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Preface

This book originated as a set of lectures prepared for courses given by me at
the University of Linkdping in Sweden and at the University of South
Australia in Australia. At Link6ping University the material (apart from
Section 3.E) was delivered in a second year, single semester course (14 weeks,
2 two-hour lectures per week) to engineering students, with the first half
focused on the differential calculus of real-valued multivariable functions,
while the second half was divided between integral calculus and vector cal-
culus. At the University of South Australia the subject was delivered in two
separate semester courses (12 weeks, 2 two-hour lectures per week), the first of
which was offered to second year engineering, science and mathematics stu-
dents and featured differential and integral calculus, including an introduction
to partial differential equations. The second course, taken mostly by third year
mathematics and science students, dealt with vector calculus, although only
the first five weeks of that course was covered by the material in this book.

The lectures generally were so well-received by students that it was thought
the material might appeal to a wider audience. Having taken the decision to
convert my notes into a book, I aimed for a document of manageable size
rather than generate yet another bulky tome on calculus. The result is a book
that students can carry easily to and from class, can take out and leaf through
on the library lawn, or in a booth of a pub, or while lying on the banks of a
river waiting for the fish to bite.

Very many ideas in mathematics are more readily conveyed and more easily
appreciated when presented visually. This is certainly true of multivariable
and vector calculus, and as my lecture material took advantage of many
visual devices, I sought to capture the spirit if not the body of these same
devices in printed form. Consequently, the majority of concepts are intro-
duced and explained with the support of figures and graphics as well as the
generous use of colour. Indeed, colour is used to highlight specific pieces of
information, to emphasize relationships between variables in different
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viii Preface

equations, and to distinguish different roles or actions. The inevitable issue of
colour blindness was raised in the course of the book’s development. To
minimize difficulties, colour typesetting has been configured to allow for some
degree of differentiation even by those readers with impaired colour vision. In
addition, colour has been implemented so as only to benefit one’s under-
standing, and not as an essential condition for understanding.

The book is self-contained and complete as an introduction to the theory
of the differential and integral calculus of both real-valued and vector-valued
multivariable functions. The entire material is suitable as a textbook in its
own right for one to two, semester-long courses in either the second year or
third year of University studies, and for students who have already completed
courses in single variable calculus and linear algebra. Some selection of
content may be necessary depending on student need and time available. For
instance, as the topic of partial differential equations (PDEs) is normally
offered as a separate course to mathematics students, Section 3.E can be
skipped in a multivariable calculus course. On the other hand, a course in
PDEs is not always included in engineering and science curricula, so
Section 3.E is a pragmatic, albeit brief, introduction to the subject, partic-
ularly as its focus is on solving PDEs in simple cases. Alternatively, because
of its illustrative emphasis, the book can also perform the role of a reference
text to complement one of the more standard textbooks in advanced calculus,
such as [1], thus providing the student with a different visual perspective.

Consequent to the ambition of producing a portable book, the reader should
not be surprised that some areas of the calculus are not covered in detail. One
other notable sacrifice is mathematical rigour. There are very few proofs
included and those that have been are deliberately sketchy, included only to
give students a rational justification for, or to illustrate the origin of, an idea.
Consequently, students of pure mathematics may want to complement this
book with one that offers a deeper analysis, such as [2].

Within each chapter is a sequence of Mastery Checks, exercises on the topic
under discussion that are usually preceded by solved examples. Students are
encouraged to attempt these Mastery Checks and keep a record of their
solutions for future reference. To reinforce the ideas, additional exercises
appear at the end of each chapter to supplement the Mastery Checks.
Solutions to both sets of exercises are available to instructors upon request.
I have limited the number of problems in order to restrict the size of the book,
assuming that students would have access to auxiliary exercises in more
standard treatises. All the same, the book contains over 90 Mastery Checks
and over 120 Supplementary Exercises, many with multiple parts.

The reader should be aware that I have made use of mathematical symbols
(such as = and 3) and abbreviations (w.r.t., 3D) in place of text, a common
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practice in mathematics texts and research literature. A glossary of defini-
tions can be found at the end of the book. Wherever they appear in the book
they should be read as the pieces of text they replace. Finally, for easy
reference a list of Important Formulae, covering various topics in multi-
variable and vector calculus, is given on page xiii.
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Important Formulae

Multivariable calculus

e Suppose f,g,h € C' and w = f(u,v) where u = g(z,y) and v = h(x,y),
then the partial derivative of w with respect to z is given by

ow _ 0100 4 0f oh
Or — Oudz v Oz’

to y.
e Suppose f € C? at the point (a,b), then for points (x,%) in a neighbour-
hood of (a,b) the function f has the following Taylor approximation:

and similarly for the partial derivative of w with respect

F(e,) = £, + fola,)Az + fy(a, DAY + S Q(Aw, Ay) + R(Az, Ay)
where

Q(Az,Ay) = frr(a,b)(Az)* +2fuy(a,b)AzAy + f,,(a,b)(Ay)®
and R is a remainder term of order ((Az?+ Ay?)*?).
e f= f(x,y,2) € C?is asolution of Laplace’s equation in domain D C R? if
f satisfies

’f  0*f 0*f
2 = — —_ —_— =
v f_8x2+8y2 +822

e The Jacobian for the transformation (z,y)— (u,v):

r 0
;@) _ |5 o
O(u,v) % %

xiii



xiv Important Formule

e Orthogonal curvilinear coordinate systems and their corresponding change
of variables:

1. Polar coordinates: » >0 and 0 < 0 <2m; Jacobian, J = r.
{x=rcosl, y=rsinf}

2. Cylindrical polar coordinates: >0, 0<0<27 and z € R; Jacobian,
J=r.

{x =rcosb, y=rsinb, z==z}

3. Spherical polar coordinates: p>0, 0<¢<m, 0<0<2m; Jacobian,
J = p?*sin ¢.

{x = psingcos b, y= psingsinb, z = pcos¢ }

o Alevel set to a function f(x,y) is the set {(x,y) : s.t. f(z,y) = C} for some
real constant C. The gradient of f is always normal to a level set of f.

e An iterated integral of a function of two variables over a y-simple domain
D={(z,y):a<z<bgi(x) <y<g(z)}

J[ rawaa= [ e /g i()) F,p)dy.

e An iterated integral of a function of two variables over a z-simple domain
D= {(z,y): c<y<d;hi(y) <a <hs(y)}

J] f@maa= | "y / h(i) f,y)de.

e For a bijective transformation D > (z,y)+— (u,v) € E with Jacobian
determinant, J # 0, the double integral of f(z,y) = F(u,v) is

||ty = [[ P

d(z,y)

3w, ) dudw.




Important Formula Xv

Vector calculus

e A O vector field F = F(x) defined in some domain D C R? is said to be

1. solenoidal in D, if V-F =0 in D;
2. irrotational in D, if V x F =0 in D;
3. conservative in D, if F = V¢ in D for some C? real-valued function

¢ = p(x).

e In terms of a 3D curvilinear coordinate system {&;,&,,&;}, with unit
vectors ap, as, a3, and scale factors hi, ho, hg, the gradient, divergence and
curl operations on scalar (¢ € C') and vector (F € C*) fields, respectively,
take the form

toe, 1o, 1ao
Vo= 16 T hog, T hyog, ™

1 0 0 0
V-F=—— |- (hohsF)) + —— (hihsFy) + —— (hiho Fy) |,
o [g, (12T g, nTaf2) e nfaf)
hia;  hpas  hsag
P P P
VXF:—hthhg 0_51 0—52 3—&

hiFy  hoFy h3F3

For Cartesian coordinates {&,,&,, &5} = {z1, 22,23} = {x,y, 2}, by = ha =
h3 = 1, and (a1 =€ :i;aQ = €9 :j;ag =e3 :k)
e Some useful vector identities. Suppose 1, ¢ : R> — R and h: R — R are
C' scalar-valued functions, f,g : R® — R? are C! vector-valued functions,

x = (z,y, 2) is a position vector of length r = |x| = /22 +y?+ 22 and cis a
constant vector.

(1) V() =9yVo+ oV

(2) V- (¢f) =¢V -f+f-Vo

(3) Vx(¢f)=¢VxFf+Vexf

(4) V(£ g)=(F -V)g+(g- V)I+fx (Vxg)+gx (VxI)
(5) V-(fxg)=g- (Vxf)—f (Vxg)

6) Vx(fxg)=£f(V-g)—gV-£)+(g-V)f-(f-V)g
(7) Vx(Ve)=0

(8) V- (Vxf)=0

(9) Vx(Vxf)=V(V-f)— V2

(10) V-x=3

(11) Vh(r) = X

T drr



xvi Important Formule

(12) V- (h(r)x) = 3h(r) —&-T%
(13) Vx (h(r)x)=0

(14) V(c-x)=c

(15) V-(cxx)=0

(16) V x (cxx)=2c

e Vector integration

1. Line integral of f =f(r) over T ={r=r(¢) : a <t <b}:

/Ff-dr:/abf(r(t))-%dt

2. Surface integral of f=f(r) over S = {r=r(u,v): (u,v) € D C R?}
with unit surface normal N:

//Sf : dS://Sf : NdSz//Df(r(u,v)). (%X%)dudv

3. Green’s theorem for f = (f, fo) € C' over a finite 2D region D bounded
by a positively oriented closed curve I':

ﬁf.drzﬁ(fldﬁf?dy) ://D(%—%—J;l)d/l

4. Gauss’s theorem (divergence theorem) for f € C' over a finite 3D
region V bounded by smooth closed surface S with outward pointing,
unit surface normal, N:

///V(v-f)dvzﬂsf-Nds

5. Stokes’s theorem for f € C' defined on a smooth surface S with unit
surface normal N and bounded by a positively oriented, closed curve I':

//S(VXf)'ds://S(VXf)'NdSZjéfdr
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Chapter 1

Vectors and functions

Many mathematical properties possessed by functions of several variables
are couched in geometric terms and with reference to elementary set theory.
In this introductory chapter I will revisit some of the concepts that will
be needed in later chapters. For example, vector calculus springs naturally
from vector algebra so it is appropriate to begin the review with the latter
topic. This is followed by a short review of elementary set theory, which
will be referred to throughout the book and will indeed help establish many
foundation concepts in both the differential and integral calculus. Coordinate
systems and the notion of level sets are also discussed. Once again, both topics
find application in differential and integral multivariable calculus, as well as
in vector calculus.

It goes without saying that a review of single-variable functions is helpful.
This begins in this chapter (Section 1.C), but continues in Chapters 2, 3
and 4 as needed.

To help appreciate the behaviour of multivariable functions defined on two or
higher dimensional domains, It is useful to at least visualize their domains of
definition. Sometimes, though, it is possible, as well as necessary, to visualize
the entire graph of a function, or some approximation to it. Some people
are more hard-wired to visual cues and visual information, while others are
more comfortable with abstract ideas. Whatever your preference, being able
to draw figures is always useful. Consequently, in this chapter we also review

some basic 3D structures and show how to draw them using MATLAB® . Of
course, other software will serve equally well. In the event of the reader being
unable to access software solutions, there is included a subsection which may
hopefully illustrate, by example, how one can obtain a picture of a region

© Springer Nature Switzerland AG 2020 1
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2 Vectors and functions

or of a function graph directly from a mathematical formula or equation.
Although it is not possible to offer a general procedure that works in all
cases, some of the steps may be applicable in other instances.

1.A Some vector algebra essentials

Unit vectors in 3-space.
Let a > 0 be a scalar, and let

v =(a,,7)
=oi+ Fj+7k
= ae; + fex + ves

be a vector in R?® (see Section 1.B) with z-, y-, and z-components «, 3,
and 7.

This vector has been written in the three most common forms appear-
ing in current texts. The sets {i,j,k} and {e1, ez, e3} represent the same
set of unit vectors in mutually orthogonal directions in R3. The first form
simply shows the components along the three orthogonal directions without
reference to the unit vectors themselves, although the unit vectors and the
coordinate system are implicit in this notation. The reader should be aware
that we shall have occasion to refer to vectors using any of the three formats.
The choice will depend on what is most convenient at that time without
compromising understanding.

Multiplying a vector v with a scalar will return a new vector with either
the same direction if the scalar is positive or the opposite direction if
the scalar is negative. In either case the resulting vector has different
magnitude (Figure 1.1). This re-scaling will be a feature in Chapter 5 where
we will need vectors of unit magnitude. For av, with a € R, to be a unit
vector we must have

1
lav| = |al|v] = a/a2 + B2 4+72 =1, ie, 0= ———.
Oé2+/82+"}/2

Therefore, to construct a unit vector in the direction of a specific vector v
we simply divide v by its length:
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Figure 1.1 The unit vector.

The product of two vectors in 3-space.
Let u and v be two non-parallel vectors in R3:

u = (a1,a2,a3) v = (bi,bs,b3).

There are two particular product operations that we will utilize on many
occasions. These are the vector and scalar products. From them very useful
information can be extracted.

(a) A vector perpendicular to both w and v is
ijk
w =UuUXvV=|a az as
b1 bs b3
= (a253 — asbe,azby — arbz, arby — azb1)
= —v X u.
This is called the “vector” or “cross” product. Note that w x v is antipar-
allel to v x u. The relationship between the three vectors is shown in
Figure 1.5.
(b) The magnitude of the vector (cross) product of two vectors
ij k
ay ag as
b1 by bs

lu x v| = |w| = = /(azbs — azby)? + - -

gives the area of a plane parallelogram whose side lengths are |u| and |v|
(Figure 1.2).

Area = |u X v|
u

=

Figure 1.2 The u x v parallelogram.

v



4 Vectors and functions

The magnitude of the vector product is then given by
] = Jul o] sinf,

where 6 is the angle between w and v lying in the plane defined by
u and v.

(c) The angle 6 between the vectors w and v (Figure 1.3) can also be
(and usually is) obtained from the “scalar” or “dot” product, defined

as
u-v = a1by + asby + asbs
= |ul|v| cos 6.
So we have
cosf = wo
|ul[v]

If = 0, then the vectors are parallel and u - v = |ulv|. If § = g, then

the vectors are orthogonal and w-v = 0. For example, in 2(a) above,
w-u=w- v =0 as w is orthogonal to both u and v.

We will make extensive use of these products in Chapter 2 (Sections 2.E
and 2.G) and throughout Chapter 5.

Figure 1.3 The projection of v onto wu.

A plane in 3-space.
The equation of a plane in R3, expressed mathematically as

P ={(z,y,2) : ax + by + cz = d; a,b,c not all zero.}
can be determined knowing either

(a) three non-collinear points on the plane; or

(b) one point and two non-parallel vectors lying parallel to the plane.

Consider alternative 3(a). Let @; = (x4, ¥4, 2:), ¢ = 1,2, 3, be the three points.
Construct two vectors, 4 and v in the plane (Figure 1.4):



1.A Some vector algebra essentials 5

U =Ty — &1 = ($2—$17y2—y1,2’2—2’1)

v=x5—x = (T3—21,Y3 — y1,23 — 21)

u T2

T g s

Figure 1.4 Construction of vectors u and v.

As long as x1, 2 and x3 are not collinear, then w and v will not be super-
imposed or even parallel and

w:uxv:(a,ﬁ,’y)

will be a vector normal (perpendicular) to w4 and v and thus normal to the
plane in which the x; lie.

AT

Figure 1.5 Construction of the plane P.

By convention, the direction of w = u X v is given by the right-hand rule:
Using your right hand, point the index finger in the direction of w and the
middle finger in the direction of v, then the thumb shows the direction of
w. The vector product and its various geometric properties will play central
roles in Sections 2.C and 5.D.

Now consider alternative 3(b):

Let (x,y,z) be any point in the plane P except for the given points
(zi,yi,2:), ©=1,2,3. We construct the plane vector (z—z1,y— y1,
z — z1) that joins this new point with the point x;. Using concept 2(c) we
have

w-(z—21,y—1y1,2—21) =0
= a@—z1)+ By —y)+y(z—2)=0
= ar+py+vyz=K.
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The scalar product is thus instrumental in giving us the equation for the
plane P with a = «a, b=, c=+, and d = K.

Alternative 3(b) is actually a version of alternative 3(a), except we are
here given w and v with which to create the orthogonal vector w. This
method of deriving the equation of a plane will be utilized in Sections 2.C
and 5.D.

A line in 3-space.
The general equation of a line,

_ L T—=To _Y—Y _ Z— 20
L= {(m,y,z). — = = }, (1.1)

can be derived using analogous reasoning. We need to know either

(a) two points on the line L, or

(b) one point and one vector parallel to L.

Consider alternative 4(a).
Let (x;,9:, %), ©=0,1, be the two given points. Construct the vector u
directed from one point to the other:

u = (331 —Z0,Y1 — Yo,21 — Zo) = (o, 8,7).

As the two points line in the straight line L so too must the vector u as
shown in Figure 1.6. Note that as in Point 3, this construction leads directly
to alternative 4(b) where w is given.

x = (z,y,2)

x, T &L

Figure 1.6 Vector u parallel to line L.

Using either alternative set of information, any point (z,y,z) on L can be
determined by simple vector addition,

x = =z + tu, teR. (1.2)

direction of stepping

(fixed) starting point
scaling (continuous parameter)
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As indicated, this equation says that to determine any new point on the line
we begin at a convenient starting point xy; and continue in the
direction u a distance determined by the scalar t.

This simple vector equation is equivalent to the general equation given in
Equation (1.1) above. We get the latter by splitting Equation (1.2) into its
components and solving each component equation for the common scalar
variable ¢.

A particularly important feature of this equation, which is linear in the
parameter ¢, emerges from the single-variable derivative of each
component

dx dy dz
a = a = w
Combining these into a vector equation we have that
dx
T u — the tangent vector.

This last result is elementary, but has important applications in Sections
5.A and 5.C, where the straight line concepts are generalized to the case of
nonlinear curves.

The scalar triple product u - (v X w).
Let w,v,w be three non-parallel vectors. These define the edges of a
parallelepiped as shown in Figure 1.7.

0 — the angle between w and v x w

v X w d = |u|cos 6

Figure 1.7 The u, v, w parallelepiped.

To form the scalar triple product, we first form the vector product of v and w,
v X w, and then form the scalar product of that result and w. The magnitude
of the scalar triple product, which is found using Point 2(a), is given by
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lu- (v x w)| = |ullv x w||cos b
= |v X w||u||cos b

= |v x wl||u|cos b
—_—— ———

/

area of the (v, w) parallelogram perpendicular height, d

This gives the volume of the parallelepiped formed by the vectors u, v, and

w. Let
u = (a1, a2,a3) = a1i + azj + ask,
v = (b1,b2,b3) = b1i+b2j+b3k, and
w = (c1,¢2,c3) = c1i+ c2j + c3k.

Using the determinant expression in 2(a) we have

ik
vXWw=|b byb3| = (bQC3 — bgcg)i + (b301 — b163)j + (b182 — bQCl)k,
C1 C2 C3

and therefore

u- (v X w)
= (a1i+ azj + ask) - ((bzcs — bycz)i+ (bscr — bics)j + (brcz — bacr)k)
= a1 (bacg — bzca) + az(bscr — bics) + az(bica — bacy)
aj a2 ag

= |b1 by b3
C1 C2 C3

The scalar triple product can be written succinctly in determinant form.
Make the important note that the determinant notation does not mean that
we take absolute values! So this result could be negative or positive. Remem-
ber, we are dealing here with vectors and angles.

The scalar triple product and the interpretation of its magnitude as the
volume of a parallelepiped is a central feature of multiple integrals in
Section 4.H.
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The vector triple product u x (v x w).

As we noted on Page 3, the vector (v X w) is perpendicular to both v and w.
Now suppose vector w is not coplanar with v and w. What
happens if we form the vector cross product of this vector with (v x w)?

Following the same line of reasoning, the result is a new vector which is
perpendicular to both w and (v X w). Given that we have only three dimen-
sions to play with (in R3), u x (v x w) must lie in the plane defined by the
original vectors v and w.

Consequently, u x (v X w) must be a linear combination of v and w.
In fact, by twice applying the determinant formula for the cross product it
can easily be verified that

ux (vxw)=(u wv-—(u v)w.

Try it!

The subject of this section may seem elementary within the context of straight
lines, but the concepts will prove to be quite important when generalized
to multivariable scalar and vector function settings in which we deal with
tangent vectors to more general differential curves.

1.B Introduction to sets

We begin this section with some useful definitions. The reader may refer back
to their notes from linear algebra. Alternatively, a good reference is [16].

Definition 1.1

Given that R® =R xR x --- xR is the set of all points  having n
independent real components, then x = (x1,x2,...,%,) € R (where x; €
R) defines a point in n-dimensional Cartesian space.

Other notations in common use for a point in R™ are: z, T, T, and x.
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B Example 1.1:
The set of points in R? is given as R? = {(z,y) : € R,y € R}; a single point
with its defining pair of coordinates is shown in Figure 1.8.

(z,y)

Figure 1.8 A point in 2D Cartesian space.

B Example 1.2:
The set of points in R? is given as R3 = {(z,9,2) :x € R,y e R,z € R}; a
single point with its defining triad of coordinates is shown in Figure 1.9.

Figure 1.9 A point in 3D Cartesian space.
|

It is not possible to provide a picture of € R™ for n > 3 (nor R™ itself).
However, there should be no cause for concern as points in R™ behave the
same as points in R? and R3. That is, they follow the same set of rules. So
it is enough to be familiar with points and point operations in R? and R3,
and then being able to generalize their properties. The most important point
operations are listed below.

Vector algebra laws.

Let z,y € R" and A € R.

At its most basic description, R™ is an example of a linear vector space which
is characterized by the two properties of addition and scalar multiplication:
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(&) z+y=(z1+y1,22+y2,...,2n +yn) ER™
(b) Ax = (Az1, Aza,..., Az,) € R™.

As a direct generalization of the scalar product of 2(c), points in R™ satisfy
the so-called inner product,

(¢c)x-y=x1y1 + ...+ oy € R — R™ is called an inner product space.

Finally, there are the following generalizations to R™ of the two fundamental

geometric measures:

d) |z|=vE = /2?4 - +2a2 — the length of .

(@) |z —yl= (21 —y1)?+ -+ (0 — yn)?
— the distance between points.

With this distance property R™ is also a so-called metric space, since the
distance between points is one measure or metric that allows a geometric
characterization of a space.

Using the above definitions one can prove (See Mastery Checks 1.1 and 1.2)
some fundamental relations satisfied by position vectors in R™. These are
useful in analysis to establish order relations between vector quantities.

(f) Cauchy-Schwarz inequality:
-yl <lzllyl; g1+ 2y S VT + a2yl

(g) Triangle inequality: |z +y| < ||+ |yl

T-y
z||y|

(h) The Cauchy-Schwarz inequality (f) means —1 < | <1.

Just as in R? and R3, property (h) allows us to define an angle 6 between
vectors  and y in R™ such that
m .
cosf = zy
[yl
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#  Mastery Check 1.1:
Prove the Cauchy-Schwarz inequality (f).

Hint: Consider the case n =2 before tackling the general theorem. If you
square each side of the inequality, you can show that the difference between
the results for each side is > 0. This suggests that a proof might be possible

by working backwards.
o)

#3 Mastery Check 1.2:
Prove the triangle inequality (g).

Hint: This is achieved easily using (f). Begin by squaring |z + y|.

Points and sets
In general R™ we can use property (e), involving the distance between two
points, |& — y|, to help generalize the “interval” concept to R™.

In R, the inequality |z — a|] < € (which is equivalent to saying a —e < x <
a + €) describes the set of all # € R which lie within € of a. In R™ we have
the analogous case:

Definition 1.2
Given a € R™, an open sphere S,.(a) C R"™ centred at a and of radius
T is the set of all points € R™ that satisfy |x —a| < r:

Sp(a) ={x: |z —a| <r}

for some r € R. That is, the set of all points x € R™ which are no further
than r from the given point a.

Remarks
* The open sphere is non-empty, since it contains a at least.

* In this context a is called the centre, and r the radius of the set.

The open sphere S,.(-) may now be used to define other point and set prop-
erties.
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Definition 1.3
A point x is called

e an interior point of a set M C R"™ if there is an open sphere
Sy(x) C M for some r > 0;

e an exterior point of a set M C R" if there is an open sphere
Sp(x) ¢ M for some r > 0;

e o boundary point of a set M C R™ if for any r >0 (no matter
how small), Sy(x) contains points in M and points not in M.

These point definitions are illustrated in Figure 1.10.

\
\
T \
\
1
]
|

exterior point

J
—7

{
f
—F 7
:oum;xry point

interior point

Figure 1.10 Interior, exterior, and boundary points to a set.

The reader should work through the following Mastery Checks to consolidate
their understanding of these point definitions before going on to set-level

concepts.

4 Mastery Check 1.3:
Let M ={(z,y):0<z<1,0<y<1}

Draw a diagram of M on the Cartesian plane, showing the points
Pl(%, %)7 Pg(l, %), and Pg(—l, 1)

Classify the points as interior, exterior, or boundary.

#3  Mastery Check 1.4:

Let M = {(z,y) : %—i—(y—l)2 <1}



14 Vectors and functions

Draw a diagram of M showing the points Pi(2,1), P»(3,1), and P3(—1,2).

Classify the points as interior, exterior, or boundary.

£

We now establish a framework within which to categorize points that possess
common properties. We begin by grouping points according to Definition 1.3.

Definition 1.4

o The set of all interior points of a set M is called the interior of M,
and denoted Int(M):

Int(M) ={x:xz e M and S,(x) C M for some r > 0}.

e The set of all points not in M is called the complement of M, and
denoted M*€:
Mé={x:x¢ M}.

o The set of all boundary points of a set M is called the boundary of
M, and denoted OM .

It follows from these definitions that Int(M€¢) C M€, and if x is an exterior
point to M, then x € Int(M¢) C M°.

The concept introduced in the next definition will play an important role in
our analysis of multivariable functions.

Definition 1.5
A set M is called open if it contains only interior points.

Accordingly, a set M is an open set if for every point & € M a positive radius
r can be found such that S, (x) contains only other points in M. Also, only
under the specific condition of set M being open is Int(M) = M. Finally, an
open neighbourhood of a point @ € M is an open set W € M.

Although we can utilize the notion of an open set to define a closed set
(see Supplementary problem 7), it proves useful to invoke an independent
concept to define a closed set, that of so-called limit points. In this way we
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can introduce a notion that is central to our forthcoming discussion on limits.

Definition 1.6
A point a of a set M is said to be a limit point of M if every open
sphere S.(a) contains at least one point of M different from a.

This means that there are points in M that are arbitrarily close to a. Hence,
in approaching a from within M we are always guaranteed to encounter other
points in M.

Introducing limit points not only allows for a meaningful definition of a closed
set, but it also allows one to readily prove a number of facts about closed
sets, some of which are included as exercises at the end of this chapter. First
the definition:

Definition 1.7
A set M of R™ is said to be closed if it contains all its limit points.

And, intimately related to this definition is the concept of set closure. For
our purposes we invoke the following definition.

Definition 1.8
The closure of a set M, denoted M, is the union of Int(M) with its
boundary:

M =Int(M)UOM = {x :x € Int(M) or x € OM}.

Alternatively, M can be defined as the union of M and the set of all its
limit points, Lys. It can be shown (see Supplementary problem 7) from this
definition that (a) a closed set M is equal to its closure M, and (b) that a set is
closed if and only if it contains its boundary. Along this same line of thought,
an alternative consequence of Definitions 1.5-1.8 is that the boundary of a
set M contains those points that are in common with the closure of a set M
and the closure of its complement, M€. In other words

OM ={z:x € MnMc}.
The concept of set boundedness arises in both contexts of differential and

integral calculus of multivariable functions. As the term suggests it essen-
tially relates to a set being limited in geometric extent.
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Definition 1.9
A set M C R" is called bounded if there exists a K € R such that |z| <
K forallx € M.

Definition 1.5 is utilized in the definition of derivatives in Chapter 2, while
Definitions 1.4-1.9 are invoked in Chapter 3 and 4, although they are also
used implicitly elsewhere.

45 Mastery Check 1.5:
(1) Let M ={(z,y) : 0 <z < 1,0 <y < 1}. What is the set IM?

(z—1)°

1 +(y—1)2§1}.What is the set OM?

(2) Let M = {(m,y) :

oa)

The next definition is most useful when invoked together with function con-
tinuity to establish conditions that guarantee certain function behaviour. We
shall see this employed in practice in Sections 3.B, 4.A and 4.D, but also 1.C.

Definition 1.10
A set M C R"™ is called compact if it is both closed and bounded.

#5  Mastery Check 1.6:

For each of the sets M given below, answer the following questions:

Is M bounded? If it is, find a number K such that || < K for all x € M?
Is M compact? If it is not, write down the closure M = M U M.

Then draw a diagram showing M, OM, and K.

(1) Let M ={(z,y): 0<2z<1,0<y<1}

(z—1)

(2) Let M = {(%y): -

Fy-12< 1}.
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1.C Real-valued functions

Basic concepts and definitions.

In Chapters 2, 3, and 4, we focus attention almost exclusively on scalar-
valued functions of many variables, while in Chapter 5 we extend the ideas
to vector-valued functions. In both contexts the following introduction to
fundamental properties of multi-valued functions is invaluable. To start, we
introduce some more notation and a pictorial view of what functions do.

In single-variable calculus we have the following scenario:

Let y = f(x). The “graph” of f is the set of ordered pairs {(z, f(z))} € R2.
This is shown graphically in Figure 1.11 where the independent variable x
and dependent variable y are plotted on mutually orthogonal axes.

Figure 1.11 The Cartesian graph of y = f(x).

This way of visualizing functions of one variable was introduced in the early
170 century by René Descartes [17], and is named the Cartesian representa-
tion in recognition. It is quite a useful means of illustrating function depen-
dence and function properties, especially for functions of one or two variables.

It ceases to be as useful, however, for functions of more than two variables.
For the latter cases one resorts to simply considering a set-mapping picture.
For the case y = f(z) this is a simple interval-to-interval map as shown in
Figure 1.12.

T | — Y
— N—
Dy Ry

Figure 1.12 The set map of Dy CR — Ry CR.
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For real-valued functions of many variables: y = f(x) = f(z1,22,...,2Zn),
the corresponding illustrative representation is shown in Figure 1.13. The
left-hand z-interval in the single-variable calculus case is replaced by a more
general x-region for the multivariable case.

———
Dy — a subset of R" R; — a subset of R

Figure 1.13 The set map of Dy CR" — R; CR.

Definition 1.11

Consider a real-valued function f of one or more variables, whose graph
is the point set {(x, f(x))}.

The domain Dy of f is the set of all values of x for which f is defined
(that is, for which f makes sense).

The range Ry of f is the set of all possible values of y = f(x) for all
T € Df.

In our multivariable setting € R™ is the independent multivariable and
y € R is (still) the dependent variable. It is common to find the following
terminology used in text books. The independent variable, here o € R™,
is sometimes referred to as the pre-image of y, while the dependent vari-
able, here y € R, is called the image under f. The function f is alternatively
referred to as a mapping from one set to another, or an operation that takes
a point, here x, to y, or a rule that associates y with a point x. As far as
mathematical notation is concerned, the mapping under f is either described
pointwise
frxr—y
or in a Set-wise sense:

fZngRn —>ng}1§

Both references will be used in this book.
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B Example 1.3:
Consider f(z,y) = /y — x2.

Now, recall from single-variable calculus that s = ¢'/3 is defined for all ¢, since
if t > 0, then s > 0;
if t <0, then s < 0;
if t =0 then s = 0.
In addition, we readily see that y — 22 can take any real value. Combining
these facts we deduce that f is defined everywhere. This implies that Dy = R?

and Ry = R.

|
#3  Mastery Check 1.7:
Find the (implied) domain and range of the following functions:
1. f(z) = V16 — o%; 4. f(z,y) = V9 — 2% —y?%
5 f(x)_?)—ﬁ_ 5. f(z,y) =In(z —y);
' T 1+a2 6. f(w,y,2) =]z — 2 —y?)).
3. gd(z) = sin™* (tanh(z));
(The function gd(x) is known as the Gudermannian function.)
o)

B Example 1.4:

Suppose f(z,y) = sin™ (22 4 3?).

Before considering this multivariable function, recall from single-variable cal-
culus that within the intervals fg <z< g and -1 <w <1,

lw < w=sinz.

z =sin"
The graphs of these inverse functions are shown in Figure 1.14.
Note that in our case w = 2 + y? > 0, and therefore so is z > 0. So,
lw| <1 = |22+ <1 = 0<2®+y° <1

This defines the unit disc in the xy-plane. That is, Dy is the unit disc (the
unit circle and its interior).

Similarly, |z| < g = 0<2< g since z > 0. So, Ry = [0, g}
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7777777777 —n/2

Figure 1.14 Graphs of the functions (a) z = sin~ ' w and (b) w = sin z.

#3  Mastery Check 1.8:
Consider the function f(x,y) = In (2 — 612“/2). Find the implied domain and
range.

oa)

Although we will pay considerable attention to real-valued functions of sev-
eral variables, we shall see in Chapter 5 that there is another important
class of functions of several variables. These are vector-valued multivariable
functions. Examples include:

(a) f: t— yeR?
— vector-valued functions of one real variable, ¢.

.f(t) = (fl(t)’f2(t)7 .- '7fp(t))

(b) f: zeR” — yeR™
— vector-valued functions of a vector variable
(several real variables).

f(iL‘) = (fl(:l?),fg(il:), i 7fm<w>)

Limits and continuity.

In the next chapter we introduce and explore the concept of partial differ-
entiation. In the lead up to that discussion it will be necessary to explain a
number of concepts we shall then take for granted. Most importantly there
is the notion of function continuity. For multivariable functions this will be
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discussed in detail in Section 2.B, but we can set the stage here with a short
review of the subject as it relates to functions of one variable.

Function continuity is defined in terms of limiting processes. Mention has
already been made of limit points of closed sets. We said that a point a is a
limit point if any open sphere centred on a, no matter how small in radius,
contains points other than a.

Similarly, segments of the real line possess the property that any open interval
I, no matter how small, centred on a point @, contain points x in I different
from a. The real line and any of its finite segments are therefore said to be
complete: containing no gaps. This conjures up the notion of a set continuum,
moving smoothly from one real value to another, never meeting any holes.

This notion gives critical meaning to the formalism z — a as the process of
approaching a real value a along the real line. To be even more precise, we
specify z — a~ and x — a™ as meaning the respective approaches to a along
the real line from “below” a (z < a) and from “above” a (z > a).

Now with thought given to single-variable functions defined on a domain
Dy C R, the different approaches # — o~ and # — a™ for a,z € Dy can have
all manner of implications for the function. Assuming a,z € Dy we define the
process of taking a limit of a function, which we denote either by

lim f(2), lim_f(z), or lim f(z)

r—a

as considering the sequence of values f progressively takes as =z — a—,
x — at, or in their combination. These considerations are of course sepa-
rate to the question of what value f actually takes at a. To summarize all of
these ideas we have the following definition.

Definition 1.12
A function is said to be continuous at an interior point a of its domain
Dy CR if

lim f(z) = f(a).

If either the equality is not satisfied, or the limit fails to exist, then f is
said to be discontinuous at a.

To reiterate, in the context of functions of a single variable the above limit
is equivalent to the requirement that the limits approaching a from below
(r < a) and from above (x > a) exist and are equal. That is, the single
expression lim,_,, f(z) means that
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lim f(r) = lim+f(x) = A
N—— N——

left-hand-side | [ right-hand-side
limit of f(z) /| | limit of f(x)

If the above equality is not satisfied we say that the limit does not exist.
Definition 1.12 then also stipulates that for continuity the common limiting
value, the aforementioned A, must also equal the value of the function f at
z =a, f(a).

The following example demonstrates graphically some different circumstances
under which a limit of a function exists or does not exist, and how these relate
to the left and right limits. Note the sole case of the function value actually
being specified (solid dot) in the left-most graph in Figure 1.15. Is either
function continuous at a?

B Example 1.5:

I
|
I
I
I
I
|
a x

I
\
\
|
a x b‘/

\
The limit does not exist The limit does exist
at x = a. at r = a, not at b.

Figure 1.15 When does a limit exist?
|

From the definition and subsequent discussion we are led to an important
theorem of pointwise continuity.

Theorem 1.1
A function f is continuous at an interior point a if and only if

ln f(z) = lm f(z) = f(a)

T—a~
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In slightly more practical mathematical language the statement of Definition
1.12 and Theorem 1.1 can be expressed by the following:

O0<|z—a|l|<d, z,a€e Dy = |f(xz)— Al <efor some § = d(e).

Graphically, this limit definition can be represented as in Figure 1.16 below.

y 25— y = f(z)
A+ e~ 7

A
A—e—"

Figure 1.16 The -0 condition.

The concepts developed above will be employed in Section 2.B. For now, this
pointwise concept can be extended to the entire function domain.

Definition 1.13
A function f that is continuous at every point of its domain Dy C R is
said to be continuous over that domain.

We denote by C(Dy) the set of all continuous functions defined on the domain
Dy.

Still on the single-variable case, we will have need in Sections 3.C, 4.A and
4.B of the following important theorem, which combines the concepts of func-
tion continuity and domain compactness to give an important result.

Theorem 1.2

Let f : R — R be continuous on a closed and bounded interval Dy C R.
Then f attains an absolute mazimum and an absolute minimum value in
Dy. That is, there exist values x1, € Dy and xy € Dy such that

flzr) < f(z) < f(zy) for allx € Dy.
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A moment’s thought and possibly some simple sketches will make this theo-
rem intuitively obvious. The self-evidence of the theorem, however, does not

diminish its significance.

We end this section with a short catalogue of well-established results that
can assist us in evaluating limit processes for both single-variable and multi-
variable functions, where the latter cases comprise single-variable functions.

Three of the squeeze relations listed below are featured in Figure 1.17.

Some useful standard limits:

. Inx
. sinz ¥ lim — =0 for constant a > 0.
% lim =1. T—00 T
x—0 X
 lim tanz _ 1 * ili% z%Inz =0 for constant a > 0.
* %m(l) — =z t—0 t '

Some useful squeeze relations:

7
(a) sinz <z < tanz, 0<z< .

2
(b)x<o$71<1f—x, 0<az<l1.
(¢) li <In(l+z) <z, forx >—1,#0.
x

(d) e*>14+x Vr#0.

tan z T T y T
4 . 4 In(1 + z) —
sinx
e’ —1
z/(1—x) z
T T ——z/(1+x)

(a) (b) (c)

Figure 1.17 Graphs of various squeeze relations relative to y = .
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1.D Coordinate systems

Up until now we have represented points in R? and R? in terms of Cartesian
coordinates, (x,y) as in Example 1.1 and (, y, ) as in Example 1.2. However,
problems arise that are better described in other coordinate systems. Such
problems arise in both the differential and integral calculus (Sections 3.E, 4.E,
and 4.H) and are usually associated with the geometry of the region under
consideration. The most common coordinate systems that we will encounter
are the polar coordinate system in R?, and the cylindrical and spherical coor-
dinate systems in R3. Note that there are other standard systems that can
be useful in specific cases (see [15]) and even non-standard systems may be
needed to solve some problems (see Section 4.E).

There are three general features to note. First, the 2D Cartesian and polar
coordinate systems have the same origin. Similarly, the 3D Cartesian and
cylindrical or spherical coordinate systems have a common origin. Second,
the non-Cartesian coordinates are designed to uniquely identify and repre-
sent every point in R? or R3, as do their Cartesian counterparts. That is,
these coordinate systems span the whole of R? and R3, respectively. Finally,
the individual coordinate variables within a given non-Cartesian system are
independent of each other, just as the individual Cartesian coordinates are
independent variables in the Cartesian system.

Polar coordinates

Consider an arbitrary point P in the plane with Cartesian coordinates (x, y).
P’s distance from the origin is

r=v x? + y27
while the angle between P’s position vector r = (z,y) and the z-axis is given
by
Y

tanf = =.
T

The unique inverse relation is given by the pair of equations

T =rcosf

. } for 0<60<2m.
y = rsinf

Thus, every point in R? can be uniquely represented by the pair of so-called
polar coordinates (r,0) defined on the domain [0, 00) % [0, 27]. The relation-
ship between the two coordinate representations is shown in Figure 1.18(a).
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Figure 1.18 (a) 2D polar and (b) 3D cylindrical coordinates.

The distance D between two arbitrary points P(z1,y1) and Q(z2,y2) is then

D = [($1 —22)® + (y1 — yz)z}

= [r% + 7"% — 2ryrg cos(fy — 92)} 1/2,

1/2

where x; = r; cos6; and y; = r;sinf;, i = 1,2.

Cylindrical polar coordinates

An arbitrary point P in 3D is defined by Cartesian coordinates (x,y, z). The
preceding case of plane polar coordinates is thus easily generalized to cylin-
drical polar coordinates in 3D by the inclusion of the Cartesian coordinate z
to account for the third dimension.

We therefore have the relations
r=rcosf, y=rsinf, z = z.
Figure 1.18(b) shows the point P represented by the two alternative coordi-

nate systems (z,y,z) and (r,6,z). The distance between any two points P
and @ generalizes to

D= [(2p —22)* + (11 — 12)* + (21 — 22)°] /7

= [r% + 12— 2r1rycos(fy — 02) + (21 — 22)2]1/2.

Spherical polar coordinates

The second generalization to 3D of polar coordinates is the spherical polar
coordinate system. This is based on the notion of defining a point on a sphere
in terms of latitude and longitude angles. To be precise, an arbitrary point
P in 3D with Cartesian coordinates (z,y,z) is identified by the triplet of
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independent variables (p, ¢,6) defined by

x = psin¢cosb, 0<p <o,

y = psingsinb, 0<¢p<m,

Z = pcos o, 0<6<2m,

with the inverse relations

p? = 2?2+ 422 = rP 422 tanf = E,
T
z . r
coOs¢p = —————— or sing=—.
¢ (r2 + 22)1/2 ¢ p

Figure 1.19 illustrates how the variables are related geometrically. The origins
of the angles ¢ and 0 as z—axis and x—axis, respectively, are also indicated.

The distance between two arbitrary points P and @ in 3D is now expressed

D2 = p% + pg — 2p1p2 COS(d)l — ¢2) — 2p1p2 sin ¢1 sin ¢2(COS(01 — 02) — 1).

Figure 1.19 3D spherical coordinates.

1.E Drawing or visualizing surfaces in R3

Throughout the book and indeed throughout the subject generally we will
need to recognize, but also to sketch or otherwise visualize, areas and volumes
embedded in R? and R?, respectively. The ability to conceptualize regions in
2D and 3D makes the task of understanding multivariable function behaviour
easier. Also, in the case of integration in Chapter 4, it simplifies the task of
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establishing integration limits that define the boundaries of a region. Lastly,
being able to visualize structures in 3D can be helpful when checking the
reasonableness of possible solutions to mathematical exercises.

Most of the examples and exercises to follow utilize MATLAB® in the visu-
alization of various surfaces (using the “surf” function). However, the reader
with access to other graphing software should be able to translate the pro-
gramming information shown below into relevant code for their own graphing
tool.

As an alternative the first example that follows shows how to piece together
a picture of a graph with little or no reliance on software. A more detailed
discussion of this manual approach (restricted to functions of a single vari-
able) can be found in Chapter 5 of [1].

B Example 1.6:
We shall consider here the graph of the function

4z
Ty =1rarye

This function features in an exercise in a later chapter. For now we are just

for (z,y) € R?%.

interested in determining the form taken by the function’s graph,

G= {(m,y,z) S(x,y) ER? 2 = f(a:,y)}

In the steps that follow we will in essence dissect the function, and with the
pieces we obtain we will build up a picture of the graph.

Step 1: The first thing to note is the domain of definition. What you would
be looking for are the limits on the independent variables as well as possible
points where the function is not defined. In our case, the function is defined
everywhere so the domain is the entire zy-plane.

Step 2: The second thing to do is to look for any zeros of the function. That
is, we look for intercept points in the domain at which the function takes the
value zero. Here, f = 0 when x = 0, that is, at all points along the y-axis.

Step 3: We now look for any symmetry. We note that the function is odd
in z but even in y. The symmetry in x means that for any fixed y — which
means taking a cross-section of the graph parallel to the xz-axis — howsoever
the graph appears for z > 0, it will be inverted in the xy-plane for x < 0.

The symmetry in y means that for any fixed « (that is, a cross-section parallel
to the y—axis) the graph will look the same on the left of ¥y = 0 as on the
right. Note, however, that because of the oddness in x, the graph will sit
above the zy-plane for z > 0, but below the plane for z < 0.
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So far, we have the impressions shown in Figure 1.20.

(a) f (b) f
/

forz >0

—

Figure 1.20 The function f is odd in « (a), but even in y (b).

Step 4: It is often instructive to look at small values of z and y.

Supposing |z| to be very small compared to both 1 and y we see that f
behaves as
4
f= (W)x as |z| — 0.

(The symbol ~ means “approximately equal to” and indicates very close
correspondence.) We see that f behaves linearly with respect to z, with a
coefficient that depends on y. This is consistent with the fact that f is odd
in z (Figure 1.20(a)).

Next, supposing |y| to be very small compared to 1 and z, the function will
tend to

I
That is, f behaves very much as a constant with respect to y, dependent
only on the given value of . Again this is consistent with our finding that f
is even in y: we would expect the function to be approximately constant for
small |y|, as in Figure 1.20(b).

Step 5: We now consider the behaviour of f for large values of x and y, the
“asymptotic” behaviour of f.

Again fixing y and taking |z| very large compared with either 1 or y, the
function will tend to behave as

~——0 as x — £oo.
T

The approach to zero will depend on the sign of x: approaching zero from
above for x > 0 and from below for z < 0. (See Figure 1.21(a).)
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On the other hand, fixing x instead and taking |y| very large compared to
either 1 or z, we find that

So the function again approaches zero. Note again the sign difference for
positive and negative z (Figure 1.21(b)).

(a) f (b) f

forz >0

\ /
\ x \ Yy

forz <0

~__
—

Figure 1.21 The behaviour of f for large |z| (a), and large |y| (b).

Now let’s see if we can deduce something from this incomplete picture.

The function is zero along x = 0, and it tends to zero at large |z| (and large
ly|) and is nonzero in between.

Since the function does not have any singular behaviour anywhere in R?, we
can conclude that there must be at least one point along = > 0 where the
function peaks at some positive value, and similarly there must be at least
one point along x < 0 where the function bottoms at some negative value.
We are thus led to ...

Step 6: Investigate f for maxima and minima. This step we will leave until
we have at our disposal the differentiation tools developed in the next chapter
and applied in Chapter 3 (see Mastery Check 3.7). But the above information
is enough to put together the sketch shown in our final Figure 1.22.

If we look at the curves running parallel to the x—axis we see that the extrem-
ities (large |x|) match the predictions in Figure 1.21(a), while the middle sec-
tions agree with the curves in Figure 1.20(a). Regarding the curves parallel
to the y-axis, the extremes (large |y|) concur with Figure 1.21(b), while the
sections crossing the x-axis agree with the lines in Figure 1.20(b).
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Figure 1.22 Putting it all together.

This next example similarly shows how one can visualize a surface without
using graphing software.

B Example 1.7:

Consider S = {(x,y,2) : 22 + y* + 2% = a®, a > 0}. This is a surface in R3,
Figure 1.23; it is a surface because there exists a relation between the three
variables (z,y,z). They are no longer completely independent: one variable
can be considered a function of the other two.

Now set z = 0. This simplifies to the subset satisfying 22 + 3? = a? which is
a curve (circle) in the xy-plane. Note that these two equations for the three
variables, which is equivalent to setting two conditions on the three variables,
generate a curve in R2.

A consistent interpretation is that of the intersection of two surfaces: The
plane z = 0 and the sphere S giving rise to the subset of points the surfaces
have in common — the circle of radius a in the zy-plane.

Suppose that a > 2, say, in S. Then setting

z:0:>x2+y2:a2,

s=1= 2+’ =da®>—-1<d?
z=2=2’+y =d’>-4<da’®-1<d
z=a=2’4+9y*=d’-ad’=0 <= z=y=0.

These are examples of level sets defining circles in the zy-plane. We will come
back to discuss these in detail in Section 1.F.
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The eye, A\, viewing these from above ... sces these:

z

a? -1

Figure 1.23 The sphere of radius a and a few of its level sets.

B Example 1.8:
The same example as Example 1.7, but now using MATLAB®: Figure 1.24.

(b)

Figure 1.24 The sphere of radius 2.4 (a) and its level sets (b).

This version of the MATLAB® code produces figures without axes.

figure(1)

[X,Y,Z]=sphere; % generates three 21X21 matrices for a unit
sphere

X=2.4xX; Y=2.4xY; Z=2.4%Z; 7, sphere now has radius 2.4
surf(X,Y,Z), axis tight, axis off

figure(2)

[X,Y,Z]=sphere(100); % better definition with 100 segments
X=2.4x%xX; Y=2.4x*Y; Z=2.4%Z;

map=[1,0,0;0,0.2,0;0,0,1]; % colours are red, dark green, blue
contour(X,Y,Z,[0,1,2]), axis off

colormap (map) ; ]
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#  Mastery Check 1.9:

Set up your own matrices in MATLAB® for the surf plot, as follows (or
otherwise), and draw the sphere again:

r=2.4; theta=linspace(0,2*pi,21); phi=linspace(0,pi,21);
X=r*sin(phi’)*cos(theta);

Y=r*sin(phi’)*sin(theta);

Z=r*cos (phi’)*ones(1,21);

surf (X,Y,Z)

B Example 1.9:
A circular cone: S = {(z,y,2) : 22 =22 +¢y*, -1 <z,y <1}

xr = rcosf

Let 0<0<2mand 0 <r <1, }:>z::|:r.

y =rsinf
This example illustrates why care should be exercised in cases involving
squares. It is easy to forget that there is some ambiguity when taking the
square root: see Figure 1.25.

The MATLAB® default figure format has tick marks with labels on the axes
which suit most purposes, and there are simple functions for producing labels
for the axes themselves, as shown in the sample code that follows.

Figure 1.25 The graph of z = ++/22 + y2.

The MATLAB® code:

theta=linspace(0,2*pi,25);
r=linspace(0,1,25); % 25 intervals from O to 1
x=cos (theta’)*r; y=sin(theta’)*r; Z=sqrt(x. 2+y."2);



34 Vectors and functions

surf(x,y,Z), hold on, surf(x,y,-Z)
xlabel(’x’), ylabel(’y’), zlabel(’z’)

However, the following may be used in place of the last line of code to produce
clearer labels, given here for the x-axis, and easily adapted for the other two
axes.

ax=gca; % Get the axis handle, call it ’ax’
xticks([-1,0,1]); % This sets the tick marks

% Place the new larger axis label at (0.6,-1.2,-1)
text(0.6,-1.2,-1,’$x$’, ’interpreter’,’latex’,’fontsize’,24)
% Overwrite the tick labels with blanks
ax.XAxis.TickLabels=’ ’,’ 7, ’;

% Place the new x-tick label ’-1’ at (-1,-1.2,-1)
text(-1,-1.2,-1,’-1’,’fontsize’,16)
text(0,-1.2,-1,’0’,’fontsize’,16)

text(1,-1.2,-1,’1’ ,’fontsize’,16)

H
#3  Mastery Check 1.10:
Consider these conic sections for the case in Example 1.9:
1. Sety=0 = 22=2?2 = z=4x — a pair of straight lines.

2. 8ety=05 = 22=224025 = (z-2x)(z+2z)=05°
— a hyperbola.

3. Set 2 =06 = z2+4+y%2=0.62 — a circle, radius 0.6.

4. Set z=y+0.25 = 22+4+y%2=y%+0.5y+0.0625
=  y=22%2-0.125 — a parabola.

Each of these curves may be generated using MATLAB®.

Your task is to add in turn the groupings of lines of the following code
to the end of the code for the cone, then use the “Rotate 3D” button on

the MATLAB® figure to view the curves in space.

% the line pair

title(’$z"2=x"2+y"2$’, ’interpreter’,’latex’)
x=linspace(-1,1,11)’; y=zeros(11,1); Z=xxones(1,11);
surf(x,y,Z)

% the hyperbola

title(’$z"2=x"2+y"2$’, ’interpreter’,’latex’)
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x=linspace(-1,1,11)’; y=0.5%ones(11,1); Z=x*ones(1,11);
surf (x,y,Z)

% the circle

title(’$z"2=x"2+y"2$’, ’interpreter’,’latex’)
x=linspace(-1,1,11); y=x; Z=0.6*ones(11);

surf (x,y,Z)

% the parabola

title(’$z"2=x"2+y"2$’, ’interpreter’,’latex’)
x=linspace(-1,1,11)’; y=x; Z=(y+0.25)*ones(1,11);

surf (x,y,Z)

Figures 1.26(a) and (b) are for the last one of these, at two different aspects
(see if you can get these plots):

view(0,90), and view(-90,4)

Conic sections: The parabola.

02
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Figure 1.26 Two views of the intersection of the graphs of

22 =22 +y? and y = x: (a) top view, (b) side view.

B Example 1.10:

The hyperbolic paraboloid of Figure 1.27: S = {(x,y,2) : z = 1 + 2% — y*}.
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//11;, ’Q
AL ?(
2 "a‘tf

Figure 1.27 The graph of z = 1 + 22 — y? with two level sets.

Setting z = constant will give a hyperbola. For example, set z = 0.9,
y? — 22 =0.1, or set z = 0.99, y? — z2 = 0.01.

These curves shown in the figure are projections onto the xy-plane (z = 0).
The MATLAB® code:

X=linspace(-1,1,41)’*ones(1,41); Y=ones(41,1)*linspace(-1,1,41);
Z=1+X. "2-Y."2 ; surf(X,Y,Z)

xticks([-1,0,1]), yticks([-1,0,1]), zticks([0,1,2])
text(0.7,-1.2,-0.1,°%$x$’, interpreter’, ’latex’,’fontsize’,28)
text(-1.3,0.7,-0.1,°%y$’, interpreter’, ’latex’,’fontsize’,28)
text(-1.2,1.2,1.7,°8z$’, ’interpreter’,’latex’,’fontsize’,28)
hold on

contour(X,Y,Z,[0.9,0.99])

ax=gca;

ax.XAxis.TickLabels=’ ’,’ 2’ 7

ax.YAxis.TickLabels=’ ’,’> 2,7 7

ax.ZAxis.TickLabels=’ ’,’> ’ > 7

text(0,-1.2,-0.1,°$0$’, ’interpreter’,’latex’, ’fontsize’,20)
text(-1.3,0,0,°$0$’, interpreter’,’latex’,’fontsize’,20)
text(-1,1.3,1,°$1$’,’interpreter’,’latex’,’fontsize’,20)

4  Mastery Check 1.11:

The hyperbolic paraboloid: S = {(z,y,2) : z = 1 + 2% — y?}.

Setting y = 0 will give the parabola z = 1 + x2. Setting # = 0 will give the
parabola z = 1 — y?
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Produce 3D plots for each of these.

Voa)
B Example 1.11:
How to draw an ellipsoid in MATLAB®.
The following code produces the graph of the ellipsoid Z—j—i— g—i + ;—z =1

shown in Figure 1.28, whose semi-axes are a =4, b=3, and c=2.
The MATLAB® code uses an elliptical parametrization,

x = 4sin¢ cosf, y =3sin¢gsinf, x = 2cosg,

which bears some similarities to the spherical coordinate transformation
(Page 26) of the Cartesian coordinates.

This plot has been made partially transparent using the ¢ ‘FaceAlpha’’ prop-
erty. The line commands are used to set z-, y-, z-axes.

theta=linspace(0,2*pi,41); phi=linspace(0,pi,41);
X=4*sin(phi’)*cos(theta); Y=3*sin(phi’)*sin(theta);
Z=2%cos (phi’)*ones(1,41);
surf(X,Y,Z,’FaceAlpha’,0.6), hold on
line([-5,0,0;5,0,0],[0,-5,0;0,5,0],[0,0,-5;0,0,5], ...
»color’,’k’,’linewidth’,2)

axis off

22y 22
Figure 1.28 The graph of =z + 7 + 5 = 1.
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1.F Level sets

In many areas of mathematics, physics, and engineering, there arise equations
of the form

f(w):f(l’l,...,xn)zc

where ¢ is a constant real scalar. Although this expression appears to place
interest on the outcome of a function evaluation, it actually raises the ques-
tion of what values (points) of the argument, x, give rise to the specific value
of f. This so-called inverse problem leads to the notion of a level set.

Definition 1.14
The set of all points x € R™ which give the constant value ¢ for f is called
a level set, L, or more precisely, the c-level set of f:

L={xeDy: f(x)=c}

Students often confuse a level set with the graph of a function. But as we
have said, this concerns the specific subset of points = (z1,22,...) € Dy,
rather than what comes out of a function evaluation (except, of course, for
the value ¢!).

B Example 1.12:
In R? & = (2,y), and

L={(v,y) € Dy : f(z,y) = c}

is a level curve. For example, the level set f(x,y) = 22 + y? = 4 is the set of
points on the circle in the zy-plane (in R?) with centre (0,0) and radius 2.
In contrast, the graph of z = f(z,y) is a 3D object in R3.

In R?, @ = (2,9, 2), and
L:{(:c,y,z) 6‘Df : f(fE,y,Z) :C}

is a level surface. For example, the level set f(x,y,2) = 22 +y* + 22 =4 is
the set of points on the surface of the sphere in R? with centre (0,0,0) and
radius 2.

|
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By construction, determining the level set from the expression f(x) = ¢ is an
inverse problem. Sometimes when f is given explicitly, as in Example 1.12,
we are able to “solve” for one variable in terms of the others. In the above
2D example 22 + y? = 4, we obtain y = v/4 — 22, a semicircle curve passing
through (0,2), and y = —v/4 — 22, a semicircle curve passing through (0, —2).

The next example shows how a 3D surface can give rise to level sets in dif-
ferent 2D planes.

B Example 1.13:
Consider the circular paraboloid of Figure 1.29: S = {(z,y,2) : z = 22 +
y'i—1<wzy<1}

Horizontal level sets occur at fixed values of z. The paraboloid is shown in
Figure 1.29(a) together with the level sets for z = 72, r = 0.5,0.6,0.7,0.8,0.9.

Vertical level sets occur at fixed values of = or y. Shown in Figure 1.29(b) is
the level set for y = 0.

Rings of constant z.
(a) Circle 2% + y* = 0.49. (b)
Level set at z = 0.49.

Figure 1.29 The paraboloid z = 22 + y? (a), with level sets
of two kinds in (a) and (b).

The basic figure in (a) was generated using this MATLAB® code:

theta=linspace(0,2*pi,21); % 20 intervals around the circle
r=linspace(0,1,11); % 10 intervals from O to 1
x=cos(theta’)*r; y=sin(theta’)*r; z=x. 2+y."2;

% x, y and z are 21X11 matrices

surf(x,y,z), axis off

hold on % wait for the contours corresponding to
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% the level sets at z=r~2; r=.5, .6, .7, .8, .9
contour(x,y,z,[0.25,0.36,0.49,0.64,0.81])

hold off. ]

Example 1.14 draws our attention to the fact that an expression involving
only two variables may still describe a function in 3D, although any level sets
may have a simple form.

B Example 1.14:
Consider the parabolic cylinder of Figure 1.30: S = {(x,y,2) : z = 422}.

Even though there is no specific y-dependence, this is a surface in 3D as
opposed to the 2D parabola of the last example which we found by setting
y = 0. The lack of a y-dependence means that the shape persists for all values
of y. The curves of constant z (the level sets) are therefore lines parallel to
the y-axis.

Lines of constant z

Figure 1.30 The graph of z = 4z2.

The figure may be generated using MATLAB® code similar to this:

x=linspace(-2,2,25); y=linspace(-2,2,25);
[X,Y]=meshgrid(x,y); Z=4xX."2;

surf (X,Y,Z)

text(1.0,-2.4,-0.2,°%x$’, ’interpreter’,’latex’,’fontsize’,32)
text(2.4,1.0,-0.2,°%y$’, ’interpreter’,’latex’,’fontsize’,32)
text(-2.4,-2.4,14,°$z$’, ’interpreter’,’latex’,’fontsize’,32)
xticks([1), yticks([]), zticks([0,4,8,12,16])

view(36.5,22)
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A level set of the form g(z,y,z) = a constant is equivalent to declaring a
function of two variables, which can in principle at least be plotted in a 3D
diagram as we see in the next example. Note that the points in this 3D set
lie in the domain of g, not the graph of g.

B Example 1.15:
Lastly, consider the surfaces shown in Figure 1.31: w=g(z,y,2) =2 —
flx,y) =z — 2% + y/5 = k. Let k take the values 1,2, 3, 4.

Figure 1.31 The level sets of z — 22 +y/5 =k
for k=1,2,3, 4.

The MATLAB® code:

X=ones(1,21)’*linspace(-1,1,21); Y=X’;

Z=zeros(21,21);

for k=1:4

Z=X."2+k-Y/5;

surf(X,Y,Z), hold on

end

xticks([-1,0,1]1); yticks([-1,0,1]1); =zticks([0,1,2,3,4,5,6]);
text(0.6,-1.2,0,°$x$’, interpreter’,’latex’, ’fontsize’,24)
text(-1.2,0.7,-0.1,°$y$’, interpreter’,’latex’,’fontsize’,24)
text(-1.2,1.1,4.5,’$82$’, interpreter’,’latex’,’fontsize’,24)
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axis([-1 1 -1 1 0 6])
hold off

#)  Mastery Check 1.12:
32
yx in the domain

Consider the function f(z,y) = xxz —
Dp=A{(z,y): 220, y 20}

For what values of the constant k can the level set f(xz,y) = k be solved for
y as a function of x throughout D;? Choose two such values for k, and use

MATLAB® to plot the resulting curves for 0 < z < 2 on the same figure.
Vo2

#5  Mastery Check 1.13:

Consider the function f(x,y,2) = 2 — y? + 22 defined for

Dy ={(z,y,2) : |z <2, |y| < oo, z>0}.

Show that we may solve the level set f(z,y,z) =k for z in terms of z and y
for all k > 4. For the cases k = 4,6, 8, draw the graphs for |z| <2, |y| <2,
on the same figure.

oa)

4 Mastery Check 1.14:

Consider F(w,z,y, z) = 3622 — 36y — 422 — 9w? = 0. This is a level set in
R,

Describe in words the precise subsets of this level set that arise from setting
r=0,1, 2, 3.

Use MATLAB® to draw the graphs for cases x = 1, 2, on the same axes. You

may wish to use the ¢ ‘FaceAlpha’’ property (see Page 37).
o

Although in this book we shall generally work with problems and examples
which admit closed-form inversion of the level set equation, the reader should
acknowledge that this will not always be possible in practical situations.
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1.G Supplementary problems

Section 1.A

1. Suppose three vectors u, v, w are such that u + v + w = 0. Show that
UuXv=vXw=w X wu With the aid of a diagram describe what this
result means.

2. Let z; = (xi,v:,2i), i = 0,1,2,3 be four non-coplanar points in R3, and
let vectors u; = x; — @9, © = 1,2, 3, be edges of the tetrahedron formed
by those points. Consider the four vectors a, b, ¢, d with magnitudes in
turn equal to twice the area of the four faces of the tetrahedron, and
directions outwards and normal to those faces. Express these vectors in
terms of the uw; and hence show that a +b+c+d = 0.

(In Figure 1.32, regard the point (z2, y2, 22) as being to the rear, without
any loss of generality. Normal vectors a and d are shown.)

(3,93, 23) df (2, Y2, 22)

T, Y1, 21)

(Im Yo, Zo)

Figure 1.32 Four vectors in 3D space.

3. Let u = (a1, as,a3), v = (b1,bs,b3), and w = (¢1, ca,c3) be vectors in
3-D space.

(a) Show that w - (v x w) = (u X v) - w. That is, show that in the scalar
triple product the “dot” and the “cross” can change places.

(b) Show that u X (v X w) = (u-w)v — (v - v)w.
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Section 1.B

4. Consider the three points a = (1,-1,2,2), b= (3,1,-1,1),
c=(-2,0,2,—1) in R%.
(a) Find the distances |b — al, |c — b, and |a — ¢|.
(b) Do either of the points b and c lie inside the open sphere Sy 5(a)?
(¢) Find the angle 6 between b — a and ¢ — a.

5. In R™, for what values of k is b = (k, k, k, ...) inside S, (a)
when a = (1,1,1,...)?

6. Sketch the following regions and determine their boundaries. Also
establish whether the regions are open or closed or neither.

S|+ Jy| < 1}

s max(|z], |y[) <1}

y):a® <y < Vo)

z,y) 1< (z—1)*+(y+1)2 <2}
y) « o+ 3y < 3}

7. Prove the following statements about sets:

(a) The boundary of a set M is a closed set.

(b) A set M is closed <= M = M.

(c) A set M isopen <= M = Int(M).

(d) A set M is closed <= its complement M€ is open.
)

(e) The union of any number of open sets is open, and any finite
intersection of open sets is open.

(f) The intersection of any number of closed sets is closed, and any
finite union of closed sets is closed.

8. If x = (z,y,2) and |x| = /22 + y2 + 22, show that

max(|z], [y, |2]) < |2 < |z] + |y + |2| < V32| < 3max(|a], |y],|2])

Section 1.C

9. Describe the implied domain Dy for each of the following functions:
Is it (i) closed?, (ii) finite?, (iii) compact?
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) flz,y,2) = arcsin(gzg2 +y2 + ZQ).
b) f(z,y,z) = arcsin(z? + y?).

) f(z,y) = arctan(z? + y?).

) f(

Section 1.D
10. MATLAB® is able to plot functions expressed in 2D polar coordinates

11.

12.

13.

14.

15

using a plotter called ezpolar. Use this function to plot the curves
r = 2sinnf, 0 < 0 < 2x, for n = 2, 3,4, on separate graphs.

(a) Express the 2D polar function r = 2asin, 0 < 6 < 7, a constant,
in Cartesian coordinates, and describe the curve.

(b) What is the curve defined by r = 2asin6, 0 < 6 < 2n?

A curve in R3 can be sufficiently prescribed in terms of one indepen-
dent parameter.

Represent all points on the curve of intersection of the plane ax + by +
¢z = d with the unit sphere centred at the point (xg, yo, z0) in terms of
spherical coordinates, if the plane passes through the sphere’s centre.

Give conditions that must be satisfied by the constants a, b, ¢, d for the
intersection to be possible and your representation valid.

Hints: Set the origin for the spherical coordinate system to be at the
sphere’s centre. Select the longitude angle 6 as the independent vari-
able, then the latitude angle ¢ becomes a function of 6.

The surfaces 22 = 222 + 2y? and z = y — 1 intersect to create a closed
curve. Use cylindrical coordinates to represent points on this curve.

A surface in R? can be sufficiently prescribed in terms of two indepen-
dent parameters.

Represent all points on the plane ax + by + cz = d within and coincid-
ing with the sphere 22 + 32 + 22 = R? in terms of spherical coordinates
defined with respect to the origin at the sphere’s centre.

Give conditions that must be satisfied by the constants a, b, c,d, R for
the intersection to be possible and your representation valid.

The surfaces z = 1+ +y, 2 = 0, and 22 + y? = 1 bound a closed vol-
ume, V. Represent all points in V' and on its boundary in spherical
coordinates. Be mindful of the domains of the respective independent
variables.
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Section 1.E

2?2y 2
Figure 1.33 The graphof — + 5 — 5 =1
a b c

16. Figure 1.33 shows the elliptic hyperbola of one sheet,

22 2 22
a? b2 2

Use MATLAB® to reproduce this plot.

17. Use MATLAB® to reproduce Figure 1.34 which shows the graphs of the
cylindersm2—2x—|—y2=Oandz2—2x:0f0r0§x§2, —2<y<2,
—2 < z < 2, plotted on the same axes.

Figure 1.34 Two intersecting cylinders.
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18.

19.

Use MATLAB® to draw a sketch graph of the cone z2 + 9% = z2
for —4 < z < 4.

Describe and sketch the graphs of the following functions using ideas
analogous to those described in Example 1.6.

(a) f(z,y) =+/1— 22 —y2, for 2% +y? < 1.
(b) f(z,y) =/1—y2 for [y <1,z eR.
(c) flz,y) =1— (22 +y?), for (z,y) € R%

(d) f(z,y) = 1-Vat+y!

R , for (x,y) € R%

Section 1.F

20.

21.

Consider the function f(x,y, z) = sin(zy) + cos(yz),

*g S z,y,z S %

Use MATLAB® to draw the graphs of the level setsx =1,z = 2; y = 1,
y=2;and z =1, z = 2.

Sketch the level curves of the following functions and determine the
conditions for the allowed constant values of f.

(a) flz,y)=a*+y*> —4z+2y
(b) flz,y) = 2%y.

() fla,y) = /i +1

@) Sy = s

(&) f(z.y) g



f')

Check for
updates

Chapter 2

Differentiation of
multivariable functions

What would calculus be without derivatives? In this chapter we cover the
theory of the differential calculus, beginning with the limit concept as it
pertains to functions of many variables and their derivatives. Considerable
emphasis is placed on the geometric meaning of partial derivatives and of
differentiability in general. The discussion also covers higher-order derivatives
and introduces the new concept of the gradient of a function.

The focus of attention is then directed to composite functions, the chain
rule of partial differentiation, and to implicit functions. The dedication of
considerable space to these latter topics is motivated partly by their level
of complication which is much greater than in the case of functions of one
variable, and partly by the simple fact that they are commonly encountered
in practice.

Having established these foundation concepts we shall put them to practical
use in Chapter 3, where we discuss a fair assortment of applications.

2.A The derivative

Differentiation is all about limiting processes and linear approzimations. To
prepare us for that discussion we turn to the 1D case for inspiration. Many of
the necessary basic features and results of limits of functions of one variable
appearing below were covered in Chapter 1. The reader may wish to refer
back to Section 1.C for details.

© Springer Nature Switzerland AG 2020 49
S. J. Miklavcic, An Illustrative Guide to Multivariable and Vector Calculus,
https://doi.org/10.1007/978-3-030-33459-8_2
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Definition 2.1
Let f: R — R be a continuous function over an open interval domain.
That is, in more mathematical notation, let f € C(Dy), where the domain
of f Dy C R is open.
h) —

Let xg and xo +h € Dy. If lim [0+ 1) = f(xo)

h—0 h
the (first) derivative of f at zq, and we write

dy| . flxo+h)— f(zo)
Qrlg, — F (0) = Jimy h ’

exists, it is called

d
where &
X o

point (zo,y0 = f(z0)).
An equivalent definition:
dy| L fe) (@)

dzlzy z—ow0 To— T

1s the slope of the tangent line to the graph of f at the

; o, x € Dy.

Note that either explicitly or implicitly we have assumed the following prop-
erties which are essential criteria for the existence of the limit:

(1) To,x9 + h € Df
— both points belong to the domain, Dy

(ii) lim f(zo+h)= lm f(xo+h)= f(xo)
h—0— h—0t
— the left limit equals the right limit which
equals the function value at x(

Thus, }llinb f(zo + h) exists and is equal to f(xo).
—

o St ) ()
h—0+ h
— the left and right limits of these ratios

exist and are equal

f(xo +h) = f(x0)
h

(iii) Similarly, lim
h—0~

The reasons why these conditions are essential for the definition of a derivative
are demonstrated in the following two classic examples of problem cases.



2.A  The derivative 51

B Example 2.1:

X

Figure 2.1 A function not everywhere differentiable.

For the function shown in Figure 2.1, (i) and (ii) are satisfied everywhere.
At z = 0, however, although the left and right limits of (iii) exist, they are
not equal, implying that no derivative exists there. Everywhere else (iii) is
satisfied.

|

B Example 2.2:

l—2z, x<0
f(z) = 1, x=0
L+a2%2 z>0.

X

Figure 2.2 Another function not everywhere differentiable.

For the function shown in Figure 2.2, the only problem appears at = = 0.
Conditions (i) and (ii) are satisfied, but in the case of condition (iii) we have
that

i LQEW SO A=h =1
h—0— h h—0— h
_ 3/2y _
lim w = lim M = lim RY? = 0.
h—0+ h h—0+ h O+

That is, the left limit is not equal to the right limit, implying that no deriva-
tive exists there. [
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Point (ii) is the definition of continuity at xo (Section 1.C). A function for
which any of the equalities is not satisfied is said to be discontinuous at z.
What we are now saying is that continuity is a necessary but not a sufficient
condition for differentiability. Functions for which (iii) is not satisfied at any
point, zg, such as those of the foregoing examples, are said to be singular at
that point.

Now let us apply what we have learnt for a function of one variable to the
case of a function of two variables. The most obvious analogous expression
of a limit generalized to some function f: R? — R of two variables is:

f($07y0)7f(:1715y1) (2 1)
Pi=Po /(w1 — 20)2 + (1 — y0)?
If this limit exists, should we call it “the” derivative of f7 Alongside this

question we also need to ask what are the generalizations of criteria (i)—(iii)
to R? (or R?, ..., R™)?

The graphical foundation for the limit expression (2.1) is shown in Figure 2.3.
The things to note are, firstly, the graph of f is suspended in 3D; secondly,
the domain Dy lies in the xy-plane; thirdly, the points Py and Py in Dy
give rise to values zy and z1, respectively; and finally, the line in the domain
joining Py and P; traces out the black curve in the graph of f.

Z:f(l’,y)

Figure 2.3 A 3D graph of a function of two variables.
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In direct analogy with the 1D derivative we have Az = f(xo,y0) — f(z1,y1),
and As = y/Ax? + Ay2.

Referring to Figure 2.3, for the limit process to make sense several related
questions need to be addressed:

* does f(zo,yo) exist, or equivalently, does (z¢, yo) belong to D;?
* is f continuous at (zg,yo)?
* does the limit lim exist if P, € Dy?
P1— Py
Over the next few pages we consider these questions with the aim of estab-

lishing a set of conditions for the existence of derivatives and possibly a set
of guidelines that can be followed in applications.

2.B Limits and continuity

In Chapter 1 the pointwise limit of a function of one variable was explained in
some detail, culminating in the e-¢ condition shown in Figure 1.16. The latter
condition permits a direct generalization of the limit concept to functions of
several variables. Keep in mind that the discussion below pertains to given
points in R™, 4.e. it too holds pointwise.

Definition 2.2
A function f:R™ — R approaches a limit L as x — a for all points x
in a neighbourhood of a belonging to Dy if:
Given any small positive number €, another positive number &, which may
depend on €, can be found such that if x is within a radius 0 of a, then
f will be within a radius € of L.
In mathematical notation: Given any € > 0 there exists a 6 > 0 such that
wherever 0 < |x — a| < 0 then |f(xz) — L| <e.
We write lim f(x) = L.

r—a

If it can be established that two functions, f and g, satisfy the conditions
of this fundamental definition at a given point, then a number of important
results involving their combination follow. We refer to these as laws and apply
them to all well-behaved functions.
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Limit laws: If lim f(x) =L, lim g(x) =M, then the following sum,
r—a r—a
product, quotient, convergence and composition results can be proved.

(a) lim (f(x)+g(x) =L+ M

T—a

(b) lim (f(x).g(z)) = L.M

Tr—a

. fx) L
(c) ;%W—M (M #0)
(d) lim f(z) = lim g(x) and f(x) < h(x) < g(x) means that lim h(x)
r—a r—a r—a
exists and equals L which equals M (a “squeeze theorem”).

(e) If F(t) is a continuous function at ¢t = L then

lim F(f(x)) = F(L) = F(ilg}l f(x)).

Tr—a

That is, for continuous functions, we may interchange the limit and
function composition operations.

B Example 2.3:

Here is a proof of limit law (a) using the -0 concept in Definition 2.2.

We may assume that, given €; > 0 and €3 > 0, we have found numbers
91 >0 and 62 > 0 such that |f(x) — L| < ¢4 whenever |z —al| < d;, and
lg(x) — M| < ez whenever |z — a| < ds.

For given arbitrarily small € > 0, let €7 = €3 = %e. Then we have
|(f(z) + g9(x)) = (L+ M)| = |(f(=) - L) + (9(x) — M)]
< |f(@) — L] +|g(@) — M|
by the triangle inequality,
< €1+ € =€ provided both
| —a| < 01 and |z — a] < da.

Now we may choose § = min(dy, d2), and we then have

|(f(x) +g(x)) — (L+ M)| < € whenever |z — a| < 4.
Thus, we have proved that lim (f(z) 4+ g(z)) = L + M. ]
Tr—a
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#  Mastery Check 2.1:
Prove the limit laws (b)—(e).

Hint: For law (b), with the assumptions in Example 2.3, assume

|z —a| < 6 = min(d1,d2), and write f(x) = L + e1(x), which implies
le1(x)] < €1, and similarly for g. Expand f(z).g(x) in terms of e; and es.
Let ¢; = £¢/|M| and e = %¢/|L| and consider |f(x).g(x) — L.M| < e.

1 1
For law (c), prove first that lim —— = — and then invoke law (b).
z—a g(x) M

B Example 2.4:
cos(zy) o g(x,y)

Consider L= lim —=—=1Iim , noting in particular that
(@y)—»1m) L —x—cosy (zy) h(z,y)

( %inh )h(x, y) # 0. Applying the standard rules we find that
x,Yy)— ,TT

limcos(zy) -1

= == - _1.
lim(l —z —cosy) +1

Here, we have used the sum, product, quotient, and composition laws.

In evaluating limits of any well-behaved f:R"™ — R for n > 2, we follow
the exact same process as implied in the above example: besides using the
limit laws, the reader can also make use of results from the study of limits
of functions of one variable, some of which are listed on Page 24. However,
the simple statement made in the limit definition hides considerable detail
that we need to confront in more complicated cases. Definition 2.2 implicitly
means that

* lim f(x) exists and is equal to L if f — L independently of how x

r—a
approaches a!

% The limit L, if it exists, is unique!
* No limit of f exists if f has different limits when & approaches a along

different curves!

The graphical depiction of Definition 2.2, in analogy with Figure 1.16, is
shown in Figure 2.4 on the next page.



56 Differentiation

Ss(a) can’t be empty
or contain holes.

Figure 2.4 Schematic of the limit definition in 2D.

As in the 1D cases (Examples 2.1 and 2.2), the idea of considering limit val-
ues from multiple approaches is best illustrated by an example which fails to
meet one or more criteria, such as the example below.

B Example 2.5:

Consider lim .
(zy)—(1,1) T —1

undefined at (1, 1)) We attempt to evaluate the limit by approaching the

(This is of the form g The function is therefore

point (1,1) along four different paths as shown in Figure 2.5.

- 0
Y=2x: lim 2 Y = lim =0 Y
anz—1 anz—1
— 2(r —1
y=2—x: limx y:lim (z )—2
anzr—1 a1y z—1
_ .2
y=a’: hmx y:limm x:—l.
ar—1 a1y x—1
— -1
y=1: limx :limaj =1.
anzr—1 @anyxr—1
T

Figure 2.5 Different paths of approach to a limit point.

The resulting limiting values found by following these different paths are all
different. From this we conclude that no limit exists. Note that it is enough
for one of these cases to give a different result for us to conclude that no limit
exists. The graph of the function is shown in Figure 2.6.
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Figure 2.6 The graph of z = %, 0<z,y<2
T —

The point (1, 1) is the cusp where the two sheets of the function meet (along
the dashed line).

#3 Mastery Check 2.2:

1‘2 + 2y2
Consider the function f(z,y) = .Does  lim  f(x,y) exist? Hint:

20% +y? (2,9)=(0,0)
0
Note that f(z,y) is of the form 0 at (0,0) making f(z,y) undefined at (0,0).

Take limits along the lines z =0, y = x, and finally along the line y = kx,
and see if your limits agree.

o)

From the perspective of effort expended, cases where a limit fails to exist are
most often the least taxing, a few well-chosen approach paths will suffice.
Now we need to ask, what about the cases where we get the same result for
a few different trials? Do we need to try all the infinite number of approach
directions to be convinced? One solution is proposed in the next example.
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B Example 2.6:
3,2
Consider  lim #
(w,y)—(0,0) T2 + Yy + xYy
fined at the origin.

. Note once again that the function is unde-

First we evaluate the limit along a few simple paths.

3 — 22y x?
Al =0: lim ———— =lim — = 1i =0.
one Y ((%1) 22+ y? 4y ((%1) 2 am0

3 2

— 0
Along x =0: limu—lim—zo.

0,0 22 +y2 +xy  y—0 32

We get the same result along any straight line y = kx. If the limit exists, it
must be 0!

So, consider an arbitrary curve r = f(f) > 0, where x = rcosf, y = rsin6,
and let  — 0. (Shown in Figure 2.7 is one of the cases » — 0 as ¢ increases,
but any path in the plane will do.)

y (rcos@,rsind)

r=f(0)

/><

Figure 2.7 Example of conventional and unconventional paths to
a limit point.

Substitute the polar functions for x and y in the definition of the function
limit.
3 — 2y B
22+ y2 + 2y - ‘

73 cos® 6 — 13 cos? Osin 6
r2 cos? 0 + 12 cos? § + r2 cos 0 sin 0 ’
3 cos? (cos § — sin )
r2(1 + cosfsin0)
| cos§ — sin 6|
|1 4 sin 6 cos 0]

=rcos’0
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(It is actually sufficient to stop here: the denominator is not zero and the
numerator is bounded and proportional to r which — 0.)

z3 — 2%y 0 29 V2| cos 0 cos(m/4) — sin @ sin(m/4)|
—_— — T CO
22+ y?+ay 14 12sin6 cos )|
< pyaleos @+ 7/1)
|14 5 sin(20)]
2
§r£:2\/§7" — Oasr —0.
1/2
In these steps we have used only known properties of the trigonometric func-
tions for arbitrary angles.

Thus, given € > 0, however, small, we can find a 4, a function of €

€
choose § = —— ), such that
( 24/2 )

3 — 22y
z?2+y? + oy
Given that we have invoked an arbitrary curve whose sole requirement is to
pass through the limit point (the origin) the result is general, the limit exists,
and is indeed 0. The surface itself is reproduced in Figure 2.8.

— 0‘ < e whenever 71 <39.

L)
et e
HHN
;,'.«,:, % ,‘o'i',‘o ety
() )
.5

(A
SN
AR
L) a;,o’

3 — 22y

Fi 2.8 Th hof z = —F5—"—.
igure e graph of z 212t ay
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#£  Mastery Check 2.3:

Consider the function f(z,y) = Ty

@zt ) (which is undefined at (0,0)).

Does lim x,y) exist?
(z,y)—(0,0) f@y)

Hint: Use the approach featured in Example 2.6, and standard limits.
s

Not all limits behave nicely!

Up to this point, the student may be inclined to think that taking limits
along lines y = kx, 0 <k < oo, is sufficient to determine whether a limit
at (x,y)=(0,0) exists or not. That is, that limit operations in R? are a
straightforward (no pun intended) extensions of the essential criteria listed
on Page 50 for limits in R.

But this is not so! The following case is a counterexample to Example 2.6:

£y Mastery Check 2.4:
Consider the function f: R? — R defined by

why?
fz,y) = ma (z,y) # (0,0).
Your task is to show that ( %im(o 0 f(x,y) does not exist (without first draw-
':Efy — b

ing the graph).

Hint: Consider another class of curves through the origin.

Voa)

The student reader might get a better idea of all that is involved in evaluating
limits with the following summary flowchart.
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Flowchart 2.1: How to work through a limit problem

Let ¢ = (z1,22,...,2,) be a variable in R™. Suppose we have
. g(x)h(x
fla) = SMD)
p(x)q(x)
v

DO lim g, h,p,q
r—a
EXIST and BEHAVE WELL?

YES NO
USE STANDARD RULES: TEST DIFFERENT PATHS
ep. lim 9% _ ¢ TO LIMIT POINT. ARE
plxz) P THE LIMITS THE SAME?
l |
DONE
© YES NO

Y

NO LIMIT
EXISTS

A

GO WITH THE DEFINITION
|f(x) —L| —-0asx— a

Y

DONE

DONE
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2.C Partial derivatives

Once the intricacies of limit processes for functions of many variables are
understood, the application of these same principles to ratios of differences is
relatively straightforward. In fact, the concept of partial derivatives becomes
a simple extension of the 1D ordinary derivative.

Definition 2.3
Let xo be an interior point or a boundary point of D¢ of a continuous
function f:R"™ — R.

f(xo + he;) — f(xo)
h

flxoa,.- 2o +h,...,xon) — f(Zo1,-.. Zo,n)

* If the limit lim
h—0

= 1.
B30
exists, we call it the first partial derivative of f w.r.t. x; at the

point xo and denote it ﬁ(;1/;0).
é)xj

* If all aa—f(mo), j=1,...,n, exist then we say that f is partially
Ly

differentiable at x.

* We say f is partially differentiable in Dy if it is partially differ-
entiable at every point xg € Dy.

Equivalent notations for partial derivatives are:

of
%(w()% D]f(-’L'O), f;vj (a:O)a f](wo)
J
Analogous to the 1D case, functions for which any of the n partial derivative
limits fails to exist at a point are said to be singular at that point. That
is, a multivariable function may be continuous everywhere in its domain of

definition, but need not be differentiable at every point in its domain.

#5  Mastery Check 2.5:

0
Let f(x,y,z) =2y + zsin(yz). Using Definition 2.3, determine a—f at an
Y
arbitrary point (z,y, 2).

Hint: You may need to use standard limits (see Page 24). 2]

In solving this Mastery Check problem you will have noticed that you could
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have and would have arrived at the same result had you used the rules of
differentiation for functions of one variable, provided you treated x and z as
if they were constants! In actual fact, Definition 2.3 effectively states that in
taking the limit with respect to one variable, we do keep all other variables
fixed. It should not come as a surprise that we find this equivalence. We
demonstrate this very convenient operational equivalence with an example
and leave it to Mastery Check 2.6 to reinforce the procedure.

B Example 2.7:
of of of

Let f(z,y,z) = In(1 4+ e"¥*) = g(h(z,y, 2)). We wish to calculate %' 9y 92

In each case we assume two variables are constant and differentiate w.r.t.
the third using the chain rule of single-variable calculus:

g — % % — 71 zeTY*?
or  dh 0x 14 ewz Y ’
0

or = ——— xze"Y%,

dy 1+ erv=z

6f 1 Yz

2~ 11w xye®Y?.

#3  Mastery Check 2.6:
Find the (first-order) partial derivatives of the following functions with
respect to each variable:

L f(z,y,2) = %;

2. f(x,y,u,v) = 2%sin(2y) In(2u + 3v);

3. f(s,t,u) = Vst + stu+ tu?;

4. f(z,y,2) = ysin~ (22 — 2?);

5. f(z,y,z,u) = sin(3z) cosh(2y) — cos(3z) sinh(2u);

6. flu,v,w) = u2ew v,
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Now that we can evaluate them, what are partial derivatives?

Let’s look more closely at Figure 2.3 (Page 52). Given the foregoing discussion
and particularly Definition 2.3 we consider two specific cases of that graph
of the function of two variables.

%Do Ay Py

L) foveooresaoccccnnns
As = /Az? + Ay?
Swing it this way: Swing it this way:
Y=Y T = Xy

lim f(wo+ Az, y0) — f(20,90) lim J(wo,y0 + Ay) — f(x0,y0)
Az—0 Az Ay—0 Ay
(if these limits exist)

_of _9f
- Oz (.’vmyu)\ N 8?/

(w0,Y0)
These are the (first-order) partial derivatives of f.

Figure 2.9 Partial derivatives of a function of two variables.
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0 0
From Figure 2.9 we deduce geometric interpretations for 2 lo af
0 0ylo
af .
9z — the slope of the tangent line Ly to the curve f(x,yo) at (zo,yo)-
z 1o
af )
0 — the slope of the tangent line Lo to the curve f(xo,y) at (zo,yo)-
y 1o

In fact, by taking two orthogonal cross sections through the point (zg,yo,
f(xo,y0)) on the graph of f, one parallel to the z-axis and one parallel to the
y-axis, the following facts can be obtained.

In the cross section parallel to the xz-plane, a vector parallel to line Ly is vy
shown in Figure 2.10.

v = el+071
.0
(- )

starting at the origin
in the xz-plane.

Figure 2.10 A tangent vector and line in the z-direction.

In the cross section parallel to the yz-plane, a vector parallel to line Ly is vs
shown in Figure 2.11.

vy = 2+%
dl/
(-5 )

starting at the origin
in the yz-plane.

Figure 2.11 A tangent vector and line in the y-direction.
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In the full 3D graph the tangent lines I; and Lo, and corresponding vectors

v; and wve, appear as in the figure below. (Compare the corresponding lines
in Figure 2.12 below with those in Figures 2.9, 2.10, and 2.11 above.)

j:('/‘l"(],‘ y) i

(w0, Yo, 20)

/—f(T y())

Figure 2.12 Tangent vectors and lines to a 3D function graph.

Notice that v; and vy are not parallel to each other! This is useful as the
vectors v, and vy define a tangent plane, T', with normal vector n:

€] ey e3
of ) )
n = v XUy = 0 %0 :_Fi Oel—aff’oez—Feg.
01 g‘ !
dy lo

The plane defined by Ly and Lo is tangent to the surface z = f at (o, yo, 20),
is spanned by v; and vs, and, of course, has the same normal as the normal
to the graph of z = f(z,y, 2) at (zo, Yo, 20)-
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The equation of this tangent plane can be found from the scalar vector prod-
uct (Page 4):

n-(x—xy) =0.

//’

an arbitrary the specific point on the plane
point on the plane. that is also on the surface, f.
of of
— —_ — —_— — — - == 0
5o @ = 70) + 5| = 30) = (= = 20)
of of
= z—x= %‘0(55 — o) + @‘o(y —Y0)-

£y Mastery Check 2.7:

Let z = f(x,y) = arcsin(xy).

Find the normal vector to the surface generated by f(x,y), and the equation
of the tangent plane, at (1,1, %).

Voa)

2.D Differentiability of f: R" — R

We can now use the developments of the last section to establish a conve-
nient definition of differentiability, extending the following geometric argu-
ment from single-variable calculus.

Consider the function f : R — R. In saying that f is differentiable at a point
xo € Dy we mean, geometrically, on the one hand, that there exists a tangent
line to f(z) at the point o (Figure 2.13):

flzo) p-===-=—3

I
I
I
I
I
I
|
Zo X

Figure 2.13 Tangent line to the graph of f(z).
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and analytically on the other hand:

o L@ = f@o) _ < df )
T—T0 T — Xo dz lo

— f(@) = flwo) = ez — %0) — 0 asxz— 20
r — X
<:>f(x)*f(x0)*c(x7$0):p(xf;po) — 0 asx — xp.
T — X0

The variable p is a function of (z — z¢) which — 0 as z — xo.
Rewriting this last result, we conclude that f(z) is differentiable at

= f(z) = f(xo) + c(z — zg) + |Azx|p(Az) and lima, 0 p(Az) =0
<= f can be approximated by a line.

The generalization of this argument to a function of two variables f : R? —
R is reasonably straightforward with the tangent line approximation being
replaced by a tangent plane approximation.

We say f(z,y) is differentiable at (xq,yo)
= f(z,y) = f(wo,y0) + 1Az + c2Ay + |Az|p(Ax)
<= f can be approximated by a plane at (zq, yo)-

We formalize this reasoning in an even more general definition for a function
of n variables.

Definition 2.4
Let f : R™ — R. f is said to be differentiable at xo € Dy if there exists
a linear approximation, ¢(x — xq), such that

f(@®) = f(xo) + d(x — x0) + |Ax|p(Ax; 2, 20) mnear xg

with¢(x—xo)=c1(x1—x0,1)+ - +cn(Tn—Ton) andAlimOp(A:c; x, x9)=0.
r—

A function for which no linear approximation can be defined at a point

is said to be singular at that point.

Although it is not critical to the discussion here (instead see Section 2.1
and Chapter 3), a word or two about the function p (relevant to both the 1D
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and nD cases) is warranted.

The condition that the function f is differentiable at ¢ is equivalent to the
condition of the existence of a tangent plane, ¢, at that point. For x # x,
a rearrangement of the equation in Definition 2.4 then defines the function
p(Ax;x, xp) as the ratio of the difference (effectively) of f and ¢ to |Ax],

f(®) — f(x0) — $(x — x0)

|Az| ’
which should only be a nonlinear contribution. Definition 2.4 then states that
as a further condition for differentiability, this function must vanish in the
limit |Az| — 0. Essentially, for differentiability f(z) — f(xp) must behave
as a linear function of the independent variables. We clarify this explanation
with an example.

p(Ax;x, xp) =

B Example 2.8:
Consider the function f(z,y) = xy? and the point o = (-2, 1). We introduce
h = (h,k) so that € = xg + h = (—2+ h,1 + k). Then

F(@o+h) — fl@o) = (=2 + h)(1 + k)? — (~2)12
= (=24 h)(1+2k+k*) +2
= (h — 4k) + (—2k* + 2hk + hk?).
In the last expression on the right-hand side, the two pairs of parenthe-

ses separate the linear approximation, ¢(h,k) = h — 4k, from the remaining
nonlinear terms. From the latter terms we then form our p function

—2k? + 2hk + hk?

Vh? +k?
which vanishes in the limit |h| = VA2 + k% — 0 since the numerator is at
least quadratic in A and k while the denominator is of linear order. From the

of 0
linear approximation, ¢, we read off that —f, or ‘ = (1,—4).
oz’ Jy ) l(-2,1)

p(h;xo + h,xo) =

More generally, the linear function ¢(x — xo) in Definition 2.4 is

_of _ 2
o(x — xo) = G 0(331 x10)+ -+ oz, 0(33n Tn0)-
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That is, the coefficients c1, ..., c, of the respective linear factors are simply
the n partial derivatives of f(x) evaluated at the point ay, which means that

f: R®™ — R is differentiable at xq if the limit vanishes:

A n A n) — [ n) = A i
) f(wo1 +Axy,..., 200 + Axy) — f(z01 To,n) ; Ox; lo g
i As -

Theorem 2.1

A function f: R" — R with continuous partial derivatives

»
the neighbourhood of a point xq is differentiable at x. '

This theorem on the continuity of partial derivatives as a condition for dif-

ferentiability inspires the pictorial interpretation in Figure 2.14.

) M

Figure 2.14 The relation between partial differentiability
and differentiability.

At P; the surface is partially differentiable and differentiable, but at Ps it
has limited partial differentiability and so is not differentiable there.

Now for two important theorems (for proofs see [1] or similar texts):

Theorem 2.2
A differentiable function is continuous.

A continuous function is not necessarily a differentiable function.

Theorem 2.3
A differentiable function is partially differentiable.

A partially differentiable function is not necessarily a differentiable function.
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Table 2.1

exhaustive)

71

A pictorial table of differentiable functions (not

Function

Diff'ble
at (x0,90)?

Why or why not?

No

Limit does not exist at
points on the red line.
Function is not continu-
ous.

No tangent plane.

Limit exists and function
is continuous across the
red line. But not all par-
tial derivatives exist.

No tangent plane.

No

Function is continuous
and all partial deriva-
tives exist, but they are
not continuous at one
point. No tangent plane!
(See Mastery Check 2.8.)

Yes

Function is continuous
and all partial deriva-
tives exist and are con-
tinuous at (zo, yo).
There exists a unique
tangent plane!
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So, it appears that for f: R — R, the function is differentiable at a point
if the derivative exists, but for f : R?> — R, the partial derivatives have to
exist and be continuous in an open circle about the point. The following
Example and Mastery Check make this clear.

B Example 2.9:

Consider the function f : R? — R, f(z,y) = zarctan(y/z), f(0,y) = 0. We
wish to discuss the continuity of f, and the existence and continuity of f,
and f, at points on the z-axis.

We have lirr%) f(z,y) = lir%xarctan(y/x) =0= f(0,y) for all y, since
r—r T—r
|arctan(y/z)| < 7t/2.
The function is continuous for all points on the z-axis.
We have, for y # 0, f, = arctan(y/x) — IQLergﬂ
Then for y >0, lim fo = ~—0 = =, lim f, = —
z—0t 2 z—0~
+0 = -, lim f, =
2 z—0~

Thus f, is not continuous along x = 0 for y # 0. Also,

2
x
= — lim = lim = 0.
Ty 224y e Iy 20— T

NIERME]

and for y <0, lim f, = —
z—0t

If we define f,(0,0) = 0, then f, exists and is continuous on z = 0.

£y Mastery Check 2.8:
Consider the function f : R? — R defined by
2= flay) = —m—= i 2? + 7 £ 0, £(0,0) =0,
whose graph appears at the end of this exercise in Figure 2.15. We wish to
investigate the behaviour of f near (0,0).

(1) Find the two partial derivatives for (z,y) # (0,0).

(2) Show using Definition 2.3 that both partial derivatives are zero at (0, 0).
Thus, the tangent plane at (0,0), if it exists, must coincide with the
plane z = 0.
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3)

But the partial derivatives are not continuous. Show that these limits
are not all the same:

. . of . . of . . Of
lim ( lim = |, lim (lim =), lim [ lim = ).
z—0 \ y—0 Oz y—0— \z—0 Oz y—0+ \z—0 0x

(A similar result holds for the other derivative.)

So, we do not expect the tangent plane to exist.

Now recall the properties of a tangent plane as outlined in Defini-
tion 2.4. See if you can construct the expression

Az = f(x) — ¢p(x — xo) = f(xo) + |Ax|p(Az) for the special case
that @ lies on the line y = z, at distance
|Az| = /Az? + Ay? from xo = (0,0), with Ay = Ax.
That is, find p(Ax).

Use this result to decide whether a tangent plane exists.

Figure 2.15 The graph of z = . B y # 0.
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2.E Directional derivatives and the gradient

The directional derivative

Thus far we have established that the partial derivatives of a function f :
R? — R have the properties that:

0
8f some = the rate of change (that is, the slope) of f in the (positive)
!
poImt . divection at “some point”.
of

some = the rate of change (that is, the slope) of f in the (positive)
yl .

point y-direction at “some point”.
These interpretations now beg the question: What if we wanted to find the
rate of change of f in some other direction, such as u depicted in Figure 2.167

Suppose f is given and we know it is differentiable at a point (xg,yo) and we
wanted the rate of change of f in that particular direction u. We may now
combine all the ingredients that go into the limit definition of the derivative
in Equation (2.1) on Page 52 and suppose, in addition, that w = (u,v) is a
given unit vector in the zy-plane.

o

tangent line at
(1'0, Yo, ZO)

Figure 2.16 The tangent vector in an arbitrary direction.
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We notice first that the two points Py and P; appearing in Equation (2.1)
define a vector in the xy-plane, parallel to our given w. Hence,

( Az, Ay )
—
Az = PP = (x1—20,y1—%) = t.u = t.(u,0).
/\/
S a ipli . . . . pa—
scalar multiplier unit vector in direction PyP;

Now we may re-consider the general expression for the derivative of f in
Equation (2.1) which we rewrite for this special case.

Definition 2.5
The derivative limit:

f(z1,y1) — f(wo, y0) f (o + tu,yo +tv) — f(x0,%0)

li = 1
Ao |Az| A0 [tu|
t tv) —
_ piy L@ o0 + ) = F@ov0) 1y,
t—0 |t|

if it exists, is called the directional derivative of f in the direction
of u at (zo,yo).

Commonly used notations for the directional derivative include

df
Dy f(xp) and —(xq).
u f (o) Iy (%0
To calculate the directional derivative, there are two alternatives: Either we
use the above definition (which may be necessary if the function is not con-
tinuous or not differentiable), or defer to the following theorem.

Theorem 2.4
If f : R? — R s a differentiable function, then
df

0
Dy f(xo) = @(fﬂo) = a%‘OU‘F

o,
Oylo

For the conditions stated, this theorem is easy to prove.
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B Proof:
In light of Definition 2.4, f differentiable means

flxo +tu) — f(xg) 1
0 t o _ t<f

(o) + > 2L i+ tot0) - f(a0))

B n of n of )
_Zz_;axi‘ou,+p(t) — Z_X_;Bm’ouz as t — 0 since p(t) — 0.

The above simple proof suggests that we can easily extend the definition of
a directional derivative and its convenient form to f:R™ — R. For these
functions we have
of
D, f(z

f(@o) = Oxy lo

where u = (uy, ug,...,u )and |lu| = 1.

Up (2.2)

For a differentiable function what the directional derivative gives us is the
slope of the tangent plane in the direction !

Gradient of a scalar function

Let’s look a little more closely at what we use to calculate the directional
derivative of a differentiable function. In the general case of f : R — R we
interpret Equation (2.2) as the scalar product of two vectors:

— o0x; oui
direction of interest
of | of of ¢ N
= <6x1 07673;‘2 O,...,@ 0) '(Ul,ug,...,un)

a new vector called ...

Definition 2.6
The gradient vector function of a function f:R™ — R at a point
x € Dy is defined as

grad (@) = (o2 2L )

axl 33;2 . '7E = Vf(x)
—we say “grad f” or “del f”.
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Therefore, for a differentiable f:R™ — R, the directional derivative of
f(xo) in the direction w is the scalar product of the gradient of f evaluated
at oy and the unit vector u.

Dy f(2o) = grad f(zo) - u = V f(z0) - .

B Example 2.10:

Consider the function f(x,y,z) = zy> + y2z2. What is the directional deriva-
tive at the point (1,2, —1) in the direction © = 2e; + e3 + 2e3?

The gradient of f is

Vf=ye + (3xy® + z%)es + 2yzes.
At (1,2,—1) this is V f = 8e; + 13es — 4es.
The direction of u = 2e; + ey + 2e3 is

2, 1 2
n=-—=c-e + -e+ -e;s.
| 3 " 3°73°

The directional derivative we require is the scalar product of these:

2 1 2
Vf-n= (8e1 + 13ey — 4e3) . (gel + geg + §e3) =T.
|
#5  Mastery Check 2.9:
What is the unit normal to the surface xy?z® = 4 at the point (1,2, —1)?
)

4 Mastery Check 2.10:

Calculate the directional derivative of f(z,y,z) = zy + e€Y* + z in the direc-
tion u = (a, 3,7), where a? + % ++% = 1, at the point (1, 1,0).

When you have found your directional derivative, answer this question:

How should «, 3, be chosen so that this derivative should be maximal?

£
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Remarks — Some all-important facts about the gradient, V f:

d
x V f(x) is the generalization to functions of several variables of d—g for
x

a function g of one variable, x.

d
* In 1D, d—g =0forallz € D, = g(z) = const.
x

For f:R™ — R, if
V f =0 for all ¢ in an open set in Dy,

then f(x) is constant in that set.

of

Vféa;,zé,j’))fz }:> %:0:fzf($7z) = f(z,y,2) = const.
o —0=f=fy)

But, quite often V f = 0 at some isolated point xy: f is then not con-
stant. See Section 3.A for further discussion.

* At a point € Dy, the differentiable function

increases

f:R*" — R { }most rapidly in the direction of £V f(x).

decreases
The maximum rate of change of f is given by |V f(x)|.

In Section 3.E we will encounter the gradient again, while later in
Chapter 5 the “del” operator appears in other guises.

x If V f(x) # 0 for a differentiable f : R” — R then V f(x) is a vector
level curve in R?
of f.

which is normal to a level set, that is, a . 3
level surface in R
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V(f(ﬂé‘o, Yo) — Zo)

V f(x0, v0)

Figure 2.17 Comparison of the gradient applied in 2D
and 3D circumstances.

In Figure 2.17, it can be seen that V(f(:no, Yo) — zo):ﬂ’ e + ﬁ‘ ex—es
oxlo Oy lo
is normal to the 3D surface f(z,y) —z = const. at (xo,%0,%0), while

0 0
V f(zo,y0) = é‘oel + 8—;‘0@ is normal to the 2D level curve f(x,y) =
const. at (zo,yo)-

#5  Mastery Check 2.11:

Find the equation of the tangent plane to the level surface of w = f(x,y, z)
when w = 2 at the point (1,1, t), where f(z,y,z) = xycos(z) + 3z.
oa

4 Mastery Check 2.12:

Find the equation of the tangent plane to the level surface of w = f(z,y, 2)
at the point (1,1, ), where f(x,y,z) = xycos(z) + 3z.

Hint: We are now working in four dimensions. Consider the level set

g(f,y,Z,U}) :f(ﬂi,y,z)*w:O
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2.F Higher-order derivatives
By now the reader will have correctly surmised that, just as in the single-

variable case, higher-order derivatives are possible for functions of many vari-
ables.

Indeed, if
(a) f:R™ — R is a continuous function of x1, s, ..., z,, and

(b) some given partial derivative of exists and is itself a continuous (not

1
necessarily differentiable) function of x1,xs, ..., Ty,
0 . . . .
then 3 can itself be considered a function of & (independent of f).
X

For a convenient explanation, we shall refer to this particular derivative as

7]

g(x) ( = a—f(a:)) We can now consider the partial derivatives of g just as
X

we had done with f:

Definition 2.7

If@ — Jim gxi,...,xj+h,. . xn) —g(@1, ..., 25, ..., Tn)
0x;  h—0 h

called a second-order partial derivative of f. More specifically, it is

exists it 1s

a second-order mized partial derivative of f w.r.t. x; and x;.

In terms of the original f we have that

og 0 <af) 0% f

— = = — this is the notation used
Oxj  Owj\Oxi/ — O;0u; (mostly) in this book

differentiate first w.r.t. z; then w.r.t. z;

Note that other notations for the second derivative of f(x,y) are in common
use such as
o f
Oyox

= fm; = f12a
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each of which describes a second-order partial derivative. First, a partial
derivative w.r.t. , then a partial derivative w.r.t. y. The reader should exer-
cise some care in interpreting the different notations.

We are now implored to explain what higher partial derivatives are. It suffices

to consider a function of two variables, f(z,y). If g—f ( : is the slope of the
T 1(zo,y0

tangent to f at (o, yo) in the direction of z, then, just as in the single-variable

case, —= is the rate of change of the slope in this same direction. It is

(z0,%0)
therefore a measure of the curvature of f in this direction. On the other hand,

0% f
Oyox

( : is the rate of change of the z-directional slope in the y-direction.
Zo,Yo

A convenient and useful result for so-called smooth functions which, apart
from their applications in applied contexts (Chapters 3 and 5), relieves some
of the stress of interpreting notation, is the following.

Theorem 2.5
Suppose f : R" — R is continuous and

of
8%’
of 0
00z, an O0x;0x;
0% f B 0% f

1=1,2,...,n exist and are

exist and

continuous in S,(x) C Dy and that both

are continuous at € € Dy. Then atx € Dy.

8$¢8$j o 81']81/1

(For the standard proof, see a standard text book such as [1] or [2].)
Note the conditions of the above theorem highlighted in Figure 2.18.
0% f O*f

and continuous here

dlﬂr)lj Or]&L[

continuous all over here

of
f, oz,

Figure 2.18 Conditions for the equivalence of mixed partial derivatives.
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83f /

0 —_
Iz ox3
81’2 K a3f /

dyox? ~—~—~—_

g _— "

, /aa/' 0rdydr™—~—__
of
o
8y81’m
. =

\

#f

2 7200
2 2 / 920y \
9 Of ]
¢ 0x0y ~gy

5‘y8x6‘y\ )

oy ‘ 83f P
/ roy? \

P —
dyP T—0

Figure 2.19 A chart of possible derivatives of f : R? — R.

Figure 2.19 gives an indication of the scope of possibilities of higher-order
partial derivatives for a function (of two variables) that is sufficiently differen-
tiable. What constitutes “sufficient” will be defined shortly. In the meantime,
referring to the arrow convention in Figure 2.19, what are the derivatives in
the positions where question marks appear?
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Definition 2.8
A function f : R" — R with continuous derivatives up to and including
orderm (0,1,2,...,m) in an open subset of Dy is said to be of class C™.

0? 0?2
A C?-function thus satisfies o /

8:52-8%- o 8x]8x2 '

43 Mastery Check 2.13:

82
Verify that for f(z,y) =2 — 2%y — 2y?, the mixed derivatives 3 8f and

ToyY

2
990z are equal. Draw the graph of f(z,y) using MATLAB®.
#
45  Mastery Check 2.14:
Determine all partial derivatives of order 2 of f(x,y) = arctan (E)
)
Specify any points where f or its derivatives are not defined.
oa

#£  Mastery Check 2.15:

Determine all C? functions z = f(z,y) which satisfy the conditions
0z 0z
— =xye® +1, —
Oz Y " Oy
Hint: First, check to see whether there exist such functions. Then, find
possible antiderivatives to the two conditioning equations.

=(z—1)e*+1.

£

#3  Mastery Check 2.16:
Determine all C? functions f(x,y) such that

Of _ o5 o 2 _

a) 8x—2xsmx, ay—cosy.
of af

b) —am—Zx—i—y, e =2y +x.
of s Of 4

c) axforSyx, 78y7x + zy.
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2.G Composite functions and the chain rule

We now come to a topic which many find challenging. However, it is so
important in multivariable calculus as well as in practice that we will devote
some considerable space to it.

What are composite functions? These are functions of functions, of one or
more independent variables. The relationships between the functions and
their variable dependencies can be readily represented by ball-and-stick dia-
grams (see below). Although we will retain function names in our analyses,
the ball-and-stick diagrams show the relationships between dependent and
independent variables. However, the reader should bear in mind that the
functions themselves actually provide the links between the variables. These
links are illustrated with the help of domain-and-range diagrams, which seek
to aid understanding not only of the dependencies but also of the conditions
that must be satisfied for the composite functions to be defined.

What then is the chain rule? The simple truth that this is the process by
which one differentiates composite functions is rather unhelpful at this point.
It will be necessary to go through the various cases we will be considering,
in order of complexity, for this statement to have meaning.

As for illustrating the chain rule — as distinct from visualizing composite
functions — we take advantage of the notion that derivatives describe rates
of change and so imagine a derivative to represent the regulated flow of water
through a sluice gate or floodgate from one water reservoir to another. The
chain rule, which involves sums of products of derivatives, we shall represent
by floodgate diagrams: an arrangement of reservoirs fitted with floodgates to
regulate water flow. The net flow of water out through the final gate will
depend on which gates above it are open (the variables), by how much (the
partial derivatives), how two or more flow rates reinforce (the products), and
in what combinations (the sums).

In this context, probably more than any other, it is important to distinguish
between the independent variable that is involved in a partial derivative and
others that are held fixed. To this end we will use notation such as

of OF
(ax)y ot (5,),

to refer to partial derivatives (here w.r.t.  and wu, respectively) and the
independent variables that are kept constant (here y and v, respectively).



2.G The chain rule 85

Case 1

This is the simplest example which the student would have encountered in
their single-variable calculus course. It nevertheless exhibits all the features
inherent in the more complicated multivariable cases to follow. Accordingly,
the format we follow in this discussion is repeated in the latter cases. Within
this format we itemize the variable dependence of the functions involved
including their domains and ranges, the composite function and its domain
and range, and finally the appropriate chain rule for derivatives of the com-
posite function.

Figure 2.20 The graphs of y = f(z) and z = g(t).
Consider two functions f,g € C*(R) of one variable.

fR—R g:R—R

z—y = f(x), t— x=g(t).

The domains and ranges of these are shown in Figure 2.20 above. From these
functions we form the composite function of the independent variable ¢:

y=F(t)=(fog)t) = f(g(t)).

The composite function may be represented schematically by the ball-and-
stick diagram in Figure 2.21. The diagram (as with the more complex ones to
follow) indicates that the variable y depends on 2, which in turn depends on ¢.
Thus, a variation in ¢ leads to a variation in x, which leads to a variation
in y.
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Figure 2.21 Ball-and-stick model for f(g(t)).

The domain and range of F', which are based on the sets Dy, Ry, D¢, and Ry,
must be such that F' makes sense. Examine Figure 2.22, from left to right,
noting the termini (start and end points) of the arrows.

—— e
D ’ z R Y
D, " ]%(,mef Ry

Figure 2.22 Conditional definition of Dr and Rpg.

From the figure follow two set relations and one critical set constraint: the
domain of F' is a subset of the domain of g, the range of F' is a subset of the
range of f, and then there must be a non-empty intersection of the range of
g and domain of f. In set notation these are summarized as follows.

D inof F: Dp C D

1(;1;1;;1; zf I Rg é R; } An important condition: R, N Dy # 0.
The derivative of F' w.r.t. t is given by the chain rule and can be represented
schematically by the floodgate diagram in Figure 2.23.
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dF d, .
o = E(f © !])(t)
_ ﬁ dﬁ dg
o dz ,l;*gj(t)' dt It J
.. .. dt
derivative derivative df
_ of f of g el
o evaluated * evaluated de >—"
at x = g(t) at ¢ ydF

dt
Figure 2.23 The floodgate diagram for dF'/dt.

In constructing the relevant floodgate diagram for any given case we aim
to compile and represent all the term- and factor-wise contributions to a
chain rule derivative. The objective is the net outflow at the bottom. In this

dF
case the final flow rate out through the bottom gate of the reservoir (E)

is dependent not only on the flow rate from the x-reservoir to the y-reservoir

d d
(d—f> but also on the flow rate from the t-reservoir to the x-reservoir (d;(z{)
T f

one reinforces (multiplies) the other.

A final note concerns the notation used to represent and describe the chain
rule derivative. The more commonly seen notation is

dy_dydi

dt ~ dz dt

Although it is intuitive and appealing to express the chain rule in this way
(admittedly it is convenient sometimes), this notation can be problematic in
some cases.

Case 2

We now move on to more complicated functional arrangements. As was
remarked earlier, the format for the discussion here remains the same as
in Case 1.

Consider function f as before, but now suppose that g is a function of two
variables.

f:R—R g:R* —R
z—y=[f(z) (s,8) — = g(s,1)
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The respective domains and ranges are shown schematically in Figure 2.24.

<
)

Figure 2.24 The graphs of y = f(z) and = = g(s, t).

The composite function of the two independent variables, s and ¢, is

Y= F(S,t) = (ng)(S,t) = f(g(87t))'

The composite function can here too be represented schematically by a ball-
and-stick diagram, but this time a branch diagram (Figure 2.25). The variable
y depends on x, which depends on s and ¢. Consequently, a variation in s or
t leads to a variation in x, which leads in turn to a variation in y.

Figure 2.25 Ball-and-stick for f(g(s,?)).

The domain and range of F', which again are determined by D,, Ry, Dy, and
Ry, are such that F' makes sense (Figure 2.26).

(
RN_JID;) T \Rp
RAD, Ry

Figure 2.26 Conditional definition of D and Rp.
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We once again find two set relations and the same set constraint.

Domain of F': Dp C D,

Ani o . R, D '
Range of F : Rp C Ry } n important condition: R, N Dy #

That is, the domain of F' is not bigger than, and can be smaller than, the
domain of g, and the range of F is not bigger and can be smaller than the
range of f. All is dictated by the size of B, N Dy.

The derivatives of F w.r.t. s and t are now partial derivatives given by the
chain rule, and represented by their respective floodgate diagrams: Figures
2.27 and 2.28.

(3:).= 5 o960

t-gate
t Ef held ﬁXGC})g closed
B dz \lf:‘(](h’.f,)‘ <Oﬁ>t @
full partial 0s
derivative derivative df
of f X of g de >—T
evaluated evaluated OF
at @ = g(s,t) at (s,t) s

Figure 2.27 The floodgate diagram for OF /0s.

(0F>S 0 (fog)(s,t)

ot/)s ot
s — held fixed
_ df (@)
o dz Jl‘zg(s.l,)' ot/ s
full partial
derivative derivative
of f X of g
evaluated evaluated
at x = g(s,t) at (s,1)

Figure 2.28 The floodgate diagram for 9F /0t.

In this case (in contrast with Case 1) the partial derivatives of F' mean that
one variable is kept fixed, and thus its associated gate remains closed, giving



90 Differentiation

no contribution to the flow out through the bottom floodgate.

We demonstrate how this case works with an example and leave the reader
with an exercise to consolidate their understanding.

B Example 2.11:

Consider the functions f : z — y = f(z), and ¢ : (s,t) — 2 = g(s,1).

We wish to find the domain Dp of the composite function

F (st = ), and the derivati (a—F) (a—F)
D(s,t) —y (fog)(s, ), an e derivatives 2: ) \ar ).

when f(z) =Inz, g(s,t) = s(1 —t?).

The domain of f is Dy = {z : x > 0}, and the range of g is

R, = {z : x € R}. The intersection is {z : x = s(1 — t?) > 0}, that is,

Drp={(s,t): (s >0 and |[t| <1)U(s<0and [¢{| > 1)}.

OF df dg 1 2
— )y == = - 1-¢%) = =
( 0s )t dx Os x x:S(l_ﬁ)( ) s
OF df dg 1 2t
—_— = —_—— = — —2 = ——
(r). = awar — = BIPRE e

#3  Mastery Check 2.17:
1
Consider the function: y = f(x) = arcsinx, where z = g(s,t) = s + T What

are Dy, Ry, Dy, and Ry?

Determine where y = F'(s,t) makes sense, and then find (if possible) the par-

tial derivatives (%—Z)t and (aa—};)s

Note: the final result should be expressed in terms of s and ¢! 2}

Case 3

Consider two functions f,g € C'(R?) of two variables.
f:R? —R g:R? — R?
(z,y) — 2 = f(z,y) (s,t) — (z = g1(5,1),y = g2(s,1))

The composite function F' of two variables s and t derived from f and g is

z = F(S,t) = (f Og)(sat) = f(gl(s’t)vg2(svt))'
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This composite function is represented by the more elaborate branch model
of dependent and independent variables shown in Figure 2.29.

This time z depends on x and y, and both x and y depend on s and ¢.

Figure 2.29 Ball-and-stick for f(g1 (s,t),gg(s,t)).

The domain and range of F', which are dictated by D; and Ry, and Dy and
Ry, are such that F' makes sense. In analogy with Cases 1 and 2, the same set
conditions and set constraint can be established from the depiction in Figure
2.30:

Domain of F': Dp C Dy

Range of F : Ry C Ry } An important condition: R, N Dy # (.

Figure 2.30 Conditional definition of Dr and Rpg.

The partial derivatives of F' w.r.t. s and ¢ are given by the chain rule:
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0 0 0 0 Dgs
Go) = GO G G o),

y=ga(s,t) y=g2(s,t)
t — held constant

t-gate t-gate
closed closed
991 BN T 9%
Js Js
of of
" N~
ox dy
(‘)j
Js

Figure 2.31 The floodgate diagram for OF/0s.

0 af 0 af dg:

y=ga(s,t) y=ga(s,t)
s held constant

s-gate s-gate
closed closed
991 [ S\ 09
ot ot
of of
) N~
ox dy
N—————
Oj
ot

Figure 2.32 The floodgate diagram for 9F/0t.

In each of the cases shown in Figures 2.31 and 2.32, both bottom floodgates
0 0
(a—f and 8—f) are open and contribute to the total flow, but with strengths
z Y
that are modulated by the floodgates above them, that is, by the partial

derivatives of g1 and gs.
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4 Mastery Check 2.18:

Consider the following function:
1
2z = f(z,y) = sin(z%y), where x = g;(s,t) = st? and y = ga(s,t) = s* + T
F F
Let F(s,t) = (f o g)(s,t). Find (%) and (aa—t) , if they make sense.
S/t s
)

Case 4

As a final example, consider two functions f € C1(R3), g € C*(R?). This is
a mixed case where the “outer” function, f, depends on an independent vari-
able both directly and indirectly.

f:R*—R g:R* — R?
(l‘,y,t) —z= f(xvyat) (S,f) — (T - gl(sft>ﬁy - gz(s‘f))

The composite function F' of two variables s and ¢ formed from f and g is
2= F(s,t) = f(g1(5,1), 92(5,1), ).

The ball-and-stick branch model appropriate for this example is shown below

in Figure 2.33.

Figure 2.33 The complex ball-and-stick diagram
for f(gl(s, t)a 92(8, t)a t) .

As in all previous examples, the sets Dy, Ry, Dy, and Ry establish the domain
and range of F' so that F' makes sense. However, this time there is the added
complication of the appearance of a common independent variable, t.
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Figure 2.34 Conditional definition of Dr and Rp.

Note the complex intersections of domains and ranges in Figure 2.34. The
particular complication here is the fact that t-values must lie in Iy, the
t-interval making up one dimension of Dy, as well as in the one dimension
within the domain of g.

To reconcile the different sets, let PDy be the projection of Dy in the xy-plane
and consider the infinite strip Iy x R C R? in the st-plane. The rectangular
strip Iy x R is shown in the left-hand diagram in Figure 2.34.

We can now formally establish the range and domain of F:

Domain of F: Dp C D, N (If x R)
Range of F: Rp C Ry '

RgﬂPDf7£®

Th two i tant ditions:
ere are two important conditions {Dg N(Ip x R) # 0.

The preceding two conditions are critically important for the validity of the
composite function. The domain of F' must be consistent with R, N PDy,
but the allowed ¢-values in D, must also be within ;. Consequently, ¢ in f
is not independent of ¢ in g! Note also that the limits of the interval I F may
depend on z and y values in PDy.

We will meet this idea again in another context in Section 4.G.
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The partial derivative of F' w.r.t. s is given by the chain rule, largely identical

to the previous case:
(5.).~(52) (50),+ (5) (52)

Js ti ox y,t :r:gl(s,t). 0s /¢ 8y x,t :I:Zgl(s.t). 0s /¢
y=g2(s,t) y=g2(s,t)

t — held constant

oF
The corresponding floodgate model for (—) is also effectively as appears
s/t
in the preceding case. On the other hand, the partial derivative of F w.r.t. ¢

is given by a version of the chain rule that has three contributions (see Figure
2.35).

) of ) of dg: of

y=g2(s,t) y=g2(s,t)
s — held constant

—— ———
total indirect direct
variation variation variation

s-gate
closed
ot
of o7
Jy ot
oF
ot

Figure 2.35 The floodgate diagram for OF/0t.

oF
The indirect contribution to (—) is as in the preceding case, but now there

S
is an extra contribution from the direct dependence on t. This is reflected in

0
Figure 2.35 by the feature of the reservoir above the floodgate (a—{) hav-
.y
ing no other influences, while there are t-reservoirs that influence (multiply

or reinforce) the other contributions.
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OF
The reader should compare the expression for the partial derivative (E>

with the expression one would write using the less precise notation that treats
z,y, z, as both dependent and independent variables. With z = F(s,t) and
z = f(=z,y,t), the chain rule for the partial derivative with respect to t would
then be written

0z 0z 0r 0z Jy 0z

o "oz ot Toygor ot

S~~~ S~~~
total indirect direct
variation variation variation

We see that by being imprecise we arrive at an expression involving two terms
with the same notation but which mean different things!

If the reader insists on using x,y, z as both functions and independent vari-
ables instead of just as independent variables, then they should at least write
the derivatives as

0: 10\ Oz 02\ Oy (D
o= G ot (G )coe + (G

We have completed our coverage of composite functions and their first partial
derivatives. Of course, these four cases do not exhaust all possibilities. How-
ever, the reader may well discover that more complicated cases of composite
functions and their respective partial derivatives may be readily if not easily
constructed by generalizing the exposition given here.

#5  Mastery Check 2.19:
Consider the function
where
z=g1(s,t) = st +1, y = ga(s,t) = s° +*.
Let (D f) C R? denote the domain of f when ¢t is held constant.
Your task is first to establish that (D f) N R # (), and then to determine

t
the partial derivatives of F(s,t) (f o g) ) w.r.t. s and t.
yoa)
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Second derivatives and the chain rule

Applications involving the chain rule are not limited to first partial deriva-
tives. So, while it is essential to understand the chain rule in principle, a
Master Class in the practical use of the chain rule cannot be complete with-
out a discussion of higher-order partial derivatives. In the author’s experience,
this is what most students find challenging.

By way of demonstration consider Case 3 again:

f:R? — R, and g : R> — R?, with

F(s.t) = (fog)(s,t) = f(91(s,1), 92(s, 1))

The first partial derivative of F' w.r.t. s is (as on Page 91):

OF _Of 991, OF 992
ds Oz O0s Oy Os’

where for convenience we have suppressed parentheses and their subscripts.
2

0]
If we now want a second derivative, say 05’ then we must take note of two
S

facts:

F
(a) —— is the sum of products of functions!

s
aof aof . . | )
(b) % and 50 are two new composite functions of s and t! Let’s denote
4 Y

these by K and H.

Hence, using

% = k(a(s,1),y(s,1)) = K(s,1), % -

the first partial derivative of F' w.r.t. s will become

OF o 0.(]1
g = K(S7t)0? + H(S,t)

B(a(s, 1), y(s,1)) = H(s, 1),

2=,

In this guise, the first partial derivative is more clearly seen to be a sum of
products of functions of s and ¢. Consequently, in taking a second partial
derivative — any second partial derivative for that matter — we must take
the following steps in the order given:
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Step 1: use the product rule of differentiation;
Step 2: use the chain rule again, this time on K and H;
Step 3: express everything in terms of the independent variables of F'.

As we said, these actions must be taken in this order!

Step 1: Differentiate the sum of products using the product rule

O2F 9 0F\ 0 dg\ O g
555 = 0t as) = s (K050 )+ 5 (HENGY)
B 0?g 0?92 O0K(s,t) Og1 = OH(s,t) Ogo
=Kt gras TG0t o0 95 T ot 0s

product rule product rule

4 terms

The first two terms are finished.

Step 2: After the product rule, apply the chain rule (again) on the second
two terms:

OK 0k g1 0Ok Ogy _ Of Ogi | O*f Ogo

ot  Ox ot 9y ot 922 ot @ dyox ot
OH _ Oh 991 | Oh Ogo 0%f 0g n 0%f 0go
ot 9z ot Oy Ot Oxdy Ot  Oy? ot
Step 3: Finally, replace all the K and H factors with the f, g1, and g, factors
(with all derivatives of f evaluated at z = g1(s,t) and y = ga(s,t)):
4 o (82f dg1 | 0*f

992
Ox? Ay Oz |,—,, Ot

y 92 Y=g2

+ 392 D*f g1 T 327f 8(]2
s \ oz 0y w—g1 =g, ot
Y=92 Y=92

OPF  of

otds  Ox

g1 Of

4+ ==
weg, OtOs Oy |y,
Y=g2 Y=g2

3292
Ot s

ot oy?

For this example the second partial derivative has six terms in total!
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4 Mastery Check 2.20:

Consider the function z = f(z,y) =z cosy+y,
2
z

Osot’

where z =u(s,t) =st, y=uv(st)=s>+1t% Determine

Voa)

The Leibniz integral rule

A particularly important application of the chain rule is to differentiating an
integral such as

d b(t)

— h(z,t)dz,
dt a(t)

with respect to a parameter. Suppose h, a and b are C' functions and the
indicated integral, as well as the integral of Oh/0t, exists. The integral itself
produces a function z = F(t) = (f o g)(t), which depends on ¢ through three
channels. Let’s call these u, v and ¢, where u and v take the place of the
upper and lower limits of the integral, and where

f:R® — R,

(u,v,t) — z = h(z,t)dx,
and g = (u = a(t),v = b(t)).
The branch model relevant to this is shown in Figure 2.36. It is a somewhat
simplified version of Case 4 on Page 93.

Figure 2.36 Ball-and-stick for f(g1 (t),gg(t),t).

Referring back to that Case 4, the derivative of F' with respect to ¢ is thus

= (o) (%)
dt ou u=b(t),v=a(t),t dt

) () (%)
(8” u=b(t)w=a(t)t \dt ot

u:b(t),v:a(t),t.
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The partial derivatives of f with respect to v and v are straightforward using
the fundamental theorem of integral calculus:

g(z) = :l:% — Gz) == /I g(z")da’

where ¢ is some constant. Thus,
9]
/ = —h(a(t),t).

(gf) = h(b(t),t) and <8> =
W () a(t),t) V7 lw(t),a(t),t)

For the partial derivative of f with respect to ¢ we use the definition:
flu,v,t + At) — f(u,v,t) /U h(z,t+ At) — h(z,t)
= dz.
At “ At

where we are permitted to put everything under the one integral sign since
f is Ct. Now, taking the limit At — 0 we get

of (v oh

All together, replacing u and v everywhere with a(¢) and b(t), respectively,
we have the very useful Leibniz rule

d b(t)
dt a(t)

h(z,t)dx

= h(b(t), 1) - (%) — h(a(t),t) - (%) + /;(:) %(w,t)dm

B Example 2.12:
We apply this rule to the following integrals. Note the use of different inde-
pendent variables.

2

(1) Suppose F(z) = / sin(u?) du. Then F'(z) = 2z sin(z*).
0

1

1
(2) Suppose F(u) = / o’ dt. Then F/(u) = —e(-nw)?

1-Inu U
cost
(3) Suppose F(t) = / e?** dz. Then
sint
cost
F'(t) = —e* S tgint — e?5M cost + / 2ze%*t dg.
sint
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2.H Implicit functions

Suppose we are given the following task: In each of the cases below express
the variable y as a function of the remaining variables:

(a) 8y + 6422 = 0;
(b) 2y% + 8y + 16zsinx = 0;

(c) In|y| + y3z + 2022 = w.

I am as certain that you cannot complete task (c) as I am that you can
complete tasks (a) and (b). Although task (c) is impossible, the equation
suggests there is a functional relationship, in principle.

This introduces the notion of an implied or implicit function. In task (c)
the equation implies that y can be a function f of the variables x and w.
What we shall do in this section is establish conditions under which such a
function is defined, at least locally. Along the way we will get, as reward, a
linear approximation to this unknown function, in terms of the independent
variables near a given point, and an explicit expression, and value, for the
derivative (or derivatives) of this function at that point.

As before we explain by considering examples of increasing complexity. In
each case we will also discuss an analogous linear problem. Since the argu-
ment we follow is based on linearization, we hope that the parallels will facil-
itate reader understanding. The purist reader may frown on the questionable
rigour. However, the possibility of greater appreciation for the end result is
worth sacrificing some degree of mathematical sophistication.

Suppose we are given the following three problems:

e 4ry=0 = F(z,9)=0 — a level curve.
2) TV _ (x4 y+ 2)2 =1 = F(z,y,2)=0 — a level surface.
3) e”+y+z—(x+y+z)2—1=0 F(a@y,z):O

zsin(zy) — x cos(zy) =0 G(z,y,2) =0

— a curve of intersection.
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The level set
e+ ay =0

(See also
Figure 2.38.)

Figure 2.37 The graph of z = e**¥ 4 xy and the level set F(z,y) = 0.

Consider Problem 1). F(z,y) = e + 2y =0.

This equation is nonlinear. On top of that, it cannot be manipulated to get
y in terms of z. All the same, the level curve is shown in Figure 2.37.

But suppose we consider the linear approximation to F'(z,y) = e**¥ + zy for
points (z,y) about a point (a,b) which lies on the level curve F(z,y) = 0.
The linear approximation is shown in Figure 2.38 and developed on Page 103.

At prtqy=r

-1.2 et 4 zy = 0 '

-1.4 : :
0 0.5 r 1

Figure 2.38 The level curve e*™¥ + xy = 0 and its approximation.

As the analysis parallels the description of a straight line in 2D, it (the general
analysis) is preceded by that simple geometric discussion. The student should
compare the two mathematical arguments.
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Consider the level set describing the general form for the equation of a 2D
line (Figure 2.39):

ar+by=c, a,bc#£0
Y
c/b

efaN\_ T

Figure 2.39 The line ax + by = c.

We divide this linear equation by b, the coefficient of y, and solve for y.
Naturally, we get the equation of a line in standard form.
LI Tk
=——z+ - =mz
) b b )

where —o0o < m = —a/b < oo as long as b # 0. This is an important point for
what follows: The coefficient of the variable we solved for cannot be zero.

Now consider a more general and potentially nonlinear function, F', such as
the one suggested here.

If F € C!, then for all (z,y) near (a,b) (see Page 68), we know that a linear
approximation to F' is obtained from

F(a,y) = Fla,b) +

(y —b) + [Az|p(Az)

(a,b)’

(r—a)+ or
(ab)’ dy

where, on the level curve itself, both F'(z,y) and F(a,b) are zero:

oF 0
0=— (x — — ({y—> A A
07 oy " a) + 3y |as) (y = b) + |Az|p(Ax),
or, equivalently,
oF oF oF oF
— . -— Y= — . — b— 1A Ax).
Oz l(a,b) T 0y l(a,b) Y 0z l(a,b) “ 0y l(a,b) |Az|p(Az)

This is in the general form of the equation of a line px + qy = r. Therefore,
just as we did in the simple linear case we obtain y = —(p/q)x + r/q, provided
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q # 0. This last condition is a key point to remember: the solution for y for

points (x,y) near (a,b) is valid as long as ¢ = OF /0y # 0 at (a,b). And, in
that case we have the linear approximation to the curve F(z,y):

oF

0z l(a,b)

V= ~3F  °

Ay

r
+ -
q

(a.b)

What we are saying is that we have thus obtained an approximate represen-
tation for the level curve for points (x,y) near (a,b) that defines y locally as
a function of x. This is given by the straight line in Figure 2.38. (The graph
of the actual function is shown in blue.)

Also we have derived the precise value of the derivative of the unknown
implicit function y = f(x) at (a,b) even though we cannot write f out explic-
itly, and in the process we are provided with a condition for the existence of
the implicit function (¢ # 0). The derivative of the implicit function is, in
fact,

OF

dy - % (a,b) 1 - oF

Qe = —aji < FeC at(a,b), and ¢ = 3 ) # 0.
0y l(a,b)

B Example 2.13:

Suppose the equation 23y + 2y3x = 3 defines y as a function f of x in the
neighbourhood of the point (1, 1). We wish to find the derivative of f at x = 1,
and a linear approximation to f near the point. Let F(z,y) = 23y + 2y3z — 3.

Note that F € C' V (z,y) € R%. Then we have

F
— =% + 6xy?.

OF
- =327y + 297,
dy

Ox
oF . . .
We note that o0 # 0 at (1,1). Thus, from our linear approximation we have
dy 2 3+2 5

drlay ~ 146 7

5
The linear approximation is y = ——xz + ¢. To determine ¢, use the fact that
5 12
the line passes through (1, 1), giving y = —=% + - ]

43 Mastery Check 2.21:
Show that a¥ 4+ siny = 1 defines a function y = f(z) in the neighbourhood
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d
of (1,0), and find d—y Find a linear approximation to f, valid near (1,0).£2
x

Consider Problem 2). F(z,y,2) =e* "% — (x +y +2)? — 1.

Suppose a = (a, b, c¢) is a point on the surface. That is, suppose F(a,b,c) = 0.
We want to know if F(z,y,z) =0 defines a function, f, so that the level
surface has the form z= f(z,y) for points & = (z,y,z) on that level
surface near a = (a,b,c). In particular, does there exist a tangent plane
approximation

of of

F=ct a (u,.,b)-(x B a) + 37y (a,b)

(y—b) (2.3)

to the surface at this point? The answer depends on the behaviour of
F(z,y,2) near the point, and on the existence of the linear approximation
to F.

We again lead with an analogy from linear algebra. Consider the equation of

the plane shown in Figure 2.40:

ar+by+cz=d, a,bc,d>0.

d/c

/b
d/a

T

Figure 2.40 The plane ax + by + cz = d.

We divide this equation by ¢, the coefficient of z, and solve for z to get

b

This plane has (partial) slope —2 in the z-direction and (partial) slope —-
c c

in y-direction; both slopes will be finite as long as ¢ # 0. This is an important
point for our next consideration: The coefficient of the variable we solve for
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cannot be zero. Note the outcome that, subject to this condition, we are able
to express one variable, z, in terms of the other two variables, = and y.

Now let’s consider the nonlinear function F' of z,y, z, supposing that F' is dif-
ferentiable at a. Under the latter condition we can obtain the linear approx-
imation to F' for points @ near a by the methods learned earlier in this
chapter:

0 OF oF oF
F =F el (z — el (y— el (z—
(.2) = Bahie) + G| fe—a+ 50| w-br G| o)
+ | — a|p(x — @) (small if x near a) = 0.
This approximation can be rearranged to give
OF oF oF
— (z—¢c)=— — (x—a)— — (y—29
0z (a,b,c) * C) ox (a,b,c) . a) 8y (a,b,c) (y )
+ small terms for (z,y, z) near (a,b, c).
That is, for « near a we obtain
OF oF
N ox (a,b,c) 87} (a,b,c)
0z (a,b,c) 0z (a,b,c)
— oF 0
0z (a,b,c) '

This is the tangent plane approximation to F(x,y,z) =0 at (a,b, ¢).
oF
£

0z (a,b,c

the tangent plane to the surface z = f(z,y).

: # 0, then the tangent plane is well defined and is identical to

That is, equating corresponding terms in Equations (2.3) and (2.4), we obtain
explicit values of the partial derivatives of our implicit function f at (a,b)
(with z = ¢).

or or
g _ Ox (a,b,c) g _ ay (a,b,c)
Oz | (a,b) or ’ 0y l(a,b) or
0z (a,b,c) 0z (a,b,c)
OF 0 0
So, if 97 L) # 0, then both a—i ) an a—z (s are well defined,
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and y = f(x,y) exists locally. We therefore have all that is needed to answer
the question posed.

F(z,y,2) =" (2 4+y+2)2—-1=0

i P | . .
Consider Problem 3) { Gla,y, 2) = zsin(zy) — 2 cos(zy) = 0

The reader who might expect there to be a parallel with a linear algebraic
system will not be disappointed to know that we preface the discussion with
a review of two pertinent problems in linear algebra.

Suppose we have the situation posed in Figure 2.41. This represents two lines
in a plane and a 2 x 2 system of equations for unknowns z and y.

ax + by =c

asx + by = o

x

Figure 2.41 Two intersecting lines.

When conveniently expressed in matrix form, the system can be readily

solved.
() )= () = () =m0 (2)
az bo Y Co Y arby —agby \ —az a; C2
Cc1 C2 ay az
_ bi b _
— - Clbg Cgbl _ 1 02 ’ c1ag + Coaq C1 C2
a1by — azby ay by a1by — azby ay by
az by az by

We know that this system of equations has a unique solution if and only if
the determinant of the original matrix is not equal to zero. In that case the
solution corresponds to a single point in R2.

If, on the other hand, the determinant a;bs — a2b; = 0, then the two equa-
tions are linearly dependent and either:

1) the two lines are parallel and no solution exists (the numerator # 0),
or
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2) the lines are parallel and superimposed, in which case there are an
infinite number of solutions (numerator = 0).

As in the earlier linear problems, the condition of a nonzero determinant is
the important point to note.

Now consider a second problem from linear algebra, that of two planes.

a1+ by +eiz=d; } two equations in

a2 + boy + coz = do three unknowns (z,y, 2).

Again, the objective is to determine whether the planes intersect or not, i.e. if
there exists a solution to the pair of equations. If so, then the solution would
correspond to a line of intersection since there are not enough equations to
solve for all three variables (unknowns), but we can solve for two of them in
terms of the third:

ax+biy=dy —c1z a1 by x di —c1z
— =
asx + boy = do — o2 as by Y do — oz

— T\ 1 by —by dy —c1z
Yy - albg — (lgbl —a2 aj dg — C2% '

Again, this system has a unique solution
<= the determinant = a1bs — agb; # 0.

ba(dy — —by1(dy —
For example, x = 2(d1 = 12) 1(d2 sz), arby — azby # 0,
a1b2 — a2b1

= bgdl — b1d2 b201 — blcg

a1bs — azby arby — a2b1. ’

=k —miz r—ki _ y—keo
and also y = kg — maz o

=z.
—m1 —T1M9

As expected this is the equation of a line in 3D (as long as 0 < |mq], |ma| <
00).

b =d
The two equations for two planes: @+ by +er !
asx + boy + co2z = do
define a line of intersection if the determinant (of the coefficients of the
variables we wish to solve for,  and y) is nonzero, i.e. ajbs —agby #0. If
the determinant is identically zero, then either:

1) the two planes are parallel and there is no solution, or
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2) the two planes are parallel and superimposed, in which case there are
an infinity of solutions.

We could go on to higher dimensional linear manifolds and consider systems
of equations of many more variables, but the situations we would encounter
would be the same:

e The determinant of coefficients of the variables to be solved for cannot be
zero if we want a unique solution.

o [f the determinant is zero, then we have either no solution or an infinity of
solutions.

Now that we have reviewed these linear systems we are now ready to tackle
the nonlinear problem.

Let a = (a,b, c) be a point on both surfaces. That is,

F(a,b,c) = G(a,b,c) = 0.

Just as in the linear problem on Page 108 these two equations define the
set of points x = (z,y, z) which the two surfaces have in common. In other
words,

this set is a curve of intersection.

Now we ask, when do these equations define a curve that can be expressed

x = f(2),
in the form y =g(z), with z as an independent variable?
z =z,

The answer again depends on the existence of the linear approximations to
F(z,y,z) and G(z,y, z) discussed in Section 2.D.

Suppose F and G are differentiable at a = (a, b, c); that is, F,G € C1(R?).
Then for points « near a on the curve of intersection, we find that

0 9F OF oF

F(x,y,z)—F ,b,C)+%a( —G/)+87ya( —b)‘f‘aa(Z—C)-’- =0
o aaG oG oG

G(z,y,2) =G 7570)‘*‘%&-( _a)+87ya( —b)‘f'@a‘(Z—C)‘F =0
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Dropping the “4 ...”, these equations can be approximated by
oF oF oF
o PRt v WL At ol I C )
oG oG oG
7 P R v i o S

These linear approximations form a matrix equation for (z — a) and (y — b):

JF | OF oF

| = T —a _ _
0z la 8y a ( ) o 0z a(z C)
0G| 0G oG

2 la 9y la (y—b) 5|, z=¢)

This 2 x 2 system can be solved for (x —a) and (y — b) if and only if the

oF| 0G oF | 0G
determinant of the coefficient matrix, —| .—| — ——| .——| ,is not iden-
a 5y a 3y a Ox

ax a

tically zero. This is analogous to our second linear algebraic system discussed
earlier.

Incidentally, it bears noting that this determinant of derivatives appears in
many related but also unrelated contexts (see Chapters 4 and 5 for more
details). We take the opportunity here to assign to it a special notation.
With it the results to follow are more concisely presented.

Definition 2.9

0 oG
T ; —_— .=
he determinant 9z la” Dy

Jacobian determinant.

_oF
a 8y

oG

o Ox

_A(F.G)
a 8(x40 a

is called a

Inverting the coefficient matrix and using the Jacobian definition we have

A(F,G) I(F,G)
__0(zy)la 9(x,2) la
(m—a)——w.(z—c), (y — )__W.(Z_C%
A(z,y) la (z,y) la
for (z,y, z) very near (a,b, ¢) and provided 88((}:;7 ;) . #0

Compare these expressions with their linear counterparts in our precursor
problem on Page 108.
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Therefore, provided %((F’ G)) = 0, the set of equations
ZT,Y) la
( ) o(F, Q) I(F, Q)
r—a=mi(z—c .
B . . 0(zy) la _ 0(x,2) la
gz/_ IZ - ;ni(i ¢),with my = AEG) me = AEG)|
N A(x,y) la O(z,y) la

is the tangent line approximation to the implied curve of intersection
x=f(z), y=g(z), z=2z  near (a,b,c). (2.5)

We conclude that as long as m; and mo are finite the above curve of inter-
section is well defined. Moreover, since the tangent line to the curve given by
Equation (2.5) at the point (a, b, ¢),

xfa*%(:.(zfc)
dg
Y- _&c.(z—c)

is unique we can also deduce the following results:

a(F,G) a(F,G)

df|  0(z,y) la dg; Oz, 2) la

dzle O(F,G)| ' dzle  9(F,G)
(@,y) la 9(@,y) la

Once again, the conditions for these to be valid and for the implicit functions
to exist are

(i) F and G differentiable at (a,b,c);

a(F, Q)
Iz, y)

(ii) the Jacobian determinant J = #0 at (a,b,c).

The important point to note in this example is that critical condition (ii)
involves the matrix of coefficients of the dependent variables, z and y. This
is consistent with the preceding examples and is a general rule of thumb with
establishing the existence of any implicit functions!
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#£  Mastery Check 2.22:
Suppose = = h(u,v) = u? +v? and y = k(u,v) = uv are to be “solved” for u

and v in terms of z and y. Find %, Qu v v

O 87/’ 2 a—y, where possible. Show

-1
o(u, o(z, . . . .
(u,0) = (,y) provided the denominator # 0. Hint: This problem
Iz, y) I(u,v)

is similar to Problem 3) above, but this time with four variables. It proves
to be worthwhile here to be a little liberal with our notation convention, and
refer to u and v as functions as well as variables.

F(':I:7 y7 u? v) = O’
G(:E7 y7 u’ IU) = 07
for some functions u = f(x,y), v = g(z,y), the curves of intersection.

1) Define suitable level sets { which we wish to solve

2) Set up the linear approximations to the level sets for (x,y,u,v)
near (a,b,c,d). Rewrite the approximations as a matrix equation in

(07s)

3) Solve the equation. (What appears as a denominator?)

of 0
4) Compare your solution to the true tangent lines and so obtain a—f, 87f’
T Yy

0

797 @, in terms of Jacobians.

Oz’ Oy

0 A(h, k

) il compre G0 it G5

&
In this last Mastery Check, we met a fundamental property of the Jacobian

—1
L O(u,v) _ [ 0(x,y)
(where it exists), namely, = ( . v) .

d d d
In the single-variable case, it is true that Y / T & #£0

dx dy dy
However in the context of multivariable functions and partial derivatives it
is the Jacobian which takes the place of the ordinary derivative.

In the notation used in the Mastery Check,

o (=50 # /5 (=1/5)
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4 Mastery Check 2.23:
F(z,y,u,v) =zyuv — 1 =0
Let
G(z,y,u,v) =z+y+u+v=0,
and consider points Py = (1,1,—-1,-1), P, = (1,—-1,1,-1).

Find (%)u at Py and P;.

Hint: Which are the independent variables?

#5  Mastery Check 2.24:

Show that the system of equations { can be solved

23yz + 22v — uv?

for u,v as functions of z,y, z near the point Py(1,1,1,1,1).

ry? +zzu+yv? =3
=2

0
Find the value of a—v for the solution at (z,y,z) = (1,1,1).
Y

2.1 Taylor’s formula and Taylor series

On the one hand, this next topic is but a natural extension of our earlier
discussion on tangent plane approximations (Section 2.D). On the other hand,
the subject of Taylor series and Taylor approximations is so incredibly useful
in analysis and incredibly practical in computational applications that it
is worth giving some consideration. The next chapter will highlight some
examples of such applications. For the present purpose we consider this topic
as a means of getting good approximations to functions, whether explicit or
implicit. A convenient place to start is with the single-variable case.

Recall the properties of Taylor and Maclaurin polynomials for any function
F:R —R: Let Fand F*), k =1,2,...,n be continuous on an open inter-
val T including the point ¢, and let F("*1)(¢) exist for all ¢+ € I. The best
polynomial approximation of order n to f near tg € I is the first contribution
in the next equation:

F(t) = Pn(t) + En(t;to)
= F(to) + F'(to)(t — to) +

F(n) (to)
n!

F"(to) 5
(b= to)? 4

- (t —to)"™ + En(t; to).
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P, (t) is referred to as the Taylor polynomial approximation to F' of order n,
while

En(tito) = F(t) — Pa(t)
F(n+1)(a)

= m(t —to)"*!, € (min(to, t), max(to, 1))

is the error term (the difference between the true value and its approxima-
tion).

Here are a few special cases for n < oo:

(i) Pi(t) = F(to) + F'(to)(t — to) — linear approximation
F" (¢
(il) Po(t) = Pi(t) + (o) (t —tg)? — quadratic approximation
F/// t
(i) Ps(t) = Py(t) + 3(' 0) (t —to)? — cubic approximation
F@(t
(iv) Py(t) = P3(t) + %(t —t9)* — quartic approximation

Specific cases to note

* The existence of a linear approximation means there is a tangent line
to F'(t) at t = to.

* A quadratic approximation is useful for critical-point analysis
when F’(t9) = 0, meaning that
F//(to)

F(t) — F(to) = T(t — t9)?

>0, — a minimum point
<0, — a maximum point.

% A cubic approximation means that there is a cubic curve osculating
F(t) at z = to. (What is that?)

* A quartic approximation may be useful in the uncommon cases
when F'(tg) = F"(tg) = F"'(t) = 0, meaning that

>0, — a minimum point
<0, — a maximum point.
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Some functions have derivatives of all orders. Therefore, we can consider
extending n without limit, that is, n — oco. The above polynomial can then
be developed to an infinite power series, provided it converges (absolutely)
in some interval.

Functions that can be differentiated an indefinite number of times and whose
interval of convergence is the whole real line, for example, sint, cost, e, are
called analytic.

The Taylor series representation of a function F(t) is defined as follows:

Definition 2.10 -
If there exists a to € R and an R >0 such that F(t) = Zak(t —to)"
k=0

converges for |t — to| < R, then this is the Taylor series of%,
F®)(tg)

and ap = —

What is especially important for us is the particular choice tqg = 0. For this
choice we have the well-known Maclaurin polynomial.

To be precise, if a single-variable function F' : R — R has continuous deriva-
tives of all orders less than or equal to n 4+ 1, in an open interval I centred
at t = 0, then F' can be approximated by the Maclaurin polynomial,

1 1
F(t) = F(0) + F'(0)t + i F"(0)f* + -+ — FU ()" + R0, ) (2:6)
for all ¢ in the interval I, and where

1
_ & p(n+1) n+1
Ral0,1) = g P00

is the measure of error in the approximation, with 0 < |6] < ¢.

As with the Taylor series, if F' has derivatives of all orders, that is, for n — oo,
at t = 0, then we can define the Maclaurin series representation of F':

F®)(0)

X vk.

F(t) :Zaktk fort € I, with 0 € I, and a =
k=0

For example, it is easy to verify by repeated differentiation and substitution
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that the Maclaurin series for the sine function is

00
2k:+1
sint Z 2]6 + .
k:O

From this single-variable case we can derive corresponding versions of Taylor
and Maclaurin polynomials for functions of several variables.
Let’s consider a special function F' and look at its value at t = 1:

Let f : R2 — R be defined and have continuous partial derivatives of orders
0,1,...,n+ 1, at the point (xg, o) in the domain of f.

For fixed (x,y) € S.(x0,y0) and therefore fixed h = x — 2y and k =y — ypo,
consider f(x,y) at © = xg + th,y = yo + tk. We can therefore define a single-
valued function of ¢

F(t) = f(xo + th, Yo + tk)

whose value at t =0 is F(0) = f(zo,y0), and whose value at t =1 is F(1) =
f(@o+h,yo + k).

We now develop the Maclaurin polynomial for F' via the chain rule, which
leads us to the Taylor polynomial for f.
k|t
(z0,y0)
0% f

- R
2 (z0,y0) )

The terms in the Maclaurin polynomial are

F(0) = f(x0,%0), F'(0)t = (8]‘

ox
EF// (O) ( 82f

of
h+ ==
(z0,y0) 3y

Of
h?+2
(z0,y0) O0xdy

2 0x? (z0,Y0) dy

Inserting these in (2.6) and letting t =1 give us the Taylor polynomial
approximation to f:

f(wo+h,yo+k) = f(wo,y0) +

L% .5 0% f O%f1 5
Jr2<03320h + axay‘ hk+ ’k

o"f
Jrz (n— ) 0xidy™7lo

el f\k

Wk + R, (0, h, k). (2.7)

Alternative derivation:
Suppose we can approximate f(z,y) in a neighbourhood S, (¢, yo) of (zo, yo)
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by a general polynomial:

f(z,y) = ago + aio(x — o) + ao1(y — vo)
+ ago(x — 20)* + a11(z — x0) (y — yo) + ao2(y — yo)> + - -+
+ano(r —20)" + -+ aon(y — y0)" + En(x0).

(Approximation error will depend on xg and n.)

If f is differentiable to order n, then taking partial derivatives of both sides
and evaluating these results at (zg,yo) we identify

of _, of _,
o dylo ot
@ — 9% 324‘72(1 % f . _0*f
o2l — % oy lo — 770 dzdylo ~ T dyoxlo
k40
and generally 881:’“785@ . Elag,.

Substitution will give (2.7) again.

We end this section with two Mastery Check exercises involving Taylor poly-
nomials, postponing until the next chapter a demonstration of the usefulness
of Taylor approximations. However, it is appropriate first to make a few
important comments.

(1) With the trivial step of setting xg = yo = 0 we get the 2D version of a
Maclaurin polynomial approximation of order n.

(2) As in the single-variable case, if our multivariable function has partial
derivatives of all orders, then the Taylor polynomial approximations of
our f(z,y) can be developed into a series representation — provided
it converges, of course.

(3) In Section 2.H we dealt with implicit functions and showed how one
can calculate first derivatives of such functions even though the func-
tions themselves could not be expressed explicitly. Now, with assistance
from the Taylor and Maclaurin expansions, one can construct explicit
polynomial or even full series representations of implicit functions by
successively differentiating these first-order derivatives (with the help
of the chain rule — Section 2.G). Our second Mastery Check exercise
explores this possibility.
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4 Mastery Check 2.25:

Determine Taylor’s polynomial of order 2 to the function
flw,y) =n(22® +4°) — 2y

about the point (0, 1), and evaluate an approximation to f(0.1,1.2).
yoa)

#3  Mastery Check 2.26:
Determine the Taylor polynomial of order 2 about the point (0,0) to the
implicit function z = f(z,y) defined by the equation

etV (z+y+2)2—-1=0.

Hint: see Section 2.H Problem 2.
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2.J Supplementary problems

Section 2.A

1. Consider the function f : R — R, z — f(x), where

(a) flz) =2/ (b) flz) =/ () fla)=a'/2

Decide in each case whether the derivative of f exists at x =0 as
follows:

(i) Check whether f exists at =0 and at * = 0+h (for h arbitrarily
small).

(ii) Check right and left limits to see whether f is continuous at x = 0.

(iii) Check right and left limits to see whether f has a derivative at
z=0.

2. Consider the function f: R — R,  +— (2 — 1)*, @ € R. Decide from
first principles for what values of a the derivative of f exists at = = 1.

Section 2.B

3. Are the following functions continuous at (0,0)?

(a) f(z,y) = mzxifyz £(0,0) = 0.
_
Vaz +y?

4. Establish whether the limits of the following functions exist at the given
points, and if so determine their values.

(b) f(z,y) = . £(0,0) = 0.

@ 19) = St (5,9) = 0,0)
(b) fla.y) = y jz’, at (z,y) = (0,0).
zt sin(z3
(© S = ZEED ot wy) = 0.0
(@) f) = 1 at (@) = (0,0)

5. Use the limit definition to show that
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. 1
(a) hm(w,y)_,(lyl) (IL‘ + y) =2.

(b) hm(z,y)—>(1,2) (562 + 2y) = 5.
. cos(2zy)
(¢) lim(z,4)—(0,0) (1 o y2) =1.

Repeat the limit calculation using the limit laws, where these are appli-
cable.

Section 2.C

6. Find all first partial derivatives of the following functions:

(a) f(x,y) = arctan(y/x).

(b) f(x,y) = arctan(z? + 2y + y?).

(c) f,y) = (2%® +1)".

(d) f(z,y) =exp (x2 sin y + 2zysin x siny + y2).

(e) f(x,y,2) =a>\/y? + z=.

(f) f(z1,22,73) = In|z120 + 2223 + 2173

Section 2.D

7. Consider the function f: R? — R, f(z,y) = xarctan(y/z),

f(oa y) =0.

Discuss (a) the continuity of f, and (b) the continuity and existence of
fz and f,, at points on the y-axis, without first drawing the graph.
Discuss (c) the existence of the second partial derivatives at these
points, and determine them if they do.

Section 2.E

. Consider the function f(z,y,2) = 2y + y22. What is the directional

derivative at the point (1,2, —1) in the direction u = 2e; + e2 + 2e3?

. Consider the surface zy322 = 8. What is the unit normal to this surface

at the point (1,2,—1)7



2.J Problems 121
10. Determine the points on the flattened ellipsoid
22 +13y% + 722 — 6V/3zy = 16
where the tangent plane is parallel to one of the coordinate planes.

11. Determine all points on the surface
2?24+ 2y2 + 322 4 2y + 29z =1

where the tangent plane is parallel to the plane z + y + z = 0.
Section 2.F

12. Find the first and second partial derivatives of the following functions:
(a) f(z,y) = (sin acy)2.
(b) f(z,y) =In (2% + 2y).
(¢) flz,y) =14+ 22+ y3.

13. Suppose f : R? — R is a C® harmonic function of variables (x,%). That
is, suppose f satisfies the 2D Laplace equation,

0*f  0°f
Af=—=5+-—5=0
/ 0x? + Oy?
(see Section 3.E for more information on this topic). Show that the
. of . of . .
function g = x—— + y—== is also a solution.
or y

Section 2.G

14. Consider the functions f : x +— y = f(z), and g : t — = = g(t).
In each example that follows, find the domain Dg of the composite

dF
function F : t +— y = (f o g)(t), and the derivative e

2
x .
(a) flz) = T2 g(t) = sinht.
(Do this example in two ways: by finding the expression for F(t)
explicitly in terms of ¢, then differentiating; and by using the chain
rule.)

(b) f(x) = arcsina?, g(t) = 3e~ "
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15.

16.

17.

18.

19.

20.

21.

Differentiation

Consider the functions f: x +— y = f(z), and g : (s,t) — x = g(s, t).

In each example that follows, find the domain Dp of the composite
oF OF

function F : (s, t) — y = (f o g)(s,t), and the derivatives — 55 ot

(a) f(x) =Inz, g(s,t)=s(1—1t3).
(b) f(z) = arccos(z), g¢g(s,t) =+/s? —t2.

Consider the function z = f(z,y) = e 4 zy, and the composite func-
tion z = F(t) = f(cost,sint). Decide whether F'(t) makes sense, and if

s0, find its domain and compute T

Consider the function z = f(x,y) = arcsinxy, where x = s — 2t and
s

y= 5
12
Check that the composite function z = F(s,t) makes sense, and if so,
oF
find its domain and compute D5 and rrh

By introducing new variables u = 22 — y and v = x + y? transform the
differential equation

of
Ox

of

oy =0.

(1 —2p)5L + (14 22)

Suppose f : R? — R is a C? function of variables (z,y). By introducing
the change of variables x = 25 + 3t and y = 4s — 4t we define the C?
function F(s,t) from f(z,y). Show that

PF f 82f 02f

Suppose f : R? — R is a C? harmonic function of variables (z,y). By
introducing 2D polar coordinates x = r cosf and y = rsin f show that
Laplace’s equation becomes

9?°F 10F 1 92F
A= T iar Traae 0

where F(r,0) = f(rcosf,rsin®).

Suppose f : R? — R is a C? function of variables (x,y), by introducing
the new variables s = 22 + y and t = 2z transform the expression

0? 0? 0?

P12l L0

or oydr Oy
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into a form involving a function F(s,t).

Section 2.H

22.

23.

Suppose the equation z3y + 2y3z = 3 defines y as a function f of
in the neighbourhood of the point (1,1). Find the derivative of f at
=1

Suppose the equation 23 + z(y? + 1) + 2% — 3z + 3% — 8 = 0 defines z
as a function f of z,y in the neighbourhood of the point (2,—1,—1).

Find the derivatives of g and 8—f at this point.

ox dy

Section 2.1

24.

25.

26.

27.

28.

29.

Find the Taylor polynomial approximations of order 1, 2, ..., to the
function F(t) = cos(t*/?) about the point ¢ = to = 0. Use a suitable
low-order approximation to determine whether ¢ = 0 is a maximum or
minimum point.

If a function may be approximated by a convergent Taylor series whose
terms are alternating in sign, then the absolute value of the error term
is bounded by the absolute value of the first omitted term in a finite
polynomial approximation. Use this idea to decide how many terms are
needed to find sin 3° to ten decimal places.

Write down the Taylor series for cost about ¢y = 1/3, and use it to
compute cosb5° to seven decimal places. (First establish how many
terms are needed.)

Write down all the terms up to order n = 3 in the Taylor series for

f(z,y) = sin(z + y) + 22 about (xg,yo) = (0, 7/6).

The function z = f(x,y) satisfies f(1,1) =0 and e + z%y> + 2z = 2.

Establish that z = f(x,y) indeed exists in a region near (1.1) and deter-

mine its Taylor series approximation up to order 2 valid near that point.

Determine the Taylor polynomial approximation up and including
Y

second-order terms of F(x,y) z/ In(1+ x + t)dt about the point
0
(0,0). Note that we assume z +y > —1.
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Chapter 3

Applications of the
differential calculus

In this chapter, the theory of multivariable functions and their partial deriva-
tives as covered in the preceding chapter is applied to problems arising in
four contexts: finding function maxima and minima, error analysis, least-
square approximations, and partial differential equations. Although applica-
tions arise in a wide variety of forms, these are among the more common
examples.

3.A Extreme values of f: R" — R

Occupying a central position in the vastness of the space of applications of
differential calculus is the subject of optimization. At its most basic, the
term refers to the task of finding those points in a function’s domain that
gives rise to maxima or minima of that (scalar) function, and of determining
the corresponding values of that function.

Of special interest in the study are the so-called extreme points of f(x), a
subset of which are the so-called critical points. These are points where the
function can exhibit either a local maximum or minimum, and even a global
maximum or minimum.

To set the stage we require some basic infrastructure. We start with a few
essential definitions.
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Definition 3.1

Consider a continuous f : R"™ — R.

A point a € Dy is called a local
(i) minimum point if f(x)
(i1) maximum point if f(x)

fla), Vx € S,.(a),

>
< f(a), Vx € S,(a).

f(w>\ — i/f(a)

(i)

Figure 3.1 A function minimum and mazimum.

We have here invoked the open sphere S,.(a) to represent the set of points
x different from but near a (the radius r > 0 is presumed small). We could
equally well have referred to points « in a larger “neighbourhood” of a.
However, that proves to be unnecessary and less convenient, it is enough to
consider a small open sphere as we are defining local properties.

Points of local minimum (Figure 3.1(i)) and local maximum (Figure 3.1(ii))
are examples of critical points.

Definition 3.2

A critical point is an interior point a € Dy at which Vf| =0 for
a

fect.

While a local maximum point or a local minimum point must mean that
V f =0 at that point the converse is not necessarily true, a critical point
where V f = 0 need not be either a point of maximum or minimum; there is
a third alternative.
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Definition 3.3
A critical point which is neither a maximum nor a minimum is called a
saddle point.

Referring to Definition 3.1, in the case of a local minimum (left-hand figure) or
alocal maximum (right-hand figure) at « = a, the tangent plane is horizontal,
which is a consequence of Vf =0 at a.

For a saddle point the tangent plane is still horizontal but neither of the
figures in Definition 3.1 applies. Instead, around a saddle point a part of the
function’s graph is below the tangent plane and a part is above.

The following two simple examples convey the general idea of the above def-
initions.

B Example 3.1:
Consider the function z = f(z,y) = 22 + y? — 22. We have

2””_2) _ (8) at (z,y) = (1,0).

Vf:( 2y

Now we examine f in the neighbourhood of this critical point (1,0). (Note
that there is just one critical point in this example.) Let’s consider the neigh-
bouring point (1 + h,0+ k) in the domain of f. We have

fA+h0+k) = 1+h)*+k*—-2(1+h) = K2 +k* -1,
while f(1,0) = 1+0—-2 = —1. We see that f(1+h,0+ k) > f(1,0) for
all h, k # 0, since
f(L+h,0+k)— f(1,0) = h? + k> > 0.

As this is true for all (h, k), that is, all (z,y) in the neighbourhood of (1,0),
the point (1,0) is a minimum point. ]

B Example 3.2:
Consider the function z = f(z,y) =1+ 22 —y%. (See Example 1.10.) We

have
2x

—2y) - (8) at (z,y) = (0,0).

We examine f in the neighbourhood of this critical point. At the neighbouring
point (04 h,0+ k) we have

fO+h,0+k) = 1+h%—Ek,

vi=(
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which is > 0 along the line y = k = 0, but is < 0 along the line x = h = 0.
The critical point (0,0) is neither a local maximum nor a local minimum. It
is a saddle point. [ |

The reader should now try their hand at a similar style problem.

45 Mastery Check 3.1:

Consider the function z = f(z,y) = 2% — y?> — 2. Find the point (a,b) at
which Vf =0, and then find an expression for f(a+ h,b+ k) for small
h,k # 0. Use Definition 3.1 to decide whether the point (a,b) is a maxi-
mum or a minimum (or neither). )

Extreme values in two dimensions—general procedure

The functions in Example 3.1 and the last Mastery Check were nice ones to
work with. We could use simple algebra to determine if a point of interest
was a maximum point or a minimum point or neither. The question naturally
arises, what do we do with functions which are more complicated?

The answer relies on the fact that since we are interested only in local extreme
points we can make use of local approximations to functions.

In fact, all we usually ever need is Taylor’s polynomial of second order which,
as the next theorem states, is enough to represent a function locally.

Theorem 3.1

Let f: Dy C R2 — R be a function with continuous derivatives of order
0, 1, 2, and 3 (that is, f is a class C* function) in some neighbourhood
of a point a € Dy. Then,

of

(@)1 -+ 5 (a,0) b

+3 (82f(a, 02 +2 20 @ ynk+ L, b)'kz> +(h? + k)2 B(h, k),

N

fla+h,b+k) = f(a,b) o

2\ 922 0x0dy Oy?

where B is some bounded function in the neighbourhood of (0,0).

Using Taylor polynomials of order 2 (see Equation 2.7) results in a consider-
able simplification. The difficulties of critical point problems involving more
complex functions are reduced to the level featured in Examples 3.1 and 3.2,
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since the function approximations are algebraic.
The Taylor polynomial approximation of order 2 can be written more suc-
cinctly in a vector-matrix product form
1
fla+h)= f(a)+grad f(a)-h+ §hT - Hg f - h 4 small terms,  (3.1)
where
of
2
mr=| %
O a0y T o)
Oyox " Oy’

is a symmetric matrix for C? functions called the Hessian matriz, and

h= (Z) hT = (h,k), grad f(a)= (gi(a,b),g;(a,b)>.

0% f

(a,b) (a,b)

The vector-matrix expression, Equation 3.1, is a very convenient form to use
as it is straightforward to generalize to functions of n variables. For n > 3
only the sizes of the vectors and the Hessian matrix increases, while the form
stays the same. Try it?

We shall now see how Taylor’s second-order polynomial can help us to exam-
ine the behaviour of a function in the neighbourhood of a critical point. Bear
in mind that at such points the function’s gradient vanishes.

Considering points in a small region around the critical point a of f : R? —
R we have from Equation (3.1) (ignoring the small terms),

0% f

0a?

1
f(a—l—h,b+k)~f(a,b)+2< 920y PYE

2 2
(a,b).h? +2 o J (a,b).hk + a—(a, b).k;2>
=f(a,b) + %Q(h, k). — since the gradient term = 0

Here Q(h, k) is called a quadratic form. For a general function of n variables
which has continuous derivatives of order 2, we can write

Q(h)=h" -Hyf - h.
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For |h| < 1 the sign of Q determines whether a is a maximum, a minimum,

or a saddle point.

Suppose f : R? — R has continuous derivatives of order no greater than 3
(less than or equal to 3) and a € Dy is a critical point of f.

1) If Q(h, k) is positive definite, then f has a local minimum value at a:
Q(h,k) >0forall0# |h| <1 = f(a+h,b+k) > f(a,b).

2) If Q(h, k) is negative definite, then f has a local mazimum value at a:
Q(h,k) <0forall0# |h| <1 = f(a+h,b+Ek) < f(a,b).

3) If Q(h, k) is indefinite, then f has neither a maximum nor a minimum
value at a, and a is a saddle point: For all 0 # |h| < 1,
Q(h,k) <0 forsome h = f(a+h,b+k)> f(a,b),
Q(h,k) > 0 for other h = f(a+h,b+k) < f(a,b).

4) If Q(h, k) is positive or negative semi-definite:
Q >0o0r @ <0and @ =0 for some |h| # 0,
then we cannot say anything.

A summary of this section on critical points and critical point classification
appears below, with an aside reviewing the corresponding facts in the case of
functions of one variable. The comparison between the 1D and the nD cases
is quite instructive. The reader should note the similarities at correspond-
ing points of the arguments. Readers will have an opportunity to test their
understanding by solving Mastery Checks 3.2-3.5.

In the one-dimensional case an investigation into critical points of a func-
tion of one variable is summarized as follows.

Consider y = f(x). Critical points are determined from solutions of the zero-

derivative equation,

d
—f =0 = z=a
dzla
As a consequence, we find that
82
—f >0 = minimum
(9332 a
82
7f <0 = maximum
6302 a
0% f . .
—| =0 = a stationary point
81’2 a
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In some interval

I,={z:0<|z—a|] <r}
about the critical point, we have the approximation

df 1d2f

f(@“f(@*a a(fU*a)ﬂLg@ a(mfa)2
Hence, for points x = a + h near x = a we have
_1adfy o,

fla+h)— f(a)

~ 2dg?
< 0, maximum

a

> 0, minimum

= 0, saddle point.

In the n-dimensional case, the study of critical points of a function of n
variables is very similar.

Consider z = f(x1,2,...,2,). Critical points are determined by solving
of
8l‘1
Vfl =0 = : =T=a
a 8f _ O
ox,

Having identified a critical point, a, we find that

f(x) = fla+h)> f(a) Va € S-(a) = minimum

f(x) = f(a+h)< f(a) Va € S-(a) = maximum

f(z) = f(a) = a saddle point
In some neighbourhood,

Sp(a) ={x:0< |z —al <1},
of the critical point, we have the approximation
1
f@)~f(a)+Vf| -h+ Sh"-H(a) h
Hence, for points @ = a + h near the critical point £ = a we have
1 1
fla+h)=f(a) = 3hT H(a)-h (= 5Q(a))
< 0, maximum

> 0, minimum

= 0, saddle point.
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#3  Mastery Check 3.2:

Use the Taylor approximation of order 2 (Section 2.I, Equation (2.7), Page
116) to determine the nature of the critical point for each of the functions
filz,y) = 2% +y? — 2z and fo(z,y) = 2% — y? — 2.

(These functions were the subjects of Example 3.1 and Mastery Check 3.1.)
o)

#3 Mastery Check 3.3:
For z = f(x,y) = In(222 + y?) — 2y, verify that Vf o) =0 at the point

(0,1), but that the function is neither a maximum nor a minimum at this
point.

Hint: See Mastery Check 2.25. The graph is in Figure 3.2.

Figure 3.2 The graph of z = In(222 + y?) — 2y.

o)
4 Mastery Check 3.4:
Determine and classify all critical points of the function
flz,y) =a® + 9>+ 2" Dy =R
o)

#3  Mastery Check 3.5:

Determine and classify all critical points of the function

f(x,y,2) = &’y +y*2 +2° =2z, Dy =R
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3.B Extreme points: The complete story

According to our discussion in the previous section, a critical point @ € Dy is
a point of local maximum if f(a) > f(a + h) for |h| < 1 or a point of local
minimum if f(a) < f(a + h) for || < 1.

Such a critical point is also called a point of relative maximum or relative
minimum, respectively.

We contrast these references to local and relative quantities with the follow-
ing definitions of global quantities.

Definition 3.4

A point a € Dy is called a point of absolute { mazvmum

minimum

> f(x) forallx e Dy
(a){ f(x) forallx € Dy.

Remarks

* The difference between Definition 3.1 and Definition 3.4 lies in the set
of points considered. In Definition 3.1 only points in the immediate neigh-
bourhood, S,(a), of a are considered, while in Definition 3.4 all points in the
domain, Dy, of the function are involved.

% Definition 3.4 implies that a critical point, even if a point of local maxi-
mum or local minimum, need not be a point of absolute maximum or mini-
mum.

Earlier we said that critical points are examples of extreme points. How-
ever, there are other types of extreme points which are not found using the
gradient. These are
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(i) singular points of f, points where V f does not exist (Figure 3.3):

continuous f
partial derivatives

not continuous here
\

line of singular points

in the domain
(where V f does not exist)

~

Figure 3.3 A function with singular points.
(i) boundary points of a restricted region R C Dy (Figure 3.4):

continuous and the buck

differentiable f \ stops here!

It is not always
the case that
Vf=0inR!

i / V f = 0 here,

outside the given region.

Figure 3.4 A function defined on a restricted region R C Dy.
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Finding the absolute maxima and minima of functions R” — R is part of
the science of optimization. In general there are at least three categories of
optimization problem:

(1) optimizing over a compact domain;
(2) optimizing completely free of restrictions;

(3) optimizing functions under one or more constraints.

We shall study these in turn. We begin with optimizing over compact
domains, assuming throughout that the functions involved are differentiable.

Optimization over compact domains

Recall our definition of a compact set (Definition 1.8): a set Q C R™ is said
to be compact if it is closed and bounded.

For any function defined on a region Q2 C Dy that is compact, we have the
following very useful result.

Theorem 3.2
A continuous real-valued function defined on a compact region, €,
obtains an absolute maximum and an absolute minimum value.

A few comments on this theorem are warranted.

Firstly, it is not necessary that the region being considered is the function’s
entire domain of definition, Dy, but it might be. The problem statement will
usually specify this. If no region is given then the reader should assume the
whole of Dy is implied.

Secondly, by Theorem 1.2, a continuous function defined on a closed and
bounded region is necessarily bounded. This means that |f(x)| < K for some
K € R and for all  in that region. This simple result implies that we should
expect f to exhibit an absolute minimum and an absolute maximum. In fact,
this is the only time we are guaranteed that absolute maximum and minimum
points exist.

The reader should always bear in mind that a continuous function is not
necessarily differentiable everywhere. A consequence of this is that singular
points can exist. These should then be inspected separately to any critical
points. Naturally, the appealing notion of a closed and finite domain means
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that the domain boundary (boundary points) need also to be considered
separately.

We illustrate Theorem 3.2 in action with the following examples.

(a) * / (—=1,0,2) (b)

— absolute
maximum

V7 S

xZ \(107())

— absolute minimum

Figure 3.5 (a) The graph of 2 4+ z = 1 in Example 3.3;
(b) The domain Q in Example 3.4.

B Example 3.3:

Consider the function

f(z7y7z):$+2:17

and the region
Q= {(z.y) 12 +17 < 1}.

both of which are shown in Figure 3.5(a). In this case V f # 0, but the func-
tion still has attained an absolute maximum and an absolute minimum.

B Example 3.4:
Consider f(z,y) = (y — x)ex2_y for 22 <y < . Where does f achieve its
maximum and minimum values?

We note that the domain {2 set by the above inequalities and shown in Figure
3.5(b) is non-empty provided 0 < z < 1 and is compact, so we are sure to find
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the extrema. The function is non-singular and we find that

wpe (e

“oma (2)= ()

which is outside Q. So, we need to inspect the boundaries.

On the boundary y = z, f(z,y) = 0.

On the boundary y = 22, f(z,y) = 2% — 2, which has maximum 0 at z =0
1 1 1

9 Y= 1

Therefore, the absolute minimum is f(1/2,1/4) = —1/4, and absolute maxi-

mum f(z,z) = 0.

and z = 1, and minimum ~1 at x =

Optimization free of constraints
In relaxing the condition of compactness, either by allowing the region R C
Dy to be unbounded or bounded but open, there is no longer any guarantee
that points of finite maximum or minimum exist. For instance a function
might become infinite at one or more points on the boundary of a bounded
open set. Consider for example the case

f(;zc,y)zL7 R:Df:{(m,y):x2+y2<l}.

1— 22 —y?
The magnitude of this otherwise continuous function increases without bound
as the independent variables approach the boundary of the unit disc: the func-
tion therefore attains neither an absolute maximum nor absolute minimum
in D¢. In contrast, a continuous function on an unbounded domain may still
attain a finite absolute maximum or minimum, as in the case of Mastery
Check 3.7:

4x

= —7 R=D; =R
f(xay) 1+$2+y27 f

The function attains both an absolute maximum and an absolute minimum

despite an unbounded domain of definition.

So, how does one proceed? We need only to modify the protocol for continuous
functions on compact regions. This is the right-hand side of Flowchart 3.1.
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We first ascertain if and where there are points on the edge of Df at which
the function f is discontinuous or not defined (that is, it “blows up”), and
moreover whether f diverges to positive or negative infinity. This step will
immediately answer the question of whether absolute extrema exist at all.

Flowchart 3.1: Optimization — how to play the game

Suppose f is continuous over Dy.

Is Dy compact?

Yes! No!

Y Y

Satisfaction No promises.

|
géll al:sntleed. Restrict [ to
absolute < compact Q0 [

max. & min.

\ 4

Check f on How does f
boundary behave on
rest of D;?

Check for local
extrema: Vf =0

Check for \

M singular points ———

Compare the
alternatives!
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We next work with a convenient closed and bounded subregion of our own
choosing over which f is continuous, and whose extent is easily characterized
in terms of one or a few parameters; call this subset 2 C Dy. Then, confining
ourselves to €2, we proceed as before and identify in € any critical points,
points where the function’s derivatives don’t exist (are singular), and f’s
behaviour on the boundary of .

Finally, if Dy is unbounded or open we consider the function’s behaviour
outside of §2 over the rest of Dy.

The results of these three steps are then compared to determine which if any
points in Dy are points of absolute maximum and absolute minimum.

(a) (b)

2 yV/ /
- //f /f

1 x

Figure 3.6 (a) Bounded domain, 2, in Mastery Check 3.6;
(b) Open domain, Dy, in Mastery Check 3.8.

4 Mastery Check 3.6:
Determine the greatest and least values of
fla,y) = ye* —ay?
in the region
Q={(z,y):0<2x<1, 0<y<2}
shown in Figure 3.6(a).

Hint: check for singular points and interior extreme points, then check bound-
ary points — all of them! Then, and only then, should you plot the graph

using MATLAB®.
oa
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#  Mastery Check 3.7:

Determine the greatest and least values of

flx,y) = v

m for ($7y) S Df :Rz.

#3  Mastery Check 3.8:

Determine the greatest and least values of the function
flz,y) :x+8y+$
on the open domain
Dy ={(z,y) : x>0,y >0}
shown in Figure 3.6(b).

Hint: check the behaviour of f for fixed y as x — 0,00, and for fixed x as
y — 0, 00, before proceeding to look for extrema.

£

Optimization subject to constraints

Function optimization under one or more constraints is a fairly common
type of problem. It involves the task of maximizing or minimizing, generally
expressed as optimizing, with respect to one or more variables, some quantity
under special and restrictive conditions.

Such problems are generally expressed in a common way. For example, we:

mazximize volume subject to fixed surface area;

minimize the physical dimensions subject to limited operating
of electronic circuitry temperature;

optimize work & train schedule  subject to a fixed #trains

& man hours (40 hr/week).

Consequently, the generic model structure of such problems (with one con-
straint) can be expressed as follows:

optlimize flx) subject to g(x) =0
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In some applications f is called the objective function while g is the con-
straint. In the case where there are more than one constraint, the additional
constraints would similarly be expressed as equations such as h(x) = 0.

The conceptual picture I like to impart to students is this: Suppose f were
a mountain, while g gives rise to a walking track on the mountain side (see
Figure 3.7). The constraint g is not itself the walking track, but a set of
points in the plane of the mountain’s base (the domain) that gives rise to
the walking track. The absolute unconstrained maximum of f would be the
mountain’s peak, but the maximum of f subject to constraint g = 0 would
give only the highest point on the track.

Absolute maximum of f Maximum of f

subject to g

Walking track

Walker

Figure 3.7 A constrained optimization problem.

In the following we will assume that both f and g have continuous partial
derivatives of order 1 (at least). That is, f and g are of class C*.

We must also assume that the level set
L={z:g(x) =0}

is a non-empty subset of Dy, that is that it lies inside Dy. Moreover, we
assume that L in the domain of g (L C D) has a dense set of points in
common with Dy.

Although the concepts are applicable to any R™ (n < 00), it is convenient to
restrict the following analysis and discussion to R2.
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Suppose

f:R?—R and ¢g:R*> —R

(@,y) = f(z,y) (2,y) = g(z,y)

We presume LN Dy # () and so we have the following picture, Figure 3.8.
Since we consider a function of two variables, L is a curve in the R? plane.

(a,b) — an extreme point of f along g.

Figure 3.8 Domain D; and the zero level set of g, L.

Suppose (a, b) is an interior local maximum or local minimum point of f when
f is restricted to points on g(x,y) = 0 in R?.

As gis a C! function there exists a continuous and differentiable parametriza-
tion of the level set of g in terms of a parameter ¢t: x = ¢(t), y = ¥(t), and
there exists a value to such that a = ¢(tg), b= 1(tg). Moreover, the level
curve has a local tangent vector (¢/(t),v'(t)) at any point (¢(t),1(t)) along
the curve. Finally, referring back to Section 2.E and the properties of the
gradient, we deduce that (¢'(t),v'(t)) is orthogonal to Vg at (a,b).

The single-variable function of ¢, F(t) = f(4(t),%(t)), is critical at ¢o. That
is,

e _ g@ + g% — a chain rule application
dt to - 81‘ dt to ay dt to pp

- Vf(aa b) : (¢/(t0)7¢/(t0))

=0.

The last equality implies that the plane vector V f(a,b) and the tangent
vector to g = 0 at (a,b), (qb’(to),w’(to)) are orthogonal.

Since a tangent vector to the level curve g = 0 is orthogonal to the gradient
of the function f, (Sections 1.F and 2.E), we have substantiated the following
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theorem.

Theorem 3.3

If (a,b) is a point which lies in both Dy and Dy, and which is an extreme
point of f:R? — R under the constraint g(x,y) = 0, then the vectors
V f(a,b) and Vg(a,b) are parallel.

The reader should note the difference in conditions satisfied by the point
(a,b). It is a critical point of “f subject to ¢g” (see the gradient equation
below), but not a critical point of f alone.

We can now argue that if Vg is not identically zero, there exists a Ay € R
such that

Vf(a,b) = = oVyg(a,b) < V(f+ )\g) =0,

a,b,A\o

which means that the 3D point (a,b; \g) is a critical point of the new multi-
variable function

F(z,y; A) = f(z,y) + Ag(z,y).
This is called the Lagrangian function and A is called the Lagrange multiplier.

The pictorial situation showing the relationship between the gradients of f
and g, and the curves of constant f and of constant g, is shown in Figure 3.9.

f=a

Figure 3.9 Level curves and gradient of f relative to
the level curve g = 0 and Vg.
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Remarks

x The critical points of F(x,y;\) are found from the set of equations

OF _9f 9y

x * . — the condition V f||Vg at (a,b)
oF _of g,
dy Oy "oy
?97}; = g(r,y) =0 } — the constraint equation

% What has been done, in effect, is that we have transformed a restricted
2D optimization problem into an unrestricted 3D optimization prob-
lem. We now need to find a, b, and A, to solve the full problem. Note
that the actual value of Ay is not often needed, although it can be
utilized in the numerical analysis of optimization problems.

* The theory works beautifully for a general function f : R — R and
constraint g(z1,..., z,) = 0:

Vf(a)=—-AVg(a) if Vg=#0.

This implies that the higher dimensional point (a;\) is an extreme
point of the (n 4+ 1)-dimensional space on which the function F :
R?*t! — R is defined.

The theory of the Lagrangian function and Lagrange multiplier generalizes
quite naturally to solve problems of optimizing under two or more constraints.

For example, suppose we wish to optimize f: R?> — R subject to the two
constraints g1(z,y,z) = 0 and ga(z,y, 2z) = 0. Then the generalization of the
2D optimization problem would have V f(a), Vgi(a), and Vgs(a), be lin-
early dependent vectors. This means that there exist points a and scalars
Ao, o € R such that

Vf(a)+Vgi(a) +poVga(a) =0

provided also that Vgi(a) and Vga(a) are not co-parallel, which can be
checked easily by showing that Vg;(a) x Vga(a) # 0.

In turn the linear dependency condition means that the higher dimensional
point (a; Ao, po) is a critical point of

F(x; A\ 1) = f(2) + Ag1(x) + pga(z).
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Both X\ and p are Lagrange multipliers.
B Example 3.5:

Suppose we wish to find the maximum value of f(x,y) = e~ (@ +y%)/2 subject
to the constraint g(z,y) =y — 2> +3 = 0.

We set up the Lagrangian F(z,y; \) = e~ (@ +v)/2 4 /\(y —x%+ 3). Now

—xe~ @ HV*)/2 _ 9Ny x 0
VF=| —ye@+¥)/2 4\ | =0 when y | = -3
Y — 1'2 + 3 )\ 3679/2

The maximum value of f is (0, —3) = e™%/2.

45  Mastery Check 3.9:

Find the maximum and minimum of f(x,y,z) = x 4+ 2y — 3z over the ellip-
soid 2% + 4y? + 922 < 108. Try these two methods of solution:

1) Construct an argument that the maximum and minimum must both be
on the surface of the ellipsoid. Then parameterize the ellipsoid in terms of the
usual spherical coordinate angles (see Page 37ff) and look for critical points
of f in terms of these angles.

2) Set up the Lagrangian F' = f 4+ A\g for suitable g and look for critical
points of F.

Use MATLAB® to draw the graph of the ellipsoid and the maximal level set.
o)

3.C Differentials and error analysis

Definition 2.4 of a differentiable function allows the following interpretation:
f(x+Az) — f(@) = grad f(x)- Az + |Az|p(Ax),
or, more simply, that ~Af(x; Az) ~ grad f(z)- Az for |Az| < 1.

This leads to the idea of constructing a new function of both

x = (21,29,...,2,) and de = (dz1,dz,, . .., dz,).

That is, it is a function of 2n variables.
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Definition 3.5
The differential of a function f:R™ — R is defined as

df(z,dz) = Vf(x) - dx
of

0
= Tﬁ(m)dxl + -+ —(x)dxy,.

The function df has the following three features:

(1) Tt is an approximation to the change in f, Af, coming from a change
xr — x + dx;

(2) it is linear in de; and

(3) it is a natural tool to use if considering overall error estimates when
individual errors (dx) are known.

The last feature identifies the differential’s most useful application.

Suppose we have a quantity f whose value depends on many parameters, say
T1,...,T,. Any errors incurred in measuring the x; result in an error in the
quantity f.

An estimate of the mazimum error in f is thus given by
of of of

df(az)] < || Jia L] NAws] 44| 2| |1Az] (32

[df(ae)] < |5 - A+ 55| NIAws+-+ | 5| Az (3.2)

by the triangle inequality (Section 1.B).

The right-hand side of Equation (3.2) gives the mazimum possible error only
if one knows the mazimum uncertainty of the individual x;. If one knows
the exact values of the dz; (or Az;) including their signs then we use the
differential df(xz,dx) directly to give an approximate value to the change
Af = f(z + Ax) — f(x).

3.D Method of least squares

In the year 1801 the world of astronomy was excited by the discovery of a
new minor planet, Ceres, whose (rough) position in the night sky had been
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noted a few times before it vanished from view. The young Carl Friedrich
Gauss [19, 20] used a method — one he had worked out while still a student
— to plot the orbit of the planet, and he was able to tell astronomers where
in the sky to search for it. That method is the subject of this section.

In the first example that follows, we imagine the planet’s orbit in the night
sky to be a straight line which has to be fitted in some optimal fashion
to a set of discrete pairs of observations which are subject to errors. In the
second example, the method is applied to discrete observations on a supposed
planetary orbit. In the third example, the method is extended to continuous
domains.

The field of statistics deals with “observations” (measurements) on variables
that are known to be subject to random errors. When we observe two or
more variables at once, it is often appropriate to ask what is the relationship
between these two variables. This question is the basis of the study known as
“regression analysis”, which is outside the scope of this book. But the core
of regression analysis is an application of the differential calculus called the
method of least squares, invented independently by Gauss.

(1'717 yn)

Figure 3.10 The line of best fit.

Fitting a straight line to observations

Suppose we believe that a variable y is in some way dependent on a vari-
able x by the relation y = kx + b. In situations such as this it is implicitly
assumed that the independent variable is deterministic, that is, given, and
not subject to error, while the dependent variable is subject to observation
or measurement errors.

To find the dependency relationship, we select a sequence of values
{x1,x2,...,2,} of the independent variable, and measure the correspond-
ing values {y1,¥2,...,yn} of the dependent variable.

Because observed measurements always have some error associated with



148 Applications

them, the observations won’t necessarily lie exactly on the straight line, but
may fall above or below the line, as in Figure 3.10 above.

Problem: How to determine the “line of best fit” y = k*x 4+ b* through the
“noisy” discrete experimental observations. (The values k* and b* become
estimates of the true parameters k and b in the relation y = kx + b which we
believe connects x with y.)

Solution: We choose the line parameters k& and b so that the sum of the
squares of the differences between the observations and the fitted values is a
minimum.

n

That is, we construct the function S(k,b) = Z(yz —kx; —b)? of k and b

i=1
from the known data and the desired model and seek its minimum to give us
the optimal k£ and b values. We apply the techniques of the preceding chapter
to get the critical points of S by solving the two equations

as oS
% =0 and % =0.

Because of its form S has no upper bound but does have a lower bound.
Moreover, there will be only one critical point which will be the (k,b) point
for which S has its minimum value. In fact, with the above explicit expression
for S we get the equations

n

> 2y — k= b*)(—;) =0 and Y 2(y; — k*z; — b%)(~1) = 0.
i=1 =1

That is, iglczyz — k*zn:xf — b*i%‘ =0 and iyl — k*i% —nb* =0.
i=1 i=1 i=1 i=1 i=1

This pair of equations leads to the 2 x 2 matrix equation

oG-

which can be solved to give the optimal £* and b*.



3.D Least squares 149

4 Mastery Check 3.10:

Invert this matrix equation to obtain explicit estimates of k* and b*.

Hint: First define symbols Z = > x;/n, etc.

Figure 3.11 The ellipse of best fit.

Fitting a conic to observations

There is nothing unique about fitting straight lines: observations can follow
other functional forms depending on the problem being considered.

Suppose, for example, the observations {(x;, y;)} are scattered in the shape of
an ellipse with the origin as centre. (Remember the case of the minor planet.)
We want to determine that ellipse,
2 2

x

4=l

a b2
with optimal a and b that best represent the observations.
It is convenient at this point to convert to polar coordinates (Page 25)

x; = r;cosb;,

. i=1,2,...,n.
y; = r;sind;,

(zi,yi) — (ri,0;) : {
Choose as error function E the sum of squares of the distances of the obser-
vation pairs (z;,y;) from the corresponding points (:c(@i), y(@z)) on the ellipse
along the rays at the given 6;, as in Figure 3.11.
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What we are doing from here on is assuming that the angles 6; have no asso-

ciated errors, but that the radial distances r; are subject to error. Analogous
to the straight line example we form the sum of squares of differences

E

|

[(m(&) — )"+ (y(8) — yi)Q]

i=1

Il

{(a - Ti)z cos? 6; + (b— ?"Z')2 sin? 92-]

i=1

As before, look for the critical points of E(a,b) with respect to a and b.

om _
da

ok
0 and — =0.

R
The 2 x 2 system of equations can be solved to give the optimal ellipse param-
eters

n 2 n -2
* Zi:l r; cos” b; * Ei:l r; sin” 6;
> iz cos?0; > iy sin® 0;

Try to confirm these expressions for your own peace of mind!

Least-squares method and function approximations

The least-squares method admits a continuous version in which the discrete
sum is replaced with an integral, and the discrete observations are replaced
with a continuously varying function. In truth, the function need not be
continuous, only integrable. However, for this introduction we’ll stay with
the more restrictive but less complicated case.

Suppose f:R — R is a continuous function on some interval a < z < b.
The problem that is now posed is how do we “best” approximate f with
an “approximating” function g(z;A1,...,\,), where {\;}}_; is a set of n
parameters?

In solving this problem we first note that “best” will depend on how this is
measured. That is, this will depend on the choice of distance function. (See
[9] and [10] for a more complete discussion.) Second, we note that the choice
of the approximating function g is critical.

In the theme of least squares, the distance function most often considered is

b
I:/ (f(=) —g(m;)\17...,)\n))2dx
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which mathematicians refer to as the L, distance function.

The choice of the approximating function ¢ is usually (but not always) a
linear function of the A;. The general structure is

i=1

where the functions ¢;(z) are chosen to satisfy some criteria specific to the
problem being considered.

The best approximation to f is then the choice of the A\; that minimize the
distance function. Thus, we look for critical points of I:

ol
|
oM\
n equations in n unknowns = A],i=1,...,n.
o1
0
o\,

Some common and useful, but not exclusive, choices of g (that is, the ¢;) are:

g(; X0y s An) =X+ Mz + -+ A\pz™  —polynomial approximation

n
g(x; A, ) :Z A sin kx —trigonometric (sine) approximation
k=1

Notice that in these cases the \; appear as linear coefficients.

43 Mastery Check 3.11:

Find constants a,b,c € R which minimize the integral

J = / (z — asin(nz) — bsin(2nz) — csin(STtx))2 dz

-1

_ /1 ( — glz; 0,b, ) da.

-1

Plot f(z) = = and g(z) over the interval [—1,1].
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3.E Partial derivatives in equations:
Partial differential equations

Although we treat the topic of partial differential equations (PDEs) as an
application of differential calculus, the body of knowledge is immense and
can (and sometimes does) easily cover several thick volumes of dedicated
texts. Our coverage keeps with the idea of giving only some basic practical
information that students of engineering and science will find beneficial in
their undergraduate studies, and possibly later.

Although PDEs—which are simply scalar-valued equations that describe
fixed relationships between the various partial derivatives of a scalar
function—come in all shapes and sizes, the type that has been most thor-
oughly studied and on which we will focus is the second-order, linear PDE.
The following definition features a scalar function u of two independent vari-
ables. However, second-order linear PDEs may depend on more than two
variables.

Definition 3.6
A second-order, linear PDE with constant coefficients satisfied by a func-
tion u € C*(R?) on a domain D, C R? is an equation of the form

Lu = Augy + Bugy + Cuyy + Dug + Euy + Fu+G = 0,

where the constant real numbers A, B,C, D, E, F' satisfy the condition
A2+ B2+ C? #0, and G(x,vy) is a real-valued function defined on D,,.

Even in this restrictive case there is a quite a lot known. Unfortunately,
the following remarks and other comments made in this section do not do
justice to the discipline or to the effort that has gone into accumulating
all that is known. Nevertheless, it is hoped that the reader will be somewhat
better oriented with the subject with the salient terminology and information
provided here.

Remarks

* In this section subscripts x, y, and ¢ on the dependent variable u will
denote partial derivatives w.r.t. those variables.

x The “L” as used here and in many texts will denote a “linear partial
differential operator” with the property that L(u 4+ v) = Lu + Lwv.
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*x “Second order” refers to the highest order of partial derivative appear-
ing in an equation.
— a third order PDE would have one or more of Ugzqz, Ugzy, - - - » Uyyy-

% “Linear” refers to PDEs containing terms which are at most propor-
tional to u or one of its derivatives. — G(z,y) does not involve u.

* The term “PDE” means an equation relating a function to its partial
derivatives, or relating partial derivatives to one another.

x The function u is called a solution of the PDE.

x The PDE relationship applies locally in an open domain D, but not
on the boundary dD,,.

x A time-dependent PDE generalizes Definition 3.6 to include an explicit
dependence on the time variable ¢ through additional terms involving
partial derivatives of u w.r.t. t.

Definition 3.7
The quantity B?> — 4AC is called the discriminant of the PDE.

The reader may speculate that this discriminant is somehow connected with
the discriminant appearing in the solution of a quadratic equation. The
connection is there and is important but would take us too far afield to
explain what it is about. The curious reader might refer to the bibliography
[11-13, 15] for more information. However, for our purposes it is sufficient to
just state without proof some important facts.

Firstly, the value of the discriminant (more significantly its sign) determines
the type or nature of the PDE. A PDE is said to be of

(a) hyperbolic type <= B? —4AC > 0;
(b) elliptic type <= B? —4AC < 0;

(c) parabolic type <= B? —4AC = 0.

These types of PDE exhibit distinctively different behaviour with regard to
their properties and conditions. So too do their solutions.
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Summary of some relevant facts
* Linearity

e Adding any number of possible solutions leads to a new solution.
Solutions wy(x,y), uz(z,y), and constants o and (3, can be combined
to give a new solution: aus (z,y) + Buz(x,y)

e The solutions are not unique, since any scalar multiple of a solution
is also a solution.

e To get uniqueness we impose additional conditions, which are used to
specify the scalar multipliers needed. These conditions are classed as
either initial conditions or boundary conditions.

* Initial conditions
Initial conditions are needed for the solution of time-dependent PDEs and
inform how the solution begins. They are of the form:

o “displacement”: u(-,t = 0) = ug(-), with ug(-) specified;

o “velocity”: us(-,t = 0) = vo(-), with vo(-) specified;

w9

where the indicates that other independent variables apply.

* Boundary conditions
Boundary conditions on the domain boundary 0D, relate to spatial-
dependent PDEs.

These are of three forms:

e Dirichlet conditions
u(r = 7y, t) = Up(rp, t), with U, specified at r, € 0D,,.

e Neumann conditions (Figure 3.12)
Let N(rp) be the outward normal to the boundary 0D,. Then the
Neumann condition fixes the normal component of the solution gradi-
ent Vu(r = rp,t) - N(rp) = Vi, with V, specified at r, € 0D,,.
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Figure 3.12 Neumann condition on the boundary of domain D,,.

e Cauchy conditions
These specify both the solution and the normal component of the
solution gradient at the same point.

u(r =rp, t) = Up(rp, t),
Vu(r =mry,t) - N(rp) = V(1p, 1),
with U, and V}, specified at r, € 9D,,.

* Mixed conditions
These are needed for solutions of PDEs that depend on both time and
space in bounded spatial domains.

u(r,t =0) = up(r),
For example, u(r =1y, t) = Up(rp),
VU(T‘ = ’I‘b,t) . N(T‘b) = Vb(rb).

(Up, Vi, are not time-dependent. Contrast this set with the boundary con-
dition set on Page 162, Equation (3.5).)

% Rule of thumb for applying these conditions

e We need as many initial conditions as the order of the highest order
time derivative;

e We need as many boundary conditions as the order of the highest
order spatial derivative in each independent variable.

* Types of PDE

e The discriminant (Definition 3.7) indicates the type of PDE under
consideration. In turn, the type dictates what additional conditions
are needed and allowed in order to determine a unique solution to the
problem.
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e It is easily shown [12] that any second-order, linear PDE can be
reduced to one of three forms in the respective classes of hyperbolic,
elliptic, and parabolic PDE. We illustrate these forms by means of the
most common example from each class.

Classic equations of mathematical physics

Heeding the last bullet point, we focus attention on three classic equations of
mathematical physics: the Laplace equation (elliptic), the diffusion equation
(parabolic) and the wave equation (hyperbolic). The applications in which
they arise are mentioned in their respective sections below. Suffice to say
that their solutions play central roles in describing a wide range of physical
phenomena.

The Laplace equation

The Laplace equation is perhaps the PDE with the longest history, dating
back to the late 18" century when it was introduced by Pierre-Simon Laplace
[17] in the context of astronomy. Apart from being the equation satisfied by
a free-space gravitational potential, the PDE also arises in the context of
the steady dynamics of an incompressible fluid, and is satisfied by the elec-
trostatic potential in electrostatic theory and the velocity potential in linear
acoustic theory [13, 15]. Despite their different physical origins, the mathe-
matical properties of the potential functions are the same.

Definition 3.8
Suppose u € C*(R3). The equation

Upgy + Uyy + Uz =0 (3.3)

satisfied by u in an open domain D,, C R3 is called the (three-dimensional)
Laplace equation (potential equation).

Remarks

x The Laplace equation is an example of an elliptic PDE.

* The appropriate boundary conditions to use to establish a unique solu-
tion of Laplace’s equation are of Dirichlet type (Page 154).



3.E

*

*

*

*

Partial differential equations 157

Definition 3.9

The 2D Dirichlet Problem

Let D, be a simply-connected bounded region in R? and let 0D, be
its boundary. Let g(x,y) be a continuous function on OD,,. Then the
Dirichlet problem is to find the (unique) function u = f(x,y) such that

(a) u is defined and continuous on D,
(b) w satisfies the 2D Laplace equation, Ugy + Uyy = 0V (z,y) € D,

(¢c) u=g(z,y) ¥V (z,y) € OD,.

There exists a branch of pure mathematics called harmonic analysis that
specializes on properties and behaviour of solutions of the 2D Laplace
equation.

Definition 3.10
A function u = f(x,y) € C*(R?) that is a solution of the 2D Laplace
equation (3.3) is called a harmonic function.

Equation (3.3) is sometimes abbreviated Au=V?u=V Vu=0,

o 0 0

here V = (—, —, =—
where V= (50 5y 82
A =V?2=V.V — called the Laplace operator or Laplacian operator.

) is the gradient operator, and

All terms appearing in the Laplace equation involve the unknown function
u. It is therefore said to be a homogeneous PDE. If a term not involving u
were present it would then be an example of an inhomogeneous equation.

Definition 3.11
Suppose u € C*(R3) and g € C(R3). The equation
Au = ug, + Uyy + Uyy = g(xvya Z)

satisfied by w in an open domain D, N Dy C R3 is called a Poisson
equation (inhomogeneous version of the Laplace equation).

The Laplacian operator (appearing in 3D diffusion, potential, and wave
problems) can be expressed in different forms depending on the problem
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geometry. The most common and the most studied forms are those shown
in Figure 3.13 (see Section 1.D).

Rectangular problems Cylindrical problems Spherical problems

(z,9,2) (r,0,z2) (p,¢,0)
. L Loy
Au = Uy, Au = ;(ru].)r Au = ;(p u,,)p
+ Uy 1 / 1 s
tu. + T—ngg + m ( sin ¢ u(,,)(’5
+ U, 1
ﬁuw
p?sin” ¢

Figure 3.13 The Laplacian expressed in different
curvilinear coordinates.

In Figure 3.13 we use the notation introduced incidentally in the comment
immediately following Definition 2.3, where subscripts denote partial differ-
entiation with respect to the variable featured in the subscript. For example,

(rur)r = % (r%)

The diffusion equation

The diffusion equation is also commonly referred to as the equation of conduc-
tion of heat. The equation is satisfied by a function describing the temporal
and spatial development of temperature in uniform medium. In the early
1800s Jean-Baptiste Joseph Fourier [17] provided the first in-depth study of
this equation in the context of heat transfer, and of its solution by an inno-
vative (for that time) solution method [13, 15]. The equation, with the same
form and therefore with the same mathematical properties of its solution, is
also satisfied by a function describing the concentration of material diffus-
ing by random processes. The diffusion equation also arises in problems as
diverse as radiative transfer, insect migration and the spread of infection.
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Definition 3.12
Suppose u € C%(R? x [0,00)). The equation
Dy (P P Py
ot ox2  oy? o 022/
satisfied by u in the domain D, C R3 x [0,00) is called the (three-
dimensional) diffusion equation (heat equation).

Remarks
x The diffusion equation is an example of a parabolic PDE.

x The appropriate supplementary conditions for the diffusion equation
are of mixed type, with one initial condition and Dirichlet or Neumann
boundary conditions.

* When u is the temperature at point r at time ¢ the diffusion equation
is called the heat equation.

K
*x The constant k is called the thermal diffusivity: k = —, where K is
Sp

thermal conductivity, p is mass density, and s is specific heat.

u — isotherms (level sets)

Figure 3.14 [Illustration of heat diffusion in a slab.

The observant reader will have noticed our depiction here of the local
heat flux being orthogonal to the isotherms. The gradient operator
has that property, and moreover points in the direction of increasing
scalar (isotherm) values. The negative sign inherent in the heat flux
definition, shown in Figure 3.14, reverses that direction.
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« The 3D diffusion (heat) equation can be abbreviated

@sz-VuzkAu

ot
1,

(A — the Laplacian operator.

x In the limit ¢t — oo, % — 0, and u(r,t = 00) = Uso(T),

the steady-state solution of the Laplace equation: Aus, = 0. Thus, the
Laplace equation is the temporal limit of the diffusion equation.

The boundary-value problem for the diffusion equation

For some b > 0 consider R to be the closed set R = {(z,t): 0 <z <7, 0<
t < b} with boundary OR =T UT'y; UT'3 UTy where

I ={0,t):0<t<b}, To={(2,0):0 <2 <},
Iy ={(m,t): 0<t<b}, Ty ={(x,0): 0 <z < 7}

Definition 3.13
The boundary-value problem for the 1D heat-conduction problem is to find
a function u = f(x,t) such that

(a) f is continuous on R,
(b) [ satisfies the heat (diffusion) equation in R,

(¢) fsatisfies f(0,t) = g1 onT'1; f(m,t) = g3 onD's; f(2,0) = g2 onTs.

Remarks

* Note that there is no explicit condition to be satisfied on I'4!

* The upper bound b could be taken as large as desired. The only restric-
tion is that b > 0. That is, we solve forward in time. In fact, we often
take b = 0o so the time variable ¢ € [0, 00).

* The conditions to be applied on I'y and I's are boundary conditions,
while the condition on I'y is an initial condition.

And, in terms of the time variable ¢ and space variable x,

* The boundary conditions «(0,t) = ¢1(t) and u(m,t) = g3(t) describe
the case of prescribed end temperatures, which may be time-dependent.
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*

The boundary conditions on I'; and I's may instead be u;(0,t) = hq(t)
and uy (7, t) = hs(t) which describe the case of prescribed end heat
fluzes: rates at which heat is conducted across the ends.

If hy = hg = 0, the ends are insulating. That is, there is no heat con-
duction.

The wave equation

The wave equation is the third classic equation of mathematical physics we

discuss. As the name suggests it is an equation governing wave-like phe-

nomena; not simply propagation, but oscillatory motion. Its discovery is
associated with the names of the 18'""-century mathematicians Jean-Baptiste
d’Alembert (1D version) and Leonard Euler (3D version) [17]. The equation
governs the linear dynamics of water waves, sound waves in linear acoustics,
linear elastic vibrations in solid mechanics, and light waves in electromag-
netism [13, 15].

Definition 3.14
Suppose u € C*(R3 x R). The equation

satisfied by w in an open domain D, C R® xR is called the (three-
dimensional) wave equation. Here, ¢ is called the wave speed, and G
1s defined on D,,.

Uty — 02(Uzm + Uyy + uzz) - G(‘T, Y,z t) (34)

Remarks

*

The wave equation is an example of a hyperbolic PDE.

The appropriate supplementary conditions for a unique solution of the
wave equation are either of Cauchy type for unbounded domains or of
mixed type for bounded domains.

Unlike the diffusion equation, the wave equation can be solved forwards
or backwards in time.

If G(z,y,z,t) = 0 then Equation (3.4) is the homogeneous wave equa~
tion.

The wave speed c¢ is also called the phase speed of propagation of
information.
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* The general form of Equation (3.4) can be abbreviated

0%u 0?
o2 AV -Vu= 6—;; — ?Au = G(x,y,2,t)

(A — the Laplacian operator. )

A general-purpose method of solution: Separation of variables

The method we shall now describe is based on the fact that the linear PDEs
just described are separable in a number of coordinate systems. This means
that their solutions can be expressed in terms of factors involving only one
variable. A necessary assumption is that one of the coordinates of the system
of choice is constant over a surface on which boundary conditions are pre-
scribed. The method is actually applicable to a wider variety of linear PDEs
than the ones that are here highlighted, defined on bounded or semi-bounded
domains. Consequently, all students should be familiar with this method of
solution [12, 13, 15]. We illustrate the approach by applying it to a simple
problem involving 1D wave propagation.

Consider the following mized boundary-value problem on the space-time,
semi-infinite strip D,, = [a,b] X [0,00) shown in Figure 3.15. Note that this
problem involves one space dimension x and one time dimension .

Definition 3.15

The 1D wave problem. Find a function u=f(z,t) on D, C Rx[0,00)
such that for functions g1 and g2 defined on [a,b] and continuous func-
tions hy and ha on [0,00), u satisfies the homogeneous wave equation

2 _
Ugp — CUzy = 0,

f(@,0) = g1(
fi(w, 0)—gg(x} =z<b (3.5)

)
)
. fla,t) = ha(t)
and boundary conditions { F(b,t) = ho(t) } t>0.

with initial conditions { *




3.E Partial differential equations 163

/)
t| time

/V 7 x

a b

Figure 3.15 Domain D, of the 1D wave problem.

Remarks

* Equation (3.5) is a quite general form of a mixed b.v.p. for the wave
equation in one space variable, but not the most general (see Supple-
mentary problem 21).

* The smoothness (that is, degree of differentiability) of the boundary
data, hy and ho, and the initial data, g; and g5, determine the smooth-
ness of the solution u = f(z,t).

To illustrate the separation of variables method we consider the special case:

(h17h2791a92) = (070’970)'
Similar analyses apply in the other special cases: (0,0,0,g), (0,h,0,0),....

For the most general case of hy, hs, g1, and g5 all nonzero, we appeal to the
principle of superposition (defined shortly). For the moment, we consider the
simpler mixed b.v.p.

utt—czum: 0,
f(z,0) <z <
ft(ﬂf,O): Oa OSJ:SL

f(0,t)=f(L,t)= 0, t>0

Il
Q
g
o

A
S

A
h

(3.6)

Remarks

x Equation (3.6) is the mathematical model of a vibrating string of length
L and density p under tension 7, fixed at its ends and subject to small
displacements elsewhere along its length (Figure 3.16).
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T
* c= \/> ; the wave speed is determined by the string properties.
p

x If g = 0 then the unique solution would be f = 0.
— a typical way of proving uniqueness

length, L (m)
density, p (kg/m)
tension, 7 (N)

u(z,t), displacement

Figure 3.16 Schematic of a vibrating string.

For the vibrating string problem, u (Ju| < L) is the local dynamic displace-
ment of the stretched string at position z at time ¢. One sets the string
vibrating either by “plucking” or “striking”, or any linear combination of
these. In our example we have chosen the first means. Suppose the string is
pulled aside at ¢t =0 a distance h from equilibrium at z = b (Figure 3.17)
and released. This condition defines the function g(z).

It
% for x €10,b]

(L—1x)h

ﬁ for l'e[b7L]

Figure 3.17 Profile g(x) of a string stretched a distance h at x = b.

We proceed in steps through the separation of variables method of solution
of this problem.
Step 1:

The separation of variables method always begins by assuming a nontrivial
solution in the form of a product of functions of the independent variables.
In this case we assume the form

flz,t) = X(2)T(t).
That is, the solution is a product of a function of = only (X) and a function
of t only (7).
Substitution into Equation (3.6a) gives
42T ED'e

X(x)ﬁ — PT(t) oz =0 (3.7)
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and assuming X (x) # 0 and T'(¢) # 0, Equation (3.7) implies

12X 1 1 &7
X(z) dez 2 T(t) di2 (3.8)
function function ’
{Of a:—(mly} - {()f t—only} = {eonstant}

The most critical element of the separation of variables method is the fact
that the two expressions on the left of Equation (3.8) can be equal only if
both equal the same constant! This allows the separation to occur. Equation
(3.8) implies two equations

ED'E

dizrz = pX Variables x and ¢ (3.9)
T T have been separated '
ez "

and we have the critical simplifying step:

One PDE in two variables becomes two ordinary differential equations
(ODEs) in single variables!

This separation is not always possible with other types of problems. Moreover,
with some boundaries and some boundary conditions such a product form
may not be possible either, even if the PDE allows it.

From this point on we need only to consider the solutions of the ordinary
differential equations.

Step 2:

Consider possible values of p. The boundary conditions (Equation (3.6d))
imply that

X(0) = X(L) =0. (3.10)

These are necessary for a unique solution.

Case 1: =0
Equation (3.9a) implies that X = 0, which is true if and only if X (z) =
c1x + c2. But the boundary conditions in Equation (3.10) imply ¢; =c2 =0.
That is, X (z) =0

— the trivial solution.

Case 2: i > 0, that is, = £ > 0.
Equation (3.9a) implies that X" — k2X =0 <= X(z) = c1e"® + cpe 2.
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But the boundary conditions in Equation (3.10) imply

z=0: c1 + ca =0 . 1 1 ‘) _y
x=1L:ce"l + ekl =0 ehl gkl e )
= =c=0 = X(x)=0 — the trivial solution again.

Case 3: < 0, that is p = —k? < 0.
Equation (3.9a) implies that X" + k?X = 0, which is true if and only if
X (x) = ¢1 coskx + cosin kz. And Equation (3.10) gives us

X(O):0:> c1.1=0=c¢,=0
X(L)=0= cesinkL =0= ¢y =0or sinkL =0

A nontrivial solution is possible only if kL = 7,27, 37, ..., an integer mul-
tiple of 7, and ¢y # 0.
The only nontrivial solutions are multiples of

X, (x) = sin (nLﬂ), n=123,....

Definition 3.16 2 97rn 2 371 2
p=—k= —(—) 7—(—) ,—(—) ,... are called eigenvalues

L L L
or characteristic values.
X (x) =sin (?), n=1,2,3,... are called eigenfunctions

or characteristic functions.

Step 3:
This choice of p has implications for the solution of Equation (3.9b):
" 22 _ _ E 2j 3j
T'(t) + k*c*T(t) =0, k= AN AN AR

means that for each possible k£ we get an independent solution. The coeffi-
cients of independent solutions will also depend on the values of k:

nmct

nwmct
T,.(t) = A, cos ( > + B,, sin (%) n=1,2,3,....

meaning that for each possible k we get a solution of (3.6a) satisfying (3.6d).

L TCt U Ct )
U/n(myt) = (An COS (772(' ) + Bn, sin (T))Sln (%)a n= 17 2a 37 teee
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Since all the infinite n cases are possible solutions, called harmonics, the
principle of superposition says that the most general solution is their linear
combination. We have therefore an infinite series solution,

u= f(z,t) = Z sin (%ﬂ) (An coswnt + By, sinwnt>,
n=1

which describes the most general vibration of the ideal string fixed at its
ends.

Remarks

x The boundary conditions determine the allowed k’s and w’s.

nt 27
* ky, = T =0 where the A, are the allowed wavelengths.
n
nme ‘ . )
* Wy = T are the allowed angular frequencies — eigenfrequencies.
nme . . . .
* Wy = I =W That is, w, is an integer multiple of the fundamental
T
frequency w = T — the n'® harmonic overtone.

b1
* up(x,t) = (An coS wyt + By, sin wnt) sin (M) describe the nth nor-

mal mode of vibration, the first few examples of which are shown in
Figure 3.18.

The fundamental mode
— greatest amplitude-
always set in motion?

The first harmonic
— lower amplitude
— twice fund. frequency

n= sin(2rz/L) =0 (one node) not present when . .. 7
The second harmonic

— lower amplitude still
— thrice fund. frequency

n=3 sin(2nx/L) =0 (two nodes) not present when ... 7

Figure 3.18 The first few modes of vibration.
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Remarks These are some points of a physical nature to note at this stage.

* If the string is pulled aside (plucked) anywhere along its length then
the fundamental mode, shown at the top of Figure 3.18, will be present
in the solution, since the fundamental mode features displacement at
all points.

% On the other hand, a given harmonic is not present in the solution
when the plucked point coincides with any of that harmonic’s nodes.
For example, if the string were to be plucked at its centre, the implied
displacement would be inconsistent with that point being a node—a
point of no motion. Consequently, the first harmonic mode (and any
others that feature a node at the centre) cannot be included in the
series expansion.

L
g e & /T — the same speed for all modes.
kn L nxm p
Step 4:

To determine the unknown constants, { A, }n=12,.. 0o and {B,}n=12.. .. 00, We
apply the initial conditions of Equations (3.6b) and (3.6¢). These imply that

f(z,0) = ;An sin (nLﬂ) = g(x), (3.11)
and
folz,0) = an.wn sin ("—zx) =0. (3.12)

Equation (3.12) tells us that
B,=0Vn,

and Equation (3.11) tells us that there exists a Fourier sine series for g(x),
with coefficients

2 L . /nTxT
A, = Z/o g(x)sin (T) dz.

Given an initial form such as that represented in Figure 3.17, the A,s can be
determined and inserted in the series solution.
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More general initial conditions of either plucked or struck strings are described

by functions such as

u(x,0) = ug(x) — string shape at t = 0,
ug(x,0) = vo(x) — string speed at ¢t = 0.

These conditions, or any linear combination of these conditions, are invoked
to give {A,,, B,} in the more general case:

2 L
A, Z/o ug(z) sin (?) dz
2 L . (nTT
B, = oL /0 vo(z) sin (T) dx

With all unknowns determined, the problem is solved.

Remark

£

* The string system just considered is a good model for a string attached

to an electric guitar. The electric guitar body is (usually) solid. It is
therefore appropriate to assume the string ends are fixed. The body
itself undergoes very little vibration of its own (if any) while the string
is vibrating. Consequently, the notes registered by an electric guitar
are almost as pure as those determined mathematically.

This differs fundamentally from the case of an acoustic guitar. The
body of an acoustic guitar is hollow with the strings attached at one
end to its flexible top plate. The vibrations of the strings are therefore
transferred in part to the vibrations of the top plate (the ensuing air
vibrations in the body are in fact responsible for a large proportion of
the sound produced).

To describe the vibrations of a string on an acoustic guitar it is therefore
more reasonable to adopt the model of one end of the string attached
to moveable mass which is subject to an elastic restoring force. How-
ever, even in this case it can be shown that discrete vibration modes
arise. Although related by a mathematical formula, the frequencies of
the higher-order modes are not simple multiples of a fundamental fre-
quency. (See Supplementary problem 21.)

Mastery Check 3.12:

For the problem of a string of length L and density p under tension 7, fixed at
its ends and pulled aside a distance h at x = b, derive a closed-form expression
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for the string’s energy of vibration
1 L ouy2? 1 L oun2
b [ (00 e b [ (2
QP/O o) T ) \az) ¢

kinetic potential

using our separation of variables solution.

For the case b = L/2 show that the energy is conserved by comparing your
result obtained above with the initial work done in pulling the string from
its unstretched state.

oa
4 Mastery Check 3.13:

Using the separation of variables method, derive the unique solution to the
mixed b.v.p.

(a) ug(z,t) = kg (2,t) 0 <z <a, t >0

(b) u(0,t) =0 t>0

(¢c) u(a,t) =0 t>0

(d) u(z,0) = g(x) 0 <z < a, where g(0) = g(a) =0.



3.F Supplementary problems 171
3.F Supplementary problems

Section 3.A

1. Use a Taylor series approximation to find the nature of any critical
points for the function
fla,y) = (x + 2y)e V",
for {(z,y) : 2* +y?> < 1}.

2. Locate and classify the critical points of the following functions:

(a) flz,y) =y® + 322y — 32% — 3y> + 2,
(b) f(z,y) =2® —y® — 20y +6,

(©) flz,y)=e " (2zy+y?).

Section 3.B

3. Determine the maximum and minimum values of
fla,y) = 2% + 9 = 3a,
in the region |z| + |y| < 1.
4. Show that in the region |z| <1, |y| <1 the function (Figure 3.19),

fla,y) =e"" v,

has a stationary point which is a saddle point, then determine its max-
imum and minimum values in the region.

5. Determine the extreme points of the surface
z = sinx sinysin(z + y),

over the rectangular domain
D={(r,y):0<ay<n}.
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Figure 3.19 The graph of z = e vt

6. Determine the maximum and minimum values of
fla,y) = zyIn(l + 22 + ¢?),

in the region =2 + 32 < 1.

7. Determine the maximum and minimum values of

flz,y) = (@ +y)e v,

(Figure 3.20) in the region 22 + 3% < 1.

8. Determine the maximum and minimum values of
Flz,y) = (z +y)e™ 7,
(Figure 3.20) in the triangular region:

R={(z,y):2>0,y >0,z +y <2}
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Figure 3.20 The graph of z = (z + y)e*12*y2.

9. Determine the maximum of the function
f(x,y,2) =logz +logy + 3log 2,

over that portion of the sphere 22 4 y2 4 2% = 512, in the first octant.
Deduce that

5
abe® < 27 (CH_;H_C) .

10. Suppose C' is the conic described by the equation
Az? + 2By + Cy? =1,

where A > 0 and B? < AC. If we denote by p and P the distance from
the origin to the closest and furthest point on the conic, respectively,

show that
P2 A+CH\/(A-C)2+4B?
2(AC — B?) ’

with an analogous expression for p2.

Section 3.C

11. Surveyors have measured two sides and the angle between them of a
triangular plot of land, for the purpose of finding the area of the plot.
The area is given by f = %ab sin C, where a and b are the lengths of the
sides and C' is the included angle. The measurements are all subject
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Applications

to error. The measured values for the sides were a = 152.60 £ 0.005 m
and b = 163.81 4 0.005 m, and for the included angle § = 43°26' £ 0.2".

What is the largest possible error in the computation of the area? What
is the largest possible percentage error?

Section 3.D

12.

Suppose we wish to represent the function f(r) = 2%, —1 <z <1, by
a combination of cosine functions of the form

g(x;a,b,e,d) = a+ beosta + ccos 2nx + d cos 3nx.

Find the least-squares values of a, b, ¢, d. Plot the two functions on the
same graph to check the fit.

Section 3.E

13.

14.

15.

16.

17.

Show that u(x,t) = exp(—x?/4t)/+/t is a solution to the parabolic, 1D
diffusion equation

ou  0%u

ot oz
Show that u(z,y,t) =t 1exp(—(2? + y?)/4t) is a solution to the
parabolic, 2D diffusion equation

du_ PPu 9

o 02 o

Suppose u : R3 — R is a C? function of variables (x,y, 2). By introduc-
ing 3D cylindrical polar coordinates (Section 1.D) confirm the expres-
sion for the Laplacian shown in the centre of Figure 3.13, applied to
U(r,0,z) = u(rcos,rsinb, z).

Suppose u : R? — R is a C? function of variables (x, v, 2). By introduc-
ing 3D spherical polar coordinates (Section 1.D) confirm the expression
for the Laplacian shown in the right-hand side of Figure 3.13, applied
to U(p, d,0) = u(psin ¢ cos b, psin ¢psin b, p cos ¢).

By introducing new variables £ = 2 4+ y and 1 = In(z — y) (such that
xr —y > 0) and using the chain rule, determine all C? functions that
solve the differential equation

*u  *u 5
(v —y) (63:2+8y2) =4z +y)".
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18.

19.

20

21

Suppose u : R? — R is a C? function of variables (x,t). With the help
of the change of variables £ =z + ¢t and n = x — ct, transform the
hyperbolic, 1D wave equation
Pu 1 0%
dx2 2 ot
into a simpler form involving a function U (€, n) and thereby determine
all possible C? functions that solve the wave equation.

=0

By introducing the change of variables £ =x +¢e¥ and n=x — €Y,
determine the most general differentiable solution to the partial dif-
ferential equation

u  0*u  Ou
a2~ B By

2y =0.

Use the method of separation of variables to find the general solution
to the equation
xzum + ruy —uy = 0.

Find the particular solution that satisfies the boundary conditions
u(1,0) =0, u(e,0) = 2.

Hint: At some stage you will need to substitute x = e".

Redo the 1D wave (vibrating string) problem for the initial and bound-

ary condition sets

(a) (hla hQ, ghg?) = (O’ Oa 0) g(l’)), 0 S x S 21

(b) initial conditions (g1, g2) = (g(z),0), and boundary conditions
*f of

(f(O,t) = 0, M5 (Lyt) = —r 5L (L1) - nf(L,t)) for M, k > 0.

Case (b) models a string of length L under tension 7 attached at © = L
to a mass M subject to an elastic restoring force of strength x.
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Chapter 4

Integration of
multivariable functions

We have seen that differentiation of a function is the result of a limit process.
This led to the definition of a tangent line to a curve in 2D and a tangent
plane to a surface in 3D. In this chapter we shall again consider limit processes
but with the aim of establishing the reverse operation, that of integration of
a scalar function of many variables.

It should be emphasized that we focus attention here on integrals of functions
over subsets of R™. That is, the integrals we consider are taken over zero
curvature regions in R™: a straight line segment in R, a planar region in R?,
a volume subset in R3, etc. In this important context we shall be able to rely
on some familiar concepts derived from geometry such as areas (under curves)
and volumes (under surfaces) to assist our understanding. In Chapter 5, we
will revisit 1D and 2D integration but in the sense of integrals over nonzero
curvature geometries (curves and curved surfaces in R?). In that context,
geometric interpretations will be replaced with more physical conceptions.

4.A Multiple integrals

As we’ve done before, we shall first revisit the 1D case. To be precise, we shall
brush up on the Riemann theory of integration for a function of one variable.
Readers interested in the more general measure theory of Riemann-Stieltjes
integration are referred to [2]. A comparison between the foundations of single-
variable integration and multivariable integration is particularly fruitful, since
the latter case is essentially a direct generalization of the former case.
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Almost every idea and theoretical result we discuss in this chapter is as
valid for functions of an arbitrary number of variables as for functions of two
variables. Therefore to simplify matters, we will present the theory (mostly)
with reference to functions of two variables and discuss the more general
case at the end of the chapter. Any important practical differences will be
highlighted in that discussion.

As already mentioned, the definition of the integral of a function f of x € R"
is based on a limit process. We illustrate the first steps of the process in
Figure 4.1.

Integration of f: I CR — R

Suppose f is a continuous function of x and assume that the interval I is
closed and bounded and lying in the function domain, Dy. That is,

I'={x:a<x<b} C Dy.

The graph of f is a curve in R x R = R? as shown in Figure 4.1 below.

Figure 4.1 The graph of f and some subintervals of I.

First the interval I is cut I into small bits — this is called a partition of I:
a=20<21 <2< ...<ZTp_1<xp=2>b

with n subintervals I; = {z : x;—1 < x < x;}, of width Az; =x; —x;-1. A
few of these subintervals are shown in Figure 4.1.

Then, choosing some real number &; € I; from each subinterval, we form the
sum

n
On = Zf(gz)sz
i=1
This is called the Riemann sum of f over I. From its construction we see
that it must depend on the partition of n subintervals.
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The geometric interpretation of o, for f: 7 — R.

If f >0, then f(&)Ax; is the area of the rectangle of height f(&;) and width
Ax; as shown here in Figure 4.2.

Hence, the sum o, is an approximation to the area “under” the curve y = f(x)
and over [.

y = f(z)

\

f(&)

.
/

8

Ti-1 i

—

Figure 4.2 Rectangular area approximation.

To improve on this approximation we find numbers ¢; and m; in each interval
I; such that f(¢;) < f(x) < f(m;) for all z in I;.

For a given partition we form the upper and lower sums
n
mm Z A$z < Zf fz sz < Z.f mz sz - de'

In this process we have constructed upper and lower bounds on o,,. That is,
Rmin S On § Rmax~

We now take the simultaneous limit of the number of intervals n — co
and the representative size of the intervals max(Az;) — 0. We find that,
as n — 00, Ry increases and Ryax decreases. If the dual limits exist and
lim Rin = lim Ryuq., then an application of a squeeze theorem gives:

Definition 4.1
The integral of f: R — R owver I is defined as the limit (if it exists)

s / us

max(Axz;)—0
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Under the conditions of continuity of f and compactness of I this limit does
exist. This is a unique number, called the Riemann integral ([1], [2]), which
is independent of how we set the partition originally.

Now let’s see how things work for a function f(z,y) of two variables.

Integration of f : RC R? — R
Suppose f is a continuous function of x and y and, for starters, we are given
the closed and bounded rectangular region
R={(z,y):a<z<b c<y<d}
which lies inside Dy. Note that & C Dy and R is compact.

The graph of such a function f is a surface in R? x R = R? as shown in
Figure 4.3 below.

Figure 4.3 The graph of f over rectangle R, and subrectangle I14 X Jo;.

The construction of the integral of f over R is accomplished in perfect har-
mony with the 1D case except that rectangles replace intervals.

First, the rectangle R is partitioned into m x m rectangles R;; = I; x J; of
area AA;;, 1<i<n,1<j<m. We then choose some point ({;,n;) from
each rectangle R;; and form the sum

i=1 j=1

This is called the Riemann sum of f over R. From its construction this
Riemann sum must therefore depend on the partition.
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The geometric interpretation of o,,, for f:R C R?> — R.

If f >0, then f(&,n;)AA;; is the volume of the rectangular block of height
f(&,n;) and base area AA;; = Az;.Ay; as shown in Figure 4.4 below.

“ f(&,mj)

(&) .
X 4..'_..’ ij ....’:; /

Figure 4.4 Rectangular block volume approximation.

Thus, the sum o0, is an approximation to the volume “under” the surface
y = f(x,y) and over R.

A completely analogous line of reasoning to the steps leading up to the defi-
nition of a 1D integral can now be applied as follows.

For a given partition we form upper and lower sums of the rectangular blocks.
Between these two sums is the sum o,,,. With each refinement of the par-
tition, new upper and lower sums are determined with the new lower sum
increased compared with its predecessor and the new upper sum decreased
compared with its predecessor.

If in the dual limit process of n, m — oo and max ( (Ax;)? + (ij)2> —0
the limits of upper and lower sums exist and are equal, an application of the
squeeze theorem leads to our next definition.

Definition 4.2
The double integral of f: R?> — R over R is defined as the limit (if

it exists)
e = [ r@aa
max (1 /(Az;)2+(Ay; )2) —0
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An important theorem and some corollaries — 1D version.

Theorem 4.1 All continuous functions are integrable on compact subsets of
their domains of definition.

Corollary 4.1.1 If f >0, then /f(x) dx is the area under the curve
I
y = f().

Corollary 4.1.2 If f > g > 0, then / (f(z) — g(z)) dz is the area between
I
the curves (Figure 4.5).

/y:f(x)
y /
4L o)

%’_/1’
I

Figure 4.5 The area between two curves in 2D.

Corollary 4.1.3 /1 dx is the length of interval I.
I

Corollary 4.1.4 The average value of function f over I is

f(x)d
m./]f(x)dx _ /f/jd:.
I

Corollary 4.1.5 Linearity: If a,b € R then

/I(af(x)+bg(x))dx = a/lf(x) dx+b/lg(x)dx.

Corollary 4.1.6 Additivity: (very important)
IfiInJ={}=090, then/ flx)ydz = /f(x)dx—l—/f(x)dx
1uJ I J
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An important theorem and some corollaries — 2D version.

Theorem 4.1 All continuous functions are integrable on compact subsets of
their domains of definition.

Corollary 4.1.1 If f > 0, then / f(z,y)dA is the volume under the sur-
R
face = = [(z,y).

Corollary 4.1.2 If f > g > 0, then // (f(z,y) — g(z,y)) dA is the volume
R
of the body between the surfaces (Figure 4.6).

(_sz(lvy)

éhe bodjéf

Figure 4.6 The volume between two surfaces in 3D.

Corollary 4.1.3 // 1dA is the area of R. — true not just for rectangles!!
R

Corollary 4.1.4 /
flz,y)d
/R fz,y)dA // "

Corollary 4.1.5 Linearity: If a,b € R then

//afxy+bg(a:y )dA = //fa;ydA—Fb// g(z,y)d

Corollary 4.1.6 Additivity: (very important)
If RiN Ry ={} =0, then

J. s@waa = [ gwpars [ sepaa

. is the average value of f over R.
area R
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Some comments on Theorem 4.1 are warranted.

From Theorem 1.2 all continuous functions on compact domains are bounded.
These functions do not exhibit singular behaviour and so in the integral defi-
nition all partitions have finite volume (area). The unique limits in Definitions
4.1 and 4.2 therefore exist.

Corollary 4.1.3 may seem trivial but is undeniably useful in some contexts.
(See Mastery Check 5.24, Section 5.D, and Example 5.9.)

Corollary 4.1.5 allows us to split complex functions into sums of simpler
functions and to integrate them individually.

Corollary 4.1.6 is useful when an integration domain is or can be described
piecewise, especially if the pieces warrant different techniques of integration.

4.B Iterated integration in R?

Iterated integration is the workhorse of multiple integrals.

The definition of the multiple integral as the limit of a sum is not practical.
Fortunately, there is an alternative. The suggestion is made that we calculate
our “volumes” by slicing rather than by dicing.

Consider the thin slice of the “body” under f shown in Figure 4.7. The area of

the left-hand side face, that is, the area under the curve of constant y, y = yo,
b

b
is A(yo) = / f(z,y0) dz. Similarly, A(yo + Ay) = / f(@,90 + Ay)dz is
the area of the right-hand side face. ‘

If |Ayl is a small increment then A(yp) ~ A(yo + Ay), which is easy to see
by expanding f(z,yo + Ay) in a Taylor series about (z,yp). Then, using the
simple two-point trapezoidal rule approximation, the volume of the “slice” is
approximately

V(yo) = 5 (A(yo) + Alyo + Ay)) Ay

_1
)
= A(yo)Ay + O(Ay?).
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z

f(x>y0) ]

Figure 4.7 Adding slices to determine volumes.

The total volume of the “body” under f(z,y) is then the limiting sum of these
1D volumes of slices (Definition 4.1) as Ay — 0. That is, the volume under
f(z,y) over R is the Riemann integral of A(y) over the interval ¢ <y < d:

V=/CdA(y>dy=/Cd (/:ﬂx,y)dx)dy.

Alternatively, slicing parallel to the y-axis instead of the above would give

V—/abA(x)dx—/ab</Cdf(z,y)dy>dx,

which must give the exact same value for the volume.

Hence, for integration over the rectangle [a,b] X [¢, d] we have the important

result
b d d b
dA = ly |de = da |ds
//Rf(w,y) /( Cf(:v,y)<y> T /( uf(:v,y) 1) y

double integral of iterated integrals of f over R
f over R

The left-hand side is the definition of a double integral, while the two right-
hand sides are the actual ways one can evaluate the double integral. These
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are called the iterated integrals of f. In each case of iterated integral, the
inner integral within the parentheses is to be evaluated first, only then is the
outer integral evaluated. Notice how in the above equation the integration
limits follow the variable being integrated.

At a very practical level, when evaluating the inner integral we treat the outer
integral variable as if it were a constant parameter. In such a situation all
single-variable techniques apply to each individual iterated integral. Example
4.1 illustrates this process.

Regarding notation, the above clearly specifies the order of operation. How-
ever, to skip the parentheses (and avoid the tedium of writing them) we have
two alternative notations in common use:

b pd
/ / flz,y)dydz — this borders on the ambiguous; the user

must not confuse the order.

b d
/ dx / flz,y)dy — this is somewhat better; it is easier to interpret
a c

and better for complex regions
(see next section).

B Example 4.1:
Determine the volume of the body lying under the surface z = 2 + 32
(Figure 4.8) and over the rectangle,

R={(z,y):0<2 <1, 0<y <1}, (=10,1] x [0,1]).

Figure 4.8 The graph of z = 22 + ¢
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Solution:

V= // (z® +y*)dA  — the double integral
R

1 1
= / dy/ (z?2 +y?)dz — an iterated integral version
0 0

1

1 3
= / dy r + 2z —y is held “fixed” during the x -integration
0 3 z=0
1 3
1
= /0 (§ + y2> dy = % + % i =3 volume units.

In this iterated integral y is given the role of the outer integration vari-
able, while x plays the role of inner variable. We could just as easily have
reversed the roles to arrive at the same result. Notice the very important fact,
which will be contrasted with later, that in this example the bounds on the
z-integral are constants; they are not functions of y!

|
#3 Mastery Check 4.1:
Evaluate // ye™ dA, where R={(z,y) : 0<2 <1,0<y<2)}.
) 5
£ Mastery Check 4.2:
Compute // ret VY dA, where R={(z,y): 0 <z <1,0<y<1)}.
R VY .

4.C Integration over complex domains

In general practice a region of integration is more often not a rectangle. We
therefore need a way to work with compact regions that are more complex.
Luckily, we can treat this problem using our previous results, but after first
rethinking the function, the domain, and the iteration definitions.

First, let’s look at the function and its domain. For a function f defined on a
non-rectangular, compact domain D, we introduce a new function and new
domain through the following definition.
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Definition 4.3
Suppose f(x,y) is continuous over a compact domain D C Dy. Let f be
the extension of f beyond D:

. [ f(z,y) for (x,y) € D
F,y) = { 0 for (z,y) ¢ D.

Since D is bounded there exists a rectangle R such that D C R. Thus, if f
is integrable over R, then

[Zfﬂ$dDdA::[Z{ﬂ$dDdA

definition calculable value

This last equation is true since all we have done is added zero to the original
double integral. The picture we imagine is something like Figure 4.9 below.

7 —— f = [ here
)\

Figure 4.9 The extended function f and its domain R.

Second, we examine the domain, D, a little further. What can these more
complicated domains look like? In Figures 4.10-4.12 we define three main
classes of regions into one class of which the domain D, or a piece of D, may
be placed.
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Type I:
Suppose the domain D is of the kind shown in Figure 4.10 and defined as

D={(z,y):a<z<bg(@) <y< g}

This is called a y-simple domain, with the variable y bounded by two func-
tions of x.

92()

/LN

gi(z)

[

\ \

| |

a b x

Figure 4.10 A y-simple domain.

Type II:
Suppose the domain D is of the kind shown in Figure 4.11 and defined as

D={(zv,y):c<y<dhi(y) <z <ha(y)}.

This is called a x-simple domain, with the variable x bounded by two func-
tions of y.

Y hi(y)
d L — — Z
ol ha(y)

Figure 4.11 An z-simple domain.

Type III:

This is a domain D with an appearance like that shown in Figure 4.12, and
with enough flexibility to have two interpretations. It could either be treated
as a special case of I with g1(a) = g2(a) and g¢1(b) = g2(b), or as a special
case of IT with hy(c) = ha(c) and hq(d) = ha(d). That is, this sort of domain
could be either z-simple or y-simple depending on how it is described.
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Y
d ,,,,,,,
|
C,,,,L, |
| |
| |
a b x

Figure 4.12 A domain that is both z-simple and y-simple.

Third, we bring these ideas together to arrive at a strategy for evaluating

integrals over non-rectangular domains. We demonstrate this with a y-simple
domain (Fig.4.13).

yt R
d ,,,7_\ 92(‘r)
_
f =0 here
H — no contribution
i
= D={(z,y):a<x<b,
S — ~— qi(z) 7@ <y < galo)}
| 11 |
a x b

Figure 4.13 A y-simple domain in a rectangle R.

By construction we have the iterated integral of f over R = [a,b] X [¢,d] D D,

//Df(:c,y)dA://Rf(:c,y)dA:/abdx/cdf(x,y)dy'

However, for every value of the outer integral variable x, f = 0 outside the
interval ¢g;(z) <y < ga2(x), and f = f in the interior of that interval. Hence,

J[ s | ' dr / gz(j)f@c,y) dy.

1z

iterated integral of f over D

We can now invoke the contrast alluded to earlier regarding the variable
dependence of the limits of the inner integral. For all cases of non-rectangular
domains, the limits of the inner integral will be functions of the outer integral
variable. In the above example, the limits on the inner integral depend on =z
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and do not depend on y. Only in the case of rectangular domains will the
limits of both the inner and outer integrals be constants!

For an x-simple domain, with D = {(z,y) : c <y <d, hi(y) <z < ha(y)},
we get the analogous result

J| swaaa= | "4y / T:j)f@,y) .

Once again, the limits of the inner integral depend on the outer integral
variable; the limits of the inner integral here depend on y and do not depend
on x.

Through a very simple development we have arrived at very natural gener-
alizations of iterated integrals over rectangles. Moreover, in the process we
have done away with the extensions we used in this development.

The reader should now bear two things in mind. First, the order in which the
iterated integrals are to be performed must be strictly adhered to. Second,
interchanging the order will always involve a change in the limits. This is illus-
trated in Example 4.2 wherein a double integral is evaluated in two ways. The
reader should note the limits on the two inner integrals and how they come
about (see the vertical and horizontal bars in Figure 4.14).

B Example 4.2:

Suppose D is that region bounded by the lines y = x, y = 2z, and z = 1.

Calculate the area of D as / / 1dA.
D

It cannot be stressed enough that one should always start solving a multiple
integral problem by drawing a picture of the region in question. Here it is
the one shown in Figure 4.14. Sketching the region of integration, if it is
possible, not only allows us to get some perspective on the task involved,
it also allows us to determine the limits of the integration variables. More
importantly, it can potentially identify difficulties with setting limits, which
formulae themselves may not do. An example of such complication arises
when we treat D as z-simple.

The domain is both y-simple and piecewise x-simple.

We first treat D as y-simple.
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y:2x£

121

AENNENAENAESS]

Figure 4.14 The y-simple domain D.

1 2z
AreaofD:// 1dA = / dx/ 1d
D 0 x
! 2z ! z? ' 1
:/ dx[y} = / zdr=|—| = - area units.
0 x 0 2 o 2

Now we treat D as z-simple. This is slightly more complex as Figure 4.14
suggests. We must break D up into two non-overlapping domains and invoke
Corollary 4.1.6.

2 1
Area of D = // 1dA = /dy/ 1d$—|—/ dy/ 1dz
y/2 1 y/2
y 2 1
1
1 2 2
Y Y Y
z 1-2 = |L
/(JQder/l( 2)dy [4 .
1

1 1 .
1 +(2-1)- (1 - Z) = 5 area units.

+

£ Mastery Check 4.3:
Determine [/ (xy + y2) dA, over each of the following domains D.
D
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(b) D={(z,y):0< <y, 0<y <1}

#5 Mastery Check 4.4:
1 1
Evaluate the iterated integral I = / dzx / e’ dy.
0 vz

Hint: If you have trouble with this iterated integral, try thinking about it
first as a double integral over some domain D.

£

4.D Generalized (improper) integrals in R?

The iterated integral approach only works if the corresponding multiple inte-
gral exists (that is, the limit of the sum o,,, exists). It is very important
to remember that thus far we have relied on the convenient assumptions of
the function being continuous and the domain being bounded. However, in
other cases the Riemann theory of integration on which the double integral
was founded can break down. This leads us to consider so-called improper
integrals, of which there are two types:

(a) One type involves unbounded domains, e.g. D = {(x,y) : > 0, y > 0}.

(b) One type involves functions f, not defined on part of the boundary.
For example, f(z,y) =1/ (:L’2 + y2) is not defined at (0, 0).

Under these more general circumstances, to answer the question

“Does // f(x,y)dA exist?”,
D

we can rely somewhat on the combined action of the following theorems.

Theorem 4.2
If ... then ...

[ o [1r@alay | s
and are // |f(z,y)| dA exists.
and /dy/|f(x,y)|dx equal D
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Theorem 4.3

If //D|f(at,y)|dA exists, then %f(x7y)dA exists.

These two theorems may seem universally useful, and they are when any
two iterated integrals do not give the same result, or if an iterated integral
fails to converge. We would know then that the multiple integral does not
exist. However, if only one ordered interated integral can be evaluated, and
it converges, and we cannot evaluate the other iterated integral, then there
may still remain some doubt about the existence of the multiple integral.

Improper integrals in analysis

Nevertheless, guided by the above theorems we jump straight to the task
of evaluating the iterated integral forms of a generalized multiple integral.
In tackling improper iterated integrals we take advantage of the wisdom of
single-variable calculus.

In single-variable calculus, the improper definite integral / f(x)dx, for
I

f(x) > 0 over the domain I, exists if

e—0t e—0+t

b
lim J(e) = lim / f(z)dz, a < b exists, when f is a function which
a+te

diverges at the integration limit z = a € T (Figure 4.15(a)); or

R
lim J(R) = Rlim / f(z) dz exists, when I is the unbounded domain,

R—o0

I = [a,00) (Figure 4715(b)).

(a)
y

YJ &\
b al T I R
\ \ [

Figure 4.15 Two types of improper integral in single-variable calculus.

In Figure 4.15(a) the function f is singular at the lower limit = a, while in
Figure 4.15(b) the domain I is unbounded.
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We notice that both cases rely on the Riemann theory of integration of a con-
tinuous function defined on a bounded sub-domain to give a finite number
J(e) and J(R), respectively. And both cases subsequently test the conver-
gence of limits, the first 251(1) J(¢) and the second H}im (R), respectively, to

— 00

define and provide the integrals wanted.

In multivariable calculus the improper multiple integral

//D fle.g)dA (for f(z,y) > 0)

is similarly to be identified as a suitable limit. In practice we work with
the iterated integral version of this double integral. However, the multiple
integral version of the principle is more easily described using the double
integral itself.

The student reader will no doubt note the similarity between the two sce-
narios. The common denominator is the integration domain D and in each
case the sequence of smaller domains that do not present any difficulty. Note
that the arguments below are valid and can substantiated only for the case
of functions f(x,y) that do not change sign over the integration region.

(b)

singular point
Figure 4.16 (a) Finite domains converging to unbounded D;
(b) Regular domains converging to singular D.

Suppose D is an unbounded domain, but contains bounded subsets, D,,, rep-
resented in Figure 4.16(a) such that

Dy C Dypyy CDVnand | J D, =D.

n=1

Every point in D belongs to at least one of the D,,.

On the other hand, suppose D is a domain containing a singular point of
f, but which contains bounded subsets, D,,, as illustrated in Figure 4.16(b),
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that exclude that point.

D, C Dpyy CDVnand | J D, =D.
n=1

Every point in D belongs to at least one of the D,,.

In either case we have the following useful result.

Theorem 4.4

Let f be a non-negative or non-positive function defined on a domain, D,
which may be unbounded or contain points on which f is undefined.
For the sequence of bounded subsets, D,,, satisfying the conditions D,, C
Dyy1 C D and UOOZ D, =D, if

lim J(n :hm// flz,y)d

exists, then the improper integral / f(z,y)dA exists and is equal to this
D

limit.

An immediate corollary of this is the following.

Corollary 4.4.1 For the function and domain conditions of Theorem 4.4,

if the improper integral / f(z,y)dA exists, then the iterated integrals
D

/dx/f(x,y) dy and /dy/f(x,y) dx exist and are equal.

Unfortunately, the only assertion that can be made for functions that change
sign over the integral domain is Theorem 4.3. (See Mastery Check 4.8.) As
we said, in practice we work with iterated integrals to determine our J(n)
integrals, then we take the limits of these, as illustrated by the next example.

B Example 4.3:
Check whether the following integrals converge. If they do, compute them.

dxdy

dzd
// Ty , D={(z,y):0<x<1,0<y<1}.
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Solution:

(a) Take the z-simple integral over a finite domain
Dap ={(z,y):0<2<A0<y< B}

1 1
dedy = / dy ——dz
//13A51+(35+y>2 0 o 1+ (z+y)?
A B

B

= / dy [ arctan(z + y)} = / (arctan(y + A) — arctany) dy.
0 =0 0

B 1 B

Now lim arctanydy = lim |yarctany — = In(14+y%)| ,

B—oo 0 B—oo 2 0

which evidently does not exist. The integral over D does not converge.

(b) The integrand is undefined on the boundary of D, at z = 0 and at y=0.
So integrate over the domain D, = {(z,y) ;e <z < L,e <y < 1}.
1

// —dxdy—/ dy/ o - /dy[z\/ﬂ

1
1—
\[d

= 2

y = 4(1—+ve)? —4dase—0.
B ( )

£ Mastery Check 4.5:
Does the double integral I = // f(z,y) dA converge or diverge when
D

f(l’,y):m and D={z,y):x>1, 0<y<a}?

Hint: Draw a picture. Consider the sub-domain Dg = {z,y):1 <z <R,
0 <y <z}, and let R — oo. Write out both iterated integral versions, and
choose the simpler of the two for analysis.

oo

4 Mastery Check 4.6:
Dangers in oo!

Consider the two iterated integrals

1
11:/ dy/ T _2e” 2ry) dz, and Ig—/ dx/ er) dy.
0 1

Show that one of these must be < 0, while the other must be > 0, and ponder
the implications in the context of Theorem 4.3.

5
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4.E Change of variables in R?

Sometimes, the multiple integrals are not so easy to evaluate when expressed
in Cartesian coordinates, x and y. The problem might stem from the function
being difficult, or from the domain being convoluted, or both. This is different
from the 1D case where we only need to worry about the function.

In the 2D situation the problem could be avoided by changing variables from
x and y to new variables, u and v, say. Here, we discuss a process for doing
this, and on the way we point out when it is possible to do so, and when it
is not. The 1D case provides an interesting comparison.

(a) (b)

Figure 4.17 (a) z(¢) increasing; (b) z(t) decreasing.

Change of variables in single integrals

b
Aim: We want to evaluate / f(x)dx by invoking a transform x = z(t).
Suppose z(t) is strictly increasing as in Figure 4.17(a), then /() > 0, and

F
dr = f. Then
dx

B B
/f(x(t))a:’(t)dt:/ F(a(0)a (1) dt

a

On the other hand suppose x(t) is strictly decreasing as in the case shown in
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dF
Figure 4.17(b), then 2/(t) < 0, and W f. Then
T

8 8
/ @) (—2/(t)) dt = —/ F'(x(t)2' (t) dt

d
_ / SF(@() dt = Pla(a) - F((3)

ko /f

b B
Consequently, /f(:}j)dx :/ f(z(t)) dz

So, in this case we see the integration interval has changed, but more sig-
nificantly the change of variable x — ¢ has introduced a positive factor |z’|
in the integral. This is called the scale factor since it scales up or down the
interval size. We should expect a similar factor to appear in multiple integrals.

Change of variables in double integrals

For convenience we shall consider only bijective transformations:

e () = {xw(u,v)
y = y(u,v)
such that ggm’ y; # 0. The Jacobian determinant (Definition 2.9) is involved
U, v

in the transformation of double integrals:
/ f(z,y)dA becomes expressed as // g(u,v)dA’.
D E

Geometrically the transformation affects areas both globally and locally.

To see how the transformation does this consider in Figure 4.18 the “par-
allelogram” in the zy-plane created by constant u and v contours. Suppose
opposite sides of the parallelogram are separated by differences du and dwv.
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| /@\

" Q' Y
v+dv %Q u+t du
(% i | . ) ].
R/i iP/ R§ v+ dv
/P~y
U U +‘ du T

Figure 4.18 A geometrical view of a change of variables.
For small du and dv, the area of the element in D is given by the vector
product
== — . . .
dA = ‘RP x RS ‘ — geometric interpretation (see Page 3)

= ’(dl‘u e+ dyu 62) X (dxv e+ dyv 62)‘.

along a line of along a line of

constant v constant u
Thus,

dAz‘(%duelJr%duez) (gvdvelJr%dvez)‘

— by the chain rule (Section 2.G)

o(x, . . .

‘ al yi ‘ dudv — cross product gives the Jacobian determinant
U, v

The reader should make particular note that it is the absolute value of the

Jacobian determinant that appears here. This is reasonable since what we

have done is transformed one area element to another, preserving the sign.
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And so we have the following important theorem.

Theorem 4.5
Let x(u,v) and y(u,v) be a bijective [one-to-one and onto] and C*
transformation of E in the uv-plane onto D in the xy-plane.

If f(z,y) is integrable in D then f(z(u,v),y(u,v)) = F(u,v) is integrable
in E and

//Df(x,y)dA://EF(u,v)‘gEz:i;’dA’.

Remarks

* The absolute value of the Jacobian is the scale factor between the two
area elements, dA in the zy-plane and dA’ in the uv-plane; it takes the

d
role played by ‘d—ﬂ in the single-variable case.

0
In other words dA = ‘ (2,9) dA’.
A(u,v)
—— —~
an area element in (z,y) an area element in (u,v)
o ] . d(z,y)
* If 2(u,v) and y(u,v) are bijective transformations, then B, v) # 0.
u,v

* If x(u,v) and y(u,v) are C1, then F(u,v) = f(x(u,v),y(u,v)) is inte-
grable over E whenever f is integrable over D.

* A change of variables in a double integral is NOT the same as a sub-
stitution in an iterated integral.

Before we demonstrate how one considers the change of variable to evaluate
a double integral, we encourage the reader to verify the following Jacobian
expressions.

#3  Mastery Check 4.7:

Show that in transforming from (Hint: See Section 1.D.)

(a) Cartesian to polar coordinates (r,6) the Jacobian is r;

(b) Cartesian to cylindrical coordinates (r, 8, z) the Jacobian is r;



202 Integration of multivariable functions
(c) Cartesian to spherical coordinates (p, ¢,0) the Jacobian is p? sin ¢.

yoa)

B Example 4.4:
We wish to show that the volume of the right cone of Figure 4.19, of radius

1
a and height h, is V = gna2h.

h

We do this by integrating a variable height function z = f(a — 2+ y2)
a

over the region R : 2% + y? < a?.

Figure 4.19 A right cone.

The volume is V = // %(a — 2+ y2) dx dy.
R

Change to polar coordinates (z,y) — r=rcosf, y=rsinf, J=r.

27[
// a—rrdrdﬂ /dr/ ar — r? d@

21th L_ﬁa_nha
2 3 '

Vv

a 0 3

#3  Mastery Check 4.8:

dxd
Does the integral / / vy converge? If it does, find its value.
re (1422 +42)?

Hint: Find the integral over D = {(z,y) : 2% + y* < A?}, and let A — oo.
o2
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Philosophy of a change of variables

It is worthwhile pausing to reflect on the motivation behind a change of vari-
ables. This may help to guide the practitioner to choose the most suitable
variables. Ultimately, we invoke a change of variables to simplify the evalua-
tion of a multiple integral. One therefore chooses a transformation

(2w, v), y(u,0)) = (2,) — (u,v)

to either

(a) transform region D into a simpler region E (in the Example 4.4 FE was
a simple rectangle); or

(b) transform the integrand f(x,y) into some simpler F(u,v).

Thus, in the case of (a), one is guided by the shape of the region D: What
mathematical expressions determine the boundary, and can these be used to
define the new boundary?

In the case of (b), is the form of f(x,y) suggestive of a suitable transforma-
tion? For example, f(z,y) = g(z? + y?) suggests the polar coordinate trans-

formation £ = rcosf, y = rsinf, so that x2 + 3% = r2.

In both cases always look for symmetry features. This having been said, there
will always be consequences.

(¢) The region can be transformed into a more complicated one, even if
the integrand becomes simpler;

(d) The integrand may become more complex, even if the transformed
region is simpler (recall that a Jacobian for the transformation needs
to be considered);

(e) Sometimes, however, we get lucky and both the function and the region
become simpler.

4 Mastery Check 4.9:
1
What is the image Ry of the region R; bounded by the curves r = y2, y = e

2 2

y=—,x= %, under the transformation u = v=xy?
x

y?’

Hint: Draw a picture for the region R; in the zy-plane and another for the
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image Ro in the uv-plane. Then stop to think: Is this OK?
o)

#5  Mastery Check 4.10:

Calculate the volume of the solid defined by the intersection of the regions
z>0, z2>0, z§x2+y2, 1§x2+y2§4.

Hint: Draw the graph of the solid (using MATLAB® s best). Sketch the
region of integration in the zy-plane. Make an attempt at the integration in
the x,y variables. Then think about a suitable transformation.

oa
#3  Mastery Check 4.11:

This is an exercise with an ulterior motive — a bit like the last one, but more
so!

Evaluate the double integral I = // e=2)/(y+z) g4
T
where T is the triangle with corners at the points (0,0), (a,0), (0,a).

Hint: An attempt to integrate in the xy-plane is likely to fail, but try anyway.
Then make the simplest, most obvious, transformation: it works beautifully!

Finally, try the next most “obvious” transformation, polar coordinates. That
works, too. You may need to recall a couple of trigonometric relations:
tanf — 1 cosf + sin 6

tan(f — wt/4) = Tt tand’ cos(f — m/4) = 7

4.F Triple integrals

To cement the ideas we’ve just introduced we now illustrate the case for
functions of three variables integrated over regions of R3.

Suppose f:R3 — R is a continuous function, defined (at least) over a
rectangular box B: B = {(z,y,2) : a1 < <by, ag <y < by, az <z < bz}.
— we assume B to be closed and bounded, a; < b; < oc.

B is shown in Figure 4.20.
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z
1)3
P S —
|
A
e | a3 —
f***z::,, B
Ve .
\ s \ \ — the domain of
(e \ \
g | \ integration (not f)
| jay b
a L _L__)
) | / | / 4
/
L, L,
v I/
bhh/_ _ ____ b _ v

Figure 4.20 Box domain B in R3.

The definition of a triple integral follows in analogy with those of double and
single integrals. We just outline the relevant steps leading to the definition.

o Partition B into small rectangular blocks B;;j of volumes
A‘/}jk = AiZijAZk

e If f > 0forall x € B, then we interpret the quantity f as a density so that
in choosing (&;,m;,Ck) € Bijk, f(&isnj, () AVijk, will be an approximation
to the mass of block B;jy.

e The Riemann sum of all such masses in the partition,

L

Onml = Z Z Z f(gia M55 Ck)A‘/ijlm

i=1j=1k=1

is an approximation to the total mass of the entire B.

o We then take the combined limits of the number of boxes to infinity with
vanishing volumes. We therefore arrive at

Definition 4.4
The triple integral of f over B is defined as the limit (if it exists)

lim Onme = // flx,y,z)dV.
n,m,{— oo B
max 4 /Ax?—&-Ay?—&-Azi—@
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For regions of more general shape, starting with bounded regions, .S, we can

extend the definition of the integral of f over S C R3 in analogy with the 2D
version:

e we enclose S in a closed and bounded box B: S C B C R3, and

flxy,2), weS
0, z¢S’

//Sf(x,y,z)dVE//Bf(a:,y,z)dv

This now sets the stage for Section 4.G where the practical evaluation of

o define f(z,y,2) = {

we then have

triple integrals over general regions is discussed. In the meantime we have,
as in the 1D and 2D cases, the following useful theorem and its corollaries.

An important theorem and some corollaries — 3D version.

Theorem 4.1 All continuous functions are integrable over compact subsets
of their domains.

Corollary 4.1.1 If f > 0, then
[/ fdV is the “volume” of a 4-dimensional “solid” “under” f “over” B.
B

— not a very helpful interpretation.

Corollary 4.1.2
total mass

Fr>0isa o\ density, th v =
ff=z0isa charge} cnsity, then //B fdv= total charge
— a more helpful interpretation.

Corollary 4.1.3 If f =1, then /// 1dV = wvolume of solid B.

— even more useful, especially for more general regions.

W o
/// 1dv vol. B

— this is true even for more complex regions.

Corollary 4.1.4 Average of f(x,y,z) over B =
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Corollary 4.1.5 Linearity: If a,b € R then

///B(af+bg)dv - a//deV—i—b///Bng'

Corollary 4.1.6 Additivity: (very important)
If BiN By ={} =0, then

///BIUBZde - //Blde+//Bzde

As for the actual calculation of triple integrals the next section extends the
ideas outlined in Section 4.C.

4.G Tterated integration in R?

In evaluating a triple integral, we again make use of the idea of “slicing”. The
combination of a 3D integration domain and a function f(z,y, z) results in a
4D graph, but we can visualize only the 3D domain. Keep in mind therefore
that the first slice through the domain actually results in a projection of the
graph of f onto 3D.

In Figure 4.21 we first take horizontal slices through the 3D integration
domain (left panel) which results in 2D regions (right panel). We then take
constant x- or constant y-slices through the horizontal z-slice.

Py surface
= ¢2(‘T7 y)

plane moves \ . : Yy
up from zZ=ckF
Z = as
1

(c)
y=ag1(z,c)

“slice” z = ¢
surface
z=d1(z,y)

Y

ay(c

Figure 4.21 The process of domain slicing: first in z, then in z, last in y.
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In choosing the order in which we take slices we also commit ourselves to the
order in which we perform the iterated integrals (in reverse). For instance, in
the case of Figure 4.21 the iterated integral is the following:

bs b1(z 92(x,2)
// fdv = / dz/ da:/ f(z,y,2)dy.
g1(z,2)

That is, one integrates with respect to y first, between limits that depend on
z and z, then one integrates with respect to x, between limits that depend
on z. Finally, one integrates with respect to z between two constants.

For the exact same problem we can consider vertical slices along the x-axis
from ay to by. For each = value we can take either y-slices or z-slices. Figure
4.22 shows the procedure corresponding to z-slices, then y-slices, and finally
z-slices.

5 surface z = ¢o(x,y) z

\« 2= ¢a(d,y)

plane moves >
forward —
from z = a1 “slice” x =d
surface z = ¢1(d,y)
/ \ 2 i, y)
) as(d) ba(d) Y

Figure 4.22 The process of domain slicing: first in z, then in y, last in z.

The interated integral for the particular case of Figure 4.22 is this

b1 b2 () P2 (x y)
///de:/ dac/ dy/ f(z,y,z)dz.
S ay az(z) #1(2,y)

That is, one integrates with respect to z first, between limits that depend on
z and y, then one integrates with respect to y, between limits that depend
on z, and finally one integrates with respect to x between two constants.
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Generally, for any triple integral, the possible alternatives are these:

// fdV . ax-slices
s

y-slices

z-slices

by
/ da:/ dz//
ay as :v) a

by
da:/ /

b b1(y)
/ dy/ dx/
az a1 (y) a
b bs(y)
dz// dz/
as(y) a

b3 b2 (z)
/ dz / dy /
as az(z)

b3 (z, y

3(9574
ba(z,2)

fdy

2(z,z)
bd(xvy)

dz
3(14!)
by (yvz)

1(1/72)

zz)
blyz

yZ)

Thus, one triple integral gives rise to six possible iterated integrals. Note
carefully the nature of the limits of each variable and how their dependencies
vary from one integral to the next.

B Example 4.5:

Evaluate the integral / [/ xydV, where D is the interior of the sphere
D

2?2 4+ y? + 22 = 1 in the first octant, 0 < z,y, 2 < 1.

Y
y=+v1-22
——
Yy

y=20

z

=/1—22—2

Figure 4.23 The domain D, and the projection of a z-slice onto
the zy-plane.

Solution: As sketched in Figure 4.23, we will take horizontal slices, z = a
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constant, for 0 < z < 1, and (for fun) integrate w.r.t. x before we integrate
w.r.t. . The slices are 22 +92 <1 —22, 2> 0, y > 0, for a given 2.

We need the bounds for the z-integration as functions of y.

These are © =0, /1 — 22 — 32

The bounds for the y-integration are 0,1/1 — 22, and for the z-integration
they are 0,1. So we get

1 Vi—? Vi—22—y?
/// xde:/ dz/ dy/ xydx
D 0

ef H

dy
=0

1
= /{l—z — 2 ] dz
8 y=0
1 1
= /g( l—z )dz—1—5.

#5  Mastery Check 4.12:

Rewrite the iterated integral

1 1 r—z
I:/dz/ da:/
0 z 0

as an iterated integral with the outermost integration w.r.t. z and innermost
integration w.r.t. z.

Hint: Use the given limits to determine the 3D region of integration and then
establish the limits of the new iterated integral.

oa)
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4 Mastery Check 4.13:

Let S be the volume of the body bounded by the planes x = 0, y = 0, and
z = 4, and the surface z = 2% + y2. Calculate [ = /// zdV. 29
S

#3 Mastery Check 4.14:

Compute the volume of that part of the cylinder 22 — 2z + y? = 0 cut off by
the cylinder 22 — 2z = 0. The region defined by this intersection is shown in
Figure 4.24. (See also Figure 1.34 on Page 46.)

o)

Figure 4.24 Two intersecting cylinders.

4.H Change of variables in R?

Consider the triple integral of a continuous function over a closed and

bounded domain,
1= || s@vsav,
s

and the bijective C!-transformation:
7:RY — R u— x(u).

This mapping transforms an element of volume in the zyz-domain to a volume
element in the uvw-domain, as suggested graphically in Figure 4.25.



212 Integration of multivariable functions

w z

Y7
&

v
Y T
(u, v, w)
G F'
B

| c Y
dw £ du
A D/

o

&,

Od\

(u+ du, v, w)
(u, v + dv,w)
Figure 4.25 A geometrical view of a change of variables in a 3D domain.

If du,dv,dw < 1 then (according to Section 1.A) the volume element in S
would be given by the absolute value of the scalar triple product

= [((dzye1 + dyyes + dzye3) x (dzye1 + dyyes + dzyes))
(dzyer + dyyer + dzyes)|

dv

Invoking the chain rule, the scalar triple product can be written in determi-
nant form (Section 1.A, Page 8).

Ox @ du 0z

or y 0z (z,y,2)

dv =1 = == == = du dv dw.
(%dv c%dv 5‘vdv ‘ O(u, v, w) wavaw
ox dy 0z

ow v 8wdw ow

As we found in the case of a change of variables in a double integral, a
change of variables in a triple integral involves the Jacobian determinant
for that transformation. The absolute value of the Jacobian is the scaling
factor between the volume elements dV = dz dy dz in xyz-space and dV’' =
du dv dw in uvw-space.
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Consequently, we have the end result that

//fgcy7 )dV = [// uvw‘ajg’w‘V',

where F'(u,v,w) = f(z(u,v,w),y(u,v,w), z(u,v,w)) and S is the image of
K under 7.

#5  Mastery Check 4.15:

Transform the iterated integral below into iterated integrals w.r.t. cylindrical
coordinates, and w.r.t. spherical coordinates:

1 V1—az? 1+z+y
Iz/ dx/ dy/ (x? —y?)dz.
0 0 0

(Do not proceed to evaluate the integrals. If you skip to the very last note in

this chapter, you will see why!)
)

4.1 n-tuple integrals

As we did in going from double integrals to triple integrals, all the preceding
ideas, concepts and mathematical arguments can be generalized to n dimen-
sions.

n-tuple integrals

Suppose S C R” is closed and bounded and we have f: S — R
(the graph of f C R**+1).

Enclose S in an n-dimensional box
[a1,b1] X [az,b2] X ... X [ap,by].
Partition the box into n-dimensional boxes of size
Az X Azg X Axz X ... X Axy,.

Choose & € lrxi+Axy] 1=1,2,....n

Form the sum
Z Z e Z f(gl,fg, . ,fn)Axleg N Ail)n
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If the limit of this sum as n — oo and |Ax| — 0 exists we call it the
n-dimensional integral of f over S

//.../Sf(wl,xg,...,xn)dvn:I,

where dV,, is an n-dimensional volume element.

Iterated integrals
If S can be described as
S = {a: = (x1,%0,...,2n) : (T1,Z2,...,Tp_1) E W CR"!

and ¢1(z1,@2,. .., Tn—1) < @y < Po(T1,T2,. .., Tn—1)}

@2
then I = /// dzy...dz,_1 fl®)dx, = ...
w 1

and, in fact,
as B2 (1) y2(21,22) $2(w1, 0, Tn—1)
I = / dxl/ dxg/ dzs .. / f(x) dxy,
ai 1(z1) 71 (21,22) $1(x1,@n—1)
which is just one of n! alternative iterated integrals.

Change of variables

Consider a bijective C! transformation: 7 : u — @ (u), where the functions

x; = xi(ug,ug,y ... uy), ©=1,2... n, are such that the Jacobian (Section
2.H)
8(3’51, N ,.’En)
J=——"=#0.
Sur,—vum) ”

The n-tuple integral I of f(x1,...,x,) over S is equal to the n-tuple integral
of the product of |J| and

F(ug,... uy) = f(a:l(ul,u27...,un),...,xn(ul,ug,...,un))

over the pre-image E of S under 7:

1://.../Sf(a,-)dvn://.../EF(u)|J|dV,;.

See Section 5.A for an expansion of J.
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4.J Epilogue: Some practical tips for
evaluating integrals

Recall that ...

* If f(—xz) = —f(x), then f is odd, and f(z)dz =0.
— for example: sin(z), 22, 27, arctan(z)

* If f(—z) = f(x), then f is even, and fz)dz = 2/ f(z)de.
—a 0

— for example: cos(z), 2, sin®(z)

Did you know that for functions of n > 2 variables there are other possible

symmetry features?

« If f(—x,y) = —f(z,y), then f is odd with respect to x, which means
that

d a
/ dy f(x,y)dr =0. — for example: 292, sin(z).y, arctan(xy)

* If f(—xz,y) = f(x,y), then f is even with respect to x, which means that

/Cddy _aaf(x,y)dx=2/Cddy/0af(x7y)dx.

— for example: 2%y, cos(z).y3

, arctan(z%y)

* Similarly, we may have functions f(z,y) which are odd or even with
respect to y.

* Now, for f: R?> — R we have a new possibility, indicated in Figure
4.26:

If f(z,y) = f(y,x), then f is symmetric across y = x.
If f(z,y) = —f(y, ), then f is antisymmetric across y = .
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a y=x

Figure 4.26 The oblique symmetry line y = x.

Some examples of functions symmetric from point a to point a’ are
fl@y) =z +y,

fz,y) = 2% + 2,

[zy) =1/va2 +y2,

f(z,y)

x,y) = b+ (y —2)? (Figure 4.27(a)).

Some examples of functions antisymmetric from point a to point a’ are
f(xa y) =r—Y,

f(xay) = 3’]2 - y27

f(z,y) = sin(y — z) (Figure 4.27(b)).

(a) (b)

: L M‘y‘ .

Figure 4.27 (a) Cross-section through f(z,y) = b+ (y — z)?; (b)
Cross-section through f(z,y) = sin(y — z).
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4.K Supplementary problems

Section 4.B

1. Determine // x cos ry dz dy,

D
where D = {(z,y) e R®: 0 <2 <m/2, 0 <y <1}
(Hint: Treat this as an interated integral and integrate with respect to
y first.)

2. Determine // 22y sec? (x?y) dz dy,
D
where D = {(z,y) e R?: 0 <2 <1, 0 <y < 7/4}.

Section 4.C

3. Compute the integral / Vryde dy,
D
where D = {(z,y): 0 <z <1, 23 <y <a?}.

4. Compute the integral // xy dz dy,
D

57

where D = {(z,y) : cosy < z < siny, §y§Z}.

T
4
Section 4.D

5. Check whether the following integrals converge. If they do, compute
them.

dx dy
//1+x+y D= {(z,y) 1z >0,y > 0}

dzd
// Y , D={(z,y):0<z<1,0<y<1}.

) // ze~WHa/v) 4y dy, where D is the first quadrant.
D

(Hint: Consider the rectangle {(x,y) : 0 <z < A,0 <y < B}, and
let A — oo, B — 00.)
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Section 4.E

6. Determine // yef(r%ryz) drdy, where D = {(z,y) € R? : 22 + ¢y <
D
1,y >0}
o0 2
7. A device commonly used to determine I = / e~ /2 dz is as follows:
— 00
From symmetry (see Section4.J) we may write
oo (oo}
’=4 </ e /2 dx) (/ o V/2 dy) — // o~ (@ +y%)/2 dz dy,
0 0 R
where R is the first quadrant on the Cartesian plane.
Use a polar coordinate transformation to evaluate this integral.

8. Let D = {(z,y) : 2 >0,y > 0,2 + y*> < 0}.

3

By introducing a change of variables (z,y) — (u = 23,v = y3) evaluate

the double integral
// 22y3\/1 — a3 — y3dA.
D

Express your answer in terms of I'(1/3) and I'(1/6).
Section 4.F

9. Recall from elementary physics that

a) If a force F' = mg (where g is the acceleration due to gravity) acts
on a mass m at a horizontal distance x from a (pivot) point O, then
its moment about O is F.x;

b) If a mass m moves so that its distance from a point O is constrained

to be x, then its moment of inertia about O is m.x2.

Now consider the integral /// flz,y,2)dedydz.
v
Interpret this integral if

(i) f(z,y,2)=1.
(ii) f(z,y,2) is the material density at point (z,y, 2).
(iii) f(z,y,2z) = /a2 + y?>x the material density at point (z,y, 2).

(iv) f(x,y,2) = (2% + y?)x the material density at point (z,v, 2).
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Section 4.G

10. For each of the following, sketch the region and evaluate the integral

1 z Y
(i) / dz/ dy/ dz
0 0 0
2 x z+y—1
(ii) / dac/ dy/ ydz
0 1 2
1 VT 1+z+y
(iii) / dx/ dy/ rydz
0 x l—xz—y

11. Let S be the solid in the first octant containing the origin and bounded
by sections of the plane y = 1 + 2z and the sphere 22 + y2 + 22 = 4.
For any integrable function f defined on S write the triple integral

/// fdV as an iterated integral with respect to x,y, z in six different
S

ways.

That is, you are to determine the respective limits depicted in the
iterated integral formulae on Page 209.

12. Determine the volume shown in Figure 4.28 enclosed by the two

surfaces
z2=8—z?—y?> and z=22+3y%
b az(z) as(z,y)
Hint: Set up the integral as V' = / dx/ dy/ 1.dz, that is,
a a1 (z) as(z,y)

take horizontal z-slices.

Figure 4.28 Two intersecting paraboloids.
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Section 4.H

13. Evaluate the triple integral of the function
flz,y,2) = a*y*2

over the region R bounded by the cone 2% 4+ y? = xz and the planes
z =0 and z = c¢. (See Figure 4.29.)

Figure 4.29 The graph of z2 + y? = zz intersected by z = 3.

14. Show that
o0 o0 .
/ dx/ xye—(m2+y2+2xycos Oé)dy — Sin & _ O3£COSO[
0 0 4sin” «
where 0 < a < .

15. Transform each of the following two iterated integrals into iterated
integrals with respect to both cylindrical and spherical coordinates.

1 V1—z2 1+z+y
(i) / d:c/ dy/ dz
0 0 0

1 Vi—a? 1
(ii) / dx/ dy/ dz
~1 —Vi—a? Va2

16. Determine the volume of the region in the first octant bounded by
the surface z* + y* 4+ 2* = ¢* and the coordinate planes. Express your

answer in terms of a Gamma function.
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17. Let T be the tetrahedron with vertices (a,0,0), (0,a,0), (0,0, a), and
(0,0,0). Show that

/// w1/243/2,5/2 v — 270 .
(x4 y+2)13/2 3003
Hint: Find a transformation that maps 7" to the unit cube. You may
need to utilize the integral and numerical properties of Gamma func-

tions.

Section 4.1

18. Suppose f(zx,y, z,t) describes the rate of change of electric charge den-
sity at point (z,y, z) at time ¢ throughout a volume V.

Give a meaning to the integral

I= ///Df(x,y,z,t)dxdydzdt

where D = {(z,y,2,t): 22 +y?> +22<a?, 0<t<T} and indicate
how the integration might be carried out.

Write down the result of the integration in the case that f(z,y, z,t) = ¢
a constant.

19. Show that

xr T i) Tn—1
/ dxl/ dxg/ dzs - / f(zp)da,
0 0 0 0

ey /Ox@c — 0" (bt

20. Devise suitable n-dimensional spherical polar coordinates to satisfy
ol tai++al =d’

and, using integral properties of Gamma functions, derive the volume

of the n-ball.

21. Using the results of the foregoing problem, determine the volume of
the n-dimensional ellipsoid:

-b 2 -b 2 n_bn2
(21 21) Jr(332 22) +m+(33 )

2
ay as a2
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Section 4.J

22. Give reasons why you may decide whether the following integrals are
zero or not by inspection only, that is, without any computation.

(a) //D e~V Az dy, where D = {(z,y) : || < 1, [y < 1}.

(b) //D ze V" dz dy, where D = {(z,y) : |z| <1,0 <y < 1}.

(c) //D ye~® =" dz dy, where D = {(z,y): 2] <1,0<y <1}

(d) //D(x — y)e*””Q*y2 da dy, where D = {(z,y) : |2| <1, |y| < 1}.
© [ @ =0 drdy. where D= {(2.9): el 1.0y < 1)
) ] (== dady, where D = (o) s fe] < 1, Iyl < 1)
@) [ @) sine — ) dedy. where D = (@) < la] < 1. o] < 1.
) [[ @=w)sin(e =) dedy. where D = {(@.) s fol < 1. |yl < 1)
Q) //D(ac — y)sin(z + y) dz dy, where D = {(z,y) : |2] < 1, [y| < 1}.

23. Let S be the unit ball in R3. Show that /// f(x,y,2)dV = —4mn, where
s

f(z,y,2) = =3+ 2y + (z* + ¢ + 2®) sin2®.



®

Check for
updates

Chapter 5

Vector calculus

The majority of systems that arise in engineering and in the physical sciences
fall into one of three camps: kinematic, dynamic, and static systems. Cer-
tainly in the first two, but even in the third camp, a system is only partially
described by magnitudes of quantities. Systems in motion but also systems in
a state of balance or equilibrium can only be completely characterized when
directional dependencies are considered. The complete characterization of a
system is therefore achieved by quantities that describe both direction and
magnitude. These are vector-valued functions which vary with respect to
specified independent variables. A force acting on an object is an example of
a vector-valued function, as is the object’s response in terms of its velocity
of motion. Another example, this time of a distributed character, is the flow
field of a fluid continuum.

This chapter brings together the concepts that were introduced in Chapters
2 and 4 for scalar-valued functions and extends their applications to func-
tions that are themselves vectors. However, the result is not always a simple
generalization from one to many dependent variables. We will discover a
range of new results, new concepts, and new features, which hold specifically
for vector-valued functions.

5.A Vector-valued functions

We have already named some examples of vector-valued functions, force and
velocity, but it helps to have a more general definition that is not tied to a
specific application.
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Definition 5.1
A wvector, f, is called a vector-valued (m-dimensional) function of the vector
variable x if each of its m components, f;, are real-valued functions of x:

fi=filx); fi:R"—R,i=12,...,m

and

f(:.l‘:) = (fl(w)va(w)vvfm(w))

We say that  f :R™ — R™ defines a transformation x+— y = f(x):

T n = fl(w)
Ty < Y2 = fo(x)
l:n, Ym = fm(w)

Figure 5.1 The vector mapping  — y = f(x).

The f;,i=1,2,...,m, in Figure 5.1 are the components of f in the cor-
responding orthogonal directions e;, i = 1,2,...,m in R™ (that is, i,j,k in
R3).

From this most general form we now consider three important specific classes
of vector-valued functions.

I. Curves f:R — R™

The dependence here is on a single variable. For applications in physics where
we use (z,y, 2) to denote position in R3, we denote the independent variable
by t. The vector function in general defines a transformation ¢t — f(t) to a
point in R™. As the independent variable varies over an interval domain I
in R, the point traces out a curve in R™, as illustrated in Figure 5.2 for the
case m = 2.

Y

f . VGY
/ F(to) m=2
to ty t T

Figure 5.2 A curve in 2-space.

Physically, this mapping describes, for example, the path or trajectory of a
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particle in motion. It is the foundation stone of the field of kinematics.

Figure 5.3 The trajectory in R3.

B Example 5.1:
A ball rolling down a funnel at uniform vertical speed, Figure 5.3. The
position r of the ball is time-dependent (¢-dependent).

t \2
= 1_47) t
x ( 4 COS

T
N2
y:(17E> sint
Lt
5T 47
t =10,47]

From the specific perspective of particle trajectories it is usual to replace f
with 7 to reflect the application of vector functions to position in space. We
are thus motivated to write

T(t) = (xl(t)vxZ(t)v cee 7xm(t))

to represent a curve in m-space. In R3 we use the notation
r(t) = (z(t),y(t), 2(1))-

The physical world places some restrictions on the types of vector functions
that can be used to describe curves in space. The primary restrictions relate
to continuity and differentiability.
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Theorem 5.1
Suppose I is an open connected interval in R. The vector r(t) is a continu-
ous vector function of t € I, with continuous first derivatives (that is, is a

C*! function) if all of its component functions are C' functions oft € I.

As with all derivatives, the derivative vector is defined in terms of a converged
limiting process, much the same as described in Chapter 1, but now applied
to each component of r(t), and the results are recombined.

The preceding definition means that

lim r(t + At) — r(t)
At—0 At
_ ( lim z1(t + At) — x1(t) o lim T (t + AL) — xm(t))

At—0 At At—0 At

_(day dzy, : 1
= ( m t),..., i (t)) if all z; are C

dr ,
Ea(t) = o) = 7).

— ~——
definition connection to physics — the velocity of particle motion

Some finite steps in this limit process are shown in Figure 5.4.

Figure 5.4 The limit process for the curve I' in R™.

Rules for differentiating curve vectors

With the definition of the derivative of a vector-valued function of one variable
being a generalization of the derivative of a scalar function of one variable,
it is natural to expect that the rules for differentiating scalar functions also
generalize. These can be proved by breaking the vector functions down into
their components and applying concepts from single-variable calculus to each
component, the results are combined thereafter.
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For differentiable vector and scalar functions

u,v:R—R" ¢:R—R, [f:R"—R,

it can be shown that

(o) S (ult) +o(0) = W) +o/()
) S (s0un) = S (60um) ++ oty ()

= ¢'(t)u(t) + o(t)u'(t)
(c) %(u(t) 'u(t)) — /() v(t) +u(t) - v'(t) — the scalar product rule
() %(f(u(t))) = Vi(u(t) u(t) ~ the chain rule
(e) %(u(q’)(t))) = o/ (3(t)) (1) — another chain rule application

and, for n = 3, we also have

(f) %(u(t) xo(t)) = /(1) x wlt) +ult) < /(1)

— the vector product rule — the order of the vectors is important

#5  Mastery Check 5.1:

Prove the derivative laws (c¢)—(f).

Remark

#* Within the context of particle mechanics one can make a number of
other associations, this time for the derivatives of r(¢):

r(t) — particle position at time ¢
r'(t) = v(t) — particle velocity at time ¢
r’(t) = a(t) — particle acceleration at t

lo(t)| = v(t) = \/v2(t) + -+ +v2,(t) — particle speed at time ¢
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Elementary differential and integral geometry of curves

Describing trajectories, which are fundamental to particle mechanics, is one
application of a vector-valued function of one variable. In that case, the phys-
ical interest is divided between determining where the particle is at any point
in time and computing the particle’s position history, i.e. the entire path the
particle took leading up to that point. Another area of interest focuses on the
local properties of the path itself, as a turning and twisting curve in space.
While this perspective can potentially increase our understanding of parti-
cle dynamics, its real value lies in its application to differential geometry,
continuum mechanics of materials (fluid and solid) and general relativity.
The fundamental property on which this perspective is based is that of the
tangent vector.

In order for the tangent vector to be well defined at any point along the
curve, the curve must be such that the limit process defining the derivative
can be executed (continuity) and then for that limit to exist (differentiabil-
ity). Beyond these conditions, which are applied in single-variable calculus,
we have the further condition that the derivative of the vector is nonzero.
This leads to the concept of curve smoothness.

Definition 5.2

Suppose I is an open connected interval in R. A curve I, described by a

vector function r(t) for t € I, is called smooth if r(t) is a C'-function
dr

d d
<d€ ewists) and dit’ never vanishes for any t € 1. [E =v #0.

Remarks

* The condition ’/(¢) # 0 means that not all components of the vector
r'(t) can vanish simultaneously. It may still arise that one or more
components vanish, but not all n at the same t value.

% In many texts, points r(¢) for ¢t € I where 7/(¢) exists and is nonzero
are also called regular points. A curve possessing only regular points is
therefore also called regular.
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Definition 5.3

Suppose I is an open connected interval in R. For a smooth curve I’
defined by r(t) for t € I, the vector function v(t) = v'(t) is a tangent
vector to I' at the point r(t).

The tangent vector is the end result of the limit process illustrated schemat-
ically in Figure 5.4. While it already provides new information about the
curve (indicating the direction the curve continues with increasing ¢) much
more can be derived from it.

Definition 5.4

For a smooth curve I' described by a vector function r(t) defined on an
r'(t)
7' (t)]

open connected interval I, let T'(t) = be the unit vector in the

direction of the tangent vector r'(t).

Then at those points of T for which T'(t) # 0 we define the unit princi-
T'(t)

pal normal vector to I" as N (t) =

vector to I' as B(t) = T(t) x N(t).

, and we define the binormal

77 (2)]

Figure 5.5 Local orthogonal vectors T', N, and B.

#3  Mastery Check 5.2:
Show that for any smooth curve in 3D, T'(¢) and T"(t) are orthogonal.

Hint: Differentiate T - T with respect to ¢ (see Rule (c) on Page 227).

What conclusions can you then draw about N(t) and N'(t), and B(t) and
B'()?
£
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Remarks

* For each ¢, the orthogonal vectors T'(¢t) and N (t) define the osculating
plane whose orientation (in 3D) changes with ¢. The binormal vector
B(t) is orthogonal to the osculating plane.

* The vectors T', N, and B, shown in Figure 5.5, define a local orthonor-
mal set of vectors, much the same as the vectors i, j, k. That is, they
define a right-handed coordinate system. However, in contrast to the
Cartesian unit vector set, the coordinate system moves and changes
direction as t increases. The system is appropriately called a moving
trihedral. The vectors {T', N, B} establish what is called the Frenet
framework.

* As a consequence of the foregoing remark, any 3D vector u(r(t)) rel-
evant to the curve can be expressed in terms of the moving trihedral
system,

u(r(t)) = a()T(t) + BN () + () B(1).

In particular, this holds for T"(t), N'(¢t) and B’(t) as revealed by
Definition 5.5 and Mastery Check 5.3.

Definition 5.5

Let T' be a smooth curve described by r(t) defined on an open connected
interval I. At any point r(t) on T' the non-negative function k(t) =
T()]
' (0)]
function 7(t), defined such that B'(t) = —7(¢t) |7’ (t)| N (t), is called the
torsion of I' at that point.

is called the curvature of I' at that point, and the real-valued

The function 7(¢) gives a measure of the tendency of the curve to twist out
of the osculating plane. It can be positive, zero, or negative. On the other
hand, the curvature x, which measures the extent to which the curve is bent
at a point, is always non-negative (k(t) > 0).

#5  Mastery Check 5.3:
Prove that N'(t) = —x(t) [/ ()| T(t) + 7(t) [+ ()| B(t).

Hint: Differentiate N (t) = B(¢) x T'(t) with respect to t. See Rule (f) on
Page 227.
yoa)
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B Example 5.2:
A straight line, r(t) = ro + tu, has a constant tangent vector, T'(t) = u/|ul,
and therefore has zero curvature, i.e. k(t) = 0.

A circle in 2D, r(0) = 79 + a(cos0,sin6), or 3D,
r(0) =10 + a(sin¢ cosb,sin ¢sinf, cos p) with ¢ = f(0),

has constant curvature, x(6) = 1/a, the reciprocal of the circle radius. The
torsion also reduces to 7(6) = 0 since the circle remains in the same plane.
(For example, set b = 0 in Mastery Check 5.4. See also Supplementary prob-
lem 4.) [

45 Mastery Check 5.4:

Consider the helical curve in 3D described by the vector function
r(t) = (acost,asint, bt), 0 <t < 2m.
Compute 7/(t), " (t), T'(t), N(t), and B(t).
2

. 2 a
Verlfy that k° = m,

and that 7(¢) = 5 for all ¢.

b
a?+b
£
From the differential properties of curves we move now to integral properties
starting with curve length. Not surprisingly, the length of a curve is also
the total path length travelled by a particle along that curve. For a formal
justification see Section 5.C.

Definition 5.6
The arc length of a smooth curve T' described by r(t) defined on an open
connected interval I measured from t =ty € I to an arbitrary t € I is

5= /t:v(T)dT. (5.1)

[ is a “dummy” integration variable/
s=s(t)

[, I' must be smooth (i.e. v #0).
=t

Figure 5.6 Arc length parameter, s.
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By differentiating both sides of Equation (5.1) with respect to ¢, using Leib-
niz’s rule (Page 99), we verify the fundamental theorem of calculus

ds/dt = |r'(t)] = v(t) > 0.

s — a one-to-one and onto
function of ¢, which means
that ¢ is a function of s,
that is, t = t(s)

to t
Figure 5.7 Arc length is a one-to-one function of ¢.

Given the one-to-one relationship between ¢ and s (Figures 5.6 and 5.7), we
can parameterize I" with respect to s instead of t. We then find that

ar _drdt _ o)
ds dtds |r/(t)]

— the unit tangent vector to I' (normalized velocity)

which implies that
dr

ds

— the “speed” of travel as measured by

=1

arc length is constant
#3 Mastery Check 5.5:
Calculate the length of the 3D helical curve described by the vector function
r(t) =costi+sintj+t/nk, 0 <t <2m.
o)

II. Surfaces r: R2 — R3

Another important class of vector-valued functions comprises those that
depend on two independent variables, which we denote generically by v and
v. That is, we consider the class of vector-valued functions f : R%2 — R™,
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which map points (u,v) in the plane to points in m-space:

(u,v) — f(u,v) = (fl(u,v),fg(u,v), ...,fm(u,v)).

Since functions from R? to R3 have great physical significance and are most
readily illustrated, we limit the following discussion to these. As in I, we
present the function as a point in R?, » = (2, v, 2), all components of which
depend on the two variables (u,v):

r(u,v) = (z(u,v),y(u,v), 2(u,v)).

This vector function maps points in the wv-plane to points in 3-space and
thereby traces out a surface shown here in Figure 5.8.

T(u,v)

T

Figure 5.8 A surface in R3.

It is worth reinforcing here that in I we saw that a curve r(¢) in 3D depends
on one variable (Example 5.2). Here we see that a surface r(u,v) in 3D
depends on two variables. The distinction is worth remembering as we shall
have occasion to invoke a dimensional reduction (see the Remarks immedi-
ately following). Incidentally, the expression above, as well as most of the
analysis to follow, supposes that z, y, z are explicit functions of u & wv.
However, in practice this may not always be the case; a surface may be
defined implicitly (see the discussion on implicit functions in Section 2.H).

B Example 5.3:

The set of parametric equations
T = acosusiny
y = asinusinv satisfies 22 4+ % + 2% = a®.
Z = acosv

This is a parametric representation of a sphere of radius a centred at the
origin. [ ]
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Remarks

* Before continuing, the reader might find it useful to revisit the discus-
sions on coordinate systems and visualization of surfaces in Sections
1.D and 1.E.

x If we keep u = ug fixed we get r = r(ug,v), a vector function of one
variable, v (Figure 5.9). That is, restricting the variable u results in a
curve on S called the constant u curve. By the foregoing section this
curve has a tangent vector given by

or Oz 0 0z
r0,0) = G un,0) = (G (o) Gun. ). 5 uar0)).

x Similarly, if we keep v = vg fixed we get 7 = r(u, vg), a vector function
of the single variable u. This too is a curve on S, called the constant v
curve. Analogously, this curve has a tangent vector given by

, _Or (O Jy 0z
ru(u,’uo) - %(uvvo) - %(ua UO)’ %(%’UO)’ %(uvUO) :

x If v (ug,vo) X 7, (uo,vo) # 0, which is the case for independent vari-
ables, then 7], x 7, is a vector normal to S and normal to the tangent
plane to S (at the point r(ug,vg)) spanned by the vectors 7/, (ug, vo)
and 7 (ug, vo).

7“1, (U(u UU)

J r(u,v)

r(u, vy)

7, (o, Vo) 7 (uo, v)

Figure 5.9 The tangent plane to S spanned by
tangent vectors r, and 7.

III. The most general case f: R" — R™

Although applications arise in more general cases of f : R — R™, we derive
no benefit by specializing any further. We can instead reflect on the parallels
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that may be drawn between “projections” of a more general scenario and the
special cases we have already discussed.

A differentiable vector function f:R"™ — R™ with components f;, i =
1,2,3,...,m, which are real-valued functions of x, is a vector-valued function

f(:l?) = (fl(w)7f2(w)7f3(m)v . ,fm(w))

When we say that & € R™ is in the domain of f, where Ry C R™, we
mean that x is in the domain of each component, the scalar functions
fi, 1=1,2,...,m. Then if we can assume that each of the f; is continuous
and has continuous partial derivatives, we can compute the gradient for each
component,

ofi ofi
wm):(a;,...,aw,

We have met the gradient in Section 2.E, where it was used to determine the
rate of change of a scalar function in a specified direction. So, for instance,
for the case n =2 and m = 1, we had z = f(z,y) describing a surface in 3D
space, and the rate of change of z at a point (xg,yo) in the direction of unit
vector u = (u,v) was given by

= (Gl

Dy f(x0,90) = V], - u 92 lo

‘ J) (ui + vj),

or, in matrix notation,

0 0
Duf(‘ranO) = |:a£ 0 87‘;0 0:| (z) .

With vector functions f(x) we have the potential to simultaneously find the
rate of change of more that one scalar function using matrix multiplication.
So for the case n = 2 and m = 3 we would have

%%‘

Bl i
Oz lo 8
Ofs

ox ’0 5‘y‘

The 3 x 2 matrix on the right is an example of a Jacobian matrix. The
Jacobian lies at the heart of every generalization of single-variable calculus
to higher dimensions.

Dy f(x0,90) =



236 Vector calculus

Definition 5.7
Let f : R® — R™ be a C! vector-valued function. The m x n matriz of
first derivatives of f is called the Jacobian matrix.

matriz of a vector field, f : R> — R3
of special interest to
inhabitants of 3D space.

(0fiN\of Ofi| ~— Oh 1 > gradient of
Oz | O0vy Oxs Oy, fi(z) : Vfi(x).
oL O 0L b
a:Bl 81'2 81’3 8:13"
Df(x)= (| 0fs |0fs Ofs|  Ofs | — deriwvative matriz of
Ory | Ozy Oz Oz, vector function f.
fm % Ofm O fm

\Ox1/ Oxy Ox3 ox,, |
the tangent vector to the curve
flzy, 29,25, ..., 20).

Figure 5.10 The Jacobian matrix of f : R" — R™.

Remarks

* The j' row of the Jacobian in Figure 5.10 is the gradient of a scalar
function f;(x), and there are m of them.

* The i*" column of the Jacobian in Figure 5.10 is a tangent vector to a
curve in R™, and there are n of them.

% The first three rows and first three columns correspond to the derivative
matrix of a 3D vector field. (See Section 5.B.)

B Example 5.4:
For a scalar function f:R™ — R, & — f(x), the differential is

dl‘l

_of 9f Of . _ (0f of  ofy| de
df*axldlerawgdeJr +(‘3xndxn - <8x1’8x2"“’8xn> .

dx,,
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In the case of a vector function f : R™ — R™ @ +—— f(x), the differential
generalizes to this:

of o

. d.’L’l
0x1 0xy,

dSL‘Q
Obn O |\
81'1 é)xn dm"

— a matrix-vector product giving a vector.
|

B Example 5.5:

For a scalar function f : R” — R, @ — f(x), the chain rule gives

d.’El
of_0fdn  0f dus | Of dew (07 OF 0| O
Ou; Orq du; Oz duy Ox,, du; Dz Oxe’ " Oz d.

T,

dui

In the case of a vector function f:R"™ — R™, @+ f(x), the chain rule
generalizes to this:

8f1 8f1 (9171 81:1
D(foz)(u)=| : : : :
Ofm Ofm oxy, ox,
e o e

= Df () Dx(u)

— a matrix product giving a matrix.
|
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5.B Vector fields

A 3D vector-valued function of a 3D vector variable,
f:D;CR® =R zr—y=f(z),
has special significance in physics and engineering, and other applications in

the real world. Hence, it is given a special name: a vector field. To be explicit,
an arbitrary vector field has the form

f((l?) = (fl(x,y7z), fg(:v7y,z)7f3(x,y,z))

= fl(.’lf,y,Z)i + f2(xayaz)j + f3(.’E,y,Z)k

where the f1, fa, and f3 are scalar functions of the three variables x,y, z.

Note that the subscripts “17, “2”, and “3”, do not here refer to partial deriva-
tives, they refer to the components of our vector field.

Unless otherwise stated, we shall assume that the vector fields we work with
have continuous partial derivatives of order m > 2. We will often refer to
these as smooth and presume the component functions are C? or better.

Some examples from physics

(i) Gravitational field
The gravitational force per unit mass (G is the gravitational constant)
is a 3D vector field (Figure 5.11).

Gm \
Fgrav — T 3T
P <
2\ 4 »
AN l »
The sign reverses A vector . e . _::* . {_._ -~ <
direction, pointing directed away i ? %
towards the origin from the origin P »
This says that magnitude o ¢ A
decreases with distance 4 >
from the origin A

Figure 5.11 The gravitational field of a point mass.
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(ii) Electrostatic fields

(a) The 3D electrostatic field intensity (force per unit charge) is
expressed in SI units by

= ——F——=1r — due to a point charge ¢ at the origin.
dmeg|r)3

The direction depends on the sign of g. The constant €y is the
“permittivity” of free space.

(b) The corresponding 2D version has the form,

- 21ep|T|? "
The latter case can be thought of as a field in 3D free space due to
a uniformly charged wire of infinite length (Figure 5.12), with the
quantity p being the charge per unit length of the wire.

Figure 5.12 The electrostatic field near a charged wire.

(iii) Gradient field

A vector field can also be derived from any spatially dependent scalar
function by taking its gradient. For example, if T'=T(r) is a spa-
tially varying temperature field, then VT is the vector field, called the
temperature gradient.

Gradient fields were discussed at some length in Section 2.E. They will
recur often in this chapter, in both the differential and the integral
contexts.

S \
/ N\

o
\\

Figure 5.13 A field varying in direction and magnitude with position.

e
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Remarks

* By now the reader will appreciate that both the magnitude and direc-
tion of a vector field will depend on position (Figure 5.13).

* As mentioned, Examples (i) and (ii)(a) are 3D vector fields R3 — R3.

x In Example (ii)(b), there are just two components to E: Ey = Ey(z,y)
and Fy = Fy(x,y). This is an example of a plane vector field
E=F (J), y)i + Eg(.’l?, y)j
These will feature from time to time and specifically in Section 5.F.

* Example (iii) shows that one gets a vector field by taking the gradient
of a real-valued scalar function, ¢ € C1(R?).

¢:RE5R — grad¢=Vo=F:R > R>

~———

“ a scalar field “ a vector field

More information about vector fields

e Divergence and curl

The physical significance of the gradient was explained on Pages 76-78.
However, there are two siblings of the gradient that are worth defining
now in an operational sense as they too have physical meaning and
mathematical utility. These are the divergence and curl of a vector field.

Definition 5.8
Let f :R3 — R3 be a O (at least) vector field. Denote and define
the divergence of f by

divf = a—£+%+af3—

) oy 2. =V

The divergence thus operates on a vector field to give a scalar property
of the field that applies locally. That is:
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FiRP SR — divf=V-f:R SR

—_——
L> a vector field L> a scalar field

The notation employed in Definition 5.8 involving the gradient operator is
standard and is used as a mnemonic to remind us of how the divergence is
calculated, which is the expression shown in the central equality. The
operator V is treated as a vector in executing the scalar product with F
although no actual component-wise multiplication is performed; instead,
the components of F' are partially differentiated with respect to the posi-
tion variable corresponding to that component.

Definition 5.9
Let f :R3 — R3 be a C* (at least) vector field. Denote and define
the curl of f by

0fs _ 0 ofi 9 af 0
€ €y €3
0 9 0
fi f2 f3

In contrast to the divergence, the curl operates on a vector field to give
a vector property of the field, also applied locally. That is:

fiRP SRS —2  cwlf=Vxf:R> R
——

L> a vector field L> a vector field

As with the divergence operation, the notation employed in Definition
5.9 is standard form to help us remember how the curl is calculated,
which is that shown on the right-hand side of the first equality. The
operator V is treated as a vector in the vector product with F'. Again,
however, instead of pairwise multiplication, the components of F are
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partially differentiated with respect to the scalar variable corresponding
to that location in the vector product.

Later we shall see that the divergence of a vector field is a measure of
how much the field spreads out locally, while the curl of a vector field
is a measure of how much the vector field turns or twists locally around
an axis parallel to the direction of the vector V x F'.

Note that in the case of two real vectors, switching the order of the
vectors in the scalar product doesn’t change the result of that product,
while switching the orders of the vectors in the vector product results
only in a vector pointing in the opposite direction. In the case of the
divergence and curl, switching the order of V and F, i.e. writing F' - V
and F' x V makes no sense if these appear in isolation. However, either
expression may be legitimate if used in the context of an operation on
another scalar field or another vector field, the latter in the case of
another scalar or vector product, say. For example, the following makes
perfect sense:

9¢

13} d 13} 0o ¢
FV)o=(FL Rt o= +F f oA
(F-V)o (16x+ 28y+ 38z)¢ 15, + 28y+ 59,
Analogous meanings can be ascribed to expressions such as (F x V) -
G and (F x V) x G. Remember, though, that the operations must be

carried out in the correct order.

A large number of general and specific results of applications of the
gradient, the divergence, the curl, and their combinations have been
established. Some of these are listed on the next page. The reader is
invited in Mastery Check 5.6 to prove some of these by direct application
of the definitions.

Field lines

A useful concept particularly in fluid dynamics is that of field lines,
also called stream lines. These are lines (actually curves) whose tangent
vectors are parallel to the field vector at those points. That is, given
that r : R—R3, ¢ — 7(t) describes a curve in R? (see page 224), then
the field lines of a vector field f are defined by the equality:

T = W)
—— —— ——
tangent / vector field
vector

proportionality constant that is a

function of position (not usually of interest)
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This vector equation hides three equations that must be solved simul-
taneously. If we assume the conditions of a smooth curve (|r'(t)| # 0)
then we deduce that A # 0. Hence, we can solve the three component
equations for \ to get

1 dz 1 dy 1 dz

fﬂx,yw)&  folw,y, z) dt f3(x,y,z)a
N dz _ dy _ dz
filzoy.2)  folzy2)  fa(z,y,2)’
Solving these three simultaneous differential equations, if possible, gives
the curve described by 7(t).

fi #0

Some useful vector identities

Apart from the simple linear identities (e.g. V (¢ + 1) = Vo + V),
the operations of gradient, divergence, and curl obey a number of stan-
dard relations when applied to differentiable fields.

Suppose vector fields f, g : R* — R? are C?; vector r = (z,y, 2); scalar
functions ¢, : R? — R are C?; scalar function h : R — R is C'!; and
c € R? is a constant vector. Then the following identities can be readily
derived:

- V(¢Y) =y Vo +¢Vy
.V (of) =0V - f+f-Vo
LV X (0f) =V x f+ Vo x f
V(9 =(-V)g+(@-V)f+Fx(Vxg)+gx(Vxf)
V(fxg)=9-(Vxf)—f-(Vxg)
VX (fxg)=f(V-g9)=g(V-f)+(@-V)f-(f-V)g
.V x(Ve)=0
.V (Vxf)=0
VX (VX )=V (V- f)—V2f
V-r=3
Vh(r):%;
dh

V - (h(r)r) = 3h(r) + T

V x (h(r)r) =0



244

Vector calculus

14. V(c-r)=c¢c
15. V-(exr)=0

16.

Vx(exr)=2c

#  Mastery Check 5.6:
Confirm the vector identities 3, 5, 7, 8, 12 and 13.

e Conservative fields

From the perspectives of physical significance and mathematical sim-
plicity, one of the most important classes of vector fields is the class of
so-called conservative fields.

Definition 5.10
A wvector field f: D CR? — R3? is called a conservative vector
field if there exists a C* scalar function ¢ : D C R? — R such that

f(l‘, Y, Z) = V¢(£7 Y, Z)
The function ¢(x,y, z) is called a scalar potential of f.

Although scalar potentials and conservative fields arise in many areas of
physics, it is far from true that all vector fields are conservative. That is,
it is not generally true that all vector fields can be derived from scalar
fields. In the next section we will discover an important and appealing
mathematical property of conservative fields. For the moment we focus
on the questions of establishing whether a vector field is conservative
and if so what its scalar potential is.

To answer these questions we look at the properties of the scalar poten-
tial itself. Firstly, we see that for it to be a scalar potential, ¢ : D — R
must be at least C''. Consequently, being a C! function, the differential
of ¢ can be derived:

_ 99 4 924,400
d¢ = 8xdx+8ydy+8zdz

= fidz + fody + fsdz.

The replacement of V¢ with f in the last equation is valid since f = V¢
by assumption. The right-hand side of this last equation is thus an
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ezact differential since it equals d¢. That is, f is conservative if f; dx +
fody + f3dz is an exact differential. Moreover, if ¢ is a C? function,
then (Definition 2.8, Page 83) we may conclude that

P ¢ ¢ P 0 9%
0xdy  Oydx’ Oxdz  0z20x’ Oydz 020y

Again, making the substitution V¢ = f, we see that if ¢ is a potential
to f, then the above equations are equivalent to:

Oh _0f s _Oh  Ofs_0h
Oy ox’ Ox 0z’ Oy 0z

These are necessary conditions for f = V¢ to be true and thus for f to
be a conservative field. That is, the components of a conservative field
must satisfy these interrelations. (See also Pages 258-260 and 288.)

2

4 Mastery Check 5.7:
T e¥ eY )

Determine whether the vector field f = (xy — sin z, 52 T COS z
z z

is conservative, and if so, determine a potential to f.

Hints:

1) For what values of (x,y,z2) is f C'?

3

(1)
(2) For those points (z,y, z) confirm the necessary conditions for f = V.
(3) If possible, solve V¢ = f for a possible scalar potential ¢.

(4)

4) Does ¢ exist? Everywhere? Does ¢ have any arbitrary constants? Are

they unique?

oa)

A scalar potential to a vector field f is also a real-valued scalar function,
and we have seen that (see Section 2.E) the level surfaces of ¢ : p(x,y,2) = ¢
have normal vectors given by V¢. This means that for a conservative field,
f =V¢ is a vector normal to the surface ¢ = ¢ at r. The level surfaces of
¢ (defined in Section 1.F) are called equipotential surfaces of f. See Figure
5.14.
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Field lines of f: Lines r(¢) with
dr

dt
locally parallel to f.

tangent vectors that are

O =cC3
O = C2
2! Level surfaces of ¢.

Figure 5.14 Conservative field lines and level surfaces of a scalar
potential.

We leave differential vector calculus for the moment and consider some ele-
ments of the integral vector calculus, specifically so-called curve and surface
integrals.

5.C Line integrals

Line integrals are somewhat more complicated versions of one-dimensional
integrals. As we alluded to in Chapter 4, the most obvious generalization
involves replacing the 1D interval over which an integral is evaluated, with a
one-variable parameterized curve in 3D. As a consequence our intuitive view
of a 1D integral as an area under a curve is no longer applicable. We need
to rely on a visual idea. Given their respective physical applications, line
integrals can be divided into two classes. Within each class it is possible to
utilize a specific physical picture to help engender an appreciation for that
class of integral.

I. Line integrals of real-valued functions
Physical motivation

In its simplest description these are concerned with one-dimensional inte-
grals of scalar functions to evaluate the total measure of something that is
distributed along a curve.
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Recall from single-variable calculus that

/a ' fla) dr

is motivated as giving the area “under” f and “over” straight-line interval
[a, ]
— this is a geometric interpretation

Suppose instead that we interpret f(x) as a variable linear density of some
quantity (e.g. mass/unit length or charge/unit length) defined along the inter-

val I = [a,b]. Then
/f(x)dx
I

would give the total amount of that quantity, say total mass, attributed to I
— this is a physical interpretation

Figure 5.15 The curve I' in 3D and its projection onto the 2D plane.

Now let’s extend the latter idea to higher dimensions. Suppose we were inter-
ested in evaluating the total mass of a nonlinear, one-dimensional object in
3D, one that is represented by the curve, T, in R? (Figure 5.15).

What we want is an expression for the total mass of the curved object which

corresponds to / f(x)dx for a straight-line interval.
I

Mathematical construction

Suppose I is a finite smooth curve in R3. Then, from our discussion in Section
5.A.1, there exists a (non-unique) one-to-one parametrization of T,

r(t) = (2(t),y(t),2(1)), tE€ a,b],

such that r(t) is continuously defined on the finite connected interval [a, b],
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and |r'(t)] # 0.

Consider a partition of [a,b], a =tg < t; <to <+ <tnp_1 <t, =b, which
leads to a set of discrete points on I': {r(tg),r(t1),...,7(tn)}, as shown in
Figure 5.16.

r(a)

r(ti1) r(t;)

Figure 5.16 A parametrization of T'.

The leading-order distance between nearest neighbour (in t) points on I' is
|Ar;| = |r(t;) — 7(t;i—1)| and adding all n such line segment contributions

gives
n n
on =Y _|Ari| =D |r(t:) — r(tio1)]
=1 =1

as an approximation to the total length of I'. Since the curve is smooth w.r.t.
t, we can apply the mean value theorem to each component function of r to
get

|Ari| = |r(ti) = r(tima)| = | (2'(G). ¥ (), 7' (&) | At
where {(;, n;,&;} are some values of ¢, not necessarily the same, in the interval
(ti—1,t;). We then have

i=1

Now taking the dual limit of an infinite number of partition intervals and of
vanishing partition size we get the total length of I":

n b
Tl= Jmo Sian= [

max |At;|—0 j=1

— provided the limit exists, which it should. (Why?)

r’(t)’ dt

We now extend the above argument to include a curve position-dependent
function.

Let f : R3 — R be a continuous scalar function defined on some domain in
R3. When restricted to I' in that domain it becomes a composite function of
one variable:
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With this restriction f can be thought of as a local linear density of some
property of T' (again, mass or charge per unit length). Multiplying f with a
segment of length |Ar| then gives the total amount of that property (mass
or charge) possessed by that segment.

By an argument analogous to the above, but applied then to f(7)|Ar|, we
find that the integral measure of the property represented by f is given by
(7 € [ti-1,ti])

n

im S S, y(t), (6| Ar / Fa(t), y(t), 2()]r' (1) dt

n—00
max(|]Ar|)—0 ;=1

— provided the limit exists, which it
will if f is continuous and [a, b]
is bounded (Theorem 3.2).

Remarks

* It should be obvious from our derivation of curve length and the exten-
sion to the total mass that integrals along a given curve of scalar func-
tions have no dependence on the direction taken along the curve. We
could have started at either end and arrived at the same result provided
the parametrization is defined in a one-to-one manner, increasing from
the start position to the end position. This is true of all curve integrals
of scalar functions.

* If we had considered a sub-interval [a, 7] C [a, b], the above argument
would have led to Definition 5.6 (Page 231) for the arc length s(7):

S(T)z/a 17/ (#)] dt.

with s(a) = 0 and s(b) = ’F’ As shown on Page 231, an application of
Leibniz’s rule for the derivative of an integral gives

ds |dr

dr ‘E
With a convenient renaming of independent variable 7 — ¢ we are led
to the differential arc length

d
ds:|dr|:‘d—:‘dt
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Consequently, in terms of this differential arc length (equivalent to the
parametric integral derived above), the total length of T is

= [ as (—s(b)—/ab < ar),

while the integral of f(r) over T is

/Ff(r)ds (/abf(r(t)) %’dt).

# Neither integral can depend on how we define I', i.e. they cannot
depend on what parametrization we choose.

B Example 5.6:

Determine the integral / (zy + y) ds where T is the path along the 2D curve
y = /2 from the point (i, 2) to the point (9, 3).

Let r(x,y) define a point on I'. We parameterize r = (z,y) as (¢, /1),

with t:4 — 9, andd—r

T (12%/5)

dr / 1
Then’E’— 1+Ztand
/(my+y)ds=/ (t3/2+t1/2)\/1+@dt = 5/ (t + 1)V + 1dt
T 4 4

9 91
—/ ~ (4t +1)3%dt
4 Ja 6

= |(t+ 1)%(4:: + 1)3/2}

1 , 1 9
= [t +1)=(4t+1)%2 — —(4¢ +1)°/?
(+)6( +1) 60( +1)

4

1
= |52t +3)(4t + 1)3/2]

9

1
= %(777\/37 — 187V17).

4

#3  Mastery Check 5.8:
Evaluate / 2?y? ds where C is the full circle 22 + y? = 2.
c
Hint: A suitable parametrization is with polar coordinates. In this case r(t) =

V2coste; + ﬂsinteg, t:0— 2m.
ya)
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II. Line integrals of vector-valued functions

In this class of line integrals we not only deal with vector fields as opposed to
scalar fields, but we take into consideration the relation between the direction
of the integration path taken and the field direction.

Physical motivation

Imagine a block of mass m sitting on a table under gravity. Suppose a
horizontal force of magnitude F is needed to slide the block against friction
(Figure 5.17(a)).

To move the block a distance d under a constant force F' and in the same
direction as F', the work done is W = F.d

If there is no friction, the only external force is gravity and no work is done
in sliding the block horizontally.

However, in moving the block directly upwards against gravity (Figure
5.17(b)), the work done is proportional to the force required to overcome
gravity. The work done is equal to the force required to overcome gravity
(mg) times distance travelled (h): W = mgh.

(a) (b)

Gravity
—mg

h

QU

D

Figure 5.17 (a) Horizontal displacement opposing friction;
(b) Vertical displacement opposing gravity.

If we want to move the block a distance d in a straight line in an arbitrary
direction when the only force is gravity, we would then have the scenario pic-
tured in Figure 5.18. The work done depends only on the vertical component
of the displacement: W = mgh = mgdsin ¢.
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d h

i

Figure 5.18 Displacement in an oblique direction.

In 3D space coordinates, where the block moves from A to B, and the only
opposing force is gravity, the situation can be imagined as in Figure 5.19.
The work done is now

W =mg.Ah = mg.d.sin¢
T
=mg.d.sin (= — 6
mg.d.sin ( 5 )
= mg.d. cos
=F, (rg—ra).

That is, it is simply but significantly the scalar product of the vector force
needed to overcome gravity, and the vector displacement.

. B
Ah 0
;Lé\ -
F,
g rp
P \\\\ h,q

Figure 5.19 Displacement in 3D space.

Generally, the amount of work done depends on the direction of the displace-
ment and the direction of the applied force.

If F 1 displacement, then W =0
If F | (+4)displacement, then W is the maximum = F.d

As we have seen, for a more general direction of displacement we have the
intermediate case:
W =F.-d= Fdcos#f.
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(a)

Figure 5.20 (a) Constant force and displacement;
(b) Incremental displacement along a curve.

So far, we have assumed the force and displacement are constant in terms
of both direction and magnitude, Figure 5.20(a). But what happens when
the force f is not constant but a function of position, f = f(r), and the
displacement is along a more variable path I'?

Mathematical construction
Suppose r = r(s) describes the path to be taken (Figure 5.20(b)). Consider a

small segment of the curve, specifically the arc length differential ds at r(s).

dr
Over the infinitesimal curve segment, ds, with unit tangent vector, —, f
S
is approximately constant, and ds is approximately straight. Then the work
increment to leading order in ds will be

dW = |f|cosfds

dr
= f(r)- gds
= f(r)-dr.

This means that the total work done in moving from start to finish along I
will be the integral

W:/FdW:/F(f(r)-%’;)ds:/rf(r)-dr.

Remarks

* / f - dr is called the line integral of the vector field f (or its tangential
r

component) along I'.

* Since ’%‘ =1 (see Page 232), then f(r) - (Cil—z = |f] cos@.

— the tangential component of f along I
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* In Cartesian form
/fd’l":/ (fl(x,y,z)dx—i—f2(x,y,z)dy+f;;(x,y,z)dz)
r r

— this is needed if the path is specified in x,y and z

x For an arbitrary parametrization, r(t), with ¢ € [a,b], 7o = 7(a), and
rp, = r(b), we have (for a smooth curve) the very practical expression

/%2 drf/ 7o) T,

as a one-dimensional integral!

* Work is positive or negative depending on the direction of motion; the
sign dictating whether energy must be applied to achieve the displace-
ment against the force (negative) or is gained in moving with the force
(positive). Therefore, in contrast to line integrals of scalar functions, for
line integrals of vector functions we must always specify the direction
of displacement.

Since f - (—dr) = —f - dr, we find that

/Ff-dr:—/_rf-dr

A curve with a specified direction is called oriented (Figure 5.21).
— this is important to remember in calculations.

—dr
N/

Figure 5.21 Displacement directions along a curve.

* / f - dr is independent of the choice of parametrization — as long as

r
we go in the same direction.
* f I =TyuUluUl'sU---UTl,, as in Figure 5.22, then

/f-dr: f-dr+ f-dr+ f-dr+---+ f-dr.
r Iy

s s I'n
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r r
1 T, 3

Figure 5.22 A connected, piecewise smooth, curve.

The total line integral over I' is the sum of the line integrals over the
connected pieces T'; that link the start (of T') to the end (of T').

* If T is a closed curve (Figure 5.23), that is if r, = 7y, then the line
integral of f along I' is called the circulation of f around I':

Circulation of f around I is j{ f-dr.
r

Toe=Tp

Figure 5.23 The circle: a simple closed curve.

In the next three examples we demonstrate the different ways of evaluating
line integrals of vector fields.

B Example 5.7:

Evaluating line integrals using Cartesian coordinates (x,y, 2).

We wish to evaluate / f-dr where f = (x + y,y — x) and T is a curve with
r

endpoints (1,1,0) and (4,2,0). We will choose two paths:

(a) T = {(z,9,2) : * = y?, 2 = 0} (Figure 5.24(a)), and
(b) ' =T; UTy, where I'; and 'y are paths of constant y and constant x as
shown in Figure 5.24(b).

(a) b)

' Y FQZ
T I'y: const. y const. x

T x

Figure 5.24 The paths (a) r =y?,2 =0, and (b) I =T UT,.

a) Let y =¢,t €[1,2]. Then =2, f = (f1, fo, f3) = (£* + t,t — 12,0),
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d
r = (2,£,0), and — = (2¢,1,0).
dt
34

2
Hence /f~dr=/ (t* +t,t—t20)-(2t,1,0)dt =
T 1

b) On Ty let z=t¢ te€[l,4. Then y=1, f=(f1,f f3)=({F+1,
1—1¢,0), r=(¢t,1,0), and ((11—1; =(1,0,0). On I'y let y=t, t € [1,2].
Then x =4, f = (f1, f2, f3) = 4+ t,t —4,0), r = (4,t,0), and i—; =
(0,1,0).

Thus /f~dr = f-dr+ f-dr
r

' s

4 2
:/ (t+1,1—t,0)-(1,0,0)dt+/ (41t —4,0)-(0,1,0)dt
1 1

:/14(t+1)dt+/12(t—4)dt — s,

B Example 5.8:

Evaluating line integrals using curve the parametrization (z(t),y(t),(t)).

Evaluate / f-dr= / (zzdx + y? dy + 2” dz) from (0,0,0) to (1,1,1).
r r

along the curves (a) r(t) = (t,t,t?), and (b) r(t) = (t3,t,t?) (Figure 5.25).

Figure 5.25 The paths (a) r(t)

In both cases ¢ € [0, 1] will work.

d
a) Wehave x =t, y=t, z =12 so f = (t3,12,1), d—: = (1,1,2¢), and

1 1
1
/f~dr = / (t3,¢2,4%) - (1,1,2t)dt = / >+t +26%)dt = 13
C 0 0 12
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" — (2t,1,2t), and

b) We have . = t2, y =t, z =t2 so f = (t*,12, %), Fr

1 1
/f-dr = / (th, 2,1 - (2t,1,2t) dt = / (2t° + 2 +2t°)dt = 1.
C 0 0
[ |

And here is the third example — for the reader to try.

#3 Mastery Check 5.9:

Evaluating curve integrals along curves defined by intersections of surfaces.

Evaluate j{ f - dr where f = yi+ k and T is the curve of intersection of the

T
cone

22 =222 4+ 2?
and the plane y = z + 1. See Figure 5.26.

Orientation is counterclockwise seen from (0,0,117). 2]

Figure 5.26 Intersection of a plane and a cone.

o)
#3  Mastery Check 5.10:

Calculate the work done by a force f(r) = ye; + 2z es — z e3 along a helical
curve I' defined by r(t) = coste; + sintey +tes, t:0— 2m.
o)
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Remarks

% Fach of the line integrals in Examples 5.7 and 5.8 and Mastery Check
5.9 eventually involve some form of parametrization of the curve, with
the result that the line integrals reduce to single integrals of functions
of one variable, the parameter.

* In Examples 5.7 and 5.8 the line integrals are of the same field along
different curves joining the same endpoints. They give different results!

To help understand why this may happen it helps to defer to our phys-
ical motivation. The work done in going from 7, to r, depends on the
path taken; different values result from different routes. Here we can
think of the action of friction.

The last remark raises an important point and an important question. What
conditions do we need to impose on a vector field to get the same result for
the line integral?

The satisfactory answer to this question is that the field must be conservative!

Theorem 5.2
Suppose f(x) = (fi(x), f2(z), f3(x)) is a conservative field with potential
o(x) defined on an open connected domain, D. Then

/ Fodr = g(ry) — 6(ra)
I

for every curve I' lying entirely in D which joins the points v, —> 7.

Theorem 5.2 states that the line integral / f - dr is independent of the choice

r
of I if f is conservative and is dependent only on the endpoints, r, and r,. To
be precise, the integral is determined by, and dependent only on, the values
of the potential ¢ at these points.

A proof of the theorem, and our consequential statements, follows readily
from our earlier finding that for a conservative field f - dr is a perfect differ-
ential, d¢. The integral of this perfect differential results in the difference in
the values of the potential at the terminal points of the curve I'.
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Ty

I

Tq

Figure 5.27 Two curves joining the same end points.

Corollary 5.2.1 For the conditions of Theorem 5.2, let I'y and I's be two
curves in D that join v, and vy, (Figure 5.27). Then

f-dr = f-dr
Fl 1_‘2
= f-dr— f-dr =0
Iy I's
= f-dr+ f-dr =0
Fl 71—‘2
TU(-T9) r

Thus, the circulation of conservative field f is zero: j{ f-dr = 0.
r

In the statement of Theorem 5.2 we impose the condition that D must be
a connected domain. This means that any pair of points r, and r, can be
joined by a piecewise smooth curve which lies inside D.

Two examples of this, and a counterexample, are shown in Figure 5.28.

Figure 5.28 Connected domains (a) and (b).
(c) is a disjoint or disconnected domain.
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Remark

* Theorem 5.2 and Corollary 5.2.1 are useful even for nonconservative
fields — especially for nearly conservative fields. (See the next Mastery
Check.)

#3  Mastery Check 5.11:
2

Let f = (Ax In z, By?z, r + y3).
z

(a) Determine A and B so that f is conservative.

(b) Evaluate / (2zlnzdx + 2y°zdy + y* dz)
r

where T is the straight line (1,1,1) — (2,1, 2).

#5  Mastery Check 5.12:

Evaluate the line integral of f(r) = ze; + eYes along a curve I' where T is
(a) a circular arc from (0,2) to (2,0), and

(b) a straight line connecting (0, 2) to (2,0).

Is f conservative?

5.D Surface integrals

In complete analogy with line integrals, surface integrals are generalized ver-
sions of double integrals! As with line integrals, surface integrals fall into one
of two classes dictated by the function being integrated.

Instead of a double integral with an integration over a planar domain, with its
interpretation as the volume under the graph of a function, a surface integral
is effectively a sum of some quantity that is distributed over the surface itself.

I. Surface integrals of real-valued functions

In this class the surface integrals operate on scalar functions and give the
total amount of something that is distributed over a surface S in R3.



5.D Surface integrals 261

Corollary 4.1.1 (2D version) for f > 0 gives the geometric interpretation of a
double integral of f as

// f(x,5)dA = volume of body under f over D (a planar subset of R?).
D

If, however, f(z,y) were interpreted as, say, a charge/unit area (surface charge
density) defined on R? then the integral would give the total charge on the

planar region D in the xy-plane: // f(z,y)dA = Q (Figure 5.29).
D

D

Figure 5.29 Physical interpretation of a double integral
over a planar region D.

Now suppose that instead of a region in the plane we have a surface S C R?
defined as a set of points

S = {r(u,v) € R®: (u,v) € D C R?}.

For the present, we assume there is a one-to-one correspondence between
points in D and points on S (this can be altered to consider piecewise map-
pings of parts of S to subdomains if a one-to-one mapping of the whole of S
is not possible).

Moreover, suppose we are given a continuous scalar function f:R3 — R
defined on a sub-domain in R3. Restricting f to S within that domain, the
function becomes a composite function of two variables:

f(JC(U,’U),y(U, U)?'Z(va)) = f(r(u,v)).

The function f(r(u,v) applied to a bounded surface S can be thought of as
a summable surface area density (say, charge/unit area or mass/unit area),
this time defined on S rather than D. Multiplying f with a segment of area
AS gives the total amount of charge possessed by that segment.

Similarly to how we reasoned with line integrals, we partition the surface
S into a number n of small segments, AS;, i = 1,2,...,n. (This can be done



262 Vector calculus

most conveniently by considering a network of intersecting curves of constant
u and constant v, as shown in Figure 5.30.) Within each segment a suitable
pOth, (5“ Nis Cl)v is identified.

With this information, an approximation to the total amount carried by S

of the property represented by f can be established:

Q~ Y f(&miG) AS;

=1

charge density at point (&, m:, i) in AS; k an element of area on S
z
(& mis Gi) T — r(u,v)
_ vy Ui
S
= r(u;,v)
Y
X

Figure 5.30 A partition of the surface S and an approximation to Q.

We can either assume that f is constant over AS; or adopt a mean-value-
theorem argument.

As we have done many times before (see Section 4.A), we refine the partition
into smaller and smaller segments and take the limit as AS; — 0 and n — oo.
Then, provided the limit exists the result is what is designated to be the

surface integral of f over S:
J[ t@p2)as
s

— the limit exists if f is continuous and S
is bounded (Theorem 3.2).

Remarks

x It is easily established that (Corollary 4.1.6) if S = S; U---U S, then

I fdszi [ sas
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This is a useful result if S needs partitioning into parts to ensure the
existence of one-to-one mappings of those parts onto suitable regions
of R?, and the integral over S considered piecewise.

* If f =1 then, as with Corollary 4.1.3, // fdS = // dS = area of S.
s

Evaluating a surface integral
e General surface parametrization

To evaluate the surface integral, assuming it is tractable, requires rewriting
the area element d.S in terms of known quantities that define the surface. For
example, recall from Section 5.A, Page 234, that for a surface parameterized

T or
by u and v, we can define tangent vectors — and — to constant v and

ou Ov 5
T r
constant w curves, respectively. Then, provided 0 #0, 50 # 0, meaning
u v
that r(u, vg) and r(ug, v) are smooth curves, and S is a smooth surface, the
I or
u ™
tangent vectors lead to differential line elements: 9 and
r r
— —dw
) v ) ) v
their cross product leads to the differential area element:
or Or
as = |5 x | dudv.
Oou Ov

Consequently, we arrive at a pragmatic representation of the surface integral
as a double integral over the planar domain, D, that defines the original S
(dA = dudv).

Q://Sf(r)dS = //Df(r(u,v)) %x%‘dfl

—_———
surface integral double integral of f‘ See X e ‘ over D
of f over S leading to an iterated integral

— DEFINITION — PRACTICE
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4 Mastery Check 5.13:

For a general C! parametrization of a surface S : 7 = r(u,v), derive the

. or Or
expression for — x —

ou Ov’
What then is the expression for d.S?

#5  Mastery Check 5.14:
Determine the areal moment of inertia about the z-axis of the parametric
surface S given by

=2, y=u’-0v?, z=u’+0% u+0?<1

That is, evaluate the integral // (x? +y*)dS.
s

(a) r= (2,9,q(z,y))
for the integral over D,

(b) r= (x,g(:f,z),z)

for the integral over D,

(c) r=(hly,2),y,2)
for the integral over D,

Figure 5.31 Projections of S onto the three coordinate planes.

e Cartesian coordinate representation

The one and same surface can be parameterized, at least piecewise, in any
of three different ways with respect to different pairwise combinations of the
Cartesian coordinates, as shown in Figure 5.31.

From these different representations we have infinitesimal surface elements
shown in Figure 5.32 below.
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P dA.’l:
dA, /e s In|
¢@ (0) d§ = " drdy
2 ’
,,,,,,,,,,,,, |
‘ |
s y n|
— (b) dS drdz
| } } In - e
I eg |
[ F
[ F

n|
\ _ 0 ds
% 42114 (c) dS = ol dydz

Figure 5.32 Projections of a surface area element d.S onto the three
coordinate planes.

43 Mastery Check 5.15:

Evaluate the surface area element dS in the three cases, involving, respec-

tively, the functions ¢, g, and h, as described in Figure 5.31.
oa

I1. Surface integrals of vector fields

The preceding discussion on surface integrals of scalar functions can be
extended directly to surface integrals of vector fields to give new vector quan-
tities. Suppose f : R® — R? is a vector field restricted to a smooth surface
S. Then the surface integral of f over S is simply

//Sf(x,y,z)dszi//gfl(x,y,z)ds+j//sfz(x,y7z)ds+k//sfg(x,y,z)ds,

That is, by appealing to the linearity properties of vectors and of the integral
operator one can determine the surface integral of a vector field as a vector
of surface integrals of the components of that field. However, the following,
more important variant of surface integrals of vector fields is the more usual.

One of the most useful qualities of vector fields is that of being able to
describe collective movement, in terms of both direction and magnitude of
motion. When things are moving, it is often of interest to know how much
passes through a given region or across a given area. For example,

e vehicular traffic through an area of a city or an entire city,

e water through a semi-permeable membrane, such as a plant cell wall,
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e magnetic flux through a steel cooking pot, or

e X-ray photons through a body.

This “how much” is called the fluz. To evaluate this quantity we need two
pieces of information:

e a vector description of the collective movement — that would be f.

e a vector description of the region through which the collective movement
is to pass — the surface (S) and the normal to the surface (V).

Let’s start with a simple situation. Suppose f is a constant vector field with
| f| giving the number of photons per unit area, travelling in a constant direc-

£]

a body. A somewhat simple picture of the situation is shown in Figure 5.33.

tion, . Now suppose we wanted to know the number of photons entering

Nl " no f
—;/_\‘/ through here

constant N,
ﬁU.X > >
vector f —_— all f

through here

\ N;
o >
some f
\(\/\/ through here

Figure 5.33 Constant flux f and the boundary of a body.

We see from Figure 5.33 that to determine how much enters a body we need
to know both the surface of the body and its relation to the uniform f. For
a flat surface of area A and unit normal N the number of X-ray photons
passing through will depend on the area A as well as the latter’s orientation
with respect to the direction of f.

If the vector f makes an angle  with the surface normal IV, then we have
flux =|f|cos@A = (f-N)A = f-A.

Notice and remember that N must be a unit normal!l Why? Because the
only feature that is needed is the cosine of the angle between f and A; the
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scalar product of two vectors involves the magnitudes of both vectors, but
the flux only requires the magnitude of f, which will be the case using the
scalar product provided |IN| = 1. Unless otherwise stated in the remainder,
N will denote a unit normal vector.

Remarks

* By combining A with N we have made the surface area a vector, A.
x If f- A= —|f||A|, we say the f is into A.

x If f- A =|f||A|, we say the f is out of A.

The above discussion assumes a constant field and planar surfaces — f does
not depend on position, and the surface normals are constant vectors. For
non-uniform fields and smooth varying surfaces, Figure 5.34, the same reason-
ing can be applied, but locally. Suppose again that f : R? — R? is defined
on a surface S C R3, and the surface is parameterized with respect to param-
eters (u,v):

S = {r(u,v) : (u,v) € D C R?}.

Let dS be a differential element of area defined at the point r € S, with unit
normal N; dS is sufficiently small (infinitesimal, even) that defined over it f
is uniform. Locally at r € S the flux of f through dS is

f(r)-N(r)dS = f(r)-dS.

Accumulating such contributions over the entire surface we get

total flux = //S(f-N)dS://Sf-dS

ds
S

Figure 5.34 Non-constant f and curved S.
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The integral / / (f-N)dS is in the form of a surface integral of a scalar

s
field, f - N. This means that we can use the different approaches to surface
integrals discussed on Pages 263 — 264 to evaluate this integral. Two of these
means are given in the Remarks below.

Remarks

* If the surface S is defined by a level set equation (Section 1.F), that is,

if
S={(z,y,2): ¢(z,y,2) = C},
then
_ V¢
= W

x If the surface S is defined parametrically as S = {r(u,v) : (u,v) € D},
then
or Or
JE— X JE—
N = ou ov
or Oor ‘ ’
JE— X JE—
Oou  0Ov
— u and v can be Cartesian coordinates
In this case, recalling the formula for dS on Page 263 and inserting
both expressions in the flux definition:

(’)r 8r)
or Or
//f NdS = //f fl’“ G |3 %‘dudv,
ov
N s

we arrive at the conveniently simpler double integral form,

//f NdS = // (% )dudv

* Clearly, in considering a surface integral of a vector field f, we presume
f to be defined over all of S.

* We also assume S is a smooth surface, at least in pieces, so that the
existence of a tangent plane at every point of S, at least piecewise,
implies in turn that at every point there exists a unit normal vector.
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% An important feature of this entire discussion concerns surface orien-
tation: we assume the surface S is piecewise oriented. For a surface to
be orientable it must possess a continuously varying normal, at least
piecewise (Figure 5.35).

Figure 5.35 Continuously turning normal N (7).

% From a very practical perspective the choice of parametrization of the
surface determines its orientation; a different choice of parametrization
can result in the opposite orientation. For example, r, X r, determines
a specific direction, while =] x 7!, gives the opposite direction.

* By convention the outside of a closed surface is denoted as the positive
side, and so we choose a parametrization for a closed surface so that
the resulting unit normal vector points to the positive side, i.e. out
from the region contained within the surface.

For future reference, it is significant to take note that the unit normal IV to a
(open) surface also specifies the orientation of the boundary (and vice versa;
see Definition 5.11)! Conventionally, if N satisfies the following condition
then the (open) surface S is said to be positively oriented.

If the little man % in Figure 5.36 walks around the boundary of S so that a
vector drawn from his feet to his head points in the same direction as N and
S is on the man’s left, then S is said to be positively oriented.

g N

Figure 5.36 Mnemonic for determining surface orientation.
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Remarks

* If S is closed we write

ﬂsf-dS:ﬁi(f-N)dS

and, as mentioned already, adopt the convention that IN is the out-
ward-pointing unit normal.

* Why is orientation so important? Consider the uniform field f and the
open surfaces in Figure 5.37. Of course, for practical purposes we need
to choose an IN for each surface, and once a choice is made we stick
with it. However, the choice of IN determines how one interprets the
travel of f:

If f- N >0 we say f travels out of 5,
if f- N <0 we say f travels into S.

N

Figure 5.37 The relation between surface normal N
and a vector field.
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N, S_

Figure 5.38 The sphere of radius a in Example 5.9.

B Example 5.9:

Determine the flux of the vector field f = (x,y,2z) through the surface S,
defined by 22 4+ y2 + 22 = a?.

Note that this surface shown in Figure 5.38 is a closed surface. Hence, we

assume the usual convention of taking the outward-pointing normal.

We divide the surface into the upper hemisphere,

S+ :{(‘Tayvz):Z:g(zvy)70§12+y2 §a2}

with an upward pointing normal, and the lower hemisphere,

S_ = {(xayaz) PR= —g(:r,y),O < z? +y2 < a2}
with a downward pointing normal.

a2 2 2

— 2.
The flux integral over the closed sphere can then be written as the sum of
two flux integrals:

-%f-dS:/S+f~dS+/Sf-dS.

With the Cartesian variables x and y as parameters, both S and S_ are
defined through a one-to-one relationship with points in the planar domain
D ={(z,y):0 < 2?+y? < a?}.

Hence, the flux integral through S can be rewritten (see Equation (5.2)) as

#f ds = //fwygwy)) (ag; 65;) dz dy

w ] #eagtean - (<5 x G2 dray

Here, g(z,y) = -
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where ro = (z,y,+tg(z,y)), and a minus sign is introduced in the second flux
integral to provide the correct surface normal direction.

ory dg ory dg
N — =(1,0,£— —_— 1,+—
Y ow ( )0, ax) nd y (O’ "oy

Thus,
ory  Org dg _0Og
—_— 1
(axxay) <:F8x:|:8’ ’
9 _ 2 2 2y—1/2 _ - _
where %—§(a —x*—y?) V2 (—2x) = e — g(%y),etc.

This gives the two normal vectors

ory  Org Ty
+(Z==ExZ=E)=(2,4,11
(8x x 8y) (g’g’ ’
and so

firo = flea (53) o

S
(5 ) e f (o
o ()

Since D is a disc we can use polar coordinates:

x=rcosl, y=rsinf, dedy =rdrdd, 2 +y? =r2

ﬁf dS_Q/QﬁdG/ (2“ __Zz)rdr

:47[{@2 \/% Va —rgrdr}

The final integrals can be evaluated easily using the substitution

u=a?—1r>= du=—2rdr:

ﬂf-dS:éln a® —1u1/22 ’ + _1u3/22 ’
s 20 e 27 3,

1 16
=4n {az.a + a33} = gna:g.
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Figure 5.39 (a) The cone S and projection D in MC 5.16;
(b) The hemisphere in MC 5.17.

#5  Mastery Check 5.16:
Calculate the flux of f = (22,32, 22) through the surface

S={r:2 =2 +4%1<2<2}

in the direction N - e5 > 0 (Figure 5.39(a)).

#5  Mastery Check 5.17:

Determine the flux of

f=(-y,z,2%> +2) through the surface S = {(z,y,2): 2%+y?+2%2=1,
z > 0} in Figure 5.39(b).
)

5.E Gauss’s theorem

In this section we consider the topic of the net fluxes through closed surfaces,
Figure 5.40.

Consider a C! field f : Dy C R¥ — R3 and a closed surface S which is the
boundary of a bounded volume V' C Dy.
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s

Figure 5.40 The field f passing into and out of a closed region S.

Field lines of f

With S being closed there will be some flux of f into S and some flux out of
S. Consequently, if we take IN to be the outward normal to .S, then # f-dS

will be a measure of the net flux of f out of S:

q:ﬂéf-NdS

Let’s now place this ¢ in a physical setting. Suppose f describes flow of water.
Then

e if ¢ > 0: this says that more water flows out of S than in, meaning that
there is a production of water inside V;

e if ¢ < 0: this says that less water flows out of S than in, meaning that
there is a destruction of water inside V;

e if ¢ = 0: this says that what flows in flows out of S, meaning that the
amount of water in V' is conserved.

From this interpretation one would naturally suspect that ¢ contains infor-
mation about what occurs inside V. That is, there is reason to suspect a
relationship of the form

/ / /V (production of f)dV = ﬁf - ds.

This is in fact exactly what Gauss’s' theorem states:

L This book uses this form of the possessive for proper names ending in “s”, such

as Gauss and Stokes [21, 22]. Some texts use the form “Gauss’ theorem”. The
theorems are the same however they are described.
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Theorem 5.3
Suppose f:R3 — R3 is a C' vector field defined on and within a
domain V' which is bounded by a piecewise smooth closed surface S which

in turn has a continuously varying outward unit normal N. Then

ﬂfds ///% %Jr%dv //Vf

Remarks

* The theorem implies that the divergence V - f is a measure of the local
production or local destruction of f inside V: V - f(x) is the source or
sink strength per unit volume of f at x € V.

* The theorem holds true only if N is the unit normal pointing away
from region V, as per the examples in Figure 5.41.

Figure 5.41 Two closed surfaces and their outward normals.

* The reference to “piecewise smooth” means that S can have edges, just
as long as S is closed.

* Gauss’s theorem is useful in rewriting relations involving surface and
volume integrals so that all terms can be combined under one integral
sign ([1] Chapter 18).

* If we apply the mean value theorem for multiple integrals to the volume
integral in Gauss’s theorem we get

N[ -pav=v-sm).v.

where f € C! and is bounded, and where Py is some point in V. If we
now take the limit of this result as V' — 0 and S — 0 so as to converge
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to the single point &, which will coincide with Py, then

V- f(z fhm—ﬂfds

where @ is common to all V' and S in this limit.
This result says that the divergence of a vector field f is the fluz per
unit volume of f out of a region of vanishing volume.

Figure 5.42 V as a z-simple region.

Sketch proof of Gauss’s theorem

We start by splitting the surface and volume integrals into their component
terms:

involves f involves f involves f3

It is always possible to treat S as the union of piecewise smooth surfaces and
V' as the union of simple domains (x-simple, y-simple, and z-simple).

Suppose now that V' is one of these cases, specifically a z-simple domain, as
in Figure 5.42: V = {x : h(z,y) < z < g(z,y), (x,y) € D}.
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(505,
On Si: Si={x:(z,y) €D, z=h(z,y)}, N = N0z oy”
On Ss: N5 is orthogonal to es.
o)
ox’ Oy’
On S;: Sz3={z:(x,y) €D, z=g9(x,y)}, N3=——"=—"—".

Now let’s work with the f3 component of the flux integral.

(fze3) - dS = fses - N)dS

ﬂ //51U52U53
/Sl faes - Ni) dS+//SZ W d5+/53 fres - Ny)d
] sepmans [[ g as
=L e = fff G

We can manipulate the other cases in analogous ways. Adding these contri-
butions we get the desired result. [

B Example 5.10:
Determine the flux of f = ( .3, 23) out of the sphere in Figure 5.38:
§={(z,y,2) 1 2* +y* + 2% = a’}.

The vector field f is clearly C!, and S is closed with a continuously varying
normal, IN. So we can use Gauss’s theorem.

ﬁif-dS:///VV-de
:///V (32% +3y° +32*)dV = 3///‘/ (2® +y* 4+ 2°) dV.

We naturally change to spherical coordinates. (See Mastery Check 4.7.)

x = psing cosf, y = psing sinf, z = pcoso, x>+ y* + 2% = p*.

The values 0 < p<a, 0<60<2n, 0< ¢ <7 cover all points in V, the
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interior of S. The differential dV = p?sin ¢ dp df d¢. Thus

z%,f.ds = 3[%7 (2? +y° +2%) AV

s \%
2n b4 a 27 b 1

23/ d9/ d¢/ p2.p’singdp = 3/ d9/ —a’singdo
0 0 0 0 0o

35 [ T 12na®
—ga/o d9[—cos<b}0 = .

5

What is good about Gauss’s theorem:

Assuming that the conditions of the theorem are satisfied, if we were asked
to evaluate /// g(x,y,2)dV, we could instead evaluateﬂ f-dS, where
1% s

V - f =g(z,y, z). On the other hand, if we were asked to evaluate# f-ds,
s

we could instead evaluate /// g(z,y,2z)dV.
v

In these cases we choose whichever integral is easiest to evaluate.

B Example 5.11:
According to Corollary 4.1.3, volumes of regions are found when g = 1. To
get g = 17 use f = %T. = %(x7y7z)’ or = (x,0,0), or = (07y70)

|

What is NOT so good about Gauss’s theorem:

The conditions on the theorem are strict. As given, the theorem states that

fras=[[[ v-rav

a) S is a closed surface. But not every problem that is posed involves a

is true only if

closed surface.

However, if the given S in a problem is not closed we can create a
convenient closed surface by complementing S:
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S — S = 5U Skira

closed extra bit
and then apply Gauss’s theorem on S, since, by Corollary 5.2.1, we

can argue that
//Sf-dSzﬁicf.dS—//; f'dsz///‘/v'fdv_//sxmf.ds.

(See Mastery Check 5.18.)

S*
G

Py

xtra
— by Gauss’s theorem on S,
at the middle step

Figure 5.43 Exclusion of the singular point Fp.

b) fis C* on S and in V. However, in some problems, f may be defined
on S so that we can evaluate a flux integral, but not defined at some
point Py within S, so we cannot use Gauss’s theorem.

However, we can always ezclude Py by enclosing it with another surface.
For example, suppose S is closed and is the boundary of V' containing
the singular point Py. Enclose Py in a new closed surface S*, as shown
in Figure 5.43.

Now S U S* is the boundary of a volume V*, and Py ¢ V*. Hence, with
the singular point now removed we can argue, again by appealing to
Corollary 5.2.1, that

ﬁéf-dS:ﬁgus*f-dS—#*de:///V*V-de— S*f-dS.

— by Gauss’s theorem on S U S*
at the middle step
(See Mastery Check 5.20.)
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Figure 5.44 (a) The cylinder 22 4+ y* = 1 in MC 5.18;
(b) The unit hemisphere in MC 5.19.

#5  Mastery Check 5.18:

How to use Gauss’s theorem when f is C! but S is not closed.

Determine the flux of f = (222, 2, 2?) through the cylinder
S={x:22+y?>=1, |z|<1} with outward-pointing normal (Figure
5.44(a)).

£

#3  Mastery Check 5.19:

Use Gauss’s theorem to find the flux of the vector field f = (—y,z, 22 + 2)
through the surface S = {(z,y, 2) : 2% + y? + 22 = 1, z > 0} (Figure 5.44(b)).
Voo

Figure 5.45 An arbitrary closed S enclosing (0,0, 0).
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#  Mastery Check 5.20:
How to use Gauss’s theorem if S is closed but f is not C' at some
point.

Determine the flux of f = — with r = (z,y, 2), through any closed

r
k—

r[?
surface, Figure 5.45, enclosing a volume V' which contains the point (0,0, 0).

Voa
45  Mastery Check 5.21:

Show that for the conditions of Gauss’s theorem and for two C? functions
¢, : R3 — R, the following integral identity holds:

//v (WV26 - ¢Viy)dv = ﬂs (¥V¢ — V) - NdS.

This is known as Green’s second identity ([5]) or Green’s formula ([13]).

o)
5.F Green’s and Stokes’s theorems
Returning to the subject of line integrals of vector fields, but focusing interest
on closed curves, we come to discuss Green’s theorem and Stokes’s theorem,
which do for circulation of vector fields (Page 255) what Gauss’s theorem

does for net fluxes (Page 273). However, before introducing the theorems we
shall first cover a few additional curve concepts.

T(B)\(ki)
of
r(a)

Figure 5.46 Curve types.

I. Additional notes on curves
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(i) For any smooth curve (Figure 5.46(a)) we can find or construct a
parametrization r = r(t), a <t < f[.

(ii) If r(o) = r(B) (Figure 5.46(b)), then the curve is closed.

(iii) If r(t1) = r(t2) for some a < t; <ty < B (Figure 5.46(c)), the curve is
self-intersecting.

(iv) If r(t1) = r(t2) for some a <t; <ty < B = t; = a,ts = (Figure
5.46(d)), the curve is closed and non-intersecting. Such a curve is called
a simple closed curve.

(v) Of crucial importance is the obvious fact that a simple closed curve in
3D can be the boundary of many open surfaces, in 3D, as indicated by
the three example surfaces in Figure 5.47.

S1, So, and S3, are
three examples of
surfaces with

the same boundary.

S 3

Figure 5.47 One contour, multiple surfaces.

So, in 3D, while an open surface has a unique boundary, which is a
simple closed curve, the converse is not true. In 3D, a closed curve
can be the boundary to an infinite number of surfaces. This becomes
important in the context of Stokes’s theorem (Page 287).

(vi) A parametrization of a curve defines its orientation:
t:a—b = wro=r(a) —rb =r

tra—p = r=r(a) —7r(B)="r0.

T1

P

To

Figure 5.48 One non-closed curve, two alternative directions.
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There are two alternatives to specifying orientation. The choice of alter-
native is obvious for a non-closed curve: Figure 5.48. For a closed curve
we need to be more precise, which the next definition and Figure 5.49
attempt to address.

Definition 5.11
A closed curve T, the boundary of an oriented surface S, has positive
orientation if

AN

(a) % where N is a unit surface normal, and

(b) as we walk around I' the surface is on our left.

S N

r

Figure 5.49 A positively oriented boundary.

B Example 5.12:

Figure 5.50 Surface and boundary orientation.

I" in Figure 5.50 is a positively oriented boundary to both S; and Ss, but not
53! [

II. Green’s theorem

In the case of R?, the ambiguity between a closed contour and the surface
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it encloses vanishes; a closed positively oriented curve defines and encloses
a unique region (Figure 5.51). We take advantage of that fact in the next
theorem which is valid for plane vector fields and plane regions (in 2D life is
much simpler).

We state and give a sketch proof of this important result, which was discov-
ered by a gentleman having no formal education at the time [18].

Theorem 5.4
Green’s theorem:

Let f(x,y) = fi(z,y)e1 + fa(x,y)es be a smooth 2D field defined on and
within the positively oriented simple closed boundary I' of a closed and
bounded region D C R%. Then

dr = 1(z,y)da + fo(z,y)dy = %—% dA.
]{f ff Y) fa(z,y)dy //

lme integral double integral

r

Figure 5.51 Domain D and its positively oriented boundary I.

Sketch proof of Green’s theorem (for a simply-connected domain)

Suppose D is z-simple and y-simple. As indicated in Figure 5.52 functions
d1, ¢a, Y1, and 9 can be found such that

D={(z,y):a<z<b d1(x) <y< dolr)}

and

D={(z,y):c<y<d, i(y) <z <y}

Suppose also that all integrals exist.

We shall show that // 294 = 7{ fady:
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Treating D as a y-simple domain we get

Y2(y)

fl,Geaa= [ [ G
1(y) aZIZ
d
= / fa(2(y),y) dy —/ fo(¥1(y),y) dy
(& (&

fody + fody = 7{f2dy~
P2 —1 T

An analogous argument treating D as an z-simple domain will show that

0
// fl dA = ]{ f1dx, and the theorem is proved.

Figure 5.52 D as an z-simple and y-simple domain.

B Example 5.13:

Use Green’s theorem to evaluate a line integral.

Calculate ]{ f(7r) - dr where T is the boundary of the rectangle
D = {(z,y) : 2 €0,4],y € [0,1]} when f = 3221 — 4zyj.
We have

/d:z:/ 1y 0)d :/04(—2)da::—8.

4 Mastery Check 5.22:
For the function f and curve I" as defined in Example 5.13, find ]{ f(r)-dr
r
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as a line integral, i.e. without using Green’s theorem.

oo
#5  Mastery Check 5.23:

Verify Green’s theorem for the curve integral
]{(3952 —8y?) dx + (4y — 6xy) dy
r

where T' is the boundary of the region D bounded by curves y = \/x and
y = 22 shown in Figure 5.53. 2y

Figure 5.53 D and its boundary: y = \/z and y = 22

Remarks

* As with Gauss’s theorem, this theorem asserts a relation between prop-
erties of f within a region and other properties on the boundary!

* Special choices of 2D fields allow for the calculation of areas of planar
regions using curve integrals, as in the next Mastery Check.

#3  Mastery Check 5.24:

Prove the preceding remark for each of the following cases. F =
rey; F =—ye;; F = %(—yel + zes).

Hint: Recall Corollary 4.1.3 which gives a formula for area, and compare
this with the statement of Green’s theorem.

£

* Green’s theorem is valid for more complicated regions. For example,
it works in the case of annular domains such as shown in Figure 5.54.
Take good note of the indicated orientations of the inner and outer
boundaries of the annular domain. In each case the curve complies
with Definition 5.11 so that Green’s theorem remains valid.
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Figure 5.54 The composite boundary I' = T'; UT's.

# If the plane field f is conservative then

7{f dr=0 = // %—% dA =0,

which motivates the following important theorem about conservative
fields.

Theorem 5.5
0fy  0fi

If the plane field f = (f1, f2) satisfies — = rm in a simply-connected
Ox Y

domain D then f is conservative in D.

ITI. Stokes’s theorem

Generalizing Green’s theorem to 3D we get what is commonly referred to
as Stokes’s theorem, which analogously relates properties of a vector field
around a boundary of an (unclosed) surface to properties of the field (in this
case the curl of the field) all over that surface.

Theorem 5.6
Suppose S is an oriented surface, piecewise smooth in R3, with unit nor-
mal N, and suppose that S is bounded by a piecewise smooth closed curve

I with positive orientation. If f = (fi(z,y, 2), f2(z,y,2), f3(x,y,2)) is a
3D smooth field defined on S, then

jéf-dr:/s(fo)-NdS.
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Remarks

* Suppose we apply the mean value theorem to the surface integral in
Stokes’s theorem:

//S(fo)~dS:(fo)TO~N(rO)//SdS

for f € C' and some point rg € S. In the limit, as S, — 0

1
(Vxf) -N(x)= lim —j{ f - dr (x common to all S in this limit)
r

r S—0 S

— the component of V x f normal to S at x € S
is the work done per unit area in traversing

an oriented contour I' of

vanishing length

* If f € C1(R3) is conservative, then by Theorem 5.2 % f-dr =0, and
r

Stokes’s theorem implies that // (Vxf)-dS=0.
S

x Conversely, if for f € C1(R3) we find that
0fi _0fy 0fs 0fi Ofs 0fq

By Oz’ Oxr 020 0y 0z

in some simply-connected domain, then

curl f =V x f=0.
— the vector field f is then said to be irrotational
and Stokes’s theorem implies that 7{ f-dr =0 for all closed curves I'

r
in that domain. That is, f is conservative. This important result is an
extension to 3D of Theorem 5.5 and warrants its own theorem status.

Theorem 5.7
If the CY wvector field f = (f1, f2, f3) satisfies V x f =0 in a simply-
connected domain D C R3, then f is conservative in D.

B Example 5.14:
Verify Stokes’s theorem for the C' vector field f = (vz,2y? + 22,7y + 2),
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where the contour I' is created by the intersection of the cone x =1 —
v/9? + 22 and the zy- and yz-planes, such that 0 < z <1, -1 <y <1, 2 > 0.
T is oriented counterclockwise as seen from (0,0, 10).

Solution: The geometrical situation is shown in Figure 5.55.

The piecewise curve I' comprises three part curves: I'y, I's, I's, which are
oriented as shown.

y2+z2:1 FZ
I : /( y
1
r=1+y T r=1—y

Figure 5.55 The cone z = 1 — \/y? + 22.

Note that no surface with which to verify the theorem is specified. How-
ever, two possibilities come to mind: The curved surface of the cone lying
above the xy-plane, and the piecewise combination of the two planar pieces
of the zy-plane and the yz-plane within the bottom triangle and semicircle,
respectively.

First, the curve integral, 7{ f-dr = (/ —I—/ —I—/ )f~dr, where
r Ty s I's

/f-dr:/ xzdx+(xy2+22)dy+(:vy+z)dz:/ zy*dy z,dz =0
Fl F1 1—‘1
1
1 1
= 1— 2d = - — = = —
/0( wy'dy = -7 = 15

and, with z =0, y = cosf, z =sin0,

f-d?“:/ f(r(@))-dldQZ/ ((251n9)(—sin9)—|—sin90059)d¢9
Iy 0 do 0
:—2/ sin29d9+1/ sin20df = —2.1.71 = —7
0 2 Jo 2

0
11
f-dr=/ﬂcy2dy=/ L+yydy = ;-7 = =
I I AR 374 12
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1
Therefore, adding these contributions we get / fdr = ——n+— =
r
1

- — T.

6
Now consider the surface integral, // (Vx f)-NdS.
s

The correct orientation of the cone surface is with IN pointing to +ve z.
i J k
0 0 )
Vxf=|=— = =
oxr 0 0
zz xy® + 22 xy + 2

= (z—2)i+ (z —9)j+ v’k

Consider the parametrization for a cone
x=1—7r, y=rcosh, z=rsinf; D={0<0<m, 0<r <1}
i

ox Oz J k
— X — = |—=1 cosf sinf | = ri+rcosbj+ rsinbdk.
or 00

0 —rsinf rcosf

//S(V < f)- / (Vxf)- 833 ) drdf (see Page 268)

it 1 1
:/0 (f +6cost97500320+16082981H9)d9~

and the theorem is verified.

The reader should redo the surface integral calculation using the piecewise
planar combination alternative.

Be mindful of choosing the correct surface orientation.

What is good about Stokes’s theorem:

Assuming that the conditions of the theorem are satisfied, if we were asked
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to evaluate the work 7{ f - dr around a closed contour, we could instead
r

evaluate [/ (V x f)- dS through any convenient surface that has I" as its
s

boundary.

Alternatively, if we were asked to evaluate / / (V x f)- dS through a given

S, we could instead evaluate the flux integral through any surface that has
the same curve I' as its boundary. — there is an infinity of choices
provided f is not singular

Or, we could evaluate % f - dr, if f could be deduced from the given expres-
r
sion V x f.

In these cases we choose whichever integral is easiest to evaluate. (See Mastery
Check 5.25.)

What is NOT so good about Stokes’s theorem:

The conditions on the theorem are strict. As given, the theorem states that

frf-dr://S(fo).ds

is true only if

(a) T is a closed contour. Unfortunately, not every problem posed involves
a closed curve. However, if the given curve I' is not closed, we make up
a convenient closed contour by complementing I':

I' =T, =TUTIka

closed extra bit
We can then apply Stokes’s theorem on I'; since, by Corollary 5.2.1, it
is reasonable to argue that

/Ff-drjgcf-dr/me.olr//S(fo).ols/F f-dr.

xtra
— by Stokes’s theorem on I’
at the middle step
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(b) f isnon-singular on S or I'. If f is singular somewhere, then it is harder
to deal with, and success will depend on the problem.

On the other hand, if we are asked to evaluate % f-dr, and f is

singular on the given S, we can introduce an extra closed contour I'¢
of small size € around the singular point on S so as to exclude it:
I' —T,.=TUT.. Introducing this new contour on S defines a new
surface S, bounded by composite boundary I'.. Hence, with the singu-
lar point now removed we can argue, again by appealing to Corollary
5.2.1, that

j{f«irﬁcfdrygef-dr = //SCfo~Nde}€f-dr.

— by Stokes’s theorem on T,
at the middle step

We then need to consider the contribution from the curve integral
around I’ in the limit € — 0 to regain the original surface S.

4 Mastery Check 5.25:
Determine ?{ f - dr, where

r
f = (y,z,zy) and T is the curve of intersection of the plane
r+y+2z=1and
planes z = y = z = 0 in Figure 5.56.

Orientation of I": counterclockwise seen from (10, 10, 10).

1

T

Figure 5.56 The intersection of x + y + 2z = 1 and the
coordinate planes.
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5.G Supplementary problems

Section 5.A

1. Given a C? curve in R? representing the trajectory of a particle and
described by the parametrization

r(t) =z()i+yt)j+z0)k 0<t<T,

express the position, velocity and acceleration of the particle in terms
of the local unit vectors T', N and B, the curvature x and torsion 7
of the curve, and the speed v of the particle. Give an interpretation of
your result for the particle’s acceleration.

Conversely, express xk and 7 in terms of v and a.

2. Find the curvature and torsion of the following smooth curves:
(a) r(t) = (t3,1%,t), when t = 1,
(b) 7(t) = (e',3t,e™%), when t = 1,

(c) (1)

(t,12, 2t3), for general t.

3. Suppose a smooth curve is to be parameterized specifically in terms of
arc length s rather than ¢. From the equations derived earlier, express
T, N and B in terms of s. Consequently, derive formulae for T"(s),
N'(s) and B’'(s) corresponding to those for T'(t), N'(t) and B’(t)
appearing in Definitions 5.4 and 5.5, and Mastery Check 5.4.

The formulae for TV(s), N'(s) and B’(s) are called Frenet-Serret for-
mulae and are fundamental to the differential geometry of space curves.

4. Consider the 3D circle of radius a with centre at r¢ described by
r(0) =ro+a(sin pcosd,sin psinf, cos ) with ¢= f(0) and 6€[0, 2],

where 6 and ¢ are spherical polar angle variables. Show that it has
constant curvature, k(f) = 1/a and that the curve’s torsion 7(6) = 0.
Hint: It may help to consider a few simple cases of circles.

With this exercise we provide some detail to the claims made in
Example 5.2.

5. The catenary curve in Figure 5.57(a) is the shape taken by a chain,
of uniform density per unit length, which is allowed to hang under its
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own weight.

Such a curve may be described by the vector function
r(t) =ati+acoshtj, —1 <t <1,

where a > 0 is a constant.

Calculate the length of this curve.

(a)

Figure 5.57 (a) The curve r(¢)i + acoshtj in Problem 4;
(b) The catenary curve in Problem 5.

. Suppose a piece of chain is allowed to hang under its own weight,

anchored at (0,a), a > 0, by a force acting horizontally in the negative
direction, and at some point (z,y), = > 0, y > a, by a force tangential
to the curve adopted by the chain.

Let the piece of chain have length s and let the curve be defined as
r(t) =x(t)i+ y(t)j, t > 0. Assume the density of the chain is p per
unit length, and that it is at rest while subject to tangential tension
forces at each end.

These two tension forces Fy and F; are shown in Figure 5.57(b).

Assume (from elementary mechanics) that the horizontal components
of these forces are equal and opposite, while the sum of the vertical
components is equal to the weight W = —pgsj of that portion of the
chain (acting through its centre of gravity).

Show that if the forces are in equilibrium then the curve adopted by
the chain is the catenary curve as defined in the last problem, with a
suitable choice of constants. Use the following steps:

d
(i) Show that % = ; for some constant A.
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ds ds VA2 +s2

|’ (t)| derive the result — = ————— and a similar

dx A

at

s
sult for —.
result for y

(ii) From

(iii) Determine z and y in terms of s.

(iv) Show that these equations are solved by setting x =M, y=
Acosht. That is, the curve is as described with the appropriate
choice of constants.

Section 5.B

7. For smooth scalar functions ¢ and ¢, verify that

V X (V) = V¢ x V.

8. For the C! fields F and G, verify that
V(F-G)=(F-V)G+ (G- V)F+F x(VxG)+Gx (VxF).

9. For the C! field F, verify that
Vx(Fxr)=F—(V-F)r+V(F-r)—rx(VxF).

10. For the C? field F, verify that
Vx(VxF)=V(V-F)-V?F.

r
11. Show that in 3D a field proportional to W is conservative.
T

Show also that this field is solenoidal.

p
—r
2meg|r|?

uniformly charged wire of infinite length) is conservative.

12. Show that the 2D electrostatic field E = (a field due to a

13. Derive and solve the equations for the field lines corresponding to the
T
3D vector field W7 r # 0. Hence, show that these correspond to radial
T
lines emanating from the origin.

14. Suppose the C* vector field F satisfies V - F' = 0 in a domain D C R3.
If

! r
G(z,y,2) :/0 tF (r(t)) x (ciTtdt
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with r(t) = (xt, yt, 2t) for t € [0, 1], show that V x G = F'. This shows
that G is a vector potential for the solenoidal field F' for points
(z,y,2) € D.

Section 5.C

15.

16.

17.

18.

19.

20.

Evaluate

(4,0)
/(0 . (22 + %) dx

along the path y = /4 — z.

(4,0)
/ (2® +y?)dr
(

0,2)

Evaluate

along the path y = /4 — z.

(1,0
/ y(1+z)dy
(

~1,0)

Evaluate

a) along the z-axis; b) along the parabola y = 1 — 2.

Along what curve of the family y = kz(1 — x) does the integral
(1,0)
/ y(z —y)dz
(0,0)

have the largest value?

Suppose a particle experiences a force directed to the origin with mag-
nitude inversely proportional to its distance from the origin. Evaluate
the work done by the force if the particle traverses the helical path
r(t) = (acost,asint,bt) for t € [0, 2x].

Compute / A -dr, where A = —yi+ 2xj + zk, and T is a circle in the
r
plane = y with centre (1, 1,0) and radius 1.

Orientation: T' is traversed counterclockwise as seen from (1,0,0), as
shown in Figure 5.58.
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Figure 5.58 A circle intersecting the zy-plane.

21. Compute / A - dr, where
r
A =224 (@ + )+ (2 + v + 20k,
and T is the boundary of {(x,y,2) :x+y+2z=1,2>0, y >0, 2>0}.

Orientation: T' is traversed counterclockwise as seen from the point
(10,10, 10), as shown in Figure 5.56.

Section 5.D

22. Evaluate // (22 +y — 32%)dS, where S is defined by
s
r(u,v) =ui+vj+uk, 0<u,v<1.

23. Evaluate // (62 4y — 2%)dS, where S is defined by
s
r(u,v) =uit+u?j+ok, 0<u,v<1.

24. Let S be the ellipsoid

2?2 2? 2P

ctpta=h

and p(x,y, z) be the length of the perpendicular from the plane, that
is tangent to S at (z,y,z) € S, to the origin. Show that the surface

integral
sp 3 PN Ta)



298 Vector calculus

Section 5.E

25. Use Gauss’s theorem to determine the flux of the vector field
f= (2% +y?% 9%+ 22, 22 + 2?) through the surface of the cone
S={(z,y,2): 22 +y*—(2—-2)2=0,0<2<2, N-e3 >0} (Figure
5.59).

X

Figure 5.59 The cone 22 +y? = (z — 2)2.

26. Suppose the region D C R? is bounded by a closed surface S. Using
Gauss’s theorem as a basis, prove the following variants of the theorem:

///D(VXF)dvz%(NxF)ds
JI[ vorav =) @onas

27. Let A be the area of a region D of the surface of a sphere of radius R
centred at the origin. Let V' be the volume of the solid cone comprising
all rays from the origin to points on D. Show that

1
= -AR.
Vv 3 R

28. Show that the electric intensity due to a uniformly charged sphere at
points outside the sphere is the same as if the charge were concentrated
at the centre, while at points inside the sphere it is proportional to the
distance from the centre.
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Section 5.F

29.

30.

31.

32.

33.

Verify Green’s theorem for the integral
]{(mQ +y)de — zy? dy
r

where T' is the boundary of the unit square with vertices (in order)
(0,0), (1,0), (1,1), (0,1).

Verify Green’s theorem for the integral
%(m—y)dx%—(m—i—y)dy
r

where I', shown in Figure 5.60, is the boundary of the area in the first
quadrant between the curves y = 22 and y? = z taken anticlockwise.

Figure 5.60 The closed contour I'.

Verify Green’s theorem for the integral
}{(x —2y)dx + zdy
r

where T is the boundary of the unit circle 22 + y? = 1 taken anticlock-
wise.

Use Green’s theorem to evaluate
§ 20y +17) do+ (@ 4 wg)ady
r

where I' is the boundary taken anticlockwise of the region cutoff from
the first quadrant by the curve y? =1 — 23.

The intersection of the ellipsoid x2/2 +y? + (2 —1)2/4 =1 and the
plane z + 2z =2 is a closed curve. Let I' be that part of the curve
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34.

35.
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lying above the zy-plane directed from, and including, (1, —1,0) to,

2
and including, (1, ,0). Evaluate ¢, F - dr if

2 1 1
F(z,y,2) = (22 - 337213) i+ (%) j+ <422y4 - 21/2) k.

Let I' be the curve of intersection of the surfaces

Sl = {(x,y,z) :4332 +4y2 +Z2 :40}7
So :{(xayaz):$2+y2_22:0,2>0}.

Evaluate ¢ F - dr if
_ Yy . x . 2
F(z,y,2) = <x2+y2 —z>1+ <x—x2+y2>J+(y+x )k.

Suppose I' is the curve of intersection of surfaces z? +y? = x and
1 — 22 — y? = z, while vector field f = (y, 1, z). Evaluate $p f - dr.




Glossary of symbols

a,b,c,ay, ..., by, ...

x?y? Z? u’v’w7 s7t

w,v,u,v, U,

Scalar constants (usually).
Variables, assumed continuous.

Vector variables or vector constants.

f,9,h, F,G, H Functions (usually).

F®) (1) The k*M-order derivative of F(x).

m,n,t Discrete integer variables.

R Real one-dimensional space; the real line.

R" n=223,... Real n-dimensional space. R3 is the 3-dimensional
space we inhabit.

V.S A volume region, and a surface embedded, in R",
n > 3.

D¢y D, R Domain of a function f; a general region and a
rectangular region, respectively, (of integration)
in R™.

M A subset of R™; n is usually specified in context.

Me,0M The complement, and the boundary, of a set M.

M The closure of a set M: M = M UOM.

N,n Unit normal vector and non-unit normal vector to
a surface S C R3.

||, |ul Absolute value of scalar z, and the magnitude of
vector u.

|A| Determinant of square matrix A.
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ij,k

€1,€2,€3

0,9

a, 3,y

w.r.t.

df _
dx

(fog)(x)
of _
or

OTL (Rm)

\Zi
V-f
V xf

Unit vectors in the x-, y-, & z-directions, respec-
tively.

Another way of writing i, j, k, respectively.

Angles (usually). The symbol ¢ is also used to
denote a scalar potential field in R"n > 2.

Components of a fixed vector (usually). Angles
(sometimes).

“equivalent to”, “there exists”, and “for all”.
“belongs to” or “is a member of”.

“is a subset of” or “is contained within”.
AN B is the intersection of two sets A, B.
AU B is the union of two sets A, B.

An undefined, undeclared, or generic, argument of
a function.

“such that”.

(Inside a set-builder like {z : x < 0}) “such that”.
“with respect to”.

Notation for the total derivative of a function
fof z.

Composite function; equivalent to f (g(m))

The partial derivative w.r.t. = of a function f of
two or more variables.

The set of continuous functions defined on the space
R™ (m > 1) having continuous derivatives of order
up to & including n.

The vector differential operator, “del”.

The gradient of a scalar function f, “grad f”.
The divergence of a vector function f, “div f”.
The rotation vector of a vector field f, “curl f”.
The Jacobian determinant (usually).

A linear operator, a level set, a line, or a length,
depending on context.



Glossary of symbols

—, =
—

L

Field
Theorem
Corollary
1D, 2D, 3D
ODE

PDE

b.c.

b.v.p.

303

Implication: “this implies” or “this results in”.
“if and only if” or “equivalent to”.

“is orthogonal to”, “is perpendicular to”, or “is at
right-angles to”.

“is parallel to”.
“is much less than”.
“is greater than and also less than”.

fraz—y (or f:z—y) “function f maps point
2 to point y” (point mapping).

Context dependent: f: A— B (or f:A— B)
“function f maps from set A into set B” (set
mapping); £ — 0 (or £ — 0) “x converges to 0”;
“tends to”.

A scalar or vector function on R™, n > 2.

A proposition that can be proved to be true.

A result that follows immediately from a theorem.
“one dimension” or “one-dimensional”, etc.
“ordinary differential equation”.

“partial differential equation”.

“boundary condition”.

“boundary-value problem”.
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A

Absolute maximum, 133
Absolute minimum, 133
Analytic functions, 115
Antisymmetric functions, 215
Arc length, 231

B

Ball-and-stick model, 86, 88, 91, 93

Bijective transformations, 199, 201,
211, 214

C

Cauchy-Schwarz inequality, 11
Chain rule, 63, 84, 89, 91, 97, 237
Class (of differentiable functions), 83
Composite function, 84, 88, 91
Conic sections, 34-35

Continuous function, 21-24, 52
Critical point, 126, 130
Cross-derivative, 81

Curl of a vector, 242, 287

Curl of a vector field, 241
Curvature, 230

Curve integral, 246

Cylindrical coordinates, 26

D

Derivative, 50, 52

Determinant, 8, 108, 109
Differentiable function, 68, 70-74
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Differential, 236, 250
Differential of a function, 146
Directional derivative, 75
Distance function, 150
Divergence of a vector field, 240
Domain of a function, 18

E

Element of surface area, 262, 264, 267
Ellipsoid, 37

Equation of a line, 6

Equation of a plane, 4

Error analysis, 145

Extension of a function, 187
Extreme point, 125

F

Field, vector, see Vector field
Floodgate model, 84, 87, 89, 91, 95
Flux through a surface, 266273
Function mapping, 18

G

Gauss’s theorem, 273
Gradient, 235, 236

Gradient function, 77-79, 143
Green’s theorem, 281, 284

H
Hessian matrix, 129
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I
Implicit functions, 101-111
Improper integral, 193, 194-197
Integral, 180
Integration
Change of variables, 198-203
Complex domains, 187-192
Double integral, 181, 184, 199
Iterated integral, 184-187, 207-—
210, 214
Slicing, 184, 207
Triple integrals, 205212
Volume element, 212

J
Jacobian, 110, 111, 112, 201, 212, 214
Jacobian matrix, 235

L
Lagrange multiplier, 143, 145
Lagrangian function, 143
Laplacian operator, 159, 162
Least squares
Fitting a curve, 149
Fitting a straight line, 147
Function approximation, 150
Leibniz’s rule, 99, 100
Level curve, 78, 102, 143
Level sets, 31, 36, 38—42, 101, 141
Level surface, 78, 105
Limits, 53
Limit laws, 54
Limits in 2D, 5562
Standard limits, 24
Line integral, 246, 253
Line of intersection, 108
Linear approximation, 68, 102
Local approximation, 128
Local maximum point, 125, 130
Local minimum point, 125, 130

M
Maclaurin polynomial, 116
Moving trihedral, 230

Index

N
Neighbourhood, 14, 53

(0]
One-to-one transformations, 201
Open sphere, 14
Optimization, 135

Compact domains, 135

Free of constraints, 137

How to play, 138

Under constraints, 140
Orientation of a surface, 283, 287
Osculating plane, 230

P
Partial derivative, 62, 64, 80, 89
PDEs, 152
Boundary conditions, 154
Boundary-value problem, 160,
162, 163
Diffusion equation, 158, 160
Dirichlet problem, 157
Discriminant, 153
Harmonic function, 157
Heat equation, 158, 160
Initial conditions, 154
Laplace equation, 156
Laplacian operator, 157
Poisson equation, 157
Separation of variables, 162, 164
Wave equation, 161, 162
Eigenfunctions, 166
Eigenvalues, 166
Homogeneous equation, 161
The ideal string, 162
Point in space, 9
Polar coordinates, 25
Principle of superposition, 167

Q
Quadratic form, 129

R

Range of a function, 18
Regular points, 228

Riemann integral, see Integral
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Riemann sum, 178, 180, 205 A"
Right-hand rule, 5 Vector field, 238
Circulation, 281
Conservative field, 244, 245, 258

S Derivative matrix, 236
Saddle point, 127, 130, 132, 171 Electrostatic field, 239
Scalar, 2 Equipotential surfaces, 245
Scalar functions, 17 Gradient field, 77, 239
Sets Gravitational field, 238
Boundary point, 133 Irrotational field, 288
Connected set, 259 Scalar potential, 244, 245
Open, closed, bounded, compact, Vector identities, 243
12-16 Vector-valued functions, 223, 235
Singularity, 52, 62, 68, 133 Vectors
Smooth curve, 226 Angle between vectors, 4
Spherical coordinates, 26 Binormal vector, 229
Squeeze theorems, 24, 54 Orthogonal vectors, 4
Stationary point, 130 Principal normal vector, 229
Stokes’s theorem, 287 Rules for differentiating, 226
Surface integral, 232, 260 Scalar product, 4, 6, 67, 76, 77
Symmetric functions, 215 Scalar triple product, 7-8, 212

Tangent vector, 229, 232
Unit vector, 2

T Vector (cross) product, 3, 5, 227
Tangent line approximation, 111 Vector field identities, 243
Tangent plane, 66, 67, 71, 106, 234 Vector triple product, 9
Tangent vector, 236 Volume, 181, 185

Taylor series, 113, 115, 128

Torsion, 230

Triangle inequality, 11 \)\%

Triple integral, 205 Work done, 251
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