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lterated integrals

Iterated integrals

ha(y)
(1) J29) flx,y) dx = £(x,y) i
f(h2(y),y) — f(hi(y),y) With respect to x
82(x) _ g(x)
(2) £1(3) fy(x,y)dy = f(x,y) 0"

f(x,g(x)) — f(x,g1(x)) With respect to y

@ Note that the variable of integration cannot appear in either limit of
integration.

@ For instance, it makes no sense to write

/ ydx.
0
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Example 1 (Integrating with respect to y)

Evaluate N
/ (2xy + 3y?)dy.
1

o Considering x to be constant and integrating with respect to y
produces

/ (2xy +3y*) dy = [xy*> +y?]]
1

:(2x3)—(x—|—1):2x3—x—1. [ |
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Example 2 (The integral of an integral)

/12 [/1X(2xy +3?) dy] dx.

Evaluate

@ Using the result of Example 1, you have

/12 [/lx(2xy+3y2)dy] dx = /12(2X3 —x—1)dx

[X4_X2_X]j:4—(—1):5. u

2 2

@ The integral in Example 2 is an iterated integral. The brackets used
in Example 2 are normally not written.

@ Instead, iterated integrals are usually written simply as

82(x) h2(y)
/ / f(x,y)dydx and / / f(x,y)dxdy.
&1( hi(y)
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@ The inside limits of integration can be variable with respect to the
outer variable of integration. However, the outside limits of
integration must be constant with respect to both variables of
integration.

@ For instance, in Example 2, the outside limits indicate that x lies in
the interval 1 < x < 2 and the inside limits indicate that y lies in the
interval 1 <y < x.

@ Together, these two intervals determine the region of integration R of
the iterated integral, as shown in Figure 1.

1 N———

'
1
'
1
1
!
1

Figure 1: The region of integration for ff J f(xsy) dy dx.
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Area of a plane region

@ Consider the plane region R bounded by a < x < b and
g1(x) <y < g»(x), as shown in Figure 2(a).

Region is bounded by
Region is bounded by c<y<dand

a<x<band /1|(,\')§,\'Sl1,(.\')
y &) <Sy<g,) -

h h

1
d (hy e
Area = f f " dxudy,
e Jnw 4

(b) Horizontally simple
region.

(a) Vertically simple
region.

Figure 2: Vertically and horizontally simple regions.
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@ The area of R is given by the definite integral

b
/a [&2(x) — g1(x)] dx. Area of R

@ Using the Fundamental Theorem of Calculus, you can rewrite the
integrand g»(x) — g1(x) as a definite integral.

e Specifically, if you consider x to be fixed and let y vary from gi(x) to
g2(x), you can write

&2(x)
/ dy =y
&1(x)
@ Combining these two integrals, you can write the area of the region R
as an iterated integral

g2 (x) b
[
gi( a
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= &2(x) — g1(x).

g1(x)

82(X

(x)
0 = [Mlaat) - sl ax



@ Placing a representative rectangle in the region R helps determine
both the order and the limits of integration.

@ A vertical rectangle implies the order dy dx, with the inside limits
corresponding to the upper and lower bounds of the rectangle, as
shown in Figure 2(a).

@ This type of region is called vertically simple, because the outside
limits of integration represent the vertical lines x = a and x = b.

@ Similarly, a horizontal rectangle implies the order dxdy, with the
inside limits determined by the left and right bounds of the rectangle,
as shown in Figure 2(b).

@ This type of region is called horizontally simple, because the outside
limits represent the horizontal lines y = c and y = d.
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Definition 14.1 (Area of a region in the plane)

1. If Ris defined by a < x < b and g1(x) <y < ga(x), where gy and g»
are continuous on [a, b], then the area of R is given by

b rg(x)
A= / / dy dx. Figure 2(a) (vertically simple)
a Ja(x)

2. If Ris defined by ¢ <y < d and hi(y) < x < ha(y), where h; and hy
are continuous on [c, d], then the area of R is given by

d rha(y)
A= / / dxdy. Figure 2(b) (horizontally simple)
c Jhi(y)
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Example 3 (The area of a rectangular region)

Use an iterated integral to represent the area of the rectangle shown in
Figure 3.

Rectangular region

d-c R

<

Figure 3: The area of a rectangular region.

@ The region shown in Figure 3 is both vertically simple and
horizontally simple, so you can use either order of integration.
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@ By choosing the order dy dx, you obtain the following.

b d b g b
/ / dydx:/ y dx:/(d—c)dx
a Jc a ¢ a

=[(d =)l =(d —)(b—a) u

Example 4 (Finding area by an iterated integral)

Use an iterated integral to find the area of the region bounded by the
graphs of

f(x) = sinx g(x) = cosx

between x = 7/4 and x = 57 /4.
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@ Because f and g are given as functions of x, a vertical representative
rectangle is convenient, and you can choose dy dx as the order of
integration, as shown in the following figure.

@ The outside limits of integration are 7/4 < x < 57 /4.

@ Moreover, because the rectangle is bounded above by f(x) = sin x
and below by g(x) = cos x, you have

sin x

57/4  psinx 57 /4
Area of R = / / dydx = / y dx
cos x /4 cos x
57 /4 5o /a
:/ (sinx — cos x) dx = —cosx—smx\ /4= 2V/2.
/4
<x< T |

4
cosx<y<sinx

R
y
A J
/\ H ¥ =008 x
|
i
} } % X

Sul4 fsinx
Area J- J- dy d\
cosx
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The order of integration affects the ease of integration, but not the value
of the integral.

Example 5 (Comparing different orders of integration)

Sketch the region whose area is represented by the integral

2 4
/ / dx dy.
0 Jy?

Then find another iterated integral using the order dy dx to represent the
same area and show that both integrals yield the same value.

@ From the given limits of integration, you know that
Y <x<4

which means that the region R is bounded on the left by the parabola
x = y? and on the right by the line x = 4.
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@ Furthermore, because
0<y<2

you know that R is bounded below by the x-axis, as shown in Figure
5(a).

@ The value of this integral is

2 ? 2 % > 16
/ / dXdy:/ N dy:/ (4—y*)dy = [4y—] ==
0 Jy? 0 0 3] 3

@ To change the order of integration to dy dx, place a vertical rectangle
in the region, as shown in Figure 5(b).

@ From this you can see that the constant bounds 0 < x < 4 serve as
the outer limits of integration.

@ By solving for y in the equation x = y?, you can conclude that the
inner bounds are 0 < y < /x.
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@ So, the area of the region can also be represented by

4 rvx
/ / dy dx.
o Jo

@ By evaluating this integral, you can see that it has the same value as
the original integral.

R: 0<y<2 R: 0<x<4
51 y2<x<4 51 0<y<vx
, L x=y? (4,2) .1 y=vx (4,2)
1+ Ay\ L
x| f f—>x
I 2 3 4 | 2 Ax ; 4
/
-1 204 s 14+
Area = . Zd,v dy, Area ff d) dx
o

Figure 5: Comparing different orders of integration.
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Example 6 (An area represented by two iterated integrals)
Find the area of the region R that lies below the parabola

y = 4x — x> Parabola forms upper boundary

above the x-axis, and above the line

y = —3x+6. Line and x-axis form lower boundary

@ Begin by dividing R into the two subregions R; and R, shown below.

4x—x? 4 4x—x?
Area—/ / dydx—|—/ / dy dx
3x+6

:/l(x—x +3x—6 dx+/(4x—x)dx

732 3 2 374
—[X_X_ex] +[2X2_X}
1 3 2

8 7 1 64 8\ 15
=(1a-Z-12-24:= 2— — — =,
( : 2+3+6)+(3 : s+3) .
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@ The area of the region is 15/2 square units. Try checking this using
the procedure for finding the area between two curves, as presented in

Section 7.1. [ ]
’
Y y=-3x+6
\\
4 \\ : -
3L 1,3) !
\ R] ;
2 P Ry
Ax\ ]
7\
L [ \\ !
A x
1 2

T }
\ Ax____ 4
\ =~
2 rdx-a% M- 4 pdx—x2 T
Area :J f dydx, +f f dydx,
1J-3x+6 = 2Jo e

Figure 6: An area represented by two iterated integrals.
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Double integrals and volume of a solid region

@ You know that a definite integral over an interval uses a limit process

to assign measures to quantities such as area, volume, arc length, and
mass.

@ In this section, you will use a similar process to define the double
integral of a function of two variables over a region in the plane.

e Consider a continuous function f such that f(x,y) > 0 for all (x,y)
in a region R in the xy-plane. The goal is to find the volume of the
solid region lying between the surface given by

z="f(x,y) Surface lying above the xy-plane

and the xy-plane, as shown in Figure 7(a).
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Surface:

z2=f(x,y)

(a) Volume of the solid
region lying between the
surface given by

z = f(x,y) and the
xy-plane.

Surface:
z=f(x,y)

(b) The rectangles lying
within R form as inner
partition of R.

Figure 7: Volume of the solid region and rectangles.

@ You can begin by superimposing a rectangular grid over the region, as

shown in Figure 7(b).
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@ The rectangles lying entirely within R form an inner partition A,
whose norm||A|| is defined as the length of the longest diagonal of
the n rectangles. Next, choose a point (x;, y;) in each rectangle and
form the rectangular prism whose height is f(x;, y;), as shown in
Figure 8(a).

@ Because the area of the ith rectangle is

AA; Area of ith rectangle
it follows that the volume of the ith prism is
f(xi, yi)AA;. Volume of jth prism

@ You can approximate the volume of the solid region by the Riemann
sum of the volumes of all n prisms,

Z f(xi, yi)AA; Riemann sum
i=1

as shown in Figure 8(b).
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@ This approximation can be improved by tightening the mesh of the
grid to form smaller and smaller rectangles.

2

S )

(a) Rectangular prism

whose base has an area (b) Volume approximated
AA;, and whose height is by rectangular prisms.
f(xi, yi)-

Figure 8: Rectangular prism and volume approximated by rectangular prisms.
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Example 1 (Approximating the volume of a solid)

Approximate the volume of the solid lying between the paraboloid

1 1
f —1— = 2 -2
and the square region R given by 0 < x <1, 0 <y < 1. Use a partition

made up of squares whose sides have a length of %.

@ Begin by forming the specified partition of R.

@ For this partition, it is convenient to choose the centers of the
subregions as the points at which to evaluate f(x, y).

) | )

——

P e T
00| ~I00| U100| WO | =
00| 00| 00| FCo|
00| ~00| ~Joo| ~eo |~
N e e

00| ~00| U100| WO | =
00| (W00 | LIOO| WO | W

———
A~
~——

D e S S
———

e Y Y Y
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@ Because the area of each square is AA; = 1/16, you can approximate
the volume by the sum

16 16 1 1 1
f(xi, yi)AA; = 1—>x2—2y?| || ~0.672.
> ftaa =3 [1-37 37 |55

@ This approximation is shown graphically in Figure 9.
@ The exact volume of the solid is 2/3.

Surface:
e
fGy)=1 =g

a_ L

2 1.2

Figure 9: Volume approximated by rectangular prisms: f(x,y) =1 — %x -5y
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@ You can obtain a better approximation by using a finer partition. For
example, with a partition of squares with sides of length 1/10 the
approximation is 0.668. |

@ In Example 1, note that by using finer partitions, you obtain better
approximations of the volume. This observation suggests that you
could obtain the exact volume by taking a limit. That is,

n

Volume = lim f(xi, yi)AA;.
I|A—>0§ ( )

@ The precise meaning of this limit is that the limit is equal to L if for
every ¢ > 0 there exists a d > 0 such that

L= f(xi,yi)AA| <e

i=1

for all partitions A of the plane region R (that satisfy ||A]| < ) and
for all possible choices of x; and y; in the ith region.
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@ Using the limit of a Riemann sum to define volume is a special case of
using the limit to define a double integral.

@ The general case, however, does not require that the function be
positive or continuous.

Definition 14.2 (Double integral)

If f defined on a closed, bounded region R in the xy-plane, then the
double integral of f over R is given by

//R fy)dA= ||A|'||nlozf( B

provided the limit exists. If the limit exists, then f is integrable over R.
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@ Having defined a double integral, you will see that a definite integral
is occasionally referred to as a single integral.

@ Sufficient conditions for the double integral of f on the region R to
exist are that R can be written as a union of a finite number of
nonoverlapping subregions (see Figure 10) that are vertically or
horizontally simple and that f is continuous on the region R.

y

R=R,UR,

Figure 10: The regions are nonoverlapping if their intersection is a set that has an
area of 0. In this figure, the area of the line segment that is common to R; and
R2 is 0.
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@ A double integral can be used to find the volume of a solid region
that lies between the xy-plane and the surface given by z = f(x, y).

Volume of a solid region

f(x,y) > 0 for all (x,y) in R, then the volume of the solid region that
lies above R and below the graph of f defined as

If f is integrable over a plane region R and

V://R f(x,y)dA.

@ Double integrals share many properties of single integrals.
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Theorem 14.1 (Properties of double integrals)

Let f and g be continuous over a closed, bounded plane region R, and let
¢ be a constant.

Q@ [[pcf(x,y)dA=c [[,f(x,y)dA
Q@ [Jglf(x,y) £a(xy)]dA= [[pf(x,y)dA=£ [[rg(x,y)dA
foRf(x,y)dAZO, if f(x,y) >0
O [[pf(x.¥)dA> [[pg(x,y)dA, iff(x,y) > g(x,y)
f(

Q [[rf(x,y)dA= fle f(x,y)dA+ ffR2 f(x,y)dA, where R is the
union of two nonoverlapping subregions Ry and R».
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Evaluation of double integrals

@ Consider the solid region bounded by the plane
z =f(x,y) =2 — x — 2y and the three coordinate planes, as shown

in Figure 11.
0,0,2)
Plane:
Height: G=2=5=12p
2=2-x

1
x / Triangular 2
cross section

Figure 11: Volume: foz A(x) dx

@ Each vertical cross section taken parallel to the yz-plane is a
triangular region whose base has a length of y = (2 — x)/2 and whose
height is z =2 — x.
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@ This implies that for a fixed value of x, the area of the triangular
cross section is

—x —x)?
A(x) = %(base)(height) = % (2 5 > (2—x)= (24)

@ By the formula for the volume of a solid with known cross sections,
the volume of the solid is

b 2 2_ 2 2_ 3
Vqume:/ A(x)dx:/ dez _Q
a 0 4 12 0

@ This procedure works no matter how A(x) is obtained as below

z=2—-x—2y

_ _2—x
y=0¢ y==3

. o . _ 2—
Figure 12: Triangular cross section z = 2 — x — 2y where 0 < y < =5*.
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@ That is, you consider x to be constant, and integrate z =2 — x — 2y
from 0 to (2 — x)/2 to obtain

(2—x)°

@2 2(2—)/2
A= [ e-x—2ndy = [y -y = B

@ Combining these results, you have the iterated integral

2 (2-x)/2
Volume—// f(x,y)dA—/ / (2—x—2y)dydx.
R 0 JO

@ To understand this procedure better, it helps to imagine the
integration as two sweeping motions. For the inner integration, a
vertical line sweeps out the area of a cross section. For the outer
integration, the triangular cross section sweeps out the volume, as
shown in Figure 13.
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y
X

Figure 13: Integrate with respect to y to obtain the area of the cross section;
integrate with respect to x to obtain the volume of the cross section.
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Theorem 14.2 (Fubini's Theorem)

Let f be continuous on a plane region R.

© If R is defined by a < x < b and gi(x) < y < g»(x), where g1 and g»
are continuous on [a, b], then

b rex(x)
// f(x,y)dA:/ / f(x,y)dydx.
R a Jgi(x)

@ If R is defined by c <y < d and hi(y) < x < ha(y), where hy and hy
are continuous on |[c, d], then

d rha(y)
// f(x,y)dA:/ / f(x,y)dxdy.
R C hl(y)
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Example 2 (Evaluating a double integral as an iterated integral)

Evaluate [[, (1 — 3 x> — 3 y?) dA where R is the region given by
0<x<10<y<Ll

@ Because the region R is a square, it is both vertically and horizontally
simple, and you can use either order of integration.

@ Choose dy dx by placing a vertical representative rectangle in the
region, as shown below.

Ax 1

[ Jroman=[ [ swnariaw
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@ This produces the following.

Example 3 (Finding volume by a double integral)

Find the volume of the solid region bounded by the paraboloid
z =4 — x?> — 2y? and the xy-plane, as shown in Figure 15(a).

@ By letting z = 0, you can see that the base of the region in the
xy-plane is the ellipse x> + 2y? = 4, as shown in Figure 15(b).
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@ This plane region is both vertically and horizontally simple, so the
order dy dx is appropriate.

4 — x2 4 — x2
Variable bounds for y: — \/(27X) <y< ( 2X )

Constant bounds for x: —2<x<2

@ The volume is given by

V(@=x2)/2
/ / —x? =2y dydx See Figure 15(b)
(4- X2)/
2)/ v/ (4—x2)/2
:/ [(4—x2)y—] dx:/ (4 — x?)3/2 dx
2 3 |_Ja—ae 3v2 /-2
4 [m/? 64 /2
= — 16cos*6dh = —— (2 / cos* 6 df
3v2 —r/2 3\/5( ) 0
128 (37w
=—|—= ) =4v2nr. u
3v2 (16> V2
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z

Surface:

fOoy)=4-x2-2y?

Base: —2<x<2

—V@d=xH2<y</d-xD2

Volume

J» J» NCE2T

V@ -x2n

(4—x2—2y?)dyldx)

(b)
Figure 15: Finding volume by a double integral
Szu-Chi Chung (NSYSU)
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Example 4 (Comparing different orders of integration)

Find the volume of the solid region R bounded by the surface

f(x,y)=e = Surface

and the planes z =10, y =0, y = x, and x = 1, as shown in Figure 16.

@ The base of R in the xy-plane is bounded by the lines y =0, x =1,
and y = x. The two possible orders of integration are shown in next
slide. By setting up the corresponding iterated integrals, you can see
that the order dx dy requires the antiderivative [ e~* dx, which is
not an elementary function.

@ On the other hand, the order dy dx produces the integral

1ox 1 ax 1 ,
/ / e dydx:/ e y} dx:/ xe " dx
o Jo 0 0 0

1 .11 11 e—1
— e }0__2<e—1>_ S~ ~0316.
N

Szu-Chi Chung (NSYSU) Chapter 14 Multiple Integration June 1, 2022 41/129




Figure 16: Base is bounded by y =0, y = x, and x = 1.
)

y
R:0<x<1 R:0<y<l1
0<y<x y<x<l1
A an N an
Ay
(1,0) (l,b
¢ x x
Ax 1 1
e \
JJ e dydx,
0Jo Sk

11 2 IR}
J J e dxidy,
0Jy o
(a) dy dx
Szu-Chi Chung (NSYSU)
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Example 5 (Volume of a region bounded by

two surfaces)

Find the volume of the solid region R bounded above by the paraboloid

z=1—x?>— y? and below by the plane z =1 — y, as shown in Figure 18

e Equating z-values, you can determine that the intersection of the two
surfaces occurs on the right circular cylinder given by

2=y -y

N

2 2
l—-y=1—-x"—y =
Paraboloid: Plane:
z=1-x2-y? z=1-y
x l
R 0<y<1 i
—Vy=yrsx</y-y? :

4

t
1
2

Figure 18: Volume of a region bounded by two surfaces.
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@ Because the volume of R is the difference between the volume under
the paraboloid and the volume under the plane, you have

1 y—y?
Vqume:/ / 17X —y? )dxdy — / / y)dxdy
0 — yf
/1/ = ( 2 2)
= y —y°—x%)dxdy
0 J—y/y—y?

=/1 [(y—yz)x—q\/y_7 dy=;'/ol(y—y2)3/2dy

31 y—y?

-(3)(3) [n-@-vrea

/2 4 /2
_1 o 9 1/ cos* 6do
6 7r/2 6 0
1 p—
6 16 B
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Average value of a function

e For a function f in one variable, the average value of f on [a, b] is

1 b
b—a/a f(x)dx.

@ Given a function f in two variables, you can find the average value of
f over the region R as shown in the following definition.

Definition 14.3 (The average value of a function over a region)

If f is integrable over the plane region R, then the average value of f over

R is
i\//Rf(x,y)dA

where A is the area of R.
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Example 6 (Finding the average value of a function)

Find the average value of f(x,y)

= 5 xy over the region R, where R is a
rectangle with vertices (0,0), (4,0),

Ly
2
(4,3), and (0, 3).

@ The area of the rectangular region R is A = 12 (see Figure 19).

@ The average value is given by

i\//Rf(x,y)dA— // 5 xy dy dx
-5, 4xy]0dxz(112><i>/o4m

B
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=6

-5

4

fG,y)=3xy

Figure 19: The average value of f(x,y) = %xy.

=] F
Chapter 14 Multiple Integration June 1, 2022
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Double integrals in polar coordinates

@ The polar coordinates (r, ) of a point are related to the rectangular
coordinates (x,y) of the point as follows.

x=rcosf and y=rsind r>=x?>+y? and tanf = 7

X

Example 1 (Using polar coordinates to describe a region)

Use polar coordinates to describe each region shown in Figure 20.
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1

(b) Region R

(a) A quarter consists of all (c) Region R is a
circle with radius points between cardioid
2. concentric circles

of radii 1 and 3.
Figure 20: Using polar coordinates to describe a region.

a. The region R is a quarter circle of radius 2. It can be described in
polar coordinates as
R={(r,0):0<r<2 0<60<m7/2}.
b. The region R consists of all points between concentric circles of radii
1 and 3. It can be described in polar coordinates as
R={(r,0):1<r<3,0<6<2r}.
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c. The region R is a cardioid with a = b = 3. It can be described in

polar coordinates as

R={(r,0):0<r<3+3sinf, 0<6<2r}.

@ The regions in Example 1 are special cases of polar sectors

R={(r,0) :n<r<mn, 61 <0<0}

as shown in Figure 21(a).

(a) Polar sector
R={(r,0):n<
r<n, 1<0<
0},

Szu-Chi Chung (NSYSU)

(b) Polar grid
superimposed over
region R.

Chapter 14 Multiple Integration

Polar sector

(c¢) The polar
sector R; is the
set of all points
(r,0) such that
n<r<nrand
07 <6< 6,.
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@ To define a double integral of a continuous function z = f(x,y) in
polar coordinates, consider a region R bounded by the graphs of
r=g1(0) and r = g>(#) and the lines = « and 6 = 3.

@ Instead of partitioning R into small rectangles, use a partition of small
polar sectors. On R, superimpose a polar grid made of rays and
circular arcs, as shown in Figure 21(b).

@ The polar sectors R; lying entirely within R form an inner polar
partition A, whose norm ||Al| is the length of the longest diagonal of
the n polar sectors.

o Consider a specific polar sector R;, as shown in Figure 21(c).
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@ It can be shown that the area of R; is

AD;
AA; = ( > ) (nrg —mrf)

_n —;— n (r2 — n)A0; = r:ArA0; Area of R;

where r; = 258 Ar; = r, — p and A; = 6, — 61. This implies that
the volume of the solid of height f(r; cos8;, r;sin6;) above R; is

approximately
f(ricost;, risin0;)riAr; Ab;

and you have
// f(x,y)dA = Z f(ricosB;,risin0;)riAriAb;.
R i=1

@ The sum on the right can be interpreted as a Riemann sum for
f(rcosf,rsinf)r.
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@ The region R corresponds to a horizontally simple region S in the
rf-plane, as shown in Figure 22.

N R

(r; 6)

Figure 22: S = {(r,0) | g1(8) < r < g(0), a <6 < S}

@ The polar sectors R; correspond to rectangles S;, and the area AA; of
5,‘ is Ar;AH,-.
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@ So, the right-hand side of the equation corresponds to the double

integral
// f(rcos, rsin@)rdA.
S

@ From this, you can write

//Rf(x,y)dA://Sf(rcose,rsine)rdA

B re0)
—/ / f(rcos@,rsin@)rdrdd.
(6% g1(9)

@ This suggests the following Theorem 14.3.
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Theorem 14.3 (Change of variables to polar form)

Let R be a plane region consisting of all points (x,y) = (rcos @, rsin8)
satisfying the conditions 0 < g1(0) < r < g»(6), a < 6 < 3, where
0<(B8—a)<2nm. Ifg and g» are continuous on [c, B8] and f is
continuous on R, then

B re0)
// f(x,y)dA:/ / f(rcos@,rsin@)rdrdd.
R a Jgi(0)

The region R is restricted to two basic types,

// x,y)dA = / / f(rcos@,rsin@)rdrdf r-simple region
&1(0)

ha(r)
// f(x,y)dA = / / f(rcos,rsin@)rdfdr 6-simple region
hi(r)
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S

Fixed bounds for 6:

0=B  a<o<p
K Variable bounds for r: T~ hy
0<g,(0)<r<g,0)

(S}

Variable bounds for 6:
0< l1](r) <0< l12(r)
Fixed bounds for r:
riSrsr,

2 h
i
\

= ,.;,.2 0
(a) r-simple region. (b) #-simple region.

Figure 23: r-simple region and 6-simple region.

Example 2 (Evaluating a double polar integral)

Let R be the annular region lying between the two circles x2 + y? = 1 and
x? + y? = 5. Evaluate the integral [[,(x*+ y)dA.
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|
T

Figure 24: r-simple region, R: 1 <r < V5, 0< 0 < 2r.

@ The polar boundaries are 1 < r < /5 and 0 < 6 < 27 as shown
Figure 24.

n
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o Furthermore, x2 = (rcos#)? and y = rsinf. So, you have

2r /5
//(x2+y)dA:/ / (r?cos? @ + rsin)rdrdf
R o J1
2r V5
/ / (r¥cos? 0 + r?sinf)drdf
o J1
4

om T, .3 V5
— cos?’f + — sinf do

2m -1
<6 cos? 0 + 5\/53 sin 9) do

2w _
<3+3cos20—|— 5\/531 sin9> dé

27
3sin2f 5v5 —1 cosd
2 3 .

. [ |

o— o

Il
S~

30 +

(@)}
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Example 3 (Change of variables to polar coordinates)

Use polar coordinates to find the volume of the solid region bounded
above by the hemisphere

z=14/16 —x2 — y2 Hemisphere forms upper surface

and below by the circular region R given by

x>+ y? <4 Circular region forms lower surface

Surface: z=+/16—x2—y?
ok

4

A R:x2+y*<4

Figure 25: Change of variables to polar coordinates.
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@ In Figure 25, you can see that R has the bounds

—VA—-y?<x<VA-y? 2<y<2

and that 0 < z < /16 — x2 — y2.
@ In polar coordinates, the bounds are

0<r<?2 and 0<0<27w
with height z = /16 — x2 — y2 = /16 — r2.

o Consequently, the volume V is given by

27
// (x,y)dA = / / V16 — r2rdrdf

dé
0

(16 — )3/2

1
3
1
3
1671'
3
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Example 4 (Finding areas of polar regions)

Use a double integral to find the area enclosed by the graph of
r = 3 cos 36.

@ Let R be one petal of the curve shown in Figure 26.
@ This region is r-simple, and the boundaries are as follows.

—%SQS% and 0<r <3cos30

@ So, the area of one petal is

w/6  ,3cos30
fA // dA = / / rdrdf
w/6J0

2 3 cos 30 9 7/6
:/ ] do = / cos® 30 d¢
—7r/6 0 2 —7/6
7r/6 1 7T/6
:9/ (1+cos69)d9:9[0+sin60] :31.
4 ) e 4 6 6 4
@ So, the total area is A= 97 /4. [ |
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r=3cos 36 R: —

Figure 26: Find area of the polar region: rose curve with three petals.

Example 5 (Changing the order of integration)

Find the area of the region bounded above by the spiral r = 7/(36) and
below by the polar axis, between r =1 and r = 2.
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[SIE]

Figure 27: #-simple region.

@ The region is shown above. The polar boundaries for the region are
1<r<2 and 0§9§1.

3r

@ So, the area of the region can be evaluated as follows.

2 rm/(3r) 2 7/(3r) 2 5
A:// rdedrz/ o dr:/ Tar=""=T
1 0 1 0 1

3 31 3
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@ lIterated integrals and area in the plane

© Double integrals and volume

© Change of variables: Polar coordinates

@ Surface area

e Triple integrals and applications

@ Triple integrals in cylindrical and spherical coordinates

@ Change of variables: Jacobians
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Surface area

@ You know about the solid region lying between a surface and a closed
and bounded region R in the xy-plane, as shown in Figure 28(a).

[Surface: | Surface:

2=f(x,y) ’ z=f(x,y)

4 k
/ ,\ y x
x X
Region R in xy-plane

(a) (b) (c)
Figure 28: Region R in xy plane with surface: z = f(x, y).

@ For example, you know how to find the extrema of f on R.
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@ In this section, you will learn how to find the upper surface area of
the solid. To begin, consider a surface S given by

z="1(x,y) Surface defined over a region R

defined over a region R.
@ Assume that R is closed and bounded and that f has continuous first
partial derivatives.

@ To find the surface area, construct an inner partition of R consisting
of n rectangles, where the area of the jth rectangle R; is
AA; = Ax;Ay;, as shown in Figure 28(b).

@ In each R; let (x;, y;) be the point that is closest to the origin. At the
point (x;, yi, zi) = (X, ¥i, f(xi, yi)) on the surface S, construct a
tangent plane T;.
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@ The area of the portion of the tangent plane that lies directly above
R; is approximately equal to the area of the surface lying directly
above R;.

@ Thatis, AT; ~ AS;. So, the surface area of S is given by

i AS,' ~ i A T;.
i=1 i=1

@ To find the area of the parallelogram AT;, note that its sides are
given by the vectors

u= AX,' i+ fX(X,',y,')AX,' k and v= Ay,-j + fy(x,-,y,')Ay,' k.
@ The area of AT; is given by ||u X v||, where
i j k
uxyv= AX,' 0 f‘;((X,',y,')AX,'
0 Ay f,(xi,yi)Ay;
= —f(xi, yi) AxiAy;i — f,(xi, i) Axi Dy j + AxiAyi k
= (—f(xi,yi)i = f,(xi, yi)j + k) AA;.
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@ So, the area of AT; is [ju x v|| = \/[fx(x,-,y,-)]2 + [f,(xi, vi)]? + 1 AA; and

Surface area of S &~ ZAS,- R~ Z \/l + [B(xi i) + [ (i yi)] DA,
i=1

i=1

Definition 14.4 (Surface area)

If f and its partial derivatives are continuous on the closed region R in the

xy-plane, then the area of the surface S given by z = f(x, y) over R is
defined as

Surface area = //R ds = //R \/1 + [F0, )P+ [ (x, ¥)) dA.
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@ As an aid to remembering the double integral for surface area, it is
helpful to note its similarity to the integral for arc length.

Length on x-axis: fab dx
Arc length in xy-plane: fab ds = fab V14 [f(x)]?dx
Area in xy-plane: [Jr dA

Surface area in space:  [[ dS = [[5 /1 + [L(x,¥)]2+ [ (x,y)]? dA

Example 1 (The surface area of a plane region)

Find the surface area of the portion of the plane
z=2—Xx—y

that lies above the circle x> + y? < 1 in the first quadrant, as shown in
Figure 29.
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Plane:

z=2-x-y 1
23

/ ey

X
R:x2+y%<1

Figure 29: Plane: z=2 - x —y and R: x> +y? < 1.

@ Because f(x,y) =2—x—y, fi(x,y) = —1 and f,(x,y) = —1, the
surface area is given by

5= [ Y1+ P+ [ x P as
//\/1+(1 (—1)2dA = //\fdA \f//dA
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o Note that the last integral is simply v/3 times the area of the region
R.

@ R is a quarter circle of radius 1, with an area of %77(12) or /4.

@ So, the area of S is

_V3r

S = /3 (area of R):\/§<E> 2

4

Example 2 (Finding surface area)
Find the area of the portion of the surface
fx,y)=1—x*+y

that lies above the triangular region with vertices (1,0,0), (0, —1,0), and
(0,1,0), as shown in Figure 30(a).
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Surface:
fey)=1-x+y

2+ 0,1,2)
.

i
-1 |
; -1 y=x-1
1 y

Figure 30: Finding surface area.

@ Because f(x,y) = —2x and f,(x,y) = 1, you have

5://R \/1+[fx(x,y)]2+[fy(x,y)]2dA://R\/mcm.
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@ In Figure 30(b), you can see that the bounds for R are 0 < x < 1 and
x—1<y <1-—x. So, the integral becomes

1 1-x 1 1—x
5:/ / \/2+4x2dydx:/ y 2+4x2} dx
0 x—1 0

x—1

_/01 {(1_X)\/m_(x—1)\/2+4x2} dx
:/1 (2@—2X\/2+4x2) dx
0

1
9 4 4x2)3/2
V21 A2 4 In(2x + V2 1 ax) - 2EA)T

6
0
1
:\@+|n(2+\f6)—\@—ln\fz+§ﬁz1.618. |
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Example 3 (Change of variables to polar coordinate)

Find the surface area of the paraboloid z = 1 + x? + y? that lies above the
unit circle, as shown in Figure 31.

Paraboloid:
z=1+x2+y?

X

Figure 31: Surface area of the paraboloid z = 1 + x? + y2.
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e Because f,(x,y) = 2x and f,(x,y) = 2y, you have
5_// \/1+[fX(XaY)]2+[fy(X7Y)]2dA—// V1T hE T4y dA
R R

@ You can convert to polar coordinates by letting x = rcosf and
y = rsinf. Then, because the region R is bounded by 0 < r <1 and
0 <6 < 2m, you have

27 1
5:/ / \V14+4r2rdrdf
o Jo

27r1 1 2 -1
:/ L 14422 d9:/ V51 4
o 12 . 0
T r(5v5-1
6

12
V-1, _mBVSTY g .

12
0
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Example 4 (Change of variables to polar coordinate)
Find the surface area of the portion of the hemisphere
f(x,y) =125 —x2 — y?

that lies above the region R bounded by the circle x% + y? < 9, as shown
in Figure 32.

Hemisphere:

J0,y)=v25-x2—y?

Figure 32: Surface area of the portion of a hemisphere.
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@ The first partial derivatives of f are

—X _y

R e R ALY ey

and, from the formula for surface area, you have

4S = /14 [flx ) + [f, (x. y)? dA

2 2
SN R (P S [y (S — RV
(\/25—X2—y2> <\/25—x2—y2>
Zéd/\.

V25 — x2 — y2

@ So, the surface area is

s= [ s a
R /25— x2 —y?
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@ You can convert to polar coordinates by letting x = rcos# and
y = rsinf. Then, because the region R is bounded by 0 < r < 3 and
0 < 0 < 27, you obtain

21 3 5
5:/ / 2 drde
o Jo V25— r2
27
=5 —v/25 —r?

3 2
do = 5/ dé = 107. [ |
0 0 0
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Triple integrals

@ The procedure used to define a triple integral follows that used for
double integrals.

@ Consider a function f of three variables that is continuous over a
bounded solid region Q. Then, encompass @ with a network of boxes
and form the inner partition consisting of all boxes lying entirely
within @, as shown in Figure 33.

(b) Volume of
(a) Solid region Q. R~ AV,

Figure 33: Volume of solid region Q ~ >_7_ | AV,.
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@ The volume of the ith box is
AV = Ax;Ay;Az;. Volume of ith box

@ The norm||A|| of the partition is the length of the longest diagonal of
the n boxes in the partition.

@ Choose a point (xj, ¥i, z;) in each box and form the Riemann sum
n
> f(xiyi, zi)AV;.
i=1

e Taking the limit as ||A]| — 0 leads to the following definition.
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Definition 14.5 (Triple integral)

If f is continuous over a bounded solid region @, then the triple integral of
f over @ is defined as

fX? 7Z le) I7ZI
///Q boy,z)dV HA\HOZ Y

provided the limit exists. The volume of the solid region @ is given by

Volume of Q = /// dVv.
Q

Some of the properties of double integrals can be restated in terms of
triple integrals.
1. fffo cf(x,y,z)dV = Cfffo f(x,y,z)dV
2. [[folf(x.y,2) £ g(x,y,2)]dV =
ffof(Xv)/vZ)dV:l:ffog(X’y? )d\/
3. ffof(vaﬂZ)dvszle f(X7y7 dV+ffo Xy7 dV
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Theorem 14.4 (Evaluation by iterated integrals)

Let f be continuous on a solid region Q defined by
a<x<b, h(x)<y<h(x), glxy)<z<gxy)

where hy, hy, g1, and g» are continuous functions. Then,

b prha(x) reg(x.y)
/// f(x,y,z)dV—/ / / f(x,y,z)dzdydx.
Q a Jh(x) Ja(xy)

Example 1 (Evaluating a triple iterated integral)

Evaluate the triple iterated integral

[ et e
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@ For the first integration, hold x and y constant and integrate with
respect to z.

2 prx px+
/// X(y+2z)dzdydx—// yz+z)
0o Jo Jo

// X(x% 4 3xy +2y?)dy dx

@ For the second integration, hold x constant and integrate with
respect to y.

x+y
dy dx

2 X 2 2
[ [ s oo
o Jo 0 0
2
:E x3eX dx
6 Jo

o Finally, integrate with respect to x.

19 [2 19 2 2
5 x3edx = KeX(x3—3x2+6x—6) =19 <e3 +1> ~ 65.797 B
0

0
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@ To find the limits for a particular order of integration, it is generally
advisable first to determine the innermost limits, which may be
functions of the outer two variables.

@ Then, by projecting the solid @ onto the coordinate plane of the
outer two variables, you can determine their limits of integration by
the methods used for double integrals.

@ For instance, to evaluate

///Q f(x,y,7)dzdy dx

first determine the limits for z, and then the integral has the form

// [/ y)y) dz] dy dx.

@ By projecting the solid Q onto the xy-plane, you can determine the
limits for x and y as you did for double integrals, as shown in
Figure 34.
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2=8,(x,y)

z=g,(xy) .

Projection onto xy-plane

Figure 34: Solid region @ lies between z = gi(x, y) and z = g»(x, y).

Example 2 (Using a triple integral to find volume)

Find the volume of the ellipsoid given by 4x? + 4y? + z? = 16.

@ Because x, y, and z play similar roles in the equation, the order of
integration is probably immaterial, and you can arbitrarily choose
dzdy dx.

@ Moreover, you can simplify the calculation by considering only the
portion of the ellipsoid lying in the first octant, as shown in
Figure 35(a).
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@ From the order dz dy dx, you first determine the bounds for z.

0<z<2y/4—x2—y2

@ In Figure 35(b), you can see that the boundaries for x and y are
0<x<2and0<y<+v4— x2 sothe volume of the ellipsoid is

2 oVESXE p2\[4—x2y?
V:// dV:8// / dzdy dx
Q 0

VIS 24/4—x2—y?
=/

Va?
—16/ V(4 —x2) — y2dy dx
o Jo

2 A—x2
=8 4—x2—y2+ (4 2s'n_1< 4 ﬂ d
[ i =rre-aat ()] @

8/2 [0+ (4 —x?)sin (1) —0—0] dx

2 312
641
:8/ 4 — x? il dx—47r{4xx} = —.
0( )<2) 31, 3
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Ellipsoid: 4x? + 4y? + 2= 16

Figure 35: Using a triple integral to find volume.

Example 3 (Changing the order of integration)

V7T/2 pA/T/2 3
/ / / sin(y?) dz dy dx.
0 X 1

Evaluate

= — Tyt
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@ Note that after one integration in the given order, you would
encounter the integral 2fsin(y2)dy, which is not an elementary
function.

@ To avoid this problem, change the order of integration to dzdxdy, so
that y is the outer variable.

@ From Figure 36, you can see that the solid region Q is given by

0<x< g xgys\/z, 1<z<3

and the projection of @ in the xy-plane yields the bounds

Oﬁyg\/z, and 0<x<y.
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@ So, evaluating the triple integral using the order dz dx dy produces

/Om/oy/lasin(yz)dzdxdy: /Om/oyzsin(ﬁ)
2/0m/0ysin(y2)dxdy
2/Omxsin(y2)y

\7/2
= 2/ ysin(y®)dy
0
vy, m

3
dxdy
1

dy
0

~ — cos(y?)
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y=x

Figure 36: Changing the order of integration.

- 5 Ha
Szu-Chi Chung (NSYSU) Chapter 14 Multiple Integration June 1, 2022 94 /129



Example 4 (Determining the limits of integration)

Set up a triple integral for the volume of each solid region.
a.

. The upper hemisphere given by z = /1 — x2 — y2.

. The region bounded below by the paraboloid z = x? + y? and above

The region in the first octant bounded above by the cylinder
z=1—y? and lying between the vertical planes x + y = 1 and
x+y=3.

by the sphere x? 4 y? 4+ z2 = 6.

v

In Figure 37(a), note that the solid is bounded below by the xy-plane
(z = 0) and above by the cylinder z = 1 — y2. So,

0<z<1~- y2. Bounds for z

Projecting the region onto the xy-plane produces a parallelogram.
Because two sides of the parallelogram are parallel to the x-axis, you
have the following bounds:

l1-y<x<3-—-y and 0<y<1.
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So, the volume of the region is given by

1 p3—y ,l—y?
:/// dV:/ / / dzdxdy.
Q 0 Ji—-y Jo

. For the upper hemisphere given by z = /1 — x2 — y2, you have

0<z< V1 —x2—y2 Bounds for z

In Figure 37(b), note that the projection of the hemisphere onto the
xy-plane is the circle given by x?> 4+ y? = 1, and you can use either
order dxdy or dy dx. Choosing the first produces

—/1—-y2<x<y1-y2 and —-1<y<1

which implies that the volume of the region is given by

v=[ff - /“” /“1 ey,

Szu-Chi Chung (NSYSU) Chapter 14 Multiple Integration June 1, 2022 96 /129




. For the region bounded below by the paraboloid z = x? + y? and
above by the sphere x? 4 y? + z?> = 6, you have

X2+ y?<z<\6—x2—y2 Bounds for z

The sphere and the paraboloid intersect at z = 2. Moreover, you can
see in Figure 37(c) that the projection of the solid region onto the
xy-plane is the circle given by x? + y2 = 2. Using the order dy dx
produces

—V2-x2<y<V2-x2 and —V2<x<V2

which implies that the volume of the region is given by

///dv / / /jy dz dy dx.
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z Hemisphere:

z=v/1-x2-y

Q:0<z<1-)2

Sphere:
1-ysx<3-y
0<y<1

P +y2+22=6
Paraboloid
z=x2+y?
Circular base:
x24y2=1
Q:0<z</1-x2—y
-Vi-y*<x<Vi-y?
—1<y<1

0: %
Figure 37: Determining the limits of integration.
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Triple integrals in cylindrical coordinates

@ The rectangular conversion equations for cylindrical coordinates are
x = rcosf y =rsinf z =7z

@ In this coordinate system, the simplest solid region is a cylindrical
block determined by

n<r<n, 01<0<t zn<z<2n
as shown in Figure 38.

Cylindrical coordinates:
T2y ey?

¥
tan 0= %

Rectangular
coordinates:
x=rcosf
y=rsin@

*x,y.2)
PY (r, 6,2)
I

. Y — 6=0
Figure 38: Volume of cylindrical block: AV; = r;Ar,A0;Az;.
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To obtain the cylindrical coordinate form of a triple integral, suppose
that Q is a solid region whose projection R onto the xy-plane can be
described in polar coordinates.

That is,

Q={(x,y,2): (x,y)isin R, hi(x,y) <z < hy(x,y)}

and
R={(r, 0):01 <0 <0, gi(0) <r<g(b)}

If fis a continuous function on the solid @, you can write the triple
integral of f over Q as

J[[ frarav= [ Ml”f; Xy,z)dZ] i

where the double integral over R is evaluated in polar coordinates.
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@ That is, R is a plane region that is either r-simple or 8-simple. If R is
r-simple, the iterated form of the triple integral in cylindrical form is
triple integral in cylindrical coordinates

///Qf(x,y,z)dv

0> rg2(0) rho(rcosf,rsinb)
:/ / / f(rcosf,rsinf,z)rdzdrdb.
0 g h

1(0) 1(r cos,rsin 6)

@ To visualize a particular order of integration, it helps to view the
iterated integral in terms of three sweeping motions—each adding
another dimension to the solid.

@ For instance, in the order
drdfdz

the first integration occurs in the r-direction as a point sweeps out a
ray.

@ Then, as @ increases, the line sweeps out a sector. Finally, as z
increases, the sector sweeps out a solid wedge, as shown in Figure 39.
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T =z
=2 6=3
0=0 0=0
(a) Integrate with respect (b) Integrate with respect
tor. to 6.

_z
0‘2
=0

(c) Integrate with respect
to z.

Figure 39: Triple integrals in cylindrical coordinates.
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Example 1 (Finding volume in cylindrical coordinates)

Find the volume of the solid region @ cut from the sphere
x? 4 y? 4 z% = 4 by the cylinder r = 25sin#, as shown in Figure 40.

Sphere:
x2+y2+z2=4

Cylinder:
r=2sin 60

Figure 40: Sphere: x? 4+ y? + z? = 4 and cylinder: r = 2sin 6.
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@ Because x? + y? + 22 = r? + z? = 4, the bounds on z are

—V4-—r2<z<\V4-r2

@ Let R be the circular projection of the solid onto the rf-plane.
@ Then the bounds on R are 0 < r <2sinff and 0 < 0 < 7. So, the
volume of @ is

Va=r2

2sin®  p\E—r2 7/2 p2sin
/ / / rdzdrd9—2/ / / rdzdrdf
Va—r2 Va—r2

w/2 ,2sinf
:2/ 2rv4 —r2drdé
0 0

x/2 5 2sin 6@ 4 x/2
:2/ —Z(4—r?)%2 dezf/ (8 — 8cos® ) do
0 3 3Jo

32 7!‘/2
=3 [1— (cos®)(1 —sin®0)] do
0
32 sin®0]™? 16
el —4) =~ 9.644. u
3 [0 sinf + 3 L 9(377 4)~ 9.6
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Triple integrals in spherical coordinates

@ The rectangular conversion equations for spherical coordinates are

X = psin¢cosf y = psin¢sind Z = pcoso.

@ In this coordinate system, the simplest region is a spherical block

determined by

{(p,0,0) :p1<p=<p2, 01 <0<, ¢1 << o}
where p1 >0, 02 — 01 <27, and 0 < ¢1 < ¢ < 7, as below.

r=psin g=+/x2 +y?
% pl sinq)lAGI

Ap{\”‘j pAGN
ot

Spherical coordinates
Figure 41: Spherical block: AV; ~ p,? sin p; Api A AD;.
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e If (p,0,¢) is a point in the interior of such a block, then the volume
of the block can be approximated by

AV =~ p?sin pApASAG.

e The volume of this spherical block can be determined as follows. One

side is length Ap.
o Another side is pA¢. Finally, the third side is given by the length of an
arc of angle A6 in a circle of radius psin¢. Thus:

AV ~ (Ap)(pAd)(psin pA0) = p? sin dApAGAS. |

@ Using the usual process involving an inner partition, summation, and
a limit, you can develop the following version of a triple integral in
spherical coordinates for a continuous function f defined on the solid
region Q. triple integral in spherical coordinates

/// f(x,y,z)dV

Q
b2 o2 rp2

= / / / f(psin ¢ cosh, psin ¢sinf, pcos ¢)p? sinpdpde db
01 1 Y1
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@ Triple integrals in spherical coordinates are evaluated with iterated
integrals. You can visualize a particular order of integration by
viewing the iterated integral in terms of three sweeping
motions—each adding another dimension to the solid.

o For instance, the iterated integral

2r  pmw/4 3
/ / / p?singdpdedb
0 0 0

is illustrated in Figure 42.

Cone: N Sphere:

(@) p v.aries fromgO (b) ¢ varies from
to 3 with ¢ and 0 to 7/4 with 6

held constant. held constant.

Figure 42: Cone: x4 y? = 2z and sphere: x> +y2+22=9, p=3.
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Example 2 (Finding volume in spherical coordinates)

Find the volume of the solid region Q bounded below by the upper nappe
of the cone z? = x% + y? and above by the sphere x?> + y? 4+ 22 =9, as

shown in Figure 43.

Upper nappe
of cone:
22=x2+y?

Sphere:
x2+y2+22=9

Figure 43: Cone: x> 4 y? = z? and sphere: x> +y2 + 2> =9, p =3.
y y
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@ In spherical coordinates, the equation of the sphere is
P=x*4+y’+72°=9 — p=3.

@ Furthermore, the sphere and cone intersect when

(x2+y2)+z2:(22)+z2:9 — z=

Sl e

and, because z = pcos ¢, it follows that

() () oer — o3

@ Consequently, you can use the integration order dp d¢ df, where
0<p<30<¢<7/4 and 0 <O <27. The volume is

/// V= /277/#/4/ p’singdpdedd
o [on]

B 27 \[ B B
_9/0 (1—2>d0_9( —V/2) ~ 16.563. ]
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Jacobians

@ For the single integral

/a ’ F(x) dx

you can change variables by letting x = g(u), so that dx = g’(u) du,
and obtain

/ " Fx)dx = / " Fle()e (v du

where a = g(c) and b = g(d).
@ The change of variables process introduces an additional factor g’(u)
into the integrand. This also occurs in the case of double integrals

Ox dy  0dy 0Ox
f A= f h =7 _
//R (x,y)d //S (g(u,v), h(u, v)) ou v ou v dudv
Jacobian

where the change of variables x = g(u, v) and y = h(u, v) introduces
a factor called the Jacobian of x and y with respect to v and v.
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@ In defining the Jacobian, it is convenient to use the following
determinant notation.

Definition 14.6 (Jacobian)

If x=g(u,v) and y = h(u, v), then the Jacobian of x and y with respect
to v and v, denoted by d(x, y)/0(u,v), is

Ax.y) _|g gv|_ 9x 9y _ 9y ox
Nu,v) |3 F| Oudv  Oudv

Example 1 (The Jacobian for rectangular-to-polar conversion)

Find the Jacobian for the change of variables defined by

x=rcosf) and y =rsind.
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@ From the definition of the Jacobian, you obtain
a—g cosf) —rsind
a—g sind  rcosf

=rcos’O+rsin’0=r. A

@ Example 1 points out that the change of variables from rectangular to
polar coordinates for a double integral can be written as

// f(x,y)dA:// f(rcos@,rsinf)rdrdf
R S

://S f(rcose,rsine)‘g(();:g” drdo

where S is the region in the rf-plane that corresponds to the region
R in the xy-plane, as shown in Figure 44.

Szu-Chi Chung (NSYSU) Chapter 14 Multiple Integration June 1, 2022 115 /129



@ In general, a change of variables is given by a one-to-one
transformation T from a region S in the uv-plane to a region R in

the xy-plane, to be given by
T(u,v) = (x,y) = (g(u,v), h(u,v))

where g and h have continuous first partial derivatives in the region S.

o Note that the point (u, v) lies in S and the point (x,y) lies in R.

()
! T(r, 8) = (r cos 6, rsin 6) A
. 0=p
r=a S r=b
ot 6=0
a b ! -
(a) rb-plane (b) xy-plane

Figure 44: S is the region in the rf-plane that corresponds to the region R in the
xy-plane where a <0 < B and a <r < b.
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Example 2 (Finding a change of variables to simplify a region)
Let R be the region bounded by the lines
x—2y=0, x—2y=—-4 x+4+y=4 and x+y=1

as shown in Figure 45. Find a transformation T from a region S to R such
that S is a rectangular region (with sides parallel to the u- or v-axis).

Figure 45: Region R in the xy-plane.
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@ To begin, let u = x + y and v = x — 2y. Solving this system of
equations for x and y produces T (u,v) = (x,y), where

1 1
X = §(2u+ v) and y= g(u— V).

@ The four boundaries for R in the xy-plane give rise to the following
bounds for S in the uv-plane

Bounds in the xy-plane Bounds in the uv-plane
x+y=1 == u=1

xX+y=4 - u=4

x—2y =0 == v=20

x—2y =—4 - v=—4

@ The region S is shown in Figure 46. Note that the transformation
2 1 1 1
M) =) = |1 3] |1] = (Ge+ . 5la-v1)
maps the vertices of the region S onto the vertices of the region R.
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@ For instance,

T(170)—<:1)>[2(1)+0], ) ( )
6.0 = (e +0.36-0) - (3.5)
T(4,—4)—(§[2(4)—41,[4—— )=(32)
-0 = (Gew-agn-ca) = (-35).
0 " “iﬂ,?) | o,
(RO

Figure 46: Region S in the uv-plane.
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Change of variables for double integrals

Theorem 14.5 (Change of variables for double integrals)

Let R be a vertically or horizontally simple region in the xy-plane, and let
S be a vertically or horizontally simple region in the uv-plane. Let T from
S to R be given by T(u,v) = (x,y) = (g(u, v), h(u, v)), where g and h
have continuous first partial derivatives. Assume that T is one-to-one
except possibly on the boundary of S. If f is continuous on R, and
9(x,y)/0(u, v) is nonzero on S, then

//fxy)dxdy //f uv)huv)‘

’dudv
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Consider the case in which S is a rectangular region in the uv-plane
with vertices (u,v), (u+ Au,v), (u+ Au,v+ Av), and (u, v + Av),
as shown in Figure 47(a). The images of these vertices in the
xy-plane are shown in Figure 47(b).

Q P

A
(u, v+ Av) (u+ Au, v+ Av) M=(x.y) N

x = g(u, v)
s v =h(u, v)

(b) The vertices in
. the xy-plane are

M(g(u, v), h(u,v)),

(u, v) (u+ Au, v)

(a) Area of N(g(u+
S = AulAv, Au > 0, Au,v), h(u+ Au,v)),
Av > 0. P(g(u+ Au,v +

Av), h(u+ Au,v +
Av)), and Q(g(u, v+
Av), h(u, v + Av)).

Figure 47: Change of variables for double integrals.
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o If Au and Av are small, the continuity of g and h implies that R is
approximately a parallelogram determined by the vectors MN and
MQ. So, the area of R is

AA ~ H/\TNXW;)H

@ Moreover, for small Au and Av, the partial derivatives of g and h
with respect to v can be approximated by

_ glu+Au,v)—g(u,v) _ h(u+Au,v) — h(u,v)
gu(u,v) = N and  h,(u,v) = AL .

o Consequently,

MN = [g(u + Du,v) — g(u, V)]i + [A(u + Du,v) — h(u, v)]j
Ox (’97)/

~ g, VAU + [hy(u, v)Ad]j = S Aui+

Auj.
u ou “

@ Similarly, you can approximate m by %Avi + %Avj, which
implies that

. i T Y
MN x MG ~ |2 Au Gedu 0= |3 Gyl Audvk
XAy LAV 0 lov Ov

ov
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o It follows that, in Jacobian notation,
o [ ] =

@ Because this approximation improves as Au and Av approach 0, the
limiting case can be written as

Aulv.

dAmmemHm‘a( y) dudv.
d(u,v)

// (x,y) dxdy = // (g(u,v), h uv))’ggu)

Views of linear transformation (Taylor Theorem):
Ax| |g(u+Au)—g(u)| _ % Au
Ay| — |h(v+Av)—h(v)| "~ 5 Av
i
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Example 3 (Using a change of variables to simplify a region)
Let R be the region bounded by the lines

x—2y=0, x—2y=—-4 x+y=4 and x+y=1

as shown in below. Evaluate the double integral

// 3xy dA.
R

M <+ 2 u=1 u=4
x wo - ' !
- R v=0 (1.0) 0
X, 3+ Nwe” T u
S, 0 -1 53
X W -1
< R L
7 < ot s
; el - 3T
B ol v=4| -
- N o) TR
B s ‘

Figure 48: Using a change of variables to simplify a region bounded by
x—2y=0,x—2y=—-4, x+y=4and x+y =1
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@ You can use the following change of variables.

x:%(2u+v) and y:%(u—v), m:[

@ The partial derivatives of x and y are

ox 2 ox 1

Ou 3 v 3 Ou 3 v 3

which implies that the Jacobian is

ox  Ox 2 1
3(&)’)_? vl = |3 §1__g_1__1
- y y| — |1 _1|— -
8(“7 V) du Ov 3 3 9 9 3
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@ So, by Theorem 14.5, you obtain

//3wdA // {2u+v(u—@”§?vg
/ / (2u? — uv — v¥) dvdu
202y HKE V3} du
2 3],
64
3

8u® + 8u — } du

5/ |
1 4
-5/ |
83 , 641"

il NV S ) e
9[ 3 T 3’41 9
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Example 4 (Using a change of variables to simplify an integrand)

Let R be the region bounded by the square with vertices (0, 1), (1,2),
(2,1), and (1,0). Evaluate the integral

//R(x + y)?sin?(x — y) dA.

@ Note that the sides of R lie on the linesx+y =1, x—y =1,
x+y =3, and x — y = —1, as shown in Figure 49(a).

y

~ A 4

3 N
2 3*

+

u=1 u=3

% (1, 1) (3, 1)

N2t (1,2) A 1 VIl
4 S
0,14 {2 } u
// ©, 1)\;1-\ 1 2 3
t K v=
3. 0=

A

RN 13, -1)

1,00,
L% NN

-1 s,
- : (b) Region S in the

(2) Region R in the uv-plane.

xy-plane.

Figure 49: Using a change of variables to simplify an integrand.
Szu-Chi Chung (NSYSU) Chapter 14 Multiple Integration June 1, 2022 127 /129



@ Letting u = x4+ y and v = x — y, you can determine the bounds for
region S in the uv-plane to be

1<u<3 and —-1<v<l1

as shown in Figure 49(b).

@ Solving for x and y in terms of u and v produces

A e AT

@ The partial derivatives of x and y are

ox 1 ox_1 oy 1 0y 1

u_ 2 ov 2 oau 2 M oy 2
which implies that the Jacobian is

Oey) |% %4 4|1 11

ou,v) |5 13 31 4 4 2
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@ By Theorem 14.5, it follows that

//R(X-l-y)zsin2(x—y)dA:/_11/13u2sin2v(;) dudy

Il
= N
.
—
—~
v,
S
N
<
SN—
w| S,

I
w
—
wu,
=}
N
<
o,
<

|
[2 - %sin 24 ;sin(—2)]

ol olh ol ol v

(2 — sin2) = 2.363. m
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