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0.1 Introduction

Multivariable calculus is just calculus which involves more than one variable. To do it
properly, you have to use some linear algebra. Otherwise it is impossible to understand.
This book presents the necessary linear algebra and then uses it as a framework upon
which to build multivariable calculus. This is not the usual approach in beginning
courses but it is the correct approach, leaving open the possibility that at least some
students will learn and understand the topics presented. For example, the derivative of
a function of many variables is a linear transformation. If you don’t know what a linear
transformation is, then you can’t understand the derivative because that is what it is
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and nothing else can be correctly substituted for it. The chain rule is best understood
in terms of products of matrices which represent the various derivatives. The concepts
involving multiple integrals involve determinants. The understandable version of the
second derivative test uses eigenvalues, etc.

The purpose of this book is to present this subject in a way which can be understood
by a motivated student. Because of the inherent difficulty, any treatment which is easy
for the majority of students will not yield a correct understanding. However, the attempt
is being made to make it as easy as possible.

Many applications are presented. Some of these are very difficult but worthwhile.

Hard sections are starred in the table of contents. Most of these sections are en-
richment material and can be omitted if one desires nothing more than what is usually
done in a standard calculus class. Stunningly difficult sections having substantial math-
ematical content are also decorated with a picture of a battle between a dragon slayer
and a dragon, the outcome of the contest uncertain. These sections are for fearless
students who want to understand the subject more than they want to preserve their
egos. Sometimes the dragon wins.
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Fundamentals

1.0.1 Owutcomes

1. Describe R™ and do algebra with vectors in R™.

2. Represent a line in 3 space by a vector parameterization, a set of scalar parametric
equations or using symmetric form.

3. Find a parameterization of a line given information about

(a) a point of the line and the direction of the line

(b) two points contained in the line

4. Determine the direction of a line given its parameterization.

1.1 R"

The notation, R™ refers to the collection of ordered lists of n real numbers. More
precisely, consider the following definition.

Definition 1.1.1 Define
R"™ = {(l‘17~. -,Jjn) txy ERfOTj = 1’. 77’),}

(xlv c ',(En) = (y17 t 7yn) Zfa‘nd Only iffO?" a‘”] = ]-7 Ny, Ty =Y. When (xlv o '7$n) €
R™, it is conventional to denote (x1,---,x,) by the single bold face letter, x. The
numbers, x; are called the coordinates. The set

{(0,---,0,¢,0,---,0):teR }

for t in the it" slot is called the it" coordinate axis coordinate axis, the x; axis for
short. The point 0 = (0,- - -,0) is called the origin.

Thus (1,2,4) € R3 and (2,1,4) € R? but (1,2,4) # (2,1,4) because, even though
the same numbers are involved, they don’t match up. In particular, the first entries are
not equal.

Why would anyone be interested in such a thing? First consider the case when
n = 1. Then from the definition, R! = R. Recall that R is identified with the points of
a line. Look at the number line again. Observe that this amounts to identifying a point
on this line with a real number. In other words a real number determines where you
are on this line. Now suppose n = 2 and consider two lines which intersect each other
at right angles as shown in the following picture.

13



14 FUNDAMENTALS

Notice how you can identify a point shown in the plane with the ordered pair, (2,6).
You go to the right a distance of 2 and then up a distance of 6. Similarly, you can identify
another point in the plane with the ordered pair (—8,3). Go to the left a distance of 8
and then up a distance of 3. The reason you go to the left is that there is a — sign on the
eight. From this reasoning, every ordered pair determines a unique point in the plane.
Conversely, taking a point in the plane, you could draw two lines through the point,
one vertical and the other horizontal and determine unique points, £; on the horizontal
line in the above picture and x5, on the vertical line in the above picture, such that
the point of interest is identified with the ordered pair, (x1,z2) . In short, points in the
plane can be identified with ordered pairs similar to the way that points on the real
line are identified with real numbers. Now suppose n = 3. As just explained, the first
two coordinates determine a point in a plane. Letting the third component determine
how far up or down you go, depending on whether this number is positive or negative,
this determines a point in space. Thus, (1,4, —5) would mean to determine the point
in the plane that goes with (1,4) and then to go below this plane a distance of 5 to
obtain a unique point in space. You see that the ordered triples correspond to points in
space just as the ordered pairs correspond to points in a plane and single real numbers
correspond to points on a line.

You can’t stop here and say that you are only interested in n < 3. What if you were
interested in the motion of two objects? You would need three coordinates to describe
where the first object is and you would need another three coordinates to describe
where the other object is located. Therefore, you would need to be considering RS. If
the two objects moved around, you would need a time coordinate as well. As another
example, consider a hot object which is cooling and suppose you want the temperature
of this object. How many coordinates would be needed? You would need one for the
temperature, three for the position of the point in the object and one more for the
time. Thus you would need to be considering R°. Many other examples can be given.
Sometimes n is very large. This is often the case in applications to business when they
are trying to maximize profit subject to constraints. It also occurs in numerical analysis
when people try to solve hard problems on a computer.

There are other ways to identify points in space with three numbers but the one
presented is the most basic. In this case, the coordinates are known as Cartesian
coordinates after Descartest who invented this idea in the first half of the seventeenth
century. I will often not bother to draw a distinction between the point in 7 dimensional
space and its Cartesian coordinates.

1René Descartes 1596-1650 is often credited with inventing analytic geometry although it seems
the ideas were actually known much earlier. He was interested in many different subjects, physiology,
chemistry, and physics being some of them. He also wrote a large book in which he tried to explain
the book of Genesis scientifically. Descartes ended up dying in Sweden.
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1.2 Algebra in R”

There are two algebraic operations done with elements of R™. One is addition and the
other is multiplication by numbers, called scalars.

Definition 1.2.1 If x € R™ and a is a number, also called a scalar, then ax € R™ is
defined by

ax =a(x1, -+, Tp) = (a1, -, azy,) . (1.1)
This is known as scalar multiplication. If x,y € R" then x+y € R™ and is defined
by

X+y= (xla' : '7x'fl) + (ylv' ! 7yn)
= (l‘l +il/17' * T +yn) (12)

An element of R",x = (x1,---,&,) is often called a vector. The above definition is
known as vector addition.

With this definition, the algebraic properties satisfy the conclusions of the following
theorem.

Theorem 1.2.2 For v,w vectors in R™ and «, 8 scalars, (real numbers), the following
hold.

V+W=W+V, (1.3)

the commutative law of addition,
(v+w)+z=v+(w+2z), (1.4)

the associative law for addition,
v+0=v, (1.5)

the existence of an additive identity,
v+ (—v) =0, (1.6)

the existence of an additive inverse, Also

a(v+w)=avtaw, (1.7)
(a4 B) v =av+plv, (1.8)
a(pv) =apf(v), (1.9)
lv=wv. (1.10)

In the above 0 = (0, - - -,0).

You should verify these properties all hold. For example, consider [1.7

a(v+w)=a(vi+w, v, +wp)
= (a (v +wi), - a (v +wy))
= (avy + awy, - - -, av, + awy,)
= (v, -, avy) + (qwy, - - -, qwy,)
= av + aw.

As usual subtraction is defined as x —y = x+ (—y).
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1.3 Geometric Meaning Of Vector Addition In R?

It was explained earlier that an element of R™ is an n tuple of numbers and it was also
shown that this can be used to determine a point in three dimensional space in the case
where n = 3 and in two dimensional space, in the case where n = 2. This point was
specified reletive to some coordinate axes.

Consider the case where n = 3 for now. If you draw an arrow from the point in
three dimensional space determined by (0,0, 0) to the point (a, b, ¢) with its tail sitting
at the point (0,0,0) and its point at the point (a, b, ¢) , this arrow is called the position
vector of the point determined by u = (a, b, c). One way to get to this point is to start
at (0,0,0) and move in the direction of the z; axis to (a,0,0) and then in the direction of
the x5 axis to (a,b,0) and finally in the direction of the x3 axis to (a,b,c). It is evident
that the same arrow (vector) would result if you began at the point, v = (d, e, f), moved
in the direction of the z; axis to (d + a,e, f), then in the direction of the x5 axis to
(d+a,e+Db, f), and finally in the x3 direction to (d 4+ a,e + b, f + ¢) only this time, the
arrow would have its tail sitting at the point determined by v = (d, e, f) and its point at
(d+a,e+b, f+c). It is said to be the same arrow (vector) because it will point in the
same direction and have the same length. It is like you took an actual arrow, the sort
of thing you shoot with a bow, and moved it from one location to another keeping it
pointing the same direction. This is illustrated in the following picture in which v + u
is illustrated. Note the parallelogram determined in the picture by the vectors u and v.

Thus the geometric significance of (d,e, f) 4+ (a,b,¢) = (d+a,e+ b, f + ¢) is this.
You start with the position vector of the point (d, e, f) and at its point, you place the
vector determined by (a, b, ¢) with its tail at (d, e, ). Then the point of this last vector
will be (d + a,e + b, f + ¢). This is the geometric significance of vector addition. Also,
as shown in the picture, u + v is the directed diagonal of the parallelogram determined
by the two vectors u and v.

The following example is art.

Exercise 1.3.1 Here is a picture of two vectors, u and v.
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T

Sketch a picture of u+ v,u — v, and u+2v.

First here is a picture of u+ v. You first draw u and then at the point of u you
place the tail of v as shown. Then u + v is the vector which results which is drawn in
the following pretty picture.

u+v

Next consider u — v. This means u+ (—v). From the above geometric description
of vector addition, —v is the vector which has the same length but which points in the
opposite direction to v. Here is a picture.

Finally consider the vector u+2v. Here is a picture of this one also.

2v

u-—+2v
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1.4 Lines

To begin with consider the case n = 1,2. In the case where n = 1, the only line is just
R! = R. Therefore, if z; and z» are two different points in R, consider

x=ux1+t(xy— 1)

where ¢ € R and the totality of all such points will give R. You see that you can
always solve the above equation for ¢, showing that every point on R is of this form.
Now consider the plane. Does a similar formula hold? Let (z1,y1) and (z2,y2) be two
different points in R? which are contained in a line, I. Suppose that x; # z». Then if
(x,y) is an arbitrary point on I,

(z,y)
(w2,y2)

(w1,91)

Now by similar triangles,

Y2-Y1 _Yy—n
T2 — X1 r — I

m

and so the point slope form of the line, [, is given as
y—yi=m(x—x1).
If ¢ is defined by
x=x1+t(x2— 1),
you obtain this equation along with
y =y +mt(xz2 —x1)
=y1+t(y2—y1).

Therefore,
(z,y) = (z1,91) +t(x2 — 21,92 — y1) -

If 21 = x4, then in place of the point slope form above, x = x;. Since the two given
points are different, y; # vy and so you still obtain the above formula for the line.
Because of this, the following is the definition of a line in R".

Definition 1.4.1 A line in R™ containing the two different points, x' and x? is the
collection of points of the form

x:x1+t(x2—xl)

where t € R. This is known as a parametric equation and the variable t is called the
parameter.
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Often ¢ denotes time in applications to Physics. Note this definition agrees with the
usual notion of a line in two dimensions and so this is consistent with earlier concepts.

Lemma 1.4.2 Let a,b € R™ witha # 0. Then x =ta+ b, t € R, is a line.

Proof: Let x! = b and let x> — x! = a so that x2 # x'. Then ta+b =x" +
t (x2 — xl) and so x = ta+ b is a line containing the two different points, x' and x2.

This proves the lemma.

Definition 1.4.3 The vector a in the above lemma is called a direction vector for
the line.

Definition 1.4.4 Let p and q be two points in R™, p # q. The directed line segment
from p to q, denoted by pq, is defined to be the collection of points,

X:p+t(q7p)a tE[O,l]

with the direction corresponding to increasing t. In the definition, when t = 0, the point
P is obtained and as t increases other points on this line segment are obtained until when
t =1, you get the point, q. This is what is meant by saying the direction corresponds
to increasing t.

Think of pq as an arrow whose point is on q and whose base is at p as shown in
the following picture.

p
This line segment is a part of a line from the above Definition.

Example 1.4.5 Find a parametric equation for the line through the points (1,2,0) and
(2,—4,6).

Use the definition of a line given above to write
(z,9,2) = (1,2,0) +1(1,-6,6), t € R.

The vector (1,—6,6) is obtained by (2,—4,6) — (1,2,0) as indicated above.

The reason for the word, “a”, rather than the word, “the” is there are infinitely
many different parametric equations for the same line. To see this replace ¢ with 3s.
Then you obtain a parametric equation for the same line because the same set of points
is obtained. The difference is they are obtained from different values of the parameter.
What happens is this: The line is a set of points but the parametric description gives
more information than that. It tells how the set of points are obtained. Obviously, there
are many ways to trace out a given set of points and each of these ways corresponds to
a different parametric equation for the line.

Example 1.4.6 Find a parametric equation for the line which contains the point (1,2,0)
and has direction vector, (1,2,1).
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From the above this is just
(r,y,2) = (1,2,0) +t(1,2,1), t € R. (1.11)
Sometimes people elect to write a line like the above in the form
r=1+t y=2+2t z=1t,teR. (1.12)

This is a set of scalar parametric equations which amounts to the same thing as[1.11.
There is one other form for a line which is sometimes considered useful. It is the so
called symmetric form. Consider the line of [1.12. You can solve for the parameter, ¢ to

write 9
y—

t=x—1,t="——,t=2.

T , 7 z

['herefore,
y—2
r—1l=>F—=2z

2
This is the symmetric form of the line.

Example 1.4.7 Suppose the symmetric form of a line is

r—2 y-1
=— = 3.
3 5 z+

Find the line in parametric form.
Let t = %‘2,15 = % and t = z + 3. Then solving for z,y, z, you get
r=3t+2, y=2t+1, z2=t—-3, t € R.
Written in terms of vectors this is

(2,1,—3)+t(3,271):(x,y,z), teR.

1.5 Distance in R"

How is distance between two points in R™ defined?

Definition 1.5.1 Let x =(z1, -, 2n) andy = (y1,- -+, Yn) be two points in R™. Then
|x —y| to indicates the distance between these points and is defined as

n 1/2
distance between x andy =|x—y| = <Z |z — yk|2> .
k=1

This is called the distance formula. Thus |x| = |x —0|. The symbol, B (a,r) is
defined by
B(a,r)={xeR":|x—a|<r}.

This is called an open ball of radius r centered at a. It gives all the points in R™ which
are closer to a than r.

First of all note this is a generalization of the notion of distance in R. There the
distance between two points, x and y was given by the absolute value of their difference.
Thus |z — y| is equal to the distance between these two points on R. Now |z —y| =

1/2
((ac - y)2) where the square root is always the positive square root. Thus it is
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the same formula as the above definition except there is only one term in the sum.
Geometrically, this is the right way to define distance which is seen from the Pythagorean
theorem. Consider the following picture in the case that n = 2.

(yh yQ)

R TS

There are two points in the plane whose Cartesian coordinates are (z1,x2) and
(y1, y2) respectively. Then the solid line joining these two points is the hypotenuse of a
right triangle which is half of the rectangle shown in dotted lines. What is its length?
Note the lengths of the sides of this triangle are |y; — x| and |ya — x2|. Therefore, the
Pythagorean theorem implies the length of the hypotenuse equals

1/2 1/2
(|y1 - 331|2 + y2 — $2|2) = ((y1 - £C1)2 + (y2 — $2)2)

which is just the formula for the distance given above.

Now suppose n = 3 and let (x1, 22, 23) and (y1,%2,%3) be two points in R?. Consider
the following picture in which one of the solid lines joins the two points and a dotted
line joins the points (z1,z2,x3) and (y1,y2,x3) .

. (y1,92,93)

BT (y17y2a$3)

(«/'ElnyaxS) (y17$2ax3)

By the Pythagorean theorem, the length of the dotted line joining (x1,xs,x3) and
(y1, Y2, x3) equals

((y1 - $1)2 + (y2 — 552)2)1/2

while the length of the line joining (y1,y2,x3) to (y1, Y2, ys) is just |ys — z3| . Therefore,
by the Pythagorean theorem again, the length of the line joining the points (z1, z2, z3)
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and (y1,y2,y3) equals

{ {((yl —21)" + (y2 — 552)2)1/1 2 + (y3 — $3)2}

= ((y1 —21)” + (y2 — 22)” + (y3 — x3)2)1/27

1/2

which is again just the distance formula above.

This completes the argument that the above definition is reasonable. Of course you
cannot continue drawing pictures in ever higher dimensions but there is no problem
with the formula for distance in any number of dimensions. Here is an example.

Example 1.5.2 Find the distance between the points in R*,
a=(1,2,-4,6)
and b =(2,3,-1,0)
Use the distance formula and write
la—bl>=(1-2°+(2-3)74 (=4 —(—=1))* + (6 — 0)* = 47

Therefore, |a — b| = /47.

All this amounts to defining the distance between two points as the length of a
straight line joining these two points. However, there is nothing sacred about using
straight lines. One could define the distance to be the length of some other sort of line
joining these points. It won’t be done in this book but sometimes this sort of thing is
done.

Another convention which is usually followed, especially in R? and R? is to denote
the first component of a point in R? by z and the second component by y. In R? it is
customary to denote the first and second components as just described while the third
component is called z.

Example 1.5.3 Describe the points which are at the same distance between (1,2,3)
and (0,1,2).

Let (x,y, z) be such a point. Then

VE—17+ -2 +(-32 =22+ (y— 1)+ (- 2)".
Squaring both sides
-1+ -2 +(-3 =2+ - 1)°+(z—2)°
and so
w2 =2+ 14+ —dy+ 22 —6z=a 49y -2y +5+ 22 — 4z

which implies
—2x+14 -4y —62=—-2y+5—4z

and so
22 + 2y + 2z = 9. (1.13)

Since these steps are reversible, the set of points which is at the same distance from the
two given points consists of the points, (x,y, z) such that [1.13 holds.
The following lemma is fundamental. It is a form of the Cauchy Schwarz inequality.
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Lemma 1.5.4 Let x = (21, -+, &) andy = (Y1, - -, yn) be two points in R™. Then

n
E LiYi
i=1

Proof: Let 0 be either 1 or —1 such that
Qzlﬁiyi = sz (Oy;) = Z%‘yi
i=1 i=1 i=1

and consider p () = Y7, (x; + t0y;)° . Then for all t € R,

< [x[lyl- (1.14)

n n

p(t)=> al+2t> wy +t2§njyf
=1 =1 =1

n
x|* + 2t > wiby; + 12 lyl?

i=1

o
IA

If |y| = 0 then [1.14 is obviously true because both sides equal zero. Therefore, assume
ly| # 0 and then p (¢) is a polynomial of degree two whose graph opens up. Therefore,
it either has no zeroes, two zeros or one repeated zero. If it has two zeros, the above
inequality must be violated because in this case the graph must dip below the = axis.
Therefore, it either has no zeros or exactly one. From the quadratic formula this happens

exactly when
n 2
1 (Z ey> —alxPlyP <0
i=1

and so

n
Z%‘QM = < x|yl
i=1
as claimed. This proves the inequality.
There are certain properties of the distance which are obvious. Two of them which
follow directly from the definition are

n
E TiYi
i=1

x—yl=ly —x,
|x —y| > 0 and equals 0 only if y = x.

The third fundamental property of distance is known as the triangle inequality. Recall
that in any triangle the sum of the lengths of two sides is always at least as large as the
third side. The following corollary is equivalent to this simple statement.

Corollary 1.5.5 Let x,y be points of R™. Then
x+y| < |x[+]y].

Proof: Using the Cauchy Schwarz inequality, Lemma [1.5.4,

n

x+y = D (@i+w)?
=1

n n n
= ZI? +ZZI¢yz‘ +Zy12
=1 =1 =1

2 2
x|” + 2 x|y + |yl
2
(Ix| + Iy1)



24 FUNDAMENTALS

and so upon taking square roots of both sides,
Ix+y| < [x[+]yl

and this proves the corollary.

1.6 Geometric Meaning Of Scalar Multiplication In
R?:

As discussed earlier, x = (21, z2, 23) determines a vector. You draw the line from 0 to
x placing the point of the vector on x. What is the length of this vector? The length
of this vector is defined to equal |x| as in Definition [I.5.1. Thus the length of x equals
V23 + 23 4+ x3. When you multiply x by a scalar, a, you get (ax1, axs, axs) and the
length of this vector is defined as \/((ax1)2 + (amg)? + (axg)Z) = |a| /2% + 23 + 23
Thus the following holds.

x| = |a] [x].

In other words, multiplication by a scalar magnifies the length of the vector. What
about the direction? You should convince yourself by drawing a picture that if « is
negative, it causes the resulting vector to point in the opposite direction while if o > 0
it preserves the direction the vector points. One way to see this is to first observe that
if a # 1, then x and ax are both points on the same line.

1.7 Exercises

1. Verify all the properties [1.3-1.10L

2. Compute the following

a) 5(1,2,3,-2) +6(2,1,-2,7)

b) 5(1,2,—2) —6(2,1,-2)

) —3(1,0,3,-2) + (2,0, —2,1)

) =3(1,-2,-3,-2) —2(2,—-1,-2,7)
) —(2,2,-3,-2) +2(2,4,-2,7)

(c
d

(e

3. Find symmetric equations for the line through the points (2,2,4) and (-2,3,1).

(
(
(

4. Find symmetric equations for the line through the points (1,2,4) and (—2,1,1).
5. Symmetric equations for a line are given. Find parametric equations of the line.

(a

z+l _ 2y+3 _
N = = T

(b .2w3—1 _ 2yg-3 =7

(c) O =2y +3=2z—1

)
)
)
() 52 =352 =241
o

)

z—1 _ 2y—3 _
A== =242
o+l _ 3—y _
== =741

e

(
(f

6. Parametric equations for a line are given. Find symmetric equations for the line
if possible. If it is not possible to do it explain why.
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7. The first point given is a point containing the line. The second point given is a
direction vector for the line. Find parametric equations for the line determined
by this information.

(a) #(1,2,1),(2,0,3)

(b) &(1,0,1),(1,1,3)

(c) &(1,2,0),(1,1,0)

(d) (1,0,-6),(=2,-1,3)

(e) (-1,-2,-1),(2,1,-1)

(f) (0,0,0),(2,-3,1)

8. Parametric equations for a line are given. Determine a direction vector for this

line.

(a) dx=14+2t,y=3—-t,z=5+3t
(b) dx=1+t,y=3+3t,z=5—1
(c) dx=T7T+t,y=3+4t,z=5-3t
(d) x =2t,y=—3t,z =3t

(e) z=2t,y=3+2t,z=5+t

(f) e=t,y=3+3t,z2=5+¢

9. A line contains the given two points. Find parametric equations for this line.
Identify the direction vector.

(a) #(0,1,0),(2,1,2)
(b) #(0,1,1),(2,5,0)
(¢) (1,1,0),(0,1,2)
(d) (0,1,3),(0,3,0)
(e) (0,1,0),(0,6,2)
(f) (0,1,2),(2,0,2)
10. Draw a picture of the points in R? which are determined by the following ordered

pairs.

(a) (1,2)

(b) (=2,-2)

(c) (2,3)

(d) (2,-5)

11. Does it make sense to write (1,2) + (2, 3,1)? Explain.
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13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

FUNDAMENTALS

Draw a picture of the points in R? which are determined by the following ordered
triples.

(a) (1,2,0)
(b) (_27_2a1)

You are given two points in R?, (4,5, —4) and (2, 3,0) . Show the distance from the
point, (3,4, —2) to the first of these points is the same as the distance from this
point to the second of the original pair of points. Note that 3 = 4—‘52,4 = 5—;3
Obtain a theorem which will be valid for general pairs of points, (z,y,z) and
(z1,41, 21) and prove your theorem using the distance formula.

A sphere is the set of all points which are at a given distance from a single given
point. Find an equation for the sphere which is the set of all points that are at a
distance of 4 from the point (1,2,3) in R3.

A parabola is the set of all points (z,y) in the plane such that the distance from
the point (x,y) to a given point, (xg, yo) equals the distance from (z,y) to a given
line. The point, (xg,yo) is called the focus and the line is called the directrix.
Find the equation of the parabola which results from the line y = I and (zo, y0) a
given focus with yy < [. Repeat for yg > .

A sphere centered at the point (zg,y0,20) € R® having radius r consists of all
points, (z,y,z) whose distance to (zg, Yo, 20) equals r. Write an equation for this
sphere in R3.

Suppose the distance between (z,y) and (2/,y’) were defined to equal the larger
of the two numbers |z — 2| and |y — y'| . Draw a picture of the sphere centered at
the point, (0,0) if this notion of distance is used.

Repeat the same problem except this time let the distance between the two points
be |z — 2| + |y —y/[-

If (1,41, 21) and (z2,ys2, 22) are two points such that |(x;,y;,2;)| =1 for i = 1,2,
show that in terms of the usual distance, | (2522, @dde 21422 | < 1 What would
happen if you used the way of measuring distance given in Problem 17 (|(z, y, z)| =

maximum of |z|, |z|,]|y|.)?

Give a simple description using the distance formula of the set of points which are
at an equal distance between the two points (1, y1, 21) and (x2,y2, 22) -

Suppose you are given two points, (—a,0) and (a,0) in R? and a number, r > 2a.
The set of points described by

{(z,y) € R*:|(z,y) = (=a,0)| + |(z,y) — (a,0)] = 1}

is known as an ellipse. The two given points are known as the focus points of
2

the ellipse. Simplify this to the form (%)2 + (%) = 1. This is a nice exercise

in messy algebra.

Suppose you are given two points, (—a, 0) and (a,0) in R? and a number, r > 2a.
The set of points described by

{(z,y) € R*:|(z,y) — (=a,0)| = |(z,y) — (a,0)] =7}
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is known as hyperbola. The two given points are known as the focus points

2
of the hyperbola. Simplify this to the form (7”;‘4)2 — (%) = 1. This is a nice

exercise in messy algebra.

Let (x1,y1) and (x2,y2) be two points in R%. Give a simple description using
the distance formula of the perpendicular bisector of the line segment joining
these two points. Thus you want all points, (z,y) such that |(z,y) — (z1,y1)| =

(7, y) — (z2,92)|-

Exercises With Answers

. Compute the following

(a) 5(1,-2,3,-2)4+4(2,1,-2,7) = (13,—6,7,18)
(¢) =3(1,0,—4,-2)+3(2,4,—-2,1) = (3,12,6,9)

. Find symmetric equations for the line through the points (2,7,4) and (—1,3,1).

First find parametric equations. These are (x,y,2) = (2,7,4) + t(—3,—4,-3).
Therefore,

% = 3"'2& = z+ 1. Find parametric

equations of the line.

Lett:%:?’Eﬁ:z—i—l.Thenx:3i—_217y:2f‘2—_3,z:t—l.

. Parametric equations for a line are xt = 1—t,y = 3+2¢t, z = 5—3¢. Find symmetric

equations for the line if possible. If it is not possible to do it explain why.

Solve the parametric equations for ¢. This gives

y—3 bH—z
t:l— = — = .
T 3

Thus symmetric equations for this line are

1—9;—3/_3—5_2
2 3

. Parametric equations for a line are x = 1,y = 3 + 2t,2 = 5 — 3t. Find symmetric

equations for the line if possible. If it is not possible to do it explain why.

In this case you can’t do it. The second two equations give ny?’ = 5gz but you
can’t have these equal to an expression of the form ‘”jb because x is always equal
to 1. Thus any expression of this form must be constant but the other two are

not constant.
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6. The first point given is a point containing the line. The second point given is a
direction vector for the line. Find parametric equations for the line determined
by this information. (1,1,2),(2,1,—3). Parametric equations are equivalent to
(z,y,2) = (1,1,2) + ¢ (2,1, —3) . Written parametrically, c = 1+ 2t,y = 1+¢,2z =
2 —3t.

7. Parametric equations for a line are given. Determine a direction vector for this
line. x =t,y=3+2t,z2=5+1

A direction vector is (1,2, 1) . You just form the vector which has components equal
to the coefficients of ¢ in the parametric equations for x,y, and z respectively.

8. A line contains the given two points. Find parametric equations for this line.
Identify the direction vector. (1,—2,0),(2,1,2).

A direction vector is (1, 3, 2) and so parametric equations are equivalent to (x,y, z) =
(2,1,2) 4+ (1,3,2). Of course you could also have written (z,y,z) = (1,-2,0) +
t(1,3,2) or (z,y,2) = (1,-2,0) — ¢(1,3,2) or (z,9,2) = (1,—2,0) + ¢(2,6,4),
etc. As explained above, there are always infinitely many parameterizations for a
given line.



Matrices And Linear
Transformations

2.0.1 Outcomes

1. Perform the basic matrix operations of matrix addition, scalar multiplication,
transposition and matrix multiplication. Identify when these operations are not
defined. Represent the basic operations in terms of double subscript notation.

2. Recall and prove algebraic properties for matrix addition, scalar multiplication,
transposition, and matrix multiplication. Apply these properties to manipulate
an algebraic expression involving matrices.

3. Evaluate the inverse of a matrix using Gauss Jordan elimination.

4. Recall the cancellation laws for matrix multiplication. Demonstrate when cancel-
lation laws do not apply.

5. Recall and prove identities involving matrix inverses.

6. Understand the relationship between linear transformations and matrices.

2.1 Matrix Arithmetic

2.1.1 Addition And Scalar Multiplication Of Matrices

When people speak of vectors and matrices, it is common to refer to numbers as scalars.
In this book, scalars will always be real numbers.

A matrix is a rectangular array of numbers. Several of them are referred to as
matrices. For example, here is a matrix.

1 2 3 4

5 2 8 7

6 -9 1 2

The size or dimension of a matrix is defined as m x n where m is the number of rows

and n is the number of columns. The above matrix is a 3 x 4 matrix because there

are three rows and four columns. The first row is (1 2 3 4), the second row is (52 8 7)
1

and so forth. The first column is 5 | . When specifying the size of a matrix, you
6

always list the number of rows before the number of columns. Also, you can remember

the columns are like columns in a Greek temple. They stand upright while the rows

29
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just lay there like rows made by a tractor in a plowed field. Elements of the matrix are
identified according to position in the matrix. For example, 8 is in position 2, 3 because
it is in the second row and the third column. You might remember that you always
list the rows before the columns by using the phrase Rowman Catholic. The symbol,
(aij) refers to a matrix. The entry in the i'" row and the j" column of this matrix is
denoted by a;;. Using this notation on the above matrix, asz = 8,a32 = —9,a12 = 2,
etc.

There are various operations which are done on matrices. Matrices can be added
multiplied by a scalar, and multiplied by other matrices. To illustrate scalar multiplica-
tion, consider the following example in which a matrix is being multiplied by the scalar,

1 2 3 4 3 6 9 12
315 2 8 7 |=|1 6 24 21
6 -9 1 2 18 =27 3 6

The new matrix is obtained by multiplying every entry of the original matrix by the
given scalar. If A is an m x n matrix, —A is defined to equal (—1) A.

Two matrices must be the same size to be added. The sum of two matrices is a
matrix which is obtained by adding the corresponding entries. Thus

1 2 -1 4 0 6
3 4 |+ 2 8 = 5 12
5 2 —4 11 -2

Two matrices are equal exactly when they are the same size and the corresponding

entries areidentical. Thus
0 0 0 0
0 0 | # ( 0 0 )
0 0

because they are different sizes. As noted above, you write (c¢;;) for the matrix C' whose
ijt" entry is ¢;ij- In doing arithmetic with matrices you must define what happens in
terms of the c;; sometimes called the entries of the matrix or the components of the
matrix.

The above discussion stated for general matrices is given in the following definition.

Definition 2.1.1 (Scalar Multiplication) If A = (a;5) and k is a scalar, then kA =
(kaij) .

2 0 14 0
Example 2.1.2 7(1 _4>—( 7 —28>'

Definition 2.1.3 (Addition) If A = (a;j) and B = (b;;) are two m x n matrices. Then
A+ B = C where
C = (i)

for cij = aij + byj.

L23) (5 23\_(6 46
10 4 -6 2 1)" -5 25

To save on notation, A;; will refer to the ijt" entry of the matrix, A.

Example 2.1.4

Definition 2.1.5 (The zero matriz) The mxn zero matriz is the mxn matriz having
every entry equal to zero. It is denoted by 0.
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0 0
0 0 )

Note there are 2 x 3 zero matrices, 3 X 4 zero matrices, etc. In fact there is a zero
matrix for every size.

o o

Example 2.1.6 The 2 X 3 zero matriz is <

Definition 2.1.7 (Equality of matrices) Let A and B be two matrices. Then A = B
means that the two matrices are of the same size and for A = (a;;) and B = (b;5),
a;; =byj foralll <i<mand1 <j<n.

The following properties of matrices can be easily verified. You should do so.

e Commutative Law Of Addition.

A+B=DB+A, (2.1)

Associative Law for Addition.

(A+B)+C=A+(B+0), (2.2)

e Existence of an Additive Identity

A+0=A4A, (2.3)

Existence of an Additive Inverse

Also for «, 8 scalars, the following additional properties hold.

Distributive law over Matrix Addition.

a(A+ B) =aA+aB, (2.5)

Distributive law over Scalar Addition

(a+B) A= ad+pA, (2.6)

e Associative law for Scalar Multiplication

a(BA) = af(4), (2.7)

Rule for Multiplication by 1.
1A = A. (2.8)

As an example, consider the Commutative Law of Addition. Let A + B = C' and
B+ A=D.Whyis D=C7

Cij = Aij + Bij = Bij + Aij = D”

Therefore, C = D because the ij'" entries are the same. Note that the conclusion
follows from the commutative law of addition of numbers.
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2.1.2 Multiplication Of Matrices

Definition 2.1.8 Matrices which are n x 1 or 1 x n are called vectors and are often
denoted by a bold letter. Thus the n X 1 matrix

T

Ty
s also called a column vector. The 1 x n matriz

(21 )
s called a row vector.

Although the following description of matrix multiplication may seem strange, it is
in fact the most important and useful of the matrix operations. To begin with consider
the case where a matrix is multiplied by a column vector. First consider a special case.

(123) g .
4 5 6 9

One way to remember this is as follows. Slide the vector, placing it on top the two rows
as shown and then do the indicated operation.

7 8 9
1 2 3 . TXx14+8x24+9%x3 Y\ 50
Z g g Tx44+8x54+9%x6 ) \ 122 )

multiply the numbers on the top by the numbers on the bottom and add them up to
get a single number for each row of the matrix as shown above.
In more general terms,

T
( ail a1z a3 ) o _ ( 1171 + a12T2 + 41373 )

a1 Qg2 G23 5 (2171 + Q22T2 + Q2373

Another way to think of this is
a
I 11 + 2o ai2 423 a13
a21 a22 a23

Thus you take x; times the first column, add to x5 times the second column, and finally
x3 times the third column. In general, here is the definition of how to multiply an
(m X n) matrix times a (n X 1) matrix.

Definition 2.1.9 Let A = A;; be an m x n matriz and let v be an n x 1 matriz,

Then Av is an m x 1 matriz and the i'" component of this matriz is

(AV)Z = Ailvl + Ai2v2 +---+ Amvn = ZAijvj'
j=1
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Thus N
> =1 ALjv;
Av = . (2.9)
2 i1 Amjvj
In other words, if
A= (a17 7an)

where the aj are the columns,
n
Av = E Vieagk
k=1

This follows from 2.9 and the observation that the j** column of A is

Alj
Amj
$012.9 reduces to
A Al A1y
Azt Az Az,
(%1 . + v . T+t Uk .
Aml Am2 Amn

Note also that multiplication by an m X n matriz takes an n X 1 matriz, and produces
an m X 1 matriz.

Here is another example.

Example 2.1.10 Compute

1 2 1 3 ;
0 2 1 -2 0
21 4 1 1

First of all this is of the form (3 x 4) (4 x 1) and so the result should be a (3 x 1).
Note how the inside numbers cancel. To get the element in the second row and first
and only column, compute

4
Z 2KV = @21V1 + A22V2 + A23V3 + A24V4
k=1

= 0x142x241x0+(-2)x1=2.

You should do the rest of the problem and verify

1 2 1 3 ; 8
0 2 1 -2 0 | = 2
2 1 4 1 1 5)

The next task is to multiply an m X n matrix times an n x p matrix. Before doing
so, the following may be helpful.
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For A and B matrices, in order to form the product, AB the number of columns of
A must equal the number of rows of B.
thesg_nlst match!

(mx n)(nxp )=mxp

Note the two outside numbers give the size of the product. Remember:

[If the two middle numbers don’t match, you can’t multiply the matrices]|

Definition 2.1.11 When the number of columns of A equals the number of rows of
B the two matrices are said to be conformable and the product, AB is obtained as
follows. Let A be an m x n matriz and let B be an n X p matriz. Then B is of the form

B = (blv" '7bp)

where by is an n X 1 matrix or column vector. Then the m X p matriz, AB is defined

as follows:
AB = (Aby, - - -, Aby) (2.10)

where Aby, is an m x 1 matriz or column vector which gives the k" column of AB.

Example 2.1.12 Multiply the following.

1 2 1 1 20
0 2 1 0 31
-2 1 1
The first thing you need to check before doing anything else is whether it is possible
to do the multiplication. The first matrix is a 2 x 3 and the second matrix is a 3 x 3.

Therefore, is it possible to multiply these matrices. According to the above discussion
it should be a 2 x 3 matrix of the form

First column Second column Third column

2

<121) é (121> : (121)?
0 2 1 9 0 2 1 1 0 2 1 1

You know how to multiply a matrix times a vector and so you do so to obtain each of
the three columns. Thus

(121) oos _(—193)
o2 1)\ % 7] 2 7 3

Example 2.1.13 Multiply the following.

120 1 2 1
0 31 ( 0 2 1 )
-2 1 1

First check if it is possible. This is of the form (3 x 3) (2 x 3). The inside numbers
do not match and so you can’t do this multiplication. This means that anything you
write will be absolute nonsense because it is impossible to multiply these matrices in
this order. Aren’t they the same two matrices considered in the previous example? Yes
they are. It is just that here they are in a different order. This shows something you
must always remember about matrix multiplication.

Order Matters!

Matrix Multiplication Is Not Commutative!

This is very different than multiplication of numbers!
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2.1.3 The ij"* Entry Of A Product

It is important to describe matrix multiplication in terms of entries of the matrices.
What is the i entry of AB? It would be the i*" entry of the j** column of AB. Thus
it would be the i'" entry of Ab,. Now
Blj
bj=1
B,

and from the above definition, the i*" entry is

> AixBy;. (2.11)
k=1
In terms of pictures of the matrix, you are doing
A A - Ay, By Byx -+ By
Ay Agp - Ay, By1 By -+ By
Aml Am2 o Amn Bnl Bn2 T Bnp

Then as explained above, the j* column is of the form

A A - Ay By;
Agy Ay - Ay, Bs;
Aml Am2 T Amn an
which is a m x 1 matrix or column vector which equals
Ay Aqo A
Ag Az Aop
By + . By + -+ + . By;.
Am,l AmQ Amn

The second entry of this m x 1 matrix is
m
A0 Bij + AgaBaj + -+ - + A2nBpj = ZAQkBkj~
k=1
Similarly, the i*” entry of this m x 1 matrix is
m
AinBij+ AiaBaoj + -+ -+ AinBpj = ZAikBkj~
k=1

This shows the following definition for matrix multiplication in terms of the ij*" entries

of the product coincides with Definition 2.1.11.
This shows the following definition for matrix multiplication in terms of the ij'"
entries of the product coincides with Definition [2.1.11.

Definition 2.1.14 Let A = (A;;) be an m x n matriz and let B = (B;;) be an n X p
matriz. Then AB is an m X p matrix and

(AB);; =Y AuBy;. (2.12)
k=1
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12 2 31
Example 2.1.15 Multiply if possible | 3 1 .
2 6 7 6 2

First check to see if this is possible. It is of the form (3 x 2) (2 x 3) and since the
inside numbers match, the two matrices are conformable and it is possible to do the
multiplication. The result should be a 3 x 3 matrix. The answer is of the form

1 2 1 2 1 2

31 (i) 301 (g) 31 (;)

2 6 2 6 2 6
where the commas separate the columns in the resulting product. Thus the above
product equals

16 15 5
13 15 5 ,
46 42 14

a 3 x 3 matrix as desired. In terms of the ij*" entries and the above definition, the entry
in the third row and second column of the product should equal

g aspbre = azibiz + azaban
J

= 2Xx3+6x6=42.

You should try a few more such examples to verify the above definition in terms of the

ijt" entries works for other entries.

1 2 2 31
Example 2.1.16 Multiply if possible | 3 1 7 6 2
2 6 0 0 0

This is not possible because it is of the form (3 x 2) (3 x 3) and the middle numbers

don’t match. In other words the two matrices are not conformable in the indicated
order.

Example 2.1.17 Multiply if possible

[eoBEN I V)
O O W

1 1
2 3
0 2

S =N

This is possible because in this case it is of the form (3 x 3) (3 x 2) and the middle
numbers do match so the matrices are conformable. When the multiplication is done it
equals

13 13
29 32
0 O

Check this and be sure you come up with the same answer.

1
Example 2.1.18 Multiply if possible | 2 ( 1 2 10 )
1

In this case you are trying to do (3 x 1) (1 x 4). The inside numbers match so you
can do it. Verify

1 1210
2 (12 10)=[2420
1 1210
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2.1.4 Properties Of Matrix Multiplication

As pointed out above, sometimes it is possible to multiply matrices in one order but
not in the other order. What if it makes sense to multiply them in either order? Will
the two products be equal then?

2 )

1 2 0 1 0 1
Example 2.1.19 Compare ( 3 4 ) ( 10 ) and ( 10 ) (
The first product is
1 2 01y (21
3 4 10/ \ 4 3 )
0 1 1 2\ (3 4
10 34 ) \1 2)°

You see these are not equal. Again you cannot conclude that AB = BA for matrix

multiplication even when multiplication is defined in both orders. However, there are
some properties which do hold.

W =
IS

The second product is

Proposition 2.1.20 If all multiplications and additions make sense, the following hold
for matrices, A, B,C and a,b scalars.

A(aB +bC) = a(AB) + b (AC) (2.13)
(B+C)A=BA+CA (2.14)
A(BC) = (AB)C (2.15)

Proof: Using Definition 2.1.14,

(A(@B+0bC));; = > A (aB+bC),;
k
= ) Aix (aBy; + bClj)
k

= azAikBkj + bZAikij
k k

= a(AB), +b(AC),
= (a(AB)+b(AC)),.

Thus A (B + C) = AB + AC as claimed. Formula 2.14] is entirely similar.
Formula [2.15! is the associative law of multiplication. Using Definition 2.1.14,

(A<BC))ij = ZAik(BC)kj
k

> A > BuCi

k !

Z(AB)UCU

l
((AB) C),, -

This proves 2.15.
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2.1.5 The Transpose

Another important operation on matrices is that of taking the transpose. The following
example shows what is meant by this operation, denoted by placing a T" as an exponent

on the matrix. -

. __(1 3 2>
2 6 4 1 6

What happened? The first column became the first row and the second column became
the second row. Thus the 3 x 2 matrix became a 2 x 3 matrix. The number 3 was in the
second row and the first column and it ended up in the first row and second column.
Here is the definition.

Definition 2.1.21 Let A be an m x n matriz. Then AT denotes the n X m matriz
which is defined as follows.

%

(12—6>T_ ;2
3 5 4 4

(A7), = A5
Example 2.1.22

The transpose of a matrix has the following important properties.
Lemma 2.1.23 Let A be an m X n matriz and let B be a n X p matriz. Then
(AB)" = BT AT (2.16)
and if a and B are scalars,
(aA+ BB)" = aA” + gB" (2.17)

Proof: From the definition,

(AB);;
= Z A By
%
> (BT, (aT),,

- (ZTAT),

]

The proof of Formula 2.17 is left as an exercise and this proves the lemma.

Definition 2.1.24 An n x n matriz, A is said to be symmetric if A= AT. It is said
to be skew symmetric if A= —AT.

Example 2.1.25 Let

2 1 3
A= 1 5 =3
3 -3 7
Then A is symmetric.
Example 2.1.26 Let
0 1 3
A= -1 0 2
-3 -2 0

Then A is skew symmetric.
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2.1.6 The Identity And Inverses

There is a special matrix called I and referred to as the identity matrix. It is always a
square matrix, meaning the number of rows equals the number of columns and it has
the property that there are ones down the main diagonal and zeroes elsewhere. Here
are some identity matrices of various sizes.

w.(g 1)

The first is the 1 x 1 identity matrix, the second is the 2 x 2 identity matrix, the third is
the 3 x 3 identity matrix, and the fourth is the 4 x 4 identity matrix. By extension, you
can likely see what the n x n identity matrix would be. It is so important that there is
a special symbol to denote the ij*" entry of the identity matrix

0 0
10 |,
0 1

O O =
OO O
OO = O
o= O O
_ o O O

lij = di

where 0;; is the Kroneker symbol defined by

s 1iti=j
T 0ifi#

It is called the identity matrix because it is a multiplicative identity in the following
sense.

Lemma 2.1.27 Suppose A is an m X n matriz and I, is the n X n identity matriz.
Then AL, = A. If I,,, is the m x m identity matriz, it also follows that I,,A = A.

Proof:

(Aln)ij = Z Aikékj
k

and so AI, = A. The other case is left as an exercise for you.

Definition 2.1.28 An n x n matriz, A has an inverse, A~ if and only if AA™1 =
A7YA = 1. Such a matriz is called invertible.

It is very important to observe that the inverse of a matrix, if it exists, is unique.
Another way to think of this is that if it acts like the inverse, then it is the inverse.

Theorem 2.1.29 Suppose A~! exists and AB = BA=1. Then B= A"1,

Proof:
A'=A"'"1=A""(AB)= (A"'A)B=IB = B.

Unlike ordinary multiplication of numbers, it can happen that A # 0 but A may fail
to have an inverse. This is illustrated in the following example.

11

Example 2.1.30 Let A = ( 11

) . Does A have an inverse?
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One might think A would have an inverse because it does not equal zero. However,

(1) ()-8

and if A~1 existed, this could not happen because you could write

(3)=((5)) = (+())
—ara () =1()= ()

a contradiction. Thus the answer is that A does not have an inverse.

1
2 _

Example 2.1.31 Let A = ( } ) . Show < 21 _11 ) is the inverse of A.

To check this, multiply
11 2 -1\ (10
1 2 -1 1 L0 1
2 -1 11\ (10
-1 1 1 2/ V{01

showing that this matrix is indeed the inverse of A.

There are various ways of finding the inverse of a matrix. One way will be presented
in the discussion on determinants. You can also find them directly from the definition
provided they exist.

and

In the last example, how would you find A~'? You wish to find a matrix, ( g “ )

COGO-GY

This requires the solution of the systems of equations,

such that

r+y=1x+2y=0

and

z+w=0242w=1.
The first pair of equations has the solution y = —1 and x = 2. The second pair of
equations has the solution w = 1, z = —1. Therefore, from the definition of the inverse,

(2 -1
A _(_1 1).

To be sure it is the inverse, you should multiply on both sides of the original matrix. It
turns out that if it works on one side, it will always work on the other. The consideration
of this and as well as a more detailed treatment of inverses is a good topic for a linear
algebra course.
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2.2 Linear Transformations

An m x n matrix can be used to transform vectors in R™ to vectors in R™ through the
use of matrix multiplication.

Example 2.2.1 Consider the matriz, < ; ? 8 ) . Think of it as a function which
T

takes vectors in R® and makes them in to vectors in R? as follows. For | vy a vector
z

in R3, multiply on the left by the given matriz to obtain the vector in R2. Here are some
numerical examples.

More generally,
120 TN ety
2 1 0 ‘Z “\ 24y

The idea is to define a function which takes vectors in R3 and delivers new vectors in

R2.
This is an example of something called a linear transformation.

Definition 2.2.2 Let T : R™ — R™ be a function. Thus for each x € R", Tx € R™.
Then T is a linear transformation if whenever a, 8 are scalars and x1 and Xs are
vectors in R™,

T (ax1 + Ox2) = a1 Tx1 + BTxs.

In words, linear transformations distribute across + and allow you to factor out
scalars. At this point, recall the properties of matrix multiplication. The pertinent
property is 2.14 on Page 37. Recall it states that for a and b scalars,

A(aB+bC) =aAB + bAC

In particular, for A an m x n matrix and B and C,n x 1 matrices (column vectors) the
above formula holds which is nothing more than the statement that matrix multiplica-
tion gives an example of a linear transformation.

Definition 2.2.3 A linear transformation is called one to one (often written as 1—1)
if it never takes two different vectors to the same wvector. Thus T is one to one if
whenever X £y

Tx #Ty.

Equivalently, if T (x) =T (y), thenx=1y.
In the case that a linear transformation comes from matrix multiplication, it is com-

mon usage to refer to the matrix as a one to one matrix when the linear transformation
it determines is one to one.
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Definition 2.2.4 A linear transformation mapping R™ to R™ is called onto if whenever
y € R™ there exists x € R™ such that T (x) =y.

Thus T is onto if everything in R™ gets hit. In the case that a linear transformation
comes from matrix multiplication, it is common to refer to the matrix as onto when
the linear transformation it determines is onto. Also it is common usage to write TR"™,
T (R™) ,or Im (T) as the set of vectors of R™ which are of the form Tx for some x € R".
In the case that T is obtained from multiplication by an m xn matrix, A, it is standard to
simply write A (R™), AR™, or Im (A) to denote those vectors in R™ which are obtained
in the form Ax for some x € R".

2.3 Constructing The Matrix Of A Linear Transfor-
mation

It turns out that if 7" is any linear transformation which maps R™ to R™, there is always
an m X n matrix, A with the property that

Ax =Tx (2.18)

for all x € R™. Here is why. Suppose 7' : R® — R™ is a linear transformation and you
want to find the matrix defined by this linear transformation as described in [2.18. Then
if x € R™ it follows

1 0 0

n 1 O
x:inei:xl : + o : +- -t xy

=1 : : :

0 0 1

where as implied above, e; is the vector which has zeros in every slot but the i** and a
1 in this slot. Then since T'is linear,

Tx = zn:l‘iT(ei)
i=1

| | o
= | T(e) T (en)
| | T
T
= A :
Ln

and so you see that the matrix desired is obtained from letting the i*" column equal
T (e;). This yields the following theorem.

Theorem 2.3.1 Let T be a linear transformation from R™ to R™. Then the matriz, A
satisfying [2.18 is given by

where Te; is the it" column of A.
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Sometimes you need to find a matrix which represents a given linear transformation
which is described in geometrical terms. The idea is to produce a matrix which you can
multiply a vector by to get the same thing as some geometrical description. A good
example of this is the problem of rotation of vectors.

Example 2.3.2 Determine the matrix which represents the linear transformation de-
fined by rotating every vector through an angle of 6.

Let e; = < (1) ) and e; = ( (1) ) . These identify the geometric vectors which point

along the positive x axis and positive y axis as shown.

€24

From the above, you only need to find T'e; and Tes, the first being the first column
of the desired matrix, A and the second being the second column. From drawing a
picture and doing a little geometry, you see that

cos —siné
Ter = < sin 6 ) Tey = < cos 6 > ’
Therefore, from Theorem 2.3.1],
cosf —sinf
A= < sinf  cosf )
Example 2.3.3 Find the matriz of the linear transformation which is obtained by first

rotating all vectors through an angle of ¢ and then through an angle 6. Thus you want
the linear transformation which rotates all angles through an angle of 60 + ¢.

Let Tyi4 denote the linear transformation which rotates every vector through an
angle of 6 4 ¢. Then to get Tp44, you could first do Ty and then do Ty where Ty is the
linear transformation which rotates through an angle of ¢ and T} is the linear transfor-
mation which rotates through an angle of #. Denoting the corresponding matrices by
Apte, Ag, and Ag, you must have for every x

A9+¢X = T9+¢X = T9T¢X = A9A¢X.
Consequently, you must have

B cos(0+¢) —sin(@+¢) \
Aoty = ( sin (0 +¢)  cos (0 + ¢) > = Aods

_ cosf) —sin@ cos¢p —sing
o sinf  cosf sing cos¢ )’
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You know how to multiply matrices. Do so to the pair on the right. This yields

cos(0+¢) —sin(@+¢) \ [ cosfcos¢ —sinfsing —cosfsing —sinfcos¢
sin(0+¢) cos(0+ ¢) "\ sinfcos¢+cosfsing  cosfcosd — sinfsin g ’

Don’t these look familiar? They are the usual trig. identities for the sum of two angles
derived here using linear algebra concepts.

You do not have to stop with two dimensions. You can consider rotations and other
geometric concepts in any number of dimensions. This is one of the major advantages
of linear algebra. You can break down a difficult geometrical procedure into small steps,
each corresponding to multiplication by an appropriate matrix. Then by multiplying the
matrices, you can obtain a single matrix which can give you numerical information on
the results of applying the given sequence of simple procedures. That which you could
never visualize can still be understood to the extent of finding exact numerical answers.
The following is a more routine example quite typical of what will be important in the
calculus of several variables.

z1 + 32
Example 2.3.4 Let T (z1,12) = 90133— T2 . Thus T : R2 — R*. Explain why
1
3xs + 511
T is a linear transformation and write T (x1,x2) in the form A ( il ) where A is an
2

appropriate matrix.

From the definition of matrix multiplication,

-1 T
0 To
3

Since T'x is of the form Ax for A a matrix, it follows T is a linear transformation. You
could also verify directly that T (ax + 8y) = oT (x) + 0T (y).

T(l’l,.rg) =

[ QS

2.4 Exercises

1. Here are some matrices:
1 2 3 3 -1 2
A = <2 1 7)’3(—3 2 1)’
1 2 -1 2 2
o= (a7)e-(3 5)e-(3)
Find if possible —3A4,3B — A, AC,CB, AE, EA. 1If it is not possible explain why.

2. Here are some matrices:

1
A = 3 2 ,B<_23 _253>
1 -1

c = (50)o=(3 5)r=(s)

Find if possible —3A4,3B — A, AC,CA, AE, EA, BE, DE. If it is not possible ex-
plain why.
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. Here are some matrices:

1 2
A = 3 2 ,B:<_23 2"’?),

1 -1

1 2 -1 1 1
o= (5 0)e-(7 A)e(3)

Find if possible —3A47,3B — AT, AC,CA, AE,ETB,BE,DE,EET ETE. If it is
not possible explain why.

. Here are some matrices:

12
A = 3 2 ,B<2 _5f),

- (E8)o-()e(3)

Find the following if possible and explain why it is not possible if this is the case.
AD,DA,DT"B,DTBE,ETD, DE".

1 1
.Let A=| -2 -1 ,B:<1 -1 _2),and0: -1 2 0

. 9 2 1 =2

Find if possible.

1 2 1 2
Let A = 3 4 ,B = 3k

BA? If so, what should k equal?

. Is it possible to choose k such that AB =

1 2 1

Let A = > ,B = 1 z . Is it possible to choose k such that AB =

3 4
BA? If so, what should k equal?
Let x =(—1,-1,1) and y = (0,1,2) . Find x”y and xy? if possible.

Find the matrix for the linear transformation which rotates every vector in R?
through an angle of /4.

Find the matrix for the linear transformation which rotates every vector in R?
through an angle of —7/3.

Find the matrix for the linear transformation which rotates every vector in R2
through an angle of 27/3.

Find the matrix for the linear transformation which rotates every vector in R?
through an angle of 7/12. Hint: Note that /12 = 7/3 — 7 /4.
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Let T (21, 3) — < x1 + 4z

. R2 2 . . .
To + 27, ) . Thus T : R? — R?. Explain why T is a linear
Ty

transformation and write 7' (21, 232) in the form A < -
2

> where A is an appro-

priate matrix.

1 — T2
x1
3ro + 21
3rs + bxq

Let T (z1,22) = . Thus T : R? — R*. Explain why 7T is a linear

T

transformation and write 7' (z1,22) in the form A ( N ) where A is an appro-
2

priate matrix.

xr1 — To + 2.’E3
2rx3 + x1
3$3
3x4 + 322 + 21

Let T (21,29, x3,24) = . Thus T : R* — R*. Explain why T

T1

T2

is a linear transformation and write T (x1, T2, 3, x4) in the form A where

T3
T4
A is an appropriate matrix.

2
| x{+ 4z
Let T(xl,xg) = < To + 21_1
possibly be a linear transformation.

>. Thus T : R? — R2. Explain why T cannot

Suppose A and B are square matrices of the same size. Which of the following
are correct?

(A—B)* = A2 — 2AB + B?
(AB)? = A2B2

( = A2 4 2AB + B?

( = A2+ AB + BA+ B2

-1 -1

LetA:( 3 3

). Find 2 x 2 matrices, B such that AB = 0.

In 2.1/ - 2.8 describe —A and 0.

Let A be an n x n matrix. Show A equals the sum of a symmetric and a skew
symmetric matrix. Hint: Consider the matrix % (A + AT) . Is this matrix sym-
metric?

If A is a skew symmetric matrix, what can be concluded about A™ where n =
1,2,3,---7

Show every skew symmetric matrix has all zeros down the main diagonal. The
main diagonal consists of every entry of the matrix which is of the form a;;. It
runs from the upper left down to the lower right.
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Using only the properties 2.1/ - 2.8/ show —A is unique.
Using only the properties 2.1 - 2.8 show 0 is unique.

Using only the properties 2.1/ - 2.8 show 0A = 0. Here the 0 on the left is the
scalar 0 and the 0 on the right is the zero for m x n matrices.

Using only the properties 2.1/ - 2.8 and previous problems show (—1) A = —A.
Prove 2.17.

Prove that I,,A = A where A is an m X n matrix.

A:(% f)

Find A~ if possible. If A~! does not exist, determine why.

A:(;g)

Find A~! if possible. If A~! does not exist, determine why.

A:(; ?)

Find A~ if possible. If A=! does not exist, determine why.

Let

Let

Let

Give an example of matrices, A, B, C such that B # C, A # 0, and yet AB = AC.

Suppose AB = AC and A is an invertible n X n matrix. Does it follow that
B = C? Explain why or why not. What if A were a non invertible n x n matrix?

Find your own examples:

(a) #2 x 2 matrices, A and B such that A # 0, B # 0 with AB # BA.
(b) #2 x 2 matrices, A and B such that A # 0, B # 0, but AB = 0.
(¢) 2 x 2 matrices, A, D, and C such that A # 0,C # D, but AC = AD.

Explain why if AB = AC and A~! exists, then B = C.
Give an example of a matrix, A such that A2 =T and yet A # I and A # —1I.

Give an example of matrices, A, B such that neither A nor B equals zero and yet
AB = 0.

Give another example other than the one given in this section of two square
matrices, A and B such that AB # BA.

Show that if A~! exists for an n x n matrix, then it is unique. That is, if BA =1
and AB =1, then B= A~

Show (AB)™' = B~1A~L.
Show that if A is an invertible n x n matrix, then so is A7 and (AT) o (A_l)T .

Show that if A is an n X n invertible matrix and x is a n x 1 matrix such that
Ax = b for b an n x 1 matrix, then x = A~ 'b.
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43. Prove that if A~! exists and Ax = 0 then x = 0.
44. Show that (ABC’)_1 = C~1B~1 A~ by verifying that

(ABC) (C™'B™'A™") = (C7'B7'A™") (ABC) = I.

2.5 Exercises With Answers

1. Here are some matrices:

1 1 0o -1 2
4 = (2 7)’3_(3 2 1)’
1 0 2 2
o= (ai)e=(5 5)x-(0)
Find if possible —3A4,3B — A, AC,CB, AE, EA. 1f it is not possible explain why.
1 21 -3 -6 -3
—34=(- )(207> (—6 0 —21)'
—1 2 -1 -5 5
3B - A= 3( 1> <2 0 7) <—11 6 —4)

AC makes no sense because A is a 2x3 and C'is a 2x2. You can’t do (2 x 3) (2 x 2)
because the inside numbers don’t match.

1 2 0 -1 2 -6 3 4
CB:(3 1)(3 2 1):(3 -1 7)'

You can’t multiply AE because it is of the form (2 x 3) (2 x 1) and the inside
numbers don’t match. EA also cannot be multiplied because it is of the form
(2x1)(2x3).

NN O N

. Here are some matrices:

1 2
3 ) (570
1 -1

o (3)-(3 L)1)

Find if possible —3AT,3B — AT, AC,CA, AE,ETB, EET ,ETE. If it is not pos-
sible explain why.

A

T
12
3AT— 33 2 | = 3 9 3
- 6 6 3
T
12
a0 =52 [ -1 18 5
33A_3(311 S R U PR R

AC =

—_ W
[N}
—_
7N
wW =
— N
N~~~
I
©
= 00 &~
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CA = (2x2)(3x2) so this makes no sense.

1 2 1 3
AE=1[ 3 2 <1> 5
1 -1 0

T
v (1 0 -5 2\ _, . _
EB_<1> 3 1 1>_( 3 -4 3)

Note in this case you have a (1 x 2) (2x 3) =1 x 3.

o (1) (3)-

Note in this case you have (1 x2)(2x1)=1x1

() -(11)

In this case you have (2 x 1) (1 x2) =2 x 2.

401 Lo o 11 -3
3. Let A= -2 0 7B:<2 1 2>,andC’: 0 2 0 . Find
1 2 -3 -1 0
if possible.
4 1 6 1 —6
a) AB=| -2 0 PO =2 | 90 4
(a) 2 1 2
1 2 5 2 2
4 1
1 0 -2 2 -3
s (10 ) (B a) (2 )
1 2
4 1 1 1 -3
(¢ AC=1 -2 0 0 2 0 = (3 x 2) (3 x 3) = nonsense
1 2 -3 -1 0
1 1 -3 4 1 -1 -5
dca=| 0 2 o0 2 0 |=[ -4 o
-3 -1 0 1 2 —-10 -3
1 1 -3 1 0 -2
(e) CB = 0 2 0 = (3 x 3) (2 x 3) = nonsense
2 1 2
-3 -1 0
4. Let A = zl)) i > ,B = (1) 2 > . Is it possible to choose k such that AB =

BA? If so, what should k equal?

1 2 1 2 1 242k . 1 2 1 2
AB(3 4><o k;)<3 6+4k>WhlleBA(o k:><3 4)
7 10
3k 4k
have 1 = 7 and this is not true. Therefore, there is no way to choose k such that

these two matrices commute.

If AB = BA, then from what was just shown, you would need to
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xr1 — To + 2.’E3 I
5. Write 3303?3:_13—31—11‘4 in the form A Z where A is an appropriate
3z4 + 322 + 71 T4
matrix.
1 -1 2 0 I
-1 0 2 0 )
1 0 3 1 x3
1 3 0 3 T4

6. Suppose A and B are square matrices of the same size. Which of the following
are correct?

A—B)? = A2 —2AB + B2 Is matrix multiplication commutative?

A+ B)’ = A2+ 2AB + B? Is matrix multiplication commutative?

A+ B)>= A2 4 AB + BA + B?

A2B? — A(AB)B

B)® = A3+ 3A2B+3AB2+ B? Is matrix multiplication commutative?

(
(AB)2 = A%2B? Is matrix multiplication commutative?
(
(

_|_
+ B) (A — B) = A2 — B? Is matrix multiplication commutative?
< L1 ) Find 2 X 2 matrices, B such that AB = 0.

You need a matrix, < z i/) > such that

11 z oy \ x4z y+tw (00
2 2 z w ) \2x+2z 2y+2w /) \ 0 0 /)~

Thus you need * = —z and y = —w. It appears you can pick z and w at random
and any matrix of the form ( _ZZ _ww will work.
8. Let
3 2 3
A= 2 1 2
1 0 2

Find A~! if possible. If A~! does not exist, determine why.

-1

3 2 3 -2 4 -1
2 1 2 =1 2 -3 0
1 0 2 1 -2 1
9. Let
0 0 3
A=| 2 4 4
1 0 1

Find A~! if possible. If A~! does not exist, determine why.

-1

0 0 3 —%01
N
1 0 1 L0 0

ol
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10. Let

A:

W N =
W = N
- W

Find A~ if possible. If A~! does not exist, determine why. In this case there is
no inverse.

(11 -1)

=(0 0 0).

W DN =
W = N
A W

If A=! existed then you could multiply on the right side in the above equations
and find

(11 -1)=(0 0 0)
which is not true.
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Determinants

3.0.1 Outcomes

1. Evaluate the determinant of a square matrix by applying
(a) the cofactor formula or

(b) row operations.

2. Recall the general properties of determinants.

3. Recall that the determinant of a product of matrices is the product of the deter-
minants. Recall that the determinant of a matrix is equal to the determinant of
its transpose.

4. Apply Cramer’s Rule to solve a 2 X 2 or a 3 x 3 linear system.
5. Use determinants to determine whether a matrix has an inverse.

6. Evaluate the inverse of a matrix using cofactors.

3.1 Basic Techniques And Properties

3.1.1 Cofactors And 2 x 2 Determinants

Let A be an n X n matrix. The determinant of A, denoted as det (A) is a number. If
the matrix is a 2x2 matrix, this number is very easy to find.

Definition 3.1.1 Let A = ( (Cl Z ) Then

det (A) = ad — cb.

The determinant is also often denoted by enclosing the matrixz with two vertical lines.
Thus
a b a b
det(c d>_ c d"

Example 3.1.2 Find det( —21 2 > .

From the definition this is just (2) (6) — (—1) (4) = 16.
Having defined what is meant by the determinant of a 2 x 2 matrix, what about a
3 x 3 matrix?

93



54 DETERMINANTS

Definition 3.1.3 Suppose A is a 3x3 matriz. The ij" minor, denoted as minor(A)ij ,
is the determinant of the 2 x 2 matriz which results from deleting the it row and the

jth column.

Example 3.1.4 Consider the matriz,

1 2 3
4 3 2
3 2 1

The (1,2) minor is the determinant of the 2 x 2 matriz which results when you delete
the first row and the second column. This minor is therefore

4 2
det(3 1):—2.

The (2,3) minor is the determinant of the 2 X 2 matriz which results when you delete
the second row and the third column. This minor is therefore

1 2
det(3 2):—4.

Definition 3.1.5 Suppose A is a 3 x 3 matriz. The ijth cofactor is defined to be
(-1 x (i5*" minor) . In words, you multiply (=)' times the ij*™" minor to get
the ijt" cofactor. The cofactors of a matriz are so important that special notation is
appropriate when referring to them. The ij" cofactor of a matriz, A will be denoted
by cof (A)ij. It is also convenient to refer to the cofactor of an entry of a matriz as
follows. For a;; an entry of the matriz, its cofactor is just cof (A)ij . Thus the cofactor

of the ijt" entry is just the ijt" cofactor.

Example 3.1.6 Consider the matriz,

A:

[JURNTNGE
SRS
— o

The (1,2) minor is the determinant of the 2 X 2 matriz which results when you delete
the first row and the second column. This minor is therefore

4 2
det(3 1)2.

cof (A),y = (~1)'*? det( g . ) —(—1)*2(—2) =2

The (2,3) minor is the determinant of the 2 x 2 matriz which results when you delete
the second row and the third column. This minor is therefore

1 2
det(3 2)2—4.

It follows

Therefore,

Similarly,
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Definition 3.1.7 The determinant of a 3 X 3 matrix, A, is obtained by picking a row
(column) and taking the product of each entry in that row (column) with its cofactor
and adding these up. This process when applied to the i" row (column) is known as
expanding the determinant along the i'" row (column).

Example 3.1.8 Find the determinant of
1 2 3
A= 4 3 2
3 2 1

Here is how it is done by “expanding along the first column”.

cof(A), cof (A),; cof (A)3;
3 2 2 3 : 2 3
=DM D ‘+4(—1)2+1 5 1 ’+3(—1)3+1 3 5 ‘:0.

You see, I just followed the rule in the above definition. I took the 1 in the first column
and multiplied it by its cofactor, the 4 in the first column and multiplied it by its
cofactor, and the 3 in the first column and multiplied it by its cofactor. Then I added
these numbers together.

You could also expand the determinant along the second row as follows.

cof(A)y, cof(A),y cof(A)yg
241|203 22 103 C2+3 | 1o2)
a0 2 1‘+3( R R R P )

Observe this gives the same number. You should try expanding along other rows and
columns. If you don’t make any mistakes, you will always get the same answer.

What about a 4 x 4 matrix? You know now how to find the determinant of a 3 x 3
matrix. The pattern is the same.

Definition 3.1.9 Suppose A is a 4 x 4 matriz. The ij*" minor is the determinant
of the 3 x 3 matriz you obtain when you delete the it" row and the j*" column. The

ij*" cofactor, cof (A).. is defined to be (—I)H_j X (ijth minor) . In words, you multiply

O] ij
(=1)'" times the ij™ minor to get the ij*" cofactor.

Definition 3.1.10 The determinant of a 4 X 4 matriz, A, is obtained by picking a row
(column) and taking the product of each entry in that row (column) with its cofactor

and adding these up. This process when applied to the i row (column) is known as
ezpanding the determinant along the i'" row (column).

Example 3.1.11 Find det (A) where

W = Ot —=
=W N
W = DN W
[\CING, SEJURNTAN

As in the case of a 3 x 3 matrix, you can expand this along any row or column. Lets
pick the third column. det (4) =

3(_1)1+3 +2(_1)2+3

W —= ot
[ENEGUITEN
N Ot W
[SCRTS
=W N
DN O
+
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1
4(71)34-3 5
3

s DN
DN W

1
+3(-1*"?| 5
1

W = N
Tt W >~

Now you know how to expand each of these 3 x 3 matrices along a row or a column.
If you do so, you will get —12 assuming you make no mistakes. You could expand this
matrix along any row or any column and assuming you make no mistakes, you will
always get the same thing which is defined to be the determinant of the matrix, A. This
method of evaluating a determinant by expanding along a row or a column is called the
method of Laplace expansion.

Note that each of the four terms above involves three terms consisting of determi-
nants of 2 x 2 matrices and each of these will need 2 terms. Therefore, there will be
4 x 3 x 2 =24 terms to evaluate in order to find the determinant using the method of
Laplace expansion. Suppose now you have a 10 x 10 matrix and you follow the above
pattern for evaluating determinants. By analogy to the above, there will be 10! =
3,628,800 terms involved in the evaluation of such a determinant by Laplace expansion
along a row or column. This is a lot of terms.

In addition to the difficulties just discussed, you should regard the above claim
that you always get the same answer by picking any row or column with considerable
skepticism. It is incredible and not at all obvious. However, it requires a little effort
to establish it. This is done in the section on the theory of the determinant The above
examples motivate the following definitions, the second of which is incredible.

Definition 3.1.12 Let A = (a;5) be an n x n matriz and suppose the determinant of
a (n—1) x (n—1) matriz has been defined. Then a new matriz called the cofactor
matriz, cof (A) is defined by cof (A) = (c;;) where to obtain c;; delete the it" row and
the j** column of A, take the determinant of the (n — 1) x (n — 1) matriz which results,
(This is called the ijt" minor of A. ) and then multiply this number by (—1)i+j. Thus
(-1)""7 x (the ij™" minor) equals the ij*" cofactor. To make the formulas easier to
remember, cof (A)ij will denote the ijt" entry of the cofactor matriz.

With this definition of the cofactor matrix, here is how to define the determinant of
an n X n matrix.

Definition 3.1.13 Let A be an n X n matriz where n > 2 and suppose the determinant
of an (n — 1) x (n — 1) has been defined. Then

det (A) = Z aij cof (A);; = Z aij cof (4),; . (3.1)
j=1 i=1

The first formula consists of expanding the determinant along the i*" row and the second

expands the determinant along the j" column. This is called the method of Laplace
exTpansion.

Theorem 3.1.14 FExpanding the n x n matriz along any row or column always gives
the same answer so the above definition is a good definition.

3.1.2 The Determinant Of A Triangular Matrix

Notwithstanding the difficulties involved in using the method of Laplace expansion,
certain types of matrices are very easy to deal with.
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Definition 3.1.15 A matriz M, is upper triangular if M;; = 0 whenever ¢ > j. Thus
such a matrix equals zero below the main diagonal, the entries of the form M,;, as shown.

* % *
0 =
0 0 %

A lower triangular matriz is defined similarly as a matriz for which all entries above
the main diagonal are equal to zero.

You should verify the following using the above theorem on Laplace expansion.

Corollary 3.1.16 Let M be an upper (lower) triangular matriz. Then det (M) is ob-
tained by taking the product of the entries on the main diagonal.

Example 3.1.17 Let
7
7
33.7
-1

SO O
O O NN
S W o w

Find det (A).

From the above corollary, it suffices to take the product of the diagonal elements.
Thus det (A) =1 x 2 x 3 x (—=1) = —6. Without using the corollary, you could expand
along the first column. This gives

2 6 7 2 3 77
110 3 337 |[+0(-1)*""| 0 3 337 |+
00 -1 0 0 -1
2 3 77 2 3 77
0-1)*"'12 6 7 |+0(-D*""| 2 6 7
0 0 —1 0 3 337
and the only nonzero term in the expansion is
2 6 7
110 3 33.7
0 0 -1
Now expand this along the first column to obtain
3 33.7 241 6 7 3411 6 7
1><<2>< 0 -1 ’JrO(l) 0 1 ‘+0(1) 3 337 D
3 33.7
_1><2><‘ 0 -1 ’

Next expand this last determinant along the first column to obtain the above equals
1x2x3x(=1)=-6

which is just the product of the entries down the main diagonal of the original matrix.
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3.1.3 Properties Of Determinants

There are many properties satisfied by determinants. Some of these properties have to
do with row operations which are described below.

Definition 3.1.18 The row operations consist of the following

1. Switch two rows.
2. Multiply a row by a nonzero number.

3. Replace a row by a multiple of another row added to itself.

Theorem 3.1.19 Let A be an n x n matriz and let A; be a matrix which results from
multiplying some row of A by a scalar, c. Then cdet (A) = det (Ay).

Example 3.1.20 Let A = ( é Z ) JAp = ( ; j > .det (A) = -2, det (A;) = —4.

Theorem 3.1.21 Let A be an n X n matriz and let A1 be a matrix which results from
switching two rows of A. Then det (A) = —det (Ay) . Also, if one row of A is a multiple
of another row of A, then det (4) = 0.

1 2 3 4
Example 3.1.22 Let A = ( 3 4 > and let Ay = ( 1 9
2.

>. det A = -2, det (A;) =

Theorem 3.1.23 Let A be an n x n matriz and let Ay be a matriz which results from
applying row operation 3. That is you replace some row by a multiple of another row

added to itself. Then det (A) = det (41).

1 2 1 2
Example 3.1.24 Let A = 3 4 and let A1 = 16

Aj is one times the first row added to the second row. det (A) = —2 and det (4;) = —2.

. Thus the second row of

Theorem 3.1.25 In Theorems 3.1.19 -13.1.23 you can replace the word, “row” with
the word “column”.

There are two other major properties of determinants which do not involve row
operations.

Theorem 3.1.26 Let A and B be two n x n matrices. Then

|det (AB) = det (A) det (B). |

Also,

‘ det (A) = det (AT). ‘

Example 3.1.27 Compare det (AB) and det (A) det (B) for

(4 2) (1)
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First
1 2 3 2 11 4
as=( 20 T)-(8 )
and so
det (AB) = det 14 = —40.
-1 -4
Now
1 2
det (A) :det( 3 9 ) =38
and

det (B) = det (

= W
— o
N———
Il
|
o

Thus det (A4) det (B) = 8 x (—5) = —40.

3.1.4 Finding Determinants Using Row Operations

Theorems 3.1.23 - [3.1.25] can be used to find determinants using row operations. As
pointed out above, the method of Laplace expansion will not be practical for any matrix
of large size. Here is an example in which all the row operations are used.

Example 3.1.28 Find the determinant of the matriz,

N =~ Ot =
N O =N

=N W
T W W =

—4

Replace the second row by (—5) times the first row added to it. Then replace the
third row by (—4) times the first row added to it. Finally, replace the fourth row by
(—2) times the first row added to it. This yields the matrix,

1 2 3 4

0 -9 -13 -17
B = 0 -3 -8 -—13

0 -2 —-10 -3

and from Theorem [3.1.23] it has the same determinant as A. Now using other row
operations, det (B) = (5) det (C) where

1 2 3 4

0o 0 11 22
¢= 0 -3 -8 -13

0 6 30 9

The second row was replaced by (—3) times the third row added to the second row. By
Theorem [3.1.23 this didn’t change the value of the determinant. Then the last row was
multiplied by (—3). By Theorem 3.1.19/ the resulting matrix has a determinant which is
(—3) times the determinant of the unmultiplied matrix. Therefore, I multiplied by —1/3
to retain the correct value. Now replace the last row with 2 times the third added to it.
This does not change the value of the determinant by Theorem [3.1.23. Finally switch
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the third and second rows. This causes the determinant to be multiplied by (—1) . Thus
det (C') = —det (D) where

1 2 3 4

0 -3 -8 -—13
D= 0 o 11 22

0o 0 14 -17

You could do more row operations or you could note that this can be easily expanded
along the first column followed by expanding the 3 x 3 matrix which results along its

first column. Thus
11 22

14 —17
and so det (C)) = —1485 and det (A) = det (B) = (3*) (—1485) = 495.

det (D) = 1(-3) ‘ ‘ = 1485

Example 3.1.29 Find the determinant of the matriz

1 2 3 2
1 -3 21
2 1 2 5
3 -4 1 2

Replace the second row by (—1) times the first row added to it. Next take —2 times
the first row and add to the third and finally take —3 times the first row and add to the
last row. This yields

1 2 3 2
0o -5 -1 -1
0 -3 -4 1
0 -10 -8 —4
By Theorem [3.1.23| this matrix has the same determinant as the original matrix. Re-

member you can work with the columns also. Take —5 times the last column and add
to the second column. This yields

1 -8 3 2
0o 0 -1 -1
0 -8 —4 1
0 10 -8 —4

By Theorem 13.1.25 this matrix has the same determinant as the original matrix. Now
take (—1) times the third row and add to the top row. This gives.

1 0 7 1
0o 0 -1 -1
0 -8 -4 1

0 10 -8 —4

which by Theorem [3.1.23/ has the same determinant as the original matrix. Lets expand
it now along the first column. This yields the following for the determinant of the
original matrix.

0o -1 -1
det -8 —4 1
10 -8 —4

which equals

-1 -1 -1 -1
8det(_8 _4)+10det(_4 1 )2—82
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Do not try to be fancy in using row operations. That is, stick mostly to the one
which replaces a row or column with a multiple of another row or column added to it.
Also note there is no way to check your answer other than working the problem more
than one way. To be sure you have gotten it right you must do this.

3.2 Applications

3.2.1 A Formula For The Inverse

The definition of the determinant in terms of Laplace expansion along a row or column
also provides a way to give a formula for the inverse of a matrix. Recall the definition of
the inverse of a matrix in Definition [2.1.28 on Page [39. Also recall the definition of the
cofactor matrix given in Definition [3.1.12 on Page 56l This cofactor matrix was just the
matrix which results from replacing the ij*" entry of the matrix with the ij** cofactor.

The following theorem says that to find the inverse, take the transpose of the cofactor
matrix and divide by the determinant. The transpose of the cofactor matrix is called
the adjugate or sometimes the classical adjoint of the matrix A. In other words,
A~ is equal to one divided by the determinant of A times the adjugate matrix of A.
This is what the following theorem says with more precision.

Theorem 3.2.1 A~ exists if and only if det(A) # 0. If det(A) # 0, then A= = (a;jl)
where
a;t = det(A) " cof (A),

ij ji

for cof (A),; the it cofactor of A.

Example 3.2.2 Find the inverse of the matriz,
1 2 3
A=13 0 1
1 21

First find the determinant of this matrix. Using Theorems [3.1.23| - 13.1.25 on Page
58, the determinant of this matrix equals the determinant of the matrix,

1 2 3
0 -6 -8
0 0 -2

which equals 12. The cofactor matrix of A is

-2 -2 6
4 -2 0
2 8 —6

Each entry of A was replaced by its cofactor. Therefore, from the above theorem, the
inverse of A should equal

_1 1 1

T 6 3 6

1 -2 -2 6 1 _1 2

P 4 -2 0 = 6 6 3
2 8 6 1

N[
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Does it work? You should check to see if it does. When the matrices are multiplied

111
6 3 6
L 12 3 100
~5 5 3 301 =010
121 00 1
1 1
2 0 =3

and so it is correct.

Example 3.2.3 Find the inverse of the matriz,

1 1

; 0 3

1 1 _1

A= 6 3 2
5 2 _1

6 3 2

First find its determinant. This determinant is %. The inverse is therefore equal to

1 1 11 11 T
3 2 6 2 6 3
2 1 -5 _1 _5 2
3 2 6 2 6 3
1 1
0 3 2 2 30
6] —|2 _1 5 1 - .5 2
3 2 —5 T3 6 3
1 1
0 % 3 2 % 0
11 - 1 1 11
3 2 —% 3 6 3
Expanding all the 2 x 2 determinants this yields
11 1\ 7T
6 3 6
101 1 1 2 -1
6 3 6 3 2 1 1
11 1 1 -2 1
-1 11
Always check your work.
1 1
z 0 3
1 2 -1 11 1 1 0 0
2 1 1 6 3 2 =10 10
1 -2 1 5 2 1 0 0 1
6 3 2

and so it is correct. If the result of multiplying these matrices had been something other
than the identity matrix, you would know there was an error. When this happens, you
need to search for the mistake if you are interested in getting the right answer. A
common mistake is to forget to take the transpose of the cofactor matrix.
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Proof of Theorem [3.2.1: From the definition of the determinant in terms of
expansion along a column, and letting (a;) = A, if det (4) # 0,

> aircof (A);, det(A) ™" = det(A) det(4) ™" = 1.
=1

Now consider

Z air cof (A),, det(A)~!
i=1

when k # 7. Replace the k" column with the 7" column to obtain a matrix, B;, whose
determinant equals zero by Theorem [3.1.21. However, expanding this matrix, By along
the k' column yields

0 = det (Bg)det (4) ™ = Z a;y cof (A),, det (A
i=1

Summarizing,

n 1 [ 1ifr=k
Z;air cof (A);, det (A) " = by = { 0ifr#£k

Now

Z a;r cof (A),, = Z a;y cof (A);‘;
=1 i=1
which is the kr*" entry of cof (A)" A. Therefore,

cof (A)T

T AT (3.2)

Using the other formula in Definition [3.1.13, and similar reasoning,
Z arj cof (A),; det (A7 =6,
j=1

Now

Z arjcof (A),; = Z a; cof (A)JTk
j=1 j=1

which is the rk®" entry of Acof (A)" . Therefore,

cof (A)" _
T " (3.3)

and it follows from 3.2 and 3.3/ that A~ = (a;jl), where

a;;t = cof (A),; det A,

L)

In other words,
cof (A)"

717
A= det (A)
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Now suppose A~! exists. Then by Theorem [3.1.26,
1 =det (I) = det (AA™") = det (A) det (A™)

so det (A) # 0. This proves the theorem.
This way of finding inverses is especially useful in the case where it is desired to find
the inverse of a matrix whose entries are functions.

Example 3.2.4 Suppose

et 0 0
A()=1| 0 cost sint
0 —sint cost

Show that A (t)™" exists and then find it.

First note det (A (t)) = ! # 0so A (t)"" exists. The cofactor matrix is
1 0 0
C(t)=| 0 e'cost e'sint

0 —elsint elcost

and so the inverse is

e 0 0 r et 0 0
10 et cost etsint = 0 cost —sint
€ 0 —elsint elcost 0 sint cost

3.2.2 Cramer’s Rule

This formula for the inverse also implies a famous procedure known as Cramer’s rule.
Cramer’s rule gives a formula for the solutions, x, to a system of equations, Ax =y in
the special case that A is a square matrix. Note this rule does not apply if you have a
system of equations in which there is a different number of equations than variables.

In case you are solving a system of equations, Ax =y for x, it follows that if A~}
exists,

x=(AT"TA)x=A""(Ax)= A"y

thus solving the system. Now in the case that A~! exists, there is a formula for A~!
given above. Using this formula,

n n
Z — 1
i=1 j=1

By the formula for the expansion of a determinant along a column,

1 * e yl e *
=~ _det| : : I
YT Jer (A) M| : -
where here the i*" column of A is replaced with the column vector, (y; - - - -, yn)T, and

the determinant of this modified matrix is taken and divided by det (A). This formula
is known as Cramer’s rule.
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Procedure 3.2.5 Suppose A is an n x n matriz and it is desired to solve the system

Ax=y,y = (y1, - - yn)T forx = (1, - ~,a:n)T. Then Cramer’s rule says
det Az
xT; =
det A
where A; is obtained from A by replacing the it" column of A with the column (yi, - - -, yn)T

Example 3.2.6 Find x,y if

1 2 1 T 1
3 2 1 y | =1 2
2 -3 2 z 3
From Cramer’s rule,
1 2 1
2 2 1
3 -3 2 1
T 2 1] 2
3 2 1
2 -3 2
Now to find vy,
1 1 1
3 2 1
2 3 2 1
VST 2 1 7
3 2 1
2 =3 2
1 2 1
3 2 2
2 -3 3 11
¥ = -
1 2 1 14
3 2 1
2 -3 2

You see the pattern. For large systems Cramer’s rule is less than useful if you want to
find an answer. This is because to use it you must evaluate determinants. However,
you have no practical way to evaluate determinants for large matrices other than row
operations and if you are using row operations, you might just as well use them to solve
the system to begin with. It will be a lot less trouble. Nevertheless, there are situations
in which Cramer’s rule is useful.

Example 3.2.7 Solve for z if

1 0 0 T 1
0 efcost elsint y | =1 ¢t
0 —elsint efcost z 2

You could do it by row operations but it might be easier in this case to use Cramer’s
rule because the matrix of coefficients does not consist of numbers but of functions.



DETERMINANTS

1 0 1
0 efcost t
0 —etsint t2
z = =t((cost)t+sint)e".
L ((eost) £+ sin)

0 efcost elsint
0 —elsint elcost

You end up doing this sort of thing sometimes in ordinary differential equations in the
method of variation of parameters.

3.3 Exercises

1. Find the determinants of the following matrices.

1 2 3
(a) 4| 3 2 2 (The answer is 31.)
0 9 8
4 3 2
(b) 4 1 7 8 |(The answer is 375.)
3 -9 3
1 2 3 2
1 3 2 3 .
(c) 415 0| (The answer is —2.)
1 2 1 2

. Find the following determinant by expanding along the first row and second col-
umn.

1 2
2 1
2 1

— L =

. Find the following determinant by expanding along the first column and third
row.

2
0
1

DO = =
I

. Find the following determinant by expanding along the second row and first col-
umn.

1 2
2 1
2 1

— Y =

. Compute the determinant by cofactor expansion. Pick the easiest row or column
to use.

N O DN
— O~ O
w o = O
=N O =
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10.

11.

12.

13.

14.

Find the determinant using row operations.

1 2
2 3
-4 1

N DN =

Find the determinant using row operations.

1 3
4 2
4 =5

— N N

Find the determinant using row operations.

1 2 1 2
3 1 =2 3
-1 0 3 1
2 3 2 =2

1 4 1 2
3 2 -2 3
-1 0 3 3

An operation is done to get from the first matrix to the second. Identify what
was done and tell how it will affect the value of the determinant.

(a) (3 3)

An operation is done to get from the first matrix to the second. Identify what
was done and tell how it will affect the value of the determinant.

a b c d

c dJ’\a b
An operation is done to get from the first matrix to the second. Identify what
was done and tell how it will affect the value of the determinant.

a b a b

c d )’\ at+c b+d
An operation is done to get from the first matrix to the second. Identify what
was done and tell how it will affect the value of the determinant.

(e 0) (o )

An operation is done to get from the first matrix to the second. Identify what
was done and tell how it will affect the value of the determinant.

(ta)(a2)
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15.

16.

17.

18.

19.

20.

21.

22.
23.

24.
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Tell whether the statement is true or false.

(a) If A is a 3 x 3 matrix with a zero determinant, then one column must be a
multiple of some other column.

(b) If any two columns of a square matrix are equal, then the determinant of the
matrix equals zero.

(c) For A and B two n x n matrices, det (A + B) = det (A) + det (B).
(d) For A an n X n matrix, det (34) = 3det (A)

) If A7! exists then det (A™!) = det (A"

)

If B is obtained by multiplying a single row of A by 4 then det(B) =
4det (A).

(g) For A an n x n matrix, det (—A) = (—1)" det (A) .
(h) If A is a real n X n matrix, then det (AT A) > 0.

(i) Cramer’s rule is useful for finding solutions to systems of linear equations in
which there is an infinite set of solutions.

(j) If A¥ =0 for some positive integer, k, then det (4) = 0.
(k) If Ax = 0 for some x # 0, then det (4) = 0.

Verify an example of each property of determinants found in Theorems [3.1.23 -
3.1.25/ for 2 x 2 matrices.

A matrix is said to be orthogonal if AT A = I. Thus the inverse of an orthogonal
matrix is just its transpose. What are the possible values of det (A4) if A is an
orthogonal matrix?

Fill in the missing entries to make the matrix orthogonal as in Problem [17.

-1 1 Vi3

V2 Ve 6

1

5 - -
V6

-0y -

If A=! exist, what is the relationship between det (4) and det (A™'). Explain
your answer.

Is it true that det (A + B) = det (A) + det (B)? If this is so, explain why it is so
and if it is not so, give a counter example.

Let A be an r X 7 matrix and suppose there are  — 1 rows (columns) such that
all rows (columns) are linear combinations of these r — 1 rows (columns). Show

det (4) = 0.
Show det (aA) = a™ det (A) where here A is an n X n matrix and a is a scalar.

Suppose A is an upper triangular matrix. Show that A~! exists if and only if all
elements of the main diagonal are non zero. Is it true that A~! will also be upper
triangular? Explain. Is everything the same for lower triangular matrices?

Let A and B be two n x n matrices. A ~ B (4 is similar to B) means there
exists an invertible matrix, S such that A = S~!'BS. Show that if A ~ B, then
B ~ A. Show also that A ~ A and that if A~ B and B ~ C, then A ~ C.
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25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
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In the context of Problem 24 show that if A ~ B, then det (A) = det (B).

Two n x n matrices, A and B, are similar if B = S~'AS for some invertible n x n
matrix, S. Show that if two matrices are similar, they have the same character-
istic polynomials. The characteristic polynomial of an n X n matrix, M is the
polynomial, det (A — M).

Prove by doing computations that det (AB) = det (A) det (B) if A and B are 2 x 2
matrices.

Illustrate with an example of 2 x 2 matrices that the determinant of a product
equals the product of the determinants.

An n x n matrix is called nilpotent if for some positive integer, k it follows
AF = 0. If A is a nilpotent matrix and k is the smallest possible integer such that
Ak =0, what are the possible values of det (A4)?

Use Cramer’s rule to find the solution to

r+2y=1
20 —y =2

Use Cramer’s rule to find the solution to

r+2y+z=1
20 —y—2=2
z+z=1
Here is a matrix,
1 2 3
0 2 1
3 1 0

Determine whether the matrix has an inverse by finding whether the determinant
is non zero.

Here is a matrix,
1 0 0
0 cost —sint
0 sint cost

Does there exist a value of ¢ for which this matrix fails to have an inverse? Explain.

Here is a matrix,

1t t?
0 1 2t
t 0 2

Does there exist a value of ¢ for which this matrix fails to have an inverse? Explain.

Here is a matrix,

et e tcost e tsint
et —e"tcost—etsint —e tsint+ e tcost
et 2¢e tsint —2e~tcost

Does there exist a value of ¢ for which this matrix fails to have an inverse? Explain.



70

36.

37.

38.

39.

40.

41.
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Here is a matrix,

et cosht sinht

t sinht cosht

et cosht sinht

o)

Does there exist a value of ¢ for which this matrix fails to have an inverse? Explain.

Use the formula for the inverse in terms of the cofactor matrix to find if possible
the inverses of the matrices

11 1 2 3 1 2 1
( 1 9 ), 02 11,12 30
4 1 1 01 2
If it is not possible to take the inverse, explain why.

Use the formula for the inverse in terms of the cofactor matrix to find the inverse
of the matrix,

et 0 0

A= 0 et cost etsint
0 etcost—efsint efcost+ efsint

Find the inverse if it exists of the matrix,

et cost sint
et —sint cost
et —cost —sint

Now suppose
b c(t)

F@)=det| d(t) e(t) f(¥)

h(t) i(t)

Use Laplace expansion and the first part to verify F’ (t) =

a(t) v(t) () a(t) b(t) c(t)
det | d(t) e(t) f(t) |+det| d'(t) €() f(t)
g@) h(t) i(t) g@®) n(t) i(t)

a(t) b(t) c(t)

+det | d(t) e(t) f (t

~
—~

~+
~—

=
—

~~
~

~

<

—~

~+
PN

9

Conjecture a general result valid for n X n matrices and explain why it will be
true. Can a similar thing be done with the columns?

Let Ly = 4™ + a,_1 (2) y™ ™V + -+ + a1 () ¥ + ao () y where the a; are given
continuous functions defined on a closed interval, (a,b) and y is some function
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which has n derivatives so it makes sense to write Ly. Suppose Ly, = 0 for
k=1,2,---,n. The Wronskian of these functions, y; is defined as

vi(z) o oy (@)
vi(z) oy (x)
W(yla"’ayn) (l‘)Edet : .
gy (@) e gl (@)

Show that for W (z) = W (y1, - - -, yn) (x) to save space,

y1 () Yn ()

1 (z) Yn ()
W' (z) = det : :

vy e (@)

Now use the differential equation, Ly = 0 which is satisfied by each of these func-
tions, y; and properties of determinants presented above to verify that W’ +
ap—1 (x) W = 0. Give an explicit solution of this linear differential equation,
Abel’s formula, and use your answer to verify that the Wronskian of these solu-
tions to the equation, Ly = 0 either vanishes identically on (a,b) or never. Hint:
To solve the differential equation, let A’ () = a,,—1 (x) and multiply both sides of
the differential equation by e4(®) and then argue the left side is the derivative of
something.

3.4 Exercises With Answers

1. Find the following determinant by expanding along the first row and second col-
umn.

1 2
0 4
2 1

— L =

Expanding along the first row you would have

4 3 0 3 0 4
1’1 1‘—2 5 1’+1’2 1‘_5.
Expanding along the second column you would have
0 3 1 1 11
221‘+4‘211‘0 3‘5

Be sure you understand how you must multiply by (fl)iﬂ to get the term which
goes with the ij*" entry. For example, in the above, there is a —2 because the 2
is in the first row and the second column.

2. Find the following determinant by expanding along the first column and third

row.
1 2 1
1 0 1
2 1 1
Expanding along the first column you get
0 1 2 1 2 1
3T el ]
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Expanding along the third row you get
2 1 11 1
o= el

2
|-

. Compute the determinant by cofactor expansion. Pick the easiest row or column

to use.

N OO
— O R~ O
w o = o
W O =

Probably it is easiest to expand along the third row. This gives

1
(-1)3] 0 =-3x1x
1

_ = O
w = o

11
13‘6

Notice how I expanded the three by three matrix along the top row.

. Find the determinant using row operations.

1 2 1
2 7 2
-4 1 2

The following is a sequence of numbers which according to the theorems on row
operations have the same value as the original determinant.

1 2 1
2 7 2
0 15 6

To get this one, I added 2 times the second row to the last row. This gives a matrix
which has the same determinant as the original matrix. Next I will multiply the
second row by 11 and the top row by 2. This has the effect of producing a matrix
whose determinant is 22 times too large. Therefore, I need to divide the result by
22.

22 4 2 1
22 77 22 | —.
0 15 6

Next I will add the (—1) times the top row to the second row. This leaves things
unchanged.

22 4 2 1

0 73 20 |—=

0 15 6

That 73 looks pretty formidable so I shall take —3 times the third column and
add to the second column. This will leave the number unchanged.

22 -2 2 1
0 13 20 2
0 -3 6
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Now I will divide the bottom row by 3. To compensate for the damage inflicted,
I must then multiply by 3.

22 -2 2 3
0 13 20 2
0o -1 2

I don’t like the 13 so I will take 13 times the bottom row and add to the middle.
This will leave the number unchanged.

22 -2 2 3
0 0 46 2
0 -1 2

Finally, I will switch the two bottom rows. This will change the sign. Therefore,
after doing this row operation, I need to multiply the result by (—1) to compensate
for the damage done by the row operation.

22 -2 2 3
-0 -1 2 2 = 138
0 0 46

The final matrix is upper triangular so to get its determinant, just multiply the
entries on the main diagonal.

5. Find the determinant using row operations.

1 2 1 2
3 1 -2 3
-1 0 3 1
2 3 2 =2

In this case, you can do row operations on the matrix which are of the sort where
a row is replaced with itself added to another row without switching any rows and
eventually end up with

1 2 1 2

0 -5 -5 =3

o o 2 2

o o o -2

Each of these row operations does not change the value of the determinant of the
matrix and so the determinant is 63 which is obtained by multiplying the entries
which are down the main diagonal.

6. An operation is done to get from the first matrix to the second. Identify what
was done and tell how it will affect the value of the determinant.

a b a c
c d)’\ b d
In this case the transpose of the matrix on the left was taken. The new matrix

will have the same determinant as the original matrix.

7. An operation is done to get from the first matrix to the second. Identify what
was done and tell how it will affect the value of the determinant.

a b a b
c d )\ atec b+d

This simply replaced the second row with the first row added to the second row.
The new matrix will have the same determinant as the original one.
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A matrix is said to be orthogonal if AT A = I. Thus the inverse of an orthogonal
matrix is just its transpose. What are the possible values of det (A4) if A is an
orthogonal matrix?

det (I) = 1 and so det (A”) det (A) = 1. Now how does det (A) relate to det (AT)?
You finish the argument.

Show det (aA) = a™ det (A) where here A is an n X n matrix and a is a scalar.

Each time you multiply a row by a the new matrix has determinant equal to a
times the determinant of the matrix you multiplied by a. aA can be obtained by
multiplying a succession of n rows by a and so aA has determinant equal to a”
times the determinant of A.

Let A and B be two n x n matrices. A ~ B (A is similar to B) means there
exists an invertible matrix, S such that A = S~'BS. Show that if A ~ B, then
B ~ A. Show also that A ~ A and that if A~ B and B ~ C, then A ~ C.
In the context of Problem 24| show that if A ~ B, then det (4) = det (B).

A=5"1BS and so

det (A) det (S7') det (B) det (S) =
det (S7'S) det (B) = det(I)det(B) = det(B)

An n x n matrix is called nilpotent if for some positive integer, k it follows
AF = 0. If A is a nilpotent matrix and k is the smallest possible integer such that
A* =0, what are the possible values of det (A)?

Remember the determinant of a product equals the product of the determinants.

Use Cramer’s rule to find the solution to

r+by+z=1
20 —y—z2=2
r+z=1

To find y, you can use Cramer’s rule.

11 1
2 2 1
11 1 .

ST s 1 |
2 —1 -1
1 0 1

You can find the other variables in the same way.

Here is a matrix,
1 0 0
0 cost —sint
0 sint cost

Does there exist a value of ¢ for which this matrix fails to have an inverse? Explain.

You should take the determinant and remember the identity that cos? (t)+sin? () =
1.
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15.

16.

Here is a matrix,

1t 2
0 1 2t
B30 2

Does there exist a value of ¢ for which this matrix fails to have an inverse? Explain.

1t 2
0 1 2t |=241¢
B0 2

and so if t = v/—2, then this matrix has fails to have an inverse. However, it has
an inverse for all other values of .

Use the formula for the inverse in terms of the cofactor matrix to find if possible
the inverses of the matrices

Ll 1 2 3 12 1
(12),021,230
41 1 01 2

If it is not possible to take the inverse, explain why.
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Part 11

Vectors In R"

(s






Vectors And Points In R"

4.0.1 Outcomes

1. Evaluate the distance between two points in R™.

2. Be able to represent a vector in each of the following ways for n = 2,3

(a) as a directed arrow in n space
(b) as an ordered n tuple

(c) as a linear combination of unit coordinate vectors
3. Carry out the vector operations:

(a) addition
(b
(¢

(d) Find the vector of unit length in the direction of a given vector.

scalar multiplication

find magnitude (norm or length)

)
)
)
)

4. Represent the operations of vector addition, scalar multiplication and norm geo-
metrically.

5. Recall and apply the basic properties of vector addition, scalar multiplication and
norm.

6. Model and solve application problems using vectors.
7. Describe an open ball in R™.

8. Determine whether a set in R" is open, closed, or neither.

4.1 Open And Closed Sets

Eventually, one must consider functions which are defined on subsets of R™ and their
properties. The next definition will end up being quite important. It describe a type of
subset of R™ with the property that if x is in this set, then so is y whenever y is close
enough to x.

Definition 4.1.1 Let U C R". U is an open set if whenever x € U, there exists v > 0
such that B (x,7) C U. More generally, if U is any subset of R™, x € U is an interior
point of U if there exists v > 0 such that x € B (x,7) C U. In other words U is an open
set exactly when every point of U is an interior point of U.

79
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If there is something called an open set, surely there should be something called a
closed set and here is the definition of one.

Definition 4.1.2 A subset, C, of R" is called a closed set if R™ \ C is an open set.
They symbol, R™ \ C denotes everything in R™ which is not in C. It is also called the
complement of C. The symbol, S€ is a short way of writing R™ \ S.

To illustrate this definition, consider the following picture.

- . B(x,r)

You see in this picture how the edges are dotted. This is because an open set, can
not include the edges or the set would fail to be open. For example, consider what
would happen if you picked a point out on the edge of U in the above picture. Every
open ball centered at that point would have in it some points which are outside U.
Therefore, such a point would violate the above definition. You also see the edges of
B (x,7) dotted suggesting that B (x,r) ought to be an open set. This is intuitively clear
but does require a proof. This will be done in the next theorem and will give examples
of open sets. Also, you can see that if x is close to the edge of U, you might have to
take r to be very small.

It is roughly the case that open sets don’t have their skins while closed sets do. Here
is a picture of a closed set, C.

B ,B(X’r),

Note that x ¢ C and since R™ \ C is open, there exists a ball, B (x,r) contained
entirely in R™ \ C. If you look at R™ \ C, what would be its skin? It can’t be in R™ \ C
and so it must be in C. This is a rough heuristic explanation of what is going on with
these definitions. Also note that R™ and () are both open and closed. Here is why. If
x € (0, then there must be a ball centered at x which is also contained in (). This must be
considered to be true because there is nothing in () so there can be no example to show
it falsel. Therefore, from the definition, it follows @) is open. It is also closed because

1To a mathematician, the statment: Whenever a pig is born with wings it can fly must be taken
as true. We do not consider biological or aerodynamic considerations in such statements. There is no
such thing as a winged pig and therefore, all winged pigs must be superb flyers since there can be no
example of one which is not. On the other hand we would also consider the statement: Whenever a
pig is born with wings it can’t possibly fly, as equally true. The point is, you can say anything you
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if x ¢ 0, then B (x,1) is also contained in R™ \ () = R™. Therefore, () is both open and
closed. From this, it follows R" is also both open and closed.

Theorem 4.1.3 Let x € R™ and let r > 0. Then B (x,r) is an open set. Also,
D(xr)={yeR":|ly—x[<r}
is a closed set.

Proof: Suppose y € B (x,r). It is necessary to show there exists 1 > 0 such that
B(y,r1) € B(x,r). Define 1y = r — |[x —y|. Then if |z — y| < rq, it follows from the
above triangle inequality that

z—x| = |z—-y+y—X|
< lz-yl+ly—x
< ntly—-x[=r—|x-yl+ly-x[=r

Note that if » = 0 then B (x,r) = 0, the empty set. This is because if y € R",
|x —y| > 0and soy ¢ B(x,0). Since ) has no points in it, it must be open because
every point in it, (There are none.) satisfies the desired property of being an interior
point.

Now suppose y ¢ D (x,7). Then |x — y| > r and defining § = |x — y| — r, it follows
that if z € B (y,d), then by the triangle inequality,

x—z] > [x-y|l-|y—z[>x-y|l-§¢
= x-yl-(x-y[-r)=r

and this shows that B (y,d) C R™\ D (x,r). Since y was an arbitrary point in R™ \
D (x,r), it follows R™ \ D (x,r) is an open set which shows from the definition that
D (x,7) is a closed set as claimed.

A picture which is descriptive of the conclusion of the above theorem which also
implies the manner of proof is the following.

r .
e n
Xy Y.
B(k,r) D(X,T)

Recall R? consists of ordered pairs, (z,y) such that € R and y € R. R? is also
written as R x R. In general, the following definition holds.

Definition 4.1.4 The Cartesian product of two sets, Ax B, means {(a,b) :a € A, b € B}.
If you have n sets, Ay, Aa,- -+, Ay,

]._.[Ai ={(x1,22, -, Tpn): each x; € A;}.
i=1

want about the elements of the empty set and no one can gainsay your statement. Therefore, such
statements are considered as true by default. You may say this is a very strange way of thinking about
truth and ultimately this is because mathematics is not about truth. It is more about consistency and
logic.
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Now suppose A C R™ and B C R™. Then if (x,y) € A X B, x =(21,- -+, &) and
v =(y1,- -+, yn), the following identification will be made.

(X7y) = (xla oy Tmy Y1, ,yn) < Rn+m.

Similarly, starting with something in R”*™  you can write it in the form (x,y) where
x € R™ and y € R”. The following theorem has to do with the Cartesian product of
two closed sets or two open sets. Also here is an important definition.

Definition 4.1.5 A set, A C R" is said to be bounded if there exist finite intervals,
[ai, b;] such that A C [T;_; [a;,bs] -

Theorem 4.1.6 Let U be an open set in R™ and let V be an open set in R™. Then
U x V is an open set in R*T™. If C is a closed set in R™ and H is a closed set in R,
then C x H is a closed set in R"*™. If C and H are bounded, then so is C x H.

Proof: Let (x,y) € U x V. Since U is open, there exists r; > 0 such that B (x,71) C
U. Similarly, there exists 1o > 0 such that B (y,r3) C V. Now

B((xy),0) =

m n
(5,6) € R™™ S a — s>+ > Jyy — 5% < 8
k=1 Jj=1

Therefore, if 6 = min (r1,72) and (s, t) € B((x,y),d), then it follows that s € B (x,r1) C
U and that t € B (y,r2) C V which shows that B ((x,y),d) CU x V. Hence U x V is
open as claimed.

Next suppose (x,y) ¢ C x H. It is necessary to show there exists 6 > 0 such that
B((x,y),0) CR"*™\ (C x H). Either x ¢ C ory ¢ H since otherwise (x,y) would be
a point of C'x H. Suppose therefore, that x ¢ C. Since C is closed, there exists r > 0 such
that B (x,r) € R™ \ C. Consider B ((x,y),r). If (s,t) € B((x,y),r), it follows that
s € B (x,r) which is contained in R™ \ C. Therefore, B ((x,y),r) C R"*™\ (C x H)
showing C' x H is closed. A similar argument holds if y ¢ H.

If C is bounded, there exist [a;, b;] such that C' C [[:", [a;, b;] and if H is bounded,
H CIT7 [ai, by for intervals [amq1,bm1] s+ [@m-n, bmin) - Therefore, C' x H C
[175™ [as, b;] and this establishes the last part of this theorem.

4.2 Physical Vectors

Suppose you push on something. What is important? There are really two things
which are important, how hard you push and the direction you push. This illustrates
the concept of force.

Definition 4.2.1 Force is a vector. The magnitude of this vector is a measure of how
hard it is pushing. It is measured in units such as Newtons or pounds or tons. Its
direction is the direction in which the push is taking place.

Of course this is a little vague and will be left a little vague until the presentation
of Newton’s second law later.

Vectors are used to model force and other physical vectors like velocity. What
was just described would be called a force vector. It has two essential ingredients, its
magnitude and its direction. Geometrically think of vectors as directed line segments
or arrows as shown in the following picture in which all the directed line segments are
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considered to be the same vector because they have the same direction, the direction in
which the arrows point, and the same magnitude (length).

Because of this fact that only direction and magnitude are important, it is always
possible to put a vector in a certain particularly simple form. Let pq be a directed line
segment or vector. Then from Definition 1.4.4 it follows that pq consists of the points
of the form

p+t(qa—p)

where ¢t € [0,1]. Subtract p from all these points to obtain the directed line segment
consisting of the points

The point in R™, q — p, will represent the vector.
Geometrically, the arrow, pq, was slid so it points in the same direction and the
base is at the origin, 0. For example, see the following picture.

/

In this way vectors can be identified with elements of R™.

Definition 4.2.2 Let x = (x1,- -+, x,) € R™. The position vector of this point is the
vector whose point is at x and whose tail is at the origin, (0,---,0). Ifx = (z1, -, &) 18
called a vector, the vector which is meant is this position vector just described. Another
term associated with this is standard position. A vector is in standard position if the
tail is placed at the origin.

It is customary to identify the point in R™ with its position vector.
The magnitude of a vector determined by a directed line segment pq is just the
distance between the point p and the point q. By the distance formula this equals

n 1/2
(Z (qx —pk)2> =[p—d|

k=1

and for v any vector in R" the magnitude of v equals (3}, v,%)l/2 = |v]|.
Example 4.2.3 Consider the vector, v =(1,2,3) in R™. Find |v|.

First, the vector is the directed line segment (arrow) which has its base at 0 = (0, 0, 0)
and its point at (1,2,3). Therefore,

[v|=v12+22 432 =V14.
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What is the geometric significance of scalar multiplication? If a represents the vector,
v in the sense that when it is slid to place its tail at the origin, the element of R™ at its
point is a, what is rv?

n 1/2 n 1/2
|rv| = <Z (rai)2> = (Z r? (ai)2>
k=1

k=1
0 1/2 [ X~ o v
= (r?) Zai =|r||v].
k=1

Thus the magnitude of rv equals |r| times the magnitude of v. If r is positive, then the
vector represented by rv has the same direction as the vector, v because multiplying
by the scalar, r, only has the effect of scaling all the distances. Thus the unit distance
along any coordinate axis now has length r and in this rescaled system the vector is
represented by a. If r < 0 similar considerations apply except in this case all the a; also
change sign. From now on, a will be referred to as a vector instead of an element of
R™ representing a vector as just described. The following picture illustrates the effect

of scalar multiplication.
‘/ 2/ —ov

Note there are n special vectors which point along the coordinate axes. These are
e, =(0,---,0,1,0,---,0)

where the 1 is in the i*" slot and there are zeros in all the other spaces. See the picture
in the case of R3.

z
es 4
e €9 Y
T
The direction of e; is referred to as the i*" direction. Given a vector, v = (a1, - -, an) ,
a;e; is the i*" component of the vector. Thus ase; = (0,- - -,0,a;,0,- - -,0) and so this

vector gives something possibly nonzero only in the ‘" direction. Also, knowledge of
the i*" component of the vector is equivalent to knowledge of the vector because it gives
the entry in the i*" slot and for v = (ay,- - -, an),

n
VvV = E a;€;.
k=1

What does addition of vectors mean physically? Suppose two forces are applied to
some object. Each of these would be represented by a force vector and the two forces
acting together would yield an overall force acting on the object which would also be
a force vector known as the resultant. Suppose the two vectors are a = ZZ=1 a;e; and
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b= 22:1 b;e;. Then the vector, a involves a component in the i** direction, a;e; while
the component in the i*" direction of b is b;e;. Then it seems physically reasonable that
the resultant vector should have a component in the i'" direction equal to (a; + b;) e;.
This is exactly what is obtained when the vectors, a and b are added.

at+b=(a;+b1, - a,+b,).
= Z(a,‘ —‘y—bl) e;.
=1

Thus the addition of vectors according to the rules of addition in R™ which were
presented earlier, yields the appropriate vector which duplicates the cumulative effect
of all the vectors in the sum.

What is the geometric significance of vector addition? Suppose u, v are vectors,

u:(u1,~~-,un),v:(vl,-~~,vn)

Then u+ v = (uy + vy, - -, up + v,) . How can one obtain this geometrically? Consider
the directed line segment, Ou and then, starting at the end of this directed line segment,
follow the directed line segment u(u+ v) to its end, u+ v. In other words, place the
vector u in standard position with its base at the origin and then slide the vector v till
its base coincides with the point of u. The point of this slid vector, determines u + v.
To illustrate, see the following picture

u u+v

v

Note the vector u+ v is the diagonal of a parallelogram determined from the two
vectors u and v and that identifying u 4 v with the directed diagonal of the paral-
lelogram determined by the vectors u and v amounts to the same thing as the above
procedure.

An item of notation should be mentioned here. In the case of R™ where n < 3, it is
standard notation to use i for e, j for e, and k for e3. Now here are some applications
of vector addition to some problems.

Example 4.2.4 There are three ropes attached to a car and three people pull on these
ropes. The first exerts a force of 2i+3j—2k Newtons, the second exerts a force of
3i+5j + k Newtons and the third exerts a force of 5i — j+2k. Newtons. Find the total
force in the direction of i.

To find the total force add the vectors as described above. This gives 10i+7j + k
Newtons. Therefore, the force in the i direction is 10 Newtons.

As mentioned earlier, the Newton is a unit of force like pounds.

Example 4.2.5 An airplane flies North Fast at 100 miles per hour. Write this as a
vector.

A picture of this situation follows.
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The vector has length 100. Now using that vector as the hypotenuse of a right
triangle having equal sides, the sides should be each of length 100/+/2. Therefore, the
vector would be 100//2i + 100/+/2j.

This example also motivates the concept of velocity.

Definition 4.2.6 The speed of an object is a measure of how fast it is going. It is
measured in units of length per unit time. For example, miles per hour, kilometers per
minute, feet per second. The velocity is a vector having the speed as the magnitude but
also specifing the direction.

Thus the velocity vector in the above example is 100/v/2i + 100/v/2j.

Example 4.2.7 The velocity of an airplane is 100i + j + k measured in kilometers per
hour and at a certain instant of time its position is (1,2,1). Here imagine a Cartesian
coordinate system in which the third component is altitude and the first and second
components are measured on a line from West to East and a line from South to North.
Find the position of this airplane one minute later.

Consider the vector (1,2,1), is the initial position vector of the airplane. As it moves,
the position vector changes. After one minute the airplane has moved in the i direction
a distance of 100 x 6—10 = % kilometer. In the j direction it has moved % kilometer
during this same time, while it moves % kilometer in the k direction. Therefore, the

new displacement vector for the airplane is

1 1 121 121
(17271) + §’ ; = §a >
360" 60 37 60 " 60

Example 4.2.8 A certain river is one half mile wide with a current flowing at 4 miles
per hour from East to West. A man swims directly toward the opposite shore from the
South bank of the rver at a speed of 8 miles per hour. How far down the river does he
find himself when he has swam across? How far does he end up swimming?

Consider the following picture.

.

You should write these vectors in terms of components. The velocity of the swimmer
in still water would be 3j while the velocity of the river would be —4i. Therefore, the
velocity of the swimmer is —4i + 3j. Since the component of velocity in the direction
across the river is 3, it follows the trip takes 1/6 hour or 10 minutes. The speed at
which he travels is v/42 4 32 = 5 miles per hour and so he travels 5 x % = 2 miles. Now
to find the distance downstream he finds himself, note that if x is this distance, z and
1/2 are two legs of a right triangle whose hypotenuse equals 5/6 miles. Therefore, by

the Pythagorean theorem the distance downstream is 1/(5/6)% — (1/2)% = 2 miles.
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4.3 Exercises

1.

10.

11.

The wind blows from West to East at a speed of 50 miles per hour and an airplane
which travels at 300 miles per hour in still air is heading North West. What is
the velocity of the airplane relative to the ground? What is the component of this
velocity in the direction North?

In the situation of Problem 1l how many degrees to the West of North should the
airplane head in order to fly exactly North. What will be the speed of the airplane
relative to the ground?

In the situation of 2 suppose the airplane uses 34 gallons of fuel every hour at that
air speed and that it needs to fly North a distance of 600 miles. Will the airplane
have enough fuel to arrive at its destination given that it has 63 gallons of fuel?

An airplane is flying due north at 150 miles per hour. A wind is pushing the
airplane due east at 40 miles per hour. After 1 hour, the plane starts flying 30°
East of North. Assuming the plane starts at (0,0), where is it after 2 hours? Let
North be the direction of the positive y axis and let East be the direction of the
positive x axis.

City A is located at the origin while city B is located at (300,500) where distances
are in miles. An airplane flies at 250 miles per hour in still air. This airplane
wants to fly from city A to city B but the wind is blowing in the direction of the
positive y axis at a speed of 50 miles per hour. Find a unit vector such that if the
plane heads in this direction, it will end up at city B having flown the shortest
possible distance. How long will it take to get there?

A certain river is one half mile wide with a current flowing at 2 miles per hour from
East to West. A man swims directly toward the opposite shore from the South
bank of the river at a speed of 3 miles per hour. How far down the river does he
find himself when he has swam across? How far does he end up swimming?

A certain river is one half mile wide with a current flowing at 2 miles per hour
from East to West. A man can swim at 3 miles per hour in still water. In what
direction should he swim in order to travel directly across the river? What would
the answer to this problem be if the river flowed at 3 miles per hour and the man
could swim only at the rate of 2 miles per hour?

Three forces are applied to a point which does not move. Two of the forces are
2i + j + 3k Newtons and i — 3j + 2k Newtons. Find the third force.

The total force acting on an object is to be 2i + j + k Newtons. A force of
—i+ j + k Newtons is being applied. What other force should be applied to
achieve the desired total force?

A bird flies from its nest 5 km. in the direction 60° north of east where it stops to
rest on a tree. It then flies 10 km. in the direction due southeast and lands atop
a telephone pole. Place an zy coordinate system so that the origin is the bird’s
nest, and the positive x axis points east and the positive y axis points north.
Find the displacement vector from the nest to the telephone pole.

A car is stuck in the mud. There is a cable stretched tightly from this car to a tree
which is 20 feet long. A person grasps the cable in the middle and pulls with a
force of 100 pounds perpendicular to the stretched cable. The center of the cable
moves two feet and remains still. What is the tension in the cable? The tension
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12.

13.

14.

15.

16.
17.
18.

19.

20.
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in the cable is the force exerted on this point by the part of the cable nearer the
car as well as the force exerted on this point by the part of the cable nearer the
tree.

Let U = {(z,y,2) such that z > 0}. Determine whether U is open, closed or
neither.

Let U = {(z,y,2) such that z > 0} . Determine whether U is open, closed or
neither.

Let U = {(x, y,z) such that /22 +y2 4 22 < 1} . Determine whether U is open,
closed or neither.

Let U = {(:137 y,z) such that /z2 +y2 + 22 < 1} . Determine whether U is open,
closed or neither.

Show carefully that R™ is both open and closed.
Show that every open set in R™ is the union of open balls contained in it.
Show the intersection of any two open sets is an open set.

If S is a nonempty subset of RP, a point, x is said to be a limit point of S if
B (x,7) contains infinitely many points of S for each r > 0. Show this is equivalent
to saying that B (x,r) contains a point of S different than x for each r > 0.

Closed sets were defined to be those sets which are complements of open sets.
Show that a set is closed if and only if it contains all its limit points.

4.4 Exercises With Answers

1.

The wind blows from West to East at a speed of 30 kilometers per hour and an
airplane which travels at 300 Kilometers per hour in still air is heading North
West. What is the velocity of the airplane relative to the ground? What is the
component of this velocity in the direction North?

Let the positive y axis point in the direction North and let the positive x axis

point in the direction East. The velocity of the wind is 30i. The plane moves
in the direction i+ j. A unit vector in this direction is % (i+j). Therefore, the

velocity of the plane relative to the ground is

300
30i+—
V2

The component of velocity in the direction North is 150/2.

(i+j) = 150v/2j + (30 + 150\/5) i

In the situation of Problem (1l how many degrees to the West of North should the
airplane head in order to fly exactly North. What will be the speed of the airplane
relative to the ground?

In this case the unit vector will be — sin (0) i + cos (9) j. Therefore, the velocity of
the plane will be
300 (—sin (0) i+ cos (0) j)

and this is supposed to satisfy

300 (—sin (8) i+ cos (9) j) + 301 = 0i+7j.
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Therefore, you need to have sinf = 1/10, which means § = .10017 radians.
Therefore, the degrees should be @ = 5.7296 degrees. In this case the velocity

vector of the plane relative to the ground is 300 (@) j-

3. In the situation of 2/ suppose the airplane uses 34 gallons of fuel every hour at that
air speed and that it needs to fly North a distance of 600 kilometers. Will the
airplane have enough fuel to arrive at its destination given that it has 63 gallons
of fuel?

The airplane needs to fly 600 kilometers at a speed of 300 (%) . Therefore, it

600 _ .
takes o(EY] 2.0101 hours to get there. Therefore, the plane will need to
use about 68 gallons of gas. It won’t make it.

4. A certain river is one half mile wide with a current flowing at 3 miles per hour from
East to West. A man swims directly toward the opposite shore from the South
bank of the river at a speed of 2 miles per hour. How far down the river does he
find himself when he has swam across? How far does he end up swimming?

The velocity of the man relative to the earth is then —3i+ 2j. Since the component
of j equals 2 it follows he takes 1/8 of an hour to get across. Durring this time he
is swept downstream at the rate of 3 miles per hour and so he ends up 3/8 of a

mile down stream. He has gone (%)2 + (%)2 =.625 miles in all.

5. Three forces are applied to a point which does not move. Two of the forces are
2i — j + 3k Newtons and i — 3j — 2k Newtons. Find the third force.

Call it ai + bj + ck Then youneed a+2+1=0,b—1—-3=0,and c+3—-2=0.
Therefore, the force is —3i + 4j — k.
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Vector Products

5.0.1 Outcomes

1.

2.

Evaluate a dot product from the angle formula or the coordinate formula.
Interpret the dot product geometrically.

Evaluate the following using the dot product:

(a) the angle between two vectors
(b) the magnitude of a vector

(¢) the work done by a constant force on an object
Evaluate a cross product from the angle formula or the coordinate formula.
Interpret the cross product geometrically.

Evaluate the following using the cross product:

(a) the area of a parallelogram
(b) the area of a triangle

(¢) physical quantities such as the torque and angular velocity.

Find the volume of a parallelepiped using the box product.

Recall, apply and derive the algebraic properties of the dot and cross products.

5.1 The Dot Product

There are two ways of multiplying vectors which are of great importance in applications.
The first of these is called the dot product, also called the scalar product and
sometimes the inner product.

Definition 5.1.1 Let a,b be two vectors in R™ define a-b as

a-b Eiakbk.
k=1

With this definition, there are several important properties satisfied by the dot
product. In the statement of these properties, @ and 3 will denote scalars and a, b, c
will denote vectors.

91
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Proposition 5.1.2 The dot product satisfies the following properties.

a-b=b-a (5.1)
a-a >0 and equals zero if and only ifa =0 (5.2)
(aa+fBb)-c=a(a-c)+3(b-c) (5.3)

¢ (ca+pBb)=a(c-a)+3(c-b) (5.4)
la®=a-a (5.5)

You should verify these properties. Also be sure you understand that 5.4/ follows from
the first three and is therefore redundant. It is listed here for the sake of convenience.

Example 5.1.3 Find (1,2,0,—1)-(0,1,2,3).
This equals 0 +2 4+ 0+ -3 = —1.

Example 5.1.4 Find the magnitude of a =(2,1,4,2). That is, find |a|.

This is 1/(2,1,4,2) - (2,1,4,2) = 5.
The dot product satisfies a fundamental inequality known as the Cauchy Schwarz
inequality.

Theorem 5.1.5 The dot product satisfies the inequality
ja-b| < [a] [b]. (5.6)

Furthermore equality is obtained if and only if one of a or b is a scalar multiple of the
other.

Proof: First note that if b = 0 both sides of [5.6/ equal zero and so the inequality
holds in this case. Therefore, it will be assumed in what follows that b # 0.
Define a function of t € R

f(@)=(a+tb) - (a+tb).
Then by 5.2, f(t) > 0 for all £ € R. Also from [5.3/5.4/5.1, and 5.5

f(t)=a-(a+tb)+tb-(a+tb)
=a-a+t(a-b)+tb-a+t’b-b
= |a* + 2t (a- b) + [b|* .

Now

ﬂw:w2ﬁ+%*?+3§
b " [b)

2 2
b b b 2
:‘b‘2 t2+2ta72+ 372 _ 372 +%
b b b b

2 2
b 2 b
=P | [t+232] + % S >0
bl bl bl
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for all t € R. In particular f (t) > 0 when t = — (a b/ \b\2) which implies
2
|a|® a-b
— — > 0. 5.7
b\ [b*) ~ o7

la*[b]* > (a- b)*

Multiplying both sides by |b|47

which yields 5.6.

From Theorem 5.1.5, equality holds in 5.6/ whenever one of the vectors is a scalar
multiple of the other. It only remains to verify this is the only way equality can occur.
If either vector equals zero, then equality is obtained in 5.6/ so it can be assumed both
vectors are non zero and that equality is obtained in 5.7. This implies that f (¢) = 0
when t = — (a -b/ \b\2> and so from [5.2] it follows that for this value of ¢, a+tb =0
showing a = —tb. This proves the theorem.

You should note that the entire argument was based only on the properties of the
dot product listed in 5.1 - 5.50 This means that whenever something satisfies these
properties, the Cauchy Schwartz inequality holds. There are many other instances of
these properties besides vectors in R™.

The Cauchy Schwartz inequality allows a proof of the triangle inequality for dis-
tances in R™ in much the same way as the triangle inequality for the absolute value.

Theorem 5.1.6 (Triangle inequality) For a,b € R"
la+b| < |af + |b| (5.8)

and equality holds if and only if one of the vectors is a nonnegative scalar multiple of
the other. Also
la] = [b]| < |a — bl (5.9)

Proof: By properties of the dot product and the Cauchy Schwartz inequality,

la+b|>=(a+b)-(a+b)
=(a-a)+(a-b)+(b-a)+(b-b)
= la]* +2(a-b) + [b|®
< la]* +2Ja-b| + [b|”
< [a* +2/a| b| + [b|”
= (|al + [b])*.

Taking square roots of both sides you obtain 5.8l

It remains to consider when equality occurs. If either vector equals zero, then that
vector equals zero times the other vector and the claim about when equality occurs is
verified. Therefore, it can be assumed both vectors are nonzero. To get equality in the
second inequality above, Theorem 5.1.5/ implies one of the vectors must be a multiple
of the other. Say b = aa. If a < 0 then equality cannot occur in the first inequality
because in this case

(a-b) =alal®> <0< |a||a®* = |a- b

Therefore, a > 0.
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To get the other form of the triangle inequality,

a=a—b+b
SO
la| = ]a—Db+b]
<la—b|+b|.
Therefore,
|a| — [b| < |a — b (5.10)
Similarly,
|b] —|Ja] < |b—a|] =]a—b|. (5.11)

It follows from [5.10 and [5.11) that 5.9 holds. This is because ||a] — |b|| equals the left
side of either [5.10 or [5.11 and either way, ||a] — |b|| < |a — b]|. This proves the theorem.

5.2 The Geometric Significance Of The Dot Product

5.2.1 The Angle Between Two Vectors

Given two vectors, a and b, the included angle is the angle between these two vectors
which is less than or equal to 180 degrees. The dot product can be used to determine
the included angle between two vectors. To see how to do this, consider the following
picture.

By the law of cosines,
la—b|* = |a|* + |b|> — 2]a| |b| cos 6.
Also from the properties of the dot product,

la—b[*=(a—b)-(a—b)
=la’+|b*-2a-b
and so comparing the above two formulas,
a-b = |a||b|cosf. (5.12)
In words, the dot product of two vectors equals the product of the magnitude of the
two vectors multiplied by the cosine of the included angle. Note this gives a geometric

description of the dot product which does not depend explicitly on the coordinates of
the vectors.

Example 5.2.1 Find the angle between the vectors 2i +j — k and 3i + 4j + k.
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The dot product of these two vectors equals 6 + 4 — 1 = 9 and the norms are

VA+T+1 =+6and v/9+16 + 1 = /26. Therefore, from [5.12 the cosine of the in-

cluded angle equals

9
cos = ——= = .72058
V261/6
Now the cosine is known, the angle can be determines by solving the equation, cosf = .
72058. This will involve using a calculator or a table of trigonometric functions. The
answer is # = .766 16 radians or in terms of degrees, = .76616 x % = 43.898°.
. . . . _ 360
Recall how this last computation is done. Set up a proportion, —== = 5= because
360° corresponds to 27 radians. However, in calculus, you should get used to thinking
in terms of radians and not degrees. This is because all the important calculus formulas
are defined in terms of radians.

Example 5.2.2 Let u,v be two vectors whose magnitudes are equal to 3 and 4 respec-
tively and such that if they are placed in standard position with their tails at the origin,
the angle between u and the positive x axis equals 30° and the angle between v and the
positive x axis is -30°. Find u-v.

From the geometric description of the dot product in [5.12
u-v=3x4xcos(60°)=3x4x1/2=6.

Observation 5.2.3 Two vectors are said to be perpendicular if the included angle
is ©/2 radians (90°). You can tell if two nonzero vectors are perpendicular by simply
taking their dot product. If the answer is zero, this means they are are perpendicular
because cos = 0.

Example 5.2.4 Determine whether the two vectors, 2i + j — k and 1i + 3j + 5k are
perpendicular.

When you take this dot product you get 2 +3 — 5 = 0 and so these two are indeed
perpendicular.

Definition 5.2.5 When two lines intersect, the angle between the two lines is the
smaller of the two angles determined.

Example 5.2.6 Find the angle between the two lines, (1,2,0)+t(1,2,3) and (0,4, —3)+
t(~1,2,-3).

These two lines intersect, when ¢ = 0 in the first and ¢ = —1 in the second. It is
only a matter of finding the angle between the direction vectors. One angle determined
is given by

-6 -3
= — =", 5.13
cos 11 7 ( )
We don’t want this angle because it is obtuse. The angle desired is the acute angle
given by

o="=.
COS 7

It is obtained by using replacing one of the direction vectors with —1 times it.
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5.2.2 Work And Projections

Our first application will be to the concept of work. The physical concept of work does
not in any way correspond to the notion of work employed in ordinary conversation. For
example, if you were to slide a 150 pound weight off a table which is three feet high and
shuffle along the floor for 50 yards, sweating profusely and exerting all your strength
to keep the weight from falling on your feet, keeping the height always three feet and
then deposit this weight on another three foot high table, the physical concept of work
would indicate that the force exerted by your arms did no work during this project even
though the muscles in your hands and arms would likely be very tired. The reason for
such an unusual definition is that even though your arms exerted considerable force on
the weight, enough to keep it from falling, the direction of motion was at right angles
to the force they exerted. The only part of a force which does work in the sense of
physics is the component of the force in the direction of motion (This is made more
precise below.). The work is defined to be the magnitude of the component of this force
times the distance over which it acts in the case where this component of force points
in the direction of motion and (—1) times the magnitude of this component times the
distance in case the force tends to impede the motion. Thus the work done by a force
on an object as the object moves from one point to another is a measure of the extent
to which the force contributes to the motion. This is illustrated in the following picture
in the case where the given force contributes to the motion.

E P2
0
b1

F,
Fy

In this picture the force, F is applied to an object which moves on the straight line
from p; to p2. There are two vectors shown, F|| and F | and the picture is intended to
indicate that when you add these two vectors you get F while F|| acts in the direction
of motion and F | acts perpendicular to the direction of motion. Only F|; contributes
to the work done by F on the object as it moves from p; to pe. F| is called the
component of the force in the direction of motion. From trigonometry, you see the
magnitude of F)| should equal |F||cosf|. Thus, since F|| points in the direction of the
vector from p; to pa, the total work done should equal

|F| ’P1P2| cos® = |F||p2 — p1| cosd

If the included angle had been obtuse, then the work done by the force, F on the object
would have been negative because in this case, the force tends to impede the motion
from p; to p2 but in this case, cosf would also be negative and so it is still the case
that the work done would be given by the above formula. Thus from the geometric
description of the dot product given above, the work equals

[F[|p2 — p1|cosf =F- (p2—py) -
This explains the following definition.

Definition 5.2.7 Let F be a force acting on an object which moves from the point, py
to the point pa. Then the work done on the object by the given force equals F- (p2 — p1) .

The concept of writing a given vector, F in terms of two vectors, one which is parallel
to a given vector, D and the other which is perpendicular can also be explained with
no reliance on trigonometry, completely in terms of the algebraic properties of the dot
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product. As before, this is mathematically more significant than any approach involving
geometry or trigonometry because it extends to more interesting situations. This is done
next.

Theorem 5.2.8 Let F and D be nonzero vectors. Then there exist unique vectors F||
and F | such that
F:FH"‘FJ_ (5.14)

where ¥\ is a scalar multiple of D, also referred to as
projp (F),
and F | -D = 0. The vector projp, (F) is called the projection of F onto D.

Proof: Suppose 5.14/ and F|| = aD. Taking the dot product of both sides with D
and using F| - D = 0, this yields

F-D=oaDf

which requires o = F-D/|D|*. Thus there can be no more than one vector, Fj. It
follows F | must equal F — F|. This verifies there can be no more than one choice for
both F| and F .

Now let

FH = 7‘D‘2 D

and let

FL:F—F”:F—:TD'?

Then F|| = a D where o = ‘1“;3'1?2. It only remains to verify F, - D = 0. But

F-D

This proves the theorem.

Example 5.2.9 Let F = 2i4+7j — 3k Newtons. Find the work done by this force in
moving from the point (1,2,3) to the point (—9,—3,4) along the straight line segment
joining these points where distances are measured in meters.

According to the definition, this work is

(2i+7j — 3k) - (—10i — 5§ + k) = —20 + (—35) + (—3)
= —58 Newton meters.

Note that if the force had been given in pounds and the distance had been given in
feet, the units on the work would have been foot pounds. In general, work has units
equal to units of a force times units of a length. Instead of writing Newton meter, people
write joule because a joule is by definition a Newton meter. That word is pronounced
“jewel” and it is the unit of work in the metric system of units. Also be sure you observe
that the work done by the force can be negative as in the above example. In fact, work
can be either positive, negative, or zero. You just have to do the computations to find
out.
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Example 5.2.10 Find proj, (v) ifu=2i+3j—4k and v=1i-2j+k.

From the above discussion in Theorem [5.2.8, this is just

(i—2j + k) - (2i + 3j — 4k) (2i + 3§ — 4K)

1+9+16

~8 16. 24, 32
= T2 2i43)—dk) = ——i— 054 2%k

gy (A+3]—dk) = —ggi—o5i+ o9

Example 5.2.11 Suppose a, and b are vectors and b, = b — proj, (b). What is the
magnitude of b1 in terms of the included angle?

b.|* = (b — proj, (b)) - (b — proj, (b))

= b—b—fa . b—b—fa
al al

2 2
_ |b|2—2(b'a) + (b'a> laf?

laf* Jaf*

b2 (1 LA ai)
aF b

= |b|? (1 —cos®0) = Ib|? sin? (6)

where 6 is the included angle between a and b which is less than 7 radians. Therefore,
taking square roots,
by | = |b|siné.

5.2.3 The Parabolic Mirror, An Application

When light is reflected the angle of incidence is always equal to the angle of reflection.
This is illustrated in the following picture in which a ray of light reflects off something
like a mirror.

Angle of incidence

Angle of r¢ Reflecting surface

An interesting problem is to design a curved mirror which has the property that it
will direct all rays of light coming from a long distance away (essentially parallel rays
of light) to a single point. You might be interested in a reflecting telescope for example
or some sort of scheme for achieving high temperatures by reflecting the rays of the sun
to a small area. Turning things around, you could place a source of light at the single
point and desire to have the mirror reflect this in a beam of light consisting of parallel
rays. How can you design such a mirror?
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It turns out this is pretty easy given the above techniques for finding the angle
between vectors. Consider the following picture.

(0,p)

Tangent to the curved mirror

z,y(x))

Piece of the curved mirror

It suffices to consider this in a plane for x > 0 and then let the mirror be obtained as
a surface of revolution. In the above picture, let (0,p) be the special point at which all
the parallel rays of light will be directed. This is set up so the rays of light are parallel
to the y axis. The two indicated angles will be equal and the equation of the indicated
curve will be y = y(x) while the reflection is taking place at the point (z,y (z)) as
shown. To say the two angles are equal is to say their cosines are equal. Thus from the

above,
0,1)-(1,9' (z)) _ (—zp—y) (=1, -y (z))

\/1+y’(x)2 - \/m2+(y—p)2\/1+y’($)2.

This follows because the vectors forming the sides of one of the angles are (0,1) and
(1,9 (x)) while the vectors forming the other angle are (—z,p — y) and (-1, -y (z)).
Therefore, this yields the differential equation,

J () = —y' (@) (p—y +=
22+ (y—p)°

which is written more simply as
( x2+(y—p)2+(p—y)) y=z

Now let y — p = v so that ¢y’ = xv’ + v. Then in terms of v the differential equation is

, 1
TV = —F/——— — 0

V1+ov2—v

This reduces to
( 1 ) dv 1
—_— | —=—.
Jitr—v )dz "z
1 . . . . .
IfGe [ (m — v) dv, then a solution to the differential equation is of the form
Gw)—Inz=C

where C' is a constant. This is because if you differentiate both sides with respect to x,

dv 1 1 dv 1
/ _—— = = — _—— = =
DL (Tﬂ_v v)dw Lo
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To find G € [ (ﬁ — v) dv, use a trig. substitution, v = tan 6. Then in terms of

/Sec 0 do

= Inlsecd +tanf| + C.

0, the antiderivative becomes
/ 1 tan 6 2046
sect) — tan 6 any ) see

Now in terms of v, this is

ln(v—l— 1—1—112) =Inz+ec.

There is no loss of generality in letting ¢ = In C' because In maps onto R. Therefore,
from laws of logarithms,

ln‘v—i—\/l—i—?ﬂ’ = Ilhaz+c=Ilnz+InC
= InCz.
Therefore,
v++vV1+1v2=Cx
and so

V1+0v2=Cz—w.

Now square both sides to get
1+ =C%2 + 02 — 2020

which shows
1=C%? - 20242 = 2% - 2C (y —p) .
x

Ca(, L
y=x3" 2C

and for this to correspond to reflection as described above, it must be that C' > 0. As
described in an earlier section, this is just the equation of a parabola. Note it is possible
to choose C as desired adjusting the shape of the mirror.

Solving this for y yields

5.2.4 The Dot Product And Distance In C"

It is necessary to give a generalization of the dot product for vectors in C". This
definition reduces to the usual one in the case the components of the vector are real.

Definition 5.2.12 Let x,y € C". Thus x = (x1,- -+, z,) where each x € C and a
similar formula holding for y. Then the dot product of these two vectors is defined to
be
x~yEijgTjEx1y*1+--~+xny7.
J

Notice how you put the conjugate on the entries of the vector, y. It makes no
difference if the vectors happen to be real vectors but with complex vectors you must
do it this way. The reason for this is that when you take the dot product of a vector
with itself, you want to get the square of the length of the vector, a positive number.
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Placing the conjugate on the components of y in the above definition assures this will
take place. Thus
XX :Zﬂjj@: Z|Ij|2 Z 0.
J J

If you didn’t place a conjugate as in the above definition, things wouldn’t work out
correctly. For example,
(140 +22=4+2

and this is not a positive number.

The following properties of the dot product follow immediately from the definition
and you should verify each of them.

Properties of the dot product:

l.u-v=v-u

2. If a,b are numbers and u, v,z are vectors then (au+bv)-z=a(u-z)+b(v-2z).
3. u-u >0 and it equals 0 if and only if u = 0.

The norm is defined in the usual way.

Definition 5.2.13 For x € C",

n 1/2
x| = (Z |xk|2> = (x-x)"?
k=1

Here is a fundamental inequality called the Cauchy Schwarz inequality which is
stated here in C™. First here is a simple lemma.

Lemma 5.2.14 If z € C there exists 0 € C such that 0z = |z| and |0] = 1.

|

Proof: Let § =1 if z = 0 and otherwise, let # = —. Recall that for z =z +iy,z =

|z
z —iy and zz = |2]°.

Theorem 5.2.15 (Cauchy Schwarz)The following inequality holds for x; and y; € C.

n n 1/2 n 1/2
Y| < (Z x) (Z |yz-|2> =lxllyl  (5.15)
=1 =1 =1

Proof: Let 6 € C such that |#] = 1 and

n
0> a7y =
i=1

((x-y) =

n
E iy,
i=1

Thus

n

92%‘?1‘ = Z%@Z
i=1

i=1

n
g iy,
i=1

Consider p (t) = Z?:l (xi + tgyi) (J:i + t@yi) where t € R.

< plt)= Z js|* + 2t Re <92x5y7> +12Y Jyl?

i=1 i=1 =1

n
Z TiY;

i=1

o

x| 4 2t + 12 |y]?
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If |y| = 0 then[5.15] is obviously true because both sides equal zero. Therefore, assume
|y| # 0 and then p (¢) is a polynomial of degree two whose graph opens up. Therefore,
it either has no zeroes, two zeros or one repeated zero. If it has two zeros, the above
inequality must be violated because in this case the graph must dip below the x axis.
Therefore, it either has no zeros or exactly one. From the quadratic formula this happens
exactly when

2
4 —4xPly* <0

n
5 iy,
i=1

and so

< x|yl

n
E iY;
i=1

as claimed. This proves the inequality.
By analogy to the case of R™, length or magnitude of vectors in C™ can be defined.

Definition 5.2.16 Let z € C". Then |z| = (z- z)l/g.

Theorem 5.2.17 For length defined in Definition 5.2.16, the following hold.

|z| >0 and |z| =0 if and only ifz =0 (5.16)
If a is a scalar, |az| = |al|z] (5.17)
|z + w| < |z| + |w]. (5.18)

Proof: The first two claims are left as exercises. To establish the third, you use the
same argument which was used in R”.

lz+w]® = (z+w,z+Ww)
= Z'Z+W W+W-Z2+2Z2 W
= |z’ +|w|]*+2Rew -z

2| + [w|* + 2 |w - 2

<
2 2 2

< 2"+ Iwl” +2|wl[z] = (|2 + |w])”.

All other considerations such as open and closed sets and the like are identical in this

more general context with the corresponding definition in R™. The main difference is

that here the scalars are complex numbers.

Definition 5.2.18 Suppose you have a vector space, V' and for z,w € V and a a scalar
a norm is a way of measuring distance or magnitude which satisfies the properties!|5.16
-15.18. Thus a norm is something which does the following.

l|lz|| > 0 and ||z|| =0 if and only ifz =0 (5.19)
If a is a scalar, ||az|| = |a|||z|| (5.20)
|z + wi| < lz[| + [Iw]]. (5.21)

Here is is understood that for all z € V,||z|| € [0, 00).
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5.3 Exercises

1.

© »®» N o

10.

11.

12.

13.

14.

15.

16.

Use formula 5.12 to verify the Cauchy Schwartz inequality and to show that equal-
ity occurs if and only if one of the vectors is a scalar multiple of the other.

For u, v vectors in R3, define the product, u* v = ujv; + 2uavs + 3uzvs. Show
the axioms for a dot product all hold for this funny product. Prove

1/2( 1/2

lu*xv| < (ux*u) VkV)

Hint: Do not try to do this with methods from trigonometry.
Find the angle between the vectors 3i — j — k and i+ 4j + 2k.
Find the angle between the vectors i — 2j + k and i+ 2j — 7k.
Find proj,, (v) where v =(1,0,—-2) and u=(1,2,3).

Find proj,, (v) where v =(1,2,-2) and u=(1,0,3).

Find proj,, (v) where v =(1,2,-2,1) and u=(1,2,3,0).
Does it make sense to speak of projg (v)?

Prove that Tv = proj, (v) is a linear transformation and find the matrix of T
where T'v = proj, (v) for u= (1,2, 3).

If F is a force and D is a vector, show projp, (F) = (|F|cos @) u where u is the unit
vector in the direction of D, u =D/ |D| and 8 is the included angle between the
two vectors, F and D. |F|cos# is sometimes called the component of the force, F
in the direction, D.

A boy drags a sled for 100 feet along the ground by pulling on a rope which is 20
degrees from the horizontal with a force of 10 pounds. How much work does this
force do?

A boy drags a sled for 200 feet along the ground by pulling on a rope which is 30
degrees from the horizontal with a force of 20 pounds. How much work does this
force do?

How much work in Newton meters does it take to slide a crate 20 meters along a
loading dock by pulling on it with a 200 Newton force at an angle of 30° from the
horizontal?

An object moves 10 meters in the direction of j. There are two forces acting on
this object, F1 =i+ j+ 2k, and Fs = —5i + 2j—6k. Find the total work done on
the object by the two forces. Hint: You can take the work done by the resultant
of the two forces or you can add the work done by each force.

An object moves 10 meters in the direction of j + i. There are two forces acting
on this object, F1 = i+2j+ 2k, and Fy = 5i+2j—6k. Find the total work done on
the object by the two forces. Hint: You can take the work done by the resultant
of the two forces or you can add the work done by each force.

An object moves 20 meters in the direction of k + j. There are two forces acting
on this object, F; =i+ j+ 2k, and Fy = i+ 2j—6k. Find the total work done on
the object by the two forces. Hint: You can take the work done by the resultant
of the two forces or you can add the work done by each force.
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17.
18.

19.

20.

21.

22.

23.

24.

25.

VECTOR PRODUCTS

Ifa, b, and c are vectors. Show that (b +c¢), =b+c, whereb; = b—proj, (b).

In the discussion of the reflecting mirror which directs all rays to a particular
point, (0,p) . Show that for any choice of positive C' this point is the focus of the
parabola and the directrix is y = p — %

Suppose you wanted to make a solar powered oven to cook food. Are there reasons
for using a mirror which is not parabolic? Also describe how you would design a
good flash light with a beam which does not spread out too quickly.

Find (1,2,3,4) - (2,0,1,3).

Show that (a-b) = % [\a—i— b)* - |a— bﬂ :

Prove from the axioms of the dot product the parallelogram identity, |a + b|* +
la—b|* =2[al* +2b)>.

Let A and be a real m x n matrix and let x € R" and y € R™. Show (AX,y)gm =
(X,ATy) g Where (-, -)g. denotes the dot product in RF. In the notation above,
Ax -y = x-ATy. Use the definition of matrix multiplication to do this.

Use the result of Problem 23 to verify directly that (AB)” = BTAT without
making any reference to subscripts.

Suppose f, g are two continuous functions defined on [0, 1] . Define

(f~g)=/0 f (2) g (z) d.

Show this dot product satisfies conditons [5.1/ - 5.5, Explain why the Cauchy
Schwarz inequality continues to hold in this context and state the Cauchy Schwarz
inequality in terms of integrals.

5.4 Exercises With Answers

1.

Find the angle between the vectors 3i — j — k and i+ 4j + 2k.

cosf = % = —.19739. Therefore, you have to solve the equation
cosf = —.197 39, Solution is : # = 1.7695 radians. You need to use a calculator

or table to solve this.

Find proj,, (v) where v =(1,3,-2) and u=(1,2,3).

Remember to find this you take Y¥2u. Thus the answer is ﬁ (1,2,3).

u-u
If F is a force and D is a vector, show projp, (F) = (|F|cos @) u where u is the unit
vector in the direction of D, u =D/ |D| and 8 is the included angle between the
two vectors, F and D. |F|cos# is sometimes called the component of the force, F
in the direction, D.

projp (F) = EBD = |F||D| COSQﬁD =|F| cos&%,

A boy drags a sled for 100 feet along the ground by pulling on a rope which is 40
degrees from the horizontal with a force of 10 pounds. How much work does this
force do?

The component of force is 10 cos (147%77) and it acts for 100 feet so the work done
is

40
10 — 100 = 766. 04
coS (1807T> X
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5. Ifa, b, and c are vectors. Show that (b +c¢), =b+c, whereb; = b—proj, (b).
6. Find (1,0,3,4) - (2,7,1,3). (1,0,3,4) - (2,7,1,3) = 17.

7. Show that (a-b) =1 [\a+ b|* — |a— b|2} .

This follows from the axioms of the dot product and the definition of the norm.
Thus
la+b|* = (a+b,a+b)=la]” +[b]’ +(a-b)

Do something similar for |a — b|?.

8. Prove from the axioms of the dot product the parallelogram identity, |a + b|2 +
la—b|*> =2]a]* +2b|.
Use the properties of the dot product and the definition of the norm in terms of
the dot product.

9. Let A and be a real m x n matrix and let x € R” and y € R™. Show (AX,y)gm =
(x,A"y) g, where (-,-)gr denotes the dot product in R¥. In the notation above,
Ax -y = x-ATy. Use the definition of matrix multiplication to do this.

Remember the 45" entry of Ax =Y. Ajjz;. Therefore,

Ax -y :Z (Ax), y; = ZZAijxjyi'
i i

Recall now that (AT)ij = Aj;. Use this to write a formula for (X,ATy)Rn .

5.5 The Cross Product

The cross product is the other way of multiplying two vectors in R3. It is very different
from the dot product in many ways. First the geometric meaning is discussed and then
a description in terms of coordinates is given. Both descriptions of the cross product are
important. The geometric description is essential in order to understand the applications
to physics and geometry while the coordinate description is the only way to practically
compute the cross product.

Definition 5.5.1 Three vectors, a, b, c form a right handed system if when you extend
the fingers of your right hand along the vector, a and close them in the direction of b,
the thumb points roughly in the direction of c.

For an example of a right handed system of vectors, see the following picture.

\

In this picture the vector ¢ points upwards from the plane determined by the other
two vectors. You should consider how a right hand system would differ from a left hand
system. Try using your left hand and you will see that the vector, ¢ would need to point
in the opposite direction as it would for a right hand system.
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From now on, the vectors, i, j, k will always form a right handed system. To repeat,
if you extend the fingers of our right hand along i and close them in the direction j, the
thumb points in the direction of k.

i
The following is the geometric description of the cross product. It gives both the
direction and the magnitude and therefore specifies the vector.

Definition 5.5.2 Let a and b be two vectors in R3. Then a x b is defined by the fol-
lowing two rules.

1. |a x b| = |a| |b|sin @ where 0 is the included angle.
2. axb-a=0,axb-b=0, and a,b,a x b forms a right hand system.
Note that |a x b| is the area of the parallelogram spanned by a and b.

. /|b |sin ()

The cross product satisfies the following properties.

axb=—-(bxa),axa=0, (5.22)
For a a scalar,
(ea) xb = a(a x b) = ax (ab), (5.23)
For a, b, and c vectors, one obtains the distributive laws,
ax(b+c)=axb+axc, (5.24)
(b+c)xa=bxa+cxa. (5.25)

Formula 5.22] follows immediately from the definition. The vectors a x b and b x a
have the same magnitude, |a||b|sinf, and an application of the right hand rule shows
they have opposite direction. Formula 5.23 is also fairly clear. If a is a nonnegative
scalar, the direction of (aa) xb is the same as the direction of a x b,a(a x b) and
ax (ab) while the magnitude is just « times the magnitude of a x b which is the same
as the magnitude of a (a x b) and ax (ab). Using this yields equality in [5.23. In the
case where o < 0, everything works the same way except the vectors are all pointing in
the opposite direction and you must multiply by |a| when comparing their magnitudes.
The distributive laws are much harder to establish but the second follows from the first
quite easily. Thus, assuming the first, and using [5.22,

(b+c)xa=-ax(b+c)
=—(axb+axc)

=bxa+cxa.
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A proof of the distributive law is given in a later section for those who are interested.
Now from the definition of the cross product,

ixj=k jxi=-k
kxi=j ixk=—j
jxk=1i kxj=—i

With this information, the following gives the coordinate description of the cross prod-
uct.

Proposition 5.5.3 Let a = a1 + asj + ask and b = bii + boj + bsk be two vectors.
Then

a x b = (a2bs — azbs) i+ (asby — a1bs) j+
+ (a1by — azby) k. (5.26)
Proof: From the above table and the properties of the cross product listed,
(a1i+ agj + azk) x (b1i+ baj + bsk) =
a1bol X j+ a1bsi X k 4+ asb1j X i+ agbsj x k+
+agbik x 1+ azbok X j

= a1bok — a1b3j — asbik + asbsi + azbyj — agbsi
= (agbs — asbz) i+ (agby — a1b3) j+ (a1b2 — a2b1) k (5.27)

This proves the proposition.

It is probably impossible for most people to remember [5.26. Fortunately, there is a
somewhat easier way to remember it.

i j ok
axb=|a a as (5.28)
by by b3

where you expand the determinant along the top row. This yields

(agbs — asgby) i— (a1bs — agby) j+ (a1ba — azby) k (5.29)
which is the same as[5.27.
Example 5.5.4 Find (i—j+2k) x (3i—2j+ k).

Use [5.28 to compute this.

i j k B
I PR
3 =2 1

= 3i+5j+k

Example 5.5.5 Find the area of the parallelogram determined by the vectors, (i — j + 2k)
and (3i — 2j + k). These are the same two vectors in Example [5.5..

From Example [5.5.4 and the geometric description of the cross product, the area is

just the norm of the vector obtained in Example [5.5.4. Thus the area is v/9+ 25+ 1 =
Vv 35.
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Example 5.5.6 Find the area of the triangle determined by (1,2,3),(0,2,5), and (5,1,2).

This triangle is obtained by connecting the three points with lines. Picking (1,2, 3)
as a starting point, there are two displacement vectors, (—1,0,2) and (4, —1,—1) such
that the given vector added to these displacement vectors gives the other two vectors.
The area of the triangle is half the area of the parallelogram determined by (—1,0,2)
and (4,—1,—1). Thus (—1,0,2) x (4,—1,—1) = (2,7,1) and so the area of the triangle
is 2VI+49+1 = 26.

Observation 5.5.7 In general, if you have three points (vectors) in R3, P, Q,R the
area of the triangle is given by

S1@Q-P)x (R—P)|.

P R

5.5.1 The Distributive Law For The Cross Product

This section gives a proof for 5.24, a fairly difficult topic. It is included here for the
interested student. If you are satisfied with taking the distributive law on faith, it is
not necessary to read this section. The proof given here is quite clever and follows the
one given in [7]. Another approach, based on volumes of parallelepipeds is found in [25]
and is discussed a little later.

Lemma 5.5.8 Let b and c be two vectors. Then b x c=b x ¢ wherec)+cL =c
andcy -b=0.

Proof: Consider the following picture.

C C
0
Nowc| =c— c-%% and so ¢, is in the plane determined by c and b. Therefore,
from the geometric definition of the cross product, b x ¢ and b x ¢, have the same
direction. Now, referring to the picture,
[bxcy|=b[lcy]
= |b]|c|sinf
=|b xc|.
Therefore, b x ¢ and b x ¢ also have the same magnitude and so they are the same

vector.
With this, the proof of the distributive law is in the following theorem.

Theorem 5.5.9 Let a,b, and c be vectors in R3. Then

ax(b+c)=axb+axc (5.30)
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Proof: Suppose first that a-b =a-c = 0. Now imagine a is a vector coming out
of the page and let b, c and b + ¢ be as shown in the following picture.

ax(b+c)

Then a x b,ax (b + ¢), and a X c are each vectors in the same plane, perpendicular
to a as shown. Thus axc-c = 0,ax(b+c)-(b+c¢) =0, and axb-b = 0. This
implies that to get a x b you move counterclockwise through an angle of 7/2 radians
from the vector, b. Similar relationships exist between the vectors ax (b + c¢) and b + ¢
and the vectors a x ¢ and c. Thus the angle between a x b and ax (b + ¢) is the same
as the angle between b + ¢ and b and the angle between a x ¢ and ax (b + c) is the
same as the angle between ¢ and b + c. In addition to this, since a is perpendicular to
these vectors,

lax b| = |a]|b|,]ax (b+c)|=|a||b+c|, and

jax | = Jal|c|.

Therefore,
lax (b+c)] Jaxc| |axb|

= al
b +c| el b

and so
lax (b+c)| |b+c| |ax(b+c)| [b+c]|

laxc| e 7 |axb] |b|

showing the triangles making up the parallelogram on the right and the four sided figure
on the left in the above picture are similar. It follows the four sided figure on the left
is in fact a parallelogram and this implies the diagonal is the vector sum of the vectors
on the sides, yielding [5.30.

Now suppose it is not necessarily the case that a-b = a- ¢ = 0. Then write b = b+
b, where by -a = 0. Similarly ¢ = ¢|| + c.. By the above lemma and what was just
shown,

ax(b+c)=ax(b+c),
=ax (b +cy)
=axb, +axc|
=axb+axec.

This proves the theorem.
The result of Problem [17 of the exercises|5.3is used to go from the first to the second
line.

5.5.2 Torque

Imagine you are using a wrench to loosen a nut. The idea is to turn the nut by applying
a force to the end of the wrench. If you push or pull the wrench directly toward or away
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from the nut, it should be obvious from experience that no progress will be made in
turning the nut. The important thing is the component of force perpendicular to the
wrench. It is this component of force which will cause the nut to turn. For example see
the following picture.

In the picture a force, F is applied at the end of a wrench represented by the
position vector, R and the angle between these two is 6. Then the tendency to turn will
be |R||F .| = |R||F|sinf, which you recognize as the magnitude of the cross product
of R and F. If there were just one force acting at one point whose position vector is R,
perhaps this would be sufficient, but what if there are numerous forces acting at many
different points with neither the position vectors nor the force vectors in the same plane;
what then? To keep track of this sort of thing, define for each R and F, the torque
vector,

T=R x F.

This is also called the moment of the force, F. That way, if there are several forces
acting at several points, the total torque can be obtained by simply adding up the
torques associated with the different forces and positions.

Example 5.5.10 Suppose R = 2i — j+3k, R, = i+2j—6k meters and at the points
determined by these vectors there are forces, F1 = i—j+2k and Fo = i—5j + k Newtons
respectively. Find the total torque about the origin produced by these forces acting at the
given points.

It is necessary to take Ry x F; + Ro X Fy. Thus the total torque equals

i j k i k
2 -1 3 |+|1 2 —6 |=-27i—8j— 8k Newton meters
1 -1 2 1 -5 1

Example 5.5.11 Find if possible a single force vector, F which if applied at the point
i+ j+ k will produce the same torque as the above two forces acting at the given points.

This is fairly routine. The problem is to find F = Fji + F5j + F3k which produces
the above torque vector. Therefore,

i 5k
1 1 1 |=-27i—8j—8k
I B

which reduces to (F3 — Fy) i+ (Fy — F3) j+ (F» — F1) k = — 27i — 8j — 8k. This amounts
to solving the system of three equations in three unknowns, F}, F», and F3,

Fy— Fy =27
F,—F=-8
F,—F =-8

However, there is no solution to these three equations. (Why?) Therefore no single
force acting at the point i 4+ j + k will produce the given torque.
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5.5.3 Center Of Mass

The mass of an object is a measure of how much stuff there is in the object. An object
has mass equal to one kilogram, a unit of mass in the metric system, if it would exactly
balance a known one kilogram object when placed on a balance. The known object
is one kilogram by definition. The mass of an object does not depend on where the
balance is used. It would be one kilogram on the moon as well as on the earth. The
weight of an object is something else. It is the force exerted on the object by gravity
and has magnitude gm where g is a constant called the acceleration of gravity. Thus
the weight of a one kilogram object would be different on the moon which has much less
gravity, smaller g, than on the earth. An important idea is that of the center of mass.
This is the point at which an object will balance no matter how it is turned.

Definition 5.5.12 Let an object consist of p point masses, m1, ----,m, with the position
of the k" of these at Ry. The center of mass of this object, Ry is the point satisfying

p
Z Ry —Rp) x gmpu =20
k=1

for all unit vectors, u.

The above definition indicates that no matter how the object is suspended, the total
torque on it due to gravity is such that no rotation occurs. Using the properties of the
cross product,

p p
(Z Ryigmi — Ro Z gmk> xu=0 (5.31)
k=1 k=1

for any choice of unit vector, u. You should verify that if a x u = 0 for all u, then it
must be the case that a = 0. Then the above formula requires that

P P
Z Ryigmi — Ro Z gmi=0
k=1 k=1

dividing by g, and then by -5 _, mg,

Zk 1 kak
Zk 1Mk

This is the formula for the center of mass of a collection of point masses. To consider
the center of mass of a solid consisting of continuously distributed masses, you need the
methods of calculus.

R = (5.32)

Example 5.5.13 Let m; = 5,my = 6, and ms = 3 where the masses are in kilograms.
Suppose my is located at 21 + 3j + k, my is located at i — 3j 4+ 2k and mg is located at
2i — j + 3k. Find the center of mass of these three masses.

Using 5.32

5(2i+3j+k)+6(i—3j+2k) +3(2i —j+ 3k)

R, =
54643

1, 8., 13,
= —1— —
7' T T
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5.5.4 Angular Velocity

Definition 5.5.14 In a rotating body, a vector, S is called an angular velocity vec-
tor if the velocity of a point having position vector, u relative to the body is given by
Q xu.

The existence of an angular velocity vector is the key to understanding motion in
a moving system of coordinates. It is used to explain the motion on the surface of the
rotating earth. For example, have you ever wondered why low pressure areas rotate
counter clockwise in the upper hemisphere but clockwise in the lower hemisphere? To
quantify these things, you will need the concept of an angular velocity vector. Details
are presented later for interesting examples. In the above example, think of a coordinate
system fixed in the rotating body. Thus if you were riding on the rotating body, you
would observe this coordinate system as fixed even though it is not.

Example 5.5.15 A wheel rotates counter clockwise about the vector i+ j+k at 60
revolutions per minute. This means that if the thumb of your right hand were to point
in the direction of i+ j+ k your fingers of this hand would wrap in the direction of
rotation. Find the angular velocity vector for this wheel. Assume the unit of distance is
meters and the unit of time is minutes.

Let w = 60 x 2 = 1207. This is the number of radians per minute corresponding to
60 revolutions per minute. Then the angular velocity vector is % (i+j+k). Note this
gives what you would expect in the case the position vector to the point is perpendicular
to i+ j+ k and at a distance of r. This is because of the geometric description of the
cross product. The magnitude of the vector is 1207 meters per minute and corresponds
to the speed and an exercise with the right hand shows the direction is correct also.
However, if this body is rigid, this will work for every other point in it, even those for
which the position vector is not perpendicular to the given vector. A complete analysis

of this is given later.

Example 5.5.16 A wheel rotates counter clockwise about the vectori—+ j+ k at 60 rev-
olutions per minute exactly as in Example5.5.15. Let {uy,us,us} denote an orthogonal
right handed system attached to the rotating wheel in which ug = % (i+j+k). Thus
u; and uy depend on time. Find the velocity of the point of the wheel located at the
point 2u; + 3us — ug. Note this point is not fized in space. It is moving.

Since {uj,uz,uz} is a right handed system like i,j,k, everything applies to this
system in the same way as with i, j, k. Thus the cross product is given by

(auy + bug + cug) x (duy + eus + fus)
up U9 us
= a b C

d e f
Therefore, in terms of the given vectors u;, the angular velocity vector is
120mus
the velocity of the given point is

u; Ug us
0 0 1207
2 3 -1
= *360’/TU1 + 2407’(112
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in meters per minute. Note how this gives the answer in terms of these vectors which
are fixed in the body, not in space. Since u; depends on ¢, this shows the answer in
this case does also. Of course this is right. Just think of what is going on with the
wheel rotating. Those vectors which are fixed in the wheel are moving in space. The
velocity of a point in the wheel should be constantly changing. However, its speed will
not change. The speed will be the magnitude of the velocity and this is

V/(=3607u; + 240muy) - (—3607u; + 240muy)

which from the properties of the dot product equals

\/ (—3607)° + (2407)* = 120v/137

because the u; are given to be orthogonal.

5.5.5 The Box Product

Definition 5.5.17 A parallelepiped determined by the three vectors, a, b, and c consists
of
{ra+sb +tc:rs,tec[0,1]}.

That is, if you pick three numbers, r, s, and t each in [0,1] and form ra+sb + tc, then
the collection of all such points is what is meant by the parallelepiped determined by
these three vectors.

The following is a picture of such a thing.

A

axb

You notice the area of the base of the parallelepiped, the parallelogram determined
by the vectors, a and b has area equal to |a x b| while the altitude of the parallelepiped
is |c| cos @ where 6 is the angle shown in the picture between ¢ and a x b. Therefore,
the volume of this parallelepiped is the area of the base times the altitude which is just

|axb||c|cosd =axb-c.

This expression is known as the box product and is sometimes written as [a, b, c]. You
should consider what happens if you interchange the b with the ¢ or the a with the c.
You can see geometrically from drawing pictures that this merely introduces a minus
sign. In any case the box product of three vectors always equals either the volume of
the parallelepiped determined by the three vectors or else minus this volume.

Example 5.5.18 Find the volume of the parallelepiped determined by the vectors, i +
2j — 5k,i+ 3j — 6k,3i + 2j + 3k.
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According to the above discussion, pick any two of these, take the cross product and
then take the dot product of this with the third of these vectors. The result will be
either the desired volume or minus the desired volume.

i j k
(i+2j—5k)x(i+3j—6k) = |1 2 —5
1 3 —6

= 3it+j+k

Now take the dot product of this vector with the third which yields
Bi+j+k)-(3i+2j+3k)=9+2+3 =14

This shows the volume of this parallelepiped is 14 cubic units.
There is a fundamental observation which comes directly from the geometric defini-
tions of the cross product and the dot product.

Lemma 5.5.19 Let a,b, and ¢ be vectors. Then (ax b)-c=a-(bxc).

Proof: This follows from observing that either (a x b)-c and a- (b x ¢) both give
the volume of the parallellepiped or they both give —1 times the volume.

An Alternate Proof Of The Distributive Law

Here is another proof of the distributive law for the cross product. Let x be a vector.
From the above observation,

x-ax(b+c)=(xxa)-(b+c)
=(xxa) -bt+(xxa)-c
=x-axXxb+x-axc

=x-(axb+axc).

Therefore,
x-lax(b+c)—(axb+axc)=0

for all x. In particular, this holds for x = ax (b+c¢) — (a x b+ a x ¢) showing that
ax (b+c) = ax b+ axc and this proves the distributive law for the cross product
another way.

Observation 5.5.20 Suppose you have three vectors, u =(a,b,c),v =(d,e, f), and
w = (g,h,i). Thenu-v X w is given by the following.

i j k
u-vxw = (abc)-|d e f
g h 1
_ e f d f d e
= Yo —b g i te g h
a b c
= det| d e f
g h 1

The message is that to take the box product, you can simply take the determinant of
the matrixz which results by letting the rows be the rectangular components of the given
vectors in the order in which they occur in the box product.
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5.6 Vector Identities And Notation

To begin with consider u x (v x w) and it is desired to simplify this quantity. It turns
out this is an important quantity which comes up in many different contexts. Let
u = (u1,u2,u3) and let v and w be defined similarly.

i j k
VW = V1 V2 Vs
w1, W2 wWs
= (UQ’U)g — '0311}2) i+ (w1v3 — ’Ulwg)j+ (’Ul’lUQ — ’Ugwl) k
Next consider ux (v x w) which is given by
i j k
ux (vxw)= Uy Ug U3
(v2w3 — 1]31112) (w1v3 — U1’LU3) (121UJ2 — ’Ugwl)

When you multiply this out, you get

i (viugwr + uzviws — WiV — uzwivs) 4 j (Vaur w1 + V2wWsU3z — Wal V1 — U3W2V3)

+k (uw1vs + vswats — UV W3 — VaW3U2)
and if you are clever, you see right away that
(i'l}l +jU2 + k’l}3) (u1w1 =+ U2W32 =+ ’LLg'wg) — (1w1 +_]u)2 + kw:g) (ulvl =+ U202 —+ ’LL3’U3) .

Thus
ux (vxw)=vu-w)—w((u-v). (5.33)

A related formula is

(uxv)xw = —[wx(uxv)
= —u(wev)—v(w )]
= v(w-u)—u(w-v). (5.34)

This derivation is simply wretched and it does nothing for other identities which may
arise in applications. Actually, the above two formulas, 5.33) and [5.34] are sufficient for
most applications if you are creative in using them, but there is another way. This other
way allows you to discover such vector identities as the above without any creativity
or any cleverness. Therefore, it is far superior to the above nasty computation. It is
a vector identity discovering machine and it is this which is the main topic in what
follows.

There are two special symbols, §;; and €;;, which are very useful in dealing with
vector identities. To begin with, here is the definition of these symbols.

Definition 5.6.1 The symbol, 0;;, called the Kroneker delta symbol is defined as fol-
lows.

5 = lifi=j
TEV0ifi#
With the Kroneker symbol, i and j can equal any integer in {1,2,---,n} for any n € N.
Definition 5.6.2 Fori,j, and k integers in the set, {1,2,3}, €;;x is defined as follows.
Lif (4,5,k) = (1,2,3),(2,3,1), or (3,1,2)
Eijk = -1 Zf (Za]7k) = (27173)7(13372)7 or (37271)
0 if there are any repeated integers

The subscripts ijk and ij in the above are called indices. A single one is called an indez.
This symbol, €51 s also called the permutation symbol.
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The way to think of €;;;, is that €123 = 1 and if you switch any two of the numbers in
the list 4, j, k, it changes the sign. Thus €;j, = —¢;i, and €5 = —€g;; etc. You should
check that this rule reduces to the above definition. For example, it immediately implies
that if there is a repeated index, the answer is zero. This follows because €;;; = —&4;;
and so g5 = 0.

It is useful to use the Einstein summation convention when dealing with these sym-
bols. Simply stated, the convention is that you sum over the repeated index. Thus a;b;
means y . a;b;. Also, §;;x; means Zj dijz; = x;. When you use this convention, there
is one very important thing to never forget. It is this: Never have an index be repeated
more than once. Thus a;b; is all right but a;;b; is not. The reason for this is that you
end up getting confused about what is meant. If you want to write ), a;b;c; it is best
to simply use the summation notation. There is a very important reduction identity
connecting these two symbols.

Lemma 5.6.3 The following holds.
EijkEirs = (6jr6ks - 6kr§js) .

Proof: If {j, k} # {r, s} then every term in the sum on the left must have either ¢,
or ;-5 contains a repeated index. Therefore, the left side equals zero. The right side
also equals zero in this case. To see this, note that if the two sets are not equal, then
there is one of the indices in one of the sets which is not in the other set. For example,
it could be that j is not equal to either r or s. Then the right side equals zero.

Therefore, it can be assumed {j,k} = {r,s}.If i = r and j = s for s # r, then there
is exactly one term in the sum on the left and it equals 1. The right also reduces to 1
in this case. If i = s and j = r, there is exactly one term in the sum on the left which
is nonzero and it must equal -1. The right side also reduces to -1 in this case. If there
is a repeated index in {j, k}, then every term in the sum on the left equals zero. The
right also reduces to zero in this case because then j = k = r = s and so the right side
becomes (1) (1) — (=1) (=1) = 0.

Proposition 5.6.4 Let u,v be vectors in R™ where the Cartesian coordinates of u are
(u1,- -, uy) and the Cartesian coordinates of v are (v1,---,v,). Then u-v = wv;. If
u, v are vectors in R3, then

(U X V), = €;1U;V.

Also, §;par = a;.

Proof: The first claim is obvious from the definition of the dot product. The second
is verified by simply checking it works. For example,

i j k
UXV=|u uy ug
U1 V2 U3

and so
(11 X V)1 = (’U,Qvg — U3U2) .

From the above formula in the proposition,
€1jkU;jVE = U2V3 — U3V2,

the same thing. The cases for (u x v), and (u x v), are verified similarly. The last
claim follows directly from the definition.

With this notation, you can easily discover vector identities and simplify expressions
which involve the cross product.



5.7. EXERCISES 117

Example 5.6.5 Discover a formula which simplifies (u X v) xw.

From the above reduction formula,

(uxv)xw), = eyx(uxv);wyg

EijkEjrsUrVsWi

= —E&jikEjrsUrVsWg

- (6ir6ks - 6i56k'r) UrVsWE

— (wvpwg — upVWE)

u-wvu; —V:-Wu;

= (u-w)v—(v-w)u),.

Since this holds for all 4, it follows that

(uxv)xw=(u-w)v—(v-w)u.

This is good notation and it will be used in the rest of the book whenever convenient.

5.7 Exercises

1.
2.

10.

Show that if a x u = 0 for all unit vectors, u, then a = 0.

If you only assume [5.31 holds for u =i, j, k, show that this implies 5.31 holds for
all unit vectors, u.

Let m; = 5,my = 1, and ms = 4 where the masses are in kilograms and the
distance is in meters. Suppose m, is located at 2i — 3j + k, mo is located at
i—3j+ 6k and mg is located at 2i+ j+ 3k. Find the center of mass of these three
masses.

Let my = 2,mo = 3, and m3 = 1 where the masses are in kilograms and the
distance is in meters. Suppose m; is located at 2i — j + k, mo is located at
i—2j+ k and mg is located at 4i 4+ j + 3k. Find the center of mass of these three
masses.

Find the angular velocity vector of a rigid body which rotates counter clockwise
about the vector i—2j + k at 40 revolutions per minute. Assume distance is mea-
sured in meters.

Let {u;,us,u3} be a right handed system with uz pointing in the direction of
i—2j+ k and u; and uy being fixed with the body which is rotating at 40 revo-
lutions per minute. Assuming all distances are in meters, find the constant speed
of the point of the body located at 3u; + uy — us in meters per minute.

Find the area of the triangle determined by the three points, (1,2,3), (4,2,0) and
(—3,2,1).

Find the area of the triangle determined by the three points, (1,0, 3), (4,1,0) and
(—3,1,1).

Find the area of the triangle determined by the three points, (1,2,3),(2,3,1) and
(0,1,2). Did something interesting happen here? What does it mean geometri-
cally?

Find the area of the parallelogram determined by the vectors, (1,2,3) and (3,—2,1).
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Find the area of the parallelogram determined by the vectors, (1,0,3) and (4, —2,1).

Find the area of the parallelogram determined by the vectors, (1,—2,2) and
(3,1,1).

Find the volume of the parallelepiped determined by the vectors, i — 7j — 5k, i —
2j — 6k,3i + 2j + 3k.

Find the volume of the parallelepiped determined by the vectors, i + j — 5k,i +
5j — 6k,3i +j + 3k.

Find the volume of the parallelepiped determined by the vectors, i + 6j + 5k, i+
5j —6k,3i+j+ k.

Suppose a, b, and ¢ are three vectors whose components are all integers. Can you
conclude the volume of the parallelepiped determined from these three vectors will
always be an integer?

What does it mean geometrically if the box product of three vectors gives zero?

It is desired to find an equation of a plane containing the two vectors, a and b
and the point 0. Using Problem (17, show an equation for this plane is

T Yy oz
a1 ay ag | =0
by by b3

That is, the set of all (z,y, z) such that the above expression equals zero.

Using the notion of the box product yielding either plus or minus the volume of
the parallelepiped determined by the given three vectors, show that

(axb).c=a(bxc)

In other words, the dot and the cross can be switched as long as the order of the
vectors remains the same. Hint: There are two ways to do this, by the coordinate
description of the dot and cross product and by geometric reasoning.

Is ax (b x ¢) = (ax b) x ¢? What is the meaning of a x b x ¢? Explain. Hint:
Try (i x j) %j.

Verify directly that the coordinate description of the cross product, a x b has the
property that it is perpendicular to both a and b. Then show by direct computa-
tion that this coordinate description satisfies

la x b|* = [a*|b[* — (a- b)?
= |a]*|b|* (1 — cos® (0))

where 6 is the angle included between the two vectors. Explain why |a x b| has the
correct magnitude. All that is missing is the material about the right hand rule.
Verify directly from the coordinate description of the cross product that the right
thing happens with regards to the vectors i, j, k. Next verify that the distributive
law holds for the coordinate description of the cross product. This gives another
way to approach the cross product. First define it in terms of coordinates and
then get the geometric properties from this.

Discover a vector identity for ux (v x w).
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23. Discover a vector identity for (u x v) - (z x w) .

24. Discover a vector identity for (u x v) X (z x w) in terms of box products.
25. Simplify (ux v) - (v x w) X (W X z).

26. Simplify |u x v* + (u- v)2 — |u|2 |v|2.

27. Prove that €5, = 20k,.

28. If A is a 3 x 3 matrix such that A = ( u v w ) where these are the columns
of the matrix, A. Show that det (4) = &;;5u;v; Wy

29. If A is a 3 x 3 matrix, show e,ps det (A) = €8 AriAp; Ask.
30. Suppose A is a 3 x 3 matrix and det (A) # 0. Show using 29 and 27 that

1

Ak = 330 ()

ErpsgijkAijri~

31. When you have a rotating rigid body with angular velocity vector, €2 then the
velocity, u’ is given by u’ = Q x u. It turns out that all the usual calculus rules
such as the product rule hold. Also, u” is the acceleration. Show using the product
rule that for £ a constant vector,

u’ = QOx (2 xu).

It turns out this is the centripetal acceleration. Note how it involves cross prod-
ucts. Things get really interesting when you move about on the rotating body.
weird forces are felt. This is in the section on moving coordinate systems.

5.8 Exercises With Answers

1. If you only assume 5.31 holds for u =i, j, k, show that this implies [5.31] holds for
all unit vectors, u.

Suppose than that (3>°F_, Rekgmyi — Ro > r_; gmi) xu = 0 for u =1i,j, k. Then if

u is an arbitrary unit vector, u must be of the form ai+ bj+ ck. Now from the dis-
tributive property of the cross product and letting w = (3°7_; Rrgmi — Ro Y _1_q gmu),
this says
(O h—1 Rigmi — Ro Y_p_; gmy) X u
=w X (ai + bj + ck)
=aw Xi+bw xj+cw xk
=0+0+0=0.

2. Let m; = 4,ms = 3, and m3 = 1 where the masses are in kilograms and the
distance is in meters. Suppose m; is located at 2i — j + k, mo is located at
2i — 3j + k and mg is located at 2i+ j+ 3k. Find the center of mass of these three
masses.

Let the center of mass be located at ai+bj+ck. Then (4 4+ 3+ 1) (ai + bj + ck) =
4(2i—-j+k)+32i—-3j+k) +1(2i+j+3k) = 161 — 12j + 10k. Therefore,
5

a=2,b= _73 and ¢ = 7. The center of mass is then 2i — %j + gk.

3. Find the angular velocity vector of a rigid body which rotates counter clockwise
about the vector i — j 4+ k at 20 revolutions per minute. Assume distance is mea-
sured in meters.

The angular velocity is 20 x 2 = 40m. Then © = 407 7= (i —j + k).
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Find the area of the triangle determined by the three points, (1,2,3),(1,2,6) and
(—3,2,1).

The three points determine two displacement vectors from the point (1,2, 3), (0,0, 3)
and (—4,0,—2). To find the area of the parallelogram determined by these two
displacement vectors, you simply take the norm of their cross product. To find
the area of the triangle, you take one half of that. Thus the area is

(1/2)1(0,0,3) x (—4,0,—2)| = % |(0,—-12,0)| = 6.

Find the area of the parallelogram determined by the vectors, (1,0,3) and (4, —2,1).
1(1,0,3) x (4,-2,1)] = |(6,11, —2)| = /26 + 121 + 4 = v/I51.

Find the volume of the parallelepiped determined by the vectors, i — 7j — 5k, i+
2j — 6k,3i — 3j + k.

Remember you just need to take the absolute value of the determinant having the
given vectors as rows. Thus the volume is the absolute value of

1 -7 =5
1 2 —6|=162
3 =3 1

Suppose a, b, and c are three vectors whose components are all integers. Can you
conclude the volume of the parallelepiped determined from these three vectors will
always be an integer?

Hint: Consider what happens when you take the determinant of a matrix which
has all integers.

Using the notion of the box product yielding either plus or minus the volume of
the parallelepiped determined by the given three vectors, show that

(axb)-c=a(bxc)

In other words, the dot and the cross can be switched as long as the order of the
vectors remains the same. Hint: There are two ways to do this, by the coordinate
description of the dot and cross product and by geometric reasoning. It is best if
you use the geometric reasoning. Here is a picture which might help.
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In this picture there is an angle between a X b and c. Call it . Now if you take
|a x b||c|cos @ this gives the area of the base of the parallelepiped determined by
a and b times the altitude of the parallelepiped, |c|cosf. This is what is meant
by the volume of the parallelepiped. It also equals a x b-c by the geometric
description of the dot product. Similarly, there is an angle between b x ¢ and a.
Call it a. Then if you take |b X c||a|cos « this would equal the area of the face
determined by the vectors b and c times the altitude measured from this face,
|a| cos . Thus this also is the volume of the parallelepiped. and it equals a- b x c.
The picture is not completely representative. If you switch the labels of two of
these vectors, say b and ¢, explain why it is still the case thata-b xc=ax b-c.
You should draw a similar picture and explain why in this case you get —1 times
the volume of the parallelepiped.

. Discover a vector identity for(u x v) xw.

(uxv)xw), = gyr(ux v)j Wk = €i5kEjrsUrVsWi = (0350kr — 03rOks) UrVsWh

= wpwgv; — wvpwg = (W w) v — (V- W) uy.
Therefore, (u X v) xw =(u-w)v — (v-w)u.

Discover a vector identity for (u x v) - (z x w).

Start with ;54U vi€irs 2rws and then go to work on it using the reduction identities
for the permutation symbol.

Discover a vector identity for (u x v) x (z x w) in terms of box products.

You will save time if you use the identity for (u x v) xw or ux (v x w).

If Ais a 3 x 3 matrix such that A = ( u v w ) where these are the columns
of the matrix, A. Show that det (4) = &;;5u;v;wg.

You can do this directly by expanding the determinant along the first column
and then writing out the sum of nine terms occurring in €;;,u;v;wg. That is,
€ijkUiVj W = E123U1V2W3 + €213U2v1ws + - - -. Fill in the correct values for the
permutation symbol and you will have an expression which can be compared with
what you get when you expand the given determinant along the first column.

If Ais a 3 x 3 matrix, show e,ps det (A) = €0 AriAp; Ask.-

From Problem [12), 193 det (A) = €;xA1;,A2jAsi. Now by switching any pair of
columns, you know from properties of determinants that this will change the sign
of the determinant. Switching the same two indices in the permutation symbol
on the left, also changes the sign of the expression on the left. Therefore, making
a succession of these switches, you get the result desired.

Suppose A is a 3 x 3 matrix and det (4) # 0. Show using 13| that

1
-1 = — .. . .
(A )ks ~ 9det (A) srpsgzjkAp]Am.

Just show the expression on the right acts like the ks*" entry of the inverse. Using
the repeated index summation convention this amounts to showing

1
MgrpsgijkAriAijsl = 5kl'
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From Problem 13} &,,, det (A) = ;5 Ay Ap;j Asi. Therefore,
6det (A) = eppserps det (A) = eppscijidriApjAg

and so det (A) = det (A”).
Hence

1
Tsi'A'riA ’As = ijl1€ij det (A) =6
3ot (A4) ek Aridei Ast = gy Eutsisn det (4) = 0

by the identity, €511 = 205; done in an earlier problem.



Planes And Surfaces In R"

6.0.1 Outcomes

1. Find the angle between two lines.
2. Determine a point of intersection between a line and a surface.

3. Find the equation of a plane in 3 space given a point and a normal vector, three
points, a sketch of a plane or a geometric description of the plane.

4. Determine the normal vector and the intercepts of a given plane.
5. Sketch the graph of a plane given its equation.

6. Determine the cosine of the angle between two planes.

7. Find the equation of a plane determined by lines.

8. Identify standard quadric surfaces given their functions or graphs.

9. Sketch the graph of a quadric surface by identifying the intercepts, traces, sections,
symmetry and boundedness or unboundedness of the surface.

6.1 Planes

You have an idea of what a plane is already. It is the span of some vectors. However,
it can also be considered geometrically in terms of a dot product. To find the equation
of a plane, you need two things, a point contained in the plane and a vector normal to
the plane. Let po = (%o, ¥o,20) denote the position vector of a point in the plane, let
p = (z,y, z) be the position vector of an arbitrary point in the plane, and let n denote
a vector normal to the plane. This means that

n (p—py) =0

whenever p is the position vector of a point in the plane. The following picture illustrates
the geometry of this idea.

123



124 PLANES AND SURFACES IN RY

Expressed equivalently, the plane is just the set of all points p such that the vector,
P — Py is perpendicular to the given normal vector, n.

Example 6.1.1 Find the equation of the plane with normal vector, n =(1,2,3) con-
taining the point (2,—1,5).

From the above, the equation of this plane is just
(1,2,3) - (x —2,y+1,2—-3)=2—-9+2y+32=0

Example 6.1.2 2x + 4y — 5z = 11 is the equation of a plane. Find the normal vector
and a point on this plane.

You can write this in the form 2 (z — ) +4 (y — 0) + (=5) (z — 0) = 0. Therefore,
a normal vector to the plane is 2i + 4j — 5k and a point in this plane is (1—21, 0,0) . Of
course there are many other points in the plane.

Definition 6.1.3 Suppose two planes intersect. The angle between the planes is defined
to be the angle between their normal vectors.

Example 6.1.4 Find the equation of the plane which contains the three points,
(17 2a 1) ) (37 _la 2) ) (47 2a 1) .

You just need to get a normal vector to this plane. This can be done by taking the
cross products of the two vectors,

(3,—1,2) — (1,2,1) and (4,2,1) — (1,2,1)

Thus a normal vector is (2, —3,1) x (3,0,0) = (0,3,9) . Therefore, the equation of the
plane is

0(z—1)4+3wy—-2)+9(z—1)=0

or 3y + 9z = 15 which is the same as y + 3z = 5.

Example 6.1.5 Find the equation of the plane which contains the three points,
(1,2,1),(3,-1,2),(4,2,1)

another way.
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Letting (x,y,z) be a point on the plane, the volume of the parallelepiped spanned
by (z,y,z) — (1,2,1) and the two vectors, (2, —3,1) and (3,0,0) must be equal to zero.
Thus the equation of the plane is

3 0 0
det 2 -3 1 =0.
r—1 y—2 z-1

Hence —9z + 15 — 3y = 0 and dividing by 3 yields the same answer as the above.

Proposition 6.1.6 If (a,b,c) # (0,0,0), then ax + by + cz = d is the equation of a
plane with normal vector ai+bj+ck. Conversely, any plane can be written in this form.

Proof: One of a, b, ¢ is nonzero. Suppose for example that ¢ # 0. Then the equation
can be written as

c

a(w0)+b(y0)+c(zd) =0

Therefore, (0,0, %) is a point on the plane and a normal vector is ai + bj + ck. The
converse follows from the above discussion involving the point and a normal vector.
This proves the proposition.

Example 6.1.7 Find the equation of the plane which contains the three points,
(1a 27 1) ) (37 _15 2) i (4a 2a 1)
another way.

You need to find numbers, a, b, c,d not all zero such that each of the given three
points satisfies the equation, ax + by 4+ ¢z = d. Then you must have for (z,y, z) a point
on this plane,

a+2b+c—d=0,

3a—b+2c—d=0,
4da+2b+c—d=0,
za+yb+ zc—d=0.

You need a nonzero solution to the above system of four equations for the unknowns,
a, b, c, and d. Therefore,

1 2 1 -1
3 -1 2 -1

det A 2 1 -1 |7 0
r y z -1

because the matrix sends a nonzero vector, (a,b,c, —d) to zero and is therefore, not
one to one. Consequently from Theorem [3.2.1 on Page |61} its determinant equals zero.
Hence upon evaluating the determinant, —15+ 9z 4 3y = 0 which reduces to 3z+y = 5.

Example 6.1.8 Find the equation of the plane containing the points (1,2,3) and the
line (0,1,1) +t(2,1,2) = (z,y, 2).

There are several ways to do this. One is to find three points and use any of the
above procedures. Let ¢t = 0 and then let t = 1 to get two points on the line. This yields
(1,2,3),(0,1,1), and (2,2, 3). Then the equation of the plane is

r y z -1
1 2 3 -1

det 01 1 -1 =2y—2—-1=0.
2 2 3 -1
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Example 6.1.9 Find the equation of the plane which contains the two lines, given by
the following parametric expressions in which t € R.

(2t,1+¢,1+2t) = (x,y,2), (2t+2,1,3+2¢t) = (x,y,2)

Note first that you don’t know there even is such a plane. However, if there is, you
could find it by obtaining three points, two on one line and one on another and then
using any of the above procedures for finding the plane. From the first line, two points
are (0,1,1) and (2,2,3) while a third point can be obtained from second line, (2,1, 3).
You need a normal vector and then use any of these points. To get a normal vector, form
(2,0,2) x (2,1,2) = (—2,0,2) . Therefore, the plane is -2z +0(y — 1) +2(x — 1) = 0.
This reduces to z — x = 1. If there is a plane, this is it. Now you can simply verify
that both of the lines are really in this plane. From the first, (1 + 2t) — 2¢t = 1 and the
second, (3 4 2t) — (2t 4+ 2) = 1 so both lines lie in the plane.

One way to understand how a plane looks is to connect the points where it intercepts
the z,y, and z axes. This allows you to visualize the plane somewhat and is a good way
to sketch the plane. Not surprisingly these points are called intercepts.

Example 6.1.10 Sketch the plane which has intercepts (2,0,0),(0,3,0), and (0,0,4).

xT

You see how connecting the intercepts gives a fairly good geometric description of
the plane. These lines which connect the intercepts are also called the traces of the
plane. Thus the line which joins (0, 3,0) to (0,0,4) is the intersection of the plane with
the yz plane. It is the trace on the yz plane.

Example 6.1.11 Identify the intercepts of the plane, 3x — 4y + 5z = 11.

The easy way to do this is to divide both sides by 11.

x . Y . 2
(11/3) = (=11/4) = (11/5)
The intercepts are (11/3,0,0),(0,—11/4,0) and (0,0,11/5) . You can see this by letting
both y and z equal to zero to find the point on the z axis which is intersected by the
plane. The other axes are handled similarly.

6.2 Quadric Surfaces

In the above it was shown that the equation of an arbitrary plane is an equation of
the form ax + by + cz = d. Such equations are called level surfaces. There are some
standard level surfaces which involve certain variables being raised to a power of 2 which
are sufficiently important that they are given names, usually involving the portentous
semi-word “oid”. These are graphed below using Maple, a computer algebra system.



6.2. QUADRIC SURFACES

| —

-

22/a® — 2?0 —y? )t =1
hyperboloid of two sheets

“

z=2%/a® — y?/b?
hyperbolic paraboloid

22/a® + 202 + 22 /2 =1

ellipsoid
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22 /0% +y? )2 — 22 [a® =1
hyperboloid of one sheet

z=x2/a® +y?/b?
elliptic paraboloid

22/a% = 22 /b? + y? /*
elliptic cone

Why do the graphs of these level surfaces look the way they do? Consider first the
hyperboloid of two sheets. The equation defining this surface can be written in the form
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Suppose you fix a value for z. What ordered pairs, (x,y) will satisfy the equation?

If i—z < 1, there is no such ordered pair because the above equation would require a

negative number to equal a nonnegative one. This is why there is a gap and there are

two sheets. If Z—Z > 1, then the above equation is the equation for an ellipse. That is

why if you slice the graph by letting z = 2y the result is an ellipse in the plane z = zj.
Consider the hyperboloid of one sheet.

This time, it doesn’t matter what value z takes. The resulting equation for (x,y) is an
ellipse.

Similar considerations apply to the elliptic paraboloid as long as z > 0 and the
ellipsoid. The elliptic cone is like the hyperboloid of two sheets without the 1. Therefore,
z can have any value. In case z = 0, (z,y) = (0,0). Viewed from the side, it appears
straight, not curved like the hyperboloid of two sheets.This is because if (z,y,z2) is a
point on the surface, then if ¢ is a scalar, it follows (tz, ty,tz) is also on this surface.

The most interesting of these graphs is the hyperbolic paraboloid!, z = 2—2 — z—j. If
z > 0 this is the equation of a hyperbola which opens to the right and left while if z < 0
it is a hyperbola which opens up and down. As z passes from positive to negative, the
hyperbola changes type and this is what yields the shape shown in the picture.

Not surprisingly, you can find intercepts and traces of quadric surfaces just as with
planes.

Example 6.2.1 Find the trace on the xy plane of the hyperbolic paraboloid, z = x> —y>.

This occurs when z = 0 and so this reduces to y? = 2. In other words, this trace is
just the two straight lines, y = x and y = —=x.

Example 6.2.2 Find the intercepts of the ellipsoid, x2 + 2y* + 422 = 9.

To find the intercept on the x axis, let y = z = 0 and this yields x = 4+3. Thus
there are two intercepts, (3,0,0) and (—3,0,0). The other intercepts are left for you to
find. You can see this is an aid in graphing the quadric surface. The surface is said to
be bounded if there is some number, C' such that whenever, (x,y, z) is a point on the
surface, \/m < C. The surface is called unbounded if no such constant, C'
exists. Ellipsoids are bounded but the other quadric surfaces are not bounded.

Example 6.2.3 Why is the hyperboloid of one sheet, x2 + 2y*> — 22 = 1 unbounded?

Let z be very large. Does there correspond (z,y) such that (x,y,z) is a point
on the hyperboloid of one sheet? Certainly. Simply pick any (z,y) on the ellipse
2242y? = 14+22. Then /22 + y2 + 22 is large, at lest as large as z. Thus it is unbounded.

You can also find intersections between lines and surfaces.

Example 6.2.4 Find the points of intersection of the line (x,y,z) = (1 +¢,1+ 2t,1 +¢)
with the surface, z = z2 + y2.

First of all, there is no guarantee there is any intersection at all. But if it exists, you
have only to solve the equation for ¢

T+t= 1417+ (1+2t)

1t is traditional to refer to this as a hyperbolic paraboloid. Not a parabolic hyperboloid.
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This occurs at the two values of ¢ = —% + 1—10\/5775 = —% — %\/5 Therefore, the two
points are

(1,1,1) + (—; + llox/5> (1,2,1), and (1,1,1) + (—; - 110\/5> (1,2,1)

That is

1 1 ~1 .1 1 11 1 -1 1

6.3 Exercises

1.

10.

11.

12.

13.

14.

15.

Determine whether the lines (1,1,2) + ¢(1,0,3) and (4,1,3) 4+ ¢(3,0,1) have a
point of intersection. If they do, find the cosine of the angle between the two
lines. If they do not intersect, explain why they do not.

Determine whether the lines (1,1,2) + ¢(1,0,3) and (4,2,3) 4+ ¢(3,0,1) have a
point of intersection. If they do, find the cosine of the angle between the two
lines. If they do not intersect, explain why they do not.

Find where the line (1,0,1) + ¢ (1,2, 1) intersects the surface #2 + y* + 22 = 9 if
possible. If there is no intersection, explain why.

Find a parametric equation for the line through the points (2, 3,4,5) and (-2, 3,0,1) .

Find the equation of a line through (1, 2, 3, 0) which has direction vector, (2,1,3,1).

. Let (x,y) = (2cos(t),2sin(t)) where ¢t € [0,27]. Describe the set of points en-

countered as t changes.

Let (z,y,z) = (2cos (t),2sin (t),t) where t € R. Describe the set of points en-
countered as t changes.

If there is a plane which contains the two lines, (26 +2,1+¢,3+2¢) = (x,y, 2)
and (4+1¢,3+2t,4+t) = (z,y,2) find it. If there is no such plane tell why.

If there is a plane which contains the two lines, (26 +4,1+1¢,3+2¢) = (x,y, 2)
and (4+1¢,3+2t,4+t) = (z,y,2) find it. If there is no such plane tell why.

Find the equation of the plane which contains the three points (1, —2,3),(2,3,4),
and (3,1,2).

Find the equation of the plane which contains the three points (1,2,3),(2,0,4),
and (3,1,2).

Find the equation of the plane which contains the three points (0,2,3),(2,3,4),
and (3,5,2).

Find the equation of the plane which contains the three points (1,2,3), (0, 3,4),
and (3,6,2).

Find the equation of the plane having a normal vector, 5i + 2j—6k which contains
the point (2,1, 3).

Find the equation of the plane having a normal vector, i + 2j—4k which contains
the point (2,0,1).
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22.
23.
24.

25.

26.

27.

28.
29.

30.
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Find the equation of the plane having a normal vector, 2i + j—6k which contains
the point (1,1,2).

Find the equation of the plane having a normal vector, i + 2j—3k which contains
the point (1,0, 3).

Find the cosine of the angle between the two planes 2z + 3y — z = 11 and 3z +
y+2z=09.

Find the cosine of the angle between the two planes z+3y—z = 11 and 2z+y+2z =
9.

Find the cosine of the angle between the two planes 2z +y — 2z = 11 and 3z + 5y +
22 =09.

Find the cosine of the angle between the two planes x4+ 3y+ 2z = 11 and 3z + 2y +
2z =09.

Determine the intercepts and sketch the plane 3z — 2y + z = 4.
Determine the intercepts and sketch the plane x — 2y 4+ 2z = 2.
Determine the intercepts and sketch the plane x +y + z = 3.

Based on an analogy with the above pictures, sketch or otherwise describe the
2

ZIJZ z

graph of y = %7 — 7.

Based on an analogy with the above pictures, sketch or otherwise describe the
2 2 2
graph of Zz + % =1+ %;.
The equation of a cone is 22 = 22 4 y2. Suppose this cone is intersected with the
plane, z = ay+ 1. Consider the projection of the intersection of the cone with this
plane. This means {(m, y): (ay +1)° =22 + y2} . Show this sometimes results in

a parabola, sometimes a hyperbola, and sometimes an ellipse depending on a.
Find the intercepts of the quadric surface, 22 +4y? — 2% = 4 and sketch the surface.

Find the intercepts of the quadric surface, z? — (4y2 + z2) = 4 and sketch the
surface.

Find the intersection of the line (z,y,z) = (1 +t,t,3t) with the surface, 2%2/9 +
y?/4+ 2%/16 = 1 if possible.
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Vector Valued Functions

7.0.1 Outcomes

1. Identify the domain of a vector function.
2. Represent combinations of multivariable functions algebraically.
3. Evaluate the limit of a function of several variables or show that it does not exist.

4. Determine whether a function is continuous at a given point. Give examples of
continuous functions.

5. Recall and apply the extreme value theorem.

7.1 Vector Valued Functions

Vector valued functions have values in RP where p is an integer at least as large as 1.
Here is a simple example which is obviously of interest.

Example 7.1.1 A rocket is launched from the rotating earth. You could define a func-
tion having values in R3 as (1 (t),0(t), ¢ (t)) where r (t) is the distance of the center
of mass of the rocket from the center of the earth, 6 (t) is the longitude, and ¢ (t) is the
latitude of the rocket.

Example 7.1.2 Let f (x,y) = (sin xy,y> + x,x4) . Then f is a function defined on R?
which has values in R3. For example, £ (1,2) = (sin2,9, 16).

As usual, D (f) denotes the domain of the function, f which is written in bold
face because it will possibly have values in RP. When D (f) is not specified, it will be
understood that the domain of f consists of those things for which f makes sense.

Example 7.1.3 Let f (z,y,2) = (££, V1 —22,y) . Then D (f) would consist of the set

z )

of all (x,y,z) such that |x| <1 and z # 0.
There are many ways to make new functions from old ones.

Definition 7.1.4 Let f,g be functions with values in RP. Let a,b be elements of R
(scalars). Then af + bg is the name of a function whose domain is D (f) N D (g) which
is defined as

(af + bg) (x) = af (x) + bg (x) .

f-g or (f,g) is the name of a function whose domain is D (f) N D (g) which is defined
as

(f,g)(x)=f-gx)=f(x) g(x).

133
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If f and g have values in R3, define a new function, f x g by
Exg(t)=F()xg).
Iff :D(f) — X andg: X =Y, then gof is the name of a function whose domain is
{xeD(f):f(x) e D(g)}

which is defined as
gof(x)=g(f(x)).

This is called the composition of the two functions.

You should note that f (x) is not a function. It is the value of the function at the
point, x. The name of the function is f. Nevertheless, people often write f (x) to denote
a function and it doesn’t cause too many problems in beginning courses. When this is
done, the variable, x should be considered as a generic variable free to be anything in
D (f). T will use this slightly sloppy abuse of notation whenever convenient.

Example 7.1.5 Let f(t) = (t,1+t,2) and g (t) = (t>,t,t). Then f - g is the name of
the function satisfying

fogt)=Ff(t) glt)=t>+t+t*+2t=1>+*+3t

Note that in this case is was assumed the domains of the functions consisted of all
of R because this was the set on which the two both made sense. Also note that f and
g map R into R3 but f - g maps R into R.

Example 7.1.6 Suppose £ (t) = (2t,1+ 1) and g:R* — R is given by g (z,y) =z +y.
Then gof: R — R and

gof(t)=g(f(t) =g (2t,1+t*) =1+2t+ >

7.2 Vector Fields

Some people find it useful to try and draw pictures to illustrate a vector valued function.
This can be a very useful idea in the case where the function takes points in D C R?
and delivers a vector in R?. For many points, (z,y) € D, you draw an arrow of the
appropriate length and direction with its tail at (x,y). The picture of all these arrows
can give you an understanding of what is happening. For example if the vector valued
function gives the velocity of a fluid at the point, (z,y), the picture of these arrows can
give an idea of the motion of the fluid. When they are long the fluid is moving fast, when
they are short, the fluid is moving slowly the direction of these arrows is an indication
of the direction of motion. The only sensible way to produce such a picture is with a
computer. Otherwise, it becomes a worthless exercise in busy work. Furthermore, it is
of limited usefulness in three dimensions because in three dimensions such pictures are
too cluttered to convey much insight.

Example 7.2.1 Draw a picture of the vector field, (—x,y) which gives the velocity of
a fluid flowing in two dimensions.
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In this example, drawn by Maple, you can see how the arrows indicate the motion
of this fluid.

Example 7.2.2 Draw a picture of the vector field (y, x) for the velocity of a fluid flowing
in two dimensions.

) / . N 3

/

e e | — A
b/b//é/e/e\v\
/A/A/a/é/ﬁ-\ﬁ\

So much for art. Get the computer to do it and it can be useful. If you try to do it,
you will mainly waste time.

T S e
R e

Example 7.2.3 Draw a picture of the vector field (ycos(x)+ 1,z sin (y) — 1) for the
velocity of a fluid flowing in two dimensions.

~ 0N N N N NN
— =~y
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D A VA
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7.3 Continuous Functions

What was done in beginning calculus for scalar functions is generalized here to include
the case of a vector valued function.

Definition 7.3.1 A function £ : D (f) C R? — R? is continuous at x € D (f) if for
each € > 0 there exists 6 > 0 such that whenever y € D (f) and

ly —x| < ¢
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it follows that
f(x)—f(y)l <e.

f is continuous if it is continuous at every point of D (f).

Note the total similarity to the scalar valued case.

7.3.1 Sufficient Conditions For Continuity

The next theorem is a fundamental result which will allow us to worry less about the
€ ¢ definition of continuity.

Theorem 7.3.2 The following assertions are valid.

1. The function, af + bg is continuous at x whenever £, g are continuous at x €
D(f)NnD(g) and a,b € R.

2. Iff is continuous at x, f (x) € D (g) C RP, and g is continuous at f (x) ,then gof
1§ continuous at X.

3. Iff = (f1,---, fq) : D(f) — R9, then f is continuous if and only if each fi is a
continuous real valued function.

4. The function [ :RP — R, given by f (x) = |x| is continuous.

The proof of this theorem is in the last section of this chapter. Its conclusions are not
surprising. For example the first claim says that (af + bg) (y) is close to (af + bg) (x)
when y is close to x provided the same can be said about f and g. For the second
claim, if y is close to x, f (x) is close to f (y) and so by continuity of g at f (x), g (f (y))
is close to g (f (x)). To see the third claim is likely, note that closeness in R? is the
same as closeness in each coordinate. The fourth claim is immediate from the triangle
inequality.

For functions defined on R"™, there is a notion of polynomial just as there is for
functions defined on R.

Definition 7.3.3 Let a be an n dimensional multi-index. This means
@ = (ala t '70471)

where each oy is a natural number or zero. Also, let

n
ol =) ol
i=1

The symbol, x*means

o — 1,02 Oy
x* =o'ty - xgm.

An n dimensional polynomial of degree m is a function of the form

p(x) = Z dox”

|| <m
where the d,, are real numbers.

The above theorem implies that polynomials are all continuous.
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7.4 Limits Of A Function

As in the case of scalar valued functions of one variable, a concept closely related to
continuity is that of the limit of a function. The notion of limit of a function makes
sense at points, x, which are limit points of D (f) and this concept is defined next.

Definition 7.4.1 Let A C R™ be a set. A point, x, is a limit point of A if B(x,71)
contains infinitely many points of A for every r > 0.

Definition 7.4.2 Let f : D (f) CRP — R? be a function and let x be a limit point of
D (f). Then
lim f(y)=L

y—x

if and only if the following condition holds. For all € > 0 there exists § > 0 such that if
0<|y—x|<d, andy € D (f)

then,
IL-f(y)| <e.

Theorem 7.4.3 Iflimy,_.xf(y) =L and lim,_., f (y) = L, then L = L.

Proof: Let ¢ > 0 be given. There exists 6 > 0 such that if 0 < |y — x| < ¢ and
y € D (f), then
f(y) —Ll <e [f(y) - L] <e.

Pick such a y. There exists one because x is a limit point of D (f). Then
IL-Li| <|L—f(y)|+|f(y) —Li| <e+e=2e

Since € > 0 was arbitrary, this shows L = L.
As in the case of functions of one variable, one can define what it means for
limy,_.y f (x) = £o0.

Definition 7.4.4 If f (x) € R, limy_.x f (x) = oo if for every number I, there exists
d > 0 such that whenever |y —x| <6 andy € D (f), then f (x) > L.

The following theorem is just like the one variable version of calculus.

Theorem 7.4.5 Suppose limy_,« f (y) = L and limy_.x g (y) = K where K,L € R,
Then if a, b € R,

lim (af (¥) + bg (v)) = aL + bK, (7.1)
lim g (y) =LK (7.2)

and if g is scalar valued with limy_.x g (y) = K # 0,

lim f (y) g (y) = LK. (7.3)

y—x
Also, if h is a continuous function defined near L, then

lim hof (y) =h(L). (7.4)

y—x

Suppose limy_, f(y) = L. If |f(y) —b| < r for all y sufficiently close to x, then
|L —b| < r also.
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Proof: The proof of 7.1l is left for you. It is like a corresponding theorem for
continuous functions. Now [7.2is to be verified. Let € > 0 be given. Then by the triangle
inequality,

f-g(y)-L-K|<|fg(y)-f(y)-K|+[f(y) K-L-K|
<[f(y)llg(y) - K[+ [K|[f(y) - L.
There exists 01 such that if 0 < |y — x| < §; and y € D (f), then
Fy)-LI<1,

and so for such y, the triangle inequality implies, |f (y)| < 1 + |L|. Therefore, for
0 <y —x|<d,

f-g(y) - L-K[ < (1+[K[+ L) [lg(y) - K|+ [f(y) - L[] (7.5)

Now let 0 < 2 be such that if y € D (f) and 0 < |x — y| < 03,

£ 3

\g(y)—KI<2(

f —L|l < _—
£ ¥) | 2 1+ K|+ |L|)

(1+ K| + (L))’
Then letting 0 < 6 < min (d1,02) , it follows from [7.5 that
f-g(y)-L-K[<e

and this proves [7.2.

The proof of 7.3 is left to you.

Consider [7.4. Since h is continuous near L, it follows that for € > 0 given, there
exists n > 0 such that if |y — L| <, then

lh(y)-h(L)[ <e
Now since limy_,x f (y) = L, there exists § > 0 such that if 0 < |y — x| < J, then
£ (y) =L} <.
Therefore, if 0 < |y — x| < 0,
Ih (£ (y)) —h (L) < =

It only remains to verify the last assertion. Assume |f (y) — b| < r. It is required to
show that |L — b| < r. If this is not true, then |L — b| > 7. Consider B (L,|L —b| — ).
Since L is the limit of f, it follows f (y) € B (L, |L. — b| — ) whenever y € D (f) is close
enough to x. Thus, by the triangle inequality,

f(y) - LI <|L—b|—r
and so
r < [L=b[-[f(y)-L| <|[b—-L|-|f(y) - L]
a contradiction to the assumption that |b —f (y)| <.

Theorem 7.4.6 Forf: D (f) — R? and x € D (f) a limit point of D (f), f is continu-
ous at x if and only if
lim f(y) =f(x).

y—x
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Proof: First suppose f is continuous at x a limit point of D (f). Then for every
€ > 0 there exists § > 0 such that if |y — x| < d and y € D (f), then |f (x) — f (y)| < e.
In particular, this holds if 0 < |x —y| < ¢ and this is just the definition of the limit.
Hence f (x) = limy_.x f (y).

Next suppose x is a limit point of D (f) and limy_.« f (y) = f (x) . This means that
if £ > 0 there exists 6 > 0 such that for 0 < [x—y| < § and y € D (f), it follows
If (y) — f(x)| < e. However, if y =x, then |f(y) —f(x)] = |[f (x) —f(x)] = 0 and
so whenever y € D (f) and |x —y| < §, it follows |f (x) —f(y)| < &, showing f is
continuous at x.

The following theorem is important.

Theorem 7.4.7 Suppose f : D (f) — R?. Then for x a limit point of D (f),

I (y) =T, (7.6)
if and only if
;lif; Ji(y) =Lk (7.7)

where £(y) = (£ (v) -+ fy (v) and L= (L1, L)
In the case where ¢ =3 and limy_x f (y) =L andlimy_x g (y) = K, then

lim f (y) xg(y) =L x K. (7.8)

y—x

Proof: Suppose [7.6. Then letting £ > 0 be given there exists § > 0 such that if
0 < |y —x| <94, it follows

|fu(y) — Ll <|f(y) —L| <e

which verifies [7.7.
Now suppose [7.7/ holds. Then letting € > 0 be given, there exists d; such that if
0 < |y — x| < 6, then

fi () = Li < %

Let 0 < § < min (d1,--+,0,). Then if 0 < |y — x| < 6, it follows

» 1/2
f(y)-L| = (Z |fi (y) — Lk|2>
k=1

<i €2>1/2
< — = €.
k=1 p

It remains to verify [7.8. But from the first part of this theorem and the description of
the cross product presented earlier in terms of the permutation symbol,

Jim (£(y) xg(y); = Hmegf; (v) 9 (v)
= el K = (L x K),.

Therefore, from the first part of this theorem, this establishes [11.5. This completes the
proof.

Example 7.4.8 Find lim, ) _.(3,1) ( = ,y)
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z2—9
z—3

It is clear that 1im(w)y)_,(3’1) =6 and hm(az,y)—>(3,1) y = 1. Therefore, this limit

equals (6,1).
Example 7.4.9 Find lim(w,y)H(O,O) xfi-i-ygﬂ

First of all observe the domain of the function is R?\ {(0,0)}, every point in R?
except the origin. Therefore, (0,0) is a limit point of the domain of the function so
it might make sense to take a limit. However, just as in the case of a function of one
variable, the limit may not exist. In fact, this is the case here. To see this, take points on
the line y = 0. At these points, the value of the function equals 0. Now consider points
on the line y = x where the value of the function equals 1/2. Since arbitrarily close to
(0,0) there are points where the function equals 1/2 and points where the function has
the value 0, it follows there can be no limit. Just take e = 1/10 for example. You can’t
be within 1/10 of 1/2 and also within 1/10 of 0 at the same time.

Note it is necessary to rely on the definition of the limit much more than in the
case of a function of one variable and there are no easy ways to do limit problems for
functions of more than one variable. It is what it is and you will not deal with these
concepts without suffering and anguish.

7.5 Properties Of Continuous Functions

Functions of p variables have many of the same properties as functions of one variable.
First there is a version of the extreme value theorem generalizing the one dimensional
case.

Theorem 7.5.1 Let C be closed and bounded and let f : C — R be continuous. Then
f achieves its mazximum and its minimum on C. This means there exist, x1,x2 € C
such that for all x € C,

fx) < f(x) < f(x2).

There is also the long technical theorem about sums and products of continuous
functions. These theorems are proved in the next section.

Theorem 7.5.2 The following assertions are valid

1. The function, af 4+ bg is continuous at x when £, g are continuous at x € D (f)N
D(g) and a,b € R.

2. If and f and g are each real valued functions continuous at x, then fg is contin-
uwous at x. If, in addition to this, g (x) # 0, then f/g is continuous at x.

3. Iff is continuous at x, £ (x) € D (g) C RP, and g is continuous at f (x) ,then gof
18 continuous at X.

4. If £ = (f1,- -+, fy) : D(f) — RY, then f is continuous if and only if each fi is a
continuous real valued function.

5. The function f : RP — R, given by f (x) = |x| is continuous.

7.6 Exercises
1. Let £ () = (t,t2 + 1,,5%1) and let g () = (t+ 1,1, ﬁ) Find £ - g.

2. Let f, g be given in the previous problem. Find f x g.



7.6.

10.

11.

12.

13.

14.
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zw’

. Find D (f) if f (z,y,2,w) = (ﬂ 6 — x2y2> .

. Let £(¢t) = (¢,¢%,¢%),g(t) = (1,t,t?), and h(t) = (sint,¢,1) . Find the time rate

of change of the volume of the parallelepiped spanned by the vectors f, g, and h.

. Let f (t) = (t,sint) . Show f is continuous at every point ¢.

. Suppose |f (x) —f(y)] < K|x —y| where K is a constant. Show that f is ev-

erywhere continuous. Functions satisfying such an inequality are called Lipschitz
functions.

. Suppose |f (x) — f (y)| < K |x — y|* where K is a constant and a € (0,1). Show

that f is everywhere continuous.

. Suppose f : R® — R is given by f (x) = 3122 + 223. Use Theorem [7.3.2 to verify

that f is continuous. Hint: You should first verify that the function, 7 : R? — R
given by 7 (X) = 2 is a continuous function.

. Show that if f : R? — R is a polynomial then it is continuous.

State and prove a theorem which involves quotients of functions encountered in
the previous problem.

Let

_ [ = if (2,y) #(0,0)
ren={ &) 200

Find lim s y)—(0,0) f (7, y) if it exists. If it does not exist, tell why it does not
exist. Hint: Consider along the line y = x and along the line y = 0.

Find the following limits if possible
(a) lim(yy)—(0,0) 2roz

z(x—y
(b) lim (g 40,0 ((962+y2))
(zzi 4\2

(¢) lim(z, ) —(0,0) ﬁ Hint: Consider along y = 0 and along x = y2.

(d) hm(m‘y)ﬁ(o’o) T sin <7$2iy2)

. —2ya?+8yx+34y+3y° —18y?+622 —132—20—zy? —2° s .
(e) lim(y y)—(1,2) — 2 Fdy—5—a2+2z . Hint: It might help

to write this in terms of the variables (s,t) = (z — 1,y — 2).

In the definition of limit, why must x be a limit point of D (f)? Hint: If x were
not a limit point of D (f), show there exists 6 > 0 such that B (x,d) contains no
points of D (f) other than possibly x itself. Argue that 33.3 is a limit and that so
is 22 and 7 and 11. In other words the concept is totally worthless.

Suppose lim,_,o f (z,0) = 0 = lim,_,¢ f (0,y) . Does it follow that

lim xz,y) =07
(:v,y)—>(070)f( v)

Prove or give counter example.
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15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

VECTOR VALUED FUNCTIONS

f: D CRP — R?is Lipschitz continuous or just Lipschitz for short if there exists
a constant, K such that

f(x) —f(y)l < K|x -yl

for all x,y € D. Show every Lipschitz function is uniformly continuous which
means that given ¢ > 0 there exists > 0 independent of x such that if |x — y| < §,
then |f (x) — f (y)| < e.

If £ is uniformly continuous, does it follow that |f| is also uniformly continuous?
If |f] is uniformly continuous does it follow that f is uniformly continuous? An-
swer the same questions with “uniformly continuous” replaced with “continuous”.
Explain why.

Let f be defined on the positive integers. Thus D (f) = N. Show that f is
automatically continuous at every point of D (f) . Is it also uniformly continuous?
What does this mean about the concept of continuous functions being those which
can be graphed without taking the pencil off the paper?

In Problem [12¢ show lim;_q f (tx,ty) = 1 for any choice of (z,y) . Using Problem
12¢ what does this tell you about limits existing just because the limit along any
line exists.

Let f (z,y,2) = 2%y + sin (vyz) . Does f achieve a maximum on the set
{(ac,y,z) sty 4222 < 8}?
Explain why.

Suppose x is defined to be a limit point of a set, A if and only if for all » > 0,
B (x,r) contains a point of A different than x. Show this is equivalent to the above
definition of limit point.

Give an example of a set of points in R which has no limit points. Show that if
D (f) equals this set, then f is continuous. Show that more generally, if f is any
function for which D (f) has no limit points, then f is continuous.

Let {xx},_, be any finite set of points in R?. Show this set has no limit points.

Suppose S is any set of points such that every pair of points is at least as far apart
as 1. Show S has no limit points.

sin(]x])

] and prove your answer from the definition of limit.

Find limy_,o

Suppose g is a continuous vector valued function of one variable defined on [0, o).
Prove

Jim g () = g (o).

Give some examples of limit problems for functions of many variables which have
limits and prove your assertions.
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7.7 Some Fundamentals

This section contains the proofs of the theorems which were stated without proof
along with some other significant topics which will be useful later. These topics are of
fundamental significance but are difficult.

Theorem 7.7.1 The following assertions are valid

1. The function, af 4+ bg is continuous at x when £, g are continuous at x € D (f)N
D(g) and a,b € R.

2. If and f and g are each real valued functions continuous at x, then fg is contin-
uwous at x. If, in addition to this, g (x) # 0, then f/g is continuous at x.

3. If f is continuous at x, £ (x) € D (g) C R?, and g is continuous at f (x) ,then gof
1§ continuous at X.

4. If £ = (f1,---, fy) : D(f) — RY, then f is continuous if and only if each fi is a
continuous real valued function.

5. The function f: RP — R, given by f (x) = |x| is continuous.

Proof: Begin with 1.) Let ¢ > 0 be given. By assumption, there exist §; > 0 such
that whenever |x — y| < d1, it follows |f (x) — f (y)| < sqar D and there exists d; > 0
such that whenever |x —y| < 2, it follows that |g (x) — g (y)| < ST Lhen let
0 < § < min (d1,d2). If |x — y| < §, then everything happens at once. Therefore, using
the triangle inequality

|af (x) + bf (x) — (ag (y) + bg (y))]
<la|[f (x) —f(y)|+ [b]|g (x) — g (¥)I

<t (e ) + M (sgareprem) <

Now begin on 2.) There exists §; > 0 such that if |y — x| < 41, then |f (x) — f (y)| <
1. Therefore, for such y,

I <1+]f(x)

It follows that for such y,
1fg(x) = faWI <If(x)g(x)—gx) f¥I+1gx)fy)—Fy)gy)l

<lg I x) = F@I+1f3)Hg(x) —g(¥)]
<A+lgEI+I1f D x) =g @)+ 1fx) = f ¥
S@2+g+IfF )9 x) —g@)|+I1f(x)—f @]
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Now let € > 0 be given. There exists J2 such that if |x — y| < J2, then

€
< )
224 lg () +[f (x)])
and there exists d3 such that if |x —y| < 03, then

769~y <

€
2+ 1g Gl +1f (D)
Now let 0 < ¢ < min (d1,d2,d3). Then if |x — y| < 4, all the above hold at once and

|fg(x) = fg(y)| <

C+I1g G+ 1D lg (%) =g W+ [f (x) = f(¥)]]

€ g
< @101+ 100 (55 T 1760 * e TR FIFG) =

This proves the first part of 2.) To obtain the second part, let ; be as described above
and let dp > 0 be such that for |x — y| < do,

lg(x) =g (y)| <lg(x)|/2
and so by the triangle inequality,
—lg)[/2< g (¥)l —lg ()] < g (x)] /2

which implies |g (y)| > [g (x)| /2, and |g ()| < 3]g (x) /2.
Then if |x — y| < min (do,01) ,

’f(X) _f(Y)‘:’f(X)g(Y)—f(Y)Q(X)
gx) g(y) g(x)g(y)

X gly) = fy)g )

= (\9(2)\2)

_21f®)9ly) - f(¥)g )|

lg (x)]°
< (i)|2 1 699 ) — F )9 (¥) + F ) g (y) — £ (¥) g (]
< p (i”g g NI (x) = fF I+ 3)g (y) — g x)]
S% §\g(X)IIf(X)—f(Y)IJr(HIf(X)I)Ig(y)—g(X)I
lg(x)]” L2

< m(lﬁlf(X)H?Ig(X)l)[If(X)ff(y)ng(y)fg(X)l]

MIf(x)—fWI+1g(y)—g &)

where

M=—2(1+2]f ()] +2]g(x))
9 ()]

Now let 05 be such that if |x — y| < 2, then

£ 60— f ()] < 5M7!
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and let d3 be such that if |x — y| < 3, then
SR
l9(y) =g ()| < 5M
Then if 0 < § < min (dg, d1,d2,03), and |x —y| < J, everything holds and

£ IO g o
g(x) g(y)’SM[If() FI+1g(y) =g )]

13 13
M[fol 7M*1} —c
< 5 -+ 5 €

This completes the proof of the second part of 2.) Note that in these proofs no effort is
made to find some sort of “best” 4. The problem is one which has a yes or a no answer.
Either is it or it is not continuous.

Now begin on 3.). If f is continuous at x, f (x) € D (g) C RP, and g is continuous
at f (x),then gof is continuous at x. Let € > 0 be given. Then there exists 7 > 0 such
that if [y —f(x)] < nand y € D(g), it follows that |g(y) — g (f (x))| < e. It follows
from continuity of f at x that there exists § > 0 such that if |x —z| < § and z € D (f),
then |f (z) — f(x)| < n. Then if [x —z| < § and z € D(gof) C D(f), all the above
hold and so

8 (£ (2) — g (£ (x))| <.
This proves part 3.)

Part 4.) says: If £ = (f1,---, fy) : D(f) — RY, then f is continuous if and only if

each f is a continuous real valued function. Then

e () = [ (¥)] < £ (x) = £ (y)]

q 1/2
<Z fi (%) = [ (y)2>

=1

<3 1A 0~ fi (). (7.9)
=1

Suppose first that f is continuous at x. Then there exists § > 0 such that if |x — y| < §,
then |f (x) —f(y)| < e. The first part of the above inequality then shows that for
each k=1, --,q, |fr (x) — fr (y)| < &. This shows the only if part. Now suppose each
function, fj is continuous. Then if € > 0 is given, there exists d; > 0 such that whenever
|X - y| < Ok
| (x) = fi () <e/q.

Now let 0 < 6 < min (61, --,d4). For |x —y| <, the above inequality holds for all &
and so the last part of [7.9/implies

fx) £ <) 1fi(x) = fi(y)l

-

=1

-

&
Il
—
Q| M

This proves part 4.)
To verify part 5.), let € > 0 be given and let § = €. Then if |x — y| < J, the triangle
inequality implies

1f () = f (¥l = [Ix] = Iyll

<|lx—-y|<d=e.

This proves part 5.) and completes the proof of the theorem.
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7.7.1 The Nested Interval Lemma

Here is a multidimensional version of the nested interval lemma.

Lemma 7.7.2 Let I = [[7_, [a¥,bF] = {x e RP : z; € [al,b¥]} and suppose that for
allk=1,2,---,
I 2 Ipqq.

Then there exists a point, ¢ € RP which is an element of every Ij.

Proof: Since I, O I, it follows that foreach ¢ =1,---,p, [af, bﬂ ) [af“, bf“] .
This implies that for each 1,

ak < af bk > phtt (7.10)

(3

Consequently, if k <[,
al < bl < bk (7.11)

Now define
Ci Esup{ai = 1,2,~~}

By the first inequality in [7.10]
ci:sup{aézl:k,k+1,~~-} (7.12)

for each k = 1,2 - -. Therefore, picking any k/7.11 shows that b¥ is an upper bound for
the set, {ai =k k+1,-- } and so it is at least as large as the least upper bound of
this set which is the definition of ¢; given in [7.12. Thus, for each i and each k,

afgcigbf.

Defining ¢ = (c1,- - -, ¢p) , ¢ € Iy, for all k. This proves the lemma.
If you don’t like the proof,you could prove the lemma for the one variable case first
and then do the following.

Lemma 7.7.3 Let I = [[7_, [a¥,bF] = {x e RV : z; € [al,b¥]} and suppose that for
allk=1,2,---,
I 2 Ipqq.

Then there exists a point, ¢ € RP which is an element of every Ij.

Proof: For each i =1,---,p, [af, bﬂ ) [af“,bf“] and so by the nested interval
theorem for one dimensional problems, there exists a point ¢; € [aéC , bﬂ for all k. Then

letting ¢ = (c1, - - -, ¢p) it follows ¢ € Iy, for all k. This proves the lemma.

7.7.2 The Extreme Value Theorem

Definition 7.7.4 A set, C C R? is said to be bounded if C C [[\_, [a;, bi] for some
choice of intervals, [a;,b;] where —co < a; < b; < co. The diameter of a set, S, is
defined as

diam (S) =sup{|x —y| : x,y € S}.

A function, £ having values in RP is said to be bounded if the set of values of f is a
bounded set.

Thus diam (S) is just a careful description of what you would think of as the diam-
eter. It measures how stretched out the set is.
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Lemma 7.7.5 Let C C RP be closed and bounded and let f : C — R be continuous.
Then f is bounded.

Proof: Suppose not. Since C' is bounded, it follows C' C []?_; [a;, b;] = I for some
closed intervals, [a;,b;]. Consider all sets of the form [[}_, [¢;, d;] where [¢;,d;] equals

either [ai, “i;bi] or [¢;,d;] = [%bi,bi] . Thus there are 2P of these sets because there
are two choices for the i*” slot for i = 1, - - -, p. Also, if x and y are two points in one of
these sets,

|z =y <271 b — ail.

1/2
Observe that diam (Iy) = (Zle |b; — ai|2) because for x,y € Iy, |z; — yi| < |a; — by

foreachi=1,---,p,

» 1/2
2
x—y|l= <§ |25 — il )

i=1

» 1/2
<2t <Z |b; — ai2> = 27! diam (Iy) .
i=1

Denote by {J1,- - -, Jar } these sets determined above. It follows the diameter of each set
is no larger than 27! diam (Ip) . In particular, since d = (dy,- - -,dp) and ¢ = (c1, - - -, ¢p)
are two such points, for each Jg,

» 1/2
diam (Ji) = <Z |d; — ci2> < 27! diam (1)
i=1

Since the union of these sets equals all of Iy, it follows
C=U¥ JnC.

If f is not bounded on C, it follows that for some k, f is not bounded on J; NC. Let I3
= Jp and let C7 = CN1I;. Now do to I; and C;7 what was done to Iy and C to obtain
I, C I, and for x,y € I,

Ix —y| < 27 diam (I;) < 272 diam (1),

and f is unbounded on I, N Cy = Cy. Continue in this way obtaining sets, I such that
It, D I 41 and diam (I) < 27 % diam (1) and f is unbounded on I N C. By the nested
interval lemma, there exists a point, ¢ which is contained in each Ij.

Claim: c € C.

Proof of claim: Suppose ¢ ¢ C. Since C is a closed set, there exists r > 0 such that
B (c,r) is contained completely in R? \ C. In other words, B (c,r) contains no points of
C. Let k be so large that diam (I5) 27 < r. Then since ¢ € I, and any two points of
I}, are closer than diam (Iy) 27%, I, must be contained in B (c,r) and so has no points
of C' in it, contrary to the manner in which the I} are defined in which f is unbounded
on I N C. Therefore, ¢ € C as claimed.

Now for k large enough, and x € C'N Iy, the continuity of f implies |f (c) — f (x)| < 1
contradicting the manner in which I; was chosen since this inequality implies f is
bounded on I N C. This proves the theorem.

Here is a proof of the extreme value theorem.

Theorem 7.7.6 Let C be closed and bounded and let f : C — R be continuous. Then
f achieves its maximum and its minimum on C. This means there erist, x1,x5 € C'
such that for all x € C,

f(x1) < f(x) < f(x).
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Proof: Let M =sup {f (x):x € C}. Then by Lemma [7.7.5, M is a finite number.
Is f (x2) = M for some z5? if not, you could consider the function,

1
g(X)EiM_f(X)

and g would be a continuous and unbounded function defined on C| contrary to Lemma
7.7.5. Therefore, there exists x5 € C such that f (x2) = M. A similar argument applies
to show the existence of x; € C such that

f(x1)=inf{f(x):xeC}.

This proves the theorem.

7.7.3 Sequences And Completeness

Definition 7.7.7 A function whose domain is defined as a set of the form
{k,k+1,k+2,---}

for k an integer is known as a sequence. Thus you can consider f (k), f(k+1),f (k+2),
etc. Usually the domain of the sequence is either N, the natural numbers consisting of
{1,2,3,- -} or the nonnegative integers, {0,1,2,3,---}. Also, it is traditional to write
f1, fa, etc. instead of f(1),f(2), f(3) etc. when referring to sequences. In the above
context, fi is called the first term, fry1 the second and so forth. It is also common to
write the sequence, not as f but as {f;};o, or just {f;} for short. The letter used for
the name of the sequence is not important. Thus it is all right to let a be the name of a
sequence or to refer to it as {a;} . When the sequence has values in RP, it is customary
to write it in bold face. Thus {a;} would refer to a sequence having values in RP for

some p > 1.
Example 7.7.8 Let {a)},-, be defined by a, = k? + 1.

This gives a sequence. In fact, a; = a (7) = 72 + 1 = 50 just from using the formula
for the k" term of the sequence.

It is nice when sequences come to us in this way from a formula for the k** term.
However, this is often not the case. Sometimes sequences are defined recursively. This
happens, when the first several terms of the sequence are given and then a rule is
specified which determines a,,+; from knowledge of aq, - - -, a,,. This rule which specifies
an+1 from knowledge of ay for k¥ < n is known as a recurrence relation.

Example 7.7.9 Let a; = 1 and as = 1. Assuming a1, - -, Gn41 are known, anpio =
Ap + Apt1-

Thus the first several terms of this sequence, listed in order, are 1, 1, 2, 3, 5, 8- - -.
This particular sequence is called the Fibonacci sequence and is important in the study
of reproducing rabbits.

Example 7.7.10 Let a;, = (k,sin (k)). Thus this sequence has values in R?.
Definition 7.7.11 Let {a,} be a sequence and let ny < n2 < ns,- - be any strictly

increasing list of integers such that ny is at least as large as the first index used to define
the sequence {a,}. Then if by = a,,, {br} is called a subsequence of {a,} .
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For example, suppose a,, = (n2 + 1) . Thus a1 = 2, ag = 10, etc. If
ny=1,ny=3,n3=25,---,np =2k —1,
then letting by = a,,, it follows
by, = ((2k—1)2+1> — 4k — 4k + 2.

Definition 7.7.12 A sequence, {a;} is said to converge to a if for every ¢ > 0
there exists n. such that if n > n., then |a—a.| < e. The usual notation for this
is lim,_, a, = a although it is often written as a,, — a.

The following theorem says the limit, if it exists, is unique.
Theorem 7.7.13 If a sequence, {a,} converges to a and to b then a = b.

Proof: There exists n. such that if n > n. then |a, —a| < 5 and if n > n., then
|]a, —b| < 5. Then pick such an n.

e €
la—b| < |a—a,|+]a, —b| < 3t =¢
Since ¢ is arbitrary, this proves the theorem.
The following is the definition of a Cauchy sequencein RP.

Definition 7.7.14 {a,} is a Cauchy sequence if for all € > 0, there exists n. such that
whenever n,m > n.,
la,—am| < e.

A sequence is Cauchy means the terms are “bunching up to each other” as m,n get
large.

Theorem 7.7.15 The set of terms in a Cauchy sequence in RP is bounded in the sense
that for all n, |a,| < M for some M < co.

Proof: Let ¢ =1 in the definition of a Cauchy sequence and let n > n;. Then from
the definition,
la,—an, | < 1.

It follows that for all n > nq,
lan] < 1+ |a,].

Therefore, for all n,

ni

Jan] < 1+ Jan, |+ |ax]-

k=1
This proves the theorem.
Theorem 7.7.16 If a sequence {a,} in RP converges, then the sequence is a Cauchy

sequence. Also, if some subsequence of a Cauchy sequence converges, then the original
sequence converges.

Proof: Let € > 0 be given and suppose a,— a. Then from the definition of conver-
gence, there exists n. such that if n > n., it follows that

£
|an—a| < 5
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Therefore, if m,n > n. + 1, it follows that

€ €

la,—an| < |a,—a| +|a—an| < 3 + ;=€
showing that, since € > 0 is arbitrary, {a,} is a Cauchy sequence. It remains to show
the last claim. Suppose then that {a,} is a Cauchy sequence and a = limy_ o an,
where {a,, };-, is a subsequence. Let ¢ > 0 be given. Then there exists K such
that if £,/ > K, then |a; —a;| < 5. Then if ¥ > K, it follows n; > K because
ni,ng, N3, - - is strictly increasing as the subscript increases. Also, there exists K such
that if ¥ > K, |a,, —a| < 5. Then letting n > max (K, K1), pick k > max (K, K1) .
Then

e €
|a—an|§|a—ank|+\ank—an\<§+§:€.

This proves the theorem.

Definition 7.7.17 A set, K in RP is said to be sequentially compact if every se-
quence in K has a subsequence which converges to a point of K.

Theorem 7.7.18 If Iy = [[}_, [ai,bi], p > 1, where a; < b;, then Iy is sequentially
compact.

Proof: Let {a;};-, C Iy and consider all sets of the form [[_, [¢;, d;] where [c;, d;]
equals either [a;, %3] or [¢;,d;] = [25% b;] . Thus there are 27 of these sets because
there are two choices for the it* slot for i = 1,- - -,p. Also, if x and y are two points in

one of these sets,

lzi —yil <271 b — a4 .

1/2
diam (Iy) = (Zle |b; — ai|2> )
v 1/2
x—y|= (Z | — yi|2>

i=1

v 1/2
<91 (Z |b; — ai2> = 27! diam (Io) -

i=1

In particular, since d = (dy,---,d,) and ¢ = (¢4, - - -, ¢p) are two such points,
» 1/2
D, = (Z |d; — ci|2> < 27  diam (1)
i=1
Denote by {Ji,- -+, Jor} these sets determined above. Since the union of these sets

equals all of Iy = I, it follows that for some Ji, the sequence, {a;} is contained in Jj
for infinitely many k. Let that one be called I;. Next do for I; what was done for Iy to
get I C I such that the diameter is half that of I; and I contains {a;} for infinitely
many values of k. Continue in this way obtaining a nested sequence of intervals, {I)}
such that Iy D Iy, and if x,y € Iy, then |x —y| < 27 % diam (Iy), and I,, contains
{ay} for infinitely many values of k for each n. Then by the nested interval lemma, there
exists ¢ such that c is contained in each Ij. Pick a,, € I;. Next pick ny > n1 such that
an, € I. If a,,,- - -,a,, have been chosen, let a,, ., € Iz and ngyy > ng. This can
be done because in the construction, I,, contains {a;} for infinitely many k. Thus the
distance between a,,, and c is no larger than 2% diam (Iy) and so limy .o a,, = ¢ € Io.
This proves the theorem.
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Theorem 7.7.19 Every Cauchy sequence in RP converges.

Proof: Let {a;} be a Cauchy sequence. By Theorem [7.7.15] there is some interval,
[T5_, [a;, b;] containing all the terms of {ay}. Therefore, by Theorem [7.7.18 a subse-
quence converges to a point of this interval. By Theorem [7.7.16! the original sequence
converges. This proves the theorem.

7.7.4 Continuity And The Limit Of A Sequence

Just as in the case of a function of one variable, there is a very useful way of thinking
of continuity in terms of limits of sequences found in the following theorem. In words,
it says a function is continuous if it takes convergent sequences to convergent sequences
whenever possible.

Theorem 7.7.20 A function f : D (f) — R? is continuous at x € D (f) if and only if,
whenever x,— x with x, € D (f), it follows f (x,) — f (x).

Proof: Suppose first that f is continuous at x and let x,,— x. Let € > 0 be given. By
continuity, there exists § > 0 such that if |y — x| < d, then |f (x) — f (y)| < . However,
there exists ns such that if n > ngs, then |x,—x| < 6 and so for all n this large,

If (x)—f (x,)| <e

which shows f (x,,) — f (x).

Now suppose the condition about taking convergent sequences to convergent se-
quences holds at x. Suppose f fails to be continuous at x. Then there exists € > 0 and
X, € D (f) such that [x — x,| < L yet

£(x) £ (x,)| > <.

But this is clearly a contradiction because, although x,— x, f (x,,) fails to converge to
f (x). It follows f must be continuous after all. This proves the theorem.

7.8 Exercises

1. Suppose {x,} is a sequence contained in a closed set, C' which converges to x.
Show that x € C. Hint: Recall that a set is closed if and only if the complement
of the set is open. That is if and only if R™ \ C' is open.

2. Show using Problem (1l and Theorem [7.7.18 that every closed and bounded set is
sequentially compact. Hint: If C is such a set, then C' C Iy = [, [a;, b;] . Now
if {x,,} is a sequence in C, it must also be a sequence in Iy. Apply Problem 1l and
Theorem [7.7.18l

3. Prove the extreme value theorem, a continuous function achieves its maximum
and minimum on any closed and bounded set, C, using the result of Problem 2.
Hint: Suppose A = sup {f (x) : x € C'}. Then there exists {x,,} C C such that
f (%) — A. Now select a convergent subsequence using Problem 2l Do the same
for the minimum.

4. Let C be a closed and bounded set and suppose f : C — R™ is continuous.
Show that f must also be uniformly continuous. This means: For every ¢ > 0
there exists 6 > 0 such that whenever x,y € C and |[x —y| < 4, it follows
If (x) — f(y)| < e. This is a good time to review the definition of continuity so
you will see the difference. Hint: Suppose it is not so. Then there exists € > 0
and {x;} and {yx} such that [xz —yx| < £ but |f (xz) — f (yx)| > e. Now use
Problem 2/ to obtain a convergent subsequence.
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Suppose every Cauchy sequence converges in R. Show this implies the least upper
bound axiom which is the usual way to state completeness for R. Explain why
the convergence of Cauchy sequences is equivalent to every nonempty set which
is bounded above has a least upper bound in R.

From Problem [2 every closed and bounded set is sequentially compact. Are these
the only sets which are sequentially compact? Explain.

A set whose elements are open sets, C is called an open cover of H if UC O H.
In other words, C is an open cover of H if every point of H is in at least one
set of C. Show that if C is an open cover of a closed and bounded set H then
there exists § > 0 such that whenever x € H, B (x,0) is contained in some set
of C. This number, ¢ is called a Lebesgue number. Hint: If there is no
Lebesgue number for H, let H C I = [\, [a;,b;] . Use the process of chopping
the intervals in half to get a sequence of nested intervals, I} contained in I where
diam (I),) < 27% diam (I) and there is no Lebesgue number for the open cover on
H; = H N I;. Now use the nested interval theorem to get ¢ in all these Hy. For
some r > 0 it follows B (c,) is contained in some open set of U. But for large k,
it must be that Hy C B (c,r) which contradicts the construction. You fill in the
details.

A set is compact if for every open cover of the set, there exists a finite subset of
the open cover which also covers the set. Show every closed and bounded set in
RP is compact. Next show that if a set in R? is compact, then it must be closed
and bounded. This is called the Heine Borel theorem.

Suppose S is a nonempty set in RP. Define
dist (x,5) = inf {|x —y|:y € S}.

Show that
|dist (x,S5) — dist (y,9)| < |[x —y].

Hint: Suppose dist (x, S) < dist (y, S) . If these are equal there is nothing to show.
Explain why there exists z € S such that |x — z| < dist (x,5) + . Now explain
why

|dist (x,S) — dist (y,5)| = dist (y,S) — dist (x,5) < |y —z| — (|x — z| — ¢)
Now use the triangle inequality and observe that ¢ is arbitrary.

Suppose H is a closed set and H C U C RP, an open set. Show there exists a
continuous function defined on R?, f such that f (RP) C [0,1], f(x) =0 if x ¢U
and f(x) =1 if x € H. Hint: Try something like

dist (X, UC)
dist (x,U°) + dist (x, H)’

where U® = RP \ U, a closed set. You need to explain why the denominator is
never equal to zero. The rest is supplied by Problem 9. This is a special case of
a major theorem called Urysohn’s lemma.



Vector Valued Functions Of
One Variable

8.0.1 Outcomes

1.
2.

Identify a curve given its parameterization.

Determine combinations of vector functions such as sums, vector products, and
scalar products.

Define limit, derivative, and integral for vector functions.

Evaluate limits, derivatives and integrals of vector functions.

Find the line tangent to a curve at a given point.

Recall, derive and apply rules to combinations of vector functions for the following;:
(a) limits
(b) differentiation
(c) integration

Describe what is meant by arc length.

Evaluate the arc length of a curve.

Evaluate the work done by a varying force over a curved path.

8.1 Limits Of A Vector Valued Function Of One Vari-

able

Limits of vector valued functions have been considered earlier. Here it is desired to
consider

lim
h—0

f(to+h)—f(to)
h

Specializing to functions of one variable, one can give a meaning to

and

lim f(s), lim f(s), lim f(s),

s—t+ s—t— 5§—00

lim f (s).

§—00

153
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Definition 8.1.1 In the case where D (f) is only assumed to satisfy D (f) 2 (t,t + 1),

lim f(s) =L

s—t+

if and only if for all € > 0 there exists § > 0 such that if
0<s—t<é,

then
If(s) —L| <e.

In the case where D (f) is only assumed to satisfy D (£) D (t —r,t),

lim f(s)=L

s—t—
if and only if for all € > 0 there exists § > 0 such that if
0<t—s<9,

then
If(s)—L|<e.

One can also consider limits as a variable “approaches” infinity. Of course nothing is
“close” to infinity and so this requires a slightly different definition.

lim f(¢) =L

t—o0

if for every e > 0 there exists | such that whenever t > I,

If(t)—L|l<e (8.1)
and
, lim f(¢)=L

if for every e > 0 there exists | such that whenever t <1, (8.1 holds.

Note that in all of this the definitions are identical to the case of scalar valued
functions. The only difference is that here |-| refers to the norm or length in R? where
maybe p > 1.

Example 8.1.2 Let f (t) = (cost,sint,t* + 1,In(t)) . Find lim;_ /o £ (t).

Use Theorem [7.4.7 on Page 139 and the continuity of the functions to write this
limit equals

(lim cost, lim sint, lim (t2+1) lim ln(t))

t—m/2 t—m/2 t—m/2 7t—>7'r/2
2
= (0, 1,In <7; + 1> ,In (g)) :
Example 8.1.3 Let f(t) = (24,2 t + 1) . Find limy_ f (t).

Recall that lim;_.q Si?t = 1. Then from Theorem [7.4.7l on Page 139, lim; o f (t) =
(1,0,1).
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8.2 The Derivative And Integral

The following definition is on the derivative and integral of a vector valued function of
one variable.

Definition 8.2.1 The derivative of a function, f' (t), is defined as the following limit
whenever the limit exists. If the limit does not exist, then neither does £/ (t).

. ft+h)—f(x)
L

The function of h on the left is called the difference quotient just as it was for a scalar
valued function. If £ (t) = (fr (t), -, fp (t)) and ff fi (t) dt exists for each i =1,---,p,
then fabf (t) dt is defined as the vector,

</f (1 dt,---,/abfp@) dt).

This is what is meant by saying f € R ([a,b]).
This is exactly like the definition for a scalar valued function. As before,

f' (z) = lim M

y—x y—x

As in the case of a scalar valued function, differentiability implies continuity but not
the other way around.

Theorem 8.2.2 If ' (t) exists, then £ is continuous at t.

Proof: Suppose € > 0 is given and choose 61 > 0 such that if |h| < 1,

—f ()] < 1.

£(t+h) —£(t)
e

then for such A, the triangle inequality implies
[£(t+h) —£(6)] < [h]+ [ (D)][A].
Now letting ¢ < min ((51, m) it follows if |h| < &, then
f(t+h)—f(t)] <e.
Letting y = h + t, this shows that if |y — ¢| < 0,
f(y) —f (1) <e

which proves f is continuous at ¢. This proves the theorem.
As in the scalar case, there is a fundamental theorem of calculus.

Theorem 8.2.3 Iff € R([a,b]) and if f is continuous at t € (a,b), then

CZ(/:f(s) ds) —f(t).
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Proof: Say f(t) = (f1(¢), -, fp (t)). Then it follows

1 [t+h 1/t 1 [t+h 1 [t+h
E/a f(s)dsh/af(s)ds<h/t fl(s)ds,~~~,ﬁ/t fp(s)ds>

and limy_.q % fttJrh fi(s) ds = f; (t) for each i = 1,-- -, p from the fundamental theorem
of calculus for scalar valued functions. Therefore,

1

t+h 1t
s [ @ a3 [ E @ as = (0 g 0) = 10
and this proves the claim.
Example 8.2.4 Let f (x) = ¢ where ¢ is a constant. Find ' (x).

The difference quotient,

f(x+h)—f(x) c—c

= = 0
h h
Therefore,
lim flz+h) —f(z) =1lim0=0
h—0 h h—0

Example 8.2.5 Let f (t) = (at,bt) where a,b are constants. Find £’ (t).

From the above discussion this derivative is just the vector valued functions whose
components consist of the derivatives of the components of f. Thus f’ (¢) = (a,b).

8.2.1 Geometric And Physical Significance Of The Derivative

Suppose r is a vector valued function of a parameter, ¢t not necessarily time and consider
the following picture of the points traced out by r.

In this picture there are unit vectors in the direction of the vector from r(¢) to
r (t + h) . You can see that it is reasonable to suppose these unit vectors, if they converge,
converge to a unit vector, T which is tangent to the curve at the point r (¢) . Now each
of these unit vectors is of the form

r(t+h)—r(t)

DR

Thus T), — T, a unit tangent vector to the curve at the point r (¢) . Therefore,

lim r(t+h)—r(t) — lim r(t+h)—r(t)] r(t+h)—r(t)

h—0 h h—0 h v (t+h) —r(t)]

v (t+h) —x (1)
h

r' (t)

= lim Ty, = v’ (¢)| T.

h—0
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In the case that t is time, the expression |r (t + k) — r (¢)| is a good approximation
for the distance traveled by the object on the time interval [¢,¢ + h]. The real distance
would be the length of the curve joining the two points but if A is very small, this is
essentially equal to |r (¢t + h) — r (¢)| as suggested by the picture below.

r(t+h)

r(t)

Therefore,
e (t+h) —x (@)
h
gives for small h, the approximate distance travelled on the time interval, [¢t,¢+ h]
divided by the length of time, h. Therefore, this expression is really the average speed
of the object on this small time interval and so the limit as h — 0, deserves to be called
the instantaneous speed of the object. Thus |r’ (¢)| T represents the speed times a unit
direction vector, T which defines the direction in which the object is moving. Thus r’ (¥)
is the velocity of the object. This is the physical significance of the derivative when ¢ is
time.
How do you go about computing r' (t)? Letting r (t) = (r1 (t),- - -, 74 (t)), the ex-
pression
I‘(to + h) — I‘(to)
h

(8.2)

is equal to

h T h

Then as h converges to 0, 8.2/ converges to

<r1 (to+h)—ri(te)  rq(to+h)—r (to)) .

v = (v, -, Ug)

where vy, = 7, (t) . This by Theorem [7.4.7 on Page [139, which says that the term in 8.2
gets close to a vector, v if and only if all the coordinate functions of the term in 8.2 get
close to the corresponding coordinate functions of v.

In the case where ¢ is time, this simply says the velocity vector equals the vector
whose components are the derivatives of the components of the displacement vector,
r(t).

In any case, the vector, T determines a direction vector which is tangent to the
curve at the point, r (¢) and so it is possible to find parametric equations for the line
tangent to the curve at various points.

Example 8.2.6 Let r(t) = (sint,t*,t+1) for t € [0,5]. Find a tangent line to the
curve parameterized by r at the point r (2) .

From the above discussion, a direction vector has the same direction as r’ (2) . There-
fore, it suffices to simply use 1’ (2) as a direction vector for the line. r’ (2) = (cos2,4,1).
Therefore, a parametric equation for the tangent line is

(sin2,4,3) +t(cos2,4,1) = (z,y,2).



158 VECTOR VALUED FUNCTIONS OF ONE VARIABLE

Example 8.2.7 Let r(t) = (sint,t?,t+ 1) for t € [0,5]. Find the velocity vector when
t=1.

From the above discussion, this is simply r’' (1) = (cos1,2,1).

8.2.2 Differentiation Rules

There are rules which relate the derivative to the various operations done with vectors
such as the dot product, the cross product, and vector addition and scalar multiplication.

Theorem 8.2.8 Let a,b € R and suppose £’ (t) and g’ (t) exist. Then the following
formulas are obtained.

(af +bg)" (t) = af’ (t) + bg' (1). (8.3)
(f-g) (1) =1(t) (t)+f(t)-g'(t) (8.4)

If £, g have values in R3, then
(fxg) (t)=1£(t)xg (t)+f(t)xg(t) (8.5)

The formulas, |8.4, and|8.5 are referred to as the product rule.

Proof: The first formula is left for you to prove. Consider the second, 8.4l

L fg(ihh) fe ()
h—0 h

g AR gt ) —f(t+h)-g(t) fE+h)-g(t) () g(t)
= lim —+
h—0 h h

thka t+h)<gk(t+h glc +i ﬁ‘i‘h f())gk(t)

n

D i) gi () + Z fi ) gr (1)
=1 k=1
=f(t)-gt)+£(t)-g(1).

Formula [8.5/is left as an exercise which follows from the product rule and the definition
of the cross product in terms of components given on Page [107.

Example 8.2.9 Let
r(t) = (t*,sint, cost)

and let p (t) = (t,In(t +1),2t). Find (r(t) x p(t))".
From 8.5/ this equals(2t, cos t, — sin ) x (¢, In (¢t + 1), 2¢)+ (¢, sin¢, cos t) x (1, H%l, 2) .
Example 8.2.10 Let r (t) = (t?,sint,cost) Find [ r(t) dt.

This equals (fo7r 2 dt, foﬂ sint dt, foﬁ cost dt) = (37°,2,0).

) 1+10
given in hours. Find the velocity of the object in kilometers per hour when t = 1.

Example 8.2.11 An object has position r (t) = (t?’ V2 4 2) kilometers where t is
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Recall the velocity at time ¢ was r’ (). Therefore, find r’ (¢) and plug in t = 1 to
find the velocity.

v (t) = <3t2, W; (2 42)""" 2t>

, 1 1
= [ 32, 5, t
( (1+1) (t2+2)>

When ¢ = 1, the velocity is

1 1
r' (1) = (3, 7 3) kilometers per hour.

Obviously, this can be continued. That is, you can consider the possibility of taking
the derivative of the derivative and then the derivative of that and so forth. The main
thing to consider about this is the notation and it is exactly like it was in the case of a
scalar valued function presented earlier. Thus r” (¢) denotes the second derivative.

When you are given a vector valued function of one variable, sometimes it is possible
to give a simple description of the curve which results. Usually it is not possible to do
this!

Example 8.2.12 Describe the curve which results from the vector valued function,
r (t) = (cos 2t,sin 2t,t) where t € R.

The first two components indicate that for r(t) = (z(t),y(t),z(t)), the pair,
(x (t),y (t)) traces out a circle. While it is doing so, z (t) is moving at a steady rate in
the positive direction. Therefore, the curve which results is a cork skrew shaped thing
called a helix.

As an application of the theorems for differentiating curves, here is an interesting
application. It is also a situation where the curve can be identified as something familiar.

Example 8.2.13 Sound waves have the angle of incidence equal to the angle of reflec-
tion. Suppose you are in a large room and you make a sound. The sound waves spread
out and you would expect your sound to be inaudible very far away. But what if the room
were shaped so that the sound is reflected off the wall toward a single point, possibly far
away from you? Then you might have the interesting phenomenon of someone far away
hearing what you said quite clearly. How should the room be designed?

Suppose you are located at the point Py and the point where your sound is to be
reflected is Py. Consider a plane which contains the two points and let r (¢) denote a
parameterization of the intersection of this plane with the walls of the room. Then the
condition that the angle of reflection equals the angle of incidence reduces to saying the
angle between Po—r (¢) and —r’ (t) equals the angle between P; —r (¢) and 1’ (¢) . Draw
a picture to see this. Therefore,

(Po—r@®)-(=r'()) _ (P1—r(®)- (' (t)
[Po —r ()] [r" (1) Py —r @) @)

This reduces to
(r(t) =Po)- (=x'()) _ (r(t) =P1)-(r'(¢)) (8.6)
v (t) — Po v (t) — Py '

Now

(r(t)—Py)-('(t) d
|I‘(t)—P1| _%h‘(t)_Pl‘
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and a similar formula holds for P, replaced with Py. This is because

£ (t) = P1| = /(r(t) = P1) - (r (1) = P1)

and so using the chain rule and product rule,

LANPES N

dt (e () = Py) - (r (1) = P1) 2 2((r (1) = Py) ' (1))

Therefore, from 8.6,

d d
(1) = Pal) + 5 (i (1) — Pol) =0

showing that |r (t) — P1| 4 |r (¢) — Po| = C for some constant, C.This implies the curve
of intersection of the plane with the room is an ellipse having Py and P, as the foci.

8.2.3 Leibniz’s Notation

dy

Leibniz’s notation also generalizes routinely. For example, % =y’ (t) with other similar

notations holding.

8.3 Product Rule For Matrices*

Here is the concept of the product rule extended to matrix multiplication.

Definition 8.3.1 Let A(t) be an m x n matriz. Say A(t) = (Ai; (t)). Suppose also
that A;; (t) is a differentiable function for all i,j. Then define A’ (t) = (A;j (t)). That
is, A’ (t) is the matriz which consists of replacing each entry by its derivative. Such an
m X n matrix in which the entries are differentiable functions is called a differentiable
matrizx.

The next lemma is just a version of the product rule.

Lemma 8.3.2 Let A(t) be an m x n matriz and let B (t) be an n X p matriz with the
property that all the entries of these matrices are differentiable functions. Then

(At)B () = A (t)B(t)+ A(t)B'(t).

Proof: (A(t)B(t)) = (Cj; (t)) where Cyj (t) = A (t) By (t) and the repeated

index summation convention is being used. Therefore,
Cz{j (t) = A} (¢) Brj (t) + Aig (1) B;;j (t)
= (A'(t)B(t),; + (A(t) B' (1)),
= (AMBH)+A®M)B (1),

Therefore, the ijt" entry of A (t) B (t) equals the ij'" entry of A’ (¢t) B (t) + A(t) B’ ()
and this proves the lemma.
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8.4 Moving Coordinate Systems*

Let i(t),j(t),k(¢) be a right handed* orthonormal basis of vectors for each t. It is
assumed these vectors are C'' functions of ¢. Letting the positive = axis extend in the
direction of i(t), the positive y axis extend in the direction of j(¢), and the positive
z axis extend in the direction of k(t), yields a moving coordinate system. Now let
u = (up,uz,u3) € R3 and let to be some reference time. For example you could let
to = 0. Then define the components of u with respect to these vectors, i, j, k at time tg
as
u= Uli (to) + Ugj (to) + U3k (to) .
Let u (¢) be defined as the vector which has the same components with respect to i, j, k
but at time ¢. Thus
u(t) = ud (¢) + u2j (t) + usk ().
and the vector has changed although the components have not.
For example, this is exactly the situation in the case of apparently fixed basis vectors
on the earth if u is a position vector from the given spot on the earth’s surface to a
point regarded as fixed with the earth due to its keeping the same coordinates relative
to coordinate axes which are fixed with the earth.
Now define a linear transformation @ (¢) mapping R? to R? by

Q ()= ui (t) + usj (t) + usk (¢)

where
u = upi(to) + uaj (to) + usk (to)

Thus letting v, u € R? be vectors and «, 3, scalars,

Q (t) (au+ Bv) = (aur + Bo1)i(t) + (aug + Bv2) j (t) + (qus + Bus) k()

= (au1i(t) + augj (t) + ausk (t)) + (Bvii(t) + Buej (t) + Pusk (1))
= a(ui(t) + u2j (t) +usk (¥)) + B (v1i(t) + voj (t) + vsk (t))
= aQt)u+0Q({)v

showing that @ (¢) is a linear transformation. Also, @) (t) preserves all distances because,
since the vectors, i(t),j (¢),k (¢t) form an orthonormal set,

3 1/2
Q(t)u = (Z (u">2> = |ul.

i=1

For simplicity, let i (¢)=e; (t),j(t) =ea (t) ,k (t)=e3 (¢) and
i(to)=e1(to),j(to) =e2(to),k(to) = es (to).
Then using the repeated index summation convention,
u(t) = uje; (1) = uje; (t) - e (o) i (to)

and so with respect to the basis, i (to) = e1 (to),]j (to) = e2 (to) , k (to) = es (tp) , the ma-
trix of @ (t) is

Qij (t) = e; (to) - €; (1)
Recall this means you take a vector, u € R? which is a list of the components of u with
respect to i(tg),j (to),k (to) and when you multiply by @ (¢) you get the components

of u (t) with respect to i(tg),j(to),k (to). I will refer to this matrix as @ (¢) to save
notation.

IRecall that right handed implies i x j = k.
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Lemma 8.4.1 Suppose Q (t) is a real, differentiable n x n matriz which preserves dis-
tances. Then Q (1) Q (t)" = Q ()" Q (t) = I. Also, if u(t) = Q (t)u, then there ewists
a vector, S (t) such that

!

u (1) =) xu(t).

z+wll—|z— w\2> . Therefore,

Proof: Recall that (z-w) = %

QuQWw) = (100 @+w)* - Q) (u-w))
= 5 (ot w— juwP?)
= (u-w).

This implies
(" QWu-w) = (u-w)

for all u,w. Therefore, Q (t)" Q () u=u and so Q ()" Q(t) = Q (t) Q (t)" = I. This
proves the first part of the lemma.
It follows from the product rule, Lemma 8.3.2/ that

QMHAH +QMQ " =0

and so "
Qmem =-(mem) . (8.7)
From the definition, @ (t)u=u(¢),
?Ll
u () =Q () u=Q () Q(t) u(t).

Then writing the matrix of Q' (£) Q (£)7 with respect to i(to),j (to),k (to), it follows

from 8.7 that the matrix of Q' (£) Q ()" is of the form
0 —Ws3 (t) w2 (t)
w3 (t) 0 —W1 (t)
—Ww2 (t) w1 (t) 0

for some time dependent scalars, w;. Therefore,

( Ul ) ! ( 0 —Wws (t) w2 (t) ) ( Ui )
u (t) = w3 ( ) 0 —W1 (t) U9 (t)
Uus —ws () w1 (%) 0 ug

( w2 (t us (t) — W3 (t) u2 (t) )
= ws (t) ug (t) —wn () ug (t)
w1 (t (5 (t) — W2 (t) Ul (t)

where the u; are the components of the vector u (t) in terms of the fixed vectors
i(to),j(to),k(to)-
Therefore,
()= xut)=Q (1) Q) u(t) (8.8)
where

Q(t) = w1 (t)i(to) +wa ()] (to) +ws (t) k(to) -
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because
i(to) j(to) k(to)
Q) xut)=| w i w3 =
U U2 us

i(fo) (wgu;; — IU3’LL2) +j (to) (w3u1 — ’w1U3> +k (to) (w1u2 — wgul) .

This proves the lemma and yields the existence part of the following theorem.

Theorem 8.4.2 Let i(t),j(t),k(t) be as described. Then there exists a unique vec-
tor Q (t) such that if u(t) is a vector whose components are constant with respect to
i(t),j(t),k(t), then

u () =Q() xul(t).

Proof: It only remains to prove uniqueness. Suppose 27 also works. Then u (¢) =
Q (t)u and so v’ (t) = Q' (t) u and

Q (Hu=0xQt)u=2:xQ (t)u

for all u. Therefore,
(Q—Ql) XQ(t)uZO

for all u and since @ () is one to one and onto, this implies (2 — Q1) xw = 0 for all w
and thus © — €4 = 0. This proves the theorem.

Definition 8.4.3 A rigid body in R® has a moving coordinate system with the property
that for an observer on the rigid body, the vectors, i(t),j(t),k(t) are constant. More
generally, a vector u(t) is said to be fized with the body if to a person on the body, the
vector appears to have the same magnitude and same direction independent of t. Thus
u (t) is fized with the body if u (¢) = uii (t) + uaj (¢) + ugk (¢).

The following comes from the above discussion.

Theorem 8.4.4 Let B (t) be the set of points in three dimensions occupied by a rigid
body. Then there exists a vector € (t) such that whenever u(t) is fized with the rigid
body,

u(t)=Q() xu(t).
8.5 Exercises

1. Find the following limits if possible
(a) limg ot (%, sinx/x, cos z)
(b) lim, o4 (%, secx, eI)
(c) limg_4 (I;jr}f T+ 7, tagl;m)

. 2 Lt 2
R e )

2. Find lim,_» (z—;; a? +22 1, ”;’f_‘;‘) :

3. Prove from the definition that lim, ., (¥z,z+1) = (Ja,a+ 1) for all a € R.
Hint: You might want to use the formula for the difference of two cubes,

a® —b* = (a—1b) (a® +ab+b%).
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10.
11.

12.
13.
14.

15.

16.

17.

18.

19.
20.
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t5

. Letr(t) = (4 + (-1 VEFI(E—1), (t_1)3> describe the position of an ob-

ject in R? as a function of ¢+ where ¢ is measured in seconds and r (¢) is measured
in meters. Is the velocity of this object ever equal to zero? If so, find the value of
t at which this occurs and the point in R?® at which the velocity is zero.

Let r(t) = (sin2t,t%,2t + 1) for t € [0,4]. Find a tangent line to the curve pa-
rameterized by r at the point r (2).

Let r (t) = (¢,sint?,¢t + 1) for t € [0,5]. Find a tangent line to the curve parame-
terized by r at the point r (2).

Let r(t) = (sint,t? cos (t?)) for ¢ € [0,5]. Find a tangent line to the curve
parameterized by r at the point r (2).

Let r (t) = (sint,cos (t?) ,t 4+ 1) for ¢ € [0,5]. Find the velocity when ¢ = 3.

Let r (t) = (sint,t>,t + 1) for t € [0,5]. Find the velocity when ¢ = 3.

Let r () = (¢,In (t2 + 1) ,t + 1) for ¢ € [0,5]. Find the velocity when ¢ = 3.
Suppose an object has position r (t) € R? where r is differentiable and suppose

also that |r (¢)| = ¢ where ¢ is a constant.

(a) Show first that this condition does not require r (t) to be a constant. Hint:
You can do this either mathematically or by giving a physical example.

(b) Show that you can conclude that r’ (¢) - r (¢) = 0. That is, the velocity is
always perpendicular to the displacement.

Prove [8.5 from the component description of the cross product.
Prove 8.5/ from the formula (f x g), = €i;x fgk-

Prove 8.5 directly from the definition of the derivative without considering com-
ponents.

71 urve i i Vi valu it
A bezier curve in R" is a vector valued function of the form
n

v =3 (a0

k=0

where here the (2) are the binomial coefficients and x; are n+1 points in R™. Show
that y (0) = X0, y (1) = Xy, and find y’ (0) and y’ (1). Recall that (7) = () =1
and (nL) = (T) = n. Curves of this sort are important in various computer
programs.

Suppose r(t), s(t), and p (t) are three differentiable functions of ¢ which have

/

values in R3. Find a formula for (r (t) x s (¢) - p (¢))".

If ' (t) = 0 for all ¢t € (a,b), show there exists a constant vector, ¢ such that
r(t)=cforallte (a,b).

If ¥/ (t) = f (¢) for all t € (a,b) and F is continuous on [a, b], show f;f (t) dt =
F () —F(a).

Verify that if 2 x u =0 for all u, then 2 = 0.

Verify that if u £ 0 and v-u = 0 and both € and €2; satisfy € x u = v, then
Q. =Q.
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8.6 Exercises With Answers

1.

Find the following limits if possible
(a) limg_ o4+ (U sin 2z /x, tanm) =(1,2,1)
(b) limg o4 <‘ [, Cos T, e? ) (1,1,1)

(C) hmr—>4 <wx;}16 y L — 7a tagxx'?x) = (07 737 %)

Let r(t) = (4 + (-1 VEFI(E—1), (t%)g) describe the position of an ob-

ject in R? as a function of ¢ where ¢ is measured in seconds and r (¢) is measured
in meters. Is the velocity of this object ever equal to zero? If so, find the value of
t at which this occurs and the point in R? at which the velocity is zero.

: : : ’ _ _ _1N2 42 —t43 4 1\2 2t=5
You need to differentiate this. v’ (¢) = (2 (¢t —1),(t —1) S (t—1)" =5 )

Now you need to find the value(s) of ¢ where 1’ (¢) = 0.

Let r (t) = (sint,¢?,2t + 1) for t € [0,4]. Find a tangent line to the curve param-
eterized by r at the point r (2).

r’' (t) = (cost,2t,2). When ¢t = 2, the point on the curve is (sin2,4,5) . A direction
vector is r’ (2) and so a tangent line is r (¢) = (sin2,4,5) + ¢ (cos 2,4, 2) .

Let r (t) = (sint,cos (t) ,¢t + 1) for t € [0,5]. Find the velocity when t = 3.

Y (t) = (Cos t, —2tsin (t2) , 1) . The velocity when t = 3 is just

r' (3) = (cos3,—6sin(9),1).

Prove [8.5 directly from the definition of the derivative without considering com-
ponents.

The formula for the derivative of a cross product can be obtained in the usual way
using rules of the cross product.

u(t+h)xv(Et+h)—u(t)xv(t) u(t+h)xv(t+h)—u(t+h)xv(t)

h h
w(t+h) xv(t) —u(t)xv(t)

=u(t+h)x (W) —i—(W) x v (t)

Doesn’t this remind you of the proof of the product rule? Now procede in the usual
way. If you want to really understand this, you should consider why u,v — u x v
is a continuous map. This follows from the geometric description of the cross
product or more easily from the coordinate description.

Suppose r(t), s(t), and p (t) are three differentiable functions of ¢ which have
values in R3. Find a formula for (r (t) x s (t) - p (t))".

From the product rules for the cross and dot product, this equals

(r(t) x
r’ (t) x

() - p(t) +r(t)xs(t) p ()
s(t)-p(t)+r(t)xs (t)-pt)+r(t)xs(t)-p' (1)
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7. If ' (t) = 0 for all t € (a,b), show there exists a constant vector, ¢ such that
r(t)=cforall t € (a,b).

Do this by considering standard one variable calculus and on the components of

r(t).

8. If F' (t) = £ (¢t) for all t € (a,b) and F is continuous on [a,b], show fff (t) dt =
F(b)—F(a).

Do this by considering standard one variable calculus and on the components of

r(t).
9. Verify that if © x u = 0 for all u, then 2 = 0.

Geometrically this says that if €2 is not equal to zero then it is parallel to every
vector. Why does this make it obvious that € must equal zero?

8.7 Newton’s Laws Of Motion

Definition 8.7.1 Let r(t) denote the position of an object. Then the acceleration of
the object is defined to be v (t).

Newton’s? first law is: “Every body persists in its state of rest or of uniform motion

in a straight line unless it is compelled to change that state by forces impressed on it.”
Newton’s second law is:

F =ma (8.9)

where a is the acceleration and m is the mass of the object.

Newton’s third law states: “To every action there is always opposed an equal re-
action; or, the mutual actions of two bodies upon each other are always equal, and
directed to contrary parts.”

Of these laws, only the second two are independent of each other, the first law being
implied by the second. The third law says roughly that if you apply a force to something,
the thing applies the same force back.

The second law is the one of most interest. Note that the statement of this law
depends on the concept of the derivative because the acceleration is defined as a deriva-
tive. Newton used calculus and these laws to solve profound problems involving the
motion of the planets and other problems in mechanics. The next example involves the
concept that if you know the force along with the initial velocity and initial position,
then you can determine the position.

Example 8.7.2 Let r(t) denote the position of an object of mass 2 kilogram at time t
and suppose the force acting on the object is given by F (t) = (t, 1—t2, 26”5) . Suppose
r (0) = (1,0,1) meters, and ¥’ (0) = (0,1,1) meters/sec. Findr (t).

By Newton’s second law, 2r” (t) = F (t) = (t,1 — t?,2e~") and so

v (t) = (t/2, (1 - %) /2,e7").

2Isaac Newton 1642-1727 is often credited with inventing calculus although this is not correct since
most of the ideas were in existence earlier. However, he made major contributions to the subject partly
in order to study physics and astronomy. He formulated the laws of gravity, made major contributions
to optics, and stated the fundamental laws of mechanics listed here. He invented a version of the
binomial theorem when he was only 23 years old and built a reflecting telescope. He showed that
Kepler’s laws for the motion of the planets came from calculus and his laws of gravitation. In 1686 he
published an important book, Principia, in which many of his ideas are found. Newton was also very
interested in theology and had strong views on the nature of God which were based on his study of the
Bible and early Christian writings. He finished his life as Master of the Mint.




8.7. NEWTON’S LAWS OF MOTION 167

Therefore the velocity is given by
2 t—13/3
I'/ (t) = (4, T/, _€t> +c

where c is a constant vector which must be determined from the initial condition given
for the velocity. Thus letting ¢ = (¢1, 2, ¢3),

(0,1,1) = (0,0, —1) + (c1, ¢z, ¢3)
which requires ¢; = 0,c2 = 1, and ¢3 = 2. Therefore, the velocity is found.
2 t—13/3
"W)=|—-,——+1,—-€e"+2]).
r' (1) (4, 5 tle +>

Now from this, the displacement must equal

3 t2/2 —t4/12

I‘(t): f,¥+t,eit+2t +(01,CQ,C3)
12 2

where the constant vector, (C1,Cq, C3) must be determined from the initial condition

for the displacement. Thus

r (O) = (1707 1) = (0,07 1) + (Cla C27 C3)
which means Cy = 1,C5 = 0, and C3 = 0. Therefore, the displacement has also been

found. s ) .
t t°/2 —t*/12
r(t) = <12 1, % +te 4 Qt) meters.

Actually, in applications of this sort of thing acceleration does not usually come to you
as a nice given function written in terms of simple functions you understand. Rather,
it comes as measurements taken by instruments and the position is continuously being
updated based on this information. Another situation which often occurs is the case
when the forces on the object depend not just on time but also on the position or
velocity of the object.

Example 8.7.3 An artillery piece is fired at ground level on a level plain. The angle
of elevation is w/6 radians and the speed of the shell is 400 meters per second. How far
does the shell fly before hitting the ground?

Neglect air resistance in this problem. Also let the direction of flight be along the
positive z axis. Thus the initial velocity is the vector, 400 cos (7/6)1i + 400sin (7/6) j
while the only force experienced by the shell after leaving the artillery piece is the force
of gravity, —mgj where m is the mass of the shell. The acceleration of gravity equals
9.8 meters per sec? and so the following needs to be solved.

mr” (t) = —mgj, r (0) = (0,0),r’ (0) = 400 cos (7/6) i + 400sin (7/6) j.
Denoting r (t) as (z (t),y (¢)),
2 (1) =0, 4 (1) = —g.
Therefore, y' (t) = —gt + C and from the information on the initial velocity,

C = 400sin (7/6) = 200.
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Thus
y (t) = —4.9t% 4+ 200t + D.

D = 0 because the artillery piece is fired at ground level which requires both z and y
to equal zero at this time. Similarly, 2’ (t) = 400 cos (7/6) so x (t) = 400 cos (7/6)t =
200+/3t. The shell hits the ground when y = 0 and this occurs when —4.9t2 + 200t = 0.
Thus ¢t = 40. 816 326 530 6 seconds and so at this time,

x = 200V/3 (40.816 326 530 6) = 14139. 190 265 9 meters.

The next example is more complicated because it also takes in to account air resistance.
We do not live in a vacuum.

Example 8.7.4 A lump of “blue ice” escapes the lavatory of a jet flying at 600 miles
per hour at an altitude of 30,000 feet. This blue ice weighs 64 pounds near the earth and
experiences a force of air resistance equal to (—.1)1’ (t) pounds. Find the position and
velocity of the blue ice as a function of time measured in seconds. Also find the velocity
when the lump hits the ground. Such lumps have been known to surprise people on the
ground.

The first thing needed is to obtain information which involves consistent units. The
blue ice weighs 32 pounds near the earth. Thus 32 pounds is the force exerted by gravity
on the lump and so its mass must be given by Newton’s second law as follows.

64 =m x 32.

Thus m = 2 slugs. The slug is the unit of mass in the system involving feet and pounds.
The jet is flying at 600 miles per hour. I want to change this to feet per second. Thus
it flies at

600 x 5280

T 880 feet per second.

The explanation for this is that there are 5280 feet in a mile and so it goes 600x 5280
feet in one hour. There are 60 x 60 seconds in an hour. The position of the lump of
blue ice will be computed from a point on the ground directly beneath the airplane at
the instant the blue ice escapes and regard the airplane as moving in the direction of
the positive z axis. Thus the initial displacement is

r (0) = (0,30000) feet

and the initial velocity is
r’ (0) = (880,0) feet/sec.

The force of gravity is
(0, —64) pounds

and the force due to air resistance is
(—.1)r’ (t) pounds.
Newtons second law yields the following initial value problem for r (¢) = (1 (¢),72 (t)) .

2(rf ()75 (t)) = (=.1) (1 (t) ,v5 (1)) + (0, =64) , (r1(0),72(0)) = (0,30000),
(r1(0),75(0)) = (880,0)
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Therefore,
2rf )+ (1)ri () =0
2 () + (1) rh (t) = —64
T1 (O = O
ro (0) = 30000 (8.10)
r1 (0) = 880
r5(0)=0
To save on repetition solve
mr” + kr' =¢,r(0) = u,r" (0) = v.
Divide the differential equation by m and get
" + (k/m)r’ =c/m.
Now multiply both sides by e*/™* You should check this gives
d
2L pk/m)t ) (k/m)t
g (e r ) (¢/m)e
Therefore,
1
elk/mity! — Eeﬁtc +C
and using the initial condition, v = ¢/k + C and so
v (8) = (¢/k) + (v = (c/k)) e
Now this implies
1 .
r(t) = (c/k)t = pme” ! (v - %) D (8.11)

where D is a constant to be determined from the initial conditions. Thus

R

and so

r(t) = (¢/k)t — %me*%t (v— %) + <u—|— % (v— g))

Now apply this to the system [8.10/ to find

ry (t) = _%2 (exp (_;Ut» (880) + <(21) (880))

= —17600.0 exp (—.0 5¢) + 17600.0
and
7o (t) = (—64/ (1))t — &2 <exp <(21)t)> (((_Sf)) + (30000 + % <(6f))>
= —640.0t — 12800.0 exp (—.0 5t) + 42800.0

This gives the coordinates of the position. What of the velocity? Using8.11/in the same
way to obtain the velocity,

i (t) = 880.0exp (—.05¢t),
5 (t) = —640.0 + 640.0 exp (—.05¢) . (8.12)
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To determine the velocity when the blue ice hits the ground, it is necessary to find the
value of ¢ when this event takes place and then to use 8.12 to determine the velocity. It
hits ground when rs (t) = 0. Thus it suffices to solve the equation,

0 = —640.0¢ — 12800.0 exp (—.0 5¢) + 42800.0.

This is a fairly hard equation to solve using the methods of algebra. In fact, I do not
have a good way to find this value of ¢ using algebra. However if plugging in various
values of ¢ using a calculator you eventually find that when ¢ = 66.14,

—640.0 (66.14) — 12800.0 exp (—.05 (66.14)) + 42800.0 = 1.588 feet.

This is close enough to hitting the ground and so plugging in this value for ¢ yields the
approximate velocity,

(880.0exp (—.05 (66.14)) , —640.0 + 640.0 exp (—.05 (66.14))) = (32.23, —616. 56) .

Notice how because of air resistance the component of velocity in the horizontal direction
is only about 32 feet per second even though this component started out at 880 feet per
second while the component in the vertical direction is -616 feet per second even though
this component started off at 0 feet per second. You see that air resistance can be very
important so it is not enough to pretend, as is often done in beginning physics courses
that everything takes place in a vacuum. Actually, this problem used several physical
simplifications. It was assumed the force acting on the lump of blue ice by gravity was
constant. This is not really true because it actually depends on the distance between
the center of mass of the earth and the center of mass of the lump. It was also assumed
the air resistance is proportional to the velocity. This is an over simplification when
high speeds are involved. However, increasingly correct models can be studied in a
systematic way as above.

8.7.1 Kinetic Energy

Newton’s second law is also the basis for the notion of kinetic energy. When a force is
exerted on an object which causes the object to move, it follows that the force is doing
work which manifests itself in a change of velocity of the object. How is the total work
done on the object by the force related to the final velocity of the object? By Newton’s
second law, and letting v be the velocity,

F(t)=mv' (t).

Now in a small increment of time, (¢,t + dt), the work done on the object would be
approximately equal to
dW =F(t) v (t)dt. (8.13)

If no work has been done at time ¢ = 0,then [8.13 implies

aw

2 F. =0.
p v, W(0)=0
Hence,
aw ~md 2
= (t)-v(t)= 5 T v (t)]°.

Therefore, the total work done up to time ¢ would be W (t) = 3 [v O 5 |vo|?> where
|vo| denotes the initial speed of the object. This difference represents the change in the
kinetic energy.
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8.7.2 Impulse And Momentum

Work and energy involve a force acting on an object for some distance. Impulse involves
a force which acts on an object for an interval of time.

Definition 8.7.5 Let F be a force which acts on an object during the time interval,
[a,b]. The impulse of this force is
b
/ F (1) dt.

</abF1 (t) du/abFz(t) dt,/ang(t) dt),

The linear momentum of an object of mass m and velocity v is defined as

This is defined as

Linear momentum = mv.
The notion of impulse and momentum are related in the following theorem.

Theorem 8.7.6 Let F be a force acting on an object of mass m. Then the impulse
equals the change in momentum. More precisely,

b
/ F (t) dt = mv (b) — mv (a).

Proof: This is really just the fundamental theorem of calculus and Newton’s second
law applied to the components of F.

b b
/ F(¢) dt = / mc(%dt =mv (b) — mv (a) (8.14)

Now suppose two point masses, A and B collide. Newton’s third law says the force
exerted by mass A on mass B is equal in magnitude but opposite in direction to the
force exerted by mass B on mass A. Letting the collision take place in the time interval,
[a,b] and denoting the two masses by m4 and mp and their velocities by v4 and vp it
follows that

b
mava (b) —mava (a) = / (Force of B on A) dt

and

b
mpvp (b)) —mpvp(a) = / (Force of A on B) dt

b
—/ (Force of B on A) dt

—(mava (b) —mava(a))
and this shows
mpvp (b)) + mava (b)) =mpvp(a) + mava (a).

In other words, in a collision between two masses the total linear momentum before
the collision equals the total linear momentum after the collision. This is known as the
conservation of linear momentum.
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8.8 Acceleration With Respect To Moving Coordi-
nate Systems*

The idea is you have a coordinate system which is moving and this results in strange
forces experienced relative to these moving coordinates systems. A good example is
what we experience every day living on a rotating ball. Relative to our supposedly fixed
coordinate system, we experience forces which account for many phenomena which are
observed.

8.8.1 The Coriolis Acceleration

Imagine a point on the surface of the earth. Now consider unit vectors, one pointing
South, one pointing East and one pointing directly away from the center of the earth.

Denote the first as i, the second as j and the third as k. If you are standing on the
earth you will consider these vectors as fixed, but of course they are not. As the earth
turns, they change direction and so each is in reality a function of ¢. Nevertheless, it is
with respect to these apparently fixed vectors that you wish to understand acceleration,
velocities, and displacements.

In general, let i(¢),j(¢),k (¢) be an orthonormal basis of vectors for each ¢, like the
vectors described in the first paragraph. It is assumed these vectors are C' functions of
t. Letting the positive x axis extend in the direction of i(t), the positive y axis extend
in the direction of j (¢), and the positive z axis extend in the direction of k (¢), yields
a moving coordinate system. By Theorem 8.4.2| on Page [163), there exists an angular
velocity vector, € (t) such that if u(¢) is any vector which has constant components
with respect to i(t),j (¢), and k (¢) , then

Qxu=u (8.15)
Now let R (t) be a position vector of the moving coordinate system and let
r(t) =R(t) +rp(t)

where
rp(t)=z()i®)+y @) +z (@) k().

rp (t)
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In the example of the earth, R (t) is the position vector of a point p (¢) on the earth’s
surface and rpg (¢) is the position vector of another point from p (¢), thus regarding p (¢)
as the origin. rp (t) is the position vector of a point as perceived by the observer on
the earth with respect to the vectors he thinks of as fixed. Similarly, vp (t) and ap (t)
will be the velocity and acceleration relative to i(t),j(¢),k(t), and so v = 2'i + ¢/j
+ 2’k and ap = 2”1 + ¢"j + 2"k. Then

v=r =R +2i+9j+ Zk+ai’ +yj + 2K

By , 815, if e €{i,j,k}, € = Q X e because the components of these vectors with
respect to i, j, k are constant. Therefore,

2i Fyj + 2K = 2Qxi+yQ xj+20xk
= Qx (zi+yj+ zk)

and consequently,
v=R' +2i+yj+7k+Qxrg=R' +2'i+yj+ 2’k + Qx (zi +yj + 2k).

Now consider the acceleration. Quantities which are relative to the moving coordi-
nate system are distinguished by using the subscript, B.

QXvp

—
a—= V/ — R// +x//i+y//j +Z//k+$li/ +ylj/ + Z/k/ + Q/ X rB

VB Qxrp(t)

+Qx | i+ j+ Zk+ai +yj + 2k

:R//-l-aB-f—Q/XI‘B—l-QQXVB-f—QX(QXI‘B).

The acceleration ag is that perceived by an observer for whom the moving coordinate
system is fixed. The term ©2x (Q x rp) is called the centripetal acceleration. Solving
for apg,

aBZa—RH—Q/XI’B—QQXVB—QX(QXI'B). (816)

Here the term — (Q2x (© x rp)) is called the centrifugal acceleration, it being an accel-
eration felt by the observer relative to the moving coordinate system which he regards
as fixed, and the term —2€ x vp is called the Coriolis acceleration, an acceleration
experienced by the observer as he moves relative to the moving coordinate system. The
mass multiplied by the Coriolis acceleration defines the Coriolis force.

There is a ride found in some amusement parks in which the victims stand next to
a circular wall covered with a carpet or some rough material. Then the whole circular
room begins to revolve faster and faster. At some point, the bottom drops out and the
victims are held in place by friction. The force they feel which keeps them stuck to the
wall is called centrifugal force and it causes centrifugal acceleration. It is not necessary
to move relative to coordinates fixed with the revolving wall in order to feel this force
and it is pretty predictable. However, if the nauseated victim moves relative to the
rotating wall, he will feel the effects of the Coriolis force and this force is really strange.
The difference between these forces is that the Coriolis force is caused by movement
relative to the moving coordinate system and the centrifugal force is not.
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8.8.2 The Coriolis Acceleration On The Rotating Earth

Now consider the earth. Let i*,j*, k™, be the usual basis vectors attached to the rotating
earth. Thus k* is fixed in space with k* pointing in the direction of the north pole from
the center of the earth while i* and j* point to fixed points on the surface of the earth.
Thus i* and j* depend on ¢ while k* does not. Let i,j,k be the unit vectors described
earlier with i pointing South, j pointing Fast, and k pointing away from the center of
the earth at some point of the rotating earth’s surface, p. Letting R (¢) be the position
vector of the point p, from the center of the earth, observe the coordinates of R ()
are constant with respect to i(t),j(¢),k (¢). Also, since the earth rotates from West to
East and the speed of a point on the surface of the earth relative to an observer fixed
in space is w |R|sin ¢ where w is the angular speed of the earth about an axis through
the poles, it follows from the geometric definition of the cross product that

R =wk* xR
Therefore, £ = wk* and so

=0

—
RI=Q xR+ xR =Qx (2 xR)
since €2 does not depend on ¢. Formula 8.16 implies
ap=a—-Ox (@ xR)—2Qxvp —QAx (L xrp). (8.17)

In this formula, you can totally ignore the term €Q2x (€2 x rg) because it is so small

whenever you are considering motion near some point on the earth’s surface. To see
seconds in a day

. ’_/a . .
this, note w (24) (3600) = 27, and so w = 7.2722 x 107° in radians per second. If you
are using seconds to measure time and feet to measure distance, this term is therefore,
no larger than

(7.2722 x 107°)* |r ) .

Clearly this is not worth considering in the presence of the acceleration due to gravity
which is approximately 32 feet per second squared near the surface of the earth.
If the acceleration a, is due to gravity, then

ap=a—Ox (O xR)-2Q xvp =

=8
7GM (R+ I‘B)
‘R—l— I‘B|3

—Ox(AXxR)—2Q xvp=g—2Q X vg.

Note that
Qx (2xR)=(2-R)Q- QR

and so g, the acceleration relative to the moving coordinate system on the earth is
not directed exactly toward the center of the earth except at the poles and at the
equator, although the components of acceleration which are in other directions are
very small when compared with the acceleration due to the force of gravity and are
often neglected. Therefore, if the only force acting on an object is due to gravity, the
following formula describes the acceleration relative to a coordinate system moving with
the earth’s surface.

ap=g-2(Q xvp)



8.8. ACCELERATION WITH RESPECT TO MOVING COORDINATE SYSTEMS* 175

While the vector, € is quite small, if the relative velocity, vp is large, the Coriolis
acceleration could be significant. This is described in terms of the vectorsi(t),j (), k (¢)
next.

Letting (p, 8, ¢) be the usual spherical coordinates of the point p (¢) on the surface
taken with respect to i*,j*,k* the usual way with ¢ the polar angle, it follows the
i*,j*, k* coordinates of this point are

psin (@) cos (6)
psin (¢) sin ()
pcos (¢)
It follows,
i =cos(¢)cos (0)i* + cos(¢)sin (0)j* — sin (¢) k™
j=—sin(#)i* +cos(9)j" + Ok™
and

k =sin (¢) cos (0) i* + sin (¢) sin (0) j* + cos (¢) k™.

It is necessary to obtain k* in terms of the vectors, i, j, k. Thus the following equation
needs to be solved for a,b, ¢ to find k* = ai+bj+ck

"
0 cos (@) cos(f) —sin(f) sin(¢)cos () a
0 | = cos(¢)sin(f) cos(d) sin(¢)sin(0) b (8.18)
1 —sin (¢) 0 cos (o) c

The first column is i, the second is j and the third is k in the above matrix. The solution
isa= —sin(¢),b=0, and ¢ = cos (¢).
Now the Coriolis acceleration on the earth equals
K

2(2 xvp) =2w | —sin(¢)i+0j+ cos () k | x (z'i+yj+2'k).

This equals
2w [(—y cos @) i+ (2’ cos ¢ + 2’ sing) j — (y'sin @) k] . (8.19)

Remember ¢ is fixed and pertains to the fixed point, p (t) on the earth’s surface. There-
fore, if the acceleration, a is due to gravity,

ap =g—2w|[(—y cos )i+ (' cos¢ + 2’ sing)j — (v sin @) k]

where g = —% — Ox (2 x R) as explained above. The term Qx (2 x R) is

pretty small and so it will be neglected. However, the Coriolis force will not be neglected.
Example 8.8.1 Suppose a rock is dropped from a tall building. Where will it strike?
Assume a = —gk and the j component of ag is approximately
—2w (2’ cos ¢ + 2’ sin @) .

The dominant term in this expression is clearly the second one because z’ will be small.
Also, the i and k contributions will be very small. Therefore, the following equation is
descriptive of the situation.

ap = —gk—22'wsin ¢j.
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2z = —gt approximately. Therefore, considering the j component, this is

2gtwsin ¢.

Two integrations give (wgt3 / 3) sin ¢ for the j component of the relative displacement
at time ¢.

This shows the rock does not fall directly towards the center of the earth as expected
but slightly to the east.

Example 8.8.2 In 1851 Foucault set a pendulum vibrating and observed the earth rotate
out from under it. It was a very long pendulum with a heavy weight at the end so that
it would vibrate for a long time without stopping>. This is what allowed him to observe
the earth rotate out from under it. Clearly such a pendulum will take 24 hours for the
plane of vibration to appear to make one complete revolution at the north pole. It is also
reasonable to expect that no such observed rotation would take place on the equator. Is
it possible to predict what will take place at various latitudes?

Using [8.19, in [8.17,
ap=a—Ox (2 xR)

—2w [(—y cos @) i+ (' cos ¢ + 2’ sing) j — (v sinP) k] .
Neglecting the small term, Qx (2 x R), this becomes
= —gk + T/m—2w [(—y' cos §) i+ (z' cos ¢ + 2" sin¢) j — (v sin ¢) k|

where T, the tension in the string of the pendulum, is directed towards the point
at which the pendulum is supported, and m is the mass of the pendulum bob. The
pendulum can be thought of as the position vector from (0,0,1) to the surface of the
sphere 2% + 32 + (2 — Z)2 = [2. Therefore,

k

T = —T%—T%HTZ - z

and consequently, the differential equations of relative motion are

P, 2wy’ cos ¢
ml

Yy = 7Y 9y (2’ cos ¢ + 2’ sin @)
ml

and ;
=T 2 _ g + 2wy’ sin ¢.
ml

If the vibrations of the pendulum are small so that for practical purposes, 2"’ = z = 0,
the last equation may be solved for T to get

gm — 2wy’ sin (@) m = T.

Therefore, the first two equations become

2 = — (gm — 2wmy’ sin ¢) il + 2wy’ cos ¢
m
and
y" = — (gm — 2wmy’ sin @) il — 2w (2’ cosp + 2" sin @) .
m

3There is such a pendulum in the Eyring building at BYU and to keep people from touching it,
there is a little sign which says Warning! 1000 ohms.
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All terms of the form zy’ or 3’y can be neglected because it is assumed x and y remain
small. Also, the pendulum is assumed to be long with a heavy weight so that =’ and 3’
are also small. With these simplifying assumptions, the equations of motion become

x4+ g% = 2wy’ cos ¢
and
y' + g% = —2wz’ cos .

These equations are of the form

2 +ad’x=by, vy +ad’y = —ba' (8.20)

where a? = 9 and b = 2w cos ¢. Then it is fairly tedious but routine to verify that for

each constant, c,

(bt . [ Vb + da? bt\ . [ Vb + 4a?
z=csin | - |sin ft , y=ccos | |sin #t (8.21)

yields a solution to 8.20 along with the initial conditions,

cvVb? 4 4a?

2(0) =0,y (0) = 0,2’ (0) = 0,5’ (0) = 5

(8.22)
It is clear from experiments with the pendulum that the earth does indeed rotate out
from under it causing the plane of vibration of the pendulum to appear to rotate. The
purpose of this discussion is not to establish these self evident facts but to predict how
long it takes for the plane of vibration to make one revolution. Therefore, there will be
some instant in time at which the pendulum will be vibrating in a plane determined by
k and j. (Recall k points away from the center of the earth and j points East. ) At
this instant in time, defined as t = 0, the conditions of 8.22 will hold for some value
of ¢ and so the solution to 8.20 having these initial conditions will be those of [8.21] by
uniqueness of the initial value problem. Writing these solutions differently,

()=o) Y (T

(bt
This is very interesting! The vector, ¢ < 2;2 Eﬁt; > always has magnitude equal to |c|
2

but its direction changes very slowly because b is very small. The plane of vibration is

Vb2+4a2
2

determined by this vector and the vector k. The term sin ( t) changes relatively

fast and takes values between —1 and 1. This is what describes the actual observed
vibrations of the pendulum. Thus the plane of vibration will have made one complete
revolution when t = P for

— = 27.
5 ™
Therefore, the time it takes for the earth to turn out from under the pendulum is
47 2T
= _——— = —seco.
2w cos ¢ w ¢
. . . . _ 27 . w s
Since w is the angular speed of the rotating earth, it follows w = 57 = {5 in radians per

hour. Therefore, the above formula implies

P = 24 sec ¢.
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I think this is really amazing. You could actually determine latitude, not by taking
readings with instruments using the North Star but by doing an experiment with a
big pendulum. You would set it vibrating, observe P in hours, and then solve the
above equation for ¢. Also note the pendulum would not appear to change its plane of
vibration at the equator because limg_, - /2 sec ¢ = co.

The Coriolis acceleration is also responsible for the phenomenon of the next example.

Example 8.8.3 It is known that low pressure areas rotate counterclockwise as seen from
above in the Northern hemisphere but clockwise in the Southern hemisphere. Why?

Neglect accelerations other than the Coriolis acceleration and the following acceler-
ation which comes from an assumption that the point p (¢) is the location of the lowest
pressure.

a=—a(rg)rp
where rp = r will denote the distance from the fixed point p (¢) on the earth’s surface
which is also the lowest pressure point. Of course the situation could be more compli-
cated but this will suffice to explain the above question. Then the acceleration observed
by a person on the earth relative to the apparently fixed vectors, i,k,j, is

ap = —a(rp) (vityj+zk) — 2w[—y cos (¢) i+ (2’ cos (¢) + 2’ sin (¢)) j— (' sin (¢) k)]

Therefore, one obtains some differential equations from ag = z"'i+%"j+2z""k by matching
the components. These are

" +a(rp)z = 2wy cosd
y' +a(rg)y = —2wz’cosd— 2wz sin(¢)
' +a(rg)z = 2wy sing

Now remember, the vectors, i,j,k are fixed relative to the earth and so are constant
vectors. Therefore, from the properties of the determinant and the above differential
equations,

i j k i j k
(I‘%; % rB)/ — | 4 y/ P _ " y// "
x oy =z x Yy oz
i j K
=| —a(rg)x+ 2wy cosd —a(rp)y— 2wz’ cosp — 2wz’ sin(¢p) —a(rp)z+ 2wy sing
x y z

Then the k" component of this cross product equals
weos (@) (v + 1’2)/ + 2wz2’ sin (@) .

The first term will be negative because it is assumed p (t) is the location of low pressure
causing y? + z2 to be a decreasing function. If it is assumed there is not a substantial
motion in the k direction, so that z is fairly constant and the last term can be neglected,
then the k' component of (r’y x rB)' is negative provided ¢ € (0, g) and positive if
¢ € (g,w). Beginning with a point at rest, this implies r’z; x rp = 0 initially and
then the above implies its k** component is negative in the upper hemisphere when
¢ < 7/2 and positive in the lower hemisphere when ¢ > 7 /2. Using the right hand and
the geometric definition of the cross product, this shows clockwise rotation in the lower
hemisphere and counter clockwise rotation in the upper hemisphere.

Note also that as ¢ gets close to m/2 near the equator, the above reasoning tends
to break down because cos (¢) becomes close to zero. Therefore, the motion towards
the low pressure has to be more pronounced in comparison with the motion in the k

direction in order to draw this conclusion.
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8.9 Exercises

1.

10.

11.

Show the solution to v/ 4+ rv = ¢ with the initial condition, v (0) = vq is v (t) =
(vo— <) e ™ + (c/r). If v is velocity and r = k/m where k is a constant for air
resistance and m is the mass, and ¢ = f/m, argue from Newton’s second law that
this is the equation for finding the velocity, v of an object acted on by air resistance
proportional to the velocity and a constant force, f, possibly from gravity. Does
there exist a terminal velocity? What is it? Hint: To find the solution to the
equation, multiply both sides by e"t. Verify that then % (e"v) = ce™. Then
integrating both sides, e"'v (t) = Lce” + C. Now you need to find C from using
the initial condition which states v (0) = vy.

. Verify Formula [8.14! carefully by considering the components.

Suppose that the air resistance is proportional to the velocity but it is desired to
find the constant of proportionality. Describe how you could find this constant.

Suppose an object having mass equal to 5 kilograms experiences a time dependent
force, F (t)=e~ti+ cos (t)j+ t?k meters per sec?. Suppose also that the object is
at the point (0,1, 1) meters at time ¢t = 0 and that its initial velocity at this time
is v. =14 j — k meters per sec. Find the position of the object as a function of ¢.

Fill in the details for the derivation of kinetic energy. In particular verify that
mv' (t)-v(t) = 24 |v(t)*. Also, why would dW = F (t) - v (t) dt?

Suppose the force acting on an object, F is always perpendicular to the velocity of
the object. Thus F - v = 0. Show the Kinetic energy of the object is constant. Such
forces are sometimes called forces of constraint because they do not contribute to
the speed of the object, only its direction.

A cannon is fired at an angle, 6 from ground level on a vast plain. The speed of
the ball as it leaves the mouth of the cannon is known to be s meters per second.
Neglecting air resistance, find a formula for how far the cannon ball goes before
hitting the ground. Show the maximum range for the cannon ball is achieved
when 0 = /4.

Suppose in the context of Problem [7 that the cannon ball has mass 10 kilograms
and it experiences a force of air resistance which is .01v Newtons where v is the
velocity in meters per second. The acceleration of gravity is 9.8 meters per sec?.
Also suppose that the initial speed is 100 meters per second. Find a formula for
the displacement, r (¢) of the cannon ball. If the angle of elevation equals 7 /4, use
a calculator or other means to estimate the time before the cannon ball hits the

ground.
Show that Newton’s first law can be obtained from the second law.

Show that if v/ (t) = 0, for all t € (a,b), then there exists a constant vector, z
independent of ¢ such that v (t) = z for all ¢.

Suppose an object moves in three dimensional space in such a way that the only
force acting on the object is directed toward a single fixed point in three dimen-
sional space. Verify that the motion of the object takes place in a plane. Hint: Let
r (t) denote the position vector of the object from the fixed point. Then the force
acting on the object must be of the form ¢ (r(¢))r (¢) and by Newton’s second
law, this equals mr” (¢t) . Therefore,

mr” xr=g(r)rxr=0.
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12.

13.

14.

15.

16.

17.
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Now argue that r” x r = (r’ x r)’, showing that (r' x r) must equal a constant
vector, z. Therefore, what can be said about z and r?

Suppose the only forces acting on an object are the force of gravity, —mgk and a
force, F which is perpendicular to the motion of the object. Thus F - v = 0. Show
the total energy of the object,

E=-m|v|]> +mgz

DO =

is constant. Here v is the velocity and the first term is the kinetic energy while
the second is the potential energy. Hint: Use Newton’s second law to show the
time derivative of the above expression equals zero.

Using Problem [12, suppose an object slides down a frictionless inclined plane
from a height of 100 feet. When it reaches the bottom, how fast will it be going?
Assume it starts from rest.

The ballistic pendulum is an interesting device which is used to determine the
speed of a bullet. It is a large massive block of wood hanging from a long string.
A rifle is fired into the block of wood which then moves. The speed of the bullet
can be determined from measuring how high the block of wood rises. Explain
how this can be done and why. Hint: Let v be the speed of the bullet which has
mass m and let the block of wood have mass M. By conservation of momentum
mv = (m+ M)V where V is the speed of the block of wood immediately after
the collision. Thus the energy is 3 (m + M) V? and this block of wood rises to a
height of h. Now use Problem [12.

In the experiment of Problem (14, show the kinetic energy before the collision
is greater than the kinetic energy after the collision. Thus linear momentum is
conserved but energy is not. Such a collision is called inelastic.

There is a popular toy consisting of identical steel balls suspended from strings of
equal length as illustrated in the following picture.

The ball at the right is lifted and allowed to swing. When it collides with the
other balls, the ball on the left is observed to swing away from the others with
the same speed the ball on the right had when it collided. Why does this happen?
Why don’t two or more of the stationary balls start to move, perhaps at a slower
speed? This is an example of an elastic collision because energy is conserved. Of
course this could change if you fixed things so the balls would stick to each other.

An illustration used in many beginning physics books is that of firing a rifle hori-
zontally and dropping an identical bullet from the same height above the perfectly
flat ground followed by an assertion that the two bullets will hit the ground at
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18.

19.

exactly the same time. Is this true on the rotating earth assuming the experiment
takes place over a large perfectly flat field so the curvature of the earth is not an
issue? Explain. What other irregularities will occur? Recall the Coriolis force is
2w [(—y' cos @) i+ (2’ cos ¢ + 2’ sin @) j — (v’ sin @) k] where k points away from the
center of the earth, j points East, and i points South.

Suppose you have n masses, mq, - - -,m,. Let the position vector of the i** mass
be r; (t). The center of mass of these is defined to be

Let rp; (t) = r; (t) — R(¢). Show that Y., mr; (t) — >, m;R () = 0.

Suppose you have n masses, mq, - - -, m, which make up a moving rigid body. Let
R (t) denote the position vector of the center of mass of these n masses. Find a
formula for the total kinetic energy in terms of this position vector, the angular
velocity vector, and the position vector of each mass from the center of mass.
Hint: Use Problem 18l

8.10 Exercises With Answers

1.

Show the solution to v/ 4+ rv = ¢ with the initial condition, v (0) = vq is v (t) =
(vo—£)e " + (c/r). If v is velocity and r = k/m where k is a constant for air
resistance and m is the mass, and ¢ = f/m, argue from Newton’s second law that
this is the equation for finding the velocity, v of an object acted on by air resistance
proportional to the velocity and a constant force, f, possibly from gravity. Does
there exist a terminal velocity? What is it?

Multiply both sides of the differential equation by e"*. Then the left side becomes

4 (ev) = ec. Now integrate both sides. This gives e"v (t) = C + eTMc. You

finish the rest.

. Suppose an object having mass equal to 5 kilograms experiences a time dependent

force, F (t) = e ti+cos (t)j+t?k meters per sec?. Suppose also that the object is
at the point (0,1, 1) meters at time ¢t = 0 and that its initial velocity at this time
is v =14 j — k meters per sec. Find the position of the object as a function of ¢.

’r

This is done by using Newton’s law. Thus 5%% = e~ + cos (t)j + t?°k and so
54 — —e~'i+sin(t)j + (t2/3) k + C. Find the constant, C by using the given
initial velocity. Next do another integration obtaining another constant vector
which will be determined by using the given initial position of the object.

Fill in the details for the derivation of kinetic energy. In particular verify that
mv’' (t)-v(t) = %% v (£)]°. Also, why would dW = F (t) - v (t) dt?
Remember |v|? = v - v. Now use the product rule.

Suppose the force acting on an object, F is always perpendicular to the velocity of
the object. Thus F - v = 0. Show the Kinetic energy of the object is constant. Such
forces are sometimes called forces of constraint because they do not contribute to
the speed of the object, only its direction.

0=F v =mv’' -v. Explain why this is % (m% |v|2> , the derivative of the kinetic
energy.
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8.11 Line Integrals

The concept of the integral can be extended to functions which are not defined on an
interval of the real line but on some curve in R™. This is done by defining things in such
a way that the more general concept reduces to the earlier notion. First it is necessary
to consider what is meant by arc length.

8.11.1 Arc Length And Orientations

The application of the integral considered here is the concept of the length of a curve.
C' is a smooth curve in R” if there exists an interval, [a,b] C R and functions x; :
[a,b] — R such that the following conditions hold

1. z; is continuous on [a, ] .

2. z} exists and is continuous and bounded on [a, b] , with 2/ (a) defined as the deriva-
tive from the right,
lim % (a+h)—x; (a)’
h—0+ h

and 2 (b) defined similarly as the derivative from the left.

3. Forp(t) = (z1(t), -, x, (1)), t — p(t) is one to one on (a,b).

4. 1o’ (0] = (S I (t)|2)1/2 #0 for all £ € [a,b].
5. C=U{(y (). aa (1) : £ € [a,b]} .

The functions, z; (t), defined above are giving the coordinates of a point in R™ and
the list of these functions is called a parameterization for the smooth curve. Note the
natural direction of the interval also gives a direction for moving along the curve. Such
a direction is called an orientation. The integral is used to define what is meant by the
length of such a smooth curve. Consider such a smooth curve having parameterization
(1, -+, x,) . Forming a partition of [a,b], a = tg < - -+ < t, = b and letting p; = (
21 (t;), -+, @ (t;) ), you could consider the polygon formed by lines from pg to p; and
from p; to p2 and from ps to py etc. to be an approximation to the curve, C. The
following picture illustrates what is meant by this.

Ps3

P2

Po
Now consider what happens when the partition is refined by including more points.
You can see from the following picture that the polygonal approximation would appear
to be even better and that as more points are added in the partition, the sum of the
lengths of the line segments seems to get close to something which deserves to be defined
as the length of the curve, C.
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P3

P2

Po
Thus the length of the curve is approximated by

> P (tk) = p (te-1)l-
k=1

Since the functions in the parameterization are differentiable, it is reasonable to expect
this to be close to

DI (thn)l (b — t—1)
k=1

which is seen to be a Riemann sum for the integral

b
/ o’ ()] dt

and it is this integral which is defined as the length of the curve.

Would the same length be obtained if another parameterization were used? This
is a very important question because the length of the curve should depend only on
the curve itself and not on the method used to trace out the curve. The answer to this
question is that the length of the curve does not depend on parameterization. The proof
is somewhat technical so is given in the last section of this chapter.

Does the definition of length given above correspond to the usual definition of length
in the case when the curve is a line segment? It is easy to see that it does so by
considering two points in R™, p and q. A parameterization for the line segment joining
these two points is

Using the definition of length of a smooth curve just given, the length according to this

definition is
L/ n 1/2
/ (Z (pi _Qi)2> dt =|p—q.
0

i=1

Thus this new definition which is valid for smooth curves which may not be straight
line segments gives the usual length for straight line segments.

The proof that curve length is well defined for a smooth curve contains a result
which deserves to be stated as a corollary. It is proved in Lemma 8.14.13| on Page 194
but the proof is mathematically fairly advanced so it is presented later.

Corollary 8.11.1 Let C be a smooth curve and let f : [a,b] - C and g : [¢,d] — C
be two parameterizations satisfying 1l - 5. Then g~' o f is either strictly increasing or
strictly decreasing.

Definition 8.11.2 Ifg'of is increasing, then f and g are said to be equivalent param-
eterizations and this is written as £ ~ g. It is also said that the two parameterizations
give the same orientation for the curve when f ~ g.
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When the parameterizations are equivalent, they preserve the direction, of motion
along the curve and this also shows there are exactly two orientations of the curve since
either g=! o f is increasing or it is decreasing. This is not hard to believe. In simple
language, the message is that there are exactly two directions of motion along a curve.
The difficulty is in proving this is actually the case.

Lemma 8.11.3 The following hold for ~.

ff, (8.23)
Iff ~g then g~ f, (8.24)
Iff ~g and g ~ h, then f ~ h. (8.25)

Proof: Formula 8.23| is obvious because f~! o f (¢) = ¢ so it is clearly an increasing
function. If f ~ g then f ' og is increasing. Now g~! of must also be increasing because
it is the inverse of £~ og. This verifies8.24. To see8.25, f"'oh = (f"'og)o (g™ ' oh)
and so since both of these functions are increasing, it follows f ! o h is also increasing.
This proves the lemma.

The symbol, ~ is called an equivalence relation. If C' is such a smooth curve just
described, and if f : [a, ] — C is a parameterization of C, consider g (t) = f ((a + b) — t),
also a parameterization of C. Now by Corollary 8.11.1} if h is a parameterization, then
if f~! oh is not increasing, it must be the case that g~! oh is increasing. Consequently,
either h ~ g or h ~ f. These parameterizations, h, which satisfy h ~ f are called the
equivalence class determined by f and those h ~ g are called the equivalence class
determined by g. These two classes are called orientations of C. They give the direction
of motion on C. You see that going from f to g corresponds to tracing out the curve in
the opposite direction.

Sometimes people wonder why it is required, in the definition of a smooth curve that
p’ (t) # 0. Imagine ¢ is time and p (t) gives the location of a point in space. If p’ (¢) is
allowed to equal zero, the point can stop and change directions abruptly, producing a
pointy place in C. Here is an example.

Example 8.11.4 Graph the curve (t3,t?) for t € [—1,1].

In this case, t = /3 and so y = 22/3. Thus the graph of this curve looks like the
picture below. Note the pointy place. Such a curve should not be considered smooth! If
it were a banister and you were sliding down it, it would be clear at a certain point that
the curve is not smooth. I think you may even get the point of this from the picture
below.

So what is the thing to remember from all this? First, there are certain conditions
which must be satisfied for a curve to be smooth. These are listed in[1/- 5. Next, if you
have any curve, there are two directions you can move over this curve, each called an
orientation. This is illustrated in the following picture.
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q q

p p

Either you move from p to q or you move from q to p.

Definition 8.11.5 A curve C is piecewise smooth if there exist points on this curve,
Po;P1, - -, P such that, denoting Cp, ,p, the part of the curve joining py—1 and py, it
follows Cp,._,p, 15 a smooth curve and U} _,Cp, _,p, = C. In other words, it is piecewise
smooth if it is made from a finite number of smooth curves linked together.

Note that Example 8.11.4/ is an example of a piecewise smooth curve although it is
not smooth.

8.11.2 Line Integrals And Work

Let C be a smooth curve contained in RP. A curve, C is an “oriented curve” if
the only parameterizations considered are those which lie in exactly one of the two
equivalence classes, each of which is called an “orientation”. In simple language,
orientation specifies a direction over which motion along the curve is to take place.
Thus, it specifies the order in which the points of C' are encountered. The pair of
concepts consisting of the set of points making up the curve along with a direction of
motion along the curve is called an oriented curve.

Definition 8.11.6 Suppose F (x) € RP is given for each x € C where C' is a smooth
oriented curve and suppose x — F (x) is continuous. The mapping x — F (x) is called
a vector field. In the case that F (x) is a force, it is called a force field.

Next the concept of work done by a force field, F on an object as it moves along
the curve, C| in the direction determined by the given orientation of the curve will be
defined. This is new. Earlier the work done by a force which acts on an object moving
in a straight line was discussed but here the object moves over a curve. In order to
define what is meant by the work, consider the following picture.

In this picture, the work done by F on an object which moves from the point x (¢) to
the point x (¢ + h) along the straight line shown would equal F - (x (¢t + h) —x(¢)). It is
reasonable to assume this would be a good approximation to the work done in moving
along the curve joining x (¢) and x (¢ + h) provided h is small enough. Also, provided h
is small,

x(t+h)—x(t)~x'(t)h
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where the wriggly equal sign indicates the two quantities are close. In the notation of
Leibniz, one writes dt for h and

dW =F (x(t))-x'(t)dt

or in other words,

aw

CE =T (D)X (1),
Defining the total work done by the force at ¢ = 0, corresponding to the first endpoint
of the curve, to equal zero, the work would satisfy the following initial value problem.

aw ,
W:F(X(t))-x (t), W(a) =0.

This motivates the following definition of work.

Definition 8.11.7 Let F (x) be given above. Then the work done by this force field on
an object moving over the curve C in the direction determined by the specified orientation
s defined as

/CF-dRz/abF(x(t)yx’(t) dt

where the function, x is one of the allowed parameterizations of C in the given orien-
tation of C. In other words, there is an interval, [a,b] and as t goes from a to b, x (t)
moves in the direction determined from the given orientation of the curve.

Theorem 8.11.8 The symbol, fC F-dR, is well defined in the sense that every param-
eterization in the given orientation of C' gives the same value for fC F - dR.

Proof: Suppose g :[c,d] — C' is another allowed parameterization. Thus g=! o f is
an increasing function, ¢. Then since ¢ is increasing,

d b
/ F(g(s) g (s) ds = / F(g(6(1)-g (6(0) (1) dt

b

b
[P0 5 el otw) di= [ )£

a

This proves the theorem.

Regardless the physical interpretation of F, this is called the line integral. When
F is interpreted as a force, the line integral measures the extent to which the motion
over the curve in the indicated direction is aided by the force. If the net effect of the
force on the object is to impede rather than to aid the motion, this will show up as the
work being negative.

Does the concept of work as defined here coincide with the earlier concept of work
when the object moves over a straight line when acted on by a constant force?

Let p and q be two points in R™ and suppose F is a constant force acting on an
object which moves from p to q along the straight line joining these points. Then the
work done is F - (g — p). Is the same thing obtained from the above definition? Let
x (t) = p+t(q — p),t € [0,1] be a parameterization for this oriented curve, the straight
line in the direction from p to q. Then x’ (t) = q — p and F (x (¢)) = F. Therefore, the
above definition yields

/0 F-(q-p)dt=F (q—p).

Therefore, the new definition adds to but does not contradict the old one.
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Example 8.11.9 Suppose for t € [0,7] the position of an object is given by r(t) =
ti + cos (2t) j + sin (2t) k. Also suppose there is a force field defined on R3, F (z,y,2) =
2zyi + 2%j + k. Find
/ F-dR
c

where C' is the curve traced out by this object which has the orientation determined by
the direction of increasing t.

To find this line integral use the above definition and write
/ F.-dR = / (2t (cos (2t)) £*)1) -
c 0
(1, —2sin (2t),2cos (2t)) dt
In evaluating this replace the x in the formula for F with ¢, the y in the formula for F
with cos (2t) and the z in the formula for F with sin (2¢) because these are the values of

these variables which correspond to the value of t. Taking the dot product, this equals
the following integral.

T
/ (2t cos2t — 2 (sin2t) t* + 2 cos 2t) dt = m°
0

Example 8.11.10 Let C denote the oriented curve obtained by r (t) = (t, sint, t3)
where the orientation is determined by increasingt fort € [0,2]. Also let F = (z,y,xz + 2) .

Find [, F-dR.

You use the definition.

/F~dR
c

/2 (t,sin(t), (t+1)¢%) - (1,cos (t),3t?) dt
0

/2 (t+sin () cos (t) + 3 (¢t + 1) ¢°) dt
0

Suppose you have a curve specified by r(s) = (x(s),y(s),z(s)) and it has the
property that ¢/ (s)] = 1 for all s € [0,b]. Then the length of this curve for s between

0 and s; is
51 S1
/ |r/(s)|ds:/ 1ds = s.
0 0

This parameter is therefore called arc length because the length of the curve up to s
equals s. Now you can always change the parameter to be arc length.

Proposition 8.11.11 Suppose C is an oriented smooth curve parameterized by r (t)
fort € [a,b]. Then letting | denote the total length of C, there exists R (s), s € [0,]]
another parameterization for this curve which preserves the orientation and such that
IR’ (s)] =1 so that s is arc length.

Prove: Let ¢ (t) = f; |t/ (7)|dT = s. Then s is an increasing function of ¢ because

ds , o
=g W= ()] >0



188 VECTOR VALUED FUNCTIONS OF ONE VARIABLE

Now define R (s) =r (qYl (s)) . Then

R'(s) = r' (67" () (¢67") (s)
' (67" (s))

I’ (67" (s))]

and so [R/(s)| = 1 as claimed. R(I) =r(¢7' () =1 <¢_1 (ff v’ (7)] dT)) =r(b)
and R(0) =r (¢~ " (0)) =r(a) and R delivers the same set of points in the same order
as r because % > 0.

The arc length parameter is just like any other parameter in so far as consider-
ations of line integrals are concerned because it was shown above that line integrals
are independent of parameterization. However, when things are defined in terms of
the arc length parameterization, it is clear they depend only on geometric properties
of the curve itself and for this reason, the arc length parameterization is important in
differential geometry.

8.11.3 Another Notation For Line Integrals
Definition 8.11.12 Let F (z,y,2) = (P (z,9,2),Q (z,y,2), R (z,y,2)) and let C be

an oriented curve. Then another way to write fC F-dR is

/ Pdz + Qdy + Rdz
c

This last is referred to as the integral of a differential form, Pdx + Qdy + Rdz.
The study of differential forms is important. Formally, dR = (dx,dy,dz) and so the
integrand in the above is formally F-dR. Other occurances of this notation are handled
similarly in 2 or higher dimensions.

8.12 Exercises

1. Suppose for t € [0, 27| the position of an object is given by r (t) = ti+ cos (2t) j+
sin (2¢) k. Also suppose there is a force field defined on R?,

F (z,y,2) = 2zyi+ (:E2 + QZy)j + 9%k,

/FodR
c

where C'is the curve traced out by this object which has the orientation determined
by the direction of increasing ¢.

Find the work,

2. Here is a vector field, (y7 x + 22, 2yz) and here is the parameterization of a curve,
C. R (t) = (cos 2t,2sin 2t,t) where t goes from 0 to 7/4. Find [, F-dR.

3. If f and g are both increasing functions, show f o g is an increasing function also.
Assume anything you like about the domains of the functions.

4. Suppose for ¢ € [0, 3] the position of an object is given by r (t) = ti+ ¢j + tk. Also
suppose there is a force field defined on R3, F (x,vy, 2) = yzi + xzj + zyk. Find

/F-dR
c

where C'is the curve traced out by this object which has the orientation determined
by the direction of increasing ¢. Repeat the problem for r () = ti + t2j + tk.
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5. Suppose for t € [0, 1] the position of an object is given by r (t) = #i+ ¢j + tk. Also
suppose there is a force field defined on R3, F (x,vy,2) = zi + x2j + ryk. Find

/F~dR
c

where C'is the curve traced out by this object which has the orientation determined
by the direction of increasing ¢. Repeat the problem for r () = ti + t2j + tk.

6. Let F (x,y, z) be a given force field and suppose it acts on an object having mass,
m on a curve with parameterization, (z (t),y (), z (¢)) for t € [a,b] . Show directly
that the work done equals the difference in the kinetic energy. Hint:

b
/ F(z(t),y(t),z(t) (' (t),y (),2' (1) dt =

b
/ m (@ () 5" (1), (1) - (2 (8).y (£), (1)) dt,

etc.

8.13 Exercises With Answers

1. Suppose for t € [0, 27| the position of an object is given by r (t) = 2ti+ cos (¢) j+
sin (t) k. Also suppose there is a force field defined on R3,

F (z,y,2) = 2zyi + (2% + 229) j + v’k

/F-dR
c

where C'is the curve traced out by this object which has the orientation determined
by the direction of increasing ¢.

You might think of dR = r’ () dt to help remember what to do. Then from the

definition,
/ F-dR =
c

/% (2(2t) (sint) , 4> + 2sin (¢) cos (t) , sin® (£)) - (2, —sin (), cos (t)) dt

Find the work,

27
= / (8t sint — (2 sintcost + 4t2) sint + sin® ¢ cos t) dt = 1672 — 167
0

2. Here is a vector field, (y, z2 + 2, 2yz) and here is the parameterization of a curve,
C. R (t) = (cos 2t,2sin 2t,t) where ¢ goes from 0 to /4. Find [, F-dR.

dR = (—2sin(2t),4 cos (2t), 1) dt.

/F~dR:
c

(2sin (2t), cos® (2t) +t, 4t sin (2t)) - (—2sin (2t), 4 cos (2t), 1) dt

Then by the definition,

4
—4sin%2t + 4 (0032 2t + t) cos 2t + 4t sin 2t) dt = 3

o\»h
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3. Suppose for ¢ € [0, 1] the position of an object is given by r (¢) = ti+¢j + tk. Also
suppose there is a force field defined on R3,

F (z,y,2) = yzi+ zzj + zyk.

/F~dR
c

where C'is the curve traced out by this object which has the orientation determined
by the direction of increasing ¢. Repeat the problem for r () = ti + t2j + tk.

Find

You should get the same answer in this case. This is because the vector field
happens to be conservative. (More on this later.)

8.14 Independence Of Parameterization®

Recall that if p(¢) : t € [a,b] was a parameterization of a smooth curve, C, the
length of C' is defined as
b
[ ae
a

If some other parameterization were used to trace out C, would the same answer be
obtained? To answer this question in a satisfactory manner requires some hard calculus.

8.14.1 Hard Calculus

Definition 8.14.1 A sequence {a,},., converges to a,

lim a, =a ora, — a
n—oo

if and only if for every e > 0 there exists n. such that whenever n > n. ,
lan, —al <e.

In words the definition says that given any measure of closeness, €, the terms of the
sequence are eventually all this close to a. Note the similarity with the concept of limit.
Here, the word “eventually” refers to n being sufficiently large. Earlier, it referred to y
being sufficiently close to z on one side or another or else x being sufficiently large in
either the positive or negative directions. The limit of a sequence, if it exists, is unique.

Theorem 8.14.2 Iflim, . a, = a and lim,_, a, = a1 then a; = a.
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Proof: Suppose a; # a. Then let 0 < & < |a; — a| /2 in the definition of the limit.
It follows there exists m. such that if n > n., then |a, —a|] < € and |a, —a;1| < e.
Therefore, for such n,

lar —a] < a1 —ap| + |an — qf
< e+e<|ar—al/2+ a1 —a|/2=|a1 —al,

a contradiction.

Definition 8.14.3 Let {a,} be a sequence and let n1 < ny < ns,- - - be any strictly
increasing list of integers such that ny is at least as large as the first index used to define
the sequence {a,}. Then if by, = ap, , {br} is called a subsequence of {ay} .

Theorem 8.14.4 Let {x,} be a sequence with lim, ., = x and let {z,,} be a
subsequence. Then limy_,o0 Tp, = .

Proof: Let € > 0 be given. Then there exists n. such that if n > n., then |z, — 2| <
€. Suppose k > n.. Then n; > k > n. and so

|Tn, — 2| <€

showing limy_,oc Zp, = x as claimed.

There is a very useful way of thinking of continuity in terms of limits of sequences
found in the following theorem. In words, it says a function is continuous if it takes
convergent sequences to convergent sequences whenever possible.

Theorem 8.14.5 A function f : D (f)— R is continuous at x € D (f) if and only if,
whenever x,, — x with x, € D (f), it follows f (xy,) — f(x).

Proof: Suppose first that f is continuous at = and let z,, — . Let € > 0 be given.
By continuity, there exists 6 > 0 such that if |y — x| < §, then |f(z) — f (y)] < e.
However, there exists ns such that if n > ng, then |z, — x| < § and so for all n this
large,

|f (z) = f(an)| <€

which shows f (z,,) — f(x).

Now suppose the condition about taking convergent sequences to convergent se-
quences holds at x. Suppose f fails to be continuous at z. Then there exists ¢ > 0 and
z, € D (f) such that |z — z,| < £ | yet

|f () = [ (an)| = &

But this is clearly a contradiction because, although z,, — x, f (z,,) fails to converge to
f (z). It follows f must be continuous after all. This proves the theorem.

Definition 8.14.6 A set, K C R is sequentially compact if whenever {a,} C K is a
sequence, there exists a subsequence, {an, } such that this subsequence converges to a

point of K.

The following theorem is part of a major advanced calculus theorem known as the
Heine Borel theorem.

Theorem 8.14.7 FEvery closed interval, [a,b] is sequentially compact.
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Proof: Let {z,} C [a,b] = I;. Consider the two intervals [a, 52| and [“E2,b] each
of which has length (b — a) /2. At least one of these intervals contains x,, for infinitely
many values of n. Call this interval I;. Now do for I; what was done for Iy. Split it
in half and let Is be the interval which contains z,, for infinitely many values of n.
Continue this way obtaining a sequence of nested intervals Iy 2 I; D I D I3 - -- where
the length of I, is (b — a) /2". Now pick ny such that x,, € I, ny such that ny > ny
and z,, € I3, n3 such that ng > ns and z,, € I5, etc. (This can be done because in each
case the intervals contained x,, for infinitely many values of n.) By the nested interval
lemma there exists a point, ¢ contained in all these intervals. Furthermore,

|, — | < (b—a) ok
and so limy_, o @y, = ¢ € [a,b]. This proves the theorem.

Lemma 8.14.8 Let ¢ : [a,b] — R be a continuous function and suppose ¢ is 1 —1 on
(a,b). Then ¢ is either strictly increasing or strictly decreasing on [a,b]. Furthermore,
¢~ 1S continuous.

Proof: First it is shown that ¢ is either strictly increasing or strictly decreasing on
(a,b).

If ¢ is not strictly decreasing on (a,b), then there exists 1 < y1, x1,y1 € (a,b) such
that

(6 (1) — ¢ (x1)) (y1 — 1) > 0.

If for some other pair of points, o < yo with 2,y € (a,b), the above inequality does
not hold, then since ¢ is 1 — 1,

(¢ (y2) — ¢ (22)) (y2 — x2) <0.
Let xy = tw1 + (1 — t) 22 and y¢ = ty1 + (1 — ¢) y2. Then z; < y; for all ¢ € [0, 1] because
tr; <ty; and (1 —t)ze < (1 —1)yo

with strict inequality holding for at least one of these inequalities since not both ¢ and
(1 —t) can equal zero. Now define

h(t) = (¢ (y) — & (xe)) (ye — ).

Since h is continuous and h (0) < 0, while h (1) > 0, there exists t € (0,1) such that
h (t) = 0. Therefore, both x; and y; are points of (a,b) and ¢ (y:) — ¢ (z¢) = 0 contra-
dicting the assumption that ¢ is one to one. It follows ¢ is either strictly increasing or
strictly decreasing on (a,b).

This property of being either strictly increasing or strictly decreasing on (a, b) carries
over to [a,b] by the continuity of ¢. Suppose ¢ is strictly increasing on (a,b), a similar
argument holding for ¢ strictly decreasing on (a,b). If > a, then pick y € (a,z) and
from the above, ¢ (y) < ¢ (z). Now by continuity of ¢ at a,

¢(a) = lim ¢(z) < ¢(y) <¢(2).

Therefore, ¢ (a) < ¢ (x) whenever x € (a,b). Similarly ¢ (b) > ¢ (x) for all x € (a,b).

It only remains to verify ¢ ' is continuous. Suppose then that s, — s where s,
and s are points of ¢ ([a,b]). It is desired to verify that ¢~ (s,) — ¢ ' (s). If this
does not happen, there exists € > 0 and a subsequence, still denoted by s,, such that
|¢71 (5p) — " (s)| > . Using the sequential compactness of [a,b] (Theorem [7.7.18 on
Page [150) there exists a further subsequence, still denoted by n, such that ¢~ * (s,,) —
t1 € [a,b],t1 # ¢~ ' (s) . Then by continuity of ¢, it follows s, — ¢ (t;) andso s = ¢ (t1) .
Therefore, t; = ¢~ * (s) after all. This proves the lemma.
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Corollary 8.14.9 Let f : (a,b) — R be one to one and continuous. Then f (a,b) is an
open interval, (c,d) and f=': (c,d) — (a,b) is continuous.

Proof: Since f is either strictly increasing or strictly decreasing, it follows that
f (a,b) is an open interval, (c,d). Assume f is decreasing. Now let « € (a,b). Why is
f~lis continuous at f (x)? Since f is decreasing, if f (z) < f (y),theny = f= (f (y)) <
x = f1(f(z)) and so f~! is also decreasing. Let ¢ > 0 be given. Let ¢ > n > 0 and
(z—ma+n) C (a,b). Then f(2) € (f (x+),f (z — ). Let

d=min(f (z) = f(z+n),f(x—n) - f(2)).

Then if
1f(2) = f ()] <0,
it follows
=) e@—nzt+n) C(r—cx+e)
SO

@)~ =T ()] <e
This proves the theorem in the case where f is strictly decreasing. The case where f is

increasing is similar.

Theorem 8.14.10 Let f : [a,b] — R be continuous and one to one. Suppose f'(x1)
exists for some x1 € [a,b] and [’ (z1) # 0. Then (f’l)/ (f (z1)) exists and is given by

the formula, (ffl)/ (f (21)) = ﬁ

Proof: By Lemma/8.14.8 f is either strictly increasing or strictly decreasing and f~!
is continuous on [a, b]. Therefore there exists 7 > 0 such that if 0 < |f (z1) — f (z)| <,
then

0< oy —al=|f(f@) - (f@)] <o

where ¢ is small enough that for 0 < |z — x| < 4,

xr — I

1
’f(x)—f(fﬂl) (@)
It follows that if 0 < |f (z1) — f (z)| < n,

fHf @) = 1 (f (@) 1

<e.

xr— X

1
F@—f@) @) _‘f(ﬂf)f(:m)_f’(xl) =
Therefore, since € > 0 is arbitrary,
Ty - () L
Ty @) P

and this proves the theorem.
The following obvious corollary comes from the above by not bothering with end
points.

Corollary 8.14.11 Let f : (a,b) — R be continuous and one to one. Suppose f’(x1)
exists for some x1 € (a,b) and f' (x1) # 0. Then (f_l)/ (f (x1)) exists and is given by

the formula, (ffl)/ (f (z1)) = %



194 VECTOR VALUED FUNCTIONS OF ONE VARIABLE

This is one of those theorems which is very easy to remember if you neglect the
difficult questions and simply focus on formal manipulations. Consider the following.

S @) =

Now use the chain rule on both sides to write

_ !/
() (F@) f (@) =1,
and then divide both sides by f’ (x) to obtain

’ 1
7 (F @) = 57—
() 0
Of course this gives the conclusion of the above theorem rather effortlessly and it is
formal manipulations like this which aid many of us in remembering formulas such as
the one given in the theorem.

8.14.2 Independence Of Parameterization

Theorem 8.14.12 Let ¢ : [a,b] — [c,d] be one to one and suppose ¢’ exists and is con-
tinuous on [a,b]. Then if f is a continuous function defined on [a,b] which is Riemann
integrablé®,

/f(s) ds=/ FoW) ¢ @] dt

Proof: Let F'(s) = f(s). (For example, let F(s) = [” f(r) dr.) Then the first
integral equals F (d) — F' (c) by the fundamental theorem of calculus. By Lemma 8.14.8|,
¢ is either strictly increasing or strictly decreasing. Suppose ¢ is strictly decreasing.
Then ¢ (a) = d and ¢ (b) = c. Therefore, ¢’ < 0 and the second integral equals

b , aq
- [rewdoa= [ LEew)

— F(¢(a) - F(6(t)) = F(d) - F(c).

The case when ¢ is increasing is similar. This proves the theorem.

Lemma 8.14.13 Let f :[a,b] — C, g:[c,d] — C be parameterizations of a smooth
curve which satisfy conditions 1 -15. Then ¢ (t) = g~tof (t) is 1—1 on (a,b) , continuous
on [a,b], and either strictly increasing or strictly decreasing on [a,b].

Proof: It is obvious ¢ is 1 — 1 on (a,b) from the conditions f and g satisfy. It only
remains to verify continuity on [a, b] because then the final claim follows from Lemma
8.14.8. If ¢ is not continuous on [a,b], then there exists a sequence, {t,} C [a,b] such
that ¢, — ¢ but ¢ (¢,,) fails to converge to ¢ (¢) . Therefore, for some € > 0 there exists
a subsequence, still denoted by n such that |¢ (¢,) — ¢ (t)] > . Using the sequential
compactness of [¢, d], (See Theorem [7.7.18 on Page150.) there is a further subsequence,
still denoted by n such that {¢ (¢, )} converges to a point, s, of [¢, d] which is not equal to
¢ (t). Thus gt of (t,) — s and still ¢, — t. Therefore, the continuity of f and g imply
f(t,) — g(s) and f(t,) — f(t). Therefore, g(s) =f(t) andso s =gt of(t) = ¢ (1),
a contradiction. Therefore, ¢ is continuous as claimed.

Theorem 8.14.14 The length of a smooth curve is not dependent on parameterization.

4Recall that all continuous functions of this sort are Riemann integrable.
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Proof: Let C be the curve and suppose f : [a,b] — C and g : [¢,d] — C both satisfy
conditions 1/ - 5. TIs it true that f: It/ (t)] dt = fcd g’ (s)| ds?

Let ¢(t) = gt of(t) for t € [a,b]. Then by the above lemma ¢ is either strictly
increasing or strictly decreasing on [a, b] . Suppose for the sake of simplicity that it is
strictly increasing. The decreasing case is handled similarly.

Let so € ¢ ([a+0,b—¢]) C (¢,d) . Then by assumption 4, ¢; (so) # 0 for some i. By
continuity of ¢/, it follows g} (s) # 0 for all s € T where I is an open interval contained
in [c, d] which contains sg. It follows that on this interval, g; is either strictly increasing
or strictly decreasing. Therefore, J = g; (I) is also an open interval and you can define
a differentiable function, h; : J — I by

hi (g (s)) = s.

This implies that for s € I,
1
h:(gi () = ——. 8.26
(9:(6) = (8.26)
Now letting s = ¢ (t) for s € I, it follows ¢ € Ji, an open interval. Also, for s and ¢
related this way, f (¢) = g (s) and so in particular, for s € I,

gi (s) = fi(t).

Consequently,

and so, for t € Jq,

¢ () = hi (fi (1) £; () = hi (9 (5)) fi (8) = g,{;ﬁ(g)) (8.27)

which shows that ¢’ exists and is continuous on .J;, an open interval containing ¢ ' (so) -
Since sq is arbitrary, this shows ¢’ exists on [a + d,b — 6] and is continuous there.

Now f (t) = go (g7 ' of) (t) = g (¢ (t)) and it was just shown that ¢’ is a continuous
function on [a — d,b + §] . It follows

and so, by Theorem [8.14.12|

#(b=9) b—4
[ gelas = [ ol oa
¢

(a+96)

I
—
+ o

d

If' (t)] dt.
é

Now using the continuity of ¢, g’, and f’ on [a, b] and letting § — 0+ in the above, yields

/Cd|g'<s>ds=/:f’<t>|dt

and this proves the theorem.
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Motion On A Space Curve

9.0.3 Outcomes

1. Recall the definitions of unit tangent, unit normal, and osculating plane.
2. Calculate the curvature for a space curve.

3. Given the position vector function of a moving object, calculate the velocity, speed,
and acceleration of the object and write the acceleration in terms of its tangential
and normal components.

4. Derive formulas for the curvature of a parameterized curve and the curvature of
a plane curve given as a function.

9.1 Space Curves

A fly buzzing around the room, a person riding a roller coaster, and a satellite orbiting
the earth all have something in common. They are moving over some sort of curve in
three dimensions.

Denote by R () the position vector of the point on the curve which occurs at time
t. Assume that R’,R” exist and is continuous. Thus R’ = v, the velocity and R” = a
is the acceleration.

Lemma 9.1.1 Define T (t) =R/ (t)/|R (¢t)|. Then |T (t)] =1 and if T’ (¢t) # 0, then
there exists a unit vector, N (t) perpendicular to T (t) and a scalar valued function,
k(t), with T' (t) = k (t) [V N (1) ..

Proof: It follows from the definition that |T| = 1. Therefore, T-T = 1 and so,
upon differentiating both sides,

T -T+T-T =2T'-T=0.

197
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Therefore, T’ is perpendicular to T. Let

T/

N (t) = i

Then letting |T| = & () |v (¢)], it follows
T'(t) = & (8) [v ()N ().

This proves the lemma.

The plane determined by the two vectors, T and N is called the osculating! plane.
It identifies a particular plane which is in a sense tangent to this space curve. In the
case where |T’ (¢t)| = 0 near the point of interest, T (t) equals a constant and so the
space curve is a straight line which it would be supposed has no curvature. Also, the
principal normal is undefined in this case. This makes sense because if there is no
curving going on, there is no special direction normal to the curve at such points which
could be distinguished from any other direction normal to the curve. In the case where
IT' (¢t)| =0, & (¢t) = 0 and the radius of curvature would be considered infinite.

Definition 9.1.2 The vector, T (t) is called the unit tangent vector and the vector,
N (t) is called the principal normal. The function, k (t) in the above lemma is called
the curvature. The radius of curvature is defined as p = 1/k.

The important thing about this is that it is possible to write the acceleration as the
sum of two vectors, one perpendicular to the direction of motion and the other in the
direction of motion.

Theorem 9.1.3 For R (t) the position vector of a space curve, the acceleration is given
by the formula

d|v|

= WT+n|v|2N (9.1)
= arT+ayN.
Furthermore, a2 + a% = |a|°.
Proof:
dv d d
= _— = — Rl = — T
a - g B)=5 (VT
dlv| /
= —T T
praaid
d
= %T + |[v|* kN.
This proves the first part.
For the second part,
a]* = (arT+axN)- (arT +ayN)
= 2T -T+2anarT -N+a5N-N
= ap+ay

because T - N = 0. This proves the theorem.

1To osculate means to kiss. Thus this plane could be called the kissing plane. However, that does
not sound formal enough so it is called the osculating plane.
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Finally, it is well to point out that the curvature is a property of the curve itself,
and does not depend on the paramterization of the curve. If the curve is given by two
different vector valued functions, R (t) and R (7), then from the formula above for the
curvature,

P L TR =53 D = R
O ol T

From this, it is possible to give an important formula from physics. Suppose an
object orbits a point at constant speed, v. In the above notation, |v| = v. What is the
centripetal acceleration of this object? You may know from a physics class that the
answer is v?/r where r is the radius. This follows from the above quite easily. The
parameterization of the object which is as described is

R(t) = (r cos (;t) , T sin (gt)) .

Therefore, T = (— sin (%t) , COS (%t)) and

T = (_E cos (Et) ,—E sin (Et» .
r r r r
Thus, k= [T’ (t)| /v = L. It follows

d 2
a=""T+ %N ="—N.
dt r
The vector, N points from the object toward the center of the circle because it is a
positive multiple of the vector, (—% cos (%t) , —%sin (2t)).
Formula 9.1/ also yields an easy way to find the curvature. Take the cross product
of both sides with v, the velocity. Then
dlv
axv = %TXV+|V|2I€NXV
dlv
= LT><v—|—|v|3/£N><T
dt
Now T and v have the same direction so the first term on the right equals zero. Taking
the magnitude of both sides, and using the fact that N and T are two perpendicular
unit vectors,
lax v|=|v|’r
and so
_Jax v

VP

(9.2)

Example 9.1.4 Let R(t) = (cos (t) ,t,tg) fort € 10,3]. Find the speed, velocity, cur-
vature, and write the acceleration in terms of normal and tangential components.

First of all v (t) = (—sint, 1,2t) and so the speed is given by

lv| = \/sin2 (t) + 1+ 4¢2.

Therefore,

d o sin (t) cos (t) + 4t
ar = — sin t—|—1+4t2>: .
Tt (\/ ®) V(2 + 412 — cos? t)

It remains to find ay. To do this, you can find the curvature first if you like.

a(t)=R"(t) = (—cost,0,2).
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Then
- _ l(=cost,0,2) x (—sint, 1,20)]
<\/sin2 ) +1+ 4t2>3
B \/ 4+ (—2sin () + 2 (cos (£)) t)* + cos? (¢)
<\/sin2 ) +1+ 4t2>3
Then

2
an = K |v]|

_ \/4 + (—2sin (t) + 2 (cos (t)) t)” + cos? (t) (sin2 () +1+ 4t2)

<\/sin2 () +1+ 4t2)3
\/4 + (—2sin (t) 4 2 (cos (£)) t)* + cos? (t)
\/ sin? (£) + 1 + 4¢2 '

You can observe the formula a%; + a% = |a]® holds. Indeed a% +a% =

2

\/4 + (—2sin (£) + 2 (cos (£)) t)* + cos? (t) n ( sin (¢) cos (t) + 4t ) ’
\/ sin? () + 1 + 4¢2 V(2 + 482 — cos?t)

I (—QSilr%zfz—i—Q(cost)t)2 + cos?t N (sintcost + 4t)° ~cos?t+4 = |af?
sin®t + 1 + 4¢2 2 + 412 — cos? t

9.1.1 Some Simple Techniques

Recall the formula for acceleration is

a=arT +ayN (9.3)

where ar = 4Vl and aN = kK |V|2. Of course one way to find ar and ay is to just find

dt
[v|, % and « and plug in. However, there is another way which might be easier. Take

the dot product of both sides with T. This gives,
a-T=arT-TH+axyN-T=ar.

Thus
a=(a-T)T+axN
and so
a—(a-T)T=ayN (9.4)

and taking norms of both sides,
la—(a-T)T|=an.
Also from 9.4,

a—(a-T)T anN

= =N.
la—(a-T)T| an|N|
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Also recall
_laxv]
>

%+ a = af

This is usually easier than computing T’/|T’|. To illustrate the use of these simple
observations, consider the example worked above which was fairly messy. I will make it
easier by selecting a value of ¢ and by using the above simplifying techniques.

Example 9.1.5 Let R (t) = (cos(t),t,t) for t € [0,3]. Find the speed, velocity, cur-
vature, and write the acceleration in terms of normal and tangential components when
t =0. Also find N at the point where t = 0.

First I need to find the velocity and acceleration. Thus
v = (—sint,1,2t), a= (—cost,0,2)

and consequently,
(—sint, 1,2t)

T= :
\/sin2 (t) + 1+ 42

When ¢ = 0, this reduces to
v(0)=(0,1,0), a=(-1,0,2), |[v(0)|]=1, T =(0,1,0),

and consequently,
T =(0,1,0).

Then the tangential component of acceleration when ¢t = 0 is
ar = (_1a072) : (07 170) =0

Now |a|® = 5 and so ay = v/5 because a% +a% = [a|*. Thus 5 = & |v (0)]> = k-1 = k.
Next lets find N. From a = arT + ayN it follows

(-=1,0,2) =0- T + V5N

and so 1
IJ = —= _17072 .

This was pretty easy.

Example 9.1.6 Find a formula for the curvature of the curve given by the graph of
y = f(x) for x € [a,b]. Assume whatever you like about smoothness of f.

You need to write this as a parametric curve. This is most easily accomplished by
letting t = x. Thus a parameterization is

(t, f(t),0):t€a,b].

Then you can use the formula given above. The acceleration is (0, f” (¢),0) and the
velocity is (1, f' (t),0). Therefore,

ax v = (0, (£),0) x (L f (£),0) = (0,0,—f" (1))
Therefore, the curvature is given by
axvl 1)
v (1 e (t)2)3/2.
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Sometimes curves don’t come to you parametrically. This is unfortunate when it
occurs but you can sometimes find a parametric description of such curves. It should
be emphasized that it is only sometimes when you can actually find a parameterization.
General systems of nonlinear equations cannot be solved using algebra.

Example 9.1.7 Find a parameterization for the intersection of the surfaces y + 3z =
202 +4 and y+ 2z =z + 1.

You need to solve for x and y in terms of z. This yields
z2=22%—x+3, y=—42? 4+ 3z — 5.
Therefore, letting ¢t = z, the parameterization is (z, y, z) = (t, —4t? — 5+ 3t,—t + 3 + 2t2) .
Example 9.1.8 Find a parametrization for the straight line joining (3,2,4) and (1,10,5).

(x,y,2) = (3,2,4) +t(—2,8,1) = (3 — 2t,2+ 8¢,4 + t) where t € [0,1]. Note where
this came from. The vector, (—2,8,1) is obtained from (1,10,5) — (3,2,4). Now you
should check to see this works.

9.2 Geometry Of Space Curves”

If you are interested in more on space curves, you should read this section. Otherwise,
procede to the exercises. Denote by R (s) the function which takes s to a point on this
curve where s is arc length. Thus R (s) equals the point on the curve which occurs when
you have traveled a distance of s along the curve from one end. This is known as the
parameterization of the curve in terms of arc length. Note also that it incorporates an
orientation on the curve because there are exactly two ends you could begin measuring
length from. In this section, assume anything about smoothness and continuity to
make the following manipulations valid. In particular, assume that R’ exists and is
continuous.

Lemma 9.2.1 Define T (s) = R’ (s). Then |T(s)| = 1 and if T’ (s) # 0, then there
exists a unit vector, N (s) perpendicular to T (s) and a scalar valued function,  (s) with
T (s) =k (s) N (s).

Proof: First, s = [ [R'(r)| dr because of the definition of arc length. Therefore,
from the fundamental theorem of calculus, 1 = |R’ (s)| = |T (s)|. Therefore, T-T =1
and so upon differentiating this on both sides, yields T/ - T 4+ T - T/ = 0 which shows
T - T’ = 0. Therefore, the vector, T’ is perpendicular to the vector, T. In case T’ (s) #

0, let N (s) = ;:8‘ and so T (s) = |T' (s)| N (s), showing the scalar valued function
is K (s) = |T' (s)| . This proves the lemma.

The radius of curvature is defined as p = % Thus at points where there is a lot of
curvature, the radius of curvature is small and at points where the curvature is small,
the radius of curvature is large. The plane determined by the two vectors, T and N is
called the osculating plane. It identifies a particular plane which is in a sense tangent
to this space curve. In the case where |T’ (s)] = 0 near the point of interest, T (s)
equals a constant and so the space curve is a straight line which it would be supposed
has no curvature. Also, the principal normal is undefined in this case. This makes
sense because if there is no curving going on, there is no special direction normal to the
curve at such points which could be distinguished from any other direction normal to
the curve. In the case where | T’ (s)| = 0, k(s) = 0 and the radius of curvature would
be considered infinite.
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Definition 9.2.2 The vector, T (s) is called the unit tangent vector and the vector,
N (s) is called the principal normal. The function, k (s) in the above lemma is called
the curvature. When T’ (s) # 0 so the principal normal is defined, the vector, B (s) =
T (s) x N (s) is called the binormal.

The binormal is normal to the osculating plane and B’ tells how fast this vector
changes. Thus it measures the rate at which the curve twists.

Lemma 9.2.3 Let R(s) be a parameterization of a space curve with respect to arc
length and let the vectors, T,N, and B be as defined above. Then B’ = T x N’ and
there exists a scalar function, T (s) such that B’ = 7IN.

Proof: From the definition of B = T x N, and you can differentiate both sides and
get B’ = T/ x N 4+ T x N’. Now recall that T’ is a multiple called curvature multiplied
by N so the vectors, T/ and N have the same direction and B’ = T x N’. Therefore,
B’ is either zero or is perpendicular to T. But also, from the definition of B, B is a unit
vector and so B (s)-B (s) = 0. Differentiating this,B’ (s)-B (s)+B (s)-B’ (s) = 0 showing
that B’ is perpendicular to B also. Therefore, B’ is a vector which is perpendicular to
both vectors, T and B and since this is in three dimensions, B’ must be some scalar
multiple of N and it is this multiple called 7. Thus B’ = 7N as claimed.

Lets go over this last claim a little more. The following situation is obtained. There
are two vectors, T and B which are perpendicular to each other and both B’ and N
are perpendicular to these two vectors, hence perpendicular to the plane determined by
them. Therefore, B’ must be a multiple of N. Take a piece of paper, draw two unit
vectors on it which are perpendicular. Then you can see that any two vectors which are
perpendicular to this plane must be multiples of each other.

The scalar function, 7 is called the torsion. In case T/ = 0, none of this is defined
because in this case there is not a well defined osculating plane. The conclusion of the
following theorem is called the Serret Frenet formulas.

Theorem 9.2.4 (Serret Frenet) Let R (s) be the parameterization with respect to arc
length of a space curve and T (s) = R/ (s) is the unit tangent vector. Suppose |T' (s)| #
0 so the principal normal, N (s) = ;:23‘ is defined. The binormal is the vector
B =T x N so T,N,B forms a right handed system of unit vectors each of which is
perpendicular to every other. Then the following system of differential equations holds

in R,

B'=7N, T'=kN, N' = —xT — 7B

where K s the curvature and is nonnegative and 7 is the torsion.

Proof: k > 0 because k = [T’ (s)|. The first two equations are already established.
To get the third, note that B x T = N which follows because T, N, B is given to form
a right handed system of unit vectors each perpendicular to the others. (Use your right
hand.) Now take the derivative of this expression. thus

N = B xT+BxT
= 7N x T+xB x N.

Now recall again that T, N, B is a right hand system. Thus N x T=—-Band B x N = —T.
This establishes the Frenet Serret formulas.

This is an important example of a system of differential equations in R. It is a
remarkable result because it says that from knowledge of the two scalar functions, 7
and k, and initial values for B, T, and N when s = 0 you can obtain the binormal,
unit tangent, and principal normal vectors. It is just the solution of an initial value
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problem for a system of ordinary differential equations. Having done this, you can
reconstruct the entire space curve starting at some point, Ry because R’ (s) = T (s)
and so R (s) = Ro + [, T/ (r) dr.

The vectors, B, T, and N are vectors which are functions of position on the space
curve. Often, especially in applications, you deal with a space curve which is parame-
terized by a function of ¢ where ¢ is time. Thus a value of ¢ would correspond to a point
on this curve and you could let B (¢), T (¢), and N (¢) be the binormal, unit tangent,
and principal normal at this point of the curve. The following example is typical.

Example 9.2.5 Given the circular heliz, R (t) = (acost)i + (asint)j + (bt)k, find
the arc length, s(t),the unit tangent vector, T (t), the principal normal, N (t), the
binormal, B (t), the curvature, s (t), and the torsion, 7 (t). Here t € [0,T].

The arc length is s (t) = fot (Va? +b?) dr = (Va® + b?) t. Now the tangent vector
is obtained using the chain rule as

dR _dRdt 1

ds  dt ds a2 12
1
= ﬂ((—asint)i—i—(acost)j—&—bk)
a

T = R/ (t)

The principal normal:

aw _ava
ds dt ds
= %—1—62 ((—acost)i+ (—asint)j+ 0k)
and so
N :C%/ “g — —((cost)i+ (sint)j)
The binormal:
1 i. J k
- |
_ ﬁ ((bsint)i—bcostj + ak)

2 N
Now the curvature, « (t) = ‘% = \/(gfﬁﬁ) + (g;ﬁ;;;) = ﬁ Note the cur-

vature is constant in this example. The final task is to find the torsion. Recall that
B’ = 7N where the derivative on B is taken with respect to arc length. Therefore,
remembering that ¢ is a function of s,

/ _ 1 . o dE
B'(s) = W ((bcost) i+ (bsint)j) T
= %erQ ((bcost) i+ (bsint)j)

= 7(—(cost)i— (sint)j) =7N

and it follows —b/ (a® + b?) = 7.
An important application of the usefulness of these ideas involves the decomposition
of the acceleration in terms of these vectors of an object moving over a space curve.
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Corollary 9.2.6 Let R (t) be a space curve and denote by v (t) the velocity, v (t) =
R’ (t) and let v (t) = |v (t)| denote the speed and let a(t) denote the acceleration. Then
v =T and a =%T + rv°N.

Proof: T =4R = Rl _ ydl Algo 5= fgv (r) dr and so % = v which implies
= 1. Therefore, T = v/v which implies v = vT as claimed.

Now the acceleration is just the derivative of the velocity and so by the Serrat Frenet
formulas,

dt
ds

Note how this decomposes the acceleration into a component tangent to the curve and

one which is normal to it. Also note that from the above, v |T’| T;(/tl) = v2kN and so
™l _ _T'(1)
T—KlandN— T/

From this, it is possible to give an important formula from physics. Suppose an
object orbits a point at constant speed, v. What is the centripetal acceleration of this
object? You may know from a physics class that the answer is v?/r where r is the
radius. This follows from the above quite easily. The parameterization of the object

which is as described is
v . /U
R(t) = (1" cos (;t) , T sin (;t)) .
Therefore, T = (— sin (%t) , COS (%t)) and TV = (—% cos (%t) , — 7 sin (%t)) . Thus,

k= T ()] o = %

It follows a Z%T+U2I€N ng. The vector, N points from the object toward the center
of the circle because it is a positive multiple of the vector, (—% cos (%t) , — 7 sin (%t)) .

9.3 Exercises

1. Find a parametrization for the intersection of the planes 2x 4+ y + 3z = —2 and
3z —2y+ 2z =—4.

2. Find a parametrization for the intersection of the plane 3x + y + z = —3 and the
circular cylinder 22 + 3% = 1.

3. Find a parametrization for the intersection of the plane 4x + 2y 4+ 3z = 2 and the
elliptic cylinder 22 + 422 = 9.

4. Find a parametrization for the straight line joining (1,2,1) and (—1,4,4).

5. Find a parametrization for the intersection of the surfaces 3y + 3z = 322 + 2 and
3y + 2z =3.

6. Find a formula for the curvature of the curve, y = sinz in the xy plane.
7. Find a formula for the curvature of the space curve in R?, (z (t),y (t)).

8. An object moves over the helix, (cos 3t, sin 3t, 5t) . Find the normal and tangential
components of the acceleration of this object as a function of ¢ and write the
acceleration in the form arT + ayNN.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

MOTION ON A SPACE CURVE

An object moves over the helix, (cost,sint,t). Find the normal and tangential
components of the acceleration of this object as a function of ¢ and write the
acceleration in the form arT + ayN.

An object moves in R? according to the formula, (cos 3t, sin 3t, t2) . Find the nor-
mal and tangential components of the acceleration of this object as a function of
t and write the acceleration in the form a7T + ayN.

An object moves over the helix, (cost,sint,2t). Find the osculating plane at the
point of the curve corresponding to t = /4.

An object moves over a circle of radius r according to the formula,
r(t) = (rcos (wt),rsin (wt))

where v = rw. Show that the speed of the object is constant and equals to v. Tell
why ar = 0 and find ap, N. This yields the formula for centripetal acceleration
from beginning physics classes.

Suppose |R (t)| = ¢ where ¢ is a constant and R (t) is the position vector of an
object. Show the velocity, R’ (t) is always perpendicular to R ().

An object moves in three dimensions and the only force on the object is a central
force. This means that if r (¢) is the position of the object, a(t) = k (r (¢))r (¢)
where k is some function. Show that if this happens, then the motion of the
object must be in a plane. Hint: First argue that a x r = 0. Next show that
(axr) = (vxr). Therefore, (v x r) = 0. Explain why this requires v x r = ¢
for some vector, ¢ which does not depend on ¢. Then explain why ¢ -r = 0. This
implies the motion is in a plane. Why? What are some examples of central forces?

Let R (t) = (cost)i+ (cost)j+ (v2sint) k. Find the arc length, s as a function
of the parameter, ¢, if ¢t = 0 is taken to correspond to s = 0.

Let R(t) = 2i + (4t +2)j + 4tk. Find the arc length, s as a function of the
parameter, t, if ¢ = 0 is taken to correspond to s = 0.

Let R(t) = €% + e7°'j + 5v/2tk. Find the arc length, s as a function of the
parameter, t, if t = 0 is taken to correspond to s = 0.

An object moves along the z axis toward (0,0) and then along the curve y = 22 in
the direction of increasing x at constant speed. Is the force acting on the object
a continuous function? Explain. Is there any physically reasonable way to make
this force continuous by relaxing the requirement that the object move at constant
speed? If the curve were part of a railroad track, what would happen at the point
where x = 07

An object of mass m moving over a space curve is acted on by a force, F. Show
the work done by this force equals mar (length of the curve). In other words, it
is only the tangential component of the force which does work.

The edge of an elliptical skating rink represented in the following picture has a

light at its left end and satisfies the equation z* v

500 T 355 = 1. (Distances measured
in yards.)
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N

z,y)

A hockey puck slides from the point, T" towards the center of the rink at the rate
of 2 yards per second. What is the speed of its shadow along the wall when z = 87
Hint: You need to find y/z'2 4+ y’2 at the instant described.
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Some Curvilinear Coordinate
Systems

10.0.1 Owutcomes

1. Recall and use polar coordinates.

2. Graph relations involving polar coordinates.

3. Find the area of regions defined in terms of polar coordinates.

4. Recall and understand the derivation of Kepler’s laws.

5. Recall and apply the concept of acceleration in polar coordinates.

6. Recall and use cylindrical and spherical coordinates.

10.1 Polar Coordinates

So far points have been identified in terms of Cartesian coordinates but there are other
ways of specifying points in two and three dimensional space. These other ways involve
using a list of two or three numbers which have a totally different meaning than Carte-
sian coordinates to specify a point in two or three dimensional space. In general these
lists of numbers which have a different meaning than Cartesian coordinates are called
Curvilinear coordinates. Probably the simplest curvilinear coordinate system is that of
polar coordinates. The idea is suggested in the following picture.

(z,y)
Yoo A (r0)

b ;
.

You see in this picture, the number r identifies the distance of the point from the
origin, (0,0) while 6 is the angle shown between the positive x axis and the line from
the origin to the point. This angle will always be given in radians and is in the interval
[0,27). Thus the given point, indicated by a small dot in the picture, can be described

209
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in terms of the Cartesian coordinates, (z,y) or the polar coordinates, (r,0). How are
the two coordinates systems related? From the picture,

x=rcos(d), y=rsin(f). (10.1)

Example 10.1.1 The polar coordinates of a point in the plane are (5, %) Find the
Cartesian or rectangular coordinates of this point.

From 10.1, z = 5cos (%) = % 3 and y = 5sin (%) = % Thus the Cartesian coordi-
nates are (%\/?:, %) .

Example 10.1.2 Suppose the Cartesian coordinates of a point are (3,4) . Find the polar
coordinates.

Recall that r is the distance form (0,0) and so r = 5 = /32 + 42. It remains to
identify the angle. Note the point is in the first quadrant, (Both the z and y values are
positive.) Therefore, the angle is something between 0 and 7/2 and also 3 = 5cos (),
and 4 = 5sin () . Therefore, dividing yields tan (§) = 4/3. At this point, use a calculator
or a table of trigonometric functions to find that at least approximately, 8 = . 927295
radians.

10.1.1 Graphs In Polar Coordinates

Just as in the case of rectangular coordinates, it is possible to use relations between the
polar coordinates to specify points in the plane. The process of sketching their graphs
is very similar to that used to sketch graphs of functions in rectangular coordinates. I
will only consider the case where the relation between the polar coordinates is of the
form, r = f(0). To graph such a relation, you can make a table of the form

0 T
01 | f(6h)
0o | f(02)

and then graph the resulting points and connect them up with a curve. The following
picture illustrates how to begin this process.

02
61

To obtain the point in the plane which goes with the pair (0, f (0)), you draw the ray
through the origin which makes an angle of 6 with the positive x axis. Then you move
along this ray a distance of f () to obtain the point. As in the case with rectangular
coordinates, this process is tedious and is best done by a computer algebra system.

Example 10.1.3 Graph the polar equation, r = 1 + cos 6.

To do this, I will use Maple. The command which produces the polar graph of this
is: > plot(1+cos(t),t=0..2*Pi,coords=polar); It tells Maple that r is given by 1+ cos (t)
and that ¢ € [0,27]. The variable ¢ is playing the role of 6. It is easier to type ¢ than 6
in Maple.
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)

You can also see just from your knowledge of the trig. functions that the graph
should look something like this. When 6§ = 0,7 = 2 and then as 6 increases to 7/2, you
see that cos @ decreases to 0. Thus the line from the origin to the point on the curve
should get shorter as 6 goes from 0 to m/2. Then from 7/2 to 7, cosf gets negative
eventually equaling —1 at § = 7. Thus r = 0 at this point. Viewing the graph, you see
this is exactly what happens. The above function is called a cardioid.

Here is another example. This is the graph obtained from r = 3 + sin (7—9) .

Example 10.1.4 Graph r = 3 + sin (%9) for 8 €0, 147] .

2

In polar coordinates people sometimes allow r to be negative. When this happens, it
means that to obtain the point in the plane, you go in the opposite direction along the
ray which starts at the origin and makes an angle of # with the positive x axis. I do not
believe the fussiness occasioned by this extra generality is justified by any sufficiently
interesting application so no more will be said about this. It is mainly a fun way to
obtain pretty pictures. Here is such an example.

Example 10.1.5 Graphr =1+ 2cosf for 6 € [0, 27].

.
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10.2 The Area In Polar Coordinates

How can you find the area of the region determined by 0 < r < f(8) for 8 € [a,}],
assuming this is a well defined set of points in the plane? See Example [10.1.5 with
0 € [0,27] to see something which it would be better to avoid. I have in mind the
situation where every ray through the origin having angle 6 for 6 € [a, b] intersects the
graph of r = f(0) in exactly one point. To see how to find the area of such a region,
consider the following picture.

do

f(0)

This is a representation of a small triangle obtained from two rays whose angles
differ by only df. What is the area of this triangle, dA? It would be

%sin (dB) f(0)* ~ = f (6)°dh = dA

N |

with the approximation getting better as the angle gets smaller. Thus the area should
solve the initial value problem,

dA 1, B
=5 =517, A(a)=0.

Therefore, the total area would be given by the integral,

1 b
5/ f(6)%do. (10.2)
Example 10.2.1 Find the area of the cardioid, r = 1+ cos for 6 € [0, 2] .

From the graph of the cardioid presented earlier, you can see the region of interest
satisfies the conditions above that every ray intersects the graph in only one point.
Therefore, from [10.2 this area is

2m
1 / (14 cos (0))>do = .
2Jo

Example 10.2.2 Verify the area of a circle of radius a is ma>.

The polar equation is just r = a for 6 € [0, 27]. Therefore, the area should be

1 27
- / a’df = ra>.
2 Jo

Example 10.2.3 Find the area of the region inside the cardioid, r = 1 + cos@ and
outside the circle, r =1 for 6 € [—% g] .

As is usual in such cases, it is a good idea to graph the curves involved to get an
idea what is wanted.
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desired
region

The area of this region would be the area of the part of the cardioid corresponding
to 6 € [f%, g} minus the area of the part of the circle in the first quadrant. Thus the

area is , ,
1 /2 1 /2 1
7/ (1+cos(0))2d077/ 1d0 = ~m + 2.
2 —m/2 —m/2 4

This example illustrates the following procedure for finding the area between the
graphs of two curves given in polar coordinates.

Procedure 10.2.4 Suppose that for all 6 € [a,b],0 < g () < f(0). To find the area
of the region defined in terms of polar coordinates by g(0) <r < f(0), 6 € [a,b], you

do the following.
1 b
3| (r@7=s0) .

10.3 Exercises

1. The following are the polar coordinates of points. Find the rectangular coordi-
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() (3.5)
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2. The following are the rectangular coordinates of points. Find the polar coordinates
of these points.
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10.
11.
12.
13.
14.

15.

. Suppose r =

SOME CURVILINEAR COORDINATE SYSTEMS

In general it is a stupid idea to try to use algebra to invert and solve for a set of
curvilinear coordinates such as polar or cylindrical coordinates in term of Cartesian
coordinates. Not only is it often very difficult or even impossible to do itt, but also
it takes you in entirely the wrong direction because the whole point of introducing
the new coordinates is to write everything in terms of these new coordinates and
not in terms of Cartesian coordinates. However, sometimes this inversion can be
done. Describe how to solve for r and 6 in terms of x and y in polar coordinates.

Treomg Where e € [0,1]. By changing to rectangular coordinates,
show this is either a parabola, an ellipse or a hyperbola. Determine the values of
e which correspond to the various cases.

In Example 10.1.4 suppose you graphed it for 6 € [0, kw| where k is a positive
integer. What is the smallest value of k such that the graph will look exactly like
the one presented in the example?

Suppose you were to graph r = 3 + sin (%0) where m,n are integers. Can you
give some description of what the graph will look like for 8 € [0, kx| for k a very
large positive integer? How would things change if you did » = 3 + sin (af)) where
« is an irrational number?

Graph r =1 +sin# for 6 € [0, 27].

Graph r = 2 +sin 6 for 6 € [0, 27].

Graph r =1+ 2sinf for 6 € [0,27].

Graph r = 2 + sin (20) for 0 € [0, 27].

Graph r = 1 + sin (20) for 0 € [0, 27] .

Graph r = 1 + sin (30) for 0 € [0, 27].

Find the area of the bounded region determined by r = 1+ sin (36) for 6 € [0, 2x].
Find the area inside = 1 + sin § and outside the circle r = 1/2.

Find the area inside the circle r = 1/2 and outside the region defined by r =
1+ siné.

10.4 Exercises With Answers

1.

2.

The following are the polar coordinates of points. Find the rectangular coordi-
nates.

=IE]
~—
~—
—_ /\
[\][eV]
~—

3, %) Rectangular coordinates: (3 cos (%) , 3sin (
E)Rect:cmgular coordinates: (2 oS (%) 2sin g)) = ( ,\/g)
_r 7z 3)

272

(5 ( (
)Rectangular coordinates: (6 cos (f) 6 sin (37)) = (—3\/5, 3\@)

-3

2T)Rectangular coordinates: (7cos (2F), 7sin

a5 el

The following are the rectangular coordinates of points. Find the polar coordinates
of these points.

Tt is no problem for these simple cases of curvilinear coordinates. However, it is a major difficulty
in general. Algebra is simply not adequate to solve systems of nonlinear equations.
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(a) (5v2,5v2)Polar coordinates: 6 = 7/4 because tan () = 1.
r=/(6v2) + (5v2)’ =10

(b) (3,3v/3)Polar coordinates: 6§ = 7/3 because tan (6) = v/3.

r=1/3)7+ (3v3)° =6

(¢) (—Vv2,v2)Polar coordinates: § = — /4 because tan (§) = —1.
r= [ (v =2

(d) (—3,3V3)Polar coordinates: § = —7/3 because tan (6) = —/3.

r=1/(3)?+(3v3)" =6

3. In general it is a stupid idea to try to use algebra to invert and solve for a set of
curvilinear coordinates such as polar or cylindrical coordinates in term of Cartesian
coordinates. Not only is it often very difficult or even impossible to do it, but also
it takes you in entirely the wrong direction because the whole point of introducing
the new coordinates is to write everything in terms of these new coordinates and
not in terms of Cartesian coordinates. However, sometimes this inversion can be
done. Describe how to solve for r and 6 in terms of z and y in polar coordinates.

This is what you were doing in the previous problem in special cases. If x = r cos 6
and y = rsinf, then tan# = ¥. This is how you can do it. You complete the
solution. Tell how to find r. What do you do in case z = 07

4. Suppose r = Treomg Where e € [0,1]. By changing to rectangular coordinates,
show this is either a parabola, an ellipse or a hyperbola. Determine the values of
e which correspond to the various cases.

Here is how you get started. r + ersinf = a. Therefore, \/x2 + y2 + ey = a and

so /22 + 92 =a— ey.

5. Suppose you were to graph r = 3 + sin (%9) where m,n are integers. Can you
give some description of what the graph will look like for 8 € [0, kx| for k a very
large positive integer? How would things change if you did » = 3 + sin (af) where
« is an irrational number?

The graph repeats when for two values of # which differ by an integer multiple of 27
the corresponding values of r and 7/ also are equal. (Why?) Why isn’t it enough to
simply have the values of r equal? Thus you need 3+sin (6a) = 3+sin ((6 + 2k7) a)
and cos (fa)) = cos ((6 + 2k7) «) for this to happen. The only way this can occur
is for (0 + 2k7) a — O to be a multiple of 2. Why? However, this equals 2kma
and if « is irrational, you can’t have ka equal to an integer. Why? In the other
case where a = 7 the graph will repeat.

6. Graph r =1 +sin6 for 6 € [0,2n7].

2Tt is no problem for these simple cases of curvilinear coordinates. However, it is a major difficulty
in general. Algebra is simply not adequate to solve systems of nonlinear equations.
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05 1

7. Find the area of the bounded region determined by r = 1+sin (46) for 6 € [0, 2] .
First you should graph this thing to get an idea what is needed.

You see that you could simply take the area of one of the petals and then multiply
by 4. To get the one which is mostly in the first quadrant you should let 6 go

from —m /8 to 37/8. Thus the area of one petal is f37r/8 1+ sin (46))* df = 3.

Then you would need to multiply this by 4 to get the Whole area. This gives 37/2.
Alternatively, you could just do

1

2
5/0 (1 + sin (40))* df = %ﬂ.

Be sure to always graph the polar function to be sure what you have in mind
is appropriate. Sometimes, as indicated above, funny things happen with polar
graphs.

10.5 The Acceleration In Polar Coordinates

Sometimes you have information about forces which act not in the direction of the co-
ordinate axes but in some other direction. When this is the case, it is often useful to
express things in terms of different coordinates which are consistent with these direc-
tions. A good example of this is the force exerted by the sun on a planet. This force is
always directed toward the sun and so the force vector changes as the planet moves. To
discuss this, consider the following simple diagram in which two unit vectors, e, and ey
are shown.
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(S7) e,
(r,0)

0

The vector, e, = (cosf,sinf) and the vector, eg = (—sinf,cosd). You should
convince yourself that the picture above corresponds to this definition of the two vectors.
Note that e, is a unit vector pointing away from 0 and

de, _ dey
€y = E7 e, = a0 . (103)

Now consider the position vector from 0 of a point in the plane, r (¢) .Then
r(t)=r(t)er(0(t))

where r (t) = |r ()| . Thus r (¢) is just the distance from the origin, 0 to the point. What
is the velocity and acceleration? Using the chain rule,

de, _ der iy deo _ deo
dt  do ®), dt d@e(t)

and so from [10.3,

de, , deg /

_ __ 10.4
pr 0 (t) ey, o 0" (t) e, (10.4)

Using [10.4' as needed along with the product rule and the chain rule,

V() = (et r ) (e (0(1)
= 9 (t) e, +r (t) 0’ (t) €ey.

Next consider the acceleration.

() = " (t)e,. +7 (1) (ZT +7" ()0 (t)eg + 1 (t)0" (t)eg +1(t) 6 (1) % (ep)
= "()e. +2r ()0 (t)eg+7r ()0 (t)eg+7(t)0 (t) (—e,.) 0 (t)
- (r” ) —r ()¢ (t)2> er+ (20 (1) 0 (t) +7(£) 0" (1)) ep. (10.5)

This is a very profound formula. Consider the following examples.

Example 10.5.1 Suppose an object of mass m moves at a uniform speed, s, around a
circle of radius R. Find the force acting on the object.

By Newton’s second law, the force acting on the object is mr”. In this case, r () =
R, a constant and since the speed is constant, §” = 0. Therefore, the term in [10.5
corresponding to eg equals zero and mr” = —Rf’ (t)2 e,. The speed of the object is s
and so it moves s/R radians in unit time. Thus ' (t) = s/R and so

52 52
mr” = —mR (E) er = —mre;.

This is the familiar formula for centripetal force from elementary physics, obtained as
a very special case of [10.5.
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Example 10.5.2 A platform rotates at a constant speed in the counter clockwise direc-
tion and an object of mass m moves from the center of the platform toward the edge at
constant speed. What forces act on this object?

Let v denote the constant speed of the object moving toward the edge of the platform.
Then
v (t) =v,7" (t) =0,0" (t) =0,

while ¢’ (t) = w, a positive constant. From [10.5
mr” (t) = —mr (t) w?e, + m2vwey.

Thus the object experiences centripetal force from the first term and also a funny force
from the second term which is in the direction of rotation of the platform. You can
observe this by experiment if you like. Go to a playground and have someone spin one
of those merry go rounds while you ride it and move from the center toward the edge.
The term 2’6’ is called the Coriolis force.

Suppose at each point of space, r is associated a force, F (r) which a given object
of mass m will experience if its position vector is r. This is called a force field. a force
field is a central force field if F (r) = g(r)e,. Thus in a central force field, the force
an object experiences will always be directed toward or away from the origin, 0. The
following simple lemma is very interesting because it says that in a central force field,
objects must move in a plane.

Lemma 10.5.3 Suppose an object moves in three dimensions in such a way that the
only force acting on the object is a central force. Then the motion of the object is in a
plane.

Proof: Let r (¢) denote the position vector of the object. Then from the definition
of a central force and Newton’s second law,

Therefore, mr” x r =m(r' xr)' = g(r)r x r = 0. Therefore, (r' X r) = n, a constant
vector and so r-n =r- (r’ X r) = 0 showing that n is a normal vector to a plane which
contains r (t) for all ¢. This proves the lemma.

10.6 Planetary Motion

Kepler’s laws of planetary motion state that planets move around the sun along an
ellipse, the equal area law described above holds, and there is a formula for the time it
takes for the planet to move around the sun. These laws, discovered by Kepler, were
shown by Newton to be consequences of his law of gravitation which states that the
force acting on a mass, m by a mass, M is given by

F=-GMm (13) r=—GMm (12> e,
r r

where r is the distance between centers of mass and r is the position vector from M to
m. Here G is the gravitation constant. This is called an inverse square law. Gravity
acts according to this law and so does electrostatic force. The constant, G, is very small
when usual units are used and it has been computed using a very delicate experiment.
It is now accepted to be

6.67 x 107! Newton meter? /kilogram?.
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The experiment involved a light source shining on a mirror attached to a quartz fiber
from which was suspended a long rod with two equal masses at the ends which were
attracted by two larger masses. The gravitation force between the suspended masses
and the two large masses caused the fibre to twist ever so slightly and this twisting
was measured by observing the deflection of the light reflected from the mirror on a
scale placed some distance from the fibre. The constant was first measured successfully
by Lord Cavendish in 1798 and the present accepted value was obtained in 1942.
Experiments like these are major accomplishments.

In the following argument, M is the mass of the sun and m is the mass of the planet.
(It could also be a comet or an asteroid.)

10.6.1 The Equal Area Rule

An object moves in three dimensions in such a way that the only force acting on the
object is a central force. Then the object moves in a plane and the radius vector from
the origin to the object sweeps out area at a constant rate. This is the equal area rule.
In the context of planetary motion it is called Kepler’s second law.

Lemma 10.5.3 says the object moves in a plane. From the assumption that the force
field is a central force field, it follows from [10.5/ that

2r' ()0 (t) + 7 () 0" (t) =0
Multiply both sides of this equation by r. This yields
279 + 120" = (r2¢') = 0. (10.6)
Consequently,
20 =c (10.7)

for some constant, C'. Now consider the following picture.
de

In this picture, df is the indicated angle and the two lines determining this angle
are position vectors for the object at point ¢ and point ¢ + dt. The area of the sector,
dA, is essentially 72df and so dA = §r2df. Therefore,

dA 1 ,do
_1.d0 _

c
- —. 10.
a 2 dt 2 (108)

10.6.2 Inverse Square Law Motion, Kepler’s First Law

Consider the first of Kepler’s laws, the one which states that planets move along ellipses.
From Lemma [10.5.3, the motion is in a plane. Now from [10.5/and Newton’s second law,

(7 (1)~ r (08 () st (26 ()0 (1) + 7 (1) (1) e = — o™ (:2> — (;) o

m
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Thus k = GM and
" / 2 1 / / "
(@) —r @) ()" =—k (ﬁ) , 2 ()0 (t) +r(t)0" (t) =0.

As in 10.6,(7"20’)' = 0 and so there exists a constant, ¢, such that
r26 = c.

Now the other part of [10.9 and [10.10/ implies

-0 0 =0 -0 (5) = -k (%)

ré 72

It is only r as a function of 6 which is of interest. Using the chain rule,

/_ﬂﬁ_ﬁcg
"Taedt T e \i2
and so also
d2r (df c dr oy dr df
1 — - - . s 72 -3 _
" dGQ(dt)(r2)+d9( VO 0™) 5w

_ &(5)2_2 ar\* (&
Tde? \r2 do rd

Using [10.13] and 10.12] in 10.11] yields

i )2 (5) (7)o (7))

Now multiply both sides of this equation by r*/c? to obtain

d>r dr\?% 1
So(S) cor=E0
d6> de ) r c2
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(10.9)

(10.10)

(10.11)

(10.12)

(10.13)

(10.14)

This is a nice differential equation for r as a function of 6 but it is not clear what its

solution is. It turns out to be convenient to define a new dependent variable, p = r~

so r = p~t. Then

dr 1 _odp dgr_
dg*

dp 2
(= E 2 9,3 22 -1
Substituting this in to [10.14l yields

_3(dp 2 o d?p _odp 2 _ —kp
3 [ apP _ 20 P 24p -1
2p ( 9> +(-1)p 02 2(p 0 p—p = 2

which simplifies to

o d%p -1 —kp~?

d02 - c2

(=1L)p

dp

1

2
since those two terms which involve (@) cancel. Now multiply both sides by —p? and

this yields
P,k
d92 p - 627

(10.15)
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which is a much nicer differential equation. Let R = p — C% Then in terms of R, this
differential equation is

657]2% +R=0.
Multiply both sides by %.
1d ((dR) +R2> o
2do de
and so )
(fg) LR (10.16)

for some ¢ > 0. Therefore, there exists an angle, 1) = ¢ () such that

Rzésin(w),@

- d cos (¥)

because 10.16/ says (%%, %R) is a point on the unit circle. But differentiating, the first

of the above equations,

dR d

= d cos (¥) d—qg = dcos (¢)
and so % = 1. Therefore, 1» = 6 + ¢. Choosing the coordinate system appropriately,
you can assume ¢ = 0. Therefore,

E 1 k .

R= —6—2—7—0—2:58m(6’)

and so, solving for r,
S 1 B A /k

(&) +osin0 14 (c?/k)dsind

_ pe

~ 1+esinf
where

e = (c’/k) 6 and p = ¢*/ke. (10.17)

Here all these constants are nonnegative.
Thus
r+ersind = ep

and so r = (ep — ey) . Then squaring both sides,

2
2= (ep —ey)” = p? — 2pePy + %y

2’ +y
And so
2?4+ (1 - &%) y® = *p® — 2pe?y. (10.18)

In case ¢ = 1, this reduces to the equation of a parabola. If ¢ < 1, this reduces to
the equation of an ellipse and if € > 1, this is called a hyperbola. This proves that
objects which are acted on only by a force of the form given in the above example move
along hyperbolas, ellipses or circles. The case where € = 0 corresponds to a circle. The
constant, € is called the eccentricity. This is called Kepler’s first law in the case of a
planet.
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10.6.3 Kepler’s Third Law

Kepler’s third law involves the time it takes for the planet to orbit the sun. From [10.18
you can complete the square and obtain

2 2 2.4 £2p2
$2+(1—52)<y+1p_g2> =e?p? 4 = =L

and this yields

2,2 2\ 2 2,2
2 ep pe e'p
—— | =1 10.1
x/(1_52)+<y+1_52) /<(152)2> (10.19)
Now note this is the equation of an ellipse and that the diameter of this ellipse is
2ep
—— = 2a. 10.20
(1-¢2) “ ( )
This follows because 5 o 5 5
e°p e°p

> .
(122~ 1-¢
Now let T denote the time it takes for the planet to make one revolution about the sun.
Using this formula, and [10.8 the following equation must hold.

area of ellipse

ep ep 7
T———=T=
V1—e2(1—-¢2) 2
Therefore,
T 2 7T€2p2
c(1-e2)*?
and so
) Ar2etp?
2(1—¢2)?

Now using [10.17, recalling that k = GM, and [10.20,

™ 4r2etpt _ 472 (ep)®
kep(1—¢2)® k(1 —e2)

4r2a®  4An?ad

Kk GM

Written more memorably, this has shown

T2 (10.21)

_ 472 ( diameter of ellipse 3
- GM 2

This relationship is known as Kepler’s third law.

10.7 Exercises

1. Suppose you know how the spherical coordinates of a moving point change as a
function of t. Can you figure out the velocity of the point? Specifically, suppose
¢ (t)=t,0(t) =1+t, and p(t) = t. Find the speed and the velocity of the object
in terms of Cartesian coordinates. Hint: You would need to find 2’ (¢),y' (¢),
and z’ (). Then in terms of Cartesian coordinates, the velocity would be «’ (t) i+
y()ji+2 @)k
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2. Find the length of the cardioid, r = 14+cos 6,0 € [0, 2] . Hint: A parameterization
is x (0) = (14 cos®)cosb,y (0) = (14 cosf)sinb.

3. In general, show the length of the curve given in polar coordinates by r = f (6),0 €

[a,b] equals [/ f' () + f (6)d6.

4. Suppose the curve given in polar coordinates by r = f (0) for 6 € [a, b] is rotated
about the y axis. Find a formula for the resulting surface of revolution.

5. Suppose an object moves in such a way that r26’ is a constant. Show the only
force acting on the object is a central force.

6. Explain why low pressure areas rotate counter clockwise in the Northern hemi-
sphere and clockwise in the Southern hemisphere. Hint: Note that from the point
of view of an observer fixed in space above the North pole, the low pressure area
already has a counter clockwise rotation because of the rotation of the earth and
its spherical shape. Now consider [10.7. In the low pressure area stuff will move
toward the center so r gets smaller. How are things different in the Southern
hemisphere?

7. What are some physical assumptions which are made in the above derivation of
Kepler’s laws from Newton’s laws of motion?

8. The orbit of the earth is pretty nearly circular and the distance from the sun to
the earth is about 149 x 10° kilometers. Using [10.21] and the above value of the
universal gravitation constant, determine the mass of the sun. The earth goes
around it in 365 days. (Actually it is 365.256 days.)

9. It is desired to place a satellite above the equator of the earth which will rotate
about the center of mass of the earth every 24 hours. Is it necessary that the orbit
be circular? What if you want the satellite to stay above the same point on the
earth at all times? If the orbit is to be circular and the satellite is to stay above
the same point, at what distance from the center of mass of the earth should the
satellite be? You may use that the mass of the earth is 5.98 x 10%* kilograms.
Such a satellite is called geosynchronous.
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10.8 Spherical And Cylindrical Coordinates

Now consider two three dimensional generalizations of polar coordinates. The following
picture serves as motivation for the definition of these two other coordinate systems.

z
A
(p,¢,0)
- (T79721>
T * (21,91, 21)
) g
: Y1
(i Y
T
TIA Y (g, 0)

In this picture, p is the distance between the origin, the point whose Cartesian
coordinates are (0,0,0) and the point indicated by a dot and labelled as (x1,y1, 21),
(r,0,z1), and (p, ¢,0) . The angle between the positive z axis and the line between the
origin and the point indicated by a dot is denoted by ¢, and 6, is the angle between the
positive = axis and the line joining the origin to the point (x1,y1,0) as shown, while r is
the length of this line. Thus r and 6 determine a point in the plane determined by letting
z = 0 and r and 6 are the usual polar coordinates. Thus r > 0 and 6 € [0, 27). Letting 2
denote the usual z coordinate of a point in three dimensions, like the one shown as a dot,
(r,0,21) are the cylindrical coordinates of the dotted point. The spherical coordinates
are determined by (p, ¢,0) . When p is specified, this indicates that the point of interest
is on some sphere of radius p which is centered at the origin. Then when ¢ is given,
the location of the point is narrowed down to a circle and finally, 8 determines which
point is on this circle. Let ¢ € [0,7],6 € [0,27), and p € [0,00). The picture shows
how to relate these new coordinate systems to Cartesian coordinates. For Cylindrical
coordinates,

x =rcos(0),
rsin (),

zZ=Zz

and for spherical coordinates,

x = psin (¢) cos (),
y = psin (@) sin (0),
z = pcos (o).
Spherical coordinates should be especially interesting to you because you live on the
surface of a sphere. This has been known for several hundred years. You may also know

that the standard way to determine position on the earth is to give the longitude and
latitude. The latitude corresponds to ¢ and the longitude corresponds to 6.3

3 Actually latitude is determined on maps and in navigation by measuring the angle from the equator
rather than the pole but it is essentially the same idea.
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Example 10.8.1 Ezxpress the surface, z = %\/ﬁ + 42 in spherical coordinates.

This is

peos (6) = =/ (psin (6) os (9)) + (psin () sin ()" = 3V3psino,

Therefore, this reduces to

tan ¢ = V3

and so this is just ¢ = 7/3.
Example 10.8.2 Ezxpress the surface, y = x in terms of spherical coordinates.

This says psin (¢) sin () = psin (¢) cos (f) . Thus sin @ = cos§. You could also write
tanf = 1.

Example 10.8.3 Ezpress the surface, x> + y? = 4 in cylindrical coordinates.

This says r2 cos? 6 + r2sin? @ = 4. Thus r = 2.

10.9 Exercises

1. The following are the cylindrical coordinates of points. Find the rectangular and
spherical coordinates.

(0) (5%, -3)
() (3.5.4)

© (4.%1)
(@) (2,°%F,-2)
© (3%, 1)
0 (3.4, 1)

2. The following are the rectangular coordinates of points. Find the cylindrical and
spherical coordinates of these points.

(a) (3v2,3v2,-3)
(b) (3,5v3.2)

(¢) (—3V2,5v2,11)
(@) (~3.3v5,23)

() (=V3,-1,-5)

(f) (3,-3v3,-7)

3. The following are spherical coordinates of points in the form (p, ¢,0). Find the
rectangular and cylindrical coordinates.

e —

(
(=
(
(

£ (&

27
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4.

10.

11.

12.

13.
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() (4.5,5)
() (458, %)

The following are rectangular coordinates of points. Find the spherical and cylin-
drical coordinates.

(a (ff?f)

)
(b) (=3v3,4.1)
() (—5Vv2,4v2,-3V3)
(d) (= f,mf)
() (—5V2,1V6,-3V2)
() (-4 ,%,—%)

Describe how to solve the problem of finding spherical coordinates given rectan-
gular coordinates.

A point has Cartesian coordinates, (1,2,3). Find its spherical and cylindrical
coordinates using a calculator or other electronic gadget.

Describe the following surface in rectangular coordinates. ¢ = w/4 where ¢ is the
polar angle in spherical coordinates.

Describe the following surface in rectangular coordinates. 6 = 7/4 where 6 is the
angle measured from the postive x axis spherical coordinates.

Describe the following surface in rectangular coordinates. § = 7/4 where 6 is the
angle measured from the postive x axis cylindrical coordinates.

Describe the following surface in rectangular coordinates. r = 5 where r is one of
the cylindrical coordinates.

Describe the following surface in rectangular coordinates. p = 4 where p is the
distance to the origin.

Give the cone, z = y/x2 + 32 in cylindrical coordinates and in spherical coordi-
nates.

Write the following in spherical coordinates.

(a) z=2%+9?
(b) 22 —y? =
(c) 22+2%2+9y*=6

(a) z=a%+y”

(b) a? —y* =1

(c) 22+22+y*>=6
(d) z=+22+y?
() y=ux

() z==
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10.10 Exercises With Answers

1. The following are the cylindrical coordinates of points. Find the rectangular and
spherical coordinates.

(a) (5,3F,—3) Rectangular coordinates:

’» 3
5t . (57 5 5
<5cos (6> ,Dsin (3> ,—3> = <—2\[, —5\/5, —3>
(b) (3,%,4)Rectangular coordinates:

R
(3 cos (g) ,3sin (g) ,4) =(0,3,4)

(c) (4, 3%, 1)Rectangular coordinates:

<4cos (T) 4sin (T) ,1> - (72\@,2\/5, 1)

2. The following are the rectangular coordinates of points. Find the cylindrical and
spherical coordinates of these points.

(a) (% V2, g V2, 73) Cylindrical coordinates:

()« () 55) = ()

Spherical coordinates: (\/3 I ) where cos ¢ = \;—334

(b) (1, V3, 2) Cylindrical coordinates:

( (1) + (\/5)27;2> _ (2,?,2)

Spherical coordinates: (2\[, T ) where cos ¢ = % so ¢ = 7.

3. The following are spherical coordinates of points in the form (p, ¢,6). Find the
rectangular and cylindrical coordinates.

(a) (4, T %") Rectangular coordinates:

(asin () cos (%) asin (5 sn (5 ) acon () ) = (-v2vE.vE.2v3)

Cylindrical coordinates: (4 sin (%) , %r, 4 cos (%)) = (2\/5, %71’, 2\/5) .

(b) ( T ?ﬂf) Rectangular coordinates:

(2 sin (g) cos (5677> 2sin (g) ain (5(:) ,2cos (g)) - <2 %\/5 1)

Cylindrical coordinates: (2 sin (%) , %r, 2 cos (%)) = (\/3, 3, 1) .
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(c) (2,%,3) Rectangular coordinates:

(2 sin (%) cos (3277) 2sin (%) sin <327T> 2cos (g)) - (0, 1, \/5)

Cylindrical coordinates: (2 sin (%) , 37”, 2 cos (%)) = (1, %777 \/ﬁ) .

. The following are rectangular coordinates of points. Find the spherical and cylin-

drical coordinates.

(a) (ﬁ, \/6,2\/5) To find 6, note that tanf = % = +v/3 and s0 6 = 5P =

V2+6+8=4.cosp= 24ﬁ = ? so ¢ = 7. The spherical coordinates are
therefore, (4,5, %) . The cylindrical coordinates are (4sin (§), 5,4 cos (§)) =
(2\/57 %7?, 2\/5) . I can’t stand to do any more of these but you can do the
others the same way.

Describe how to solve the problem of finding spherical coordinates given rectan-
gular coordinates.

This is not easy and is somewhat unpleasant but everyone should do this once in
their life. If z, y, 2 are the rectangular coordinates, you can get p as /22 + y2 + 22.
Now cos¢ = %. Finally, you need 6. You know ¢ and p. x = psin¢cosf and
y = psing¢sinf. Therefore, you can find 6 in the same way you did for polar
coordinates. Here r = psin ¢.

A point has Cartesian coordinates, (1,2,3). Find its spherical and cylindrical
coordinates using a calculator or other electronic gadget.
See how to do it using Problem 5.
Describe the following surface in rectangular coordinates. ¢ = 7/3 where ¢ is the
polar angle in spherical coordinates.
This is a cone such that the angle between the positive z axis and the side of the
cone seen from the side equals /3.
Give the cone, z = 24/22 + 92 in cylindrical coordinates and in spherical coordi-
nates.
Cylindrical: z = 2r Spherical: pcos¢ = 2psin¢. So it is tan ¢ = %
Write the following in spherical coordinates.

(a) z=2(2*+y?).

pcos ¢ = 2p?sin® ¢ or in other words cos ¢ = 2psin? ¢

(b) 22 —y% =1 (psingcosh)® — (psinpsin ) = p2sin® pcos20 = 1
Write the following in cylindrical coordinates.

(a) z=a2%+9% 2z =12

(b) 22 —y?> =172cos?H —r?sin 0 = r2cos 20 = 1
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Functions Of Many Variables

11.0.1 Outcomes
1. Represent a function of two variables by level curves.
2. Identify the characteristics of a function from a graph of its level curves.

Recall and use the concept of limit point.

- W

Describe the geometrical significance of a directional derivative.

ot

Give the relationship between partial derivatives and directional derivatives.
Compute partial derivatives and directional derivatives from their definitions.
Evaluate higher order partial derivatives.

State conditions under which mixed partial derivatives are equal.

© % N>

Verify equations involving partial derivatives.

10. Describe the gradient of a scalar valued function and use to compute the directional
derivative.

11. Explain why the directional derivative is maximized in the direction of the gradient
and minimized in the direction of minus the gradient.

11.1 The Graph Of A Function Of Two Variables

With vector valued functions of many variables, it doesn’t take long before it is impossi-
ble to draw meaningful pictures. This is because one needs more than three dimensions
to accomplish the task and we can only visualize things in three dimensions. Ultimately,
one of the main purposes of calculus is to free us from the tyranny of art. In calculus,
we are permitted and even required to think in a meaningful way about things which
cannot be drawn. However, it is certainly interesting to consider some things which
can be visualized and this will help to formulate and understand more general notions
which make sense in contexts which cannot be visualized. One of these is the concept
of a scalar valued function of two variables.

Let f (x,y) denote a scalar valued function of two variables evaluated at the point
(z,y) . Its graph consists of the set of points, (z,y, z) such that z = f (z,y) . How does
one go about depicting such a graph? The usual way is to fix one of the variables, say x
and consider the function z = f (x,y) where y is allowed to vary and x is fixed. Graphing
this would give a curve which lies in the surface to be depicted. Then do the same thing
for other values of x and the result would depict the graph desired graph. Computers
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do this very well. The following is the graph of the function z = cos () sin (22 + y)
drawn using Maple, a computer algebra system..

i
il
Il

Wi
T,
[ A\

”','.} " i { i m"?‘\\‘ il

]
{
i

Notice how elaborate this picture is. The lines in the drawing correspond to taking
one of the variables constant and graphing the curve which results. The computer did
this drawing in seconds but you couldn’t do it as well if you spent all day on it. I used
a grid consisting of 70 choices for x and 70 choices for y.

Sometimes attempts are made to understand three dimensional objects like the above
graph by looking at contour graphs in two dimensions. The contour graph of the above
three dimensional graph is below and comes from using the computer algebra system
again.

\ ) | RREAN

This is in two dimensions and the different lines in two dimensions correspond to
points on the three dimensional graph which have the same z value. If you have looked
at a weather map, these lines are called isotherms or isobars depending on whether the
function involved is temperature or pressure. In a contour geographic map, the contour
lines represent constant altitude. If many contour lines are close to each other, this
indicates rapid change in the altitude, temperature, pressure, or whatever else may be
measured.

A scalar function of three variables, cannot be visualized because four dimensions are
required. However, some people like to try and visualize even these examples. This is
done by looking at level surfaces in R® which are defined as surfaces where the function
assumes a constant value. They play the role of contour lines for a function of two
variables. As a simple example, consider f (z,y,z) = 22 + y? + 22. The level surfaces
of this function would be concentric spheres centered at 0. (Why?) Another way to
visualize objects in higher dimensions involves the use of color and animation. However,
there really are limits to what you can accomplish in this direction. So much for art.

However, the concept of level curves is quite useful because these can be drawn.

Example 11.1.1 Determine from a contour map where the function,

f(z,y) =sin (m2 + yz)

11 used Maple and exported the graph as an eps. file which I then imported into this document.
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18 steepest.

s

In the picture, the steepest places are where the contour lines are close together
because they correspond to various values of the function. You can look at the picture
and see where they are close and where they are far. This is the advantage of a contour
map.

11.2 Review Of Limits

Recall the concept of limit of a function of many variables. When f : D (f) — R? one
can only consider in a meaningful way limits at limit points of the set, D (f).

Definition 11.2.1 Let A denote a nonempty subset of RP. A point, x is said to be a
limit point of the set, A if for every r > 0, B (x,r) contains infinitely many points of
A.

Example 11.2.2 Let S denote the set, {(z,y,z) eR?:z,y,2 are all in N}. Which
points are limit points?

This set does not have any because any two of these points are at least as far apart
as 1. Therefore, if x is any point of R?, B (x,1/4) contains at most one point.

Example 11.2.3 Let U be an open set in R3. Which points of U are limit points of U?

They all are. From the definition of U being open, if x € U, There exists B (x,7) C U
for some r > 0. Now consider the line segment x+tre; where ¢t € [0,1/2]. This describes
infinitely many points and they are all in B (x,7) because

|x + tre; — x| =tr <.

Therefore, every point of U is a limit point of U.
The case where U is open will be the one of most interest but many other sets have
limit points.

Definition 11.2.4 Let f: D (f) C R? — R? where q,p > 1 be a function and let x be a
limit point of D (f). Then
lim f(y)=L

y—x
if and only if the following condition holds. For all € > 0 there exists § > 0 such that if
O0<|y—x|<dandy € D(f)

then,
IL-f(y)l<e
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The condition that x must be a limit point of D (f) if you are to take a limit at x is
what makes the limit well defined.

Proposition 11.2.5 Let f: D (f) C RP — RY? where q,p > 1 be a function and let x be
a limit point of D (f). Then if limy_.x f (y) exists, it must be unique.

Proof: Suppose limy_.« f(y) = Ly and limy_, f (y) = Lo. Then for € > 0 given,
let §; > 0 correspond to L; in the definition of the limit and let § = min (41, d2). Since
x is a limit point, there exists y € B (x,d) N D (f) . Therefore,

L1 —Lo| < [Li—f(y)l+I[f(y)— Lo
< e+e=2e.
Since € > 0 is arbitrary, this shows L; = L,. The following theorem summarized many

important interactions involving continuity. Most of this theorem has been proved in
Theorem [7.4.5 on Page 137 and Theorem [7.4.7 on Page [139.

Theorem 11.2.6 Suppose x is a limit point of D (f) andlimy_«f (y) =L, limy, .« g(y) =
K where K and L are vectors in RP for p > 1. Then if a, b € R,

lim of (y) + bg (y) = aL + VK, (11.1)
y—Xx
limf -g(y)=L-K (11.2)
y—x

Also, if h is a continuous function defined near L, then

lim hof(y)=h(L). (11.3)

y—Xx

For a vector valued function, £ (y) = (f1 (y), -~ fq (y)), limy_«f(y) =L =(Ly - -, L))"
if and only if
lim fi (y) = L (11.4)

y—x

foreachk=1,--- p.
In the case where f and g have values in R3

lim f(y) xg(y) =L x K. (11.5)

y—x

Also recall Theorem [7.4.6/ on Page [138.

Theorem 11.2.7 For f : D(f) — R? and x € D (f) such that x is a limit point of
D (f), it follows f is continuous at x if and only if limy_.« f (y) = f (x).

11.3 The Directional Derivative And Partial Deriva-
tives

11.3.1 The Directional Derivative

The directional derivative is just what its name suggests. It is the derivative of a function
in a particular direction. The following picture illustrates the situation in the case of a
function of two variables.
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v
(onyo)

In this picture, v = (v1,v2) is a unit vector in the zy plane and x¢ = (zo,y0) is a
point in the zy plane. When (z,y) moves in the direction of v, this results in a change
in z = f(x,y) as shown in the picture. The directional derivative in this direction is
defined as

. [ (zo + tvr, yo + tve) — f (z0,v0)
120 t '

It tells how fast z is changing in this direction. If you looked at it from the side, you
would be getting the slope of the indicated tangent line. A simple example of this is a
person climbing a mountain. He could go various directions, some steeper than others.
The directional derivative is just a measure of the steepness in a given direction. This
motivates the following general definition of the directional derivative.

Definition 11.3.1 Let f : U — R where U is an open set in R™ and let v be a unit
vector. For x € U, define the directional derivative of f in the direction, v, at the

point X as
Dof () = i LT =169

Example 11.3.2 Find the directional derivative of the function, f (z,y) = z2y in the
direction of i+ j at the point (1,2).

First you need a unit vector which has the same direction as the given vector. This
unit vector is v = (%, %) . Then to find the directional derivative from the definition,

2
write the difference quotient described above. Thus f (x 4+ tv) = (1 + %) (2 +
and f (x) = 2. Therefore,

%)

fx+tv) = f(x) 0+%f@+$§*2

t o t ’

and to find the directional derivative, you take the limit of this as ¢t — 0. However, this
difference quotient equals %\@ (10 +4tV/2 + t2) and so, letting ¢ — 0,

Dyf(1,2) = (Zﬁ) .

There is something you must keep in mind about this. The direction vector must
always be a unit vector?.

2 Actually, there is a more general formulation of the notion of directional derivative known as the
Gateaux derivative in which the length of v is not equal to one but it will not be considered.



236 FUNCTIONS OF MANY VARIABLES

11.3.2 Partial Derivatives

There are some special unit vectors which come to mind immediately. These are the
vectors, e; where

e; =(0,---,0,1,0,---0)"

and the 1 is in the i*" position.
Thus in case of a function of two variables, the directional derivative in the direction
i = e; is the slope of the indicated straight line in the following picture.

ers’

As in the case of a general directional derivative, you fix y and take the derivative
of the function, x — f(z,y). More generally, even in situations which cannot be drawn,
the definition of a partial derivative is as follows.

X,

Definition 11.3.3 Let U be an open subset of R™ and let f : U — R. Then letting
T , n
x = (21, -, x,) be a typical element of R™,

of
61‘i

(x) = De, f (x).

This is called the partial derivative of f. Thus,

af (x) = lim [ (x+tei) — f (x)
8-%'1‘ t—0 t
_ hm f(x17...’:I:i_i_t’...xn)_f(xl’...7xi7. ..xn)’
t—0 t

and to find the partial derivative, differentiate with respect to the variable of interest and
regard all the others as constants. Other notation for this partial derivative is fg,, f i,
or D;f. If y = f(x), the partial derivative of f with respect to x; may also be denoted

by

Oy or
Example 11.3.4 Find %5, %5, and %g if f(z,y) =ysinz + 2%y + 2.
From the definition above, % = ycosT + 2xy, g_f =sinz + 22, and % = 1. Having

taken one partial derivative, there is no reason to stop doing it. Thus, one could take the
partial derivative with respect to y of the partial derivative with respect to x, denoted

by aa;gz or fzy. In the above example,

0% f
0yor

= fuy = cosx + 2.
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Also observe that
f
oxdy
Higher order partial derivatives are defined by analogy to the above. Thus in the
above example,

fya = cosz + 2x.

fyax = —sinz + 2.

These partial derivatives, fy, are called mixed partial derivatives.
There is an interesting relationship between the directional derivatives and the par-
tial derivatives, provided the partial derivatives exist and are continuous.

Definition 11.3.5 Suppose f : U C R™ — R where U is an open set and the partial
derivatives of f all exist and are continuous on U. Under these conditions, define the
gradient of f denoted V f (x) to be the vector

V(%) = (for (%), foy (%), o, (3))T

Proposition 11.3.6 In the situation of Definition 11.3.5 and for v a unit vector,
Dyof (x) = Vf (x) - v.

This proposition will be proved in a more general setting later. For now, you can
use it to compute directional derivatives.

Example 11.3.7 Find the directional derivative of the function, f (x,y) = sin (2372 + y3)
at (1,1) in the direction (%, %)
First find the gradient.
Vi(z,y) = (4x cos (2302 + y3) , 3y? cos (23:2 + y3))T
Therefore,
Vf(1,1) = (4cos (3),3cos (3))"
The directional derivative is therefore,
1 o1N\" 7

4cos(3),3cos (3 . —,— = — (cos3) V2.

facos (3) 3c0s(3)"+ (5.5 ) = (eos3)
Another important observation is that the gradient gives the direction in which the
function changes most rapidly.

Proposition 11.3.8 In the situation of Definition [11.3.5, suppose V f (x) # 0. Then
the direction in which f increases most rapidly, that is the direction in which the direc-
tional derivative is largest, is the direction of the gradient. Thusv =V f(x)/|Vf(x)] is
the unit vector which mazimizes Dy f (x) and this mazimum value is |V f (x)|. Similarly,
v =-Vf(x)/|Vf(x)| is the unit vector which minimizes Dy f (x) and this minimum

value is — |V f (x)].
Proof: Let v be any unit vector. Then from Proposition [11.3.6,
D,f(x)=Vf(x) - v=|Vf(x)||v|cosd =|Vf(x)| cosb

where 6 is the included angle between these two vectors, V[ (x) and v. Therefore,
Dy f (x) is maximized when cos = 1 and minimized when cos@ = —1. The first case
corresonds to the angle between the two vectors being 0 which requires they point in
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the same direction in which case, it must be that v =V f (x)/|Vf (x)| and Dy f (x) =
|V f(x)|. The second case occurs when 6 is 7 and in this case the two vectors point in
opposite directions and the directional derivative equals — |V f (x)].

The concept of a directional derivative for a vector valued function is also
easy to define although the geometric significance expressed in pictures is not.

Definition 11.3.9 Let f : U — RP where U is an open set in R™ and let v be a unit
vector. For x € U, define the directional derivative of £ in the direction, v, at the point
X as
f tv) —f
D.f (x) = }irr(l) (x+ ‘;) (X)

Example 11.3.10 Let f(z,y) = (xy2,y:v)T. Find the directional derivative in the
direction (1,2)" at the point (z,y).

T
First, a unit vector in this direction is (1 / \/5, 2/ \/5) and from the definition, the
desired limit is

i ((@+t(1/VE) (y+t(2/V5)" —ay? (x+t (1/V5)) (v + £ (2/V5)) — a)
i ;
m (émy\/g—k %wt + %\/5y2 + %ty + %tQ\/g, %33\/54- %y\/g—i— zt)

li
t—0

4 1 2 1
<5xy\/5+ g\/5y2, giE\/g + 52/\/5) .

You see from this example and the above definition that all you have to do is to
form the vector which is obtained by replacing each component of the vector with its
directional derivative. In particular, you can take partial derivatives of vector valued
functions and use the same notation.

Example 11.3.11 Find the partial derivative with respect to x of the function f (z,y, z, w) =

(zy?, zsin (zy) , 2°x) 4

From the above definition, f, (z,y, z) = D1f (z,y,2) = (yz, zy cos (zy) ,23)T

11.4 Mixed Partial Derivatives

Under certain conditions the mixed partial derivatives will always be equal. This
astonishing fact is due to Euler in 1734.

Theorem 11.4.1 Suppose f : U C R? — R where U is an open set on which far fy
foy and fyy exist. Then if fi, and fy. are continuous at the point (x,y) € U, it follows

foy (2,9) = fyaz (2,9).

Proof: Since U is open, there exists » > 0 such that B ((z,y),r) C U. Now let
[t],]s| < r/2 and consider

. h(t) h(0)
Ast)= _Af@+tyts) = flatty) - (flz,y+s) - flzy)}h (11.6)
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Note that (z 4+ ¢,y + s) € U because

1/2

[+ 1ty +5) = (z,y)] I(t,SI—(t2+S)

< (7. ) _

< 1 NG

As implied above, h(t) = f(x +t,y+ ) — f(x +t,y). Therefore, by the mean value
)¢

<r.

theorem from calculus and the (one variable) chain rule,
AGt) = 2 () = h(0) = W (at)1
% st s

1
S fe@tatyts) = folz+aty)
for some « € (0,1). Applying the mean value theorem again,

A(S7t) = fzy (‘r+at7y+ﬁ8)

where «, 5 € (0,1).
If the terms f(x+t,y) and f (z,y + s) are interchanged in [I1.6, A (s,t) is also
unchanged and the above argument shows there exist v, € (0, 1) such that

A(s,t) = fyz (x+7t,y+9s).

Letting (s,t) — (0,0) and using the continuity of f,, and f,., at (z,y),
lim A(Sat) :fry (ac,y) :fyr (:zz,y)

(5,8)—(0,0)

This proves the theorem.
The following is obtained from the above by simply fixing all the variables except
for the two of interest.

Corollary 11.4.2 Suppose U is an open subset of R"™ and f : U — R has the property
that for two indices, k,l, fz., [z, [o,ar, ONd fz,2, exist on U and fy, o, and fy,z, are
both continuous at x € U. Then fy,2, (X) = fo,z,, (X).

It is necessary to assume the mixed partial derivatives are continuous in order to
assert they are equal. The following is a well known example [3].

Example 11.4.3 Let

ay(2”~y)
T = 273, Zf (x y) 7é (070)
Joy) { if () = (0,0)

Here is a picture of the graph of this function. It looks innocuous but isn’t.

From the definition of partial derivatives it follows immediately that f, (0,0) =
fy (0,0) = 0. Using the standard rules of differentiation, for (z,y) # (0,0),

f _y$4_y4+4$2y2 f _xx4_y4_4x2y2
xr — bl -
(@2 +y2)* (22 + y2)?
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Now
foy (0,0) = tim L2 O = £ 00 —vt
o Y v=0 (y?)
while 4
fyx((),())Eiiﬂ%f@/(ff’o)*fy((),()):1' L

im ——
T z—0 (z2)

showing that although the mixed partial derivatives do exist at (0,0) , they are not equal
there.

11.5 Partial Differential Equations

Partial differential equations are equations which involve the partial derivatives of
some function. The most famous partial differential equations involve the Laplacian,
named after Laplace?.

Definition 11.5.1 Let u be a function Ofn variables. Then Au = Zk | Uzpzr,- This
is also written as V?u. The symbol, A or V? is called the Laplacian. When Au = 0 the
function, u is called harmonic.Laplace’s equation is Au = 0. The heat equation
is uy — Au = 0 and the wave equation is uy — Au = 0.

Example 11.5.2 Find the Laplacian of u(x,y) = 2% — 3.

Uge = 2 while uy, = —2. Therefore, Au = Uz +uyy = 2 —2 = 0. Thus this function
is harmonic, Au = 0.

Example 11.5.3 Find u; — Au where u (t,x,y) = et cos .
In this case, uy = —e~* cos z while u,,, = 0 and u,, = —e ™" cos z therefore, us —Au =
0 and so u solves the heat equation, u; — Au = 0.

Example 11.5.4 Let u (t,x) = sintcosz. Find uy — Au.

In this case, uyy = —sint cosx while Au = —sint cos x. Therefore, u is a solution of
the wave equation, uy;; — Au = 0.

11.6 Exercises

1. Find the directional derivative of f (x y,2) = z%y + 2* in the direction of the
vector, (1,3, —1) when (z,y,2) = (1,1,1).

2. Find the directional derivative of f (z,y,2) = sin (z 4+ y?) + 2 in the direction of
the vector, (1,2,—1) when (z,y,2) = (1,1,1).

)

3. Find the directional derivative of f (z,y

,2) = In (z +y?) + 22 in the direction of
the vector, (1,1,—1) when (z,y,2) = (1,1,

1).
4. Find the largest value of the directional derivative of f (z,y,2) = In (z + y?) + 22
at the point (1,1,1).

5. Find the smallest value of the directional derivative of f (z,y,z) = x sin (4ay?)+2>
at the point (1,1,1).

3Laplace was a great physicist of the 1700’s. He made fundamental contributions to mechanics and
astronomy.
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An ant falls to the top of a stove having temperature T (z,y) = x?sin (x + y) at

the point (2, 3) . In what direction should the ant go to minimize the temperature?
In what direction should he go to maximize the temperature?

Find the partial derivative with respect to y of the function
£(a,y,2,w) = (v, 2% sin (zy) , 2°2)

Find the partial derivative with respect to x of the function

f(z,y,2,w) = (wz, zzsin (zy) ,z?’x)T

Find gi, gi, and af for f =

(a) 2y + cos (zy) + 'y
(b) e’ ¥ zsin (x + y)
(c) 2%sin® (ef” +y )
(d)

(e)

Suppose

z% cos (sin (tan (22 + y?)))

¥+

3x2+6y2

2wy+6x3+12wy2+18yx2+36y3+sin(13)+tan(3y3) .
f(z,y) _ if (z,y) # (0,0)
0if (2,) = (0,0).

Find 5 (0,0) and §£(0,0).

Why must the vector in the definition of the directional derivative be a unit vector?
Hint: Suppose not. Would the directional derivative be a correct manifestation
of steepness?

Find fu, fy, 2, foy, fyws faz, [z, Foys fy= for the following. Verify the mixed partial
derivatives are equal.

(
(

a) r2y%2* +sin (zyz)

b) sin (zyz) + 22yz

(d x +y +Z

)

)

(c) zln’x + 9?2 —&—1}
) €

(e) tan (zyz)
Suppose f : U — R where U is an open set and suppose that x € U has the
property that for all y near x, f (x) < f (y). Prove that if f has all of its partial
derivatives at x, then f,, (x) = 0 for each z;. Hint: This is just a repeat of
the usual one variable theorem seen in beginning calculus. You just do this one
variable argument for each variable to get the conclusion.

As an important application of Problem (13| consider the following. Experiments
are done at n times, t1,ts,--- ,t, and at each time there results a collection of
numerical outcomes. Denote by {(¢;,z;)}7_, the set of all such pairs and try to find
numbers a and b such that the line x = at 4 b approximates these ordered pairs as
well as possible in the sense that out of all choices of a and b, >%_, (at; +b — z;)?
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is as small as possible. In other words, you want to minimize the function of two
variables, f(a,b) = Y7, (at; +b— 2;)*. Find a formula for @ and b in terms
of the given ordered pairs. You will be finding the formula for the least squares
regression line.

Show that if v (z,y) = u (o, By), then v, = au, and v, = Pu,. State and prove
a generalization to any number of variables.

Let f be a function which has continuous derivatives. Show u (¢,z) = f (v — ct)
solves the wave equation, u; — c2Au = 0. What about u (z,t) = f (z + ct)?

D’Alembert found a formula for the solution to the wave equation, uy = c2uzs
along with the initial conditions u (x,0) = f (x),us (z,0) = g () . Here is how he
did it. He looked for a solution of the form u (z,t) = h(x + ct) + k (z — ct) and
then found A and k in terms of the given functions f and g. He ended up with
something like

x+ct
u@t) =5 [ g0V S ()4 S o).

276 r—ct
Fill in the details.

Determine which of the following functions satisfy Laplace’s equation.

Show that z = ygf’z is a solution to the partial differential equation, xz% +
2 2
20y gy + U G =

Show that z = y/x2 4+ 3?2 is a solution to x% + y%; =0.
Show that if Au = Au, then e*u solves the heat equation, u; — Au = 0.

Show that if a, b are scalars and u, v are functions which satisfy Laplace’s equation
then au + bv also satisfies Laplace’s equation. Verify a similar statement for the
heat and wave equations.

Show that u (x,t) = %e"”z/‘lczt solves the heat equation, u: = c?ugy.



The Derivative Of A Function
Of Many Variables

12.0.1 Owutcomes

1. Define differentiability and explain what the derivative is for a function of n vari-
ables.

2. Describe the relation between existence of partial derivatives, continuity, and dif-
ferentiability.

3. Give examples of functions which have partial derivatives but are not continu-
ous, examples of functions which are differentiable but not C', and examples of
functions which are continuous without having partial derivatives.

4. Evaluate derivatives of composite functions using the chain rule.

5. Solve related rates problems using the chain rule.

12.1 The Derivative Of Functions Of One Variable

First recall the notion of the derivative of a function of one variable.

Observation 12.1.1 Suppose a function, f of one variable has a derivative at x. Then

o @) = f @) = 1 @) h]

h—0 |h‘ 0.

This observation follows from the definition of the derivative of a function of one vari-

able, namely

Definition 12.1.2 A wvector valued function of a vector, v is called o (v) if

lim ﬂ
‘V|—)O |V|

-0 (12.1)

Thus the function f (x 4+ h) — f () — f' () h is 0o (h) . The expression, o (h), is used
like an adjective. It is like saying the function is white or black or green or fat or thin.
The term is used very imprecisely. Thus

o(v)=o0(v)+o(v),o(v)=450(v),o0(v) =0(v)—o(v),etc.

243
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When you add two functions with the property of the above definition, you get another
one having that same property. When you multiply by 45 the property is also retained
as it is when you subtract two such functions. How could something so sloppy be useful?
The notation is useful precisely because it prevents you from obsessing over things which
are not relevant and should be ignored.

Theorem 12.1.3 Let f : (a,b) — R be a function of one variable. Then f'(x) exists
if and only if
flx+h)—f(x)=ph+o(h) (12.2)

In this case, p= [ (x).

Proof: From the above observation it follows that if f’(z) does exist, then [12.2
holds.
Suppose then that [12.2]is true. Then

Jla+h—f@) ol

h h
Taking a limit, you see that
_ i St h) — f(2)
p= i h

and that in fact this limit exists which shows that p = ' (z). This proves the theorem.
This theorem shows that one way to define f’ (x) is as the number, p, if there is one
which has the property that

fx+h)=f(x)+ph+o(h).

You should think of p as the linear transformation resulting from multiplication by the
1 x 1 matrix, (p).

Example 12.1.4 Let f (z) = 23. Find f'(z).

f@+h)=(z+h)’ =a+322h +3zh? + h3 = f (z) + 322h + (3zh + h?) h. Since
(3zh + h?) h = o (h), it follows f'(z) = 3%

Example 12.1.5 Let f (z) =sin(z). Find f' (z).

flz+h)—f(z) = sin(z+h)—sin(z) = sin (z) cos (h) + cos (x) sin (h) — sin (z)
= cos (2)sin (h) + sin (z) Wh
Now
RN TUEE PO T S I

Remember the fundamental limits which allowed you to find the derivative of sin (x)

were (B W1
fim SR g S 2L
h—0 h h—0 h

These same limits are what is needed to verify [12.3.

0. (12.4)
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12.2 The Derivative Of Functions Of Many Variables

This way of thinking about the derivative is exactly what is needed to define the deriva-
tive of a function of n variables. Recall the following definition.

Definition 12.2.1 A function, T which maps R™ to RP is called a linear transformation
if for every pair of scalars, a,b and vectors, x,y € R", it follows that T (ax + by) =
al (x) + 0T (y) .

Recall that from the properties of matrix multiplication, it follows that if A is an
n X p matrix, and if x, y are vectors in R”, then A (ax + by) = aA (x)+bA (y) . Thus you
can define a linear transformation by multiplying by a matrix. Of course the simplest
example is that of a 1 x 1 matrix or number. You can think of the number 3 as a
linear transformation, T mapping R to R according to the rule Tz = 3x. It satisfies
the properties needed for a linear transformation because 3 (ax + by) = a3z + b3y =
aTr + bTy. The case of the derivative of a scalar valued function of one variable is of
this sort. You get a number for the derivative. However, you can think of this number
as a linear transformation. Of course it is not worth the fuss to do so for a function of
one variable but this is the way you must think of it for a function of n variables.

Definition 12.2.2 Let f : U — R? where U is an open set in R™ for n,p > 1 and let
x € U be given. Then f is defined to be differentiable at x € U if and only if there
exist column vectors, v; such that for h =(hy - -, hn)T,

f(x+h)=f(x)+ En:vihi +o(h). (12.5)
i=1

The derivative of the function, £, denoted by Df (x) , is the linear transformation defined
by multiplying by the matriz whose columns are the p X 1 vectors, v;. Thus if W is a
vector in R™,

Df(x)w=| vi -+ v, |W

It is common to think of this matrix as the derivative but strictly speaking, this
is incorrect. The derivative is a “linear transformation” determined by multiplication
by this matrix, called the standard matrix because it is based on the standard basis
vectors for R™. The subtle issues involved in a thorough exploration of this issue will
be avoided for now. It will be fine to think of the above matrix as the derivative.
Other notations which gre often used for this matrix or the linear transformation are

£ df

' (x),J (x), and even &= or I-.

Theorem 12.2.3 Suppose f is as given above in|12.5. Then

. f(xthey) —f(x) _ oOf
vk = ilzli% h - 8$k (X)’

the k' partial derivative.

Proof: Let h =(0,---, A0, - ~,O)T = he, where the h is in the k** slot. Then 12.5
reduces to
f(x+h)=f(x)+vih+o(h).

Therefore, dividing by h
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and taking the limit,

lim f(xther) —£(x) = lim <Vk + o\ (h)) = Vi
h—0 h h—0 h

and so, the above limit exists. This proves the theorem.
Let f: U — RY where U is an open subset of RP and f is differentiable. It was just
shown

f(x +v) :f(x)+za;$)vj+o(v).

j=1

Taking the i*" coordinate of the above equation yields
P
dfi (x)
filtv) =i+ 2, T v+ o)

and it follows that the term with a sum is nothing more than the i** component of
J (x) v where J (x) is the ¢ X p matrix,

of Of ... 2L
oz Oxo 0Ty
Of2 Of2 .. Of
oz, Oxo 0z
O fq 0fq - 0fq
Oz Oz Oxyp

This gives the form of the matrix which defines the linear transformation, Df (x). Thus
fx+v)=f(x)+J(x)v+o(v) (12.6)

and to reiterate, the linear transformation which results by multiplication by this ¢ x p
matrix is known as the derivative.

Sometimes x,vy, z is written instead of z1,x2, and z3. This is to save on notation
and is easier to write and to look at although it lacks generality. When this is done
it is understood that x = x1,y = x2, and z = x3. Thus the derivative is the linear
transformation determined by

flac fly flz
f2m f2y f2z
faz  fay  f3z

Example 12.2.4 Let A be a constant m X n matriz and consider f (x) = Ax. Find
Df (x) if it exists.

f(x+h)—f(x)=A(x+h)— A(x) = Ah = Ah + o (h).

In fact in this case, o (h) = 0. Therefore, Df (x) = A. Note that this looks the same as
the case in one variable, f (z) = ax.

12.3 C'! Functions

Given a function of many variables, how can you tell if it is differentiable? Sometimes
you have to go directly to the definition and verify it is differrentiable from the defini-
tion. For example, you may have seen the following important example in one variable
calculus.
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1
Example 12.3.1 Let f (z) = { &2) a0 . Find Df (0).

f(h) = f(0) =0h+ h%sin (+) = o(h) and so Df (0) = 0. If you find the derivative
for x # 0, it is totally useless information if what you want is Df (0). This is because
the derivative, turns out to be discontinuous. Try it. Find the derivative for  # 0 and
try to obtain D f (0) from it. You see, in this example you had to revert to the definition
to find the derivative.

It isn’t really too hard to use the definition even for more ordinary examples.
2%y +y? .
Example 12.3.2 Let f (z,y) = S . Find Df (1,2).

First of all note that the thing you are after is a 2 X 2 matrix.

f(1,2):<g>.

£(1+hy,2+hy) — £(1,2)

Then

( (1+hy)? 2+h2) (2+h2)2)(6)

(24 ha)® (1 + hy) 8

5ha + 4hy + 2h1he + 2h3 + hhg + h3
Shl + 12ho + 12h1hs + 6h2 + 6h2h1 + h3 h3h1

hy N 2h1hy + 2h3 + h3hy + h3
8 12 ha 12h1hg + 6h3 + 6h3hy + h3 + hihy

- (8 12)(}}2)“’“‘)'

Therefore, the standard matrix of the derivative is ( g 152 ) .

Most of the time, there is an easier way to conclude a derivative exists and to find
it. It involves the notion of a C! function.

Definition 12.3.3 When f: U — RP for U an open subset of R™ and the vector valued

functions, % are all continuous, (equivalently each gj:i_ is continuous), the function is
7 J

said to be C (U). If all the partial derivatives up to order k exist and are continuous,
then the function is said to be C*.

It turns out that for a C' function, all you have to do is write the matrix described
in Theorem [12.2.3 and this will be the derivative. There is no question of existence for
the derivative for such functions. This is the importance of the next few theorems.

Theorem 12.3.4 Let U be an open subset of R? and suppose f : U — R has the
property that the partial derivatives f, and f, exist for (x,y) € U and are continuous
at the point (xo,yo). Then

F (0,90) + (01,02)) = £ (20,w0) + S (20, 0) 1 + 30 (20, u0) vz +0(v).

That is, f is differentiable.
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Proof:

F (o) + (01,02)) = (£ o) + 57 (o) on + 5 (zom)ua)  (12:)

of of

= (f (xo +v1,90 +v2) — f (%0, %0)) — | 7= (Z0:¥0) v1 + - (To, Yo) v2
Ox oy

changes only in first component changes only in second component

= | f(zo+v1,y0 +v2) — f (zo, 90 +v2) + f(x0,y0+v2) — f (0, %0)

- (gi (%0,Y0) v1 + % (z0,%0) U2>

By the mean value theorem, there exist numbers s and ¢ in [0, 1] such that this equals

9 0
— (6‘;(: (xo + tvl,y() + UQ) U1 + 875 (CUO;?/O + Sv?) ’U2>

(gi (w0,y0) v1 + gg (70,%0) Uz)

0 0 0 0
= (6;0 (zo + tv1,yo + v2) — % (170,y0)> v+ <8ch (2o, yo + sv2) — 8%; (xo,yo)) v2

Therefore, letting o (v) denote the expression in[12.7, and noticing that |v;| and |ve| are
both no larger than |v|,
)i

0 0 0 0
lo(v)| < (‘85’ (o + tvr, yo + v2) — 87ch (wo,90)| + ‘5)5 (%0, y0 + sv2) — 875 (%0,%0)

It follows
lo(v)| _|of of of of
<|ZL t - = -
v = |ox (w0 + tvr, yo + v2) Oz (zo,%0)| + oy (w0, yo + sv2) ay (z0,%0)
Therefore, lim, _,q lo ‘( ‘)‘ = 0 because of the assumption that f; and f, are continuous

at the point (zg,yo) and this proves the theorem.
Having proved a theorem for scalar valued functions, one for vector valued functions
follows immediately.

Theorem 12.3.5 Let U be an open subset of RP for p > 1 and suppose £ : U — R4
has the property that each component function, f; is differentiable at xo. Then f is
differentiable at xq.

Proof: Let f(x) = (f1(x), -, fq (x))". From the assumption each component
function is differentiable, the following holds for each k= 1,--- ¢

p

i (%0 +¥) = fi (x0) + 3 2L

»
i=1 9z

Define o (v) = (01 (v),- -+, 04 (v))". Then 12.1 on Page 243 holds for o (v) because it
holds for each of the components of o (v). The above equation is then equivalent to

(x0) v; + 0p (V).

P

f(X()+V —f X() Z

=1

i +0(v)

and so f is differentiable at xq.
Here is an example to illustrate.
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{E2y + y2

Example 12.3.6 Let f(x,y) = < o

) . Find Df (x,y).

From Theorem [12.3.4! this function is differentiable because all possible partial
derivatives are continuous. Thus

20y x2 42

DE(1,2) = ( s b )

Not surprisingly, the above theorem has an extension to more variables. First this
is illustrated with an example.

In particular,

Tize + 23
Example 12.3.7 Let f (zq,22,23) = Toxy + X3 . Find Df (21,9, 23) .
sin (z1z2x3)

All possible partial derivatives are continuous so the function is differentiable. The
matrix for this derivative is therefore the following 3 x 3 matrix

20129 x% + 229 0
o T 1
Zoxg cos (x1x9w3) X123 c08 (T1X2T3) X1To cos (T1X223)

The following theorem is the general result.

Theorem 12.3.8 Let U be an open subset of RP for p > 1 and suppose f : U — R has
the property that the partial derivatives f,, exist for all x € U and are continuous at
the point xq € U. Then

p

f(X0+V):f(X0)+Z i

Ox;
i=1 v

(x0)v; +0(v).

That is, f is differentiable at xo and the derivative of f equals the linear transformation
obtained by multiplying by the 1 X p matrix,

Proof: The proof is similar to the case of two variables. Letting v = (v1 - -, v,
denote by ;v the vector
T
(07 ) 07 Vi Vit " Up)

Thus v =v, 0,_1 (v) = (0,- -+, O,UP)T, and 0,v = 0. Now

i=1 N

f(xo+v) — (f (x0) + > gg (x0) vi> (12.8)

changes only in the i*" position

P
f(xo+0i-1v) = f(xo+6;v) | — Z
im1

of
63%

_ (x0) vi

=1
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Now by the mean value theorem there exist numbers s; € (0,1) such that the above
expression equals

P P
= 2 gi (%0 + 0;v+s;v;) v; — ; gi (x0) v;
and so letting o (v) equal the expression in [12.8|
P
of of
lo(v)| < ; oy, Kot Oiv+ $ivi) — oz, (x0)| |vs]
" | of 0
< ; oz, (x0 + 6;v + s;v;) — oz, (x0)| |v|
and so ,
o) _ of of
N S vhi%; Gy (X0 OV +sivi) = 5 (x0) =0

because of continuity of the f,, at xo. This proves the theorem.
Letting x — x¢ = v,

of
Bxl-

fx) = f(Xo)+Z (x0) (zi — x0i) + 0 (V)

f o)+ aaai (%0) vi + 0 (V).

Example 12.3.9 Suppose f (z,y,2) = 2y + 22. Find Df (1,2,3).

Taking the partial derivatives of f, f. =y, fy = x, f. = 2z. These are all contin-
uous. Therefore, the function has a derivative and f, (1,2,3) =1, f, (1,2,3) = 2, and
f»(1,2,3) = 6. Therefore, Df (1,2,3) is given by

Df(1,2,3) =(1,2,6).
Also, for (z,y, z) close to (1,2,3),
H+1(e—1)+2(y—2) +6(z—3)=—12+2 + 2y + 62

In the case where f has values in RY rather than R, is there a similar theorem about
differentiability of a C! function?

Theorem 12.3.10 Let U be an open subset of R for p > 1 and suppose f : U — RY
has the property that the partial derivatives £y, exist for all x € U and are continuous
at the point x¢ € U, then

f(xo+v)="1(x0)+ Z 68; (x0)v; +0(V) (12.9)

=1

and so f is differentiable at xq.

Proof: This follows from Theorem [12.3.5.
When a function is differentiable at xq it follows the function must be continuous
there. This is the content of the following important lemma.
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Lemma 12.3.11 Letf : U — R? where U is an open subset of RP. If f is differentiable,
then f is continuous at xq. Furthermore, if C > max{ % (xo)‘ =1, -,p} , then

whenever |x — Xg| is small enough,
If (x) — f(x0)] < (Cp+1)|x —x0] (12.10)

Proof: Suppose f is differentiable. Since o (v) satisfies 12.1], there exists d; > 0 such
that if |x — xo| < 01, then |o (x — X¢)| < |x — Xg| . But also, by the triangle inequality,
Corollary 1.5.5/ on Page 23|

P
SCZ|CU1'—$0¢\§CP|X—XO

i=1

p
> g, 0 )

Therefore, if |x — xo| < d1,

+ |x— %0

< (Cp+1)|x—x0|

which verifies [12.10. Now letting ¢ > 0 be given, let 6 = min (61, ﬁ) . Then for

|x — x0| < 9,

If (x) = £ (x0)] < (Cp+1) [x —x0| < (Cp+1) =€

€
Cp+1
showing f is continuous at xq.

There have been quite a few terms defined. First there was the concept of continuity.
Next the concept of partial or directional derivative. Next there was the concept of
differentiability and the derivative being a linear transformation determined by a certain
matrix. Finally, it was shown that if a function is C*, then it has a derivative. To give
a rough idea of the relationships of these topics, here is a picture.

derivative

©

Partial derivatives

zy
22412

You might ask whether there are examples of functions which are differentiable
but not C'. Of course there are. In fact, Example [12.3.1 is just such an example as
explained earlier. Then you should verify that f’ (z) exists for all € R but f’ fails to
be continuous at z = 0. Thus the function is differentiable at every point of R but fails
to be C' at every point of R.

12.3.1 Approximation With A Tangent Plane

In the case where f is a scalar valued function of two variables, the geometric significance
of the derivative can be exhibited in the following picture. Writing v = (x — 2o,y — yo) ,
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the notion of differentiability at (zg,yo) reduces to

£ (29) = F (30,90) + 92 (z0,90) (&~ 20) + 32 (z0,30) (y ~ o) +0(¥)

The right side of the above, f(xo,%0) + % (xo,90) (x — x0) + g—i (2o,90) (¥ —yo) =
z is the equation of a plane approximating the graph of z = f(z,y) for (z,y) near
(z0,yo) - Saying that the function is differentiable at (zq,yo) amounts to saying that
the approximation delivered by this plane is very good if both |z — x¢| and |y — yo| are
small.

Example 12.3.12 Suppose f (x,y) = \/zy. Find the approzimate change in f if x goes
from 1 to 1.01 and y goes from 4 to 3.99.

This can be done by noting that

£(1.01,3.99) — f(1,4) =~ f.(1,2)(.01)+ £, (1,2) (-.01)
= 1(.01)+ i (—.01) =7.5x1073.

Of course the exact value would be

V/(1.01) (3.99) — V4 =7.4610831 x 1073,

12.4 The Chain Rule

12.4.1 The Chain Rule For Functions Of One Variable

First recall the chain rule for a function of one variable. Consider the following picture.

I1%JLR

Here I and J are open intervals and it is assumed that g (I) C J. The chain rule says
that if f' (g (x)) exists and ¢’ (z) exists for « € I, then the composition, f o g also has
a derivative at z and (f o g)' (z) = f' (g (x)) ¢’ (z). Recall that f o g is the name of the
function defined by fog(xz) = f (g (x)). In the notation of this chapter, the chain rule
is written as

Df(g(z)) Dg(z) =D (fog) (). (12.11)

12.4.2 The Chain Rule For Functions Of Many Variables

Let U C R™ and V C R? be open sets and let f be a function defined on V having
values in R? while g is a function defined on U such that g (U) C V as in the following
picture.

Uv&vELRe
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The chain rule says that if the linear transformations (matrices) on the left in 12.11
both exist then the same formula holds in this more general case. Thus

Df (g(x)) Dg (x) = D (fog) (x)

Note this all makes sense because Df (g (x)) is a ¢ X p matrix and Dg(x) isa p X n
matrix. Remember it is all right to do (¢ X p) (p x n). The middle numbers match.
More precisely,

Theorem 12.4.1 (Chain rule) Let U be an open set in R™, let V' be an open set in RP,
let g: U — RP be such that g(U) CV, and let £ : V — R2. Suppose Dg (x) exists for
some x € U and that Df (g (x)) exists. Then D (f o g) (x) exists and furthermore,

D(fog)(x) = Df (g (x)) Dg (x). (12.12)
In particular,
0 (f og) z ) 9gi (x)
; 8% oz, (12.13)

There is an easy way to remember this in terms of the repeated index summation
convention presented earlier. Let y = g (x) and z = f (y) . Then the above says

0z Jy; Oz

= —. 12.14
Remember there is a sum on the repeated index. In particular, for each index,
7”’
0z, Oy; Oz
y; Oz, Oxp

The proof of this major theorem will be given at the end of this section. It will
include the chain rule for functions of one variable as a special case. First here are some
examples.

Example 12.4.2 Let f (u,v) = sin (uv) and letu (x,y,t) = tsinz+cosy and v (x,y,t,s) =
stanx + y? +ts. Letting z = f (u,v) where u,v are as just described, find % and g—;

From [12.14],

02 _ 0200 4 T200 _ cos (w) sin () + (wv)
ot Oudt  Ov ot = vcos (uv)sin () + us cos (uv) .

Here y1 = u,y2 = v,t = x. Also,

0z 0z0u 0z 0v (uv) tcos () + 2 () cos (uv)

— = ——+ ——— =wvcos(uv)tcos us sec” (z) cos (uv) .

Jr Oudx Ovix
Clearly you can continue in this way taking partial derivatives with respect to any of
the other variables.

Example 12.4.3 Let w = f (ui,us) = ugsin(uy) and u; = 2%y + z,us = sin (xy).
Find ‘Z,w, g“’, and 3“’.
z 7 By
The derivative of f is of the form (w,w,, w,) and so it suffices to find the derivative
of f using the chain rule. You need to find Df (u1,us) Dg(x,y,z) where g(z,y) =
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22y + 2 2xy x2 1
( sin (zy) /)~ Then Dg (w,y,2) = ycos (zy) xcos(zy) O
(ug cos (u1) ,sin (uq)) . Therefore, the derivative is

) . Also Df (uy,u) =

Df (ur,us) Dg (x,y, z) = (uz cos (uy) ,sin (uy)) ( y(:g:(yxy) xcof(xy) (1) )

= (2u (cosuy) zy + (sinwy) y cos zy, us (cosup) 2° + (sinwy) x cos zy, us cosuy) = (wy, wy, W)

Thus ‘?9%2’ = 2ug (cosuy) xy+(sinug ) y coszy = 2 (sin (zy)) (cos (:c2y + z)) Ty+ (sin (mzy + z)) 1y COS TY
. Similarly, you can find the other partial derivatives of w in terms of substituting in for
uy and us in the above. Note

ow ow Ouy ow %

oz~ 0w 0z | Dup 0x

In fact, in general if you have w = f (uj,us) and g (z,y,2) = u (2,9, 2) , then
u2 (l’, Y, Z)
D(fog)(z,y, %) is of the form
( Wryy  Wayy ) ( Yla Wy e )

U2z U2y U2z

= ( Wy Ug + Wy U2z Wy Uy Wyy U2y Wy Uy + Wy, U2, ) .

Uy
Example 12.4.4 Let w = f (uy,uz,u3) = u? +uz + uz and g (z,y,2) = | wus =
us
T+ 2yz
224y . Find%—’;’ and %—f.
22+

By the chain rule,
Uiy Uly Ulz
(wwivaz) = ( Wy, Wyy Wyg ) U2e U2y Uz

U3z U3y U3z

= ( Wy Ul + Wy W27 + Wy U3y Wy, uly + Wy u2y + wu3u3y Wy ULz + Wy, U2z + Wz U3z )

Note the pattern.

Wy = Wy Ulx + Wy U2y + W3 U3z 5

g
<
Il

Woyy ULy F Wy Uy + Weyg Usy,

Wy = Wy Ulz + Wy U2z + Wz U3,
Therefore,
wy=2u1 (1)+122)+1(1)=2(r+2yz)+2zx+1=4ax+4yz+1

and
w, = 2uy (2y) +1(0) +1(22) = 4 (z + 2yz) y + 22 = 4yx + 8y°z + 22.
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Of course to find all the partial derivatives at once, you just use the chain rule. Thus
you would get

1 2z 2y
(we wy w;) = (2w 1 1) 22 1 0
1 0 2z

= (2u1—|—2x—|—1 duiz+1 4u1y+22)
= (4x+4yz+1 dzx 4 8yz? + 1 4yx+8y22+22)

u? + U2
Example 12.4.5 Let f (uq,us) = sin (1u )+ u and
2 1

uy (x1,x2,x r1xo + X
g(l’l,LEQ,SCg,)—( 1( 1,42, 3))_( 142 3>

u9 (&El,xz,l’g) 1‘% +.Z‘1

Find D (fog) (x1,22,23) .

To do this,
B 2“1 1 o i) X 1
Df (uy,ug) = < 1 cosu ),Dg(m,x%m) = < 1 225 0 >
Then
2(z120 + 2 1
Df(g(m,mz,x?,)):( (@ i g cos (23 + 1) )

and so by the chain rule,
D (fog) (x17x25x3) =

Df(g(x)) Dg(x)

2 (3:1:1:2 + 1'3) 1 Z9 T 1
1 cos (23 + 1) 1 2z, 0

B (2z129 + 2x3) 2 + 1 (22129 + 223) 1 + 222 2m129 + 223
- To + cos (x% + :El) x1 + 229 (cos (x% + xl)) 1

Therefore, in particular,

0fiog
63?1

(1,22, x3) = (22122 + 23) T2 + 1,

0fzog
6.1‘3

Ofzog

(z1,22,23) = 21 + 229 (cos (x% + :El)) .
8$2

(xla (EQ,.’ﬂg) = 13

etc.

2
. . Al _ . ui + Usg
In different notation, let ( o ) =f (u1,u0) = ( sin (us) + 11 ) Then

821 821 8u1 321 6’&2
8901 aul 8951 + 8“2 8961 U1z + (xle + -733) T2t

21 u% “+ ugus
Example 12.4.6 Let f (uy,us,uz) = | 22 | = u? + ud and let
23 In (1 +uj)
Uy 21 + 23 + sin (23) + cos (z4)
g(x1,$2,$3,$4) = U2 = Ty — 1
U3 I% + 24

Find (fog) (x).
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2’[1,1 us u9
Df (u) = | 2w 3u? 0
0 0 2w
(1+u§)
Similarly,
1 2z9 cos(zg) —sin(zy)
Dgx)=[ -1 0 0 24

Then by the chain rule, D (f o g) (x) = Df (u) Dg (x) where u = g (x) as described
above. Thus D (fog) (x) =

2ur ug U 1 2z9 cos(w3) —sin(zy)
2u;  3uj N -1 0 0 224
U
O O (1+5§) 0 O 2563 1
2u; —uz  4duixs  2uq cosTs + 2usxrz —2upsinxy + 2uzxs + uo
= | 2u; —3u? Adujrs 2u1 cos x3 —2uy sinzy + 6uixy (12.15)
00 A i

where each u; is given by the above formulas. Thus gii equals

2up —ug = 2 (;1:1 + 3 + sin (w3) + cos (;1;4)) — (xg + x4)
= 2z + 2x§ + 2sinxg + 2cosxy — x% — 4.
while % equals
—2uy sinzy + 6ujzy = —2 (z1 + 23 + sin (z3) + cos (z4)) sin (z4) + 6 (27 — x1)2 e,
0z

If you wanted 505 it would be the second column of the above matrix in [12.15. Thus
Oz

o equals
78 .
903 duy s 4 (z1 + 23 + sin (z3) + cos (74)) 22
gfgi = | dwzs | = | 4(z1+ 23 +sin(z3) + cos(z4)) T2
Oz3 0 0
Oxo

I hope that by now it is clear that all the information you could desire about vari-
ous partial derivatives is available and it all reduces to matrix multiplication and the
consideration of entries of the matrix obtained by multiplying the two derivatives.

12.4.3 Related Rates Problems

Sometimes several variables are related and given information about how one variable is
changing, you want to find how the others are changing.The following law is discussed
later in the book, on Page 387.

Example 12.4.7 Bernoulli’s law states that in an incompressible fluid,

2

P
—+z+—=C
29 ¥

where C' is a constant. Here v is the speed, P is the pressure, and z is the height above
some reference point. The constants, g and -y are the acceleration of gravity and the
weight density of the fluid. Suppose measurements indicate that %lt) = -3, and % = 2.

Find ‘fl—f when v =T and z = 8 in terms of g and 7.
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This is just an exercise in using the chain rule. Differentiate the two sides with

respect to t.

1 dv dz ldj_o

JUat Ta Ty

Then when v = 7 and z = 8, finding % involves nothing more than solving the following

P

for at

Thus

at this instant in time.

Example 12.4.8 In Bernoulli’s law above, each of v, z, and P are functions of (x,y, z),
the position of a point in the fluid. Find a formula for % in terms of the partial
derivatives of the other variables.

This is an example of the chain rule. Differentiate both sides with respect to x.

v 1
-V + 2, +—P, =0
g Y

p%:_<v%c;%c9)7

Example 12.4.9 Suppose a level curve is of the form f (z,y) = C and that near a
point on this level curve, y is a differentiable function of x. Find %,

and so

This is an example of the chain rule. Differentiate both sides with respect to x. This
gives

dy
fz“"fy% =0.

Solving for Z—‘Z gives
@ _ _fz (.’Ea y)

dz fy(z,y)

Example 12.4.10 Suppose a level surface is of the form f (z,y,z) = C. and that near
a point, (z,y,2) on this level surface, z is a C' function of x and y. Find a formula for
Za

This is an exaple of the use of the chain rule. Differentiate both sides of the equation
with respect to z. Since y,, = 0, this yields

fo+ fz2e =0.
Then solving for z, gives
_ _fx (1‘, Y, Z)
2y = ——F—
fa (2,9, 2)

Example 12.4.11 Polar coordinates are
x=rcosf, y=rsind.

Thus if f is a C' scalar valued function you could ask to express f, in terms of the
variables, r and 0. Do so.
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This is an example of the chain rule. f = f (r,6) and so

fx = frrz +f99x

This will be done if you can find r, and 6,.. However you must find these in terms of
r and 0, not in terms of z and y. Using the chain rule on the two equations for the
transformation,

= rycosf — (rsinf)f,
0 = rysinf+ (rcosh)b,

Solving these using Cramer’s rule yields

—sin (6)

ry =cos(0), 0, = .

Hence f, in polar coordinates is

fo = 12 (,6) cos (0) = fo (r,0) <n<9>>

r

12.4.4 The Derivative Of The Inverse Function

Example 12.4.12 Let f : U — V where U and V' are open sets in R™and f is one to
one and onto. Suppose also that £ and =1 are both differentiable. How are Df ™! and
Df related?

This can be done as follows. From the assumptions, x = f~! (f (x)). Let Ix = x.
Then by Example [12.2.4] on Page 246/ DI = I. By the chain rule,

I =DI = Df ! (f(x))(Df (x)).

Therefore,
Df (x)~!' = Df~1 (£ (x)).

This is equivalent to
or

This is just like a similar situation for functions of one variable. Remember

(FY' (f @) =1/f (2).

In terms of the repeated index summation convention, suppose y = f (x) so that x = ! (y).
Then the above can be written as

Ox; Oy,
= ot (£ (%) 22 (x).
%4 = gy, 0 g )
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12.4.5 Acceleration In Spherical Coordinates*

Example 12.4.13 Recall spherical coordinates are given by
T = psingcosh, y = psingsinb, z = pcos ¢.
If an object moves in three dimensions, describe its acceleration in terms of spherical
coordinates and the vectors,
e, = (sin¢cos 0, sin ¢ sin b, cos (b)T ,
ep = (—psin¢sinb, psin ¢ cos b, O)T ,
and
es = (pcospcosf, pcosPpsind, —psin gb)T .
Why these vectors? Note how they were obtained. Let
r(p,0,¢9) = (psingcosb, psingsinf, pcos (b)T

and fix ¢ and 0, letting only p change, this gives a curve in the direction of increasing
p. Thus it is a vector which points away from the origin. Letting only ¢ change and
fixing 0 and p, this gives a vector which is tangent to the sphere of radius p and points
South. Similarly, letting 8 change and fizing the other two gives a vector which points
East and is tangent to the sphere of radius p. It is thought by most people that we live
on a large sphere. The model of a flat earth is not believed by anyone except perhaps
beginning physics students. Given we live on a sphere, what directions would be most
meaningful? Wouldn’t it be the directions of the vectors just described?

Let r (t) denote the position vector of the object from the origin. Thus
r(t)=p(te, (1) = (@®).y0).2)")
Now this implies the velocity is

Y (1) = o (D) e, (8) +p (1) (e, (1)) (12.16)

You see, e, = e, (p, 0, ¢) where each of these variables is a function of t.

Oe, ) ] T
—— = (cospcosf,cospsinf, —sin¢)” = —ey,
0o ( ) P @
Oe, ) ) ) r 1
—+F£ = (—sin¢siné,sin¢cosh,0)” = —ey,
a0 = ) =3
and 5
©p
— =0.
dp
Therefore, by the chain rule,
de, _ 9e,do  Oe, db
dt  0¢ dt = 00 dt
_ Lo 1do
 pdt ¢ p dt o
By [12.16,
d¢ de
I'l = p’ep + Eeqj =+ Eeg. (1217)
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Now things get interesting. This must be differentiated with respect to ¢t. To do so,

9eq
00
where it is desired to find a, b, c such that ? = aeg + bey + ce,. Thus

= (—psin¢cosf, —psin psin b, O)T =

—psingsind  pcos¢cosf sin ¢ cosl a —psin ¢ cosf
psingcosf  pcospsind  sinpsinf b | = —psin ¢sinf
0 —psin ¢ cos ¢ c 0
Using Cramer’s rule, the solution is @ = 0,b = — cos ¢sin ¢, and ¢ = —psin® ¢. Thus
0
% = (—psinqﬁcos@,—psinqi)sinﬂ,O)T
= (—cos¢sing)ey + (—psin2 ¢)e
Also,
Oey . T
Frs = (—pcos¢sinb, pcospcosh,0)” = (cot @) ey
and 5 )
e _ (—sin¢sind,sin ¢ cos,0)" = —ey.
p p

Now in [12.17/it is also necessary to consider eg.

%—e(; = (—psin¢cosl, —psin ¢psinh, —p cos ng)T = —pe,
8e¢, o . T
50 - (—pcos@sinb, pcosdcosh,0)
= (cot ) ey
and finally,
8e¢ 1

ap = (cos ¢ cos b, cos ¢psin b, — sin ¢) pe¢.

With these formulas for various partial derivatives, the chain rule is used to obtain r”
which will yield a formula for the acceleration in terms of the spherical coordinates and
these special vectors. By the chain rule,

d B aep o+ de, Bep o
/ /
= —ep+ —e
p 't
d - aeg aeg 869 ,

/

= ¢ ((f cos ¢sin¢) eg + (fp sin? gb) ep) + ¢’ (cot ) eg + %eg

d o 8e¢ ’ ¢
@(eqb) = 0 + ¢¢+

(6" cot §) eg + ¢ (—pe,) + (ﬁ;’e¢>

c')e¢ ’
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By 12.17,
I_// — p//ep+¢//e¢ +9/Ie9 +pl (ep)/ +¢/ (e¢)/ +9/ (ee)l

and from the above, this equals
6/ /
ple, +¢"e,+0"eg+p (eg + e¢) +
p p
/
¢’ ((9’ cot ) eg + ¢’ (—pey) + <Ze¢)> +
/
o (9' ((—cos¢sing) ey + (—psin® ¢) e,) + ¢ (cot ¢) g + pe9>
p

and now all that remains is to collect the terms. Thus r” equals
1" 1" 72 N2 . 2 " 2pl¢, "2 .
r’ = (p —P<¢) —p(@) sin (¢))ep—|— o) +T—(9) cosgsing | ey +

20'p’
+ (9” + % +2¢'6' cot (qb)) €.

and this gives the acceleration in spherical coordinates. Note the prominent role played
by the chain rule. All of the above is done in books on mechanics for general curvilinear
coordinate systems and in the more general context, special theorems are developed
which make things go much faster but these theorems are all exercises in the chain rule.

As an example of how this could be used, consider a rocket. Suppose for simplicity
that it experiences a force only in the direction of e,, directly away from the earth.
Of course this force produces a corresponding acceleration which can be computed as
a function of time. As the fuel is burned, the rocket becomes less massive and so the
acceleration will be an increasing function of ¢. However, this would be a known function,
say a(t). Suppose you wanted to know the latitude and longitude of the rocket as a
function of time. (There is no reason to think these will stay the same.) Then all that
would be required would be to solve the system of differential equations?®,

P =p(¢) = p(0) sin?(6) = a(t),
"+ 2/):25 — (9')2cos¢sin¢ = 0,

N)

2
0" + % +2¢'0 cot (¢) = 0

along with initial conditions, p (0) = p, (the distance from the launch site to the center of
the earth.), p’ (0) = p,(the initial vertical component of velocity of the rocket, probably
0.) and then initial conditions for ¢, ¢’,#,6’. The initial value problems could then be
solved numerically and you would know the distance from the center of the earth as a
function of ¢ along with 6 and ¢. Thus you could predict where the booster shells would
fall to earth so you would know where to look for them. Of course there are many
variations of this. You might want to specify forces in the ey and ey4 direction as well
and attempt to control the position of the rocket or rather its payload. The point is that
if you are interested in doing all this in terms of ¢, 6, and p, the above shows how to do
it systematically and you see it is all an exercise in using the chain rule. More could be
said here involving moving coordinate systems and the Coriolis force. You really might
want to do everything with respect to a coordinate system which is fixed with respect
to the moving earth.

1You won’t be able to find the solution to equations like these in terms of simple functions. The
existence of such functions is being assumed. The reason they exist often depends on the implicit
function theorem, a big theorem in advanced calculus.
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12.4.6 Proof Of The Chain Rule

As in the case of a function of one variable, it is important to consider the derivative of
a composition of two functions. The proof of the chain rule depends on the following
fundamental lemma.

Lemma 12.4.14 Let g : U — RP where U is an open set in R™ and suppose g has a
derivative at x € U. Theno(g(x+v) —g(x)) =0(v).

Proof: It is necessary to show

=0. (12.18)

From Lemma [12.3.11, there exists § > 0 such that if |v| < 4, then
lg(x+v)—g(x) < (Cn+1)|v]. (12.19)

Now let £ > 0 be given. There exists > 0 such that if |g (x + v) — g (x)| < n, then

lo(g(x+v)—g(X)|< ( > g (x+v) —g(x)| (12.20)

€
Cn+1

Let |v| < min (5, CHLH) . For such v, |g (x + v) — g (x)| < n, which implies

lo(g(x+v)-—gx)| < ( >g(X+V)g(X)I

€
Cn+1
€
< (Cn+1>(0n+1)|v|

lo(g(x+v) —g ()|

v

and so
<e€

which establishes 12.18. This proves the lemma.

Recall the notation f o g (x) = f(g(x)). Thus f o g is the name of a function and
this function is defined by what was just written. The following theorem is known as
the chain rule.

Theorem 12.4.15 (Chain rule) Let U be an open set in R™, let V be an open set in
RP, let g: U — RP be such that g(U) CV, and let £ : V — RY. Suppose Dg (x) exists
for some x € U and that Df (g (x)) exists. Then D (f o g) (x) ewists and furthermore,

D(fog) (x) = Df (g (x)) Dg (x). (12.21)
In particular,
0 (f og) z ) 9gi (x)
; ayz oz, (12.22)

Proof: From the assumption that Df (g (x)) exists,

£ Gt v) = £ 00) + Y E g v) — gy () + o (g x+v) g ()
which by Lemma [12.4.14] equals

(Fog) (x+v) = £ (g (x+v) = £(g00) + 30 B (g () — gy () + 0 v).
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Now since Dg (x) exists, the above becomes

(Fog)(x+v) — (gl +Zafayf D228 1 ow)) +ow)

=1

(fog)( Z(Z = aggl‘(j)>vj+0(‘,)

i=1

because Y 7_ Bf(, (x)) o(v) 4+ o(v) =o(v). This establishes [12.22] because of Theorem
12.2.3 on Page 245 Thus

(D(fog)(x)y; = Z afkéi(){)) agalx(;()

i=1

ZDf )i (Dg (%)),

Then [12.21! follows from the definition of matrix multiplication.

12.5 Lagrangian Mechanics*

A difficult and important problem is to come up with differential equations which model
mechanical systems. Lagrange gave a way to do this. It will be presented here as a
very interesting and important application of the chain rule. Lagrange developed this
technique back in the 1700’s. The presentation here follows [12]. Assume N point
masses, located at the points x1, - - -, xx in R? and let the mass of the o*® mass be mq.
Then according to Newton’s second law,

maxe =Fq (Xa,t) - (12.23)

The dependence of F, on the two indicated quantities is indicative of the situation
where the force may change in time and position. Now define

X =(x,--xy) € R

and assume x € M which is defined locally in the form x = G (q,t). Here q € R™ where
typically m < 3N and G (-, ) is a smooth one to one mapping from V', an open subset
of R™ onto a set of points near x which are on M. Also assume t is in an open subset
of R. In what follows a dot over a variable will indicate a derivative taken with respect
to time. Two dots will indicate the second derivative with respect to time, etc. Then
define G, by

Xo = Gg (Cb t) .
Using the summation convention and the chain rule,

dxo _ 0Ga dy! | 9Gq
dt — 0¢7 dt ot~
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Therefore, the kinetic energy is of the form

AXo dXa
Mo\ Tar T at

N g 0G, dg’ 0Gq dg”  0G
- 22:5 (;aqa‘dt Zaq dt at)

T

Ml
M=
N | —

1 0G, 0G, 0Ga\ .,
= 2 2lza:ma<aqj )] q ¢’ —i—ZZmQ( . g >qj

1 0G, 0G,
where in the last equation ¢* indicates %4 . Therefore,
oT uagpel 0G, 0G,\| ., 0G, 0G,
Bt ) 2 Ha |
oGk lema<aqj 8qk> q Jr;ma((?q’f ot )

SRS e ()

a=1
N
aGO& ! 8Ga 8(;'@ aGa
- (S (e 5e) o (G )
Y oG
= Z = meX),
a=1 8qk

d (0T al 1\ o%G
i - '] S /
dt (8qk> (; [(Z g 0g ¢ ) ataqk] maxa)

u
>
M-
1 =

Il
~ +
[~]=
—
M8
Qj .
Qk%
SE9]
R

<
~
(SR

N o
52!
Eliel
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ol G, aG & - 9G,

8Ga N 0Gq N 0G,
(5 ) zataq maSe +<z oz mao

Next consider g—qu. Recall [12.24]

1 0G, 0G, 0G, 0G,
T:ZQ[Z”‘“(W )1 ]+sza<aqf o)
7.r @

1 0G, 0G,
+nga< g ) (12.27)

e

From this formula,

q"¢'+

m 9?G,, _aGa
*\9¢gidg*  Oqr

092G, 0G, 0°G,
2 m (aqkaqﬂ' o ) ”sz"(aqa aqk8t>

a g
0Gq
+§ (8 T B ) (12.28)

Now upon comparing [12.28 and [12.26

4 (0T 0T §- G,

dt \ Og*k ogk — Oqk
Resolve the force, F, into the sum of two forces, F, = F% + F¢, where F¢, is a force
of constraint which is perpendcular to 3 Go and the other force, F¢ which is left over

is called the apphed force. The apphed force is allowed to have a component which is
. Therefore,

9Ga p _ 9Ga pa
aqk @ 8qk a

and so in the end, you obtain the following interesting equation which is equivalent to
Newton’s second law.

d (0T\ OT ZN 8Ga .
e
= F9, 12.
o (12:30)

where F* = (F{,- - -, FQ) is referred to as the total applied force.

It is particularly agreeable when the total applied force comes as the gradient of a
potential function. This means there exists a scalar function of x, ¢ defined near G (V)
such that

ng (Xat) = 7Vo¢¢ (Xat)
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where the symbol V, denotes the gradient with respect to x,. More generally,
Fgc (th) = _Voz¢ (th) + F;ix

where F¢ is a force which is not a force of constraint or the gradient of a given function.
For example, it could be a force of friction. Then

F* (x,t) = —V¢ (x,t) + F?

where
Fd = (Fil7 t 7F§l\/)

Now let T (q,¢q) — ¢ (G (q,t)) = L(q,¢). Then letting 27 denote the usual Cartesian
coordinates of x,

d<aL>_aL d(6T> OT - 00(x) 07

dt\oi*) od¢ — dt\oi*) ot = dul O¢F
_ 0G o 0G_,  0G _,
= 37 (—V¢(x)+F)+aqk v¢_aqk F9. (12.31)

These are called Lagrange’s equations of motion and they are enormously significant
because it is often possible to find the kinetic and potential energy in terms of variables
¢" which are meaningful for a particular problem. The expression, L (q, ¢) is called the
Lagrangian. This has proved part of the following theorem.

Theorem 12.5.1 In the above context Newton’s second law implies

d (0L\ 0L 0G _,
a (aq> "o "o ¥ (12.32)

In particular, if the applied force is the gradient of —¢, the right side reduces to 012.32.
If, in addition to this, the potential function is time independent then the total energy
18 conserved. That is,

T(q,4) +¢(G(at) =C (12.33)

for some constant, C.

Proof: It remains to verify the assertion about the energy. In terms of the Cartesian
coordinates,

1 ..
E = Z imaxa ‘X + O (x,1) .

Recall the applied force is given by F& = —V,¢ (x,t) + F2. Differentiating with respect
to time,

% Zmas&a-anrzj:i%u%

0
'ka+zva¢(x7t)'ka+£

.>‘<Q+ZVQ¢(x,t).>’<a+@

7

ot
= Z (_va¢ (Xat) + Fi) ! ).(a + Za:va¢ (th) ' ).(a + %

_ a o , 09
= ZFa'xa—i—E.
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Therefore, this shows [12.33 because in the case described, F¢ = 0 and %‘f = 0. In the
case of friction, F%-%, < 0 and so in this case, if ¢ is time independent, the total energy
is decreasing.

Example 12.5.2 Consider the double pendulum.

It is fairly easy to find the equations of motion in terms of the variables, ¢ and 6.
These variables are the ¢ mentioned above. Because the two rods joining the masses
have fixed length, a constraint is introduced on the motion of the two masses. It is
clear the position of these masses is specified from the two variables, 8 and ¢. In fact,
letting the origin be located at the point at the top where the pendulum is suspended
and assuming the vibration is in a plane,

x1 = (l1sin, —y cos )

and
xg = (I3 sin @ + lasin ¢, —1y cos O — I3 cos @) .
Therefore,
X, = (llé cosf, 110 sin 9)
X9 = (llé cos O + lzgiﬁ Cos @, 119 sin 6 + lggf) sin qb) .

It follows the kinetic energy is given by

T= %mg (2l19 (cos 0) Iy cos ¢+ 12(0)? + 2110 (sin ) Iy sin ¢ + l§(¢)2>+%m1 (l%(é))Q) .

There are forces of constraint acting on these masses and there is the force of gravity
acting on them. The force from gravity on m; is —mjg and the force from gravity
on mg is —mag. Our function, ¢ is just the total potential energy. Thus ¢ (x1,x2) =
m1gy1 + magys. It follows that ¢ (G (q)) = m1g (=11 cos @) + mag (—11 cos 0 — Iz cos @) .
Therefore, the Lagrangian, L, is

%mg (211129¢ (cos (¢ — 0)) + 12(0) + zg(@?) + %ml (zf(é)?)

— [m1g (=11 cos @) + mag (=11 cos O — I3 cos P)] .

It now becomes an easy task to find the equations of motion in terms of the two angles,

0 and ¢. 4 oL oL
dt (aé) B

0" (my +ms) l% + malaly cos (¢ — ) ¢ — malily sin (¢ — 0) (QS' - 9') ¢
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+ (my + ma) gly sin — maly126'¢ sin (¢ — 6)
= 0" (mq +ma) 12 + malaly cos (¢ — 0) ¢ — malylasin (¢ — ) e
+ (my + m2) gly sinf = 0. (12.34)

()2
dt \ d¢ o
malilaf (cos (¢ — 0)) + mglgéﬁ} + magly sin ¢ — (—mglllgéé sin (¢ — 9))
= mali120" cos (¢ — 6) — malylo0 sin (¢ — 0) (¢ — 6')
+mal2¢” 4+ magly sin ¢ 4+ molali ¢’ sin (¢ — 6)
— maly 150" cos (¢ — 0) + malyly (0') sin (¢ — 6) + mal2¢" + maglysing =0 (12.35)

Admittedly, 12.34! and [12.35 are horrific equations, but what would you expect from
something as complicated as the double pendulum? They can at least be solved numer-
ically. The conservation of energy gives some idea what is going on. Thus

To get the other equation,

a
dt

%mz (2011206 (cos (6 — 6)) + BB +13(3)?) + %ml (B@)?)

+ [m1g (=11 cos8) + mag (—l1 cos O — lacos @)] = C.

12.6 Newton’s Method*
12.6.1 The Newton Raphson Method In One Dimension

The Newton Raphson method is a way to get approximations of solutions to various
equations. For example, suppose you want to find v/2. The existence of /2 is not
difficult to establish by considering the continuous function, f (z) = 22 — 2 which is
negative at x = 0 and positive at x = 2. Therefore, by the intermediate value theorem,
there exists € (0,2) such that f(z) = 0 and this z must equal v/2. The problem
consists of how to find this number, not just to prove it exists. The following picture
illustrates the procedure of the Newton Raphson method.

In this picture, a first approximation, denoted in the picture as z; is chosen and
then the tangent line to the curve y = f (x) at the point (z1, f (z1)) is obtained. The
equation of this tangent line is

y—f (1) =f (z1) (x —x1).

Then extend this tangent line to find where it intersects the x axis. In other words, set
y = 0 and solve for z. This value of « is denoted by x5. Thus

[ (71)
fr(zy)

To = X1 —
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This second point, x5 is the second approximation and the same process is done for x»
that was done for x; in order to get the third approximation, x3. Thus

T3 = Lo — f (1’2)
[ (x2)
Continuing this way, yields a sequence of points, {z,} given by
f (zn)
Tptl = Ty — . 12.36
+1 f, (xn) ( )

which hopefully has the property that lim,_ . 2, = & where f () = 0. You can see
from the above picture that this must work out in the case of f (z) = 22 — 2.
Now carry out the computations in the above case for 1 = 2 and f (z) = 2% — 2.
From [12.36),
2

1y =2-7 =15
Then
(1.5)> =2
=152 2 <141
3 =15 =gy s LA
(1.417)> — 2
= 1417 — 2= — 1.414216 302 046 577
o 2 (1.417) ’

What is the true value of v/2? To several decimal places this is V2 = 1.414213562
373095, showing that the Newton Raphson method has yielded a very good approxi-
mation after only a few iterations, even starting with an initial approximation, 2, which
was not very good.

This method does not always work. For example, suppose you wanted to find the
solution to f (z) = 0 where f (z) = x'/3. You should check that the sequence of iterates
which results does not converge. This is because, starting with x; the above procedure
yields xo = —2z; and so as the iteration continues, the sequence oscillates between
positive and negative values as its absolute value gets larger and larger. The problem
is that f’(0) does not exist.

However, if f(z9) = 0 and f” (z) > 0 for x near xy, you can draw a picture to
show that the method will yield a sequence which converges to xy provided the first
approximation, x; is taken sufficiently close to xg. Similarly, if f” (x) < 0 for x near
T, then the method produces a sequence which converges to xg provided x; is close
enough to xg.

12.6.2 Newton’s Method For Nonlinear Systems

The same formula yields a procedure for finding solutions to systems of functions of n
variables. This is particularly interesting because you can’t make any sense of things
from drawing pictures. The technique of graphing and zooming which really works well
for functions of one variable is no longer available.

Procedure 12.6.1 Suppose f is a C' function of n variables and f (z) = 0. Then to
find z, you use the same iteration which you would use in one dimension,

Xk+1 = Xk — Df (Xk‘)il f (Xk)

where Xq i an initial approximation chosen close to z.
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Example 12.6.2 Find a solution to the nonlinear system of equations,

23 —3xy? — 322+ 32 +7x -5 0
f(x,y): :2U_ 3 _ Y =
3y —y° — bxy + Ty 0

You can verify that (z,y) = (1,2), (1,—2), and (1,0) all are solutions to the above
system. Suppose then that you didn’t know this.

. 322 -3y —6x+7 —6zy + 6y
Df (z,y) = < 6y — 6y 322 —3y2 —6x+7

Start with an initial guess (2o, yo) = (1,3) . Then the next iteration is

(3)-( =) (3)-(2)

The next iteration is

1\ [ —3.9371837 x 1072 0 0
12 0 ~3.9371837 x 1072 ~18.155 338

B 1.0
— | 2.4156258

I will not bother to use all the decimals in 2.4156258. The next iteration is

1.0} [ —7.5301205 x 1072 0 0
2.4 0 —7.5301205 x 10~2 —4.224

B 1.0
=\ 2.0819277 )

Notice how the process is converging to the solution (z,y) = (1,2). If you do one more
iteration, you will be really close.

The above was pretty painful because at every step the derivative had to be re
evaluated and the inverse taken. It turns out a simpler procedure will work in which
you don’t have to constantly re evaluate the inverse of the derivative.

Procedure 12.6.3 Suppose f is a C' function of n variables and f (z) = 0. Then to
find z, you can use the following iteration procedure

-1
Xp+1 = X — Df (x0) " £ (xx)
where Xq is an initial approximation chosen close to z.
To illustrate, I will use this new procedure on the same example.

Example 12.6.4 Find a solution to the nonlinear system of equations,

322y —y3 — 6y + Ty 0

23 —3xy? — 322+ 32+ 72 -5 0
f<x,y>< y Y -

You can verify that (z,y) = (1,2), (1,—2), and (1,0) all are solutions to the above
system. Suppose then that you didn’t know this. Take (zg,yo) = (1,3) as above. Then
a little computation will show

1 —%= 0
peaat=(F )

23
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The first iteration is then

() = G)-(F %) ()

B 1.0
=\ 2.3478261

-3 0 0
23478261 0 - —3.5505878

The next iteration is
xIo _

Y2 n

2. 193 452 7

The next iteration is

(2
(2 )
() = Comnar )= (3 ) (00
= (uness)
(2uaises )

ool’“

2. 116 0873

The next iteration is

Ty o
m - 21160873

<_L3 : )( O )
- ~1.0111204
- ( 2.0721255 )

You see it appears to be converging to a zero of the nonlinear system. It is doing so
more slowly than in the case of Newton’s method but there is less trouble involved in
each step of the iteration.

Of course there is a question about how to choose the initial approximation. There
are methods for doing this called homotopy methods which are based on numerical
methods for differential equations. The idea for these methods is to consider the problem

(1— 1) (x — x0) + tf (x) = 0.

When ¢ = 0 this reduces to x = x¢. Then when ¢t = 1, it reduces to f (x) = 0. The
equation specifies x as a function of ¢ (hopefully). Differentiating with respect to ¢, you
see that x must solve the following initial value problem,

—(x—x%x0)+ (1 —t)x" +f(x)+tDf (x)x' =0, x(0) = xo.

where x’ denotes the time derivative of the vector x. Initial value problems of this sort
are routinely solvable using standard numerical methods. The idea is you solve it on
[0, 1] and your zero is x (1) . Because of roundoff error, x (1) won’t be quite right so you
use it as an initial guess in Newton’s method and find the zero to great accuracy.

12.7 Convergence Questions®
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12.7.1 A Fixed Point Theorem

The message of this section is that under reasonable conditions amounting to an as-
sumption that Df (z)f1 exists, Newton’s method will converge whenever you take an
initial approximation sufficiently close to z. This is just like the situation for the method
in one dimension.

The proof of convergence rests on the following lemma which is somewhat more
interesting than Newton’s method. It is a case of the contraction mapping principle
important in differential and integral equations.

Lemma 12.7.1 Suppose T : B (x0,d) C R? — RP and it satisfies
1
|[Tx—Ty| < 3 |x —y| for allx,y € B(x0,9). (12.37)
Suppose also that |Txg — xg| < %. Then {T"x¢},., converges to a point, x € B (xq, )

such that Tx = x. This point is called a fixed point. Furthermore, there is at most one
fized point on B (xg,9) .

Proof: From the triangle inequality, and the use of [12.37,

S

|TnX0 — X0| S Z |TkX0 — Tk71X0|
k=1

n

1\ !
< Z (2> |Txo — Xo|
k=1
6 0
< 2|TX0—X0| <21:§ <.

Thus the sequence remains in the closed ball, B (xg,d/2) C B (x¢,9) . Also, by similar
reasoning,

(o9
—_

n n k
T"x0 — T™x0| < D [T* %0 — TFxo| < ) (;) ITxo — xo| < =

k=m k=m

It follows, that {T"x(} is a Cauchy sequence. Therefore, it converges to a point of
B (x0,6/2) C B (x0,9).

Call this point, x. Then since T is continuous, it follows

x = lim T"xo =T lim T" 'xo = Txp.
n—oo n—0o0

If Tx = x and Ty =y for x,y € B(x¢,0) then |x —y| = [Tx — Ty| < § [x — y| and so
X=y.

12.7.2 The Operator Norm

How do you measure the distance between linear transformations defined on F"7 It
turns out there are many ways to do this but I will give the most common one here.

Definition 12.7.2 L (F™ F™) denotes the space of linear transformations mapping F™
to F™. For A € L(F™,F™), the operator norm is defined by

||Al| = max {|Az|pm : [2]p. < 1} < 00.
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Theorem 12.7.3 Denote by |-| the norm on either F™ or F™. Then L (F™ F™) with
this operator norm is a complete normed linear space of dimension nm with

1A < [[Al[]x] -
Here Completeness means that every Cauchy sequence converges.

Proof: It is necessary to show the norm defined on £ (F",F™) really is a norm. This
means it is necessary to verify

[|A]| > 0 and equals zero if and only if A = 0.

For a a scalar,
laAl| = |af [[Al],

and for A, B € L (F",F™),
I[A+ B[l < [|All + [|B]]

The first two properties are obvious but you should verify them. It remains to verify the
norm is well defined and also to verify the triangle inequality above. First if |x| < 1, and
(A;j;) is the matrix of the linear transformation with respect to the usual basis vectors,
then

1/2
I|A|| = max <Z|(Ax)i|2> Jx) <1
o\ 1/2

max Z ZA,;jzj x| <1
J

%

which is a finite number by the extreme value theorem.

It is clear that a basis for £ (F™, F™) consists of linear transformations whose matrices
are of the form FE;; where E;; consists of the m x n matrix having all zeros except for a
1 in the ij*" position. In effect, this considers £ (F",F™) as F"™. Think of the m x n
matrix as a long vector folded up.

Ifx #£0,

b'q
]

It only remains to verify completeness. Suppose then that { Ay} is a Cauchy sequence
in £(F",F™). Then from 12.38 {A;x} is a Cauchy sequence for each x € F™. This
follows because

1

| Ax|
x|

4

< 4]l (12.38)

|Apx — Aix| < || Ak — Af]] [x]

which converges to 0 as k,I — oco. Therefore, by completeness of F'™, there exists Ax,
the name of the thing to which the sequence, {A;yx} converges such that

lim Apx = Ax.

k—oo

Then A is linear because

A(ax+by) = klim A (ax + by)
= klim (aArx + bALy)
= a lim Agx+b lim Apy
k—o0 k—o00

= aAx+ bAy.
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By the first part of this argument, ||A|| < co and so A € £ (F",F™). This proves the
theorem.
The following is an interesting exercise which is left for you.

Proposition 12.7.4 Let A(x) € L(F™ F™) for each x € U C FP. Then letting
(Aij (x)) denote the matriz of A (x) with respect to the standard basis, it follows A;j is
continuous at x for each i,j if and only if for all € > 0, there exists a § > 0 such that
if |x —y| < 8, then ||A(x) — A(y)|| < e. That is, A is a continuous function having
values in L (F™,F™) at x.

Proof: Suppose first the second condition holds. Then from the material on linear
transformations,

[Aij (x) — Aij (¥)] = e; () el
< (¥)) el
< (A —AWI

Therefore, the second condition implies the first.

Now suppose the first condition holds. That is each A;; is continuous at x. Let
v < 1.

o\ 1/2
A AN @] = |31 Ay ) - 45 3D (12:39)
9\ 1/2
< 2 (X145 00— 4y )] 1oy

By continuity of each A;;, there exists a ¢ > 0 such that for each i, j
€
ny/m

whenever |x —y| < 0. Then from [12.39, if |x — y| < §,

|Aij (x) — Aij ()] <

o\ 1/2
A -AENWI < || X =
9\ 1/2
< |Z(Zam) | -

i J

This proves the proposition.

The proposition implies that a function is C! if and only if the derivative, Df exists
and the function, x — Df (x) is continuous in the usual way. That is, for all £ > 0 there
exists § > 0 such that if |[x — y| < ¢, then ||Df (x) — Df (y)|| < e.

The following is a version of the mean value theorem valid for functions defined on
R™.

Theorem 12.7.5 Suppose U is an open subset of RP and £ : U — R? has the property
that Df (x) exists for all x in U and that, x+t(y —x) € U for all t € [0,1]. (The line
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segment joining the two points lies in U.) Suppose also that for all points on this line
segment,
IDf (x4t (y —x))|| < M.

Then
I (y) —f(x)|| < Mly —x]|.

Proof: Let
S={tel0,1]: forall s €]0,¢],

If(x+5(y —x)) —fx)|| < (M +¢)sly —x|[}
Then 0 € S and by continuity of f, it follows that if £t = sup S, then ¢t € S and if t < 1,
If (x+t(y —x) —f(x)|| = (M +e)t|ly —x]. (12.40)

If ¢ < 1, then there exists a sequence of positive numbers, {hy} -, converging to 0 such
that
I (x+ (£ 4 i) (y = %)) = £ (x)|| > (M +€) (£ + ) [ly — %]|

which implies that
I (x+ (E+ ) (y = x)) = £ (x + 1 (y — )|
+IFx+tly —x) —F &) > (M +e) (t + hi) [ly — ]|
By [12.40} this inequality implies
(x4 (4 hi) (v = %)) = £ (x+ 1 (y =x)[| > (M + ) h [|ly — x|
which yields upon dividing by h; and taking the limit as hy — 0,
IDf (x +1(y —x)) (y =x)|| = (M +¢) [ly —x]|.
Now by the definition of the norm of a linear operator,

Mlly =x|[ > [[Df (x+t(y = x))|l[ly — ]|
=z [[Df(x+t(y —x)) (y =x)l| = (M +¢) [ly —x]],

a contradiction. Therefore, t = 1 and so
If (x+(y —x)) —fx)|| < (M + ) [ly —x]].

Since € > 0 is arbitrary, this proves the theorem.

12.7.3 A Method For Finding Zeros

Theorem 12.7.6 Suppose f : U C RP — RP is a C' function and suppose f (z) = 0.
Suppose also that for all x sufficiently close to z, it follows that Df (x)_1 exists. Let
d > 0 be small enough that for all x,x, € B (z,20)

_ 1
HI— Df (xo) ' Df (X)H <3 (12.41)
Now pick xo € B (z,0) also close enough to z such that

Dt o) 1 (ol < 5
Define
Tx =x— Df (x0) " £ (x).

Then the sequence, {T"xq} -, converges to z.
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Proof: First note that |Tx¢ — xo| = ’Df (x0)”" f(xo)’ < HDf (X0)71H If (x0)] < &.
Also on B (x0,0) C B(z,2)) the inequality, 12.41], the chain rule, and Theorem [12.7.5
shows that for x,y € B (xq,9),

1
ITX—TYIS§\X—.V|-

This follows because DTx = I — Df (x¢)” ' f(x). The conclusion now follows from
Lemma 12.7.1. This proves the lemma.

12.7.4 Newton’s Method

Theorem 12.7.7 Suppose f : U C RP — RP is a C* function and suppose f (z) = 0.

Suppose that for all x sufficiently close to z, it follows that Df (x)_1 exists. Suppose
also that?
HDf (x2)"' — Df (xl)—lH < K|xs—x1). (12.42)

Then there exists § > 0 small enough that for all x1,%x, € B (z,20)
_ 1
\xl — %3 — DFf (32) " (£ (x1) — f(xz))‘ < gha—xal, (12.43)
1
f —. 12.44
)l < 1% (12.44)

Now pick xo € B (z,0) also close enough to z such that
1 )
HDf(XO) H|f(x0)| <7

Define
Tx EX—Df(X)_lf(X).

Then the sequence, {T"xo} -, converges to z.

Proof: The left side of [12.43 equals

‘Xl — X2 — Df (XQ)_l (Df (Xg) (X1 — XQ) + f(Xl) — f(Xg) — Df (XQ) (Xl — Xg))

‘Df (x2) " (£ (x1) — £ (x2) — DF (%) (x1 — x3))
< COlf (x1) — £ (x2) — Df (x2) (x1 — x2)|

because [12.42] implies HDf (x)le is bounded for x € B (z,6). Now use the assump-
tion that f is C' and Proposition 12.7.4 to conclude there exists § small enough that
|| Df (x) — Df (z)|| < % for all x € B(z,26). Then let x;,x2 € B (z,25). Define
h (x) =f(x) — f (x2) — Df (x2) (x — x2) . Then

IPh(x)|| = [IDf (x) = Df (x2)]|
< |IDf (x) = Df (2)|| + [|Df (2) — Df (x2)|
1 1 1
< S4-=-
- 8 8 4

2The following condition as well as the preceeding can be shown to hold if you simply assume f is
a C? function and Df (z)71 exists. This requires the use of the inverse function theorem, one of the
major theorems which should be studied in an advanced calculus class.
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It follows from Theorem 12.7.5
|h(x1) —h(x2)] = [f(x1)—f(x2) - Df (x2) (x1 — x2)|
1
< 1 |x1 — Xa .

This proves [12.43. [12.44] can be satisfied by taking § still smaller if necessary and using
f (z) = 0 and the continuity of f.
Now let xg € B (z,d) be as described. Then

- - 5
ITx0 = ol = [ DF (x0) ™ £ (x0)| < || DF (x0) ™" || 1€ (x0)] < 5.
Letting x1,x2 € B (x¢,0) C B (z,26),

ITx) — Txo| = ‘xl ~Df(xy) M (x1) — (x2 ~ Df(x2) ' f (x2)) ‘
< |xi— %o — DE(x0) (£ (x1) — £ (xz))‘ n ‘(Df (x1)"" = Df (XQ)*) £ (xl)‘

§i|X1—X2|+K\X1 — xa| |f (x1)] §%|x1 — X .

The desired result now follows from Lemma [12.7.1.

12.8 Exercises

1. Suppose f : U — R? and let x € U and v be a unit vector. Show D,f (x) =
Df (x) v. Recall that

D.f (x) = lim flxttv)— f(X).
t—0 t

xy sin (%) ifx#0

0Oifx=0
the derivative at all these points.

2. Let f(z,y) = . Find where f is differentiable and compute

3. Let _
fla y):{ x if |y| > ||

—zif Jy| < x|
Show f is continuous at (0,0) and that the partial derivatives exist at (0,0) but
the function is not differentiable at (0,0).

4. Let

2 3
- resmy + z
f(z.y,2) = ( sin (z +y) + 2% cosz )

Find Df (1,2,3).

5. Let

. rtany + 23
fz,y.2) = ( cos (z +y) + 2% cosx )

Find Df (1,2,3).
6. Let
xsiny + 23
f(z,y,2)=| sin(z+y)+z3cosz
25 + 12
Find Df (z,y, 2) .
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7. Let

f () = { v i (ay) # (0.0)

Y)
1if (z,y) = (0,0)

Show that all directional derivatives of f exist at (0,0), and are all equal to zero
but the function is not even continuous at (0,0) . Therefore, it is not differentiable.
Why?

8. In the example of Problem [7| show the partial derivatives exist but are not con-
tinuous.

9. A certain building is shaped like the top half of the ellipsoid, % + % + f—ozo =
1 determined by letting z > 0. Here dimensions are measured in meters. The
building needs to be painted. The paint, when applied is about .005 meters thick.
About how many cubic meters of paint will be needed. Hint:This is going to
replace the numbers, 900 and 400 with slightly larger numbers when the ellipsoid
is fattened slightly by the paint. The volume of the top half of the ellipsoid,
22/a® +y?/b? + 22 /c? < 1,2 > 0 is (2/3) wabc.

10. Show carefully that the usual one variable version of the chain rule is a special
case of Theorem [12.4.15.

xr1 + X9
11. Let 2 = f(y) = (y? +siny + tanys) and y = g(x) = x5 — 21 + 2o
x%—l—xl + sin zo
Find D (f o g) (x). Use to write £ for i = 1,2.

1+ x4 + 23
x% — T+ X2
x2+x1 + sinxy

X1 +I4+I3
_ x%ffclerQ

12. Let z = f(y) = (y% + cot o —|—siny3) and y = g (x

Find D (fog) (x). UsetowmteﬂforZ—l 2,3,4.

13. Let z = f(y) = (yi +y3 +sinys +y4) and y = g (x x3 + 2 +sinay

T4+ To
Find D (f o g) (x). Use to write £ for i = 1,2,3,4.

x|+ T2

14. Letz=f(y) = <y1—|—smy2+tany3>andy g(x J?%-Jfl*".rg

yiye +ys T2 + 11 +sinzy
Find D (fog) ( Usetowrlteﬂfor@—l2andk—172
Y3 + sinys + tanys T+ x4
15. Letz = f (y y1y2+y3 andy =g (x) = x%—ler;z:g
cos (y7) + y3ys 23 + 1 + sinxy

Find D (fog) (x). UsetowrlteﬁforZ—l234andk:—123

y2 + siny; + secys + ya r1 + 214
2 3 2
Yiy2 T y3 Ty — 22 + 13
16. Let z =f (y
. Ysys + 1 22 + 21 + cos a1
Y1+ 2 3
Find D (f o g) (x) . Use to write % fori=1,2,3,4and k =1,2,3,4.

andy = g(x) =
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17.

18.

19.

20.

21.

22.

23.
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y% + sinys + tan ys T+ x4
Let f(y) = yiy2 + Y3 and y =g (x) = 3 — 21 + 23
cos (y1) + y3us 3 + 21 + sinxy
Find D (f o g) (x) . Use to write % fori=1,2,3,4and k =1,2,3.
Suppose 11 (t) = (cost,sint,t),ry (t) = (¢,2¢,1), and r3 (¢t) = (1,¢,1). Find the

rate of change with respect to ¢ of the volume of the parallelepiped determined by
these three vectors when t = 1.

A trash compacter is compacting a rectangular block of trash. The width is
changing at the rate of —1 inches per second, the length is changing at the rate
of —2 inches per second and the height is changing at the rate of —3 inches per
second. How fast is the volume changing when the length is 20, the height is 10,
and the width is 10.

A trash compacter is compacting a rectangular block of trash. The width is
changing at the rate of —2 inches per second, the length is changing at the rate
of —1 inches per second and the height is changing at the rate of —4 inches per
second. How fast is the surface area changing when the length is 20, the height is
10, and the width is 10.

The ideal gas law is PV = kT where k is a constant which depends on the number
of moles and on the gas being considered. If V' is changing at the rate of 2 cubic
cm. per second and T is changing at the rate of 3 degrees Kelvin per second, how
fast is the pressure changing when 7" = 300 and V" equals 400 cubic cm.?

Let S denote a level surface of the form f(x1,x2,23) = C. Suppose now that
r (t) is a space curve which lies in this level surface. Thus f (r1 (¢),72 (¢),73(t)).
Show using the chain rule that D f (ry (t),r2 (¢),rs (¢)) (v} (£) , 75 (t) , 754 Nt =o.
Note that Df (x1,22,23) = (fz,s fass fus) - This is denoted by Vf (z1,x2,23) =
(frrs faas le)T . This 3 x 1 matrix or column vector is called the gradient vector.
Argue that

V(i (8,72 (1), (8) - (] (8) 75 (8) 75 (1)) = 0.
What geometric fact have you just established?

Suppose f is a C! function which maps U, an open subset of R” one to one and
onto V, an open set in R™ such that the inverse map, f~! is also C'. What must
be true of m and n? Why? Hint: Consider Example 12.4.12/ on Page 258. Also
you can use the fact that if A is an m x n matrix which maps R™ onto R™, then
m < n.
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The Gradient And
Optimization

13.0.1 Outcomes

1. Interpret the gradient of a function as a normal to a level curve or a level surface.
2. Find the normal line and tangent plane to a smooth surface at a given point.

Find the angles between curves and surfaces.

Ll

Define what is meant by a local extreme point.

ot

Find candidates for local extrema using the gradient.
Find the local extreme values and saddle points of a C? function.
Use the second derivative test to identify the nature of a singluar point.

Find the extreme values of a function defined on a closed and bounded region.

© % N

Solve word problems involving maximum and minimum values.

10. Use the method of Lagrange to determine the extreme values of a function subject
to a constraint.

11. Solve word problems using the method of Lagrange multipliers.
Recall the concept of the gradient. This has already been considered in the special
case of a C' function. However, you do not need so much to define the gradient.
13.1 Fundamental Properties

Let f: U — R where U is an open subset of R" and suppose f is differentiable on U.
Thus if x € U,

f(x+v):f(x)+z vi+o(v). (13.1)

Recall Proposition [11.3.6, a more general version of which is stated here for convenience.
It is more general because here it is only assumed that f is differentiable, not C*.

Proposition 13.1.1 If f is differentiable at x and for v a unit vector,

Dyf(x) = Vf (x)-v.

281
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Proof:

fx4tv) — f(x)

—_

£+ Y 0w - 1 ()

~ Of (x)
895,-

~+ | =

0..
-+
N/
o
ﬂ‘

tv; + o (tv)

o(tv)

7 =0 and so

Now lim;_,¢

as claimed.

T
Definition 13.1.2 When f is differentiable, define Vf (x) = (387]01 (%), 88:13{1 (x))
just as was done in the special case where f is C. As before, this vector is called the
gradient vector.

This defines the gradient for a differentiable scalar valued function. There are ways
to define the gradient for vector valued functions but this will not be attempted in this
book.

It follows immediately from [13.1 that

fE+v) =& +Vfx)-v+o(v) (13.2)

As mentioned above, an important aspect of the gradient is its relation with the direc-
tional derivative. A repeat of the above argument gives the following. From [13.2), for v
a unit vector,

LD =0 G 4200
= Vf(x)- v—|—#.
Therefore, taking t — 0,
Dyf(x)=Vf(x)-v. (13.3)

Example 13.1.3 Let f (z,y,2) = 2% + sin (zy) + 2. Find Dy f (1,0,1) where

v <1 1 1>
V3 V3V
Note this vector which is given is already a unit vector. Therefore, from the above,
it is only necessary to find V£ (1,0,1) and take the dot product.
VS (2,,2) = (22 + (cosay) y, (cos zy) 2, 1) .
Therefore, Vf (1,0,1) = (2,1,1) . Therefore, the directional derivative is
1 1 1 4
2.1,1)- [ —=, —,— | = =V3.
e (755 78) =
Because of [13.3] it is easy to find the largest possible directional derivative and the

smallest possible directional derivative. That which follows is a more algebraic treatment
of an earlier result with the trigonometry removed.
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Proposition 13.1.4 Let f : U — R be a differentiable function and let x € U. Then
max {Dy f (x): |[v]| =1} = |Vf (2)] (13.4)

and

min {Dy f (x) : [v] = 1} = — |V f (2)|. (13.5)

Furthermore, the mazimum in[15.4 occurs whenv = Vf (x) / |V f (x)| and the minimum
in13.5 occurs when v ==V f(x)/|Vf(x)].

Proof: From [13.3/ and the Cauchy Schwarz inequality,
[Dvf (x)] < [Vf (x)]
and so for any choice of v with |v| =1,
— VI <Dvf (x) < [VFX)].

The proposition is proved by noting that if v = -V f(x)/|Vf (x)|, then

Dy f (x) Vi) - (Vi) /IVFE))
= —IVFE)P/ IV ) ==[Vf )

while if v=Vf(x)/|Vf(x)|, then

Dy f (x) Vi) - (V&) /IVE))

IV /IVF ()] = VS (x)].

The conclusion of the above proposition is important in many physical models. For
example, consider some material which is at various temperatures depending on location.
Because it has cool places and hot places, it is expected that the heat will flow from
the hot places to the cool places. Consider a small surface having a unit normal, n.
Thus n is a normal to this surface and has unit length. If it is desired to find the rate
in calories per second at which heat crosses this little surface in the direction of n it is
defined as J - nA where A is the area of the surface and J is called the heat flux. It
is reasonable to suppose the rate at which heat flows across this surface will be largest
when n is in the direction of greatest rate of decrease of the temperature. In other
words, heat flows most readily in the direction which involves the maximum rate of
decrease in temperature. This expectation will be realized by taking J = —KVu where
K is a positive scalar function which can depend on a variety of things. The above
relation between the heat flux and Vu is usually called the Fourier heat conduction law
and the constant, K is known as the coefficient of thermal conductivity. It is a material
property, different for iron than for aluminum. In most applications, K is considered
to be a constant but this is wrong. Experiments show this scalar should depend on
temperature. Nevertheless, things get very difficult if this dependence is allowed. The
constant can depend on position in the material or even on time.

An identical relationship is usually postulated for the flow of a diffusing species. In
this problem, something like a pollutant diffuses. It may be an insecticide in ground
water for example. Like heat, it tries to move from areas of high concentration toward
areas of low concentration. In this case J = —K V¢ where ¢ is the concentration of the
diffusing species. When applied to diffusion, this relationship is known as Fick’s law.
Mathematically, it is indistinguishable from the problem of heat flow.

Note the importance of the gradient in formulating these models.
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13.2 Tangent Planes

The gradient has fundamental geometric significance illustrated by the following picture.

V f (20, yo, 20)
x (to)

x5 (s

In this picture, the surface is a piece 2o(f 21) level surface of a function of three vari-
ables, f(z,y,z). Thus the surface is defined by f (z,y,2) = ¢ or more completely as
{(z,y,2): f(z,y,2) = c} . For example, if f (z,y, 2) = 2% +y>+ 22, this would be a piece
of a sphere. There are two smooth curves in this picture which lie in the surface hav-
ing parameterizations, x1 (t) = (21 (¢t),y1 (t),21 (t)) and x2 (s) = (22 (), y2 (3), 22 (5))
which intersect at the point, (x9,vo, 20) on this surface!. This intersection occurs when
t = to and s = sp. Since the points, x; (¢) for ¢ in an interval lie in the level surface, it
follows

fle (), (t), 21 (1) = ¢

for all ¢ in some interval. Therefore, taking the derivative of both sides and using the
chain rule on the left,

% (x1 (8) 91 (8), 21 (1) 2y () +
L 00 0,21 )4 0+ 2L 1 (1)1 (), ()54 () =0

374 0z

In terms of the gradient, this merely states

Vf(xy(t),y1(t), 21 (t)) %] (t) = 0.

Similarly,
Vf (1’2 (S) )y Y2 (S) y 22 (5)) : X’Q (-9) = 0.

Letting s = sg and t = #, it follows

V f (z0, 90, 20) - X1 (to) =0, Vf (z0,%0, 20) - X5 (s0) = 0.

It follows V f (xo,yo, 20) is perpendicular to both the direction vectors of the two indi-
cated curves shown. Surely if things are as they should be, these two direction vectors
would determine a plane which deserves to be called the tangent plane to the level
surface of f at the point (zg,yo,20) and that V[ (xg,yo, 20) is perpendicular to this
tangent plane at the point, (o, yo, 20)-

Example 13.2.1 Find the equation of the tangent plane to the level surface, f (z,y,z) =
6 of the function, f (x,y,2) = x? + 2y* + 322 at the point (1,1,1).

First note that (1,1,1) is a point on this level surface. To find the desired plane it
suffices to find the normal vector to the proposed plane. But Vf (z,y, z) = (2, 4y, 62)

1Do there exist any smooth curves which lie in the level surface of f and pass through the point
(20,90, 20)? It turns out there do if V f (z0,y0,20) # 0 and if the function, f, is C'. However, this is
a consequence of the implicit function theorem, one of the greatest theorems in all mathematics and a
topic for an advanced calculus class. It is also in an appendix to this book
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and so V[ (1,1,1) = (2,4,6) . Therefore, from this problem, the equation of the plane
is

(2,4,6) - (x—1,y—1,2—1)=0

or in other words,
20 — 1244y 4+ 62 = 0.

Example 13.2.2 The point, (\/§, 1,4) is on both the surfaces, z = x> +y? and z =
8— (x2 + y2) . Find the cosine of the angle between the two tangent planes at this point.

Recall this is the same as the angle between two normal vectors. Of course there
is some ambiguity here because if n is a normal vector, then so is —n and replacing n
with —n in the formula for the cosine of the angle will change the sign. We agree to
look for the acute angle and its cosine rather than the obtuse angle. The normals are
(2\/5, 2, —1) and (2\/3, 2, 1) . Therefore, the cosine of the angle desired is

(2v3)°+4-1 15
17 T

Example 13.2.3 The point, (1,\/5, 4) is on the surface, z = x% + y2. Find the line
perpendicular to the surface at this point.

All that is needed is the direction vector of this line. The surface is the level surface,
22 +1y? — 2 = 0. The normal to this surface is given by the gradient at this point. Thus
the desired line is (1, V3, 4) +t (2, 2V/3, —1) .

13.3 Exercises
1. Find the gradient of f =
(a) 2%y + 23 at (1,1,2)
(b) zsin (z%y) + 2" at (1,1,0)
(c) uln(z+y+ 2% +w) at (z,y,z,w,u) = (1,1,1,1,2)
2. Find the directional derivatives of f at the indicated point in the direction,
11 1
()
(a) 2%y + 2% at (1,1,1)
(b) zsin (z%y) + 271 at (1,1,2)
(c) xzy+ 22+ 1 at (1,2,3)
3. Find the tangent plane to the indicated level surface at the indicated point.
(a) 2%y + 23 =2at (1,1,1)
(b) zsin (z?y) +277¥ = 2sin1+4 at (1,1,2)
(c) cos(z) 4 zsin(z+y) =1 at (-, 2L, 2)

4. Explain why the displacement vector of an object from a given point in R? is
always perpendicular to the velocity vector if the magnitude of the displacement
vector is constant.
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5. The point (1, 1, \/5) is a point on the level surface, £2 4+ y? + 22 = 4. Find the line
perpendicular to the surface at this point.

6. The point (1, 1, \/5) is a point on the level surface, 2 4+ y2 + 22 = 4 and the level
surface, y? +222 = 5. Find the angle between the two tangent planes at this point.

7. The level surfaces 2% 4+ 2 + 22 = 4 and z+ 2% + y? = 4 have the point <§, g, 1)
in the curve formed by the intersection of these surfaces. Find a direction vector
for this curve at this point. Hint: Recall the gradients of the two surfaces are
perpendicular to the corresponding surfaces at this point. A direction vector for
the desired curve should be perpendicular to both of these gradients.

8. In a slightly more general setting, suppose fi1(z,y,2z) = 0 and fa (z,y,2) = 0
are two level surfaces which intersect in a curve which has parameterization,
(x(t),y(t),z(t)). Find a differential equation such that one of its solutions is
the above parameterization.

Suppose f: D (f) — R where D (f) C R™.

13.4 Local Extrema

Definition 13.4.1 A pointx € D (f) C R"™ is called a local minimum if f (x) < f (y)
for ally € D (f) sufficiently close to x. A point x € D (f) is called a local maximum
if f(x)> f(y) for ally € D(f) sufficiently close to x. A local extremum is a point
of D (f) which is either a local minimum or a local mazimum. The plural for extremum
is extrema. The plural for minimum is minima and the plural for mazimum is mazxima.

Procedure 13.4.2 To find candidates for local extrema which are interior points of
D (f) where f is a differentiable function, you simply identify those points where V f
equals the zero vector. To justify this, note that the graph of f is the level surface

Fxz)=z—f(x)=0

and the local extrema at such interior points must have horizontal tangent planes. There-
fore, a normal vector at such points must be a multiple of (0,---,0,1). Thus VF at such
points must be a multiple of this vector. That is, if X is such a point,

k(07 : '7031) - (7fm1 (X)a" = Jx, (X)vl)'
Thus Vf (x) = 0.

This is illustrated in the following picture.
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A more rigorous explanation is as follows. Let v be any vector in R™ and suppose
x is a local maximum (minimum) for f. Then consider the real valued function of one
variable, h (t) = f (x +tv) for small |¢|. Since f has a local maximum (minimum), it
follows that h is a differentiable function of the single variable ¢t for small ¢ which has a
local maximum (minimum) when ¢t = 0. Therefore, ' (0) = 0. But b’ (t) = Df (x + tv) v
by the chain rule. Therefore,

' (0)=Df(x)v=0
and since v is arbitrary, it follows D f (x) = 0. However,
Df(x)=( fr,(x) o+ fo, (%))
and so Vf (x) = 0. This proves the following theorem.

Theorem 13.4.3 Suppose U is an open set contained in D (f) such that f is C* on U
and suppose x € U is a local minimum or local mazimum for f. Then V f (x) = 0.

A more general result is left for you to do in the exercises.

Definition 13.4.4 A singular point for f is a point x where Vf(x) = 0. This is
also called a critical point.

Example 13.4.5 Find the critical points for the function, f(z,y) = ay —x —y for
z,y > 0.

Note that here D (f) is an open set and so every point is an interior point. Where
is the gradient equal to zero?

fe=y—1=0, f=2-1=0
and so there is exactly one critical point (1,1).

Example 13.4.6 Find the volume of the smallest tetrahedron made up of the coordinate
planes in the first octant and a plane which is tangent to the sphere x2 + y? + 2% = 4.

The normal to the sphere at a point, (zg, yo, 20) on a point of the sphere is

(x()ay()a \/ 4— $(2) - yg)

and so the equation of the tangent plane at this point is

$0($$0)+yo(yyo)+m<zm> =0

When z =y =0,

4
= 2 2
(4— 25— yg)
When z =0 =y,
4
T=—,
xg
and when z = x =0,
4
y=—
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Therefore, the function to minimize is
64

f(x’y): 2y (4—1’2—y2)

[N

This is because in beginning calculus it was shown that the volume of a pyramid is 1/3
the area of the base times the height. Therefore, you simply need to find the gradient
of this and set it equal to zero. Thus upon taking the partial derivatives, you need to
have

—4 4222 + 92 —0
2y (—4+ 224+ y2) /(4 — 22 —y?) ’

and
—4 + 2% + 2y? 0

o (AT a2+ ) - = )
Therefore, 22 +2y2 =4 and 222 + 3> =4. Thusz =y andsoxz =y = % It follows
from the equation for z that z = % also. How do you know this is not the largest
tetrahedron?

Example 13.4.7 An open bozx is to contain 32 cubic feet. Find the dimensions which
will result in the least surface area.

Let the height of the box be z and the length and width be x and y respectively.
Then zyz = 32 and so z = 32/zy. The total area is xy + 2zz + 2yz and so in terms of
the two variables, x and y, the area is

64 64
A=ry+ —+ —
Yy x

To find best dimensions you note these must result in a local minimum.

_ yr? — 64 ry? — 64

Aq =0, Ay = s

x
Therefore, yz2 — 64 = 0 and zy? — 64 = 0 so xy? = yx. For sure the answer excludes
the case where any of the variables equals zero. Therefore, z = y and so z = 4 = y.
Then z = 2 from the requirement that xyz = 32. How do you know this gives the least
surface area? Why doesn’t this give the largest surface area?

13.5 The Second Derivative Test

There is a version of the second derivative test in the case that the function and its
first and second partial derivatives are all continuous. The proof of this theorem is
dependent on fundamental results in linear algebra which are in an appendix. You can
skip the proof if you like. It is given later.

Definition 13.5.1 The matriz, H (x) whose ij*" entry at the point x is
0 f

8:@89@ x

is called the Hessian matrie. The eigenvalues of H (x) are the solutions \ to the
equation
det (\[ — H (x))=0
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The following theorem says that if all the eigenvalues of the Hessian matrix at
a critical point are positive, then the critical point is a local minimum. If all the
eigenvalues of the Hessian matrix at a critical point are negative, then the critical point
is a local maximum. Finally, if some of the eigenvalues of the Hessian matrix at the
critical point are positive and some are negative then the critical point is a saddle point.
The following picture illustrates the situation.

Theorem 13.5.2 Let f : U — R for U an open set in R™ and let f be a C? function
and suppose that at some x € U, V f (x) = 0. Also let . and X be respectively, the largest
and smallest eigenvalues of the matriz, H (x). If A > 0 then f has a local minimum at
x. If p < 0 then f has a local mazximum at x. If either A or u equals zero, the test fails.
If A < 0 and p > 0 there exists a direction in which when f is evaluated on the line
through the critical point having this direction, the resulting function of one variable has
a local minimum and there exists a direction in which when f is evaluated on the line
through the critical point having this direction, the resulting function of one variable has
a local maximum. This last case is called a saddle point.

Here is an example.

Example 13.5.3 Let f (x,y) = 10xy + y>. Find the critical points and determine
whether they are local minima, local maxima or saddle points.

First V (10xy + yQ) = (10y, 10z + 2y) and so there is one critical point at the point
(0,0). What is it? The Hessian matrix is

0 10

10 2
and the eigenvalues are of different signs. Therefore, the critical point (0,0) is a saddle
point. Here is a graph drawn by Maple.

Here is another example.

Example 13.5.4 Let f (z,y) = 22* — 423 + 142? + 12y2? — 12yz — 122 + 2y% + 4y + 2.
Find the critical points and determine whether they are local minima, local mazxima, or
saddle points.
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fo (z,y) = 823 — 1222 + 28x + 24yx — 12y — 12 and f, (z,y) = 1222 — 12z + 4y + 4.
The points at which both f, and f, equal zero are (%, —%) ,(0,—1), and (1,-1).

The Hessian matrix is

2422 + 28 + 24y — 24x 24w — 12
24x — 12 4

and the thing to determine is the sign of its eigenvalues evaluated at the critical points.

16 0

0 4 ) and its eigen-

First consider the point (%, —i). The Hessian matrix is (
values are 16,4 showing that this is a local minimum.

Next consider (0,—1) at this point the Hessian matrix is ( :112 —i2 and the

eigenvalues are 16, —8. Therefore, this point is a saddle point. To determine this, find
the eigenvalues.

det(A<(1) ?)—( B )):/\2—8/\—128:(/\4—8)(/\—16)

so the eigenvalues are —8 and 16 as claimed.

Finally consider the point (1, —1). At this point the Hessian is ( 4012

12 4 )andthe

eigenvalues are 16, —8 so this point is also a saddle point.

Below is a graph of this function which illustrates the behavior near saddle points.

Or course sometimes the second derivative test is inadequate to determine what is
going on. This should be no surprise since this was the case even for a function of one
variable. For a function of two variables, a nice example is the Monkey saddle.

Example 13.5.5 Suppose f (x,y) = 6xy? — 22% — 3y*. Show that (0,0) is a critical
point for which the second derivative test gives mo information.

Before doing anything it might be interesting to look at the graph of this function
of two variables plotted using Maple.
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This picture should indicate why this is called a monkey saddle. It is because the
monkey can sit in the saddle and have a place for his tail. Now to see (0,0) is a critical
point, note that f, (0,0) = f,(0,0) = 0 because f, (z,y) = 6y> — 622, f, (z,y) =
122y —12y3 and so (0, 0) is a critical point. So are (1,1) and (1, —1). Now f. (0,0) =0
and so are fu, (0,0) and fy, (0,0). Therefore, the Hessian matrix is the zero matrix
and clearly has only the zero eigenvalue. Therefore, the second derivative test is totally
useless at this point.

However, suppose you took z =t and y = ¢ and evaluated this function on this line.
This reduces to h (t) = f (t,t) = 4> — 3t*), which is strictly increasing near ¢ = 0. This
shows the critical point (0,0) of f is neither a local max. nor a local min. Next let
x=0and y =t Then p(t) = f(0,t) = —3t*. Therefore, along the line, (0,¢), f has a
local maximum at (0,0).

Example 13.5.6 Find the critical points of the following function of three variables
and classify them as local minimums, local maximums or saddle points.

5 7 4 5 4 1
f(m,y,z)z6x2+4x+16—gmy—4y—§xz+12z+6y2—gzy—i—ng

First you need to locate the critical points. This involves taking the gradient.

) 7 4 5 4 1
\Y (6902 +4x + 16 — gmy—ély— gszr 12z + éyz — gzy+ 322>

(BT T A 2
- 3" 3Y 735737 3¥ 735737 3Y 3%

Next you need to set the gradient equal to zero and solve the equations. This yields
y=>52x=3,2=—2. Now to use the second derivative test, you assemble the Hessian
matrix which is

wlut
Colmeol~T
I coren |
coln” ol
o |
ColBCol i

wl
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Note that in this simple example, the Hessian matrix is constant and so all that is left
is to consider the eigenvalues. Writing the characteristic equation and solving yields the
eigenvalues are 2, —2,4. Thus the given point is a saddle point.

13.6 Exercises

1. Use the second derivative test on the critical points (1,1), and (1, —1) for Example
13.5.5.

2. If H= H" and Hx = Ax while Hx = px for A\ # p, show x -y = 0.

3. Show the points (%, —%) ,(0,—4), and (1, —4) are critical points of the following

function of two variables and classify them as local minima, local maxima or saddle
points.

f(z,y) = —2* + 223 + 3922 + 10y2? — 10yz — 402 — y* — 8y — 16.

Answer:

The Hessian matrix is

—122% + 78 + 20y + 122 20z — 10
202 — 10 -2

The eigenvalues must be checked at the critical points. First consider the point
(3,—2L). At this point, the Hessian is

207 4
-24 0
0 =2

and its eigenvalues are —24, —2, both negative. Therefore, the function has a local

maximum at this point.

Next consider (0, —4). At this point the Hessian matrix is

-2 =10
-10 -2
and the eigenvalues are 8, —12 so the function has a saddle point.

Finally consider the point (1, —4). The Hessian equals

-2 10
10 -2
having eigenvalues: 8, —12 and so there is a saddle point here.

4. Show the points (%, —%) ,(0,—4), and (1, —4) are critical points of the following

function of two variables and classify them according to whether they are local
minima, local maxima or saddle points.

f(z,y) = =32* + 623 + 372% + 10y2? — 10yx — 40z — 3y* — 24y — 48.
Answer:
The Hessian matrix is
( —3622% + 74 + 20y + 36z 20z — 10 )
20z — 10 —6 '

Check its eigenvalues at the critical points. First consider the point (%, —%) . At
this point the Hessian is
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_LBG 0
0 -6
16

and its eigenvalues are —=*, —6 so there is a local maximum at this point. The

same analysis shows there are saddle points at the other two critical points.

5. Show the points (%, g—g) ,(0,2), and (1,2) are critical points of the following func-

tion of two variables and classify them according to whether they are local minima,
local maxima or saddle points.

f(z,y) = 52* — 1023 + 1722 — 6yx? + 6yx — 122 + 5y — 20y + 20.
Answer:

The Hessian matrix is

6022 +34 — 12y — 60 —12x+6
—122 + 6 10 :

Check its eigenvalues at the critical points. First consider the point (%, g—g) At
this point, the Hessian matrix is
16
~ 9
0 10

and its eigenvalues are 71—56, 10. Therefore, there is a saddle point.

Next consider (0,2) at this point the Hessian matrix is

10 6
6 10

and the eigenvalues are 16, 4. Therefore, there is a local minimum at this point.
There is also a local minimum at the critical point, (1,2).

6. Show the points (%, —%7) ,(0,—2), and (1, —2) are critical points of the following
function of two variables and classify them according to whether they are local
minima, local maxima or saddle points.

f(z,y) = 42* — 823 — 4yx? + 4yx + S8x — 42% + 4y® + 16y + 16.

Answer:

4822 —8 — 8y — 48z —8x +4
-8z +4 8

at the critical points. First consider the point (%, —%) . This matrix is

The Hessian matrix is ( > . Check its eigenvalues

( _03 g > and its eigenvalues are —3, 8.

Next consider (0, —2) at this point the Hessian matrix is

( i g ) and the eigenvalues are 12, 4. Finally consider the point (1, —2).

8§ —4 )
( 4 8 ), eigenvalues: 12,4.

If the eigenvalues are both negative, then local max. If both positive, then local
min. Otherwise the test fails.
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Find the critical points of the following function of three variables and classify
them according to whether they are local minima, local maxima or saddle points.

_ 1.2 32 4 _ 16 58, _ 4 46 1,2 4 5,2
f(ry,2) =32° + 52+ 35— FYr — FY— 320 — F2+ 3y° — 32y — 32°.

Answer:

The critical point is at (—2,3, —5) . The eigenvalues of the Hessian matrix at this
point are —6, —2, and 6.

Find the critical points of the following function of three variables and classify
them according to whether they are local minima, local maxima or saddle points.

f@y,2)=-32%+ 20— 24+ Syw+ 2y + Heaw — 8o — 392 4 Loy — 822

Answer:

The eigenvalues are 4, —10, and —6 and the only critical point is (1,1,0).

Find the critical points of the following function of three variables and classify
them according to whether they are local minima, local maxima or saddle points.
f@y,2)=—Ha?+ Lo — L4 Sya 4+ Ly — 2o+ 22— Hy? — 22y — 322

Find the critical points of the following function of three variables and classify
them according to whether they are local minima, local maxima or saddle points.

_ 2.2 28 37 | 14 10, 4 26, 2,2 4 7,2
f@y,2)=—32°+ o+ +Jyx+ Jy— 320 — Fz—3y° — 32y + 527

Show that if f has a critical point and some eigenvalue of the Hessian matrix
is positive, then there exists a direction in which when f is evaluated on the
line through the critical point having this direction, the resulting function of one
variable has a local minimum. State and prove a similar result in the case where
some eigenvalue of the Hessian matrix is negative.

Suppose ¢ = 0 but there are negative eigenvalues of the Hessian at a critical point.
Show by giving examples that the second derivative tests fails.

Show the points (3,—3),(0,-5), and (1, —5) are critical points of the following

function of two variables and classify them as local minima, local maxima or saddle
points.

f(z,y) = 22* — 423 + 4222 + 8yx? — 8y — 40z + 2y? + 20y + 50.
Show the points (17 —%) ,(0,—=5), and (2,—5) are critical points of the following

function of two variables and classify them as local minima, local maxima or saddle
points.

f(z,y) = 42* — 1623 — 42% — 4yx® + Syx + 402 + 4y + 40y + 100.

Show the points (%, g—g) ,(0,0), and (3,0) are critical points of the following func-

tion of two variables and classify them as local minima, local maxima or saddle
points.

f(z,y) = 5x* — 3023 + 4522 + 6yx? — 18yx + 5y?.

Find the critical points of the following function of three variables and classify
them as local minima, local maxima or saddle points.

fz,y,2) = 1—3?m2 — 4—34:r+ % — 13—ny+ %y—i— %zx— Qg—oz—i— 13—0y2—|— %zy—l— 322.
Find the critical points of the following function of three variables and classify
them as local minima, local maxima or saddle points.

_ _7,2_ 146, 83 16 4, 14 94, 7.2 14 | 8.2
[(x,y,2) = —32 3T+ 5+ Fyr+ 3 ST+ T2 — %y 52y + 527
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18.

19.

20.

21.

Find the critical points of the following function of three variables and classify
them as local minima, local maxima or saddle points.

[y, 2) =222 +4x+ 75 — Hyx — 38y — S2 — 22+ 29? — Sy — 127

Find the critical points of the following function of three variables and classify
them as local minima, local maxima or saddle points.

f(z,y,2) = 42? — 302 + 510 — 2yx + 60y — 222 — 702 + 4y? — 22y + 422

Show the critical points of the following function are points of the form, (z,y, z) =
(¢,2t% — 10t, —t*> + 5t) for ¢t € R and classify them as local minima, local maxima
or saddle points.

_ _1.4,.5.3_ 25210, 2 _ 50 19,2 95 5,2 _ 10 1,2
[(2,y,2) = —ga* + 50° — Lo + Fyr’ — Fyr+ 20— Frr—sy° — Ty — 527

The verification that the critical points are of the indicated form is left for you.

The Hessian is

—23@2—1—101’—%4—%3/4—@,2 20, 50 38, 95

20, 3 50 3 T I AT
: 3

dh b _ib _i

3 3 3 3

at a critical point it is

— 32420425 20(4) 20 3By %
3@ 3_@ 3 3 (_)m 3 3 (_)m 3
338 (t) 935 130 ff
-7 -3 —3
The eigenvalues are
2, 10 2
0, —3t*+ —t—6+ g\/(t4 — 1083 + 493t2 — 2340t + 2916),
and
2, 10 2
—t gt -6 §\/(154 — 103 + 493t2 — 2340t + 2916).

If you graph these functions of ¢ you find the second is always positive and the
third is always negative. Therefore, all these critical points are saddle points.

Show the critical points of the following function are

1
(0,-3,0),(2,-3,0), (17 -3, —3>

and classify them as local minima, local maxima or saddle points.
f(z,y,2) = —3a* 4+ 623 — 627 + 22 — 222 — 2y* — 12y — 18 — 222,
The Hessian is

—12+4+36x 4+ 22— 1822 0 —24 2z

0 —4 0
-2+ 2z 0 -3

Now consider the critical point, (1, -3, —%) . At this point the Hessian matrix
equals

Lo o0
0 -4 0 |,
0o 0 -3



296

22.

23.

24.

25.

THE GRADIENT AND OPTIMIZATION

The eigenvalues are 13—6, —3,—4 and so this point is a saddle point.

Next consider the critical point, (2, —3,0). At this point the Hessian matrix is

-12 0 2
0 -4 0
2 0 -3
The eigenvalues are —4, —1—25 + % 9 7—% — % 97, all negative so at this point

there is a local max.

Finally consider the critical point, (0, —3,0). At this point the Hessian is

-12 0 =2
0 -4 0
-2 0 -3

and the eigenvalues are the same as the above, all negative. Therefore, there is a
local maximum at this point.

Show the critical points of the following function are points of the form, (z,y, z) =
(t, 2t2 + 6t, —t% — 3t) for t € R and classify them as local minima, local maxima
or saddle points.

[z, 2) = —2yx® — 6yx — 4z2® — 1220 + y° + 2yz.

Show the critical points of the following function are (0,—1,0),(4,—1,0), and
(2,—1,—-12) and classify them as local minima, local maxima or saddle points.

f(z,y,2) = 32t — 423 + 822 — 3za? + 1222 + 2y% + 4y + 2 + 22

Can you establish the following theorem which generalizes Theorem [13.4.37 Sup-
pose U is an open set contained in D (f) such that f is differentiable at x € U
and x is either a local minimum or local maximum for f. Then Vf (x) = 0. Hint:
It ought to be this way because it works like this for a function of one variable.
Differentiability at the local max. or min. is sufficient. You don’t have to know
the function is differentiable near the point, only at the point. This is not hard
to do if you use the definition of the derivative.

Suppose f (z,y), a function of two variables defined on all R™ has all directional
derivatives at (0,0) and they are all equal to O there. Suppose also that for
h(t) = f (tu,tv) and (u,v) a unit vector, it follows that A" (0) > 0. By the one
variable second derivative test, this implies that along every straight line through
(0,0) the function restricted to this line has a local minimum at (0,0). Can it be
concluded that f has a local minimum at (0,0) . In other words, can you conclude
a point is a local minimum if it appears to be so along every straight line through
the point? Hint: Consider f (z,y) = 22 + y? for (x,y) not on the curve y = z2
for  # 0 and on this curve, let f = —1.

13.7 Lagrange Multipliers

Lagrange multipliers are used to solve extremum problems for a function defined on a
level set of another function. For example, suppose you want to maximize xy given
that x + y = 4. This is not too hard to do using methods developed earlier. Solve for
one of the variables, say y, in the constraint equation, x +y = 4 to find y = 4 — =z.
Then the function to maximize is f (z) = x (4 — z) and the answer is clearly = = 2.
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Thus the two numbers are x = y = 2. This was easy because you could easily solve
the constraint equation for one of the variables in terms of the other. Now what if you
wanted to maximize f (z,y,2) = xyz subject to the constraint that x% + y? + 22 = 47 It
is still possible to do this using using similar techniques. Solve for one of the variables
in the constraint equation, say z, substitute it into f, and then find where the partial
derivatives equal zero to find candidates for the extremum. However, it seems you might
encounter many cases and it does look a little fussy. However, sometimes you can’t solve
the constraint equation for one variable in terms of the others. Also, what if you had
many constraints. What if you wanted to maximize f (z,vy, z) subject to the constraints
22 +y? = 4 and z = 2z + 3y?. Things are clearly getting more involved and messy. It
turns out that at an extremum, there is a simple relationship between the gradient of
the function to be maximized and the gradient of the constraint function. This relation
can be seen geometrically as in the following picture.

(ﬂﬁo,yo,zo)
Vg(xo, 90, 20)

V f(zo, yo, Zo),/

In the picture, the surface represents a piece of the level surface of g (z,y,z) =0
and f (x,y, z) is the function of three variables which is being maximized or minimized
on the level surface and suppose the extremum of f occurs at the point (xq,yo, 20) -
As shown above, Vg (o, y0, 20) is perpendicular to the surface or more precisely to the
tangent plane. However, if x (¢) = (z (t),y (t), 2 (¢)) is a point on a smooth curve which
passes through (zg, yo, 2z0) when ¢ = to, then the function, h (t) = f(x (t),y (t),z (¢t))
must have either a maximum or a minimum at the point, ¢ = ¢y. Therefore, b’ (¢5) = 0.
But this means

o
|

W (to) = Vf(z(to),y (to) , 2 (to)) - X' (to)
= V/f(xo,v0,20) - X (to)

and since this holds for any such smooth curve, V f (zg, 3o, 20) is also perpendicular to
the surface. This picture represents a situation in three dimensions and you can see
that it is intuitively clear that this implies Vf (2,0, 20) is some scalar multiple of
Vg (J?Q, Yo, ZO). Thus

V f (0,0, 20) = AVg (z0, Yo, 20)

This A is called a Lagrange multiplier after Lagrange who considered such problems
in the 1700’s.

Of course the above argument is at best only heuristic. It does not deal with the
question of existence of smooth curves lying in the constraint surface passing through
(0, Yo, 20) - Nor does it consider all cases, being essentially confined to three dimensions.
In addition to this, it fails to consider the situation in which there are many constraints.
However, T think it is likely a geometric notion like that presented above which led
Lagrange to formulate the method.

Example 13.7.1 Mazximize xyz subject to 2% + y* + 2% = 27.

Here f(x,y,2) = zyz while g(z,y,2) = 2* + y* + 22 — 27. Then Vg (z,y,2) =
(22,2y,22) and Vf (z,y,2) = (yz,zz,2y). Then at the point which maximizes this
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function?,
(yz,zz,2y) = A (22, 2y,22) .

Therefore, each of 2Ax2, 2\y?, 2X22 equals zyz. It follows that at any point which max-
imizes zyz, |z| = |y| = |z| . Therefore, the only candidates for the point where the max-
imum occurs are (3,3,3),(—3,-3,3)(—3,3,3), etc. The maximum occurs at (3,3, 3)
which can be verified by plugging in to the function which is being maximized.

The method of Lagrange multipliers allows you to consider maximization of functions
defined on closed and bounded sets. Recall that any continuous function defined on a
closed and bounded set has a maximum and a minimum on the set. Candidates for the
extremum on the interior of the set can be located by setting the gradient equal to zero.
The consideration of the boundary can then sometimes be handled with the method of
Lagrange multipliers.

Example 13.7.2 Maximize f (x,y) = xy +y subject to the constraint, x* + y? < 1.

Here I know there is a maximum because the set is the closed circle, a closed and
bounded set. Therefore, it is just a matter of finding it. Look for singular points on
the interior of the circle. Vf (z,y) = (y,2+1) = (0,0). There are no points on the
interior of the circle where the gradient equals zero. Therefore, the maximum occurs on
the boundary of the circle. That is the problem reduces to maximizing zy + y subject
to 22 4+ y? = 1. From the above,

(y,z4+1) — X (2z,2y) = 0.

Hence y? — 2A\zy = 0 and x (z + 1) — 2A\zy = 0 so y?> = x (z + 1). Therefore from the
constraint, 22 + x (z + 1) = 1 and the solution is = —1,z = 1. Then the candidates

2
for a solution are (—1,0), (%, g) , (%, _T\/g> . Then

f(—LO):O,f(l Vi’*’):m’ (1 \/§>: 313

272 4 2 2 4
It follows the maximum value of this function is 3T\/§ and it occurs at (%, @) . The
minimum value is —% and it occurs at (%, —@) .

Example 13.7.3 Find the mazimum and minimum values of the function, f (z,y) =
zy — x? on the set, {(z,y) : x® + 2zy + y* < 4}.

First, the only point where Vf equals zero is (z,y) = (0,0) and this is in the
desired set. In fact it is an interior point of this set. This takes care of the interior
points. What about those on the boundary 22 + 2xy + y?> = 4? The problem is to
maximize xy — 22 subject to the constraint, z2 + 2zy + y?> = 4. The Lagrangian is
xy —x2 — A ($2 + 22y +y? — 4) and this yields the following system.

y—2x—A(2x+2y)=0
x—2X(xr+y)=0
222 + 2oy +y? =4

From the first two equations,

24+2N)z—(1-2\)y=0
(1-2\)z—2\y =0

2There exists such a point because the sphere is closed and bounded.
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Since not both x and y equal zero, it follows

2421 24-1)
det<1—2A —2) )‘0

which yields

A=1/8
Therefore,
3
y=-—4 (13.6)

From the constraint equation,

2
222 + 2z (—ix) + (—ix) =4

8 8
xfﬁx/ﬁor *ﬁ\/ﬁ

Now from [13.6, the points of interest on the boundary of this set are

and so

(im—ﬂm) , and (-f?m 167@) | (13.7

() = (57) (0)- ()
_12

17

(5 em) = (i) () - ()
112
7

It follows the maximum value of this function on the given set occurs at (0,0) and is
equal to zero and the minimum occurs at either of the two points in [13.7 and has the
value —112/17.

This illustrates how to use the method of Lagrange multipliers to identify the extrema
for a function defined on a closed and bounded set. You try and consider the boundary
as a level curve or level surface and then use the method of Lagrange multipliers on it
and look for singular points on the interior of the set.

There are no magic bullets here. It was still required to solve a system of nonlinear
equations to get the answer. However, it does often help to do it this way.

The above generalizes to a general procedure which is described in the following ma-
jor Theorem. All correct proofs of this theorem will involve some appeal to the implicit
function theorem or to fundamental existence theorems from differential equations. A
complete proof is very fascinating but it will not come cheap. Good advanced calculus
books will usually give a correct proof and there is a proof given in an appendix to this
book. First here is a simple definition explaining one of the terms in the statement of
this theorem.

Definition 13.7.4 Let A be an m xn matriz. A submatriz is any matriz which can be
obtained from A by deleting some rows and some columns.
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Theorem 13.7.5 Let U be an open subset of R® and let f : U — R be a C' func-
tion. Then if xq € U 1is either a local mazimum or local minimum of f subject to the
constraints

9i(x) =0, i=1,---m (13.8)

and if some m X m submatriz of

91z, (X0)  G1azs (X0) -+ Y1z, (X0)
Dg (x0) = : : :
Ima, (XO) Imazo (XO) e Imz, (XO)
has nonzero determinant, then there exist scalars, A1, - - -, \my Such that
f$1 (XO) 91z, (XO) Imay (XO)
: =\ : ot A : (13.9)
fa, (X0) 1z, (Xo) Ima,, (X0)

holds.

To help remember how to use[13.9 it may be helpful to do the following. First write
the Lagrangian,

L=f(x)- Z)\igi (%)

and then proceed to take derivatives with respect to each of the components of x and also
derivatives with respect to each \; and set all of these equations equal to 0. The formula
13.9/ is what results from taking the derivatives of L with respect to the components
of x. When you take the derivatives with respect to the Lagrange multipliers, and set
what results equal to 0, you just pick up the constraint equations. This yields n + m
equations for the n +m unknowns, x1, -, Zp, A1, -+, Am. Then you proceed to look for
solutions to these equations. Of course these might be impossible to find using methods
of algebra, but you just do your best and hope it will work out.

Example 13.7.6 Minimize xyz subject to the constraints x> +y?+ 22 = 4 and v —2y =
0.

Form the Lagrangian,
L:xyzf)\(:r2+y2+2274) — p(z —2y)

and proceed to take derivatives with respect to every possible variable, leading to the
following system of equations.

yz — 2z —p
rz =2y +2n =
Ty — 2 z =
224yt =
r—2y =

O = O O O

Now you have to find the solutions to this system of equations. In general, this could
be very hard or even impossible. If A\ = 0, then from the third equation, either x or y
must equal 0. Therefore, from the first two equations, = 0 also. If 4 =0 and X # 0,
then from the first two equations, ryz = 2A\z? and ryz = 2\y? and so either x = y or
x = —y, which requires that both z and y equal zero thanks to the last equation. But
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then from the fourth equation, z = +2 and now this contradicts the third equation.
Thus g and A are either both equal to zero or neither one is and the expression, xyz
equals zero in this case. However, I know this is not the best value for a minimizer

because I can take z = 2\/% y = \/g, and z = —1. This satisfies the constraints and

the product of these numbers equals a negative number. Therefore, both y and A must
be non zero. Now use the last equation eliminate x and write the following system.

5y? + 22 =4

2 —=Az=0
yz—Ay+pu=20
yz—4dy —u =0

From the last equation, u = (yz — 4A\y) . Substitute this into the third and get

5y% + 22 =4
Y2 —Az=0
yz — Ay +yz—4xy =0

y = 0 will not yield the minimum value from the above example. Therefore, divide
the last equation by y and solve for A to get A = (2/5) z. Now put this in the second
equation to conclude
592 4+ 22 =4
y? —(2/5)z*=0"

a system which is easy to solve. Thus y? = 8/15 and z? = 4/3. Therefore, candidates

for minima are (2, / %7 \/ %7 i\/g) , and (—2, / 1—85, —4/ 1‘%7 i\/g) , a choice of 4 points

to check. Clearly the one which gives the smallest value is

Ve

or (—21 /&, -/, —\/g) and the minimum value of the function subject to the con-
straints is f%\/ii — % 3.

You should rework this problem first solving the second easy constraint for x and
then producing a simpler problem involving only the variables y and z.

13.8 Exercises
1. Maximize 2z + 3y — 6z subject to the constraint, 22 + 2y? + 322 = 9.

2. Find the dimensions of the largest rectangle which can be inscribed in a circle of
radius r.

3. Maximize 2x + y subject to the condition that % + % <1.
4. Maximize x + 2y subject to the condition that z2 + % <1
5. Maximize = + y subject to the condition that 2% + y—: +22 <1

6. Maximize x + y + 2 subject to the condition that z2 + %2 +22 <1

7. Find the points on 3%z = 9 which are closest to (0,0).
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Find points on zy = 4 farthest from (0,0) if any exist. If none exist, tell why.
What does this say about the method of Lagrange multipliers?

A can is supposed to have a volume of 367 cubic centimeters. Find the dimensions
of the can which minimizes the surface area.

A can is supposed to have a volume of 367 cubic centimeters. The top and bottom
of the can are made of tin costing 4 cents per square centimeter and the sides of
the can are made of aluminum costing 5 cents per square centimeter. Find the
dimensions of the can which minimizes the cost.

Minimize Z?:l x; subject to the constraint 2?21 x? = a2. Your answer should

be some function of @ which you may assume is a positive number.

Find the point, (x,y, 2) on the level surface, 4x2 + y? — 22 = 1which is closest to
(0,0,0).

A curve is formed from the intersection of the plane, 2x + 3y + z = 3 and the
cylinder 22 + y? = 4. Find the point on this curve which is closest to (0,0,0).

A curve is formed from the intersection of the plane, 2z + 3y + z = 3 and the
sphere 22 +y% + 22 = 16. Find the point on this curve which is closest to (0, 0,0).

Find the point on the plane, 2z 4+ 3y + z = 4 which is closest to the point (1,2,3).

Let A = (A4;;) be an n x n matrix which is symmetric. Thus 4;; = A;; and recall
(Ax), = A;jz; where as usual sum over the repeated index. Show B%i (Ajjz z;) =
2A;;x;. Show that when you use the method of Lagrange multipliers to maximize
the function, A;jz;x; subject to the constraint, Z;.lzl x? = 1, the value of \ which
corresponds to the maximum value of this functions is such that A;;x; = Ax;.

Thus Ax = Ax.

Here are two lines. x=(1+2t,2+¢3+1%)" and x = (245,1+2s,1+3s)" .
Find points p; on the first line and ps on the second with the property that
|p1 — p2| is at least as small as the distance between any other pair of points, one

chosen on one line and the other on the other line.

Find the dimensions of the largest triangle which can be inscribed in a circle of
radius 7.

Find the point on the intersection of z = 2442 and = +y + 2z = 1 which is closest
to (0,0,0).

Minimize 422 + y2 + 922 subject tox +y — 2 =1and x — 2y + z = 0.
Minimize xyz subject to the constraints x2 4+ y2 +22=r2and z — y=0.

Let n be a positive integer. Find n numbers whose sum is 8n and the sum of the
squares is as small as possible.

Find the point on the level surface, 222 + 2y + 22 = 16 which is closest to (0, 0,0).

2
Find the point on ‘%2 + % 4 2% =1 closest to the plane = + y + z = 10.
Let x1,- - -,x5 be 5 positive numbers. Maximize their product subject to the
constraint that

r1 + 229 + 3x3 + 424 + 525 = 300.
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26.

27.

28.

29.

Let f(x1,- - 2,) =2y~ -z, Then f achieves a maximum on the set,

S{XGR”:ZL’Q1andeachxiz()}.

i=1
If x € S is the point where this maximum is achieved, find 1 /x,,.

Let (z,y) be a point on the ellipse, 72 /a?+y?/b*> = 1 which is in the first quadrant.
Extend the tangent line through (z,y) till it intersects the x and y axes and let
A (z,y) denote the area of the triangle formed by this line and the two coordinate
axes. Find the maximum value of the area of this triangle as a function of a and
b.

Maximize []I, 27 (= 2% xa3x a3 x--xz2) subject to the constraint, Y, 27 = r?,
Show the maximum is (r2/n)" . Now show from this that

n 1/n
1
(1) =3

and finally, conclude that if each number z; > 0, then

n 1/77/ n

i=1

and there exist values of the x; for which equality holds. This says the “geometric
mean” is always smaller than the arithmetic mean.

Maximize z2y? subject to the constraint

2p 2q

x

7+7y =r
p q

2

where p, g are real numbers larger than 1 which have the property that
1 1

S =1
P q

show the maximum is achieved when x?? = 529 and equals 72. Now conclude that
if xz,y > 0, then

and there are values of x and y where this inequality is an equation.

13.9 Exercises With Answers

1.

Maximize z + 3y — 6z subject to the constraint, 22 4+ 2y% + 22 = 9.

The Lagrangian is L = z+3y—6z—X (22 + 2y* 4+ 2% — 9). Now take the derivative
with respect to x. This gives the equation 1 — 2Ax = 0. Next take the derivative
with respect to y. This gives the equation 3 — 4\y = 0. The derivative with
respect to z gives —6 — 2Az = 0. Clearly A # 0 since this would contradict the
first of these equations. Similarly, none of the variables, x,y, z can equal zero.
Solving each of these equations for \ gives % = % = %3 Thus y = 373” and
z = —6zx. Now you use the constraint equation plugging in these values for y and
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z. 22+ 2 (37’”)2 + (—69:)2 = 9. This gives the values for z as z = %\/ﬁ,x =
75’—3\/@. From the three equations above, this also determines the values of z
and y. y = % 166 or —%\/ﬁ and z = —% 166 or %\/ﬁ. Thus there
are two points to look at. One will give the minimum value and the other will
give the maximum value. You know the minimum and maximum exist because of
the extreme value theorem. The two points are (8% \/ﬁ, %\/ﬁ, —% 166) and
(783—3 166, f% 166, % 166). Now you just need to find which is the minimum
and which is the maximum. Plug these in to the function you are trying to
maximize. (8—33 \/ﬁ) +3 (% \/ﬁ) —6 (—% 166) will clearly be the maximum
value occuring at (%\/ﬁ, %\/@7 —% 166) . The other point will obviously
yield the minimum because this one is positive and the other one is negative. If you
use a calculator to compute this you get (8% \/ﬁ) +3 (%\/ﬁ) —6 (—% 166) =
19. 326.

. Find the dimensions of the largest rectangle which can be inscribed in a the ellipse

2%+ 4y° = 4.

This is one which you could do without Lagrange multipliers. However, it is
easier with Lagrange multipliers. Let a corner of the rectangle be at (z,y). Then
the area of the rectangle will be 4zy and since (z,y) is on the ellipse, you have
the constraint 2 + 4y?> = 4. Thus the problem is to maximize 4zy subject to
2% + 4y* = 4. The Lagrangian is then L = 4zy — A (2% + 4y* — 4) and so you
get the equations 4y — 2 Ax = 0 and 4z — 8\y = 0. You can’t have both = and y
equal to zero and satisfy the constraint. Therefore, the determinant of the matrix

of coefficients must equal zero. Thus —2A 4 ’ = 16A\? — 16 = 0. This is

4  —=8X
because the system of equations is of the form

(7 )0)-G)

If the matrix has an inverse, then the only solution would be z = y = 0 which
as noted above can’t happen. Therefore, A = +1. First suppose A = 1. Then the
first equation says 2y = x. Pluggin this in to the constraint equation, 2% + 22 = 4
and so = /2. Therefore, y = i?. This yields the dimensions of the largest
rectangle to be 2v/2 x v/2. You can check all the other cases and see you get the
same thing in the other cases as well.

. Maximize 2x + y subject to the condition that % +42 <1

The maximum of this function clearly exists because of the extreme value theorem
since the condition defines a closed and bounded set in R%2. However, this function
does not achieve its maximum on the interior of the given ellipse defined by % +
y? < 1 because the gradient of the function which is to be maximized is never
equal to zero. Therefore, this function must achieve its maximum on the set
%2 + 9% = 1. Thus you want to maximuze 2z + y subject to %2 + 9% = 1. This is
just like Problem [1. You can finish this.

. Find the points on %z = 16 which are closest to (0,0).

You want to maximize 2% + y? subject to y2x — 16. Of course you really want to
maximize \/22 4+ y2 but the ordered pair which maximized z2 + y? is the same
as the ordered pair whic maximized \/z2 + y? so it is pointless to drag around
the square root. The Lagrangian is 22 + 32 — \ (y2x - 16) . Differentiating with
respect to x and y gives the equations 2z — A\y? = 0 and 2y — 2\yx = 0. Neither
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x nor y can equal zero and solve the constraint. Therefore, the second equation

implies Ax = 1. Hence \ = % = 3—%’ Therefore, 222 = y? and so 2z% = 16 and

so = 2. Therefore, y = +2v/2. The points are (2,2\/5) and (2, 72\@). They
both give the same answer. Note how ad hoc these procedures are. I can’t give
you a simple strategy for solving these systems of nonlinear equations by algebra
because there is none. Sometimes nothing you do will work.

5. Find points on xy = 1 farthest from (0,0) if any exist. If none exist, tell why.
What does this say about the method of Lagrange multipliers?

If you graph zy = 1 you see there is no farthest point. However, there is a closest
point and the method of Lagrange multipliers will find this closest point. This
shows that the answer you get has to be carefully considered to determine whether
you have a maximum or a minimum or perhaps neither.

6. A curve is formed from the intersection of the plane, 2x + y + z = 3 and the
cylinder 22 4+ y? = 4. Find the point on this curve which is closest to (0,0,0).

You want to maximize x2 4+ y? + 22 subject to the two constraints 2z +y + 2z = 3
and 2 + y? = 4. This means the Lagrangian will have two multipliers.

L=2+y*+2> - A2z +y+2-3)—p(z* +y° —4)

Then this yields the equations 2z — 2\ — 2ux =0, 2y — A — 2uy, and 2z — A = 0.
The last equation says A = 2z and so I will replace A with 2z where ever it occurs.
This yields

Tz —2z—pr=0,2y — 2z —2py =0.

This shows z (1 — u) = 2y (1 — p) . First suppose g = 1. Then from the above equa-
tions, z = 0 and so the two constraints reduce to 2y +2 = 3 and 22 +y?> = 4 and
2y+x = 3. The solutions are (% — %\/ﬁ, g + %\/ﬁ, O) , (% + % 11,% — %\/ﬁ7 O) .
The other case is that 1 # 1 in which case x = 2y and the second constraint yields

that y = ﬂ:% and z = :I:%. Now from the first constraint, z = —2v/5 4 3 in

the case where y = % and z = 2v/5 + 3 in the other case. This yields the
points (\%, %, —2v5 + 3) and (f%, f%, 2V5 + 3) . This appears to have ex-
hausted all the possibilities and so it is now just a matter of seeing which of
these points gives the best answer. An answer exists because of the extreme
value theorem. After all, this constraint set is closed and bounded. The first

candidate listed above yields for the answer (§ -2 11)2 + (g + %\/11)2 = 4.

55
The second candidate listed above yields (% + %\/11)2 + (g — % 11)2 = 4 also.

Thus these two give equally good results. Now consider the last two candidates.

2 2
(&) +(&) +(-2v5+3)" =4+ (~2v5+3)” which is larger than 4. Finally

2 2
the last candidate yields (—%) + (—%) + (2\/54_ 3)2 =44 (2\/54_ 3)2 also

larger than 4. Therefore, there are two points on the curve of intersection which
are closest to the origin, (£ — 2111, 8 + 1V/11,0) and (2 + 2V/11, ¢ — 1V/11,0).
Both are a distance of 4 from the origin.

7. Here are two lines. x = (1+2t,2+t,3+1)" and x = (2+s,1+2s,1+3s)" .
Find points p; on the first line and ps on the second with the property that
|p1 — p2| is at least as small as the distance between any other pair of points, one
chosen on one line and the other on the other line.

Hint: Do you need to use Lagrange multipliers for this?
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8. Find the point on z? + 3% 4+ 22 = 1 closest to the plane = + y 4+ z = 10.

You want to minimize (z —a)® + (y — b)> + (z — ¢)? subject to the constraints
a+b+c =10 and 22 + y? + 22 = 1. There seem to be a lot of variables in
this problem, 6 in all. Start taking derivatives and hope for a miracle. This
yields 2 (x —a) — 2px = 0,2 (y — b) — 2uy = 0,2 (2 — ¢) — 2uz = 0. Also, taking
derivatives with respect to a,b, and ¢ you obtain 2 (z —a)+A=0,2(y —b)+ A =
0,2(z —¢) + A = 0. Comparing the first equations in each list, you see A = 2ux
and then comparing the second two equations in each list, A = 2uy and similarly,
A = 2uz. Therefore, if p # 0, it must follow that z = y = 2. Now you can see
by sketching a rough graph that the answer you want has each of z,y, and z
nonnegative. Therefore, using the constraint for these variables, the point desired

is (%, %, %) which you could probably see was the answer from the sketch.

However, this could be made more difficult rather easily such that the sketch won’t
help but Lagrange multipliers will.

13.10 Proof Of The Second Derivative Test*

Definition 13.10.1 The matriz, (% (x)) is called the Hessian matriz, denoted by
H (x).

Now recall the Taylor formula with the Lagrange form of the remainder. Here is a
statement and proof of this important theorem.

Theorem 13.10.2 Suppose f has n + 1 derivatives on an interval, (a,b) and let ¢ €
(a,b). Then if x € (a,b), there exists & between ¢ and x such that

(z—c)" .

_ SEAG S ©)
@ =50 +3 T =0 Ty

(In this formula, the symbol 22:1 ay, will denote the number 0.)

Proof: If n = 0 then the theorem is true because it is just the mean value theorem.
Suppose the theorem is true for n — 1,7 > 1. It can be assumed x # ¢ because if z = ¢
there is nothing to show. Then there exists K such that

nf) (¢ )
f(x)—<f(0)+zf k!()(ﬂv—C)k+K(m—C)n+>=0 (13.10)
k=1

In fact,

@)+ (£ +Tin L2 e - o))
(z — )" '

Now define F'(t) for ¢ in the closed interval determined by x and ¢ by

K =

) (e )
F(t)_f(:c)(f(t)+sz!()(:zzt)k+K(a:t)"+>.
k=1

The ¢ in [13.10 got replaced by t.
Therefore, F'(¢) = 0 by the way K was chosen and also F (x) = 0. By the mean
value theorem or Rolle’s theorem, there exists t; between = and ¢ such that F” (¢;) = 0.
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Therefore,

mofrR) (¢ 1 n
0 = f/(tl)—zf k|( )k((E—tl)k —K(n—l—l)(x—h)
k=1 )

n—1 (k+1) c ,
fH(t) - (f’(c)+2fk!()(z—t1)k> —K(n+1)(z—t)"
k=1

n—1 1(k) c
f(t) — (f’ €+ ! k!( ) (x—tl)k> —K(n+1)(z—t)"

k=1

By induction applied to f’, there exists £ between x and #; such that the above simplifies
to

. f’“%&)ﬁ-tﬂﬂ_K(n+1)(w—f1>"
_ (57)1!(56—“)” ~K(n+1)(z—t)"

therefore,
g (e
C(n+Dn! o (n+ 1)
and the formula is true for n. This proves the theorem.
Now let f : U — R where U is an open subset of R". Suppose f € C? (U). Let
x € U and let » > 0 be such that

B (x,r) CU.
Then for ||v|| < r consider
fxHtv) = f(x) = h(t)

for t € [0,1]. Then from Taylor’s theorem for the case where m = 2 and the chain rule,
using the repeated index summation convention and the chain rule,

of % f
4 — o — o
B (t) = oz, (x +tv) v, B (1) J207; (x + tv) vv;.
Thus

R (t) = vIH (x + tv)v.
From Theorem [13.10.2 there exists ¢ € (0,1) such that

of 1 7
fx+v)=f(x)+ B (x)vi+§v H(x+tv)v

By the continuity of the second partial derivative

F et v) = 00+ V7 (%) v H () v+

1
3 (v' (H (x+tv) —H (x)) V) (13.11)
where the last term satisfies

vl (H (x+tv) —H (x)) v
1(v7( Gotv) —H (x) ) _ g (13.12)

im —
lv|—0 2 |v]

because of the continuity of the entries of H (x).
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Theorem 13.10.3 Suppose x is a critical point for f. That is, suppose % (x) =0 for

each i. Then if H (x) has all positive eigenvalues, x is a local minimum. If H (x) has
all negative eigenvalues, then x is a local mazimum. If H (x) has a positive eigenvalue,
then there exists a direction in which f has a local minimum at x, while if H (x) has a
negative eigenvalue, there exists a direction in which f has a local mazimum at x.

Proof: Since V f (x) = 0, formula [13.11] implies

fx+v)=f(x)+ %VTH (x) v+% (vT (H (x+tv) —H (x)) V) (13.13)

and by continuity of the second derivatives, these mixed second derivatives are equal and
so H (x) is a symmetric matrix . Thus, by Lemma[A.2.27 on Page [425/in the appendix,
H (x) has all real eigenvalues. Suppose first that H (x) has all positive eigenvalues and
that all are larger than 6% > 0. Then by Theorem [A.2.29 on Page 425 of the appendix,

u"H (x)u > 6% |ul
By continuity of H, if v is small enough,
Lo 2 1o o 5 o
FOctv) 2 £ (0 + 50 v = 00 P = £ 60+ T P
This shows the first claim of the theorem. The second claim follows from similar rea-
soning or applying the above to —f.

Suppose H (x) has a positive eigenvalue A2, Then let v be an eigenvector for this
eigenvalue. Then from [13.13] replacing v with sv and letting ¢ depend on s,

f(x+sv) = f(x) +%S2VTH (x) v+

1
552 (vI (H (x+tsv) —H (x)) V)
which implies

f(x+sv) = f(x) +%sz/\2 lv|? +%sz (vT (H (x+tsv) —H (x)) V)

v

1
1 () 4755 v

whenever s is small enough. Thus in the direction v the function has a local minimum
at x. The assertion about the local maximum in some direction follows similarly. This
proves the theorem.



The Riemann Integral On R"

14.0.1 Outcomes

1. Recall and define the Riemann integral.
Recall the relation between iterated integrals and the Riemann integral.
Evaluate double integrals over simple regions.

Evaluate multiple integrals over simple regions.

PR ol S

Use multiple integrals to calculate the volume and mass.

14.1 Methods For Double Integrals

This chapter is on the Riemann integral for a function of n variables. It begins by
introducing the basic concepts and applications of the integral. The proofs of the
theorems involved are difficult and are left till the end. To begin with consider the
problem of finding the volume under a surface of the form z = f (z, y) where f (z,y) >0
and f (z,y) = 0 for all (x,y) outside of some bounded set. To solve this problem,
consider the following picture.

In this picture, the volume of the little prism which lies above the rectangle @@ and
the graph of the function would lie between Mg (f) v (Q) and mg (f) v (Q) where

Mq (f) =sup{f (%) : x € Q}, mq (f) =inf {f (x) : x € Q}, (14.1)

and v (@) is defined as the area of (). Now consider the following picture.

309
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LT 1™
e

In this picture, it is assumed f equals zero outside the circle and f is a bounded
nonnegative function. Then each of those little squares are the base of a prism of the
sort in the previous picture and the sum of the volumes of those prisms should be the
volume under the surface, z = f (z,y) . Therefore, the desired volume must lie between
the two numbers,

> Mg (f)v(Q) and > mq (f)v(Q)
Q Q

where the notation, » o Mg (f) v (Q) , means for each @, take Mg (f) , multiply it by the
area of Q,v(Q), and then add all these numbers together. Thus in ZQ Mo (f)v(Q),
adds numbers which are at least as large as what is desired while in 3, mq (f) v (Q)
numbers are added which are at least as small as what is desired. Note this is a finite sum
because by assumption, f = 0 except for finitely many @, namely those which intersect
the circle. The sum, > 5 Mg (f)v(Q) is called an upper sum, > o mq (f)v(Q) is a
lower sum, and the desired volume is caught between these upper and lower sums.

None of this depends in any way on the function being nonnegative. It also does
not depend in any essential way on the function being defined on R2, although it is
impossible to draw meaningful pictures in higher dimensional cases. To define the
Riemann integral, it is necessary to first give a description of something called a grid.
First you must understand that something like [a, b] x [c, d] is a rectangle in R?, having
sides parallel to the axes. The situation is illustrated in the following picture.

dt

[a,b] X [c,d]

a b
(z,y) € [a,b] X [¢,d], means x € [a,b] and also y € [¢,d] and the points which do
this comprise the rectangle just as shown in the picture.

Definition 14.1.1 Fori=1,2, let {a};}:i_oo be points on R which satisfy

lim of =00, lim o} =—o0, af < aj_,. (14.2)

k—o0 k——oco

For such sequences, define a grid on R? denoted by G or F as the collection of rectangles
of the form

Q= [ah.abi]  [of.af,,] (14.3)

If G is a grid, another grid, F is a refinement of G if every box of G is the union of
bozes of F.
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For G a grid, the expression,

> Mg (Hv(Q)

QEG

is called the upper sum associated with the grid, G as described above in the discussion
of the volume under a surface. Again, this means to take a rectangle from G multiply
Mg (f) defined in [14.1] by its area, v (Q) and sum all these products for every @ € G.
The symbol,

> mo (v (@),

Qeg

called a lower sum, is defined similarly. With this preparation it is time to give a
definition of the Riemann integral of a function of two variables.

Definition 14.1.2 Let f : R2 — R be a bounded function which equals zero for all
(z,y) outside some bounded set. Then [ fdV is defined to be the unique number which
lies between all upper sums and all lower sums. In the case of R2, it is common to
replace the V with A and write this symbol as [ fdA where A stands for area.

This definition begs a difficult question. For which functions does there exist a
unique number between all the upper and lower sums? This interesting and fundamental
question is discussed in any advanced calculus book and may be seen in the appendix
on the theory of the Riemann integral. It is a hard problem which was only solved in
the first part of the twentieth century. When it was solved, it was also realized that the
Riemann integral was not the right integral to use.

Consider the question: How can the Riemann integral be computed? Consider the
following picture where f is assumed to be 0 outside the base of the solid which is
contained in some rectangle [a, b] X [¢, d].

It depicts a slice taken from the solid defined by {(z,y): 0 <y < f(x,y)}. You see
these when you look at a loaf of bread. If you wanted to find the volume of the loaf of
bread, and you knew the volume of each slice of bread, you could find the volume of
the whole loaf by adding the volumes of individual slices. It is the same here. If you
could find the volume of the slice represented in this picture, you could add these up
and get the volume of the solid. The slice in the picture corresponds to y and y 4+ h and
is assumed to be very thin, having thickness equal to h. Denote the volume of the solid
under the graph of z = f (x,y) on [a,b] x [¢,y] by V (y). Then

b
v<y+h>7v<y>zh/ f (2y) de

where the integral is obtained by fixing y and integrating with respect to z and is the
area of the cross section corresponding to y. It is hoped that the approximation would
be increasingly good as h gets smaller. Thus, dividing by A and taking a limit, it is
expected that

b
v (y)z/ ey de, V(€)= 0.
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Therefore, as in the method of cross sections, the volume of the solid under the graph
of z = f (z,y) is obtained by doing fcd to both sides,

/cd (/abf (z,9) dm) dy (14.4)

but this volume was also the result of [ fdV. Therefore, it is expected that this is a
way to evaluate [ fdV.

Note what has been gained here. A hard problem, finding [ fdV, is reduced to a
sequence of easier problems. First do

/abf(x,y) dx

getting a function of y, say F (y) and then do

/Cd (/abf(x,y) dm) dy:/ch(y) dy.

Of course there is nothing special about fixing y first. The same thing should be

obtained from the integral,
b d
/ ( | 1w dy) da (145)

These expressions in [14.4] and [14.5] are called iterated integrals. They are tools for
evaluating [ fdV which would be hard to find otherwise. In practice, the parenthesis
is usually omitted in these expressions. Thus

/ab (/jﬂw,y) dy) czx:/ab/cdm,y) dy dz

and it is understood that you are to do the inside integral first and then when you have
done it, obtaining a function of x, you integrate this function of x. Note that this is
nothing more than using an integral to compute the area of a cross section and then
using this method to find a volume.

However, there is no difference in the general case where f is not necessarily non-
negative as can be seen by applying the method to the nonnegative functions f*, f~

given by
_=f =S
f+: 9 7f = 92

and then noting that f = f* — f~ and the integral is linear. Thus
/de = /f+—f_dV=/f+dV—/f_dV
b pd bopd
/ / (@) dydx—/ / [~ (z,y) dyda
b pd
/ / [, y) dydzx

A careful presentation which is not for the faint of heart is in an appendix.

Another aspect of this is the notion of integrating a function which is defined on
some set, not on all R2. For example, suppose f is defined on the set, S C R%2. What is
meant by [ fdV?
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Definition 14.1.3 Let f : S — R where S is a subset of R?. Then denote by f, the

function defined by |
fi(z,y) = { f(.x,y) if (v,y) €8

/SdeE/fldV.

Example 14.1.4 Let f (z,y) = 2y + yx for (z,y) € [0,1] x [0,2] = R. Find [, fdV.

Then

This is done using iterated integrals like those defined above. Thus

/Rde:/;/OQ(mQy—Fyx) dy dz.

The inside integral yields
2
/ (;1:2y + y:c) dy = 22% + 2z
0

and now the process is completed by doing fol to what was just obtained. Thus

5

1,2 1
/ / (ach + yx) dydx = / (2x2 + 296) dr = —.
o Jo 0 3

If the integration is done in the opposite order, the same answer should be obtained.

2 1
/ / (2%y + yz) dady
o Jo

! 5
/ (ny + yx) de = -y
0 6

2 1 2 /5 5
/ / (z%y + yz) dady :/ <y) dy = —.
o Jo o \6 3

If a different answer had been obtained it would have been a sign that a mistake had
been made.

Example 14.1.5 Let f (x,y) = 2?y+yx for (z,y) € R where R is the triangular region
defined to be in the first quadrant, below the line y = x and to the left of the line © = 4.
Find [, fdV.

Now from the above discussion,

/Rde:/;/Ox (2®y + yz) dydax

The reason for this is that = goes from 0 to 4 and for each fixed = between 0 and 4,
y goes from 0 to the slanted line, y = x, the function being defined to be 0 for larger
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y. Thus y goes from 0 to x. This explains the inside integral. Now fox (ny + yx) dy =

%$4+ %x3 and so
4
1 1 2
/de:/ e dl':@.
R o \2 2 5

What of integration in a different order? Lets put the integral with respect to y on
the outside and the integral with respect to x on the inside. Then

/I%de:/()4/?/4(x2y+yx) dx dy

For each y between 0 and 4, the variable z, goes from y to 4.

4
88 1., 1
2 4 3
(zy +yz) do = —y—zy* — Sy
/y 37737 "2

4
88 1, 1 672
dv = Dy syt B ) dy = =2
/Rfv /0<3y 37 2y>y 5

Here is a similar example.

Example 14.1.6 Let f (z,y) = 2%y for (z,y) € R where R is the triangular region
defined to be in the first quadrant, below the line y = 2x and to the left of the line x = 4.
Find [ fdV.

R

0
Put the integral with respect to x on the outside first. Then

/Rde/;/;w (z%y) dydz

because for each x € [0,4], y goes from 0 to 2z. Then

2x
/ (:CZy) dy = 2z*
0

4
/ fdv = / (22*) dx = 2018
R 0 5

Now do the integral in the other order. Here the integral with respect to y will be
on the outside. What are the limits of this integral? Look at the triangle and note that
x goes from 0 to 4 and so 2x = y goes from 0 to 8. Now for fixed y between 0 and 8,
where does x go? It goes from the = coordinate on the line y = 22 which corresponds
to this y to 4. What is the x coordinate on this line which goes with y? It is z = y/2.
Therefore, the iterated integral is

8 4
/ / (xzy) dx dy.
0 Jy/2

and so
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Now

and so
8
64 1 2048
/Rf /O<3y 2431) Yy 3

A few observations are in order here. In finding | g [ dV there is no problem in
setting things up if S is a rectangle. However, if S is not a rectangle, the procedure
always is agonizing. A good rule of thumb is that if what you do is easy it will be
wrong. There are no shortcuts! There are no quick fixes which require no thought!
Pain and suffering is inevitable and you must not expect it to be otherwise. Always
draw a picture and then begin agonizing over the correct limits. Even when you are
careful you will make lots of mistakes until you get used to the process.

Sometimes an integral can be evaluated in one order but not in another.

the same answer.

Example 14.1.7 For R as shown below, find fR sin (y2) av.

4 x
Setting this up to have the integral with respect to y on the inside yields

4 8
/ / sin (y2) dy dzx.
0 2z

Unfortunately, there is no antiderivative in terms of elementary functions for sin (yz)
so there is an immediate problem in evaluating the inside integral. It doesn’t work out
so the next step is to do the integration in another order and see if some progress can

be made. This yields
8 ry/2 8y
/ / sin (y2) dx dy :/ = sin (y2) dy
o Jo 0 2

and |, N 2 sin (y2) dy = —% cos 64 + i which you can verify by making the substitution,
u = y°. Thus

1 1
/ sin (yQ) dy = ~1 cos 64 + 1
R

This illustrates an important idea. The integral [ R Sin (y2) dV is defined as a num-
ber. It is the unique number between all the upper sums and all the lower sums. Finding
it is another matter. In this case it was possible to find it using one order of integration
but not the other. The iterated integral in this other order also is defined as a number
but it can’t be found directly without interchanging the order of integration. Of course
sometimes nothing you try will work out.
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14.1.1 Density And Mass

Consider a two dimensional material. Of course there is no such thing but a flat plate
might be modeled as one. The density p is a function of position and is defined as follows.
Consider a small chunk of area, dV located at the point whose Cartesian coordinates
are (x,y). Then the mass of this small chunk of material is given by p(x,y) dV. Thus
if the material occupies a region in two dimensional space, U, the total mass of this

material would be
/ pdV
U

In other words you integrate the density to get the mass. Now by letting p depend on
position, you can include the case where the material is not homogeneous. Here is an
example.

Example 14.1.8 Let p (z,y) denote the density of the plane region determined by the
curves %x +y =22 =3y? and x = 9y. Find the total mass if p(z,y) = y.

You need to first draw a picture of the region, R. A rough sketch follows.

(3,1)

1/3)x+y=2
(9/2,1/2)

(0,0)

This region is in two pieces, one having the graph of z = 9y on the bottom and the
graph of z = 3y? on the top and another piece having the graph of z = 9y on the bottom
and the graph of %:c +y = 2 on the top. Therefore, in setting up the integrals, with the
integral with respect to x on the outside, the double integral equals the following sum
of iterated integrals.

has z=3y? on top has %a:-i—y:? on top

3 r/x/3 2 r2—izx
/ / ydydx+/ / ydydz
0 Jx/9 3 z/9

You notice it is not necessary to have a perfect picture, just one which is good enough
to figure out what the limits should be. The dividing line between the two cases is
x = 3 and this was shown in the picture. Now it is only a matter of evaluating the
iterated integrals which in this case is routine and gives 1.

14.2 Exercises

1. Let p(x,y) denote the density of the plane region closest to (0, 0) which is between
the curves 2 4+ y = 6,2 = 4y, and = = 16y. Find the total mass if p (z,y) = y.
Your answer should be %.

2. Let p (z,y) denote the density of the plane region determined by the curves %x +
y = 6,7 = 5y2, and x = 25y. Find the total mass if p (x,y) = y + 2x. Your answer

should be %
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Let p (z,y) denote the density of the plane region determined by the curves y =

3z,y = 2,3z + 3y = 9. Find the total mass if p (x,y) = y + 1. Your answer should
81

be 33-

Let p (x,y) denote the density of the plane region determined by the curves y =

3x,y = x,4x + 2y = 8. Find the total mass if p (z,y) =y + 1.

Let p (z,y) denote the density of the plane region determined by the curves y =
3x,y = x,2z + 2y = 4. Find the total mass if p (z,y) = z + 2y.

Let p (z,y) denote the density of the plane region determined by the curves y =
3z,y = z,5x + 2y = 10. Find the total mass if p (z,y) =y + 1.

Find f04 f;/2 162 dz dy. Your answer should be e* — 1. You might need to inter-
change the order of integration.

Find fOS f;/2 Le3% dr dy.
Find fOS f;/Q 1e3% da dy.
Find [y [7, 1€ dzdy.

Evaluate the iterated integral and then write the iterated integral with the order

of integration reversed. f04 03y zy3 dx dy. Your answer for the iterated integral

should be [,2 [1 wy® dy da.

Evaluate the iterated integral and then write the iterated integral with the order
of integration reversed. f03 f03y xy dx dy.

Evaluate the iterated integral and then write the iterated integral with the order
of integration reversed. f02 f02y xy? dzx dy.

Evaluate the iterated integral and then write the iterated integral with the order
of integration reversed. f03 I3 wy? da dy.

Evaluate the iterated integral and then write the iterated integral with the order
of integration reversed. fol IS xy? da dy.

Evaluate the iterated integral and then write the iterated integral with the order
. . 5 r3y 2
of integration reversed. [; o Ty*dzdy.
Lo olo o

Find [ [5" =24 dy dx. Your answer should be 1

. 1r rlx gin
Find foz f; % dy dz.

. s T si
Find [ [ =Y dy da

Evaluate the iterated integral and then write the iterated integral with the order
. . 3 r 9
of integration reversed. [, [* x*dydx

Your answer for the iterated integral should be f30 [ 2? da dy+ fofg [Yy 2% da dy+

f03 f; x?dx dy + f33 ffy 22 dx dy. This is a very interesting example which shows
that iterated integrals have a life of their own, not just as a method for evaluating
double integrals.

Evaluate the iterated integral and then write the iterated integral with the order
. . 2 x 2
of integration reversed. [, [* z*dydx.



318 THE RIEMANN INTEGRAL ON RY

14.3 Methods For Triple Integrals
14.3.1 Definition Of The Integral

The integral of a function of three variables is similar to the integral of a function of
two variables.

Definition 14.3.1 Fori=1,2,3 let {0‘2}20:—00 be points on R which satisfy

kh—>Holo Qg = 00, kll)r_noo o = —00, ap < Q. (14.6)

For such sequences, define a grid on R® denoted by G or F as the collection of bozes of
the form

Q = [k abr] x [2,a2] x [ad, 03] (14.7

If G is a grid, F is called a refinement of G if every box of G is the union of boxes of
F.

For G a grid,
> Mo (v (Q)

Qeg

is the upper sum associated with the grid, G where

Mq (f) = sup{f (%) : x € Q}

and if @ = [a, b]x[c, d] X [e, f], then v (Q) is the volume of @ given by (b — a) (d — ¢) (f —e) .
Letting
mo (f) = inf {f (%) : x € Q}

the lower sum associated with this partition is

> mq (Hv(Q),

Qeg

With this preparation it is time to give a definition of the Riemann integral of a
function of three variables. This definition is just like the one for a function of two
variables.

Definition 14.3.2 Let f : R?® — R be a bounded function which equals zero outside
some bounded subset of R3. [ fdV is defined as the unique number between all the
upper sums and lower sums.

As in the case of a function of two variables there are all sorts of mathematical
questions which are dealt with later.

The way to think of integrals is as follows. Located at a point x, there is an “infinites-
imal” chunk of volume, dV. The integral involves taking this little chunk of volume, dV,
multiplying it by f (x) and then adding up all such products. Upper sums are too large
and lower sums are too small but the unique number between all the lower and upper
sums is just right and corresponds to the notion of adding up all the f (x) dV. Even the
notation is suggestive of this concept of sum. It is a long thin S denoting sum. This is
the fundamental concept for the integral in any number of dimensions and all the defi-
nitions and technicalities are designed to give precision and mathematical respectability
to this notion.

Integrals of functions of three variables are also evaluated by using iterated integrals.

Imagine a sum of the form ), ik Gijk where there are only finitely many choices for 1, j,
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and k£ and the symbol means you simply add up all the a;j;. By the commutative law
of addition, these may be added systematically in the form, ), > ; > ; Giji- A similar
process is used to evaluate triple integrals and since integrals are like sums, you might
expect it to be valid. Specifically,

/de:/??/??/??f(%y,z) dx dydz.

In words, sum with respect to z and then sum what you get with respect to y and
finally, with respect to z. Of course this should hold in any other order such as

L/de::giﬂiA?f@g%z)dm@dw

This is proved in an appendix?.
Having discussed double and triple integrals, the definition of the integral of a func-
tion of n variables is accomplished in the same way.

Definition 14.3.3 Fori=1,--- n, let {a};}:i_oo be points on R which satisfy

lim o} = oo, klim af, = —00, aj, <ty (14.8)

k—oo ——00

For such sequences, define a grid on R™ denoted by G or F as the collection of boxes of
the form

Q=] lof ] (149)
i=1
If G is a grid, F is called a refinement of G if every box of G is the union of bozes of F.

Definition 14.3.4 Let f be a bounded function which equals zero off a bounded set, D,
and let G be a grid. For Q € G, define

Ma (f) = sup {f (%) : x €Q}, ma (/) = inf {f (x) : x €Q}. (14.10)
Also define for @ a boz, the volume of @Q, denoted by v (Q) by

n

v(@) =[] i —ai), QEH[%bi]-

i=1
Now define upper sums, Ug (f) and lower sums, Lg (f) with respect to the indicated
grid, by the formulas
Us (f) =D Mo (H)v(Q), Lo(f) =D mq(f)v(Q).
Qeg Qeg

Then a function of n variables is Riemann integrable if there is a unique number between
all the upper and lower sums. This number is the value of the integral.

In this book most integrals will involve no more than three variables. However, this
does not mean an integral of a function of more than three variables is unimportant.
Therefore, I will begin to refer to the general case when theorems are stated.

Definition 14.3.5 For E C R"™,

_ [ 1lifxeFE
Xﬂ”:{ogx¢E

Define [, fdV = [ XpfdV when fXgp € R (R").

LAll of these fundamental questions about integrals can be considered more easily in the context of
the Lebesgue integral. However, this integral is more abstract than the Riemann integral.
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14.3.2 Iterated Integrals

As before, the integral is often computed by using an iterated integral. In general it is
impossible to set up an iterated integral for finding |, g fdV for arbitrary regions, E but
when the region is sufficiently simple, one can make progress. Suppose the region, F over
which the integral is to be taken is of the form E = {(z,y,2) :a(z,y) <z <b(x,y)}
for (z,y) € R, a two dimensional region. This is illustrated in the following picture
in which the bottom surface is the graph of z = a(x,y) and the top is the graph of

z=b(x,y).

Then

b(xvy)
/de // f(x,y,2)dzdA
a(z,y)

It might be helpful to think of dV = dzdA. Now [ b((;’g)) f(x,y,2)dz is a function of x
and y and so you have reduced the triple integral to a double integral over R of this

function of x and y. Similar reasoning would apply if the region in R3 were of the form
{(2,9,2) :a(y,z) Sw <b(y,2)} or {(2,9,2) 1 a(z,2) <y <b(x,2)} .

Example 14.3.6 Find the volume of the region, E in the first octant between z =
1—(zx+4+y) and z=0.

In this case, R is the region shown.
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Thus the region, E is between the plane z = 1 — (z + y) on the top, 2 = 0 on the
bottom, and over R shown above. Thus

1—(z+y)
/1dv - / / dzdA
E RJO
1 pl—z pl—(z+y) 1
// / dzdydx = =
o Jo 0 6

Of course iterated integrals have a life of their own although this will not be explored
here. You can just write them down and go to work on them. Here are some examples.

Example 14.3.7 Find f; I f;y (x —y) dzdydz.

The inside integral yields fi:; (x —y) dz = 2? — 4y + 3y>. Next this must be inte-
grated with respect to y to give f; (sc2 —4dzy + 3y2) dy = —3x2 4 182 — 27. Finally the
third integral gives

3 T x 3
/ / / (x —y) dzdyd:c:/ (—32% + 18z — 27) dz = —1.
2 3 3y 2

Example 14.3.8 Find [ Ogy Oyﬂ cos (z +y) drdz dy.

The inside integral is foyﬂ cos (z +9) dr = 2cos zsiny cosy + 2sin z cos? y — sin z —
siny. Now this has to be integrated.
3y y+z 3y
/ / cos (z + ) dxdz:/ (2coszsinycosy+QSinzCOSQy—sinz—siny) dz
o Jo 0

= —1—-16cos’y +20cos®y — 5cosy — 3 (siny) y + 2 cos® y.

Finally, this last expression must be integrated from 0 to 7. Thus

™ 3y y+z
/ / / cos(z+y) dedzdy
o Jo Jo

= / (—1 —16cos®y 4+ 20cos® y — 5cosy73(siny)y+2coszy) dy
0
= 37

34 a?
Example 14.3.9 Here is an iterated integral: f02 Iy 2" Jy dzdydz. Write as an iter-
ated integral in the order dzdx dy.

The inside integral is just a function of z and y. (In fact, only a function of x.) The
order of the last two integrals must be interchanged. Thus the iterated integral which
needs to be done in a different order is

/02 /Os_gwf(a:,y) dydz.

As usual, it is important to draw a picture and then go from there.
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Thus this double integral equals

3 r2(3-y)
/ / f(z,y) dedy.
0 0

Now substituting in for f (z,y),

% 3—y) z2
/ / / dz dx dy.
0

Example 14.3.10 Find the volume of the bounded region determined by 3y + 3z =
2, =16 —y%,y=0,2 =0.

In the yz plane, the first of the following pictures corresponds to z = 0.

(0,0,0)

winN

Jy+32=2

2

3

Therefore, the outside integrals taken with respect to z and y are of the form

2 .2
f03 f03 Y dzdy and now for any c.hoice of '(y, z) in.the above triangular region, x goes
from 0 to 16 — y2. Therefore, the iterated integral is

§ 3oy 16y 860
drdzdy = —-
/0 /0 /0 SRR 7E

Example 14.3.11 Find the volume of the region determined by the intersection of the
two cylinders, x> +y?> <9 and y? + 22 < 9.

The first listed cylinder intersects the zy plane in the disk, 22 +y? < 9. What is the
volume of the three dimensional region which is between this disk and the two surfaces,
z2=14/9—y? and z = —/9 — y27 An iterated integral for the volume is

/ / / dz dx dy = 144.

Note I drew no picture of the three dimensional region. If you are interested, here it is.




14.3. METHODS FOR TRIPLE INTEGRALS 323

One of the cylinders is parallel to the z axis, 22 +y? < 9 and the other is parallel to
the z axis, y? + 22 < 9. I did not need to be able to draw such a nice picture in order
to work this problem. This is the key to doing these. Draw pictures in two dimensions
and reason from the two dimensional pictures rather than attempt to wax artistic and
consider all three dimensions at once. These problems are hard enough without making
them even harder by attempting to be an artist.

14.3.3 Mass And Density

As an example of the use of triple integrals, consider a solid occupying a set of points,
U C R3 having density p. Thus p is a function of position and the total mass of the

solid equals
/ pdV.
U

This is just like the two dimensional case. The mass of an infinitesimal chunk of the
solid located at x would be p (x) dV and so the total mass is just the sum of all these,

Jip(x) dV.

Example 14.3.12 Find the volume of R where R is the bounded region formed by the
plane %x—ky—&— %z =1 and the planes x =0,y =0,z = 0.

When z = 0, the plane becomes %x +y = 1. Thus the intersection of this plane with
the xy plane is this line shown in the following picture.

5
Therefore, the bounded region is between the triangle formed in the above picture
by the z axis, the y axis and the above line and the surface given by %x +y+ %z =1
orz=25 (1 — (%x + y)) = 5 — x — by. Therefore, an iterated integral which yields the

volume is I . ;
5T oTETOY 25
/ / / dzdydr = —.
o Jo 0 6

Example 14.3.13 Find the mass of the bounded region, R formed by the plane %x +
%y + %z =1 and the planes x =0,y = 0,z = 0 if the density is p (x,y,2) = z.

This is done just like the previous example except in this case there is a function to
integrate. Thus the answer is

3 pr3—x 5-8z— 5y
/ / / Y z dzdydx = E
0 0 0 8

Example 14.3.14 Find the total mass of the bounded solid determined by z = 9—x2—y?
and x,y,z > 0 if the mass is given by p (z,y,2) = 2

When z = 0 the surface, z = 9 — 22 — 32 intersects the zy plane in a circle of radius
3 centered at (0,0). Since x,y > 0, it is only a quarter of a circle of interest, the part
where both these variables are nonnegative. For each (x,y) inside this quarter circle, z
goes from 0 to 9 — 2 — y2. Therefore, the iterated integral is of the form,

3 \/ (97I2) 97I27y2 243
/ / / z dzdydr = —m
o Jo 0 8



324 THE RIEMANN INTEGRAL ON RY

Example 14.3.15 Find the volume of the bounded region determined by x > 0,y >
0,z >0, and %x—!—y—i—%z: 1, andx—!—%y—!—iz: 1.

When z = 0, the plane %:1: +y+ %z = 1 intersects the zy plane in the line whose
equation is

1
?ery:l

while the plane, x + %y + iz = 1 intersects the xy plane in the line whose equation is

+1 1
T+ -y=1.
7ZU

Furthermore, the two planes intersect when x = y as can be seen from the equations,
T+ %y =1- 7% and %x +y = 1— % which imply z = y. Thus the two dimensional
picture to look at is depicted in the following picture.

R y—i—%x—i—iz:l

You see in this picture, the base of the region in the xy plane is the union of the two
triangles, Ry and Rs. For (x,y) € Ry, z goes from 0 to what it needs to be to be on the
plane, %x +y+ 1z = 1. Thus z goes from 0 to 4 (1 — %x — y) . Similarly, on Rs, z goes
from 0 to 4 (1 — 7y — x) Therefore, the integral needed is

4 1,,:,0 y 4 1,, _
/ / dde+/ / dde
Rl RZ

and now it only remains to consider [ R dV and [ Ry dV. The point of intersection of

these lines shown in the above picture is (I, ) and so an iterated integral is

7/8 p1-2 pd(1-Llz—y) 7/8 p1-% pa(1-ly—a) 7
/ / / dzdydac—i—/ / / dzdxdy = =
0 T 0 0 Yy 0 6

14.4 Exercises

1. Evaluate the integral f; 221- f;y dz dy dx

2. Find fo b fozimfzy 2¢ dzdydx

3. Find fo — 03_31_2?430 dzdy dx

4. Evaluate the integral f2 e 4y (2 —y) dedydz
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Yy rytz

Evaluate the integral foﬂ 03 0

cos (z +y) dedzdy

Yy ry+z

o sin(r+vy) dvdzdy

Evaluate the integral [ 04

Fill in the missing limits. fol IsJs f(@,y,2) dedydz = f?? f?? f??f(x7y7z) dx dz dy,
fol foz OQZf(x,y,z) drdydz = f: f: f,?f(x,y,z) dydzdz,

I S22 f (2, 2) dedydz = [ [} [, f(2,y,2) dzdyda,

fol fz\g 0y+zf(x,y,z) drdydz = f: f: f??f(x,y,z) dx dz dy,

IS f @y, 2) dedydz = [} [ [} F(x,y,2) dzdyda.

Find the volume of R where R is the bounded region formed by the plane
%y+ iz: 1 and the planes =0,y =0,z = 0.

x +

Ut

T +

=

Find the volume of R where R is the bounded region formed by the plane
%y—&— %z = 1 and the planes x =0,y = 0,2z = 0.

Find the mass of the bounded region, R formed by the plane ix + %y + %z =1

and the planes x = 0,y =0,z = 0 if the density is p(z,y,2) =y + 2

Find the mass of the bounded region, R formed by the plane ix + %y + %z =1
and the planes x = 0,y = 0,z = 0 if the density is p (z,y,2) =y

2
Here is an iterated integral: f02 folféx Jy dzdydz. Write as an iterated integral
in the following orders: dzdx dy, dxdz dy, dr dydz, dydxdz, dydz dz.

Find the volume of the bounded region determined by 2y +2 =3,z =9 —y?,y =
0,x =0,z =0.

Find the volume of the bounded region determined by 3y+2z = 5,2 = 9—y?,y =
0,z =0.

|4
Your answer should be 11525

648

Find the volume of the bounded region determined by 5y+2z = 3,2 = 9—y%,y =
0,z =0.

Find the volume of the region bounded by 22 + y2 = 25,2 = 2,2 = 0, and = > 0.

Your answer should be %.

Find the volume of the region bounded by 22 + y?> =9,z = 32,2 = 0, and = > 0.

Find the volume of the region determined by the intersection of the two cylinders,
22 4+ y? <16 and 3% + 22 < 16.

Find the total mass of the bounded solid determined by z = 4 — 22 — 2 and
x,y, 2z > 0 if the mass is given by p(z,y,2) =y

Find the total mass of the bounded solid determined by z = 9 — 22 — 32 and
x,y,z > 0 if the mass is given by p (z,y, z) = 22

Find the volume of the region bounded by 22 + 42 =4,2=0,2=5—y

Find the volume of the bounded region determined by x > 0,y > 0,z > 0, and
%x+%y+%z:1, and %w+%y+%z:1.
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Find the volume of the bounded region determined by = > 0,y > 0,z > 0, and
tr+iy+z=1and 3z +fy+z=1

Find the mass of the solid determined by 1622 + 4y?> < 9,2 >0, and z = = + 2 if
the density is p (z,y, z) = 2.

Find f02 0672'3 ff;z (3 = z)cos (y?) dydxdz.
2

Find fol 018_32 f?;z (6 — z)exp (y*) dydx dz.

Find f02 024742 f;;z (6 — 2) exp (2?) da dy d=.

Find [y f[*7" 707 22 4y dy dz.
Find [5° [y J7,7 922 dadzdy + [7 [ v 7,7 S8 dydz dy. Hint: You might

try doing it in the order, dydx dz

14.5 Exercises With Answers

1.

. Find

Evaluate the integral |, 47 531 f;j dz dy dx

Answer:

_ 3417
2
02_593 04_236_1’ (2z) dz dy dx

Answer:

2464
3

. 2 r2-5x pl—4x—3y

Find fo 0 0

Answer:

_ 196
3

(22) dzdy dx

Evaluate the integral [, 58 / 43I / 4‘2 (x —y) dzdydx

Answer:

114607
8

Yy ry+z

o cos(r+y)drdzdy

Evaluate the integral [ 04
Answer:

—4m

Evaluate the integral [ f02y Oy+z sin (x +y) dx dz dy

Answer:
_ 19

1

Fill in the missing limits. [, [ [ f (z,y,2) dedydz = [, [} [} f(2,y,2) dedzdy,
fol foz OQZf(Ly,z) dx dydz = f?? f?? f??f(x,y,z) dydzdx,

fol IS IS f(@,y,2) dedydz = fr; f?? f?? f(z,y,2) dzdy dz,

fol fz\//i 0y+zf(x,y,z) dx dydz = f?? f?? f??f(x,y,z) dx dz dy,
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10.

11.

12.

13.

f5 f2 fo (r,y,2) dedydz = f?l f; f??f(a:,y,z) dz dy dx.

Answer:

fo o fo (z,y,2) dvdydz = f01 fyl Iy f (@,y,2) dedzdy,

fo fo o “f(x,y,2) dedydz = f02 fxl ) fozf(x,y,z) dydzdx,
/

fo fo fo (,y,2) dedydz = f01 fom lef(x,y,z) dzdy—|—fml flf(m,y,z) dzdy| dz,

y

fo f y+z (x,y,2) dedydz =

fl/Q f2y U f (w,y, 2) dodz dy+f11/2f SV f @y, 2) dedzdy

f5 fg fo (2,y,2) dedydz = f03 f; f57f(x,y,z) dz dy dx

Flnd the volume of R where R is the bounded region formed by the plane fm +
Y+ 1> =1 and the planes =0,y = 0,2z = 0.

Answer:

fo b fo47%zi4y dzdy dx = 1?70

Find the volume of R where R is the bounded region formed by the plane 596 +
2y+ 12 =1 and the planes =0,y = 0,z = 0.

Answer:

fo fo_gx S dzdyde = 3

Find the mass of the bounded region, R formed by the plane %x + %y + %z =1
and the planes z = 0,y = 0,z = 0 if the density is p (z,y,2) =y

Answer:

fo fo_ﬂfo_Zz 2y y) dzdydr =2

Find the mass of the bounded region, R formed by the plane %x + %y + iz =1
and the planes z = 0,y = 0, z = 0 if the density is p (z,y, 2) = 22

Answer'

JEJET I (22 ddyde = 8

2
Here is an iterated integral: fos 037$ fow dz dy dx. Write as an iterated integral in
the following orders: dzdx dy, dx dzdy, dx dydz, dydz dz, dy dz dx.

Answer:

3 pz? p3—x 9 ;3 p3—x 9 r3—y/z pr3—y
// / dydzdx,/// dydacdz,// / drdydz,
o Jo Jo o JyzJo o Jo vz
3 r3—y px? 3 r(B8-y)? p3—y
// / dzdxdy,// / dx dz dy
o Jo 0 o Jo vz

Find the volume of the bounded region determined by 5y 42z =4,z =4—y?,y =
0,z =0.

Answer:

B0 andeay - g
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Find the volume of the bounded region determined by 4y+32z =3,z =4—y2,y =
0,z =0.

Answer:

fo% Jo a f047y2 drdzdy = 5%

Find the volume of the bounded region determined by 3y +z = 3,2 =4 —y%, y =
0,z =0.

Answer:

fol f03_3y f04_y2 drdzdy = %

Find the volume of the region bounded by 22 +y? = 16,2 = 3z,2 = 0, and z > 0.

Answer:

fo fV (16—a f dzdydx = 128

Find the volume of the region bounded by 22 +y? = 25,2 = 22,2 = 0, and z > 0.
Answer:

fo f” (25=a? f dzdydx:%

Find the volume of the region determined by the intersection of the two cylinders,
x2+y2 §9andy2—|—z2 <9.

Answer:
8 3 (VO (VO g i dy = 144

Find the total mass of the bounded solid determined by z = a? — 2% — y? and
x,y,z > 0 if the mass is given by p(z,y,2) = 2
Answer:

fo Vv (16=a f16 @ty z) dzdydx = 22n

Find the total mass of the bounded solid determined by z = a? — 22 — y? and
x,y,z > 0 if the mass is given by p(x,y,2) =x + 1
Answer:

fo V(25-22) 25 @ (x—i—l) dzdydx:%ﬂ—l-%

Find the volume of the region bounded by 22 + 3> =9,2 =0,z =5 —y

Answer:

f A &%fg) Y dzdy dx = 457

Find the volume of the bounded region determined by = > 0,y > 0,z > 0, and
%x—i—y—l—%z: 1, andx—l—%y—i—%z:l.
Answer:

S LR TT dedyda+ [ Sy TR dzdody =

T Yy

Find the volume of the bounded region determined by = > 0,y > 0,z > 0, and
lr+y+iz=landz+iy+iz=1

Answer:

S LT dedyda o+ [ LS dedrdy = T

xT
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26.

27.

28.

29.
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Find the mass of the solid determined by 25z2 + 432 < 9,2 >0, and 2z = z + 2 if
the density is p (z,y,2) = =.

Answer:

1. /(9-2502) a2
f,,f N 0+ (r) dzdydr = 3
2V

Find fo 35-52 ff;z (7—z)cos (y?) dydx dz.

1000

Answer:

You need to interchange the order of integration. fol 0772 05y (7 — z) cos (y2) drdydz =
% cos 36 — % cos 49

Find fo 1292 f;:cz (4 — z)exp (y*) dydz dz.
3
Answer:

You need to interchange the order of integration. f02 04_z 03y (4—2)exp (yz) dxdydz
= —Ze -9+ 3616

Find fo 200z ff;z (5 — z)exp (2?) dzdydz.
5
Answer:

You need to interchange the order of integration.

2 5—z S5z 5 5
/ / / (5—2)exp (2%) dydedz = —~€” — 20+ ~*
o Jo 0 4 4

Find [y [;°7% [7,7 52 da dy dz.
Answer:

You need to interchange the order of integration.

1 5—=z 2z _:
/ / / e dydxdz =
o Jo 0 T

—2sinlcosb +2coslsind + 2 —2sind

Find f020 f02 f%b‘;z sigm dxdzdy+f f06_ yf6 Z sinx dxdzdy

Answer:

You need to interchange the order of integration.

30—52 6—=z 6—z S5z
/ / / bmxclﬂvdydz—/ / / bmxdydazdz

= —5sin2cos6 + 5cos2sin6 + 10 — 5sin6
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The Integral In Other
Coordinates

15.0.1 Owutcomes

1. Represent a region in polar coordinates and use to evaluate integrals.

2. Represent a region in spherical or cylindrical coordinates and use to evaluate
integrals.

3. Convert integrals in rectangular coordinates to integrals in polar coordinates and
use to evaluate the integral.

4. Evaluate integrals in any coordinate system using the Jacobian.
5. Evaluate areas and volumes using another coordinate system.

6. Understand the transformation equations between spherical, polar and cylindri-
cal coordinates and be able to change algebraic expressions from one system to
another.

7. Use multiple integrals in an appropriate coordinate system to calculate the volume,
mass, moments, center of gravity and moment of inertia.

15.1 Different Coordinates

As mentioned above, the fundamental concept of an integral is a sum of things of the
form f(x) dV where dV is an “infinitesimal” chunk of volume located at the point,
x. Up to now, this infinitesimal chunk of volume has had the form of a box with sides
dxy,- -, dx, so dV = dxidzxs - - - dx, but its form is not important. It could just as
well be an infinitesimal parallelepiped or parallelogram for example. In what follows,
this is what it will be.

First recall the definition of the box product given in Definition [5.5.17 on Page
113. The absolute value of the box product of three vectors gave the volume of the
parallelepiped determined by the three vectors.

Definition 15.1.1 Let uy,us, us be vectors in R3. The parallelepiped determined by
these vectors will be denoted by P (u1,uz,us3) and it is defined as

3
P (uy,uz,u3) = Zsjuj s €[0,1]
j=1

331
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Lemma 15.1.2 The volume of the parallelepiped, P (uy,ug,us) is given by ’det ( u; u; us )‘
where ( u; u, ug ) is the matrix having columns uy, us, and us.

Proof: Recall from the discussion of the box product or triple product,

uy
volume of P (uy,us,u3) = |[uy, ug, uz)| = |det | ul
ul
3
u;
where | ul is the matrix having rows equal to the vectors, u;, us and us arranged
T
u
3

horizontally. Since the determinant of a matrix equals the determinant of its transpose,
volume of P(u17UQ,U3) = |[111,112,113]| = ’det ( u; U2 Uus >| .
This proves the lemma.

Definition 15.1.3 In the case of two vectors, P (u1,us) will denote the parallelogram
determined by uy and us. Thus

2
P(ul,ug) = ZSjllj 185 € [0, 1]
j=1

Lemma 15.1.4 The area of the parallelogram, P (uy,ug) is given by ‘det( u u )|
where ( u; up ) 18 the matriz having columns vy and us.

Proof: Letting u; = (a,b)” and uy = (¢,d)” , consider the vectors in R3 defined
by 61 = (a,b,0)" and 6y = (¢,d,0)” . Then the area of the parallelogram determined
by the vectors, ; and Uz is the norm of the cross product of u; and Uy. This follows
directly from the geometric definition of the cross product given in Definition [5.5.2/ on
Page 106. But this is the same as the area of the parallelogram determined by the
vectors uy, uy. Taking the cross product of U; and Uy yields k (ad — bc) . Therefore, the

norm of this cross product is
lad — be]

which is the same as
’det ( u; us )‘

where ( u; us ) denotes the matrix having the two vectors ui, us as columns. This
proves the lemma.

It always works this way. The n dimensional volume of the n dimensional paral-
lelepiped determined by the vectors, {vy,- - -, v,} is always

|det (v -+ vy )]

This general fact will not be used in what follows.

15.1.1 Two Dimensional Coordinates

Suppose U is a set in R? and h is a C! function! mapping U one to one onto h (U), a
set in R?. Consider a small square inside U. The following picture is of such a square

1By this is meant h is the restriction to U of a function defined on an open set containing U which
is C1. If you like, you can assume U is open but this is not necessary. Neither is C'!.
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having a corner at the point, ug and sides as indicated. The image of this square is also
represented.

h(uo + Au2e2)

AUQ €9 AV

U Auje; h(ug) h(up + Aujeq)

For small Au,; you would expect the sides going from h (ug) to h (ug + Aujeq) and
from h (ug) to h (up + Ausges) to be almost the same as the vectors, h (ug + Aujeq) —
h (up) and h (up + Auges) —h (ug) which are approximately equal to %‘1 (ug) Auy and

oh
671,2

equal to the area of the parallelogram determined by the two vectors, 3‘9—5‘1 (up) Auq and

(ug) Aug respectively. Therefore, the area of h (AV) for small Au; is essentially

au b (uy) Auy. By Lemma [15.1.4 this equals
|det ( 5()951 (ll()) Aul % (ll()) AUQ )| = |det ( 6851 (110) % (110) )| AulAUQ
Thus an infinitesimal chunk of area in h (U) located at ug is of the form

|det (22 (wg) P2 (up) )|dV

8’[1.2

where dV is a corresponding chunk of area located at the point ug. This shows the
following change of variables formula is reasonable.

f (x /f w) [det (2 (w) 22 (w) )|V ()

h(U)

Definition 15.1.5 Let h: U — h(U) be a one to one and C* mapping. The (volume)
area element in terms of u is defined as |det ( 36—;‘1 (u) 88—:2 (u) )}dV (u). The factor,
|det( gfl (u) (%‘2 (u) )} is called the Jacobian. It equals

det < 27 (s, u2) 5’“2 (u1, u2) )’

ai (ulau2) 322 (u17u2)

It is traditional to call two dimensional volumes area. However, it is probably better
to simply always refer to it as volume. Thus there is 2 dimensional volume, 3 dimensional
volume, etc. Sometimes you can get confused by too many different words to describe
things which are really not essentially different.

Example 15.1.6 Find the area element for polar coordinates.
Here the u coordinates are € and r. The polar coordinate transformations are
( x ) _ ( rcosf )
Y rsin 6
Therefore, the volume (area) element is

det (€080 TSmO N o dbdr
sinf)  rcosf@
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15.1.2 Three Dimensions

The situation is no different for coordinate systems in any number of dimensions al-
though I will concentrate here on three dimensions. x = f (u) where u € U, a subset of
R? and x is a point in V = f(U), a subset of 3 dimensional space. Thus, letting the

Cartesian coordinates of x be given by x = (21, 2, xg)T , each x; being a function of u,
an infinitesimal box located at ug corresponds to an infinitesimal parallelepiped located

3
at f (ug) which is determined by the 3 vectors {Wdui} . From Lemma 15.1.2]
i i=1

the volume of this infinitesimal parallelepiped located at f (ug) is given by

0% (up)
QUQ

d’u,g,

dul,

5

0% (up)
au1 dU3:|

8U3 ‘ du1 d’LLQ d’LL3

(15.1)

_[[ox(ug) 9x(ug) 9x (uo)
- 8u1 ’ aUQ ’ (3'11,3

= ‘det( 8’5(;10) 8’5(““20) 6’55:;0) )‘dmduzdus

There is also no change in going to higher dimensions than 3.

Definition 15.1.7 Let x = f (u) be as described above. Then for n = 2,3, the symbol,
A(z1, - xp)

a1 i) called the Jacobian determinant, is defined by

ox(uo) ox(uy) \ — 9 (1, @)
det ( dun T dun ) T (1, un)
Also, the symbol, ’% duy - - - duy, is called the volume element.

This has given motivation for the following fundamental procedure often called the
change of variables formula which holds under fairly general conditions.

Procedure 15.1.8 Suppose U is an open subset of R™ for n = 2,3 and suppose f :
U — f(U) is a Ct function which is one to one, x = f (u).*Then if h: £ (U) — R,

[ e [

: 'aun)

dv = / h(x) dV.
£(U)

2This will cause non overlapping infinitesimal boxes in U to be mapped to non overlapping infinites-
imal parallelepipeds in V.

Also, in the context of the Riemann integral we should say more about the set U in any case the
function, h. These conditions are mainly technical however, and since a mathematically respectable
treatment will not be attempted for this theorem, I think it best to give a memorable version of it
which is essentially correct in all examples of interest.



15.1. DIFFERENT COORDINATES 335

Now consider spherical coordinates. Recall the geometrical meaning of these coor-
dinates illustrated in the following picture.

z
A
(p,9,0)
P (7",0,21)
T * (z1,y1,71)
0.
9 : hn
0 Yy
,
T ""'V(rc17y1,0)

Thus there is a relationship between these coordinates and rectangular coordinates
given by
x = psingcosh,y = psingsinf, z = pcos ¢ (15.2)

where ¢ € [0,7],0 € [0,27), and p > 0. Thus (p, ¢,0) is a point in R3, more specifically
in the set
U = (0,00) x [0, 7] x [0, 27)

and corresponding to such a (p, ¢, ) € U there exists a unique point, (x,y, z) € V where
V consists of all points of R? other than the origin, (0,0,0). This (x,y,2) determines a
unique point in three dimensional space as mentioned earlier. From the above argument,
the volume element is

‘det ( 6"(!’0872’0790) 6"(!’087(‘;;0790) 6"(!’06;30790) )‘dpded(;S

The mapping between spherical and rectangular coordinates is written as

T psin ¢ cos 6
x=|y | = psingsing | =f(p,o,0) (15.3)
z pCOs ¢

Therefore, det (ax(p‘gio’%), 6x(p(5$0’60)7 8x(p%z>o,eo)) =

singcosf pcospcosh —psingsinb
det | singsinf pcos¢sind  psin ¢ cosb = p?sin¢
Cos ¢ —psin ¢ 0
which is positive because ¢ € [0, 7].

Example 15.1.9 Find the volume of a ball, Br of radius R.

In this case, U = (0, R] x [0, 7] x [0,27) and use spherical coordinates. Then [15.3
yields a set in R3 which clearly differs from the ball of radius R only by a set having
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volume equal to zero. It leaves out the point at the origin is all. Therefore, the volume

of the ball is
/ 1dvV = /p2sin¢dV
BR U

R ,m 27 4
/ / / psing dddodp = —R3w.
o Jo Jo 3

The reason this was effortless, is that the ball, Bg is realized as a box in terms of
the spherical coordinates. Remember what was pointed out earlier about setting up
iterated integrals over boxes.

Example 15.1.10 A cone is cut out of a ball of radius R as shown in the following
picture, the diagram on the left being a side view. The angle of the cone is w/3. Find
the volume of what is left.

—

Use spherical coordinates. This volume is then
™ 2m R 2 1
/ / / p? sin (@) dpdfde = =mR> + =/37R?
=/6Jo Jo 3 3

Now change the example a little by cutting out a cone at the bottom which has an
angle of /2 as shown. What is the volume of what is left?

This time you would have the volume equals
3n/4 27 p,R 1 1
/ / / p?sin (¢) dpdfde = =27 R® + —v/37R®
/6 Jo Jo 3 3

Example 15.1.11 Next suppose the ball of radius R is a sort of an orange and you
remove a slice as shown in the picture. What is the volume of what is left? Assume the
slice is formed by the two half planes 6 =0 and 6 = 7 /4.
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Using spherical coordinates, this gives for the volume

/ / / p? sin ( ¢)dpd0d¢——7rR3

Example 15.1.12 Now remove the same two cones as in the above examples along
with the same slice and find the volume of what is left.

This time you need

37T/4 27 R 7 7
/ / / p?sin (¢) dpdfde = —~/27R® + —/31R®
/4 Jo 24 24
Example 15.1.13 Set up the integrals to find the volume of the cone 0 < z < 4,z =
Va?+y2.

This is entirely the wrong coordinate system to use for this problem but it is a good
exercise. Here is a side view.

¢

You need to figure out what p is as a function of ¢ which goes from 0 to 7/4. You

should get
2n  pm/4  pdsec(ep) 64
/ / / p*sin (¢) dpdpdd = —n
o Jo 0 3

Example 15.1.14 Find the volume element for cylindrical coordinates.
In cylindrical coordinates,

x rcosf
y | = | rsinf
z z
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Therefore, the Jacobian determinant is

cosf —rsinf 0
det | sinf@ rcosf O =7
0 0 1

It follows the volume element in cylindrical coordinates is r df dr dz.

Example 15.1.15 In the cone of Example [15.1.15 set up the integrals for finding the
volume in cylindrical coordinates.

This is a better coordinate system for this example than spherical coordinates. This

time you should get
27 4 4 64
/ / / rdzdrdf = —m
0 0 r 3

Example 15.1.16 This ezample uses spherical coordinates to verify an important con-

clusion about gravitational force. Let the hollow sphere, H be defined by a®> < x2 + y? +
2 2

zZ < b

and suppose this hollow sphere has constant density taken to equal 1. Now place a unit
mass at the point (0,0, z9) where |zg| € [a,b]. Show the force of gravity acting on this
unit mass is | oG [, [m2+y2(j(_zzfig)2]3/2 dV) k and then show that if |zo| > b then the
force of gravity acting on this point mass is the same as if the entire mass of the hollow
sphere were placed at the origin, while if |z0| < a, the total force acting on the point
mass from gravity equals zero. Here G is the gravitation constant and « is the density.
In particular, this shows that the force a planet exerts on an object is as though the
entire mass of the planet were situated at its center”.

Without loss of generality, assume zg > 0. Let dV be a little chunk of material
located at the point (x,y, z) of H the hollow sphere. Then according to Newton’s law
of gravity, the force this small chunk of material exerts on the given point mass equals

zi+yj+(z—2)k 1

. . GadV =
|zi+ yj + (z — 20) K| <x2+y2+(z_20)2)

1
(xi+yj+ (z — 20) k) 3/ZGOde

(s =)

Therefore, the total force is

/ (i4+yj+ (z—20) k) ! GadV.
H

(x2 b2 (2 — z0)2)3/2

3This was shown by Newton in 1685 and allowed him to assert his law of gravitation applied to the
planets as though they were point masses. It was a major accomplishment.
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By the symmetry of the sphere, the i and j components will cancel out when the integral
is taken. This is because there is the same amount of stuff for negative x and y as there
is for positive z and y. Hence what remains is

(z — 20)
aGk/H TP dVv
[m2+y2+(2—z0)}

as claimed. Now for the interesting part, the integral is evaluated. In spherical coordi-
nates this integral is.

2w pb pm o 2 o3
/ / / (peosé = z) p Smf/z de dp df. (15.4)
o Ja Jo (p?+ 2% —2pzocosg)

Rewrite the inside integral and use integration by parts to obtain this inside integral
equals

[ 2zppsin ¢

L[ (2 cos— pr) —— )

Z0 Jo (p% + 22 — 2pzp cos ¢)

1 —p® = pzo P> = pzo
220 —2 2. .2 +2 2. .2
0 V(P2 + 25 + 2p20) V(P + 25 = 2p2)

3/2 dp =

[T sin ¢ do | . 15.5
/o V7 e B (15:5)

There are some cases to consider here.
First suppose zg < a so the point is on the inside of the hollow sphere and it is
always the case that p > zp. Then in this case, the two first terms reduce to

2 + z 2 — 2 2 + z 2 — 2
plotz)  20(p—2) _2p(ptz0)  20(p 0) _ 4,

\/(P+Zo)2 \/(p—zo)2 (p+ 20) p =20

and so the expression in [15.5 equals

1 g sin ¢
—4p— [ 2p° d
229 ( S V(p? + 22 — 2pz0 cos ¢) ¢>

1 1 [ 2pzg sin ¢
=5 \|4—— /[ »r S d¢
229 20 Jo  \/(p? + 22 — 2pzp cos §)

1 2p 1/2 1
= 7 <4p Y (p2 + 22 — 2p2o cos @) |0)
1 2p
= (4p- 2L —(p— = 0.
o (1= 2104 20) - (- 0]

Therefore, in this case the inner integral of [15.4! equals zero and so the original integral
will also be zero.
The other case is when 2y > b and so it is always the case that zy > p. In this case
the first two terms of [15.5] are
2o(pt20)  20(p—20) _20(pt20) 20(p=2) _,
2 2 + 2 20 — '
Viot+0? Jp—z)? TR 0=F
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Therefore in this case, [15.5 equals
1 T sin ¢
— [ - / 2p? — do
220\ Jo ¥ P+ B —2p200059)

— /7r 2pzg sin ¢ do
225 \Jo /(p® + 22 — 2pzg cos ¢)

which equals

- 1/2 x
72p ((p2+z§ — 2pzo cos @) / 0)
0
—p 2p
= —llpt+2)—(20—p)=——%.
20 <0

Thus the inner integral of [15.4/ reduces to the above simple expression. Therefore, 15.4
equals
2m b 3 3
2, 4 b’ —a
-—— dpdf = ——m——5—
fo [ () oo =5

aGk /H [ (2= %) dv

. 513/2
22+ Y%+ (2 — 20)

and so

4 3_ .3 1 ~a
— WGk (—7rb a ) :_thota mass

2 2
3 2 z5

15.2 Exercises

1. Find the area of the bounded region, R, determined by bx+y = 2,5z4+y =8,y =
2z, and y = 6.

2. Find the area of the bounded region, R, determined by y + 2z = 6,y + 22 =
10,y = 3z, and y = 4x.

3. A solid, R is determined by 3z +y = 2,3x +y = 4,y = 2z, and y = 62 and the
density is p = x. Find the total mass of R.

4. A solid, R is determined by 4x + 2y = 5,4x + 2y = 6,y = 5x, and y = 7Tx and the
density is p = y. Find the total mass of R.

5. A solid, R is determined by 3x +y = 3,3z +y = 10,y = 3z, and y = 5z and the
density is p = y~!. Find the total mass of R.

6. Find the volume of the region, F, bounded by the ellipsoid, ixQ +y2+22 =1

7. Here are three vectors. (4, 1,2)T , (5,0,2)T, and (3, 1,3)T. These vectors deter-
mine a parallelepiped, R, which is occupied by a solid having density p = z. Find
the mass of this solid.

8. Here are three vectors. (5,1, 6)T , (6,0, 6)T, and (4,1, 7)T. These vectors deter-
mine a parallelepiped, R, which is occupied by a solid having density p = y. Find
the mass of this solid.
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Here are three vectors. (5,2, 9)T , (6,1, 9)T7 and (4,2, 1O)T. These vectors deter-
mine a parallelepiped, R, which is occupied by a solid having density p = y + x.
Find the mass of this solid.

Let D = {(z,y) : 2> +y> < 25}. Find [, > +25° dz dy.
Let D = {(z,y) : * + y* < 16}. Find [, cos (922 + 9y?) dz dy.

The ice cream in a sugar cone is described in spherical coordinates by p €
[0,10],¢ € [0, %w] ,0 € [0,2x]. If the units are in centimeters, find the total
volume in cubic centimeters of this ice cream.

Find the volume between z = 5 — 22 — y? and z = 2/x2 + y2.

A ball of radius 3 is placed in a drill press and a hole of radius 2 is drilled out with
the center of the hole a diameter of the ball. What is the volume of the material
which remains?

A ball of radius 9 has density equal to \/x2 + 2 + 22 in rectangular coordinates.
The top of this ball is sliced off by a plane of the form z = 2. What is the mass of
what remains?

Find fs 4 dV where S is described in polar coordinates as 1 <r <2 and 0 <0 <
/4.

Find fs ((%)2 + 1) dV where S is given in polar coordinates as 1 < r < 2 and
0<6<gm

Use polar coordinates to evaluate the following integral. Here S is given in terms

of the polar coordinates. fs sin (2352 + 2y2) dV wherer <2and 0 <6 < %w.

Find [ e22°+2° JV/ where S is given in terms of the polar coordinates, r < 2 and
0<0<m.

Compute the volume of a sphere of radius R using cylindrical coordinates.

In Example [15.1.16/ on Page [338 check out all the details by working the integrals
to be sure the steps are right.

What if the hollow sphere in Example [15.1.16/ were in two dimensions and every-
thing, including Newton’s law still held? Would similar conclusions hold? Explain.
Fill in all details for the following argument that [ e~ dy = $V7. Let I =
I e~ dx. Then

0o oo s 9 w/2 oo ) 1
I? :/ / e (@ +y )dxdy 2/ / re " drdf = -
o Jo 0 0 4

from which the result follows.

(z—m)?
Show ffooo \/21706_ 27 dz = 1. Here 0 is a positive number called the standard

deviation and g is a number called the mean.

Show using Problem 23/ T° (%) = /7, Recall T (a) = fOOO e—tra—1gs.

Let p,q > 0 and define B (p, q) = f01 2?1 (1 —2)?"". Show

L(p)T(q)=Bmql(p+q)

. Hint: It is fairly routine if you start with the left side and proceed to change
variables.
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15.3 Exercises With Answers

1. Find the area of the bounded region, R, determined by 3z + 3y = 1,3z + 3y =
8,y =3z, and y = 4.

Answer:

Let u = £,v = 3x + 3y. Then solving these equations for x and y yields

1 v 1
d(x,y) — det _15(1+u)2 o) 1w
30Tw? 3 ?

Also, u € [3,4] while v € [1, 8] . Therefore,

dV dvdu =

1+u

4 8
1

//,417mm21

3 J1 9(1+w) 40

2. Find the area of the bounded region, R, determined by 5z4+y =1,5z+y =9,y =
2z, and y = 5z.

Answer:

Let u = £,v = 52 4 y. Then solving these equations for 2 and y yields

v v
x = JY=1u .
{ S+u 5+u}

Now

v 1
7] (.’E, y) — det - (54+u)? 54+u _ v
= 5v o _u | = z
(+uw)?  Btu (5 +u)

Also, u € [2,5] while v € [1,9]. Therefore,

dvdu—/ / 7dvdu—2
(5+u)’ 7

3. A solid, R is determined by 5z + 3y = 4,5z 4+ 3y = 9,y = 2z, and y = 5z and the
density is p = z. Find the total mass of R.

dV

5+u

Answer:

Let w = £ v = 5x + 3y. Then solving these equations for x and y yields

v v
T = Y =1 .
{ 5+ 3u 5+3u}

Now
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1
0 (z,y) — det _3(5+1Z)’)u)2 5¥3u | _ v .
0 (u,v) 5 (5+gu)2 5750 (5 + 3u)?
Also, u € [2,5] while v € [4,9]. Therefore,
5 9
/pde// Y — Y 5| dvdu =
R 2 Ja DF3u| (5+3u)

/ / (5+3u> ((5+3u) ) dodu = 12132;0'

4. A solid, R is determined by 2x + 2y = 1,2z 4+ 2y = 10,y = 4, and y = 5z and
the density is p = x + 1. Find the total mass of R.

Answer:
Let u = £, v = 2x + 2y. Then solving these equations for x and y yields
1w 1 v
EE T RTAL A Ly
Now

1
8('7773/) = det < _15 (1:11«)2 12+2u ) — _EL

Also, u € [4,5] while v € [1,10]. Therefore,

/deV = //1OI+1
_ //10x—|—1< 1+u)>dvdu

5. A solid, R is determined by 4z 4+ 2y = 1,4z + 2y = 9,y = =, and y = 6z and the
density is p = y~!. Find the total mass of R.

dv du
(1 Jru)

Answer:

Let u = £, v = 42 4 2y. Then solving these equations for x and y yields

Now
1 v 1
9 (z,y) et [ 2Erw? T ) _ 1w
9 (u,v) (2&)2 35 4(2+ )
Also, u € [1,6] while v € [1,9]. Therefore,

1 v

6 9 -1
Jorwr= [ () |
R 1 )1 2 24u

— dvdu = —4In2+4In3
4(2+u)
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6. Find the volume of the region, E, bounded by the ellipsoid, ixQ + éyz + 4—1922 =1.

Answer:

Letu =1z, 0= %y, w= %z Then (u, v, w) is a point in the unit ball, B. Therefore,

2
0(2.4,2) py _ /dV

6uvw

But g((igz)) = 42 and so the answer is

4
(volume of B) x 42 = §7r42 = 567.

Here are three vectors. (4,1, 4)T , (5,0, 4)T ,and(3,1, 5)T . These vectors determine
a parallelepiped, R, which is occupied by a solid having density p = x. Find the
mass of this solid.

Answer:
4 5 3 U z
Let 1 01 v = | v | . Then this maps the unit cube,
4 4 5 w z
Q@ =10,1] x [0,1] x [0,1]
onto R and
4 5 3
0
a(x’y’z) —ldet{ 1 0 1 ||=]-9/=9
(u, v, w) 4 4 5

so the mass is

/Rde=/Q(4u—|—5v+3w)(9) av

111
:/ / / (4u 4 5v + 3w) (9) dudvdw = 54
o Jo Jo

Here are three vectors. (3,2,6)" ,(4,1,6)" , and (2,2,7)" . These vectors deter-
mine a parallelepiped, R, which is occupied by a solid having density p = y. Find
the mass of this solid.

Answer:
3 4 2 U T

Let 2 1 2 v = | v | . Then this maps the unit cube,
6 6 7 w z

Q =1[0,1] x [0,1] x [0,1]

onto R and

3 4 2
=ldet| 2 1 2 |[=|-11|=11
6 6 7

and so the mass is
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9.

10.

11.

/Rast—/Q(Zquv+2w)(1l) av

1 1 gl 55
:/ / / 2u+v+2w) (11) dudvdw = —.
o Jo Jo 2

Here are three vectors. (2, 2,4)T , (3, 1,4)T, and (1,2, 5)T. These vectors deter-
mine a parallelepiped, R, which is occupied by a solid having density p = y + x.
Find the mass of this solid.

Answer
2 31 U T
Let 2 1 2 v = | v | . Then this maps the unit cube,
4 4 5 w z
Q@ =10,1] x [0,1] x [0,1]
onto R and
2 31
0
M: det | 2 1 2 ||=|-8=8
(u, v, w) 4 4 5

and so the mass is 2u + 3v + w

(/adV’ /’4u+4v+3w)@)dv

/// (du + 4v + 3w) (8) dudvdw = 44.

Let D = {(z,y) : #* + y* < 25}. Find [, 3677 H36Y% o dy.
Answer:

This is easy in polar coordinates. * = rcosf,y = rsinf. Thus ?9((3;’3)) =7 and in

terms of these new coordinates, the disk, D, is the rectangle,

R={(r,0) €[0,5] x [0,27]} .

/ A0 gy = / O rdv =
D R
5 27‘(‘ 2 1
/ / e rdodr = —r (6900 - 1) .
o Jo 36

Note you wouldn’t get very far without changing the variables in this.

Therefore,

Let D = {(x,y) cx? 4?2 < 9}. Find fD cos (36x2 + 36y2) dz dy.
Answer:
This is easy in polar coordinates. = rcos@,y = rsinf. Thus ?9((23)) =7 and in

terms of these new coordinates, the disk, D, is the rectangle,

R={(r,0) €[0,3] x [0,27]} .




346

12.

13.

14.

15.

THE INTEGRAL IN OTHER COORDINATES

Therefore,

/ cos (36102 + 36y2) dV = / oS (36r2) rdV =
D R

3 2m 1
/ / cos (36r%) rdf dr = — (sin324)
o Jo 36

The ice cream in a sugar cone is described in spherical coordinates by p € [0,8],¢ €
[0, iw] ,0 € [0,27] . If the units are in centimeters, find the total volume in cubic
centimeters of this ice cream.

Answer:
Remember that in spherical coordinates, the volume element is p? sin ¢ dV and so

lﬂ' s .
the total volume of this is fos IR 02 p?singdf dp dp = —22/2m + 19247,

Find the volume between z = 5 — 22 — y? and 2z = /(22 + 32).
Answer:

Use cylindrical coordinates. In terms of these coordinates the shape is

h—r? >z>7‘7‘€[0 ~V21 - ]96[027‘(]

Also, a( )) = r. Therefore, the volume is

27 l\/ﬁ—l 5—p?
/ /2 2/ rdzdrd9:§7r+17r\/ﬁ
0 0 0 4 4

A ball of radius 12 is placed in a drill press and a hole of radius 4 is drilled out
with the center of the hole a diameter of the ball. What is the volume of the
material which remains?

Answer:

You know the formula for the volume of a sphere and so if you find out how much
stuff is taken away, then it will be easy to find what is left. To find the volume of
what is removed, it is easiest to use cylindrical coordinates. This volume is

27 (144 r2 4
/ / / rdzddr = — O%W + 23047

(144—r2)
Therefore, the volume of what remains is 3 (12) minus the above. Thus the
volume of what remains is
4096 3
—— V2.
3

A ball of radius 11 has density equal to y/x2 + y2 + 22 in rectangular coordinates.
The top of this ball is sliced off by a plane of the form z = 1. What is the mass of
what remains?

Answer:

27 arcsin 12—1 sec ¢ 27 T 11
/ / / p3sin ¢ dpdep d9+/ / / p>singdpde do
0 0 arcsin( % \/@) 0



15.4.

16.

17.

18.

19.

20.

THE MOMENT OF INERTIA 347

24623

= —7
Find |, g 2dV where S is described in polar coordinates as 1 <r <2 and 0 <6 <
/4.

Answer:

Use x = rcosf and y = rsinf. Then the integral in polar coordinates is

7!‘/4 2 3
/ / (rtan®) drdf = — In 2.
o 1 4

Find [ ((%)2 + 1) dV where S is given in polar coordinates as 1 < r < 2 and
1
1

Use x = rcosf and y = rsinf. Then the integral in polar coordinates is

irr 2
/ / (1 + tan? 9) rdrdf.
0 1

Use polar coordinates to evaluate the following integral. Here S is given in terms
of the polar coordinates. [ sin (4z% 4+ 4y*) dV where r <2 and 0 < 6 < ¢7.

Answer:

%TI’ 2
/ / sin (47"2) rdrdf.
0 0

Find [ 22°+20” 4V where § is given in terms of the polar coordinates, r < 2 and
0<60<im

Answer:

The integral is
i 2
3 1
/ / re?” drdf = —n (e®—1).

Compute the volume of a sphere of radius R using cylindrical coordinates.

Answer:

Using cylindrical coordinates, the integral is fo% fOR fﬂf‘%rdz drdf = 3mR3.

15.4 The Moment Of Inertia

In order to appreciate the importance of this concept, it is necessary to discuss its
physical significance.
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15.4.1 The Spinning Top

To begin with consider a spinning top as illustrated in the following picture.

Na

For the purpose of this discussion, consider the top as a large number of point masses,
m;, located at the positions, r; (¢) for i = 1,2,---, N and these masses are symmetrically
arranged relative to the axis of the top. As the top spins, the axis of symmetry is
observed to move around the z axis. This is called precession and you will see it occur
whenever you spin a top. What is the speed of this precession? In other words, what is
6'? The following discussion follows one given in Sears and Zemansky [26].

Imagine a coordinate system which is fixed relative to the moving top. Thus in this
coordinate system the points of the top are fixed. Let the standard unit vectors of the
coordinate system moving with the top be denoted by i(t),j(¢),k (¢). From Theorem
8.4.2 on Page [163), there exists an angular velocity vector €2 (¢) such that if u(¢) is the
position vector of a point fixed in the top, (u (¢) = uii (t) + uaj (t) + usk (t)),

u(t)=Q() xu(t).
The vector €2, shown in the picture is the vector for which
r,(t)=Q, xr; (1)

is the velocity of the i*" point mass due to rotation about the axis of the top. Thus
Q(t) = Qg (t) + Qp (¢) and it is assumed Q,, (¢) is very small relative to €,. In other
words, it is assumed the axis of the top moves very slowly relative to the speed of the
points in the top which are spinning very fast around the axis of the top. The angular
momentum, L is defined by

N
L EZri X MV (15.6)
i=1
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where v; equals the velocity of the i*" point mass. Thus v; = Q (t) x r; and from the
above assumption, v; may be taken equal to €, x r;. Therefore, L is essentially given
by

=
If
&
o
X
o
IS)
X
o

N
. 12 . )
;mz (|rl| Q, — (r; - Q) rl) )

By symmetry of the top, this last expression equals a multiple of €,. Thus L is parallel
to Q. Also,

N
L'Qa = Zmiﬂa~ri>< (QaXI‘i)
=1
N
= ) mi(Qaxr) (U x15)
1=1

N N
= > ma | xr =Y my [ ] sin” (8))
i=1 =1

where (3, denotes the angle between the position vector of the i*" point mass and the
axis of the top. Since this expression is positive, this also shows L has the same direction
as Q. Let w = |Q,|. Then the above expression is of the form

L-Q, = Iw?,

where
N
2 .
I= Zmi |r;]° sin? (3;) .
i=1
Thus, to get I you take the mass of the i** point mass, multiply it by the square of
its distance to the axis of the top and add all these up. This is defined as the moment

of inertia of the top about the axis of the top. Letting u denote a unit vector in the
direction of the axis of the top, this implies

L = lwu. (15.7)

Note the simple description of the angular momentum in terms of the moment of inertia.
Referring to the above picture, define the vector, y to be the projection of the vector,
u on the zy plane. Thus

y=u—(u-kk

and
(u-i) = (y-i) =sinacosb. (15.8)
Now also from [15.6),
=0
N
dL
il Zmzrg X Vi +T; X m;V,
i=1
N N

= E rixmivgz—g r; X m;gk

i=1 i=1
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where g is the acceleration of gravity. From [15.7, [15.8, and the above,

dL ., da |\ dy .
E-l = Iw(dtq)_lw(dt 1)

N
= (—Iwsinasinf)§ = —Zri x m;gk - i

i=1

N N

i=1 i=1

To simplify this further, recall the following definition of the center of mass.

Definition 15.4.1 Define the total mass, M by

N
M = Z m;
i=1
and the center of mass, ro by

(15.10)

In terms of the center of mass, the last expression equals
—Mgrg-j = —Mg(rg—(ro-k)k+ (ro-k)k)-j
= —Mg(ro—(ro-k)k)-j
= —Mglrg— (ro - k) Kk|cosb
= —Mg]|ro|sinacos (g - 9) .

Note that by symmetry, rq (¢) is on the axis of the top, is in the same direction as L, u,
and Q,, and also |rg| is independent of ¢. Therefore, from the second line of [15.9,

(—Iwsinasinf) @' = —Mg |ro| sin asin 6.
which shows
M
o — ?'r()'. (15.11)
w

From [15.11, the angular velocity of precession does not depend on « in the picture.
It also is slower when w is large and I is large.

The above discussion is a considerable simplification of the problem of a spinning
top obtained from an assumption that €2, is approximately equal to Q. It also leaves
out all considerations of friction and the observation that the axis of symmetry wobbles.
This is wobbling is called nutation. The full mathematical treatment of this problem
involves the Euler angles and some fairly complicated differential equations obtained
using techniques discussed in advanced physics classes. Lagrange studied these types of
problems back in the 1700’s.

15.4.2 Kinetic Energy

The next problem is that of understanding the total kinetic energy of a collection of
moving point masses. Consider a possibly large number of point masses, m; located at
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the positions r; for i = 1,2, - -, N. Thus the velocity of the i*" point mass is r, = v,
The kinetic energy of the mass m; is defined by

1 2

oM 5]

(This is a very good time to review the presentation on kinetic energy given on Page
170L) The total kinetic energy of the collection of masses is then

N 4 o
E=>)" 5l (15.12)
i=1

As these masses move about, so does the center of mass, rg. Thus rg is a function
of t just as the other r;. From [15.12/ the total kinetic energy is

N
2
E = 257’)’% |r;—r6+r6|
=1
N
= 30 g [l w2 = xhxh) (15.13)
i=1

Now

N N !

> mi(r—xh-r)) = <Zm1 (r; —1‘0)> -1

=1 L

0
because from [15.10
N N N
> mi(ri—rg) = Y mr;— Y mrg
=1 =1 =1
N N N
= S-S (Emm) o

i=1 i=1

Let M = Zfil m,; be the total mass. Then [15.13 reduces to

WE

1
B = > omy [} - xbf + Ixo ]

=1

-
Il

DN | =

N
1
M [r))? +Z§mi I — ). (15.14)
=1

The first term is just the kinetic energy of a point mass equal to the sum of all the masses
involved, located at the center of mass of the system of masses while the second term
represents kinetic energy which comes from the relative velocities of the masses taken
with respect to the center of mass. It is this term which is considered more carefully in
the case where the system of masses maintain distance between each other.

To illustrate the contrast between the case where the masses maintain a constant
distance and one in which they don’t, take a hard boiled egg and spin it and then take
a raw egg and give it a spin. You will certainly feel a big difference in the way the two
eggs respond. Incidentally, this is a good way to tell whether the egg has been hard
boiled or is raw and can be used to prevent messiness which could occur if you think it
is hard boiled and it really isn’t.
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Now let e (t), ez (t), and e3 (t) be an orthonormal set of vectors which is fixed in
the body undergoing rigid body motion. This means that r; (¢) —ro (¢) has components
which are constant in ¢ with respect to the vectors, e; (t). By Theorem [8.4.2] on Page
163l there exists a vector, € (¢) which does not depend on i such that

r; () =g (1) = 2(t) x (ri (t) —ro (¢)) -

Now using this in [15.14

E

M+ 37 Sml@ (1) x (s (1) — vo ()]

i=1

N
1 1 .
§M |I“6|2 + 3 (; m; [r; (t) — ro (t)]* sin? 91’) Q1)

N
1 712 1 2 .2 2
iM Iro|” + 3 (;ml |r; (0) — rp (0)]” sin 9i> |2 (1)

where 6; is the angle between €2 (¢) and the vector, r; (¢)—r¢ (t) . Therefore, |r; (t) — ro (¢)|sin6;
is the distance between the point mass, m; located at r; and a line through the center
of mass, ry with direction, €2 as indicated in the following picture.

Q(t)

Thus the expression, Zfil mi |r; (0) — 1o (0)|* sin 6, plays the role of a mass in the
definition of kinetic energy except instead of the speed, substitute the angular speed,
|2 (¢)]. It is this expression which is called the moment of inertia about the line whose
direction is Q (1) .

In both of these examples, the center of mass and the moment of inertia occurred
in a natural way.

15.4.3 Finding The Moment Of Inertia And Center Of Mass

The methods used to evaluate multiple integrals make possible the determination of
centers of mass and moments of inertia. In the case of a solid material rather than
finitely many point masses, you replace the sums with integrals. The sums are essentially
approximations of the integrals which result. This leads to the following definition.

Definition 15.4.2 Let a solid occupy a region R such that its density is p (x) for x a
point in R and let L be a line. For x € R, let 1 (x) be the distance from the point, x to
the line L. The moment of inertia of the solid is defined as

/ L(x)? p () dV.
R

Letting (X,¥,Z) denote the Cartesian coordinates of the center of mass,

+ _ Jrrp()adV y:J"Ryp(X)dV
Jpp(x)dv’ Jpp(x)dv’
 fyav

Jrp(x)dV
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where x,y, z are the Cartesian coordinates of the point at x.

Example 15.4.3 Let a solid occupy the three dimensional region R and suppose the
density is p. What is the moment of inertia of this solid about the z azis? What is the
center of mass?

Here the little masses would be of the form p (x) dV where x is a point of R. There-
fore, the contribution of this mass to the moment of inertia would be

(2 +y*) p(x) dV

where the Cartesian coordinates of the point x are (z,y, z) . Then summing these up as
an integral, yields the following for the moment of inertia.

/R (z® + %) p(x) V- (15.15)

To find the center of mass, sum up rpdV for the points in R and divide by the total
mass. In Cartesian coordinates, where r = (,y, z) , this means to sum up vectors of the
form (zpdV,ypdV, zpdV') and divide by the total mass. Thus the Cartesian coordinates
of the center of mass are

(fRscpdV Jrypdv fRzpdV> :erpdV
JrpdV " [gpdV " [ppdV JrpdV

Here is a specific example.

Example 15.4.4 Find the moment of inertia about the z axis and center of mass of
the solid which occupies the region, R defined by 9 — (x2 + y2) > z >0 if the density is

p(x,y,2) = /22 +y2.

This moment of inertia is fR (332 + y2) V22 + 42 dV and the easiest way to find this
integral is to use cylindrical coordinates. Thus the answer is

2 3 p9—r2
8748
/ / / r3rdzdrdd = ——r.
0 o Jo 35

To find the center of mass, note the x and y coordinates of the center of mass,

JpxpdV  [pypdV
JrpdV " [gpdV

both equal zero because the above shape is symmetric about the z axis and p is also
symmetric in its values. Thus xpdV will cancel with —zpdV and a similar conclusion
will hold for the y coordinate. It only remains to find the z coordinate of the center of
mass, z. In polar coordinates, p = r and so,

zZ= = 0 =_.

JppdVo S92 g grag 7

27 3 (9-r? o
Jpzedv 57 [ zr?dzdrdf 18

Thus the center of mass will be (O, 0, 1—78) .



354

THE INTEGRAL IN OTHER COORDINATES

15.5 Exercises

1.

10.

11.

12.

13.

14.

15.

Let R denote the finite region bounded by z = 4 — 22 — 3?2 and the xy plane. Find
Z¢, the z coordinate of the center of mass if the density, o is a constant.

Let R denote the finite region bounded by z = 4 — 22 —y? and the zy plane. Find
zc, the z coordinate of the center of mass if the density, o is equals o (z,y, z) = 2.

Find the mass and center of mass of the region between the surfaces z = —y? + 8
and z = 222 + y? if the density equals o = 1.

Find the mass and center of mass of the region between the surfaces z = —y? + 8

and z = 222 + y? if the density equals o (z,y,2) = 2.

The two cylinders, 22 + y? = 4 and 3?2 + 22 = 4 intersect in a region, R. Find the
2

mass and center of mass if the density, o, is given by o (z,y, 2) = 2=
The two cylinders, 22 4+ y? = 4 and 3?2 + 22 = 4 intersect in a region, R. Find the
mass and center of mass if the density, o, is given by o (z,y,2) = 4+ 2.

Find the mass and center of mass of the set, (z,y, z) such that % + % +22<1
if the density is o (z,y,2) =4+ y + z.

Let R denote the finite region bounded by z = 9 — 22 —y? and the zy plane. Find
the moment of inertia of this shape about the z axis given the density equals 1.

Let R denote the finite region bounded by z = 9 — 22 —y? and the zy plane. Find
the moment of inertia of this shape about the x axis given the density equals 1.

Let B be a solid ball of constant density and radius R. Find the moment of inertia
about a line through a diameter of the ball. You should get %RQM where M
equals the mass.

Let B be a solid ball of density, ¢ = p where p is the distance to the center of
the ball which has radius R. Find the moment of inertia about a line through a
diameter of the ball. Write your answer in terms of the total mass and the radius
as was done in the constant density case.

Let C be a solid cylinder of constant density and radius R. Find the moment of
inertia about the axis of the cylinder

You should get %R2M where M is the mass.

Let C be a solid cylinder of constant density and radius R and mass M and let B
be a solid ball of radius R and mass M. The cylinder and the sphere are placed
on the top of an inclined plane and allowed to roll to the bottom. Which one will
arrive first and why?

Suppose a solid of mass M occupying the region, B has moment of inertia, I;
about a line, [ which passes through the center of mass of M and let [; be another
line parallel to [ and at a distance of a from [. Then the parallel axis theorem
states I, = I + a?M. Prove the parallel axis theorem. Hint: Choose axes such
that the z axis is [ and I; passes through the point (a,0) in the zy plane.

Using the parallel axis theorem find the moment of inertia of a solid ball of radius
R and mass M about an axis located at a distance of a from the center of the
ball. Your answer should be Ma? + %M R2.
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17.

18.
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Consider all axes in computing the moment of inertia of a solid. Will the smallest
possible moment of inertia always result from using an axis which goes through
the center of mass?

Find the moment of inertia of a solid thin rod of length [, mass M, and constant
density about an axis through the center of the rod perpendicular to the axis of
the rod. You should get 1—12l2M.

Using the parallel axis theorem, find the moment of inertia of a solid thin rod of
length [, mass M, and constant density about an axis through an end of the rod
perpendicular to the axis of the rod. You should get %ZQM .

Let the angle between the z axis and the sides of a right circular cone be «. Also
assume the height of this cone is h. Find the z coordinate of the center of mass of
this cone in terms of a and h assuming the density is constant.

Let the angle between the z axis and the sides of a right circular cone be «.
Also assume the height of this cone is h. Assuming the density is o = 1, find the
moment of inertia about the z axis in terms of a and h.

Let R denote the part of the solid ball, 2% 4+ y? + 22 < R? which lies in the first
octant. That is x,y, z > 0. Find the coordinates of the center of mass if the density
is constant. Your answer for one of the coordinates for the center of mass should

be (3/8) R.
Show that in general for L angular momentum,

dL
B
dt

I‘EZrixFi

where F; is the force on the i*" point mass.

where T is the total torque,
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The Integral On Two
Dimensional Surfaces In R’

16.0.1 Owutcomes

1. Find the area of a surface.

2. Define and compute integrals over surfaces given parametrically.

16.1 The Two Dimensional Area In R?

Consider the boundary of some three dimensional region such that a function, f is
defined on this boundary. Imagine taking the value of this function at a point, mul-
tiplying this value by the area of an infinitesimal chunk of area located at this point
and then adding these up. This is just the notion of the integral presented earlier only
now there is a difference because this infinitesimal chunk of area should be considered
as two dimensional even though it is in three dimensions. However, it is not really all
that different from what was done earlier. It all depends on the following fundamental
definition which is just a review of the fact presented earlier that the area of a paral-
lelogram determined by two vectors in R? is the norm of the cross product of the two
vectors.

Definition 16.1.1 Let uy, uy be vectors in R3. The 2 dimensional parallelogram deter-
mined by these vectors will be denoted by P (uy,us) and it is defined as

2
P(ul,ug) = ZSjllj LS5 S [O, 1]
j=1

Then the area of this parallelogram is
area P (uy,u2) = |ug X uy|.

Suppose then that x = f (u) where u € U, a subset of R? and x is a point in V, a

subset of 3 dimensional space. Thus, letting the Cartesian coordinates of x be given by
T . . .

x = (z1,2,23)" , each x; being a function of u, an infinitesimal rectangle located at

uy corresponds to an infinitesimal parallelogram located at f (ug) which is determined

2
by the 2 vectors {% dui}‘ , each of which is tangent to the surface defined by

x = f (u). (No sum on the repeated index.) From Definition [16.1.1} the volume of this

357
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infinitesimal parallelepiped located at f (ug) is given by

ox (110) ox (U()) N ox (UQ) ox (uo)
au1 du1 X au2 dUQ = 8u1 X 811,2 du1 dUQ (161)
= |fu1 X fU2 | duldu2 (162)

It might help to think of a lizard. The infinitesimal parallelepiped is like a very small
scale on a lizard. This is the essence of the idea. To define the area of the lizard sum
up areas of individual scales!. If the scales are small enough, their sum would serve as
a good approximation to the area of the lizard.

This motivates the following fundamental procedure which I hope is extremely fa-
miliar from the earlier material.

Procedure 16.1.2 Suppose U is a subset of R? and suppose f : U — £ (U) C R? is a
one to one and C' function. Then if h : £ (U) — R, define the 2 dimensional surface
integral, ff(U) h(x) dA according to the following formula.

/ h(x) dAE/h(f(u)) £, (1) x £u, (0)] dusdus.
£(U) U

Definition 16.1.3 [t is customary to write |f,, (u) x £, (u)| = % because this
new notation generalizes to far more general situations for which the cross product is

not defined. For example, one can consider three dimensional surfaces in RS,

Example 16.1.4 Find the area of the region labeled A in the following picture. The
two circles are of radius 1, one has center (0,0) and the other has center (1,0).

£

The circles bounding these disks are 2% +y% = 1 and (z — 1)2—|—y2 =2249y?—2z+1=
1. Therefore, in polar coordinates these are of the form » = 1 and r = 2cos#.

1This beautiful lizard is a Sceloporus magister. It was photographed by C. Riley Nelson who is in
the Zoology department at Brigham Young University (© 2004 in Kane Co. Utah. The lizard is a little
less than one foot in length.
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The set A corresponds to the set U, in the (6,r) plane determined by 6 € [—%, %]
and for each value of # in this interval, r goes from 1 up to 2cosf. Therefore, the area

of this region is of the form,

/3 2 cos O 8 171 T JC3)
1dV = / ek drdf.
/ w/3 8(67T)

It is necessary to find aggé’m)g). The mapping f : U — R? takes the form f (0,r) =

(rcos@,rsin@)” . Here x5 = 0 and so

i j ok i ik
M _ Lﬂg ng Lze. = || —rsinf rcosf O ||=7r
a(6,r) gz;  dxy  Jxy cos sinfd 0

or or or

Therefore, the area element is r dr df. It follows the desired area is
/3 2cos @
/ / rdrdf = \[ 3+ 7r
w/3

Example 16.1.5 Consider the surface given by z = x* for (z,y) € [0,1] x [0,1] = U.
Find the surface area of this surface.

The first step in using the above is to write this surface in the form x = f (u) . This
is easy to do if you let u = (z,y). Then f (z,y) = (x,y,x?) . If you like, let z = uy and
y =y, What is 250:020) — |, £ [?

1 0
f, = 0 = 1
2x 0
and so
1 0
If, x | = 0 x| 1 =1+ 422
2z 0

and so the area element is v/1 4 422 dx dy and the surface area is obtained by integrating
the function, h (x) = 1. Therefore, this area is

1 1 1 1
/ dA:/ / \/1+4x2dacdy:f\/5—fln<—2+\/g)
£(U) o Jo 2 4

which can be obtained by using the trig. substitution, 2z = tan # on the inside integral.

Note this all depends on being able to write the surface in the form, x = f (u) for
u € U C RP. Surfaces obtained in this form are called parametrically defined surfaces.
These are best but sometimes you have some other description of a surface and in these
cases things can get pretty intractable. For example, you might have a level surface
of the form 3z2 + 4y* + 25 = 10. In this case, you could solve for z using methods of
algebra. Thus z = /10 — 322 — 4y* and a parametric description of part of this level

surface is (x,y, 10 — 322 — 4y4) for (z,y) € U where U = {(z,y) : 32* + 4y* < 10}.

But what if the level surface was something like
sin (a:Q +In (7 + y? sin z)) + sin (zz) €* = 11sin (zyz)?

I really don’t see how to use methods of algebra to solve for some variable in terms of the
others. It isn’t even clear to me whether there are any points (z,y, z) € R? satisfying
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this particular relation. However, if a point satisfying this relation can be identified, the
implicit function theorem from advanced calculus can usually be used to assert one of
the variables is a function of the others, proving the existence of a parameterization at
least locally. The problem is, this theorem doesn’t give the answer in terms of known
functions so this isn’t much help. Finding a parametric description of a surface is a
hard problem and there are no easy answers. This is a good example which illustrates
the gulf between theory and practice.

Example 16.1.6 Let U = [0,12] x [0,27] and let f : U — R3 be given by f(t,s) =
(2cost + cos s, 2sint + sin s,t)T. Find a double integral for the surface area. A graph
of this surface is drawn below.

It looks like something you would use to make sausages®. Anyway,

—2sint —sins
f; = 2cost i = Cos S
1 0
and
—Cos s
ft X fs = —sins
—2sintcoss + 2costsin s
and so

8(1:1,x2,:c3)

a(t,s)

Therefore, the desired integral giving the area is

=|f; x f5| = \/5—4sin2tsin2s—SSintsinscostcoss — 4 cos?tcos? s.

o2 12
/ \/5 — 4sin® tsin? s — 8sintsin scost cos s — 4 cos? t cos? s dt ds.
o Jo

If you really needed to find the number this equals, how would you go about finding it?
This is an interesting question and there is no single right answer. You should think
about this. Here is an example for which you will be able to find the integrals.

Example 16.1.7 Let U = [0,27] x [0,27] and for (t,s) € U, let
f(t,s) = (2cost+ costcoss, —2sint — sintcos s, sin s)”

Find the area of £ (U) . This is the surface of a donut shown below. The fancy name
for this shape is a torus.

-

2At Volwerth’s in Hancock Michigan, they make excellent sausages and hot dogs. The best are made
from “natural casings” which are the linings of intestines.
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To find its area,

—2sint — sintcos s —costsins
f; = —2cost —costcoss | ,f, = sintsin s
0 CcOS S

and so |f; x f5| = (cos s + 2) so the area element is (cos s + 2) dsdt and the area is

27 2m
/ / (cos s + 2) dsdt = 82
o Jo

Example 16.1.8 Let U = [0, 27] x [0, 27| and for (t,s) € U, let

f(t,s) = (2cost + costcoss, —2sint — sintcos s, sin )"

/ hdV
£(U)

Everything is the same as the preceding example except this time it is an integral
of a function. The area element is (cos s + 2) dsdt and so the integral called for is

Find

where h (z,y, z) = 22

x on the surface 2

2m 2
/ hdA:/ / 2cost + costcoss | (coss+2) dsdt = 227n°
£(U) o Jo

16.1.1 Surfaces Of The Form z = f (z,y)

The special case where a surface is in the form z = f (x,y), (z,y) € U, yields a simple
formula which is used most often in this situation. You write the surface parametrically
in the form f (z,y) = (=, v, f (z, y))T such that (x,y) € U. Then

1 0
.= 0 |.£=1] 1
Jz Ty

and

|fw><fy|:\/1+f3+f§
1+ f2+ f2dvdy.

When the surface of interest comes in this simple form, people generally use this area
element directly rather than worrying about a parameterization and taking cross prod-
ucts.

In the case where the surface is of the form z = f(y,z2) for (y,z) € U, the area
element is obtained similarly and is

1+ f2+ f2dydz.

I think you can guess what the area element is if y = f (x, 2) .

There is also a simple geometric description of these area elements. Consider the
surface z = f (z,y) . This is a level surface of the function of three variables z — f (z,y) .
In fact the surface is simply z — f (z,y) = 0. Now consider the gradient of this function

so the area element is
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of three variables. The gradient is perpendicular to the surface and the third component
is positive in this case. This gradient is (—f;, —fy, 1) and so the unit upward normal is
just ———— (—fa, —fy,1). Now consider the following picture.

J \/m ( fa fy ) gp

dv

dxdy

In this picture, you are looking at a chunk of area on the surface seen on edge and
so it seems reasonable to expect to have dxdy = dV cosf. But it is easy to find cosf
from the picture and the properties of the dot product.

n-k 1
n K| 1+ f2+ f2

Therefore, dA = /1 + f2 + f2dx dy as claimed. In this context, the surface involved is

cosf =

referred to as S because the vector valued function, f giving the parameterization will
not have been identified.

Example 16.1.9 Let z = /a2 4+ y? where (z,y) € U for U = {(m,y) cx? 2 < 4}
Find
/hdS
s

where h (x,y,2) = x+2z and S is the surface described as (.73, Y,/ x? + y2> for (z,y) € U.

Here you can see directly the angle in the above picture is 7 and so dV = V2dx dy.
If you don’t see this or if it is unclear, simply compute /1 + f2 + fy2 and you will find

it is v/2. Therefore, using polar coordinates,

/ShdS - /U<x+ x2+y2)\/§d,4

2m 2
\/5/ / (rcos@+r)rdrdd
o Jo

16
= —V2r.
3 T

One other issue is worth mentioning. Suppose f; : U; — R3 where U; are sets in
R? and suppose f; (Uy) intersects fy (Us) along C' where C' = h (V) for V C R!. Then
define integrals and areas over f; (Uy) U £y (Us) as follows.

/ gdAz/ gdA+/ gdA.
f1(U1)Uf2(Uz) f1(U1) £2(U2)

Admittedly, the set C gets added in twice but this doesn’t matter because its 2 dimen-
sional volume equals zero and therefore, the integrals over this set will also be zero.

I have been purposely vague about precise mathematical conditions necessary for
the above procedures. This is because the precise mathematical conditions which are
usually cited are very technical and at the same time far too restrictive. The most
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general conditions under which these sorts of procedures are valid include things like
Lipschitz functions defined on very general sets. These are functions satisfying a Lips-
chitz condition of the form |f (x) — f (y)| < K |x —y|. For example, y = |z| is Lipschitz
continuous. However, this function does not have a derivative at every point. So it
is with Lipschitz functions. However, it turns out these functions have derivatives at
enough points to push everything through but this requires considerations involving the
Lebesgue integral. Lipschitz functions are also not the most general kind of function for
which the above is valid.

16.2 Exercises

1. Find a parameterization for the intersection of the planes 4z + 2y + 4z = 3 and
6x — 2y = —1.

2. Find a parameterization for the intersection of the plane 3z + y + z = 1 and the
circular cylinder 22 + 3% = 1.

3. Find a parameterization for the intersection of the plane 3x 4 2y + 4z = 4 and the
elliptic cylinder x2 + 422 = 16.

4. Find a parameterization for the straight line joining (1,3,1) and (-2,5, 3).

5. Find a parameterization for the intersection of the surfaces 4y + 3z = 322 + 2 and
Jy+2z=—x+3.

6. Find the area of S if S is the part of the circular cylinder z2 + y? = 4 which lies
between z =0 and z =2+ y.

7. Find the area of S if S is the part of the cone z? + 3% = 1622 between z = 0 and
z = h.

8. Parametrizing the cylinder 22 + y? = a? by £ = acosv,y = asinv, z = u, show
that the area element is dA = a dudv

9. Find the area enclosed by the limacon r = 2 + cos 6.

10. Find the surface area of the paraboloid z = h (1 —x2 - y2) between z = 0 and
z=h.

11. Evaluate [ (14 z) dA where S is the part of the plane 4z 4 y + 3z = 12 which is
in the first octant.

12. Evaluate fs (1+ x) dA where S is the part of the cylinder 22 + y* = 9 between
z=0and z = h.

13. Evaluate [ (1 + ) dA where S is the hemisphere 2% +y? + 2% = 4 between z = 0
and x = 2.

14. For (0, ) € [0,27]x[0,27] , let £ (6, o) = (cosf (4 4 cos ) , —sin 6 (4 + cos ) ,sina)”
Find the area of f ([0, 27] x [0, 27]) .

15. For (0, ) € [0,27] x [0,27], let £ (0, ) =
(cosf (3 +2cosa), —sinf (3+2cosa),2sina)’
Also let h (x) = cos @ where « is such that
x = (cosf (34 2cos ), —sinf (34 2cos ), 2sina)”

Find [; | hdA.

0,27] % [0,27]
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16. For (0, «) € [0,27] x [0,27], let £ (0, ) =

(cosf (44 3cosa),—sinf (44 3cosa),3sina)”

Also let h (x) = cos? 6 where 6 is such that

x = (cosf (44 3cos ), —sinf (4 + 3cos ), 3sina)” .

Find [y, | hdA.

0,27] % [0,27]

17. For (8, ) € [0,28] x [0,27], let £ (0, ) =
(cosf (44 2cosa), —sinf (4 +2cosa),2sina +6)" .
Find a double integral which gives the area of f ([0, 28] x [0, 27]) .
18. For (0, ) € [0,27] x [0,27], and (8 a fixed real number, define f (6, o) =

cosf (3 +2cosa),—cosBsinf (3 +2cosa) + 4
2sin @sin «y, sin Bsin 6 (3 + 2 cos ) + 2 cos B sin « ’

Find a double integral which gives the area of f ([0, 27] x [0, 27]).

19. In spherical coordinates, ¢ = ¢, p € [0, R] determines a cone. Find the area of this
cone without doing any work involving Jacobians and such.

16.3 Exercises With Answers

1. Find a parameterization for the intersection of the planes = + y + 2z = —3 and
20 —y+ 2z = —4.

Answer:
(xayvz) = (_t - %7 —t— %7t)
2. Find a parameterization for the intersection of the plane 4z + 2y 44z = 0 and the
circular cylinder 22 + 3% = 16.
Answer:

The cylinder is of the form x = 4cost,y = 4sint and z = z. Therefore, from the
equation of the plane, 16 cost+8sint+4z = 0. Therefore, z = —16 cost—8sin t and

this shows the parameterization is of the form (x,y, z) = (4 cost,4sint, —16 cost — 8sint)
where ¢ € [0, 27] .

3. Find a parameterization for the intersection of the plane 3z 4+ 2y + z = 4 and the
elliptic cylinder 2% 4+ 422 = 1.
Answer:
The cylinder is of the form x = cost,2z = sint and y = y. Therefore, from the
equation of the plane, 3 cos t+2y—|—% sint = 4. Therefore, y = 2—% cos t—i sint and
this shows the parameterization is of the form (z,y, z) = (cos t,2 — % cost — i sin t, % sin t)
where t € [0, 27].

4. Find a parameterization for the straight line joining (4, 3,2) and (1,7,6) .

Answer:

(2,y,2) = (4,3,2) +t (—3,4,4) = (4 — 3t,3 + 4¢,2 + 4t) where ¢ € [0,1].
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5. Find a parameterization for the intersection of the surfaces y + 3z = 422 + 4 and
dy + 4z = 2z 4+ 4.

Answer:

This is an application of Cramer’s rule. y = —22% — % + %x, z= —ix + % + 222,
Therefore, the parameterization is (x,y, z) = (t, —2t2 — % + %t, —it + % + 2t2) .

6. Find the area of S if S is the part of the circular cylinder 22 + y? = 16 which lies
between z =0 and z =4 + y.

Answer:

Use the parameterization, * = 4cosv,y = 4sinv and z = u with the parameter

domain described as follows. The parameter, v goes from —% to 37” and for each

v in this interval, u should go from 0 to 4 + 4sinwv. To see this observe that the
cylinder has its axis parallel to the z axis and if you look at a side view of the

surface you would see something like this:

The positive x axis is coming out of the paper toward you in the above picture
and the angle v is the usual angle measured from the positive = axis. Therefore,

the area is just A = ff:ﬁ 04+4 S A du dv = 327,

7. Find the area of S if S is the part of the cone 22 + 32 = 922 between z = 0 and

z=h.

Answer:

When z = h , 22 4+ 3% = 9h% which is the boundary of a circle of radius ah. A
parameterization of this surface is = u,y = v,z = £/(u® + v?) where (u,v) €

D, a disk centered at the origin having radius ha. Therefore, the volume is just

a 9h2—u2
JpV1+22+22dA= f_hha f_”H%@dvdu = 37h2y/10

(9h2—u
8. Parametrizing the cylinder 22 + y?> = 4 by x = 2cosv,y = 2sinv,z = u, show
that the area element is dA = 2 du dv
Answer:

It is necessary to compute

0 —2sinv
If, x £,| = 0 | x 2 cosv =2.
1 0

and so the area element is as described.
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11.

12.

13.

14.
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Find the area enclosed by the limacon r = 2 + cos 6.
Answer:

You can graph this region and you see it is sort of an oval shape and that 6 € [0, 2]
while 7 goes from 0 up to 2+ cosf. Now x = rcos and y = rsin 6 are the z and y
coordinates corresponding to r and # in the above parameter domain. Therefore,

the area of the limacon equals [, ‘g((fg)) ‘ drdf = 027T O2+C050 rdr df because the

Jacobian equals r in this case. Therefore, the area equals fOQTr 02+C059 rdrdf =

9
5.

Find the surface area of the paraboloid z = h (1 — 2% — y?) between z = 0 and
z =h.

Answer:

Let R denote the unit circle. Then the area of the surface above this circle would
be [ V/1+422h2 + 4y2h2 dA. Changing to polar coordinates, this becomes

f027'r fol (\/m) rdrdf = 6% ((1 +4h2)3/2 _ 1)

Evaluate fs (1+ z) dA where S is the part of the plane 2z + 3y + 3z = 18 which
is in the first octant.

Answer:

JE IS8T (1 4 ) LB dy do = 2822

Evaluate fs (1+ x) dA where S is the part of the cylinder x? + y? = 16 between
z=0and z = h.

Answer:

Parametrize the cylinder as © = 4cosf and y = 4sinf while z = ¢ and the
parameter domain is just [0, 27] x [0, h]. Then the integral to evaluate would be

27 rh
/ / (14+4cosf)4dtdd = 8hm.
o Jo

Note how 4 cos 8 was substituted for x and the area element is 4 dt d6 .

Evaluate [ (1+ 2) dA where S is the hemisphere 2% +y? + 2% = 16 between 2 = 0
and z = 4.

Answer:

Parametrize the sphere as x = 4sin¢cosf,y = 4sin¢sinf, and z = 4cos ¢ and
consider the values of the parameters. Since it is referred to as a hemisphere and in-
volves x > 0, 0 € [—%, g] and ¢ € [0, 7] . Then the area element is 1/a*sin ¢ df d¢
and so the integral to evaluate is

T pw/2
/ / (1+4sin¢cosf) 16sin ¢ df dp = 967
0 —7/2

For (0, ) € [0, 27] x [0,27], let
£(0,a) = (cosf(2+cosa),—sinb (2 + cosa),sina)’

Find the area of f ([0, 27] x [0, 27]) .
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15.

16.

Answer:
—sin (0) (2 + cos a) —cosfsina
Ifo x £, = —cos(0) (24 cosa) | x sin f sin «
0 cos o

= (4 + 4cosa + cos® a)1/2
and so the area element is
(4 + 4 cos o + cos? a) 1/2 df do.

Therefore, the area is
27 27 1/2 27 27
/ / (4+4cosa+0082 a) df do = / / (2 4 cos ) df da = 87°.
o Jo o Jo

For (0, ) € [0,27] x [0, 27], let
£(0,a) = (cosf(4+2cosa),—sinf (4+2cosa),2sina)’ .

Also let h (x) = cos @ where « is such that

x = (cos 0 (44 2cos ), —sinf (4 4 2cos @), 2sin )"

Find ff([o,QTr]X[(),Qﬂ']) hdA.
Answer:
—sin (0) (4 + 2cos ) —2cosfsina
Ifo x £,] = —cos () (44 2cosa) | x 2sinfsin «
0 2cos

(64 + 64 cos a + 16 cos? a) 1/2

and so the area element is
(64 + 64 cos a + 16 cos? a) 12 df do.

Therefore, the desired integral is

2m 2m
/ / (cos ) (64 + 64 cos a + 16 cos® a) Y2 40 da
o Jo

= /027r /027r (cosa) (8 4+ 4cosa) df da = 87°
For (0, @) € [0, 27] x [0,27], let
£(0,a) = (cosf (3+cosa),—sinb (3 + cosa),sina)’
Also let h (x) = cos? @ where 6 is such that
x = (cosf (3 + cosa), —sinf (3 + cos ) ,sina)”

Find [, hav.

0,27] x[0,27])
Answer:
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The area element is s
(9 + 6cos a + cos? oz) / df do.

Therefore, the desired integral is

27 2
/ / (C082 9) (9 + 6 cos a + cos? a)1/2 df do
0 0

2m 2m
= / / (cos?0) (3 + cosar) df da = 67
o Jo
17. For (0, «) € [0,25] x [0,27], let
£(0,a) = (cosf (4+2cosa),—sinf (4 +2cosa),2sina + 6)" .

Find a double integral which gives the area of f ([0, 25] x [0, 27]).
Answer:

In this case, the area element is

(68 + 64 cos o + 12 cos? a)1/2 df do

and so the surface area is

27 27
/ / (68 + 64 cos o + 12 cos? a)1/2 df do.
0 0

18. For (0, «) € [0,27] x [0,27], and B a fixed real number, define f (0, @) =

(cos8 (2 + cosar), — cos Bsinf (2 + cos ) + sin Fsin a,
sin Fsinf (2 + cos a) 4 cos Bsina)”

Find a double integral which gives the area of f ([0, 27] x [0, 27]) .
Answer:

After many computations, the area element is (4 + 4 cos a + cos? a) 2 49 da.
Therefore, the area is fo% 027r (2 + cosa) df dow = 82.



Calculus Of Vector Fields

17.0.1 Outcomes

1. Define and evaluate the divergence of a vector field in terms of Cartesian coordi-
nates.

Define and evaluate the Curl of a vector field in Cartesian coordinates.
Discover vector identities involving the gradient, divergence, and curl.

Recall and verify the divergence theorem.

oo N

Apply the divergence theorem.

17.1 Divergence And Curl Of A Vector Field

Here the important concepts of divergence and curl are defined.

Definition 17.1.1 Let f : U — RP for U C RP denote a vector field. A scalar valued
function is called a scalar field. The function, f is called a C* vector field if the
function, f is a C* function. For a C* vector field, as just described V -f (x) = div f (x)
known as the divergence, is defined as

ofi
V- f(x) =divf(x Z&J;

Using the repeated summation convention, this is often written as

fii (x) = 0ifi (x)

where the comma indicates a partial derivative is being taken with respect to the ith
variable and 0; denotes differentiation with respect to the it" wvariable. In words, the
divergence is the sum of the i*" derivative of the i component function of £ for all
values of i. If p = 3, the curl of the vector field yields another vector field and it is
defined as follows.

(curl () (x)); = (V x £ (x)); = €40, fr (x)

where here 0; means the partial derivative with respect to x; and the subscript of i in
(curl (f) (x)); means the i'" Cartesian component of the vector, curl (f) (x). Thus the
curl is evaluated by expanding the following determinant along the top row.

i J k
9 i) 9
ox dy Oz
fl (LU, 72) f2 ((E Z) f3 (IIJ7y,Z)

369
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Note the similarity with the cross product. Sometimes the curl is called rot. (Short for
rotation not decay.) Also

Vif=V-(Vf).
This last symbol is important enough that it is given a name, the Laplacian.lt is also

denoted by A. Thus V?f = Af. In addition for f a vector field, the symbol £ -V is
defined as a “differential operator” in the following way.

9g (%) g (%)
8371 (9.1‘2

Jg (x)

oz,

f-V(g)=/fi(x) + f2(x) ot fp(x)

Thus £ -V takes vector fields and makes them into new vector fields.

This definition is in terms of a given coordinate system but later coordinate free
definitions of the curl and div are presented. For now, everything is defined in terms of
a given Cartesian coordinate system. The divergence and curl have profound physical
significance and this will be discussed later. For now it is important to understand their
definition in terms of coordinates. Be sure you understand that for f a vector field, div f
is a scalar field meaning it is a scalar valued function of three variables. For a scalar
field, f, Vf is a vector field described earlier on Page 282, For f a vector field having
values in R3, curl f is another vector field.

Example 17.1.2 Let f (x) = ayi+ (z — y)j + (sin (z) + 2) k. Find divf and curlf.

First the divergence of f is

I(zy) , 9(z—y)  O(sin(x)+2)
ox + dy + 0z

Now curlf is obtained by evaluating

i K
AN
i ( (sin (2) +2) = = (z—y)) —J (88x (sin (2) +2) — 5~ (33?!)> +
(g0 (=)= 4 o)) = =i cos(a) — ok

17.1.1 Vector Identities

There are many interesting identities which relate the gradient, divergence and curl.

Theorem 17.1.3 Assuming f, g are a C? vector fields whenever necessary, the follow-
ing identities are valid.

1.V (Vxf)=0
2. VxVp=0

o

. VX (V x f) =V (V-f) = V2f where V*f is a vector field whose it component is
V2 ;.

V- (fxg)=g (Vxf)—f(Vxg)
Vx(fxg)=(V-g)f-(V-f)g+(gV)f-(f-V)g

(S N
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Proof: These are all easy to establish if you use the repeated index summation
convention and the reduction identities discussed on Page [116.

V. (Vxf) = a-(va)
= 0i (eiju0jfr)
= €”k8 (8 fk)
= €05 (0ifr)
= —cij10; (0 fr)
= —eij10; (05 fr)
= V- (Vxf).

This establishes the first formula. The second formula is done similarly. Now consider
the third.

(V X (V X f))z = Eijkaj (V X f)k
= Z':ijkaj (Ekrsarfs)

=€ijk
= %y errady (Onf)
= (5ir§js - 5i85jT) aj (8rf9)
= 0;(0if;) —0;(9;fs)
= 0:(0,f;) = 0; (0 )
= (V(V-f)- V),
This establishes the third identity.
Consider the fourth identity.

V-(fxg) = 0i(fxg),

Oigijr fign

gijk (0if5) gk + €ijr fi (Oigr)
= (ekij0if;) gk — (5ikOigr) fr
= Vxf.g—Vxg-f.

This proves the fourth identity.
Consider the fifth.

(Vx(fxg)), = eykd;(fxg)
= €ijk0i€krs frys
gkijgkrsﬁj (frgs)
(61'7-5]'3 - 61’5(5]'7") 8j (f?“gs)
0; (fig;) — 05 (f59:)
(9;95) fi + 950 fi = (95.13) 9 — 15 (0;9:)
(V-g)f+(g-V)(f) = (V-f)g—(f-V)(g)),
and this establishes the fifth identity.

I think the important thing about the above is not that these identities can be
proved and are valid as much as the method by which they were proved. The reduction
identities on Page[116/were used to discover the identities. There is a difference between
proving something someone tells you about and both discovering what should be proved

and proving it. This notation and the reduction identity make the discovery of vector
identities fairly routine and this is why these things are of great significance.
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17.1.2 Vector Potentials

One of the above identities says V - (V x f) = 0. Suppose now V - g = 0. Does it follow
that there exists f such that g =V x f 7 It turns out that this is usually the case
and when such an f exists, it is called a vector potential. Here is one way to do it,
assuming everything is defined so the following formulas make sense.

T

f(x,y,Z)(/ g2 (z,y,1) dt,*/ g1 (z,y,1) dt+/ g3 (t,y,0) dt,0> . (17
0 0 0

In verifying this you need to use the following manipulation which will generally hold
under reasonable conditions but which has not been carefully shown yet.

b b
O [ ) dt:/ ?(x,t) dt. (17.2)

or J, x

The above formula seems plausible because the integral is a sort of a sum and the
derivative of a sum is the sum of the derivatives. However, this sort of sloppy reasoning
will get you into all sorts of trouble. The formula involves the interchange of two limit
operations, the integral and the limit of a difference quotient. Such an interchange can
only be accomplished through a theorem. The following gives the necessary result. This
lemma is stated without proof.

Lemma 17.1.4 Suppose h and 9% are continuous on the rectangle R = [c,d] x [a,b].
Then |17.2 holds.

The second formula of Theorem [17.1.3 states V x V¢ = 0. This suggests the following
question: Suppose V x f =0, does it follow there exists ¢, a scalar field such that
V¢ = £? The answer to this is often yes and a theorem will be given and proved after
the presentation of Stoke’s theorem. This scalar field, ¢, is called a scalar potential
for f.

17.1.3 The Weak Maximum Principle

There is also a fundamental result having great significance which involves V? called
the maximum principle. This principle says that if VZu > 0 on a bounded open set, U,
then u achieves its maximum value on the boundary of U.

Theorem 17.1.5 Let U be a bounded open set in R™ and suppose u € C* (U)NC (U)
such that V*u > 0 in U. Then letting OU = U \ U, it follows that max {u(x):xeU} =
max {u (x):z € U} .

Proof: If this is not so, there exists xg € U such that u (xg) > max {u(x) : x € U} =
M. Since U is bounded, there exists € > 0 such that

u(xg) > max{u(x)+5\x|2 IX € 8U}.
Therefore, u (x) + ¢ |x|* also has its maximum in U because for ¢ small enough,
u(x0) + € [xo|? > u (x0) > max {u(x) +elx*ixe 8U}

for all x € OU.
Now let x; be the point in U at which u (x)+¢ |x|* achieves its maximum. As an exer-

cise you should show that V2 (f + g) = V2f + Vg and therefore, V? (u (x)+e |x|2) =
V2u (x) 4 2ne. (Why?) Therefore,
0 > V2u (x1) + 2ne > 2ne,

a contradiction. This proves the theorem.
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17.2 Exercises

1.

10.

11.

12.

13.

14.

Find divf and curlf where f is

(a

xyz, 2 + In (zy) ,sin 22 + z)T

)
(b) (sinz,siny,sinz)”
() (f(x),9(y),h(z)"
(d) (z—2,y—3,2-6)"
(e) (v? ,2xy,cosz)T
(6) (f (v,2),9(x,2) b (y,2))"

Prove formula 2/ of Theorem 17.1.3l

Show that if u and v are C? functions, then curl (uVv) = Vu x Vu.

Simplify the expression fx (V x g)+gx (Vx )+ (f-V)g+(g-V)fL.

Simplify V x (v x r) where r = (x, y, z)T = xi+yj+zk and v is a constant vector.
Discover a formula which simplifies V - (vVu).

Verify that V - (uVv) — V - (vVu) = uV?0 — vV,

Verify that V?* (uv) = vV2u + 2 (Vu - Vo) + uV3v.

. Functions, u, which satisfy V?u = 0 are called harmonic functions. Show the

following functions are harmonic where ever they are defined.

2zy

(a
(b

)

) 2% —

¢) sinzcoshy
)
)

T

(
(d) In (22 +y?)

(e) 1/y/22 + y? + 22

Verify the formula given in[17.1lis a vector potential for g assuming that divg = 0.

Show that if V2uk = 0 for each k = 1,2, - -,m, and ¢ is a constant, then
V2 (30, eruy) = 0 also.

In Theorem 17.1.5/ why is V? (e’:‘ |X|2) = 2ne?

Using Theorem [17.1.5] prove the following: Let f € C (9U) (f is continuous on
0U.) where U is a bounded open set. Then there exists at most one solution, u €
C?(U)NC (U) and V2u = 0 in U with v = f on dU. Hint: Suppose there are
two solutions, u;, ¢ = 1,2 and let w = u; — us. Then use the maximum principle.

Suppose B is a vector field and V x A = B. Thus A is a vector potential for B.
Show that A+V¢ is also a vector potential for B. Here ¢ is just a C? scalar field.
Thus the vector potential is not unique.
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17.3 The Divergence Theorem

The divergence theorem relates an integral over a set to one on the boundary of the set.
It is also called Gauss’s theorem.

Definition 17.3.1 A subset, V of R? is called cylindrical in the x direction if it is of
the form
V=A(z,y,2): ¢ (y,2) Sz < (y,2) for (y,2) € D}

where D is a subset of the yz plane. V is cylindrical in the z direction if

V={(z,y,2) 1 ¢(z,y) <2 <¢(z,y) for (z,y) € D}

where D is a subset of the xy plane, and V is cylindrical in the y direction if

V=A(z,y,2) : ¢ (,2) Sy < ¥ (w,2) for (x,2) € D}

where D is a subset of the xz plane. If V is cylindrical in the z direction, denote by OV
the boundary of V' defined to be the points of the form (z,y, o (x,y)), (x,y, ¥ (z,y)) for
(x,y) € D, along with points of the form (x,y,z) where (x,y) € 0D and ¢ (z,y) < z <
Y (z,y). Points on D are defined to be those for which every open ball contains points
which are in D as well as points which are not in D. A similar definition holds for OV
in the case that V is cylindrical in one of the other directions.

The following picture illustrates the above definition in the case of V' cylindrical in
the z direction.

Of course, many three dimensional sets are cylindrical in each of the coordinate
directions. For example, a ball or a rectangle or a tetrahedron are all cylindrical in each
direction. The following lemma allows the exchange of the volume integral of a partial
derivative for an area integral in which the derivative is replaced with multiplication by
an appropriate component of the unit exterior normal.

Lemma 17.3.2 Suppose V is cylindrical in the z direction and that ¢ and v are the
functions in the above definition. Assume ¢ and v are C* functions and suppose F is a
C! function defined on V. Also, let n = (n,, ny,n.) be the unit exterior normal to OV.
Then

OF
(z,y,2) dV = Fn,dA.
v 0z ov
Proof: From the fundamental theorem of calculus,
oF V(@y) aF
8 (z,y,2) dV = / / (z,y,2) dzdxdy (17.3)
P(z,y)

/D IF (@,9,9 (2,)) - F (2,4, (2, 9))] de dy
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Now the unit exterior normal on the top of V, the surface (z,y, v (x,y)) is

1

VVE Y+ 1

This follows from the observation that the top surface is the level surface, z—¢ (z,y) = 0
and so the gradient of this function of three variables is perpendicular to the level surface.
It points in the correct direction because the z component is positive. Therefore, on the

top surface,
1
n,= ———
VU + g+l

Similarly, the unit normal to the surface on the bottom is

1
,/¢2+¢2+1(
T y

and so on the bottom surface,

(—%g, —1/Jy7 1) .

¢x7 ¢y7 _1)

-1
Ny, = —F———
Vst +1

Note that here the z component is negative because since it is the outer normal it must
point down. On the lateral surface, the one where (z,y) € D and z € [¢ (z,y) ,v (z,y)],
n, = 0.

The area element on the top surface is dA = \/wi + wfl + 1dx dy while the area

element on the bottom surface is 1/(;33 + qi)i + 1dz dy. Therefore, the last expression in
17.3lis of the form,

Nz

dA
1 Vv
[ F @ ) e i 4 v+ dadyt
b V¥ ¥, +1

dA

D \Vor+ o+ 1

+ / Fn,dA,
Lateral surface

the last term equaling zero because on the lateral surface, n, = 0. Therefore, this
reduces to [, F'n, dA as claimed.
The following corollary is entirely similar to the above.

Corollary 17.3.3 IfV is cylindrical in the y direction, then

oF /
—dV = Fn,dA
/v dy 1) Y

and if V' is cylindrical in the x direction, then

/a—FdV:/ Fn,dA
v Oz v
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With this corollary, here is a proof of the divergence theorem.

Theorem 17.3.4 Let V be cylindrical in each of the coordinate directions and let F be
a C' vector field defined on V. Then

/V~FdV:/ F-ndA.
v oV

Proof: From the above lemma and corollary,

0F, 0F, OF;
V-FdV = — + =+ —=—adV
/V v Ox 8y (’9y

/ (Fing + Fony + Fsn,) dA
ov

= / F-ndA.
ov
This proves the theorem.

The divergence theorem holds for much more general regions than this. Suppose for
example you have a complicated region which is the union of finitely many disjoint re-
gions of the sort just described which are cylindrical in each of the coordinate directions.
Then the volume integral over the union of these would equal the sum of the integrals
over the disjoint regions. If the boundaries of two of these regions intersect, then the
area integrals will cancel out on the intersection because the unit exterior normals will
point in opposite directions. Therefore, the sum of the integrals over the boundaries
of these disjoint regions will reduce to an integral over the boundary of the union of
these. Hence the divergence theorem will continue to hold. For example, consider the
following picture. If the divergence theorem holds for each V; in the following picture,
then it holds for the union of these two.

General formulations of the divergence theorem involve Hausdorff measures and the
Lebesgue integral, a better integral than the old fashioned Riemann integral which has
been obsolete now for almost 100 years. When all is said and done, one finds that the
conclusion of the divergence theorem is usually true and the theorem can be used with
confidence.

Example 17.3.5 Let V = [0,1] x [0,1] x [0,1]. That is, V is the cube in the first
octant having the lower left corner at (0,0,0) and the sides of length 1. Let F (x,y,z) =
i+ yj + zk. Find the flux integral in which n is the unit exterior normal.

/ F - ndS
av

You can certainly inflict much suffering on yourself by breaking the surface up into 6
pieces corresponding to the 6 sides of the cube, finding a parameterization for each face
and adding up the appropriate flux integrals. For example, n = k on the top face and
n = —k on the bottom face. On the top face, a parameterization is (z,y,1) : (z,y) €
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[0,1] x [0,1]. The area element is just dedy. It isn’t really all that hard to do it this way
but it is much easier to use the divergence theorem. The above integral equals

/div(F)dV:/ 3dV = 3.
1% Vv

Example 17.3.6 This time, let V be the unit ball, {(:my,z) cx? 4P+ 22 < 1} and
let F (z,y, 2) = 2%i + yj+ (z — 1) k. Find

/ F - ndS.
v

As in the above you could do this by brute force. A parameterization of the dV is
obtained as
r =sin¢gcosf, y =sin¢gsinf, z = cos ¢

where (¢,0) € (0,7) x (0,27]. Now this does not include all the ball but it includes all
but the point at the top and at the bottom. As far as the flux integral is concerned
these points contribute nothing to the integral so you can neglect them. Then you can
grind away and get the flux integral which is desired. However, it is so much easier to
use the divergence theorem! Using spherical coordinates,

/ F - ndS
oV

/dw( )dV = /2m+1+1)dV

2m
/ / / (2 + 2psin (¢) cos B) p* sin (¢) dpdfde = —

Example 17.3.7 Suppose V is an open set in R? for which the divergence theorem
holds. Let F (x,y,z) = xi+ yj + zk. Then show

/ F - ndS = 3 x volume(V ).
v

This follows from the divergenc theorem.

/ F-ndS = / div (F)dV = 3/ dV = 3 x volume(V).
oV \% v

The message of the divergence theorem is the relation between the volume integral
and an area integral. This is the exciting thing about this marvelous theorem. It is not
its utility as a method for evaluations of boring problems. This will be shown in the
examples of its use which follow.

17.3.1 Coordinate Free Concept Of Divergence

The divergence theorem also makes possible a coordinate free definition of the diver-
gence.

Theorem 17.3.8 Let B (x,d) be the ball centered at x having radius 6 and let F be a
C* wvector field. Then letting v (B (x,8)) denote the volume of B (x,d) given by

[,
B(x,5)

. ] 1
divF (x) = 513(1]1+ v (B(x,9)) /313(;«,6)

it follows
F - ndA. (17.4)
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Proof: The divergence theorem holds for balls because they are cylindrical in every
direction. Therefore,
1 / F-ndA 1 / divF (y) dV.
. = 1v .
v (B(x,9)) Jopx.s) v(B(x,9)) Jpx.s)

Therefore, since divF (x) is a constant,

divF (x) — F-ndA

1
v (B (x,6)) /83(x,5)

divF (x) — ”

1 .
Bx0) /B(x@ divE(y) dv

1 . .
B /B(x,&) (divF (x) — divF (y)) dV

IN

1 . .
CIER) /B AN () v ()] av

v
1 / €
< — —dV <e
v(B(x,6)) Jpx,s) 2

whenever ¢ is small enough due to the continuity of divF. Since € is arbitrary, this
shows [17.4L

How is this definition independent of coordinates? It only involves geometrical no-
tions of volume and dot product. This is why. Imagine rotating the coordinate axes,
keeping all distances the same and expressing everything in terms of the new coordi-
nates. The divergence would still have the same value because of this theorem.

17.4 Some Applications Of The Divergence Theorem

17.4.1 Hydrostatic Pressure

Imagine a fluid which does not move which is acted on by an acceleration, g. Of course
the acceleration is usually the acceleration of gravity. Also let the density of the fluid
be p, a function of position. What can be said about the pressure, p, in the fluid? Let
B (x,¢) be a small ball centered at the point, x. Then the force the fluid exerts on this

ball would equal
— / pndA.
OB(x,e)

Here n is the unit exterior normal at a small piece of 9B (x,¢) having area dA. By the
divergence theorem, (see Problem Il on Page 390) this integral equals

- / Vpdv.
B(x,e)

Also the force acting on this small ball of fluid is

/ pgdv.
B(x,e)
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Since it is given that the fluid does not move, the sum of these forces must equal zero.

Thus
/ pgdV = / VpdV.
B(x,e) B(x,e)

Since this must hold for any ball in the fluid of any radius, it must be that
Vp = pg. (17.5)

It turns out that the pressure in a lake at depth z is equal to 62.5z. This is easy to
see from 17.5. In this case, g = gk where g = 32 feet/sec?. The weight of a cubic foot
of water is 62.5 pounds. Therefore, the mass in slugs of this water is 62.5/32. Since it
is a cubic foot, this is also the density of the water in slugs per cubic foot. Also, it is
normally assumed that water is incompressible!. Therefore, this is the mass of water at

any depth. Therefore,
Op. Op. Op 62.5
Ops 0P, 0Py 020
ox 1+ 8y‘]+8z 32
and so p does not depend on z and y and is only a function of z. It follows p (0) = 0,
and p’ (z2) = 62.5. Therefore, p(z,y,z) = 62.5z. This establishes the claim. This is

interesting but [17.5 is more interesting because it does not require p to be constant.

x 32k.

17.4.2 Archimedes Law Of Buoyancy

Archimedes principle states that when a solid body is immersed in a fluid the net force
acting on the body by the fluid is directly up and equals the total weight of the fluid
displaced.

Denote the set of points in three dimensions occupied by the body as V. Then for
dA an increment of area on the surface of this body, the force acting on this increment
of area would equal —pdAn where n is the exterior unit normal. Therefore, since the
fluid does not move,

/ —pndAz/ —Vpde/pngk
av v v

Which equals the total weight of the displaced fluid and you note the force is directed
upward as claimed. Here p is the density and [17.5/is being used. There is an interesting
point in the above explanation. Why does the second equation hold? Imagine that V'
were filled with fluid. Then the equation follows from [17.5] because in this equation

g = —gk.

17.4.3 Equations Of Heat And Diffusion

Let x be a point in three dimensional space and let (21, z2, x3) be Cartesian coordinates
of this point. Let there be a three dimensional body having density, p = p (x, t).
The heat flux, J, in the body is defined as a vector which has the following property.

Rate at which heat crosses S = / J-ndA
s

where n is the unit normal in the desired direction. Thus if V' is a three dimensional
body,

Rate at which heat leaves V = / J-ndA
)%

IThere is no such thing as an incompressible fluid but this doesn’t stop people from making this
assumption.
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where n is the unit exterior normal.

Fourier’s law of heat conduction states that the heat flux, J satisfies J = —kV (u)
where u is the temperature and k = k (u,x,t) is called the coefficient of thermal con-
ductivity. This changes depending on the material. It also can be shown by experiment
to change with temperature. This equation for the heat flux states that the heat flows
from hot places toward colder places in the direction of greatest rate of decrease in
temperature. Let ¢(x,t) denote the specific heat of the material in the body. This
means the amount of heat within V' is given by the formula [, p (x,t) ¢ (x,t) u (x,t) dV.
Suppose also there are sources for the heat within the material given by f (x,u,t). If f is
positive, the heat is increasing while if f is negative the heat is decreasing. For example
such sources could result from a chemical reaction taking place. Then the divergence
theorem can be used to verify the following equation for u. Such an equation is called
a reaction diffusion equation.

9

ot

Take an arbitrary V for which the divergence theorem holds. Then the time rate of
change of the heat in V is

(p(x,t)e(x,t)u(x,t)) =V - (k(u,x,t) Vu(x,t)) + f (x,u,t). (17.6)

d p(x,t)c(x,t)u(x,t) dV :/ dlp(xt)e(x,t)u(x b)) av

dt |, v ot

where, as in the preceding example, this is a physical derivation so the consideration of
hard mathematics is not necessary. Therefore, from the Fourier law of heat conduction,

4 [p(x,t)e(x,t)u(x,t) dV =

rate at which heat enters

0(p(x,t)c(x,t)u(x,t)) _ _J-n X, u
/V = dV = /avJ dA +/Vf(7vt)dv

:/6VkV(u)-ndA+/vf(x,u,t) dV:/V(V-(kV(u))—i—f) %

Since this holds for every sample volume, V' it must be the case that the above
reaction diffusion equation, [17.6/ holds. Note that more interesting equations can be
obtained by letting more of the quantities in the equation depend on temperature.
However, the above is a fairly hard equation and people usually assume the coefficient
of thermal conductivity depends only on x and that the reaction term, f depends only
on x and t and that p and ¢ are constant. Then it reduces to the much easier equation,

%u (3,) = =V - (k (x) Vu (x,8)) + f (x,0). (17.7)

0 pc
This is often referred to as the heat equation. Sometimes there are modifications of this
in which £ is not just a scalar but a matrix to account for different heat flow properties
in different directions. However, they are not much harder than the above. The major
mathematical difficulties result from allowing k£ to depend on temperature.
It is known that the heat equation is not correct even if the thermal conductivity
did not depend on u because it implies infinite speed of propagation of heat. However,
this does not prevent people from using it.

17.4.4 Balance Of Mass

Let y be a point in three dimensional space and let (y1,y2,y3) be Cartesian coordinates
of this point. Let V' be a region in three dimensional space and suppose a fluid having
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density, p(y,t) and velocity, v (y,t) is flowing through this region. Then the mass of
fluid leaving V' per unit time is given by the area integral, fav p(y,t)v(y,t) - ndA while
the total mass of the fluid enclosed in V' at a given time is fv p(y,t) dV. Also suppose
mass originates at the rate f (y,t) per cubic unit per unit time within this fluid. Then
the conclusion which can be drawn through the use of the divergence theorem is the
following fundamental equation known as the mass balance equation.

0
STV )= (7.8)
To see this is so, take an arbitrary V for which the divergence theorem holds. Then
the time rate of change of the mass in V is

9 [ Op(y,t)
6t/vp(y,t) dv_/viat av

where the derivative was taken under the integral sign with respect to ¢. (This is a
physical derivation and therefore, it is not necessary to fuss with the hard mathematics
related to the change of limit operations. You should expect this to be true under fairly
general conditions because the integral is a sort of sum and the derivative of a sum is
the sum of the derivatives.) Therefore, the rate of change of mass, % fv p(y,t) dV,
equals

rate at which mass enters

Ip(y,t) _ v ‘n
| ta = [ ey ndas [ v

_/V(v.(p(y,nv(y,t))ﬂ(y,t» W

Since this holds for every sample volume, V' it must be the case that the equation
of continuity holds. Again, there are interesting mathematical questions here which can
be explored but since it is a physical derivation, it is not necessary to dwell too much
on them. If all the functions involved are continuous, it is certainly true but it is true
under far more general conditions than that.

Also note this equation applies to many situations and f might depend on more
than just y and ¢. In particular, f might depend also on temperature and the density, p.
This would be the case for example if you were considering the mass of some chemical
and f represented a chemical reaction. Mass balance is a general sort of equation valid
in many contexts.

17.4.5 Balance Of Momentum

This example is a little more substantial than the above. It concerns the balance of
momentum for a continuum. To see a full description of all the physics involved, you
should consult a book on continuum mechanics. The situation is of a material in three
dimensions and it deforms and moves about in three dimensions. This means this
material is not a rigid body. Let By denote an open set identifying a chunk of this
material at time ¢ = 0 and let B; be an open set which identifies the same chunk of
material at time ¢ > 0.

Let y (¢,x) = (y1 (¢,%),y2 (t,%) , y3 (t,x)) denote the position with respect to Carte-
sian coordinates at time ¢ of the point whose position at time ¢ = 0 is x = (21, 22, z3) .
The coordinates, x are sometimes called the reference coordinates and sometimes the
material coordinates and sometimes the Lagrangian coordinates. The coordinates, y are
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called the Eulerian coordinates or sometimes the spacial coordinates and the function,
(t,x) — y (¢,x) is called the motion. Thus

y (0,x) =x. (17.9)

The derivative,
D2y (t7 X) = ny (ta X)

is called the deformation gradient. Recall the notation means you fix ¢ and consider
the function, x — y (¢,x) , taking its derivative. Since it is a linear transformation, it is
represented by the usual matrix, whose ij*" entry is given by

Oy (t,x)

Fij (x) B
J

Let p(t,y) denote the density of the material at time ¢ at the point, y and let p, (x)
denote the density of the material at the point, x. Thus p, (x) = p (0,x) = p (0,y (0,x)) .
The first task is to consider the relationship between p (¢,y) and p, (x). The following
picture is useful to illustrate the ideas.

N

Lemma 17.4.1 p,(x) = p(t,y (¢t,x))det (F) and in any reasonable physical motion,
det (F) > 0.

Proof: Let Vj represent a small chunk of material at ¢t = 0 and let V; represent the
same chunk of material at time ¢. I will be a little sloppy and refer to Vj as the small
chunk of material at time ¢ = 0 and V; as the chunk of material at time t rather than an
open set representing the chunk of material. Then by the change of variables formula
for multiple integrals,

/dV: \det (F)| dV.
Vi Vo

If det (F') = 0 for some ¢ the above formula shows that the chunk of material went
from positive volume to zero volume and this is not physically possible. Therefore, it is
impossible that det (F) can equal zero. However, at t = 0, F' = I, the identity because
of 17.9. Therefore, det (F') =1 at t = 0 and if it is assumed ¢ — det (F') is continuous
it follows by the intermediate value theorem that det (F') > 0 for all t. Of course it is
not known for sure this function is continuous but the above shows why it is at least
reasonable to expect det (F') > 0.
Now using the change of variables formula,

mass of V; = /p(t,y)dV:/ p(t,y (t,x))det (F) dV
\Z Vo

= mass of Vp = / po (x) dV.
Vo

Since Vj is arbitrary, it follows

po (x) = p(t,y (t,x)) det (F)
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as claimed. Note this shows that det (F') is a magnification factor for the density.
Now consider a small chunk of material, V; at time ¢ which corresponds to Vj at
time t = 0. The total linear momentum of this material at time ¢ is

/ p(ty)v(ty) dV
Vi

where v is the velocity. By Newton’s second law, the time rate of change of this
linear momentum should equal the total force acting on the chunk of material. In the
following derivation, dV (y) will indicate the integration is taking place with respect
to the variable, y. By Lemma 17.4.1] and the change of variables formula for multiple
integrals

d

pr (/wp(t,y)v(t,y) av (y)) d

dt (/v p(t,y (t,x)v(t,y (t,x))det (F) dV (X)>

% (/vo po (X) v (t,y (t,x)) dV (X)>

B ov  Ov Oy;
_ /V o (%) [m+ - at} av (x)

po(x)

0 ov Oy; 1
v, o y} V(y)

— [ Swyiem) |5 +
vi ot Oy, 0t | det (F)

ov  Ov ayl}
t,y [ + dv (y).
o) |G oo v
Having taken the derivative of the total momentum, it is time to consider the total force
acting on the chunk of material.
The force comes from two sources, a body force, b and a force which acts on the
boundary of the chunk of material called a traction force. Typically, the body force

is something like gravity in which case, b = —gpk, assuming the Cartesian coordinate
system has been chosen in the usual manner. The traction force is of the form

/ s(t,y,n) dA
oV

where n is the unit exterior normal. Thus the traction force depends on position, time,
and the orientation of the boundary of V;. Cauchy showed the existence of a linear
transformation, T (t,y) such that T (t,y)n = s(¢,y,n). It follows there is a matrix,
T;; (t,y) such that the i component of s is given by s; (t,y,n) = Tj; (t,y) n;. Cauchy
also showed this matrix is symmetric, Tj; = T};. It is called the Cauchy stress. Using
Newton’s second law to equate the time derivative of the total linear momentum with
the applied forces and using the usual repeated index summation convention,

ov  Ov Oy; B
e |5+ v = [ by v+ [Ty da

Here is where the divergence theorem is used. In the last integral, the multiplication by
n; is exchanged for the 4tP partial derivative and an integral over V;. Thus

ov  0v Jy; _ d (T3 (t,y))
[ e |5+ 5 v = [ vy v+ [ SRy ).

Since V; was arbitrary, it follows

av  Ov Oy;

9(Ti; (t,y))
y;
= b(ty)+div(T)

b(t,y)+
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where here div T is a vector whose i*" component is given by
oT;;
(divT), = —2.
8yj

The term, %‘t’ + g—; %yt"', is the total derivative with respect to t of the velocity v. Thus
you might see this written as

pv =b +div(T).

The above formulation of the balance of momentum involves the spatial coordi-
nates, y but people also like to formulate momentum balance in terms of the material
coordinates, x. Of course this changes everything.

The momentum in terms of the material coordinates is

/ po (X) v (t,x) dV
Vo

and so, since x does not depend on ¢,

i ([ v av) = [ v av

As indicated earlier, this is a physical derivation and so the mathematical questions
related to interchange of limit operations are ignored. This must equal the total applied
force. Thus

/ Po (X) ve (t,x) dV = bo (t,x) dV + / T;injdA, (17.10)
Vo

Vo oV

the first term on the right being the contribution of the body force given per unit volume
in the material coordinates and the last term being the traction force discussed earlier.
The task is to write this last integral as one over 0Vj. For y € dV; there is a unit outer
normal, n. Here y =y (¢,x) for x € 0V}). Then define N to be the unit outer normal to
Vo at the point, x. Near the point y € 9V, the surface, 0V, is given parametrically in
the form y =y (s,t) for (s,t) € D C R? and it can be assumed the unit normal to 9V,
near this point is

n— Ys (8,t) Xy (s,1)

|ys (S,t) XYyt (Sat)|

with the area element given by |ys (s,t) X y¢ (s,t)| dsdt. This is true for y € P, C 0V,
a small piece of OV;. Therefore, the last integral in [17.10 is the sum of integrals over
small pieces of the form

/ TijnjdA (17.11)

Py

where P; is parametrized by y (s,t), (s,t) € D. Thus the integral in [17.11]is of the form
/DT, (v (5,8)) (35 (5,8) Xy (5,1)), dst.

By the chain rule this equals

dy Oxq, Jy Ozg
/DT" (v (s,)) (ama ds  Dxs Ot >j dsdt.

Remember y =y (¢,x) and it is always assumed the mapping x — y (¢,x) is one to one
and so, since on the surface 9V; near y, the points are functions of (s,t), it follows x is
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also a function of (s,t). Now by the properties of the cross product, this last integral

equals
Ozq Oxg [ Oy dy
LTz] (X (S7t)) gﬁ ((,91.0[ X m)] dsdt (1712)

where here x (s,t) is the point of 0V, which corresponds with y (s, t) € V;. Thus
Tij (x (s, 1)) = Tij (y (s, 1)) -

(Perhaps this is a slight abuse of notation because T;; is defined on dV;, not on 9Vj,
but it avoids introducing extra symbols.) Next [17.12] equals

0xq 83:5 Yo Oy
T;
/D i (x(5:1) 5= ds Ot Jab(?xa axgd s df

Oxo 0z Yo Oyp
_— t cavd e ds dt
/D 5 (e (5:6) 5"y Seatdicly aas

=5j.

Az O 0y, 0x, Oy, O

To 03 Ye Op OYa OYb
- | 7. —_— a9 Ora
[ el G e G e S

=€pag det(F)

dsdt

——

024 6:1:5 ox Ye OYq Oyp
= T’z t p €ca
/D 1 (5 0) 5 By By, 5 By D, Dy

dsdt

B 5‘:Ua axﬂ axp
f/D(detF)Tu (x(s,t) epap—7 ds Ot dy; ds di.

Now ZZ;’ = Fp_j1 and also
Ozq Oz
Pl ot

so the result just obtained is of the form

= (x5 X xt)p

/ (det F) Fpngij (x(s,t)) (x5 X x¢), dsdt =
D

/D (det F) T;; (x (s, 1)) (F*T)jp (xs X x¢), dsdt.

This has transformed the integral over P; to one over Py, the part of 0V which corre-
sponds with P;. Thus the last integral is of the form

det (F) (TF—T)ip N,dA
Py

Summing these up over the pieces of dV; and 0V} yields the last integral in [17.10/ equals

T
/ det (F) (TF~T), N,dA
8V0
and so the balance of momentum in terms of the material coordinates becomes

/ po (X)ve (£,x) dV = [ bg(t,x) dV + / det (F) (TF~T), N,dA
Vo Vo Vo K
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The matrix, det (F) (TF _T)Z.p is called the Piola Kirchhoff stress, S. An application of
the divergence theorem yields

e =Ty
/Vﬂpo(x)vt(ax) dV:/vUbO(t’x) dV*/Voa(d t(F;)SF )w) .

Since V) is arbitrary, a balance law for momentum in terms of the material coordinates
is obtained

o (det (F) (TFT),,)

ip

po (X) Ve (t,%) = bo(t,x)+ oz,
by (t,x) + div (det (F) (TF~T))
= by (t,x) +div S. (17.13)

As just shown, the relation between the Cauchy stress and the Piola Kirchhoff stress is
S =det(F)(TF "), (17.14)

perhaps not the first thing you would think of.

The main purpose of this presentation is to show how the divergence theorem is used
in a significant way to obtain balance laws and to indicate a very interesting direction
for further study. To continue, one needs to specify T or S as an appropriate function
of things related to the motion, y. Often the thing related to the motion is something
called the strain and such relationships are known as constitutive laws.

17.4.6 Frame Indifference

The proper formulation of constitutive laws involves more physical considerations such
as frame indifference in which it is required the response of the system cannot depend
on the manner in which the Cartesian coordinate system for the spacial coordinates was
chosen.

For @ (t) an orthogonal transformation and

y =qt)+Q(t)y, n' =Qn,

the new spacial coordinates are denoted by y’. Recall an orthogonal transformation is
just one which satisfies

Q'R =QMWQM" =1
The stress has to do with the traction force area density produced by internal changes
in the body and has nothing to do with the way the body is observed. Therefore, it is
required that
T'n' =QTn
Thus
T'Qn = QTn

Since this is true for any n normal to the boundary of any piece of the material consid-
ered, it must be the case that

TQ =QT
and so
T =QTQT.

This is called frame indifference.
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By [17.14} the Piola Kirchhoff stress, S is related to T' by
S =det(F)TF~T, F = Dyy.

This stress involves the use of the material coordinates and a normal N to a piece of
the body in reference configuration. Thus SN gives the force on a part of OV; per unit
area on dVy. Then for a different choice of spacial coordinates, y' = q (t) + Q (1) y,

S' = det (F)T' (F')""

but

F'=Dyy' = Q(t) Dxy = QF
and so frame indifference in terms of S is

S = det(F)QTQ" (QF)™"
det (F)QTQTQF~T
QS

This principle of frame indifference is sometimes ignored and there are certainly
interesting mathematical models which have resulted from doing this, but such things
cannot be considered physically acceptable.

There are also many other physical properties which can be included and which
require a certain form for the constitutive equations. These considerations are outside
the scope of this book and require a considerable amount of linear algebra.

There are also balance laws for energy which you may study later but these are more
problematic than the balance laws for mass and momentum. However, the divergence
theorem is used in these also.

17.4.7 Bernoulli’s Principle

Consider a possibly moving fluid with constant density, p and let P denote the pressure
in this fluid. If B is a part of this fluid the force exerted on B by the rest of the fluid is
f o5 —PndA where n is the outer normal from B. Assume this is the only force which
matters so for example there is no viscosity in the fluid. Thus the Cauchy stress in
rectangular coordinates should be

-P 0 0
T = 0O —-P O
0 0 -—-P
Then
divl = —-VP.

Also suppose the only body force is from gravity, a force of the form
—pgk
and so from the balance of momentum
pv =—pgk — VP (x). (17.15)

Now in all this the coordinates are the spacial coordinates and it is assumed they are
rectangular. Thus

T
x = (z,9,2)
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and v is the velocity while v is the total derivative of v = (v1, va, U3)T given by v +v;v ;.
Take the dot product of both sides of [17.15/ with v. This yields

d, o dz d
(0/2) S IV = =pg = ZP ().

Therefore,

a4 M+ z+P(x)| =0
a\ 2 M -

and so there is a constant, C’ such that

2
v
O g+ P ) = O
For convenience define « to be the weight density of this fluid. Thus v = pg. Divide by
~. Then

2
P
29 gl

this is Bernoulli’s? principle. Note how if you keep the height the same, then if you
raise |v|, it follows the pressure drops.

This is often used to explain the lift of an airplane wing. The top surface is curved
which forces the air to go faster over the top of the wing causing a drop in pressure
which creates lift. It is also used to explain the concept of a venturi tube in which
the air loses pressure due to being pinched which causes it to flow faster. In many of
these applications, the assumptions used in which p is constant and there is no other
contribution to the traction force on 0B than pressure so in particular, there is no
viscosity, are not correct. However, it is hoped that the effects of these deviations from
the ideal situation above are small enough that the conclusions are still roughly true.
You can see how using balance of momentum can be used to consider more difficult
situations. For example, you might have a body force which is more involved than
gravity.

17.4.8 The Wave Equation

As an example of how the balance law of momentum is used to obtain an important
equation of mathematical physics, suppose S = kF where k is a constant and F' is the
deformation gradient and let u =y — x. Thus u is the displacement. Then from [17.13
you can verify the following holds.

Po (X) ug (8,%x) = bg (¢, %) + kAu (¢, %) (17.16)
In the case where p, is a constant and by = 0, this yields

Uy — cAu = 0.

The wave equation is uy; — cAu = 0 and so the above gives three wave equations, one
for each component.

2There were many Bernoullis. This is Daniel Bernoulli. He seems to have been nicer than some of
the others. Daniel was actually a doctor who was interested in mathematics.He lived from 1700-1782.
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17.4.9 A Negative Observation

Many of the above applications of the divergence theorem are based on the assumption
that matter is continuously distributed in a way that the above arguments are correct. In
other words, a continuum. However, there is no such thing as a continuum. It has been
known for some time now that matter is composed of atoms. It is not continuously
distributed through some region of space as it is in the above. Apologists for this
contradiction with reality sometimes say to consider enough of the material in question
that it is reasonable to think of it as a continuum. This mystical reasoning is then
violated as soon as they go from the integral form of the balance laws to the differential
equations expressing the traditional formulation of these laws. See Problem 9 below, for
example. However, these laws continue to be used and seem to lead to useful physical
models which have value in predicting the behavior of physical systems. This is what
justifies their use, not any fundamental truth.

17.4.10 Electrostatics

Coloumb’s law says that the electric field intensity at x of a charge ¢ located at point,
Xq is given by
Eopl(x— X(;)
|x — x|

where the electric field intensity is defined to be the force experienced by a unit positive
charge placed at the point, x. Note that this is a vector and that its direction depends
on the sign of ¢. It points away from xq if ¢ is positive and points toward xq if ¢ is
negative. The constant, k is a physical constant like the gravitation constant. It has
been computed through careful experiments similar to those used with the calculation
of the gravitation constant.

The interesting thing about Coloumb’s law is that E is the gradient of a function.

In fact,
1
E-vV (qk) .
|X — X(]‘

The other thing which is significant about this is that in three dimensions and for

X#Xm
1

V~V(qk >V~EO. (17.17)
|x — %o
This is left as an exercise for you to verify.

These observations will be used to derive a very important formula for the integral,

/ E - ndS
U

where E is the electric field intensity due to a charge, ¢ located at the point, xg € U, a
bounded open set for which the divergence theorem holds.

Let U, denote the open set obtained by removing the open ball centered at xy which
has radius € where € is small enough that the following picture is a correct representation
of the situation.
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Then on the boundary of B, the unit outer normal to U, is — |§:§g|. Therefore,
/ E-ndS — 7/ L TX0) X TX0 4
oB. oB. |x—x0° [X— X
1 —k
= 7kq/ S ds = 72(] ds
8B, |x — X €* JoB.

—247r52 = —4nkgq.
€
Therefore, from the divergence theorem and observation [17.17,

—47Tl<:q+/ E - ndS = E~ndS:/ V.-EdV =0.
oU Ue

oU.
It follows that

dmtkq = / E - ndS.
oUu

If there are several charges located inside U, say q1,qo,- - -, qn, then letting E; denote
the electric field intensity of the i*" charge and E denoting the total resulting electric
field intensity due to all these charges,

E -ndS = E; - ndS
fymomis = ] me
i4wkqi:4wkiqi.
i=1 i=1

This is known as Gauss’s law and it is the fundamental result in electrostatics.

17.5 Exercises

1. To prove the divergence theorem, it was shown first that the spacial partial
derivative in the volume integral could be exchanged for multiplication by an
appropriate component of the exterior normal. This problem starts with the
divergence theorem and goes the other direction. Assuming the divergence the-
orem, holds for a region, V, show that [, nudA = [, VudV. Note this implies

) _
Jy 2dV = [, niudA.

2. Let V be such that the divergence theorem holds. Show that [i, V- (uVv) dV =
/. oV ug—fb dA where n is the exterior normal and %}L denotes the directional deriva-
tive of v in the direction n.

3. Let V be such that the divergence theorem holds. Show that fv (vv2u — quv) dVv =
/. oV (U% — ug—:’l) dA where n is the exterior normal and % is defined in Problem
2.

4. Let V be a ball and suppose V2u = f in V while u = g on JV. Show there is at
most one solution to this boundary value problem which is C? in V and continuous
on V with its boundary. Hint: You might consider w = u — v where u and v are
solutions to the problem. Then use the result of Problem 2/ and the identity

wVw =V - (wVw) — Vw - Vw

to conclude Vw = 0. Then show this implies w must be a constant by considering
h(t) = w(tx+ (1 —t)y) and showing h is a constant. Alternatively, you might
consider the maximum principle.
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12.

13.

14.
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EXERCISES 391

Show that fav V X v-ndA = 0 where V is a region for which the divergence
theorem holds and v is a C? vector field.

Let F (z,y, 2) = (7,9, z) be a vector field in R and let V be a three dimensional
shape and let n = (nq, na,ns). Show fav (zn1 + yna + znz) dA = 3x volume of
V.

Does the divergence theorem hold for higher dimensions? If so, explain why it
does. How about two dimensions?

Let F = zi + yj + zk and let V denote the tetrahedron formed by the planes,
r=0,y=0,2=0, and %w + %y + éz = 1. Verify the divergence theorem for this
example.

Suppose f : U — R is continuous where U is some open set and for all B C U
where B is a ball, [, f(x) dV = 0. Show this implies f (x) = 0 for all x € U.

Let U denote the box centered at (0,0,0) with sides parallel to the coordinate
planes which has width 4, length 2 and height 3. Find the flux integral faU F-ndS
where F = (z + 3,2y, 3z) . Hint: If you like, you might want to use the divergence
theorem.

Verify [17.16! from [17.13 and the assumption that S = kF.

Fick’s law for diffusion states the flux of a diffusing species, J is proportional to
the gradient of the concentration, c. Write this law getting the sign right for the
constant of proportionality and derive an equation similar to the heat equation
for the concentration, c. Typically, c is the concentration of some sort of pollutant
or a chemical.

Show that if ug,k = 1,2, -, n each satisfies [17.7/ then for any choice of constants,
C1,- "+, Cn, SO does
n
Z CrU.
k=1

Suppose k(x) = k, a constant and f = 0. Then in one dimension, the heat
equation is of the form w; = aug,. Show w(z,t) = e—an’t

heat equation®.

sin (nz) satisfies the

In a linear, viscous, incompressible fluid, the Cauchy stress is of the form

v;.5 (¢, + v, (¢,
Tij(t7y):)‘< i y)2 i y>>—p5ij

where p is the pressure, d;; equals 0 if i # j and 1 if i = j, and the comma followed
by an index indicates the partial derivative with respect to that variable and v is
the velocity. Thus

61;1-

© Oy;

Vi

3Fourier, an officer in Napoleon’s army studied solutions to the heat equation back in 1813. He was
interested in heat flow in cannons. He sought to find solutions by adding up infinitely many solutions
of this form. Actually, it was a little more complicated because cannons are not one dimensional but it
was the beginning of the study of Fourier series, a topic which fascinated mathematicians for the next
150 years and motivated the development of analysis.
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Also, p denotes the pressure. Show, using the balance of mass equation that
incompressible implies divv = 0. Next show the balance of momentum equation
requires
A ov  0v A

V——Av=p|—+ —v;| —=Av=Db - Vp.

VT p{aﬁayﬂ} 2 P
This is the famous Navier Stokes equation for incompressible viscous linear fluids.
There are still open questions related to this equation, one of which is worth
$1,000,000 at this time.



Stokes And Green’s Theorems

18.0.1 Outcomes

1.

® N o ok N

10.
11.

Recall and verify Green’s theorem.

Apply Green’s theorem to evaluate line integrals.

Apply Green’s theorem to find the area of a region.

Explain what is meant by the curl of a vector field.

Evaluate the curl of a vector field.

Derive and apply formulas involving divergence, gradient and curl.
Recall and use Stoke’s theorem.

Apply Stoke’s theorem to calculate the circulation or work of a vector field around
a simple closed curve.

Recall and apply the fundamental theorem for line integrals.
Determine whether a vector field is a gradient using the curl test.

Recover a function from its gradient when possible.

18.1 Green’s Theorem

Green’s theorem is an important theorem which relates line integrals to integrals over
a surface in the plane. It can be used to establish the seemingly more general Stoke’s
theorem but is interesting for it’s own sake. Historically, theorems like it were important
in the development of complex analysis. I will first establish Green’s theorem for regions
of a particular sort and then show that the theorem holds for many other regions also.
Suppose a region is of the form indicated in the following picture in which

U = {(z,y):zec(ab) andyc (b(z),t(2))}
= {(@y):yeled andze(l(y),r(y))}-

393
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I will refer to such a region as being convex in both the z and y directions.

Lemma 18.1.1 Let F (x,y) = (P (z,y),Q (x,y)) be a C* vector field defined near U
where U is a region of the sort indicated in the above picture which is convex in both the
x and y directions. Suppose also that the functions, r,l,t, and b in the above picture are
all Ct functions and denote by OU the boundary of U oriented such that the direction
of motion is counter clockwise. (As you walk around U on OU, the points of U are on
your left.) Then

/ Pdx 4+ Qdy =
oUu

_[ (9@ _oF
/QUFdR/U(ax 8y)dA. (18.1)

Proof: First consider the right side of [18.1.
/ (‘%9 _ ‘9P> JA
v \odzx Oy
r(y) @) gp
/ / 6—ded - / / 0 —dydx
ba) Y

= /(Q(T(y),y)—Q(l(), ))dy+/( (#,0(x))) = P (z,t(z)) dz.(18.2)

c a

Now consider the left side of [18.1. Denote by V' the vertical parts of QU and by H the

horizontal parts.
/ F.dR =
au

- [ 0@+ @)
oU
d
= /(O,Q(r(s),s))-(T’(s),l)ds—l—/(O,Q(r(s),s))-(il,O)ds
c H
d b
—/ (O,Q(Z(S),S))~(l’(8)71)ds+/ (P (5,b(s)).0) - (L,¥/ (s)) ds

b

+/V (P (s,b(s)),0)-(0,£1)ds —/ (P (s,t(s)),0) - (1,t (s))ds

a

_ /CdQ(r( ds—/ Q ds+/abP(s,b(s))ds—/abP(s,t(s))ds

which coincides with [18.2. This proves the lemma.

Corollary 18.1.2 Let everything be the same as in Lemma|18.1.1 but only assume the
functions r,1,t, and b are continuous and piecewise C' functions. Then the conclusion
this lemma is still valid.

Proof: The details are left for you. All you have to do is to break up the various line
integrals into the sum of integrals over sub intervals on which the function of interest is
Ct.

From this corollary, it follows [18.1!is valid for any triangle for example.

Now suppose [18.1 holds for Uy, Us, - - - , U, and the open sets, Uy have the property
that no two have nonempty intersection and their boundaries intersect only in a finite
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number of piecewise smooth curves. Then [18.1/ must hold for U = U], U;, the union of

these sets. This is because 5 op
L)
v \odzx Oy

AR
= Ju, or Oy

= Z/ F.-dR = F.dR
1/ OUk U

because if I' = OU, N 0Uj, then its orientation as a part of Uy is opposite to its
orientation as a part of 9U; and consequently the line integrals over I' will cancel,
points of I' also not being in JU. As an illustration, consider the following picture for
two such Uyg.

Similarly, if U C V and if also QU C V and both U and V are open sets for which
18.1 holds, then the open set, V'\ (U U 9U) consisting of what is left in V after deleting
U along with its boundary also satisfies 18.1. Roughly speaking, you can drill holes in
a region for which [18.1] holds and get another region for which this continues to hold
provided [18.1] holds for the holes. To see why this is so, consider the following picture
which typifies the situation just described.

Then 90 op
F.dR :/ < — ) dA
/av v \ 0z dy
oQ 8P) / <8Q 6P>
= — — — | dA + — — — |dA
/U (8x oy v\ \ 0z oy
= / F-dR+/ (862_813)dA
1510 V\U Ox y
and so

/ <8Q — 8P> dA = / F-dR— F.dR
o \9z 9y ov oU

/ F-dR
A(V\U)

which equals
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where OV is oriented as shown in the picture. (If you walk around the region, V \ U
with the area on the left, you get the indicated orientation for this curve.)
You can see that [18.1]is valid quite generally. This verifies the following theorem.

Theorem 18.1.3 (Green’s Theorem) Let U be an open set in the plane and let OU be
piecewise smooth and let F (x,y) = (P (x,y),Q (x,y)) be a C! vector field defined near
U. Then it is often the case that

/aUF'dR_/U(Zf (x’?/)—?;(x,y)) dA.

Here is an alternate proof of Green’s theorem from the divergence theorem.

Theorem 18.1.4 (Green’s Theorem) Let U be an open set in the plane and let OU be
piecewise smooth and let F (x,y) = (P (z,y),Q (x,y)) be a C' vector field defined near
U. Then it is often the case that

/aUF'dR:/U(Zf ($>y>—aa];<w,y>> dA.

Proof: Suppose the divergence theorem holds for U. Consider the following picture.

Since it is assumed that motion around U is counter clockwise, the tangent vector,
(2,3') is as shown. Now the unit exterior normal is either

(_ylvx/)
or

(@) + (y)?
Again, the counter clockwise motion shows the correct unit exterior normal is the second
of the above. To see this note that since the area should be on the left as you walk

around the edge, you need to have the unit normal point in the direction of (2/,y’,0) x k
which equals (y', —2’,0). Now let F (z,y) = (Q (z,y),—P (x,y)). Also note the area

element on AU is \/(z')* + (y')*dt. Suppose the boundary of U consists of m smooth

curves, the i*" of which is parameterized by (x;,y;) with the parameter, ¢ € [a;, b;] .
Then by the divergence theorem,

/(Qz—Py)dA:/div(F)dA: F - ndS
U U

ou

1For a general version see the advanced calculus book by Apostol. The general versions involve the
concept of a rectifiable (finite length) Jordan curve.
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> [ Qi 0 (1)~ i (0.1 1)

1

(@) + (4))°

m b;
=§:/<mewm»—mm@ymmw%—mﬁ
i=17 %

(v, =) o/ (@) + (y)) dt

m b;
= Z;/a Q (i (1), i (£) yi (8) + P (i (£) , y: (1)) 3 (t)th/aUdeJery

This proves Green’s theorem from the divergence theorem.

Proposition 18.1.5 Let U be an open set in R? for which Green’s theorem holds. Then

Area of U = F.dR
ou

where F (l’, y) = % (_yv CC) ) (07 :Z:) , OT (_yv 0) .
Proof: This follows immediately from Green’s theorem.

Example 18.1.6 Use Proposition [18.1.5 to find the area of the ellipse

2 2
Y
2T et

You can parameterize the boundary of this ellipse as
T =acost, y = bsint, t € [0,27].

Then from Proposition [18.1.5,

1 2
Area equals = 5/ (=bsint,acost) - (—asint,bcost) dt
0
1 2m
= f/ (ab) dt = mwab.
2.Jo

Example 18.1.7 Find [, F-dR where U is the set,
{(z,y) :2® +3y* < 9}
and F (z,y) = (y, —x) .

One way to do this is to parameterize the boundary of U and then compute the line
integral directly. It is easier to use Green’s theorem. The desired line integral equals

/U((—l)—l)dA:—Q/UdA.

Now U is an ellipse having area equal to 31v/3 and so the answer is —6+/3.

Example 18.1.8 Find [, F-dR where U is the set, {(x,y) : 2 <2 < 4,0 <y < 3} and
F(z,y) = (m siny, y3 cos :v) .
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From Green’s theorem this line integral equals

4 03

/ / (—y?’sinx—xcosy) dydx
2 Jo

81

81
= Zc0s4765in37 Zcos2.

This is much easier than computing the line integral because you don’t have to break
the boundary in pieces and consider each separately.

Example 18.1.9 Find faU F-dR where U is the set,
{(z,y):2<w<4,2<y<3}
and F (x,y) = (zsiny,ysinx) .

From Green’s theorem this line integral equals

4 3
//(ycosx—mcosy)dydac
2 T
3

= —isin4—651n3—8c054— gsin2—|—40052.

18.2 Stoke’s Theorem From Green’s Theorem

Stoke’s theorem is a generalization of Green’s theorem which relates the integral over
a surface to the integral around the boundary of the surface. These terms are a little
different from what occurs in R2. To describe this, consider a sock. The surface is the
sock and its boundary will be the edge of the opening of the sock in which you place
your foot. Another way to think of this is to imagine a region in R? of the sort discussed
above for Green’s theorem. Suppose it is on a sheet of rubber and the sheet of rubber
is stretched in three dimensions. The boundary of the resulting surface is the result of
the stretching applied to the boundary of the original region in R2. Here is a picture
describing the situation.

Recall the following definition of the curl of a vector field.
Definition 18.2.1 Let
F(2,5,2) = (1 (2,9,2), Fs (2,4, 2) , F (2,1, 2))
be a C! vector field defined on an open set, V in R3. Then

i j k
VxF=| 2 2 2
B B Fy

(OF, OFR\. (0F, 0F\. (0F, OF
(ay 8z)1+<82 8x>'l+<6x 8y)k'

This is also called curl (F) and written as indicated, V x F.
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The following lemma gives the fundamental identity which will be used in the proof
of Stoke’s theorem.

Lemma 18.2.2 Let R : U — V C R? where U is an open subset of R? and V is an
open subset of R3. Suppose R is C? and let F be a C* vector field defined in V.

(Ru < Ry)- (V< F) (R(1,0) = (FoR), - Ry — (FoR), - Ry) (w,0).  (18.3)
Proof: Start with the left side and let x; = R; (u,v) for short.

OF,
(R, xR,) - (VXF)R(u,v) = Eijkxjuxkvsirsa—

oF,
oz,
OF}, OF;

= Tjulkv — TjuTky
J Oz J Ox

= (5jr5ks - 5j55k7°) Ljulkv

_ O(FoR) O(FoR)
= R ou ~Ru v

which proves [18.3.

The proof of Stoke’s theorem given next follows [7]. First, it is convenient to give a
definition.

Definition 18.2.3 A wvector valued function, R : U C R™ — R" is said to be in
Cck (U,R") if it is the restriction to U of a vector valued function which is defined on
R™ and is C*. That is, this function has continuous partial derivatives up to order k.

Theorem 18.2.4 (Stoke’s Theorem) Let U be any region in R? for which the conclusion
of Green’s theorem holds and let R € C? (U,R?’) be a one to one function satisfying
(R, x Ry) (u,v)| # 0 for all (u,v) € U and let S denote the surface,

S = {R(u,v): (u,v) €U},
0S = {R(u,v): (u,v) € OU}

where the orientation on 0S is consistent with the counter clockwise orientation on OU
(U is on the left as you walk around OU ). Then for F a C* vector field defined near S,

/ F~dR:/cur1(F)~ndS
s s

where n is the normal to S defined by

h= R, xR,
T RL xRy

Proof: Letting C' be an oriented part of QU having parameterization,

for t € [a, (] and letting R (C') denote the oriented part of 95 corresponding to C,

/ F-dR =
R(C)
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B
F(R(u(t),v(t))- (Ruv (t) + R (t)) dt

I
S

]
FR(u(t),v(t)Ru(u(t),v(t)u (¢)dt

[e3

8
/F(R(U(t),v(t)))Ru(U(t),v(t))v'(t)dt

(03

I Il
S— S~

(FoR)-R,,(FoR)-R,) -dr.
Since this holds for each such piece of 9U, it follows
/ F-dR = (FoR)-R,,(FoR)-R,)-dr.
as oU
By the assumption that the conclusion of Green’s theorem holds for U, this equals

/U (FoR) R,), - (FoR)-R,),]dA

/[(FOR)U-RU—I—(FOR)-RW—(FOR)-RUU—(FOR)U-Ru]dA
U
= /[(FOR)U'RU—(FOR)v~Ru]dA

U

the last step holding by equality of mixed partial derivatives, a result of the assumption
that R is C2?. Now by Lemma [18.2.2] this equals

I
<
X
5|
5
S,
@

because dS = |(R, x R,)|dA and n :%. Thus

R, xR,
(Ru X RU)dA = M ‘(Ru X RU)| dA

= ndS.

This proves Stoke’s theorem.

Note that there is no mention made in the final result that R is C?. Therefore, it
is not surprising that versions of this theorem are valid in which this assumption is not
present. It is possible to obtain extremely general versions of Stoke’s theorem if you use
the Lebesgue integral.

18.2.1 The Normal And The Orientation

Stoke’s theorem as just presented needs no apology. However, it is helpful in applications
to have some additional geometric insight.

To begin with, suppose the surface S of interest is a parallelogram in R3 determined
by the two vectors a, b. Thus S = R (Q) where @ = [0, 1] x [0, 1] is the unit square and
for (u,v) € Q,

R (u,v) = ua+ vb + p,
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the point p being a corner of the parallelogram S. Then orient S consistent with
the counter clockwise orientation on 9Q. Thus, following this orientation on S you go
from ptop+atop+a+btop+btop. Then Stoke’s theorem implies that with
this orientation on 9S, [;¢ F-dR = [V X F - nds where n = R, x R,/ |R, x Ry| =
a x b/|a x b|. Now recall a,b,a x b forms a right hand system.

pt+a+b

p+a

axb

Thus, if you were walking around 95 in the direction of the orientation with your
left hand over the surface S, the normal vector a x b would be pointing in the direction
of your head.

More generally, if S is a surface which is not necessarily a parallelogram but is instead
as described in Theorem [18.2.4] you could consider a small rectangle () contained in U
and orient the boundary of R (Q) as described in that theorem. Then if the rectangle is
small enough, as you walk around dR (Q) in the direction of the described orientation,
your head would point roughly in the direction of R, x R,,. This is because for small
enough @, the normal to the tangent parallelogram would point in roughly the same
direction as R,, x R, at each point of R (Q) and your head would also point roughly
in the same direction if you were on R (Q) or the tangent parallelogram. You can
imagine essentially filling U with non overlapping rectangles, ;. Then orienting OR(Q);)
consistent with the counter clockwise orientation on (); and adding the resulting line
integrals, the line integrals over the common sides cancel and the result is essentially
the line integral over 0S.Thus there is a simple relation between the field of normal
vectors on S and the orientation of 0S. It is simply this. If you walk along 95 in the
direction mandated by the orientation, with your left hand over the surface, the nearby
normal vectors in Stoke’s theorem will point roughly in the direction of your head.
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This also illustrates that you can define an orientation for 9S by specifying a field
of normal vectors for the surface which varies continuously over the surface, and require
that the motion over the boundary of the surface is such that your head points roughly
in the direction of nearby normal vectors and your left hand is over the surface. The
existence of such a continuous field of normal vectors is what constitutes an orientable
surface.

18.2.2 The Mobeus Band

It turns out there are more general formulations of Stoke’s theorem than what is pre-
sented above. However, it is always necessary for the surface, S to be orientable. This
means it is possible to obtain a vector field for a unit normal to the surface which is a
continuous function of position on S.

An example of a surface which is not orientable is the famous Mobeus band, obtained
by taking a long rectangular piece of paper and glueing the ends together after putting
a twist in it. Here is a picture of one.

There is something quite interesting about this Mobeus band and this is that it
can be written parametrically with a simple parameter domain. The picture above is a
maple graph of the parametrically defined surface

xz4cos€—|—vcos§

R(0,v) =4 y=4sinf +vcoss ,0¢c0,2n],ve[-1,1].
z:vsing

An obvious question is why the normal vector, R g xR ,/|R ¢ x R 4| is not a continuous
function of position on S. You can see easily that it is a continuous function of both 6
and v. However, the map, R is not one to one. In fact, R (0,0) = R (27, 0). Therefore,
near this point on S, there are two different values for the above normal vector. In fact,
a tedious computation will show this normal vector is

(4 sin %0 cosf — %v, 4sin %9 sin 6 + %v, —8 cos? %9 sin %9 —8cos? %9 + 4 cos %9)
D

where
2
D = (16 sin? (g) + % + 4sin (g) v (sinf — cos 6)

e (5) (cn (30) m (39) 02 (39)-3) )

and you can verify that the denominator will not vanish. Letting v =0 and § = 0 and
27 yields the two vectors, (0,0,—1),(0,0,1) so there is a discontinuity. This is why I
was careful to say in the statement of Stoke’s theorem given above that R is one to one.

The Mobeus band has some usefulness. In old machine shops the equipment was
run by a belt which was given a twist to spread the surface wear on the belt over twice
the area.

The above explanation shows that Ry x R,/ |R ¢ x R | fails to deliver an orien-
tation for the Mobeus band. However, this does not answer the question whether there
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is some orientation for it other than this one. In fact there is none. You can see this
by looking at the first of the two pictures below or by making one and tracing it with a
pencil. There is only one side to the Mobeus band. An oriented surface must have two
sides, one side identified by the given unit normal which varies continuously over the
surface and the other side identified by the negative of this normal. The second picture
below was taken by Ouyang when he was at meetings in Paris and saw it at a museum.

18.2.3 Conservative Vector Fields

Definition 18.2.5 A vector field, F defined in a three dimensional region is said to be
conservative? if for every piecewise smooth closed curve, C, it follows fC F-dR = 0.

Definition 18.2.6 Let (X,p1, - ,Pn,y) be an ordered list of points in RP. Let

p(xaplv"' 7pnaY)

denote the piecewise smooth curve consisting of a straight line segment from x to pi
and then the straight line segment from py to pe -+ - and finally the straight line segment
from py, toy. This is called a polygonal curve. An open set in RP, U, is said to be a
region if it has the property that for any two points, x,y € U, there exists a polygonal
curve joining the two points.

Conservative vector fields are important because of the following theorem, sometimes
called the fundamental theorem for line integrals.

Theorem 18.2.7 Let U be a region in RP and let F : U — R? be a continuous vector
field. Then F is conservative if and only if there exists a scalar valued function of p
variables, ¢ such that F = V¢. Furthermore, if C' is an oriented curve which goes from
x toy in U, then

[P0 -0, (18.4)

Thus the line integral is path independent in this case. This function, ¢ is called a
scalar potential for F.

Proof: To save space and fussing over things which are unimportant, denote by
p (X0, x) a polygonal curve from X to x. Thus the orientation is such that it goes from
Xp to x. The curve p (x,%,) denotes the same set of points but in the opposite order.
Suppose first F is conservative. Fix xqg € U and let

o (x) = / F-dR.
p(%0,%)

This is well defined because if q (xg, %) is another polygonal curve joining x¢ to x, Then
the curve obtained by following p (xg,x) from X to x and then from x to xq along

2There is no such thing as a liberal vector field.
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q(x,%,) is a closed piecewise smooth curve and so by assumption, the line integral
along this closed curve equals 0. However, this integral is just

/ F~dR—|—/ F-dR = F-dR—/ F.-dR
p(x0,%) a(x,%o) p(%0,X) q(x0,%)

which shows

/ F-dR = / F-dR
p(x0,%) a(x0,%)

and that ¢ is well defined. For small ¢,

P (x +te;) — ¢ (x) _ fp(Xo,ertei) F-dR- fp(xo,X) F-dR
t t
oo B R foenciian B AR [ F - dR
: .

Since U is open, for small ¢, the ball of radius [t| centered at x is contained in U.
Therefore, the line segment from x to x + te; is also contained in U and so one can take
p(x,x +te;) (s) = x + s(te;) for s € [0,1]. Therefore, the above difference quotient
reduces to

%/0 F(x+s(te;)) te;ds = /OFi(x—l—s(tei)) ds

= F;(x+ st (te;))

by the mean value theorem for integrals. Here s; is some number between 0 and 1. By
continuity of F, this converges to F; (x) as ¢ — 0. Therefore, V¢ = F as claimed.
Conversely, if V¢ = F, then if R : [a,b] — R? is any C! curve joining x to y,

b b
/F(R(t))~R’(t) dt = /V¢(R(t))~R’(t) dt

b d
| Ge®o)a
) -

dt
= ¢[R ¢ (R (a))
= ¢(y)-¢(x)

and this verifies [18.4]in the case where the curve joining the two points is smooth. The
general case follows immediately from this by using this result on each of the pieces of
the piecewise smooth curve. For example if the curve goes from x to p and then from p
to y, the above would imply the integral over the curve from x to p is ¢ (p) — ¢ (x) while
from p to y the integral would yield ¢ (y) — ¢ (p) . Adding these gives ¢ (y) — ¢ (x) .
The formula [18.4! implies the line integral over any closed curve equals zero because the
starting and ending points of such a curve are the same. This proves the theorem.

Example 18.2.8 Let F (z,y,%z) = (cosx —yzsin (zz),cos (xz), —yxsin (zz)). Let C
be a piecewise smooth curve which goes from (mw,1,1) to (g,& 2) . Find fc F- dR.

The specifics of the curve are not given so the problem is nonsense unless the vector
field is conservative. Therefore, it is reasonable to look for the function, ¢ satisfying

V¢ = F. Such a function satisfies

¢, =cosx —y(sinxz)z
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and so, assuming ¢ exists,

¢ (x,y,2) =sinx + ycos (zz) + 9 (y, 2) .

I have to add in the most general thing possible, ¥ (y, z) to ensure possible solutions
are not being thrown out. It wouldn’t be good at this point to add in a constant since
the answer could involve a function of either or both of the other variables. Now from
what was just obtained,

¢, = cos (z2) + 1, = coszz

and so it is possible to take 1, = 0. Consequently, ¢, if it exists is of the form

¢ (z,y,2) =sinz +ycos(zz) + ¥ (z).
Now differentiating this with respect to z gives

¢, = —yxsin (zz) + ¢, = —yxsin (x2)
and this shows 1 does not depend on z either. Therefore, it suffices to take ¢» = 0 and

¢ (x,y,2) =sin (z) + ycos (xz) .
Therefore, the desired line integral equals
sin (g) + 3 cos () — (sin (7) + cos (7)) = —1.

The above process for finding ¢ will not lead you astray in the case where there does
not exist a scalar potential. As an example, consider the following.

Example 18.2.9 Let F (x,y,2) = (m,y2m, z) . Find a scalar potential for F if it exists.

If ¢ exists, then ¢, = z and so ¢ = % + 1 (y,2). Then ¢, = 1, (y,2) = xy® but
this is impossible because the left side depends only on y and z while the right side
depends also on x. Therefore, this vector field is not conservative and there does not
exist a scalar potential.

Definition 18.2.10 A set of points in three dimensional space, V is simply connected
if every piecewise smooth closed curve, C' is the edge of a surface, S which is contained
entirely within V in such a way that Stokes theorem holds for the surface, S and its
edge, C.

This is like a sock. The surface is the sock and the curve, C goes around the opening
of the sock.

As an application of Stoke’s theorem, here is a useful theorem which gives a way to
check whether a vector field is conservative.

Theorem 18.2.11 For a three dimensional simply connected open set, V and F a C*
vector field defined in V, F is conservative if VX F =0 in V.
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Proof: If V x F = 0 then taking an arbitrary closed curve, C, and letting S be a
surface bounded by C which is contained in V, Stoke’s theorem implies

Oz/VxF-ndA:/F-dR.
s c

Thus F is conservative.
Example 18.2.12 Determine whether the vector field,

(4963 + 2 (cos (332 + 22)) z,1,2 (Cos (:r2 + 22)) z)
s conservative.

Since this vector field is defined on all of R?, it only remains to take its curl and see
if it is the zero vector.
i j k
Oy Oy 0,
423 4+ 2 (cos (:v2 + 22)) r 1 2 (cos (:c2 + 22)) z

This is obviously equal to zero. Therefore, the given vector field is conservative. Can
you find a potential function for it? Let ¢ be the potential function. Then ¢, =
2 (cos (2% 4+ 2%)) z and so ¢ (z,y, z) = sin (2% + 2%) + g (z,y) . Now taking the derivative
of ¢ with respect to y, yousee g, = 1so g (z,y) = y+h (z). Hence ¢ (z,y,2) = y+g (z)+
sin (m2 + 22) . Taking the derivative with respect to z, you get 4> +2 (cos (x2 + 22)) T =
g (z) + 2z cos (22 + 2?) and so it suffices to take g (z) = 2?. Hence ¢ (z,y,2) = y +
a2t +sin (x2 + 22) .

18.2.4 Some Terminology

If F = (P,Q,R) is a vector field. Then the statement that F is conservative is the
same as saying the differential form Pdx + Qdy + Rdz is exact. Some people like to say
things in terms of vector fields and some say it in terms of differential forms. In Example
18.2.12), the differential form (4903 +2 (cos (xz + 22)) Jc) dx—l—dy—l—(Q (cos (x2 + 22)) z) dz
is exact.

18.2.5 Maxwell’s Equations And The Wave Equation

Many of the ideas presented above are useful in analyzing Maxwell’s equations. These
equations are derived in advanced physics courses. They are

10B
E+ - — 18.
V x —|—c N 0 (18.5)
V-E = dmp (18.6)
10E 4r
B--— = —f 18.
V x e p (18.7)
V-B = 0 (18.8)

and it is assumed these hold on all of R? to eliminate technical considerations having
to do with whether something is simply connected.

In these equations, E is the electrostatic field and B is the magnetic field while p
and f are sources. By [18.8 B has a vector potential, A; such that B =V x A;. Now
go to [18.5 and write
0A,

ot 0

1
V x E4+-V x
c
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showing that

10A,)

It follows E + %8:%1 has a scalar potential, ¢, satisfying

10A,4

Now suppose ¢ is a time dependent scalar field satisfying

2, 107 10y,
2ot ¢ ot VAL

Next define
100

cot’
Therefore, in terms of the new variables, [18.10 becomes

2 2
v2g— 1990 _1 (%_1M)_V_A+v2¢

A=A +Ve, =1 +

22 ¢

ot ¢ 0t?

which yields

407

(18.9)

(18.10)

(18.11)

(18.12)

(18.13)

(18.14)

oy
=——cV-A
0 5 cV
Then it follows from Theorem [17.1.3 on Page [370 that A is also a vector potential for
B. That is
V x A=B.
From [18.9 106 | /o4 o0
i RS BT el v i
v( cat) +c(8t Vat)
and so 15A
=E+-——.
vy + c Ot

Using [18.7 and [18.14),

10 10A 47
VX(VXA)_C&f(vw_c&f):c .

Now from Theorem [17.1.3! on Page 370/ this implies

1&91/;) L PA _ 4m,

_ 2 _ _— =
VIV-4)-VA v(c@t 2 ot? c

and using [18.12), this gives

1 0%A 9 4m
= ~ V%A = 1.
2 ot? c
Also from [18.14, 18.6, and [18.12,
10
V% = V-E+-—=(V-A
(8 g )
1 0%
- At aae
and so Lo
——1/} — VQw = —4mp.

c? Ot?

(18.15)

(18.16)

(18.17)
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This is very interesting. If a solution to the wave equations, [18.17, and [18.16! can be
found along with a solution to [18.12 then letting the magnetic field be given by [18.13
and letting E be given by [18.14] the result is a solution to Maxwells equations. This
is significant because wave equations are easier to think of than Maxwell’s equations.
Note the above argument also showed that it is always possible, by solving another wave
equation, to get [18.12 to hold.

18.3 Exercises
1. Determine whether the vector field,
(2zy® sin 2%, 32%y? sin 2" + 1, 42%y® (cos 2*) 2° + 1)
is conservative. If it is conservative, find a potential function.

2. Determine whether the vector field,
(2xy3 sin z 4+ 4% + 2z, 32%y% sin 2z + 2y, 2%y> cos z + x)
is conservative. If it is conservative, find a potential function.

3. Determine whether the vector field, (2xy3 sin z + z, 322y sin z + 22y, 2%y cos z + a?)
is conservative. If it is conservative, find a potential function.

4. Find scalar potentials for the following vector fields if it is possible to do so. If it
is not possible to do so, explain why.
(y 2xy + sin z, 2z + y cos z)
b (2 (cos (;U +y )) T,2z (cos (x2 + y2)) 1y, sin (x2 + y2) + 22)
(

(a)
(b)
0
)
)

f() 9(y),h(2))

(
(d) (zy,2%9%)

T y 2
(e (z+2m2+y2+1,2m2+y2+1,x+3z )

5. If a vector field is not conservative on the set U, is it possible the same vector
field could be conservative on some subset of U? Explain and give examples if it
is possible. If it is not possible also explain why.

6. Prove that if a vector field, F has a scalar potential, then it has infinitely many
scalar potentials.

7. Here is a vector field: F = (Qxy, x? — 5y, 322) . Find fc F.dR where C' is a curve
which goes from (1,2,3) to (4,—-2,1).

8. Here is a vector field: F = (2xy,ac2 — 54,3 (cos z3) z2) . Find fc F-dR where C
is a curve which goes from (1,0,1) to (—4,—2,1).

9. Find [, F-dR where U is the set, {(z,y) :2 <2 <4,0 <y <z} and F (z,y) =
(xsiny,ysinx).

10. Find faU F-dR where U is the set, {(x,y) :2<r<3,0<y< x2} and F (z,y) =
(xcosy,y+x).

11. Find [, F-dR where U is the set, {(z,y) : 1 <2 <2,2 <y <3} and F (z,y) =
(rsiny,ysinx).
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Find [,,; F-dR where U is the set, {(z,y) : 2 + 3> <2} and F (z,y) = (—3,2?).

Show that for many open sets in R?, Area of U = faU xdy, and Area of U =
Jor —ydx and Area of U = 3 [, —ydx + xdy. Hint: Use Green’s theorem.

Two smooth oriented surfaces, S7 and Sy intersect in a piecewise smooth oriented
closed curve, C. Let F be a C'* vector field defined on R®. Explain why fsl curl (F)-
ndS = f52 curl (F) - ndS. Here n is the normal to the surface which corresponds
to the given orientation of the curve, C.

Show that curl (V) = Vi x V¢ and explain why [ Vi xVé-ndS = [, (¥Vo)-
dr.

Find a simple formula for div (V (u®)) where o € R.

Parametric equations for one arch of a cycloid are given by x = a (¢t —sint) and
y = a (1 — cost) where here ¢t € [0,2n]. Sketch a rough graph of this arch of a
cycloid and then find the area between this arch and the x axis. Hint: This is
very easy using Green’s theorem and the vector field, F = (—y,z) .

Let r () = (cos® (¢),sin® (t)) where ¢ € [0, 27]. Sketch this curve and find the area
enclosed by it using Green’s theorem.

Consider the vector field, (kz, ay,0) = F. Show that V x F =0 but

that for the closed curve, whose parameterization is R (t) = (cost,sint,0) for
te 0,27, [ o F-dR # 0. Therefore, the vector field is not conservative. Does this
contradict Theorem [18.2.117 Explain.

Let x be a point of R? and let n be a unit vector. Let D, be the circular disk of ra-
dius r containing x which is perpendicular to n. Placing the tail of n at x and view-
ing D, from the point of n, orient D, in the counter clockwise direction Now sup-
pose F is a vector field defined near x. Show curl (F) - n = lim, o -%5 |, op, F-dR.
This last integral is sometimes called the circulation density of F Explam how
this shows that curl (F) - n measures the tendency for the vector field to “curl”
around the point, the vector n at the point x.

The cylinder 22 +y? = 4 is intersected with the plane = + 3 + z = 2. This yields a
closed curve, C. Orient this curve in the counter clockwise direction when viewed
from a point high on the z axis. Let F = (:c2y, z+ y,xQ). Find fC F.dR.

The cylinder 22 + 4y? = 4 is intersected with the plane x + 3y + 2z = 1. This
yields a closed curve, C. Orient this curve in the counter clockwise direction when
viewed from a point high on the z axis. Let F = (y, z 4+, xz). Find fc F-dR.

The cylinder 22 + 4% = 4 is intersected with the plane = + 3y + 2z = 1. This yields
a closed curve, C. Orient this curve in the clockwise direction when viewed from
a point high on the z axis. Let F = (y, z + y,z). Find fc F-dR.

Let F = (22, 2% (y +sinx) , 2%y) . Find the surface integral, [, curl (F)-ndA where
S is the surface, z = 4 — (.1‘2 + y2), z > 0.

Let F = (xz, (y3 + x) , 23 ) Find the surface integral, fs curl (F) - ndA where S
is the surface, z = 16 — (22 + ) z > 0.
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The cylinder z = 32 intersects the surface z = 8 — 22 — 4y? in a curve, C which is
oriented in the counter clockwise direction when viewed high on the z axis. Find

fc FdRif F = (%, Ty, xz) . Hint: This is not too hard if you show you can use
Stokes theorem on a domain in the xy plane.

Suppose solutions have been found to [18.17, [18.16, and [18.12. Then define E and
B using 18.14/ and [18.13. Verify Maxwell’s equations hold for E and B.

Suppose now you have found solutions to 18.17 and [18.16, ¢, and A;. Then go
show again that if ¢ satisfies [18.10/ and ¢ = ¢, + %%, while A = A; + V¢, then
18.12/ holds for A and 1.

Why consider Maxwell’s equations? Why not just consider [18.17, [18.16, and
18.127

Tell which open sets are simply connected.

(a) The inside of a car radiator.
(b) A donut.

(c) The solid part of a cannon ball which contains a void on the interior.
(d) The inside of a donut which has had a large bite taken out of it.

(e) All of R? except the z axis.

(f) All of R3except the xy plane.

Let P be a polygon with vertices (z1,91),(z2,y2) - (Xn,Yn), (T1,y1) encoun-
tered as you move over the boundary of the polygon in the counter clockwise
direction. Using Problem (13| find a nice formula for the area of the polygon in
terms of the vertices.



The Mathematical Theory Of
Determinants”®

A.1 The Function sgn,

It is easiest to give a different definition of the determinant which is clearly well defined
and then prove the earlier one in terms of Laplace expansion. Let (i1,---,i,) be an
ordered list of numbers from {1,---,n}. This means the order is important so (1,2,3)
and (2,1,3) are different. There will be some repetition between this section and the
earlier section on determinants. The main purpose is to give all the missing proofs.
Two books which give a good introduction to determinants are Apostol [2] and Rudin
[23]. A recent book which also has a good introduction is Baker [4].
The following Lemma will be essential in the definition of the determinant.

Lemma A.1.1 There exists a unique function, sgn, which maps each list of numbers

from {1,--- ,n} to one of the three numbers, 0,1, or —1 which also has the following
properties.
sgn, (1,---,n) =1 (1.1)
sgn, (i17"' y Dy gy ,Zn) = —sgi, (7:1?"' yqs Py 7Zn) (12)
In words, the second property states that if two of the numbers are switched, the value
of the function is multiplied by —1. Also, in the case where n > 1 and {iy, -+ ,in} =
{1,--- ,n} so that every number from {1,--- ,n} appears in the ordered list, (i1, - ,in),
Sgn,, (7:17 to 57:9—1;”)7;94-1; v 77fn) =
—9 . . . .

(_1)n Sg, (7“17"' 5 10—15 1041, " 77%) (13)

where n = iy in the ordered list, (i1, ,iy) .

411
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Proof: To begin with, it is necessary to show the existence of such a function. This
is clearly true if n = 1. Define sgn, (1) = 1 and observe that it works. No switching
is possible. In the case where n = 2, it is also clearly true. Let sgn,(1,2) = 1 and
sgn, (2,1) = —1 while sgn, (2,2) = sgn, (1,1) = 0 and verify it works. Assuming such a
function exists for n, sgn,, ,; will be defined in terms of sgn,, . If there are any repeated
numbers in (i1, ,ip41), 580, (i1, - ,ing1) = 0. If there are no repeats, then n +1
appears somewhere in the ordered list. Let € be the position of the number n+ 1 in the
list. Thus, the list is of the form (i1, -+ ,i9—1,n+ 1,941, * ,in+1). From [1.3] it must
be that

sgn,, 4 q (i1, ydg—1,n + Lidgqr, - ying1) =

—9 . . . .

(_1)n+1 sgn, (i1, y89—150041," " 5int1) -
It is necessary to verify this satisfies [1.1 and [1.2| with n replaced with n + 1. The first
of these is obviously true because

SgN, 11 (1a R N 2 1) = (_1)n+17(n+1) sgn,, (17 e ,’ﬂ) =1

If there are repeated numbers in (i1, - ,in41), then it is obvious [1.2] holds because
both sides would equal zero from the above definition. It remains to verify (1.2 in the
case where there are no numbers repeated in (i1, - ,4,+1). Consider

s

. s .
SN, 41 (Zla"' y Py gy aln+l);

where the r above the p indicates the number, p is in the r** position and the s above
the ¢ indicates that the number, ¢ is in the s position. Suppose first that r < 6 < s.
Then

. T 0 S . _
sgnn+1 Z17"'7p7"'7n+17"'aQ7"';7'n+1 =

1-6 . -1 X
(_1)"+ sgn,, (213"' 7]1.9"" 7sq y Tt uZn+1)
while
. T 0 S .
Sgnn+1 Zl""7Qa"'7n+1>"'ap7"'aln+l =

—0 . —1 .
(_1)n+1 sgn,, (11,"'#37"',817 a"'vzn+1)

and so, by induction, a switch of p and ¢ introduces a minus sign in the result. Similarly,
if # > s or if 8 < r it also follows that [1.2| holds. The interesting case is when § = r or
0 = s. Consider the case where § = r and note the other case is entirely similar.

T s

Sg 41 <i1"" 7n+17"' yds ai’rH*l) =

(_1)n+1—r sgn,, <i1,~-- g ,in+1> (1.4)
while .
Sgnn+1 (ila"' 7&7"' 7’I’L+1,"' 7in+1) =

(—1)n+1_s sgn,, (i1, R ,in+1) . (1.5)

By making s — 1 — r switches, move the ¢ which is in the s — 1** position in 1.4 to the

r*" position in [I.5. By induction, each of these switches introduces a factor of —1 and
SO

. s—1 . s—1—r . T .
sgn, (Zlv"' s g 5 ,Zn+1> = (_1) sgn,, (217"' , g, 7Zn+1) .
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Therefore,

. " s . n+l—r . s—1 .
Sgnn+1 llf"7n+1a"'aqf"72n+1 :(_1) Sgn, |1,y G 5ty ln4l

— (_1)n+1—r (_1)8—1—T Sgnn (ila .. 767 o )in+1)

T

= (71)"“"5 sgn,, <i15 ¢ PR ain—‘rl) - (*1)25_1 (71)77,—‘,-1—5 sgn,, (ih e ,197 e 77;n+1)

. T .
:_Sgnn+1 (217"' , g, ,TL+17"' 7Z’n+1)-

This proves the existence of the desired function.

To see this function is unique, note that you can obtain any ordered list of distinct
numbers from a sequence of switches. If there exist two functions, f and g both satisfying
1.1l and 1.2, you could start with f(1,---,n) = g(1,---,n) and applying the same
sequence of switches, eventually arrive at f (i1, ,i,) = ¢ (i1, ,%,) . If any numbers
are repeated, then 1.2 gives both functions are equal to zero for that ordered list. This
proves the lemma.

A.2 The Determinant
A.2.1 The Definition

In what follows sgn will often be used rather than sgn, because the context supplies
the appropriate n.

Definition A.2.1 Let f be a real valued function which has the set of ordered lists of
numbers from {1,--- n} as its domain. Define

Z [k ky)
(k1,0 k)
to be the sum of all the f (k1 ---ky) for all possible choices of ordered lists (ki,--- ,kn)
of numbers of {1,--- ,n}. For example,
> Flkk) =F(1L2)+ £, + f(1L,1) + f(2,2).
(klka)

Definition A.2.2 Let (a;;) = A denote an n x n matriz. The determinant of A,
denoted by det (A) is defined by

det (A) = Z sgn (kla co 7k:7l) A1k, * Ak,

(k1 k)
where the sum is taken over all ordered lists of numbers from {1,--- ,n}. Note it suffices
to take the sum over only those ordered lists in which there are no repeats because if
there are, sgn (k1,--- ,k,) =0 and so that term contributes 0 to the sum.

Let A be an n x n matrix, A = (a;;) and let (r1,--- ,r,) denote an ordered list of n
numbers from {1,--- ,n}. Let A(ry,---,7,) denote the matrix whose k' row is the 7
row of the matrix, A. Thus

det (A(ry,---,1rn)) = Z sgn (K1, kn) Gryky * " Qroke, (1.6)
(1, kn)
and
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A.2.2 Permuting Rows Or Columns

Proposition A.2.3 Let
(Tla T 7rn)

be an ordered list of numbers from {1,--- ;n}. Then

sgn (ry,--+ ,ry,) det (A)

= Z sgn (ki, - kn) Gryky - Gr ke, (1.7)
(k1 kn)
= det(A(ry, -+ ,m)). (1.8)
Proof: Let (1,---,n)=(1,---,7,---8,--- ,n) sor < s.
det(A(la T, S, 7”)): (19)

E Sgn(k17"' 7kT7"' 7k87"' 7kn)af1k1 Ok, Qskg 0t Ak,
(k1o kn)

and renaming the variables, calling ks, k, and k,, ks, this equals

= E Sgn(klv"'7ks7"'vkrv"'vkn)alkl"'arks"'askr"'ankn
(K1, kn)

These got switched

—_——~
= Z —sgn koo kpyooo ke o kg A1k, ***Ask,. *** Ark, *** Ank,
(b1, kn)
et (A(Lye 5, e m). (1.10)
Consequently,

det(A(lv y Syt Ty ,’I’L)):
_det(A(lv TR Pl 7”)):_det(A)

Now letting A(1,---,s,---,7,--- ,n) play the role of A, and continuing in this way,
switching pairs of numbers,

det (A (1, ) = (—1)7 det (4)
where it took p switches to obtain(ry, - ,7,) from (1,--- ,n). By Lemma [A.1.1, this
implies
det (A (ry, -+ ,m)) = (=1)"det (A) = sgn (ry, -+ ,y) det (A)

and proves the proposition in the case when there are no repeated numbers in the ordered

list, (r1,---,7,). However, if there is a repeat, say the " row equals the s row, then
the reasoning of [1.9/1.10/ shows that A (r1,--- ,7,) = 0 and also sgn (1, -+ ,7,) = 0 s0
the formula holds in this case also.

Observation A.2.4 There are n! ordered lists of distinct numbers from {1,--- ,n}.

To see this, consider n slots placed in order. There are n choices for the first slot.
For each of these choices, there are n—1 choices for the second. Thus there are n (n — 1)
ways to fill the first two slots. Then for each of these ways there are n — 2 choices left
for the third slot. Continuing this way, there are n! ordered lists of distinct numbers
from {1,--- ,n} as stated in the observation.
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A.2.3 A Symmetric Definition

With the above, it is possible to give a more symmetric description of the determinant
from which it will follow that det (4) = det (AT) .

Corollary A.2.5 The following formula for det (A) is valid.

det (A) = i'
n!

Z Z sgn (ry, -« ,rp)sgn(ky, -+ kn) ey oo Grp k- (1.11)
(r1, n) (k1o k)
And also det (AT) = det (A) where AT is the transpose of A. (Recall that for AT =

(az;), az;- = aj;.)

Proof: From Proposition [A.2.3) if the r; are distinct,

det (A) = Z sgn (ry, -« ,rp)sgn (ki kn) ey - Gk, -

(K1, kn)
Summing over all ordered lists, (r1,- - ,7,) where the r; are distinct, (If the r; are not
distinct, sgn (r1,- -+ ,7,) = 0 and so there is no contribution to the sum.)

nldet (A) =

Z sgn (7"1, e 7Tn) sgn (klu e 7kn) Qriky * Qrpky, -
(riysrn) (Kiyeeskn)

This proves the corollary since the formula gives the same number for A as it does for
AT,

A.2.4 The Alternating Property Of The Determinant

Corollary A.2.6 If two rows or two columns in an n X n matriz, A, are switched, the
determinant of the resulting matriz equals (—1) times the determinant of the original
matriz. If A is an n X n matriz in which two rows are equal or two columns are equal
then det (A) = 0. Suppose the i'" row of A equals (zay + yby,--- ,xa, +yby,). Then

det (A) = zdet (A1) + ydet (Az)

where the it" row of Ay is (a1, -+ ,an) and the it" row of Ay is (by,--- ,by), all other
rows of A1 and Ay coinciding with those of A. In other words, det is a linear function
of each row A. The same is true with the word “row” replaced with the word “column”.

Proof: By Proposition |A.2.3/ when two rows are switched, the determinant of the
resulting matrix is (—1) times the determinant of the original matrix. By Corollary
A.2.5 the same holds for columns because the columns of the matrix equal the rows
of the transposed matrix. Thus if A; is the matrix obtained from A by switching two
columns,

det (A) = det (A") = —det (A7) = —det (A;).

If A has two equal columns or two equal rows, then switching them results in the same
matrix. Therefore, det (A) = —det (A) and so det (A) = 0.
It remains to verify the last assertion.

det (4) = Z sgn (ki,- -, kn)aig, - (zag, +ybg,) - - ank,
(kla'“vkn)
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=z E sgn (ki,- -+, kn) @ik, - - Gk, - Gk,
(k1 skn)

+y Y sen(kycce k) arg oo be, o G,
(kl""ykn)

=z det (A1) + ydet (As).

The same is true of columns because det (A”) = det (A) and the rows of AT are the
columns of A.

A.2.5 Linear Combinations And Determinants

Definition A.2.7 A vector, w, is a linear combination of the vectors {vi,---,v,}
if there exists scalars, cy,---c,. such that w :22:1 ck V. This is the same as saying
w € span{vy, -+ ,V,}.

The following corollary is also of great use.

Corollary A.2.8 Suppose A is an n X n matriz and some column (row) is a linear
combination of r other columns (rows). Then det (A) = 0.

Proof: Let A = ( a; -+ ay ) be the columns of A and suppose the condition
that one column is a linear combination of r of the others is satisfied. Then by us-
ing Corollary [A.2.6/ you may rearrange the columns to have the n* column a linear
combination of the first r columns. Thus a,, = 271;:1 crag and so

det(A) =det (a -+ a, - Ap_1 Y, qCkak ).

By Corollary A.2.6
det(A) = cpdet(ar - a, - a,i ap)=0.
k=1

The case for rows follows from the fact that det (A) = det (AT) . This proves the corol-
lary.

A.2.6 The Determinant Of A Product
Recall the following definition of matrix multiplication.

Definition A.2.9 If A and B are n x n matrices, A = (ai;) and B = (b;j), AB = (cij)
where
Cij = Zaikbkj-
k=1

One of the most important rules about determinants is that the determinant of a
product equals the product of the determinants.

Theorem A.2.10 Let A and B be n X n matrices. Then

det (AB) = det (A) det (B) .
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Proof: Let ¢;; be the ijt" entry of AB. Then by Proposition [A.2.3,

det (AB) =

> san(kyce k) ik o Cok,
(k1o kn)

= Z sgn (kla e 7kn) <Z airy br1k1> e <Z anrnbrnkn>
T1

(k}l,'“ ,k?") Tn

Z Z sgn (kla to akn) br1k1 ce brnkn (alrl ce anrn)
(r1i-rn) (K1, k)
= Z sgn (ry -+ Tp) Q1py * Ay, det (B) = det (A) det (B).

(r1---,7n)

This proves the theorem.

A.2.7 Cofactor Expansions

Lemma A.2.11 Suppose a matriz is of the form

M:(g1 Z) (1.12)

M:(f 0) (1.13)

a

or

where a is a number and A is an (n — 1) x (n — 1) matriz and * denotes either a column
or a row having length n — 1 and the 0 denotes either a column or a row of length n — 1
consisting entirely of zeros. Then

det (M) =adet (A).

Proof: Denote M by (m;;). Thus in the first case, mp, = a and my,; = 0if ¢ #n
while in the second case, my,, = a and my, = 0 if i # n. From the definition of the
determinant,

det (M) = Z sgn, (K1, kn) Mg, - Mpk,,

(k1 k)
Letting 6 denote the position of n in the ordered list, (k1,-- - , k;,) then using the earlier
conventions used to prove Lemma A.1.1, det (M) equals
n—0 6 n—1
Z (=1)" sgn,_q (K1, ko1, ker1s e kn ) Maky oo Mk,

(K1yee kn)

Now suppose [1.13l Then if &k, # n, the term involving my,x, in the above expression
equals zero. Therefore, the only terms which survive are those for which § = n or in
other words, those for which k,, = n. Therefore, the above expression reduces to

a Z sgn,_y (k1, - kn_1) Mk, - M)k, , = adet (4).
(klf"’knfl)

To get the assertion in the situation of [1.12 use Corollary [A.2.5 and [1.13 to write

det (M) = det (MT) = det (( ff 2 )) = adet (AT) = adet (A).
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This proves the lemma.

In terms of the theory of determinants, arguably the most important idea is that of
Laplace expansion along a row or a column. This will follow from the above definition
of a determinant.

Definition A.2.12 Let A = (a;5) be an n x n matriz. Then a new matriz called the
cofactor matriz, cof (A) is defined by cof (A) = (c;j) where to obtain c;; delete the it
row and the j** column of A, take the determinant of the (n — 1) x (n — 1) matriz which
results, (This is called the i7" minor of A. ) and then multiply this number by (fl)zﬂ.
To make the formulas easier to remember, cof (A)ij will denote the ijt" entry of the
cofactor matriz.

The following is the main result. Earlier this was given as a definition and the out-
rageous totally unjustified assertion was made that the same number would be obtained
by expanding the determinant along any row or column. The following theorem proves
this assertion.

Theorem A.2.13 Let A be an n X n matriz where n > 2. Then
det (A) = aj;cof (A),; = > aj; cof (A),;.
j=1 i=1

The first formula consists of expanding the determinant along the i row and the second
expands the determinant along the j*" column.

Proof: Let (a1, - - ,ain) be the i row of A. Let Bj be the matrix obtained from A
by leaving every row the same except the i*" row which in Bj equals (0,---,0,a;5,0,---,0).
Then by Corollary [A.2.6,

det (A) = z": det (B;)

Denote by A% the (n — 1) x (n — 1) matrix obtained by deleting the i'" row and the
3" column of A. Thus cof (A),; = (=1)""7 det (A¥) . At this point, recall that from
Proposition |A.2.3, when two rows or two columns in a matrix, M, are switched, this
results in multiplying the determinant of the old matrix by —1 to get the determinant
of the new matrix. Therefore, by Lemma [A.2.11,

(1) (_1)"idet(< ’ng atj ))

i+J Aij *
(=1)"* det (( 0 a, )) = ajj cof (A),; .

det (A) = Z aij cof (A),;
j=1

det (BJ)

Therefore,

which is the formula for expanding det (4) along the i*" row. Also,

det (A) = det(4") = Z ag; cof (AT)Z.j
=1

Z aji cof (A)
j=1

which is the formula for expanding det (A) along the i*" column. This proves the
theorem.Note that this gives an easy way to write a formula for the inverse of an n x n
matrix. Recall the definition of the inverse of a matrix in Definition 2.1.28 on Page [39.
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A.2.8 Formula For The Inverse

Theorem A.2.14 A~! exists if and only if det(A) # 0. If det(A) # 0, then A=t =
(a;jl) where
a;jl = det(A) "' cof (A)

J?

for cof (A),; the ijt" cofactor of A.

Proof: By Theorem A.2.13 and letting (a;,) = A, if det (4) # 0,
> air cof (A),, det(A) ! = det(A) det(A) ™" = 1.
i=1

Now consider

Z air cof (A),, det(A)~"
i=1

when k # r. Replace the k" column with the r*" column to obtain a matrix, Bj, whose
determinant equals zero by Corollary [A.2.6. However, expanding this matrix along the
k" column yields

0 = det (By)det (A) ™" = ai cof (A),;, det (4) ™"
=1

Summarizing,
Z a;y cof (A),, det (A7 =6,
i=1

Using the other formula in Theorem |A.2.13, and similar reasoning,
Z arj cof (A),; det (A7 =6,
j=1

This proves that if det (A) # 0, then A~! exists with A= = (a;jl), where
a;jl = cof (A),; det (A",
Now suppose A~! exists. Then by Theorem [A.2.10),
1 =det (I) = det (AA™") = det (A) det (A7)

so det (A) # 0. This proves the theorem.
The next corollary points out that if an n x n matrix, A has a right or a left inverse,
then it has an inverse.

Corollary A.2.15 Let A be an n X n matriz and suppose there exists an n X n matriz,
B such that BA = I. Then A™! exists and A~ = B. Also, if there exists C an n x n
matriz such that AC = I, then A~' exists and A~ = C.

Proof: Since BA = I, Theorem [A.2.10/ implies
det Bdet A =1
and so det A # 0. Therefore from Theorem [A.2.14, A~! exists. Therefore,

A™'=(BA)A™' =B (AA™") = BI = B.
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The case where CA = [ is handled similarly.

The conclusion of this corollary is that left inverses, right inverses and inverses are
all the same in the context of n X n matrices.

Theorem [A.2.14] says that to find the inverse, take the transpose of the cofactor
matrix and divide by the determinant. The transpose of the cofactor matrix is called
the adjugate or sometimes the classical adjoint of the matrix A. It is an abomination
to call it the adjoint although you do sometimes see it referred to in this way. In words,
A~ is equal to one over the determinant of A times the adjugate matrix of A.

A.2.9 Cramer’s Rule

In case you are solving a system of equations, Ax = y for x, it follows that if A~ exists,
x=(AT"TA)x=A""(Ax)= A"y

thus solving the system. Now in the case that A™! exists, there is a formula for A™!
given above. Using this formula,

n B n 1
T = Z aijlyj = Z det (A4) cof (A);; y;-
j=1 j=1

By the formula for the expansion of a determinant along a column,

* ... yl .. *
R . .
Tr, = ——— A€ . . . s
" det (A) : : :
% e yn “e %
where here the i*" column of A is replaced with the column vector, (y ----, yn)T, and

the determinant of this modified matrix is taken and divided by det (A). This formula
is known as Cramer’s rule.

A.2.10 Upper Triangular Matrices

Definition A.2.16 A matriz M, is upper triangular if M;; = 0 whenever i > j. Thus
such a matrixz equals zero below the main diagonal, the entries of the form M;; as shown.

* % *
0 =
0 0 %

A lower triangular matriz is defined similarly as a matriz for which all entries above
the main diagonal are equal to zero.

With this definition, here is a simple corollary of Theorem |A.2.13l

Corollary A.2.17 Let M be an upper (lower) triangular matriz. Then det (M) is
obtained by taking the product of the entries on the main diagonal.
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A.2.11 The Determinant Rank

Definition A.2.18 A submatriz of a matriz A is the rectangular array of numbers
obtained by deleting some rows and columns of A. Let A be an m X n matriz. The
determinant rank of the matrix equals v where r is the largest number such that some
r X r submatriz of A has a non zero determinant.

Theorem A.2.19 If A, an m X n matrix has determinant rank, r, then there exist r
rows (columns) of the matriz such that every other row (column) is a linear combination
of these r rows (columns).

Proof: Suppose the determinant rank of A = (a;;) equals r. Thus some r X r
submatrix has non zero determinant and there is no larger square submatrix which has
non zero determinant. Suppose such a submatrix is determined by the r columns whose
indices are

< <jgr
and the r rows whose indices are

<<y
I want to show that every row is a linear combination of these rows. Consider the I*"
row and let p be an index between 1 and n. Form the following (r + 1) x (r + 1) matrix

Airjr 0 Gigg,. Qigp
Gipjr v Qg Qipp
@y Ay, A
Of course you can assume | ¢ {iy,--- ,i,} because there is nothing to prove if the **

row is one of the chosen ones. The above matrix has determinant 0. This is because if
p & {j1, - ,jr} then the above would be a submatrix of A which is too large to have
non zero determinant. On the other hand, if p € {4j1,-- -, j,-} then the above matrix has
two columns which are equal so its determinant is still 0.

Expand the determinant of the above matrix along the last column. Let C) denote
the cofactor associated with the entry a;,,. This is not dependent on the choice of p.
Remember, you delete the column and the row the entry is in and take the determinant
of what is left and multiply by —1 raised to an appropriate power. Let C denote the
cofactor associated with ay,. This is given to be nonzero, it being the determinant of
the matrix

Qivjy 0 Qg

Qipjy o0 @i,
Thus
T
0= alpC + E C’kaikp
k=1
which implies
T T
— _Ck —
alp = C aikp = E mkaikp
k=1 k=1
Since this is true for every p and since my does not depend on p, this has shown the
I*" row is a linear combination of the i1,4s, - ,i, rows. The determinant rank does

not change when you replace A with A”. Therefore, the same conclusion holds for the
columns. This proves the theorem.
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A.2.12 Telling Whether A Is One To One Or Onto

The following theorem is of fundamental importance and ties together many of the ideas
presented above.

Theorem A.2.20 Let A be an n X n matriz. Then the following are equivalent.
1. det (4) = 0.
2. A, AT are not one to one.

3. A is not onto.

Proof: Suppose det (A) = 0. Then the determinant rank of A = r < n. Therefore,
there exist r columns such that every other column is a linear combination of these
columns by Theorem [A.2.19. In particular, it follows that for some m, the m** column
is a linear combination of all the others. Thus letting A = ( a; -+ a, - a, )
where the columns are denoted by a;, there exists scalars, a; such that

Ay, = E arag.

k#m
Now consider the column vector, x = ( a - —1 - a, )T. Then
Ax = —a,, + Z agag = 0.
k#m

Since also A0 = 0, it follows A is not one to one. Similarly, A is not one to one by the
same argument applied to AT. This verifies that 1.) implies 2.).
Now suppose 2.). Then since AT is not one to one, it follows there exists x # 0 such
that
ATx = 0.

Taking the transpose of both sides yields
xTA =07
where the 07 is a 1 x n matrix or row vector. Now if Ay = x, then
x|*=xT (Ay) = (x"4)y=0"y =0

contrary to x # 0. Consequently there can be no y such that Ay = x and so A is not
onto. This shows that 2.) implies 3.).

Finally, suppose 3.). If 1.) does not hold, then det (A) # 0 but then from Theorem
A.2.14 A~1 exists and so for every y € F" there exists a unique x € F" such that
Ax =y. In fact x = A~ly. Thus A would be onto contrary to 3.). This shows 3.)
implies 1.) and proves the theorem.

Corollary A.2.21 Let A be an n X n matriz. Then the following are equivalent.

1. det(A) # 0.
2. A and AT are one to one.

3. A is onto.

Proof: This follows immediately from the above theorem.
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A.2.13 Schur’s Theorem

Consider the following system of equations for x1,x2, -+ ,x,
n
D ajr;=0,i=12--,m (1.14)
j=1

where m < n. Then the following theorem is a fundamental observation.

Theorem A.2.22 Let the system of equations be as just described in|1.14 where m < n.
Then letting
xT = (x1, 29, ,1,) € R",

there exists x # 0 such that the components satisfy each of the equations of 1.1/
Proof: The above system is of the form
Ax =0

where A is an m X n matrix with m < n. Therefore, if you form the matrix

(5)

an n X n matrix having n — m rows of zeros on the bottom, it follows this matrix has
determinant equal to 0. Therefore, from Theorem [A.2.19, there exists x # 0 such that
Ax = 0. This proves the theorem.

Definition A.2.23 A set of vectors in R"™ {x1,--- , Xy} is called an orthonormal set
of vectors if
_s _JYii=g
X Xj = 045 :{ 0 ifi

Theorem A.2.24 Let vy be a unit vector (Jvi| =1) in R™, n > 1. Then there ewxist
vectors {va,--- ,v,} such that

{Vla"' ,Vn}

is an orthonormal set of vectors.

Proof: The equation for x
vi-x=0

has a nonzero solution x by Theorem |A.2.22 Pick such a solution and divide by its
magnitude to get vy a unit vector such that v; - vo = 0. Now suppose vy, --- , v have
been chosen such that {vi,---,vg} us an orthonormal set of vectors. Then consider
the equations

vi-x=0 j=12,---,k

This amounts to the situation of Theorem [A.2.22] in which there are more variables
than equations. Therefore, by this theorem, there exists a nonzero x solving all these
equations. Divide by its magnitude and this gives vi41. This proves the theorem.

Definition A.2.25 IfU is an n X n matriz whose columns form an orthonormal set of
vectors, then Q is called an orthogonal matrixz. Note that from the way we multiply
matrices,

Ut =uut =1.

Thus U= =UT,
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Note the product of orthogonal matrices is orthogonal because
(W Uo)" (UL Uy) = UTUTUNU, = 1.

Two matrices A and B are similar if there is some invertible matrix S such that
A = S71BS. Note that similar matrices have the same characteristic equation because
by Theorem [A.2.10 which says the determinant of a product is the product of the
determinants,

det (A — A) = det (\[ — S7'BS) = det (S~ (A — B) 5)
= det (S71) det (A — B) det (S) = det (S~ S) det (A — B) = det (A — B)
With this preparation, here is a case of Schur’s theorem.

Theorem A.2.26 Let A be a real n X n matrix which has all real eigenvalues. Then
there exists an orthogonal matriz, U such that

UTAU =T, (1.15)

where T is an upper triangular matriz having the eigenvalues of A on the main diagonal
listed according to multiplicity as zeros of the characteristic equation.

Proof: The theorem is clearly true if A is a 1 x 1 matrix. Just let U =1 the 1 x 1
matrix which has 1 down the main diagonal and zeros elsewhere. Suppose it is true
for (n — 1) x (n — 1) matrices and let A be an n X n matrix. Then let v; be a unit
eigenvector for A . Then there exists A; such that

AV1 = )\1V1, ‘V1| =1.

By Theorem [A.2.24] there exists {vy,---,v,}, an orthonormal set in R™. Let Uy be a
matrix whose i*" column is v;. Then from the above, it follows Uy is orthogonal. Then
from the way you multiply matrices UL AUy is of the form

Al x e X
0
. A1

0

where A; is an n — 1 x n — 1 matrix. The above matrix is similar to A so it has the
same eigenvalues and indeed the same characteristic equation. Also the eigenvalues of
A; are all real because each of these eigenvalues is an eigenvalue of the above matrix
and is therefore an eigenvalue of A. Now by induction there exists an (n — 1) X (n — 1)
orthogonal matrix U; such that

U AU, =Ty,

an upper trianguar matrix. Consider

1 0
U, = ~
! ( 0 U )
This is a orthogonal matrix and

1 0 A * 1 O
U1TU0TAU0U1 = (O (71*><01 A1)(0 171>
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where T is upper triangular. Then let U = UyU;. Since (UoUl)T =UTU¢, it follows A
is similar to T" and that UyU, is orthogonal. Hence A and T have the same characteristic
polynomials and since the eigenvalues of T" are the diagonal entries listed according to
algebraic multiplicity, this proves the theorem.
A.2.14 Symmetric Matrices
Recall a real matrix A is symmetric if A = A7
Lemma A.2.27 A real symmetric matrixz has all real eigenvalues.
Proof: Recall the eigenvalues are solutions A to
det(\[—A)=0
and so by Theorem |A.2.20, there exists x a vector such that
Ax = Mx, x#0

Of course if A is real, it is still possible that the eigenvalue could be complex and if this is
the case, then the vector x will also end up being complex. I wish to show the eigenvalues
are all real. Suppose then that A\ is an eigenvalue and let x be the corresponding
eigenvector described above. Then letting X denote the complex conjugate of x,

AxTx = (Ax)T x = xTATx = xT A% = xTAx = xTx\
and so, cancelling x'X, it follows A = \ showing \ is real. This proves the lemma.

Theorem A.2.28 Let A be a real symmetric matriz. Then there exists a diagonal
matrixz D consisting of the eigenvalues of A down the main diagonal and an orthogonal
matriz U such that

UTAU = D.

Proof: Since A has all real eigenvalues, it follows from Theorem [A.2.26, there exists
an orthogonal matrix U such that

UTAU =T
where T is upper triangular. Now
" =UTATU =UTAU =T

and so in fact T is a diagonal matrix having the eigenvalues of A down the diagonal.
This proves the theorem.

Theorem A.2.29 Let A be a real symmetric matriz which has all positive eigenvalues
0< A <Ay~ < A\,. Then

(Ax - x) = xTAx > A\ |x|?
Proof: Let U be the orthogonal matrix of Theorem [A.2.28. Then
(Ax-x) = xTAx= (XTU) D (UTX)

(U7%) D (U7x) = 3|07,

MY |(U75), = M (U UT)

\%

= A\ (UTX)T Ulx =\xT0UTx = \xTIx = )\ |x|2 .



426

THE MATHEMATICAL THEORY OF DETERMINANTS*

A.3 Exercises

1.

10.

Let m < n and let A be an m x n matrix. Show that A is not one to one. Hint:
Consider the n x n matrix, A; which is of the form

oe()

where the 0 denotes an (n —m) x n matrix of zeros. Thus det A; = 0 and so 4,
is not one to one. Now observe that A;x is the vector,

Ax
Alx B < O )
which equals zero if and only if Ax = 0.

Show that matrix multiplication is associative. That is, (AB) C = A (BC).

Show the inverse of a matrix, if it exists, is unique. Thus if AB = BA = I, then
B=A"1

In the proof of Theorem [A.2.14/ it was claimed that det (I) = 1. Here I = (;;).
Prove this assertion. Also prove Corollary [A.2.17.

Let vq,---, v, be vectors in F" and let M (vq,---,v,) denote the matrix whose
it" column equals v;. Define

d(vi,-,vp) =det (M (vi, - ,vy)).
Prove that d is linear in each variable, (multilinear), that
d(V1>"' s Viy ot 3y Vig,moe ,Vn) = _d(v17"' y Vst 3 Vi, ,Vn), (116)

and
d(e, - ,e,) =1 (1.17)

where here e; is the vector in F” which has a zero in every position except the j"
position in which it has a one.

Suppose f : F*x-.-xF" — [F satisfies1.16/and [1.17| and is linear in each variable.
Show that f = d.

Show that if you replace a row (column) of an n x n matrix A with itself added
to some multiple of another row (column) then the new matrix has the same
determinant as the original one.

If A= (ai;), show det (A) =3, . .ysen (ke - kn) ary1 - Qgn.

Use the result of Problem [7 to evaluate by hand the determinant

1 2 3 2
6 3 2 3
det o7 9 o 3
3 4 6 4

Find the inverse if it exists of the matrix,

et cost sint

et —sint cost

et —cost —sint
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11.

12.

13.

14.

EXERCISES 427

Let Ly = y™ + a,_1 (2)y™ Y + .- 4 a; (z) ¥ + ao (x) y where the a; are given
continuous functions defined on a closed interval, (a,b) and y is some function
which has n derivatives so it makes sense to write Ly. Suppose Lyr = 0 for
k=1,2,--- ,n. The Wronskian of these functions, y; is defined as

y1 (@) Yn ()
Yy () Yy, ()
W (y1, - ,yn) (x) = det : :
W @)y (@)

Show that for W (z) = W (y1,- -+ ,yn) (z) to save space,

yi(x) - yn(2)

vi(z) - oy, (@)
W' (z) = det : :

vy e (@)

Now use the differential equation, Ly = 0 which is satisfied by each of these
functions, y; and properties of determinants presented above to verify that W’ +
an—1 () W = 0. Give an explicit solution of this linear differential equation, Abel’s
formula, and use your answer to verify that the Wronskian of these solutions to
the equation, Ly = 0 either vanishes identically on (a,b) or never.

Two n x n matrices, A and B, are similar if B = S~!AS for some invertible n x n
matrix, S. Show that if two matrices are similar, they have the same characteristic
polynomials.

Suppose the characteristic polynomial of an n X n matrix, A is of the form
"t ap1t" N+ art+ag

and that ag # 0. Find a formula A~! in terms of powers of the matrix, A. Show
that A=1 exists if and only if ag # 0.

In constitutive modelling of the stress and strain tensors, one sometimes considers
sums of the form Y 72, apA* where A is a 3x3 matrix. Show using the Cayley
Hamilton theorem that if such a thing makes any sense, you can always obtain it
as a finite sum having no more than n terms.
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Implicit Function Theorem?*

The implicit function theorem is one of the greatest theorems in mathematics. There
are many versions of this theorem which are of far greater generality than the one given
here. The proof given here is like one found in one of Caratheodory’s books on the
calculus of variations. It is not as elegant as some of the others which are based on a
contraction mapping principle but it may be more accessible. However, it is an advanced
topic. Don’t waste your time with it unless you have first read and understood the
material on rank and determinants found in the chapter on the mathematical theory of
determinants. You will also need to use the extreme value theorem for a function of n
variables and the chain rule as well as everything about matrix multiplication.

Definition B.0.1 Suppose U is an open set in R™ x R™ and (x,y) will denote a typical
point of R™ x R™ with x € R™ and y € R™. Let f : U — RP be in C' (U). Then define

fra, (%y) - fra, (%)
Dif (x,y) = : : :

fpan (,¥) 0 o (%,Y)

i %y) o fiy. (XY)
Dof (x,y) = : :

fown (%3) o oy (X,¥)

Thus Df (x,y) is a p X (n+m) matriz of the form
Df (x,y) = ( Dif (x,y) | Dof(x,y) ).
Note that D1f (x,y) is an p x n matriz and Dof (X,y) is a p X m matriz.

Theorem B.0.2 (implicit function theorem) Suppose U is an open set in R™ x R™.
Let f: U — R™ be in C* (U) and suppose

f (x0,¥0) = 0, Dif (x0,y0) " exists. (2.1)

429
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Then there exist positive constants, §,n, such that for everyy € B (yo,n) there exists a
unique x (y) € B (x0,9) such that

f(x(y),y)=0. (2.2)
Furthermore, the mapping, y — x (y) is in C* (B (yo,n))-

Proof: Let
fl (X, y)
F(x,y) = f2 (X y)
fn (%,y)

Define for (x!,---,x™) € B (xo, 5)" and y € B (yo,n) the following matrix.

fl,zl (XI,Y) e fl,mn (Xlay)
J(xl,---,x",y)z : :

fn,ml (.Xna y) e fn,rn (Xna y)

Then by the assumption of continuity of all the partial derivatives and the extreme
value theorem, there exists » > 0 and dp,n, > 0 such that if § < §p and n < n,, it

follows that for all (x17~ . -,x”) € B (xo,é)n and y € B (yo,n),

det (J (x1,~~,x”,y)) >7r>0. (2.3)

and B (x0,d0)x B (y0,19) € U. By continuity of all the partial derivatives and the
extreme value theorem, it can also be assumed there exists a constant, K such that for
all (x,y) € B (x0,60)% B (yo,7m0) and i = 1,2, ---,n, the i*" row of Dof (x,y), given by
Dy f; (x,y) satisfies

|Da2fi (x,¥)] < K, (2.4)

and for all (x1,~ . ~,x") € B (xo, §O)n and y € B (yo,n) the i'" row of the matrix,
1 n -1
J (X yto X ay)

which equals e (J (x1,~ . ~,x",y)71) satisfies

el (J (xl,-~-,X”7y)_1)‘ < K. (2.5)

(Recall that e; is the column vector consisting of all zeros except for a 1 in the i"
position.)

To begin with it is shown that for a given y € B (yo,n) there is at most one x €
B (%0, 6) such that f (x,y) = 0.

Pick y € B (yo,n) and suppose there exist x,z € B (xg,d) such that f(x,y) =
f (z,y) = 0. Consider f; and let

h(t)= fi(x+t(z—x),y).

Then h (1) = h(0) and so by the mean value theorem, i’ (¢;) = 0 for some ¢; € (0,1).
Therefore, from the chain rule and for this value of ¢;,

B (t;))=Dfi (x+t;(z—x),y)(z—x) =0. (2.6)
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Then denote by x! the vector, x + t; (z — x) . It follows from 2.6 that
J (Xl, . -,x"7y) (z—x)=0

and so from 2.3/ z — x = 0. (The matrix, in the above is invertible since its determinant
is nonzero.) Now it will be shown that if 7 is chosen sufficiently small, then for all
y € B(yo,n), there exists a unique x (y) € B (xq, d) such that f (x(y),y) = 0.

Claim: If n is small enough, then the function, hy (x) = If (x,y)|* achieves its
minimum value on B (xg,d) at a point of B (x¢, d) . (The existence of a point in B (xq, J)
at which h,, achieves its minimum follows from the extreme value theorem.)

Proof of claim: Suppose this is not the case. Then there exists a sequence 7, — 0
and for some yj, having |yr—y,| < 7, the minimum of hy,on B (x¢,d) occurs on a
point of B (xq,d), x; such that |[xg—xx| = §. Now taking a subsequence, still denoted
by k, it can be assumed that x; — x with |x — x¢| = § and y; — yo. This follows

from the fact that {X € B (x0,0) : |[x —x¢| = 5} is a closed and bounded set and is

therefore sequentially compact. Let £ > 0. Then for k large enough, the continuity of
y — hy (x0) implies hy, (x0) < & because hy, (xo) = 0 since f (x¢,yo) = 0. Therefore,
from the definition of xy, it is also the case that hy, (xj) < €. Passing to the limit yields
hy, (x) < €. Since € > 0 is arbitrary, it follows that hy, (x) = 0 which contradicts the
first part of the argument in which it was shown that for y € B (yo, ) there is at most
one point, x of B (xg,0) where f (x,y) = 0. Here two have been obtained, xq and x.
This proves the claim.

Choose n < 1, and also small enough that the above claim holds and let x (y) denote
a point of B (xg,d) at which the minimum of hy on B (xo,d) is achieved. Since x (y)
is an interior point, you can consider hy (x(y) +tv) for || small and conclude this
function of ¢ has a zero derivative at ¢t = 0. Now

hy (x(y) +tv) =Y f7 (x(y) +tv,y)
i=1

and so from the chain rule,

by () + ) = 3021, (xly) + v.y) LB LY

i=1

Vj.

Therefore, letting ¢t = 0, it is required that for every v,

S of (x(y).y) HEWLY), g

=1 ﬁxj
In terms of matrices this reduces to

0=2f(x(y),y)" Dif (x(y),y)v

for every vector v. Therefore,

0= f(x(y),y)Tle(X(}’)v}’)

From 2.3, it follows f (x (y) ,y) = 0. This proves the existence of the function y — x (y)
such that f (x(y),y) =0 for all y € B (yo,7).

It remains to verify this function is a C' function. To do this, let y; and y be
points of B (yo,7n). Then as before, consider the i** component of f and consider the
same argument using the mean value theorem to write

0=fi(x(y1),y1) — fi (x(y2),¥2)
i (x(y1),y1) — fi (x(y2) ,y1) + fi (x(y2),¥1) — fi (x(¥2) . ¥2) (2.7)
=Dif; (XZ,Y1) (x(y1) —=x(y2)) + Daf; (X (y2) 7}’1) (y1—y2)-
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where y? is a point on the line segment joining y; and y». Thus from 2.4 and the Cauchy
Schwarz inequality,

|Dafi (x(y2),¥") (y1 —y2)| < K |y1 — y2!-

Therefore, letting M (y*,---,y™) = M denote the matrix having the i row equal to
Dsfi (x (y2),y"), it follows

7

1/2
|M (y1 —y2)| < (ZK2 1 — y22> = VmK |y —ya|. (2.8)

Also, from 2.7,

J (X17 o 'axnayl) (X (yl) - X(YQ)) =-M (Y1 - yQ) (29)
and so from 2.8 and 2.10,

Ix(y1) —x(y2)] = ’J(xlwwxnﬂl)_lM(yl —Y2)‘ (2.10)
n o\ /2
= <Z e/ J(x',- ',Xn,Y1)_1M(Y1 *Y2)‘ )
=1

1/2

n 1/2 n
< <ZK2IM(y1—y2)IQ> <<ZK2(¢%KIY1—Y2I)2>

i=1
= K*Vmnly, -y (2.11)
It follows as in the proof of the chain rule that
o(x(y+v)—x(y)) =o(v). (2.12)

Now let y € B (yo,n) and let |v| be sufficiently small that y +v € B (yo,n). Then

0 = fx(y+v),y+v)-f(x(y).y)
= fx(y+v),y+v)—fx({y+v),y) +fx(y+v),y) - f(x(¥),y)

=Dof (x(y +v),y) v+ Dif (x(y),y) (x(y +v) —x(y)) to(x(y +v) —x(¥)|)
= Dof (x(y),y) v+ Dif (x(y),y) (x(y +v) —x(y)) +

o(|x(y+v)=x(y)|) + (D2f (x(y +v),y) v—Daf (x(y),y) V)
= Dof (x(y),y)v+Dif (x(y),y) (x(y +v) —x(y)) +o(v).

Therefore,
x(y+v)—x(y) = -Dif (x(y).,y) Dof (x(v),¥)v+o0(v)

which shows that Dx (y) = —D1f (x (y),y) " Dof (x (y),y) and y —Dx (y) is contin-
uous. This proves the theorem.

B.1 The Method Of Lagrange Multipliers

As an application of the implicit function theorem, consider the method of Lagrange
multipliers. Recall the problem is to maximize or minimize a function subject to equality
constraints. Let f : U — R be a C! function where U C R™ and let

9i(x)=0,i=1,---,m (2.13)
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be a collection of equality constraints with m < n. Now consider the system of nonlinear
equations

fx) =
gi(x) = 0,i=1,---,m.

S

Recall xq is a local maximum if f (xg) > f(x) for all x near xo which also satisfies
the constraints 2.13. A local minimum is defined similarly. Let F : U x R — R™"! be
defined by

f(x)—a
g1 (x)
F (x,a) = ) . (2.14)
gm (x)
Now consider the m + 1 X n matrix,
le (XO) e fa:” (XO)
Gz, (X0) - Giz, (Xo)
Ima, (XO) e Imez,, (XO)

If this matrix has rank m+1 then some m-+1xm+1 submatrix has nonzero determinant.
It follows from the implicit function theorem there exists m + 1 variables, x;, , -
such that the system

Ty

F(x,a) =0 (2.15)

specifies these m + 1 variables as a function of the remaining n — (m + 1) variables and
a in an open set of R”~™. Thus there is a solution (x,a) to [2.15| for some x close to xg
whenever « is in some open interval. Therefore, xy cannot be either a local minimum or
a local maximum. It follows that if xg is either a local maximum or a local minimum,
then the above matrix must have rank less than m + 1 which requires the rows to be
linearly dependent. Thus, there exist m scalars,

)‘17 ) )"ma
and a scalar u, not all zero such that

fxl (XO) glxl (XO) gmrl (XO)
: A : bt Am : . (2.16)
fe, (X0) 91z, (Xo0) Ima,, (X0)

If the column vectors

91z, (Xo) Ima,y (Xo)
: : (2.17)

Jiz, (XO) Ima, (XO)
are linearly independent, then, u # 0 and dividing by p yields an expression of the form
fay (%0) 1z, (Xo0) Ima, (X0)
: =\ : +o A : (2.18)
fz,, (%0) 91z, (X0) Gma,, (X0)

at every point xg which is either a local maximum or a local minimum. This proves the
following theorem.
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Theorem B.1.1 Let U be an open subset of R™ and let f : U — R be a C' function.
Then if xg € U 1is either a local maximum or local minimum of f subject to the con-
straints (2.13, then [2.16 must hold for some scalars p, A1, - - -, Ay not all equal to zero.

If the vectors in |2.17 are linearly independent, it follows that an equation of the form
2.18 holds.

B.2 The Local Structure Of C' Mappings

Definition B.2.1 Let U be an open set in R™ and let h : U — R™. Then h is called
primitive if it is of the form

hix)=(z1 - ax) - )T.

Thus, h is primitive if it only changes one of the variables. A function, F : R" — R™
is called a flip if

T
F(.Tl," .7xk’.. .7xl7...’xn) — (xla' "7'Tl7” .7xk7...’xn) .
Thus a function is a flip if it interchanges two coordinates. Also, form =1,2,-- - n,
T
Ppox)=(a1 @2 -+ @pm 0 -+ 0)

It turns out that if h(0) = 0,Dh (0)”" exists, and h is C* on U, then h can be
written as a composition of primitive functions and flips. This is a very interesting
application of the inverse function theorem.

Theorem B.2.2 Let h : U — R™ be a C' function with h(0) = 0,Dh (0)™" exists.
Then there an open set, V. C U containing 0, flips, ¥, ---, F,,_1, and primitive functions,
G,,G,_1, -+, Gy such that for x € V,

h(x)=Fj0---0F,_ 10G,,0G,_10---0Gy (x).
Proof: Let

Dh(0)e; = (a1 (0) - an1(0) )"

where a1 denotes %%’f. Since Dh (0) is one to one, the right side of this expression

cannot be zero. Hence there exists some & such that ay 1 (0) # 0. Now define

Gi(x)=(ap(x) 22 - an )T

Then the matrix of DG (0) is of the form

ar1(0) .- agn (0)
0 1 0
0 0 1

and its determinant equals a1 (0) # 0. Therefore, by the inverse function theorem,
there exists an open set, U; containing 0 and an open set, V> containing 0 such that
G1 (Uy) = Vo and Gy is one to one and onto such that it and its inverse are both C.
Let F; denote the flip which interchanges xj with ;. Now define

hy (y)=F;0h;0 G1_1 (y)
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Thus
hy (G1(x)) = Fjoh;(x) (2.19)
= (% a1 (x) an (x) )"
Therefore,
Pihy (Gy (x) = ((ax(x) 0 0)"
Also .
PG (x)=(ar(x) z2 - x)

so Pihy (y) = Py (y) for all y € V. Also, hy (0) = 0 and Dhy (0) " exists because of
the definition of hy above and the chain rule. Also, since F? = identity, it follows from
2.19 that

h (X) = h1 (X) = F1 o h2 o G1 (X) . (220)

Suppose then that for m > 2,

Pt (X) = P_1 (x) (2.21)

for all x € U,,, an open subset of U containing 0 and h,, (0) = 0,Dh,, (0)" exists.
From [2.21], h,, (x) must be of the form

T
h,, (x) = ( Ty o Tme1 (X)) 0 (%) )
where these o, are different than the ones used earlier. Then
Dh, (0)en=(0 -+ 0 a1m(0) - um(0))" #0

because Dh,, (0)_1 exists. Therefore, there exists a k such that ay , (0) # 0, not the
same k as before. Define

G (x) = ( x1 o Tme1 0k (X)) Tm41 0 X )T (2.22)

Then Gpny1 (0) = 0 and DG, (0) ™" exists similar to the above. In fact det (DG 11 (0)) =
ag.m (0). Therefore, by the inverse function theorem, there exists an open set, V41
containing 0 such that V;,,11 = Gut1 (Uy,) with Gy, 41 and its inverse being one to one
continuous and onto. Let F,, be the flip which flips z,, and z;. Then define h,,;; on
Vint1 by

i1 (y) = Fmohy o Gl (y).

Thus for x € Uy,

hyt1 (Grgr (x) = (Fohy,) (%) . (2.23)

and consequently,
F,oh,y10Gyr (x) =hyy, (%) (2.24)
It follows
Pohyi1 (G (x)) = P (Fpohy,) (%)
= ( Ty o Tyme1 ap(x) 0 -+ 0 )T
and
T
Pp (G (x)=(21 - @Tpor ar(x) 0 -+ 0) .

Therefore, for y € V41,
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As before, hy, 11 (0) = 0 and Dh,, 11 (0)_1 exists. Therefore, we can apply 2.24] repeat-
edly, obtaining the following:

h(x) = FjohyoGy(x)
= F10F20h30G20G1(X)

= Flo"'anflohnoanlo"'oGl(x)

where .
P,_1h, (x) = P,_1 (x) = ( 1+ Tp—1 O )

and so h,, (x) is of the form
h, (x) = ( X1 o Tpor a(x) )

Therefore, define the primitive function, G,, (x) to equal h,, (x). This proves the theo-
rem.



The Theory Of The Riemann
Integral®

Jordan the contented dragon

‘:;

The definition of the Riemann integral of a function of n variables uses the following
definition.

Definition C.0.3 Fori=1,--- ,n, let {a};};i_oo be points on R which satisfy

kh_)IIolo Qg = 00, kgr_noo ap, = —00, ap < gy . (3.1)

For such sequences, define a grid on R™ denoted by G or F as the collection of boxes of
the form

Q = H [a;i’a;i-i-l] . (32)
i=1
If G is a grid, F is called a refinement of G if every box of G is the union of boxes of F.

Lemma C.0.4 IfG and F are two grids, they have a common refinement, denoted here
by GV F.

Proof: Let {a}},~ _ be the sequences used to construct G and let {6};}:;700 be

the sequence used to construct F. Now let {72}1?;—00 denote the union of {a}g};i

— 00

437
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and { ﬁ}c}? . It is necessary to show that for each ¢ these points can be arranged in
order. To do so, let v} = af. Now if

%

i i
’Y—jv"' y Yoo 77]’

have been chosen such that they are in order and all distinct, let 73- 11 be the first

element of . .
{a;c}kz_oo U {52}k=_oo (3.3)

which is larger than ’y§- and let vi(j +1) be the last element of 3.3/ which is strictly smaller

than v ;- The assumption 3.1 insures such a first and last element exists. Now let the
grid G V F consist of boxes of the form

n
Q = H rY]L”—y]zJFl
i=1

The Riemann integral is only defined for functions, f which are bounded and are
equal to zero off some bounded set, D. In what follows f will always be such a function.

Definition C.0.5 Let f be a bounded function which equals zero off a bounded set, D,
and let G be a grid. For Q € G, define

Mq (f) =sup{f (%) : x €Q}, mq (f) = inf{f(x): x €Q}. (3.4)
Also define for Q a bozx, the volume of Q, denoted by v (Q) by

n

EH bi — a;) ,QEH[aubi]'
i=1

i=1

Now define upper sums, Ug (f) and lower sums, Lg (f) with respect to the indicated
grid, by the formulas

H=D Mo (Hv(Q), Lo (f)=D mq(f)v

Qeg Qeg

A function of n variables is Riemann integrable when there is a unique number between
all the upper and lower sums. This number is the value of the integral.

Note that in this definition, Mg (f) = mq (f) = 0 for all but finitely many @ € G
so there are no convergence questions to be considered here.

Lemma C.0.6 If F is a refinement of G then
Ug (f) Z2UF (f), Lo (f) < LF(f).
Also if F and G are two grids,
Lg (f) <Ur(f).
Proof: For P € G let P denote the set,
{QeF:QcP}.
Then P = UP and

H=Y"meHv@=>> mo(f)v(@

QEF Peg gep
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>N e () S 0@ =3 me (fv(P) = Lo ().

Pcg Qef’ PcgG

Similarly, the other inequality for the upper sums is valid.
To verify the last assertion of the lemma, use Lemma [C.0.4/ to write

Lg (f) < Lgvr (f) SUgvr (f) <UF ().

This proves the lemma.
This lemma makes it possible to define the Riemann integral.

Definition C.0.7 Define an upper and a lower integral as follows.
T(f) = inf {Ug (f) : G is a grid)
L(f)=sup{Lg (f): G is a grid}.
Lemma C.0.8 I(f) > I(f).
Proof: From Lemma |(C.0.6! it follows for any two grids G and F,

Lg (f) <Ur(f).

Therefore, taking the supremum for all grids on the left in this inequality,

I(f) <Ur(f)

for all grids F. Taking the infimum in this inequality, yields the conclusion of the
lemma.

Definition C.0.9 A bounded function, f which equals zero off a bounded set, D, is
said to be Riemann integrable, written as f € R (R™) exactly when I(f) = I(f). In
this case define

/deE/deEZT(f) —1(f).

As in the case of integration of functions of one variable, one obtains the Riemann
criterion which is stated as the following theorem.

Theorem C.0.10 (Riemann criterion) f € R (R™) if and only if for all € > 0 there
exists a grid G such that

Ug (f) = Lg (f) <e.
Proof: If f € R (R"), then I (f) = I (f) and so there exist grids G and F such that

Ug (N~ L (H<T(H+5- (L -3) ==

Then letting H = G V F, Lemma (C.0.6/ implies
U (f) = Ly (f) <Ug (f) = Lr(f) <e.

Conversely, if for all € > 0 there exists G such that

Ug (f) = Lg (f) <e,

then
T(H)—L(f) <Ug(f)— Lg (f) <e.

Since € > 0 is arbitrary, this proves the theorem.
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C.1 Basic Properties

It is important to know that certain combinations of Riemann integrable functions are
Riemann integrable. The following theorem will include all the important cases.

Theorem C.1.1 Let f,g € R(R"™) and let ¢ : K — R be continuous where K is a
compact set in R? containing f (R™) x g (R™). Also suppose that ¢ (0,0) = 0. Then
defining

hx) = 6(F (%), 9()).

it follows that h is also in R (R™).

Proof: Let € > 0 and let §; > 0 be such that if (y;,2;),i = 1,2 are points in K,
such that |z; — 29| < §7 and |y1 — y2| < d1, then

|6 (y1,21) — ¢ (y2, 22)| < e.

Let 0 < § < min(d1,e,1). Let G be a grid with the property that for Q € G, the
diameter of @ is less than ¢ and also for k = f, g,

Ug (k) — Lg (k) < 6% (3.5)
Then defining for k = f, g,

PkE{Qeg:MQ(k)—mQ(k)>5},

it follows
6% > ) (Mg (k) —mq (k) v (Q) 2
Qeg

> (Mg (k) —mq (k) v(Q) > 6> v (Q)

Pk Pk
and so for k= f, g,

e>d>) v(Q). (3.6)
Pk

Suppose for k= f, g,
Mg (k) —mq (k) <.

Then if x1,%2 € Q,

|f (x1) = f(x2)] <, and |g(x1) — g (x2)] <.

Therefore,

|h(x1) = h(x2)| =0 (f (x1),9(x1)) — & (f (x2),9(x2))| <€

and it follows that
|Mq (h) —mq (h)] <e.

Now let
S={Qe€G:0<Mg(k)—mqg(k)<6, k=f,g}.

Thus the union of the boxes in § is contained in some large box, R, which depends only
on f and ¢ and also, from the assumption that ¢ (0,0) = 0, Mg (h) —mg (k) = 0 unless
Q C R. Then
Ug (h) = Lg (h) < Y (Mg (h) —mg (h)v(Q)+
erf
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> (Mg (h) —mq (W)v(Q)+ > 6v(Q).

QEPy QeS

Now since K is compact, it follows ¢ (K) is bounded and so there exists a constant,
C, depending only on h and ¢ such that Mg (h) —mg (k) < C. Therefore, the above
inequality implies

Ug (h) = Lg () <C D> v(@Q+C Y v(@Q+ > w(Q),

QEPy QEP, QesS
which by 3.6/ implies
Ug (h) — Lg (h) <2Ce+ v (R) <2Ce+ev(R).
Since ¢ is arbitrary, the Riemann criterion is satisfied and so h € R (R™).

Corollary C.1.2 Let f,g € R(R"™) and let a,b € R. Then af +bg, fg, and |f| are all
in R (R™). Also,

/(af+bg)da:=a/ fdx+0b | gdz, (3.7)
n Rn

s
/Ifldxz’/fdx

Proof: Each of the combinations of functions described above is Riemann integrable
by Theorem|C.1.1. For example, to see af+bg € R (R™) consider ¢ (y, z) = ay+bz. This
is clearly a continuous function of (y, z) such that ¢ (0,0) = 0. To obtain |f| € R (R"),
let ¢ (y,z) = |y|. It remains to verify the formulas. To do so, let G be a grid with the
property that for k = f, g, | f| and af + bg,

and
. (3.8)

Ug (k) — Lo (k) < e. (3.9)

Consider 13.7. For each @ € G pick a point in @, xg. Then

D k(xq)v(Q) € [Lg (k) ,Ug (k)]

QEg

and so

Consequently, since

it follows
<

‘/(aerbg) dx—a/fda:—b/gdz

|/(af+bg) dr — Y (af +bg) (x)v(Q)|+

Qeg
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aZf(XQ)v(Q)fa/fdx + bZQ(XQ)U(Q)*b/Qde
QeG Qeg
<e+lale+ |ble.

Since € is arbitrary, this establishes Formula 3.7/ and shows the integral is linear.
It remains to establish the inequality 3.8, By 3.9, and the triangle inequality for
sums,

/|f| drte> 3| (%) v(Q) >

Qeg

—&.

> |3 Fxa) v (@) 2 ‘/fdx

QEg

Then since ¢ is arbitrary, this establishes the desired inequality. This proves the corol-
lary.

C.2 Which Functions Are Integrable?

Which functions are in R (R™)? As in the case of integrals of functions of one variable,
this is an important question. It turns out the Riemann integrable functions are char-
acterized by being continuous except on a very small set. This has to do with Jordan
content.

Definition C.2.1 A bounded set, E, has Jordan content 0 or content 0 if for every
e > 0 there exists a grid, G such that

Z v(Q) <e.
QNE#D

This symbol says to sum the volumes of all boxes from G which have nonempty inter-
section with E.

Next it is necessary to define the oscillation of a function.

Definition C.2.2 Let f be a function defined on R™ and let

wyr (%) =sup{[f (2) = f (¥): 2,y € B(x,r)}.

This is called the oscillation of f on B (x,r). Note that this function of r is decreasing
in r. Define the oscillation of f as
wr (x) = lim wyr (x).
Note that as r decreases, the function, wy, (x) decreases. It is also bounded below
by 0 and so the limit must exist and equals inf {wy, (x) : 7 > 0}. (Why?) Then the

following simple lemma whose proof follows directly from the definition of continuity
gives the reason for this definition.

Lemma C.2.3 A function f is continuous at x if and only if ws (x) = 0.

This concept of oscillation gives a way to define how discontinuous a function is at
a point. The discussion will depend on the following fundamental lemma which gives
the existence of something called the Lebesgue number.
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Definition C.2.4 Let € be a set whose elements are sets of R™ and let K C R™. The
set, € is called a cover of K if every point of K is contained in some set of €. If the
elements of € are open sets, it is called an open cover.

Lemma C.2.5 Let K be sequentially compact and let € be an open cover of K. Then
there exists v > 0 such that whenever x € K, B(x,r) is contained in some set of € .

Proof: Suppose this is not so. Then letting r,, = 1/n, there exists x,, € K such that
B (xy,Ty) is not contained in any set of €. Since K is sequentially compact, there is a
subsequence, x,, which converges to a point, x € K. But there exists 6 > 0 such that
B(x,6) C U for some U € €. Let k be so large that 1/k < §/2 and |x,, — x| < §/2
also. Then if z € B (xy,, 7y, ), it follows

0 9
o= X1 < o~ X | Peng — X < 5+ 5 =0

and so B (X, ,Ty,) C U contrary to supposition. Therefore, the desired number exists
after all.

Theorem C.2.6 Let f be a bounded function which equals zero off a bounded set and
let W denote the set of points where f fails to be continuous. Then f € R(R™) if W
has content zero. That is, for all € > 0 there exists a grid, G such that

Y w(@)<e (3.10)

QEGw

where

Gw={QegG:QNW #0}.

Proof: Let W have content zero. Also let |f (x)| < C/2 for all x € R, let € > 0
be given, and let G be a grid which satisfies [3.10. Since f equals zero off some bounded
set, there exists R such that f equals zero off of B ( ) Thus W C B ( ) Also
note that if G is a grid for which [3.10 holds, then this 1nequahty continues to hold if G
is replaced with a refined grid. Therefore, you may assume the diameter of every box in
G which intersects B (0, R) is less than % and so all boxes of G which intersect the set
where f is nonzero are contained in B (0,R). Since W is bounded, Gy contains only

finitely many boxes. Letting
n
Q=[] la:,bi]
i=1

be one of these boxes, enlarge the box slightly as indicated in the following picture.

******** . [/

Q

The enlarged box is an open set of the form,
Q= H — 3, bi + ;)

where 7, is chosen small enough that if

f[ (b +m; — —m))Ev(@),
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and Gy denotes those @ for @ € G which have nonempty intersection with W, then

> v (5) <e (3.11)

Qedw
where @ is the box,

H( bi + 2n; — (ai — 2n;))

i=1
For each x € R", let 7 < min (1,/2,---,7,,/2) be such that

Wi, (X) <e4wy(x). (3.12)

Now let € denote all intersections of the form Q N B (x,rx) such that x € B (0,R) so
that € is an open cover of the compact set, B (0,R). Let § be a Lebesgue number for

this open cover of B (0,R) and let F be a refinement of G such that every box in F
has diameter less than §. Now let F; consist of those boxes of F which have nonempty
intersection with B (0,R/2). Thus all boxes of F; are contained in B (0,R) and each

one is contained in some set of €. Let €y be those open sets of €, é N B (x,rx) , for

which x € W. Thus each of these sets is contained in some @ where @ € Gy . Let Fyy
be those sets of F; which are subsets of some set of €y,. Thus

> v <e (3.13)

QEFw

because each @ in Fy is contained in a set, @ described above and the sum of the
volumes of these is less than € by [3.11. Then

Ur (f) = Lr (f)= D (Mg (f)—mq(f)v(Q)

QeFI\Fw

If Q € F1 \ Fw, then Q must be a subset of some set of € \ €y since it is not in any set
of Cy. Say Q C Q1N B (x,rx) where x ¢ W. Therefore, from [3.12/ and the observation
that x ¢ W, it follows wy (x) = 0 and so

Mq (f) —mq (f) <e.

Therefore, from [3.13 and the estimate on f,
Ur (f) = Lr(f)< Y Co@+ Y, e0(@
QEFw QeFI\Fw
<Ce+¢e(2R)",
the estimate of the second sum coming from the fact
B(0,R) C [[I-R.R.
i=1

Since ¢ is arbitrary, this proves the theorem

Mn fact one cannot do any better. It can be shown that if a function is Riemann integrable, then
it must be the case that for all € > 0, 3.10! is satisfied for some grid, G. This along with what was
just shown is known as Lebesgue’s theorem after Lebesgue who discovered it in the early years of the
twentieth century. Actually, he also invented a far superior integral which has been the integral of
serious mathematicians since that time.
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Definition C.2.7 A bounded set, E is a Jordan set in R™ or a contented set in R™ if
Xg € R(R™). The symbol Xg means

lifxek
XE(X):{ 0ifx¢E

It is called the indicator function because it indicates whether x is in E according to
whether it equals 1. For a function f € R(R™) and E a contented set, fXr € R (R™)

by Corollary|C.1.2. Then
/deE/fXEdV.
E

So what are examples of contented sets?

Theorem C.2.8 Suppose E is a bounded contented set in R™ and f,g : E — R are two
functions satisfying f (x) > g (x) for allx € E and fXg and gXg are both in R (R™).
Now define

P={(xxp+1) : X € E and g (x) < zp+1 < f(x)}.

Then P is a contented set in R™T1,
Proof: Let G be a grid such that for k = fXg, gXg,
Ug (k) — Lg (k) < /4. (3.14)

Alsolet K > 37" | v, (Q;) where the Q; are the boxes which intersect E. Let {a;};~
be a sequence on R, a; < a;41 for all 4, which includes

_c
AmK’
mq; (fXE) y TMQ; (QXE) y TQ; (gXE) -

MQJ‘ (fXE) + MQJ’ (fXE) 7MQ_1 (QXE) s

_c
dmK
for all j =1,---,m. Now define a grid on R"*! as follows.

G ={Q x [ai,ai41] : Q€ G, i € Z}

In words, this grid consists of all possible boxes of the form @ X [a;, a; 1] where Q € G
and a; is a term of the sequence just described. It is necessary to verify that for P € G/,
Xp € R (R™!) . This is done by showing that Ug: (Xp) — Lg: (Xp) < £ and then noting
that € > 0 was arbitrary. For G’ just described, denote by @’ a box in G’. Thus
Q' = Q x [a;,a;41] for some 1.

Ug (Xp) — Lo (Xp) = > (Mg (Xp) —mg: (Xp)) vni1(Q')
Qeg’

Z Z (MQL- (Xp) — maq: (XP)) vn (Q5) (i1 — a;)

i=—o00 j=1

and all sums are bounded because the functions, f and g are given to be bounded.
Therefore, there are no limit considerations needed here. Thus
Ug: (Xp) — Lg' (Xp) =

o0

Zvn (Q]) Z (Mij[a,-,a,-Jrﬂ (XP) - mQjX[a,y,a,y+1] (XP)) (ai+1 - a’i) .
j=1

1=—00
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Consider the inside sum with the aid of the following picture.

Tt = g(x) Tpy1 = f(X)
X
Q| ol o & 0| 0] O 0] 0] 0] O
N~
mq,(9) Mg, (9)
o l'nJrl

In this picture, the little rectangles represent the boxes Q; X [a;, ait+1] for fixed j.
The part of P having x contained in Q); is between the two surfaces, z,4+1 = g (x) and
Znt+1 = [ (x) and there is a zero placed in those boxes for which

Mij[ai,aHl] (XP) —MQ;x[a;,ait1] (XP) =0.

You see, Xp has either the value of 1 or the value of 0 depending on whether (x,y) is
contained in P. For the boxes shown with 0 in them, either all of the box is contained
in P or none of the box is contained in P. Either way,

MQjX[anawﬂ (XP) —MQ;x[a;,a;+1] (XP) =0

on these boxes. However, on the boxes intersected by the surfaces, the value of

MQjX[aq',a7'+1] (XP) - mQjX[ai,ai+1] (XP)
is 1 because there are points in this box which are not in P as well as points which are
in P. Because of the construction of G’ which included all values of
€

Ma, (FXp) + T Mo, (fXz),

MQj (gXE) y TQ, (fXE) y TQ, (gXE)

forall j=1,---,m,

oo

Z (MQjX[aiyai+1] (XP) —MQ,x[a;,a;+1] (XP)) (ai"'l - ai) <
Z 1(aj41 —a;) + Z L(aip1 —a;)
{imq,; (9Xp)<as<Mq, (9Xp)} {imaq, (FXB)<ai<Mq, (fXr)}

(3.15)
The first of the sums in [3.15! contains all possible terms for which

MQjX[ai,ai+1] (XP) —MQ;x[a;,ai+1] (XP)

might be 1 due to the graph of the bottom surface gX’r while the second sum contains
all possible terms for which the expression might be 1 due to the graph of the top surface
fXE.

< (M, (95) + -2 —ma, (9%p) ) + (Mo, (fXp) + -7 —ma, (fXp))

= (Mg, (9XE) —mq, (9X5)) + (Mg, (fXE) — mq, (fXE)) + % ZU (Qy)

j=1
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Therefore, by 13.14)
Ug (Xp) — Lg (Xp) <

Zvn (@) [(Mg, (9Xp) —mq, (9Xp)) + (Mq, (fXp) —mq, (fXp))]
+ZU(Q3’)% ZU(QJ')

= Ug(f)—Lg(f)+Ug(9) —Lg(9)+ =

< Z + Z + 5= €

Since € > 0 is arbitrary, this proves the theorem.

Corollary C.2.9 Suppose f and g are continuous functions defined on E, a contented
set in R™ and that g (x) < f(x) for allx € E. Then

P= {(X7xn+1) :x € F and g (X) S Tn+1 S f (X)}
is a contented set in R".

Proof: Since FE is contented, meaning X’z is integrable, it follows from Theorem
C.2.6/the set of discontinuities of Xr has Jordan content 0. But the set of discontinuities
of Xg is OF defined as those points x such that B (x,r) contains points of F and points
of E for every r > 0. Extend f and ¢ to equal 0 off E. Then the set of discontinuities
of these extended functions, still denoted as f, g is 0F which has Jordan content 0. This
reduces to the situation of Theorem (C.2.8. This proves the corollary.

As an example of how this can be applied, it is obvious a closed interval is a contented
set in R. Therefore, if f, g are two continuous functions with f () > ¢ (z) for = € [a, b],
it follows from the above theorem or its corollary that the set,

Pr={(z,y):g(x) <y < f(x)}

is a contented set in R2. Now using the theorem and corollary again, suppose fi (z,y) >
g1 (z,y) for (z,y) € P, and f, g are continuous. Then the set

Py ={(z,y,2) : g1 (z,y) < 2 < fi(z,9)}

is a contented set in R3. Clearly you can continue this way obtaining examples of
contented sets.

Note that as a special case, it follows that every box is a contented set. Therefore,
if B; is a box, functions of the form

m
E aiXBi
i=1

are integrable. These functions are called step functions.
The following theorem is analogous to the fact that in one dimension, when you
integrate over a point, the answer is 0.

Theorem C.2.10 If a bounded set, E, has Jordan content 0, then E is a Jordan (con-
tented) set and if [ is any bounded function defined on E, then fXg € R (R™) and

/Ede:().
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Proof: Let G be a grid with

v(Q) < —— .
Qr%;@ 1+ (M —m)
Then M
€
Ug (fXE) < Q%ﬂ) Mv (Q) < m
and om
folite)= 3. mo(Q)= TGy
and so
Ug (fXp) — Lo (fXp) < Y M@ - Y mv(Q)
QNE#£) QNE#£)
B . " e(M —m)
= (M )Qgﬂ (Q)<71+(M—m)<5'

This shows fXr € R (R™). Now also,
me < /fXEdV < Me

and since ¢ is arbitrary, this shows

/EdeE/fXEdV=O

Why is E contented? Let G be a grid for which
Z v(Q)<e
QNE#(

Then for this grid,

Ug (XE) — Lg (Xp) < Z v(Q)<e
QNE#(
and this proves the theorem.

Corollary C.2.11 If fXg, € R(R") fori = 1,2,---,r and for all i # j,E; N E; is
either the empty set or a set of Jordan content 0, then letting F' = U]_, E;, it follows

fXp € R(R™) and i
/fXFdV_/Fde_;/Eide.

Proof: This is true if r = 1. Suppose it is true for r. It will be shown that it is
true for » + 1. Let F, = U]_, E; and let F,.;, be defined similarly. By the induction
hypothesis, fXp. € R (R™). Also, since F, is a finite union of the E;, it follows that
F,. N E,41 is either empty or a set of Jordan content 0.

—fXr.nE, . + [+ X, = fXF.,,

and by Theorem [C.2.10] each function on the left is in R (R™) and the first one on the
left has integral equal to zero. Therefore,

/]"/"CE+1 dV:/fXFTdVJr/fXETH av
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which by induction equals

é;/;j%wﬁ+/;%lfdv SS de

i=1

and this proves the corollary.

In particular, for
Q H a”w ’L ) H(a'ia bz]
i=1 i

both are contented sets and
/XQdV = XodV =v(Q). (3.16)
Q/

This is because
Q\Q =U"q XH a;,bj
J#i
a finite union of sets of content 0. It is obvious [ XodV = v (Q) because you can use a
grid which has @ as one of the boxes and then the upper and lower sums are the same
and equal to v (@) . Therefore, the claim about the equality of the two integrals in [3.16
follows right away from Corollary |C.2.11. That X is integrable follows from

and each of the two functions on the right is integrable thanks to Theorem (C.2.10.
In fact, here is an interesting version of the Riemann criterion which depends on
these half open boxes.

Lemma C.2.12 Suppose f is a bounded function which equals zero off some bounded
set. Then f € R(R™) if and only if for all € > 0 there exists a grid, G such that

> (Mg (f) =mg () v(Q) <e. (3.17)

Qeg
Proof: Since Q' C Q,

Mg (f) —mq (f) < Mg (f) —mq (f)

and therefore, the only if part of the equivalence is obvious.

Conversely, let G be a grid such that 3.17 holds with e replaced with 5. Tt is
necessary to show there is a grid such that [3.17 holds with no primes on the @. Let F
be a refinement of G obtained by adding the points af + 1, where 1, < 7 and is also
chosen so small that for each i =1,--- ,n,

Qg + 1y < Oy

You only need to have 1, > 0 for the finitely many boxes of G which intersect the
bounded set where f is not zero. Then for

n
QEH Oékaak ] €6,
i=1

Let

Q)

n

_ 7

= H aki + nki’akiJrl]
=1
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and denote by G the collection of these smaller boxes. For each set, @ in G there is the
smaller set, ) along with n boxes, By, k = 1,--- ,n, one of whose sides is of length 7,
and the remainder of whose sides are shorter than the diameter of @ such that the set,
Q is the union of () and these sets, Bx. Now suppose f equals zero off the ball B (0,%).
Then without loss of generality, you may assume the diameter of every box in G which
has nonempty intersection with B (0,R) is smaller than £. (If this is not so, simply
refine G to make it so, such a refinement leaving [3.17 valid because refinements do not
increase the difference between upper and lower sums in this context either.) Suppose
there are P sets of G contained in B (0,R) (So these are the only sets of G which could
have nonempty intersection with the set where f is nonzero.) and suppose that for all
X, |f (x)| < C/2. Then

S (Mo (f)—ma ()@ < 3 (Mg (F) = mg () v(@)

QeF Qeé

The first term on the right of the inequality in the above is no larger than /2 because

Mg (f) — meg (f) < Mg (f) — mg (f) for each Q. Therefore, the above is dominated

by
<e/2+CPnR" 'n<e¢

whenever 7 is small enough. Since ¢ is arbitrary, f € R (R™) as claimed.

C.3 [Iterated Integrals

To evaluate an n dimensional Riemann integral, one uses iterated integrals. Formally,
an iterated integral is defined as follows. For f a function defined on R"*™,

y — f(xy)

is a function of y for each x € R". Therefore, it might be possible to integrate this
function of y and write

f(x,y) dV,.
]R'm,

Now the result is clearly a function of x and so, it might be possible to integrate this
and write

/ f(x,y) dV, dV;.
n ]RTY]

This symbol is called an iterated integral, because it involves the iteration of two lower
dimensional integrations. Under what conditions are the two iterated integrals equal to

the integral
/ f(=z) dV?
Rn«#wn

Definition C.3.1 Let G be a grid on R™™ defined by the n + m sequences,
{aé};iioo i=1,--- ,n+m.

Let G, be the grid on R™ obtained by considering only the first n of these sequences and
let G, be the grid on R™ obtained by considering only the last m of the sequences. Thus
a typical box in G,, would be

n+m

H [O‘Zwaiiﬂ] yki>n+1
i=n+1
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and a box in G, would be of the form

n
H o, 1], ki <.
i=1

Lemma C.3.2 Let G, G,, and G,,be the grids defined above. Then
G={RxP:ReG, and P € G,,}.

Proof: If Q € G, then Q is clearly of this form. On the other hand, if R x P is
one of the sets described above, then from the above description of R and P, it follows
R x P is one of the sets of G. This proves the lemma.

Now let G be a grid on R**™ and suppose

= ¢oXy (2) (3.18)

QEg

where ¢, equals zero for all but finitely many (). Thus ¢ is a step function. Recall that

for
n+m

+
Q= H a;, b z , H ai,b z

The function
¢ = Z Xy
Qeg
is integrable because it is a finite sum of integrable functions, each function in the sum
being integrable because the set of discontinuities has Jordan content 0. (why?) Letting
(X7 Y) =z
¢(Z) = (]5(X,y) = Z Z ¢R><PXR’><P' (X,Y)

REG,, PEGm
= > Y baepXr (x) Xpr (y). (3.19)
Reg, PEGH

For a function of two variables, h, denote by h(-,y) the function, x — h(x,y)
and h (x,-) the function y —h (x,y). The following lemma is a preliminary version of
Fubini’s theorem.

Lemma C.3.3 Let ¢ be a step function as described in!3.18. Then

o (x,-) € R(R™), (3.20)
¢ (y) dVy € R(R"), (3.21)
Rm
and
/ ¢ (x,y) dV, dV, = / ¢ (z) dV. (3.22)
n JrRm Rn+m

Proof: To verify [3.20, note that ¢ (x,-) is the step function
¢(xy)= Y. SrupXe (y).
PeGm

Where x € R’ and this is a finite sum of integrable functions because each has set of
discontinuities with Jordan content 0. From the description in [3.19),

/(bxy dV—Z Z¢RxPXR’ v (P)

ReG, PEGn,
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= ( Y Prxpv (P)> X (%), (3.23)

ReGn \P€Gm

another step function. Therefore,

L[ oy avavi= ¥ 5 onepo(Pro(R)

Regn Peg7n
~ Yo @= [ owav
Q€eg Rmtm
and this proves the lemma.
From 13.23,
Mg, </ o () dVy> = sup{ > ( > brepv (P)) Xp (x) 1 x € R’l}
e ReG, \PeGn
= D Pmixpv (P) (3.24)

PeG,

because me ¢ (-,y) dV, has the constant value given in[3.24 for x € R/. Similarly,

mp, </Rm¢<-,y> dvy> =mf{ > ( > brepv (P)) X (x) 1 x € R’l}

ReG, \P€Gm

= Z Or,xpV (P). (3.25)

PeGnm,

Theorem C.3.4 (Fubini) Let f € R (R"™™) and suppose also that f (x,-) € R (R™)
for each x. Then

f(,y) dv, e R(R") (3.26)
R™

and

/ f(z)dV = / f(x,y) dV, dV;. (3.27)
Rn+m n JrRm

Proof: Let G be a grid such that Ug (f) — Lg (f) < € and let G,, and G, be as
defined above. Let

2)= ) Mo (f) X (2 =Y mo (f) X (2).

Qeg Q€Eg
Observe that Mg (f) < Mg (f) and meg (f) > mg (f) . Then

U <f>z/¢dv, £g<f)§/wdv.

Also f(z) € (¢ (z), ¢ (z)) for all z. Thus from [3.24]

Mo ([ revran) <o ([ oty an) = 5 M (1 0(P)

Pegm

and from [3.25,

mp ( Ty dvy> >mR/( vy ) > mpp (f)v(P).

PeGm
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Therefore,

Z [MR’ < - f¢y) dVy> —mp < - fGy) dVyﬂ v(R) <

ReG,

Z Z [Mp/xpr (f) —mprxp (f)]v(P)v(R) <Ug (f) — Lg (f) <e.

ReG, PG,

This shows, from Lemma |C.2.12 and the Riemann criterion, that me f(y) dv, €
R (R™). It remains to verify [3.27. First note

/RW f(z)dV € [Lg (f),Ug (f)].

Next,

Eg(f)§4n+mde:/n medvydeg/n [T xy) vy dv,

<[ [ owyavavi= [ oav<ug().

Therefore,

/ f(xy) dV, dVi —/ /(@) dV‘ <e
n Rm™ Rn+m

and since € > 0 is arbitrary, this proves Fubini’s theorem?.

Corollary C.3.5 Suppose E is a bounded contented set in R™ and let ¢, be continuous

functions defined on E such that ¢ (x) > ¢ (x) . Also suppose f is a continuous bounded
function defined on the set,

P=A{(xy):v(x)<y<o(x)},

It follows fXp € R (R"*1) and

/Pde=/E/1::)f(x7y) dy dv;.

Proof: Since f is continuous, there is no problem in writing f (x, -) Xy (x),6x) () €
R(Rl). Also, fXp € R (R”*l) because P is contented thanks to Corollary |C.2.9.

Therefore, by Fubini’s theorem
R JR

/ fav
P
b (x)
= // f(xy) dydVs,
E Jy(x)
proving the corollary.

Other versions of this corollary are immediate and should be obvious whenever
encountered.

2 Actually, Fubini’s theorem usually refers to a much more profound result in the theory of Lebesgue
integration.
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C.4 The Change Of Variables Formula

First recall Theorem B.2.2 on Page 434 which is listed here for convenience.

Theorem C.4.1 Let h : U — R™ be a C function with h(0) = 0,Dh (0)™" exists.
Then there exists an open set, V. C U containing 0, flips, F1,--- ,F,_1, and primitive
functions, G,,,Gp_1, -+, Gy such that for x € V,

h(x)=Fj0---0F, 10G,0G,_10---0Gy (x).
Also recall Theorem 8.14.12/ on Page [194.

Theorem C.4.2 Let ¢ : [a,b] — [c,d] be one to one and suppose ¢’ exists and is
continuous on [a,b]. Then if f is a continuous function defined on [a,b],

d b
[ reras= [ el
The following is a simple corollary to this theorem.

Corollary C.4.3 Let ¢ : [a,b] — [c,d] be one to one and suppose ¢’ exists and is
continuous on [a,b]. Then if f is a continuous function defined on [a,b],

/R Ky (671 (@) f (2) do = / Koy (1) F (6 (1)) |6 ()] dt

Lemma C.4.4 Leth : V — R"™ be a C' function and suppose H is a compact subset
of V. Then there exists a constant, C' independent of x € H such that

|Dh (x)v| < Cv].

Proof: Consider the compact set, H x 9B (0,1) C R*". Let f: H x 9B (0,1) — R
be given by f (x,v) = |Dh(x) v|. Then let C' denote the maximum value of f. It follows
that for v € R™,

<C

o}

and so the desired formula follows when you multiply both sides by |v]|.

Definition C.4.5 Let A be an open set. Write C* (A;R™) to denote a C* function
whose domain is A and whose range is in R™. Let U be an open set in R™. Then
h e CF (U; R”) if there exists an open set, V.2 U and a function, g € C* (V;R™) such
thatg=h onU. f € CF (U) means the same thing except that f has values in R.

Theorem C.4.6 Let U be a bounded open set such that OU has zero content and let
h € C (U;R™) be one to one and Dh (x)"" exists for allx € U. Then'h (8U) = 8 (h (U))
and 0 (h(U)) has zero content.

Proof: Let x € U and let g = h where g is a C* function defined on an open set
containing U. By the inverse function theorem, g is locally one to one and an open
mapping near x. Thus g(x) = h(x) and is in an open set containing points of g (U)
and points of g (UC) . These points of g (Uc) cannot equal any points of h (U) because
g is one to one locally. Thus h (x) € 9 (h(U)) and so h (9U) C 9 (h (U)) . Now suppose
y € 0(h(U)). By the inverse function theorem y cannot be in the open set h (U) . Since
y € 0(h(U)), every ball centered at y contains points of h (U) and soy € h (U)\h (U).
Thus there exists a sequence, {x,} C U such that h (x,) — y. But then, by the inverse
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function theorem, x,, — h~! (y) and so h™! (y) € dU. Therefore, y € h(9U) and this
proves the two sets are equal. It remains to verify the claim about content.

First let H denote a compact set whose interior contains U which is also in the
interior of the domain of g. Now since OU has content zero, it follows that for ¢ > 0
given, there exists a grid, G such that if G’ are those boxes of G which have nonempty
intersection with OU, then

Z v(Q) <e.

Qeg’

and by refining the grid if necessary, no box of G has nonempty intersection with both
U and H®. Refining this grid still more, you can also assume that for all boxes in G,

l;
— <2
lj
where [; is the length of the i*" side. (Thus the boxes are not too far from being cubes.)
Let C be the constant of Lemma |(C.4.4] applied to g on H.
Now consider one of these boxes, Q € G'. If x,y € Q, it follows from the chain rule
that

g(y) — g () / Dg (x+t(y —x)) (y — x) dt

By Lemma (C.4.4] applied to H

IN

1
() — g ()| / Dg (x+t (y — %) (y — x)| dt

IA

1
C/ |x —y|dt < Cdiam (Q)
0

n 1/2
= C (Z l?) < Cy/nlL
i=1

where L is the length of the longest side of Q. Thus diam (g (Q)) < Cy/nL and so g (Q)
is contained in a cube having sides equal to C'y/nL and volume equal to

Crp 2L < Ct 220y - 1, = O Y220 (Q)
Denoting by Pg this cube, it follows
h (0U) € Ugegv (Pg)

and
Z v (Pg) < C™n"/?2n Z v (Q) < eC™n™/22",
Qeg’ Qeg’

Since € > 0 is arbitrary, this shows h (OU) has content zero as claimed.

Theorem C.4.7 Suppose f € C (U) where U is a bounded open set with OU having
content 0. Then fXy € R (R™).

Proof: Let H be a compact set whose interior contains U which is also contained
in the domain of g where g is a continuous functions whose restriction to U equals
f. Consider gXp, a function whose set of discontinuities has content 0. Then gXy =
fXu € R(R™) as claimed. This is by the big theorem which tells which functions are
Riemann integrable.

The following lemma is obvious from the definition of the integral.
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Lemma C.4.8 Let U be a bounded open set and let fXy € R (R™). Then

[t de = [ 1602 (0 do
A few more lemmas are needed.
Lemma C.4.9 Let S be a nonempty subset of R™. Define
f(x)=dist (x,5) =inf{|x —y|:y € S}.
Then f is continuous.

Proof: Consider |f (x) — f (x1)]and suppose without loss of generality that f (x1) >
f(x). Then choose y € S such that f (x) +& > |x —y|. Then
[f (1) = F ()] fE)-fx)<fla)-x-yl+e
X1 =yl = x—y[+e
x—xi|+[x—y| - |[x—y[+¢

IN A

|x —x1| + .
Since ¢ is arbitrary, it follows that | f (x1) — f (x)| < |x — x| and this proves the lemma.

Theorem C.4.10 (Urysohn’s lemma for R™) Let H be a closed subset of an open set,
U. Then there exists a continuous function, g : R™ — [0,1] such that g (x) = 1 for all
x € H and g(x) =0 forallx ¢ U.

Proof: If x ¢ C, a closed set, then dist (x,C') > 0 because if not, there would exist
a sequence of points of C' converging to x and it would follow that x € C. Therefore,
dist (x, H) 4 dist (x,U“) > 0 for all x € R™. Now define a continuous function, g as

_ dist (x, Uc)
90) = G e ) & dist ( 00)

It is easy to see this verifies the conclusions of the theorem and this proves the theorem.

Definition C.4.11 Define spt(f) (support of f) to be the closure of the set {x : f(x) #
0}. If V is an open set, C.(V) will be the set of continuous functions f, defined on R™
having spt(f) C V.

Definition C.4.12 If K is a compact subset of an open set, V, then K < ¢ <V if
¢ € Ce(V), ¢(K) = {1}, ¢(R") < [0,1].
Also for ¢ € C.(R™), K < ¢ if
o(R™) C [0,1] and ¢(K) = 1.

and ¢ <V if
6(R") C [0,1] and spt(6) € V.

Theorem C.4.13 (Partition of unity) Let K be a compact subset of R™ and suppose
K CV =U,V;, V; open.

Then there exist 1; < V; with

forallx e K.
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Proof: Let K7 = K \ U ,V;. Thus K; is compact because it is the intersection
of a closed set with a compact set and K; C V;. Let K1 C Wy € W, C Vi with
W icompact. To obtain Wi, use Theorem |C.4.10 to get f such that K; < f < V;
and let Wy = {x: f(x) #0}. Thus Wy, Va,---V, covers K and W1 C V. Let Ko =
K\ (UP_3V; UWy). Then K, is compact and Ky C Va. Let Ko C Wy C Wo C Vo Wy
compact. Continue this way finally obtaining Wq,--- ,/W,, K C Wy U---U W, and

W; C V; W; compact. Now let W; CU; CU; CV; ,U; compact.

By Theorem [C.4.10, there exist functions, ¢;,v such that U; < ¢, < V;, UL, W, <
v < U, U;. Define

Y(x)di(x)/ 3751 &%) 3 354 ¢5(x) #0,
%(X) = { 0if Z;LZI ¢j(x)1: 0. !

If x is such that Z?:l ¢;(x) = 0, then x ¢ U, U;. Consequently y(y) = 0 for all
y near x and so ¥,(y) = 0 for all y near x. Hence v, is continuous at such x. If
Z;.Lzl b (x) # 0, this situation persists near x and so 1, is continuous at such points.
Therefore 9, is continuous. If x € K, then v(x) = 1 and so Z;;l ¥;(x) = 1. Clearly
0 <1; (x) <1 and spt(y;) C V;. This proves the theorem.

The next lemma contains the main ideas.

Lemma C.4.14 Let U be a bounded open set with OU having content 0. Also let
h € C' (U;R") be one to one on U with Dh (x)"" exists for all x € U. Let f € C (U)
be nonnegative. Then

[ Aoy @7 )V = [ 2601 (0 ) [det D ()] Y,
Proof: Let € > 0 be given. Then by Theorem |C.4.7,
x =&y (x) f (h(x))[det Dh (x)]
is Riemann integrable. Therefore, there exists a grid, G such that, letting
9(x) = &u (x) f (h(x)) [det Dh (x)],

Lg(g) +¢e>Ug(9g).

Let K denote the union of the boxes, @ of G for which mq (g) > 0. Thus K is a compact
subset of U and it is only the terms from these boxes which contribute anything nonzero
to the lower sum. By Theorem [B.2.2 on Page 1434l which is stated above, it follows that
for p € K, there exists an open set contained in U which contains p,0Op such that for
x € Op — D,

h(x+p)—h(p)=Fio--0F, 10G,0---0G1(x)

where the G; are primitive functions and the F; are flips. Finitely many of these open
sets, {O;}7_, cover K. Let the distinguished point for O; be denoted by p;. Now refine
G if necessary such that the diameter of every cell of the new G which intersects U is
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smaller than a Lebesgue number for this open cover. Denote by G’ those boxes of G
whose union equals the set, K. Thus every box of G’ is contained in one of these O;. By
Theorem |C.4.13 there exists a partition of unity, {wj} on h (K) such that ¢; < h(O;).
Then

Lolg) < / Xo (x) f (h (x)) |det Dh ()| dx
Qeg’
= Z Z/XQ f) (h(x))|det Dh (x)| da. (3.28)
Qeg’ j=1

Consider the term [ Xg (x) (¢, f) (h(x)) |det Dh (x)| dz. By Lemma[C.4.8 and Fubini’s
theorem this equals

/]Rw 1,/XQ p; ( 2/Jf)( (Pi) +Fio---0F, 100G, 000Gy (x))-
|DF (G, o - oGl( NIDG (Gp_10--0G1 (x))||DGr-1 (G200 Gy (x))] -

Here dV,,_1 is with respect to the variables, xs,--- ,x,. Also F denotes F1o---0F,_1.
Now
T
Gy (X) = (a(x) y L2y axn)
and is one to one. Therefore, fixing xo, - ,z,, 1 — «(x) is one to one. Also,
DG (x) = 83—;‘1 (x). Fixing xs,- - , ¥y, change the variable,
Y1 =a (v, 22, -+ ,Tp).
Thus
T — _
X:(I‘17$2,"'7!I}n) :G11<y17$2,"'7$n)EG11(X/)

Then in 3.29 you can use Corollary (C.4.3 to write [3.29] as

~/]Rw 1/XQ o, (GT(x)) (1) (B (ps) + F1 0 0F, 1 0Gpo-0Gy (G (x))) -
|DF (Gpo---0Gy (G ()| |DGy (Gpo10---0Gy (G (x)))|
|DGn_1 (Gn_g ©---0 Gl (Gl_l (X )’ ’DGQ (Gl ( )‘dylan 1 (330)

which reduces to

o XQ—pj (Gl_l (X/)) (w]f) (h (pz) =+ Fl 0--:0 Fn—l o Gn 0--+0 G2 (Xl)) .

IDF (G 00 Ga (x))| [DGr (Groy 0+ 0 Go (X)) [DGn_1 (G 00 Ga (x))] -
| DGy (x)| V. (3.31)

Now use Fubini’s theorem again to make the inside integral taken with respect to xs.
Exactly the same process yields

/ /XQ p, (GI1o Gy (") (¢v;f) ((pi) +Fro---0F, 10G,0---0Gsz(x"))
Rn—1

IDF (G0 0Gs (x"))|[DGp (Gp_1 0 0Gs (X)) [DGn_i (Gp_z 0 0Gs (x"))| -
N dygd‘/n_l. (332)

Now F is just a composition of flips and so |DF (G, 0---0 G3 (x”))] = 1 and so this
term can be replaced with 1. Continuing this process, eventually yields an expression
of the form

. Xg_p, (G'o- - 0G 1, 0G, ! oG, “y)) (v;f) (h(pi) +y)dVi,. (3.33)
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Denoting by G~ the expression, (}1’1 0---0 G;iz o G;il oG, 1,
XQ-p, (Gl_l oGy, 12°G 11°G 1(}’)):1

exactly when G™' o F~! (y) € Q — p;. Now recall that h (p; + x) —h(p;) = Fo G (x)
and so the above holds exactly when

y = h(pj+G 'oF ' (y)) —h(p;) eh(p; +Q—p;) —h(p;)
= h(Q)—h(p)).

Thus 3.33 reduces to
/ Xn(@)—n(py) (V) (¥; f) (0 (i) +y)dV;, = /R Xn(q) (2) (¢, f) (z)aV,
It follows from [3.28

Ug(g)—= < /XQ (x)) |det Dh (x)] da

(h (x)) |det Dh (x)| dz

I Il
1 &M
i[~]= 1]
\ —

w2 E
@

@

T_B

Il
&h
=
=
IN
—
S
Gl
Lj
S
Q,
&

which implies the inequality,
[ A ) £ 19 et Db (0] Vi < [ Fagw (21 (2)

But now you can use the same information just derived to obtain equality. x = h™! (z)
and so from what was just done,

/ Xy (x) f (h (x)) |det Dh (x)| dV,,

_ / X1 (o (%) f (b (x)) |det Dh (x)| dV,,

z) |det Dh (h™" (z))| |det Dh™" (z)| dV;,

A%
—
£
S

- [t @ f@)av,
from the chain rule. In fact,
I=Dh (hf1 (z)) Dh™! ()

and so
1= |det Dh (h™" (z))||det Dh™" (z)] .

This proves the lemma.
The change of variables theorem follows.
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Theorem C.4.15 Let U be a bounded open set with OU having content 0. Also let
h € C' (U;R™) be one to one on U with Dh (x)" eists for allx € U. Let f € C (U).
Then

/Xh(U) (z) f(z)dz = /XU (x) f (h(x))|det Dh (x)| dx

Proof: You note that the formula holds for f+ = |f\2+f and f~ = \f\;f' Now
f=f"T—f andso

/ Xow) (2) f (2) dz

[ Ay @1 @z~ [ A ()1 ()2
/XU (x) fT (h(x)) |det Dh (x)| dz — /XU (x) f~ (h(x)) |det Dh (x)| dx

_ /XU (x) f (b (x)) |det Dh (x)]| da.

C.5 Some Observations

Some of the above material is very technical. This is because it gives complete an-
swers to the fundamental questions on existence of the integral and related theoretical
considerations. However, most of the difficulties are artifacts. They shouldn’t even be
considered! It was realized early in the twentieth century that these difficulties occur
because, from the point of view of mathematics, this is not the right way to define
an integral! Better results are obtained much more easily using the Lebesgue integral.
Many of the technicalities related to Jordan content disappear almost magically when
the right integral is used. However, the Lebesgue integral is more abstract than the
Riemann integral and it is not traditional to consider it in a beginning calculus course.
If you are interested in the fundamental properties of the integral and the theory be-
hind it, you should abandon the Riemann integral which is an antiquated relic and
begin to study the integral of the last century. An introduction to it is in [23]. Another
very good source is [12]. This advanced calculus text does everything in terms of the
Lebesgue integral and never bothers to struggle with the inferior Riemann integral. A
more general treatment is found in [I8], [19], [24], and [20]. There is also a still more
general integral called the generalized Riemann integral. A recent book on this subject
is [5]. It is far easier to define than the Lebesgue integral but the convergence theorems
are much harder to prove. An introduction is also in [19].
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Ct, 247 coefficient of thermal conductivity, 283
Ck, 47 cofactor, 54, 56, 418
A, 370 cofactor matrix, |56
V2,370 column vector, 132
compact, [152
Abel’s formula, [71), [427 complement, 80
adjugate, 61, 420 component, 84, 103, 104
agony, pain and suffering, [315 component of a force, [96
angle between planes, 124 components of a matrix, 30
angle between vectors, 94 conformable, [34
angular velocity, 112 conservation of linear momentum, 171
angular velocity vector, 163 conservation of mass, [381
arc length, 182 conservative, 403
area of a parallelogram, 106 constitutive laws, 386
arithmetic mean, [303 contented set, [445
continuity
balance of momentum, [381 limit of a sequence, 151
barallelepiped continuous function, 135
volume, 113 continuous functions
bezier curves, [164 properties, (140
binormal, 203 converge, 149
bounded, 146 Coordinates, 13
box product, 113 Coriolis acceleration, [173
Coriolis acceleration
cardioid, 211 earth, 175
Cartesian coordinates, [14 Coriolis force, 173, 218
Cauchy Schwarz, 22 Cramer’s rule, (64, 420
Cauchy Schwarz inequality, 92, 101 critical point, 287
Cauchy sequence, 149, 273 cross product, 106
Cauchy sequence, 149 area of parallelogram, 106
Cauchy stress, 383 coordinate description, 107
Cavendish, 219 distributive law, 108
center of mass, 111, 1350 geometric description, 106
central force, 206 limits, 139
central force field, 218 curl, 1369
centrifugal acceleration, 173 curvature, 198, 203
centripetal acceleration, [173 cycloid, 409
centripetal force, 217
chain rule, 262 D’Alembert, 242
change of variables formula, 334 deformation gradient, 382
circular helix, 204 density and mass, 316
circulation density, 409 derivative, 245
classical adjoint, |61 derivative of a function, (155
closed set, 180 determinant, [53), 1413
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Laplace expansion, 56
product, 416
product of matrices, [58
transpose, 415
diameter, [146
difference quotient, [155
differentiable, 243
differentiable matrix, [160
differentiation rules, 158
directed line segment, [19
direction vector, 19
directional derivative, 235
directrix, 104
distance formula, 20
divergence, |369
divergence theorem, 374
donut, 360
dot product, 91

eigenvalue, 302

Einstein summation convention, 116
entries of a matrix, [30

equality of mixed partial derivatives, 240
Eulerian coordinates, 382

Fibonacci sequence, 148

Fick’s law, 283, 391

focus, 26

force, 82

force field, (185 218

Foucalt pendulum, 176

Fourier law of heat conduction, 283
Frenet Serret formulas, 203
fundamental theorem line integrals, [403

Gauss’s theorem, [374
geometric mean, 303
gradient, 237
gradient vector, 282
Green’s theorem, (396
erid, 310, 318

grids, 437

harmonic, 240

heat equation, 240

Heine Borel, 191

Heine Borel theorem, (152
Hessian matrix, 288, 1306
homotopy method, 271

implicit function theorem, 429
impulse, 171

inner product, 91

intercepts, [126

intercepts of a surface, 128
interior point, 79

INDEX

inverses and determinants, (63}, 1419

invertible, 139
iterated integrals, 312

Jacobian, [333

Jacobian determinant, [334
Jordan content, 442
Jordan set, 445

joule, 97

Kepler’s first law, 219
Kepler’s laws, 219
Kepler’s third law, 222
kilogram, 111

kinetic energy, [170
Kroneker delta, [115

Lagrange multipliers, 300} 432, 434

Lagrangian, 266
Lagrangian coordinates, 381
Laplace expansion, |56, 418
Laplacian, 240
least squares regression, 242
Lebesgue number, 152, 442
Lebesgue’s theorem, 1444
length of smooth curve, [183
limit of a function, 137, (153
limit point, [88), 233
limits and continuity, 138
line integral, 186
linear combination, 416
linear momentum, 171
linear transformation, 41}, [245
Lipschitz, 141}, 142
lizards

surface area, 358
local extremum, 286
local maximum, 286
local minimum, 286
lower sum, (319, 438

main diagonal, 57
mass ballance, 381
material coordinates, [381
matrix, 29
inverse, |39
left inverse, 420
lower triangular, 57, [420
right inverse, 420
upper triangular, 57, 420
matrix multiplication
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entries, 135 dot product, 158
properties, 37 matrices, 160
matrix transpose, |38 projection of a vector, 97
matrix transpose properties, 38
minor, 54, 56, 418 quadric surfaces, [126

mixed partial derivatives, 238

moment of a force, 110

motion, 382

moving coordinate system, 161}, 172
acceleration , 173

multi-index, [136

radius of curvature, 198, 202
raw eggs, 351

recurrence relation, [148
recursively defined sequence, [148
refinement of a grid, 310, 318
refinement of grids, [437

Navier, 392 resultant, 84

nested interval lemma, 146 R%emann f:riteriolnl439 .
Newton, [B5 Riemann integral, (311} 1318

Riemann integral, 439
right handed system, [105
rot, 1369

row operations, 58

row vector, |32

second law, (166
Newton Raphson method, 268
Newton’s laws, 166
Newton’s method, 269
nilpotent, 169, [74
normal vector to plane, 123 saddle point, 289

scalar field, 369

one to one, i1 scalar multiplication, 15

onto, 42 scalar potential, 403
open cover, 152

scalar product, 91
open set, [79

scalars, 15} 129

second derivative test, 308
sequences, 148

sequential compactness, 150, 191
sequentially compact, 150
singular point, 287

skew symmetric, 38

smooth curve, [182

spacial coordinates, [382
span, 416

speed, 86

spherical coordinates, 259
standard matrix, 245
standard position, 83
Stoke’s theorem, 399
Stokes, 392

support of a function, 456
symmetric, 38

symmetric form of a line, 20

operator norm, 272
orientable, 402

orientation, [185

oriented curve, 185

origin, 13

orthogonal matrix, 68| 74, 1423
orthonormal, 423

osculating plane, 198, 202

parallelepiped, [113

parameter, 18} [19

parametric equation, 18
parametrization, 182

partial derivative, 236

partition of unity, 456
permutation symbol, 115
perpendicular, [95

Piola Kirchhoff stress, 386

plane containing three points, (124

planes, 123 torque vector, (110
polynomials in n variables, [136 torsion, 203

position vector, 16, [83 torus, 360

precession of a top, 1348 trace of a surface, 128
principal normal, 198 203 traces, 126

product of matrices, [34 triangle inequality, 23, 93

product rule
cross product, 158 uniformly continuous, 142, 151
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unit tangent vector, 198, 1203
upper sum, 319, 1438
Urysohn’s lemma, 152

vector, [15
vector field, 185, 1369
vector fields, 134
vector potential, 372
vector valued function
continuity, 136
derivative, (155
integral, 155
limit theorems, 137
vector valued functions, 133
vectors, 82
velocity, 186
volume element, (334

wave equation, 240
work, [186
Wronskian, [71), 427

zero matrix, 30



