
one year is f(P) inches. Let R be some geographic re-
gion, and assume areas are measured in square inches.

(a) What is the meaning of [, f(P) dA?

(b) What is the meaning of

[ f(P) A,
Area of R

12.[M] A region R in the plane is divided into two
regions Ry and Rs. The function f(P) is defined
throughout R. Assume that you know the areas of R;
and Ry (they are A; and Ay) and the average of f over
R; and the average of f over Ry (they are f; and fs).
Find the average of f over R. (See Figure[17.1.11](a).)

70

//. ¢
\//I R/ R,
b xl'/

(a) (b)

Figure 17.1.11:

13.[M] A point @ on the zy plane is at a distance b
from the center of a disk R of radius a(a < b) in the

xy plane. For P in R let f(P) = I/P—Cj Find positive
numbers ¢ and d such that:

c< [ f(P)dA < d.
/

(The numbers ¢ and d depend on a and b.) See Fig-

ure [17.1.11)(b).

14.[M] Figure|17.1.12|(a) shows the parts of some level
curves of a function z = f(z,y) and a square R. Esti-
mate [ f(P) dA, and describe your reasoning.

Figure 17.1.12:

15.[M] Figure [17.1.12(b) shows the parts of some
level curves of a function z = f(x,y) and a unit circle

October 22, 2010
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R. Estimate [, f(P) dA, and describe your reasoning.

16.[C]

(a) Let R be a disk of radius 1. Let f(P), for P in
R, be the distance from P to the center of the
disk. By cutting R into narrow circular rings
with center at the center of the disk, evaluate

Jr f(P) dA.
(b) Find the average of f(P) over R.

Exercises[17 and [18 introduce an idea known as Monte
Carlo methods for estimating a double integral us-
ing randomly chosen points. These methods tend to be
rather inefficient because the error decreases on the or-
der of 1/4/n, where n is the number of random points.
That is a slow rate. These methods are used only when
it’s possible to choose n very large.

17.[C] This exercise involves estimating an integral by
choosing points randomly. A computing machine can
be used to generate random numbers and thus random
points in the plane which can be used to estimate defi-
nite integrals, as we now show. Say that a complicated
region R lies in the square whose vertices are (0,0),
(2,0), (2,2), and (0,2), and a complicated function f
is defined in R. The machine generated 100 random
points (z,y) in the square. Of these, 73 lie in R. The
average value of f for these 73 points is 2.31.

(a) What is a reasonable estimate of the area of R?

(b) What is a reasonable estimate of [, f(P) dA?

18.[C] Let R be the disk bounded by the unit circle
22 4+ y? = 1 in the zy plane. Let f(x,y) = Y be the
temperature at (z,y).

(a) Estimate the average value of f over R by
evaluating f(x,y) at twenty random points in
R. (Adjust your program to select each of

this way you construct a random point (z,y)
in the square whose vertices are (1,1), (—1,1),
(—=1,-1), (1,—1). Consider only those points
that lie in R.)

(b) Use (a) to estimate [ f(P) dA.
(c) Show why 7/e < frf(P) dA < me.

19.[C] Sam is heckling again. “As usual, the authors
made this harder than necessary. They didn’t need to
introduce “diameters.” Instead they could have used
good old area. They could have taken the limit as all
the areas of the little pieces approached 0. TI’ll send
them a note.”

Is Sam right?

In making finer and finer partitions as n — co we saw
that each R; is small in the sense it fits in a disk of
radius r,,, where r,, — 0 as n — oo. The Exercises [20]
to[23|in this section explore another way to control the
size of a region.

20.[C] Consider a region R in the plane. The diame-
ter, d of R, is defined as the greater distance between
two points in R. Find the diameter of

(a) a disk of radius r,
(b) and equilateral triangle of side length s,

(¢) a square whose sides have length s.

21.[C]

(a) Show that a region of diameter d can always fit
into a disk of diameter 2d.

(b) Can it alway fit into a disk of diameter d?

22.[C] If a region has diameter d,

(a) how small can its area be?

(b) show that area is less tHsHERMAMN kothigZif2polar

xz and y randomly in the interval [—1,1]. In
coordinate area? If so, move
17.
Calculus tScL rien(w:;@%%éi 052,C %%er
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that 5/11 is smaller than th

23.[C] The unit square can be partitioned with nine

congruent squares.
24.[R] Some practice differentiate

(a) What is the diameter of each of these small

0
squares! 25.[R] Some practice integrals,

(b) It is possible to partition that square into nine
regions whose largest diameter is 5/11. Show

October 22, 2010 Calculus
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17.2 Computing [, f(P) dA Using Rectangular
Coordinates

In this section, we will show how to use rectangular coordinates to evaluate
the integral of a function f over a plane region R, | » J(P) dA. This method
requires that both R and f be described in rectangular coordinates. We first
show how to describe plane regions R in rectangular coordinates.

Describing R in Rectangular Coordinates

Some examples illustrate how to describe planar regions by their cross sections
in terms of rectangular coordinates.

EXAMPLE 1 Describe a disk R of radius a in a rectangular coordinates.

[ b The largess v for &
Eivan & 05 al U lop
of the chond

Figure 17.2.1:

SOLUTION Introduce an xy coordinate system with its origin at the center
of the disk, as in Figure [17.2.1(a). A glance at the figure shows that z ranges
from —a to a. All that remains is to tell how y varies for each x in [—a, a).

Figure [17.2.1(b) shows a typical « in [—a, a] and corresponding cross sec-
tion. The circle has the equation 2% +y? = a?. The top half has the description
y = va? — 22 and the bottom half, y = —/2% — y2. So, for each z in [—a,al,
y varies from —va? — 22 to Va®> — 2%, (As a check, test x = 0. Does y
vary from —va? —0? = —a to va? — 02 = a? It does, as an inspection of
Figure [17.2.1(b) shows.)

All told, this is the description of R by vertical cross sections:

—a<z<a, —Vva?—x? <y <va?— 22

Calculus October 22, 2010
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O

EXAMPLE 2 Let R be the region bounded by y = 22, the z-axis, and the
line z = 2. Describe R in terms of cross sections parallel to the y-axis.

SOLUTION A glance at R in Figure [17.2.2a) shows that for points (z,y)
in R, x ranges from 0 to 2. To describe R completely, we shall describe the
behavior of y for any x in the interval [0, 2].

Hold x fixed and consider only the cross section above the point (z,0). It
extends from the x-axis to the curve y = 2?; for any z, the y coordinate varies
from 0 to 22. The compact description of R by vertical cross sections is:

0<z<2,  0<y<a’

Figure 17.2.2:

EXAMPLE 3 Describe the region R of Example[2| by cross sections parallel
to the z-axis, that is, horizontal cross sections.

SOLUTION A glance at R in Figure [17.2.2(b) shows that y varies from 0
to 4. For any y in the interval [0, 4], x varies from a smallest value z1(y) to a
largest value xo(y). Note that z5(y) = 2 for each value of y in [0,4]. To find
71(y), utilize the fact that the point (z1(y),y) is on the curve y = 2, that is,

z1(y) = VY.
The compact description of R in terms of horizontal cross sections is

0<y<4, Vy <z <2

October 22, 2010 Calculus
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EXAMPLE 4 Describe the region R whose vertices are (0,0), (0,6), (4,2),
and (0, 2) by vertical cross sections and then by horizontal cross sections. (See

Figure )

SOLUTION Clearly, x varies between 0 and 6. For any x in the interval
[0,4], y ranges from 0 to 2 (independently of z). For z in [4, 6], y ranges from
0 to the value of y on the line through (4,2) and (6,0). This line has the
equation y = 6 — x. The description of R by vertical cross sections therefore
requires two separate statements:

Use of horizontal cross sections provides a simpler description. First, y
goes from 0 to 2. For each y in [0, 2], z goes from 0 to the value of x on the
line y = 6 — x. Solving this equation for x yields x =6 — y.

The compact description in terms of horizontal cross-sections is much
shorter:

o

These examples are typical. First, determine the range of one coordinate,
and then see how the other coordinate varies for any fixed value of the first
coordinate.

Evaluating [, f(P) dA by Iterated Integrals

We will offer an intuitive development of a formula for computing double in-
tegrals over plane regions.

We first develop a way for computing a double integral over a rectangle.
After applying this formula in Example [f], we make the slight modification
needed to evaluate double integrals over more general regions.

Consider a rectangular region R whose description by cross sections is

as shown in Figure(17.2.4(a). If f(P) < 0 for all P in R, then [, f(P) dA is the
volume V' of the solid whose base is R and which has, above P, height f(P).
(See Figure [17.2.4(b).) Let A(x) be the area of the cross section made by a

Calculus October 22, 2010
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An integral over a rectangle
expressed an iterated
integral

Figure 17.2.4:

plane perpendicular to the z-axis and having abscissa z, as in Figure|17.2.4{(c).
As was shown in Section [5.1

V= /aA(x) dx.

But the area A(x) is itself expressible as a definite integral:

d
Alx) = / f(x.y) dy.

Note that z is held fixed throughout the integration to find A(z). This rea-
soning provides an iterated integral whose value is V = | » f(P) dA, namely,

b

/f(P) dA—V—/A(x) dx—/b /df(:c,y) dy | dx.

a a

In short

b

[rpyaa= [ /d f(a,y) dy | do.

R a

Of course, cross sections by planes perpendicular to the y-axis could be used.
Then similar reasoning shows that

[ rpyaa- /d /b f(e,y) do | dy.

October 22, 2010 Calculus
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The quantities ff (fcdf(x, ) dy) dx and fcd (fabf(x, ) dx) dy are called
iterated integrals. Usually the brackets are omitted and are written fab fcd f(z,y) dy dz

and fcd fabf(m,y) dz dy. The order of dz and dy
matters; the differential that
EXAMPLE 5 Compute the double integral [, f(P) dA, where R is the is on the left tells which

rectangle shown in Figure [17.2.5(a) and the function f is defined by f(P) = integration is performed

AP first.

Figure 17.2.5:

SOLUTION Introduce zy coordinates in the convenient manner depicted in
Figure [17.2.5(b). Then f has this description in rectangular coordinates:

fla,y) = AP = 22 + 2.

To describe R, observe that x takes all values from 0 to 4 and that for each
x the number y takes all values between 0 and 2. Thus

2

/f(P)dA=/4 /(:E2+y2)dy dx.
R 0

0

We must first compute the inner integral The cross-sectional area
A(z).

2
/ 2* +y?) dy, where z is fixed in [0, 4].
0

To apply the Fundamental Theorem of Calculus, first find a function F'(z,y)
such that

Calculus October 22, 2010
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Keep in mind that z is constant during this first integration.
3
F(z,y) =x2y+y§

is such a function. The appearance of x in this formula should not disturb us,
since x is fixed for the time being. By the Fundamental Theorem of Calculus,

2
3\ [v=2 3 3
2 2 2 Y 2 2 2 0 2, 8
dy = A = 24+ =] - 0+ ) =2 3
/(x+y)y (:Ey+3) (m +3) (x +3) x+3
0
The notation |Zz(2) reminds

y=0
us that y is replaced by 0 The formula 2z* 4 3 is the area A(x) discussed earlier in this section.
and 2. Now compute

4 4

/A(x) dz = /(2x2 + §> dz.

0
By the Fundamental Theorem of Calculus,

/4<2x2+§> dx = (2—963;—1—8—%) 4:@
3 3 3 /1 3
How do these compare with 0
the estimates in Hence the two-dimensional definite integral has the value %. The volume
Section [Z1?  of the region in Problem 1 of Sec. 16.1 is % cubic inches. The mass in
Problem 2 is 1;20 grams. o

If R is not a rectangle, the repeated integral that equals [,, f(P) dA differs
from that for the case where R is a rectangle only in the intervals of integration.
If R has the description

a<z<b y(r) <y < yo(x),

by cross sections parallel to the y-axis, then

b | y2(x)

/f(P) dA:/ flz,y) dy| dz.

R a  |yi(z)

Similarly, if R has the description
= ; c<y<d zi(y<r < a2(y),

by cross sections parallel to the z-axis, then

- - == October 22, 2010 Calculus
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[ 1P aa- / 7y)f(w,y) dz | dy.
c z1(y)

R

The intervals of integration are determined by R; the function f influences

only the integrand. (See Figure [17.2.7])
2

In the next example R is the region bounded by y = x°, x = 2, and
y = 0; the function is f(z,y) = 3zy. The integral [, 3zy dA has at least three
interpretations:

1. If at each point P = (z,y) in R we erect a line segment above P of
length 3zy, then the integral is the volume of the resulting solid. (See

Figure [17.2.8])

2. If the density of matter at (z,y) in R is 3zy, then [, 3zy dA is the total
mass in R.

3. If the temperature at (z,y) in R is 3zy then [, 3zy dA divided by the
area of R is the average temperature in R.

EXAMPLE 6 Evaluate [ r 37y dA over the region R shown in Figure(17.2.9

SOLUTION If cross sections parallel to the y-axis are used, then R is de-
scribed by

Thus
2 x?
/3J;y dA:/ /3xy dy | dex,
R 0 \o

which is easy to compute. First, with z fixed,

2

/Bxy dy = <3x—)
2 ) ly=o
; y
3 6
/— der = — *

Calculus October 22, 2010

y=x2 212 02 345
:3x(x) 3 =22
2 2 2

Then,
2
= 16.

Figure 17.2.8:

This ig the same R as in
Examples [2] and |§|

Figure 17.2.9:
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Figure 17.2.11:

Figure 17.2.10:

Figure [17.2.10(a) shows which integration is performed first.

The region R can also be described in terms of cross sections parallel to
the z-axis:

0<y<4 Jy<az<2

In this case, the double integral is evaluated as:

4 [ 2
/Bxy dA :/ /331;3/ dr | dy,
R 0o\
which, as the reader may verify, equals 16. See Figure [17.2.10(b). o

In Example |§| we could evaluate [, f(P) dA by cross sections in either
direction. In the next example we don’t have that choice.

EXAMPLE 7 A triangular lamina is located as in Figure [17.2.11] Its
density at (z,y) is ¢*’. Find its mass, that is [, f(P) dA, where f(z,y) = €”’.

SOLUTION The description of R by vertical cross sections is

0<z<2, §§y§1
Hence
2 [ 1
/f(P) dA:/ /ey dy | dx
R 0 z/2
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Since e¥” does not have an elementary antiderivative, the Fundamental Theo-
rem of Calculus is useless in computing

1

/ eV’ dy.

x/2

So we try horizontal cross sections instead. The description of R is now

This leads to a different iterated integral, namely:

/f(P) dA:/1 7&2 dz | dy.
R 0 0

The first integration, f02 eV dz, is easy, since y is fixed; the integrand is
constant. Thus

2y 2y
2 2 o |T=2 2
eV dx = ¢ lder=¢e"zx =e¥ 2y.
=0
0 0

The second definite integral in the repeated integral is thus fol e¥*2y dy, which
can be evaluated by the Fundamental Theorem of Calculus, since d(e?’)/dy =
6922y:
1
/ey22ydy: e’ 12612—602 =e—1.
/ 0
The total mass is e — 1. o

Notice that computing a definite integral over a plane region R involves,
first, a wise choice of an xy-coordinate system; second, a description of R
and f relative to this coordinate system; and finally, the computation of two
successive definite integrals over intervals. The order of these integrations
should be considered carefully since computation may be much simpler in one
than the other. This order is determined by the description of R by cross
sections.

Summary

We showed that the integral of f(P) over a plane region R can be evaluated
by an iterated integral, where the limits of integration are determined by R

Calculus October 22, 2010
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(not by f). If each line parallel to the y-axis meets R in at most two points
then R has the description

a<x<b, yi(z) <y < yo(z)

/f(P) dA:/b yQ/(x)f(a:,y) dy | d.
R o \yi(a)

If each line parallel to the z-axis meets R in at most two points, then,
similarly, R can be described in the form

and

c<y<d r1(y) < < 29(y)

and
d [ x2f

[rpyaa= | y)f(:r,y) dz | dy.
)

R c z1(y

A Few Words on Notation
We use the notation [ f(P) dA or [, f(P) dA for a (double) integral over
a plane region, [ f(P) dS or [ f(P) dS for an integral over a surface, and
J f(P) aV or [, f(P)dV for a (triple) integral over a region in space. The
symbols dA, dS, and dV indicate the type of set over which the integral is
defined.

Many people traditionally use repeated integral signs to distinguish di-
mensions.  For instance they would write [ f(P) dA as [[ f(P)dA or
[[ f(x,y) dedy. Similarly, they denote a triple integral by [[[ f(P) dxdydz.

We use the single-integral-sign notation for all integrals for three reasons:
1. it is free of any coordinate system

2. it is compact (uses the fewest symbols): [ for “integral”, f(P) or f for
the integrand, and dA, dS, or dV for the set

3. it allows the symbols [[ and [[[ to be reserved for use exclusively for
iterated integrals.

Iterated integrals are a completely different mathematical object. Each integral
in an iterated integral is an integral over an interval. Note that this means we
we write dx (or dy or dz) only when we are talking about an integral over an
interval.

October 22, 2010 Calculus
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EXERCISES for Section 17.2
M-moderate, C—challenging

Key: R-routine,

Exercises |1] to provide practice in describing plane
regions by cross sections in recangular coordinates. In
each exercise, describe the region by (a) vertical cross
sections and (b) horizontal cross sections.

1.[R] The triangle whose vertices are (0,0), (2,1),
(0,1).

2.[R] The triangle whose vertices are (0,0), (2,0),
(1,1).
3.[R] The parallelogram with vertices (0,0), (1,0),
(2,1), (1,1).
4.[R] The parallelogram with vertices (2,1), (5,1),
(3,2), (6,2).
5.[R] The disk of radius 5 and center (0,0).
6.[R] The trapezoid with vertices (1,0), (3,2),
(3,3),(1,6).
7.[R] The triangle bounded by the lines y = =,
r+y=2,and x + 3y = 8.
8.[R] The region bounded by the ellipse 422 4 y? = 4.

9.[R] The triangle bounded by the lines x = 0, y = 0,
and 2z + 3y = 6.

10.[R] The region bounded by the curves y =
y=1—2x,and x = 1.

11.[R] The quadrilateral bounded by the lines y = 1,
y=2y=xy=u/3.

12.[R] The quadrilateral bounded by the lines x = 1,
r=2,y=z,y=>5—u.

In Exercises [13] to [16] draw the regions and describe
them by horizontal cross sections.

13.[R] 0 < z < 2, 0<y<sinzand /4 <

20 <y < 3z x<m/2,0<y<cosx
14R] 1 < 2 < 2 16R 1 < z < e
xd <y < 2a° (z—1)/(e=1? <y <Inzx

15.[R] 0 < z <

In Exercises [I7] to [22] evaluate the iterated integrals.

(f (z +2y) dy) dx

S (S dy) da

I
(fox Ty dy> dz 22.[R]

S (5 et de) dy

23.[R] Complete the calculation of the second iter-
ated integral in Example [6]

ff (fo‘/y ya? da:) dy

24.[R]

(a) Sketch the solid region S below the plane z =
1+ z + y and above the triangle R in the place
with vertices (0,0), (1,0), (0,2).

(b) Describe R in terms of coordinates.
(c) Set up an iterated integral for the volume of S.

(d) Evaluate the expression in (c), and show in

the manner of Figure [17.2.10(a) and [17.2.10) m

which integration you performed first.

(e) Carry out (c) and (d) in the other order of inte-
gration.

25.[R] Let S be the solid region below the paraboloid
z = x? + 2y? and above the rectangle in the zy plane
with vertices (0,0), (1,0), (1,2), (0,2). Carry out the
steps of Exercise [24] in this case.

26.[R] Let S be the solid region below the saddle
z = zy and above the triangle in the zy plane with
vertices (1,1), (3,1), and (1,4). Carry out the steps of
Exercise 24] in this case.

27.[R] Let S be the solid region below the saddle
z = zy and above the region n the first quadrant of
the xy plane bounded by the parabolas y = z? and
y = 222 and the line y = 2. Carry out the steps of
Exercise 4] in this case.

28.[R] Find the mass of a thin lamina occupying the

Calculus
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finite region bounded by y = 222 and y = 5z — 3 and
whose density at (z,y) is zy.

29.[R] Find the mass of a thin lamina occupying
the triangle whose vertices are (0,0), (1,0), (1,1) and
whose density at (z,y) is 1/(1 + z?).

30.[R] The temperature at (z,y) is T(x,y) =
cos(x 4+ 2y). Find the average temperature in the
triangle with vertices (0,0), (1,0), (0,2).

31.[R] The temperature at (z,y) is T'(z,y) = e* Y.
Find the average temperature in the region in the first

quadrant bounded by the triangle with vertices (0, 0),
(1,1), and (3,1).

In each of Exercises [32] to [35] replace the given iterated
integral by an equivalent one with the order of integra-
tion reversed. First sketch the region R of integration.

32.[R] f02 (fOJCQ 3y dy) dx

33.[R] 5/2 ()" 2? dy) da

34.[R] fol (ff/Q Ty dy) dx + ff (fxl/Q Ty dy) dx

35.[R] f_ol/\/g (f_xl_mQ 3y dy) dx—l—fol ( 0 1=a? 3y dy) dx

In Exercises [36] to [39 evaluate th
First sketch the region of integrati

36.[R] fol (fxl sin(y?) dy) dx
’ 39.[R]
ST I} (i) e (f;
38.[R] fol (f%/y\/l-i-xd‘/d:c) dy
40.[R] Let f(z,y) = y%e¥" and I

bounded by y = a, y = x/2, and 1
a is positive.

(a) Set up two repeated integral

(b) Evaluate the easier one.

41.[R] Let R be the finite region b
y = v/z and the line y = z. Let f(
y # 0 and f(z,0) = 1. Compute [

y
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17.3 Computing [, f(P) dA Using Polar Coor-
dinates

This section shows how to evaluate | r f(P) dA by using polar coordinates.
This method is especially appropriate when the region R has a simple de-
scription in polar coordinates, for instance, if it is a disk or cardioid. As in
Section [17.2} we first examine how to describe cross sections in polar coordi-
nates. Then we describe the iterated integral in polar coordinates that equals

[ f(P) dA.

Describing R in Polar Coordinates

In describing a region R in polar coordinates, we first determine the range of 8
and then see how r varies for any fixed value of §. (The reverse order is seldom
useful.) Some examples show how to find how r varies for each 6.

EXAMPLE 1 Let R be the disk of radius a and center at the pole of a
polar coordinate system. (See Figure ) Describe R in terms of cross
sections by rays emanating from the pole.

SOLUTION To sweep out R, 6 goes from 0 to 27. Hold 6 fixed and con-
sider the behavior of r on the ray of angle 6. Clearly, r goes from 0 to a,

independently of . (See Figure [17.3.1}) The complete description is
0<60<2nm, 0<r<a.

o

EXAMPLE 2 R Let R be the region between the circles r = 2cosf and
r = 4cosf. Describe R in terms of cross sections by rays from the pole. (See
Figure 17.3.2})

SOLUTION To sweep out this region, use the rays from 6 = —7/2 to 6 =
7/2. for each such 6, r varies from 2 cosf to 4 cos . The complete description
is

| N

Sﬁgg, 2cosf <r <4cosb.
o

As Examples|[I]and [2|suggest, polar coordinates provide simple descriptions
for regions bounded by circles. The next example shows that polar coordinates
may also provide simple descriptions of regions bounded by straight lines,
especially if some of the lines pass through the origin.

EXAMPLE 3 Let R be the triangular region whose vertices, in rectangular
coordinates, are (0,0), (1,1), and (0, 1). Describe R in polar coordinates.

Calculus October 22, 2010

Figure 17.3.2:



1200

CHAPTER 17 PLANE AND SOLID INTEGRALS

SOLUTION Inspection of R in Figure shows that 6 varies from 7 /4
to /2. For each 6, r goes from 0 until the point (r, ) is on the line y = 1, that
is, on the line rsin(f) = 1. Thus the upper limit of r for each 6 is 1/sin(0).
The description of R is

1
sin(f)’

T v
— << = N<r<
1=V ==

o In general, cross sections by rays lead to descriptions of plane regions of the

form:
a<60<p, r1(0) < r <ry(0).

A Basic Difference Between Rectangular and Polar Co-
ordinates

Before we can set up an iterated integral in polar coordinates for [, f(P) dA
we must contrast certain properties of rectangular and polar coordinates.
Consider all points (x,y) in the plane that satisfy the inequalities

o < <1x9+ Ax and Yo <y < yo+ Ay,
where xg, Az, yo and Ay are fixed numbers with Az and Ay positive. The
set is a rectangle of sides Az and Ay shown in Figure[17.3.4(a). The area of
this rectangle is simply the product of Ax and Ay; that is,
Area = AzAy. (17.3.1)

This will be contrasted with the case of polar coordinates.

Figure 17.3.4:
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Consider the set in the plane consisting of the points (r, ) such that
ro <r <rg+ Ar and Oy <0 <0y+ A0,

where rq, Ar, 6y and Af are fixed numbers, with rq, Ar, 8y and A# all positive,
as shown in Figure [17.3.4]Db). The exact area is found in
When Ar and Af are small, the set is approximately a rectangle, one side  Exercise
of which has length Ar and the other, r¢Af. So its area is approximately
roArAf. In this case,
Area =~ roArAf. (17.3.2)

The area is not the product of Ar and Af. (It couldn’t be since Af is in
radians, a dimensionless quantity — “arc length subtended on a circle divided
by length of radius” — so ArA# has the dimension of length, not of area.) The
presence of this extra factor rg will be reflected in the integrand we use when
integrating in polar coordinates.

It is necessary to replace dA by r dr df, not simply by dr df.

How to Evaluate [, f(P) dA by an Iterated Integral in
Polar Coordinates

The method for computing [, f(P) dA with polar coordinates involves an iter-

ated integral where the dA is replaced by r dr df. A more detailed explanation

of why the » must be added is given at the end of this section. Notice the factor 7 in the
integrand.

Evaluating [, f(P) dA in Polar Coordinates

1. Express f(P) in terms of r and 0: f(r,0).

2. Describe the region R in polar coordinates:

a<0<p, r1(0) <r < ry(0).

3. Evaluate the iterated integral:

B r2(0)
/ f(r,0)r dr db.

@ ry (9)

Calculus October 22, 2010 o h\\
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EXAMPLE 4 Let R be the semicircle of radius a shown in Figure [17.3.5
Let f(P) be the distance from a point P to the z-axis. Evaluate [, f(P) dA
by an iterated integral in polar coordinates.

SOLUTION 1In polar coordinates, R has the description

0<6<m, 0<r<a.

The distance from P to the z-axis is, in rectangular coordinates, y. Since
Notice the extra r in the y = rsin(f), f(P) = rsin(f). Thus,

integrand.
™ a

/ F(P) dA = / / (rsin(@))r dr | do.

0 0
From here on the

calculation are like those in The calculation of the iterated integral is like that for an iterated integral
the preceding section.  in rectangular coordinates. First, evaluate the inside integral:

a a

0 3
0 0

The outer integral is therefore

A 3 o 3 A 3
/“ sinb g = “—/sine d = L (—sing)
3 3 3
0

0

™

= C%[(— cosm) — (—cos0)] = %(1 +1) = 2%-

2a3
dA = —.
/y 3

R

Thus

o

Example [5| refers to a ball of radius a. Generally, we will distinguish be-
tween a ball, which is a solid region, and a sphere, which is only the surface
of a ball.

EXAMPLE 5 A ball of radius a has its center at the pole of a polar co-
ordinate system. Find the volume of the part of the ball that lies above the
plane region R bounded by the curve r = acos(f). (See Figure[17.3.6])
SOLUTION 1t is necessary to describe R and f in polar coordinates, where
f(P) is the length of a cross section of the solid made by a vertical line through
P. R is described as follows: 7 goes 0 to acos(f) for each 6 in [—7/2,7/2],
that is,

<0<

bo |
o |

, 0<r<acosh.

Figure 17.3.6: October 22, 2010 Calculus
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To express f(P) in polar coordinates, consider Figure|17.3.7, which shows the
top half of a ball of radius a. By the Pythagorean Theorem,

2+ (f(r,0))? = a?. E A0 e

ThUS -\-.I'-H':i —

f(r,0) = Va2 —12.

Consequently,
7/2 7 acos(6) Figure 17.3.7:
Volume:/f(P) dA = / / V22 —rirdr | db.
R —7/2 0

Exploiting symmetry, compute half the volume, keeping 6 in [0, 7/2], and then ~Remember to double.
double the result:

acos(0)
acos(0) 2 2 2 3/2 2\3/2
—(a? — r?)3/2 (a® — a® cos*(0)) (a?)
T _ g2 dp = ) _ _

/ Va2 dr | ; :

0
N cos?(0))¥?  a® _a’(l— cos?())3/?
! 3 -3 3

a

= 3(1 — sin®(6)).

(The trigonometric formula used above, sin() = /1 — cos?(f), is true when
0 <60 < /2 but not when —7/2 <60 <0.)
Then comes the second integration:

w/2

/2
[Sa-st@)a = 5 [0 co0)sin() do

w

a
3
0
= % <0+cos(9) - 0083( )> )
_ a [ 1_1 _ 3 3m—4 '
3|2 3 18
The total volume is twice is large: We remembered.

Calculus October 22, 2010
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Figure 17.3.8:

EXAMPLE 6 A circular disk of radius a is formed of a material which had
a density at each point equal to the distance from the point to the center.

(a) Set up an iterated integral in rectangular coordinates for the total mass
of the disk.

(b) Set up an iterated integral in polar coordinates for the total mass of the
disk.

(c) Compute the easier one.

SOLUTION  The disk is shown in Figure [17.3.8

(a) (Rectangular coordinates) The density o(P) at the point (P) = (x,y) is
\/x2 4+ y2. The disk has the description

—a<z<a, —va?—x?<y<+Va®-—22

Thus

o [ vz
/ Vaz+y?dy | de.
a2

R —a \_\/a2—z2

(b) (Polar coordinates) The density o(P) at P = (r,0) is r. The disk has
the description
0<60<2m, 0<r<a.

Thus

Mass = /J(P) dA

R 0 0 0 0

|
—
—
<
5
s
3
=y
I
|
—
—
<
[N}
<y
3
I~y
I

(c) Even the first integration in the iterated integral in (a) would be tedious.
However, the iterated integral in (b) is a delight: The first integration
gives
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The second integration gives

The total mass is 2wa®/3.

A Fuller Explanation of the Extra r in the Integrand

Consider [ » f(P) dA as the region in the plane bound by the circle 7 = a and
r = b and the range § = « and § = (3. Break it into n? little pieces with
the aid of the partitions ry = a,ry,r;, 7, = b and 6y = «,0,,0;,0, = 3. For
convenience, assume that all 7, —7;_; are equal to Ar and all §; —6;_; are equal

to Af. (See Figure [17.3.9(a).) The typical patch, shown in Figure [17.3.9(b),

2

Figure 17.3.9: (b) By is <%%)

has area, exactly

Aij = W(W — i) (0 — 0i-1),
as shown in Exercise [6l
Then the sum of the n® terms of the form f(P;)A;; is an estimate of
/ R f(P) dA.
Let us look closely at the summand for the n patches between the rays
0 =0, 1 and 6 = 0;, as shown in Figure [17.3.10

Calculus October 22, 2010
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The sum is

Sf (” +2rj1, b +29“) i +2rj“ArA0. (17.3.3)

Jj=1

In (17.3.3)), 6;, 0;_1, and A are constants. If we define g(r, ) to be f(r,0)r,

then the sum is
(So(etpmita)a) o sy

i—1

The sum in brackets in ((17.3.4)) is an estimate of

b
/9 <T, —Qj +29j_1) dr.

a

Thus the sum, corresponding to the region between the rays § = 6; and 0 =
61'717 is

b
Z/g (r, 9"2&) dr AG. (17.3.5)
-1
Now let h(6) = fabg(r, 0) dr. Then ((17.3.5)) equals
S h (—Qi +29H> Af,

i=1

This is an estimate of f: f(0) df. Hence the sum of all n? little terms of the
form f(P;;)A;; is an approximation of

B b B

ih(@) a9 = / /g(r,e) dr d@:/ /bf(r,G)r dr | 6.

« « a «

The extra factor r appears as we obtained the first integral, fab flr,0)r dr.
The sum of the n? terms A;;, which we knew approximated the double integral
[ f(P) dA, we now see approximate also the iterated integral (17.3.6]). Taking
limits as n — oo show that the iterated integral equals the double integral.

Summary

We saw how to calculate an integral [ » f(P) dA by introducing polar coordi-
nates. In this case, the plane region R can be described, in polar coordinates,
as

a<0<p,  rif) <r<ryh)
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then
B r2(0)

R/f(P) dA:/ / f(r,0)r dr db.

a ri(0)

The extra r in the integrand is due to the fact that a small region corresponding
to changes dr and df has area area approximately r dr df (not dr df). Polar
coordinates are convenient when either the function f or the region R has a
simple description in terms of r and 6.
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EXERCISES for Section 17.3
M-moderate, C—challenging

Key: R-routine,

In Exercises[I] to [6] draw and describe the given regions
in the form oo <0 < 3, r1(0) <1 < ry(h).

1.[R] The region inside the curve r = 3 + cos(0).
2.[R] The region between the curve r = 3 + cos(6)
and the curve r = 1 + sin(6).

3.[R] The triangle whose vertices have the rectangu-
lar coordinates (0,0),(1,1), and (1,v/3).

4.[R] The circle bounded by the curve r = 3sin(f).
5.[R] The region shown in Figure [17.3.11
-=I."‘- -
'._ ' = Il:l.:”
. '
.l-
C ™ .:
Figure 17.3.11:
6.[R] The region in the loop of the three-leaved rose,

r = sin(36), that lies in the first quadrant.

Draw the region R bounded by the lines y = 1,
y=2y=1y=1x/V3.

Describe R in terms of horizontal cross sections,
Describe R in terms of vertical cross sections,

Describe R in terms of cross sections by polar
rays.

8.[R]

(a) Draw the region R whose description is given by
—V4—y2 <z <\4-—19y2

(b) Describe R by vertical cross sections.

(c) Describe R by cross sections obtained using po-
lar rays.

9.[R] Describe in polar coordinates the square whose
vertices have rectangular coordinates (0,0), (1,0),

(1,1), (0,1).

10.[R] Describe the trapezoid whose vertices have
rectangular coordinates (0,1), (1,1), (2,2), (0,2).
(a) in polar coordinates,

(b) by horizontal cross sections,

(¢) by vertical cross sections.

In Exercises [5] to draw the regions and evaluate
[ ? dA for the given regions R.

11.[R] —n/2<60<7/2, 0<r <1+ cos(d)

0 <r <cos(h)

12R] 0 < 0 < =/2, (1)4<'[§L Si?ﬂ(ge) b =03
0 <r < sin?(9) - =

13.R] 0 < 0 < 2m,

In Exercises (15| to (18 draw R and evaluate | R y? dA for
the given regions R.

15.[R] The circle of radius a, center at the pole.
16.[R] The circle of radius a with center at (a,0) in
polar coordinates.

17.[R] The region within the cardioid » = 1 + sin#.
18.[R] The region within one leaf of the four-leaved
rose r = sin 26.

In Exercises [19] and [20] use iterated integrals in polar
coordinates to find the given point.
19.[R] The center of mass of the region within the

October 22, 2010
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cardioid r = 1 + cos().
20.[R] The center of mass of the region within the
leaf r = cos 3(0) that lies along the polar axis.

The average of a function f(P) over a region R in the
plane is defined as [ g f(P) dA divided by the area of
R. In each of Exercises [21] to find the average of
the given function over the given region.

21.[R] f(P) is the distance from P to the pole; R is
one leaf of the three-leaved rose, r = sin(36).

22.[R] f(P) is the distance from P to the z-axis; R
is the region between the rays 6 = 7/6, § = 7/4, and
the circles r = 2, r = 3.

23.[R] f(P) is the distance from P to a fixed point
on the border of a disk R of radius a. (HINT: Choose
the pole wisely.)

24.[R] f(P) is the distance from P to the z-axis; R
is the region within the cardioid r = 1 + cos(#).

In Exercises [25] to 28] evaluate the given iterated in-
tegrals using polar coordinates. Pay attention to the
elements of each exercise that makes it appropriate for
evaluation in polar coordinates.

25.[R] fol (fox Va2 +y? dy) dx

Use this to find the area of a disk of radius a. (Use an
iterated integral in polar coordinates.)

32.[R] Find the area of the shaded region in Fig-
ure [17.3.4(b) as follows:

(a) Find the area of the ring between two circles, one
of radius rg, the other of radius ry + Ar.

(b) What fraction of the area in (a) is included be-
tween two rays whose angles differ by A§?

(c) Show that the area of the shaded region in Fig-

ure [17.3.4(b) is precisely

<ro + A;) ArAb.

33.[R] Evaluate the repeated integral
7/2 [ acos(6)
/ / Va2 —r2rdr| do
—7/2 \ 0

directly. The result should still be a®(37 — 4)/9. (In
Example [5| we computed half the volume and doubled
the result.)

Cau:ﬁ)ion: Use trigonometric formulas with care.

2 ( pV3z 9 2\3 .. . . .
26.[R] fol ( N 1-2% 3 dy) d?'xs'[R] ih (fm/\/g(x + %)% B t@beginning Exercise 34} consider the following

27.[R] fol (fxm xy dy) dx

29.[R] Evaluate the integrals over the given regions.

(a) [pcos(z? +y?) dA; R is the portion in the first
quadrant of the disk of radius a centered at the
origin.

(b) Jp V2?2 +y? dA; R is the triangle bounded by
the line y = x, the line z = 2, and the z-axis.

30.[R] Find the volume of the region above the
paraboloid z = 224y and below the plane z = z+.

31.[R] The area of a region R is equal to [p1 dA.

two quotes:

Once when lecturing to a class he [the
physicist Lord Kelvin] used the word
“mathematician” and then interrupting
himself asked the class: “Do you know
what a mathematician is?”  Stepping
to his blackboard he wrote upon it:
e e~ dx = /7. Then putting his fin-
ger on what he had written, he turned to
his class and said, “A mathematician is
one to whom this is as obvious as that
twice two makes four is to you.”

S. P. Thompson, in Life of Lord Kelvin (Macmillan,
London, 1910).

Many things are not accessible to intuition
at all, the value of fooo e~ dz for instance.

Calculus
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J. E. Littlewood, “Newton and the Attraction of the
Sphere”, Mathematical Gazette, vol. 63, 1948.

34.[M] This exercise shows that [* e dx = @
Let Ry, Ry, and R3 be the three regions indicated in

Figure ‘17.3.12|, and f(P) = e where r is the dis-
tance from P to the origin. Hence, f(r,0) = e
in polar coordinates and in rectangular coordinates
flz,y) = e ®¥". NOTE: Observe that R is inside
Rs and R is inside Rjs.

(a) Show that [, f(P)dA =1 (1 B eﬂﬁ) N
fR3 f(P)dA=7% (1 _ e*2a2>_

(b) By considering [, f(P) dA and the results in
(a), show that

o 2
% (1 - e_a2> < /e_m2 dr | < % (1 - 6_2a2> :
0
(¢) Show that [* e dy = @

Figure 17.3.12:

35.[R] Figure shows the “bell curve” or
“normal curve” often used to assign grades in large
classes. Using the fact established in Exercise [34] that
fOOO e dy = \/7/2, show that the area under the

curve in Figure [I7.3.13]is 1.

AT
P k"
.l'"f \\
}_/ i \'\.\
_I/ ",
¥l g ™
s _—F""-'Jf | ’ HH"-— -
Figure 17.3.13:
36.[R] (The spread of epidemics.) In the theory of

a spreading epidemic it is assumed that the probabil-
ity that a contagious individual infects an individual D
miles away depends only on D. Consider a population
that is uniformly distributed in a circular city whose
radius is 1 mile. Assume that the probability we men-
tioned is proportional to 2 — D. For a fixed point () let
f(P) =2 — PQ. Let R be the region occupied by the
city.

(a) Why is the exposure of a person residing
at () proportional to fR f(P) dA, assuming
that contagious people are uniformly distributed
throughout the city?

(b) Compute this definite integral when @ is the cen-
ter of town and when @ is on the edge of town.

(¢) In view of (b), which is the safer place?

Transportation problems lead to integrals over plane
sets, as Exercises [37] to [40| illustrate.

37.[R] Show that the average travel distance from the
center of a disk of area A to points in the disk is pre-

cisely 2v/A/(3+/)m ~ 0.376V/A.

38.[R] Show that the average travel distance from the
center of a regular hexagon of area A to points in the

October 22, 2010
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hexagon is

V2A (1  In3

W <3 + 4> ~ 0.377\/2.

39.[R] Show that the average travel distance from the
center of a square of area A to points in the square is
(v2 4 In(tan(37/8)))1/A/6 ~ 0.383V/A.

40.[R] Show that the average travel distance from the
centroid of an equilateral triangle of area A to points
in the triangle is

v <2\f+ln(tan(? ))) ~ 0.404V'A

39/4
NOTE: The centroid of a triangle is its center of mass.

In Exercises to [0 the distance is the ordinary
straight-line distance. In cities the usual street pat-
tern suggests that the “metropolitan” distance between
the points (z1,y1) and (z2,y2) should be measured by
|21 — 2| + Y1 — 2l

41.]M] Show that if in Exercise metropolitan
distance is used, then the average is 8v/A/(37%/%) ~
0.470V/A.

42.[M] Show that if in Exercise , metropolitan dis-
tance is used, then the average is 1/ A/2. In most cities
the metropolitan average tends to be about 25 percent
larger than the direct-distance average.

43.[C]

Sam: The formula in this section for integrating in
polar coordinates is wrong. I’ll get the right for-
mula. We don’t need the factor r.

Jane: But the book’s formula gives the correct an-
swers.

Sam: Idon’t care. Let f(r, ) be positive and I’ll show
how to integrate over the set R bounded by r = b
andr—a b>a,and 8§ = ( and # = a. We have
e f R ) dA is the volume under the graph of f
and above R. Right?

Jane: Right.

Sam: The area of the cross section corresponds to a
fixed angle 6 is f f(r,0) dr. Right?

Jane: Richt
S

Sam: So I, just integrate cross-sectional areas as 0
goes from « to 3, and the volume is therefore
ff(f; f(r,0) dr) df. Perfectly straightforward.
I hate to overthrow a formula that’s been around

for three centuries.

What does Jane say next?

44.[C]

Jane: I won’t use a partition. Instead, look at the
area under the graph of f and above the circle
of radius r. I'll draw this fence for you (see Fig-

ure [17.3.14(a).

Figure 17.3.14:

To estimate its area I'll cut the arc AB into n
sections of equal length by angle 6p = a.. ..

Then break AB into n short area, each of length
rAf. (Remember, Sam, how radians are de-
fined.) The typical small approach to the shaded
area looks like Figure [17.3.14(b). That’s just
an estimate of ff f(r,0)r df. Here r is fixed.
Then I integrate the cross-sectional area as r
goes from a to b. The total volume is then
J2 [P f(r,0)r d6 dr. But [, f(r,0) dA is the

volume.

Sam: All right.

Jane: At least it gives the r factor.

Sam: But you had to assume f is positive.

Jane: Well, if it isn’t just add a big positive number
k to f, then g = f + k is positive. From then on

its easy. If it’s so far g it’s so far f.

Check that Jane is right about g and f.

Calculus
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17.4 The Triple Integral: Integrals Over Solid
Regions

In this section we define integrals over solid regions in space and show how to
compute them by iterated integrals using rectangular coordinates. Throughout
we assume the regions are bounded by smooth surfaces and the functions are
continuous.

The Triple Integral

Let R be a region in space bounded by some surface. For instance, R could
be a ball, a cube, or a tetrahedron. Let f be a function refined at least on R.
For each positive integer n break R into n small region Ry, Rs,...R,.

Choose a point P, in Ry, P, in Ry, ..., P, in R,. Let the volume of R;
be V;. Then
lim »  f(P)V;
i=1

exists. It is denoted
/ £(P) v (17.4.1)
R

and is called the integral of f over R or the triple integral of f over R.

NOTE:

1. As in the preceding section, we define small. For each n let r, be the
smallest number such that each R; in the partition fits inside a ball of
radius r,,. We assume that r,, — 0 as n — oo.

2. The notation [ [ [, f(P) dV is commonly used, but, we stick to using
one integral sign, [ r f(P) dV to emphasize that the triple integral is not
a repeated integral.

3. The notation [ [ [ f(z,y,z) dV is also used, but, again, we prefer not
to refer to a particular coordinate system.

EXAMPLE 1 If f(P) =1 for each point P in a solid region R, compute
[ f(P) dV.

SOLUTION  Each approximating sum »_._, f(P;)V; has the value

Zl'V;'=V1+V2+---+V7L:VolumeofR.
i=1
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Hence
/f(P) dV = Volume of R,
R

a fact that will be useful for computing volumes.

The average value of a function f defined on a region R in space is defined

as
[o1adV

Volume of R’

This is the analog of the definition of the average of a function over an interval
(Section or the average of a function over a plane region (Section .
If f describes the density of matter in R, then the average value of f is the
density of a homogeneous solid occupying R and having the same total mass
as the given solid.

Think about it. If the number

fR f(P) dV
Volume of R

is multiplied by the volume of R, the result is
[ Py av
R

which is the total mass.

“Density” at a point is defined for lamina; with balls replacing disks. For
a positive number r, let m(r) be the mass in a ball with center P and radius
r. Let V(r) be the volume of the ball of radius r. Then the density at P is
defined as

lim m(r)

V()

An Interpretation of [, f(P) dV.

Triple integrals appear in the study of gravitation, rotating bodies, centers of
gravity, and electro-magnetic theory. The simplest way to think of them is to
interpret f(P) as the density at P of some disturbance of matter and, then,
[ f(P) dV is the total mass in a region R.

We can’t picture || r f(P) dV as measuring the volume of something. We
could do this for [, f(P) dA, because we could use two dimensions for de-
scribing the region of integration and then the third dimension for the values
of the function, obtaining a surface in three-dimensional space. However, with

Calculus October 22, 2010
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This is the order z, y, then
z. There are six possible
orders, as you may check.

(X, ¥ (¥
J Solid region
R

~ | | y
~
Projection

of Ron
xy plane

Figure 17.4.1:

f » J(P) dV, we use up three dimensions just describing the region of integra-
tion. We need four-dimensional space to show the values of the function. But
it’s hard to visualize such a space, no matter how hard we squint.

A Word about Four-Dimensional Space
We can think of 2-dimensional space as the set of ordered pairs (z,y) of real
numbers. The set of ordered triplets of real numbers (x,y, z) represents 3-
dimensional space. The set of ordered quadruplets of real numbers (z,y, z,t)
represents 4-dimensional space.
It is easy to show 4-D space is a very strange place.
In 2-dimensional space the set of points of the form (z,0), the y-axis, meets
the set of points of the form (0,y), the y-axis, in a point, namely the origin
(0,0). Now watch what can happen in 4-space. The set of points of the form
(,9,0,0) forms a plane congruent to our familiar zy-plane. The set of points
of the form (0,0, z,t) forms another such plane. So far, no surprise. But notice
what the intersection of those two planes is. Their intersection is just the point
(0,0,0,0). Can you picture two endless planes meeting in a single point? If
so, please tell us how.

Describing a Solid Region

In order to evaluate triple integrals, it is necessary to describe solid regions in
terms of coordinates.
A description of a typical solid region in rectangular coordinates has the
form
a<z<b, yi(z) <y <ys(z), z1(z,y) < 2 < z(x,y).
The inequalities on x and y describe the “shadow” or projection of the region
on the xy plane. The inequalities for z then tell how z varies on a line parallel

to the z-axis and passing through the point (x,y) in the projection. (See

Figure [17.4.1})

EXAMPLE 2 Describe in terms of z, y, and z the rectangular box shown

in Figure|17.4.2(a).

SOLUTION The shadow of the box on the xy plane has a description 1 <
r <2, 0 <y < 3. For each point in this shadow, z varies from 0 to 2, as
shown in Figure [17.4.2(b). So the description of the box is

1<x <2,

0<y <3, 0<2<2,
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Figure 17.4.2:

which is read from left to right as “x goes from 1 to 2; for each such z, the
variable y goes from 0 to 3; for each such z and y, the variable z goes from 0
to 2.7

Of course, we could have changed the order of x and y in the description
of the shadow or projected the box on one of the other two coordinate planes.
(All told, there are six possible descriptions.) o

EXAMPLE 3 Describe by cross sections the tetrahedron bounded by the
planes t =0, y =0, 2 =0, and x + y + z = 1, as shown in Figure [17.4.3(a).

|[U 0,1)

0,
:U & bhtd yw of .
tetrahedron L
on xz plane /‘\
]\ A this point (x, y, 2)
| N\ onsurfacex+y+z=1
L X p=1—g=z
(1.0, l] 0 1.0) (1.0, H L
,,;\

(a) ()
Figure 17.4.3:

SOLUTION For the sake of variety, project the tetrahedron onto the xz
plane. The shadow is shown in Figure [17.4.3[(b). A description of the shadow
is

0<z<1, 0<2<1 —x,

since the slanted edge has the equation  + z = 1. For each point (z,z) in
this shadow, y ranges from 0 up to the value of y that satisfies the equation
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r+y+z=1,thatis, uptoy = 1 —z—z. (See Figure|17.4.3|(c).) A description
of the tetrahedron is

0<x<1, 0<2<1—r, 0<y<l—z—=z

That is, x goes from 0 to 1; for each x, z goes from 0 to 1 — x; for each x and
z,y goes from 0 to 1 —x — z. o

EXAMPLE 4 Describe in rectangular coordinates the ball of radius 4
whose center is at the origin.

SOLUTION The shadow of the ball on the xy plane is the disk of radius 4
and center (0,0). Its description is

—4 <x <4, —V16 — 22 <y < V16 — 22

Hold (z,y) fixed in the zy plane and consider the way z varies on the line
parallel to the z-axis that passes through the point (x,y,0). Since the sphere
that bounds the ball has the equation

2+ y* + 2* = 16,
for each appropriate (x,y), z varies from

(x.¥)in _\/16_I'2_y2 to \/16—I2—y2.

vy plane
This describes the line segment shown in Figure [17.4.4]
The ball, therefore, has a description

-

(0,4, 0)
|

@oo | 4<z<4,  —VI6-22<y<VI6—22, 16— 22—y2 <2< \/16— a2 -

Figure 17.4.4: o

Iterated Integrals for [, f(P) dV

The iterated integral in rectangular coordinates for [, f(P) dV is similar to
that for evaluating integrals over plane sets. It involves three integrations
instead of two. The limits of integration are determined by the description of
R in rectangular coordinates. If R has the description

(lSJZSb, yl(x) S?JSQQ(I)y Zl(xay) §Z§Z2(xay)7

then

y2(z) [ z2(zy

/f(P) dV:/b/ /)f(a:,y,z) dz | dy dx.
R ay

1) \e1(z,y)

October 22, 2010 Calculus



§ 17.4 THE TRIPLE INTEGRAL: INTEGRALS OVER SOLID REGIONS 1217

An example illustrates how this formula is applied. In Exercise|[31{an argument
for its plausibility is presented.

EXAMPLE 5 Compute | r 2 AV, where R is the tetrahedron in Example

SOLUTION A description of the tetrahedron is
0<y<, 0<z<1—y, 0<z2<81—-2—y.

Hence
1-y /1—-2—y

1
/de—/ / /zdz de | dy.
R 0 \o 0

Compute the inner integral first, treating x and y as constants. By the
Fundamental Theorem,

l-z—y

2
/ zdz:z—
2

0

T (—a—yp
_dosoaf

z=0

The next integration, where y is fixed, is

7%1—x—yfdm__ e Y L o Ot R

6+ 6 6

2 N 6

=0
0

The third integration is

1

(1—y)? (1—y)*
e

! 0 14 1

o1 T T o

0
0

This completes the calculation that

1
AV = —.
/z \%4 51

R

Summary

We defined |’ r f(P) dV, where R is aregion in space. The volume of a solid re-
gion Ris [, dV and, if f(P) is the density of matter near P, then [, f(P) dV
is the total mass. We also showed how to evaluate these integrals by introduc-
ing rectangular coordinates.
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There are six possible
orders. The general approach is to, first, describe R, for instance, as

a<ux<b, v (2) <y < yo(a), z1(2,y) < 2 < zo(w,y).

Then

y2(z) [ z2(z.y)

/f(P)dVZ/b / /f(x,y,z)dx dy | dex.

1(x) z1(z,y)
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EXERCISES for Section 17.4
M-moderate, C—challenging

Key: R-routine,

Exercises 1| to {4 concern the definition of [, f(P) dV.
1.[R] A cube of side 4 centimeters is made of a
material of varying density. Near one corner A it is
very light; at the opposite corner it is very dense. In
fact, the density f(P) (in grams per cubic centimeter)
at any point P in the cube is the square of the dis-
tance from A to P (in centimeters). See Figure

1 P is the square
¢ AP. P is a wvpical

ube

Figure 17.4.5:

(a) Find upper and lower estimates for the mass of
the cube by partitioning it into eight cubes.

(b) Using the same partition as in (a), estimate the
mass of the cube, but select as the P,’s the cen-

ters of the four rectangular boxes.

Estimate the mass of the cube described in the
opening problem by cutting it into eight congru-
ent cubes and using their centers as the P;’s.

()

(d)

What does (c) say about the average density in
the cube?

2.[R] How would you define the average distance from
points of a certain set in space to a fixed point FPy?

3.[R] If Ris a ball of radius r and f(P) =5 for each
point in R, compute [, f(P) dV by examining approx-
imating sums. Recall that the ball has volume 4/3773.

4.[R] If Ris a three-dimensional set and f(P) is never

more than 8 for all P in R.

(a) what can we say about the maximum possible
value of [, f(P) dV?

(b) what can we say about the average of f over R?

In Exercises [0 to [[0] draw the solids described.

5 [R] 1<2<3,0<y<20<z<z

6.R] 0<2<1,0<y<1,1<z<1l+z+y

7R] 0<y<1,0<z<y’ y<z<2y

8.R] 0<y<l,y’<a<y 0<z<az+y

9R] -1 < 2z <1, —V1-22 <2 < V1-22

10.R] 0 < 2<3 0<y<v9—220<zx<

VO —y? =22

In Exercises [I1] to [I4] evaluate the iterated integrals.

LRy (J5 (5 = d2) dy) do.

2R (g (e oM (5 (862 0 dz) dy

13.[R] [2 ( = ( S @+ 2) dz> dy) dz.
15.[R] Describe the solid cylinder of radius a and

height h shown in Figure [17.4.6(a) in rectangular co-
ordinates

(a) in the order first x, then y, then z,
(b) in the order first z, then z, then y.

Figure 17.4.6:

16.[R] Describe the prism shown in Figure [17.4.6(b)
in rectangular coordinates, in two ways:

Calculus
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(a) First project it onto the zy plane.

(b) First project it onto the xz plane.

17.[R]  Describe the tetrahedron shown in Fig-
ure [17.4.7(a) in rectangular coordinates in two ways:

(a) First project it onto the zy plane.

(b) First project it onto the xz plane.

s ay

&
(a)

Figure 17.4.7:

18.[R] Describe the tetrahedron whose vertices are
given in Figure[17.4.7(b) in rectangular coordinates as
follows:

(a) Draw its shadow on the xy plane.
(b) Obtain equations of its top and bottom planes.

(c) Give a parametric description of the tetrahedron.

19.[R] Let R be the tetrahedron whose vertices are
(0,0,0), (a,0,0), (0,b,0), and (0,0, c), where a, b, and

¢ are positive.
(a) Sketch the tetrahedron.
(b) Find the equation of its top surface.

(c) Compute [pz dV.

20.[R] Compute [pz dV, where R is the region
above the rectangle whose vertices are (0,0,0), (2,0,0),
(2,3,0), and (0, 3,0) and below the plane z = z+2y.

21.[R] Find the mass of the cube in Exercise[1| (See

Figure|17.4.1])

22.[R] Find the average value of the square of the
distance from a corner of a cube of side a to points in
the cube.

23.[R] Find the average of the square of the distance
from a point P in a cube of side a to the center of the
cube.

24.[R] A solid consists of all points below the surface
z = xy that are above the triangle whose vertices are
(0,0,0), (1,0,0), and (0,2,0). If the density at (x,y, 2)
is « + y, find the total mass.

25.[R] Compute [, xy dV for the tetrahedron of Ex-
ample

26.[R]

(a) Describe in rectangular coordinates the right cir-
cular cone of radius r and height A if its axis is
on the positive z-axis and its vertex is at the ori-
gin. Draw the cross sections for fixed x and fixed
x and y.

(b) Find the z coordinate of its centroid.

27.[R] The temperature at the point (z,y,z) is
e 7Y%, Find the average temperature in the tetrahe-
dron whose vertices are (0,0,0), (1,1,0), (0,0,2), and
(1,0,0).

28.[R] The temperature at the point (z,y,z), y > 0,
is e7*/,/y. Find the average temperature in the region

October 22, 2010
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§ 17.4 THE TRIPLE INTEGRAL: INTEGRALS OVER SOLID REGIONS 1221
bounded by the cylinder y = 22, the plane y = 1, and Here is an intuitive argument for the equality
the plane z = 2y.
xo [ ya2(z) [ w2(zy)
/f(P) dV:/ / / flx,y,2)dz | dy | dx.
29.[R] Without using a repeated integral, evaluate % 2\ \eriew)

J rZ dV, where R is a spherical ball whose center is
(0,0,0) and whose radius is a.

30.[R] The work done in lifting a weight of w pounds
a vertical distance of z feet is wx foot-pounds. Imagine
that through geological activity a mountain is formed
consisting of material originally at sea level. Let the
density of the material near point P in the mountain
be g(P) pounds per cubic foot and the height of P
be h(P) feet. What definite integral represents the
total work expended in forming the mountain? This
type of problem is important in the geological theory
of mountain formation.

31.[R] In Section an intuitive argument was pre-
sented for the equality

b [ y2(x)
/ f(P) dA = / fany) dy | de.
R a )

1(x

To start, interpret f(P) as “density.”

(a) Let R(x) be the plane cross section consisting of
all points in R with abscissa . Show that the
average density in R(x) is

/", (x)[(fff((ﬁ)) f(zy,2) dz) dy
Area of R(x)

(b) Show that the mass of R between the plane sec-
tions R(x) and R(z + Az) is approximately

2 (2,y)
f(z,y,2) dz

y2(x)
dy Azx.

yi(z) \e1(zy)

(¢) From (b) obtain a repeated integral in rectangu-
lar coordinates for [, f(P) dV.

Calculus
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Figure 17.5.1:

ok

17.5 Cylindrical and Spherical Coordinates

Rectangular coordinates provide convenient descriptions of solids bounded by
planes. In this section we describe two other coordinate systems, cylindrical —
ideal for describing circular cylinders — and spherical — ideal for describing
spheres, balls, and cones. Both will be used in the next section to evaluate
multiple integrals by iterated integrals.

CYLINDRICAL COORDINATES

Cylindrical coordinates combine polar coordinates in the plane with the z
of rectangular coordinates in space. Each point P in space receives the name
(r,0,z) as in Figure We are free to choose the direction of the polar
axis; usually it will coincide with the z-axis of an (z,y, z) system. Note that
(r,0, 2) is directly above (or below) P* = (r,6) in the 6 plane. Since the set
of all points P = (r,0, z) for which r is some constant is a circular cylinder,
this coordinate system is convenient for describing such cylinders. Just as with
polar coordinates, cylindrical coordinates of a point are not unique.

" | ___"'-
S | i
. ra T rd
.-—"'“‘--Hl A ’
= A0 kit ’
| £
=N fiT 2] |
H -
i - |
a i |
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Fg
i ' '1
. \ ' a~
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LA
Hali-plaz Sariwse I

Figure 17.5.2:

Figure [17.5.2| shows the surfaces § = k, r = k, and z = k, where k is a

positive number.

EXAMPLE 1 Describe a solid cylinder of radius a and height A in cylindri-
cal coordinates. Assume that the axis of the cylinder is on the positive z-axis
and the lower base has its center at the pole, as in Figure [17.5.3]

SOLUTION The shadow of the cylinder on the 76 plane is the disk of radius
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a with center at the pole shown in Figure [17.5.4] Its description is
0<6<L 27, 0<r<a.

For each point (r,0) in the shadow, the line through the point parallel to
the z-axis intersects the cylinder in a line segment. On this segment z varies
from 0 to h for every (r,0). (See Figure [17.5.5]) Thus a description of the
cylinder is

0<60<2m, 0<r<a, 0<z<h.

o

EXAMPLE 2 Describe in cylindrical coordinates the region in space formed
by the intersection of a solid cylinder of radius 3 with a ball of radius 5 whose
center in on the axis of the cylinder. Place the cylindrical coordinate system
as shown in Figure .
SOLUTION Note that the point P = (1,0, z) is a distance v/r% 4 22 from the
origin O, for, by the pythagorean theorem, r?+ 22 = OP2. (See Figure )
We will use this fact in a moment.

Now consider the description of the solid. First of all, 6 varies from 0 to
27 and r from 0 to 3, bounds determined by the cylinder. For fixed € and
r, the cross section of the solid is a line segment determined by the sphere
that bounds the ball, as shown in Figure [17.5.7(b). Now, since the sphere has
radius 5, for any point (7,0, z) on it,

r2 4+ 22 =25 or 2+ V25 —r2.

Thus, on the line segment determined by fixed r and 6, z varies from —+/25 — 12
to v/25 — r2.

The solid has this description:

0<6<2m, 0<r<3, —V25 — 12 <z < V25— 12,

EXAMPLE 3 Describe a ball of radius a in cylindrical coordinates.

SOLUTION  Place the origin at the center of the ball, as in Figure [17.5.7|(a).
The shadow of the ball on the (r,0) plane is a disk of radius a, shown in
Figure [17.5.7(b) in perspective. This shadow is described by the equations

0<6<L 27, 0<r<a.

All that is left is to see how z varies for a given r and . In other words,
how does z vary on the line AB in Figure |[17.5.7(c)?

Calculus October 22, 2010
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Figure 17.5.7:
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Figure 17.5.8:
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If r is a, then z “varies” from 0 to 0, as Figure[17.5.7|(c) shows. If r is 0, then
z varies from —a to a. The bigger r is, the shorter AB is. Figure[17.5.8 presents
the necessary geometry, first in perspective. With the aid of Figure [I7.5.8] we
see that z varies from —v/a2 — r2 to va? — 2. You can check this by testing
the easy cases, r = 0 and r = a. All told,

OSQSQW,OST‘SCL,:\/CLQ—TQSZS\/CI?—T‘E

TV
The shadow Range of z for each 6 and r

EXAMPLE 4 Draw the region R bounded by the surfaces r? + 22 = a?,
0 = /6, and 0 = 7/3, situated in the first octant.

SOLUTION 1In the rz-plane, r?+ 2% = a? describes a circle of radius a, center
at the origin. There is no restriction on 6. Thus it is a circular cylinder with
its axis along the polar axis, as shown in Figure [17.5.9(a) in perspective. The
shadow of R, which lies in the first octant, on the rz-plane is a quarter circle,

shown in Figure [17.5.9(b).

Figure 17.5.9:

Next we draw the half planes § = 7/6 and 6 = /3, as in Figure [17.5.9|c)
showing at least the part in the first octant.

Finally we put Figure [17.5.9(a) and (c) together in (d), to show R.

R has three planar surfaces and one curved surface. The two curved edges
are parts of ellipses, not parts of circles.

The description of R is

0<r<a, 0<z<+Va?—r1r? /6 <0 <m/3.

Calculus October 22, 2010
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THE VOLUME SWEPT OUT BY Ar, A, and Af

To use polar coordinates to evaluate an integral over a plane set we needed
to know that the area of the little region corresponding to small changes Ar
and A# is roughly rArAf. In order to evaluate integrals over solids using
an iterated integral in cylindrical coordinates, we will need to estimate the
volume of the small region correspond to small changes Ar, Af, Az in the
three coordinates.

¥ _'1‘.';’—' I'\'-_H
r— 1
ML i \ s

'J". A - L) L .:h'
Ly _—--’j A= l-% - _
W i \ i

PR a e

A y "\..H , [ -

Figure 17.5.10:

The set of all points (r, 8, z) whose r coordinates are between r and r+ Ar,
whose 0 coordinates are between 6 and 6 + Af, and whose z coordinates are
between z and z+ Az is shown in Figure [17.5.10a). It is a solid with four flat
surfaces and two curved surfaces.

When Ar is small, the area of the flat base of the solid is approximately
rArAf, as shown in Section [9.2] and as we saw when working with polar
coordinates in the plane. Thus, when Ar, Af, and Az are small, the volume

AV of the solid in Figure [17.5.10(b) is
AV = (Area of base)(height) ~ rArA6Az.

That is,

AV =~ rArAG0Az.

Just as the factor r appears in iterated integrals in polar coordinates, the
same factor appears in iterated integrals in cylindrical coordinates.
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SPHERICAL COORDINATES

The third standard coordinate system in space is spherical coordinates,
which combines the 6 of cylindrical coordinates with two other coordinates.

In spherical coordinates a point P is described by three numbers: p is pronounced “row” or
“roe”; it is the Greek letter
for r. The letter ¢ is
pronounced “fee” or “fie.”

p the distance from P to the origin O, 6 the same angle as in cylindrical
coordinates, ¢ the angle between the positive z-axis and the ray from O to P.

In physics and engineering r is used instead of p.
The point P is denoted P = (p, 0, ¢). Note the order: first p, then 6, then

¢. See Figure [17.5.11] Note that ¢ is the same as the direction angle of OP i 3
with k, 0 < ¢ < m. The surfaces p = k (a sphere), ¢ = k (a cone), and 6 = k . :,j:
(a half plane) are shown in Figure [17.5.12] p 15
o ,-f’"':f”f 'x\\ :
. f; b, _'\\:
! i, x N
" Bk - ':: i
" ‘ (
— e | a { Figure 17.5.11:
s 2 e
fo Gt S i ..#___.--" . I:I
(\{r’ st f.l] Iy D " |
J"’(x = ----H-F/ o i L— II
e ;. = - e “J

Hall plane: 8 = &

(a) (b) (c)
Figure 17.5.12: (a) 6 and ¢ vary, (b) p and 6 vary, (c¢) p and ¢ vary.

When ¢ and 6 are fixed and p varies, we describe a ray, as shown in Fig-

RELATION TO RECTANGULAR COORDINATES _,f.f’

Figure displays the relation between spherical and rectangular coordi- " 1" T
nates of a point P = (p,0, ¢) = (z,y, 2). ’

Note, in particular, right triangle OSP has hypotenuse OP and a right Figure 17.5.13:
angle at S, and right triangle OQR has a right angle at Q.

Calculus October 22, 2010
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She |
B . "_“__,‘-?
I #

Ei’\ | AV ’:Iﬁ‘ ..-"/ :\ 9 = T
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Figure 17.5.14:

First of all, z = pcos(¢). Then OR = psin(¢). Finally © = ORcos(f) =
psin(¢) cos(f) And y = ORsin(6) = psin(¢) sin(0).

EXAMPLE 5 Figure|17.5.15|shows a point given in spherical coordinates.
Find its rectangular coordinates.

Figure 17.5.15:

SOLUTION In this case, p=2,0 =7/3, ¢ = 7/6. Thus

T 11 1
x sin(m/6) cos 3 5573
. T, . T 1 V323
y = 2Sln<g) Sln(g) =2- 5 ?7
z = 200s(76r —2£ V3.
As a check, 2?2 + y* + 22 should equal p?, and it does, for (1/2)? + (‘/73) +
(VBRE=i+ita=i=2 :
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The next example exploits spherical coordinates to describe a cone and a
ball.

EXAMPLE 6 The region R consists of the portion of a ball of radius a that
lies within a cone of half angle 7/6. The vertex of the cone is at the center of
the ball.

J  prrspechve I

(a) (b)

Figure 17.5.16:

SOLUTION R is shown in Figure . It resembles an ice cream cone,
the dry cone topped with spherical ice cream.

Because R is a solid of revolution (around the z-axis), 0 < 6 < 2w. The
section of R corresponding to a fixed angle 6 is the intersection of R with a
half plane, shown in Figure[17.5.16

In this sector of a disk, ¢ goes from 0 to 7/6, independent of . Finally, a
fixed € and ¢ determine a ray on which p goes from 0 to a, as in Figure|17.5.18
o

The next example describes a ball in rectangular and spherical coordinates.

EXAMPLE 7 Describe a ball of radius a in rectangular and spherical co-
ordinates.

SOLUTION 1In each case we put the origin of the coordinate system at the
center of the ball.

Rectangular coordinates: The shadow of the ball on the zy-plane is a disk
of radius a, described by

—‘/CLQ—.’L’Q Syg ’/CL2—I2.

—a < x < a,

Calculus October 22, 2010
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For each point (x,y) in that projection, z varies along the line AB in Fig-

kf = ure [7.5.19
/ | £ S Since the equation of the sphere is 22+y?+2% = a? at A, zis —/22 — 22 — 42,
| !
{ s Y and at B is y/a? — 22 — y2. The entire description is
.l —_—t ——T S—

l I i L
n'v.-\/ )T —a<a<a, V@ -2 <y<Val—a?, V-2 -2 <2</ a2

Spherical coordinates: This time the shadow on the xy-plane plays no role.
Instead, we begin with

Figure 17.5.19:
0<6<2m, 0<o<m,

which sweeps out all the rays from the origin. On each such ray p goes from
0 to a. The complete description involves only constants as bounds:

0<0<2m, 0<o<m, 0<p<a.

Since the range of each variable is not influenced by other variables, the three
restraints can be given in any order. o

THE VOLUME SWEPT OUT BY Arho, Aphi, and Af

In the next section we will need an estimate of the volume of the little curvy
“box-like” region bounded by spheres with radii p and p + Ap, the half-planes
with angles 6 and # + Af, and the cones with half-angles ¢ and ¢ + A¢. This
region is shown in Figure[17.5.20, Two of its surfaces are flat, two are spherical,
and two are patches on cones.

iy —
.\. g _] i _-r_," ) l'I--
L Ve - | P
WAk 1 E ._."'{- ) 2 k.
w AL S =L '
5 .-'.-.. = i =] .
\|/ & 4 7 Y-
W \ &
& Sl H'\-\. e
/ o
& L=

Figure 17.5.20:
AB and AD are arcs of
circles, while AC' is straight
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Figure 17.5.21:

The product of the length of AB, AC' and AD is an estimate of the volume
of the little box. Figure[17.5.21] shows how to find these lengths.

Therefore the volume of the small box is approximately (psin(¢)Af)(pAp)(Ap):

AV = p?sin(¢) ApApAl

Just as we added an r to an integrand in polar coordinates, we must, in the
next section, and the factor p?sin(¢) to an integrand when using an iterated
integral in spherical coordinates.

Summary

This section described cylindrical and spherical coordinates. The volume of the
small box corresponding to small changes in the three cylindrical coordinates
is approximately rArA0Az. Because of the presence of the factor r, we must
adjoin an r to the integrand when using an iterated integral in cylindrical
coordinates.

Similarly, p?sin(¢) must be added to an integrand when using an iterated
integral in spherical coordinates.

The next section illustrates the computations using these coordinates.

Calculus October 22, 2010



CHAPTER 17 PLANE AND SOLID INTEGRALS

ps there
ples and
bounds
more??
Stewart)

EXERCISES for Section 17.5
M-moderate, C—challenging

Key: R-routine,

1.[R] On the region in Example [2[ draw the set of
points described by (a) z = 2, (b) z = 3, (¢) z = 4.5.

2.[R] For the cylinder in Example (1| draw the set
of points described by (a) r = a/2, (b) § = /4, (c)
z=h/3.

3.[R]

(a) In the formula AV ~ rArA8Az, which factors
have the dimension of length?

(b) Why would you expect three such factors?

4.[R]

(a) In the formula AV =~ p?ApAfA¢, which factors
have the dimension of length?

(b) Why would you expect three such factors?

5.[R] Drawing one clear, large diagram, show how to
express rectangular coordinates in terms of cylindrical
coordinates.

6.[R] Drawing one clear, large diagram, show how to
express rectangular coordinates in terms of spherical
coordinates.

7.[R] Find the cylindrical coordinates of (z,y,z) =
(3,3,1), including a clear diagram.

8.[R] Find the spherical coordinates of (x,y,z) =
(3,3, 1),including a clear diagram.

9.[R] p and ¢ fixed, 6 11.[R] 6 and ¢ fixed, p
varies. varies.

10.[R] p and 6 fixed, ¢

varies.

12.[R] What is the equation of a sphere of radius a

centered at the origin in
(a) spherical,
(b) cylindrical ,

(¢) rectangular coordinates?

13.[R] Explain why if P = (z,yz) = (p,0,0),
in spherical coordinates, that z? + y? + 22 = p2.
HINT: Draw a box.

14.[R] Describe the region in Example[6]in cylindrical
coordinates in the order a < 6 < 3, r1(0) < r < ro(0),
21(r,0) < z < 2z9(r,0).

15.[R] Like Exercise but in the order a < z <'b,
01(z) <0 <0s(z), 11(0,2) <1 <ry(f,z).

16.[R] Sketch the region in the first octant bounded
by the planes § = ¢ and 6 = 5 and the sphere p = a.

17.[R] Estimate the area of the bottom face of the
curvy box shown in Figure|17.5.20] It lies on the sphere
of radius p.

18.[A] cone of half-angle 7/6 is cut by a plane per-
pendicular to its axis at a distance 4 from its vertex.

(a) Place it conveniently on a cylindrical coordinate
system.

(b) Describe it in cylindrical coordinates.

19.[R] Like the preceding exercise, but use spherical
In Exercises[9|to[11] (a) draw the set of points described, coordinates.
and (b) describe that set in words.
October 22, 2010 Calculus
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20.[R] A cone has its vertex at the origin and its axis
along the positive z-axis. It is made by revolving a line
through the origin that has an angle A with the z-axis,
about the z-axis. Describe it in

(a) spherical coordinates,
(b) cylindrical coordinates, and

(c) rectangular coordinates.

21.[R] Use spherical coordinates to describe the sur-
face in Figure [I7.5:22] It is part of a cone of half
vertex angle B with the z-axis as its axis, situated
within a sphere of radius a centered at the origin.

-

Figure 17.5.22:

22.[R] A triangle ABC is inscribed in a circle, with
AB a diameter of the circle.

(a) Using elementary geometry, show that angle
ACB is a right angle.

(b) Instead, using the equation of a circle in rect-
angular coordinates, show that AC and BC' are

perpendicular.

Use (a) or (b) to show that the graph in the plane
of r = bcos(f) is a circle of diameter b.

In view of the preceding exercise, show that
the equation of the circle in Figure [17.5.22] is
r = 2acos(6).

23.[R] (See Exercise 22]) A ball of radius a has a
diameter coinciding with the interval [0, 2a] on the z-
axis. Describe the ball in spherical coordinates.

24.[R] The ray described in spherical coordinates by
0 = 5 and ¢ = 7 makes an angle A with the x-axis.

(a) Draw a picture that shows the three angles.

(b) Find cos(A).

25.[R]

(a) If you describe the region in Example [2| in the
order 0 < 6 < 2m, z1(0) < z < z3(0), r1(0, 2) <
r < r9(0, z), what complication arises?

(b) Describe the region using the order given in (a).

By differentiating, verify the equations in Exercises
to

26.[R] [ |fracdz(z3vz2+ 2L |2| — L arctanZ.

=T W M PR =V ey
2a2+z2 ' 2a3 T '
x?]dx
27. [R] a4lx4 —

28.[R] What is the distance between P; = (p1, 61, ¢1)
and Py = (p2, 02, ¢2)?

29.[R] The points P, = (P1791,¢1) and P, =
(p1,62,02) both lie on a sphere of radius p;. As-
suming that both are in the first octant, find the great
circle distance between them. NOTE: If the sphere is
the earth’s surface, p is approximately 3960 miles, ¢
is the complement of the latitude, and 6 is related to
longitude.

30.[R] At time t a particle moving along a curve is
at the point (p(t),0(t), ¢(t)) What is its speed?

Calculus
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31.[R] How far apart are the points (ry, 61, 21) and

(rg,02, z9) in the first octant?
(a) Draw a large clear diagram.

(b) Find the distance.

32.[R] A bug is wandering on the
whose description is 0 < 6 < 27,0
It is at the point (3,0, 2) and want
on the surface to (3, 7,0). The bug
down, keeping 0 = 0, and then tal
on the base along a diameter. 1
path? If not, what is?

October 22, 2010
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17.6 Iterated integrals for [, f(P) dV in Cylin-
drical or Spherical Coordinates

In Section we evaluated an integral of the form [ r f(P) dA by an iterated
integral in polar coordinates. In this method it is necessary to multiply the
integrand by an “r.” This is necessary because the small patch determined
by small increments in r and 6 is not ArA# but rArA#. Similarly, when
developing iterated integrals using cylindrical coordinates, an extra r must be
adjoined to the integrand. In the case of spherical coordinates one must adjoin
p?psin(¢). These adjustments are based on the estimates of the volumes of
the small curvy boxes made in the previous section.

A few examples will illustrate the method, which is: Describe the solid R
and the integrand in the most convenient coordinate system. Then use that
description to set up an iterated integral, being sure to include the appropriate

extra factor in the integrand.

ITERATED INTEGRALS IN CYLINDRICAL COOR-
DINATES

To evaluate [, f(P) dV in cylindrical coordinates we express the integrand in
cylindrical coordinates and describe the region R in cylindrical coordinates.
It must be kept in mind that dV is replaced by r dz dr df. There are six
possible orders of integration, but the most common one is: z varies first, then
r, finally 6:

S f(P) dV = faﬁ ff(g) <fzzf((:g) flr.0,2)r dz) dr db.

EXAMPLE 1 Find the volume of a ball R of radius a using cylindrical
coordinates.

SOLUTION Place the origin of a cylindrical coordinate system at the center i

of the ball, as in Figure [17.6.1]
The volume of the ball is [ 1 dV. The description of R in cylindrical
coordinates is > g

|I Y -\I TROTEE 3
0<6<2m, 0<r<a, —Vva?—r2<z<+va?-—r2 ‘\(‘\-—_—-:}{a
Note, as with polar
coordinates, the extra factor

" Figure 17.6.1:
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Note that the order of
integration is determined by
the order of the variables in

describing R.

Note, as with polar
coordinates, the extra factor
T,

r and 6 are constant

The iterated integral for the volume is thus

27 a Va2—r2
/1dV:/ / / 1-rdz| dr| df.
R 0 0 \—vaZ=rs

Evaluation of the first integral, where r and 6 are fixed, yields

VaZ 2
B i WY - e
rdz = rz| " s =2rva® —r?
Y )

Evaluation of the second integral, where @ is fixed, yields

a

_9(g2 — p2)3/2177% 9,43
JervaE=r ar - @) 7f 2
3 0 3
0
Finally, evaluation of the third integral gives
2m 3 3 2m 3 4
2 2 2
/% dg = %/ do = % cdot2m = gﬂa?’.
0 0

<

EXAMPLE 2 Find the volume of the region R inside the cylinder 2% +y? =
a, above the zy-plane, and below the plane z = x 4+ 2y + 9. Use cylindrical
coordinates.

SOLUTION We wish to evaluate [ 1 dV over the region R described in
cylindrical coordinates R by

0<6 <2, 0<r<3, 0 <z <rcos(f)+ 2rsin(f) + 9.

(Here we replace the equation z = x 4+ 2y + 9 by z = r cos() + 2rsin(f) +9.)
The iterated integral takes the form

2 3 r cos(0)+2r sin(0)+9
/ / / l-rdz| dr | db.
0 0 0

Integration with respect to z gives

r cos(0)+2r sin(0)+9 r cos(0)+2r sin(0)+9
/ rdz = r dz = r* cos(0) + 2r* sin(0) + 9r.
0 0
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Then comes integration with respect to r, with 6 constant:

2 3 3 23
/ (% cos(0) + 2r*sin(6) + 9r) dr = % cos(6) + 2% sin(f) + 9% = 9cos(0)+18 sin(9)+%.
0
0
Finally, integration with respect to 6 gives
2
/ (9 cos(#) + 18sin(0) + %) de. (17.6.1)
0

Because fo% cos(6) df = 0 = [*"sin(6) db, (17.6.1)) reduces to fo% & d = 817.

0
The volume is 817. o

Computing | » f(P) dV in Spherical Coordinates

To evaluate a triple integral [ » f(P) dV in spherical coordinates, first describe
the region R in spherical coordinates. Usually this will be in the order:

a<0<B, $1(0) < & < ¢2(0), p1(0,0) < p < pa(p,0).

Sometimes the order of p and ¢ is switched:

a<O0<pB  p0) <p<pat)  D1(p,0) < o< dalp,0).

Then set up an iterated integral, being sure to express dV as p?®sin(¢) dp d¢ df
(or p?sin(¢) do dp db).
EXAMPLE 3 Find the volume of a ball of radius a, using spherical coor-

dinates. ‘
|
|

SOLUTION Place the origin of spherical coordinates at the center of the
ball, as in Figure [17.6.2] The ball is described by

- )
0<f<2r, 0<¢<m 0<p<a S
Hence '
2r w™ a Ball of rdiux a
Volume of ball = /1 dv = ///p2 sin(¢) dp d¢ db.
7 A Figure 17.6.2:
The inner integral is
a a 3 .
/p2 sin(¢) dp = Sin¢/p2 dp = %n(qb)'
0 0
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The next integral is

]a3 sin(¢) 6 - —a®sin(¢) "

3 B 3 0 3 3
0
The final integral is
21 3 3 27 3 A 3
2 2 2
/ide = 2 dg=on =10
3 3 3 3
0 0

An Integral in Gravity

The next example is of importance in the theory of gravitational attraction.
It implies that a homogeneous ball attracts a particle (or satellite) as if all the
mass of the ball were at its center.

EXAMPLE 4 Let A be a point at a distance H from the center of the ball,
H > a. Compute [ =(0/q) dV, where § is density and ¢ is the distance from a

point P in R to A. (See Figure[17.6.3])

]
— I
— T g, e Pl
.___.- -H-"'\. - e i
5 [ o "'\.
I_,.- | { 1 i
1
l‘ . | i + g - |
-.\1-\- - ke -__-' W
Y - . b TR
. i 1__-"-' E “ . L
- \ —_— . ; %
. [}
o I

Figure 17.6.3:

SOLUTION First, express ¢ in terms of spherical coordinates. To do so,
choose a spherical coordinate system whose origin is at the center of the sphere
and such that the ¢ coordinate of A is 0. (See Figure [17.6.3(b).)
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Let P = (p, 0, ¢) be a typical point in the ball. Applying the law of cosines
to triangle AOP, we find that

a® = H* + p* — 2pH cos(¢).

Hence

q = /H?+ p? — 2pH cos(¢).
Since the ball is homogeneous,

5 M 3M
B %71’@3 4rad
Hence 5 3M 3M [ 1
/— av = / av = /— dv. (17.6.2)
q dma’q dra® | q
R R R
Now evaluate )
/ —dV
q
R
by an iterated integral in spherical coordinates: A case where integration

with respect to p is not first
2m a

1 — f p* sin(o)
R/q dv_o/ 0/ ) /H?+ p* = 2pH cos(9) de | dp | db.

We integrate with respect to ¢ first, rather than p, because it is easier in
this case.

Evaluation of the first integral, where p and # are constants, is accomplished
with the aid of the fundamental theorem:

/Tr p*sin ¢ i> — py/ H? + p* — 2pH cos(9)
VH? + p* — 2pH cos(¢) H

p=m

¢=0
- %(\/HQ Y02+ 2pH — JH? 1 p? — 2pH.

Now, \/H2+ p2+2pH = H + p. Since p < a < H, H — p is positive and
VH?+ p2 —2pH = H — p.
Thus the first integral equals

FH +p) = (H = p)] = T

Evaluation of the second integral yields

[ -2

Calculus October 22, 2010




1240

CHAPTER 17 PLANE AND SOLID INTEGRALS

Newton obtained this
remarkable result in 1687.

SHERMAN: Compare this
with your version. What is
your M7? | thought it was
the object, i.e., the region
together with its density,
but you are using it also as
the mass of the object. If
you want the latter, you

can B\tal about.' a mass M
ect with.consian
occu |es a regian
ensi Iﬁ calle

prefer to s y ave an
object that oO eunpelggsa
region R, with density J,
and mass M where

M = [p6(P) dV. See
what | have wrltten. This
may need to be changed
elsBwbrerige (3 hahsheutt arof
be diffgydtthe dambutolenans
to eetayiolgr lsodyn{snth fasta
spinning skater) as mass
Aloes dhezh ohjedlr MONNE

|
et

. e | '\__.
|
/
| | |

Figure 17.6.4:

Evaluation of the third integral yields

2a® 4dra®
df = .
/ eH 3H

Hence .
1 dra
- dV =
/q 3H
R
By (17.6.2)
/édV: 3M 4ma® :M'
q 4dra® 3H H
R

This result, M/ H, is exactly what we would get if all the mass were located
at the center of the ball. o

THE MOMENT OF INERTIA ABOUT A LINE

In the study of rotation of a object about an axis, one encounters the “moment
of inertia”, I of the object. It is defined as follows. The object occupies a region
R. The density of the object at a typical point P is (P), so the mass of the
object is M = [, 6(P) dV. Usually the density is constant, in which case it is
M divided by the volume of R (or M divided by the area of R if R is planar).
Let 7(P) be the distance from P to a fixed line L. Then, by definition,

I = Moment of Inertia = / (r(P))*§(P) aV.

R

A similar definition holds for objects distributed on a planar region. The only
difference is that dV is replaced by dA.

EXAMPLE 5 Compute the moment of inertia of a uniform mass M in the
form of a ball of radius a around a diameter L.
SOLUTION  The density 6(P), being constant, is M/(37a
diameter L along the z-axis, as in Figure

Because the distance r(P) is just r in cylindrical coordinates, we will first
work in those coordinates. Then we will calculate the moment of inertia in
spherical coordinates.

One description of the ball is

3). We place the

0<6<2m, —a<z<a, 0<r<+va2-—22
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Then

I = fR M2 Jy = 4%%3 fR r2 dV Note the introduction of the extra r

443
37ra

o TSI e dr dz df

The first integration is

Va2—22 o a2 22 (a2 B 22)2
rddr = — =
/ 4, 4
The second is
/ (a% — 2%)? i — / at —2a?2? + 21 do = 2 (gt 2a%2°  2° .
4 4 3 5

The third is

Then remembering to include the factor 3M/47wa®, we have

LT Y

4dra® 15 5

Because spherical coordinates provide a simple description of the ball, we
will also use them to find I to see if the computations are easier. Now the
distance r(P) has a more complicated form, §(P) = d(p, 0, @) = psin(¢). The
integral for the moment of inertia is

I= M (psin(p)® dV.

dma3
R

The iterated integral for this multiple integral is

2]pi T a
J (] st sine) o) a0 | a0
0 0 0

The first integration is
/ 5 p=a 5
. p° . a
[ otsint(o) dp = Lsin'to)

/ o Dsin’(¢)’
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Note that this is 2/5 of our
upper estimate, hence is
plausible.

The second is

/%ssm?’(gb) d¢ = —5 /Sing(gb) do
0
Since the exponent, 3, is odd, we write sin3(¢) as (1 —cos?(¢)) sin(¢) and have
/sin3(¢) dp = /(Sin(¢) — cos?(¢) sin(¢)) = (— cos(d) + @ ™
0
0 0

The final integration is just

2
5
4
N L
5 3 15
0
And, as expected, gives, again
I =(2/5)Ma*

Summary

A multiple integral f » J(P) dV may be evaluated by an iterated integral in
cylindrical or spherical coordinates. In cylindrical coordinates the iterated
integral takes the form

g [ m2(0) [ 22(r.0)
/ rf(r,0,2) dz | dr| do.
01 71(0)  \e1(r,0)

The description of the region determines the range of integration on each

of the three integrals over intervals. (Changing the order of the description of
R changes the order of the integrations.) The factor r must be inserted into
the integrand.

In spherical coordinates the iterated integral usually takes the form
02 [ #2(0) [ p2(6,9)
/ / / f(r,0,0)p*sin(¢) do | do | db.
01 \¢1(0) \o1(0,9)
In this form, integration with respect to p is first, but as Example {4| illus-

trates, it may be convenient to integrate first with respect to ¢. The factor
p?sin(¢) must be inserted in the integrand.
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EXERCISES for Section 17.6

M-moderate, C—challenging

Key: R-routine,

In Exercises [1] to 4} (a) draw the region, (b) set up
an iterated integral in cylindrical coordinates for the
given multiple integrals, and (c) evaluate the iterated

integral.

L[R] [pr* dV, R is
bounded by the cylinder
3 and the planes
z =2x and z = 3.

2.[R] [pz dV, R is
bounded by the sphere
22 + 12 = 25, the rf co-
ordinate plane, and the

T =

8.[R] [zrzdV, Ris the
part of the ball bounded
by 72+ 2? = 16 in the first
octant.

4.[R] [rcos8/dV, R
is bounded by the cylin-
der r = 2cos(f) and the

paraboloid z = 2.

plane z = 2.

5.[R] Compute the volume of a right circular cone of
height h and radius 7 using (a) spherical coordinates,
(b) cylindrical coordinates, and (c) using rectangular
coordinates.

6.[R] Find the volume of the region above the zy
plane and below the paraboloid z = 9 — 72 using cylin-
drical coordinates.

7.[R] A right circular cone of radius @ and height h
has a density at point P equal to the distance from P
to the base of the cone. Find its mass, using spherical
coordinates.

In Exercises[§|to[0]draw the region R and give a formula
for the integrand f(P) such that [, dV is described
by the given iterated integrals.

8.[R] J/Q[fow/4(f()cos¢ P’ sin@(ﬁﬂ;inj&%lltﬂﬁj/@cﬂf@?e p3 sin

10.[R] Let R be the solid region inside both the
sphere 22 4+ y? + 22 = 1 and the cone z = /22 + 2.
Let the density at (z,y, z) be f(z,y,z) = z. Set up it-
erated integrals for the mass in R using (a) rectangular

coordinates, (b) cylindrical coordinates, (c) spherical
coordinates. (d) Evaluate the iterated integral in (c).

11.[R] Find the average temperature in a ball of ra-
dius a if the temperature is the square of the distance
from a fixed equatorial plane.

In each of Exercises [12] to [I3] evaluate the iterated in-
tegral.

12.[R] fo% <f01 (frl 23 C082B3d®] dfé’r{Hfol <f_\a/‘/2?%i2

14.[R] Let R be the solid region inside both the sphere
z? + 9% 4+ 22 = 1 and the cone z = /22 + 2. Let the
density at (z,y,2) be f(x,y,z) = z. Using cylindrical
coordinates, find the mass of R.

15.[R] Using cylindrical coordinates, find the volume
of the region below the plane z y + 1 and above
the circle in the zy plane whose center is (0,1,0) and
whose radius is 1. (Include a drawing of the region.)
HiINT: What is the equation of the circle in polar co-
ordinates when the polar axis is along the positive
x-axis?

16.[R] Find the average distance from the center of
a ball of radius a to other points of the ball by setting
up appropriate iterated integrals in the three types of
coordinate systems and evaluating the easiest.

17.[R] A solid consists of that part of a ball of radius
a that lies within a cone of half-vertex angle ¢ = 7/6,
6}91)3 ng@ﬁ)& pﬁe&% Jat the centeF of the ball. Se-‘t up
iterated integrals for [,z dV in all three coordinate
systems and evaluate the simplest.

In Exercises [18| to 23] evaluate the multiple integrals
over a ball of radius a with center at the origin, with-
out using an iterated integral (¢,0, and z are cylindrical
or spherical coordinates).

Calculus
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18.[R] [jcos(h) dV

19.[R] [, cos?6 dV 22.[R] [sin®(¢) dV

20.R] [pzdV 23.[R] [psin(¢) dV
[R]

21.[R] [L(3+2sin(f) dV

24.[R] In polar, cylindrical, and spherical coordinates
one must introduce an extra factor in the integrand
when using an iterated integral. Why is that not nec-
essary when using rectangular coordinates?

25.[R] Is Va? always equal to a?

26.[R] Using the method of Example [4] find the aver-
age value of g for all points P in the ball. Note that it
is not the same as if the entire ball were placed at its
center.

27.[C] Show that the result of Example {4| holds if
the density d(P) depends only on p, the distance to
the center. (This is approximately the case with the
planet Earth, which is not homogeneous.) Let g(p)
denote d(p, 0, d).

In Exercises [28] to [29check the equations by differenti-

ation.

R () = 2nles()] = Sy
1+coa;(:v)

29.[R] ztan (%) +

30.[R]

(a) Find the exact volume of the little curvy box
corresponding to the changes Ap, A6, A¢.

(b) One hopes that the ratio between that exact
volume and our estimate, p?sin(¢)ApAf§Ap ap-
proaches 1 as Ap, A6, A¢ approach 0. Show
that it does. HINT: Recall the definition of a
derivative.

Show that the exact volume in (a) can be writ-
ten in the form (p*t)? sin(¢*)ApApAf, where p*
is between p and p+ Ap and ¢* is between ¢ and
»+ Ag.

31.[R] The kinetic energy of an object with mass m
moving at the velocity v is mwv?/2. An object moving in
a circle of radius r at the angular speed w radians per
unit time has velocity rw. (Why?) Thus its kinetic
energy is (mr?/2)w?. Now consider a mass M that
occupies the region R in space. Its density is A(P),
which may vary from point to point. (If it is constant,
it equals M /(Volume of R).) Let f(P) be the distance
from P to a fixed line L. If the mass is spinning around
the axis L at the angular rate w, show that its total
kinetic energy is

/

(F(P))*5(P)w” do.

N

This can be written as

1
Kinetic Energy = (§Iw2.

Thus I plays the same role in rotational motion that

mass m plays in linear motion in the formula (%va.

Every spinning ice skater knows this. When spinning
with her arms extended she has a certain amount of
kinetic energy. If she suddenly puts her arms to her
sides she decreases her moment of inertia but has not
destroyed her kinetic energy. That forces her angular
speed to increase. The larger the mass m is, the harder
it is to start it moving and to stop it when it is moving.
Similarly, the larger I is, the harder it is to stop the
mass from spinning and to stop it when it is spinning.

In Exercises [32] to [36] the objects have a homogeneous
(constant density) mass M. Find I.

October 22, 2010
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32.[R] A rectangular around a line on its sur-
box of dimensions, a, b, ¢ face.
around a line through its 35 [R] A hollow cylinder

center and perpendicular
to the face of dimensions
a and b.

33.[R] A solid cylinder
of radius a and height h
around its axis.

34.[R] A solid cylinder
of radius a and height h

37.[R] In Example [2 what unpleasantness occurs
when you describe the region in the order of the form
a<0<bz2(0)<z<20(0),7r1(0,2) <r<ryb,z)?

of height h, inner radius a,
and outer radius b, about
its axis.

36.[R] A solid cylinder
of radius a and height h
around a diameter in its
base.

38.[R] Solve Example [2| using rectangular coordi-
nates.
39.[R] Evaluate the moment of inertia in Exam-

ple | using the description 0 < 0 < 27, 0 < r < q,

—Va? —r2<z<+Va? -2

40.[R] Let R be a solid ball of radius a with center
at the origin of the coordinate system

(a) Explain why [, 2% dV = 3 [L(2? + y* + 2%) dV.

(b) Evaluate the second integral by spherical coor-
dinates.

(c) Use (b) to find [ z* dV.

41.]M] Show that [p(2® +4® + 2°) dV = 0, where
R is a ball whose center is the origin of a rectangular
coordinate system. NOTE: Do not use an iterated in-
tegral. HINT: Use symmetry.

42.[R] A homogeneous object with mass M occupies
the region R between concentric spheres of radii a and
b, a < b. Let A be a point at a distance H from
their center, H < a. Evaluate ng dV, where ¢ is the
density and ¢ = ¢(P) is the distance from H to any
point P in R. (That the value of the integral does not
involve H has an important consequence: A uniform

hn”n‘x'r Qp]"IDY'D exerts-no gravifah’nna] force on n]’\jaﬁfc

in its interior.)

43.[R] In Example 4] H is greater than a. Solve the
same problem for H less than a. NOTE: For some p,
VH? + p2A — 2pH equals H— p and for some it equals
p—H.

44.[C] (See Example [13]) Let A be a point in the
plane of a disk but outside the disk. Is the average
of the reciprocal of the distance from A to points in
the disk equal to the reciprocal of the distance to the
center of the disk?

45.[C] A certain ball of radius a is not homogeneous.
However, its density at P depends only on the dis-
tance from P to the center of the ball. That is, there is
a function f(p) such that the density at P = (p, 6, ¢)
is f(p). Using an iterated integral, show that the mass
of the ball is

47r/f(,0?) dp.
0

46.]C] Let R be the part of a ball of radius a removed
by a cylindrical drill of diameter a whose edge passes
through the center of the sphere.

(a) Sketch R.

(b) Notice that R consists of four congruent pieces.
Find the volume of one of these pieces using
cylindrical coordinates. Multiply by four to get
the volume of R.

47.[C] Let R be the ball of radius a. For any point
P in the ball other than the center of the ball, define
f(P) to be the reciprocal of the distance from P to
the origin. The average value of r over R involves an
improper integral, since the function blows up near
the origin. Does this improper integral converge or
diverge? What is the average value of f over R? Sug-
gestion: Examine the integral over the region between
concentric spheres of radii a and ¢, and let t — 0T.

Calculus

October 22, 2010



1246

CHAPTER 17 PLANE AND SOLID INTEGRALS

Figure 17.7.1:

Surface integrals are also

denoted [[ ¢ f(P) dS.

See Section for a

similar argument, where p
was not constant.

17.7 Integrals Over Surfaces

In this section we define an integral over a surface and then show how to
compute it by an iterated integral.

Definition of a Surface Integral

Consider a surface S such as the surface of a ball or part of the saddle z = xy.
If f is a numerical function defined at least on S, we will define the integral
Js f(P) dS. The definition is practically identical with the definition of the
double integral, which is the special case when the surface is a plane.

We assume that the surfaces we deal with are smooth, or composed of a
finite number of smooth pieces, and that the integrals we define exist.

DEFINITION (Definite integral of a function f over a surface
S.) Let f be a function that assigns to each point P in a surface
S a number f(P). Consider the typical sum

J(P1)Sy + f(P2)Sa 4 -+ -+ f(P)Sh,

formed from a partition of S, where S; is the area of the ith re-
gion in the partition and P; is a point in the ith region. (See
Figure ) If these sums approach a certain number as the S;
are chosen smaller and smaller, the number is called the integral
of f over § and is written

/ £(P) ds.

If f(P) is 1 for each point P in S then [¢ f(P) dS is the area of S. If S is
occupied by material of density o(P) at P then [;o(P) dS is the total mass
of §.

First we show how to integrate over a sphere.

Integrating over a Sphere

If § is a sphere or part of a sphere, it is often convenient to evaluate an integral
over it with the aid of spherical coordinates.

If the center of a spherical coordinate system (p, 8, ¢) is at the center of a
sphere of radius a, then p is constant on the sphere p = a. As Figure
suggests, the area of the small region on the sphere corresponding to slight
changes df and d¢ is approximately

(a do) (asin(¢) df) = a*sin(¢) dO de.
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Figure 17.7.2:

Thus we may write
dS = a*sin(¢) df do

/ £(P) dS

in terms of a repeated integral in ¢ and 6. Example|l|illustrates this technique.

and evaluate

EXAMPLE 1 Let S be the top half of the sphere with radius a. Evaluate
[szdS.

SOLUTION Since the sphere has radius a, p = a. The top half of the sphere
is described by 0 < # < 27 and 0 < ¢ < 7/2. And, in spherical coordinates,
z = pcos(¢) = acos(¢). Thus

27 [/ T2
/ 2 dS = / (acos(6)) dS — / / (a cos(6))a®sin(6) do | db.
S S 0 0
Now,
/2 /2 (= co 2@)) /2
/ (a cos(6))a2sin() dp = d / cos(9)sin(6) do = a* %) 0
- Lo (=%
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Geometric interpretation
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3
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0
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We can interpret the result in Example [1| in terms of average value. The
average value of f(P) over a surface S is defined as

[ f(P) dS
Area of S °

Example [1| shows that the average value of z over the given hemisphere is

fsz dsS Ta’ a

Arecaof S 271a2 2

“The average height above the equator is exactly half the radius.”

A General Technique

When we faced an integral over a curve, f o | ds, we evaluated it by replacing
it with fab f % dt, an integral over an interval [a, b].

We will do something similar for an integral over a surface: We will replace
an surface integral by a double integral over a set in a coordinate plane.

The basic idea is to replace a small patch on the surface S by its projection
(shadow) or, say, the zy-coordinate plane. The area of the shadow is not the
same as the area of the patch. With the aid of Figure [17.7.3| we will express
the area of the shadow in terms of the tilt of the patch.

The unit normal vector to the patch is n. The angle between n and k is
~. Call the area of the patch, d.S, and the area of its projection, dA. Then

dA =~ | cos(v)| dS.

Notice that the angle v is one of the direction angles of the unit normal
vector, k.

For instance, if v = 0, then dA = dS. If v = 7/2, then dA = 0. We use
the absolute value of cos(7y), since 7 could be larger than 7 /2.

It follows, if cos(7y) is not 0, that

October 22, 2010 Calculus



§ 17.7 INTEGRALS OVER SURFACES

1249

dA

S = ———
| cos(7)]

(17.7.1)

With the aid of (17.7.1)), we replace an integral over S with an integral over
its shadow in the zy plane.

The replacement is visible in the approximating sums involved in the inte-
gral over a surface.

Let S be a surface that meets each line parallel to the z-axis at most once.
Let f be a function whose domain includes S.

Consider an approximating sum for |, s f(P) dS, namely > 7", f(pi)AS;.
The partition is shown in Figure .

Let R be the projection of § in the zy plane. The patch S; with area 5,
projects down to R;, of area A;, and the point P, on S; points down to (); in

R;. Let v; be the angle between the normal at P; and k. s et
Then f(P)S; is approximately |CJ;(SI(D;z)|AZ-. Thus an approximation of [ f(P)dS/ |« . -
18 @
n Pz
> () A, (17.7.2) Figure 17.7.4:
“— | cos |

Theorem 17.7.1. Let S be a surface and let A be its projection on the xy
plane. Assume that for each point QQ on A the line through Q) parallel to the z-
axis meets S in exactly one point P. Let f be a function defined on §. Define
a function h on A by

Then hO)
S/f(P) dS:A/—| cos())] dA.

In this equation ~y denotes the angle between k and a vector normal to the

surface of S at P. (See Figure )

In order to apply this result, we need to be able to compute cos(7).

Computing cos(7)

We find a vector perpendicular to the surface in order to compute cos(7y). If
S is the level surface of g(z,y, 2), that is g(z,y,2) = ¢, for some constant c,
then the gradient Vg is such a vector.

Calculus October 22, 2010
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If the surface S is given in the form z = f(x,y), rewrite it as z— f(z,y) = 0.
That means that S is a level surface of g(z,y,z) = z— f(z,y), Theorem[17.7.2]
shows what the formulas for cos(y) look like. However, it is unnecessary, even
distracting, to memorize them. Just remember that a gradient provides a
normal to a level surface.

Theorem 17.7.2. (a) If the surface S is part of the level surface g(x,y, z) =
c, then

|52
VG2 + (G2 + (302
(b) If the surface S is given in the form z = f(x,y), then

| cos(7)| =

| cos(y)| =
Proof

(a) A normal vector to S at a given point is provided by the gradient

The cosine of the angle between k and Vg is
k-vg ke (gt itk
Ikl Vyl (1) (.\/(%)2+<g_g)2+(%)2>

hence

| cos(v)] =

(b) Rewrite z = f(x,y) as z — f(z,y) = 0. The surface z = f(x,y) is thus
the level surface g(z,y,z) = 0 of the function g(z,y,2) = z — f(z,y).
Note that

9 _ _9f 9 __9f and

= = —=1.
or Oz’ dy Ay 0z

By the formula in (a),
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Theorem [17.7.2] is stated for projections on the xy plane. Similar theorems
hold for projections on the zz or yz plane. The direction angle v is then
replaced by the corresponding direction angle, # or «, and the normal vector
is dotted into j or i. Just draw a picture in each case; there is no point in
trying to memorize formulas for each situation.

EXAMPLE 2 Find the area of the part of the saddle z = xy inside the
cylinder 22 + 4% = a2
SOLUTION Let S be the part of the surface z = xy inside 22 + y* = a®.

Then
Area of S :/1 dsS.
S

The projection of S on the zy plane is a disk of radius a and center (0, 0). Call
it A, as in Figure Then

1
Area of § = / 1dS = /— dA. (17.7.3)
J 1T Teos)

To find the normal to S rewrite z = xy as z — xy = 0. Thus § is a level
surface of the function g(z,y,2) = z — xy. A normal to S is therefore

dg. 0Jg. OJg

- Y5 Y5 Yy
V9= 5T et g
= —yi—zj+k.

Then
k-Vg k- (—yi—zj+k)

1
cos(y) = = = :
( Iz RN S
By (T7.7.3),

Area of S = / VY2 + 22+ 1 dA. (17.7.4)

A
Use polar coordinates to evaluate the integral in (|17.7.4)):

2m a

/\/y2+x2+1dA://\/r2+17’drd0.
A 00
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Replace dS by
a®sin(¢) d¢ df, where a is
the radius of the sphere.

The inner integration gives

F. (7“2—|—1)3/2 a (1_'_&2)3/2_1
Vg ifdr = ————| = :
/ r>2+1f dr 3
0

3 0

The second integration gives

2

1 23/2_1 )
/(—i—a) d9:§(<1+a2)3/2_1).
0

3

Summary

After defining [ f s f(P) dS, an integral over a surface, we showed how to com-
pute it when the surface is part of a sphere.

If each line parallel to the z-axis meets the surface S in at most one point,
an integral over S can be replaced by an integral over A, the projection of &

on the zy plane: @
h(Q@
/ e / eos()] 4

To find cos(7), use a gradient. If the surface is a level surface of, g(z,y, z) = ¢,
use Vg. If it has the equation z = f(z,y), rewrite the equation as z — f(x,y) =
0. As a special case, if S is the graph of z = f(x,y), then the area of S

Area of § = / ds = /\/af/ax (0f/0y)? + 1 dA.
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EXERCISES for Section 17.7
M-moderate, C—challenging

Key: R-routine,

1.[R] A small patch of a surface makes an angle of
/4 with the xy plane. Its projection on that plane
has area 0.05. Estimate the area of the patch.

2.[R] A small patch of a surface makes an angle of
25° with the yz plane. Its projection on that plane has
area 0.03. Estimate the area of the patch.

3.[R]

(a) Draw a diagram of the part of the plane x + 2y +

3z = 12 that lies inside the cylinder z2 +y? = 9.
(b) Find as simply as possible the area of the part
of the plane z + 2y 4+ 3z = 12 that lies inside the
cylinder 22 + 72 = 9.

Draw a diagram of the part of the plane z =
x + 3y that lies inside the cylinder r = 1 + cos 6.

Find as simply as possible the area of the part of
the plane z = x + 3y that lies inside the cylinder
r =1+ cosf.

5.[R] Let f(P) be the square of the distance from P
to a fixed diameter of a sphere of radius a. Find the
average value of f(P) for points on the sphere.

6.[R] Find the area of that part of the sphere of radius
a that lies within a cone of half-vertex angle 7/4 and
vertex at the center of the sphere, as in Figure

A ;
P -8 el
i y | v
{ = [T
: e
- r 1
1 - i o
.
B
%
o,
\

Figure 17.7.7:
mand evaluate [¢F-n dS for the given
spheres and vectors fields (n is the outward unit nor-
mal.)
7.[R] The sphere z? + 32 + 22 =
221+ y?vj + 2%k,
8.[R] The sphere 22+y2+2? = 1 and F = 23i+%7%j.

In Exercises

9 and F =

9.[R] Find the area of the part of the spherical surface
22 + 3% + 22 = 1 that lies within the vertical cylinder
erected on the circle r = cos @ and above the xy plane.

10.[R] Find the area of that portion of the parabolic
cylinder z = %:1;2 between the three planes y = 0,
y=uz,and z = 2.

11.[R] Evaluate [gx?y dS, where S is the portion in
the first octant of a sphere with radius a and center at
the origin, in the following way:

(a) Set up an integral using x and y as parameters.
(b) Set up an integral using ¢ and 6 as parameters.

(¢) Evaluate the easier of (a) and (b).

12.[R] A triangle in the plane z = z + y is directly
above the triangle in the xy plane whose vertices are
(1,2), (3,4), and (2,5). Find the area of

(a) the triangle in the zy plane,

Calculus
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(b) the triangle in the plane z = = + y.

13.[R] Let S be the triangle with vertices (1,1,1),
(2,3,4), and (3,4, 5).

(a) Using vectors, find the area of S.
(b) Using the formula

Area of § = /1 ds,
S

find the area of S.

14.[R] Find the area of the portion of the cone
22 = 2% + 12 that lies above one loop of the curve
r = y/cos2(f).

15.[R] Let & be the triangle whose vertices are
(1,0,0), (0,2,0), and (0,0,3). Let f(z,y,2) =
3z + 2y + 2z. Evaluate [g f(P) dS.

In Exercises [T6] and [I7] let S be a sphere of radius a
with center at the origin of a rectangular coordinate
system.

16.[R] Evaluate each of these integrals with a mini-
mum amount of labor.

(a) [szdS
(b) [sa® dS
244y
(©) Js Jovarras 49
17.[R]
(a) Why is [g¢a? dS = [sy? dS?

(b) Evaluate [¢(z* + y* 4 2%) dS with a minimum
amount of labor.

(¢) In view of (a) and (b), evaluate [gz* dS.

(d) Evaluate [¢(2z* 4 3y?) dS.

18.[R] An electric field radiates power at the rate
of k(sin?(¢)/p? units per square meter to the point
P = (p,0,¢). Find the total power radiated to the
sphere p = a.

19.[R] A sphere of radius 2a has its center at the
origin of a rectangular coordinate system. A circular
cylinder of radius @ has its axis parallel to the z-axis
and passes through the z-axis. Find the area of that
part of the sphere that lies within the cylinder and is
above the xy plane.

Consider a distribution of mass on the surface S.
Let its density at P be o(P). The moment of in-
ertia of the mass around the z-axis is defined as
[s(@* 4+ y*)o(P) dS. Exercises 20| and [21| concern this
integral.

20.[R] Find the moment of inertia of a homogeneous
distribution of mass on the surface of a ball of radius
a around a diameter. Let the total mass be M.

21.[R] Find the moment of inertia about the z-axis
of a homogeneous distribution of mass on the triangle
whose vertices are (a,0,0), (0,b,0), and (0,0, c). Take
a, b, and c to be positive. Let the total mass be M.

22.[R] Let S be a sphere of radius a. Let A be a
point at distance b > a from the center of §. For
P in S let 6(P) be 1/q, where ¢ is the distance from
P to A. Show that the average of 6(P) over S is 1/b.

23.[R] The data are the same as in Exercise 22| but
b < a. Show that in this case the average of 1/¢ is 1/a.
(The average does not depend on b in this case.)

Exercises [24] to [26| concern integration over the curved
surface of a cone. Spherical coordinates are also useful
for integrating over a right circular cone. Place the ori-
gin at the vertex of the cone and the “¢ = 0” ray along
the axis of the cone, as shown in Figure[17.7.§|a). Let
« be the half-vertex angle of the cone.

On the surface of the cone ¢ is constant, ¢ = a, but p
and 6 vary. A small “rectangular” patch on the surface

October 22, 2010
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of the cone corresponding to slight changes df and dp
has area approximately

(psin(av) df) dp = psin(«) dp db.

(See Figure [17.7.8l) So we may write
dS = psina dp db.

ch16/f16-7-9

Figure 17.7.8:
Find the average distance from points on the
curved surface of a cone of radius a and height A to its

24.[R]

axis.

25.[R] Evaluate [gz* dS, where S is the entire sur-

face of the cone shown in Figure [17.7.8(b), including
its base.

26.[R] Evaluate [g2? dS, where S is the curved sur-
face of the right circular cone of radius 1 and height 1
with axis along the z-axis.

Integration over the curved surface of a right circular
cylinder is easiest in cylindrical coordinates. Consider
such a cylinder of radius a and axis on the z-axis. A
small patch on the cylinder corresponding to dz and df
has area approximately dS = a dz df. (Why?) Exer-
cises 27] and 28] illustrate the use of these coordinates.
27.[R] Let S be the entire surface of a solid cylinder
of radius @ and height h. For P in S let f(P) be
the square of the distance from P to one base. Find
Js f(P) dS. Be sure to include the two bases in the
integration.

28.[R] Let S be the curved part of the cylinder in

Exercise Let f(P) be the square of the distance
from P to a fixed diameter in a base. Find the average
value of f(P) for points in S.

29.][R] The areas of the projections of a small flat
surface patch on the three coordinate planes are 0.01,
0.02, and 0.03. Is that enough information to find the
area of the patch? If so, find the area. If not, explain
why not.

30.[R] Let F describe the flow of a fluid in space.
(See Section for fluid flow in a planar region.)
F(P) = 6(P)v(P), where §(P) is the density of the
fluid at P and v(P) is the velocity of the fluid at P.
Making clear, large diagrams, explain why the rate at
which the fluid is leaving the solid region enclosed by
a surface S is |, s F - n dS, where n denotes the unit
outward normal to S.

31.[R] Let S be the smooth surface of a convex body.
Show that [ zcos(v) dS is equal to the volume of the
solid bounded by §. HINT: Break § into two parts. In
one part cos(7y) is positive; and the other it negative.

32.[M] Let R(x,y, z) be a scalar function defined over
a closed surface S. (See Figure [17.7.9])

(a) Show that

/R(aﬁ,y,z) cos(y) dS = / (P(z,y,22) — P(z,y,21)) dA,
S

A

where A is the projection of S on the xy plane
and the line through (z,y,0) parallel to the z-
axis meets S at (z,y,z1) and (z,y,z2), with
21 < z9.

(b) Let S be a surface of the type in (a). Evaluate
Jsxcosy dS.

Calculus
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Figure 17.7.9:
33.[C]

(a) Let g be a differentiable function such that

9((z +9)/2) = ((9(x) + g(y))/2 for all = and
y. Show that g(z) = kx + ¢ for some constraints

k and c. HINT: Differentiate.

(b) Let f be a differentiable
(z+y)flz+y)+ (- y)f(
all x and y. Deduce that the
and ¢ such that f(z) =k + «

34.[C] (Suggested by Exercises[22
tion f(x) = 1/ has the remarkabl
average value of f(d(P)) over a st
f(H). Here d(P) is the distance
point at a distance H for the cente
dius a, a < H. Show that the only
property have the form k + ¢/x for
and c. HINT: Use part of the Fund:
Calculus to remove integration. T
many come in handy.
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17.8 Moments, Centers of Mass, and Centroids

Now that we can integrate over planar regions, surfaces, and solid regions, we
can define and calculate the center of mass of a physical object. The center of
mass is important in the eyes of a naval architect, who wants his ships not to
tip over easily. A pole vaulter hopes that as she clears the bar her center of
mass goes under it. Archimedes, the first person to study the center of mass,
was interested in the stability of floating paraboloids.

The Center of Mass

A small boy on one side of a seesaw (which we regard as weightless) can
balance a bigger boy on the other side. For example, the two boys in Fig-
ure balance. (According to physical laws, each boy exerts a force on the
seesaw, due to gravitational attraction, proportional to his mass.)

The small mass with the long lever arm balances the large mass with the Figure 17.8.1:
small lever arm. FEach boy contributes the same tendency to turn-but in
opposite directions.

This tendency is called the moment:

Mass of 41 pourls Wass of 90 pounds
-

S
Iy

[ -
- feer P

Moment = (Mass) - (Lever arm),

where the lever arm can be positive or negative. To be more precise, introduce
on the seesaw an z-axis with its origin 0 at the fulcrum, the point on which
the seesaw rests. Define the moment about 0 of a mass m located at the point
x on the x-axis to be the product mz. Then the bigger boy has a moment
(90)(4), which the smaller boy has a moment (40)(—9). The total moment of
the lever-mass system is 0, and the masses balance. (See Figure ) L N v e [(medim)

If a mass m is located on a line with coordinate x, we define its moment ’
about the point having coordinate k as the product m(z — k).

Now consider several point masses mi, ms, ..., m;. If mass m; is located at
z;, with ¢ = 1, 2, ..., n, then >  m;(x; — k) is the total moment of all the
masses about the point k. If a fulcrum is placed at k, then the seesaw rotates
clockwise if the total moment is greater that 0, rotates counterclockwise if it is

less than 0, and is in equilibrium if the total moment is 0. See Figure|17.8.3, ;|
o)

Figure 17.8.2:

To find where to place the fulecrum so that the total tendency to turn is 0,

we find k such that . "
i=1 \

n n
i=1 i=1

we see that Figure 17.8.3:

Writing this as

Calculus October 22, 2010
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k= %ﬂ (17.8.1)
i=1 T

The number k given by is called the center of mass or center of
gravity of the system of masses. It is the point about which all the masses
balance. The center of mass is found by dividing the total moment about O by
the total mass. It is usually denoted Z.

Figure 5

Figure 17.8.4:

Finding the center of mass of a finite number of “point masses” involves
only arithmetic, no calculus. For example, suppose three masses are placed
on a seesaw as in Figure (a). Introduce an z-axis with origin at mass
my; = 20 pounds. Two additional masses are located at x5 = 4 feet and
x3 = 14 feet with masses mo = 10 pounds and ms = 50 pounds, respectively.
The total moment about x = k is

M = 20(0 — k) + 10(4 — k) + 50(14 — k) = 740 — 80k.
This moment vanishes when M = 0, that is, when k = 740/80 = 9.25.

This is consistent with the formula for the center of mass:

mizy + moxa +marz  0+40+700 740 9.95
mi+me+mg 10420450 &0 T

T =

The seesaw balances when the fulcrum is placed 9.25 feet from the first
mass. (See Figure [17.8.4(b).)

Now let us turn our attention to finding the center of mass of a continuous
distribution of matter in a plane region. For this purpose, we consider double
integrals.

Let R be a region in the plane occupied by a thin piece of metal whose
density, o(P), varies. Let L be a line in the plane, as shown in Figure[17.8.5(a).
We will find a formula for the unique line parallel to L, around which the mass
in R balances.
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Figure 17.8.5:

To begin, let L’ be any line parallel to L. We will compute the moment
about L’ and then see how to choose L’ to make that moment equal to 0. To
compute the moment of R about L', introduce an z-axis perpendicular to L
with its origin at its intersection with L. Assume that L’ passes through the
r-axis at the pointz = k, as in Figure (b) In addition, assume that
each line parallel to L meets R either in a line segment or at a point on the
boundary of R. The lever arm of the mass distributed throughout R varies
from point to point.

We partition R into n small regions Ry, R, ..., R,. Call the area of R;, A;.
In each of these regions the lever arm around L’ varies only a little. So, if we
pick a point P, in Ry, P, in Ry, ..., P,, in R,, and the z-coordinate of P; is
x;, then

(w; — k) o(P)A;

—— ——

lever arm mass in R;
is a local estimate of the turning tendency.

Thus

n

> (zi = k)o(P)A; (17.8.2)

=1

would presumably be a good estimate of the total turning tendency around
L’. Taking the limit of (17.8.2]) as all R; are chosen smaller and smaller, we
expect

/ (z — k)o(P) dA (17.8.3)

to represent the turning tendency of the total mass around L’. The quantity

Calculus October 22, 2010
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(117.8.3]) is called the moment of torque of the mass distribution around L'.

EXAMPLE 1 Let R be the region under y = z? and above [0,1] DOUG
with the density o(z,y) = zy. Find its moment around the line x = 1/2.

SOLUTION R is shown in Figure [17.8.6f The moment (({17.8.3]) equals

4

Figure 17.8.6:

[ (e Yo s
R

We evaluate this double integral by the iterated integral

2

e

0 0

See Exercise . The first integration gives

2 2

7(96_%)@@ = (1‘—1/2)96/ydy:(T

The second integration is

1 1
(a: — l) x® 228 — P 5
2 = der = —.
2 4 168
0 0

Since the total moment (|17.8.4)) is positive, the object would rotate clockwise
around the line z = % o
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Now that we have a way to find the moment around any line parallel to
the y-axis we can find the line around which the moment is zero, the so-called
“balancing line.” We just solve for k£ in the equation

/(x —k)o(P) dA =0.

R

Thus
/a:a(P) A = k/a(P) dA,

from which we find that

_ Jrpro(P) dA

= (17.8.5)

The denominator is the total mass. The numerator is the total torque. So we
can think of k£ as “the average lever arm as integrated by the density.”

That is therefore a unique balancing line parallel to the y axis. Call its
x-coordinate T (read: “x bar”). Similarly, there is a unique balancing line
parallel to the x axis. Call its y-coordinate 7. The point (Z,7) is called the
center of mass of the region R. We have:

The center of mass of a region R with density o(P) has coordinates (Z,%)

where
fR xo(P) dA o _ fR yo(P) dA
[.o(P) dA Y= a(PydA”

T =

The integral [, zo(P) dA is called the moment of R around the y-axis,
and is denoted M,. Similarly, M, = [,yo(P) dA.

If the density o(P) is constant, say, equal to 1 everywhere in R, then the
two equations reduce to

dA dA
fo and Y= fRy .
fR dA fR dA

In this case the center of mass R is also called the centroid of the region, a
purely geometric concept:

T =

Calculus October 22, 2010
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Figure 17.8.7:

The centroid of the plane region R has the coordinates (z,y) where

[y dA
Area of R)’

fo dA
Area of R

T = and y= (17.8.6)

EXAMPLE 2 Find the center of mass of the region in Example [T}
SOLUTION The density at (z,y) in R is given by 0 = xy. We compute three
double integrals: the mass [, 2y dA and the two moments M, = [, z(zy) dA
and M, = [, y(zy) dA.

We have
6
1
/xyd x7y dy | dx 2daz T

R 0 0 0

Then
1 /1 .
T 1
/ Ty / / xy dy x / 5 4T =15
R 0 \o 0
Finally,
0 /0 L
9 9 T 1
dA = d dr = | — dx = —.
/ Ty / / xy” dy x / 5 dr=o,
R 1 \1 0
Thus . .
7 O 57 1
=2 =_  and gy=2=_.
! 2
It is not surprising that T is greater than 1/2, since in Example [17.8.1| we
found that the object rotates clockwise around the line x = 1/2. o

An Important Point About an Important Point
We defined the center of mass (Z,7) by first choosing an xy coordinate system.
What if we choose an z'y’ coordinate system at an angle to the zy coordinate
system? Would the center of mass computed in this system, (Z',7’) be the
same point as (7,y)? See Figure . Fortunately, it is, as Exercise
shows.
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Shortcuts for Computing Centroids

Assume that R is the region under y = f(z) for = in [a, b]. Then the moment
about the z-axis is

M, = /y dA.
R
Thus
b f(z) b () | b
x
M, = /(/ydy)da::/ 5 dxzﬁ/(f(x))de
a 0 a a
Thus, by (|17.8.6))
1 b 2
5 d
5= V@) do (17.8.7)
Area of R
T —
EXAMPLE 3 Find the centroid of the semicircular region of radius a shown / \\
R .
in Figure [I7.8.8 / \

SOLUTION By symmetry, 7 = 0. i ] |
To find 7, use (17.8.7). The function f in this case is given by the formula ' )

f(x) = va? — 22, an even function. The moment of R about the z-axis is Figure 17.8.8:
(V2= 22)2 r o2 9 r o2 9
wdm — R N
2 2 2
“a “a 0
a 3 a
= /(a2 — %) dx = (a% — x—)
3 /1o
3
3_@a 2 3
= (a°——=)—0==a
( 3 ) 3
Thus Since 4/(37) ~ 0.42, the
o §a3 B %a?’ B 4_a cerr:t.erhof gfra\l;ity og f2is at
y_AreaofR_lsz_?ﬂr' a height or about 0.42a.
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Figure 17.8.9:

Centers of Other Masses

We developed the ideas of moments and centers of mass for masses situation
in a plane. The definition generalizes easily to masses distributed on a curve
(such as a wire) or in space (such as a potato).

In the case of a curve, the curve would have a linear density A(P). A short
piece around P of length As would have mass approximately A\(P)As. Thus,
the mass and moments of the curve would be

M = /)\(P) ds, M, = /x)\(P) ds, and M, = /y)\(P) ds.
C c c

We state the definition in the case of a solid object of density A\(P) occu-
pying the region R. We assume an xyz-coordinate system. The total mass
1s

M:/é(P) qv.

Now, there are three moments — one around each of the three coordinate
planes:

M,, = / 25(P) dV, M,, = / ys(P) dV, M,, / zp dV.

R R R

The center of mass is (T,7,z), where
5(P) dV 5(P) d 5(P) dV
overlinex:m#, y:%, 5 — Jr? ](\4) .

If 6(P) =1 for all P in R, the center of mass is called the centroid. In this
case the mass is the same as the volume.

EXAMPLE 4 Find the centroid of a hemisphere of radius a.
SOLUTION We place the origin of an zyz-coordinate system at the center
of the hemisphere, as in Figure [17.8.9]

First of all, by symmetry, the centroid must be at the z-axis. mnotelf the
centroid were not at the z-axis, you would get two centroids for the same object.
(If you spin the hemisphere about the z-axis you get the same hemisphere back,
which must have the same centroid.)

So T =y = 0. Calling the hemisphere R, we have

/ 2 dV
Volume of R’

The volume of the hemisphere is half that of a ball, (2/3)7a®. To evaluate the
moment || 2 AV, we bring in an iterated integral in spherical coordinates:

7 =

2r /2 a

/z qv = / / /(pcos(¢))p2 sin(6) dp d df.
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See pxercise
Straightforward computations show that
4
Ta
v = —.
/ ’ 1
R
Thus y
. Ta 30,
= 27?&3 )
3
The centroid is (0, 0, %) o
EXAMPLE 5 Find the centroid of a homogeneous cone of height A and
radius a.
SOLUTION As we just saw for the sphere in Example 4 symmetry tells us
the centroid lies on the axis of the cone.
Introduce a spherical coordinate system with the origin at the vertex of the
cone and with the axis of the cone lying on the ray ¢ = 0, as in Figure|17.8.10
The half-vertex angle is arctan(a/h). The plane of the base of the cone is
z = h (in rectangular coordinates), hence ; L
|
pcos(¢p) = h. r
In spherical coordinates, the cone’s description is |
0<6 <2, 0 < ¢ < arctan(a/h), 0 <p<h/cos(s).
To find the centroid of the cone we compute |’ g 2 dV and divide the results
by the volume of the cone, which is %W&Qh. Figure 17.8.10:

Now

2m arctan(a/h) h/ cos(¢)

Jzav=[ [ [ peostortsin(o) o do as

0 0 0 .
See Exerase

For the first integration, ¢ and € are constant; hence

h/ cos(¢) h/ cos(¢) h4 )
peos(o)sin(o) dp = cos(@)sin(o) [ dp = 4—82;
0 0
The second integration is
arctan(a/h) arctan(a/h)
/ h*sin(¢) o = ht / sin(¢) i = a’h?
4 cos®(9) 4 cos3(¢) 8
0 0
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curve (C') solid (R)
density A(P) o(P)
M | [ MP)ds | [,6(P)dV
My, | [,zA(P)ds | [qzd(P) dV
M. | JoyAP) ds | [¢yd(P) dV
My | Jo2MP) ds | [(26(P) dV

The final integral is simply:

2w

/azh2 50— a2h227r _ 7ra2h2.

8 8

4

0
Thus,

JrzdV (ﬁ) :%.

Volume of R (%)

Z =

The centroid of a cone is three-fourths of the way from the vertex to the
base. o

Summary

We defined the moment about a line and used this concept to define the center
of mass for a plane distribution of mass. The moment of a mass about a line
L indicates the tendency of the mass to rotate about the line L. The center
of mass for a region R is the point in the region where the region balances.

o The moment about the y-axis, M,, is [, z0(P) dA.

e The moment about the z-axis, M,, is [, yd(P) dA.

Then, the center of mass is (Z,y) where

M, M,
Mass’y ~ Mass’

T =

If the density is constant, we have a purely geometric concept,

fR:C dA _ fRy dA
Area ofR’y ~ Areaof R’

T =

These definitions generalize to curves and solids.
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EXERCISES for Section 17.8
M-moderate, C—challenging

Key: R-routine,

1.[R]

(a) How would you define the centroid of a curve?
Call its (linear) density A(P).

(b) Find the centroid of a semicircle of radius a.

2.[R] Carryout the integrations in Example

3.[R] Carryout the “straightforward calculations” in
Example [
4.[R] Provide the details needed to complete the in-

tegrals in Example

5.[R] Example {4 showed that the centroid of a hemi-
sphere is less than halfway from the center to its sur-
face. Why is that to be expected?

6.[M] If R is the region below y = f(z) and above
[a, b], show that

fab xf(x) dx
Area of R °

T =

7.]M] The corners of a triangular piece of metal of
constant density 1 are (0,0), (1,0), and (0, 2).

(a) Is the line y = 112/5 a balancing line?

(b) If not, if the metal rests on this line which way
would it rotate?

DEFINITION (Section of a region)
Let R be a convex set in the plane.
A section of R is a part of R that is
bounded by a chord and part of the the
boundary, as shown as Figure

Figure 17.8.11:

8.[C] Consider a convex set R in the plane furnished
with a density. Show that different sections have dif-
ferent centers of gravity.

9.[C] (See Exercise[§]) Is every point in R that is not
on the boundary the center of mass of some section of
R?

10.[C] Archimedes (287-212 B.C.) investigated the
centroid of a section of a parabola. Consider the

parabola y = z2. The typical section is shown in

Figure [17.8.12l M is the midpoint of the chord and
N is the point on the parabola directly below M.

\

Figure 17.8.12:

Calculus
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He showed, without calculus, that the centroid is on
the line M N, three-fifths of the way from N and M.
Obtain his result with the aid of calculus.

11.[C] (See Exercise[10]) Is every point in the region
bounded by the parabola the centroid of some section?

12.[R] Find the centroid of a solid paraboloid of rev-
olution. This is the region above z = z? + y? and
below the plane z = ¢. Archimedes solved this prob-
lem without calculus and used the result to analyze the
equilibrium of a floating paraboloid. (If it is slightly
tilted, will it come back to the vertical or topple over?)
For details as how he did this 2200 years ago see S.
Stein, Archimedes: What Did He Do Besides Cry Eu-
reka?, Math. Assoc. America, 1999.

13.[C] (See Exercise [12]) The plane z = ¢ in Exer-
cise [12] is perpendicular to the axis of the paraboloid.
Archimedes was also interested in the case when the
plane is not perpendicular to the axis. Find the cen-
troid of the region below the tilted plane z = cy and
above the paraboloid z = z? + y2.

14.[R] Using cylindrical coordinates, find z for the
region below the paraboloid z = z? 4+ y? and above
the disk in the r# plane bounded by the circle r = 2.
(Include a drawing of the region.)

15.[R] Find the z coordinate, Z, of the centroid of the
part of the saddle z = xy that lies above the portion
of the disk bounded by the circle 2% + y? = a? in the
first quadrant.

16.[M] A plane distribution of matter occupies the

region R. It is cut into two pieces, occupying regions
Ry and R, as in Figure (a). The part in Ry
has mass M) and centroid (Z1,7;). The part in R has
mass My and centroid (T2,7,). Find the centroid (Z,7)
of the entire mass, which occupies R. [Express (Z,7)
in terms of My, My, Ty, Ta, ¥; and 7.

Figure 17.8.13:

17.[M] Use the formula in Exercise [16| to find the
center of mass of the homogeneous lamina shown in

Figure [17.8.13|(b).

In Exercises [18] to 25| find the centroid of the given re-
gions R. (Exercises [22] to [25| require integral tables or
techniques of Chapter [§])

18.[R] R is bounded by y = 22 and y = 4.

19.[R] R is bounded by y = z* and y = 1.

20.[R] R is bounded by y = 4z — 2% and the z-axis.
21.[R] R is bounded by y = =, z +y = 1, and the
T-axis.

22.[R] The region bounded by y = e and the z-axis,

between the lines © = 1 and = = 2.

23.[R] The region bounded by y = sin(2z) and the
z-axis, between the lines z = 0 and x = /2.
24.[R] The region bounded by y = v/1+ z and the

z-axis, between the lines =0 and = = 3.

25.[R] The region bounded by y = In(z) and the
z-axis between the lines z = 1 and x = e.

Exercises to concern Pappus’s Theorem, which
relates the volume of a solid of revolution to the cen-
troid of the planar region R that is revolved to form
the solid.

October 22, 2010
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Theorem 17.8.1 (Pappus). Let R be a region in the
plane and L a line in the plane that does not cross R
(though it can touch R at its border). Then the volume
of the solid formed by revolving R about L is equal to
the product

(Distance the centroid of R is rotated) - (Area of R) .
26.[C]
(a) Prove Pappus’s Theorem

(b) Use Pappus’s Theorem to find the volume of the
torus or “doughnut” formed by revolving a circle
of radius 3 inches about a line 5 inches from its
center.

27.[C] Use Pappus’s Theorem to find the centroid of
the half disk R of radius a.

28.[C]  Use Pappus’s Theorem to find the cen-
troid of the right triangle in Figure

Figure 17.8.14:

29.[M] Consider a distribution of mass in a plane re-
gion R with density o(P) at P. Use the following steps
to show that any line in the plane that passes through
the center of the mass is a balancing line.

(a) For convenience, place the origin of the xy-
coordinate system at the center of mass. That
is, assume (Z,y) = (0,0). Show that
Jpxo(P) dA=0and [yo(P)dA=0.

(b) Let L be any line axz+ by = 0 through the origin.
Show that the moment of the mass about L is
ax + by

A Va2 + b2

HiNT: What is the distance from a point (z,y)
in R to the line ax 4+ by = 07

o(P) dA.

From (a) and (b) deduce that the moment of the
mass about L is 0. Thus all balancing lines for
the mass pass through a single point. Any two
of them therefore determine that point, which
is called the center of mass. It is customary to
use the two lines parallel to the x and y axes to
determine that point.

30.[M] (See Exercise 29]) Show that the moment of
a mass occupying a solid region R about any plane
through its center of mass is 0.

31.[C] This exercise concerns hydrostatic pressure.
(See Section [7.6])

(a) Show that the pressure of water against a sub-
merged vertical surface occupying the plane re-
gion R equals the pressure at the centroid of R
times the area of R.

(b) Is the assertion in (a) correct if R is not vertical?

In each of Exercises B2 to 39 find the center of mass of

the lamina occupying the given region and having the

given density.

32.[R] The triangle with vertices (0,0), (1,0), (0,1);

density at (x,y) is = + y.

33.[R] The triangle with vertices (0,0), (2,0), (1,1);

density at (x,y) is y.

34.[R] The square with vertices (0,0), (1,0), (1,1),

(0,1); density at (x,y) equals to yarctan(zx).

35.[R] The finite region bounded by y = 1 4+ = and
= 2%; density at (x,y) is = + y.

36.[R] The triangle with vertices (0,0), (1,2), (1,3);

density at (z,y) is xy.

Calculus
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37.[R] The finite region bounded by y = 2, the z-
axis, and z = 2; density at (z,y) is e”

38.[R] The finite region bounded by y = x* and
y = = + 6, situated to the right of the y-axis; density
at (z,y) is 2.

39.[R] The trapezoid with vertices (0,0), (3,0), (2, 1),
(0,1); density at (x,y) is sin(z).

2

40.[C] Let R be a region in a plane and P a point
a distance h > 0 from the plane. P and R determine
a cone with base R and vertex P, as shown in Fig-
ure[I7.8.15l Let the area of R be A. What can be said
about the distance of the centroid of the cone from the
plane of R?

What is that distance in the case of a right cir-
cular cone?

(a)

Experiment with another cone with any conve-
nient base of your choice.

Make a conjecture.

Explain why the conjecture is true.

-

Figure 17.8.15:

In Exercises 1] and 2] find Z for the given surfaces.

41.]M] The portion of 6 above the triangle in

the paraboloid 2z = 22 + the zy plane whose ver-

y? below the plane z = 9. tices are (0,0), (4,0), and
(0,1).

42.[M]  The portion of

the plane x + 2y + 32 =

43.[R] In a letter of 1680 Leibniz wrote:

Huygens, as soon as he had published
his book on the pendulum, gave me a copy
of it; and at that time I was quite igno-
rant of Cartesian algebra and also of the
method of indivisibles, indeed I did not
know the correct definition of the center of
gravity. For, when by chance I spoke of it
to Huygens, I let him know that I thought
that a straight line drawn through the cen-
ter of gravity always cut a figure into two
equal parts; since that clearly happened
in the case of a square, or a circle, an el-
lipse, and other figures that have a cen-
ter of magnitude. I imagine that it was
the same for all other figures. Huygens
laughed when he heard this, and told me
that nothing was further from the truth.

(Quoted in C.H. Edwards, The Historical Development
of the Calculus, p. 239, Springer-Verlag, New York,
1979.)

Give an example showing that “nothing is further from
the truth.”

44.[R] Let a be a constant that is not less than 1. Let
R be the region below y = z%, above the z-axis, and
between the lines x = 0 and x = 1.

Sketch R for a large value of a.

(a
(b

)
) Compute the centroid (Z,y) of R.
(¢) Find lim,_,o T and lim, o 3.

)

(d) For large a, does the centroid of R lie in R?

October 22, 2010
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45.]C] (Contributed by Jeff Lichtman) Let f and g
be two continuous functions such that f(z) > g(z) > 0
for z in [0,1]. Let R be the region under y = f(z) and
above [0, 1]; let R* be the region under y = g(x) and
above [0, 1].

(a) Do you think the center of mass of R is at least
as high as the center of mass of R*? (An opinion
only.)

(b) Let g(z) = z. Define f(x) tobe § for 0 <a < %

and f(z) to be z if % <z < 1. (Note that f

is continuous.) Find y for R and also for R*.

(Which is larger?)

Let a be a constant, 0 < a < 1. Let f(x) = a for
0<z<aandlet f(r) =x for a < < 1. Find
y for R.

Show that the number a for which 7 defined in
part (c) is a minimum is a root of the equation
? + 3z —1=0.

(e) Show that the equation in (d) has only one real
root q.

(f) Find q to four decimal places.

46.[M] This exercise shows that the three medians
of a triangle meet at the centroid of the triangle. (A
median of a triangle is a line that passes through a
vertex and the midpoint of the opposite edge.)

Let R be a triangle with vertices A, B, and C. It suf-
fices to show that the centroid of R lies on the median
through C' and the midpoint M of the edge AB. In-
troduce an xy coordinate system such that the origin
is at A, and B lies on the z-axis, as in Figure

(a) Compute (7,7).

(b) Find the equation of the median through C and
M.

(c) Verify that the centroid lies on the median com-
puted in (b).

(d) Why would you expect the centroid to lie on each
median? (Just use physical intuition.)

Figure 17.8.16:

47.[R] Cut an irregular shape out of cardboard and
find three balancing lines for it experimentally. Are
they concurrent; that is, do they pass through a com-
mon point?

48.[R] Let f and g be continuous functions such that
f(z) > g(z) > 0 for x in [a,b]. Let R be the region
above [a,b] which is bounded by the curves y = f(x)
and y = g(x).

(a) Set up a definite integral (in terms of f and g)
for the moment of R about the y-axis.

(b) Set up a definite integral with respect to z (in
terms of f and g) for the moment of R about the
z-axis.

In Exercises [49| to [52| find (a) the moment of the given
region R about the y-axis, (b) the moment of R about
the x-axis, (c) the area of R, (d) T, (e) J. Assume the
density is 1. (See Exercise [48])

Calculus
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is set of
ed from

on 174

49.[R] R is bounded by

the curves y = 22, y = 23.

50.[R] R is bounded by
y==z,y=2z, =1, and
x=2.

51.[R] R is bounded by
the curves y = 3% and
y = 2% between z = 1

and r = e.

52.[R] (Use a table of in-
tegrals or techniques from
Chapter [8]) R is bounded
by the curves y = = — 1
and y = In(z), between
r=1and z =e.

53.[M] Which do you think would have the highest
centroid? The semicircular wire of radius a, shown in

Figure [17.8.17((a); the top half of the surface of a ball

of radius a, shown in Figure[17.8.17|(b); the top half of

a ball of radius a, shown in Figure |17.8.17|(c).

Figure 17.8.17:

54.[C] Consider the parabolic surface z = 2% + 3>

below the plane za?.

(a) Set up a double integral in the xy-plane for the
moment about the xy plane.

(b) Express this integral as an iterated integral in

polar coordinates.

(c) Evaluate the integral.

(d) Find the centroid of the (cu

Exercises 55 to B8] concern the mon
that if the object is homogeneous, |
ume V', its density 6(P) is M/V.

55.[R] A homogeneous
rectangular solid box has
mass M and sides of
lengths a, b, and ec.
Find its moment of inertia
about an edge of length a.

56.[R] A rectangular ho-
mogeneous box of mass M
has dimensions a, b and c.
Show that the moment of
inertia of the box about
a line through its center
and parallel to the side of
length a is M (b? + %) /12.

57.[R] A right solid cir-
cular cone has altitude h,
radius a, constant density,
and mass M.

58.[R]
point i
Show t
three 1
ular lis
the su
inertia
the lin

59.]C] [An exercise showing that
does not depend on the choice of ¢

October 22, 2010
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17.S Chapter Summary

This chapter generalizes the notion of a definite integral over an interval to
integrals over plane sets, surfaces, and solids. These definitions are almost
the same, the integral of f(P) over a set being the limit of sums of the form
S F(P) AA;, Y f(P) AS;, or Y f(P) AV for integrals over plane sets,
surfaces, or solids, respectively.

If f(P) denotes the density at P, then in each case, the integrals give the
total mass.

The average value concept extends easily to functions of several variables.
For instance, if f(P) is defined on some plane region R, its average value over

R is defined as .
area(R) /f(P) dA.
R

Sometimes these “multiple integrals” (also known as “double” or “triple” in-
tegrals) can be calculated by repeated integrations over intervals, that is, as
“iterated integrals.” This requires a description of the region in an appropriate
coordinate system and replaces dA or dV by an expression based on the area

or volume of a small patch swept out by small changes in the coordinates, as
recorded in Table I7.S.]

Coordinate System  Substitution
Rectangular (2-d) dA = dz dy
Rectangular (3-3) dV =dx dy dz

Polar dA =1 dr df
Cylindrical dV =rdr df dz
Cylindrical (surface) dS =1 df dz

Spherical dV = p?sin(¢) d¢ dp df

Spherical (surface)  dS = p?sin(¢) do db

Table 17.S.1:

An integral over a surface S, fS f(P) dS, can often be replaced by an
integral over the projection of S onto a plane R, replacing dS by dA cos(v),
where v is the angle between a normal to S and a normal to R.

EXERCISES for 17.S Key: R-routine, M-moderate, C—challenging

1.[R] The temperature at the point (z,y) at time ¢ is at time ¢. Find df /dt.
T(z,y,t) = e “sin(z + 3y). Let f(t) be the average
temperature in the rectangle 0 < z <7, 0 <y < /2

To remember these
formulas) be able to draw

Figures [17.5.1 and fi75.2]

including tl'le labels.
|

|- —_ i
At
x i |

2.[R] Let f be a function 'SJ_,].GHJ-tha:t fl=zx,y) =

[ =y =)

Calculus
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Key Facts

Formula Significance

Jp1dA Area of R

| pldV Volume of R

) glf;(jof Cg‘ \%ﬂn}: 0?‘; Average value of f over R

Jpo(P) dAor [,6(P)dV Total mass of R, M (o and
d denote density)

[pyo(P) dA, [,x0(P) dA Moments, M, and M, about
x and y axes, respectively.
(A moment can be com-
puted around any line in the
plane.)

Inf ) dA, [, f(P)o(P) dV Moment of inertia around L

Where f ( ) is the square of the distance for planar and solid regions,

from P to some fixed line L respectively.

Jrz ) dA, [y*o(P) dA Second moments, M,, and
M,,, about x and y axes, re-
spectively.

%, %) Center of mass, (Z, )

[ 20(P) dV Moment M,,

Jryd(P) dV Moment M,

Jpzd(P) dV Moment M,

Aﬁz, ]\ﬁz, Aﬁ?) Center of mass of solid,

(7,9,2)

Table 17.S.2:

Relations Between Rectangular Coordinates and Spherical or Cylindrical
Coordinates
x = psin(¢) cos(d) = = rcos(d)
y = psin(¢)sin(fd) y = rsin(0)
z = pcos(¢) z=2z

Table 17.S.3:
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_f(xa y)
(a) Give some examples of such functions.

(b) For what type regions R in the zy plane is
fR f(z,y) dA certainly equal to 07

3.[R] Find [,(22%y* +7) dA where R is the square
with vertices (1,1), (—1,1), (—=1,—1), and (1,—1). Do
this with as little work as possible.

4.[R] Let f(x,y) be a continuous function. Define
g(x) to be [, f(P) dA, where R is the rectangle with
vertices (3,0), (3,5), (z,0), and (z,5), x > 3. Express
dg/dx as a suitable integral.

5.[R] Let R be a plane lamina in the shape of
the region bounded by the graph of the equation
r = 2asin(f) (a > 0). If the variable density of the
lamina is given by o(r,6) = sin(f), find the center of
mass R.

In Exercises [ to [ find the moment of inertia of a
homogeneous lamina of mass M of the given shape,
around the given line.

6.[R] A disk of radius a, about the line perpendicular
to it through its center.

7.[R] A disk of radius a, about a line perpendicular
to it through a point on the circumference.

8.[R] A disk of radius a, about a diameter.
9.[R] A disk of radius a, about a tangent.
10.[C] Let S be the sphere of radius a and center at

the origin. The integral [¢(zz + y*)dS can be done
with little effort.

(a) Why is [¢z2dS =07
(b
(c
(d) Show that [g(zz 4 y*)dS = 4mwa®/3.

Why is [g22dS = [59?dS = [522dS?

)
)
) Why is [54?dS = [5(a?/3)dS?
)

11.[C] Let f(P) and g(P) be continuous functions
defined on the plane region R.

(a) Show that

2
/ f(P)g(P)dA | < / f(P)? dA
R R R

HiNT: Review the proof of the Cauchy-Schwarz
inequality presented in the CIE on Average
Speed and Class Size on page

ow that if equality occurs in the inequality in
b) Show that if lit in the i lity i
(a), then f is a constant times g.

12.[C] (Courtesy of G. D. Chakerian.) A solid re-
gion S is bounded below by the x — y plane, above
by the surface z = f(P), and the sides by the
surface of a cylinder, as shown in Figure

Figure 17.S.3:
The volume of § is V. If V is fixed, show that the
top surface that minimizes the height of the centroid
of § is a horizontal plane. NOTE: Water in a glass
illustrates this, for nature minimizes the height of the
centroid of the water. HINT: See Exercise [11l

Exercises [13] to [19] explore the average distance for all
points on a curve or in a region. Recall that the dis-
tance from a point to a curve is the shortest distance
from the point to the curve.

Calculus
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13.[M] Find the average distance from points in a  (b) Set it up in polar coordinate

disk of radius a to the center of the disk.
(c) Evaluate the easier integral
(a) Set up the pertinent definite integral in rectan-

gular coordinates.

(b) Set it up in polar coordinates.
17.]M] Find the average distanc

(c) Evaluate the easier integral in (a) and (b). square of side a to the border of t!

(a) Set up the pertinent definit
gular coordinates.
14.[M] Find the average distance from points in a
square of side a to the center of the square. (b) Set it up in polar coordinate

(a) Set up the pertinent definite integral in rectan- (c) Evaluate the easier integral
gular coordinates.

(b) Set it up in polar coordinates.

(c) Evaluate the easier integral in (a) and (b). 18.[M] Find the average distance
a disk of radius a to the circular b

(a) Before doing any calculatio

15.[M] Find the average distance from points in a ball the average distance is grea

of radius a to the center of the ball. than a/2. Explain how you :

(a) Set up the pertinent definite integral in rectan- (b) Carry out the calculation us
gular coordinates. ordinate system.

(b) Set it up in spherical coordinates.

(c) Evaluate the easier integral in (a) and (b).

19.[C] Let A and B be two poi
A curve (in the xy-plane) consists
that the sum of the distances frox
B is constant, say 2a. Consider t
to A as a function of arclength on
average of that distance.

16.[M] Find the average distance from points in a
cube of side a to the center of the cube.

(a) Set up the pertinent definite integral in rectan-
gular coordinates.
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Calculus is Everywhere # 22
Solving the Wave Equation

In the The Wave in a Rope Calculus is Everywhere in the previous chapter
we encountered the partial differential equation

O’y  10%

% — 6_2%' (C.22.1)

Now we will solve this equation to find y as a function of x and t. First, we
solve some simpler equations, which will help us solve ((C.22.1)).

EXAMPLE 6 Let u(x,y) satisfy the equation du/0x = 0. Find the form
of u(x,y).
SOLUTION  Since 0u/0x is 0, u(z,y), for a fixed value of y, is constant.
Thus, u(z,y) depends only on y, and can be written in the form h(y) for some
function h of a single variable.

On the other hand, any function u(z,y) that can be written in the form
h(y) has the property that du/Jdz = 0 is any function that can be written as
a function of y alone. o

EXAMPLE 7 Let u(z,y) satisfy

Pu
oxdy

(C.22.2)

Find the form of u(z,y).
SOLUTION We know that

8(2—;) B 92w
or  Oxdy

=0.

By Example [6]

g—z = h(y) for some function h(y).

By the Fundamental Theorem of Calculus, for any number b,

b b
u(x,b) —u(x,0) = / /h
0 0

Calculus October 22, 2010

Q"I




1278

CHAPTER 17 PLANE AND SOLID INTEGRALS

t= %(p—Q)
|
s I
I..:l-.'.."' II
. :
Figure C.22.1:

Let H be an antiderivative of h. Then

u(z,b) —u(z,0) = H(b) — H(0).

Replacing b by y shows that

u(x,y) = u(z,0) + H(y) — H(0).

That tells us that u(z,y) can be expressed as the sum of a function of x and

a function of vy,
(C.22.3)

o

u(z,y) = f(z)+9g(y).

We will solve the wave equation (C.22.1)) by using a suitable change of
variables that transforms that equation into the one solved in Example [7]
The new variables are

p=x+ct and q=1x— ct.

One could solve these equations and express x and t as functions of p and gq.
We will apply the chain rule, where y is a function of p and ¢ and p and q are
functions of z and ¢, as indicated in Figure[C.22.1] Thus y(z,t) = u(p, q).

Keeping in mind that

dp dp Jq dq
PR I FEa
we have
8y ou 8p ou 8(] ou N @
dr  Opdx  9dqoxr Op g
Then
oy _ 9 (ou ou
or2 Oz \Op 8q
0 (0Ou p
-~ Op (819 i ) ( )
82 2
(029 8p8Q) (361019 >
Thus o2 o9 o2 o
Yy U u u
= 2 . 22.4
oxr?  Op? + Opdq + 0q? (© )
A similar calculation shows that
Py, [(Fu Pu 0%
— = -2 . 22.
o2 (ap2 opdq | an) (C.225)
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Substituting (C.22.4]) and (C.22.5)) in (C.22.1]) leads to

0*u Pu  Pu 1, [ Pu  Du
+2 + 7. = () —2 +
op? opdq  0¢? c? op? Opdq  0¢?
which reduces to
0%u
4 =
Opdq
By Example (7] there are function f(p) and g(q) such that

0.

y(z,t) = ulp,q) = f(p) + 9(q).

y(x,t) = f(z +ct) + g(x — ct). (C.22.6)

The expression ((C.22.6)) is the most general solution of the wave equation
(1C.22.1]).

What does a solution (C.22.6)) look like? What does the constant ¢ tell us?
To answer these questions, consider just

y(x,t) = gz — ct). (C.22.7)

Here t represents time. For each value of t, y(z,t) = g(x — ct) is simply a

function of x and we can graph it in the xy plane. For ¢t = 0, ((C.22.7]) becomes

y(x,0) = g(x).

That is just the graph of y = g(z), whatever g is, as shown in Figure [C.22.2(a).

(a) (b)

Figure C.22.2: (a) t =0, (b) t = 1.

Now consider y(z,t) when ¢ = 1, which we may think of as “one unit of
time later.” Then

y=ylx,1)=g(x—c-1) =gz — ).

Calculus October 22, 2010
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The value of y(z,1) is the same as the value of g at x — ¢, ¢ units to the left
of x. So the graph at t = 1 is the graph of f in Figure (a) shifted to the
right c units, as in Figure [C.22.2b).

As ¢ increases, the initial “wave” shown in Figure [C.22.2|(a) moves further
to the right at the constant speed, ¢. Thus c tells us the velocity of the moving
wave. That fact will play a role in Maxwell’s prediction that electro-magnetic

waves travel at the speed of light, as we will see in the Calculus is Everywhere
at the end of Chapter

EXERCISES

1.[R] Which functions u(x,y) have both du/0zx and scription of a wave moving with s
Ou /0y equal to 0 for all x and y? Interpret the equation y(z,t) = f(

2.[R] Let u(z,y) satisfy the equation 0%u/0xz? = 0. 6.[]M] Let k be a positive constar
Find the form of u(z,y).
(a) What are the solutions to tk

3.[R] Show that any function of the form ((C.22.3]) 0%y 92

satisfies equation ((C.22.2]). Pk k&

4.[R] Verify that any function of the form (C.22.6) (b) What is the speed of the “w
satisfies the wave equation.

5.[M] We interpreted y(x,t) = g(x — ct) as the de-
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