Concepts in Calculus III

Beta Version

UNIVERSITY PRESS OF FLORIDA

Florida A&M University, Tallahassee
Florida Atlantic University, Boca Raton
Florida Gulf Coast University, Ft. Myers
Florida International University, Miami

Florida State University, Tallahassee

New College of Florida, Sarasota
University of Central Florida, Orlando
University of Florida, Gainesville
University of North Florida, Jacksonville
University of South Florida, Tampa

University of West Florida, Pensacola

Orange Grove Texts Plus






Concepts in Calculus Il
Multivariable Calculus, Beta Version

Sergei Shabanov

University of Florida Department of
Mathematics

UNIVERSITY PRESS OF FLORIDA
Gainesville e Tallahassee ® Tampa e Boca Raton

Pensacola e Orlando e Miami e Jacksonville ¢ Ft. Myers e Sarasota



Copyright 2012 by the University of Florida Board of Trustees on behalf of the University of
Florida Department of Mathematics

This work is licensed under a modified Creative Commons Attribution-Noncommercial-No
Derivative Works 3.0 Unported License. To view a copy of this license, visit http://
creativecommons.org/licenses/by-nc-nd/3.0/. You are free to electronically copy, distribute, and
transmit this work if you attribute authorship. Howewver, all printing rights are reserved by the
University Press of Florida (http://www.upf.com). Please contact UPF for information about
how to obtain copies of the work for print distribution. You must attribute the work in the
manner specified by the author or licensor (but not in any way that suggests that they endorse
you or your use of the work). For any reuse or distribution, you must make clear to others the
license terms of this work. Any of the above conditions can be waived if you get permission from
the University Press of Florida. Nothing in this license impairs or restricts the author’s moral

rights.

ISBN 978-1-61610-157-2

Orange Grove Texts Plus is an imprint of the University Press of Florida, which is the scholarly
publishing agency for the State University System of Florida, comprising Florida A&M
University, Florida Atlantic University, Florida Gulf Coast University, Florida International
University, Florida State University, New College of Florida, University of Central Florida,
University of Florida, University of North Florida, University of South Florida, and University of
West Florida.

University Press of Florida
15 Northwest 15th Street
Gainesville, FL 32611-2079

Florida Distance
Learning Consortium

http://www.upf.com



Contents

Chapter 11. Vectors and the Space Geometry

71.
72.
73.
74.
75.
76.
77.
78.

Rectangular Coordinates in Space
Vectors in Space

The Dot Product

The Cross Product

The Triple Product

Planes in Space

Lines in Space

Quadric Surfaces

Chapter 12. Vector Functions

79.
80.
81.
82.
83.
84.

Chapter 13. Differentiation of Multivariable Functions
85.
86.
87.
88.
89.
90.
91.
92.
93.
94.
95.
96.

Curves in Space and Vector Functions
Differentiation of Vector Functions
Integration of Vector Functions

Arc Length of a Curve

Curvature of a Space Curve

Practical Applications

Functions of Several Variables
Limits and Continuity

A General Strategy to Study Limits
Partial Derivatives

Higher-Order Partial Derivatives

Chain Rules and Implicit Differentiation
Linearization of Multivariable Functions
The Differential and Taylor Polynomials
Directional Derivative and the Gradient

Maximum and Minimum Values

Maximum and Minimum Values (Continued)

Lagrange Multipliers

11
21
31
40
48
o4
62

73
79
84
89
96
101
109

123
123
129
136
145
149
158
162
167
174
180
186
191

Chapter and section numbering continues from the previous volume in the series,
Concepts in Calculus II.



vi

CONTENTS

Chapter 14. Multiple Integrals

97.

98.

99.
100.
101.
102.
103.
104.
105.
106.
107.
108.
109.

Double Integrals

Properties of the Double Integral
Iterated Integrals

Double Integrals Over General Regions
Double Integrals in Polar Coordinates
Change of Variables in Double Integrals
Triple Integrals

Triple Integrals in Cylindrical and Spherical Coordinates
Change of Variables in Triple Integrals
Improper Multiple Integrals

Line Integrals

Surface Integrals

Moments of Inertia and Center of Mass

Chapter 15. Vector Calculus

110.
11.
112.
113.
114.
115.

Line Integrals of a Vector Field
Fundamental Theorem for Line Integrals
Green’s Theorem

Flux of a Vector Field

Stokes” Theorem

Gauss-Ostrogradsky (Divergence) Theorem

201
201
207
211
215
222
227
234
243
250
254
261
265
273

283
283
288
297
303
310
315



CHAPTER 11

Vectors and the Space Geometry

Our space may be viewed as a collection of points. Every geometri-
cal figure, such as a sphere, plane, or line, is a special subset of points in
space. The main purpose of an algebraic description of various objects
in space is to develop a systematic representation of these objects by
numbers. Interestingly enough, our experience shows that so far real
numbers and basic rules of their algebra appear to be sufficient to de-
scribe all fundamental laws of nature, model everyday phenomena, and
even predict many of them. The evolution of the Universe, forces bind-
ing particles in atomic nuclei, and atomic nuclei and electrons forming
atoms and molecules, star and planet formation, chemistry, DNA struc-
tures, and so on, all can be formulated as relations between quantities
that are measured and expressed as real numbers. Perhaps, this is
the most intriguing property of the Universe, which makes mathemat-
ics the main tool of our understanding of the Universe. The deeper
our understanding of nature becomes, the more sophisticated are the
mathematical concepts required to formulate the laws of nature. But
they remain based on real numbers. In this course, basic mathematical
concepts needed to describe various phenomena in a three-dimensional
Euclidean space are studied. The very fact that the space in which
we live is a three-dimensional Euclidean space should not be viewed as
an absolute truth. All one can say is that this mathematical model of
the physical space is sufficient to describe a rather large set of physical
phenomena in everyday life. As a matter of fact, this model fails to
describe phenomena on a large scale (e.g., our galaxy). It might also
fail at tiny scales, but this has yet to be verified by experiments.

71. Rectangular Coordinates in Space

The elementary object in space is a point. So the discussion should
begin with the question: How can one describe a point in space by real
numbers? The following procedure can be adopted. Select a particular
point in space called the origin and usually denoted O. Set up three
mutually perpendicular lines through the origin. A real number is
associated with every point on each line in the following way. The
origin corresponds to 0. Distances to points on one side of the line

1



2 11. VECTORS AND THE SPACE GEOMETRY

from the origin are marked by positive real numbers, while distances
to points on the other half of the line are marked by negative numbers
(the absolute value of a negative number is the distance). The half-lines
with the grid of positive numbers will be indicated by arrows pointing
from the origin to distinguish the half-lines with the grid of negative
numbers. The described system of lines with the grid of real numbers
on them is called a rectangular coordinate system at the origin O. The
lines with the constructed grid of real numbers are called coordinate
azes.

71.1. Points in Space as Ordered Triples of Real Numbers. The position
of any point in space can be uniquely specified as an ordered triple of real
numbers relative to a given rectangular coordinate system. Consider
a rectangle whose two opposite vertices (the endpoints of the largest
diagonal) are the origin and a point P, while its sides that are adjacent
at the origin lie on the axes of the coordinate system. For every point P
there is only one such rectangle. The rectangle is uniquely determined
by its three sides adjacent at the origin. Let the number x marks the
position of one such side that lies on the first axis, the numbers y and z
do so for the second and third sides, respectively. Note that, depending
on the position of P, the numbers x, y, and z may be negative, positive,
or even 0. In other words, any point in space is associated with a
unique ordered triple of real numbers (z,y, z) determined relative to a
rectangular coordinate system. This ordered triple of numbers is called
rectangular coordinates of a point. To reflect the order in (x,y, z), the
axes of the coordinate system will be marked as x, y, and z axes. Thus,
to find a point in space with rectangular coordinates (1,2, —3), one has
to construct a rectangle with a vertex at the origin such that its sides
adjacent at the origin occupy the intervals [0, 1], [0, 2], and [—3, 0] along
the x, y, and z axes, respectively. The point in question is the vertex
opposite to the origin.

71.2. A Point as an Intersection of Coordinate Planes. The plane con-
taining the x and y axes is called the xy plane. For all points in this
plane, the z coordinate is 0. The condition that a point lies in the zy
plane can therefore be stated as z = 0. The xz and yz planes can be
defined similarly. The condition that a point lies in the xz or yz plane
reads y = 0 or z = 0, respectively. The origin (0,0,0) can be viewed
as the intersection of three coordinate planes x =0, y = 0, and z = 0.
Consider all points in space whose z coordinate is fixed to a particular
value z = zg (e.g., 2z = 1). They form a plane parallel to the xy plane
that lies |zo| units of length above it if z5 > 0 or below it if z5 < 0.
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FiGURE 11.1. Left: Any point P in space can be viewed
as the intersection of three coordinate planes x = xg, y =
Yo, and z = zp; hence, P can be given an algebraic de-
scription as an ordered triple of numbers P = (zg, Yo, 20)-
Right: Translation of the coordinate system. The origin
is moved to a point (zg, Yo, 20) relative to the old coor-
dinate system while the coordinate axes remain parallel
to the axes of the old system. This is achieved by trans-
lating the origin first along the x axis by the distance z
(as shown in the figure), then along the y axis by the
distance 19, and finally along the z axis by the distance
20- As a result, a point P that had coordinates (x,y, 2)
in the old system will have the coordinates ' = x — x,
Yy = y—1o, and 2’ = z— 2z in the new coordinate system.

A point P with coordinates (g, 4o, z0) can therefore be viewed as an
intersection of three coordinate planes v = o, y = ¥y, and z = 2y as
shown in Figure 11.1. The faces of the rectangle introduced to specify
the position of P relative to a rectangular coordinate system lie in the
coordinate planes. The coordinate planes are perpendicular to the cor-
responding coordinate axes: the plane x = xq is perpendicular to the
x axis, and so on.

71.3. Changing the Coordinate System. Since the origin and directions
of the axes of a coordinate system can be chosen arbitrarily, the co-
ordinates of a point depend on this choice. Suppose a point P has
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coordinates (z,y, z). Consider a new coordinate system whose axes are
parallel to the corresponding axes of the old coordinate system, but
whose origin is shifted to the point O’ with coordinates (xg,0,0). It
is straightforward to see that the point P would have the coordinates
(x — x0,y, z) relative to the new coordinate system (Figure 11.1, right
panel). Similarly, if the origin is shifted to a point O’ with coordinates
(0, Yo, 20), while the axes remain parallel to the corresponding axes of
the old coordinate system, then the coordinates of P are transformed as
(111) (l’,y,Z) - (‘r—xO;y_yO,Z_ZO)'

One can change the orientation of the coordinate axes by rotating
them about the origin. The coordinates of the same point in space are
different in the original and rotated rectangular coordinate systems.
Algebraic relations between old and new coordinates, similar to (11.1),
can be established. A simple case, when a coordinate system is rotated
about one of its axes, is discussed at the end of this section.

It is important to realize that no physical or geometrical quantity
should depend on the choice of a coordinate system. For example, the
length of a straight line segment must be the same in any coordinate
system, while the coordinates of its endpoints depend on the choice of
the coordinate system. When studying a practical problem, a coordi-
nate system can be chosen in any way convenient to describe objects in
space. Algebraic rules for real numbers (coordinates) can then be used
to compute physical and geometrical characteristics of the objects. The
numerical values of these characteristics do not depend on the choice
of the coordinate system.

71.4. Distance Between Two Points. Consider two points in space, P;
and P,. Let their coordinates relative to some rectangular coordinate
system be (x1,y1, 21) and (9, ya, 22), respectively. How can one calcu-
late the distance between these points, or the length of a straight line
segment with endpoints P; and P»,? The point P; is the intersection
point of three coordinate planes * = x1, y = 1, and z = z;. The
point P5 is the intersection point of three coordinate planes z = xo,
y = 19, and z = z5. These six planes contain faces of the rectangle
whose largest diagonal is the straight line segment between the points
P, and P,. The question therefore is how to find the length of this
diagonal.

Consider three sides of this rectangle that are adjacent, say, at the
vertex P;. The side parallel to the x axis lies between the coordinate
planes * = x; and x = x, and is perpendicular to them. So the
length of this side is |3 — x1|. The absolute value is necessary as the
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difference x5 — x1 may be negative, depending on the values of x; and
Z9, whereas the distance must be nonnegative. Similar arguments lead
to the conclusion that the lengths of the other two adjacent sides are
lys — 11| and |22 — 21| If a rectangle has adjacent sides of length a, b,
and ¢, then the length d of its largest diagonal satisfies the equation

P =a>+0*+2.

Its proof is based on the Pythagorean theorem (see Figure 11.2). Con-
sider the rectangle face that contains the sides a and b. The length f
of its diagonal is determined by the Pythagorean theorem f? = a2+ b2.
Consider the cross section of the rectangle by the plane that contains
the face diagonal f and the side c¢. This cross section is a rectangle
with two adjacent sides ¢ and f and the diagonal d. They are related
as d*> = f2+c? by the Pythagorean theorem, and the desired conclusion
follows.

P b C

FIGURE 11.2. Distance between two points with coor-
dinates P, = (z1,y1,21) and Py = (x2,ys, 22). The line
segment P, P, is viewed as the largest diagonal of the
rectangle whose faces are the coordinate planes corre-
sponding to the coordinates of the points. Therefore, the
distances between the opposite faces are a = |21 — x|,
b= |y1 — 2|, and ¢ = |23 — 2z3|. The length of the diag-
onal d is obtained by the double use of the Pythagorean
theorem in each of the indicated rectangles: d? = ¢? + f?
(top right) and f? = a® + b* (bottom right).



6 11. VECTORS AND THE SPACE GEOMETRY

Put a = |[za—x1], b = |y2— 1|, and ¢ = |29 —21|. Thend = |P, P| is
the distance between P, and P,. The distance formula is immediately
found:

(11.2) |PLPy| = /(22 — 21)2 + (y2 — y1)? + (22 — 21)2.

Note that the numbers (coordinates) (x1,y1, 21) and (x2, yo, 22) depend
on the choice of the coordinate system, whereas the number |P; Py| re-
mains the same in any coordinate system! For example, if the origin of
the coordinate system is translated to a point (xg, yo, 2o) while the ori-
entation of the coordinate axes remains unchanged, then, according to
rule (11.1), the coordinates of Py and P, relative to the new coordinate
become (x1 — o, Y1 — Yo, 21 — 20) and (z2 — xg, Y2 — Yo, 22 — 20), reSpec-
tively. The numerical value of the distance does not change because
the coordinate differences, (zo — z9) — (1 — z9) = x2 — 21 (similarly
for the y and z coordinates), do not change.

Rotations in Space. The origin can always be translated to P; so
that in the new coordinate system P is (0,0,0) and P, is (xg — 1, Yo —
Y1, 22 — 21). Since the distance should not depend on the orientation of
the coordinate axes, any rotation can now be described algebraically
as a linear transformation of an ordered triple (x,y,z) under which
the combination x? + y? + z? remains invariant. A linear transforma-
tion means that the new coordinates are linear combinations of the
old ones. It should be noted that reflections of the coordinate axes,
x — —ux (similarly for y and z), are linear and also preserve the dis-
tance. However, a coordinate system obtained by an odd number of
reflections of the coordinate axes cannot be obtained by any rotation
of the original coordinate system. So, in the above algebraic definition
of a rotation, the reflections should be excluded.

71.5. SpheresinSpace. In this course, relations between two equivalent
descriptions of objects in space—the geometrical and the algebraic—
will always be emphasized. One of the course objectives is to learn
how to interpret an algebraic equation by geometrical means and how
to describe geometrical objects in space algebraically. The simplest
example of this kind is a sphere.

Geometrical Description of a Sphere. A sphere is a set of
points in space that are equidistant from a fixed point. The fixed point
is called the sphere center. The distance from the sphere center to any
point of the sphere is called the sphere radius.

Algebraic Description of a Sphere. An algebraic description of
a sphere implies finding an algebraic condition on coordinates (z,y, 2)
of points in space that belong to the sphere. So let the center of the
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F1GURE 11.3. Left: A sphere is defined as a point set
in space. Each point P of the set has a fixed distance R
from a fixed point Fy. The point F, is the center of the
sphere, and R is the radius of the sphere.

Right: Transformation of coordinates under a rotation
of the coordinate system in a plane.

sphere be a point Py with coordinates (zg, o, z0) (defined relative to
some rectangular coordinate system). If a point P with coordinates
(x,y, z) belongs to the sphere, then the numbers (z,y, z) must be such
that the distance |PP,| is the same for any such P and equal to the
sphere radius, denoted R, that is, |PPy| = R or |PPy|*> = R? (see
Figure 11.3, left panel). Using the distance formula, this condition can
be written as

(11.3) (2 — 20)2 + (y — 9o)? + (2 — 20) = R2.

For example, the set of points with coordinates (z,y, z) that satisfy the
condition 2% 4 y? + 2% = 4 is a sphere of radius R = 2 centered at the
origin xg = yp = 2o = 0.

71.6. Algebraic Description of Point Sets in Space. The idea of an alge-
braic description of a sphere can be extended to other sets in space. It
is convenient to introduce some brief notation for an algebraic descrip-
tion of sets. For example, for a set S of points in space with coordinates
(x,y, z) such that they satisfy the algebraic condition (11.3), one writes

§={@v2) | @—a0f+ (w0 + (z - 2)* = B}

This relation means that the set S is a collection of all points (z,y, 2)
such that (the vertical bar) their rectangular coordinates satisfy (11.3).
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Similarly, the xy plane can be viewed as a set of points whose z coor-

dinates vanish:
P = {(x,y,z) z = 0}.

The solid region in space that consists of points whose coordinates are
non negative is called the first octant:

01:{(:E,y,z)‘xZO,yZO,ZZO}.
The spatial region
B:{(x,y,z) ‘ x>0, y>0, 2>0, $2+y2+22<4}

is the collection of all points in the portion of a ball of radius 2 that
lies in the first octant. The strict inequalities imply that the boundary
of this portion of the ball does not belong to the set B.

71.7. Study Problems.

Problem 11.1. Show that the coordinates of the midpoint of a straight
line segment are

T1+x2 Y1+Y2 21+ 2
2 2 2
if the coordinates of its endpoints are (x1,y1,21) and (2, Ya, 22).

SOLUTION: Let P; and P, be the endpoints and let M be the midpoint.
One has to verify the condition |P,M| = |MPy| or |P,M|? = |M P, |?
by means of the distance formula. The z-coordinate differences for
the segments PoM and M P, read x5 — (21 + 22)/2 = (22 — 21)/2 and
(x1 + x2)/2 — 21 = (22 — x1)/2, respectively; that is, they coincide.
Similarly, the differences of the corresponding y and z coordinates are
the same. By the distance formula, it is then concluded that |PyM|? =
M Py |% O

Problem 11.2. Let (x,y,z) be coordinates of a point P. Consider
a new coordinate system that is obtained by rotating the x and y axes
about the z axis counterclockwise as viewed from the top of the z axis
through an angle ¢. Let (2',y', 2") be coordinates of P in the new coor-
dinate system. Find the relations between the old and new coordinates.

SOLUTION: The height of P relative to the zy plane does not change
upon rotation. So z/ = z. It is therefore sufficient to consider rota-
tions in the zy plane, that is, for points P with coordinates (x,y,0).
Let r = |OP)| (the distance between the origin and P) and let § be the
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angle counted from the positive x axis toward the ray O P counterclock-
wise (see Figure 11.3, right panel). Then z = rcosf and y = rsinf
(the polar coordinates of P). In the new coordinate system, the an-
gle between the positive ' axis and the ray OP becomes 0’ = 0 — ¢.
Therefore,

x'=rcosf = cos(f — @) = rcosfcos e+ rsinfsin ¢
=xcos¢+ysing,
y'=rsing =rsin(f — @) = rsinfcos$ — rcosfsin ¢

= yCcosp —xsing.

Problem 11.3. Give a geometrical description of the set
S = {(x,y,z) ’ x2+y2+z2—4z:0} .

SoLUTION: The condition on the coordinates of points that belong
to the set contains the sum of squares of the coordinates just like the
equation of a sphere. The difference is that (11.3) contains the sum
of perfect squares. So the squares must be completed in the above
equation and the resulting expression compared with (11.3). One has
2?—4z = (2—2)*—4 so that the condition becomes 2% +y*+(z—2)? = 4.
It describes a sphere of radius R = 2 that is centered at the point
(0, Y0, 20) = (0,0,2); that is, the center of the sphere is on the z axis
at a distance of 2 units above the zy plane. O

Problem 11.4. Give a geometrical description of the set
C= {(w,y,z) ‘ x2+y2—2x—4y:4} .

SOLUTION: As in the previous problem, the condition can be written
as the sum of perfect squares (z — 1) 4+ (y — 2)? = 9 by means the
of relations 22 — 2z = (r — 1) =1 and y* — 4y = (y —2)> — 4. In
the zy plane, this is nothing but the equation of a circle of radius 3
whose center is the point (1,2,0). In any plane z = z; parallel to the
xy plane, the x and y coordinates satisfy the same equation, and hence
the corresponding points also form a circle of radius 3 with the center
(1,2, 29). Thus, the set is a cylinder of radius 3 whose axis is parallel
to the z axis and passes through the point (1,2,0). O

Problem 11.5. Give a geometrical description of the set

P = {(x,y,z) ’ 2(y — x) :0} .
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SOLUTION: The condition is satisfied if either z = 0 or y = z. The
former equation describes the xy plane, while the latter represents a
line in the xy plane. Since it does not impose any restriction on the z
coordinate, each point of the line can be moved up and down parallel
to the z axis. The resulting set is a plane that contains the line y = x
in the zy plane and the z axis. Thus, the set P is the union of this
plane and the xy plane. O

71.8. Exercises. (1) Find the distance between the following specified
points:

(i) A(1,2,3) and B(—1,0,2)
(ii) A(—1,3,-2) and B(—1,2,—1)

(2) Let the set S consist of points (¢,2t,3t) where —oco < t < oc.
Find the point of S that is the closest to the point A(3,2,1). Describe
the set S geometrically.

(3) Give a geometrical description of the following sets defined al-
gebraically and sketch them:

(i) z* +y +22—2x+4y —62=0
(ii) 22 +y +22>4
(i) 22+ y* +22<4,2>0
(iv) 2%+ ¢? 4y<0 z>0
(v) 4 < a? +y —I—z2<9

(vi) 22 +y* > 1, 2 +y* + 22 < 4
(1)x+y +22-22<0,2>1
(viii) 2> + 2 + 22 —22=0,2=1

x)

(i

(4) Sketch each of the following sets and give their algebraic de-
scription:

(x —a)(y b)(z—c)—O

(i) A sphere whose diameter is the straight line segment AB,
where A = (1,2,3) and B = (3,2, 1).

(ii) A sphere centered at (1,2,3) that lies in the first octant and
touches one of the coordinate planes.

(iii) The largest solid cube that is contained in a ball of radius R
centered at the origin. Solve the same problem if the ball is
not centered at the origin.

(iv) The solid region that is a ball of radius R that has a cylindrical
hole of radius R/2 whose axis is at a distance of R/2 from the
center of the ball. Choose a convenient coordinate system.
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(v) The portion of a ball of radius R that lies between two parallel
planes each of which is at s distance of a < R from the center
of the ball. Choose a convenient coordinate system.

72. Vectors in Space

72.1. Oriented Segments and Vectors. Suppose there is a point like ob-
ject moving in space with a constant rate, say, 5 m/s. If the object
was initially at a point P;, and in 1 second it arrives at a point P,
then the distance traveled is |P; P,| =5 m. The rate (or speed) 5 m/s
does not provide a complete description of the motion of the object
in space because it only answers the question “How fast does the ob-
ject move?” but it does not say anything about “Where to does the
object move?” Since the initial and final positions of the object are
known, both questions can be answered, if one associates an oriented
segment PP, with the moving object. The arrow specifies the direc-
tion, “from P; to P5,” and the length | P, P,| defines the rate (speed) at
which the object moves. So, for every moving object, one can assign
an oriented segment whose length equals its speed and whose direc-
tion coincides with the direction of motion. This oriented segment
is called a wvelocity. The concept of velocity as an oriented segment
still has a drawback. Indeed, consider two objects moving parallel
with the same speed. The oriented segments corresponding to the ve-
locities of the objects have the same length and the same direction,
but they are still different because their initial points do not coincide.
On the other hand, the velocity should describe a particular physical
property of the motion itself (“how fast and where to”), and there-
fore the spatial position where the motion occurs should not matter.
This observation leads to the concept of a vector as an abstract math-
ematical object that represents all oriented segments that are parallel
and have the same length. If the velocity is a vector, then two ob-
jects have the same velocity if they move parallel with the same rate.
The concept of velocity as a vector no longer has the aforementioned
drawback.

Vectors will be denoted by boldface letters. Two oriented segments
AB and CD represent the same vector a if they are parallel and |AB| =
|C'D|; that is, they can be obtained from one another by transporting
them parallel to themselves in space. A representation of an abstract
vector by a particular oriented segment is denoted by the equality a=
AB or a = CD. The fact that the oriented segments AB and CD
represent the same vector is denoted by the equality AB = CD.
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FiGURE 11.4. Left: Oriented segments obtained from
one another by parallel transport. They all represent the
same vector.

Right: A vector as an ordered triple of numbers. An ori-
ented segment is transported parallel so that its initial
point coincides with the origin of a rectangular coordi-
nate system. The coordinates of the terminal point of
the transported segment, (ai,as, as), are components of
the corresponding vector. So a vector can always be writ-
ten as an ordered triple of numbers: a = (a;, as, as). By
construction, the components of a vector depend on the
choice of the coordinate system (the orientation of the
coordinate axes in space).

72.2. Vector as an Ordered Triple of Numbers. Here an algebraic repre-
sentation of vectors in space will be introduced. Consider an oriented
segment AB that represents a vector a (e, a= AE) An oriented seg-
ment A'B’ represents the same vector if it is obtained by transporting
AB parallel to itself. In particular, let us take A’ = O, where O is the
origin of some rectangular coordinate system. Then a = AB = OB
The direction and length of the oriented segment OB is uniquely deter-
mined by the coordinates of the point B’. Thus, we have the following
algebraic definition of a vector.

DEFINITION 11.1. (Vectors).
A wector in space is an ordered triple of real numbers:

a = <CL1,G2,(I3> .
The numbers a1, as, and az are called components of the vector a.

Note that the numerical values of the components depend on the
choice of coordinate system. From a geometrical point of view, the
ordered triple (ay, ag, ag) is the coordinates of the point B’, that is, the
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endpoint of the oriented segment that represents a if the initial point
coincides with the origin.

DEFINITION 11.2. (Equality of Two Vectors).
Two vectors a and b are equal or coincide if their corresponding com-
ponents are equal:

a=Db <~ alzbl, CLQZbQ, agzbg.

This definition agrees with the geometrical definition of a vector
as a class of all oriented segments that are parallel and have the same
length. Indeed, if two oriented segments represent the same vector,
then, after parallel transport such that their initial points coincide
with the origin, their final points coincide too and hence have the same
coordinates.

EXAMPLE 11.1. Find the components of a vector PPy if the coor-
dinates of Py and Py are (x1,y1,21) and (x2,Ys, 22), respectively.

SOLUTION: Consider a rectangle whose largest diagonal coincides with
the segment P} P, and whose sides are parallel to the coordinate axes.
After parallel transport of the segment so that P, moves to the origin,
the coordinates of the other endpoint are the components of PP,
Alternatively, the origin of the coordinate system can be moved to the
point P, keeping the directions of the coordinate axes. Therefore,

PPy = (29 — 11, Yo — Y1, 22 — 21),
according to the coordinate transformation law (11.1), where Py = P;.
Thus, in order to find the components of the vector PP, from the

coordinates of its points, one has to subtract the coordinates of the

initial point P; from the corresponding components of the final point
Ps. O

DEFINITION 11.3. (Norm of a Vector). The number

lall = y/ai + a3 + a3

1s called the norm of a vector a.

By Example 11.1 and the distance formula (11.2), the norm of a
vector is the length of any oriented segment representing the vector.
The norm of a vector is also called the magnitude or length of a vector.

DEFINITION 11.4. (Zero Vector).
A wvector with vanishing components, 0 = (0,0,0), is called a zero
vector.
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A vector a is a zero vector if and only if its norm vanishes, ||lal| = 0.
Indeed, if a = 0, then a; = as = a3 = 0 and hence ||a|| = 0. For the
converse, it follows from the condition ||al| = 0 that a? + a2 + a3 = 0,
which is only possible if a; = as = a3 = 0, or a = 0. Recall that an “if
and only if” statement actually implies two statements. First, if a = 0,
then ||al]| = 0 (the direct statement). Second, if ||a]| = 0, then a = 0
(the converse statement).

72.3. Vector Algebra. Continuing the analogy between the vectors and
velocities of a moving object, consider two objects moving parallel but
with different rates (speeds). Their velocities as vectors are parallel,
but they have different magnitudes. What is the relation between the
components of such vectors? Take a vector a = (ay, as, as). It can be
viewed as the largest diagonal of a rectangle with one vertex at the
origin and the opposite vertex at coordinates (aq, as, az). The adjacent
sides of the rectangle have lengths given by the corresponding com-
ponents of a (modulo the signs if they happen to be negative). The
direction of the diagonal does not change if the sides of the rectangle
are scaled by the same factor, while the length of the diagonal is scaled

a .

— a a
sa —>
. > s> 1
sa llall 0 1
—>>» (<s<1 a
4.5:_1 ﬁ/J
<o 1<5<0

FiGURE 11.5. Left: Multiplication of a vector a by a
number s. If s > 0, the result of the multiplication is a
vector parallel to a whose length is scaled by the factor
s. If s < 0, then sa is a vector whose direction is the
opposite to that of a and whose length is scaled by |s|.
Middle: Construction of a unit vector parallel to a. The
unit vector a is a vector parallel to a whose length is 1.
Therefore, it is obtained from a by dividing the latter by
its length ||al|, i.e., a = sa, where s = 1/||a]|.

Right: A unit vector in a plane can always be viewed as
an oriented segment whose initial point is at the origin
of a coordinate system and whose terminal point lies on
the circle of unit radius centered at the origin. If 4 is the
polar angle in the plane, then a = (cos#,sin 6, 0).
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by this factor. This geometrical observation leads to the following al-
gebraic rule.

DEFINITION 11.5. (Multiplication of a Vector by a Number).
A wvector a multiplied by a number s is a vector whose components are
multiplied by s:
sa = (say, sag, sas).

If s > 0, then the vector sa has the same direction as a. If s < 0,
then the vector sa has the direction opposite to a. For example, the
vector —a has the same magnitude as a but points in the direction
opposite to a. The magnitude of sa reads:

Isall = V/(sa1)? + (sa9)? + (sa3)? = Vs? y/a? + af + af = |s| |all

that is, when a vector is multiplied by a number, its magnitude changes
by the factor |s|. The geometrical analysis of the multiplication of a
vector by a number leads to the following simple algebraic criterion for
two vectors being parallel.

THEOREM 11.1. Two nonzero vectors are parallel if they are pro-
portional:
allb <= a=sb
for some real s.

If all the components of the vectors in question do not vanish, then
this criterion may also be written as
aq a9 as
allb <= s=—=—+-=—+-,
| by by b3
which is easy to verify. If, say, by = 0, then b is parallel to a when
a; = by =0 and ay/by = a3 /bs.

DEFINITION 11.6. (Unit Vector).
A wector a is called a unit vector if its norm equals 1, ||a]| = 1.

Any nonzero vector a can be turned into a unit vector a that is
parallel to a. The norm (length) of the vector sa reads ||sal| = |s|||al| =
s||al| if s > 0. So, by choosing s = 1/||a||, the unit vector parallel to a

is obtained:
1 < aq (05} as >
=T pa= ) ’ .
all lafl” llall" [lall

For example, owing to the trigonometric identity, cos?6 + sin®?4 = 1,
any unit vector in the xy plane can always be written in the form
a = (cosf,sinf,0), where 6 is the angle counted from the positive x axis
toward the vector a counterclockwise. Note that, in many practical

Q>
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applications, the components of a vector often have dimensions. For
instance, the components of a displacement vector are measured in
units of length (meters, inches, etc.), the components of a velocity
vector are measured in, for example, meters per second, and so on.
The magnitude of a vector a has the same dimension as its components.
Therefore, the corresponding unit vector a is dimensionless. It specifies
only the direction of a vector a.

72.3.1. The Parallelogram Rule. Suppose a person is walking on the
deck of a ship with speed vm/s. In 1 second, the person goes a distance
v from point A to B of the deck. The velocity vector relative to the
deck is v = AB and ||v| = |AB| = v (the speed). The ship moves
relative to the water so that in 1 second it comes to a point D from a
point C' on the surface of the water. The ship’s velocity vector relative
to the water is then u = C'D with magnitude u = ||ul| = |C'D|. What
is the velocity vector of the person relative to the water? Suppose
the point A on the deck coincides with the point C' on the surface
of the water. Then the velocity vector is the displacement vector of
the person relative to the water in 1 second. As the person walks on
the deck along the segment AB, this segment travels the distance u
parallel to itself along the vector u relative to the water. In 1 second,
the point B of the deck is moved to a point B’ on the surface of the
water so that the displacement vector of the person relative to the
water will be AB. Apparently, the displacement vector BB’ coincides
with the ship’s velocity u because B travels the distance u parallel to
u. This suggests a simple geometrical rule for finding AB' as shown in
Figure 11.6. Take the vector AB = v, place the vector u so that its
initial point coincides with B, and make the oriented segment with the
initial point of v and the final point of u in this diagram. The resulting
vector is the displacement vector of the person relative to the surface
of the water in 1 second and hence defines the velocity of the person
relative to the water. This geometrical procedure is called addition of
vectors.

Consider a parallelogram whose adjacent sides, the vectors a and
b, extend from the vertex of the parallelogram. The sum of the vec-
tors a and b is a vector, denoted a + b, that is the diagonal of the
parallelogram extended from the same vertex. Note that the parallel
sides of the parallelogram represent the same vector (they are parallel
and have the same length). This geometrical rule for adding vectors
is called the parallelogram rule. 1t follows from the parallelogram rule
that the addition of vectors is commutative:

a+b=D>b+a;
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-

FiGURE 11.6. Left: Parallelogram rule for adding two
vectors. If two vectors form adjacent sides of a parallel-
ogram at a vertex A, then the sum of the vectors is a
vector that coincides with the diagonal of the parallelo-
gram and originates at the vertex A.

Right: Adding several vectors by using the parallelo-
gram rule. Given the first vector in the sum, all other
vectors are transported parallel so that the initial point
of the next vector in the sum coincides with the termi-
nal point of the previous one. The sum is the vector
that originates from the initial point of the first vec-
tor and terminates at the terminal point of the last
vector. It does not depend on the order of vectors in
the sum.

that is, the order in which the vectors are added does not matter. To
add several vectors (e.g., a+ b + ¢), one can first find a + b by the
parallelogram rule and then add c to the vector a + b. Alternatively,
the vectors b and c can be added first, and then the vector a can be
added to b 4+ c¢. According to the parallelogram rule, the resulting
vector is the same:

(a+b)+c=a+(b+c).

This means that the addition of vectors is associative. So several vec-
tors can be added in any order. Take the first vector, then move the
second vector parallel to itself so that its initial point coincides with
the final point of the first vector. The third vector is moved parallel so
that its initial point coincides with the final point of the second vector,
and so on. Finally, make a vector whose initial point coincides with
the initial point of the first vector and whose final point coincides with
the final point of the last vector in the sum. To visualize this process,
imagine a man walking along the first vector, then going parallel to
the second vector, then parallel to the third vector, and so on. The
endpoint of his walk is independent of the order in which he chooses
the vectors.
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72.3.2. Algebraic Addition of Vectors.

DEFINITION 11.7. The sum of two vectors a = (aj,as,as) and
b = (b1, by, b3) is a vector whose components are the sums of the cor-
responding components of a and b:

a+b= (a1~|—b1, (12—|—b2, 0,3—|—b3>.

This definition is equivalent to the geometrical definition of adding
vectors, that is, the parallelogram rule that has been motivated by
studying the velocity of a combined motion. Indeed, put a = O_A,
where the endpoint A has the coordinates (a1, as, as). A vector b rep-
resents all parallel segments of the same length ||b||. In particular, b is
one such oriented segment whose initial point coincides with A. Sup-
pose that a+b = OC = (€1, 9, c3), where C has coordinates (c1, ¢z, ¢3).
By the parallelogram rule, b = AC = (¢y — ay, co — ag, c3 — ag), where
the relation between the components of a vector and the coordinates
of its endpoints has been used. The equality of two vectors means
the equality of the corresponding components, that is, by = ¢; — aq,
by = ¢y — a9, and b3 = ¢c3 —as, or ¢; = a; + by, co = as + by, and
c3 = az + bs as required by the algebraic addition of vectors.

72.3.3. Rules of Vector Algebra. Combining addition of vectors with
multiplication by real numbers, the following simple rule can be estab-
lished by either geometrical or algebraic means:

s(a+b)=sa+sb, (s+t)a=sa+ta.

The difference of two vectors can be defined as a — b = a + (—1)b.
In the parallelogram with adjacent sides a and b, the sum of vectors
a and (—1)b represents the vector that originates from the endpoint
of b and ends at the endpoint of a because b + [a+ (—1)b] = a in
accordance with the geometrical rule for adding vectors; that is a + b
are two diagonals of the parallelogram. The procedure is illustrated in
Figure 11.7 (left panel).

72.4. Study Problems.

Problem 11.6. Consider two nonparallel vectors a and b in a plane.
Show that any vector c in this plane can be written as a linear combi-
nation ¢ = ta + sb for some real t and s.

SOLUTION: By parallel transport, the vectors a, b, and ¢ can be moved
so that their initial points coincide. The vectors ta and sb are parallel
to a and b, respectively, for all values of s and t. Consider the lines
L, and L, that contain the vectors a and b, respectively. Construct
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a a+b

a—b

FiGure 11.7. Left: Subtraction of two vectors. The
difference a — b is viewed as the sum of a and —b, the
vector that has the direction opposite to b and the same
length as b. The parallelogram rule for adding a and
—b shows that the difference a — b = a 4+ (—b) is the
vector that originates from the terminal point of b and
ends at the terminal of a if a and b are adjacent sides of
a parallelogram; that is, the sum a+b and the difference
a — b are the two diagonals of the parallelogram.
Right: Illustration to Study Problem 11.6. Any vector
in a plane can always be represented as a linear combi-
nation of two nonparallel vectors.

two lines through the end point of c; one is parallel to £, and the
other to £, as shown in Figure 11.7 (right panel). The intersection
points of these lines with £, and £, and the initial and final points of
c form the vertices of the parallelogram whose diagonal is ¢ and whose
adjacent sides are parallel to a and b. Therefore, a and b can always be
scaled so that ta and sb become the adjacent sides of the constructed
parallelogram. For a given c, the reals ¢ and s are uniquely defined
by the proposed geometrical construction. By the parallelogram rule,
c =ta+ sb. U

Problem 11.7. Find the coordinates of a point B that is at a distance
of 6 units of length from the point A(1,—1,2) in the direction of the
vector v = (2,1, -2).

SOLUTION: The position vector of the point A is a = OA = (1,-1,2).
The position vector of the point B is b = a + sv, where s is a positive
number to be chosen such that the length |AB| = s||v|| equals 6. Since
||lv|]| = 3, one finds s = 2. Therefore, b = (1,—1,2) + 2(2,1,-2) =
(5,1, —2). O

Problem 11.8. Consider a straight line segment with the endpoints
A(1,2,3) and B(—2,—1,0). Find the coordinates of the point C' on the
segment such that it is twice as far from A as it is from B.
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SoLuTION: Let a = (1,2,3), b = (—1,0, 1), and ¢ be position vectors
of A, B, and C| respectively. The question is to express ¢ via a and b.
One has ¢ = a+ AC. The vector AC is parallel to AB = (—3,-3,-3)
and hence AC' = sAB. Since |[AC| = 2|CB|, |AC| = 2|AB| and
therefore s = 2. Thus, ¢ =a+ %A@ =a+2(b—a)=(-1,0,1). O

Problem 11.9. In Study Problem 11.6, let ||a|]| = 1, ||b|| = 2, and
the angle between a and b be 2w /3. Find the coefficients s and t if the
vector ¢ has a norm of 6 and bisects the angle between a and b.

SOLUTION: It follows from the solution of Study Problem 11.6 that
the numbers s and ¢t do not depend on the coordinate system rel-
ative to which the components of all the vectors are defined. So
choose the coordinate system so that a is parallel to the x axis and
b lies in the zy plane. With this choice, a = (1,0,0) and b =
{||b|| cos(27/3), ||b]| sin(27/3),0) = (—1,+/3,0). Similarly, c is the vec-
tor of length ||c|| = 6 that makes the angle 7/3 with the z axis, and
therefore ¢ = (3,3+/3,0). Equating the corresponding components in
the relation ¢ = ta + sb, one finds 3 =1t — s and 3v/3 =53, or s =3
and t = 6. Hence, ¢ = 6a + 3b. O

Problem 11.10. Suppose the three coordinate planes are all mirrored.
A light ray strikes the mirrors. Determine the direction in which the
reflected ray will go.

SOLUTION: Let u be a vector parallel to the incident ray. Under
a reflection from a plane mirror, the component of u perpendicular to
the plane changes its sign. Therefore, after three consecutive reflections
from each coordinate plane, all three components of u change their
signs, and the reflected ray will go parallel to the incident ray but in
the exact opposite direction. For example, suppose the ray is reflected
first by the xz plane, then by the yz plane, and finally by the zy plane.
In this case, u = (u1,uz,uz) — (u1, —ug,uz) — (—uy, —ug,uz) —
(—uy, —ug, —uz) = —u. O

Remark. This principle is used to design reflectors like the cat’s-
eyes on bicycles and those that mark the border lines of a road. No
matter from which direction such a reflector is illuminated (e.g., by the
headlights of a car), it reflects the light in the opposite direction (so
that it will always be seen by the driver).

72.5. Exercises. (1) Find the components of each of the following
vectors and their norms:
(i) The vector has endpoints A(1,2,3) and B(—1,5,1) and is di-
rected from A to B.
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(ii) The vector has endpoints A(1,2,3) and B(—1,5,1) and is di-
rected from B to A.

(iii) The vector has the initial point A(1,2,3) and the final point
C that is the midpoint of the line segment AB, where B =
(—1,5,1).

(iv) The position vector is of a point P obtained from the point
A(—1,2,—1) by transporting the latter along the vector u =
(2,2,1) 3 units of length and then along the vector w =
(—3,0,—4) 10 units of length.

(v) The position vector of the vertex C' of a triangle ABC' in the
xy plane if A is at the origin, B = (a,0,0), the angle at the
vertex B is w/3, and |BC| = 3a.

(2) Consider a triangle ABC. Let a be a vector from the vertex
A to the midpoint of the side BC', let b be a vector from B to the
midpoint of AC, and let ¢ be a vector from C' to the midpoint of AB.
Use vector algebra to find a+ b + c.

(3) Let ug, & = 1,2,...,n, be unit vectors in the plane such that
the smallest angle between the two vectors uy and ugq is 27/n. What
can be said about the sum u; + us + -+ - + u,,? What happens when
n — oo?

(4) A plane flies at a speed of v mi/h relative to the air. There is
a wind blowing at a speed of u mi/h in the direction that makes the
angle 6 with the direction in which the plane moves. What is the speed
of the plane relative to the ground?

(5) Let pointlike massive objects be positioned at P;, i = 1,2, ..., n,
and let m; be the mass at P;. The point P, is called the center of
mass if

mqry + meors + - - - +m,r, =0,

where r; is the vector from F, to P;. Express the position vector of the
center of mass via the position vectors of the point masses. In particu-
lar, find the center of mass of three point masses, m; = ms = ms = m,
located at the vertices of a triangle ABC for A(1,2,3), B(—1,0,1), and
c(1,1,-1).

73. The Dot Product

DEFINITION 11.8. (Dot Product).
The dot product a-b of two vectors a = {(ay, as,as) and b = (b, b, bs)
1S a number:

a-b= a1b1 + a2b2 + (1353.



22 11. VECTORS AND THE SPACE GEOMETRY

It follows from this definition that the dot product has the following
properties:

a-b=b-a,
(sa)-b = s(a-b),
a-(b+c)=a-b+a-c,

which hold for any vectors a, b, and ¢ and a number s. The first
property states that the order in which two vectors are multiplied in the
dot product does not matter; that is, the dot product is commutative.
The second property means that the result of the dot product does not
depend on whether the vector a is scaled first and then multiplied by
b or the dot product a - b is computed first and the result multiplied
by s. The third relation shows that the dot product is distributive.

73.1. Geometrical Significance of the Dot Product. As it stands, the dot
product is an algebraic rule for calculating a number out of six given
numbers that are components of the two vectors involved. The com-
ponents of a vector depend on the choice of the coordinate system.
Naturally, one should ask whether the numerical value of the dot prod-
uct depends on the coordinate system relative to which the components
of the vectors are determined. It turns out that it does not. Therefore,
it represents an intrinsic geometrical quantity associated with two vec-
tors involved in the product. To elucidate the geometrical significance
of the dot product, note first the relation between the dot product and
the norm (length) of a vector:

a-a=aj+a;+a3=|al? or |la]| = Va- a.

Thus, if a = b in the dot product, then the latter does not depend
on the coordinate system with respect to which the components of a
are defined. Next, consider the triangle whose adjacent sides are the
vectors a and b as depicted in Figure 11.8 (left panel).

Then the other side of the triangle can be represented by the dif-
ference ¢ = b — a. The squared length of this latter side is

(11.4) c-c=(b—-a)-(b—a)=b-b+a-a—2a-b,

where the algebraic properties of the dot product have been used.
Therefore, the dot product can be expressed via the geometrical in-
variants, namely, the lengths of the sides of the triangle:

1
(11.5) a-b =z ([lef* = Ibl* —llal*)
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FiGURE 11.8. Left: Independence of the dot product
from the choice of a coordinate system. The dot product
of two vectors that are adjacent sides of a triangle can be
expressed via the lengths of the triangle sides as shown
in (11.5).

Right: Geometrical significance of the dot product.
It determines the angle between two vectors as stated
in (11.6). Two nonzero vectors are perpendicular if and
only if their dot product vanishes. This follows from
(11.5) and the Pythagorean theorem: ||a||*+|/b|* = ||c||?
for a right-angled triangle.

This means that the numerical value of the dot product is independent
of the choice of coordinate system. Thus, it can be computed in any
coordinate system. In particular, let us take the coordinate system
in which the vector a is parallel to the x axis and the vector b lies
in the zy plane as shown in Figure 11.8 (right panel). Let the angle
between a and b be 6. By definition, this angle lies in the interval
[0,7]. When 6 = 0, the vectors a and b point in the same direction.
When 0 = 7/2, they are perpendicular, and they point in the opposite
directions if # = 7. In the chosen coordinate system, a = (||a]|,0,0)
and b = (||b|| cos , ||b]| sin 6, 0). Hence,

a-b

(11.6) a-b = |a||||b]| cos b or cosf) = ——— .
lall|[b]

Equation (11.6) reveals the geometrical significance of the dot product.
It determines the angle between two oriented segments in space. It
provides a simple algebraic method to establish a mutual orientation
of two straight line segments in space. The following theorem is useful
in practical applications.
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THEOREM 11.2. (Geometrical Significance of the Dot Product).
Two nonzero vectors are perpendicular if and only if their dot product
vanishes:

alb <« a-b=0.

In particular, for a triangle with sides a, b, and ¢ and an angle 0
between sides a and b, it follows from the relation (11.4) that

A =a®+ b — 2abcosh.

For a right-angled triangle, the Pythagorean theorem is recovered: ¢? =
2, p2
a® + b°.

EXAMPLE 11.2. Consider a triangle whose vertices are A(1,1,1),
B(—1,2,3), and C(1,4,—3). Find all the angles of the triangle.

SOLUTION: Let the angles at the vertices A, B, and C be «, 3, and v,
respectively. Then o+ 34 v = 180°. So it is sufficient to find any two
angles. To find the angle «, define the vectors a = AB = (—2,1,2)
and b = AC = (0,3,—4). The initial point of these vectors is A, and
hence the angle between the vectors coincides with «. Since |la|| = 3
and ||b|| = 5, by the geometrical property of the dot product,

a-b  0+3-8 1

cosa = = ——=

lalfiibl 15 3
a = cos H(—1/3) =~ 109.5°.

To find the angle 3, define the vectors a = BA = (2,—1,-2) and
b = BC = (2,2, —6) with the initial point at the vertex B. Then the
angle between these vectors coincides with 3. Since ||al| = 3, ||b|| =
2y/11,and a-b = 4 — 2+ 12 = 14, one finds cos 3 = 14/(61/11) and
B = cos 1(7/(3v/11)) = 45.3°. Therefore, v ~ 180° — 109.5° — 45.3° =
25.2°. Note that the range of the function cos™' must be taken from
0° to 180° in accordance with the definition of the angle between two
vectors. U

THEOREM 11.3. (Cauchy-Schwarz Inequality).
For any two vectors a and b,

|a - b| < [a]| [b]],
where the equality is reached only if the vectors are parallel.

This inequality is a direct consequence of the first relation in (11.6)
and the inequality | cos @] < 1. The equality is reached only when 6 = 0
or § =, that is, when a and b are parallel.
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THEOREM 11.4. (Triangle Inequality).
For any two vectors a and b,

la+ b < [laf| + [[b].

PROOF. Put |lal] = a and ||b|| = b so that a-a = ||a||*> = a* and
similarly b - b = b%. Using the algebraic rules for the dot product,

la+b|>=(a+b)-(a+b) =a’+b*+2a-b < a*+b*+2ab = (a+b)?

where the Cauchy-Schwarz inequality has been used. By taking the
square root of both sides, the triangle inequality is obtained. l

The triangle inequality has a simple geometrical meaning. Consider
a triangle with sides a, b, and c. The directions of the vectors are
chosen so that ¢ = a+b. The triangle inequality states that the length
|lc|| cannot exceed the total length of the other two sides. It is also
clear that the maximal length ||c|| = ||a]|+||b]| is attained only if a and
b are parallel and point in the same direction. If they are parallel but
point in the opposite direction, then the length ||c|| becomes minimal
and coincides with the difference of ||a|| and ||b||. This observation can
be stated in the following algebraic form:

(11.7) [lall = ]| < fla+ bl < Jjal] + 1]l

73.2. Direction Angles. Consider three unit vectors & = (1,0,0), & =
(0,1,0), and e3 = (0,0, 1) that are parallel to the coordinate axes z, y,
and z, respectively. By the rules of vector algebra, any vector can be
written as the sum of three mutually perpendicular vectors:

a = (ai,as, az) = a1€1 + az€y + azé; .

The vectors ai€;, as€y, and aszeés are adjacent sides of the rectan-
gle whose largest diagonal coincides with the vector a as shown in
Figure 11.9 (right panel).

Define the angle o that is counted from the positive direction of the
x axis toward the vector a. In other words, the angle « is the angle
between €; and a. Similarly, the angles § and v are, by definition, the
angles between a and the unit vectors €, and é3, respectively. Then

é1 -a ai é2 -a p)
cosa = — = , cosfl = — = )
[edfllall  [lall [ex([llall  [[all
ég a as
cosy =

lesllllall — fall
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FiGURE 11.9. Left: Direction angles of a vector are de-
fined as the angles between the vector and three coor-
dinates axes. Each angle ranges between 0 and 7 and
is counted from the corresponding positive coordinate
semiaxis toward the vector. The cosines of the direction
angles of a vector are components of the unit vector par-
allel to that vector.

Right: Decomposition of a vector into the sum of three
mutually perpendicular vectors that are parallel to the
coordinate axes of a rectangular coordinate system. The
vector is the diagonal of the rectangle, whereas the vec-
tors in the sum form the edges of the rectangle.

These cosines are nothing but the components of the unit vector parallel
to a:
1

a= ﬂa: (cos o, cos 3, cos ) .
a

Thus, the angles a, (, and v uniquely determine the direction of a
vector. For this reason, they are called direction angles. Note that they
cannot be set independently because they always satisfy the condition
llall =1 or

cos® o + cos? B+ cos®y = 1.

In practice (physics, mechanics, etc.), vectors are often specified by
their magnitude ||a|| = @ and direction angles. The components are
then found by a; = acosa, ay = acos 3, and a3 = acos~y.
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73.3. Practical Applications.

73.3.1. Static Problems. According to Newton’s mechanics, a pointlike
object that was at rest remains at rest if the vector sum of all forces
applied to it vanishes. This is the fundamental law of statics:

F1+F2++Fn:0

This vector equation implies three scalar equations that require vanish-
ing each of the three components of the total force. If there is a system
of pointlike objects, then the system is at rest if each object is at rest,
and hence the sum of all forces applied to each object vanishes. This
gives a system of vector equations, each of which is the above equilib-
rium condition for a particular object. A typical static problem is to
determine either the magnitudes of some forces or the values of some
geometrical parameters at which the system in question is at rest.

EXAMPLE 11.3. Let a ball of mass m be attached to the ceiling by
two ropes so that the smallest angle between the first rope and the ceiling
15 01 and the angle 0y is defined similarly for the second rope. Find the
magnitudes of the tension forces in the ropes.

SOLUTION: Set the coordinate system so that the x axis is horizontal
and oriented from the first rope to the second ropes as depicted in
Figure 11.10 (left panel). The ropes are in the zy plane, while the
gravitational force is in the direction opposite to the y axis. Let T} and
T, be the magnitudes of the tension forces. Then in this coordinate
system the forces acting on the ball are

T, = (=T cosb,Tysinb,,0),
Tg = <T2 COS 62, T2 sin 92, 0> s G = <0, —mg, 0> s
where G is the gravitational force and ¢ is the acceleration of the

free fall (g ~ 9.8 m/s?); that is, mg is the weight of the ball. The
equilibrium condition

T +Ty+G=0

leads to two equations for the components (the third components of all
vectors are identically 0):

—Ticosfy +Tycosby =0, Tysin€y + Tysinfy —mg =0,

which can be solved for T} and T;. By multiplying the first equation
by sinf; and the second by cosf; and then adding them, one gets
Ty = mgcosb/sin(f; + 6). Substituting T3 into the first equation,
the tension 77 is obtained. O
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FiGure 11.10. Left: Illustration to Example 11.3. At
equilibrium, the vector sum of all forces acting on the
ball vanishes. The components of the forces are easy to
find in the coordinate system in which the x axis is hor-
izontal and the y axis is vertical.

Right: Illustration to Study Problem 11.11. The vector
c is the projection of a vector b onto a. It is a vector par-
allel to a. The initial points of b and c coincide. The line
through the terminal points of b and c is perpendicular
to a.

73.3.2. WorkDone by aForce. Suppose that an object of mass m moves
with speed v. The quantity K = mv?/2 is called the kinetic energy of
the object. Suppose that the object has moved along a straight line
segment from a point P; to a point P under the action of a constant
force F. A law of physics states that a change in an object’s kinetic
energy is equal to the work W done by this force:

Ky— K, =F-PP=W,

where K and K are the kinetic energies at the initial and final points
of the motion, respectively.

EXAMPLE 11.4. Let an object slide on an inclined plane without
friction under the gravitational force. Find the final speed v of the
object if the relative height of the initial and final points is h and the
object was initially at rest.

SOLUTION: Choose the coordinate system so that the displacement
vector PP, and the gravitational force are in the xy plane. Let the
y axis be vertical so that the gravitational force is F = (0, —mg,0),
where m is the mass and g is the acceleration of the free fall. The initial
point is chosen to have the coordinates (0, h,0) while the final point
is (L,0,0), where L is the distance the object travels in the horizontal
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direction while sliding. The displacement vector is P, Py = (L,—h,0).
Since Ky = 0, one has
muv?

TZW:FPl_PQ:mgh — U:\/Q h.

Note that the speed is independent of the mass of the object and the
inclination angle of the plane (its tangent is h/L); it is fully determined
by the relative height only. O

73.4. Study Problems.

Problem 11.11. (Projection of b onto a).
Consider two vectors a and b with a common initial point O. Consider
the line through the endpoint of b that is perpendicular to a. Let C be
the point intersection of this line with the line containing the vector a.
Find the vector ¢ = OC'. This vector is called a projection of b onto a.

SOLUTION: (See the right panel of Fig. 11.10). By construction, c
is parallel to a and hence proportional to it; ¢ = sa for some real s.
Let the angle between b and a be . Then, by construction, s > 0 if
6 < 90° (c and a point in the same direction) and s < 0 if § > 90°
(c and a point in the opposite directions). Also, from the right-angled
triangle, ||c|[| = ||b||cos@ if 8 < 90° and |[c|| = —||b]| cos8 if § > 90°.
Therefore,

B ||bl| cos @ B Ibl|||al| cos @ _a-b

la > lal?

c=sa,

O

Problem 11.12. Find all values of t for which the vectors a = (2t,3—
t,—1) and b = (t,t,3+t) are orthogonal.

SOLUTION: By the geometrical property of the dot product, two vec-
tors are orthogonal if and only if their dot product vanishes. Therefore,
a-b=22+t(3—t)—(3+1t)=(t+1)>—4 = 0. The solutions of this
equation are t =1 and t = —3. U

Problem 11.13. Describe the set of points in space whose position
vector r satisfies the condition (r — a) - (r —b) = 0. Hint: Note that
the position vector satisfying the condition ||r — c|| = R describes a
sphere of radius R whose center has the position vector c.

SoLUTION: The equation of a sphere can also be written in the form
[r—c|*>=(r—c)-(r—c) = R?. The equation (r—a)-(r —b) =0 can
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be transformed into the sphere equation by completing the squares.
Using the algebraic properties of the dot product,

(r—a)-(r—b)=r-r—r-(a+b)+a-b
=(r—c)-(r—c)—c-c+a-b,
c=j(a+b),
ccc—a-b=R-R, R=4i(a—b).

Hence, the set is a sphere of radius R = ||R||, and its center is positioned
at c. U

73.5. Exercises.

(1) Find the dot product a - b if
(i)a=(1,2,3) and b = (—1,2,0)
(11) a:é1+3é2—é3 andb:3é1—2é2+é3

(2) For what values of b are the vectors (—6,b,2) and (b,b?,b)
orthogonal?

(3) Find the angle at the vertex A of a triangle ABC for A(1,0,1),
B(1,2,3), and C(0,1,1).

(4) Find the cosines of the angles of a triangle ABC' for A(0,1,1),
B(—2,4,3), and C(1,2,-1).

(5) Find the unit vector parallel to a = (2, —1, —2) and the unit
vector whose direction is opposite to a.

(6) Consider a triangle whose any two adjacent sides are unit vec-
tors. What are possible values of the dot products of any two such unit
vectors?

(7) Consider a cube whose edges have length a. Find the angle
between its largest diagonal and any edge adjacent to the diagonal.

(8) A vector a makes the angle 7/3 with the positive x axis, the
angle /6 with the negative y axis, and the angle 7 /4 with the positive
z axis. Find the components of a if its length is 6.

(9) Find the components of all unit vectors t that make the angle
7/6 with the positive z axis.

Hint: Put & = av + beég, where v is a unit vector in the xy plane. Find
a, b, and all v using the polar angle in the zy plane.

(10) If ¢ = ||a]|b+||b||a, where a and b are non zero vectors, show
that c bisects the angle between a and b.

(11) Let the vectors a and b have the same length. Show that the
vectors a + b and a — b are orthogonal.

(12) Consider a parallelogram with adjacent sides of length a and
b. If d; and d; are the lengths of the diagonals, prove the parallelogram
law: d? + d3 = 2(a® + b?).
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Hint: Consider the vectors a and b that are adjacent sides of the
parallelogram and express the diagonals via a and b. Use the dot
product to evaluate d? + d3.

(13) Two balls of mass m and 3m, respectively, are connected by
a piece of rope of length h. Then the balls are attached to different
points on a horizontal ceiling by a piece of rope with the same length
h so that the distance L between the points is greater than A but less
than 3h. Find the equilibrium positions of the balls.

74. The Cross Product

74.1. Determinant of a Square Matrix.

DEFINITION 11.9. The determinant of a 2 X 2 matrix is the number
computed by the following rule:

ai; Q12
det = 11022 — G12021,
21 Q22

that s, the product of the diagonal elements minus the product of the
off-diagonal elements.

DEFINITION 11.10. The determinant of a 3 x 3 matriz A is the
number obtained by the following rule:

a1; Q12 @13
det 921 A2 Q23 = Qi1 det A11 — 12 det A12 + a3 det A13
a3; Q32 33

3
= Z(—l)k+1a1k det Alk;

k=1

Q22 Q23 21 A23 A21  QA22
A = , A= , Az = ,
H (a32 a33> 2 <a31 Cl33> b <a31 a32)
where the matrices Ay, k = 1,2,3, are obtained from the original
matriz A by removing the row and column containing the element ay,.

It is straightforward to verify that the determinant can be expanded
over any row or column:

3
det A = Z(—l)“mamk det A, for any m =1,2,3,
k=1

3
det A = Z(—l)k+mamk det A,,,, for any k =1,2,3,
m=1
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where the matrix A,,; is obtained from A by removing the row and
column containing a,,,. This definition of the determinant is extended
to N x N square matrices by letting £ and m range over 1,2,..., N.

In particular, the determinant of a triangular matrix (i.e., the ma-
trix all of whose elements either above or below the diagonal vanish) is
the product of its diagonal elements:

ap b ¢ ag 0 0
det | 0 ay d | =det| b ay 0 ]| =aasas
0 0 as C d as

for any numbers b, ¢, and d. Also, it follows from the expansion of the
determinant over any column or row that, if any two rows or any two
columns are swapped in the matrix, its determinant changes sign.

ExAMPLE 11.5. Calculate det A, where

123
A= 013
-121

SOLUTION: Expanding the determinant over the first row yields
detA=1(1-1-2-3)—2(0-1—(-1)-3)+3(0-2—(-1)-1) = -8.

Alternatively, expanding the determinant over the second row yields
the same result:

det A=—0(2-1—-3-2)+1(1-1—(=1)-3)—=3(1-2—(=1)-2) = —8.

One can check that the same result can be obtained by expanding the
determinant over any row or column. U

74.2. The Cross Product of Two Vectors.

DEFINITION 11.11. (Cross Product).
The cross product of two vectors a = (ay, asz,as) and b = (b, by, bs) is
a vector that is the determinant of the formal matrixz expanded over the
first row:
e € ez
axb=det|a a as
by by b3

A Qa9 Qs A a; Qs ~ aq a9
= ¢&;det (b2 bg) &, det <b1 b3> + eés det (b1 b2)

(118) = <a2b3 - agbg, CL3b1 - a1b37 albg — a2b1>.
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Note that the first row of the matrix consists of the unit vectors
parallel to the coordinate axes rather than numbers. For this reason, it
is referred as to a formal matrix. The use of the determinant is merely
a compact way to write the algebraic rule to compute the components
of the cross product.

The cross product has the following properties that follow from its
definition:

axb=-bxa,
(a+c)xb=axb+cxb,
(sa) x b = s(a x b).

The first property is obtained by swapping the components of b and a
in (11.8). It states that the cross product is skew-symmetric (i.e., it is
not commutative and the order in which the vectors are multiplied is
essential); changing the order leads to the opposite vector. The cross
product is distributive according to the second property. To prove it,
change a; to a; + ¢;, i = 1,2,3, in (11.8). If a vector a is scaled by a
number s and the resulting vector is multiplied by b, the result is the
same as the cross product a x b computed first and then scaled by s
(change a; to sa; in (11.8) and then factor out s).

74.3. Geometrical Significance of the Cross Product. The above alge-
braic definition of the cross product uses a particular coordinate sys-
tem relative to which the components of the vectors are defined. Does
the cross product depend on the choice of the coordinate system? To
answer this question, one should investigate whether both its direction
and its magnitude depend on the choice of the coordinate system. Let
us first investigate the mutual orientation of the oriented segments a,
b, and a x b. A simple algebraic calculation leads to the following
result:

a- (a X b) = al(agbg — (1362) + Gg(agbl — albg) —+ Clg(albg — Clgbl) =0.

By the skew symmetry of the cross product, it is also concluded that
b-(axb)=-b-(bxa)=0. By the geometrical property of the
dot product, the cross product must be perpendicular to both vectors

a and b:
(11.9) a-(axb)=b-(axb)=0 <= axbla and axb_Lb.

This shows that the direction of the cross product does not depend on
the choice of the coordinate system modulo the reflection axb — axb.
So, by a suitable rotation, the coordinate system can be oriented so that
the cross product is parallel to the z axis. Then the vectors a and b
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TAaXb

2 |

é1:é2xé3

F1GURE 11.11. Left: Geometrical interpretation of the
cross product of two vectors. The cross product is a vec-
tor that is perpendicular to both vectors in the product.
Its length equals the area of the parallelogram whose ad-
jacent sides are the vectors in the product. If the fingers
of the right hand curl in the direction of a rotation from
the first to second vector through the smallest angle be-
tween them, then the thumb points in the direction of
the cross product of the vectors.

Right: Illustration to Study Problem 11.15.

are in the xy plane. Let 6, and 6, be angles counted from the positive
x axis counterclockwise toward the vectors a and b, respectively. The
components of these vectors are a = (||al| cosf,, ||a| sinf,,0) and b =
(|Ib]| cos By, ||b|| sin b, 0) (compare with the polar coordinates of two
points in a plane with the position vectors a and b). Then the cross
product reads:

a x b = é;sl|al|||b||(cos O, sin O, — sin 6, cos B,) = és||al|||b]| sin(d, — b,,) .
Two important conclusions can be deduced from this expression.

74.3.1. The Right-Hand Rule (the Cross-Product Direction). By defini-
tion, the angles 6, and 6, range over the interval [0,27). Let 0 <0 <7
be the (smallest) angle between the vectors a and b (just as defined by
their dot product). The lengths ||a|| and ||b|| and the angle difference
0, — 0, are independent of the orientation of the coordinate axes in the
plane and so must be the cross product. In particular, one can choose
the = axis parallel to the vector a (or §, = 0). Then 6, =0 if 6, <=
and 6, = 2 — 0 if 1 < 6, < 27. In the former case, sin(6, — 0,) = sin@
and the cross product points in the same direction as the z axis, while
in the latter case, sin(f, — 0,) = —sinf and the cross product points
in the direction opposite to the z axis. This leads to the coordinate
independent rule that determines the direction of the cross product
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known as the right-hand rule: If the fingers of the right hand curl in
the direction of a rotation from a toward b through the smallest angle
between them, then the thumb points in the direction of a X b.

Thus, the cross product is always perpendicular to the plane con-
taining a and b and oriented (“up” or “down” relative to the plane)
according to the right-hand rule.

Remark. The transformation in which the coordinate axes change
their direction to the opposite is called the parity transformation. Ev-
idently, under the parity transformation, coordinates of every point
change their sign, and hence every vector (defined as an ordered triple
of numbers) changes its direction, a = (ay, as, az) — (—ay, —ag, —az) =
—a. However, the cross product of two vectors does not change under
the parity transformation: a x b — (—a) x (—b) = a x b. For this
reason, the cross product is sometimes referred to as a pseudovector or
an axial vector. The coordinate systems related by the parity trans-
formation cannot be obtained from one another by rotations, just like
“left” and “right” are swapped in a mirror reflection. There are forces
in nature that are axial vectors. So the world and its mirror image can
be distinguished by studying the results of the actions of such forces.
Physical experiments reveal that the parity symmetry is indeed broken
in our Universe!

74.3.2. The Area of a Parallelogram (the Cross-Product Magnitude). By
the definition of the angle 6, sinf > 0. Therefore, the magnitude of the
cross product is expressed via the geometrical invariants—the length
of the vectors and the angle between them:

la > bl = [[al[[[b[| sin 6.

Now consider the parallelogram with adjacent sides a and b. If ||al|
is the length of its base, then h = ||b||sin6 is its height. Then the
magnitude of the cross product, ||a x b|| = ||a||h, must be the area of
the parallelogram. This completes a proof of the following theorem.

THEOREM 11.5. (Geometrical Significance of the Cross Product).
The cross product a X b of vectors a and b is the vector that is per-
pendicular to both vectors, a x b_La and a x b _L b, has a magnitude
equal to the area of the parallelogram with adjacent sides a and b, and
15 directed according to the right-hand rule.

It should be emphasized that no coordinate system is required to
determine the cross product of two vectors. The geometrical properties
of the cross product can be used to obtain another algebraic criterion
for two vectors that are parallel.
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COROLLARY 11.1. Two nonzero vectors are parallel if and only if
their cross product vanishes:

axb=0 <= alb.

When two vectors are parallel, the area of the corresponding par-
allelogram vanishes, ||a x b|| = 0. The latter is true if and only if
a x b = 0. Conversely, for two parallel vectors, there is a number s
such that a = sb. Hence, a x b = (sa) x b = s(b x b) = 0.

One of the most important applications of the cross product is in
calculations of the areas of planar figures in space.

COROLLARY 11.2. (Area of a Triangle).
Consider a triangle with two adjacent sides represented by the vectors
a and b such that the vectors have the same initial point at a vertex of
the triangle. Then the area of the triangle is

1
Area A\ = §Ha X bl|.

Indeed, by the geometrical construction, the area of the triangle is
half of the area of a parallelogram with adjacent sides a and b.

EXAMPLE 11.6. Let A= (1,1,1), B=(2,-1,3), andC = (—1,3,1).
Find the area of the triangle ABC and a vector normal to the plane
that contains the triangle.

SOLUTION: According to the geometrical properties of the cross prod-
uct, in order to find a vector normal to a plane, one should take
the cross product of any two nonparallel vectors in the plane. For
example, a = AB = (1,—-2,2) and b = AC = (—2,2,0). Then
ax b = (—4,—4,—6) is normal to the plane. Note that the cross
product of any other pair of vectors corresponding to the sides of the
triangle can only be a scaled vector s(—4, —4,6) because any two nor-
mal vectors of a given plane must be parallel and hence proportional.
Since |[(—4, —4,—6)|| = 2|(2,2,3)|| = 2V/17, the area of the triangle
ABC' is v/17 by Corollary 11.2. The units here are squared units of
length used to measure the coordinates of the triangle vertices (e.g.,
m? if the coordinates are measured in meters). U

74.4. Study Problems.

Problem 11.14. Find the most general vector r that satisfies the equa-
tionsa-r =0 and b-r = 0, where a and b are nonzero, nonparallel
vectors.
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SOLUTION: The conditions imposed on r hold if and only if the vector
r is orthogonal to both vectors a and b. Therefore, it must be parallel
to their cross product. Thus, r = t(a x b) for any real ¢. O

Problem 11.15. Use geometrical means to find the cross products of
the unit vectors parallel to the coordinate axes.

SoLUTION: Consider €; X €. Since €; L &; and ||&|| = ||é2]] = 1, their
cross product must be a unit vector perpendicular to both €; and é,.
There are only two such vectors, +é3. By the right-hand rule, it follows
that
él X éQ = é3 .

Similarly, the other cross products are shown to be obtained by cyclic
permutations of the indices 1, 2, and 3 in the above relation. A permu-
tation of any two indices leads to a change in sign (e.g., € X & = —&3).
Since a cyclic permutation of three indices {ijk} — {kij} (and so on)
consists of two permutations of any two indices, the relation between
the unit vectors can be cast in the form

€ =¢&; x e, {ijk}={123} and cyclic permutations.

Problem 11.16. Prove the “bac — cab” rule:
d=ax(bxc)=Db(a-c)—c(a-b).

SOLUTION: If ¢ and b are parallel, then d = 0. If ¢ and b are not
parallel, then d must be perpendicular to both a and b x c¢. From
the condition d L b x c, it follows that d lies in the plane containing
b and c and hence is a linear combination of them, d = sb + tc.
From the condition d L a or a-d = 0, it follows that s = p(a - ¢) and
t = —p(a-b) for some real p. Since the magnitude of the cross product
is independent of the choice of the coordinate system, the number p
can be fixed by computing d in any convenient coordinate system. By
rotating the coordinate system, one can always direct the x axis along
the vector ¢ so that ¢ = ||c||é1, while the vector b lies in the xy plane
so that b = b1€; + beéy. Then b x ¢ = —é3bs||c|| and therefore, for a
generic a = (a1, as, as),

a X (b X C) = —é1||c||a2b2 + é2b2||C||CL1 = —CCLQbQ + (b — b1é1)||C||a1
=bl|c|la; — c(a1by + azby) =b(c-a) —c(a-b),
that is, p = 1. Of course, the statement can also be proved by a

direct use of the algebraic definition of the cross product (a brute-force
method). O
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Problem 11.17. Prove the Jacobt identity
ax(bxc)+bx(cxa)+cx(axb)=0.

SoLUTION: Note that the second and third terms on the left side are
obtained from the first by cyclic permutations of the vectors. Making
use of the bac — cab rule for the first term and then adding to it its
two cyclic permutations, one can convince oneself that the coefficients
at each of the vectors a, b, and ¢ are added up to make 0. 0

Remark. Note that the Jacobi identity implies in particular that
ax(bxc)#(axb)xc;

that is, the multiplication law defined by the cross product does not
generally obey the associative law for multiplication of numbers.

Problem 11.18. Consider all vectors in a plane. Any such vector
a can be uniquely determined by specifying its length a = ||al| and the
angle 0, that is counted from the positive x azis toward the vector a (i.e.,
0 <6, <2m). The relation {ay,as) = (acosb,,asinb,) establishes a
one-to-one correspondence between ordered pairs (ai,az) and (a,0,).
Define the vector product of two vectors a and b as the vector ¢ for
which ¢ = ab and 0. = 0, + 0,. Show that this product is associative
and commutative, that is, that c does not depend on the order of vectors
i the product.

SOLUTION: Let us denote the vector product by a small circle to
distinguish it from the dot and cross products, a o b = c. Since
c = (abcos(0, + 0y), absin(0, + 6,)), the commutativity of the vector
product aob = b o a follows from the commutativity of the product
and addition of numbers: ab = ba and 0, + 6, = 0, + 0,. Similarly,
the associativity of the vector product (aob)oc =ao (boc) follows
from the associativity of the product and addition of ordinary numbers:
(ab)e = a(be) and (0, + 6y) + 0. = 0, + (6 + 0.). O

Remark. The vector product introduced for vectors in a plane is
known as the product of complex numbers. It is interesting to note
that no commutative and associative vector product (i.e., “vector times
vector = vector”) can be defined in a Euclidean space of more than two
dimensions.

Problem 11.19. Let u be a vector rotating in the xy plane about the
z axis. Given a vector v, find the position of u such that the magnitude
of the cross product v X u is maximal.
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SoLUTION: For any two vectors, |[v x u|| = ||v]|||ul|sin@, where 6
is the angle between v and u. The magnitude of v is fixed, while
the magnitude of u does not change when rotating. Therefore, the
absolute maximum of the cross-product magnitude is reached when
sinf = 1 or cosf = 0 (i.e., when the vectors are orthogonal). The
corresponding algebraic condition is v-u = 0. Since u is rotating in the
xy plane, its components are u = (J|u|| cos ¢, ||u|| sin ¢, 0), where 0 <
¢ < 27 is the angle counted counterclockwise from the x axis toward
the current position of u. Put v = (vy,v,,v3). Then the direction of
u is determined by the equation v - u = ||ul|(v; cos ¢ + vesin @) = 0,
and hence tan¢ = —wv;/ve. This equation has two solutions in the
range 0 < ¢ < 2m: ¢ = —tan"'(vy/v) and ¢ = —tan"!(vy/ve) + 7.
Geometrically, these solutions correspond to the case when u is parallel
to the line y = —(v;/vo)z in the zy plane. O

74.5. Exercises. (1) Find the cross product a x b if
(i) a=(1,2,3) and b = (—1,0,1)
(11) a:é1+3é2—é3 andb:3é1—2é2+é3

(2) Find the area of a triangle ABC for A(1,0,1), B(1,2,3), and
C'(0,1,1) and a nonzero vector perpendicular to the plane containing
the triangle.

(3) Suppose a lies in the xy plane, its initial point is at the origin,
and its terminal point is in first quadrant of the zy plane. Let b be
parallel to e3. Use the right-hand rule to determine whether the angle
between a x b and the unit vectors parallel to the coordinate axes lies
in the interval (0,7/2) or (7/2,7) or equals /2.

(4) If vectors a, b, and ¢ have the initial point at the origin and
lie, respectively, in the positive quadrants of the xy, yz, and xz planes,
find the octants in which the pairwise cross products of these vectors
lie.

(5) Let A =(1,2,1) and B = (—1,0,2) be vertices of a parallelo-
gram. If the other two vertices are obtained by moving A and B by
3 units of length along the vector a = (2,1, —2), find the area of the
parallelogram.

(6) Consider four points in space. Suppose that the coordinates
of the points are known. Describe a procedure based on vector al-
gebra to determine whether the points are in one plane. In partic-
ular, are the points (1,2,3), (—1,0,1), (1,3,—1), and (0,1,2) in one
plane?

(7) Let the sides of a triangle have lengths a, b, and ¢ and let the
angles at the vertices opposite to the sides a, b, and ¢ be, respectively,
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a, B, and 7. Prove that

sina  sinf3  sinvy
a b ¢’

Hint: Define the sides as vectors and express the area of the triangle
via the vectors at each vertex of the triangle.

(8) Consider a polygon with four vertices A, B, C, and D. If the
coordinates of the vertices are specified, describe the procedure based
on vector algebra to calculate the area of the polygon. In particular,
put A =(0,0) B = (z1,vy1), C = (x9,y2), and D = (x3,y3), and express
the area via x; and y;, 1 = 1,2, 3.

(9) Consider a parallelogram. Construct another parallelogram
whose adjacent sides are diagonals of the first parallelogram. Find
the relation between the areas of the parallelograms.

(10) Given two nonparallel vectors a and b, show that any vector
r in space can be written as a linear combination r = ra+yb+za x b
and that the numbers z, y, and z are unique for every r.

Hint: See Study Problems 11.14 and 11.6.

(11) A tetrahedron is a solid with four vertices and four triangular
faces. Let vy, vg, v3, and v4 be vectors with lengths equal to the areas
of the faces and directions perpendicular to the faces and pointing
outward. Show that v{ + vy +vs + vy, = 0.

(12) Ifa-b=a-cand a x b =a X c, does it follow that b = c?

75. The Triple Product

DEFINITION 11.12. The triple product of three vectors a, b, and c
is a number obtained by the rule: a- (b x c).

It follows from the algebraic definition of the cross product and the
definition of the determinant of a 3 x 3 matrix that

a-(bxc)=adet (b2 bg) — az det (bl b3> + a3 det (bl bQ)
Ca C3 C1 C3 c1 Cy

a;y ag as
=det b1 bg bg
Ci C2 C3

This provides a convenient way to calculate the numerical value of
the triple product. If two rows of a matrix are swapped, then its
determinant changes sign. Therefore,

a-(bxc)=-b-(axc)=-c-(bxa).

This means, in particular, that the absolute value of the triple product
is independent of the order of the vectors in the triple product.
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b b

F1GURE 11.12. Left: Geometrical interpretation of the
triple product as the volume of the parallelepiped whose
adjacent sides are the vectors in the product: h =
lal|cosf, A =|bxcl|,V=nhA=|al|b xc|cosd =
a-(bxc).

Right: Test for the coplanarity of three vectors. Three
vectors are coplanar if and only if their triple product
vanishes: a- (b x ¢) = 0.

75.1. Geometrical Significance of the Triple Product. Suppose that b
and c are not parallel (otherwise, bxc = 0). Let 6 be the angle between
a and b x c as shown in Figure 11.12 (left panel). If a Lb x c (i.e.,
0 = m/2), then the triple product vanishes. Let § # /2. Consider the
parallelepiped whose adjacent sides being are the vectors a, b, and c.
The faces of the parallelepiped are the parallelograms whose adjacent
sides are pairs of the vectors. In particular, the cross product b x ¢
is perpendicular to the face containing the vectors b and c, whereas
A = ||b x c|| is the area of this face of the parallelepiped (the area of
the parallelogram with adjacent sides b and c¢). By the geometrical
property of the dot product, a- (b x ¢) = Al|al|cosf. On the other
hand, the distance between the two faces parallel to both b and c
(or the height of the parallelepiped) is h = ||al| cos@ if § < 7/2 and
h = —Jlal|cos® if & > 7/2 or, h = ||a|||cosd|. The volume of the
parallelepiped is V' = Ah. This leads to the following theorem.

THEOREM 11.6. (Geometrical Significance of the Triple Product).
The volume V' of a parallelepiped whose adjacent sides are the vectors
a, b, and c is the absolute value of their triple product:

V=la-(bxc).
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Thus, the triple product is a convenient algebraic tool for calculat-
ing volumes. There is a useful consequence of this theorem.

DEFINITION 11.13. (Coplanar Vectors).
Vectors are said to be coplanar if they are in one plane.

Clearly, any two vectors are always coplanar. What is an algebraic
condition for three vectors being coplanar?

COROLLARY 11.3. (Criterion for Three Vectors to Be Coplanar).
Three vectors are coplanar if and only if their triple product vanishes:

a, b, c are coplanar <= a-(bxc)=0.

Indeed, if the vectors are coplanar (Figure 11.12, right panel), then
the cross product of any two vectors must be perpendicular to the
plane where the vectors are and therefore the triple product vanishes.
If, conversely, the triple product vanishes, then either b x ¢ = 0 or
a | b x c. In the former case, b is parallel to ¢, or ¢ = tb, and hence a
always lies in a plane with b and c. In the latter case, all three vectors
a, b, and c are perpendicular to b x ¢ and therefore must be in one
plane (perpendicular to b x c).

EXAMPLE 11.7. Determine whether the points A(1,1,1), B(2,0,2),
C(3,1,—1), and D(0,2,3) are in the same plane.

SoLuTION: Consider the vectors a = AB = (1,-1,1), b = AC =
(2,0,2), and ¢ = AD = (—1,1,2). The points in question are in the
same plane if and only if the vectors a, b, and c are coplanar, or
a- (b xc)=0. One finds.

1-11

a-(bxc)=det 2 02| =10-2)+1(442)+1(2—-0)=6#0.
-1 12

Therefore, the points are not in the same plane. U

The triple product can be used to find the distances between two sets
of points in space. Let §; and S; be two sets of points in space. Let a
point A; belong to Si, let a point As belong to S, and let |A; As| be
the distance between them.

75.2. Distances Between Lines and Planes. If the lines or planes in
space are not intersecting, then how can one find the distance between
them? This question can be answered using the geometrical properties
of the triple and cross products.
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DEFINITION 11.14. (Distance Between Sets in Space).
The distance D between two sets of points in space, S; and Sy, is the
largest number that is less than or equal to all the numbers | Ay As| when
the point Ay ranges over S; and the point As ranges over Ss.

Naturally, if the sets have at least one common point, the distance
between them vanishes. The distance between sets may vanish even
if the sets have no common points. For example, let §; be an open
interval (0,1) on, say, the x axis, while Sy is the interval (1,2) on the
same axis. Apparently, the sets have no common points (the point
x = 1 does not belongs to either of them). The distance is the largest
number D such that D < |27 — xs|, where 0 < 27 < 1 and 1 < x5 < 2.
The value of |21 — 22| > 0 can be made smaller than any preassigned
positive number by taking x; and x5 close enough to 1. Since the
distance D > 0, the only possible value is D = 0. Intuitively, the sets
are separated by a single point that is not an “extended” object, and
hence the distance between them should vanish. In other words, there
are situations in which the minimum of |A; A5| is not attained for some
A € 8§, or some Ay € Sy, or both. Nevertheless, the distance between
the sets is still well defined as the largest number that is less than or
equal to all numbers |A; Ay|. Such a number is called the infimum of
the set of numbers |A; As| and denoted inf |A; As|. Thus,

:inf|A1A2|, AlEsl, AQGSQ.

The notation A; € &) stands for “a point A; belongs to the set S;,”
or simply “A; is an element of §;.” The definition is illustrated in
Figure 11.13 (left panel).

THEOREM 11.7. (Distance Between Parallel Planes).
The distance between parallel planes Py and Py is given by

AP - (AB x AO)|
|AB x AC||

where A, B, and C' are any three points in the plane Py that are not
on the same line, and P is any point in the plane Ps.

PROOF. Since the points A, B, and C' are not on the same line, the
vectors b = AB and ¢ = AC' are not parallel and their cross product
is a vector perpendicular to the planes (see Figure 11.13, right panel).
Consider the parallelepiped with adjacent sides a = A?’, b, and c. Two
of its faces lie in the parallel planes, one in P; and the other in P (i.e.,
the parallelograms with adjacent sides b and c¢). The distance between
the planes is, by construction, the parallelepiped height, which is equal
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S1 Sa

FIGURE 11.13. Left: Distance between two point sets
S1 and S, defined as the largest distance that is less than
or equal to all distances |A; Ay|, where A; ranges over all
points in §; and A, ranges over all points in Ss.

Right: Distance between two parallel planes (Theorem
11.7). Consider a parallelepiped whose opposite faces lie
in the planes P; and Py. Then the distance D between
the planes is the height of the parallelepiped, which can
be computed as the ratio D = V/A, where V = |a:(bxc)|
is the volume of the parallelepiped and A = ||b X c|| is
the area of the face.

to V/A, where V and A are the parallelepiped volume and area of the
face parallel to b and c. The conclusion follows from the geometrical
properties of the triple and cross products: V = |a- (b x ¢)| and
A=|bxc|.

Similarly, the distance between two parallel lines £; and L5 can be
determined. Recall that lines are parallel if they are not intersecting
and lie in the same plane. Let A and B be any two points on the line
L1 and let C' be any point on the line £,. Consider the parallelogram
with adjacent sides a = AB and b = AC as depicted in Figure 11.14
(left panel). The distance between the lines is the height of this par-
allelogram, which is A/||a||, where A = ||a x b||, is the parallelogram
area and ||a|| is the length of its base.

COROLLARY 11.4. (Distance Between Parallel Lines).
The distance between two parallel lines L1 and Lo is

p_ 4B x AC|
145

where A and B are any two distinct points on the line L1 and C' is any
point on the line L.

)

By construction, D is the height of the parallelogram whose adja-
cent sides are the vectors AB and AC'. Therefore, D is its area divided
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L2

bXCA C

\ > L1
A b B

FIGURE 11.14. Left: Distance between two parallel
lines. Consider a parallelogram whose two parallel sides
lie in the lines. Then the distance between the lines is
the height of the parallelogram (Corollary 11.4).

Right: Distance between skew lines. Consider a paral-
lelepiped whose two non parallel edges AB and C'P in
the opposite faces lie in the skew lines £; and L5, re-
spectively. Then the distance between the lines is the
height of the parallelepiped, which can be computed as
the ratio of the volume and the area of the face (Corol-
lary 11.5).

by the length of the base AB. By the geometrical properties of the
cross product, ||AB x AC|| is the area of the parallelogram.

DEFINITION 11.15. (Skew Lines).
Two lines that are not intersecting and not parallel are called skew
lines.

To determine the distance between skew lines £ and Ls, consider
any two points A and B on £; and any two points C' and P on L,.
Define the vectors b = AB and ¢ = C'P that are parallel to lines £,
and Lo, respectively. Since the lines are not parallel, the cross product
b x ¢ does not vanish. The lines £ and L, lie in the parallel planes
perpendicular to b x ¢ (by the geometrical properties of the cross prod-
uct, b x ¢ is perpendicular to b and c). The distance between the lines
coincides with the distance between these parallel planes. Consider the
parallelepiped with adjacent sides a = At’, b, and c as shown in Figure
11.14 (right panel). The lines lie in the parallel planes that contain the
faces of the parallelepiped parallel to the vectors b and c. Thus, the
distance between skew lines can be found from the distance between
the parallel planes containing them, D = V/A, where V and A are the
parallelepiped volume and the area of the base A = ||b x c||.
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COROLLARY 11.5. (Distance Between Skew Lines).
The distance between two skew lines L1 and Lo is

p_ [AC- (4B x CP)|
|AB x CP||

where A and B are any two distinct points on Ly, while C and P are
any two distinct points on Ls.

Note that, given any two lines, one can calculate D, provided, of
course, that the vectors AB and CP are not parallel; that is, the lines
are not parallel. If D = 0, then the lines must intersect. This gives a
simple algebraic criterion for two lines being skew or intersecting.

75.3. Study Problems.

Problem 11.20. Find the most general vector r that satisfies the equa-
tion a- (r x b) =0, where a and b are nonzero, nonparallel vectors.

SOLUTION: By the algebraic property of the triple product, a-(rxb) =
r-(bxa) = 0. Hence, r L axb. The vector r lies in the plane parallel to
both a and b because a x b is orthogonal to these vectors. Any vector
in the plane is a linear combination of any two nonparallel vectors in
it: r = ta + sb for any real t and s (see Study Problem 11.6). O

Problem 11.21. (Volume of a Tetrahedron). A tetrahedron is a solid
with four vertices and four triangular faces. Its volume V = %Ah,
where h is the distance from a vertex to the opposite face and A is the
area of that face. Given coordinates of the vertices B, C', D, and P,
express the volume of the tetrahedron through them.

SOLUTION: Put b = Bt’, c = Bb, and a = AP. The area of the
triangle BCD is A = ||b x c||. The distance from P to the plane Py
containing the face BC'D is the distance between P; and the parallel
plane Ps through the vertex P. Hence,

1  Ja-(bxc)

V==
3 IIb x cl|

1
:6|a-(b><c)|.

So the volume of a tetrahedron with adjacent sides a, b, and c is one-
sixth the volume of the parallelepiped with the same adjacent sides.
Note the result does not depend on the choice of a vertex. Any vertex
could have been chosen instead of B in the above solution. U
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75.4. Exercises. (1) Determine whether the points A = (1,2,3), B =
(1,0,1), C = (—-1,1,2), and D = (—2,1,0) are in one plane and, if not,
find the volume of the parallelepiped with adjacent edges AB, AC,
and AD.

(2) Find
(i) all values of s at which the points A(s,0,s), B(1,0,1), C(s,s,1),
and D(0,1,0) are in the same plane
(ii) all values of s at which the volume of the parallelepiped with adja-
cent sides AB, AC, and AD is 9 units

(3) Verify whether the vectors a = €; +2é; —é3, b = 26, — €5 + €3,
and ¢ = 3e; + €y — 2é3 are coplanar.

(4) Let the numbers u, v, and w be such that uvw = 1 and u? +
v3+w3 = 1. Are the vectors a = ué; +vés +weés, b = vé; +weé, + ueés,
and ¢ = weé; + ues + vez coplanar? If not, what is the volume of the
parallelepiped with adjacent edges a, b, and c?

(5) Prove that

(ax b)-(cxd) = det (:jfi E:S).

Hint: Use the invariance of the triple product under a cyclic permuta-
tion of vectors in it and Study Problem 11.16.

(6) Let a set S; be the circle 22 + y? = 1 and let a set Sy be the
line through the points (0,2) and (2,0). What is the distance between
the sets &7 and 857

(7) Consider a plane through three points A = (1,2,3), B =
(2,3,1), and C = (3,1,2). Find the distance between the plane and a
point P obtained from A by moving the latter 3 units of length along
the vector a = (—1,2,2).

(8) Consider two lines. The first line passes through the points
(1,2,3) and (2, —1, 1), while the other passes through the points (—1, 3, 1)
and (1,1,3). Find the distance between the lines.

(9) Find the distance between the line through the points (1,2, 3)
and (2,1,4) and the plane through the points (1,1,1), (3,1,2), and
(1,2,-1).

Hint: If the line is not parallel to the plane, then they intersect and the
distance is 0. So check first whether the line is parallel to the plane.
How can this be done?

(10) Consider the line through the points (1,2,3) and (2,1,2). If
a second line passes through the points (1,1, s) and (2, —1,0), find all
values of s, if any, at which the distance between the lines is 9/2 units.
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76. Planes in Space

76.1. A Geometrical Description of a Plane in Space. Let a plane P
go through a point F,. Clearly, there are many planes that contain
a particular point in space. All such planes can be obtained from a
particular plane by a general rotation about the point Fy. To eliminate
this freedom and define the plane uniquely, one can demand that every
line in the plane be perpendicular to a given vector n. This vector is
called a normal of the plane P. Thus, the geometrical description of a
plane P in space entails specifying a point F that belongs to P and a
normal n of P.

76.2. An Algebraic Description of a Plane in Space. Let a plane P be
defined by a point F, that belongs to it and a normal n. In some
coordinate system, the point Py has coordinates (zo,yo, 20) and the
vector n is specified by its components n = (nj,ng,n3). A generic
point in space P has coordinates (z,y, z). An algebraic description of
a plane amounts to specifying conditions on the variables (x,y, z) such
that the point P(z,y, z) belongs to the plane P. Let ro = (o, Yo, 20)
and r = (z,y,z) be the position vectors of a particular point P, in
the plane and a generic point P in space, respectively. Consider the
vector PoP =1 — 1y = (x — x0,Y — Yo, 2 — 20). This vector lies in the
plane P if and only if it is orthogonal to the normal n, according to the
geometrical description of a plane (see Figure 11.15, left panel). The
algebraic condition equivalent to the geometrical one, n L P(;P, reads

—

n- FyP = 0. Thus, the following theorem has just been proved.

THEOREM 11.8. (Equation of a Plane).
A point with coordinates (x,y,z) belongs to a plane through a point
Py(xo0, Y0, 20) and normal to a vector n = (ny,ng, ng) if and only if

ni(x — o) + no(y — yo) + n3(z — 29) =0 or n-r=n-ro,

where v and ro are position vectors of a generic point and a particular
point Py in the plane.

So a general solution of the equation n - r = d, where n is a given
vector and d is a given number, is a set of position vectors of all points
of the plane that is perpendicular to n. The number d determines the
position of the plane in space in the following way. If ry is the position
vector of a particular point in the plane, then d = n - ry. The position
vector of another point in the very same plane is ry + a, where the
vector a is in the plane (a particular point Fy has just been displaced
in the plane along the vector a). The number d is independent of the
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FiGURE 11.15. Left: Algebraic description of a plane.
If rq is a position vector of a particular point in the plane
and r is the position vector of a generic point in the
plane, then the vector r — ry lies in the plane and is
perpendicular to its normal, that is, n- (r — ry) = 0.
Right: Equations of parallel planes differ only by their
constant terms. The difference of the constant terms
determines the distance between the planes as stated in
(11.12).

choice of a particular point in the plane because d = n-(rp+a) =n-ry
and the vectors n and a are orthogonal, n | a. The number d changes
if the point Fy is moved along the normal n, but the result of such a
displacement of F, is a point that is not in the original plane. Thus,
the equations n-r = d; and n - r = dy describe two parallel planes
if di # do; that is, variations of d correspond to shifts of the plane
parallel to itself along its normal (see Figure 11.15, right panel).

Note also that the normal vector of a given plane is not uniquely
defined because its magnitude is irrelevant for the geometrical descrip-
tion of the plane. If n is a normal, then sn is also a normal of the same
plane for any nonzero real s. In the algebraic approach, the scaling of
n does not change the equation of the plane, (sn)-r = (sn) - ro, or,
by cancelling the scaling factor s in this equation, n-r = n - ry. Thus,
two planes are parallel if their normals are parallel. From the algebraic
point of view, two planes are parallel if their normals are proportional:

Pul[Pr = mfny «— mn=sn

for some real s.
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DEFINITION 11.16. (Angle Between Two Planes).
The angle between the normals of two planes is called the angle between
the planes.

If n; and n, are the normals, then the angle 6 between them is

determined by

1, - N9

[ ]| [z
Note that a plane as a geometrical set of points in space is not changed
if the direction of its normal is reversed (i.e., n — —n). So the range of
6 can always be restricted to the interval [0, 7/2]. Indeed, if # happens
to be in the interval [1/2, 7] (i.e., cos @ < 0), then the angle § — /2 can
also be viewed as the angle between the planes because one can always
reverse the direction of one of the normals n; — —n; or n, — —ns so
that cos — — cos¥f.

The planes are perpendicular if their normals are perpendicular.
For example, the planes * + y 4+ 2z = 1 and = + 2y — 32 = 4 are
perpendicular because their normals n; = (1,1,1) and ny = (1,2, —3)
are perpendicular: n; -ny =1+2—-3 =0 (i.e., nyLny).

cosf = =1 - Ny.

EXAMPLE 11.8. Find an equation of the plane through three given
points A(1,1,1), B(2,3,0), and C(—1,0,3).

SOLUTION: A plane is specified by a particular point F, in it and by
a vector n normal to it. Three points on the plane are given, so any
of them can be taken as Py, for example, Py = A or (o, Yo, 20) =
(1,1,1). A vector normal to a plane can be found as the cross product
of any two nonparallel vectors in that plane (see Figure 11.16, left
panel). So put a = AB = (1,2,—1) and b = AC = (—2,—1,2). Then
one can take n = a x b = (3,0,—3). An equation of the plane is
3(z—1)+0(y—1)+(—3)(z—1) =0, or z — 2z = 0. Since the equation
does not contain the variable y, the plane is parallel to the y axis.
Note that if the y component of n vanishes (i.e., there is no y in the
equation), then n is orthogonal to €, because n - €, = 0; that is, the y
axis is perpendicular to n and hence parallel to the plane. 0

76.3. The Distance Between a Point and a Plane. Consider the plane
through a point Py and normal to a vector n. Let P, be a point in
space. What is the distance between P; and the plane? Let the angle
between n and the vector PyP; be 6 (see Figure 11.16, right panel).
Then the distance in question is D = ||[PyPy| cos if § < 7/2 (the
length of the straight line segment connecting P, and the plane along
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FiGURE 11.16. Left: Illustration to Example 11.8. The
cross product of two non parallel vectors in a plane is a
normal of the plane.

Right: Distance between a point P; and a plane. An
illustration to the derivation of the distance formula
(11.10). The segment P;B is parallel to the normal n
so that the triangle PyP,B is right-angled. Therefore,
D = ’PlB| = ’POP1|COSQ.

the normal n). For 6 > 7/2, cos# must be replaced by — cosf because
D >0. So

|| 2P| cosb] _ [n- PP
[l ]|

(11.10) D = ||PyP||| cos 0] =

Note that this distance formula can be obtained from the distance
between two parallel planes (Corollary 11.7). Indeed, the vector AB x
AC is the cross product of two vectors in the plane and hence can be
used as the normal n, whereas the vector AP can be used as P(;Pl.

Let ry and r; be position vectors of Fy and P;, respectively. Then
P()_Pl =TI; — Iy, and

(11.11) D=

which is a bit more convenient for calculating the distance if the plane
is defined algebraically by an equation n - r = d.

76.3.1. Distance Between Parallel Planes. Equation (11.11) allows us
to obtain a simple formula for the distance between two parallel planes
defined by the equations n-r = d; and n-r = dy (see Figure 11.15,
right panel):

(11.12) D=

Indeed, the distance between two parallel planes is the distance between
the first plane and any point rg in the second plane. By (11.11), this
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distance is D = |n-ry — dy|/|n| = |d2 — d1|/||n|| because n - ry = do
for any point in the second plane.

EXAMPLE 11.9. Find an equation of a plane that is parallel to the
plane 2x —y + 2z = 2 and at a distance of 3 units from it.

SOLUTION: There are a few ways to solve this problem. From the
geometrical point of view, a plane is defined by a particular point in it
and its normal. Since the planes are parallel, they must have the same
normal n = (2, —1,2). Note that the coefficients at the variables in the
plane equation define the components of the normal vector. Therefore,
the problem is reduced to finding a particular point. Let F, be a
particular point on the given plane. Then a point on a parallel plane
can be obtained from it by shifting F, by a distance of 3 units along
the normal n. If ry is the position vector of Py, then a point on a
parallel plane has a position vector rg + sn, where the displacement
vector sn must have a length of 3, or |sn| = |s|||n|| = 3|s| = 3 and
therefore s = +1. Naturally, there should be two planes parallel to
the given one and at the same distance from it. To find a particular
point on the given plane, one can set two coordinates to 0 and find
the value of the third coordinate from the equation of the plane. Take,
for instance, Py(1,0,0). Particular points on the parallel planes are
ro +n = (1,0,0) + (2,—1,2) = (3,—1,2) and, similarly, rp — n =
(—1,1,—2). Using these points in the standard equation of a plane,
the equations of two parallel planes are obtained:

2c —y+2z=11 and 2z —y+2z=-T.

An alternative algebraic solution is based on the distance formula
(11.12) for parallel planes. An equation of a plane parallel to the given
one should have the form 2z —y+ 2z = d. The number d is determined
by the condition that |d —2|/|n|| =3 or [d—2| =9, 0or d =4+9+2. O

76.4. Study Problems.

Problem 11.22. Find an equation of the plane that is normal to
a straight line segment AB and bisects it if A = (1,1,1) and B =
(—1,3,5).

SOLUTION: One has to find a particular point in the plane and its
normal. Since AB is perpendicular to the plane, n = AB = (—2,2,4).
The midpoint of the segment lies in the plane. Hence, Fy(0,2,3) (the
coordinates of the midpoints are the half sums of the corresponding
coordinates of the endpoints). The equation reads —2z + 2(y — 2) +
4(z—3)=0o0r —z+y+2z=38. O
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Problem 11.23. Find an equation of the plane through the point
Py(1,2,3) that is perpendicular to the planes v +y+z =1 and x —y +
2z =1.

SOLUTION: One has to find a particular point in the plane and any
vector perpendicular to it. The first part of the problem is easy to solve:
Py is given. Let n be a normal of the plane in question. Then, from the
geometrical description of a plane, it follows that nln; = (1,1, 1) and
nln, = (1,—1,2), where n; and ny are normals of the given planes. So
n is a vector perpendicular to two given vectors. By the geometrical
property of the cross product, such a vector can be constructed as
n=n; x ny = (3,—1,—2). Hence, the equation reads 3(x — 1) — (y —
2)—2(z—3)=0o0r 3z —y—2z=—b. O

Problem 11.24. Determine whether two planes x + 2y — 2z =1 and
2z + 4y + 4z = 10 are parallel and, if not, find the angle between them.

SOLUTION: The normals are n; = (1,2,-2) and ny, = (2,4,4) =
2(1,2,2) (i.e., they are not proportional). Hence, the planes are not
parallel. Since ||n;| = 3, ||n;]| = 6, and n; - n, = 2, the angle is
determined by cosf = 2/18 = 1/9 or § = cos™!(1/9). O

76.5. Exercises. (1) Find an equation of the plane through the origin
and parallel to the plane 2z —2y+ 2z = 4. What is the distance between
the two planes?

(2) Do the planes 2z +y — z = 1 and 4z + 2y — 2z = 10 intersect?

(3) Consider a parallelepiped with one vertex at the origin at which
the adjacent sides are the vectors a = (1,2,3), b = (2,1,1), and ¢ =
(—1,0,1). Find equations of the planes that contain the faces of the
parallelepiped.

(4) Determine whether the planes 2z +y—z =3 and x+y+2 =1
are intersecting. If they are, find the angle between them.

(5) Find an equation of the plane with = intercept a, y intercept
b, and z intercept c. What is the distance between the origin and the
plane?

(6) Find an equation for the set of points that are equidistant from
the points (1,2,3) and (—1,2,1). Give a geometrical description of the
set.

(7) Find an equation of the plane that is perpendicular to the
plane = + y + z = 1 and contains the line through the points (1,2, 3)
and (—1,1,0).

(8) To which of the planes x +y + 2z = 1 and x4+ 2y — z = 2 is the
point (1,2,3) the closest?
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(9) Give a geometrical description of the following families of planes:
)z+y+z=c
(i) z+y+cz=1
(ili) zsinc+ycosc+z =1
where c¢ is a parameter.

(10) Consider three planes with normals nj, ny, and ng such that
each pair of the planes is intersecting. Under what condition on the
normals are the three lines of intersection parallel or even coincide?

77. Lines in Space

77.1. A Geometrical Description of a Line in Space. Consider two points
in space. They can be connected by a path. Among all the continuous
paths that connect the two points, there is a distinct one, namely, the
one that has the smallest length. This path is called a straight line
segment.

DEFINITION 11.17. (Geometrical Description of a Line).
A line L is a set of points in space such that the shortest path connecting
any pair of points of L belongs to L.

Given a point F, there are infinitely many lines through F;, all of
which are related by rigid rotations about the point F. Therefore, to
fix a line uniquely, one should specify a direction to which the line is
parallel, in addition to its position Fy. The direction can be determined
by a vector v. It follows from the geometrical description of a line that
v is a vector connecting any two points of the line. The length or norm
of v is irrelevant for specifying the direction; that is, any parallel vector
(or the oriented segment between another pair of points of the line) is
just as good as v. Thus, a line £ is uniquely specified by a particular
point Py of £ and any vector v to which the line is parallel, v || L.

Remark. The very notion of a line, defined as the shortest path be-
tween two points in space, is deeply rooted in the very structure of
space itself. How can a line be realized in the space in which we live?
One can use a piece of rope, as in the ancient world, or the “line
of sight” (i.e., the path traveled by light from one point to another).
Einstein’s theory of gravity states that “straight lines” defined as tra-
jectories traversed by light are not exactly the same as “straight lines”
in a Euclidean space. So a Euclidean space may only be viewed as a
mathematical approximation (or model) of our space. A good analogy
would be to compare the shortest paths in a plane and on the surface of
a sphere; they are not the same as the latter are “curved.” The concept
of curvature of a path is discussed in the next chapter. The shortest
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path between two points in a space is called a geodesic (by analogy
with the shortest path on the surface of the Earth). The geodesics
of a Euclidean space (straight lines) do not have curvature, whereas
the geodesics of our space (i.e., the paths traversed by light) do have
curvature that is determined by the distribution of gravitating masses
(planets, stars, etc.). A deviation of the geodesics from straight lines
near the surface of the Earth is very hard to notice. However, a devia-
tion of the trajectory of light from a straight line has been observed for
the light coming from a distant star to the Earth and passing near the
Sun. Einstein’s theory of general relativity asserts that a better model
of our space is a Riemann space. A sufficiently small neighborhood in
a Riemann space looks like a portion of a Euclidean space.

77.2. An Algebraic Description of a Line. In some coordinate system, a
particular point of a line £ has coordinates Py(xo, Yo, 20), and a vec-
tor parallel to £ is defined by its components, v = (vy,vs,v3). Let
r = (x,y,z) be a position vector of a generic point of £ and let
ro = (xo, Yo, 20) be the position vector of Py. The vector r — ry must
be parallel to £ because it is the oriented straight line segment con-
necting two points of L (see Figure 11.17, left panel). Hence, a point
(x,y, z) belongs to L if and only if r —r( || v. The equivalent algebraic
condition reads r — ry = tv for some real . To obtain all points of L,
one should let ¢t range over all real numbers.

v r—ro=_=tv

F1GURE 11.17. Left: Algebraic description of a line £
through ry and parallel to a vector v. If ry and r are
position vectors of particular and generic points of the
line, then the vector r—r( is parallel to the line and hence
must be proportional to a vector v, that is, r — ry = tv
for some real number t¢.

Right: Distance between a point P, and a line £ through
a point Py and parallel to a vector v. It is the height of
the parallelogram whose adjacent sides are the vectors
Po_Pl and v.
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THEOREM 11.9. (Equations of a Line).
The coordinates of the points of the line L through a point Py and
parallel to a vector v satisfy the vector equation

(11.13) r=ry+tv, —oo<t<oo.
or the parametric equations
(11.14) x =zo+tvy, y=yo+tvy, x==2z9+tvy, —o00<t< 0.
The parametric equations of the line can be solved for ¢. As a result,
one infers equations for the coordinates x, y, and z:
_ T =% _Y~Y _ 2T

t= = ,
(%1 %) U3

provided none of the components of v vanish. These equations are
called symmetric equations of a line. Note that these equations make
sense only if all the components of v do not vanish. If, say, v; = 0,
then the first equation in (11.14) does not contain the parameter ¢ at
all. So the symmetric equations are written in the form

Y=Y Z— 20
Tr = X, = .
V2 U3

EXAMPLE 11.10. Find the vector, parametric, and symmetric equa-
tions of the line through the points A(1,1,1) and B(1,2,3).

SOLUTION: Take v = AB = (0,1,2) and Py = A. Then
r=(1,1,1) + (0, 1,2),
r=1, y=1+t, z=1+2t,
z—1
2

are the vector, parametric, and symmetric equations of the line,
respectively. 0

r=1, y—1=

77.2.1. Distance Between a Pointand a Line. Consider a line £ through
Py parallel to v. What is the distance between a given point P; and the
line £? Consider a parallelogram with vertex Py and whose adjacent
sides are the vectors v and PP, as depicted in Figure 11.17 (right
panel). The distance in question is the height of this parallelogram,
which is therefore its area divided by the length of the base ||v||. If
ro and r; are position vectors of Fy and P;, then PO_Pl =r; —rg9 and
hence ~

v x BPl [y x (g — x|

Iv]] [[v]]

D
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77.3. Relative Positions of Lines in Space. Two lines in space can be
intersecting, parallel, or skew. Given an algebraic description of the
lines, how can one find out which of the above three cases occurs? If
the lines are intersecting, how can one find the coordinates of the point
of intersection? Suppose the line £; contains a point P; and is parallel
to vy, while £y contains a point P, and is parallel to vs.

COROLLARY 11.6. (Criterion for Two Lines to Parallel).
Two lines are parallel if and only if their direction vectors vi and vo
are parallel:

L] Ly < vi]|ve <= v;=svy for some real s.

Suppose that the lines are not parallel. Then they are either skew
or intersecting. In the latter case, the distance between the lines is 0 as
they have a common point (see Section 75), whereas in the former case
the distance cannot be 0. Since the lines are not parallel, v x vy # 0.
Making use of the distance formula between skew lines (see Corollary
11.5), one proves the following.

COROLLARY 11.7. (Criteria for Two Non-parallel Lines to Be Skew or
Intersecting).
Let Py be a point of L1 and let Py be a point of Lo. Let vi||Ly and
vaol|[Ly and let the lines L1 and Ly be nonparallel. Then

PP, - (vi X vo) #0 <= Ly,L, are skew,
PfPQ (vixvy) =0 <= L;,L, are intersecting.

Let £, and L5 be intersecting. How can one find the point of
intersection? To solve this problem, consider the vector equations for
the lines ry = ry+tvy and ry = ro+svy. When changing the parameter
t, the terminal point of r; slides along the line £, while the terminal
point of r, slides along the line £5 when changing the parameter s as
depicted in Figure 11.18 (left panel). Note that the parameters of both
lines are not related in any way according to the geometrical description
of the lines. If two lines are intersecting, then there should exist a pair
of numbers (¢,s) = (to, Sp) at which the terminal points of vectors r;
and rg coincide, r; = r,. Let v; = (a;, b;,¢;), i = 1,2. Writing this
vector equation in componentform, the following system of equations
is obtained:

r1 +tag = x9 + sao,
Y1 + by = x9 + sby,

z21 + tcr = 29 + sco.
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FI1GURE 11.18. Left: Intersection point of two lines £;
and L5. The terminal point of the vector r; traverses
L, as t ranges over all real numbers, while the terminal
point of the vector ry traverses L, as s ranges over all real
numbers independently of ¢. If the lines are intersecting,
then there should exist a pair of numbers (t, s) = (to, So)
such that the vectors r; and r, coincide, which means
that their components must be the same. This defines
three equations on two variables ¢ and s.

Right: Intersection point of a line £ and a plane P. The
terminal point of the vector r; traverses L as t ranges
over all real numbers. If the line intersects the plane
defined by the equation r-n = d, then there should exist
a particular value of ¢ at which the vector r; satisfies the
equation of the plane: r, - n = d.

The system has three equations for only two variables. It is an overde-
termined system, which may or may not have a solution. From the
above geometrical analysis, it follows that, if the lines are parallel (i.e.,
vy X vy = 0), then the system has no solution (the lines are distinct),
or it might have infinitely many solutions (the lines coincide). For
example, put P, = P, and v; = 2vy. Then the system is satisfied by
any pair (t,s = 2t), where t is any real. The system has no solution if
the criterion for two lines to be skew is satisfied. Finally, the system
must have the only solution if the criterion for two nonparallel lines to
be intersecting is satisfied. Let (¢, s) = (%o, so) be a solution. Then the
position vector of the point of intersection is r; 4+ tgvy or ry 4 Sgvo.

77.4. Relative Positions of Lines and Planes. Consider a line L and a
plane P. The question of interest is to determine whether they are
intersecting or parallel. If the line does not intersect the plane, then
they must be parallel. In the latter case, the line must be perpendicular
to the normal of the plane.
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COROLLARY 11.8. (Criterion for a Line and a Plane to Be Parallel).
Let v be a vector parallel to a line L and let n be a normal of a plane
P. Then

L|P <= v| n <= v-n=0.

If the line intersects the plane, then there should exist a particular
value of the parameter ¢ for which the position vector r; = rg + tv
of a point of £ also satisfies the plane equation r - n = d (see Figure
11.18, right panel). The value of the parameter ¢ that corresponds to
the point of intersection is determined by the equation

r, n=d = rg-n+iv-n=d = t:m.
v-n
The position vector of the point of intersection is found by substituting
this value of ¢ into the vector equation of the line r; = ro + tv.

ExaMPLE 11.11. Find an equation of the plane P that is per-
pendicular to the plane Py, © +y — z = 1, and contains the line
r—1=y/2=2+1.

SoLuTION: The plane P must be parallel to the line (P contains it)
and the normal n; = (1,1, —1) of P; (as PLP;). So the normal n of P
is perpendicular to both n; and the vector v = (1,2, 1) that is parallel
to the line. Therefore, one can take n = n; x v = (3,-2,1). To find
a particular point of P, note that the point of intersection of P; and
the line belongs to the plane P. The line contains the point (1,0, —1).
Put r, = rg +tv = (1 +¢,2t,—1 4+ t). The equation r; -n; = 1 or
2 4 2t = 1 has the solution ¢t = —1/2. Hence, the position vector of a
particular point of P is r,—_1/2 = (1/2,—1,—-3/2). An equation of P
reads 3(x +1/2) —2(y+ 1)+ (¢ +3/2) =0o0r 3z -2y + 2z =—-1. O

77.5. Study Problems.

Problem 11.25. Let Ly be the line through Pi(1,1,1) and parallel to
vy = (1,2, —1) and let Ly be the line through Py(4,0,—2) and parallel
to vo = (2,1,0). Determine whether the lines are parallel, intersecting,
or skew and find the line L that is perpendicular to both L1 and Lo and
intersects them.

SOLUTION: The vectors v; and vy are not proportional, and hence
the lines are not parallel. One has P;PQ =(3,—-1,—-3) and v; X v =
(1,—2,—3). Therefore, PP, - (vi X v5) = 14 # 0, and the lines are
skew by Corollary 11.7. To find the line £, note that it has to contain
one point of each line. Let r; = ry +tv; be a position vector of a point
of £1 and let ry = ry + svy be a position vector of a point of L, as
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FIGURE 11.19. Left: Illustration to Study Problem
11.25. The vectors rg and r; trace out two given skewed
lines £ and Ly, respectively. There are particular values
of t and s at which the distance ||r; — r4|| becomes mini-
mal. Therefore, the line £ through such points r; and r,
is perpendicular to both £; and L.

Right: Intersection of a line £ and a sphere S. An il-
lustration to Study Problem 11.26. The terminal point
of the vector r; traverses the line as t ranges over all real
numbers. If the line intersects the sphere, then there
should exist a particular value of ¢ at which the compo-
nents of the vector r; satisfy the equation of the sphere.
This equation is quadratic in ¢, and hence it can have
two distinct real roots, one multiple real root, or no real
roots. These three cases correspond to two, one, or no
points of intersection. One intersection point means that
the line is tangent to the sphere.

shown in Figure 11.19 (left panel). As the line £ should intersect both
L1 and Lo, there should exist a pair of values (¢, s) of the parameters
at which the vector ry — r; is parallel to £; that is, the vector ry — r;
becomes perpendicular to both vectors vi and v,. The corresponding
algebraic conditions are

re—r; vy < (rs—ry)-vi=4+4s—6t=0,
rg—r; Lvy < (rg—r) -vo=5+5s—4t=0.

This system has the solution ¢t = 0 and s = —1. Thus, the points with
the position vectors ri—g = r; and r—_; = ry— vy = (2, —1, —2) belong
to L. So the vector v = r,__ 1 —r;—g = (1,—3,—1) is parallel to L.
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Taking a particular point of £ to be P;, the parametric equations read
r=14+t,y=1-3t,z=1—1. U

Problem 11.26. Consider a line through the origin that is parallel to
the vector v = (1,1,1). Find the portion of this line that lies inside the
sphere x> +y? + 2> —x — 2y — 3z = 0.

SOLUTION: The parametric equations of the line are x = t, y = t,
z = t. If the line intersects the sphere, then there should exist particular
values of ¢ at which the coordinates of a point of the line also satisfy the
sphere equation (see Figure 11.19, right panel). In general, parametric
equations of a line are linear in ¢, while a sphere equation is quadratic in
the coordinates. Therefore, the equation that determines the values of
t corresponding to the points of intersection is quadratic. A quadratic
equation has two, one, or no real solutions. Accordingly, these cases
correspond to two, one, and no points of intersection, respectively. In
our case, 3t2 — 6t =9 or t> — 2t = 3 and hence t = —1 and t = 3. The
points of intersection are (—1,—1,—1) and (3, 3,3). The line segment
connecting them can be described by the parametric equations x = ¢,
y=1t,z=1, where —1 <t < 3. O

77.6. Exercises. (1) Find parametric equations of the line through
the point (1,2, 3) and perpendicular to the plane z +y + 2z = 1. Find
the point of intersection of the line and the plane.

(2) Find parametric and symmetric equations of the line of inter-
section of the planes x +y+ 2 =1and 20 — 2y + z = 1.

(3) Is the line through the points (1,2, 3) and (2, —1,1) perpendic-
ular to the line through the points (0,1, —1) and (1,0,2)? Are the lines
intersecting? If so, find the point of intersection.

(4) Determine whether the lines . =1+ 2t, y = 3t, z = 2 — ¢ and
r+1=y—4=(z—1)/3 are parallel, skew, or intersecting. If they
intersect, find the point of intersection.

(5) Find the vector equation of the straight line segment from the
point (1,2,3) to the point (—1,1,2).

(6) Let r; and ry be position vectors of two points in space. Find
the vector equation of the straight line segment from r; to rs.

(7) Consider the plane z 4+ y + z = 0 and a point P = (1,2, —3) in
it. Find parametric equations of the lines through the origin that are
at a distance of 1 unit from P.

(8) Find parametric, symmetric, and vector equations of the line
through (0,1,2) that is perpendicular to v = (1,2,1) and parallel to
the plane = + 2y + 2z = 3.
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(9) Find parametric equations of the line that is parallel to v =
(2,—1,2) and goes through the center of the sphere x? + y? + 22 =
2x+62z—6. Restrict the range of the parameter to describe the portion
of the line that is inside the sphere.

(10) Let the line £; pass through the point A(1,1,0) parallel to
the vector v .= (1,—1,2) and let the line L, pass through the point
B(2,0,2) parallel to the vector w = (—1,1,2). Show that the lines are
intersecting. Find the point C' of intersection and parametric equations
of the line L3 through C' that is perpendicular to £; and L.

78. Quadric Surfaces

DEFINITION 11.18. (Quadric Surface).
The set of points whose coordinates in a rectangular coordinate system
satisfy the equation

Az? + By? + C2% + pry + quz +vyz +ax + By + vz + D =0,

where A, B, C, p, q, v, a, B, 7, and D are real numbers, is called a
quadric surface.

A sphere provides a simple example of a quadric surface: x? 4+ y? +
22— R*=0,thatis, A=B=C=1,p=q=0v=0,a=p0=",
and D = —R?, where R is the radius of the sphere. The equation that
defines quadric surfaces is the most general equation quadratic in all the
coordinates. This is why surfaces defined by it are called quadric. The
task here is to classify all the shapes of quadric surfaces. The shape
does not change under its rigid rotations and translations. On the
other hand, the equation that describes the shape would change under
rotations and translations of the coordinate system (see Section 71
and Example 11.2). The freedom in choosing the coordinate system
can be used to simplify the equation for quadric surface and obtain a
classification of different shapes described by it.

78.1. Quadric Cylinders. Consider first a simpler problem in which the
equation of a quadric surface does not contain one of the coordinates,
say, z (i.e., C = q¢=v =+ =0). Then the set S,

§={(x.y.2)

is the same curve in every horizontal plane z = const. For example,
if A=B=1,p=0, and D = —R?, the cross section of the surface
S by any horizontal plane is a circle 22 4+ y* = R2. So the surface S
is a cylinder of radius R that is swept by the circle when the latter
is shifted up and down parallel to the z axis. Similarly, a general

Ax2+By2+pxy+oz:c+By+D:0},
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cylindrical shape is obtained by shifting a curve in the xy plane up and
down parallel to the z axis. The task here is to classify all possible
shapes of quadric cylinders.

In Example 11.2, it was established that, under a counterclockwise
rotation of the coordinate system through an angle ¢, * — xcos¢ +
ysin¢ and y — ycos ¢ — xsin ¢. By substituting the transformed co-
ordinates into the equation for &, one obtains the equation for the very
same shape in the new rotated coordinate system. The freedom of
choosing the rotation angle ¢ can be used to simplify the equation. In
particular, it is always possible to adjust ¢ so that in the new coordi-
nate system the equation for & does not contain the “mixed” term zy.
Indeed, after the substitution of the transformed coordinates into the
equation, the coefficient at zy defines a new p:

p — 2(A — B)cos¢sin¢ + a(cos® ¢ — sin® ¢) = (A — B)sin(20)
+ acos(2¢) =p'.

Therefore, the term xy disappears from the equation if the angle ¢
satisfies the condition p’ = 0 or

(11.15) tan(2¢) = —4— | and $=_- if A=B.

B—A’
The coefficients A and B (the factors at 2% an
factors at x and y) are transformed as

A — [A+ B+ (A — B)cos(2¢) — asin(2¢)] = A,
B — 3$[A+ B — (A — B)cos(2¢) + asin(2¢)] = B,
a — acosg— fBsing = o,
B — Bcosp+asing = [,

where ¢ satisfies (11.15).

Depending on the values of A, B, and p, the following three cases
can occur. First, A’ = B’ = 0, which is only possible if A = B =p = 0.
In this case, S is defined by the equation o’z + 'y + D = 0, which is
a plane parallel to the z axis.

Second, only one of A" and B’ vanishes, say, B’ = 0 (note that for
establishing the shape it is irrelevant how the horizontal and vertical
coordinates in the zy plane are called). In this case, the equation for
S assumes the form A’z + o’z + By + D = 0 or, by completing the
squares,

A/

F<x—xo>2+(y—y0):0, xoz%;,, yo=%<Ax§—D>;

ST

y?) and o and (3 (the
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here it is assumed that 3’ # 0 (otherwise, the equation does not define
a curve in the zy plane and hence S is not a surface). This equation
defines a parabola y = A”2?, A" = A’/@3, after the translation of the
coordinate system: x — z + xo and y — y + yo (see Section 71).

Third, both A" and B’ do not vanish. Then, after the completion
of squares, the equation can be brought to the form

Az —z)> + B'(y— )’ =D/,
where

O/ /

" W o
Finally, after the translation of the origin to the point (zo,yo), the
equation becomes

1
Ty = D' = —D+§(A’x3+B’y§).

Az + By’ =D

If D’ = 0, then this equation defines two straight lines y = +mx, where
m = (—A'/B')~Y2, provided A’ and B’ have opposite signs (otherwise,
the equation has no solution). If D’ # 0, then the equation can be
written as (A’/D’)z? + (B'/D')y* = 1. One can always assume that
A'/D" > 0 (as the shape of the curve is independent of how the coor-
dinate axes are called). Note also that the rotation of the coordinate
system through the angle 7/2 swaps the axes, (z,y) — (y, —z), which
can be used to reverse the sign of A’/D’. Now put A'/D' = 1/a* and
B'/D' = £1/b? (depending on whether B’/D’ is positive or negative)
so that the equation becomes

22 2

Ei%zl
When the plus is taken, this equation defines an ellipse. When the
minus is taken, this equation defines a hyperbola.

The above results are summarized in the following theorem (see

Figure 11.20).

THEOREM 11.10. (Classification of Quadric Cylinders).
A general equation for quadric cylinders

S = {(x,y,z)’sz+By2—|—pxy—|—ozx+ﬁy—|—D:O}

can be brought to one of the following standard forms by a suitable
rotation and translation of the coordinate system.:

y—ar’=0 (parabolic cylinder),
R
P + ol 1 (elliptic cylinder),
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)
Yy ——>Y
Y ()

FiGURE 11.20. Left: Parabolic cylinder. The cross sec-

tion by any horizontal plane z = const is a parabola
_ 2

Yy = azr”.

Middle: An elliptic cylinder. The cross section by any

horizontal plane z = const is an ellipse 2 /a*+y*/0* = 1.

Right: A hyperbolic cylinder. The cross section by

any horizontal plane z = const is a hyperbola x?/a?—

v /0? = 1.
2 2
ZL‘_2 _ ‘Z_Q =1 (hyperbolic cylinder),
a

provided A, B, and p do not vanish simultaneously. If A= B =p =0,
then S is a plane.

78.2. Classification of General Quadric Surfaces. The classification of
general quadric surfaces can be carried out in the same way (i.e., by
simplifying the general quadratic equation by means of rotations and
translations of the coordinate system). First, one can prove that there
exists a rotation of the coordinate system such that in the new coor-
dinate system the quadratic equation does not have “mixed” terms:
p—p =0,¢— ¢ =0,and v — v = 0. Depending on how many of
the coefficients A’, B’, and C’ do not vanish, some of the linear terms or
all of them can be eliminated by translations of the coordinate system.
The corresponding technicalities require a substantial use of linear al-
gebra methods, which goes beyond the scope of this course. So the
final result is given without a proof.

THEOREM 11.11. (Classification of Quadric Surfaces).
By rotating and translating a rectangular coordinate system, a gen-
eral equation for quadric surfaces can be brought either to one of the
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FiGURE 11.21. Left: An ellipsoid. A cross section by
any coordinate plane is an ellipse.

Right: An elliptic double cone. A cross section by a hor-
izontal plane z = const is an ellipse. A cross section by
any vertical plane through the z axis is two lines through
the origin.

standard equations for quadric cylinders or to one of the following six
forms:

2 2 2
y: oz o
=+ = + 5= 1 (ellipsoid),
2 2 2
'Z_2 = % + ZZ—Q (elliptic double cone),

2 2 2

a2 b2 2
2 2 2

a2 b2 2

=1 (hyperboloid of one sheet),

=1 (hyperboloid of two sheets),

2 .2
% — % + z—z (elliptic paraboloid),
2 P . .
riab it (hyperbolic paraboloid).

It should be noted again that the shape of the surface does not
depend on how the coordinate axes are called. So the shape does
not change under any permutation of the coordinates (x,y, z) in the
standard equations; only the orientation of the shape relative to the
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FiGUure 11.22. Left: A hyperboloid of one sheet. A
cross section by a horizontal plane z =const is an ellipse.
A cross section by a vertical plane x =const or y =const
is a hyperbola.

Right: A hyperboloid of two sheets. A nonempty cross
section by a horizontal plane is an ellipse. A cross section
by a vertical plane is a hyperbola.

FiGure 11.23. Left: An elliptic paraboloid. A
nonempty cross section by a horizontal plane is an el-
lipse. A cross section by a vertical plane is a parabola.
Right: A hyperbolic paraboloid (a “saddle”). A cross
section by a horizontal plane is a hyperbola. A cross
section by a vertical plane is a parabola.
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coordinate system changes. For example, the equations x? + y? = R?
and % + 22 = R? describe a cylinder of radius R, but in the former
case the cylinder axis coincides with the z axis, while the cylinder axis
is the x axis in the latter case.

78.3. Visualization of Quadric Surfaces. The shape of a quadric surface
can be understood by studying intersections of the surface with the
coordinate planes r = xg, y = yo, and z = z;. These intersections are
also called traces.

An Ellipsoid. If a? = b*> = ¢ = R?, then the ellipsoid becomes a
sphere of radius R. So, intuitively, an ellipsoid is a sphere “stretched”
along the coordinate axes. Traces of an ellipsoid in the planes x =
To, |To| < a, are ellipses y?/b* + 2%/c* = k, where k = 1 — x3/a>.
Apparently, the traces in the planes x = +a consist of a single point
(£a,0,0), and there is no trace in any plane x = xq if |xo| > a. Traces
in the planes y = yg and z = 2z, are also ellipses and exist only if
lyo| < b and |zo| < ¢. Thus, the characteristic geometrical property of
an ellipsoid is that its traces are ellipses.

A Paraboloid. Suppose ¢ > 0. Then the paraboloid lies above
the xy plane because it has no trace in all horizontal planes below the
xy plane, z = zy < 0. In the zy plane, its trace contains just the
origin. Similarly, a paraboloid with ¢ > 0 lies below the xy plane.
Horizontal traces (in the planes z = zy) of the paraboloid are ellipses,
r?/a* + y?/b* = k, where k = zy/c. The ellipses become wider as z
gets larger (¢ > 0). For the sake of simplicity, put ¢ = 1. Vertical
traces (traces in the planes x = xy or y = yo) are parabolas z — k =
y?/b?, where k = x3/a® or z — k = 2%/a®, where k = y2/b?. So the
characteristic geometrical property of a paraboloid is that its horizontal
traces are ellipses, while its vertical ones are parabolas. If a = b, the
ellipsoid is also called a circular ellipsoid because its horizontal traces
are circles.

A Double Cone. Horizontal traces are ellipses x2/a* + 3 /b = k,
where k = 22/c®. They become wider as |z| grows, that is, as the
horizontal plane moves away from the xy plane (z = 0). In the xy
plane, the cone has a trace that consists of a single point (the origin).
The vertical traces in the planes x = 0 or y = 0 are a pair of lines
z = +(c/b)y or z = *(c/a)x. Vertical traces in the planes = = xy # 0
or y = yo # 0 are hyperbolas y?/b* — 2%/c* = k, where k = —z2/a?, or
r?/a*—2%/c* = k, where k = —y2/b%. So the characteristic geometrical
property of a cone is that horizontal traces are ellipses; its vertical
traces are either a pair of lines, if the plane contains the cone axis,
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or hyperbolas. If a = b, the cone is called a circular cone. In this
case, vertical traces in the planes containing the cone axis are a pair
of lines with the same slope ¢/a = ¢/b. The angle ¢ between the axis
of the cone and any of these lines defines the cone uniquely because
c/a = cot ¢, and the equation of the cone can be written as

22 =cot?(¢)(z* +1y?), 0<o<m/2.

The equation for an upper or lower cone of the double circular cone is

z =t cot(p)v/2? + y2.

A Hyperbolic Paraboloid. Horizontal traces are hyperbolas
r?/a® — y*/b* = k, where k = z5/c. For simplicity, put a = b and
¢ = —1. Then, if zy < 0 (horizontal planes below the xy plane), then
the hyperbolas are symmetric about the x axis, and their branches lie
either in x > 0 or in # < 0 (i.e., they do not intersect the y axis). If
zo > 0, then the hyperbolas are symmetric about the y axis, and their
branches lie either in y > 0 or in y < 0 (i.e., they do not intersect
the x axis). Vertical traces in the planes © = zy are upward parabo-
las, whereas in the planes y = yy they are downward parabolas. The
hyperbolic paraboloid has the characteristic shape of a “saddle.”

A Hyperboloid of One Sheet. The characteristic geometrical
property of a hyperboloid of one sheet is that its horizontal traces are
ellipses and its vertical traces are hyperbolas. Every horizontal plane
has a trace of the hyperboloid, and the smallest one is in the xy plane
(an ellipse with semi axes a and b). The semiaxes of the ellipses increase
as the plane moves away from the zy plane.

A Hyperboloid of Two Sheets. A distinctive feature of this
surface is that it consists of two sheets. Indeed, the hyperboloid has
no trace in the horizontal planes z = zy if —¢ < z5 < ¢. So one sheet
lies above the plane z = ¢ and the other lies below the plane z = —c.
Horizontal traces in the planes z = 2y > ¢ or z = z5 < —c are ellipses.
The upper sheet touches the plane z = ¢ at the point (0,0, ¢), while the
lower sheet touches the plane z = —c at the point (0,0, —c). Vertical
traces are hyperbolas. So the characteristic geometrical properties of
hyperboloids of one sheet and two sheets are similar, apart from the fact
that the latter one consists of two sheets. Also, in the asymptotic region
|z| > ¢, the hyperboloids approach the surface of the double cone.
Indeed, in this case, 2?/c* > 1, and hence the equations z?/a*+y?/b* =
+1+ 2%/c* can be well approximated by the double-cone equation (+1
can be neglected on the right side of the equations). In the region
z > 0, the hyperboloid of one sheet approaches the double cone from
below, while the hyperboloid of two sheets approaches it from above.
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For z < 0, the converse holds. In other words, the hyperboloid of two
sheets lies “inside” the cone, while the hyperboloid of one sheet lies
“outside” it.

78.4. Study Problems.
Problem 11.27. Classify the quadric surface 3z* + 3y — 2xy = 4.

SOLUTION: The equation does not contain one variable (the z coor-
dinate). The surface is a cylinder. To determine the type of cylin-
der, consider a rotation of the coordinate system in the zy plane and
choose the rotation angle so that the coefficient at the “mixed” term
vanishes. According to (11.15), A = B = 3 and hence ¢ = 7/4. Then
A'=(A+B—-a)/2=4and B'=(A+ B+ a)/2 =2. So, in the new
coordinates, the equation becomes 2% + y?/2 = 1, which is an ellipse
with semiaxes @ = 1 and b = /2. The surface is an elliptic cylinder. O

Problem 11.28. Classify the quadric surface x*> — 2z +y + z = 0.

SOLUTION: By completing the squares, the equation can be trans-
formed into the form (z —1)*+ (y—1)+2z = 0. After shifting the origin
to the point (1, 1,0), the equation becomes z? +y —z = 0. Consider ro-
tations of the coordinate system about the z axis: y — cos ¢y +sin ¢z,
z — cos ¢z — sin ¢y. Under this rotation, y — z — (cos ¢ + sin @)y +
(sin ¢ — cos ¢)z. Therefore, for ¢ = 7/4, the equation assumes one of
the standard forms 22 + /2y = 0, which corresponds to a parabolic
cylinder. U

Problem 11.29. Classify the quadric surface x®+2z? —2z+22z—y = 0.

SOLUTION: By completing the squares, the equation can be trans-
formed into the form (x — 1)2 + (2 + 1)? — (y + 2) = 0. The latter
can be brought into one of the standard forms by shifting the origin to
the point (1, -2, —1): 2? + 22 = y, which is a circular paraboloid. Its
symmetry axis is parallel to the y axis (the line of intersection of the
planes z = 1 and z = —1) and its vertex is (1, —2, —1). O

Problem 11.30. Sketch and/or describe the set of points in space
formed by a family of lines through the point (1,2,0) and parallel to
vy = (cosf,sind, 1), where 6 € [0, 27 labels lines in the family.

SOLUTION: The parametric equations of each line are x = 1 + t cos ¥,
y =2+tsinf, and z = t. Therefore, (z — 1)? + (y — 2)? = 22 for all
values of t and #. Thus, the lines form a double cone whose axis is
parallel to the z axis and whose vertex is (1,2,0). Alternatively, one
could notice that the vector vy rotates about the z axis as 6 changes.
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Vg = €3 + Ug

FIGURE 11.24. An illustration to Study Problem 11.30.
The vector iy rotates about the vertical line so that the
line through (1,2,0) and parallel to vy sweeps a double
cone with the vertex at (1,2,0).

Indeed, put vy = +€,, where u = (cos 6, sin 6, 0) is the unit vector in
the xy plane as shown in Figure 11.24. It rotates as 6 changes, making
a full turn as # increases from 0 to 27. So the set in question can be
obtained by rotating a particular line, say, the one corresponding to
0 = 0, about the vertical line through (1,2,0). The line sweeps the
double cone. O

78.5. Exercises. (1) Use traces to sketch and identify each of the fol-
lowing surfaces:
(i) y? = 2% + 922
(i) y = 2% — 22
(iii) 42 + 2y* + 22 = 4
(iv) 22 —y? + 22 = -1
(v). > + 422 =16
(vi). 22 —y?*+ 22 =1
(2) Reduce each of the following equations to one of the standard
form, classify the surface, and sketch it:
(i) 2* + > +422 — 22 +4y =0
(ii) 22 —y? + 22+ 20 —2y+42+2=0
(i) 22 + 49> — 6z +2 =0
(3) Find an equation for the surface obtained by rotating the line
y = 2x about the y axis.
(4) Find an equation for the surface consisting of all points that
are equidistant from the point (1,1,1) and the plane z = 2.
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(5) Sketch the solid region bounded by the surface z = /22 + 2
from below and by 22 + y? + 22 — 2z = 0 from above.

(6) Find an equation for the surface consisting of all points P for
which the distance from P to the y axis is twice the distance from P
to the zx plane. Identify the surface.

(7) Show that if the point (a,b,c) lies on the hyperbolic parab-
oloid z = y? — 22, then the lines through (a,b,c) and parallel to
v = (1,1,2(b — a)) and u = (1,—1,—2(b — a)) both lie entirely on
this paraboloid. Deduce from this result that the hyperbolic parab-
oloid can be generated by the motion of a straight line. Show that
hyperboloids of one sheet, cones, and cylinders can also be obtained by
the motion of a straight line.

Remark. The fact that hyperboloids of one sheet are generated by the
motion of a straight line is used to produce gear transmissions. The
cogs of the gears are the generating lines of the hyperboloids.

(8) Find an equation for the cylinder of radius R whose axis goes
through the origin and is parallel to a vector v.

(9) Show that the curve of intersection of the surfaces x? — 2y? +
322 20 +y—z=1and 22% — 49> + 622+ —y + 22 = 4 lies in a
plane.



CHAPTER 12

Vector Functions

79. Curves in Space and Vector Functions

To describe the motion of a pointlike object in space, its position
vectors must be specified at every moment of time. A vector is defined
by three components in a coordinate system. Therefore, the motion of
the object can be described by an ordered triple of real-valued func-
tions of time. This observation leads to the concept of vector-valued
functions of a real variable.

DEFINITION 12.1. (Vector Function).
Let D be a set of real numbers. A wvector function r(t) of a real variable
t is a rule that assigns a vector to every value of t from D. The set D
1s called the domain of the vector function.

Most commonly used rules to define a vector function are alge-
braic rules that specify components of a vector function in a coordi-
nate system as functions of a real variable: r(t) = (z(t), y(t), z(¢)). For
example,

r(t) = (V1—t,In(t), t*) or xz(t)=+v1—t,y(t)=1In(t), z(t) =1*.

Unless specified otherwise, the domain of the vector function is the set
D of all values of t at which the algebraic rule makes sense; that is,
all three components can be computed for any t from D. In the above
example, the domain of z(t) is —oo < ¢t < 1, the domain of y(t) is
0 < t < 00, and the domain of z(t) is —oo < t < co. The domain of
the vector function is the intersection of the domains of its components:

D = (0,1].
Suppose that the components of a vector function r(t) are contin-
uous functions on D = [a,b]. Consider all vectors r(t), as ¢ ranges

over the domain D, positioned so that their initial points are at a
fixed point (e.g., the origin of a coordinate system). Then the terminal
points of the vectors r(t) form a curve in space as depicted in Fig-
ure 12.1 (left panel). The simplest example is provided by the motion
along a straight line, which is described by a linear vector function
r(t) = ro + tv. Thus, the range of a vector function defines a curve in

73
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A A
.-"‘--' -‘-‘*‘. _,.-""-#’#r'-r
Yarisy i
r(a) ¥(b) /T 2
}y Zé3 — —J *y

T T

FIGURE 12.1. Left: The terminal point of a vector r(t)
whose components are continuous functions of ¢ traces
out a curve in space.

Right: Graphing a space curve. Draw a curve in the xy
plane defined by the parametric equations z = z(t), y =
y(t). It is traced out by the vector R(t) = (z(t),y(t),0).
This planar curve defines a cylindrical surface in space
in which the space curve in question lies. The space
curve is obtained by raising or lowering the points of
the planar curve along the surface by the amount z(t),
that is, r(t) = R(¢) + €32(t). In other words, the graph
z = z(t) is wrapped around the cylindrical surface.

space, and a graph of a vector function is a curve in space. There is
a difference between graphs of ordinary functions and graphs of vector
functions, though. The function of a real variable is uniquely defined
by its graph. This is not so for vector functions. Suppose the shape of
a curve is described geometrically, that is, as a point set in space (e.g.,
a line through two given points). One might ask the question: What is
a vector function that traces out a given curve in space? The answer
to this question is not unique. For example, a line £ as a point set in
space is uniquely defined by its particular point and a vector v parallel
to it. If r; and ry are position vectors of two particular points of L,
then both vector functions ry(t) = r; + tv and ry(t) = ry — 2tv trace
out £ because the vector —2v is also parallel to L.

The following, more sophisticated example is also of interest. Sup-
pose one wants to find a vector function that traces out a semicircle
of radius R. Let the semicircle be positioned in the upper part of the
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xy plane (y > 0). The following three vector functions trace out the
semicircle:

ri(t)=(, VR?—12,0), —-R<t<R,
ro(t) = (Rcost, Rsint, 0), 0<t<m,
r3(t) = (—Rcost, Rsint, 0), 0<t<m.

This is easy to see by computing the norm of these vector functions:
lr;(8)]|? = R? or z2(t) + y?(t) = R? where i = 1,2,3, for any value
of t; that is, the endpoints of the vectors r;(t) always remain on the
semi circle of radius R as t ranges over the specified interval. It can
therefore be concluded that there are many vector functions that trace
out the same curve in space defined as a point set in space.

Another observation is that there are vector functions that trace
out the same curve in opposite directions. In the above example, the
vector function ry(t) traces out the semicircle counterclockwise, while
the functions ri(¢) and rs(t) do so clockwise. So a vector function
defines the orientation of a spatial curve. However, this notion of the
orientation of a curve should be regarded with caution. For example,
the vector function r(t) = (Rcost, R|sint|,0) traces out the semicircle
twice, back and forth, when ¢ ranges from 0 to 2. In this case, the
range of r(t) should be considered as two semicircles (one is oriented
counterclockwise and the other clockwise), and these semicircles are
superimposed one onto the other.

79.1. Graphing Space Curves. To visualize the shape of a curve C
traced out by a vector function, it is convenient to think about r(t)
as a trajectory of motion. The position of a particle in space may be
determined by its position in a plane and its height relative to that
plane. For example, this plane can be chosen to be the zy plane. Then

r(t) = (x(t), y(1), 2(1)) = (x(t), y(t), 0)+(0, 0, =(1)) = R(t) +z(t)es.

Consider the curve defined by the parametric equations z = x(t),
y = y(t) in the xy plane. One can mark a few points along the
curve corresponding to particular values of ¢, say, P, with coordinates
(x(tn),y(tn)), n = 1,2,...,N. Then the corresponding points of the
curve C' are obtained from them by moving the points P, along the
direction normal to the plane (i.e., along the z axis in this case), by
the amount z(¢,); that is, P, goes up if z(t,) > 0 or down if z(¢,) < 0.
In other words, as a particle moves along the curve x = z(t), y = y(¢),
it ascends or descends according to the corresponding value of z(t).
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The curve can also be visualized by using a piece of paper. Consider
a general cylinder with the horizontal trace being the curve z = x(t),
y = y(t), like a wall of the shape defined by this curve. Then make a
graph of the function z(t) on a piece of paper (wallpaper) and glue it to
the wall so that the ¢ axis of the graph is glued to the curve z = x(¢),
y = y(t) (i-e., each point ¢ on the ¢ axis is glued to the corresponding
point (z(t),y(t)) of the curve). After such a procedure, the graph of
z(t) along the wall would coincide with the curve C traced out by r(t).
The procedure is illustrated in Figure 12.1 (right panel).

EXAMPLE 12.1. Graph the vector function r = {(cost,sint,t), where
t ranges over the real line.

SOLUTION: It is convenient to represent r(t) as the sum of a vector
in the zy plane and a vector parallel to the z axis. In the xy plane,
the curve x = cost, y = sint is the circle of unit radius traced out
counterclockwise so that the point (1,0,0) corresponds to ¢ = 0. The
circular motion is periodic with period 27. The height z(¢) = ¢ rises
linearly as the point moves along the circle. Starting from (1,0,0),
the curve makes one turn on the surface of the cylinder of unit radius
climbing up by 27 in each turn. Think of a piece of paper with a
straight line depicted on it that is wrapped around the cylinder. Thus,
the curve traced by r(t) lies on the surface of a cylinder of unit radius
and periodically winds about it climbing by 27 per turn. Such a curve
is called a heliz. The procedure is shown in Figure 12.2. 0

79.2. Limits and Continuity of Vector Functions.

DEFINITION 12.2. (Limit of a Vector Function).
A wector v is called the limit of a vector function r(t) as t — to if

lim ||r(t) — 1ol = 0;
t—to
the limit is denoted as limy;_;, r(t) = ry.

The left and right limits, lim, - r(¢) and lim,_,+ r(t), are defined
similarly. This definition says that the length or norm of the vector
r(t) — ro approaches 0 as ¢ tends to to. The norm of a vector vanishes
if and only if the vector is the zero vector. Therefore, the following
theorem holds.

THEOREM 12.1. (Limit of a Vector Function).
Let r(t) = (x(t),y(t), 2(t)) and let ro = (x0, Yo, 20). Then

limr(t) =r)y <= limz(t) =z, limy(t) =yo, lim z(t)= 2.
t—to t—to t—to t—to
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R > t

= 3m/2 1
™/ 7/2 7 31/2 27

Ficure 12.2. Graphing a helix. Right: The curve
R(t) = (cost,sint,0) is a circle of unit radius, traced
out counterclockwise. So the helix lies on the cylinder of
unit radius whose symmetry axis is the z axis.

Middle: The graph z = z(t) =t is a straight line that
defines the height of helix points relative to the circle
traced out by R(t).

Right: The graph of the helix r(t) = R(t) + z(t)és.
As R(t) traverses the circle, the height z(t) = ¢ rises
linearly. So the helix can be viewed as a straight line
wrapped around the cylinder.

This theorem reduces the problem of finding the limit of a vector
function to the problem of finding limits of three ordinary functions.
It also says that the limit of a vector function exists if and only if the
limits of its all components exist.

EXAMPLE 12.2. Find the limit of r(t) = (sin(t)/t, tint,(e'—
1—1t)/t?) ast — 0.

SoLUTION: By I’'Hospital’s rule,

sint . cost

lim — = lim — =1,
t—0+ ¢ t—o+ 1
Int ¢!
lim tlnt = lim — = lim =—limt=0,
t—0t t—o+ t—1 t—0t+ —t 2 t—0t
et —1—1¢ et —1 el
lim ——— = lim = lim — = —.
t—0+ t2 t—0+ 2t t—0+ 2 2

Therefore, lim; o+ r(t) = (1,0,1/2). O
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DEFINITION 12.3. (Continuity of a Vector Function).
A wvector function r(t), t € [a,b], is said to be continuous at t =ty €
[a, b] if

tlir? r(t) = r(ty) .

A wector function r(t) is continuous in the interval [a, b] if it is contin-
uous at every point of [a,b].

By Theorem 12.1, a vector function is continuous if and only if all
its components are continuous functions.

EXAMPLE 12.3. Determine whether the vector function r(t) = (sin
(2t)/t, % €'Y for all t # 0 and r(0) = (1,0,1) is continuous.

SOLUTION: The components y(t) = ¢? and 2(t) = e’ are continuous for
all real ¢ and y(0) = 0 and 2(0) = 1. The component xz(t) = sin(2t)/t
is continuous for all ¢ # 0 because the ratio of two continuous functions
is continuous. By I"Hospital’s rule,

. _..sin(2t) . 2cos(2t) : .
-
that is, z(¢) is not continuous at t = 0. Thus, r(t) is continuous
everywhere, but ¢ = 0. U

79.3. Space Curve as a Continuous Vector Function. A curve in space
can be understood as a continuous transformation (or a deformation
without breaking) of a straight line segment in space. Conversely, every
space curve can be continuously deformed to a straight line segment. So
a space curve is a continuous deformation of a straight line segment,
and this deformation has a continuous inverse. This motivates the
following (simpler) definition of a spatial curve that is sufficient for all
applications discussed in this course.

DEFINITION 12.4. (Curve in Space).
A curve in space is the range of a continuous vector function.

If a curve in space is defined as a point set by geometrical means
(e.g., as an intersection of two surfaces), then this definition implies
that there is a continuous vector function whose range coincides with
the point set. It should be understood that there are different contin-
uous vector functions with the same range, and a continuous vector
function may traverse the same point set several times. For example,
the vector function r(t) = (¢%,¢2,t?) is continuous on the interval [—1, 1]
and traces out the straight line segment, x = y = z, between the points
(0,0,0) and (1,1,1) twice.
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A curve is said to be simple if it does not intersect itself at any
point; that is, a simple curve is a continuous vector function r(t) for
which r(t;) # r(tg) for any t; # t5 in the open interval (a,b). A simple
curve is always oriented because the function r(t) traces out its range
only once from the initial point r(a) to the terminal point r(b). A curve
is closed if r(a) = r(b). The definition of a space curve as a continuous
vector function is rather fruitful because it allows us to give a precise
algebraic description of the geometrical properties a space curve may
have.

79.4. Study Problems.

Problem 12.1. Find a vector function that traces out a heliz of radius
R that climbs up along its axis by h.

SOLUTION: Let the helix axis be the z axis. The motion in the xy
plane must be circular with radius R. Suitable parametric equations
of the circle are x(t) = Rcost, y(t) = Rsint. With this parameter-
ization of the circle, the motion has a period of 2w. On the other
hand, z(t) must rise linearly by h as ¢t changes over the period. There-
fore, z(t) = ht/(2m). The vector function may be chosen in the form

r(t) = (Rcost, Rsint, ht/(2m)). O

Problem 12.2. Sketch and/or describe the curve traced out by the
vector function r(t) = (cost,sint,sin(4t)) if t ranges in the interval
0, 27].

SOLUTION: In the zy plane, the motion goes along the circle of unit
radius, counterclockwise, starting from the point (1,0,0). As ¢ ranges
over the specified interval, the circle is traced out only once. The
height z(t) = sin(4¢) has a period of 27/4 = m/2. Therefore, the graph
of sin(4t) makes four ups and four downs if 0 < ¢ < 27. The curve looks
like the graph of sin(4t) wrapped around the cylinder of unit radius.
It makes one up and one down in each quarter of the cylinder. The
procedure is shown in Figure 12.3. O

Problem 12.3. Sketch and/or describe the curve traced out by the
vector function r(t) = (tcost,tsint,t).

SOLUTION: The components of r(t) satisfy the equation 22 (t) +12(t) =
2%(t) for all values of t. Therefore, the curve lies on the double cone
? +y* = 2% Since 2%(t) + y?(t) = ¢, the motion in the xy plane is
a spiral (think of a rotational motion about the origin such that the
radius increases linearly with the angle of rotation). If ¢ increases from
t = 0, the curve in question is traced by a point that rises linearly with
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Ficure 12.3. Mlustration to Study Problem 12.2. Left:
The curve lies on the cylinder of unit radius. It may
be viewed as the graph of z = sin(4¢) on the interval
0 <t <27 wrapped around the cylinder.

Right: The circle traced out by R(t) = (cost,sint,0)
(top). It defines the cylindrical surface on which the
curve lies. The graph z = z(t) = sin(4¢), which defines
the height of points of the curve relative to the circle in
the zy plane (bottom).

the distance from the origin as it travels along the spiral. If ¢ decreases
from t = 0, instead of rising, the point would descend (z(t) =t < 0).
So the curve winds about the axis of the double cone while remaining
on its surface. The procedure is shown in Figure 12.4. U

Problem 12.4. Find the portion of the elliptic helix r(t) = (2 cos(nt),
t,sin(mt)) that lies inside the ellipsoid x* + y* + 42% = 13.

SOLUTION: The helix here is called elliptic because it lies on the surface
of an elliptic cylinder. Indeed, in the xz plane, the motion goes along
the ellipse 2?/4 + 22 = 1. So the curve remains on the surface of the
elliptic cylinder parallel to the y axis. One turn around the ellipse
occurs as t changes from 0 to 2. The helix rises by 2 along the y axis
per turn. Now, to solve the problem, one has to find the values of ¢
at which the helix intersects the ellipsoid. The intersection happens
when the components of r(¢) satisfy the equation of the ellipsoid, that
is, when x2(t) +y%(t) +42%(t) = 1 or 4+t*> = 13 and hence t = 3. The
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ZA

FiGure 12.4. Mlustration to Study Problem 12.3. Left:
The height of the graph relative to the zy plane (top).
The curve R = (tcost,tsint,0). For ¢t > 0, it looks like
an unwinding spiral (bottom).

Right: For ¢ > 0, the curve is traversed by the point
moving along the spiral while rising linearly with the
distance traveled along the spiral. It can be viewed as a
straight line wrapped around the cone x? + y? = 22.

position vectors of the points of intersection are r(4+3) = (—2,+£3,0).
The portion of the helix that lies inside the ellipsoid corresponds to the
range —3 <t < 3. O

Problem 12.5. Consider two curves C7 and Cy traced out by the
vector functions rq(t) = (t,t,t* + 2t — 8) and ra(s) = (8 — 4s,2s, s> +
s — 2), respectively. Do the curves intersect? If so, find the points of
intersection. Suppose two particles have the trajectories ri(t) and ro(t),
where t is time. Do the particles collide?

SOLUTION: The curves intersect if there are values of the pair (¢, s)
such that ry(t) = ra(s). This vector equation is equivalent the system
of three equations z1(t) = z2(s), y1(t) = ya(s), z1(t) = 22(s). It follows
from the second equation that ¢ = 2s. Substituting this into the first
equation, one finds that (2s)? = 8 — 4s whose solutions are s = —2 and
s = 1. One has yet to verify that the third equation t*+2t—8 = s*+s5—2
holds for the pairs (¢,s) = (—4,—2) and (¢,s) = (2,1) (otherwise, the
z components do not match). A simple calculation shows that indeed
both pairs satisfy the equation. So the position vectors of the points
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of intersection are ri(—4) = ro(—2) = (16, —4,0) and ry(2) = ry(1) =
(4,2,0). Although the curves along which the particles travel intersect,
this does not mean that the particles would necessarily collide because
they may not arrive at a point of intersection at the same moment of
time, just like two cars traveling along intersecting streets may or may
not collide at the street intersection. The collision condition is more
restrictive, r1(t) = ra(t) (i.e., the time ¢ must satisfy three conditions).
For the problem at hand, these conditions cannot be fulfilled for any ¢
because, among all the solutions of r;(f) = ry(s), there is no solution
for which t = s. Thus, the particles do not collide. 0

Problem 12.6. Find a vector function that traces out the curve of
intersection of the paraboloid z = x® +1y? and the plane 2x +2y+ 2z = 2
counterclockwise as viewed from the top of the z axis.

SOLUTION: One has to find the components x(t), y(t), and z(¢) such
that they satisfy the equations of the paraboloid and plane simultane-
ously for all values of t. This ensures that the endpoint of the vector r(t)
remains on both surfaces, that is, traces out their curve of intersection
(see Figure 12.5). Consider first the motion in the xy plane. Solving
the plane equation for z, z = 2 — 2x — 2y, and substituting the solution
into the paraboloid equation, one finds 2 — 2z — 2y = 2% + y?. After

Ficure 12.5. Illustration to Study Problem 12.6. The
curve is an intersection of the paraboloid and the plane
P. It is traversed by the point moving counterclockwise
about the circle in the zy plane (indicated by Py) and
rising so that it remains on the paraboloid.
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completing the squares, this equation becomes 4 = (z + 1)? + (y + 1)?,
which describes a circle of radius 2 centered at (—1,—1). The cir-
cle lies in the plane Py in Figure 12.5. Its parametric equations read
x = z(t) = =1+ 2cost, y = y(t) = —1 + 2sint. As ¢ increases
from 0 to 2w, the circle is traced out counterclockwise as required.
Thus, r(t) = (—1+ 2cost,—1 + 2sint,6 — 2cost — 2sint), where
t € [0,27]. O

79.5. Exercises. (1) Find the domain of each of the following vector
functions:

(i) r(t) = (V9 — t2,Int, cost)

(i) r(t) = (In(9 — ), In|¢|, (1 + t) /(2 + 1))

(2) Find each of the following limits or show that it does not exist:
(i) lim;_o+{(e* — 1)/t, (V1+t—1)/t, tInt)

(ii) limy_o(sin®(2t)/t2, 2+ 2, (cost — 1)/t%)
(iii) limy_o{(e** —t)/t, tcott, \/1+t)

(3) Sketch each of the following curves and identify the direction
in which the curve is traced out as the parameter ¢ increases:
(i) r(t) = (t, cos(3t),sin(3t))

(ii) r(t) = (2sin(5t), 4, 3 cos(5t))
(iii) r(t) = (2tsint, 3t cost,t)
(iv) r(t) = (sint, cost,Int)

(4) Two objects are said to collide if they are at the same position
at the same time. Two trajectories are said to intersect if they have
common points. Let ¢ be the physical time. Let two objects travel along
the space curves rq(t) = (t,t* %) and ro(t) = (1 + 2¢,1 + 6t, 1 + 14¢).
Do the objects collide? Do their trajectories intersect? If so, find the
collision and intersection points.

(5) Find a vector function that traces out the curve of intersection
of two surfaces:

(i) 22 +y?> =9 and z = zy
(i) 22 +y*=22andx+y+2=1
(iii) 2 = 2* + 9* and y = 2*

(6) Suppose that the limits lim;_, v(¢) and lim;_, u(t) exist. Prove

the basic laws of limits for the following vector functions:

11_r}rg(v(t) +u(t)) = lim V(t) +lim u(t),
= shmv )

) = (t
) = 1mv( ) - hmu( ),
) = )

lim(sv (¢

t—a (
hm( (t) - u(t
u(

1%( v(t) x u(t 1mv(t X hm u(t).
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(7) To appreciate the basic laws of limits established in exercise 6,
put v(t) = ((e? —1)/t, (V1+t—1)/t, tInt) and u(t) = (sin?(2t)/¢?,
t2 42, (cost —1)/t?) (see exercise 2) and find:

(1) limy o+ (v(t) + u(t))

(i) limy o+ (v(t) - u(t))

(iii) limy_o+(v(2) x u(t))

Think of the amount of technicalities needed to obtain the answers
without the laws of limits (e.g., calculating the cross product first and
then finding the limit value).

(8) Find the values of the parameters a and b at which the curve
r(t) = (1 + at? b —t,t*) passes through the point (1,2, 8).

(9) Let v(0) = (a, b, c) and let r(t) = (tcot(2t),t/3In|t], > + 2) for
t # 0. Find the values of a, b, and ¢ at which the vector function is
continuous.

(10) Suppose that the vector function v(¢) x u(t) is continuous.
Does this imply that both vector functions v(¢) and u(t) are continu-
ous? Support your arguments by examples.

80. Differentiation of Vector Functions

DEFINITION 12.5. (Derivative of a Vector Function).
Suppose a vector function r(t) is defined on an interval [a,b] and ty €

la,b]. If the limit

r(to +h) —r(to) _ r'(ty) = ﬁ(tO)
dt

exists, then it is called the derivative of a vector function r(t) at t = ¢,
and r(t) is said to be differentiable at to. Forty = a orty = b, the limit
is understood as the right (h > 0) or left (h < 0) limit, respectively. If
the derivative exists for all points in |a, b, then the vector function r(t)
is said to be differentiable on |a,b.

Hm h

It follows from the definition of the limit that a vector function is
differentiable if and only if all its components are differentiable:

<a:(t +h)—x(t) ylt+h)—ylt) z(t+h)— z(t)>
h ’ h ’ h

(12.1) = '(t), y'(t), ().

For example,

r(t) = (sin(2t), t* —t, ) = 1'(t) = (2cos(2t), 2t —1, —3e~*).

DEFINITION 12.6. (Continuously Differentiable Vector Function).
If the derivative r'(t) is a continuous vector function on an interval
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[a,b], then the vector function r(t) is said to be continuously differen-
tiable on [a,b].

Higher-order derivatives are defined similarly: the second derivative
is the derivative of r/(t), v”(t) = (r/(¢))’, the third derivative is the
derivative of r”(t), v (t) = (r"(t)), and r™(¢) = (r(*=(¢)), provided
they exist.

80.1. Differentiation Rules. The following rules of differentiation of vec-
tor functions can deduced from (12.1).

THEOREM 12.2. (Differentiation Rules).
Suppose u(t) and v(t) are differentiable vector functions and f(t) is a
real-valued differentiable function. Then

vt +um] = Vi) + w)
d
it

v u(n)] = Vo) - uln) +v(D) ),

FOv)] = POV + FOVQ),

dt
%[Vﬁ) X u<t>: = V'(t) xu(t) + v(t) x u'(t).

SV = revo)

The proof is based on a straightforward use of the rule (12.1) and
basic rules of differentiation for ordinary functions and left as an exer-
cise to the reader.

80.2. Differential of a Vector Function. If r(¢) is differentiable, then
(12.2) Ar(t) = r(t + At) — r(t) = r'(t) At + u(At) At,

where u(At) — 0 as At — 0. Indeed, by the definition of the de-
rivative, u(At) = Ar/At —r'(t) — 0 as At — 0. Therefore, the
components of the difference Ar — r’ At converge to 0 faster than At.
As for ordinary functions, situations in which all such terms can be
neglected is described by the concept of the differential.

DEFINITION 12.7. (Differential of a Vector Function).
Let r(t) be a differentiable vector function. Then the vector

dr(t) =1'(t)dt
is called the differential of r(t).
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In particular, the derivative is the ratio of the differentials, r'(¢) =
dr/dt. In a small enough neighborhood of any particular ¢ = ty, a
differentiable vector function can be well approximated by a linear
vector function because Ar ~ dr(ty) or with dt = At:

r(to + At) = L(t) = r(to) + r'(to)At, At =1t —t,.

The linear vector function L(¢) defines a line passing through the point
r(to). This line is called the tangent line to the curve traced out by r(¢).
Thus, the differential dr(t) at a point of the curve r(t) is the increment
of the position vector along the line tangent to the curve at that point.

80.3. Geometrical Significance of the Derivative. Consider a vector func-
tion that traces out a line parallel to a vector v, r(t) = rg + tv. Then
r'(t) = v; that is, the derivative is a vector parallel or tangent to the
line. This observation is of a general nature; that is, the vector r'(ty) is
tangent to the curve traced out by r(t) at the point whose position vector
is r(ty). Let Py and P, have position vectors r(ty) and r(to + h). Then

PyP, = r(to+h) —r(ty) is a secant vector. As h — 0, PyP, approaches
a vector that lies on the tangent line as depicted in Figure 12.6. On
the other hand, it follows from (12.2) that, for small enough h = dt,
PyP, = dr(ty) = r'(to)h, and therefore the tangent line is parallel to
r'(to). The direction of the tangent vector also defines the orientation

o r(to+h) |
/ ! // /s

Y
Y

FiGURE 12.6. Left: A secant line through two points
of the curve, Py and P,. As h gets smaller, the direction
of the vector PyP, = r(to + h) — r(ty) becomes closer to
the tangent to the curve at F.

Right: The derivative r’(¢) defines a tangent vector to
the curve at the point with the position vector r(t). It
also specifies the direction in which r(t) traverses the
curve with increasing t. T(t) is the unit tangent vector.
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of the curve, that is, the direction in which the curve is traced out
by r(t).

EXAMPLE 12.4. Find the line tangent to the curve r(t) = (2t,1* —
1,83 + 2t) at the point Py(2,0,3).

SOLUTION: By the geometrical property of the derivative, a vector
parallel to the line is v = r'(¢;), where t; is the value of the parameter
t at which r(ty) = (2,0,3) is the position vector of Fy. Therefore,
to = 1. Then v = r'(1) = (2,2t,3t + 2)|;=1 = (2,2,5). Parametric
equations of the line through F, and parallel to v are x = 2 + 2t,
y =2t z=3+5t. O
If the derivative r/(t) exists and does not vanish, then, at any point
of the curve traced out by r(t), a unit tangent vector can be defined by
/

T(t) = rt)

/()]
In Section 79.3, spatial curves were identified with continuous vector
functions. Intuitively, a smooth curve as a point set in space should
have a unit tangent vector that is continuous along the curve. Recall
also that, for any curve as a point set in space, there are many vector

functions whose range coincides with the curve.

DEFINITION 12.8. (Smooth Curve).
A point set in space is called a smooth curve if there is a continuously
differentiable vector function whose range coincides with the point set
and whose derivative does not vanish.

A smooth curve r(t) is oriented by the direction of the unit tangent
vector T(t).

Consider the planar curve r = (t3,¢2,0). The vector function is dif-
ferentiable everywhere, r'(t) = (2t,3t%,0), and the derivative vanishes
at the origin, r'(0) = 0. The unit tangent vector T(t) is not defined at
t = 0. In the zy plane, the curve traces out the graph y = 2%°, which
has a cusp at * = 0. The graph is not smooth at the origin. The tan-
gent line is the vertical line # = 0 because y/(7) = (2/3)27'/% — +o0 as
x — 0%. The graph approaches it from the positive half-plane y > 0,
forming a hornlike shape at the origin. A cusp does not necessarily
occur at a point where the derivative r/(t) vanishes. For example, con-
sider r(t) = (t*,¢°,0) such that r'(0) = 0. The curve traces out the
graph y = 2°/3, which has no cusp at = 0 (it has an inflection point
at x = 0). There is another vector function R(s) = (s,s%3,0) that
traces out the same graph, but R'(0) = (1,0,0) # 0, and the curve is
smooth. So the vanishing of the derivative is merely associated with a
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poor choice of the vector function Note that r(t) = R(s) identically
if s = ¢*. By the chain rule, 4r(t) = 4R(s) = R/(s)(ds/dt). This
shows that, even if R(s) never vanishes, the derivative r'(¢) can van-
ish, provided ds/dt vanishes at some point, which is indeed the case in
the considered example as ds/dt = 3t* vanishes at ¢ = 0.

80.4. Study Problems.

Problem 12.7. Prove that, for any smooth curve on a sphere, a tan-
gent vector at any point P is perpendicular to the vector from the sphere
center to P.

SOLUTION: Let ry be the position vector of the center of a sphere of
radius R. The position vector r of any point of the sphere satisfies the
equation |[r —rg|| = R or (r — 1) - (r — ry) = R? (because ||a|* =a-a
for any vector a). Let r(t) be a vector function that traces out a curve
on the sphere. Then, for all values of ¢, (r(t) —rg) - (r(t) — ro) = R®.
Differentiating both sides of the latter relation, one infers r/(t) - (r(t) —
ro) = 0. This algebraic condition is equivalent to the geometrical one:
r'(t) L r(t) —ro. If r(¢) is the position vector of P and O is the center
of the sphere, then OP = r(t) — ro, and hence the tangent vector

r'(t) at P is perpendicular to OP for any t or at any point P of the
curve. 0

80.5. Exercises. (1) Find the derivatives and differentials of each of
the following curves:

(i) r(t) = {(cost,sin?(t),t?)

(ii) r(t) = (In(t), e*, te™")

(i) x(t) = (VF—2, ¢—4 f

(iv) r(t) = a + bt? — cet

(v) r(t) = ta x (b—cet)

(2) Determine if the curve traced out by each of the following vector
functions is smooth for a specified interval of the parameter. If the
curve is not smooth at a particular point, graph it near that point.

(i) r(t) = (,t,13),0<t <1

(i) r(t) = (#3,83,2), -1 <t <1
(iii) r(t) = (t/3,¢,43), -1 <t <1
(vi) r(t) = (¢, 3,11, -1 <t <1

(3) Find the parametric equations of the tangent line to each of the
following curves at a specified point:

(i) r(t) = (t* —t,43/3, 2t) P0 = (6,9,6)
(i) T() = (nt, 24, 22), Py = (0,2.1)
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(4) Is there a point on the curve r(t) = (t* — t,t3/3,2t) at which
the tangent line is parallel to the vector v = (=5/2,2,1)? If so, find
the point.

(5) Let r(t) = (e',2cost,sin(2t)). Use the tangent line approxi-
mation to find r(0.2). Use a calculator to assess the accuracy of the
approximation.

(6) Suppose a smooth curve r(t) does not intersect a plane through
a point Py and perpendicular to a vector n. What is the angle between
n and r'(t) at the point of the curve that is the closest to the plane?

(7) Does the curve r(t) = (2t2,2t,2 —t?) intersect the plane x +y+
z = =37 If not, find a point on the curve that is closest to the plane.
What is the distance between the curve and the plane.

(8) Find the point intersection of two curves ri(t) = (1,1 — ¢,
3+t%) and ri(s) = (3 — 5,5 — 2,s?). If the angle at which two curves
intersect is defined as the angle between their tangent lines at the point
of intersection, find the angle at which the above two curves intersect.

(9) Suppose r(t) is twice differentiable. Show that (r(t) x r'(t)) =
r(t) x r"(t).

(10) Suppose that r(t) is differentiable three times. Put v = r -
(r' x r”). Show that v/ =r - (v x r').

81. Integration of Vector Functions

DEFINITION 12.9. (Definite Integral of a Vector Function).
Let r(t) be defined on the interval [a,b]. The vector whose components
are the definite integrals of the corresponding components of r(t) =
(x(t),y(t), z(t)) is called the definite integral of r(t) over the interval
la,b] and denoted as

(12.3) /abr(t)dt:</aba:(t)dt, /aby(t)dt, /abx(t)dt>.

If the integral (12.3) exists, then r(t) is said to be integrable on |a, b].

By this definition, a vector function is integrable if and only if all
its components are integrable functions. Recall that a continuous real-
valued function is integrable. Therefore, the following theorem holds.

THEOREM 12.3. If a vector function is continuous on the interval
la,b], then it is integrable on |a, b].

DEFINITION 12.10. (Indefinite Integral of a Vector Function).
A wvector function R(t) is called an indefinite integral of r(t) if R/'(t) =

r(t).
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If R(t) = (X(t),Y(t), Z(t)) and r(t) = (x(t),y(t), 2(t)). Then, ac-
cording to (12.1), the functions X (¢), Y (¢), and Z(t) are antiderivatives
of z(t), y(t), and z(t), respectively,

X@%i/ﬂﬂﬁ+q,YU%:/m0ﬁ+@,Z@%i/dﬂﬁ+@,

where c1, ¢o, and c3 are constants. The latter relations can be combined
into a single vector relation:

R@%i/dﬂﬁ+c,

where ¢ is an arbitrary constant vector. Applying the fundamental
theorem of calculus to every component on the right side of (12.3), the
fundamental theorem of calculus can be extended to vector functions.

THEOREM 12.4. (Fundamental Theorem of Calculus for Vector
Functions).
If R(t) is an indefinite integral of x(t), then

/Z@ﬁ:R@—R@.

EXAMPLE 12.5. Find r(t) if ©'(t) = (2t,1,6t%) and r(1) = (2,1,0).

SoLuTION: Taking the antiderivative of r/(¢), one finds r(t) = [(2¢, 1,
6t%) dt +c = (t?,t,3t3) +c. The constant vector c is determined by the
condition r(1) = (2,1,0), which gives (1,1,3) + ¢ = (2,1,0). Hence,
c=(1,0,-3) and r(t) = (t* + 1,¢,3t> — 3). O

In general, the solution of the equation r'(t) = v(t) satisfying the
condition r(ty) = ro can be written in the form

t
r'(t) =v(t) and r(ty) =19 = r(t)=rp +/ v(s)ds
to
if v(¢) is a continuous vector function. Recall that if the integrand is a
continuous function, then the derivative of the integral with respect to
its upper limit is the value of the integrand at that limit. Therefore,
(d/dt) fti v(s)ds = v(t), and hence r(t) is an antiderivative of v(t).
When ¢ = #, the integral vanishes and r(ty) = ry as required.

81.1. Applications to Mechanics. Let r(¢) be the position vector of a
particle as a function of time t. The first derivative r'(t) = v(t) is
called the velocity of the particle. The magnitude of the velocity vector
v(t) = ||v(t)|| is called the speed. The speed of a car is a number shown
on the speedometer. The velocity defines the direction in which the
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particle travels and the instantaneous rate at which it moves in that
direction. The second derivative r”(t) = v'(t) = a(t) is called the
acceleration. If m is the mass of a particle and F' is the force acting on
the particle, according to Newton’s second law, the acceleration and
force are related as
F =ma.

If the force is known as a vector function of time, then this relation
is an equation of motion that determines a particle’s trajectory. The
problem of finding the trajectory amounts to reconstructing the vector
function r(t) if its second derivative r”(t) = (1/m)F(t) is known; that
is, r(t) is given by the second antiderivative of (1/m)F(¢). Indeed, the
velocity v(t) is an antiderivative of (1/m)F(t), and the position vector
r(t) is an antiderivative of the velocity v(¢). As shown in the previous
section, an antiderivative is not unique, unless its value at a particular
point is specified. So the trajectory of motion is uniquely determined
by Newton’s equation, provided the position and velocity vectors are
specified at a particular moment of time, for example, r(ty) = ro and
v(ty) = vo. The latter conditions are called initial conditions. Given
the initial conditions, the trajectory of motion is uniquely defined by
the relations:

v(t) = vo +%/t:F(s) ds, r(t) = ro—i-/tv(s) ds

to
if the force is a continuous vector function of time.

Remark. If the force is a function of a particle’s position, then the
Newton’s equation becomes a system of ordinary differential equations
that is a set of some relations between components of the vector func-
tions, its derivatives, and time.

EXAMPLE 12.6. (Motion Under a Constant Force).
Prove that the trajectory of motion under a constant force is a parabola.

SOLUTION: Let F be a constant force. Without loss of generality, the
initial conditions can be set at ¢t = 0, r(0) = ry, and v(0) = vo. Then

t t?
t) = —F t) = t —F.
V() V0+m s I'() ro+ V0+2m

The vector r(t) —r is a linear combination of vy and F and hence must
be perpendicular to n = vy X F by the geometrical property of the cross
product. Therefore, the particle remains in the plane through rq that is
parallel to F and vq or perpendicular to n, that is, (r(t)—rg)-n = 0 (see
Figure 12.7, left panel). The shape of a space curve does not depend
on the choice of the coordinate system. Let us choose the coordinate
system such that the origin is at the initial position ry and the plane
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FIGURE 12.7. Left: Motion under a constant force Fy.
The trajectory is a parabola that lies in the plane through
the initial point of the motion rq and perpendicular to
the vector n = vy X F, where v is the initial velocity.
Right: Motion of a projectile thrown at an angle § and
an initial height h. The trajectory is a parabola. The
point of impact defines the range L(0).

in which the trajectory lies coincides with the zy plane so that F is
parallel to the z axis. In this coordinate system, ro = 0, F = (0,0, —F),
and vy = (0,vgy, vo.). The parametric equations of the trajectory of
motion assume the form x = 0, y = vg,t, and z = vo,t —t*F/(2m). The
substitution of ¢ = y/v, into the latter equation yields z = ay? + by,
where a = —Fv,/(2m) and b = v, /vgy, which defines a parabola in
the zy plane. Thus, the trajectory of motion under a constant force is
a parabola through the point ry that lies in the plane containing the
force and initial velocity vectors F and vy. 0

81.2. Motion Under a Constant Gravitational Force. The magnitude of
the gravitational force that acts on an object of mass m near the surface
of the Earth is mg, where g ~ 9.8 m/ s® is a universal constant called
the acceleration of a free fall. According to the previous section, any
projectile fired from some point follows a parabolic trajectory. This
fact allows one to predict the exact positions of the projectile and,
in particular, the point at which it impacts the ground. In practice,
the initial speed vy of the projectile and angle of elevation € at which
the projectile is fired are known (see Figure 12.7, right panel). Some
practical questions are: At what elevation angle is the maximal range
reached? At what elevation angle does the range attain a specified
value (e.g., to hit a target)?
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To answer these and related questions, choose the coordinate sys-
tem such that the z axis is directed upward from the ground and the
parabolic trajectory lies in the zy plane. The projectile is fired from
the point (0,0, h), where h is the initial elevation of the projectile above
the ground (firing from a hill). In the notation of the previous section,
F = —mg (F is negative because the gravitational force is directed
toward the ground, while the z axis points upward), vy, = vg cos, and
Vg, = Vg sinf. The trajectory is

1
y = tvgcosf, z:h+tvosin9—§gt2, t>0.

It is interesting to note that the trajectory is independent of the mass
of the projectile. Light and heavy projectiles would follow the same
parabolic trajectory, provided they are fired from the same position,
at the same speed, and at the same angle of elevation. The height of
the projectile relative to the ground is given by z(t). The horizontal
displacement is y(t). Let ¢, > 0 be the moment of time when the
projectile lands; that is, when ¢ = ¢, the height vanishes, z(t) = 0.
A positive solution of this equation is

vosin @ + \/v2sin? 0 + 2gh
; :

The distance L traveled by the projectile in the horizontal direction
until it lands is the range:

L =

L=vy(ty) =trvgcosh.

For example, if the projectile is fired from the ground, h = 0, then
tr, = 2ugsin /g and the range is L = v sin(26)/g. The range attains its
maximal value vZ/g when the projectile is fired at an angle of elevation
0 = m/4. The angle of elevation at which the projectile hits a target at a
given range L = L is § = (1/2) sin™*(Log/v2). For h # 0, the angle at
which L = L() attains its maximal values can be found by solving the
equation L'(6) = 0, which defines critical points of the function L(#).
The angle of elevation at which the projectile hits a target at a given
range is found by solving the equation L(0) = Lg. The technicalities
are left to the reader.

Remark. In reality, the trajectory of a projectile deviates from a
parabola because there is an additional force acting on a projectile
moving in the atmosphere, the friction force. The friction force de-
pends on the velocity of the projectile. So a more accurate analysis of
the projectile motion in the atmosphere requires methods of ordinary
differential equations.
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81.3. Study Problems.

Problem 12.8. The acceleration of a particle is a = (2,6t,0). Find
the position vector of the particle and its velocity in two units of time t
if the particle was initially at the point (—1,—4,1) and had the velocity

(0,2,1).

SoLUTION: The velocity vector is v(t) = [a(t) dt+c = (2t,3t%,0) +c.
The constant vector c is fixed by the initial condition v(0) = (0,2, 1),
which yields ¢ = (0,2,1). Thus, v(t) = (2t,3t> + 2,1) and v(2) =
(2,8,1). The position vector is r(t) = [v(t)dt +c = (t*,t* + 2¢,1) +c.
Here the constant vector c is determined by the initial condition r(0) =
(0,2,1), which yields ¢ = (=1, —4,1). Thus, r(t) = (t> — 1,13 + 2t —
4, +1) and 1(2) = (3,4,3). O

Problem 12.9. Show that if the velocity and position vectors of a
particle remains orthogonal during the motion, then the trajectory lies
on a sphere.

SoLuTION: If v(t) = r'(¢) and r(t) are orthogonal, then r'(¢) - r(t) =0
for all ¢. Since (r-r) =1r"-r+r-r =2r -r = 0, one concludes that
r(t) - r(t) = R? = const or |r(t)|| = R for all ¢; that is, the particle
remains at a fixed distance R from the origin all the time. U

Problem 12.10. A. charged particle moving in a magnetic field B is
subject to the Lorentz force F = (e/c)v x B, where e is the electric
charge of the particle and c is the speed of light in vacuum. Assume
that the magnetic field is a constant vector parallel to the z axis and
the initial velocity is v(0) = (vi,0,v)). Show that the trajectory is a
heliz:

. eB V1
t) =(R t), R t t =—, R=—
I‘( ) < Sln(w )a COS(W )a Y >7 w me’ W
where B = ||B|| is the magnetic field magnitude and m is the particle

mass.
SOLUTION: Newton’s second law reads

e
mv = —-v x B.
c

Put B = (0,0, B). Then

r' = (wR cos(wt), —wRsin(wt), vy),
(—wB cos(wt), —wR sin(wt), 0),
(—w?R cos(wt), —w? Rsin(wt), 0).

v
v x B
V/
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The substitution of these relations into Newton’s second law yields
mw?R = eBRw/c and hence w = (eB)/(mc). Since v(0) = (wR,0,v))
= (v1,0,v)), it follows that R = v, /w. O

Remark. Note that the equations of motion involve only the velocity
v. For this reason, the velocity vector is uniquely determined by the
initial condition v(0) = v¢, while the initial condition for the position
vector is not needed (the vector function r(f) + ry is also a solution
for an arbitrary constant vector ry). The rate at which the helix rises
along the magnetic field is determined by the magnitude (speed) of the
initial velocity component v parallel to the magnetic field, whereas the
radius of the helix is determined by the magnitude of the initial velocity
component v, perpendicular to the magnetic field. A particle makes
one full turn about the magnetic field in time T' = 27 /w = 27wmc/(eB),
that is, the larger the magnetic field, the faster the particle rotates
about it.

81.4. Exercises. (1) Find the indefinite and definite integrals over a
specified interval for each of the following functions:
(i) r(t) = (sint,t3,cost), -1 <t <7
(ii) r(t) = (2, v/t — 1,V/1),0<t < 1
(iii) r(t) = (tInt, t?,e*), 0 <t <0
(2) Find r(t) if the derivatives r’(¢) and r(¢y) are given:
() (1) = (t — 1,2, Vi), x(1) = (1,0, 1)
(ii) r'(t) = (sin(2t),2cost,sin’*t), r(r) = (1,2,3)

(3) If a particle was initially at point (1,2,1) and had velocity
v = (0,1,—1). Find the position vector of the particle after it has
been moving with acceleration a(t) = (1,0,¢) for 2 units of time.

(4) A particle of unit mass moves under a constant force F. If a
particle was initially at the point ry and passed through the point r;
after 2 units of time, find the initial velocity of the particle. What was
the velocity of the particle when it passed through ry?

(5) The position vector of a particle is r(t) = (t?, 5¢,t* — 16t). Find
r(t) when the speed of the particle is maximal.

(6) A projectile is fired at an initial speed of 400 m/s and at an
angle of elevation of 30°. Find the range of the projectile, the maximum
height reached, and the speed at impact.

(7) A ball of mass m is thrown southward into the air at an initial
speed of vy at an angle of 6 to the ground. An east wind applies a
steady force of magnitude F' to the ball in a westerly direction. Find
the trajectory of the ball. Where does the ball land and at what speed?
Find the deviation of the impact point from the impact point A when
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no wind is present. Is there any way to correct the direction in which
the ball is thrown so that the ball still hits A?

(8) A rocket burns its onboard fuel while moving through space.
Let v(t) and m(t) be the velocity and mass of the rocket at time t.
It can be shown that the force exerted by the rocket jet engines is
m/(t)vy, where v, is the velocity of the exhaust gases relative to the
rocket. Show that v(¢) = v(0) — In(m(0)/m(t))v,. The rocket is to
accelerate in a straight line from rest to twice the speed of its own
exhaust gases. What fraction of its initial mass would the rocket have
to burn as fuel?

(9) The acceleration of a projectile is a(t) = (0, 2, 6t). The projec-
tile is shot from (0, 0,0) with an initial velocity v(0) = (1, -2, —10). It
is supposed to destroy a target located at (2,0, —12). The target can
be destroyed if the projectile’s speed is at least 3.1 at impact. Will the
target be destroyed?

82. Arc Length of a Curve

Consider a partition of a curve C', that is, a collection of points of C,
P., k=0,1,..., N, where Py and Py are the endpoints of the curve. A
partition is said to be refined if the number of partition points increases
so that maxy |Py—1Px| — 0 as N — o0; here |Py_1 Py| is the distance
between the points P,_; and Fj.

DEFINITION 12.11. (Arc Length of a Curve).
The arc length of a curve C' is the limit

N
L = ]\}1_1)1;0; ’Pk,1Pk|,
=1

provided it exists and is independent of the choice of partition. If L <
00, the curve is called measurable or rectifiable.

The geometrical meaning of this definition is rather simple. Here
the sum of |Py_1 Py| is the length of a polygonal path with vertices at
Py, Pi,..., Py in this order. As the partition becomes finer and finer,
this polygonal path approaches the curve more and more closely (see
Figure 12.8, left panel). In certain cases, the arc length is given by the
Riemann integral.

THEOREM 12.5. (Arc Length of a Curve).
Let C' be a curve traced out by a continuously differentiable vector func-
tion r(t), which defines a one-to-one correspondence between points of

C' and the interval t € [a,b]. Then
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FiGure 12.8. Left: The arc length of a curve is defined
as the limit of the sequence of lengths of polygonal paths
through partition points of the curve.

Right: Natural parameterization of a curve. Given a
point A of the curve, the arc length s is counted from it
to any point P of the curve. The position vector of P is a
vector R(s). If the curve is traced out by another vector
function r(¢), then there is a relation s = s(t) such that

r(t) = R(s(t)).

b
L= [ I,

PROOF. For any partition Py, of C, there is a partition ¢ of [a, )]
such that tg = a < t; < -+ < ty_1 < txy = b and ry = r(f) are
position vectors of P, k = 0,1,...,N. Put Aty = t;, — tp_1 > 0,
k=1,2,...,N. In the limit N — oo, At — 0 because ry —rp_1 — 0
for all k. Let rj_; = r'(tx—1). The differentiability of r(¢) implies that
ry — 1 = I Aty + u, Aty, where u;, — 0 as At — 0 for every k
(cf. (12.2)). Then, by the triangle inequality (11.7),

[rh 1 [ At — [Jug]| Aty < (v — rpoa]] < gy [|Ate + [Jug || Aty

By the continuity of the derivative, the function ||r/()|| is continuous
and hence integrable. Therefore, its Riemann sum converges:

N b
>l liat = [l as N - oc.
k=1 a
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Put maxy, ||ug|| = My (the largest ||ug|| for a given partition size N).
Then

N N
Z||uk||AtkSMNZAtk:MN(b—a)—>0 as N — o0
k=1 k=1

because ||ug|| — 0 as Aty — 0 for all k, and hence My — 0as N — oc.
It follows from the squeeze principle that the limit of Z]kV:1 Ity — ]|
as N — oo exists and equals fab |’ (t)]] dt. O

Remark. Let r(t) be continuously differentiable on [a,b] but does
not necessarily define a one-to-one correspondence with its range C.
Then the integral f |lr'(t)]| dt is not the length of the curve C as a
point set in space because r(t) may traverse a part of C' several times.
However, it is also useful in practical applications. Suppose r(t) is a
trajectory of a particle. Then its velocity is v(t) = r/(¢) and its speed
is v(t) = ||v(t)|]|]. The distance traveled by the particle in the time
interval [a, b] is given by

D= / P dt /Hr )| dt.

If a particle travels along the same space curve (or some of its parts)
several times, then the distance traveled does not coincide with the arc
length of the curve.

EXAMPLE 12.7. Find the arc length of one turn of a helix of radius
R that rises by h per each turn.

SOLUTION: Let the helix axis be the z axis. The helix is traced out
by the vector function r(¢) = (Rcost, Rsint,th/(2m7)). One turn cor-
responds to the interval ¢ € [0, 27]. Therefore,

I’ (t)|| = |[{(~Rsint, Rcost,h/(2n))|| = /R2 + (h/(27))2.

So the norm of the derivative turns out be constant. The arc length is

2 27
L:/ |’ (2)]| dt = /R2 + (h/( 27?)/ dt = \/(27R)% + h2 .
0 0

This result is rather easy to obtain without calculus. The helix lies on
a cylinder of radius R. If the cylinder is cut parallel to its axis and
unfolded into a strip, then one turn of the helix becomes the hypotenuse
of the right-angled triangle with catheti 27 R and h. The result follows
from the Pythagorean theorem. U
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82.1. Reparameterization of a Curve. In Section 79, it was shown that
a space curve defined as a point set in space can be traced by different
vector functions. For example, a semicircle of radius R is traced out
by the vector functions

r(t) = (Rcost, Rsint, 0), te€[0,mx],
R(u) = (u, VR*>—u?, 0), u€[-R,R].

These vector functions are related to one another by the composition
rule:

R(u) = r(t(u)), t(u)=cos *(u/R) or
r(t) = R(u(t)), wu(t) = Rcost.

This example illustrates the concept of a reparameterization of a curve.
A reparameterization of a curve is a change of the parameter that labels
points of the curve.

DEFINITION 12.12. (Reparameterization of a Curve).
Let x(t) trace out a curve C ift € [a,b]. Consider a one-to-one mapping
la,b] — [da', V'], that is, a function u = u(t) with the domain |a,b] and
the range [da',b'] that has the inverse t = t(u). The vector function
R(u) =r(t(u)) is called a reparameterization of C'.

It should be emphasized that the geometrical properties of the curve
(e.g., its shape or length) do not depend on a parameterization of the
curve because the vector functions r(¢) and R(u) have the same range.
A reparameterization of a curve is a technical tool to find an algebraic
description of the curve convenient for particular applications.

82.2. A Natural Parameterization of a Smooth Curve. Suppose one is
traveling along a highway from town A to town B and comes upon
an accident. How can the location of the accident be reported to the
police? If one has a GPS navigator, one can report coordinates on the
surface of the Earth. This implies that the police should use a spe-
cific (GPS) coordinate system to locate the accident. Is it possible to
avoid any reference to a coordinate system? A simpler way to define
the position of the accident is to report the distance traveled from A
along the highway to the point where the accident happened (by using,
e.g., mile markers). No coordinate system is needed to uniquely label
all points of the highway by specifying the distance from a particular
point A to the point of interest along the highway. This observation
can be extended to all smooth curves (see Figure 12.8, right panel).
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DEFINITION 12.13. (Natural or Arc Length Parameterization).
Let C' be a smooth curve of length L between points A and B. Let r(t),
t € [a,b], be a one-to-one vector function that traces out C' so that r(a)
and r(b) are position vectors of A and B, respectively. Then the arc
length s = s(t) of the portion of the curve between r(a) and r(t) is a
function of the parameter t:

s=s(t) = / |lt’(u)||dw, s€]0,L].

The vector function R(s) = r(t(s)) is called a natural or arc length
parameterization of C, where t(s) is the inverse function of s(t).

EXAMPLE 12.8. Find the coordinates of a point P that is 5w /3
units of length away from the point (4,0,0) along the heliz r(t) =
(4 cos(mt), 4sin(nt), 3mt).

SOLUTION: The initial point of the helix corresponds to ¢ = 0. So the
arc length counted from (4,0,0) as a function of ¢ is

t t
s(t) = / |t (w)|| du = / 5w du = bt
0 0

because r'(u) = (—4msin(mwu), 47 cos(mwu), 3w) and therefore ||r'(u)|| =
5m. Hence, the inverse is t = s/(57), and the natural parameteriza-
tion reads R(s) = r(t(s)) = (4 cos(s/5),4sin(s/5),3s/5). The position
vector of P is R(57/3) = (2,2V/3,7). Note that there are two points
of the helix at the specified distance from (4,0,0). One such point
is upward along the helix, and the other is downward along it. The
downward point corresponds to ¢ < 0. Hence, its position vector is
R(—57/3) = (2, —2V/3, —7). O

By definition, the arc length is independent of a parameterization of
a space curve. For smooth curves, this can also be established through
the change of variables in the integral that determines the arc length.
Indeed, let r(t), t € [a,b], be a one-to-one continuously differentiable
vector function that traces out a curve C' of length L. Consider the
change of the integration variable ¢ = t(s), s € [0,L]. Then ds =
§'(t)dt = ||r'(t)]| dt (by differentiating the integral for s(t) with respect
to the upper limit) and

b L
L:/ Hr'(t)Hdt:/ ds
a 0

for any parameterization of the curve C.
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FIGURE 12.9. Left: A straight line does not bend. The
unit tangent vector has zero rate of change relative to
the arc length parameter s.

Right: Curvature of a smooth curve. The more a
smooth curve bends, the larger the rate of change of the
unit tangent vector relative to the arc length parameter
becomes. So the magnitude of the derivative (curvature)
IT'(s)|| = #(s) can be taken as a geometrical measure of
bending.

82.3. Exercises. (1) Find the arc length of each of the following curves:
(i) r(t) = (3cost,2t,3sint), —2 <t <2
(ii) r(t) = (2¢,¢3/3,¢?), 0 <t < 1

(2) Find the arc length of the portion of the helix r(t) = (cost, sint, t)
that lies inside the sphere 22 + y? + 2% = 2.

(3) Find the arc length of the portion of the curve r(t) = (2t, 3t2, 3t%)
that lies between the planes z = 3 and z = 24.

(4) Let C be the curve of intersection of the surfaces 2? = 2y and
3z = yz. Find the length of C' from the origin to the point (36, 18,6).

(5) Reparameterize each of the following curves with respect to
the arc length measure from the point where ¢ = 0 in the direction of
increasing t:
(i) r = (t,1 —2t,5+ 3t)
(i) r = Z5é1 + (757 — 1)és

(6) A particle travels along a helix of radius R that rises h units
of length per turn. Let the 2z axis be the symmetry axis of the helix.
If a particle travels the distance 47 R from the point (R, 0,0), find the
position vector of the particle.

83. Curvature of a Space Curve

Consider two curves passing through a point P. Both curves bend
at P. Which one bends more than the other and how much more?
The answer to this question requires a numerical characterization of
bending, that is, a number computed at P for each curve with the
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property that it becomes larger as the curve bends more. Naturally, this
number should not depend on a parameterization of a curve. Suppose
that a curve is smooth so that a unit tangent vector can be attached
to every point of the curve. A straight line does not bend (does not
“curve”) so it has the same unit tangent vector at all its points. If
a curve bends, then its unit tangent vector becomes a function of its
position on the curve. The position on the curve can be specified in a
coordinate- and parameterization-independent way by the arc length
s counted from a particular point of the curve. If T(s) is the unit
tangent vector as a function of s, then its derivative T (s) vanishes for
a straight line (see Figure 12.9), while this would not be the case for a
general curve. From the definition of the derivative

T'(s0) = lim Tls) = Tlso) T(so)’
5§50 S — 8o

it follows that the magnitude ||T'(so)|| becomes larger when the curve
“bends more.” For a fixed distance s — sy between two neighboring
points of the curve, the magnitude |T(s) — T(so)|| becomes larger
when the curve bends more at the point corresponding to sg. So the
number ||T'(sg)|| can be used as a numerical measure of the bending
or curvature of a curve.

DEFINITION 12.14. (Curvature of a Smooth Curve).
Let C be a smooth curve and let T(s) be the unit tangent vector as a

differentiable function of the arc length counted from a particular point
of C. The number

(s) = || m(s)

1s called the curvature of C' at the point corresponding to the value s
of the arc length.

In practice, a curve may not be given in the natural parameteriza-
tion. Therefore, a question of interest is to find a method to calculate
the curvature in any parameterization.

Let r(t) be a vector function in [a, b] that traces out a curve C' such
that the arc length parameter can be defined as a function of t, s = s(¢),
and it has the inverse function ¢ = ¢(s). The unit tangent vector as
a function of the parameter ¢ has the form T(t) = r'(¢)/||r'(t)||. So,
to calculate the curvature as a function of ¢, the relation between the
derivatives d/ds and d/dt has to be found. The graphs of s(¢) and its
inverse are obtained from one another by the reflection about the line
s =t. Let (t1,s1) and (ts, $2) be points on the graph of s(t), that is,
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s12 = s(t12). Then the points (s1,¢;) and (sq,?2) lie on the graph of
the inverse of s(t), where ¢, 5 = t(s12). Consider the identity

t(Sl) - t(SQ) N tl — tz B 1 1

S1 — 52 S1— $2 - ﬁ N —S(til):;(m) .
When ty — t, the right side tends to 1/s'(¢;) because s(t) is differen-
tiable and, moreover, s'(t) = ||r'(¢)|] > 0 for ¢ > a. Hence, the limit
of the left side as sy — s exists too and, by the definition of the de-
rivative, must be equal to ¢'(s;). This is known as the inverse function
theorem for a real-valued function of one real argument.

THEOREM 12.6. (Inverse Function Theorem).
Let s(t) have a continuous derivative such that s'(t) > 0. Then there
exists an inverse differentiable function t = t(s) and t'(s) = 1/5'(t),
where t = t(s) on the right side.

The condition s'(t) > 0 guarantees the existence of a one-to-one
correspondence between the variables s and ¢t and hence the existence
of the inverse function (see Calculus I). Recall that the derivative can
be written as the ratio of differentials s'(t) = ds/dt. The advantage
of this representation is that the differentials can be manipulated as
numbers. So the theorem can be stated in the compact form

ds(t) 1

o w0
ds
Making use of this relation, one finds
d 1 d 1 d

ds _ s(dat  r@)dt

and therefore

(12.4) w(t) = ||||£/((;>>|||| .

Note that the existence of the curvature requires that r(¢) be twice

differentiable because T(t) is proportional to r'(¢). Differentiation of
the unit vector T can sometimes be a tedious technical task. The
following theorem provides a more convenient way to calculate the
curvature.

THEOREM 12.7. (Curvature of a Curve).
Let a curve be traced out by a twice-differentiable vector function r(t).
Then the curvature is

(12.5) K(t) = ||r,<’i‘2/z<t)7‘/;(t)”
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PROOF. Put v(t) = ||r/(¢)]|. With this notation,
r'(t) = v(t)T(t).

Differentiating both sides of this relation, one infers

(12.6) v (t) = o' ()T(t) + v(t)T'(t) = Z((f)) r'(t) +v(t)T'(t).

Since the cross product of two parallel vectors vanishes, it follows from
(12.6) that

(12.7) v (t) x " (t) = v(t) (r’(t) x T’(t)) .
Therefore,

(12.8) (/1) x ¥ ()l = o(®) (1) x T = | OIPIT(¢)] sin e,

where 6 is the angle between T'(¢) and the tangent vector r'(¢). By
construction, T(t) is a unit vector, |T(t)||2 = T(t) - T(t) = 1. By
taking the derivative of both sides of the latter relation, one obtains
T/(t)-T(t) = 0, which means that the derivative of a unit tangent vector
is always perpendicular to the unit tangent vector. Since v is parallel
to T, the vector T’ is perpendicular to v as well. Hence, § = 7/2 and
sinf = 1. Substituting the latter relation and ||T/(¢)|| = (¢)||r'(2)]|

(see (12.4)) into (12.8), the expression (12.5) is derived. O

EXAMPLE 12.9. Find the curvature of the curve r(t) = (Int, 1%, 2t)
at the point Py(0,1,2).

SoLuTION: The point By corresponds to t = 1 because r(1) = (0,1,2)
coincides with the position vector of Fy. Hence, one has to calculate

k(1):

I‘/(l) = <t71’ 2t, 2) =(1,2,2) = HI‘l(l)H =3,

(1) = (—t72, 2, 0) ::1 = (~1,2,0) = /(1) xr"(1)
= —2(2,1, —2) ,
«n) = IFO ) 20621, -2 6 2
|lr’ (1) 33 27 9

O

Equation (12.5) can be simplified in two particularly interesting
cases. If a curve is planar (i.e., it lies in a plane), then, by choosing
the coordinate system so that the zy plane coincides with the plane
in which the curve lies, one has r(t) = (z(t),y(t),0). Since r’ and
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r” are in the xy plane, their cross product is parallel to the z axis:
r' xr”" =(0,0,2'y" — 2"y’). Then we have the following result.

COROLLARY 12.1. (Curvature of a Planar Curve).
For a planar curve r(t) = (x(t),y(t),0), the curvature is given by

]x’y” _ x”y’]
)+ )PP
A further simplification occurs when the planar curve is a graph
= f(x). e graph 1s traced out by the vector runction r(¢) =
Th h i d by th f i
, f(t),0). Then, in the above corollary, z'(t) = 1, 2”"(t) = 0, and
"(t) = f"(t) = f"(z), which leads to the following result.

KR =

y
{
y

COROLLARY 12.2. (Curvature of a Graph).
The curvature of the graph y = f(z) is given by

/" ()]
[+ (f()P>

83.1. Geometrical Significance of the Curvature. Let us calculate the
curvature of a circle of radius R. Put r(t) = (Rcost, Rsint, 0). Then
I’(t)|| = |[{(—Rsint, Rcost,0)|| = R and |2'y” —2"y’| = R?. Therefore,
the curvature is constant along the circle and equals a reciprocal of its
radius, kK = 1/R. The fact that the curvature is independent of its
position on the circle can be anticipated from the rotational symmetry
of the circle (it bends uniformly). Naturally, if two circles of different
radii pass through the same point, then the circle of smaller radius
bends more. Note also that the curvature has the dimension of the
inverse length. This motivates the following definition.

K(z) =

DEFINITION 12.15. (Curvature Radius).
The reciprocal of the curvature of a curve is called the curvature radius

p(t) = 1/k(1).

Let a planar curve have a curvature x at a point P. Consider a
circle of radius p = 1/k through the same point P. The curve and
the circle have the same curvature at P; that is, in a sufficiently small
neighborhood of P, the circle approximates well the curve as they are
equally bent at P. So, if one says that the curvature of a curve at a
point P is k inverse meters, then the curve looks like a circle of radius
1/k meters near P.

For a general spatial curve, not every circle of radius p = 1/x that
passes through P would approximate well the curve near P. The best
approximation is attained when the circle and the curve “bend” in the
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FicUure 12.10. Left: Curvature radius. A smooth
curve near a point P can be approximated by a por-
tion of a circle of radius p = 1/k. The curve bends in the
same way as a circle of radius that is the reciprocal of
the curvature. A large curvature at a point corresponds
to a small curvature radius.

Middle: Osculating plane and osculating circle. The os-
culating plane at a point P contains the tangent vector
T and its derivative T’ at P and hence is perpendicular
ton =T xT'. The osculating circle lies in the osculating
plane, it has radius p = 1/k, and its center is a distance
p from P in the direction of T'. One says that the curve
“bends” in the osculating plane.

Right: For a curve traced out by a vector function r(t),
the derivatives r’ and r” at any point P, lie in the oscu-
lating plane through F. So the normal to the osculating
plane can also be computed as n = r(ty)" x v’ (o), where
r(to) is the position vector of F.

same plane. From the discussion at the beginning of this section, it
might be concluded that a curve bends in the plane that contains the
unit tangent vector T and its derivative T".

DEFINITION 12.16. (Osculating Plane and Circle).
The plane through a point P of a curve that is parallel to the unit
tangent vector T and its derivative T’ # 0 at P is called the osculating
plane at P. The circle of radius p = 1/k, where k is the curvature at
P, through P that lies in the osculating plane and whose center is in
the direction of T from P s called the osculating circle at P.

Recall that T/ LT (see the proof of Theorem 12.7). By the geomet-
rical interpretation of the derivative, T’ should point in the direction
in which the curve bends. Hence, the osculating circle must have the
same T’ at a common point P in order to make the best approximation
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to the curve near P. Therefore, its center must be in the direction of
T’ from P, not in the opposite one.

THEOREM 12.8. (Equation of the Osculating Plane).
Let a curve C' be traced out by a twice-differentiable vector function r(t).
Let Py be a point of C' such that its position vector is r(to) = {(xq, Yo, 20)
at which the vector n = r'(ty) x r”’(ty) does not vanish. An equation of
the osculating plane through Py is

ni(z —xo) + naly —vo) +n3(z — 20) =0, n = (ny,ng,ng).

ProoOF. It follows from (12.6) that the second derivative r”(ty) lies
in the osculating plane because it is a linear combination of T(to) and
T’ (to). Hence, the osculating plane contains the first and second deriva-
tives 1’'(t9) and r”(to). Therefore, their cross product n = r'(ty) x r”(t)
is perpendicular to the osculating plane, and the conclusion of the the-
orem follows. O

EXAMPLE 12.10. For the curve r(t) = (¢,t*,t%), find the osculating
plane through the point (1,1,1).

SoLUTION: The point in question corresponds to t = 1. Therefore, the
normal of the osculating plane isn = r/(1) xr”(1) = (1,2, 3) x(0,2,6) =
(6,—6,2). The osculating plane is 6(x — 1) —6(y — 1) +2(z —1) =0
or 3z — 3y + 2z = 1. [

83.2. Study Problems.

Problem 12.11. Find the maximal curvature of the graph of the ex-
ponential, y = €, and the point(s) at which it occurs.

SoLuTION: The curvature of the graph is given by k(z) = €*/(1 +
¢?7)3/2_ Critical points are determined by /(x) = 0 or

ex(l + 621)1/2[2621 _ 1] -
K'(x) = 1 o) =0 = 27-1=0
N In2
T =——:
2

From the shape of the graph of the exponential, it is clear that x(x) at-
tains its absolute maximum (maximal bending) and Kp.x = k(—In(2)/
2) = 2/3%2. O

Problem 12.12. (Equation of the Osculating Circle).
Find a vector function that traces out the osculating circle of a curve
r(t) at a point r(ty).
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SOLUTION: Put ry = r(ty) and Ty = T(t,) (the unit tangent vector
to the curve at the point with the position vector ry). Put N, =
T(to)/|| T (o)]]; it is a unit vector in the direction of T"(t). Let py =
1/k(to) be the curvature radius at the point rg. The center of the
osculating circle must lie pg units of length from the point ry in the
direction of Ny. Thus, its position vector is Ry = ro + poNy. Let R(t)
be the position vector of a generic point of the osculating circle. Then
the vector R(t) — Ry lies in the osculating plane and hence must be a
linear combination of Ty and Ny, that is, R(t) —Rg = a(t)No+b(t)T,.
To find the functions a(t) and b(t), note that the vector R(t)—Ry traces
out a circle of radius pg. In a coordinate system in which N, coincides
with &, and Ty with & €, (such a coordinate system always exists because
Ny and T, are unit orthogonal vectors), the vector —pgcos(t)é, +
posin(t)e, traces out a circle of radius py in the xy plane. Thus, one
can always put a(t) = —pgcost and b(t) = pgsint, and the vector
function that traces out the osculating circle is

R(t) =1 + po<1 — cost) Ny + Po sint'i‘o,
where ¢ € [0, 27]. ]

Problem 12.13. Consider a heliz r(t) = (Rcos(wt), Rsin(wt), ht),
where w and h are numerical parameters. The arc length of one turn of
the helix is a function of the parameter w, L = L(w), and the curvature
at any fixed point of the helix is also a function of w, k = k(w). Use
only geometrical arguments (no calculus) to find the limits of L(w) and
k(w) as w — 00.

SoLuTION: The vector function r(¢) traces out one turn of the helix
when ¢ ranges over the period of cos(wt) or sin(wt) (i.e., over the interval
of length 27 /w). Thus, the helix rises by 2rh/w = H(w) along the
z axis per each turn. When w — oo, the height H(w) tends to 0 so
that each turn of the helix becomes closer and closer to a circle of radius
R. Therefore, L(w) — 27 R (the circumference) and k(w) — 1/R (the
curvature of the circle) as w — oc.

A calculus approach requires a lot more work to establish this result:

27w
Lw) = / w(e) dt = 2 TR + 12

=21/ R?>+ (h/w)? — 27 R,
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_ |x'(t) < 2" (1) _ sz[(Rw)Q +h2]1/2

S ) N (7 R
__ 1
“ Rt (hjw? R
as w — 00. 0

83.3. Exercises. (1) Find the curvature of r(t) = (t,t*/2,t3/3) at the
point of its intersection with the plane z = 2zy + 1/3.

(2) Find the maximal and minimal curvatures of the graph y =
cos(ax) and the points at which they occur.

(3) Use a geometrical interpretation of the curvature to guess the
point on the graphs y = az? and y = az* where the maximal curvature
occurs. Then verify your guess by calculations.

(4) Let r(t) = (t3,¢2,0). This curve has a cusp at ¢t = 0. Find the
curvature for ¢ # 0 and investigate its limit as t — 0.

(5) Find an equation for the osculating and normal planes for the
curve r(t) = (In(t), 2t, t*) at the point P, of its intersection with the
plane y — z = 1. A plane is normal to a curve at a point if the tangent
to the curve at that point is normal to the plane.

(6) Prove that the trajectory of a particle is planar if its velocity
v(t) remains perpendicular to a constant vector n and its acceleration
is a(t) = n x v(t) + p(t)v(t), where pu(t) is a function of time. Find
an equation of the plane in which the trajectory lies if the particle is
known to pass a point ry.

84. Practical Applications

84.1. Tangential and Normal Accelerations. Let r(¢) be the trajectory
of a particle (¢ is time). Then v(t) = r'(t) and a(t) = v/(t) are the
velocity and acceleration of the particle. The magnitude of the velocity
vector is the speed, v(t) = |[v(t)||. If T(t) is the unit tangent vector
to the trajectory, then T( ) is perpendicular to it. The unit vector
N(t) = T/(t)/||T'(t)| is called a unit normal to the trajectory. In
particular, the osculating plane at any point of the trajectory contains
T(t) and N(t). It follows from (12.6) that the acceleration always lies
in the osculating plane:

a=1vT+0vT =v'T+ 0| T|N.
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F1GURE 12.11. Left: Decomposition of the acceleration
a of a particle into normal and tangential components.
The tangential component ar is the scalar projection of a
onto the unit tangent vector T. The normal component
is the scalar projection of a onto the unit normal vector
N. The vectors r and v are the position and velocity
vectors of the particle.

Right: The tangent, normal, and binormal vectors asso-
ciated with a smooth curve. These vectors are mutually
orthogonal and have unit length. The binormal is de-
fined by B = T x N. The shape of the curve is uniquely
determined by the orientation of the triple of vectors T,
N, and B as functions of the arc length parameter up to
general rigid rotations and translations of the curve as
the whole.

Furthermore, substituting the relations x = ||T||/v and p = 1/k
into the latter equation, one finds (see Figure 12.11, left panel) that

a:aTT—l—aNN,
aT:U’:’iVa:V'a,
v
2
X
et _lvxal
) v

DEFINITION 12.17. (Tangential and Normal Accelerations).
Scalar projections ar and ay of the acceleration vector onto the unit
tangent and normal vectors at any point of the trajectory of motion are
called tangential and normal accelerations, respectively.

The tangential acceleration ar determines the rate of change of
a particle’s speed, while the normal acceleration appears only when
the particle makes a “turn.” In particular, a circular motion with a
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constant speed, v = vg, has no tangential acceleration, ar = 0, and
the normal acceleration is constant, ay = v3/R, where R is the circle
radius.

To gain an intuitive understanding of the tangential and normal
accelerations, consider a car moving along a road. The speed of the car
can be changed by pressing the gas or brake pedals. When one of these
pedals is suddenly pressed, one can feel a force along the direction of
motion of the car (the tangential direction). The car speedometer also
shows that the speed changes, indicating that this force is due to the ac-
celeration along the road (i.e., the tangential acceleration ar = v' # 0).
When the car moves along a straight road with a constant speed, its
acceleration is 0. When the road takes a turn, the steering wheel must
be turned in order to keep the car on the road, while the car main-
tains a constant speed. In this case, one can feel a force normal to
the road. It is larger for sharper turns (larger curvature or smaller
curvature radius) and also grows when the same turn is passed with a
greater speed. This force is due to the normal acceleration, ay = v?/p,
and is called a centrifugal force. When making a turn, the car does not
slide off the road as long as the friction force between the tires and the
road compensates for the centrifugal force. The maximal friction force
depends on the road and tire conditions (e.g., a wet road and worn
tires reduce substantially the maximal friction force). The centrifugal
force is determined by the speed (the curvature of the road is fixed by
the road shape). So, for a high enough speed, the centrifugal force can
no longer be compensated for by the friction force and the car would
skid off the road. For this reason, suggested speed limit signs are often
placed at highway exits. If one drives a car on a highway exit with
a speed twice as high as the suggested speed, the risk of skidding off
the road is quadrupled, not doubled, because the normal acceleration
ay = v?/p quadruples when the speed v is doubled.

EXAMPLE 12.11. A road has a parabolic shape, y = 2*/(2R), where
(x,y) are coordinates of points of the road and R is a constant (all
measured in units of length, e.g., meters). A safety assessment requires
that the normal acceleration on the road should not exceed a threshold
value a,, (e.g., meters per second squared) to avoid skidding off the
road. If a car moves with a constant speed vy along the road, find the
portion of the road where the car might skid off the road.

SOLUTION: The normal acceleration of the car as a function of position
(not time!) is ay(x) = k(x)vE. The curvature of the graph y = 2?/(2R)
is k(x) = (1/R)[1+ (x/R)*~3/2. The maximal curvature and hence the
maximal normal acceleration are attained at x = 0. So, if the speed
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is such that ay(0) = v3/R < a,, no accident can happen. Otherwise,
the inequality an(z) < a,, yields

2
v 1 Vg \2/3
— < < RVv — .
RO+ (@/REpE = = [l < Bvv (Ram>

Here the constant v always exceeds 1 if ay(0) = v3/R > a,,. The car
can skid off the road when moving on its portion corresponding to the
interval —R(v — 1)/2 <2 < R(v — 1)Y/2. O

2

84.2. Frenet-Serret Formulas. The shape of a space curve as a point set
is independent of a parameterization of the curve. A natural question
arises: What parameters of the curve determine its shape? Suppose
the curve is smooth enough so that the unit tangent vector T(s) and its
derivative T’(s) can be defined as functions of the arc length s counted
from an endpoint of the curve. Let N(s) be the unit normal vector of
the curve.

DEFINITION 12.18. (Binormal Vector).
Let T and N be the unit tangent and normal vectors at a point of a
curve. The unit vector B = T x N is called the binormal (unit) vector.

So, with every point of a smooth curve, one can associate a triple
unit of mutually orthogonal vectors so that one of them is tangent to
the curve while the other two span the plane normal to the tangent
vector (normal to the curve). By a suitable rotation, the triple of
vectors T N, and B can be oriented parallel to the axes of any given
coordlnate system, that is, parallel to e,, e,, and e., respectwely (note
that ex X €, = €,; this is why the binormal is defined as T x N, not as
NxT=-Tx N). The orientation of the unit tangent, normal, and
binormal vectors relative to some coordinate system depends on the
point of the curve. The triple of these vectors can only rotate as the
point slides along the curve (the vectors are mutually orthogonal and
unit at any point). Therefore, the rates with respect to the arc length
at which these vectors change must be characteristic for the shape of
the curve (see Figure 12.11, right panel).

By the definition of the curvature, T'(s) = k(s)N(s). Next, con-
sider the rate:

B =(TxN/=T'xN+TxN=TxN
because T'(s) is parallel to N(s). It follows from this equation that

B’ is perpendicular to T, and, since B is a unit vector, its derivative
must also be perpendicular to B. Thus, B’ must be parallel to N.
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This conclusion establishes the existence of another scalar quantity
that characterizes the curve shape.

DEFINITION 12.19. (Torsion of a Curve).

Let N(s) and B(s) be unit normal and binormal vectors of the curve
as functions of the arc length s. Then

dB(s) B R
T = —7(s)N(s)

and the number 7(s) is called the torsion of the curve.

By definition, the torsion is measured in units of a reciprocal length,
just like the curvature, because the unit vectors ’i‘, N, and B are
dimensionless. R

At any point of a curve, the binormal B is perpendicular to the
osculating plane. So, if the curve is planar, then B does not change
along the curve, B/ (s) = 0, because the osculating plane at any point
coincides with the plane in which the curve lies. Thus, the torsion is a
local numerical characteristic that determines how fast the curve devi-
ates from the osculating plane while bending in it with some curvature
radius. X o

It follows from the relation N = B x T (compare €, = €, x €,) that

N,:(BXT)/:B/XT—{—BXT/:—TNXT—FKBXN:TB—/{T,

where the definitions of the torsion and curvature have been used. The
obtained rates of the unit vectors are known as the Frenet-Serret for-
mulas:

(12.9) ?"(s) = k(s)N (As) A
(12.10) K (s) = —(s)T(s) + 7(5)Bs),
(12.11) B'(s) = —7(s)N(s).

Suppose that the vectors T( ) ( ), and B( ) are given at an initial
point of the curve. Then T(s), N(s), and B(s) are uniquely deter-
mined by solving the Frenet-Serret equations, provided the curvature
and torsion are given as functions of the arc length. This establishes a
fundamental theorem about the shape of a space curve.

THEOREM 12.9. (Shape of a Smooth Curve in Space).
A curve in space is determined by its curvature and torsion as functions
of the arc length up to rigid rotations and translations of the curve as
a whole.
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A curve with zero curvature and torsion is a straight line. Indeed,
in this case, the tangent, normal, and binormal vectors remain constant
along the curve, T(s) = T(0), N(s) = N(0), and B(s) = B(0); that
is, it has a constant unit tangent vector, which is the characteristic
property of a straight line.

EXAMPLE 12.12. Prove that a curve with a constant curvature k(s) =

ko # 0 and zero torsion 7(s) = 0 is a circle (or its portion) of radius
R = 1//{0.

SOLUTION: Let the coordinate system be set so that T(0) = é&,,
N(0) = &,, and B(0) = é,. Since the torsion is 0, the binormal
does not change along the curve, B(s) = é,. Any unit vector T in
the zy plane can be written as T = (cos p,sin ¢, 0), where ¢ = ¢(s)
such that ¢(0) = 0. Then a unit vector N perpendicular to T such
that T x N = B = &, must have the form N = (—sin ¢, cos p,0).
Equation (12.9) gives T/ = ¢'N = kN and therefore ¢/(s) = kg or
©(s) = Ros. Let r(s) = (z(s),y(s),0) be a natural parameterization of
the curve. It follows from the definition of the arc length parameter s
that 1'(s) = T(s) (see the relation above (12.4)). Hence,

r'(s) = (cos(kos),sin(kps),0) =
r(s) = 1o + (kg ' sin(kgs), —kg ' cos(kgs),0),
where rqg = (2o, Yo, 20). Thus, the curve lies in the plane z = 2z, and

(z(s) — z0)* + (y(s) — yo)? = R?, where R = 1/kq, for all values of s;
that is, the curve is a circle (or its portion) of radius R. O

THEOREM 12.10. (Torsion of a Curve).
The torsion of a curve traced out by r(t) is given by

) ' (0) ()
"= T xr@F

ProoOF. Put ||r'(¢)|| = v(t) (if s = s(t) is the arc length as a function
of ¢, then s = v). By (12.6) and the definition of the curvature,

(12.12) r" = o'T + kv’ N,
and by (12.7) and the definition of the binormal,
(12.13) v’ xr" =uT x " = kv°B.

Differentiation of both sides of (12.12) gives
v = 0"T +v'T + (k"0 + 2600 )N + s0?N'.
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The derivatives T’(¢) and N(¢) are found by making use of the differen-
tiation rule d/ds = (1/5'(t))(d/dt) = (1/v)(d/dt) in the Frenet-Serret
equations (12.9) and (12.10):

T = koN, N =—koT+7B.
Therefore,
(12.14) " = (v — K20%)T + (3s0v’ 4+ K'v?)N + x70°B.

Since the tangent, normal, and binormal vectors are unit and orthogo-
nal to each other, (r' x ") - v’ = kv3(r' x r”) - B = k*v57. Therefore,

B (r/ X I,//) . I.///
T K296

and the conclusion of the theorem follows from Theorem 12.7, k =
It/ x ¢”||/v3. O

Remark. Relation (12.13) is often more convenient for calculating
the unit binormal vector rather than its definition. The unit tangent,
normal, and binormal vectors at a particular point r(¢y) of the curve
r(t) are

~ r’(to) ~ I'/(to) X I'N<t0) R

0= i) PO = e s> T = Bl < Tl

84.3. Study Problems.

Problem 12.14. Find the position vector x(t) of a particle as a func-
tion of time t if the particle moves clockwise along a circular path of
radius R in the xy plane through r(0) = (R, 0,0) with a constant speed
Vo-

SOLUTION: For a circle of radius R in the xy plane through the point
(R,0,0), r(t) = (Rcos p, Rsin ¢, 0), where ¢ = ¢(t) such that ¢(0) =
0. Then the velocity is v(t) = r'(t) = ¢'(—Rsin g, Rcos ¢, 0). Hence,
the condition ||v(t)|| = vo yields R|¢'(t)| = vo or ¢(t) = £(vo/R)t and

r(t) = (Rcos(wt), £Rsin(wt), 0) ,

where w = vg/ R is the angular velocity. The second component must be
taken with the minus sign because the particle revolves clockwise (the

second component should become negative immediately after
t=0). O
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Problem 12.15. Let the particle position vector as a function of time
t ber(t) = (In(t),t* 2t), t > 0. Find the speed, tangential and normal
accelerations, the unit tangent, normal, and binormal vectors, and the
torsion of the trajectory at the point Py(0,1,2).

SoLUTION: By Example 12.9, the velocity and acceleration vectors at
Py are v = (1,2,2) and a = (—1,2,0). So the speed is v = ||v|| = 3.
The tangential acceleration is ar = v-a/v = 1. Asvxa = 2(—2,—1,2),
the normal acceleration is ay = ||vxal|/v = 6/3 = 2. The unit tangent
vector is T = v/v = (1/3)(1,2,2) and the unit binormal vector is
B=vxal/|vxal = (1/3)(=2,—1,2) as the unit vector along v x a.
Therefore, the unit normal vector is N = T x B = (1/9)v x (v x a) =
(1/3)(—2,2,—1). To find the torsion at P,, the third derivative at ¢t = 0
has to be calculated, (1) = (2/t%,0,0)|,=1 = (2,0,0) = b. Therefore,
7(1) = (v xa)-b/||v x a||> = —8/36 = —2/9. O

Problem 12.16. (Curves with Constant Curvature and Torsion).
Find the shape of a curve that has constant, nonzero curvature and
torsion.

SOLUTION: Put k(s) = kg # 0 and 7(s) = 79 # 0. It follows from
(12.9) and (12.11) that the vector w = 7T + xB does not change along
the curve, w'(s) = 0. Indeed, because £'(s) = 7'(s) = 0, one has
w = 7T + kB’ = (rk — 7x)N = 0. It is therefore convenient to
introduce new unit vectors orthogonal to N:

i = cos(a)T —sin(a)B, W = sin(a)T + cos(a)B,
where cosa = kg/w, sina = 15/w, and w = (k2 + 72)"/2. By con-
struction, the unit vectors 1, w, and N are mutually orthogonal unit

vectors, which is easy to verify by calculating the corresponding dot
products, i-au=w-w =1 and u-w = 0. Also,

A

uxw=N.

It has been established that the vector w(s) is constant along the curve
and so is its unit vector w(s) = w(s)/w. Therefore, one can always
choose the coordinate system so that

w(s) =w(0) = e,.
By differentiating the vector &1 and using the Frenet-Serret equations,
i =wN.

Put @ = (cos p, sin ¢, 0), where ¢ = ¢(s). Then the unit normal vector
is N=uxw= (—sinp,cosp,0) and &' = ¢'N. Hence, ¢'(s) = w
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or p(s) = ws (the integration constant is set to 0; see Example 12.12).
Expressing the vector T via u and w,

~

T = cos(a)u + sin(a) W,

one infers (compare Example 12.12)

r'(s) = T(s) = <% cos(ws), %sin(ws), %> ,

where r(s) is a natural parameterization of the curve. The integration
of this equation gives
. Ko 7o
r(s) =ro+ (Rsin(ws), —Rcos(ws), hs), R= 2 h = =
where w = (k3 + 72)1/2. This is a helix of radius R whose axis goes
through the point ry parallel to the z axis; the helix climbs along its
axis by 2wh/w per each turn. 0

Remark. A curve in a neighborhood of its particular point F, can be
well approximated by a helix through that point whose curvature and
torsion coincide with the curvature and torsion of the curve at Fy. Such
an approximation is better than the approximation by an osculating
circle because the latter does not take into account the rate at which
the curve deviates from the osculating plane (which is determined by
the torsion).

Problem 12.17. (Motion in a Constant Magnetic Field, Revisited).
The force acting on a charged particle moving in the magnetic field B is
given by F = (e/c)v x B, where e is the electric charge of the particle,
c s the speed of light, and v is its velocity. Show that the trajectory of
the particle in a constant magnetic field is a heliz whose azis is parallel
to the magnetic field.

SOLUTION: In contrast to Study Problem 12.10, here the shape of the
trajectory is to be obtained directly from Newton’s second law with
arbitrary initial conditions. Choose the coordinate system so that the
magnetic field is parallel to the z axis, B = Be,, where B is the
magnitude of the magnetic field. Newton’s law of motion, ma = F,
where m is the mass of the particle, determines the acceleration, a =
uv x B = uBv xé,, where u = e/(mc). First, note that a3 = é,-a = 0.
Hence, vz = v| = const. Second, the acceleration, and velocity remain
orthogonal during the motion, and therefore the tangential acceleration
vanishes, ar = v-a = 0. Hence, the speed of the particle is a constant of
motion, v = vy (because v’ = ap = 0). Put v =v, +v|€,, where v, is
the projection of v onto the zy plane. Since ||v|| = vp, the magnitude of
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/2 The velocity vector may

v is also constant, [|[vi|| = v = (v§ —v})
therefore be written in the form v = (v, cos p, v, sin @, v,), where p =
©(t). Taking the derivative a = v’ and substituting it into Newton’s
equation, one finds ¢'(t) = uB or ¢(t) = uBt + . Integration of the

equation r’ = v yields the trajectory of motion:
r(t) = ro + (Rsin(wt + o), =R cos(wt + o), vy t),

where w = eB/(mc) is the so-called cyclotron frequency and R =
vy /w. This equation describes a helix of radius R whose axis goes
through ry parallel to the z axis. So a charged particle moves along a
helix that winds about force lines of the magnetic field. The particle
revolves in the plane perpendicular to the magnetic field with frequency
w = eB/(mc). In each turn, the particle moves along the magnetic
field a distance h = 2myj/w. In particular, if the initial velocity is
perpendicular to the magnetic field (i.e., vy = 0), then the trajectory
is a circle of radius R. 0

Problem 12.18. Suppose that the force acting on a particle of mass
m is proportional to the position vector of the particle (such forces
are called central). Prove that the angular momentum of the particle,
L = mr x v, is a constant of motion (i.e., dL/dt =0).

SOLUTION: Since a central force F is parallel to the position vector
r, their cross product vanishes, r x F = 0. By Newton’s second law,
ma = F and hence mr x a = 0. Therefore,

dL
E:m(rxv)’:m(r’xv—l—rxv’):mrxa:O,

where r' = v, v = a, and v X v = 0 have been used. 0

Problem 12.19. (Kepler's Laws of Planetary Motion). Newton’s law of
gravity states that two masses m and M at a distance r are attracted
by a force of magnitude GmM /r?, where G is the universal constant
(called Newton’s constant ). Prove Kepler’s laws of planetary motion:
1. A planet revolves around the Sun in an elliptical orbit with the Sun
at one focus.

2. The line joining the Sun to a planet sweeps out equal areas in equal
times.

3. The square of the period of revolution of a planet is proportional to
the cube of the length of the major axis of its orbit.
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SOLUTION: Let the Sun be at the origin of a coordinate system and
let r be the position vector of a planet. Let = r/r be the unit vector
parallel to r. Then the gravitational force is

GMm GMm

F=— r—=— r
T2 TS

)

where M is the mass of the Sun and m is the mass of a planet. The
minus sign is necessary because an attractive force must be opposite
to the position vector. By Newton’s second law, the trajectory of a
planet satisfies the equation ma = F and hence

GM

a=—
r3

r.

The gravities force is a central force, and, by Study Problem 12.18, the
vector r X v = 1 is a constant of motion. One has v = r’ = (rr) =
r't+rr’'. Using this identity, the constant of motion can also be written
as

l=rxv=rtxv=rtxt+rixi)=ri(txt).
Using the rule for the double cross product (see Study Problem 11.17),
one infers that

axl——i—yf‘xl——GMf-x(fxf’)—GMf*’,
where - r = 1 has been used. On the other hand,
(vxl)=v xl+vxl=axl
because 1’ = 0. It follows from these two equations that
(vx1)=GMi¥ = vxl1=GMrt+c,

where ¢ is a constant vector. The motion is characterized by two
constant vectors 1 and c. It occurs in the plane through the origin
that is perpendicular to the constant vector 1 because 1 = r X v must
be orthogonal to r. It is therefore convenient to choose the coordinate
system so that 1 is parallel to the z axis and c to the x axis as shown
in Figure 12.12 (left panel).

The vector r lies in the xy plane. Let 6 be the polar angle of r (i.e.,
r-c =rccosf, where ¢ = ||c|| is the length of ¢). Then

r-(vxl)=r-(GMr+c)=GMr+rccosb.
On the other hand, using a cyclic permutation in the triple product,

r-(vxl)=1-(rxv)=1-1=10
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FiGURE 12.12. Left: The setup of the coordinate sys-
tem for the derivation of Kepler’s first law.

Right: An illustration to the derivation of Kepler’s sec-
ond law.

where [ = || is the length of 1. The comparison of the last two
equations yields the equation for the trajectory:

ed

?=r(GM +b 0 =
7( +bcosl) = r pp—t

where d = [?/c and e = ¢/(GM). This is the polar equation of a
conic section with focus at the origin and eccentricity e (see Calculus
IT). Thus, all possible trajectories of any massive body in a solar sys-
tem are conic sections! This is a quite remarkable result. Parabolas
and hyperbolas do not correspond to a periodic motion. So a planet
must follow an elliptic trajectory with the Sun at one focus. All ob-
jects coming to the solar system from outer space (i.e., those that are
not confined by the gravitational pull of the Sun) should follow either
parabolic or hyperbolic trajectories.

To prove Kepler’s second law, put r = (cos#,sinf,0) and hence
' = (—=0'sinb, 0 cosd,0). Therefore,

1=r(t x1')=(0,0,7%0) = I1=r0".

The area of a sector with angle df swept by r is dA = %rQ df (see
Calculus II; the area bounded by a polar graph r = r(6)). Hence,

dA 1 ,do 1

a2 dt 2
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For any moments of time ¢; and ¢, the area of the sector between r(t;)

and r(ts) is
= A by
Ap= | Zdt=| Zdt=—(t,—1t).
N / dt /t2 5\~

1 1
Thus, the position vector r sweeps out equal areas in equal times (see
Figure 12.12, right panel).

Kepler’s third law follows from the last equation. Indeed, the entire
area of the ellipse A is swept when t5 — t; = T is the period of the
motion. If the major and minor axes of the ellipse are 2a and 2b,
respectively, a > b, then A = wab = [T/2 and T = 2mwab/l. Now
recall that ed = b?/a for an elliptic conic section (see Calculus II) or
b* = eda = *a/(GM). Hence,

T2 47%a®h? _ 42 2.
2 GM
Note that the proportionality constant 472 /(G M) is independent of the
mass of a planet; therefore, Kepler’s laws are universal for all massive

objects trapped by the Sun (planets, asteroids, and comets). U

84.4. Exercises. (1) Find the normal and tangential accelerations of
a particle with the position vector r(t) = (t* + 1,¢%,4> — 1) when the
particle is at the least distance from the origin.

(2) Find the tangential and normal accelerations of a particle with
the position vector r(t) = (Rsin(wt + o), —R cos(wt + o), vot), where
R, w, g, and vy are constants (see Study Problem 12.17).

(3) The shape of a winding road can be approximated by the graph
y = Lcos(x/L), where the coordinates are in miles and L = 1 mile.
The condition of the road is such that if the normal acceleration of a
car on it exceeds 10m/ 32, the car may skid off the road. Recommend
a speed limit for this portion of the road.

(4) Suppose a particle moves so that its tangential acceleration
is constant, while the normal acceleration remains 0. What is the
trajectory of the particle?

(5) Suppose a particle moves so that its tangent acceleration re-

mains 0, while the normal acceleration is constant. What is the trajec-
tory of the particle?
Hint: Prove first that the acceleration of the particle has the form
a = b x v, where v is the velocity and b is a vector that can depend
on time. Use this fact to prove that the torsion of the trajectory is
constant. Then see Study Problem 12.16.






CHAPTER 13

Differentiation of Multivariable
Functions

85. Functions of Several Variables

The concept of a function of several variables can be qualitatively
understood from simple examples in everyday life. The temperature in
a room may vary from point to point. A point in space can be defined
by an ordered triple of numbers that are coordinates of the point in
some coordinate system, say, (z,y,z). Measurements of the tempera-
ture at every point from a set D in space assign a real number T (the
temperature) to every point of D. The dependence of T on coordi-
nates of the point is indicated by writing T = T'(x,y, z). Similarly,
the concentration of a chemical can depend on a point in space. In
addition, if the chemical reacts with other chemicals, its concentration
at a point may also change with time. In this case, the concentration
C depends on four variables—three spatial coordinates and the time
t—C = C(x,y,2,t). In general, if the value of a quantity f depends
on values of several other quantities, say, i, xs,..., T,, this depen-
dence is indicated by writing f = f(z1,29,...,2,). In other words,
f = f(x1,29,...,x,) indicates a rule that assigns a number f to each
ordered n-tuple of real numbers (xi, 2y, ...,z,). Each number in the
n-tuple may be of a different nature. In the above example, the con-
centration depends on ordered quadruples (z,y, z,t), where x, y, and
z are the coordinates of a point in space and t is time.

DEFINITION 13.1. (Real-Valued Function of Several Variables).
Let D be a set of ordered n-tuples of real numbers (x1, o, ..., T,). A
function f of n variables is a rule that assigns to each n-tuple in the
set D a unique real number denoted by f(xq,x2,...,z,). The set D is
the domain of f, and its range is the set of values that f takes on it,
that is, {f(x1, 22, ..., x,) | (x1, T2, ..., x,) € D}.

The rule may be defined by different means. If D is a finite set,
a function f can be defined by a table (P, f(P;)), where P, € D, i =
1,2,..., N, are elements (ordered n-tuples) of D, and f(F;) is the value
of f at P;. A function f can be defined geometrically. For example, the

123
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height of a mountain relative to sea level is a function of its position on
the globe. So the height is a function of two variables, the longitude and
latitude. A function can be defined by an algebraic rule that prescribes
algebraic operations to be carried out with real numbers in any n-tuple
to obtain the value of the function. For example, f(z,y, 2) = 2?—y+2°.
The value of this function at (1,2,3) is f(1,2,3) = 12 — 2+ 3% = 28.
Unless specified otherwise, the domain D of a function defined by an
algebraic rule is the set of n-tuples for which the rule makes sense.

ExXAMPLE 13.1. Find the domain and the range of the function of
two variables f(z,y) = In(1 — 2% — y?).

SOLUTION: The logarithm is defined for any strictly positive number.
Therefore, the doublets (x,y) must be such that 1 — 2? —y*> > 0 or
r?+y? < 1. Hence, D = {(x,y) | #*+y* < 1}. Since any doublet (z,y)
can be uniquely associated with a point on a plane, the set D can be
given a geometrical description as a disk of radius 1 whose boundary,
the circle 22 + y? = 1, is not included in D. For any point in the
interior of the disk, the argument of the logarithm lies in the interval
0 <1—22—19% < 1. So the range of f is the set of values of the
logarithm in the interval (0, 1], which is —oco < f < 0. O

EXAMPLE 13.2. Find the domain and the range of the function of

three variables f(x,y,z) = v*\/z — 22 — y2.

SOLUTION: The square root is defined only for nonnegative numbers.
Therefore, ordered triples (x,y, z) must be such that z — 2* — y* > 0,
that is, D = {(x,y, 2) | = > #2+y?}. This set can be given a geometrical
description as a point set in space because any triple can be associated
with a unique point in space. The equation z = 2% 4+ y? describes a cir-
cular paraboloid. So the domain is the spatial (solid) region containing
points that lie on or above the paraboloid. The function is nonnega-
tive. By fixing  and y and increasing z, one can see that the value of
f can be any positive number. So the range is 0 < f(z,y,2) < co. O

85.1. The Graph of a Function of Two Variables. The graph of a function
of one variable f(z) is the set of points of a plane {(z,y) |y = f(z)}.
The domain D is a set of points on the x axis. The graph is obtained
by moving a point of the domain parallel to the y axis by an amount
determined by the value of the function y = f(x). The graph provides a
useful picture of the behavior of the function. The idea can be extended
to functions of two variables.
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DEFINITION 13.2. (Graph of a Function of Two Variables).
The graph of a function f(x,y) with domain D is the point set in space

{(z,y.2)| 2 = f(z,y), (z,y) € D}.

The domain D is a set of points in the xy plane. The graph is
then obtained by moving each point of D parallel to the z axis by an
amount equal to the corresponding value of the function z = f(z,y). If
D is a portion of the plane, then the graph of f is generally a surface.
One can think of the graph as “mountains” of height f(z,y) on the xy
plane.

ExaMpLE 13.3. Sketch the graph of the function f(x,y) =
V1= (2/2)? = (y/3)%.
SOLUTION: The domain is the portion of the zy plane (z/2)%+(y/3)? <
1; that is, it is bounded by the ellipse with semiaxes 2 and 3. The graph
is the surface defined by the equation z = /1 — (2/2)2 — (y/3)2. By
squaring both sides of this equation, one finds (z/2)? + (y/3)? + 2* =
1, which defines an ellipsoid. The graph is its upper portion with
z > 0. ]

The concept of the graph is obviously hard to extend to functions
of more than two variables. The graph of a function of three variables
would be a three-dimensional surface in four-dimensional space. So the
qualitative behavior of a function of three variables should be studied
by different graphical means.

85.2. Level Curves. When visualizing the shape of quadric surfaces,
the method of cross sections by coordinate planes has been helpful. It
can also be applied to visualize the shape of the graph z = f(z,y).
In particular, consider the cross sections of the graph with horizontal
planes z = k. The curve of intersection is defined by the equation
f(z,y) = k. Continuing the analogy that f(x,y) defines the height of
a mountain, a hiker traveling along the path f(x,y) = k does not have
to climb or descend as the height along the path remains constant.

DEFINITION 13.3. (Level Curves).
The level curves of a function f of two variables are the curves along
which the function remains constant; that is, they are determined by
the equation f(x,y) =k, where k is a number from the range of f.

DEFINITION 13.4. (Contour Map).
A collection of level curves is called a contour map of the function f.

The contour map of the function in Example 13.3 consists of ellipses.
Indeed, the range is the interval [0, 1]. For any k € [0, 1], a level curve
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is an ellipse, 1 — (x/2)* + (y/3)? = k* or (z/a)* + (y/b)? = 1, where
a=2v1—k?and b=3v1— k2.

A contour map is a useful tool for studying the qualitative behavior
of a function. Consider the contour map that consists of level curves
Ci, i =1,2,..., f(x,y) = ki, where k;y1 — k; = Ak is fixed. The
values of the function along the neighboring curves C; and C;,; differ
by Ak. So, in the region where the level curves are dense (close to one
another), the function f(z,y) changes rapidly. Indeed, let P be a point
of C; and let As be the distance from P to C;y; along the normal to
C;. Then the slope of the graph of f or the rate of change of f at P
in that direction is Ak/As. Thus, the closer the curves C; are to one
another, the faster the function changes. Such contour maps are used
in topography to indicate the steepness of mountains on maps.

85.3. Level Surfaces. In contrast to the graph of a function, the method
of level curves does not require a higher-dimensional space to study the
behavior of a function of two variables. So the concept can be extended
to functions of three variables.

DEFINITION 13.5. (Level Surface).
The level surfaces of a function f of three variables are the surfaces
along which the function remains constant,; that is, they are determined
by the equation f(x,y, z) = k, where k is a number from the range of f.

The shape of the level surfaces may be studied, for example, by the
method of cross sections with coordinate planes. A collection of level
surfaces S;, f(z,y,2) = ki, kix1 — ki = Ak, i = 1,2, ..., can be depicted
in the domain of f. The closer the level surfaces S; are to one another,
the faster the function changes.

EXAMPLE 13.4. Sketch and/or describe the level surfaces of the
function

flx,y,2) = 2/(1 + 22 + y?).

SOLUTION: The domain is the entire space, and the range contains
all real numbers. The equation f(x,y,z) = k can be written in the
form 2 — k = k(2? + y?), which defines a circular paraboloid whose
symmetry axis is the z axis and whose vertex is at (0,0, k). For larger
k, the paraboloid rises faster. For & = 0, the level surface is the xy
plane. For k > 0, the level surfaces are paraboloids above the zy plane,
(i.e., they are concave downward). For k < 0, the paraboloids are below
the zy plane (i.e., they are concave upward). O
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85.4. Euclidean Spaces. When the number of variables is greater than
3, the geometrical visualization of the domain is not so simple. The
goal is achieved with the help of the concept of a higher-dimensional
Euclidean space. The plane and space are particular cases of two- and
three-dimensional Euclidean spaces.

With every ordered pair of numbers (x, y), one can associate a point
in a plane and its position vector relative to a fixed point (0,0) (the
origin), r = (x,y). With every ordered triple of numbers (z,y, z), one
can associate a point in space and its position vector (again relative
to the origin (0,0,0)), r = (z,y,2). So the plane can be viewed as
the set of all two-component vectors; similarly, space is the set of all
three-component vectors. From this point of view, the plane and space
have characteristic common features. First, their elements are vectors.
Second, they are closed relative to addition of vectors and multiplica-
tion of vectors by a real number; that is, if a and b are elements of
space or a plane and ¢ is a real number, then a + b and ca are also
elements of space (ordered triples of numbers) or a plane (ordered pairs
of numbers). Third, the norm or length of a vector ||r|| vanishes if and
only if the vector has zero components. Consequently, two elements
of space or a plane coincide if and only if the norm of their difference
vanishes, that is, a = b < |la — b|| = 0. From this point of view,
there is no difference between a vector (ay, as, az) and an ordered triple
(aq, as, az) as they represent the very same point in space; that is, there
is no confusion in writing a = (ay, as, az). Finally, the dot product a-b
of two elements is defined in the same way for two- or three-component
vectors (plane or space) so that ||al|? = a-a. These observations can
be extended to ordered n-tuples for any n and lead to the notion of a
FEuclidean space.

DEFINITION 13.6. (Euclidean Space).
For each positive integer n, consider the set of all ordered n-tuples
of real numbers. For any two elements a = (ay,as,...,a,) and b =
(b1, b2, ..., b,) and a number ¢, put

a+b = (a+0by,a2+by,...;a, + by),
ca= (Ca1,0a27---7can)a

la = vara=y/a +a3+-tal

The set of all ordered n-tuples in which the addition, the multiplication
by a number, the dot product, and the norm are defined by these rules
15 called an n-dimensional Euclidean space.
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Two points of a Euclidean space are said to coincide, a = b, if the
corresponding components are equal, that is, a; = b; for i = 1,2, ..., n.
It follows that a = b if and only if ||a — b|| = 0. Indeed, by the
definition of the norm, |/c|| = 0 if and only if ¢ = (0,0,...,0). Put
c =a—b. Then ||a—Db|| = 0 if and only if a = b. The number ||a—b]||
is called the distance between points a and b of a Euclidean space.

The dot product in a Euclidean space has the same geometrical
properties as in two and three dimensions. The Cauchy-Schwarz in-
equality can be extended to any Euclidean space (cf. Theorem 11.3).

THEOREM 13.1. (Cauchy-Schwarz Inequality).

- b| < [lal|[|b]

for any vectors a and b in a Fuclidean space, and the equality is reached
if and only if a = tb for some number t.

PROOF. Put a = ||al| and b = ||b]|, that is, a®> = a - a and similarly
for b. If b = 0, then b = 0, and the conclusion of the theorem holds.
For b # 0 and any real variable ¢, ||a — tb||* = (a — tb) - (a — tb) > 0.
Therefore, a? — 2tc + t?b*> > 0, where ¢ = a - b. The right side of this
inequality is a downward concave parabola with respect to ¢, which
attains its absolute minimum at ¢ = ¢/b%. Since the inequality is valid
for any ¢, it is satisfied for ¢t = b?/c, that is, a* — ¢?/b* > 0 or ¢ < a?b?
or |¢| < ab, which is the conclusion of the theorem. The inequality
becomes an equality if and only if ||a —tb||> = 0 and hence if and only
if a=tb. O

It follows from the Schwarz inequality that a-b = s||al|||b||, where
s is a number such that |s| < 1. So one can always put s = cosf,
where 6 € [0,7]. If # = 0, then a = tb for some positive t > 0
(i.e., the vectors are parallel), and a = tb, t < 0, when § = 7 (i.e., the
vectors are antiparallel). The dot product vanishes when 6 = 7 /2. This
allows one to define # as the angle between vectors in any Euclidean
space: cosf = a-b/(]|lal|||b]|) much like in two and three dimensions.
Consequently, the triangle inequality (11.7) holds in a Euclidean space
of any dimension.

In what follows, the domain of a function of n variables is viewed
as a subset in an n-dimensional Euclidean space. It is also convenient
to adopt the vector notation of the argument:

flxy,zo,yxy) = f(r), r=(x1,29,...,2,).

For example, the domain of the function f(r) = (1 — 2% — 2% — - —

x2)1/2 = (1—||r||?)"/? is the set of points in the n-dimensional Euclidean
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space whose distance from the origin (the zero vector) does not exceed
1, D = {r||r|| < 1}; that is, it is an n-dimensional ball of radius 1
So the domain of a multivariable function defined by an algebraic rule
can be described by conditions on the components (coordinates) of the
ordered n-tuple r under which the rule makes sense.

85.5. Exercises. (1) Find and sketch the domain of each of the fol-
lowing functions:
(i) f(z,y) =In(9 — 2% = (y/2)*)
(i) f(z,y) = V1 - (2/2)? = (y/3)?
(iii) f(z,y,2) =In(1 — z + 2% + y?)
(iv) fz,y) =In(9 —2® — (y/2)?)
(V) f(z,y,2) = /22 — y* — 22
(vi) f(t,x) = (= [|x|))7", x = (21,22, ..., 25)
(2) For each of the following functions, sketch the graph and a
contour map:
(i) flz,y) = 2 + 4y°
(ii) f(z,y) = zy
(iti) f(z,y) =2 — 3
(
(

iv) f(z,y) = /22 + 9y?
v) f(z,y) =sinx
(3) Describe and sketch the level surfaces of each of the following
functions:
(i) f(z,y,2) =2+ 2y + 32
(i) f(x,y,2) = 2? + 49* + 922
(iil) f(z,y,2) = 2z + 2 + y?
(iv) f(z,y,2) = 2% +y* — 22
(4) Explain how the graph z = g(x,y) can be obtained from the
graph of f(x,y) if
(i) g(z,y) = k+ f(x,y), where k is a constant
(ii) g(x,y) = mf(x,y), where m is a nonzero constant
(iii) g(z,y) = f(x — a,y — b), where a and b are constants
(iv) g(z,y) = f(pz,qy), where p and ¢ are nonzero constants
Let f(z,y) = 2* + y* Sketch the graphs of g(z,y) defined above.
Analyze carefully various cases for values of the constants, for example,
m>0m<0,p>1,0<p<1,and p=—1.

86. Limits and Continuity

The function f(z) = sin(x)/z is defined for all reals except z = 0.
So the domain D of the function contains points arbitrarily close to
the point x = 0, and therefore the limit of f(x) can be studied as
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x — 0. It is known (see Calculus I) that sin(z)/z — 1 asx — 0. A
similar question can be asked for functions of several variables. For
example, the domain of the function f(x,y) = sin(z? +y?)/(2* +y?) is
the entire plane except the point (x,y) = (0,0). If (z,y) # (0,0), then,
in contrast to the one-dimensional case, the point (z,y) may approach
(0,0) along various paths. So the very notion that (z,y) approaches
(0,0) needs to be accurately defined.

As noted before, the domain of a function f of several variables is
a set in n-dimensional Euclidean space. Two points x = (z1, x2, ..., Ty,)
and y = (y1, Y2, ..., Yn) coincide if and only if the distance

I =yl = V(@1 =) + (22 = 2)? + - + (20— yn)?

vanishes.

DEFINITION 13.7. A point r is said to approach a fixed point rq if
the distance ||r —ro|| tends to 0. The limit ||r —ro|| — 0 is also denoted
by r — 1.

In the above example, the limit (z,y) — (0,0) means that /22 4 y?

— 0 or 22 + y* — 0. Therefore,

. s 9 . o :

sm(2x +y?) _sinu P a0,

x? 4 12 u

Note that here the limit point (0,0) can be approached from any di-
rection in the plane. This is not always so. For example, the do-
main of the function f(z,y) = sin(zy)/(/x + /y) is the first quad-
rant, including its boundaries except the point (0,0). The points (0, 0)
and (—1,—1) are not in the domain of the function. However, the
limit of f as (z,y) — (0,0) can be defined, whereas the limit of f as
(x,y) — (—1,—1) does not make any sense. The difference between
these two points is that any neighborhood of (0,0) contains points of
the domain, while this is not so for (—1,—1). So the limit can be
defined only for some special class of points called limit points of a
set D.

DEFINITION 13.8. (Limit Point of a Set).
A point rq is said to be a limit point of a set D if any open ball By =
{r|||r — ro|| < 0} centered at ro contains a point of D that does not
coincide with ro if rg € D.

In other words, a limit point ry of D may or may not be in D,
but it can always be approached from within the set D in the sense
that r — ro and r € D because, no matter how small ¢ is, one can
always find a point r € D whose distance from rq is less than §. In the
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above example of D being the first quadrant, the limit (z,y) — (0,0)
is understood as 2% + y*> — 0 while (z,y) # (0,0) and x > 0, y > 0.

86.1. Limits of Functions of Several Variables.

DEFINITION 13.9. (Limit of a Function of Several Variables).
Let f be a function of several variables whose domain is a set D in a
FEuclidean space. Let rg be a limit point of D. Then the limit of f(r) as
r — rg s said to be a number fy if, for every number e > 0, there exists
a corresponding number 6 > 0 such that ifr € D and 0 < ||r —ro| < 4,
then |f(r) — fo| <e. In this case, one writes

J )= 5o

The number | f(r)— fy| determines a deviation of the value of f from
the number fy. The existence of the limit means that no matter how
small ¢ is, there is a neighborhood Ns(rg) of rg in D, which contains all
points of D whose distance from ry does not exceed a number 4, such
that the values of the function f in Ns(r() deviate from the limit value
fo no more than ¢, that is, fo—e < f(r) < fo+e forallr € Ns(ry) C D.

The use of this definition is illustrated by the following example.

EXAMPLE 13.5. Show that

lim 22y +yz2 —62%) =0.
(z,y,z)H(O,O,O)( y y )

SOLUTION: The distance between r = (z,y,z) and the limit point
ro = (0,0,0)is R = ||r —ro|| = \/22 + y%> + 2%2. Then |z| < R, |y| < R,
and |z| < R. Consider the deviation of values of the function from the
limiting value fy = 0:

1F(r) = fol = |2%y + yz* — 62°| < |2?y[ + [y2*] + 6[2°| < 8R?,

where the inequality |a + b| < |a| + |b| and |ab| = |a||b| have been
used. Now fix ¢ > 0. To establish the existence of 6 > 0, note that
the inequality 8R? < ¢ or R < /£/2 guarantees that |f(r) — fo| < e.
Therefore, § = /z/2. For example, put € = 1075, Then, in the interior
of a ball of radius § = 0.005, the values of the function can deviate
from f; = 0 no more than 1075, U

Remark. Note that 6 depends on € and, in general, on the limit
point ry.

Remark. The definition of the limit guarantees that if the limit ex-
ists, then it does depend on a path along which the limit point may be
approached. Indeed, take any curve that ends at the limit point rq and
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fix ¢ > 0. Then, by the existence of the limit fy, there is a ball of
radius § = d(e,r9) > 0 centered at ry such that the values of f lie in
the interval fy —e < f(ro) < fo + ¢ for all points r in the ball and
hence for all points of the portion of the curve in the ball. Since € can
be chosen arbitrarily small, the limit along any path leading to ry must
be fo. This is to be compared with the one-dimensional analog: if the
limit of f(z) exists as & — g, then the right * — z{ and left © — z
limits exist and are equal (and vice versa).

Properties of the Limit. 'The basic properties of limits of functions of one
variable discussed in Calculus I are extended to the case of functions
of several variables.

THEOREM 13.2. (Properties of the Limit).
Let f and g be functions of several variables that have a common
domain. Let ¢ be a number. Suppose that lim,_ ., f(r) = fo and
lim,_.,, g(r) = go. Then the following properties hold:

lim (cf(r)) = ¢ lim f(r) = cfo,
lim (g(r) + f(r)) = lim g(r) + lim f(r) = go + fo,
lim (g(r)f(r)) = lim g(r) lim f(r) = gofo,
g(r) _ limer, g(r) _ g0

) T T S o L RO

The proof of these properties follows the same line of reasoning as

in the case of functions of one variable and is left to the reader as an
exercise.

Squeeze Principle. The solution to Example 13.5 employs a rather
general strategy to verify whether a particular number f; is the limit
of f(r) asr — ry.

COROLLARY 13.1. (Simplified Squeeze Principle).
If there exists a continuous function h of one variable such that

[f(x) = fol I(R) =0 as |[r—rof =R — 0,
then limy_,, f(r) = fo.

In Example 13.5, h(R) = 8R3. In general, the condition h(R) — 0
as R — 07 implies that, for any € > 0, there is an interval 0 < R < §(¢)
in which h(R) < e, where the number ¢ can be found by solving the
equation h(9) = €. Hence, |f(r)— fo| < € whenever ||[r—ro|| = R < (¢).
The corollary is also a consequence of a more general result called the
squeeze principle.
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THEOREM 13.3. (Squeeze Principle).
Let the functions of several variables g, f, and h have a common do-
main D such that g(r) < f(r) < h(r) for any r € D. If the limits of
g(r) and h(r) as r — rq exist and equal a number fo, then the limit of
f(r) asr — rq exists and equals foy, that is,

9(r) < f(r) < h(r) and lim g(r) = lim h(r) = fo = lim f(r) = fy.

PROOF. From the condition of the theorem, it follows that 0 < f(r) —
g(r) < h(r) — glr). Put F(r) = f(r) — g(r) and H(r) = h(r) — g(x).
Then 0 < F(r) < H(r) implies |F(r)| < |H(r)| (the positivity of F'
is essential for this conclusion). By the basic properties of the limit,
H(r) — 0 as r — rg. Hence, for any £ > 0, there is a corresponding
number 0 such that 0 < |F(r)| < |H(r)| < ¢ whenever 0 < ||r — ro|| <
9. This inequality also implies that lim,_,, F'(r) = 0. By the basic
properties of the limit, it is then concluded that f(r) = F(r) + g(r) —
0+ fo=foasr —rg. O

The simplified squeeze principle is a particular case of this theorem
because the condition |f(r) — fo| < h(R) is equivalent to fy — h(R) <
7)< fo + h(R).

EXAMPLE 13.6. Show that

lim x,y) =0, where x,y) =
o () fz,y)

2oy — 3z
2+ 2 +at

SOLUTION: Let R = y/224y? (the distance from the limit point
(0,0)). Then || < R and |y| < R. Therefore,

3, 9.2, 2 3 2.2 4
ooy =307y _ Jallyl £ 327y ART < 4R,
z? +y* + ot w2 +y?+at T R2+42t 1+ (2*/R?)
It follows from this inequality that —4(z? +y?) < f(z,y) < 4(z* + y?),
and, by the squeeze principle, f(z,y) must tend to 0 because +4(z* +

y?) = £4R* — 0 as R — 0. In the definition of the limit, for any € > 0,
the corresponding number § is § = 1/¢/2. U

86.2. Continuity of Functions of Several Variables.

DEFINITION 13.10. (Continuity).
A function f of several variables with domain D is said to be continuous
at a point rog € D if
lim f() = f(ro).

The function f is said to be continuous on D if it is continuous at
every point of D.
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Let f(z,y) =1if y >z and let f(z,y) = 0 if y < x. The function
is continuous at every point (xo, yo) if yo # x¢. Indeed, if yo > x¢, then
f(zo,y0) = 1. On the other hand, for every such point one can find a
neighborhood (z—z)+(y—y0)? < 6% (a disk of radius § > 0 centered at
(%0, o)) that lies in the region y > x. Therefore, |f(r)—f(ro)| =1-1=
0 < ¢ for any € > 0 in this disk, that is, lim,_,, f(r) = f(r¢) = 1. The
same line of arguments applies to establish the continuity of f at any
point (o, ¥yo), where yo < xo. If rg = (xg,z0) that is, the point lies
on the line y = x), then f(rq) = 1. Any disk centered at such ry is
split into two parts by the line y = x. In one part (y > z), f(r) = 1,
whereas in the other part (y < z), f(r) = 0. So, for 0 < & < 1, there
is no disk of radius § > 0 in which |f(r) — f(ro)| = |f(r) — 1] < ¢
because |f(r) — 1| = 1 for y < z in any such disk. The function is not
continuous along the line ¥y = x in its domain.

THEOREM 13.4. (Properties of Continuous Functions).
If f and g are continuous on D and ¢ is a number, then cf(r), f(r)+
g(r), and f(r)g(r) are continuous on D, and f(r)/g(r) is continuous
at any point on D for which g(r) # 0.

This theorem is a simple consequence of the basic properties of the
limit.

The use of the definition to establish the continuity of a function
defined by an algebraic rule is not convenient. The following two the-
orems are helpful when studying the continuity of a given function.

For an ordered n-tuple r = (1, T3, ..., &), the function 225> - - c gk
where k1, ko, ..., k, are nonnegative integers, is called a monomial of de-
gree N = k1 + ko + -+ -+ k,. For example, for two variables, monomials
of degree N = 3 are 23, 2%y, xy?, and . A function f that is a linear
combination of monomials is called a polynomial function. The ratio
of two polynomial functions is called a rational function.

THEOREM 13.5. (Continuity of Polynomial and Rational Functions).
Let f and g be the polynomial functions of several variables. Then
they are continuous everywhere, and the rational function f(r)/g(r) is
continuous at any point rq if g(rg) # 0.

PROOF. A polynomial function in which the argument (x1, zo, ..., x,,) is
changed to (z1+aq, xo+as, ..., ,+ay), where ay, as, ..., a, are constants,
is also a polynomial function. So it is sufficient to establish continuity
at any particular point, say, the origin. Also, by the basic properties of
the limit, the continuity of monomial functions implies the continuity
of polynomial functions. The monomial of degree N = 0 is a constant
function that is continuous. For a monomial function f of degree N > 0



86. LIMITS AND CONTINUITY 135

and origin ry, f(rg) = 0, one has |f(r) — f(ro)| = |f(r)] < RN — 0
as R — 0 because |z;| < R = /a? + 2%+ ---22 for any element
of the n-tuple. By the squeeze principle, f(r) — 0 = f(rp). The
rational function f(r)/g(r) is continuous as the ratio of two continuous
functions. O

THEOREM 13.6. (Continuity of a Composition).
Let g(u) be continuous on the interval u € [a,b] and let h be a function
of several variables that is continuous on D and has the range [a,b].
The composition f(r) = g(h(r)) is continuous on D.

The proof follows the same line of reasoning as in the case of the
composition of two functions of one variable in Calculus I and is left
to the reader as an exercise.

In particular, some basic functions studied in Calculus I, sin u, cos u,
e", Inu, and so on, are continuous functions on their domains. If f(r)
is a continuous function of several variables, the elementary functions
whose argument is replaced by f(r) are continuous functions. In com-
bination with the properties of continuous functions, the composition
rule defines a large class of continuous functions of several variables,
which is sufficient for many practical applications.

86.3. Exercises. (1) Use the definition of the limit to verify each of
the following limits (i.e., given € > 0, find the corresponding d(¢)):

x® — dy*x + 53

) o 22 4 32
(i) i STty
r—0 322442
. — 4yt + byPa?
(i)  lim =
r—0  3x2 + 4y?
. o —dyPe 4+ 5y°
(iv)  lim
r—0 322 + 4y? + y*

(2) Verity whether the given function is continuous on its domain:

(i) f(z,y) = yz/(=* +y?) if (z,y) # (0,0) and f(0,0) =1

(ii) f(z,y, 2) = yxz/(2®+y*+22) if (x,y, 2) # (0,0,0) and £(0,0,0) =0
(ii) f (2, ) = sin(,/79)

(iv) () = cos(y/772) /(%2 + 1)

(v) f(z,y) = (2% +y*) In(2® + y*) if (z,y) # (0,0) and f(0,0) =0
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87. A General Strategy to Study Limits

The definition of the limit gives only the criterion for whether a
number fy is the limit of f(r) as r — ro. In practice, however, a
possible value of the limit is typically unknown. Some studies are
needed to make an “educated” guess for a possible value of the limit.
Here a procedure to study limits is outlined that might be helpful. In
what follows, the limit point is often set to the origin ro = (0,0, ...,0).
This is not a limitation because one can always translate the origin of
the coordinate system to any particular point by shifting the values of
the argument, for example,

lim  f(z,y)= lim 0)f(m+a:0,y+y0).

(x,y)%(:{:o,yo) (xvy)*)(ov

87.1. Step 1: Continuity Argument. The simplest scenario in studying
the limit happens when the function f in question is continuous at the
limit point:

lim f(r) = f(ro).

r—rg
For example,

im Y2

(@y)—(12) 3 — y? 3

because the function in question is a rational function that is continuous
if 3 — y? # 0. The latter is indeed the case for the limit point (1,2).
If the continuity argument does not apply, then it is helpful to check
the following.

87.2. Step 2: Composition Rule.

THEOREM 13.7. (Composition Rule for Limits).
Let g(t) be a function of one variable and let h be a continuous function
of several variables such that h(r) — to = h(rg) as r — ro. Suppose
that the function f is the composition f(r) = g(h(r)). Then
lim f(r) = lim g(¢).
r—ro t—to
The proof is omitted as it is similar to the case when h is a con-
tinuous function of one variable, which was proved in Calculus I. The
significance of this theorem is that, under the conditions of the theo-
rem, a tough problem of studying a multivariable limit is reduced to
the problem of the limit of a function of a single argument. The latter
problem can be studied, by, for example, I’'Hospital’s rule. It must be
emphasized that there is no analog of I’Hospital’s rule for multivariable
functions.
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EXAMPLE 13.7. Find
cos(zy) — 1
(@y)—(00) 2y

SOLUTION: The function in question is (cost — 1)/t?, where the argu-
ment ¢ is replaced by the function h(x,y) = xy. The function h is a
polynomial and hence continuous. In particular, h(x,y) — h(0,0) =0
as (x,y) — (0,0). Thus, all the hypotheses of the composition rule
theorem are fulfilled:

cos(ry)—1 . cost—1 . —sint —cost 1

im ———— =lim—— =Ilim = lim = ——.
(z,y)—(0,0) x2y? t—0 12 t—0 92t t—0 2 2

where 1’'Hospital’s rule has been used twice to evaluate the single-
variable limit. U

It must be stressed that the hypothesis of the continuity of h(r) in
the composition rule theorem is crucial. If, for instance, in the above
example the argument of (cost — 1)/t? is replaced by h(x,y) = y/z,
the limit of the resulting function does not exist as (z,y) — (0,0). The
reason is that y/z is not continuous at the origin and its limit does not
exist as (z,y) — (0,0). Simple means to establish the latter fact are
provided in the next step.

87.3. Step 3: Limits Along Curves. Recall the following result about
the limit of a function of one variable. The limit of f(z) as * — o
exists and equals fj if and only if the corresponding right and left limits
of f(z) exist and equal fy:

limf(z) = m f(5)=fo = lm [()=fo

$—>I‘O a:—mco
In other words, if the limit exists, it does not depend on the direction
from which the limit point is approached. If the left and right limits
exist but do not coincide, then the limit does not exist.

For functions of several variables, there are infinitely many paths
along which the limit point can be approached. They include straight
lines and paths of any other shape, in contrast to the one-variable case.
Nevertheless, a similar result holds for multivariable limits (see the sec-
ond Remark at the end of Section 86.1), that is, if the limit exists, then
it should not depend on the curve along which the limit point may be
approached. If there are two curves along which the limits do not co-
incide, then the multivariable limit does not exist. This result provides
a powerful method to investigate the existence of a multivariable limit
and to make an “educated” guess about its possible value.
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DEFINITION 13.11. (Curve in a Euclidean Space).
A curve in a Euclidean space is a set of points r(t) = (z1(t), xa(t), ...,
x,(t)), where z;(t), i = 1,2, ...,n, are continuous functions of a variable
t € [a,b].

This is a natural generalization of the concept of a curve in a plane
or space as a vector function defined by the parametric equations z; =
Il(t), 1= 1, 2, o, n.

DEFINITION 13.12. (Limit Along a Curve).
Let o be a limit point of the domain D of a function f. Let r(t) =
(z1(t), 22(t), ..., zn(t)) be a curve C in D such thatv(t) — 1o ast — t .
The function F(t) = f(r(t)) defines the values of f on the curve C.
The limit
lim F(t) = lim f(x1(t), zo(t), ..., z,(t))

t—td t—td

15 called the limit of f along the curve C if it exists.

Suppose that the limit of f(r) as r — rg exists and equals fy. Let C
be a curve such that r(t) — rgast — tj. Fixe > 0. By the existence of
the limit, there is a neighborhood Ns(rg) = {r|r € D,0 < ||r—r¢|| < }
in which the values of f deviate from fy no more than e, |f(r)— fo| < e.
Since the curve C' is continuous and passes through ry, there should
be a portion of it that lies in Nj(rg); that is, there is a number ¢’ such
that |r(t) — ro|| < 6 for all t € (to,to + ¢'). Hence, for any ¢ > 0,
the deviation of values of f along the curve, F(t) = f(r(t)), does not
exceed e, |F(t) — fo| < € whenever 0 < |t — tg| < ¢'. By the definition
of the one-variable limit, this implies that F'(t) — fy as t — t, for any
curve C through ry. This proves the following.

THEOREM 13.8. (Independence of the Limit from a Curve Through
the Limit Point).
If the limit of f(r) exists asr — 1o, then the limit of f along any curve
leading to ro from within the domain of f exists and does not depend
on the curve.

An immediate consequence of this theorem is the following result,
which is very useful in many practical applications

COROLLARY 13.2. (Criterion for Nonexistence of the Limit).
Let f be a function of several variables on D. If there is a curve r(t) in
D such that (t) — ro ast — td and the limit lim,_,+ f(r(t)) does not
exist, then the multivariable limit lim,_,, f(r) does not exist either. If
there are two curves in D leading to ro such that the limits of f along
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them exist but do not coincide, then the multivariable limit lim, ., f(r)
does not ewist.

87.3.1. Limits Along Straight Lines. Let the limit point be the origin
ro = (0,0,...,0). The simplest curve leading to ry is a straight line
x; = wvit, where t — 07 for some numbers v;, i = 1,2,....,n. The
limit of a function of several variables f along a straight line is then
lim; o+ f(vit, vat, ..., vnt), should exist and be the same for any choice
of numbers v;. For comparison, recall the vector equation of a straight
line in space through the origin: r = tv, where v is a vector parallel to
the line.

ExXAMPLE 13.8. Investigate the two-variable limit

xy’

lim —————.
(2.9)—(0,0) T4 + 2y
SoLuTION: Consider the limits along straight lines x = t, y = at (or
y = ax, where a is the slope) as t — 07

1 1 adtt a’
im f(t,at) = li - .
Jim f(at) = i D T T 2w

So the limit along a straight line depends on the slope of the line.
Therefore, the two-variable does not exist. O]

ExXAMPLE 13.9. Investigate the limit

lim —Sin(\/@) .

(zy)—(0,0) T +Y

SOLUTION: The domain of the function consists of the first and third
quadrants as xy > 0 except the origin. Lines approaching (0,0) from
within the domain are z = ¢, y = at, a > 0 and ¢ — 0. Note the line
x =0, y =t also lies in the domain (the line with an infinite slope).
The limit along a straight line approaching the origin from within the
first quadrant is

sin(ty/a) . Vacos(t\/a) Vva

lim f(¢t,at) = im ————= = lim = :
t—0+ t—ot t(1+a) =0+ 1+4+a 1+a

where I’Hospital’s rule has been used to calculate the limit. The limit
depends on the slope of the line, and hence the two-variable limit does
not exist. U
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87.3.2. Limits Along Power Curves (Optional). If the limit along straight
lines exists and is independent of the choice of the line, the numerical
value of this limit provides a desired “educated” guess for the actual
multivariable limit. However, this has yet to be proved by means of
either the definition of the multivariable limit or, for example, the
squeeze principle. This comprises the last step of the analysis of limits
(Step 4; see below).

The following should be stressed. If the limits along all straight lines
happen to be the same number, this does not mean that the multivari-
able limit exists and equals that number because there might exist other
curves through the limit point along which the limit attains a different
value or does not even exist.

ExaMPLE 13.10. Investigate the limit
3
lim =.
(z,y)—(0,0) T
SoLUTION: The domain of the function is the whole plane with the
y axis removed (z # 0). The limit along a straight line

343

a’t
lim f(¢,at) = lim —— =a® lim #* =0
t—07t t—0+ © t—0+

vanishes for any slope; that is, it is independent of the choice of the
line. However, the two-variable does not exist! Consider the power
curve x = t, y = at'/® approaching the origin as t — 0%. The limit
along this curve can attain any value by varying the parameter a:

lim f(t t1/3) li a’t 3

im a = lim — =a°.

t—o+ " t—0+

Thus, the multivariable limit does not exist. 0

In general, limits along power curves are convenient for studying
limits of rational functions because the values of a rational function
of several variables on a power curve are given by a rational function
of the curve parameter t. One can then adjust, if possible, the power
parameter of the curve so that the leading terms of the top and bottom
power functions match in the limit ¢ — 0T. For instance, in the example
considered, put z = ¢t and y = at". Then f(t,at™) = (a3t>")/t. The
powers of the top and bottom functions in this ratio match if 3n = 1;
hence, for n = 1/3, the limit along the power path depends on the
parameter a and can be any number.

87.4. Step 4: Using the Squeeze Principle. If Steps 1 and 2 do not apply
to the multivariable limit in question, then an “educated” guess for a
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possible value of the limit is helpful. This is the outcome of Step 3. If
limits along a family of curves (e.g., straight lines) happen to be the
same number fy, then this number is the sought-for “educated” guess.
The definition of the multivariable limit or the squeeze principle can
be used to prove or disprove that f; is the multivariable limit.

ExXAMPLE 13.11. Find the limit or prove that it does not exist:
sin(zy?)
(@y)—(00) 2+ y?

SOLUTION:

Step 1. The function is not defined at the origin. The continuity
argument does not apply.

Step 2. No substitution exists to transform the two-variable limit to a
one-variable limit.

Step 3. Put (z,y) = (t,at), where t — 0%. The limit along straight
lines

in(a2t? (2032
lim f(t,at) = lim sin(at”) = lim sin{a’u™”)
0+ t—0+ 12 u—0+ U
_ lim (3/2)au'’? cos(a?u®?) 0
u—0t+ 1

vanishes (here the substitution v = #* and I'Hospital’s rule have been
used to calculate the limit).

Step 4. If the two-variable limit exists, then it must be equal to 0.
This can be verified by means of the simplified squeeze principle; that
is, one has to verify that there exists h(R) such that |f(z,y) — fo| =
|f(z,y)] < h(R) — 0as R = /224 y?> — 0. A key technical trick here

is the inequality |sinu| < |u|, which holds for any real u. One has

: 2 2 3
_ Isin@zy)| eyt R

—=R—0
x2+y2 _$2+y2_R2 —Y

where the inequalities |z| < R and |y| < R have been used. Thus, the
two-variable limit exists and equals 0. U

For two-variable limits, it is sometimes convenient to use polar co-
ordinates centered at the limit point x —x¢y = Rcosf, y —yo = Rsinf.
The idea is to find out whether the deviation of the function f(z,y)
from fy (the “educated” guess from Step 3) can be bounded by h(R)
uniformly for all 6 € [0, 27]:

|f(z,y) = fol = [f(zo+ Rcosb,yo+ Rsinb) — fo| < h(R) -0 R— 0.
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This technical task can be accomplished with the help of the basic
properties of trigonometric functions, for example, |sinf| < 1, | cos |
<1, and so on.

In Example 13.10, Step 3 gives fy = 0 if only the limits along
straight lines have been studied. Then |f(R cos @, Rsin )| = R?sin?(0)
[tan 6|. Despite that the deviation is proportional to R* — 0 as R — 0,
it cannot be made as small as desired by decreasing R because tan @ is
not a bounded function. There is a sector in the plane corresponding
to angles near § = 7/2 where tan can be any large number whereas
sin? @ is strictly positive in it so that the deviation of f from 0 can
be as large as desired no matter how small R is. So, for any ¢ > 0,
the inequality |f(r) — fo| < € is violated in that sector of any disk
|lIr — ro|| < 0, and hence the limit does not exist.

Remark. For multivariable limits with n > 2, a similar approach
exists. If, for simplicity, ro = (0,0, ...,0). Then put x; = Ru;, where
the variables u; satisfy the condition uf +u3 +---+u2 = 1. For n = 2,
u; = cos and uy, = sinf. For n > 3, the variables u; can be viewed as
the directional cosines, that is, the cosines of the angles between r and
é;, u; = r - €;/||r||. Then one has to investigate whether there is h(R)
such that

’f(Ru17Ru27"'7Run>_f0| Sh(R) _>07 R—0.

This technical, often rather difficult, task may be accomplished using
the inequalities |u;| < 1 and some specific properties of the function f.
As noted, the variables u; are the directional cosines. They can also be
trigonometric functions of the angles in the spherical coordinate system
in an n-dimensional Euclidean space. The problem of the existence or
non-existence of the limit amounts to studying the behavior of some
trigonometric functions.

87.5. Study Problems.

Problem 13.1. Find the limit lim,_, f(r) or show that it does not
exist, where

)= flz,y,2) = (@ + 20° + 42°) In(z* + y* + 2*), 1o =(0,0,0).

SOLUTION:

Step 1. The continuity argument does not apply because f is not
defined at ry.

Step 2. No substitution is possible to transform the limit to a one-
variable limit.
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Step 3. Put r(t) = (t,at,bt) for some constants a and b that define
the direction of the line. Then f(r(t)) = At*In(Bt*) = 4A¢*In(t) +
Aln(B)t* — 0 ast — 07, where A = 1+2a?+4b? and B = 1 +a* +b*
(recall that by 1’'Hospital’s rule ¢In(t) = In(¢)/t ' — 0 as t — 0%). So,
if the limit exists, then it must be equal to 0.

Step 4. Put R? = 22+y*+2%. By making use of the inequalities |z| < R,
ly] < R, |z| < R, one has 22 +2y* +42? < 7TR? and 2* + y* + 2* < 3R
Hence, by the monotonicity of the logarithm function,

|f(r) = 0] < TR*In(3R*) = TR*(4In(R) +1n(3)) -0 as R — 0.
By the squeeze principle, the limit exists and equals 0. U

Problem 13.2. Prove that the limit lim,_., f(r) ezists, where

1 — cos(z%y)

f(r):f(at,y)z x2+2y2 > r02(070)7

and find a disk centered at roq in which values of f deviate from the
limit no more than € = 0.5 x 107%.

SOLUTION:

Step 1. The continuity argument does not apply because f is not
defined at ry.

Step 2. No substitution is possible to transform the limit to a one-
variable limit.

Step 3. Put r(¢) = (¢,at). Then

_ 1 — cos(at?) 1 1 — cos(au’/?)
1 ) =1 = i I N—
Jm f(t) = M S T T u

1 1/2 i (013/2
_ I sin(au®/?) o,
1+ 2a? u—0+ 1

where the substitution v = t* and 1’'Hospital’s rule have been used to
evaluate the limit. Therefore, if the limit exists, it must be equal to 0.
Step 4. Note first that 1 — cosu = 2sin*(u/2) < u%/2, where the
inequality |sinz| < |z| has been used. Put R? = z% + y?. Then, by
making use of the above inequality with u = 2%y together with |z| < R
and |y| < R, the following chain of inequalities is obtained:
) — 0] < (ij)z/2 _ (@%y)?/2 < (z%y)*/2 < 1R _RrY
224+ 292 R2 492 R? 2R 2

as R — 0. By the squeeze principle, the limit exists and equals 0.
From the above inequality, it follows that |f(r)| < e if R*/2 < & and
hence ||r — 1ol = R < 6(¢) = (26)/4 = 0.1. O
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Problem 13.3. Find the limit lim,_, f(r) or show that it does not
exist, where

I
£ = Fla) = 5 10 =(0.0)

SOLUTION:

Step 1. The continuity argument does not apply because f is not
defined at rg.

Step 2. No substitution is possible to transform the limit to a one-
variable limit.

Step 3. The domain D of the function is the whole plane with the
lines y = £z excluded. So put r(t) = (¢,at), where a # +1. Then
flx(®) =at*/t*(1 —a®) = a(l —a®)"'t — 0 as t — 0T. So, if the limit
exists, then it must be equal to 0.

Step 4. In polar coordinates, x = Rcosf and y = Rsinf, where
v —ro = R,

R3cos?fsind

B Rcosfsin(20)  Rcost
~ R2(cos? — sin® ) B

1
2 cos(26) 2

f(x) tan(20).

Therefore, in any disk 0 < ||r—r¢|| < R, there is a sector corresponding
to the polar angle /4 < 6§ < 7/4+ Af in which the deviation |f(r)—0)|
can be made larger that any positive number by taking Af > 0 small
enough because tan(26) is not bounded in this interval. Hence, for any
e > 0, there is no 6 > 0 such that |f(r)| < € whenever r € D lies in
the disk [|r — ro|| < §. Thus, the limit does not exist.

Step 3 (Optional). The nonexistence of the limit established in Step
4 implies that there should exist curves along which the limit differs
from 0. It is instructive to demonstrate this explicitly. Any such curve
should approach the origin from within one of the narrow sectors con-
taining the lines y = £z (where tan(26) takes large values). So put,
for example, r(t) = (t,t — at™), where n > 1 and a # 0 is a number.
Then f(r(t)) = (£ + at"*?)/(2at™™ — a*¢t*"). This function tends to
a number as ¢ — 07 if n is chosen to match the leading (smallest)
powers of the top and bottom of the ratio in this limit (i.e., 3=n+1
or n = 2). Thus, for n = 2, f(r(t)) — 1/(2a) as t — 0% and f(r(¢))
diverges for n > 2 in this limit. O
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87.6. Exercises. (1) Find each of the following limits or show that it
does not exist:

() R (i) Tim, o ©2E0-1

(iii) limg_o \/m (i)l S22

(v) limeofgs (V) 1mqw

(vii) limy—o %g;y (viii) lim,_¢ f‘y:;ﬂi—zlzgm

88. Partial Derivatives

The derivative f'(zg) of a function f(x) at © = xo contains impor-
tant information about the local behavior of the function near x = x.
It defines the slope of the tangent line L(z) = f(zo) + f'(xo)(x — x0),
and, for x close enough to x, values of f can be well approximated by
the linearization L(z), that is, f(z) &~ L(z). In particular, if f'(z¢) > 0,
f increases near xg, and, if f'(xy) < 0, f decreases near z,. Further-
more, the second derivative f”(xg) supplies more information about f
near rg, namely, its concavity.

It is therefore important to develop a similar concept for functions
of several variables in order to study their local behavior. A significant
difference is that, given a point in the domain, the rate of change is
going to depend on the direction in which it is measured. For example,
if f(r) is the height of a hill as a function of position r, then the slopes
from west to east and from south to north may be different. This
observation leads to the concept of partial derivatives. If x and y are
the coordinates from west to east and from south to north, respectively,
then the graph of f is the surface z = f(z,y). At a fixed point ry =
(x0,Y0), the height changes as h(x) = f(z,yo) along the west—east
direction, and as g(y) = f(zo,y) along the south-north direction. Their
graphs are intersections of the surface z = f(z,y) with the coordinate
planes x = z and y = yo, that is, z = f(zo,y) = ¢g(y) and z =
f(z,y0) = h(x). The slope along the west—east direction is then hA'(zy),
and along the south-north direction, is ¢'(yo). These slopes are called
partial derivatives of f and denoted as

of

)
T=x0

== (w0, 0) = dixf(%yo)

oz
0 d
3—f(1‘07y0) = d—yf($07y)

Y=Yo
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The partial derivatives are often denoted as

0 0
a—i(%ayo) = fu(0, %), 8_];(%’%) = f;(%,yo)-

The subscript of f’ indicates the variable with respect to which the
derivative is calculated. The concept of partial derivatives can easily
be extended to functions of more than two variables.

88.1. Partial Derivatives of a Function of Several Variables. Let D be a
subset of an n-dimensional Euclidean space.

DEFINITION 13.13. (Interior Point of a Set).

A point rq is said to be an interior point of D if there is an open ball
Bs(rg) = {r|||lr —ro|| < &} of radius 0 that lies in D (i.e., Bs(r) C D).

In other words, ry is an interior point of D if there is a positive
number 9 > 0 such that all points whose distance from ry is less than
0 also lie in D. For example, if D is a set points in a plane whose
coordinates are integers, then D has no interior points at all because
the points of a disk of radius 0 < a < 1 centered at any point ry of
D do not belong to D except ro. If D = {(z,y)|2* + y* < 1}, then
any point of D that does not lie on the circle 22 +y? = 1 is an interior
point.

DEFINITION 13.14. (Open Sets).
A set D in a Fuclidean space is said to be open if all points of D are
interior points of D.

An open set is an extension of the notion of an open interval (a, b)
to the multivariable case. In particular, the whole Euclidean space is
open.

Recall that any vector in space may be written as a linear combi-
nation of three unit vectors, r = (x,y,2) = xé; + yés + zé3, where
é; = (1,0,0), & = (0,1,0), and €3 = (0,0,1). Similarly, using the
rules for adding n-tuples and multiplying them by real numbers, one
can write

r = (21,%2,...,Tn) = T1€1 + T2€3 + - - - + T,€,,

where €; is the n-tuple whose components are zeros except the ith one,
which is equal to 1. Obviously, ||&|| =1,7i=1,2,...,n.

DEFINITION 13.15. (Partial Derivatives at a Point).
Let f be a function of several variables (x1,xa,...,x,). Let D be the
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domain of f and let vy be an interior point of D. If the limit
f(ro + hé;) — f(ro)
h

exists, then it is called the partial derivative of f with respect to x;
at rp.

fa(ro) = }LEI})

The reason the point ry needs to be an interior point is simple. By
the definition of the one-variable limit, h can be negative or positive.
So the points ro + hé;, ¢ = 1,2,...,n, must be in the domain of the
function because otherwise f(rg + hé;) is not even defined. This is
guaranteed if ry is an interior point because all points r in the ball
B, (ro) of sufficiently small radius a = |h| are in D.

Let rg = (a1, ay, ..., a,), where a; are fixed numbers. Consider the
function F'(x;) of one variable x; (i is fixed), which is obtained from
f(r) by fixing all the variables x; = a; except the ith one (ie., z; =
a; for all j # i). By the definition of the ordinary derivative, the
partial derivative f; (ro) exists if and only if the derivative ['(a;) exists
because
(13.1) £ (o) = Tim F(a; + h) — F(a;) _ dF(z;)

i h—0 h dzr, lz;=a;

just like in the case of two variables discussed at the beginning of this
section. This rule is practical for calculating partial derivatives as it
reduces the problem to computing ordinary derivatives.

EXAMPLE 13.12. Find the partial derivatives of f(x,y,2) = 23 —y*z
at the point (1,2, 3).

SOLUTION: By the rule (13.1),

d d
/ _“ — (3 _ —
fr(1,2,3) = dxf(x,2,3) . dx(x 12) - 3,
d d
"(1,2,3) = —f(1,4.3 = —(1 — 3¢? =12
fy( )’ ) dyf( Y, ) y=2 dy( Y ) y=2 )
fi(1,2,3) = if(1 2,2) = i(1 —42) = —4
AR P N —3

O

88.1.1. Geometrical Significance of Partial Derivatives. From the rule
(13.1), it follows that the partial derivative f; (ro) defines the rate of
change of the function f when only the variable x; changes while the
other variables are kept fized. 1If, for instance, the function f in Ex-
ample 13.12 defines the temperature in degrees Celsius as a function
of position whose coordinates are given in meters, then, at the point
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(1,2,3), the temperature increases at the rate 4 degrees Celsius per
meter in the direction of the x axis, and it decreases at the rates —12
and —4 degrees Celsius per meter in the direction of the y and z axes,
respectively.

88.2. Partial Derivatives as Functions. Suppose that the partial deriva-
tives of f exist at all points of a set D (which is a subset of the domain
of f). Then each partial derivative can be viewed as a function of
several variables on D. These functions are denoted as f; (r), where
r € D. They can be found by the same rule (13.1) if, when differenti-
ating with respect to z;, all other variables are not set to any specific
values but rather viewed as independent of x; (i.e., dz;/dx; = 0 for all
j #1). This agreement is reflected by the notation

fo(@r, ey oy wn) = o= f(21, 22, o0y )3

8l’i
that is, the symbol 0/0x; means differentiation with respect to x; while
regarding all other variables as numerical parameters independent of x;.

EXAMPLE 13.13. Find f,(z,y) and f,(x,y) if f(r,y) = vsin(zy).

SOLUTION: Assuming first that y is a numerical parameter indepen-
dent of x, one obtains

folw,y) = a%f (z,y) = <(%93) sin(zy) + xa% sin(zy)
= sin(xy) + xy cos(ry)

by the product rule for the derivative. If now the variable x is viewed
as a numerical parameter independent of y, one obtains

[z, y) = a%f(m, y) = xa% sin(zy) = 2 cos(xy).
0

88.3. Basic Rules of Differentiation. Since a partial derivative is just
an ordinary derivative with one additional agreement that all other
variables are viewed as numerical parameters, the basic rules of dif-
ferentiation apply to partial derivatives. Let f and g be functions of
several variables and let ¢ be a number. Then

0 _of 0 _of g

axi(cf)_caxi’ axi(f+g)_3$i+337i’
af dg

0 _of dg o rf _3—%9—fa—zi
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Let h(u) be a differentiable function of one variable and let g(r) be a
function of several variables whose range lies in the domain of f. Then
one can define the composition f(r) = h(g(r)). Assuming that the
partial derivatives of g exist, the chain rule holds
of .\ 99

EXAMPLE 13.14. Find the partial derivatives of the function f(r) =
v~ where v = (21, o, ..., 7).

(13.2)

SoLuTION: Put h(u) = u="? and g(r) = 2? + 22 +--- + 22 = ||r||%
Then f(r) = h(g(r)). Since h'(u) = (=1/2)u=%? and 9g/0x; = 2x;,
the chain rule gives

0
3@»

1™ =~
ER

O

88.4. Exercises. (1) Find the specified partial derivatives of each of

the following functions:

() f(z,y) = (@ —y)/(x+y), [fi(1,2), f(1,2)

(ii> f(I, Y, z) = (ZEy + Z)/(Z + y)7 fa/c(L 2, 3)7 fg,/(17 2, 3)7 fé(la 2, 3)

(if) £(r) = (@1 + 205 + -+ naa) /(1 + []2), F4(0), 0= 1,2,.

(iv) f(z,y,2) = xsin(yz), [f.(1,2,7/2), f,(1,2 7r/2) (1,2 7r/2)
(2) Find the specified partial derivatives of each of the following

functions:

(1) flz,y) = (@ +y°)",  filz,y), fi(z,y)

(11) ( )_xy f/(QT y)7 fg//(xvy)

(ii) f(z,y) = 2@ 2 f1(z,1), fi(z,9)

(iv) f(z,y) = sin(zy) COS(x +9%),  folzy), fi(@,y)

(V) (37 Y,z ) ln(x—i—y +z )7 falc(x7yvz)7 f;(&?,y,Z), f;(:c,y,z)

) Flo,y,2) = wycos(2),  filw,y,2), Filw.9,2), Flo,2)

(vi) f(r) = (a121+agze+- - +an,2,)” = (a-r)”,  fi(r),i=1,2,...,n
(3) Determine whether the function f(z,y) increases or decreases

when z increases, while y is fixed, and when y increases, while x is

fixed at a specified point FPy:

(i) flz,y) =zy/(x+y), F(1,2)

(i) fle,y) = (% — 22)13, Ry(1,1)

(iii) f(z,y) = 2*sin(zy), Po(—1,7)

89. Higher-Order Partial Derivatives

Since partial derivatives of a function are also functions of several
variables, they can be differentiated with respect to any variable. For
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example, for a function of two variables, all possible second derivatives
are

of  00f _Of 00f _ &f

oz drdx 0z Oydr Oyox’
of . o9f &f 09f &
oy ox 0y Oxdy’ Oydy Oy*

Throughout the text, brief notations for higher-order derivatives will
also be used. For example,
82f 1\/ " azf \/ "

and similarly for f; and f; . Derivatives of the third order are defined
as derivatives of second-order derivatives, and so on.

EXAMPLE 13.15. For the function f(x,y) = 2% — 2%y + y?, find all
second- and third-order derivatives.

SOLUTION: The first derivatives are f, = 42® —2zy and f) = —2°+2y.
Then the second derivatives are

fr, = (40 = 2zy), = 2z, fy = (=2 +2y), = —2z.

yx
The third derivatives are found similarly:

"

frww = (1222 — 2y) = 24z, Ty = (Z)y =0
fomy = (1202 = 2y)! = =2, fo = fr. =(=2x),=-2,
fg///g//x = (2); = 07 fyxy = fa}yy = (-2%); =0.

In contrast to the one-variable case, there are higher-order deriva-
tives of a new type that are obtained by differentiating with respect
to different variables in different orders, like f;, and f},. In the above
example, it has been found that

foy = Fyer

i 1" 1"

fzxy = zyr ~ Jyzxzxz

O
that is, the result of differentiation is independent of the order in which
the derivatives have been taken. Is this a peculiarity of the function con-
sidered or a general feature of higher-order derivatives? The following
theorem answers this question.
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THEOREM 13.9. (Clairaut's or Schwarz's Theorem).
Let f be a function of several variables (x4, xo, ..., x,) that is defined on

an open ball D in a Euclidean space. If the second deriwatives fy . and

" "

200 Where j # i, are continuous functions on D, then :]’E’iwj = fao,a, 0

any point of D.

A consequence of Clairaut’s theorem can be proved. It asserts that,
if higher-order derivatives are continuous functions, then the result of
differentiation is independent of the order in which the derivatives have
been taken. In many practical applications, it is not necessary to calcu-
late higher-order derivatives in all possible orders to verify the hypothe-
sis of Clairaut’s theorem (i.e., the continuity of the derivatives). Deriva-
tives of polynomials are polynomials and hence continuous. Derivatives
of basic elementary functions like the sine and cosine and exponential
functions are continuous. So compositions of these functions with mul-
tivariable polynomials have continuous derivatives of any order. In
other words, the continuity of the derivatives can often be established
by different, simpler means.

" " "

EXAMPLE 13.16. Find the third derivatives f,,., [, .cr [y, and so
on, for all permutations of x, y, and z, if f(x,y,z) = sin(z? + yz).

SOLUTION: The sine and cosine functions are continuously differen-
tiable as many times as desired. The argument of the sine function is
a multivariable polynomial. By the composition rule (sin g)!, = ¢, cos g
and similarly for the other derivatives, partial derivatives of any or-
der must be products of polynomials and the sine and cosine functions
whose argument is a polynomial. Therefore, they are continuous in
the entire space. The hypothesis of Clairaut’s theorem is satisfied, and
hence all the derivatives in question coincide and are equal to

f;,?;z = (f2)y. = 2z cos(z” + yz))y. = (—2z2 sin(2” +y2)).

Yz

= —2wsin(2? + yz) — 2wyz cos(2® + yz).
U

89.1. Reconstruction of a Function from Its Derivatives. One of the stan-
dard problems in calculus is finding a function f(z) if its derivative
f'(x) = F(x) is known. A sufficient condition for the existence of a
solution is the continuity of F'(z). In this case,

f@)=Fa) = f(2)= / F(z)dz +c,
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where ¢ is a constant. A similar problem can be posed for a function
of several variables. Given the first partial derivatives

(13.3) fle)=F(r), i=12 .n,

T
find f(r) if it exists. The existence of such f is a more subtle question
in the case of several variables. Suppose partial derivatives 0F;/0x; are
continuous functions in an open ball. Then taking the derivative 9/0z;
of both sides of (13.3) and applying Clairaut’s theorem, one infers that

oF, OF:
13.4 "= f L= 2T
Thus, the conditions (13.4) on the functions F; must be fulfilled; oth-

erwise, f satisfying (13.3) does not exist. The conditions (13.4) are
called integrability conditions for the system of equations (13.3).

EXAMPLE 13.17. Suppose that f,(z,y) = 2x +y and f,(z,y) =
2y — x. Does such a function f exist?

SoLuTION: The first partial derivatives of f, Fi(x,y) = 2z + y and
Fy(x,y) = 2y — x, are polynomials, and hence their derivatives are
continuous in the entire plane. In order for f to exist, the integrability
condition 0F,/0y = O0Fy/0xr must hold in the entire plane. This is
not so because 0F; /0y = 1, whereas 0F,/0x = —1. Thus, no such f
exists. U

Suppose now that the integrability conditions (13.4) are satisfied.
How is a solution f to (13.3) to be found? Evidently, one has to
calculate an antiderivative of the partial derivative. In the one-variable
case, an antiderivative is defined up to an additive constant. This is
not so in the multivariable case. For example, let f.(z,y) = 3z%y. An
antiderivative of f! is a function whose partial derivative with respect
to z is 3z%y. It is easy to verify that x3y satisfy this requirement. It
is obtained by integrating 3z?y with respect to x while viewing y as
a numerical parameter independent of x. Just like in the one-variable
case, one can always add a constant to the integral, 2%y + ¢ and obtain
another solution. The key point to observe is that the integration
constant may be a function of y! Indeed, (z3y + g(y))". = 3z%y. Thus,
the general solution of f!(x,y) = 3z%y is f(x,y) = 23y + g(y), where
g(y) is arbitrary.

If, in addition, the other partial derivative f; is given, then an
explicit form of g(y) can be found. Put, for example, f;(z,y) = z3 +
2y. The integrability conditions are fulfilled: (f;)'y = (3z%y), = 32
and (f;), = (2° + 2y), = 32> So a function with the said partial

derivatives does exist. The substitution of f(x,y) = x3y + g(y) into
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the equation f) = 2% + 2y yields 2* + ¢'(y) = 2° + 2y or ¢'(y) = 2y
and hence g(y) = y*> + ¢. Note the cancellation of the 2® term. This
is a direct consequence of the fulfilled integrability condition. Had
one tried to apply this procedure without checking the integrability
conditions, one could have found that, in general, no such ¢(y) exists.
In Example 13.17, the equation f, = 2z + y has a general solution
flz,y) = 2*> + yx + g(y). Its substitution into the second equation
[y =2y—xyields z+¢'(y) = 2y —x or ¢'(y) = 2y — 2x. The derivative
of g(y) cannot depend on x and hence no such g(y) exists.

EXAMPLE 13.18. Find f(x,y,2) if f, = yz +2x = I, f, = 22 +
3y? = Fy, and f. = xy + 423 = F3 or show that it does not exist.

SOLUTION: The integrability conditions (F); = (Fy),, (F1), = (F3),
and (Fy), = (F3). are satisfied (their verification is left to the reader).
So f exists. Taking the antiderivative with respect to x in the first
equation, one finds

fi=yz+2zr = f(:v,y,z):/(yz+2x)d$:a:yz+:)32~|—g(y,z),

where ¢(y, z) is arbitrary. The substitution of f into the second equa-
tions yields
fy=xz+ 3y = vz + 9y(y,2) = vz + 3y?
= g, (y,2) = 3y

= g(y,2) = /3@/2 dy = y* + h(z)
= f(z,y,2) = 2yz + 2>+ y* + h(2),

where h(z) is arbitrary. The substitution of f into the third equation
yields

fl=ay+42° = 2y + R (2) = oy +42°
— h(z) =423
= h(z) =2"+c¢
= f(z,y,2) =ayz +2° +y* + 2* 4+ ¢
where ¢ is a constant. U
The procedure of reconstructing f from its first partial derivatives
as well as the integrability conditions (13.4) will be important when

discussing conservative vector fields and the potential of a conservative
vector field.
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89.2. Partial Differential Equations. The relation between a function of
several variables and its partial derivatives (of any order) is called a
partial differential equation. Partial differential equations are a key
tool to study various phenomena in nature. Many fundamental laws of
nature can be state in the form of partial differential equations.

89.2.1. Diffusion Equation. Let n(r,t), where r = (z,y, z) is the posi-
tion vector in space and t is time, be a concentration of a substance,
say, in air or water or even in a solid. Even if there is no macroscopic
motion in the medium, the concentration changes with time due to
thermal motion of the molecules. This process is known as diffusion.
In some simple situations, the rate at which the concentration changes
with time at a point is

I " " "
ny = D(nzx + nyy + nzz)?

where the parameter D is the diffusion constant. So the concentration
as a function of the spatial position and time must satisfy the above
partial differential equation.

89.2.2. Wave Equation. Sound in air is propagating disturbances of the
air density. If u(r,t) is the deviation of the air density from its constant
(nondisturbed) value ug at the spatial point r = (x,y, z) and at time
t, then it can be shown that small disturbances u/uy < 1 satisfy the
wave equation:

wy = (U, + iy, + ),
where c is the speed of sound in the air. Light is an electromagnetic
wave. Its propagation is also described by the wave equation, where ¢

is the speed of light in vacuum (or in a medium, if light goes through
a medium) and wu is the amplitude of electric or magnetic fields.

89.2.3. Laplace and Poisson Equations. The equation

uxz+uyy+uzzzf7

where f is a given non-zero function of position r = (x,y, z) in space,
is called the Poisson equation. In the special case when f = 0, this
equation is known as the Laplace equation. The Poisson and Laplace
equations are used to determine static electromagnetic fields created
by static electric charges and currents.

ExAMPLE 13.19. Let h(q) be a twice-differentiable function of a
variable q. Show that u(r,t) = h(ct —n -r) is a solution of the wave
equation for any fized unit vector n.
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SOLUTION: Let n = (ny,ny,n3), where n? +n3 +n3 = 1 as n is the
unit vector. Put ¢ = ¢t —n-r = ¢t —nyx —noy —ngzz. By the chain rule
(13.2), uj; = ¢;h'(q) and similarly for the other derivatives, one finds
up, = ch'(q), ul, = Ah"(q), v, = —n1W(q), u’, = n?h"(q), and, in the

rx

same fashion, uy, = n3h"(q), v, = n3h"(q). Then uj, + uy, + v, =
(n? +n2+n2)h"(q) = h"(q), which coincides with u},/c*, meaning that
the wave equation is satisfied for any h. O

Consider the level surfaces of the solution of the wave equation
discussed in this example. They correspond to a fixed value of ¢ = qq.
So, for each moment of time ¢, the disturbance of the air density u(r,t)
has a constant value h(gp) in the plane n-r = ¢t — o = d(t). All planes
with different values of the parameter d are parallel as they have the
same normal vector n. Since here d(t) is a function of time, the plane on
which the air density has a fixed value moves along the vector n at the
rate d'(t) = c¢. Thus, a disturbance of the air density propagates with
speed c. This is the reason that the constant c in the wave equation
is called the speed of sound. FEvidently, the same line of arguments
applies to electromagnetic waves; that is, they move through space at
the speed of light. The speed of sound in the air is about 342 meters
per second, or about 768 mph. The speed of light is 3 - 10® meters
per second, or 186 miles per second. If a lightning strike occurs a mile
away during a thunderstorm, it can be seen almost instantaneously,
while the thunder will be heard in about 5 seconds later.

89.3. Study Problems.
Problem 13.4. Find the value of a constant k for which the function
u(r,t) =732 0 =i,
satisfies the diffusion equation for all t > 0.

SOLUTION: Note that u depends on the combination 7? = 22 +y2 + 22.
To find the partial derivatives of wu, it is convenient to use the chain
rule:

ou B ou Or? ou 2kx

o " oror  CaEs v
g ) _%_w@_<_%+4k2x2>
Yoo = 9p\0e) = T Tt o Ut T e )

To obtain u,, and u,, note that r? is symmetric with respect to per-

mutations of z, y, and z. Therefore, u;, and u], are obtained from u,
by replacing, in the latter, x by y and x by z, respectively. Hence, the
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right side of the diffusion equation reads
6Dk n 4Dk2r2>
u.
t 12
Using the product rule to calculate the time derivative, one finds for
the left side

D(uly, +uy, +ul,) :( —

3 2 2 k’I“Z 3 k?”Q
ul = _§t—5/26—kr Jt 4 §=3/2g=hr /tt_2 _ <_2_t 4 t_2>u
Since both sides must be equal for all values of ¢ > 0 and r?, the
comparison of the last two expressions yields two conditions: 6Dk =
3/2 (as the equality of the coefficients at 1/t) and k = 4Dk? (as the
equality of the coefficients at r?/t?). The only common solution of
these conditions is k = 1/(4D). O

Problem 13.5. Consider the function

l’3y — C(}y3
flx,y) = gt

Find f,(x,y) and f,(x,y) for (v,y) # (0,0). Use the rule (15.1) to
find f(0,0) and f,(0,0) and, thereby, to establish that f, and f, exvist
everywhere. Use the rule (13.1) again to show that f! (0,0) = —1 and
0:(0,0) =1, that is, f;,(0,0) # f7.(0,0). Does this result contradict
Clairaut’s theorem?

if (z,y) #(0,0) and f(0,0) =0.

SOLUTION: Using the ratio rule for differentiation, one finds

B 2y + Aoy — o 25— day? — wy?

/
fa:(xa y) - ($2 i y2)2 ($2 + y2)2
if (z,y) # (0,0). Note that, owing to the symmetry f(z,y) = —f(y, z),
the derivative f; is obtained from f; by changing the sign of the latter

and swapping = and y. The derivatives at (0,0) are found by the rule
(13.1):

, fylry) =

£00.0) = 2 70

—0, f;(070)=d%f(0,y) 0.

=0 y=0

The derivatives are continuous functions (the proof is left to the reader
as an exercise). Next, one has

d 1) — (0,0
f;/y(o,o):@f;(o,w y:ozflfi%fx( )hf( )

—h—0

= lim

_1’
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d fo(h,0) — £,(0,0)
1 _ ! — . Yy Yy
f32(0,0) = —— fi(,0)| = lim ;
— lim ﬂ -1
h—0

The result does not contradict Clairaut’s theorem because f} (v,y)
and f;(z,y) are not continuous at (0,0). By using the ratio rule to
differentiate f,(z,y) with respect to y, an explicit form of f; (x,y) for
(z,y) # (0,0) can be obtained. By taking the limit of f; (z,y) a

(z,y) — (0,0) along the straight line (z,y) = (¢, at), t — 0, one mfers
that the limit depends on the slope a and hence the two-dimensional
limit does not exist, that is, lim, ) —(0,0) f1, (¥, y) # fr,(0,0) = —1 and
=y 18 MOt continuous at (0 0). The technical detalls are left to the
reader. O

89.4. Exercises. (1) Find all second partial derivatives of each of the
following functions and verify Clairaut’s theorem:
(1) f(z,y) = tan™" zy
(if) f(x,y,z) = wsin(zy?)
(iif) f(z,y,2) = 2% + 2y + 22
(v) f(2,y,2) = (x +y)/(x + 22)
(2) Find the indicated partial derivatives of each of the following
functions:

) flz,y) ="+ 2y + ™, fioy Faiger Soger Frgy
(i) f(z,y,2) = wcos(yz) +2°,  fli., fiie, fine
(iii) f(z,y, z) = sin(zy)e?, Of°/02°, £ e
(3) Given partial derivatives, find the function or show that it does
not exist:
(i) f1 = 32%, f, = 2"+ 3y°
(i) fr =yz 432> f,=22+4y, fl=ay+1
(i) f, = kar, k=1,2,..,n
(V) fo=ay+z fy=2%/2, fi=x+y
(v) fi. = sin(zy) + zy cos(zy), f, = z* cos(zy) + 1

(4) Verify that a given function is a solution of the indicated dif-
ferential equation:
(i) f(t,z) = Asin(ct — z) + Beos(ct + x), ¢ 2f, — fI. =0
(i) f(z,y) =In(z* +¢%), I+, =0
(i) f(z,y) =In(e” +e¥), fo+f,=1and f.f} —(f,)*=0
(iv) f(r) =exp(a-r), wherea-a=1, f/ +f/ +---+f/ =Ff

1,1 Tox2 InTn
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90. Chain Rules and Implicit Differentiation

90.1. Chain Rules. Consider the function f(x,y) = z* + xy? whose
domain is the entire plane. Points of the plane can be labeled in a
different way. For example, the polar coordinates ©x = rcosf, y =
rsinf may be viewed as a rule that assigns an ordered pair (z,y) to
an ordered pair (r,6). Using this rule, the function can be expressed
in the new variables as f(rcos®,7sinf) = r®sinf = F(r,0). One can
compute the rates of change of f with respect to the new variables:
g—f = %—]: = 3r?sinb, % = %—Z =13 cosb.

Alternatively, these rates can be computed as

% = %g—i + %% = (32 + y?) cos  + 2xy sin @ = 3r?sin b,

of ofox Of 0y

20~ oz 00 T 0y00

where x and y have been expressed in the polar coordinates to obtain
the final expressions. The difference between the two approaches is that
in the second one an explicit form of the function in the new variables
is not required to find its rates with respect to the new variables.
Furthermore, consider the values of this function along the curve

=t y=1t% f(t,t?) = > +t°> = F(t). The rate of change of f with
respect to the curve parameter is

G _AE _gp | gy,

dt dt
It can also be obtained without calculating first the explicit form of
the function f as a function of the curve parameter in much the same
fashion as in the case of polar coordinates:

df Ofdr Ofd
d—J; = a_iﬁ 8—§d—i = (322 + ) + (2zy)(2t) = 3t* + 5t*.

Qualitatively, this expression of the rate df /dt is rather natural. If only
x depends on t while y does not (i.e., y = const), then the rate df /dt
is determined by an ordinary chain rule df /dt = f.2'(t); the y variable
is merely a numerical parameter. If y = y(¢) and = = const, the chain
rule for one-variable functions gives df /dt = f,y'(t). When both z and
y depend on t, then df /dt becomes the sum of these two terms as both
rates z'(t) and %/(t) should contribute to df /dt.

The examples considered above illustrate a general rule of differen-
tiation called the chain rule.

(32% 4+ y*)rsinf + 2xyr cos ) = r® cos b,
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THEOREM 13.10. (Chain Rule).
Let f be a function of n variables v = (1, xa,...,x,) such that all its
partial derivatives exist. Suppose that each variable x; is, in turn, a
function of m wariables u = (uq,us, ..., uy,) such that all its partial
derivatives exist. The composition of x; = x;(u) with f(r) defines f
as a function of u. Then its rate of change with respect to w;, j =
1,.2,....m, reads

(3f_0f83:1+8f8x2 8_f8xn_ " Of Ox;
8Uj N 81’1 an 8ZL‘2 8uj 8xn 8Uj N — 8ZEZ an‘

7

The proof of this theorem is rather technical and is omitted.

For n = m = 1, this is the familiar chain rule for functions of one
variable df /du = f'(z)a'(u). If n = 1 and m > 1, it is the chain
rule (13.2) established earlier. The example of polar coordinates cor-
responds to the case n = m = 2, where r = (z,y) and u = (r,0). The
rate of change along a curve in a plane is the case n = 2, m = 1, where
r = (x,y) and u = t. Note also that some of the functions x;(u) may
not depend on all variables u;, and the corresponding partial deriva-
tives in the chain rule vanish.

ExAMPLE 13.20. A function f(x,y,z) has the following rates of
change at the point ro = (1,2,3), f.(ro) =1, f,(ro) = 2, and f.(ro) =
—2. Suppose that v = xz(t,s) = t*s, y = y(t,s) = s+t, and z =
z(t,s) = 3s. Find the rates of change f with respect to t and s at the
point ry.

SOLUTION: In the chain rule, put r = (z,y,2) and u = (¢,s). The
point rqg = (1,2,3) corresponds to the point ug = (1,1) in the new
variables. Note that z = 3 gives 3s = 3 and hence s = 1. Then, from
y = 2, it follows that s+t =2or 14+t =2ort=1. Also, z(1,1) =1
as required. The partial derivatives of the old variables with respect to
the new ones are z, = 2ts, y, = 1, 2, = 0, 2, = 12, ¢, = 1, and 2, = 3.
By the chain rule,

fi(ro) = fo(ro)zi(uo) + f,(ro)y:(vo) + f2(ro)z; (o)

—24+240=14,
fi(ro) = fulro)zi(wo) + f,(ro)ys(uo) + f1(ro)z, (o)
=14+2—-6=-3.

O

90.2. Implicit Differentiation. Consider the function of three variables,
F(x,y,2) = 2* + y* — 2. The equation F(z,y,z) = 0 can be solved for
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one of the variables, say, z to obtain z as a function of two variables:
Fr,y,2) =0 = z=z(z,y)=2"+y"

that is, the function z(x,y) is defined as a root of F(x,y,2) and has
the characteristic property that

(13.5) F(z,y,z(z,y)) =0 for all (z,y).

In the example considered, the equation F'(z,y,z) = 0 can be solved
analytically, and an explicit form of its root as a function of (z,y) can
be found.

In general, given a function F(z,y,z), an explicit form of a so-
lution to the equation F(z,y,z) = 0 is not always possible to find.
Putting aside the question about the very existence of a solution and
its uniqueness, suppose that this equation is proved to have a unique
solution when (z,y) € D. In this case, the function z(z,y) with the
property (13.5) for all (z,y) € D is said to be defined implicitly on D.

Although an analytic form of an implicitly defined function is un-
known, its rates of change can be found and provide important infor-
mation about its local behavior. Suppose that partial derivatives of F
exist. Furthermore, the rates 2, (z,y) and z, (7, y) are also assumed to
exist on an open disk D in the plane. Since relation (13.5) holds for
all (z,y) € D, the partial derivatives of its left side must also vanish in
D. The derivatives can be computed by the chain rule, n = 3, m = 2,
r = (x,y,2), and u = (u,v), where the relations between old and new
variables are = u, y = v, and z = z(u,v). One has

) OF OF 0z . F
ErRR e a mr = et A
0 OF  O0F 0z F!
—F = — 4+ ——= e ——
v (Z’,y,Z(Q?,y)) ay + 02 ay 0 = y Fé’

where 2, (u,v) = 2,(z,y) and 2, (u,v) = 2z,(v,y) because r = u and
y = v. These equations determine the rates of change of an implic-
itly defined function of two variables. Note that in order for these
equations to make sense, the condition F? # 0 must be imposed. Sev-
eral questions about the very existence and uniqueness of z(z,y) for
a given F'(z,y,z) and the existence of derivatives of z(z,y) have been
left unanswered in the above analysis. The following theorem addresses
them all.

THEOREM 13.11. (Implicit Function Theorem).
Let F be a function of n+1 variables, F(r, z), where r = (1, xg, ..., Ty)
and z s real, such that all its partial derivatives are continuous in an
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open ball B. Suppose that there exists a point (ro,z9) € B such that
F(rg,20) = 0 and F!(ro,20) # 0. Then there exist a neighborhood D
of ro and a unique function z = z(r) with continuous derivatives on D
such that

F (r,z(r))

F(I‘, Z(I’)) =0 and z;i(r) = —m

for allr in D.

The proof of this theorem goes beyond the scope of this course. It
includes proofs of the existence and uniqueness of z(r) and the existence
of its derivatives. Once these facts are established, a derivation of the
implicit differentiation formula follows the same way as in the n = 2

case: P (r, ()
r,z(r
Ox; * 0z 0z, 0 = =)= F'(r, 2(r))

(
EXAMPLE 13.21. Show that the equation z(3z — y) = wsin(xyz)
(1,

has a unique solution z = z(x,y) in a neighborhood of (1,1) such that
2(1,1) = /2 and find the rates of change z.(1,1) and z;(l, 1).

OF OF 0z ,

SOLUTION: Put F(z,y,2) = mwsin(zryz) — 2(3x — y). Then the exis-
tence and uniqueness of the solution can be established by verifying
the hypotheses of the implicit function theorem in which r = (z,y),
ro = (1,1), and 2o = 7/2. First, note that the function F is the sum of
a polynomial and the sine function of a polynomial. So its derivatives

F, = myzcos(xyz) — 3w, F, =mrzcos(xyz) + 2,
F! = mzycos(zyz) — 3z +y

are continuous for all (z,y,z). Next, F(1,1,7/2) = 0 as required.
Finally, F!(1,1,7/2) = —2 # 0. Therefore, by the implicit function
theorem, there is an open disk in the xy plane containing the point
(1,1) in which the equation has a unique solution z = z(x,y). By the
implicit differentiation formulas,

/ /

sy Bl s BLLT2)
v FI(1,1,7/2) 4 Y FI(1,1,7/2) 4

In particular, this result implies that, near the point (1,1), the root
z(x,y) decreases in the direction of the x axis and increases in the
direction of the y axis. It should be noted that the numerical val-
ues of the derivatives can be used to accurately approximate the root
z(x,y) of a nonlinear equation in a neighborhood of (1, 1) by invoking
the concept of [linearization discussed below (see also Study
Problem 13.6). O
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90.3. Exercises. (1) Use the chain rule to find dz/dt if z =

V1422 +2y? and z = 263, y = Int.

(2) Use the chain rule to find dz/0s and 0z/0t if z = e~ sin(xy)
and x = ts, y = /82 + t2.

(3) Use the chain rule to write the partial derivatives of F' with
respect to the new variables:

(1) F= f(a:ay)a T = x(u,v,w), Yy= y(uav>w)
(i) F' = f(z,y,2,t), = z(u,v), y = y(u,v), z = z(w, s), t = t(w, s)

(4) Find the rates of change 0z/0u, 0z/0v, 0z /0w when (u,v,w) =
2,1, ) ifz=2>+yr+y® and z = w? + w3, y =u+vinw.

(5) Find the rates of change 0f/0u, 0f /Ov, Of /0w when (z,y, z) =
(1/3,2,0)if . =2/u — v+ w, y = vuw, z = €v.

(6) Find the partial derivatives of z = f(x,y) defined implicitly by
the equation z — 2z = tan'(yz).

(7) Let the temperature of the air at a point (x,y, z) be T'(z,y, 2)
degrees Celsius. An insect flies through the air so that its position as a
function of time ¢ in seconds is given by = /1 + ¢,y = 2t, z = t> — 1.
If 7,(2,6,8) = 2, 1,(2,6,8) = —1, and T,(2,6,8) = 1, how fast is
the temperature rising (or decreasing) on the insect’s path as it flies
through the point (2,6, 8)?

(8) Let a rectangular box have the dimensions z, y, and z that
change with time. Suppose that at a certain instant the dimensions
are x = 1 m, y = z =2 m, and x and y are increasing at the rate 2
m/s and z is decreasing at the rate 3 m/s. At that instance, find the
rates at which the volume, the surface area, and the largest diagonal
are changing.

(9) A function is said to be homogeneous of degree n if, for any
number ¢, it has the property f(tx,ty) = t"f(x,y). Give an example
of a polynomial function that is homogeneous of degree n. Show that a
homogeneous differentiable function satisfies the equation z f; +yf, =
nf. Show also that f/(tx,ty) =" f(z,y).

(10) Suppose that the equation F(z,y, z) = 0 defines implicitly z =
f(z,y), or y = g(x, z), or x = h(y, z). Assuming that the derivatives
F,, F,, and F do not vanish, prove that (0z/0z)(0x/0y)(dy/0z) = —1.

91. Linearization of Multivariable Functions

A differentiable one-variable function f(x) can be approximated
near x = xo by its linearization L(z) = f(xo) + f'(x0)(xz — xo) or the
tangent line. If © = xq + Az, then

f@) = L(z) _ f(xo+ Az) — f(zo)

N = Ay — f'(zg) =0 as Az —0
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by the definition of the derivative f’(zo). This relation implies that the
error of the linear approximation goes to 0 faster than the deviation
Ax = x — x of x from xg, that is,

f(z) = L(z) + e(Az) Az, where e(Az)—0 as Az —0.

For example, if f(z) = x?, then its linearization at =z = 1 is L(z) =
1+2(z —1). It follows that f(1+ Ax) — L(1 + Ax) = Az? or e(Ax) =
Az. In the interval z € (0.9,1.1), the absolute error of the linear
approximation is less than 0.01. So the linearization of f at xy provides
a good approximation of f in a sufficiently small neighborhood of x;.
Naturally, such a useful tool needs to be extended to multivariable
functions.

91.1. Tangent Plane Approximation. Consider first the case of two-
variable functions. The graph of f(z,y) is the surface z = f(z,y).
Consider the curve of intersection of this surface with the coordinate
plane © = zy. Its equation is z = f(zg,y). The vector function
r(t) = (zo,t, f(xo,t)) traces out the curve of intersection. The curve
goes through the point ro = (zo,v0, 20), Where zy = f(xg,y0), be-
cause r(yy) = ro. Its tangent vector at the point ry is vi = r'(yg) =
(0,1, fy(z0,40)). The line parallel to v, through the point ry lies in
the plane x = ¢ and is tangent to the intersection curve z = f(xo,y).
Similarly, the graph z = f(z,y) intersects the coordinate plane y = yq
along the curve z = f(x,yo) whose parametric equations are r(t) =
(t,y0, f(t,40)). The tangent vector to this curve at the point ry is
ve = 1'(z0) = (1,0, fi(z0,%0)). The line parallel to vy through ry lies
in the plane y = yy and is tangent to the curve z = f(x,yo).

Now one can define a plane through the point ry of the graph that
contains the two tangent lines. This plane is called the tangent plane to
the graph. Its normal must be perpendicular to both vectors v; and vy
and, by the geometrical properties of the cross product, may be taken
as n = vy X vy = (f(z0,%0), f, (20, y0), —1). The standard equation of
the plane n - (r — rg) = 0 can then be written in the form

z =20+ ni(r —x0) +n2(y —w0), m1 = fr(x0,%0), N2 = f;(mo,?/o)-

The graph goes through the point rg and so does the tangent plane. So
the tangent plane is expected to be close to the graph in a neighborhood
of rg. The exact meaning of “close” will be clarified in the following
section.

EXAMPLE 13.22. Find the tangent plane to the paraboloid z = x* +
3y? at the point (2,1,7).
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SOLUTION: The paraboloid is the graph of the function f(z,y) =
22+3y?. The components of the normal are n; = f(2,1) = 2z|21) = 4,
ny = f,(2,1) = 6y|@1) = 6, and n3 = —1. An equation of the tangent
planeis 4(x —2)+6(y — 1) — (2 —7)=0or 4o+ 6y — z = 7. O

By analogy with the one-variable case, one can define the lineariza-
tion of f(x,y) at a point (xg,yo) in the domain of f by the linear
function

L(z,y) = f(x0,%0) + fu(z0,Y0)(x — z0) + £, (0, %0) (¥ — 0)-

The approximation f(x,y) ~ L(x,y) is called a linear approzimation of
f near (xo,y0). By analogy, the concepts of linearization and the linear
approximation are extended to functions of more than two variables.

DEFINITION 13.16. (Linearization of a Multivariable Function).
Let f be a function of m variables v = (x1, 9, ...,xy) on D such that
its derivatives exist at an interior point ro = (ay,as, ..., ay) of D. Put
ni = f,.(ro), 1 =1,2,....,m. The function

L(r) = f(ro) + ni(z1 — a1) + no(z2 — a2) + - + (T, — )

is called the linearization of f at ro, and the approzimation f(r) ~ L(r)
is called the linear approximation of f near ry.

It is convenient to write the linearization in a more compact form
(13.6) L(r) = f(ro) + mAzy +noAzy +- - -+ Az, 1y = [ (ro),
where Az; is the deviation of z; from a;.

ExamMpLE 13.23. Use the linear approrimation to estimate the
number [(2.03)% 4 (1.97)2 + (0.94)2]'/2,

SoLuTION: Consider the function of three variables f(z,y,z2) = [z* +
y? + 22]Y/2. The number in question is the value of this function at
(x,y,2) = (2.03,1.97,0.94). This point is close to ry = (2,2,1) at
which f(ro) = 3. The deviations are Ax = =z — 2 = 0.03, Ay =
y—2=-0.03, and Az = 0.94 — 1 = —0.06. The partial derivatives
are [ = x/(e? 4y 4 DV2 f) = g/ g+ 2A)V2 and ] =
z/(2® +y? + 22)Y/2. Therefore, n; = 2/3, ny = 2/3, and nz = 1/3. The
linear approximation gives

flx,y,2) = L(x,y,z) =3+ (2/3) Az + (2/3) Ay + (1/3) Az = 2.98.
U
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91.2. Differentiability of Multivariable Functions. The concepts of lin-
earization and the linear approximation have been formally extended
from the one-variable case in which the very existence of the deriva-
tive at a point is sufficient for the linear approximation to be good,
as argued at the beginning of this section. In the case of two-variable
functions, the existence of partial derivatives at a point allows one to
define the tangent plane to the graph. Based on this geometrical obser-
vation that the plane z = L(z,y) is tangent to the graph z = f(x,y), it
has been assumed that the difference f(z,y) — L(x,y) should decrease
with the decreasing distance (Az? + Ay?)'/2 between the points (z,y)
and (g, y0). The key difference between one-variable and multivariable
cases is that the mere existence of partial derivatives is not sufficient
to make the linear approximation a good one.
This can be illustrated by the following example. Put

= i (z,9) # (0,0)

This function has the property that f(z,0) = 0 for all x, which implies
that its rate along the x axis vanishes, f.(z,0) = 0. Similarly, the
function vanishes on the y axis, f(0,y) = 0, and hence has no rate
of change along it, f,(0,y) = 0. In particular, the partial derivatives
exist at the origin, f7(0,0) = f£,(0,0) = 0. So the tangent plane should
coincide with the zy plane, z = 0, and the linearization is a constant
(zero) function, L(z,y) = 0. Can one say that f(z,y) — L(z,y) =
f(z,y) — 0 as (x,y) — (0,0), that is, that the linear approximation
is a good one? To answer this question, the two-variable limit must
be studied. Consider this limit along the straight line (x,y) = (¢, at),
t — 0%. One has f(t,at) = a/(1 + a?) # 0. Thus, the limit does not
exist. In particular, the difference f — L remains a non zero constant as
the argument approaches the origin along a straight line. Furthermore,
the function is not even continuous at (0,0) despite that the partial
derivatives exist at (0,0)! This is quite a departure from the one-
variable case where the existence of the derivative implies that the
function is necessarily continuous. What has to be changed in the
multivariable case in order to achieve a similarity with the one-variable
case? The question is answered with the concept of differentiability of
a function of several variables.

DEFINITION 13.17. (Differentiable Functions).
The function f of several variables r = (x1, %o, ..., ) on an open set
D 1is said to be differentiable at a point rq € D if there exists a linear
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function L(r) such that
()~ L)

roro e — 1o

If f s differentiable at all points of D, then f is said to be differentiable
on D.

This definition demands that f(r)— L(r) = ¢(r)||r —ro|| and e(r) —
0 as r — rg; that is, the error of the linear approximation decreases
faster than the distance ||r — ro|| between r and rq just like in the one-
variable case. The function (13.7) is not differentiable at (0,0) despite
the existence of its partial derivatives because it does not have a good
linear approximation at (0,0) in the sense of (13.8). In general, one
can prove the following result.

(13.8) = 0.

THEOREM 13.12. (Existence of Partial Derivatives).
If f is differentiable at a point rqy, then its partial derivatives exist
at ro.

The converse is not true! This is the reason the linear approxi-
mation may be bad despite the existence of partial derivatives. With
some additional assumptions about the partial derivatives, the con-
verse statement can be established. It provides a useful criterion for
differentiability.

THEOREM 13.13. (Differentiability and Partial Derivatives).
Let f be a function on an open set D of a Fuclidean space. Then f
1s differentiable on D if and only if its partial derivatives exist and are
continuous functions on D.

Thus, if, in addition to their existence, the partial derivatives hap-
pen to be continuous functions, then the linear approximation is always
a good one in the sense of (13.8). Conversely, the partial derivatives
of a differentiable function are continuous functions. It is straightfor-
ward to verify that f,(z,y) and f, (z,y) for the function (13.7) are not
continuous at (0, 0).

91.3. Study Problems.

Problem 13.6. Show that the equation z(3x — y) = wsin(xyz) has
a unique solution z = z(x,y) in a neighborhood of (1,1) such that
2(1,1) = /2. Estimate z(1.04,0.96).

SoLUTION: In Example 13.21, the existence and uniqueness of z(x,y)
has been established by the implicit function theorem. The partial
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derivatives have also been evaluated, z,(1,1) = —37/4 and z,(1,1) =
7 /4. The linearization of z(z,y) near (1,1) is

2(1+ Az, 1+ Ay) = 2(1,1) + 2,(1, 1) Az + z,(1,1)
s 3Axr Ay
2 (1 2 + 2 )
Putting Az = 0.04 and Ay = —0.04, this equation yields the esti-
mate 2(1.04, 0.96) ~ 0.457. Note that the combination of the implicit
differentiation and linearization allows one to approximate the root of
a nonlinear equation in a small neighborhood of the point where the
value of the root is known. This is an extremely useful concept in many
practical applications. U

Ay =

92. The Differential and Taylor Polynomials

Just like in the one-variable case, given variables r = (21, zg, ..., T, ),
one can introduce independent variables dr = (dx1,dzs, ..., dx,,) that
are infinitesimal variations of r and also called differentials of r. The
word “infinitesimal” means here that powers (dz;)* can always be ne-
glected for k& > 1.

DEFINITION 13.18. (Differential).
Let f(r) be a differentiable function. The function

df (v) = fo,(v) dey + fr, () dza + - -+ £, (v) da,
is called the differential of f.

Note that the differential is a function of 2m independent variables
r and dr. The geometrical significance of the differential follows from
its relation with the linearization of f at a point ry:

L(r):f(r())—'—df(r())’ dl‘l:A"Ela Z:1a277ma

that is, if the infinitesimal variations (or differentials) dr are set to be
the deviations Ar = r — rg of the variables r from rg, then the dif-
ferential df at the point ry defines the linearization of f at ro. This
linearization is a good one in the sense (13.8). From an algebraic point
of view, the differential determines variations of values of f under infini-
tesimal independent variations of its arguments such that contributions
of powers of the variations (dz;)*, k > 1, can be neglected.

92.1. Error Analysis. The volume of a rectangle with dimensions z, ¥,
and z is the function of three variables V' (z,y, z) = zyz. In practice,
measurements of the dimensions always contain errors; that is, repet-
itive measurements give the values of x, y, and z from the intervals
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x € [xg— Az, xo+Ax], y € [Yo— Ay, yo+Ayl, and z € [z0— Az, zo+Az],
where ro = (o, Yo, 20) are the mean values of the dimensions, while
Ar = (Az, Ay, Az) are the absolute errors of the measurements. Dif-
ferent methods of the length measurement would have different ab-
solute errors. In other words, the dimensions x, y, and z and the
errors Az, Ay, and Az are all independent variables. Since the errors
should be small (at least, one wishes so), the values of the dimensions
obtained in each measurement are v = zo + dx, y = yo + dy, and
z = 29 + dz, where the differentials or infinitesimal variations can take
their values in the intervals dx € [—Az, Az] = Ia, and similarly for dy
and dz. The question arises: Given the mean values ro = (zo, Yo, 20)
and the absolute errors Ar, what is the absolute error of the volume
value calculated at ry? For each particular measurement, the error is
V(rg + dr) — V(rg) = dV(rg) as higher powers of the differentials dr
are irrelevant (small). The components of dr are independent variables
taking their values in the specified intervals. All such triples dr cor-
respond to points of the error rectangle Ra = Iay X Iany X Ian,. Then
the maximal or absolute error is AV = |max dV (ry)|, where the max-
imum is taken over all dr € Ra. For example, if ro = (1,2,3) is in
centimeters and Ar = (1,1,1) is in millimeters, then the absolute er-
ror of the volume is AV = |maxdV (ry)| = max(yozo dx + xozo dy +
Toyodz) = 0.6+ 0.3 +0.2 = 1.1cm?, and V = 6 £ 1.1cm3. Here the
maximum is reached at dr = dy = dz = 0.1 cm. This concept can be
generalized.

DEFINITION 13.19. (Absolute and Relative Errors).
Let f be a quantity that depends on other quantities v = (x1, Ta, ..., Tim);
that is, f = f(r) is a function of r. Suppose that the values x; = a; are
known with the absolute errors Ax;. Putrg = (a1, ag, ..., ay) and Af =
| max df (v)| where the maximum is taken over all dv; € [—Ax;, Az;).
The numbers Af and Af/|f(ro)| are called, respectively, the absolute
and relative errors of the value of f at r = ry.

In the above example, the relative error of the volume measurements
is 1.1/6 ~ 0.18; that is, the accuracy of the measurements is about 18%.
In general, since

m

df (ro) = Y f1,(vo) da;

=1

is linear in dx;, the maximum is attained at dx; = Aux; if the coeffi-
cient f; (ro) is positive, and at dr; = —Auw; if the coefficient f; (r¢) is
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negative. So the absolute error can be written in the form

Af = |f1.(xo)| Az;.

i=1

92.2. Accuracy of the Linear Approximation. In the one-variable case,
the Taylor theorem asserts that if f(x) is an n times continuously
differentiable function, then there is a constant M,, > 0 such that

f(@) =Tu(2) + enta (@),

/ " (n)
To(x) = f(20) + / (1:!CO>A 4 ;IO)AQ g d n(!x(])An’

Mn+1 n+1
(13.9)  [ensi(z)| < m|$—$0| :
where A = x—xy. The polynomial T},(x) is called the Taylor polynomial
of degree m. The remainder ¢,,1(x) determines the accuracy of the
approximation f(x) ~ T,(z). If, in addition, the derivative f+V
exists, the remainder is proved to have the form

Fm(E)

Ent1(2) = m(fﬂ — Zo)
In this case, M, is an upper bound of |f™+D(£)| over the interval
between x and xg.

The first-order Taylor polynomial is the linearization of f at x = x,
Ty(z) = L(x), and the remainder e5(x) determines the accuracy of the
linear approximation. Suppose that f”(z) is bounded on an interval
(a,b), that is, | f"(z)| < M, for all x € (a,b). Then, for zy € (a,b), the
accuracy of the linear approximation is given by

n+1

(1810)  [eaf@)] = |f(x) ~ L) < D00, x€ (ad)

92.3. Two Variable Taylor Polynomials. There is a multivariable exten-
sion of the Taylor theorem that can be used to assess the accuracy of
the linear approximation as well as to obtain the Taylor polynomial
approximation when the linear one is not sufficiently accurate. The
two-variable case is discussed first. It is assumed in what follows that
functions have continuous partial derivatives of needed orders. The
following notation is adopted. Let f(z,y) be a function of two vari-
ables. The symbols 0, and 9, denote the operation of taking partial
derivatives with respect to x and y, that is,

(a0, + b0,)*f = (a®02 + 2ab0,0, + b*02) f = a*f1, + 2abfl, + b* 1,
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for any numbers a and b. By an earlier assumption, all the deriva-
tives are continuous, and therefore Clairaut’s theorem applies, 0,0, f =
0,0, f; that is, the order of differentiation is irrelevant.

Let rg = (zo,%0) be a fixed point and let a function f(r), r =
(x,y), have continuous partial derivatives up to order n in an open
disk D containing ro. Let A = (A4, Ay) be an ordered pair of numbers.
Consider a polynomial in the variables A of degree n defined by

Pu(A) = f(r0) + 75 ( 0, + 890,) ()

o (A gy (o) + -

2
n (A Oz + A20,)" f(ro)
k‘l 18;13 -+ AQGy)kf(r()),

where the partial derivatives are computed at the point ry. By con-
struction, these polynomials satisfy the recurrence relation:

Here the last term is computed by means of binomial coefficients (a +
b)" = p_o BEa"*b* where B} = n!/(k!(n — k)!).

DEFINITION 13.20. (Taylor Polynomials).
The polynomial T, (r) = P,(A), where A = r —rqg = (v — 29,y —
yo) 1s called the Taylor polynomial for a function f near the point

ro. The approzimation f(r) ~ T,(r) is called the Taylor polynomial
approximation of degree n near ry.

For example, with A; = z — g and Ay = y — ¥, the first four
Taylor polynomials are

To(r) = f(ro),
Ti(r) = f(ro) + fi(ro) &1 + fy(ro) Ao = L(r),

Ty(r) = Ti(r) + == <)N+f()AA+ ()M,
11 r ;/; r ;// I'
nm:n®+mgwﬁ+ §®M@+J%J&M

+ ?yzlly (ro)

SRS
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The linear or tangent plane approximation f(r) ~ L(r) = Ti(r) is
a particular case of the Taylor polynomial approximation of the first
degree.

The following theorem assesses the accuracy of the Taylor polyno-
mial approximation.

THEOREM 13.14. (Accuracy of the Taylor Polynomial Approximation).
Let D be an open disk centered at roq and let the partial derivatives of a
function f be continuous up to order n on D. Suppose that the partial
deriwatives of order n are also bounded on D; that s, there are numbers
My, k=1,2,...,n, such that |9}70 f(r)| < My for allr € D. Then
f(r) =T, 1(r) 4+ €,(r) where the remainder €, satisfies

"\ B*M,,
en(r)] < > =2

n
k=0
for all (x,y) € D, where B} =n!/(k!(n—k)!) are binomial coefficients.

|z — 20"y — yo!*

Remark. In fact, the continuity of the nth-order partial derivatives
is not necessary; their existence and boundedness are sufficient for the
accuracy assessment. The discussion of this remark as well as the proof
of the theorem goes beyond the scope of the course.

To make the analogy of this theorem with the one-variable case,
note that |x — x| < ||Ir — rol| and |y — yo| < |Ir — rol| and hence
|z — 20| *|ly — yo|* < |Ir — rol|*. Making use of this inequality, one
infers that

M, .
(13.12) en(r)] < —ir = xo]]",

where the constant M, = >} _, Bj'M,;. In particular, for the linear
approximation n = 2,

M.
1) = L) < 22— a)? - Ml (2 — ) — o) +
M, M. M.
(13.13) %(y —yo)? < 72”1” —rol]” < TZRZ,

where My = Mg + 2M11 + My and R is the radius of the disk D.
The results (13.12) and (13.13) are to be compared with the similar
results (13.9) and (13.10) in the one-variable case. So, if the second
derivatives exist and are bounded, the error of the linear or tangent
plane approximation decreases as the squared distance ||r — rg||%.

EXAMPLE 13.24. Use the linear approximation or the differential
to estimate the amount of aluminum in a closed aluminum can with
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diameter 10 ¢m and height 10 cm if the aluminum is 0.05 cm thick.
Assess the accuracy of the estimate.

SOLUTION: The volume of a cylinder of radius r and height h is
f(h,r) = whr?®. The volume of a closed cylindrical shell (or the can)
of thickness § is therefore V' = f(h + 26,7 + &) — f(h,7), where h
and r are the internal height and radius of the shell. Since the vari-
ations Ah = 20 = 0.1 and Ar = § = 0.05 are small, this difference
can be estimated by linearizing the function f at (h,7) = (10,5).
One has fi = 7r? and f. = 27hr; hence, V ~ V, = df(10,5) =
f7(10,5) dh + f1(10,5)dr = 257 Ah + 100 Ar = 7.57 cm?, where
dh = Ah and dr = Ar.

To assess the accuracy, note that the approximation V ~ V, is
based on the linear approximation of f(h,r), near the point (10,5).
Put f(h,r) = L(h,r) + ea(h,r), where L(h,r) is the linearization of
f at (10,5) and eg(h,r) is the remainder. Then, for h = 10 + 24
and r = 5+ 0, one has V = f(h,r) — f(10,5) = L(h,r) — f(10,5) +
go(h,7) =V, +e3(h,r). To estimate the remainder, one has to find the
upper bounds on the second-order derivatives of f when (h,r) lies in
the disk of radius R = 26 centered at (10,5) (see (13.13)). One has

V=0 = My, f;. =2mr < 10.2r = My, and f] = 27h < 2021 =
Mys. Therefore, My = 40.47, and the absolute error of the estimate
is |V = V| = |ea] < (My/2)R? = 80.8m0% = 0.2027 cm?. The relative
error reads |V — V,|/V, ~ 0.026; that is, it is about 2.6%. O

92.4. Multivariable Taylor Polynomials. For more than two variables,
Taylor polynomials are defined similarly. Let r = (21, 2, ..., ,,) and let
A = (A, Ay, ..., A,,). Consider polynomials defined by the recurrence
relation (13.11), where A0, + A30, is replaced by A10y + Agdy+- - - +
A, 0, = Da and 0; means the operation of taking the derivative with
respect to x;, that is, 9;f = df/0x;. The Taylor polynomial T,,(r) of
degree n near the point rq = (ay, as, ..., a,,) is then obtained by setting
A; = z; — a; in the polynomial P,(A); that is, in the compact form
the rule reads

P,(A) = Z %Dgf(ro) : T,.(r) = P,(r —rp).
k=1 """

The accuracy of the approximation f(r) =~ 7T,,_1(r) can be assessed by
putting upper bounds on the nth-order derivatives of f in a ball cen-
tered at rg. Due to excessive technicalities, the details are omitted. It
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is worth noting that inequality (13.12) holds for any number of vari-
ables; that is the difference |f(r) — 7;,—1(r)| tends to 0 no slower than
lr — ro||” as r — ro.

For practical purposes, if the difference |T,,(r) — T,,_1(r)| is small as
compared to |T,,_1(r)| in a ball ||r — ry|| < R, then the approximation
f(r) = T,_1(r) is accurate; that is, the approximation by a higher-order
polynomial 7, instead of T}, is not going to significantly improve the
accuracy.

92.5. Study Problems.

Problem 13.7. Cualculation of higher-order derivatives to find Taylor
polynomials maight be a technically tedious problem. In some special
cases, however, it can be avoided. Suppose f is a composition of two
functions: f(r) = g(u), where u = u(r). Suppose that u(rg) = 0, that
is, f(ro) = g(0). Let T,(r) = P,(A) be a Taylor polynomial for the
function w at rq. It has the property that it has no constant term as
u(rg) = 0. Therefore, its kth power, (P,(A))*, is a polynomial of degree
nk whose constant term, linear terms, quadratic terms, and so on up
to the (k — 1)th-degree terms vanish. Consider the Taylor polynomial
for the function g:

" (n)
T9(u) = g(0) + ¢'(0)u + 92—<'0)u2 + et gn—fo)u”

If w is approximated by its Taylor polynomial P,(A) in this expression,
then the resulting expression will be a polynomial in A whose degree is
n? and whose terms up to degree n coincide with the Taylor polynomial
T/ for f atry. Indeed, any polynomial in A is uniquely determined by
its coefficients, including T. On the other hand, an approzimation of
g by a higher-degree polynomial T, will add the term u™**, which can
only contain terms in A of degree n + 1 or higher, and hence will not
change the terms of degree less than or equal to n. Use this observation
to find Ty for the function f(x,y,z) = sin(zy + z) at the origin.

SOLUTION: Put w = xy + z. The third-degree Taylor polynomial for
g(u) = sinu at u = 0is T§(u) = v — $u®. As u is a polynomial of
degree 2, its Taylor polynomial of degree 3 coincides with it, T3(r) =
u(r). Hence, T3f is obtained from T3 by omitting all terms of degree

higher than 3:
1 1
T = (xy—irz)—g(xy—irz)?’ = z+xy—6(z3+3(xy)z2+3(xy)22+(xy)3).

Therefore, T3f (r) = z4axy— éz3. Evidently, the procedure is far simpler
than calculating 19 partial derivatives (up to the third order)! U
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93. Directional Derivative and the Gradient

93.1. Directional Derivative. Let f be a function of several variables
r = (21, Ty, ..., Try). The partial derivative f; (ro) is the rate of change
in the direction of the ith coordinate axis. This direction is defined by
the unit vector e; parallel to the corresponding coordinate axis. Let t
be a unit vector that does not coincide with any of the vectors ;. What
is the rate of change of f at ry in the direction of 4?7 For example, if
f(z,y) is the height of a mountain, where the  and y axes are oriented
along the west—east and south-north directions, respectively, then it is
reasonable to ask about the slopes, for example, in the south—east or
north—west directions. Naturally, these slopes generally differ from the
slopes f; and f;.

To answer the question about the slope in the direction of a unit
vector 0, consider a straight line through ry parallel to u. Its vector
equation is r(h) = ro + ha, where h is a parameter that labels points
of the line. The values of f along the line are given by the composition
g(h) = f(r(h)). The numbers ¢g(0) and g(h) are the values of f at a
given point ro and the point r(h), h > 0, that is at the distance h from
ro in the direction of . So the slope is given by the derivative ¢'(0).
Therefore, the following definition is natural.

DEFINITION 13.21. (Directional Derivative).
Let f be a function on an open set D. The directional derivative of f
at ro € D in the direction of a unit vector i is the limat

f(ro + hit) — f(ro)
h

Duf(r()) = }ILIL%

iof the limit exists.

The number D, f(r() is the rate of change of f at ry in the direction
of u. By definition, D, f(ry) = df(r(h))/dh taken at h = 0, where
r(h) = ro + hl. So, by the chain rule, the directional derivative exists
if the partial derivatives of f at ry exist:

df (r(h))

g = fu )2y (R) + o, (r(R)za(h) + -+ [z, (x(R))r, (h)

Setting h = 0 in this relation and taking into account that r'(h) = 1
or xi(h) = u;, where t = (uy, us, ..., ), one infers that

(13.14) Duf(ro) = f5, (ro)us + fr,(vo)us + -+ f, (ro)tm -
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Equation (13.14) provides a convenient way to compute the directional
derivative. Recall also that if the direction is specified by a nonunit vec-
tor u, then the corresponding unit vector can be obtained by dividing
it by its length |lul|, that is, @ = u/||u||.

EXAMPLE 13.25. The height of a hill is f(z,y) = (9 — 322 —y?)'/2,
where the x and y axes are directed from west to east and from south
to north, respectively. A hiker is at the point ro = (1,2). Suppose the
hiker is facing in the north-west direction. What is the slope the hiker
sees?

SOLUTION: A unit vector in the plane can always be written in the form
u = (cos ¢, sin ), where the angle ¢ is counted counterclockwise from
the positive z axis; that is, ¢ = 0 corresponds to the east direction,
¢ = /2 to the north direction, ¢ = 7 to the west direction, and so on.
So for the north-west direction ¢ = 37/2 and @ = (—1/v/2,1/v/2) =
(u1,us). The partial derivatives are f, = —3z/(9 — 3z2% — 3?)/2 and
[l = —y/(9 — 32 — y*)!/2. Their values at ro = (1,2) are f1(1,2) =
—3/V2 and f)(1,2) = —2/v/2. By (13.14), the slope is

Duf(r()) = f;(ro)ul + f:;(I'Q)UQ = 3/2 — 1/2 =1.

If the hiker goes north—west, he has to climb at an angle of 45° relative
to the horizon. O

EXAMPLE 13.26. Find the directional derivative of f(x,y,z) =
22 + 3wz + 2%y at the point (1,1,—1) in the direction toward the point
(3,—1,0). Does the function increase or decrease in this direction?

SoLuTION: Put rg = (1,1,—1) and r; = (3,—1,0). Then the vector
u=r; —ry = (2,-2,1) points from the point ry toward the point ry
according to the rules of vector algebra. But it is not a unit vector
because its length is ||u|| = 3. So the unit vector in the same direction
isa=u/3=(2/3,-2/3,1/3) = (uy,uz,u3). The partial derivatives
are f, =2z + 3z, f, = 22, and f! = 3x + 2zy. Their values at ry read
fr(ro) = =1, fy(ro) = 1, and fl(ro) = 1. By (13.14), the directional
derivative is

Dy f(ro) = fo(ro)ur + fy(roJus + fi(ro)us = —2/3 —2/3+1/3 = —1.

Since the directional derivative is negative, the function decreases at
ro in the direction toward r; (the rate of change is negative in that
direction). ]
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93.2. The Gradient and Its Geometrical Significance.

DEFINITION 13.22. (The Gradient).
Let f be a function of several variables v = (1, s, ..., T,,) on an open
set D and let ro € D. The vector whose components are partial deriva-
tives of f at ry,

Vf(ro) = (f;:l(r()% fég(r0)> TR fg/cm(ro))v
s the gradient of f at the point rg.

So, for two-variable functions f(z,y), the gradient is V f = (f;, f,);
for three-variable functions f(z,y, z), the gradient is Vf = (f,, f,, f1);
and so on. Comparing (13.14) with the definition of the gradient and
recalling the definition of the dot product, the directional derivative
can now be written in the compact form

This equation is the most suitable for analyzing the significance of the
gradient.

Consider first the cases of two- and three-variable functions. The
gradient is either a vector in a plane or space. In Example 13.25,
the gradient at (1,2) is Vf(1,2) = (-3/v2,-2/v/2). In Example
13.26, the gradient at (1,1,—1) is Vf(1,1,—1) = (—1,1,1). Recall the
geometrical property of the dot product a - b = ||al|||b|| cosf, where
0 € [0, 7] is the angle between the vectors a and b. The value § = 0
corresponds to parallel vectors a and b. When 6 = 7/2; the vectors
are orthogonal. The vectors point in the opposite directions if § = .
Let € be the angle between the gradient V f(rg) and the unit vector .
Then

(13.16) Duf(re) = Vf(x) - &t = |V £ (xo)[[[2] cos = |V f(xy)]| cos

because |[a|| =1 (the unit vector). As the components of the gradient
are fixed numbers (the values of the partial derivatives at a particular
point ry), the directional derivative at ry varies only if the vector u
changes. Thus, the rates of change of f in all directions that have
the same angle 6 with the gradient are the same. In the two-variable
case, only two such directions are possible if @1 is not parallel to the
gradient, while in the three-variable case the rays from ry in all such
directions form a cone whose axis is along the gradient. It is then
concluded that the rate of change of f attains its absolute maximum
or minimum when cos @ does. Therefore, the maximal rate is attained
in the direction of the gradient (@ = 0) and is equal to the magnitude of
the gradient ||V f(ro)||, whereas the minimal rate of change —||V f(ro)]
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occurs in the direction of —V f(ro), that is, opposite to the gradient
(0 =m).

The graph of a function of two variables z = f(z,y) may be viewed
as the shape of a hill. Then the gradient at a particular point shows
the direction of the steepest ascent, while its opposite points in the
direction of the steepest descent. In Example 13.25, the maximal slope
at the point (1,2) is |V f(ro)| = (1/v2) |(=3,2)| = 1/13/2. It occurs
in the direction of (—3/v/2,2/v/2) or (—3,2) (the multiplication of a
vector by a positive constant does not change its direction). If ¢ is the
angle between the positive x axis (or the vector €;) and the gradient,
then tanp = —2/3 or ¢ &~ 146°. If the hiker goes in this direction, he
has to climb up at an angle of tan~'(4/13/2) &~ 69° with the horizon.
Also, note the hiker’s original direction was ¢ = 135°, which makes
the angle 11° with the direction of the steepest ascent. So the slope in
the direction ¢ = 146° + 11° = 157° has the same slope as the hiker’s
original one. As has been argued, in the two-variable case, there can
only be two directions with the same slope.

Next, consider a level curve f(z,y) = k of a function of two vari-
ables. There is a vector function r(t) = (z(t),y(t)) that traces out
the level curve. This vector function is defined by the condition that
f(z(t),y(t)) = k for all values of the parameter t. By the definition of
level curves, the function f has a constant value k along its level curve.
Therefore, by the chain rule,

d df

S /@®).y) =0 = =L O+ fyt) = V@) r) =0

for any value of t. For any particular value ¢ = ¢, the point rq = r(t)
lies on the level curve, while the derivative r'(¢y) is a tangent vector to
the curve at the point ro. Thus, the gradient V f(rq) is orthogonal to a
tangent vector at the point ro to the level curve of f through that point.
One can also say the gradient of f is always normal to the level curves
of f.

Recall that a function f(x,y) can be described by a contour map,
which is a collection of level curves. If level curves are smooth enough to
have tangent vectors everywhere, then one can define a curve through a
particular point that is normal to all level curves in some neighborhood
of that point. This curve is called the curve of steepest descent or
ascent. The tangent vector of this curve at any point is parallel to the
gradient at that point. The values of the function increase (or decrease)
most rapidly along this curve. If a hiker follows the direction of the
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gradient of the height, he would go along the path of steepest ascent
or descent.

Consider a level surface f(z,y,2) = k. Let r(t) = (z(t), y(t), 2(¢))
be a smooth curve on the level surface, that is, f(r(t)) = k for all values
of t. Since the values of f do not change along the curve, df /dt = 0.
Making use of the chain rule, it is concluded that

df fdt = fra' + ff + [ = Vf(x(t) - r'(t) = 0.
There are many curves through a point ro = r(¢y) that lie in the level
surface. The gradient V f(rg) is orthogonal to a tangent vector to any
such curve, that is, to any line that is tangent to the level surface at ry.
Thus, the gradient V f(rq) is normal to the tangent plane to the level
surface through the point ry.

All the findings are summarized in the following theorem, which
has been proved above.

THEOREM 13.15. (Geometrical Properties of the Gradient).
Let f be differentiable on an open set D and let ro € D. Let S be the
level surface (or curve) through the point ro. Then

(1) The mazimal rate of change of f at vy occurs in the direction
of the gradient V f(ro) and is equal to its magnitude ||V f(ro)||-

(2) The minimal rate of change of f at vy occurs in the direction
opposite to the gradient —V f(ro) and equals —||V f(ro)]|.

(3) The gradient V f(rq) is normal to S at ry.

EXAMPLE 13.27. Find an equation of the tangent plane to the el-
lipsoid x* + 2y* + 32% = 11 at the point (2,1,1).

SOLUTION: The equation of the ellipsoid can be viewed as the level
surface f(xz,y,2) = 11 of the function f(x,vy, 2) = #2+2y*+32? through
the point rog = (2,1,1) because f(2,1,1) = 11. By the geometrical
property of the gradient, the vector n = V f(rg) is normal to the plane
in question. Since V f = (2, 4y,6z), one hasn = (4,4,6). An equation
of the plane through the point (2,1,1) and normal to n is 4(x — 2) +
4y—1)+6(z—1)=0o0r2x+2y+32=09. O

Theorem 13.15 holds for functions of more than three variables
as well. Equation (13.15) was obtained for any number of variables,
and the representation of the dot product (13.16) holds in any Eu-
clidean space. Thus, the first two properties of the gradient are valid
in any multivariable case. The third property is harder to visual-
ize as the level surface of a function of m variables is an (m — 1)-
dimensional surface embedded in an m-dimensional Euclidean space.
Such surfaces are called hypersurfaces to emphasize the fact that they



93. DIRECTIONAL DERIVATIVE AND THE GRADIENT 179

are not two-dimensional surfaces embedded in a three-dimensional Eu-
clidean space. However, if r(t) is a curve in the level hypersurface
f(r) = k, then the multivariable function f has a constant value along
any such curve, and, by the chain rule, it immediately follows that
df (r(t))/dt = V f(r(t)) - r'(t) = 0 for any ¢. Hence, the gradient is
normal to the level hypersurface in the sense that it is normal to any
curve in it.

Remark. It is interesting to note compact formulas for the lineariza-
tion L(r) of f(r) at ro and the differential df:

L(r) = f(ro) + Vf(ro) - (r — o), df =V f-dr

that are valid for any number of variables.

93.3. Study Problems.

Problem 13.8. Suppose that three level surfaces f(z,y,z) =1, g(z,
y,z) =2, and h(zx,y,z) = 3 of differentiable functions are intersecting
along a smooth curve C'. Let P be a point on C. Find Vf-(Vgx Vh)
at P.

SOLUTION: Let v be a tangent vector to C' at the point P (it exists
because the curve is smooth). Since C' lies in the surface f(x,y,2) = 1,
the gradient V f(P) is orthogonal to v. Similarly, the gradients Vg(P)
and VA(P) must be orthogonal to v. Therefore, all the gradients must
be in a plane perpendicular to the vector v. The triple product for
any three coplanar vectors vanishes, and hence Vf - (Vg x Vh) = 0
at P. 0

Problem 13.9. Consider Newton’s second law ma = F. Suppose
that the force is the gradient ¥ = —VU, where U = U(r). Letr =
r(t) be the trajectory satisfying Newton’s law. Prove that the quantity
E = mv?/2 + U(r), where v = ||t'(t)|| is the speed, is a constant of
motion, that is, dE/dt = 0. This constant is called the total energy of a
particle.

SOLUTION: First, note that v? = v - v. Hence, (v?) = 2v -V =
2v - a. Using the chain rule, dU/dt = U 2'(t) + U,y (t) + ULZ'(t) =
r'- VU = v - VU. It follows from these two relations that
dE dU
E:%(vz)'%—%:mv-a+v-VU:v-(ma—F):O

So the total energy is conserved for the trajectory of the motion. [
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94. Maximum and Minimum Values

94.1. Critical Points of Multivariable Functions. The positions of the lo-
cal maxima and minima of a one-variable function play an important
role when analyzing its overall behavior. In Calculus I, it was shown
how the derivatives can be used to find local maxima and minima. Here
this analysis is extended to multivariable functions.

The following notation will be used. An open ball of radius § cen-
tered at a point rg is denoted Bs = {r |||r —ro|| < }; that is, it is a set
of points whose distance from rq is less than § > 0. A neighborhood
Njs of a point rg in a set D is a set of common points of D and Bs; that
is, Ns = D N Bs contains all points in D whose distance from rq is less
than §.

DEFINITION 13.23. (Absolute and Local Maxima or Minima).

A function f on a set D 1is said to have a local maximum at rq €
D if there is a neighborhood Ns of ro such that f(ro) > f(r) for all
r € Ns. The number f(ry) is called a local maximum value. If there
is a neighborhood N of ro such that f(ro) < f(r) for all r € Ny,
then f is said to have a local minimum at vy and the number f(ro)
is called a local minimum value. If the inequality f(ro) > f(r) or
f(ro) < f(r) holds for all points r in the domain of f, then f has an
absolute mazximum or absolute minimum at ry, respectively.

There is an extension of Fermat’s theorem to multivariable func-
tions that is helpful in finding the possible positions of the local maxima
and minima, provided the function has first-order partial
derivatives.

THEOREM 13.16. If f has a local mazximum or minimum at an
interior point ro of its domain D and the first-order partial derivatives
exist at v, then they vanish at ro, f, (ro) =0,i=1,2,...,m.

PRrOOF. Consider a line r(t) = ry + tu through ro and parallel to a
unit vector u. The function F(t) = f(r(t)) defines the values of f
along the line. Therefore, F(t) must have a local maximum or min-
imum at t = 0. The derivative F’ exists at ¢ = 0 because, by the
definition of the directional derivative, F’(0) = Dy, f(ro) = V f(ry) - 0
and the gradient V f(ry) exists by the hypothesis. By Fermat’s theo-
rem, F'(0) = 0. So the rate of change of f vanishes in any direction and,
in particular, along the coordinate axes, that is, a = &; and D, f(ro) =
f1.(r0) = 0. 0

The converse of this theorem is not true. This is illustrated by
the example of the function f(x,y) = xy — 2y — x. It is differentiable
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everywhere. In particular, the system of equations f, =y — 1 = and
fy = —2 =0 has the solution (z,y) = (2,1). However, the function
has neither a local maximum nor a local minimum. Indeed, consider a
straight line through (2,1), = 2+uyt, y = 1+ust, that is parallel to a
unit vector 1 = (uq, ug). Then the values of f along the line are F(t) =
f(z(t),y(t)) = —1 + at?, where a = ujuy. So F(t) has a minimum at
t =0 if a > 0 or a maximum if a < 0. However, the coefficient a may
be either positive or negative, depending on the choice of the line (or
the components of i). Thus, the value F'(0) = f(2,1) = —1 cannot be
a local maximum or a local minimum value. The graph of f looks like
a saddle in the neighborhood of (2, 1).

DEFINITION 13.24. (Saddle Point).
If the number f(rg) is the mazimal value f along some lines through rg
in a small open ball (disk) centered at ro, whereas f(rg) is the minimal
value of f along all the other such lines, then rg is called a saddle point

of f.

Remark. Consider all lines through a point ry in the domain of a
function f. Suppose that f attains a local maximum along every line
through ry; that is, the function ¢g(t) = f(ro+ut) has a local maximum
at t = 0 for any choice of the vector u. One might tend to conclude
that in this case the function f should have a local maximum at rg.
This conclusion is wrong! An example is given at the end of this section
(see Study Problems 13.9). The remark also applies to the case of a
local minimum.

A local maximum or minimum may occur at a point where some of
the partial derivatives do not exist. For example, f(z,y) = |z| + |y| is
defined everywhere and has an absolute minimum at (0,0). However,
the partial derivatives f;(0,0) and f;(0,0) do not exist.

Finally, a local minimum or maximum may occur at a point of the
domain that is not an interior point, and hence the partial derivatives
are not defined at that point. For example, the domain of the function
flx,y) = /1 — a2 —y? is the disk 22 + y*> < 1. Its boundary points
22+y? = 1 are not interior points. But this function attains its absolute
minimum on the circle 22 + y? = 1.

DEFINITION 13.25. (Critical Points).
An interior point ro of the domain of a function f is said to be a critical
point of f if either V f(ro) = 0 or the gradient does not exist at ry.
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Thus, if f has a local marimum or minimum at ro, then ry is a
critical point of f. However, not all critical points correspond to either
a local mazimum or a local minimum.

94.2. Second-Derivative Test. Suppose that a function f(z,y) has con-
tinuous second derivatives in an open ball centered at ry;. The sec-
ond derivatives a = fi (ro), b = f,,(ro), and ¢ = f; (ro) = f,.(ro)
(Clairaut’s theorem) can be arranged into a 2 X 2 symmetric matrix
whose diagonal elements are a and b and whose off-diagonal elements c.
The quadratic polynomial of a variable A,

Py(\) = det (“;A bfA> = (@a—=Nb—-\) —c,

is called the characteristic polynomial of the matrix of second partial
derivatives of f at ry.

THEOREM 13.17. (Second-Derivative Test).
Let ro be a critical point of a function f. Suppose that the second-
order partial derivatives of f are continuous in an open ball (disk) Bs
centered at ro. Let Py(\) be the characteristic polynomial of the matriz
of second derivatives at ro. Let A\;, i = 1,2, be the roots of Py(\). Then

o [f the roots are strictly positive, \; > 0, then f has a local
minimum at ro.

o [f the roots are strictly negative, \; < 0, then f has a local
maximum at ry.

e [f the roots do not vanish but have different signs, then rqy is a
saddle point of f.

e [f at least one of the roots vanishes, then f may have a local
mazimum, a local minimum, a saddle, or none of the above
(the second-derivative test is inconclusive).

ProoOF. Consider the second directional derivative of f at any point r
in a neighborhood Nj of ry:

D3f = Dy(fouy + f;ﬂh) = foui + Qf;'yuluz + fgl/lyuga

which is a quadratic function in components of the vector t. It de-
termines the concavity of the curve obtained by the intersection of the
graph of f with a plane parallel to both the 2z axis and G and going
through the point r = (z,y). Hence, if D2f > 0 for all r in Nj, then
the graph is concave downward and f must have a local minimum
at ro. Similarly, f has a local maximum at ry if D2f < 0 for all r
in N(;.
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For any unit vector, u; = cos and us = sin . Making use of the
double-angle formulas cos? ¢ = (1+cos(2¢p)/2, sin® ¢ = (1—cos(2¢)/2,
and 2sinpcosp = sin(2¢p), the second directional derivative can be
written in the form

2DLf = (faa + fo) + (fiw = fiy) cOs(20) + 27, sin(2¢).
Put A* = (fi, — fir,)? + 4(fl,)* and define an angle a by cosa =

rxr

(fow— o) /Aand sina = =2f; /A. Since cos(2p+a) = cos o cos(2¢) —

xrxT
sin asin(2¢), one infers that

2D f = (fon + fyy) + Acos(2p + @) = (fi, + [y,) + Acos ¢,

where ¢ = 2¢ + « takes values in [0, 27] for all &. Define A\; and Ay by
the relations

Mo+ Xo= [+ frys M= flfy, — (1)
Note that if r = rg, then A\ and Ay are roots of the characteristic
polynomial P5(\) = 0 as they satisfy the conditions A; + Ay = a+b and
Ao = ab — c%. By the continuity of the second derivatives, A\; and A,
are continuous as well. Hence, if the roots of P,(\) do not vanish, then
A1 and Ay do not vanish in some neighborhood Ns. Then it follows that
(A1 —A2)2 = (A + M) —4M Ay = A% or A = || — \y|, and the second
derivative becomes
A A2 AN = A9

Dif =
of 5 + 5 cos ¢

 Aacos®(9/2) + Aasin®(9/2), A > Ao,
T Asin®(6/2) + Aacos?(6/2), A < A,

where (1 + cos ¢) = 2cos? ¢ and (1 — cos ¢) = 2sin® ¢ have been used.
Suppose that A; 2 > 0 at the critical point ro. Then, by the continuity
of the second derivatives, A\;2 > 0 in some neighborhood Nj of ry.
Thus, in this case, D*f > 0 in Ns and f has a local minimum at ro.
Similarly, if the roots are strictly negative, then D2f < 0 in N; and f
has a local maximum at ro. If A\; o # 0 but have different signs, then
D2 f changes its sign in N;. Since the sign of D? does not change when
1 — —u, on any straight line through ry and parallel to G, f has a
fixed concavity along each line, which means that f has a saddle point
at Irp.
The inconclusiveness of the second-derivative test when at least one
of the roots vanishes is easily established by specific examples.
Consider the function f(x,y) = 22 + sy, where s is a number.
It has a critical point (0,0) because f;(0,0) = f;(0,0) = 0 and a =
2:(0,0) = 2, b = f/(0,0) =0, and ¢ = f; (0,0) = 0. Therefore,
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Py(A) = —(2 — A)A has the roots A\ = 2 and Ay = 0. If s > 0, then
f(z,y) < 0 for all (z,y) and f has a minimum at (0,0). If s < 0,
the function f has a minimum along the line x = ¢, y = 0 (F(t) = %),
while it has a maximum along the line z = 0, y = t (F(t) = st*, s < 0);
that is, (0,0) is a saddle point. The function f(z,y) = —(2* + sy
has a maximum at (0,0) if s > 0, and if s < 0, the critical point
(0,0) is a saddle point. So, if one of the roots vanishes, then f may
have a local maximum or a local minimum, or a saddle. The same
conclusion is reached when A\; = Ay = 0 by studying the functions
f(z,y) = £(a* + sy*) along the similar lines of arguments.

Furthermore, consider the function f(z,y) = xy®. It also has a
critical point at the origin, and all its second derivatives vanish at (0, 0),
that is, P»(A\) = A? and A\; = Ay = 0. The values of f along any line
through the origin x = ut, y = ust are F(t) = st>, where s = uyu3.
For any s # 0, F(t) has an inflection point at ¢ = 0. Therefore, f
cannot have a maximum or minimum or saddle at (0,0) because in
any of these situations f should have either a minimum or a maximum
along any straight line. A critical point may be a general inflection
point if one the of roots does not vanish. An example is provided by
f(x,y) = #*+y?>, which has a critical point (0,0) and a = 2, b = 0, and
c =0, that is Ay = 2 and Ay = 0. There are lines through the origin
along which f has either a minimum or an inflection at ¢ = 0. For
example, along the line x = 0, y = ¢, the function f has an inflection
point (F(t) = t?) at t = 0, whereas, along the line z = ¢, y = 0, it has
a minimum (F'(t) = t?). The very existence of lines along which f has
an inflection precludes us from concluding that f can have a maximum
or a minimum or a saddle at (0, 0).

This concludes the proof of the second-derivative test in the case of
two-variable functions. O

ExXAMPLE 13.28. Suppose that \y = 0 and Ay < 0 for f(x,y) at its
critical point. Find the directions at which D2 f vanishes at the critical
point.

SOLUTION: Put @ = (cos¢,sing). Then D2f = \ysin?(0 + a/2) = 0

or § = —a/2 and § = —a/2 + 7, where a = —sin"!(2¢/A4), A =
(a—=0)2+4c> = [N\ — X2| = || (see the proof of the second-
derivative test). Therefore, the directions are u = +(cos(a/2), —

sin(a/2)).

EXAMPLE 13.29. Find all critical points of the function f(x,y) =
s2% + xy? — 2 — y? and determine whether f has a local mazimum,
minimum, or saddle at them.



94. MAXIMUM AND MINIMUM VALUES 185

SOLUTION: Critical points. The function is a polynomial, and therefore
it has partial derivatives everywhere. So its critical points are solutions
of the system of equations

fi=a4+y*—22=0
fy = 2xy —2y =0

It is important not to lose solutions when transforming the system of
equations V f(r) = 0 for the critical points. It follows from the sec-
ond equation that y = 0 or x = 2. Therefore, the original system of
equations is equivalent to two systems of equations:
fl=a*+y*—22=0 fl=a*+y*—-22=0
(= o [f |
Solutions of the first system are (1,1) and (1, —1). Solutions of the
second system are (0,0) and (2,0). Thus, the function has four critical
points. [t is advisable to check if all points found do satisfy the original
system because, when transforming a system of nonlinear equations,
one might get points that do not satisfy the original system or one
maght simply make an error.
Second-derivative test. The second derivatives are

fro=2c—-2, fIl =20-2, fI =2y.

wx Yy zy
For the points (1,£1), @ = b = 0 and ¢ = +2. The characteristic
polynomial is Py(\) = A\? — 4. TIts roots A\ = +2 do not vanish and
have opposite signs. Therefore, the function has a saddle at the points
(1,+1). For the point (0,0), a = b = —2 and ¢ = 0. The characteristic
polynomial is P(\) = (—2— A)%. It has one root of multiplicity 2, that
is, \j = A\ = =2 < 0, and f has a local maximum at (0,0). Finally, for
the point (2,0), a = b = 2 and ¢ = 0. The characteristic polynomial
Py(A\) = (2 — A\)? has one root of multiplicity 2, Ay = Ay = 2 > 0; that
is, the function has a local minimum at (2, 0). O

94.3. Study Problems.

Problem 13.10. Define f(0,0) =0 and

Ag5y?
if (z,y) # (0,0). Show that, for all (z,y), the following inequality
holds: 4zy* < (z* +y*)?. Use it and the squeeze principle to conclude

that f is continuous. Next, consider a line through (0,0) and parallel
to i = (cos @, sin ) and the values of f on it:

F,(t) = f(tcosp, tsingp).

f(x,y) =2° +y* — 2%y —
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Show that F,(0) = 0, F,(0) = 0, and F(0) = 2 for all 0 < ¢ < 2.
Thus, f has a minimum at (0,0) along any straight line through (0,0).
Show that nevertheless f has no minimum at (0,0) by studying its value
along the parabolic curve (z,y) = (t,t%).

SOLUTION: One has 0 > (a—b)? = a®—2ab+b* and hence 2ab < a*+4?
for any numbers a and b. Therefore, 4ab = 2ab+ 2ab < 2ab+ a® +b* =
(a+Db)?. By setting a = x* and b = y?, the said inequality is established.
The continuity of the last term in f at (0,0) has to be verified. By the
found inequality,
4592 42592
(at +ZQ)2 = 4x432 =i —0 as (@)= (0.0

Thus, f(z,y) — f(0,0) = 0 as (z,y) — (0,0), and f is continu-
ous everywhere. If ¢ = +7/2, that is, the line coincides with the x
axis, (z,y) = (£,0), one has F,(t) = ¢?, from which it follows that
F,(0) = F(0) =0 and F(0) = 2. When ¢ # +7/2 so that sin ¢ # 0,
one has

bt
F,(t) =t +at’ + ———
99() +CL +(1+Ct2)27
5y . 4 cos® ¢ cost ¢
a=—2cos”psing, b=—-———5—, c=———.
sin” ¢ sin” ¢

A straightforward differentiation shows that F,(0) = F/(0) = 0 and
F7(0) = 2 as stated, and Fi,(¢) has an absolute minimum at ¢t = 0, or f
attains an absolute minimum at (0,0) along any straight line through
(0,0). Nevertheless, the latter does not imply that f has a minimum
at (0,0)! Indeed, along the parabola (z,y) = (,¢?), the function f
behaves as
f(tatQ) = _t4>

which attains an absolute maximum at t = 0. Thus, along the parabola,
f has a maximum value at the origin and hence cannot have a local

minimum there. The problem illustrates the remark given earlier in
this section. O

95. Maximum and Minimum Values (Continued)

95.1. Second-Derivative Test for Multivariable Functions. In the proof of
the second-derivative test, it has been established that

(13.17) D} = fluf+2f0uus + fius = Aot + Av3,
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where & = (u1,ug) = (cos,siny) and v = (v1,v2) = (cos 3,sin 3) are
unit vectors such that = ¢/2 = ¢ + /2. This fact has a remarkable
geometrical interpretation. Note that D2 f is a quadratic function in
components of 1. When discussing the shapes of quadric surfaces, in
particular, quadric cylinders, it has been shown that, by a suitable
rotation of the coordinate axes, the “mixed” term 2 ;’yulm can be
eliminated. When the coordinate system is rotated, the angle ¢ is
simply shifted by the rotation angle. So the vector v is obtained from
the vector @ by rotating the latter through the angle «//2, which is
determined by the second-order partial derivatives of f. In doing so, the
quadratic function D?f is brought into the standard form in which the
coefficients are determined by the roots of the characteristic polynomial.
This result holds for any number of variables.

First, note that Dy(Dyf) = wiDyf;, +ueDufy, + -+ upmDuf, .
Put D;; = f; ., = Dji (by Clairaut’s theorem). Then

Dif = i i Djjuiuy,

i=1 j=1

which is a quadratic function. The numbers D;; can be arranged into
a square m X m matrix. The polynomial of degree m,

Dy =X Dy Dy - Dy,
D21 D22_)\ D23 DZm
P,(\) =det | D= D3y Dz =X --- Dsp |,
Dml Dm2 Dm3 T Dmm - A

is called the characteristic polynomial of the matrix of second deriva-
tives. For any symmetric real matriz (D;; = Dy;), the roots of its char-
acteristic polynomial are proved to be real. It can further be proved
that there exists a rotation of the coordinate system under which
goes into v such that

(13.18)  Daf = Y Dyuuj = Muf + Aovs + - + Anvl,

i=1 j=1
where \; are roots of P,,. This equation shows that the second-derivative
test formulated in the preceding section holds for any number of vari-
ables.

THEOREM 13.18. (Second-Derivative Test for m Variables).
Let rg be a critical point of f and suppose that f has continuous second-
order partial derivatives Dy in some open ball centered at rg. Then the



188 13. DIFFERENTIATION OF MULTIVARIABLE FUNCTIONS

characteristic polynomial P,,(X\) of the matriz D;;(ro) has real roots \;,
1=1,2,....m, and

o [f all the roots are strictly positive, \; > 0, then f has a local

e [f all the roots are strictly negative, \; < 0, then f has a local
MaTLMmum.

e [f all the roots do not vanish but have different signs, then f
has an m-dimensional saddle point.,

o [f some of the roots vanish, then f may have a local mazimum,
a local minimum, a saddle, or none of the above (the test is
inconclusive).

In the two-variable case, the proof uses special properties of the
roots of quadratic polynomials. In the general case, the goal is achieved
by means of linear algebra methods.

Remark. If at least one of the roots of the characteristic polyno-
mials vanishes, the second-derivative test is inconclusive. How can
the local behavior of a function be analyzed near its critical point?
If the function in question is differentiable sufficiently many times
near a critical point, then the Taylor polynomial approximation at
the critical point provides a useful technique for answering this ques-
tion because it is easier to study a polynomial rather than a general
function.

ExaMPLE 13.30. Investigate the local behavior of the function de-
fined by f(0,y) = f(2,0) = 1 and f(z,y) = sin(zy)/(zy) if & # 0 and
y # 0.

SOLUTION: Since u = zxy is small near the origin, sinu can be ap-
proximated by its Taylor polynomial T3(u) = u — u3/6. Hence, the
corresponding Taylor polynomial T/ (z,y) for the function f at (0,0)
reads:

—1-==1=

u 6

So the function attains a local maximum at (0,0) because z?y* > 0
for all (z,y). It is worth noting that the first nonconstant polynomial
has degree n = 4 and therefore T2f = 1, which means that all the
first and second derivatives of f vanish at (0,0); that is, the charac-
teristic polynomial for the matrix of second derivatives is Py(\) = \?
has root A = 0 of multiplicity 2. The second-derivative test would be
inconclusive. O

2 2,2
7 (r.y) = 2 s
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95.2. Absolute Maximal and Minimal Values. For a function f of one
variable, the extreme value theorem says that if f is continuous on a
closed interval [a, b], then f has an absolute minimum value and an ab-
solute maximum value. For example, the function f(z) = 22 on [—1, 2]
attains an absolute minimum value at x = 0 and an absolute maximum
value at © = 2. Note that f is defined for all x, and therefore its critical
points are determined by f’(z) = 0. So the absolute minimum value
occurs at the critical point x = 0 inside the interval, while the absolute
maximum value occurs on the boundary of the interval that is not a
critical point of f. Thus, to find the absolute maximum and minimum
values of a function f in a closed interval in the domain of f, the values
of f must be evaluated not only at the critical points but also at the
boundaries of the interval.
The situation for multivariable functions is similar.

DEFINITION 13.26. (Closed Set).
A set D in a Fuclidean space is said to be closed if it contains all its
limit points.

Recall that any neighborhood of a limit point of D contains points
of D. If a limit point of D is not an interior point of D, then it lies on a
boundary of D. So a closed set contains its boundaries. All points of an
open interval (a,b) are its limit points, but, in addition, the boundaries
a and b are also its limit points, so when they are added, a closed set
[a,b] is obtained. Similarly, the set in the plane D{(z,y)|z? + y* <
1} has limit points on the circle z? + y? = 1 (the boundary of D),
which is not in D. By adding these points, a closed set is obtained,
4+ y* <1

DEFINITION 13.27. (Bounded Set).
A set D in a Fuclidean space is said to be bounded if it is contained in
some ball.

In other words, for any two points in a bounded set, the distance
between them cannot exceed some value (the diameter of the ball that
contains the set).

THEOREM 13.19. (Extreme Value Theorem).
If f is continuous on a closed, bounded set D in a Euclidean space, then
f attains an absolute mazximum value f(ry) and an absolute minimum
value f(ry) at some pointsry € D and ry € D.

By this theorem, it follows that the points ry and ry are either crit-
ical points of f (because a local maximum or minimum always occurs
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at a critical point) or lie on the boundary of D. So, to find the absolute
minimum and maximum values of a continuous function f on a closed,
bounded set D, one has to

(1) Find the values of f at the critical points of f in D.

(2) Find the extreme values of f on the boundary of D.

(3) The largest of the values obtained in Steps 1 and 2 is the
absolute maximum value, and the smallest of these values is
the absolute minimum value.

ExXAMPLE 13.31. Find the absolute mazimum and minimum values
of f(x,y) = 2%+ y> + 2y on the disk 2*> + y*> < 4 and the points at
which they occur.

SOLUTION: The function f is a polynomial. It is continuous and dif-
ferentiable on the whole plane.

Step 1. Critical points of f satisfy the system of equations f, = 2z+y =
0 and f; = 2y + = = 0; that is, (0,0) is the only critical point of f
and it happens to be in the disk. The value of f at the critical point
is £(0,0) = 0.

Step 2. The boundary of the disk is the circle 2> + 3> = 4. To
find the extreme values of f on it, take the parametric equations of
the circle z(t) = 2cost, y(t) = 2sint, where t € [0,27]. One has
F(t) = f(x(t),y(t)) = 4+ 4costsint = 4 4 2sin(2t). The function
F(t) attains its maximal value 6 on [0, 27| when sin(2t) =1 or t = 7/4
and t = m/4 + . These values of ¢ correspond to the points (v/2,v/2)
and (—v/2, —v/2). Similarly, F(t) attains its minimal value 2 on [0, 27]
when sin(2t) = —1 or t = 37/4 and t = 37/4 + m. These values of ¢
correspond to the points (—\/5, \/5) and (\/_, —\/§)

Step 3. The largest number of 0, 2, and 6 is 6. So the absolute mini-
mum value of f is 6; it occurs at the points (v/2,v/2) and (—v/2, —/2).
The smallest number of 0, 2, and 6 is 0. So the absolute minimum
value of f is 0; it occurs at the point (0,0). O

EXAMPLE 13.32. Find the absolute mazimum and minimum values
of f(x,y,2) = 2*+y*— 22422 on the closed set D = {(z,y, 2) | 2*+y* <
z < 4},

SOLUTION: The set D is the solid bounded from below by the parabo-
loid z = 22 + y? and from the top by the plane z = 4. It is a bounded
set, and f is continuous on it as any polynomial function.
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Step 1. Since f is differentiable everywhere, its critical points satisfy

the equations f, =2z =0, f; =2y =0, and f, = —22 + 2 = 0. There

is only one critical point (0,0, 1), and it happens to be in D. The value

of fatitis f(0,0,1) = 1.

Step 2. The boundary consists of two surfaces, the disk 51 = {(z,y, 2) |

z = 4, 2> + y* < 4} in the plane z = 4 and the portion of the

paraboloid Sy = {(z,y,2) |z = 2% +¢* 2* + y* < 4}. The val-

ues of f on Sy are Fi(z,y) = f(x,y,4), where the points (z,y) lie

in the disk of radius 2, 22 + y? < 4. The problem now is to find

the maximal and minimal values of a two-variable function F} on

the disk. In principle, at this point, Steps 1, 2, and 3 have to be

applied to Fj. These technicalities can be avoided in this partic-

ular case by noting that Fy(z,y) = 2% + y*> — 8 = r? — 8, where

r? = 22 + y* < 4. Therefore, the maximal value of F; is reached

when 7?2 = 4, and its minimal value is reached when r*> = 0. So the

maximal and minimal values of f on S; are —4 and —8. The values

of f on Sy are Fy(z,y) = f(z,y,2* + y*) = 3r* —r? = g(r), where

r? = 2?4+ y?> <4 orr € [0,2]. The critical points of g(r) satisfy the

equation ¢'(r) = 6r — 4r® = 0 whose solutions are r = 0, r = £,/3/2.

Therefore, the maximal value of f on Sy is 9/4, which is the largest of
g(0) =0, g(1/3/2) = 9/4, and g(2) = —4, and the minimal value is —4
as the smallest of these numbers.

Step 3. The absolute maximum value of f on D is max{1, -8, —4,9/4} =
9/4, and the absolute minimum value of f on D is min{1, —8,—4,9/4} =
—8. Both values occur on the boundary of D: f(0,0,4) = —8 and the
absolute maximal value is attained along the circle of intersection of
the plane 2z = 3/2 with the paraboloid z = 2% + 3. O

96. Lagrange Multipliers

Let f(x,y) be the height of a hill as a function of position. A hiker
walks along a path r(t) = (z(t),y(t)). What are the local maxima and
minima along the path? What are the maximum and minimum heights
along the path? These questions are easy to answer if the parametric
equations of the path are explicitly known. Indeed, the height along the
path is the single-variable function F'(t) = f(r(¢)) and the problem is
reduced to the standard extreme value problem for F(¢) on an interval
t € [a,bl.

EXAMPLE 13.33. The height as a function of position is f(z,y) =
xy. Find the local maxima and minima of the height along the circular
path x2 4+ y? = 4.
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SOLUTION: The parametric equation of the circle can be taken in the
form r(t) = (2cost,2sint), where t € [0,27]. The height a long the
path is F((t) = 4cost sint = 2sin(2¢). On the interval [0, 27], the
function sin(2t) attains its absolute maximum value at ¢t = 7/4 and ¢t =
7/44 m and its absolute minimum value at ¢t = 37 /4 and ¢t = 37/4+ 7.
So, along the path, the function f attains the absolute maximum value

2 at (v/2,v/2) and (—v/2, —v/2) and the absolute minimum value —2
at (—\/5, \/5) and (\/_, —\/§) O

However, in many similar questions, an explicit form of r(¢) is not
known or not easy to find. An algebraic condition g(z,y) = 0 is a more
general way to describe a curve. It simply says that only the points
(x,y) that satisfy this condition are permitted in the argument of f;
that is, the variables x and y are no longer independent. The condition
g(x,y) = 0 is called a constraint.

Problems of this type occur for functions of more than two vari-
ables. For example, let f(z,y,z) be the temperature as a function of
position. A reasonable question to ask is: What are the maximum
and minimum temperatures on a surface? A surface may be described
by imposing one constraint g(x,y,z) = 0 on the variables z, y, and
z. Nothing precludes us from asking about the maximum and min-
imum temperatures along a curve defined as an intersection of two
surfaces ¢i(x,y,2) = 0 and ¢go(x,y,2) = 0. So the variables z, v,
and z are now subject to two constraints. In general, what are the
extreme values of a multivariable function f(r) whose arguments are
subject to several constraints g,(r) =0, a = 1,2, ..., M? Naturally, the
number of independent constraints should not exceed the number of
variables.

DEFINITION 13.28. (Local Maxima and Minima Subject to
Constraints). A function f(r) has a local mazimum (or minimum) at
ro on the set defined by the constraints g,(r) = 0 if f(r) < f(ro) (or
f(r) > f(ro)) for all r in some neighborhood of ro that satisfy the
constraints, that is, g,(r) = 0.

Note that a function f may not have local maxima or minima in its
domain. However, when its arguments become subject to constraints,
it may well have local maxima and minima on the set defined by the
constraints. In the example considered, f(x,y) = zy has no local
maxima or minima, but, when it is restricted on the circle by imposing
the constraint g(z,y) = 2> + y* — 4 = 0, it happens to have two local
minima and maxima.
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96.1. Critical Points of a Function Subject to a Constraint. The extreme
value problem with constraints amounts to finding the critical points
of a function whose arguments are subject to constraints. The example
discussed above shows that the equation V f = 0 no longer determines
the critical points for differentiable functions if its arguments are con-
strained.

Consider first the case of a single constraint for two variables r =
(x,y). Suppose the function f and the function g that define the con-
straint are differentiable. Let rg be a point at which f(r) has a local
maximum or minimum on the set S defined by the constraint g(r) = 0,
which is a curve in the two-variable case. Let r(t) be parametric equa-
tions of this curve in a neighborhood of ry, that is, for some t = t,
r(tg) = ro. Assuming that r(¢) is differentiable, it is concluded that
F'(ty) = 0, where F(t) = f(r(t)) are values of f along the curve. The
chain rule yields

F'(to) = fo(ro)a'(to) + f,(ro)y (to) = Vf(ro) - ¥'(to) =0 =
Vf(rog) Lr'(to).

The gradient V f(rg) is orthogonal to a tangent vector to the curve
at the point where f has a local maximum or minimum on the curve.
On the other hand, the gradient Vg(r) at any point is normal to the
level curve g(r) = 0, that is, Vg(r(t))Lr/(t) for any ¢. Therefore, the
gradients V f(rg) and Vg(ro) must be parallel at ro. This geometrical
statement can be translated into an algebraic one: there should exist
a number A such that V f(rg) = AVg(rg). This proves the following
theorem.

THEOREM 13.20. (Critical Points Subject to a Constraint).
Suppose that f and g are differentiable at vy and f has a local maximum
or minimum at ro in the set defined by the constraint g(r) = 0. Then
there exists a number \ such that

Vf(ro) = AVg(ro).

The theorem holds for three-variable functions as well. Indeed, if
r(t) is a curve through ry in the level surface g(z,y,2) = 0. Then the
derivative F'(t) = (d/dt)f(r(t)) = fix' + fy' + fi2' = Vf -1’ must
vanish at ¢y, that is, F'(tg) = Vf(ro) - t/(to) = 0. Therefore, V f(ry) is
orthogonal to a tangent vector of any curve in the surface S at rg, and
hence V f(rp) is normal to the tangent plane to S through ry. On the
other hand, the gradient Vg is normal to the tangent plane to a level
surface of g at any point (see the properties of the gradient). Therefore,
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at the point ry, the gradients of f and g must be parallel. A similar
line of reasoning proves the theorem for any number of variables.

This theorem provides a powerful method to find the critical points
of f subject to a constraint g = 0 if f and g are differentiable. It is
called the method of Lagrange multipliers. To find the critical points
of f, the following system of equations must be solved:

(13.19) Vf(r)=AVg(r), g(r)=0.

If r = (7,y), this is a system of three equations, f, = Ag., f, = Ag,,
and g = 0 for three variables (z,y, A). For each solution (xg,yo, \o),
the corresponding critical point of f is (2o, o). The numerical value
of A is not relevant; only its existence must be established by solving
the system. In the three-variable case, the system contains four equa-
tions for four variables (z,y, z, \). For each solution (xg, 3o, 20, Ao), the
corresponding critical point of f is (zg, o, 20)-

ExXAMPLE 13.34. Use the method of Lagrange multipliers to solve
the problem in Example 13.33.

SOLUTION: Put g(z,y) = 2® + y?> — 4. Then

» = AJp y =2\v
[y =29, — r=2\y .
g =0 22 +y? =4

The substitution of the first equation into the second one gives © =
4)\?z. This means that either z =0 or A = £1/2. If 2 = 0, then y = 0
by the first equation, which contradicts the constraint. For A = 1/2,
x = y and the constraint gives 222 = 4 or = ++/2. The critical points
corresponding to A = 1/2 are (v/2,v/2) and (—v/2, —v/2). If A = —1/2,
r = —y and the constraint gives 222 = 4 or = ++/2. The critical
points corresponding to A = —1/2 are (v/2, —v/2) and (—v/2,v/2). So
f(j:\/i,j:\/ﬁ) = 2 is the maximal value and f(:F\/i,j:\/ﬁ) = —2is

the minimal one. O

EXAMPLE 13.35. A rectangular box without a lid is to be made from
cardboard. Find the dimensions of the box of a given volume V' such
that the cost of material is minimal.

SOLUTION: Let the dimensions be z, y, and z, where z is the height.
The amount of cardboard needed is determined by the surface area
f(z,y,2) = vy + 22z + 2yz. The question is to find the minimal value
of f subject to constraint g(x,y,z) = xyz — V = 0. The Lagrange
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multiplier method gives

fo = A, y+ 2z = \yz xy +2xz = AV
Iy = Ag, x4+ 2z = A\rz xy+2zy = AV
L =2Ag. — 2 + 2y = Axvy - 20z 4+ 2yz = AV 7
g =0 ryz =V xyz =V

where the last system has been obtained by multiplying the first equa-
tion by x, the second one by y, and the third one by 2z with the sub-
sequent use of the constraint. Combining the first two equations, one
infers 2z(y — x) = 0. Since z # 0 (V' # 0), one has y = 2. Combining
the first and third equations, one infers y(z —2z) = 0 and hence = = 2z.
The substitution y = 2 = 2z into the constraint yields 42% = V. Hence,
the optimal dimensions are z = y = (2V)? and 2z = (2V)'/3/2. The
amount of cardboard minimizing the cost is 3(2V)?/3 (the value of f at
the critical point). From the geometry of the problem, it is clear that
f attains its minimum value at the only critical point. 0

96.2. The Case of Two or More Constraints. Let f be a function of three
variables subject to two constraints g;(r) = 0 and go(r) = 0. Each
constraint defines a surface in the domain of f (level surfaces of g; and
g2). So the set defined by the constraints is the curve of intersection of
the level surfaces gy = 0 and g» = 0. Let ry be a point of the curve at
which f has a local maximum or minimum. Let v be a tangent vector
to the curve at ry. Since the curve lies in the level surface g = 0, by
the earlier arguments, V f(rg) Lv and Vg;(r¢)Lv. On the other hand,
the curve also lies in the level surface g, = 0 and hence Vgs(ro) Lv. It
follows that the gradients Vf, Vg;, and Vg, become coplanar at the
point ry as they lie in the plane normal to v. Therefore, there exist
numbers A; and Ay such that

Vf(r) = MVgi(r) + Vg(r), g(r)=g(r)=0

when r = ry (see Study Problem 11.6). This is a system of five equa-
tions for five variables (x,y, z, A1, A\2). For any solution (xg, 3o, 20, A10,
Ago), the point (zo, yo, 20) is a critical point of f on the set defined by
the constraints. In general, the following result can be proved by a
similar line of reasoning.

THEOREM 13.21. (Critical Points Subject to Constraints).
Suppose that f and g,, a = 1,2,..., M, are functions of m wvariables,
m > M, which are differentiable at ro, and f has a local maximum or
minimum at vy in the set defined by the constraints g,(r) = 0. Then
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there exist numbers A, such that
Vf(ro) = MVai(re) + A2Vga(ro) + - - - + A Vg (ro).

Let f(r) be a function subject to a constraint g(r). Define the

function
F(r,A) = f(r) = Ag(r),

where X is viewed as an additional independent variable. Then crit-
ical points of F' are determined by (13.19). Indeed, the condition
OF/OX = 0 yields the constraint g(r) = 0, while the differentiation
with respect to the variables r gives VF = V f — A\Vg = 0, which co-
incides with the first equation in (13.19). Similarly, if there are several

constraints, critical points of the function with additional variables A,
a=1,2,... M,

(13.20) F(r, A1, Az, An) = f(r) = Aigi(r) — Aaga(r) — - - = Anrgum (1)

coincide with the critical points of f subject to the constraints g, = 0
as stated in Theorem 13.21. The functions F' and f have the same
values on the set defined by the constraints g, = 0 because they differ
by a linear combination of constraint functions with the coefficients
being the Lagrange multipliers.

96.3. Finding Local Maxima and Minima. In the simplest case of a two-
variable function f subject to a constraint, the nature of critical points
(local maximum or minimum) can be solved by geometrical means.
Suppose that the level curve g(z,y) = 0 is closed. Then, by the extreme
value theorem, f attains its maximum and minimum values on it at
some of the critical points. Suppose f attains its absolute maximum
at a critical point ry. Then f should have either a local minimum
or an inflection at the neighboring critical point r, along the curve.
Let r3 be the critical point next to ry along the curve. Then f has a
local minimum at ro if f(ry) < f(rs) and an inflection if f(ry) > f(r3).
This procedure may be continued until all critical points are exhausted.
Compare this pattern of critical points with the behavior of a height
along a closed hiking path.

Remark. If the constraints can be solved, then an explicit form of
f on the set defined by the constraints can be found, and the stan-
dard second-derivative test applies! For instance, in Example 13.35,
the constraint can be solved z = V/(zy). The values of the func-
tion f on the constraint surface are F(x,y) = f(x,y,V/(xy)) = zy+
2V(x + y)/(zy). The equations F, = 0 and F, = 0 determine the
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critical point x = y = (2V)¥? (and z = V/(zy) = (2V)3/2). So
the second-derivative test can be applied to the function F'(x,y) at the
critical point z = y = (2V)'/? to show that indeed F' has a minimum
and hence f has a minimum on the constraint surface.

There is an analog of the second-derivative test for critical points of
functions subject to constraints. Its general formulation is not simple.
So the discussion is limited to the simplest case of a function of two
variables subject to a constraint.

Suppose that Vg(rg) # 0. Then g, and g, cannot simultaneously
vanish at the critical point. Without loss of generality, assume that
9, # 0 at ro = (w0,%0). By the implicit function theorem (The-
orem 13.11), there is a neighborhood of ry in which the equation
g(z,y) = 0 has a unique solution y = h(z). The values of f on the
level curve g = 0 near the critical point are F'(z) = f(z, h(z)). By the
chain rule, one infers that F' = f; + f 1" and

(13.21)  F" = (d/dz)(f, + [,h') = fo, +2f0, B + fi,(h))* + fiR".

So, in order to find F”(x(), one has to calculate h'(zo) and h”(xg). This
task is accomplished by the implicit differentiation. By the definition
of h(z), G(x) = g(x,h(z)) = 0 for all x in an open interval containing
xg. Therefore, G'(z) = 0, which defines h' because G = ¢/, + g,h’ =
and h' = —g. /g, Similarly, G"(z) = 0 yields

(13.22) G" =gl + 2900 + gy, (K)* + g,h" =0,

T

which can be solved for A", where b’ = —g. /g,. The substitution of
h'(xg), h"(xg), and all the values of all the partial derivatives of f at the
critical point (z,yo) into (13.21) gives the value F"(xg). If F"(x9) > 0
(or F""(x9) < 0), then f has a local minimum (or maximum) at (xg, yo)
along the curve g = 0. Note also that F'(z) = 0 as required owing to
the conditions f, = Ag., and f; = \g, satisfied at the critical point.

If g, (ro) = 0, then g, (ro) # 0, and there is a function = = h(y) that
solves the equation g(z,y) = 0. So, by swapping x and y in the above
arguments, the same conclusion is proved to hold.

EXAMPLE 13.36. Show that the pointrg = (0,0) is a critical point of
the function f(x,y) = x®y+y-+x subject to the constraint e*¥ = x+y+1
and determine whether f has a local minimum or maximum at it.

SOLUTION:

Critical point. Put g(z,y) = ¢ — x —y — 1. Then ¢(0,0) = 0; that is,
the point (0, 0) satisfies the constraint. The first partial derivatives of
fand gare f; =2zy+1, f; = 2 +1, ¢, = ye®™ —1, and gy = xe™ —1.
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Therefore, both equations f;(0,0) = Ag,(0,0) and f;(0,0) = Ag,(0,0)
are satisfied at A = —1. Thus, the point (0,0) is a critical point of f
subject to the constraint g = 0.

Second-derivative test. Since g,(0,0) = —1 # 0, there is a function
y = h(z) near x = 0 such that G(x) = g(x, h(z)) = 0. By the implicit
differentiation,

h'(0) = —g,(0,0)/g,(0,0) = 1.
The second partial derivatives of g are

"o 2 xy "o 2 xy "o xy Ty
ga}x_ye ) gyy_xe ) gxy_e +$y€ .

The derivative 2”(0) is found from (13.22), where ¢//.(0,0) = ggy(()’ 0) =
07 ggy(o,()) = 17 h/(o) = —1’ and g;((), O) pr— —1:

h"(0) = —[g2(0,0) + 247, (0, 0)h’(0) + g3, (0,0)(7(0))*]/ 9, (0, 0) = —2.

The second partial derivatives of f are

f:;:lx:2ya fg///yzoa fa,:/y:2$'
The substitution of f;.(0,0) = £, (0,0) = £ (0,0) = 0, #'(0) = —1,

£1(0,0) = 1, and A"(0) = —2 into (13.21) gives F”(0) = —2 < 0.
Therefore, f attains a local maximum at (0,0) along the curve g =
0. Note also that F'(0) = f,(0,0) + f,(0,0)r'(0) = 1 -1 = 0 as
required. O

The implicit differentiation and the implicit function theorem can
be used to establish the second-derivative test for the multivariable

case with constraints (see another example in Study Problem 13.11).

96.4. Study Problems.

Problem 13.11. Let f be a twice continuously differentiable function
ofr = (x,y, z) subject to a constraint g(r) = 0. Assume that g is a twice
continuously differentiable function. Use the implicit differentiation to
establish the second-derivative test for critical points of f on the surface
g=20.

SOLUTION: Suppose that Vg(rg) # 0 at a critical point ryo. With-
out loss of generality, one can assume that ¢.(ry) # 0. By the im-
plicit function theorem, there exists a function z = h(x,y) such that
G(z,y) = g(z,y,h(x,y)) = 0 in some neighborhood of the critical
point. Then the equations G/ (z,y) = 0 and G} (v,y) = 0 determine
the first partial derivatives of h:

9o +g.h, =0 = hi,=—g,/d.; g,+9.h, =0 = h,=—g,/g..
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The second partial derivatives of h are found from the equations

Gle =0 = g}, + 29,00, + gL (W,)* + gLhYL, =0,

Tz T

Gy =0= g/ + 29, h, + gr.(h,)* + g.hy, =0,

yz'ly
Gry =0 = gy, + 9.l + gy, + gL R, + gLhy, = 0.

The values of the function f(z,y, 2) of the level surface g(x,y,z) =0

near the critical points are F(x,y) = f(x,y,h(z,y)). To apply the

second-derivative test to the function F, its second partial derivatives

have to be computed at the critical point. The implicit differentiation

gives

Fyy = (fo+ FIRL)y = fow + 2600 + FL(RG)? + fiRG,,

By = (£ ), = By + 200+ S + 120,

Bl = (L JI0Y, =l FIhL TR, LM, + L,
where the partial derivatives of h are determined by the partial deriva-
tives of the constraint function g as specified. If (xg, yo, 20) is the critical
point found by the Lagrange multiplier method, then a = F (x¢, yo),
b= F, (z0,4), and ¢ = F (20,30) in the second-derivative test for
the two-variable function F'. O






CHAPTER 14

Multiple Integrals

97. Double Integrals

97.1. The Volume Problem. Suppose one needs to determine the vol-
ume of a hill whose height f(r) as a function of position r = (x,y) is
known. For example, the hill must be leveled to construct a highway.
Its volume is required to estimate the number of truck loads needed to
move the soil away. The following procedure can be used to estimate
the volume. The base D of the hill is first partitioned into small pieces
D, of area AA,, where p = 1,2, ..., N enumerates the pieces; that is,
the union of all the pieces D), is the region D. The partition elements
should be small enough so that the height f(r) has no significant vari-
ation when r is in D,. The volume of the portion of the hill above each
partition element D, is approximately AV, ~ f(r,) AA,, where r, is a
point in D,. The approximation becomes better for smaller D,. The
volume of the hill can therefore be estimated as

Va) fr,) A4,

For practical purposes, the values f(r,) can be found, for example,
from a detailed contour map of f.

The approximation is expected to become better and better as the
size of the partition elements gets smaller (naturally, their number N
has to increase). If R, is the smallest radius of a disk that contains D,,
then put Ry = max, R,, which determines the size of the largest par-
tition element. When a larger number N of partition elements is taken
to improve the accuracy of the approximation, one has to reduce Ry
at the same time to make variations of f within each partition element
smaller. Note that the reduction of the maximal area max, AA, versus
the maximal size Ry may not be good enough to improve the accuracy
of the estimate. If D, looks like a narrow strip, its area is small, but
the variation of the height f along the strip may be significant and
the accuracy of the approximation AV, ~ f(r,) AA, is poor. One can

201
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therefore expect that the exact value of the volume is obtained in the
limit

N
(14.1) V= lim > fry) A4,

(RN—>0) p=1

The volume V may be viewed as the volume of a solid bounded from
above by the surface z = f(z,y), which is the graph of f, and by the
portion D of the zy plane. Naturally, it is not expected to depend on
the way the region D is partitioned, neither should it depend on the
choice of sample points r, in each partition element.

The limit (14.1) resembles the limit of a Riemann sum for a single-
variable function f(x) on an interval [a, b] used to determine the area
under the graph of f. Indeed, if x, £k = 0,1,.... N, g = a < 21 <
- < xy-1 < xy = b is the partition of [a,b], then AA, is the analog
of Axy, = xp — 11, kK = 1,2,..., N, the number Ry is the analog of
Ay = maxy Az, and the values f(r,) are analogous to f(z}), where
x} € [xk—1,xx]. The area under graph is then

N b
A= lim Zf(x,’;)A:pk:/ f(x)dx.

N—o0
(An—0) k=1

So, the limit (14.1) seems to define an integral over a two-dimensional
region D (i.e., with respect to both variables x and y used to label
points in D). This observation leads to the concept of a double inte-
gral. However, the qualitative construction used to analyze the volume
problem still lacks the level of rigor used to define the single-variable
integration. For example, how does one choose the “shape” of the par-
tition elements D, or how does one calculate their areas? These kinds
of questions were not even present in the single-variable case and have
to be addressed.

97.2. The Double Integral. Let D be a closed, bounded region. The
boundaries of D are assumed to be piecewise-smooth curves. Let f(r)
be a bounded function on D, that is, m < f(r) < M for some numbers
M and m and all r € D. The numbers m and M are called lower and
upper bounds of f on D. Evidently, upper and lower bounds are not
unique because any number smaller than m is also a lower bound, and,
similarly, any number greater than M is an upper bound. However,
the smallest upper bound and the largest lower bound are unique.

DEFINITION 14.1. (Supremum and Infimum).
Let f be bounded on D. The smallest upper bound of f on D is called
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the supremum of f on D and denoted by supp f. The largest lower
bound of f on D is called the infimum of f on D and denoted by

iIlfD f

As a bounded region, D can always be embedded in a rectan-
gle Rp = {(z,y)|z € [a,b], y € [c,d]} (ie., D is a subset of Rp).
The function f is then extended to the rectangle Rp by setting its
values to 0 for all points outside D, that is, f(r) = 0 if r € Rp
and r ¢ D. Consider a partition zy, k = 0,1,..., N7, of the inter-
val [a b] where z;, = a + kAz, Az = (b — a)/Ny, and a partition
yj, J = 0,1,..., Ny, of the interval [c,d], where y; = ¢ + j Ay and
Ay = ( — ¢)/Ny. These partitions induce a partition of the rectan-
gle Rp by rectangles Ry; = {(z,y) |z € [zi_1,2k], v € [yj-1,9]},
where £ = 1,2,..., Ny and j = 1,2, ..., No. The area of each partition
rectangle Ry, is AA = Az Ay. This partition is called a rectangular
partition of Rp. For every partition rectangle Ry;, there are numbers
M), = sup f(r) and m;j, = inf f(r), the supremum and infimum of f
on Rkj-

DEFINITION 14.2. (Upper and Lower sums).
Let f be a bounded function on a closed bounded region D. Let Rp be a
rectangle that contains D and let the function f be defined to have zero
value for all points of Rp that do not belong to D. Given a rectangular
partition Ry; of Rp, let Mj, = sup f and mj, = inf f be the supremum
and infimum of f on R;,. The sums

N1 N» N1 N2
U(f, N, No) =Y > Mg AA, L(f,Ni,No) = > ) my; AA

j=1 k=1 j=1 k=1

are called the upper and lower sums.

The sequences of upper and lower sums have the following impor-
tant property.

COROLLARY 14.1. (Property of Upper and Lower Sums).
The sequence of upper sums is decreasing, while the sequence of lower
sums is increasing, that is, U(f, N1, No) > U(f, N, N}) and L(f, Ny,
No) < L(f,N{,N}) if N > Ny and N} > Ns.

PROOF. Consider any partition rectangle R (the indices jk are omit-
ted) of area AA. Put M = supy f and m = infr f. When the partition
is refined, R becomes a union of several rectangles R, of area AA,, p =
1,2,...,q, so that AA = Zp AAy. Put M), = supg fand m, = infg, f.
Since R, is contained in R, one has M, < M and m, > m. Therefore,
if the partition is refined, the term M AA in the upper sum is replaced
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by >, M, AA, < MY AA, = MAA, and the term m AA in the
lower sum is replaced by Zp m, AA, > mzp AA, = mAA; that is,
the upper sum either decreases or does not change, while the lower sum
either increases or does not change. 0

Continuing the analogy with the volume problem, the upper and
lower sums represent upper and lower estimates of the volume. They
should become closer and closer to the volume as the partition becomes
finer and finer. This leads to the following natural definition of the
double integral.

DEFINITION 14.3. (Double Integral).
If the limits of the upper and lower sums exist as Niy — oo (or
(Az,Ay) — (0,0)) and coincide, then f is said to be Riemann in-
tegrable on D, and the limit of the upper and lower sums

/ f(fﬂ,y) dA:th U(f, Nl,NQ) = lim L(f, Nl,NQ)
D 1,2—00

Ni2—00

15 called the double integral of f over the region D.

It should be emphasized that the double integral is defined as the
two-variable limit (Az, Ay) — (0,0). The upper and lower sums are
functions of Az and Ay because Ny = (b—a)/Ax and Ny = (d—c)/Ay.
The existence of the limit and its value must be established accordingly.

Let us discuss this definition from the point of view of the volume
problem. First, note that a specific partition of D by rectangles has
been used. In this way, the area AA, of the partition element has
been given a precise meaning as the area of a rectangle. Later, it will
be shown that if the double integral exists in the sense of the above
definition, then it exists if the rectangular partition is replaced by any
partition of D by elements D), of an arbitrary shape subject to certain
conditions that allow for a precise evaluation of their area. Second, the
volume (14.1) is indeed given by the double integral of f, and its value
is independent of the choice of sample points r,. This is an extremely
useful property that allows one to approximate the double integral with
any desired accuracy by evaluating a suitable Riemann sum.

DEFINITION 14.4. (Riemann Sum).
Let f be a function on D that is contained in a rectangle Rp. Let f
be defined by zero values outside of D in Rp. Let ry be a point in a
partition rectangle R, where Rj, form a partition of Rp. The sum

N1 N2

R(f.Ni, No) =D 0 f(x)

7j=1 k=1

1s called a Riemann sum.
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THEOREM 14.1. (Convergence of Riemann Sums).
If a function f is integrable on D, then its Riemann sums for any
choice of sample points r}; converge to the double integral:

Ni,2—00 D
PROOF. For any partition rectangle Rj, and any sample point r}; in it,
myy, < f(rj,) < Mjy. It follows from this inequality that L(f, N1, No) <
R(f, N1,Na) < U(f, N1, Ns). Since f is integrable, the limits of the
upper and lower sums exist and coincide. The conclusion of the theorem
follows from the squeeze principle for limits. O
Approximation of Double Integrals. If f is integrable, its dou-
ble integral can be approximated by a suitable Riemann sum. A com-
monly used choice of sample points is to take r}, to be the intersection
of the diagonals of partition rectangles R;, that is, r7, = (Zj,Yx), where
z; and gy, are the midpoints of the intervals [z;_1, z;] and [yx_1, yx], re-
spectively. This rule is called the midpoint rule. The accuracy of the
midpoint rule approximation can be assessed by finding the upper and
lower sums; their difference gives the upper bound on the absolute
error of the approximation. Alternatively, if the integral is to be eval-
uated up to some significant decimals, the partition in the Riemann
sum has to be refined until its value does not change in the significant
digits. The integrability of f guarantees the convergence of Riemann
sums and the independence of the limit from the choice of sample
points.

97.3. Continuity and Integrability.

An Example of a Nonintegrable Function. Not every bounded
function is integrable. Suppose f is defined on the square = € [0, 1] and
y € [0,1] so that f(x,y) =1 if both z and y are rational, f(x,y) = 2 if
both x and y are irrational, and f(x,y) = 0 otherwise. This function
is not integrable. Recall that any interval [a,b] contains both rational
and irrational numbers. Therefore, any partition rectangle R, contains
points whose coordinates are both rational, or both irrational, pairs of
rational and irrational numbers. Hence, M, = 2 and mj;, = 0. The
lower sum vanishes for any partition and therefore its limit is 0, whereas
the upper sum is Qij AA = 2A = 2 for any partition, where A is
the area of the square. The limits of the upper and lower sums do
not coincide, 2 # 0, and the double integral of f does not exist. The
Riemann sum for this function can converge to any number between 2
and 0, depending on the choice of sample points. For example, if the
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sample points have rational coordinates, then the Riemann sum equals
1. If the sample points have irrational coordinates, then the Riemann
sum equals 2. If the sample points are such that one coordinate is
rational while the other is irrational, then the Riemann sum vanishes.

The following theorem describes a class of integrable functions that
is sufficient in many practical applications.

THEOREM 14.2. (Integrability of Continuous Functions).
Let D be a closed, bounded region whose boundaries are piecewise-

smooth curves. If a function f is continuous on D, then it is integrable
on D.

Note that the converse is not true; that is, the class of integrable
functions is wider than the class of all continuous functions. This is
a rather natural conclusion in view of the analogy between the double
integral and the volume. The volume of a solid below a graph z =
f(z,y) > 0 of a continuous function on D should exist. On the other
hand, let f(z,y) be defined on D = {(z,y)|x € [0,2], y € [0,1]} so
that f(z,y) = mif z <1 and f(x,y) = M if z > 1. The function is
piecewise constant and has a jump discontinuity along the line z = 1 in
D. The volume below the graph z = f(x,y) and above D is easy to find;
it is the sum of volumes of two rectangular boxes with the same base
area A; = Ay = 1 and different heights M and m, V = M A; + mAy =
M +m. The double integral of f exists and also equals M +m. Indeed,
for any rectangular partition, the numbers M;, and m;, differs only for
partition rectangles intersected by the discontinuity line z = 1, that is,
M, — mjr = M — m for all such rectangles. Therefore, the difference
between the upper and lower sums is [ Az(M — m), where | = 1 is the
length of the discontinuity curve. In the limit Az — 0, the difference
vanishes. As noted earlier, the upper and lower sums are the upper and
lower estimates of the volume and should therefore converge to it as
their limits coincide. Using a similar line of arguments, one can prove
the following.

COROLLARY 14.2. If f is bounded on D and discontinuous only on
a finite number of smooth curves, then it is integrable on D.

98. Properties of the Double Integral

The properties of the double integral are similar to those of an
ordinary integral and can be established directly from the definition.
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Linearity. Let f and g be functions integrable on D and let ¢ be a
number. Then

//D(f+g)dA=//DfdA+//ngA,
//DcfdA:c//DfdA.

Area. The function y is called the characteristic function of the region
D if x(r) =1ifr € D and x(r) = 0 otherwise. Since x is constant on
D, it is also continuous on D and hence integrable. If follows that

(142) [ xaa= [ [ aa=aw),

where A(D) is called the area of D. The region D can always be covered
by the union of adjacent rectangles of area AA = Az Ay. In the limit
(Az, Ay) — (0,0), the total area of these rectangles converges to the
area of D.

Additivity. Suppose that D is the union of D; and D, such that the
area of their intersection is 0; that is, D; and Dy may only have common
points at their boundaries or no common points at all. If f is integrable

on D, then
//DfdA://ledAJr//DQfdA.

This property is the most difficult to prove directly from the definition.
However, it appears rather natural when making the analogy of the
double integral and the volume. If the region D is cut into two pieces
D and D, then the solid above D is also cut into two solids, one above
Dy and the other above D,y. Naturally, the volume is additive.

Suppose that f is nonnegative on D; and nonpositive on Dy. The
double integral over D; is the volume of the solid above D; and below
the graph of f. Since —f > 0 on D,, the double integral over D, is
the negative volume of the solid below D, and above the graph of f.
When f becomes negative, its graph goes below the plane z = 0 (the xy
plane). So, in general, the double integral may vanish or take negative
values, depending on which volume (above or below the xy plane is
larger). This property is analogous to the familiar relation between the
ordinary integral and the area under the graph.

Positivity. If f(r) > 0 for all r € D, then

/[ raazo.
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and, as a consequence of the linearity,

ff = [

if f(r) > g(r) for allr € D.

Upper and Lower Bounds. Let m = infp f and M = supp, f. Then
m < f(r) < M for all r € D. From the positivity of the double
integral, it follows that

mA(D) < / /D fdA < MA(D).

This inequality is easy to visualize. If f is positive, then the double
integral is the volume of the solid below the graph of f. The solid lies
in the cylinder with the cross section D. The graph of f lies between
the planes z = m and z = M. Therefore, the volume of the cylinder
of height m cannot exceed the volume of the solid, whereas the latter
cannot exceed the volume of the cylinder of height M.

THEOREM 14.3. (Integral Mean Value Theorem).
If f is continuous on D, then there exists a point ro € D such that

/ /D [dA = f(x)A(D).

PROOF. Let h be a number. Put g(h) = [[,(f —h)dA = [[, fdA—
hA(D). From the upper and lower bounds for the double integral, it
follows that g(M) < 0 and g(m) > 0. Since g(h) is linear in h, there
exists h = hg € [m, M] such that g(hg) = 0. On the other hand, a
continuous function on a closed, bounded region D takes its maximal
and minimal values as well as all the values between them. Therefore,
for any m < hg < M, there is ro € D such that f(rg) = hy. O

A geometrical interpretation of the integral mean value theorem is
rather simple. Imagine that the solid below the graph of f is made of
clay. The shape of a piece of clay may be deformed while the volume
is preserved under deformation. The nonflat top of the solid can be
deformed so that it becomes flat, turning the solid into a cylinder of
height hg, which, by volume preservation, should be between the small-
est and the largest heights of the original solid. The integral mean value
theorem merely states the existence of such an average height at which
the volume of the cylinder coincides with the volume of the solid with
a nonflat top. The continuity of the function is sufficient (but not nec-
essary) to establish that there is a point at which the average height
coincides with the value of the function.
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Integrability of the Absolute Value. Suppose that f is integrable
on a bounded, closed region D. Then its absolute value |f]| is also

integrable and
’//fdA‘g// f| dA.
D D

A proof of the integrability of |f| is rather technical. Once the inte-
grability of | f] is established, the inequality is a simple consequence of
la 4+ b] < |a| + |b| applied to a Riemann sum of f. Making the analogy
between the double integral and the volume, suppose that f > 0 on D,
and f < 0 on Dy, where D, 5 are two portions of D. If V; and V5 stand
for the volumes of the solids bounded by the graph of f and D; and
D, respectively, then the double integral of f over D is Vi — V5, while
the double integral of |f| is Vi 4+ V4. Naturally, |V; — Vo| < V) + V; for
positive V] 5.

Independence of Partition. It has been argued that the volume of
a solid under the graph of f and above a region D can be computed
by (14.1) in which the Riemann sum is defined for an arbitrary (non-
rectangular) partition of D. Can the double integral of f over D be
computed in the same way? The answer is affirmative. However, the
proof goes beyond the scope of this course. If f is continuous, then
the assertion is not so difficult to establish. Let D be partitioned by
piecewise smooth curves into partition elements D,, p = 1,2,..., N, so
that the union of D, is D and A(D) = Z;V:l AA,, where AA, is the
area of D), defined by (14.2). If R, is the smallest radius of a disk that
contains D,, put Ry = max R,; that is, R, characterizes the size of
the partition element D, and Ry is the size of the largest partition
element. Recall that the largest partition element does not necessarily
have the largest area. The partition is said to be refined if Ry < Ry
for N < N’; that is, the size of the largest partition element decreases.
Then, if f is continuous on D, there are points r, € D, such that

//DfdA:é//ppfdA:éﬂrp)AAP'

The first equality follows from the additivity of the double integral, and
the second one holds by the integral mean value theorem. Consider the
Riemann sum

N
R(f,N)=>_ f(r;) AA,,

where rj € D, are sample points. If rj # r,, then the Riemann sum
does not coincide with the double integral. However, its limit as N —
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oo equals the double integral. Indeed, put ¢, = |f(r;) — f(r,)| and
cy = maxcy, p = 1,2,..., N. Since f is continuous, cy — 0 as N —
oo because any partition element D, is contained in a disk of radius
R, < Ry — 0 as N — oo. Therefore, the deviation of the Riemann
sum from the double integral converges to 0:

‘//fdA RfNHZ (r,) — £(r})) AA,

N

<D 1f(r) = f(x))|A4,

p=1

N N
=) AA, <cy Y AA,=cyAD) =0
p=1 p=1
as N — 00. So the double integral can be approximated by Riemann
sums for arbitrary partitions subject to the conditions specified above,
that is,

(14.3) //DfdA: lim Zf

(RNHO b= 1

for any choice of sample points rj. Note that the region D is no longer
required to be embedded in a rectangle and f does not have to be
extended outside of D. This property is useful for evaluating double
integrals by means of change of variables discussed later in this chapter.
It is also useful to simplify calculations of Riemann sums.

EXAMPLE 14.1. Find the double integral of f(x,y) = x? + y* over
the disk D 2? + y?> < 1 using the partition of D by concentric circles
and rays from the origin.

SoruTioN: Consider circles 2% 4 y? = ri, where r, = pAr, Ar =1/N,
and p =0,1,2,..., N. If § is the polar angle in the plane, then points
with a fixed value of 6 form a ray from the origin. Let the disk D be
partitioned by circles of radii r, and rays 6 = 0, = k Af, Al = 27 /n,
k = 1,2,...,n. Each partition element lies in the sector of angle A#
and is bounded by two circles whose radii differ by Ar. The area of a
sector of radius 7, is rﬁ Af/2. Therefore, the area of a partition element
between circles of radii 7, and 11 is AA, = 12, A0/2 — 12 A0/2 =
(r2yy —72) A/20 = (rp1 + 1) Ar AB/2. In the Riemann sum, use the
midpoint rule; that is, the sample points are intersections of the circles
of radius 7, = (r,+1+7,)/2 and the rays with angles 0 = (041 +0%)/2.
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The values of f at the sample points are f(r}) = fi, the area elements
are AA, =7, Ar Af, and the corresponding Riemann sum reads

R(f,N,n) = ZZT A?‘AQ_QWZT Ar

k=1 p=1

because Y, A0 = 27, the total range of  in the disk D. The sum
over p is the Riemann sum for the single-variable function g(r) = r3
on the interval r € [0, 1]. In the limit N — oo, this sum converges to
the integral of g over the interval [0, 1], that is,

1
(2* +y*)dA = 27 lim 7" Ar=2n | v dr=m/2.
N—>oo 0

=1

So, by choosing the partition according to the shape of D, the double
Riemann sum has been reduced to a Riemann sum for a single-variable
function. O

The numerical value of the double integral in this example is the
volume of the solid that lies between the paraboloid z = 22 + y? and
the disk D of unit radius. It can also be represented as the volume
of the cylinder with height h = 1/2, V' = hA(D) = wh = w/2. This
observation illustrates the integral mean value theorem. The function
f takes the value h = 1/2 on the circle 22 + y? = 1/2 of radius 1/v/2
in D.

99. lterated Integrals

Here a practical method for evaluating double integrals will be de-
veloped. To simplify the technicalities, the derivation of the method is
given for continuous functions. However, the method is also valid for
bounded functions that are discontinuous on a finite number of smooth
curves, which is sufficient for many practical applications.

99.1. Rectangular Domains. Let a function f be continuous on D. Sup-
pose first that D is a rectangle x € [a,b] and y € [c,d]. Let R;; be a
rectangular partition of D as defined earlier. For any choice of sample
points 5, = (z},y;), where a7 € [v;1,7;] and y; € [yr—1, yx), the Rie-
mann sum converges to the double integral of f over D. Since the dou-
ble limit of the Riemann sum (as (Ax, Ay) — (0,0)) exists, it should
not depend on the order in which the limits N; — oo (or Az — 0) and
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Ny — oo (or Ay — 0) are computed. This is the key observation for
what follows. Suppose the limit Ay — 0 is to be evaluated first:

D Ni,2—00

Ny Ny

= Nlllinoojzl (]\élinOOZf(x;,yZ) Ay) Az.

The expression in parenthese is nothing but the Riemann sum for the
single-variable function g;(y) = f(«7},y) on the interval y € [¢,d]. So,
if the functions g;(y) are integrable on [c,d], then the limit of their
Riemann sums is the integral of g; over the interval. If f is continuous
on D, then it must also be continuous along the lines # = 7 in D; that

is, gj(y) = f(z},y) is continuous and hence integrable on [c, d]. Thus,

N2—>OO

No d

(14.4) fim Y (o0 8y = [ Fla50)dy.
k=1 ¢

Define a function A(x) by

(14.5) Az) = / Flay)dy.

The value of A at z is given by the integral of f with respect to y;
the integration with respect to y is carried out as if x were a fixed
number. For example, put f(z,y) = z’y + e and [c,d] = [0, 1].
Then an antiderivative F'(x,y) of f(z,y) with respect to y is F/(z,y) =
2*y®/2 + e [z, which means that F(z,y) = f(z,y). Therefore,

1 1
Ax) = / (@%y + e™) dy = 2°y* 2+ ™ Jx| =2°/2+ " [z — 1/,
0 0

A geometrical interpretation of A(x) is simple. If f > 0, then A(z7) is
the area of the cross section of the solid below the graph z = f(x,y) by
the plane z = z7, and A(x}) Az is the volume of the slice of the solid
of width Ax.

The second sum in the Riemann sum for the double integral in the
Riemann sum of A(z) on the interval [a, b]:

//DfdA = NlliinooiA(xj)A:c = /abA($) dr

:/ab</cdf(x,y)dy)da:,
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where the integral exists by the continuity of A. The integral on the
right side of this equality is called the iterated integral. In what follows,
the parenthese in the iterated integral will be omitted. The order
in which the integrals are evaluated is specified by the order of the
differentials in it; for example, dy dr means that the integration with
respect to y is to be carried out first. In a similar fashion, by computing
the limit Az — 0 first, the double integral can be expressed as an
iterated integral in which the integration is carried out with respect
to x and then with respect to y. So the following result has been
established.

THEOREM 14.4. (Fubini's Theorem).
If [ is continuous on the rectangle D = {(x,y)|x € [a,b], y € [c,d]},
then

//Df(a:,y)dA:/Cd/abf(:c,y)d:cdy:/ab/cdf(xjy)dydx_

More generally, this is true for any bounded f on D that is discontin-
wous on a finite number of smooth curves.

Think of a loaf of bread with a rectangular base and with a top
having the shape of the graph z = f(z,y). It can be sliced along either
of the two directions parallel to adjacent sides of its base. Fubini’s
theorem says that the volume of the loaf is the sum of the volumes of
the slices and is independent of how the slicing is done.

EXAMPLE 14.2. Find the volume of the solid bounded from above
by the portion of the paraboloid » = 4 — 2% — 2y? and from below by
the portion of the paraboloid z = —4 + x* + 2y?, where z € [0,1] and
y € [0,1].

SOLUTION: If the height of the solid at any (x,y) € D is h(x,y) =
Ztop (%, Y) — 2bot (T, ), where the graphs z = zyop (2, y) and z = zpet (2, y)
are the top and bottom boundaries of the solid, then the volume is

V= [[ heaa= [ [ e - st aa
://D(s_zx2—4y2)dA:/01/01(8—2x2—4y2)dydx

:/ [(8—2x2)y—4y3/3}‘;dx :/ (8 — 22% — 4/3) dx = 6.

0 0
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COROLLARY 14.3. (Factorization of Iterated Integrals).
Let D be a rectangle {(x,y) |z € [a,b], y € [c,d]}. Suppose f(x,y) =
g(x)h(y), where the functions g and h are integrable on [a,b] and |[c,d],
respectively. Then

//Dfu,y)dA:/abg<m>dx/0dh<y>dy.

This simple consequence of Fubini’s theorem is quite useful.

EXAMPLE 14.3. Fuvaluate the double integral of f(x,y) = sin(z +y)
over the rectangle x € [0, 7] and y € [—7/2,7/2].

SOLUTION: One has sin(z + y) = sinz cosy + cos zsiny. The integral
of siny over [—7/2, 7/2] vanishes by symmetry. So, by the factorization
property of the iterated integral, only the first term contributes to the
double integral:

T /2
// sin(x—i—y)dA:/ sin:vdx/ cosydy =4.
D 0 —7/2
U

The following example illustrates the use of the additivity of a dou-
ble integral.

EXAMPLE 14.4. Evaluate the double integral of f(z,y) = 15xy?
over the region D, which is the rectangle [—2,2]| x [—2, 2] with the rect-
angular hole [—1,1] x [—1,1].

SOLUTION: Let Dy = [—2,2] x [-2,2] and let Dy = [—1,1] x [—1,1].
The rectangle Dy is the union of D and D5 such that their intersection
has no area. Hence,

//DQfdA://DfdAJr//ledA = //DfdA
—//DQfdA—/ledA.

By evaluating the double integrals over D; 5,

2 2
// 152%y% dA = 15/ xt da:/ v dy = 2%,
Dy —2 —2
1 1
// 15242 dA = 15/ zt dx/ i dy = 4.
Dy ~1 ~1

the double integral over D is obtained, 1024 — 4 = 1020. U
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99.2. Study Problems.

Problem 14.1. Suppose a function f has continuous second deriva-
tives on the rectangle R = [0,1] x [0,1]. Find [[, fi dA if £(0,0) =1,
£(0,1) =2, f(1,0) =3, and f(1,1) =5.

SOLUTION: By Fubini’s theorem,

//Rfé’ydA:/:/Ola%fé(:t,y)dxdy:/Olf;($’y>‘;dy

:/0 [f;(1,y)—f;(o,y)]dy:/ %[f(l,y)—f((),y)]dy

~7(L) = 70,
= [f(17 1) - f(07 1)] - [f(l,O) - f(0,0)] =1

By Clairaut’s theorem f; = f;;. and the value of the integral is inde-
pendent of the order of integration. O

100. Double Integrals Over General Regions

The concept of the iterated integral can be extended to general
regions subject to the following conditions.

100.1. Simple Regions.

DEFINITION 14.5. (Simple and Convex Regions).
A region D is said to be simple in the direction u if any line parallel
to the vector u intersects D along at most one straight line segment. A
region D 1is called convex if it is simple in any direction.

Suppose D is simple in the direction of the y axis. It will be referred
to as y stmple or wvertically simple. Since D is bounded, there is an
interval [a, b] such that vertical lines © = z¢ intersect D if xy € [a, b].
In other words, the region D lies within the vertical strip a < z < b.
Take a vertical line x = x € [a, b] and consider all points of D that also
belong to the line, that is, pairs (zg,y) € D, where the first coordinate
is fixed. Since the line intersects D along a segment, the variable
y ranges over an interval. The endpoints of this interval depend on
the line or the value of xzg; that is, for every zgy € [a,b], ypot < y <
Ytop, Where the numbers ypor and yiop depend on xy. In other words,
vertically simple regions admit the following algebraic description.
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Algebraic Description of Vertically Simple Regions. If D is ver-
tically simple, then it lies in the vertical strip a < x < b and is bounded
from below by the graph y = ypot(z) and from above by the graph

y = ytop(x):
(14.6) D = {(2,9) [yt (2) <y < thop(), @ € [a, ]}

The numbers a and b are, respectively, the smallest and the largest
values of the x coordinate of points of D. For example, the half-disk
2?2 +9y? <1,y >0, is a vertically simple region. The  coordinate of
any point in the disk lies in the interval [a,b] = [—1,1]. For every x
in this interval, the y coordinate lies in the interval 0 < y < /1 — 22;
that is, in the vertical direction, the top boundary of the disk is the
graph y = V1 — 22 = y;p(2) and the bottom boundary is the graph
Y= 0= ybot(m)~

Suppose D is simple in the direction of the z axis. It will be referred
to as x simple or horizontally simple. Since D is bounded, there is an
interval [c, d| such that horizontal lines y = yq intersect D if yo € [c, d].
In other words, the region D lies within the horizontal strip ¢ < y <
d. Take a horizontal line y = yy € [c,d] and consider all points of
D that also belong to the line, that is, pairs (x,y9) € D, where the
second coordinate is fixed. Since the line intersects D along a segment,
the variable z ranges over an interval. The endpoints of this interval
depend on the line or the value of yo; that is, for every yy, € [c,d],
Thot < T < Tiop, Where the numbers zp and x4, depend on yy. In
other words, horizontally simple regions admit the following algebraic
description.
Algebraic Description of Horizontally Simple Regions. If D is horizon-
tally simple, then it lies in a horizontal strip ¢ < y < b and is bounded
from below by the graph = = xp,(y) and from above by the graph

T = Tiop(Y):
(14.7) D ={(z,y) 2ot (y) < @ < Tiop(y), y € [c,d]}.

The numbers ¢ and d are, respectively, the smallest and the largest
values of the y coordinate of points of D. The terms “below” and
“above” are now defined relative to the line of sight in the direction
of the z axis. For example, the half-disk 22 +3? < 1, y > 0, is also
a horizontally simple region. The y coordinate of any point in the
disk lies in the interval [c,d] = [0,1]. For every y in this interval,
the x coordinate lies in the interval —\/1 —y? < x < /1 — y?; that
is, in the horizontal direction, the top boundary of the disk is the
graph © = /1 — y? = x4,,(y) and the bottom boundary is the graph

z=—\/1=y* = Toot(y).
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100.2. Iterated Integrals for Simple Regions. Suppose D is vertically
simple. Then it should have an algebraic description according to
(14.6). For the embedding rectangle Rp, one can take [a,b] X [c,d],
where ¢ < ypot(2) < Yiop(x) < d for all x € [a,b]. The function
f is continuous in D and defined by zero values outside D; that is,
flz,y) = 01if ¢ <y < ypot(x) and yiop(x) < y < d, where = € [a, b].
Consider a Riemann sum for a rectangular partition of Rp with sam-
ple points (z7, y;) just like in the case of rectangular domains discussed
earlier. Since f is integrable, the double integral exists, and the double
limit of the Riemann sum should not depend on the order in which the
limits Az — 0 and Ay — 0 are taken. For a vertically simple D, the
limit Ay — 0 is taken first. Similarly to (14.4), one infers that

*
Ytop (Ij )

Na d
lim f(a:;‘, yr) Ay = f(afj, y)dy = f(xja y) dy
> s = | J

N:
2770 bot (x;k)

because the function f vanishes outside the interval ypo(z) < y <
Ytop(2) for any x € [a,b]. The area of the slice of the solid below the
graph z = f(x,y) is also given by (14.5):

d Ytop ()
Aw) = [ fewdy= [ fay)dy.
c Ybot (@)

Note that the last equality is only possible for a vertically simple base D
of the solid. If D were not vertically simple, then such a slice would not
have been a single slice but rather a few disjoint slices, depending on
how many disjoint intervals are in the intersection of a vertical line with
D. In this case, the integration with respect to y would have yielded
a sum of integrals over all such intervals. The reason the integration
with respect to y is to be carried out first only for vertically simple
regions is exactly to avoid the necessity to integrate over a union of
disjoint intervals. Finally, the value of the double integral is given by
the integral of A(x) over the interval [a, b].

Iterated Integral for Vertically Simple regions. Let D be a vertically
simple region; that is, it admits the algebraic description (14.6). The
double integral of f over D is then given by the iterated integral

(14.8) / /D Flay) dA = / ’ /yy(()) Fo, ) dy dz.

Iterated Integral for Horizontally Simple Regions. Naturally, for
horizontally simple regions, the integration with respect to x should be
carried out first; that is, in the Riemann sum, the limit Az — 0 is
taken first. Let D be a horizontally simple region; that is, it admits
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the algebraic description (14.7). The double integral of f over D is
then given by the iterated integral

(14.9) / /D Flo,y)dA = / ’ / j(y()y) Flz,y) de dy.

Iterated Integrals for Nonsimple Regions. If the integration re-
gion D is not simple, how can one evaluate the double integral? Any
nonsimple region can be cut into simple regions D,, p = 1,2,...,n. The
double integral over simple regions can then be evaluated. The double
integral over D is then the sum of the double integrals over D, by the
additivity property (see Example 14.4).

EXAMPLE 14.5. Ewvaluate the double integral of f(x,y) = 6yx? over
the region D bounded by the line y = 1 and the parabola y = x2.

SOLUTION: The region D is both horizontally and vertically simple. It
is therefore possible to use either (14.8) or (14.9). To find an algebraic
description of D as a vertically simple region, one has to first specify
the maximal range of the x coordinate in D. It is determined by
the intersection of the line y = 1 and the parabola y = z?, that is,
1 = 22, and hence z € [a,b] = [—1,1] for all points of D. For any
x € [—1,1], the y coordinate of points of D attains the smallest value
on the parabola (i.e., ypot(z) = x?), and the largest value on the line
(i.e., Ytop(x) = 1). One has

1 1 1
// 6yx2dA:6/ x2/ ydydx:?)/ 231 — 2*)dr = 8)7.
D -1 x2 -1

It is also instructive to obtain this result using the reverse order of
integration. To find an algebraic description of D as a horizontally
simple region, one has to first specify the maximal range of the y co-
ordinate in D. The smallest value of y is 0 and the largest value is 1;
that is, y € [e,d] = [0, 1] for all points of D. For any fixed y € [0, 1],
the o coordinate of points of D attains the smallest and largest values
when y = 2? or & = £,/y, that is, 2pet(y) = —/¥ and zp(y) = /Y-
One has

1 VU 1
// 6ya:2dA:6/ y/ x%ixdyz?/ y(2y%?) dy
D 0 — 0

1
:4/ Y dy =8)7.
0
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100.3. Reversing the Order of Integration. By reversing the order of in-
tegration, a simplification of technicalities involved in evaluating double
integrals can be achieved, but not always, though.

EXAMPLE 14.6. Ewvaluate the double integral of f(x,y) = 2x over
the region D bounded by the line v = 2y+2 and the parabola x = y*>—1.

SOLUTION: The region D is both vertically and horizontally simple.
However, the iterated integral based on the algebraic description of D
as a vertically simple region is more involved. Indeed, the largest value
of the = coordinate in D occurs at one of the points of intersection of
the line and the parabola, 2y +2 = 3? — 1 or (y — 1)? = 4, and hence,
y = —1, 3. The largest value of z in D is x = 32 — 1 = 8. The smallest
value of x occurs at the point of intersection of the parabola with the
x axis, x = —1. So [a,b] = [—1, 8]. However, the algebraic expression
for the top boundary y.p(2) is not the same for all x € [—1,8]. For
any fixed x € [—1,0], the range of the y coordinate is determined by
the parabola, —vz +1 < y < v/x + 1, while for any fixed z € [0, §],
the top and bottom boundaries of the range of y are determined by
the line and parabola, respectively, —vz +1 < y < (x — 2)/2. This
dictates the necessity to split the region D into two regions D; and D-
such that z € [—1,0] for all points in D; and = € [0, 8] for all points
in Dy. The corresponding iterated integral reads

/D/Z:UdA: /D/Qdi—i—//%ch

1 Do
0 Vz+1 8 x/2+1
:2/:1:/ dydx—l—?/:c/ dy dzx.
-1 —Vat1 0 —Va+l

On the other hand, if the iterated integral corresponding to the alge-
braic description of D as a horizontally simple region is used, the tech-
nicalities are greatly simplified. The smallest and largest values of y in
D occur at the points of intersection of the line and the parabola found
above, y = —1,3, that is, [¢,d] = [-1,3]. For any fixed y € [—1, 3],
the x coordinate ranges from its value on the parabola to its value on
the line, zp0t(y) = y?> — 1 < 2 < 2y + 2 = T0t(y). The corresponding
iterated integral reads

3 p2y+2 3
// 2r dA = 2/ / xdrdy = / (—y*+6y° +8y+3) dy = 256/5,
D —1Jy2-1 -1

which is simpler to evaluate than the previous one. U
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Sometimes the iterated integration cannot even be carried out in
one order, but it can still be done in the other order.

EXAMPLE 14.7. FEwvaluate the double integral of f(x,y) = sin(y?)
over the region D, which is the rectangle bounded by x =0, y = x, and

y =

SOLUTION: Suppose the iterated integral for vertically simple regions
is used. The range of the z coordinate is x € [0, /7| = [a,b], and, for
every fixed x € [0 /7], the range of the y coordinate is ypor(z) = 2 <
Y < /T = Yiop() in D. The iterated integral reads

/ / sin(y?) dA = / / sin(y?) dy dz .

However, the antiderivative of sin(y?) cannot be expressed in elemen-
tary functlons! Let us reverse the order of integration. The maximal
range of the y coordinate in D is [0, /7] = [¢,d]. For every fixed y €
0, /7], the range of the x coordinate is Tpot(y) =0 < & < y = T4op(Y)
in D. Therefore, the iterated integral reads

e / sin(y / dz dy

1 e
/sm Yydy = —5 cos(y®)| =1.
0

O

100.4. The Use of Symmetry. The symmetry property has been estab-
lished in single-variable integration:

flea)=—f@) = [ jyde=

which has proved to be quite useful. For example, the integral of
sin(z%°') over any symmetric interval [—a, a] vanishes because sin(z2°1!)
is an antisymmetric function. A similar property can be established
for double integrals. Consider a transformation that maps each point
(x,y) of the plane to another point (z,,ys). A region D is said to
be symmetric under a transformation (z,y) — (zs,ys) if the image
D? of D coincides with D (i.e., D®* = D). For example, let D be
bounded by an ellipse z2/a* + y*/b* = 1. Then D is symmetric under
reflections about the z axis, the y axis, or their combination, that is,
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(fE,y) - (xsays) = (_xay)v (xay) - (xs7ys> = (33', _y>? or ($,y) -
(s,ys) = (—x,—y). A transformation of the plane (z,y) — (zs,ys)
is said to be area preserving if the image D?® of any region D under
this transformation has the same area, that is, A(D) = A(D?®). For
example, translations, rotations, reflections about lines, and their com-
binations are area-preserving transformations.

THEOREM 14.5. (Symmetry Property).
Let a region D be symmetric under an area-preserving transformation
(x,y) — (s, ys) such that f(xs,ys) = —f(z,y). Then the integral of f

over D vanishes:
[ rewaa=o.
D

A general proof is postponed until the change of variables in double
integrals is discussed. Here the simplest case of a reflection about a
line is considered. If D is symmetric under this reflection, then the
line cuts D into two equal-area regions Dy and Ds so that Dj = D,
and D3 = D;. The double integral is independent of the choice of
partition (see (14.3)). Consider a partition of Dy by elements D,
p=1,2,.., N. By symmetry, the images D7, of the partition elements
Dy, form a partition of Dy such that AA, = A(D,,) = A(D7)) by area
preservation. Choose elements Dy, and Dj, to partition the region D.
Now recall that the double integral is also independent of the choice
of sample points. Suppose (x,,y,) are sample points in D;,. Choose
sample points in Dj, to be the images (¥, ) of (2p,%,) under the
reflection. With these choices of the partition of D and sample points,
the Riemann sum (14.3) vanishes:

//D fdA = J\}Enoopil<f(%v Yp) DAy + f(Zps; Yps) AAp> =0,

where the two terms in the sum correspond to partitions of D; and
Dy in D; by the hypothesis, the function f is antisymmetric under
the reflection and therefore f(z,s,yps) = —f(2,,yp) for all p. From a
geometrical point of view, the portion of the solid bounded by the graph
z = f(z,y) that lies above the zy plane has exactly the same shape as
that below the xy plane, and therefore their volumes contribute with
opposite signs to the double integral and cancel each other.

EXAMPLE 14.8. Ewvaluate the double integral of sin[(x — y)3] over
the portion D of the disk x® + y* < 1 that lies in the first quadrant

(x,y >0).
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SOLUTION: The region D is symmetric under the reflection about the
line y = x, that is, (z,y) — (zs,ys) = (y,x), whereas the function is
anti-symmetric, f(z,,ys) = f(y,x) = sin[(y — z)?] = sin[—(z — y)3] =
—sin[(z — y)?] = —f(z,y). By the symmetry property, the double
integral vanishes. 0

EXAMPLE 14.9. Fwvaluate the double integral of f(x,y) = x*y> over
the region D, which is obtained from the elliptic region x2/4+1y*/9 < 1
by removing the square [0,1] x [0, 1].

SOLUTION: Let D; and D, be the elliptic and square regions, respec-
tively. The elliptic region D; is large enough to include the square
D,. Therefore, the additivity of the double integral can be used (com-
pare Example 14.4) to transform the double integral over a non-simple
region D into two double integrals over simple regions:

// xzygdA:// x2y3dA—// z2y3 dA
D Dy Do
1 1
——// x2y3dA——/ :czd:v/ v dy = —1/12;
Dy 0 0

the integral over D; vanishes because the elliptic region Dy is symmetric
under the reflection (z,y) — (zs,ys) = (x, —y), whereas the integrand
is anti-symmetric, f(z, —y) = 2%(—y)? = —2%y® = — f(z,y). O

101. Double Integrals in Polar Coordinates

The polar coordinates are defined by the following relations:

x=rcosf, y=rsind, or r=+/22+9y2, 0=tan"'(y/x),
where 7 is the distance from the origin to the point (x,y) and € is the
angle between the positive x axis and the ray from the origin through
the point (x,y) counted counterclockwise. The value of tan™! must
be taken according to the geometrical definition of 6. If (z,y) lies
in the first quadrant, then the value of tan™! must be in the interval
[0,7/2) and tan~!(c0) = 7/2 and similarly for the other quadrants.
These equations define a one-to-one correspondence between all points
(x,y) of the plane and points of the strip (r,0) € (0,00) x [0, 27).
Alternatively, one can also set the range of 6 to be the interval [—7, 7).
The ordered pair (r,6) can be viewed as a point of an auxiliary plane
or polar plane. In what follows, the r axis in this plane is set to be
vertical, and the # axis is set to be horizontal. For any region D, there
is an image D’ of D in the polar plane defined by the transformation
of an ordered pair (z,y) € D to the ordered pair (r,f) € D’. Note
that the boundaries of D’ are mapped onto the boundaries of D by
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x =rcosf and y = rsinf. For example, let D be the portion of the
disk 22 + 9> < 1 in the first quadrant. Then the shape of D’ can be
found from the images of boundaries of D in the polar plane:

boundaries of D « boundaries of D’
Pry=1er=1
y=0,2>0<60=0
r=0,y>0<0=m/2

Since r > 0, the region D’ is the rectangle (r,0) € [0,1] x [0, 7/2] =

Let D’ be the image of D on the polar plane and let R/, be a rec-
tangle containing D’ so that the image of R, contains D. As before, a
function f on D is extended outside D by setting its values to 0. Con-
sider a rectangular partition of D’ such that each partition rectangle
D%, is bounded by the coordinate lines r = r;, r = rj11 = r; + Ar,
0 = 0, and 0 = 0,1 = 0, + Af. Each partition rectangle has the
area AA" = Ar Af. The image of the coordinate line r = r;, in the zy
plane is the circle of radius r, centered at the origin. The image of the
coordinate line # = 6 on the xy plane is the ray from the origin that
makes the angle 6, with the positive x axis counted counterclockwise.
The rays and circles are called coordinate curves of the polar coordi-
nate system, that is, the curves along which either the coordinate r or
the coordinate f remains constant (circles and rays, respectively). A
rectangular partition of D’ induces a partition of D by the coordinate
curves. Each partition element Dy, is the image of the rectangle D’
and is bounded by two circles and two rays.

Let f(x,y) be an integrable function on D. The double integral of
f over D can be computed as the limit of the Riemann sum. According
0 (14.3), the limit does not depend on either the choice of partition or
the sample points. Let AAj; be the area of Dj;. The area of the sector
of the disk of radius 7; that has the angle Af is r2Af/2. Therefore,

1 1 1
AAjk: §(T]2-+1 )Ae— (rj+1—i—7"]) Ar Af = 2(7"j+1+7’j) AA .

In (14.3), put AA, = AA,, r, € Dj; being the image of a sample
point (r7,0;) € Dj;, so that f(r,) = f(r} cosO,r}sindy). The limit in
(14.3) is understood as the double limit (Ar, Af) — (0,0). Owing to
the independence of the limit of the choice of sample points, put r; =
(rj+1+7;)/2 (the midpoint rule). With this choice, (rj41 +r;) Ar/2 =
77 Ar. By taking the limit of the Riemann sum (14.3)

N1 N2

lim Z f(r, = lim ZZ f(r; cos b,y sinOp)ry AA,

N—o0 N1 9—00
(Rn—0) p=1 (Ar,Af)—(0,0)7=1 k=1
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one obtains the double integral of the function f(rcos6,rsin@)J(r)
over the region D’ (the image of D), where J(r) = r is called the Ja-
cobian of the polar coordinates. The Jacobian defines the area element
transformation

dA = JdA =rdA.

DEFINITION 14.6. (Double Integral in Polar Coordinates).
Let D" be the image of D in the polar plane spanned by ordered pairs
(r,0) of polar coordinates. The double integral of f over D in polar
coordinates s

//f(x,y)dA://f(rcos@,rsin@)J(r)dA” J(r)=r.

A similarity between the double integral in rectangular and polar
coordinates is that they both use partitions by corresponding coor-
dinate curves. Note that horizontal and vertical lines are coordinate
curves of the rectangular coordinates. So the very term “a double in-
tegral in polar coordinates” refers to a specific partitioning D in the
Riemann sum, namely, by coordinate curves of polar coordinates (by
circles and rays). The double integral over D' can be evaluated by the
standard means, that is, by converting it to a suitable iterated integral
with respect to r and 6.

EXAMPLE 14.10. Use polar coordinates to evaluate the double inte-
gral of f(x,y) = xy*\/22 + y% over D, which is the portion of the disk
22 +y? < 1 that lies in the first quadrant.

SOLUTION: First, the image D’ of D has to be found. Using the
boundary transformation, as explained at the beginning of this section,
D' is the rectangle r € [0,1] and 6 € [0, 7/2]. Second, the function has
to be written in polar coordinates, f(rcos@,rsinf) = r*cos@sin?#.
Third, the double integral of this function, multiplied by the Jacobian r,
has to be evaluated over D’. As D’ is a rectangle, by Fubini’s theorem,
the order of integration in the iterated integral is irrelevant:
o 18

w/2 . 1 . 1 . T2 1
//fdA:/ sin 9C089d9/ r’dr = —sin” 0
D 0 0 3
O

o 6 "

This example shows that the technicalities involved in evaluating
the double integral have been substantially simplified by passing to
polar coordinates. The simplification is twofold. First, the domain of
integration has been simplified; the new domain is a rectangle, which
is much simpler to handle in the iterated integral than a portion of a

6 ! 1
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disk. Second, the evaluation of ordinary integrals with respect to r and
0 appears to be simpler than the integration of f with respect to either
x or y needed in the iterated integral. However, these simplifications
cannot always be achieved by converting the double integral to polar
coordinates. The region D and the integrand f should have some
particular properties that guarantee the observed simplifications and
thereby justify the use of polar coordinates. Here are some guiding
principles to decide whether the conversion of a double integral to polar
coordinates could be helpful:

e The domain D is bounded by circles, lines through the origin,
and polar graphs.
e The function f(z,y) depends on either the combination 2% +
y? =12 or y/x = tand.
Indeed, if D is bounded only by circles centered at the origin and
lines through the origin, then the image D’ is a rectangle because the
boundaries of D are coordinate curves of polar coordinates. If the
boundaries of D contain circles not centered at the origin or, generally,
polar graphs, that is, curves defined by the relations r = g(f), then
an algebraic description of the boundaries of D’ is simpler than that
of the boundaries of D. If f(x,y) = h(u), where u = 2* + y*> = r? or
u = y/x = tan 6, then in the iterated integral one of the integrations,
either with respect to 6 or r, becomes trivial.

EXAMPLE 14.11. Ewaluate the double integral of f(x,y) = xy over
the region D that lies in the first quadrant and is bounded by the circles
224+ y? =4 and 2 + y* = 22.

SOLUTION: First, the image D’ of D must be found. Using the principle
that the boundaries of D are mapped onto the boundaries of D', one
finds the equations of the boundaries of D’ by converting the equations
for the boundaries of D into polar coordinates. The boundary of the
region D consists of three curves:

Pyt =4—r=2,
2 +y? =22 — r=2cosb,
r=0,y>0—0=m/2

So, in the polar plane, the region D’ is bounded by the horizontal
line » = 2, the graph r = 2cos6, and the vertical line § = 7/2. In
particular, it is convenient to use an algebraic description of D’ as
a vertically simple region; that is, (r,0) € D’ if rpo(0) = 2cosf <
r <2 =ryp(f) and 6 € [0,7/2] = [a,b] (because rip(0) = Tt (0)).
Second, the function is written in polar coordinates, f(r cosf,rsinf) =
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r?sinf cosf. Multiplying it by the Jacobian J = r, the integrand is
obtained. One has

b T‘top(e)
// :cydA:// TBSiHQCOSQdAII/ sin 6 cos 6 3 dr df
D D’ a Tbot(e)

/2 2
= / sichos@/ r3dr db
0 2cos 0

/2
:4/ (1 — cos 0)* cos  sin 0 df
0

1 1
4
= 4/ (1—u)4udu:4/ vl —v)dv = —,
where two changes of variables have been used to simplify the calcula-

tions, u = cosf and v =1 — u. [l

EXAMPLE 14.12. Find the area of the region D that is bounded
by two spirals r = 0 and r = 20, where 6 € [0,27], and the positive
T azis.

Before solving the problem, let us make a few comments about the
shape of D. The boundaries r = # and r = 20 are examples of polar
graphs, r = g(0), where g(0) = 6 and g(#) = 20. They can be visualized
by means of a simple geometrical procedure. Take a ray corresponding
to a fixed value of the polar angle . On this ray, mark the point that
is a distance r = ¢g(#) from the origin. All such points obtained for all
values of ¢ form a curve, called the polar graph. When ¢(0) = 6, the
distance r = 0 increases as the ray rotates about the origin, and the
polar graph is a spiral winding about the origin. The region D lies be-
tween two spirals; it is not simple in any direction. Any smooth curve
in the zy plane can always be defined by an equation h(z,y) = 0. In
this case, by converting the polar graph equation into the rectangular
coordinates, one has /22 + y2 = tan"!(y/z) or y = x tan(y/z2 + y2).
There is no way to find an analytic solution of this equation to express
y as a function of x or vice versa. Therefore, had one tried to evalu-
ate the double integral in the rectangular coordinates, one would have
faced an unsolvable problem of finding the equations for the boundaries
of D in the form y = yiop(x) and y = ypot(x)!

SOLUTION: The region D is bounded by three curves, two spirals (polar
graphs), and the line y = 0, x > 0. Their images on the polar plane
are the lines r = 0, r = 260, and the vertical line § = 27. They form the
boundaries of D’. An algebraic description of D’ as a vertically simple
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region is convenient to use, (r,0) € D' if rpo(0) =0 < r <260 = ryp(0)
and 0 € [0,27] = Hence

27 20 27
// dA = // rdA = / / rdrdf = — / 0% dh = 4r3.
' 0

O

EXAMPLE 14.13. Find the volume of the portion of the solid bounded
by the cone z = 2+/x2 + y? and the paraboloid z = 2 — x> — y? that lies
in the first octant.

SOLUTION: The intersection of the cone and paraboloid is a circle of
unit radius. Indeed, put r = /22 + y2. Then the points of intersection
satisfy the condition 2r = 2 — 7?2 or r = 1. So the projection D of the
solid onto the xy plane is the portion of the disk » < 1 in the first
quadrant. For any (z,y) € D, the height is h = 2 — r? — 2r (i.e.,
independent of the polar angle #). The image D’ of D in the polar
plane is the rectangle (r,60) € [0,1] x [0, 7/2]. The volume is

// (x,y)dA = // (2 — 1% —2r)rdA’
7r/2
= 2r — 3 —2r8) dr
[ yir =gz

102. Change of Variables in Double Integrals

With an example of polar coordinates, it is quite clear that a smart
choice of integration variables can significantly simplify the technical-
ities involved when evaluating double integrals. The simplification is
twofold: simplifying the shape of the integration region (a rectangular
shape is most desirable) and finding antiderivatives when calculating
the iterated integral. It is therefore of interest to develop a technique
for a general change of variable in the double integral so that one would
be able to design new variables specific to the double integral in ques-
tion in which the sought-for simplification is achieved.

102.1. Change of Variables. Let the functions x(u,v) and y(u,v) be
defined on an open region D’. Then, for every pair (u,v) € D', one
can find a pair (z,y), where z = z(u,v) and y = y(u,v). All such
pairs form a region in the xy plane that is denoted D. In other words,
the functions x(u,v) and y(u,v) define a transformation of a region
D' in the wv plane onto a region D in the zy plane. If no two points
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in D’ have the same image point in D, then the transformation is
called one-to-one. For a one-to-one transformation, one can define the
inverse transformation, that is, the functions u(z,y) and v(x,y) that
assign a pair (u,v) € D' to a pair (z,y) € D, where u = u(z,y)
and v = v(z,y). Owing to this one-to-one correspondence between
rectangular coordinates (z,y) and pairs (u,v), one can describe points
in a plane by new coordinates (u,v). For example, if polar coordinates
are introduced by the relations x = x(r,0) = rcosf and y = y(r,0) =
rsinf for any open set D’ of pairs (r,#) that lie within the half-strip
[0,00) % [0,27), then there is a one-to-one correspondence between the
pairs (z,y) € D and (r,0) € D’. In particular, the inverse functions

are r(x,y) = /a2 +y? and 0(x,y) = tan™'(y/x).

DEFINITION 14.7. (Change of Variables in a Plane).
A one-to-one transformation of an open region D’ defined by v =
x(u,v) and y = y(u,v) is called a change of variables if the func-
tions x(u,v) and y(u,v) have continuous first-order partial derivatives
on D'

The pairs (u, v) are often called curvilinear coordinates. Recall that
a point of a plane can be described as an intersection point of two
coordinate lines of a rectangular coordinate system = z,, and y = y,.
The point (z,,y,) € D is a unique image of a point (u,,v,) € D'
Consider the inverse transformation u = u(z,y) and v = v(x,y). Since
u(zp, Yp) = up and v(z,, yp) = vp, the point (x,,y,) € D can be viewed
as the point of intersection of two curves u(x,y) = wu, and v(z,y) =
v,. The curves u(z,y) = u, and v(z,y) = v, are called coordinate
curves of the new coordinates u and v; that is, the coordinate u has a
fixed value along its coordinate curve u(z,y) = u,, and, similarly, the
coordinate v has a fixed value along its coordinate curve v(z,y) = v,.
The coordinate curves are images of the straight lines u = w, and
v = v, in D’ under the inverse transformation. If the coordinate curves
are not straight lines (as in a rectangular coordinate system), then
such coordinates are naturally curvilinear. For example, the coordinate
curves of polar coordinates are concentric circles (a fixed value of )
and rays from the origin (a fixed value of #), and every point in a plane
can be viewed as an intersection of one such ray and one such circle.

102.2. Change of Variables in a Double Integral. Consider a double in-
tegral of a function f(x,y) over a region D. Let x = z(u,v) and

= y(u,v) define a transformation of a region D’ to D, where D’ is
bounded by piecewise-smooth curves in the uwv plane. Suppose that
the transformation is a change of variables on an open region that
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includes D’. Then there is an inverse transformation, that is, a trans-
formation of D to D', which is defined by the functions v = u(z,y)
and v = v(x,y). According to (14.3), the double integral of f over D is
the limit of a Riemann sum. The limit depends neither on a partition
of D by area elements nor on sample points in the partition elements.
Following the analogy with polar coordinates, consider a partition of
D by coordinate curves u(z,y) = u;, ¢ = 1,2,..., Ny, and v(z,y) = v;,
| = 1,2,..., Ny, such that u;41 — v; = Au and v;41 —v; = Av. This
partition of D is induced by a rectangular partition of D’ by horizontal
lines v = v; and vertical lines u = u; in the wv plane. Each partition
element Dj; of D" has the area AA" = Au Av. Its image is a partition
element D;; of D. If (uj,vj) € Dj; is a sample point, then the corre-
sponding sample point in Dy; is rj; = (z(uj, v}), y(u;,v})), and (14.3)
becomes
N1 N

//D fad= o . DD ) Ady,

i=1 j=1

where AA;; is the area of the partition element D;;. The limit Ny, Ny —
oo is understood in the sense of a double limit (Au, Av) — (0,0). As
before, the values of f(z(u,v),y(u,v)) outside D’ are set to 0 when
calculating the value of f in a partition rectangle that intersects the
boundary of D’.

As in the case of polar coordinates, the aim is to convert this limit
into a double integral of f(z(u,v),y(u,v)) over the region D’. This
can be accomplished by finding a relation between AA;; and AA’,
that is, the rule of the area element transformation under a change
of variables. To simplify the notation, let the index p label partition
elements D;;, that is, D, = D;j, (up,v,) = (u;,v;), etc. Now take a
point (u,,v,) and fix the numbers Au, Av. Consider a rectangle D), in
the uv plane bounded by the lines u = u,, v = u, + Au, v = v,, and
v = v, + Av. Let A" be the vertex (uy,v,), B" be (u, + Au,v,), and
C'" be (up,v, + Av). The image D, of D] in the zy plane is a region
bounded by the coordinate curves of the variables u and v. The images
A and B of the points A’ and B’ lie on the coordinate curve v = v,
while A and C' (the image of C”) are on the coordinate curve u = w,,.
The numbers Au and Av can be viewed as infinitesimal variations of
u and v or their differentials. So, when calculating the area AA of D,,
it is sufficient to keep only terms linear in Av and Auwu; their higher
powers are to be neglected (by definition of the differential), that is,

AA=JAuAv=JAA,



230 14. MULTIPLE INTEGRALS

where the coefficient J is to be found. Recall that J = r for polar
coordinates.

Since Au and Awv are infinitesimally small, the area of D, can be
approximated by the area of a parallelogram with adjacent sides AB =
b and AC' = c. The coordinates of A are (x(up,v,),y(up, v,)), while
the coordinates of B are (z(u, + Au,v,),y(u, + Au,v,)) because they
are images of A" and B’, respectively, under the inverse transformation
x = x(u,v) and y = y(u,v). Therefore,

b= (x(up + Au,vy) — x(up, vp), Y(u, + Au,v,) — y(up, v,), O)
= () A, (1, 0) A, 0)

= Au(l‘;(up7vp)> Yo (Ups V), 0) ’

where x(u, + Au,v,) = x(uy, v,) + @, (uy, v,) Au has been linearized,
that is, higher powers of Au are neglected, and similarly for y(u, +
Au, v,); the third component of b is set to 0 as the vector is planar.
An analogous calculation for the components of ¢ yields

c= Av(x;(up,vp), Yy, (up, vp), O) :

The area of the parallelogram reads

(1410) AA=|bxc| =

! /
det (””y x}’)‘AuA'U:JAuAv.
vy

Note that the vectors b and c are in the xy plane. Therefore, their
cross product has only one nonzero component (the z component)
given by the determinant. The absolute value of the determinant is
needed because the z component of the cross product may be negative,

10,0, 2)| = V22 = 2.

DEFINITION 14.8. (Jacobian of a Transformation).
The Jacobian of a transformation defined by v = x(u,v) and y = y(u, v)
18

A(z,y) (a— 3—)
= =det [ Ju 8y ) =2y, — Ty,
A(u,v) ou o

The Jacobian coincides with the determinant in (14.10). In this
definition, a convenient notation has been introduced. The matrix
whose determinant is evaluated has the first row composed of the par-
tial derivatives of the first variable the numerator with respect to all
variables in the denominator, and similarly for the second row. This
rule is easy to remember.
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Furthermore, the coefficient J in (14.10) is the absolute value of
the Jacobian. The Jacobian of a change of variables in the double
integral should not vanish on D’ because AA # 0. Since the partial
derivatives of x and y with respect to v and v are continuous, J is
continuous, too. Therefore, for any partition element D;;, the difference
(AAy; — J(uj,v;)AA")/AA" vanishes in the limit (Au, Av) — (0,0).
So, in this limit, one can put AA;; = J(uj,v;) AuAv in the Riemann
sum. The limit of the Riemann sum defines the double integral of the
function f(z(u,v),y(u,v))J(u,v) over the region D'. The foregoing
arguments suggest that the following theorem is true (a full proof is
given in advanced calculus courses).

THEOREM 14.6. (Change of Variables in a Double Integral).
Suppose a transformation x = x(u,v), y = y(u,v) has continuous first-
order partial derivatives and maps a region D' bounded by piecewise-
smooth curves onto a region D. Suppose that this transformation is

one-to-one and has a nonvanishing Jacobian, except perhaps on the
boundary of D'. Then

//D f(x,y)dA = /D’ fz(u,v),y(u,v))J (u,v) dA",

9(z,y)
d(u,v)

J(u,v) = ‘

Note that in the case of polar coordinates, the boundary of D' may
contain the line » = 0 on which the Jacobian J = r vanishes. This
entire line collapses into a single point, the origin (z,y) = (0,0) in the
xy plane, upon the transformation x = rcosf and y = rsin#; that
is, this transformation is not one-to-one on this line. A full proof of
the theorem requires an analysis of such subtleties in a general change
of variables, which was excluded in the above derivation by assuming
that the transformation is a genuine change of variables on a region
that contains D’.

The change of variables in a double integral entails the following
steps:

1. Finding the image D’ of D under the inverse transformation
u=u(x,y), v=wov(r,y). A useful rule to remember here is:
boundaries of D «— boundaries of D';

that is, if equations of boundaries of D are given, then equa-
tions of the corresponding boundaries of D’ can be obtained by
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expressing the former in the new variables by the substitution
r = x(u,v) and y = y(u,v).
2. Transformation of the function to new variables

f(xay) = f(x<u7v)>y(uvv))'

3. Calculation of the Jacobian that defines the area element trans-

formation:
da= 20D gy = gan, g = |20
A(u,v) A(u,v)

4. Evaluation of the double integral of fJ over D’ by converting
it to a suitable iterated integral. The choice of new variables
should be motivated by simplifying the shape D’ (a rectangular
shape is the most desirable).

When calculating the Jacobian, the following statement, given without
a proof, might be useful.

COROLLARY 14.4. If u = u(z,y) and v = v(z,y) is the inverse of
the transformation x = x(u,v) and y = y(u,v), then its Jacobian is

(14.11) Oz,y) _ 1

1
0 A(u,v) - / AN
(u, ) dxy)  det zf Uy

/
Uy

Equation (14.11) defines the Jacobian as a function of (x,y). Some-
times it is technically simpler to express the product f(z,y)J(z,y) in
the new variables rather than doing so for f and J separately. This is
illustrated by the following example.

EXAMPLE 14.14. Use a suitable change of variables to evaluate the
double integral of f(x,y) = xy* over the region D that lies in the first
quadrant and is bounded by the lines y = = and y = 3x and by the
hyperbolas yr = 1 and yxr = 2.

SoLuTION: The line equations can be written in the form y/x = 1 and
y/x = 3 because y,x > 0 in D. Note that the equations of boundaries
of D depend on just two particular combinations y/z and yz that
take constant values on the boundaries of D. So, if the new variables
defined by the relations u = u(x,y) = y/x and v = v(x,y), then the
image region D’ in the wv plane is a rectangle u € [1,3] and v € [1,2].
Indeed, the boundaries y/x = 1 and y/x = 3 are mapped onto the
vertical lines v = 1 and u = 3, while the hyperbolas yzr = 1 and yxr = 2
are mapped onto the horizontal lines v = 1 and v = 2. Let us put aside
for a moment the problem of expressing x and y as functions of new
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variables, which is needed to express f and J as functions of u and v,
and find first the Jacobian as a function of z and y by means of (14.11):

/ / - . 2 -1
det (uj” u?) = ‘det ( v/ 1/m)
vy U, Yy x

Note that z and y are strictly positive in D. The integrand becomes
fJ = 2*y?/2 = v?/2. So finding the functions z = z(u,z) and y =
y(u,v) happens to be unnecessary in this example! Hence,

[[ataa=b [ =L [ [ ean=ps

The reader is advised to evaluate the double integral in the original
rectangular coordinates to compare the amount of work needed with
this solution. U

The following example illustrates how a change of variables can be
used to simplify the integrand of a double integral.

T

=|-2y/z|™ = -

J = %

EXAMPLE 14.15. Fvaluate the double integral of the function f(x,y)
= cos|[(y — x)/(y + )] over the trapezoidal region with vertices (1,0),
(2,0), (0,1), and (0,2).

SOLUTION: An iterated integral in the rectangular coordinates would
contain the integral of the cosine function of a rational argument (either
with respect to x or y), which is difficult to evaluate. So a change of
variables should be used to simplify the argument of the cosine function.
The region D is bounded by the linesx+y =1, x4+y =2, x =0, and
y=0. Put wu =2+ y and v = y — x so that the function in the new
variables becomes f = cos(v/u). The lines x+y =1 and x +y = 2 are
mapped onto the vertical lines v = 1 and u = 2. Since y = (u+v)/2
and r = (u — v)/2, the line x = 0 is mapped onto the line v = wu,
while the line y = 0 is mapped onto the line v = —u. Thus, the region
D' ={(u,v)] —u <v <wu, ue€l[l,2]}. The Jacobian of the change of
variables is J = 1/2. Hence,

/ / coS / / coS dA' / / cos dv du
y—l—m D
= 5/1 us1n<2) wdu

= sin(l)/1 udu = 3sin(1)/2.
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EXAMPLE 14.16. (Area of an Ellipse).
Find the area of the region D bounded by the ellipse x*/a* +y*/b* = 1.

SOLUTION: Under the change of variables v = z/a, v = y/b, the
ellipse is transformed into the circle u? + v? = 1 of unit radius. Since
the Jacobian of the transformation is J = ab,

A(D)://DdA:/D,JdA’:ab//,dA’:abA(D’):mb.
U

When a = b, the ellipse becomes a circle of radius R = a = b, and the
area of the ellipse becomes the area of the disk, A = mR2.

102.3. Symmetries and a Change of Variables. As noted earlier, the
symmetry properties of double integrals are quite helpful for their eval-
uation. A transformation x = x(u,v), y = y(u,v) that maps D’ onto
D is said to be area preserving if the absolute value of its Jacobian is
1, that is, dA = dA’, from which it immediately follows that the areas
of D and D’ coincide, A(D) = A(D’). For example, rotations, trans-
lations, and reflections are area-preserving transformations for obvious
geometrical reasons. The following theorem holds.

THEOREM 14.7. Suppose that an area-preserving transformation
r = x(u,v), y = y(u,v) maps a region D onto itself. Suppose that
a function f is skew-symmetric under this transformation, that is,
f(z(u,v),y(u,v)) = —f(u,v). Then the double integral of f over D
vanishes.

PROOF. Since D' = D and dA = dA’ (i.e., dx dy = dudv), the change
of variables yields

1= [ swwaa= [[ fato.sim)an
= —//Df(u,v)dA’: —1,

that is, I = —I, or I = 0. U

103. Triple Integrals

Suppose a solid region FE is filled with an inhomogeneous material.
The latter means that, if a small volume AV of the material is taken
at two distinct points of F, then the masses of these two pieces are
different, despite the equality of their volumes. The inhomogeneity of
the material can be characterized by the mass density as a function of
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position. Let Am(r) be the mass of a small piece of material of volume
AV cut out around a point r. Then the mass density is defined by
. Am(r)

Cavao AV
The limit is understood in the following sense. If R is the radius of
the smallest ball that contains the region of volume AV then the
limit means that R — 0 (i.e., roughly speaking, all the dimensions of
the piece decrease simultaneously in the limit). The mass density is
measured in units of mass per unit volume. For example, the value
o(r) = 5 g/cm® means that a piece of material of volume 1 cm?® cut
out around the point r has a mass of 5 gr.

Suppose that the mass density of the material in a region E is
known. The question is: What is the total mass of the material in E7?
A practical answer to this question is to partition the region E so that
each partition element E,, p = 1,2,..., N, has a mass Am,,. The total
mass is M = > Am,. If a partition element F, has a volume AV,
then Am, =~ o(r,) AV, for some r, € E,. If R, is the radius of the
smallest ball that contains £,, put Ry = max I?,. Then, by increasing
the number N of partition elements so that R, < Ry — 0 as N — oo,
the approximation Am, ~ o(r,) AV}, becomes more and more accurate
by the definition of the mass density because AV, — 0 for all p. So the
total mass is

N
(14.12) M= lim Y o(r,) AV,

N— o0

(RNHU) p=1

which is to be compared with (14.1). In contrast to (14.1), the summa-
tion over the partition should include a triple sum, one sum per each
direction in space. This gives an intuitive idea of a triple integral. Its
abstract mathematical construction follows exactly the footsteps of the
double-integral construction.

103.1. Definition of a Triple Integral.

Rectangular Partition. A region E in space is assumed to be bounded;
that is, it is contained in a ball of some (finite) radius. The bound-
aries of E are assumed to be piecewise-smooth surfaces. A smooth
surface can be viewed as a level surface of a differentiable function
of three variables. The region E is then embedded in a rectangle
Rg = [a,b] x [c,d] x [s, q], that is, z € [a,b], y € [c,d], and =z € [s,q|. If
f(r) is a bounded function on F, then it is extended to Rp by setting
its values to 0 outside E. The rectangle Rg is partitioned by the coor-
dinate planes © = x; = a+i Az, i = 0,1, ..., N1, where Az = (b—a)/Ny;
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y=y; =c+jAy, 1 =0,1,..., Ny, where Ay = (d — ¢)/Ny; and z =
zi=s+kAz k=0,1,..., N3, where Az = (¢ — s)/N3. The volume of
each partition element is a rectangle R;;; of volume AV = Az Ay Az.
The total number of rectangles is N = Ny Ny Nj.

Upper and Lower Sums. By analogy with Definition 14.2, the
lower and upper sums are defined. Put M;;, = sup f(r), and m;;;, =
inf f(r) where the supremum and infimum are taken over the partition
rectangle R;;;. Then the upper and lower sums are

N N» N N1 N» Ns
USN =20 D M AV, LEN) =D % > miuAV.
i=1 j=1 k=1 i=1 j=1 k=1

where N = (Nl,NQ, Ng)

DEFINITION 14.9. (Triple Integral).
If the limits of the upper and lower sums exist as Nia3z — oo (or
(Az, Ay, Az) — (0,0,0)) and coincide, then f is said to be Riemann
integrable on E, and the limit of the upper and lower sums

[ #@p2av = pim vG.N) = fim 107)

15 called the triple integral of f over the region E.

The limit is understood as a three-variable limit (Az, Ay, Az) —
(0,0,0).

103.2. Properties of Triple Integrals. The properties of triple integrals
are the same as those of the double integral discussed in Section 98;
that is, the linearity, additivity, positivity, integrability of the absolute
value |f|, and upper and lower bounds holds for triple integrals.

Continuity and Integrability. The relation between continuity
and integrability is pretty much the same as in the case of double
integrals.

THEOREM 14.8. (Integrability of Continuous Functions).
Let E be a closed, bounded spatial region whose boundaries are piecewise-
smooth surfaces. If a function f is continuous on E, then it is integrable
on E. Furthermore, if f has bounded discontinuities only on a finite
number of smooth surfaces in E, then it is also integrable on E.

In particular, a constant function is integrable, and the volume of
a region F is given by the triple integral

V(E):///Edv.
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The Integral Mean-Value Theorem. The integral mean value
theorem (Theorem 14.3) is extended to triple integrals, where the dou-
ble integral is replaced by the triple integral and A(D) by the volume
V(E). Its proof follows the same lines as in the case of double integrals.

Riemann Sums. If a function f is integrable, then its triple inte-
gral is the limit of a Riemann sum, and its value is independent of the

partition of E and a choice of sample points in the partition elements,
that is, (14.12) holds:

(14.13) ///Ef(r)dV: lim if(rp)AV

(RNHO) p=1

This equation can be used for approximations of triple integrals, when
evaluating the latter numerically just like in the case of double integrals.

Symmetry. If a transformation in space preserves the volume of
any region, then it is called volume preserving. Obviously, rotations,
reflections, and translations in space are volume-preserving transfor-
mations. Suppose that, under a volume-preserving transformation, a
region E is mapped onto itself; that is, E is symmetric relative to this
transformation. If ry € F is the image of r € E under this transfor-
mation and the integrand is skew-symmetric, f(r;) = —f(r), then the
triple integral of f over E vanishes.

EXAMPLE 14.17. Evaluate the triple integral of f(z,y,z) = x*
sin(y*z) + 2 over a ball centered at the origin of radius R.

SOLUTION: Put g(x,y,2) = x?sin(y'z) so that f = g + h, where
h = 2 is a constant function. By the linearity property, the triple
integral of f is the sum of triple integrals of g and h over the ball. The
ball is symmetric relative to the reflection transformation (z,y,z) —
(x,y,—2 ), whereas the function g is skew-symmetric, g(x,y,—2) =
—g(z,y, z). Therefore, its triple integral vanishes, and

// rav = [[[aav+ [[[ nav
=0+2///EdV:2V(E):87rR3/3. i

One can think of the numerical value of a triple integral of f over E
as the total amount of a quantity distributed in the region E with the
density f (the amount of the quantity per unit volume). For example, f
can be viewed as the density of electric charge distributed in a dielectric
occupying a region E. The total electric charge stored in the region E is
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then given by triple integral of the density over E. The electric charge
can be positive and negative. So, if the total positive charge in E is
exactly the same as the negative charge, the triple integral vanishes.

103.3. Iterated Triple Integrals. Similar to a double integral, a triple
integral can be converted to a triple iterated integral, which can then
be evaluated by means of ordinary single-variable integration.

DEFINITION 14.10. (Simple Region).
A spatial region E is said to be simple in the direction of a vector v if
any straight line parallel to v intersects E along at most one straight
line segment.

A triple integral can be converted to an iterated integral if E is
simple in a particular direction. If there is no such direction, then F
should be split into a union of simple regions with the consequent use
of the additivity property of triple integrals. Suppose that v = es; that
is, F is simple along the z axis. Then the region £ admits the following
description:

E={(,9,2)z001(7, ) < 2 < Ziop(@, ), (2,y) € Day} -

Indeed, consider all lines parallel to the z axis that intersect . These
lines also intersect the xy plane. The region D,, in the zy plane is
the set of all such points of intersection. One might think of D,, as
a shadow made by the solid £ when it is illuminated by rays of light
parallel to the z axis. Take any line through (z,y) € D,, parallel to the
z axis. By the simplicity of F/, any such line intersects E along a single
segment. If 20, and zip are the minimal and maximal values of the z
coordinate along the intersection segment, then, for any (z,y,z2) € E,
Zhot < 2 < Ziop and any (z,y) € Dy, Naturally, the values 2,0, and
Zop may depend on (z,y) € D,,. Thus, the region E is bounded from
the top by the graph z = 2z, (%, y) and from the bottom by the graph
2z = zpt(z,y). If E is simple along the y or x axis, then F admits
similar descriptions:

(1414) E = {(xvya Z)| ybot<xaz> < ) < ytop(xa Z)a (ZL‘,Z) S Da:z}y
(1415> E = {(I,y, Z)‘ xbOt(yVZ) S T S xtOP(yaz)v <y7 Z) S Dyz}7

where D,. and D, are projections of E into the xz and yz planes,
respectively; they are defined analogously to D,,.

According to (14.13), the limit of the Riemann sum is independent
of partitioning F and choosing sample points. Let D,, p =1,2,..., N,
partition the region D,,. Consider a portion £, of E that is projected
on the partition element D,; E), is a column with D, its cross section
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by a horizontal plane. Since E is bounded, there are numbers s and
q such that s < 2p01(2,y) < 2iop(z,y) < ¢ for all (z,y) € D,,; that
is, E always lies between two horizontal planes z = s and z = q.
Consider slicing the solid F by equispaced horizontal planes z = s +
kAz, k = 0,1,..,N5, Az = (¢ — s)/N3. Then each column E, is
partitioned by these planes into small regions E,;. The union of all
E,i; forms a partition of E, which will be used in the Riemann sum
(14.13). The volume of E,; is AV, = Az AA,, where AA, is the area
of D,. Assuming, as usual, that f is defined by zero values outside
E, sample points may be selected so that, if (x,,y,,0) € D,, then
(p, Yp, 25) € Epg, that is, 21 < 2z} < zp for k = 1,2, ..., N3. The three-
variable limit (14.13) exists and hence can be taken in any particular
order. Take first the limit N3 — oo or Az — 0. The double limit of
the sum over the partition of D,, is understood as before; that is, as
N — 0, the radii R, of smallest disks containing D, go to 0 uniformly,
R, < Ry — 0. Therefore,

N
//Efdv = ]}flilolo Z <]\[£131me xpaylhzk ) AAP

(RN—>0) p=1
2top (Tp,Yp)
/ f(xpaypvz> dZ AAP

N
= o Z(
(Ry—0) p=1 bot (Tp:Yp)

because, for every (z,,y,) € Dy, the function f vanishes outside the
interval z € [2pot(Tp, Yp), Ztop(Tps Yp)]. The integration of f with respect
to z over the interval [zpot(Z,Yy), 2top(z,y)] defines a function F(z,y)
whose values F(z,,y,) at sample points in the partition elements D,
appear in the parenthese. A comparison of the resulting expression
with (14.3) leads to the conclusion that, after taking the second limit,
one obtains the double integral of F(x,y) over D,,.

THEOREM 14.9. (lterated Triple Integral).
Let f be integrable on a solid region E. Suppose that E is simple in
the z direction so that it is bounded by the graphs z = zpo(x,y) and
2 = Zop(2,y) for (z,y) € Dyy. Then

///fa:y, )dV = // /z::p: (x,y,2)dzdA
-/ /D Fg)ia

103.3.1. Evaluation of Triple Integrals. In practical terms, an evaluation
of a triple integral over a region F is carried out by the following steps:
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Step 1. Determine the direction along which E is simple. If no such
direction exists, split £ into a union of simple regions and use the
additivity property. For definitiveness, suppose that £ happens to be
z simple.

Step 2. Find the projection D,, of E into the xy plane.

Step 3. Find the bottom and top boundaries of E as the graphs of
some functions z = zpet (2, y) and z = 2yep(2, y).

Step 4. Evaluate the integral of f with respect to z to obtain F'(z,y).
Step 5. Evaluate the double integral of F'(z,y) over D,, by converting
it to a suitable iterated integral.

Similar iterated integrals can be written when FE is simple in the y
or z direction. According to (14.14) (or (14.15)), the first integration is
carried out with respect to y (or x), and the double integral is evaluated
over D,, (or Dy,). If E is simple in any direction, then any of the
iterated integrals can be used. In particular, just like in the case of
double integrals, the choice of an iterated integral for a simple region
E should be motivated by the simplicity of an algebraic description of
the top and bottom boundaries or by the simplicity of the integrations
involved. Technical difficulties may strongly depend on the order in
which the iterated integral is evaluated.

Fubini’s theorem can be extended to triple integrals.

THEOREM 14.10. (Fubini's Theorem).
Let f be integrable on a rectangular region E = [a,b] X [c,d] X [s,q].

Then o
//Efdvz/a/c/Sqf(ﬂf,y,z)dzdydx

and the iterated integral can be evaluated in any order.

Here D,, = [a, b] X [c, d], and the top and bottom boundaries are the
planes z = ¢ and z = s. Alternatively, one can take D,, = [c,d] X [s, ¢],
Thot (Y, 2) = a, and yp(y, 2) = b to obtain an iterated integral in a
different order (where the z integration is carried out first).

EXAMPLE 14.18. Ewaluate the triple integral of f(x,y,z) = zy?*2*
over the rectangle E = [0,2] x [1,2] x [0, 3].

SOLUTION: By Fubini’s theorem,

2 2 3
/// xy2z3dV:/ xdx/ y2dy/ 2dz=2-(7/3)-9 =52
E 0 1 0

This example shows that the factorization property also holds for triple
integrals (see Corollary 14.3). O
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EXAMPLE 14.19. Ewvaluate the triple integral of f(z,y,z) = (z* +

y*)z over the portion of the solid bounded by the cone z = \/x? + 12
and paraboloid z = 2 — x? — y? in the first octant.

SoLuUTION: Following the step-by-step procedure outlined above, the
integration region is z simple. The top boundary is the graph of
Ziop(T,y) = 2 — x* — y?, and the graph of zpe(7,y) = V22 +y? is
the bottom boundary. To determine the region D,,, note that it has
to be bounded by the projection of the curve of the intersection of the
cone and paraboloid onto the xy plane. The intersection curve is de-
fined by 2ot = 2top OF 7 = 2—712, where r = \/22 + y?, and hence r = 1,
which is the circle of unit radius. Since F is in the first octant, D,, is
the quarter of the disk of unit radius in the ﬁrst quadrant. One has

2—z2—y
///(x2+y2)zd\/:// 2%+ P / zdsz
E Doy 2+y

:_//Dzy(x + )2 —2® —y?)* — (2® + y?)] dA

T T —

9 _
:§/0 u[(2 —u)® — uldu = 96’

where the double integral has be transformed into polar coordinates
because D, becomes the rectangle D}, = [0,1] x [0, 7/2] in the polar
plane. The integration with respect to r is carried out by the change
of variable u = r2. O

EXAMPLE 14.20. FEwvaluate the triple integral of f(z,y,z) =

VY2 + 22 over the region E bounded by the paraboloid x = y* + 2°
and the plane x = 4.

SOLUTION: It is convenient to choose an iterated integral for E de-
scribed as an x simple region (see (14.15)). There are two reasons
for doing so. First, the integrand f is independent of z, and hence
the first integration with respect to x is trivial. Second, the bound-
aries of E are already given in the form required by (14.15), that is,
Thot (Y, 2) = y* + 2% and 244,(y, 2) = 4. The region D, is determined
by the curve of intersection of the boundaries of E, xiop = Thot OF
y* 4+ 2% = 4. Therefore, D, is the disk or radius 2. One has

Jlf e, s

2+22
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// V2 + 22 [4— (y* + 2] dA
Dy-

/ d@/ 4 —r?rdr = 1287T,
15

where the double integral over D, has been converted to polar coor-
dinates in the yz plane. 0

103.4. Study Problems.

Problem 14.2. Evaluate the triple integral of f(x,y,z) = z over the
region E bounded by the cylinder y* + 2> = 1 and the planes z = 0,
y =1, and y = x in the first octant.

SOLUTION: The region is z simple and bounded by the zy plane from
the bottom (i.e., zpot(x,y) = 0), and by the cylinder from the top (i.e.,
Ziop(T,y) = /1 — y2) (by taking the positive solution of y? + 2% = 1).
The region D,, is bounded by the lines of intersection of the planes
r = 0 and y = x and the cylinder y* + 2% = 1 with the xy plane (or the
plane z = 0). The cylinder intersects this plane along the line y = 1
in the first quadrant. Thus, D,, is the triangle bounded by the lines
r=0,y=0,and y = z. Onehas

[z = [ [ a0
:%//Dzy(l—f)d,q:%Al(l—y%/oydxdy:é,

where the double integral has been evaluated by using the description
of D,, as a horizontally simple region, zpo = 0 < o < y = 24, for all
y € [0,1] = [¢,d]. O

Problem 14.3. Fvaluate the triple integral of the function f(x,y, z) =
xy%2% over the region E that is a ball of radius 3 centered at the origin
with a cubic cavity [0, 1] x [0, 1] x [0, 1].

SOLUTION: The region E is not simple in any direction. The additivity
property must be used. Let E; be the ball and let Ey be the cavity.
By the additivity property,

/// wy e dV = ///Elfvy?z?’dv /// w2 AV
_O—/xdx/ydy/ L
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The triple integral over F; vanishes by the symmetry argument (the
ball is symmetric under the reflection (—x,y,2) — (—z,y, z) whereas
f(=z,y,2) = —f(z,y, 2z)). The second integral is evaluated by Fubini’s
theorem. U

104. Triple Integrals in Cylindrical and Spherical Coordinates

A change of variables has been proved to be quite useful in sim-
plifying the technicalities involved in evaluating double integrals. An
essential advantage is a simplification of the integration region. The
concept of changing variables can be extended to triple integrals.

104.1. Cylindrical Coordinates. One of the simplest examples of curvi-
linear coordinates in space is cylindrical coordinates. They are de-

fined by
(14.16) x=rcost, y=rcosl, z==z.

In any plane parallel to the zy plane, the points are labeled by po-
lar coordinates, while the z coordinate is not transformed. Equations
(14.16) define a transformation of an ordered triple of numbers (, 6, z)
to another ordered triple (x,y, z). A set of triples (7, 8, z) can be viewed
as a set of points £’ in a Euclidean space in which the coordinate axes
are spanned by r, 6, and z. Then, under the transformation (14.16),
the region E’ is mapped onto an image region E. From the study of po-
lar coordinates, the transformation (14.16) is one-to-one if r € (0, 00),
6 € [0,27), and z € (—o0, 00). The inverse transformation is given by

r=+az2+y?, O=tan'(y/r), z==z,

where the value of tan! is taken according to the quadrant in which

the pair (z,y) belong (see the discussion of polar coordinates). It maps
any region F in the Euclidean space spanned by (x,y, z) onto the image
region E’. To find the shape of E’ as well as its algebraic description,
the same strategy as in the two-variable case should be used:

boundaries of E +—  boundaries of E’

under the transformation (14.16) and its inverse. A particularly im-
portant question is how to investigate the shape of coordinate surfaces
of cylindrical coordinates, that is, surfaces on which each of the cylin-
drical coordinates has a constant value. If E is bounded by coordinate
surfaces only, then its image E’ is a rectangle, which is the simplest,
most desirable, shape when evaluating a multiple integral.

The coordinate surfaces of r are cylinders, r = /22 + y2 = ry or
r?+y* = r2. In the zy plane, the equation 6§ = 6, defines a ray from the
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origin at the angle 8y to the positive x axis counted counterclockwise.
Since # depends only on x and y, the coordinate surface of 6 is the
half-plane bounded by the z axis that makes an angle 6, with the zz
plane (it is swept by the ray when the latter is moved parallel up and
down along the z axis). Since the z coordinate is not changed, neither
changes its coordinate surfaces; they are planes parallel to the zy plane.
So the coordinate surfaces of cylindrical coordinates are

r=ry < 2’ +yt =1} (cylinder),
0 =0y < ycosby = xsinb (half-plane),
z=2zy < 2 =2 (plane).

A point in space corresponding to an ordered triple (7,6, z0) is an
intersection point of a cylinder, half-plane bounded by the cylinder
axis, and a plane perpendicular to the cylinder axis.

EXAMPLE 14.21. Find the image E' of the solid region E that is
bounded by the paraboloid z = x® +y* and the planes z = 4, y = x, and
y = 0 in the first octant.

SOLUTION: In cylindrical coordinates, the equations of boundaries be-
come, respectively, z = r? z = 4, 0 = 7/4, and § = 0. Since FE lies
below the plane z = 4 and above the paraboloid z = 72, the range
of r is determined by their intersection 4 = r? or r = 2 as r > 0.
Thus,

E = {(T,Q, 2) [ <2 <4, (r,0) €10,2] x [O,7r/4]}.
U

104.1.1. Triple Integrals in Cylindrical Coordinates. To change variables
in a triple integral to cylindrical coordinates, one has to consider a
partition of the integration region F by coordinate surfaces, that is, by
cylinders, half-planes, and horizontal planes, which corresponds to a
rectangular partition of £’ (the image of F under the transformation
from rectangular to cylindrical coordinates). Then the limit of the
corresponding Riemann sum (14.13) has to be evaluated. In the case
of cylindrical coordinates, this task can be accomplished by simpler
means.

Suppose E is z simple so that by Theorem 14.9 the triple integral
can be written as an iterated integral consisting of a double integral
over D,, and an ordinary integral with respect to z. The transforma-
tion (14.16) merely defines polar coordinates in the region D,,. So,
if D7, is the image of D,, in the polar plane spanned by pairs (r,6),
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then, by converting the double integral to polar coordinate,s one infers
that

Ztop (1,0)
/// flz,y,2)dV = // / f(rcosf,rsing, z)rdzdA’
E fLy Zbot("‘ve)

(14.17) = // f(rcosf,rsind, 2)rdV’,
E/

where the region E’ is the image of E under the transformation from
rectangular to cylindrical coordinates,

E ={(r,0,2) | 2bot (1, 0) < 2 < 210p(1,0), (r,0) € D, },

and z = 20t(7,0), 2 = 2i0p(r, 0) are equations of the bottom and top
boundaries of E written in polar coordinates by substituting (14.16)
into the equations for boundaries written in rectangular coordinates.
Note that dV' = dzdrdf = dzdA’ is the volume of an infinitesimal
rectangle in the space spanned by the triples (r, 0, z). Its image in the
space spanned by (z,y, z) lies between two cylinders whose radii differ
by dr, between two half-planes with the angle df between them, and
between two horizontal planes separated by the distance dz. So its
volume is the product of the area dA of the base and the height dz,
dV = dzdA = rdzdA" according to the area transformation law for
polar coordinates, dA = rdA’. So the volume transformation law for
cylindrical coordinates reads

v =Jdv', J=r,

where J = r is the Jacobian of transformation to cylindrical coordi-
nates.

Cylindrical coordinates are advantageous when the boundaries of £
contain cylinders, half-planes, horizontal planes, or any surfaces with
axial symmetry. A set in space is said to be axially symmetric if there
is an axis such that any rotation about it maps the set onto itself. For
example, circular cones, circular paraboloids, and spheres are axially
symmetric. Note also that the axis of cylindrical coordinates may be
chosen to be the x or y axis, which would correspond to polar coordi-
nates in the yz or xz plane.

EXAMPLE 14.22. Ewvaluate the triple integral of f(z,y,z) = x*z
over the region E bounded by the cylinder x® + y*> = 1, the paraboloid
z = 2% +y?, and the plane z = 0.

SoLuTION:The solid F is axially symmetric because it is bounded from
the bottom by the plane z = 0, by the circular paraboloid from the
top, and the side boundary is the cylinder. Hence, D,, is a disk of
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unit radius, and D), is a rectangle, (r,0) € [0,1] x [0,27]. The top
and bottom boundaries are z = 2y4p(1,60) = 72 and z = 2 (r,0) = 0.

Hence,
o2r pl pr2
/// CIZQZdV:/ / r?cos? 6 z rd zdrdb
E o JoJo
1 27 1
= —/ cos29d9/ ridr = 1,
2 /o 0 16

where the double-angle formula, cos? § = (1+cos(26))/2, has been used
to evaluate the integral. O

104.2. Spherical Coordinates. Spherical coordinates are introduced by
the following geometrical procedure. Let (z,y,z) be a point in space.
Consider a ray from the origin through this point. Any such ray lies
in the half-plane corresponding to a fixed value of the polar angle 6.
Therefore, the ray is uniquely determined by the polar angle 6 and the
angle ¢ between the ray and the positive z axis. If p is the distance
from the origin to the point (z,y, z), then the ordered triple of numbers
(p, ¢,0) defines uniquely any point in space. The triples (p, ¢,0) are
called spherical coordinates in space.

To find the transformation law from spherical to rectangular coordi-
nates, consider the plane that contains the z axis and the ray from the
origin through (x, y, z) and the rectangle with vertices (0, 0,0), (0,0, z),
(x,,0), and (x,y, z) in this plane. The diagonal of this rectangle has
length p (the distance between (0,0,0) and (z,y,z)). Therefore, its
vertical side has length z = pcos ¢ because the angle between this side
and the diagonal is ¢. Its horizontal side has length psin¢. On the
other hand, it is also the distance between (0,0,0) and (z,y,0), that
is, ¥ = psin ¢, where r = /22 + y?. Since x = rcosf and y = rsin,
it is concluded that

(14.18) x=psingcosh, y=psingsing, z=pcose.

The inverse transformation follows from the geometrical interpretation
of the spherical coordinates:

, — /212122, . — ¥
(14.19) »p 24+yt+z cot ¢ ey tan 6 ;
If (z,y, z) span the entire space, the maximal range of the variable p is
the half-axis p € [0,00). The variable # ranges over the interval [0, 27)
as it coincides with the polar angle. To determine the range of the
azimuthal angle ¢, note that an angle between the positive 2z axis and
any ray from the origin must be in the interval [0, 7r]. If ¢ = 0, the ray



104. TRIPLE INTEGRALS IN SPHERICAL COORDINATES 247

coincides with the positive z axis. If ¢ = 7, the ray is the negative z
axis. Any ray with ¢ = 7/2 lies in the zy plane.

104.2.1. Coordinate Surfaces of Spherical Coordinates. All points that
have the same value of p = py form a sphere of radius py centered at
the origin because they are at the same distance py from the origin.
Naturally, the coordinate surfaces of 6 are the half-planes described
earlier when discussing cylindrical coordinates. Consider a ray from
the origin that has the angle ¢ = ¢y with the positive z axis. By
rotating this ray about the z axis, all rays with the fixed value of ¢
are obtained. Therefore, the coordinate surface ¢ = ¢, is a circular
cone whose axis is the z axis. For small values of ¢, the cone is a
narrow cone about the positive z axis. The cone becomes wider as ¢
increases so that it coincides with the zy plane when ¢ = /2. For
¢ > /2, the cone lies below the zy plane, and it eventually collapses
into the negative z axis as soon as ¢ reaches the value w. The algebraic
equations of the coordinate surfaces follow from (14.19):

p=rpo < > +y*+ 22 =pp (sphere),
¢ = ¢y < z=cot(po)\/x2+y*> (cone),
0 =0y « ycosby = xsinby (half-plane).

So any point in space can be viewed as the point of intersection of
three coordinate surfaces: the sphere, cone, and half-plane. Under the
transformation (14.19), any region E is mapped onto a region E’ in
the space spanned by the ordered triples (p, ¢,0). If E is bounded by
spheres, cones, and half-planes only, then its image E’ is a rectangle.
Thus, a change of variables in a triple integral to spherical coordinates
is advantageous when FE' is bounded by spheres, cones, and half-planes.

EXAMPLE 14.23. Let E be the portion of the solid bounded by the
sphere x? + y* + 22 = 4 and the cone 2> = 3(z* + y?) that lies in
the first octant. Find its image E' under transformation to spherical
coordinates.

SOLUTION: The region F has four boundaries: the sphere, the cone
2z = /3y/22 + 32, the 2z plane (z > 0), and the yz plane (y > 0).
These boundaries are mapped onto, respectively, p = 2, cot¢ = /3
or ¢ = w/3, 0 =0, and § = 7/2. So E’ is the rectangle [0,2] x
[0,7/3] x [0,7/2]. The region E is intersected by all spheres with radii
0 < p <2, all cones with angles 0 < ¢ < 7/3, and all half-planes with
angles 0 < 0 < 7/2. O
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104.2.2. Volume Transformation Law. Let E’ be the image of a region
E under the transformation to spherical coordinates (14.19). Consider
a rectangular partition of E' by equispaced planes p = p;, ¢ = ¢;, and
0= ‘9k such that Pit1 — Pi = Ap, ¢j+1 — gbj = A¢, and 9k+1 — Gk = AG,
where Ap, A¢, and Af are small numbers that can be regarded as
differentials (or infinitesimal variations) of the spherical coordinates.
Each partition rectangle has volume AV’ = Ap A¢p Af. The rectan-
gular partition of £’ induces a partition of E by spheres, cones, and
half-planes. Each partition element is bounded by two spheres whose
radii differ by Ap, by two cones whose angles differ by A¢, and by two
half-planes the angle between which is Af. The volume of any such
partition element can be written as

AV = JAV’

because only terms linear in the variations Ap = dp, A¢ = d¢, and
A6 = df have to be retained. The value of J depends on a parti-
tion element (e.g., partition elements closer to the origin should have
smaller volumes by the geometry of the partition). The function J is
the Jacobian for spherical coordinates.

By means of (14.18), an integrable function f(z,y,z) can be writ-
ten in spherical coordinates. According to (14.13), in the three-variable
limit (Ap, Ap, AG) — (0,0,0), the Riemann sum for f for the partition
constructed converges to a triple integral of f.J expressed in the vari-
ables (p, ¢, 0) over the region £’ and thereby defines the triple integral
of f over E in spherical coordinates.

To find J, consider the image of the rectangle p € [po, po + Ap),
& € [bo, 0o + A, 0 € [0y, 0y + Af] under the transformation (14.18).
Since it lies between two spheres of radii pg and pg + Ap, its volume
can be written as AV = Ap AA, where AA is the area of the portion
of the sphere of radius py that lies between two cones and two half-
planes. Any half-plane 6 = 6, intersects the sphere p = py along a
half-circle of radius py. The arc length of the portion of this circle
that lies between the two cones ¢ = ¢y and ¢ = ¢g + A¢ is therefore
Aa = pygA¢. The cone ¢ = ¢y intersects the sphere p = py along a
circle of radius 7y = posin ¢y (see the text above (14.18)). Hence, the
arc length of the portion of this circle of intersection that lies between
the half-planes 6 = 6y and 6 = 6y + A is Ab = rg A = pgsin ¢ A6.
The area AA can be approximated by the area of a rectangle with
adjacent sides Aa and Ab. Since only terms linear in A¢ and Af are
to be retained, one can write AA = Aa Ab = pi sin ¢y Ap Af. Thus,
the volume transformation law reads

dV =JdV', J=p*sing.
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By the continuity of the Jacobian, the difference of the values of
J at any two sample points in a partition rectangle in E’ vanishes in
the limit (Ap, A¢p, Af) — (0,0,0); that is, the value of the Jacobian in
AV = J AV’ can be taken at any point within the partition element
when evaluating the limit. Therefore, for any choice of sample points,
the limit of the Riemann sum (14.13) for the constructed partition is

///Ef(x,y,z)dvz

/// f<psinqbcos¢9,psingbsin@,pcos¢>p281n¢dV'.

This relation defines the triple integral of f over E in spherical coor-
dinates. The triple integral over E’ has to be evaluated by converting
it to a suitable iterated integral.

EXAMPLE 14.24. Find the volume of the solid E bounded by the
sphere 2 + y? + 22 = 2z and the cone z = /22 + y2.

SOLUTION: By completing the squares, the equation 2%+ y? + 2% = 2z
is written in the standard form 2% + y* + (2 — 1)? = 1, which describes
a sphere of unit radius centered at (0,0,1). So £ is bounded from the
top by this sphere, while the bottom boundary of E' is the cone, and F
has no other boundaries. In spherical coordinates, the top boundary
becomes p? = 2pcos ¢ or p = 2 cos ¢. The bottom boundary is ¢ = /4.
The boundaries of £ impose no restriction on #, which can therefore
be taken over its full range. Hence, the image E’ admits the following
algebraic description:

E' = {(p6,0)|0 < p < 2c080, (6,0) € [0,7/4] x [0,2]}.

Since the range of p depends on the other variables, the integration with
respect to it must be carried out first when converting the triple integral
over I’ into an iterated integral (£’ is p simple, and the projection of
E’ onto the ¢f plane is the rectangle [0, 7/4] x [0,27]). The order in
which the integration with respect to # and ¢ is carried out is irrelevant
because the angular variables range over a rectangle. One has

V(E)://[Edvz///E,stmwv’
_ /O%/OWMSinng/OQCOSZdedqde

8 2w w/4 16 1
:—/ d9/ Cos3qz§singbdgz§:—7r/ uddu =,
3 Jo 0 3 Jive

where the change of variables u = cos ¢ has been carried out in the last
integral. U
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105. Change of Variables in Triple Integrals

Consider the transformation of an open region E’ in space into
an open region E defined by z = z(u,v,w), y = y(u,v,2), and z =
z(u, v, w); that is, for every point (u,v,w) € E’, these functions define
an image point (z,y,z) € E. If no two points in E’ have the same
image point, the transformation is one-to-one, and there is a one-to-one
correspondence between points of E and E’. The inverse transformation
exists and is defined by the functions v = u(z,y, 2), v = v(z,y, 2), and
w = w(z,y,2z). A point (zo,yo,20) = I is the intersection point of
three coordinate planes © = xg, y = ¥o, and z = zy. Alternatively,
it can also be viewed as the point of intersection of three coordinate
surfaces, u(x,y, z) = ug, v(r,y,z) = v, and w(x,y, z) = wp, where the
image of (ug, v, wp) under the one-to-one transformation is ry.

DEFINITION 14.11. (Jacobian of a Mapping).

Suppose that a one-to-one mapping of an open set E' onto E has con-
tinuous first-order partial derivatives. The quantity

/ / /

a T z Ty, Yu Zu
—a( 92 gt | of 4 A
(u, v, w) 2 2

15 called the Jacobian of the mapping.

DEFINITION 14.12. (Change of Variables).
A continuously differentiable one-to-one mapping of an open set E’
onto E is called a change of variables (or a change of coordinates) if
the Jacobian of the mapping does not vanish in E’.

As in the case of double integrals, a change of variables in space
can be used to simplify the evaluation of triple integrals. For exam-
ple, if there is a change of variables whose coordinate surfaces form a
boundary of the integration region F, then the new integration region
E’ is a rectangle, and the limits in the corresponding iterated integral
are greatly simplified in accordance with Fubini’s theorem.

105.1. The Volume Transformation Law. It is convenient to introduce
the following notations: (u,v,w) =r’ and (z,y, 2z) = r; that is, under
the change of variables,

(1420) 1= (x(r’), y(r'), z(r’)) or 1= (u(r), o(r), w(r)).

Let E{ be an infinitesimal rectangle in E', u € [ug,ug + Aul, v €
[vo, v + Av], and w € [wp, wy + Aw], where Au, Av, and Aw are
infinitesimal variations that can be viewed as differentials of the new
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variables. This means that all algebraic expressions involving Au, Awv,
and Aw are to be linearized with respect to them, and their higher
powers neglected. If Ey is the image of E{, the volumes of Ey and Ej
are proportional:

AV =JAV', AV = AulAvAw.

The objective is to calculate J. By the examples of cylindrical and
spherical coordinates, J is a function of the point (ug, vg, wp) at which
the rectangle Ej is taken. The derivation of J is fully analogous to the
two-variable case.

Let O, A’, B, and C' have the coordinates, respectively,

/
ry = (U,Q,’UU,U)O),
v, = (ug + Au, vy, wp) = ry + €1 Au,
/ A~
r, = (ug, vo + Av,wp) = 1y + € Av,

/ ~
r, = (ug, vo, wy + Aw) =1y + €3 Aw,

where €53 are unit vectors along the first, second, and third coordi-
nate axes. In other words, the segments O’A’, O’'B’, and O'C" are the
adjacent sides of the rectangle Ej. Let O, A, B, and C be the images
of O, A’, B’, and C’ in the region E. The volume AV of E, can be
approximated by the volume of the parallelepiped with adjacent sides
a=0A,b=0B, and ¢ = OC. Then

a = () —a(rh), y(xl) = y(rp), =) = 2(r))) = (h, vl 20) A,
b = ((x}) — w(rh), y(x) = y(xp), 2(xp) = 2(x0)) = (zl, v}, ) Ao,
¢ = (2(x) = 2(xh), y(rl) = y(rh), 2(0) = 2(x0)) = (s s L) A,

where all the differences have been linearized, for instance, x(r}) —
z(ry) = x(ry + €1 Au) — z(ry) = z),(ry) Au, by the definition of the
partial derivative of x(u,v,w) with respect to the first variable u. The
volume of the parallelepiped is given by the absolute value of the triple
product:

(14.21)
Ty Yu o
AV =la-(bxc)|=|det | 2, vy, =z ||AuvAvAw=JAV’
:E/ y/ Z/

where the derivatives are evaluated at (ug, vg, wp). The function J in
(14.21) is the absolute value of the Jacobian. The first-order partial
derivatives are continuous for a change of variables and so are the
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Jacobian and its absolute value. Similarly to the two-dimensional case,
it can also be proved that
~1
u
1
= =|det | v
O(u,v,w)
’ O(x,y,2) w

u
v
w

u
v
w

o(z,y,2)
I(u, v, w)

S~ ~

/
z
!/
z

8~y ~

(14.22)  J= ‘

8~
@~

/
This expression defines J as a function of the old variables (x,y, z).

105.2. Triple Integral in Curvilinear Coordinates. Consider a partition of
E'’ by equispaced planes u = u;, v = vj, and w = wy, w41 — u; = Au,
vjy1 — v; = Av, and wy41 — wr, = Aw. The indices (4, j, k) enumerate
planes that intersect E’. This rectangular partition of E’ corresponds
to a partition of £ by the coordinate surfaces u(r) = w;, v(r) = v;,
and w(r) = wy. If Ej; is the rectangle u € [u, uiy1], v; € [v5,v541],
and w € [wy, wgy1], then its image, being the corresponding partition
element of E, is denoted by Ejj;. A Riemann sum can be constructed
for this partition of £ (assuming as before that f is defined by zeros
outside F). The triple integral of f over E is the limit (14.13) which is
understood as the three-variable limit (Awu, Av, Aw) — (0,0,0). The
volume AVjjy. of Eyjy, is related to the volume of the rectangle £}, by
(14.21). By continuity of J, its value in (14.21) can be taken at any
sample point in £ . According to the definition of the triple integral,
the limit of the Riemann sum is the triple integral of f.J over the
region £’

THEOREM 14.11. (Change of Variables in a Triple Integral).
Let a continuously differentiable mapping E' — E have a non-vanishing
Jacobian, except perhaps on the boundary of E'. Suppose that f is
continuous on E and E is bounded by piecewise-smooth surfaces. Then

///Ef (x) v = / / )y, ()T () v,
(

N |0,y 2)
0= e

Evaluation of a triple integral in curvilinear coordinates follows the
same steps as for a double integral in curvilinear coordinates.

ExAMPLE 14.25. (Volume of an Ellipsoid).
Find the volume of a solid region E bounded by an ellipsoid z*/a® +
Y20+ 2%/ = 1.
SOLUTION: The integration domain can be simplified by a scaling
transformation x = au, y = bv, and z = cw under which the ellipsoid
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is mapped onto a sphere of unit radius u? 4+ v? + w? = 1. The image
E' of FE is a ball of unit radius. The Jacobian of this transformation is

a 0 0
J=|det {0 b O0]]|=abec.
0 0 ¢
Therefore,
V(E):///dV:/// JdV’:abc/// v’
E ! !

4
= abcV (E') = % abe.
O
When a = b = ¢ = R, the ellipsoid becomes a ball of radius R, and a
familiar expression for the volume is recovered: V = (47/3)R3.

105.3. Study Problems.

Problem 14.4. (Volume of a Tetrahedron).
A tetrahedron is a solid with four vertices and four triangular faces.
Let the vectors a, b, and c be three adjacent sides of the tetrahedron.
Find its volume.

SoLUTION: Consider first a tetrahedron whose adjacent sides are along
the coordinate axes and have the same length ¢q. From the geometry, it
is clear that six such tetrahedrons form a cube of volume ¢®. Therefore,
the volume of each tetrahedron is ¢®/6 (if so desired this can also be
established by evaluating the corresponding triple integral; this is left
to the reader). The idea is to make a change of variables such that a
generic tetrahedron is mapped onto a tetrahedron whose adjacent faces
lie in the three coordinate planes. The adjacent faces are portions of
the planes through the origin. The face containing vectors a and b is
perpendicular to vector n = a x b so the equation of this boundary is
n-r = 0. The other adjacent faces are similar:

n-r=0 or mx-+ny+nzz=0, n=ax b,
l-r=0 or Lz+by+lsz=0, l=cx a,
m-r=0 or miz+moy+mszz=0, m = b X c,

where r = (x,y, z). So, by puttingu =m-r,v =1-r, and w =n-r,
the images of these planes become the coordinate planes, w = 0, v = 0,
and v = 0. A linear equation in the old variables becomes a linear
equation in the new variables under a linear transformation. Therefore,
an image of a plane is a plane. So the fourth boundary of E’ is a plane
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through the points a’, b’, and ¢/, which are the images of r = a, r = b,
and r = c, respectively. One has a’ = (u(a),v(a),w(a)) = (¢,0,0),
where ¢ =a-m = a- (b x ¢) because a-n = 0 and a-1= 0 by the
geometrical properties of the cross product. Similarly, b’ = (0, ¢q,0)
and ¢’ = (0,0, ¢). Thus, the volume of the image region E’ is V(E') =
|q|?/6 (the absolute value is needed because the triple product can be
negative). To find the volume V' (E), the Jacobian of the transformation
has to be found. It is convenient to use the representation (14.22):

-1
my Mo Mg 1

J = |det ll l2 lg

n1 o ng

o= [ = [ff = [l v =

The volume V(E) is independent of the orientation of the coordinate
axes. It is convenient to direct the x axis along the vector a. The y axis
is directed so that b is in the zy plane. With this choice, a = (a4, 0, 0),
b = (b1,b2,0), and ¢ = (c1, ¢z, c3). A straight forward calculation shows
that ¢ = aybacs and J = (a?b3c3)~!. Hence, V(E) = |aibacs|/6. Finally,
note that |c3| = h is the height of the tetrahedron, that is, the distance
from a vertex c to the opposite face (to the zy plane). The area of that
face is A = ||a x b||/2 = |a1bs|/2. Thus,

T m-(ax )|

Therefore,

1

that is, the volume of a tetrahedron is one-third the distance from a
vertex to the opposite face, times the area of that face. O

106. Improper Multiple Integrals

In the case of one-variable integration, improper integrals occur
when the integrand is not defined at a boundary point of the integration
interval or the integration interval is not bounded. For example,

Vdx Vdx 1—at™ 1

14.23 — =1 — =1 = <1
( ) 0 TV alir(l)aa:” a0 1 — v 11—, 7 ’

or

1 @ 1
/ dz = lim dx— lim tan™ 1a:z.
0 1+$2

a—00 0 1 _23 a—00 2

Improper multiple integrals are quite common in many practical appli-
cations.
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106.1. Multiple Integrals of Unbounded Functions. Suppose a function
f(r) is not defined at a point ry that is a limit point of the domain of
f (any neighborhood of ry contains points of the domain of f). Here
r=(z,y,2) € Eorr=(x,y) € D. If in any small ball (or disk) B. of
radius ¢ centered at ry the values of |f(r)| are not bounded, then the
function f is said to be singular at ro. In this case, the upper and lower
sums cannot be defined because for some partition rectangles sup f or
inf f or both do not exist, and neither is defined a multiple integral of
f. If aregion E (or D) contains such a point, define the region E. (or
D.) by removing all points of E (or D) that also lie in the ball (disk)
B.. Suppose that f is integrable on E. (or D,) for any ¢ > 0 (e.g., it is
continuous). Then, by analogy with the one-variable case, a multiple
integral of f over E (or D) is defined as the limit
(14.24)

// de—hm//Ede or //fdA—hm/DfdA

provided, of course, the limit exists. If f is singular in a point set S,
then one can construct a set S. that is the union of balls of radius e
centered at each point of S. Then D, (or E.) is obtained by removing
S from D (or E).

Although this definition seems a rather natural generalization of the
one-variable case, there are subtleties that are specific to multivariable
integrals. This is illustrated by the following example. Suppose that

2 _ 2
y:—x

14.25 ) =L

(1425) fla) = o
is to be integrated over the sector 0 < 6 < 6, of a disk 2% + y? < 1,
where 6 is the polar angle. If the definition (14.24) is applied, then D,
is the portion of the ring £2 < 22 +y? < 1 corresponding to 0 < 8 < 6.
Then, by evaluating the integral in polar coordinates, one finds that

_ 2 O dr 1.
//g 52+y ——/0 cos(20) do 5 :551n(290)1n5.

The limit € — 0 does not exist for all §, such that sin(26y) # 0, whereas
the integral vanishes if 6y = kn/2, k = 1,2,3,4, for any € > 0. Let
0o = m/2. The integral vanishes because of symmetry, (z,y) — (y, ),
fly,x) = —f(x,y), while the integration region is invariant under this
transformation. The integrand is positive in the part of the domain
where 22 < y? and negative if y? > 22, and there is a mutual cancel-
lation of contributions from these regions. If the improper integral of
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the absolute value |f(z,y)| is considered, then no such cancellation can
occur, and the improper integral always diverges.

DEFINITION 14.13. (Conditional Convergence).

The improper integral is said to converge conditionally if the limait
(14.24) exists.

DEFINITION 14.14. (Absolute Convergence and Integrability).
The improper integral of a function f is said to converge absolutely if
the improper integral of the absolute value |f| converges, and in this
case, the function f is said to be absolutely integrable.

Consider a Riemann sum for an improper integral over a bounded
region where no sample points coincide with ry. The absolute inte-
grability of f guarantees that all Riemann sums remain bounded, and
hence they cannot diverge. Indeed,

= Zf(rp> AV,

and the sum on the right side converges in the limit N — oo by the
convergence of the integral of | f|. This conclusion holds independently
of the choice of a partition of the integration region and the choice of
sample points (with the aforementioned restriction).

If a function is not absolutely integrable, its iterated integrals may
still be well defined. However, the value of the iterated integral depends
on the order of integration (e.g., Fubini’s theorem may not hold). For
example, consider the function (14.25) over the rectangle D = [0, 1] x
[0,1]. It is not absolutely integrable on D as the improper integral
of |f| diverges as argued. On the other hand, consider a rectangular
partition of D where each partition rectangle has the area Ax Ay and
the sample point in the partition rectangle [0, Az] x [0, Ay| does not
coincide with the origin (where f is not defined). The limit of the
Riemann sum is the two-variable limit (Az, Ay) — (0,0). By taking
first Ay — 0 and then Ax — 0, one obtains an iterated integral in
which the integration with respect to y is carried out first:

[R(f, N

< 1f(x)| AV, < oo,

. ?/ Y
clzlir(l) “ llyl—r%/ (x2 + dydx—(llli% u llal—r>r(1)/ ayx2+y i

=1li 1l ! b d
e " bl—r>%<1+x2_x2—|—62> v

. U de /1 dx T
= lim = = —.
a—0 J, 1+ x? o 1+22 4
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Here (a,b) = (Ax, Ay). Alternatively, the limit Az — 0 can be taken
first and then Ay — 0, which results in the iterated integral in the
reverse order:

. 1 1
lim hm / vy 5 ypdrdy = —lim [ lim ngy dx

b—0 J, a—0 (22 4 y2)? b—0 J, a—0 J, Oz 2%+ 1>
1
1
= —lim hm( a )dy
=0 J, a—0\1+12 y2+a?
1 dy

m
b—0 J, 1+ 42

__/1 dy o«
o 1+92 4

This shows that the limit of the Riemann sum as a function of two
variables Ax and Ay does not exist because it depends on a path along
which the limit point is approached.

Thus, when dealing with an improper integral, the absolute con-
vergence (absolute integrability) must be established first. Then the im-
proper integral can be evaluated by means of the limit procedure (14.24).
An analogy can be made with the conditionally and absolutely conver-
gent series studied in Calculus II. If a series converges absolutely, then
the sum does not depend on the order of summation or rearrangement
of the series terms. If a series converges conditionally, but not ab-
solutely, then, by rearranging the terms, the sum can take any value
or even diverge. Riemann sums of conditionally convergent integrals
behave pretty much as conditionally convergent series. The following
theorem is useful to assess the integrability.

THEOREM 14.12. (Absolute Integrability Test).
If |f(r)] < g(r) for all v in D and g(r) is integrable on D, then f is
absolutely integrable on D.

EXAMPLE 14.26. Ewvaluate the triple integral of f(x,y,z) = (2% +
y? + 22)7! over a ball of radius R centered at the origin if it exists.

SoLUTION: The function is singular only at the origin. So the re-
stricted region E. lies between two spheres: ¢ < 22 + y? + 22 < R
Since |f| = f > 0 in D, the convergence of the integral over E. also
implies the absolute integrability of f. By making use of the spherical
coordinates, one obtains.

dv morm (R p26ing
—_ = dpdpdf = 4mr(R—e) — 47 R
///Ega:?+y2+22 /0 /0/ F dpdpds=dn(Be) = dn

as € — 0. So the improper integral exists and equals 47 R. 0
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EXAMPLE 14.27. Investigate the absolute integrability of f(x,y) =
z/(2% +y?)"/?, v > 0, on a bounded region D. Find the integral, if it
exists, over D, the part of the disk of unit radius in the first quadrant.

SOLUTION: The function is singular at the origin. Since f is continuous
everywhere except the origin, it is sufficient to investigate the integra-
bility on a disk centered at the origin. Put r = /22 4+ y? (the polar
radial coordinate). Then || < r and hence |f| < r/r* =r1"" =g. In
the polar coordiantes, the improper integral (14.24) of g over a disk of
unit radius is

2 ! ! —Ilne, v=3
d&/ grrderW/ 7“2”d1"227r{
/0 € () € 1_31/’ 7&3

The limit ¢ — 0 is finite if ¥ < 3. By the integrability test (Theo-
rem 14.12), the function f is absolutely integrable if v < 3. For v < 3
and D, the part of the unit disk in the first quadrant one infers that

w/2 1

hm/ fdA—hm//rCOSQ drdf = lim [ v~ dr = 1.
D,
0

The two examples studied exhibit a common feature of how the function
should change with the distance from the point of singularity in order
to be integrable.

THEOREM 14.13. Let a function f be continuous on a bounded re-
gion D of a Fuclidean space and let f be singular at a limit point r
of D. Suppose that |f(r)] < M|r — ro||™" for all v in D such that
lr — rol| < R for some R > 0 and M > 0. Then f is absolutely
integrable on D if v < n, where n is the dimension of the space.

PROOF. One can always set the origin of the coordinate system at rg
by the shift transformation r — r —ry. Evidently, its Jacobian is 1. So,
without loss of generality, assume that f is singular at the origin. Let
Bpr be the ball |r|| < R and let BE be the intersection of Br and D.
For n = 1, the integrability follows from (14.23). In the two-variable
case, the use of the polar coordinates yields dA = rdrdf, ||r|| = r, and

//BD'”M M//B Tl = //B Tel 2”M/

which is finite if ¥ < 2; the second inequality follows from that the
part BE is contained in Bp and the integrand is positive. In the three-
variable case, the volume element in the spherical coordinates is dV =



106. IMPROPER MULTIPLE INTEGRALS 259

p*sin ¢ dpdp df where ||r|| = p. So a similar estimate of the improper

triple integral of f over BY yields an upper bound 47 M fOR P> Vdp,
which is finite if v < 3. U

106.2. Multiple Integrals Over Unbounded Regions. Suppose f(r) is a
continuous function on an unbounded planar (or spatial) region D (or
E). Let Dy be the intersection of D with a disk of radius R centered
at the origin and let E'r be the intersection of F with a ball of radius
R centered at the origin. The integral of f over D (or E) is defined by

//Df(r)dA:P}i_Igo/DRf(r)dA or

o - [, o

The improper integral is said to converge absolutely if the limit of
integrals of the absolute value |f| exists as R — oo and the function
f is called absolutely integrable on D. The improper integral is called
conditionally convergent if the limit of integrals of f exists, while f
is not absolutely integrable. Since f < |f|, the absolute integrability
implies the existence of the improper integral.

EXAMPLE 14.28. Ewvaluate the double integral of f(x,y) = exp(—z?
—y?) over the entire plane.

SOLUTION: The function is positive and |f| = f. So it is sufficient to
investigate the convergence of the integral over Dpg, which is the disk
of radius R as R — 0. By making use of the polar coordinates,

s o 2 R ) R?
// eV dA = lim / / e "rdrdf =m lim e “du
D R=oo Jo  Jo R=o0 Jg

=7 lim (1 — e B =
Tt met) =

where the substitution v = r? has been made. 0
It is interesting to observe the following. Since the double integral

exists, it can also be represented as an iterated integral in rectangular

coordinates, which is the product of two improper ordinary integrals:

// 67I27y2dA _ / edex/ eindy — ]’2’
D —0o0 —00

I:/ e dr = /7

[e.9]
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because I? = 7 by the value of the double integral. A direct evaluation
of I by means of the fundamental theorem of calculus is problematic as
an antiderivative of e~ cannot be expressed in elementary function.

The integrability test (Theorem 14.12) holds for the case of un-
bounded regions. The asymptotic behavior of a function sufficient for
integrability on an unbounded region is stated in the following theorem,
which is an analog of Theorem 14.13.

THEOREM 14.14. Suppose [ is a continuous function on an un-
bounded region D of a Euclidean space such that |f(r)| < M||x||~ for
all ||r]] > R in D and some R > 0 and M > 0. Then f is absolutely
integrable on D if v > n, where n is the dimension of the space.

ProoF. Let R > 0. Consider the following one-dimensional improper
integral:

* dzx . “dx R ‘
— = lim — = lim

r TV  a—oco Jp oV a—><>01—I/R

if v # 1. The limit is finite if » > 1. When v = 1, the integral diverges
asIna. Let D; be the part of D that lies outside the ball By of radius R
and let Bz be the part of the space outside Bg. Note that By includes
D',. In the two-variable case, the use of the polar coordinates gives

2w 00
[ ans s [ - ]2
D}% B% 0 R

B
[ d
= 27TM/—TI,
rv—
R

which is finite, provided v—1 > —1 or v > 2. The case of triple integrals
is proved similarly by means of the spherical coordinates. The volume
element is dV = p?sin¢dpdpdh. The integration over the spherical
angles yields the factor 47 as 0 < ¢ < 7 and 0 < 6 < 27 for the region
B}, so that

//DZIfdv<//B{fdv<//B;%Mr—d‘y/4wMZ%

7 d
—47TM/—/)2,
2
R

which converges if v > 3. O
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106.3. Study Problems.

Problem 14.5. FEwvaluate the triple integral of f(z,y,2) = (z* +
y?) V2 (2% 4 y? 4 22)7V2 over E, which is bounded by the cone z =
V12 +y2 and the sphere x* + y* + 2% = 1 if it emists.

SOLUTION: The function is singular at all points on the z axis. Con-
sider F. obtained from E by eliminating from the latter a cone ¢ < ¢
and a ball p < e, where p and ¢ are spherical coordinates. To inves-
tigate the integrability, consider |f|dV = fdV in the spherical coordi-
nates: fdV = (p?sing) tp*sin¢dpdpdf = dpdp df which is regular.
So the function f is integrable as the image E’ of F in the spherical
coordinate is a rectangle (i.e., it is bounded). Hence,

2 w/4 1 2
lim// de:hm/// dpdgbd@:/ d@/ d(b/ dp =~
e—0 E. e—0 A 0 0 0 2

So the Jacobian cancels out all the singularities of the function. O

107. Line Integrals

Consider a wire made of a nonhomogeneous material. The inhomo-
geneity means that, if one takes a small piece of the wire of length As
at a point r, then its mass Am depends on the point r. It can therefore
be characterized by a linear mass density (the mass per unit length at
a point r):

Am(r)
= i :
o(r) A}ergo As
Suppose that the linear mass density is known as a function of r. What
is the total mass of the wire that occupies a space curve C'? If the curve
C has a length L, then it can be partitioned into /N small segments of
length As = L/N. If r} is a sample point in the pth segment, then the

total mass reads
N

M = ]&iiréozg(r;) As,
p=1
where the mass of the pth segment is approximated by Am,, ~ cr(r;) As
and the limit is required because this approximation becomes exact
only in the limit As — 0. The expression for M resembles the limit of
a Riemann sum and leads to the concept of a line integral of o along a
curve C.
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107.1. Line Integral of a Function. Let f be a bounded function in £
and let C' be a smooth (or piecewise-smooth) curve in E. Suppose C
has a finite arc length. Consider a partition of C' by its N pieces C,
of length As,, p = 1,2,..., N, which is the arc length of C, (it exists
for a smooth curve!). Put m, = infc, f and M, = sup., f; that is,
m,, is the largest lower bound of values of f for all r € C,, and M,
is the smallest upper bound on the values of f for all r € C,. The

upper and lower sums are defined by U(f,N) = Z;V:l M, As, and
L(f,N) = Z;f)v:l myp Asp.

DEFINITION 14.15. (Line Integral of a Function).
The line integral of a function f along a piecewise-smooth curve C' is

/f(r) ds — Tim U(f,N) = lim L(f, N),
C N—o0

N—o0

provided the limits of the upper and lower sums exist and coincide.
The limit is understood in the sense that max As, — 0 as N — o0
(the partition element of the mazimal length becomes smaller as N
increases).

The line integral can also be represented by the limit of a Riemann
sum:

N—oo

N
/f(r) ds = lim Zf(r;) As, = A}im R(f,N).
c =1 e

If the line integral exists, it follows from the inequality m,, < f(r) < M,
for all r € C, that L(f, N) < R(f,N) < U(f,N), and the limit of the
Riemann sum is independent of the choice of sample points r).

It is also interesting to establish a relation of the line integral with
a triple (or double) integral. Suppose that f is integrable on a region
E that looks like a wire of the shape C' with a cross section of a small
area AA at any point; that is, F is a “cylinder” whose axis is the curve
C. Then, in the limit AA — 0 (in the sense that the diameter of the
area element goes to 0),

(14.26) ﬁ///ﬁﬁf(r)d‘fe/cf(r)ds.

In other words, line integrals can be viewed as the limiting case of triple
(or double) integrals when two (or one) dimensions of the integration
region become infinitesimally small. This follows immediately from
considering a partition of £ by volume elements AV, = A AAs, in
(14.13). In particular, it can be concluded that the line integral exists
for any f that is continuous or has only a finite number of bounded



107. LINE INTEGRALS 263

Jump discontinuities along C. Also, the line integral inherits all the
properties of multiple integrals.
The evaluation of a line integral is based on the following theorem.

THEOREM 14.15. (Evaluation of a Line Integral).
Suppose that f is continuous in a region that contains a smooth curve

C'. Let a vector functionx(t), t € [a,b], trace out the curve C just once.
Then

(14.27) /f ds_/f Dl (0] dt.

ProOOF. Consider a partition of [a,b], t, =a+pAt,p=0,1,2,.... N,
where At = (b —a)/N. It induces a partition of C' by pieces C), so
that r(¢) traces out C, when ¢t € [t,—1,ty], p = 1,2,..., N. The arc
length of C,, is ft |lr'(t)|| dt = As,. Since C' is smooth, the tangent

vector r'(t) is a contlnuous function and so is its length ||r'(¢)||. By the
integral mean value theorem, there is ¢ € [t, 1,t,] such that As, =
[’ (t5)||At. Since f is integrable along C, the limit of its Riemann
sum is independent of the choice of sample points and a partition of
C. Choose the sample points to be r; = r(t;). Therefore,

/fds—hm Zf N ()] A = /f ) ()| dt.

Note that the Riemann sum for the line integral becomes a Riemann
sum of the function F(t) = f(r(t))|[r'(t)|| over an interval t € [a,b].
Its limit exists by the continuity of F and equals the integral of F
over [a, b]. O

The conclusion of the theorem still holds if f has a finite number of
bounded jump discontinuities and C' is piecewise smooth. The latter
implies that the tangent vector may only have a finite number of dis-
continuities and so does ||r’||. Therefore, F'(t) has only a finite number
of bounded jump discontinuities and hence is integrable.

107.2. Evaluation of a Line Integral.

Step 1. Find the parametric equation of a curve C, r(t) = (z(t),
y(t), 2(1))-

Step 2. Restrict the range of the parameter ¢t to an interval [a, b] so
that r(t) traces out C' only once when t € [a, b].

Step 3. Calculate the derivative r'(¢) and its norm ||r'(¢)]|.
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Step 4. Substitute z = x(t), y = y(t), and z = z(t) into f(x,y, z) and
evaluate the integral (14.27).

Remark. A curve C' may be traced out by different vector functions.
The value of the line integral is independent of the choice of paramet-
ric equations because its definition is given only in parameterization-
invariant terms (the arc length and values of the function on the curve).
The integrals (14.27) written for two different parameterizations of C'
are related by a change of the integration variable (recall the concept
of reparameterization of a spatial curve).

EXAMPLE 14.29. Evaluate the line integral of f(z,y) = 2%y over a
circle of radius R centered at the point (0, a).

SOLUTION: The equation of a circle of radius R centered at the origin
is 22 + y? = R?2 It has familiar parametric equations x = Rcost
and y = Rsint, where t is the angle between r(¢) and the positive x
axis counted counterclockwise. The equation of the circle in question is
22+ (y—a)? = R% So, by analogy, one can put. x = Rcost and y—a =
Rsint (by shifting the origin to the point (0,a)). Parametric equation
of the circle can be taken in the form r(t) = (Rcost,a + Rsint).
The range of ¢t must be restricted to the interval ¢t € [0,27] so that
r(t) traces the circle only once. Then r'(t) = (—Rsint, Rcost) and

|r'(t)]| = VR2sin?t + R2cos?t = R. Therefore,

2m 2m
/ z?y ds = / (Rcost)*(a+ Rsint)Rdt = R2a/ cos’tdt = mRa,
c 0 0

where the integral of cos? tsint over [0, 27r] vanishes by the periodicity
of the cosine function. The last integral is evaluated with the help of
the double-angle formula cos®t = (1 + cos(2t))/2. O

EXAMPLE 14.30. FEwaluate the line integral of f(x,y,z) =

\/3;152 + 3y? — 22 over the curve of intersection of the cylinder x®+1y* =
1 and the plane x +y + 2z = 1.

SOLUTION: Since the curve lies on the cylinder, one can always put
x = cost, y =sint, and z = 2(t), where z(t), is to be found from the
condition that the curve also lies in the plane: x(t) + y(t) + z(t) = 0
or z(t) = —cost — sint. The interval of ¢ is [0, 27] as the curve winds
about the cylinder. Therefore, r'(t) = (—sint,cost,sint — cost) and
|r'()]] = /2 —2sintcost = /2 — sin(2t). The values of the function
along the curve are f = /3 — (cost +sint)? = /2 —sin(2t). Note
that the function is defined only in the region 3(z? + y?) > 22 (outside
the double cone). It happens that the curve C' lies in the domain of f
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because its values along C' are well defined as 2 > sin(2t) for any t.
Hence,

/Cfds = /0 V2 — sin(2t)/2 — sin(2t)dt = /0 (2 —sin(2t)) dt = 4m

O

108. Surface Integrals

108.1. Surface Area. Let S be a surface in space. Suppose that it
admits an algebraic description as a graph of a function of two variables,
z = f(x,y), where (z,y) € D, or, at least, it can be viewed as a union
of a few graphs. For example, a sphere 2% + y? + 22 = 1 is the union of
two graphs, z = /1 — 22 —y? and z = —y/1 — 22 — y?, where (z,y)
are in the disk D of unit radius, 22 4+ y? < 1. What is the area of the
surface?

The question can be answered by the standard trick of integral
calculus. Consider a rectangular partition of D. Let AS;; be the area
of the part of the graph that lies above the rectangle (z,y) € [z;, z; +
Az] X ly;, y; +Ay] = R;j. The total surface area is the sum of all AS;;.
If the graph is a smooth surface (i.e., the function f is differentiable on
D) then AS;; can be approximated by the area of the parallelogram
that lies above I?;; in the tangent plane to the graph through the point
(z7, 95, 25), where 23, = f(z},y;) and (z],y;) € Rj; is any sample
point. Recall that the differentiability of f means that the linearization
of f (or the tangent plane approximation) becomes more and more
accurate as (Az,Ay) — (0,0). Therefore, in this limit, Az and Ay
can be viewed as the differentials dx and dy, and the areas AS;; and
AA = Az Ay must be proportional:

AS;; = Ji; AA.
The coefficient .Jj; is found by comparing the area of the parallelogram
in the tangent plane above R;; with the area AA of R;;. Think of the

roof of a building of shape z = f(x,y) covered by shingles of area AS;;.
The equation of the tangent plane is

z =z + [o(af, yp) (@ — a7) + fo(af, yi)(y — v;) = L(z,y).
Let O, A', and B’ be, respectively, the vertices (z;,y;,0), (z;+Ax, y;,0),
and (z;,y; + Ay, 0) of the rectangle R;;; that is, the segments O’A’ and
O'B’ are the adjacent sides of R;;. If O, A, and B are the points in
the tangent plane above O’, A’, and B’, respectlvely, then the adJacent

sides of the parallelogram in question are a = OA and b = OB and
AS;; =llaxDb|.
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By substituting O’ into the tangent plane equation, the coordinates
of the point O are found, (x;,y;, L(x;,y;)). By substituting A’ into
the tangent plane equation, the coordinates of the point A are found,
(z; + Az, y;, L(x; + Az, y;)). By the linearity of the function L, L(x; +
Ax,y;) — L(wy,y;) = fo(2},y;) Ar and a = (Ax,0, f; Az). Similarly,
b = (0, Ay, f, Ay). Hence,

axb=(-f, —f, 1) AzAy,

x

AS; = |lax bl = \/1+(f;)2+(f )2 AA = J(z,y;) AA,

where J(z,y) \/ L+ (f;)*+ (f))? Thus, the surface area is given by

AS)= 1 AA.
(S) (AM;?LOOZJ%%)

Since the derivatives of f are continuous, the function J(x,y) is con-

tinuous on D, and the Riemann sum converges to the double integral
of J over D.

THEOREM 14.16. (Surface Area).
Suppose that f(xz,y) has continuous first-order partial derivatives on
D. Then the surface area of the graph z = f(x,y) is given by

s) = [ Jis e aa

If 2 = const, then f, = f, = 0 and A(S) = A(D) as required

because S is D moved parallel into the plane z = const.

ExXAMPLE 14.31. Prove that the surface area of a sphere of radius
R is 4T R2.

SOLUTION: The hemisphere is the graph z = f(x,y) = /R? — 22 — 2
on the disk 2% + y? < R? of radius R. The area of the sphere is twice

the area of this graph. One has f;, = —z/f and f; = —y/f. Therefore,
J =142/ f2+y? [ = (f2 — 22 —y*)Y2/f = R/ f. Hence,

27
_QR// _QR/ 20 L
Rz—mQ—y R2 — 2

rdr * du
= 47R | —=—= =27R = 4nR?
o VR?—1r? o Vu
where the double integral has been converted to polar coordinates
and the substitution u = R? — r? has been used to evaluate the last

integral. 0
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EXAMPLE 14.32. Find the area of the part of the paraboloid z =
22+ y? in the first octant and below the plane z = 4.

SOLUTION: The surface in question is the graph z = f(z,y) = 22 +y%
Next, the region D must be specified (it determines the part of the
graph whose area is to be found). One can view D as the vertical
projection of the surface onto the xy plane. The plane z = 4 intersects
the paraboloid along the circle 4 = 22+ y? of radius 2. Since the surface
also lies in the first octant, D is the part of the disk 22 4+ y? < 4 in the
first quadrant. Then f, = 2z, f) = 2y, and J = (1 4 4a? + 4y%)'/2.
The surface area is

/2 2
A(S)://mdA:/ de/ JITT rdr
D 0 0

2
= z/ \/1—}—47"27“(1l7“:1

2 Jo 16 J;
where the double integral has been converted to polar coordinates
and the substitution u = 1 + 472 has been used to evaluate the last
integral. 0

17 T
Vu du = ﬂ(173/2 —1),

108.2. Surface Integral of a Function. An intuitive idea of the concept
of the surface integral of a function can be understood from the follow-
ing example. Suppose one wants to find the total human population
on the globe. The data about the population is usually supplied as
the population density (i.e., the number of people per unit area). The
population density is not a constant function on the globe. It is high
in cities and low in deserts and jungles. Therefore, the surface of the
globe must be partitioned by surface elements of area AS,. If o(r) is
the population density as a function of position r on the globe, then
the population on each partition element is approximately o(r;) AS,,
where r, is a sample point in the partition element. The approxima-
tion neglects variations of o within each partition element. The total
population is approximately the Riemann sum Zpa(r;) AS,. To get
an exact value, the partition has to be refined so that the size of each
partition element becomes smaller. The limit is the surface integral
of o over the surface of the globe, which is the total population. In
general, one can think of some quantity distributed over a surface with
some density (the amount of this quantity per unit area as a function
of position on the surface). The total amount is the surface integral of
the density over the surface.

Let f be a bounded function in E and let S be a surface in E that
has a finite surface area. Consider a partition of S by N pieces 5,,
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p = 1,2,..., N, which have surface area AS,. Put m, = infg f and
M, = supg, f; that is, m, is the largest lower bound of values of f
for all r € S, and M), is the smallest upper bound on the values of f
for all r € S,. The upper and lower sums are defined by U(f, N) =
Z;}V:l M, AS, and L(f,N) = Z;V:l my AS,. Let R, be the radius of
the smallest ball that contains S, and max, R, = Ry. A partition
of S is said to be refined if Ry, < Ry for N’ > N. In other words,
under the refinement, the sizes R, of each partition element become
uniformly smaller.

DEFINITION 14.16. (Surface Integral of a Function).
The surface integral of a function f over a surface S is

/ /S f(r)dS = lim U(.N) = lim L(f.N),

provided the limits of the upper and lower sums exist and coincide. The
limit is understood in the sense Ry — 0 as N — oo.

The surface integral can also be represented by the limit of a Rie-
mann sum:

N—oo N—oo

(14.28) / /S f(r)dS = lim > f(r;) AS, = lim R(f,N).

If the surface integral exists, it follows from the inequality m, < f(r) <
M, for all r € S, that L(f,N) < R(f,N) < U(f,N), and the limit
of the Riemann sum is independent of the choice of sample points r},.
Riemann sums can be used in numerical approximations of the surface
integral.

Similar to line integrals, surface integrals are related to triple inte-
grals. Suppose that f is integrable on a region E that looks like a shell
of the shape S with a constant small thickness Ah. Then, in the limit
Ah — 0,

(14.29) ﬁ///E f(r)dV — //s f(r)ds.

This follows immediately by considering a partition of £ by volume
elements AV, = AhAS, in (14.13). Hence, the surface integral exists
for any f that is continuous or has bounded jump discontinuities along
a finite number of smooth curves on S, and it inherits all the properties
of multiple integrals.
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108.3. Evaluation of a Surface Integral.

THEOREM 14.17. (Evaluation of a Surface Integral).
Suppose that [ is continuous in a region that contains a surface S
defined by the graph z = g(x,y) on D. Suppose that g has continuous
first-order partial derivatives on D. Then

(14.30)
//Sﬂx’y’z) ds = //D F (@, 92, )1+ (9)2 + (g)? dA.

Consider a partition of D by elements D, of area AA,, p=1,2, ...,
N. Let J(z,y) = \/1 + (9;)* + (g;)*. By the continuity of g, and g,

J is continuous on D. By the integral mean value theorem, the area of
the part of the graph z = g(z,y) over D, is given by

AS, = // J(z,y)dA = J(x,,y,) AA,
Dy

for some (z;,y;) € Dp. In the Riemann sum for the surface integral
(14.28), take the sample points to be r} = (x5, 45, 9(x;,y;)) € Sp.
The Riemann sum becomes the Riemann sum (14.3) of the function
F(z,y) = f(z,y,9(x,y))J(z,y) on D. By the continuity of F', it con-
verges to the double integral of F' over D. The argument given here is
based on a tacit assumption that the surface integral exists according
to Definition 14.16, and hence the limit of the Riemann sum exists and
is independent of the choice of sample points. It can be proved that
under the hypothesis of the theorem the surface integral exists.

The evaluation of the surface integral involves the following steps:

Step 1. Represent S as a graph z = g(z,y) (i.e., find the function g
using a geometrical description of .S).

Step 2. Find the region D that defines the part of the graph that
coincides with S (if S is not the entire graph).

Step 3. Calculate the derivatives g, and g, and the area transforma-
tion function J, dS = J dA.

Step 4. Evaluate the double integral (14.30).

EXAMPLE 14.33. Evaluate the integral of f(x,y,z) = z over the
part of the saddle surface z = xy that lies inside the cylinder x*>+y? = 1
in the first octant.

SOLUTION: The surface is a part of the graph z = g(z,y) = xy. Since
it lies within the cylinder, its projection onto the xy plane is bounded
by the circle of unit radius, 22 4+ y? = 1. Thus, D is the quarter of the
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disk z* + ¢* < 1 in the first quadrant. One has ¢, =y, g, = =, and
J(z,y) = (1 + 2 + y*)'/2. The surface integral is

[ =as = [[ sviziipan
S D
7'('/2 1
:/ cos&sin&d@/ 2172 rdr
0 0

/2]

—/j(u— 1) du

sin? 6

2 lo 2
B 1<u5/2 u3/2>‘2_ 2(4v/2 +1)
2\ 5 3 /h 15 ’
where the double integral has been converted to polar coordinates and
the last integral is evaluated by the substitution u = 1 + 2. U

108.4. Parametric Equations of a Surface. The graph z = g(z,y), where
(x,y) € D defines a surface S in space. Consider the vectors r(u,v) =
(u,v,g(u,v)) where the pair of parameters (u,v) spans the region D.
The vector function r(u,v) of two variables defines a one-to-one map-
ping of the region D into space so that the image of D is the surface S.
Consider now a region D spanned by the ordered pairs (u,v). Three
functions z(u,v), y(u,v), and z(u,v) on D define a mapping of D into
space r(u,v) = (z(u,v),y(u,v), z(u,v)). The range of this mapping is
called a surface in space, and the equations z = z(u,v), y = y(u,v),
and z = z(u,v) are called parametric equations of this surface.
For example, the equations

(14.31) r = Rcosvsinu, y= Rsinvsinu, z= Rcosu

are parametric equations of a sphere of radius R. Indeed, by comparing
these equations with the spherical coordinates, one finds that (p, ¢, 6) =
(R, u,v); that is, when (u,v) range over the rectangle [0, 7| x [0, 27],
the vector (x,y, z) = r(u,v) traces out the sphere p = R. An apparent
advantage of using parametric equations of a surface is that the surface
no longer needs be represented as a graph. Here a sphere is described
by one vector-valued function of two variables.

DEFINITION 14.17. Let r(u,v) be a vector function on an open re-
gion D that has continuous partial derivatives r!, and r! on D. The
range S of the vector function is called a smooth surface if S is covered
Just once as (u,v) ranges throughout D and the vector ri, X rl is not
zero.
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An analogy can be made with parametric equations of a curve in
space. A curve in space is a mapping of an interval |a,b] into space
defined by a vector function of one variable r(t). If r'(t) is continuous
and 1/(t) # 0, then the curve has a continuous tangent vector and
the curve is smooth. Similarly, the condition r) X r/ # 0 ensures
that the surface has a continuous normal vector just like a graph of
a continuously differentiable function of two variables. This will be
explained shortly after the discussion of a few examples.

EXAMPLE 14.34. Find the parametric equations of the double cone
22 =2+ 9y

SOLUTION: Suppose z # 0. Then (z/2)? + (y/z)*> = 1. The solution
of this equation is z/z = cosu and y/z = sinu, where u € [0,2m).
Therefore, the parametric equations are

r=wcosu, Yy=wvsinu, 2z=uv,

where (u,v) € [0,27) X (—00, 00) for the whole double cone. Of course,
there are many different parameterizations of the same surface. They
are related by a change of variables (u,v) € D < (s,t) € D', where
s = s(u,v) and t = t(u,v). O

EXAMPLE 14.35. A torus is a surface obtained by rotating a circle
about an axis outside the circle and parallel to its diameter. Find the
parametric equations of a torus.

SOLUTION: Let the rotation axis be the z axis. Let R be the distance
from the 2 axis to the center of the rotated circle and let a be the radius
of the latter, @ < R. In the xz plane, the rotated circle is 22+ (x—a)? =
R%. Let (z0,0, z9) be a solution to this equation. The point (zg, 0, zo)
traces out the circle of radius zy upon the rotation about the z axis. All
such points are (zq cos v, zgsinv, zg), where v € [0,27). All that is left
is to parameterize all solutions (o, 0, 29), which is simply zy = Rsinu
and zog — a = Rcosu. Thus, the parametric equations of a torus are

(14.32)
r=(R+acosu)cosv, y=(R+acosu)sinv, z= Rsinu,
where (u,v) € [0,27) x [0, 2) O

The parametric equations of a surface are convenient for evaluating
the surface integrals. If the region D spanned by the parameters (u,v)
is partitioned by rectangles of area AA = Awu Awv, then the mapping
r(u,v) defines a partition of the surface. So the surface integral can
be converted into a double integral over D if one establishes the area
transformation law AS = J AA. Consider a rectangle (u,v) € [ug, uo+
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Au] X [vg,vg + Av] = Ry. Let its vertices O', A’, and B’ have the
coordinates (ug, vo), (ug+ Au,vg), and (ug, vo + Av), respectively. The
segments O’ A" and O’ B’ are the adjacent sides of the rectangle Ry. Let
O, A, and B be the images of these points in the surface. Their position
vectors are ro = r(ug, Vg), rq = r(up+ Au,vg), and r, = r(ug, v + Av),
respectively. The area AS of the image of the rectangle Ry can be
approximated by the area of the parallelogram with adjacent sides:

a=0A=r, —ro=r(uy+ Au, vy) — r(ug, vo) = ¥, (ug, v) Au,

b=0OB=r,—1y= r(ug, vo + Av) — r(ug, vo) = 1, (ug, vo) Av,
which hold in the limit (Au, Av) — (0,0) (when du = Au and dv =
Av) under the assumption that the components of r(u,v) are contin-
uously differentiable. Note that if the surface is a graph z = g(z,vy),
then r(u,v) = (u, v, g(u,v)), and the vectors a and b are given by the
familiar expressions a = (1,0,¢,,) Au and b = (0,1, ¢g,) Av. The vec-
tor r(u,vy) (one argument is fixed, v = vy) traces out a curve in the
surface. The derivative r/ (u,vp) is tangent to the curve and hence to
the surface. A similar argument applies to r;. Thus, the derivatives r/,

and r! are tangent to the surface and, hence, their cross product must
be normal to it.

COROLLARY 14.5. (Normal to a Parametric Surface).
Let a smooth surface be described by the parametric equations r =
r(u,v). Then the vector n =r! X r! is normal to the surface.

The area transformation law is now easy to find: AS = |la x b|| =
||r;, x 1! ||AA. The surface integral can be written as the double integral

J[swras = [[ st opie, < jaa

and, in particular,
A(S) = / / I, x 1| dA.
D

EXAMPLE 14.36. Find the surface area of the torus (14.52).

SoLUuTION: To simplify the notation, put w = R + acosu. One has
= (—asinucosv, —asinusinv, Rcosu),

= (—(R+acosu)sinv, (R+ acosu)cosv, 0)

= w(—sinwv, cosv, 0),

n=r, xr, =w(—acosvcosu, —acosvcosu, —asinu),

J = v, x 1| = aw = a(R + acosu).



109. MOMENTS OF INERTIA AND CENTER OF MASS 273

The surface area is

2 2
A(S):// J(u,v)dA:/ / a(R + acosu) dvdu = 47 Ra
D o Jo
U

EXAMPLE 14.37. Ewvaluate the surface integral of f(x,y,z) =
2%(2% +y?) over a sphere of radius R centered at the origin.

SOLUTION: Using the parametric equations (14.31), one finds

r,, = (Rcosvcosu, Rsinvcosu, —Rsinu),

/
u
/
r’U

= (—Rsinvsinu, Rcosvsinu, 0)
= Rsinu(—sinv, coswv, 0),
n=r, xr, = Rsinu(Rsinucosv, Rsinusinv, Rcosu)
= Rsinu r(u,v),
J = |Ir, xrl|| = R*sinu,
f(r(u,v)) = (Rcosu)’R?sin?u = R* cos® u(1 — cos®u).

Note that sinu > 0 because u € [0, 7] (u = ¢ and v = 6). Therefore,
the normal vector n is outward (parallel to the position vector; the
inward normal would be opposite to the position vector.) The surface
integral is

//gfdsz//D f(r(u, v))J(u,v) dA

27 i
= RG/ dv/ cos? u(1 — cos® u) sin u du
0 0

1
8
= 27TR6/ w?(1 — w?) dw = °r RS,
-1 15
where the substitution w = cosw« has been made to evaluate the last
integral. 0

109. Moments of Inertia and Center of Mass

An important application of multiple integrals is finding the center
of mass and moments of inertia of an extended object. The laws of
mechanics say that the center of mass of an extended object on which
no external force acts moves along a straight line with a constant speed.
In other words, the center of mass is a particular point of an extended
object that defines the trajectory of the object as a whole. The motion
of an extended object can be viewed as a combination of the motion of
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its center of mass and rotation about its center of mass. The kinetic
energy of the object is

+ Krota

where M is the total mass of the object, v is the speed of its center of
mass, and K, is the kinetic energy of rotation of the object about its
center of mass; the latter quantity is determined by moments of inertia.
For example, when docking a spacecraft to a space station, one needs
to know exactly how long the engine should be fired to achieve the
required position of its center of mass and the orientation of the craft
relative to it, that is, how exactly its kinetic energy has to be changed
by firing the engines. So its center of mass and moments of inertia
must be known to accomplish the task.

109.1. Center of Mass. Consider a point mass m fixed at an endpoint
of a rod that can rotate about its other end. If the rod has length L
and the gravitational force is normal to the rod, then the quantity gmL
is called the rotational moment of the gravitational force mg, where g
is the free acceleration. If the rotation is clockwise (the mass is at
the right endpoint), the moment is assumed to be positive, and it is
negative, —gmL, for a counterclockwise rotation (the mass is at the left
endpoint). More generally, if the mass has a position x on the = axis,
then its rotation moment about a point z. is M = (z — z.)m (omitting
the constant g). It is negative if < x. and positive when z > z..
The center of mass is understood through the concept of rotational
moments.

The simplest extended object consists of two point masses m; and
msy connected by a massless rod. Suppose that one point of the rod
is fixed so that it can only rotate about that point. The center of
mass is the point on the rod such that the object would not rotate
about it under a uniform gravitational force applied along the direction
perpendicular to the rod. Evidently, the position of the center of mass
is determined by the condition that the total rotational moment about
it vanishes. Suppose that the rod lies on the z axis so that the masses
have the coordinates x; and x5. The total rotational moment of the
object about the point z. is M = M;+ My = (21 —x.)mq + (22— x.)ma.
If x. is such that M = 0, then
- mix1 + Moo

— d¢ — L =0 - c
my(zy — x.) + ma(zg — x.) x —
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The center of mass (z, y.) of point masses m;, i = 1,2, ..., N, positioned
on a plane at (x;,y;) can be understood as follows. Think of the plane
as a plate on which the masses are positioned. The gravitational force
is normal to the plane. If a rod is put underneath the plane, then
due an even distribution of masses the plane can rotate about the
rod. When the rod is aligned along either the line x = z. or the line
Yy = Y., the plane with distributed masses on it does not rotate under
the gravitational pull. In other words, the rotational moments about
the lines x = x, and y = y. vanish. The rotational moment about the
line x = x, or y = y. is determined by the distances of the masses from
this line:
N

N
d (@wi—z)mi=0 = z.= %;mm M

=1

<

N
) m = E mg,
=1

m
N N N
> Wi—yemi=0 = yCZ%Zmi?ﬁZK, m=>Y_m,
=1 =1

- m
=1

8

where m is the total mass. The quantity M, is the moment about the
y axis (the line = 0), whereas M, is the moment about the z axis
(the line y = 0).

The center of mass of a general extended object is defined similarly
by demanding that the total moments about either of the planes x = =z,
or y = y., or z = 2. vanish. Thus, if r. is the position vector of the
center of mass, it satisfies the condition:

Zmi(ri - I‘c) =0,

where the vectors r; — r. are position vectors of masses relative to the
center of mass.

DEFINITION 14.18. (Center of Mass).
Suppose that an extended object consists of N point masses m;, i =
1,2, ..., N, whose position vectors are r;. Then its center of mass is a
point with the position vector

1 & Y
(14.33) re=— mr,  om=y m
=1 =1

where m is the total mass of the object.

If an extended object contains continuously distributed masses,
then the object can be partitioned into N small pieces. Let B; be
the smallest ball of radius R; within which the ith partition piece lies.
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Although all the partition pieces are small, they still have finite sizes
R;, and the definition (14.33) cannot be used because the point r; could
be any point in B;. By making the usual trick of integral calculus, this
uncertainty can be eliminated by taking the limit N — oo in the sense
that all the partition sizes tend to 0 uniformly, R; < max; R; = Ry — 0
as N — oo. In this limit, the position of each partition piece can be
described by any sample point r; € B;. The limit of the Riemann sum
is given by the integral over the region F in space occupied by the ob-
ject. If o(r) is the mass density of the object, then Am; = o(r}) AV},
where AV} is the volume of the ith partition element and

oo b S L[] eowar. e [[f v

In practical applications, one often encounters extended objects whose
one or two dimensions are small relative to the other (e.g., shell-like
objects or wirelike objects). In this case, the triple integral is simplified
to either a surface (or double) integral for shell-like E, according to
(14.29), or to a line integral, according to (14.26). For two- and one-
dimensional extended objects, the center of mass can be written as,
respectively,

rc:i//ra(r)ds, m://ardS

m.JJs S

rc:i/ra(r)ds, m:/ar ds
m.Jjo c

where, accordingly, o is the surface mass density or the line mass den-
sity for two- or one-dimensional objects. In particular, when S is a
planar, flat surface, the surface integral turns into a double integral.
The concept of rotational moments is also useful for finding the
center of mass using the symmetries of the mass distribution of an
extended object. For example, the center of mass of a disk with a
uniform mass distribution apparently coincides with the disk center
(the disk would not rotate about its diameter under the gravitational

pull).
EXAMPLE 14.38. Find the center of mass of the half-disk x* +vy? <

R?, y > 0, if the mass density at any point is proportional to the
distance of that point from the x axis.

SOLUTION: The mass is distributed evenly to the left and right from
the y axis because the mass density is independent of x, o(x,y) = ky
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(k is a constant). So, the rotational moment about the y axis vanishes;
M, = 0 by symmetry and hence z. = M,/m = 0. The total mass is

m://adA:k://ydA—k/ / rsin@ rdrdf
D

2 3
= Zk/ r?dr = bl ,
0 3

where the integral has been converted to polar coordinates. The mo-
ment about the z axis (about the line y = 0) is

4
M, // yo dA = / / (7 sin 6)? Tdrdﬁ—ﬂk r3dT:7Tk8R.

So y. = M,/m = 37R/16. O

EXAMPLE 14.39. Find the center of mass of the solid that lies be-
tween spheres of radii a < b centered at the origin and is bounded by

the cone z = /22 + y2/\/3 if the mass density is constant.

SOLUTION: The mass is evenly distributed about the zz and yz planes.
So the moments M,, and M,, about them vanish, and hence y. =
M,,/m =0 and z. = My,/m = 0. The center of mass lies on the
z axis. Put 0 = k = const. The total mass is

m = ///ad‘/—k;/%/ﬂ/g/psmqﬁdpdgﬁdﬁ— 0 — a¥),

where the triple integral has been converted to spherical coordinates.
The boundaries of E are the spheres p = a and p = b and the cone
defined by the condition cot¢ = 1/v/3 or ¢ = /3. Therefore, the
image E' of F under the transformation to spherical coordinates is the
rectangle (p, ¢,0) € E' = [a,b] x [0,7/3] x [0,27]. The full range is
taken for the polar angle 6 as the equations of the boundaries impose
no condition on it. The moment about the zy plane is

M,, = /// 2o dV = k/%/ﬂ/g/ pcos ¢ p? sin ¢ dp de df

_ 3mk
=76 O
So z. = My, /m = (9/16)(a + b)(a® + b?)/(a* + ab + b?). O

109.2. Moments of Inertia. Consider a point mass m rotating about an
axis vy at a constant rate of w rad/s (called the angular velocity). If
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the radius of the circular trajectory is R, then the linear velocity of the
object is v = wR. The object has the kinetic energy
mv?  mR2w? IWwQ
Krot = = =
2 2 2
The constant I, is called the moment of inertia of the point mass m
about the axis . Similarly, consider an extended object consisting of
N point masses. The relative positions of the masses do not change
when the object moves. So, if the object rotates about an axis v at
a constant rate w, then each point mass rotates at the same rate and
hence has kinetic energy m; R?w?/2, where R; is the distance from the
mass m; to the axis 7. The total kinetic energy is Ko = I,w?/2, where

the constant
N
i=1

is called the moment of inertia of the object about the axis v. It is
independent of the motion itself and determined solely by the mass
distribution and distances of the masses from the rotation axis.
Suppose that the mass is continuously distributed in a region E with
the mass density o(r). Let R,(r) be the distance from a point r € E
to an axis (line) v. Consider a partition of £ by small elements E; of
volume AV;. The mass of each partition element is Am; = o(r}) AV
for some sample point r} € E; in the limit when all the sizes of partition
elements tend to 0 uniformly. The moment of inertia about the axis 7y is

_ 2( 2(
f]\}l_rgoZR r;)o(r;) AV; = ///R

in accordance with the Riemann sum for triple integrals (14.13). In
particular, the distance of a point (x,y, z) from the z-, y-, and z axes

is, respectively, R, = \/y* + 22, R, = Va2 + 2%, and R, = \/2? + y%

So the moments of inertia about the coordinate axes are

Ix:///E(gf—l—zQ)adV, [y:///E(IL’Q—i-ZQ)UdV,
IZ:///E(x2+y2)adV

In general, if the axis v goes through the origin parallel to a unit vector
1, then by the distance formula between a point r and the line,
(14.34)

2 2 N _ & . _ 2 a2
Ri(r)=[axr[|*=(axr)-(Axr)=0-(rx(@xr)) =r"—(a-r),
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where the bac — cab rule (see Study Problem 11.16) has been used to
transform the double cross product.

If one or two dimensions of the object are small relative to the
other, the triple integral is reduced to either a surface integral or a
line integral, respectively, in accordance with (14.29) or (14.26); that
is, for two- or one-dimensional objects, the moment of inertia becomes,
respectively,

L= [[®wewas. 1= [ Rt as

where o is either the surface or linear mass density.

EXAMPLE 14.40. A rocket tip is made of thin plates with a constant
surface mass density o = k. It has a circular conic shape with base
diameter 2a and distance h from the tip to the base. Find the moment
of inertia of the tip about its axis of symmetry.

SOLUTION: Set up the coordinate system so that the tip is at the
origin and the base lies in the plane z = h; that is the symmetry
axis coincides with the z axis. If ¢ is the angle between the z axis
and the surface of the cone, then cot ¢ = h/a and the equation of the
cone is z = cot ¢/ x? + y2. Thus, the object in question is the surface
(graph) z = g(x,y) = (h/a)y/2% + y? over the region D: 2%+ y? < a?.
To evaluate the needed surface integral, the area transformation law
dS = JdA should be established. One has ¢/ = (hx/a)(z? + y?)~1/2
and ¢/ = (hy/a)(2?® + y?)~'/2 so that

7= 15 (@ + (g = VT ey =

a

The moment of inertia about the z axis is

I ://(:U2—|—y2)adS:k‘//(x2—i—y2)JdA
s D
27 a 7T]€
:kJ/ d@/ r?’dr:7&3vh2+a2
0 0
O

EXAMPLE 14.41. Find the moment of inertia of a homogeneous ball
of radius a and mass m about its diameter.

SOLUTION: Set up the coordinate system so that the origin is at the
center of the ball. Then the moment of inertia about the z axis has
to be evaluated. Since the ball is homogeneous, its mass density is
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constant, ¢ = m/V, where V = 4ma®/3 is the volume of the ball. One
has

2
]Z:/// 2* +y*odV = / / (psin ¢)?p*sin ¢ dp do db
47ra3

3 3 ! 2 2
= 1Oma /0 sin® ¢ dg = 0" /1(1 u”) du = Fma’,
where the substitution © = cos ¢ has been made to evaluate the inte-
gral. It is noteworthy that the problem admits a smarter solution by
noting that I, = I, = I,, owing to the rotational symmetry of the mass
distribution. By the identity I, = (I, + I, + 1.)/3, the triple integral
can be simplified:

1 1 @ 2
I,=-0 /// 202 + 2 + 2H)dV = —087r/ ptdp = Zma®
3 . 37°7 ), 5

109.3. Study Problems.

Problem 14.6. Find the center of mass of the shell described in Ex-
ample 14.40.

SOLUTION: By the symmetry of the mass distribution about the axis
of the conic shell, the center of mass must be on that axis. Using the

algebraic description of a shell given in Example 14.41, the total mass
of the shell is

m://SadS:k://SdS:k:J//DdA:kJA(D):ﬂka\/m.

The moment about the xy plane is

M,, ://zadS:k;// (h/a)\/x? +y?J dA = kjh/ V24 y2dA
2m
= kjh/ / r?drdf = 2W§ha\/m

Thus, the center of mass is at the distance z, = M,,/m = 2h/3 from
the tip of the cone. O

Problem 14.7. (Parallel Axis Theorem).
Let I, be the moment of inertia of an extended object about an axis ~y
and let . be a parallel axis through the center of mass of the object.
Prove that

['Y = I’Yc + ng,
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where R, is the distance between the axis v and the center of mass, and
m 1s the total mass.

SOLUTION: Choose the coordinate system so that the axis v goes
through the origin. Let it be parallel to a unit vector ti. The dif-
ference I, — I, is to be investigated. If r. is the position vector of the
center of mass, then the axis 7. is obtained from ~ by parallel trans-
port of the latter along the vector r.. Therefore, the distance Ric(r) is
obtained from R2(r) (see (14.34)) by changing the position vector r in
the latter to the position vector relative to the center of mass, r — r,.
In particular, R2(r.) = R? by the definition of R,. Hence,

R(r) - R2.(1) = R2(r) — B2 —.)
=2rc-r—1r2—(0-r.)20-r—1-r.)
=r—(A-r.)? +2r.-(r—r.) —2(a-r)a-(r—r.)
=R>-2a-(r—r.),

where a =r. — (- r.)u. Therefore,

no= [ (R0 = R )t av
—RZ/// r)dV —2a - ///r—rc r)dV = R'm

where the second integral vanishes by the definition of the center of
mass. U

Problem 14.8. Find the moment of inertia of a homogeneous ball of
radius a and mass m about an axis that is at a distance R from the ball
center.

SoLUTION: The center of mass of the ball coincides with its center
because the mass distribution is invariant under rotations about the
center. The moment of inertia of the ball about its diameter is I, =
(2/5)ma® by Example 14.41. By the parallel axis theorem, for any
axis v at a distance R from the center of mass, I, = I,, + mR? =
m(R? + 2a%/5). O






CHAPTER 15

Vector Calculus

110. Line Integrals of a Vector Field

110.1. Vector Fields. Consider an air flow in the atmosphere. The air
velocity varies from point to point. In order to describe the motion of
the air, the air velocity must be defined as a function of position, which
means that a velocity vector has to be assigned to every point in space.
In other words, in contrast to ordinary functions, the air velocity is a
vector-valued function of the position vector in space.

DEFINITION 15.1. (Vector Field).
Let E be a subset in space. A wvector field on E is a function F that
assigns to each point r = (x,y, z) a vector F(r) = (Fi(r), F(r), F3(r)).
The functions Fy, Fs, and Fs are called the components of the vector
field F.

A vector field is continuous if its components are continuous. A
vector field is differentiable if its components are differentiable.

A simple example of a vector field is the gradient of a function,
F(r) = Vf(r). The components of this vector field are the first-order
partial derivatives:

F(r)=Vf({r) <« k() =[fir), FBr)=/[fr), Fr) =)

Many physical quantities are described by vector fields. Electric and
magnetic fields are vector fields. Light waves, radio waves, TV waves,
and waves used in cell phone communications are all electromagnetic
waves that are alternating electromagnetic fields. The propagation of
electromagnetic waves in space is described by differential equations
that relate electromagnetic fields at each point in space and each mo-
ment of time to a distribution of electric charges and currents (e.g.,
antennas). The gravitational force looks constant near the surface of
the Earth, but on the scale of the solar system this is not so. The
gravitational force exerted by a planet of mass M on a spacecraft of
mass m depends on the position of the spacecraft relative to the planet
center according to Newton’s law of gravity:
Fr) = _2Mm (—GMm%, —GMmZY —GMmi),

r3 r3’ r3

283
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where GG is Newton’s gravitational constant, r is the position vector
relative to the planet center, and r = ||r|| is its length (the distance
between the planet center and the spacecraft). The force is propor-
tional to the position vector and hence parallel to it for each point in
space. The minus sign indicates that F is directed opposite to r, that
is, the force is attractive; the gravitational force pulls toward its source
(the planet). The magnitude ||F|| = GMmr—2 decreases with increas-
ing distance r. So the gravitational vector field can be visualized by
plotting vectors of length ||F|| at each point in space pointing toward
the origin. The magnitudes of these vectors become smaller for points
farther away from the origin. This observation leads to the concept of
flow lines of a vector field.

110.2. Flow Lines of a Vector Field.

DEFINITION 15.2. (Flow Lines of a Vector Field).
The flow line of a vector field ¥ is a curve in space such that, at any
point r, the vector field F(r) is tangent to it.

The direction of F defines the orientation of flow lines; that is,
the direction of a tangent vector F is shown by arrows on the flow
lines. For example, the flow lines of the planet’s gravitational field are
straight lines oriented toward the center of the planet. Flow lines of
a gradient vector field F = V f are normal to level surfaces of f and
oriented in the direction in which f increases (most rapidly). They are
the curves of steepest ascent of the function f. Flow lines of the air
velocity vector field are often shown in weather forecasts to indicate
the wind direction over large areas. For example, flow lines of the air
velocity of a hurricane would look like closed loops around the eye of
the hurricane.

The qualitative behavior of flow lines may be understood by plotting
vectors F at several points r; and sketching curves through them so
that the vectors F; = F(r;) are tangent to the curves. Finding the
exact shape of the flow lines requires solving differential equations. If
r = r(t) is a parametric equation of a flow line, then r'(¢) is parallel
to F(r(t)). So the derivative r/(t) must be proportional to F(r(t)),
which defines a system of differential equations for the components of
the vector function r(t), for example, r'(t) = F(r(t)).

ExXAMPLE 15.1. Analyze flow lines of the planar vector field F =
(—y,x,0).

SOLUTION: By noting that F - r = 0, it is concluded that at any
point F is perpendicular to the position vector r = (x,y,0) in the
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plane. So flow lines are curves whose tangent vector is perpendicular
to the position vector. If r = r(¢) is a parametric equation of such a
curve, then r(¢) - /(t) = 0 or (d/dt)r*(t) = 0 and hence r*(t) = const,
which is a circle centered at the origin. So flow lines are concentric
circles. At the point (1,0,0), the vector field is directed along the y
axis: F(1,0,0) = (0,1,0) = é,. Therefore, the flow lines are oriented
counterclockwise. The magnitude ||F| = /22 4 y? remains constant
on each circle and increases with increasing circle radius. 0

110.3. Line Integral of a Vector Field. The work done by a constant
force F in moving an object along a straight line is given by

W=F-d,

where d is the displacement vector. Suppose that the force varies in
space and the displacement trajectory is no longer a straight line. What
is the work done by the force? This question leads to the concept of
the line integral of a vector field.

Let C be a smooth curve that goes from a point r, to a point
r, and has a length L. Consider a partition of C' by segments C,
i=1,2,...,N, of length As = L/N. Since the curve is smooth, each
segment can be approximated by a straight line segment of length As
oriented along the unit tangent vector T(r;‘) at a sample point r; €
C;. The work along the segment C; can therefore be approximated by
AW; = F(r?)-T(r?) As so that the total work is approximately the sum
W = AW+ AWs+-- -+ AWy. The actual work should not depend on
the choice of sample points. This problem is resolved by the usual trick
of integral calculus, that is, by refining a partition, finding the low and
upper sums, and taking their limits. If these limits exist and coincide,
the limiting value is the sought-for work. The technicalities involved
may be spared by noting that AW; = f(r*) As, where f(r) = F(r)-T(r)
and T(r) denotes the unit tangent vector at a point r € C. The
approximate total work appears to be a Riemann sum for the line
integral of f along C. So the work is the line integral with respect to
the arc length of the tangential component F - T of the force.

DEFINITION 15.3. (Line Integral of a Vector Field).
The line integral of a vector field F along a smooth curve C' is

/Eﬁ:/FTw,
C C

where T is the unit tangent vector to C', provided the tangential com-
ponent F - T of the vector field is integrable on C'.



286 15. VECTOR CALCULUS

The integrability of F - T is defined in the sense of line integrals for
ordinary functions (see Definition 14.15)

110.4. Evaluation of Line Integrals of Vector Fields. The line integral of
a vector field is evaluated in much the same way as the line integral of
a function.

THEOREM 15.1. (Evaluation of Line Integrals).
Let F = (Fy, Fy, F3) be a continuous vector field on E and let C' be a
smooth curve C' in E that originates from a point r, and terminates at
a point ry,. Suppose that r(t) = (x(t),y(t), z(t)), t € [a,b], is a vector
function that traces out the curve C' so that r(a) = r, and r(b) = ry.
Then

/CF(r)~dr:/OF~Tds:/a F(r(t)) - v'(f) dt
(15.35) _ / (B () (1) + Fufe()y/ (1) + Fy(e(t)=/(1)) dt.

PROOF. The unit tangent vector reads T = r'/||r’|| and ds = ||v/| dt.
Therefore, T ds = r'(t) dt. The function f(t) = F(r(t))-r'(t) is contin-
uous on [a, b], and the conclusion of the theorem follows from Theorem
14.15. O

Equation (15.35) also holds if C' is piecewise smooth and F has a
finite number of bounded jump discontinuities along C' much like in
the case of the line integral of ordinary functions.

In contrast to the line integral of ordinary functions, the line integral
of a vector field depends on the orientation of C'. The orientation of C
is fixed by the conditions r(a) = r, and r(b) = r, for a vector function
r(t), where a <t < b, provided the vector function traces out the curve
only once. If r(t) traces out C' from r}, to r,, then the orientation is
reversed, and such a curve is denoted by —C'. The line integral changes
its sign when the orientation of the curve is reversed:

(15.36) / F-dr:—/F-dr
-C C

because the direction of the derivative r'(¢) is reversed for all ¢.
The evaluation of a line integral includes the following steps:

Step 1. If the curve C' is defined as a point set in space by some
geometrical means, then find its parametric equations r = r(¢) that
agree with the orientation of C. Here it is useful to remember that, if
r(t) corresponds to the opposite orientation, then it can still be used
according to (15.36).

Step 2. Restrict the range of ¢ to an interval [a, b] so that C' is traced
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out only once by r(t).

Step 3. Substitute r = r(¢) into the arguments of F to obtain the
values of F on C' and calculate the derivative r'(¢) and the dot product
F(r(t)) - r'(t).

Step 4. Evaluate the (ordinary) integral (15.35).

Remark. If C is piecewise smooth (e.g., the union of smooth curves
Cy and Cy), then the additivity of the integral should be used:

/F-dr:/ F-dr+/ F - dr.
C Cq Ca

Remark. If a curve is defined as a vector function on [a, b] (see Sec-
tion 79.3), then r(¢) may trace its range (as a point set in space) or
some parts of it several times as ¢ changes from a to b. If two vector
functions r;(¢) and ry(¢) on [a, b] have the same range but ry(t) # ra(?)
for some values of ¢ € [a,b], they are considered different curves. For
example, r; = (cost,sint,0) and ri(t) = (cos(2t),sin(2t),0) have the
same range on [0, 27|, which is the circle of unit radius, but ry(¢) traces
out the circle twice. Note that these curves have different lengths,
Ly =27 and Ly = 4m. So the line integral (15.35) may be different for
two curves defined as two vector functions, even though the ranges of
these functions coincide as point sets in space. The curve defined by a
vector is much like the trajectory of a particle that can pass through
the same points multiple times.

EXAMPLE 15.2. Evaluate the line integral of F = (—y, z, 2%) along a
closed contour C' that consists of one turn of a heliz of radius R, which
begins at the point r, = (R,0,0) and ends at the point v, = (R,0,27h),
and a straight line segment from r, to r,.

SOLUTION: Let C; be one turn of the helix and let C5 be the straight
line segment. Two line integrals have to be evaluated. The para-
metric equations of the helix are r(t) = (Rcost, Rsint, ht) so that
r(0) = (R,0,0) and r(27) = (R,0,h) as required by the orienta-
tion of C;. The range of ¢ has to be restricted to [0,27]. Then
r'(t) = (—Rsint, Rcost, h). Therefore,

F(r(t)) -r'(t) = (~Rsint, Rcost, h*t*) - (—Rsint, Rcost, h)
= R* + 1,
2 2
/ Fdr — / F(e(t) - v'(t) di — / (R + h2) dt
ol 0 0

2 3
= 27R? + %
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The parametric equations of the line through two points r, and r;, are
r(t) = r, + vt, where v = r, — r, is the vector parallel to the line,
or in the components r = (R,0,0) + ¢(0,0,27wh) = (R,0,27ht). Then
r(0) =r, and r(1) = r, so that the orientation is reversed if ¢ € [0, 1].
The found parametric equations describe the curve —C5. One has
r'(t) = (0,0,27h) and hence

F(r(t)) - r'(t) = (0, R, (27h)*?) - (0,0,27h) = (2wh)*t?,
cdr = — cdr — —(27h)? ' :_(27Th)3
/@Fd /Cde (Qh)/otdt T

The line integral along C' is the sum of these integrals, which is equal
to 2 R2. 0

111. Fundamental Theorem for Line Integrals

Recall the fundamental theorem of calculus, which asserts that, if
the derivative f’(x) is continuous on an interval [a, b], then

b
[ e = ) - s
It appears that there is an analog of this theorem for line integrals.

111.1. Conservative Vector Fields.

DEFINITION 15.4. (Conservative Vector Field and Its Potential).
A wector field F in a region E is said to be conservative if there is a
function f, called a potential of F', such that F =V f in E.

Conservative vector fields play a significant role in many practical
applications. It has been proved earlier (see Study Problem 13.9) that if
a particle moves along a trajectory r = r(t) under the force F = —VU,
then its energy E = mv?/2+ U(r), where v = r’ is the velocity, is con-
served along the trajectory, dE/dt = 0. In particular, Newton’s gravi-
tational force is conservative, F = —VU, where U(r) = —GMm/||r| .
A static electric field (the Coulomb field) created by a distribution of
static electric charges is also conservative. Conservative vector fields
have a remarkable property.

THEOREM 15.2. (Fundamental Theorem for Line Integrals).
Let C' be a smooth curve in a region E with initial and terminal points
r, and vy, respectively. Let f be a function on E whose gradient V f is
continuous on C'. Then

(15.37) /C Vfdr = f(rs) — f(r).
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PROOF. Let r = r(t), t € [a, b], be the parametric equations of C' such
that r(a) = r, and r(b) = r,. Then, by (15.35) and the chain rule,

b b d
[ rar = [z = [ e = )= fw).

The latter equality holds by the fundamental theorem of calculus and
the continuity of the first-order derivatives of f and r’(¢) for a smooth
curve. 0

111.2. Path Independence of Line Integrals.

DEFINITION 15.5. (Path Independence of Line Integrals).
A continuous vector field F has path-independent line integrals if

/ F~dr—/ F-dr
Cl C12

for any two simple, piecewise-smooth curves in the domain of F with
the same endpoints.

Recall that a curve is simple if it does not intersect itself (see Sec-
tion 79.3). An important consequence of the fundamental theorem for
line integrals is that the work done by a conservative force, F = V f,
is path-independent. So a criterion for a vector field to be conservative
would be advantageous for evaluating line integrals because for a con-
servative vector field a curve may be deformed at convenience without
changing the value of the integral.

THEOREM 15.3. (Path-Independent Property).
Let F be a continuous vector field on an open region E. Then F has
path-independent line integrals if and only if its line integral vanishes
along every piecewise-smooth, simple, closed curve C' in E. In that
case, there exists a function f such that F =V f:

F=Vf <— 7{F-dr:0.
C

The symbol fc is often used to denote line integrals along a closed
path.
PRrROOF. Pick a point rg in E and consider any smooth curve C' from
ro to a point r = (z,y, 2) € E. The idea is to prove that the function

(15.38) flr) = /CF dr

is a potential of F, that is, to prove that Vf = F under the condition
that the line integral of F vanishes for every closed curve in E. This
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“guess” for f is motivated by the fundamental theorem for line integrals
(15.37), where ry, is replaced by a generic point r € E. The potential
is defined up to an additive constant (V(f + const) = Vf) so the
choice of a fixed point ry is irrelevant. First, note that the value of f
is independent of the choice of C'. Consider two such curves C; and
Cy. Then the union of C; and —Cy (the curve Cy whose orientation
is reversed) is a closed curve, and the line integral along it vanishes
by the hypothesis. On the other hand, this line integral is the sum
of line integrals along C; and —Cy. By the property (15.36), the line
integrals along C and Cy coincide. To calculate the derivative f.(r) =
limp,o(f(r + héy) — f(r))/h, where &, = (1,0,0), let us express the
difference f(r + hé;) — f(r) via a line integral. Note that F is open,
which means that a ball of sufficiently small radius centered at any
point in F is contained in F (i.e., r + hé; € E for a sufficiently small
h). Since the value of f is path-independent, for the point r + hé,
the curve can be chosen so that it goes from ry to r and then from r
to r 4+ hé; along the straight line segment. Denote the latter by AC.
Therefore,

f(r+ héy) — f(r) :/ACF~dr

because the line integral of F from ry to r is path-independent. A
vector function that traces out AC is r(t) = (¢,y,2) if x <t < x + h.
Therefore, r'(t) = &; and F(r(t)) - v'(t) = Fi(t,y, z ) Thus,

. L l x+h
fo(r) = lim h Fi(t,y,z)dt = hm F1 t,y,z

h—0 = h—0 h

a T
:8_x/a Fl(tvyaz)dt:Fl('rvy7Z):Fl(r)

by the continuity of Fy. The equalities f, = Fy and f, = Fy are
established similarly. The details are omitted. U
Although the path independence property does provide a neces-
sary and sufficient condition for a vector field to be conservative, it is
rather impractical to verify (one cannot evaluate line integrals along
every closed curve!). A more feasible and practical criterion is needed,
which is established next. It is worth noting that (15.38) gives a prac-
tical method of finding a potential if the vector field is found to be
conservative (see the study problems at the end of this section).

111.3. The Curl of a Vector Field. According to the rules of vector alge-
bra, the product of a vector a = (ay, as, as) and a number s is defined
by sa = (sai, sag, saz). By analogy, the gradient V f can be viewed as
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the product of the vector V = (0/dz, 0/0y, 0/0z) and a scalar f:

v o o0 0 of of of

f= ((‘%’ oy’ 82) N <8x’ oy’ 8z>’

The components of V are not ordinary numbers, but rather they are
operators (i.e., symbols standing for a specified operation that has to
be carried out). For example, (0/0z)f means that the operator 9/0x
is applied to a function f and the result of its action on f is the partial
derivative of f with respect to x. The directional derivative D, f can
be viewed as the result of the action of the operator D, = a -V =
u1(0/0z) 4+ uz(9/0y) + uz(0/0z) on a function f. In what follows, the
formal vector V is viewed as an operator whose action obeys the rules
of vector algebra.

DEFINITION 15.6. (Curl of a Vector Field).
The curl of a differentiable vector field F is

curl F =V x F.

The curl of a vector field is also a vector field whose components
can be computed according to the definition of the cross product:
€ € €
VxF=det|z &
F Fy F
0F; 0Fy\ . oF, 0F3\ . oF, O0F\.
- (a—y T (G- T)er (G- a—y)%-

When calculating the components of the curl, the product of a com-
ponent of V and a component of F means that the component of V
operates on the component of F, producing the corresponding partial
derivative. Of course, it is assumed that partial derivatives of compo-
nents of F exist in order for the curl to exist.

EXAMPLE 15.3. Find the curl of the vector field F = (yz, zyz, 2?).
SOLUTION:
€ éz é3
0 0 o)
V x F = det Bz ay EP
Yz TYZ
= (@), = (ey2)l =@+ @2 (2y2), - (y2)))

= (—xy, y— 2z, yz — 2).
(—zy, y y
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The geometrical significance of the curl of a vector field will be discussed
later. Here the curl is used to formulate sufficient conditions for a vector
field to be conservative.

111.4. On the Use of the Operator V. The rules of vector algebra are
useful to simplify algebraic operations involving the operator V. For
example,

curl V=V x (V) =(VxV)f=0

because the cross product of a vector with itself vanishes. However,
this formal algebraic manipulation should be adopted with precaution
because it contains a tacit assumption that the action of the compo-
nents of V x V on f vanishes. The latter imposes conditions on the
class of functions for which such formal algebraic manipulations are
justified. Indeed, according to the definition,

€ € &
o o 0
VaVf=det (2 2 2| = (=l Sl— fl £~ 1)
fo fy T
This vector vanishes, provided the order of differentiation does not
matter (i.e., Clairaut’s theorem holds for f). Thus, the rules of vector
algebra can be used to simplify the action of an operator involving V

iof the partial derivatives of a function on which this operator acts are
continuous up to the order determined by that action.

111.5. Test for a Vector Field to Be Conservative. A conservative, con-
tinuously differentiable vector field in an region E has been shown to
have the vanishing curl:

F=Vf = culF=0.

Unfortunately, the converse is not true in general. In other words, the
vanishing of the curl of a vector field does not guarantee that the vector
field is conservative. The converse is true only if the region in which
the curl vanishes belongs to a special class. A region F is said to be
connected if any two points in it can be connected by a path that lies
in £. In other words, a connected region cannot be represented as the
union of two or more non-intersecting (disjoint) regions.

DEFINITION 15.7. (Simply Connected Region).
A connected region E is simply connected if every simple closed curve
i E can be continuously shrunk to a point in E while remaining in E
throughout the deformation.
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Naturally, the entire Euclidean space is simply connected. A ball in
space is also simply connected. If F is the region outside a ball, then it
is also simply connected. However, if E' is obtained by removing a line
(or a cylinder) from the entire space, then F is not simply connected.
Indeed, take a circle such that the line pierces through the disk bounded
by the circle. There is no way this circle can be continuously contracted
to a point of F without crossing the line. A solid torus is not simply
connected. (Explain why!) A simply connected region D in a plane
cannot have “holes” in it.

THEOREM 15.4. (Test for a Vector Field to Be Conservative).
Suppose that a vector field F is continuously differentiable on a simply
connected open region E. Then F s conservative in E if and only if
its curl vanishes for all points of E:

curl F = 0 on simply connected £ <= F=Vfon E.

This theorem follows from Stokes’ theorem discussed later and has
two useful consequences. First, the test for the path independence of
line integrals:

curl F = 0 on simply connected £ <= F.dr = / F.dr
Cl 02

for any two paths C and Cy in E originating from a point r, € F and
terminating at another point r, € E. Second, the test for vanishing
line integrals along closed paths:

curl F = 0 on simply connected £ <= ]{ F.-dr=0,
c

where C'is a closed curve in E. The condition that F is simply con-
nected is crucial here. Even if curl F = 0, but F is not simply con-
nected, the line integral of F may still depend on the path and the line
integral along a closed path may not vanish! An example is given in
one of the study problems at the end of this section.

Newton’s gravitational force can be written as the gradient F =
—VU, where U(r) = —GMml||r|~! everywhere except the origin. There-
fore, its curl vanishes in FE that is the entire space with one point
removed; it is simply connected. Hence, the work done by the grav-
itational force is independent of the path traveled by the object and
determined by the difference of values of its potential U at the initial
and terminal points of the path.

EXAMPLE 15.4. FEwvaluate the line integral of the vector field F =
(F1, Fy, F3) = (yz, v2+2+2y, xy+y+22) along the path C that consists
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of straight line segments ABy, B1Bs, and By D, where the initial point
is A =(0,0,0), By = (2010,2011,2012), By = (102,1102,2102), and
the terminal point is D = (1,1,1).

SOLUTION: The path looks complicated enough to check whether F
is conservative before evaluating the line integral using the parametric
equations of C. First, note that the components of F are polynomials
and hence continuously differentiable in the entire space. Therefore, if
its curl vanishes, then F is conservative in the entire space as the entire
space is simply connected:

€ € eé3 € € €3
VxF=det |z 5 & |=det|z > 2
o Fy, Fj yz xz+z+2y wzy+y+2z

= (), = (Ba)l, (B, + (P, (Bo), — (F),)
=@+1—-(z+1), —y+y, z—2)=1(0,0,0).

Thus, F is conservative. Now there are two options to finish the prob-
lem.

Option 1. One can use the path independence of the line integral,
which means that one can pick any other path C} connecting the ini-
tial point A and the terminal point D to evaluate the line integral in
question. For example, a straight line segment connecting A and D is
a simple enough to evaluate the line integral. Its parametric equations
are r =r(t) = (t,t,t), where t € [0, 1]. Therefore,

F(r(t))-v'(t) = (t?, t* +3t, * +3t)- (1, 1, 1) = 3> + 6t

1
/F-dr:/ F.dr:/(3t2+6t)dt:4.
C C1 0

Option 2. The procedure of Section 89.1 may be used to find a po-
tential f of F (see also the study problems at the end of this section
for an alternative procedure). The line integral is then found by the
fundamental theorem for line integrals. Put Vf = F. Then the prob-
lem is reduced to finding f from its first-order partial derivatives (the
existence of f has already been established). Following the procedure
of Section 89.1,

and hence

fi=F=yz = f(z,y,2) =2yz+ gy, 2),
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where ¢(y, z) is arbitrary. The substitution of f into the second equa-
tion f, = Fy yields

vz +g,y,2) =rvz+2+2y = g(y,2) = y* 4 2y + h(z),

where h(z) is arbitrary. The substitution of f = xyz + y? + 2y + h(z)
into the third equation f, = Fj yields

ry+y+h(z) =cy+y+2z = h(z)=2"+¢,
where c is a constant. Thus, f(z,y,2) = 2yz + yz + 22 + y*> + ¢ and

/F~dr:f(1,1,1)—f(0,0,0):4
C

by the fundamental theorem for line integrals. O

111.6. Study Problems.
Problem 15.1. Verify that

Y ol -
F=Vi=(-mim gy %) @)=t /) +2

and curl F = 0 in the domain of F. Fvaluate the line integral of F
along the circular path C: 2% +y* = R? in the plane z = a. The
path is oriented counterclockwise as viewed from the top of the z axis.
Does the result contradict to the fundamental theorem for line integrals?
Ezplain.

SOLUTION: A straightforward differentiation of f shows that indeed
Vf = F and therefore curl F = 0 everywhere except the line x =

= 0 where F is not defined. The path C' is traced out by r(t) =
(Rcost, Rsint, a), where ¢t € [0,2n]. Then F(r(t)) = (=R 'sint,
R cost,2a) and r'(t) = (—Rsint, Rcost,0). Therefore, F(r(t)) -

r'(t) =1 and
271
%F-dr:/ dt = 2.
c 0

So the integral over the closed contour does not vanish despite the
fact that F = V f, which seems to be in conflict with the fundamental
theorem for line integrals as by the latter the integral should have
vanished.

Consider the values of f along the circle. By construction, f(x,y,a)
= 0(x,y)+a? where 6(z,y) is the polar angle in any plane z = a. It is 0
on the positive z axis and increases as the point moves about the origin.
As the point arrives back to the positive x axis, the angle reaches the
value 27; that is, f is not really a function on the closed contour because
it takes two values, 0 and 27, at the same point on the positive x axis.
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The only way to make f a function is to remove the half-plane 6 = 0
from the domain of f. Think of a cut in space along the half-plane.
But in this case, any closed path that intersects the half-plane becomes
nonclosed as it has two distinct endpoints on the opposite edges of the
cut. If the fundamental theorem for line integrals is applied to such a
path, then no contradiction arises because the values of f on the edges
of the cut differ exactly by 27 in full accordance with the conclusion of
the theorem.

Alternatively, the issue can be analyzed by studying whether F is
conservative in its domain E. The vector field is defined everywhere in
space except the line x = y = 0 (the z axis). So E is not simply con-
nected. Therefore, the condition curl F = 0 is not sufficient to claim
that the vector field is conservative on its domain. Indeed, the evalu-
ated line integral along the closed path (which cannot be continuously
contracted, staying within F, to a point in E) shows that the vector
field cannot be conservative on E. If the half-plane 6 = 0 is removed
from E, then F is conservative on this “reduced” region because the
latter is simply connected. Naturally, the line integral along any closed
path that does not cross the half-plane § = 0 (i.e., it lies within the
reduced domain) vanishes. O

Problem 15.2. Prove that if F = (Fy, Fy, F3) is conservative, then
its potential 1s

Y

f(l’,y,Z) :/ Fl(tay0720)dt+/ FQ(xatsz)dt—i_/ Fg(l‘,y,t)dt,

Zo Yo 20

where (o, Yo, 20) is any point in the domain of F. Use this equation to
find a potential of ¥ from Example 15.4.

SOLUTION: In (15.38), take C' that consists of three straight line seg-
ments, (zo, 4o, 7o) — (7,0, 20) — (2,1, 20) — (2, 2). The parametric
equation of the first line C} is r(t) = (¢,yo, 20), where xy < t < z.
Therefore, r'(t) = (1,0,0) and F(r(t)) - v'(t) = Fi(¢, Yo, 20). So the line
integral of F' along C'; gives the first term in the above expression for f.
Similarly, the second term is the line integral of F along the second line
r(t) = (x,t, 20), where yop < t <y, so that r'(¢) = (0,1,0). The third
term is the line integral of F along the third line r(t) = (z,y,t), where
2o <t < z. In Example 15.4, it was established that F = (Fy, Fy, F3) =
(yz, z + z + 2y, xy + y + 2z) is conservative. For simplicity, choose
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(0, Yo, z0) = (0,0,0). Then

T Yy z
f($7y>z) :/ F1<t7070)dt+/ FZ(:E?t?O)dt_'_/ FB(:E?yat)dt
0 0 0

= 0+9y" + (zyz +yz + 2°) = asyz +yz + 2% + %,

which naturally coincides with f found by a different (longer)
method. U

112. Green’s Theorem

Green’s theorem should be regarded as the counterpart of the fun-
damental theorem of calculus for the double integral.

DEFINITION 15.8. (Orientation of Planar Closed Curves). A simple
closed curve C' in a plane whose single traversal is counterclockwise
(clockwise) is said to be positively (negatively) oriented.

A simple closed curve divides the plane into two connected regions.
If a planar region D is bounded by a simple closed curve, then the
positively oriented boundary of D is denoted by the symbol 0D.

Recall that a simple closed curve can be regarded as a continuous
vector function r(t) = (x(t),y(t)) on [a,b] such that r(a) = r(b) and,
for any t; # t5 in the open interval (a,b), r(t;) # r(t2); that is, r(t)
traces out C' only once without self-intersection. A positive orientation
means that r(¢) traces out its range counterclockwise. For example,
the vector functions r(t) = (cost,sint) and r(t) = (cost, —sint) on the
interval [0, 27] define the positively and negatively oriented circles of
unit radius, respectively.

THEOREM 15.5. (Green's Theorem).
Let C be a positively oriented, piecewise-smooth, simple, closed curve in
the plane and let D be the region bounded by C' = 0D. If the functions
Fy and Fy have continuous partial deriwatives on an open region that
contains D, then

// @_@ dA= ¢ o+ Fudy
oD

Just like the fundamental theorem of calculus, Green’s theorem re-
lates the derivatives of F} and F, in the integrand to the values of F}
and Fy on the boundary of the integration region. A proof of Green’s
theorem is rather involved. Here it is limited to the case when the
region D is simple.
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PROOF (FOR SIMPLE REGIONS). A simple region D admits two equiv-
alent algebraic descriptions:

(1539) D = {(x7y) |ybot(x) S ) S ytop(x) y L € [a’a b]}7
(15.40) D ={(z,y) | wpet(y) < @ < 2aop(y)  y € [c, d]}
The idea of the proof is to establish the equalities

W) ¢ Rw--[[ S, 4 R [[ 5 0% 14
8D 8D

using, respectively, (15.39) and (15.40). The conclusion of the theorem
is then obtained by adding these equations.

The line integral is transformed into an ordinary integral first. The
boundary 0D contains four curves, denoted C;, Cy, (3, and C4. The
curve (' is the graph y = ypet(z) whose parametric equations are
r = (t,Ypot(t)), where t € [a,b]. So C} is traced out from left to
right as required by the positive orientation of 9D. The curve Cj is
the top boundary y = yiop(x), and, similarly, its parametric equations
r(t) = (t,Ysop(t)), where t € [a,b]. Since Cj is traced out from left
to right, the orientation of C5 must be reversed; that is, D contains
the curve —C5. The boundary curves Cy and Cj (the sides of D)
are segments of the vertical lines x = b (oriented upward) and = = a
(oriented downward), which may collapse to a single point if the graphs
Y = Yot () and y = yyop(x) intersect at x = a or x = b or both. The
line integrals along C5 and Cj; do not contribute to the line integral
with respect to z along D because dr = 0 along Cy and C,. By
construction, x = t and dx = dt for the curves C; and C5. Hence,

f Fldili':/ F1d$+/ Fldx
oD C1 —Cs

= [ (PG male) P pnle))

where the property (15.36) has been used. Next, the double integral
is transformed into an ordinary integral by converting it to an iterated

integral:
Ytop (T)
/ / Of 4 — / / @d dx
ybot

_ / (F(:c,ytop( )~ F(a, yoor(2))) .

where the latter equality follows from the fundamental theorem of
calculus and the continuity of F; on an open interval that contains
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[Ybot (), Ytop(z)] for any = € [a,b] (the hypothesis of Green’s theorem).
Comparing the expression of the line and double integrals via ordinary
integrals, the validity of the first relation in (15.41) is established. The
second equality in (15.41) is proved analogously by using (15.40). The
details are omitted. U

Remark. Suppose that a smooth, oriented curve C' divides a region
D into two simple regions Dy and D,. If the boundary 0D contains
C' (i.e., the orientation of C' coincides with the positive orientation of
0Dy), then 0D, must contain the curve —C' and vice versa. Using the
conventional notation F) dx + Fydy = F - dr, where F = (F}, F3), one
infers that

7{ F-dr:jg F-dr—i—f F-dr
oD 0Dy 0D>
8F2 (9F1 aFQ aFjl
= —= - —=)dA —~ — —)dA
//D1 ox y d +//DQ<(99(; 8y)d
] (22

The first equality holds because of the cancellation of the line inte-
grals along C' and —C' according to (15.36). The validity of the second
equality follows from the proof of Green’s theorem for simple regions.
Finally, the equality is established by the additivity property of dou-
ble integrals. By making use of similar arguments, the proof can be
extended to a region D that can be represented as the union of a finite
number of simple regions.

Remark. Let the regions D, and D, be bounded by simple, piecewise-
smooth, closed curves and let D, lie in the interior of D;. Consider the
region D that was obtained from D; by removing D, (the region D has
a hole of the shape Ds). Making use of Green’s theorem, one finds

[ (20 [ (2 g [ (29
:?{F-dr—%Fdr:j{F-dr—i— 7{ F -dr

0Dy 0Dy 0D, —0D>
(15.42) :]{ F - dr.
oD

This establishes the validity of Green’s theorem for not simply con-
nected regions. The boundary 9D consists of 0D; and —dD,; that is,
the outer boundary has a positive orientation, while the inner boundary
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is negatively oriented. A similar line of reasoning leads to the conclu-
sion that this holds for any number of holes in D: all inner boundaries
of D must be negatively oriented. Such orientation of the boundaries
can also be understood as follows. Let a curve C' connects a point of
the outer boundary with a point of the inner boundary. Let us make
a cut of the region D along C'. Then the region D becomes simply
connected and 0D consists of a continuous curve (the inner and outer
boundaries, and the curves C' and —C'). The boundary 0D can always
be positively oriented. The latter requires that the outer boundary
be traced counterclockwise, while the inner boundary is traced clock-
wise (the orientation of C' and —C' is chosen accordingly). By applying
Green’s theorem to 0D, one can see that the line integrals over C' and
—C are cancelled and (15.42) follows from the additivity of the dou-
ble integral. Evidently, the same argument can be used to establish
Green’s theorem for a region with multiple holes (all inner boundaries
must be oriented clockwise).

112.1. Evaluating Line Integrals via Double Integrals. Green’s theorem
provides a technically convenient tool to evaluate line integrals along
planar closed curves. It is especially beneficial when the curve consists
of several smooth pieces that are defined by different vector functions;
that is, the line integral must be split into a sum of line integrals to be
converted into ordinary integrals. Sometimes, the line integral turns
out to be much more difficult to evaluate than the double integral.

EXAMPLE 15.5. Evaluate the line integral of F = (y? + €%, 3xy —
sin(y*)) along the curve C' that is the boundary of the half of the ring:
1< 2?24+ y? <4 andy > 0; C is oriented clockwise.

The curve C consists of four smooth pieces, the half-circles of radii
1 and 2 and two straight line segments of the x axis, [-2, —1] and [1, 2].
Each curve can be easily parameterized and the line integral in question
can be transformed into the sum of four ordinary integrals which are
then evaluated. The reader is advised to pursue this avenue of actions
to appreciate the following alternative way based on Green’s theorem
(this is not impossible to accomplish if one figures out how to handle
the integration of the functions e®® and sin(y*) whose anti-derivatives
are not expressible in elementary functions).
SOLUTION: The curve C' is a simple, piecewise-smooth, closed curve
and the vector field F is continuously differentiable. Thus, Green’s
theorem applies if 0D = —C' (because the orientation of C' is negative)
and D is the half-ring. One has 0F; /0y = 2y and 0F,/0x = 3y. By
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Green’s theorem,

7{F dr—_]{Fdr_ // @_@ A = — //ydA
aD
——//rsin@rdrdﬁz—/ sm@d&/ 2d’r———,
o J1

where the double integral has been transformed into polar
coordinates. U

112.2. Area of a Planar Region as a Line Integral. Put F, = x and F} =

0. Then OF oF
// —2——1 dA = //dA A(D

The area A(D) can also be obtalned ifF=(—y,0)or F=(—y/2,2/2).
By Green’s theorem the area of D can be expressed by line integrals:

1
(15.43) A(D):f asdy:—j{ ydxz—% rdy —ydz,
oD oD 2 Jap

assuming, of course, that the boundary of D is a simple, piecewise-
smooth, closed curve (or several such curves if D has holes). The reason
the values of these line integrals coincide is simple. The difference of
any two vector fields involved is a conservative vector field whose line
integral along a closed curve vanishes. For example, for F = (0, x) and
G(—y,0), the difference is F — G = (y,z) = V[, where f(z,y) = zy,
so that

7{ F.dr— G-drz%(F—G)-dr: Vf-dr=0.
oD oD oD oD

The representation (15.43) of the area of a planar region as the line
integral along its boundary is quite useful when the shape of D is too
complicated to be computed using a double integral (e.g., when D is not
simple and/or a representation of boundaries of D by graphs becomes
technically difficult).

ExXAMPLE 15.6. Consider an arbitrary polygon whose vertices in
counterclockwise order are (x1,y1), (T2,92), .-, (Tn,Yn). Find its area.

SoLUTION: Evidently, a generic polygon is not a simple region (e.g., it
may have a starlike shape). So the double integral is not at all suitable
for finding the area. In contrast, the line integral approach seems far
more feasible as the boundary of the polygon consists of n straight
line segments connecting neighboring vertices. If C; is such a segment
oriented from (z;,y;) to (iy1, yiy1) for i =1,2,...,n — 1, then C,, goes
from (x,,y,) to (z1,y1). A vector function that traces out a straight
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line segment from a point r, to a point ry is r(¢) = r,+ (r, —r,)t, where
0 <t < 1. For the segment C;, take r, = (z;,v;) and vy = (2541, Yis1)-
Hence, x(t) = z;— (v;01 — )t = x;+Ax;t and y(t) = yi+ (yir1 —yi)t =
y; + Ay; t. For the vector field F = (—y, ) on C;, one has

F(r(t) -1'(t) = (—y(t), z(t) - (Azi, Ayi) = a3 Ay; — yi Az
= ZiYi+1 — Yilit1,
that is, the ¢ dependence cancels out. Therefore, taking into account
that C,, goes from (x,,y,) to (z1,y1), the area is

1 1 —
A:—% xdy —ydr = = /a:dy—yda:
2 Jop 2; &
1 1 [t
= 521 xzyi+1_yixi+1)dt+§ ; (py1 — Ynw1) dt

1 n—1
= 5( Z TiYiv1 — YiTiv1) + (a1 — ynl’l))-

=1
O
So Green’s theorem offers an elegant way to find the area of a gen-
eral polygon if the coordinates of its vertices are known. A simple,
piecewise-smooth, closed curve C' in a plane can always be approxi-
mated by a polygon. The area of the region enclosed by C' can therefore
be approximated by the area of a polygon with a large enough number

of vertices, which is often used in many practical applications.

112.3. The Test for Planar Vector Fields to Be Conservative. Green’s the-
orem can be used to prove Theorem 15.4 for planar vector fields. Con-
sider a planar vector field F = (Fi(z,y), Fa(x,y),0). Its curl has only
one component:

& & &
VxF=det| 2 2 2 (%_%>
v Oy

Yy
Fl(x7y) FQ(xay) 0

Suppose that the curl of F vanishes throughout a simply connected
open region D, V x F = 0. By definition, any simple closed curve C'
in a simply connected region D can be shrunk to a point of D while
remaining in D throughout the deformation (i.e., any such C' bounds
a subregion Dy of D). By Green’s theorem, Where C =0D,,

fr dr—// @_@ 1A = //OdA—O
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for any closed simple curve C'in D. By the path-independence property,
the vector field F is conservative in D.

112.4. Study Problems.

Problem 15.3. Evaluate the line integral of F = (y+e”, 3z —sin(y?))
along the counterclockwise-oriented boundary of D that is enclosed by
the parabolas y = x* and x = y°.

SOLUTION: Omne has 0F;/0y = 1 and 0F;/0x = 3. By Green’s
theorem,

1 vz 1 1
f F-dr://ZdA:2// dydsz/(\/E—:BQ)d:v:—
oD D 0 Ja? 0 3

O
Problem 15.4. Prove that the line integral of the planar vector field

Y x
(i i)
fL’2 + yQ 332 + y2
along any positively oriented, simple, smooth, closed curve C' that en-

circles the origin is 21 and that it vanishes for any such curve that does
not encircle the origin.

SOLUTION: It has been established (see Study Problem 15.1) that
the curl of this vector field vanishes in the domain that is the entire
plane with the origin removed. If C' does not encircle the origin, then
0F,/0x — 0F;/0dy = 0 throughout the region encircled by C, and the
line integral along C' vanishes by Green’s theorem. Given a closed curve
C that encircles the origin, but does not go through it, one can always
find a disk of a small enough radius a such that the curve C' does not
intersect it. Let D, be the region bounded by the circle C, of radius
a and the curve C. Then 0F,/0x — 0F; /0y = 0 throughout D,. Let
C be oriented counterclockwise, while C, is oriented clockwise. Then
0D, is the union of C' and C,. By Green’s theorem,

?{F-dr:O = ?{F.dr:—% F~dr:7§ F.dr=27
oD C Ca —Caq

because —C,, is the circle oriented counterclockwise and for such a circle
the line integral has been found to be 27 (see Study Problem 15.1). [

113. Flux of a Vector Field

The idea of a flux of a vector field stems from an engineering prob-
lem of mass transfer across a surface. Suppose there is a flow of a fluid
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or gas with a constant velocity v and a constant mass density o (mass
per unit volume). Let AA be a planar area element placed into the
flow. At what rate is the fluid or gas carried by the flow across the area
AA? In other words, what is the mass of fluid transferred across AA
per unit time? This quantity is called a fluz of the mass flow across
the area AA.

Suppose first that the mass flow is normal to the area element.
Consider the cylinder with an axis parallel to v with cross section area
AA and height h = v At, where v = ||v|| is the flow speed and At is a
time interval. The volume of the cylinder is AV = hAA = v At AA.
In time At, all the mass stored in this cylinder is transferred by the
flow across AA. This mass is Am = 0 AV = ov At AA, and the flux

is
Am
AP = — =ogvAA.
A7 ov

The flux depends on the orientation of an area element relative to
the flow. If the flow is parallel to the area element, then no mass is
transferred across it. The velocity vector can be viewed as the sum of
a vector normal to the area element and a vector tangential to it. Only
the normal component of the flow contributes to the flux. If n is the
unit normal vector to the area element and 6 is the angle between v
and n, then the normal component of the velocity is v, = vcosf = v-n
and

(15.44) AD = ov, AA=0ov - hAA=F nAA=F,AA,

where the vector F = ov characterizes the mass flow (“how much”
(o) and “how fast” (v)) and F,, is its component normal to the area
element.

If now the mass flow is not constant (i.e., F becomes a vector field),
then its flux across a surface S can be defined by partitioning S into
small surface area elements S;, i = 1,2,..., N, whose surface areas are
AS;. Let rf be a sample point in S; and let n; be the unit vector normal
to S; at r}. If the size (the radius of the smallest ball containing S;) is
small, then, by neglecting variations in F' and the normal n within S;,
the flux across S; can be approximated by (15.44), A®; ~ F(r})-n; AS;.
The approximation becomes better when N — oo so that the sizes of
S; decrease to 0 uniformly and hence the total flux is

N—o0 4 N—o00 4 N—o0 <

N N N
© = lim » A®; = lim » F(r]) -0;AS; = lim » F,(r]) AS;.
=1 i=1 =1

The sum in this equation is nothing but the Riemann sum of the func-
tion F,(r) over a partition of the surface S. Naturally, its limit is the
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surface integral of F,(r) over S. Thus, the flux of a vector field across

a surface is the surface integral of the normal component of the vector
field.

113.1. Orientable Surfaces. The above definition of the flux sounds
rather plausible. However, it contains a tacit assumption that the
normal component of a vector field can always be uniquely defined as
a continuous function on a smooth surface. It appears that there are
smooth surfaces for which this cannot be done!

The normal n = n(r) depends on the point of a surface. So it is a
vector field on S. In order for the normal component F;, to be uniquely
defined, the rule n = n(r) should assign just one n for every point of S.
Furthermore, n(r) should be continuous on S and hence along every
closed curve C'in a smooth surface S. In other words, if n is transported
along a closed curve C' in S, the initial n must coincide with the final
n. Since, at every point of S, there are only two possibilities to direct
the unit normal vector, by continuity the direction of n(r) defines one
side of S, while the direction of —n(r) defines the other side. Thus,
the normal component of a vector field is well defined for two-sided
surfaces. For example, the outward normal of a sphere is continuous
along any closed curve on the sphere (it remains outward along any
closed curve) and hence defines the outer side of the sphere. If the
normal on the sphere is chosen to be inward, then it is also continuous
and defines the inner side of the sphere.

Are there one-sided surfaces? If such a surface exists, it should have
quite remarkable properties. Take a point on it. In a neighborhood of
this point, one always thinks about two sides (a surface is smooth).
One side is defined by a normal n (face-up patch), while the other has
the same shape but its normal is —n (face-down patch). For a one-
sided surface, the face-up and face-down patches must be on the same
side of the surface. This implies that there should exist a curve on the
surface that starts at a point on one side and can reach the very same
point but from the other side without crossing the surface boundaries
(if any) or piercing the surface. By moving the face-up patch along such
a curve, it becomes the face-down patch. Thus, the normal cannot be
uniquely defined on a one-sided S.

113.1.1. Examples of One-Sided Surfaces. One-sided surfaces do exist.
To construct an example, take a rectangular piece of paper. Put upward
arrows on its vertical sides and glue these sides so that the arrows
remain parallel. In doing so, a cylinder is obtained, which is a two-
sided surface (there is no curve that traverses from one side to the



306 15. VECTOR CALCULUS

other without crossing the boundary circles formed by the horizontal
sides of the rectangle). The gluing can be done differently. Before
gluing the vertical sides, twist the rectangle so that the arrows on
them become opposite and then glue them. The resulting surface is the
famous Mdbius strip (named after the German mathematician August
Mobius). It is one-sided. All curves winding about it traverse both sides
of the glued rectangle without crossing its boundaries (the horizontal
edges).

There are one-sided surfaces without boundaries (like a sphere).
The most famous one is a Klein bottle. Take a bottle. Drill a hole on
the side surface and in the bottom of the bottle. Suppose the neck
of the bottle is flexible (a “rubber” bottle). Bend its neck and pull it
through the hole on the bottle’s side surface (so that neck fits tightly
into the hole). Finally, attach the edge of the bottle’s neck to the
edge of the hole in the bottle bottom. The result is a surface without
boundaries and it is one-sided. A bug can crawl along this surface and
get in and out of the bottle.

113.1.2. Flux and One-Sided Surfaces. The flux makes sense only for
two-sided surfaces. Indeed, the flux means that something is being
transferred from one side to the other side of the surface (i.e., across
it) at a certain rate. If the surface is one-sided, then one can get “across
it” by merely sliding along it! For example, a mass flow tangential to
a one-sided surface can transfer mass across the surface.

DEFINITION 15.9. (Orientable Surface).
A smooth surface is called orientable if there is no closed curve in it
such that the normal vector is reversed when moved around this curve.

So orientable surfaces are two-sided surfaces. The flux of a vector
field can only be defined across an orientable surface.

113.2. Flux as a Surface Integral.

DEFINITION 15.10. (Flux of a Vector Field).
Let S be an orientable smooth surface and let n be the unit normal
vector on S. The flux of a vector field F across S is the surface integral

o [[Foads,
s

provided the normal component F - n of the vector field is integrable
on S.
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The integrability of the normal component F),(r) = F - 1 is defined
in the sense of surface integrals of ordinary functions (see Definition
14.16).

113.3. Evaluation of the Flux of a Vector Field. Suppose that a surface
S is a graph z = g(x,y) over a region (z,y) € D. There are two
possible orientations of S. The normal vector to the tangent plane at
a point of S is n = (—g;, —g,,1) (see Section 91.1). Its z component
is positive. For this reason, the graph is said to be oriented upward.
Alternatively, one can take the normal vector in the opposite direction,
n = (g,,9,, —1). In this case, the graph is said to be oriented downward.
Accordingly, the upward (downward) flux, denoted @1 (), of a vector
field is associated with the upward (downward) orientation of the graph.
When the orientation of a surface is reversed, the flux changes its sign:

S

Consider the upward-oriented graph z = g¢(z,y). The unit normal
vector reads

1 1
n=-—n==(-g,, g, 1), J:\/1+(9§c)2+(9’)2-
nf| = J ! !

Recall that the area transformation law for a graph is dS = JdA.
Therefore, in the infinitesimal flux across the surface area, dS can be
written in the form

F-ﬁdS—F-n%JdA—F-ndA,

where the vector field must be evaluated on S, that is, F = F(z,y,
g(x,y)) (the variable z is replaced by g(z,y) because z = g(x,y) for
any point (x,y,z) € S). If the dot product F - n is an integrable
function on D, the flux exists and is given by the double integral over
D. The following theorem has been proved.

THEOREM 15.6. (Evaluation of the Flux Across a Graph).
Suppose that S is a graph z = g(z,y) of a function g whose first-order
partial derivatives are continuous on D. Let S be oriented upward by
the normal vector n = (—g,, —g,,1) and let F be a continuous vector

field on S. Then

@T_//F nds = // Wz, y) d

Fu(z,y) = = —¢,F\(v,y,9) — g,F2(2,y,9) + F3(x, 9, 9).

z=9(z,y)
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The evaluation of the surface integral involves the following
steps:

Step 1. Represent S as a graph z = g(x,y) (i.e. find the function g
using a geometrical description of S). If S cannot be represented as
graph of a single function, then it has to be split into pieces so that
each piece can be described as a graph. By the additivity property, the
surface integral over S is the sum of integrals over each piece.

Step 2. Find the region D that defines the part of the graph that
coincides with S (if S is not the graph on the whole domain of g).
Step 3. Determine the orientation of S (upward or downward) from
the problem description. The sign of the flux is determined by the ori-
entation. Calculate the normal component F,(z,y) of the vector field
as a function on D.

Step 4. Evaluate the double integral of F}, over D.

EXAMPLE 15.7. Evaluate the downward flux of the vector field F =
(z,yz,2) across the part of the paraboloid z = 1 — x* — y?* in the first
octant.

SOLUTION: The surface is the part of the graph z = g(z,y) = 1—2%—y?
in the first octant. The paraboloid intersects the zy plane (z = 0) along
the circle 22 + y?> = 1. Therefore, the region D is the quarter of the
disk bounded by this circle in the first quadrant (z,y > 0). Since S is
oriented downward, n = (g;, g,, —1) = (=2z, -2y, —1) and the normal
component of F is

Fn(may) = (xgvygmg) : (—21’, _2y7 _1) = _(1 _12 _y2)(1_|_21,2_|_2y2)

Converting the double integral of F;, to polar coordinates,

m/2 ol 197
@i:// Fn(x,y)dAI—/ / 1+ +2r*)rdrdd = ——.
D 0 0 24

The negative value of the downward flux means that the actual transfer
of a quantity (like a mass), whose flow is described by the vector field
F, occurs in the upward direction across S. U

113.4. Parametric Surfaces. If the surface S in the flux integral is de-
fined by the parametric equations r = r(u,v), where (u,v) € D, then,
by Corollary 14.5, the normal vector to S isn = r), xr] (or —n; the sign
is chosen according to the geometrical description of the orientation of
S). Since ||n|| = J, where J determines the area transformation law
dS = JdA (dA = dudv), the flux of a vector field F across the surface
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area dS reads:

F(r(u,v)) -ndS = F(r(u,v)) - ndA =F(r(u,v)) - (r), x ) dA
= F,(u,v)dA

and the flux is given by the double integral

o~ [[Fonas = [[ Fatwo)-(xraa= [[ o)

Naturally, a graph z = g(z, y) is described by the parametric equations
r(u,v) = (u,v,g(u,v)), which is a particular case of the above expres-
sion; it coincides with that given in Theorem 15.6 (z = u and y = v).
A description of surfaces by parametric equations is especially conve-
nient for closed surfaces (i.e., when the surface cannot be represented
as a graph of a single function).

EXAMPLE 15.8. Fvaluate the outward fluz of the vector field F =
(2%x, 2%y, 23) across the sphere of unit radius centered at the origin.

SOLUTION: The parametric equations of the sphere of radius R = 1 are
given in (14.31), and the normal vector is computed in Example 14.38:
n = sin(u)r(u,v), where r(u,v) = (cosvsinu,sinvsinu,cosu) and
(u,v) € D =0, 7] x [0, 27]; it is an outward normal because sinu > 0.
It is convenient to represent F = z°r so that

Fo(u,v) = F(r(u,v)) -n = cos® usinu r(u,v) - r(u,v)

= cos®usinu ||r(u,v)||* = cos® usinu

because ||r(u,v)||* = R* = 1. The outward flux reads

://F~ﬂdS:// cos?usinudA
s D

27 i 4
:/ dv/ coszusinudu:—w.

0 0 3

Nonorientable Surfaces. Nonorientable surfaces can be described by
the parametric equations r = r(u,v) or by an algebraic equation
F(z,y,z) =0 (as a level surface of a function). For example, a M&bius
strip of width 2A with midcircle of radius R and height z = 0 is defined
by the parametric equations

(15.45)

r(u,v) = ([R+ucos(v/2)] cosv, [R+ wcos(v/2)]sinw, usin(v/2)>,

l
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where (u,v) € D = [—h, h] x [0,27]. It also follows from these para-
metric equations that the Mobius strip is defined by a cubic surface:

—R* + 2%y + 9> — 2Rwz — 22%2 — 2%z + y2® = 0.

This is verified by substituting the parametric equations into this alge-
braic equation and showing that the left side vanishes for all (u,v) € D.

Let us prove that the surface defined by the parametric equations
(15.45) is not orientable. To do so, one should analyze the behavior of
a normal vector when the latter is moved around a closed curve in the
surface. Consider the circle in the zy plane defined by the condition
u=0: r(0,v) = (Rcosv, Rsinv,0). It is easy to show that

r,(0,v) = (cos(v/2) cosv, cos(v/2)sinv, sin(v/2)),
r,(0,v) = (—Rsinv, Rcosv, 0).

P When r(0, v) returns to the initial point, that is, r(0, v+27) = r(0, v),
the normal vector is reversed. Indeed, r/ (0,v 4+ 27) = —r/,(0,v) and
r(0,v 4 27) =, (0,v). Hence,

n(0,v 4 27) = rl (0,04 27) x vl (0,v + 27) = —r/,(0,v) x r}(0,v)
= —n(0,v);

that is, the surface defined by these parametric equations is not ori-
entable because the normal vector is reversed when moved around a
closed curve.

So, if a surface S is defined by parametric or algebraic equations,
one still has to verify that it is orientable (i.e., it is two-sided!), when
evaluating the flux across it; otherwise, the flux makes no sense.

114. Stokes’ Theorem

114.1. Vector Form of Green’s Theorem. It was shown in Section 112.3
that the curl of a planar vector field F(z,y) = (Fi(z,y), F2(z,y),0) is
parallel to the z axis, V x F' = (0F,/0 — 0F;/0x)é;. This observation
allows us to reformulate Green’s theorem in the following vector form:

]{ F~dr—//(curlF)~é3 dA.
oD D

Thus, the line integral of a vector field along a closed simple curve is
determined by the fluz of the curl of the vector field across the surface
bounded by this curve. It turns out that this statement holds not only
in a plane, but also in space. It is known as Stokes’ theorem.

114.2. Stokes’ Theorem.
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114.2.1. Positive (Induced) Orientation of a Closed Curve. Suppose S is
a smooth surface oriented by its normal vector n and bounded by a
closed simple curve C. Consider a tangent plane at a point ry of S.
Any circle in the tangent plane centered at ry can always be oriented
counterclockwise as viewed from the top of the normal vector n = ng at
ro. This circle is said to be positively oriented relative to the orientation
of S. Since the surface is smooth, a circle of a sufficiently small radius
can always be projected onto a closed simple curve in S by moving each
point of the circle parallel to ny. This curve is also positively oriented
relative to ng. It can then be continuously (i.e., without breaking)
deformed along S so that its part lies on the boundary C' after the
deformation. The orientation is preserved throughout the deformation,
and hence it induces a positive orientation of the boundary C. The
positively oriented boundary of S is denoted by 0S.

In other words, the positive (or induced) orientation of C' means
that if one walks in the positive direction along C' with one’s head
pointing in the direction of n, then the surface will always be on one’s
left. Let S be a graph z = g(x,y) over D oriented upward. Then 95
is obtained from 0D (a positively oriented boundary of D) by lifting
points of 9D to S parallel to the z axis.

THEOREM 15.7. (Stokes' Theorem).
Let S be an oriented, piecewise-smooth surface that is bounded by a
simple, closed, piecewise-smooth curve C with positive orientation C' =
0S. Let F be a continuously differentiable vector field on an open spatial
region that contains S. Then

j{ F-dr://curlF-ﬁdS,
oS S

where N s the unit normal vector on S.

Stokes’ theorem is difficult to prove in general. Here it is proved
for a particular case when S is a graph of a function.
PROOF (FOR S BEING A GRAPH). Let S be the upward-oriented graph
z =g(z,y), (z,y) € D, where g is twice continuously differentiable on
D and D is a simple planar region whose boundary 9D corresponds
to the boundary dS. In this case, the normal vector n = (—g,, —g,,1)
and the upward flux of curl F across S can be evaluated according to
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Theorem 15.6, where F is replaced by V x F:

// curl F-ndS = // (curl F),, dA,
s D

e = ~(5 = 5205~ (52 - 505,
oF, O0F
(5 - 5)

where 0z/0x = g, and 0z/0y = g,. Let v = z(t) and y = y(t),
t € [a,b], be parametric equations of dD so that z(a) = x(b) and
y(a) = y(b) (0D is a closed curve). Then the vector function

r(t) = (z(t), y(t), g(z(t),y(t)), t€la,b],
traces out the boundary 05, r(a) = r(b). Making use of Theorem 15.1,
the line integral of F along 0S can be evaluated. One has r' =
("Y', gwx" + g,y'). Therefore, F -1’ = (Fy + Fzg,)x" + (Fy + F3g,)y’
and hence

b
7{ F.dr — / [(Fy + Fag,)x' + (Fy + Fig,)y') dt
oS a

= £D<F1 —i—Fsg )dx+ (F2+F3gz>dy

because z' dt = dz and y' dt = dy along 0D, where z = g(z,y) in all
components of F. The latter line integral can be transformed into the
double integral over D by Green’s theorem:

0z 0 0z
fgSF dr—// p Fg F38y> 8y<F1 F3a )]dA
://(curlF)ndA://curlF-ﬁdS,
D S

where the middle equality is verified by the direct evaluation of the
partial derivatives using the chain rule. For example, (0/0z)Fs(z,v,
g(z,y)) = 8F2/3x+(8F2/82)(8z/8x). The terms containing the mixed
derlvatlves 0?z/0x Oy = 9y = g, are cancelled out by Clairaut’s the-
orem, while the other terms can be arranged to coincide with the ex-
pression for the normal component (curl F), found above. The last
equality holds by Theorem 14.17 (dS = JdA and n = Jn). O

114.3. Use of Stokes’ Theorem. Stokes’ theorem is very helpful for eval-
uating line integrals along closed curves of complicated shapes when a
direct use of Theorem 15.1 is technically too involved. The procedure
includes a few basic steps.
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Step 1. Given a closed simple curve C', choose any smooth orientable
surface S whose boundary is C. Note that, according to Stokes’ the-
orem, the value of the line integral is independent of the choice of S.
This freedom should be used to make S as simple as possible.

Step 2. Find the orientation of S (the direction of the normal vector)
so that the orientation of C' is positive relative to the normal of .S, that
is, C'=08S.

Step 3. Evaluate B = curl F and calculate the flux of B across S.

EXAMPLE 15.9. Evaluate the line integral of F = (zy,yz,x2) along
the curve of intersection of the cylinder x* + y> = 1 and the plane
x4+y+z=1. The curve is oriented clockwise as viewed from above.

SOLUTION: The curve C' lies in the plane x + y + z = 1. Therefore,
the simplest choice of S is the portion of this plane that lies within the
cylinder: z = g(x,y) = 1 — x — y, where (x,y) € D and D is the disk
2% +y? < 1. Since C is oriented clockwise as viewed from above, the
orientation of S must be downward to make the orientation positive
relative to the normal on S, that is, n = (g, g,, —1) = (=1,—1,-1).
Next,

€ € é;

B=VxF=det| g & % |=(y—2-z).
Ty Yz xz

Therefore, B, (z,y) =B -n = (—y,—g,—z) - (—1,-1,—-1) = g(x,y) +
y+x =1, and hence

/CF-dr:/aSF-dr://SB-ﬁdsz//DBn(x,y)dA
://DdA:A(D):w

EXAMPLE 15.10. Ewvaluate the line integral of F = (2%y,—2%x, 2)
along the curve C' that is the boundary of the part of the paraboloid z =
1—a2%—y? in the first octant. The curve C is oriented counterclockwise
as viewed from above.

O

SoLUTION: Choose S to be the specified part of the paraboloid z =
g(z,y) =1 —2® — y?, where (z,y) € D and D is the part of the disk
2% + y* < 1 in the first quadrant. The paraboloid must be oriented
upward so that the given orientation of C' is positive relative to the
normal on S. Therefore, the normal vector is n = (—g,,—g,,1) =
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(2x,2y,1). Next,

€ € €
B=VxF=det| 2 8% 2| = (22w, 22y, —227)
2y —2*x 2
so that By (z,y) = B -n = (2gz,2gy, —2¢°) - (22, 2y, 1) = 49(2* +y?) —
29° = 4g9(1 — g) — 2¢9®> = 49 — 6¢°. Thus,

/CF-dr://SB-ﬁdS://DBn(m,y)dA
= /Oﬂ/2/01[4(1—r2)—6(1—7“2)2]rdrd0: %

where the double integral has been converted to polar coordinates,
g(z,y) =1—12 O

114.4. Geometrical Significance of the Curl. Stokes’ theorem reveals the
geometrical significance of the curl of a vector field. The line integral of
a vector field along a closed curve C'is often called the circulation of a
vector field along C. Let B = curl F and let By = B(ry) at some point
ro. Consider a plane through ry normal to a unit vector n. Let C,
be a positively oriented simple, closed, smooth curve in the plane that
encircles a region S, of the plane and ry € S,. Let a be the radius of the
smallest disk centered at rg that contains S,. Consider the circulation
of a vector field per unit area at a point roy defined by

1 1
C1}3((1)A_Sj{ca]_:‘.dr:}Liilr(l)A—S//SaB-ﬁdS:Bo-ﬂz(curlF)o-ﬁ.

This follows from the integral mean value theorem. Since the function
f(r) = B -n is continuous on S,, there is a point r, € S, such that
the surface integral of f equals AS f(r,). As a — 0, r, — 1o and,
by the continuity of f, f(r,) — f(ro). This relation has the following
mechanical interpretation. Let F describe a fluid flow F = v, where
v is the fluid velocity vector field. Imagine a tiny paddle wheel in the
fluid at a point ry whose axis is directed along n. The fluid exerts
pressure on the paddles, causing the paddle wheel to rotate. The more
work done by the pressure force along the loop C,, the faster the wheel
rotates. The wheel rotates fastest (maximal work) when its axis n is
parallel to curlv because, in this case, the normal component of the
curl curl v - n = ||curl v|| is maximal. For this reason, the curl is often
called the rotation of a vector field.
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DEFINITION 15.11. (Rotational Vector Field).
A wvector field F that can be represented as the curl of another vector
field A, that is, F =V x A, is called a rotational vector field.

The following theorem holds (the proof is omitted).

THEOREM 15.8. (Helmholtz's Theorem).
Let F be a vector field on a bounded domain E, which is twice con-
tinuously differentiable. Then F can be decomposed into the sum of
conservative and rotational vector field; that is, there is a function f
and a vector field A such that

F=V/f+VxA.

For example, electromagnetic waves are rotational components of
electromagnetic fields, while the Coulomb field created by static charges
is conservative.

114.5. Test for a Vector Field to Be Conservative. The test for a vector
field to be conservative (Theorem 15.4) follows from Stokes’ theorem.
Indeed, in a simply connected region E, any simple, closed curve can
be shrunk to a point while remaining in £ through the deformation.
Therefore, for any such curve C', one can always find a surface S in F
such that S = C (e.g., C' can be shrunk to a point along such 5). If
curl F = 0 throughout F, then, by Stokes’ theorem,

fF-dr://curlF-fldS:O
c s

for any simple closed curve C'in E. By the path independence property,
F is conservative. The assumption that E' is simply connected is crucial.
For example, if E' is the entire space with the z axis removed (see Study
Problem 15.1), then the z axis always pierces through any surface S
bounded by a closed simple curve encircling the z axis, and one cannot
claim that the curl vanishes everywhere on S.

115. Gauss-Ostrogradsky (Divergence) Theorem
115.1. Divergence of a Vector Field.

DEFINITION 15.12. (Divergence of a Vector Field).
Suppose that a vector field F = (Fy, Fy, F3) is differentiable. Then the
scalar function

0F, N 0F, N 0F3
ox y 0z

is called the divergence of a vector field.

divF =V .F =
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EXAMPLE 15.11. Find the divergence of the vector field F = (x3 +
cos(yz), y +sin(z?2), xyz).

SOLUTION: One has

divF = (2° + cos(y2)), + (y + sin(2?2)),, + (zyz), = 32* + 1 4 yz.

n

COROLLARY 15.1. A continuously differentiable rotational vector
field is divergence free, div curl A = 0.

PROOF. By definition, a rotational vector field has the form F =
curl A =V x A, where A is twice continuously differentiable because,
by the hypothesis, F is continuously differentiable. Therefore,

divF =divcurl A=V .- curl A=V - (VxA)=0

by the rules of vector algebra (the triple product vanishes if any two vec-
tors in it coincide). These rules are applicable because A is twice con-
tinuously differentiable (Clairaut’s theorem holds for its components;
see Section 111.4). d

115.2. Another Vector Form of Green’s Theorem. Green’s theorem re-
lates a line integral along a closed curve of the tangential component of
a planar vector field to the flux of the curl across the region bounded
by the curve. Let us investigate the line integral of the normal com-
ponent. If the vector function r(t) = (x(¢),y(t)), a < t < b, traces out
the boundary C' of D in the positive (counterclockwise) direction, then

T-n=20

are the unit tangent vector and the outward unit normal vector to the
curve C, respectively. Consider the line integral 390 F-n ds of the normal
component of a planar vector field along C. One has ds = ||r/(¢)||dt,
and hence

F-nds=Fy dt — Fox'dt = Fydy — Fydr = G - dr,

where G = (—F5, F1). By Green’s theorem applied to the line integral
of the vector field G,

fF-ﬁds:]{G-dr:/ (%_% dA — // 0F1 aFQ dA.
c c p\ Ox &y
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The integrand in the double integral is the divergence of F. Thus,
another vector form of Green’s theorem has been obtained:

j{ F'ﬁdS:// div F dA.
oD D

For a planar vector field (think of a mass flow on a plane), the line
integral on the left side can be viewed as the outward flux of F across
the boundary of a region D. An extension of this form of Green’s
theorem to three-dimensional vector fields is known as the divergence
or Gauss-Ostrogradsky theorem.

115.3. The Divergence Theorem. Let a solid region E' be bounded by a
closed surface S. If the surface is oriented outward (the normal vector
points outside of F), then it is denoted S = JF.

THEOREM 15.9. (Gauss-Ostrogradsky (Divergence) Theorem).
Suppose E is a bounded, closed region in space that has a piecewise-
smooth boundary S = OFE oriented outward. If ¥ is a continuously
differentiable vector field on an open region that contains E, then

//BEF-ﬁdS:///EdiVFdV.

The divergence theorem states that the outward flux of a vector
field across a closed surface S is given by the triple integral of the
divergence of the vector field over the solid region bounded by S. It
provides a convenient technical tool to evaluate the flux of a vector
field across a closed surface.

Remark. It should be noted that the boundary 0F may contain
several disjoint pieces. For example, let E be a solid region with a
cavity. Then OF consists of two pieces, the outer boundary and the
cavity boundary. Both pieces are oriented outward in the divergence
theorem.

EXAMPLE 15.12. Ewaluate the fluz of the vector field F = (4xy?z +
e, dyx?z , 2* +sin(xy)) across the closed surface oriented outward that
is the boundary of the part of the ball x* + y* + 2? < R? in the first
octant (x,y,z >0).

SOLUTION: The divergence of the vector field is

divF = (4zy’z + €°), + (dyx’z)], + (2* +sin(zy)), = 42(2” + y° + 2°).
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By the divergence theorem,

//F-fldS:///4z(x2+y2+zz)dv
S E
/2 pr/2 R 6
:/ / / 4p* cos 6 p?sin b dp dpd —
0 0 0 24

where the triple integral has been converted to spherical coordinates.
The reader is advised to evaluate the flux without using the divergence
theorem to appreciate the power of the latter! O
The divergence theorem can be used to change (simplify) the surface
in the flux integral.

COROLLARY 15.2. Let the boundary OF of a solid region E be the
union of two surfaces Sy and Sy. Suppose that all the hypotheses of the
divergence theorem hold. Then

// F-ﬁdS:///dideV—// F-nds.
Sa E S1

This establishes a relation between the flux across S; and the flux
across S9 with a common boundary curve. Indeed, since OF is the
union of two disjoint pieces S; and S, the surface integral over OF
is the sum of the integrals over S; and S;. On the other hand, the
integral over OF can be expressed as a triple integral by the divergence
theorem, which establishes the stated relation between the fluxes across

Sl and SQ.

EXAMPLE 15.13. Ewaluate the upward flux of the vector field F =
(22 tan~(y? + 1), z*In(a? + 1), z) across the part of the paraboloid
2z =2 — 22 — y? that lies above the plane z = 1.

SoLUTION: Consider a solid F bounded by the paraboloid and the
plane z = 1. Let Sy be the part of the paraboloid that bounds F
and let S; be the part of the plane z = 1 that bounds E. If S, is
oriented upward and S5 is oriented downward, then the boundary of
E is oriented outward, and Corollary 15.2 applies. The surface Sy is
the part of the plane z = 1 bounded by the intersection curve of the
paraboloid and the plane: 1 =2 — 2?2 —y? or 22 + 92 = 1. So S, is
the graph 2z = g(x,y) = 1 over D, which is the disk 2 + y? < 1. The
downward normal vector to Sy is n = (g, g,,—1) = (0,0,—1), and
hence F, =F -n = —F3(z,y,9) = —1 on S; and

J[ Fonas= [[ Fapar=- [[ ar=-aw)= =
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Next, the divergence of F' is

divF = (2*tan"'(y* + 1)), + (z*In(z® + 1)), + (2), =0+ 04+ 1= 1.

2 1 p2-r?
J[[aweav=[[[av=[" [ [ razaras
E E o Jo Ji1
us

1
= 27r/ (1—r*)rdr= =,
0 2

Hence,

where the triple integral has been transformed into cylindrical coordi-
nates for £ = {(z,y,2)|2bot = 1 < 2 <2 — 2% — y* = z0p, (z,y) € D}.
The upward flux of F across the paraboloid is now easy to find by
Corollary 15.2:

// F-ﬁdS:///dideV—// FondS—" tmx=>°"
S B S 2 2
0

The reader is again advised to try to evaluate this directly to appreciate
the power of the divergence theorem!

COROLLARY 15.3. The flux of a continuously differentiable rota-
tional vector field across an orientable, closed, piecewise-smooth surface

S vanishes:
// curl A -ndS = 0.
s

PRrROOF. The hypotheses of the divergence theorem are satisfied. There-

fore,
//curlA-ﬁdS:/// diveurl AdV =0
s E

by Corollary 15.1. O

By Helmholtz’s theorem, a vector field can always be decomposed
into the sum of conservative and rotational vector fields. It follows then
that only the conservative component of the vector field contributes to
the flux across a closed surface. This observation is further elucidated
with the help of the concept of vector field sources.

115.4. Sources of a Vector Field. Consider a simple region E, of volume
AV. Let a be the radius of the smallest ball that contains E, and is
centered at a point rg. Let us calculate the outward flux per unit volume
of a continuously differentiable vector field F across the boundary 0F,,
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which is defined by

clzIE(IJA_V//aE F- ndS_}zanA_V///adWFdV div F(rg).

The latter equality follows from the integral mean value theorem. By
the continuity of div F', and the integral mean value theorem, there is a
point r, € E, such that the triple integral equals AV div F(r,). In the
limit @ — 0, r, — ro. Thus, if the divergence is positive div F(ry) > 0,
the flux of the vector field across any small surface around ry is positive.
This, in turn, means that the flow lines of F are outgoing from r( as if
there is a source creating a flow at ry. Following the analogy with water
flow, such a source is called a faucet. If divF(ry) < 0, the flow lines
disappear at ro (the inward flow is positive). Such a source is called a
sink. Thus, the divergence of a vector field determines the density of
the sources of a vector field. For example, flow lines of a static electric
field originate from positive electric charges and end on negative electric
charges. So the divergence of the electric field determines the electric
charge density in space.

The divergence theorem states that the outward flux of a vector
field across a closed surface is determined by the total source of the
vector field in the region bounded by the surface.



