Chapter 14 Multiple Integration

Szu-Chi Chung
Department of Applied Mathematics, National Sun Yat-sen University

May 19, 2025

Szu-Chi Chung (NSYSU) Chapter 14 Multiple Integration May 19, 2025

1/132



Table of Contents

© Iterated integrals and area in the plane

© Double integrals and volume

© Change of variables: Polar coordinates

@ Surface area

© Triple integrals and applications

@ Triple integrals in cylindrical and spherical coordinates

@ Change of variables: Jacobians

Szu-Chi Chung (NSYSU) Chapter 14 Multiple Integration May 19, 2025

2/132



Table of Contents

@ lIterated integrals and area in the plane

Szu-Chi Chung (NSYSU) Chapter 14 Multiple Integration May 19, 2025 3/132



@ We can also integrate functions of several variables, for instance
considering f(x,y) = 2xy:

f(Xuy) _/fX(X7y)dX

:/2xydx
:y/2xdx

=x%y + C(y)

@ The constant of integration " C(y)"

is a function of y! We can only
recover f(x,y) partially.

@ For now, we will focus on extending definite integrals to functions of
several variables.
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lterated integrals

(1) ha(y) ¢ (x,y)dx = f(x,y) "
hi(y) 4 - y (1)
f(h2(y),y) — f(hi(y),y) With respect to x

£2(x)
(@) J58 fey)ay = Fly) |7 =
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 2 (The integral of an integral)

Evaluate

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

@ 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!
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@ 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.

S N————

'
1
'
1
1
!
t
1

Figure 1: The region of integration for flz [ f(x,y)dy dx.
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Area of a plane region

e Consider the plane region (vertically simple) R bounded by
a<x<band gi(x) <y < g(x), as shown in Figure 2(a).
. Region is bounded by
Region is bounded by c<y<dand

a<x<band hy(y) Sx<hy(y)
y §<y<g,W )

} Ay

h h

2,

1
d (hy e
Area = f f " dxudy,
c h‘(\) ok

(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

/ [g2(x (x)] dx. Area of R

@ Using the Fundamental Theorem of Calculus, you can rewrite the
integrand g»(x) — g1(x) as a definite integral. If you consider x to be
fixed and let y vary from gi(x) to g2(x), we have

82(x)
/ dy =y
a1(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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@ 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 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) = cos x

between x = 7/4 and x = 57 /4.
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Snld [sinx -,
Area = J’ dydx,

/4 Jcosx

Figure 3: Area of R = fSﬂM fsmx dy dx.

w/4 Jcosx
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Example 5 (Comparing different orders of integration)

Sketch the region whose area is represented by the integral

2 4
/ / dxdy.
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.

Szu-Chi Chung (NSYSU) Chapter 14 Multiple Integration May 19, 2025 15 /132



R: 0<y<2 R: 0<x<4
N y2<x<4 .l 0<y<vx
.1 x=y? (4,2) .1 y=vx (4,2)
. Ay 14+
t t t } x } } t f x
1 2 3 4 1 2 Ax 3 4
-1+ o -1+ 4 «ﬂ\,
Area=fjﬁdx\g'.yy Area=ff dy dx)
0Jy? oJo ]

Figure 4. 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

2

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
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3+(1,3)

% \ ~ x
4x -2 4\ X2

Area f J d\vd)\, J’ f d\tdx,
3x+6

Figure 5: 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 measures quantities such as area, volume and arc length.

@ 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.

o 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 6(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 6: Volume of the solid region and rectangles.

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

shown in Figure 6(b).
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@ The rectangles within R form an inner partition A, whose norm||Al| 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 7(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 ith 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 7(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 7: 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
(x,¥) 5 X =5y
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 %.

@ For this partition, it is convenient to choose the centers of the
subregions as the points at which to evaluate f(x, 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 8.
@ The exact volume of the solid is 2/3.

Surface:
e
fGy)=1 =g

a_ L

2 1.2

Figure 8: Volume approximated by rectangular prisms: f(x,y) =1 — %x -5y
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@ 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,

Volume = lim f(x;, yi)AA;.
IIAﬁOZ; b3 i)

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

<e€

n
L= f(x,y)AA
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 £ defined on a closed, bounded region R in the xy-plane, then the
double integral of f over R is given by

fX, dA = lim fX,', ;AA,’
//R( VA= fim S F(x)

i=1

provided the limit exists. If the limit exists, then f is integrable over R.

Szu-Chi Chung (NSYSU) Chapter 14 Multiple Integration May 19, 2025 27 /132



@ 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 9) that are vertically or
horizontally simple and that f is continuous on the region R.

y

R=R,UR,

Figure 9: 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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’ not closed
-~ bounded

upper plane

2

closed
bounded

closed
not bounded

arbitrary
set with-boundaries

Figure 10: source: https://math.stackexchange.com/questions/1190640/what-is-
the-difference-between-closed-and-bounded-in-terms-of-domains

Szu-Chi Chung (NSYSU) Chapter 14 Multiple Integration May 19, 2025 29/132



@ 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:  If f is integrable over a plane region R and
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

V= //R F(x,y) dA.

Szu-Chi Chung (NSYSU) Chapter 14 Multiple Integration May 19, 2025 30/132



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.

Qo fchf(x,y)dA:cffRf(x,y)dA
@ [[lf(x,y) £g(x,y)|dA= [[zf(x,y)dA=£ [[rg(x,y)dA
foRf(X,y)dAZO, if f(x,y) >0
O [[rf(x,¥)dA> [[pe(x,y)dA, iff(x,y) > g(x,y)
f(

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

Q IfR=a,b] x[c,d] and f(x,y) = g(x) h(y) for continuous g on
[a, b] and h on [c,d], then

//Rf(x,y)dA = </abg(x)dx></cdh(y)dy>,
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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
below:

0,0,2)
Plane:
Height: 2=2=x=2%
z=2-x

0,1,0)

1
x / Triangular 2
cross section

@ 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

A(x) = %(base)(height) - % <2 - X) (2—x) = (2_4X)

@ 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
Volume = / A(x)dx = / 7( x) dx = —7( X)
a 0 4 12

0
@ This procedure works no matter how A(x) is obtained as below!

z=2-x-2y

Figure 11: 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 12.
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y
X

Figure 12: 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)

Szu-Chi Chung (NSYSU) Chapter 14 Multiple Integration May 19, 2025 36 /132



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
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Example 3 (Finding volume by a double integral)

Find the volume of the solid region bounded by the paraboloid
z =14 — x> — 2y? and the xy-plane, as shown in Figure 13(a).
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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 13(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

Szu-Chi Chung (NSYSU) Chapter 14 Multiple Integration May 19, 2025 39/132



o Note that to evaluate the integral
2
/ (4 — x2)3/2 dx,
-2

set x = 2sinf. Because x € [—2,2], the parameter 6 ranges over
[—%, 5]. With this choice

2y 2
dx = 2cosf db, 4 — x?> = 4cos® 0,
so that
(4 - x2)3/2 dx = (4 cos? 9)3/2(2 cosf df) = 16 cos* § d.
Consequently,
2 3/2 /2
/ (4—x2)% dx:/ 16 cos* ¢ do),
-2 —7/2

which is precisely the form used in the third line of the computation.
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/2 w/2
:/ cos40d9:/ (cos29)2d9
0 0

w/2 2 w/2
:/ (1“20529> do = 1/ (14—2c0529+cos2 26)d6
0 0

1 (72 1 46
:/ <1+2c0529++c05> do
4 Jo 2

1 [™2 /3 cos 460
= — 42 20 do
4/0 (2* s >

w/2
/ (3 + 4 cos26 + cos46)df
0

| =

é[30+25|n29+4sm40} /2:1(3.g) :?ﬁ
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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 13: Finding volume by a double integral
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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 14.
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Figure 14: 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 16.

Paraboloid: z Plane:
z=1-x2—y? z=l-y

Figure 16: 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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@ Set 2y — 1 =sinf. Then

1+sind cosf
y 5 ) y 5 )

and the limits y = 0 — 1 correspond to § = —7 — 7. Because
2 .2 2 213/2 3
1—(2y —1)* =1—sin®0 = cos* 0, [1—(2y —1)°]7" = cos® 0,

we have

4
[1-(2y = 1)) dy = cos*¢ (co259 d@) == % a0,

Hence
/2 cost

4 1 1
1— (2y — 1)213/2 _/
R v=5/ %

which is precisely the form used in the next step of the calculation.

de,
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Double integrals in polar coordinates

@ The polar coordinates (r, ) of a point can be converted as.

x=rcos and y=rsind r>=x>+y? and tang = 7
X

Example 1 (Using polar coordinates to describe a region)

Use polar coordinates to describe each region

(a) A quarter circle
with radius 2.
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(SRS
IS

4.3 34
4] -1

(b) Region R consists
of all points between
concentric circles of
radii 1 and 3.

(c) Region R is a
cardioid
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@ The regions in Example 1 are special cases of polar sectors
R={(r,0) :n<r<mn, 6 <0<6} Polar sector

as shown in Figure 19(a).

(c) The polar
sector R; is the

(a) Polar sector

R={(r,0):n< (b) Polar grid set of all points

r<m, 0 <0< sup-erlmposed over (r,0) such that

92?. - region R. n<r<nrand
01 <6< 6s.

Figure 19: Polar sector.
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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»(0) and the lines 6 = o 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 19(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. Now, consider a specific polar sector R;, as shown
in Figure 19(c).
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@ It can be shown that the area of R; is

AD;
AA; = < o > (7rr22 - 7rr12)

= 2 —; n (r2 — rl)AQ,- = r,-Ar,-AG,- Area of R,'
where r; = % Ar,=r —r and Af; = 60, — 0.
@ This implies that the volume of the solid of height f(r; cosé;, risin6;)
above R; is approximately

f(ricos®;,risin0;)r;Ar;A0;

and you have

/ / f(x,y)dA~ > f(rjcos;, risin 0;)riAr:AG;.
R 1

=
@ The sum on the right can be interpreted as a Riemann sum for
f(rcosf,rsin)r.
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@ The region R corresponds to a horizontally simple region S in the
r@-plane, as shown in Figure 20.

N R

(r; 6)

Figure 20: 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, rsinf)rdA.
s

@ From this, you can write

//Rf(x,y)dA://Sf(rcose,rsinﬁ)rdA

B re0)
:/ / f(rcos@,rsin@)rdrdo.
a Jg
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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 [a, ] and f is
continuous on R, then

B re(0)
// f(x,y)dA:/ / f(rcos@,rsin@)rdrdf.
R a Jgi(6)

@ The region R is restricted to two basic types,

B ref)
// f(x,y)dA:/ / f(rcosf,rsin@)rdrdf r-simple region
&

h2(f)
// x,y)dA = / / f(rcos@,rsinf)rdfddr 6O-simple region
hi(r)
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[S1E]
£

Fixed bounds for 6: 2

Variable bounds for 6:
0=B  o4<o<p

0<h(r)<SO<hy(r)
Fixed bounds for r:
rySrsr,

Variable bounds for r:
0<g,(0)<r<g,0)

=)

r= P'I "=l'2
(a) r-simple region. (b) B-simple region.

Figure 21: r-simple region and 6-simple region.
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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.

Figure 22: r-simple region, R: 1 < r < V5, 0< 0 <2r.
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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 with 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 23: Change of variables to polar coordinates.
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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 30.

Szu-Chi Chung (NSYSU) Chapter 14 Multiple Integration May 19, 2025 62 /132



x
2 T
r=3cos 36 Ri—5<0s¢
0

Figure 24: Find area of the polar region: rose curve with three petals.
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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

«O>» «F>r «=»r «=>» E A



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 25(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 25: 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="f(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 ith
rectangle R; is AA; = Ax;Ay;, as shown in Figure 25(b).

@ In each R; let (x;,y;) be the point that is closest to the origin. At the
point (x;, i, zi) = (xi, ¥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=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 |ju x v||, where
i j k
uxyv= AX,' 0 fX(X,',y,')AX,'
0 Ay f,(xi,yi)Ayi
= —f(xi, yi) AxiAyi i — £,(x;, i) AxiAy; j + Ax;Ayi k
= (_fx(Xi;yi) i— fy(Xivyi)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 14.3 (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: JJr dA

Surface area in space:  [[, dS = [[o /1 + [K(x,y)]? + [f,(x,y)]? dA
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Example 1 (The surface area of a plane region)

Find the surface area of the portion of the plane

z=2—x—-Yy
that lies above the circle x> + y? < 1 in the first quadrant, as shown in
Figure 26.
Plane: Z
z2=2-x-y “
2
L
}/ .
! R:x®+y2<1

Figure 26: Plane: z=2 —x —y and R: x>+ y?> < 1.
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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 27(a).

Surface:
fey)=1-x+y

2T 0,1,2)
.

: } x
] 1 2
- | )J/
; ¥ y=x-i
1 y

Figure 27: Finding surface area.
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@ In Figure 27(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)V244x2 — (x = 1)V/2 + 4x2} dx
:/1 (2v25 8¢ - 2/2 7 82) dx
0

1
213/2
XV/2 4 4x2 + In(vV2x + /1 + 2x2) — (2+4X)]

6
0
:\@+|n(ﬁ+ﬁ)—%—lnﬁ+%\/§z1.618. |
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Note

/\/2+4x2dx:\fz/\/1+2x2dx

Szu-Chi Chung (NSYSU)

tanf sec? 6

x= dx= do
V2 V2 / sec3 0 do

= 1secOtanf + LIn|sect +tanf| + C

—& (\/1+2X2—|—\fx)

2
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/sec39d9: /sec@ sec’ 0 do

=sec 0, dv=sec? 0 df
(u=secd), dv=sec ) sec9tan9—/tan@-sec@tan&dﬂ

=secfHtanl — /sec0 tan® 6 do

=secftanf — /sec@(sec29 —1)do

—sec&tan@—/sec39d9+/sec6d0

= 2/sec39d9 = secOtanf + In|sech +tanf| + C

/sec39d9:;sec0t3n9+éln\sec@—i—tan@]—i—C.
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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 28.

Paraboloid:
z=1+x2+y?

X

Figure 28: Surface area of the paraboloid z = 1 + x? + y2.
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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 29.

Hemisphere:

J0,y)=v25-x2—y?

Figure 29: Surface area of the portion of a hemisphere.
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Table of Contents

e Triple integrals and applications
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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 30.

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

Figure 30: 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. Now, choose a point (x;, yj, z;) in each
box and form the Riemann sum

> F(xi, i zi)AV;.
i=1

e Taking the limit as ||A]| — 0 leads to the following definition.
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Definition 14.4 (Triple integral)

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

n

/// floy,2)dV= lim S fxi, i z)AV;
Q a0 &

1

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

Volume of Q@ = /// dv.
Q
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1. ffocf(X,y,z)dV:Cffof(X,y,z)dV
2. ffo[f(X,y7Z):Eg(X,y,Z)]dV:
Iqflxy,2)dV + [[[o8(x,y,2)dV

3. fffof(x,y,z)dV:ffolf(X,y, dV-f—ffo (x,y,z)dV

Theorem 14.4 (Evaluation by iterated integrals)

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

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

b rha(x)  reaxy)
// f(x,y,z)dV:/ / / f(x,y,z)dzdydx.
Q a Jhi(x) Jai(xy)
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Example 1 (Evaluating a triple iterated integral)

Evaluate the triple iterated integral

/ / / X(y + 2z) dzdy dx.

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

/OZ/OX/OX X(y—l—2z)dzdydx—// X(yz—i—z)

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

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

2 rx 2 2 3
2
//ex(x2+3xy+2y2)dydx:/ eX<x2y+3X2y+y>
o Jo 0 3

19 2
-5/

X

dx
0

x3e* dx
o Finally, integrate with respect to x.

19 (2 19
xPe¥dx = — e(x® — 3x® + 6x — 6)

2 e2
— =19 —+1)~65797 A
6 Jo 6 ( +>

0 3
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/ x3e* dx

Szu-Chi Chung

:X3ex _

/ 3x%eX dx

= x3eX — 3<xzex — /2x e* dx)

= x3eX —

:X36X—

— eX(X3

(NSYSU)

3x%eX + 6(xex — / e~ dx)

3x%eX + 6xe* — 6e* + C

—3x>+6x —6) + C.

Chapter 14 Multiple Integration

(u

X3, dv = e¥dx)
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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,z)dzdy dx

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

// [/ yj) dz] dy dx.
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@ By projecting the solid @ onto the xy-plane, you can determine the
limits for x and y as you did for double integrals, as shown in
Figure 31.

Projection onto xy-plane

Figure 31: Solid region Q lies between z = g1(x,y) and z = ga(x, y).
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Example 2 (Using a triple integral to find volume)

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

@ From the order dz dy dx, you first determine the bounds for z.

0<z<2/4—x2—y2

@ In Figure 32(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 VEE p24/a—x2—y?
V:/// dV:8// / dzdydx
Q o Jo 0

YoM
0 Jo 0

2 AR
:16/ / V(4 —x2) — y2dy dx
o Jo

dy dx
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2 y VA—x2
=38 4—x2—y2 4 (4—x)sin? ()] dx
/O [y y2+( ) T2,

8/ [0+ (4 —x?)sin"*(1) — 0 — 0] dx

X3:| 2 6ar
0

- 4- d—4 ax - =21 n
8/( x? X 7T|:X 3 3
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2 AR
I:16// V(4 —x2) — y? dy dx
0 Jo
2. VA
:16/ [/ VA2 dyL\ dx  (A=4-x%)
0 0 =

4—x2

Set y = \/Asinf so dy = v/Acos# db:

VA /2 A /2
/ \/A—y2dy:A/ cos29d9:§/ (14 cos26)db
0 0 0
A /2 A i
_ 1 ey -]
_5[9+§S|n29}0 =3 A—y2+§sm (\}’Z)O
=VA
/—16/ [g\/ 24+ Ssin” (%ﬂy AA a2 dx
2 VE=XZ
_ 2 2 ~ 2\ ein~!
_8/0 [y 4—x2—y24 (4—x")sin ( ﬁy—ﬁ)}o dx.
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x2+yr=4
1+

Ellipsoid: 4x% +4y? + 22 = 16

Figure 32: Using a triple integral to find volume.
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Example 3 (Changing the order of integration)

Evaluate

/Omfxm/l3sin(y2)dzdydx.
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y=x

Figure 33: Changing the order of integration.
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Example 4 (Determining the limits of integration)

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

a. 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=23.

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

c. The region bounded below by the paraboloid z = x? + y? and above
by the sphere x? + y? 4 z2 = 6.
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z

Hemisphere:

z=v/1-x2-y

Q:0<z<1-)2

Sphere:

P +y2+22=6
Paraboloid:
Circular base:

x24y2=1
I —yexeioy 0:0<:5V/1-x2—y
0<y<t1 ~Vi1-y?<xsV1-y?
—1<y<1

z=x2+y?

0: %
Figure 34: Determining the limits of integration.

Chapter 14 Multiple Integration

=

May 19, 2025

DA
101 /132



Table of Contents

@ Triple integrals in cylindrical and spherical coordinates
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Triple integrals in cylindrical coordinates

@ The rectangular conversion equations for cylindrical coordinates are
x = rcosf y =rsinf z=2z.

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

n<r<n, 01<0<t zn<z<2n

Cylindrical coordinates:
2 2oyl
Rectangular y
coordinates: = ¥
x=rcosf

v ¥ 6=0

Figure 35: 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 f is 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 f-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

[ g2(0) ha(r cos@,rsin )
:/ / / f(rcos@,rsin,z)rdzdrdé.
(% 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.
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@ Then, as @ increases, the line sweeps out a sector. Finally, as z
increases, the sector sweeps out a solid wedge, as shown in Figure 36.

/g 13
=3 9;5
0=0 6=0
(a) Integrate with respect (b) Integrate with respect
tor. to 6.

0=0

(c) Integrate with respect
to z.

Figure 36: 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 37.

Sphere:
x2+yr+z2=4

Cylinder:
r=2sin6

Figure 37: Sphere: x? 4 y? 4+ z? = 4 and cylinder: r = 2sin 6.
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Triple integrals in spherical coordinates

@ The rectangular conversion equations for spherical coordinates are

x = psin ¢ cosf y = psingsind Z = pcoso.

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

{(p,0,0) :p1 <p<p2, 01 <0<, 1 <¢<¢}

where p1 >0, 0, — 61 <27, and 0 < @1 < ¢po <, as below.

r=psing=vx>+y?
% p; .sinc,‘al A9,

APA

;" v.Aa:

Spherical coordinates x

Figure 38: Spherical block: AV, = p,? sin ¢; Ap; Ap;A6;.
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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 determined as follows:

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

AV = (Ap)(pAd)(psin pA0) = p? sin pApAGAS.
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@ 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 @. triple integral in spherical coordinates

///Q flx,y,7)dV

0> ré2 pp2
:/ / / f(psin ¢ cosh, psin ¢sin b, pcos ¢)p? sin pdpde db
01 1 Jp1

@ 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.
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@ For instance, the iterated integral

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

is illustrated in Figure 39.

(a) p varies from 0
to 3 with ¢ and @ 0 to /4 with 6 écz

(b) ¢ varies from 0 varies from

0 27.
held constant. held constant.

Figure 39: Cone: x4 y? = z? 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? + 22 =9, as
shown in Figure 40.

Upper nappe
of cone:
2=x24y2

Sphere:
x2+y2+22=9

Figure 40: Cone: x4+ y? = z? and sphere: x> +y2 +22=9, p=3.
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@ Change of variables: Jacobians
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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

/ " Fx)dx = /  Fe())g () 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 _ oy o
//R f(X7y)dA—//5 Fglu,v), hu )\ 50 5y ~ u v | 444
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 14.5 (Jacobian)

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

O(x.y) _|g g - 9xdy 0y ox
ou,v) |3 | Oudv Oudv
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Example 1 (The Jacobian for rectangular-to-polar conversion)

Find the Jacobian for the change of variables defined by

x=rcosf and y=rsinf.
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@ 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(rcosf, rsin@)rdrdd
R S

= //s f(rcosf,rsinf) ‘g(():g))

where S is the region in the rf-plane that corresponds to the region
R in the xy-plane, as shown in Figure 41.

drdé

P y
I T(r, 6) = (rcos 6, r sin 6) A
6=p

pe---

©
S
I

r=a

(a) rb-plane (b) xy-plane

Figure 41: S is the region in the rf-plane that corresponds to the region R in the
xy-plane where a <8 < g and a<r < b.
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@ 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(ua V) = (Xa}/) = (g(uv V)v h(“? 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.
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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+y=4 and x+y=1

as shown in Figure 42. 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 42: Region R in the xy-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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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 43: 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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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.
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