CHAPTER |

Double Integrals over
Rectanqular Regions

fixme change intro to reflect shorter chapter In this chapter, we extend this powerful idea
into higher dimensions using the tools of multiple integration. While single integration
enables us to calculate the area under a curve or the volume under a surface, multiple
integration allows us to calculate volumes in three dimensions, and even hypervolumes
in higher dimensions.

We start by discussing double integration, which allows us to find the volume under a
surface in three dimensions. This method involves slicing the solid into infinitesimally
small columns, and summing the volumes of these columns.

Next, we'll cover triple integration, a tool that lets us find the volume of more complicated
solids in three-dimensional space. The idea is similar to double integration.

To properly implement these techniques, we’ll also discuss the different coordinate sys-
tems that can be used in multiple integration, such as rectangular, cylindrical, and spher-
ical coordinates, and when it’s advantageous to use one system over another.

By the end of this chapter, you will have a deeper understanding of the techniques of mul-
tiple integration and how to apply them to find the volumes of various types of solids. The
methods we study here will serve as a foundation for many topics in higher mathematics
and physics, including electromagnetism, fluid dynamics, and quantum mechanics.

1.1 Double Integrals

Double integrals extend single-variable integration to functions of two variables, allowing
us to calculate quantities like area, volume, and mass over a two-dimensional region. By
integrating a function across a specified domain in the xy-plane, they help analyze how a
quantity changes in both dimensions. Common in physics, engineering, and economics,
double integrals involve setting up limits for the region and performing two successive
integrations, often tailored to the region’s geometry. We begin by discussing double in-
tegrals over rectangular regions, then extending that discussion to regions of any general
shape. Finally, we discuss applications of double integrals.
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1.1.1 Over Rectangular Regions

Suppose there is some function, z = f(x,y), that is defined over the rectangular region,
R, defined by R = [a,b] x [c,d] = {(x,y)la < x < b,c <y < d}, and f is such that f > 0
for all (x,y) € R. Then the graph of f is a surface that lies above the rectangular region,
R (see figure 1.1).

Figure 1.1: The graph of f over the region R

Let us call the solid that fills the space between the xy-plane and the surface z = f(x,y)
S. Formally, this is written as

S =1{(xy,2) e R0 <z < f(x,y), (x,y) € R}

How can we find the volume of the solid, S? We will apply what we learned about Rie-
mann sums and definite integrals in two dimensions to this three dimensional problem.

First, we divide R into rectangular subregions. We do this by dividing the interval [a, b]
into m subintervals with width Ax = (b — a)/m and the interval [c, d] into # subintervals
with width Ay = (d — c¢)/n. Drawing lines through these divisions parallel to the x- and
y-axes, we create a field of subrectangles, each with area AA = AxAy (see figure 1.2).
Each subrectangle is defined by:

Ry = [xi—1, %] % [Yj—1, Y5 = {(x, y)Ixi1 <x <xi,y501 <y <yj)

Since f(x,y) in continuous over the R, there is some point, (ij,yfj), equal to the average
value of f(x,y) over the subrectangle. Then we can approximate the volume between the
xy-plane and z = f(x,y) over the subrectangle as a column with base area AA and height
f(x§j, yi;) (seefigure 1.3) and the volume of the column is given by:

Vi' = f(X%, UZ)AA
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Figure 1.2: The region, R, on the xy-plane divided into subrectangles

f(X{‘j»y?,- )

Figure 1.3: A single column with base AA and height f(x;, yi;)
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And therefore the approximate volume of the solid, S, that lies between the region, R, and
z = f(x,y) is the sum of all the columns over i and j:

n
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And just like with the area under a curve, we get the true volume by taking the limit as
n — oo, which becomes a double integral:

Volume of a Solid over a Region

n o on
VS:nangoZZf 1)’yU AA JJRf(X)y) dA

i=1 j=1

1.2 Iterated Integrals

To be able to evaluate the double integral as outlined above, we must first discuss iterated
integrals. Iterated integrals happen when you evaluate two single integrals, one inside
the other. Consider some function, g(x,y). We could integrate that function from x = q
to x = r thusly:

Jrg(%y)dx

q

Notice that we are integrating with respect to x, so y terms will be treated as constants
(recall partial differentiation: this is the opposite process). Let’s call the result of this first
integral A(y):

Aly) =J g(x,y) dx
q

We can then integrate the resulting function, A(y), fromy =stoy =t:

Lt Aly)dy = E U; g9(x,y) dX] dy

This is called an iterated integral. When evaluating iterated integrals, we work from the
inside out. You can also write it without the brackets:

r Jrg(x,y)dxdy

s Jq

Example: evaluate the iterated integral fg f]z xy? dy dx.
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Solution: We can re-write this to more explicitly show the inner and outer integrals:

[ o

As you can see, the inner integral is with respect to y. Let’s isolate and evaluate the inner
integral:
) ) 1 ,]0
J‘ﬂJdUZXJ!JdU:X[3U}
1 1 y=1

We were able to move x outside the integral because when we are integrating with respect
to a specific variable (in this case, y), other variables are treated as constants. Now we

can substitute j]z xytdy = 73—" into the iterated integral:

[[[es] o= [5] o

T T, o1 79 2
_[ZXL_O_GP_O}_e_

Exercise 1 Order of Evaluating Iterated Integrals

Show that fg j]z xy? dy dx = Lz fé’ xy? dx dy.

Working Space

L Answeron Page9
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Exercise 2 Evaluating Iterated Integrals

Working Space
Evaluate the following iterated integrals. ‘

1. f(]) ﬁ (x+eY) dxdy
2. f3_3 fg/z (2y 4+ y* cosx) dx dy

3. f(s) fg/ % 2sin3 0 d6 dt

\— Answer on Page 9 4

1.3 Fubini's Theorem for Double Integrals

Fubini’s theorem states that for a function, f, that is continuous over the rectangular region,
R, the double integral of f over the region R = {(x,y)la < x < b,c <y < d}is equal to the
iterated integral of f with respect to x and y. This is expressed mathematically below:
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Fubini’s Theorem

If f is continuous on the rectangle R = {(x,y)a < x < b,c <y < d}, then

”R fx,y) dA = J: Ld f(x,y) dy dx = Jd Jb f(x,y) dx dy

c Ja

Exercise 3 Applying Fubini’'s Theorem

. ) ) Working Space
Rewrite the following double integrals

as iterated integrals.
2
L g 3255 dA R = {(qy)l0 < x <
1,-3<y<3}

2. [y 3% dA, R = {(8,1))0 < 0 <

\— Answer on Page 10 4
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Exercise 4

Evaluate the double integral.

2
L JJraq dA R ={(xy)|0 < x <

2 [y 5% dA, R ={(8,1)[0<0 <

n/3, 0<t< 1}

3. [fgxsin(x+y)dA, R = [0,71/6] x
[0, 7t/3]

'— Working Space —‘

\— Answer on Page 10 4

This is a draft chapter from the Kontinua Project. Please see our website (https://kontinua.

org/) for more details.
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APPENDIX A

Answers to Exercises

Answer to Exercise ?? (on page 5)

We have already shown that fg ﬁ xy?dy dx = 4. We will evaluate ﬁ fg xy? dx dy and
see if we get the same result.

3 3 1 x=3
J xyz dx = yZJ xdx = yz [xz]
0 0 N
2 2
Yo
) [3 0 } -2
Substituting this back into the iterated integral:

2 03 2 0,2 2
9y 9
Jnyzdxdy:J > dyzzj yzdy
1Jo 1 1

3 21
=;8-1=7
Answer to Exercise 2 (on page 6)
1. Answer: 3—1. Solution: fo f] x+eY) dxdy = fo (332 +xe V) X2 (2—%—1—26_9—6_9) d
fo(G+e ‘-*) ay=[y-e )= (G0 - ) - (%(0) e°> =% %

2. Answer: 18. Solution: f fﬂ/ 2 (2y +y*cosx) dxdy = ji [2xy —|—y Zsinx]}_j 2y =

P23y ) — 0 +0)] dy = [ (my +?) dy = [F* + 11370, = (3(9) + 5(27)) -
(Z(9) + 3(=27)) =9—(-9) =18

3. Answer: 6. Solution: fo 2 126in3 0 dO dt = (fg t2 dt) X <J"7T/ Zsin3 0 d6> = [%tﬂi‘; X

( g/ sin 0 sin? Gde) 9f”/2s1n9( cosze) d9:9[ g/zsmede fn/zsmecoszede} =
9[( <05 0) |o- 71/z-l-(3c0539) o= n/z] = 9[—(—cos0) + (—3cos’0)] = 2(1—13) =
9(3) =6
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Answer to Exercise 3 (on page 7)

103 1 xy?
L[, 3x2+1 dy dx ORI N X’;‘i] dx dy

2. [5" [535=% atad OR [g [/ 3 g at

Answer to Exercise 4 (on page 8)

2 203 xy? 2
1. HR%dA,R ={,y)l0<x <2,-3<y<3t= [l Fydydx = [ F5dx-
ji3 y~ dy. To evaluate the integral with respect to x, we use the u-substitution u =
1, bdx = jdws iy dxe [hytdy = [5G 0Edus [5y7 dy = 3l
P2, =122+ 1) —In (02+1)] . [33—(—3)3} =1In5-1(27—(-27)) =

2 [fe P25 dA R ={8,1)]0 < 8 < m/3,0 <t < }_ [N 4n0 grdo =

{ /3 tan 0 de] [ 2 \/117 dt} Recall that & arcsint = \/7 Applying FTC, then
{ /3 tan @ de] { G

\/L } = { 7T/Stanede} . [arcsmt]t 2,/2 = [ ﬂ/3tan9d9}

[arcsm% —aresin0] = [ /3 tan 0 de} 2] = % fg/ 3sin8 49, To evaluate this final

cos 6

integral we use the u-substitution u = cos 0 and —du = sin0d0: F fg/ 3sin0 49 —

cos 0
—Z g (7;/3 Lau ”lnule —3 =z % [In (cos 9)]9 =n/3 _ Z [In(cos0) —In (cos )] =

g[lrﬂ In 5 } zglnj— 7‘1r12

3. [[gxsin(x+y)dA, R = [0,7/6] x [0,71/3] = g/G g/3xsin (x +y) dy dx. Recall the
sum formula for sine:

sin (x +y) = sinx cosy + cosxsiny

We can substitute this into our iterated integral:

n/6 /3 n/6 /3
J J xsin (x +y) dy dx = J J x [sinx cosy + cos x siny] dy dx

0 0 0 0
Jn/é
0

Let us designate fg/ 3 xsinx cosy dy as integral A and || g/ 3 X cos x siny dy as integral
B. First, we will evaluate integral A:

0

/3 /3
J xsinxcosy dy—i—J xcosxsinydy| dx
0

/3 /3
J xsinxcosy dy :xsinxJ cosydy
0 0
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. . T .
= xsinx [smy] =xsinx |sin 3 — sin 0

. (ﬁ) xv3
=XSsmx 7 TSII’IX

Next we evaluate integral B:

/3 /3
J xcosxsiny dy :xcost siny dy
0 0

=X Ccosx [— cosy]gj/3 = X COSX [— cosg — (—cos O)}
1 X
= XCOSX [—2 — (—1)] =3 COS X

Substituting back in for integrals A and B:

/6 | rmt/3 /3 /6 3
J U xsinxcosy dy—i—J X cosxsiny dy] dx:J [X\Zf sinx—i-;cosx] dx
0 0 0 0

1 /6
xsinxdx—kzj x cosx dx
0

2

\/?: Jﬂ/G

0

Again, we will designate fg/ ®xsinx dx as integral C and fg/ ®x cosx dx as integral
D. We start by using integration by parts to evaluate integral C:
Let u = x and dv = sinxdx. Then v = —cosx and du = dx and therefore:

/6 x=11/6 /6
J xsinx dx = [x (—cosx)], _, —J (—cosx) dx
0 0

= [E (— cos E)] — [0 (—cos0)] + sinx[}_g /e

6 6
S £—O+ in" —sin0 = 1—7“6—6_7“/?;
~ 76 2 L R b I )

Next, we will use integration by parts to evaluate integral D. Let u = x and dv =
cosxdx. Then du = dx and v = sinx and therefore:

/6 /6 /6
J xcosx dx = [xsmx]X g J sinx dx
0 0

[T in™ _ 0sin0] — (— /e _ T 1 m_
—[6sm6 Osm()] (—cosx) [, c 2—|—c056 cos 0
_n+£_]_7r+6\f—12

120 2 N 12

Substituting back in for integrals C and D:

2 ), 2 B 12 2 12

0 2

_6V3-3n+mn+6V3—12 6V3-6-—m
B 24 B 12
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