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Foreword

The present course on calculus of several variables is meant as a text,
either for one semester following A First Course in Calculus, or for a
year if the calculus sequence is so structured.

For a one-semester course, no matter what, one should cover the first
four chapters, up to the law of conservation of energy, which provides a
beautiful application of the chain rule in a physical context, and ties up
the mathematics of this course with standard material from courses on
physics. Then there are roughly two possibilities:

One is to cover Chapters V and VI on maxima and minima, quadratic
forms, critical points, and Taylor’s formula. One can then finish with
Chapter IX on double integration to round off the one-term course.
The other is to go into curve integrals, double integration, and
Green’s theorem, that is Chapters VII, VIII, IX, and X, §1. This forms
a coherent whole.

Both paths have been followed at Yale, and they depend on the
fashion of the moment, or the emphasis given to connections with other
fields (physics or economics, for instance). I have no preference for
either. Either way has considerable unity of style. Many of the results
are immediate corollaries of the chain rule. The main idea is that given
a function of several variables, if we want to look at its values at two
points P and Q, we join these points by a curve (often a straight line
segment), and then look at the values of the function on that curve. By
this device, we are able to reduce a large number of problems in several
variables to problems and techniques in one variable. For instance, the
tangent plane, the directional derivative, the law of conservation of en-
ergy, and Taylor’s formula are all handled in this manner.
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One advantage of covering Green’s theorem is that it provides a very
elegant mixture of integration and differentiation techniques in one and
two variables. This mixing is used frequently in applications to physics,
and also serves to fix these techniques in the mind because of the way
they are used. On the other hand, maxima-minima, critical points, and
Taylor’s formula find applications in linear programming, economics, and
optimization problems. The only clear fact is that there is not enough
time to cover both paths in one semester.

For a year’s course, the rest of the book provides an adequate amount
of material to be covered during the second semester. It consists of three
topics, which are logically independent of each other and could be
covered in any order. Some order must be chosen because it is necessary
to project the course in a totally ordered way on the page axis (and the
time axis), but logically, the choice is arbitrary. Pedagogically, the order
chosen here seemed the one best suited for most people. These three
topics are:

(a) Whichever curve integrals—Green’s theorem, or maxima-mini-
ma-Taylor’s formula were omitted from the first semester.

(b) Triple integration and surface integrals, which continue ideas of
Chapters IX and X.

(¢) Inverse mappings and the change of variables formula, including
as much of matrices and determinants as are needed, and which
may have been covered in another course about linear algebra.

Different instructors will cover these three topics in whatever order
they prefer. For applications to economics, it would make sense to cover
the chapters on maxima-minima and the quadratic form in Taylor’s for-
mula before doing triple integration and surface integrals. The methods
used depend only on the techniques developed as corollaries of the chain
rule.

I think it is important that even at this early stage, students acquire
the idea that one can operate with differentiation just as with polyno-
mials. Thus §4 of Chapter VI could be covered early.

I have included only that part of linear algebra which is immediately
useful for the applications to calculus. My Introduction to Linear Algebra
provides an appropriate text when a whole semester is devoted to the
subject. Many courses are still structured to give primary emphasis to
the analytic aspects, and only a few notions involving matrices and linear
maps are needed to cover, say, the chain rule for mappings of one space
into another, and to emphasize the importance of linear approximations.
These, it seems to me, are the essential ingredients of a second semester
of calculus for students who want to become acquainted rapidly with the
most important basic notions and how they are used in practice. Many
years ago, there was no linear algebra introduced in calculus courses. In-
termediate years have probably seen an excessive amount—more than
was needed. I try to strike a proper balance here.
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Some proofs have been included. On the whole, our policy has been
to include those proofs which illustrate fundamental principles and are
free of technicalities. Such proofs, which are also short, should be
learned by students without difficulty. Examples are the uniqueness of
the potential function, the law of conservation of energy, the indepen-
dence of an integral on the path if a potential function exists, Green’s
theorem in the simplest cases, etc.

Other proofs, like those of the chain rule, or the local existence of a
potential function, can be given in class or omitted, depending on the
level of interest of a class and the taste of the instructor. For con-
venience, such proofs have usually been placed at the end of each
section.

Many worked-out examples have been added since previous editions,
and answers to some exercises have been expanded to include more com-
prehensive solutions. I have done this to lighten the text on occasion.
Such expanded solutions can also be viewed as worked-out examples
simply placed differently, allowing students to think before they look up
the answer if they have troubles with the problem.

I include an appendix on Fourier series, for the convenience of courses
structured so that it is desirable to give an inkling of this topic some
time during the second-year calculus, without waiting for a course in ad-
vanced calculus. It fits in nicely with scalar products.

I would like to express my appreciation for the helpful guidance pro-
vided by previous reviewers: M. B. Abrahamse (University of Virginia),
Sherwood F. Ebey (University of the South), and William F. Keigher
(Rutgers University).

I thank Anthony Petrello for working out many answers. I thank Mr.
Gimli Khazad, William Scott and Gerhard Kroiss for communicating to
me a number of misprints and corrections. I thank Ron Infante for
helping with the proofreading.

New Haven, Connecticut S.LANG
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Part One

Basic Material

In the first chapter of this part, we consider vectors, which form the
basic algebraic tool in investigating functions of several variables. The
differentiation aspects of them which we take up are those which can be
handled up to a point by “one variable” methods. The reason for this is
that in higher dimensional space, we can join two points by a curve, and
study a function by looking at its values only on this curve. This re-
duces many higher dimensional problems to problems of a one-dimen-
sional situation.
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Vectors

The concept of a vector is basic for the study of functions of several
variables. It provides geometric motivation for everything that follows.
Hence the properties of vectors, both algebraic and geometric, will be
discussed in full.

One significant feature of all the statements and proofs of this part is
that they are neither easier nor harder to prove in 3-space than they are
in 2-space.

I, §1. DEFINITION OF POINTS IN SPACE

We know that a number can be used to represent a point on a line,
once a unit length is selected.

A pair of numbers (i.e. a couple of numbers) (x, y) can be used to
represent a point in the plane.

These can be pictured as follows:

0 z

(a) Point on a line (b) Point in a plane
Figure 1
We now observe that a triple of numbers (x,y,z) can be used to

represent a point in space, that is 3-dimensional space, or 3-space. We
simply introduce one more axis. Figure 2 illustrates this.
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z-axis

z-axis

Figure 2

Instead of using x, y, z we could also use (x4, X5, x3). The line could
be called 1-space, and the plane could be called 2-space.

Thus we can say that a single number represents a point in 1-space.
A couple represents a point in 2-space. A triple represents a point in 3-
space.

Although we cannot draw a picture to go further, there is nothing to
prevent us from considering a quadruple of numbers.

(xla X2, X3, X4)

and decreeing that this is a point in 4-space. A quintuple would be a
point in 5-space, then would come a sextuple, septuple, octuple,....

We let ourselves be carried away and define a point in n-space to be
an n-tuple of numbers

(X1, Xg5evrsXp),

if n is a positive integer. We shall denote such an n-tuple by a capital
letter X, and try to keep small letters for numbers and capital letters for
points. We call the numbers x,,...,x, the coordinates of the point X.
For example, in 3-space, 2 is the first coordinate of the point (2, 3, —4),
and —4 is its third coordinate. We denote n-space by R”".

Most of our examples will take place when n =2 or n = 3. Thus the
reader may visualize either of these two cases throughout the book.
However, three comments must be made.

First, we have to handle n =2 and n = 3, so that in order to avoid a
lot of repetitions, it is useful to have a notation which covers both these
cases simultaneously, even if we often repeat the formulation of certain
results separately for both cases.
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Second, no theorem or formula is simpler by making the assumption
that n =2 or 3. .
Third, the case n =4 does occur in physics.

Example 1. One classical example of 3-space is of course the space we
live in. After we have selected an origin and a coordinate system, we can
describe the position of a point (body, particle, etc.) by 3 coordi-
nates. Furthermore, as was known long ago, it is convenient to extend
this space to a 4-dimensional space, with the fourth coordinate as time,
the time origin being selected, say, as the birth of Christ—although this
is purely arbitrary (it might be more convenient to select the birth of the
solar system, or the birth of the earth as the origin, if we could deter-
mine these accurately). Then a point with negative time coordinate is a
BC point, and a point with positive time coordinate is an AD point.

Don’t get the idea that “time is the fourth dimension”, however. The
above 4-dimensional space is only one possible example. In economics,
for instance, one uses a very different space, taking for coordinates, say,
the number of dollars expended in an industry. For instance, we could
deal with a 7-dimensional space with coordinates corresponding to the
following industries:

1. Steel 2. Auto 3. Farm products 4. Fish
5. Chemicals 6. Clothing 7. Transportation.

We agree that a megabuck per year is the unit of measurement. Then a
point

(1,000, 800, 550, 300, 700, 200, 900)

in this 7-space would mean that the steel industry spent one billion

dollars in the given year, and that the chemical industry spent 700 mil-
lion dollars in that year.

The idea of regarding time as a fourth dimension is an old one.
Already in the Encyclopédie of Diderot, dating back to the eighteenth
century, d’Alembert writes in his article on “dimension”:

Cette maniére de considérer les quantités de plus de trois dimensions est
aussi exacte que lautre, car les lettres peuvent toujours étre regardées
comme représentant des nombres rationnels ou non. Fai dit plus haut qu’il
n’était pas possible de concevoir plus de trois dimensions. Un homme
d’esprit de ma connaissance croit quon pourrait cependant regarder la
durée comme une quatriéme dimension, et que le produit temps par la
solidité serait en quelque maniére un produit de quatre dimensions; cette
idée peut étre contestée, mais elle a, ce me semble, quelque mérite, quand
ce ne serait que celui de la nouveauts.

Encyclopédie, Vol. 4 (1754), p. 1010
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Translated, this means:

This way of considering quantities having more than three dimensions is
just as right as the other, because algebraic letters can always be viewed as
representing numbers, whether rational or not. I said above that it was
not possible to conceive more than three dimensions. A clever gentleman
with whom I am acquainted believes that nevertheless, one could view
duration as a fourth dimension, and that the product time by solidity
would be somehow a product of four dimensions. This idea may be chal-

lenged, but it has, it seems to me, some merit, were it only that of being
new.

Observe how d’Alembert refers to a “clever gentleman” when he appar-
ently means himself. He is being rather careful in proposing what must

have been at the time a far out idea, which became more prevalent in
the twentieth century.

D’Alembert also visualized clearly higher dimensional spaces as “prod
ucts” of lower dimensional spaces. For instance, we can view 3-space as
putting side by side the first two coordinates (x4, x,) and then the third
x3. Thus we write

R3 =R? x RL

We use the product sign, which should not be confused with other
“products”, like the product of numbers. The word “product” is used in
two contexts. Similarly, we can write

R* = R?® x R!.
There are other ways of expressing R* as a product, namely

R* =R? x R2,
This means that we view separately the first two coordinates (x,, x,) and
the last two coordinates (x5, x,). We shall come back to such products
later.

We shall now define how to add points. If A, B are two points, say
in 3-space,

A =(a, a,,a3) and B = (b, b,, b3)
then we define 4 + B to be the point whose coordinates are
A+ B=(a; + by, a, + b,, a; + b3).
Example 2. In the plane, if 4 =(1,2) and B = (—3,5), then

A+B=(=27).
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In 3-space, if A =(—1, n, 3) and B = (ﬁ, 7, —2), then

A+B=(/2-1,n+7 1)

Using a neutral n to cover both the cases of 2-space and 3-space, the
points would be written

A =(ay,...,a,), B = (by,...,b,),
and we define A + B to be the point whose coordinates are
(a, + by,....a, + b,).

We observe that the following rules are satisfied:
1. A+B)+C=4+B+0().
. A+ B=B+ A.
3. If we let
0=(0,0,...,0
be the point all of whose coordinates are 0, then

0+A4=A4+0=4

for all A.
4. Let A=(ay,...,a,) and let —4 =(—ay,...,—a,). Then

A+ (—A)=0.
All these properties are very simple, and are true because they are

true for numbers, and addition of n-tuples is defined in terms of addition
of their components, which are numbers.

Note. Do not confuse the number 0 and the n-tuple (0,...,0). We
usually denote this n-tuple by O, and also call it zero, because no diffi-
culty can occur in practice.

We shall now interpret addition and multiplication by numbers geo-

metrically in the plane (you can visualize simultaneously what happens
in 3-space).

Example 3. Let A =(2,3) and B=(—1,1). Then

A+B=(1,4).



8 VECTORS [L §1]

The figure looks like a parallelogram (Fig. 3).
| @9

T (2:3)

Figure 3
Example 4. Let A =(3,1) and B = (1,2). Then
A+ B=(4,)3).
We see again that the geometric representation of our addition looks like

a parallelogram (Fig. 4).

+ A+B

Figure 4

The reason why the figure looks like a parallelogram can be given in
terms of plane geometry as follows. We obtain B = (1,2) by starting
from the origin O = (0,0), and moving 1 unit to the right and 2 up. To
get A + B, we start from A4, and again move 1 unit to the right and 2
up. Thus the line segments between O and B, and between A and A + B
are the hypotenuses of right triangles whose corresponding legs are of
the same length, and parallel. The above segments are therefore parallel
and of the same length, as illustrated in Fig. 5.

A+B

Figure 5
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DEFINITION OF POINTS IN SPACE

Example 5. If A = (3,1) again, then —A4 = (—3, —1). If we plot this

point, we see that —A4 has opposite direction to 4. We may view —A
as the reflection of 4 through the origin.

|
o
1
I\

WJ—

Figure 6

We shall now consider multiplication of 4 by a number. If ¢ is any
number, we define c4 to be the point whose coordinates are

(cay,...ca,).

Example 6. If 4 = (2, —1,5) and ¢ =7, then c4 = (14, —7, 35).

It is easy to verify the rules:

S. ¢(A+ B)=cA + cB.
6. If ¢,, ¢, are numbers, then
(¢, +c)A=cA+cA and (cic2)A = c(c, A).
Also note that
(DA =—-A

What is the geometric representation of multiplication by a number?

Example 7. Let A =(1,2) and ¢ =3. Then

cA=(3,6)
as in Fig. 7(a).

Multiplication by 3 amounts to stretching A by 3. Similarly, 34
amounts to stretching 4 by 3, ie. shrinking A4 to half its size. In general,
if t is a number, t > 0, we interpret t4 as a point in the same direction
as A from the origin, but ¢ times the distance. In fact, we define 4 and
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B to have the same direction if there exists a number ¢ > 0 such that
A = cB. We emphasize that this means 4 and B have the same direction
with respect to the origin. For simplicity of language, we omit the words
“with respect to the origin”.

Mulitiplication by a negative number reverses the direction. Thus
—34 would be represented as in Fig. 7(b).

34 =(3,6)

34

T fA=(01,2

f f + f 34

(a) (b)

Figure 7

We define two vectors A, B (neither of which is zero) to have opposite
directions if there is a number ¢ <0 such that c4 = B. Thus when
B = — A, then 4, B have opposite direction.

I, §1. EXERCISES

Find A + B, A — B, 34, —2B in each of the following cases. Draw the points of
Exercises 1 and 2 on a sheet of graph paper.

1.LA=@2,-1),B=(—-11) 2. A=(-13), B=(0,4)
33.4=(2,-1,5),B=(—-11,1) 4 A=(—-1,-23),B=(-1,3,-4)
5.A=(3,-1), B=2xn, —3,7) 6. A=(15-2,4), B=(n,3, —1)

7. Let A=(1,2) and B=(3,1). Draw A+ B, A+ 2B, A+ 3B, A— B, A—2B,

A — 3B on a sheet of graph paper.

8. Let A, B be as in Exercise 1. Draw the points A + 2B, A+ 3B, A — 2B,
A —3B, A+ 1B on a sheet of graph paper.

9. Let A and B be as drawn in Fig. 8. Draw the point 4 — B.
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@

Figure 8

I, §2. LOCATED VECTORS

We define a located vector to be an ordered pair of points which we

write AB . (This is not a product.) We visualize this as an arrow be-
tween 4 and B. We call 4 the beginning point and B the end point of
the located vector (Fig. 9).

B
b2—a2 { 4
a, b,
—b;—a; —
Figure 9

We observe that in the plane,
by =a; + (b; — ay).

Similarly,

b, = a, + (b, — a,).
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This means that
B=A4+(B—-A4)

Let AB and CD be two located vectors. We shall say that they are
equivalent if B— 4 =D — C. Every located vector AB is equivalent to
one whose beginning point is the origin, because AB s equivalent to
O(B — A). Clearly this is the only located vector whose beginning point
is the origin and which is equivalent to AB. If you visualize the parello-
gram law in the plane, then it is clear that equivalence of two located
vectors can be interpreted geometrically by saying that the lengths of the
line segments determined by the pair of points are equal, and that the
“directions” in which they point are the same.

In the next figures, we have drawn the located vectors OB — A),
4B, and O(4 — B), BA.

A/B A/B

B-4

Figure 10 Figure 11

Example 1. Let P =(1, —1,3) and Q = (2,4, 1). Then w is equiva-
lent to OC , where C=Q — P = (1,5, —2). If

A=(4,—-2,9) and B=(5,3,3),
then }6 is equivalent to AB because
Q—P=B—-—A4=(,5, -2).

Given a located vector OC whose beginning point is the origin,_vXe
shall say that it is located at the origin. Given any located vector AB,
we shall say that it is located at A.

A located vector at the origin is entirely determined by its end point.
In view of this, we shall call an n-tuple either a point or a vector, de-
pending on the interpretation which we have in mind.

Two located vectors AB and FQ) are said to be parallel if there is a
number ¢ # 0 such that B — A = ¢(Q — P). They are said to have the
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same direction if there is a number ¢ > 0 such that B— 4 =c¢(Q — P),
and have opposite direction if there is a number ¢ < 0 such that

B—A=cQ-P)

In the next pictures, we illustrate parallel located vectors.

B P

£ 4 -

(a) Same direction (b) Opposite direction
Figure 12

Example 2. Let

P=@3,7 and Q=(—-42).
Let
A=(1 and B =(—-16, —14).
Then
Q—P=(-7,-5 and B-A=(-21,-15).

Hence P_Q’ is parallel to A_B;, because B— A =3(Q — P). Since 3 >0,
we even see that P_Q) and AB have the same direction.

In a similar manner, any definition made concerning n-tuples can be
carried over to located vectors. For instance, in the next section, we
shall define what it means for n-tuples to be perpendicular.

0

Figure 13
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Then we can say that two located vectors AB and P~Q are perpendicular

if B— A is perpendicular to Q — P. In Fig. 13, we have drawn a picture
of such vectors in the plane.

I, §2. EXERCISES

In each case, determine which located vectors FQ' and AB are equivalent.
LLP=(1,-1),0=(423), A=(-1,5), B=(5,2).
2.P=(1,4),Q=(-3,5,4A4=(5,7, B=(1,8).
3.P=(,-1,5),Q0=(-2,3,-4), A=(3,1,1), B=(0, 5, 10).

4. P=(2,3,-4),0=(-1,35), A=(-23,—-1), B=(-5,3, 8).

In each case, determine which located vectors PQ and AB are parallel.

50 P=(1,-1),0=(4,3), A=(-1,5), B=(7,1).

6. P=(1,4), 0 =(-3,5), A=(5,7), B=(9,6).

7. P=(,~-15),0=(-23-4),4=(3,1,1), B=(=3,9, —17).

8. P=(2,3,-4), 0=(-1,35), 4=(-2,3, —-1), B=(—11,3, —28).

9. Draw the located vectors of Exercises 1, 2, 5, and 6 on a sheet of paper to

illustrate these exercises. Also draw the located vectors Q_}" and BA. Draw
the points Q — P, B— A, P — Q, and 4 — B.

I, §3. SCALAR PRODUCT

It is understood that throughout a discussion we select vectors always in
the same n-dimensional space. You may think of the cases n =2 and
n =3 only.

In 2-space, let A = (a,,a,) and B =(b,,b,). We define their scalar
product to be

A B = a1b1 + azbz.

In 3-space, let A = (ay, a,,a;) and B = (b,, b,,b;). We define their
scalar product to be
AB = albl + azbz + (l3b3.
In n-space, covering both cases with one notation, let 4 = (ay,....a,)

and B = (by,...,b,) be two vectors. We define their scalar or dot product
A-B to be

albl + + anbn'
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This product is a number. For instance, if
A=(1,3-2) and B=(—1,4, -3),
then
A-B=—-1+124+6=17.
For the moment, we do not give a geometric interpretation to this scalar
product. We shall do this later. We derive first some important proper-
ties. The basic ones are:
SP 1. We have A-B = B- A.
SP 2. If A, B, C are three vectors, then
A-B+C)=A-B+A-C=(B+ (C)-A.
SP 3. If x is a number, then
(xA)-B = x(A-B) and A-(xB) = x(A- B).
SP 4. If A= 0O is the zero vector, then A-A =0, and otherwise

A-A>0.

We shall now prove these properties.
Concerning the first, we have

albl +- 4+ anbn = blal +--+ bnam
because for any two numbers a, b, we have ab = ba. This proves the
first property.
For SP 2, let C =(cy,...,¢,). Then
B+ C=(b;+cy,...,0,+ )

and

I

A(B + C) al(bl + cl) +--+ an(bn + cn)

a;b, + aycy + -+ + a,b, + a,c,.
Reordering the terms yields

ab, +---+a,b, +ac, +---+a,c,.
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which is none other than A-B + A-C. This proves what we wanted.
We leave property SP 3 as an exercise.

Finally, for SP 4, we observe that if one coordinate a; of A is not
equal to O, then there is a term a? # 0 and a? > 0 in the scalar product

Since every term is = 0, it follows that the sum is >0, as was to be
shown.

In much of the work which we shall do concerning vectors, we shall
use only the ordinary properties of addition, multiplication by numbers,
and the four properties of the scalar product. We shall give a formal
discussion of these later. For the moment, observe that there are other
objects with which you are familiar and which can be added, subtracted,
and multiplied by numbers, for instance the continuous functions on an
interval [a, b].

Instead of writing A- A for the scalar product of a vector with itself, it
will be convenient to write also 42 (This is the only instance when we
allow ourselves such a notation. Thus A3 has no meaning.) As an exer-
cise, verify the following identities:

(A+ B)? =A%+ 2A4-B + B?,
(A— B)? =A% —2A4-B + B2

A dot product 4-B may very well be equal to 0 without either 4 or
B being the zero vector. For instance, let

A=(1,273) and B=(2,1,-%.
Then
A-B=0

We define two vectors A, B to be perpendicular (or as we shall also
say, orthogonal), if A-B = 0. For the moment, it is not clear that in the
plane, this definition coincides with our intuitive geometric notion of
perpendicularity. We shall convince you that it does in the next section.
Here we merely note an example. Say in R, let

E;=(1,0,0), E, =(0,1,0), E;=(0,0,1)

be the three unit vectors, as shown on the diagram (Fig. 14).
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Figure 14

Then we see that E,-E, =0, and similarly E;-E;=0 if i #j. And
these vectors look perpendicular. If 4 = (ay, a,, a;), then we observe that
the i-th component of A, namely

a,=A-E;

is the dot product of A with the i-th unit vector. We see that A is
perpendicular to E; (according to our definition of perpendicularity with
the dot product) if and only if its i-th component is equal to 0.

I, §3. EXERCISES

1. Find A- A for each of the following n-tuples.
(@) A=(2,—1), B=(—1,1) () A=(—1,3), B=(0,4)
(© A=@2,-1,5, B=(-1,1,1) () A=(—1,-2,3), B=(—1,3, —4)
() A=(n,3,—1), B=(@2n, —3,7) () A=(15 —2,4), B=(n,3, —1)

2. Find A-B for each of the above n-tuples.

3. Using only the four properties of the scalar product, verify in detail the identi-
ties given in the text for (4 + B)? and (4 — B)%.

4. Which of the following pairs of vectors are perpendicular?
(@ (1, —1,1) and (2, 1, 5) () (1, —1,1) and (2,3,1)
©) (—5,2,7) and (3, —1,2) (d) (n,2,1) and (2, —=,0)

5. Let A be a vector perpendicular to every vector X. Show that 4 = O.

I, §4. THE NORM OF A VECTOR

We define the norm of a vector 4, and denote by ||4|, the number

4]l =/A4-A.
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Since A-4 =2 0, we can take the square root. The norm is also some-
times called the magnitude of 4.

When n =2 and 4 = (a, b), then

14l = /a® + b2,

as in the following picture (Fig. 15).

Va2+b2

o

g i
_

a

Figure 15
Example 1. If 4 = (1, 2), then

4l =/1+4=/5

When n =3 and 4 = (a,, a,, a;), then

|All = /a} + a2 + a3.

Example 2. If 4 =(—1,2,3), then

4] =/1+4+9=/14

If n =3, then the picture looks like Fig. 16, with 4 = (x, y, z).

Figure 16
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If we first look at the two components (x,y), then the length of the

segment between (0, 0) and (x, y) is equal to w = | /x? + y?, as indicated.
Then again the norm of 4 by the Pythagoras theorem would be

\/w2+22:\/x2+y2+22.

Thus when n = 3, our definition of norm is compatible with the geom-
etry of the Pythagoras theorem.
In terms of coordinates, A = (aq,...,a,) we see that

4l = ai + -+ ay.
If A # 0, then |A|| # 0 because some coordinate a; # 0, so that a? > 0,

and hence a? + --- + a2 > 0, so | A]| #0.
Observe that for any vector 4 we have

4l =1l — Al

This is due to the fact that
(—a)’+-+(—a) =al+- +a?

n>

because (—1)* = 1. Of course, this is as it should be from the picture:

A

Figure 17

Recall that 4 and —A are said to have opposite direction. However,
they have the same norm (magnitude, as is sometimes said when speak-
ing of vectors).

Let A, B be two points. We define the distance between A and B to
be '

IA — Bl = /(A — B)-(4 — B).
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This definition coincides with our geometric intuition when A, B are
points in the plane (Fig. 18). It is the same thing as the length of the

located vector 4B or the located vector ﬁ

A Length={4 —B| =||B—A4||

Figure 18

Example 3. Let A =(—1,2) and B=(3,4). Then the length of the
located vector AB is |B — A||. But B— A = (4,2). Thus

IB — Al = /16 + 4 = \/20.

In the picture, we see that the horizontal side has length 4 and the
vertical side has length 2. Thus our definitions reflect our geometric
intuition derived from Pythagoras.

| | |
-3 -2 -1 [0 1 2 3

Figure 19
Let P be a point in the plane, and let a be a number > 0. The set of
points X such that

| X —Pll<a

will be called the open disc of radius a centered at P. The set of points
X such that

IX—Pl=a
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will be called the closed disc of radius a and center P. The set of points
X such that

I X —P||=a

is called the circle of radius a and center P. These are illustrated in Fig.
20.

Circle Disc

Figure 20
In 3-dimensional space, the set of points X such that
X —Pl<a

will be called the open ball of radius a and center P. The set of points X
such that
IX-Pl|<a

will be called the closed ball of radius a and center P. The set of points
X such that
|X — Pl =a

will be called the sphere of radius a and center P. In higher dimensional
space, one uses this same terminology of ball and sphere.
Figure 21 illustrates a sphere and a ball in 3-space.

Sphere Ball

Figure 21
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The sphere is the outer shell, and the ball consists of the region inside
the shell. The open ball consists of the region inside the shell excluding
the shell itself. The closed ball consists of the region inside the shell and
the shell itseif.

From the geometry of the situation, it is also reasonable to expect
that if ¢ > 0, then [cA| = c||A[, ie. if we stretch a vector A by multiply-
ing by a positive number ¢, then the length stretches also by that
amount. We verify this formally using our definition of the length.

Theorem 4.1 Let x be a number. Then

IxAll = x| (Al
(absolute value of x times the norm of A).
Proof. By definition, we have

IxAl? = (xA)- (xA),
which is equal to
x*(A- A)

by the properties of the scalar product. Taking the square root now
yields what we want.

Let S; be the sphere of radius 1, centered at the origin. Let a be a
number > 0. If X is a point of the sphere S, then aX is a point of the
sphere of radius a, because

laX| = alX| = a.

In this manner, we get all points of the sphere of radius a. (Proof?)
Thus the sphere of radius a is obtained by stretching the sphere of radius
1, through multiplication by a.

A similar remark applies to the open and closed balls of radius a,
they being obtained from the open and closed balls of radius 1 through
multiplication by a.

Disc of radius 1 Disc of radius a
Figure 22



[L, §4] THE NORM OF A VECTOR 23

We shall say that a vector E is a unit vector if |E|| =1. Given any
vector A, let a = ||A|. If a #0, then

1
~ A
a
is a unit vector, because
1 1
- A H =—a=1
a a

We say that two vectors 4, B (neither of which is O) have the same

direction if there is a number ¢ > 0 such that c4A = B. In view of this
definition, we see that the vector

1
4l

is a unit vector in the direction of A (provided A # O).

A

1
E="_4
Al

Figure 23
If E is the unit vector in the direction of A, and ||A|| = a, then

A = aE.

Example 4. Let A= (1,2, —3). Then [4] =./14. Hence the unit
vector in the direction of A is the vector

Warning. There are as many unit vectors as there are directions. The
three standard unit vectors in 3-space, namely

El = (15 0’ 0)5 E2 = (05 15 O)a E3 = (0’ Oa 1)

are merely the three unit vectors in the directions of the coordinate axes.
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We are also in the position to justify our definition of perpendicular-
ity. Given A, B in the plane, the condition that

l4+ Bl = |4 - B

(illustrated in Fig. 24(b)) coincides with the geometric property that A
should be perpendicular to B.

A 4B

(a) (b)
Figure 24
We shall prove:

|A+ Bl = |A—B| if and only if 4-B = 0.

Let <> denote “if and only if”. Then

4+ Bl =|4—B| <« |4+ B|*=|4— B|?
< A*+24-B+ B*=A?>—-2A4-B + B?
< 44-B=0
< A-B=0.

This proves what we wanted.
General Pythagoras theorem. If A and B are perpendicular, then
I4 + Bl* = || 4> + | B||>.

The theorem is illustrated on Fig. 25.
A+B

Figure 25
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To prove this, we use the definitions, namely
|A+ B|>=(A+ B)-(A+ B)=A%>+24-B + B*
= |41 + IIBI1%,
because A-B=0, and A-A4 = |A|? B-B = | B||? by definition.

Remark. If A is perpendicular to B, and x is any number, then A is
also perpendicular to xB because

A-xB=xA-B=0.

We shall now use the notion of perpendicularity to derive the notion
of projection. Let A, B be two vectors and B # 0. Let P be the pomt

on the line through OB such that PA is perpendicular to OB as
shown on Fig. 26(a).

A

(2) (b)
Figure 26

We can write
P =cB

for some number ¢. We want to find this number ¢ explicitly in terms of
A and B. The condition PA L OB means that

A — P is perpendicular to B,
and since P = c¢B this means that
(A—cB)-B=0,
in other words,

A-B—cB-B=0.

We can solve for ¢, and we find A-B = ¢B- B, so that

o

I
?"?‘
w | &
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Conversely, if we take this value for ¢, and then use distributivity, dot-
ting A —cB with B yields 0, so that A — c¢B is perpendicular to B.
Hence we have seen that there is a unique number ¢ such that 4 — c¢B is
perpendicular to B, and c¢ is given by the above formula.

. A-B
Definition. The component of A along B is the number ¢ = BB
_ . A-B
The projection of A along B is the vector ¢B = ﬂB'

Example 5. Suppose
B=E;=(0,...,0,1,0,...,0)

is the i-th unit vector, with 1 in the i-th component and 0 in all other
components.
If A=(a,,...,a,), then A-E; = qa,.

Thus A-E; is the ordinary i-th component of A.

More generally, if B is a unit vector, not necessarily one of the E,, then
we have simply
c=A-B

because B-B =1 by definition of a unit vector.

Example 6. Let A= (1,2, —3) and B =(1, 1,2). Then the component
of A along B is the number

_AB_ -3

c= -
B-B 6

1

5

Hence the projection of A along B is the vector
¢cB = (_%9 —%’ _1)

Our construction gives an immediate geometric interpretation for the
scalar product. Namely, assume 4 # O and look at the angle § between
A and B (Fig. 27). Then from plane geometry we see that

_ clBl

s 6= s
4l

or substituting the value for ¢ obtained above,

A-B

A-B=|A]| |B|cos6 and cosf=———.
A 1B
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Figure 27

In some treatments of vectors, one takes the relation
A-B=|A| |B|cosb

as definition of the scalar product. This is subject to the following disad-
vantages, not to say objections:

(a) The four properties of the scalar product SP 1 through SP 4 are
then by no means obvious.

(b) Even in 3-space, one has to rely on geometric intuition to obtain
the cosine of the angle between 4 and B, and this intuition is
less clear than in the plane. In higher dimensional space, it fails
even more.

(¢) It is extremely hard to work with such a definition to obtain
further properties of the scalar product.

Thus we prefer to lay obvious algebraic foundations, and then recover

very simply all the properties. We used plane geometry to see the ex-
pression

A-B = ||A| |B|| cos 6.

After working out some examples, we shall prove the inequality which
allows us to justify this in n-space.

Example 7. Let A =(1,2, —3) and B=(2,1,5). Find the cosine of
the angle 6 between A4 and B.

By definition,
A-B 2+2-15 -1

IAIBI ~ /12 /30 /420

Example 8. Find the cosine of the angle between the two located
vectors PQ and PR where

cosf =

P=(1,2, -3), 0=(-2,1,5), R=(,1, —4).
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The picture looks like this:

Figure 28

We let
A=Q—P=(-3,-1,8) and B=R—-P=(0,—-1, 1.

Then the angle between @) and PR is the same as that between A and
B. Hence its cosine is equal to

A-B 0+1-8 -7

NN NN N

We shall prove further properties of the norm and scalar product
using our results on perpendicularity. First note a special case. If

cos 0 =

E;=(0,...0,1,0,...,0)

is the i-th unit vector of R”, and

A = (ay,...,a,),
then

A-E;, = a;

is the i-th component of A, i.e. the component of A along E;. We have

il = J/a? s /al + -+ a2 = |4l

so that the absolute value of each component of A is at most equal to
the length of A.

We don’t have to deal only with the special unit vector as above. Let
E be any unit vector, that is a vector of norm 1. Let ¢ be the compon-
ent of A along E. We saw that

c=A-E.
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Then A — cE is perpendicular to E, and

A=A4—cE+ cE.

Then A —cE is also perpendicular to cE, and by the Pythagoras
theorem, we find

[AlI? = |4 — cEl* + |IcE|* = |4 — cE||* + ¢
Thus we have the inequality ¢2 < ||4||?, and |c| < || 4].

In the next theorem, we generalize this inequality to a dot product
A-B when B is not necessarily a unit vector.

Theorem 4.2. Let A, B be two vectors in R". Then

|4-B| < [|4] B

Proof. If B = 0, then both sides of the inequality are equal to 0, and
so our assertion is obvious. Suppose that B # 0. Let ¢ be the compon-
ent of A along B, so ¢ = (A-B)/(B-B). We write

A=A —cB+ c¢B.
By Pythagoras,

4> = |4 — cB|> + llcB|I* = | A — cB|* + ¢*| B|*.

Hence c¢?||B|? < | 4|2 But

(4-By? |4-B? |4-BJ?
c2|B|* = IBI* = IBII* = .
IBI"= 5By 1B]* 1BI?
Therefore
|A'B|2< ||A||2
IBlI* = '

Multiply by ||B||?> and take the square root to conclude the proof.

In view of Theorem 4.2, we see that for vectors A, B in n-space, the
number
A-B
Al Bl

has absolute value < 1. Consequently,

A-B
Y I e
141 1Bl

IA

1,
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and there exists a unique angle 6 such that 0 <0 <=, and such that

A-B

cos=———.
A4l Bl

We define this angle to be the angle between A and B.
The inequality of Theorem 4.2 is known as the Schwarz inequality.
Theorem 4.3. Let A, B be vectors. Then

4+ Bl < 4]l + |B].

Proof. Both sides of this inequality are positive or 0. Hence it will

suffice to prove that their squares satisfy the desired inequality, in other
words,

(A + B)-(A+ B) < (I|A]l + ||B])*.
To do this, we consider
(A+B)(A+B)=A-A+24A-B+ B-B.
In view of our previous result, this satisfies the inequality
< 1412 +2114] |B]l + |IBI1%,

and the right-hand side is none other than

(141 + 1Bl
Our theorem is proved.

Theorem 4.3 is known as the triangle inequality. The reason for this is
that if we draw a triangle as in Fig. 29, then Theorem 4.3 expresses the
fact that the length of one side is < the sum of the lengths of the other
two sides.

Al

Figure 29
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Remark. All the proofs do not use coordinates, only properties SP 1
through SP 4 of the dot product. In n-space, they give us inequalities
which are by no means obvious when expressed in terms of coordinates.

For instance, the Schwarz inequality reads, in terms of coordinates:

Just try to prove this directly, without the “geometric” intuition of Pyth-

laby + -+ + apb,| < (@3 + -+ + a2)2(b? + -+ + b2

agoras, and see how far you get.

§4. EXERCISES

. Find the norm of the vector A in the following cases.

(@ A=(2, —1), B=(—1,1)

(b) A=(—1,3), B=(0,4)

(© A=(2,—1,5, B=(-1,1,1)

(d) A=(—1,-2,3), B=(—1,3, —4)
(€ A=(m3, —1), B=Q2n —3,7)
(f) A=(15 —2,4), B= (3, —1)

. Find the norm of vector B in the above cases.
. Find the projection of A along B in the above cases.
. Find the projection of B along A in the above cases.

. Find the cosine between the following vectors A and B.

(@ A=(1,—2) and B=(5,3)
() A=(=34) and B=(2, —1)

() A=(1,—2,3) and B=(—3,1,5)
(d A=(—2,1,4) and B=(—1, —1,3)
(€) A=(—1,1,0) and B=(2,1, —1)

. Determine the cosine of the angles of the triangle whose vertices are

(@ (2, -1,1), (1, =3, =5), (3, —4, —4).
®) B, LD, (—1,21), (2, -2,5).

. Let A,,...,A, be non-zero vectors which are mutually perpendicular, in

other words A4;-A;=0if i #j. Let cy,...,c, be numbers such that
C, Ay + -+, A, = 0.

Show that all ¢; =0.

. For any vectors A4, B, prove the following relations:

(@ [4+ BI*> + |4 — B|> = 2||4]* + 2| B|I*.
(b) 4+ B|*> = |A4lI> + | B|* + 24-B.

(© |4+ B|*>— |4~ B||*=44-B.
Interpret (a) as a “parallelogram law”.



32 VECTORS (I, §5]

9. Show that if 6 is the angle between 4 and B, then
4 — B|i? = [|4]|*> + || B> — 2}l 4] |IB] cos 6.

10. Let A4, B, C be three non-zero vectors. If A-B= A-C, show by an
example that we do not necessarily have B = C.

1, §5. PARAMETRIC LINES

We define the parametric equation or parametric representation of a

straight line passing through a point P in the direction of a vector
A # 0 to be

X =P+1tA,

where ¢t runs through all numbers (Fig. 30).

P+tA

A \

Figure 30

When we give such a parametric representation, we may think of a
bug starting from a point P at time ¢ = 0, and moving in the direction of
A. At time t, the bug is at the position P + t4. Thus we may interpret
physically the parametric representation as a description of motion, in
which A is interpreted as the velocity of the bug. At a given time ¢, the
bug is at the point.

X(t) =P + tA,

which is called the position of the bug at time t.

This parametric representation is also useful to describe the set of
points lying on the line segment between two given points. Let P, Q be
two points. Then the segment between P and Q consists of all the points

S@)=P+1tQ—P) with 0<st=1

Indeed, O(Q — P) is a vector having the same direction as @, as
shown on Fig. 31.
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Figure 31

When t =0, we have S(0) = P, so at time t = 0 the bug is at P. When
t =1, we have

SH=P+(@Q@-P)=0,

so when ¢t = 1 the bug is at Q. As ¢ goes from 0 to 1, the bug goes from
P to Q.

Example 1. Let P=(1, —3,4) and Q = (5,1, —2). Find the coordi-
nates of the point which lies one third of the distance from P to Q.

Let S(t) as above be the parametric representation of the segment
from P to Q. The desired point is S(1/3), that is:

1 1 1
S<§>=p+3(Q—P)=(1, ~3,4) 4+ (4,4, —6)

7 —5
= <§’T’ 2)-

Warning. The desired point in the above example is not given by

P+0
T

Example 2. Find a parametric representation for the line passing
through the two points P = (1, —3,1) and Q = (—2,4, 5).
We first have to find a vector in the direction of the line. We let
A= P — Q’
)

A=, —7,—4).
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The parametric representation of the line is therefore

X@®)=P+tAd=(1,=3,1)+ 13, —7, —4).

Remark. It would be equally correct to give a parametric representa-
tion of the line as

Yt)=P + B where B=Q—-P.
Interpreted in terms of the moving bug, however, one parametrization
gives the position of a bug moving in one direction along the line, start-

ing from P at time ¢ = 0, while the other parametrization gives the posi-

tion of another bug moving in the opposite direction along the line, also
starting from P at time t = 0.

We shall now discuss the relation between a parametric representation
and the ordinary equation of a line in the plane.

Suppose that we work in the plane, and write the coordinates of a

point X as (x,y). Let P=(p,q) and A4 = (a,b). Then in terms of the
coordinates, we can write

X =p+ta, y=4q+tb.
We can then eliminate ¢ and obtain the usual equation relating x and y.
Example 3. Let P=(2,1) and 4 =(—1,5). Then the parametric
representation of the line through P in the direction of 4 gives us
(%) x=2—t y=1+5t.
Multiplying the first equation by 5 and adding yields
(%) Sx+y=11,

which is the familiar equation of a line.

This elimination of ¢t shows that every pair (x, y) which satisfies the
parametric representation (x) for some value of t also satisfies equation
(**). Conversely, suppose we have a pair of numbers (x,y) satisfying
(*x). Let t =2 — x. Then

y=11—-5x=11—-52—1t) =1+ 5t.
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Hence there exists some value of t which satisfies equation (*). Thus we
have proved that the pairs (x, y) which are solutions of (xx) are exactly
the same pairs of numbers as those obtained by giving arbitrary values
for ¢ in (*). Thus the straight line can be described parametrically as in
(%) or in terms of its usual equation (#x). Starting with the ordinary
equation

5x +y=11,

we let t = 2 — x in order to recover the specific parametrization of (x).
When we parametrize a straight line in the form

X =P +tA,

we have of course infinitely many choices for P on the line, and also
infinitely many choices for A, differing by a scalar multiple. We can
always select at least one. Namely, given an equation

ax+by=c

with numbers a, b, ¢, suppose that a 0. We use y as parameter, and
let

y=t.

Then we can solve for x, namely

Let P =(c/a,0) and A = (—b/a,1). We see that an arbitrary point (x, y)
satisfying the equation

ax + by=c
can be expressed parametrically, namely
(x,y) =P + tA.
In higher dimensions, starting with a parametric representation
X =P + A,

we cannot eliminate t, and thus the parametric representation is the only
one available to describe a straight line.
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I, §5. EXERCISES

1. Find a parametric representation for the line passing through the following
pairs of points.

(@ P,=(1,3,—1) and P, = (—4,1,2)
(b) P, =(—1,5,3) and P, =(~2,4,7)

Find a parametric representation for the line passing through the following
points.

2. (1,1, —1) and (—2,1,3) 3.(—1,52) and (3, —4,1)

4. Let P=(1,3, —1) and Q = (—4,5,2). Determine the coordinates of the fol-
lowing points:
(a) The midpoint of the line segment between P and Q.

(b) The two points on this line segment lying one-third and two-thirds of the
way from P to Q.

(c) The point lying one-fifth of the way from P to Q.
(d) The point lying two-fifths of the way from P to Q.

5. If P, Q are two arbitrary points in n-space, give the general formula for the
midpoint of the line segment between P and Q.

I, §6. PLANES

We can describe planes in 3-space by an equation analogous to the
single equation of the line. We proceed as follows.

2
P+N

x
Figure 32
Let P be a point in 3-space and consider a located vector ON. We
define the plane passing through P perpendicular to ON to be the col-
lection of all points X such that the located vector PX is perpendicular
to ON . According to our definitions, this amounts to the condition

(X — P)-N =0,
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which can also be written as

X-N=P-N.

We shall also say that this plane is the one perpendicular to N, and
consists of all vectors X such that X — P is perpendicular to N. We
have drawn a typical situation in 3-spaces in Fig. 32.

Instead of saying that N is perpendicular to the plane, one also says
that N is normal to the plane.

Let ¢t be a number # 0. Then the set of points X such that

(X—P)-N=0
coincides with the set of points X such that
(X —P)-tN =0.
Thus we may say that our plane is the plane passing through P and

perpendicular to the line in the direction of N. To find the equation of
the plane, we could use any vector tN (with ¢ # 0) instead of N.

Example 1. Let
P=(2,1,-1) and N=(-113).
Let X =(x, y,z). Then
X -N=(—Dx+y+ 3z

Therefore the equation of the plane passing through P and perpendicular
to N is

—x+y+3z=-2+1-3

or
—x+y+3z=—-4

Observe that in 2-space, with X = (x, y), the formulas lead to the
equation of the line in the ordinary sense.

Example 2. The equation of the line in the (x, y)-plane, passing
through (4, —3) and perpendicular to (=5, 2) is

—5x+2y=-20—-6= —26.
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We are now in position to interpret the coefficients (—5,2) of x and y
in this equation. They give rise to a vector perpendicular to the line. In
any equation

ax + by =c¢
the vector (a,b) is perpendicular to the line determined by the equation.

Similarly, in 3-space, the vector (a,b,c) is perpendicular to the plane
determined by the equation

ax + by +cz=4d.

Example 3. The plane determined by the equation
2x—y+3z=5

is perpendicular to the vector (2, —1,3). If we want to find a point in
that plane, we of course have many choices. We can give arbitrary val-
ues to x and y, and then solve for z. To get a concrete point, let x = 1
y = 1. Then we solve for z, namely

b

3z=5-2+1=4,

so that z =% Thus

1,19

is a point in the plane.

In n-space, the equation X-N = P-N is said to be the equation of a
hyperplane. For example,

3x—y+z+2w=35

is the equation of a hyperplane in 4-space, perpendicular to (3, —1, 1, 2).
Two vectors A, B are said to be parallel if there exists a number ¢ # 0

such that c4 = B. Two lines are said to be parallel if, given two distinct

points P, Q; on the first line and P,, Q, on the second, the vectors

P, -0
and
PZ_QZ

are parallel.

Two planes are said to be parallel (in 3-space) if their normal vectors
are parallel. They are said to be perpendicular if their normal vectors are
perpendicular. The angle between two planes is defined to be the angle
between their normal vectors.
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Example 4. Find the cosine of the angle 0 between the planes.
2x— y+z=0,
x+2y—z=1.
This cosine is the cosine of the angle between the vectors.
A=02,—-11) and B=(1,2,—1).

Therefore
A-B 1

cosfl=——= ——.
A4l (1Bl 6

Example 5. Let

0=(,1,1) and P=(,-12).

Let
N=(1,23)

Find the point of intersection of the line through P in the direction of N,

and the plane through Q perpendicular to N.

The parametric representation of the line through P in the direction of
N is

) X =P+ 1tN.
The equation of the plane through Q perpendicular to N is
¥) (X —Q)-N=0.

We visualize the line and plane as follows:

Figure 33 -
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We must find the value of ¢ such that the vector X in (1) also satisfies
(2), that is

(P+tN—-Q)-N=0,
or after using the rules of the dot product,
(P—Q)-N+tN-N=0.
Solving for t yields

,_@-pPN_1
N-N 14

Thus the desired point of intersection is

1

Example 6. Find the equation of the plane passing through the three
points

Py=(1,2,-1). P,=(-114), Py=(1,3-2).

We visualize schematically the three points as follows:

Py
P3

Py

Figure 34

Then we find a vector N perpendicular to P,P, and P,P,, or in other
words, perpendicular to P, — P, and P, — P,. We have

P2_P1 :(_29 _1, +5),
Py— P, =(0,1, —1).

Let N =(a, b, c). We must solve

N-(P,—P)=0 and N-(Py—P,)=0,
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in other words,

—2a—b+5=0,
b— ¢=0.

We take b = ¢ =1 and solve for a = 2. Then
N=211)

satisfies our requirements. The plane perpendicular to N, passing
through P, is the desired plane. Its equation is therefore X-N = P;-N,
that is

2x+y+z=2+2—-1=3.

Distance between a point and a plane. Consider a plane defined by the
equation

(X —P)-N =0,

and let Q be an arbitrary point. We wish to find a formula for the
distance between Q and the plane. By this we mean the length of the
segment from Q to the point of intersection of the perpendicular line to
the plane through Q, as on the figure. We let Q' be this point of inter-
section.

Figure 35

From the geometry, we have:

length of the segment QQ’ = length of the projection of QP on QQ'.
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We can express the length of this projection in terms of the dot product
as follows. A unit vector in the direction of N, which is perpendicular to
the plane, is given by N/|N|. Then

length of the projection of @ on 00’
= norm of the projection of Q — P on N/||N||

N
IN

Q-p-

This can also be written in the form:

@ —P)-N|

distance between Q and the plane = N

Example 7. Let

0=(,35), P=(-1,1,7 and N=(—11 —1).
The equation of the plane is

—x+y—z= -5
We find |N|| = /3,

Q—P=(2,2-2 and (Q—P)-N=—-2+2+2=2.

Hence the distance between Q and the plane is 2/\/5.

I, §6. EXERCISES

1. Show that the lines 2x + 3y =1 and 5x — 5y = 7 are not perpendicular.

2. Let y=mx + b and y = m'x + ¢ be the equations of two lines in the plane.
Write down vectors perpendicular to these lines. Show that these vectors are
perpendicular to each other if and only if mm' = —1.

Find the equation of the line in 2-space, perpendicular to N and passing through
P, for the following values of N and P.

3. N=(1,-1), P=(-5,3) 4 N=(-54),P=(,2
5. Show that the lines
3x -5y=1, 2x +3y=5

are not perpendicular.
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Which of the following pairs of lines are perpendicular?
(@ 3x—Sy=1and 2x+y=2

®)2x+Ty=1and x—y=35

(c) 3x —5y=1and 5x +3y=7

d —x+y=2and x+y=9

. Find the equation of the plane perpendicular to the given vector N and

passing through the given point P.
(@ N=(1,-13), P=42,—-1)
(b) N=(-3,-2,4), P=(2,m ~5)
(¢) N=(-1,0,5), P=(2,3,7)

. Find the equation of the plane passing through the following three points.

@ 2,1,1),3,-1,1), 41, -1)
(b) (=2,3,—1), (2,2,3), (—4,—-1,1)
© (-5 -1,2), (1,2, -1), 3, —-1,2)

. Find a vector perpendicular to (1,2, —3) and (2, —1, 3), and another vector

perpendicular to (—1,3,2) and (2,1, 1). .
Find a vector parallel to the line of intersection of the two planes
2x —y+z=1, Ix+y+z=2.
Same question for the planes,
2x+y+5z=2, 3x —2y+z=3.

Find a parametric representation for the line of intersection of the planes of
Exercises 10 and 11.

Find the cosine of the angle between the following planes:

@ x+y+z=1 ®)2x+3y—z=2
x—y—z=35 x— y+z=1
€ x+2y—z=1 @ 2x+y+z=3
—x+3y+z=2 —x—y+z=m

(@) Let P=(1,3,5) and 4 =(—2,1,1). Find the intersection of the line
through P in the direction of A, and the plane 2x + 3y —z = 1.
(b) Let P =(1,2, —1). Find the point of intersection of the plane

3x—4y+z=2,
with the line through P, perpendicular to that plane.

Let Q=(1,—-1,2), P=(1,3,—2), and N =(1,2,2). Find the point of the
intersection of the line through P in the direction of N, and the plane
through Q perpendicular to N.

Find the distance between the indicated point and plane.
(a) (1,1,2) and 3x +y — 5z =2

) (—1,3,2)and 2x —4y +z=1

(¢) (3, —2, 1) and the yz-plane

(d) (=3, —2, 1) and the yz-plane
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17. Draw the triangle with vertices A = (1,1), B=(2,3), and C = (3, —1). Draw
the point P such that AP L BC and P belongs to the line passing through
the points B and C.

(a) Find the cosine of the angle of the triangle whose vertex is at A.
(b) What are the coordinates of P?

18. (a) Find the equation of the plane M passing through the point P = (1, 1, 1)
and perpendicular to the vector ON, where N = (1,2,0).
(b) Find a parametric representation of the line L passing through

0=(1,4,0)

and perpendicular to the plane M.
(c) What is the distance from Q to the plane M?

19. Find the cosine of the angle between the planes

2x+4y—z=5 and x—3y+2z=0.

I, §7. THE CROSS PRODUCT

This section will not be used until either Chapter XII, on surface inte-
grals, or Chapter XVII, on the change of variables formula. Conse-
quently, it can be omitted until then. We include it here because as a
matter of taste, some people like to see immediately how to construct a
perpendicular vector to a plane by means of the cross product. Also this
section is completely elementary, not depending on anything much, and a
reader might want to use it independently. Hence we do not want to
make it appear as if it is tied up with the more elaborate material of
the later chapters.

Let A = (a;, a,,a;3) and B = (b, b,, b;) be two vectors in 3-space. We
define their cross product

A x B = (ayb; — azb,,a3b; — abs, a,b, —a,by).
For instance, if A = (2,3, —1) and B=(—1, 1, 5), then
A x B= (16, —9,5).

Remark. At first sight, the pattern of indices for the components of
A x B seems rather random and hard to remember. It is possible to give
a more easily remembered form to this cross product by using the ex-
pansion rule for a determinant according to the pattern of Chapter XV,
§2. Indeed, let

El = (1’ 09 0)’ E2 = (Oa 1’ 0)5 E3 = (09 05 1)
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If we follow the above-mentioned pattern, we may write symbolically the
cross product in the form of a determinant

E, E, E,
AXB=1|a, a, as |.
by by by

The right-hand side, by definition, is supposed to be:
E (ayby — azb,) — Ey(a;by — asby) + Es(asb, — ayby),

which gives precisely the expression for the cross product 4 x B.

We leave the following assertions as exercises:

CP 1. Ax B= —(B x A).
CP2 AxB+C)=(Ax%xB)+(A4xC(C), and
(B+C)xA=Bx A+ Cx A
CP 3. For any number a, we have
(ad) x B=a(A x B)= A x (aB).
CP 4. (A x By x C=(A-C)B — (B-C)A.
CP 5. A x B is perpendicular to both A and B.

As an example, we carry out this computation. We have

A-(A x B) = ay(a;b3 — a3b,) + ay(azb, — a,bs) + as(a,b, — ayb,)
=0

because all terms cancel. Similarly for B-(4 x B). This perpendicularity
may be drawn as follows.

Figure 36
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The vector A x B is perpendicular to the plane spanned by 4 and B. So
is B x A, but B x A points in the opposite direction.
Finally, as a last property, we have

CP 6. (A x B> =(A-A)XB-B) — (4-B)>.

Again, this can be verified by a computation on the coordinates.
Namely, we have

(A x B)-(A x B) = (ab3 — azb,)* + (a3b, — a,bs)? + (a,b, — a,b,),
(A-A)B-B) — (A-B)?

= (af + a3 + af)(b} + b} + b2) — (a;b; + a,b, + a3 by)2
Expanding everything out, we find that CP 6 drops out.

From our interpretation of the dot product, and the definition of the
norm, we can rewrite CP 6 in the form

4 x B||? = || Al BI* — | 4]*|BI|* cos® 6,
where 6 is the angle between 4 and B. Hence we obtain

14 x B||* = || A||*[|B||* sin® 0

or

14 x Bl = [lA|l | B| |sin 6].

This is analogous to the formula which gave us the absolute value of
A-B.

This formula can be used to make another interpretation of the cross
product. Indeed, we see that |4 x B|| is the area of the parallelogram
spanned by 4 and B, as shown on Fig. 37.

Figure 37
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Figure 38

If we consider the plane containing the located vectors 04 and 5§, then
the picture looks like that in Fig. 38, and our assertion amounts simply
to the statement that the area of a parallelogram is equal to the base
times the altitude.

Example. Let A =(3,1,4) and B=(—2,5,3). Then the area of the
parallelogram spanned by A and B is easily computed. First we get the
cross product,

AxB=(3-20,—8-9,15+2)=(—17, —17,17).

The area of the parallelogram spanned by 4 and B is therefore equal to
the norm of this vector, and that is

A x Bl =./3-17> = 17./3.

These considerations will be used especially in Chapter XII, when we dis-

cuss surface area, and in Chapter XVII, when we deal with the change of
variables formula.

I, §7. EXERCISES

Find A4 x B for the following vectors.
l.A=(1,~1,1) and B=(-2,3,1)

2. A=(—1,1,2) and B = (1,0, —1)
3.A=(1,1,—-3)and B=(—1, -2, —3)

4. Find A x A and B x B, in Exercises 1 through 3.
5

. Let E; =(1,0,0), E, =(0,1,0), and E; =(0,0,1). Find E, x E,, E, x E5,
E; x E,.

6. Show that for any vector A in 3-space we have 4 x A = O.
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7. Compute E, x (E; x E,) and (E, x E|) x E,. Are these vectors equal to
each other?

8. Carry out the proofs of CP 1 through CP 4.

9. Compute the area of the parallelogram spanned by the following vectors.
(@ A=(3,—-24) and B=(5,1,1)
() A=(3,1,2) and B=(—1,2,4)
() A=(@4, —2,5 and B=(3,1, —1)
d) A=(—2,1,3) and B=(2, —3,4)

Do the next exercises after you have read Chapter I, §1.

10. Using coordinates, prove that if X(t) and Y(¢) are two differentiable curves
(defined for the same values of ¢), then

a[x@ x Y] _ ay(@) dx()
—.dt‘_X(t) XT-FTX Y().

11. Show (using only Exercise 10) that
d
7 [X () x X'(H)] = X(¢) x X"(¢).

12. Let Y(£) = X(¢)-(X'(t) x X"(t)). Show that

Y'(t) = X(8)- (X'(t) x X"(¥)).



CHAPTER I

Differentiation of Vectors

i, §1. DERIVATIVE

Consider a bug moving along some curve in 3-dimensional space. The
position of the bug at time ¢ is given by the three coordinates

(x(@®, y(®), z(1)),

which depend on t. We abbreviate these by X(z). For instance, the

position of a bug moving along a straight line was seen in the preceding
chapter to be given by

X() =P + tA,

where P is the starting point, and A4 gives the direction of the bug.
However, we can give examples when the bug does not move on a
straight line. First we look at an example in the plane.

Example 1. Let X(0) = (cos 0, sin 6). Then the bug moves around a
circle of radius 1 in counterclockwise direction.

(cos 0, sin 6)

Figure 1
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Here we used 0 as the variable, corresponding to the angle as shown on
the figure. Let w be the angular speed of the bug, and assume o con-
stant. Thus df/dt = w and

0 = ot + a constant.

For simplicity, assume that the constant is 0. Then we can write the
position of the bug as

X(0) = X(wt) = (cos wt, sin wt).
If the angular speed is 1, then we have simply the representation
X(t) = (cos t, sin t).

Example 2. If the bug moves around a circle of radius 2 with angular
speed equal to 1, then its position at time t is given by

X(t) =(2cost, 2sint).

More generally, if the bug moves around a circle of radius r, then the
position is given by
X(t) = (rcost, rsint).

In these examples, we assume of course that at time t = 0 the bug starts
at the point (r, 0), that is

X(©) =, 0),

where r is the radius of the circle.

Example 3. Suppose the position of the bug is given in 3-space by
X(t) = (cos t, sint, t).

Then the bug moves along a spiral. Its coordinates are given as func-
tions of t by

x(t) = cos t,
y(t) = sin t, —
z(t) = t.

The position at time ¢ is obtained by plugging
in the special value of t. Thus:

X(n) = (cos m,sinw, ) = (—1,0,7)
X(1) = (cos 1, sin 1, 1).

N
E&L

We may now give the definition of a curve in

i 2
general. Figure
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Definition. Let I be an interval. A parametrized curve (defined on this
interval) is an association which to each point of I associates a vector. If
X denotes a curve defined on I, and t is a point of I, then X(¢) denotes
the vector associated to t by X. We often write the association t+— X(t)

as an arrow
X:I1->R"

We also call this association the parametrization of a curve. We call X(¢)
the position vector at time ¢. It can be written in terms of coordinates,

X(t) = (x1(2),.. . xa(1)),

each x,(t) being a function of ¢. We say that this curve is differentiable if
each function x(t) is a differentiable function of ¢.

Remark. We take the intervals of definition for our curves to be
open, closed, or also half-open or half-closed. When we define the deri-
vative of a curve, it is understood that the interval of definition contains
more than one point. In that case, at an end point the usual limit of

fla+h)— fa
h

is taken for those h such that the quotient makes sense, i.e. a + h lies in
the interval. If a is a left end point, the quotient is considered only for
h>0. If a is a right end point the quotient is considered only for
h < 0. Then the usual rules for differentiation of functions are true in this
greater generality, and thus Rules 1 through 4 below, and the chain rule
of §2 remain true also. [An example of a statement which is not always
true for curves defined over closed intervals is given in Exercise 11(b).]
Let us try to differentiate curves. We consider the Newton quotient

X(t+h—X(@)
I —

Its numerator is illustrated in Fig. 3.

X X(t+h)

Figure 3
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As h approaches 0, we see geometrically that

X(t + h) — X(0)
h

should approach a vector pointing in the direction of the curve. We can
write the Newton quotient in terms of coordinates,

X(@E+h)—X(@®  [(xi(t+h)—x,(t) x(t + h) — x,(t)
h B h h >

and see that each component is a Newton quotient for the corresponding

coordinate. We assume that each xt) is differentiable. Then each quo-
tient

x{t + h) — x(t)
h

approaches the derivatives dx,/dt. For this reason, we define the deriva-

tive dX/dt to be
X'(t)= x_ <@ dx").

de ~ \de 7 dt

In fact, we could also say that the vector

dx,  dx,
dt 777 dt

is the limit of the Newton quotient

X(t + h) — X(©)
h

as h approaches 0. Indeed, as h approaches 0, each component

h

approaches dx;/dt. Hence the Newton quotient approaches the vector

dx,  dx,
)
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Example 4. If X(t) = (cost, sint, t) then

dX
— = (—sint, cost, 1).
o ( )

Physicists often denote dX/dt by X; thus in the previous example, we
could also write

X(t) = (—sint, cost, 1) = X'(t).

We define the velocity vector of the curve at time ¢t to be the' vector
X'(0).

Example 5. When X(t) = (cost, sint, t), then
X'(t) =(—sint, cost, 1);
the velocity vector at t = 7 is
X'(m) =, -1, 1),
and for ¢ = m/4 we get
X'(/4) = (—1//2, 1/3/2, 1).
The velocity vector is located at the origin, but when we translate it

to the point X(¢), then we visualize it as tangent to the curve, as in the
next figure.

XO+X'(t)
X

X'®

Figure 4

We define the tangent line to a curve X at time t to be the line
passing through X(¢) in the direction of X'(t), provided that X'(t) # O.
Otherwise, we don’t define a tangent line. We have therefore given two
interpretations for X'(z):

X'(t) is the velocity at time t;
X'(t) is parallel to a tangent vector at time t.
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By abuse of language, we sometimes call X'(t) a tangent vector, although

strictly speaking, we should refer to the located vector X(¢)(X(¢) + X'(1)

as the tangent vector. However, to write down this located vector each
time is cumbersome.

Example 6. Find a parametric equation of the tangent line to the
curve X(t) = (sint, cost) at t = /3.

We have X'(t) = (cos t, —sin t), so that at t=§ we get

1
(D= (L3 e x(T)(21)
3 2 2 3 272
Let P = X(n/3) and A4 = X'(n/3). Then a parametric equation of the
tangent line at the required point is

L(t)=p+t,4=<£ 1>+<1 _ﬁ)t.

2°2 2’ 2

(We use another letter L because X is already occupied.) In terms of the
coordinates L(t) = (x(t), y(t)), we can write the tangent line as

x(t) = é +

L,

1
y(t)=§—7t.

Example 7. Find the equation of the plane perpendicular to the spiral

X(t) = (cost, sint, t)
when t = n/3.

X'(r/3)=N

Figure 5

Let the given point be

n momow
P=X<§>=<"°S§’ sin 3. 3 )
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so that more simply,

22273

P=<1 V3 z).

We must then find a vector N perpendicular to the plane at the given
point P.
We have X'(t) = (—sint, cost, 1), so

D)=L o
3] 272 )T
The equation of the plane through P perpendicular to N is

X-N=P-N,

so the equation of the desired plane is

We define the speed of the curve X(t) to be the norm of the velocity
vector. If we denote the speed by v(t), then by definition we have

o) = X'l

and thus

v(®)? = X'(1)? = X'(t)- X'(¢).

We can also omit the ¢ from the notation, and write
=X X =X2
Example 8. The speed of the bug moving on the circle
X(t) = (cost, sint)

is the norm of the velocity X'(t) = (—sint, cos t), and so is

o(t) = /(—sin £)* + (cos?£) = 1.
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Example 9. The speed of the bug moving on the spiral
X(t)=(cost, sint, t)

is the norm of the velocity X'(t) = (—sin ¢, cos , 1), and so is

o(t) = /(—sin £)% + (cos? 1) + 1
-2

We define the acceleration vector to be the derivative

ax'@wy
—u X0,

provided of course that X' is differentiable. We shall also denote the
acceleration vector by X”(t) as above.

We shall now discuss acceleration. There are two possible definitions
for a scalar acceleration:

First there is the rate of change of the speed, that is

dv |
E =v'(t).

Second, there is the norm of the acceleration vector, that is
1 X"

Warning. These two are usually not equal. Almost any example will
show this.

Example 10. Let
X(t) = (cos t, sin t).

Then:
ue) = X' =1 so  dv/dt=0.

X"(t) = (—cost, —sin t) SO X"t = 1.

Thus if and when we need to refer to scalar acceleration, we must always
say which one we mean. One could use the notation a(t) for scalar
acceleration, but one must specify which of the two possibilities a(t) de-
notes.

The fact that the above two quantities are not equal reflects the physi-
cal interpretation. A bug moving around a circle at uniform speed has
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dv/dt = 0. However, the acceleration vector is not O, because the velocity
vector is constantly changing. Hence the norm of the acceleration vector
is not equal to O.

We shall list the rules for differentiation. These will concern sums,
products, and the chain rule which is postponed to the next section.

The derivative of a curve is defined componentwise. Thus the rules
for the derivative will be very similar to the rules for differentiating func-
tions.

Rule 1. Let X(t) and Y(t) be two differentiable curves (defined for the
same values of t). Then the sum X(t) + Y(t) is differentiable, and

dX@® + Y@) dX dY
dt Todr o dt

Rule 2. Let ¢ be a number, and let X(t) be differentiable. Then cX(t) is
differentiable, and
d(cX(t)) dx
a Car

Rule 3. Let X(t) and Y(t) be two differentiable curves (defined for the

same values of t). Then X(t)- Y(t) is a differentiable function whose
derivative is

d
7 [XO - YOI=X@®- YY)+ X' @) Y1)

(This is formally analogous to the derivative of a product of functions,
namely the first times the derivative of the second plus the second times
the derivative of the first, except that the product is now a scalar pro-
duct.)

As an example of the proofs we shall give the third one in detail, and
leave the others to you as exercises.

Let for simplicity

X(t) = (x4(t), x,(t))  and Y(@) = (31D, y20).
Then
d X Yo = d
5 XO-Y(0) = T30 + x,0y:(0)]

d d
O LBy 0+ w0 D2+ B2y,

x1(2)

=X@)-Y(@)+ X@) Y@,

by combining the appropriate terms.



58 DIFFERENTIATION OF VECTORS [11, §1]

The proof for 3-space or n-space is obtained by replacing 2 by 3 or n,
and inserting...in the middle to take into account the other coordinates.

Example 11. The square X(t)> = X(t)- X(t) comes up frequently in
applications, for instance because it can be interpreted as the square of

the distance of X(t) from the origin. Using the rule for the derivative of
a product, we find the formula

d
o X(@)?* =2X@1t)- X'(¢0).

You should memorize this formula by repeating it out loud.

Suppose that | X(#)| is constant. This means that X(t) lies on a
sphere of constant radius k. Taking the square yields

X()? =k?

that is, X(¢)* is also constant. Differentiate both sides with respect to t.
Then we obtain

2X(t)- X'(H)=0 and therefore X@)-X@®)=0

Interpretation. Suppose a bug moves along a curve X(t) which remains
at constant distance from the origin, i.e. |X(t)|| = k is constant. Then
the position vector X(t) is perpendicular to the velocity X'(t).

X'(®)

If jX@®))>=1 then X(t)LX'(t).

Curve on a sphere

If X(¢) is a curve and f(¢) is a function, defined for the same values of
t, then we may also form the product f(t)X(t) of the number f(¢) by the
vector X(1).

Example 12. Let X(t) = (cost, sint, t) and f(t) = ¢, then

f(OX() = (' cos t, €'sint, €'t),
and
f(mX (@) = (€"(—1), €%0), e"n) = (—¢", 0, €™n).
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If X(t) = (x(t), y(t), z(t)), then

FOX(@©) = (fOx@), fOy@), fOz)).
We have a rule for such differentiation analogous to Rule 3.

Rule 4. If both f(t) and X(t) are defined over the same interval, and
are differentiable, then so is f(t)X(t), and

£ JOX0 = FOXO + SOXO)

The proof is just the same as for Rule 3.

Example 13. Let 4 be a fixed vector, and let f be an ordinary differ-
entiable function of one variable. Let F(t) = f(t)A. Then F'(t) = f'(t)A.
For instance, if F(¢t) = (cos t)A and A4 = (a, b) where a, b are fixed
numbers, then

F(t) = (acost, bcost)
and thus

F'(t)=(—asint, — bsint) = (—sin t)A.
Similarly, if A, B are fixed vectors, and

G(t) = (cos t)A + (sin 1)B,
then

G'(t) = (—sin t)A + (cos t)B.

Il, §1. EXERCISES

Find the velocity of the following curves.
1. (¢, cost, sint) 2. (sin 2t, log(1 + 1), 1)
3. (cost, sin t) 4. (cos 3t, sin 3t)

5. (a) In Exercises 3 and 4, show that the velocity vector is perpendicular to
the position vector. Is this also the case in Exercises 1 and 27

(b) In Exercises 3 and 4, show that the acceleration vector is in the opposite
direction from the position vector.

6. Let A, B be two constant vectors. What is the velocity vector of the curve

X=A+1B?
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10.

11.

12.

13.

14.

15.

DIFFERENTIATION OF VECTORS [11, §1]

. Let X(¢) be a differentiable curve. A plane or line which is perpendicular to

the velocity vector X'(t) at the point X(¢) is said to be normal to the curve
at the point ¢ or also at the point X(z). Find the equation of a line normal
to the curves of Exercises 3 and 4 at the point 7/3.

. (a) Find the equation of a plane normal to the curve

(¢, t, t%)

at the point ¢t = 1.
(b) Same question at the point t = 0.

. Let P be the point (1, 2, 3, 4) and Q the point (4, 3, 2, 1). Let 4 be the

vector (1, 1, 1, 1). Let L be the line passing through P and parallel to A.

(a) Given a point X on the line L, compute the distance between Q and X
(as a function of the parameter t).

(b) Show that there is precisely one point X, on the line such that this
distance achieves a minimum, and that this minimum is 2\ﬁ .

(c) Show that X, — Q is perpendicular to the line.

Let P be the point (1, — 1, 3, 1) and Q the point (1, 1, — 1, 2). Let 4 be the
vector (1, — 3, 2, 1). Solve the same questions as in the preceding problem,
except that in this case the minimum distance is /146/15.

Let X(¢) be a differentiable curve defined on an open interval. Let Q be a

point which is not on the curve.

(a) Write down the formula for the distance between Q and an arbitrary
point on the curve.

(b) If t, is a value of ¢ such that the distance between Q and X(t,) is at a
minimum, show that the vector Q — X(t,) is normal to the curve, at the
point X(t,). [Hint: Investigate the minimum of the square of the dis-
tance. ]

(¢) If X(¢) is the parametric representation of a straight line, show that there
exists a unique value t, such that the distance between Q and X(t,) is a
minimum.

Let N be a non-zero vector, ¢ a number, and Q a point. Let P, be the point
of intersection of the line passing through @, in the direction of N, and the
plane X -N =c. Show that for all points P of the plane, we have

1Q — Poll = 1Q — PI.

Prove that if the speed is constant, then the acceleration is perpendicular to
the velocity.

Prove that if the acceleration of a curve is always perpendicular to its velo-
city, then its speed is constant.

Let B be a non-zero vector, and let X(t) be such that X(¢)-B =1t for all t.
Assume also that the angle between X'(t) and B is constant. Show that
X"(t) is perpendicular to X'(f).
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16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Write a parametric representation for the tangent line to the given curve at
the given point in each of the following cases.

(a) (cos 4t, sin 4t, t) at the point t = n/8

(b) (¢, 2t, t2) at the point (1, 2, 1)

() (€ e ¥ 3 /2 att=1

(d) (¢, t3, t*) at the point (1, 1, 1)

Let A, B be fixed non-zero vectors. Let
X(t) = e¥4 + e”*B.

Show that X”(¢) has the same direction as X(z).

Show that the two curves (¢, €%, 1 —e™*) and (1 — 6, cos 0, sin 0) intersect
at the point (1, 1, 0). What is the angle between their tangents at that point?

At what points does the curve (2t%, 1 —t, 3 + t?) intersect the plane
3x — 14y 4+ z — 10 = 0?

Let X(¢t) be a differentiable curve.

(a) Suppose that X'(t) = O for all ¢t throughout its interval of definition I.
What can you say about the curve?

(b) Suppose X'(t) # O but X"(t) = O for all ¢t in the interval. What can you
say about the curve?

Let X(t)=(acost, asint, bt), where a, b are constant. Let 6(t) be the
angle which the tangent line at a given point of the curve makes with the

z-axis. Show that cos 6(t) is the constant b/./a? + b>.

Show that the velocity and acceleration vectors of the curve in Exercise 21
have constant norms (magnitudes).

Let B be a fixed unit vector, and let X(t) be a curve such that X(¢)-B = e*
for all t. Assume also that the velocity vector of the curve has a constant
angle 6 with the vector B, with 0 < 6 < &/2.

(a) Show that the speed is 2e%'/cos 6.

(b) Determine the dot product X'(t)- X"(t) in terms of ¢t and 0.

Let
X() = 2%t 1-—1¢2 )
T+ 1+ )

Show that the cosine of the angle between X(f) and X'(t) is constant.

Suppose that a bug moves along a differentiable curve B(t) = (x(t), y(t), z(t)),
lying in the surface z?> =1+ x*> + y%. (This means that the coordinates
(x, y, z) of the curve satisfy this equation.)
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(a) Show that
2x(t)x'(t) = B(t)- B'(t).

(b) Assume that the cosine of the angle between the vector B(t) and the

velocity vector B'(t) is always positive. Show that the distance of the bug
to the yz-plane increases whenever its x-coordinate is positive.

26. A bug is moving in space on a curve given by
X =, 1 313,

(2) Find a parametric representation of the tangent line at ¢ = 1.
(b) Write the equation of the normal plane to the curve at t = 1.

27. Let a particle move in the plane so that its position at time ¢ is
C(t) = (¢ cos t, € sin t).

Show that the tangent vector to the curve makes a constant angle of =n/4
with the position vector.

I, §2. LENGTH OF CURVES

Suppose a bug travels along a curve X(z). The rate of change of the
distance traveled is equal to the speed, so we may write the equation

ds(t)
7 = U(t).

Consequently it is reasonable to make the following definition.
We define the length of a curve X between two values a, b of t (a < b)
in the interval of definition of the curve to be the integral of the speed:

b b
J v(t)dt=j | X (¢)|| dt.

a a

By definition, we can rewrite this integral in the form

f ' \/(d_X>2 N <@>2 it when  X(t) = (x(0) Y(O)),
«V \dt dt
L ’ \/(%)2 . (%)2 + <52—:>2 dt when  X(t) = (x(t), Y1), z(0)),
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J ’ \/(@)2 +oet <%>2 dt when X(1) = (x,(1), - . -x,(2)).
. dt dt

Example 1. Let the curve be defined by

X(t) = (sin t, cos t).

Then X'(t) = (cost, —sint) and o(t) =/ cos?t +sin?t = 1. Hence the

length of the curve between t =0 and t =1 is

1
=1
0

1
[ o(t) dt =t

0

In this case, of course, the integral is easy to evaluate. There is no
reason why this should always be the case.

Example 2. Set up the integral for the length of the curve
X() = (¢, sint, t)

between t =1 and t = 7.
We have X'(t) = (¢, cost, 1). Hence the desired integral is

T
[ e* +cos?t+ 1 dt.
J1

In this case, there is no easy formula for the integral. In the exercises,
however, the functions are adjusted in such a way that the integral can
be evaluated by elementary techniques of integration. Don’t expect this
to be the case in real life, though. The presence of the square root sign

usually makes it impossible to evaluate the length integral by elementary
functions.

Il, §2. EXERCISES

1. Find the length of the spiral (cost, sint, t) between t =0 and ¢t = 1.

2. Find the length of the spirals.
(a) (cos 2t, sin 2t, 3t) between t =1 and t = 3.
(b) (cos 4t, sin 4¢, t) between t =0 and t = /8.
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. Find the length of the indicated curve for the given interval:
(@) (¢, 2t, t?) between t =1 and t = 3. [Hint: You will get at some point the

integral | m du. The easiest way of handling that is to let

t -t

= sinh ¢, so 1 + sinh? t = cosh? ¢,
where

e +e!t

cosht =

This makes the expression under the square root sign into a perfect square.
This method will in fact prove the general formula

1
J a? + x? dx=§ [x/a® + x* + a® log(x + \/a® + x?)].

Of course, you can check the formula by differentiating the right-hand side,
and just use it for the exercise.

(b) (¢*, e %, 3,/2 1) between t =0 and ¢ = 1.
[Hint: At some point you will meet a square root.
e +e % 42,

The expression under the square root is a perfect square. Try squaring
(€' +e™3). What do you get?]

. Find the length of the curve defined by

X(@)=(t —sint, 1 —cost)
between (a) t =0 and ¢t =2x, (b) t =0 and t = n/2.
[Hint: Remember the identity

1 — cos 20

C 2
sin? 6 = 5

Therefore letting ¢t = 20 gives

1 —cost = 2 sin%(t/2).
The expression under the integral sign will then be a perfect square.]
. Find the length of the curve X(t) = (¢, log t) between:

(@ t=1and t=2 (b) t=3 and t=35. [Hint: Substitute u>=1+1¢> to
evaluate the integral. Use partial fractions.]
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6. Find the length of the curve defined by X(f) = (t, log cos t) between ¢t = 0 and
t =7/4.

7. Let X(t) = (¢, t%, 2¢3).
(a) Find the speed of this curve.
(b) Find the length of the curve between t =0 and t = L.

8. Let X(r) = (6t, 2t%, 3./2 t?). Find the length of the curve between t= 0 and
t=1.



CHAPTER 1lI

Functions of Several
Variables

We view functions of several variables as functions of points in space.
This appeals to our geometric intuition, and also relates such functions
more easily with the theory of vectors. The gradient will appear as a
natural generalization of the derivative. In this chapter we are mainly
concerned with basic definitions and notions. We postpone the impor-
tant theorems to the next chapter.

lll, §1. GRAPHS AND LEVEL CURVES

In order to conform with usual terminology, and for the sake of brevity,
a collection of objects will simply be called a set. In this chapter, we are
mostly concerned with sets of points in space.

Let S be a set of points in n-space. A function (defined on S) is an
association which to each element of S associates a number. For in-
stance, if to each point we associate the numerical value of the tempera-
ture at that point, we have the temperature function.

Remark. In the previous chapter, we considered parametrized curves,
associating a vector to a point. We do not call these functions. Only
when the values of the association are numbers do we use the word
function. We find this to be the most useful convention for this course.

In practice, we sometimes omit mentioning explicitly the set S, since
the context usually makes it clear for which points the function is de-
fined.
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Example 1. In 2-space (the plane) we can define a function f by the
rule

G, y)=x*+ 2

It is defined for all points (x, y) and can be interpreted geometrically as
the square of the distance between the origin and the point.

Example 2. Again in 2-space, we can define a function f by the

formula
2 2

X" =y
f&x ) = PR forall (x,y)#(0,0).
We do not define f at (0, 0) (also written O).

Example 3. In 3-space, we can define a function f by the rule
f(x,y, z) = x* — sin(xyz) + yz°.

Since a point and a vector are represented by the same thing (namely
an n-tuple), we can think of a function such as the above also as a
function of vectors. When we do not want to write the coordinates, we
write f(X) instead of f(xy,...,x,). As with numbers, we call f(X) the
value of f at the point (or vector) X.

Just as with functions of one variable, we define the graph of a func-
tion f of n variables x,,...,x, to be the set of points in (n + 1)-space of
the form

(g5 e eesXps f (X 1y - sX0)s

the (xy,...,x,) being in the domain of definition of f.

When n =1, the graph of a function f is a set of points (x, f(x)).
Thus the graph itself is in 2-space.

When n = 2, the graph of a function f is the set of points
x, y, f(x, y)).

When n =2, it is already difficult to draw the graph since it involves a

figure in 3-space. The graph of a function of two variables may look like
this:
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For each number ¢, the equation f(x, y) = ¢ is the equation of a curve
in the plane. We have considerable experience in drawing the graphs of
such curves, and we may therefore assume that we know how to draw
this graph in principle. This curve is called the level curve of f at c. It
gives us the set of points (x, y) where f takes on the value c¢. By drawing

a number of such level curves, we can get a good description of the
function.

Example 4. Let f(x, y) = x*> + y*. The level curves are described by
equations

These have a solution only when ¢ = 0. In that case, they are circles
(unless ¢ = 0 in which case the circle of radius 0 is simply the origin). In
Fig. 2, we have drawn the level curves for ¢ =1 and 4.

\# fy) =1

Figure 2

The graph of the function z =f(x, y) = x* + y* is then a figure in
3-space, which we may represent as follows.

e | ——

Graph of f

(z, y)-plane

Figure 3
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Example 5. Let the elevation of a mountain in meters be given by the
formula
f(x,y) = 4,000 — 2x? — 3y*.

We see that f(0, 0) = 4,000 is the highest point of the mountain. As x, y
increase, the altitude decreases. The mountain and its level curves might
look like this.

L]
4000

Figure 4

In this case, the highest point is at the origin, and the level curves
indicate decreasing altitude as they move away from the origin.

If we deal with a function of three variables, say f(x, y, z), then
(x, y. z) = X is a point in 3-space. In that case, the set of points satisfy-
ing the equation

J&y,2)=c¢

for some constant c¢ is a surface. The notion analogous to that of level
curve is that of level surface.

Example 6. Let f(x, y, z) = x2 + y?> + z2. Then f is the square of the
distance from the origin. The equation

x2+yP+z22=c

is the equation of a sphere for ¢ > 0, and the radius is of course \/E If
¢ =0 this is the equation of a point, namely the origin itself. If ¢ <0
there is no solution. Thus the level surfaces for the function f are
spheres.

Example 7. Let f(x, y, z) = 3x® + 2y*> + z2. Then the level surfaces
for f are defined by the equations

3x2 4+ 2y + 22 =c.
They have the same shape as ellipses, and are called ellipsoids, for ¢ > 0.

It is harder to draw figures in 3 dimensions than in 2 dimensions, so
we restrict ourselves to drawing level curves.
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The graph of a function of three variables is the set of points

(%, 3, 2, f(x, y, 2))

in 4-dimensional space. Not only is this graph hard to draw, it is impos-
sible to draw. It is, however, possible to define it as we have done by
writing down coordinates of points.

In physics, a function f might be a potential function, giving the value
of the potential energy at each point of space. The level surfaces are
then sometimes called surfaces of equipotential. The function Jf might also
give a temperature distribution (i.e. its value at a point X is the tempera-
ture at X). In that case, the level surfaces are called isothermal surfaces.

lll, §1. EXERCISES

Sketch the level curves for the functions z = f(x, y), where f(x, y) is given by the
following expressions.

1. x? + 2y? 2. y—x? 3. y—3x2
4. x —y? 5. 3x2 + 3y? 6. xy
Xy
7. (x—1D(y—-=2) 8 (x+ 1)(y+3) 9. —+—
4 16
10. 2x — 3y 11. /x?* + y? 12. x2 —y?
13. y2 — x2 14. (x — 1)* + (y + 3)* 15. (x + 1) + y?

Ill, §2. PARTIAL DERIVATIVES

In this section and the next, we discuss the notion of differentiability for
functions of several variables. When we discussed the derivative of func-
tions of one variable, we assumed that such a function was defined on
an interval. We shall have to make a similar assumption in the case of
several variables, and for this we need to introduce a new notion.

Let U be a set in the plane. We shall say that U is an open set if the
following condition is satisfied. Given a point P in U, there exists an
open disc D of radius a > 0 which is centered at P and such that D is
contained in U.

Let U be a set in space. We shall say that U is an open set in space
if given a point P in U, there exists an open ball B of radius a >0
which is centered at P and such that B is contained in U.

A similar definition is given of an open set in n-space.

Given a point P in an open set, we can go in all directions from P by
a small distance and still stay within the open set.
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Example 1. In the plane, the set consisting of the first quadrant, ex-
cluding the x- and y-axes, is an open set.

The x-axis is not open in the plane (ie. in 2-space). Given a point on
the x-axis, we cannot find an open disc centered at the point and con-
tained in the x-axis.

Example 2. Let U be the open ball of radius a > 0 centered at the
origin. Then U is an open set. This is illustrated on Fig. 5.

Figure 5

In the next picture we have drawn an open set in the plane, consisting
of the region inside the curve, but not containing any point of the
boundary. We have also drawn a point P in U, and a ball (disc)
around P contained in U.

Figure 6

When we defined the derivative as a limit of

fG&+h)—fx)
h b

we needed the function f to be defined in some open interval around the
point x.

Now let f be a function of n variables, defined on an open set U.
Then for any point X in U, the function f is also defined at all points
which are close to X, namely all points which are contained in an open
ball centered at X and contained in U. We shall obtain the partial
derivative of f by keeping all but one variable fixed, and taking the
ordinary derivative with respect to the one variable.
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Let us start with two variables. Given a function f(x, y) of two vari-
ables x, y, let us keep y constant and differentiate with respect to x. We
are then led to consider the limit as h approaches 0 of

f(x + hay) _f(xay)
h

Definition. If this limit exists, we call it the derivative of S with respect

to the first variable, or also the first partial derivative of f, and denote it
by

Dy f)x, y).

This notation allows us to use any letters to denote the variables. For
instance,

limf(u-l'h:v)_f(uau)

B0 h

=D, f(u,v).

Note that D, fis a single function. We often omit the parentheses, writ-
ing

Dy f(u,v) = (Dy f)(u, v)

for simplicity.
Also, if the variables x, y are agreed upon, then we write

0
D, f(x,y) = %

Similarly, we define

f(x,y+k)—f(x,y)

le(xa y) = lim
k-0

k
and also write
D, f(x,y) = %J;-
Example 3. Let f(x, y) = x*y>. Then
g{ =2xy* and % = 3x2y?
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We observe that the partial derivatives are themselves functions. This
is the reason why the notation D;f is sometimes more useful than the
notation 0f/dx;. It allows us to write D, f(P) for any point P in the set
where the partial is defined. There cannot be any ambiguity or confu-
sion with a (meaningless) symbol D; (f(P)), since f(P) is a number. Thus
D,f(P) means (D;f)(P). It is the value of the function D, f at P.

Example 4. Let f(x,y)=sinxy. To find D,f(1,n), we first find
daf/dy, or D, f(x, y), which is simply

D, f(x, y) = (cos xy)x.
Hence

D,f(l,m)y=(cosm)-1 = —1.
Also,

s 3n 1 3
D2f<3,1>=<0087>-3 = —ﬁ-3= -ﬁ.

A similar definition of the partial derivatives is given in 3-space. Let f
be a function of three variables (x, y, z), defined on an open set U in
3-space. We define, for instance,

D3 )(x, y,2) = Z—f: lim Lo %2+ B) —f(x, y, 2)

h—0 h ’
and similarly for the other variables.

Example 5. Let f(x, y, z) = x2y sin(yz). Then
af )
D3 f(x,y,2) = XY cos(yz)y = x?y? cos(yz).

Let X = (x, y, z) for abbreviation. Let
El = (17 07 0)9 E2 = (05 17 0)5 E3 = (09 07 1)

be the three standard unit vectors in the directions of the coordinate

axes. Then we can abbreviate the Newton quotient for the partial deri-
vatives by writing

o _ o JX +hE) = {(X)

Xi  h-o0 h

Dif(X) =
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Indeed, observe that

hE; =(h,0,0) so  f(X+hE)=f(x+hy,z2),

and similarly for the other two variables.

In a similar fashion we can define the partial derivatives in n-space, by
a definition which applies simultaneously to 2-space and 3-space. Let f
be a function defined on an open set U in n-space. Let the variables be
(X150 5X,)

For small values of h, the point

(xy + h,x5,...,x,)

is contained in U. Hence the function is defined at that point, and we
may form the quotient

FOq +h %y, 00%) — f(Xg.000%,)
P .

If the limit exists as h tends to 0, then we call it the first partial deriva-
tive of f and denote it by

Dif(xy,...,x,), or D f(X), oralsoby STf

1

Similarly, we let

of
Ox;

3

D, f(X) =

— im FpeeXi +hy0x) —f(Xq,---5%,)
h—0 h

if it exists, and call it the i-th partial derivative.
Let

E;=(,...,0,1,0,...,0)
be the i-th vector in the direction of the i-th coordinate axis, having

components equal to 0 except for the i-th component which is 1. Then
we have

D, /)X) = lim T & HE) —J(X)

h—0 h

This is a very useful brief notation which applies simultaneously to
2-space, 3-space, or n-space.
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Definition. Let f be a function of two variables (x, y). We define the
gradient of f, written grad f, to be the vector

of 0
grad f(x, y) = < f —f>

0x’ 0y

Example 6. Let f(x, y) = x2y>. Then

grad f(x, y) = (2xy?, 3x%y?),

so that in this case,
grad f(1,2) = (16, 12).

Thus the gradient of a function f associates a vector to a point X.

If f is a function of three variables (x, y, z), then we define the gradi-
ent to be

ox’ 0y’ 0z

grad f(x, y, z) = <6—j: of 6f>

Example 7. Let f(x, y, z) = x2y sin(yz). Find grad f(1, 1, n). First we
find the three partial derivatives, which are:

of .
I 2xy sin(yz),

% = x?[y cos(yz)z + sin(yz)],

0
(Ti = x2y cos(yz)y = x2y? cos(yz).

We then substitute (1, 1, n) for (x, y, z) in these partials, and get
gradf(1,1,n) = (0, —x, —1).

Let f be defined in an open set U in n-space, and assume that
the partial derivatives of f exist at each point X of U. We define the
gradient of f at X to be the vector

grad 00 = (3. 3L = 0110, s,
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whose components are the partial derivatives. One must read this

(grad f)(X),

but we shall usually omit the parentheses around grad f. Sometimes one
also writes Vf instead of grad f. Thus in 2-space we also write

Vf(xa y) = (Vf)(x’ y) = (le(x7 y)) sz(x7 y))a

and similarly in 3-space,

Vf(xa y7 Z) = (Vf)(xa Y, Z) = (le(xa Y, Z)a sz(xa y7 2)7 D3f(x9 Y, Z))

So far, we defined the gradient only by a formula with partial deriva-
tives. We shall give a geometric interpretation for the gradient in
Chapter IV, §3. There we shall see that it gives the direction of
maximal increase of the function, and that its magnitude is the rate of
increase in that direction.

Using the formula for the derivative of a sum of two functions, and
the derivative of a constant times a function, we conclude at once that
the gradient satisfies the following properties:

Theorem 2.1. Let f, g be two functions defined on an open set U, and
assume that their partial derivatives exist at every point of U. Let ¢ be
a number. Then

grad(f + g) = grad f + grad g,
grad(cf) = c grad f.

We shall give later several geometric and physical interpretations for
the gradient.

i, §2. EXERCISES

Find the partial derivatives

of of of
5, (Ty’ and oz’
for the following functions f(x, y) or f(x, y, 2).
1. xy+z 2. x%y° +1 3. sin(xy) + cos z

4. cos(xy) 5. sin(xyz) 6. &%
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7. x? sin(yz) 8. xyz 9. xz+ yz + xy
10. x cos(y — 3z) + arcsin(xy)
11. Find grad f(P) if P is the point (1, 2, 3) in Exercises 1, 2, 6, 8, and 9.
12. Find grad f(P) if P is the point (1, =, =) in Exercises 4, 5, 7.
13. Find grad f(P) if
f(x, y, 2) = log(z + sin(y* — x))
and
P=(1,-1,1).

14. Find the partial derivatives of x*. [Hint: x’ = e'5%]

Find the gradient of the following functions at the given point.
15. f(x, y, z) = e~ ** cos(yz) at (1, =, =)

16. f(x, y, z) = e>**¥ sin(5z) at (0, 0, 7/6)

lll, §3. DIFFERENTIABILITY AND GRADIENT

Let f be a function defined on an open set U. Let X be a point of U.
For all vectors H such that |H| is small (and H # 0), the point X + H
also lies in the open set. However, we cannot form a quotient

fX +H)-f(x)
H

because it is meaningless to divide by a vector. In order to define what
we mean for a function f to be differentiable, we must therefore find a
way which does not involve dividing by H.

We reconsider the case of functions of one variable. Let us fix a
number x. We had defined the derivative to be

f(x) = lim

h—0

fG+h)—-fx)
0 :

Let

o(h) =

S+ DS

Then ¢(h) is not defined when h = 0, but

lim o(h) = 0.

h—0
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We can write

fx +h) — f(x) = f'(x)h + ho(h).

This relation has meaning so far only when h # 0. However, we observe
that if we define @(0) to be 0, then the preceding relation is obviously
true when h =0 (because we just get 0 = 0).

Let

gh)y=oMh) if h>0,
ghy= —o(h) if h<O.

Then we have shown that if f is differentiable, there exists a function g
such that

D SO+ h) —f(x) =f'(x)h + |h|g(h),
and

lim g(h) = 0.

h—0

Conversely, suppose that there exists a number a and a function g(h)
such that

(1a) S(x+h) —f(x) = ah + |h|g(h).
and

lim g(h) = 0.

h—0

We find for h # 0,

fx+h—f(x)  |hl
f—awt p g(h).

Taking the limit as h approaches 0, we observe that

lim % g(h) =0.

h—0

Hence the limit of the Newton quotient exists and is equal to a. Hence f
is differentiable, and its derivative f'(x) is equal to a.

Therefore, the existence of a number a and a function g satisfying (1a)
above could have been used as the definition of differentiability in the
case of functions of one variable. The great advantage of (1) is that no h
appears in the denominator. It is this relation which will suggest to us
how to define differentiability for functions of several variables, and how
to prove the chain rule for them.
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Let us begin with two variables. We let
X =(x,) and H = (h, k).
Then the notion corresponding to x + h in one variable is here
X+H=(x+hy+k).

We wish to compare the values of a function f at X and X + H, ie. we
wish to investigate the difference

fX+H)—fX)=fx+hy+k)—f(xy)
Definition. We say that f is differentiable at X if the partial derivatives

o and o
0x Oy

exist, and if there exists a function g (defined for small H) such that

lim g(H)=0
H-0
and
0 0
@ | Sethy R =Lt L g
x dy
We view the term
of L of
Gtk

as an approximation to f(X + H) — f(X), depending in a particularly
simple way on h and k.

If we use the abbreviation

grad f=V{f,

then formula (2) can be written

JX + H) —f(X) =Vf(x)-H + |H|lg(H).

As with grad f, one must read (Vf)(X) and not the meaningless V(f(X))
since f(X) is a number for each value of X, and thus it makes no sense
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to apply V to a number. The symbol V is applied to the function f, and
(VfYX) is the value of Vf at X.

We now consider a function of n variables.

Let f be a function defined on an open set U. Let X be a point of U.
If H= (h,,...,h,) is a vector such that ||H|| is small enough, then X + H
will also be a point of U and so f(X + H) is defined. Note that

X+H=(x,+hy,....x,+h).

This is the generalization of the x + h with which we dealt previously in
one variable, or the (x + h, y + k) in two variables. For three variables,

we already run out of convenient letters, so we may as well write n
instead of 3.

Definition. We say that f is differentiable at X if the partial derivatives

D, f(X),...,D,f(X) exist, and if there exists a function g (defined for
small H) such that '

lim g(H)=0 <also written  lim g(H) = 0)

H-0 |H| -0

and

fX +H)—f(X)=D,f(X)hy +--- + D, f(x)h, + |Hllg(H).
With the other notf(ion for partial derivatives, this last relation reads:

B 8
f(X+H)—f(X)=6xf1h1 +"'+a>{

h, + |H |lg(H).

We say that f is differentiable in the open set U if it is differentiable at
every point of U, so that the above relation holds for every point X in
U.

In view of the definition of the gradient in §2, we can rewrite our
fundamental relation in the form

3) f(X + H) — f(X) = (grad /(X)) - H + || Hl|g(H).

The term |H|g(H) has an order of magnitude smaller than the previous
term involving the dot product. This is one advantage of the present
notation. We know how to handle the formalism of dot products and
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are accustomed to it, and its geometric interpretation. This will help us
later in interpreting the gradient geometrically.

Example 1. Suppose that we consider values for H pointing only in
the direction of the standard unit vectors. In the case of two variables,
consider for instance H = (h, 0). Then for such H, the condition for
differentiability reads:

SO+ H) =G+ b y) =5 3) + -+ hlgCH),

In higher dimensional space, let E;=(0,...,0, 1, 0,...,0) be the i-th
unit vector. Let H = hE; for some number h, so that

H=(0,....0,h0,...,0).

Then for such H,

0
JOX+ H) =X + BE) = () + 2 h + [hlg(),

and therefore if h # 0, we obtain

- h
TR by + Mg,

Because of the special choice of H, we can divide by the number h, but
we are not dividing by the vector H.

The functions which we meet in practice are differentiable. The next
theorem gives a criterion which shows that this is true. A function ¢(X)
is said to be continuous if '

lim (X + H) = ¢(X),

H-0

for all X in the domain of definition of thq} %unction.

Theorem 3.1. Let f be a function defined on some open set U. Assume
that its partial derivatives exist for every point in this open set, and that
they are continuous. Then f is differentiable.

We shall omit the proof. Observe that in practice, the partial deriva-
tives of a function are given by formulas from which it is clear that they
are continuous.
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lll, §3. EXERCISES

1. Let f(x, y) =2x — 3y. What is 0f/0x and 0f/0y?

2. Let A = (a, b) and let f be the function on R? such that f(X)=A4-X.
Let X =(x, y). In terms of the coordinates of A, determine 8f/0x and 0f/dy.

3. Let A=(a, b, ¢) and let f be the function on R3 such that f(X) = A-X.
Let X =(x, y, z). In terms of the coordinates of A, determine 8f/dx, 8f/dy,

and df/0z.
4. Generalize the above two exercises to n-space.

5. Let f be defined on an open set U. Let X be a point of U. Let 4 be a
vector, and let g be a function defined for small H, such that

lim g(H) = 0.

H-0

Assume that

SX+H)—f(X)=A-H + |Hl|g(H).

Prove that A = grad f(X). You may do this exercise in 2 variables first and
then in 3 variables, and let it go at that. Use coordinates, e.g. let 4 = (a, b)
and X = (x, y). Use special values of H, as in Example 1.

lll, §4. REPEATED PARTIAL DERIVATIVES

Let f be a function of two variables, defined on an open set U in 2-
space. Assume that its first partial derivative exists. Then D, f (which
we also write df/0x if x is the first variable) is a function defined on U.
We may then ask for its first or second partial derivatives, i.c. we may
form D,D, f or D,D, f if these exist. Similarly, if D, f exists, and if the
first partial derivative of D, f exists, we may form D,D, f.
Suppose that we write f in terms of the two variables (x, y). Then we
can write
of
ay

DD, f(x,y) = (%( ) = (DD, y),

and
DaD.f59) = 3 (34) = 001105

Example 1. Let f(x, y) = cos(xy). Then

0 .
% = —ysin(xy)  and a—i = —x sin(xy).
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Using the rule for the derivative of a product, we can then obtain the
second order (or iterated) partial derivatives as follows:

D,D, f(x, y) = —xy cos(xy) — sin(xy).
But differentiating df/dy with respect to x, we see that
DD, f(x, y) = —xy cos(xy) — sin(xy).

These two repeated partial derivatives are equal!
The next theorem tells us that in practice, this will always happen.

Theorem 4.1. Let f be a function of two variables, defined on an open
set U of 2-space. Assume that the partial derivatives D, f, D, f, DD, f,
and D,D, f exist and are continuous. Then

D1D2f= D,D,f.
The proof will be omitted.

Consider a function of three variables f(x,y,z). We can then take
three kinds of partial derivatives: D, D,, or D; (in other notation, J/0x,
d/0y, and 0/0z). Let us assume throughout that all the partial derivatives
which we shall consider exist and are continuous, so that we may form
as many repeated partial derivatives as we please. Then using Theorem
4.1, we can show that it does not matter in which order we take these
partials.

For instance, we see that

D3D1f: D1D3f-

This is simply an application of Theorem 4.1, keeping the second vari-
able fixed. We may take a further partial derivative, for instance

D1D3D1fl‘

Here D, occurs twice and D5 once. Then this expression will be equal to
any other repeated partial derivative of f in which D, occurs twice and
D, once. For example, we apply the theorem to the function (D, f).
Then the theorem allows us to interchange D, and D; in front of (D, f)
(always assuming that all partials we want to take exist and are contin-
uous). We obtain

D1D3(D1f) = D3D1(D1f)-
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As another example, consider
4 D,D,D;D,f.

We wish to show that it is equal to D,D,D,D,f. By theorem 4.1, we
have DD, f= D,D,f. Hence:

©) D,D,(D3D,f) = D,D(D,D;f).
We then apply Theorem 4.1 again, and interchange D, and D, to obtain

the desired expression
Instead of writing DD, f, we shall write more briefly

Dif,
and similarly D3 f instead of D, D, f.
Example 2. Let f(x,y, z) = x2yz>. Then

le(x7 Vs Z) = 2xyz3a
DZle(x, Vs Z) = 2XZ3,
D3D2le(x7 Vs Z) = 6x22'

On the other hand,

D3f(x7 Vs Z) = 3x2y22,
D2D3f(xa Y, Z) = 3x222,
D1D2D3f(x9 Vs Z) = 6XZ2'

Thus we see experimentally that DyD,D, f=D,D,D;f.

Let f(x,y) be a function of two variables x, y. We shall use the nota-
tion

62
DuD (%) =~ gy.
We could also write
o*f
D1D2f(X, y)= dy o




[111, §4] REPEATED PARTIAL DERIVATIVES 85

In this notation, one would thus have

( )f——f— D21 (x, )

and

of\_ &f _
Ox <6y> T oxdy DD, f(x, y).

All the above notations are used in the scientific literature, and this is
the reason for including them here.

Warning. Do not confuse the two expressions

2 _i al 2
<6x>f 0x? and <6x>’

which are usually not equal. For instance, if f(x, y) = x?y, then

aZf af 2
Fh 2y and <5;> = 4x%y?

0 2
.7 -(3)

is the square of the function D, f, whereas

oir=(5) s

is obtained from f by differentiating twice with respect to x. Similarly,

Observe that

DD, f # (D, /)(D>f).

Example 3. Let f(x,y) = cos(xy). Then we already computed 9f/0x
and df/dy in Example 1. Taking one more partial derivative, we find:

o*f
= sin x —y?cos xy,
pwe ( y V)= -y y

2f ,
4———( X sin xy) = —Xx* cos x}y.
oy* oy
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FUNCTIONS OF SEVERAL VARIABLES

lll, §4. EXERCISES

LI1L, §4]

Find the partial derivatives of order 2 for the following functions and verify ex-
plicitly in each case that D,D,f = D,D, f.

1. e
. x%y* + 3xy
x2 +y2

[4

. cos(x® + xy)

© N wow

ex+y

. sin(xy)

2

4. 2xy + y*
6. sin(x> + y)
8

. arctan(x? — 2xy)

10. sin(x + y).

Find D,D,D; f and D,D,D, f in the following cases.

11. xyz

13. ™=

15. cos(x + y + 2)
17. (x* + y? 4+ 237!

12, x%yz
14. sin(xyz)
16. sin(x + y + z)

18. x3y%z + 2(x + y + 2).

19. A function of three variables f(x, y, z) is said to satisfy Laplace’s equation if

Verify that the following functions satisfy Laplace’s equation.

(@) x* + y* — 222
(b) e3*** cos(5z)

oY o 62f_
ox?  dy? + 0z2

20. Let f,g be two functions (of two variables) with continuous partial deriva-
tives of order <2 in an open set U. Assume that

Show that

af Og of og
— == and =
ox oy dy 0x
d? o2
ox?  oy?

21. Let f(x, y) = arctan y/x for x > 0. Show that

e ﬁ_

ox? * oyr 0



CHAPTER IV

The Chain Rule and the
Gradient

In this chapter, we prove the chain rule for functions of several variables
and give a number of applications. Among them will be several interpre-
tations for the gradient. These form one of the central points of our
theory. They show how powerful the tools we have accumulated turn
out to be.

IV, §1. THE CHAIN RULE

Let f be a function defined on some open set U. Let C(t) be a curve
such that the values C(f) are contained in U. Then we can form the
composite function fo C, which is a function of t, given by

(f = O)Y1) = f(C)).
Example 1. Take f(x, y) = e* sin(xy). Let C(t) = (t, t). Then
F(C@®) = €’ sin(t3).

The expression on the right is obtained by substituting ¢t*> for x and 3
for y in f(x, y). This is a function of ¢ in the old sense of functions of
one variable. If we interpret f as the temperature, then f(C(t)) is the
temperature of a bug traveling along the curve C(t) at time t.

The chain rule tells us how to find the derivative of this function,
provided we know the gradient of f and the derivative C'. Its statement
is as follows.
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Chain rule. Let f be a function which is defined and differentiable on an
open set U. Let C be a differentiable curve (defined for some interval of
numbers t) such that the values C(t) lie in the open set U. Then the
function

f(C@®)
is differentiable (as a function of t), and
af (C
VD) _ (grad f(com - )

Memorize this formula by repeating it out loud.

In the notation dC/dt, this also reads

4 (C) _ dc
S = (erad ))(CO) -

Proof of the Chain Rule. By definition, we must investigate the quo-
tient

f(C@ + my) — f(C(t)
i :

Let
K = K(t, h) = C(t + h) — C(¢).

Then our quotient can be rewritten in the form

f(C®) + K) —f(C®)
P .

Using the definition of differentiability for f, we have

JX + K) — f(X) = (grad f)(X) - K + [|K[|g(K)

and

lim ¢g(K)=0.

IIK|-~0
Replacing K by what it stands for, namely C(t + h) — C(¢), and dividing
by h, we obtain:

f(C + b)) —f(CO®)
h

Ct+h)—C(r)
h

= (grad fY(C(@®) -

N HC(t + hz - C@) oK),
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As h approaches 0, the first term of the sum approaches what we want,
namely

(grad f)(C(®)- C'(©).
The second term approaches

EIC@I lim g(K),

h—0

and when h approaches 0, so does K = C(t + h) — C(t). Hence the
second term of the sum approaches 0. This proves our chain rule.

To use the chain rule for certain computations, it is convenient to
reformulate it in terms of components, and in terms of the two notations
we have used for partial derivatives

of _ of _
E_le(xay)’ ay_DZf(x’y)

when the variables are x, y.
Suppose C(t) is given in terms of coordinates by

C(t) = (x4(2), ..., x,(D)),
then

d(f(C(t)))_a_f@Jr_._Jr@_fdxn
dt  ox, dt ox, dt’

If f'is a function of two variables (x, y) then

df(C(t))=5_fdj+gdl
dt Ox dt 9y dt’

In the D,, D, notation, we can write this formula in the form

d d d
L 2 TG0 0) = D)) 5+ D2 )

and similarly for several variables. For simplicity we usually omit the
parentheses around D, f and D, f. Also on the right-hand side we have
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abbreviated x(t), y(t) to x, y, respectively. Without any abbreviation, the
formula reads:

d d d
¢ (G50, Y(0) = Dy fx(0), J0) 5 + Do £ (x(0), y(2) 2

Example 2. Let C(t) = (¢, t, t*) and let f(x, y, z) = x?yz. Then put-
ting

x=é, y=t z=¢>
we get:
d ofdx ofdy ofdz
—fCH)="—"—+——+ = —
dtf( ®) Ox dt 0Oy dt Oz dt

= 2xyze' + x2z 4+ x2y2t.
If we want this function entirely in terms of ¢, we substitute back the
values for x, y, z in terms of ¢, and get
d tee2 5t 2t.2 2t
af(C(t))=2ett e+ e*t? + e*'t2t
— 2t3e2t + t2e2t + 2t2e2t_

In some cases, as in the next example, one does not use the chain rule
in several variables, just the old one from one-variable calculus.

Example 3. Let
f(xa Y, Z) = Sin(x2 - 3Zy + XZ).

Then keeping y and z constant, and differentiating with respect to x, we
find

Z—f = cos(x? — 3zy + x2)-(2x + 2).
X

More generally, let
f(x, Y Z) = g(x2 - 3Zy + XZ),

where g is a differentiable function of one variable. [In the special case
above, we have g(u) = sinu.] Then the chain rule gives

gl = g'(x* — 3zy + x2)(2x + 2).
x
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We denote the derivative of g by g as usual. We do not write it as
dg/dx, because x is a letter which is already occupied for other purposes.
We could let

u=x%—3zy + xz,

in which case it would be all right to write

of dg du

ox  dudx’

and we would get the same answer as above.

IV, §1. EXERCISES
1. Let P, A be constant vectors. If g(t) = f(P + tA), show that
g'(t) = (grad f)(P + tA)- A.
2. Suppose that f is a function such that
gradf(1,1,1) = (5,2, 1).

Let C(¢) = (¢2, t3, t). Find

%(f (C@)) at t=1.

3. Let f(x, y) =¢e°**? and g(x, y) =sin(dx + y). Let C be a curve such that
C(0) = (0, 0). Given:

d d
€O =2 and  ZeCo) =1,

Find C'(0).
4. (a) Let P be a constant vector. Let g(t) = f(tP), where f is some differentiable
function. What is ¢'(t)?

(b) Let f be a differentiable function defined on all of space. Assume that

f(tP) = tf(P) for all numbers ¢ and all points P. Show that for all P we
have

f(P) = grad f(0)- P.

5. Let f be a differentiable function of two variables and assume that there is an
integer m = 1 such that

f(tx, ty) = t"f (x, y)
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for all numbers ¢ and all x, y. Prove Euler’s relation

0 0
x%—kya—;:mf(x,y).

[Hint: Let C(t) = (tx, ty). Differentiate both sides of the given equation with
respect to t, keeping x and y constant. Then put t = 1.]

6. Generalize Exercise 5 to n variables, namely let f be a differentiable function of
n variables and assume that there exists an integer m = 1 such that fax) =
t"f(X) for all numbers ¢ and all points X in R*. Show that

of
xl axl +t xnaxn = mf(X)’

which can also be written X - grad f(X) = mf(X).
7. (a) Let f(x, y) = (x*> + y»)'?. Find 0f/0x and df/dy.
(b) Let f(x, y, z) = (x*> + y* + z)Y2 Find af/0x, df/dy, df/oz.
8. Let r = (x} + - + x2)Y2. What is dr/dx,?
9. Find the derivatives with respect to x and y of the following functions.

(a) sin(x3y + 2x?) (b) cos(3x2y — 4x)
(©) log(x?y + 5y) (d) (y +4x)'?

IV, §2. TANGENT PLANE

We begin by an example analyzing a function along a curve where the
values of the function are constant. This gives rise to a very important
principle of perpendicularity.

Example 1. Let f be a function on R3. Let us interpret f as giving the
temperature, so that at any point X in R3, the value of the function f(X)
is the temperature at X. Suppose that a bug moves in space along a
differentiable curve, which we may denote in parametric form by

B(?).

Thus B(t) = (x(t), y(t), z(t)) is the position of the bug at time t. Let us
assume that the bug starts from a point where it feels that the tempera-
ture is comfortable, and therefore that the temperature is constant along
the path on which it moves. In other words, f is constant along the
curve B(t). This means that for all values of ¢, we have

f(B®) =k,

where k is constant. Differentiating with respect to ¢, and using the
chain rule, we find that

grad f(B(¢))- B'(t) = 0.
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This means that the gradient of f is perpendicular to the velocity vector
at every point of the curve.

d f(B(¢
grad f(B(t)) B

B(?)

Figure 1

Let f be a differentiable function defined on an open set U in 3-space,
and let k be a number. The set of points X such that

fX)=k and grad f(X) # O

is called a surface. It is the level surface of level k, for the function f.
For the applications we have in mind, we impose the additional condi-

tion that grad f(X) # 0. It can be shown that this eliminates the points
where the surface is not smooth.

Let C(t) be a differentiable curve. We shall say that the curve lies on
the surface if, for all ¢, we have

f(C®) =k

This simply means that all the points of the curve satisfy the equation of
the surface. For instance, let the surface be defined by the equation

x2+yP4+22=1.

The surface is the sphere of radius 1, centered at the origin, and here we
have f(x,y,2z) = x2 + y® + z2. Let

C(1) = (x(1), ¥(t), (1))

be a curve, defined for ¢ in some interval. Then C(f) lies on the surface
means that

x(1)* + y()* + z(t)2 =1 for all ¢ in the interval.
In other words,
f(c®) =1, or also C(t)? = 1.
For theoretical purposes, it is neater to write f(C(t)) = 1. For computa-

tional purposes, we have to go back to coordinates if we want specific
numerical values in a given problem.
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Now suppose that a curve C(t) lies on a surface f(X) = k. Thus we
have

f(C@®) =k forallt.

If we differentiate this relation, we get from the chain rule:

grad f(C@®))-C'(t) = 0.

Let P be a point of the surface, and let C(¢) be a curve on the surface
passing through P. This means that there is a number t, such that
C(ty) = P. For this value t,, we obtain

grad f(P)- C'(t,) = 0.

Thus the gradient of f at P is perpendicular to the tangent vector of the
curve at P. [We assume that C'(¢,) # 0.] This is true for every differen-
tiable curve on the surface passing through P. It is therefore very
reasonable to make the following

Definition. The tangent plane to the surface f(X) = k at the point P is
the plane through P, perpendicular to grad f(P).

We know from Chapter I how to find such a plane. The definition
applies only when grad f(P) # 0. If

grad f(P) = O,

then we do not define the notion of tangent plane.

The fact that grad f(P) is perpendicular to every curve passing
through P on the surface also gives us an interpretation of the gradient
as being perpendicular to the surface

f(X) = k.

which is one of the level surfaces for the function f (Fig. 2).

grad f(P)

‘! Surface f(X)=k

Figure 2
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Example 2. Find the tangent plane to the surface

x2+y*+z*2=3

at the point (1, 1, 1).
Let f(X) = x* + y*> + z2. Then at the point P =(1, 1, 1),

grad f(P) = (2, 2, 2).

The equation of a plane passing through P and perpendicular to a vec-
tor N is
X-N=P-N.

In the present case, this yields
2x +2y+2z2=2+4+2+2=6.

Observe that our arguments also give us a means of finding a vector
perpendicular to a curve in 2-space at a given point, simply by applying
the preceding discussion to the plane instead of 3-space. A curve is
defined by an equation f(x, y) = k, and in this case, grad f(xq, yo) is
perpendicular to the curve at the point (x4, y,) on the curve.

Example 3. Find the tangent line to the curve
x2y +y3 =10

at the point P = (1, 2), and find a vector perpendicular to the curve at
that point.

Let f(x, y) = x*y + y>. Then

grad f(x, y) = (2xy, x* + 3y?),
and so

grad f(P) = grad f(1, 2) = (4, 13).

Let N =(4,13). Then N is perpendicular to the curve at the given
point. The tangent line is given by X-N = P- N, and thus its equation
is
4x + 13y =4 + 26 = 30.
Example 4. A surface may also be given in the form z = g(x, y) where
g is some function of two variables. In this case, the tangent plane is

determined by viewing the surface as expressed by the equation

g(x,y) —z=0.
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For instance, suppose the surface is given by z = x2 + y2. We wish to
determine the tangent plane at (1, 2, 5). Let f(x, y, z) = x>+ y*> —z.
Then

grad f(x, y, z) = 2x, 2y, — 1) and grad f(1,2,5) = (2,4, —1).
The equation of the tangent plane at P = (1, 2, 5) perpendicular to
N=(2,4-1
is
2x+4y—z=P.-N=15,

This is the desired equation.

Example 5. Find a parametric equation for the tangent line to the
curve of intersection of the two surfaces

x*+y24+z2=6 and xP—y*+z=2,

at the point P = (1, 1, 2).

The tangent line to the curve is the line in common with the tangent
planes of the two surfaces at the point P. We know how to find these
tangent planes, and in Chapter I, we learned how to find the para-
metric representation of the line common to two planes, so we know

how to do this problem. We carry out the numerical computation in
full.

The first surface is defined by the equation f(x, y, z) = 6. A vector N,
perpendicular to this first surface at P is given by

N, = grad f(P), where grad f(x, y, z) = (2x, 2y, 22).
Thus for P =(1, 1, 2) we find
N, =(2,2,4).
The second surface is given by the equation g(x, y, z) = 2, and
grad g(x, y, z) = (3x2, —2y, 1).
Thus a vector N, perpendicular to the second surface at P is
N,=gradg(1,1,2)=(3, -2, 1).

A vector A =(a, b, ¢) in the direction of the line of intersection is
perpendicular to both N, and N,. To find A4, we therefore have to solve
the equations

A-N,=0 and A-N,=0.
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This amounts to solving
2a + 2b + 4c =0,
3a—-2b+c=0.

Let, for instance, a = 1. Solving for b and c yields
a=1, b=1, c=—1

Thus A = (1, 1, —1). Finally, the parametric representation of the de-
sired line is

P+tAd=(1,1,2) +t1,1, —1).

IV, §2. EXERCISES

1. Find the equation of the tangent plane and normal line to each of the fol-

lowing surfaces at the specific point.

@ x>+ y*+2z2=49 at (6, 2, 3)

b)) xy+yz+zx—1=0at (1, 1, 0)

© x> +xy*+y +z+1=0at (2, —3, 4)

d)2y—2z2-3xz=0at (1, 7, 2)

€ x*y*+xz—2y>=10at (2, 1, 4)

(f) sinxy + sin yz +sinxz =1 at (1, n/2, 0)

2. Let f(x, y, z) =z — e*siny, and P = (log 3, 3n/2, —3). Find:
(a) grad f(P),
(b) the normal line at P to the level surface for f which passes through P,
(c) the tangent plane to this surface at P.

3. Find a parametric representation of the tangent line to the curve of inter-
section of the following surfaces at the indicated point.
@ x*+y*+z2=49 and x>+ y* =13 at (3, 2, —6)
(b) xy+z=0and x> +y*+z2=9at (2, 1, —2)
(© x*—y*—z2=1and x*—y> +z2=9 at (3, 2, 2)
[Note: The tangent line above may be defined to be the line of intersection
of the tangent planes of the given point.]

4. Let f(X) = 0 be a differentiable surface. Let Q be a point which does not lie
on the surface. Given a differentiable curve C(t) on the surface, defined on
an open interval, give the formula for the distance between Q and a point
C(t). Assume that this distance reaches a minimum for t=1¢,. Let

P = C(ty). Show that the line joining Q to P is perpendicular to the curve
at P.

5. Find the equation of the tangent plane to the surface z = f(x, y) at the given
point P when f is the following function:
@) f(x, y)=x>+y% P =(3, 4, 25)
(®) f(x, y) =x/(x* + y)'%, P=(3, —4, I)
(©) f(x, y)=sin(xy) at P=(1, =, 0)
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10.

11.

12.

13.

14.
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. Find the equation of the tangent plane to the surface x = ¢?*~7 at (1, 1, 2).

. Let f(x, y, z) = xy + yz + zx. (a) Write down the equation of the level sur-

face for f through the point P=(1, 1, 0). (b) Find the equation of the
tangent plane to this surface at P.

. Find the equation of the tangent plane to the surface

3x2 —2y+22=9
at the point (1, 1, 2)

. Find the equation of the tangent plane to the surface

z = sin(x + y)
at the point where x =1 and y = 2.

Find the tangent plane to the surface x%+ y? —z2 =18 at the point
@3, 5 —4).

(a) Find a unit vector perpendicular to the surface
x3+xz=1

at the point (1, 2, —1).
(b) Find the equation of the tangent plane at that point.

Find the cosine of the angle between the surfaces
x2+y*+22=3 and x-2z2—-y’=-3

at the point (—1, 1, —1). (This angle is the angle between the normal
vectors at the point.)

(a) A differentiable curve C(t) lies on the surface
x2 + 4y? 4+ 922 = 14,
and is so parametrized that C(0) =(1, 1, 1). Let
f(x, y, z) = x* + 4y? + 922
and let h(t) = f(C(t)). Find #'(0).

(b) Let g(x, y, z) = x? + y* + z* and let k(t) = g(C(z)). Suppose in addition
that C'(0) = (4, —1, 0), find K'(0).

Find the equation of the tangent plane to the level surface
(x+y+2)e=13e

at the point (1, 1, 1).
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IV, §3. DIRECTIONAL DERIVATIVE

Let f be defined on an open set and assume that f is differentiable. Let
P be a point of the open set, and let 4 be a unit vector (ie. [|A] = 1).
Then P + tA is the parametric representation of a straight line in the

direction of A and passing through P. We observe that

d(P +tA) _
de

A.
For instance, if n =2 and P = (p, q), A = (a, b), then
P +tA = (p + ta,q + tb),

or in terms of coordinates,

X =p+ta, y=gq+th.

Hence
dx dy
i a and i b
so that
d(P + tA)
7 = (a, b) = A.

The same argument works in higher dimensions.
We wish to consider the rate of change of fin the direction of A. It is

natural to consider the values of f on the line P + ¢4, that is to consider
the values

f(P + tA).

The rate of change of f along this line will then be given by taking the
derivative of this expression, which we know how to do. We illustrate
the line P + tA in the figure.

P+t4

.

Figure 3
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If f represents a temperature at the point P, we look at the variation
of temperature in the direction of A, starting from the point P. The

value f(P + tA) gives the temperature at the point P + t4. This is a
function of ¢, say

g(t) =f(P + tA).

The rate of change of this temperature function is g'(t), the derivative
with respect to t, and ¢'(0) is the rate of change at time ¢ = 0, ie. the
rate of change of f at the point P, in the direction of A.

By the chain rule, if we take the derivative of the function

g(t) =f(P + tA),
which is defined for small values of t, we obtain

df(Pd‘—:tA)= grad f(P + tA4) - A.

When ¢ is equal to 0, this derivative is equal to
grad f(P)- A.
For obvious reasons, we now make the

Definition. Let A be a unit vector. The directional derivative of f in
the direction of 4 at P is the number

D, f(P) = grad f(P)- A.

We interpret this directional derivative as the rate of change of f along
the straight line in the direction of 4, at the point P. Thus if we agree
on the notation D, fiP) for the directional derivative of f at P in the
direction of the unit vector A4, then we have

df (P + tA)

DS ="

= grad f(P)- 4.

In using this formula, the reader should remember that A4 is taken to be
a unit vector. When a direction is given in terms of a vector whose norm
is not 1, then one must first divide this vector by its norm before apply-
ing the formula.
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Example 1. Let f(x,y)=x>+y> and let B=(1,2). Find the
directional derivative of f in the direction of B, at the point (—1, 3).

We note that B is not a unit vector. Its norm is /5. Let

1
A=—=B.

NG
Then A is a unit vector having the same direction as B. Let
P=(-1,3).
Then grad f(P) = (—2,27). Hence by our formula, the directional de-

rivative is equal to:

1 52
—(=2+54)=—.
/5 5
Consider again a differentiable function f on an open set U.

Let P be a point of U. Let us assume that grad f(P) # O, and let 4
be a unit vector. We know that

grad f(P)-A =

D, f(P)=grad f(P)- A = |grad f(P)|[|A]| cos 6,

where 0 is the angle between grad f(P) and A. Since |[A| =1, we see
that the directional derivative is equal to

D, f(P) = |lgrad f(P)]|cos 6.

We remind the reader that this formula holds only when A is a unit
vector.

The value of cos 0 varies between —1 and +1 when we select all
possible unit vectors A.

The maximal value of cos 6 is obtained when we select A such that
0 =0, i.e. when we select 4 to have the same direction as grad f(P). In
that case, the directional derivative is equal to the norm of the gradient.

Thus we have obtained another interpretation for the gradient:

The direction of the gradient is that of maximal increase of the
Sfunction.

The norm of the gradient is the rate of increase of the function in
that direction (i.e. in the direction of maximal increase).
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The directional derivative in the direction of A4 is at a minimum when
cos @ = —1. This is the case when we select 4 to have opposite direc-
tion to grad f(P). That direction is therefore the direction of maximal
decrease of the function.

For example, f might represent a temperature distribution in space. At
any point P, a particle which feels cold and wants to become warmer
fastest should move in the direction of grad f(P). Another particle which
is warm and wants to cool down fastest should move in the direction of
—grad f(P).

Example 2. Let f(x, y) = x*> + y* again, and let P =(—1, 3). Find
the directional derivative of f at P, in the direction of maximal increase
of f.

We have found previously that grad f(P) = (—2, 27). The directional
derivative of f in the direction of maximal increase is precisely the norm
of the gradient, and so is equal to

lgrad f(P)Il = I(—2, 27)ll = /4 + 27> = /733.
IV, §3. EXERCISES

1. Let f(x, y, z) =z — e*sin y, and P = (log 3, 3n/2, —3). Find:
(a) the directional derivative of f at P in the direction of (1, 2, 2),
(b) the maximum and minimum values for the directional derivative of f
at P.

2. Find the directional derivatives of the following functions at the specified
points in the specified directions.
(2) log(x* + y*)*? at (1, 1), direction (2, 1)
(b) xy + yz + zx at (—1, 1, 7), direction (3, 4, —12)
(c) 4x? +9y* at (2, 1) in the direction of maximum directional derivative

3. A temperature distribution in space is given by the function
f(x,y) =10 + 6 cos x cos y + 3 cos 2x + 4 cos 3y.

At the point (n/3, n/3), find the direction of greatest increase of temperature,
and the direction of greatest decrease of temperature.

4. In what direction are the following functions of X increasing most rapidly at
the given point?
(@ x/IX|**at(1, —1,2) (X =(x,),2))
(b) ”anat (1!2! -1, 1) (X = (x’ Y, Z, W))

5. (a) Find the directional derivative of the function
f(x, y) = 4xy + 3y?

in the direction of (2, —1), at the point (1, 1).
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10.

(b) Find the directional derivative in the direction of maximal increase of the
function.

. Let f(x, y, z) = (x + ¥)> + (v + 2)*> + (z + x)®.. What is the direction of great-

est increase of the function at the point (2, —1, 2)? What is the directional
derivative of f in this direction at that point?

. Let f(x, y) = x®> + xy + y>. What is the direction in which f is increasing

most rapidly at the point (—1, 1)? Find the directional derivative of f in this
direction.

. Suppose the temperature in (x, y, z)-space is given by

f(xa Ys Z) = xly +yz— e

Compute the rate of change of temperature at the point P =(1,1,1) in the
direction of PO.

. (a) Find the directional derivative of the function

f(x, y, z) = sin(xyz)

at the point P= (%, 1, 1) in the direction of 04 where A4 is the unit

vector (0, 1/4/2, —1//2).

(b) Let U be a unit vector whose direction is opposite to that of

(grad f) (P).
What is the value of the directional derivative of f at P in the direction
of U?

Let f be a differentiable function defined on an open set U. Suppose that P
is a point of U such that f(P) is a maximum, i.e. suppose we have

f(P)=f(X) forall XinU.

Show that grad f(P) = O.

IV, §4. FUNCTIONS DEPENDING ONLY ON THE

DISTANCE FROM THE ORIGIN

The first such function which comes to mind is the distance function. In
2-space, it is given by

r=./x*+ y%.

In 3-space, it is given by

r=./x*>+y*+ 2%
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In n-space, it is given by

r=x}+x3 4+ x2

Let us find its gradient. For instance, in 2-space,

o 1 _
== E(x2 + y?)"Y22x
_ X _Xx
- x2+y2_i'.

Differentiating with respect to y instead of x you will find

ar y

vy

gradr = <x, X).
ror

Hence

This can also be written

X
gradr = —.
r

Thus the gradient of r is the unit vector in the direction of the position
vector. It points outward from the origin.
If we are dealing with functions on 3-space, so

r= SR

then the chain rule again gives

o_x oy 4 O_:
ox r oy  r B

SO again

X
gradr = —.
r
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Warning: Do not write dr/0X. This suggests dividing by a vector X
and is therefore bad notation. The notation dr/dx was correct and good
notation since we differentiate only with respect to the single variable x.
Information coming from differentiating with respect to all the variables
is correctly expressed by the formula grad r = X/r in the box.

In n-space, let

r=./x%+---+x2.

Then

Y2 ),

SO

By definition of the gradient, it follows that

~ >

gradr =

We now come to other functions depending on the distance. Such
functions arise frequently. For instance, a temperature function may be
inversely proportional to the distance from the source of heat. A poten-
tial function may be inversely proportional to the square of the distance
from a certain point. The gradient of such functions has special proper-
ties which we discuss further.

Example 1. Let

f(x,y) =sinr = sin \/x? + y2.

Then f(x, y) depends only on the distance r of (x, y) from the origin. By
the chain rule,

ﬂ_dsinr @
ox  dr Ox

= (cos N)i(x? + y¥)~22x

x
=(cosr)—.
r
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Similarly, 0f/0y = (cos r)y/r. Consequently

grad f(x, y) = <(cos r) ;, (cosr) y>

r

cosr

(x,y)
"

cos r
=—X.
r

The same use of the chain rule as in the special case

f(x,y)=sinr

which we worked out in Example 1 shows:

Let g be a differentiable function of one variable, and let f(X) =g().
Then

‘0,
r

grad f(X) =

Work out all the examples given in Exercise 2. You should memorize
and keep in mind this simple expression for the gradient of a function
which depends only on the distance. Such dependence is expressed by
the function g.

Exercises 9 and 10 give important information concerning functions
which depend only on the distance from the origin, and should be seen
as essential complements of this section. They will prove the following
result.

A differentiable function f(X) depends only on the distance of X from
the origin if and only if grad f(X) is parallel to X, or O.

In this situation, the gradient grad f(X) may point towards the origin,
or away from the origin, depending on whether the function is decreasing
or increasing as the point moves away from the origin.

Example 2. Suppose a heater is located at the origin, and the temper-
ature at a point decreases as a function of the distance from the origin,
say is inversely proportional to the square of the distance from the
origin. Then temperature is given as

h(X) = g(r) = k/r*
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for some constant k > 0. Then the gradient of temperature is

grad h(X) = —2k13§ = — —2§X.
r-r r

The factor 2k/r* is positive, and we see that grad h(X) points in the
direction of —X. Each circle centered at the origin is a level curve for
temperature. Thus the gradient may be drawn as on the following
figure. The gradient is parallel to X but in opposite direction. A bug
traveling along the circle will stay at constant temperature. If it wants to
get warmer fastest, it must move toward the origin.

Figure 4

The dotted lines indicate the path of the bug when moving in the direc-
tion of maximal increase of the function. These lines are perpendicular
to the circles of constant temperature.

Sometimes we want to take a repeated derivative of a function de-
pending only on r. It is then useful for brevity of notation not to expand
r in terms of its definition as the square root of sum of squares.

Example 3. Let r =./x? + y? and let f(x, y) = 1/r>. We wish to find

o%f
D.D = .
1D, f(x,y) ox dy
First we find
d 3 or 2y y
sz(xay): (l/r) = —3r _:—3—5
dr Oy r r

[You should know from the chain rule that dr/dy = y/r.]
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Next we take D, = 0/0x of this last expression, using the chain rule
again. Then:

0
DD, f(x, ) =ax<—3r%>

0 (1
- (7)

d (1
- ()

15xy

r’

~ =

Suppose we deal with a function of two variables f(x, y). It comes up

frequently in physics and mathematics and many other fields to consider
the function

*f  *f
P Frhe Dif(x, y) + D3f(x, ).

Without writing the variables explicitly, we may just write the function in
the form

D}f + D3f.
Functions of two variables which satisfy the condition
Dif+Dif =0

are called harmonic. There is, of course, a similar definition for harmonic
functions of three variables f(x, y, z), namely, those satisfying

Dif + D3f + Dif =0.
This is called Laplace’s equation, and we view D? + D3 in 2-space, or
D? + D3 + D3

as an operator in 3-space on functions, called the Laplace operator. Ex-
amples of harmonic functions are given in Exercise 11. If (x, y, z) are the
three variables, then Laplace’s equation can also be written

A e S

ox?  0y*  0z*

In Exercise 12 you will express this condition more simply for a function
which depends only on r.
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IV, §4. EXERCISES

1. Let g be a function of r, let r = |X|, and X =(x, y, z). Let f(X) = g().

Show that
2 2 2F\2 oF\2
AN AN AY
dr O0x oy 0z
2. Let g be a function of r, and r = | X|. Let f(X)=g(r). Find grad f(X) for
the following functions.

@ g(r=1/r (b) g(r)=r (© g(r)=1/r
) g =e" (€) g(r) =log1/r ® g(r) = 4/r
(8) g(r) =cosr

You may either work out each exercise separately, writing
=X+ + x2,

and use the chain rule, finding df/dx; in each case, or you may apply the
general formula obtained in Example 1, that if f(X) = g(r), we have

grad fx) = 1)

X.

Probably you should do both for a while to get used to the various nota-
tions and situations which may rise.

The next five exercises concern certain parametrizations, and some of the results
from them will be used in Exercise 9.

3. Let A, B be two unit vectors such that 4-B=0. Let
F(t) = (cos t)A + (sin t)B.

Show that F(¢) lies on the sphere of radius 1 centered at the origin, for each
value of t. [Hint: What is F(t)- F(t)?]

4. Let P, Q be two points on the sphere of radius 1, centered at the origin. Let
L(t)=P + t(Q — P), with 0 < ¢ < 1. If there exists a value of ¢ in [0, 1] such
that L(t) = O, show that t =, and that P = —Q.

5. Let P, Q be two points on the sphere of radius 1. Assume that P = —Q.
Show that there exists a curve joining P and Q on the sphere of radius 1,
centered at the origin. By this we mean there exists a curve C(f) such that
C(t)* = 1, or if you wish |C(t)| =1 for all ¢, and there are two numbers t
and t, such that C(t;) =P and C(t,) = Q. [Hint: Divide L(¢) in Exercise 4
by its norm.]

6..If P, Q are two unit vectors such that P = —Q, show that there exists a
differentiable curve joining P and Q on the sphere of radius 1, centered at
the origin. You may assume that there exists a unit vector A which is per-
pendicular to P. Then use Exercise 3.
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7. Parametrize the ellipse (x/a®) + (y2/b?) = 1 by a differentiable curve.

8. Let f be a differentiable function (in two variables) such that grad f(X) = cX
for some constant ¢ and all X in 2-space. Show that f is constant on any
circle of radius a >0, centered at the origin. [Hint: Put x = acost and
y=asint and find df/dt.]

Exercise 8 is a special case of a general phenomenon, stated in Exercise 9.

9. Let f be a differentiable function in n variables, and assume that there exists
a function h such that grad f(X) = h(X)X. Show that f is constant on the
sphere of radius a > 0 centered at the origin.

[That f is constant on the sphere of radius a means that given any two points P,
Q on this sphere, we must have f(P) = f(Q). To prove this, use the fact proved
in Exercises 5 and 6 that given two such points, there exists a curve C(t) joining
the two points, ie. C(t,) = P, C(t,) = Q, and C(¢) lies on the sphere for all ¢ in
the interval of definition, so

C@t)-C(t) = a>.

The hypothesis that grad f(X) can be written in the form h(X)X for some func-
tion h means that grad f(X) is parallel to X (or O). Indeed, we know that
grad f(X) parallel to X means that grad f(X) is equal to a scalar multiple of X,
and this scalar may depend on X, so we have to write it as a function h(X).]

10. Let r = || X]|. Let g be a differentiable function of one variable whose deriva-
tive is never equal to 0. Let f(X) = g(r). Show that grad f(X) is parallel to
X for X # 0.

[This statement is the converse of Exercise 9. The proof is quite easy, cf. Exam-
ple 1. The function h(X) of Exercise 9 is then seen to be equal to g'(r)/r.]

11. Verify that the following functions are harmonic.

(@) log/x% + y*> =log r (in two variables!)

1 1
(b) ==

X+ 422
12. (a) Let f(x, y) = g(r) where r = /x> + y>. Show that

*f 0 dg ldg

ax2 ' ayr dr? tia

(in three variables!)

(b) If f(x,y) =e ", show that

0? 92
6_xj; + a—y]; = 4f(x, y)(r* — 1).
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13. Let f(x, y,z) = g(r), where r = \/x? + y* + z2. Show that

ﬂ aZf aZf dzg 2d_g

ax: T oy* taZ et e

Note. The right-hand side gives the left-hand side in terms of the single coor-
dinate ». When we consider functions depending only on the distance from the
origin, we see that the right-hand side involves only ordinary differentiation with
respect to one variable, namely the distance r, whereas the left-hand side involves
the three partial derivatives as shown, which is more complicated. We have seen
that a function f such that the left-hand side in the relation of the exercise is
equal to O is called harmonic. When the function depends only the distance, as
arises frequently in physics, then the condition for the function to be harmonic
can be expressed in terms of ordinary differentiation instead of partial differentia-
tions, thus leading to ordinary differential equations rather than partial differen-
tial equations. The same principle occurs in many other contexts, when it is
possible to get rid of some of the variables.

IV, §5. THE LAW OF CONSERVATION OF ENERGY

Definition. Let U be an open set. By a vector field on U we mean an
association which to every point of U associates a vector of the same
dimension.

If F is a vector field on U, and X a point of U, then we denote by

F(X) the vector associated to X by F and call it the value of F at X, as
usual.

Exampl.e 1. Let F(x, y) = (x*y, sin xy). Then F is a vector field which
to the. point (x, y) associates (x2y,sin xy), having the same number of
coordinates, namely two of them in this case.

A vector field in physics is often interpreted as a field of forces. A
vector field may be visualized as a field of arrows, which to each point
associates an arrow as shown on the figure.

Or—
P

~—
.__,__,/\

Figure 5
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Each arrow points in the direction of the force, and the length of the
arrow represents the magnitude of the force.
If fis a differentiable function on U, then we observe that grad fis a
vector field, which associates the vector grad f(P) to the point P of U.
If F is a vector field, and if there exists a differentiable function fsuch
that F = grad f, then the vector field is called conservative. Since

—grad f = grad(—f)

it does not matter whether we use f or —f in the definition of conserva-
tive.

Let us assume that F is a conservative field on U, and let ¢ be a
differentiable function such that for all points X in U we have

F(X)= —grad y.

In physics, one interprets ¥ as the potential energy. Suppose that a par-

ticle of mass m moves on a differentiable curve C(f) in U. Newton’s law
states that

F(C(®)) = mC"(t)

for all ¢ where C(t) is defined. Newton’s law says that force equals mass
times acceleration.

Physicists define the kinetic energy to be
ImC'(£)? = Imo(t)%.

Conservation Law. Assume the vector field F is conservative, that is
F = —grad y, where \ is the potential energy. Assume that a particle
moves on a curve satisfying Newton’s law. Then the sum of the potential
energy and kinetic energy is constant.

Proof. We have to prove that

Y(C@®) + 3mC'(1)*

is constant. To see this, we differentiate the sum. By the chain rule, we
see that the derivative is equal to

grad Y(C(1))- C'(t) + mC'(t) - C"(¢).
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By Newton’s law, mC"(t) = F(C(t)) = —grad ¥(C(t)). Hence this deriva-
tive is equal to

grad Y(C(1)) - C'(2) — grad Y(C(®) - C'(t) = 0.
This proves what we wanted.

It is not true that all vector fields are conservative. We shall discuss

the problem of determining which ones are conservative in the next
book.
The fields of classical physics are for the most part conservative.

Example 2. Consider a force F(X) which is inversely proportional to
the square of the distance from the point X to the origin, and in the

direction of X. Then there is a constant k such that for X # O we have

1 X

FX)=k——s——,
=k XX

because X/||X]| is the unit vector in the direction of X. Thus
1
F(X)=k 3 X,
where r = | X|. A potential energy for F is given by
k
Y(X)=—.
r

This is immediately verified by taking the partial derivatives of this func-
tion.

If there exists a function ¢(X) such that
F(X) = (grad ¢)X), thatis F = grad o,
then we shall call such a function ¢ a potential function for F. Our

conventions are such that a potential function is equal to minus the
potential energy.

IV, §5. EXERCISES

1. Find a potential function for a force field F(X) that is inversely proportional
to the distance from the point X to the origin and is in the direction of X.

2. Same question, replacing “distance” with “cube of the distance.”
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3. Let k be an integer = 1. Find a potential function for the vector field F given
by

1
F(X)=;X, where r = |X].
[Hint: Recall the formula that if ¢(X) = g(r), then

grad o(X) = X.

g
r

Set F(X) equal to the right-hand side and solve for g.]

The next section gives additional techniques in partial differentiation,
whose flavor is quite different from that of the chain rule used in the other
applications. This section may be omitted since these techniques will play
no role in the subsequent applications (conservation law, uniqueness of po-
tential function, value of an integral when a potential function exists, etc.).
However, it is important in other contexts, especially that of partial differ-
ential equations, and it may be considered useful to have exposed students
to a technique which allows them, for instance, to get the Laplace operator
in polar coordinates. Special drilling is necessary for that at the present
level of mathematical sophistication. The section has been kept separated

from the rest in order to allow for its easy omission, or alternative ordering
of the material.

IV, §6. FURTHER TECHNIQUE IN PARTIAL
DIFFERENTIATION

The techniques developed in this section will not be used in the next
applications and can be omitted. They have their own flavor, and have
importance in other contexts, especially what is known as partial differ-
ential equations. They are included here to provide the opportunity to
learn them if this is deemed important in the context of the particular
given course.

The chain rule as stated in §1 can be applied to the seemingly more
general situation when x, y are functions of more than one variable. Let
f(x, y) be a function of two variables. Suppose that

x=¢tu) and y=y(,u)
are differentiable functions of two variables. Let

gt u) = fo(t, w), Y(t, w).
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If we keep u fixed and take the partial derivative of g with respect to ¢,
then we can apply our chain rule, and obtain

dg _ofox  0f oy
ot ox ot Oy ot

In the D,, D, notation, this also reads

Dlg(t5 u) = le(xa y)Dl(p(t9 u) + sz(x9 y)Dlip(L u)

or also

0x dy
Dlg(ta u) = le(x9 J’)E + DZf(x5 y) E

Experience will show you which is the most convenient notation.

Example 1. Let f(x,y) =x? +2xy. Let x=rcos® and y=rsin6.
Let g(r, ) = f(r cos 0, r sin 0) be the composite function. Find dg/d6.

We have
of of
29 - =
0x x+ 2, oy 2
%:—rsinﬂ and £=FCOSG-
Hence
dg .
() 29 = (2% + 2y)(—r sin 0) + 2x(r cos 6).

If you want the answer completely in terms of r, 6, you can substitute

rcos 0 and rsin 6 for x and y respectively in this expression. Written in
full, the answer reads:

D, g(r, 0) = (D, f)(r cos 6, r sin 0)(—r sin 0) + (D, f)(r cos 6, r sin O)r cos 6
= (2r cos 0 + 2r sin 0)(—r sin ) + 2(r cos )(r cos 6).

Such an expression is clumsy to write, and that is why we leave it in ab-
breviated form as in ().

Example 2. Sometimes the letters x and y are occupied to denote var-
iables which are not the first and second variables of the function f. In
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this case, other letters must be used if we wish to replace D, f and D, f by
partial derivatives with respect to these variables. For example, let

u=f(x*—y xy)
To find du/dx, we let

s=x>—y and t = xy.
Then
ou_of 05 of &
0x 0s 0x = Ot ox
_of of
T 9s 2x + ot y
) =D, f(s,)2x + D, f(s, t)y.
Similarly,
ou Of of
2 — = (= 9 . _ _
(2 By~ ds -+ P D, f(s,1)(—1) + D, (s, t)x.

The advantage of the D, f, D, f notation is that it does not depend on
a choice of letters, and makes it clear that we take the partial derivatives
of f with respect to the first and second variables.

To be complete, we can also apply that D,, D, notation to u itself.
Write

u=g(x, y)= f(x>—y, xy).

Then (1) and (2) can be written in the form:

(1*) Dig(x,y) = Dy f(x* — y, xy)2x + D, f(x* — y, xy)y,
(2% Dyg(x,y) =D f(x* — y, xy)(—1) + D, f(x* — y, xy)x.

When written in that form, which is the only correct form, the formula
has the property that it is invariant under permutations of the alphabet.
We can change x, y to any other two letters and the formula remains
valid (provided the two letters are different from f and g, and D, of
course). Thus we would have:

(1*%) D,g(v, w) = D, f(v* — w, vw)20 + D, f(v? — w, vw)w,
(2**%) D,g(v, w) = D, f(v® — w, vw)(—1) + D, f(v* — w, ow)v.

We avoided the letter u also because at the beginning of the discussion
we let u= f(x* — y,xy), so for purposes of the discussion, the letter u
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was already occupied. On the other hand, it is slightly more clumsy
to write D, f(s,t) rather than df/0s. Thus the second notation, when
used with an appropriate choice of variables, is shorter and a little more
mechanical. We emphasize, however, that it can only be used when the
letters denoting the variables have been fixed properly.

Example 3. Let g(t, x, y) = f(t*x, ty). Then

g—f = D, f(t?*x, ty)2tx + D, f(t*x, ty)y.

Here again, since the letter x is occupied, we cannot write df/0x for D, f.
In this example, we view x,y as fixed, and ¢(t, x, y) as a function of ¢
alone. If we put

C(t) = (t°x, ty),
then
C'(t) = (2tx, y).

We see that 0g/ot has the form

0
= = erad £ (C@®)-CO).

Evaluating at special numbers then gives:

Dlg(]" X, y) = le(x’ y)zx + D2f(xs y)y’
D,9(0, x, y) = D, f(0, 0)y,
D,g(1,x,1)=D,f(x,1)2x + D, f(x, 1)

and so forth.

Example 4. Keeping the same functions as in Example 3, we now find
the repeated derivative 8%g/dt>. We apply the same principle as before,
but to the two functions D, f and D, f. Also we have to use the rule for
the derivative of a product, because D, f(t>x, ty)2tx is a product of two
functions of t. We then find

0%g

e D, f(t?x, ty)2x + [D,D, f(t*x, ty)2tx + D, D, f (¢*x, ty)y]2tx

+ DD, f(*x, ty)2txy + D, D, f(t*x, ty)yy.

Of course, we may replace D,D,f by D}f and D,D,f by D3}f.
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IV, §6. EXERCISES
(All functions are assumed to be differentiable as needed.)
L If x=u(r,s,t) and y = u(r, s, t) and z = f(x, y), write out the formula for
tlz 0z
or ot

2. Find the partial derivatives with respect to x,y,s, and ¢ for the following
functions.

@) f(x,y,2)=x> +3xyz — y?z, x =2t +5, y= —t —s, 2= 1% + 52
(®) f(x, y) = (x+ yp)/(1 — xy), x = sin 2t, y = cos(3t — s)

3. Let f be a differentiable function on R* and suppose that
D,f(0, 0, 0)=2, D, f(0, 0, 0) = D, (0, 0, 0) = 3.
Let g(u, v) = f(u — v, u* — 1, 3v — 3). Find D,g(1, 1).
4. Assume that f is a function satisfying
J(@x, ty) = t"f(x, y).

for all numbers x, y, and t. Show that

of o%f 2*f
2 22 2 = -1 .
x pae + 2xy ax 0y +y 2y m(m ) f(x, p)

[Hint: Differentiate twice with respect to t. Then put t = 1.]
5. fu= f(x —y, y— x), show that

du Ou
=+,
ox oy

6. (a) Let g(x,y)= f(x + y, x —y), where f is a differentiable function of two
variables, say f = f(u, v). Show that

0909 _ (0S\* _ (oS
dxdy  \ou /)’
(b) Let g(x, y) = f(2x + 7y), where f is a differentiable function of one vari-
able. Show that

(c) Let g(x, y) = f(2x® + 3y?). Show that

dg  ,0g
—=x*—.
0x dy
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7. Let x=ucosf —vsinf, and y=usin6 + vcos 6, with 6 equal to a con-

stant. Let f(x, y) = g(u, v). Show that

(w) +(@) =) (@)

8. (a) Let x=r cos § and y =r sin 0. Let z= f(x, y). Show that
0z of o . 10z of . of
— =—--cos § + —sin 6 - — = ——sinf + ——cos 6.
o ox Ccos +6y sin 0, . 30 P smb + dy Ccos

(b) If we let z = g(r, 0) = f(r cos 0, r sin 6), show that

og\* 1 [dg\? of\? of\?
8-

9. Let ¢ be a constant, and let z = sin(x + ct) + cos(2x + 2ct). Show that
?z 0%z
FTRr
10. Let ¢ be a constant and let z = f(x + ct) + g(x — ct). Let
u=x+ct and v=2Xx—ct
Show that
% = gf = ("W + g'®).
11. Let z= f(u, v) and u=x + y, v =x — y. Show that
2 Pz
oxdy  ou  o*
12. Let z= f(x + y) —g(x —y). Let u=x+ y and v = x — y. Show that
STZCZZ = z%; = f"(u) — g"(v).
13. Let n be a positive integer. For each of the following functions g(r, §) show

that
0’9 1og 1%

o Tror T rre0r

(a) g(r, 6) = r" cos nf (b) g(r, 0) = r" sin no.

Note. A function f(x,y) = g(r, ) which satisfies the condition of this exercise
is called harmonic, and is important in the theory of wave motions. This exercise
gives the basic example of harmonic functions.
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The following exercises shows that the above condition expresses in polar
coordinates another more familiar condition in terms of the (x, y)-coordinates.

14. Let x =rcos 0, y =rsin § be the formulas for the polar coordinates. Let

S, ¥) = f(rcos 8, rsin 0) = g(r, 0).
Show that

% 10 10 7 7Y

I R TERR R L

Note. This exercise gives the Laplace operator in polar coordinates. It is im-
portant because it shows you how the right-hand side can be expressed in terms
of polar coordinates on the left-hand side. The right-hand side occurs frequently
in the theory of wave motions.

For the proof, start with the formulas of Exercise 8(a), namely,

0 0
a—“:=(D1f)cos0+(D2f)sin0 and %:—(le)rsin0+(D2f)rcose.

and take further derivatives with respect to r and with respect to 6, usirig the
rule for derivative of a product, together with the chain rule. Then add the ex-
pression you obtain to form the left-hand side of the relation you are supposed
to prove. There should be enough cancellation on the right-hand side to prove
the desired relation.

Remark. The functions of Exercise 13 are “typical” in the sense that all har-
monic functions can be expressed in terms of " cos nf and "sin n0 in a suitable
way. This leads into the theory of wave equations and Fourier series, which is
beyond this course. But it is with a view to such applications that Exercises 13
and 14 are included here. Exercise 13 is of course easier.



Part Two

Maxima, Minima,
and Taylor’s Formula



CHAPTER V

Maximum and Minimum

When we studied functions of one variable, we found maxima and min-
ima by first finding critical points, ie. points where the derivative is
equal to 0, and then determining by inspection which of these are max-
ima or minima. We can carry out a similar investigation for functions of
several variables. The condition that the derivative is equal to 0 must be
replaced by the vanishing of all partial derivatives.

V, §1. CRITICAL POINTS

Let f be a differentiable function defined on an open set U. Let P be a
point in U.

Definition. We say that P is a critical point of f if all the partial de-
rivatives of f are 0 at P, that is

D,f(P)=0 for i=1,...n
In two variables, the point (x,, y,) is a critical point if and only if
Dy f(xg,y0) =0 and D, f(xo,y0) = 0.

In other words, the two partial derivatives

@ and g
0x dy

must be equal to 0 when evaluated at the point P = (x4, yo)-
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In n variables, the condition reads
D, f(P)=0,...,D, f(P)=0.
or more concisely, grad f(P) = O.

Example 1. Find the critical points of the function f(x, y) = ¢~ G+,
Taking the partials, we see that

0
and % = —2ye~*+yh)

—(x2+y?)

of
o —2xe

The only value of (x, y) for which both these quantities are equal to 0 is
x =0 and y = 0. Hence the only critical point is (0, 0).

A critical point of a function of one variable is a point where the de-
rivative is equal to 0. We have seen examples where such a point need
not be a local maximum or a local minimum, for instance as in the fol-
lowing picture (Fig. 1):

/._/

Figure 1

A fortiori, a similar thing may occur for functions of several variables.
However, once we have found critical points, it is usually not too diffi-
cult to tell by inspection whether they are of this type or not.

Let f be any function (differentiable or not), defined on an open set
U.

Definition. A point P of U is a local maximum for the function if

there exists an open ball (of positive radius) B, centered at P, such that
for all points X of B we have

fX) = f(P).

As an exercise, define local minimum in an analogous manner.
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In the case of functions of one variable, we took an open interval in-
stead of an open ball around the point P. Thus our notion of local
maximum in n-space is the natural generalization of the notion in 1-
space.

Theorem 1.1. Let f be a function which is defined and differentiable on
an open set U. Let P be a local maximum for f in U. Then P is a
critical point of f.

Proof. The proof reduces to the case of functions of one variable. In
fact, we shall prove that the directional derivative of f at P in any direc-
tion is 0. Let H be a non-zero vector. For small values of t, P + tH lies
in the open set U, and f(P + tH) is defined. Furthermore, for small
values of t, tH is small, and hence P + tH lies in our open ball such that

f(P +tH) = f(P).

Hence the function of one variable g(t) = f(P + tH) has a local maxi-
mum at t = 0. Hence its derivative g'(0) is equal to 0. By the chain rule,
we obtain as usual:

grad f(P)-H = 0.
This equation is true for every non-zero vector H, and hence

grad f(P) = 0.

This proves what we wanted.

Just as in one-variable theory, a critical point may be a maximum, a
minimum, or neither. Remember the possibilities for the graph of a func-
tion of one variable in these three cases, as shown on Fig. 2.

(a) (b) (c)
Figure 2
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In several variables, we have exactly the same situations, and the three
cases might look like this.

(b) ()
Figure 3

We shall study these possibilities more systematically in the next chapter.

In the present chapter, we shall determine which possibilities occur by
inspection.

V, §1. EXERCISES

Find the critical points of the following functions.

L x* 4+ 4xy — y* — 8x — 6y 2. x + ysinx

3. x% + y? + 22 4. (x+ye ™

5. xy + xz 6. cos(x> + y? + z%)
7. x%)? 8. x* 4+ y?

9. (x—y* 10. x sin y
1L x2+2)% — x 12, = G*Hy2eah

13. gx*¥y2+z?

14. In each of the preceding exercises, find the minimum value of the given func-
tion, and give all points where the value of the function is equal to this mini-
mum. [Do this exercise after you have read §2.]

V, §2. BOUNDARY POINTS

In considering intervals, we had to distinguish between closed and open
intervals. We must make an analogous distinction when considering sets
of points in space.

Let S be a set of points, in some n-space. Let P be a point of S.

Definition. P is an interior point of S if there exists an open ball B of
positive radius, centered at P, and such that B is contained in S. The
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next picture illustrates an interior point (for the set consisting of the
region enclosed by the curve).

Figure 4

We have also drawn an open ball around P.

From the very definition, we conclude that the set consisting of all
interior points of S is an open set.

A point P (not necessarily in S) is called a boundary point of S if
every open ball B centered at P includes a point of S, and also a point
which is not in S. We illustrate a boundary point in the following pic-
ture:

Figure 5

For example, the set of boundary points of the closed ball of radius
a> 0 is the sphere of radius a. In 2-space, the plane, the region consist-
ing of all points with y > 0 is open. Its boundary points are the points
lying on the x-axis.

We define a set to be closed if it contains all its boundary points.

Finally, we define a set to be bounded if there exists a number b > 0
such that, for every point X of the set, we have

X = b.

We are now in a position to state the existence of maxima and
minima for continuous functions.
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Theorem 2.1. Let S be a closed and bounded set. Let f be a con-
tinuous function defined on S. Then f has a maximum and a minimum
in S. In other words, there exists a point P in S such that

f(P) 2z f(X)

Jor all X in S, and there exists a point Q in S such that

fQ) = f(X)
for all X in S.

We shall not prove this theorem. It depends on an analysis which is
beyond the level of this course.

When trying to find a maximum (say) for a function f, one should
first determine the critical points of f in the interior of the region under
consideration. If a maximum lies in the interior, it must be among these
critical points.

Next, one should investigate the function on the boundary of the
region. By parametrizing the boundary, one frequently reduces the
problem of finding a maximum on the boundary to a lower-dimensional
problem, to which the technique of critical points can also be applied.

Finally, one has to compare the possible maximum of f on the
boundary and in the interior to determine which points are maximum
points.

Example 1. Find the maximum of the function

f(x,y) = x%y

on the square drawn in the figure (Fig. 6).

Figure 6
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Let U be the interior of the square. We first find the critical points of
f on U. We have:

grad f(x, y) = (2xy, x*).
Thus

graa f(x,y) =(0,0) ifandonlyif (x,y)=(0,y)

with an arbitrary value of y. In particular, the x-coordinate of a critical
point must be 0, and when that happens we have

f©0,y) =0.

Hence the critical points do not occur in the interior of the square.
Hence the maximum of the function must occur on the boundary.

This boundary consists of four segments, and we evaluate the function
on these four segments to test where the maximum lies. The segments
have been labeled S, through S,.

The segment S, is the left vertical segment, with x = 0, and we have
just seen that the value of f is 0 on this segment.

On the segment S,, we have y = 1, and

fx, 1) =x2,

so the maximum occurs when x = 1, with value f(1,1) = 1.
On the segment S, we have x = 1, and

fa,y=y,

so the maximum occurs when y = 1, with value f(1,1) = 1 again.
On the segment S, we have y =0, and

f(x,0)=0.

Putting it all together, we see that the maximum is at the point (1, 1)
and the maximum value of f on the square is therefore

fa,1) = 1.

Example 2. We now consider another type of example. First remem-
ber something about the exponential function in one variable.
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The graph of the function of one variable e™** looks like this.

graph of e=**

Such functions arise naturally in the theory of probability.
Let us pass to one higher dimension and one more variable.
In Example 1 in §1, we observed that the function

Fx,3) = €76+

becomes very small as x or y becomes large. Consider some big closed
disc centered at the origin. We know by Theorem 2.1 that the function
has a maximum in this disc. Since the value of the function is small on
the boundary, it follows that this maximum must be an interior point,
and hence that the maximum is a critical point. But we found in the
Example in §1 that the only critical point is at the origin. Hence we
conclude that the origin is the only maximum of the function f(x, y).
The value of f at the origin is f(0,0) = 1. Furthermore, the function
has no minimum, because f(x,y) is always positive and approaches 0 as
x and y become large.

In practice, one meets not only such a function, but a related function
like xe™** or xe™** with some positive integer k. Let us look at such an
example in two variables.

Example 3. Find the maximum of the function

f(x,y) = x?e™ 77,
You should know from first year calculus that

lim x2e *=0.

X—* 00

A proof will be recalled in an appendix of this section. As x becomes
large, x* is bigger than x2, and so e *' is smaller than e”*. Conse-
quently

x2e 50 as X — 0.
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Since y* = 0, it follows that e™>* < 1. Hence

f(x,y)—=0 as r=.,/x*+y*—> .

Hence any maximum occurs in a bounded region of the plane.
To find it we find the critical points. We have:

A = e " [x3(—4x3)e*" + 2xe~*"]
O0x
=e ¥ [ —4x° + 2x].
a 4 2 —_ x4 —y2
g _ xZe ¥ (=2y)e ™ = —2x2ye > 7Y,
dy
Thus we find:
g=0 < x=0 or —4x*+2=0, thatis x= +(1/2)'4
X
Z_j}: =0 <« x=0 or y=0.

The symbol <> means “if and only if”.
Hence the critical points are the points:

(£(1/2'%,0)  and  (0,y)

with an arbitrary value of y. But
fO,»=0 and f(+(1/2)44, 0) = %6—1/2.

Hence the maximum of the function is at (+(1/2)!/4,0) and the maxi-
mum value is that given above

APPENDIX
We recall a proof.that given a positive integer k, we have

lim x*e™* = 0.

X— o0
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If you had Taylor’s formula in a course on calculus of one variable, then
you know that

and in particular, for any positive integer k we have

R x2 .\ e+t -
X — < e*.
TR
Divide by x*. Then we obtain:
thi iti a < e
something positive + Ci DS

As x— oo the left-hand side — oo, so e*/x* - co. This proves what we
wanted.

All we needed of Taylor’s formula is the inequality
1 X o
+X+-+ 0= €

for every positive integer k. We now give a direct proof of this in-
equality without using Taylor’s formula.

The proof is by induction, but before we give the formal step, let us
carry out the first few cases. We prove the following inequalities:

Il. 1+ x=¢e*for x=20.
Proof. Let fi(x) =¢e*— (1 + x). Then
fi0)=0 and fi(x)=e—120.

Hence f, is increasing, and since f,(0) =0 it follows that f,(x) = 0 for
x = 0, thus proving inequality I 1.

2

12 1+x+%§e"forxgo.

2
Proof. Let f,(x) =¢e*— <1 +x + %) Then

f20=0 and  fix)=e"— (1 +x)= fi(x)
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By I1, we know that fy(x) =0, so f, is increasing. Since f,(0)=0 it
follows that f,(x) = 0 for all x = 0, thus proving the inequality I2.

x2 x3
13 14x+o+5 56

2 3
Proof. Let fi(x) =¢e* — <1 +x + 2 + ) Then

[0 =0 and  f3(x) = f%).

By 12, we know that f,(x) =0, so f; is increasing. Since f3(0) =0, it
follows that f;(x) =0 for all x = 0, thus proving the inequality I3.

By now the pattern should be clear. We let

f,,(x)=e"—<1 +x+---+x—n>-

n!

Suppose we have already proved inequality Inm, that is f,(x)=0 for
x = 0. Then

fr+1(0)=0  and ne1(¥) = f,(x).

By inequality In, this shows that f,,, is increasing, and since

Ju+1(0) =0 it follows that f,,,(x)=0 for x =2 0. This concludes the
proof of the general inequality.

V, §2. EXERCISES

Find the maximum and minimum points of the following functions in the indi-
cated region

1. x + y in the square with corners at (+1, +1)

2. (@) x + y + z in the region x* + y> + 72 < 1
(b) x + y in the region x? + y? <1

3. xy — (1 —x? — y»)¥2 in the region x> + y?> <1

4. x3y?(1 —x — y) in the region x =0 and y =0 (the first quadrant together
with its boundary)

5. (x2 4 2y?)e”®*¥ in the plane

6. (a) (x2 + y»)~! in the region (x —2)2 +y2 <1
(b) (x> + y»)~! in the region x* + (y —2)* £ 1
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7. Which of the following functions have
mum in the whole plane?
(a) (x + 2y)e™> "

() e

(&) (3x% + 2y?)e“x*+¥)
x2 + y? .

@i+l T eNFOO0
0 if (x,y)=1(0,0)

a maximum and which have a mini-

(b) e
(d) ex2+ym

() —x2ex+°

8. Which is the point on the curve (cos t, sin ¢, sin(t/2)) farthest from the origin?

In the following exercises, find the maximum of the function on the indicated

square.

9. f(x,y) = x> + xy on the square (Fig. 7):

1)

(1L.1)

(1,0)

Figure 7

10. f(x,y) = x> + xy on the square (Fig. 8):

(_1:1)

a1

(=1,-1)

(11 - 1)

Figure 8



[V, §3] LAGRANGE MULTIPLIERS 135

11. f(x,y) = 3xy® on the rectangle (Fig.9):

(=2,1)

(=2,0) (0,0)
Figure 9

V, §3. LAGRANGE MULTIPLIERS

In this section, we shall investigate another method for finding the maxi-
mum or minimum of a function on some set of points. This method is
particularly well adapted to the case when the set of points is described
by means of an equation.

We shall work in 3-space. Let g be a differentiable function of three
variables x, y, z. We consider the surface

g(xX)=0.

Let U be an open set containing this surface, and let f be a differenti-
able function defined for all points of U. We wish to find those points P
on the surface g(X) = 0 such that f(P) is a maximum or a minimum on
the surface. In other words, we wish to find all points P such that
g(P) = 0, and either

f(P)= f(X) forall X suchthat g(X)=0,
or
f(P) £ f(X) forall X suchthat g(X)=0.

Any such point will be called an extremum for f subject to the constraint

g.
In what follows, we consider only points P such that

g(P)=0 but grad g(P) # O.
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Theorem 3.1. Let g be a continuously differentiable function on an open
set U. Let S be the set of points X in U such that g(X) = 0 but

grad g(X) # O.

Let f be a continuously differentiable function on U and assume that P
is a point of S such that P is an extremum for f on S. (In other words,
P is an extremum for f, subject to the constraint g.) Then there
exists a number 1 such that

grad f(P) = A grad g(P).
Proof. Let X(t) be a differentiable curve on the surface S passing

through P, say X(t,) = P. Then the function f(X(t)) has a maximum or
a minimum at t,. Its derivative

d
— (X
e (X(®)
is therefore equal to O at t,. But this derivative is equal to

= grad f(P)- X'(t,) = 0.

t=to

d
I f(X@®)

Hence grad f(P) is perpendicular to every curve on the surface passing
through P (Fig. 10).

\grad F(P)=\ grad ¢(P)

grad g(P)

Figure 10

Under these circumstances, and the hypothesis that grad g(P) # O, there
exists a number 4 such that

) grad f(P) = A grad g(P).

or in other words, grad f(P) has the same, or opposite direction, as
grad g(P), provided it is not O. This is rather clear, since the direction of
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grad g(P) is the direction perpendicular to the surface, and we have seen
that grad f(P) is also perpendicular to the surface.

Conversely, when we want to find an extremum point for f subject to
the constraint g, we find all points P such that g(P) =0, and such that
relation (1) is satisfied. We can then find our extremum points among
these by inspection.

(Note that this procedure is analogous to the procedure used to find
maxima or minima for functions of one variable. We first determined all
points at which the derivative is equal to 0, and then determined maxima
or minima by inspection.)

Example 1. Find the maximum of the function f(x,y) = x + y subject
to the constraint x? + y? = 1.

Note. The constraint is the equation of a circle. Hence the problem
can also be stated as: Find the maximum of the function f(x,y)=x+y
on the circle of radius 1.

We let g(x, y) = x2 + y?> — 1, so that S consists of all points (x, y) such
that g(x, y) = 0. We have

grad f(x,y) = (1, 1),
grad g(x, y) = (2x, 2y).
Let (xo, yo) be a point for which there exists a number A satisfying
grad f(xo, yo) = 4 grad g(x,, yo),
or in other words
1=2x,4 and 1 =2y,A
Then x,#0 and y, #0. Hence A=1/2x,=1/2y,, and consequently

Xo = Yo. Since the point (x,, y,) must satisfy the equation g(x,, y,) = 0,
we get the possibilities:

1 1

Xo=1—F+= and =t —

0 \/E Yo \/5
It is then clear that (1/\/ E, 1/\/ 5) is a maximum for f since the only
other possibility (—1/\/5, —1/\/5) is a point at which f takes on a
negative value, and f(l/\/E, 1/\/5) = 2/\/5 > 0.
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Example 2. Find the extrema for the function x2 + y? + z2 subject to
the constraint x* 4+ 2y*> —z2 — 1 = 0. The function is the square of the
distance from the origin, and the constraint defines a surface, so at a

minimum for f, we are finding the point on the surface which is at mini-
mum distance from the origin.

Computing the partial derivatives of the functions f and g, we find
that we must solve the system of equations

(@) 2x = A-2x, (b) 2y =A-4y,
© 2z=1-(—22), @ gX)=x*+2y>—22—-1=0.

Let (xo, Yo, Zo) be a solution. If z, # 0, then from (c) we conclude
that A= —1. The only way to solve (a) and (b) with A= —1 is that
x=y=0. In that case, from (d), we would get

73 = —1,
which is impossible. Hence any solution must have z, = 0.

If xo # 0, then from (a) we conclude that 4 = 1. From (b) and (c) we

then conclude that y, =z, =0. From (d), we must have x,= +1. In

this manner, we have obtained two solutions satisfying our conditions,
namely

(1,0,0) and  (—1,0,0).

Similarly, if y, # 0, we find two more solutions, namely

0,430 and (0, —./3,0).

These four points are therefore the possible extrema of the function f
subject to the constraint g.

If we ask for the minimum of f, then a direct computation shows that
the last two points

©, +./1,0)

are the only possible solutions (because 1 > 3).

So far we have formulated the method of Lagrange multipliers in geo-
metric terms, allowing us to find the extrema of a function on a surface.
In some applications, e.g. economics, the problem is posed in different
terms, as in the next example.

Example 3. Suppose a business has $90 million with which it wants to
buy machines A at $3 m a piece, and also machines B costing $5m a
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piece. Suppose it buys x machines A and y machines B. To get
maximum utility out of the purchase, it wants the product xy to be
maximum. How many of each should it buy?

The constraint imposed by the company’s budget can be written down
by the equation

(*) 3x + 5y =90.

So the problem is to maximize the function f(x,y) = xy subject to the
above constraint. For this we simply follow the previous pattern. Let

g(x, y) = 3x + 5y — 90.
Then
grad g(x, y) = (3, 5),
grad f(xa y) = (ya x)-

The maximum occurs for values of A such that
v, x) = A3, 5) = (34, 52).

s0
y =34 and x = 5A.

We substitute these values back in the constraint equation () to get

3-54+5-34=90.

Solving for A yields 4 = 3. Hence the extremum of f is at the point

A(5,3) =3(5,3) = (15,9).

The answer is that the company must buy 15 machines A and 9 ma-
chines B.

Note. The function f(x,y) = xy which expresses the relation between
how much utility is derived from buying x units of one thing and y units
of another is called the utility function by economists.

V, §3. EXERCISES
1. (a) Find the minimum of the function x + y? subject to the constraint
2x2 +y? =1.

(b) Find its maximum.
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2. Find the maximum value of x> + xy + y> + yz + z2 on the sphere of radius

1. [Hint: replacing x> + y*> + z> by 1 makes the problem simpler.]

3. Let A=(1,1,—-1), B=(2,1,3), C=(2,0,— 1). Find the point at which the
function

fX) =X -4+ X - B+ (X - C)

reaches its minimum, and find the minimum value.

4. Do Exercise 3 in general, for any three distinct vectors
A =(a, a,,ay), B = (b}, by, by), C = (cy5 €5, ¢3).

5. Find the maximum of the function 3x2+2\/5xy+4y2 on the circle of
radius 3 in the plane.

6. Find the maximum of the function xyz subject to the constraints
x=20,y20,2z20, and Xy + yz + xz=2.
7. By completing the square show that the only solution of
5x% + 6xy + 5y =0

is the origin in the plane.

8. Find the extreme values of the function cos® x + cos? y subject to the con-
straint x —y=n/4 and 0 < x < 7.

9. Find the points on the surface z> — xy = 1 nearest to the origin.

10. Find the extreme values of the function xy subject to the condition
x+y=1

11. Find the shortest distance between the point (1,0) and the curve y* = 4x.

12. Find the maximum and minimum points of the function
JGy)=x+y+:z

in the region x> + y? + z22 < 1.

13. Find the extremum values of the function f(x,y,z)=x —2y+ 2z on the
sphere x2 + y* + z2 = 1.

14. Find the maximum of the function f(x,y,z) =x + y + z on the sphere
x2+y?+ 22 =4

15. (a) Find the extreme values of the function f given by f(x,y,z) = xyz sub-
ject to the condition x + y +z = 1.
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16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

(b) A business has $1 million to spend on three products, each costing an
equal amount per unit. How much should be spent on each to maximize
the utility, if the utility function is

J(x, p,2) = xyz?

Find the extreme values of the function give by f(x,y,z) = (x + y + z)* sub-
ject to the condition x? + 2y* + 3z% = 1.

Find the minimum of the function f(x,y,z) = x?+ y* + z> subject to the
condition 3x + 2y — 7z = 5.

Maximize the function x — y? — z2/2 subject to the constraint

2x% +3y2—z=0.
Maximize the function —x2 + y — 2z? subject to the constraint

x*+y*—22=0.
Find the point on the parabola y — x? = 0 that maximizes the function

2x — y.
Find the point on the hyperbola xy = 2 that minimizes the function 2x + y.
Find the maxima and minima of the function
f{xy,2) = 2x% + y? + 22

on the surface x2 + y2 + 222 = 2.

In general, if a, b, ¢, d are numbers with not all of a, b, ¢ equal to 0, find the
minimum of the function x? + y? + z2 subject to the condition

ax + by + cz=4d.
Find the maximum and minimum value of the function
fO,p)=x*+2y* —x

on the closed disc of radius 1 centered at the origin.

Find the shortest distance from a point on the ellipse x> + 4y =4 to
the line x+y=4. [Hint: At a minimum, grad f(x,y) is parallel to
grad g(x, y).]

In working x hours at job A and y hours at job B, it can be determined that
the utility derived can be roughly expressed in terms of the function

f(x,y)=2\/>;+\/;.



142 MAXIMUM AND MINIMUM Lv, §3]

How many hours should the person work on each job to maximize this func-
tion if the person works a total of 10 hours?

27. Suppose product A4 costs $11 per unit and product B costs $3 per unit. Both
are needed to produce product C. When x units of 4 and y units of B are
used, the total number of units of C produced by the production process is:

g(x, y) = —3x% + 10xy — 32

How many units of A and B should be used to produce 80 units of product
C and minimize the costs?

28. A business has $24 thousand to spend on two types of machines. Machine A
costs $2 thousand per unit, and machine B costs $4 thousand per unit. As-

suming that the utility as a result of buying x units of 4 and y units of B is
determined by the function

G y) =%+,

find the numbers (x, y) which should be bought to maximize the utility.



CHAPTER VI

Higher Derivatives

VI, §1. THE FIRST TWO TERMS OF TAYLOR’S FORMULA

In the theory of functions of one variable, we derived an expression for

the values of a function f near a point a by means of the derivatives of f
at a, namely

fa+m=r@+r@h+ 00 1 Ry,
where R; is a remainder term given by
90 4
R,y = 31 h

for some number ¢ between a and a+h. We review the proof of
Taylor’s formula in an appendix to this chapter.

We shall now derive a similar formula for functions of two variables.
The principle applies just as well to several variables, and also to higher
order terms, which you can carry out easily if you understand induction.

For our purposes at first we are mostly interested in the first and second
terms of the formula.

We let
P=(p,p)) and  H=(hk).

We assume that P is in an open set U and that f is a function on U all
of whose partial derivatives up to order 3 exist and are continuous. We
are interested in finding an expression

f(P+ H)=f(P)+ .
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The idea is to reduce the problem to the one variable case. Thus we de-
fine the function

9(t) = f(P + tH) = f(p, + th, p, + tk)

for 0<t<1. We assume that U contains all points P + tH for
0<t<1. Then

g)=f(P+H) and  ¢(0) = f(P).

We can use Taylor’s formula in one variable applied to the function g
and we know that

9(1) =g(0) + 40 + 77 + R,

9"(0)
2
Observe here that ¢'(0) and g”(0) should be multiplied by

a-0=1,

so this factor does not show up explicitly in the present case. The re-
mainder term R; has the form

1
— — 43)
R3—3!g ()

for some number 7 between 0 and 1. We shall now express g'(t), g"(t)
and ¢"(0) in terms of the partial derivatives of f, and thus obtain the
first two terms of the Taylor formula for f itself.

First we have

d
g0 = 7 f(P +tH)

=grad f(P+ tH)-H
=D,f(P+tH)h+ D, f(P + tH)k.

Hence

g'(0) =D, f(P)h + D, f(P)k.

Next we have the problem of finding the second derivatives g”(t) and
g"(0). This can be messy if we haven’t the right notation. Let us write

(1) g'(t) = hD, f(P + tH) + kD, f(P + tH).
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If we let f, = hD,f + kD, f, then we may rewrite
g'(t) = f(P + tH).

This is very convenient, because we can take one more derivative exactly
as we took the first derivative:

d d
"t)=—g@t) = fL(P+tH
g'0) =~ 9O = /1P + tH)
by using the chain rule again, or simply by using what we had proved
previously, applied to the function f; instead of f.
If we now substitute the definition of f;, we find:

hD, f, + kD, f; = hD(hD,f + kD, ) + kD,(hD, f + kD, f)
= h®D3f + 2hkD,D, f + k*D3f.

In other words we have proved:

)

g'(t) = h2(D2f)(P + tH) + 2hk(D,D, f)(P + tH) + k*(D3 f)(P + tH).

Remark. There is an even better notation to express this result. Sup-
pose we “factor” and write

fi =D, + kD,)f.
Then formula (1) can be written in the form

d
Ef(P + tH) = ((hD, + kD) f)(P + tH) = f,(P + tH).

Therefore, applying what we have just done to the function f;, we let

fz = (hD1 + sz)fn

and we find

d
afl(P + tH) = (kD + kD,)f,)(P + tH) = f,(P + tH).
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But substituting the definition of f; in terms of f, we find

2
(%) f(P + tH) = (hD, + kD,)(hD, + kD,)f)(P + tH).

It is now irresistible to use power notation, and write
(hD, + kD,)(hD, + kD,)f = (hD, + kD,)*f.

Thus (2) can be written in the form,

2
g'(t) = (%) f(P +tH) = ((hD, + kD,)*f }(P + tH).

If you expand out (hD, + kD,)* as if you were working with numbers or
polynomials, you find

(hD, + kD,)?* = h*D? + 2hkD,D, + k*D3.
In §4 and §5 we shall justify working formally like that in general.

In any case, if we now plug in (1) and (2) into the one-variable for-
mula

g9"(0)
21

9(1) = 9(0) + ¢'(0) + + Rs,

we have found the several variable version concerning f, namely:

Taylor’s formula with remainder R;:

f(P + H)=f(P)+ D, f(P)h + D, f(P)k
+ 3[D3f(P)h* + 2D, D, f(P)hk + D3 f(P)k*]
+R,.

This is a convenient way of writing P without coordinates. If we put in
the coordinates with P = (p,, p,), then the formula reads:

f(py +hpy+ k)
=f(p1, P2) + D1f(p1; p2)h + D2 f (p1, P2)k
+ $[h2D2 f(py, P2) + 2hkD (D, f(p1, p2) + kD3 f(p1, P2)]
+ R;.
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The term
D, f(p1, p2)h + D, f(p1, P2k

is called the term of degree 1. The second term is called the term of de-
gree 2 in Taylor’s formula.

Remark. The above arguments also work quite generally in more
than two variables. We simply let

P=(py,----0w) and H = (hy,...,h,).
Instead of hD, + kD, we then have h,D, + --- + h,D,, and so on.
Example 1. Find the terms of degree <2 in the Taylor formula for

the function f(x, y) = log(l + x + 2y) at the point (2, 1).
We compute the partial derivatives. They are:

1) =1log5,
L D= =L@,
L Dofe.D=3=2 ),
DU = - iy PU@D= =k,
D=~ Gy DH@D- —24—5——21 @,
DD, f(x,y)= — m’ D,D,f(2,1)= — ~22§ = 8)862]5; 2,1).
Hence

1. 2
f(2+h,1+k):log5+<§h+5k)

1 1 4 4
—| —=ch*— ——hk — —_k* |+ Rs.
+2![ 25 25 25 ]J“ >

When h, k are small, then R; is very small compared to the terms of
degree 1 and 2 in the middle, so these terms give a good approximation
to the function.
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We are used to writing f(X) = f(x, y), where x, y are the variables in
2-dimensional space. Then we have the relations

X=P+H x=p+h y=p+k
H=X—P9 h:x_pb k=y—P2

Therefore we can rewrite the terms of degree <2 in the Taylor formula
for the function

f(x,y) =log(1 + x + 2y) at the point (2, 1)

in the form:
1
S0 = f(53) =10g 5+ 5 (= 2) + 56— 1)

1 1 4 4
| ——(x =22 — " (x — — 1D = —(v—1)2
+2![ =2 = L=y =D = 2= 1) ]
+ R;.
In terms of general coordinates for P, that is P = (p,, p,), the formula
has the form:

f(x: y) =
J(P)+ Dy f(P)x — p1) + Do f(PXy — p2)
+ 3[DIf(PX(x — py)? + 2D D, f(P)(x — p)(y — p2) + D3 f (P)Xy — p2)*]

+R;.

Just as we did in one variable, when we work with the point
P = (0,0), and expand a function near the origin, then we write x, y in-
stead of h, k, and in that case we may rewrite the Taylor formula with

R; as follows:

f(x,y)=£0,0) + Dy f(0,0)x + D, f(0, O)y
+ 3[D}£(0, 0)x* + 2D, D, f(0, 0)xy + D3 £(0, 0)y”]

+R3.

Example 2. Let P = (0,0). Find the Taylor formula with R; for the
function
f(x, y) =log(l + x + 2y).
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We had computed the partial derivatives in general in Example 1.
Here we substitute (0, 0) to find:

D,f(0,0)=1, D,f(0,0)=2,
and so forth. Then

f(x,p) = x+ 2y — 3[x* + 4xy + 4y°] + R;.

Vi, §1. EXERCISES
Find the terms up to order 2 in the Taylor formula of the following functions
(taking P = 0).

1. sin(xy) 2. cos(xy) 3. log(1 + xy)

4. sin(x? + y?) 5. ¥ty 6. cos(x? + y)

7. (sin x)(cos y) 8. e*siny 9. x + xy + 2y?

10. In each one of Exercises 1 through 9, find the terms of degree <2 in the
Taylor expansion of the function at the indicated point.

1. P=(1,7) 2. P=(1,7) 3. P=(23)
4. P = (/n,/m) 5. P=(1,2) 6. P = (0, )
7. P =(n/2, m) 8. P=Q,n/4) 9. P=(,1)

VI, §2. THE QUADRATIC TERM AT CRITICAL POINTS
If the point P is a critical point of f, that is,
D, f(P)=0 and  D,f(P)=0,

then the terms involving the first power of h and k vanish, and the

Taylor expansion involves only the terms having the second power of A,
k, so that it reads:

S(py+ h,py + k) = f(py, p,) + q(h, k) + R,

where

q(h, k) = 3[D? f(P)h* + 2D, D, f(P)hk + D3 f(P)k?].
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Definition. At a critical point, this expression g(h, k) is called the
quadratic form associated with the function at the point P.

Again letting X = P+ H and H = X — P, at a critical point, we have

f&X)=

f(P) + 3[D1f(PY(x — p1)* + 2D, D, f(P)Y(x — py)(y — p) + D3 f(P)(y — p,)*]
+R,.

Example 1. Let f(x,y) =x — x3y + y> Find the critical points, and
find the associated quadratic forms.
We have

0
lz 1 — 3x2y,

of 3
o o —x° + 2y.

A critical point occurs precisely when

x3 =2y and 3x2y = 1.

We can solve for x and y, and get y = x3/2 so x> = 2/3. Hence there is
exactly one critical point

“(6) sam)=(6) 00 )

To find the quadratic form, we compute further derivatives:

2 4/5
D2 f(x,y) = —6xy so Dif(P)= —3(3) 5

D3 f(x,y) =2 so  Dif(P)=2,

2 2/5
D,D,f(x,y) = =3x* 5o DIDZf(P)=—3<§> '

Then the quadratic form is

1 2\ 4/5 2\ 2/5
— | =3(2) m2—6[Z) hk+2k*|
=3[ 5] e =efG) meeae]

It is often the case that the origin itself is a critical point. Further-
more, we can always achieve this by a change of coordinates, e.g. by us-
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ing the new coordinates
X=x—p; and Yy =y—p,.

If P =(0,0) is the origin itself which is a critical point, then we have

f(x,y)=f(0,0) + g(x, y) + Ry

where

q(x, y) = 3[D}f(0)x* + 2D, D, f(O)xy + D3 f(0)y*].

Definition. This function g(x, y) is called the quadratic form associated
with f at the point O, whenever O is a critical point of f.

Example 2. Let f(x, y) = e~ ***¥. Then it is a simple matter to verify
that
grad f(0,0) = 0.
We let P = (0, 0) be the origin. Standard computations show that
Dif(0)= -2, DD,f(0)=0, Dif(0)= —2.

Substituting these values in the general formula gives the expression for
the quadratic form, namely

q(x, y) = —(x* + y?).

In general, let P = (py, p,). Suppose that P is a critical point. Let
x=p;+hand y=p, + k. From the expression

S, 9) =f(P) + q(h, k) + R,
it can be shown that the remainder R, is much smaller than the quad-

ratic form q(h, k), which gives a good approximation to f near the
point P.

Application to local maxima and minima

Definition. The point P is a local maximum for the function if there
exists some open disc U centered at P such that we have

f(P)= f(X) forall XinU.
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Similarly we define a local minimum when f(P) < f(X) for all X in U.

Taking a small open disc U centered at P amounts to considering the
value

f(py+ h,py +k)

for small numbers h, k.
Suppose that P is a critical point, and
f(x,y) =f(P)+ q(x — py, y — p2) + Rs.
After a change of coordinates, suppose P is the origin, so P = (0,0). Then
f(x,¥) = f(0,0) + q(x, y) + Rs.

We shall study q(x, y) algebraically in the next section. If g(x, y) is non-
degenerate in a suitable sense, then it represents the function approxi-
mately near the origin, and the behavior of f(x, y) near (0, 0) is the same
as the behavior of g(x, y) as far as being a local maximum or minimum.
The precise theorem will be stated in the next section when we have the
terminology.

We shall now describe the level curves for some quadratic forms to
get an idea of their behavior near the origin.

Example 3. g(x, y) = x2 + y2. Then a graph of the function q and the
level curves look like those in Figs. 1 and 2.

Level curves

Graph of 22412

Figure 1 Figure 2
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In this example, we see that the origin (0,0) is a local minimum point
for the form.

Example4. g(x,y) = —(x* + y*). The graph and level curves look
like Figs. 3 and 4:

Figure 3 Figure 4

The origin is a local maximum for the form.

Example 5. q(x, y) = x> — 2. The level curves are then hyperbolas,
determined for each number ¢ by the equation x? — y? = ¢:

Figure 5

Of course, when ¢ =0, we get the two straight lines as shown (Fig. 5).
The origin is called a saddle point in this case.
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Example 6. q(x, y) = xy. The level curves look like the following
(similar to the preceding example, but turned around):

c<0 c>0

c>0 c<(0

Figure 6

In Examples 5 and 6, we see that the origin, which is a critical point,
is neither a local maximum nor local minimum. It is called a saddle
point, because if you think of the graph of the function, it looks like a
saddle.

In the next section, we study more general quadratic forms. The ones
above are typical.

VI, §2. EXERCISES

1. Let f(x, y) = 3x% — 4xy + y%. Show that the origin is a critical point of f.

2. (a) More generally, let a, b, ¢ be numbers. Show that the function f given by
f(x, y) = ax? + bxy + cy® has the origin as a critical point.
(b) Find the quadratic form g(x, y) associated with f(x, y) at the point (0, 0).

3. Find the quadratic form associated with the function f(x, y) in the following
cases, at the critical points P.

(@) x? +4xy — y* — 8x — 6y (b) x + ysinx
© (x+ye™ d) x**

() x*+y? € (x—y*

(g) xsiny (h) x2 +2y*> —x

4. Sketch the level curves for the following quadratic forms. Determine whether
the origin is a local maximum, minimum, or neither.
(@) q(x,y) = 2x* — y? (d) g(x, y) = 3x* + 4y*
© g(x,y) = —(4x* + 5y%) (A g(x,y) = y* = x*
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@ q(x,y)=2y*—x* (f) g(x,y) = y* — 4x?
®) q(x,y) = —(3x* + 2y?) (h) g(x,y) = 2xy

VI, §3. ALGEBRAIC STUDY OF A QUADRATIC FORM

In trying to determine whether a critical point is a maximum or mini-
mum, we are led to study algebraic expressions like

q(x, y) = ax? + bxy + cy?,

whose coefficients a, b, ¢ are numbers. As we mentioned in the preceding
section, such an expression is called a quadratic form. Its value at (0, 0)
is

q(0,0) = 0.

It is easy to see that all the first partial derivatives vanish at the origin
0, 0), ie.

% and %
0x dy

evaluated at (0,0) are equal to 0. Thus the origin is a critical point of
q(x, y)-

We wish to determine whether the origin is a maximum, minimum, or
neither (in which case it may be a saddle point).

First observe that on the line y = 0 we have the value

q(x, 0) = ax?.
If a #0, then q(x,0) is positive if a >0 and negative if a <0 for all

values of x # 0 because x2 > 0.

Similarly, on the line x = 0 we have the value g(0, y) = cy®. A similar
behavior occurs if ¢ # 0. If both a = ¢ = 0, then

q(x, y) = bxy.

If k is a constant # 0 then q(x, y) = k represents a hyperbola, which we
know how to graph.
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We shall now analyze the behavior when a #0 by completing the
square. Remember that one can define an ellipse as a stretched out cir-
cle. More precisely, consider the equation

2 2
il
a b
We let
X =au and y = bv.

Then in terms of the (u, v)-coordinates the equation is that of a circle
w02 =1.

Thus the ellipse is the dilation of a circle in one direction by a factor of
a, and in the other direction by a factor of b. We shall carry out a simi-

lar analysis to reduce the study of a quadratic form to the standard ex-
amples:

q(x9 Y) = uv, or q(x9 J’) = uZ + 1'729 or ‘Z(X, J’) = u2 - 02’

in terms of suitable coordinates (u, v). First we carry out a numerical ex-
ample.

Example 1. Let g(x, y) = 3x? — 4xy — 4y>. We want to write
q(x, y) = 3(x — s5)2 — 3s2 — 4y,

This is known as completing the square. What does s have to be? In-
spection and algebra shows that s = 2y/3. Therefore
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Then in terms of (4, v) the quadratic form can be expressed more simply
as

qa(x, y) = u* — v*
In the (u, v) coordinates, the level curves are

u? — v? = k with k constant,

and so are hyperbolas, for all values of k, positive or negative. Observe
that the new coordinates (u, v) represent a shearing effect with respect to
the (x, y)-coordinates, as well as a dilation due to the factors \/5 and
4/\/3. But the origin (0,0) with respect to the (x, y)-coordinates cor-
responds to the origin (0, 0) with respect to the (u, v)-coordinates. Since
the level curves are sheared hyperbolas, the function ¢(x,y) does not
have a local maximum or local minimum at the origin, because the func-
tion u?> — v does not. Changes in coordinates of the above type are
studied systematically in courses in linear algebra.

Instead of using special coefficients, we can carry the same argument
in general, with any quadratic form

q(x, y) = ax* + bxy + cy>.
We suppose a > 0. Then

b \? b2
a<x+—‘;y> = ax? + bxy + — y%.

2 4a
Therefore
b \?* »? ) )
q(x, y) = a<x + %y> “ag) T
ol x4 b 2 b®—dac
2ay 4a y-
We let:

arbitrary  if b?2 — 4ac = 0,

Jb*—4

Ja b 2i“cy if b2 — 4ac > 0,
u= a<x+iay>, v=

S4ac — b2

VIO i b — dac < 0.

2

>

>
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Then in terms of the (u, v)-coordinates we have the following table:

Ifa > O then:
u? if b2 —4ac =0, min for q,

a(x,y) =yu* —v* if b* —4ac >0, so (0,0)is { saddle point for q,
u* + 0% if b> —4dac <0, min for q.

is

Definitions. We define the discriminant to be b2 — 4qc.

We define the quadratic form to be non-degenerate if its discriminant
# 0, that is if b2 — 4ac # 0.

Theorem 3.1. Let q(x, y) = ax® + bxy + cy? be a quadratic form. As-
sume a > 0.

Case 1. If b*> — 4ac = 0 then the origin is a local minimum.
Assume next that the discriminant is # 0, that is q is non-degenerate.

Case 2. If b*> — 4ac > 0 then the origin is neither a local maximum nor
a local minimum. It is called a saddle point.

Case 3. If b®> — dac < O then the origin is a local minimum.

Proof. We can read these properties from the expression of the quad-

ratic form in terms of the (u, v)-coordinates. The square of a non-zero
number is always positive. From the known level curves in the three
cases, the behavior of g(x, y) is precisely as asserted in the theorem.

Observe that in Case 1, the quadratic form has value 0 whenever

u = 0, that is whenever (x, y) lie on the straight line

b
—y=0.
x+2ay

In any case, we have g(x,y) = 0 for all (x, y), because g(x, y) is a perfect
square. This shows explicitly how the origin is a local minimum.

In Case 3, we have q(x,y) =u>+v% so q(x,y)=0 for all (x,y).

Again we see directly that (0, 0) is a local minimum.
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Observe that Case 1 and Case 3 are precisely those cases when we
have

q(x,y) =0 for all (x, ).

In Case 2, we may have g(x,y) >0 for some values of (x,y), and
g(x, y) < 0 for other values, as one sees in terms of the (u, v)-coordinates.
Thus Theorem 3.1 may be interpreted by saying:

The origin is a local minimum for f if and only if q(x,y) Z 0 for all

(x, ).
This is analogous to the second derivative test for functions of one vari-
able.

In the above discussion we took, a > 0 for concreteness. If a <0 we
can apply the discussion to —g(x, y) to obtain the analysis of the behav-
ior. Thus g(x, y) has a local maximum at (0,0) if and only if —g(x,y)

has a local minimum. Furthermore, the discriminant is the same in both
cases, because of the sign relation (—1)(—1) = +1.

Example 2. Let
q(x, y) = —3x% + 5xy — Ty~
Here a = —3 is negative. Put
q1(x, y) = 3x* — 5xy + Ty* = —q(x, y).
The discriminant is
b> —4ac=25-4.3-7= —59 <0.

The quadratic form g, has a local minimum at the origin. Therefore the
quadratic form q = —q, has a local maximum.

Remark. I personally prefer to complete the square each time than to
memorize the conditions under which there is a local max or local min,
because of the possibility of getting the signs mixed up.

Finally suppose we deal with an arbitrary function f(x, y), which has
a critical point at (0,0) and has the Taylor expansion

f(x’ y) = f(Oa 0) + q(x’ y) + Ra(x’ y)
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For small values of (x y) the error term Rj(x, y) is very small compared
to gq(x, y), provided that g(x, y) is non-degenerate. Thus the level curves
of f will be small perturbations of the level curves of g(x, y). We do not

go into a formal discussion of this, but only state the relevant theorem
after making a definition.

Definition. A critical point P of f is said to be non-degenerate if the
quadratic form g of f at P is non-degenerate.

Theorem 3.2. Let f have continuous partial derivatives of order 3. Let
P be a non-degenerate critical point of f, and let q be the quadratic
form of f at P. Then f has a local maximum or local minimum or sad-
dle point at P according as the quadratic form has a local maximum or
local minimum or saddle point.

Example 3. Let
J(x,y) =log(1 + x? + y?).

Find whether the origin is a local maximum or minimum, or neither.
We compute the first partial derivatives:

o _ 2x and g——Lj
Ox 14+ x>+ y? dy 14 x*+y?

We see that the origin is a critical point because
D,f(0,0)=0 and D, f(0,0)=0.
Now we compute the second partial derivatives:

Pf _ 21+ X7 +y%) — (2x)(2x%)

ox? (1 + x2 + y?)?
Pf 201+ X7+ %) — @)2)
ay? (1 + x% + y?)?
P —o)
oxdy (14 x2 + y?)?
Hence
D,D,f(0,0) =0
and

D2£(0,0) =2 = D2£(0,0).
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The quadratic form is
q(x, y) = 32x* +2y%) = x* + 2.
Either by inspection, or by noting that
b? —4ac=—-4<0
we conclude that the origin is a local minimum.

Example 4. Let f(x,y) = x — x>y + y. Find the critical points, find
the associated quadratic forms, and determine whether each critical point
is a local maximum, local minimum, or a saddle point.

The first part of this example was already worked out in §2, Example
1. We found that there is only one critical point P, and that the asso-
ciated quadratic form is

1 2 4/5 ) 2 2/5
=-| -3(% —6(Z) hk+2k?
q(h, k) 3 [ 3(3) h 6<3> + ]

The discriminant is

24/5 24/5
b2—4ac=9<§> +4-3-1<§> > 0.

Therefore the quadratic form has a saddle point at the origin, and f has
neither a local maximum nor a local minimum at the critical point. Ob-

serve in this case that
2 4/5
= -3/ = <0,
o= =(3)

in other words, a is negative. However, whether a is negative or positive,
if the discriminant b*> — 4ac > 0, then it is true in all cases that the origin

is a saddle point for the quadratic form, and hence for the function f
itself at the critical point.

VI, §3. EXERCISES
Determine whether the following quadratic forms have a maximum, minimum, or
neither at the origin.

1. 3x? — 4xy + y? 2. —4x% + xy + 5y?

3. 6x% + xy — 2y? 4. 3x? + Txy — y?

5. 2x% + 3xy + y? 6. x2 + 3xy + 4y?
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7. Find all critical points of the function

fO, ) =x2y+ > —y,

and determine whether they are local maxima, local minima, or saddle
points.

8. Let f(x,y)=x>+x>—y* + y% Find all critical points of f and determine
whether they are maxima, minima, or saddle points.

9. Find the critical points of the function
f(x,9) =16 + 4x + Ty — 2x% — y2.

State whether what you have found is a maximum or a minimum, and why
you think it is (ie. give a reason for your answer).

10. Find the critical points of the function:
(a) ye

—(x2+y?) ) xe ~**+y/2

and determine whether they are local maxima or minima, or saddle points.

11. Let f(x,y) = x*+ y* + 3xy* — 2x. Let P =(1,0). Then P is a critical point.
(a) Find the quadratic form of f at the point P.

(b) Determine whether P is a local maximum, local minimum or neither.
Give reasons for your answer.

VI, §4. PARTIAL DIFFERENTIAL OPERATORS

The main point of this section is to acquaint you with the idea that one
can work with differential operators (having constant coefficients) just as
one works with polynomials. This will be applied in the next section to
Taylor’s formula.

We let as usual D;, D,, D, be the partial derivatives with respect to
the 3 variables under consideration. When dealing with two variables,
we then just consider D,, D,.

In general, suppose that we are given three positive integers m,, m,,
and m;. We wish to take the repeated partial derivatives of f by using
m, times the first partial D,, using m, times the second partial D,, and
using m; times the third partial D;. Then it does not matter in which
order we take these partial derivatives, we shall always get the same
answer.

To see this, we make repeated application of Theorem 4.1 of Chapter
III, which says that D,D, = D, D,, always assuming that f is sufficiently
differentiable, with continuous partial derivatives. This commutative law
applies to any pair of partial derivatives. Suppose we have a sequence of
partial derivatives, for instance

D,D3D,D,D,D,D,D;D,f.
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Using the commutative law, we can interchange any adjacent pairs of
partials. Thus for instance, using D;D, = D,D; we can push Dj to the
right, to get

D,DyD,D,D,D,D,D,D;f.

Then we interchange the D, which occurs in the second place succes-
sively with D, D,, D;, D, until we push this D; furthest to the right,
and find

D,D\D,D,D:D,D,D3D;f.

Then we interchange each D, with an adjacent partial, and push D, to
the right just before D;. We then end up with

D,D,D,D,D,D,D,D;D;f which we write D3}D3D3f.

In general, we can interchange any occurrence of Dy with D, or D, so as
to push D, towards the right. We can perform such interchanges until
all occurrences of D; occur furthest to the right. Once this is done, we
start interchanging D, with D, until all occurrences of D, pile up just
behind D;. Once this is done, we are left with D, repeated a certain
number of times on the left.

No matter with what arrangement of D,, D,, D; we started, we end
up with the same arrangement, namely

Dy---Dy Dy---D, Dy---Dsf,
my m, ms

with D, occurring m, times, D, occurring m, times, and D5 occurring m,
times.

Exactly the same argument works for functions of more variables.

We shall now describe a notation for iterated derivatives, which gener-
alizes the notation just given for two derivatives.

For simplicity, let us begin with functions of one variable x. We can
then take only one type of derivative,

D=—.
dx

Let f be a function of one variable, and let us assume that all the inter-

ated derivatives of f exist. Let m be a positive integer. Then we can
take the m-th derivative of f, which we once denoted by f™. We now

write it
d(d (if
DD---D 222,
S dx<dx <dx> >
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the derivative D (or d/dx) being iterated m times. What matters here is
the number of times D occurs. We shall use the notation D™ or (d/dx)™
to mean the iteration of D, m times. Thus we write

. d "
D™ or <E) f

instead of the above expressions. This is shorter. But even better, we
have the rule

D"D"f = Dm*rf

for any positive integers m, n. So this iteration of derivatives begins to
look like a multiplication. Furthermore, if we define D°f to be simply f,
then the rule above also holds if m, n are = 0.

The expression D™ will be called a simple differential operator of order
m (in one variable, so far).

Let us now look at the case of two variables, say (x, y). We can then
take two partials D, and D, (or d/0x and 9/dy). Let m,, m, be two inte-
gers = 0. Instead of writing

D,---D; D,---D,f 0 0 (0 of
S W . or — e — [ — == }... .
m, m, ox \0x\dy oy

V'

my m;

o\™/ o \™
DT'DYf or <a> (5) f.

For instance, taking m; = 2 and m, = 5 we would write

we shall write

DDif.

This means: take the first partial twice and the second partial five times
(in any order). (We assume throughout that all repeated partials exist
and are continuous.)

An expression of type

mi m2
DY'D3

will be called a simple differential operator, and we shall say that its
order is m, + m,. In the example we just gave, the order is 5+ 2=17.
It is now clear how to proceed with three or more variables.
If we deal with functions of 3 variables, all of whose repeated partial
derivatives exist and are continuous in some open set U, and if D,, D,,
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D, denote the partial derivatives with respect to these variables, then we
call an expression

R FAUEAEAS
12 o 0x, 0x, 0x,4

a simple differential operator, m,, m,, m; being integers = 0. We say that
its order is m; + m, + m;.

Given a function f (satisfying the above stated conditions), and a sim-
ple differential operator D, we write Df to mean the function obtained
from f by applying repeatedly the partial derivatives D,, D,, D;, the
number of times being the number of times each D; occurs in D.

Example 1. Consider functions of three variables (x, y, z). Then

AN AN AN
D={—)|=]|I=

) @)
is a simple differential operator of order 3+ 5+2=10. Let f be a
function of three variables satisfying the usual hypotheses. To take Df
means that we take the partial derivative with respect to z twice, the
partial with respect to y five times, and the partial with respect to x

three times.

We observe that a simple differential operator gives us a rule which to

each function f associates another function Df.

As a matter of notation, referring to Example 1, one would also write
the differential operator D in the form

510
D=—5s3
ox3 0y® 0z*

We shall show how one can add simple differential operators and
multiply them by constants.

Let D, D’ be two simple differential operators. For any function f we
define (D + D')f to be Df + D’f. If ¢ is a number, then we define (cD)f
to be c¢(Df). In this manner, taking iterated sums, and products with
constants, we obtain what we shall call differential operators. Thus a dif-
ferential operator D is a sum of terms of type

Dy D3DT,

where ¢ is a number and m,, m,, m; are integers = 0.
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Example 2. Dealing with two variables, we see that

LI LY
“ox T \ox) " "oxay

is a differential operator. Let f(x,y) = sin(xy). We wish to find Df. We
compute separately:

a 2
% =y cos(xy), l = y2(—s1n(xy))
;?Tf = y(—sin(xy))x + cos xy.

Adding these with the appropriate numbers, we get:

P AP |
Df(x,y)—3ax +5<ax> f—?‘[aa

= 3y cos(xy) + 5(—y? sin(xy))

—=a[ y(—sin(xy))x + cos(xy)].

We see that a differential operator associates with each function f
(satisfying the usual conditions) another function Df.

Let ¢ be a number and f a function. Let D; be any partial deriva-
tive. Then

Dicf) = cD,f.

This is simply the old property that the derivative of a constant times a
function is equal to the constant times the derivative of the function.
Iterating partial derivatives, we see that this same property applies to dif-
ferential operators. For any differential operator D, and any number c,
we have

D(cf) = cDf.
Further, if f, g are two functions (defined on the same open set, and

having continuous partial derivatives of all orders), then for any partial
derivative D;, we have

D(f +¢g)=D;f + Dyg.
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Iterating the partial derivatives, we find that for any differential operator
D, we have

D(f + ¢g) = Df + Dg.

Having learned how to add differential operators, we now learn how
to multiply them.

Let D, D' be two differential operators. Then we define the differential
operator DD’ to be the one obtained by taking first D’ and then D. In
other words, if f is a function, then

(DD")f = D(D).
Example 3. Let

0 0 0 0
= _— - ,=— 4—'
D=3 P + 26y and D o + %

0 o\/ 0 0
=3 —+2—)—+4=
bb (3 ax ay><ax+ ay>
0\? 0 0 0\?
=3l — 14——+8{—) -
<6x> + 6x6y+ <6y>
Differential operators multiply just like polynomials and numbers, and
their addition and multiplication satisfy all the rules of addition and

multiplication of polynomials. For instance:
If D, D' are two differential operators, then

Then

DD’ = D'D.
If D, D', D" are three differential operators, then
D(D' + D"y = DD' + DD".

It would be tedious to list all the properties here and to give in detail
all the proofs (even though they are quite simple). We shall therefore
omit these proofs. The main purpose of this section is to insure that you
develop as great a facility in adding and multiplying differential opera-
tors as you have in adding and multiplying numbers of polynomials.

When a differential operator is written as a sum of terms of type

D} D}DYe,

then we shall say that it is in standard form.
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For example,

is in standard form, but

is not.
Each term

cDyDyDYs

is said to have degree m; + m, + m,. If a differential operator is ex-
pressed as a sum of simple differential operators which all have the same
degree, say m, then we say that it is homogeneous of degree m.

The differential operator of Example 2 is not homogeneous. The dif-
ferential operator DD’ of Example 3 is homogeneous of degree 2.

An important case of differential operators being applied to functions
is that of monomials.

Example 4. Let f(x,y) = x3y2. Then

D f(x,y) = 3x?y?, D2 f(x,y) = 2-3xy?,
Dif(x,y) = 6y?, Dif(x,y) =0.
Also observe that

D3D2f(x, y) = 3! 2L.

Example 5. The generalization of the above example is as follows,
and will be important for Taylor’s formula. Let

f(x,y) =x'yI

be a monomial, with exponents i,j = 0. Then

DiD4f(x,y) = il j!.

This is immediately verified, by differentiating x' with respect to x, i
times, thus getting rid of all powers of x; and differentiating y’ with re-
spect to y, j times, thus getting rid of all powers of y.
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On the other hand, let r, s be integers = 0 such that i #r or j#s.
Then

D'D3f(0,0)=0

To see this, suppose that r #i. If r > i, then differentiating r times the
power x' yields 0. If < i, then differentiating r times the power x' yields

ii—1)---(—r+Dxr,
and i —r > 0. Substituting x = 0 yields 0. The same argument works if

J#Ss.

Vi, §4. EXERCISES

Put the following differential operators in standard form.

1. (3D, + 2D,)? 2. (D, + D, + Dy)?
3. (D; — Dy)(Dy + D) 4. (D, + D,)’
5. (D, + D,)? 6. (D, + D,)*
7. 2D, — 3D,)D, + D,) 8. (D, — D3)(D, + 5D3)
0 a\3 0 0\?
4 10. [ 2—
o <6x + 6y> < + (?y)
0 0\? 0 0\3
11. k | h—
<0 + 6x) 12 < + k6y>

Find the values of the differential operator of Exercise 10 applied to the follow-
ing functions at the given point.

13. x2y at (0, 1) 14. xy at (1, 1)
15. sin(xy) at (0, 7) 16. ¢ at (0,0)
17. Compute DiD3 f(x, y) if f(x,y) is
(a) x°y* (b) x*y*
(© x*y* (d) 10x*y*
18. Compute D]D3f(0,0) if f(x, y) is
(a) x%y’ (b) 3x7y°
(c) 11x7y° (d) 25x8yt!

19. Let f(x,y) = 3x2y + 4x3y* — 7x°y*. Find
(a) D}D3£(0,0) (b) DID3£(0,0)
(c) DD, f(0,0) (d) DD, f(0,0)
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20. Let f(x,y,2) = 4x2yz® — 5x3y*z 4+ Tx®y'°27. Find
(a) D}D,D3£(0,0,0) (b) DID,D3f(0,0,0)
() D?D3°D}£(0,0,0) (d) D3D,D;£(0,0,0)

VI, §5. THE GENERAL EXPRESSION FOR TAYLOR'’S
FORMULA

Go back to §1, where we let

g@®) = f(P + tH) = f(p, + th, p, + tk).
We had found
€)) g'(t) =D, f(P + tH)h + D, f(P + tH)k.

We follow the same method as in §1, but with our new notation.
We rewrite (1) in the form

g'(t)=hD,f(P + tH) + kD, f(P + tH).

The expression hD, + kD, looks like a dot product, and thus it is use-
ful to abbreviate the notation and write

hD, + kD, = H-V.

With this abbreviation, our first derivative for g can then be written
[from (1)]:

g@)=H-V)f(P + tH).

This of course should read

g @) = (H-V)f )P + tH).

Let us take the second derivative. Let

fi=H-V)f.
Then

g @) = f1(P + tH).

By what we have shown,

@ G0 =0 fP 4 1) = (H V)P + o)

= ((H-VYH-V)f)(P + tH)
= ((H-VY’f)(P + tH).
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Now let
fz = (H‘V)Zf = (H'V)fl'
Then
d
3 g®(1) = i fo(P + tH) = ((H-V)f, )P + tH)

= ((H-V)(H-V))f (P + tH)
= ((H-V)¥f )P + tH).

It should be clear that you can keep on going this way. The higher de-
rivatives are determined by induction. We now state the theorem formal-
ly, and prove it by induction.

Theorem 5.1. Let r be a positive integer. Let f be a function defined on
an open set U, and having continuous partial derivatives of orders =r.

Let P be a point of U, and H a vector such that the line segment
P+ tH with 0 <t <1 is contained in U. Then

<§t>r f(P +tH) = ((H-VYf)P + tH).

In other words, let g(t) = f(P + tH). Then

g"(t) = ((H-VYf )P + tH).

Proof. The case r = 1 has already been verified. Suppose our formula
proved for some integer r. Let f, = (H-V)f. Then

g"(t) = f(P + tH).
Hence by the case for r =1 we get
g** () = ((H-V)f, )P + tH).
Substituting the value for f, yields
g0y = (H-V)H-VYf )P + tH) = (H- VY " )(P + tH),
thus proving our theorem by induction.

In terms of the d/0x and 8/0y notation, we see that

g = <h i +k i>rf(P + tH).
0x dy
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We repeat that this is equal to

a r
h—+k
( o y>f
evaluated at the point P + tH.

Theorem 5.2. Taylor’s formula. Let f be a function defined on an open
set U, and having continuous partial derivatives up to order r. Let P be
a point of U, and H a vector. Assume that the line segment

P+tH, 0<t<],

is contained in U. Then there exists a number t between 0 and 1 such
that

s+ =gy TV D)
: (r— 1!

CE V)’fr('P +H)

Proof. Taylor’s formula in one variable tells us that

g0 g" "0 | ¢"()
9D =9(0) +g @) + =~ +- +( PR N R

where 0 <7 < 1. Now let g(t) = f(P + H). Then by Theorem 5.1,

g(0) = (H-Vyf(P)

and
g7 () = (H-VYf(P + tH).

This proves Taylor’s formula as stated.

Rewritten in terms of the d/0x and 8/dy notation, we have

S+ hpy + k)= f(p1,p2) + <h~+k )f(pl,pz)+

1 0 o\ !
+(r—_1—)!<ha+k5> S(p1>p2)

0
1(hai+k )f(p1+rh P, + tk).
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The powers of the differential operators

a S
—+k
<h 0x + 6y>

are found by the usual binomial expansion. For instance:

0 \? 52 62
h—+k = h2 +k——
< O0x + 0y> 3 0y

)2 )
(2

In many cases, we take P = O and we wish to approximate f(x,y) by
a polynomial in x,y. Thus we let H = (x,y). In that case, the notation
0/0x and 0/0y becomes even worse than usual since it is very unclear in

taking the square
BEANS
ax " 73y

what is to be treated as a constant and what is not. Thus it is better to
write

(xDy + yD,)?,

and similarly for higher powers. We then obtain a polynomial expres-

sion for f, with a remainder term. The terms of degree <3 are as fol-
lows:

f06y) = f(0,0) + D, f(0,0)x + D, (0, O)y

1
+?![D 1£(0,0)x2 + 2D, D, £(0, 0)xy + D3£(0, 0)y?]

1
+3 [D3f(0,0)x* + 3D1D, f(0, 0)x’y + 3D, D3 £(0, 0)xy* + D3£(0, 0)y°]
+ R,.
In general, the Taylor formula gives us an expression

fG») = 10,0) + Gi(x,y) + - + G,_1(x, )) + R,
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where Gy(x, y) is a homogeneous polynomial in x,y of degree d, and R,
is the remainder term. We call

f(O, 0) + Gl(x’ Y) + e+ Gs(x, Y)

the polynomial approximation of f, of degree <s.
We write polynomials in one variable as sums

X' =co+ CyX + -0 + ¢, x"

-

13

In a similar way, we can write polynomials in several variables,

Glx,y) =Y ¥ c;x'yl.

i=0j=0

Let r, s be a pair of integers = 0. Then
DiD5G(0,0) = r! 5! c,q,

by the example at the end of §4. Hence we have a simple expression for
the coefficients of the polynomial,

_ DiD4G(0,0)
T

On the other hand, from the binomial expansion

o (M\ i meini pm—i
(xDy + yD,)" = Z<i>x'y”' DiD%™,

i=0

and the value of the binomial coefficient,

m\ m!
<i>"i!(m—i)!’

we find that
(xDy + yD,) z pipm-i
m! = l'(m — !
Consequently,
R IOSTOD - § o xy™ = Gl )

m! i
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is a polynomial in x, y, all its monomials have the same degree, and the
coefficients are given by

T T

The general Taylor polynomial of degree < s is therefore of the form

G(X,,V)= z cijxiyjs

i+jss

where the coefficients ¢;; are given by the above formula (). Again, Ex-
ample 4 at the end of §4 shows that the partial derivatives up to total
order s of this polynomial coincide with the derivatives of f, when eva-
luated at (0,0). Thus we may say:

The Taylor polynomial of a function f up to order s is that poly-
nomial having the same partial derivatives as the function up to order
s, when evaluated at (0, 0).

VI, §5. EXERCISES
1. Let f be a function of two variables. Assume that f(0) =0, and also that
f@P) = *f(P)
for all points P in R% Show that for all points P we have

(P-V)(0)

fP) ==

2. Let m be a positive integer. Let f be a function of two variables. Assume
that f(0) =0 and also that

J@P) =t"f(P)

for all points P in R%. Show that for all points P we have

1
J(P)=—1 (P-V)'f(0).

These exercises are generalizations of Exercises 4, 5, 6 in Chapter IV, §1.
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3. (a) Let f(x,y) =3x> — 2xy + 5y2. Verify that
f@x, ty) = £ (x, y).
(b) Let f(x,y) = 4x* + 3x>y — Tx2y? + 8y*. Verify that
fltx, ty) = t*f (x, y).

Functions f which satisfy the relation S(X) =t"f(X) for all ¢ and all X are
called homogencous of degree m.

4. Compute the Taylor expansion up to degree 3 of the functions
(@) e &**¥ (b) sin xy
around the point (0, 0).

5. (a) Find D{D$f(0,0) where f(x,y) = x°y° — x3y% + 5x*yS — xy.

(b) Find the Taylor expansion up to the terms of degree 2 for the function
f(x,y) = ye™ at the point P = (1, 1).

APPENDIX. TAYLOR’S FORMULA IN ONE VARIABLE

This appendix reproduces a quick proof of Taylor’s formula in one vari-
able, for those who need the review.

Theorem. Let f be a function which has n continuous derivatives on an
interval. Let a, b be numbers in the interval. Then there exists a
number ¢ between a and b such that

b — 2 b—ayt
SO = £@ + @b - + 2@ T 4 o ((,,%')1),

+ f(n)(c) M .

n!

Proof. We shall first prove the formula with a different form of the
remainder term, namely:

h— 2 b—ay" 1
16 = @+ f@6 = + £ 54+ @) ((—n_g)lT

+ R,

where

b (b=
o= [0 G
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We start with n =1, in other words, we start from the fundamental
theorem of calculus:

J) = fa) = J f'(@) dt,
SO

fb) = f(@ + Ry,
where R, has the predicted form. Then we integrate by parts, with
u= f'(t) and dv = dt.
Of course, we can put v =t, but v =t + constant will do just as well,

and one possible constant works better than others to achieve what we
want. We let:

du = fA(t)dt and v=—(b—1).

Thus the constant is —b. Then

b b
=—f'(tb -1t + J @b — 1) dt.

[note that there were two minus signs which cancelled]

= f'(@)(b — a) + R,,

where R, has the desired form.

Now we proceed stepwise, and integrate R, by parts. You should
carry out this step in full, and the similar step going from R; to R,.
Then you will be ready to follow the general step, which is called induc-
tion, going from step n to step n + 1.

Thus suppose we have proved the theorem up to step n, so we have
proved that

f(b) = the desired expression + R,

where

t)" 1

Y dt.

J S ""(t)
We let

)

u= "% and dv = D!

dt.
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Then v = —(b—1)"/n! (because n(n — 1)! = n!), and the minus sign is
there by the chain rule. Integrating R, by parts, we find:

+ [ €D
by

= f"a@) =+ R,.;,

b

o (B =)
_f( ’(t) T

a

where R,,; is the desired integral expression for the remainder. This
proves the formula with the integral form of the remainder.

We shall now prove that there is a number ¢ between a and b such
that

= r =

Since the n-th derivative f® is continuous, it has a maximum and a
minimum on the interval. Suppose now for simplicity that a < b. Let M
be the maximum of /™ on this interval, and let m be the minimum of
/™ on this interval. This means

mZfO <M for all t with a <t < b.

Then

G G-
om0

But the two integrals on the side can be evaluated, just as we found v
from dv in the preceding proof, and we get the inequality

ml= g -9
nl " n!

Therefore

R,
6=yt ="

m<

By the Intermediate Value Theorem, since f™ is continuous, there exists
some number ¢ with a £ ¢ £ b such that

f‘")(c) —Ri
— a)"/n!
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Multiply both sides by (b — a)"/n! to get the relation

N

This concludes the proof.

Remark. Of course, we don’t know anything about ¢ except that ¢
lies between a and b. However, Taylor’s formula is used by estimating
the remainder, and it is usually very easy to estimate R, although we
don’t know an exact value for R,. Such estimates show how good an
approximation the polynomial expression before R, gives to the func-
tion f.

If we let b — a = h, then we can write Taylor’s formula in the form

hn*l
(n—1)!

f@+ 1) = @+ [@h+ [P@ 5+ + [+ R,
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CHAPTER VII

Potential Functions

Review of notions which we have had so far.

We have met three types of associations, which we list systemati-
cally.

Functions, which associate numbers to numbers or numbers to
points for functions of several variables. For instance,

f(x,y) =sinxy — x%y
is a function of two variables, and its values are numbers.
Curves, which associate points in space to numbers. For in-
stance,
C) =2, %, ¢%)

is a curve in 3-space. Here ¢ is a number, but C(¢) is in R3.

Vector fields, which associate n-tuples to n-tuples (the same n).
For instance,

F(x,y) = (x*y, sin xy)
is a vector field on R2. Furthermore,
F(x,y,2) = (xz,y + z, €7%)
defines a vector field on R3.

Do not confuse these various notions.

Throughout this chapter, all functions, curves, and vector fields are as-
sumed to have continuous derivatives as needed.

We continue the train of thoughts started in Chapter IV, namely the
potential functions of vector fields.
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Vil, §1. EXISTENCE AND UNIQUENESS OF POTENTIAL
FUNCTIONS

Let U be an open set in R". Recall that a vector field is an association
F:U—->R"

which to each point P of U associates a vector F(P) as in Chapter 1V,
§s.

e e— o/

[ e

i
~——
Figure 1

If £ U >R is a function, then
F=grad f

is a vector field, and we have F(X) = grad f(X) for all X.

We are going to deal systematically with the possibility of finding a
potential function for a vector field. We begin with the case of two vari-
ables, which is typical. You should then be able to work out the case of
three variables as an exercise (the answer to which will actually be car-
ried out in the back of the book).

Definition. Let F be a vector field on an open set U. If ¢ is a differ-
entiable function on U such that F = grad ¢, then we say that ¢ is a
potential function for F.

One can raise two questions about potential functions. Are they
unique, and do they exist?

We consider the first question, and we shall be able to give a satisfac-
tory answer to it. The problem is analogous to determining an integral
for a function of one variable, up to a constant, and we shall formulate
and prove the analogous statement in the present situation.

We recall that even in the case of functions of one variable, it is not
true that whenever two functions f, g are such that

af _dg
dx  dx
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then f and g differ by a constant, unless we assume that f, g are defined
on some interval. As we emphasized in the First Course, we could for
instance take

1+5 if x <0,
x
fi) =

——x if x>0,
x

1
gx)=— if x#0.
x

Then f, g have the same derivative, but there is no constant C such that
for all x # 0 we have f(x) = g(x) + C.

In the case of functions of several variables, we shall have to make a
similar restriction on the domain of definition of the functions.

Let U be an open set and let P, Q be two points of U. We shall say
that P, Q can be joined by a differentiable curve if there exists a differenti-
able curve C(t) (with ¢t ranging over some interval of numbers) which is

contained in U, and two values of ¢, say ¢, and ¢, in that interval, such
that

Ct)=P and C(t,)=0.

For example, if U is the entire plane, then any two points can be
joined by a straight line. In fact, if P, Q are two points, then we take

C)=P+4Q—P), with 0<t=<1.

When ¢ = 0, then C(0) = P. When t = 1, then C(1) = Q.
It is not always the case that two points of an open set can be joined
by a straight line. We have drawn a picture of two points P, Q in an

open set U which cannot be so joined (Fig.2). Part of the segment lies
outside U.

Figure 2
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An open set U will be said to be connected if, given two points P, Q
in U, there exists a differentiable curve in U which joins the two points.
We are now in a position to state the theorem we had in mind.

Theorem 1.1. Let U be a connected open set. Let f, g be two differenti-
able functions on U. If grad f(X) = grad g(X) for every point of U,
then there exists a constant k such that

f(X)=9(X) +k

for all points X of U.

Proof. We note that grad(f — g) = grad f— grad g = O, and we must
prove that f — g is constant. Letting ¢ =f— g, we see that it suffices to
prove: If grad ¢(X) = O for every point X of U, then ¢ is constant.

Let P and Q be any two points of U. Let X(t) be a differentiable
curve joining P to Q, which is contained in U, and defined over an inter-
val. The derivative of the function @(X(t)) is, by the chain rule,

do(X
—g”(dti)) = grad o(X(1) - X'(0).

But X(¢) is a point of U for all values of ¢ in the interval. Hence by our
assumption, grad (X(¢)) = O, and so the derivative of (X (¢)) is O for
all ¢t in the interval. Hence there is a constant k such that

o(X(®) =k

for all ¢ in the interval. In other words, the function ¢ is constant on
the curve. Hence @(P) = ¢(Q). This proves the theorem.

Our theorem proves the uniqueness of potential functions (within the
restrictions placed by our extra hypothesis on the open set U). ,

We still have the problem of determining when a vector field F admits
a potential function.

We first make some remarks in the case of functions of two variables.

Let F be a vector field (in 2-space), so that we can write

F(x,y) = (f(x, y), 9(x, )

with functions f and g, defined over a suitable open set. We want to
know when there exists a function ¢(x, y) such that

0
%zf and % _

ox dy g
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Such a function would be a potential function for F, by definition. (We
assume throughout that all hypotheses of differentiability are satisfied as

needed.)
Suppose that such a function ¢ exists. Then

0 0 [0
of _0 (%) a4 Y9_09 (%)
dy 0Oy\0x Ox 0x\ 0y
By Theorem 4.1 of Chapter III, the two partial derivatives on the right
are equal. This means that if there exists a potential function for F, then

QI: @9 that is D,f=Dg.
dy 0Ox

This gives us a simple test in practice to tell whether a potential function
may exist.

Theorem 1.2. Let f, g be differentiable functions having continuous par-
tial derivatives on an open set U in 2-space. If

P that is if D,f# Dyg,

then the vector field given by F(x, y) = (f(x, y), g(x, ¥)) does not have a
potential function.

Example. Consider the vector field given by

F(x, y) = (x?y, sin xy).

Then we let f(x, y) = x?>y and g(x, y) = sin xy. We have:

24 d iz
dy X an 0x

Since 0f/dy # 0g/0x, it follows that the vector field does not have a po-
tential function.

= y COS X}.

. We shall prove in §3 and §6 that the converse of Theorem 1.2 is true
in some very important cases.

VII, §1. EXERCISES

Determine which of the following vector fields have potential functions. The vec-
tor fields are described by the functions (f(x, y), g(x, y)).

1. (1/x, xe*) 2. (sin(xy), cos(xy))
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3. (e¥, &) 4. 3x*y?, x3y)

X
. 6. (———> 3xy2>
5. (5x*y, x cos(xy)) ( x* +y?

VI, §2. LOCAL EXISTENCE OF POTENTIAL FUNCTIONS

We shall state a theorem which will give us conditions under which the
converse of Theorem 1.2 is true.

Theorem 2.1 (In dimension 2). Let f, g be differentiable Junctions on an
an open set of the plane. If this open set is the entire plane, or a rec-
tangle, if the partial derivatives of f, g exist and are continuous, and if

of _ g .
- o that is D,f=Dg,

then the vector field F(x,y) = (f(x,y), g(x,y)) has a potential function.

We shall indicate how a proof of Theorem 2.1 goes after we have dis-
cussed some examples.

Example 1. Determine whether the vector field F given by
F(x,y) = (e, e*"?)

has a potential function.
Here, f(x,y) = e® and g(x, y) = ¢**>. We have:

d
— = xe™ and 99 _ ot
dy 0x

Since these are not equal, we know that there cannot be a potential
function.

If the partial derivatives df/0y and dg/0x turn out to be equal, then
one can try to find a potential function by integrating with respect to
one of the variables. Thus we try to find

J f(x, y)dx,
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keeping y constant, and taking the ordinary integral of functions of one
variable. If we can find such an integral, it will be a function ¥(x, y),
whose partial with respect to x will be equal to f(x,y) (by definition).
Adding a function of y, we can then adjust it so that its partial with re-
spect to y is equal to g(x, y).

Example 2. Let F(x,y) = (2xy, x> + 3y?). Determine whether this vec-
tor field has a potential function, and if it does, find it.
By definition, we have

SOoy)y=2xy and  g(x,y)=x*+3)%
We find at once that D,f = D,g, so a potential function exists and we

want to find it. We thus want to find ¢(x, y) such that

——=2xy  and = x2 + 3y~

o
dy
We first solve the problem with respect to x, and thus it is natural to
use the integral

Jny dx = x?y.

However, we may add to this integral any function of y alone, because y
behaves like a constant with respect to x. Thus it is natural to let

o(x,y) = Jny dx + u(y) = x*y + u(y),

with some function u(y) which is unspecified for the moment. Then cer-
tainly

0
9% _ 2xy because ou) =0.

0x 0x

0
So half of our problem is solved. There remains to check a_qo We have
y

dp ,  Ou
oy ¥ Ty

and we require that d¢p/dy = x* + 3y?. For this it suffices that

ou _
ﬁy_

2

3y%,
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and therefore it suffices that

u(y) = J3y2 dy =y,
so our final solution is

o(x,y) = x*y + y*

which is a potential function for F.

The analogue of Theorem 2.1 is also true in arbitrary dimension. We
state it in dimension 3.

Theorem 2.2. Let F =(f,, f,, f3) be a vector field on a rectangular
box in 3-space, such that the functions J1:.f2,f3 have continuous partial

derivatives. Assume that D, fi=D;f; for all pairs of indices i, j. This
means

D,f,=D,f:, D.f; =D;f, D,fs3 =D;f.
Then F has a potential function.

The same statement is valid replacing 3 by n.

Warning. It is very important that the domain of definition of the vec-
tor field in Theorems 2.1 and 2.2 be a rectangle (or conceivably a quite
special type of open set, as discussed in the proof in §6). We shall see
later that for more general types of open sets, even if D, f; = D, f; for all
pairs of indices i, j we cannot necessarily conclude that there exists a po-
tential function.

In practice, suppose we want to find a potential function explicitly
when Theorems 2.1 and 2.2 are applicable, ie. when the vector field is
defined over a rectangular box. We first integrate f;(x, y, z) with respect
to x, and then the desired potential function ¢ will be of the form

(P(X, ya Z) = Jfl(x’ ya Z) dx + lp(y’ Z):

where Y(y, z) is independent of x. Note that we cannot write

Y, z) = w(y) + v(z)
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as a sum of a function of y alone plus a function of z alone. It might turn
out that W(y,z) might be y?z* for instance, which cannot be written as
such a sum.

Example 3. Find a potential function of the vector field

F(x, y, z) = (y cos(xy), x cos(xy) + 2yz°, 3y*z?).
We first find
f y cos(xy) dx = sin xy.
The potential function will have the form
o(x, y,z) = sin xy + Y(y, 2).

We note that

— sin xy = x cos(xy).
ay

Hence to satisfy the condition D,q(x, y,z) = x cos(xy) + 2yz> we need
only that

Integrating with respect to y yields

00,9 = (22 &y = 22 + e,

where u(z) is the “constant of integration” with respect to y, so
@(x, y, z) = sin(xy) + y°z° + u(z),

where u(z) depends only on z. However we now see that

00V°2) 302
0z

so we can take u(z) = 0, and the desired potential function is

o(x, y, z) = sin(xy) + y*z°.
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The hypothesis D;f; = D;f; guarantees that the above procedure can
be carried out to the end to yield the desired potential function. The
proof of this, i.e. the proof of Theorem 2.1 will be given in §5.

In some cases, we can tell the existence of a potential function from
another principle than that of Theorems 2.1 and 2.2

Example 4. Let r = \/x? + y? and let

e e
F(X, y) = <7X,7y>

Then F has a potential function, because we recall from Chapter IV, §4
that if f(X) = g(r), then

grad f(X) = @X.
We wish to solve

)

r

Il

~ | ®
<«

This amounts to solving g'(r) = e, so g(r) = e". Then

flx,y)=¢

is the potential function.

Of course this is also compatible with the method of Example 3, be-
cause 0r/0x = x/r and so

Jixdx=je'dr=e’.
,

VI, §2. EXERCISES

Determine which of the following vector fields admit potential functions.
1. (€%, sin xy) 2. (2x%y,y%)
3. (2xy, %) 4. (Px% x + y*)

Find potential functions for the following vector fields. We let r = || X| and
X#0.

1
5. (a) F(X) = %X () FX) = X

(c) F(X)=r"X (if n is an integer).
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10.

11.

12.

13.

14.

15.

. (4xy, 2x?) 7. (xy cos xy + sin xy, x* cos xy)
. (3x2y?, 2x3y) 9. (2x,4y%)
(@) (ye, xe™) (b) (¥ cos xy, x cos xy)

(c) 2xy cos x2y, x? cos x2y)
Let r= | X|. Let g be a differentiable function of one variable. Show that
the vector field defined by

g

r

FX)=""Xx

in the domain X # O always admits a potential function. What is this poten-
tial function?

Find a potential function ¢(x, y) for the vector field
F(x,y) = (3x%y + 2y%, x* + 4xy — 1),

with the property that ¢(1,1) = 4.

Find a potential function ¢ for the following vector fields F(x, y, z):

(a) (2x, 3y, 4z2) ®Y+z,x+z,x+Yy)

(©) (1%, xe*t 22, 2xe? " 2%) (d) (ysin z, x sin z, xy cos z)

() (z, xz + 23, xy + 3yz?) () (e, xze**, xye’®)

(8 (z% 2y, 2xz) (h) (yz cos xy, xz cos xy, sin xy)

) Pz+y 3xy*z+x+2 xy>+y)

Let ¢(x, y) = arctan(y/x), defined over any rectangle not containing the line
x = 0. What is grad ¢(x, y)?

Let F be a vector field on an open set in 3-space, so that F is given by three
coordinate functions, say F = (f}, f5, f3). Define the curl of F to be the vec-
tor field given by

0x, 0xy Ox3 Ox, 0%, 0x,

(curl F)(x,, xz,x3)=(% 0f, 0fi _0fs 9fs '6f1>.

Define the divergence of F to be the function g = div F given by

o, s o,

In terms of the D, notation, we can also write

curl F = (D, fy — D3 f5, D3 fy — Dy f3, D, f; — D, f)

and
div F=D,f; + D, f, + Ds f5.



194 POTENTIAL FUNCTIONS [VIL §3]

(a) Prove that div curl F = 0.
(b) Prove that curl grad ¢ = O, for any function ¢.

Remark 1. The condition on the vector field F expressed in Theorem
2.2 (for three variables) is equivalent to the condition

curl F = 0.

Indeed, curl F = O if and only if its three coordinate functions are 0, and
this is exactly equivalent with

D;f; = D,f; for i,j=1,23.
Remark 2. The divergence was defined purely algebraically above. It
has a very interesting physical interpretation, but we need more machin-

ery to be able to derive this interpretation. See the chapter on Green’s
theorem and the divergence theorem.

VIl, §3. AN IMPORTANT SPECIAL VECTOR FIELD

Consider the vector field

N =\ei v ey)

It can be drawn pictorially as follows. Suppose that we look at its value
on a circle of fixed radius r, and vary 6. Substituting

x=rcosf and y =rsin 6,
we find that

—sin@ cos @
bl

r r

G(x,y) = < > = %(—sin 6, cos 0).

On the other hand, let us parametrize the circle of fixed radius r by the
usual coordinates

C(6) = (r cos 0, r sin 8),
so that

C'(0) = (—rsin 6, r cos 6).
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Then we see that C'(0) and G(x, y) have the same direction, which is tan-
gent to the circle, counterclockwise. Thus the vector field consists of
forces which rotate around the circle, and has been drawn in Fig. 3.

Vg
Ve

-
[
vy I

~ N -

-

Figure 3

Note that

1
GG, M = " because [|(—sin 8, cos B)|| = 1.

When r = /x? + y? is very small, then ||G(x, y)|| is very large. The vec-
tor field may be viewed as representing the rotation of a fluid in a sink.
The fluid rotates much more rapidly near the point where the water
flows out, and rotates more slowly further away from that point.

Observe that this vector field is not defined at the origin. Indeed, the
vectors (arrow) have arbitrarily large norms as we get closer to the ori-
gin. The domain of definition is the plane from which the origin has
been deleted.

On the other hand, this vector field can be easily verified to satisfy the
condition

D,f=Dg.

Hence by Theorem 2.1, if R is a rectangle which does not contain the ori-
gin, then G has a potential function on R. It is easy to find this poten-
tial function. We begin by trying the integral

-y
J—xz Ty dx
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Since —y behaves like a constant when integrating with respect to x, this
amounts to finding
1
——— dx
J x? + y?

You should know how to do this from the first course in calculus, and
by a change of variables, you should know that this integral leads to an
arctangent. In any case, we are led to the function

o(x, y) = arctan Y,
b

defined at first over any rectangle which does not meet the line x = 0.
We assert:

@©(x, y) is a potential function for G on such a rectangle.
Proof. Take the partial derivatives. We find:

do_ 1 -y_ -y
ox 1+ @/x)? x> x*+y?

and

op 1 1 x

y 1+@xPx x4y

Thus ¢(x, y) is a potential function for G(x, y).

We emphasize that this potential function has been defined so far by
the above formula only on rectangles which do not meet the line x = 0.
However, we can do better than that, for this special vector field.

We recognize y/x = tan 0, where 0 is the usual angle as shown on the
figure (Fig. 4).

(,y)

Figure 4



[VIL, §3] AN IMPORTANT SPECIAL VECTOR FIELD 197

Let us delete a thin sector from the plane as shown on Fig. 5.

(z,y)

Figure 5

Let us define the function

o(x,y) =0,

where 60 is not allowed to range over the deleted part, so we can describe
the allowable range of values of 6 by an inequality

0<60L2n—c,
where ¢ is some small fixed number >0. Then ¢(x, y) is a potential func-
tion for G(x, y). For the values of x, y such that x >0, y = 0 we can use
the formula already given, namely

0 = arctan y/x.

On the line x = 0 we have, for instance,

00, y) = m/2 if y>0
0,y)=3m/2 if y<O,

and we also have the value
o(x,0)=mn if x<O.

It can then be easily verified that this function ¢(x, y) = 0 is a potential
function for the vector field G on the plane from which the shaded re-
gion has been deleted. On the half plane to the left of the vertical line
x = 0, this function 6 differs by a constant of integration from the func-
tion

arctan y/x.

When taking partial derivatives, this constant of integration vanishes.
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There is also a formula which will give the potential function 6 in the
whole half-plane with y > 0, excluding (0, 0), namely

X
= arccos —-

X

A direct differentiation with respect to x, and then with respect to y, will
give the first and second component of the vector field, that is

d , = -, — .
grad y(x, y) (x2 +y? x2 4+ y2>

Y(x, y) = arccos

Do it as an exercise. With this formula no constant of integration is
needed to get the potential function 6 with 0 < 0 < r.

Our construction of the potential function has been adapted especially
to the special vector field of this section, which has its own peculiar be-
havior.

The impossibility of finding a potential function for this vector field
over the whole plane from which the origin has been deleted should al-
ready be intuitively apparent, and will be proved in the next chapter by
considering integrals along curves. See Example 3, §3 of the next
chapter. Thus there is no coherent way of defining a potential function
on the whole domain of definition of the vector field.

Vil, §3. EXERCISES
1. Verify that the vector field discussed in this section satisfies the condition
D,f =D,g.

2. Verify that the function ¥(x, y) = —arctan x/y is a potential function of a vec-
tor field of this section on any rectangle not intersecting the line y = 0.

3. Verify that the function Y(x,y) = arccos x/r is a potential function for this
vector field in the upper half of the plane, where it is defined.

VII, §4. DIFFERENTIATING UNDER THE INTEGRAL

As already stated, this section gives some background for the proof of
Theorems 2.1 and 2.2.

Let f be a continuous function on a rectangle a<x=<b and
¢ <y <d We can then form a function of y by taking

b
Y(y) = J f(x, y)dx.
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Example 1. Let f(x, y) = sin(xy). We can then determine the function
¥ explicitly, namely:

Y(y) = fnsin(xy) dx = — cos(xy)|*=" _ _cos(my) —1
0 y x=0 y

Integrating sin xy with respect to x between definite numbers 0 and 7
has eliminated the variable x and left us with a function of y only.

We are interested in finding the derivative of ¢. The next theorem al-
lows us to do this in certain cases, by differentiating with respect to y
under the integral sign.

Theorem 4.1. Assume that f is continuous on the rectangle
as<x<h and cLy=sd

Assume also that D, f exists and is continuous. Let

b
Y(y) = J f(x,y)dx.

Then y is differentiable, and

Proof. By definition, we have to investigate the Newton quotient for
Y. We have

h h

a

Yo +R_40)_ [* [f(x, y+h)— £ y)} .

We then have to find

b
lim f(x, y + h) - f(xa Y) dx.
h—0 Ja h

It can be shown (but we omit the proof) that we can take the limit
under the integral sign, so we get

b —
J lim S5 Y P f(x,y)dxzrsz(x,y)dx’

a h-0 h a

thus proving our theorem.
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Example 2. Letting f(x, y) = sin(xy) as before, we find that

D, f(x, y) = x cos(xy).

If we let

Vo) = f :f(x, ) dx,

then

T 3

Dy(y) = f D,f(x,y)dx = [ x cos(xy) dx.

0 v O

By evaluating this last integral, or by differentiating the expression found

for ¥ at the beginning of the section, the reader will find the same value,
namely

DY) = — [—ny sin(n;\))z — cos(my) + %]

We can apply the previous theorem using any x as upper limit of the
integration. Thus we may let

Wix, ) = f “ry) d,

in which case the theorem reads

x

o _
a_y_D2lp(x,y) _J

a

sz(t,y)dt=fxmdt.
dy

a

We use ¢ as a variable of integration to distinguish it from the x which
is now used as an end point of the interval [a, x] instead of [a, b].

The preceding way of determining the derivative of y with respect to
y is called differentiating under the integral sign. Note that it is completely
different from the differentiation in the fundamental theorem of calculus. In
the fundamental theorem of calculus, we have an integral

g(x) = f “foy d,

and

d
22 = Dg(x) = ().
X
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Thus when f(x, y) is a function of two variables, and

Y(x, y) = J S y)dt,
the fundamental theorem of calculus states that

ZLA = Dllp(x9 y) = f(x: y)
X

For example, if we let

W(x, y) = J sin(ty) db,

a

then
Dllp(xa y) = Sin(XY)a
but by Theorem 2.1,

x

D,y(x,y) = f cos(ty)t dt.

0

Vil, §4. EXERCISES

In each of the following cases, find D,y(x,y) and D,y(x,y), by evaluating the
integrals.

x

LY, y) = J cos(ty) dt

0

1. y(x,y) = Jwe"' dt

1

N

H

&wnw=r@+owt .wa=fa“m

x

5wmw=fa“m

1

[o)}

.wmw=rﬁut
0

dt

o0

* ]
1wmw=f°%”

1

L Y(x,y) = stin(3ty) dt
1

Vil, §5. PROOF OF THE LOCAL EXISTENCE THEOREM
In this section, we prove Theorem 2.1.

We suppose that the vector field F is defined on a rectangle R and we
select any point (x,, yo) in the rectangle. We let F = (f,g) and assume
D,f=D;g. We wish to find a potential function ¢(x, y).
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(@,y)

(z0,¥0)

Figure 6

We first integrate f(x, y) with respect to x, and add an arbitrary function
of y, so we let

wmw=f3@wm+mn

By the fundamental theorem of calculus, we find

ou(y)
ox

dp 0 (~
o= | SC

=f(x,¥)
because du(y)/0x = 0. So

Dyo(x, y) = f(x, y)

as wanted. We now have to check D,¢(x,y). Using Theorem 4.1, and
differentiating with respect to y, we get:

x

D2(p(x, y) = ‘[

X0

ou
D,f(t y)dt + ay

x 0
= J D g(t, y)dt + 6_; (because D, f = D,g)

X0
x

ou
+_

=g(t,y) 2

X0

ou
= g(x, ¥) — g(xo, y) + ay

ou )
Since we want D, ¢ = g it suffices that —g(x,, ) + 6_y = 0, that is:

ou
F¥e g(xo, ¥)-
y
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Thus by the fundamental theorem of calculus, we let

Mﬁ=fﬂ%dﬂ%

Yo

to conclude the proof.

Observe that the additional function u(y) is also obtained as an inte-
gral, so we may write at once our function ¢(x, y) in the form

¢mw=jfmwm+fa%ma

Yo

Warning. Suppose that the vector field F is defined on an arbitrary
open set U, and that D,f = D,;g. Then we do not have a theorem assert-
ing the existence of the potential function, in general. It was essential in
the previous theorem to make additional assumptions on U, because we
needed to integrate over intervals when we took for instance

j D,f(,y)adt.

X0

In a more general open set U, the corresponding interval may not be
contained in U, as illustrated on the next picture (Fig. 7).

:l/—»-

Figure 7

In such a case, the proof cannot apply. In the next chapter, we shall
investigate the situation in more general open sets.
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If the open set is a disc, then the same proof does apply, and the cor-
responding picture is as follows (Fig. 8).

Figure 8

The proof would apply equally to any open set such that the analo-
gous line segments were contained in U, as drawn on the next figure
(Fig. 9).

Figure 9

The proof of Theorem 2.2 for functions of three variables proceeds
along entirely similar lines. Suppose F = (fy,f,,fs), and the three vari-
ables are x, y, z. Let (xq, yo, Zo) be some fixed point in the rectangular
box, and define

x y V-4
(P(X, Vs Z)= J fl(t, Vs Z)dt+ J fz(xo’ta Z)dt + J f3(x0, Yoo t) dt'
x0 yo zo
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Then
D,o(x, y,2) = f1(x, ¥, 2)

by the fundamental theorem of calculus applied to a function of one var-
iable x. We leave it to you as an exercise to verify that D, = f, and
D;¢ = f5. The complete proof will be given in the answers to the exer-
cises, but it is more profitable for you to try to work it out first without
looking it up.

Vil, §5. EXERCISE

Complete the proof of Theorem 2.2.



CHAPTER VI

Curve Integrals

Let F be a vector field on an open set U in the plane, as shown on the
figure. We interpret F as a field of forces.

Figure 1

Suppose we move a particle along a curve C(¢) in U. It is natural to ask
for the work done when moving the particle from a point C(t;) to a
point C(t,) along the curve. For instance the force field may represent
the wind, and the particle may be an airplane flying in the wind’s path.
The wind may be blowing in an entirely different direction, thereby hin-
dering the plane.

To find the work done against this force field along the curve, we
shall first take the component of the force along the curve. This is given
by a dot product, which becomes a function of time . We then integrate
this function along the curve, and interpret the result as the work. We
now discuss this systematically.
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VIil, §1. DEFINITION AND EVALUATION OF CURVE
INTEGRALS

Let U be an open set in n-space. As usual, the important cases will be
when n =2 or 3 but to cover these two cases, we must leave n unspeci-
fied. Much of what we say will be true in general.
Let F be a vector field on U. We can represent F by components.
When n = 2, we usually write

F(X) = (f(x, y), 9(x, »))-

When n = 3 we write

F(X) = (f1(X),£2(X), f5(X)),

each f; being a function, the i-th coordinate function. If each function
f1(X),...,fAX) is continuous, then we shall say that F is a continuous
vector field. If each function f(X),...,f(X) is differentiable, then we
shall say that F is a differentiable vector field.

We shall also deal with curves. Rather than use the letter X to de-
note a curve, we shall use another letter, for instance C, to avoid certain
confusions which might arise in the present context. Furthermore, it is,
now convenient to assume that our curve C is defined on a clesed inter-
val I = [a, b], with a < b. For each number ¢ in I, the value C(¢) is a
point in space. We shall say that the curve C lies in U if C(t) is a point
of U for all ¢t in I. We say that C is continuously differentiable if its
derivative C'(t) = dC/dt exists and is continuous. We abbreviate the
expression “continuously differentiable” by saying that the curve is a
C'-curve, or of class C*.

From now on, all vector fields will be assumed as differentiable as
needed wherever they are defined, and similarly all curves will be as-
sumed of class C* or as differentiable as needed. This will not be re-
peated to simplify statements of theorems.

Let F be a vector field on U, and let C be a curve in" U. The dot
product

dac
F(C@®) —=
GO
is a function of .
Example 1. Let F(x, y) = (e®, y?), and C(t) = (t,sin t). Then

C'(t)=(1,cost)
and

F(C®) = (e'*™, sin? ¢).
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Hence
F(C(1))- C'(t) = e**"* + (cos £)(sin? 1).

Definition. Suppose that C is defined on the interval [a, b]. We define
the integral of F along C to be

b dc
LF = L F(C(t))-E dt.

This integral is a direct generalization of the familiar notion of the inte-

gral of functions of one variable. If we are given a function f(u), and u
is a function of ¢, then

u(b)

b
7 du= [ yGato) % e

u(a)

(This is the formula describing the substitution method for evaluating in-
tegrals.) In n-space, let

P = C(a) and Q = C(b).

Then C(a) and C(b) are points, and the curve C is said to join these two
points. Thus the integral [ F can be interpreted as an integral of the
vector field, along the curve, between the two points. It will also be con-
venient to write the integral in the form

Q C(b)
J F= f F(C)-dC

pP,.C Ca -

to denote the integral along the curve C, from P to Q.

Warning. Do not confuse the numbers a, b which are the ends of the
interval over which the curve is defined, and the points

P =C(a) and Q = C(b),
which are the beginning point and end point of the curve itself.

The integral along the curve C from P to Q may depend on this
curve, and so it is essential to use the symbol for this curve in the nota-
tion of the integral

fQ F, or f F(C)-dC.
C

P,C
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Example 2. Let F(x, y) = (x*y,y%). Find the integral of F along the
straight line from the origin to the point (1, 1).
We can parametrize the line segment by

C@t)=(t1), with 0=<t=<1

Thus
F(C@) = @, ).
Furthermore,
dC
") =—=(1,1).
cw=""=@11
Hence

F(C(t))'(fz_f =213

This integral we must find is therefore equal to:

1 2t4
JF:j 23 dt = —
C 0 4

It is also convenient to introduce still another symbolic notation for
the integral of F over the curve C. In 2-space, suppose

F=(fg) and C@) =(x@)y®),

1

_1
)

0

8o f, g are the coordinate functions of F. We write

jF:dex+gdy.
C C

Symbolically, the expression on the right is the dot product

(f: 9)-(dx, dy).

The meaning of the symbolic notation for the integral is of course the
expression obtained by inserting the dt, namely,

b d d
J, [ ooy G + ot y0) & |

which is none other than

rF(C(t)) . ‘Z—f dt.
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Remark 1. Of the two notations,

Jq,F(C(t)) -C'(t) dt and _[ fdx + g dy,
a (o}

the second one is more useful for an actual computation of an integral,
since it exhibits already the dot product explicitly, and we just plug in
dx = (dx/dt)dt, dy = (dy/dt)dt. The first one is more useful in a theoreti-
cal context for the present. However, when we study Green’s theorem,
we shall find that the second notation is also more useful in the theoreti-
cal context of Green’s theorem. Only practice and experience can con-

vince you which notation should be used most efficiently in which
contexts.

Remark 2. Our integral of a vector field along a curve is defined for

parametrized curves. In practice, a curve is sometimes given in a non-
parametrized way.

The parabola. Consider the curve y = x?>. We may then set

x=t and y=t>%

This parametrizes the parabola in a definite way, with a definite orienta-
tion as shown on the figure.

The parabola:
xX=1

y=¢

Figure 2

In general, if a curve is defined by a function y = g(x), we select the pa-
rametrization.

x=t, y = g(t).
For a circle of radius r centered at the origin, we select the parametri-
zation

X =FrCost, y=rsint, 0<t=<2n

whenever we wish to integrate counterclockwise.
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For a straight line segment between two points P and Q, we take the
parametrization C given by

Ct)=P+tQ—P), 0=st=1

The context should always make it clear which parametrization is in-
tended. It can be shown that the integral is independent of the choice of
parametrization.

Example 3. Let us find the integral of the vector field
F(x,y) = (x*, xy)

over the parabola x = y? between (1, —1) and (1, 1).
We take the parametrization

y=t and x = t2, with —1<t<1
as illustrated on the figure (Fig. 3).

x=y2

(L1

(1L-1

Figure 3

Then dx = 2tdt and dy = dt, while f(x, y) = x* and g(x, y) = xy. Hence

JF=deX+gdy=fx2dx+xydy
c c c

1
=I t*2t dt + 3 dt
-1

2t6 t4 1

6+4 =0.

-1
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Example 4. Find the integral of the vector field

(Y X
G(x’y)_<x2+y2’x2+y2>

around the circle of radius 3 counterclockwise from the point (3,0) to

the point
3/33
2 72

We parametrize the circle by

x =3cos 6 and y=3sin6,

and the desired arc is given by the values of # such that

0=<6=<n/6.
(Y23
2’2
/6
(3,00
Figure 4

We know that 6 ranges from O to m/6 because

—3/2— = L = tan 7/6.
3./3/2 3
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We then have dx = —3sin 8 d0, dy = 3 cos 6 df, so that

[o-

The vector
Write

Also write

»

d

ch2+y2dx+x2+y2 Yy
rei6 3 g 3 cos

=350 3 gin0) a0 + 2222 (3 cos 0) do
Jo 9 9
rr/6

do = 7/6.
JOo

213

field of this example is very important, cf. Example 3 of §3.

x =rcos0 and y =rsin 0.

dx=%dr+2—;d0:cosedr—rsin0d0,
dy=@-;dr+a—yd0=sin@dr+rcos€d0.

or 00

We also have x* + y*> = r%.. Now we get:

You see

x2+y2

x
——dy = d6.
x+x2+y2 Y

this directly by making the substitutions

x=rcosf, y=rsinf

and using the expressions for dx, dy in terms of dr and df as above. This
is simple algebra, and two terms will cancel. If you use

sin? 0 + cos? 0 = 1,

you will find that the boxed formula drops out. Do it explicitly for your-

self.

It is worth while keeping this relation in mind when working with in-
tegrals of this vector field. It shows that if you integrate from one point
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P to another point Q, along any curve C, and OP, 00 make angles of
0,, 8, with the x-axis, then the integral comes out

Q _
fG=02—91, if G(x,y)=(_y_ a )

p.C x2+y2’x2+y2

The figure is as follows.

A

Figure 5

Remark 3. We may be given a finite number of curves forming a path
as indicated in the following figure (Fig. 6):

Cy
Cl CZ

Figure 6

Definition. We define a path C to be a finite sequence {Cy,...,C,},
where each C; is a curve, defined on an interval [a;, b;], such that the
end point of C; is the beginning point of C,,;. Thus if P, = Cy(a;) and
Q; = Cyb)), then

Q;=Piy.

We define the integral of F along such a path C to be the sum

[re[ pef poos] v
Cc Ci C2 Cm

We say that the path C is a closed path if the end point of C,, is the
beginning point of C;.

In Fig. 7, we have drawn a closed path such that the beginning point
of C,, namely P,, is the end point of the path C,, which joins P, to P,.
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C3

Figure 7

Example 5. Let F(x,y) = (x?, xy). Let the path consist of the segment
of the parabola y = x> between (0,0) and (1, 1), and the line segment
from (1, 1) and (0, 0). (Cf. Fig. 8.)

(1, 1)
(6

(1

(0,0

Figure 8

The segment of parabola can be parametrized by

Ci(t) =(t,t? with 0t 1.
Thus

x=t and y=t>2

Then dx = dt, dy = 2t dt, and so

1
J F=f xzdx+xydy=j t2de + 32t dt
C, C,

0

t3 tS 1
= — 2—
3+ 5

0

W

+

W=
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The line segment can be parametrized by

C)=(1—t,1—f) with 0<t<1.

Thus

x=1-—t and y=1—1t

Then

1
LF=I x2dx+xydy=j (=2t + ) (—1)de + (1 — 2t + ?)(—1) dt
2 C2

0

2
3

We let the path C = {C,, C,}. Then

1 2 2 1 2
R T
.[C C, Cs 3 5 3 3 5

Observe how we integrated F around a closed path, and we found a val-
ue for the integral #0.

VIIl, §1. EXERCISES

Compute the curve integrals of the vector field over the indicated curves.

1.

F(x,y) = (x> — 2xy, y* — 2xy) along the parabola y=x? from (—2,4) to
a, 1).

. (x,y,xz — y) over the line segment from (0, 0, 0) to (1,2, 4).
. Let r = (x> + y®)!2. Let F(X) =r 'X. Find the integral of F over the circle

of radius 2, taken in counterclockwise direction.

. Let C be a circle of radius 20 with center at the origin. Let F be a vector

field such that F(X) has the same direction as X. What is the integral of F
around C?

. Let F(x,y) = (cxy, x°y?), where ¢ is a positive constant. Let a, b be numbers

>0. Find a value of a in terms of ¢ such that the curve integral of F along
the curve y = ax® from (0, 0) to the line x = 1 is independent of b.

Find the values of the indicated integrals of vector fields along the given curves
in Exercises 6 through 9.

6.
7.

(%, —x) along the parabola x = y2/4 from (0, 0) to (1, 2).

(x? — ¥, x) counterclockwise around the circle x> + y* = 4.
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8. (a) The vector field
G = Y x
(x,¥) > + 2 2 ¥?

counterclockwise along the circle x2 + y*> = 2 from (1, 1) to (—ﬁ, 0).

(b) The same vector field counterclockwise around the whole circle.

(c) Around the circle x> + y* = 1.

(d) Around the circle x? + y* = r*

(€) Verify that for this vector field, we have df/dy = dg/0x. For a continua-
tion of this train of thought, see Green’s theorem.

9. Find the integral of the vector field F(x,y) = (xy,x) along the parabola
x = 2y? from the point (2, —1) to the point (8, 2).

Viill, §2. THE REVERSE PATH

Let C(t) be a curve defined over an interval a <t <b. We think of a
bug travelling along the curve in the indicated direction. The bug may
wish to retrace its steps, and go backward along the curve. Thus if C is
a curve joining a point P to a point Q, the bug may wish to travel back-
ward from Q to P. How shall we parametrize its path? Pictorially, this
is clear, but we want to give the backward curve a parametrization over
some interval, possibly the same interval as for the curve itself.

For this purpose we define the opposite curve C~, or the reverse curve,
by letting

C t)=Ca+b—1).

Thus when t = b we find that C~(b) = C(a), and when t = a we find that
C™(a) = C(b). As t increases from a to b, we see that a + b — t decreases
from b to a and thus we visualize C~ as going from C(b) to C(a) in re-
verse direction from C (Fig. 9).

Q=C(®) Q=C(a)

P=C(a) P=C"(b)
Figure 9

Lemma 2.1. Let F be a vector field on the open set U, and let C be a
curve in U, defined on the interval [a,b]. Then

[
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Proof. This is a simple application of the change of variables formula.

Let u=a+ b —t. Then du/dt = —1. By definition and the chain rule,
we get:

L_F = LbF(C“(t))-ddCT— dt

b
= [ F(Ca+b—1)-Cla+b—t)—1)dt

Ja

We now change variables, with du = —dt. When t = a then u = b, and
when t = b then u = a. Thus our integral is equal to

JaF(C(u))- Cu)du=— [bF(C(u)) -C'(u) du,

Ja

thereby proving the lemma.

The lemma expresses the expected result, that if we integrate the vec-
tor field along the opposite direction, then the value of the integral is the
negative of the value obtained by integrating F along the curve itself,
Therefore, if the curve C is defined on the interval [a, b], the integral of
F over the reverse curve C~ will often be written directly as

f F= f "F(Cw)-C v di = ‘rF(C(t))-C’(t) d.
c- b a

For integration over line segments, it is particularly convenient to use
the reverse path, as shown in the following example.

Example. Integrate the vector field F(x,y) = (x?, xy) from the point
(1, 1) to the origin (0, 0), along the line segment.

Note that this is precisely one of the integrals considered in Fxample
5 of the preceding section. Instead of parametrizing the segment as we
did in that section, we parametrize the reverse segment, the easy one,
namely we let

Cit)=(,1) with 0t<1.

Then this segment, with its orientation, looks as on the figure (Fig. 10).
In terms of the variables, we have

x=t and y=_t.



[VIIL, §2] THE REVERSE PATH 219

1,1
c()

0,0)

Figure 10

The desired integral is that of F over C~. Consequently:

1
j F=—jF=—J t2dt + t2 dt
Cc- C 0

1
2
= 2d = — —-.
J;Zt t 3

Observe that the algebra here is much easier than the algebra in Exam-
ple 5 of §1.

If a path C consists of curves {C,,...,C,}, then the reverse path con-
sists of the reverse curves in opposite order:

c ={C,,....C{}.

Q

Figure 11
On Fig. 11 when coming back from Q to P, we start with the reverse
curve C; and end with the reverse curve C;.
Viil, §2. EXERCISES
1. Find the integral of the vector field

F(x, y) = (2xy, —3xy)

clockwise around the square bounded by the lines x =3, x =5, y=1, y = 3.
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2. What is the work done by the force F(x, y) = (x? — y?, 2xy) moving a particle
of mass m along the square bounded by the coordinate axes and the lines
x =3, y = 3 in counterclockwise direction?

Find the integrals of the following vector fields.

3. (x* — y%, x) along the arc in the first quadrant of the circle x2 + y? = 4 from
©,2) to (2, 0).

4. (x*y?,xy?) along the closed path formed by parts of the line x = 1 and the
parabola y? = x, counterclockwise.

Vill, §3. CURVE INTEGRALS WHEN THE VECTOR FIELD
HAS A POTENTIAL FUNCTION

When the vector field F admits a potential function ¢, then the integral
of F along a curve has a simple expression in terms of ¢.

Theorem 3.1. Let F be a vector field on the open set U and assume that
F = grad ¢ for some function ¢ on U. Let C be a path in U, joining
the points P and Q. Then

Q
J F = ¢(Q) — o(P).
P,C

In particular, the integral of F is independent of the path C joining P
and Q.

Proof. We prove the theorem here when the path consists of single
curve C. Let C be defined on the interval [a, b], so that C(a) = P and
C(b) = Q. By definition, we have

Q b b
J F= J F(C())-C(t)dt = J grad o(C())- C'(t) dt.
P,C a a

But the expression inside the integral is the derivative with respect to t
of the function g given by g(t) = ¢(C(t)), because of the chain rule. Thus
our integral is equal to

f g'(t) dt = g(b) — g(a) = p(C(H)) — ¢(C(a)).

This proves our theorem for curves.
This theorem is easily extended to paths. See Exercise 1.

In physical terms, the theorem expresses the fact that when a potential
function exists, the work done by moving a particle along a curve be-
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tween points P, Q, is equal to the difference of the potential function at
Q and P.

Corollary 3.2. Let F be a vector field on an open set U. If F has a

potential function, then the integral of F along every closed path in U is
equal to 0. If there exists a closed path C in U such that

(£0
‘C

then F does not have a potential function.

Proof. Let C be a closed path whose beginning point and end point
is the same point P. If ¢ is a potential function, then

LF = @(P) — ¢(P) = 0.

Therefore, if the integral around C is # 0 then there cannot exist a po-
tential function.
For an example, see Example 3 below.
Example 1. Let
F(x,y,2) = (2xy°z, 3x%y’z, x?y°).
Then F has a potential function ¢, namely,

You can check this easily by taking the three partial derivatives

dp 0p Jo¢

ox dy 0z

and finding the coordinate functions of F. Let
P=(,-12) and 0=(—-3,2,95).
Then

jQF — o(0Q) — @(P) = 360 — (—2) = 362.

Evaluating the integral of the vector field by means of the potential func-
tion (when it exists) avoids the hassle of parametrizing the curve, taking
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the dot product and going through the process of evaluating the integral
in terms of the parameter t. Thus one gets the answer much faster.

Example 2. Let F(X) = kX/r3, where r = |X|, and k is a constant.
This is the vector field inversely proportional to the square of the dis-
tance from the origin, used so often in physics. Then F has a potential
function, namely the function ¢ such that p(X) = —kfr. Let P=(1,1,1)
and Q = (1,2, —1). Then

1 1 1 1

["F= 00— o - "‘(n?n - m) - 4‘(% - ﬁ)’

On the other hand, if P;, Q, are two points at the same distance from
the origin (i.e. lying on the same circle, centered at the origin), then

Q1 1 1
f =) —eh) = —k<IIQ1II - m) =0
Py 1

Example 3. Let C be a closed curve, whose end point is equal to the
beginning point P. In Theorem 3.1 when a vector field F admits a
potential function ¢, it follows that the integral of F over the closed
curve is then equal to 0, because it is equal to

@(P) — ¢(P) = 0.

This allows us to give an example for a situation when a vector field
F = ({, g) satisfies the condition

of

= = (e.D,f=D,g)

but F does not have a potential function. Let

G(x,y) = X+ 12

A simple computation, left as an exercise, shows that it satisfies the
above condition. Compute the integral of G over the closed circle of ra-
dius 1, centered at the origin. You will find a value # 0. This does not
contradict Theorem 2.1 in the preceding chapter, because the vector field
is defined on the open set obtained from the plane by deleting the origin,
so the vector field is not defined at (0,0). The open set has a “hole” in
it (a pinhole, in fact).
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You will see the above vector field come up quite frequently. It is
typical of vector fields F = (f, g) such that D, f = D,g but for which no
potential function exists. In fact, there is a very good reason why you
essentially won’t see any other example, because the following result is
true.

Let U be the plane from which the origin has been deleted. Let F be a
vector field on U such that D, f = Dyg. Let

Glx, y) = (%;j—y»
Then there exists a constant k and a function ¢ such that
F = kG + grad o,
or in terms of (x,y),
F(x, y) = kG(x, y) + grad o(x, y)
for all (x,y) in U.

The proof will be given in the next section.
Example 4. Let G(x, y) be the same vector field as discussed above.

Find the integral of G along the path shown on Fig. 12, between the
points (1, 0) and (0, 1).

0,1) - C

(L,0)

Figure 12

Let C be that path. We know from Chapter VII, §3 that the vector
field has a potential function on an open set U containing the path, and
that this potential function is

¢(X, y) =0.
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Consequently, on this particular path, the integral is independent of the
path, and we have

fc=<p(o,1)—<p(1,0)=§—0=
C

N

We summarize the story on potential functions in a table. We
are given a vector field F on a connected open set U, and

F=(f,9).
Case 1. If D, f # D,g, then there is no potential function.

Case2. If D,f =D,g and U is a rectangle, then a potential func-
tion exists. It can be found by integrating one variable at a time as
in the proof of Theorem 3.1, Chapter V.

Case3. If D,f = D;g but U is not a rectangle, then a potential
function may exist or may not exist.
(a) If there exists some closed curve C in U such that

JF#O,
C

Then a potential function does not exist by Corollary 3.2.
—y x

x% + y? > X2 + y?

which the origin is deleted, integral around the unit circle is 27.

Example. G(x, y) =< )’ U is the plane from

(b) If the integral of F around every closed curve in U is 0, then
there exists a potential function by Theorem 4.2 below. [This
is not a useful test for us since it involves infinitely
many possible closed curves, and we do not apply it].

Case 4. There may be a vector field on an open set U which is
not a rectangle, D, f = D,g, for which a potential function exists.

Example. F(x, y) = (x, y), where ¢ is a function of one vari-

g
r
able. The potential function is @(X) = g(r). The proof that this is a
potential function is obtained by taking the gradient directly, and
seeing by the chain rule that it gives F(x,y), see Chapter IV, §4,
Example 1. The test D, f = D,g is not applicable since the domain
of definition of F is the whole plane from which the origin is de-

leted, not a rectangle.
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Warning. Just because a vector field is not defined at the origin does

not necessarily mean this vector has no potential function. See Case 4 of
the table.

VIll, §3. EXERCISES

1.

Let C=(C,,...,C,) be a path in an open set U. Let F be a vector field on
U, admitting a potential function ¢. Let P be the beginning point of the
path and Q its end point. Show that

Q
J F = (Q) — o(P).

P

[Hint: Apply Theorem 3.1 to the beginning point P, and end point P, for
each curve C;.]

. Find the integral of the vector field F(x, y, z) = (2x, 3y, 4z) along the straight

line C(t) = (¢, t, t) between the points (0,0, 0) and (1, 1, 1).

. Find the integral of the vector field F(x, y,z) = (y + z, x + z, x + y) along the

straight line C(t) = (t,t, t) between (0,0, 0) and (1, 1, 1).

. Find the integral of the vector field given in Exercises 2 and 3 between the

given points along the curve C(t) = (t,t2, t*). Compare your answers with
p p y

those previously found. Is there a general reason why they came out as they
did?

. Let F(x,y,z) = (y,x,0). Find the integral of F along the straight line from

(1,1,1) to (3,3,3).

. Let P, Q be points of 3-space. Show that the integral of the vector field

given by
F(x,y, z) = (22, 2y, 2xz)

from P to Q is independent of the curve selected between P and 0.

. Let F(x, y) = (x/r?, y/r*) where r = (x*> + y*)'>. Find the integral of F along

the curve C(t) = (e’ cost, e’ sin t) from the point (1, 0) to the point (2%, 0).

. Let F(x,y,z) = (2%, 23x, 322xy). Show that the integral of F between two

points is independent of the curve between the points.

- Let F(x, y) = (x?y, xy?).

(a) Does this vector field admit a potential function?
(b) Compute the integral of this vector field from O to the point P indicated

on the figure, along the line segment from (0, 0) to (l/ﬁ, 1/\/5).
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P=(1/v2,1/v2)

0 (1,0

Figure 13

(¢) Compute the integral of this vector field from O to P along the path
which consists of the segment from (0, 0) to (1,0), and the arc of circle
from (1,0) to P. Compare with the value found in (b).

10. Let

XCOsSr ycosr
F(x,y)=<T, >7

r

where r = \/x? + y%. Find the value of the integral of this vector field:
(a) Counterclockwise along the circle of radius 1, from (1,0) to (0, 1).
(b) Counterclockwise along the entire circle.

(c) Does this vector field admit a potential function? Why?

11. Let

X—y X+y
F(x,y) = (—xz e yz)'

(a) Find the integral of this vector field around the circle of radius 1 cen-
tered at the origin, counterclockwise.

(b) Does this vector field admit a potential function on the plane, from
which the origin has been deleted?

12. Let

—y+3x x+ 3y
reon-(ZE3 52

<2 + y2 ’ x2 + y?
(a) Does this vector field admit a potential function inside the square

1£x£2 and 15y=2?

Why?

(b) Finc)ll the integral of this vector field around the circle of radius 1 cen-
tered at the origin, counterclockwise.

(c) Does this vector field admit a potential function on the plane from which
the origin has been deleted? Why?

13. Let
xe” ye"
F(x, y) - ( r ’ r )

where r = ./x% 4+ y*. Find the value of the integral of this vector field:




[VIII, §3] WHEN VECTOR FIELD HAS A POTENTIAL FUNCTION 227

(a) Counterclockwise along the circle of radius 1 centered at the origin.

(b) Counterclockwise along the circle of radius 5 centered at the point
14, —17).

(c) Does this vector field admit a potential function? Why?

14. Let again

xe" ye"
F(xsy)= r ’ ’ "

Find the value of the integral of this vector field:

(a) From (2,1) to (—3,4) along any path not passing through the origin.
(b) From (2, 0) to (0, 2) along the circle of radius 2.

(¢) From (2,0) to (\/E, \/5) along the circle of radius 2.

(d) All the way around the circle of radius 2.

15. Find the integral of the vector field

-y x )

G, =555/

(x, y) <x2 + 92 X2 +y2>
(a) Along the line x + y =1 from (0, 1) to (1, 0).

(b) From the point (2,0) to the point ( —1,\/5) along the path shown on
the figure.

T2 2,2)

Figure 14

16. Find the integral of the vector field (x, y?, 4z3) along the path shown on the
figure, from the point (0, 0, 0) to the point (1, 1, 2).

z-axis

1L,1,2)

(0,0,0)
y-axis

z-axis

Figure 15
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VI, §4. DEPENDENCE OF THE INTEGRAL ON THE PATH

By a path from now on, we mean a piecewise C'-path, and all vector
fields are assumed continuous.

Given two points P, Q in some open set U, and a vector field F on U,
it may be that the integral of F along two paths from P to O depends
on the path. We are going to prove the converse of Theorem 3.1.

Theorem 4.1. Let U be a connected open set and let F be a vector field
on U. Assume that for any two points P,Q in U, the integral

Q
["F
P,C

is independent of the path C in U joining P and Q. Then there exists a
potential function for F on U.

Proof. We select some fixed point P, in U, and for an arbitrary point
X in U, we define

X

¢(X)=j F,

Po

where the integral is taken along any path from P, to X. By assump-
tion, this integral does not depend on the path, so we don’t need to
specify the path in the notation. We must show that the partial deriva-

tives D;p(X) exist for all P in U, and if the vector field F has coordinate
functions

F = (fl’ “‘9fn)’
then D;p(X) = f(X).

To do this, let E; be the unit vector with 1 in the i-th component and
0 in the other components. Then we shall use the obvious relation

F(X)-E; = f(X).

To determine D;(X) we must consider the Newton quotient

X +hE; X
J =L
Py Po

o(X +hE) —o(X) 1
h " h
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and show that its limit as h—0 is fy(X). The integral from P, to
X + hE, can be taken along a path going first from P, to X and then
from X to X + hE; (Fig. 16).

Figure 16

We can then cancel the integrals from P, to X and obtain

(X + hE) — (X) _[¥"" F(C)-dC
h - h ’

taking the integral along any curve C between X and X + hE;. In fact,
we take C to be the parametrized straight line segment given by

C(t) = X + thE, with 0<t<1.

[This is the standard way of parametrizing a line segment between two
points P, Q, namely P + t(Q — P).] Then
C'(t) = hE,
and
F(C(1)-C'(t) = f(X + thE)h,

SO

(X + hI:“l,-) —oX) _1 Jlfi(X + thE)h dt.
hlo

Change variables. Let u = th and du = hdt. Then

. h
o(X + hii) pX) _1 j J(X + uE) du.
hlo

Let g(u) = f,(X + uE). This is an ordinary function of one variable u,
and our last expression for the Newton quotient of ¢ has the form

1 h
7 L g(u) du.
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By the fundamental theorem of calculus, for any continuous function g
we have (cf. Remark after the proof):

.1t
lim — | g(u) du = ¢(0).
hlo

h—0

Applying this to g(u) = f,(X + uE,) we note that 9(0) = f,(X), and there-
fore we obtain the limit

im ¢(X + hE) — o(X)

1 5 = fiX).

h—0

This proves what we wanted.

Remark. The use of the fundamental theorem of calculus in the pre-
ceding proof should be recognized as absolutely straightforward. If G is
an indefinite integral for g, then

h
L g(8) dt = G(h) — G(0),

and hence the ordinary Newton quotient for G is

1" _ G(h) — G(0)
h Lg(t) dt = —

The fundamental theorem of calculus asserts precisely that the limit as
h—0 is equal to G'(0) = g(0).

We can also formulate an equivalent condition in terms of closed
paths.

Theorem 4.2. Let U be an open connected set, and let F be a vector
field on U. If the integral of F around every closed path in U is equal
to 0, then F has a potential function on U.

Proof. Let P,Q be points in U. Let C and D be paths from P to Q
in U. Let D =(Dy,...,D,) where each D; is a C'-curve. Then we may
form the opposite path

D™ = (Dy,...,.Dy),

L

and by Lemma 2.1
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Ce Cs

D3

D,
Cy

D,

Figure 17

If C=(Cy,...,C,), then the path (C,,...,C,,, Dy,...,D7) is a closed path
from P to P (Fig. 17). By hypothesis, the integral of F along this closed

path is equal to 0. Thus
f F + [ F=0.
C JD~

-l

Hence the integral from P to Q is independent of the path. We can now
apply Theorem 4.1 to conclude the proof.

From this it follows that

Theorem 4.2 is not useful because the hypothesis involves every closed
path, which amounts to infinitely many paths, so it cannot be verified in

practice. In the next theorem, we find a situation where one closed path
suffices.

Theorem 4.3. Let F be a vector field defined on the plane from which
the origin is deleted, and write F = (f, g). Assume that D,f=D,g. Let

C be the circle of radius 1 centered at the origin, oriented counterclock-
wise.

Casel. If

[ =0
c

then F has a potential function.
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Case 2. Let

1
k=—|F
2n Jc

Then there exists a function ¢ such that

F = kG + grad o,

where

G(x,y) = <T2 D y2>.

Proof. Assume that the integral of F around C is 0. Then we shall
prove that there is a function ¢ such that F = grad ¢. Indeed, for any
point X # 0, we define

¢(X) = integral of F along the path shown on the figure (Fig. 18).

¢

1,0)

Figure 18

The assumption shows that ¢ is well defined, and a similar argument
used in proving Theorem 4.1 then shows that grad ¢ = F.
For Case 2, let
1

=%C

k F.
Then
JF—kG=fF—ka=2nk—2nk=O.
C C C
Hence Case 1 applies, and there is a function ¢ such that
F — kG = grad o.

This shows that F = kG + grad ¢, and proves the theorem.



CHAPTER IX

Double Integrals

When studying functions of one variable, we discussed the existence of
an integral of a continuous function over an interval. The investigation
of the integral involved lower sums and upper sums.

It is important to understand the notion of upper and iower sums in
the higher dimensional context. To give complete proofs for the theory
in two or more variables becomes more involved, and hence we shall
omit the proofs. However, the basic theorem that an integral defined
as the unique number between lower sums and upper sums can be
evaluated by repeated integration with respect to the variables succes-
sively allows us to compute integrals in several variables using only one-
variable techniques, combined with a geometric description of the
domain of integration, usually in terms of inequalities. We shall therefore
discuss in detail both of these aspects.

We shall also list various formulas giving double integrals in terms of

polar coordinates, and we give a geometric argument to make them
plausible.

IX, §1. DOUBLE INTEGRALS

We begin by discussing the analogue of upper and lower sums associated
with partitions.

Let R be a region of the plane, and let f be a function defined on R.
We shall say that f is bounded if there exists a number M such that
[f(X)| < M for all X in R.

Let a, b be two numbers with a < b, and let ¢, d be two numbers with
c¢=<d. We consider the closed interval [a,b] on the x-axis and the



234 DOUBLE INTEGRALS [IX,§1]

closed interval [c,d] on the y-axis. These determine a rectangle R in the
plane, namely:

R = set of all pairs (x, y)such thata < x Sbandc<y<d
This rectangle will be denoted by

R = [a, b] x [c, d].

Figure 1

Definition. Let I denote the interval [a, b]. By a partition P, of I we
mean a sequence of numbers

IA
A

x, =b

a=x; =X, m

which we also write as P; = (x,,...,X,)- Similarly, by a partition P; of
the interval J = [¢,d] we mean a sequence of numbers

c=y1Sy, S Sy=d
which we write as P; = (¥, ...,Vn)-

Each pair of small intervals [x;, x;,,] and [y;, y;+,] determines a rec-
tangle
S;;= [ X411 X [J’j, YVi+ 1]

(Cf. Fig. 2(a).) We denote symbolically by P = P; x P; the partition of
R into rectangles S;; and we call such S;; a subrectangle of the partition
(Fig. 2(b)).

If R is a rectangle as above, we define its area to be the obvious

thing, namely
Area(R) = (d — c)(b — a).

Thus the area of each subrectangle S;; is (yj+; — y)(X;+1 — X0)-
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d+ yn=d——

Yt 1T
Yit

Y2+

a z x+1 b a 2223 -+ Tm—1%m=b
(a) (b)
Figure 2

Let A be a region in the plane, and let f be a function defined on A.
As usual, we say that f is continuous at a point P of A if

lim f(X) = f(P).
X—P
We say that f is continuous on A if it is continuous at every point of A.

If S is a set and f a function on S which reaches a maximum on S,
we let

maxg f

denote this maximum value. It is a value f(v) for some point v in S
such that f(v) = f(w) for all w in S. Similarly, we let

ming f

be the minimum value of the function on S, if it exists. We recall a fact
which we do not prove, that a continuous function on a closed and
bounded set always takes on a maximum and minimum value. For in-
stance, a continuous function on a closed interval [a, b] always has a
maximum. A continuous function on a rectangle as above also has a
maximum, and a minimum.

We then form sums which are analogous to the lower and upper sums
used to define the integral of functions of one variable.

Definition. If P denotes the partition as above, and f is a continuous
function on R, we define the lower sum and upper sum by

L(P, f) = ). (ming f) Area(S),
S

U(P,f) = Y (maxg f) Arca(S).
S
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The symbol ) s means that we must take the sum over all subrectangles
of the partition. In terms of the indices i, j, we can rewrite say the lower
sum as

m-—-1n—1

L(P, f) = Z Z (mins,-,-f)(yjﬂ = V)(Xirq — X))

i=1 j=1
= Z Z (minSijf) Area(sij):

and similarly for the upper sum.

Let v;; be a point in the small rectangle S;; such that f(v;;) is a maxi-

mum of f on this rectangle. Then the upper sum U(P, f) can be written
also in the form

m—1n—1

U, f= z Z f(vij)(yj+1 - yj)(xi+1 - X;)

i=1 j=1

= Z Z f(v;;) Area(S,)).

Definition. If v;; is a point in §;; such that f(v,;) is neither a maximum
nor a minimum for f on S;;, then the above sum lies between the upper
and lower sum, and is called a Riemann sum for f.

Since the lower sums are defined by taking minima, and the upper
sums are defined by taking maxima of f over certain rectangles, it is
clear that

L(P,f) = UP,f),

and in fact every lower sum is less than or equal to every upper sum.
We define f to be integrable on R if there exists a unique number
which is greater than or equal to every lower sum, and less than or
equal to every upper sum.
If this number exists, we call it the integral of f, and denote it by

([ o [[rana

Theorem 1.1. Let R be a rectangle, and let f be a function defined and
continuous on R. Then f is integrable on R.
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Interpretation of the integral as volume

We can interpret the integral as a volume under certain conditions.
Namely, suppose that f(x,y) =0 for all (x,y) in R. The value f(x,y)
may be viewed as a height above the point (x, y), and we may consider
the integral of f as the volume of the 3-dimensional region lying above the
rectangle R and bounded from above by the graph of f (Fig. 3).

ey S (%, )

graph of f

Figure 3

Each term
(ming f) Area(S)

is the volume of a rectangular box whose base is the rectangle S in the
(x, y)-plane, and whose height is mingf. The volume of such a box is
precisely (ming f) Area(S), where, as we said above, Area(S) is the area of
S. This box lies below the 3-dimensional region bounded from above by
the graph of f. Similarly, the term

(maxg f) Area(S)

is the volume of a box whose base is S and whose height is maxgf. This
box lies above the above region. This makes our interpretation of the
integral as volume clear.

Interpretation of the integral as mass

Also, as in one variable, a positive function on a region may be viewed
as a density, and thus if f =0 on R, then we also interpret

j f(x, y)dy dx

R

as the mass of R.
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The proof of Theorem 1.1 will be omitted. If fact, we need a some-
what more general discussion to deal with applications which arise
naturally in practice. A function f is usually not given on a rectangle
but on some region A in the plane. We say that A is bounded if there
exists a number M such that || X|| <M for all points X in A. Any
bounded region is contained in a rectangle, as shown on Fig. 4.

Figure 4

The set of boundary points of the region A will be called the boundary
of A. We shall say that the boundary is smooth if it consists of a finite
number of curves. A curve means a C! curve, ie. a curve parametrized
such that the coordinate functions have continuous derivatives, as stud-
ied in Chapter II. The boundary of A in Fig. 4 consists of three such
curves. We draw a finite number of C! curves in the next figure (Fig. 5).

Figure 5

Suppose the function f is defined on a region A as in Fig. 4, so that
A is bounded and has a boundary which is smooth. If we want to inte-
grate f over the region A, then it is natural to extend the definition of f
to the whole rectangle R, by letting

f)=0

for every point v in R such that » does not lie in A. Then even if we
assume that f is continuous on A4, we see that f is not continuous on R.
The points of discontinuity are precisely the points of the boundary of A.
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This situation occurs all the time in the physical world. For instance,
take the density function. The density of a wall is approximately con-
stant, and much bigger than the density of air. The density function is
not continuous on the boundary between the wall and air. Similarly, the
density of water is different from the density of air, and the density func-
tion is discontinuous on the boundary between air and water. Therefore
we cannot apply Theorem 1.1 directly, and we need a minor adjustment
of our definitions to deal with this case, which we now discuss.

Least upper bound and greatest lower bound

Let T be a set of numbers. We say that T is bounded from above if
there is a number b such that t < b for all ¢t in T. Then we say that b is
an upper bound for T.

Example. Let T be the set of numbers ¢ such that t2 < 2. Then 5 is
an upper bound for T, and 3 is also an upper bound for T. Note that

\/5 is an upper bound for T.

We say that a number c is a least upper bound for T if ¢ is an upper
bound, and if ¢ £ b for every upper bound b.

Example. Let T be the set of numbers ¢ such that > <2. Then \/5 is
the last upper bound of T.

In a similar way we define a lower bound and the greatest lower
bound.

Example. Let T be the set of numbers {3,3,%,...,1/n,...}. Then every
negative number is a lower bound for T. The greatest lower bound is 0.

We say that a set of numbers is bounded if it is bounded from above
and from below. It is a property of numbers that if a set T is bounded,
then there exists a unique greatest lower bound, and a unique least
upper bound. We do not go into the proof of this property.

We now return to the question relating to the integral of a function
which is not necessarily continuous. Let f be a function on a set S. We
say that f is bounded from above if the set of values f(X) is bounded
from above as X ranges over the set S. Similarly, we define bounded
from below, and bounded. Thus f is bounded means there is some
number b such that for all X in S we have

lf(X)] = b.
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Suppose that instead of being continuous on R the function f is mere-
ly bounded. We take it as a known property of the real numbers that
any bounded set of numbers has a least upper bound, and also a great-
est lower bound. So f has a least upper bound and a greatest lower

bound. Let P be a partition of R, and let S be a subrectangle of the
partition. By

lubg f = 1ub f(v)

vinS
we mean the least upper bound of all values f () for vin S. If v, is a

point of § such that f(vo) = f(v) for all v in S, so vy is a maximum for f
on §, then

lubs f = f(vo).

Thus f(v,) is the least upper bound of f on S. Similarly, we denote by

glbsf = glb f(v)

vinS

the greatest lower bound of all values of f on S. We may then form up-

per and lower sums with the least upper bound and greatest lower
bound, respectively, that is:

U(P,f) =) (lubg f) Area(S)
S

and

L(P,f) =} (glbs f) Area(S).
N

Theorem 1.2. Let R be a rectangle and let f be a function defined on R,
bounded, and continuous except possibly at the points lying on a finite
number of curves. Then f is integrable on R.

Again, we shall not prove Theorem 1.2, nor the following routine prop-
erties.

Theorem 1.3. Assume that f, g are functions on the rectangle R, and are
integrable. Then f+ g is integrable. If k is a number, then kf is inte-
grable. We have:

”(f+y)=ﬂf+ﬂg and g(kf)=kgf-

R
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Theorem 1.4. If f, g are integrable on R, and f < g, then

fr= ]

R R

Let A be a region in the plane, contained in a rectangle R (Fig. 4).
Let f be a function defined on A. We denote by f, the function which
has the same values as f at points of A4, and such that f,(Q) =0 if Q is
a point not in 4. Then f, is defined on the rectangle R, and we define

ffr- [

provided that f, is integrable. By Theorem 1.2 we note that if the
boundary of A is smooth, and if f is continuous on A, then f, is contin-
uous except at all points lying on the boundary of A, and hence f, is
integrable.

We now have one more property of the integral which is convenient
to integrate a function over several regions.

Theorem 1.5. Let A be a bounded region in the plane, expressed as a
union of two regions A, and A, having no points in common except
possibly a finite number of curves. If f is a function bounded on A and
continuous except at a finite number of curves, then

-

Furthermore, if A is itself some curve, contained in a rectangle R, and if
f is a bounded function on R which has the value O except possibly for

points of A, then
fr-o

A
We shall not give proof of Theorem 1.4, which anyhow is intuitively

clear. In Fig. 6(a) we have drawn a smooth curve in R where f may not
be 0, and such that f(v) =0 if v lies in R but v is not a point of A.

Then
fjreo

A
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This is reasonable because the 2-dimensional area of a curve is 0. In
Fig. 6(b) we have drawn three regions A,, 4,, A; which have only
curves in common. The integral of a function f over the three regions is
then the sum of the integrals of f over each region separately.

(a) (b)
Figure 6

IX, §2. REPEATED INTEGRALS

To compute the integral we shall investigate repeated integrals.
Let f be a function defined on the rectangle consisting of all points
(x, y) with
as<x<h and csy=d

Let x be a fixed value. We view y as the variable. Then we can form
the integral in one variable

ff (x, y) dy.

This expression depends on the particular value of x chosen in the inter-
val [a, b], and is thus a function of x. We can then take the integral

b d b rd
J |:f fx, v dy] dx, also written f J f(x,y) dy dx,

which is called the repeated integral of f.

Example 1. Let f(x, y) = x2y. Find the repeated integral of f over the
rectangle determined by the intervals [1, 2] on the x-axis and [—3,4] on
the y-axis.

We must find the repeated integral

LZ flf(x, y) dy dx.
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To do this, we first compute the integral with respect to y, namely

a
J x2y dy.
-3

For a fixed value of x, we can take x2 out of the integral, and hence this
inner integral is equal to

4

4 2
y

2 d = 27
X j_3y y X D)

7x?

2

-3

We then integrate with respect to x, namely

2 7x2 49
L2 =g

2 r4 49
J j xtydy dx = —-
1d-3 6

The repeated integral is useful in computing a double integral because
of the following theorem, whose proof will also be omitted.

Thus

Theorem 2.1. Let R be a rectangle [a, b] x [c,d], and let f be integra-
ble on R. Assume that for each x in [a, b] the integral

d
J S, y)dy

c

i Jr=[ [ [ e ay ] ax

In Example 1, we may now write

2 pa4
Hx’ydydx:f j x?y dy dx:ﬁ-
A 1 -3 6

Geometrically speaking, the inner integral for a fixed value of x gives
the area of a cross section as indicated in the following figure. Then in-
tegrating such areas yields the volume of the 3-dimensional figure
bounded below by the rectangle R, and above by the graph of f.

exists. Then
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Figure 7

The following situation will arise frequently in practice.

Let g,, g, be two smooth functions on a closed interval [a, b] (a £ b)
such that g,(x) < g,(x) for all x in that interval. Let ¢, d be numbers
such that

c=g:(x)=g,(x)=d
for all x in the interval [a, b]. Then g,, g, determine a region A4 lying
between x =a, x =b, and the two curves y=g,(x) and y = g,(x),
namely:
A = set of points (x, y) such that

a<x<b and g1(x) £y £ g,(x).

This region is illustrated on Fig. 8.

d+ --——

C4 — ———

Figure 8
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Let f be a function which is continuous on the region A, and define f
on the rectangle [a, b] x [c, d] to be equal to 0 at any point of the rec-
tangle not lying in the region A. For any value x in the interval [a, b]
the integral

ff (x, ) dy

can be written as a sum:
g1(x) g2(x) d
[ f(x,y)dy+J f(x,y)dy+J f(x,y)dy.
Je gi(x) g2(x)

Since f(x,y) =0 whenever ¢ <y <g,(x) and g,(x) £y <d, it follows
that the two extreme integrals are equal to 0. Thus the repeated integral
of f over the rectangle is in fact equal to the repeated integral

b g2(x)
| [ ey dy] dx
a g1(x)

Regions of the type described by two functions g,, g, as above are the
most common type of regions with which we deal.
From Theorem 2.1 and the preceding discussion, we obtain:

Corollary 2.2. Let g,, g, be two smooth functions defined on a closed
interval [a, b] (a < b) such that g,(x) < g,(x) for all x in that interval.
Let f be a continuous function on the region A lying between x = a,
x = b, and the two curves y = g,(x) and y = g,(x). Then

b g2(x)
“f=j [ 1x, ) dy} dx:
’ a gi(x)

in other words, the double integral is equal to the repeated integral.

We give examples showing how to apply Theorem 2.1, or rather its
corollary.

Example 2. Let f(x,y) = x>+ y® Find the integral of f over the
region A bounded by the straight line y = x and the parabola y = x?2
(Fig. 9).
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Figure 9

In this case, the region A consists of all points (x, ) such that

0<x=<1 and x2<y

[ 7= H L’:(xz 9% dy] dx

Now the inner integral is given by

Thus

3 |x 3 6

y
+ ¥ dy = x*y +— .
f(x y)dy=xy o 3 3

3

Hence the repeated integral is equal to

6 4 4 5 7
o O N AT A . 2
”f J(x * 3>dx 4 1275 T2,

_Lo1
T4 12 5

1
21

(We don’t need to simplify the number on the right.)

[1X,§2]

Given a region 4, it is frequently possible to break it up into smaller
regions having only boundary points in common, and such that each
smaller region is of the type we have just described. In that case, to
compute the integral of a function over 4 we can apply Theorem 1.5.

Example 3. Let f(x, y) = 2xy. Find the integral of f over the triangle

bounded by the lines y =0, y = x, and the line x + y = 2.
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The region is as shown in Fig. 10.

»

z+y=2

—¥

Figure 10

We break up our region into the portion from 0 to 1 and the portion
from 1 to 2. These correspond to the small triangles A4,, A,, as indicated

in the picture. Then
2—x
J 2xy dy] dx.
0

o= ([ m -]

A2

Then iff = ﬂf + ﬂf

There is no difficulty in evaluating these integrals, and we leave them to
you.

On the other hand, we may also view the region A to be the set of all
points (x, y) satisfying the inequalities

0sy=l, ysx=s2-y.

Hence from this point of view, we do not have to split the integral over
two regions A, and A4,, but we may evaluate it directly as

1pr2-y
f J 2xy dx dy.
0Jy

The inner integral is

2—-y 2—y
yj 2xdx =y[x*]| =y2—y>’ -y

y

y

=4y — 4y,
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Hence the desired double integral is equal to
1

j (4y — 4y*) dy
0

which we leave to you.

Finally, the area of a region A is the integral of the function 1 over A,
ie.

Area(A4) = JJI dy dx.

This is obviously true when A is a rectangle, and it follows for general
regions A by using upper and lower sums.

Example 4. Find the area of the region bounded by the straight line
y = x and the curve y = x2.

The region has been sketched in Example 2. By definition,

1prx 1
Area(4) = J J dy dx = f (x — x?) dx
0 Jx2 (4]

2 3

2 3

1

1

6

W | =

_1
)

0

We also observe that the same arguments as before apply if we inter-
change the role of x and y. Thus for the rectangle R we also have

[ nayas= ([ naxay= f d [ Ldf(x, ) dx] dy.
.

R

The same goes for a region consisting of all points (x, y) such that

csysd and  g,(») =x = g2

If A is a region in the plane bounded by a finite number of smooth
curves, and f is a function on A4 such that f(x) = 0 for xe 4, then in §1
we interpreted f as a density function, and we called the integral [{,f the
mass of A.

Example 5. Find the integral of the function f(x,y) = x2y? over the
region bounded by the lines y=1, y=2, x =0, and x = y (Fig. 11).



[1X, §2] REPEATED INTEGRALS 249

Figure 11

We have to compute the integral as prescribed, namely:

2y 2 3
Jl:j xzyzdx:ldy=Jy2—
1[Jo 103

We can also say that the preceding integral, namely 7/2, is the mass of A
corresponding to the density given by the function f. Of course the units
of mass are those determined by the units of density.

y 2,5 7
y

= *d —_ —.

dy 3975

0 1

Example 6. Sketch the region defined by the inequalities
—2=<x=x1 and 0=y=|x|

Since 0 < y the region lies above the x-axis. If x = 0, then the condition
0 =<y < x means that the region lies below the line y = x. Hence for

x 2 0 the region looks like the piece shaded on the right of the y-axis in
Fig. 12.

Figure 12
If x<0, then |x| = —x. The inequality 0 £ y < —x means that the
region lies below the line y = —x for x < 0. Hence the region looks like

that shaded in the figure, to the left of the y-axis.



250 DOUBLE INTEGRALS [IX, §2]

Example 7. Sketch the region defined by the inequalities
—2=<x=0 and |y|2]x]|
For y =20 and y = |x| the point (x,y) will lie above the line y = —x.

Furthermore, we have symmetry in the sense that if (x, y) satisfies the
desired inequalities, then so does the point

(X, - y)

Hence the region is symmetric with respect to the x-axis. Hence the
region looks as on Fig. 13.

Figure 13

IX, §2. EXERCISES

1. Find the value of the following repeated integrals.

2r3 2 rx2
(a) f (x + y)dxdy (b) J J ydy dx
0J1 0J1
1y T (X
(C)JJ\/;dxdy (d)fjxsinydxdy
0Jy2 oJo
2 ry? n fsinx
(e) J J dx dy ) [ J ydydx
1Jy JOJO
/2 2 2% 1 —cosé
® J J r? cos 0 dr df (h) J J r3 cos? 0 dr d6
o Jo o Jo
arctan 3/2 [2secf
@) [ [ rdrdf
Jo Jo

2. Sketch the regions described by the following inequalities.
@ Ix|=s1, —1sy=2 () x| =3, Iyl =4
© x+y=1,x20,y20 @O=Z|yl=x, 0=x=5
®©0=x<y,0=<y=<5 ® Ixl+1yi=1
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3. Find the integral of the following functions.
(a) x cos(x + y) over the triangle whose vertices are (0, 0), (n, 0), and (r, 7).
(b) e**? over the region defined by |x| + |y| £ L.
(©) x% — y?* over the region bounded by the curve y = sin x between 0 and .
(d) x>+ y over the triangle whose vertices are (—3,%), (1,2), (1, —1).

4. Find the integrals of the following functions over the indicated region.
(@) f(x,y) = x over the region bounded by y =x? and y = x3.
(b) f(x,y) =y over the same region as in (a).
(©) f(x,y) = x? over the region bounded by y = x, y = 2x, and x = 2.

5. Let a be a number > 0. Show that the area of the region consisting of all
points (x, y) such that |x| + |y| £ a, is (2a)%/2!.

6. Find the following integrals and sketch the region of integration in each case.

203
(a) f x dy dx (b) J J |x — 2| sin y dx dy
1 Jx2
m/2 [y Ix|
(c) J j sin x dx dy ) ‘[ J dy dx
0 -y -1
/2 (*cosy 1 fex
(e) 'f j x sin y dx dy ) J (x + y)dydx
o Jo 0J1

2 y2
(® J j (x* + y) dx dy
-3J0

7. Find the mass of a square plate of side a if the density is proportional to the
square of the distance from a vertex.

8. Integrate the function f over the indicated region.

(@) f(x,y)=1/(x + y) over the region bounded by the lines y=x, x=1,
x=2,y=0.
(b) f(x,y) = x>~ y? over the region defined by the inequalities

0<x<1 and x2—y2=0.

(¢) f(x,y) = xsinxy over the rectangle 0 < x <mand 0 <y < 1.

(d) f(x,y)=x*—y* over the triangle whose vertices are (—1,1), (0,0),
a, 1.

) f(x,y)=1/(x+ y+ 1) over the square 0 x<1,0<y=<1.

9. Compute the integral of the function f(x,y) = xy over the region sketched
below.

Circle of radius 1

1,0

Figure 14
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10. Find the volume of the region in 3-space lying above the triangle with ver-
tices (—1,0), (0, 1), (1,0) and under the graph of the function f(x, y) = x2y.

11. Find the integral of the function f(x,y) = x — y over the region bounded by
the curve y = sin x and the x-axis between x = 0 and x = =.

12. Find the mass of a plate bounded by one arch of the curve y = sin x, and
the x-axis, if the density is proportional to the distance from the x-axis.

IX, §3. POLAR COORDINATES

Instead of describing a point in the plane by its coordinates with respect
to two perpendicular axes, we can also describe it as follows. We draw a
ray between the point and a given origin. The angle 6 which this ray
makes with the horizontal axis and the distance r between the point and
the origin determine our point. Thus the point is described by a pair of
numbers (r, 0), which are called its polar coordinates.

y-axis
(r,0) or (x,y)
y-axis (r,0) or (x, )
r
r y N
9 x-axis z-axis
T X
@ (b)
Figure 15

If we have our usual axes and x, y are the ordinary coordinates of
our point, then we see that

~ =

= cos 0 and y_ sin 6,
r

whence

x =rcos( and y =rsin 0.

This allows us to change from polar coordinates to ordinary coordinates.
It is to be understood that r is always supposed to be = 0. In terms of
the ordinary coordinates, we have




[1X, §3] POLAR COORDINATES 253

By Pythagoras, r is the distance of the point (x, y) from the origin (0, 0).
Note that distance is always = 0.

Example 1. Find polar coordinates of the point whose ordinary coor-

dinates are (1,\/3).
We have x =1 and y=ﬁ, so that r =./1 +3=2. Also

~[G

cos(?:f:l, sin9=X=
r 2 r

Hence 0 = n/3, and the polar coordinates are (2, 7/3).

We observe that we may have several polar coordinates corresponding
to the same point. The point whose polar coordinates are (r, 6 + 2r) is
the same as the point (r,§). Thus in our example above, (2,7/3 + 2m)
would also be polar coordinates for our point. In practice, we usually
use the value for the angle which lies between 0 and 27.

Suppose a bug is traveling in the plane. Its position is completely
determined if we know the angle 0 and the distance of the bug from the
origin, that is if we know the polar coordinates. If the distance r from
the origin is given as a function of 6, then the bug is traveling along a
curve and we can sketch this curve.

Example 2. The equation of the circle of radius 3 and center at the
origin in polar coordinates is simply

r=3 or x2+y*=3 or x*+y?=09.

This expresses the condition that that distance of the point (x, y) from
the origin is the constant 3. The angle 6 can be arbitrary.

Figure 16
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Let A be the disc of radius 3 centered at the origin, so A is the region
bounded by the circle. Then
A = set of points (x, y) such that the polar coordinates satisfy
0505 2n and 0sr<i.

Thus A corresponds to a rectangle A* in the (r, #)-plane, namely:

A* = set of points (r, §) in the (r, 8)-plane satisfying these inequalities.
It is customary to draw the #-axis horizontal.

y-axis

r-axis transformation
x =rcos 6,

y=rsinf
_—

2% f-axis

Figure 17

Example 3. Sketch the graph of the function r =sin 6 for 0 < 0 < =.

If ® <0 < 2%, then sinf <0 and hence for such § we don’t get a
point on the curve. Next, we make a table of values. We consider
intervals of 6 such that sin @ is always increasing or always decreasing
over these intervals. This tells us whether the point is moving further
away from the origin, or coming closer to the origin, since r is the
distance of the point from the origin. Intervals of increase and decrease

for sin @ can be taken to be of length n/2. Thus we find the following
table:

0 sin 0 =r

inc. 0 to /2 | inc. 0 to 1
inc. t/2ton | dec. 1to 0
7/6 1/2
/4 1/2

/3 V32

Put in words: as 6 increases from 0 to m/2, then sin  and therefore r
increases until r reaches 1. As 6 increases from 7/2 to = then sin 6 and
thus r decreases from 1 to 0. Hence the graph looks like this.
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0=n/2
1, =/2)
(1/V2, /4
O=n n/4 =0
Figure 18

We have drawn the graph like a circle. Actually, we don’t know whether
it is a circle or not. The graph could be flatter in one direction than in
another. In the next example, we shall see that it actually must be a
circle.

Example 4. Change the equation

r=sinf

to rectangular coordinates.
We substitute the expressions

r=.x*+y?

sin 8 = y/r = y//x* + y*

in the polar equation, to obtain

2, .2_ Yy
VX +y e

Of course, this substitution is valid only when r # 0, ie. r > 0. We can
then simplify the equation we have just obtained, multiplying both sides
by /x> + y2. We then obtain

and

x2+y2=y.
You should know that this is the equation of a circle, by completing the
square. We recall here how this is done. We write the equation in the
form
x24+y*—y=0.
We would like this equation to be of the form

x2 + (y - b)2 = C2,
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because then we know immediately that this is a circle of center (0, b)
and radius ¢. We know that

(y — b)> = y* — 2by + b2
Therefore we let 2b =1 and b =1 Then
Xty —y=x"+( -9 %

because the 1 cancels. Thus the equation

x> +y*—y=0

is equivalent with

FHo-b =4

This is the equation of a circle of center (0,1) and radius 1. The point
corresponding to the polar coordinate r = 0 is the point with rectangular
coordinates x =0 and y = 0.

Let A be the region whose boundary is the circle, so 4 is the disc of
radius § and center (0, ). Then we can describe 4 by inequalities involv-
ing its polar coordinates, that is:

A = Set of points (x, y) such that the polar coordinates (r, §) satisfy
060~ and 0<r<sinb.

This region A in the (x, y)-plane corresponds to the region A* in the
(r, 0)-plane, namely:

A* = set of points (r, 0) in the (v, §)-plane such that r and 6 satisfy

006 and 0<r<sinb.

r-axis . y-axis
transformation
x =rcos 6,
y=rsin @
_—
x-axis
A* = {(r, 0) such that The region A in the (x, y)-plane
0<0=<mnand0<r<sin 6} Disc of radius § centered at (0, 1)

Figure 19
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Example 5. We want to sketch the curve given in polar coordinates
by the equation

r=1+sin0.
We look at the behavior of r when 0 ranges over the intervals.

[0, =/2], [n/2, 7], [n, 37/2], [3n/2, 2x].

0 sin 6 ¥
inc. from 0 to w/2 inc. 0 to 1 inc. 1 to 2
inc. from /2 to = dec. 1t0 O dec. 2 to 1
inc. from 7 to 3zm/2 dec. 0 to —1 | dec. 1 to 0.
inc. from 37/2 to 2n inc. —1to 0 |inc. 0 to 1

Thus the graph looks roughly like this:
y-axis
2
Graph of r =1 +sin@

X-axis

Figure 20

Let A be the region whose boundary is the above curve in polar coor-
dinates. Then:

A = set of points (x, y) whose polar coordinates (r, §) satisfy
0<0<2n and 0<r=<1+siné.
A* = set of points (r, 8) in the (r, 6)-plane satisfying these inequalities.
Integration in polar coordinates

We now apply polar coordinates to find the integrals of functions over

regions which are more easily described by polar coordinates than by the
ordinary (x, y)-coordinates.
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At first we shall be interested in somewhat simpler regions, namely
sectors. Arbitrary regions will then be approximated by sectors, or pieces
of sectors.

Let S be the piece of a sector as shown on Fig. 21(b). Then

S = set of points (x, y) whose polar coordinates satisfy

) and c<r<d,
where a, b are numbers chosen such that
aslb<a+2n and 0<Zc<d.

Thus S corresponds to a rectangle R in the (r, #)-plane, namely

S* = R = rectangle consisting of the set of points (r, 6) in the (r, 6)-
plane satisfying these inequalities.

The transformation which transforms the rectangle to the piece of sector
is obtained by setting

x =rcosf and y=rsinf.

6=>b

— 0=a
ct I
!
r
/ -
I
} : ] -
a b
(r, 6)-plane (x, y)-plane
@ (b)
Figure 21
Consider partitions
a=0,<0,<---<£0,=b, c=r£r,<--2Zr,=d

of the two intervals [a, b] and [c,d]. Each pair of intervals [6;, ;. ]
and [rj,7;,,] determines a small region as shown in the following figure
(Fig. 22).
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Oiv1
/

Figure 22

This region is the small sectorial piece S;; consisting of all points whose
polar coordinates (r, 0) satisfy the inequalities

The area of such a region is equal to the difference between the area of
the sector having angle 0;,; — 6, and radius r;,,, and the area of the
sector having the same angle but radius r;. The area of a sector having
angle 6 and radius r is equal to

Consequently the difference mentioned above is equal to

0,,, — 0)r 0,11 — 0)r? j j
(0:+4 . v _ ( +12 )r’=(9i+1_9i)(r”—12+5_)(rj+1_rj)-

We let

Tiyq +rj_

2 »

and therefore

Area of small region S; = 7;(rj; — 7,)(0;4, — 6)).

If f is a function on the (x, y)-plane, it determines a function of (r,0)
by the formula

f*(@r, 0) = f(r cos 6, r sin 6).
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Example 6. Let f(x, y) = 2x?y. Then
f*(r, 0) = 2r? cos? 0 r sin @ = 2r3 cos? 6 sin 6.

This is obtained by substituting r cos 6 for x and rsin @ for y in the ex-
pression for f(x, y).

We may then take the product of the value of the function I*@;, 0)
and the area of the small sectorial piece S;; consisting of all points (r, §)

whose polar coordinates satisfy the inequalities
0;,<0<80,,,, risr=s

Taking the sum for all pairs (i, /) we see that

m—1n-1

Z Z f*(Fj’ ei)Fj(rj+1 - rj)(9i+1 —6)

ji=1i=1

is a Riemann sum for the function f*(r, 6)r on the rectangle
[c,d] x [a, b]

in the (r,0) plane. Consequently the following theorem is now very
plausible.

Theorem 3.1. Let S be the piece of sector consisting of those points in
the (x, y)-plane whose polar coordinates satisfy the inequalities as above,

af0<hb and c<r<d.
Let S* = R be the corresponding rectangle in the (r, 0)-plane. Let f be

bounded and continuous on S except possibly on a finite number of
smooth curves. Let f* be the corresponding function of (r,6). Then

!Jf(x, ydydx = S[J.f*(r, O)r dr do.

Symbolically, we write

dy dx = r dr db.
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As with rectangular coordinates, we can deal with more general re-
gions. Let g,, g, be two smooth functions defined on the interval [a, b]
and assume

0 =< g,(0) < g,00).

Consider the region A of the (x, y)-plane consisting of all points (x, y)
whose polar coordinates (r, 0) satisfy the inequalities

a<0=<b and g,(0) =r=gy0)

This region is illustrated in Fig. 23.

T-axis

Figure 23

It corresponds to the region A* of the (r, 0)-plane described by these in-
equalities, and this region A* is of a type considered in the last section,
illustrated in the next figure (Figure 24).

r-axis
r=g5(6)

r=g1(6)

f-axis

Figure 24
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In Theorem 3.1, the integral over the rectangle is just the integral

b rd
f f [*(r, O)r dr do.

Suppose now that we consider a function f which is equal to 0 outside
the region A4, so that f* is equal to 0 outside the region 4*. We are in
the situation already described in the last section. Hence the integral of
f over A is given by the formula:

[[r6 9@y ax= [[ 7.0 arao

which in terms of the inequalities can also be written:

U f(x,y)dy dx = f ’ J 0 f*(r, O)r dr do.

91(6)
A

Circles in polar coordinates

In dealing with polar coordinates, it is useful to remember the equation
of a circle. Let a > 0. Then

r=acos0, —7n/2 £.0 < n/2,
is the equation of a circle of radius a/2 and center (a/2,0). Similarly,
r=asin6, 050 m,

is the equation of a circle of radius a/2 and center (0,a/2). You can
easily show this, as an exercise, using the relations

r=x*+y* x=rcosf, y=rsind.

The procedure is the same as in Example 4.
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The circles have been drawn on Fig. 25.

y-axis y-axis
a
a/2
- x-axis
a/2 a
r=aqa cos § r=asin §
—T/2=0=n/2 0==nr
Figure 25

(Note. The coordinates of the center above are given in rectangular
coordinates.)

Example 7. Find the integral of the function f(x,y)=x over the
region bounded by the semicircle and the x-axis as shown on the figure
(Fig. 26).

Figure 26

The region A consists of all points whose polar coordinates (r,6)
satisfy the inequalities

05072 and 0<r=<2cosh.

fodydx = fjrcos@rdrd@
A*

A
/2 2cosf
= f f r? cos 0 dr do.
(4] 0

Hence
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The inner integral is

2cosb

=—cos3 0.

2cosf r3
J rldr=—
o 3

Hence

8 T2
fjx dydx == j cos* 0 do,
3 0

A
which you should know how to do. One technique is to write

1 + cos 260
2—!

cos? § =

and repeat the use of this formula to lower the powers of the cosine
appearing in the integral. Then

1
cos* 0 = (cos? §)% = 2 (1 + 2 cos 20 + cos? 26)

1 1
=Z[1 +2cos20+§(1 +cos40)].

Therefore
/2 1 2sin20 1 sin 40\ |2
‘9d0=-10 =

[atra o g0 =
1= 1=n
=Z|:E+O+22+O]
_3n
T 16

Hence finally we get the original integral

8 (> 83n =
jfxdydx—sfo CcOS 9d9—§R—E
A

Example 8. Find the integral of the function f(x,y)= x? over the
region enclosed by the curve given in polar coordinates by the equation

r=1—cos@.
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The function of the polar coordinates (r,0) corresponding to f is
given by

f*(@r, 0) = r? cos? 0.
The region in the polar coordinate space is described by the inequalities
0<r=<1—cosf and 056 < 2n.

This region in the (x, y)-plane looks like Fig. 27:

Figure 27

The desired integral is therefore the integral

2n r1—cos6
J j r3 cos? 0 dr do.
o Jo

We integrate first with respect to r, which is easy, and see that our inte-
gral is equal to

2n
f 11 = cos 6)* cos? 6 db.

0

The evaluation of this integral is done by techniques of the first course
in calculus. We expand out the expression of the fourth power, and get
a sum of terms involving cos* 6 for k = 0,...,6. The reader should know
how to integrate powers of the cosine, using repeatedly the formula

1 + cos 26

20=
cos )
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or using the recursion formula in terms of lower powers. No matter
what method the reader uses, he will find the final answer to be

49n
32

In dealing with trigonometric integrals, you should remember the fol-
lowing formulas:

1—
sin? 0 = “CZOS 26 s cos? 0 = EI + CZOS 20 .

You can also use (but do not memorize, it’s too complicated):

1 -1
~[sin" 0df = — —sin"" 'Ocos O + n—J‘Sin"‘2 0 do,
n n

1 —1
jcos"@d@ = cos" ™' fsin 0 + n—Jcos"_z 9 do.
n

For low powers of sine and cosine, and even powers, the first two formu-
las give the easiest way of finding the answer. For odd powers, you can
substitute repeatedly

sin@ =1—cos?6 or cos?20=1-—sin?6,

and use a substitution u = sin 6, du = cos 6 d0, for instance.

IX, §3. EXERCISES
1. By changing to polar coordinates, find the integral of e***** over the region
consisting of the points (x, y) such that x? + y*> < 1.

2. Find the volume of the region lying over the disc x® +(y —1)> <1 and
bounded from above by the function z = x% + y2

3. Find the integral of e~ >+

over the circular disc bounded by
x2 + y? =a?, a>0.

4. In Exercise 3, find the limit of the integral as a becomes large. This limit is

interpreted as the integral
o) o0
f J‘ e~ P g dy.
— oV — 0
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10.

11.

12.

13.

14.

15.

. Sketch the region defined by x = 0, x2 + y? < 2, and x? + y* = 1. Determine

the integral of f(x, y) = x> over this region.

. Find the mass of a circular disk of radius a if the density is proportional to

the square of the distance from a point on the circumference.

. Let A be the disc of radius 1 and center 0. Find

j (x2 + y?) e T¥* gy dx.

A

Evaluate the following integrals. Take a > 0.

a Jaz—-x2
. f f dy dx

_Ja

a pJaTNE
. f J 2 + y?) dx dy
0JO0

a/\/2 (a2 —y?
j f x dx dy
o y
(a) Find the area inside the curve r = a(l + cos 0) and outside the circle
r=a.
(b) Find the area inside the curve r =a(l —cos 0) and outside the circle
r=a.
The base of a solid is the region of Exercise 11(a) and the top is given by the

function f(x,y) = x. Find the volume.

Find the area enclosed by the following curves.
(@) > =cos 0 (b) r*> = 2a% cos 26

The base of a solid is the area of one loop in Exercise 13(b) and the top is
bounded by the function (in terms of polar coordinates)

¥, 0) = /2a% — r2.

Find the volume.

Find the integral of the function

TeN= @i

over the disc of radius a centered at the origin. Letting a tend to infinity,
show that

lim JL[ f(x,y)dydx =2m.
Dq

a— o
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16. Answer the same question for the function

17.

18.

19.

20.

21.

22.

23.

24.

25.

1
TN =Gy

Find the integral of the function

1
TN =Gy

over the region between the two circles of radius 2 and radius 3, centered at

the origin.

(a) Find the integral of the function f(x,y) = x over the region bounded in
polar coordinates by r = 1 — cos 6.

(b) Let a be a number > 0. Find the integral of the function f(x,y) = x?
over the region bounded in polar coordinates by r = a(l — cos 0).

Sketch the region defined by x 2 0, x? + y? <2 and x2 + y? = 1. Determine
the integral of the following functions over this region.

@ fGxy)=x ®) f(x,y)=x © f&xy=y.

Sketch the region defined by y = x, x> + y> <2, and x> + y> = 1. Find the
integral of the function

xy

f(xay)=x2+y2

over this region.
(a) Sketch the region consisting of all points (x, y) satisfying the inequalities:
x2+y*21,  x*+)y*<4,  y20, x+y20.

(b) Express this region in terms of polar coordinates.
(c) Find the integral of x(x? + y?)*?2 over this region.

(a) Sketch the region defined by
y<x, x*+y*=<3, and x24+y*=2

(b) Find the integral of the function f(x, y) = x over this region.

(a) Sketch the region inside the curve r =1+ cos § and outside the curve
r=1.

1 . .
(b) Integrate the function f(x,y) = ————— over this region.
x4 y?
A cylindrical hole of radius 1 is bored through the center of a sphere of ra-
dius 2. What volume is removed?

Let n be an integer = 0, and let f(x, y) = 1/r", where r = ./x* + y°.

(a) Find the integral of this function over the region contained between two
circles of radii a and 1 respectively, with 0 <a < 1.

(b) For which values of n does this integral approach a limit as a — 0?



CHAPTER X

Green’s Theorem

X, §1. THE STANDARD VERSION

Suppose we are given a vector field on some open set U in the plane.
Then this vector field has two components, i.e. we can write

F(x, y) = (p(x, y), q(x, y)),

where p, q are functions of two variables (x, y). In everything that fol-
lows, we assume that all functions we deal with are C!, ie. that these

functions have continuous partial derivatives, and similarly for vector
fields and curves.

Let C be a curve in U, defined on an interval [a, b]. For the integral
of F over C we use the notation

b
LF = f F(C@®)-C(t)dt = Lp(x, y) dx + q(x, y) dy,

and abbreviate this as

jF=jpdx+qdy.
C C

This is reasonable since the curve gives

x = x(t) and y = y(t)

as functions of ¢, and

ac dx dy
F(C@®) g = POe ) o+ At ) o
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Theorem 1.1. Green’s theorem. Let p, q be functions on a region A,
which is the interior of a closed path C, parametrized counterclockwise.

Then
0q Op
d dy = — = .
LP X+ qdy _”(6)6 6y> dy dx
A

The region and its boundary may look as follows (Fig. 1):

Figure 1

It is difficult to prove Green’s theorem in general, partly because it is
difficult to make rigorous the notion of “interior” of a path, and also the
notion of counterclockwise. In practice, for any specifically given
region, it is always easy, however. That it may be difficult in general is
already suggested by drawing a somewhat less simple region as follows:

Figure 2

We shall therefore prove Green’s theorem only in special cases, where
we can give the region and the parametrization of its boundary explicitly.

Case 1. Suppose that the region A is the set of points (x, y) such that
asx<b and g;(x)=y=g,(x)

in the same manner as we studied before in Chapter IX, §2.
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~92(T)

@)

Figure 3

The boundary of A then consists of four pieces, the two vertical seg-
ments, and the pieces C, and C, parametrized by

Ci(t) = (t, 91(0), ast=<h,
C,(t) = (t,g,(t)), a=<t<h.

Then we can prove one-half of Green’s theorem, namely

jpdx= Jj—a—pdydx.
c oy
4

Proof. We have

6p b rg2(x)
Hady dx = j D, p(x, y) dy dx

a Jgi(x)
g2(x)
dx
g1(x)

= | [pCx, 92(x)) = p(x, 91(x))] dx

A

rb

= (p(x, )

Ja

»

= pdx——jpdx.
Cy

JCay

However, the boundary of A4, oriented counterclockwise, consists of four
pieces,

Cl: C2_9 C3a C47

where C; is the opposite curve to C,, and C;, C, are the vertical seg-
ments.
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Cy

Cs C4

¢

Figure 4

The integrals over the vertical segments are equal to 0. This is easily
seen as follows. Consider the right vertical segment parametrized by

Ci®)=(b,1), with g,(b) <t =< g,(b)

Then x = b (constant!) on this vertical segment, so dx/dt = 0 and there-

fore
J pdx =0,
Cy

thus showing that the interval over this vertical segment is 0. A similar
argument applies to the integral over the other vertical segment, and this
concludes the proof of Green’s theorem in the present case.

Case 2. Suppose that the region is given by similar inequalities as in
Case 1, but with respect to the y-axis. In other words, the region A is
defined by inequalities

csysd and  g,(») =x =49,
Then we prove the other half of Green’s theorem, namely

J‘J‘@dydx=Jqdy.
Ox c

4

Proof. We take the integral with respect to x first:

aq d g2(y)
H % dy=f U e y)dx]dy
A

g1(y)
= j [a(g: ), ¥) — a(g:(»), ¥)] dy.
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In this case, the integral of g dy over the horizontal segments is equal to
0 because y is constant on the horizontal segments, and so dy/dt = 0.
This proves Green’s theorem in this second case.

Figure 5

In particular, if a region is of a type satisfying both the preceding con-
ditions, then the full theorem follows. Examples of such regions are rec-
tangles and triangles and interiors of circles:

>~ O

Figure 6

Other regions of this same type can also be drawn as follows.

N [N

Figure 7

We have therefore proved Green’s theorem in these cases.
We shall omit the proof of Green’s theorem in complete generality.

Example 1. Find the integral of the vector field
F(X,Y)=(Y+3x,2y—x)

counterclockwise around the ellipse 4x? + y* = 4.
Let p(x,y) =y + 3x and ¢q(x, y) =2y — x. Then

0q/ox = —1 and dp/oy = 1.
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By Green’s theorem, we get

j pdx+qdy = JI(—2) dy dx = —2 Area(A),
C
A

where Area(A4) is the area of the ellipse, which is known to be 2n (= nab
when the ellipse is in the form x2/a? + y?/b? = 1). Hence

J = —A47.
ellipse

Example 2. Let F(x, y) = (3xy, x2). Find the integral of F around the
rectangle as shown on the figure, counterclockwise.

[ |

Y

Figure 8

Let R be the rectangle, and C the boundary. By Green’s theorem, the
desired integral is

_ (o2 _2r
Lpdx+qdy— jf(ax—ay>dydx
R

3 2
=J J (2x — 3x)dy dx
-1Jo

il

3
j (— x)2dx
-1

3

2

=—x%} =-(©9-1)=-8

-1

It is clear that we could compute the integral of F over the boundary
of the rectangle easier by using Green’s theorem than by parametrizing
all four sides and then adding the four integrals over these four sides.
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We shall not prove Green’s theorem other than in these special cases.
In any case, the version stated above is insufficient to cover all applica-
tions, and we shall state a somewhat more general version which does
suffice.

Suppose we have a region 4 whose boundary consists of a finite
number of curves, which meet only in their end points. Let C, be one of
these curves, so that A lies either to the right or to the left of C,, as
shown on the figure (Fig. 9).

() (b)
Figure 9

We have drawn the curve C, and its reverse curve C;. In Fig. 9(a) the
region A lies to the left of C,. If we reverse the orientation of C, to
obtain Cy, then A lies to the right of C;.

Green’s theorem, general version. Let A be a region in the plane whose
boundary consists of a finite number of curves. Assume that each curve
of the boundary is oriented so that A lies to the left of the curve. Let p,
q be functions on A. Let

C={Cy....C;}

be the curves forming the boundary of A. Then

dqg o
fpdx+qdy= ” 94 _op dy dx.
c ox 8y

A

Remark 1. In the first version of Green’s theorem, making the as-
sumption that the closed path forming the boundary is parametrized
counterclockwise amounts to the assumption made in the general version
that the region lies to the lefi of the curves forming its boundary. Some
sort of assumption on the orientation of these curves must be made for
the formula of the theorem to come out correctly.



276 GREEN’S THEOREM X, 81]

Remark 2. We do not assume that the curves C,,...,C, are neces-
sarily connected, ie. form a path in the sense we used that worked pre-

viously. In applications, these curves may be disconnected, as in the fol-
lowing example.

Example 3. Let A be the region between two concentric circles C,, C,
as shown, both with counterclockwise orientation (Fig. 10).

Figure 10

The boundary of the region A consists of the two circles C,, C,,
which have both been shown with counterclockwise orientation. Then A
lies to the left of C, but to the right of C,. Therefore, if we wish to ap-
ply our version of Green’s theorem, we must use

C= {Cla CZ_ }
as the curves describing the boundary, where C; is the circle with

clockwise orientation. Then A lies to the left of C;. Hence Green’s for-
mula gives

0q op
dy = — dyd
Llp dx+qdy+LEp dx + qdy .U(E)x 6y> X.
A

J pdx +qdy = —J. pdx + qdy
C; C>

Since

we may also rewrite this formula in the form

Jo~Lrece o= [JG-5)o e

An important special case arises when F = (p, g) is a vector field on 4
satisfying the additional assumption that

op 6q

oy = that is, D,p = Dq.
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Then the right-hand side in the above relation is equal to 0, and conse-
quently we see that the integral of F over C, is equal to the integral of
F over C,, in other words

f pdx+qdy=j pdx + qdy.
Cy C2

Of course, if F is the gradient of a function, then both these integrals are
0. However, we saw previously that there exist vector fields satisfying the
condition dp/dy = dq/dx, but not having potential functions, e.g.

Sy
Feo )= (TyTy>

Example 4. Let F(x, y) be the above vector field. We wish to find the
integral of F over the path y shown on Fig. 11.

72

Figure 11

This path y consists of the three curves y,, y,, y;. It is a mess. But we
can use Green’s theorem to simplify our problem. We draw a small cir-
cle C, around the origin O, oriented counterclockwise. We let A be the
region between the circle and the path.

Figure 12
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Then the boundary of 4 consists of the curves {y,, 7,, 73, C{ }. Note that
if we use C; instead of C, then the region A lies to the left of each one
of the curves. Therefore by Green’s theorem, we get

oo = [ -2)ma-o
, cr ox 0Jy
4

because our vector field satisfies the property D,p = D,q. Hence

LF -|

It is now easy to find the integral of F over C,, and was done in Chapter
VIII where you found 2z. This is the answer.

X

1.

, §1. EXERCISES

Use Green’s theorem to find the integral |, y?dx + xdy When C is the fol-
lowing curve (taken counterclockwise).

(a) The square with vertices (0, 0), (2, 0), (2,2), (0, 2).

(b) The square with vertices (+1, +1).

(c) The circle of radius 2 centered at the origin.

(d) The circle of radius 1 centered at the origin.

(e) The square with vertices (&2, 0), (0, +2).

(f) The ellipse x%/a® + y?/b% = 1.

. (a) Use Green’s theorem to find the integral

Jyzdx—xdy
c

counterclockwise around the triangle whose vertices are at (0, 0), (0, 1),
1, 0).
(b) Let C be the closed curve consisting of the graphs of

y=sin x and y=2sin x for 0<x=<m,
and oriented counterclockwise. Find
J(l +y?)dx + ydy
c

both directly, and by using Green’s theorem.
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3. Find the integral

Jydx+x2dy
c

over the paths shown in Fig. 13.

-

_\ 0 1 2

-1
() (b)
Figure 13

4. Let A be a region, which is the interior of a closed curve C oriented counter-
clockwise. Show that the area of A4 is given by

1
(a) Area(4) = EJ —ydx + xdy
C

(b) Area(A4) = f x dy.
C
5. Assume that the function f satisfies Laplace’s equation,

&f *f
a2 o=

on a region A which is the interior of a curve C, oriented counterclockwise.

Show that
of af
Zax —Zay=0.
Jcaydx ox Y 0

6. Find the integral

d
J‘c1x2+y2 x+x2+y2dy

when C, is each one of the following two paths.
(a) Let C; be the closed path consisting of the vertical segment on the line

x = 2, and the piece of the parabola
yVE=2x+2)

lying to the left of this segment, as shown on Fig. 14(a). We assume that
C, is oriented counterclockwise.
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(b) Let C, be the square oriented counterclockwise as in Fig. 14(b).

//.11222(1‘*‘2) 1

e
N ENZ

(a) (b)
Figure 14

7. Find the integral of the vector field

F(x,y)=<—y+x x+y)

x2+y2’x2+y2

over the same paths C, as in Exercise 6, in both cases (a) and (b).

X, §2. THE DIVERGENCE AND THE ROTATION OF A
VECTOR FIELD

We shall investigate two quantities associated with a vector field
F=(p, 9.
The divergence of F,
div F =D,p + D,q,

which in (x, y)-coordinates also reads

(div F)(x, y) = % + %
The rotation of F,

rot F=D,q— D,p,

which in (x, y)-coordinates also reads

_% .
(rot F)( y) = 5%~ 2
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We note that the rotation of F is exactly the expression which comes
under the double integral sign in Green’s theorem. So far these quanti-
ties have been defined purely algebraically, but in this section we shall
derive physical interpretations for them by applying Green’s theorem.

Since we have already formulated Green’s theorem in the previous
section, we begin with the discussion of the rotation. We shall see that
the name is deserved, because it measures how much the vector field ro-
tates. If we think in terms of a flow of fluid under the influence of the
force field, we can interpret this rotation in terms of how much the fluid
rotates.

Let us repeat Green’s theorem. We have

” rot F dy dx = LbF(C(t))-C’(t) dt

if A is a region inside a curve C, oriented counterclockwise.
The norm of the velocity vector is the speed, i.e.

d

IC@) = d—f

where s = s(t) is the distance traveled. Let u be a unit vector in the tan-
gential direction of the curve. We may write

C'(t) = u(t) j—:-

It is then useful to rewrite the expression on the right in Green’s
theorem in terms of the unit vector, so that Green’s theorem then reads

-ﬂrothydx=J‘F-uds.
c

A

We shall apply the formula to a special case to derive the following
result.

Theorem 2.1. Corollary of Green’s theorem. Let D, be the disc of
radius r centered at a point P. Let C, be the circle of radius r which
forms the boundary of D,, oriented counterclockwise. Let F be a vector
field on the closed disc, and let

A(r) = nr?
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be the area of the disc. Let u be the unit tangent vector to the circle.
Then

1
(rot F)(P) = 11411(1) mj F-uds.

Proof. For an arbitrary point X = (x, y) in the disc, let us write
rot F(X) =rot F(P) + h(X),
where
lim h(X) =

X-P

By Green’s theorem, we get

1 1 ”
—— | Fuds=—— rot F dy dx
A0 e, A Y

Dy

1
*) =2 ( ) f (rot F)(P)dy dx + —— A0) J]h(x, y) dy dx.
D,

Observe that (rot F)(P) is constant, and can therefore be taken out of
the first integral. Since

Jj dy dx = area of disc of radius r,

D-

we find that the first term on the right of (*) is equal to

1 ( ) —— (rot F)(P) J:[ dy dx = (rot F)(P).

Thus to prove the corollary, we need only show that the second term
approaches 0 as r approaches 0. This is done as follows. The function
h(x, y) approaches 0, and the infegral on the right can be estimated as
follows.

< max|h(x, y)lm U dy dx

1
' m JJ‘ h(x, y) dy dx
Dy

= max|h(x, ),
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where the maximum of |h(x, y)| is taken over all points of the disc D,.
This maximum approaches 0 as r approaches 0 by assumption, and the
corollary is proved. (For a discussion of the estimate, see the appendix.)

This leads to the desired physical interpretation. The dot product
F.u

is the component of F in the tangential direction of the circle, as shown
on Fig. 15.

Figure 15

The integral

I F-uds
Cr

can be interpreted as the rotation of F around this circle. Dividing by
the area of the disc, we obtain this rotation per unit area. Thus we get
the interpretation for the rotation of F:

The rotation (rot F)(P) is the rate at which F rotates
per unit area per unit time at P.

We shall now turn to a similar discussion of the divergence of F. We
need first to make some remarks on normal vectors. Let

Ct) = (x(t), y¥)), a<t=<bh

be a curve.

Definition. The right normal vector at ¢ is the vector

d d
o-(-5)
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It is easily verified that N(¢) is a vector perpendicular to the curve (Exer-
cise 1). The picture looks as drawn on Fig. 16.

N

Figure 16

The word “right” is inserted in the definition above because N(@)
points to the right of the curve.

Example. Consider a circle

C(6) = (cos 0, sin 0).
Then

N(6) = (cos 6, sin 6).

N(8)

// (cos 8, sin 6)

Figure 17

We see that N(f) points in the same direction as the position vector
C(6), and thus points to the right of the circle.

Previously we integrated a vector field F along the curve by forming
the dot product with the velocity (tangent) vector,

F(C@)-C(),
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giving the tangential component of the force, in the direction of the
curve. Now we shall form the dot product

F(C®)-N@®

with the right normal vector giving the component in the perpendicular
direction. If we want to abbreviate this by eliminating the reference to
the variable t, we simply write

We then have:

Theorem 2.2. Divergence theorem. Let A be a region which is the in-
terior of a closed curve oriented counterclockwise. Let F be a vector
field on A. Then

Jj (div F)dy dx = ij-N dt.

A

Proof. Exercise 2.

The integral on the right-hand side is of course supposed to read in
full

rF(C(t)) -N(2) dt.

dx d
Since C'(t) = <d_)tc’ ;;), it is immediate that

INOI = 1CO1 = v@.

In other words, N(t) and the velocity vector C'(t) have the same norm,
namely the speed of the curve. Since the distance traveled is given by
the integral

ds

s(t) = Jv(t) dt, ) i v(t),
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it is customary to rewrite the integral in the divergence theorem in terms
of the variable s. Let

N(t)
IN@)

be the unit vector in the direction of the normal N(t). Then

n(t) =

N® = INO | ) = o,

and the formula in the divergence theorem may be rewritten:

ff(divF)dydx = JF-nds.
c

A

Of course, the right-hand side means

rF(C(t)) -n(t) Z—i dt.

The divergence theorem has an interesting corollary, which will allow
us to give a physical interpretation for the divergence of a vector field.

Theorem 2.3. Let D, be the disc of radius r centered at a point P in the
plane. Let C, be the circle of radius r which forms the boundary of D,,
oriented counterclockwise. Let F be a vector field on the closed disc,
and let

A(r) = nr?

be the area of the disc. Let n denote the unit right normal vector on the
circle. Then

1
div F)(P)=1lim—— { F-nds.
@vam=tm2o 1.,

Proof. Let g=divF =D,p+ D,q. Our vector fields are assumed
continuous, so g is continuous, and we can write

g(X) = g(P) + h(X),
where
lim A(X) = 0.

X-P
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By the divergence theorem, we get

1 1
— F-nds=—jjdideydx
Ar) Je, A(r)

D,

1
® -5 f f o(P) dy dx + m H h(x, ) dy dx.
D, D,

Observe that g(P) is constant, and can therefore be taken out of the first
integral. Since

jj dy dx = area of disc of radius r,

D,

we find that the first term on the right of (%) is equal to

( ) ——~9(P) f J dy dx = g(P) = (div F)(P).

D,

A

Thus to prove the theorem we need only show that the second term
approaches 0 as r approaches 0. This is done exactly in the same way
that we handled the similar situation previously for the rotation, and
concludes the proof.

We now give the physical interpretation for the divergence quite
analogously to that of the rotation.
The dot product
F-n

is the component of F along the right normal vector, pointing outward.

The integral
f F-nds
c

can be interpreted as the flow going outside the circle per unit time, in
the direction of the unit outward normal vector. Dividing by the area of
the disc, we obtain the mass per unit area flowing out of the disc. Thus
we get the interpretation for the divergence:

The divergence of F at P is the rate of outward flow
per unit area per unit time at P.
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An analogous theorem will be proved in Chapter XII, §5 for the diver-
gence in 3-space, and also in Chapter XII, §6 for a similar interpretation
of the curl. The patterns of proofs will also be quite analogous.

X, §2. EXERCISES

1. Verify that N(t) is perpendicular to the curve, ie. perpendicular to C'(¢).

2. Prove the divergence theorem, by applying Green’s theorem to the vector field

3. Let F(x,y) = (y,—x). Let C be the circle of radius 1 oriented counterclock-
wise. Show that

fF-nds=0.
c

4. Let A be a region which is the interior of a closed curve C oriented counter-
clockwise. Let f, g be two functions on 4. Define

Let n be the unit right normal vector along the curve. Define

an = (gradf)-n,

so that for any value of the parameter ¢, we have

(D.f)(t) = grad f(C(®))-n(®).

This is called the right normal derivative of f along the curve. It is the di-
rectional derivative of F in the direction of n.

Prove Green’s formulas:

@ f f [(erad /)-erad ) + 9 ] dxdy = [ g, 1 ds

J JC
A

(® ﬂ (9Af—fAg) dxdy = [(Qan — fDyg)ds
JC
A

[Hint: Apply the divergence theorem to the vector fields f grad g and g grad f.
For instance, let

VA
F=ggrad f=(gD, /gD, f) =97 9 oy
In computing the divergence of F, use the rule for the derivative of a
product.]
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5. Prove the following theorem.

Let f be a harmonic function on the disc of radius 1, that is, assume that f is
differentiable as needed, and satisfies Laplace’s equation

o*f o*f
I 9T,
ox T oy?

Then

2n
f(0,0) = ij f(r cos 0, rsin 0) dé.
2r Jo

[Hint: For 0 <r < 1, let

1 2n
or) = — f f(rcos 0,r sin 6) d6.
2n J,

Take the derivative ¢'(r) by differentiating under the integral sign, with respect
to r. Using the divergence theorem, you will find

1
o'r)y=— Jf div grad f(x, y) dy dx
2nr
D,

1 rf  f
= 2mr ﬂ (a * ‘aﬁ)"y dx
D,

=0.

Hence ¢ is constant. Then substitute r = 0 in the definition of ¢ to get what
you want.]

The theorem in this exercise is sometimes called the mean value theorem
for harmonic functions. It says that the value of the function at 0, 0) is
obtained by averaging the function over a circle (of any radius) centered at 0.

APPENDIX

In the proofs of Theorems 2.3 and 2.1 we met a significant estimate of an
integral, so we say a few more words about such estimates here.

Theorem 24. Let h be a continuous Sunction on a closed bounded

region A. Then
th =< <max h) area(A).
A
A
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Proof. Let M be the maximum of |h| on A. Then h <|h| £ M. There-
fore by Theorem 1.4 of Chapter IX, §1 we get

J‘J‘h < M j[dy dx = M area(A).

But we also have —h < |h| < M, so

_~H'h <M .”‘dy dx = M area(A).
4 A4
I
A

Theorem 2.5. Let g be a continuous function on an open set U in R2,

Let P be a point of U. Let D, be the disc of radius r centered at P.
Let A(r) = area of the disc = nr®. Then

1
1’1’3 A0 Hg(x, y)dy dx = g(P).
D,

Proof. Let h(X) = g(X) — g(P), so g(X) = g(P) + h(X). Then

1 1 1
a0 ”MX) dy dx = a0 ”g(P) dy dx + 0 ”h(X) dy dx

The absolute value is equal to + J J h, whence the theorem follows,

A

D, D, D,
1
—3 P —_—
(%) g(P) + A0 ”h(X) dy dx
D,

By the continuity of g, we have

lim hA(X) =0,

X-P

and therefore the maximum of |h| on the disc of radius r approaches 0
as r approaches 0, that is

lim max |h| = 0.
r-0 D,

We have the estimate by Theorem 2.4:

1 1 _
0 ”h(X) dy dx| < (rrﬁx IM)M ﬂdy dx = max |h.
D, ;.

Letting r tend to 0 shows that the second term on the right of equation
() approaches 0 as r approaches 0. Taking the limit as r -0 proves
the desired theorem.

The theorem can be expressed in words, by saying that the value of
g at P is the limit of the average of g taken over shrinking discs centered
at P.



Part Four

Triple and Surface
Integrals



CHAPTER XIi

Triple Integrals

In this chapter we carry out the analogue in 3-dimensional space of the
integration theory developed in Chapter IX for 2-dimensional space.

Xl, §1. TRIPLE INTEGRALS

The entire discussion concerning 2-dimensional integrals generalizes to
higher dimensions. We discuss briefly the 3-dimensional case.

A 3-dimensional rectangular box (rectangular parallelepiped) can be
written as a product of three intervals:

R =[ay, b,] x [a,,b,] x [as, bs].
This means that R is the set of points (x,, x,, x;) such that
a; <x,<b,, a, £x, <b,, a; < x; < b;.

It looks like this (Fig. 1).

2k

Figure 1
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A partition P of R is then determined by partitions P,, P,, P; of the
three intervals respectively, and partitions R into 3-dimensional sub-
boxes, which we denote again by S.

If f is a bounded function on R, we may then form upper and lower
sums. Indeed, we define the volume of the rectangular box R above to
be the 3-dimensional volume

Vol(R) = (b3 — a3)(b, — a,)(b; — ay)
and similarly for the subrectangles of the partition. Then we have

L(P, f) = % (glbs f)Vol(S),

U, f) = g(IUbs SHVol(S).

As before, every lower sum is less than or equal to every upper sum. A
function f is called integrable if there exists a unique number which is
= every lower sum and < every upper sum. If that is the case, this
number is called the integral of f, and is denoted by

”sz ” S(x, y,2) dz dy dx.

If f =0, then we interpret this integral as the 4-dimensional volume
of the 4-dimensional region lying in 4-space, bounded from below by R,
and from above by the graph of f. Of course, we cannot draw this
figure because it is in 4-space, but the terminology goes right over.

The basic theorems of Chapter IX are still valid here. We repeat
them.

If, f, g are integrable, then so is f + g and kf for any constant k, and
we have:

(o= e (o [+

R R

In two variables, we stated that a function is integrable if it is
bounded and continuous except at a finite number of smooth curves.
We have also an analogue for this, except that instead of curves, we have
to allow for surfaces.

Let R be a 3-dimensional rectangular box, and let f be a function de-
fined on R, bounded and continuous except possibly at the points lying
on a finite number of smooth surfaces. Then f is integrable on R.
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Again we can integrate over a more general region than a rectangle,
provided such a region A has a boundary which is contained in a finite
number of smooth surfaces. If 4 denotes a 3-dimensional region and f
is a function on A4, we define

f(X)=0 if X isnotapointof A.

We always assume our regions are bounded, so we can find a suitable
large rectangular box R which contains 4. We define the integral of f
over A to be the integral of the function over R, i.c. we define

fﬂf: Mf

or also in terms of the variables

Jl[ f(x,y,2)dzdydx = fj f(x,y,z)dz dy dx.
A R

Since f(x,y,z) =0 if (x,y,z) is not a point of A4, the integral on the
right represents the desired notion.

If we view A as a solid piece of material, and f is interpreted as a
density distribution over A, then the integral of f over A may be inter-
preted as the mass of A.

To compute multiple integrals in the 3-dimensional case, we have the
same situation as in the 2-dimensional case.

The theorem concerning the relation with repeated integrals holds, so
that if R is the rectangular box given by

R= [ala bl] X [aZa bz] X [a3a b3]a

(- LIF ([ senoe)oe

Of course, the repeated integral can be evaluated in any order.

then

Example 1. Find the integral of the function f(x,y, z) = sin x over the
rectangular box
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The integral is equal to

T r3r1
'j J J‘ sin x dz dy dx.
0J2J-1

If we first integrate with respect to z, we get

1 1
f dz =z =2
-1 -1
Next with respect to y, we get
3 3
f dy=y| =1
2 2

We are then reduced to the integral

K3

= —2(cos ® — cos 0) = 4.
(o]

J 2sinxdx = —2cos x
0

We also have the integral over regions determined by inequalities.

Rectangular coordinates. Let a, b be numbers, a < b. Let g1, 9> be two
smooth functions defined on the interval [a, b] such that

g:1(x) = g,(x),

and let hi(x, y) < hy(x, y) be two smooth functions defined on the region
consisting of all points (x, y) such that

as<x<b and g,(x)Zy=g,(x)
Let A be the set of points (x, y, z) such that
as<x<b  g;(x)=y=gyx),
and
hy(x, y) £ z < hy(x, y).

Let f be continuous on A. Then

b g2(x) ha(x,y)
f“f :f [f (j f(x,y,2) dz) dy] dx
. a g1(x) hi(x,y)
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For simplicity, the integral on the right will also be written without the
brackets.

Example 2. Consider the tetrahedron T spanned by O and the three
unit vectors (Fig. 2).

E;

P

E,

Figure 2
This tetrahedron is the set of points (x, y, z) such that
0<x<1, 0<y=<1-—x 0<z=1-—x-—y.

Hence if f is a function on the tetrahedron, its integral over T is given

b
[T e

For the constant function 1, the integral gives you the volume of the

tetrahedron, and you should have no difficulty in evaluating it, finding
the value

Vol(T) = j” ldzdydx =1

T

Xl, §1. EXERCISES

1. Find the volume of the region spanned by the following inequalities:

0<x=<1, 0y /1 —x2, 0<z=< /1 —x%2—y%

2. Find the integral
7 *sinf fpcosd
J J‘ f p? dz dp db.
oJo Jo
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3. Find the integral of the following functions over the indicated region, in 3-
space.

(@) f(x,,2) =x> over the tetrahedron bounded by the plane

12x 4+ 20y + 15z = 60,

and the coordinate planes.
(b) f(x,y,z) =y over the tetrahedron as in (a).

4. Let A be the region in R® bounded by the planes

Find

H‘j 2 4z dy dx.
A

XI, §2. CYLINDRICAL AND SPHERICAL COORDINATES

Cylindrical coordinates

Analogously to the polar coordinates in the plane, we consider cylindri-
cal coordinates in 3-space, given by

x =rcos 0,
y =rsin 6,
z=1z.

We shall abbreviate the association

r,6,2)—(x,y,2)
by the symbols
(x, y,2z) = G(r, 0, z) = (r cos 0, r sin 6, z).

We also call G a mapping, or transformation, from the (7, 0, z)-space to
the (x, y, z)-space. The numbers (r, 8, z) are called the cylindrical coordin-
ates of the point (x,y,z), and are represented on the following figure
(Fig. 3).
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z-axis

(zy,2)

z-axis

Figure 3

y-axis

299

The cylindrical coordinates of a region are usually taken with values

of (r, 6, z) such that
0Zr,

0=<0<L2m,

z is arbitrary.

Consider the elementary cylindrical region shown on Fig. 4(b).

22\
\
' B
A\
\
2|\
\
\ | !
! |
i i |
[ I
| I—|f1 82
| — 1= I——/—,
W A
e e
/ | 7 |//
Bl Iy
(a)

Figure 4

2
ZV\\

Y

It is the transform of the rectangular box B in Fig. 4(a). It is the set of

all points whose cylindrical coordinates satisfy the inequalities

00,20<0,=<2m

0<r <rs<

zy £z =< z,.

¥y,
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The volume of the elementary cylindrical region G(B) is equal to the
area of the base times the height. The height is (z, — z,). The area of
the base is the area of a piece of a sector, which we already found when

dealing with polar coordinates in the plane. Consequently, the volume of
G(B) is given by the formula:

2 2
O ) Cat )

This expression can be rewritten in the form

Hzy — z))(r, — )0, — 6,),
where
r, + ry
o

7=

Forming upper and lower sums with respect to partitions of the r-axis,
f-axis, and z-axis, we are then led to the formula analogous to the for-
mula for integration with respect to polar coordinates, as follows.

Theorem 2.1. Suppose A is some region in the (x,y, z)-space, and let

A* be the region of the (r, 0, z)-space corresponding to A under the
cylindrical coordinates. Then

H[ f(x,y,2)dzdydx = ij f(@rcos8,rsin 0, 2)r dz dr d.

A A*

Indeed, the same kind of argument applies as with polar coordinates.

In practice, the region A* is described by the same type of inequalities
as with polar coordinates, and we state the relevant theorem as follows:

Theorem 2.2. Let A be the region in the (x,y,z)-space consisting of
points whose cylindrical coordinates (r, 0, z) satisfy inequalities
al0ZLh (and b < a+ 2n),
0=<g,06) S = g,00),
hi(6,r) <z < hy(6,7),

where gy, g5, hy, h, are smooth functions. Let A* be the corresponding
region of points (r, 0, z) satisfying these inequalities in the (r, 0, z)-space.
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Let
f*O,r,z) = f(rcos 0,rsin 6, z).

Then

g2(0) (h2(0,r)
Jjjf = j f J f*(@r, 0, z)r dz dr do.
. g1(0) v h1(6,r)

The function which we denote by f* may be viewed as the function f
in terms of the cylindrical coordinates.

Example 1. Find the mass of a solid bounded by the polar coordin-
ates —n/3<0=<7/3 and r =cosf and by z =0, z=r, if the density is
given by the function

f*(r, 0, z) = 3r.

The mass is given by the integral

cos@ r
f f J.3r~rdzdrd6.
—n/3 0

Integrating the inner integral with respect to z yields 3r’r = 3r3. Inte-
grating with respect to r between 0 and cos 6 yields

3rt

4

cos 6 3 COS4 0
0 4

Finally we integrate with respect to 6, using elementary techniques of
integration: cos?0 = (1 + cos 20)/2 so that

1
cos* 0 = 1 (1 + 2 cos 20 + cos? 26)

1
=<1+2cos20+

1 + cos 460
4

2

We can now integrate this between the given limits, and we find

/3
%f cos* 0.d0 = (2"+\/ ” f)

—n/3
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Note. In the above example, the function is already given in terms of

(r,0,z). It corresponds to the function f(x,y,z)=3./x>+ y*. Indeed,
taking f(r cos 0, r sin 0, z) yields 3r.

Example 2. Let us find the volume of the region inside the cylinder
r = 4 cos 6, bounded above by the sphere r? + z2 = 16, and below by the

plane z=0. In the (x, y)-plane, the equation r =4 cos@ is that of a

circle, with —n/2 < 6 < n/2. The region is then defined by means of the
other two inequalities

0z /16 — ¢ and 0=r=4cosh.

Therefore the desired volume V is the integral

n/2 r4dcosd ;. /16—r2
= j J j rdz drdo
—n/2

4 cos@
f j r/16 — r? dr do
—n/2

—*J (sin® 0] — 1) do =
—n/2

64n 644
3 9

Spherical coordinates
We consider the region in coordinates (p, 6, ¢) described by
0= p, 0Z¢p=m 0<6<2n

These coordinates can be used to describe a point in 3-space as shown
on the following picture.

(,y,2)

Figure 5
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In fact, we let
p=</x*+y*+ 22

We denote this by p to distinguish it from the polar coordinate r in the
(x, y)-plane. Then p is the distance of (x, y,z) from the origin. Further-
more, 0 is the same angle as with polar coordinates. We have a new
coordinate ¢ which denotes the angle with respect to the z-axis.

We see that

Z = p COS Q.

On the other hand,
x2+y2=p*—22=p2sin ¢

so that the polar r is given by

r=./x*+ y*> = psin ¢.

In taking the square root, we do not need to use the absolute value
Isin ¢| because we take 0 < ¢ < 7 so that sin ¢ = 0 for our values of ¢.

From the formulas x =rcosf# and y=rsinf, we then obtain the
relationship between (x, y, z) and (p, 0, @), namely:

X = psin ¢ cos 6,
y = p sin ¢ sin 6,

Z = pCos .

We can also say that we have a transformation G: R® - R? given by
G(p, 0, @) = (p sin @ cos 6, p sin ¢ sin 6, p cos @).

Example 3. The equation for the sphere of radius a in spherical coor-
dinates is given by

p=a
Let A be the solid ball consisting of all points (x, y, z) such that

x2 4+ y? + 22 < a?
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Then A corresponds to the region A* consisting of all points (p, 6, @)
satisfying
p=a

There is no further restriction on 6, ¢, except those originally put,
namely

0p=<n and 0L60<L2n.

Example 4. Consider a cone whose sides form an angle of /4 with
the (x, y)-plane.

—— -

The equation of this cone in spherical coordinates is then

o =T1/4.

This is much easier to express than in rectangular coordinates.
Let A be the region consisting of all points (x, y, z) which lie above
the cone. Then A is the set of points whose spherical coordinates satisfy

0<¢=mn/M4
There is no restriction on p or 6 other than the original inequalities

0=<p and 0<6=2n

Let R be the 3-dimensional box in the (p, 0, ¢)-space, whose coordin-
ates satisfy the inequalities

0, <00, (0,<6,+2n),
0=p,=p=p2

0fp; 2=, =m
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The image of R under the transformation G is then an elementary spher-
ical region G(R) as shown in Fig. 6.

Z-axis
P2~ — el
K~/ //
NN
\/
Pl‘\\\ -
\\ -
aq / \\
1 NLAX \
1/ A7 \
24 , .
~ |—|—|—_l_ y-axis
STkl ]
~! e P
L—- 2
Xx-axis ~
~
~
\91
Figure 6

We claim:

Theorem 2.3. The volume of the elementary spherical region G(R) just
described is equal to

p; Pl 0. _ o
?_? (cos ¢y — cos @,)(0, — 0,).

In order to see this, we shall find the volume of a slightly simpler

region, namely that lying above a cone and inside a sphere as shown on
the next figure (Fig. 7).

Figure 7
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The radius of the sphere is p, and the angle of the cone is ¢, as shown
on the figure. We let a be the height at which the cone meets the
sphere. The volume of this region consists of two pieces. The first is the
volume of a cone of height a, and whose base is

b = psin ¢.

Volume = {nab?

Observe that a = p cos ¢. Therefore
Volume of cone = §p3 sin? ¢ cos .

The other piece lies below the spherical dome, and can be obtained as
a volume of revolution of the curve z2 + y? = p?, letting z range between
a and p.

z-axis

cross section of spherical cap

y-axis

Since y? + z? = p? is the equation of a circle of radius p, the volume
of the spherical cap is the volume of revolution of the curve

y=+/p?—2z> with a<z=Zp.

If y = g(z) where g is a positive function, and a < z £ b, then from your
first course in calculus you should know that the volume of revolution of
the graph of g between z = a and z = p. is given by the integral

T J'pg(z)2 dz.
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If you apply this to the present situation, you have an easy integral to
evaluate, and you find

Volume of spherical cap = n(2p> — p* cos ¢ + $p> cos® @).
Adding our two volumes together, and noting that
cos® @ = cos? ¢ cos o,
we have proved:

Let A be the region lying inside the sphere of radius p, and above the
cone making an angle ¢ with the z-axis. Then

Vol(4) = 2np® — 2np3 cos ¢.

The volume of this region lying between angles ¢, and ¢, is obtained
by subtracting, and is equal to

3np3(cos @, — c08 @).

Considering only the part lying between the spheres of radii p, and p,,
we obtain its volume again by subtraction, and get

3n(p3 — p})(cos ¢, — cos @,).

Finally, we have to take that part lying between angles 6, and 0,, that
is, take the fraction

6, — 0,
2n

of this last volume. In this way, we obtain precisely the desired volume
of the elementary spherical region of Fig. 6. This proves Theorem 2.3.

Using the mean value theorem, we find that

3 3
P2 P _
3 ?1 = p*(ps — p1)s

for some number 5 between p, and p,. Again by the mean value
theorem, we find that

COS ¢ — COS @, = sin @(P, — @)
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Hence

The volume of the elementary spherical region G(R) is equal to

,52 sin @(p, — p N@, — @,)(0, — 6,).

By forming Riemann sums we already had in polar coordinates, it is
therefore reasonable that the triple integral of a function f over a region
A in the (x, y, z)-space which corresponds to a region A* in the (p, 6, @)-
space of spherical coordinates is given by the formula:

f [ ff(x, . 2) dz dy dx = ” *(5.0, @)% sin ¢ dp do db.

A

As usual, f*(p, 0, ) is the value of the function at the given point

(x,y,z) in terms of the spherical coordinates of the point (p,0, @),
namely,

f*(p, 0, 9) = f(psin @ cos B, p sin @ sin 0, p cos ¢).
We can also abbreviate this with the notation

[*(p, 8, 9) = f(G(p, 0, 9)).

Symbolically, it is convenient to use a notation which does not con-
tain variables when expressing an integral. Thus we sometimes write

oo

A

where dV means, in the various coordinates:

dV = dz dy dx = r dz dr d0 = p* sin @ dp do do.

Example 5. As a check, let us apply the general formula directly to
see if it gives us the same answer for the volume of the elementary
spherical region G(R). We are supposed to evaluate the integral

02 o2 (p2 .
fjj dz dydx = [ J [ p?sin @ dp do db.
vl VY1 Ypy

G(R)
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In this case, the repeated 3-fold integral splits into separate integrals with
respect to p, @, 6 independently. These integrals are of course very sim-
ple to evaluate. In this case, the limits of integration are constant. Inte-
grating with respect to p yields the factor 3(p3 — p3?). Integrating with
respect to ¢ yields the factor (cos ¢; — cos ¢,). Integrating with respect
to 0 yields the factor (6, — 0,). Thus the evaluation of the integral
checks with the arguments given previously.

Example 6. Find the volume above the cone z2 = x? + y* and inside
the sphere x2 + y? + z2 = z (Fig. 8).

Figure 8

As in dealing with polar coordinates, we substitute
x2+y*+2z2=p%> and z=pcoso.
Therefore the equation of the given sphere in spherical coordinates is
p = cos o.

Thﬁ: equation of the cone is ¢ = n/4. The region of integration is the
region:

A = set of points (x, y, z) whose spherical coordinates (p, 0, ) satisfy
0=60<2nr, O0=<¢p=mn4 O0=p=<cose.

Hence our volume is equal to the integral

2n n/4 fcose
j” 1= [ j j p?sin ¢ dp do do.
Jo JoO 0

A
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The inside integral with respect to p is equal to
3 |cosg
(sin ¢) £ =% cos® ¢ sin ¢.
0

This is now easily integrated with respect to @, using

u = cos @, du = —sin @ do,

and yields
n/4 1 1 —COS4 ® /4 1 1 3
~cosPgsinpdp==-——""| =_—(_= - .
L 3T eImeae =g | 12< 4“) 43

Finally, we integrate with respect to 6, and the final answer is therefore
equal to

3 .

25 27 = 3.

oof=

Example 7. Find the mass of a solid body S determined by the in-
equalities of spherical coordinates:

o
IA
S
A

< ¢ < arctan 2, 0§p§\/g,

N
13

if the density, given as a function of the spherical coordinates (p, 0, @), is
equal to 1/p.

To find the mass, we have to integrate the given function over the
region. The integral is given by

/2 tarctan2 \/g 1
f j J — p?sin ¢ dp do d6.
0o Jmu/a o P

Performing the repeated integral, we obtain

37:( 1 i)
2\ /2 /s
We note that in the present example, the limits of integration are con-
stants, and hence the repeated integral is equal to a product of the inte-

grals
/2 arctan 2 \/E
f dO-J sin(pdqo~f p dp.
0 /4

0o

Each integration can be performed separately. Of course, this does not
hold when the limits of integration are non-constant functions.
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As before, we have a similar integral when the boundaries of integra-
tion are not constant. We state the result:

Theorem 2.4. Let A be a region in the (x, y, z)-space which consists of
all points whose spherical coordinates (p, 0, @) satisfy the inequalities:

azl0<h,
91(0) < ¢ < g,(0),
hy(0, ) < p < hy(6, 9),

where:

a, b are numbers such that 0 < b — a £ 2m;

g1(0), g,(0) are smooth functions of 0, defined on the interval a< 0 <b
such that

0=9,00) =< g,0) < m;

hy, hy are functions of two variables, defined and smooth on the region
consisting of all points (0, @) such that

as0=b,

91(0) = 0 < g,(0)

and such that 0 < hy(0, ) < h,(6, @) for all (0, @) in this region.
Let f be a continuous function on A, and let

f*(p, 0, 9) = f(G(r, 6, 9))

be the corresponding function of (p, 6, ). Then

b rg2(0) [h2(0,0)
Uf f= f j j *0, @, p)p* sin ¢ dp de do.
M a Jg1(0) Yhi(0,9)

Xl, §2. EXERCISES
1. Find the volume inside the sphere
x2 + y? + 2% = a?,

by using spherical coordinates.
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2. Find the volume inside the cone

x2+y2<zg1

by using spherical coordinates.

3. (a) Find the mass of a spherical ball of radius a > 0 if the density at any

point is equal to a constant k times the distance of that point to the
center.

(b) Find the integral of the function

1
N S

over the spherical shell of inside radius a and outside radius 1. Assume
0 <a < 1. What is the limit of this integral as a — 0?

Jx,9,2)=

4. Find the mass of a spherical shell of inside radius a and outside radius b if

the density at any point is inversely proportional to the distance from the
center.

5. Find the integral of the function
JGoy,2)=x2
over that portion of the cylinder
X2 4+ y? < a?
lying between the planes
z=0 and z=>b>0.

6. Find the mass of a sphere of radius a if the density at any point is propor-
tional to the distance from a fixed plane passing through a diameter.

7. Find the volume of the region bounded by the cylinder y = cos x, and the
planes

Il
e

z =y, x=0, x =mn/2, and z
8. Find the volume of the region bounded above by the sphere
x2+yP+22=1
and below by the surface

z=x%+y%
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9.

10.

11.

12.

13.

14.

Find the volume of that portion of the ball x*> + y* + z* < a?, which is inside
the cylinder r = a sin 6, using cylindrical coordinates.

Find the volume above the top half of the cone z2 = x* + y* and inside the
sphere p = 2acos ¢ (spherical coordinates). [Draw a picture. What is the
center of the sphere? What is the equation of the cone in spherical co-
ordinates?]

Find the volumes of the following regions, in 3-space.

(a) Bounded above by the plane z =1, and below by the top half of
22 =x2 + y2

(b) Bounded above and below by z2 = x? + y%, and on the sides by

x2+y?+z22=1
(c) Bounded above by z = x? + y2, below by z = 0, and on the sides by
x2+yr=1

(d) Bounded above by z = x, and below by z = x? + y2.

Find the integral of the function f(x,y, z) = 7yz over the region on the posi-
tive side of the (x, z)-plane, bounded by the planes y=0, z=0, and z=a
(for some positive number a), and the cylinder x% + y2 = b2 (b > 0).

Find the volume of the region bounded by the cylinder r? = 16, by the plane
z =0, and below the plane y = 2z.

Let n be an integer >0, and let f(x, y, z) = 1/p", where

p=+/x*+y*+ 2%

(a) Find the integral of the function

fCey,2)=1/p"

over the region contained between two spheres of radii a and b respec-
tively, with 0 < a < b.

(b) For which values of n does this integral approach a limit as a — 0?
Compare with the similar result which you may have worked out in
Chapter IX for a function of two variables.

Xl, §3. CENTER OF MASS

Double and triple integrals have an application to finding the center of
mass of a body in the plane or in 3-space. Let 4 be such a body, say in
the plane, and let f be its density function, giving the density at every
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point. Let m be the total mass. Let (X, y) be the coordinates of the
center of mass. Then they are given by the integrals:

ij xf(x, y) dy dx
If £0x.y) dy dx ’

>E=;1; ff xf(x,y)dy dx =
4

{§ yf(x,y)dy dx

___._1. —————————A H
3= | ety S

In 3-space, we would of course use the triple integral of xf(x, y,z) and
yf(x, y, z) over the body. For instance, the third coordinate of the center
of mass of a body of total mass m in 3-space is given by

Z= 1 JJJ #f (x, y, z) dx dy dz.
m
A

Example 1. Let us find the center of mass of the part of the first
quadrant lying in the disc of radius 1, as shown on Fig. 9. We assume in
this case that the density is uniform, say equal to 1.

The total mass m is equal to n/4, and

1
X =— j‘[xdydx.
m
4

Figure 9

The integral is best evaluated by changing variables, ie. using polar
coordinates. The first quadrant consists of the points whose polar coor-
dinates satisfy the inequalities

0072 and 0sr1.
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Thus we find:

n/2 1
jjxdydx=f frcos@rdrd0=%.
o Jo

A
Hence
-3
x= 3n
_ 4
Similarly, or by symmetry, we have y = i also.
Example 2. Let us find the z-coordinate of the center of mass of the

part of the unit ball consisting of all points (x, y, z) whose coordinates
are = 0. If A denotes this part of the ball, then we have

Z=lfjfzdxdydz.
m
A

The region A consists of those points whose spherical coordinates satisfy
the inequalities

0<0=<mn2, O0=¢o=mn2, 0=<p=s1l
By using spherical coordinates, the integral is equal to

w2 rr/2 pr1
j J J p cos ¢ p* sin @ dp do dé.
o Jo Jo

Again we easily find the value 7/16. We also know that the mass of the

. 1
total ball is $7. Hence the mass of our part of the ball is 3 4% = g, so
that
;™6 3
16w 8

Xl, §3. EXERCISES
In each of the following cases, find the center of mass of the given body, assum-
ing that the density is equal to 1.

1. The triangle whose vertices are (0, 0), (3, 0), and (0, 5).

2. The region enclosed by the parabola y = 6x — x? and the line y = x.
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3. The upper half of the region enclosed by the ellipse as shown on Fig. 10.

Figure 10

4. The region enclosed by the parabolas y = 2x — x? and y = 3x2 — 6x.

5. The region enclosed by one arch of the curve y = sin x.

6. The region bounded by the curves y = sin x and y=cosx, for 0 < x < n/4.
7. The region bounded by y =logx and y =0, 1 < x < a.
8

. The inside of a cone of height i and base radius a, as shown on Fig. 11.

RN

Figure 11

9. Find (a) mass and (b) the center of mass of a plate bounded by the upper
half of the curve r = 2(1 + cos 6) (in polar coordinates) if the density is pro-
portional to the distance from the origin. The plate is drawn on Fig. 12.

7= 2(1+cos )

Figure 12
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10. Find (a) the mass and (b) the center of mass of a right circular cylinder of
radius a and height h if the density is proportional to the distance from the
base.

11. (a) Find the mass of a circular plate of radius a whose density is proportion-
al to the distance from the center.
(b) Find the center of mass of this plate.
(c) Find the center of mass of one quadrant of this plate.

12. Find the mass of a circular cylinder of radius a and height & if the density is
proportional to the square of the distance from the axis.

13. Find the center of mass of a cone of height h and radius of the base equal to
a, if the density is proportional to the distance from the base.



CHAPTER XIi

Surface Integrals

We assume that you are acquainted with the cross product of Chapter 1,
§7. Read that section if you have not already done so.

Xll, §1. PARAMETRIZATION, TANGENT PLANE, AND
NORMAL VECTOR

Let us first recall that a curve can be described by an equation, like
x>+ y? =1
or it can be given parametrically, as when we set
X = cos 6,
y =sin 6,

with 0 < 0 < 2n. A similar situation will occur for surfaces, and we con-
sider first the parametric representation.

Let R be a region in the plane, whose variables are denoted by (¢, u).
Let us associate to each pair (¢,u) of R a point X(¢,u) in 3-space which
can be written in terms of its coordinate functions

X(t: u) = (xl(t’ u), x2(t, u), X3(l’, u)),

where Xx,, x,, x; are functions from R into the real numbers. We say
that such an association is a mapping from R into R3, or also a parame-
trization. This is a higher dimensional analogue of parametrizing curves



[XII, §11 PARAMETRIZATION 319

in space. A curve C(¢) depends only on one variable ¢t. Here, the para-
metrization X(t, u) depends on the two variables (t, u).

If each coordinate function is differentiable, and if its partial deriva-
tives are continuous, we may view X as parametrizing a surface in R3, as
shown on Fig. 1. We shall always assume that our parametrizations satisfy
all needed assumptions of differentiability and continuity, without usually
repeating such assumptions.

(t, u)

Figure 1

If x, y, z are the three coordinates of R3, then we also write the parame-
trization of our surface in the form

X = fl(ua U)a or x(u, U):
y= f2(ua U) or Y(u, U):

z = f3(u, v) or z(u, v).

Example 1. We parametrize the sphere of radius p by means of spheri-
cal coordinates, as studied in Chapter XI, namely

x = p sin ¢ cos 6,
y = p sin @ sin 6,
Z = pcos .
The region R in R? is the rectangle described by the inequalities
0Z¢p=m

and
0<60<2n.

Our mapping “wraps” this rectangle around the sphere. If we evaluate

X2+ y? + 22,
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and use relations like sin? 6 4 cos? § = 1, we get the value p2 This kind
of technique shows us how to get back the equation in rectangular.coor-
dinates from the parametrization.

Example 2. A torus (ie. a doughnut-shaped surface) can be given
parametrically by the functions:
x = (a + b cos @) cos 0,
y = (a + bcos ¢)sin 6,
z = b sin ¢.
The torus is centered at the origin, and a > 0 is the distance from the

origin to the center of a cross section, as shown on Fig. 2. The variables
@, 0 satisfy inequalities

0<op<2n

and
0560 <2n

Figure 2

The number b > 0 is the radius of a cross section. The angle ¢ deter-
mines the rotation of a point in this cross section, as shown in Fig. 3.
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It is clear from this picture that the elevation z of a point is‘given by
bsin ¢. If we project the point on the (x, y)-plane, then the distance of
this projection from the origin is exactly

a.+ bcos .
To get the x-coordinate of this projection, we have to multiply the pro-

jection with cos 6, and to get the y-coordinate of this projection, we have
to multiply the projection with sin 6, as shown on Fig. 4.

z
[ (a + b cos @)sin

(a + b cos @)cos 0 '

a+bcoso

» Y

Figure 4

Let R be a region in R?, and let X(t,u) be the parametrization of a
surface. If

X(ta u) = (xl(t9 u)9 xz(ta u)a X3(t, u))

is represented by coordinates, then for each value of u we may consider
the curve

Ci() = X(t,u)

as a curve parametrized by the variable t, and for each value of ¢, we
may also consider a second curve

C,(u) = X(t, u)

as a curve parametrized by the variable u. These curves lie on the sur-
face. We may then take the partial derivatives

1).¢ 1).¢
1= ha_t and A2 = E

giving the tangent vectors (velocity vectors) of each one of these curves.

They may be viewed as tangent vectors to the surface, as shown on
Fig. 5.
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Surface

Figure 5

We shall say that (¢, u) is a regular point if the two vectors Ay, A, span
a plane in R® The translation of this plane to the point X(t, u) is called
the tangent plane of the surface at the given point. This is illustrated on
Fig. 6. It is the plane passing through the point X (t, u), parallel to the
vectors A; = 0X/0t and A, = 6X/ou.

2 Tangent plane

Figure 6

We now assume that you have read the section on the cross product
in Chapter I. Then you realize that if A, B are non-zero vectors in R3,
and are not parallel, their cross product

A x B =(a;b; — azb,, a3b, — a;b;, a,b, — ayby)

is perpendicular to both of them, as illustrated on Fig. 7.

Figure 7
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If we want a vector of norm 1 perpendicular to both 4 and B, all we
have to do is divide 4 x B by its norm.

In the case of a parametrized surface, we can do this with the two
vectors A, and A, as above. Of course, B x A= —A x B is also per-
pendicular to both 4 and B, but has opposite direction. We use the no-
tation

_oX X
T ot ou

whenever the surface is given parametrically by X(t,u). Then
N = N(t, u)

is a vector perpendicular to the surface, as shown on Fig. 8.

X
du ‘K
y' at
y

Figure 8

If we have chosen the orientation, i.e. the order of t, u, such that N
points outwards from the surface, and if we denote by n the outward unit
normal vector to the surface, then we have

oX oX
0 N _ ot ou
TIND “ 0X 00X “

ot " ou

Example 3. We compute the above quantities in the case of the pa-
rametrization of the sphere given above in Example 1, that is:

X(,0) = (psin @ cos 6, p sin ¢ sin 8, p cos @).
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We get:
1).¢ . .
% = (p cos ¢ cos B, p cos ¢ sin B, — p sin @)
and
0X . . .
0= (—psin ¢ sin 6, p sin ¢ cos 6, 0).
Hence
0X 00X )
N(p, 0) = % X g = (p? sin? ¢ cos 6, p? sin? g sin 6, p? sin ¢ cos @)
= p sin ¢ X(g, 0).

Since sin ¢ and p are = 0, we see that N has the same direction as the
position vector X(¢, 0), and therefore points outward. Taking the square
root of the sum of the squares of the coordinates, we find

oX o0X
N, 0) = || 22 x 2| = p21sin o] = p?si
IN(o, 0| H6<px 0 ” p?|sin @| = p? sin ¢.

Hence for the sphere,

1
n=—X(p,0).
p

Xil, §1. EXERCISES
1. Compute the coordinates of the vectors 0X/d0 and 0X/0p, when X is the
mapping parametrizing the torus as in Example 2. Compute the norms of

these vectors.

In each one of the following exercises, where you are given a parametrization

X(t, u), compute the tangent vectors T

of this cross product. In each case, get an equation in cartesian coordinates for
the surface parameterized by X. Draw the picture of the surface.

0X
P their cross product, and the norm
u

2. The cone. Let o be a fixed number, 0 < o < m/2. Let
X(6,t) = (t sina cos 0, t sin a sin 6, t cos ),

0<60<2mand 0 <t =< hseca Describe how you get a cone of height h.
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3. Paraboloid. Let X(t, 6) = (at cos 0, at sin 6, t*), with
0560<2n and 0<t£h
4. Ellipsoid. Leta,b,c>0. Let0< ¢ <, 0 <0 < 2m, and
X (¢, 0) = (asin ¢ cos 0, b sin ¢ sin 0, ¢ cos @).
5. Cylinder. Let a > 0. Let
X(0,z) =(acosb,asinb, z),

with 0 <6 <2n, and h; <z < h,.

6. Surface of revolution (around the z-axis). Let f be a function of one variable r,
defined for r, <r <r,. Let 0 <0 <2z, and let

X(r, 0) = (r cos 0, rsin 6, f(r)).
7. The torus, as in Example 2, namely

X(¢,0) = ((a + bcos @) cos 0, (a + b cos ¢) sin 0, b sin 0).

Xill, §2. SURFACE AREA

Let 4, B be a non-zero vectors in R, and assume that they are not par-

allel. Then they span a parallelogram, as shown on Fig. 9, and this par-
allelogram is contained in a plane.

Figure 9

If 0 is the angle between 4 and B, then the area of this parallelogram is
precisely equal to

IAll1B| |sin 61,
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as one sees at once from Fig. 10, and as we already mentioned in Chap-
ter I.

4l lsin 6|
Figure 10

We observe that || Al ||B||sin 6| is precisely of norm of A x B. Thus in

3-space, we may say that the area of the parallelogram spanned by 4 and
B is equal to

4 x BJ.

We apply this to a surface, parametrized by X(t, u) as before. Then the
two tangent vectors

0.4 150.4
A =6_t and Bza

span a parallelogram. By the preceding remark, the area of this paral-
lelogram is equal to

ot~ ou

ox 6X\

Figure 11

We don’t want the parametrization X(f,u) to be degenerate. Hence
we have to make some assumption that it represents the surface in a
non-degenerate way. To phrase this assumption we need a new word.
We say that the parametrization X is injective if it satisfies the condition:

If (ty, uy) # (t5, uy), then X(ty, uy) # X(t;, u,).
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In other words, two different values of the parameters correspond to
two different points on the surface.

Assume that X is defined on a region R, and that the parametrization
X(t, u) is injective, except possibly for a finite number of smooth curves
in R. Also assume that the coordinate functions of X(t,u) are contin-
uously differentiable, and that all points of R are regular, except for a
finite number of smooth curves. It is then reasonable to define the area
of the parametrized surface to be the integral

dt du.

\\ (’)X 6X
Area =

We write symbolically

do =

“ax ox it du.

Example 1. Let us compute the area of a sphere, whose parametriza-
tion was given in §1. We had already computed that

R

Consequently for our parametrization of the sphere, we can write

de = p?sin ¢ do d0.

Hence

2z
Area of sphere = f

0

I p?sin ¢ do do.
o

Since p? is constant, we take it out of the integral. It is a trivial matter

to c?rry out the integration, and we find that the desired area is equal to
4mp°.

Graph of a function. Sometimes a surface is given by the graph of a
function

z=f(x )
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defined over some region R of the (x, y)-plane. In this case, we use t = x
and u = y as the parameters, so that

X(X, y) = (X, yaf(xa y))

_z=f@,y)

Figure 12

Thus the case when a surface is so defined is a special case of the gen-
eral parametrization. In this case, we find

X of 0X of

Z (1.0 L 1.2

Ox ( >0, 6x> and oy (O’ ’ 6y>
Consequently

_—)__’1
6x dy

1), 4 6X o o
< ox 0y )

and

1 RG]

The area of the surface z = f(x, y) is given by the integral

INEORC
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Symbolically we may write in this case

o \? of \?
da=\/1+<a> +<5> dx dy.

Example 2. Find the area of the paraboloid

z=x%+y?, with 0<z52.

The surface looks as on the figure (Fig. 13).

z-axis

y-axis

Figure 13

Here f(x, y) = x2 + y?, and the region R in the (x, y)-plane is the disc of
radius ﬁ Hence

Area of paraboloid = fj J1+ (%)% + 2y)? dx dy
R

= JJ,/I + 4x2 + 4y? dx dy.
R
Changing to polar coordinates, this yields

2r ﬁ
J j‘ J1+4r?rdrdo,
0o Jo

which you should know how to integrate by substitution. Let

u=1+4r? and du = 8r dr.

The answer comes out 137/3.
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Example 3. It may also happen that a surface is defined by an equa-
tion

g(x, y,z) =0,

and that over a certain region R of the (x, y)-plane, we can then solve
for z by a function

z=f(x,),
satisfying this equation, that is
9(x, 5, f(x, y)) = 0.

Taking the partials with respect to x and y, we find the relations:

o _ _ogfox 4 U 09/0y.
ox  dgloz dy  dgfoz

We can now use the formula for the area obtained in the preceding
example, and thus obtain a formula for the area just in terms of the
given g, namely:

f V(09/02)° + (0g/0y)” + B9/09° |\

|0g/0z]

R

Example 4. Take the special case of this formula arising from the
equation of a sphere

x*+y*+z2—a®> =0,

where a > 0 is the radius. Then g(x, y, z) is the expression on the left,
and the partials are trivially computed:

We can solve for z explicitly in terms of x, y by letting

z=/a>—x*—y*=f(x,y),

where (x, y) ranges over the points in the disc of radius a in the plane.
The surface is then the upper hemisphere.
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(2‘1 y) Z)

—

Figure 14

Then

22|

J4x? + 4y? + 422 a
Area of hemisphere = Ji[ XAy 2 dx dy = Ij ;dx dy,
R

R

using the fact that x? + y* + z2 = a%. The region R is the disc of radius

a in the (x, y)-plane. Using polar coordinates, we know how to evaluate
this last integral. We get

Area of hemisphere = a rdr df.

27 fra 1
L Jo Ja? —r?

Integrating 1 with respect to 6 between 0 and 2= yields 2z. The integral
with respect to r is reducible to the form

1
j —du,
Ju
and is therefore easily found. Thus, finally we obtain the value

2na?

for the area of the hemisphere. Naturally, this jibes with the answer
found from the parametrization by means of spherical coordinates.

Remark. Just as in the case of curves, it can be shown that the area
of a surface is independent of the parametrization selected. This amounts

to a change of variables in a 2-dimensional integral, but we shall omit
the proof.
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Xll, §2. EXERCISES

Compute the following areas.

1. (a) A cone as shown on the following figure.

Figure 15

(b) The cone of height h obtained by rotating the line z = 3x around the z-
axis.

2. The surface z = x? + y? lying above the disc of radius 1 in the (x, y)-plane.
3. The surface 2z = 4 — x2 — y? over the disc of radius ﬁ in the (x, y)-plane.
4. z = xy over the disc of radius 1.

5. The surface given parametrically by
X(t,0) =(tcos 6, tsin 6, 9),

with 0<t<1and 0L 6 £ 2xn. [Hint: Use t =sinhu = (¢ — e™*)/2.]

6. The surface given parametrically by
X(ta M) = (t +ut—u, t)a

with0<t<land 0Zu=<2n

7. The part of the sphere x2 + y? + z> =1 between the planes z = 1/\/5 and
z=— l/ﬁ.

8. The part of the sphere x? + y? + z?> =1 inside the upper part of the cone

X2+ y? = 22

9. The torus, using the parametrization in §1, assuming that the cross section has
radius 1.
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Xll, §3. SURFACE INTEGRALS

Integral of a function over a surface

Let R be a region in the plane, and let X(t, u) be the parametrization of
a surface by a smooth mapping X. Let S be the image of X, i.e. the sur-
face, and let Y be a function on S. Then when y is sufficiently smooth,
we define the integral of Y over S by the formula

Hw do = J (Xt W)

When y is the constant 1, then our formula expresses simply the area of
the parametrized surface.

0X 0X

—X—

dt du.

Example 1. Let S be the surface defined by
z=x"+y,
with x, y satisfying the inequalities

0<x<1 and -1y

[[ran

N

Find the integral

The surface is here given as the graph of a function, so we use the
formula for do given in the preceding section. We let R be the region of
points (x, y) satisfying the above inequalities. Then:

ij do = ij,/l + (2x)? + 12dx dy
s R

1 1
=f Jx«/2+4x2dxdy.
-1J0

The inner integral

1
Jx 2 + 4x? dx
0
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can be evaluated by substitution, putting

u=2+4x? and du = 8x dx.
Thus

1 1 1
jx 2+4x2dx=§j‘./2+4x2(8x)dx=%(63/2——23/2).
0

0

Hence finally

1 1 1
do = —(63/2 _ 23/2 — 2 (6312 _n3/2
‘”x o J_l D 6 2312y dy 5 6 2°1%),

N

Heat flux. Suppose that the function y is interpreted as a tempera-
ture. Then the integral
J Y do

N

is called the heat flux across the surface.

Density and mass. Suppose that i is the function representing a posi-
tive density of the surface. Then the integral above is interpreted as the
mass m of the surface, corresponding to this density.

Let y be a density as above, and m the mass. The integrals

1 [f
X = — s Vs d s
X mthﬁ(xyz) o
s
_ 1 (f
y=— J"ﬁ(x, b A Z) dO',
mJJ
s
1 (f
z=— |{z2¥(x, y,2z)do
m JJ

give the coordinates (X, y, Z) of the center of mass of the surface.

Example 2. Let us find the center of mass of a hemisphere of radius a,
having constant density c. We use the spherical coordinate parametriza-
tion of §1. The hemisphere is the one lying above the (x, y)-plane as in
Fig. 16.
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0

Figure 16

By symmetry, it is easy to see that X = y = 0. We have z =acos ¢. The
third coordinate Z is given by the integral

c c 2r /2
z—zszdg:—f J acos @-a’sin ¢ do do,
m mJjo Jo
s

which is easily evaluated to be
Z = ca’n/m.

The total mass is equal to the density times the area, since the density is
constant, and we know that the area of the hemisphere is 2ma®. Hence
we find

z = a/2.

Integral of a vector field over a surface. Let X(¢, u) parametrize a sur-
face, and suppose that the image of X, that is the surface, is contained in
some open set U in R3. Let F be a vector field on U, so to each point
X of U, F associates a vector F(X) in R3®. We assume that F is as
smooth as needed. We define the integral of the vector field along the sur-
face in a manner similar to the integral a vector field along a curve in
the lower dimensional case. Namely, let n be the outward normal unit
vector to the surface, it being assumed that we have agreed on an orien-
tation of the surface which determines its outside and inside. Then

F-n

is the projection of the vector field along the normal to the surface, and
we define the above integral by the formula

[Jr-ade- [fral5 5

dt du.
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By definition, we have

0X 0X

n @{an = X =
ot T8t " ou

ou

Hence our integral for F over the surface can be rewritten

F-ndo = ||F(X(t,u))- anx(l){ dt du.
e oo (229

Example 3. Consider a fluid flow, subject to a force field G, so that
we may interpret G as a vector field. Let i be the function representing
the density of the fluid, so that y(x, y, z) is the density at a given point
(x, y,z), and is a number. We call

F(x’ y’ Z) = l/I(x’ y’ Z)G(x’ y’ Z)

the force field of the flow, and visualize it as in Fig. 17.

Figure 17

The amount of fluid passing through the surface per unit time is then
called the flux, and is given by the integral of the force field over the

surface, namely
Flux = ij -ndo,

N

where F is the force field.
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It is not true that all surfaces can be oriented so that we can define
an outside and an inside. The well-known Moebius strip gives an exam-
ple when this cannot be done. In all the applications that we deal with,
however, it is geometrically clear what is meant by the inside and out-
side. It is fairly difficult to give a definition in general, and so we don’t
go into this.

Observe that when we give a parametrization X(t, u), we could inter-
change the role of ¢, u as the first and second variable, respectively.
Thus, for instance, if

X(t,u) = (t,u, £* + u?),
we could let

Y(u, t) = (t, u, t? + u?).
Then

oY oY 0X 0X

— X — = — — X —

ou Ot ot Ou
Interchanging the variables amounts to changing the orientation. The
two normal vectors corresponding to these two parametrizations have
opposite direction. In finding the integral of a vector field with respect
to a given parametrization, one must therefore agree on what is the “in-
side” and what is the “outside” of the surface, and check that the nor-

mal vector obtained from the cross product of the two partial derivatives
points to the outside.

Example 4. Compute the integral of the vector field
F(x, y) = (x,y,0)

over the sphere x? + y? + z%> = a® (a>0). We use the parametrization
of §1. Then

0X X
N(@, 0) = — X — = asi .
(9, 0) o0 X 20 asin ¢ X(o, 0)

Thus N(¢, 6) is a positive multiple of the position vector X, because
0s¢p=m,
and hence N(¢, 0) points outward. So we get

F(X(o, 0))-N(g, 0) = (asin ¢)[(a sin ¢ cos 0)* + (a sin ¢ sin 6)*],

and

27 7 3
IJF-N do d0=a3j j sin® ¢ do dg =50
R 0 0 3
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Figure 18

Example 5. Let S be the paraboloid defined by the equation
z=x2+y2
We can use x, y as parameters, and represent S parametrically by

X(x, y) = (x, y, x* + y?).
Then
N(x,y) = (1,0,2x) x (0, 1, 2y)
= (=2x, =2y, 1).

Thus with the parametrization as given, we see from Fig. 19 that N
points inside the paraboloid.

Figure 19

For instance, when x, y are positive, say equal to 1, then

N1, D) =(-2,-21),
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which points inward. Consequently, if we want the integral of a vector
field F with respect to the outward orientation, then we have to take

minus the integral, namely
— JIF -N dx dy.

Example 6. Compute the integral of the vector field
F(x,y,2) = (y, —x, z%)
over the paraboloid
z=x2+y?> with 0<:z=Zl1.

We have
F(X(x,)) N(x,y) = —2xy + 2xy + 2% = 7>

— (x2 + y2)2.

Hence

J-JF-nda= —f (x* + y?)* dx dy,

S R

where R is the unit disc in the (x, y)-plane. Changing to polar coordin-
ates, it is easy to evaluate this integral,

2n 1

ij-nda: —j j rrdrdd = —mn/3.
o Jo

s

Note that in the present case, we have

N
IN

XIl, §3. EXERCISES

Integrate the following function over the indicated surface.

1. (a) The function x* + y* over the same upper hemisphere of radius a as in
Example 2 of this section.
(b) The function (x* + y?)z over this same hemisphere.
(c) The function (x* + y*)z% over this same hemisphere.
(d) The function z(x* + y*)* over this same hemisphere.
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2.

The function z> over the unit sphere

2+ y+22=1

. The function z over the upper hemisphere of radius a.

. The function z over the surface

z=x2+y> with x2+)y?<1.

. The function z over the surface

z=1—x%—y? z=0.

(Use polar coordinates and sketch the surface.)

. The function x over the cone x2 + y> =22 0<z < a.

. The function x over the part of the sphere x2 4+ y2 + z2 = a® contained inside

the cone of Exercise 6.

. The function x2 over the cylinder defined by x* + y> = a?, and 0 <z £ 1, ex-

cluding its top and bottom.

. The same function x2 over the top and bottom of the cylinder

10.

Theorem of Pappus. Let C be the parametrization of a smooth curve in the
plane, defined on an interval [a, b], say

C@) = (@), z(t)).

We view C(t) as lying in the (x, z)-plane, as shown on Fig. 20. We assume
that f(t) = 0. Let x be the x-coordinate of the center of mass of this curve in
the (x, z)-plane. Prove that the area of the surface of revolution of this curve
is equal to

2nxL,

Figure 20
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where L is the length of the curve. [Hint: Parametrize the surface of revolu-
tion by the mapping

X(1, 8) = (f(¢) cos 0, f(¢) sin 0, z(t)).]

What is 0 in Fig. 20? Recall that x is given by

X

1 b
ZL FOICOI de.

How does this apply to get the area of torus in a simple way?

11. Let S be the sphere of radius a and centered at 0. Let P be a fixed point,
either inside or outside the sphere, but not on S. Let

fX)=|x - P|.
Show that

4ma  if P isinside the sphere

1

—do = 2
.Uf dna
s Pl

if P is outside the sphere.

[Hint: You may assume that the point P is on the z-axis. This will simplify
the direct computation.]

Find the integrals of the following vector fields over the given surfaces.

1 .
12. F(x,y,z) = ﬁ (y, —y, 1) over the paraboloid

(Draw the picture.)

13. The same vector field as in Exercise 12, over the lower hemisphere of a
sphere centered at the origin, of radius 1. Note: n/2 < ¢ < 7.

14. The vector field F(x, y, z) = (y, —x, 1) over the surface
X(t,0) = (tcos 0, tsin 6, 0),
0<t<1land 0<0<2n
15. The vector field F(x, y, z) = (x%, y?, z2) over the surface
Xt,wy=0C+ut—ut),

0<t<2and 1 Zu<3.
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16. The vector field F(X) =X, over the part of the sphere x2+ y* +z2=1
between the planes z = 1/\/5 and z = —1/\/5.

17. The vector field F(x, y,z) =(x,0,0) over the part of the unit sphere inside
the upper part of the cone x2 + y? = z2.

18. The vector field F(x,y,z) = (x, % z) over the triangle determined by the

plane x + y + z =1, and the coordinate planes.

19. The vector field F(x, y, z) = (x, y, z%) over the cylinder defined by x2 + y* = a?,

0zg1,
(a) excluding the top and bottom
(b) including the top and bottom.

20. The vector field F(x, y, z) = (xy, y% y°) over the boundary of the unit cube
0=xx1, 0<sy<1, 0z 1.

21. The vector field F(x, y, z) = (zx, 0, 1) over the upper hemisphere of radius 1.

22. Let an electric field be given by
' F(x,y, z) = (2x, 2y, 2z).
Find the electric flux across the closed surface consisting of the hemisphere
x2+y*+22=1, z=0
together with the base
x2+y?2<1 and z=0.

[Compute the desired integral over the two surfaces separately.]

23. The force field of a fluid is given by
F(x,y,2) =(1, x, z),

measured in meters/second. Find how many cubic meters of fluid per second
cross the upper hemisphere

X*+y?+z22=1, zzO

Xll, §4. CURL AND DIVERGENCE OF A VECTOR FIELD

Let U be an open set in R3, and let F be a vector field on U. Thus F
associates a vector to each point of U, and F is given by three co-
ordinate functions,

F(x, y, 2) = (f1(X), £2(X), f5(X).

We assume that F is as differentiable as needed.
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We define the divergence of F to be the function

o o,  Ofs
WF= T

Thus the divergence is the sum of the partial derivatives of the coordin-
ate functions, taken with respect to the corresponding variables. It is
scalar valued.
Example 1. Let F(x, y, z) = (sin xy, &%, 2x + yz*). Then
(div F)(x, y, z) = y cos xy + 0 + 4yz>

=y cos xy + 4yz>.

As a matter of notation, one sometimes writes symbolically

0 0 0
<ax a 6) (D19D2’ 3),

where D,, D,, D, are the partial derivative operators with respect to the
corresponding variables. Then one also writes

divF=V-F=D,f, +D,f, + Dsf;.

We shall interpret the divergence geometrically later. Similarly, we
now define the curl of F, and interpret it geometrically later. We define

curl F = %_%’afl af3 6f2 afl
dy 0z 0z ox ox 0y
=(D2f3_D3f2,D3f1 —D1f3, 1f2 2-)(‘1

The curl of F is therefore also a vector field.
Again, we use the symbolic notation

curl F=V x F.

Example 2. Let F be the same vector field as in the preceding exam-
ple. Then

curl F = (z* — xe*%,0 — 2, ze* — x cos xy)

= (z* — xe*?, —2, ze™ — x oS xy).
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Remark on notation. If you look at Chapter XV, §2, giving the expan-
sion of a 3 x 3 determinant according to the first row, then you see that
we may write the curl symbolically as a “determinant”

El E2 E3
curl F=|D;, D, D,l.
fv fa [

Indeed, expanding symbolically this determinant, we find
E\(D,f3 — D3 f;) — Ex(Dyf5 — D3 fy) + Es(Dy f, — D, f)),

which yields exactly the expression of the definition of curl F. Writing
the curl in this fashion makes it easier to remember in which order the
indices occur in the components.

Xil, §4. EXERCISES

Compute the divergence and the curl of the following vector fields.
1. F(x,y,2) = (x?, xyz, yz?)
. F(x,y,z) = (ylog x, x log y, xy log z)
. F(x, y, z) = (x?, sin xy, e*yz)

2

3

4. F(x, y, z) = (¢ sin z, €™ sin y, e* cos x)

5. Let ¢ be a smooth function. Prove that curl grad ¢ = O.
6

. Prove that div curl F =0.

2\? 0\? 0\? ) .
7. Let V2=V'V=Df+D§+D§=(a> +(a> + E) A function f is
said to be harmonic if V2f = 0. Prove that the following functions are har-

monic.
1

(@) \/‘ﬁ—yz—? (b) x2 —y*+2z

(c) If f is harmonic, prove that div grad f = 0.

X .
8. Let F(X)=0Ws where ¢ is constant. Prove that divF =0 and that
curl F = 0.
9. Prove that div(F x G) = G-curl F — F-curl G, if F, G are vector fields.

10. Prove that div(gradf x grad g) =0, if f, g are functions.
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Xil, §5. DIVERGENCE THEOREM IN 3-SPACE

In this section, we let U be a 3-dimensional region in R3, whose bound-
ary is a closed surface which is smooth, except for a finite number of
smooth curves. For instance, a 3-dimensional rectangular box is such a
region. The inside of a sphere, or of an ellipsoid is such a region. The
region bounded by the plane z = 2, and inside the paraboloid z = x? 4 y2
is such a region, illustrated in Fig. 21.

Figure 21

Note that the boundary consists of two pieces, the surface of the parabo-
loid and the disc on top, each of which can be easily parametrized.

Theorem 5.1. Divergence theorem. Let U be a region in 3-space, form-
ing the inside of a surface S which is smooth, except for a finite number
of smooth curves. Let F be a vector field on an open set containing U
and S. Let n be the unit outward normal vector to S. Then

where the expression on the right is simply the triple integral of the
function div F over the region U.

It is not easy to give a proof of the divergence theorem in general, but
we shall give it in a special case of a rectangular box. This makes the
general case very plausible, because we could reduce the general case to
the special case by the following steps:

(i) Analyze how surface integrals change (or rather do not change)
when we change the variables.
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(ii)) Reduce the theorem to a “local one” where the region admits
one parametrization from a rectangular box. This can be done
by various chopping-up processes, some of which are messy,
some of which are neat, but all of which take up a fair amount
of space to establish fully.

(i) Combine the first and second steps, reducing the local theorem

concerning the region to the theorem concerning a box, by
means of the change of variables formula.

We now prove the theorem for a box, expressed as a product of inter-
vals:

[a:, b,] x [a,, b,] x Las, bs],
and illustrated in Fig. 22.

C:
2 ~_
(4] <
\\
b b
_ 1 2 y
/ i
T Ve s
7 v
______ VAR
Figure 22

The surface surrounding the box consists of six sides, so that the inte-
gral over S will be a sum of six integrals, each one taken over one of the
sides.

Let S, be the front face. We can parametrize S; by
X(y,2) = (a5, 9, 2),
with y, z satisfying the inequalities ‘
by<y=<bh, and c; 2z=¢c,.
Let n, be the unit outward normal vector on S;. Then
n, =(1,0,0).

If F=(fy,f2,f3) then F-n; = f;, and hence

by

c2 (b2
ij -ndo = j fi@a,, v, z)dy dz.
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Similarly, let S, be the back face, parametrized by
X(y,2) = (a1, 9, 2),
with y, z satisfying the same inequalities as above. Then
n, = —(1,0,0),

the geometric interpretation being that the outward unit normal vector
points to the back of the box drawn on Fig. 22. Hence

c2 bz

JJF-nda = J J — fi(ay, y, 2) dy dz.
C1 by

S2

Adding the integrals over S; and S, yields

Jey

rca by
JJ + JJF-n do , [fl(az, ¥, 2) — fi(ay, y, Z)] dydz
s2 '

S

rc2 bz faz
= f J D, fi(x,y,z)dx dy dz
c1 vby Jay

Y

- [fou

We now carry out a similar argument for the right side and the left
side, as well as the top side and the bottom side. We find that the sums
of the surface integral taken over these pairs of sides equal to

[oosar
Lﬂl)sfs av,

respectively. Adding all three volume integrals yields

and

[[ronde= [[[ous 4 uss+ Dasar

N U

which is precisely the integral of the divergence, thus proving what we
wanted.
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Example 1. Let us compute the integral of the vector field
F(x,y,2) = (x*y% 2%)

over the unit cube by using the divergence theorem. The divergence of F
is equal to 2x + 2y + 2z, and hence the integral is equal to

1r1pr1
J j‘ j‘ 2x + 2y + 2z) dx dy dz,
0

0Jo

which is easily evaluated to give the value 3.
Example 2. Let us compute the integral of the vector field

F(X, Y, Z) = (x’ ¥, Z)

that is F(X) = X over the sphere of radius a. The divergence of F is
equal to

ox 0y 0z
ox oy T

The ball B is the inside of the sphere. By the divergence theorem, we get

4
JfF-nda= JIJS av = 3-§na3 = 4na’.
S B

Note that the volume integral over the ball B of radius a is the integral
of the constant 3, and hence is equal to 3 times the volume of the ball.

The divergence theorem has an interesting application, which can be
used to interpret the divergence geometrically. It is the 3-dimensional
analogue of the interpretation given in Chapter X, §2 for the 2-dimen-
sional case, and the proof will be entirely similar.

Corollary 5.2. Let B(t) be the solid ball of radius t > 0, centered at a
point P in R3. Let S(t) denote the boundary of the ball, i. the sphere
of radius t, centered at P. Let F be a vector field, and let V(t) denote
the volume of B(t). Let n denote the unit normal vector pointing out
from the spheres. Then

(div FY(P) = lim —— Vo) JJF-n do.

=0
S()



[XII, §5] DIVERGENCE THEOREM IN 3-SPACE 349

Proof. Let g =div F. Since g is continuous by assumption, we can
write

9(X) = g(P) + h(X),
where

lim h(X) = 0.

X—-P

Using the divergence theorem, we get

L JfF-nda = i ”jdideV
V() V() J

S() B(t)

1 1
70 .U.f 9BV + 50y HJ hdv.

B(?) B()

Observe that g(P) = (div F)(P) is constant, and hence can be taken out
of the first integral. The simple integral of dV over B(t) yields the
volume V(f), which cancels, so that the first term is equal to (div F)(P),
which is the desired answer.

There remains to show that the second term approaches 0 as t ap-
proaches 0. But this is clear: The function h approaches 0, and the inte-
gral on the right can be estimated as follows:

o o lll
L Mnavl < Max 1he01—— ||| av
lm) J] o MOy )]
B(t) B(1)
< Max [K(X)|.
| X-P| =t

As t— 0, the maximum of |h(X)| for |X — P| <t approaches 0, thus
proving what we wanted.

The integral expression under the limit sign in the corollary can be in-
terpreted as the flow going outside the sphere per unit time, in the direc-
tion of the unit outward normal vector. Dividing by the volume of the
ball B(t), we obtain the mass per unit volume flowing out of the sphere.
Thus we get an interpretation:

The divergence of F at P is the rate of change of mass
per unit volume per unit time at P.
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As in the case of Green’s theorem, whose general form was stated for
regions which are more general than interiors of closed curves, we have
an analogue in the higher dimensional case for the divergence theorem.

Theorem 5.3. Divergence theorem, general case. Let U be an open set
whose boundary consists of a finite number of surfaces,

S={S1,..-.Sm}
oriented so that U lies to the left of each surface S;. Let F be a vector

field on an open set containing U and S. Let n be the unit outward nor-
mal vector to S. Then

In the formula the integral over S is of course the sum of the integrals
over the pieces S; for i=1,...,m.

Example 3. Suppose that U is the region between two concentric
spheres, S; and S;, and that div F = 0. Then the integral on the right-

hand side is 0. Hence
JJF-nda+ fJF-ndo = 0.
Si1 S

Figure 23

The outer sphere S, is oriented so that the unit outward normal vector
points outward. The inner sphere has to be oriented so that unit normal
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vector points toward the common center, in order for the region between
the spheres to lie to the left of the inner sphere. Thus, if S, denotes the
inner sphere with its standard orientation, we have to take S; with op-
posite orientation to apply the divergence theorem. Consequently, we

find that
”F-nda = JJF-nda.
S S2

Of course, we did not need to assume S, to be a sphere. The same
argument proves the following corollary.

Corollary 5.4. Let S,, S, be closed surfaces such that S, is contained in
the interior of Sy, and let U be the region between them. Let F be a
vector field such that divF =0 on a region containing U and its
boundary. Then the integral of F over S, is equal to the integral of
F over S,.

Example 4. Gauss’ law. In 3-space, let ¢ be a constant, and let

S =g where p= IX| =/ £y + 2

Let E = —grad f. We interpret f as the potential energy associated with
a point charge of electricity g at the origin, and we interpret E as the
corresponding electric field. Verify that (Exercise 16)

divE = 0.

Let S, be any closed surface whose interior contains the origin. The in-

tegral
ij -ndo
S1

is interpreted as the total electric flux over the surface, due to that point
charge. Whereas it is probably difficult to evaluate the integral over S,
directly, we can use the corollary which tells us that the flux can be

computed as the integral
J j E-ndo =g
S2
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where S, is a small sphere centered at the origin. It is then easy to find
the value g on the right-hand side (Exercise 16). Thus the flux is equal
to the point charge of electricity. This is known as Gauss’ Law.

Xl

1.

,» §5. EXERCISES

Compute explicitly the integrals over the top, bottom, right, and left sides of
the box to check in detail the remaining steps of the proof of the divergence
theorem, left to the reader in the text, as “similar arguments”.

. Let S be the boundary of the unit cube,

Compute the integral of the vector field F(x, ¥, z) = (xy, y?, ¥?) over the sur-
face of this cube.

. Calculate the integral

j[ (curl F) -ndo

S

where F is the vector field
F(X, Y, Z) = (—,V, x2a 23)9
and S is the surface

x2+y?+22=1, —1<2

IA

1.

Don’t make things more complicated than they need be.

. Find the integral of the vector field

Fox) = X
@0 =1x]

over the sphere of radius 4.

Find the integral of the following vector fields over the indicated surface.

5.

(a) F(x,y, z) = (vz, xz, xy) over the cube centered at the origin and with sides
of length 2.

(b) F(x, y, z) = (x* y?, z%) over the same cube.

(¢) F(x,y,z)=(x—y,y—z, x— y) over the same cube.

(d) F(X) = X over the same cube.
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10.

11

12.

13.

14.

. Let F(x, y, z) = (2x, y%, z2). Compute the integral of F over the unit sphere.
. Let F(x,y,z) = (x3 33 2z%). Compute the integral of F over the unit sphere.
. Let F(x,y,z)=(x,y, —z). Compute the integral of F over the unit cube,

consisting of all points (x, y, z) with

. F(x,y,z2) = (x + y,y + z, x + z) over the surface bounded by the paraboloid

z=4—x%—y%

and the disc of radius 2 centered at the origin in the (x, y)-plane.

F(x, y, z) = (2x, 3y, z) over the surface bounding the region enclosed by the
cylinder

x2 + y2 — 4
and the planes z =1 and z = 3.

F(x,y,2z) = (x,y,z), over the surface bounding the region enclosed by the
paraboloid z = x? + %, the cylinder x? 4+ y*> = 9, and the plane z = 0.

F(x,y,2) = (x 4+ y,y + z,x + z) over the surface bounding the region defined
by the inequalities

0<x2+y*<9 and 0<z<g5.
F(x,y,z) = (3x%,xy,z) over the tetrahedron bounded by the coordinate
planes and the plane x + y + z = 1.

Let f be a harmonic function, that is a function satisfying

el

0x2+6y2+?=0'

Let S be a closed smooth surface bounding a region U in 3-space. Let f be
a harmonic function on an open set containing the region and its boundary.
If n is the unit normal vector to the surface pointing outward, let D,f be the
directional derivative of f in the direction of n.

(a) Prove that
‘”‘Dn fdo=0.
N

[Hint: Let F = gradf.]
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(b) Prove that
UfD..fda - ” lgrad £112 dV.

[Hint: Let F = fgradf.]
15. (a) Let U be the interior of a closed surface S. Show that

Ux-n do = 3 Vol(U).

S

iﬁdo ﬂ Lav

As usual in this exercise, X = (x, y,z) and p = | X|| = /x? + y? + 2%
16. Let g be a constant, and let

(b) Show that

f(X)=f(x,y,z)=% where p = || X]|.

(a) Verify that div grad f = 0. [Cf. Exercise 7(a) of §4.]
(b) Compute the integral of E = —grad fover a sphere centered at the origin
to find the value stated in the text in the last example, namely g.

17. Let U be the interior of a closed surface S.
(a) Assume that the origin O does not lie in U or its boundary. Show that

X-n
Jf7d6=0.
S

As usual, X = (x, y, z). How is this exercise related to Exetcise 147
(b) If the origin O is contained in U, show that

X.

JT _;l do = 4.
p

S

How is this related to Exercise 16?

18. Let P,,...,P,, be fixed points in 3-space, and let ¢y, ....d, be numbers, which
we call charges. Let

m q; ‘
f®= L Gix — b
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(This is interpreted as the potential function associated with the finite
number of charges at the given points.) Let S be a closed surface not con-
taining any of the points P;. Let g be the sum of the charges inside S. Let

E = —grad f. Show that
‘UE-n do =gq.

S

19. Let U be the interior of a closed surface S. Let f, g be functions. Prove the
formulas known as Green’s identities:

(a) J]f grad g-n do = J:[ [fV%g + Vf-Vg] dV
s v

o [Juva-gwn = [[[uve-g v av
! ;

[Note: Vf means grad f, and V?f =div grad f by definition. Compare
with Exercise 4 of Chapter X, §2.]

Xil, §6. STOKES’ THEOREM

We recall Green’s theorem in the plane. It stated that if S is a plane
region bounded by a closed path C, such that S lies to the left of C, and

F is a vector field on some open set containing the region, F = (f}, f,),
then

H(le2 —D,f)do = LF-dC.

S

Of course in the plane with variables (x, y), do = dx dy.

We can now ask for a similar theorem in 3-space, when the surface
lies in 3-space, and the surface is bounded by a curve in 3-space. The
analogous statement is true, and is called Stokes’ theorem:

Theorem 6.1. Stokes’ Theorem. Let S be a smooth surface in R3,
bounded by a closed curve C. Assume that the surface is orientable, and
that the boundary curve is oriented so that the surface lies to the left of
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the curve. Let F be a vector field in an open set containing the surface
S and its boundary. Then

jj(curl F)-ndo = J F-dcC.
c

S

Figure 24

When the surface consists of a finite number of smooth pieces, and
the boundary also consists of a finite number of smooth curves, then the
analogous statement holds, by taking a sum over these pieces.

We shall not prove Stokes’ theorem. The proof can be reduced to
that of Green’s theorem in the plane by making an analysis of the way
both sides of the formula behave under changes of variables, i.e. changes
of parametrization. Note that Green’s theorem in the plane is a special
case, because then the unit normal vector is simply (0, 0, 1), and the curl
of F dotted with the unit normal vector is simply the third component of
the curl, namely

D1f2_D2f1'

Thus Green’s theorem in the plane makes the 3-dimensional analogue
quite plausible.

Example 1. Suppose that two surfaces S; and S, are bounded by a
curve C, and lie on opposite sides of the curve, as on Fig. 25. Then

J‘ (curl F)-ndo = —J (curl F)-ndo
S1 S2

because the integral over S, is equal to the integral of F over C, whereas
the integral over S, is equal to the integral of F over C~, which is the
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same as C but oriented in the opposite direction. We have also drawn
separately the surfaces S; and S, having C as boundary. Observe that
taken together, S; and S, bound the inside of a 3-dimensional region.

(a)

(b) (0
Figure 25

Example 2. Similarly, consider a ball, bounded by a sphere. The two
hemispheres have a common boundary, namely the circle in the plane as
on Fig. 26. Note that C is oriented so that S, lies to the left of C, but
S, lies to the right of C.

Figure 26

By the divergence theorem, we know that if S denotes the union of S,

and S,, then
“(curl F)-ndo = J-”div curl F dV.
s v
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However, div curl F = 0. Since

we obtain in another way that

jj(Curl F)-ndo = — jj(curl F)-ndo.

S S
Example 3. We shall verify Stokes’ theorem for the vector field
F(x,y,2)=(z—y,x + z, —(x + y)),
and the surface of the paraboloid
z=4—x*—y?

with 0 £z <4, as on Fig. 27.

Figure 27

First we compute the integral over the boundary curve, which is just
the circle

x*+y*=4, z=0.
We parametrize the circle by x =2 cos § and y = 2sin 6, z=0. Then

FdC=(z—ydx+(x+z2)dy— (x+y)dz
= —2sin §(—2 sin 6 dB) + 2 cos 6(2 cos 0) db
=44d6.
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Consequently,

2rn
JF-dC=J 4 d0 = 8m.
Cc

0

Now we evaluate the surface integral. First we get the curl, namely

E, E Ey
curlF=| D, D, Dy |=(-222).
z—y X+z —X—Y

The surface is parametrized by (x, y)— (x, y, 4 — x* — y*) = X(x, y), with
x2 + y? < 4. Compute 0X/0x and 0X/dy. Their cross product is

N(x,y) = (2%, 2y, 1)

so F-N = —4x 4+ 4y + 2. Let D be the disc of radius 2. Then

churlF-ndo= Jj(-—4x + 4y + 2)dx dy

S D

2n 2
:j J‘(—4rc050+4rsin0+2)rdrd0

0 0

= 8=,

which is the same value as the integral of F over the curve in the first
part of the example.

Remark. Green’s and Stokes’ theorems are special cases of higher
dimensional theorems expressing a relation between an integral over a
region in space, and another integral over the boundary of the region.
To give a systematic treatment requires somewhat more elaborate foun-
dations, and lies beyond the bounds of this course.

Stokes’ theorem allows us to give an interpretation for the curl of a
vector field similar to that given for the divergence.

Let P be a point on a surface S (smoothly parametrized), and for each
small positive number r, let C, be the closed curve consisting of the
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points on the surface at distance r from P. We assume without proof
that this curve is smooth, and we take it with counterclockwise orienta-
tion, as shown on the figure (Fig. 28).

Surface
S

Figure 28

We let D, be the portion of the surface in the interior of C,. Then C,
and D, constitute the analogue of a circle and a disc centered at P, but
of course since the surface may bend in 3-space, C, is not actually a cir-
cle, and D, is not actually a disc. We let A(r) be the surface area of D,.

Corollary 6.2. Let np be the unit normal vector to the surface at P.
Then

1
curl F(P)) np =lim—— | F-dC.
( (P))-np lim 5 ).

Proof. Our vector fields are always assumed continuously differentiable,
and the surface is also parametrized by continuously differentiable func-
tions, so the dot product

(curl F)(X)-ny
is a continuous function of X. Thus we can write
(curl F)(X)-ny = (curl F)(P)-np + h(X)

where

lim h(X) = 0.

X—-P
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Substituting in the left-hand side of Stokes’ theorem yields

fj(curl F)-ndo = Ukcurl F(P))-npdo + th do

= (curl F(PY) [ [+ | [nas

D, D,
(because (curl F(P))-nj is constant and can be taken out of the integral)
= A(r)(curl F(P)) -np + ”h do
D,

because the integral

fjda = A(r)

D,

is the area of the surface lying inside C,.
Now apply Stokes’ theorem, and divide by A(r). We then find

1 1
(curl F(P)) -mp + 0 “h do =25 j F-dC.

D,

Let r approach 0. The integral remaining on the left-hand side is
bounded in absolute value by

‘ th do| < (max |h|> deo' = <max |h|>A(r),
o D, D,

where max; |h| is the maximum of the absolute value of h over the
region D,, and tends to O as r tends to 0. Hence

1
lim —— Hh do = 0.
r—0 A(r)

D,

This proves the corollary.
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Physical interpretation for the curl. The curve integral

[ Fac
Cr

along the curve C, represents the integral along C, of the tangential com-
ponent of F along the curve. This tangential component is interpreted as
the amount by which F is rotating, or as we appropriately could say,
curling around the point, rather than the normal component

F-n,

which is the amount by which the vector field F points outward from
the curve. Thus F-n represents the flow outward from the curve, while
F-dC represents the flow remaining inside the curve.

Dividing by A(r) is a normalizing procedure, which determines the
amount by which F is curling around the point per unit area. Hence the

limit on the right-hand side, equal to the left-hand side, gives the follow-
ing interpretation for the curl:

The curl F(P) is the amount by which the vector field F (or the fluid
flow determined by F) rotates (curls) around the point P.

This is illustrated on Fig. 29.

Figure 29

Xil, §6. EXERCISES

Verify Stokes’ theorem in each one of the following cases.

1. F(x,y,z) = (z, %, y), S defined by z=4 — x> —y?, 2z 20.
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2. F(x,y,z) = (x* + y, yz, x — z?) and § is the triangle defined by the plane

2x+y+2z=2

and x,y,z=0.

3. F(x,y,z) = (x,2z, —y) and the surface is the portion of the sphere of radius 2
centered at the origin, such that y > 0.

4. F(x,y,z) = (x,y,0) and the surface is the part of the paraboloid z = x? + y?
inside the cylinder x2 + y? = 4.

5. F(x,y,z) = (y + x,x + z,2z%), and the surface is that part of the cone

22 = x? + y? between the planes z =0 and z = 1.

Compute the integral J‘[ curl F-ndo by means of Stokes’ theorem.
s

6. F(x,y,2z) = (y,2,x) over the triangle with vertices at the unit points (1,0, 0),
©,1,0), (0,0, 1).

7. F(x,y,2) = (X + ¥,y — z,x + y + z) over the hemisphere
X2+ y?+ 22 =42 z=0.
8. (a) Let C be the curve given by

C(t) = (cos t, sin t, sin t) with 0=t<2m.

Find

szx+2xdy+y2dz
c

directly from the definition of curve integrals.

(b) Find the integral of (a) by using Stokes’ theorem.
[Hint: The curve C is the boundary of the graph of the function
f(x,y) =y, defined on the disc of radius 1.]

9. Let F(x,y, z) = (ye?, xe?, xye?). Let C be a simple closed curve which is the
boundary of a surface S. Show that the integral of F along C is equal to 0.

10. Let C be a closed curve which is the boundary of a surface S. Prdve the
following:

(@) f (fgrad g)-dC = H[(gradf) x (grad g)]-n do
C
S

(b) J(fgradg+ggradf)odc=0.
C
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11. Let S be a surface bounded by a curve C. Let F be a vector field on an
open set containing the surface and its boundary, and assume that F is per-
pendicular to the boundary (ie., at every point of the boundary, the value of
the vector field is perpendicular to the tangent line of the curve). Show that

H‘(curl F)-ndo =0.

N
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I include three brief chapters which treat basic notions of linear algebra,
in order to make this book self contained. Usually, these chapters can be
omitted, since most students by now take a one term course in linear
algebra before taking calculus of several variables. My Introduction to
Linear Algebra provides a suitable text for such a course, but only spe-
cial cases are needed here. Hence it is worth while to include here only
the needed material, without any attempt at completeness.



CHAPTER Xl

Matrices

Xil, §1. MATRICES

We consider a new kind of object, matrices.
Let n, m be two integers = 1. An array of numbers

a11 Gy Qg3 - Qg
Az1 Gyp Qz3 - 4y,
On1 Qpa Gz - Gy

is called a matrix. We can abbreviate the notation for this matrix by
writing it (a;), i=1,...,m and j=1,...,n. We say that it is an m by n
matrix, or an m x n matrix. The matrix has m rows and n columns. For
instance, the first column is

and the second row is (azy,85,,...,8,,). We call a;; the ij-entry or ij-
component of the matrix.

Look back at Chapter 1, §1. The example of 7-space taken from eco-
nomics gives rise to a 7 x 7 matrix (@) (bj=1,...,7), if we define g;; to
be the amount spent by the i-th industry on the j-th industry. Thus
keeping the notation of that example, if a,5 = 50, this means that the
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auto industry bought 50 million dollars worth of stuff from the chemical
industry during the given year.

Example 1. The following is a 2 x 3 matrix:

1 1 -2
-1 4 —5)
It has two rows and three columns.
The rows are (1,1, —2) and (—1, 4, —5). The columns are

1 1 -2
-1/ 4y -5/
Thus the rows of a matrix may be viewed as n-tuples, and the columns

may be viewed as vertical m-tuples. A vertical m-tuple is also called a
column vector.

A vector (xi,...,x,) is a 1 x n matrix. A column vector

Xy

is an n x 1 matrix.

When we write a matrix in the form (a;;), then i denotes the row and
j denotes the column. In Example 1, we have for instance

a;; =1, a3 =-5.
A single number (a¢) may be viewed as a 1 x 1 matrix.

Let (a;), i=1,...,m and j=1,...,n be a matrix. If m=n, then we
say that it is a square matrix. Thus

. 5 1 -1 5
( 1 0> and 2 1 -1
N 3 1 —1

are both square matrices.
We define the zero matrix to be the matrix such that a; = 0 for all
i, j. It looks like this:

o o

O O
o O
(=)
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We shall write it O. We note that we have met so far with the zero
number, zero vector, and zero matrix.

We shall now define addition of matrices and multiplication of ma-
trices by numbers.

We define addition of matrices only when they have the same size.
Thus let m, n be fixed integers = 1. Let A = (a;;) and B = (b;;) be two
m x n matrices. We define A + B to be the matrix whose entry in the
i-th row and j-th column is a;; + b;;. In other words, we add matrices of
the same size componentwise.

Example 2. Let

Then
6 0 -1
A+ B= .
+ (4 4 3>
If A, B are both 1 x n matrices, i.e. n-tuples, then we note that our

addition of matrices coincides with the addition which we defined in
Chapter I for n-tuples.

If O is the zero matrix, then for any matrix A (of the same size, of
course), we have O + A=A + 0 = A.

This is trivially verified. We shall now define the multiplication of a
matrix by a number. Let ¢ be a number, and 4 = (g;;) be a matrix. We
define cA to be the matrix whose ij-component is ca;. We write

cA = (cay)).

Thus we multiply each component of 4 by c.

Example 3. Let A, B be as in Example 2. Let ¢ = 2. Then

2 =2 0 10 2 =2
24 = =
<4 6 8> and 2B < 4 ) _2>.

We also have

-1 1 0
(—1)A=—A=<_2 3 _4>.
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For any matrix 4 we let —A4 be the matrix obtained by multiplying
each component of 4 with —1. If 4 = (a;;), then

~A=(-DA=(~a,).

Ao 1 -1 0
2 3 4
is the matrix of Example 2, then

-1 1 0
—A=(—1)A=<_2 3 _4>.

For instance, if

Observe that for any matrix A we have
A+(—A)=A4—-A=0.

The matrix — A is called the additive inverse of A.

We define one more notion related to a matrix. Let 4 = (g;;) be an
m x n matrix. The n X m matrix B = (b;;) such that b;; = g;; is called the
transpose of A, and is also denoted by ‘A. Taking the transpose of a
matrix amounts to changing rows into columns and vice versa. If A is

the matrix which we wrote down at the beginning of this section, then its
transpose is

ml

14— Q12 Gz Q35 <+ Gy

mn

To take a special case:

210
= th ‘A=
IfA < 13 5>, €n

S = BN
WV W =

If A= (2,1, —4) is a row vector, then

‘4 = 1
—4,

is a column vector.
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The transpose notation is very useful for typography. It occupies ver-
tical space to write a vertical vector

X:

N < X

Thus to denote such a vertical vector, we write more efficiently
X ='(x,y,2),

where the superscript ¢ denotes the transpose. This allows us to write
the symbols horizontally, which fits typesetting more easily.

For a square matrix, the transpose is the reflection of the matrix
across the diagonal.

A matrix A which is equal to its transpose, that is A =’4, is called
symmetric. Such a matrix is necessarily a square matrix.

For example, the following matrix is symmetric:

301 -2
1 5 4
-2 4 -8

Remark. Some authors write A’ instead of *A. One advantage of writ-
ing the superscript ¢ on the left is that we also shall define multiplication

of matrices, and powers, like A2, A3, etc. Then with our notation we
writé for instance

'A% instead of (A43).

This avoids writing down parentheses, and so is more efficient notation.

There is, however, no consensus in the mathematical community where
to put the transpose sign.

XIll, §1. EXERCISES

1. Let
1 2 3 -1 5 -2
A= =
(—1 0 2) and B < 11 —1)‘

Find A + B, 3B, —2B, A + 2B, 2A+B, A—B, A—2B, B— A.

2. Let
1 -1 -1 1
A= =
7D e oa() )

Find A+ B, 3B, —2B, A+ 2B, A— B, B — A.
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3. (a) Write down the row vectors and column vectors of the matrices 4, B in
Exercise 1.

(b) Write down the row vectors and column vectors of the matrices 4, B in
Exercise 2.

4. (a) In Exercise 1, find ‘4 and 'B.
(b) In Exercise 2, find ‘A and 'B.

5. If A, B are arbitrary m x n matrices, show that
‘44 B)='4 +'B.

6. If ¢ is a number, show that *(cA) = c'A.

7. If A= (a;) is a square matrix, then the elements a;; are called the diagonal
elements. How do the diagonal elements of 4 and ‘A differ?

8. Find ‘(4 + B) and ‘4 + 'B in Exercise 2.
9. Find 4 +'A and B + 'B in Exercise 2.

10. Show that for any square matrix, the matrix A + ‘4 is symmetric.

Xill, §2. MULTIPLICATION OF MATRICES

We shall now define the product of matrices. Let A =(q;), i=1,...,m
and j=1,...,n be an m x n matrix. Let B=(by), j=1,...,n and let
k=1,...,s be an n x s matrix:

ayp o Qg byy - by
a=( : AN M E :

Q1 Om bnl bns

We define the product AB to be the m x s matrix whose ik-coordinate is
n
Z aijbje = aybyy + @by + -+ + aybye
j=1

If A,,...,A, are the row vectors of the matrix 4, and if B',... ,B* are the
column vectors of the matrix B, then the ik-coordinate of the product
AB is equal to A;-B*. Thus

A1-31 cew Ay B
AB=| : : .
A -BY ... A -B°

m m

Multiplication of matrices is therefore a generalization of the dot
product.
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Example. Let

Then AB is a 2 x 2 matrix, and computations show that
3

B <2 1 5> | ‘2‘ _<15 15>
- - “\4 12/
13 2\, ]

Example. Let

(1)

Let A, B be as in Example 1. Then

3 4 —1 5
1
BC=|-1 2(_1 _i)— 3 -5
2 1 1 5
and
—1 5
2 1 5 0 30
A(BC) = -3 —-5]= .
(BC) (1 3 2> i 2 (—8 0)

Compute (AB)C. What do you find?

If X=(x,...,x,) is a row vector, i.e. a 1 x m matrix, then we can
form the product XA, which looks like this:

Ayp o Gy

(xla--'axm) =(y15"'9yn)5

An1 " Ay

where
Ve = X845 + o+ X Oy

In this case, XA is a 1 x n matrix, i.e. a row vector.
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On the other hand, if X is a column vector,

X1
X:
X

then AX =Y where Y is also a column vector, whose coordinates are
given by

n
yi= ). A;jX; = AiXq + 00+ QX
i=1

Visually, the multiplication AX = Y looks like
U ER N STAY 231 Y1

Am1 O/ \Xy Vm

If A is a square matrix, then we can form the product A4, which will
be a square matrix of the same size as 4. It is denoted by A2 Similarly,
we can form A3, A* and in general, A" for any positive integer n. Thus
A" is the product of 4 with itself n times.

We can define the unit n x n matrix to be the matrix having diagonal
components all equal to 1, and all other components equal to 0. Thus
the unit n x n matrix, denoted by I,, looks like this:

100 ---0
010 0
0 1

A DR |
0 00 10
000 --- 1

We can then define A° = I (the unit matrix of the same size as 4). Note
that for any two integers r, s = 0 we have the usual relation

AL = A4 = A,

Warning. It is not always true that AB = BA. For instance, compute
AB and BA in the following cases:

3 2 2 -1
=l 1) 7=l )
You will find two different values. This is expressed by saying th.at mul-
tiplication of matrices is not necessarily commutative. Of course, in some
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special cases, we do have AB = BA. For instance, powers of A commute,
i.e. we have A"A° = A°A" as already pointed out above.

We now prove other basic properties of multiplication.

Distributive law. Let A, B, C be matrices. Assume that A, B can be

multiplied, and A, C can be multiplied, and B, C can be added. Then A,

B + C can be multiplied, and we have

A(B + C) = AB + AC.

If x is a number, then

A(xB) = x(AB).

Proof. Let A; be the i-th row of 4 and let B*, C* be the k-th column
of B and C, respectively.... Then B* + C* is the k-th column of B + C.
By definition, the ik-component of A(B + C) is 4;-(B* + C¥). Since

A;-(B*+ C = A;-B* + A;- CX,

our first assertion follows. As for the second, observe that the k-th
column of xB is xB*. Since

Ai . ka - x(A, . Bk),
our second assertion follows.

Associative law. Let A, B, C be matrices such that A, B can be multi-
plied and B, C can be multiplied. Then A, BC can be multiplied. So
can AB, C, and we have

(AB)C = A(BC).
Proof. Let A= (a;) be an m x n matrix, let B=(by) be an n xr
matrix, and let C = (¢;;) be an r x s matrix. The product AB is an m x r

matrix, whose ik-component is equal to the sum

a;1byy + appbyy + - + Aybg-

We shall abbreviate this sum using our ), notation by writing

M=
8
>

ij& gk

-
Il
-
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By definition, the il-component of (4B)C is equal to

Zr: [i aijbjk:|ck, = i [i ai,-b,-kck,}

k=1] j=1 k=1j=1

The sum on the right can also be described as the sum of all terms

Z aijbjkckl:
where j, k range over all integers 1 £j<n and 1 < k <r, respectively.
If we had started with the jl-component of BC and then computed the
il-component of A(BC) we would have found exactly the same sum,
thereby proving the desired property.
A similar, but easier argument using the definitions, can also be used
to prove a formula for the transpose of a product, namely:

(AB) = 'BA.

Thus the tranpose of a product is the product of the tranpose in reverse
order. We omit the proof.

Unlike division with non-zero numbers, we cannot divide by a matrix,
any more than we could divide by a vector (n-tuple). Under certain
circumstances, we can define an inverse as follows. We do this only for
square matrices. Let 4 be an n x n matrix. An inverse for 4 is a matrix
B such that

AB=BA =1

Since we multiplied A4 with B on both sides, the only way this can make
sense is if B is also an n x n matrix. Some matrices do not have in-
verses. However, if an inverse exists, then there is only one (we say that
the inverse is unique, or uniquely determined by A). This is easy to prove.
Suppose that B, C are inverses, so we have

AB=BA =1 and AC=CA=1.
Multiply the equation BA = I on the right with C. Then
BAC=IC=C

and we have assumed that AC = I, so BAC = BI = B. This proves that
B = C. In light of this, the inverse is denoted by

AL

Then A~! is the unique matrix such that

A7'A=1 - and AA™ =1

It can be proved that if A4, B are square matrices of the same size
such that AB = I then it follows that also

BA=1



[XI11, §2] MULTIPLICATION OF MATRICES 377

In other words, if B is a right inverse for A, then it is also a left inverse.
You may assume this. Thus in verifying that a matrix is the inverse of
another, you need only do so on one side.

Let ¢ be a number. Then the matrix

c 0 eeees 0
0 ¢ O 0
cl =\ .
0 --veveennn c

having component ¢ on each diagonal entry and O otherwise is called a
scalar matrix. We can also write it as cI, where I is the unit n x n
matrix. Cf. Exercise 6.

As an application of the formula for the transpose of a product, we
shall now see that: ‘

The transpose of an inverse is the inverse of the transpose, that is
(A=A

Proof. Take the transpose of the relation A4~! = I. Then by the rule
for the transpose of a product, we get

t(A_l)tA=tI=I

because I is equal to its own transpose. Similarly, applying the transpose
to the relation 4714 = I yields

AA Y =T =1
Hence '(A™1) is an inverse for ‘A, as was to be shown.

In light of this result, it is customary to omit the parentheses, and to
write

Ly 1
for the inverse of the transpose, which we have seen is equal to the

transpose of the inverse.

We end this section with an important example of multiplication of
matrices.

Example. Rotations. A special type of 2 x 2 matrix represents rota-
tions. For each number 0, let R(0) be the matrix

sin 0 cos 0/

R(O) = (cos 0 —sin 0)
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X . T . .
Let X = < > be a point on the unit circle. We may write its coordin-
y

ate x, y in the form
X = cos @, y =sin ¢

for some number ¢. Then we get, by matrix multiplication:
R(6) X\ _ C.OS@ —sin 6 C‘OS(p
y sin 6 cos 0 /A sin ¢
_ (cos(8 + ¢)
~ \sin(0 + @)
This follows from the addition formula for sine and cosine, namely

cos(8 + ¢) = cos 6 cos ¢ — sin 0 sin ¢,
sin(@ + ¢) = sin 0 cos ¢ + cos 0 sin @.

An arbitrary point in R? can be written in the form

F COS
rsin @
where r is a number = 0. Since

R(O)rX = rR(0)X,

we see that multiplication by R(f) also has the effect of rotating rX by
an angle 6. Thus rotation by an angle 8 can be represented by the
matrix R(0).

R(OX = *(cos(® + @), sin(@ + ¢))

0 X =(cos ¢, sin @)

Figure 1
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Note that for typographical reasons, we have written the vector ‘X
horizontally, but have put a little ¢ on the upper left superscript, to
denote transpose, so X is a column vector.

Example. The matrix corresponding to rotation by an angle of n/3 is
given by

sin 7/3 cos /3

R(n/3) = <

_(1/2 —\/5/2>
IAWE Y,

Example. Let X =%(2,5). If you rotate X by an angle of n/3, find the
coordinates of the rotated vector.
These coordinates are:

RE/DX = <1/2 —\/5/2><2>
J32 0 12 )\5
B <1 - 5ﬁ/2>
\3+52 )

Warning. Note how we multiply the column vector on the left with
the matrix R(f). If you want to work with row vectors, then take the
transpose and verify directly that

cos /3 —sin n/3>

12 /312
2, =(1—53/2, /3 + 5/2).

1/2

So the matrix R(f) gets transposed. The minus sign is now in the lower
left-hand corner.

XIlil, §2. EXERCISES

The following exercises give mostly routine practice in the multiplication of ma-
trices. However, they also illustrate some more theoretical aspects of this multip-
lication. Therefore they should be all worked out. Specifically:
Exercises 7 through 12 illustrate multiplication by the standard unit vectors.
Exercises 14 through 19 illustrate multiplication of triangular matrices.

Exercises 24 through 27 illustrate how addition of numbers is transformed
into multiplication of matrices.

Exercises 27 through 32 illustrate rotations.

Exercises 33 through 37 illustrate elementary matrices, and should be worked
out before studying §5.
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1. Let I be the unit n x n matrix. Let 4 be an n x r matrix. What is I4A? If 4
is an m X n matrix, what is AI?

2. Let O be the matrix all of whose coordinates are 0. Let 4 be a matrix of a
size such that the product AQ is defined. What is 407

3. In each one of the following cases, find (4B)C and A(BC).

2 1 11 1 4
(a)A=(3 1>’ B=<1 0>’ C=<2 3)

1 1
2 1 -1 1
b) A = = =
®) <3 1 2)’3 2 0} cC (3)
) 3 —1
0acl> 4 N sfs 1 .
_3 0_1’ - - 5C= 3 1

3 1 5 -1 4

4. Let A, B be square matrices of the same size, and assume that AB = BA.
Show that

(A+B?=A>+24B+B% and (A4+ B)(A— B)=A>— B,

using the distributive law.

5. Let

Find AB and BA.
6. Let

Let A, B be as in Exercise 5. Find CA, AC, CB, and BC. State the general
rule including this exercise as a special case.

7. Let X =(1,0,0) and let

3 1 5
A=]2 0 1)
1 1 7

What is XA?

8. Let X =(0,1,0), and let A4 be an arbitrary 3 x 3 matrix. How would you
describe XA? What if X =(0,0,1)? Generalize to similar statements con-
cerning n x n matrices, and their products with unit vectors.

9. Let



[XT11, §2] MULTIPLICATION OF MATRICES 381

10.

11.

12.

13.

14.

15.

Find AX for each of the following values of X.

1 0 0
(@ X=10 b)) X=|1 () X=|0
0 1 1
Let
3 7 5
A=|1 -1 41.
2 1 8

Find AX for each of the values of X given in Exercise 9.

Let

and A=

o O = O

What is AX?

Let X be a column vector having all its components equal to 0 except the
j-th component which is equal to 1. Let A be an arbitrary matrix, whose size
is such that we can form the product AX. What is AX?

Let X be the indicated column vector, and A the indicated matrix. Find AX
as a column vector.

3 1 0 1 1 ) ! 5
(a) X=|2), 4=|2 1 1 b X = 1,A=<0 | 1>
1 2 0 -1 0
X X
© X= xl, A=<0 ! 0) d X = x:, A=<0 0 0)
0 0 0 1 0 0
X3 X3

b
Let A= <LCI i) Find the product AS for each one of the following ma-

trices S. Describe in words the effect on A of this product.

S 1 X b S = 1 0
(@) —(0 1) ®) _<x 1>.

b
Let A= <a i again. Find the product SA for each one of the following
¢

matrices S. Describe in words the effect of this product on A.

ot * mso(l 0
(2) —(0 1> (b) —<x 1)-
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16.

17.

18.

19.

20.

21

22.

MATRICES [XIII, §2]
(a) Let A be the matrix
0 1
0 0
0 0 0

Find A2, A®. Generalize to 4 x 4 matrices.

(b) Let A be the matrix

1 1 1
0 1
0 0 1
Compute 42 A3, A%
Let
1 0 0
A=]0 2 0
0 0 3

Find 42, 43, A*.

Let A be a diagonal matrix, with diagonal elements a;,...,a,. What is 42,
A3, A* for any positive integer k?

Let
0 1 6
A=]0 0 4
0 0 0
Find 43
. . —1 0
(a) Find a 2 x 2 matrix A such that A2 = —1 = 0 _1>.

(b) Determine all 2 x 2 matrices A such that A% = O.

Let A be a square matrix.

(a) If A2 = O show that I — A4 is invertible.

(b) If A3 = 0, show that I — A is invertible.

(c) In general, if A" = O for some positive integer n, show that I — A4 is
invertible. [Hint: Think of the geometric series.]

(d) Suppose that 4% + 24 + I = 0. Show that A is invertible.

(e) Suppose that 4> — A4 + I = 0. Show that 4 is invertible.

Let A, B be two square matrices of the same size. We say that A is similar

to B if there exists an invertible matrix T such that B= TAT . Suppose

this is the case. Prove:

(a) B is similar to A.

(b) A is invertible if and only if B is invertible.

(c) ‘A is similar to ‘B.

(d) Suppose A" =0 and B is an invertible matrix of the same size as A.
Show that (BAB™!)" = O.
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23. Let A be a square matrix which is of the form

ag, K eeeeen *
0 ay * *
*

QO ceeeeees 0 Apn

Exercises 24 through 27 give examples where addition of numbers is trans-
formed into multiplication of matrices.

24. Let a, b be numbers, and let

1 a 1 b
(0w a1

What is AB? What is 42, A3? What is A" where n is a positive integer?
25. Show that the matrix 4 in Exercise 24 has an inverse. What is this inverse?

26. Show that if 4, B are n x n matrices which have inverses, then AB has an
inverse.

27. Rotations. Let R(6) be the matrix given by

R(0) = <cos 6 —sin 0>.

sin 0 cos 6
(a) Show that for any two numbers 6,, 0, we have
R(O)DR(0,) = RO, + 6,).
[You will have to use the addition formulas for sine and cosine. ]

(b) Show that the matrix R(0) has an inverse, and write down this inverse.
() Let A = R(f). Show that

47 = cos 20 —sin 20
“\sin 20 cos 20/

(d) Determine A" for any positive integer n. Use induction.

28. Find the matrix R(f) associated with the rotation for each of the following
values of 6.
@mn2 @4 ©@n @) -n () —n/3
® /6 (g) 5n/4
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29. In general, let 6 > 0. What is the matrix associated with the rotation by an

angle —0 (ie. clockwise rotation by 6)?
30. Let X ='(1,2) be a point of the plane. If you rotate X by an angle of n/4,
what are the coordinates of the new point?
31. Same question when X = ‘(—1, 3) and the rotation is by an angle of x/2.
32. For any vector X in R2

let Y= R(0)X be its rotation by an angle 6. Show
that |Y] = | X]|.



CHAPTER XIV

Linear Mappings

We shall first define the general notion of a mapping, which generalizes
the notion of a function. Among mappings, the linear mappings are the
most important. A good deal of mathematics is devoted to reducing
questions concerning arbitrary mappings to linear mappings. For one
thing, they are interesting in themselves, and many mappings are linear.
On the other hand, it is often possible to approximate an arbitrary map-
ping by a linear one, whose study is much easier than the study of the

original mapping. This is done in the calculus of several variables. See
Chapter XVL

XIv, §1. MAPPINGS

As usual, a collection of objects will be called a set. A member of the
collection is also called an element of the set. It is useful in practice to
use short symbols to denote certain sets. For instance we denote by R
the set of all numbers. To say that “x is a number” or that “x is an
element of R” amounts to the same thing. The set of n-tuples of
numbers will be denoted by R”. Thus “X is an element of R*” and “X
is an n-tuple” mean the same thing. Instead of saying that u is an ele-
ment of a set S, we shall also frequently say that u lies in S and we write
ueS. If S and §' are two sets, and if every element of S’ is an element of
S, then we say that S’ is a subset of S. Thus the set of rational numbers
is a subset of the set of (real) numbers. To say that S is a subset of § is

to say that S is part of §". To denote the fact that S is a subset of §’, we
write S < §".
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If S, S, are sets, then the intersection of S, and S,, denoted by
S$1n S,, is the set of elements which lie in both S, and S,. The union of
S, and S,, denoted by S,;U S,, is the set of elements which lie in S, or
S,.

Let S, S be two sets. A mapping from S to S’ is an association which
to every element of S associates an element of §’. Instead of saying that
F is a mapping from § into §', we shall often write the symbols

F:$-8.

A mapping will also be called a map, for the sake of brevity.

A function is a special type of mapping, namely it is a mapping from
a set into the set of numbers, ie. into R.

We extend to mappings some of the terminology we have used for
functions. For instance, if T: S — S’ is a mapping, and if u is an element
of S, then we denote by T(u), or Tu, the element of S’ associated to u by
T. We call T(u), the value of T at u, or also the image of u under T.
The symbols T(u) are read “T of u”. The set of all elements T(u), when
u ranges over all elements of S, is called the image of T. If W is a subset
of S, then the set of elements T(w), when w ranges over all elements of
W, is called the image of W under T, and is denoted by T(W).

Let F: S — S be a map from a set S into a set S". If x is an element
of S, we often write

x — F(x)

with a special arrow — to denote the image of x under F. Thus, for in-

stance, we would speak of the map F such that F(x) = x? as the map
2

X x2.

Example 1. Let S and S’ be both equal to R. Let f:R—R be the
function f(x) = x? (ie. the function whose value at a number x is x?).
Then f is a mapping from R into R. Its image is the set of numbers
=0.

Example 2. Let S be the set of numbers = 0, and let S'=R. Let

g:S-Y

1/2

be the function such that g(x) = x Then g is a mapping from S

into R.

Example3. Let S be the set R? ie. the set of 3-tuples. Let
A=(,3,—1). Let L:R*—>R be the mapping whose value at a vector
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X =(x,y,z) is A-X. Then L(X)=A4-X. If X=(1,1, —1), then the
value of L at X is 6.

Just as we did with functions, we describe a mapping by giving its
values. Thus, instead of making the statement in Example 3 describing
the mapping L, we would also say: Let L:R®>—R be the mapping
L(X)= A-X. This is somewhat incorrect, but is briefer, and does not
usually give rise to confusion. More correctly, we can write X — L(X)
or X +— A-X with the special arrow — to denote the effect of the map L
on the element X.

Example 4. Let F: R? — R? be the mapping given by

F(x, y) = (2x, 2y).

Describe the image under F of the points lying on the circle x% + y* = 1.
Let (x, y) be a point on the circle of radius 1.
Let u = 2x and v = 2y. Then u, v satisfy the relation

W27 + (v/2)* =1,

or in other words,
2 2
ut v
—+=1
4 4

Hence (u,v) is a point on the circle of radius 2. Therefore the image
under F of the circle of radius 1 is a subset of the circle of radius 2.
Conversely, given a point (u, v) such that

u? + 02 =4,
let x =u/2 and y = v/2. Then the point (x, y) satisfies the equation
x*+y?2=1,
and hence is a point on the circle of radius 1. Furthermore,
F(x, y) = (u,v).

Hence every point on the circle of radius 2 is the image of some point
on the circle of radius 1. We conclude finally that the image of the circle
of radius 1 under F is precisely the circle of radius 2.

Note. In general, let S, S’ be two sets. To prove that S = §', one fre-
quently proves that S is a subset of S’ and that S’ is a subset of S. This
is what we did in the preceding argument.
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Observe that the association

(x, y) — (2x, 2y)

is a dilation, ie. a stretching by a factor of 2. Each point (x,y) is
mapped on the point (2x, 2y) which lies on the same ray from the origin,
at twice the distance from the origin, as illustrated on Fig. 1.

(22, 2y)

(z, y)

(0,0)

Figure 1
Example 5. In general, let r be a positive number. The association
(x, y) = (rx, ry)
is called dilation by the factor of ». We can also define it in 3-space, by
(x, 3, 2) > (rx, ry, rz).

We shall study such dilations later when we take up area and volume,
and we shall see how these change under dilations.

Example 6. A curve in space as we studied in Chapter II was a map-
ping. For instance, we can define a map

F:R—R?
by the association
t— (2t, 10%, £3).
Thus F(t) = (2t, 10, t), and the value of F at 2 is
F(2) = (4, 100, 8).
In such a mapping we call

=2, =10, fy="r

the coordinate functions of the mapping.
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In general, a mapping F: R — R? can always be expressed in terms of
such functions, and we write

F(t) = (f1(2), 12(0), f3(D).

Example 7. Polar coordinate mapping. Let F: R> - R? be the mapping
defined by
F(r, 6) = (r cos 8, r sin ).

Thus we may put

x = rcos 0,

y =rsin 0.
Then F is a mapping, which is called the polar coordinate mapping. We
see that x and y depend on r, 6, and x, y are the coordinate functions of
the mapping. We studied this mapping when we changed coordinates in
a double integral. You should get well acquainted with this mapping,

and we work out one example of what it does. Let S be the rectangle
consisting of all points (r, #) such that

0r<2 and 06072

We want to describe the image of S under the polar coordinate mapping.

r-axis

0 /2 0-axis

Figure 2

The image of S under the polar coordinate map F consists of all points
(x, y) whose polar coordinates (r, #) satisfy the above inequalities. We
see that the image is just the sector of radius 2 in the first quadrant as
shown on Fig. 2.

Example 8. Translations. Let A be a vector, say in the plane. We let
T,:R? > R?
be the mapping such that
T,(X)=X + A.
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We call T, the translation by A. On Fig. 3 we have drawn the transla-
tions of various points P, Q, M under translation by 4. We may de-
scribe the image of a point P under translation by A4 as the point
obtained from P by moving P in the direction of A, for a distance equal
to the distance between O and A. Of course, the same notion also works
in higher dimensional space. If 4 is an n-tuple, then

T,:R*">R"
is the mapping defined by the same equation as above, namely
T,(X)=X + A.

You can visualize the picture (at least in R3) similarly.

TaA(P)=P+4
TAQ) =Q+A
/' Ta(M)=M+A
P
¢ A M-/
0
Figure 3

Example 9. You should not forget the identity mapping I, defined on
any set S, and such that I(x) = x for all x in S.

XIV, §1. EXERCISES

1. Let L(X) = A-X, where A = (2,3, —1). Give L(X) when X is the vector:
@ 1,2,-3) ®(-1,50 () @LD

2. Let F:R—R? be the mapping such that F(t) = (¢!, t). What is F(1), F(0),
F(—1)?

3. Let A=(1,1, —1,3). Let F: R* >R be the mapping such that for any vector
X = (x4, x,,Xx3,Xxs) We have F(X)=X-A + 2. What is the value of F(X)
when () X =(1,1,0, —1) and (b) X = (2,3, —1,1)?

In each case, to prove that the image is equal to a certain set S, you must prove
that the image is contained in S, and also that every element of S is in the
image.

4. Let F:R? - R? be the mapping defined by F(x,y) = (2x, 3y). Describe the
image of the points lying on the circle x? + y2 = 1.
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10.

11.

12.

13.

. Let F:R?—R? be the mapping defined by F(x, y) =(xy,y). Describe the

image under F of the straight line x = 2.

. Let F be the mapping defined by F(x,y) = (¢*cos y, e*sin y). Describe the

image under F of the line x = 1. Describe more generally the image under F
of a line x = ¢, where ¢ is a constant.

. Let F be the mapping defined by F(t, u) = (cos t, sin t, u). Describe geometri-

cally the image of the (¢, u)-plane under F.

. Let F be the mapping defined by F(x,y) = (x/3,y/4). What is the image
under F of the ellipse
X2y
—+—==1?
9 "16

. Draw the images of the following sets S under the polar coordinate mapping.

In each case, the set S consists of all points (r, 0) satisfying the stated inequa-
lities.

(@ 0=r<1and0=<0=m7/3

(b) 0=r=<3and0=<0=<3n/4

(©) 1=r=<2andn/4 <0<3n/4

d 1=r<2andn/3 <0< 2n/3

() 2=r=<3andn/6 <0< n/4

) 2£r<3andn/6 £0 = 7/3

(g 3sr=<4andn/2 <0 < 2n/3

In general, let S be the rectangle defined by the inequalities

O<r,sr=r, and 0

IIA

6,

IIA

0<6,.

Describe the image of S under the polar coordinate mapping.

Let A= (—1,2). Draw the image of the point X under translation by A4
when

@Xx=23) ®WWX=(-52 @©@X=11

The identity mapping of R" is equal to a translation T, for some vector A.
True or false? If true, which vector A?

Draw the image of the following figures under translation T,, where
A=(—1,2).
(a) The circle as shown:

Figure 4



392 LINEAR MAPPINGS [XIV, §2]

(b) The square as shown:

Figure 5

(c) The circle as shown:

Figure 6
(d) The square as shown:
1 2
0
-1
— 2
Figure 7

XIV, §2. LINEAR MAPPINGS

Consider two Euclidean spaces R” and R™ In the applications, the val-
ues for m and n are 1, 2, or 3, but they can all occur, so it is just as easy
to leave them indeterminate for what we are about to say.

A mapping

L:R"—>R"
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is called a linear mapping if it satisfies the following properties:
LM 1. For any elements X, Y in R* we have
L(X + Y) = L(X) + L(Y).
LM 2. If ¢ is a number, then
L(cX) = cL(X).

These properties should remind you of properties of multiplication of
matrices and also of the dot product of n-tuples. These in fact provide
us with the examples which interest us for this course.

Example 1. Let 4 = (3,1, —2). Then we have a linear map

L,:R35R
defined by the dot product,
L(X)=4-X,
X
where X is a column vectorin R3. If X = | y}, then
z

L(X)=3x+y— 2z

In general, let

A1y Qq

be an m x n matrix. We can then associate with 4 a map
L,:R"—>R"
by letting

LX) = AX

for every column vector X in R". Thus L, is defined by the association
X+ AX, the product being the product of matrices. That L, is linear is
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simply a special case of the distributive law, namely the theorem con-
cerning properties of multiplication of matrices. Indeed, we have

AX +Y)=AX + AY and A(cX) = cAX

for all vectors X, Y in R" and all numbers ¢. We call L, the linear map
associated with the matrix 4. We also say that A4 is the matrix repre-
senting the linear map L.

(2w x-())
wao=(2 0)-(410)-(6)

Theorem 2.1. If A, B are m x n matrices and if L, = Ly, then A = B.

In other words, if matrices A, B give rise to the same linear map, then
they are equal.

Example 2. If

then

Proof. By definition, we have A;-X = B;-X for all i, if A, is the i-th
row of A and B; is the i-th row of B. Hence (4;— B,)-X =0 for all i
and all X. Hence 4, — B, = 0, and A; = B, for all i. Hence A = B.

Theorem 2.2. Let L:R"—>R™ be a linear map. Then there exists a
matrix A such that L = L,. In other words, every linear map from R"
into R™ is of the type described above.

Definition. The matrix 4 such that L = L, is called the matrix asso-
ciated with the linear map L.

We omit the proof of Theorem 2.2 in general, but give it when
n=m=2.

Let E'= ((1)> and E?= (?) be the standard unit vectors. Let

L:R? 5 R? be a linear map such that

L(E1)=<:> and L(E2)=<Z>-

We shall prove that the matrix associated with L is precisely

()
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(e -
(e J)-()-e

Let X = <x>’ so that X = xE® + yE2 Then
y

First note that

o Q

and

S Q

L(X) = L(xE') + L(yE?) = xL(E") + yL(E?)
= xAE' + yAE?
= A(xE! + yE?)
= AX.

This proves that L(X) = AX, and therefore that A is the matrix repre-
senting L. A similar proof can be given for R3, or R".

Example 3. Let L: R?> > R? be a linear map such that

L(El)-——(;) and L(E2)=<_§)-

Then the matrix associated with L is the matrix

()

You can check that it has the desired effect on the unit vectors, namely:
3 =2\/1\ /3
5 9MNo) \5
3 =2\/0\ /-2
5 9fN1)"\ 9f

Theorem 2.3. Let L:R" - R™ be a linear map. Then L(O)=0.

and

Proof. You can see this by using a matrix. Suppose L = L 4- Then

L,0) = 40 = 0.
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Or you can give a direct argument as follows. We have
L(0) = L(O + 0) = L(0) + L(0).

Add —L(0) to both sides to find O = L(0), as was to be shown.

XIv, §2. EXERCISES

1. In each case, find the vector L ,(X).

_2 1 _ 3 1 0 5
oasG () el D)
_1 1 _4 0 0 7
oa ) el e

2. Let r be a number. Let F,:R"— R" be the dilation mapping, defined by the
formula

F(X)=rX.
Exhibit a matrix 4 such that F,(X) = AX.

3. Let a, b be numbers. Let F, ,: R* - R? be the mapping such that

P\ (*
“Ny) \by
Exhibit a matrix 4 such that F, ,(X) = AX.

4. Let a,, a,, a; be numbers. Let

X
X = (y) = '(x9 Ys Z)~

Let F(X) =(a,x, a,y, a5z). Exhibit a matrix 4 such that F(X) = AX.

5. Let X ="'x,yz2). Let F(X)='xy). Exhibit a matrix A such that
F(X) = AX.

6. Let X ='(x, y,z). Let F(X) = x. Exhibit a matrix 4 such that F(X) = AX.

7. Let X ='(x,y,z). Let F(X)='x,z). Exhibit a matrix A such that
F(X) = AX.

8. Same question as Exercise 7 if F(X) ='(y, z).

9. Let X = *(x,, X5, X3, X4). Let F: R* > R? be the mapping such that
F(X) = '(xy, X5)-

Exhibit a matrix A such that F(X) = AX.
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10.

11.

12.

13.

14.

15.

16.

Let F: R* - R? be the mapping such that
F(X) = (x4, X5, X3)-
Let A be an element of R3. Suppose that the translation by A is a linear

map. What is the only possibility for 4? If 4 # O, can T, be a linear map ?
Proof?

Let L: R?— R? be the linear map such that

L(E1)=<_§> and L(E2)=G>-

What is the matrix associated with L?
Same question if

L(E1)=(_i) and L(E2)=<2>-

Let L: R3+— R3 be a linear map such that

1 -2 8
L(EY={3], L(E?) = 71, L(E®» = |-5
4 9 2
Here
1 0 /0
E'=|0]}, E2=({1], and E3={0

0 0

—

What is the matrix associated with L? Verify that it has the desired effect on
the unit vectors.

Write out the proof that if E', E2, E3 are the standard unit vectors in R3,
and if L: R R3 is the linear map such that

a11 12 a3
L(EY) = | ay, |, L(E*) = | a5, |, L(E*) = a5 |
aszy as, ass

then the matrix A associated with L is the matrix (g ;) that is

11 Q13 A4y3
Gy Gpp Q3
a

\d31 @32 433
Let L:R?— R3 be the linear map such that
-3 4 5

LEH=\| 5|, LEY=| 1|, LEH=[-2
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What is the matrix associated with L? Verify directly that it has the desired
effect on the unit vectors.

17. Let L:R—R" be a linear map. Prove that there exists a vector 4 in R”
such that for all ¢ in R we have
L(t) = tA.

18. Let L: R?+— R® be a linear map. Let

() = ref)

be the unit vectors in R% Suppose that

a1 a2
L(E") = a1} L(E*) = | a,,
a3 &P

In terms of the a;;, what is the matrix 4 associated with L?

19. Let L: R?+> R? be a linear map, and suppose that E!, E2 are the unit vec-
tors in R% Let

3 -5
LEY=| 1 and LE)=| 7
—4 -8

What is the matrix A4 associated with L?

XIv, §3. GEOMETRIC APPLICATIONS

Let P, A be clements of R*. We define the line segment between P and
P + A to be the set of all points

P +1tA, 0<t=1.
This line segment is illustrated in Fig. 8.

P+A

P+tA

Figure 8
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For instance, if t =3, then P + 34 is the point midway between P
and P + A. Similarly, if t =4, then P + 4 is the point one-third of the
way between P and P + A (Fig. 9).

P+4 P+A

P4

(a) (b)
Figure 9

If P, Q are elements of R" let A = Q — P. Then the line segment be-
tween P and Q is the set of all points P + tA, or

P+#Q—P). O0<t<l.

Q

P+yQ—-P)

Figure 10

Observe that we can rewrite the expression for these points in the form
€)) (1 —-10P +tQ, 0=<t=1,
and letting s=1—1t, ¢t =1 —s, we can also write it as

sP + (1 — s)Q, 0s= L
Finally, we can write the points of our line segment in the form
) t,P+1¢,0Q
with ¢;,¢, 20 and t, +t, = 1. Indeed, letting ¢t = t,, we see that every

point which can be written in the form (2) satisfies (1). Conversely, we

let t; =1 —¢ and t, = ¢ and see that every point of the form (1) can be
written in the form (2).
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Let L: R" — R™ be a linear map. Let S be the line segment in R” be-
tween two points P, Q. Then the image L(S) of this line segment is the

line segment in R™ between the points L(P) and L(Q). This is obvious
from (2), because

L(,P + t,Q) =t,L(P) + t, L(Q).

We shall now generalize this discussion to higher dimensional figures.
Let P, Q be elements of R”, and assume, that they are # O, and Q is not

a scalar multiple of P. We define the parallelogram spanned by P and 0
to be the set of all points

th +t, Q,
with

0==1 for i=1,2.

HP+1Q

t1P

Figure 11

This definition is clearly justified since ¢,P is a point of the segment be-
tween O and P (Fig. 11), and ,Q is a point of the segment between O
and Q. For all values of ¢,, t, ranging independently between O and 1,
we see geometrically that ¢, P + t,Q describes all points of the parallelo-
gram.

At the end of §1 we defined translations. We obtain the most general
parallelogram (Fig. 12) by taking the translation of the parallelogram just
described. Thus if A is an element of R” the translation by A of the
parallelogram spanned by P and Q consists of all points

A+t,P + 1,0,
with
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A+P+Q

A+P
A+Q

/ A
0
Figure 12

As with line segments, we see that if
L:R"—>R"

is a linear map, and if S is a parallelogram as described above, then the
image of S is again a parallelogram, provided that L(P) and L(Q) do not
lie on the same line through the origin (ie. L(P) is not a scalar multiple
of L(Q)). This is immediately seen, because the image of S under L con-
sists of all points
L(A +t,P +t,Q) = L(A) + t,L(P) + t,L(Q),
with
0su=1 for i=1,2.

We see again the usefulness of the conditions for linearity LM 1 and
LM 2.

Example. Let S be the parallelogram spanned by the vectors
P=%1,2) and Q =%(—1,5). Let L:R*+R? be the linear map L,,
where A is the matrix

31
-1 5

Then, writing P, Q as vertical vectors, we obtain

L(P) = AP = <_i é)@ _ @
L(Q) = 4Q = (_f ;)(i) = (22)
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Hence the image of S under L is the parallelogram spanned by the vec-
tors '(5,9) and *(2, 26).

On the next figure, we have drawn a typical situation of the image of
a parallelogram under a linear map.

L@

Figure 13

A similar discussion can be carried out in 3-space. It is good practice
for you to write it up yourself. Do Exercise 5.

XV, §3. EXERCISES

1. Let L be the linear map represented by the matrix

1 -1
)

Let S be the line segment between P and Q. Draw the image of S under L,
indicating L(P) and L(Q) in each of the following cases.

(@ P='2,1)and Q=%-1,1)

(b) P='(3, —1) and Q =7(1,2)

(¢ P='(1,1) and 0 =1, —1)

(d P='2,—1)and Q ='(1,2)

2. In cases (a), (b), (c), and (d) of Exercise 1, let T be the parallelogram
spanned by P and Q. Draw the image of T by the linear map L of Exercise
1, indicating in each case L(P) and L(Q).

1 0
3. Let E!' = (()) and E? = < 1) be the standard unit vectors. Write down their

images under the linear map L represented by the matrix

3 -1

5 2
Let S be the square spanned by E' and E>. Draw the image of this square
under L, indicating L(E') and L(E?).
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10.

. Let E', E? again be the standard unit vectors, drawn vertically. Let L be the

linear map represented by the matrix

-2 3
1 5
Let S be the square spanned by E!, E2. Draw the image L(S), again indicat-
ing L(E') and L(E?).

. (a) Give a definition of the box (parallelepiped) spanned by three vectors A,

B, C in R3.

(b) Let L:R* > R? be a linear map. Prove that the image of such a box
under L is again a box, spanned by L(4), L(B), L(C) (provided that the
segments from O to L(A4), L(B), L(C), respectively, do not all lic in a
plane, otherwise you get a “degenerate” box).

(c) Draw a picture for this in 3-dimensional space.

. Let L be the linear map of R? into itself represented by the matrix

-3 1 4
2 2
1 -2 s

Let S be the cube spanned by the three unit vectors E', E2, E3. Give explic-
itly three vectors spanning L(S).

. Same questions as in Exercise 6, if L is represented by the matrix

2 4 -6
3 7 5
-1 2 -8

- Let X(¢) = P +tA, with ¢ in R, be the parametrization of a straight line in

R" Let L:R" - R™ be a linear map. Suppose that L(4) # 0. Prove that the
image of the straight line is a straight line.

. Let S be a line passing through two distinct points P and @, in R". Let

L:R" - R" be a linear map, such that L(P) # L(Q).
(a) Give a parametric representation of the line S.
(b) Give a parametric representation of the line L(S).

Let A, B be non-zero vectors in R” and assume that neither is a scalar multi-
ple of the other. Such vectors are called independent. We define the plane
spanned by A and B to be the set of all points

tA + sB,

for all real numbers ¢, s. Observe that this is the 2-dimensional analogue of
the parametrization of a line. Let L: R" - R™ be a linear map. Assume that
L(A) and L(B) are independent. Prove that the image of the plane spanned
by 4 and B is a plane (spanned by which vectors?).
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11. Let A, B be independent vectors in R”, and let P be a point. We define the
plane through P parallel to 4, B to be the set of all points

P +tA+sB,

where t, s range over all real numbers. Let L: R* - R™ be a linear map such
that L(A) and L(B) are independent. Prove that the image of the preceding
plane is also a plane.

The plane of Exercise 11 looks like this.

P+4A  Pp4B

g

Figure 14

It is the translation by P of the plane in Exercise 10.

XIV, §4. COMPOSITION AND INVERSE OF MAPPINGS
This section will be useful for Chapter XV1, §2, §3 and Chapter XVIL

Before we discuss linear mappings, we have to make some more remarks
on mappings in general. You recall that in studying functions of one
variable, you met composite functions and the chain rule for differentia-
tion. We shall meet a similar situation in several variables.

In one variable, let

f:R—>R and g:R—>R
be functions. Then we can form the composite function g- f, defined by
(g° Nx) = g(f(x)).
Let U, V, W be sets. Let

F:U->V and GV->W
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be mappings. Then we can form the composite mapping from U into W,
denoted by GoF. It is by definition the mapping defined by

(G o F)u) = G(F())
for all u in U.
Example 1. Let G: R?> > R? be the mapping such that
G(Y) = 3.
Let F: R? — R? be the mapping such that F(X) = X + A, where

A=, =2).
Then
G(F(X)) = G(X + A) = 3(X + A) =3X + 3A.

Our mapping GoF is the composite of a translation and a dilation.
Example 2. Let G: R?2 — R?® be the mapping such that
G(x, y) = (x2, xy, sin y).
If (u, v, w) are the coordinates of R3, we may set
u= x>, v = XY, w = sin y.
Let F:R3 - R3 be the mapping such that

F(u, v, w) = (u3, uv, ow)

Then

F(G(x, y)) = (x% x3y, xysin y).

The composition of mappings is associative. More precisely, let U, V,
W, S be sets. Let

F:-U-Y, GV W, and H:W->S
be mappings. Then

Ho(GoF) = (HoG)oF.
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Proof. Here again, the proof is very simple. By definition, we have,
for any element u of U:

(H (G F))(u) = H(G > F)w)) = H(G(F(u))).

On the other hand,

((H o G)o F)(u) = (H  G)(F(w)) = H((G(F(w))).

By definition, this means that (HoG)oF = Ho (G- F).

If S is any set, the identity mapping I is defined to be the map such
that Ig(x) = x for all xeS. If we do not need to specify the reference to

S (because it is made clear by the context), then we write I instead of I s-
Thus we have I(x) = x for all xeS.

Finally, we define inverse mappings. Let F: S —» S’ be a mapping from
one set into another set. We say that F has an inverse if there exists a
mapping

G:S->S
such that

GoF=I; and FoG=Ig.

By this we mean that the composite maps GoF and FoG are the iden-
tity mappings of S and S’ respectively.

Example 3. Let S = S be the set of all numbers > 0. Let
f:8§->8

be the map such that f(x)=x2 Then f has an inverse mapping,
namely the map g: S — S such that g(x) = \/;

Example 4. Let R* be the set of numbers >0 and let f:R—->R" bp
the map such that f(x) =e*. Then f has an inverse mapping which is
nothing but the logarithm.

Example 5. Let 4 be a vector in R® and let

T,:R®->R?

be the translation by 4. By definition, we recall that this means

T(X) =X + A.
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If B is another vector in R3, then the composite mapping Tz T, has the
value
(Tgo TY(X) = Tp(TA(X))
= Tz(X + A)
=X+A+B

If B= —A, we see that
T (T(X)=X+A—A=X,
and similarly that T,(T_ (X)) = X. Hence T_, is the inverse mapping

of T,. In words, we may say that the inverse mapping of translation by
A is translation by —A. Of course, the same holds in R

TA(X)=X+A4

T (X +A4)=X

Figure 15

Let
f:S->5

be a map. We say that f is injective if whenever x, yeS and x # y, then
f(x)# f(»). In other words, f is injective means that f takes on dis-
tinct values at distinct elements of S. For example, the map

f:R->R

such that f(x) = x?, is not injective, because f(1) = f(—1) = 1. Also the
function x — sin x is not injective, because sin x = sin(x + 2r). However,
the map f: R R such that f(x) = x + 1 is injective, because if x + 1 =
y + 1, then x = y.

Again, let f:S — S’ be a mapping. We shall say that f is surjective if
the image of f is all of S'. Again, the map

f:R->R

such that f(x) = x2, is not surjective, because its image consists of all
numbers =0, and this image is not equal to all of R. On the other
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hand, the map of R into R given by x > x> is surjective, because given a
number y there exists a number x such that y = x3 (the cube root of y).
Thus every number is in the image of our map.

Let R* be the set of real numbers = 0. As a matter of convention,
we agree to distinguish between the maps

R->R and Rt ->R*

given by the same formula x — x2. The point is that when we view the
association x > x? as a map of R into R, then it is not surjective, and it
is not injective. But when we view this formula as defining a map from
R" into R, then it gives both an injective and surjective map of R*
into itself, because every positive number has a positive square root, and
such a positive square root is uniquely determined.

In general, when dealing with a map f:S— S, we must therefore
always specify the sets S and §', to be able to say that f is injective, or

surjective, or neither. To have a completely accurate notation, we should
write

fs.s

or some such symbol which specifies § and S’ into the notation, but this
becomes too clumsy, and we prefer to use the context to make our
meaning clear.

Let
f:8->5

be a map which has an inverse mapping g. Then f is both injective and
surjective.

Proof. Let x,yeS and x # y. Let g: §' — S be the inverse mapping of
f- I f(x) = f(y), then we must have

x=g(f(®) =9(f ) =,

which is impossible. Hence f(x) # f(y), and therefore f is injective. To
prove that f is surjective, let zeS’. Then

fl9(2) =z

by definition of the inverse mapping, and hence z = f(x), where x = g(z).
This proves that f is surjective.

The converse of the statement we just proved is also true, namely:

Let f:S— S be a map which is both injective and surjective. Then f
has an inverse mapping.
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Proof. Given zeS’, since f is surjective, there exists xeS such that
f(x) =z. Since f is injective, this element x is uniquely determined by z,
and we can therefore define

g(2) = x.

By definition of g, we find that f(g(z)) = z, and g(f(x)) = x, so that g is
an inverse mapping for f.

Thus we can say that a map f:S— S’ has an inverse mapping if and
only if f is both injective and surjective.

Using another terminology, we can also say that a map
f:§-8

which has an inverse mapping establishes a one-one correspondence
between the elements of S and the elements of S'.

We shall be mostly concerned with linear mappings.

Let F:R"—>R™ and G:R™— R® be linear maps. Then the composite
map GoF is also a linear map.

Proof. This is very easy to prove. Let u, v be elements of R”. Since F
is linear, we have F(u + v) = F(u) + F(v). Hence

(GoF)(u + v) = G(F(u + v)) = G(F(u) + F(v)).
Since G is linear, we obtain
G(F(uw) + F(v)) = G(F(u)) + G(F(v)).
Hence
(GoF)(u + v) = (GoF)®) + (G F)(v).
Next, let ¢ be a number. Then
(G o F)(cu) = G(F(cu))
= G(cF(u))  (because F is linear)

= cG(F(u))  (because G is linear).

This proves that GoF is a linear mapping.
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We can also see this with matrices. Suppose that A is the matrix
associated with F, and B is the matrix associated with G. Then by defin-
ition, we have

F(X)=AX for X inR",
and

G(Y)=BY for YinR™
Hence

G(F(X)) = B(4AX) = (BA)X,

and we see that the product BA is the matrix associated with the linear
map GoF. In other words, the product of the matrices associated with
G and F, respectively, is the matrix associated with GoF.

Let F:R"— R" be a linear mapping. We shall say that F is invertible
if there exists a linear mapping

G:R"->R"

such that GoF =1 and FoG = I. [It can be shown that if an inverse for
F exists as a mapping, then this inverse is necessarily linear, but we don’t
give the proof. It is an easy exercise.] Similarly, let 4 be an nx n
matrix. We say that A is invertible if there exists an n x n matrix B such
that AB = BA = I, is the unit n x n matrix. We denote B by 471,

If F is a linear mapping as above, then we know that it has an asso-
ciated matrix A, such that

F(X)=AX forall X inR"

Suppose that F is invertible, and that G is its inverse linear mapping.
Then G also has an associated matrix B, and since G(F(X))= X, we
must have

BAX =X,
for all X in R*. Similarly, we must also have ABX = X for all X in R"
In particular, this must be true if X is any one of the standard unit vec-
tors, and from this we see that AB = BA = I, is the unit n X n matrix.
Thus B= A~!. In other words:
If A is the matrix associated with an invertible linear mapping

L:R"> R",

then A™1 is the matrix associated with the inverse of L.
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It is usually a tedious process to find the inverse of a matrix, and this

process involves linear equations. For 2 x 2 matrices, however, the pro-
cess is short. We shall discuss it in connection with determinants.

Xilv, §4. EXERCISES

1.

Let F:R?>— R3 be the map such that F(X)= 7X. Prove that F has an in-
verse mapping, and that this inverse is linear. Do the same if F:R" > R" is
defined by the same formula.

. Let F: R" — R" be the map such that F(X) = —8X. Prove that F is invertible,

and write down its inverse explicitly.

. Let ¢ be a number # 0 and let L: R” — R” be the map such that F(X) = cX.

Prove that L has an inverse linear map, and write it down explicitly.

. Let A, B, C be square matrices of the same size and assume that they are in-

vertible. Prove that AB is invertible, and express its inverse in terms of A~!
and B~'. Also show that ABC is invertible.

. Let 4 be a square matrix such that A = 0. Show that I — 4 is invertible. (I

is the unit matrix of the same size as A4.)

. Let A be a square matrix such that A% + 24 + I = 0. Show that A4 is invert-

ible.

. Let A be a square matrix such that 43 = 0. Show that I — A is invertible.



CHAPTER XV

Determinants

In this chapter we carry out the theory of determinants for the case of
2 x 2 and 3 x 3 matrices. Those interested in the general case of n x n
matrices can look it up in my Linear Algebra.

XV, §1. DETERMINANTS OF ORDER 2

A= a b
“\c d
be a 2 x 2 matrix. We define its determinant to be ad — bc. Thus the
determinant is a number. We denote it by

Let

a b
c d

l=ad—bc.

For example, the determinant of the matrix

)

is equal to 2-4 — 1-1 =7. The determinant of

)

is equal to (—2)-5—(—3)-4=—-10+12=2.
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Theorem 1.1. If A is a 2 x 2 matrix, then the determinant of A is equal
to the determinant of the transpose of A. In other words,

D(A) = D('A).

Proof. This is immediate from the definition of the determinant. We
have
a b

c d

a ¢

|4] = b d

>

’ and |'A| =

and
ad — bc = ad — cb.

Of course, the property expressed in Theorem 1.1 is very simple. We
give it here because it is satisfied by 3 x 3 determinants which will be
studied later.

Consider a 2 x 2 matrix 4 with columns A!, 42 The determinant
D(A) has interesting properties with respect to these columns, which we
shall describe. Thus it is useful to use the notation

D(A) = D(AY, A2)

to emphasize the dependence of the determinant on its columns. If the
two columns are denoted by

b
B= < 1) and C= <cl>,
b2 CZ
then we would write

by ¢

DB.C)=|"
2 2

= b102 - clbz.

We may view the determinant as a certain type of “product” between
the columns B and C. To what extent does this product satisfy the same
rules as the product of numbers? Answer: To some extent, which we
now determine precisely.

To begin with, this “product” satisfies distributivity. In the determi-
nant notation, this means:

D1. If B=B + B, ie.
AAWNCANILAY
b, b, b

D(B' + B",C) = D(B,, C) + D(B", C).

then
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Similarly, if C = C' + C”, then
D(B,C' + C") = D(B, C) + D(B, C").

Proof. Of course, the proof is quite simple using the definition of the
determinant. We have

Y+ b ¢
by + b, ¢,
= (b} + bY)c; — (b + by,

= byc, + bje, — blye, — bic,

= D(B, C) + D(B", C).

DB + B",C) =

Distributivity on the other side is proved similarly.
D 2. If x is a number, then

D(xB, C) = x-D(B, C) = D(B, xC).
Proof. We have

b
D(xB, C) = ibl zl = xbycy — xbyc; = x(bycy — bycy)
2 2
= xD(B, C).

Again, the other equality is proved similarly.

Properties D1 and D 2 may be expressed by saying that the determi-
nant is linear as a function of each column.

D 3. If the two columns of the matrix are equal, then the determinant is
equal to 0. In other words,

D(B, B) = 0.
Proof. This is obvious, because

b, b,

b | = Diba = babi=0.

The two vectors
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are the standard unit vectors. The matrix formed by them, namely
E- 10
“\o 1)

D 4. If E is the unit matrix, then D(E) = D(E', E*) = 1.

is the unit matrix. We have:

This is obvious.

These four basic properties are fundamental, and other properties can
be deduced from them, without going back to the definition of the deter-
minant in terms of the components of the matrix.

D 5. If we add a multiple of one column to the other, then the value of

the determinant does not change. In other words, let x be a number.
Then

D(B + xC, C) = D(B, C) and D(B, C + xB) = D(B, C).
Written out in terms of components, the first relation reads.

b, +xc; ¢
b, + xc, ¢,

b, Cif.

b, ¢,
Proof. Using D 1, D2, D 3 in succession, we find that

D(B + xC, C) = D(B, C) + D(xC, C)
= D(B, C) + xD(C, C) = D(B, C).
A similar proof applies to D(B, C + xB).

D 6. If the two columns are interchanged, then the value of the deter-
minant changes by a sign. In other words, we have

D(B, C) = —D(C, B).
Proof. Again, we use D 1, D 2, D 3 successively, and get

0=D(B+ C,B+C)=D(B,B+C)+DC,B + C)
= D(B, B) + D(B, C) + D(C, B) + D(C, C)
= D(B, C) + D(C, B).

This proves that D(B, C) = —D(C, B), as desired.
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Of course, you can also give a proof using the components of the
matrix. Do this as an exercise. However, there is some point in doing it
as above, because in the study of determinants in the higher-dimensional
case later, a proof with components becomes much messier, while the
proof following the same pattern as the one we have given remains neat.

XV, §1. EXERCISES

1. Compute the following determinants.

5

3 - 2 -1
@ |, 21 (b)'_3 4’ (c)‘

-3 4
2 -1

-5 3
(@ ‘ 4 6’ )

3 3 n |~ 5 —4
-7 -8 ® 6 3
2. Compute the determinant

cosf —sind
sin 0 cos 6

for any real number 6.

3. Compute the determinant

cos 6 sin 6
sin 0 cos 6
when
(@) 0=m, (b) 0 =mn/2, (c) 8 =mn/3, d) 0 =mn/4.
4. Prove:

(a) The other half of D 1.
(b) The other half of D 2.
(c) The other half of D 5.

5. Let ¢ be a number, and let A be a 2 x 2 matrix. Define c4A to be a matrix
obtained by multiplying all components of 4 by ¢. How does D(cA) differ
from D(A)?

XV, §2. DETERMINANTS OF ORDER 3

We shall define the determinant for 3 x 3 matrices, and we shall see that
it satisfies properties analogous to those of the 2 x 2 case.
Let

ayy Gyp Gy3
A:(aij): dy1 Gzp Q33

d3; Qzp Qi3
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be a 3 x 3 matrix. We define its determinant according to the formula
known as the expansion by a row, say the first row. That is, we define

a a a a
(1) D(A) =a,, 22 23 + a4 21 22

32 433 as, 33 az; dsz;

and we denote D(A) also with the two vertical bars

ay1 Gy 443
D(A) = |ay; a3, 453

d31 43z 3433
We may describe the sum in (1) as follows. Let A4;; be the matrix ob-

tained from A by deleting the i-th row and the j-th column. Then the
sum for D(A) can be written as

a11D(A11) — a1, D(Ay,) + a;3D(A4,).
In other words, each term consists of the product of an element of the
first row and the determinant of the 2 x 2 matrix obtained by deleting
the first row and the j-th column, and putting the appropriate sign to

this term as shown.

Example 1. Let

NS

Il
W = N
N =
wm A~ O

Then

L 4 1 4 11
A = B = 1) =
11 <2 5> A12 <_3 5> A13 (_3 2)

and our formula for the determinants of A4 yields

1 4 1 4 11
D(A)‘z'z 5}_1‘—3 5)+0‘—3 2}
—2(5-8)—1(5+12) + 0

= —23.

Thus the determinant is a number. To compute this number in the
above example, we computed the determinants of the 2 x 2 matrices ex-
plicitly. We can also expand these in the general definition, and thus we
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find a six-term expression for the determinant of a general 3 x 3 matrix
A = (a;;), namely:

D(A) = a11a,,a33 — 11032853 — 120831433

)]

+ 415033031 + A1305103, — A1305,03;.

Do not memorize (2). Remember only (1), and write down (2) only
when needed for specific purposes.

We could have used the other rows to expand the determinant, in-

stead of the first row. For instance, the expansion according to the
second row is given by

412 Qg3 a1 Q43 ai1 412
—ax + ay,

— Qs3

az; Q33 a3y Qi3

az; Qs

= —a3,D(4;1) + a,,D(4;;) — ay3D(A,3).

Again, each term is the product of a,; with the determinant of the 2 x 2
matrix obtained by deleting the second row and j-th column, together
with the appropriate sign in front of each term. This sign is determined
according to the pattern:

If you write down the two terms for each one of the 2 x 2 determinants
in the expansion according to the second row, you will obtain six terms,
and you will find immediately that they give you the same value which
we wrote down in formula (2). Thus expanding according to the second
row gives the same value for the determinant as expanding according to
the first row.

Furthermore, we can also expand according to any one of the col-
umns. For instance, expanding according to the first column, we find
that

4y 433
+ asz;

a3z Q433 Qzz Qi3
yields precisely the same six terms as in (2), if you write down each one
of the two terms corresponding to each one of the 2 x 2 determinants in
the above expression.
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Example 2. We compute the determinant

—_— = W
N O
[\S IRV

by expanding according to the second column. The determinant is equal
to

301 |31
2’—1 2‘_4‘1 5

‘: 26— (~1) — 415 — 1) = —42

Note that the presence of 0 in the first row and second column elimi-
nates one term in the expansion, since this term is equal to O.

If we expand the above determinant according to the third column,
we find the same value, namely

1 2 30 30
- = —42.
IRV EE I AL

Theorem 2.1. If A is a 3 x 3 matrix, then D(A) = D(A). In other

words, the determinant of A is equal to the determinant of the transpose
of A.

Proof. This is true because expanding D(A) according to rows or col-
umns gives the same value, namely the expression in (2).

XV, §2. EXERCISES

1. Write down the expansion of a 3 x 3 determinant according to the third row,

the second column, and the third column, and verify in each case that you get
the same six terms as in (2).

2. Compute the following determinants by expanding according to the second
row, and also according to the third column, as a check for your computa-
tion. Of course, you should find the same value.

2 2 3 -1 5 2 4 3
@ |0 3 —1 ® -1 2 1 © -1 3 o
4 1 1 -2 4 3 0o 2 1
1 2 -1 -1 5 3 301 2
@lo 1 © 1| 4 0o o0 ) 5 1
0 2 7 2 7 8 -1 2 -3
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3. Compute the following determinants.

4 0 0 -3 0 0 6 0 0
@li{o 5 of ®|o 5 o © |0 5 o
0o 0 7 0 0 -8 0 0 —2

4. Let a, b, ¢ be numbers. In terms of a, b, ¢, what is the value of the determi-
nant

S O Q8

o o O

o o O
S

5. Find the determinants of the following matrices.

1 2 5 -1 5 20
@lo 1 7 (b) 0 4 8
0 0 3 0 0 6
2 -6 9 —7 98 54
©|{o 1 4 (d 0 2 46
0 0 8 0 0 -1
1 4 6 0 0
@lo o 1 Ol-5 2 o
0O 0 8 79 54 1
1 5 2 -5 0
@lo 2 7 (h) 7 2 0
0 0 4 -9 4 1

6. In terms of the components of the matrix, what is the value of the determi-
nant:

a;; ay; 43 a; 0 O
(@ |0 ay, ay3|? (®) |ay ay, 0 |2
0 0 a3 Q31 43z Q33

XV, §3. ADDITIONAL PROPERTIES OF DETERMINANTS

We shall now see that 3 x 3 determinants satisfy the properties D1
through D 6, listed previously for 2 x 2 determinants. These properties
are concerned with the columns of the matrix, and hence it is useful to
use the same notation which we used before. If A*, A%, A* are the col-
umns of the 3 x 3 matrix A4, then we write

D(A) = D(A*, A2, A%).
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For the rest of this section, we assume that our column and row vectors
have dimension 3; that is, that they have three components. Thus any
column vector B in this section can be written in the form

D 1. Suppose that the first column can be written as a sum,

A'=B+C,
that is,
a1 b, ¢y
ay | =|b2]+|¢c2
sy b, C3
Then

D(B + C, A%, A%) = D(B, A%, A%) + D(C, A2, A3).

and the analogous rule holds with respect to the second and third
columns.

Proof. We expand the determinant according to the first column. We
- see that each term splits into a sum of two terms corresponding to B and
C. For instance:

az; 4z3| a2 a3 G2 43
agy =b, + ¢ R
a3y Q433 a3y Qsz d3; 433
A1, Q13 a1, Q13 Ayp Q433
a2 =b, +c; s
a3 Q433 az; d4s3 azy; Q433
ai; 43 a2 a3 Q12 4
asy =b, +c, ’
azy Q3 az1 Q3 Azy Qz3

Summing with the appropriate sign yields the desired relation.
D 2. If x is a number, then
D(xA', A2, A3) = x-D(A%, A%, A3),

and similarly for the other columns.
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Proof. We have

a a xa a xa a
1 42 43y _ 22 Qa3 21 Qa3 21 433
D(xA*, A%, A°) = xay, — a3 + ay3

dz; Qi3 Xd3; 433

= x-D(A', 42, 43).

Xd3; a3,

The proof is similar for the other columns.

D 3. If two columns of the matrix are equal, then the determinant is
equal to 0.

Proof. Suppose that A" = A% and look at the expansion of the deter-
minant according to the first row. Then a,, = a,,, and the first two
terms cancel. The third term is equal to O because it involves a 2 x 2
determinant whose two columns are equal. The proof for the other cases
is similar. (Other cases: A2 = 43 and A' = 43)

In the 3 x 3 case, we also have the unit vectors, namely
1 0
E*={0]), E2=|1], E3={0],
0 1
and the unit 3 x 3 matrix, namely
1 00
E=(0 1 0]).
0 0 1
D 4. If E is the unit matrix, then D(E) = D(E', E%, E?) = 1.

Proof. This is obvious from the expansion according to the first row.

Observe that to prove our basic four properties, we needed to use the
definition of the determinant, ie. its expansion according to the first
row. For the remaining properties, we can give a proof which is not
based directly on this expansion, but only on the formalism of D1
through D 4. This has the advantage of making the arguments easier,
and in fact of making them completely analogous to those in the 2 x 2
case. We carry them out.

D 5. If we add a multiple of one column to another, then the value of
the determinant does not change. In other words, let x be a number.
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Then for instance,

D(A!, A% + xA', A3) = D(A!, A2, 43),
and similarly in all other cases.
Proof. We have

D(AY, A2 + xA', A%) = D(A*, A% A%) + D(A!, xA', 4%) (byD1)
= D(A%, A2, A%) + x-D(A!, A, A%) (by D 2)
= D(A!, A2, A%) (by D 3).

This proves what we wanted. The proofs of the other cases are similar.

D 6. If two adjacent columns are interchanged, then the determinant
changes by a sign. In other words, we have

D(AY, A3, A%) = —D(A?, A%, A3),
and similarly in the other case.

Proof. We use the same method as before. We find

0 =D(A, A% + A3, A% + A®)
= D(A', A% A% + A%) + D(AY, 43, A% + A?)
= D(A!, A%, A%) + D(A', A%, A3) + D(A%, A3, A%) + D(A*, A3, A%)
= D(AY, A% A3%) + D(4%, A3, A?),

using D 1 and D 3. This proves D 6 in this case, and the other cases are
proved similarly.

Using these rules, especially D 5, we can compute determinants a little
more efficiently. For instance, we have already noticed that when a 0
occurs in the given matrix, we can expand according to the row (or col-
umn) in which this 0 occurs, and it eliminates one term. Using D5
repeatedly, we can change the matrix so as to get as many zeros as pos-
sible, and then reduce the computation to one term.

Furthermore, knowing that the determinant of A is equal to the deter-
minant of its transpose, we can also conclude that properties D 1
through D 6 hold for rows instead of columns. For instance, we can
state D 6 for rows:

If two adjacent rows are interchanged, then the determinant changes by
a sign.
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As an exercise, state all the other properties for rows.

Example 1. Compute the determinant

3 0 1
1 2 51.
—1 4 2

We already have 0 in the first row. We subtract two times the second
row from the third row. Our determinant is then equal to

3 0 1
1 2 5].
-3 0 -8

We expand according to the second column. The expansion has only

one term #0, with a + sign, and that is:
3 1

2 .

‘—3 —8'

The 2 x 2 determinant can be evaluated by our definition of ad — be,
and we find the value

=24 — (=3)) = —42.

Example 2. We compute the determinant

4 7 10
3 7 5]
5 -1 10

We subtract two times the second row from the first row, and then from
the third row, yielding

-2 -7 0
3 7 51
-1 —15 0

which we expand according to the third column, and get

—5(30—17)

—5(23)
= —115.

Note that the term has a minus sign, determined by our usual pattern of
signs.
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Determinants can also be defined for n x n matrices, satisfying analo-

gous properties to D 1 through D 6. The proofs are similar, but involve
sometimes more complicated notation, so we shall not go into them.

XV, §3. EXERCISES

1.

2 1 2 3 -1 5 2 4 3
(a) |0 3 -1 (b) |[-1 2 1 ©) -1 3 0
4 1 1 -2 4 3 0 2 1
1 2 -1 -1 5 3 3 1 2

(d) |0 1 1 (e) 0 0 ) 5
0 2 7 2 7 8 -1 2 -3

. Compute the following determinants.

1 1 3 3 2 1 3 1 1
(@) |—1 1 0 (b) (4 1 2 ©) |2 5 5
1 2 5 1 5 7 8 7 7
4 -9 2 4 —1 1 2 0 0
@ |4 -9 2 ) |2 0 0 ® (1 1 0
3 1 0 1 5 7 8 5 7
4 0 0 5 0 0 2 -1 4
(g |0 1 0 (h) {0 3 0 @ |3 1 5
0 0 27 0 0 9 1 2 3

(a) Write out in full and prove property D 1 with respect to the second col-
umn and the third column.
(b) Same thing for property D 2.

. Prove the two cases not treated in the text for property D 3.

. Prove D 5 in the case

(a) you add a multiple of the third column to the first;
(b) you add a multiple of the second column to the first;
(c) you add a multiple of the third column to the second.

. If you interchange the first and third columns of the given matrix, how does

its determinant change? What about interchanging the first and third row?

. Compute the following determinants.

. In general, what is the determinant of a diagonal matrix

a;; O 0
0 a,, 0 |?
0 0 a5
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8. Compute the following determinants, making the computations 4s easy as

you can.
4 -9 2 4 -1 1 2 -1
@ |4 -9 2 ®l2 o o (©)
31 5 1 5 7 1 2 3
301 1 2 1 —4 4
@l2 5 s @ |3 1 @ s 1
8 7 7 4 —2 3 1 4
7 3 2 32 1 -2 -1 1
@1 -1 1 |1 1 1 | 3 1 -1
2 1 3 -1 3 4 -1 2 3
2 1 1 -4 1 2 -1 3 2
G|t 1 1 ® |3 2 1 M| 3 -1 1
2 2 2 -1 -1 1 6 —2 2

9. Let ¢ be a number and multiply each component a; of a 3 x 3 matrix A by

¢, thus obtaining a new matrix which we denote by cA. How does D(4)
differ from D(cA)?

10. Let x,, x,, x; be numbers. Show that
1 x, x3
Lox,  x3| =00 — x5 — X)(%3 — Xy).
1 x; x}
11. Suppose that A! is a sum of three columns, say
A'=B' + B> + B,
Using D 1 twice, prove that
D(B! + B> + B, A%, A®) = D(B!, A2, 4%) + D(B?, A%, A%) + D(B, 42, A?).

Using summation notation, we can write this in the form

3
D(B' + B> + B*, A%, 4%) = ) D(B’, 4%, A4%),
j=1

which is shorter. In general, suppose that



[XV, §3] ADDITIONAL PROPERTIES OF DETERMINANTS 427

is a sum of n columns. Using the summation notation, express similarly
D(A!, A2, 4%)

as a sum of (how many?) terms.

12. Let x; (j = 1,2, 3) be numbers. Let

Al = x,C! + x,C? + x,C3.
Prove that

3
D(A*, A%, A%) = ) x;D(C’, A%, A).
ji=1
State and prove the analogous statement when
Al =Y x,C.
j=1

13. State the analogous property to that of Exercise 12 with respect to the
second column. Then with respect to the third column.

14. If a(t), b(z), c(t), d(t) are functions of t, one can form the determinant

a(t) b(r)
c(t) d@)

>

just as with numbers. Write out in full the determinant

‘ sint cost

—cost sint

15. Write out in full the determinant

t+1 t—1
t 2t+5

16. Let f(t), g(t) be two functions having derivatives of all orders. Let o(t) be
the function obtained by taking the determinant

_f© 0|
D=0 g0
Show that
o | @ a(®
"O=lrw g0

ie. the derivative is obtained by taking the derivative of the bottom row.
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17. Let

b))
Am:(bz(t) cz(t)>

be a 2 x 2 matrix of differentiable functions. Let B(f) and C(t) be its column
vectors. Let

(1) = Det(A(1)).

Show that
@'(t) = D(B(t), C(1)) + D(B(r), C'(¢)).

XV, §4. INDEPENDENCE OF VECTORS

In the geometric applications of Chapter XIV, we studied parallelograms
and parallotopes spanned by vectors. Let us look at the situation in
3-space. Let A4, B, C be vectors in R3, and suppose that 4, B are inde-

pendent. We define the plane spanned by 4 and B to be the set of all
points

xA + yB,

with all real numbers x, . When x = y = 0 we obtain the origin, so the
plane passes through the origin and looks like Fig. 1.

Figure 1

We say that C is independent of 4 and B if C does not lie in the above
plane, ie. if C cannot be written in the form

C=xA+yB

with some numbers x and y. Geometrically, this means that C points in
a direction outside the plane, as shown on Fig. 2.
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Figure 2

More generally, let A, B, C be vectors in R3. We say that 4, B, C are
independent, or linearly independent, if there is no relation

xA+yB+:2C=0

with numbers x, y, z not all equal to 0. We shall now see that the deter-
minant gives us a criterion when A4, B, C are linearly independent.

Theorem 4.1. Let A, B, C, be in R3. If D(A,B,C) #0 then A, B, C
are linearly independent.

Proof. Let x, y, z be numbers such that x4 + yB + zC = 0. Then
0=D(0,B,C)=D(xA + yB + zC, B, C)
= xD(4, B, C) + yD(B, B, C) + zD(C, B, C)
= xD(4, B, C).

Since D(4, B, C) # 0 by assumption, it follows that x = 0. A similar ar-
gument computing D(4, O, C) and D(A4, B, O) shows that y =0 and z =
0. This concludes the proof.

Remark. The converse is also true, that is:

Let A, B, C be vectors in R®. Then D(A, B, C) # 0 if and only if A, B,
C are linearly independent.

For a proof, see a book on linear algebra.

XV, §4. EXERCISES

In the following exercises, let A4, B, C be in R® and assume that the determinant
D(A, B, C) is # 0. Prove

1. There is no number x such that B = xA.

2. There is no number x such that B = xC.
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3. A is independent of B and C.
4. B is independent of 4 and C.

5. Draw a picture of the set of all points
xA + yB + zC,
with0=x=<1,0=<y=<1, and 0 <z <1, in 3-space. This set is called the box
(or parallelotope) spanned by 4, B, C.
XV, §5. DETERMINANT OF A PRODUCT
Theorem 5.1. Let A, B be 3 x 3 matrices. Then
D(AB) = D(A)D(B).

In other words, the determinant of a product is the product of the deter-
minants.

Proof. Let AB=C and let C™ be the m-th column of C. From the

definition of the product of matrices, one sees that if X is a column vec-
tor, then

AX = x, A" + x, A% + x5 43
Apply this remark to each one of the columns of B successively, that is,
X =B', X =B? and X = B? to find the respective columns of C. We
conclude that

C™ = b, A + by, A + by, A°.

Therefore

M

D(AB) = D(C) = D(i b, A,

i=1 J

3
b A, Y, bia Ak>
k=1

1
3 3 3 . .
= Y 3 ¥ bubbi D(AL 4L, 49,

Here we have used repeatedly linearity with respect to each column.
Any term on the right in the sum will be 0 of i=j, or i=k, or j=k.
The other terms will correspond to a permutation of 4!, 42, A3, and
there will be six such terms. If you write them out, and interchange col-
umns making the appropriate sign change, you will find that the sum is
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equal to the six-term expansion for the determinant of B times the deter-
minant of A4, in other words

D(AB) = D(B)D(A).

This proves our theorem.
Observe that if 4 is invertible and AB = I, then we necessarily have

D(A) # 0, because according to Theorem 5.1,
1 = D(I) = D(A)D(B).

The converse is also true, that is: If D(4) # 0, then A is invertible. We

shall discuss it in the next section.

XV, §6. INVERSE OF A MATRIX
Theorem 6.1. Let A be a square matrix such that D(A) # 0. Then A is
invertible.

Let us consider the 2 x 2 case. Let

a b
A =
4
be a 2 x 2 matrix, and assume that its determinant ad — bc # 0. We

wish to find an inverse for A4, that is a 2 x 2 matrix
(%)
zZ w

AX =XA=1

such that
Let us look at the first requirement, AX = I, which, written out in full,

¢ oG 26 %)

Let us look at the first column of 4X. We must solve the equations

looks like this:

ax + bz =1, cx +dz=0.

(*)



432 DETERMINANTS [XV, §6]

This is a system of two equations in two unknowns, x and z, which we
know how to solve. Similarly, looking at the second column, we see that
we must solve a system of two equations in the unknowns y, w, namely

(%) ay + bw =0, cy +dw=1.

2
A = 1 .
4 3
We seek a matrix X such that AX = 1. We must therefore solve the Sys-
tems of linear equations

Example. Let

2x +z=1, 2y +w=0,
and
4x + 3z =0, 4y + 3w = 1.

By the ordinary method of solving two equations in two unknowns, we
find

Njw

X =3, z= -2 and y=—3, w=1

3} -3
X=
(=)

is such that AX = 1. The reader will also verify by direct multiplication
that XA = I. This solves for the desired inverse.

The same procedure, of course, works for the general systems (*) and
(*%). Consider (x). Multiply the first equation by d, multiply the second
equation by b, and subtract. We get

Thus the matrix

(ad — bc)x = d,

whence

d
x = .
ad — be

We see that the determinant of 4 occurs in the denominator. You can
solve similarly for y, z, w and you will find similar expressions with only
D(A) in the denominator. This proves Theorem 6.1 in the 2 x 2 case.

The proof in the 3 x 3 case is also done by solving linear equations,
but we shall omit it.



[XV, §6] INVERSE OF A MATRIX 433

XV, §6. EXERCISES

1. Find the inverses of the following matrices.

2 -1 3 4 5 1 -2 -1
(a)<5 2) (b)(_2 1) (C)(1 2) ((d)(_3 _4>

2. Write down the general formula for the inverse of a 2 x 2 matrix

)



CHAPTER XVI

Applications to Functions
of Several Variables

XVl, §1. THE JACOBIAN MATRIX

Throughout this section, all our vectors will be vertical vectors. We let
Dy,...,D, be the usual partial derivatives. Thus D; = d/dx;.

Let F:R"—>R™ be a mapping. We can represent F by coordinate
functions. In other words, there exist functions f,...,f,, such that

f1(X)

f2(X)

F(X) = = (f1(X), ... [l X)).

Jw(X)

To simplify the typography, we shall sometimes write a vertical vector as
the transpose of a horizontal vector, as we have just done.

We view X as a column vector, X = (xy,...,X,).

Let us assume that the partial derivatives of each function
f:i=1,...,m) exists.

Definition. We define the Jacobian matrix Jz(X) to be the matrix of
partial derivatives:

o o
0x, 0x, 0x,
of o A D fi(X) -+ DufilX)

JF<X)=<§f—i>= oxg oxp x| :
O : Dy fu(X) - Dyfu(X)

0x, 0x, 0x,
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In the case of two variables (x, y), say F is given by functions (f, g),

so that
F(x,y) = (f(x, y) 9(%, ))»

then the Jacobian matrix is
9 o
0x 0dy

9 9%
dx 0y

‘IF(x: y) =

(As we have done just now, we sometimes write the vectors horizontally,
although to be strictly correct, they should be written vertically.)

Example 1. Let F: R?2 - R? be the mapping defined by
x* + y? X,
F(x,y)=< t >= <f( Y)>.
e 9(x, y)

Find the Jacobian matrix J;(P) for P = (1, 1).
The Jacobian matrix at an arbitrary point (x, y) is

a9 o

Ox 0y 2x 2y
N B A
ax dy

Hence when x =1, y = 1, we find:
Jr(l, 1) = (2 2>'
e e

Example 2. Let F: R* > R® be the mapping defined by
Xy
F(x,y)= |sinx}-
x%y

Find J;(P) at the point P = (n, n/2).
The Jacobian matrix at an arbitrary point (x, y) is

y x
Jp(x, )= fcosx O

2xy  x?
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Hence
w2 w
i
J —}=1 -
F(n, 2) 1 0
n* 72

Example 3. Let f:R"— R be a function of n variables. Then its Jaco-
bian matrix is simply the row vector

g,
<6x1’ ,6x,,>’

and this is just the gradient grad f(X) studied in the early chapters.

For an arbitrary mapping
F:R"->R"

we observe that the row vectors of the Jacobian matrix are the gradients
of the coordinate functions f;,..., f,,, S0 we may rewrite the Jacobian
matrix as

grad f,(X)
Jp(X) = j
grad f,(X)

Thus the Jacobian matrix is a generalization of the gradient.
Let U be open in R and F: U — R" be a map into the same dimen-
sional space. Then the Jacobian matrix Jp(X) is a square matrix.

Definition. We define the Jacobian determinant to be the determinant
of the Jacobian matrix, that is

Ap(X) = det Jp(X).

Example 4. Let F be as in Example 1, F(x, y) = (x* + y% ¢™). Then
the Jacobian determinant is equal to

2x 2y

= 2x%e™ — 2y%e™.
ye*¥  xe®

AF(x’ y) =

In particular,
Ar(1,1)=2e —2e =0,

Ax(1,2) = 2¢% — 8¢
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Example 5. Polar coordinate mapping. An important map is given by
the polar coordinates,

F:R? > R?
such that
F(r, 0) = (r cos 0, r sin 0),
We can view the map as defined on all of R?, although when selecting

polar coordinates, we take r = 0. We see that F maps a rectangle into a
circular sector (Fig. 1).

Figure 1

In Exercise 6 you can easily find the Jacobian matrix, and then you
can see that the Jacobian determinant is given by

Ap(r, 0) = 1.

XVI, §1. EXERCISES

L. In each of the following cases, compute the Jacobian matrix of F.

@) F(x,y) =(x + y, x%y) (b) F(x,y) = (sin x, cos xy)
(© F(x,y) = (e™,logx) (d) F(x,y,z) = (xz, xy, yz)
) F(x,y,2) = (xyz, x?2) ) F(x,y, z) = (sin xyz, xz)

2. Find the Jacobian matrix of the mappings in Exercise 1 evaluated at the fol-
lowing points.

(@) (1,2) (b) (7, 7/2) © (1,4)
@ @1,1,-1 © 2-1,-1) © (12,4

3. Find the Jacobian matrix of the following maps.
(@) F(x,y) = (xy,x%) (b) F(x,y, z) = (cos xy, sin xy, xz)

4. Find the Jacobian determinant of the map in Exercise 1(a). Determine all
points where the Jacobian determinant is equal to 0.

5. Find the Jacobian determinant of the map in Exercise 1(b).
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6. Let F: R* > R? be the map defined by
F(r,0) = (r cos 0, r sin 6),

in other words the polar coordinates map

X =rcos 0, y=rsin 0.

Find the Jacobian matrix and Jacobian determinant of this mapping. Deter-
mine all points (#, 6) where the Jacobian determinant vanishes.

7. Let F:R> > R? be the mapping defined by

F(r, 0, ) = (r sin ¢ cos 6, r sin ¢ sin 6, r cos @)

or in other words
X = rsin ¢ cos 0, y =rsin ¢ sin 6, Z = COS .

Find the Jacobian matrix and Jacobian determinant of this mapping.

8. Find the Jacobian matrix and determinant of the map
F(r, 0) = (e" cos 0, e" sin 0).

Show that the Jacobian determinant is never 0. Show that there exist two
distinct points (r,, 8,) and (r,, 8,) such that

F(rh 01) = F(r27 02)

XVI, §2. DIFFERENTIABILITY

Let U be an open set in R”. Let
F:U—->R"

be a mapping. Let X be a point of U. Let

[1(X)
F(X) ="(fi(X), ... u(X)) = .
S X)

be the coordinate functions of F. We shall say that F is differentiable at
X if all the partial derivatives

D,fi(X)
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exist (so the Jacobian matrix Jp(X) exists), and if there exists a mapping
G, defined for sufficiently small vectors H such that

F(X + H)y=F(X)+ Je(X)H + | H||G(H)
and

lim G(H) = O.

IH||~0

Observe that this definition is entirely analogous to the definition of dif-
ferentiability of a function given in Chapter III. In writing

Jr(X)H,

we must of course view H as a column vector,

Then we see that
grad f,(X)-H
Je(X)H =

grad f,(X)-H

Theorem 2.1. Let U be an open set in R". Let F: U — R™ be a map-
ping, having coordinate functions fi,..., f,,. Assume that each function f;
is differentiable at a point X of U. Then F is differentiable at X.

Proof. For each integer i between 1 and n, there is a function g; such
that

lim g,(H) = 0.

IH[|—0
and such that we can write
fiX + H) =fi(X) + grad f(X)-H + | H | g:(H).

We view X and F(X) as vertical vectors. By definition, we can then
write

F(X + H) ="(fi(X + H),....f(X + H)).
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Hence
F{(X) grad f,(X)-H g:(H)

FX+m=| © |+ : + | H]|
Fo(X) grad f,(X)-H In(H)

The term in the middle, involving the gradients, is precisely equal to the
product of the Jacobian matrix, times H, ie. to

J.(OH.
Let G(H) = (g,(H), ....g,(H)) be the vector on the right. Then
F(X + H)=FX)+ J(X)H + |H| G(H).

As |H|| approaches 0, each coordinate of G(H) approaches 0. Hence
G(H) approaches O; in other words,

lim G(H) = 0.

[1H|[ -0
This proves the theorem.

Observe that the Jacobian matrix Jz(X) when applied to H may be
viewed as a linear map.

It is convenient to use the standard notation for the derivative in one
variable, and write

F'(X) instead of Jr(X)

when we interpret the Jacobian matrix as a linear map.

XVI, §3. THE CHAIN RULE

In the First Course, we proved a chain rule for composite functions.
Earlier in this book, a chain rule was given for a composite of a function
and a map defined for real numbers, but having values in R”. In this
section, we give a general formulation of the chain rule for arbitrary
compositions of mappings.

Let U be an open set in R”, and let ¥V be an open set in R™ Let
F:U - R™ be a mapping, and assume that all values of F are contained
in V. Let G:V—> R’ be a mapping. Then we can form the composite
mapping GoF from U into R*® (Fig. 2).
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Figure 2

The next theorem tells us what the derivative of GoF is in terms of
the derivative of F at X, and the derivative of G at F(X).

Theorem 3.1 Let U be an open set in R", let V be an open set in R™.
Let

F:U-V and G. V>R

be mappings. Let X be a point of U such that F is differentiable at X.
Assume that G is differentiable at F(X). Then the composite mapping
Go F is differentiable at X, and its derivative is given by

(G-FY(X) = G(F(X)) F'(X).

Proof. By definition of differentiability, there exists a mapping @,
such that
lim ®,(H)=0

I1H]j >0

and
F(X + H)= F(X)+ F(X)H + |H || ®,(H).

Similarly, there exists a mapping ®, such that

lim @,(K) =0,
1Kl -0

and
G(Y + K) = G(Y) + G(Y)K + || K |D(K).

We let K = K(H) be

K = F(X + H) — F(X) = F(X)H + | H||®,(H).
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Then
G(F(X + H)) = G(F(X) + K)

= G(F(X)) + G'(F(X)K + || K [|@,(K).
Using the fact that G'(F(X)) is linear, and
K =F(X + H)— F(X)=F(X)H + |H| ®,(H),
we can write

(GoF)X + H) = (G F)(X) + G'(F(X))F(X)H
+ IHIG'(F(X))®,(H) + | K |®,(K).

Using simple estimates which we do not give in detail, we conclude that

(GoFXX + H) = (GoF)X) + G(FCX))F(X)H + | H|| @4(H).

where
lim ®4(H) = 0.

I[H|| -0

This proves the theorem.

Observe how the proof follows the same pattern as the old proof for
the chain rule in Chapter IV. We used the notation F'(X) and G'(F(X))
to be as close as possible to the old notation for the derivative in the
calculus of one variable. We could of course write down the Jacobian
matrices instead of this notation, and we obtain the formula:

JGoF(X) = JG(F(X))JF(X)-

Thus the Jacobian matrix of the composite mapping Go F is the product
of the Jacobian matrices of G and F respectively, evaluated at the ap-
propriate points, namely

J(FX)) and  Jp(X).

The discussion of inverse mappings and implicit functions, which follows
in the next two sections, is independent of the discussion of the Hessian
in §6. They may thus be covered in any order at the discretion of the

instructor. Furthermore §6 is not necessary for the considerations which
Sfollow.
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XVI, §4. INVERSE MAPPINGS

Let U be open in R" and let F: U —» R" be a map, given by coordinate
functions:

F(X) = (f1(X);....£X)).

If all the partial derivatives of all functions f; exist and are continuous,
we say that F is a C'-map.

Definition. We say that F is C!-invertible on U if the image F(U) is

an open set V, and if there exists a C'-map G: V— U such that GoF and
F oG are the respective identity mappings on U and V (Fig. 3).

Figure 3

Example 1. Let 4 be a fixed vector, and let F: R" — R" be the transla-
tion by A4, namely F(X)= X + A. Then F is C!-invertible, its inverse
being translation by — A.

Example 2. Let U be the subset of R? consisting of all pairs (r, 6)
with r >0 and 0 < 8 < 7. Let

F(r,08) = (r cos 6, r sin 0).

Let x =rcos# and y =r sin . Then the image of U is the upper half-
plane consisting of all (x, y) such that y > 0, and arbitrary x (Fig. 4).

Figure 4
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We can solve for the inverse map G, namely:

x
r=./x?+ y? and 0 = arccos =
,

so that

G(x,y) = <~ /x* + y?, arccos f)-
’
In many applications, a map is not necessarily invertible, but has still
a useful property locally. Let P be a point of U. We say that F is
locally C'-invertible at P if there exists an open set U, contained in U
and containing P such that F is Cl-invertible on U,.

Example 3. If we view F(r, 0) = (r cos 0, r sin 0) as defined on all of
R?, then F is not C'-invertible on all of R?, but given any point other
than the origin, it is locally invertible at that point. One could see this
by giving an explicit inverse map as we did in Example 2. At any rate,

from Example 2, we see that F is Cl-invertible on the set r > 0 and
0<f<m

In most cases, it is not possible to define an inverse map by explicit
formulas. However, there is a very important theorem which allows us
to conclude that a map is locally invertible at a point.

Theorem 4.1. Inverse mapping theorem. Let F: U —R” be a Cl-map.

Let P be a point of U. If the Jacobian determinant Ap(P) is not equal
to 0, then F is locally C'-invertible at P.

A proof of this theorem is too involved to be given in this book.
However, we make the following comment. The fact that the determi-
nant Ap(P) is not O implies (and in fact is equivalent with) the fact that
the Jacobian matrix is invertible. Since it is usually very easy to deter-
mine whether the Jacobian determinant vanishes or not, we see that the
inverse mapping theorem gives us a simple criterion for local invertibility.

Example 4. Consider the case of one variable, y = f(x). In the First
Course, we proved that if f'(x,) #0 at a point x,, then there is an
inverse function defined near y, = f(x,). Indeed, say f'(x,) > 0. By con-
tinuity, assuming that f’ is continuous (ie. f is C!), we know that
f'(x) > 0 for x close to x,. Hence f is strictly increasing, and an inverse
function exists near x,. In fact, we determined the derivative. If g is the
inverse function, then we proved that

g(o) =1"(x0)"".
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Example 5. The formula for the derivative of the inverse function in
the case of one variable can be generalized to the case of the inverse
mapping theorem. Suppose that the map F:U —V has a Cl-inverse
G:V—U. Let X be a point of U. Then GoF =1 is the identity, and
since I is linear, we see directly from the definition of the derivative that
I'(X) = 1. Using the chain rule, we find that

I=(G+FY(X) = G(F(X))* F(X)

for all X in U. In particular, this means that if Y= F(X), then

G(Y)=FX)™,

where the inverse in this last expression is to be understood as the in-
verse of the linear map F'(X). Thus we have generalized the formula for
the derivative of an inverse function.

Example 6. Let F(x, y) = (e* cos y, e” sin y). Show that F is locally in-
vertible at every point.
We find that

e*cosy —e*siny
e*sin y e*cos y

Jp(x,y) = < ), whence Ap(x,y) = e** # 0.

Since the Jacobian determinant is not 0, it follows that F is locally in-
vertible at (x, y) for all x, y.

XVI, §4 EXERCISES

1. Determine whether the following mappings are locally Cl-invertible at the gi-
ven point.
(a) F(x= y) = (x2 - y2’ 2xy) at (xs y) #* (03 0)
(b) F(x,y) = (x*y + 1,x*> + y?) at (1,2)
(© F(x,y)=(x+yy"*) at(l,16)

X
d) F(x,y) = (m’ ﬁ) at (x, y) #(0,0)
) Fx,y))=(x+x*+y, x2 + y?) at (x,y) = (5, 8)

2. Determine whether the following mappings are locally Cl-invertible at the in-
dicated point.
(@) F(x,y)=(x +y,x%) at (1,2)
(b) F(x,y) = (sin x, cos xy) at (r, /2)
(€) F(x,y) = (e*,logx) at (1,4)
(d) F(x,y,z) = (xz,xy,yz) at (1,1,—1)
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3. Show that the map defined by F(x, y) = (e* cos Y, e*sin y) is not invertible on
all of R?, even though it is locally invertible everywhere.

XVI, §5. IMPLICIT FUNCTIONS

Let U be an open set in 2-space, and let
f:U->R

be a C'-function. Let (a, b) be a point of U, and let
f(a, b) =c.

We ask whether there is some differentiable function ¥y = @(x) defined
near x = a such that ¢(a) = b and

J(x 0()) =c

for all x near a. If such a function ¢ exists, then we say that y = ¢(x) is
the function determined implicitly by f

Theorem 5.1. Implicit function theorem. Let U be open in R? and
let f:U—R be a C'-function. Let (a,b) be a point of U, and let
f(a,b)=c. Assume that D,f(a, b) # 0. Then there exists an implicit

Junction y = @(x) which is C! in some interval containing a, and such
that ¢(a) = b.

Proof. Let F be the mapping

F(x, y) = (x, f(x, ).

We claim that F is locally invertible at (a, b). All we have to do is com-
pute the Jacobian matrix and determinant. We have

1 0
T =a o
ox dy
so that
J b) = ! 0
{0 =D, @b D,f(ab)
and hence

Ag(a,b) = D, f(a, b).
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By assumption, this is not 0, and we can apply the inverse mapping
theorem. We know that F(a, b) = (a,c) and there exists a C'-inverse G
defined locally near (a,c). The inverse map G has two coordinate func-
tions, and we can write G(x, z) = (x, g(x, z)) for some function g. Thus
we put y = g(x, z), and z = f(x, y). We define

@(x) = g(x, ¢).
Then on the one hand,
F(x, p(x)) = F(x, g(x, ¢)) = F(G(x, ©)) = (x, ¢),
and on the other hand,
F(x, p(x)) = (x, f(x, ¢(x))).
This proves that f(x, p(x)) = c. Furthermore, by definition of an inverse

map, G(a, c) = (a,b) so that ¢(a) =b. This proves the implicit function
theorem.

Example 1. Let f(x,y)=x>+y*> and let (a,b)=(1,1). Then
c=f(1,1)=2. We have D,f(x, y) = 2y so that

D,f(1,1)=2+#0,

so the implicit function y = ¢(x) near x = 1 exists. In this case, we can
of course solve explicitly for y, namely

y=./2— x2
Example 2. We take f(x, y) = x* + y? as in Example 1, and
(ab)y=(—-1,-1).
Then again ¢ =f(—1, —1) =2, and
D,f(—1,—-1)= -2 +#0.
In this case we can still solve for y in terms of x, namely
y= —I= .

In general, the equation f(x, y) = ¢ defines some curve as in the fol-
lowing picture (Fig. 5).
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(a, b)

Figure 5

Near the point (a, b) as indicated in the picture, we see that there is an
implicit function (Fig. 6):

(a, b/)/

Figure 6

but that one could not define the implicit function for all x, only for
those x near a.

Example 3. Let f(x, y) = x*y + 3y3x* — 4. Take (a,b) = (1, 1) so that
f(a,b) =0. Then D,f(x, y) = x* + 9y®x* and

D,f(1,1) =10 # 0.
Hence the implicit function y = @(x) exists, but there is no simple way to
solve for it. We can also determine the derivative ¢'(1). Indeed, differen-
tiating the equation f(x, y) = 0, knowing that y = ¢(x) is a differentiable
function, we find
2xy + x2y + 12y3x3 4+ 9y?y'x* = 0,

whence we can solve for y' = ¢’(x), namely

2xy + 12y3x3

Px)=y=— x2+9y2x4
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Hence

, 2412 7
PM=—779""5

In Exercise 1 we give the general formula for an arbitrary function f.

Example 4. In general, given any function f(x, y) = 0 and y = ¢(x) we
can find ¢'(x) by differentiating in the usual way. For instance, suppose

x> + 4y sin(xy) = 0.
Then taking the derivative with respect to x, we find
3x2 + 4y’ sin(xy) + 4y cos(xy)(y + xy").

We then solve for y' as

4y? cos(xy) + 3x?
4 sin(xy) + 4xy cos(xy)

’

y:

whenever 4 sin(xy) + 4xy cos(xy) # 0. Similarly, we can solve for y” by
differentiating either of the last two expressions. In the present case, this
gets complicated.

XVI, §5. EXERCISES

L. Let y = ¢(x) be an implicit function satisfying f(x, @(x)) = 0, both f, ¢ being
C!. Show that
D, f(x, o(x
o) = — 1f( o( ))
D 2f (x5 (p(x))

wherever D, f(x, ¢(x)) # 0.

2. Find an expression for ¢"(x) by differentiating the preceding expression for
@'(x).

3. Let f(x,y) =(x —2)% + xe**. Is D,f(a, b) # 0 at the following points (a, b)?
@ 14,1 b 00 (@1

4. For each of the following functions f, show that f(x, y) = O defines an implicit
function y = @(x) at the given point (a, b), and find @'(a).
@) f(x,y)=x>—xy+y*—3at(1,2)
(b) f(x,y) = xcos xy at (1, 7/2)
© f(x,y)) =2 —x+yat(l,-1)
d) f(x,y)=xe* —y+1at (—1,0)
® f(x,y)=x+y+ xsiny at (0,0)
) fG=x>+y"+xy+4at(2 -2)
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5. Let f be a C'-function of 3 variables (x, y, z) defined on an open set U of R>.
Let (a, b, ¢) be a point of U, and assume f(a,b,c) =0, D,f(a, b, c) #0. Show
that there exists a C'-function ¢(x, y) defined near (a, b) such that

f9,00x,))=0 and  ¢(a,b)=c.

We call ¢ the implicit function z = ¢(x, y) determined by f at (a, b).

6. In Exercise 5, show that
le(a’ by C)
DSf(a7 b’ C)

7. For each of the following functions f(x, y, z), show that f(x,y,2z) = 0 defines
an implicit function z = @(x, y) at the given point (a, b, c) and find D,¢p(a, b)
and D, ¢(a, b).

@) f(x,y,2) =x +y + z + cos xyz at (0,0, —1)
() f(x,y,z) = z> — z — xysin z at (0, 0, 0)

© f(,y,2)=x>+y* + 22— 3xyz — 4 at (1, 1,2)
D fxp2)=x+y+z—eat (0,33

Dl(p(a’ b) = -

8. Let f(x, y,2z) = x> — 2y* + z2. Show that f (x, y, z) = 0 defines an implicit func-
tion x = @(y, z) at the point (1,1, 1). Find D,¢ and D, at the point (1, 1).

9. If possible, show that f(x, y,z) = 0 in Exercise 7 also determines y as an im-
plicit function of (x, z) and x as an implicit function of (y, z). Find the partial
derivatives of these functions at the given point.

XVl, §6. THE HESSIAN
Let U be an open set in R" and let
f:U->R

be a function which is twice continuously differentiable. Let P be a
point of U. We have already defined P to be a critical point if

grad f(P) = 0,
or in other words,
D, f(P)=0 for i=1,....n

It is then interesting to look at the analogue of the second derivative,
which for functions of several variables is called the Hessian. If fis a
function of X = (xy,...,x,), then its Hessian H (X) is the matrix

62
Hf(X) = <—f> .

0x; 0x;
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Example. Suppose n =2 and the variables are x, y. Then

o o

ox*  axy :< DI (X) Dlsz(X)>_

*f D,D,f(X) D3f(X)
dyox  0y*

Hf(X) =

When we discussed relative maxima and minima in Chapters V and
VI, we encountered quadratic forms. We may now use matrix notation
to express quadratic forms. Suppose we have a quadratic form

q(x, y) = ax* + 2bxy + cy*.

We may write this in terms of matrices as the product

b
ax ) = (x, y)(Z c>(’y‘>

The partial product.
b
(x, y)(Z c> = (ax + by, bx + cy)

is a row vector, which, when multiplied by the column vector (x) yields

precisely the value g(x, y), which is a number. The matrix

a b
A =
- )
is called the matrix associated with the quadratic form.
Let us apply this to the Hessian. Let P = (p,, p,). Then

H,(P)= <Z l;)

a= D%f(pl’ p2)s b=D,D,f(p,, p,), c= D%f(l’h p2).

where

Thus the quadratic form associated with the Hessian is precisely

qx, y) = D%f(Pp p2)x + 2D D, f(py, p2)xy + D%f(pp Pz)yz-
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If the reader now looks back at Chapter VI, §2, he will see that this is
exactly the same quadratic form considered in that chapter. All we have
done here is to show how to express it in terms of a matrix multiplica-
tion, and introduced a name for that matrix, namely the Hessian.

Remark on notation. In studying the Hessian, the associated quadratic
form has the type

ax? + 2bxy + cy? = ax® + b'xy + cy?
where

b’ = 2b.

Of course it does not matter what we write for the coefficient of xy in
the quadratic form, we must just be clear which letters denote what. In
terms of b’, the matrix of the quadratic form can be written as

Ao vn
_<b’/2 c>'



CHAPTER XVIi

The Change of
Variables Formula

If you have not already done so, you should now read the section on
cross products, Chapter 1, §7 because we are going to use it.

XVII, §1. DETERMINANTS AS AREA AND VOLUME

We shall study the manner in which area changes under an arbitrary
mapping by approximating this mapping with a linear map. Therefore,
first we study how area and volume change under a linear map, and this
leads us to interpret the determinant as area and volume according as
we are in R? or R3.

Let us first consider R%. Let

o) ()

be two non-zero vectors in the plane, and suppose that they are not
scalar multiples of each other. We have already seen that they span a
parallelogram, as shown on Fig. 1.

Figure 1
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Theorem 1.1 in R2. Let A, B be non-zero elements of R2, which are not
scalar multiples of each other. Then the area of the parallelogram

spanned by A and B is equal to the absolute value of the determinant
|D(4, B)|.

Proof. We assume known that this area is equal to the product of the
lengths of the base times the altitude, and this is equal to

41 | BIl |sin 1,

where 6 is the angle between A and B (ie. between OA and ﬁ). This is
illustrated on Fig. 2.

B
i Billsin 8] _ 4

Figure 2

Note that
|sin 6| = /1 — cos? 6,

and recall from the theory of the dot product that

g A-B
COS U = ~————--
Al |IB]
We have
e
Area of parallelogram = || 4| || | A]12|| B>

=/I1412B|> — (4-B).

All that remains to be done is to plug in the coordinates of 4 and B to
see what we want come out. Indeed, the above expression is equal to
the square root of

(@® + c®)(b? + d?) — (ab + cd)®.
If you expand this out, you will find that this last expression is equal to

(ad — bc)?.
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Consequently, the area of the paralleogram is equal to

\/(ad — bc)*> = |ad — bc| = | D(4, B)|.

This proves our assertion.

Example 1. Let 4 =(3,1) and B = (2, —5). Then the area of the par-
alleogram spanned by 4 and B is equal to the absolute value of the de-
terminant

3 1
=—-15-2=-17.
b

Hence this area is equal to 17. Note: We wrote our vectors horizontally.
We get the same determinant as if we write them vertically, namely

3 2
=

because we know that the determinant of the transpose of a matrix is
equal to the determinant of the matrix.

We interpret Theorem 1.1 in terms of linear maps. Given vectors A, B
in the plane, we know that there exists a unique linear map

L:R? > R?
such that L(E') = A and L(E?) = B. In fact, if
A=aE' + cE*>, B=bE'+ dE?

then the matrix associated with the linear map is

a b

c d

Definition. The determinant of a linear map is the determinant of its

associated matrix. Then

det L = ad — b,
and we see that this is the same thing as the determinant
D(A4, B).
Let S be the unit square, so S consists of all points
t,E' + t,E?

with 0 <¢t;, <1 and 0 <¢, =1 as shown on Fig. 3(a).
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(b)
Figure 3

Let P be the parallelogram spanned by 4 and B. Then P consists of all
combinations

t,A+t,B
with 0 <t; =<1 and 0=<¢, <1 as shown on Fig. 3 (b). Since

L(t,E' + t,E*) = t,L(E*) + t,L(E®) = t,A + t, B,

we conclude that the image of the unit square by L is precisely that par-
alellogram. Furthermore,

Area of P = |Det(L)|.

Example 2. The area of the parallelogram spanned by the vectors
(2,1) and (3, —1) (Fig. 4) is equal to the absolute value of

and hence is equal to 5.

21

3 -1
Figure 4
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We can also obtain a formula showing how the area of an arbitrary
parallelogram changes under a linear map.

Theorem 1.2. Let P be a parallelogram spanned by two vectors in R2.
Let L:R? > R? be a linear map. Then

Area of L(P) = |Det L|(Area of P).

Proof. Suppose that P is spanned by two vectors A, B. Then L(P)
is spanned by L(4) and L(B). (Cf Fig. 5.) There is a linear map
L,:R? > R? such that

L(EH=A and L,(E®=B.

Figure 5

Then P = L,(S), where S is the unit square, and
L(P) = L(L(S)) = (Lo L,)(S).
By what we proved above, we obtain
Area L(P) = |Det(Lo L,)| = |Det(L) Det(L,)| = |Det(L)|Area(P),
thus proving our assertion.

Corollary 1.3. For any rectangle R with sides parallel to the axes, and
any linear map

L:R?2 5 R?,
we have

Area L(R) = |Det(L)|Area(R).
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Figure 6

Proof. The rectangle R is equal to the translation of a rectangle R, as
shown on Fig. 6, with one corner at the origin, that is

R=R, + A.
Then
L(R) = L(R,) + L(A).

The area of L(R,) is the same as the area of L(R,) + L(A) (i the trans-
lation of L(R,) by L(A4)). All we have to do is apply Theorem 1.2 to

complete the proof.
1 b
A= .
(0 1)

For any vector X = ‘(x, y) we have

AX = 1 b\/x _ x+by‘
0 1/\y y
Thus the effect of L, algebraically is to add a multiple of y to x, but the
y-coordinate stays the same.

Shearing. Let

Figure 7
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Thus the effect of L, is to “stretch” sideways, along the x-axis. This is
called a shearing transformation.
Let us look at the effect of shearing on the two basic unit vectors E*

(o 0)-()-»
=5 0= ()

where A? is the second column of A.

Figure 8

The y-coordinate is unchanged by L, and the x-coordinate gets
“stretched”. Observe that the perpendicular height of the parallelogram
spanned by E!, E? is the same as the perpendicular height of the paral-
lelogram spanned by E!, 4% By ordinary plane geometry, the areas of
the parallelograms are equal. This confirms what we now see with deter-
minants, because

det(4) = L.
Thus a shearing transformation does not change area.

Next we consider volumes of boxes in 3-dimensional space. The box
spanned by three independent vectors A, B, C in 3-space is also called a
parallelotope.

Theorem_1'.4;£ei_4, B, C be vectors in R3, and assume that the seg-
ments OA, OB, OC do not all lie in a plane. Then the volume of the
box spanned by A, B, C is equal to the absolute value of the determi-
nant.

ID(4, B, CO)|.
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Proof. Similar arguments to those which applied in R? show us that
the area of the base of the box, spanned by A4 and B, is equal to

(*) JIA12IB|? — (4-B).

Look at Fig. 9.

Figure 9

The volume of the box is equal to the area of this base times the alti-
tude, and this altitude is equal to the length of the projection of C along
a vector perpendicular to 4 and B. You should now have read the sec-
tion on cross products, because the simplest way to handle the present
situation is to use the cross product. We know that 4 x B is such a
vector, perpendicular to 4 and B. The projection of C on A4 x B is
equal to

C-(4 x B)
AxB (AxBl B

where the number in front of 4 x B is the component of C along A x B
as studied in Chapter I. Therefore the length of this projection is equal
to

|C-(A x B)|
(%) lAxB|

On the other hand, if you look at property CP 6 of the cross product in
Chapter I, §7 you will find that (x) is equal to |4 x B|. Therefore, the
volume of the box spanned by A4, B, C, which is equal to the product of
(*) and (%), is seen to be equal to

|C-(4 x B)|
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All that remains to be done is for you to plug in the coordinates, to see
that this is equal to the absolute value of the determinant. You let

a, bl Cy
A=|a,), B=|b), c={cl
(13 b3 C3

use the definition of the cross product of A4 x B, and then dot with C.
You will find precisely the six terms which give the determinant
D(A, B,C), up to a sign, which is killed by the absolute value. This
proves Theorem 1.4.

Example 3. The volume of the box spanned by the vectors
(3,0, 1), 1,2,5), (—1,4,2)

is equal to 42, because the determinant

—_ = W
£ \S B
N =

has the value —42.

Let E', E2, E® be the standard unit vectors in the direction of the

coordinate axes in 3-space. Then the unit cube S in 3-space consists of
all points

t,E' + t,E? + t,E®

with 0 <t;<1fori=1,2, 3. Let L: R* > R3 be a linear map such that
the vectors

A=L(E"Y), B=L(E), C=L(EY

do not lie in a plane, ie. are independent. Then the image of the unit
cube under L is the set of points

L(t,E" + t,E* + t3E%) = t, L(E') + t,L(E?) + t, L(E®)
=1t;4A+ t,B +t,C.

This image is therefore the parallelotope spanned by A, B, C. Further-
more, the linear map L is represented by the matrix

a, by ¢
a, b, ¢}

as by ¢
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Again we define the determinant of the linear map to be the determinant
of its matrix. Then we see that:

The volume of the parallelotope L(S) is equal to the determinant of
L, if S is the unit cube.

E3

Figure 10

Theorem 1.5. Let P be a parallelotope (box) in 3-space, spanned by
three vectors. Let L:R® - R3 be a linear map. Then

Volume of L(P) = |Det L|(Volume of P).

Corollary 1.6. For any rectangular box R in 3-space and any linear
map L:R3® - R3, we have

Vol L(R) = | Det(L)| Vol(R).

The proofs are exactly like those in 2-space, drawing 3-dimensional

boxes instead of 2-dimensional rectangles.

XVII, §1. EXERCISES

1.

Find the area of the parallelogram spanned by
(@) (—3,5) and (2, —1). (b) (2,3) and (4, —1).

. Find the area of the parallelogram spanned by the following vectors.

(@) (2,1) and (—4, 6) (b) (3,4) and (-2, —-3)

Find the area of the paralleogram such that three corners of the parallelogram
are given by the following points

(a) (1’ 1)5 (27 _1)7 (49 6) (b) (_37 2)9 (19 4)7 (_2’ _7)

© 2,5, (=14, (1,2 @ (1,1), (1,0), (2,3)
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4. Find the volume of the parallelotope spanned by the following vectors in 3-

space.
(@ (1,1,3), (1,2, -1), (1,4, 1) ®) (1, —1,4), (1,1,0), (—1,2,5)
© (-1,2,1), (2,0,1), (1,3,0) @ (=2,2,1), (0,1,0), (—4,3,2)

XVII, §2. DILATIONS

This section will serve as an introduction to the general change of
variables formula, and the interpretation of determinants as area and
volume.

Let r be a positive number. If 4 is a vector in R” (in practice, R? or
R?) we call rA4 the dilation of A by r. Thus dilation by r is a linear map-
pmg,

A rA.
We wish to analyze what happens to area in R?, and volume in R?
under a dilation. We start with the simplest case, that of a rectangle.
Consider a rectangle whose sides have lengths a, b, as on Fig. 11(a). If

we multiply the sides of the rectangle by r, we obtain a rectangle with
sides ra, rb as on Fig. 11(b). The area of the dilated rectangle is equal to

rarb = r?ab.

This dilation by r changes the area of the rectangle by r2.

rb

(a) (b)

Figure 11

In general, let S be an arbitrary region in the plane R?, whose area
can be approximated by the area of a finite number of rectangles. Then
the area of S itself changes by r* under dilation by r, in other words,

Area of rS = r*(area of S).

For instance, let D be the disc of radius r, so that D, is the disc of
radius 1, centered at the origin (Fig. 12). Then D, = rD,.
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Figure 12

If = is the area of the disc of radius 1, then nr? must be the area of the
disc of radius r. Of course, we knew this already, but we find this result
here again from another point of view. More generally, consider a
region S inside a curve as in Fig. 13(a), and let us draw the dilation of S
by r in Fig. 13(b). To justify that the area changes by r? we draw a
grid, approximating the areas by squares.

—~

™
3
7
{
~L L

AT <
\\
/F“y\

() (b)
Figure 13

Under dilation by r, the area of each square gets multiplied by %, and
so the sum of the areas of these squares, which approximates the area of
S, also gets multiplied by r2.

The question, of course, arises as to whether the squares lying inside
S, and formed by a sufficiently fine grid, actually approximate S. We can
see that they do, as follows. Let the sides of the squares in the grid have
length c. (Fig. 14a.) Suppose that a square intersects the curve which
bounds S. Let Z be this curve. Then any point in the square is at dis-

tance at most cﬁ from the curve Z. This is because the distance be-
tween any two points of the square is at most cﬁ (the length of the
diagonal of the square). Let us draw a band of width c\/i on each side
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of the curve, as shown on Fig. 14(b). Then all the squares which inter-
sect the curve must lie within that band. It is very plausible that the
area of the band is at most equal to

2¢./2 times the length of the curve.

(a) (b)
Figure 14

Thus if we take ¢ to be very small, i.e. if we take the grid to be a very
fine grid, we see that the area of the region S is approximated by the
area covered by the squares lying entirely inside the region. This ex-
plains why the area of S will get multiplied by r*> under dilation by r.

We can also make a mixed dilation. Let r, s be two positive numbers.
Consider the mapping of R? given by

(x, y) > (rx, 5y).
Thus we dilate the first coordinate by r and the second by s. If a rectan-
gle R has sides of lengths a, b respectively, then the image of the rectan-

gle under this mapping will be a rectangle with sides of lengths ra, sb.
Hence the area of the image will be

rasb = rsab.

Thus the area changes by a factor of rs under our mapping.
An argument as before shows that if we submit a region S to the
mapping F, ; such that

Fr,s(x> y) = (VX, sy),

then its area will change by a factor of rs.
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Example 1. We now have a very easy way of finding the area of an
ellipse defined by an equation

and the ellipse is equal to the image of the circle under the mapping
(u, v) — (3u, 4v).

Hence the area of the ellipse is equal to 3-4n = 12n. Note how we did
this without integration! However, the technique of the small grid is for

course exactly the same technique which was used in the theory of the
integral.

In the above discussion, we have given direct arguments, without the
terminology of linear algebra. But these are directly related to what we
found in the preceding section. Indeed, the linear map

F,, R?>R?

is represented by the diagonal matrix

(o)

and its determinant is rs. Thus we have seen from a new point of view
how a linear map represented by a diagonal matrix changes area by its
determinant.

We can also develop the same ideas in 3-space. Consider dilation by
r in 3-space; namely consider the mapping

(x, y, 2) = (rx, 1y, 2).

If P is a rectangular box with sides a, b, ¢, then its dilation by r will be
a box with sides ra, rb, rc, and the dilated box will have volume

rarbrc = r3abc.

3

Thus the volume of a box changes by r° under dilation by r.
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Similarly, let r, s, t be positive numbers, and consider the linear map

F R3—R3

r,s,t*

such that

Fr,s,t(x’ y’ Z) = (rx, Sy, tz)'

We view this as a mixed dilation. If a rectangular box has sides of
lengths a, b, ¢, then under F, ,, it gets transformed into a box with sides
ra, sb, tc whose volume is

rasbtc = rstabc.

Thus the volume gets multiplied by rst.

If we approximate an arbitrary region in 3-space by cubes, then we
see in a manner analogous to that of 2-space that the volume of the
region changes by a factor of r® under dilation by r, and changes by a
factor of rst under the mixed dilation F, ;.

Example 2. Find the volume of the region bounded by the surface

x2 y2 ZZ
CRETAE T
To do this, let
X _7 _Z
=3 vEy Y5

The inequality
w+ot+wrsil

defines the unit ball in R3, and our given region is obtained from this
unit ball by the mixed dilation

F3,4,5'

Assuming that the volume of the unit ball in R? is equal to %=, we con-
clude that the volume of our region is equal to

3-4.5-4n = 80n.
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Again in this 3-dimensional case, the linear map F, , is represented
by the diagonal matrix

0
0
t

S v O

0

The determinant of this matrix is rst. Thus the present discussion con-

firms the result of the preceding section, that a linear map changes
volume by the determinant.

In the next section, we investigate how area and volume change under

general mappings, not just linear mappings.

XVII, §2. EXERCISES

1. Find the area of the region bounded by the ellipse

N

2

+5=1

&N| *
%S

2. Find the volume of the region bounded by the surface
2 2 2
x* y* oz
—+5+>5=1L
a? b 2
In both exercises, a, b, ¢ are positive numbers. Use the ideas of this section.

3. Let A be the region in 3-space defined by the inequalities

0<x; and x¥+xi+xi=1

Let k be the volume of this region.
(a) In terms of k, what is the volume of the region defined by the inequalities

0= x;

= N

and  x}+ x3+x5<29?

(b) Same question if instead of 29 on the right you have a positive number r.

4. Let A be the region in 3-space defined by the inequalities

0= x; and

= 13

M
X,
I\

It
—-

Let k be the volume of this region.
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(a) In terms of k, what is the volume of the region defined by the inequalities

3
0<x; and Y x? £33?
i=1

(b) Same question if instead of 33 you have an arbitrary positive number r on
the right.

XVIl, §3. CHANGE OF VARIABLES FORMULA IN TWO
DIMENSIONS

Let R be a rectangle in R? and suppose that R is contained in some
open set U. Let

G:U— R?
be a Cl-map. If G has two coordinate functions,
G(u, U) = (g 1(u9 U), g2(u9 U)),

this means that the partial derivatives of g,, g, exist and are continuous.
We let G(u, v) = (x, y), so that

x=g;uv) and y=g,(u,v).

Then the Jacobian determinant of the map G is by definition

99, 99,
u Ov
AG(u9 U) = .
99, 09,
ou Ov

This determinant is nothing but the determinant of the linear map
G'(u, v).

Theorem 3.1. Assume that G is C'-invertible on the interior of the rect-

angle R. Let f be a function on G(R) which is continuous except on a
finite number of smooth curves. Then

[Joronaa= ([ s

R G(R)

or in terms of coordinates,

J J f(G(u, v)|Ag(u, v)| du dv = H f(x, y) dy dx.

R G(R)
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The proof of Theorem 3.1 is not easy to establish rigorously. How-
ever, we can make it plausible in view of Theorem 1.2.

Figure 15

Indeed, suppose first that f is a constant function, éay fx,y)=1 for
all (x, y). Then the integral on the right, over G(R), is simply the area of
G(R), and our formula reduces to

g|AG|= [1[)1

G(

As we pointed out before, A; is the determinant of the approximating
linear map to G. If G is itself linear, then G'(u, v) = G for all u, v and in
this case, our formula reduces to Theorem 1.2, or rather its corollary. In
the general case, one has to show that when one approximates G by its
Jacobian matrix, which depends on (u,v), and then integrates |Ag;| one
still obtains the same result (Fig. 15). Cf, for instance, my Undergradu-
ate Analysis for a complete proof. A special case will be proved in the
next section.

When f is not a constant function, one still has the problem of reduc-
ing this case to the case of constant functions. This is done by taking a
partition of R into small rectangles S, and then approximating f on each
G(S) by a constant function. Again, the details are out of the bounds of
this book.

We shall now see how we recover the integral in terms of polar coor-
dinates from the general Theorem 3.1.

Example1. Let x =rcos® and y=rsin6, r = 0. Then in this case,
we have computed previously the determinant, which is

Ag(r,0) =r.
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Thus we find again the formula

ij(r cos 0, r sin O)r dr df = f f(x,y)dy dx.

R G(R)

Of course, we have to take a rectangle for which the map
G(r, 0) = (r cos 0, r sin 0)
is invertible on the interior of the rectangle. For instance, we can take
0Zr,=r=<r, and 0<6,£0<560,<2n

The image of the rectangle R is the portion G(R) of the sector as shown
in Fig. 16.

T

Figure 16

For the next example, we observe that if G is a linear map L, repre-
sented by a matrix M, then a Jacobian matrix of G is equal to this
matrix M, and hence its Jacobian determinant is the determinant of M.

Example 2. Let T be the triangle whose vertices are (1,2), (3, —1),
and (0,0). Find the area of this triangle (Fig. 17)

1,2)=4

Figure 17
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The triangle T is the image of the triangle spanned by 0, E,, E, under
a linear map, namely the linear map L such that

L(E,) =(1,2)

and
L(E;))=(3, -1

It is verified at once that |Det(L)| = 7. Since the area of the triangle
spanned by O, E,, E, is %, it follows that the desired area is equal to 7.

Example 3. Let (x, y) = G(u, v) = (¢* cos v, e* sin v). R be the rectangle
in the (u, v)-space defined by the inequalities 0 Su<land 0<v <= It
is not difficult to show that G satisfies the hypotheses of Theorem 31,
but we shall assume this. The Jacobian matrix of G is given by

e'cosv —e'sinv

e'sinv e’ cosv
so that its Jacobian determinant is equal to
Ag(u, v) = e,

Let f(x, y) = x>. Then f o G(u, v) = €** cos? v. According to Theorem 3.1,
the integral of f over G(R) is given by the integral

1 T
J j e* cos? v dv du,
0 0

which can be evaluated very simply by integrating e** with respect to u
and cos® v with respect to v, and taking the product. The final answer is
then equal to
(et —1)
T 8 .

Example4. Let S be the region enclosed by ellipse defined by the

equation
2 y2
+ p =1, a,b>0.

Q|X
)

Its area is mab. (Why?) Let L be the linear map represented by the

matrix
1 2
3 -5

Its determinant is equal to —11. Hence the area of the image of S under
L is 11znab.
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XVII, §3. EXERCISES

In the following exercises, you may assume that the map G satisfies the hypoth-
eses of Theorem 3.1.

1.

Let (x,y)= G(u,v)=(u?> —v%2uv). Let A be the region defined by
w2 +1p*<1and 0= u, 0 <o Find the integral of the function

fGx,y) = 1/(x% + yHY?

over G(A).

. (a) Let (x,y) = G(u,v) be the same map as in Exercise 1. Let A be the

square 0 Su <2 and 0 £ v < 2. Find the area of G(A).
(b) Find the integral of f(x, y) = x over G(A).

. (@) Let R be the rectangle whose corners are (1,2), (1,5), (3,2), and (3, 5).

Let G be the linear map represented by the matrix
2 1
-1 3

3 2
(b) Same question if G is represented by the matrix ( 1 6>.

Find the area of G(R).

. Let (x,y) = G(u,v) = (u + v,u®> —v). Let A be the region in the first quad-

rant bounded by the axes and the line u + v =2. Find the integral of the

function f(x,y) = 1/./1 + 4x + 4y over G(A).

. Let R be the unit square in the (u, v)-plane, defined by the inequalities

0sux<l1 and 0svsl.

(a) Sketch the image F(R) of R under the mapping F such that
F(u,v) = (u, u + v?).

In other words, x =u and y = u + v

(b) Compute the integral of the function f(x, y) = x over the region F(R) by
using the change of variables formula.

. Compute the area enclosed by the ellipse, defined by

N
[

+

QN[ =
TS
N

IIA
—_

Take a, b > 0. Use the change of variables formula.
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7. Let (x,y) = G(u,v) = (u, v(1 + uz)). Let R be the rectangle 0 <u <3 and
0 <v = 2. Find the integral of f(x, y) = x over G(R).

8. Let G be the linear map represented by the matrix

()

If A is the interior of a circle of radius 10, what is the area of G(A)?

9. Let G be the linear map of Exercise 8, and let 4 be the ellipse defined as in
Exercise 6. What is the area of G(A4)?

10. Let T be the triangle bounded by the x-axis, the y-axis, and the line x + y=
1. Let ¢ be a continuous function of one variable on the interval [0,1]. Let
m, n be positive integers. Show that

1

H o(x + y)x™y" dy dx = cm,n'[ e "1 dr,
0

T

1

where ¢, , is the constant given by the integral f (1 —ty™"dt. [Hint: Let
(1]

x=u—vand y=v.]

11. Let B be the region bounded by the ellipse x2/a®> + y?/b*> = 1. Find the inte-

gral
J] y dy dx.
B

12. Let A be the parallelogram with vertices
(0, 0), 1,1, 1, -1, and 2,0).

Find
ﬂ ((x + 3 + (x — y)?) dx dy.

XVIl, §4. APPLICATION OF GREEN’'S FORMULA TO THE
CHANGE OF VARIABLES FORMULA

When a region R is the interior of a closed path, then we can use
Green’s theorem to prove the change of variables formula in special
cases. Indeed, Green’s theorem reduces a double integral to an integral
over a curve, and change of variables formulas for curves are easier to
establish than for 2-dimensional areas. Thus we begin by looking at a
special case of change of variables formula for curves.
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Let C:[a,b] - U be a Cl-curve in an open set of R% Let G:U —»R?
be a C?>-map, given by coordinate functions,

G(u, v) = (x, ) = (f(u, v), g(u, v)).
Thus

x = f(u,v) and y = g(u, v).

Then the composite Go C is a curve. If C(t) = («(?), B(®)), then

G- C(t) = G(C(®)) = (f ((t), B®)), g(2(®), B(©))).
In other words, if

u = a(t) and v = p(t)
then

x=f(a®), B®) and y=g(at), B©)).

Example 1. Let G(u, v) = (4, —v) be the reflection along the horizontal
axis. If C(t) = (cos t, sin t), then

GoC(t) = (cos t, —sin t).

Thus G o C again parametrizes the circle, but observe that the orientation
of G- C is opposite to that of C, ie. it is clockwise! (Fig. 18.)

AR
N N

The reason for this reversal of orientation is that the Jacobian deter-
minant of G is negative, namely it is the determinant of

1 0
0 —1
Thus a map G is said to preserve orientation if Ag(u, v) > 0 for all (u, )

in the domain of definition of G. For simplicity, we only consider such
maps G.

Figure 18
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Green’s theorem leads us to consider the integral

j x dy.
GoC

By definition and the chain rule, we have

_ Oy du 6y dv
Lo xdy = j f (C(t))<a a dt> dt

= Lf(u,v)%du+ f(u,v)%dv.

This is true for any curve as above. Hence it remains true for any path,
consisting of a finite number of curves.

We are now ready to state and prove the change of variables formula
in the case to which Green’s theorem applies.

Let U be open in R?, and let R be a region which is the interior of a
closed path C (piecewise C* as usual) contained in U. Let

G:U->R?
be a C*-map, which is C'-invertible on U and such that Ag>0. Then

G(R) is a region which is the interior of the path G-C. (Fig.19.) We
then have

Jj dy dx = Jf Ag(u, v) du do.

G(R)

Figure 19
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Proof. Let G(u,v) = (f(u,v), g(u, v)) be expressed by its coordinates.
We have, using Green’s theorem:

dag dg
dyd =f xd =ff—du+f—dv
If yox JGoC Y c ou ov
G(R)
0 (. 0g o[, 0g
S )= f= ) |dud
.U l:au <f 00) v (f 5u>:l wa
R
ofog 0% % _Aog| . .
=_[J[é;%+f6uav—fﬁuau qudu |
R
_ [[[¥2%_29%
_If[ﬁuﬁv_auﬁu du do
R

= Jl[ Ag(u, v) du dv,
R

thus proving what we wanted.

XVIi, §4. EXERCISES

1. Under the same assumptions as the theorem in this section, assume that
@ =o¢(x,y) is a continuous function on G(R), and that we can write
¢(x, y) = 0q/0x for some continuous function gq. Prove the more general for-
mula

'” o(x, y)dy dx = JI o(G(u, v))Ag(u, v) du dv.
G(R) R

[Hint: Let p =0 and follow the same pattern of proof as in the text.]

2. Let (x, y) = G(u, v) as in the text. We suppose that G: U — R?, and that Fis a
vector field on G(U). Then FoG is a vector field on U.
Let C be a curve in U. Show that

G G
I F=J‘(FOG)-~du+(FOG)~—dv.
G-C c ou ov

[Let F(x,y) = (p(x, y), q(x, y)) and apply the definitions.]
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XVIl, §5. CHANGE OF VARIABLES FORMULA IN THREE
DIMENSIONS

The formula has the same shape as in two dimensions, namely:

Change of variables formula. Let A be a bounded region in R® whose

boundary consists of a finite number of smooth surfaces. Let A be con-
tained in some open set U, and let

G:U->R?
be a C'-map, which we assume to be C'-invertible on the interior of A.

Let f be a function on G(A), bounded and continuous except on a finite
number of smooth surfaces. Then

jf f(G(u, v, w))|Ag(u, v, w)| du dv dw = Jf f(x,y,2)dz dy dx.

G(A)

In the 3-dimensional case, the Jacobian matrix of G at every point is
then a 3 x 3 matrix.

Example 1. Let R be the 3-dimensional rectangle spanned by the three
unit vectors E,, E,, E5. Let A;, A,, A; be three vectors in 3-space, and
let

G:R®*->R?

be the linear map such that G(E,) = A;. Then G(R) is a parallelotope
(not necessarily rectangular). (Cf. Fig. 20.)

E,

Figure 20

The Jacobian matrix of the map is constant, and is equal to the deter-
minant of the matrix representing the linear map.
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The volume of the unit cube is equal to 1. Hence the volume of G(R)
is equal to |Det(G)|.
For instance, if
Al = (39 19 2)a

A, =(1, —1,4),
A3 = (2, 1:0):
then
3 1 2
Det(G)=|1 —1 4|=2
2 10

so the volume of G(R) is equal to 2.

Example 2. Tetrahedrons. Let 4,, A,, A; be three points in R3, and
assume that they are independent, in other words there is no relation

x1A; +x,4, + x345;=0

with numbers x,, Xx,, X3 not all 0. The tetrahedron spanned by O, A,
A,, A is the set of all points

1A +t,A4, + 134, with 0=¢t,and ¢, +¢,+t; =1L

The tetrahedron T

Figure 21

Find the volume of the tetrahedron spanned by the origin and the
three vectors

Al = (3’ 1’ 4)9 A2 = (-—1: 25 1)5 A3 = (5: _25 1)
In Example 2 of Chapter XI, §1 we computed the volume of the tetra-

hedron spanned by the unit vectors, and found &. There is a unique lin-
ear map L which carries E; on 4;. Hence the volume of our tetrahedron
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is equal to § times the absolute value of the determinant of this linear
map, that is to § times the absolute value of the determinant

3 1 4
—1 2 1|=—14.
5 =2 1

The answer is 14/6.

Example 3. The tetrahedron of Example2 is located at the origin.
More generally, let B, B;, B,, By be four points and let

Ay =B, —B,, A,=B,—B,, A,=B,—B,.
Assume that A, A,, A, are independent. Let:
T = tetrahedron spanned by O, A4,, 4,, A;.

Then the tetrahedron spanned by B,, B,, B,, B, is the translation
T + B,.

The tetrahedron T + B,
B,

B,

Figure 22

Then the volume of the tetrahedron spanned by B,, B;, B,, B3 is the
same as the volume of the tetrahedron spanned by O, A;, A4,, A;.
Hence this volume is

VolT + By) = 1 Det(4,, A,, As).

For a numerical example, let us find the volume of the tetrahedron
spanned by the four points

By, =(1,2, —3), B, =473,1), B, =(0,4, —2), B, =(6,0, —2).



[XVIL, §5] FORMULA IN THREE DIMENSIONS 481

If we take B, — By, B, — By, B; — B, we find precisely the three vectors
A,, A,, A, of Example 2. Hence the volume of the tetrahedron spanned
by the four points B,, B,, B,, B; is again 14/6.

Example 4. Consider the cylindrical coordinates map, given by
G(r, 0,z) = (rcos 0, rsin 6, z).

Compute its Jacobian matrix, and its Jacobian determinant. You will
easily find
Ag(r,0,z) =,

so that the general formula for changing variables gives you the same
result that was found in Chapter XI by looking at the volume of an
elementary region, image of a box under the map G.

Example 5. Let G be the map of spherical coordinates, given by
G(p, 0, ) = (p sin @ cos b, p sin ¢ sin b, p cos @).

Again you should compute the Jacobian matrix and the Jacobian deter-
minant. You will find:

Ag(p, 6, 9) = p* sin @.
This gives a justification for the formula of Chapter XI in terms of the

change of variables formula, which in the present case reads just like the
result of Chapter XI, namely:

Jf f(G(p, 6, ©))p?sin @ dp do do = Ji[ f(x,y,2z)dz dy dx.
A

G(4)

Exercise. Carry out in detail the computation of the preceding two
examples.

XVIl, §5. EXERCISES

1. (a) Let G:R®— R? be the map which sends spherical coordinates (6, ¢, p) into
cylindrical coordinates (0,7, z). Write down the Jacobian matrix for this
map, and its Jacobian determinant.

(b) Write down the change of variables formula for this case.

2. Let A be a region in R® and assume that its volume is equal to k. Let
G:R® > R? be the map such that G(x,y,z) = (ax, by, cz), where a, b, ¢ are
positive numbers. What is the volume of G(4)?
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3. Find the volume of the ellipsoid

®
M)

y
+_+
b

Ay

17

Ny

2 2
2

Q
ﬁll\l
N

by the change of variables formula, and by the method of dilations.

4. Find the volume of the solid which is the image of a ball of radius a under
the linear map represented by the matrix

1 -1 1
0 2 5
0 0 7

5. (a) Find the volume of the tetrahedron T determined by the inequalities
0x, 05y, 0Lz and xX+y+z=£1.
(b) This tetrahedron can also be written in the form
tiE, + t,E, + t3E, with ¢, +6,+6,=1, 0¢,.

If L is the linear map such that L(E)) = A,, show that L(T) is described
by similar inequalities. We call it the tetrahedron spanned by O, 4,, A4,,
A,.

(c) Determine the volume of the tetrahedron spanned by the origin and the
three vectors (1, 1,2), (2,0, —1), (3,1, 2).

(d) Using the fact that the volume of a region does not change under transla-
tion, determine the volume of the tetrahedron spanned by the four points
(1,1,1),(2,2,3), (3,1,0), and (4,2, 3).

6. (a) Determine the volume of the tetrahedron spanned by the four points
(2’ 1’ O)a (35 - 1’ 1)5 (_ 15 15 2)’ (09 07 1)‘
(b) Same question for the four points (3, 1, 2), (2,0,0), (4, 1,5), (5, —1, 1).

7. Let L: R3 - R3 be the linear map given by
4x + 4y + 8z

X
Lly)=12x+7y+4z }
z x+4y+ 3z

(a) Find the matrix of L.
(b) Find the determinant of the matrix of L.
(c) Suppose D is a region in R® with volume 5. Find the volume of L(D).

8. (a) Let A be the matrix

1 2 -5
A=10 1
0 0 1

Why is it so that if D is a region in R3, then

Vol(L (D)) = Vol(D)?
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(b) Let A be any upper triangular matrix with 1 on the diagonal, that is

1
A={0
0

S =
-0 o

If D is a region in R? how does Vol(L (D)) compare with Vol(D)? Why?
Remark. Matrices in parts (a) and (b) generalize the notion of shearing
matrices.

9. Let G be an invertible mapping of the unit cube in R® such that Ay(x, y, z) =
3xye®. What is the volume of the image of the unit cube under G?

XVIl, §6. VECTOR FIELDS ON THE SPHERE

Let S be the ordinary sphere of radius 1, centered at the origin. By a
tangent vector field on the sphere, we mean an association

F:S>R3
which to each point X of the sphere associates a vector F(X) which is

tangent to the sphere (and hence perpendicular to O_X)). The picture may
be drawn as follows (Fig. 23).

X+F(X)

Figure 23

For simplicity of expression, we omit the word tangent, and from now
on speak only of vector fields on the sphere. We may think of the
sphere as the earth, and we think of each vector as representing the wind
at the given point. The wind points in the direction of the vector, and
the speed of the wind is the length of the arrow at the point.

We suppose as usual that the vector field is smooth. For instance, the
vector field being continuous would mean that if P, Q are two points
close by on the sphere, then F(P) and F(Q) are arrows whose lengths are
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close, and whose directions are also close. As F is represented by coor-
dinates, this means that each coordinate is continuous. We shall actually
consider vector fields such that the coordinates are of class C', without
further repeating this assumption.

Theorem 6.1. Given any vector field on the sphere, there exists a point
P on the sphere such that F(P) = O.

In terms of the interpretation with the wind, this means that there is
some point on earth where the wind is not blowing at all.

To prove Theorem 6.1, suppose to the contrary that there is a vector
field such that F(X) # O for all X on the sphere. Define

R
EX) =1rm0i

that is, let E(X) be F(X) divided by its norm. Then E(X) is unit vector
for each X. Thus from the vector field F we have obtained a vector field
E such that all the vectors have norm 1. Such a vector field is called a
unit vector field. Hence to prove Theorem 6.1, it suffices to prove:

Theorem 6.2. There is no unit vector field on the sphere.

Until recently, I did not know any relatively simple proof for this
classical theorem. The proof which follows is due to Milnor. (Math.
Monthly, October 1978.)

Suppose that there exists a vector field E on the sphere such that
IEOI =1

for all X. We call this a unit vector field. For each small real number ¢,
define
G,(X) = X + tE(X).

Geometrically, this means that G,(X) is the point obtained by starting at
X, going in the direction of E(X) with magnitude t. The distance of
X + tE(X) from the origin O is then obviously

1+ 2.

Indeed, E(X) is parallel (tangent) to the sphere, and so perpendicular to
X itself. Thus

IX + tEQOI? = (X + tE(X))® = X2 + PE(X)* =1+ 1

since both X and E(X) are unit vectors.
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Lemma 6.3. For all t sufficiently small, the image G/(S) of the sphere
under G, is equal to the whole sphere of radius \/1 + t*.

Proof. This amounts to proving a variation of the inverse mapping
theorem, and the techniques for such proofs are omitted from this
course. Any technique which you would know for proving the inverse
mapping theorem would also. allow you to prove the present lemma. We
shall assume the lemma.

We now extend the vector field E to a bigger region of 3-space,
namely the region A between two concentric-spheres, .defined by the
inequalities

as |X||=b.
This extended vector field is defined by the formula
E(rU) =rEU)

for any .unit vector U and any number r such that a <r < b.

Figure 24

It follows that the formula
G(X) = X + tE(X),
also given in terms of unit vectors U by
G,(rU) =rU + tE(rU) = rG(U)

defines a mapping which sends the sphere of radius r onto the sphere of

radius r./1 +¢? by the lemma, provided that ¢ is sufficiently small
Hence it maps A onto the region between the spheres of radius

a /1 + t? and b /1 + t2.
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By the change of volumes under dilations, it is then clear that

Volume G(A4) = (/1 + t?)* Volume(A).
Observe that taking the cube of /1 + ¢? still involves a square root, and
is not a polynomial in ¢.

On the other hand, the Jacobian matrix of G, is
Je (X) =T + tJp(X),

as you can verify easily by writing down the coordinates of E(X), say

E(X) = (gl(x, Vs Z), gz(x’ Vs Z)’ g3(x: Y, Z))
Hence the Jacobian determinant has the form

Ag,(X) = det(I + tJ (X)),
and is therefore a polynomial in ¢ of degree 3, that is we can write
Ag(X) = o(X) + ¢1(X)t + @2(X)t* + 93(X)E%,

where ¢,,...,¢; are functions. Given the region A, this determinant is
then positive for all sufficiently small values of ¢, by continuity, and the
fact that the determinant is 1 when ¢ = Q.

For any region A in 3-space, the change of variables formula shows
that the volume of G,(A) is given by the integral

Vol G(A) = JJJ Ag,(x, ¥, 2) dy dx dz.
4

If we perform the integration, we see that
Vol G(A) = ¢y + ¢it + ¢t + c5t3,

where

c; = [U o{x, y,z)dy dx dz.
~A

Hence Vol G(A) is a polynomial in ¢t of degree 3. Taking for A the
region between the spheres yields a contradiction which concludes the
proof.



APPENDIX

Fourier Series

In this appendix, we discuss a little more systematically the scalar pro-
duct in the context of spaces of functions. This may be covered at the
same time that Chapter I is discussed, but I place the material as an ap-

pendix in order not to interrupt the discussion of ordinary vectors after
Chapter L

APP., §1. GENERAL SCALAR PRODUCTS

Let V be the set (also called the space) of continuous functions on some
interval, say the interval [—m, n] which is of interest in Fourier series.
We define the scalar product of functions f, g in ¥ to be the number

{fig)= Jtt f(x)g(x) dx.

This scalar product satisfies conditions analogous to those of Chapter 1,
namely:

SP 1. We have (v, w) = <{w, v} for all v, w in V.
SP 2. If u, v, w are elements of V, then

{u, v+ w) = u,v) + {u, w.
SP 3. If x is a number, then

{xu, vy = x{u, vy = {u, xv).
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SP 4. For all v in V we have {v,v) 20, and {v,v> >0 if v #0.

The verification of these properties amounts to recalling simple pro-
perties of the integral. For instance, for SP 1, we have

oy = | o x= [ g ax= o

We leave the verification of SP 2 and SP 3 as exercises. To prove SP 4,
suppose that f is a non-zero function. This means that there exists some
point ¢ in the interval [ —m=, n] such that f(c) # 0. Then

i fy = f 002 dx,

and f(x)* is a function which is always > 0, and such that

fle*>o.

Thus the graph of f(x)* may look like this.

y=f(x)?

Figure 1

Let p(x) = f(x)®. Geometrically, the integral of p(x) from —x to = is the
area under the curve y = p(x) between —7 and 7, and this area cannot
be 0 since p(c) > 0, so the area is > 0. We can give a more formal argu-
ment by observing that by continuity, there is an interval of radius r
around ¢ and number s > 0 such that

p(x) = s

for all x in this interval. Then by the definition of the integral according
to lower sums,

J p(x)dx =Zrs> 0.
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Figure 2

All the discussion of Chapter I which was carried out using only the
four properties SP 1 through SP 4 is now seen to be valid in the present
context. For instance, we define elements v, w in V to be orthegonal, or
perpendicular, and write vLw, if and only if {v,w) =0. We define the
norm of v to be

loll = /<v, v).

Remark. In analogy with ordinary Euclidean space, elements of V are
also sometimes called vectors. More generally, one can define the general
notion of a vector space, which is simply a set whose elements can be
added and multiplied by numbers in such a way as to satisfy the basic
properties of addition and multiplication (e.g. associativity and commuta-
tivity). Continuous functions on an interval form such a space. In an
arbitrary vector space, one can then define the notion of a scalar product
satisfying the above four conditions. For our purposes, which is to con-
centrate on the calculus part of the subject, we work right away in this
function space. However, you should observe throughout that all the ar-
guments of this section use only the basic axioms. Of course, when we
want to find the norm of a specific function, like sin 3x, then we use spe-

cifically the fact that we are working with the scalar product defined by
the integral.

We shall now summarize a few properties of the norm.
If ¢ is any number, then we immediately get

llevll = fel flvll,
because

leoll = </<cv, evy = /v, v) = ] 0]

Thus we see the same type of arguments as in Chapter I apply here. In
fact, any argument given in Chapter I which does not use coordinates

applies to our more general situation. We shall see further examples as
we go along.
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As before, we say that an element ve V is a umit vector if |[v]| = 1. If
veV and v # 0, then v/||v| is a unit vector.

The following two identities follow directly from the definition of the
length.

The Pythagoras theorem. If v, w are perpendicular, then
lo + wil? = o] + lw]2.
The parallelogram law. For any v, w we have
o+ wii? + llo — wii? = 2[lo))% + 2[|w]>.

The proofs are trivial. We give the first, and leave the second as an
exercise. For the first, we have

o+ wli? = <o+ w, 0+ w) = (v, 0) + 2{v, wd + <w, w)
= loll® + [wl>.
Let w be an element of V such that |w| # 0. For any v there exists a

unique number ¢ such that v — cw is perpendicular to w. Indeed, for
v — cw to be perpendicular to w we must have

{v—cw,w) =0,
whence (v, w) — {cw, w) =0 and (v, w) = c{w, wd. Thus

(o, w)
T wwy

Conversely, letting ¢ have this value shows that v — cw is perpendicular
to w. We call ¢ the component of v along w. This component is also
called the Fourier coefficient of v with respect to w, to fit the applications
in the theory of Fourier Series.
In particular, if w is a unit vector, then the component of v along w is
simply
¢ =<{v, w).

Example. Let V be the space of continuous functions on [ —m, n]. Let
f be the function given by f(x) = sin kx, where k is some integer > 0.

Then
1= V75 =( |
_

1/2
sin? kx dx)
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If g is any continuous function on [—=, r], then the Fourier coefficient
of g with respect to f is

—z%—; = i Jn g(x) sin kx dx.

Let ¢ be the component of v along w. As with the case of n-space, we
define the projection of v along w to be the vector cw, because of our
usual picture (Fig. 3):

Figure 3

Theorem 1.1. Schwarz inequality. For all v, we V we have
[<v, wH| < [lo]l Iw]l.

Proof. If w= 0, then both sides are equal to 0 and our inequality is
obvious. Next, assume that w =u is a unit vector, that is ueV and
lul = 1. If ¢ is the component of v along u, then v — cu is perpendicular

to u, and also perpendicular to cu. Hence by the Pythagoras theorem,
we find

loll? = llv — cull® + llcul|?

= |lv — cul|®* + 2

But ||v —cul|> = 0. Hence c? < |v]|? so that |c| < |v||. Finally, if w is
arbitrary # 0, then

u=w/|wl|

is a unit vector, so that by what we just saw,

w
K”’ m>\ < [1o].

[<v, w| = o]l [Iwll,

This yields

as desired.
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Theorem 1.2. If v, weV, then

o+ wil < [loll + [Iwll.

Proof. We have:

v+ w|?>=<v+ w0+ w
=0, v) + 2{v,w) + {w, w)
S, v) 4+ 2[<u, wy| + <w, w)
< lloll* + 2{oll wll + [w)?
= (lloll + lIwl)>.

Taking square roots proves the theorem.

Let vy,...,v, be non-zero elements of V which are mutually perpendi-

cular, that is {v;,v;» =0 if i #j. Let c; be the component of v along v;.
Then

V— Cly — ++r — C,0,

is perpendicular to v,,...,v,. To see this, all we have to do is to take the
product with v; for any j. All the terms involving (v, v,> will give 0 if
i # j, and we shall have two remaining terms

v, v;) — cv;, v;)

which cancel. Thus subtracting linear combinations as above orthogona-
lizes v with respect to v,,...,0,. The next theorem shows that

cvy + -+ 0,
gives the closest approximation to v as a linear combination of v, ...,v,.

Theorem 1.3. Let v,,...,v, be vectors which are mutually perpendicular,
and such that v, # O for all i. Let v be an element of V, and let c; be
the component of v along v,. Let ay,...,a, be numbers. Then

n

v— Y G

k=1

< .

n
v— Y 4y,
k=1

Proof. We know that

n
v— Y by
k=1
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is perpendicular to each v;, i =1,...,n. Hence it is perpendicular to any
linear combination of vy,...,v,. Now we have:

lo— Z akvkllz =|v— Z C Uy + Z (e — ak)Uk||2
=|lv — z ck“knz + Z(ck - ak)Uk||2

by the Pythagoras theorem. This proves that
lo — Z CkUk”2 <o — Z akvk||2,
and thus our theorem is proved.

The next theorem is known as the Bessel inequality.

Theorem 14. If v,,...,v, are mutually perpendicular unit vectors, and if
c; is the Fourier coefficient of v with respect to v;, then

M=

c? < llol%.

i=1

Proof. We have

0=<v— Z Cils, U — Y, €Uy
=<0, 0> — Y 2¢v, 0> + Y. c?
=<{v,v) — ) cf.

From this our inequality follows.

APP., §1. EXERCISES

1. Prove SP2 and SP 3, using simple properties of the integral.

2. Let fy,...,f, be functions in V which are mutually perpendicular, that is
Sofp =0 if i#j,

and assume that none of the functions f; is 0. Let Cy,...,C, be numbers such
that

clfl + e+ Cnfn =0
(the zero function). Prove that all ¢; are equal to 0.

3. Let f be a fixed element of V. Let W be the subset of elements # in V such
that h is perpendicular to f. Prove that if h,, h, lie in W, then h, + h, lies in
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W. If ¢ is a number and h is perpendicular to f, prove that ch is also perpen-
dicular to f.

4. Write out the inequalities of Theorem 1.1 and Theorem 1.2 explicitly in terms
of the integrals. Appreciate the fact that the notation of the text, following
that of Chapter I, gives a much neater way, and a more geometric way, of
expressing these inequalities.

5. Let m, n be positive integers. Prove that the functions

1, sinnx, cosmx

are mutually orthogonal. Use formulas like

sin 4 cos B = i[sin(4 + B) + sin(4 — B)],
cos A cos B = 3[cos(4 + B) + cos(4 — B)].

6. Let ¢,(x) = cos nx and ,(x) = sin nx, for a positive integer n. Let @, be the
function such that @(x) = 1, ie. the constant function 1. Verify by performing
the integrals that

lloall = ¥l = \/1; and looll = /27

7. Let V be the set of continuous functions on the interval [0, 1]. Define the sca-
lar product in ¥V by the integral

1
gy = J S (x)g(x) dx.

(a) Prove that this satisfies conditions SP 1 through SP4. How would you
define || f|| in the present context?

(b) Let f(x) = x and g(x) = x2. Find {, g).

(c) With f, g as in (b), find || f|| and ||g||.

(d) Let h(x) = 1, the constant function 1. Find {f, h), {g, h), and | A|.

APP., §2. COMPUTATION OF FOURIER SERIES

In the previous section we used continuous functions on the interval
[—=,n]. For many applications one has to deal with somewhat more
general functions. A convenient class of functions is that of piecewise
continuous functions. We say that f is piecewise continuous if it is con-
tinuous except at a finite number of points, and if at each such point c
the limits

lim f(c — h) and lim f(c + h)
h—0 h—0
h>0 h>0
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both exist. The graph of a piecewise continuous function then looks like

this (Fig. 4):
/—\ \/.
/\J -/\

Figure 4

Let V be the set of functions on the interval [—m=, n] which are
piecewise continuous. If f, g are in ¥, so is the sum f + g.

If ¢ is a number, the function cf is also in V, so functions in V can be
added and multiplied by numbers, to yield again functions in V. Fur-
thermore, if f, g are piecewise continuous then the ordinary product fg is
also piecewise continuous. We can then form the scalar product {f, g
since the integral is defined for piecewise continuous functions, and the
three properties SP1 through SP 3 are satisfied. However, the scalar
product is not positive definite. A function f which is such that f(x) =0
except at a finite number of points has norm O.

Thus it is convenient, instead of SP 4, to formulate a slightly weaker
condition:

Weak SP 4. For all v in V we have {v,v) = 0.

We then call the scalar product positive (not necessarily definite).
We define the norm of an element as before, and we ask: For which
elements of V is the norm equal to 0? The answer is simple.

Theorem 2.1. Let V be the space of functions which are piecewise con-
tinuous on the interval [—mn,n]. Let f be in V. Then ||f|| =0 if and
only if f(x) =0 for all but a finite number of points x in the interval.

Proof. First, it is clear that if f(x) = 0 except for a finite number of x,
then

Tik =f £ dx = 0,

(Draw the picture of f(x)2) Conversely, suppose f is piecewise contin-
uous on [—=, ] and suppose we have a partition of [ —=, %] into inter-
vals such that f is continuous on each subinterval [a;,a;,,] except
possibly at the end points a;, i =0,...,r — 1. Suppose that || f| =0, so
that also | f||2 =0 = {f, f). This means that

r FGdx =0,
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and the integral is the sum of the integrals over the smaller intervals, so
that

r—1 ra;y,
Y f(x)?dx = 0.
i=0 Ja;

Each integral satisfies

)P dx20

ai

and hence each such integral is equal to 0. However, since f is contin-
uous on an interval [a;, a;, ] except possibly at the end points, we must
have f(x)*=0 for a;<x <a;,,, whence f(x)=0 for a,<x <a,,,.
Hence f(x) = 0 except at a finite number of points.

The space V of piecewise continuous functions on [ —=, 7] is not finite
dimensional. Instead of dealing with a finite number of orthogonal vec-
tors, we must now deal with an infinite number.

For each positive integer n we consider the functions

@,(x) = cos nx, Y,(x) = sin nx,
and we also consider the function
Po(x) = 1.
It is verified by easy direct integrations that

loul = Wl =</n  if n#0,
looll = /2.

Hence the Fourier coefficients of a function f with respect to our func-
tions 1, cos nx, sin nx are equal to:

L3 1 3
a0=ij_ f(x) dx, a,,=;f_ f(x) cos nx dx,

b, = 1 J f(x) sin nx dx.
TE -7

Furthermore, the functions 1, cos nx, sin mx are easily verified to be
mutually orthogonal. In other words, for any pair of distinct functions f,
g among 1, cos nx, sin mx we have {f, g> = 0. This means:
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If m+#n and n =0, then
T T
J cos nx cos mx dx = 0, I sin nx sin mx = 0;
- -T
and for any m, n:
n
f cos nx sin mx dx = 0.
e (4

The verifications of these orthogonalities are mere exercises in elementary
calculus, which you should have already done in §1.

The Fourier- series of a function f (piecewise continuous) is defined to
be the series

ao + Y, (a cos kx + by sin kx).
k=1

The partial sum
$,(X) = ao + Y. (a; cos kx + b, sin kx)
k=1

is simply the projection of the function f on the space generated by the
functions 1, cos kx, sin kx for k=1,...,n. In the present infinite dimen-
sional case, we write

f~ao+ Y (a,cos kx + b, sin kx).
k=1

The sense in which one can replace the sign ~ by an equality depends

on various theorems whose proofs go beyond this course. One of these
theorems is the following:

Theorem 2.2. Assume that the piecewise continuous function f on
[—=n, n] is orthogonal to every one of the functions 1, cos nx, sin nx.
Then f(x) =0 except at a finite number of x. If f is continuous, then

f=o.

Theorem 2.2 shows at least that a continuous function is entirely de-
termined by its Fourier series. There is another sense, however, in which
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we would like f to be equal to its Fourier series, namely we would like
the values f(x) to be given by

f(x) =ao + ) (a,cos kx + by sin kx)
k=1

=a, + lim Y (a, cos kx + b, sin kx).

n—>o k=1

It is false in general that if f is merely continuous then f(x) is given by
the series. However, it is true under some reasonable conditions, for in-
stance:

Theorem 2.3. Let —7n <x <7 and assume that f is differentiable in
some open interval containing x, and has a continuous derivative in this
interval. Then f(x) is equal to the value of the Fourier series.

Example 1. Find the Fourier series of the function f such that

fx)=0 f —r<x<0,
fx)=1 if 0<x<m.

The graph of f is as follows (Fig. 5).

Figure 5

Since the Fourier coefficients are determined by an integral, it does not
matter how we define f at —=, 0, or 7. We have

1 k3 1 k(2
ao=£f_ f(x)dX=£de=%,

1 T

a,=—| cosnxdx =0,
TJo

n

1" 1
b, = —J sin nx dx = — (—cos nx)
7 Jo nn

0o

0 if niseven,

—2— if nis odd.
h
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Hence the Fourier series of f is:

fx) ~ + ZO @m + Dn sin(2m + 1)x.

By Theorem 2.3, we know that f(x) is actually given by the series except
at the points —=, 0, and 7.

Example 2. Find the Fourier series of the function f such that

Jx)=—

if —t<x<Oand f(x)=xif0<x <.

The graph of f is as follows (Fig. 6).

Figure 6

Again we compute the Fourier coefficients. We evaluate the integral
over each of the intervals [—=, 0] and [0, =] since the function is given
by different formulas over these intervals. We have

1 =
=*‘[ (—l)dX+—fxdx—5+Z,

n

1(° 1
an=—J (—1)cosnxdx+—j X cos nx dx
T -T

T Jo

0 if niseven,

2
——5 if nis odd,
nn

T

1(° 1
bnz—j (—1)sinnxdx+~fxsinnxdx
nJ)_, n

(1]
.
—— if niseven,
n

2 1
— 4+ — if nisodd.
I n
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Thus we obtain:

LT
T3

N]'—‘

f(x) = Z (ay cos kx + b, sin kx).

The equality is valid for —n <x <0 and 0 < x < n by Theorem 2.3
Example 3. Find the Fourier series of the function sin? x. We have

1
—5 cos 2x.

., 1 —cos 2x
sin x = ———— =
2

N =

This is already written as a Fourier series, so the expression on the right
is the desired Fourier series.

A function f is said to be periodic of period 27 if we have
S+ 27m) = f(x)
for all x. For such a function, we then have by induction
f(x + 2nn) = f(x)

for all positive integers n. Furthermore, letting t = x + 2%, we see also
that

f@t —2m) = f(¢)
for all t, and hence f(x — 2znn) = f(x) for all x and all positive integers n.
Given a piecewise continuous function on the interval —7 < x < 7, we
can extend it to a piecewise continuous function which is periodic of

period 2% over all of R, simply by periodicity.

Example4. Let f(x)=x on —n < x <7z If we extend f by periodi-
city, then the graph of the extended function looks like this (Fig. 7):

LSS
NS

Figure 7
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Example 5. Let f be the function on the interval —m < x <7 given
by:
f(x)=0 f —2xZ£0,

fx)=1 if O<x<m

Then the graph of the function extended by periodicity looks like this
(Fig. 8):

Figure 8

Example 6. Let f be the function on the interval —7n < x < © given
by f(x) =e€*. Then the graph of the extended function looks like this

I

T T T T T T T T

—5r —4r —3r —27n —nw T 2 3 4r S

Figure 9

On the other hand, we may also be given a function over the interval
[0, 27] and then extend this function by periodicity.

Example 7. Let f(x) = x on the interval 0 < x < 27. The graph of the
function extended by periodicity to all of R looks like this (Fig. 10):

1
— I2‘rr 0 2I1r I

Figure 10
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This is different from the function in Example 4, since in the present
case, the extended function is never negative. When the function is given
on an interval [0, 2x], we compute the Fourier coefficients by taking the
integral from O to 2n. In the present case, we therefore have:

2

a0=g xdx=7r,

1 2n
an=;J xcosnxdx =0 for all n,

0
1 2z ) 2
b,,=—f xsimmnxdx = ——.
T Jo n

Hence we have, for 0 < x < 2x:

<, sin 2x  sin 3x >
x=m—2sinx + + )

3

APP., §2. EXERCISES

1. (a) Let f(x) be the function such that f(x) =2 if 0 < x < = and fxy=—1if
—n = x<0. Compute | f].
(b) Same question, if f(x)=x for 0 < x <7 and f(x)= —1 for —n < x <O.

2. If f is periodic of period 2r and a, b are numbers, show that

b b+2=n b—2xn
jf(x)dx:f f(x)dx:j f(x)dx.

a+2xn a—2mn
[Hint: Change variables, letting u = x — 2%, du = dx.] Also, prove:

nt+a

J f (x +a)dx = Jf () dx = f () dx.

—n+ta

[Hint: Split the integral over the bounds —% + a, — =, ©, © + a.]

3. Let f be an even function, that is f(x) = f(—x), for all x. Assume that f is
periodic of period 2n. Show that all its Fourier coefficients with respect to
sinnx are 0. Let g be an odd function (that is g(—x) = —g(x)). Show that
all its Fourier coefficients with respect to cos nx are 0.

4. Compute the Fourier series of the functions, given on the interval — < x <=
by the following f(x):
(a) x (b) x> © |x| (d) sin? x
(e) |sin x| ) |cos x| (g) sin® x (h) cos®x
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5. Show that the following relations hold:
(a) For 0 < x <2z and a # 0,

ax _ (g2 _ | i+zacoskx—ksinkx
ne™* = (e N\ 2 Py fEp

(b) For 0 < x <2z and a not an integer,

a sin 2ar cos kx + k(cos 2an — 1) sin kx

sin2ar = &®
m COs ax = — - +k§1 LR
(c) Letting x = = in part (b), conclude that
an ®© (—=1F
=1+2a*) T

sin an k=1

(d) For0 < x < 2m,
(n—xP =* & coskx
4 1245 K




Answers to Exercises

L §1, p. 10
A+ B A—B 34 —2B

3. (1,0,6) 3, -2,4 (6, —3,15) (2, -2,-2)

4. (-2,1, -1 ©, =57 (-3,.-6,9 (2, -6,8)

5. (3,0, 6) (=7, 6, —8) (n,9, —3) (—4x, 6, —14)

6. A5+m1,3) | 15— —55]| @5 -6 12) (=2, —6,2)
I, §2, p. 14
1. No 2. Yes 3. No 4. Yes 5. No 6. Yes 7. Yes 8. No
L §3, p. 17

1.(@) 5 (b) 10 (c) 30 (d) 14 (e) n2 4+ 10 (f) 245
2.(a) =3 (b)) 12 (©)2 (d) —17 (e) 2n* —16 (f) 157 —10

4. (b) and (d)

I, §4, p. 31

L@ 5 ).J10 © 30 @ J14 @ J10+72 () /245



A2 ANSWERS TO EXERCISES

2@ V2 04 ©3 @) V26 () /58 +4an% () V10 + 72
3@G -9 003 ©(-%424%H @ @& -3 H

n?—8 157 — 10

(C) m (27!, —3, 7) (f) m (7!, 3, —1)
4. (a) (_3’ 5) (b) (_E, 5) (C) (15’ %, %) (d) *i_Z(—l, _29 3)
27?2 — 16
(e 2110 ®3 -1 (f) T (15 2, 4

-1 —2 10 13 —1

@ == b — d —=

: J5/34 ® V5 © NN NN T J12
35 6 1 16 25

6. (@ ——,——,0 (b , ,

@ V4135 /416 ( )\/17.26 JAL-1T /2641

7. Let us dot the sum

A+ -+ A, =0
with A4;. We find
ClAl'Ai+ + ciAi'Ai+ + C,A,'Ai= 0A1=0
Since A;-A; =0 if j #i we find
c;A;-A;=0.
But A;-A4; # 0 by assumption. Hence c; = 0, as was to be shown.
8@ |[A4+B|*+|A—B|*=(4+ B)-(A+ B)+ (A —B)-(4— B)
=A>+24-B+ B>+ A* - 24-B + B?
=2A4% + 2B? = 2|A||* + 2||B||?
9. |[A— B|*= A%>—2A4-B + B? = | A|*> — 2||A|| |B]|cos 6 + ||B||*

I §5, p. 36

1. (a) Let A =P, — P, =(—5, —2,3). Parametric representation of the line is
Xt)=P,+tAd=(, 3, —1)+t(—5, =2, 3).

2X=(11 —1)+13 0, —4) 3X=(-152+4-491)

4 @ (=34 OEF50,ELED @04 -9 @ (123
P+Q

5. P+iQ-P)=——=

2
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I, §6, p. 42

1.

The normal vectors (2, 3) and (5, —5) are not perpendicular because their dot
product 10 — 15 = —5 is not 0.

2. The normal vectors are (—m, 1) and (—m’, 1), and their dot product is
mm’ + 1. The vectors are perpendicular if and only if this dot product is 0,
which is equivalent with mm' = —1.

3.y=x+38 4. 4y =5x — 7 6. (¢) and (d)

7. @) x—y+3z=—-1 (b)3x+2y—4z=2n+26 (c) x—5z=—33

8@ 2x+y+2z=7 (b) Ix—-8y—9z2=-29 (¢c)y+z=1

9. (3, =9, —5), (1, 5, —7) (Others would be constant multiples of these.)

10. (=2, 1, 5) 11. (11, 13, =7)

12. (a) X =(1,0, —1)+ (-2, 1, 5)

(b) X =(—10, —13, 7) + ¢(11, 13, —7) or also (1, 0, 0) + #(11, 13, —7)

13. (a) -3 (b)) ———= () —= _

7 97 @ U
14. (a) (-4, %, b E Y - 15. (4, 3, —2)
16. (a) — 1—3
N

17. (a) —Z/ﬁ (b) (41/17, 23/17) 18. @) x+2y=3 (¢ 6/\/5

19. —12/7./6

1, §7, p. 47

1. (-4, -3,1) 2. (—1,1, -1 3. (=9,6,—1) 4. all zero

5. E;, E,, E, in that order

7. (0, —1,0) and (0, 0, 0); no

9. (a) /494 (b) /245 () /470 (d) /381

11. — [X(t) x X'()] = X(@) x iX(t) + d X(t) x X'(t)

= X(t) x X"(t)
12. Y(t) = % = % [X®- (X' x X"(1)]

d
= X'(1)-(X'(t) x X"(1)) + Xm0 [X'(1) x x"(1)]

=XO-(X'() x X" (1))
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II, §1, p. 59

1
1. (¢!, —sint, cos 1) 2. (2 cos 2t,m, 1) 3. (—sint,cos t)
4. (—3sin 3t, 3 cos 3t) 6. B
1 \/5 1 \/5
7. (5, 7) + t(i, T) (=1, 0)+#—1,0), 0or y=./3x, y=0
8 (@ex+y+2z2=e*+3 By x+y=1
1. /(X(t) - 0)- (X(1) — 0).

If t, is a value of + which minimizes the distance, then it also minimizes
the square of the distance, which is easier to work with because it does not
involve the square root sign. Let f(t) be the square of the distance, so

fO=X® -0 =X0-9) X1 - Q).
At a minimum, the derivative must be 0, and the derivative is
S =2X@®) - Q) X'(0).
Hence at a minimum, we have (X(t,) — Q) X'(t,) = 0, and hence X(t,) — Q
is perpendicular to X'(t,), i.e. is perpendicular to the curve. If X(t) = P + tA
is the parametric representation of a line, then X'(t) = 4, so we find
P+t,A—Q)-A=0.

Solving for ¢, yields (P —Q)- A + t,A- A = 0, whence

_@-p-4
="

13. Differentiate X’(¢)> = constant to get
2X'(1)- X"(t) = 0.
14. Let v(t) = | X'(¢)l. To show u(t) is constant, it suffices to prove that v(¢)? is

constant, and v()> = X'(t)- X’(t). To show that a function is constant it suf-
fices to prove that its derivative is 0, and we have

d ",
7 v(t)? = 2X'(t) - X"(¢t).

By assumption, X’(¢) is perpendicular to X"(t), so the right-hand side is 0, as
desired.

15. Differentiate the relation X(t)- B =t, you get

X'(t)-B=1,



16.

18.

19.

20.

21.

ANSWERS TO EXERCISES AS

so I X'(0)|| |Bll cos @ = 1. Hence | X'(t)|| = 1/||B|| cos 0 is constant. Hence the
square X'(¢)? is constant. Differentiate, you get

2X'()- X"(t) = O,

so X'(¢)- X"(t) =0, and X'(¢) is perpendicular to X"(t), as desired.
(@ (O, 1, n/8) +1(—4,0,1) (b) (1,2, D+1(1,2 2
© (€, e™3 3 /2 +1(Be % =373 3/2) (@ (1, 1, D+u(1, 3,4
Let X(1) = (¢, e*, 1 —e™") and Y(0) =(1 — 6, cosf, sinf)). Then the two
curves intersect when t =0 and 6 = 0. Also

X'(0) = (¢, 2%, e and Y'(0) = (—1, —sin 0, cos 0)
$O

X0)=(@1,21 and Y'(0)=(—1, 0, 1).

The angle between their tangents at the point of intersection is the angle
between X'(0) and Y’(0), which is 7/2, because

X'(0)- Y'(0)

cosine of the angle =———"—=0.
S PTOTINEO)]]

(18, 4, 12) when t = —3 and (2, 0, 4) when ¢t = 1.
By definition, a point X(¢) = (x(¢), y(t), z(t)) lies on the plane if and only if
3x(t) — 14y(t) + z(t) — 10 = 0.

In the present case, this means that
322) - 1401 -+ 3+ tH) - 10=0.

This is a quadratic equation for ¢, which you solve by the quadratic formula.
You will get the two values t = —3 or t =1, which you substitute back in
the parametric curve (2t2, 1 —t, 3 + t2) to get the two points.

(a) Each coordinate of X(t) has derivative equal to 0, so each coordinate is
constant, so X(t) = A for some constant A.
(b) X(¢t) =tA + B for constant vectors 4 # O and B.

Let E=(0,0,1) be the unit vector in the direction of the z-axis. Then
X'(t) = (—asint, acost, b) and
X@®-E b

IX'OI /o +b?

cos 0(t) =

23. Differentiate the relation X(1)- B = e?, you get

X'(£)- B = 2¢* = | X'(t)|| | B cos 6.
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Both B and cosf are constant, divide to get (a). Then
| X'(®)]l = 2e*/||B|| cos 8. Square this and differentiate. You find

8 e4t

X’(t) . X”(t) = m

25. (a) To say that B(f) lies on the surface means that the coordinates of B(t)
satisfy the equation of the surface, that is

2(1)® = 1 + x(t)* — y(©)>.
Differentiate. You get
22(8)z'(1) = 2x(O)x'(t) — 2y(1)y'(2),
which after dividing by 2 yields
() 2(0)z'(£) = x(O)x'(£) — y(B)y' ().
Now
B(1)- B'(t) = x(1)x'(t) + y(O)y'(t) + 2(1)z'(¢).
=2x()x'(t) by ().

(b) Given any point (x,y,z) the distance of this point to the yz-plane is just
|x]. So if x is positive, the distance is x itself. We use the derivative test:
if x'(t) = 0 for all ¢t then x is increasing. We have:

2x(6)x'(t) = B(t)- B'(f) by (a)
= | BOI I B'(®Il| cos 6(z).

By assumption, cos 6(t) is positive, and the norms | B()||, |B'(t)|| are =0,
so if x(f) >0, dividing by 2x(¢) shows that x(t) =0, whence x(t) is
increasing, as was to be shown.

26. () (1, ,H+1(1,2,2) )y x+2y+2z=1

27. We have C'(t) = (—eé'sint + €' cost, e’ cost + e' sint). Let 6 be the angle be-
tween C(t) and C'(t) (the position vector). Then

cos 0 = _0-c0_
—lcollicol

and a little algebra will show you it is independent of t.

1, §2, p. 63

L2 2@2/B 05V

6 + /41 1
3. (a)%(\/H—l)+§(Iog +—Sv> (®) e~
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4.(a) 8 (b) 4—2/2
b
The integral for the length is L(t) = J 2 —2costdt. Use the formula

- _1—cos2u
sin u———*—2 R
with t = 2u.
2+2/2 1. (J5-1/2+1
' —2+log—— = 5 2 +:1 :
@ V5 */+°g1+ﬁ V3 *[+2°g(ﬁ+1 2-1)

The speed is | X'(0)]| = /1 + (1/£)*> so the length is

2

21 J5
=j *./1+t2dt=J‘*2u du
t s uw—1
u?—1 V5 V5
+1 du = du + 21 du
W1 w1 Sz su—1

YR
w—1 2\u—1 u+1/

These last integrals give you logs, with appropriate numbers in front.

(b) \/2_—\/ﬁ+%log<\/2—6—1- 10+1>

But

V26 +1 /10 —
1+./10
- — /10 + log
- Va8 =0 toa3 (1Y)
6. log(./2 + 1) 7. 5/3 8. 8
III, §1, p. 70
1. 2.

///
N\

7\
\N—/ \

Ellipses Parabolas

K
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Parabolas

11.

10.

12.



111, §2, p. 76

ANSWERS TO EXERCISES

A9

of /0x af /9y of oz

1. y x 1

2. 2xy® 5x2y* 0

3. y cos(xy) x cos(xy) —sin(z)

4. —y sin(xy) —x sin(xy) 0

5. yz cos(xyz) xz cos(xyz) xy cos(xyz)

6. yze™* xze™* xye*’*

7. 2x sin(yz) x2z cos(xz) x2y cos(yz)

8. yz xz xy

9. z+y zZ+ X x+y

y . x

10. cos(y — 3z) + —m —xsin(y — 3z) + —m 3x sin(y -- 3z)
11. (1) (2, 1, 1) (2) (64, 80, 0) (6) (6¢5, 3¢5, 2¢%) (8) (6, 3,2) (9) (5, 4, 3)

[5=Y
N

. (4) (0, 0,0) (5 (=* cosn?, ncosn? ncosmn?)
(7) (2sin 72, mcos n2, © cos n?)

o0xY 0x¥
13. (-1, =2, 1) 14. —x~=yx”_1 l=xylogx
0x oy
15. (—2e~ 2 cos n?, —me™ %sin n?, —ne~ 2 sin n2) 16. (%, 1 -

1, §3, p. 82

1.2 -3

2.a,b

3.a, b, c

S. Select first H = (h,0) = hE,. Then A-H = ha, if A= (a,, a,). Divide both
sides of the relation

f(X + H) — f(X) = a,h + |h|g(H)

by h#0 and take the limit to see that a, = D,f(X).
H=(0,h) =hE, to see that a, =D, f(x,y). Similar argument for three

variables.

Similarly use
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1, §4, p. 86
% /ox? 0%f joy? 0% /ox oy

1. yZe™ x2e™ yxe™ + e*¥

2. —y?sin xy —x2 sin xy —Xxy sin xy + cos xy

3. 2y? 6x2y 6xy% + 3

4. 0 2 2

5. 207 | 4y 2e**y? X V(2 + 4y?) 4xye*>*+v?

6. 2 cos(x? + y) —sin(x? + y) —2x sin(x? + y)
—4x? sin(x? + y)

7. —(3x% + y)? cos(x® + xy) —x% cos(x® + xy) —(3x% + y)x cos(x® + xy)
—6x sin(x® + xy) —sin(x?® + xy)

ﬂ B 2(1 + (x? — 2xy)?) — 2(2x — 2y)*(x® — 2xy)

8. =
ax2 (1 + (x2 . 2xy)2)2
ﬁ _ —8x%(x? — 2xy)
ay? [1+ (x* — 2xy?]*
Pf =201 4 (x* — 2xp)*] — (2x — 2)(x? — 2xy)(—2x)2
ox dy [1 + (x® — 2xp)?]?

9. All three = e**” N 10. All three = —sin(x + y)
11. 1 12, 2x 13. e™%(1 + 3xyz + x?y?z?)
14. (1 — x2y2z?) cos xyz — 3xyz s\ingcyz
15. sin(x + y + 2) 16. —cos(x + y + 2)

- 48xyz
TP+ ) 18. 6x2y
20.

21.

From D,f= —D,g we get D’f= —D,D,g. From D,f=D,g we get

D2f = D,D,g. Adding yields 0.

Remember that d(arctan u)/du = 1/(1 + u?). Using the chain rule, we get

0x

0
— arctan(y/x) =

-y

-y

1+ (y/x)? x* TXT y?

Take the derivative with respect to x again to get:

2

pae) arctan(y/x) =

—1

—2xy
YY)

Then take the partial derivatives with respect to y, be careful about the chain
rule and add to the previous expression. You will get 0.
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v, §1, p. 91

1. % (P + tA) = A, so this follows directly from the chain rule.

2. 5. Indeed, C'(t) = (2t, —3t™%,1) and C'(1) = (2, —3,1). Dot this with given
grad f(1, 1, 1) to find 5.

3. C'(0)=(0, 1).
Let C'(0)= (a,b). Now grad f(C(0)) = (9,2) and gradg(C(0)) =(4,1), so
using the chain rule on the functions f and g, respectively, we obtain

=(9,2)-(a, b) = 9a + 2b,

t=0

d
2= 2 1(CW)

=(4,1)-(a,b) =4a + b.

t=0

d
L =~ 6(C)

Solving for the above simultaneous equations yields C'(0) = (0, 1).

4. (a) grad f(tP)-P.
(b) Use 4(a) and let t = 0.

5. Viewing x, y as constant, put P =(x,y) and use Exercise 4(a). Then put
t = 1. If you expand out, you will find the stated answer.

7. (@) 0f/ox = x/r and of /oy = y/r i r=./x?+ y~

A ¥_ v o -
ox T R+ Gy (R 4y 4 U gy BN WRAE
or x;
8 =X
ox; r

9. (a) 9f/ox = (3x2y + 4x) cos(x3y + 2x?)
of /0y = x> cos(x3y + 2x?)
(b) of/ox = —(6xy — 4) sin(3x%y — 4x)
of /0y = —3x? sin(3x%y — 4x)
2xy of x*+5 1
() offox = (x*y +5y)’ dy  x%y + 5y = y
(d) of/0x = 1(2xy + 4)(x2y + 4x)~ 12
of [0y = $x*(x%y + 4x)~ /2

1V, §2, p. 97

1. Plane Line
(a) 6x + 2y + 3z =49 X =(6,2, 3)+1(12, 4, 6)
(b) xX+y+2z=2 X=11,0+1u1,1,2)
© 13x + 15y +z= —15 X=(2, —-3,4)+1(13,151)
(d) 6x — 2y + 15z =22 X=017 2)+t(—6,2 —15)
(e) 4x+y+z=13 X=02, 1, 4)+18,2 2
() z=0 X =(1, /2, 0) + 0, 0, m/2 + 1)
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3
2. (a) (3,0,1) (b) X = (log3, 7” —3) +13,0,1)
(©) 3x+z=3log3—-3

3@ X=(3,2 -6 +12 —3,0 (b) X=@2, 1, —2)+1(5, 4, —3)
© X=(3,22+12 30

>

[C(t) — QI and see Exercise 11 of Chapter II, §1.

0

(@) 6x +8y—z=25 (b) 16x + 12y — 125z = —75
© nx+y+z=2n 6. x —2y+z=1

7.(b) x +y+2z=2 8 3x—y+6z2=14
9. (cos 3)x + (cos 3)y — z = 3 cos 3 — sin 3.

1
10. 3x + 5y +4z=18 1L (@) —— (5,1, 1) (b) 5x+y+2z—6=0

J
—-10

12. % 13. @) 0 (b) 6 14. dex + dey + 4ez = 12¢

IV, §3, p. 102

1. (a) 3 (b) max =./10, min = —. /10
3
2. (a) —= (b) % (c) 2./145
2\/5
Note: In the answers for the direction of maximal increase, we give one vec-

tor in this direction. Any positive scalar multiple of this vector is also a cor-
rect answer.

3. Increasing (— ¥, — %§>, decreasing (@’ ¥>

2

9 3 6
4. (a) (2«67/4’ yeT 2~67/4> or also (3,1, —2) () (1,2, —1,1)

5. (@ —2/5 () /116 6. (10,4,10), 6,/6 7. (—1,1),./2
8. %(2%5) 9. () 0 (b) —/1+ 272

10. For any unit vector A, the function of ¢ given by f(P + tA) has a maximum
at t = 0 (for small values of t), and hence its derivative is 0 at ¢t = 0. But its
derivative is grad f(P + tA)- A, which at t=0 is grad f(P)-A. Hence
grad f(P)- A =0. This is true for all 4, whence grad f(P) = O.

For another proof, fix all but one variable, and say x, is the variable. Let

g(x) = f(x, a,,...,a,), where P = (a,,...,a,)

Then g is a function of one variable, which has a maximum at x = a,.
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Hence g'(a,) = 0 by last year’s calculus. But
g/(al) = Dl.f(ah e 9an)'
Similarly D;f(P) = 0 for all i, as asserted.

IV, §4, p. 109

of dg or d
1. —f A f. Replace x by y and z. Square each term and add. You
Ox dr Ox drr
can factor
2

8]

2

+f—2+

2. (a) —X/r* (b) 2X (c) —3X/r* (d) —2e "X (e) —X/r?
) —4mX/r™*? (g) —(sin r)X/r

=1L

%
N

3. F(t)*> = (cos t),A% + 2(cos t)(sin t)4-B + (sin t)?B* = 1,
because A2 = B2 =1 since A, B are unit vectors and 4-B =0 by assump-
tion. Hence |F(¢)| = 1, so F(¢) lies on the sphere of radius 1.

B F(t) = (cos )4 + (sin t)B

A

4. Note that L(t) = (1 — )P + tQ. If L(¢t) = O for some value of ¢, then
(1 —-0P = —1Q.
Square both sides, use P2=Q%=1 to get (1 —t)>=¢> It follows that
t=1/2, so %P =_71 Q, whence P = —Q.

5. By Exercise 4, L(t) # O if 0 <t < 1. Then L(¢)/|L(t)| is a unit vector, and
this expression is composed of differentiable expressions so is differentiable.
Furthermore, we have

LO)=P and L(1)=0.

Thus if we put C(t) = L(t)/|| L(t)|, then ||C(t)|| =1 for all ¢, and the curve
C(t) lies on the sphere. Also

CO)=P and C()=0.

Hence C(t) is a curve on the sphere which joins P and Q.



Al4 ANSWERS TO EXERCISES

The picture looks as follows.

On the sphere cross section

Note that C(¢) is the unit vector in the direction of L(t).

6. Suppose P, Q are two points on the sphere, but P = —Q. In this case we
cannot apply Exercise 5, but we can apply Exercise 3. We let

C(t) = (cos t)P + (sin 1) 4,

where A is a unit vector perpendicular to P. Then C(t)* = 1, so C(t) lies on
the sphere, and we have

Cc0)y=r, C(n) = —P.

Thus C(t) is a curve on the sphere joining P and —P.
7. Let x=acos t and y=b sin t.

9. Let P, Q be two points on the sphere of radius a. It suffices to prove that
f(P) = f(Q). By Exercises 5 and 6, there exists a curve C(tf) on the sphere
which joins P and Q, that is C(¢) is defined on an interval, and there are two
numbers t, and t, such that C(t,) =P and C(t,) = Q. In those exercises,
we did it only for the sphere or radius 1, but you can do it for a sphere of
arbitrary radius a by considering aC(t) instead of the C(t) in Exercises 5 or
6. Now, it suffices to prove that the function f(C(t)) is constant (as function
of t). Take its derivative, get by the chain rule

& fcw) = rd 7(C0)- €O = HEHIW-C 0.

But C(1)*> = a® because C(t) is on the sphere of radius a. Differentiating this
with respect to t yields 2C(t) - C'(¢) = 0, so C(zr)- C'(¢) = 0, which you plug in
above to see that the derivative of f(C(t)) = 0. Hence f(C(t,)) = f(C(t,)) so
f(P)=f(D).
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10. grad f(X) = ( (r)—, g (r) pr g (r) g( )X (say in three variables), and
g'(r)/r is a scalar factor of X, so grad f (X) and X are parallel.

12. First df/dx = g'(r)x/r. Using the rule for the derivative of a product, and a
quotient, we then get:

f [r—xx/r ey XX
5= g(r)[ g ]+ Ok

Replace x by y to get 9%f/dy% Then add. Things will cancel to give the
desired answer.

13. Same method as in Exercise 12.

IV, §5, p. 113
logr, k=2

_ L
C—kyr 2

1. klog | X]|| 2. —

Y|~
(8]
w

k#2

Exercises 1 and 2 are special cases of 3. Let.
1
F(X)= F X.

We have to find a function g(r) such that if we put f(X)=g(r) then
F(X) = grad f(X). This means we must solve the equation

or in other words
gry=rk
Then

g(r)= frl"‘ dr,

which is an integral in one variable. You should know how to find it,

namely:
logr fl—k=-—1.
— |tk gr =
6@) jr ¢ {rH/(z—k) i 1—ks—1°

The condition 1 — k = —1 is equivalent with k = 2. This solves the problem.
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IV, §6, p. 118

e G g n_Yu g
“or oxor Toyar ° o oxor T ayor
of of
2. —=13x2 = -
(a) ox 3x* + 3yz, 2 3xz — 2yz
of 2 | 2
i (3x? + 3yz) + (3xz — 2yz)(—1) + Bxy — y°)2s
o _ .
i (3x* + 3yz)2 + 3xz — 2yz)(—1) + (Bxy — y)2t
(b)al— y2+1 o  x*+1
ox (L—xp  dy (1—xp)?
o (> + )sin(3t —s)
ds 1 — xy)?
of 2(y* + 1) cos 2t — 3(x2 + 1) sin(3t — s)
o (1 — xy)?

3. 8, because when u =1, v =1 we have g(1, 1) = f(0, 0, 0) so

1 (ll, l‘) D If(:c9 12 Z) Bzf s Fs
a X, ¥,z X, Y, Z

SO

Dyg(1,1) = D, £(0,0,0)1 + D, f(0,0,0)2 + D5 £(0,0,0)0 = 8.

4. Differentiate the relation with respect to t to get

D, f(ex, ty)x + D, ftx, ty)y = mt"~'f (x, y).

Then differentiate once more, to get

DD f(tx, ty)xx + D, Dy f (tx, ty)yx + D, D, f(tx, ty)xy + D, D, f(tx, ty)y*

Then put ¢ = 1.

= m(m — D" 2f(x, y).

5. Put s=x—yand t =y — x. Then 0s/dx = 1, etc. Use the formulas

ou of Os

dx s dx

of ot
ot O0x

of Os

T 9s dy

of ot
ot dy
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6. (a) Let u=x+y and v=x —y. Given g(x,y) = f(u, v), the chain rule says

dg oou o _of ¥

= =
dx Oudx oOvdx Ou Ov

0 of o of v @ d
_g=l_u+_f*=l+_f(_1)_
dy 0oudy dvdy Ou Ov

Multiply to get the answer.

2 9
) D fax+T)7  and o= fQx+ T2
dy Ox

©) Let g(x,y) = f(2x* + 3y?). Let u=2x*+ 3y>. Then

og Of Ou
== =12 3+326 2,
ax " auox ) ¥ H X
0g Of ou

== = '(2x3 + 3y?)6y.
3y = oudy f'2x* + 3y“)6y

Multiply the first relation by y and the second by x? to get the answer.

7. Let x=ucosf —vsinf and y=usinf+vcosf with 6 constant. Let
f(x,y) = g(u,v). Then

3 _of ox ofdy o o
uaxouayau ax oS0 5,50
dg_ofox ofdy o of

0 oxao Tayorax(SnO + 5 (cosO)

Take the sum of the squares on the left equal to the sum of the squares on
the right. Things will cancel to give the answer.

8. We have
(*) Dyg = (D f)cos 0 + (D, f)sin 6,
(xx) D,g =D, f)—rsinb) + (D, f)r cos 0.

Multiply (+) by rsin 6 and (+*) by cos 8. Then add. You get

%9

i rD,f(x,y)  because  sin? 0 + cos® 6 = 1.

. . 0g
rsin — + cos 0
or

Multiply (*) by rcos 0 and (xx) by sin @ and subtract. You get the other
formula
dg dg sin0 6_g

-9 "%
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9, % = cos(x + ct)c — sin(2x + 2ct)2c,
0%z . 2 2
Fr = —sin(x + ct)c* — cos(2x + 2ct)4c?,

0z
P cos(x + ct) — sin(2x + 2ct)2,

0%z .
P —sin(x + ct) — cos(2x + 2ct)4.
So 0%z/0t? = c?9?z/0x>.

10. This is entirely similar to Problem 9 but with arbitrary functions f and g in-
stead of sine and cosine. For instance,

=f'(x + ct)c + g'(x — ct)(—c),

2
%ZE =f//(x + Ct)c2 + g//(x — ct)(_C)Z = sz”(u) + 2 ,,(v)

We leave the derivative ¢2(9%z/0x?) to you.
11. Let z=f(u,v) and u=x+ y, v=x — y. Then
0z
6—_D S, u) +D2f(u v)

=D, f(u,v) + D, f(u, v).

Then
2

6y6

=D.D,f(u, v) + D,D, f(u, v)g—E

+D,D, f(u, v) + D,D,f(u, v)

=D3f(uv) — D%f(u, v)
because du/dy = 1, dv/dy = —1 and the two middle terms cancel.
12. Entirely similar to Problem 11.
13. (a) Let g(r,0) = r"cos nf. Then

2
%Q = nr"~ ! cos nb, %r—g = n(n — 1)r"~2 cos nb,
»
62
Z% = r"(—sin nf)n, 50—2 = r"(—cos nf)n?.

If you take the sum as stated in the exercise, you will find 0.
(b) Similar to 13(a).
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Z—f: (D, f)cos 0 + (D, f)sin 6,
g 2 in 6] cos 0
i [(D2f)cos 8 + (D,D, f)sin 6] cos
+ [(D,D,f)cos 8 + (D2 f)sin 6] sin 6,
L0 (D, cos 0+ (D )Gsin 6],
1829 1 o
2T 2 [(D3f)(—rsin 0) + (D, D, f)(r cos 6)](—rsin 6)

+ rl—z [(D,D,f)(—rsin 8) + (D3 f)r cos 6)](r cos 0)
+ rl‘z LD, N(—rcos 0) + (D, f)(—rsin 0]

Take the sum on the right-hand sides. Cancel as much as you can. Keep
calm, cool and collected, and you will end up with D}f + D2f.

V, §1, p. 126

1. (2, 1), neither max nor min.

Let f(x,y) = x> + 4xy — y*> — 8x — 6y. Then

0 0
—f=2x+4y—8 and of

—4x —2y —6.
0x X y

Hence the critical points are the solutions of

2x +4y =8 and 4x — 2y = 6,

or x+2y=4 and 2x —y=3.

We solve these equations simultaneously. For instance, multiply the second
by 2 and add the first. This yields

5x=10 so x=2 and then y=1.

So there is just one critical point (2, 1).

This point is neither a max nor min, because for instance, when y =0
then f(x,0) = x> — 8x becomes very large positive when x becomes large,
and on the other hand, f(0,y) = —y? — 6y becomes large negative when y is
large, so f has no max or min in the whole plane.
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2. (@n+ Dm, 1) and (2nr, —1), neither max nor min.
Let f(x,y) = x + ysinx. Then

of

0
— =1 ——=sinXx.
x + ycos x and ay sin X,

Hence the critical points are the solutions of
sin x =0 and yecosx = —1.

The solutions of sin x = 0 are just when x = (2n + Dn or 2nm, with n equal
to an integer. Then cos(2n+ 1)t = —1 and cos @2nr)y=1, so y=1 or
= —1 accordingly. This determines all critical points.

If y=0 then f(x,0)=x takes on large positive and negative values, so
there is no max or min for f in the plane.

3. (0,0, 0), min, value 0.

The function f(x, y, z) = x> + y* + z2 takes on values which are all >0, and
f(0,0,0) =0, so 0 is a minimum value.

4, i(l/\/i 1/\/5), neither max nor min.
Let f(x,y) = (x + y)e ™. Then

of ey -
2 = F =T b e = (—xy =y + e,

]
6%: =+ (=X + eV = (—xy — x* + 1)e™ ™.

The critical points are the solutions of
xy+yr=1 and xy+x2=1

This occurs if and only if x?=y? so x = +y. Substituting back in either
equation, we cannot have x = —y otherwise 0 =1, so x =y and 2y*> =1 so
y= il/\/i thus giving the answer.

Again, f(x,0) =x, so f takes on large positive and negative values, so f
has no max or min in the plane.

5. All points of the form (0, t, —t), neither max nor min.

Let f(x.y,2z) = xy + xz. Then
of g
dy

—=y+z
ox y

=X, = X.

oa
0z
The critical points are the solutions of

y+z=0, x =0,
so (0,t, —t) as stated with arbitrary values for t.

Since f(x, 1,0) = x, again f takes on arbitrarily large positive and negative
values, so f has no max or min in the plane.
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. All (x, y, z) with x2 4+ y? + z? = 2nn are max, value 1.

All (x, y, 2) with x? + y? + 22 = (2n + 1)z are min, value —1.

Let f(x, y, z) = cos(x? + y* + z%). The values of cos u range between —1 and
1, and for instance cos u = —1 precisely when u = (2n + 1)z, with some inte-
ger n. Also cosu = 1 precisely when u = 2n=m, with some integer n. This gives
the answer as stated.

. All points (x,0) and (0, y) are mins, value 0.

Let f(x, y) = x2y% Then all values of f are = 0. So the minimum value is 0
itself, and occurs when x?y? = 0. This is the case if and only if x =0 or
y =0, as stated.

. (0, 0), min value 0.

Let f(x,y) = x* + y2. Again all values of f are =0, and the minimum value
is 0 at (0, 0).

. (t, 1), min value 0.

Let f(x,y) = (x — y)*. All values of f are =0, and the minimum value is 0
when (x — y)* = 0, which is equivalent with x — y = 0, that is x = y.

(0, nm), neither max nor min.
Let f(x, y) = xsin y. The critical points are the solutions of

—=siny=0 and —=xcosy=0.
ox y dy y
The solutions of the first equation are nm, with n equal to an integer. For
such n we have cos(nm) = +1, so the solutions of the second equation must
be x = 0. These are the critical points as stated.

Since f(x, n/2) = x, it follows that f takes on arbitrarily large positive and

negative values, so has no max or min in the plane.
(1/2,0), min, value —1/4.
Let f(x,y) = x*> + 2y*> — x. Then

of .

s-=2x—1=0 ifandonlyif x=1/2
Ox

of .

$=4y=0 ifand onlyif y=0.

So the critical points are as stated, and f(1/2,0) = —1/4.
We can write

1 2
f,y) = (x - 5) + 2y? — 1/4 by completing the square.

The sum of the two square terms is always =0, so the values of f are
always = —1/4. Since f(1/2,0) = —1/4, it follows that this is a minimum
value for f in-the plane.
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12.

13.

(0, 0, 0), max, value 1.

Let f(x,y,z) = e ***"**2) Then all values of f are >0, because e*> 0.
Also if u =0 then e <1, and e =1 if and only if u =0. Therefore the
maximum occurs when u =0, that is x>+ 2 +22=0, so x=y=2z=0.
Since (0,0,0) is a maximum for f in the plane, it is a critical point by
Theorem 1.1. But you can of course also see it directly by taking the first
partial derivatives and setting them equal to 0.

(0, 0, 0), min, value 1.
The argument is similar to Exercise 12.

§2,p. 133

. Min value —2 at (—1, —1); max value 2 at (1, 1).

Let U be the interior of the square. Let f(x,y) = x + y. Then

2 of
5—17&0 and a—y—1750

so there is no critical point in the interior. Hence a maximum or minimum
for f must occur on the boundary of the square.

(=11 (1,1

(_’ _1) (1’ _1)

We test f on each segment of the boundary. For instance, on the top seg-
ment,

f(x,1) = x + 1 has a maximum value 2 when x = 1, minimum 0
when x = —1.

Test similarly the other three sides. You will find the given answer.

. (@) None. Let f(x,y,z)=x+y+z All partial derivatives are equal to

1 #0, so there is no critical point in the open ball, whence there is no
max or min in the open ball by Theorem 1.1.
(b) None, for the same reason that there is no critical point in the open disc.
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3. Max § at (\/2/2,1/2/2) and (—/2/2, —+/2/2), min — 1 at (0, 0. Ny
Let U be the interior of the circle of radius 1. We first determine the critical
points in U. Let f(x,y) = xy — (1 — x* — y*)"/%. Then

in_ x aof y

= _—— a d —_— = X———F"""57>"
ax y (1 . x2 _ y2)1/2 n ay (1 _ x2 _ y2)1/2

Abbreviate r? = x2 + y? as usual. Then both partials are equal to O if and
only if
hd y

y= A - )" and x = a— r2)1/2‘

If y # 0 this is equivalent with

1

X _ 1 a2y __ 1
y—(l r?) and Y- A=)

But in the interior, 0 <7< 1,50 1 —r%2 < 1, and 1/(1 — r?) > 1, so these rela-
tions are impossible. Thus at a critical point we must have y =0, and then

x =0 also. This means that the only critical point is the origin (0, 0), and
at the origin we have

£(0,0) = —1.

Next we investigate the values of f on the boundary of the disc, namely
the circle of radius 1. Then we have r> = 1. We put

x =cos 6 and y =sin 6.

Then
f(x, y) = sin 0 cos 6 = 1 sin 26.

The maximum for f on the boundary is when sin 20 = 1, and this occurs at
the two points:

P, when 0=n/4 and P, when 0= 5n/4

At these points, we have the values

f(P1)=f(P2)=%'

A maximum for f occurs either in the interior, at the critical point, or on
the boundary at P, or P,. Comparing values, we conclude that the maxi-
mum is at P, and P, because —1 < 1/2.

Similarly, you can see that the minimum of f on the boundary occurs at
two points, with value —1/2, and since —1 < —1/2, it follows that the mini-
mum for f is at the origin with value —1.
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4. Max at (4, %), no min.
Let f(x,y) = x*y*(1 — x — y) on the first quadrant, that is x =0 and y > 0.
Find all maxima and minima.
Write f(x, y) = x3y? — x*y? — x3y®. Then:

2

T 3wy —axtyr 3y = 0y — - 3y,
2

a_f;z 2x3y — 2xy — 3x3)2 = X2 — 2x — 3p).

The critical points occur when x =0, or y =0 (which are on the boundary,
so irrelevant here), or xy # 0 but

4x + 3y =3,
and 2x+ 3y =2.

The solution of the simultaneous system is (3, %), and f(&,1) > 0.

If x or y 2 1, then f(x, y) < 0. Hence outside the square as shown, f(x, y)
is £0. On the square, f has a maximum. Since f(},1) > 0, and the values
of f on the boundary of the square are <0, it follows that (3,1) is the only
maximum point of f on the square, whence the maximum point for f on the
whole first quadrant.

If x has a fixed value # 0 and y — oo then f(x,y) > —oo. Hence f has
no minimum in the first quadrant. Done.

(U8 )) (L1)

0.0 (1,0

5. Min value 0 at (0, 0); max value 2/e at (0, £1).
Let f(x,y) = (x* + 2y)e™ @ = x2e %™ 4 2y%e e, If u20 then
e “< 1, s0 e ¥ <1 for all values of y. Also we have seen at the end of the
section that x%¢”* — 0 as x becomes large. Hence

x2e~ ¥ 50 as x— +oo.

Similarly,

2y% e ¥ >0  as y— Foo.
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Now consider a large square.

—A

Let S be the boundary of the square, and U its interior. By what we have
just seen, the value of f on the boundary S and outside the square ap-
proaches 0 as A — co. On the other hand, f has both a maximum and a
minimum value on the union of U and its boundary. Since for instance
f(1,1)>0, it follows that the maximum must be an interior point, and is
therefore a critical point. We have:

9 . .
% = x*(—2x)e” eV + 2xe Fe TV 4 2y%eV(—2x)e ¥
= (—2x3 + 2x — dxy?)e~ ¥~
=0 <« —2x2+4+2x—4xy?=0

< x(—=2x+2-4y)=0

< x=0 or —2x+2—-4y2=0.

a 2 2 2
6_J;= xZe™F(—2y)e ™" + 2y} (—2y)e e + 4ye Y™™

= (—2x%y — 43 + 4y)e~ ¥
=0 & —2x2y—4y*+4y=0
< y(—2x2—42+4)=0
< y=0 or —2x2—4y>+4=0.

Thus we find the following critical points:

P, =(0,0), and f(P,) = f(0,0) = 0.

x=0, y is a solution of 4y> =4, so y = +1, which yields two points
(0, +£1), and f(0, £1) = 2/e.

y=0 and x is a solution of —2x +2 =0, so x=1. At this point,

£(1,0) = 1/e.

x and y are simultaneous $olutions of

—2x+2-4y*=0 and —2x24+2—4y>=0.
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This implies that

—2x = —2x2.

We have already listed the cases when x =0, so here x # 0, whence x = 1.

But then y =0, and we have already listed those cases. So no new point

comes from these two simultaneous equations.

We now compare the three values 0, 2/e and 1/e in the first three cases,

and we see that 0 is a minimum while 2/e is a maximum. Since f has a
positive maximum in the whole plane, we have found it at the points (0, +1)
with value f(0, £1) = 2/e.

As to a minimum, we observe that f(x, y) = 0 for all (x, y), and therefore

f(0,0) = 0 is the minimum for f in the whole plane.

6. (a) Max 1 at (1,0), min 1/9 at (3,0) (b) Max 1 at (0, 1), min 1/9 at (0, 3).
(a) Let f(x,y) = (x2 + y?»)~! =r~2 If f has a minimum point P in the inter-

ior of the region, (x — 2)® + y* < 1, then grad f(P) = O for such P. But

grad f(x,y) = —2r_3<§,¥> = =2r *(x, y).

Then grad f(x, y) # (0, 0) since f(0,0) is not even defined. Hence a mini-
mum point P must lie on the boundary, which is defined by the equation
(x —2)2 + y?> = 1. This is a circle, which can be parametrized by

x =2+ cost, y=sint.

Then f(x,y) = 1/(4 + 4 cost + cos? t + sin® t) = 1/(5 + 4 cos t). Note that
cost ranges from —1 to 1. The value of the function is a maximum
when the denominator on the right is smallest, so when cost = —1, so
sin t = 0, which give the point P, = (1,0), and f(P;) =1. The value of
the function is a minimum when the denominator on the right is biggest,
so when cost=1, sint =0, which give the point P, =(3,0), and
f(P,)=1/9. You can check these formal arguments by inspection of the
picture as follows. The function is the reciprocal of the distance squared
from the origin.

x—22+y*=1




7. (a)

(€Y

(b)

(©
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Both (b) Neither (c) Neither (d) Min (e) Both (f) Max (g) Min.
We shall now work out (a), (b), (c), (g).
Let

fx,p) = (x +2p)e 7 = xe e V" + 2pe Ve ¥,

The function of x given by xe™** tends to 0 as x becomes large positive
or negative. Also, 0 < e > < 1. Hence

xe 7 50 as max(|x|, |y|) becomes large.

Similarly, 2ye >0 as max(x|,|y]) becomes large. Hence
f(x,y) = (x + 2p)e™**¥" 5 0 as max(|x|, |y|) becomes large, so f is small
outside a large square. On any given square as on the figure, f is contin-
uous, and so has a maximum and a minimum.

| f(x, )| is small
for (x, y) outside a large square.

We have for instance f(1,1)>0 and f(—1, —1) <0, so the function is
positive at some points and negative at some points. Since the function
is near 0 outside a large square, it follows that the maximum inside the
square must be a maximum for the values of the function taken in the
whole plane. Similarly for a minimum.

Let f(x,y) = e*™> = e*/e”. Then f(x,0) = ¢*. Since

f(X,O)—>00 if x>

if follows that f has no maximum. On the other hand, f(x, y) = 0 for all
x, y, and

f(x,0)—-0 as x— —oo.

Since f does not take on the value 0 for any (x, y) it follows that f has
no minimum.
Let f(x) = €7 = ¢*’/e””. The analysis is similar to (b). Look at f(x,0)

as x — oo and look at f(0,y) as y — co0. Also use the fact that f(x,»)>0
for all (x, y).
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(g) The function is = 0 for all (x, y) and f(0,0) =0, so (0,0) is a minimum
point, with minimum value 0. If y =0, then f(x, y) = x?/|x|. If x is large
positive, then f(x, y) = x, so f has no maximum.

8 t=Q2n+ D= so (—1,0,1) and (—1,0, —1).
Let f(t) be the square of the distance from the origin. Then

f(® =cos? t + sin? t + sin?(¢/2) = 1 + sin(¢/2).

A point at maximal distance is such that sin?(¢/2) takes on its maximal value,
which is 1. This value is taken when sin(#/2) = 4+1, which means that
t/2= tm/2 + nn, whence t = +x + 2nm, with an arbitrary integer n. These
are precisely the odd integer multiples of m, which we can also write as
(2n + D)m, with an arbitrary integer n. For these values we get the two
points (—1,0,1) and (—1,0, —1), depending on whether sin(t/2) =1 or —1.
9. Max at (1, 1), value 2.

Let f(x,y) =x*+ xy. Then gradf(x, y) = (3x*> + y,x). The gradient is
(0,0) if and only if 3x> + y =0 and x =0, so both x =0 and y = 0, which
is a boundary point of the square. Hence a maximum or minimum cannot

occur in the interior, so the maximum and minimum of f on the square must
be on the boundary.

Now the boundary consists of four segments as shown.

The segment S, is the set of points (0, y) with 0 < y < 1, and for such points,
f(0,y) =0. Similarly, on S,, f(x,0) = x3, which ranges from 0 to 1, and
f(1,0) =1 is a maximum for f on S,. On S;, we have f(1,y) = 1 + y which
ranges from 1 to 2, with a maximum at f(1,1)=2. On S,, we have
f(x,1) = x® + x which is increasing (because its derivative is 3x% + 1 > 0), so
f(x, 1) has a maximum at (1, 1) with value f(1,1) = 2. Hence (1, 1) is a max-
imum point for f on the boundary, with value f(1,1) = 2. The minimum is
at (0, 0) with value O since f(x, y) = 0 on the square.

10. Max at (1, 1), value 2.
11. Max at (x,0) for —2<x <0 and at (0,y) for 0=y =<1
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V, §3,p. 139

L (a —1//2 (b) 9/8. .
Let f(x,y) = x + y* and g(x, y) = 2x*> + y*> The constraint is

glx,y) =1

We have dg/0x = 4x and 0g/dy = 2y. These partials are 0 only for x =y =0,
and the point (0,0) is not on the curve g(x,y) =1, so many maximum or
minimum for f subject to the constraint is an L.M. point. Since df/0x =1
and 0f/dy = 2y, the L.M. points are those such that there exists a number 4
for which

1= 24x and 2y = A2y.

Case 1. y=0. Then the constraint 2x? + y* = 1 yields 2x> =1 so

X = il/\/is
and f(il/ﬁ) = 1/\/5 or —1/\/5.

Case2. y#0. Then 1=1 so x =1/4. From the constraint equation we
get

yr=1—2(1/4)* = 7/8.

Then f(1/4, +7/8) = 1/4 + 7/8 = 9/8.
We now compare the three values l/ﬁ, —l/ﬁ and 9/8, and conclude
that the maximum value is 9/8, while the minimum value is —1/\/5.

2.1+ 1//2
Let f(x,y,2) =x*> 4+ y* + z> + xy + yz. Note that x>+ y> +z2=1 on the
sphere of radius 1, so instead of the above f, we may assume for the problem
that

fO,y,2)=1+xy+ yz

We have gradf(x,y,z)=(,x+zy). Let g(x,y,2)=x*>+ y*> +z% Then
grad g(x, y, z) = (2x, 2y, 2z), and this is never (0,0,0) unless x =y =2z =0,
which is not a point on the sphere. Hence at a maximum or minimum point
(x,y,z) for f on the sphere, there is a number A such that

y = A2x, x + z = A2y, y =22z

Casel. 1=0. Then y=0 and x = —z from the second equation. Since
(x, y,z) is a point on the sphere, we have 2x> =1 s0 x = + 1/f = —z. Let
P, =(1//2,0, ~1/\/2) and P, = (—1/\/2,0,1//2). Then

f(P1)=f(P2)=1-
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Case2. A#0. If x =0 then y =0 from the first equation, and z = 0 from
the other equations. But (0,0,0) is not a point on the sphere, so xyz # 0
since (x,y,z) is a maximum or minimum point for f on the sphere. From
the first and third equation we get x = z, so from the second and third we
get x + z/2y = y/2z so y* = zx + z> = 2x2. Substituting back in the equation
xX>+y*+z2=1, we find 4x2=1 so x= +1/2=2z These conditions
y? =2x? and x = +1/2 = z determine four points:

0, = (1/2,1/3/2,1/2), 0, = (—1/2,1//2, —172),
Qs =(1/2, —1\/2,1/2), Q4= (—1/2, —1//2, —1/2).

Evaluating f at each of these points, one sees that the maximum value of f is

fQ@R)=fQ) =1+ l/ﬁ. This is bigger than the value obtained in Case 1,
so is the maximum value of f.

3. At 3,4, min = 12. See 4 for the general case.
4. X =3(A + B + C), min value is 2(4% + B> 4+ C> — AB — AC — BC).
We work this one out. We have
fX) =X —-A4)?+X - B+ (X - C)
If | X|| is large, then f(X) is large, because
FX) = (x; — a;)* + (x, — a,)* + (x5 — a,)* + positive terms

and some coordinate x; is large positive or negative, so (x; — a;)* is large
positive. On a big circle of large radius, the function f is large on the
boundary, and large outside the circle. The function f(X) is =0 for all X
and therefore has a minimum on the closed disc, and this minimum must be
inside the disc, so the minimum is a critical point. We now determine the
critical points. We have

0
Ei =2(xy — ay) + 2(x; — b)) + 2(x; —¢y)
X1

=0 ifandonlyif 3x,=4a,+b, +¢;
ifand only if x, = (a, + b, + ¢,)/3.

Similarly for the other coordinates. Thus there is exactly one critical point P
and we have

=34+B+0).

Thus P is the (unique) minimum point of the function. Substitute back to
get the value

A+B+ C
@ - 55)

which comes out as stated by using the basic rules of the dot product.
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5. 45 at +(\/3,./6).

Let f(x, y) = 3x% + 2./2xy + 4y? and let g(x, y) = x* + y>. We are supposed
to maximize f subject to the constraint

x?+y? =g(x,y) =9.
Since dg/dx = 2x and dg/dy = 2y, these two partials derivatives are 0 only at

(0, 0) which is not a point on the curve g(x,y) =9. Hence a maximum for f
on the circle of radius 3 occurs at an L.M. point. We have

affox =6x+2/2y and  af/dy =2/2x + 8y,
so an L.M. point is such that
6x +2/2y=42x and  2/2x+8y =42y
or simplifying and using algebra
G—Mx+./2y=0,
J2x+@—y=0.
Multiply the first equation by (4 — 1), the second by 2 and subtract. We get
@-DB—-A)x—-2x=0.

We cannot have x =0, otherwise from either equation we also have y =0,
and (0, 0) is not a point on the circle. Hence

G—N)B—-1)—2=0, thatis A2—74+10=0

and we can solve, to get A=5 or 1 =2.
Suppose 4 = 5. Using the L.M. equations, we then get

6x + 2\/§y = 10x sothat x= y/ﬁ.

Plugging in the constraint equation x* + y*> =9 we find y2 =6 s0 y = +./6,
and then x = i\/g. This gives us the two points

P,=(/36 and P,=—(/3./6)

and f(P,) = f(P,) = 45.

Suppose A=2. Then x= —ﬁy so y2=3, y= \/5 or —\/5, s0
x=—,/6or x= ﬁ This gives us the L.M. points

Py=(-/6/3) and P,=(/6 —./3).

Then f(P,) = f(P,) = 18.
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Since 45 > 18, it follows that P,, P, are maximum points, with the value
45.

6. 3)*? at \/% (1,1,1). We work it out.
Let f(x, y,z) = xyz and let

g(x, y,z) = xy + yz + xz,

so that the surface is the set of solutions of g(x, y, z) = 2, with x, ¥, z20.
The boundary occurs when one of the coordinates x or y or z is 0. If for
instance x = 0, then

f©,y,2) =0,

so f has a minimum value of 0 on the boundary because f(x,y,z) =0 for all
X, ¥, z = 0. The situation is symmetric for the other variables.

Now suppose (x, y, z) is not on the boundary, so assume xyz #0. Then a
maximum for f occurs in the interior of the region. We compute:

grad g(x, y,z) = (y + z,x + z,x + ).
Since xyz # 0 we must have x >0, y> 0, z> 0 so g has no critical point on

the interior of the region. Hence a maximum for f must occur at a Lagrange
Multiplier point. At such a point, there is some number A such that

yz =4y + 2),
xz = Mx + z),
xy = A(x + y).

Then 4 # 0 because xyz # 0. Taking the ratio of the first two equations, we
get

y+z
X +

]

= I=
N

which after simple algebra, is equivalent with yz = xz, so x = y. Again by
symmetry, we must also have x = z. Thus the only L.M. point occurs when
x =y =2z and g(x, y, z) = 2, in other words

3x2=2 and x=./2/3.

We take the positive square root since we assumed x > 0. Thus there is
exactly one L.M. point

P =(2/3)"2,2/3)'?, (2/3)).

This is the desired maximum point, and the value is f(P) = (2/3)*2.
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7. We want to write 5x2 + 6xy = 5(x + a)? — 5a* for some a. What is a? We
must have 6xy = 10xa so a = 3y/5. Now

3 2
5x% + 6xy + 5y% = 5(x + a)* — 5(-;1) + 5%

16
=5(x + a)® + ?yz.

This is a sum of squares, which is 0 if and only if y=0 and x+a =0, so
x = 0 also since a = 3y/5.

8. Max at (n/8, —n/8), value 2 cos?(n/8); min at (5n/8, 3n/8),
value cos?(57/8) + cos?(3x/8).
Let f(x, y) = cos? x + cos? y and let g(x, y) = x — y. Then

dg/ox =1 and dg/oy = —1,

so these partials are never 0. Hence a max or min of f on the curve
X — y = n/4 must occur at an L.M. point. For such a point, there exists 4
such that

2 cos x sin x = A,
2cosysiny = —A.
These equations can be rewritten
sin 2x = A = —sin 2y.
Since y = x — n/4, we thus find
sin 2x = —sin(2x — w/2) = cos 2x.

Thus tan 2x = 1 and x = n/8 or x = 5n/8 since it was stated in the problem
that 0 = x < 7. Since y = x — n/4, we then get the two points

P,=(n/8, ~n/8) and P, =(51/8,3n/8).
Then f(P,) = 2 cos?(n/8) and f(P,) = cos?(5n/8) + cos?(3n/8). But
cos?(5n/8) < cos*(n/8)  and  cos?(3m/8) < cos*(n/8),

so f(P,) is the maximum value and f(P,) is the minimum value.

9. (0,0, +1).
We work it out. Let

Gy, 2)=x*+y*+z> and  g(x,y2) =z — xy.

Then f(x, y, z) is the square of the distance of X from the origin, and we are
supposed to minimize f on the surface

g(x,y,z)=1, thatis z>2—xy=1.
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10.

We have f(X) =0 for all X and f(X)— o0 as | X| —» oo. Therefore f has a
minimum. We have

grad g(X) = (—y, —x, 22).

Then grad g(P) = O implies x =y =z =0, and (0, 0, 0) is not a point on the
surface because g(0,0,0) # 1. Hence grad g(P) # O for all points P on the
surface. Therefore a minimum for f must occur at a L.M. point. At such a
point we must have

1) 2x = — 2y,
)] 2y = —2x,
3) 2z =2}z

We must have 1 # 0, otherwise x = y = z = 0 which is not the case. We now
distinguish cases.

Casel. z=0. Then —xy =1 so xy # 0 and x?y? = 1. Dividing equation
(1) by (2), we must have
=£ so x>=y* whence x*=1, so x=+1.

AR

From —xy =1 we then must have x =1, y= —1 or x= —1, y=1. Then
the value of f at these two points is

f, —1,0)=f(—1,1,0) = 2.

Case2. z#0. Then A =1 from equation (3), so from equations (1), (2)
we get 2x = —y and 2y = —x. Therefore 4x = —x, so x=0 and y=0.
Then z = +1 since z2 — xy = 1. This yields two L.M. points, and the value
of f at these points is

f0,0, +1) = 1.

Since 1 < 2, it follows that the points (0,0, + 1) are the two minimum points
of f. Done.

No min, max % at ¢, .

Let f(x,y)=xy and g(x,y)=x+y. The constraint is x +y=1. Since
dg/0x = 1 and dg/dy = 1, these partials are never 0, so a max or min for f on
the line x + y = 1 occur at L.M. points. For these we must have

y=2 and x=4a

Thus x = y, so from the constraint we get y = = x. There is only one L.M.
point on the line and f(3,%) =% Now we have to determine whether it’s a
max, min, or neither.

For x large positive we can let y = 1 — x so y is large negative, and then
f(x,y) is large negative, so f has no minimum on the line x + y=1. And
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also, for the same reason,
fx,y)—> —0 as x— o0 Or X— —00

and x +y = 1. In a given finite interval of this line, f has a maximum, and

for instance f(4,1) =4 is positive. Hence the L.M. point has to be the

maximum of f on the line.

1. First the figure:

=4x

)

The square of the distance between a point (x, y) and (1, 0) is
fxy)=&x—1D*+)~
We have to minimize f subject to the constraint
g(x,y) =0  where g(x,y)=y> — 4x.

Since 0g/0x = —4 # 0 it follows that a minimum for f on the curve y? =4x
must occur at an L.M. point. For such a point we have

2x — 1) = —44,
2y = 2).}1.

Casel. y =0. Then x =0 and £(0,0) = 1.

Case2. y+#0. Then A=1 from the second equation, so x = —1 and
¥* 4+ 4 = 0 which is impossible.

Hence Case 2 does not occur, so case 1 occurs and gives the answer.

1 |
Max /3 at %(1, 1,1) and min —./3 at —3(1, 1,1).
Let f(x,y,2)=x+y+z Then gradf(X)=(1,1,1) so f has no critical
points. Let A be the closed unit disc. Let U be the interior of 4, so U is the
set of points (x, y, z) such that

X+yP4+22<1.
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13.

Then f has no max or min in U since f has no critical point. Hence a max

and a min for f in A occurs on the boundary, which is the unit sphere, that
is the surface

X2+ +22=1, or gxyz)=1 where g(X)=x?+y?+ 2%

We must now determine the max and min of f subject to the constraint
g(X) = 1. We have

grad g(X) = (2x, 2y, 22),

and grad g(X) # (0,0, 0) on the sphere. Hence a max and a min for f occur
at an L.M. point, for which we have

1= 12x, 1 =12y, 1=12z

Thus none of 4, x, y, z is 0. Taking quotients, we find x/y=1 and y/z =1,
so x = y = z. Substituting in x* + y* + 22 = 1, we get 3x2 = 1, whence

x=y=z=il/\/§.

Thus the maximum value occurs with f (1/\/5, l/\/g, 1/\/3) = 3/\/5, and the
minimum value occurs with f(-—l/\/g, —l/\/g, —l/\/g) ='—3/\/§.

Values 3 and —3 at (3, —%,%) and (—4,%, —2).

Let f(x,y,2) =x —2y + 2z and g(x,y,z) = x2 + y* + z%. We are supposed
to find the max and min of f subject to the constraint g(x, y, z) = 1. Then

grad g(x, y, z) = (2x, 2y, 2z)

and grad g(x, y,z) #(0,0,0) for a point on the sphere. Hence a max and
min for f on the sphere occurs at an L.M. point, for which we have

0f /0x = Adg/ox, of /0y = Adg/0y, of [0z = A0g/oz,
that is
1= 22x, —2= 12y, 2 =122z

Thus 4, x, y, z # 0. Dividing yields

Xly=—3  yz=-1,

so y= —2x and z = —y = 2x. Substituting in the equation x? + y? + 2% =1
yields

W=

9x2 =1 so x=+

From this value for x you get y and z, and f(x,y,z) =3 or —3 as stated.
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14. 2./3 at (2/1/3,2/./3,2/./3)

15. (a) No max or min.
Let f(x,y,z)=xyz and g(x,y,z)=x + y + z. We are to maximize and
minimize f subject to the constraint

g(x, y,z) = 1.

Since grad g(x, y,z) =(1,1,1) #(0,0,0) such max and min occur at an
L.M. point. At such a point we have

yz =24, xz =4, xy = A

If A =0 then two of the three numbers x, y, z are 0 from these equa-
tions, and f(x, y,z) =0.

If A #0, then we can divide, and we find y/x =1, z/y =1, so

xX=y=z
Since x+ y+z=1we get x=y=z=1/3 and f(x,y,z)=1/27. This is
not a minimum, since f(0,y,z) =0. The value 1/27 is not a maximum
either. For instance, let x = y be large negative. Then
z=1—(x+y)=1-2x

is large positive, and

f(x, y,2) = x*(1 — 2x) is large positive.

(b) This part is different from 15(a) because the physical conditions impose
the additional restrictions

Thus we have to maximize of minimize f subject to the same constraint
in the first quadrant:

z-axis

- X+y+z=1,x20,y=20,z=0.

y-axis

Xx-axis
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16.

17.

The boundary of the region occurs when x or y or z is 0, in which case
S(x, y,2) =0. When xyz # 0 then a max or min for f must occur at an
LM. point, and by part (a) we know that such a point occurs when
x =y =z =1/3 with the value f(1/3,1/3, 1/3) = 1/27. Since 1/27 > 0, and
since f has a maximum on the region, which is closed and bounded, this
value 1/27 must be maximum.

Note the difference between the two parts. In part (b), we could not
take x negative as we did in part (a). The point (1/3, 1/3,1/3) is a local
maximum in both cases, and an absolute maximum in part (b).

Max = 11/6, min = 0. ‘
Let f(x, y,2) = (x + y + 2)* and g(x, y, z) = x* + 2y% + 3z Then

grad g(x, y, z) = (2x, 4y, 6z),

and grad g(x, y, z) # (0,0, 0) at a point on the surface g(x,y,z)=1. Hence a
max and min for f on this surface occurs at an L.M. point. At such a point,
we have

Ax+y+2)=42x, 2x+y+z)=My, 2x+y+z)=16z,
or after cancelling 2,
X+ y+z=12x, X+ y+z=2A2y, x+y+z=123z

IfA=0thenx+y+:z=0 so f(x,y,z)=0.
Suppose 4 # 0. Then

x =2y=3z
Substituting in the constraint equation x2 + 232 + 3z% = 1 yields
x? = 6/11 or x= +./6/11.
Using y = x/2 and z = x/3, we find that for x = +./6/11, we get

f(x,y,z)=11/6.

Now the ellipsoid (surface) x2 + 2y% 4+ 3z2 =1 is closed and bounded, and f
has both a max and a min on this surface. There are points (x, y, z) on this
surface such that f(x, y, z) = 0, for instance let z = x and y = —2x, and solve
for x. Comparing the two values 0 and 11/6, we conclude that 0 is the mini-
mum value and 11/6 the maximum value of f subject to the constraint.

25/62.
Let f(x,y,2) = x> + y* + z* and g(x, y, z) = 3x + 2y — 7z. We have to mini-
mize f subject to the constraint g(x, y, z) = 5. Since

grad g(x’ Y, Z) = (37 27 _7) # (03 07 0),
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a minimum for f occurs at a L.M. point. At such a point we have

2x = 3), 2y =24, 2z = =17

It follows that

[RIINY

x=y=—2z
Substituting in the constraint equation 3x + 2y — 7z = 5, we find
x = 15/62, y = 10/62, z = —35/62.

Then f(x, y,z) = 25/62 as stated. This is a minimum value, for x2 + y? + z2
is the square of the distance from the origin, and is large if any one of the
coordinates x, y, or z is large. So f has a minimum. Observe that you could
have worked this problem another way, as the distance between the plane
3x + 2y — 7z =15 and the point (0,0, 0), as in Chapter I. Check that you get
the same answer by the formula of Chapter I

18. f(1/2,0,1/2) = 3/8.
Let f(x,y,2z) = x —y* — z%/2 and g(x, y, z) = 2x% + 3y® — z.- We are to maxi-
mize f subject to the constraint

2x% +3y? —z =g(x,y,2) = 0.

Since grad g(x, y, z) = (4x, 6y, —1) # (0,0,0), it follows that a max for f
occurs at an L.M. point. For such a point we have

1 = 24x, —2y = 16y, —z=—A
Casel. y=0. Then f is a function of two variables, f(x, 0, z) = x — z%/2
and g(x,0,z) =2x> —z=0 so z=2x2 Also z= 4, and hence 1 =4xz so
z=1/4x. This gives 8x*> =1, so x = 1/2 and z = 1/2, whence
f(1/2,0,1/2) = 3/8.

Case2. y#0. Then from the second L.M. equation, we find 1= —1/3,
and therefore from the first and third L.M. equations,

x= —3/4 and z=—1/3.

From the constraint equation we then find

so y*= —35/72. For these values of (x, y, z) we get

3 35 1 3
f(X,y,Z)— “Z+§—E<§s
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because the value of f at a given point is in fact negative. Hence the maxi-
mum must occur at the point with y = 0.

19. (0,4, +1) = 3/8.
Let f(x,y,2)= —x*+y—2z* and g(x,y,z) = x* + y* —z%. We are sup-
posed to maximize f subject to the constraint
x* +y* — 22 = g(x,y,2) = 0.

We have grad g(x, y, z) = (4x3, 4y3, —2z), which is (0,0, 0) only at

x=y=z=0.
Then f(0,0,0) = 0. At other points # (0, 0, 0),

grad g(x’ Vs Z) # (07 0’ 0)7

Hence on the surface x* + y* — 22 =0 and (x,y,z) #(0,0,0), a max for f
must occur at an L.M. point. At such a point, we have

—2x = Adx3, 1= 24y3, —4z = — A2z,
or in other words,
—x = A2x3, 1 =4y3, 2z = Az.

If z = 0 then from the constraint equation we also get x = y = 0 which we
have already excluded. So suppose z # 0. From the last equation we find
A =2, whence 1 =8y and y = 1/2. Then

22 =x*+y* = y* = 1/16.

The function f is obtained by subtracting the positive number x2 + 2z2 from
y. Hence f(x,1,z) is a maximum when x = 0 and z? = 1/16 so

z= 4

I

Then the value is

f0,4, +D =

20. (1, 1).
Let f(x,y)=2x —y and g(x,y) =y — x2. We are to maximize f subject to
the constraint

g(x,y) =0, that is y = x%
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Since grad g(x, y) = (—2x, 1) # (0,0), a max for f on the curve y = x2 occurs
at an L.M. point. At such a point we have

2= —A2x and —1=2Ay.

Then xy # 0, and after dividing, we get x = y. Substituting in the constraint
equation y = x? yields y =1 so x = 1 also.

21. (-1, —2).
Let f(x,y) = 2x + y and g(x, y) = xy. We want to minimize f subject to the
constraint

xy = g(x,y) = 2.

Since grad g(x, y) = (3, x), which is # (0, 0) for any point on the curve xy = 2,
it follows that a min for f on the hyperbola xy = 2 occurs at an L.M. point.
At such a point we have

2=12 and 1=1x.

Then xy # 0 and we can divide to get y = 2x. Substituting in the constraint
equation gives x2=1s0 x=1 or x= —1. But f(1,2) =4 and

f(-1,-2)= -4
so the minimum of f is at the point (—1, —2).
22. £(0,0, +1) =1 and f(+./2,0,0) = 4.
Let f(x,y,2z) =2x% + y* + z? and g(x, y,2) = x2 + y*> + 2z2. We are to find
the max and min of f subject to the constraint
x?+ y? + 222 = g(x, y,2) = 2.
Since grad g(x, y, z) = (2x, 2y,4z) we have grad g(x,y,z) # (0,0,0) for all

points (x, y, z) on the surface g(x, y, z) = 2. Hence a max and a min for f on
the surface occurs at an L.M. point. At such a point, we have

4x = A2x, 2y = A2y, 2z = A4z.

If x #0 then A =2 from the first equation, so y = z = 0 from the second

and third equation. Then x*> =2 so x = +./2 and f(+./2,0,0) = 4.
Let x=0. If y# 0 then A =1 from the second equation, and then z =0

from the third equation. Then y* =2 and f(0, +./2,0) = 2.
Let x=0and y=0. Then 2z2 =2 so z = +1. In this case

f(©0,0, £1) = 1.
Comparing the three values 4, 2, and 1 we see that the min is
f0,0, +1)=1

and the max is f(i\/i, 0,0) = 4.
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23.

24

d%/(a® + b2 + ¢?).
Let f(x,y,2) = x*> + y* + 22 and g(x,y,z) = ax + by + cz. We have to mini-
mize f subject to the constraint

ax + by +cz=g(x,y,z) =d.

Since grad g(x, y, z) = (a, b, ¢) # (0, 0,0), a min for f subject to the constraint
occurs at an L.M. point. At such a point we have

2x = la, 2y = b, 2z = Je.

Then '
2ax + 2by + 2cz = Ma® + b* + ¢?)

and using ax + by + cz = d yields
A =2df(a® + b? + ¢?).

Using x = 1a/2, y = Ab/2 and z = Ac/2 we get the stated value of f at this
L.M. point, namely d2/(a® + b% + ¢?).

Max =3 at (—4,./3), (=4, —/3), min = —1 at 1, 0),

Let f(x,y) = x>~ x + 2y%. Let D be the closed unit disc and let U be the
interior of the disc. We have

grad f(x, y) = 2x — 1,4y)

and

grad f(x, y) =(0,0) precisely at x =31,y =0.

Thus there is only one critical point in the interior of the disc, and at this
point
fG.0)= -1

Now we look at the boundary values. Let g(x, y) = x* + y2. The bound-
ary of the disc is the circle

x*+y*=g(x,y)=1.

As we have seen many times, grad g(x, y) # (0, 0) on the circle, so a max and
min for f on the circle must occur at an L.M. point. At such a point we
have

2x — 1 =A2x and 4y = A2y.
If y=0then x2=1 and x = +1. Then

f(1,0)=0 and f(~1,0)=2.
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Let y # 0. Then A =2 from the second equation, so x = —1 from the first
equation. Then y? = 1 — x? = 3 from the constraint. Since the value of f at
(=1, +£2) is 2, we see by inspection that this is the maximum of f. Compar-
ing the values —1, 0, 2, 3 we also see that —% is the minimum value of f,
and occurs at the critical point.

Find the shortest distance from a point on the ellipse x* +4y> =4 to the

line x+y=4. Ans. (4 — \/g)/ﬁ.
Let f(x, y) = x% + 4y? and g(x,y) = x + ).

(X2, ¥2)

g(x,y) =4
(xl’ yl)

N A\

If (x4, y,) is a point on the ellipse at shortest distance from points (x,, y,) on
the line, then grad f(x,, y,) is parallel to grad g(x,, y,), that is there exists 4
such that

grad f(x,, yy) = 4 grad g(x;, y,)-
But grad g(x, y) = (1, 1) and grad f(x, y) = (2x, 8y). Hence we must have
2x = A and 8y =41
Hence 2x = 8y and x = 4y. Substituting in the equation of the ellipse
x> +4y’ =4

yields 20y =4 so y = il/\ﬁ and x = i4/ﬁ. By inspection from the
graph, the point at shortest distance is given by

(X1, ¥1) = (4/3/5,1/3/5).

We can now use the formula for the distance between a point Q and a
line X-N = ¢, which is |c — Q- N|/|[N|. Here we have N = (1,1), @ = (x,, y,)
and ¢ = 4, so the distance is (4 — \/g)/\/i (See Chapter I, §6.)

8 hours at 4 and 2 hours at B. We work it out.
Let the number of hours be g(x, y) = x + y. Then the constraint is given by

g(x,y) =10, thatis x+ y=10.
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We have to maximize f(x,y)= 2\/; + \/; subject to this constraint, and
x =0, y=0. The boundary occurs when x =0, y =10 or x =10, y=0, in
which case

f0,100=,/10 and  f(10,0) = 2,/10.

Now suppose xy # 0. We always have

It

and =1,

Q)[Q)
% Q
2l

so grad g(x, y) # (0,0) for all (x,y). Hence a maximum for f on the set of
numbers (x, y) such that x + y = 10 and xy # 0 must occur at an L.M. point,
and at such a point we must have

1
A and g——:l.

1
R o2

Hence x = 2,/y and x = 4y. Since x + y = 10, we get

I

x=38 and y=2

Furthermore, f(8,2)=2./8 + \/5 =5/2> 2\/E, whence the max for f
subject to the constraints is at the L.M. point.

27. 4 units of A and 16/3 units of B.
It is given that to produce 80 units, we must have

g(x, y) = —3x2 + 10xy — 3y* = 80.
This is the constraint. The cost is given by

f(x, y) =11x + 3y.

The physical situation restricts the domain of x and y to x =0 and y = 0.
Putting x or y=0 in g(x, y) = 0 gives —3y* =80 or —3x2 = 80, and there
are no solutions. Hence any maximum or minimum for f on the curve
g(x, y) = 0 must occur in the interior of the first quadrant, and we can there-
fore apply the Lagrange Multiplier theorem. We have

grad g(x, y) = (—6x + 10y, 10x — 6y).

The only solution of —6x + 10y =0 and 10x —6y =0 is with x=y=0
which is not a point on the curve, so grad g(x, y) # (0, 0) for points (x, y) on
the curve. At a maximum or minimum for f on the curve, there exists a
number A such that

11=A(—6x+10y) and 3= A(10x — 6y).
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Then
11 —6x + 10y

3 10x — 6y

Cross multiplying and simplifying yields y = 4x/3. Substituting back in the
equation for the constraint, and simplifying, we obtain x2=16, so x =4
since x has to be positive. Hence we have proved that any maximum or
minimum for the function f(x) = 11x + 3y must occur at the point (4, 16/3).

One can tell this must be a minimum for the following reasons. The
curve g(x, y) = 80 with x > 0 and y > 0 lies entirely in the interior of the first
quadrant. For each number ¢ >0 the equation 11x + 3y =c is a line, as
shown in the figure.

\

\11x+3y=60

1ix+3y=c
11x +3y=0

This line may not intersect the curve, for instance if ¢ is near 0, or it may
intersect the curve in several points. From the figure, one can see by inspec-
tion that there must be a minimum for the function f(x,y) = 11x + 3y on
the curve, and the previous arguments showed that such a minimum can
occur only at one point, namely (4, 16/3). However, one can also give the
following argument for the existence of the minimum.

The curve g(x, y) = 80 can be written in the form

3y* — 10xy + 3x2 4 80 = 0.

One can solve for y in terms of x by the quadratic formula

- 10x + /100x> — 12(3x> + 80) _ 10x £ ./64x* — 960
N 6 - 6

In particular, when x is large, one can solve for y which will also be large.
Hence the function f(x, y) = 11x + 3y is large when x (and hence y) is large.



A46 ANSWERS TO EXERCISES

In any bounded closed region of the first quadrant, the function has a mini-
mum, so the point which we have found is actually the minimum point for

the entire first quadrant.

By completing the square, you can convince yourself that the curve

g(x, y) = 80 is in fact a hyperbola.
28. 8 of 4 and 2 of B.

The problem is similar to Exercise 26.

VI, §1, p. 149

Lxy 21 3xy 4 x24+y?
(x +y)? ¥
5.1+ x+y+ 7 6.1—2 7. x
8 y+xy 9. x + xy + 2y?
10. 1) —nlx -1 —(y—m)—(x— 1}y — n)
2 — )2
2) —1+%(x—1)2+n(x—l)(y—7t)+(y—2L)

(3) log 7+ 3(x = 2) + 3 = 3) = G4x — 27 + 50 — 20y — 3) — g

s(y — 3)?

@ 2/n(x — /7)) + 2/n(y — f)+(x—f)2+(y Jm?

®) & +e3(x—1)+es(y—2)+“(x—1)2+63(X—1)(y—2)+_(y—2)2

6) —1+3(y—m)?
D —1+4x—n22+ 4y —n)p?
2 2
§ V2 A2 82
2 2 2
ez\/i

+——4—(

ey

3

(y — m/4)

2)2 2\/_

(x—2)(y —n/4)

(v — m/4y’

D4+2x—D+50-D+x—-Dy -1 +2(y—1)»

V1, §2, p. 154

2. (a) If you take a first partial, each term will have an x or a y left in it, so

vanishes at (0, 0).
(b) g(x, y) is the same as f(x, y).
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3. (a) h® + 4hk — k%

The first derivatives of f are given by the formula

of of
= — —— =4x — 2y — 6.
P 2x + 4y — 8 and o x — 2y

To find the critical point, we set them equal to 0, and solve

2x +4y =0,
4x — 2y = 6.

Then x =2, y =1, so (2, 1) is the only critical point.
For the second derivatives, we find

b, o _

oxz 7 a7 dyoz

4.

Hence the quadratic form associated to f at the critical point (2, 1) is
given by
q(h, k) = ¥(2h? + 8hk — 2k?)
= h% + 4hk — k2.

(b) At (2n + )m, 1), —hk. At @nm, —1), + hk.

1 k2
(© ——\/—Ee /(7+3hk+7> at (/2/2,4/2/2)

1

h2 2
Edﬂ(; + 3hk + %) at (—/2/2, —/2/2)

(d) At points (a,0) we get a’k>. At points (0, b), we get b>h2.

(e) k? o

(g) At the points (0, nm), we get +hk according to whether n is even or odd.
(h) h? + 2k?

. (@) Neither (b) Min (c) Max (d) Neither (¢) Neither
(f) Neither (g) Max (h) Neither

VI, §3, p. 161

1 through 5, neither.

1 1
6. min 7. min at <0, \>, max at (0, — —>= Saddle points at (+1,0).

/3 NG
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8. Min at (0, 0); Saddle points at (0, 2/3), (—2/3, 0), Max at (—2/3,2/3)
9. c.p. (1,7/2), max

10. (@) (0,1/y/2) max, (0, —1/4/2) min
(b) (1, 0) max, v(—1, 0) min

11. (a) x* + 3y* (b) local min

VI, §4, p. 169

1. 9D? + 12D, D, + 4D?
2. D} + D3 + D} +2D,D, + 2D, D, + 2D,D,
3. D? — D? 4. D} + 2D,D, + D?
5. D} 4+ 3D3iD, + 3D,D2 + D3
6. D} +4D3D, + 6D2D3 + 4D, D} + D?
7. 2D? — D, D, — 3D? 8. D,D, — D,Dy + 5D, D, — 5D2
0\3 0\? @ 0 [0\? a\3
9 (=) +12( =) —+48—(— -
<ax> <ax> ay T 8o (6y> + 64<6y>
3> 80 [0\ 8\2 Y o\2
10. 4 -} +4——+(— 1L h? - PP b
<6x) 0x dy <6y> Ox + 2hk 0x dy +k oy

12. h3<%>3 + 3h2k<%>2 a—ay + 3hk? % (%)2 + k3<%)3

138 14.4 154 164 17. () 4!5xy (b) 0 (c) 413! (d) 10-413!
18. (2) 0 (b) 3-719! (c) 11-719! (d) 0

19. (2) (1) (b) —7-914! (©) 6 (d) 0

20. (a) 0 (b) 4-2!3! (c) 7-6!10!7! (d) O

VI, §5, p. 175

1 is a special case of 2. Take the derivative (d/dt)™, i.e. differentiate m times
with respect to t. By Theorem 5.1 we get on the one hand

d m
(E) Py = (P-V)f) (tP);
and on the other hand
N (g py) = mi 1P
dt ' '

Put t =0 in the first expression to get the answer.
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4. () 1 - (*+y)+R,

(b) xy + R,

5. (a) 5-4!-6!

(b) e + (ex + 2ey) + [ex? + 6exy + 3ey*]

VII, §1, p. 187

1.

No 2. No 3. No 4. No 5. No 6. No

A49

In each case, you compute D,f and D,g, and you will find that they are not
equal.

VIL, §2, p. 192

1.

No 2. No 3. No 4. No

Again in each case you find that D, f # D,g.

5.

13.

14.

This is the same as the exercises of §1:

n+2
@) r (b)logr (c)

»
n+2

. x2+y* 10 (a) e (b) sinxy (c) sin(x?y)  11. g(r)
12.

ifnt -2 6. 2x2y 7. x sin xy 8.

3,2

Xy

x3y +2y’x —y+2. You have to add the constant at the end to satisfy

o(1,1) = 4.

@ x*+3y>+222 () xy+yz+xz () xe’t=

(d) xysin z () xyz + z% ) xe’*

(8) xz2 +y? (h) zsin xy ) y3xz+xy+yz

—y x
x2+y2,x2+y2 :

Let ¢(x,y) = arctan(y/x). Let u = y/x so ¢(x, y) = g(u). Then

O ou 1 —y 1 —y -y

The derivative d¢p/dy is computed in the same way.

15. diveurl F = Dy(D, f3 — D3 f,) + Dy(Ds fy, — Dy f3) + D3(Dy f, — D, f})

=D1D2f3_D1D3f2+D2D3f1_D2D1f3+D3D1f2_D3D2f1

=0.
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VII, §4, p. 201

exy —eY exy —_ ey

1. Dy(x, ) = ™, Dih(x, y) = -

y y?
x sin(x
2. Dyy(x, y) = cos(xy), D,y(x, y) = ; cos(xy) — )EZ »
3. Dyy(x, y) = (y + x)? 4. Dy(x,y) = e’**
Dyy(x, y) = 2yx — 2y + x* — 1 Dyy(x, y) = e** — e7*!
5. Dy(x,y) =e”™* 6. D(x,y) = x2y?
Doypx, y) = —e’™* + 7! Doy(x, y) = y*x®
log(xy)
7. Dyy(x,y) = —2 2
log x

DyyY(x, y) =

8. D,y(x, y) = sin(3xy)

cos 3xy — cos 3y + x sin 3xy — sin 3y

DyyY(x, y) = 3 .

VII, §5, p. 205

Let F = (f,, f5, f3) be a vector field on a rectangular box in 3-dimensional
space R>. Let (xg, yo, Zo) be a point of the box. Assume that

D;f;=D.f; forallindices i,j=1,23.
Define

z

x y
(p(x’ Y, Z) = J\ fl(t’ Y, Z) dt + ‘[ fz(xm t’ Z) dt + J‘ f3(x0’ Yo» t) dt'
Xo Yo 0

Zy

We must verify that D,¢ =f,, D,o =f, and D;¢ = f;. The first condition
D, = f, follows from the fundamental theorem of calculus and the fact that the
second and third integrals do not depend on x, so their derivatives with respect
to x are 0. Next, we have

Il

DZ(p(xﬁy’Z) J D2f1(t’ y,Z)dt+f2(xo,y,Z)+0

X0

fxblfz(t, 3y 2)dt + fy(xo 1, 2)

:fz(x7 Y, Z) _fz(xo’ Y, Z) + fz(xm Y, Z)
= f(x, ¥, 2)
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as desired. Finally,

x

y

D3f1(ta Y, Z) dt + f D3f2(x0’ L Z) de +f3(x0’ Yo, Z)

Yo

D3(p(x’ Y, Z) ZJ\

X0
x ¥y

= J D, fi(t, y, 2y dt + J D, fs(xg, 1, 2) dt + f3(x0, Yo, 2)
X0 yo

=f3(x1 y,O Z) —f3(x0’ Y, Z) + f3(x01 Yo> Z) + f3(x0’ Yo» Z) +f3(x01 Yo Z)
=f3(xa Y, Z)’

as was to be shown.

VIIL, §1, p. 216

1. —369/10.
We parametrize the parabola by x =t, y =1 with —2<t< 1.

Then dx = dt, dy = 2t dt, and

J F= f (x? — 2xy) dx + (y* — 2xy) dy
(o (&
1
= J @ — 2%y dt + (t* — 2?2t dt
-2

1
= J (2 — 2t 4 2t5 — 4%y dt.
-2

2. 23/6.

Let F(x,y, z) = (x,y, xz — y). We parametrize the line segment from (0,0, 0)
to (1,2,4) by

Ct)=(t,2t,4t) = 0 + tQ where Q =(1,2,4),
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and 0<t<1. Then x=t, y=2t, z=4t. Hence

JF: xdx +ydy + (xz — y)dz
c JC

rL

= | tdt+4tdt + (42 —20)4dt

Jo

r1

= | (=3t + 4% dt = 23/6.
0

v

We used one notation. Using another notation, we can also write

F(C@®)) = (t, 2t, 4> — 2¢) and C(t)=(1,2,4).

Hence
'[ F= I F(C@)-C'(t) dt = r [t + 4t + 44> — 20)] ds,
[ 0 0

which amounts to the same thing. Use whatever notation you like better.
3. 0. (Also see Problem 4, which is more general.)

4, 0. By assumption, there is a function h(X) such that we can write
F(X) = h(X)X. We parametrize the circle of any radius a > 0 by

C(t)=(acost,asint), 0tZ2nm
But all that we need is that C(t)2 = a? so 2C(t)-C'(t) = 0. Now

f = rnF«C(r» C@yde = fnh(ca))ca)- C(®)de =0
c

0 0

because C(t)-C'(t)=0.

5. /3c/2.

Let F(x, y) = (cxy, x°y*). We parametrize the curve y = ax® by x = ¢, y = at’,
and 0 <t < 1. Then

dx=dt and dy=abt’"1dt

We have

1
j F = j exydx + x°y* dy = f ctat® dt + t°a®t**abt® 1 dt,
c C 0

1
=Jv (actb+1 + aSbt5+3b) dt
0

__ac b+21+ ab Ll
br2" | Te+3m o
ac a3b

“b+2730+2)
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We want this last expression to be independent of b. So we treat b as a vari-
able, differentiate with respect to b leaving a, ¢ as constants, and we want to
get 0. The derivative with respect to b is

ac 1(b+ Da® —a*b  —3ac + 24

Th+22 T3 b+2? O 3b+2°

To get the right-hand side equal to 0, it suffices that
—3ac + 2a® =0, thatis a? = 3¢/2.

This gives the desired value for a.

6. 4/3.
Let F(x,y) = (y*, —x). We parametrize the parabola x = y%/4 from (0, 0) to
(1,2) by

y=t, x = t%/4, and 0<t<g2.

1,2)

() 1

Then dx = (1/2) t dt, dy = dt, and

2
J F= J yrdx —xdy = J 2(1/2)t dt — (t%/4) dt
Cc Cc 1]

2
T8 12,
= 4/3.

7. 4m.
Let F(x,y) = (x* — y% x). We parametrize the circle x* + y2 = 4 by

C(t) =(2cost,2sint) with 0t < 2n.
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Then
2n
f F = [ (x* —y)dx + xdy = f (4 cos? t — 4 sin? £)(—2sin t) dt,
(o JC (1]

2r
+ J 2(cos t)2 cos t dt
0

2n 2n

8sin t dt + j 4 cos?t dt.

0

2n
= '[ 8(cos? t)(—sin t) dt + J
0 0
The first integral is of the form f u® du with u = cost. In the second integral,

replace sin®t by (1 — cos?¢) and then use substitution again. For the third
integral, remember that

1+ cos 2t
2

cos?t =

Don’t make arithmetical errors and you will find the right answer as given.

8 (a) 3m/4 (b) 2n (c) 2z (d) 2x.
In this problem, we know as in Example 4 that

— x 02
j Y dx + — 2dy=f do.
cxX"+y xX°+y 01

if we integrate counterclockwise from an angle 6, to an angle 6,. Namely,
fix a radius a > 0. Substitute

X =acosf and y=asin6.
Then dx = —asin0df and dy = acos 0 df. Also x? + y*> = a®. Hence

-y x —sin

7] . acos @
x2+y2dx+x2+y2dy= e (—asin 6) d6 +

2 acos 0do
= df because sin® 6 + cos® § = 1.
Now the angles are determined as on the figures:

(@ nd<0<n b 0<0<2n

(—/2,0) \ V2
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264
9. —

5
Let F(x,y)=(xy,x). We parametrize the parabola x = 2y? from (2, —1) to

(8,2) by

t, x =2t? with —1Zt=<2

<
1l

8,2

-0

Then

2
JF:Ixydx+xdy=f 2634t dt + 26 dt
C (o}

-1

85 201 264
st |, 75
VIII, §2, p. 219
1. 56
31 G
C. C, h
A .
C3
35

Let F(x,y) = (2xy, —3xy). We parametrize the sides as follows:

C)=@3), 3515 C;)=G51, 1=5t=
Ci=(@1), 35t=5; C.)=@3,1), 15t

s
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Let C={C,,C,,C;,C,}. Then

JF=J F—f F—J F+j F
c €1 Cr Cs Ca

5 3 5 3
=J 6tdt—f —15tdt—J‘ 2tdt+J —9¢t dt.
1

3 3 1

2. 54.
The square consists of four line segments:

Ca
3 -
Ci ¥ “C3
C, 3

We parametrize the segments:

IIA
IIA

Cl_(t) = (O’ t)a 0 é t é 3a C2(t) = (ta 0),
Ciy(t)=(@G3,t), 0=t<3; C,®=(@3),

o o
IA
IIA

Let F(x,y) = (x* — y% 2xy), and C = {C,, C,, C5,C,}. Then

JF:—J F+JF+JF—JF
c cy C2 Cs oy
& 3 3 3
=—r0dt+J t2dt+J 6tdt—J (t? —9)dt.

(4] 0 (V] (4]

8
3. —n—3

©,2)4

(2,0)
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It is easier to parametrize C~, namely
C(t) =(2cost,2sint), 0t n/2.

Let F(x, y) = (x2 — y% x). Then
/2
J F= —J F = —J (4 cos?t — 4sin? t)(—2sin t) dt
c Cc- 0
/2
— J (2 cost)(2 cost)dt
0

72 72
=J 8cosztsintdt—j 8 sin3 t dt

0o 0

n/2
- [ 4 cos? t dt.

Jo

Use u=cost, du=(—sint)dt for the first integral. Replace sin’t by
1 —cos?t in the second and use substitution again. Use

cos? t = (1 + cos 2t)/2

for the third.

. 4/15.

Let F(x,y) = (x*y? xy*). We are asked for [.F where C is the path {C,, C,}
indicated below.

(1,0

~——

We parametrize the two curves by letting:

C,()=(@* —t) with —1<r<1
C,)=(,t) with —1gt<1.
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Then
rL
J F=J x2y? dx + xy* dy = 52t dt — t* dt
Ci Ci J-1
r1
= Q" — Yy dt = —2/5.
Jv-1
r
j F=j xX*y?dx + xy*dy =\ ¢*dt=2/3.
C> C2 J-1
Then

JF=J F+j F = —2/5+2/3 =4/15.
C Cy C2

VIII, §3, p. 225
1. The sum of the integrals over the curves C,, C,,...,C, is equal to

o(Q1) — o(Py) + ¢(Q3) — o(Py) + -+ + ¢(Q,) — ¢(Py).

But

0,=P,, @y=P;3,..., Q1 =P,

so all terms cancel except ¢(Q,,) — ¢(P,), as desired.

2. 9/2. There is a potential function
2 3 2 2
o(x,y,z) =x +§y + 2z,

Then o(1. 1, 1) — ¢(0,0, 0) = 9/2.
In each case of Exercises 3 through 8 there is a potential function and the
integral can be evaluated as in Exercise 2.
. 3. Use the pot function xy + zx + zy.
. Answer as in exercises 2 and 3.
. 8. Use the pot function xy.

. There is a pot function, namely z%x + y*.

- ST T OO

1 — e~ 2= There is a pot function given by f(X) = g(r) = —1/r. Then




11.

12.

13.

14.

15.
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. There exists a potential function, ¢(x, y, z) = xyz3, so the integral is indepen-

dent of the curve by Theorem 3.1.

. (@) No (b) 1 ()0
10.

(@) 0=g(1)—g(1) (b) 0 (c) There is a potential function g¢(r) =sinr,
because by the chain rule, if ¢(X) = sin r, then grad p(X) = F(x, y).

(a) 2z (b) No potential function. We can write the vector field F in the
form

F(x,y) = G(x, y) + grad Y(x, y)

where G(x, y) is the usual and Yy(X) =log r.

—y x
X2+ y %2 + y?
The integral of F is the sum of the integrals of G and grad y. The integral
of grad  over a closed curve is 0. If C is the circle of radius 1 centered at
the origin, then

jF:JG+Jgraddx=2n+0=2n.
C C c

(a) Yes, because the vector field is defined and has continuous partial deriva-
tives on this rectangle, so Theorem of Chapter V applies. (b) 2n (c) No,
because there is some closed curve such that the integral of the vector field
around this closed curve is not 0. See the comments to Exercise 11.

(@) 0 (b) 0 (c) Yes, (X) = e", because a direct partial differentiation with
respect to x, y, z shows that

grad o(X) = F(x, y).

Theorem 3.1 of Chapter V is not applicable here since the open set is not a
rectangle.

(a) e° — eV’ (b) 0 (c) 0 (d) 0. There is a potential function as in Exer-
cise 13 and the easiest way to evaluate the integrals is by means of the
formula @(Q) — @(P).

The potential function is @(X) = e". Then

(€)) "(=3,4)=9+16=5 and r2,1)=./4+1=/5.

Hence ¢(—3,4) — ¢(2,1) = &° — &'
For (b), (c), (d) the integral comes out 0 since there is a potential function.
(@) —m/2 (b) 27m/3. In this case, there is a potential function, namely 6, on

an open set containing the stated path, so the formula ¢(Q) — ¢(P) can again
be used. See Example 4 and Exercise 8 of §1.
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(@ (b)

0,1) _n/2 /3

(-1,/3)

(1,0) ~1

N ¢

16. 16 + 5/6. There is a potential function

x2 y3
— i A 4
(p(x,y,z)—2+3+z.

Hence the integral is equal to ¢(1, 1,2) — ¢(0, 0, 0).

IX, §2, p- 250

L@12 0% ©Ff @W2+7%2 @2 (4 (@2 (h)Lr )3
2. (d) ®

(~1,0)°

To see (), suppose first x = 0 and y = 0. Then the inequality reads
x+y=s1,

which is in the first quadrant, below the line y = —x + 1 as shown. But the
region is symmetric, in the sense that it does not change if x, y are replaced

by +x or +y because of the absolute values. Hence we get the square as
drawn.
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3. (a) —3n/2

(n, m)

(7, 0)

The integral is

Jnjxx cos(x + y)dydx = r (x sin(x + y)
0J0

0

>dx
(4]

=J xsin2xdx—J x sin x dx.

0 0

Do the integrals by parts. The first with u = x, dv = sin 2x dx and the
second with u = x, dv = sin x dx.

(b) e — 1/e. We decompose the region of Exercise 2(f) into two pieces as
shown.

/ y=z+1 y=—-z+1 \

Z

D— —y

Then we have to sum the integrals

0 x+1
‘U‘ e*e’dydx = f J e*e’ dy dx
“ —1J-x-1
1r—x+1
JTe"ey dy dx = J [ e*e’ dy dx.
J 0

Jx—1
A2

and
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In each case, e” can be taken out of the inner integral with respect to y.
You evaluate the inner integral, for instance:

x+1
f e’dy=e’

-x—1

x+1

=ee*——-e %
e

-x—1
Then integrate with respect to x.

40 63
2 _ % 22
©= 9 @ 0
L@~ O~ ©4
. (2) 20 ® 35 (0
If 0<x<1 then x® < x? and the region for (a) and (b) looks as on the
figure.

The integrals are:

1 rx2 1 px2
(a) J f xdydx (b) j J y dy dx.
0 Jx3 0Jx3

For (c), the region looks like
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2 r2x
J f x? dy dx.
0vx

The integral is

49
6. (a) 2 (b) 1 —cos2

For 6(b) watch out. You have to split the integral into

3 2 3
J |x—2|dx=‘[ —(x—2)dx + [ (x —2)dx

1
because |t| =t if t 20 and |t| = —¢t if t £0.

(c) 0. Remember that cos(—y) = cos y.
(d) 1. You have to split the integral into

L= L

The region of integration is shown on the figure.

27 2% 37 3% 7895

1 fez—l 20 2% 37 3 7895
@ O @5x+7+3"7 "

We work out 6(e).

/2 (*cosy /2 xz
j J xsinydxdy=j (sin y) —
o Jo 2

0

cos y
dy
0

/2 1
= f —cos? ysin y dy.
o 2

Now let u =cosy and du = (—sin y) dy. The indefinite integral comes out
—(cos3y)/6, and the answer drops out.
7. 2ka*/3

8.(@log2 B3 (©=n (@ —3 (e) log 2.
We work out 8(b) and 8(e).
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(b) If both x, y = 0, the condition x? — y? = 0, which amounts to x> > y?, is
equivalent with x = y. Since we are given 0 < x £ 1, and the condition
x? = y* is symmetric if we change y to —y, the region of integration
looks like this.

The desired integral is then

1rx
J J (x* —y*)dydx
0J—x

(e) The integral is

1

1p1 1 1
—d dx=J10 1+x+ dx
fofol+x+yy 0 2 y)o

1 1
= f log(2 + x)dx — f log(1 + x) dx.
)

0

For the first integral, let u = 2 + x. Then

? = log(27/4) — 1.

1 3
,[ log(2+x)dx=j logudu = (ulogu — u)
2

0 2

For the second integral, let u =1 + x. Then

2
=log(4) — 1.
1

1 2
J‘ log(1 +x)dx=j logudu = (ulogu — u)

0 1

Subtract the second integral from the first to get the answer.

9. 9/128.
Let A be the region as shown. We first describe A by inequalities.



ANSWERS TO EXERCISES A65

[SC

1,0

| ;

We first have to find the number b which is the point furthest to the right
for the region A. By Pythagoras, we have

1\? 3
b2+<5> =1 L) b=£-

Then
A={(x,y)such that 0< x <./3/2and 125 y < /1 — x%}.
Let f(x,y) = xy. Then

V32 p/T-22
[ j xy dy dx.

ﬂf (x,y)dydx =

A

0o

LY

1/2

The inner integral is

1-x2

1-x2
[ ydy =4%y? =401 -x*-1].
Ji2

1/2

Thus the horrible square root sign has disappeared. The rest is easy. It is
only a simple integration with respect to x, which we leave to you.

Remark. If we look at the picture sideways, we can set up the integral in
a different way, without solving for b. We can give x as a function of y in
the first quadrant on the circle, namely

IIA
<
IIA

1 and 0sx=.J/1—y>2

Jf(x,y)dxdy:fl [J Y xydx]dy.
12| Jo

A

[SIC

Hence
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Now you integrate with respect to x first, and then with respect to y. You
will find the same answer.

10. 1/30 11. 3n/4
12. krn/4.
In Exercise 12, the region A is the set of points (x, y) such that

0Zx=m= and 0<y<sinx

The distance of a point (x, y) from the x-axis is just y. Hence we are given
f(x,y)=ky for some constant k.

Therefore the mass of the plate is
([ renavas=[["wayan
.A 0Jvo

which you should know how to do. Remember the identity

. 5 1 —cos 2x
Sin x=f’

which gives the easiest way of integrating sin? x.

IX, §3, p. 266
1. (e — Dm.
We have
fx,y)=e"

and the region is the disc of radius 1, which in polar coordinates is the set of
(r,0) such that 0 <r <1 and 0 < 0 < 2n. Hence

2z 1
JIe"“’yZ dy dx =J [ e rdr do.
o Jo
D

Let u =r? and du = 2r dr to evaluate the integral.
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2312 3.a(l—e) 47 5 38

6. 3kna*/2.
We work this out. We place the disc with respect to the coordinates as
shown on the figure.

In polar coordinates, the disc 4 is the set of points (x, y) such that
—nf2<L 02 and 0<r=2asinf.

The circumference is the set of points such that r = 2asin §. We take one
point on the circumference to be the origin. Then by hypothesis, the density
is proportional to the square of the distance from the origin, so

f(x, y) = kr?.

Consequently the mass of the disc is

/2 2asin @

ﬁ £ y) dy dx = j J K r dr d.
—z2 Jo

A

The constant k can be taken out of the integral, and [r® dr = r*/4. Then you
will have to integrate [sin* 8 d§ by whatever method you want. For instance
use

1-— 20 1 40
= —CZL and later cos? 26 = H%~

sin26

T
"2
11. (a) a®*(n + 8)/4 (b) same as (a)

(a) The two curves are represented on the figure. The region outside the
circle of radius a and inside the other curve is shaded.

7.-(—1) 8 ma® 9. ma*8  10. a%/2/6
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r = a(l + cos 6)

When A is the set of points (x, y) whose polar coordinates satisfy
—n2L0<L w2 and a<r=Za(l + cosb).

Hence the area of A is

/2 a(l +cos@)
J]dydx=f f r dr do.
—n/2 Ja

A

We leave the rest to you.
(b) Now the figure looks like this:

r = a(l — cos 0)

The integral is

3n/2 fa(l —cosb)
[ j r dr do.

Jr/2 a

You will find the same answer.



12.

13.
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a’(15% + 32)/24.
The integral is

/2 a(l +cosb)
J J r cos 0 r dr do.
~nf/2 Ja

(@ 1 (b) 2a%
We work out 13(a). The curve whose equation in polar coordinates is
r? = cos 6§ can also be written

r— Joos b,
This holds for those values of 6 such that cos 6 = 0, in other words
-2 <0 =72
If t is a number with 0 <t <1 then we have tgﬁ. Since the curve

r=cos 0 is a circle, it follows that r = \/cos 0 is elongated, as shown on the
figure.

The region A inside this curve is the set of points (x, y) whose polar coordin-
ates satisfy

-2 0= 72 and 0<r<./cosh.

Hence

/2 \/m
Area(A) = '” dy dx = '[ j r dr do,

-n/2 Jo

_ j’n/l lrz
—n22

1 /2
== j cos 6 do.

-n/2

A

do

0

So the horrible square root sign disappeared, and the rest is easy.



A70 ANSWERS TO EXERCISES

Next we get started on 13(b). The curve r?> = 2a? cos 26 has points only
when cos 260 = 0. Then a sketch of the curve is as follows.

The region A enclosed by the loop on the right is the set of points whose
polar coordinates satisfy

—n/4 <6 < w4 and 0§r§\/§a,/cos20.

Hence the area of one loop is given by the integral

n/4 \/EZQ /cos 20
J rdrdf = a>
—n/4

1]
The total area is 2a2.
2ra® 64 , 40,/24°
B
3 9 9
The integral is

14.

n/4 ﬁa cos 26
2[ [ V2a* —rtrdrdo.

—-n/4 Jo

Let u =2a% —+? so du= —2rdr. Horrible square root signs will disappear,
fortunately.

15. 2n[—(a® + )72 + 1].

We set up the integral. In terms of polar coordinates

1 1
(xz + y2 + 1)3/2 - (r2 + 1)3/2

f&x =



16.

17.

18.
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The disc D, of radius a centered at the origin is the set of points (x, y) whose
polar coordinates satisfy

00 2xn and 0r<a

Hence

2% fa 1
J.J‘ f(x,y)dydx = J;) J‘o m + rdrdo.
Dqa

Now let u=(?+1) and du=2rdr. Then the inside integral becomes
fu~32 du, up to some constant, and you should be able to evaluate the rest
to find the stated answer.

1 1 L.
21[[— 2(7+—2) + Z:I Limit = /2

T 1 1
2\2¢ 7 3+

(a) —5n/4 (b) Bna*
We work out 18. We have

f(x,y)=x=rcos@.

Let A be the region bounded in polar coordinates by r = 1 — cos 0, as illus-
trated on the figure.

Then A consists of all points (x, y) such that

00 2n and 0<r=<1-—cosh.

J‘J‘ f(x,y)dydx = Iznjl _mor(cos O)r dr db.
o Jo

A

Hence

Do the rest.
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2
19. (a) 37/8 (b) g(2\/5 —1) (©0
Region for problem 19:

—n/250<n2

1srs2

20. Answer 0. Note that

xy rcos @ rsin 0

= = sin @ cos 0.
x2 + y2 r2

flx,y) =

Sketch of region:

The set of points (x, y) with y = x is the set of points above the line y=x.
So the region looks like the above. In polar coordinates, it is the set of r, 6)
such that

/4 < 0 < 5n/4 and 1§r§\/§.

5nl4 0 /2
H fx,y)dydx = f f sin 0 cos 6 dr db.
n/4 J1

A

Hence

For the f-integral, let u = sin 6§, and du = cos 0 d6.
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2l. (a) 0<0=<3n/4 and 1=r=2

@°—1),/2
®

22. /2433 - 2/2) = /6 — 4/3.

P

The region A is the set of points (x, y) whose polar coordinates satisfy

—3n/4<6<n/4 and J25r=<./3.

[The inequalities for 6 could also be expressed as 57n/4 < 0 < 97/4, but re-
member that a £ 0 < b < a + 2n.] Hence the integral is

/4 J3 /4 V3
f f rcosOrdrd6=j J r? cos 0 dr df.
-3n/4 /2 ~3n/4 J /2

23. 2

32
24, -éf —4n/3

z-axis

¥

’ PR e

y-axis

h S -y g

cross section
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Half the region lies above the disc of radius 1, and is bounded above by the
graph of the function

z=\/4_x2_y2=f(x’Y)’

because the equation of the sphere is x* + y* + z2 = 4. Thus half the desired
volume is the volume of this region. We can also write

f(x’ y) = \/4 —r2

Hence
2z 1
Volume=2j _[ J4—r?rdrdb.
o Jo

You can integrate this by substitution, with u=4 —r? du= —2rdr.
Multiply and divide the integral by —2.

1— a—n+2
3 2 ———— i
25. (a) |2n —— if n#2,
—2nloga if n=2.
The integral approaches a limit if n =0 or 1.
Let A be region between the two circles:

Then A is the set of points (x, y) whose polar coordinates satisfy

06<L2n and as<r<l1.

2z 1 2z 1
Jff(x,y)dydx:f j r‘"rdrd@zj f r "t ldr do.
(1] a (1] a
4

Hence
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If —n+1%#—1, so n#2 then [r"*'dr=r""*?/(-n+2); and if
—n+1=1so0n=2, then [r~'dr=1logr. So you get the answer.

X, §1, p.278

1.(a —4 )4 ©4n (= () 8 (f) mab
In each case, we now describe the double integral arising from Green’s for-
mula.

Let p(x,y) = y* and q(x,y) = x. Then

dq Op
2L =1-2y.
0x Oy 4

Then

I y2dx + xdy = ‘U(l — 2y)dy dx.
C
A

Thus the double integral is equal to:
202 11
(a) j J (1 —2y)dydx (b) [ J (1 —2y)dydx.

0J0 J-1J-1
(c) Use polar coordinates with y =rsin 6. The double integral is then

2n (2
J J (1 — 2r sin O)r dr d6.
o Jo

(d) Similarly, the integral in polar coordinates is

2n 1
j f (1 — 2r sin O)r dr d6.
o Jo

(e) Jl: J;:(l — 2y)dy dx.

a b/ 1~ (x/a)?
) f I (1 — 2y)dy dx.
—aJ—b

1 - (x/a)?

The inner integral is

by/1 - (x/a)? b./1— (x/a)?
j (1—-2p)dy=y—»*
-by/1=(x/a) —b/1=(x/a)
=2b/1 — (x/a)?.

Now evaluate the outer integral with respect to x by a change of variables:

x= —acos 0, dx = asin 0 df, and 00=m



A76 ANSWERS TO EXERCISES

2. (a) —5/6.
The triangle is shown on the figure:

Green’s theorem gives
1p-—x+1
jy%ix—xdy:fj (—1—=2y)dydx
c 0Jo

(b) Directly, let
C,(t)=(tsint) and C,(t) = (t,2sin t)

with 0 <t < n. The integral is
j(l+y2)dx+ydy
c
=j (1+y2)dx+ydy—f (1 +yHdx +ydy
Cy C2

=J (1 +sin® £) dt + sin t cos t dt — (1 + 4 sin? t) dt — 4 sin ¢t cos t dt
0

—BJ sin? t dt = —3m/2.

0

By Green’s theorem,

7 f2sinx T
fj —2ydydx=f — 3sin? xdx = —3n/2.
0Js

in x 0

3. (a -2 (b) 53
4. (a) By Green’s theorem, with p = —y, g = x, we get:

1
%f —ydx+xdy=ijf(1 + Ddydx = fjdydx=areaofA.
c
A 4

(b) Similar, using p =0 and g = x.
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5. By Green’s theorem the integral is equal to
0adf 00df
———————")dydx=0.
”( ox ox  dy 6y> ydx =0
A

6. 27, use the method of Example 4, reducing the integral over the circle of
radius 1.

7. You can write F =G + grad y, where G is the vector field of Exercise 6
(an old friend), and  is a function (which one?). The integral of F over a
closed path is therefore equal to the integral of G over a closed path, so no
difficulties remain.

X, §2, p. 288

dx d
1. Since C'(t) = (dt’ dlt]> is in the direction of the curve, we see that
d d
N(t) L C'(¢) because N(t) = [ 2> —ZX), and so

dt  dt

dydx dxdy

N@)-Ct)=—————==0.
®-C® dt dt  dt dt

2. Let F=(p,q). Let G be the vector field G =(—gq,p). Apply Green’s

theorem to G. Then
dp dq
G= — 4 — .
Jeo= JJ(Ge ) e

A

b dx dy
G=| —qgdx+pdy= —q— — ) dt.
ch .[c 1ex+pay L( th +pdt> dt

But

Furthermore,

dy dx

F-N=p—= _ g
Par 9

This proves the divergence theorem.

3. The divergence of F is 0 because dy/dx =0 and 0x/0y =0 also. Hence the
divergence theorem implies

JF-nds=0.
C
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4. Using the divergence theorem, we get

rr

J gD, f ds = J g(grad f)-nds div(g grad f) dy dx
C c

e

rr

= (D,(gD, f) + D,(gD, f)) dy dx

R

rr

= | | (gDif + DygD, f + gD}f + D, gD, f) dy dx

3 g

= | | (9Af + (grad g)-(grad f)) dy dx.

A

This proves the formula (a). Permuting f and g we get

L fDag ds = ”(ng + (grad f)-(grad g)) dy dx.

A

Subtracting and using the commutativity of the dot product proves the for-
mula of part (b).

XI, §1, p. 297

1 g 2.0 3.()25 (b) 152
4, 3 —e.
Solution:

1] 1 -x 0 1
J‘ J J et dz dy dx = J [ (&€ — e ) dy dx
-1J-xJo -1J-x

0
=J e—e*—et +1)dx=3—c
-1
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XI, §2, p. 311
1 4na® 2. m/3 3. (a) nka* (b) 2n(1 — a?), 2n. See also Exercise 14.
4. 2mk(b? — a?)

5. nba*/4. The projection of the cylinder on the (x, y)-plane is given by the in-
equality of polar coordinates

00 2n and 0Zr<a

The region A lying inside this cylinder and between the planes z =0 and z =
b > 0 is then defined by the further inequality

0<z<bh

The function to be integrated is f(x, y) = x2 = r*> cos? §. Hence the integral

is
2z fa b
J J J r? cos? O r dz dr d6.
0 0 JO

6. kna*/2. Let the fixed plane be the (x, y)-plane. We first find the mass of the
upper half ball, with z > 0. In spherical coordinates, the half ball 4 is the set
of points satisfying

0<0=2r, O0=£¢=n2, O0=p=a

The distance of a point inside A from the plane is z = p cos . Hence

2z fn/2 fa
mass of half ball = J‘ J I p(cos @)p? sin ¢ dp do db.
0 (1] 1]

The mass of the ball is 2 times the mass of the half ball.
7. n/8. The projection of the region on the (x, y)-plane consists of those points
(x, y) satisfying

0<x=mn?2 and 0=<y<=<cosx.

By definition, the region A consists of those points (x, y, z) satisfying those
two inequalities and the third inequality

0=<z=<y.

Hence

/2 cos x [y
volume of the region = J [ [ dz dy dx.

0 Jo Jo
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1 1 ry
8. 27{— 3 1 —rd*+ 37 4] where ré =

—1+./5
—

The two surfaces x> + y* + z2 =1 and z = x> + y? = r meet precisely when

r*+r*=1, where r=./x*+)* as usual

Solving for r* by the quadratic formula yields the value ro in the answer
above. The region A consists of those points (x,y,z) which in cylindrical
coordinates satisfy

0<6<2m, 0sr=r,, <z J1 -2

Hence

2z ro \/TT
volume of region = f 4[ f r dz dr d6.
(1] 0 Jr

9. 2a°(3n — 4). The region A consists of those points (x,y,z) which in
cylindrical coordinates satisfy

0<6<Zm, ngrgasinﬂ, —Ja? -r*<gz< . /a?

Remember that r = a sin 6 is the polar equation of a circle as shown on the
figure.

r=asinf 0Z0<n

Hence

az_,z

a sin 0 tz2 -r2
volume of region = J J J r dz dr db.

Actually you may deal with the half region such that 0 <z < ./a? —r?,
which makes the integral slightly less complicated, and then multiply the
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answer by 2. When you evaluate the integral, watch out: you may meet an
integral of the form

J (cos? 6)%2 de.
0

But on the interval 0 < 6 < 7, it is not true that (cos? 6)*2 =cos*6. You
have to split the interval from O to n/2 and from =/2 to =, and take the ab-
solute value of cos® 6§, which is cos® 6 on the first interval, but —cos® 6 on
the second interval. The answer is correctly given above.

10. Volume = na3. Center of sphere is at (0,0, a). Equation of upper part of the
cone is ¢ = 7/4.
Since p =0, from the equation of the sphere p = 2acos @, we have
0 < ¢ £ /2. This equation is equivalent with
p% = 2ap cos ¢ = 2az.
Since p? = x2 + y% + z2, this equation is equivalent with

x2+y2 +(z—a)®=ad?

which is the equation of a sphere of radius a, centered at (0, 0, a).
The equation of the cone with z = 0 is

z=r=psin ¢.

Since z = p cos ¢, this equation is equivalent with tan ¢ = 1, that is ¢ = n/4.
Then the region above the cone and below the given sphere consists of those
points (x, y, z) whose spherical coordinates satisfy the inequalities

0<0< 2n, 0 @ = 7/4, 0 < p < 2acos ¢.
So

2n (*n/4 [*2a cos @
volume of region = J [ J p?sin @ dp do do.

0o Jo V]

Z axis
® =n/4
2a
— 7T <
ae
\
\ //
\\\ //

y-axis

X-axis
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11. (a) =n/3. The region consists of all points (x, y,z) such that in cylindrical
coordinates

0<L0<2n, 0r<, r<zs 1

Draw the figure. You can also use spherical coordinates, and in terms of
spherical coordinates the region is the set of points satisfying

0<6<2r, O0=s¢p=mn[4, O0=p=l/cose.
Then

2n n/4 1/cos @
volume of region =_[ j f p? sin @ dp do do.
o Jo Jo

(b) 2nﬁ/3. The region consists of all points (x, y,z) such that in spherical
coordinates

0=60=<2n, n/d=<¢=<3n/d, O0=p=1l

(c) =/2. The region consists of all points (x, y,z) such that in cylindrical
coordinates

(d) n/32. The condition on z is

r2<z<rcosh.

This implies that r < cos 0, because r = ./x*> + y> 2 0. Conversely, given
r < cos 0, there is some z satisfying r?2 < z < r cos 6. The values of  such
that 0 < cos # are those from — /2 to =/2. Hence the region is the set
of points (x, y, z) which in cylindrical coordinates satisfy

—n2 L0 < w2, 0=<r=cosb, r2<z<rcosf.

12. 7a%b3/3. The region consists of all points (x, y,z) such that in cylindrical
coordinates

0<0=<mn (because y = 0 is assumed)

0 b and 0<z=<a

IA
IIA

r

Then the integral is given by

n (b fa
j J J Tr(sin 6)zr dz dr d6.

0 JOo JO

13. 64/3. The region consists of all points (x, y, z) such that in cylindrical coor-
dinates

0L6<m, 0sr<d, 0<z<y/2
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14. (a)
3-n__ ,3-n
?__"_] if n#3,

2z frn b 1 47Z|:
J Ij‘jpzsinq)dpd(pdf): 3—mn
o Jodaf 4nflogb — loga] if n=3.
(b) The integral approaches a limit if n =1, 2. If n = 3, the integral - co as

a—0.

XI, §3, p. 315

L(L,53) 2 (525 3 (o, %) 4. (1L,—-YH 5 (2,18

6.x=2
. __2a210ga——a2+1 o a(log a)?
’ x_4(aloga—a+1)’y_2(aloga—a+1)

21 96

8. (0,0,2h) 9. (a) Lkn (b) <10 %

) 10. (a) Lknh?a® (b) 2h

2
11. (a) 2ka’n (b) (0,0) (c) <2a ;a> 12. Lka*hn 13, <0, 0, %’)

XII, §1, p. 324

X
1. 55:(—(a+bcos<p)sin0,(a+bcos<p)cos0,0)
H H |a + b cos ¢
X
P (—bsin ¢ cos 0, —b sin ¢ sin 6, b cos @)
(4
[%]-
X
2. —0=(—tsinasin 0, t sin « cos 6, 0)
X . . .
E:(smacos 0, sin a sin 6, cos )
6XX6X (tsi 0 tsi in 0 )
E— —_— 1 —
0 % 3 sin & cos 0 cos a, t sin & sin 0 cos a, —t sin? @)
6XX6X —rsina
0 |t

Equation of surface is x* + y? = (tan a)z2
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0x
3. i (acos 6, asin 6, 2t)

0X t sin 0 0,0
69—(—a sin 6, at cos 0, 0)
aX 0X = (—2at? 0, —2at? sin 0, a?
o 60 at” cos at” sin 0, a’t)
X 0X
il il | 2.4 | 4.2
o X %0 Ja4a‘t* + a*t
The equation is x? + y? = a?z.
10,4 .
4. % = (acos ¢ cos 0, b cos ¢ sin 6, —c sin @)
X
0 = (—asin ¢ sin 6, b sin ¢ cos 6, 0)
6X 171).¢
60 = (cb sin® ¢ cos 0, ac sin? @ sin 6, ab sin @ cos @)
H \/czbz sin* @ cos® § + a’c? sin* ¢ sin? 6 + a?b? sin? ¢ cos? @
2 2 2
The equation is =t ZZ S
5. ox in 6 0,0
. ae—(—asm L acos 6,0)
*=(0,0, 1)
BX 1).¢

6 = (acos 6, asin 0, 0)

The equation is x% + y? = a?.

oX 1.4
6. — = (cos 6,sin 6, f'(r)) —-=(—rsin6,rcos 0, 0)
or 00
X X
Z—r X {;—9 = (—f'(r)rcos 0,— f'(r)rsin 0, r)
6X 0X T
' o Xa0| = VIO

The equation is z = f Q/)ﬁy2 ).
7. x>+ Yy =(a+ /b> -2

XII, §2, p. 332

L@ /2 () f mh® 2 %(5\/3— ) 3 2(/3-9)

4. %7’5(2\/5 _ 1) 5. zn(%eZarcsinhl _ ée—larcsinhl + % sinh 1)
6.2n/6 7.2/2n 8 2r(1-./2/2) 9. 4n%
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XII, §3, p. 339
1. (a) 4na*/3 (b) ma’/2 (c) 4na®/15 (d) na’/3

2 4n3 3. ma® 4 m(10/5/3 +2/15)/8 5. %(25\/3 —11)

6. 0 7.0 8. na® 9. na*/2

11. Let P =(0,0,c¢) with ¢ =2 0. If ¢ =0 the integral is easily found. Suppose
¢>0. Then [[X —P||=(x*+y2+(z—c)*)". Substitute x>+ y*=r2=
a’sin® @, and z = acos ¢. Use spherical coordinates. The integral can be
evaluated by substitution u = a® + ¢*> — 2ac cos @, du = 2ac sin ¢ dp. Eventu-

ally, the expression
Ja+e? - Jla—cp

will appear. Here you have to distinguish whether ¢ > a or ¢ < a, because for
any real number ¢t you have \/t_z = |t].

12. 4n/3  13. —(n%/4 +2n) 14.2n 15.104/3 16. 2z /2 17. {%(8 ~-5/2)

18. 5/12  19. (a) 27na® (b) 3na? 20. 3/2 21. 5m/4 22. 4n 23. 27/3

XII, §4, p. 344

1. V-F = 2% + xz + 2yz 2vr=243 Y

Vx F= 2 ,05 * y ‘
(& = x3,0,y2) V x F=(xlogz —ylogzlogy — log x)

3. V.F =2x + xcos xy + €*y
V x F = (e*z, —e*yz, y cos xy)

4. V-F = ye™ sin z + €** cos y + ye** cos x
V x F = (ze** cos x — xe** sin y, e* cos z + €% sin x, ze** sin y — xe*” sin z)

5. We have grad ¢ = (D,¢, D,¢, D;¢). Then
curl grad ¢ = (D,(D5 ) — D;(D, ¢), and so forth)
=0 because D;D;p = D;D;¢.
6. curl F = (D, f, - Dsf,, D3 fy — Dy f3, D, f, — D, f1). Hence

diveurl F = DD, f; = D\D, f, + D,D3d, — D,D,fy + D3D, f, — D,D, f,
=0 because D;D; = D;D,.

8. Let r = /x? + y> + 22 and F(X) = c(x/r®, y/r, z/r®). Then
D, fy = c(x(=3)r " *x/r +r73),
D, fo = c(y(=3)y " y/r+773),
D, fy=c(z(=3)0 " *z/r + r73).
But x> +y2 + 22 =12 s0

Difi+D,f,+Dyfs=c(=3r"3+3r3=0.
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XTI, §5, p. 352

2. 32
3. 3n/4. Note that the integral is supposed to be over a portion of the sphere.

Call this portion S. Let D be the disc at the bottom, that is, D consists of all
points

(xs Y, —%) WIth x2 + y2 é %
Let G =curl F. By the divergence theorem
'”G-nda + ‘U G-ndo = J"U divGdV =0
s D v
because div curl F = 0. Hence
‘” G-n=— Jf G-ndo.
s D
The integral over the disc is easily evaluated to give the stated value. Of

course, you can also evaluate directly the desired integral over the given por-
tion of the sphere. You will find the same answer.

4. 64n. For any sphere centered at the origin, we have n = X/||X||. Hence

FXym=— . % _
ENE{

Then the integral is

ﬁ[ do = area of the sphere = 64x.

N

5(@0 ()0 (c)16 (d) 24 6. 8=/3 7. 12n/5 8.1

9. 24n. The surface is a closed surface to which we can apply the divergence
theorem. The region A inside the surface is the set of points (x, y, z) such
that

0<x2+y?<4 and 0<z54—(x2+y?).

The divergence of F is 3 by a direct computation. Hence

21 2 pa-r2
JfF-nda=JJj3dV=3j [ J rdzdr df.
o Jo 0
S A
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10. 48z 11. 243w/2 12. 135z 13. 11/24
14. (a) By definition, D, f = (grad f)-n. Hence by the divergence theorem,

H D, f do = ﬁ (grad f)-n do = ﬂ (div grad f) dV = 0.

S S U
(b) Let F = fgrad f. ThenfD,f = F-n. Also
F= (fD1fa szfa fDaf)-
Hence
divF =D,(fD,f) + D,(fD, f) + D3(fD; f)
=D1fD1f+fD%f+szsz‘*‘fD%f‘*‘Dstaf'*‘ngf
= llgrad f1|1> + Dif + D3 f + D3 f

= ||grad f|? if f is assumed harmonic.

The desired formula follows by the divergence theorem.

15. (a) If F(X) = X then div F = 3 so by the divergence theorem

J X-ndo = M3dV=3Vol(U).

s v
(b) Compute D,, D,, D; by using the rules for the derivative of a product.

16. Let f(X) = gq/4np where p = |X||. For a sphere centered at the origin, we
have n = X/||X| = X/p. Also

q —1/(x y z —q
grad fX)=——F (= > - |=——5X
dn p* \p’p’p) 4np?
Hence

q
—grad f(X)-n= el

Let S be a sphere centered at the origin, and of radius p. Then

q q
— d . — = ——
JJ grad f-ndo = '” dmp? do = dmp? JJ do
S S

S

=47?p2 (area of S)

(You don’t have to compute each time that the area of a sphere of radius p
is 4mp?.)
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17. (a) If the origin does not lie in U or its boundary, then the vector field

®

~—

X
F(X)=—
P

is smooth, and we can apply the divergence theorem directly. By Exer-
cise 8 of §4 we know that div F = 0. Hence by the divergence theorem

JTF(X)-nda: J ~l‘dideV=0.

S

Suppose the origin lies in U. Let S, be a sphere of radius a centered at
the origin, such that the closed ball of radius is contained in U. Let 4
be the region between S, and the surface S. Then the vector field X /p?
is smooth on the region A4, and we can apply the divergence theorem.
The region A4 lies to the right of S, with its usual orientation. Hence

([ [[ o= [[Janrar=o

S1 U
Hence

F _X X_ 1
"
SO
1
F-ndo=— do = 4n
a
S1 S1

This is of course exactly the same argument as in Exercise 16, except for
the normalizing constant factors.

18. Let B; be a ball of radius a centered at P; such that B; and its bound.ary S;
is contained in the interior U of the closed surface, but does not contain any
other point P; for i#j. Each S; is a sphere of radius a centered at P;.
Then the function

m

f@=1y

i=1

4d;
4n|| X — Py

is a smooth function on the region A4 lying outside the spheres S; and inside
the surface S.
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The figure is as follows:

The situation is similar to that found in applying Green’s theorem as in Ex-
amples 3 and 4 of Chapter X, §1. See also Exercise 6 of Chapter X, §1.
Hence we can apply the divergence theorem to this region. The boundary of
A consists of S and the spheres S,,...,S,,. Let E= —grad f. Then divE =
—div grad f = 0, and so

[5mdo— 3 ([ Endon [[[aveav—o

j=1J JJJ

s S5 A

Note that we put the minus sign in front of the sum because the outward
unit normal vector on §; with respect to the region A has opposite direction
to the ordinary outward unit normal vector of the sphere §;. Hence we ob-

tain
JTE-ndo= Z JfE-ndo.
S‘ =t Sj
Let
qA
f;( ) 4TZ||X—PJ” and J gra f;
Then

jE;nda:O if i#j by Exercise 17
Sj
=q; if i =j by Exercise 16 or Exercise 17(b).
This proves the desired assertion.

19. Note that f grad g = (fD,g, fD,g, fD;g). Then

div(f grad g) = D,(fD,g) + Dy(fD,9) + D3(fD;g)
= (grad f)-(grad g) + f(D3g + D3g + D3g).
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Then use Green to conclude part (a). Compare with Exercise 4 of Chapter X,
§2. For part (b), interchange f and.g in part (a) and subtract.
XII, §6, p. 362

1. 4n. First, we have curl F = (1, 1, 1) directly from the definitions. The surface
is parametrized by

X, ) =(xp4=-x-y%), x*+y*<4
Compute 0X/0x and 6X/0y, and find their cross product. You get
N(x, y) = (2x, 2y, 1).

Let S denote the surface. Let D, be the disc of radius 2. Then

ij—ndJ= L[F-Ndydx= jf(2x+2y+ 1)dydx
S D> D>

2z 2
= [ [ (2rcos 0 + 2rsin 6 + 1)r dr do

0

= 47,

Second, note that the boundary of the surface is the circle obtained by
putting z = 0, that is x2 + y? = 4, oriented clockwise so that the surface lies
to the left of this circle as on the figure.

If we parametrize the circle in the usual way with

x=2cos#, y=2sin 6, 050 < 2nm,



ANSWERS TO EXERCISES A91

Then the boundary curve has to be taken to be C~. Hence
j F-dC = —JF-dC: —J‘zdx-i-xdy—i-ydz
c- c [

2n

= —J (2 cos 6)(2 cos 6) dO
0

= 4,

which is the same number as we found by the surface integral.

2. —13/6. First we compute the surface integral. The surface is the triangle
which can be parametrized by

X(x, )=k 1—x—1y with  0=x=<1, 0=Zy=<£2-—2x

0,0,1)

©0,2,0)
(1,0,0)

Take 0X/0x and 0X/dy. Then their cross product is
N=(,1 1.
From the definition, you find that curl F =(—y, —1, —1). Hence
(curl F)-N= —y—3.

Let S be the surface of the triangle. Then
1 2-2x
J] (curl F)-n da=j J‘ (—y—2dydx= —13/6.
o o
N

Second, we compute the integral over the boundary of the surface, which
consists of three line segments parametrized as follows with 0 <t < 1.
C,(®)=(@0 —t+1), so  Ci(H=(@1,0,-1),
C,(t) = (1 —t,2¢,0), so  Cyt) =(—1,2,0),
C3() = (0, —2t + 2, 1), $O Cy(®) = (0, =2, 1).
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You will find:

1 4
f F-dC, =, f F-dC, = -3, j F-dCy= —1.
Ci Ca Cs

Hence the integral over the boundary is —13/6, which is the same value as
the surface integral.

3. 0. The boundary of the half sphere is the circle

C(t) =(2cost,0,2sint) with 0<t<2n
4. 0

5. 0. The figure of the cone is as follows.

For the surface integral; you can compute curl F =(—1,0,0). We para-
metrize the cone with cylindrical coordinates by

X(r,0) = (rcos 0,rsin 0, r), 0<r=<1, 0Z560=<2m.
Compute 0X/dr, 0X/00 and take the cross product. You find
N(r,0) =(—rcosf, —rsin 0, r).

Let S be the surface of the cone. Then

U (curl F)-n do = jf (curl F)-N dr d6 =
K s

N

2z 1
[ frcos()drd@:O.

0 0

o

On the other hand, the boundary of the cone is the circle on the top,
parametrized by

C() = (cos 0,sin6,1), 0<6<2m
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This is the counterclockwise parametrization, and the surface lies to the left
of the oriented circle. Then

dz
fF ac = f (y+x)—d9+(x+z)*d0+z 250

= f (cos 6 + sin 8)(—sin 8) dO + (cos 6 + 1) cos 0 df
0
=0.
6. -2 7. —na?

8. (an

2n

szx+2xdy+y2dz=j —sin? tdt + 2cos® tdt + sin? t cos t dt
c 0

_ 2n 227z 0=

(b) Let F(x, y, z) = (z, 2x, y*). Then curl F = (2y, 1,2). We let

X(x, ) = (%, y, ).

Compute 0X/0x, 0X/0y, and take their cross product. You find

N(x,y)=(0, —1,1).

Hence

Jf (curl F)-ndo = j 2y,1,2)-(0, —1, ) dx dy = J:[ 1 dx dy = Area(D) = =.
N D

D

9. A direct computation shows that curl F = (0,0,0). Then by Stokes’ theorem,

~waiC: ~”(curlF)-nda=0.
c

N

10. (a) By Stokes’ theorem,

J (f grad g)-dC = JJ curl(f grad g)-n do.
c

S
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But

curl(f grad g) = curl(fDg, fD,g, fD;9)
= (Dy(fD39) — D3(fD,9), D5(fD,9) — D;(fD39), D(fD,9) — Do(fD,9))
=(D,fD3g + fD,D39 — D, fD,g — fD3D,g,...,...)
=(D,fD3g — D3fD,g,...,...)  because D,D;=D;D,.
= (D1 f, D2 f,D3f) x (D19, D,g, D;39)

= (grad f) x (grad g).

((b) You don’t have to redo the computation. Observe that by part (a).
j (g grad f)-dC = J:f (grad g) x (grad f) do.
(o)
S

Let A=grad f and B=gradg. By a basic relation of the cross prod-
uct, we know that A x B+ B x A =0. Hence

~[‘(fgradg+ggradf)-dC=J(A><B+B><A)-dC=0.
(o) C

11. Let C(t) be the parametrization of the boundary, a £t < b. By hypothesis,
F-dC/dt =0 for all t. Hence by Stokes’ theorem,

b dac
JI (curl F)-ndo = J F-dC = J F(C@)-——dt=0.
C a dt

N

XIII, §1, p. 371

0 7 1
. = 3B=
1. A+B (0 ! 1>,

2 —-10 4 -1 12 -1

|
w W
_
w
I
w o
N—— SN—

1 9 4 A—B 2 -3 5
2A+B=<_1 1 3>, —B=l_, _ 3
3 -8 7 -2 3 -5
A—ZB=<_3 _, 4), B—A=( , | _3>
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0 0 -3 3 2 =2

2.A+B=<2 _2>, 3B=( 0 _9), —2B_<0 6),
A+ 2B -1 A_B=(* -2 B—A= -2 2
t2E=l gy s) =2 4 =2 —4

3. (a) Rows of 4:(1, 2, 3), (—1,0, 2)

Col f A: ! 2 3
olumns of A:{ _ ). {4} |,

Rows of B:(—1, 5, —2),(1, 1, —1)

s (0 ()

(b) Rows of A:(1, —1), (2, 1) Columns of A:G), (_1>

-1 1
Rows of B:(—1, 1), (0, —3) Columns of B:( ), < )

0 3
1 —1 -1 1

4. @ 'a=[2 o) B= 5 1
3 2 2 -1

w12 g_("1 O
ou-(a) ()

5. Let c;; = a;; + b;;. The ij-component of ‘(4 + B) is c;; =a;; + b
sum of the ji-component of A plus the ji-component of B.

.., which is the

Jjir

0 2
7. S X
ame 8 (0 _ 2), same

2 1 -2 1
9. A+'A= ‘B =
9.4+ <1 ) B+ _6>

10. ‘(A+'A)="A+"A="A+ A=A +"A.

XIII, §2, p. 379

LI4A=Al=4 2.0
3 2 10 3337
3@ (4 1> ®) (14) © <11 —18)
4 2 2 4
5. AB=<5 _1>, BA=<4 1)
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7 14 14 0
6. AC=CA= BC=CB=
(21 —7>’ c=cB < 7 7)

If C = xI, where x is a number, then AC = CA = xA.
7. (3, 1, 5), first row

8. Second row, third row, i-th row

o) o) )

3 12\ 5
10.@1] ®»(3] ©f4
2 9 8
11. Second column of 4 12. j-th column of 4
4
3 X, 0
13. (@ |9] (b) (©) (d)
5 1 0 X,
b
14. (a) j a;C:__ d>' Add a multiple of the first column to the second column.
C.
Other cases are similar.
00 1 01 11
) 3 . 0011
16. (a) 42={0 0 0], A° = O matrix. If B = 00 0 1 then
0 00
0000
0 01 2 0 001
0 001 0 000
2 = , B = B*=0.
=000 0 000 0of 0
00 00O 0 0 00O
1 2 3 1 3 6 1 410
() a2={0 1 2|, 4*=|0o 1 3], 4*=|o0 1 4
0 01 0 01 0 01
1 00 1 00 1 00
17.10 4 0}, 0 8 0}, 016 0
0 0 9 0 027 0 081

18. Diagonal matrix with diagonal a*, d, ... "

19. 0, 0

01
20 (a) <_1 0)

a b . 00
(b) (—az/b —b) for any a, b # 0; if b =0, then . ol
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21. (a) Inverse is I + A.
(b) Multiply I — A by I + A + A% on each side. What do you get?

22. (a) Multiply each side of the relation B= TAT ! on the left by T~ ! and on
the right by T. We get

T BT =T 'TAT 'T = IAI = A.
Hence there exists a matrix, namely T~!, such that T BT = A. This

means that B is similar to A.

(b) Suppose A has the inverse A~!. Then TA !T~! is an inverse for B
because

TA'T 'B=TA 'T 'TAT '=TA AT '=TT ' =1.

And similarly BTA!T ! = I.
(c) Take the transpose of the relation B = TAT ~!. We get

t B — tT—l t A IT
This means that ‘B is similar to ‘A, because there exists a matrix, namely
'T~1 = C, such that ‘B = CAC™!.

23. Diagonal elements are a,b,,,...,a,,b,,. They multiply- componentwise.

1 a+b 1 na
24.
o T ")
1 —a
25,
(o )

26. Multiply AB on each side by B~'A~!. What do you get? Note the order in
which the inverses are taken.

27. (a) The addition formula for cosine is
cos(0; + 0,) = cos 0; cos 0, — sin 6, sin 0,.
This and the formula for the sine will give what you want.
(b) A()"! = A(—0). Multiply A(6) by A(—0), what do you get?

cosnfl —sin nf

(c) A" = . . You can prove this by induction. Take the
sin nf cos nf

product of A" with A. What do you get?
0 —1 1 /1 -1 -1 0 -1 0
28. b) —
(@ (1 0) ()ﬁ<1 1> (C)( 0 _1> (d)< 0 _1>

(e)%(_lﬁ f) (f)%(‘f ;;) (g)%(j _D
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g 030 sin6 30, 2 (-1, 3 31 (=3, —1
"\ —sin@ cosf 'ﬁ(_’ ) (=3 =D
32. The coordinates of Y are given by

¥y = Xy cos § — x, sin 6,

V2 =X, sin 6 + x, cos 6.

Find y} + y3 by expanding out, using simple arithmetic. Lots of terms will
cancel out to leave x? + x2.

XIV, §1, p.390

L@l 013 ©6 2@l ) QL0 © (e —1)
3.(a1 (b)11 4. Ellipse 9x> +4y> =36 5. Line x = 2y

6. Circle x? + y? = €2, circle x% 4 y? = ¢*

7. Cylinder, radius 1, z-axis = axis of cylinder 8. Circle x> + y> =1

12. A=0

XIV, §2, p. 396

1 @ (g) ®) (3) © @ @ <_2>

0 - 0

L0 : 5 (20 4‘3108 s(Loo
1 . o “\o » - 2 "o 1 0
. ) 0 0 a4
0 .-.r

100y 010 1000
6. (1,0,0) 7<0 1 “\0 0 1 ‘\0o1 00

—
o
(=]

o O O o o

-5 3
11. Only 4 = O. 12. ( .

1
0 0 1

L 1 -2 8 3 4 5

13 (‘4 6) 14.{3 7 =5 16 5 1 -2

4 9 2 0 -7 8

17. Let A = L(1). For any number ¢, we have by linearity,

L(@)=L(t-1)=tL(l) =tA.
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a1, Q12 3 -5
a,, a;, 19. 1 7
a3, Q33 —4 -8

XIV, §3, p. 402

3.

5.

3 -1
L(E") = <§> L(E*) = ( 2>

It is the set of all points
t,A+t,B+t;C,

with numbers t; satisfying 0 <t; <1 for i=1, 2, 3. Let S be this parallele-
piped. The image of S under L is the set L(S) consisting of all points

t,L(A) + t, L(B) + t;L(C),

with t; satisfying the above inequality. Hence it is a parallelepiped if L(A4),
L(B), L(C) do not all lie in a plane.

—3 1\ /4
21,1 2). 11
1) \-2/ \s

. The three column vectors of the matrix.

. It is the set of points L(P) + tL(A) with all ¢ in R.

- (@) P+4Q—P) (b) L(P)+tL(Q — P) = L(P) + t[L(Q) — L(P)]
10.
11.

It is the set of points tL(A) + sL(B), with ¢, s in R.
It is the set of points L(P) + tL(A) + sL(B) with ¢, s in R.

XIV, §4, p. 411

1.

Inverse of F is the map G such that G(X) = (1/7)X.

2 GX)=(—1/8X 3. G(X)=c"'X.

4.

(AB)"' =B 'A7'; (ABC)™' = C™'B~'A'. Just multiply out
ABB Al =] and ABCC™ B '4 ' =1.

The same also holds taking the multiplication on the other side.

5 U+AUI—-A)=T—-—AI+A)=1>—-—A%>=1 so I+ A is an inverse for

I- A
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6. I = A(—2I — A), so —(2I + A) is an inverse (it commutes with A).

7.We have (I—A)I+A+A)=(I+A+A)I-A)=1—A>=1, so
I+ A+ A? is an inverse for I — A.

XV, §1, p. 416

1. (a2 ()5 (¢) =5 (d) —42 () =3 (f) 9
21 3@ 1 (b) =1 () =% (d) 0 5. D(cA) = ¢2D(A).

XV, §2, p. 419
2.(a) =20 (b)5 (©)4 (A5 () —76 () —14

3. (a) 140 (b) 120 (c) —60

4d.abc  5.(a)3 (b) =24 (©) 16 (d) 14 (€0 )8 ()8 (h) —10
6. a,,a,,a5; both (a) and (b)

XV, §3, p. 425

4. Changes sign in both cases.
5.(@ —20 (b)5 ()4 (@5 () =76 (f) —14
6.(a 1 (b) =42 ()0 (d) 0 () 24 (f) 14 (g) 108 (h) 135 (i) 10

7. a1105,033

8. (a0 (b)24 (©) —12 ()0 (e) 27 (f) —54 (g) —25 (h) —3
s o0 & —-18 YO

9. D(cA)=c3D(4) 14.1 15. 12 +8t+5

XV, §4, p. 429

1. If a number x is such that B = x4, then
D(A, B, C) = (D(4, xA, C) = xD(4, 4, C) = 0,

contrary to assumption.

XV, §6, p. 433

1. (a) <_
@) (_

Ol O
N——

b 2
‘w :lb
o= vy

Yot ) el

O O

ww Lis Ol Ol
|
|
-
|

|
L L
N———
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2 1 d —b
“ad — bc\ —c a
XVI, §1, p. 437
1 1 coS X 0 ye®  xe”
1. (a) <2xy x2> (b) <_y sin xy —xsin xy) © <l/x 0 >

z 0 x yz xz Xy
@y x o) 0(n § 3)
0 z vy

¢ yZ COS Xyz Xz COS XyzZ YX COS XyZ
® z 0 x
11 - ) 0 ) et et
2@(, J® | = = 2@, ,
—251112 T S1 5
-1 (1) (1) 1 -2 =2\ (8 4r 2n
@ ! (e)<—4 o 4) D4 o &
0 -1 1

—ysinxy —xsinxy O
X
3. (a) <2); 0) (b) | ycosxy xc%s xy O
z X

4, Ap(X) = x% — 2xy. Ay(X) =0 when x =0, y arbitrary, and also at all points
with x = 2y.

5. Ap(X) = —Xx cos x sin xy

cosf —rsinf . .
6. | . , ; determinant vanishes only for r = 0.
sinf rcosf

singpcosf —rsingsinfd rcos ¢ cosb
7.| sinpsinf rsinpcosf rcos¢sinb
cos @ 0 —rsin @

Determinant —r? sin ¢
8 e'cosf —e"sinf
‘\e'sind e cosd
Determinant is e*. F(r, 0) = F(r, 0 + 2n).
XVI, §4, p. 445

1. Yes in all cases 2. (a), (b), (c), (d) all locally C'-invertible
3’ F(x,y)=F(x,y+2n)



A102 ANSWERS TO EXERCISES

XVI, §5, p. 449

2. Letting y = ¢(x), we have

=1 D, f(x, yXD1f(x, y) + D3 D, f(x, y)o'(x))
@"(x) = )

D, f(x, y)* \ =D f(x, YD, D, f(x, y) + D} f(x, y)oo'(x))
3. (@) No (b) Yes (c) Yes
4. (a) We have 2x — y — xy’ + 2yy’ = 0. This yields ¢'(1) = 0.
(b) <p'(1)=:iE © e()=-3% @ ¢(-D=% (e) ¢(0)=—1
-39
M o=
5. Define the map F: U - R® by F(x, y, z) = (x, y, f(x, y, 2)). Then

0 0
1 0
* D3f(x’ Y Z)

1
Je(x, y,2) = | *

*

where the #’s indicate some entry which we dont care about. Thus the
Jacobian determinant is

AF(x3 Y, Z)= D3f(x’ Y Z) and AF(aa ba C) =D3f(a7 by C) #0

By the inverse mapping theorem, F is locally invertible. Let G be its local
inverse, so there exists a function g such that

G(u, v, w) = (u, v, g(u, v, w)) or G(x, y,w) = (x, »g(x,y, w)).

Define  ¢(x, y) = g(x,y,0). Since F(a,b,c)=1(a,b,0) we conclude that
G(a,b,0)=(a,b,c) and hence g(a,b,0)=c. This shows that ¢(a,b)=c.
Finally,

F(x, y, o(x, y)) = F(x, y, g(x, y, 0)) = F(G(x, y, 0)) = (x, y, 0)

because F o G = I. By definition, we also have

F(x,p, 0(x, ) = (x, y, f(x, y, @(x, ),

and therefore f1 (x, ¥, o(x, y)) = 0, which concludes the proof.

7. (a) both —1 8. Dop=%D,0=—
(b) D;¢(0,0) =0; D, ¢(0,0) =0
(©) Dyo(1,1)=5;Dy0(1,1) =}
(d) D1¢(0,3) = —3; D,0(0,3) = —1

9. For y as an implicit function of (x,z): (a) both —1
(b) Not possible since D, f(0,0,0) =0

W
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(©) Dyo(1,2) = —1;D,0(1,2) =3

(d) D03, H = —3D0G,3) = —1

For x as an implicit function of (y,z): (a) both —1
(b) Not possible since D, f(0,0,0) =0

(©) D,o(1,2)= —1;D,0(1,2) =3

(d) Do, D) =—-%D0G.D=—%

XVII, §1, p. 462

1L.(@7 (b)14 2 (a)14 (b)1
321l 38 (©8 (A1 4@10 ()22 (© 11 (d)O0

XVII, §2, p. 468

1. mab 2. %mabc 3. (a) 29%*k (b) r*l*k 4. (a) 33%°k (b) r*/%k

XVII, §3, p.473
1. ©. We have

—2v

2u
Jo(u,v) = ( ) and AG(u’ v) = 4u? + 4p2.

v 2u
Also
x2 + 2 = (U* — v?)? + 4u? = (u? + v?)?

so (x2 + y)Y? = y? 4 v2. Hence

1 : 1
A

G(A)

=4 ‘U du dv = 4-area(d) = m.

A

2. (@) 18 m)o

22 128

(a) dydx = || |Agu, v)| dudv = Au* + v2)dudv = =5
0 Jo

G(A

=

A

2 2
(b) J xdydx = j‘ j‘ w? — v)4u? + v*) dudv =0,
o Jo

G(

EN

)

3. (a) 42 (b) 120
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4. 2. We have

A4+4x+40"2 =1+ 2u if u=0,

1 1
Je(u,v) = (Zu _1> and [Agu, )l =1+ 2u

SO

1 1
JJ mdydx: jfm(l + 2u)dudv = area of A = 2.

G(4) A

5. (a)

(b) 1. We have

1 0
Je(u, v) = < ! 2v> and Af(u,v) =2v

SO

1 1 1
jfxdydx: JIuZududu:Z[ fuvdudv:—.
Jo Jo 2

F(R) R

6. mab. Let F be the map given by
X =au and y = bo.

Then F is linear, and Ay = ab. Let D be the unit disc. Then

ff dydx = J ab du dv = ab(area of D) = nab.

F(D) D

7.9 8 1500n. 9. 157ab
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10. Let F be the map such that x =u — v and y = v. Then we can solve for the
inverse mapping G, namely (u, v) = G(x, y) is such that

v=y and u=x+y.

Both F and G are linear. Let T be the triangle consisting of all points (x, y)
such that

0=x 0=y, x+y=s1.
In terms of u, v these inequalities are equivalent to

0<u—u, 0=v usl,

so G(T) is the set of points (u, v) such that

We illustrate T and G(T) on the next figure.

v-axis y-axis

1 wu-axis 1 x-axis

1 -1
We have Jpz(

0 1> and A =1, so

Jj o(x + y)x"y" dy dx = Jf ou)(u — v)™v" dv du
T

G(T)

1 u
= J j o(uw)(u — v)™" dv du.
0

0

We change variables, for each u we let v =tu so dv=u dt. Then the last
integral is equal to

1 1 1
j. o(u) j (u — ut)™(ut)"u dt du = J ouu™*t"*1 dy Jl(l —ty"t" dt,
0 0 (4]

0

as was to be shown.

1.0 124
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XVII, §5, p. 481

1 0 0
1. (a) (0 pcos¢e sin go) and determinant is p.
0 —psing cose

(b) '[J:[ F(G(O, @, p))p dp do dO = J]T 10,1, 2) dz dr d6

4 G(A)
. 4nabc 4. $na®-14

8. In both parts Vol(L (D)) = Vol(D), because det(4) =1. For an upper tri-
angular matrix, the determinant is the product of the diagonal elements.

9. 3(e—1)/4
Appendix, §1, p.493
1 j" f(x)dx = CJE f(x)dx
and

(g +hy= f " SN0 + he dx = f [/ (g(x) + O] dx
- j F()g00) dx + f SO dx = <f, g + <J h.

2. Take the scalar product with f;. We obtain for each i,

0=<clf1 +"'+cnf;|’f;>= Z Ck<f;¢’f;> = ¢

k=1

3. If ¢hy, > =0 and (hy, ) =0, then

Chy + hyy 5 =<hy, £+ Kby, f5 =0

If ¢ is 2 number and ¢k, > =0, then {ch, f> =c<h, f>=0.

z 12/ = 12
g([ f(x)zdx) (f g(x)de>

T 1/2 T 1/2 T 1/2
(f [f(x)+g(x)]2dx>/ g(f 1602 dx) +( f " gy dx>

4. Jw f(x)g(x)dx
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3 5
7. (b) 1/4 © ISI =\/T‘ and |gll =% @ 1/2,1/3,1
Appendix, §2, p. 502

1 @@ /57 (b) (n+m/3)"2

sin 2x +1sinnx
St (T ——

4. (a) §=sinx—

n? cos 2x cos nx
(b)x2=?—4 cosx—7~+---+(-1)"“7
© | |_1r 4 cos 3x cos(2n + 1)x
C x—2 1r Cos X + 32 + - Cn+ 12

1 cos2x
@3-
©) |sin x| 4 /1 cos2x cos 2nx
X|l=—-— —_——.e — —_—

n\2 3 4n? — 1

4 /1 cos 2x CcoSs 2nx
f) Jeosx|=~{-+ v (=1
(O loosx| = (5 4+ 73 4ok (<1 o 4 )

(g) sin® x = 3 sin x — L sin 3x

(h) cos® x =2 cos x + % cos 3x



Index

A

Acceleration 56

Additive inverse 370

d’Alembert 5

Angle between planes 38

Angle between vectors 30

Area 234, 328, 467

Area of parallelogram 46, 326, 454,
457

B

Ball 21

Beginning point 10

Bessel inequality 493

Boundary 127, 238

Bounded 233, 238, 239

Bounded from above and below 239

C

C'-function 207, 443
Center of mass 314, 334
Chain rule 441

Change of variables formula 469, 478
Closed ball 21

Closed disc 21

Closed path 214

Closed set 127

Column vector 367
Completing the square 156
Component 490

Component of matrix 367
Composite 87, 404, 409
Cone 325

Connected 186
Conservation of energy 112
Conservative 112
Constraint 135

Continuous 31, 207, 235
Coordinates 4

Critical point 123, 149
Cross product 44

Curl 343, 360

Curve 51, 183

Curve integrals 208
Cylinder 325

Cylindrical coordinates 298

D

Degree 147

Density function 348, 334
Dependence of integral on path 228
Derivative of curves 52

Derivative, partial 72

Determinant 412, 455

Determinant as area or volume 456
Diderot 5

Differentiable 51, 80, 207, 438
Differential operator 156
Differentiating under integral 198
Dilation 338, 463

Direction 10
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Directional derivative 100

Disc 20

Discriminant 158

Distance 19, 103, 232

Distance from point to plane 41
Divergence 280, 285, 343
Divergence theorem 345

Dot product 14

Double integral 236

E

Element 385

Elementary cylindrical region 299
Elementary spherical region 305
End point 11

Equipotential 70

Equivalent vectors 12

Euler relation 92

Extremum 135

F

Flux 336

Fourier coefficient 490
Fourier series 497
Function 66

Function of distance 103

G

Gauss identities 355

Gauss’ law 351

Gradient 75

Graph 67

Greatest lower bound 239

Green formulas 288

Green’s theorem 270, 275, 282, 475

H

Harmonic 108
Heat flux 334
Hessian 451
Homogeneous 168
Hyperplane 38

I

Identity mapping 406

Image 386

Implicit function theorem 446
Independence of vectors 428

INDEX

Injective 327, 407

Integrable 294

Integral 236, 242, 294, 333

Integral of vector field along
curve 208

Integral of vector field over
surface 335

Interior 126

Intersection 386

Inverse 406, 410

Inverse of matrix 376, 431

Inverse mapping theorem 444

Invertible 410, 443

Isothermal 70

J

Jacobian determinant 436
Jacobian matrix 434
Join by a curve 185, 208

K
Kinetic energy 113

L

Lagrange multiplier 137
Laplace equation 86, 108, 120
Least upper bound 239
Length 62

Level curve 68, 152

Level surface 69

Lie in set 385

Lie on surface 93

Line segment 32, 398
Linear mapping 393

Lines 32

Local max or min 124, 151
Locally C'-invertible 444
Located vector 10

Lower sum 235

M

Magnitude 18

Mapping 298, 318, 386

Mass 248, 334

Matrix 367

Matrix of linear map 394
Matrix of quadratic form 451



Maximum and minimum 124, 128,
158
Multiplication of matrices 372

N

Newton’s law 112
Non-degenerate 158

Norm 17, 489

Normal 37

Normal unit vector 224
Normal vector to curve 60, 283
Normal vector to surface 283

(0]

Open ball 21

Open disc 20

Open set 70

Opposite curve 217
Opposite direction 10, 13, 19
Order 165

Orthogonal 16, 489
Outward unit vector 323

P

Pappus’ theorem 341
Paraboloid 325

Parallel 10, 12, 38
Parallelogram 8, 326, 400, 454
Parallelotope 459

Parametric representation 32
Parametrization 32, 319, 327
Parametrized curve 51

Partial derivative 72, 83
Partial differential operator 162
Partial differentiation 114
Partition 235

Periodic 501

Perpendicular 14, 16, 34, 37, 489
Piecewise continuous 494
Plane 36

Plane spanned by vectors 428
Point 4

Polar coordinates 252, 389
Polynomial approximation 174
Position 32, 51

Potential energy 113

Potential function 184, 188, 221
Product 9, 14

Projection 26, 491

Pythagoras’ theorem 24, 490

INDEX

Q
Quadratic form 151, 155, 451

R

Regular point 322
Repeated integral 232
Repeated partials 82
Reverse path 217, 219
Riemann sum 236

Right normal vector 283
Rotation 280, 383

Row of matrix 367

Row vector 367

S

Saddle point 154

Same direction 10, 13, 23
Scalar matrix 372

Scalar product 14, 487
Schwarz inequality 29, 491
Segment 32, 398

Shearing transformation 459
Simple differential operator 165
Smooth 238

Speed 55

Sphere 21, 319

Spherical coordinates 302
Spiral 50

Square matrix 368
Standard form 167
Standard unit vectors 23
Stokes’ theorem 355
Subrectangle 234

Subset 385

Sum of vectors 6

Surface 93, 318

Surface area 319

Surface integral 318
Surface of revolution 325
Surjective 407

Symmetric matrix 371

T

Tangent line 53

Tangent plane 94, 322

Taylor formula 143, 148, 172
Taylor formula in one variable 176
Tetrahedron 479

Torus 320

Transformation 298

I3
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Translation 389 \

Transpose 370

Triangle inequality 30 Value 617,2 111, 386
Triple integral 294 Vector

Vector field 111, 183
Vector field on sphere 483
U Velocity 53
Union 386 Volume 237
Unit matrix 374
Unit vector 23, 99, 323 7Z
Unit vector field 484
Upper sum 236 Zero 17
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