Chapter 1

Double And Triple Integrals

1.1 Integral Over An Interval

We start by reviewing integration theory of functions of a single variable.

Given an interval [a,b], a partition P on [a, b] is a collection of points {z;} satisfying
a=1xp < x; < -+ < x, =0b. The norm of the partition P, denoted by ||P||, is the
maximum of Az; = z; —x;_1,7 = 1,--- ,n. It measures how refined the partition is. Let
f be a function defined on an interval [a,b]. The Riemann sum of f with respect to the
partition P is defined to be

n

R(f,P)=>_ f(z)Az;

j=1

where the tag z; is an arbitrary point taken from the subinterval [z;_y, ;] and Ax; =
x; — xj_1 is the length of the subinterval. In fact, the Riemann sum also depends on the
choice of tag points, but we simplify things by using the same notation.

The function f is called integrable if there exists a real number a such that for every
e > 0, there is some § > 0 so that

|R(f,P)—O!|<€, VP7||P||<(S
Equivalently, f is integrable if for every sequence of partitions {P,}, ||P,| — 0, one has

lim R(f,P,) =« .

n—oo

The number « is called the integral of f over [a,b] and is denoted by

/abf, /abfdx, or/abf(x)dx.

1
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When f is non-negative, obviously the Riemann sums are approximate areas and the
integral is the area of the set bounded by the x-axis, the graph of f, and the vertical lines
r=aand x =b.

In the definition above, the existence of « is presupposed for an integrable function.
An immediate question arise: Is every function integrable? Or equivalently, are there any
non-integrable functions? The answer is yes. Let me give you two examples.

First, consider the function f(z) = 1/x ,xz € (0,1] and f(0) = 0. This is a function
defined on [0, 1], which is unbounded near 0. Suppose on the contrary that f is integrable.
Just consider the special case € = 1, there is some ¢ such that

|R(f,P)—al <1, VP [P <06

Fix one such P. The inequality |R(f, P) —«a| < 1 is equivalent to —1 < R(f, P) —a < 1.
In particular, R(f, P) — « < 1, that is, R(f,P) <14 «, so f(z1)Az; < R(f,P) <1+«
or 1/z1Az; < 1+ « . Here a and Az are fixed number, but the tag point z; can be
chosen arbitrary from (0, 1]. By choosing it as small as you like, you can make 1/z;Ax;
as large as you like, and this contradicts the inequality 1/2;Ax; < 1+ «. Hence f is not
integrable. In fact, it can be shown that all unbounded functions are not integrable.

Second, not all bounded functions are integrable. Consider the function g on [0, 1]
defined by g(x) = 0 if x is irrational and g(x) = 1 if x is rational. g is a function bounded
between 0 and 1. As there are rational and irrational numbers in any interval, for each
partition P, when we pick a rational number z; from [z;_;, z;] to form a tagged partition,
the Riemann sum R(g, P) = >, g(z;)Az; = > ; Az; = 1. On the other hand, picking tag
points w; to be irrational instead, g(w;) = 0 so R(g, P) = . g(w;)Az; = 0. You can see
that by choosing different tags, the Riemann sums equal to 1 or 0. It cannot converge to
a single number a.

Fortunately, most bounded functions people encountered in applications are integrable.
It suffices to know that all continuous functions are integrable. In fact, all functions with
finitely many jump discontinuity are also integrable.

Coming to the evaluation of an integral, from the definition of integrability we have
the following approach, namely, take a sequence of tagged partitions { P, } whose norms
tend to 0, then

n—oo

/bfdx: lim R(f,P,) .

Although looking very simple, this method is not practical since it involves a limit process
which becomes quite complicated even for very simple functions. You may try it on the
functions f(z) = 2? or sinz. Now, we are thankful to Issac Newton for his discovery
that the evaluation of an integral can be achieved by the following scheme. First, call
a function F' a primitive function for a given function f if F' is differentiable and its
derivative is equal to f, that is, I/ = f. When f is integrable, Newton’s fundamental
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theorem of calculus asserts that

/ fdz = F(b) — F(a) .

As a result, using the simple fact that a primitive function of z? is 23/3,

Likewise, a primitive function of sin x is given by — cosz, hence

b
/ sinx dx = cosa — cosb .
a

Finally, integrals representing the areas of common geometric figures which had been
troubling people since the ancient times are evaluated successfully in this way.

1.2 Double Integral In An Rectangle

Now we come to the integration of functions of two variables. This is a direct extension of
what we did in the single variable case where now an interval is replaced by a rectangle.

Let R = [a,b] X [¢,d] be a rectangle and f a bounded function defined in R. Likewise,
here a finite set of points

{(i,yj) s a=zp <1< - <zp=b, c=y<y1 < - <Ypm=4d,}
is called a partition on R. We denote
Rij = [ziov, mi] X [y;-1,95]

Ar, =x; — 1, ij =Yj —Yj-1,

and let its norm || P|| be the maximum among all Az;, Ay,’s. Pick a point p;; from R;;
for each (i,j) we form a collection of tags. A partition together with a choice of tags is
called a tagged partition.

Let f be a function defined in R. Associate to each tagged partition (P, p;;), we form
the Riemann sum

R(f,P)= Zf(Pij)\Rij! :

where |R;;| = Az;Ay; is the area of the subrectangle R;;. A function f is called
(Riemann) integrable if there exists a number « such that, for each ¢ > 0, there is
some 0 > 0 so that

|R(f,P)—a|<e, VP ||P|<0.
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Alternatively, it requires that for each sequence of partitions {P,} with ||P,|| — 0 as
n — 00, one has

lim R(f, P,) =« ,

n—o0

regardless to all choices of tagged points. The number « is called the (Riemann) integral
of f over R and is usually denoted by

//RfdA, or//RfdA(x,y),or //Rf(xyy)dA(x’y).

When f is nonnegative, the Riemann sums are approximate volumes and the Riemann
integral is the volume of the solid formed between the graph z = f(z,y) and the xy-plane
over R.

Just as in the single variable case, unbounded functions are not integrable. In the
following discussion, it is implicitly assumed all functions in concern are bounded.

Using the definition of Riemann integral, one can show that the following basic prop-
erties hold:

Theorem 1.1. Let f and g be integrable in R. For o, € R.

(a) af + By is integrable and

//R(af+ﬁg)dA:a//RfdA+5//RgdA.

(b) fg is also integrable.
(c)

//RfdAzo,

The first property, whose proof readily follows from the definition of integrability,
shows that all integrable functions form a real vector space and the mapping

f|—>//RfdA

is a linear mapping from this vector space to the space of real numbers.

whenever f is non-negative.

The proof of (b) will be given in MATH2060.

(¢), which follows readily from definition, may be termed as positivity preserving (or
more precisely non-negativity preserving). It implies the obvious fact that the area is
always non-negative.



1.2. DOUBLE INTEGRAL IN AN RECTANGLE 5

Note that f > 0 and [[, fdA = 0 do not necessarily implies f = 0. It suffices to
observe that a nonnegative function which vanishes everywhere except at finitely points
satisfy these two conditions. On the other hand, it is true that they imply f = 0 when f
is continuous.

Combining linearity and positivity preserving, we have

//RgdAz/RfdA,

provided g > f in R.

Theorem 1.2. (a) The constant function c is integrable and
// cdA=c|R|, |Rl=(b-a)(d—c).
R

(b) There are non-integrable functions in each rectangle.

(¢) Every continuous function is integrable.

(a) is easily proved. (b) can be shown by considering the function ¢(z,y) =0 if z is a
rational number in [a, b] and ¢(z,y) = 1 when z is irrational. Since there are rational and
irrational points in each subrectangle R;;, by choosing suitable tags, ¢(p;;) could be 0 or
1. Consequently, each f(p;;)|R;;| is either equal to 0 or |R;;|. It follows that the Riemann
sum of the same partition could be 0 or }_, . [Ri;| = (b —a)(d — ¢). It is impossible to
find a number « such that |R(f, P) — a| < € for all tags.

We leave the proof of (¢) to MATH2060. Indeed, not only continuous functions are
integrable, all piecewise continuous functions are integrable too. A bounded function
f(z,y) in a rectangle which is continuously except along some curves or at some points
is called piecewise continuous. We knew that a bounded function f(x) on [a, b] which
is continuous except at finitely many points is integrable. The integrability of piecewise
continuous functions is the two dimensional version of this fact.

Now we come to the evaluation of a double integral. Thankfully we do not need a new
version of the fundamental theorem of calculus. The following theorem of Fubini saves
our lives by reducing the double integral to an iterated integral (two integrals of a single
variable).

Theorem 1.3. (Fubini’s Theorem) Let f be a piecewise continuous function in R
satisfymg (a) for each x € |a, b] f(z,y) is integrable in [c,d], and (b) the function g(x) =
f f(z,y) dy is integrable on |a,b]. Then

/fdA //fxydydx.
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The assumption on f is automatically satisfied when f is continuous on R. For, for
each fixed z, f(x,y) is continuous and hence integrable on [c, d]. After a single integration,
the function g is again continuous and hence integrable on [a, b].

The idea of the proof of Fubini’s theorem is simple. The double integral can be
approximated by Riemann sums. Taking tags of the form (z},y}), we have

//RfdA ~ Zf(fff?,yj)ﬁximj => (Z f(fc?7y;’~‘)ij> Az; .

7

The symbol ~ means “very close to ”. When || P]| is very small, both Ay; and Az; are
also very small,

> (Z f(ar;",y;*)ij) Az; ~ Z/Cdf(x;k,y) dy Aw; ~ /ab </Cdf(x,y)dy) du .

i

A similar result holds when the role of x and y are switched. In other words,

//RfdA:/Cd/abf(x,y)da:dy.

It implies the “commutative relation”

/j/ff(a:,y)dydx:/cd/abﬂx,y)dxdy.

For those who would like to see a more detailed proof of Fubini’s theorem, let us turn
to the following basic result.

Theorem 1.4. (Uniform Continuity Theorem) Every continuous function in a re-
gion R satisfies the following property: Given € > 0, there is some 6 > 0 such that

|f(x7y) - f(xlay/)’ <ée,

for all (z,y),(z",y) € R, \/(x =22+ (y —y)? <3J .

The following proof is for optional readings.

We provide a rigorous proof of Theorem 1.3 for continuous functions as follows. Let
e > 0 be given and P a partition satisfying ||P|| < 6 where § is specified by the Uniform
Continuity Theorem above. For a fixed =7, |f(z},y}) — f(z},y)| < e forally € R;;. In
other words,

—6<f(£(];»k,y;)—f($;‘,y> <e.
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Integrating this inequality over [y;_1,y;],
Ys
—eAy; < [z, y5)Ay; — / fxi,y) dy < eAy;.
Yj—1

Summing up over all j,
d
—e(d—c¢) < Zf(:r;f,y;)ij —/ flzl,y)dy <e(d—c) .
j C
Now, taking

g9() =/ flz,y)dy ,

this inequality becomes

—e(d—c) < Y fla},y)Ay; — g(2}) < e(d—c) .

J
Multipying this inequality with Az; and summing up, we have

—e(d—c)(b—a) <> f(x},y;)Ay;Az; — R(g,Q) < (d—c)(b—a)

1,
where @ is the partition o < z; < --- < z,,. That is,
|R(f,P) — R(g9,Q)| < (b—a)(d—c)e .

Now, taking P = P, be a sequence of partitions whose norms tend to 0, the norms of the
corresponding (), also tends to 0. Letting n — oo,

o= [ ([ i) a

Since € > 0 is arbitrary, we conclude

[ [ [ reavac=o,

and Fubini’s theorem holds.

<(b—a)(d—c)e.

Example 1.1 Evaluate

// ry? dA |
R
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where R is the rectangle [0,2] x [0,1]. By Fubini’s Theorem,

2 pl
// ry?dA = / / zy? dy dx
R o Jo

3 y=1

Alternatively,

1 2
//:cgf dA = / xy? dzx dy
R o Jo
1
J

Sometimes, the order of integration matters. Here is an example.

// rsinzy dA |
R

Example 1.2 Evaluate

where R = [0, 1] x [0, 7].

// rsinzydA = / / x sin xy drdy
R
— COos sin
= / ( Yy 2y> dy
0 Y Y
At this point we don’t know how to proceed further. So we change the order of integration.
// rsinzydA = / / xsinxy dy dx
R
B / —coszy |Y
=/ "

1

= /(—Cosm:—l—l)dx
0

= 1.

We have

d:r
y=0
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Example 1.3 Let f be the function in R = [—1,1] x [0,1] given by f(z,y) =2, 2* <y

and f(z,y) =0, 2 > y. Evaluate
// 2 f(x,y)dA .
R

This function is equal to 2 and 0 respectively in the regions above or under the curve
y = 2. It has a jump across the curve y = 2, hence is piecewise continuous. One can
verify that Fubini’s theorem is applicable. By this theorem,

//Rng(x’y) dA:/l1 /01 22 f(w,y) dyda .

As
1 x? 1
dy = d d
/0 f(x,y)dy /0 f(x,y) y+/x2f(33,y) y
1
= /Qdy
= 29{1_562)7
we have

1 3 5\ 1 8
2 _ 2 _ 2 — r_r ——
//Rx f(:p,y)dA—/lm x 2(1 —z7)dx 2(3 5) ‘_1 T

1.3 Regions In The Plane

First of all, intuitively speaking, a Cl-curve is a curve that admits a tangent at every
point and the tangent changes continuously as the points vary. Rigorously, it means in a
suitably chosen coordinates, the curve can be locally expressed as the graph (z, f(x)) of
a C'-function, that is, a function whose derivative exists and is continuous. A curve is
simple if it has no self-intersection point. It is closed if it closes up and has no endpoints.
Intuitively speaking, a simple closed curve looks like a deformed circle. We will also
consider piecewise Cl-curves, that is, those continuous curves which are C! except at
finitely many points. A set which is bounded by one or several closed piecewise C*'-curves
is called a region or a domain. This definition is not consistent with the usual definition
of a region/domain in mathematics literature. However, we will adopt this definition by
following our textbook. We will discuss this definition more thoroughly later.

Here are some examples of regions.

o D, ={(z,y): 22+y? <r?}is the disk, the region bounded by the unit circle which
is a simple closed C''-curve.
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{(z,y) : 2?/a* + y*/b* < 1}. The ellipse is also a simple closed C'-curve which
bounds a region.

e Let (] and C5 be two circles with € contained in C5. These two circles bound a
region. The punctured disk D, \ {(0,0)} is also a region where the point {(0,0)}
may be viewed as a degenerate circle.

e Let A be the points lying on or inside a triangle. A triangle is a simple, closed,
piecewise C'-curve composed of three line segments. Tangents do not exist at the
three vertices.

e Similarly, every polygon whose boundary is a simple, closed piecewise C'-curve is a
region.

e The cardioid {(r,0) : r = 1+ cos#)} (in polar coordinates) is a simple closed,
piecewise C''-curve which admits a non-differentiable point (ie, a cusp) at the origin.
It also bounds a region.

A region must be bounded from its definition. It consists of interior points and bound-
ary points. In this chapter,

A curve always means a simple, piecewise Cl-curve and a region is the plane set
bounded by one or several simple, closed piecewise C*-curves or points.

In Advanced Calculus I, the objects of study are continuous and differentiable func-
tions. In integration theory the classes of functions are wider. Just like we are able to
integrate functions with discontinuity jumps in a single variable, we can integrate func-
tions which admit discontinuous points along some curves.

1.4 Double Integral In A Region

Now we consider double integrals over a region which is not necessarily a rectangle. In
fact, we will define double integrals over an arbitrary subset F in the plane. An obvious
way to achieve this goal is to extend f which is only defined in F to the entire space by
setting it to be zero outside E. We may call it the extension of f from F and denoted by
f. By picking a rectangle R containing E which is possible as long as F is bounded, we

may simply define
// fdA = // fdA,
E R

where f is the extended function of f from D. To justify this approach, we need to
clarify two points. The first one is the definition must be independent of the choice of the
rectangle. The next one seems more serious. Namely, even if the function f is continuous
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in E, the extended function f may develop a jump discontinuity across the boundary of E.

Theorem 1.5. Let Ry and Ry be two rectangles containing a bounded set E. Then

[alfdA__ }bfdA,

provided f is integrable when restricted to Ry and R,.

Proof. Let Rz = Ry N Ry. For any partition P on R3, extend it to be a partition P on
R;. The Riemann sum of f on R; can be written as

R(f,P') = Zf “ij |RZJ’+Zf zij)| Rijl

where ), refers to the summation over all subrectangles lying inside R3 while >, sums
up those lying outside R3. Here the tag point z;; is chosen to be the center of each
subrectangle. Since f(z;;) = 0 for all subrectangles in the second summation, we have

= f(z)|Ryl -
1
Similarly, the same argument applying to Ry instead of Ry yields

R(f,P") = Zf )| Ryl

where P” is a partition extending P in R,. It follows that
R(f,P') = R(f, P").

Letting || P|| — 0, we can make ||P’||,|P"|| — 0 too. The relation above implies

=07

the theorem follows. O

Concerning the integrability of the extended function we have the following result.

Theorem 1.6. (a) f is integrable when E is a region in which f is piecewise continuous.

(b) f is integrable when E is a bounded curve and f is a bounded function in E. In fact,

/EfdAzo,

for any rectangle R.
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Proof. (a) As f extends f, it is piecewise continuous in the region and may develop
jump discontinuity across the boundary curves of the region. Therefore, it is piecewise
continuous in the plane and hence integrable in any rectangle.

(b) Since E is a curve, the extended function f may have discontinuity only at points on
E. As a result, f is piecewise continuous and hence integrable. Let R be any rectangle
containing the curve E. Observing that in any subrectangle in a partition, we can always
choose tag point p;; such that f (pi;) = 0 (a curve cannot fill up a rectangle). Henceforth,
for any partition P, there are tags so that the corresponding Riemann sum is equal to 0.
By letting the norm of these partitions going to zero, we conclude that

//RfdA:O.

[]

For a bounded function defined in some set F, its extension to the entire plane may
not be integrable. For instance, let E be all points (z,y) where x and y are rational
numbers sitting inside the unit disk and let f(z,y) = 1. f is a constant function in £ and
hence continuous. However, it is clear that f is not integrable in any rectangle containing
the unit disk.

In view of these considerations, we define the integral of a bounded function f over
any bounded subset E in R? by setting

//EfdAz//RfdA, (1.1)

where R is any rectangle containing E. The function f is called integrable over E
provided f is integrable over R. By Theorem 1.5, the integrability of f is independent
of the choice of R. When f is nonnegative, the integral of f over F is defined to be the
volume of the solid bounded between the graph of f and the zy-plane over the set E. It
becomes intuitively apparent when the underlying set is a region. When we take f = 1,

the integral, which becomes
// 1dA
E

is defined to be the area of E. Again it is intuitively apparent when E is a region. We
have successfully to associate the notion of area to any set whose characteristic function
is integrable.

Using (1.1) we have the following extension of Theorem 1.1.

Theorem 1.1°. Let f and g be integrable in the bounded set E. For «, [ € R.
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(a) af + By is integrable in E and

//E(af+5g>dA:a//EfdA+ﬁ//EgdA.

(b) fg is integrable in E.

(c)

//EfdAzo,

provided f is non-negative.

This theorem can be deduced from Theorem 1.1 after clarifying the meaning of its
statements.

To proceed further, we associate a set with a function. In this way, sets can be
manipulated as functions.

Let E be a nonempty set in R? (actually it could be defined in R™ for any n.) Its
characteristic function ypg is defined to be xg(z,y) =1, (x,y) € E, and xg(z,y) =
0 otherwise. Also set x4 = 0. We point out the following relations:

® XAUB = XAt XB — X4nB -
® XAnB = XA XB -

o x4 < xpifand only if A C B.

Combining the first two, we have

XAUB = XA+ XB— XA XB -

We are ready to prove the following frequently used result.

Theorem 1.7. Divide the region D by a piecewise C*-curve C' to obtain two regions D
and Do. For any integrable function f in D, f is also integrable in D;,1 = 1,2. Moreover,

//DfdA:/ledA+/D2fdA.

Proof. Since the boundary of D; are composed of piecewise C''-curves, according to Theo-
rem 5, the characteristic functions xp, are integrable, so fxp,, as product of two integrable
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functions, is also integrable. From C'= D; N Dy and xp = Xp, + XD, — XDynD,, We have
XD = XD, + Xp, — Xc- Let R be a rectangle containing D in its interior. We have

//DfdA = //RfdA
_ //fofaldAJr//foDg—//foC-

The function fy p, is equal to f in D; and 0 outside D;. Therefore, it is the extension of

f from Dy, that i [ Fwin= [ aa.
Aéfx%dA=1/mfdA’
|| Freda= [ raa.

Jyoa= v o= Lo

and the desired formula holds as the last term vanishes according to Theorem 1.6 (b). O

Similarly, we have

and

Thus,

Now we come to evaluation of a double integral in a region. We have discussed how to
do it in a rectangle. However, in most cases we need to perform integration over a region.
m We will work on two types of special regions. Type I is of the form

{('T7y) : fl(x) < Yy < f2(x)7 a<x< b} ) fi7 P = 1727 Is continuous >
and Type II is
{(z.y): gily) Sz <ga(y), c<y<d}, g, i=12, is continuous .

More complicated regions could be decomposed to a union of Type I and Type II regions,
with the help from Theorem 1.7.

Theorem 1.8. (Fubini’s Theorem)

(a) Let D be a Type I region. For a continuous function f in D,

fepaa= [ [ fey) dyde
I, L.

(b) Let D be a Type II region. For a continuous function F in D,

fepaa= [ ™" fey) dedy
I, [,
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Proof. We prove (a) only. Let R = [a,b] X [c,d] be a rectangle containing the Type I
region D. By Theorem 1.6, f is integrable in R. By Theorem 1.4, Fubini’s Theorem on
a rectangle,

//Df(x,y)d/l = //Rf(l“ay)dA

_ /ab/cdf(x,y)dydx
— /ab (/Cfl(m) f(z,y) dy+/ff:) f(x,y) dy + ]:(m) flz,y) dy) da
b

fa(x)
= /f f(z,y) dydz.

a 1(x)

Example 1.3 Evaluate

//D(2y+1)dA,

where D is the region bounded by y = 2x and y = 2.

In order to determine f; and f; in D, first we sketch the region. Indeed, the curves of
y = 2z and y = z? intersect at (0,0) and (0,2). The region of integration is expressed as

D:{(x,y): r? <y < 2, xE[O,Z]}.

By Fubini’s Theorem,

//D(2y+1)dA _ /()Q/g:x(2y+1)dudx
= /2(y2+y>2x

0
b

5

dx

22

The region D can also be expressed as

D= {(z,y): ggxg Vi, y €[0,4]}.
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We have

//D(2y+1)dA _ /04/yf(2y+1)dxdy

VY
= /(2y—|—1)/ dx dy
0 y/2

- [ evrnwi-a
28
=

Example 1.4 Evaluate the double integral

//Ddi,

where D is the region bounded by y = 0,z + y = 0, and the unit circle on the half plane
x> 0.

The line  + y = 0 intersection the circle 22 + 3> = 1 at (v/2/2, —v/2/2), so D can be
described as

D={(z,y): —y<z<1-y? ye[-v2/2,0]}.

Hence,

0 Vi-y?
//:ch = / / x dxdy
D —2/2J—y
0

1
= 5/ (1-y*—y)dy
_\/ﬁ/g

I3

If one insists to integrate in y first, we observe that D can be expression as the union
of Dy and Dy:

Dy ={(z,y): 0<y<—z, zel0,vV2/2]}

and

Dy ={(z,y): —V1—-22<y<0, ze[vV2/2,1]}.
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By Theorem 1.7,

// rdA = // rdA+ // xdA
D Dy Dy
V2/2 0 1 0
= / / x dydr + / / x dydx
0 2 V2/2 ) —yica?

V2/2 1
= / xdeJr/ V1 —z2dx
0

V2/2
V2
5

Example 1.5 Evaluate the iterated integral

/1/1Sinxd:cdy.
0 Y x

(The function sinx/x is bounded by 1. We may handily assign its value at x = 0 to
be 1. In fact, the value of the integral does not change when the values of the function
are modified at finitely many points.) It is hard to integrate sinz/z, so we switch the
order of integration. First, recognize this iterated integral is equal to the double integral

// sinx dA .
D T
where D is the triangle bounded between y = 0,y = x for = € [0, 1]. By Fubini’s Theorem,
U rlsing sin
/ / dedy = // dA
0 Jy T D T
_ /1/xsmxdyd9:
o Jo T
1 .
_ / sin o o do
0

1
= / sin x dx
0

= 1—-cosl.

Example 1.6 Find the volume of the prism whose base is the triangle bounded by
=z, = 1 and the z-axis and top lies on the plane z =3 —x — y.

Let T be the base triangle of the prism. The plane z = 3 — & — y is positive over 7.
Hence the volume of the prism is given by

//T(S—x—y)dA.
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We have

//T(S—x—y)dA - /01 Ox(S—x—y)dydx

1 y2
= [ @Gy-ay-L)|a
[ eu=ay- ] ds
1 2
3
= (3x—i)dx
; 2

In the following example we decompose the region into two and apply Theorem 1.7.

Example 1.7 Find the area of the region which is bounded between y = 22 —4,y = 22 —1
and z > 0,y <0.

After sketching the figure, we see that the area of this region D is given by

1 pz2-1 2,0
// 1dA :/ / dydx+/ / dydzx .
D 0 x2—4 1 x2—4

A straightforward calculation yields
// 1aa="2
D 3

1.5 Generalized Riemann Sums

By introducing curves on a region D, D can be decomposed into a union of subregions Dy,
whose interiors are mutually disjoint. We may call { D, } a generalized partition on D.
(A partition divides the rectangle into subrectangles R;;,i =1,--- ,n,j =1,--- ,m, but
now we cannot use i, j as indices, so we use a single index instead.) Choosing a tag point
p;, from each Dj we can form a generalized Riemann sum R(f,P) = ), f(py)| Dl
for any bounded function f in D. Note that now the area of Dy, |Dyl, is well-defined.
When Dy ’s are given by subrectangles I;;’s, the generalized Riemann sum reduces to the
Riemann sum. To measure the size of a partition, we have introduced the norm of a
partition. For a generalized partition we can introduce a norm which is essentially the old
one. Indeed, denote the norm again by ||P|| which is the maximum among all diameters
of Dy’s. In case the region is a rectangle R, the diameter of the subrectangle R;; is

\/Az7 + Ay7, hence the norm || P|| is small if and only if the maximum of all diameters

are small. We see that in measuring smallness, the norm defined here is equivalent to the
one defined before.
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Theorem 1.9. Let f be continuous in a region D and let P be a generalized partition in
D. Fore >0, there is some § > 0 such that

‘R(f,P) —/ fdA’ <e, VP ||P|<o.
D
In other words, for any sequence of partitions {P,}, || P.|| — 0,,

lim R(f, P,) /fdA

n—oo

The proof relies on the following version of “Mean Value Theorem”: Let M and m be
the maximum /minimum of a continuous f in D. Then for any « € [m, M|, there is some
p € D such that f(p) = a. It sounds quite natural. For, let m = f(p;) and M = f(p,)
where py, p, are two points in D. We connect p; to p, by a continuous curve C' in D.
As we go along C from p; to p,, the values of f changes continuously from m to M.
Since f is continuous and « lies between m and M, there must a point p on C' such that

f(p) =«

Proof. By the Uniform Continuity Theorem (which continues to hold on a region), given
¢’ > 0, there is some 0 such that |f(p) — f(q)| < ¢’ whenever p and q are two points in
D whose distance is less than §. We will take ¢/ = ¢/|D| where ¢ > 0 is given.

Now, let m; and Mk be the minimum and maximum of f over Dy. From m; < f < M,
in Dy, and myxp, < f < Mpxp, everywhere, we integrate over Dy, to get

Dy,

or

my < —— dA < M, .
k ’Dk’/Dkf k

By what we have said above, there is some pj, € Dy, such that

1

dA .
| Dy f

f(py) =
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Therefore, for any Riemann sum R(f, P) =), f(q;)|Dx| with || P|| < §, we have

> fiapips —//DfdA

= D F@i)IDel = Y f(pi)| Dkl

= > (flap) — £y Dyl

k
€
< 7l Dl
2.7
€
= _|D| =&,
| D]
and the desired result follows. O

We also have

Theorem 1.10. Let f and g be two continuous functions in the region D. Let p, and g,
be tag points for the sequence of generalised partition P,. Then

A, S wastaini = [ soia.

Note that here the functions f and ¢ here take different tag points. (These tags in
fact depend also on n.)

Proof. We need to show that for any € > 0, there is some 9 such that

S Fpy)g(a) Dkl - //D fgdA

Since fg is continuous and so integrable in D, we can find 9; such that

> fps(pe|Dil ~ [ foda

On the other hand, by the Uniform Continuity Theorem, there is some d5 such that

<e, VP|P| <0

< g , VP, ||P| < .

l9(p) — 9(aq)| p—q| <d,

< £
oM|D|
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where M is a bounded on |f|. Therefore, for P satisfying ||P|| < 6 = min{d1, J2},

fpr)g(ay)|Del — || fgdA
g SLICT //Dg

< | Feo)ata) — 9Dl + |3 Fo)g() Dkl - //D fgdA
g 9
< qanp) < MIPI+35
< e,
done. O

1.6 Double Integral in the Polar Coordinates

Each point in the plane (x,y) (except (0,0)) can be expressed as x = rcosf and y = rsin 6
for a unique pair (r,8), r > 0, 6 € [0,27). (r,0) is called the polar coordinates of (z,y).
Let ® be the map ®(r,6) = (r cosd,rsin#). It maps the strip [0, c00) x [0, 27] onto R? and
is one-to-one from (0, 00) x [0, 27) onto R?\ {(0,0)}. Alternatively, it maps [0, 00) x [—7, 7]
onto R? and is one-to-one from (0, 00) x (—m, 7| onto R?\ {(0,0)}. A curve expressed in
polar coordinates could look very different from its form in rectangular coordinates. Here
are some examples.

The horizontal line y = ¢, ¢ > 0, becomes r = ¢/sinf, 0 € (0,7) in polar coordi-
nates.

The circle 2% + y* = a® becomes r = a .

The circle (x — a/2)? + y* = a*/4 becomes r = acosf, 0 € [—7/2,7/2] .

The parabola y = a? — 22 becomes

—sin@ + Vsin% 6 + 4a2 cos2 0
r(6) = 5 oo d , 0€l0,2m], 0 #3m/2.

Note that the ray at § = 37/2 does not hit the parabola.

Sometimes a curve is simpler when expressed in polar coordinates. For instance, the
cardioid is

r=1+acosf, 6€l0,2n],
where a € (0,1]. To express it in rectangular coordinates, we proceed as follows. First,
multiple the equation by r to get
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Then move ax to the left and square to get

(x2—|—y2—ax)2:x2—l—y2.

In the rectangular coordinates, the cardioid is a quartic equation.

A rectangle R = [rq,rs] X [f1,05] in the (r,#)-plane is mapped under ® to the region
S={(x,y): z=rcosb,y=rsing, r <r <ry 6 <0<0y 01,00€[0,27)} .

Any partition P on R introduces a generalized partition on S via ®. Denote its subregions

by Sij = ®(Ryj).

Theorem 1.11. Let f be a bounded function which is continuous in S except along some
piecewise Ct-curves. Then

//Sf("”vy) dA = //Rf(rcose,rsine)r drdo .

Proof. Let us assume f is continuous in S. The area of S;; is given by

Lo

1 1
§T?A9j - §T171A9j = 5(7”1’—1 + T’Z')ATZ‘AGJ' .

Let P be a partition on R with tags at the center of each R;;, that is, 7,; = (r},6;) =

17779

(ric1 +71i)/2,(0;—1 +60;)/2)). Then p;; = ®(7;;) is a tag for S;;. When || P|| is small, the
generalized partition S;; = ®(R;;) is also small in norm. We have

[ Hemaas S pwaisol = X f@miianas,

This sum is the same as >, ; f(r cos 07, ¥ sin 07)r; Ar; Ad;, which is a Riemann sum of

the function f(rcos@,rsin@)r with respect to the partition P. Since this function is
continuous in R, as || P|| — 0, this Riemann sum tends to

//R F(@(r, 6))r dA(r0) .
On the other hand,
D F(@(m)))rs Aride; = fpig)| S| — //Sf(%y) dA
i i
the theorem holds. O

When a region D is expressed as
{(z,y): w=rcosb,y=rsind, pi(0) <r < p(f), 0, <O <0y, 01,0, €[0,27)} .
We have
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Theorem 1.12. For a continuous function f in D,

02 re2(0)
// f(z,y) dA(z,y) :/ / f(rcos@,rsin@)rdrdd .
D 01 Jr(0)

Proof. Pick r; < ry so that the sector S formed by 71, r9, 61, and 0y contains D. We have
S = DU DU D, where

Dy ={(z,y): 1 <r <), 0€01,00]} ,

and
Dy ={(z,y) : ¢2(0) <7 <o, 0 €[0h,60]} .

Let D be the preimage of D under ®. Then D is of the form
{(r,0): 01(0) <7 < 0a(0), 61 <O <065}

and is contained in the rectangle R = [ry,75] x [01,65]. Let f be the usual extension of f
being zero outside D. We have

//Df(x,y)dA(:c,y) = //D1 flz,y) dA(x,y)+//]jf(x,y)dA(x,y)+/D2 F(z,y) dA(z,y)

- // F(z,y) dA(z,p)

= //f(rcos&,rsinQ)rdA(r,@) (by Theorem 1.11)
R

253 re
= / f(rcos,rsin@)rdrdd
01 1

62 ©1(0) ©2(0) T2 -
= / / +/ +/ f(rcosf,rsinf)rdrdd
01 1 ©1(0) ©2(0)

b2 rep2(0)
= / / f(rcos@,rsin@)rdrdd .
01 Je1(0)
O

When applying this theorem, it is crucial to determine ; and ¢;,7 = 1,2. Let us illus-
trate the “ray test” by considering the following example. Let D be the region bounded
by the horizonal line y = 1 and the circle 22 4+ y? = 4 and we want to express D in polar
coordinates. First, consider a ray from the origin with inclination angle 6 (the angle the
ray makes with the positive z-axis.) Clearly it meets D if and only if it lies between the
angle 0; and 0y where sinf; = 1/2 and sinf, = —1/2, that is, §; = 7/6 and 0y = 57/6.
For 0 € [0, 6], the ray first meets y = 1 or r = 1/siné and then r = 2. It follows that D
is described by

{(7“,9): 1/sinf <r<r 6¢€ [7T/6757T/6]} :
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Example 1.8 Evaluate the iterated integral

2 pV2r—122
/ / y dydx .
1 Jo

We use polar coordinates to evaluate this integral. First of all, the graph of y = v/2x — 22
is the circle of radius 1 at (1,0). The region of integration is given by

G=A(z,y): 0<y<V2x—22 zel,2]}.

To express it in polar coordinates, observe that every ray with 6 € [0, /4] first hits the
vertical line x = 1 and then the circle. A ray out of this range does not hit G. In
polar coordinates, x = 1 is given by r = 1/cosf and y = v/2x — 22 becomes r = 2 cos 6.

Therefore,
2 pV2r—1x2
/ / ydydr = // ydA
1 Jo G
2cos @
-

w/4
rsind rdrdf
7r/4 1 1
_ 3 :
= /0 3 (8608 0 — cos30> sin 8 df

1/ cos@

Wl =N =
=

Example 1.9 Find the area of the lemniscate r? = 4 cos 26 .

Always sketch the figure before integrating. The lemniscate is a two-leaves like figure
symmetric with respect to both axes. For 6 € [0,27],20 € [0,47]. We see that cos 26 is
nonnegative on the intervals [0, /4], [37/4, x|, [w, 5 /4], [7Tm /4, 27| only. By symmetry it
suffices to integrate over the range 6 € [0,7/4]. Any ray emitting from the origin with
0 € [0, 7/4] hits the lemniscate at one point. Hence the area of the lemniscate is given by

/4 (4cos 20)1/2
// dA = 4/ / rdrdf
D 0 0

7r/41

= 4/ — X 4cos20df
0 2
= 4.

Example 1.10 Let D be the region bounded by y = 1,y = v/3z, and the circle z2+y? = 4.
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The line y = 3z changes to rsinf = V37 cos 0, that is, tanf = V3. So it is 0 = /3
in polar coordinates. On the other hand, y = 1 intersects 22 + y> = 4 at (v/3, 1), hence
the line from the origin to (v/3, 1) is y = #/+/3, that is, # = 7/6. In polar coordinates, D
is described as

{(r,0): 1/sinf <r <2, 7/6 <0 <7/3}.

The area of D is equal to

/3 2
// 1dA = / rdrdf
D w/6 J1/sin@
/3 1 1
= 14— do
/W/G 2 ( sin29)

1 /3
= -4

2(  + cot 6) »
Y
= 3 .

Example 1.11 Find the area pinched between the curves r = 3/2 and r = 1 + cosf .

The circle » = 3/2 and the cardioid r = 1+cos § intersect 1+cosf = 3/2 at § = £7/3.
When 6 € [—7/3, /3], the cardioid lies on outside and the circle inside. When 6 € [r/3, 7]
or [—m,—m/3], the circle lies outside and the cardioid inside. By symmetry, it suffices to
calculate things in the first and the second quadrants. We have

1 w/3  pl+cosf ™ 3/2
— Area = / / rdrdf + / / rdrdf
2 0 3/2 w/3 J 14cos 6

1 w/3

1
— 5/0 <—2+20089+500828)d9

1 /™ /3 1
- S 2cosf — = cos?2
—|—2/7T/3<4 cosf 2cos 9>d9

Hence the area is given by (7 + 10v/3) /4.

Sometimes we need to decompose the regions into two.

Example 1.12. Express the integral

[ ] s

in polar coordinates.
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Well, the region is the one sitting in the first quadrant bounded by the y-axis, hori-
zontal line y = 5 and the parabola y = 2. The latter two curves intersect at (v/5,5) and
(—/5,5). Any ray from 6 € [0,a], @ = tan~"1/5/5, hits the parabola once. On the other
hand, any ray from 6 € [«, 7/2] hits the horizontal line y = 5 once. We have

[ ] st

a psinf/cos? w/2 p5/sin@
= / / f(rcos,rsin@)rdrdd +/ / f(rcosf,rsinf)rdrdd .
0 0 « 0

1.7 Improper Integral

In Riemann integrals the functions under consideration are always bounded and the re-
gions of integration are bounded. In practise we sometimes encounter integrals in which
either the integrands or the regions are unbounded. In this section we consider two typ-
ical situations. First, the function becomes infinity at a point, and second, the region is
unbounded.

Let D be a bounded region and f a function in D which is continuous everywhere
except at a point (xg,yo) and f(z,y) becomes positive or negative infinity as (x,y) —
(x0,Y0). We say the improper integral of f over D exists if

lim// flz,y)dA
a—0 D\Da ( )

exists, where D, is the disk of radius a centered at (z,yo). When it holds, let

//DfdA B clzigé//D\Da f(z.y)dA. (1.2)

We use the same notation to denote the improper integral whenever it exists.
Example 1.9 Determine the range of a such the improper integral

// (2 +y*)?dA, a <0,
D

where D is any region containing the origin.

It is also clear it suffices to take D to be the disk of radius 1 at the origin. Introducing
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polar coordinates, when 2o # —1,

27 1
// (> 4+ 922 dA = / / rrdrdf
D\D, 0 a
2m

= (1 — aa+2>
a+ 2
2

a+2’

_)

if and only if @« +2 > 0. Hence the improper integral exists for « € (—2,0). When
a = —2, we have instead

// (22 +y*)*?dA = 27| log a| — oo ,
D\D,,

as a — 0. The improper integral does not exist when o = —2.

Next, consider an unbounded region D and a function f defined in D which assumes
a definite sign, that is, either non-negative or non-positive as x € D goes to oco. Call the
following improper integral exists if

//DfdA =0 //Dme fad, (1.3)

where now Dy, is the disk with radius b centered at the origin.

We consider an interesting application of the use of polar coordinates.

0 2
/ e ¥ dx .
—0o0

This is an improper integral of a single variable. The trick is to make it a double integral.

We have )
// eV A = / / e rdrdd =m(1—e ) > 1,
Da o Jo

as a — oo. It follows that the improper integral

[ aa
R2

exists and is equal to . Let R, be the square with side length 2a at the origin. Using
D, C R, C D s3,, we see that

lim // e~V dA = lim // e TV JA =1
a—r o0 Ra a— o0 Da

Example 1.10 Evaluate
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Now,

/e‘xzdxx/ e_y2dy = //e_””%“y2 dydz
- // eI dA

— T .

We conclude that

1.8 Triple Integrals

The theory of triple integrals is essentially the same as the double integral. It suffices
to point out that a region in space is bounded by one or several closed surfaces, each of
which are composed of pieces of C''-surfaces meet along some C*-curves. We will not give
a precise definition here, but the concept is clear in an intuitive way. Let us look at some
examples:

e The sphere {(z,y,2) : (x—1)*+(y—b)?>+ (2 —c)* = r?} is a C'-surface with center
(a,b,c) and radius r. The region bounded by the sphere is a ball.

e The rectangular box is the region bounded by the planes x = a,b,y = ¢, d,z = e, f.
Its boundary is composed by six pieces of C'l-surfaces (rectangles in fact) meeting
along line segments.

e The circular cone {(z,y,z) : z = \/2% + 3%} is an unbounded surface which has a
sharp corner at the origin. We could truncate it to get a bounded one {(z,y, 2) :
z = /2?2 +y? z = h} to get a region bounded by two surfaces, one being the
circular cone and the other the plane z = h

e The torus obtained by rotating the circle (y—a)?+2? = b?,a < b, around the z-axis.
It is a C'-surface which bounds a region.
Parallel to the double integral, a rectangular box B is given by [a,b] X [¢,d] X [e, f]
and a partition P on B is the collection of points
a=xg<T1 < <xp=0b c=y<yp<--<yYyn=d, e=z<zn<---<z=f.

The partition P divides B into subrectangular boxes Bjj, = [z;—1, T:] X [yj—1, Y;] X [2k—1, 2k]-
For a bounded function f in B, its Riemann sum is given by

R(f,P) = f(Pyi)|Bijal,

1,5,k
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where |Byji| = Az;AyjAz,. The function f is called integrable if there is a number «
such that for every € > 0, there is some ¢ > 0 such that

‘R(f,P)—Oé’<€7 vf)7 HP||<57

where ||P|| is the maximum among all Ax;, Ay;, Az,. The integral o will be denoted by

The analog of Theorems 1.1 and 1.2 hold for triple integrals, and I trust you to
formulate them. We also have the analog of Theorem 1.3

Theorem 1.13. (Fubini’s Theorem) Let f be a piecewise continuous function in a
rectangular box B. Then

///dev - //R/eff(x7y72)d2df4(%y) (R = [a,b] X [¢,d]) .

After reducing the triple integral to a double integral and a single integral, we can
apply Fubini’s theorem to reduced the double integral to iterated integrals as before.

Piecewise continuous functions are those bounded functions that are continuous ev-
erywhere except at some surfaces, curves or points in B. No new ideas are involved in
the proof. Let us sketch it. The triple integral can be approximated by Riemann sums.
Taking tags of the form (z7,yj, z};), we have

| RSN A IS (Z F zzmzk> Ariy;
R = —
7’a.77k 1,] k
When || P|| is very small, Az;, Ay;, Az, are also very small,
f
Z Zf(:v;k,y;,z;)Azk Ax; Ay, %Z/ [z}, y;, 2) dz AxAy;
i,j k ij V¢
Introducing the function

f
hz,y) = / fay,2) dz

the term on the right becomes ), ; h(z},y;)Az;Ay; which is a Riemann sum for the
function h. As ||P|| — 0, it tends to the integral

| mavy e
//R </ef flz,y,2) dz) dA(z,y) .

that is,
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A similar result holds when the order of =,y and z are interchanged.

For functions defined in a region €2 in space, we take a rectangular box B containing

2 and define
//Qf@c,y,z)dv = ] iwyzrav.

where f is the trivial extension of f to the entire space (that is, setting f = 0 outside
2). Whenever f is piecewise continuous in €2, its extension f is again a function of the
same type, hence the integral of f over R is well-defined. Consequently, the integral of
f over € also makes sense according to the above definition. In particular, all piecewise
continuous functions in €2 is integrable.

For a region of the form (“type I")
Q= {(.’L‘,y,Z) : f1<.1',y) S z S f2($7y)7 ($7y> € D} )

where D is a region in the plane, the analog of Theorem 1.8 becomes

//Q flw,y,2)dV = //D/ff((y)y)f(xy 2)dzdA(z,y) . (1.5)

Corresponding formulas when the role of z = f;(z,y) is replaced by y = g¢;(x, z) or
x = hi(y,z),i = 1,2, hold.

When f is positive, the triple integral

//Qde

gives the mass of €2 with density f. When f =1,

|Q|E///Qd\/

is the volume of the region ().

Example 1.11 Evaluate

[ aviv

in two ways: dzdA(z,y) and dzdA(y, z) where Q is the region bounded between z + 2y +
3z = 1 and the coordinate planes in z,y, z > 0.

The region (2 is a tetrahedron formed by the plane x+2y+32z = 1 and three coordinates
planes. By projecting the plane into the xy-plane, one has

Q:{(l'7y,2)2 0§z§(1—x—2y)/3, (l‘,y)ED},
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where D is the triangle with vertices at (0,0), (1,0), (0,1/2) in the xy-plane. By Fubini’s

Theorem,
(1-2—2y)/3
///a:de = /// xydzdA(z,y)
Q pJo
1
= —//xy(l—a:’—2y)dA
3 J/p
1 [ pa-o)/2
= _// xy dydz
3Jo Jo
1

144

Next, © projects to the triangle A with vertices at (0,0),(1/2,0),(0,1/3) in the yz-
plane. We have

Q={(z,y,2): 0<x<1-2y—3z, (y,2) € A}.

///Q zydV = //A /O T ey dAG.2)
= //A%(l—Qy—?)z)QdA

/2 p(1-2y)/3
= / / —(1 -2y —32)*dzdy
o Jo 2
1

144

Example 1.12 Express the triple integral of a function f over the tetrahedron formed
by the vertices (0,0,0),(0,1,0),(1,1,0) and (0,1,1) by an iterated integral in dzdydz.

The tetrahedron T has four faces given by triangles lying in the zy-plane, yz-plane,
the plane y = 1 and the plane  — y + z = 0. See the figure in pg 912, Text. When
projecting into the zy-plane, it is described by fi(z,y) =0 < z < fo(x,y) =y — z over
the triangle A with vertices at (0,0), (0,1) and (1,1). Therefore,

//Tf(x,y,z) dv—//A/OHf(x,y, 2) dsz(a;,y)—/Ol /Oy /wa(x,y, 2) dzdady .

We may also express the triple integral in other orders. For instance, we have

fl@y,2)dV = e f(z,y, 2) dedzdy |
r o Jo Jo
//T [y, 2)dV = /01 /OH /w;f(:v,y,z) dyd=d

and
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When the projected region D can be expressed in polar coordinates, any point (z,y, 2)
in Q can be described in terms of (7,0, z) where (z,y) = (rcos@,rsinf) € D. The
description of (z,y, z) in terms of(r, 0, z) is called the cylindrical coordinates. When
D is of the form

{(rcos,rsind): hi(0) <r < he(0), 0 € [01,65]},
(1.5) becomes

ha(0 fa2(r cos,rsin )
/// fdv = / / f(rcosf,rsind, z)rdzdrdd . (1.6)
Q h1(0 1(r cos0,rsin )

Example 1.13 Find the volume of the region R bounded between z = \/x? + y? and
24y’ + 22 =2

These two graphs intersect at z = 1 and its projection to the zy-plane is the disk
2? +y? < 1. Using cylindrical coordinates,

Rl — ///mv
R
2r 1l pV2=r2
= / // rdzdrdd
0 0 r

= 27‘(/01(\/m— r)rdr

22
_

Another useful special coordinates is the spherical coordinates.

For each (z,y,2) in R3, we can find (p, p,0) € [0,00) x [0, 7] x [0, 27] such that x =
psinpcos,y = psinpsind, z = pcosp. (p,p,0) is called the spherical coordinates of
(x,9,2). These formulas set up a mapping ® from [0, 00) x [0, 7] x [0, 27] to R3. Tt is one-
to-one and onto R? (with the origin removed) when restricted to (0, 00) x [0, 7] x [0, 27).

Let ©Q; and € be two regions in (p, ¢, #)-space and (z,y, z)-space respectively that
satisfy ®(€2;) = Q. Given any function f in the (x,y, z)-space, f o ® becomes a function
in the (p, ¢, 0)-space. The following formula holds:

// f(z,y,2z)dV = // f(psinpcosf, psin psin b, pcos ) p?sin dV (p, p, ) .
Q 931

In applications, the region €2 is usually of the form:

Q= {(x,y,z) Ipl(QO,e) < P < p2(9079)7 (9079) €D }7

for some region D. Then we have
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Theorem 1.14. For a continuous function f in €2,

// flz,y,2)dV = // / f(psinpcosf, psin psin b, p cos go)p2 sin @ dpdA(y, 0) .
p1(,0)
(1.7)

We refer to the text book for a proof of this theorem. We will re-derive it in the next
chapter when we discuss the change of variables formula.

Example 1.14 Use spherical coordinates to find the volume of the circular cone whose
base radius is R and height h.

In rectangular coordinates, the solid cone is described as

h
Q={(z,y,2) : E\/x2+y2§z§h, v+ < R*}.

In spherical coordinates, it is

Q={(p,¢,0): 0<p<psp,0), 0< @<, 0<6 <2 }.
Here z = h turns into ps cos ¢ = h, that is,

h
cosp

pa(ep,0) =

On the other hand, ¢y, which is determined by the perpendicular triangle with sides R
and H, satisfies htan g = R. Hence

@o = tan"' R/h.

Only rays from the original can hit z = h when ¢ € [0, ¢o]. Henceforth, the volume of
the circular cone is given by

h/ cos ¢
Q] = / / / 1 x p*sin o dpdpdh
B /‘PO lhgslngpd
B 0 3 cosPp

1
= gﬂ'RQh .

Example 1.15 Express the integral

\/9 y? \/18 :r:2—y
/ / / f(z,y, 2) dzdxdy
2+y
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in cylindrical and spherical coordinates respectively.

This is an ice-cream cone given by

{(z,y,2): Va2 +y?<z</18—2a2—y? 0<r<3, 0<6<2n},

in cylindrical coordinates. Therefore, this integral is equal to
o2 3 pV/18—12
/ / / f(rcos@,rsind, 2)r dzdrdf .
0 0 T

Next, in spherical coordinates, the ice-cream is described by
{(ZL‘,y,Z) OSPSPL OSSOSSDm OSQSQTF}

Here py describes the surface of the ice-cream which is given by p, = v/18. On the other
hand, 22+y? = 18—2%—y? implies 22+y? = 9. That is, the circular cone and the spherical
intersect at a disk of radius of 3 centered at the origin. The angle ¢ is determined from
the perpendicular triangle with sides 3 and z = 3, hence ¢y = 7/4. Our integral is equal
ton

21 w/4 V18
/ / / f(psinpcos, psin psin @, p cos @) p? sin @ dpdpdd |
o Jo 0
in spherical coordinates.

Example 1.16 Express the triple integral of a function f over (a) the region which is
bounded between z = 1,z = 0 and z* + y* + 22 = 4 and (b) the region which is between
the sphere and the plane z = 1 in spherical coordinates.

The sphere 22 + y? + 22 = 4 and z = 1 intersects at a circle which is projected down
to the zy-plane as 22 + 3> = 4 — 1 = 3. Any ray of ¢ € [0, ], po = sin ' /3/2 = /3,
hits the plane z = 1, that is, p = 1/ cos¢. On the other hand, any ray of ¢ € [r/3,7/2]
hits the sphere p = 2. Therefore, the triple integral is the sum of two integrals given by

2 pw/2 2
// fdv = / / / f(psinpcosf, psin psiné, pcos @) p* sin ¢ dpdpdd
Q o Jr/3 Jo

2n /3 pl/cose
+/ / / f(psinpcos b, psin psin @, pcos ¢)p*sin @ dpdedd .
o Jo 0

Next, observe every ray from the origin hits the plane z = 1 and then the sphere p = 2
when ¢ € [0,7/3] and none otherwise. The triple integral should be

2 pmw/3 P2
/ / / f(psinpcosf, psin psiné, pcos @) p* sin @ dpdpdd .
0 0 1/cosp
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1.9 A Variant Of Fubini’s Theorem

In the derivation of the formula in Theorem 1.13, if we put the bracket differently, we will
have

///B favV =Y f@, ), 2 AriAyAzy = )

1,5,k k

(Z [y, z,’;)Axiij> Az .

,L'7j

When || P|| is very small, Az;, Ay;, Az, are also very small,

Zk: (%: f(xj’yJ*’ZZ)szAyJ> AZ/C ~ zk://Rf(x>yv Z*)AZk 3

where R = [a,b] X [c, d]. Letting || P|| — 0, we get

///dev - /ef <//Rf(x7y7 Z)dz> dA(w,y) dz .

When f is defined in €2, let

Qz) = {(z,y) = (,y,2) €}

the z-cross section of ). Suppose that (z) is a region for each z € [e, f] and becomes
empty elsewhere. We have the formula

Taking f = 1, the volume of ) can be expressed as an integral of the area of its cross
sections:

f
Q) :/ 0(2)| d= . (1.9)

Example 1.17 Use formula (1.19) to find the volume of the ball of radius R.

The upper half ball is the graph of z = /R? — 22 — y? over the unit disk. The
cross section of the half ball at height z € [0, R] is a disk of radius v R? — 22. Hence
|R(2)] = n(R* — 2?). By (1.19), the volume of the half ball is

kR 2
= -1R?.

/ORW(RQ ~ %) dz = n(R% — %))O .

Therefore, the volume of the ball is equal to 47 R3/3.
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Example 1.18 Find the volume of the cone whose vertex is (0,0, h) and base is a region
D in the xy-plane.

By proportion, a line of length R on the xy-plane and the length x of its corresponding

line in the xy-plane at z satisfy
h—z
h R’
that is, x = (h — 2)/h x R. Therefore, the area of the cross section of the cone at z is
equal to

(h— 2
e Pl

(R? corresponds to the area |D|.) The volume of the cone is

" (h—2)? 1
———|D|dz = =|D|h .
| 5 ipia: = 31p)

Let us work out a four dimensional example by “analog thinking”.
Example 1.17 Show the volume of the ball {(z,y, z,w) : 2® +y*+ 2% + w? < r?} in R?
is given by 72rt/2.

It suffices to calculate the volume for the upper half ball. For each w € [0, r], the cross
section B(w) is a three dimensional ball of radius v/r? — w?. Therefore, the volume of the
ball is equal to

T4 4 w/2
2/ ?ﬁ(TQ—w2)3/2 dw = 2—7T7"4/ cos* 0 df)
0 0

1.10 A Characterization Of Riemann Integral

This section is for optional reading.

From the view point of an analyst, the interpretation of integrals as area is not satis-
fying, let alone the physical point of view such as mass and centroid. Analysts would like
to understand Riemann integral (in all dimensions) from the view of point of analysis.
Here we present a theorem in this direction.

In the following we let V' be the real vector space consisting of all piecewise continuous
functions which vanish outside some bounded set in the plane. We will work on this setting
for simplicity. You will see the same ideas also work in any dimension n > 2.

Theorem 1.15. Let T be a map from V to R satisfying the following properties:
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(a) (Linearity) T is linear.
(b) (Positivity preserving) T'(f) > 0 provided f € V' is nonnegative.
(¢) (Translation invariant) T(f) = T(f") where f' is a translate of f.

(d) (Normalization) T'(xg,) = 1 where Ry = (0,1) x (0,1).

7(5) = [ raa

Then

forall feV.
[ is a translate of f if f'(p) = f(p + po) for some py € R2.

Proof. We sketch the proof as follows. Step 1. Divide Ry into n many subsquares
where a typical one is (0,1/n) x (0,1/n) and denote them by R;;. All R;; are translates
of the typical one. By translational invariance, all T'(xg,,) are equal. Therefore, from
Ui ;[%i; C Ry and positivity preserving we get

n’T(Xo1/m2) < > T(xn,) < T(xr) =1,
1,J
which implies, together with translational invariance,
T(XS) < 1/7’L2 ’
for any square S of the form (a,a + 1/n) x (b,b+ 1/n).

Step 2. For any horizontal line segment L, T'(xr) = 0. WLOG assume L is a natural
number. We can fully cover L by 2nL many squares Sy, of side length 1/n. From L C U;Sk

we get xz < D XSy SO

T(xr) <2nL xT(xs,) <2L/n—0, asn— 0.

Hence T'(xz) = 0. The same result holds for vertical line segments.

Step 3. T(xs) = 1/n? where S is a square of side 1/n, including or excluding its boundary
points. This follows from combining Step 1 and Step 2 since the boundary are horizontal
or vertical lines.

Step 4. Let R(a,b) be a rectangle of length a and height b. I leave it as an exercise to
show T'(Xpg(ap) = ab. Show this for a,b rational numbers first and then for irrational
numbers.
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Step 5. Let f be a continuous function vanishing outside some rectangle R. Let P be a
partition on R into R;;. Let m;; and M;; be the minimum and maximum of f over R;;
respectively. From f <37, . M;;xr,, we deduce

T(f) ST Mijxr,) = ZMM\RU! :

ihj

T(f)s//RfdA.

On the other hand, ), ;Mg XR;, < [ where R}, is the subrectangle without counting in
the boundary points. Then }, . my;|R;;| < T(f). Letting || P[] — 0, we get

//RfdAsT(f) -

We have proved the theorem for continuous functions. The general case can be estab-
lished via an approximation argument.

As [|P]| — 0, we get

]



