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Chapter 1

FUNCTIONS OF SEVERAL VARIABLES

1.1. Basic Definitions
In this chapter, we consider functions of the form
(1) frASRT X f(x),

where the domain A C R" is a set in the n-dimensional euclidean space, and where the codomain R™ is
the m-dimensional euclidean space. For each x € A, we can write

X=(Z1,...,Tn),
where z1,...,2, € R. In other words, we think of the function (1) as a function of n real variables
Z1,...,Tp. If m > 1, then we say that the function (1) is a function of several (real) variables. On the

other hand, we can write

f) = (f1(x),- -, fm (%)),

where f1(x),..., fm(x) € R. We say that the function (1) is a vector valued function. If m = 1, then
we also say that the function (1) is a real valued function.

EXAMPLE 1.1.1. We are familiar with the case n = m = 1 (real valued functions of a real variable)
and the case n = 2 and m = 1 (real valued functions of two real variables).

EXAMPLE 1.1.2. The area of a rectangular box in 3-dimensional euclidean space can be given by a
function f : A — R, where A C R? consists of all triples x = (z,y, 2), with real numbers z,y,z > 0
describing the lengths of the sides of the rectangular box. Here f(x) = zyz.
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EXAMPLE 1.1.3. To describe the flow of air, we may consider a function of the form f : A — R?, where
A C R* consists of all 4-tuples x = (x,y, 2,t), with the triple (z,y, z) describing the position and the
real number t describing time. Here the image f(x) describes the velocity of air at position (x,y, z) and
time t.

EXAMPLE 1.1.4. We can define f : R” — R® by writing
f(z1,. ., 27) = (21 + T2, 37475, T2T6, V127, T2T3 + Ts5)

for every (x1,...,27) € R.

1.2. Open Sets

In the next section, we shall develop the concept of continuity. To do this, we need the notion of a limit.
However, to understand limits, we must first study open sets.

DEFINITION. For every xo € R™ and every real number r > 0, the set
D(xq,7) ={x € R": [|[x — x| < r}

is called the open disc or open ball with centre xy and radius . Here ||x — X¢| denotes the euclidean
distance between x and xg.

REMARK. More precisely, for every y = (y1,...,yn) € R", the quantity ||y|| denotes the norm of the

vector y, and is given by
Iyl =yt +-. . +vi.

EXAMPLE 1.2.1. Suppose that o € R. Then D(xg,r) denotes the open interval (zg — r, z¢ + 7).
EXAMPLE 1.2.2. For n =2, D(0,7) is the open disc {x = (x1,72) € R? : 2% + 23 < r?}.
EXAMPLE 1.2.3. For n =3, D(0,7) is the open ball {x = (21,72, 73) € R®: 2% + 23 + 23 < r?}.

DEFINITION. A set G C R™ is said to be an open set if, for every xg € G, there exists » > 0 such that
the open disc D(x0,7) € G. In other words, a set G is open if every point of G is the centre of some
open disc contained in G.
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ExaMPLE 1.2.4. For every xg € R™ and r > 0, the open disc D(xq,r) is open. To see this, we shall
show that for every x € D(xg,r), we can find some s > 0 such that D(x,s) C D(xq,r). The picture
below in the case n = 2 should convince you that s = r — ||x — x| is a suitable choice.

N

To prove that D(x,s) C D(xq, ), note that for every y € D(x,s), we have
Iy = xoll = lly =x +x = xol| < [ly = x| + [|x = %0 <5+ [[x = x|,

using the Triangle inequality for vectors in R™. It now follows from our choice of s that ||y — x¢|| < r,
so that y € D(xo,r).

EXAMPLE 1.2.5. The set G = {x = (z1,22) € R? : |z1] < 1 and |z2| < 1} in R? is open.
EXAMPLE 1.2.6. The set G = {x = (21,22, 73) € R®: 23 > 0} in R? is open.

Suppose that xg € R™ is given. On many occasions, we do not need to consider open discs centred
at xg. Very often, it may be sufficient to consider some open set containing xo. We therefore make the
following definition for convenience.

DEFINITION. Suppose that xo € R™. Then any open set G such that x¢ € G is called a neighbourhood
of the point xg. In other words, any open set containing xq is a neighbourhood of xg.

To complete our preparation before introducing the idea of a limit, we make two more definitions.

DEFINITION. Suppose that A C R™ is given. A point xg € R" is said to be a boundary point of A if
every neighbourhood of xg contains a point of A as well as a point not in A.
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REMARK. Note that a boundary point of a set A does not necessarily belong to A.

DEFINITION. Suppose that A C R” is given. The set A, containing precisely all the points of A and all
the boundary points of A, is called the closure of A.

EXAMPLE 1.2.7. In R, the intervals (0,1), (0,1], [0,1) and [0, 1] all have boundary points 0 and 1, and
closure [0, 1].

EXAMPLE 1.2.8. The boundary points of an open disc in R? are precisely all the points of a circle.
The closure of an open disc in R? is the open disc together with its boundary circle.

1.3. Limits and Continuity

In this section, we shall use the idea of neighbourhoods to study limits. The interested reader may wish
also to study the e-§ approach discussed in the next section.

DEFINITION. Consider a function of the form f: A — R™, where A C R™. Suppose that xq € A and
b € R™. We say that the function f has a limit b as x approaches xq, denoted by f(x) — b as x — xq
or

lim f(x)=h,

X—X(

if, given any neighbourhood N of b, there exists a neighbourhood G of x¢ such that f(x) € N for every
X # X¢ satisfying x € G N A.

T e

ExampLE 1.3.1. Consider the function f: R — R, given by
_JOo ifrx<2,
f(x){l if 2 > 2.

Then f has no limit as x approaches 2.

ExampLE 1.3.2. Consider the function f : R — R, given by

o ={0 LI

Then f(z) — 0 as z — 2.

ExaMPLE 1.3.3. In Example 1.3.1, if we change the domain of the function to A = (—00,2), then
f(x) = 0asz— 2.

Below we state three results. The interested reader may refer to the next section for the proofs.
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THEOREM 1A. Suppose that f : A — R™, where A C R™. Suppose further that xo € A, and that
f(x) = by and f(x) — by as x — Xq, where by, by € R™. Then by = ba. In other words, the limit, if
it exists, 1S unique.

THEOREM 1B. Suppose that f : A — R™ and g : A — R™, where A C R™. Suppose further that

xg € A. Then as x — Xq,

(a) if f(x) — b, then (cf)(x) — cb for every c € R;

(b) if f(x) — by and g(x) — ba, then (f + g)(x) — by + bsy; and

(c) if f(x) = (fi(x),...,[fm(x)) for every x € A, then f(x) — b if and only if f;(x) — b; for every
t=1,...,m, where b= (b1,...,by).

THEOREM 1C. Suppose that f : A — R and g : A — R, where A C R™. Suppose further that
xg € A. Then as x — Xq,

(a) if F(x) — by and g(x) — by, then (fg)(x) — bibs; and

(b) if f(x) = b#0, then (1/f)(x) — 1/b.

We can now define continuity in terms of limits.

DEFINITION. Consider a function of the form f: A — R™, where A C R™. The function f is said to
be continuous at xg € A if f(x) — f(X0) as x — xo. Furthermore, we say that f is continuous in A if f
is continuous at every xg € A.

Corresponding to Theorems 1B and 1C, we deduce immediately the following two results.

THEOREM 1D. Suppose that f : A — R™ and g : A — R™, where A C R". Suppose further that

Xo € A.

(a) If [ is continuous at Xq, then cf is also continuous at Xg.

(b) If f and g are continuous at Xq, then f + g is also continuous at Xg.

(c) If f(x) = (f1(X),..., fm (X)) for every x € A, then f is continuous at Xo if and only if f1,..., fm
are all continuous at Xg.

THEOREM 1E. Suppose that f : A — R and g : A — R, where A C R". Suppose further that
Xpo € A.

(a) If f and g are continuous at Xq, then fg is also continuous at Xg.

(b) If f is continuous at xg and f(xo) # 0, then 1/f is also continuous at Xg.

EXAMPLE 1.3.4. Consider the function f: R? — R2, given by

2 T2T3
Tr1,T2,r3) = | x{T2 + 23, ——= | -
[z, 22, 23) (12 31—}—95%)

We shall show that f is continuous in R?. Using Theorem 1D(c), it suffices to show that both components

Tox
2 273
(2) (x1,29,23) — x{T2 + T3 and (z1,22,23) — . 5
+ 27
are continuous in R3. Clearly all three functions
(z1,22,73) — 21 and (71,72, 73) > T2 and (71,72, 73) > T3,

as well as the constant function (z1,z2,23) — 1, are continuous in R3. It follows from Theorem 1E(a)
and Theorem 1D(b) that the function on the left hand side of (2) is continuous in R?. It follows from
Theorem 1E and Theorem 1D(b) that the function on the right hand side of (2) is also continuous in
R3.

We also have the following result on compositions of functions.
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THEOREM 1F. Suppose that f: A — R™ and g : B — RP, where A C R™ and B C R™. Suppose
further that f(A) C B, so that go f : A — RP is well defined. If f is continuous at xg € A and g is also
continuous at yo = f(xo) € B, then go f is continuous at Xg.

1.4. Limits and Continuity: Proofs

The purpose of this section is to illustrate the equivalence between the neighbourhood approach and the
€-0 approach, and to establish Theorems 1A, 1B, 1C and 1F. The material is optional for students not
proceeding beyond the current unit of study. However, other students are advised to study the proofs
carefully.

THEOREM 1G. Suppose that f : A — R™, where A C R™. Suppose further that xo € A and
b € R™. Then f(x) — b as x — x¢ if and only if, given any ¢ > 0, there exists § > 0 such that
|| f(x) — bl < € for every x € A satisfying 0 < ||x — x| < 9.

PROOF. (=) Suppose that f(x) — b as x — x¢. Then given any neighbourhood N of b, there exists
a neighbourhood G of xg such that f(x) € N for every x # xq satisfying x € GN A. Let € > 0 be given.
Clearly

N =D(b,e) ={y e R™ : [y = b|| <€},

the open disc with centre b and radius €, is a neighbourhood of b. It follows that there exists a
neighbourhood G of x¢ such that f(x) € D(b,¢) for every x # x satisfying x € G N 4; in other words,
[If(x) — bl < € for every x # x satisfying x € G N A.

n m

R R

Since G C R™ is an open set, there exists ¢ > 0 such that D(xq,d) € G. We therefore conclude that
I f(x) — bl < € for every x # xq satisfying x € D(xg,0) N A; in other words, for every x € A satisfying
0< HX*XQH < 4.

(«<=) Suppose that given any € > 0, there exists 6 > 0 such that || f(x) — b|| < € for every x € A
satisfying 0 < ||x — xo|| < 6. Let N be a neighbourhood of b. Since N C R™ is an open set, there exists
€ > 0 such that

D(b,e) ={y e R": |y —b|]| <e} C N.

n m

R R
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It follows that there exists § > 0 such that || f(x) — b|| < € for every x € A satisfying 0 < ||x — x¢|| < 9.
Let

G = B(x9,0) ={x € R" : ||x — x¢]| < d}.

Then clearly f(x) € D(b,e) C N for every x # xq satisfying x € GN A. Tt follows that f(x) — b as
x — xg. O

PROOF OF THEOREM 1A. Since f(x) — by and f(x) — bg as x — X, it follows from Theorem 1G
that given any € > 0, there exist §; > 0 and d2 > 0 such that

If(x)—bi| <€ for every x € A satisfying 0 < ||x — x| < d1,
and
If(x) —ba|| <e  for every x € A satisfying 0 < ||x — xo|| < Js.
Let 6 = min{dy,d2} > 0. Then by the Triangle inequality,
b1 —ba| < [[f(x) = bl + [ f(x) — ba|| < 2¢

for every x € A satisfying 0 < ||x — x¢|| < 0. Since € > 0 is arbitrary and ||b; — bs]| is independent of
x, we must have ||b; — bg|| =0, so that by =bs. O

ProoOF oF THEOREM 1B. We use Theorem 1G to enable us to use the e-§ approach.

(a) The result is trivial if ¢ = 0, so we shall assume that ¢ # 0. Given any € > 0, there exists § > 0
such that

| f(x) — bl < Z for every x € A satisfying 0 < ||x — x| < 4.
It follows that
1(cf)(x) = cb = c[ f(x) —b|| <e
for every x € A satisfying 0 < ||x — x| < .

(b) Given any € > 0, there exist §; > 0 and d, > 0 such that

[£(x) = bu| <

for every x € A satisfying 0 < ||x — x| < 01,

and

l9(x) = bal| <

for every x € A satisfying 0 < ||x — x| < d2.
Let § = min{dy,d2} > 0. Then by the Triangle inequality,
I(f +9)(x) = (b1 = ba)|| < [[f(x) = bal| + [lg(x) — bz <€
for every x € A satisfying 0 < ||x — x| < 6.
(¢) Suppose first of all that f(x) — b as x — x¢. Given any € > 0, there exists § > 0 such that

If(x) —b| <e for every x € A satisfying 0 < ||x — x| < 4.
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For every ¢ = 1,...,m, it is clear that

[fi(x) = bi| < [If(x) =D,
so it follows easily that |f;(x) — b;| < € for every x € A satisfying 0 < ||x — x¢|| < 6. Hence f;(x) — b;

as x — Xg for every i = 1,..., m. Suppose now that f;(x) — b; as x — x¢ for every i = 1,...,m. Then
given any € > 0 and any ¢ = 1,...,m, there exists §; > 0 such that

|fi(x) —bi] < % for every x € A satisfying 0 < ||x — xo|| < 6;.

Let 6 = min{dy,...,dm}. Then
If(x) =Bl < Ifilx) = bil <e
i=1

for every x € A satisfying 0 < [[x — xo|| < d. Hence f(x) — b as x — xo. O
ProoF oF THEOREM 1C. We again use Theorem 1G to enable us to use the e-d approach.
(a) We use the inequality
F600g(%) — bibal = |F(x)g(x) — F()ba + F(x)bs — bibal < |F()llglx) — b| + [bal £ () — b,

Since f(x) — by as x — Xq, it follows that (with e = 1) there exists d; > 0 such that
[f(x)—b1] <1 for every x € A satisfying 0 < ||x — x¢|| < d;.

It follows from the Triangle inequality that

If(x)| < |f(x) = b1] 4 |b1] <1+ |by] for every x € A satisfying 0 < ||x — x| < d1.

Let € > 0 be given. Since f(x) — b; as x — X, it follows that there exists d2 > 0 such that

) = bal < g

_ for every x € A satisfying 0 < [|x — x¢l|| < 2.
A+ o] y ying 0 < || oll <2

Since g(x) — by as x — Xg, it follows that there exists d3 > 0 such that

€
by — A satisfying 0 < [x — 5s.
lg(x) — ba| < AT or every x € A satisfying 0 < ||x — x| < 03

Let 6 = min{dy,d2,03}. Then it is easily seen that |f(x)g(x) — biba| < € for every x € A satisfying
0< HX_X()” < 4.

(b) We use the identity

(x) b

[FGOlll -

Since b # 0 and f(x) — b as x — X, it follows that (with ¢ = |b|) there exists &; > 0 such that

1 1‘_|f(X)—b|

1
|f(x)—b] < §|b\ for every x € A satisfying 0 < ||x — xql| < 0.
It follows from the Triangle inequality that

1
|f(x)| > +b] — | f(x) — b] > §\b| for every x € A satisfying 0 < ||x — xo|| < ¢1.
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Let € > 0 be given. Since f(x) — b as x — X, it follows that there exists d > 0 such that
1.9 e
If(x) —b| < §|b| € for every x € A satisfying 0 < ||x — xq|| < do.

Let 6 = min{dq,d2}. Then it is easily seen that

’ 1 1‘ -
—— — | <e¢
fx) b

for every x € A satisfying 0 < ||x — x¢|| <. O

PROOF OF THEOREM 1F. Since g is continuous at yo = f(Xo), it follows that given any € > 0, there
exists n > 0 such that

l9(y) = 9(f(x0))ll = llg(y) — g(yo)ll <€  for every y € B satisfying [ly — f(x0)[| <.
Since f is also continuous at xg, it follows that given any 1 > 0, there exists d > 0 such that
1f(x) = f(xo)|l < for every x € A satisfying ||x — x| < 0.

Suppose now that x € A satisfies ||x — x¢|| < 6. Then it follows that f(x) € f(A) C B and satisfies
I f(x) — yoll <m, so that

(g o f)(x) = (g0 F)xo)ll = llg(f(x)) = g(f(xo))|| <€

as required. ()

PROBLEMS FOR CHAPTER 1

1. Draw each of the following sets in R?, and determine heuristically whether it is open:
a) A={(z,y) eR?: 1 < 2?4+ 9y% < 4}
b) A= {(z,y) e R?:0 < 2% +y? <4}
c) A={(z,y) = (rcosf,rsinf) e R?: 0 <0 < /4 and %> <r < 6}

2. Suppose that G and H are both neighbourhoods of a point xg € R™. Show that both G N H and
G U H are neighbourhoods of xq.
[REMARK: You may assume that both G N H and G U H are open. Alternatively, you may take it
as a challenge to prove these two assertions first.]

3. Use the arithmetic of limits to evaluate

i xy 2% + 3y? + dyz
(@y,2)— 0,00 \ 22 +1y2+2" xz+y+1 ’

4. Use the e-6 definition of a limit to show that

2

lim —==0.
(z,9)—(0,0) /22 + 32
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5. For each of the following two functions, investigate the behaviour on each of the two lines given,
and explain why the limit does not exist as (z,y) — (0,0):
2

a) f(x,y)z%;linesszandyzO
€ Yy
N2
b) f(x,y):%;hnesy:xandy:—x
z

6. Consider the function h : R® — R, given by

1—cos(z+y+2)
2
hag,z) =4 VTR

ifx+y+2#0,

ifz+y+2z=0.

N =

By writing down suitable functions f : R® — R and g : R — R which are continuous at (0,0, 0) and
£(0,0,0) respectively, use Theorem 1F to show that

1
lim h(z,y,z) = =.
(2,y,2)—(0,0,0) (@9.2) 2

7. Use Theorem 1F to show that

sin(x? + y?)
im @ —
(.9)=(00) 2% +y?

8. Consider the open disc D(0,1) € R?, centred at the origin 0 = (0,0) and of radius 1. Suppose that
f(x) =0 for every x € D(0,1). Show that f(x) — 0 as x — (1,0).
[REMARK: Note that (1,0) € D(0,1).]

9. Find a continuous function f : R? — R such that £(0,0) = 1, f(1,0) =0, and 0 < f(x,y) < 1 for
every (z,y) € R%
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Chapter 2

DIFFERENTIATION

2.1. Partial Derivatives

The notion of differentiability for vector valued functions of several variables is more complicated than
one might expect. As a first step, we consider partial derivatives of real valued functions of several
variables.

DEFINITION. Consider a function of the form f : A — R, where A C R"™ is an open set. For every
x = (z1,...,2,) € A and every j = 1,...,n, the limit
ﬁ(xl . ) — lim f(.Z‘l, sy L1,y + h, Tjtl,--- ,Jin) — f(a:l, - ,J,‘n)
x0T h—0 h ’

if it exists, is called the j-th partial derivative of f.

REMARK. If for every j = 1,...,n, we write

j—1 n—j
then
of _ 4. f(x+hej) — f(x)
5‘xj(x1"”’xn)_}zll% A :

EXAMPLE 2.1.1. Suppose that f : R? — R, where f(x,y) = sinxy+ x cos y for every (z,y) € R?. Then
0 0

—— =ycosxy + cosy and a—:xcosxy—xsiny.
Y

or
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EXAMPLE 2.1.2. Suppose that f : R? — R, where

Ty
T,Y) = —————
for every (x,y) € R?. Then
of .y o 2
or (;v2 4 y2)3/2 Oy - (x2 + y2)3/2'

EXAMPLE 2.1.3. Suppose that f : R> — R, where f(z,y) = z'/5y/5 for every (z,y) € R2. Then to
obtain the partial derivatives at (0,0), we cannot simply differentiate and substitute (z,y) = (0,0). In
fact, we can work from first definitions that

+-(0,0) = lim =0 and  =2(0,0) = lim f(0,h) - £(0,0)

VP JAD R =0.
ox h—0 h 8y h—0 h

Let us study the restriction of the function to the plane z = y. Try to draw a picture to convince yourself
that the function f(z,z) = 22/% is not differentiable at z = 0. It follows that the graph of the function
f(z,y) = z'/°y'/> does not have a tangent plane at (x,7) = (0,0). This suggests that differentiability
of a function at a point has to be more than just the existence of partial derivatives at that point.

2.2. Total Derivatives

Next, we turn to the idea of differentiability at a point. To motivate this, let us consider the following
two examples.

EXAMPLE 2.2.1. Suppose that f: A — R, where A C R, is differentiable at a point zy. Consider the
tangent to the curve of f at the point (xg, f(z0)). The slope of this tangent is f’(xg), and it is easy to
see that the equation of the tangent is the line

y = f(xo) + f'(w0)(x — o).

It follows that as @ — xg, the quantity f(xo) + f/(z0)(x — 2¢) is a good approximation of the function
f(z). On the other hand, note that

lim f(’l,’) B f(xO) _ f/(IO)7
T—To r — X
so that
lim f(@) = flwo) f(zo)| =0,
T—T0 T — X
whence

o @) = f(@0) = F'(@o) (@ = 20)]

T—TQ ‘;[; — {)_’,‘Ol

=0.

EXAMPLE 2.2.2. Suppose that f: A — R, where A C R%. Suppose further that (zg,y0) € A and that
there is a tangent plane to the surface of f at (xo,yo, f(20,¥0)). The equation of a non-vertical plane is
of the form z = ax + by + ¢, and it is not difficult to show that the tangent plane must be of the form

z = f(zo,y0) + (%(IEO, yo)) (x —x0) + (g—;(mo, y0)> (Y —yo)-
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It follows that as (x,y) — (2o, yo), the quantity

f(zo,y0) + (%(wovyO)) (z — o) + (%(fﬂovyo)) (¥ — vo)

is a good approximation of the function f(x,y). If we take into consideration Example 2.2.1, we may
perhaps wish to say that f is differentiable at (zq,yo) if 9f/0x and df /0y exist at (xo,yo) and if

) = fom) — (G w)) @0~ (G o)) )|

1m
(2,y)—(0,y0) [(z,y) — (w0, yo)l

(1)
Now write
D)0 = (G o) o))

as a row matrix. Then with a slight abuse of notation, we have

f(xo,v0) + (%(woay@) (x — o) + (g—;j(xoayo)) (y —yo) = f(z0,y0) + (Df)(0,Y0) (Z :23) ,

and so (1) can be written in the form

‘f(:c,y) = f(@o,50) — (Df)(@o,yo) (z - 5(2)) ‘ 0

lim
(2,y)—(0,y0) [(z,y) — (w0, yo)l

We now try to generalize our discussion so far to the case of real valued functions of several real
variables.

DEFINITION. Consider a function of the form f: A — R, where A C R" is an open set. We say that f
is differentiable at xg € A if all partial derivatives

ar
ﬁxj’

where j =1,...,n,

exist and if

o 16 = £x0) = (D) (x0) (x = x0)]

=0 % = o

where (D f)(x0)(x — x0) denotes the matrix product of

O = (52 00) o o))

0x1 o0xy,
with the vector x — xg regarded as a column matrix.
The generalization to vector valued functions is now rather straightforward.

DEFINITION. Consider a function of the form f: A — R™, where A C R” is an open set. Suppose that
f(x) = (fi(x),..., fm(x)) for every x € A. Then we say that f is differentiable at xg € A if f;: A = R
is differentiable at xg € A for every ¢ = 1,...,m. We say that f : A — R™ is differentiable if f is
differentiable at every xy € A.
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DEFINITION. Consider a function of the form f: A — R™, where A C R™ is an open set. Suppose that
f(x) = (f1(x),..., fm(x)) for every x € A. Then the total derivative of f at xo € A is defined to be the
m X n matrix

8f1 8f1

9, K0 g (x0)
(2) T = (Df)(x0) =

O fm 0fm

Go (o) e H M (x0)

if all the partial derivatives exist. The matrix T is also called the matrix of partial derivatives.

REMARK. Consider a function of the form f: A — R™, where A C R™ is an open set. It can be shown
that f is differentiable at xg € A if and only if all partial derivatives

Ofi
8f7 where i =1,...,mand j=1,...,n,
Lj
exist and
_ —T(x —
5 o 1760 = F0) = T =x0)]| _
< EEE

where T(x — xg) denotes the matrix product of T given by (2) with the vector x — x( regarded as
a column matrix. To see this, note first of all that the existence of the partial derivatives is obvious.
Next, note that for any vector y = (y1,...,¥ym) € R™, we have |y;| < |y|| for every i = 1,...,m, and
lvll < ly1] + - .-+ |ym|- Note now that

fr(x) = f1(x0) = (Df1)(x0)(x = o)

fm (%) = fm(x0) = (D fm)(%0)(x — X0)

so that
| fi(x) = fi(x0) — (Dfi)(x0)(x — x0)| < [|f(x) = f(x0) — T(x —xo)|

for every i = 1,...,m, and

1F(%) = f(x0) = T(x = x0)| Z = fi(%0) = (D fi)(x0)(x = x0)|-

EXAMPLE 2.2.3. Consider the function f : R® — R? : (z,y,2) — (zsiny,x + sinz). In this case, we

have f(x7yvz) = (fl(.’L',y,Z),fg(CC,y,Z)), where f1($7y72> = xSiny and fg(l',y,Z) =z +sinz for every
(z,y,2) € R3. Tt follows that

ofir 0ft 9Ofr
Df_| 9z 9y 9z | _ (siny zcosy 0 )
f= = .
Ofs Ofs Ofa 1 0 COS 2

9r  dy 0z
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EXAMPLE 2.2.4. Consider the function f: A — R? : (r,0) — (rcos@,rsinf), where A = {(r,0) € R? :
r > 0}. In this case, we have f(r,0) = (f1(r,0), f2(r,0)), where f1(r,0) = rcos and fo(r,6) = rsind
for every (r,0) € A. It follows that

ofi  0f

Df = or 00 [ cosf —rsinf
| 8f, 0fy | \sinf@ rcosd )

ar 90

REMARK. Consider the special case m = 1. Then

—one) = (5 L),

The corresponding vector

of of
<a—m177a—xn)

is called the gradient of f and denoted by Vf or grad f. For f: R?> — R and f : R? — R, we can use
the special notation

TSI T A

respectively. Here i, j and k denote, as usual, unit vectors in the z, y and z directions.

2.3. Consequences of Differentiability

We know that in the theory of real valued functions of one real variable, a function f is continuous
whenever it is differentiable. The purpose of this section is to extend this result to vector valued
functions of several variables.

THEOREM 2A. Suppose that f : A — R™, where A C R" is an open set. Suppose further f is
differentiable at xqg € A. Then f is continuous at xg.

T PROOF. Since (3) holds, it follows that there exists d; > 0 such that

/() = f(x0) = T(x = %0

l[x = ol

<1,

and so

1 (%) = f(x0) = T(x —x0)[| < [lx =0l

for every x € A satisfying 0 < ||x — x¢|| < d1. It follows from the Triangle inequality that

1f(x) = f(x0)| = [[f(x) = f(x0) = T(x = %0) + T(x — xo)|
< f () = f(x0) = T(x = x0) || + I T(x — x0)|
< [lx = xo]| + [T (x = xo) |
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for every x € A satisfying 0 < ||x — x| < d1. Next, note that

farta) o gitio) (V1) 00 - (¢~ x0)
- sl = || T o
o) o Ly (7)) G5 0

m 1/2 m 1/2
(Z((vfi)(x()) S(x = Xo))2> < (Z 1(V fi) (x0) I [1x — Xo2>

i=1 =1
. 1/2

= (Z <Vfi><xO>|2> -
i=1

where the inequality follows from the Cauchy-Schwarz inequality in R™. Now let

m 1/2
M (Z ||<Vfi><xO>||2> +1
Then

£ (%) = f(xo)ll < M]lx — x|

for every x € A satisfying 0 < ||x — xg|| < d1. Suppose that € > 0 is given. Then let § = min{d;,e/M}.
It is now easily seen that || f(x) — f(Xo)| < € for every x € A satisfying ||x — x¢|| < . It follows that f
is continuous at xg. O

REMARK. The Cauchy-Schwarz inequality in R™ states that for every two vectors x = (21,...,Zpm)
and y = (Y1, .-, Ym) in R™, we have |x-y| < ||x|||ly|l, where x -y = 2191 + .. . + i Ym.-

If we look at the proof of Theorem 2A carefully, then it is easy to see that we have also proved the
following result.

THEOREM 2B. Suppose that f : A — R™, where A C R" is an open set. Suppose further f is
differentiable at xq € A. Then there exist positive real numbers M and 61 such that

1£() = f(x0)[| < M|lx — %o

for every x € A satisfying ||x — xo|| < d1.

2.4. Conditions for Differentiability

In the theory of real valued functions of one real variable, we have many examples of continuous functions
that are not differentiable. On the other hand, the example

1 ifz=00ry=0,
f(ﬂ%y)—{() otherwise,

shows that while the partial derivatives f/0x and df /0y exist at (0,0), the function is not continuous
at (0,0) and so not differentiable at (0,0).
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On the other hand, the definition for differentiability is very difficult to use, since it is practically
impossible to verify condition (3) in most instances. The following result eases the pain somewhat.

THEOREM 2C. Suppose that f : A — R™, where A C R" is an open set. Suppose further that all
partial derivatives

Ofi
8(Ej ’

wherei=1,....mand j=1,...,n,

exist and are continuous in a neighbourhood of a point xqg € A. Then [ is differentiable at xq.
T PROOF. We need to establish (3). To do this, note first of all that
f1(x) = fi1(x0) — (Vf1)(x0) - (x — %o)

f(x) = f(x0) = T(x —x0) =
fm (%) = fin(x0) = (Vfm)(x0) - (x — %0)
It is then easy to see that

1f(x) = f(x0) = T(x —x0)[| < Z\fz — fi(x0) = (Vfi)(x0) - (x = %0)|-

It follows that to prove (3), it suffices to show that for every i = 1,...,m,

li M%) = fi(x0) = (Vi) (x0) - (x = %0)|

=0.
x—% [[x = ol

(4)

Our proof will depend on the Mean value theorem for real valued functions of a real variable. Let
x = (z1,...,2,) and x¢ = (X1,...,X,). Then

fi(x) = fi(x0) = fi(w1,... an) — filX1,..., Xn)
= filx1,...,xn) — fi( X1, 22, .., 2p)
-|—f7;(X1,.’E2,...7£L'n) —fi(Xl,XQ,.’Eg...,.’En)
+ ...
—|—fi(X1,...,Xn_2,l‘n_1,.Tn)—fi(Xl,...,Xn_l,xn)
+fi(X1,...,Xn717xn) _fl(X17>Xn)

= S = X0+ ot gl e = X0 = 3 ) - X))

by the Mean value theorem, where for every j =1,...,n,
Y = (X17 o 7Xj—17yj7xj+1a v 7In)

for some y; between z; and X;. On the other hand,

(Vfi)(x0) - (x —x0) Zgj:z (x0)(zj; — X;).

It follows that

1109 = fi(xo0) — (V) (x0) - (x = x0)] = | (8f? v;) - 2 <xO>) (2 - X,)
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by the Triangle inequality. Note also that |x; — X;| < ||x — x¢|| for every j =1,...,n, so that

|fi(x) = fi(x0) = (Vfi)(x0) - (x — Xo)| < i

1% = xo|

Clearly the right hand side converges to zero as x — xq, in view of the continuity of the partial derivatives.
(4) follows immediately. O

EXAMPLE 2.4.1. Consider the function f : A — R2, given by

f(m7y): ( x2+y2 71,2+y271

sinx + eY 1 )

for (z,y) € A, where A C R? is some suitable domain. We can write f(z,vy) = (f1(z,v), f2(x,)), where

sinz + e¥ 1
fl(x’y):W and f2($7y):7x2+y2_1.

Now

ofi _ (2° +y®)cosz — 2x(sinz + ¢¥) an ofi _ (2® +y*)e¥ — 2y(sinz + )
dr (22 + y2)? oy (22 + y?2)?

are continuous except when z = y = 0. On the other hand,

Ofr 2@ and Ofr _ 2y
oz (22 4+ y%2 —1)2 Oy (22 +y2 —1)2

are continuous except when z? + y? = 1. It follows from Theorem 2C that f is differentiable at every
(x,y) such that 22 + 3% # 0 or 1.

2.5. Properties of the Derivative

The first two results in this section concern the arithmetic of derivatives, and are stated without proof.
The interested reader is invited to write the proofs which proceed in a similar way as in the case of real
valued functions of one real variable.

THEOREM 2D. Suppose that f: A — R™ and g : A — R™ where A CR"™ is an open set. Suppose
further that xg € A.
(a) If f is differentiable at xq, then cf is also differentiable at xo for every ¢ € R, and

(D(cf))(x0) = c(Df)(x0)-
(b) If f and g are differentiable at xo, then f + g is also differentiable at xo, and

(D(f + 9))(%0) = (Df)(x0) + (Dg)(x0)-
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THEOREM 2E. Suppose that f : A — R and g : A — R, where A C R" is an open set. Suppose
further that f and g are differentiable at xo € A.
(a) Then fg is also differentiable at xq, and

(D(f9))(x0) = g(x0)(Df)(x0) + f(x0)(Dg)(x0)-

(b) If g(xo) # 0, then f/g is also differentiable at xo, and

<D (i)) (xg) 20D x0) — £ (x0)(Dg) (x0)
Y

9%(%0)

EXAMPLE 2.5.1. Suppose that f : R?> — R and g : R? — R are given by f(z,y) = 22 + 3? and
g(z,y) = x +y for every (x,y) € R2. Let

flx,y) 2?42

h(z,y) = = .
(.9) g(r,y)  z+y
Then
Oh Oh 2+ 2zxy —y? y? + 2zy — 22
(Dh)(.’l},y): (_7_> = ( Y 2y 7y Y 2 )
Ox’ dy (z+y) (z+y)

whenever  + y # 0. On the other hand,

af of dg 0dg
S Do) — feDey 50 (G a) 10 (55 50)

9*(x,y) 9*(z,y)
_ (@4y)@2,2y) — (@® +92)(L1) _ 22z +y) 2y(x +y)) — (2° +y* 2° +3°)
(z+y)? (z+y)?
(P4 2oy — L yP + 2oy —a?) (2P 2xy —y® Y+ 20y — 2
- (z +y)2 a ( (+y)? 7 (z+y)? )

whenever x 4+ y # 0. This verifies the Quotient rule in Theorem 2E.

It is in the Chain rule where there is substantial difference from the case of a real valued function
of one real variable. Here, our notation helps to provide some visual resemblance at least.

THEOREM 2F. Suppose that f : A — R™ and g : B — RP, where A C R"™ and B C R™ are open
sets. Suppose further that f(A) C B, so that go f : A — RP is well defined. If [ is differentiable at
xo € A and g is differentiable at yo = f(x0) € B, then go f is differentiable at xqo, and

(D(g© f))(x0) = (Dg)(yo)(Df)(x0),

where the right hand side represents the matriz product of (Dg)(yo) and (D f)(xo)-

EXAMPLE 2.5.2. Suppose that f: R — R? : t — (z(t),y(t)) and g : R? — R : (x,y) — g(z,y) are both
differentiable. Then

ono= (1) wa o= (5 3).

so that we obtain the familiar formula

(99 09\ (2'®t)\ _Odgdx  dgdy
Do = (5 ) (5] -2,
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EXAMPLE 2.5.3. Suppose that f: R? — R?: (s,t) — (2(s,t),y(s,t)) and g : R*> - R : (2,y) — g(z,y)
are both differentiable. Then

o or
O O N ]
Os Ot
so that
Ox Oz

_ (9% 99\ | os ot |_(0g0x 0gdy Ogdx 090y
(D(gof))(s,t)—(ax ay> oy oy _(8x85+8y85 axaﬁayat)'
ds ot

This gives the change of variable formulae in functions of two variables.
EXAMPLE 2.5.4. Suppose that

fiR3 = R3: (x,y,2) — (22, 22y, e?) and g: R SR (u,v,w) — u? + v — w?

We can write f(xvyvz) = (fl(xayvZ)af2(£7y7z)7f3(x7yvz))v where

2

fl(x7y7z) =z and f2($7yaz) :ny and f3(15’ll,2) =e*

for every (,y,z) € R3. Note that

or OJy 0z o 00
(Dg) (v, 0)(Df) (9. 2) = (22 22 00y |\ 2 Ofr Ofa | _ (9 90 —gw) 20y 22 0
ou Ov Jw Jdr Oy 0z 0 0 e
Jdr Oy 0z
2¢ 0 O
= (222 22%y —2e%)| 22y 22 O | = (4231 +¢?) 22ty —2e%%).

Now consider

h=gof:R®=R:(2,y,2)— 2 (1 +y%) —e*~.
It is easily seen that

% Oh @):(4953(1—&—212) 22ty —2e%).

(Dh) (.3, 2) = (ax L

This verifies the Chain rule.

EXAMPLE 2.5.5. Suppose that in Example 2.5.4, we would like to compute the derivative of g o f at
(1,2,0). Note first of all that f(1,2,0) = (1,2,1). Then by the Chain rule,

2 00
(D(go £))(1,2,0) = (Dg)(1,2, 1)(Df)(1,2,0) = (2 4 2)(4 1 o)mo 4 -2).
0 0 1
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t PROOF OF THEOREM 2F. We need to show that

(5) o 190G/ (0) = 9(f (x0)) — (D) (y0) (D) (x0) (x — x0) |

X0 [[% = xo|

=0.

Note first of all that writing y = f(x), we have

lg(f(x)) = g(f(x0)) — (Dg)(y0)(Df)(x0)(x — x0)||
= |lg(y) — 9(y0) — (Dg)(y0)(y — ¥o) + (Dg)(yo)(f(x) — f(x0)) — (Dg)(yo)(Df)(x0)(x — xo)]|
<lg(y) = 9(y0) — (Dg)(yo)(y — yo)ll + [[(Dg)(yo)(f(x) — f(x0) — (Df)(x0)(x — %0))|l

by the Triangle inequality. As in the proof of Theorem 2A, there exists a positive constant M’, depending
only on (Dg)(yo), such that ||(Dg)(yo)ul| < M'||u| for every u € R™. It follows that

1(Dg)(yo)(f(x) = f(x0) = (Df)(x0)(x = x0))I| < M'[|f(x) = f(x0) = (Df)(x0)(x = x0)|,

and so

l9(f (%)) = 9(f(x0)) = (Dg)(y0)(Df)(x0)(x = x0)|
< llg(y) = 9(vo) — Dg)(yo)(y = yo)ll + M| f(x) = f(x0) — (D) (x0)(x = x0)|

Since f is differentiable at xg, it follows that

/(%) = f(*0) = (Df)(x0)(x = Xo) ||

lim =0.
X% [[% = o
It follows that to prove (5), it suffices to show that
_ (D _
() i 196 — 9(y0) = D9)(yo)y —yo)ll _
=0 % = o

To do this, we first of all recall Theorem 2B. Since f is differentiable at xg, there exist positive real
numbers M and ¢; such that

1) = f(x0)[| < M|lx — %o

for every x € A satisfying ||x — x¢|| < d1. On the other hand, since g is differentiable at yy, it follows
that

i 196) = 9(30) = (D) (vo) v = o)l

=0.
y—=Yo lly — yoll

Hence given any € > 0, there exists n > 0 such that

l9(y) = 9(30) = (Dg)(yo)(y = ¥o)ll < +=lly = ¥ol
for every y € B satisfying ||y — yo|| < 1. Also, f is continuous at xg, so there exists do > 0 such that
Iy = yoll = I/ (x) = f(xo)ll <n
for every x € A satisfying ||x — x¢|| < d2. Now let § = min{d;, d2}. Then clearly

l9(y) — 9(y0) — (Dg)(yo)(y — yo)ll < ellx — 0|

for every x € A satisfying ||x — x| < d. (6) follows immediately. O
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2.6. Gradients and Directional Derivatives

Recall the last remark in Section 2.2. Suppose that f : A — R, where A C R? is an open set. Suppose
further that f is differentiable at xo € A. Then the vector in R3 given by

(911050 = (S0, 5L x0). S )

is called the gradient of f at x.
In this section, we shall use this to obtain a formula for tangent planes to surfaces in R3.
EXAMPLE 2.6.1. Suppose that f : R?> — R, where
fa) = VP TP

for every (z,y, z) € R®. Then

(Vf)(xoﬁl/o, Zo) = (%(%, Yo, Zo), Z—ch(l‘o, Yo, Zo), g—i(ﬂﬁo, Yo, Zo))

_ o Yo 20

N (\/x8+y3+23’\/x3+y3+23’\/$3+y3+23>
_ (w0, Yo, 20)

B (%0, Yo, 20)||

is the unit vector in the direction of (xq,yo, 20)-
EXAMPLE 2.6.2. Suppose that f: R® — R, where

flzyy,z) =™ + 2
for every (z,y,2) € R®. Then

0

0 0
(V)(xo,y0,20) = <8—£(9€07y0,zo)7 8_5(9607%’20)7 a—£($07y0,20)> = (yoe™*¥, xpe ™", 1).

For every xo € R? and every unit vector n € R?, the mapping
L:R—>R3:t—xy+tn

represents the line through xg in the direction n. It follows that for every function of the form f : R3 — R,
the composite function

foL:R—R:t— f(x9+tn)
represents the function f restricted to the line L.
DEFINITION. Suppose that f : R3 — R. Then the limit

L o ) — f(x0)
t—0 t ’

if it exists, is called the directional derivative of f at xq in the direction n.
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REMARK. Note that

lim f(x0 +tn) — f(xo)

d
lim . = Ef(xo + tn)

t=0

THEOREM 2G. Suppose that f : R® — R is differentiable. Then all directional derivatives of f
exist. Furthermore, for every xo € R? and every unit vector n € R3, the directional derivative of f at
Xo in the direction n = (n1,n9,n3) is given by the scalar product

@0 = (5o s+ (S ) e+ (G ) s

REMARK. Note that

(Df)(xo)n = (Vf)(x0) - m,

where the left hand side denotes the matrix product of the total derivative (D f)(x() and the column
matrix n.

PrOOF OF THEOREM 2G. Consider the functions
L:R—=R?:t—xo+tn=(xg+tny,yo + tna, 20 + tns) = (L1(t), Lo(t), L3(t))
and
g=foL:R—R:t— f(x0+in).

Note that

i o+ tn) = f(xo) _ . 9() —9(0) _ dg
t—0 t t—0 t dt

(0) = (Dg)(0).

By the Chain rule, we have

Since

and

dL "
(DL)(0) = | =2(0) | = (m) ,
dt s

it follows that

(Dg)(0) = (V) (*0) - n.

The result follows immediately. O
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EXAMPLE 2.6.3. We continue our discussion in Example 2.6.2, where f(z,y,2) = " + z for every
(r,y,2) € R3. The rate of change of the function f at (1,0,1) in the direction of the unit vector

(1/V3.1/V/3,1//3) is given by

(V1)(1,0,1)- (i, =

3 /3 >(0’1’1)'<%’i3’i3) :%'

Sl

We now investigate the directional derivative further. Suppose that (Vf)(xg) # 0. Then for every
unit vector n € R3, we have

(Vf)(x0) -0 = [[(Vf)(x0)] cos b,

where 6 is the angle between (Vf)(xg) and n. This is maximum if § = 0 and minimum if § = 7, corre-
sponding respectively to (Vf)(x0) and n being in the same direction and being in opposite directions.
In other words, (Vf)(xo) is in the direction in which f increases the fastest, while —(V f)(xg) is in the
direction in which f decreases the fastest.

EXAMPLE 2.6.4. We continue our discussion in Examples 2.6.2 and 2.6.3, where f(z,y,z) = e*¥ 4 2
for every (x,y,z) € R®. The maximum rate of change of the function f at (1,0, 1) is in the direction of
the vector (Vf)(1,0,1) = (0,1,1). Since (0,1/+v/2,1//2) is the unit vector in this direction, it follows
that the maximum rate of change of the function f at (1,0,1) is equal to

(Vf)(1,0,1) - (0%%) =(0,1,1) - (0,%7i> = V2.

\V)

Suppose now that f : R? — R is differentiable. Consider a surface of the form

S = {($7y7'z) € RS : f(xaz%z) = C},
where ¢ € R is a constant. Suppose further that (zo,yo,20) € S and (Vf)(zo,y0,20) # (0,0,0) (the
reader is advised to draw a picture). Let g : R — R? be a differentiable function such that g(R) C S

and ¢(0) = (zo, Yo, 20); in other words, g is a path on S that passes through the point (xg,yo, z0) when
t = 0. Then clearly

(fog)t)=c
for every t € R, so it follows from the Chain rule that
0= (D(f9))(0) = (Df)(x0, 0, 20)(Dg)(0) = (Vf)(20, Yo, 20) - v,
where v = (Dg)(0) is a tangent vector to the path g(¢) at ¢ = 0, and so is tangent to the surface S at

(20, Y0, 20)- It follows that (V f)(xo,yo, 20) must be normal to the surface S at (xq,yo, 20). It also follows
that

(V) (o, 90, 20) - (x — 20,y — Yo, 2 — 20) =0
is the equation of the tangent plane to the surface S at (xo, yo, 20)-
EXAMPLE 2.6.5. Consider the surface 2zy + 23 = 3 at the point (1,1,1). Here f(x,y,2) = 22y + 23.

It is easy to check that (Vf)(1,1,1) = (2,2,3). Hence the equation of the tangent plane to the surface
at (1,1,1)is (2,2,3) - (x — 1,y — 1,z — 1) = 0; in other words, 2z + 2y + 3z = 7.
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PROBLEMS FOR CHAPTER 2

. Compute the matrix of partial derivatives of each of the following functions:
a) f:R3 - R%: (z,y,2) — (e + z,sin(z +y + 2) — cos(z — y))

b) f:R?2 = R*: (z,y) — (z+y,z—y, 2z + 132 79)

c) f:RS—=R3: (2,y,2) — (2% + 2y + 322, sin(z? + y?), cos 2)

d) f:R?2 —=R>: (z,y) — (sinx,cosy,siny,cosz,e)

. For each of the following functions, determine precisely where the function is differentiable, and find
the total derivatives at these points:
a) f:R* > R:(z,y) —2® -y’ b) f:R? = R*: (z,y) — (|z,e*"Y)

. Suppose that A C R”™ is an open set, and that xo € A. Suppose further that f : A — R and
g : A — R are both differentiable at xq, and that g(x) > 0 for every x € A. Explain why the
function h : A — R, defined by

P + F(3)8()
) = 56 + 9

for every x € A, is differentiable at x¢, and find (Dh)(xo).

. Suppose that g1 : R* = R, go : R* — R and h : R?> — R are differentiable functions. Suppose
further that f: R* — R is defined by

f(x) = h(g1(x), 92(x))

for every x € R*. Express (Vf)(x) in terms of the partial derivatives of g;, g» and h.
[REMARK: It is convenient to write x = (1, %2, z3,%4).]

. Suppose that f: R? — R and g : R? — R are both differentiable at xo. Prove that

(V(f9))(x0) = f(x0)(Vg)(x0) + g(x0)(V f)(x0)-

. Let n be a fixed positive integer. The function f : R — R is defined by

o= {000 275

a) For what positive integer values of n is f differentiable at 07
b) For what positive integer values of n is the derivative of f continuous at 07

. Consider the functions f : R? — R? and g : R? — R2, given by
fay) = @2 eY)  and  glu,v) = (vsinu,ete?),

a) Show that the function h = go f : R? — R? is differentiable at (1,1), and find (Dh)(1,1).
b) Find (Df)(1,1) and (Dg)(1,1).
¢) Bxplain why (Dh)(1,1) = (Dg)(1, 1)(Df)(1,1).

. Consider the functions f : R® — R? and g : R?> — R*, defined by f(z,y,2) = (22y, zsiny) and
g(u,v) = (uv, u?v? u+v,u —v?).

a) Find the total derivatives D f and Dg.

b) Find the composition h = go f : R® — R*.

¢) Find the total derivative Dh.

d) Verify the Chain rule.
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9. Consider the function f : R? — R, given by

fep) J;Qx—fyg if (z,y) # (0,0),
z,y) =

0 if (z,y) = (0,0).
a) Show that the partial derivatives of f exist at every (zo,y0) € R?, and evaluate them in terms

of xy and yp, taking extra care when (zq.yo) = (0,0).
b) Explain why f is not differentiable at (0,0).

10. Consider the function f : R — R?, given by f(u) = (au, bu), where a,b € R are fixed. Consider also
the function ¢ : R — R, given by

l’yz .
g(l’ y) _ 22 +y2 if (‘T7y) 7é (070)7

0 if (x,y) = (0,0).

a) Find (Df)(0).

b) Show that dg/0x and dg/0dy exist at (0,0), and find (Dg)(0,0).

c¢) Consider the function h = go f : R — R. Show that h is differentiable, and find h'(0).
d) Explain why (Dg)(0,0)(Df)(0) # h’(0).

11. Consider the function f:R? — R, given by

2,2
o) — d T @ u £ 00,

0 if (z,y) = (0,0).

a) Find the partial derivatives df/dz and df /0y at (xo,y0) € R?, taking extra care in the case
when (xo,y0) = (0, 0).
b) Is f differentiable at (0,0)? Justify your assertion.

12. Suppose that f : R" — R is an even function, so that f(x) = f(—x) for every x € R™. Suppose
further that f is differentiable. Find (D f)(0).

13. Compute the directional derivative of the function f(z,y,z) = zyz at the point (1,0,1) and in the
direction of the vector (—1,0,1).

14. For each of the following, find an equation of the tangent plane of the graph of the function f at
the point (o, Yo, f (%0, Y0)):
a) f(xay) =V x? + 92 at (anyo) = (17 1) b) f($7y) = 4.’1}2 + y2 at (‘r07y0) = (1,2)

15. Consider the surface 222 + 3y% 4 422 = 9. Suppose that a particle leaves the surface at the point
(1,1,1) along the normal directed towards the zy-plane, and with the constant speed of 1 unit per
second. How long does it take for the particle to reach the xy-plane?
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Chapter 3

IMPLICIT AND
INVERSE FUNCTION THEOREMS

3.1. Implicit Function Theorem

The Implicit function theorem, in its generality, is rather complicated to state and difficult to prove.
Here, we shall begin by stating this result in full, and then continue to examine only special cases of it.

Throughout this section, (x,z) € R™ x R™ denotes x = (21,...,2,) € R" and z = (21,...,2m) € R™.
For functions F; : R™ x R™ — R, where i = 1,...,m, we write
0RO
82’1 o 8z’m
o(F1,..., Fpy
R, -, Fn) = det
6(21, ceey Zm)
oF,, OF,,
0z Ozm,

whenever the partial derivatives in the matrix exist.

THEOREM 3A. (IMPLICIT FUNCTION THEOREM) Suppose that for every i = 1,...,m, the
function F; : R™ x R™ — R has continuous partial derivatives. Suppose further that there exists a point
(%0,20) € R™ x R™ such that

F;(x0,20) =0 for everyi=1,...,m,

and

O(Fy,..., Fy)

(21s s 2m) (x0,0) # 0.
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Then the following three conclusions hold:
(a) There exist neighbourhoods U C R™ of xg and V- C R™ of zg such that there are unique functions

(2) zi = gi(x) = gi(z1, ..., zp), where i =1,...,m,

defined for every x € U and z € V' and satisfying

(3) Fi(x,91(%X),...,gm(x)) =0 for everyi=1,...,m.
(b) Ifx €U and z € V satisfy Fi(x,z) =0 for every i =1,...,m, then (2) must hold.
(c) The functions (2) are continuously differentiable, and for everyi =1,....,m and j = 1,...,n, we
have
(4) %__ 8(F1,,Fm) a(Fh,Fm)
8xj 6(21,...,Zi_l,Ij,Zi_i_l,...,Zm) 8(217...,2m).

REMARK. Note that

@(x zo) @(X zo)
Bz, X020 Bz, X0, %0
O(F1,...,Fp)
-l = det
Bor,. o X020) = de
OF,, oFy,
8_zl(xo’zo) %(Xo, Z0)
Note also that
OF; oOF, oF O0F oOF,
821 o 821‘_1 817]‘ 8zi+1 o 32m
0 ..
(Fh 7Fm) — det
3(2’1, sy Bi—15 L5y gLy ey Zm)
oF,, oF,, O0OF, 0F, 0F,
82’1 o 82’1‘,1 83?]‘ azi“ o 8Zm
We are interested in the special case m = 1. Here, (x,z) € R" x R denotes x = (z1,...,z,) € R”

and z € R.

THEOREM 3A’. Suppose that the function F : R™ x R — R has continuous partial derivatives.
Suppose further that there exists a point (xg,20) € R™ x R such that

F
F(x0,20) =0 and (?9—2()(0,20) # 0.

Then the following three conclusions hold:
(a) There exist neighbourhoods U C R™ of xg and V C R of zy such that there is a unique function

(5) z=g(x)=g(r1,...,7n)

defined for x € U and z € V and satisfying F(x,g(x)) = 0.
(b) On the other hand, if x € U and z € V satisfy F'(x,z) =0, then (5) must hold.
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(c) Furthermore, the function (5) is continuously differentiable, and for every j =1,...,n, we have

99 OF JoF

(6) or;  Om; ) 0z

ExAMPLE 3.1.1. Consider the function
F:R2xR—=R:(z,y,2)— 2> +y? 4+ 2% - 1.

Here n = 2 and m = 1. It is easy to see that F(zg, Yo, 2z0) = 0 on the surface of a sphere centred at the
origin (0,0,0) and with radius 1. On the other hand,

oF
E(l"myo,zo) =22 #0

whenever zy # 0; in other words, this partial derivative does not vanish on the surface of the sphere
except on the “equator” zp = 0 and 22 + y2 = 1. Clearly the function

2 2

z=g(ry) =v1-22—y

satisfies the requirements in a sufficiently small neighbourhood of (xg, yo, 2z0) if 20 > 0, and the function

z=g(z,y)=—V1-2>—y?

satisfies the requirements in a sufficiently small neighbourhood of (¢, 3o, 20) if 20 < 0. On the other
hand, in a neighbourhood of (zg,yo,20) on the “equator”, it is not clear whether we should take the
positive or negative root. But then the partial derivative above vanishes here, so the theorem does not
apply in this case. Let us investigate the case zg > 0 further. We have

dg T 8F/8F T x
= and - — =——=-

Ox V1—22—y? or | 8z =z /T—22 — 42

We also have

dg y _OF y

OF Yy
ay__\/l—acQ—y2 and 8_11/&__;__\/1—372—;1/2.

ExAMPLE 3.1.2. Consider the functions

Fi:RExR? = R: (2,y,2,w) — 2% + 9% + 22 +w? - 2,

F:RExR? - R: (2,y,2,w) — 2% —y° 4+ 22 — w?.

Here n = 2 and m = 2. Note that

OF (20, wo) OF, (20, wp)
8(F1, F2) o E 0,0 % 0,0 o 220 2w0 o
W(ZQ, ’LU()) = det 5F2 8F2 = det 220 —2100 = 7820100 7& 0
E('ZOawO) %(207w0)

if zo # 0 and wy # 0. Suppose now that Fy(zo,yo, 20, wo) = Fa(zo, Yo, 20, wo) = 0 with zp > 0 and
wp > 0. Then it is easy to check that the functions

z=gi(z,y) = V1-2a? and w=ga(z,y) = /1—1y?
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satisfy Fi(z,y, g1(x,y), 92(z,y)) = 0 and Fa(z,y, g1(x,y), g2(x,y)) = 0. Furthermore, it is easily checked
(the reader is advised to fill in the details) that

%__8(F13F2) 8(F1,F2) _ €T

or — Omw) | zw) V22
%__G(FlaFQ) 8(F1,F2) -

dy — Ayw) [/ 9w

09y _ O, Fy) [O(Fy, Fb) _

Ox d(z,x) A(z,w) ’

Mew) i

oy 9(zy)

% _ (9(F1,F2)/6(F17F2) Yy

1 SKETCH OF PROOF OF THEOREM 3A’. We shall show here how one may prove the special case n = 2
and m = 1. For convenience, we shall use the notation x = (x,y) and xg = (¢, yo). Since

oF
——(%0,20) # 0,

0z
we shall assume that it is positive (otherwise we simply consider —F instead of F'). By the continuity
of the partial derivative 0F/0z, there exist a > 0 and b > 0 such that
oF
—(x,2) >b  whenever ||x —xqg|| < a and |z — 20| < a.

0z

In view of continuity, we may also assume that there exists M > 0 such that

oF

— M
ox <

(x,2)

<M and ‘ %—5 (x,2)

in the same region. Note next that since F(xq, z9) = 0, it follows that
F(x,z) = (F(x,2) — F(x0,2)) + (F(x0,2) — F(x0,20))-

To study the term F(x, z) — F(xXq, ), we note that the line segment in R3 from (xg, 2) to (x, z) can be
described by the function

L:[0,1] = R?:t— (tx+ (1 — t)xq,2) = (tx + (1 — )xo, ty + (1 — t)yo, 2).
Ifwelet h=FoL:[0,1] — R, then
F(x,2) — F(x9,2) = h(1) — h(0) = h'(9)

for some 6 € (0,1), in view of the Mean value theorem. On the other hand, it follows from the Chain
rule that

w0) = REEDDO) - (5 we) G 5

- (Z—i(@x +(1- 9)X0,z)> (x — x0) + (g—j(ex + (1 = 6)xo, 2)> (¥ = vo)-

To study the term F(xg,2) — F(xo, 20), we note that the line segment in R?® from (xg, z0) to (X, 2) can
be described by the function

L: [0, ].] — Rg it = (X07t2 + (1 — t)Z()) = (xo,yo,tz + (]. — t)Z()).
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If welet h=FolL:[0,1] — R, then
F(xo, 2) — F(%0,20) = h(1) — h(0) = I'(¢)

for some ¢ € (0,1), in view of the Mean value theorem. On the other hand, it follows from the Chain
rule that

Hence
F(x,2) = (g—i(ﬂx + (1 - 0)xq, z)) (z — o) + (%—5(% + (1= 0)xo, Z)> (v = o)
+ (g—i(xo, bz + (1 - qb)z0)> (z — 20)

for some 0, ¢ € (0,1). We now choose

. ba,
ap € (0,a) and § < min {ao, ﬁ} .

If ||x — xo|| < 0, then it is easily seen that

’ (‘Z—i(ex + (1 —0)xo, z)) (x —x0) + (g—j(ﬁx +(1- 9)x0,z)> (y — yo)| < bao,

so that
F(x,z0+ag) >0 and F(x,z0 —ag) < 0.

It now follows from the Intermediate value theorem that there exists z € (29 — ag, 20 + ap) such that
F(x,z) = 0. Furthermore, this value of z is unique, since a function with positive derivative cannot have
more than one zero. In other words, if we take U = D(xq,0) and V = (20 — ag, 20 + ap), then for every
x € U, there exists a unique z € V such that F(x,z) = 0. We can write z = g(x,y) and this completes
the proof of the first two parts. To prove the last part, note that since F(x,z) = 0, we have

(G Oxt (1= 00%0.2)) o= 0) + (G Ox+ (1= 0)x02) ) (= o)
z Y

900 — glxo) = 2 2 = - - .
M (%0, ¢z + (1 = ¢)20)

In particular,

xo + h,yo) — g(xo, oF OF
g(zo yo})L 9(@0, %o) %(Io+9h,yo,z)/£(l’o,yo,¢2+(1¢)Zo)~

Letting h — 0, we have x — zg and z — 2, and so

0 . + h, — , oF OF
a_i(xo,yo) = lim g(zo yo})L 9(zo, o) _ _%(m%z@)/a(mo,y@’ZO)_
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Similarly

0 oF oF
8_5(%’%) = —a—y(xo,yoaZo)/a(l“o’yo,zo)-

The argument can be repeated for every (z,y,2) € U x V. This completes the proof. O

REMARKS. (1) Suppose that it has been established that the functions (2) are continuously differ-
entiable. We shall show here how we may deduce (4) by the use of the Chain rule. Consider the
functions

G:U—-R"XR":x+— (ngl(x)7"'7gm(x))

and

F:R"xR™ - R"™: (x,2) — (F1(x,2),..., Fh(x,2)).

In view of (3), it is clear that the composite function H = F o G : U — R™ is identically zero, so that
(DH)(x) is the zero m x n matrix. On the other hand, we have, by the Chain rule, that

(DH)(x) = (DF)(x,2)(DG) (%),

where z = (21,...,2m) = (91(X), . . ., gm (x). It follows that

Oy 91
61'1 o al'n
on  om on  om
Ox1 Oz, Oxn T Ozm dxp Oxy,
. . . . ox1 = Ox
DH X) = - . . . n
(DH)(x) : : : : o0 g
oF,, oF,, OF,, oF,, Ox1 = Oz,
Oxr1 = Oz, Ozxn  Ozm
Ogm Ogm
Ox1  Oxn
1 0 0 0
0 1 0 0
oronoon on\| 0 0 1
Ox1 Oz, Ozxn  Ozm o ... 0 0 1
= 99 991
0z o Oxy,
6F77L 6F77L aF/’YL 8F77L
Ox1  Oxn Oz Ozm
Ogm Ogm
0x1 o Oz,




Hence for every j =1,...,n, the j-th (zero) column of (DH)(x) is equal to

on )\ (o on)fom) (,
Oz 0z Ozm Ox;
+ = :
OF, OF, OF Ogm 0
695]- 821 o azm 8Ij
so that
or,  or \ [ om or,
0z Ozy, 0z 0z
) - -
0z Ozm 0z 0z ;

We can now deduce (4) from (7) by applying Cramer’s rule.

(2) Note that in the special case when m = 1, then (4) reduces to (6).

3.2. Inverse Function Theorem
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In the theory of real valued functions of one real variable, we appreciate the importance of inversion. For
example, we know that the exponential function has as its inverse the logarithmic function. In this last
section, we shall study this problem more closely. More precisely, we shall deduce the following result from

the Implicit function theorem. Throughout this section, (x,z) € R™ x R denotes x = (1, ...,

and z = (21,...,2,) € R™. For functions f; : R — R, where i = 1,...,n, we write
on  on
0z Oz,
8(f17"'7fn)
=0 = det
®) Don, o) €
o Ofa
0z Oz,

whenever the partial derivatives in the matrix exist. We also write

O(f1y- -y fn)

8(217"°7Zi717ejvzl+17'~'72n)

for the determinant when the i-th column of the matrix in (8) is replaced by the vector

e; =(0,...,0,1,0,...,0),
——

written as a column.

xn) €ER"
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THEOREM 3B. (INVERSE FUNCTION THEOREM) Suppose that for every i = 1,...,n, the
function f; : R™ — R has continuous partial derivatives. Suppose further that the system of n equations

fl(zla"'azn) =1

9)

fn(zla s azn) = Tn
has a solution (Xo,20) € R™ x R™, where

a(fla"'vfn)

8(2’1, ceey Zn) (ZO) % 0

Then the following two conclusions hold:
(a) There exist neighbourhoods U CR™ of xg and V C R™ of zo such that the system (9) can be solved
uniquely as z = g(x) for x € U and z € V. In other words, there exist unique functions

(10) zi = 9i(x) = gi(x1,...,Tpn), where it =1,...,n,
such that the equations (9) hold.

(b) Furthermore, the functions (10) are continuously differentiable, and for every i = 1,...,n and
j=1,...,n, we have

dgi Ofr, -\ fn) /8(f1,...,fn)
,Zn)

11 =
( ) 893]' 6(21,...,Zi_1,ej721+1,... 8(21,...,,2”)

REMARK. Note that

8_21( 0) %( 0)
Ofrse-sfn)
6(2’1, AR Zn) (ZO) = det
Afn Afn
8_21(Z0) . 8zn (ZO)
Note also that
of 225} 0 of of
321 o 82’1'_1 821‘4_1 o an
0fj—1 0fj—1 0 Ofj—1 Ofj—1
(92’1 o Bzi,l (9Zi+1 o &zn
O(f1s---s fn) _d of; of; of; af;
=det | =L ... 1 . =
a(zlv cee s Zi—15,€5, Z141y 0 - Zn) 821 8Zi_1 aZ»H_l azn
Ofjt1 Ofiv1 ) Ofin Ofj+1
621 o 62’1‘_1 821‘4_1 o 8Zn
3fy O O Ofn
82’1 o 821',1 8Zi+1 o azn
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SKETCH OF PROOF OF THEOREM 3B. We use Theorem 3A with m = n and
Fi:R"xR" - R: (x,2) — fi(z) — z, wherei=1,...,n.

Note now that the conditions for F; in Theorem 3A are satisfied. Note also that for 4,7 = 1,...,n, we
have

oF;  0f; and oF; [ -1 ifi=yjy,
0z; 0z or; |0 ifi#j.

It is easy to see that (11) now follows from (4). O
DEFINITION. The determinant given by (8) is called the Jacobian determinant of f = (f1,..., fn)-
ExampLE 3.2.1. Consider the equations

z2—|—w2

z

=z and e sinw = y.

Here the functions

z2+w2

z

filz,w) =

and  fao(z,w) = e"sinw

have continuous partial derivatives except when z = 0. Now

P on (20, wo) 9h (20, wo) _ % 2wo
M(meo) — det 0z ow — det 22 %
I(z,w) 0f2 0fs L i
a—(zo,wo) w (20, wp) e” sinwy  €*° coswy
z w

2

—ero (12 "0 . 2wy .

=e — — | coswy — —sinwy | .
20 20

It follows that we can solve for z and w in terms of z and y near any point (zg,wq) for which

wi 2wg
1— — ) coswy # — sinwp.
V4 20

0

ExAMPLE 3.2.2. Consider the equations
rcosf =z and rsinf = y.
Here the functions
f1(r,0) =rcosé and fa(r,0) =rsind

have continuous partial derivatives everywhere. Now

%(r o) %(T o)

d(f1, f2) or © 7V Tgg V0 cosfy —rpsinb

a(r,0) (ro, 60) = det dfa Ofs = det sinfly 1o cosfy = o
W(T’o,oo) W(To,oo)
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It follows that we can solve for r and 6 in terms of z and y near any point (rg,6y) for which ro # 0.
Furthermore, we have

0f1 df1
1 —= 0 —=
det 881? det 88]?
0 =2 1 =2
or —89 cos and or —89 sin 6
- =...= n — = =...=s¢in
oz a(f1, f2) dy (f1, f2) ’
a(r,0) a(r,0)
as well as
det r det "
6f2 0 8f2 1
or or
%_ T B __Sin9 and @_ B _ cosf
ox — O(fi.fa)) T r oy Afnf) T
o(r,0) a(r,0)
These can be checked by using the formulae
r=+/x2+ y? and 9= tan—t 2.
T

PROBLEMS FOR CHAPTER 3
1. Consider the function
F:R*xR—=R:(2,y,2) — 2°2% — 23y
a) Explain why there is no neighbourhoods U of (0,0) and V' of 0 such that there exists a function
z = g(z,y) defined for (z,y) € U and z € V and satisfying F(x,y, g(z,y)) = 0.
b) Explain why the equation is soluble for z as a function of (x, y) near the point (1,1, 1). Compute

the partial derivatives 0z/0x and 9z/0y at this point by using the partial derivatives of F'.

2. Consider the functions

Fi :R¥xR? = R: (21,20, 23, 21, 29, 23) — 3T1 + 209 + 22 + 21 + 23,
FQ:RB XR?) —>RZ($1,$27$3,21,22,23) '—>41’1+3$2+ZL’3+Z%+22+23+27
F3 :R3 X R® = R: (21,20, 23,21, 20, 23) — T1 + T3 + 22 + 23 + 2.

Discuss the solubility of the system of equations
Fi(w1, 29,23, 21, 22, 23) = 0, where ¢ = 1,2, 3,
for 21, 29, z3 in terms of x1, x9, 3 in a neighbourhood of the point (0,0,0,0,0, —2).

3. In R?, rectangular coordinates (z,y) and polar coordinates (r,6) are related by = rcosf and
y = rsinf. Discuss when we can solve for (r,0) in terms of (z,y).
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4. Spherical coordinates r, ¢, and rectangular coordinates x,y, z in R? are related by

x(r, ¢,0) = rsin¢cosb,
y(r,¢,0) = rsin ¢sin b,
z(r,¢,0) = rcos .

a) Show that

Lx’ Y, %) = r2sin ¢.

a(r,¢,0)

b) When can we solve for r, ¢, 0 in terms of z,y, 27
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Chapter 4

HIGHER ORDER DERIVATIVES

4.1. Iterated Partial Derivatives

In this chapter, we shall be concerned with functions of the type f : A — R, where A C R™. We shall
consider iterated partial derivatives of the form

%f 0 (8f> i o2 f ) (ﬁ)

0a2 ~ Ow; \ O, Or;0x;  Ox; \ Oz,
where 4,7 = 1,...,n. An immediate question that arises is whether
0% f B 0 f

8.’1?i8.%‘j N 8%81’1
when 7 # j.

EXAMPLE 4.1.1. Consider the function f : R? — R, defined by

zy(@® —y?)
fa) =4 Zrg if (z,y) # (0,0),
0 if (2,) = (0,0).
It is easily seen that
af wly + da2yd — P . af 25 — 4x3y® — zyt
dr (22 +y?)? dy (22 +y?)?

whenever (z,y) # (0,0). Furthermore,

83@(0’0)_:%11% z—0 =0 and ay(o’o)_ili% y—0
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Note, however, that

of of
32f a_( 70)_8_(0?0) -0
(0,0) = lim L L] = =1,
0x0dy z—0 x—0 z—0x —0
while
of of
a?f ) %(Oa )*%(070) —y—-0
83/83:(0’0):1}11»% y—0 e y—0 -
so that
0% f 0% f

—_— ——(0,0).
3x8y( 0 # 3y8x( »0)
It can further be checked that

o*f  o*f  ab+ 9zty? — 9x2yt — ¢f
0xdy  Oydx (22 +y?)3

whenever (z,y) # (0,0). Clearly at least one of these two iterated second partial derivatives

L P 9
dxdy Oyox

is not continuous at (0,0).

THEOREM 4A. Suppose that the function f : A — R, where A C R? is an open set, has continuous
iterated second partial derivatives. Then

0% f B 0% f

0xdy  Jydx

holds everywhere in A.

1 PROOF. Suppose that (xg,yo) € A is chosen. Since A is open, there exists an open disc D(zq, yo,7) C
A. For every (z,y) € D(zo,yo,7), consider the expression

S(gj,y) = f(x7y) - f(xay()) - f(‘Tan) + f(l’o;yo)-
For every fixed y, write
gy(x) = f(xay) - f(xay())a
so that
S(z,y) = gy(@) — gy(20).

By the Mean value theorem on g, there exists Z between z¢ and z such that

(2) -~ yfan) = (o = 20) F2@) = (o = o) (S @) = L))

By the Mean value theorem on 0f/dz, there exists y between yo and y such that

of of 0*f
Lo - L @w) = - w5 @D
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Hence

P S(z,y)
dyox (®9) = (x —20)(y — y0)

Since 92 f /Oydx is continuous at (z, yo), and since (Z,9) — (x0,%0) as (z,y) — (0, yo), we must have

an (:L‘ )_ lim M
Oyox 0: Y0 (z,y)—(z0,y0) (17 - IO)(y - yO) '

A similar argument with the roles of the two variables z and y reversed gives

é?z_f(x )= lim _ Sy
00y Y T ()=o) (@ — 70) (Y — o)

Hence

ﬁ( )_32_f( )
dydx Zo,Yo) = 910y Zo, Yo

as required. ()

4.2. Taylor’s Theorem

Recall that in the theory of real valued functions of one real variable, Taylor’s theorem states that for a
smooth function,

FACD))
k!

(1) F(@) = Fao) + F(zo)(x — ) + L @~ 4+ (& — 20)* + Ru(2),

where the remainder term

®) R = [ gy a

0

satisfies

Rk (1’)

- =0

lim
T—Ig (.23 — J}o)

REMARK. We usually prove this result by first using the Fundamental theorem of integral calculus to
obtain

f(z) — f(xo) = /aC f(t)de.

Integrating by parts, we obtain

x

| o (-] - [ e=orwa = pee—m+ [ @-nrie
Hence

x

F(2) — Fwo) = £ (w0) (@ — z0) + / (& — )" (1) t,

Zo
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proving (1) and (2) for £ = 1. The proof is now completed by induction on k and using integrating by
parts on the integral (2).

Our goal in this section is to obtain Taylor approximations for functions of the type f : A — R,
where A C R"™ is an open set. Suppose first of all that xg € A, and that f is differentiable at xq. For
any x € A, let

Ri(x) = f(x) — f(x0) — (D f)(x0)(x — %0),

where (Df)(x() denotes the total derivative of f at xg, and where x — x¢ is interpreted as a column
matrix. Since f is differentiable at xq, we have

L 60 = £6x0) = (D) (x0) (x = x0)

x—%o [[x = ol

in other words,

NRLCTES)]

= [|x — o

=0.

Note that

®) D Gx - x0) =3 (5L 6x0)) o1 - X0

i=1
where xg = (X1, ..., X,).
We have therefore proved the following result on first-order Taylor approximations.

THEOREM 4B. Suppose that the function f : A — R, where A C R™ is an open set, is differentiable
at xg € A. Then for every x € A, we have

70 = ) + 3 (5L ) ) (1= X0 + o)

"
i=1 Oz

where xg = (X1,...,X,), and where

For second-order Taylor approximation, we have the following result.

THEOREM 4C. Suppose that the function f: A — R, where A CR"™ is an open set, has continuous
iterated second partial derivatives. Suppose further that xg € A. Then for every x € A, we have

(4) f(x) = f(x0) +Z < (%0) > Zi (8@83:] ) (i = Xi)(2; — X;j) + Ra(x),

where xo = (X1,...,X,), and where

S XoH2 -

 SKETCH OF PROOF. We shall attempt to demonstrate the theorem by making the extra assumption
that f has continuous iterated third partial derivatives. Consider the function

L:[0,1] 5 R™:¢t— (1 —t)x¢ + tx;
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here L denotes the line segment joining x¢ and x, and we shall make the extra assumption that this line
segment lies in A. Then consider the composition g = f o L : [0,1] — R, where g(¢) = f((1 — t)xo + tx)
for every ¢ € [0,1]. We now apply (1) and (2) to the function g to obtain

9(1) = 90) +4'0) + T2 1 1,

where

1 -1 2
R2 = / 7(75 2 ) g///(t) dt
0

Applying the Chain rule, we have

.’1?1—X1
g/(t)—(Df)(L(t))(DL)(t)—(ﬁ(L(t)) ﬁ(L(t)))( : )

_ Z (L) @ - X0,

so that

Note that

g'(t)= z”: ((% o L> (t)) (zj — Xj).

Jj=1

It follows from the Chain rule and the arithmetic of derivatives that

i=1 j=1
so that
y n n 82f n n 82f
70 =33 (G (HOD) (o= X (o = X9) = 35 (G- 0) ) o = Xy = X,)
i=1 j=1 ¢ i=1 j=1 ¢
Note that
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It can be shown, using the Chain rule and the arithmetic of derivatives, that

n n

70 =333 (Gl (L0 ) (01 = X oy = X5)ax ~ Xo)

=1 j=1k=1

222 (3@850]31,% (1= )% + tX>) (z; — Xi)(z; — X;)(wr — Xp).

i=1 j=1k=1

Writing Ry = Ra(x), we have established (4), where

ZZZ/O (t—1)° <6$ig’xfam((1 — 1)xo +tx)> (2 — Xi)(z; — X;)(xn — Xp) dt.

i=1 j=1 k=1

The function

_1)2 3
(t 21) <6xig$jca$k<(1 —t)xo—i—tx))

is continuous, and hence bounded by M, say, in [0,1]. Also
lzi — Xil, [z — X1, |2k — Xi| < [[x — %o,
so |Ra(x)] < n3M]|jx — xo]|3, and so (5) follows. O

The second-order term that arises in Theorem 4C is of particular importance in the determination
of the nature of stationary points later.

DEFINITION. The quadratic function

(6) Hf (x0)(x — x0) %ZZ(%@% )(xi—xi)(xj—xj)

i=1 j=1
is called the Hessian of f at x.
REMARK. The expression (4) can be rewritten in the form
(7) f(x) = f(x0) + (Df)(x0)(x = x0) + Hf (x0)(x — x0) + R2(x),

where (D f)(x0)(x — X0), the matrix product of the total derivative (D f)(xg) with the column matrix
X — Xg, is given by (3), and where the Hessian Hf(xo)(x — x¢) is given by (6).

EXAMPLE 4.2.1. Consider the function f : R?> — R, defined by f(x,y) = 2%y + 3y — 2 for every
(x,y) € R?, near the point (zg,0) = (1, —2). Clearly f(1,—2) = —10. We have

of of _ o
%—ny and 3y =z° + 3.
Also
>*f 9 f 9*f  Of
@—23} and 6_y2_0 and Way—m—z’ﬁ
Hence
of of
83;(17 2)=—-4 and 8y(L 2)=4



Also

5’2f( o) >’f
Oxdy "’ - Oyox

2
—(1,-2)=—-4  and g—yJ;(l, -2)=0 and

fa =102+ ((Fa-2) @0+ (ga-2) o)

Y

+ % ((%(1, 2)) (x —1)*+ <£gy(1, 2)) (z—1(y+2)

+ (88:8];(1’ —2)> (r—1)(y+2)+ (giyg(l, —2)) (y + 2)2> + Ra(z,y)

=—10—4(z—1)+4(y+2) —2(x — 1)2 4+ 2(x — 1)(y + 2) + Ra(z,y),

it follows that the second-order Taylor approximation of f at (1,—2) is given by
—10 —4(z — 1) +4(y+2) —2(x — 1)® +2(z — 1)(y + 2),
and the Hessian of f at (1,—2) is given by

2z —1)2+2(z—1)(y+2).
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(1,-2) =2.

4-7

EXAMPLE 4.2.2. Consider the function f : R? — R, defined by f(z,y) = e cosy for every (z,y) € R?,

near the point (zg,y0) = (0,0). Clearly f(0,0) = 1. We have

3_f =e" cosy and 3_f = —e"siny.
or dy
Also
Pl _ o Pl _ P _OF
Froie e* cosy and 8_y2 = —e®cosy and 920y = y0z = —e”siny.
Hence
%(0,0) =1 and %(0,0) =0.
Also
%(0,0) =1 and %(0,0) =-1 and ;jéfy(0,0) = 8(228{15 (0,0) = 0.
Since

19)
3 ((F00)@-0+ (2L0.0) @060

N < O (o, 0)) (z— 0)(y —0) + (%(0, 0)) (y - 0)2> + Ba(,y)
R

0yor

1 1
=l+a+-a?— -y +

2 9 2(1'7y),
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it follows that the second-order Taylor approximation of f at (0,0) is given by

1 1
1 L a2 19
+x+2x 2y,

and the Hessian of f at (0,0) is given by

EXAMPLE 4.2.3. Consider the function f : R* — R, defined by f(x,y,2) = 2%y + 22° + y?2? for every
(7,y,2) € R3, near the point (g, o, 20) = (1,1,1). Clearly f(1,1,1) = 3. We have

a—f =2zy + 23 and ﬂ =%+ 2y2° and 3_f = 3x2% + 2y%2.
or oy 0z
Also
*f o*f 2 o*f 2
922 = 2y and W 2z and 2.2 = 6xz + 2y~.
Furthermore,
2f  9f N *f _ Pf
oxdy  Oydxr 2 and 0x0z 020w 32 and 0ydz 020y 1y=.
Hence
of _ of _ of _
grL1D =3 and (1 =3  and G111 =
Also
*f 0% f 0% f
w(l,l,l) =2 and ?(1,1,1) =2 and W(l,l,l) —8
Furthermore,
o f o f o’ f
gaay (111 = and oS (L1 =3 and S (111) =4
Since
af of of
= f(1,1,1 —(1,1,1 -1 —(1,1,1 -1 —(1,1,1 -1
fagn) = s+ (o) @0+ (o) w-v+ (Fain)e-v)
1 0% f 9 0% f 9 0% f 9
s (GRan) e+ (SRaan) -2+ (FLan) e-n

2
(’)x@y(l’ 1, 1)> (x—1Dy—-1)+2 <8axéfz(l, 1, 1)) (z—=1(z-1)

(11D )= (= 1)) + Rafay2)

=343 -1 +3y—1)+5(—-1)+@—-1)*+(y—1)>+4(z — 1)?
F2(x—1)(y—1)+3x-1(=-1)+4y—1)(z—1) + Ra(z,y, 2),

it follows that the second-order Taylor approximation of f at (1,1,1) is given by

343(x—1)+3(y—1)+5(z—1)+(2—1)24+(y—1)*+4(2—1)2+2(z—1) (y—1) +3(z—1)(z—1)+4(y—1) (2 —1),
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and the Hessian of f at (1,1,1) is given by

(-1 4+(y-1)24+4z-12+2@ -y -1 +3x—-1)(z—1)+4(y — 1)(z — 1).

4.3. Stationary Points

In this section, we study stationary points using an approach which allows us to generalize our technique
for functions of two real variables. Throughout this section, we shall consider functions of the type
f:A— R, where A C R" is an open set. We shall assume that f has continuous iterated second partial
derivatives.

DEFINITION. A point x¢ € A is said to be a stationary point of f if the total derivative (D f)(xq) = 0,
where 0 denotes the zero 1 X n matrix.

REMARK. In other words, xg € A is a stationary point of f if

of
al’i

(x0) =0
for every i =1,...,n.

DEFINITION. A point x¢ € A is said to be a (local) maximum of f if there exists a neighbourhood U
of x¢ such that f(x) < f(xg) for every x € U.

DEFINITION. A point xg € A is said to be a (local) minimum of f if there exists a neighbourhood U of
xo such that f(x) > f(xo) for every x € U.

DEFINITION. A stationary point xg € A that is not a maximum or minimum of f is said to be a saddle
point of f.

Our first task is to show that if f is differentiable, then every maximum or minimum of f is a
stationary point of f. Note that this may not be the case if the function f is not differentiable, as can
be observed for the function f: R — R : z — |z| at the point z = 0.

THEOREM 4D. Suppose that the function f : A — R, where A C R™ is an open set, is differentiable.
Suppose further that xg € A is a maximum or minimum of f. Then xq is a stationary point of f.

t PROOF. Suppose that xg € A is a maximum of f. Consider the restriction of f to a line through xg.
More precisely, consider the points xg + th € R™, where 0 # h € R™ is fixed. Since A is open, there
exists an open interval I containing ¢ = 0 and such that {xo+th :¢ € I} C A. Consider now the line
segment

L:I—R":t— xg9+th.
Since the function f has a maximum at xg, it follows that the function
g=folL:I—R,

where g(t) = f(xo + th) for every t € I, has a maximum at ¢t = 0. By the Chain rule, g is differentiable.
Since

) . g(t) —g(0)
o(0)= iy £ =45

)
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it clearly follows that

/ : g(t)—g(O) ’ :
= 7< =
g0)=lim T—g <0 ad g0)= lm T

and so ¢’(0) = 0, whence (Dg)(0) = 0. Again, by the Chain rule, we have
(Dg)(0) = (Df)(L(0))(DL)(0).

It is easy to check that (DL)(0) = h, and so (Df)(L(0))h = 0. Since h # 0 is arbitrary, we must have
(Df)(x0) = (Df)(L(0)) = 0. The case when xy € A is a minimum of f can be studied by considering
the function —f. O

It is a consequence of (7) that if f has a stationary point at xo € A, then
(8) f(x) = f(x0) + Hf (x0)(x = x0) + Ra(x).
It follows that the Hessian Hf(x¢)(x — xo) plays a crucial role in the determination of the nature of the

stationary point. Recall that the Hessian is given by (6). Let us write h = x —xg and h = (hy, ..., hy).
Then (6) becomes

7000 = 533 (G 00)) iy = 323

i=1 j=1
where, for every 7,5 =1,...,n, we have
i = lﬁ(x )
N 2 8$i8$j 0o/
A function of the type
(9) g(h) = g(h1,..., hy) :ZZﬁzjhihg‘
i=1 j=1
is called a quadratic function. Note that if we write
Bir ... Pin ha
B = and h = ,
then
g(h) = h!Bh.
Clearly for any real number A\ € R, we have
(10) g(Ah) = (Ah)!B(Ah) = A?h! Bh = \?g(h);

hence the term “quadratic”.

DEFINITION. A quadratic function g : R™ — R is said to be positive definite if g(0) = 0 and g(h) > 0
for every non-zero h € R".

DEFINITION. A quadratic function ¢g : R® — R is said to be negative definite if g(0) = 0 and g(h) < 0
for every non-zero h € R™.
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THEOREM 4E. Suppose that the function f: A — R, where A CR"™ is an open set, has continuous
iterated second partial derivatives. Suppose further that xg € A is a stationary point of f.

(a) If the Hessian Hf (x¢)(x — x0) = Hf (x0)(h) is positive definite, then f has a minimum at Xq.

(b) If the Hessian Hf(xg)(x — x¢) = Hf(x0)(h) is negative definite, then f has a mazimum at Xg.

EXAMPLE 4.3.1. Consider the function f: R? — R, defined by
fz,y) =2 +y> — 3z — 12y + 4.
Then

O = (G 5=t -s w-12).

For stationary points, we need 322 —3 = 0 and 3y* — 12 = 0, so there are four stationary points (£1, 4-2).
Now

0% f 0% f 0% f
ol 6z and 5‘—y2 = 6y and 920y
At the stationary point (1,2), we have
0% f 0% f 0% f

Hence the Hessian of f at (1,2) is given by

% ((%(1, 2)) (x—1)%+ (%(1, 2)) (y—2)%+2 (%(1, 2)) (x—1)(y — 2))
=3(z—1)?+6(y—2)?

and is positive definite. It follows that f has a minimum at (1,2). At the stationary point (—1,—2), we
have
0% f

@(_1’ —2)=—6 and —(-1,-2) = —12 and

?f

Hence the Hessian of f at (—1,—2) is given by

% ((%(—17 —2)> (z+1)%+ (%(—17 —2)> (y+2)*+2 (ggy(—l, —2)) (z+1)(y + 2))
= —3(x+1)% — 6(y + 2)*

and is negative definite. It follows that f has a maximum at (—1,—2). At the stationary point (1, —2),
we have

0% f

(1,-2) =6 and 8—y2(1, —-2)=-12 and

o f
0x0y

O*f

Hence the Hessian of f at (1,—2) is given by

% ((%(1, —2)) (x — 1)+ @%;(1, —2)) (y +2)%+2 (;;afy(l, —2)) (x—1)(y + 2))
=3(x— 1) - 6(y +2)>
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Let us investigate the function
Hf(1,=2)(h1, hs) = 3 — 613
more closely. Note that
Hf(1,-2)(h1,0) =3k >0 and  Hf(1,-2)(0,hy) = 0 —6h3 < 0.

In this case, Theorem 4E does not give any conclusion. In fact, both stationary points (1,—2) and
(—1,2) are saddle points.

REMARK. To prove Theorem 4E, we need the following result in linear algebra. Suppose that a
quadratic function of the type (9) is positive definite. Then there exists a constant M > 0 such that for
every h € R", we have

(11) g(h) > M|h|?.
To see this, consider the restriction
gs: S —R:hw— g(h)

of the function g to the unit sphere S = {h € R™ : |h|| = 1}. The function gg is continuous in S and
has a minimum value M > 0, say. Then for any non-zero h € R™, we have, noting (10), that

o) =g (It ) = Il (i ) = IniPs (7 ) = Ml

Hence (11) holds for any non-zero h € R™. Clearly it also holds for h = 0.
1 SKETCH OF PROOF OF THEOREM 4E. We shall attempt to demonstrate the theorem by making the

extra assumption that iterated third partial derivatives exist and are continuous. At a stationary point
Xp, the expression (8) is valid, and can be rewritten in the form

f(x) = f(x0) = Hf (x0)(x — %0) + Ra(x),

where Ry(x) satisfies (5). Suppose that Hf (x¢)(x — xo) is positive definite. Then by our remark on
linear algebra, there exists M > 0 such that

H £ (0) (x — %0) > Mjx — o]
for every x € R™. On the other hand, it follows from (5) that
1 2
[Ra(9)] < 5 Mllx— o,
provided that ||x — xgl| is sufficiently small. Hence
1 2
F) — fxo) > LM~ xo]> 2 0,

provided that ||x — x| is sufficiently small, whence f has a minimum at x¢. The negative definite case
can be studied by considering the function —f. O

4.4. Functions of Two Variables

We now attempt to link the Hessian to the discriminant. Suppose that a function f : A — R, where
A C R? is an open set, has continuous iterated second partial derivatives. Suppose further that f has a
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stationary point at (2o, o). Then the Hessian is given by

L2 a00)) @ =202+ (L ao0) ) (@ = 20)(w = w0)
2 ox dxdy

? 2
+ <88y@fx (o, yo)> (x —z0)(y — yo) + (g—y{(wo, yo)) (v — yo)z)
82f 82f
:l(x—xo Y= 1) w(m,yo) m(xo’yo) T — o
2 82f 82f o

ax—@(mo’y()) 8—y2($0,yo)

REMARK. We need the following result in linear algebra. The quadratic function

sen = 0 (5 ) (7).

where a, b, ¢ € R, is positive definite if and only if a > 0 and ac — b?> > 0. To see this, note that
g(x,y) = ax® + 2bxy + cy®.

Suppose first of all that a > 0 and ac — b?> > 0. Completing squares, we have
b\’ b2

(12) 9(z,y) =a<x+ay> + (c—g) y* >0,

with equality only when

b
y=0 and x+ay=O;

4-13

in other words, when (x,y) = (0,0). Suppose now that a = 0. Then g(z,y) = 2bxy + cy? clearly cannot
be positive definite (why?). It follows that if g(z,y) is positive definite, then a # 0 and (12) holds, with
strict inequality whenever (z,y) # (0,0). Setting y = 0, we conclude that we must have a > 0. Setting

x = —by/a, we conclude that we must have ac — b* > 0.

We have essentially proved the following result.

THEOREM 4F. Suppose that the function f : A — R, where A C R? is an open set, has continuous

iterated second partial derivatives. Suppose further that (xo,y0) € A is a stationary point of f.

(a) If

2 (’)2_f<x0 Yo) 1 (70, v0)
ﬂ(l‘ ) >0 and A = det Qa2 Oyox 50
o2 0> Y0 52 82f ,

0z0y (o, 0) 8—3/2(%’ Yo)

then f has a minimum at (xo,yo)-
(b) If

ﬁ(130 Yo) <0 and A = det x> oydx 50
Ox2 s azf 62f ,

92y ($07y0) 8—2/2(170, yo)

then f has a mazimum at (xo,yo)-



4-14 W W L Chen : Multivariable and Vector Analysis

REMARK. The reader may wish to re-examine Example 4.3.1 using this result.

4.5. Constrained Maxima and Minima

In this last section, we consider the problem of finding maxima and minima of functions of n variables,
where the veriables are not always independent of each other but are subject to some constraints. In
the case of one constraint, we have the following useful result.

THEOREM 4G. Suppose that the functions f: A — R and g : A — R, where A C R" is an open
set, have continuous partial derivatives. Suppose next that ¢ € R is fized, and S = {x € A : g(x) = c}.
Suppose further that the function f|s, the restriction of f to S, has a mazimum or minimum at xXg € S,
and that (Vg)(xo) # 0. Then there exists a real number X € R such that (V f)(xo) = A(Vg)(x0).

REMARKS. (1) The restriction of f to S C A is the function f|s: S — R:x— f(x).
(2) The number A is called the Lagrange multiplier.

(3) Note that (Vg)(x0) is a vector which is orthogonal to the surface S at xo. It follows that if f
has a maximum or minimum at xo, then (Vf)(x¢) must be orthogonal to the surface S at xo.

 SKETCH OF PROOF OF THEOREM 4G. We shall only consider the case n = 3. Suppose that I C R
is an open interval containing the number 0. Suppose further that

L:T—R3:tw L(t) = (L1(t), La(t), L3(t))

is a path on S, with L(0) = xq, so that L(t) € S for every ¢t € I. Consider first of all the function
h=goL:I—R. Clearly h(t) = g(L(t)) = c for every t € I. It follows that

_dh

(DR)(0) = 5

(0)=0
On the other hand, it follows from the Chain rule that

(D7)(0) = (Dg)(L(0))(DL)(0) = (Vg)(xo) - (L1(0), L5(0), L5(0)),

so that (Vg)(xo) is perpendicular to (L}(0), L5(0), L5(0)), a tangent vector to S at xg. Since L is
arbitrary, it follows that (Vg)(x0) must be perpendicular to the tangent plane to S at xg. Consider next
the function k = foL : I — R. If f|s has a maximum or minimum at xg, then clearly k£ has a maximum
or minimum at ¢t = 0. It follows that

dk

(Dk)0) = 5

(0)=0
On the other hand, it follows from the Chain rule that
(DFk)(0) = (Df)(L(0))(DL)(0) = (V£)(x0) - (L1(0), L5(0), L5(0)),
so that (Vf)(x0) is perpendicular to (L} (0), L5(0), L4(0)). Since L is arbitrary, it follows as before that

(Vf)(x0) must also be perpendicular to the tangent plane to S at x¢. Since (Vf)(x0) and (Vg)(xq) # 0
are perpendicular to the same plane, there exists a real number A € R such that (Vf)(xg) = AM(Vg)(x0)-

O
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EXAMPLE 4.5.1.  'We wish to find the distance from the origin to the plane x — 2y — 2z = 3. To do this,
we consider the function

R = R:(2,y,2) — 2?4+ 9% + 22,

which represents the square of the distance from the origin to a point (z,y,2) € R3. The points (z,y, z)
under consideration are subject to the constraint g(z,y, z) = 3, where

g:R> = R:(2,y,2) — 2 — 2y — 22

We now wish to minimize f subject to this constraint. Using the Lagrange multiplier method, we know
that the minimum is attained at a point (x,y, z) which satisfies

(VI)(2,y,2) = MV9)(z,y, 2)
for some real number A € R. Note that
(V(z,y,2) = (2z,2y,22) and (Vg)(z,y,2) = (1,-2,-2).
Hence we need to solve the equations
(2z,2y,22) = A(1,—-2,-2) and r—2y—2z=3.

Substituting the former into the latter, we obtain A = 2/3. This gives (z,y,2) = (1/3,-2/3,-2/3).
Clearly f(xz,y,z) = 1 at this point. Hence the minimum distance is equal to 1, the square root of
f(x,y, z) at this point.

EXAMPLE 4.5.2. We wish to find the volume of the largest rectangular box with edges parallel to the
coordinate axes and inscribed in the ellipsoid

z
(13) S+ 4+ =1

Clearly the box is given by [—z, x| X [y, y] X [—2, 2] for some positive z,y, z € R satisfying (13), with
volume equal to 8xyz. We therefore wish to maximize the function

[:R* = R: (z,y,2)— Szyz,

subject to the constraint g(z,y, z) = 1, where

1,2 2 2

Yy z
9R3—>R($7yaz)'_’a—2+_2+c_2

b

Using the Lagrange multiplier method, we know that the maximum is attained at a point (z,y, z) which
satisfies

(Vf)(as,y, Z) = )\(Vg)(x,y, Z)

for some real number A € R. Note that

2z 2y 2z
(V1) 2) = (G Sezson) and (Vo)(ens) = (5.2 5)).

Hence we need to solve the equations (13) and

2¢ 2y 2z
(14) (8yz,8xz,8zy) = A <¥, 7 c_2> .
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Since z,y,z > 0, it follows from (14) that

222 20y2 2)22

(15) 8ryz = 2 -2 - 2

so that combining with (13), we have

222 2Xy%  2)22 z2 oy 22
24zyz = a2 + b2 + 2 :2/\(ﬁ+b—2+§> =2\,

whence A = 12zyz. Substituting this into the left hand side of (15), we deduce that

giving

(x,y,z)z(%,%,%) and  f(z,y,2) =

REMARK. In Example 4.5.2, we clearly have constrained minima at points such as (a,0,0). Note,
however, that we have dispensed with such trivial cases by considering only positive values of z,y, z.
Note that (15) is obtained only under such a specialization.

In the case of more than one constraint, we have the following generalized version of Theorem 4G.

THEOREM 4H. Suppose that the functions f : A — R and g; : A — R, where A C R"™ is an open

set and i =1,...,k, have continuous partial derivatives. Suppose next that c1,...,c, € R are fized, and
S={x€A:g(x)=c foreveryi=1,...,k}. Suppose further that the function fl|s, the restriction
of f to S, has a mazimum or minimum at X9 € S, and that (Vg1)(Xo),--.,(Vgr)(Xo) are linearly
independent over R. Then there exist real numbers A1, ..., A\ € R such that

(V) (x0) = Ar(Vagr)(x0) + . + Ar(Var) (o).
ExaMpPLE 4.5.3. We wish to find the distance from the origin to the intersection of xy = 12 and
x4 2z = 0. To do this, we consider the function
fiR3 = R: (z,y,2)— 22 +y? + 22,

which represents the square of the distance from the origin to a point (x,%,2) € R3. The points (x,v, 2)
under consideration are subject to the constraints ¢; (z,y,2) = 12 and go(x,y, z) = 0, where

g1 R} = R: (2,9,2) — 2y and g2 R¥ = R: (2,y,2) — z + 22

We now wish to minimize f subject to these constraints. Using the Lagrange multiplier method, we
know that the minimum is attained at a point (z,y, z) which satisfies

(VI)(2,y,2) = M(Vgr) (@, 9, 2) + Aa(Vg2) (2, 9, 2)
for some real numbers A1, As € R. Note that
(VH(x,y,2) = (22,2y,22)  and  (Vg1)(z,9,2) = (y,2,0)  and  (Vg2)(x,9,2) = (1,0,2).
Hence we need to solve the equations

(2z,2y,22) = M (y,x,0) + A2(1,0,2) and xy =12 and xr+2z=0.
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Eliminating A; and Ag from this system of five equations, we conclude (after a fair bit of calculation)

that
(z,y,2) = (ﬂf/?’—:,iﬁf/%,:p{‘/%) and  f(z,y,2) = 12V5.

Hence the minimum distance is equal to v/12v/5, the square root of f(z,y, z) at this point.

PROBLEMS FOR CHAPTER 4

1. For each of the following functions, find the second-order Taylor approximation at the given point:
a) f(z,y) =z cos(zy) + ysin(zy); (zo,y0) = (0,0)
b) f(2,,2) = €%y + siny cos 2 + 52 (20, 40, 70) = (0,7, 0)

2. Consider the function f : R? — R defined by
flz,y) =2 — 9> — 3zy + 4.

) Show that the total derivatives (Df)(—1,1) = 0 and (Df)(0,0) = 0.

) Find the second-order Taylor approximations to f(x,y) at the points (—1,1) and (0,0).
) Find the Hessians (Hf)(—1,1) and (Hf)(0,0).

) Is (Hf)(—1,1) positive definite? Negative definite? Comment on the result.

) Is (Hf)(0,0) positive definite? Negative definite?

) Find the discriminant of f at (0,0).

g) Comment on your observations in (e), (f) and the second part of (a).

a
b
¢
d
e
f

3. Consider the function f : R? — R, defined by

xt — 423 + 422 — 3

flz,y) = 1547

a) Find the total derivative (D f)(z,y).

b) Show that the three stationary points are (0,0), (1,0) and (2,0).

c¢) Evaluate the partial derivatives 02 f/0x2, 8%f/0y? and 0%f/0xdy, and find the Hessian of f
at each of the stationary points.

d) Show that the Hessian of f at (0,0) and at (2,0) are positive definite.

e) Find the discriminant of f at (1,0).

f) Classify the stationary points.

4. Consider the function f : R? — R, defined by f(z,y) = 2> + y> + 922 + 9y + 12xy.
a) Show that (0,0), (—10,—10), (—4,2) and (2, —4) are stationary points.
) Find the Hessian of f at (0,0) and show that it is positive definite.
) Find the Hessian of f at (—10, —10) and show that it is negative definite.
) Classify the stationary points (0,0) and (—10, —10).
) Find the discriminant of f at the other two stationary points, and classify these stationary
points.

b
c
d
e

5. Consider the function f : R* — R, defined by f(z,y,2) = 22 + y? + 2% — 6xy + 822z — 10yz.
a) Show that (Df)(x,y,z) = 0 leads to a system of three linear equations with unique solution
(z,y,2) = (0,0,0).
b) Without any calculation, can you write down the Hessian of f at (0,0,0)?
¢) If you cannot do (b), then proceed to calculate the Hessian of f at (0,0,0). Then try to
understand the surprise (assuming that your calculation is correct).
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6. Consider the function f : R? — R, defined by f(z,y) = 422 — 122y + 9y
a) Show that f has infinitely many stationary points.
b) Show that the Hessian at any stationary point of f is given by the same function (2 — 3y)2.
¢) Can you classify these stationary points?
[HINT: Dispense with the theorems and have some fun instead.]

7. Consider the function f : R? — R, defined by f(z,y) = (y — 2?)(y — 22?).

a) Show that (0,0) is a stationary point of f.

b) Find the Hessian of f at (0,0). Is it positive definite? Negative definite?

¢) Show that on any line through the origin, f has a minimum at (0, 0).
[HINT: Consider three cases: y = 0, x = 0 and y = ax where « is any non-zero real number.]

d) Draw a picture of the two parabolas y = 2% and y = 222 on the plane. Note that f(z,y) is a
product of two factors which are non-zero at any point (z,y) not on the parabolas. Shade in
one colour the region in R? for which f(z,y) > 0, and in another colour the region in R? for
which f(z,y) < 0. Convince yourself that f has a saddle point at (0, 0).

8. Follow the steps indicated below to find the shortest distance from the origin to the hyperbola
2% + 8xy + Ty? = 225. Write f(x,y) = 22 + 9 and g(z,y) = 2% + 8zy + Ty>. We shall minimize
f(z,y) subject to the constraint g(x,y) = 225.

a) Let A be a Lagrange multiplier. Show that the equation (Vf)(z,y) — A(Vg)(x,y) = 0 can
be rewritten as a system of two homogeneous linear equations in x and y, where some of the
coefficients depend on .

b) Clearly (z,y) # (0,0). It follows that the system of homogeneous linear equations in (a) has
non-trivial solution, and so the determinant of the corresponding matrix is zero. Use this fact
to find two roots for .

¢) Show that one of the roots A in (b) leads to no real solution of the system, while the other root
A leads to a solution. Use this solution to minimize f(z,y).

d) What is the shortest distance from the origin to the hyperbola?

9. Find the point on the paraboloid z = x? + y? which is closest to the point (3, —6,4).

10. Find the extreme values of z on the surface 222 + 3y? + 2% — 122y + 42 = 35.
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Chapter 5

DOUBLE AND
TRIPLE INTEGRALS

5.1. Introduction

Consider a real valued function f(z,y), defined over a rectangle R = [A, B] x [C, D]. Suppose, for
simplicity, that f(x,y) > 0 for every (z,y) € R. We would like to evaluate the volume of the region in
R? above R on the zy-plane (between the planes * = A and = B, and between the planes y = C' and
y = D) and under the surface z = f(z,y).

? 2=flzy) Y

C

A B

Let this volume be represented by

//R f(z,y) dady.

The purpose of this chapter is to investigate the properties of this “integral”.
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We shall first of all take a very cavalier approach to the problem. Consider the simpler case of a
function f(z) defined over an interval [A, B]. Suppose, for simplicity, that f(x) > 0 for every x € [A, B].

y=f(z)

A Tt z+Az B

Let us split the interval [A, B] into a large number of very short intervals. Consider now one such interval
[z, 2 + Ax], where Az is very small. Then the region in R? above the interval [z, z + Ax] on the x-axis
and under the curve y = f(z) is roughly a rectangle with base Az and height f(z), and so has area
roughly equal to f(z)Az. Hence the area of the region in R? above the interval [A, B] on the z-axis and
under the curve y = f(z) is roughly

Z fx)Az,
Ax

where the summation is over all these very short intervals making up the interval [A, B]. As Az — 0,
we have, with any luck,

B
%f(x)AmH/A f(z)da.

We next extend this approach to the problem of finding the volume of an object in 3-space. Consistent
with our lack of rigour so far, the following seems plausible.

CAVALIERI’S PRINCIPLE. Suppose that S is a solid in 3-space, and that for u € [, 5], P, is a
family of parallel planes such that the solid S lies between the planes P, and Pg. Suppose further that
for every u € [a, 3], the area of the intersection of S with the plane P, is given by a(u). Then the volume

of S is given by
B
/ a(u) du.

Let us now apply Cavalieri’s principle to our original problem. For every u € [A, B], let P, denote
the plane x = u.

Py
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Clearly the region in question lies between the planes P4 and Pg. On the other hand, if a(u) denotes
the area of the intersection between the region in question and the plane x = u, then

D
alu) = /C Fluy) dy.

By Cavalieri’s principle, the volume of the region in question is now given by

/ABa(u)du:/AB (/CDf(u,y)dy> du:/AB </0Df(x,y)dy> dz.

Similarly, for every u € [C, D], let P, denote the plane y = u. Clearly the region in question lies between
the planes Po and Pp. On the other hand, if a(u) denotes the area of the intersection between the
region in question and the plane y = u, then

a(u) = /AB f(z,u)de.

By Cavalieri’s principle, the volume of the region in question is now given by

/CDa,(U)duz/CD (/jf(x,u)da:) du:/CD (/ABf(a:,y)dx> dy.

We therefore conclude that, with any luck,

(1) //R f (@, y) dudy = /AB (/CD f(@,y) dy) dz = /CD </ABf(a:,y> dx) dy.

Unfortunately, the identity (1) does not hold all the time.

EXAMPLE 5.1.1. Consider the function f :[0,1] x [0,1] — R, given by

Fla,y) = 1 if z is rational,
Y= 2y if x is irrational,

Then

1

1 / dy=1 if x is rational,

/ flzy)dy =< 7%

0 / 2ydy =1 if x is irrational,
0

so that

/01 (/Olf(a:,y)dy> dz = 1.

On the other hand, the integral

/01 flz,y)dz

does not exist except when y = 1/2, so

/01 (/Olf@:,y)dr)dy

does not exist.
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5.2. Double Integrals over Rectangles

Suppose that the function f : R — R? is bounded in R, where R = [A, B] x [C, D] is a rectangle. Suppose
further that

A: A=<t <2< ...<z, =B, C=yg<y1 <y2<...<ym=D
is a dissection of the rectangle R = [A, B] x [C, D).

DEFINITION. The sum

n m

S(8) =3 (s — 2 ) (s — 1) min fay)

=11 (zy)Elwi-1,mi]x[y;-1,y;]

is called the lower Riemann sum of f(x,y) corresponding to the dissection A.

DEFINITION. The sum

n m

S(A) =D (@i —wi1)(y; — yi-1) max f(z,y)

=1 =1 (zy)€lwi—1,zi]x[y;—1,y5]

is called the upper Riemann sum of f(z,y) corresponding to the dissection A.

REMARK. Strictly speaking, the above definitions are invalid, since the minimum or maximum may
not exist. The correct way is to replace the minimum and maximum with infimum and supremum
respectively. However, since we have not discussed infimum and supremum, we shall be somewhat
economical with the truth and simply use minimum and maximum.

DEFINITION. Suppose that for every ¢ = 1,...,n and j = 1,...,m, the point (&;;,7;;) lies in the
rectangle [Ii_hl‘i] X [yj—hyj}'

D
Yj
(gij ,nij)
Yj-1
C
A €T -1 Zg b
Then the sum
DD (@ — @) (yy — v (Cogo i)
i=1 j=1

is called a Riemann sum of f(x,y) corresponding to the dissection A.
REMARKS. (1) It is clear that

min f(x’y) < f(gij’nij) < f(x7y)

max
(z,y)E[xi—1,7:] X [Yj-1,Y5] (z,y)E[mi—1,2:] X [y5-1,Y5]
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It follows that every Riemann sum is bounded below by the corresponding lower Riemann sum and
bounded above by the corresponding upper Riemann sum; in other words,

s(A) < ZZ(% —2i—1) (Y5 — yj—1)f(&ijsmij) < S(A).

(2) It can be shown that for any two dissections A’ and A” of the rectangle R = [A, B] x [C, D],
we have s(A’) < S(A”); in other words, a lower Riemann sum can never exceed an upper Riemann sum.

//Rf(fc,y)dxdy =L

if, given any € > 0, there exists a dissection A of R = [A, B] x [C, D] such that

DEFINITION. We say that

L-—e<s(A)<S(A)< L+e

In this case, we say that the function f(z,y) is Riemann integrable over the rectangle R = [A, B] x [C, D]
with integral L.

REMARK. In other words, if the lower Riemann sums and upper Riemann sums can get arbitrarily
close, then their common value is the integral of the function.

The following result follows easily from our definition. The proof is left as an exercise.

THEOREM 5A. Suppose that the functions f : R — R and g : R — R are Riemann integrable over
the rectangle R = [A, B] x [C, D].
(a) Then the function f + g is Riemann integrable over R, and

//R(f(ﬂc,y)-i-g(x,y))dxdy://Rf(l‘,y)dxdy—i-//Rg(x,y)dxdy;

(b) On the other hand, for any c € R, the function cf is Riemann integrable over R, and

//Rcf(m,y)d:vdy:c//Rf(x,y)dxdy.

(c) Suppose further that f(x,y) > g(x,y) for every (x,y) € R. Then

//Rf(:ﬂ,y)dxdyz//Rg(x,y)dxdy.

We also state without proof the following result.

THEOREM 5B. Suppose that Q = R1U...UR,, is a rectangle, where, fork =1,...,p, the rectangles
Ry, = [Ag, Bg] X [Ck, Dyi| are pairwise disjoint, apart possibly from boundary points. Suppose further
that the function f: Q — R is bounded in Q). Then f is Riemann integrable over Q) if and only if it is
Riemann integrable over Ry for every k =1,...,p. In this case, we also have

I sty - ; R
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5.3. Conditions for Integrability

The following important result will be discussed in Section 5.5.

THEOREM 5C. (FUBINI'S THEOREM) Suppose that the function f : R — R is continuous in
the rectangle R = [A, B] x [C, D). Then f is Riemann integrable over R. Furthermore, the identity (1)
holds.

ExXAMPLE 5.3.1. Consider the integral

//R(x2 + 3?) dedy,

where R = [0,2] x [0,1] is a rectangle. Since the function f(x,y) = x? + 3? is continuous in R, the
integral exists by Fubini’s theorem. Furthermore,

/02 (/01(932+y2)dy>dx—/02 (x2+§>dx_?.
/01 (/02(372+y2)dx)dy:/01 (§+2y2)dy:1—30.
//R(x2+y2)da:dy= 1—30

ExampLE 5.3.2. Consider the integral

On the other hand,

By Fubini’s theorem,

// sin x cos y dzdy,
R

where R = [0, 7] X [-7/2,7/2] is a rectangle. Since the function f(z,y) = sinz cosy is continuous in R,
the integral exists by Fubini’s theorem. Furthermore,

T /2 T
/ / sin x cos y dy dxz/ 2sinx dx = 4.
0 —m/2 0
w/2 ™ w/2
/ (/ sinxcosydx) dy:/ 2cosydy = 4.
—m/2 0 —m/2
// sin x cos y dedy = 4.
R

On the other hand,

By Fubini’s theorem,

5.4. Double Integrals over Special Regions

The purpose of this section is to study Riemann integration over regions R which are not necessarily
rectangles of the form [A, B] x [C, D]. Our argument hinges on the following generalization of Fubini’s
theorem.



Chapter 5 : Double and Triple Integrals ______  5-7

DEFINITION. Consider the rectangle R = [A, B] x [C, D]. A set of the form
{(z,0(x)):x € [A,B]}CR

is said to be a curve of type 1 in R if the function ¢ : [4, B] — R is continuous in the interval [A, B].

D

/—’—%/

A set of the form

{((y),y):y€[C,D]} C R

is said to be a curve of type 2 in R if the function ¢ : [C, D] — R is continuous in the interval [C, D].

D

=y (y)

THEOREM 5D. Suppose that the function f : R — R is bounded in the rectangle R = [A, B] x [C, D].
Suppose further that f is continuous in R, except possibly at points contained in a finite number of curves
of type 1 or 2 in R. Then f is Riemann integrable over R. Furthermore, if the integral

/CDf(m,y)dy

exists for every x € [A, B], then the integral

/AB (/CDﬂm,y)dy) da

exists, and

//R f(z, y) dady = /A ’ ( /C " o) dy) dz.

Similarly, if the integral

/Bf(:ay)dw

A
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exists for every y € [C, D], then the integral

/CD (/ABf(x,y)dx> dy
/Rf(x,y)d:vdy—/: (/jf(%y)dx) d

Thus, the identity (1) holds if all the integrals exist.

exists, and

In view of Theorem 5D, we can now study integrals over some special regions.

DEFINITION. Suppose that ¢; : [A, B] — R and ¢9 : [A, B] — R are continuous in the interval [A, BJ.
Suppose further that ¢1(z) < ¢o(z) for every x € [A, B]. Then we say that

(2) S ={(x,y) €eR?:z €[A B] and ¢1(z) <y < ¢o(x)}

is an elementary region of type 1.

D
y=0>(7)

y=01(2)

Suppose now that S is an elementary region of type 1, of the form (2). Since ¢ : [A, B] — R and
¢ : [A, B] — R are continuous in [A, B], there exist C, D € R such that C' < ¢1(z) < ¢a(z) < D for
every x € [A, B]. Tt follows that S C R, where R = [A, B] x [C, D]. Suppose that the function f: S — R
is continuous in S. Then it is bounded in S. Hence the function f* : R — R, defined by

. _ [ fxy) if (z,y) €8,
f(“’)‘{o Yty g5,

is bounded in R. Furthermore, it is continuous in R, except possibly at points contained in two curves
of type 1 in R. It follows from Theorem 5D that f* is Riemann integrable over R. We can now define

//S o) dady = | [ 1wy sy

On the other hand, for any x € [A, B], the function f*(x,y) = f(z,y) is a continuous function of y in
the interval [¢1(x), d2(z)]. Also, f*(z,y) = 0 for every y € [C, ¢1(x)) U (¢2(x), D]. Hence

D ¢a(x)
/ [z, y)dy = / f(z,y)dy,
C ¢1(x)

and so

/AB (/CD F*(z,y) dy> dz = /AB (/:(:) f(z,y) dy> da.
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We have proved the following result.

THEOREM 5E. Suppose that S is an elementary region of type 1, of the form (2). Suppose further
that the function f : S — R is continuous in S. Then

J[ remasan= [ ’ ( /¢ ¢(()) e dy) dr.

DEFINITION. Suppose that ¢ : [C, D] — R and 15 : [C, D] — R are continuous in the interval [C, D].
Suppose further that ¥ (y) < 12(y) for every y € [C, D]. Then we say that

(3) S ={(x,y) €eR*:y c [C,D] and ¥ (y) < = < a(y)}

is an elementary region of type 2.
D

=1(y)
= (y)

Analogous to Theorem 5E, we have the following result.

THEOREM 5F. Suppose that S is an elementary region of type 2, of the form (3). Suppose further
that the function f : S — R is continuous in S. Then

//S f(z, y) dady = /C i < / " e dx) dy.

P1(y)
EXAMPLE 5.4.1. The function f(z,y) = 22 + y? is continuous in the triangle S with vertices (0,0),
(1,0) and (1,1). It is easy to see that S is an elementary region of type 1, of the form

S ={(z,y) eR*:x€[0,1] and 0 < y < x}.

By Theorem 5E,

1 x 1
//(:v2+y2)dxdy:/ (/ (x2+y2)dy) dx:/ éac?’d;vzl
s 0o \Jo 0 3 3
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On the other hand, it is also easy to see that S is an elementary region of type 2, of the form

S={(z,y) eR*:ye[0,1] and y < = < 1}.

By Theorem 5F,
1 1 1/ 4 1
//(a:2+y2)da:dy:/ (/ (x2+y2)dx>dy=/ <——|—y2——y3)dy:—.
S 0 y 0 3 3 3

EXAMPLE 5.4.2. The function f(x,y) = sinz cosy is continuous in the parallelogram S with vertices
(m,0), (m,m) and (0, £7/2). It is easy to see that S is an elementary region of type 1, of the form

SZ{(ﬂf,y)ERQ:xe[O,w]andg—g§y§g+g}_
n
/2

-7/2 /E

By Theorem 5E,

T s+3 T
// sinxcosydxdy:/ / sinx cos y dy dx:/ sinx(sin (f—l—z)—sin(g—z))dx
S 0 o 0 2 2 2 2

-3
T . . T ™ r .7 . X m r T

= sinz ( sin — cos — + cos — sin — — sin — cos — + cos — sin — | dx
0 2 2 2 2 2 2 2 2

s T
8
:2/ sinxcosgdzzél/ singcoszidz:—.
0 2 0 2 2 3

On the other hand, it is also easy to see that S is an elementary region of type 2, of the form

S = {(a:,y) eR?*:ye {—gﬂr} and 1 (y) <z < 77/12(19)}’

where

{0 if y € [-1/2,7/2), 2yt n ifye[-n/2,0]
Y1(y) = {23/ . ifgzj € [7/2, 7], and  ta(y) = {Wy ifz € [0, 7).
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By Theorem 5F,

/ / sin x cos y dxdy

S
0 2y+m /2 T T T

:/ (/ sinxcosydx) dy+/ (/ sinxcosydx) dy+/ (/ sinxcosydx) dy
—7/2 0 0 0 /2 2y—m

e

0 /2
= / (cosy — cos(2y + m) cosy) dy + / 2cosydy + / (cosy + cos(2y — m) cosy) dy
—m/2 0 /2

0 w/2 ™ 0 T
:/ cosydy+2/ cosydy+/ cosydy—/ cos(2y+7r)cosydy+/ cos(2y — ) cosy dy
—m/2 0 w/2 —m/2 w/2
0 T
=2 / (cos 2y cosm — sin 2y sin ) cosy dy + / (cos 2y cos T + sin 2y sin 7) cos y dy
—m/2 /2

0 T
2+/ cos2ycosydy—/ cos 2y cosy dy
—7/2 m/2

0 ™
2+/ (172sin2y)cosydy7/ (1 — 2sin®y) cosy dy

—m/2 w/2

0 ™ 0 ™ 8
:2+/ cosydy—/ cosydy—2/ sinzycosydy+2/ sin® ycosydy = —.

—m/2 /2 —7/2 /2 3

Note that the calculation is much simpler if we think of S as an elementary region of type 1.

We can extend our study further. Suppose that T = S; U...U S, is a finite region in R?, where,
for every k = 1,...,p, Sk is an elementary region of type 1 or 2. Suppose further that Si,...,S, are
pairwise disjoint, apart possibly from boundary points. Then we can define

//T f(z,y)dzdy = é//s f(z,y)dedy,

provided that every integral on the right hand side exists.

ExXAMPLE 5.4.3. Consider the finite region T" bounded by the four lines y = =, y = —z, y = 22 — 2
and y = 2 — 2z and with vertices (0,0), (2,—-2), (1,0) and (2, 2).

Si

-2

Note that T' = S, USs, where S is the triangle with vertices (0, 0), (1,0) and (2,2) and Sz is the triangle
with vertices (0,0), (1,0) and (2, —2). It is easy to see that Sy and Sy are disjoint, apart from boundary
points. Clearly the function f(z,y) = x + y? is continuous in T, and so continuous in S; and Sy. Hence

//T(:U—I—QQ)dxdy://Sl(a:—l—yQ)dxdy+/[92(x+y2)dxdy.
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To study the first integral on the right hand side, it is easier to interpret S7 as an elementary region of
type 2, of the form

Sl:{($ay)€R2ly€[0,2] andygajgl_p%}.

To study the second integral on the right hand side, it is again easier to interpret Se as an elementary
region of type 2, of the form

S2:{(I7y)€R2:y€[—2,O] and —ygxgl_%}.

Then
//52(33—1—;y2)d3:dy=/_02 (/_ly_%(x—&-yQ)dx) dy:/_o2 (% (1—%)24— (1—g) yQ—%yQ—i—yg) dy
-/

11 5, 1, 5
S y+ oyt cy ) dy ==
5~ 5Y 8y+2y>y

Hence

1
// (2 +y?) dady = =,
. 3

EXAMPLE 5.4.4. Consider the region T in the first quadrant between the two circles of radii 1 and 2
and centred at (0, 0).

2—_
S

S

Note that T'= 57 U .S,, where
S ={(z,y) eR?*:zec[0,1] and (1 — 22 <y < (4—2)V/?)
and
Sy ={(z,y) ER? :z € [1,2) and 0 < y < (4 — 2?)Y/?}

are elementary regions of type 1 and disjoint, apart from boundary points. The function f(z,y) = x%+y?
is clearly continuous in 7', and so continuous in S; and S;. Hence

//T(x2 +y?) dody = //Sl(at:2 —l—yz)dfvdy—i-//SQ(:U2 + y%) dady.
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We have
1 (4—z2)1/2
// (2® +y*) dedy = / / (2* +y?*)dy | de

S 0 (1—z2)1/2

1
1 . 1 .
_ / (1,2(4 . 132)1/2 + 5(4 - x2)3/2 . 1172(1 . :172)1/2 - §(1 . x2)3/2> dx

0

4 [ 2 [ 1! 2 (!
:—/ (47x2)1/2dx+§/ 502(47x2)1/2d:177§/ (l—zQ)l/defg/ 221 — )Y dx
0

3 0 0 0
and
2 (4—a?)1/?
// (m2+y2)dxdy=/ / (z* +y*)dy | da
So 1 0
2 1 4 2 9 [2
:/ 224 —2®)V? 4 (4 — 2?)3/? dx:—/ (4—3@2)1/2dx—|——/ 224 — 2®)V2 du.
1 3 31 35
Hence

//T(x2 + 9%) dzdy

4 [? 2 [? e 2 !
:—/ (4—x2)1/2d$+§/ x2(4—x2)1/2dx—§/ (1—x2)1/2dx—§/ 22(1—2?)Y?de
0 0 0 0

3
16 [ 2 [ 1! 2 [
:?6 (1—22)1/2dz+%/ 22(1—22)1/2dz—§/ (1—x2)1/2dx—§/ 22(1 — 2% dx
0 0 0 0

' ! 15
:5/ (1—x2)1/2dx+10/ xQ(l—xz)l/de: ?ﬂ'
0 0

Sometimes, we may be faced with repeated integrals that are extremely difficult to handle. Occa-
sionally, a change in the order of integration may be helpful. We illustrate this point by the following
two examples.

ExampLE 5.4.5. Consider the repeated integral

(4) /Oﬁ (/y:ﬁcos(wﬁ)dx) dy.

Here the inner integral
1/v2
/ cos(rx?) da
y/2

is rather hard to evaluate. However, we may treat the integral (4) as a double integral of the form
// cos(mz?) dady.
s
To make any progress, we must first of all find out what the region S is. Clearly

S-{(m,y)eRz;ye[O,ﬁ] andggxg%}
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is a triangle as shown below.

y=2x

1/v2

Interchanging the order of integration, we may interpret the region S as an elementary region of type 1,
of the form

1
S:{(x,y)GRQ:xE [O,E} andOSyﬁZm},

so that

1/V2 2z 1/V2 1
// cos(rx?) dady = / (/ cos(mz?) dy> dz = / 2z cos(rx?) dz = —.
s 0 0 0 7T

EXAMPLE 5.4.6. Suppose that we are asked to evaluate

2 T 4 2
(5) / (/ sin =¥ dy) dz + / (/ sin % dy) dx.
1 Nz 2y 2 Nz 2y

Here the inner integrals are rather hard to evaluate. Instead, we write

2 x 4 2
/ </ sin ™ dy) dz = // sin ks dzdy and / (/ sin ks dy) dr = // sin ™ dzdy,
1 \Jyz 2y s 2y 2 \Jyvz 2y S, 2y

where

S ={(z,y) eR?*:xc[1,2) and vz <y <z} and Sy ={(z,y) €R*:z¢c[2,4] and z <y < 2}.

8
Il
<

If we write S = S U Ss, then

S={(z,y) eR*:ye[l,2] and y <z < y?}



Chapter 5 : Double and Triple Integrals ______  5-15

is an elementary region of type 2, and the sum (5) is equal to

2 y° 2 4 9
//sinﬂdxdy:/ / sin =2 dg dyz—/ —ycosgdyzi(ﬂ: ),
S 2y 1 y 2y 1 T 2 ™

where the last step involves integration by parts.

5.5. Fubini’s Theorem

In this section, we briefly indicate how continuity of a function f in a rectangle R = [A, B] x [C, D] leads
to integrability of f in R. Note, however, that our discussion here falls well short of a proof of Fubini’s
theorem. We shall only discuss the following result.

THEOREM 5G. Suppose that the function f : R — R is continuous in the rectangle R = [A, B] x
[C, D]. Then for every e > 0, there exists a dissection

A: A=pp<t1<z2<...<xp, =B, C=y <y <y2<...<ym=D

of R such that for everyi=1,...,n and j=1,...,m, we have
(6) max f(z,y) — min f(z,y) <e,
(@,y)€[ri—1,2:] X [y;-1,Y;] (z,y)Elzi—1,@:] X [y —1,Y;]

so that S(A) — s(A) < (B— A)(D — C)e.

 SKETCH OF PROOF. Suppose on the contrary that there exists € > 0 for which no dissection of R
will satisfy (6). We now dissect the rectangle R into four similar rectangles as shown.

D

R Ry

A B

Then for at least one of the four rectangles Ry (k = 1,2,3,4), we cannot find a dissection of Ry which
will achieve an inequality of the type (6). We now dissect this rectangle Ry into four smaller and similar
rectangles in the same way. Note that each dissection quarters the area of the rectangle, so this process
eventually collapses to a point (o, ) € R. Since f is continuous at («, ) (with a slightly modified
argument if (o, 8) is on the boundary of R), there exists ¢ > 0 such that |f(x,y) — f(a, 8)| < €/2 for
every (z,y) € R satisfying ||(z,y) — (o, 8)]] < 6. It follows that for every

(1,91), (22, 92) € {(2,9) € R |[(z,y) — (o, B)|| < 0},

we have

|f(z1,y1) = f(z2,92)| < [f(21,91) — flo, B)] + [ f(w2,92) — f(a, B)| < e

However, our dissection will result in a rectangle contained in {(x,y) € R : ||(z,y) — (o, B)|| < ¢}, giving
a contradiction. O
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5.6. Mean Value Theorem

Suppose that S C R? is an elementary region. Suppose further that a function f : S — R is continuous
in S. Then there exist (z1,¥y1), (z2,y2) € S such that

f(@1,0) < f(z,y) < f2,92)

for every (z,y) € S; in other words, f has a minimum value and a maximum value in S. It follows that

F(en, ) AS) = //S F(r,91) dady < //S oy dody < | [ Flasoam) dady = faa ) A(S)

where

A(S)://s dzdy

denotes the area of S, so that

flxr,y1) < / f(z,y)dedy < f(x2,y2).

Since f is continuous in S, it follows from the Intermediate value theorem that there exists (g, yo) € S
such that

F(zo,90) = / f(z,y) dady.

We have sketched a proof of the following result.

THEOREM 5H. (MEAN VALUE THEOREM) Suppose that S C R? is an elementary region.
Suppose further that a function f : S — R is continuous in S. Then there exists (xo,yo) € S such that

/ [ Fa dedy = flanm)AS).

where A(S) denotes the area of S.

EXAMPLE 5.6.1. The function f(z,y) = cos(z +y) has maximum value f(0,0) = 1 and minimum value
f(n/4,7/4) =0 in the rectangle R = [0, 7/4] x [0,7/4]. On the other hand,

/ f(z,y)dady = /Tr/4 (/OW/4 cos(x + y) dy) dx = /077/4 (sin (a: + g) — sinx) dx

7T/4 1 1
SlIlIECOS- +COSI’S1HZ — SlIll’) dz = / <— sinx + — cosx — SiIlIE> dzx
0

V2 V2

/;“< e (1= Jg)ame)ar= Sy (o) (- ) o)
(o) ()

It follows that

(=)

1 16
W/Rf(x,y)dxdy = F<\/§_ 1).
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Simple calculation gives
16
0< F(\@ -1) <1,
so that there exists ug € [0, 7/4], and so (ug, ug) € [0,7/4] x [0, 7/4], such that

f(ug,up) = cos2ug = g(\/ﬁ —1).

EXAMPLE 5.6.2. The function f(z,y) = 22 + y? + 2 has maximum value f(1,1) = 3 and minimum
value £(0,0) = 2 in the disc S = {(z,y) € R? : 22 + y? < 1}. Hence

21 < //Sf(fﬁay) dzdy < 3.

5.7. Triple Integrals

In this last section, we extend our discussion so far to the case of triple integrals. Triple integrals over
rectangular boxes [A, B] x [C, D] x [P, Q)] can be studied via Riemann sums if we extend the argument
in Section 5.2 to the 3-dimensional case, although it is harder to visualize geometrically the graphs of
real valued functions of three real variables.

We have the following 3-dimensional version of Theorem 5C.

THEOREM 5J. (FUBINI'S THEOREM) Suppose that the function f : R — R is continuous in the
rectangular box R = [A, B] x [C, D] x [P,Q]. Then f is Riemann integrable over R. Furthermore,

///Rf(x,y,z)dxdydz:/j </0D (/}ff(w,yw)dz) dy) dx:/AB </PQ (/(ff(myﬂ)dy) dz) dx
:/CD (/AB (/PQf(x,y,z)dz> d:r) dy:/CD </PQ (/ABf(a:,%z)dx) dz) dy
/PQ (/CD (/ABf(x,y,z)dx>dy>dz/PQ (/AB (/CDf(:v,y,z)dy>dx>dz.

EXAMPLE 5.7.1. The function f(z,y,z) = cosz — siny — sinz is continuous in the rectangular box
R =10,7/2] x [0,7/2] x [0,7/2]. Tt follows from Fubini’s theorem that

///R f(z,y, z)dedydz

exists, and is equal to

/2 m/2 /2 /2 w/2 - -
/ / / (cosx —siny —sinz)dz | dy dm:/ / (§cosx—§siny—1)dy dx
0 0 0 0 0
/2 (2 T T /2 (2 w2 72 w2
:/ —cCcosT — — — — dx:/ —cosz—7|dr=—1 — — = ——.
) 4 2 2 . 4 172 4
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EXAMPLE 5.7.2.  We have
1, 3/ 2 1, /3 1
/ (/ (/ (x—i—y)zdz)dy)dx:/ (/ 2(x+y)dy>dx:/(6x+9)da::12.
o \Jo \Jo 0o \Jo 0

We can also extend the integral to elementary regions. Instead of giving the definitions of a number
of different types of elementary regions, we shall simply illustrate the technique with two examples. Our
discussion here closely follows the ideas introduced in Section 5.4.

ExAMPLE 5.7.3. Consider the set
S ={(z,y,2) ER®:2,y,2>0and 2% +y? + 22 <1}

in R3. We shall find its volume by evaluating the triple integral

V(S) = / / /S dadydz.

The region S can be described by
S={(z,y,2) €R*: 2 €[0,1], y €[0,v/1— 2] and z € [0, /1 — 22 — y2]}.

Hence

V(S):/O1 (/m (/ e dz)dy)dx:/;(Ommdy)dx

0 0

2

1 1—x
1 Yy
- 1—22 —y2+4 (1 —2a? sin_l—)} dx
/o {2 (y v ) 1—2%2/ 1o

1
™ ™
- de=".
4/0( v)dr =75

EXAMPLE 5.7.4. Consider the region S bounded by the planes x =0, y =0, z=0and z+y+ 2z = 2,
with vertices (0,0,0), (2,0,0), (0,2,0) and (0,0,1).

Y

1 2

Consider also the function f(z,y, z) = 4xy + 8z. We can write

S = {(mayaz) ceR3 .z € [0,2], y €[0,2— 2] and =z € {O,iﬂ}}



Then

/02 ( /OH ( /O (2_I_y)/2(4wy +82) dz> dy> dz

=/02 /02z<2a:y<2—x—y>+<2—x—y>2>dy)dx

2—zx
(6zy — 22%y — 2xy® + 4+ 2° + y° — 4o — 4y) dy) dz

S—

30(2 — 2)? — 22(2 — 2)? — gx(Q 2P A2 —2) 4222 — 2)

(2— ) —4z(2—x)—2(2 - J})Z) dz

2
8 4 5., 1 28
_ S 92 23 LA qp=
/0 3 37T g 3:”):” 15

We can also write

S={(z,y,2) €ER*:2€[0,1], x €[0,2—2z] and y € [0,2 — 2z — ]}.

/o1 (/02_22 (/02_2Z_I<4$y +82) dy) dm) dz

= /01 (/02_22(295(2 — 22 —2)% +82(2 - 22 — 1)) da:) dz

1 2-22
= / (/ (8x + 8zz% + 223 — 24x2 — 822 + 8222 + 162 — 1622) dx) dz
0 0

1
8 16 16 5 8 28
- = __162 —3 —4 d:—
/0(3+3Z Z+3Z+3z)z 15

Then

PROBLEMS FOR CHAPTER 5

1. Evaluate each of the following integrals, where R = [0, 1] x

] > [0,1]
a) //R(x2+y3)dmdy b) //Rlog((xﬂ—l)(y-kl))dxdy

1 1
2. Evaluate the integral / (/ e¥y? sin 2xy dy) dz.
-1 \J-1
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3. Suppose that the function f is continuous in the interval [A, B], and the function g is continuous in

the interval [C, D]. Suppose further that R = [A, B] x [C, D]. Explain why the integral

//R f(z)g(y) dady
(/ABf(w)dfC> (/CDg(y)dy>-

exists and is equal to
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4.

10.

11.

Suppose that the function f is continuous in a rectangle R = [A, B] x [C, D], and f(z,y) > 0 for

every (z,y) € R. Show that
// f(z,y)dady =0
R

if and only if f(z,y) = 0 for every (z,y) € R.

Sketch the region S on the xy-plane bounded by the lines # = 2, y = 1 and the parabola y = x2,

and evaluate the double integral
// (2% +y?) dady.
S

— y37 defined for every (z,y) € R =[0,1] x [0, 1], except at the

Consider the function f(z,y) = ﬁ
Ty

point (z,y) = (0,0).

1 1 1 1
a) Show that / </ flz,y) dy) do = %7 and deduce that / (/ f(z,y) dx) dy = —%.
0 0 0 0

b) Show that f(x,y) does not have a limit as (x,y) — (0,0).
¢) Does the double integral / / f(z,y) dady exist as a Riemann integral? Give your reason(s).
R

d) Comment on the results.

3 41—y
Consider the integral / (/ (x+y) dm) dy.
o \J1

a) Sketch the area S on the xy-plane such that the integral is equal to // (z + y) dady.
s

b) Interchange the order of integration, and evaluate the integral.

Show that the volume of the region bounded by z = 22 + 2, 2 =0, x = —a, * = a, y = —a and
y = a, where a > 0, is given by 8a*/3.

Find each of the following integrals:

111 11 gl
a) / / / (x4 y+ z)dedydz b) / / / (z +y + 2)* dadydz
o Jo Jo o Jo Jo

Let S be the region in R? bounded by the planes + = 0, y =0, 2 = 0 and z + y + 2z = 1, with
vertices (0,0,0), (1,0,0), (0,1,0) and (0,0,1). Show that

1
///Szdxdydz— u

Let S be a “pyramid” with top vertex (0,0,1) and base vertices (0,0,0), (1,0,0), (0,1,0) and

(1,1,0). Show that
///(1 — %) dadydz = 3
< YET 10

[HINT: Cut S by the plane z = y.]
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12. Consider the region S C R?® bounded by the planes 2 =0, y =0, 2 = 0 and = +y + 2z = a, where
a > 0 is fixed.
a) Make a rough sketch of the region S.

5
b) Show that /// (.732 + y2 + z2) dzdydz = ;_0
S

1 1 2
13. Show that / / / zyzdz | dy | dz = §
0 0 Va2ty? 8
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Chapter 7

PATHS

7.1. Introduction

In this chapter, we discuss paths in R™; in particular, we are interested in paths in R? and R3. Before
we give any formal definition, let us consider two examples.

EXAMPLE 7.1.1. Consider the unit circle C' = {(z,y) € R? : 22 + y*> = 1} in R%

¢(t)=(cos t,sin t)

Q

(1,0)

At time t = 0, a particle at the point (1,0) € C starts to move at constant speed along C' in the
anticlockwise direction and returns for the first time to this initial position at time ¢ = 2x. It is easy to
see that at any time ¢t € [0, 27], the position of the particle may be given by ¢(t) = (cost,sint). Here
we are interested in the function

(1) ¢ :[0,2n] — R?: t s (cost,sint).

Note that C' = ¢([0,27]) = {¢(t) : t € [0,27]} is the range of the function ¢.



72 W WL Chen : Multivariable and Vector Analysis

ExaMPLE 7.1.2. Consider a particle moving away from the origin 0 = (0,0,0) at time ¢ = 0 in the
direction of the unit vector u € R? with constant acceleration a, and hence speed ta at any given time

t > 0. In this case, the distance of the particle from the origin at time ¢ is given by %t2a, and so its

position is given by ¢(t) = %tQau. Suppose that we trace the movement of this particle from ¢ = 0 to

t =T. Then we are interested in the function
(2) ¢:[0,T] - R?: t — Lt2au.

The range of this function is given by ¢([0,7]) = {3t%au : ¢ € [0, T}, and is a line segment joining the
origin 0 and the point %TQau.

Note that the functions (1) and (2) above do not just trace out curves. They also give the position
of the particles at any time within the time interval.

DEFINITION. By a path in R", we mean a function of the type
¢:[A, B] = R",
where A, B € R and A < B. The range
o([A, B]) ={o(t) : t € [A, B]} CR"

of the function ¢ is called a curve, with initial point ¢(A) and terminal point ¢(B). Suppose that for
every t € [A, B], we have ¢(t) = (¢1(¢),...,dn(t)), where ¢1(t),...,¢n(t) € R. Then the functions
¢; : [A,B] = R, where i = 1,...,n, are called the components of the path ¢.

REMARKS. (1) We usually write ¢(t) = (z(t), y(t)) and ¢(t) = (x(t),y(t), 2(t)) in the cases n = 2 and
n = 3 respectively.

(2) Note the distinction between a path and a curve. Quite often, distinct paths may share the
same curve. For example, the three distinct paths

¢ :[0,27] — R? : t > (cost,sint)
¥ :[0,1] — R? : t + (cos 2nt, sin 27t)
n:[0,1] — R? : t > (cos 27t?, sin 27t?)

satisfy ¢([0,27]) = v([0,1]) = n([0,1]) = C, the unit circle in R?.

(3) Often, we refer to the path ¢(t) without specifying the domain of definition of the function ¢.
This is a convenient abuse of rigour.

ExAMPLE 7.1.3. Consider a circular disc of radius r standing on a level surface. Let C' denote the
centre of the disc, and let P denote a fixed point on the rim of the disc. Suppose that at time ¢ = 0, the
point P touches the surface, and is therefore directly below the point C. For convenience, let us assume
that this point where the disc touches the surface at time ¢ = 0 is the origin (0, 0).

P
P
v C
—_— - )
d
tv

The disc now starts rolling to the right at constant speed v. We now wish to describe the path taken
by the point P. Clearly the point C' is at position (0,7) at time ¢ = 0. Its position at time ¢ is given by
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(tv,r). Note next that the circumference of the disc is 27, and so the disc will complete one revolution
at time ¢t = 27r/v. Tt follows that the angular speed of the disc is v/r. Now let ¢(t) denote the relative
position of P with respect to C'. Clearly P rotates around C in a clockwise direction with angular speed

v/r, so it follows that
P(t) = (rcos (—U?t —|—9> , 7 sin (—U?t +9>> )

where 6 € R is a constant. Clearly 1(0) = (0, —r), so that cosf = 0 and sinf = —1, whence 0 = —7/2.

Hence
vt T . vt vt vt
Pp(t)=|rcos| —+ 5 |,-rsin{ —+ <)) = —rsin—,—rcos— ).
r 2 r 2 r r

It follows that the actual position of P at time ¢ is given by
t t
o(t) = (tv,r) +(t) = (tv — rsin U—,T — rcos U—) .
r r
Suppose that v =r = 1. Then

¢(t) = (t —sint, 1 — cost).

Clearly the point P touches the surface when ¢t = 2kmw, where k is a non-negative integer. The image
curve of the path

¢:[A,B] - R?:t (t —sint, 1 — cost)

is called a cycloid. Note that we have not specified the range for ¢ in our discussion. We can consider
any interval [A, B] C R?, although to get a full picture, the interval should have length at least 27. A
picture of the path

¢ :[0,4n] — R?:t s (t —sint, 1 — cost)

is given below.

¢o(t)=(t-sint,1-cost)

7.2. Differentiable Paths

DEFINITION. We say that a path ¢ : [A, B] — R™ is differentiable if the limit
LBl h) ()
h—0 h

exists for every t € [A, B], with the obvious restriction to one-sided limits at the endpoints of the interval
[A, B]. In this case, the vector

#(6) = S(0) = Jim 2T — 000

—0

is called the velocity vector of the path ¢, and the quantity ||¢'(¢)| is called the speed of the path ¢.
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REMARKS. (1) Note that we have borrowed some terminology from physics. This is entirely natural,
as this area of mathematics is, to a large extent, motivated by the study of various problems in physics.

(2) Note that if the path is given by ¢(t) = (¢1(t), ..., dn(t)), then the velocity vector is given by
¢'(t) = (¢ (), ..., #,(t)) and the speed is given by [[¢(¢)[| = (|67 (1)|* + ... + [}, ()[*)/2.

(3) Note the special notation in the cases n = 2 and n = 3.

(4) The velocity vector ¢'(t) is a vector tangent to the path ¢(t) at time ¢. If C is the curve of
the path ¢(¢) and ¢'(t) # 0, then ¢’(t) is a vector tangent to the curve C at the point ¢(t) € C.

EXAMPLE 7.2.1. For the cycloid ¢(t) = (t — sint, 1 — cost) described in Example 7.1.3, the velocity
vector is given by ¢'(t) = (1 — cost,sint). Note that 1 — cost = 0 implies that sint = 0, so the velocity
is never vertical. The speed of the path is

o' (®)] = (1 — cost)? +sin? £)1/? = (2 — 2cost)'/2.

This is minimum and zero when cost = 1, when the point P touches the surface. The speed is maximum
when cost = —1, when the point P is at the maximum height.

EXAMPLE 7.2.2. To study the path ¢(t) = (cost,sint,t) in R?, we first of all consider the first two
components, and study the path 1(t) = (cost,sint) in R2. This path describes a circle on the plane,
followed in the anticlockwise direction. The third component ¢ describes an increase in height with time
if we think of the third component as the vertical component. It follows that if we consider the cylinder
22 + 9% = 1 in R3, then the path ¢(¢) wraps round this cylinder in an anticlockwise direction with the
third component increasing if we look from above. The curve of the path ¢(t) is called a helix.

¢(t)=(cos t,sint,t)

i
i

y

—e

1
1

The path has velocity vector ¢/(t) = (—sint,cost, 1) and speed ||¢/ ()| = (sin®t + cos®t + 1)/2 = /2,
so the path has constant speed.

Suppose that ¢(t) is a differentiable path. We have already indicated that if ¢'(¢g) # 0, then it is a
vector tangent to the path at the point ¢(¢g). It follows immediately that

THEOREM 7A. Suppose that ¢(t) is a differentiable path in R™. Then the tangent line to the path
at the point ¢(tg) is given by

L(X) = ¢(to) + A¢'(to),

provided that ¢'(to) # 0.
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EXAMPLE 7.2.3. The equation of the tangent line to the helix ¢(t) = (cost,sint,t) at the point ¢(to)
is given by

L)) = ¢(to) + X' (to) = (costg,sintg, tg) + A(—sintg, costg, 1).
Suppose that tg = 2. Then ¢(27) = (1,0, 27), and the tangent line becomes L(A) = (1,0, 27)+A(0,1,1).
Writing L(\) = (z,y,2), we have z = 1, y = X and z = 27 + . It follows that the tangent line to the

helix at the point (1,0,27) is given by z = 1 and z = y + 27. Try to visualize this from the picture in
Example 7.2.2.

EXAMPLE 7.2.4. The equation of the tangent line to the cycloid ¢(t) = (t —sint, 1 — cost) at the point
¢(to) is given by

L)) = ¢(to) + A/ (tg) = (to —sintg, 1 — costg) + A(1 — costg, sintg).
Suppose that tg = 2. Then ¢(27) = (27,0), and L(\) = (2m,0) + A\(0,0) = (27,0), clearly not the
equation of a line. Observe that since ¢'(27) = (0,0), Theorem 7TA does not apply in this case. In fact,
the tangent line is vertical.
EXAMPLE 7.2.5. Let us return to the helix discussed in Examples 7.2.2 and 7.2.3. Suppose that a
particle follows the helix from ¢ = 0 to ¢ = 27 and then flies off at constant velocity on a tangent at
t = 2w. We wish to determine the position of the particle at ¢ = 47. Note that the particle is at position
o(2m) = (1,0,27) when ¢t = 27, with tangential velocity ¢’'(27) = (0,1, 1). It follows that its position at
t = 47 must be given by

¢(27m) + (47 — 2m)¢' (2m) = (1,0, 27) + 2m(0,1,1) = (1, 27, 4m).

ExaMpLE 7.2.6. Consider the hypocycloid of four cusps

¢ :[0,27] — R?: t — (cos®t,sin>t).

¢(t)=(cos3t, sin3t)

This path has velocity vector
#'(t) = (=3 cos®tsint, 3sin®t cost)
and speed
¢/ ()] = (9 cos* tsin? ¢ + 9sin? ¢ cos? t)'/2 = 3| cos tsint.

Note that while the hypocycloid is a differentiable path, its curve has cusps. Note, however, that the
velocity and speed are zero at these cusps.

We state without proof the following two theorems. The proofs are not difficult, and follow by
applying the usual differentiation rules to the components.
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THEOREM 7B. Suppose that ¢(t) and ¢ (t) are differentiable paths in R™. Suppose further that a(t)
and b(t) are differentiable real valued functions. Then

(@) 00 +v(0) = (1) + ¥/ (1);

(8) S (a(0)6(0) = alt)é' (1) + /()5 (0);

(e) S(6(0) - 0(1)) = 6(0) - ¥/ (1) +6/(1) - ¥(0); and
(@) $6lat) = a' ()6 (alt)).

The above represent the sum rule, scalar multiplication rule, dot product rule and chain rule re-
spectively. Note also the vector product rule below which is valid only in R3.

THEOREM 7C. Suppose that ¢(t) and 1(t) are differentiable paths in R3. Then

d

37 (@) X $()) = o(t) x (1) + &' (t) x $(8)-

7.3. Arc Length

In this section, we are interested in calculating the length of the curve followed by a path. To motivate
this, note that the speed ||¢’(t)|| of a path ¢(¢) is the rate of change of distance with respect to time.

DEFINITION. Suppose that ¢ : [A, B] — R" is a differentiable path. The velocity differential is given
by

ds = ¢'(t) dt = (¢ (1), ..., @, (1)) dt.

The corresponding arc length differential is given by

ds = [|¢' ()l dt = (191 (D)[* + ... + [¢r, (£)*) /2 .
REMARKS. (1) The velocity differential describes an infinitesimal displacement of a particle following
the path ¢. The arc length differential describes the magnitude of this infinitesimal displacement.

(2) In R? and R3, we have velocity differential

~ (dxz dy ~ (dx dy dz
ds(dt,dt>dt and ds(dt’dt’dt>dt

and arc length differential
o\ 1/2 o\ 1/2
) dt and ds = ( ) dt

2
ds = (
DEFINITION. Suppose that ¢ : [4, B] — R" is a continuously differentiable path. Then the quantity

2
+

2
+

dx

dt

dy
dt

dx

dt

dz

dy 1”4z
dt

dt

respectively.

B
ez/A 16/ ()]l dt

is called the arc length of the path ¢.
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REMARK. Note that if ¢(t) = (¢1(t),. .., dn(t)), then

B
A

= [CUB@P +..+ 6,0

EXAMPLE 7.3.1. The cycloid ¢ : [0,27] — R? : ¢ (t —sint, 1 — cost) has arc length

27 2
e:/ ||¢>’(t)|\dt:/ (2 —2cost)/2dt = 8.
0 0

EXAMPLE 7.3.2. The helix ¢ : [0,27] — R? : t — (cost,sint, t) has arc length

27 27
z:/o o' dt = [ Vadt = 2nv2.

0

EXAMPLE 7.3.3. The hypocycloid of four cusps ¢ : [0,27] — R? : t — (cos®t,sin® t) has arc length

27 27 /2
(= / o' ()| dt = / 3| costsint|dt = 12/ sint costdt = 6.
0 0 0

PROBLEMS FOR CHAPTER 7

1. Sketch the curve of each of the following paths:
a) ¢:[0,27] — R? : t +— (sint, 3cost) b) ¢:[0,1] = R3 : ¢t — (2t + 1,1+ 2,t)

2. For each of the following paths, find the equation of the tangent line at the point ¢(¢o):
a) ¢:[0,27] — R?: ¢t (e, cost) b) ¢:[0,1] — R3:t— (t3,¢%1)

7

3. A particle follows the path ¢(t) = (sine?,¢,4 — t?) in R3 from time ¢ = 0 to time ¢t = 1, and then

flies off at a tangent at constant velocity. Determine its position at time ¢ = 3.

4. Consider the path ¢ :[0,1] — R? : t — (tcost, tsint).
a) Determine the velocity vector ¢'(7/6).
b) Find the equation of the tangent line to the path at ¢(m/6), if it exists.
c¢) Determine the speed ||¢'(t)|| for every t € [0, 1].
d) Determine the arc length of the path ¢.
[HINT: You may need a substitution and integration by parts.]

5. For each of the following paths, determine its arc length:
a) ¢:[0,7] — R3:t s (¢, tcost,tsint)
(2cost,t,2sint) if t € [0,2n7]

b) (b:[0’47T]_)R3:t’_>{(27t7t—27r) ifte[Qﬂ',ﬁlﬂ']



MULTIVARIABLE AND VECTOR ANALYSIS

W W L CHEN

(© W W L Chen, 1997, 2003.
This chapter is available free to all individuals, on the understanding that it is not to be used for financial gains,
and may be downloaded and/or photocopied, with or without permission from the author.
However, this document may not be kept on any information storage and retrieval system without permission

from the author, unless such system is not accessible to any individuals other than its owners.

Chapter 8

VECTOR FIELDS

8.1. Introduction

In this chapter, we consider functions of the form
(1) F:A-R":x— F(x),

where the domain A C R" is a set in the n-dimensional euclidean space, and where the codomain is also
the n-dimensional euclidean space R™. For each x € A, we can write

x=(x1,...,Zn),
where z1,...,2, € R. We can also write
(2) F(x) = (F1(x),...,F,(x)),
where Fy(x),...,F,(x) € R.

DEFINITION. A function of the type (1), where A C R™, is called a vector field in R™. The functions
F;: A — R, defined for i = 1,...,n by (2), are called the component scalar fields of F.

REMARK. In the special cases n = 2 and n = 3, we usually write x = (z,y) and x = (x,y, z), so that

F(l‘,y) = (F1($>y)’F2(xvy>) and F(m,y,z) = (Fl(x,y,z),FQ(x,y,z)7F3(:L‘,y,z))

respectively.

ExaMpPLE 8.1.1. Suppose that the real valued function f : R™ — R is continuously differentiable.
Define the function F': R™ — R" by writing

Fix) = (V) = (5200, g0

0xy U Oy,
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for every x € R™. Recall that this is the gradient of f studied in Chapter 2. This vector field F' is
sometimes called a gradient vector field.

EXAMPLE 8.1.2. Consider the vector field F' : R? — R? : (z,9) — (—y,z). There is no continuously
differentiable function f : R? — R such that F = Vf. To see this, note that if there were, then

Fle) = (V9 = (5. 5).
so that
of of
90 = Y and B_y =z
It would then follow that
2 2
(9(26]; =1 and 8(18fy =1

which is impossible. This vector field F' is an example of a non-gradient vector field.

EXAMPLE 8.1.3. Newton’s law of gravitation states that the force acting on a point mass m at position
x € R? due to a point mass M at the origin 0 is given by

eMm
PG =~ ™

where € > 0 is a proportionality constant. This is an attractive force field. Note that F' = V f, where

eMm

RS R:ix— ——\
]

so F' is a gradient vector field.

ExAMPLE 8.1.4. Coulomb’s law in electrostatics states that the force acting on a point charge ¢ at
position x € R? due to a point charge @ at the origin 0 is given by

F(x) = %x,

where € > 0 is a proportionality constant. This is a repulsive force field. Note that F' = V f, where

f:RBHR:XHfGQ—q

x|’
so F' is a gradient vector field.

REMARK. Suppose that F : R” — R™ is a vector field. By a flow line of F, we mean a path ¢(t) in R™
such that ¢'(t) = F(¢4(t)); in other words, F yields the velocity vector of the path ¢(¢). Flow lines are
useful in understanding some of the properties of vector fields, as we shall see in the following examples.

EXAMPLE 8.1.5. For the vector field F': R? — R? : (z,y) — (—y, z), the path ¢(t) = (cost,sint) is a
flow line, for clearly

¢ (t) = (—sint, cost) and F(¢(t)) = F(cost,sint) = (—sint, cost).
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Similarly, it can be shown that for any real number ¢ € R, the path ¢(t) = (ccost,csint) is a flow line
of F. Here the flow is circular, anticlockwise about the origin.

ExXAaMPLE 8.1.6. Let us return to Example 8.1.4, and consider again Coulomb’s law of electrostatics,
where

€Qq

= —=X.
I

F(x)

Let u € R? be a fixed unit vector. The path ¢(t) = (3eQqt)/?u is a flow line of F, for clearly

€Qq _ €Qq 1/3
B0 u and F(o(t)) = (3eQql) (3eQqt) ™/~ u.

This shows that the flow lines are radial and away from the origin.

¢'(t) =

EXAMPLE 8.1.7. Consider the vector field F : R? — R? : (x,9) — (z,—y). For a path ¢(t) =
(¢1(t), 2(t)) to be a flow line of F', we must have ¢'(t) = F(4(t)), so that

(¢1(1), (1)) = F(¢1(t), d2(t)) = (61(t), —¢2(1)),
whence ¢ (t) = ¢1(t) and ¢4 (t) = —pa(t); in other words, we need

dén dgo

- d
@~ 4oan i

= —¢2.

These two differential equations have solutions ¢1(t) = Cye! and ¢o(t) = Cre™t, where C1,Cy € R are
constants. It follows that the flow lines of F are of the form ¢(t) = (Ciet, Cae™?), where C1,Cy € R are
constants. Note that the curve of the path ¢(t) = (Ciet, Cae™?) is given by the hyperbola zy = C1Cs.
The picture below shows F(z,y) at some points along the same flow line zy = 1.

—
L]

\




84 W WL Chen : Multivariable and Vector Analysis

For the sake of convenience, we make the following definition.

DEFINITION. The V operator in R" is given by
REMARKS. (1) In the special cases n = 2 and n = 3, we have respectively

(2) Note that for any real valued function f(z1,...,z,), the gradient of f is equal to

_ (2 O Ny (0f ~ 9Of
V= (oo ) = (5.

8.2. Divergence of a Vector Field

Suppose that F' is the vector field of a gas or fluid. Then we may wish to discuss the rate of expansion
of volume under flow. This is a scalar valued function of a vector field.

DEFINITION. Suppose that F' = (Fy,..., F,) is a vector field in R™. Then the divergence of F' is the
scalar field

0 0 oF oF,
3—1‘1’7%>(F1’7Fn)_8_1‘1++6$n

diszV-Fz(

EXAMPLE 8.2.1. For the vector field F : R® — R3 : (2,9, 2) — (yz, 22, zy), we have

. 0 0 0
div F = ﬁ(yz) + 8—y(xz) + a(xy) =0.

EXAMPLE 8.2.2. For the vector field F : R? — R? : (z,y) — (,0), we have divF = 1. Consider
next the flow lines of this vector field. Any flow line must be a path @(t) = (¢1(t), p2(t)) satisfying

¢'(t) = F(¢(t)), so that
(91(1), ¢5(1)) = F(91(t), ¢2(t)) = (61(1),0).
It follows that ¢1(t) = Cie’ and ¢o(t) = Co, where C1,Cy € R are constants. The flow is therefore in

the z-direction. If we think of F' as a velocity field, then the speed is greater as we move further away
from the line x = 0. This corresponds to an expansion which is consistent with div ' > 0.

EXAMPLE 8.2.3. For the vector field F : R? — R? : (z,y) — (—x, —y), we have div FF = —2. Consider
next the flow lines of this vector field. Any flow line must be a path ¢(t) = (¢1(t), @2(t)) satisfying

@'(t) = F(¢(t)), so that
((bll(t)? ¢l2(t)) = F((bl(t)v ¢2(t)) = (_¢1(t), —(bz(t))
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It follows that ¢ (t) = Cie™t and ¢(t) = Cae™t, where C1,Cy € R are constants. The flow is therefore
radial and towards the origin. This corresponds to a contraction which is consistent with div F' < 0.

EXAMPLE 8.2.4. For the vector field F : R? — R? : (z,y) — (—y, z), we have shown in Example 8.1.5
that the paths of the type ¢(t) = (ccost,csint), where ¢ € R, are flow lines of F. It can actually be
shown that these are all the flow lines of F'. It follows that the flow is circular and anticlockwise around
the origin, with no expansion or contraction. Note now that div F' = 0.

8.3. Curl of a Vector Field

While the divergence of a vector field is related to expansion or contraction, so the curl of a vector field
is related to rotation — there are beaches in Sydney named after this operator! Indeed, a vector field
with zero curl will be called irrotational.

DEFINITION. Suppose that F' = (Fy, Fy, F3) is a vector field in R®. Then the curl of F is the vector
field

curl F =V x F = i,g’g X(F17F2,F3): %,%’@,%7@,@ .
Oz’ Oy’ 0z Yy

REMARKS. (1) We can write

i3k

o o o OF3 OFy\ . o0F; OF3 )\ . 0L, oF
o VX det dx Oy 0z (8y 52)1+<5Z 8$>J+<8x 8y> ’

F F F

where i = (1,0,0), j = (0,1,0) and k = (0,0, 1).

(2) Unlike gradient and divergence which are valid in euclidean space R™ for any natural number
n € N, curl is only defined in R3.

(3) Suppose that F is a vector field in R?. While we cannot define curl F, we can nevertheless
regard F as a vector field in R? for which the third component is zero and the two other components
are independent of z. Then

0Fy OF;
F=100——-——].
VX ( T Oz 8y>
The function
oF, or
ox dy

is sometimes called the scalar curl of F.

EXAMPLE 8.3.1. For the vector field F': R® — R? : (2,9, 2) — (yz, 22, xy), we have

curl F = <§y(wy) — %(UCZ), %(92) - %(wy)’ %(mz) - 6%(?/2')) =0.

Here, note that if we consider the function f : R® — R : (2,vy,2) +— xyz, then F = Vf. We shall show
later in Theorem 8G that V x (Vf) = 0 for any twice continuously differentiable function f : R? — R.
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EXAMPLE 8.3.2. For the vector field F': R® — R? : (x,v,2) — (22, (x + v)?, (x + y + 2)?), we have

0 0 0 0 0
curl F = < x+y+z>2—E(Hy)?gﬂ—%(:c+y+z)27a—x(x+y>—a—yx2>

= 2x+y+2),-2x+y+2),2x+y)).

Hence

div(curl F) = %(2(3: +y+2))+ %(—2(95 +y+2))+ %(2(95 +y)) =0.

We shall show later in Theorem 8F that V-(V x F) = 0 for any twice continuously differentiable function
F:R3 — R3.

EXAMPLE 8.3.3. Consider again the vector field F : R? — R? : (z,y) — (—y,z). We have shown in
Examples 8.1.5 and 8.2.4 that the flow is circular and anticlockwise around the origin. Note now that
the scalar curl of F is equal to

oFy, O0F

ox oy

8.4. Basic Identities of Vector Analysis

The first three theorems do not involve curl and are therefore valid in R™ for any natural number n € N.
The first two of these theorems are easy to prove.

THEOREM 8A. For any continuously differentiable functions f : A — R and g : A — R, where
A CR", and for any fized real number ¢ € R, we have

(a) V(f+g9)=Vf+Vg;

(b) V(cf) =cVf;

(c) V(fg) = fVg+gVf;and

(d) V(f/g) = (gVf— fVg)/g* at any point x € A for which g(x) # 0.

THEOREM 8B. For any continuously differentiable functions F': A — R™ and G : A — R", where
A CR", and for any fized real number ¢ € R, we have

(a) div(F + G) = div F' + div G; and

(b) div(cF) = cdiv F.

THEOREM 8C. For any continuously differentiable functions F': A — R™ and f : A — R, where
A CR", we have div(fF) = fdivF+ F-Vf.

ProOF. Let F = (F},...,F,). Then

d d
div(fF) = div(fFy,..., fF,) = a_gcl(fFl)+"'+a_%(fF")
<faF1 af)+...+(faF”+F ﬁ)

3:171 oz, naIn
F F,
f(9 ! .+fa— L IR
oxy 8xn
OF OF, of of
f(@xl -t axn) L F) ((‘3301 ’0xn>
— fdivF+F-V/.

This completes the proof. ()
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We also have the following four theorems which involve curl and are therefore restricted to R3.

THEOREM 8D. For any continuously differentiable functions F : A — R3 and G : A — R3, where
A CR3, and for any fized real number ¢ € R, we have

(a) curl(F + G) = curl F + curl G;

(b) curl(cF) = ccurl F'; and

(¢c) div(F x G) =G -curl F — F - curl G.

PrOOF. Parts (a) and (b) are easy to check. To prove (c), let F' = (Fy, Fy, F3) and G = (G1, G2, G3).
Then

le(F X G) = le(F2G3 — F3G27F3G1 — Fng,FlGQ — FQGl)

0 0 0
= %(F2GS - F3G2> + 8_y(F3G1 - F1G3) + &<F1G2 — FQGl).

Using the sum and product rules to the terms on the right and rearranging, we obtain

le(FXG):Gl <@%)+G2 <@%)+G3 <@@>

dy 0z 0z or ox dy
0G5 0G4 0G,  0Gs 0G, 0G,
SR (T2 g (ST (2 T
1(8y 82) 2(32 8x> 3<8x 8y>

| (9B ory 0B _ory 0B, oni
Oy 0z’ 0z Oz’ Ox Oy

0Gs 0Gy 0G; 0Gs 0Gy 0G;
_(Fl’FQ’FS).<8y 0z 9z Oz O 8y)

=G-curl F — F - curl G.

This completes the proof. ()

THEOREM 8E. For any continuously differentiable functions F : A — R? and f : A — R, where
A CR3, we have curl(fF) = feurl F — F x Vf.

PrROOF. Let F = (Fy, Fy, F3). Then

curl(F) = curl( Py, P, 173) = (5 (FF) = LU 3L (FF) = (R, 5 (FF) = (7).

Using the sum and product rules to the terms on the right and rearranging, we obtain

oF3 0Fy, 0Fy O0F3; O0Fy, OF
0z’ Oz Ox’ Oz Ay

of of _ of of . of of
+<F38y By g, ~ Fagy fag, Fl@y)
<8F3 OF, OF, OF,; 0F, OF, ) <8f of of

a9 9. a.  a.9 a. . %aa_yvg

> X (Fl,FQ,Fg)
= fcurl F — F x Vf.

This completes the proof. ()
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THEOREM 8F. For any twice continuously differentiable function F : A — R3, where A C R3, we
have div(curl F) = 0.

PROOF. Let F = (Fl,Fg,Fg). Then

0Fy 0F, 0Fy O0F; 0F, O0F

i 1F) = div (&2 - 272 9 97 Y92 90
div(curl F) dlv(@y 0z’ 0z  Ox’ Ox 8y>

L2 (SR 0B, 0 (0R_0RY 0 (08 oh)
ox \ Oy 0z oy \ 0z ox 0z \ Oz y
PRy, 0°Fy,  0°F,  O°Fy | 0*F, O°F)

-~ Oz0y 920z * oy0z B Oyox * 020r 020y

(PR PR 0°F,  0°F, 0°Fy;  0°Fy

N (83/32 a 8233/) + (32(% a 6':E32) + (8x8y a 8y3:c) -

in view of Theorem 4A. O

THEOREM 8G. For any twice continuously differentiable function f : A — R, where A C R®, we
have curl(V f) = 0.

PrROOF. We have

8z’ Ay’ Oz

(0 (of\ @ [of\ o (of\ o [(of\ @ (of\ @ (Of
(5 (5) -2 (5) = (&) % (5) & 5) -5 (5)

(82f o?f 0°f o2f  0*f 82f)20

curl(Vf) = curl (6f of g)

Oydz  0z0y 0z0x 0Ox0z dx0y Oydx

in view of Theorem 4A. O

EXAMPLE 8.4.1. Consider the vector field F : R® — R3 : (z,y, 2) — (z,y, 2). It is easily checked that
div F = 3. It follows that there is no function G : R? — R3? such that F' = curl G, for otherwise div F' = 0
by Theorem 8F.

EXAMPLE 8.4.2. Consider the vector field F' : R® — R3 : (x,y,2) — (y,—x,0). It is easily checked
that curl F = (0,0, —2). It follows that there is no function f : R® — R such that F' = V f, for otherwise
curl F = 0 by Theorem 8G.

For any twice continuously differentiable function f : A — R, where A C R™, we have

(@) = V-V = (g ) (L) - S+ 5

o1y 0z, ) N0z 0z, ) T 022 T 02

DEFINITION. The Laplace operator V2 in R” is defined as the divergence of the gradient, so that

0? o?

Vie 4. 4+ —.
ox? O0x2

EXAMPLE 8.4.3. A function f : A — R, where A C R", is said to satisfy Laplace’s equation if V2 f = 0.
An example of such a function is given in the case n = 3 by

1 1
) =1 2) = e =
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THEOREM 8H. For any twice continuously differentiable functions f : A — R and g : A — R,
where A C R™, we have

(a) V2(fg) = fV2g+gV2f+2(Vf Vg); and
(b) div(fVg—gVf)=fVig—gV?f.

PROOF. Note that

_ (f9) *(fg)
V2(fg) = 927 +. 4 212

fﬁ of 99 | _9 2, 9f 99 Of
2001 8371 2 e R S

o f\ [ 0f 0y of 9
f(a? ) )*2(&518@«1* Jr@xn@a?n)

( 7t

f 0% f of of g Og
f(ax1 ) ( 3 )”(a_m"“’a_%) (axl %)

g).

ffVZg+gV2f+2 Vf-V

This gives (a). On the other hand,

P 0 P 9
div(fVg — gV f) = div (f (%,...7%) _g<a_ai""’axf ))

_ 99 OF 9%  Of
= div (faxl g(‘)x f@xn 8xn>

_9 (;99 _ Of 0 (;99 _ 9Of
- Omy <f8x1 gax1>+”'+8xn< Oz, gaxn>

S PN TR TR WY (TR TR R VA

dz3  Oxq 0r1 Oz 019 g@x% 0r2 = Oz, 0r, Oz, Oz, gax%

9% dg o2 f o2 f
=1(d ) o (Gt )
= fV?g —gv2f.

This gives (b). O

Finally, we have the following result. The proof is left as an exercise to test the reader’s grasp of
the techniques.

THEOREM 8J. For any twice continuously differentiable functions f : A — R and g : A — R, where
A CR3, we have div(Vf x Vg) = 0.

PROBLEMS FOR CHAPTER 8

1. Consider the vector field F': R? — R? : (z,y) — (4x,2y).
a) Is this a gradient vector field? Justify your assertion.

b) Suppose that ¢(t) = ($1(t), d2(t)) is a flow line of the vector field F. Show that ¢ satisfies the
two differential equations

% = 4(]51 and % = 2¢2

¢) By solving the differential equations in part (b), show that the flow lines are parabolas.
d) Draw a picture to support your observation in part (c).
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2. Consider the functions F : R? — R3 : (z,y, 2) — (2z2,7yz,y%z2) and f : R? — R : (2,9, 2) — 22yz.
Compute each of the following:
a) Vf b) divF c) curl F d) FxVf
e) F-Vf f) V(F-Vf) g) div(curl F)

3. Discuss the question of whether curl F' has to be perpendicular to F'.

4. Consider the vector field F(z,y) = * , Y .
Va?+ 2 /a? +y?
Let u € R? be a unit vector. Show that ¢(t) = tu is a flow line of F.
Show that div F' > 0 whenever (z,y) # (0,0).
Show that the scalar curl of F' is zero.

a
b
c
d) Draw a picture of the vector field F' and briefly explain the observations in parts (b) and (c).

)
)
)
)

5. Consider the vector field F(z,y,2) = (2z, 2, —22).
a) Let ¢(t) = (é1(t), p2(t), @3(t)) be a flow line of F. Show that ¢1(t), pa(t), d3(t) satisfy three
ordinary differential equations.
b) Solve two of the differential equations in part (a) for ¢ (¢) and ¢3(¢). Then solve the remaining
differential equation for ¢o(t).
c¢) Check that ¢(t) = (e?,logt, 1/t), where t > 0, is one of the solutions.
d) Find div F' and curl F.

6. Consider the vector field F': R® — R3 : (2,1, 2) — (322%y, 23 + ¢3,0).
a) Verify that curl FF = 0.
b) Find a function f : R® — R such that Vf = F.
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Chapter 9

INTEGRALS OVER PATHS

9.1. Integrals of Scalar Functions over Paths
Suppose that the path
¢:[A,B] = R": t— ¢(t) = (x1(2),...,2,(t))

is continuously differentiable. For any real valued function f(z1,...,z,) such that the composition
function

fog:[A, Bl =Rt flai(t),...,zn(t))

is continuous, we define

B
ds = T1,...,2n)ds = (t)] dt.
/¢ f /¢ £ ) /A Fo®) 6/ @] dt

REMARKS. (1) We are mainly interested in the special cases n = 2 and n = 3, and write respectively

/qbfdsz/gbf(ar,y)ds and /qﬁfds:/djf(x,y,z)ds.

(2) Suppose that f =1 identically. Then the integral simply represents the arc length of ¢.

(3) Note that f has only to be defined on the image curve C' = ¢([4, B]) of the path ¢ for our
definition to make sense. The continuity of the composition function f o ¢ on the closed interval [A, B]
ensures the existence of the integral.
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(4) Sometimes, ¢ may only be piecewise continuously differentiable; in other words, there exists a
dissection A =ty < t; < ... <ty = B of the interval [A4, B] such that ¢ is continuously differentiable in
[ti—1,t;] for each i = 1,... k. In this case, we define

k t;
ds = ! dt.
/(b ras=3 / Fo@)]le (1)) dt

In other words, we calculate the corresponding integral for each subinterval and consider the sum of the
integrals.

(5) For the special case n = 2, we must not confuse the integral with integrals of the type

Af(z) dz

EXAMPLE 9.1.1. Suppose that ¢ : [0,27] — R3 : ¢t — (cost,sint,t) and f(z,y,2) =z +y + z. Then

which arise frequently in complex analysis.

2m 2
/fds = f(cost,sint, t)||(—sint,cost, 1)| dt :/ (cost +sint + t)vV2dt = 27%V/2.
@ 0 0

EXAMPLE 9.1.2. Suppose that ¢ : [0,27] — R? : ¢+ (¢t —sint,1 — cost) and f(x,y) = +/2y. Then

2 2
/fds: f(t—sint,l—cost)H(l—cost,sint)”dt:/ (2 — 2cost)/?(2 — 2cost)/? dt = 4x.
¢ 0 0

EXAMPLE 9.1.3. Suppose that ¢ : [0,7] — R? : t — (cos®¢,sin®t) and f(z,y) = 2 + 8y>. Then

/ fds= / f(cos®t,sin®t) || (=3 cos® tsint, 3sin? t cos t)|| dt = / (2 + 8sin® t)3| sint cos t| dt
¢ 0 0
/2 T
= / (6 + 245sin° t) sint cos t dt — / (6 + 24 sin° ) sint cos t dt = 12.
0 /2
EXAMPLE 9.1.4. The three distinct paths

¢ :[0,21] — R?:t — (cost, —sint)
Y [0,1] — R? : ¢ (cos 2nt, sin 27rt)
n:[0,1] — R? : t > (cos 27t?, sin 27t?)

satisfy ¢([0,27]) = ¥([0,1]) = ([0,1]) = C, the unit circle in R%. Note also that the path ¢ follows C
in a clockwise direction, while the paths ¢ and 7 follow C' in an anticlockwise direction. Now consider

the function f(x,y) =1+ x4+ y. Then
27 27
/fds: f(cost,—sint)||(—sint,—cost)||dt:/ (14 cost —sint)dt = 2,
¢ 0 0
1 1
/ fds= / f(cos 27t sin 27t) || (—27 sin 27t, 27 cos 27t) || At = / (1 4 cos 2wt + sin 27t) 27 dt = 27,
Y 0 0

1 1
/ fds= / f(cos 27t?, sin 27t?) || (—4nt sin 27t?, 47t cos 2nt?) || At = / (14 cos 2mt? + sin 2mt?)4nt dt
n 0 0
= 27.

Note that all three integrals have the same value. We shall show in Section 9.3 that this is not just a
coincidence.
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9.2. Line Integrals

Suppose that the path
¢:[A,B] = R": t— ¢(t) = (x1(2),...,2,(1))

is continuously differentiable. For any vector field F(z1,...,z,) such that the composition function
Fog¢g:[A Bl - R":t F(ai(t),...,z,(t))

is continuous, we define

/d)F-ds:/qu(a:l,...,xn)-ds:/ABF(qzﬁ(t))-ng’(t)dt.

REMARKS. (1) We are mainly interested in the special cases n = 2 and n = 3, and write respectively

/F-ds:/F(x,y)-ds and /F~ds:/F(x,y,z)-ds.
¢ [ [ @

Writing F' = (Fy, Fp) and ds = (dz,dy) in the case n = 2 and F = (F}, F3, F3) and ds = (dz,dy,dz) in
the case n = 3, we have respectively

B d
/F-ds:/(Fl,Fg)-(dx,dy):/(Fldx+F2dy):/ (Fld—x+F2—y> dt

and

B
d d d
/F~ds:/(Fl,FQ,F3)~(dx,dy,dz):/(Fldx+F2dy+F3dz):/ (Fl—x+F2—y+F3—Z> dt.
5 . 5 . at T rar T a

(2) Note that F' has only to be defined on the image curve C' = ¢([A, B]) of the path ¢ for our
definition to make sense. The continuity of the composition function F o ¢ on the closed interval [A, B]
ensures the existence of the integral.

(3) Sometimes, ¢ may only be piecewise continuously differentiable. As in the last section, we
can calculate the corresponding integral for each subinterval in a dissection of the interval [A, B] and
consider the sum of the integrals.

(4) Note that if ¢'(t) # 0 for any t € [A, B], then

P GO Ny [P /
/¢ Feds= [ (F<¢><t>> ~ W) o= [ sl o]
where
) S

Here ¢/ (t)/||¢'(t)|| denotes the unit tangent vector along the path ¢. The integral now becomes one of
the type discussed in the last section.

(5) Suppose that F is a force field; for example, gravitational field or magnetic field. Suppose
also that a particle is moving along a path ¢. At any time ¢, the force on the particle will be given by
F(4(t)). On the other hand, a small displacement in the time interval [t, ¢ + d¢] can be described by the
velocity differential ds = ¢'(t) dt. It follows that the scalar product F(¢(t)) - ¢'(t) dt denotes the work
done in the time interval [¢,t + d¢]. Hence the integral describes the total work done.
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EXAMPLE 9.2.1. Suppose that ¢ : [0,27] — R3 : ¢ — (cost,sint, t) and F(z,y,2) = (x,y, 2). Then
2m
/ F.-ds= / F(cost,sint,t) - (—sint,cost, 1) dt
é 0

2m
:/ (cost,sint,t) - (—sint,cost,1)dt
0

2
:/ tdt = 272,
0

EXAMPLE 9.2.2. Suppose that ¢ : [0,27] — R? : ¢+ (¢t —sint,1 — cost) and F(x,y) = (y, —z). Then
2
/F ~ds = / F(t —sint,1 — cost) - (1 — cost,sint) dt
¢ 0
2m
= / (1 —cost,sint —t) - (1 — cost,sint)dt
0

2m
= / (2 —2cost —tsint)dt = 6.
0

EXAMPLE 9.2.3. Suppose that ¢ : [0,7] — R? : ¢~ (cos®¢,sin*¢) and F(x,y) = (—y, ). Then
/ F.-ds= / F(cos®t,sin®t) - (=3 cos® tsint, 3sin® ¢ cost) dt
é 0
= / (—sin®t,cos®t) - (—3cos® tsint, 3sin? t cost) dt
0
3m

:/ 3sin2t0082tdt:—/ sin22tdt:—/ (1 —cosdt)dt = —.
0 4 Jo 8 Jo 8

ExaMPLE 9.2.4. The three distinct paths

¢ :[0,27] — R? : t — (cost, —sint)
¥ :[0,1] — R? : t > (cos 2nt, sin 27t)
n:[0,1] — R? : t > (cos 27t?, sin 27t?)

satisfy ¢([0,27]) = ¥([0,1]) = ([0, 1]) = C, the unit circle in R%. Note also that the path ¢ follows C
in a clockwise direction, while the paths ¢ and 7 follow C' in an anticlockwise direction. Now consider
the vector field F(z,y) = (—y,z). Then

2
/F-ds: F(cost,—sint) - (—sint, —cost) dt
é 0
2 2m
= / (sint,cost) - (—sint, —cost) dt = / (=1)dt = —2m,
0 0
1
/ F-ds= / F(cos 2mt, sin 27t) - (—27 sin 27t, 27 cos 27t) dt
¥ 0
1 1
= / (— sin 27t, cos 27t) - (—2m sin 27t, 27 cos 27t) dt = / 2 dt = 27,
0 0
1
/ F.ds= / F(cos 27t?, sin 27t?) - (—4rrt sin 27t 4rt cos 27t?) dt
n 0

1 1
= / (—sin 27t?, cos 27t?) - (—4mt sin 27t? | 4ot cos 27t?) dt = / 4rt dt = 27,
0 0
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Note that

—/F~ds:/F-ds:/F-ds,
¢ P n

where ¢ and n follow the unit circle C' in the same direction while ¢ follows the unit circle C' in the
opposite direction. We shall show in Section 9.3 that this is not just a coincidence.

EXAMPLE 9.2.5. The three distinct paths

¢:[0,1] — R? : t v (t,1)

Y [0,1] — R? it (8, 1%)

n:[0,7/2] — R?*:t+s (1 — cost,sint)
all have the same initial point (0,0) and the same terminal point (1,1). The curve ¢([0, 1]) is part of the
straight line y = x, the curve ([0, 1]) is part of the parabola y = x2, while the curve ([0, 7/2]) is part

of the circle (z — 1)? + y? = 1. Hence the three paths have different curves. Consider now the vector
field F(x,y) = (y,x). Then

F-ds:/lF(t,t)-(1,1)dt:/1(t,t)~(1,1)dt:/12tdt:1,

0 0

¢

1 1 1
F-ds:/ F(t,tQ)-(l,Zt)dtz/ (t2,t)-(1,2t)dt:/ 3t2dt =1,
P 0 0 0

/2 /2
/F ~ds = / F(1 — cost,sint) - (sint, cost)dt = / (sint,1 — cost) - (sint,cost) dt
n 0 0
/2 /2
= / (cost +sin*t — cos? t) dt = / (cost — cos2t) dt = 1.
0 0

Next, note that F' = V f, where f(x,y) = xy. Hence in particular, we have

/(#F-ds:/(be~ds7 /wF~ds:/¢Vf-ds, /F-ds:/Vf-ds.
n n

Observe now that f(1,1) — f(0,0) = 1, so is it a coincidence that

(1) /QSVf-ds:/wVf-ds:/an~ds:]‘(1,1)—[}‘(070)7

so that the integrals depend only on the endpoints of the paths? On the other hand, note that F' is the
total derivative of f, so (1) is really just a statement like the Fundamental theorem of calculus.

Let us investigate this problem in general. Suppose that F' is a gradient vector field in R", so
that there exists a continuously differentiable function f(x1,...,2,) such that F = V. Suppose that
¢ : [A, B] — R" is a continuously differentiable path. Consider the composition function

g=fod:[A B —R

By the Chain rule, we have
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where the right hand side is the matrix product of the total derivatives (Df)(¢(t)) and (D¢)(t). It
follows that

g'(t) = (V1) - ¢'(t) = F(o(t)) - &' (1),

and so
B

B
AF““/ ﬂwmwwww:/'ﬂww:mm—mm:fww»—ﬂwm>

A A

by the Fundamental theorem of calculus applied to the function g. We have proved the following result.

THEOREM 9A. Suppose that F' = V f is a gradient vector field in R™. Then for any continuously
differentiable path ¢ : [A, B] — R™ such that the composition function Fo¢ : [A, B] — R™ is continuous,
we have

AF«bzﬂWBD—ﬂMm>

9.3. Equivalent Paths
We return to the questions posed by Examples 9.1.4 and 9.2.4.

DEFINITION. Suppose that ¢ : [A1, B1] — R™ and ¢ : [A2, Ba] — R™ are two continuously differentiable
paths. Then we say that ¢ and v are equivalent if there exists a continuously differentiable and strictly
monotonic function h : [A1, B1] — [As, Ba] such that h([A1, B1]) = [A2,Bs] and ¢ = 1 o h. In this
case, we say that the function h defines a change of parameter. Furthermore, we say that the change
of parameter is orientation preserving if A is strictly increasing and orientation reversing if h is strictly
decreasing.

REMARKS. (1) It is easy to see that if two paths are equivalent, then they have the same curve. If
the change of parameter is orientation preserving, then the curve is followed in the same direction. If
the change of parameter is orientation reversing, then the curve is followed in different directions.

(2) Note that the change of parameter is orientation preserving if and only if A/(¢) > 0 for every
t € [A1, By], and orientation reversing if and only if 2'(¢) < 0 for every ¢ € [A1, By].

(3) Since h : [Ay, B1] — [Az2, Bs] is strictly monotonic and onto, it follows that it has an inverse
function h=1 : [Ag, Ba] — [A1, B1]. Clearly ¢ = ¢ o h=!. Furthermore, the inverse function is also
continuously differentiable.

ExXAMPLE 9.3.1. Recall the three distinct paths

¢ :10,2n] — R? : t > (cost, —sint)
Y [0,1] — R? : t — (cos 2mt, sin 27t)
n:[0,1] — R? : t s (cos 27t?, sin 2mt?)

considered in Examples 9.1.4 and 9.2.4. Let us examine first of all ¢ and n. The function
hi:[0,1] = [0,1] : ¢t — Vt

is strictly increasing, and defines an orientation preserving change of parameter with ¢» = 1o hy. Note
that the inverse function

Ryt [0,1] = [0,1] i t — ¢
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is also strictly increasing, and n =¥ o hfl. Clearly ¢ and 7 follow the unit circle in the same direction.
Consider next ¢ and 1. The function

t
hg:[0,27r]—>[0,1]:t—>1—%

is strictly decreasing, and defines an orientation reversing change of parameter with ¢ = 1 o hy. Note
that the inverse function

hy':[0,1] — [0,27] : t — 2w — 2mt
is also strictly decreasing, and ¥ = ¢ o hy 1. Clearly ¢ and 1 follow the unit circle in opposite directions.

THEOREM 9B. Suppose that ¢ : [A1, B1] — R™ and ¢ : [Aa, Ba] — R™ are two equivalent contin-
wously differentiable paths. Then for any real valued function f(z1,...,2z,) such that the composition
functions fo¢:[A1,B1] = R and f o) : [As, Ba] — R are continuous, we have

/¢fds:/wfds.

PROOF. Since ¢ and 1 are equivalent, there exists h : [Ay, By] — [As, Ba] such that ¢ = ¢ o h. It
follows from the Chain rule that ¢'(¢t) = ¢'(h(t))R'(t), and so

B, B,
/fds = flo@)lle'(®)l dt = / FR @)Y (h(#)R ()] dt.
¢ Al A1

In the orientation preserving case, we have h/(t) > 0 always, and so, with a change of variables u = h(t),
we have

B

B,
/fds= F@ RN (R(E)|IW (8) dt = f(w(u))IIw’(u)IIdu=/fd8-
¢ Ay : v

In the orientation reversing case, we have h'(t) < 0 always, and so, with a change of variables u = h(¢),
we have

Az

B,
[ s [ st = [ fouio)

B>

— [ rw = [ ras
As o
This completes the proof. O

THEOREM 9C. Suppose that ¢ : [A1, B1] — R™ and ¢ : [As, Bs] — R™ are two equivalent contin-
uously differentiable paths. Then for any vector field F(xy,...,x,) such that the composition functions
Fo¢:[A1,B1] = R" and F o) : [A2, Bs] — R™ are continuous, we have

/F-ds:ﬁ:/F-ds,
¢ (

where the equality holds with the + sign if the change of parameter is orientation preserving and with
the — sign if the change of parameter is orientation reversing.

PROOF. Since ¢ and 1 are equivalent, there exists h : [Ay, By] — [As, Ba] such that ¢ = ¢ o h. It
follows from the Chain rule that ¢'(¢) = ¢’(h(t))h/(t), and so

B

B
[Feas= [P o= [ F@ow) v new o
)

A A
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With a change of variables u = h(t), we have, in the orientation preserving case,

/¢F~ds_/BQF(1/)(u))~w’(u)du_/F-ds,

A2 w
and in the orientation reversing case,

Ba

/¢F-ds=/3j2 Fab) - (w)du=— [ F(u)) - o' (u) du = —/wF-ds.

Az

This completes the proof. ()

REMARK. Theorems 9B and 9C have natural extensions to the case when the paths are piecewise
continuously differentiable. In this case, one can clearly break the paths into continuously differentiable
pieces and apply Theorems 9B and 9C to each piece.

9.4. Simple Curves

Theorems 9B and 9C demonstrate that integrals over differentiable paths depend only on the (oriented)
curves of these paths. It therefore seems natural to try to express the theory in terms of these curves
instead of the paths. The purpose of this section is to consider this problem. Before we start, we examine
the example below which suggests that some care is required.

ExXAMPLE 9.4.1. Consider the curve below with endpoints indicated.

a b

Clearly it is not enough to say that a path has initial point a and terminal point b, since any two paths
that trace the curve in the two different ways indicated below are clearly not equivalent.

a b a b

AN AN

To temporarily avoid situations like this, we make the following definition.

DEFINITION. By a simple curve C in R™, we mean the image C' = ¢([4, B]) of a piecewise continuously
differentiable path ¢ : [4, B] — R™ with the property that ¢(¢;) # ¢(t2) whenever A < t; < t3 < B, with
the possible exception that ¢(A) = ¢(B) may hold. A simple curve together with a direction is called
an oriented simple curve. The function ¢ is called a parametrization of the oriented simple curve C, and
the parametrization is said to be orientation preserving if ¢ follows the direction of C, and orientation
reversing if ¢ follows the opposite direction of C.

Suppose that C is an oriented simple curve in R™. For any real valued function f(z1,...,2,)

continuous on C, we can define
/ fds= / fds,
C ¢

where ¢ is any parametrization of C. For any vector field F'(z1,...,z,) continuous on C, we can define

/F~ds:/F-ds,
C ¢
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where ¢ is any orientation preserving parametrization of C'. The integrals

/fds and /F-ds
C C

are well defined in view of Theorems 9B and 9C respectively.

REMARKS. (1) Suppose that the oriented simple curve C~ is obtained from the oriented simple curve
C by taking the opposite orientation. Then

/fds= fds and /F-ds:—/ F-ds.
c c- c -

(2) The theory can be extended to curves that are not simple, provided that we indicate very
carefully how these curves are to be followed, and take note where some parts may be followed more
than once. In particular, it is often convenient to break up an oriented curve into several components,
each of which is simple. For example, if C' = Cj + ... 4+ Cj, where the sum denotes that the oriented

curve C'is obtained by following the oriented (simple) curves C, ..., C) one after another, then we have
k k
/CdeZiz_;/Cifds and /C‘F'dSZiZ_;/CiF.dS.
In this case, each of C,...,C}y can be parametrized separately.

EXAMPLE 9.4.2. Let F(x,y) = (3zy, —y?), and let C denote the path of the parabola y = 222 from
(1,2) to (0,0). Clearly ¢ : [0,1] — R?: ¢ — (¢, 2t?) is an orientation preserving parametrization of C~,
and so

/F-ds:/qu~ds:/OlF(¢(t))~¢’(t)dt:/OlF(t,ZtQ)-(lAt)dt

1 1

7

=/ (6t3,—4t4)-(1,4t)dt:/ (6t3—16t5)dt:—6.
0 0

Hence
/ F-ds = z
c 6

EXAMPLE 9.4.3. Let F(x,y,2) = 20 —y+ 2,2 +y — 22,3z — 2y + 42), and let C' denote the circle
on the zy-plane with centre at the origin and radius 3, followed in the anticlockwise direction on the

xy-plane. Clearly ¢ : [0,27] — R3 : t — (3cost,3sint,0) is an orientation preserving parametrization of
C, and so

27

2m
/F-ds:/F~ds:/ F(o(t)) - ¢'(t)dt = F(3cost,3sint,0) - (—3sint,3cost,0)dt
c ¢ 0 0
2
:/ (6cost —3sint,3cost + 3sint,9cost — 6sint) - (—3sint,3cost,0)dt
0

2m
:/ (9 — 9sintcost)dt = 18x.
0
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EXAMPLE 9.4.4. Let F(x,vy,2) = (322 46y, —14yz,20x2?), and let C' denote a succession of the straight
line segments from (0,0,0) to (1,0,0) to (1,1,0) to (1,1,1). Let C; denote the straight line segment
from (0,0,0) to (1,0,0), Cy denote the straight line segment from (1,0, 0) to (1,1,0), and C3 denote the
straight line segment from (1,1,0) to (1,1,1). Clearly

$:[0,1] — R®: ¢+ (£,0,0), Y [0,1] — R® : ¢+ (1,¢,0), n:[0,1] = R3¢t (1,1,1)

are orientation preserving parametrization of Cy, Cs, C5 respectively. Hence
1 1
F-ds:/F-ds:/ F(qb(t))-(b’(t)dt:/ F(£,0,0) - (1,0,0) dt
Cq ¢ 0 0

1 1
:/ (3t2,0,0)-(1,0,0)dt:/ 3t2dt =1,

0 0

1 1
/ F-ds:/F-ds:/ F(w(t))-w’(t)dt:/ F(1,1,0)- (0,1,0)dt
Cso ) 0 0
1 1
:/ (3+6t70,0)~(0,1,0)dt:/ 0dt =0,
0 0
1 1
/ F.ds:/F~ds:/ F(n(t))~n’(t)dt:/ F(1,1,¢)-(0,0,1)d¢
C3 n 0 0
:/ (9, —14t,20t%) - (0,0, l)dt:/ 2062 dt = —,
0 0 3
and so

/F-ds:/ F~ds+/ F~ds+/ F-ds:ﬁ.
C Cl Cz CS 3

Next, let f(z,y,2) = 2% + y? + 22. Then

leds/fds/f N’ ()| dt = /ft00||(1()0)||dt /OltZdt—,

1
4
szds/fds/f N[’ (t)] dt = /f1t0||(010)||dt /(1+t2)dt:§,

7
Cgfds/fds/ Pl (8)l dt = /fl,l,t)n(oonndt /(2+t2>dt:§,

0

and so

/fds: fds+ fds+ fds=4.
C Cl Cz CB

PROBLEMS FOR CHAPTER 9
1. For each of the following, evaluate the integral / fds:
¢

1
—3; ¢:[1,e] = R3: ¢t~ (logt,t,2)

( ) =

( )—cosz ¢ :[0,2m] — R3 : t — (cost,sint,t)
(r,y,2) =xcosz; ¢:[0,1] — R3: ¢ (¢,12,0)

( 2)=yz; ¢:[0,3] = R3: ¢t (¢,2t,3t)
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e) f(z,y,2) =2; ¢:[0,21] - R3: ¢t (tcost,tsint,t)
£) f(z,y,2) = ‘;—jy 61 (1,2 = R?: b (3t,264/2,31)

2. For each of the following, evaluate the integral / F - ds:
¢

a) F(z,y,2) = (y,2,2); ¢: [0,1] = R3 1t (t,t +1,t—1)

b) F(x,y,2) = (3xy, -5z, 1095) (1,2 = R3:t— (12 +1,2t2,43)
c) F(z,y,2) = (z,y,2); ¢ :[0,27] — R3 : t — (cost,sint,0)

d) F(z,y,2) = (y,2x y) 1[0,1] = R3 : t 0 (¢,12,83)

e) F(z,y,2) = (22 zy) ¢:[0,7] — R3: ¢t (sint,cost,t)

3. For each of the following, evaluate the integral / F-ds:
c

a) F(x,y,z) = (yz, 2z, zy); C is the straight line segment from (1,0,0) to (0, 1,0) followed by the
straight line segment from (0,1, 0) to (0,0, 1).

b) F(z,y,z) = (2, —xy,1); C is the parabola z = 22 on the plane y = 0 from (—

c) F(z,y,2) = (z,y, 2); C is the parabola y = 22 on the plane z = 0 from (—1

4. Consider the vector field F : R? — R? : (2,v,2) — (322,222 — y, 2).

a) Evaluate the integral / F - ds over each of the paths ¢ below:
@

(i) ¢:[0,1] = R3: ¢t (2t,t,3t)
(i) ¢:[0,1] — R3 : t — (2t,12,3t3)
(iii) ¢:[0,1] — R3 :t > (2t2,¢, 412 — t)
b) Determine curl F.
c¢) Is F' a gradient vector field? Justify your assertion in two different ways, once using part (a),
and once using part (b).

5. Consider the function F : R3 — R3: (z,y, ) (y?23 cosw — 4a3z, 2yz® sinx, 3y?2% sinx — 24).
a) Show that curl F' = 0 everywhere in R3.
b) Find a function f : R® — R such that Vf = F everywhere in R3.

6. Consider the vector field F: R3 — R? : (2,v,2) — (yz, 22 + 22, 2y + 2y2).

a) Let ¢:[0,27] — R3 : ¢ — (cost,sint, 1). Show that / F.ds=0.
¢
b) Show that curl ' = 0 everywhere in R3.

)
)
c) Find a function f : R® — R such that Vf = F everywhere in R3.
) Explain your result in part (a) in terms of part (c¢), quoting any results that you need.
)

e) Let ¢ : [0,7/2] — R3 :t s (tsin’ ¢, 1% cos®t,cos* t + sin t). Evaluate the integral / F . ds.
(s

7. Let F(z,y, z) = (2% + 22y, 22, 322?), and consider the integral / F.ds.
c
a) Evaluate the integral when C is the square path with vertices (1, +1,0) and followed in the
anticlockwise direction on the zy-plane with initial point (1,1,0).
b) Find a real valued function f(z,y, z) such that F = Vf.
¢) Explain your answer in part (a) in terms of Theorem 9A.
) Evaluate the integral when C is the straight line segment from (1, —2,1) to (3,1,4).
) 1

) )

e) What is the value of the integral when C' is any curve from (1,—2,1) to (3,

8. Evaluate the integral / F -ds when F(x,y,2) = (2ryz,2%2,2%y) and C is any simple curve from
c
(1,1,1) to (1,2,4).



9-12 W W L Chen : Multivariable and Vector Analysis

9. It is known that Vf = F, where F(z,y,2z) = (2myzew2,ze$2,yew2) for every (x,y,2z) € R3. If
£(0,0,0) = 3, what is f(1,1,2)?

10. A path ¢ : [#1,62] — R? on the xy-plane is given in polar coordinates by r = r(6), where r(0) is
continuously differentiable in the interval [0;, 62].
a) Determine ¢(0) and ¢’ () for any 6 € [0, 6s].

b) Write the integral / fds as an integral over 6.
@
c) Find the arc length of the path r = 1 + cos 8 where 6 € [0, 27].

11. Suppose that ¢ : [4,B] — R” is a continuously differentiable path with arc length ¢. Suppose
further that the vector field F satisfies ||F'(x)|| < M for every x € ¢([A, B]). Show that

‘/F-ds
[

12. Suppose that ¢ : [A, B] — R3 is a continuously differentiable path. Prove the following:

< M¢.

a) If F(¢(t)) is perpendicular to ¢'(¢) for every t € [A, B], then / F.-ds=0.
@

b) If F(¢(t)) is is in the same direction as ¢'(¢) for every ¢ € [A, B], then / F.ds= / ||| ds.
@ @
¢) Discuss the case when F(¢(t)) is is in the opposite direction to ¢'(t) for every t € [A, B].

13. Suppose that F is a vector field in R3 such that curl F = 0 everywhere in R3. Follow the steps
below to show that there exists a real valued function f(z,y, z) such that Vf = F:
a) Write F' = (Fl,FQ,F3). Show that

OF _oF,  OF _OR  0F _on
oy 0z’ 0z Oz’ or Oy’
b) For any (x,y,2z) € R?, let C' denote a succession of straight line segments from (0,0,0) to
(2,0,0) to (x,y,0) to (x,y,z). Show that

T y z
/F~ds:/ Fl(t,0,0)dt—l—/ F2($7t,0)dt+/ Fs(z,y,t)dt.
c 0 0 0

c) Let f(x,y,2) = / F - ds. Show that of _ F.
C 0z
OF,  OF, of
d) Use 3y~ 0: to show that 9y = F5.
OF OF: OF: oF 0
e) Usea—;za—;an a—;:a—yltoshowthata—i:Fl.

14. Consider the vector field

. 3. x y z
F:A—R ~($ayaz)*—> <(x2+y2—|—22)3/27(l‘2+y2+22)3/27($2+y2+z2)3/2>’

where A = R3\ {(0,0,0)}. Suppose that (z1,y1,21) and (x2,%2, 22) are two points in A. Let C be
any simple curve from (x1,y1,21) to (x2,y2, 22).

a) Show that there exists a function f : A — R such that Vf = F everywhere in A.

b) Without using the function f in part (a) explicitly, use Question 9 to show that the integral

/F-ds
c

depends only on the real numbers Ry = /23 + yf + 2§ and Ry = /23 + y3 + 23.

c¢) Use Theorem 9A and the function f in part (a) to draw the same conclusion as in part (b).
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15. Let F(z,y) = (2%y,%?), and consider the oriented curve C' = C + Cy + C5 + Cy from (1,1) to (4,1)
shown in the picture below.

Y
3 . Cs PY
2 C2 Cy
1 R
1 2 3 4 x

a) Find a parametrization ¢; of the oriented line segment C; for each i = 1,2,3,4.

b) Evaluate the integral /

F - ds for each i = 1,2, 3,4, and find the integral / F-ds.
C;

C
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Chapter 10

PARAMETRIZED SURFACES

10.1. Introduction

In this chapter, we discuss parametrized surfaces. Recall that a path is essentially a parametrization
of a curve. In a similar way, a surface can be parametrized. Whereas a curve can be parametrized by
the use of a single real parameter, a surface can be parametrized by the use of two real parameters. We
shall be concerned only with surfaces in R3. Before we give any formal definition, let us consider two
examples.

ExAMPLE 10.1.1. Consider a function f : [A4, B] x [C, D] — R. Then the graph
{(z,y,2) €R®: (2,y) € [A,B] x [0, D] and z = f(z,y)}

is a surface in R3. Each point (z,y,2) on this surface is determined precisely by the values of the
variables x and y.

ExAMPLE 10.1.2. Consider the unit sphere 22 + 32 + 22 = 1 in R3, with radius 1 and centre (0,0, 0).
Using spherical coordinates, we can write

T = sin ¢ cos 6, y =sin¢sinf, zZ = cos @,

where ¢ € [0, 7] and 6 € [0, 27]. Each point (z,y, z) on the sphere is determined precisely by the values
of the variables ¢ and 6.

DEFINITION. By a parametrized surface in R?, we mean a function of the type
d: R — R,
where R C R? is a domain. The range
®(R) = {®(u,v) : (u,v) € R} C R?

of the function ® is called a surface.
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REMARKS. (1) Forevery (u,v) € R, we can write ®(u,v) = (z(u,v),y(u,v), 2(u, v)), with components
x(u, v),y(u,v), z(u,v) € R.

(2) We can think of the function ® as twisting and bending the region R to give a surface S = ®(R).
The position of a point (z(u,v),y(u,v),z(u,v)) on S is determined by the values of the parameters u
and v.

(3) Often, we refer to the parametrized surface ®(u,v) without specifying the domain of definition
of the function ®. This is a convenient abuse of rigour.

DEFINITION. We say that a parametrized surface ® : R — R? is continuously differentiable if the
function & is differentiable and the partial derivatives are continuous.

Suppose that a parametrized surface ® : R — R3 is differentiable at a point (ug,vy) € R. Keeping
the first parameter u fixed at ug, we consider the function v — ®(ug, v) in a neighbourhood of vg. The
image of this function is a curve on the surface S = ®(R), and a tangent vector to this curve at the
point ®(ug,vg) is given by

0 0 0
ty(uo,v0) = <a—i(uo7vo), a—z(uo,vo), a—z(uo,vo)> .

to(uw, )

On the other hand, keeping the second parameter v fixed at vy, we consider the function u — ®(u,vp)
in a neighbourhood of ug. The image of this function is a curve on the surface S = ®(R), and a tangent
vector to this curve at the point ®(ug,vg) is given by

ox 0z

0
tu(uo,v0) = (8_u(u0’vo)’ 8—3(%,@0), %(UOaUO)> .

It follows that t,(ug,vo) and t,(ug,vo) are two vectors tangent to the surface S = ®(R) at the point
®(ug,vp). Unless they are parallel or opposite, these two vectors determine the tangent plane to the

surface S = ®(R) at the point ®(ug,vp). In this case, the vector t, (ug, vg) X t,(ug, vo) is a vector normal
to the surface S = ®(R) at the point ®(ug, vo).

DEFINITION. We say that a parametrized surface ® : R — R? is smooth at a point ®(ug,vg) if

tu(’u,o,’UQ) X tq,(uo,vo) 75 0.

We say that a parametrized surface ® : R — R? is smooth if it is smooth at every point ®(ug,vo) where
(ug,v0) € R; in other words, if t, x t, # 0 in R.



Chapter 10 : Parametrized Surfaces _____  10-3

ExaMpLE 10.1.3. For the parametrized cone

®:[0,1] x [0,27] — R3 : (u,v) — (ucosv,usinwv,u),

we have
[0z Oy 0z . C(0x oy 92\,
ty, = <8u’ o0 8u> = (cosv,sinv, 1) and  t, = (61}’ 61}’61;) = (—usinv,ucosv,0).
Hence

ty X t, = (cosv,sinv, 1) X (—usinv,ucosv,0) = (—ucosv, —usinv, u).
It follows that the parametrized cone is smooth everywhere except at (0,0, 0).
ExaMpLE 10.1.4. For the parametrized sphere

@ : [0, 7] x [0,27] — R?: (u,v) ~ (sinwu cosv,sinusinv, cosu),

we have
t, = (%, @7 %> = (cosu cos v, cos usin v, — sin u)
Ou’ Ou’ du
and
t, = (%7 %, %) = (—sinusinv, sinwu cos v, 0).
Hence

ty, X t, = (cosucos v, cosusinv, —sinwu) X (— sinwsin v, sinu cos v, 0)

2 2

= (sin” u cos v, sin® u sin v, cos u sin u).

It follows that the parametrized sphere is smooth everywhere except at (0,0,+1). A similar argument
shows that the parametrized sphere ¥ : [0,7] x [0,27] — R3 : (u,v) — (coswu,sinucosv,sinusinv) is
smooth everywhere except at (£1,0,0). Note that both ® and ¥ are parametrizations of the same unit
sphere z2 + 32 + 22 = 1.

EXAMPLE 10.1.5. For the parametrized surface ® : [—1,1] x [-1,1] — R3 : (u,v) — (u,v,0), we have

[0z Oy 0z 7@@%7
bu = <8u’ 8u’8u> = (1,0,0) and by = (81}’ 81}’81}) = (0,1,0).

Hence

t, x t, = (1,0,0) x (0,1,0) = (0,0, 1).

It follows that the parametrized surface is smooth everywhere. Note that ®([—1, 1] x [—1, 1]) is the square
with vertices (+1,+1,0). For the parametrized surface ¥ : [—1,1] x [=1,1] — R3 : (u,v) — (u3,03,0),
we have

_[(0x Oy 0z . _ [(0x Oy 0z _ 9
t, = (%,a,%) = (3u*,0,0) and t, = (81}’ 5‘1)’81)) = (0, 3v%,0).

Hence
ty, X t, = (3u?,0,0) x (0,30v%,0) = (0,0, 9uv?).

It follows that the parametrized surface is smooth everywhere except at points ¥(u,v) where u = 0 or
v = 0. Note that U([—1,1] x [—1,1]) is also the square with vertices (£1, +1,0).
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REMARKS. (1) Examples 10.1.4 and 10.1.5 show that smoothness depends on the parametrization
and not just the surface. Indeed, we say that a surface S is smooth if there exists a parametrization
® : R — R3 which is smooth and such that ®(R) = S.

(2) Suppose that a parametrized surface ® : R — R3 is smooth at a point (¢, yo, 20) = ®(ug, Vo).
Then n = t, X t,, evaluated at (ug,vp), is a normal vector to the surface S = ®(R) at (zg, yo, 20). It
follows that the equation of the tangent plane to S at (xq, Yo, 20) is given by (x — o,y —yo,2—20) - n =0,
where n is evaluated at (ug, vg).

ExaMPLE 10.1.6. Suppose that f : [A, B] x [C, D] — R is a differentiable function. Then its graph
{(x,y,2) €R?: (x,y) € [A, B] x [C, D] and z = f(x,y)}

is the range of the function @ : [A, B] x [C, D] — R3: (u,v) — (u, v, f(u,v)). We have

(oo 92\ () 0 (0 oy 0\ (o o
bu = <8u’ ou’ 8u> N (1707 3u> and by = (av’ o’ 81}) B (O’l’ 811)'

B of of\ _( of of
tuxtv—<170,%)x(0,l,%>_( o av,1>7é0.

It follows that the surface is smooth.

Hence

EXAMPLE 10.1.7. The hyperboloid of one sheet is given by the equation 22 4+ y? — 22 = 1. We can
write

T =TCcosu and y = rsinu,
so that 72 — 22 = 1. We can then write
r = coshwv and z = sinhv.
Hence we have the parametrization
x = cosu coshv, y = sinu cosh v, z = sinhv.

Consider now the function ®(u,v) = (cosu cosh v, sinu cosh v, sinh v). We have
ox Oy 0z
- —_—, ., = (—si h h
ty (8u’ 0’ 8u) (—sinwu cosh v, cos u cosh v, 0)

and

ox Oy 0
t, = (6_95’ 6_i7 6—§> = (cosusinh v, sin usinh v, cosh v).
Hence

ty X t, = (—sinwucosh v, cosu cosh v, 0) X (cosw sinh v, sin usinh v, cosh v)

= (cosu cosh? v, sin u cosh? v, — cosh v sinh v) # 0.

It follows that this surface is smooth.
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10.2. Surface Area

For the remainder of these notes, we restrict our attention to piecewise smooth surfaces. These are finite
unions of the ranges of parametrized surfaces of the type ®; : R; — R3, where R; is an elementary
region in R?, ®; is continuously differentiable and one-to-one, except possibly on the boundary of R;,
and S; = ®(R;) is smooth, except possibly at a finite number of points.

For a discussion of elementary regions in R?, the reader is referred to Section 5.4.

DEFINITION. Suppose that ® : R — R3 is a continuously differentiable parametrized surface. Then the

A:// 60 % o dudv
R

is called the surface area of the parametrized surface ®.

quantity

REMARKS. (1) Note that

(o 0y 0\ (0 0y 00
b X by = <8u’8u’8u> % <8v’0v’8v>
_ (9492 020y 020x Ox0z Judy 0Oyor
S \Oudv  Oudv Oudv  Oudv’ Qudv  Oudv
Ay, z) 9(z,x) O(x,y)
I(u,v) d(u,v)” d(u,v) )’

and so
_ (,2) > |0z, 2)|”  |0(z,y)|? 1/2: S 0@ |0 1/2
[t x to]] <‘5)(u,v) +‘8(u7v) +’5)(u,v) ) (‘8(u,v) +'3(u,v) +‘8(u,v > .
Hence
2 2 o 1/2
A (o I e R

(2) To justify the definition, consider a small rectangle in R with bottom left vertex (u,v) and top
right vertex (u + Au,v + Av).

Dv t,

Dut,

(u,v) Du F (u, v)

The image under ® of this rectangle can be approximated by a parallelogram in R?, with area

|Aut,, x Avt,|| = ||ty X tu] Aulwv.
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ExaMpPLE 10.2.1. For the parametrized cone
®:[0,1] x [0,27] — R?: (u,v) — (ucosv,usinv,u),
we have
ty X t, = (—ucosv, —usinv, u),
so that
[ty X tol| = (u® cos® v + u?sin® v + u2)1/2 = V2u.

Alternatively, we have

e x ] = (\gguy;

Hence the surface area is given by

A:/j”(/olﬂudu)dv:m.

ExaMpLE 10.2.2. For the parametrized sphere

@ : [0,7] x [0,27] — R3: (u,v) — (sinwu cosw,sinusinv,cosu),

we have
ty X t, = (sin® u cosv,sin® usin v, cos u sin u),

so that

[ty X to|| = (sin® wcos® v + sin usin® v + cos® usin® u) /2 _ | sin w|.
Alternatively, we have

1/2
6 x 6] = [|2@0)]° 2@, |0w.2)|*
co 9(u,v) 9(u,v) 9(u,v)

. . . . 1/2 .
= (0052 usin® u + sin® wsin? v + sin® u cos? v) "7 =|sinul.

Hence the surface area is given by

27 T 27 /2
A:/ </ |Sinu|du) dvz?/ / sinudu | dv = 4x.
0 0 0 0

EXAMPLE 10.2.3. For the helicoid
®:[0,1] x [0,27] — R? : (u,v) — (ucosv,usinv,v),

we have

[0z Oy 0z . _ (0x Oy Oz
t, = <8u’ 0 8u> = (cosv,sinwv,0) and t, = ((‘31}’ 81}’(‘31})

(—usinv,ucosv,1).
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Hence
ty X t, = (cosv,sinv,0) X (—usinv,ucosv, 1) = (sinv, — cos v, u),
so that
[ty X ty|| = (sin? v + cos? v 4+ u?)Y/? = (1 +u?)V/2.

Alternatively, we have

O(z,y)
It x to|| = (’ ”

o\ 1/2
) = (u? + cos® v + sin? v)V/? = (u? +1)V/2,

Hence the surface area is given by

A/O%r </01 (1+u2)1/2du) dv = 7(V2 + log(1 + V2)).

EXAMPLE 10.2.4. Suppose that f : R — R is a continuously differentiable function, where R C R? is
an elementary region. Then its graph

{(z,9,2) €R*: (2,9) € Rand z = f(x,y)}

is the range of the function ® : R — R3 : (u,v) — (u,v, f(u,v)), and

_(_9F of
tuxtv—( 5 av’l)'

Hence the surface area of the graph is

Al ((g)x (_f))

PROBLEMS FOR CHAPTER 10

1. For each of the following parametrized surfaces, find a unit vector normal to the surface at a point

a) ®:[0,7] x [0,27] — R3: (u,v) — (3sinucosv,2sinusin v, cosu)

b) ®:[0,1] x [0,27] — R?: (u,v) — (sin v, u,cosv)

c) ®:[-m,7] x [, 7] — R3: (u,v) — ((2 — cosu)sinv, (2 — cosu) cos v, sin u)
d) ®:[0,1] x [0,1] = R3: (u,v) — (u,v,v)

2. For each of the following parametrized surfaces, find the equation of the tangent plane, if it exists,
at the point given, and determine also whether the surface is smooth:
a) ®:[—1,1] x [0,2] — R3: (u,v) — (u? + v,v?,2u); at ®(0,1)
b) ®:[-1,1] x [0,2] = R3 : (u,v) — (u? — v, u+v,u® + 4v); at ®(0,1)
c) ®:[0,2] x [-m, 7] = R3: (u,v) — (u?cosv,u?sinv,u); at ®(1,0)
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3. Consider the hyperboloid 2% — y? + 22 = 9.
a) Find a parametrization of the hyperboloid.
b) Use your parametrization in part (a) to find a unit normal to the surface.
c¢) Find the equation of the tangent plane to the surface at a point (g, 0, z0), where 23 + 23 = 9.
d) Show that the lines (zg, 0, z9) +A(—z0, 3, z0) and (x0, 0, z0) + A(20, 3, —20) are part of the surface
as well as the tangent plane in part (c).

4. Consider a parametrized surface ® : R? — R3, smooth at a point ®(ug,v).
a) Show that the linear approximation

(u,v) = ®(uo, vo) + (DP)(uo, vo) (Z _ ZS)

represents a plane through the point ®(ug, vg).
b) Show that the plane in part (a) is the tangent plane to the surface at ®(ug, vp).

5. Consider the paraboloid parametrized by @ : [0,2] x [0, 27] — R : (u,v) — (ucosv,usinv,u?).
a) Find an equation in z,y, z describing the surface.
b) Find a unit vector orthogonal to the surface at ®(u,v).
¢) Find the surface area.

6. Let R C R? be the unit disc with centre (0,0) and radius 1. Find the area of the parametrized
surface ® : R — R3 : (u,v) — (u —v,u +v,uv).

7. Find the area of the parametrized surface ® : [0,1] x [0,27] : (u,v) — (ucosv,2ucosv,u).

8. Find a parametrization of the ellipsoid

.’E2 y2 22

+ 5+

P — =1
a2 b2 2 ’

and express the surface area of the (parametrized) ellipsoid as an integral.

9. Suppose that a > 0 is fixed. By using a suitable parametrization, find the surface area of the part
of the cylinder 22 + 22 = a2 that is inside the cylinder 22 + y? = 2ay and also in the first octant
z,y,z > 0.

10. Suppose that g : [4, B] — R is a continuous function such that g(x) > 0 for every x € [A, B]. Now
rotate the graph {(z,g(z)) : « € [A, B]} about the z-axis. Follow the steps below to calculate the
surface area generated by this rotation.

a) Convince yourself that the function ® : [4, B] x [0,27] — R? : (u,v) + (u, g(u) cos v, g(u) sin v)
is a parametrization of the surface of revolution.

B
b) Show that the surface area of ® is given by A = 277/ g(u)(1 + |g'(w)|*)Y? du.
A
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Chapter 11

INTEGRALS OVER SURFACES

11.1. Integrals of Scalar Functions over Parametrized Surfaces
Suppose that the parametrized surface
d:R—R: (u,v) — ®(u,v) = (x(u,v),y(u,v), 2(u,v))
is continuously differentiable. For any real valued function f(z,y, z) such that the composition function
fo®:R—-R:(u,v)— f(z(u,v),y(u,v), z(u,v))

is continuous, we define

| 1as= [ f@p2as = [[ f@w o), b dud.

REMARKS. (1) Here dS = ||ty X t,|| dudv can be considered to be the surface area differential of the
parametrized surface .

(2) Clearly

léﬂﬁ=[Lﬂdwwymw%WwDO§Z%

(3) Suppose that f =1 identically. Then the integral simply represents the surface area of ®.
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(4) Note that f has only to be defined on the image surface S = ®(R) of the parametrized surface
® for our definition to make sense. The continuity of the composition function f o ® on the elementary
region R ensures the existence of the integral.

(5) Sometimes, ® may only be piecewise continuously differentiable; in other words, there exists
a partition of the region R into a finite union of elementary regions R;, where ¢ = 1,..., k, such that ®
is continuously differentiable in R; for each i = 1,..., k. In this case, we define

k
| ras- > / () ol

where ®; : R; — R3 : (u,v) — ®(u,v). In other words, we calculate the corresponding integral for each
subregion and consider the sum of the integrals.

EXAMPLE 11.1.1. For the parametrized cone ® : [0, 1] x [0,27] — R3 : (u,v) — (ucosv,usinv,u), and

for the function f(x,y,2) = 2% + y? + 22 + y, we have, writing R = [0,1] x [0, 27] and noting Example
10.2.1,

/de:/ flucosv,usinv,u)||(—ucosv, —usinv, u)|| dudv
3 R

= // (u? cos? v + u? sin? v + u? + usin v)v2u dudv

// (2u? Jrusmv)\/—ududva\/_//u dudv+\/_//u sin v dudv
_2\f</0 u du> (/Oﬂ >+f(/o u du) (/0 smvdv)z?f\/_.

EXAMPLE 11.1.2. For the helicoid ® : [0,1] x [0,27] — R3 : (u,v) — (ucosv,usinv,v), and for the
function f(z,y,2) = (14+2%+y?)"/2 + 2, we have, writing R = [0, 1] x [0, 27] and noting Example 10.2.3,

/de:/ f(ucosv,usinv,v)||(sinv, — cos v, u)|| dudv
3 R

://R((l+u2)1/2+v)(1+u2)1/2dudv://R(1+u2)dudv+//3(1+u2)1/%dudv
_ g/o (1+u2)du> (/0 ﬂdv) + (/0 (1+u2)1/2du> (/O ﬂvdv)
s

(V2 + log(1 4 V2)).

ExamMpLE 11.1.3. The three distinct parametrized surfaces

@ : [0,7] x [0,27] — R3 : (u,v) > (sinucoswv,sinusinv,cosu)
W : [0, 7] x [0,27] — R®: (u,v) +— (sinusin v, sin u cos v, cos u)

A2 [0,7] x [0,27] — R3 : (u,v) — (cosu,sinusinv,sin ucosv)

satisfy ®([0,7] x [0,27]) = ([0, 7] x [0,27]) = A([0,7] x [0,27]) = S, the unit sphere in R®. We have
shown earlier that for the parametrized surface ®, we have

ty X t, = (sin u cos v, sin? usin v, cos u sin u).
Similarly, it can be shown that for the paremetrized surfaces ¥ and A, we have respectively

ty X t, = (—sin® usin v, — sin® u cos v, — cos u sin u)
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and

ty X t, = (= cosusinu, — sin® usin v, — sin® u cos v).
Now consider the function f(z,y,z) = 22.
10.2.2,

We have, writing R = [0, 1] x [0, 27] and noting Example

/de:// f(sinu cos v, sinusin v, cos ) || (sin? u cos v, sin? u sin v, cos u sin w)|| dudv
) R

™ 2
4
:// cos? u| sin u| dudv = </ cos%;sinudu) (/ dv) = _W’
R 0 0 3

/de:// f(sin usin v, sinu cos v, cos u)||(— sin? u sin v, — sin® u cos v, — cos usin u) || dudv
v R

™ 2
4
:// cos? u| sin u| dudv = </ COSQUSinudu> (/ dv> = —W,
R 0 0 3

/de:// f(cosu, sinusin v, sinucosv)||(— cos usin u, — sin® usin v, — sin? u cos v) || dudv
A R

T 2m
4
= // sin” u cos? v| sin u| dudv = (/ sin?’udu) (/ COSQ’UdU> =T
R 0 0 3

Note that the three integrals have the same value. We shall discuss this in greater detail in Section 11.3.

as well as

and

11.2. Swurface Integrals
Suppose that the parametrized surface
d:R—R>: (u,v) — ®(u,v) = (x(u,v),y(u,v), 2(u,v))
is continuously differentiable. For any vector field F'(x,y, z) such that the composition function
Fod:R—R: (u,v)— F(x(u,v),y(u,v), 2(u,v))

is continuous, we define

LF.ds:LF(x,y,z).dsz//RF(cp(u,v))-(tuxtv)dudv.

REMARKS. (1) Here dS = (t, x t,)dudv is the parametrized surface analogue of the velocity differ-
ential ds = ¢'(t) dt of a path.

(2) Clearly
/q)F -dS = //R F(z(u,v),y(u,v), 2(u,v)) - (géz’ z;, gEZ’z;, ggz’z;) dudv.

(3) Note that F' has only to be defined on the image surface S = ®(R) of the parametrized surface
® for our definition to make sense. The continuity of the composition function F' o ® on the elementary
region R ensures the existence of the integral.
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(4) Sometimes, ® may only be piecewise continuously differentiable. As in the last section, we can
calculate the corresponding integral for each subregion in a partition of the region R and consider the
sum of the integrals.

(5) Note that if t,, x t, # 0 for any (u,v) € R, then

t, X t, _
[I)F -dS = //R (F((ID(u,v)) . m) [te X t,|| dudv = //R F(@(u,v))||ty X ty]| dudv,

where
ty X t,
P(u,v)) = F(P(u,v))  ———.
F(@(,0)) = F(@w0) - =2
Here
ty, X t,
n-_——
[t X &0

denotes a unit vector normal to the parametrized surface ®. Then

/F-dS:/F.nd&
[6>] 03]

and the integral now becomes one of the type discussed in the last section.

(6) Suppose that F is an electric field and S = ®(R) is a closed surface like a sphere. Then the
integral denotes the flux of F' over S. Gauss’s law states that this is equal to the net charge enclosed by
the surface S.

EXAMPLE 11.2.1. For the parametrized cone ® : [0,1] x [0,27] — R? : (u,v) — (ucosv,usinv,u),
and for the vector field F(z,y, z) = (—z,y, 2), we have, writing R = [0,1] x [0, 27| and noting Example
10.2.1,

/ F-dS= // F(ucosv,usinv,u) - (—ucosv, —usinv, u) dudv
> R

= // (—ucosv,usinv,u) - (—uwcosv, —usinv, u) dudv
R

= // (u? cos® v — u? sin? v + u?) dudv = // u?(1 + cos 2v) dudv
R R
2m

_ </01u2du> (/0277(1“052@)%) =

EXAMPLE 11.2.2. For the helicoid ® : [0,1] x [0,27] — R3 : (u,v) — (ucosv,usinv,v), and for the
vector field F(x,y,z) = (x,y, 2), we have, writing R = [0,1] x [0, 27] and noting Example 10.2.3,

/ F.-dS= // F(ucosv,usinv,v) - (sinv, — cos v, u) dudv
> R

= // (ucosv,usinv,v) - (sinwv, — cos v, u) dudv
R

— [ woauao - (/Oludu> (/02(1) =2,
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EXAMPLE 11.2.3. The three distinct parametrized surfaces

®: [0, 7] x [0,27] — R3: (u,v) — (sinwu cos v, sinusinv, cos u)
W [0,7] x [0,27] — R? : (u,v) — (sinwusin v, sinu cos v, cos u)

A 2 [0,7] x [0,27] — R3: (u,v) — (cosu,sinusinv,sin ucosv)

satisfy ®([0,7] x [0, 27]) = ¥ ([0, 7] x [0,27]) = A([0, 7] x [0,27]) = S, the unit sphere in R3. We have
respectively

ty X t, = (sin® u cosv,sin® usin v, cos usin u),
ty X t, = (—sin® usinv, —sin? u cos v, — cos u sin u),

ty, X t, = (— cosusinu, — sin® usin v, — sin® u cos v).
Now consider the vector field F(x,y, z) = (zz,yz, z). We have, writing R = [0, 1] x [0, 2],
/ F.dS= // F(sinu cos v, sinusin v, cosu) - (sin u cos v, sin® u sin v, cos u sin u) dudv
@ R
= // (sin u cos v cos u, sin u sin v cos u, cos u) - (sin” u cos v, sin® u sin v, cos u sin u) dudv
R

™ 2m
4
= // (sin® u cos u + cos? usin u) dudv = </ (sin® u cos u + cos? u sin ) du) (/ dv) = §7
R 0 0

as well as
/ F-dS = // F(sinusin v, sinu cos v, cosu) - (— sin? usin v, — sin® u cos v, — cos u sin u) dudv
v R

= // (sin u sin v cos u, sin u cos v cos u, cos u) - (— sin? u sin v, — sin® u cos v, — cos u sin u) dudv
R

47
3)

- // (sin® u cos u + cos? usinu) dudv = —
R

and
/ F.dS = // F(cos u, sinusin v, sinu cosv) - (— cos usinu, — sin® u sin v, — sin? u cos v) dudv
A R
- . .92 . . . . 9 . )
= (cosu sin u cos v, sin® u sin v cos v, sin u cos v) « (— cos w sin u, — sin” w sin v, — sin” v cos v) dudv
R

= // (— cos? usin? u cos v — sin® usin? v cos v — sin® u cos? v) dudv
R

T 27 iy 27
— (/ cos2usin2udu> (/ cosvdv) — </ sin4udu> </ Sin2vcosvdv>
0 0 0 0
T 27
— (/ sin® udu) (/ cos? vdv)
0 0

47
3

Note that the three integrals differ only in sign. We shall discuss this in greater detail in Section 11.3.

11.3. Equivalent Parametrized Surfaces

Just as most curves have two endpoints, many surfaces have two sides. For our discussion here, we shall
ignore surfaces like the Mobius strip, and consider only those surfaces in R? which have two sides.
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REMARK. The Mébius strip has only one side. To construct it, take a long rectangular strip of paper
as shown below.

b d

Hold the edge ab stationary and give the edge cd a 180° twist. Now join the edges ab and cd so that
a coincides with d and b coincides with ¢, and admire your artwork.

Let us return to Examples 11.1.3 and 11.2.3. Here the unit sphere S is the range of the parametrized
surfaces. The surface of the unit sphere clearly has two sides, the inside and the outside. For the
parametrized surface ®, we have

ty X t, = (sin? ucos v, sin® usin v, cos usinu) = (sinu)®(u,v).

Note that sinu > 0, and so the vector t,, xt, at ®(u, v) points away from the origin. For the parametrized
surface ¥, we have

ty X t, = (—sin® usinv, —sin® ucos v, — cosusinu) = —(sinu)¥(u,v).
Hence the vector t, x t, at ¥(u,v) points towards the origin.

DEFINITION. Suppose that ® : R; — R3 and ¥ : Ry — R? are continuously differentiable parametrized
surfaces. Then we say that ® and ¥ are equivalent if there exists a piecewise continuously differentiable
function h : Ry — R, satisfying the following conditions:

(ES1) h: Ry — Ry is essentially one-to-one and onto.

(ES2) @ =T oh.

(ES3) Writing (s,t) = h(u,v), we have either

(1) 88((572)) >0  for every (u,v) € Ry,
or
(2) g((jf;)) <0  for every (u,v) € Ry.

In this case, we say that h defines a change of paremeters. Furthermore, we say that the change of
parameters is orientation preserving if (1) holds and orientation reversing if (2) holds.

REMARK. The condition (ES1) is essential for integration of double integrals by change of variables.
For more details, see Chapter 6. The condition (ES3) will be clear from the sketched proofs of Theorems
11A and 11B later in this section.

ExAMPLE 11.3.1. The parametrized surfaces

[0, 7]

o [0,27] — R? : (u,v) +— (sinwu cos v, sin usin v, cos u)
U [0,7]

X
x [0,27] — R3 : (s,t) — (sin ssint, sin s cost, cos s)

are equivalent. To see this, consider the function h : [0, 7] x [0,27x] — [0,7] X [0,27] : (w,v) — (s,t),
where s = v and
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Clearly h is essentially one-to-one and onto. Furthermore,

0s 0Os
a(s, ) ou v 1 0
= = = —1
3w, v) det ot o det (0 _1> )
ou Ov

so that the change of parameters is orientation reversing.

THEOREM 11A. Suppose that ® : Ry — R and ¥ : Ry — R? are two equivalent smooth contin-
wously differentiable parametrized surfaces. Then for any real valued function f(x,y,z) such that the
composition functions fo®: Ry — R and f oWV : Ry — R are continuous, we have

[Dde:/ijdS.

SKETCH OF PROOF. Since ¢ and ¥ are equivalent, there exists h : R; — Ry such that ® = Woh. Now

Jras= [ et H( e >Hd v

By the Chain rule and writing (s,t) = h(u,v), we have

a((pivq)j) o 8(\1/17\1/]) a(svt)
o(u,v) — I(s,t) O(u,v)’

It follows that

\1’2,‘1’3 0(V3,Tq) ‘1’17\1’2 st
J,ras= /le (s:2)) ”( T o(s,0) )H‘ wv
/ f(U(s, 1)) ”( %"I’?’, (‘1’3’\11),8(\1’1"1'2)“d dt = /de.

Ro w

(s, 1)
This completes the proof. O

dudv

A(s,t

THEOREM 11B. Suppose that ® : Ry — R3 and ¥ : Ry — R3 are two equivalent smooth continu-
ously differentiable parametrized surfaces. Then for any vector field F(x,y, z) such that the composition
functions Fo®: Ry — R3 and Fo VU : Ry — R? are continuous, we have

/F-dS:i/F-dS,
b v

where the equality holds with the + sign if the change of parameters is orientation preserving and with
the — sign if the change of parameters is orientation reversing.

SKETCH OF PROOF. Since ¢ and ¥ are equivalent, there exists h : Ry — Ry such that ® = Uoh. Now

Jras= [ o (T S ) due
/ IF S t (8(\1}2,413) 8(\1/3,\11) 8(\111,\112)) 8(S,t) dudv
Ry

(s, t) 7 A(s,t)  O(s,t) O(u,v)
\IJQ,‘Ilg \113,\11 ) 8(\1'1,\112) 8(s,t)
== [[| Foen (T T ) g e
_i/ F(U(s,1)) (a%’% : %’\P),a(%’%)>dsdt:i/ﬂds.
Ry (S7t) 8(87t) 4

This completes the proof. ()



11-8 W W L Chen : Multivariable and Vector Analysis

REMARK. Theorems 11A and 11B have natural extensions to the case when the parametrized surfaces
are piecewise continuously differentiable. In this case, one can partition the parametrized surfaces into
continuously differentiable pieces and apply Theorems 11A and 11B to each piece.

11.4. Parametrization of Surfaces

As discussed at the beginning of the last section, we shall restrict our attention to surfaces in R? which
have two sides and are smooth, except possibly at a finite number of points. Our first task is to define
an orientation for such surfaces.

Suppose that x is a point on a smooth surface S. Then if n is a unit vector normal to the surface
S at x, then —n is also a unit vector normal to the surface S at x, but in the opposite direction. We
now need to make a choice as to which side of the surface we consider to be the positive side and which
side we consider to be the negative side. Having made such a choice, we now take unit normal vectors
n to be those that point from the negative side of the surface towards the positive side. In this case, we
say that S is an oriented surface.

EXAMPLE 11.4.1. Suppose that S is the unit sphere in R?, and we choose the outside surface to be
the positive side. Then unit normal vectors point away from the origin.

EXAMPLE 11.4.2. Suppose that S is the zy-plane in R?, and we choose the bottom surface to be the
positive side. Then unit normal vectors are of the form (0,0, —1).

Recall now that for any smooth parametrized surface ® : R — R3, the unit vector

ty X t,
[t Xty |

is normal to the surface at the point ®(u,v).

DEFINITION. Suppose that S is an oriented surface in R3. Then a piecewise continuously differen-
tiable function ® : R — R3 such that ®(R) = S is called a parametrization of S. We say that the
parametrization ® is orientation preserving if

ty X t,
=t § |
[[6u X o

at every point ®(u,v) which is smooth, and orientation reversing if

ty X t,

v
[t x to]]

at every point ®(u,v) which is smooth.

Suppose that S is an oriented surface in R3. For any real valued function f(x,y,z2) continuous on

S, we can define
/dez/de,
s ®

where ® is any parametrization of S. For any vector field F(z,y, z) continuous on S, we can define

/F~dS:/F-dS,
S ]

where ® is any orientation preserving parametrization of S.
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EXAMPLE 11.4.3. Suppose that S denotes the unit sphere 2% +y? 4+ 22 = 1. Let flz,y,2) =xz+y+=z,
and consider the integral
/ fds.
s

Now & : [0, 7] x [0,27] — R? : (u,v) — (sinucosv,sinusinv, cosu) is a parametrization of S. We have,
writing writing R = [0, 1] x [0, 27],

/de:/de:// f(sinwu cos v, sinusin v, cos ) || (sin u cos v, sin? u sin v, cos u sin u)|| dudv
S ) R

= // (sinucosv + sinwusin v + cos )| sin u| dudv
R

:// sinu(cosv+sinv)|sinu|dudv+// cos u| sin u| dudv
R R

™ 2m ™ 2
= </ sin2udu) </ (cosv + sinv) dv) + (/ sinucosudu> (/ dv> = 0.
0 0 0 0

EXAMPLE 11.4.4. Let S denote the part of the cylinder 22 + 32 = 16 in the first octant between z = 0
and z = 5, with normal vector away from the z-axis.

z

5/

—1

X

Note that S can be parametrized by
®:R—R>: (u,v) — (4sinu, 4 cosu,v),

where R = [0,7/2] x [0,5]. Let F(z,y,2) = (2,2, —3y*2), and consider the integral

| Fas.
s

ty X t, = (83: Oy %> X <8x dy %> = (4 cosu, —4sinu,0) x (0,0,1) = (—4sinu, —4 cos u, 0),

Note that

Au’ ou’ du v’ Ov’ dv

so @ is an orientation reversing parametrization of S. We have

/F-dS:—/ F-dS:—// F(4sinu,4cosu,v) - (—4sinu, —4 cos u, 0) dudw
s @ R

= — // (v, 4sinu, —48v cos? u) - (—4sinu, —4 cosu, 0) dudv
R

:// (4vsinu+16sinucosu)dudv:4// vsinududv+16// sin u cos u dudv
R R R
5

/2 5 /2
=4 / sin u du (/ vdv)—i—lﬁ / sinu cos u du </ dv) = 90.
0 0 0 0
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EXAMPLE 11.4.5. Let S denote the part of the plane 2z 4 3y + 6z = 12 in the first octant, with normal
vector away from the origin.

Note that S is a triangle with vertices (6,0,0), (0,4,0) and (0,0, 2), and can be parametrized by

12 — 2u —
®:R—R>: (u,v) — (u,v,iu?m),

6
where R is the triangular region
R = {(u,v) € R?* : u,v >0 and 2u + 3v < 12}.

Let F(x,y,z) = (182,—12, 3y), and consider the integral

/ F-dS.
s
Note that

Ox 0y 0z Oxr Oy 0z 1 1 11
by Xty = (oo, 22 22 SEY TN (1,0,— 2 L—=)=(z2,1
b <8u’8u’8u> x (81}’8’0’81}) ( 0, 3) x (O’ ’ 2) <3’2’ )’
so @ is an orientation preserving parametrization of S. We have
12 — 2u — 11
/F-dS:/F~dS://F o, 2220730 (1L G
11
:// (36 — 6u — 9v, —12,3v) - (—,—,1) dudv:// (6 — 2u) dudv
R 32 R
4

:/O (/OG%U(6—2u)du> dv:/04 (911—%7;2) dv = 24.

EXAMPLE 11.4.6. Let S denote the surface of the cube with vertices (£1, £1, £1), with outward normal
vector. Let F(z,y,z2) = (z,y, z), and consider the integral

[ Fas.
s

To evaluate this integral, consider first of all the face S; with vertices (£1,+1,1). The function
®:[-1,1] x [-1,1] = R3: (u,v) = (u,v,1)

is a parametrization of S7. Note that

[0z Oy 0z Or Oy 0z\ _ B
£ x bty = <au’au’au> x (80,80,81]) — (1,0,0) x (0,1,0) = (0,0,1),
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so ® is an orientation preserving parametrization of S;. We have, writing R = [—1,1] x [-1,1],

/ F-dS:/F~dS:// F(u,v,1)-(0,0,1) dudv
5 @ R
:// (u,v,1)~(0,0,l)dudv=/ dudv = 4.
R R

Consider next the face Sp with vertices (£1,£1,—1). The function
U [—1,1] x [-1,1] = R®: (u,v) — (u,v, —1)

is a parametrization of S3. Note that

_(0x Oy 0z dr Oy 0z\ _ B
tu Xtv - <%7a_ua%> X (%7%a%) - (13070) X (07170) - (03071)7

so WU is an orientation reversing parametrization of Sy. We have, writing R = [-1,1] x [-1,1],

/SF~dS:—/F dS = — // -(0,0,1) dudw
// OOl)dud’uf//Rdudv:Zl.

Hence

/F~dS+ F.dS =8
Sl S2

It follows from symmetry arguments that

/F-dS:24.
s

PROBLEMS FOR CHAPTER 11

1. Evaluate the integral /(x2 + 9% 4 22)dS, where @ : [0,1] x [0,1] — R3 : (u,v) — (u + v, u,v).
)

2 Find a parametrization ® of the upper half sphere 22 4+ 32 4+ 22 = 1 and z > 0, and evaluate the
following integrals:

a) /zdS b) /(a:+3y5,y+10xz,z—xy)-ds
> @

3. Evaluate each of the following integrals by first finding a suitable parametrization of the set given:

a) / (x? +y — 4,3xy, 2xz + 2%) - dS; parametrization ® of the sphere z2 + 32 + 22 = 16
P

b) / (3212, 322y, 2°) - dS; parametrization ® of the unit sphere 22 + % + 2% = 1
@

c) /(17 1, z(x? + y*)?) - dS; parametrization ® of the cylinder 22 +y?> =1 and 0 < 2 < 1
@
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4. For each of the following, evaluate the integral / fds:
s

g) f(x,y,2) =22+ y? and S is the part of the paraboloid z = 2 — (22 4 y?) above the zy-plane.
h) f(z,y,z) = 2% +y? and S is the cone 22 = 3(22 + y?) bounded by the planes z = 0 and z = 3.

5. Suppose that S is the sphere with radius R and centred at the origin. Explain why

/xQdS:/deS:/ZQdS.
S S S

Hence determine the value of the integrals with very little computation.

6. For each of the following, evaluate the integral / F-dS:
s

a) F(x,y,z) = (x,y,2) and S is the the upper half sphere 72 +y?+ 2% = 1 and z > 0, with normal
vector pointing away from the origin.

b) F(z,y,z) = (22,y% 2%) and S is the part of the cone 22 = 2% + y? between the planes z = 1
and z = 2, with normal vector pointing out of the cone.

¢) F(z,y,2) = (z,y,—y) and S is the cylinder 22 + y? = 1 and 0 < z < 1, with normal vector
pointing out of the cylinder.

d) F(x,y,2) = (zy,—2% z + z) and S is the part of the plane 2z + 2y + z = 6 in the first octant,
with normal vector pointing away from the origin.

e) F(x,y,2) = (2z — z,2%y, —x2?%) and S is the surface of the cube [0,1]3, with normal vector
pointing out of the cube.

f) F(z,y,2) = (v22, 2%y — 23,20y + y?z) and S is the entire surface of the hemispherical region
bounded by z = y/a? — 22 — y2 and 2 = 0, with normal vector pointing out of the region.

g) F(x,y,2) = (22 —z,—2y,3z) and S is the surface of the region bounded by z = 4 — 4%, z = 0,
x = 3 and z = 0, with normal vector pointing out of the region.

h) F(x,y,2) = (22 + 32z, —xz —y,y? +22) and S is the surface of the sphere with centre (3, —1,2)
and radius 3, with normal vector pointing out of the region.

i) F(x,y,2) = (4vz,—y?%,yz) and S is the surface of the cube [0, 1]3, with normal vector pointing
out of the cube.

j) F(z,y,2) = (22y,y2%,r2) and S is the surface of the parallelepiped [0,2] x [0, 1] x [0, 3], with
normal vector pointing out of the region.
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Chapter 12

INTEGRATION THEOREMS

12.1. Green’s Theorem
Recall from Section 5.4 that a region of the type
(1) R={(z,y) e R? :z € [A, Bi] and ¢;(z) <y < ¢o()},

where the functions ¢y : [41, B1] — R and ¢s : [A1, B1] — R are continuous in the interval [4;, B;] and
where ¢1(z) < ¢a(z) for every © € [A1, By], is called an elementary region of type 1. A region of the
type

(2) R={(z,y) ER*:y € [Ay, Bo] and ¥1(y) < z < ¥a(y)},

where the functions ¢, : [A2, Ba] — R and s : [A2, Bo] — R are continuous in the interval [Ag, Bs] and
where 91 (y) < ¥a(y) for every y € [Ag, Bs), is called an elementary region of type 2. Furthermore, an

elementary region of type 3 is one which is of both type 1 and type 2; in other words, one that can be
described by both (1) and (2).

Green’s theorem relates a line integral along a simple closed curve C' in R? to a double integral over
the region R enclosed by the curve. We say that C has positive orientation if the region R is on the left
when we follow the curve C, and has negative orientation otherwise. For example, a circle followed in
the anticlockwise direction has positive orientation with respect to the region it encloses.

THEOREM 12A. (GREEN’S THEOREM) Suppose that R C R? is an elementary region of type 3,
with boundary curve C followed with positive orientation. Suppose further that the functions P: R — R
and @ : R — R are both continuously differentiable. Then

() /C(PdachQdy) . //R (% - ‘2—5) dzdy.
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REMARKS. (1) Consider the vector field F' = (P, Q) in R?. Then (3) can be written as

[ f (52

(2) Consider a vector field F(x,y,2) = (P(z,y), Q(z,y),0) in R, and imagine the region R to be
a surface S on the xy-plane, with boundary curve C. We have

(4) /CF~ds:/C(P,Q,O)~(dx,dy,dz):/C(de+Qdy).

On the other hand, we can parametrize the surface S by the function ® : R — R3 : (z,y) — (z,y,0).
Then t, = (1,0,0) and t, = (0,1, 0), so that t; x t, = (0,0,1). Hence

(5) [D(curlF)-dS://R <0,0,g—§ (21;) 0,0,1) dxdy—// (a—x__y) dady.

If we take the oriented surface S to have normal in the positive z-direction, then
(6) / (curl F) - dS = / (curl F) - dS.
s @

Combining (3)—(6), we conclude that

/F~ds:/(curlF)'dS.
c s

This is known as Stokes’s theorem. We shall study this in Section 12.2.

(3) Replacing @ by P and replacing P by —@Q in (3), we obtain

(7) // <8_P+@) dxdyz/C(de—de).

Consider now a vector field F' = (P, Q) in R?. Then

(8) // (a—P + a—Q) dzdy = /R(div F)dzdy.

Next, suppose that ¢ is an orientation preserving parametrization of C'. Then a tangent vector at a point
(x(t),y(t)) is given by (2'(¢),y'(¢)). Rotating this vector in the clockwise direction by an angle 7/2 gives
an outward normal vector to C' at the point (z(¢),y(¢)). This outward normal vector is (y'(t), —2'(t)),
with unit vector

It follows that

(9) /C(de—de):/CF-nds.

//R(diVF)d;vdy:/CF-nds.

This is the 2-dimensional version of Gauss’s divergence theorem which we shall study in Section 12.3.

Combining (7)—(9), we obtain
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(4) Green’s theorem can be extended to regions R which are finite unions of essentially disjoint
elementary regions of type 3. For example, consider the annulus

R={(z,y) e R*: 1 < a? +y* <4}

We can cut R into four subregions of type 3 by the lines x = 0 and y = 0.

Cs

7G]0
N

The boundary curve is now the union of the two circles
Cy={(z,y) eR? : 2 +¢? =1} and Cy = {(z,y) € R? : 2% +¢* = 4},
with C7 followed in the clockwise direction and C5 followed in the anticlockwise direction.

PROOF OF THEOREM 12A. Consider first of all the integral

(10) /C Pdz.

Since R is an elementary region of type 3, it is an elementary region of type 1, and so can be described
in the form (1).

&

&

Al Bl

The boundary curve C of this region can be split into four parts. There are two straight line segments,
from (Aq, ¢2(41)) to (A1, 01(A41)) and from (By, ¢1(B1)) to (B, ¢2(B1)). There are also two curves

Cy ={(z,01(x)) : x € [A1, B1]} and Cy = {(z,¢2(x)) : x € [A1, B1]},
followed from (Ai,¢1(A1)) to (By,¢1(B1)) and from (By, ¢2(B1)) to (A1, ¢2(A1)) respectively. The

contribution from the two straight line segments to the integral (10) is zero, since dz = 0 on these two
line segments. It follows that

/CPdm:/Clde—&-/Cdex:/A]jl P(ath(ac))dac—/AJIB1 P(z,¢a(z))dz

B,
__ / (P(x, 62(z)) — P, ¢1(x))) da.

Ay
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On the other hand, it follows from Fubini’s theorem that

//R Z_Igjdxdy - /jl (/{:::) Z—jdy) do = /jl (P(z, ¢2(x)) — P(z, ¢1(2))) dz,

by the Fundamental theorem of calculus. Hence

oP
1 Pd :—//—dd.
(1D /o v Raya:y

Similarly, it can be proved that

(12) /CQdy_//Rg—gdxdy.

(3) now follows on combining (11) and (12). O

EXAMPLE 12.1.1. Consider the special case when P(x,y) = —y/2 and Q(z,y) = x/2. Then (3)

becomes
1
—/(mdy—ydx):// dxdy.
2 Je R

This is equal to the area of R. Suppose now that R is the region bounded by the hypocycloid C of four
cusps, given by the equation 22/3 4+ y?/3 = 1 and parametrized by

¢ :[0,27] — R?: t — (cos®t,sin>t).

Then dz = —3cos®tsintdt and dy = 3sin®tcostdt. Hence the area of the region bounded by the
hypocycloid is given by

Lo 2 4 2 4 3 (%7 o 2 3
—/ (3sin” tcos™ t + 3 cos” tsin t)dt:—/ sin“tcos“tdt =
2 J; 2 /s 8

EXAMPLE 12.1.2. Let P(z,y) = 2?ycosz + 2zysinx — y?e® and Q(z,y) = x?sinz — 2ye®. Then

0Q _

— =zx“cosx + 2rsinx — 2ye” =

8_P
oz '

y

It follows from Green’s theorem that
(13) /(Pd:v—l—Qdy):O
c

for the boundary curve C of any elementary region of type 3. Note that (13) holds if C' is the boundary
curve of any elementary region of type 3 in which the equality

0Q _op
or Oy

holds.
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EXAMPLE 12.1.3. Let P(z,y) = 2% — xy3 and Q(z,y) = y*® — 2y, and let R denote the square with
vertices (0,0), (2,0), (2,2) and (0, 2).

Y £ Aq

The boundary curve is then C' = Cy UCy UC3UCy, where C1, Cs, C3, Cy are the four sides of R followed
in the anticlockwise direction with initial point (0,0), and can be parametrized respectively by

¢1:10,2] — R? : ¢+ (t,0),
B2 [0,2] = R? : t— (2,1),
$3:[0,2] = R? : ¢t (2 —1t,2),
¢4 :[0,2] = R? :t (0,2 — 1)
We have
2
[ parvau) = [ (PQas= [ (0,00 60
Cq 1 0
/2(1f?,())~(1,())<1t§
0 3
and
2
[ parvaw) = [ Q) as= [ (0020 s
Co 2 0
2 16
:/ (4—263 1% —4t) - (0,1)dt = ——,
0 3
as well as
2
[ PazsQa = [ (P.@)-as= [ (P-12).QC-12)- g ar
Cs b3 0
:/2((2_t)2_8(2_t),4—4(2—t)).(—1,0)dt:@
0 3
and
/ (de+Qdy):/ (P,Q)~ds:/ (P(0,2— 1), Q(0,2 — 1)) - &,(t) dt
Cy 4 0
:/ (0,2 %) (0,~1)dt = >
0 3
Hence
/C(Pd:v—&-Qdy):/Cl(de—i—Qdy)+/CQ(de+Qdy)+/C3(de+Qdy)+/C4(de+Qdy):8.
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This calculation can be somewhat simplified by noting that dz = 0 on Cy and Cy, while dy = 0 on Cy
and C3. Hence

/C(de+Qdy):/OQP(x,O)dx—i—/OQQ(Q,y)dy—/OQP(:U,Q)dm—/OQQ(O,y)dy

2 2 2 2
:/ xQd:v—&—/ (y2—4y)dy—/ (:r2—8:v)dx—/ y?dy = 8.
0 0 0 0

On the other hand, we have

//R (88_65 — %;) dzdy. = //R(3gcy2 —2y)dzdy = /02 (/02(3:Ey2 —2y) dx) dy = /02(6y2 —4y)dy = 8.

This verifies Green’s theorem.

EXAMPLE 12.1.4. Let P(x,y) = xy + y? and Q(z,y) = 22, and let R denote the region bounded by
the line y = = and the parabola y = 2.

G

The boundary curve is then C' = Cy U Cy, where C is the part of the parabola from (0,0) to (1,1) and
(5 is the part of the line from (1,1) and (0,0). The curves C; and Cs can be parametrized respectively
by

#1:[0,1] — R? : t — (t,1%) and B2 :[0,1] = R? 1t (1 —t,1—1).

We have
1
/ (Pdz + Qdy) = / (P,Q) - ds = / (P(£,12), Q(t.£2)) - &, (¢) dt
C1 1 0
= 1t3 2 12tdt—19
= [@stey a3
and

1
/(Pd:z:+Qdy):/ (P,Q)-ds:/ (P1—t1-1),Q(1 —t,1—1t))- ¢o(t)dt
Co 2 0
_/1(2(1—15)2,(1—15)2) (=1,-1)dt = —1.
0
Hence

1
/C(de—&—Qdy)—Ll(de+Qdy)+/C2(de+Qdy)——%.
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On the other hand, we have

//R (%-%) dxdy.://R(x—Qy)dxdy:/ol (/;(x—zy)dy) dx:/ol(x4—x3)dy:—%.

This verifies Green’s theorem.

12.2. Stokes’s Theorem

Stokes’s theorem relates a line integral along a simple closed curve C' in R? to a surface integral over a
surface S with boundary curve C. A special case of it is Green’s theorem discussed in the last section.

Clearly any relationship between the line integral and the surface integral requires a convention
concerning the orientation of the curve C' with respect to the orientation of the surface S. We use the
right hand thumb rule: Extend the thumb on our right hand and close the fingers. If the thumb points
in the direction of the chosen normal of S, then the curve C is said to have positive orientation if it
follows the direction of the fingers. In other words, if we follow the curve C' in positive orientation, then
the surface S is on the left.

THEOREM 12B. (STOKES’S THEOREM) Suppose that S C R? is an oriented surface, defined
by an orientation preserving parametrization ® : R — R3 for some elementary region R C R? of type 3,
and with boundary curve C followed with positive orientation. Suppose further that the vector field F' is
continuously differentiable in S. Then

/F~ds:/(curlF)-dS.
c s

We shall not give a rigorous proof here. Instead, we only very roughly give an outline of the main
ideas, and show that the result may be deduced from Green’s theorem. In the sketch below, we often
make extra assumptions which are not normally necessary.

HEURISTICS OF THEOREM 12B. Write F' = (Fy, Fy, F3). Then

(14) /F~ds:/(F1dx+F2dy—|—F3dz)
c c
and

(15) /S(curlF) -dS :/S(curl(Fl,O,O))-dS—i—/

(curl(0, F»,0)) - dS + / (curl(0,0, F3)) - dS.
s

S

Suppose that
d:R—R: (u,v) — (z,9, 2).

Let C’ denote the boundary curve of R, and consider the integral

/ Fl dz.
C

Ox ox
de = %du—i— %dv,

Since
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it follows from Green’s theorem that

ox 0 or
/CFlda:—/ ( 15, du+F1 ) // ((’9u< ) av(Fla ))dudv
oF,; 6x 8233 OF; Ox B OF, 0x OF, Ox
// (au o " Guae ‘Wa‘ﬂ—ayau)dudv—//}% (%%‘W%) dudv.

Next, note that

8F1 - 8F1 81‘ 6F1 8y 8F1 6z 8F1 o 6F1 8.13 @% 8F1 82

Ou Oz 3u+8y 8u+8,z Ou and v Oz 8v+8y 3v+8z o’
Hence
OoF, Oz 8F1 8y OF, 02\ Ox
1 F = el
(16) 1de = /R Oz 8u By Ou T 0z 8u> ov

oI Ox 8F1 8y 4 @% ox dudo
Oz 81} 3y v 09z dv) Ou

// OF; Oy BFl% oz %@+8F182 ox dudw
R 6y 8u 0z Ou /) Ov oy dv 0z Ov ou

// <8zax 828:0) OF, (6‘z3y 8z5‘y>)
geor C20v) 90 (9T9Y  ITIYN ) qude
R

oFy
9z \Qudv  9vdu Jy \Judv 0Ovdu
// aai on a(%y)) dudwv.

dy 9(u,v)

=

On the other hand,
o flemnoy-as= ] (05250 (55 Saey sen)
// <aail ) i i - %%Z?) dudo.

Combining (16) and (17), we obtain

(18) / Fido = /(curl(Fl, 0,0)) - dS.
c S
Similarly, we have
(19) / Fdy = /(curl(O,Fg,O)) -dS and / F3dz = /(curl(O,O,F3)) -ds.
c s c s

The result follows on combining (14), (15), (18) and (19). O

EXAMPLE 12.2.1. Let S denote the upper half surface of the sphere z? + y? + 22 = 9, with outward
pointing normal.
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Then the boundary curve C' is given by 22 + y? = 9, followed in the anticlockwise direction. Consider
the vector field F(z,y, z) = (2y, 3z, —22). Let us first of all evaluate the integral

/F-ds.
c

By using the orientation preserving parametrization
¢ :10,2n] — R3:t — (3cost,3sint,0),

we have

27 2m
/ F.ds= F(g(t))-¢'(t)dt = / F(3cost,3sint,0) - (—3sint,3cost,0)dt
c 0 0
2 2m
= / (6sint,9cost,0) - (—3sint,3cost,0)dt = / (27 cos? t — 18sin? t) dt = 9.
0 0
Next, let us evaluate the integral

/S (curl F) - dS.

Consider the parametrization
®:R—R>: (u,v) — (3sinucosv, 3sinusinv, 3 cosu),
where R = [0,7/2] x [0,27]. We have
t, X t, =(9 sin? u cos v, 9sin® u sin v, 9 cos u sin u),
so that ® is an orientation preserving parametrization of S. It is easy to see that
curl F = (0,0,1),

SO

/(curlF) -dS = // (0,0,1) - (9sin® u cos v, 9 sin® u sin v, 9 cos u sin u) dudv
S R

/2 27
:// 9cosusinududv =9 (/ cosusinudu) (/ dv) = 9.
R 0 0

This verifies Stokes’s theorem.

ExXAMPLE 12.2.2. Let S denote the surface of the cone z = 2 — /22 + y2 above the xy-plane, with
inward pointing normal.

4
2
S n
Y
_//2
9 C
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Then the boundary curve C' is given by x? + y? = 4, followed in the clockwise direction. Consider the
vector field F(z,y, z) = (v — 2,23 + yz, —3xy?). Let us first of all evaluate the integral

/F-ds.
c

By using the orientation reversing parametrization
¢ :[0,27] — R?:t+— (2cost,2sint,0),

we have

27 2m
/ F.-ds=— F(o(t))-¢'(t)dt = — F(2cost,2sint,0) - (—2sint,2cost,0)dt
c 0 0

2
= —/ (2cost,8cos®t, —24 costsin®t) - (—2sint, 2 cost,0) dt
0
27
= / (4costsint — 16 cos t) dt = —12m.
0

Next, let us evaluate the integral

/S (curl F) - dS.

Consider the parametrization
®:R—R>: (u,v) — (ucosv,usinv,2 —u),
where R = [0,2] x [0, 27]. We have
ty, X t, = (cosv,sinv, —1) x (—usinv,ucosv,0) = (uwcosv,usinv, u),
so that ® is an orientation reversing parametrization of S. Since
curl F = (—6zy — y, —1 + 392, 322),
it follows that
/S(curl F).-dS=— // (—6u? cosvsinv — usinv, —1 + 3u? sin? v, 3u? cos? v) - (ucos v, usinv, u) dudv
R

= // (6u? cos? vsinv + u? sin v cos v + usinv — 3u? sin® v — 3u3 cos? v) dudv
R

2 2m
= / (/ (6u> cos® vsinv + u? sinwv cos v + usinv — 3u? sin® v — 3u3 cos? v) dv) du
0 0

2 27
= 73/ (/ u? cos2vdv) du = —127.
0 0

This verifies Stokes’s theorem.
Suppose that F' = Vf is a gradient vector field in R?. Then it follows from Theorem 9A that for any

continuously differentiable path ¢ : [A, B] — R? such that the composition function F o ¢ : [4, B] — R?
is continuous, we have

/¢ F-ds = f(6(B)) — f(6(4)).

In other words, the value of the integral depends only on the endpoints of the path ¢.
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With the help of Stokes’s theorem, we can characterize gradient vector fields.
THEOREM 12C. Suppose that F : R? — R? is a continuously differentiable vector field. Then the

following statements are equivalent:
(a) For any oriented simple closed curve C, we have

/F~ds:O.
c

(b) For any two oriented simple curves C1 and Cy with the same initial point and the same terminal

point, we have
/ F-ds :/ F . ds.
C1 C2

(c) There exists a function f: R3 — R such that F = V f everywhere in R3.
(d) We have curl F = 0 everywhere in R3.

SKETCH OF PROOF. We shall show that (a)=(b)=-(c)=-(d)=-(a). To show that (a)=(b), let C be the
curve Cy followed by C5. Then C is closed. If C is simple, then

/ F~ds—/ F-ds:/F-ds:O.
C Cs C

If C is not simple, then an elaboration of this argument will give the same result. To show that (b)=-(c),
let C' be any oriented simple curve with initial point (0,0,0) and terminal point (x,y, z), and write

flz,y,2) = /CF~ds.

Since (b) holds, F(x,y, z) is independent of the choice of C. In particular, we can take C' to be the line
segment from (0,0,0) to (z,0,0), followed by the line segment from (z,0,0) to (z,y,0), followed by the
line segment from (z,y,0) to (z,y, 2).

($7 y”z)
|~

(w (z,9,0)

Assume first of all that x,y,z are all positive. Then the three line segments can be parametrized
respectively by

x

¢1:10,x] S R3 s (¢,0,0),
¢ 1 [0,y] = R? : t > (2,1,0),
¢3:[0,2] > R® it (z,y,t),

so that writing F' = (Fy, Fy, F3), we have

T y z
f(z,y, 2) :/ Fl(t,0,0)dt+/ Fg(ﬂc,t,O)dt—i—/ Fs(z,y,t)dt.
0 0 0
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With a little modification in argument, this last formula can be shown to hold even if z,y, z are not all
positive. By the Fundamental theorem of calculus, we clearly have

of
— = Fj.
0z 3
By using different paths, it can be shown that
of of
O 1 an ay 2

so that Vf = F. That (c)=-(d) is proved in Theorem 8G. Finally, to prove that (d)=(a), we simply
apply Stokes’s theorem with any surface S whose boundary is C. O

REMARKS. (1) In the statement of Theorem 12C, it is possible to assume that the vector field F' is
continuously differentiable in R3, except possibly at a finite number of points. The proof only needs
minor modification.

(2) There is a 2-dimensional version of Theorem 12C. Recall that

0oQ 0P

dr 0Oy

is the scalar curl of a vector field F' = (P, Q) in R%. Thus there exists a function f : R? — R such that
F = Vf everywhere in R? if and only if

0oQ 0P 0

or Oy
everywhere in R?. Here Green’s theorem plays the role of Stokes’s theorem in establishing the result.
However, we cannot allow exceptions to the condition that F is continuously differentiable in R2.

(3) Theorem 12C is in some sense the converse of Theorem 8G. Recall now Theorem 8F, that for
any twice continuously differentiable vector field F in R3, we have div(curl F) = 0. One can prove that
if G is a continuously differentiable vector field in R? with div G = 0, then there exists a vector field '
in R3 such that G = curl F.

12.3. Gauss’s Theorem

Gauss’s theorem relates a surface integral over a closed surface S in R? to a volume integral over a region
V' with boundary surface S.

We shall be concerned with regions in R? of the type
(20) V= {(z,y,2) €R’: (z,y) € R and ¢1(z,y) < 2 < ¢a(2,9)},

where R is an elementary region in R?, and where the functions ¢; : R — R? and ¢ : R — R? are
continuous, with ¢1(z,y) < ¢a(x,y) for every (x,y) € R. There are two other types, one with y bounded
between continuous functions of (z,z) in an elementary region, the other with x bounded between
continuous functions of (y,z) in an elementary region. A region in R® which can be simultaneously
described in all these three ways is called a symmetric elementary region in R3. Clearly we can evaluate
triple integrals of continuous functions over such regions; see Section 5.7.
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THEOREM 12D. (GAUSS’S THEOREM) Suppose that V. C R3 is a symmetric elementary re-
gion, with boundary surface S oriented with outward normal. Suppose further that the vector field F is
continuously differentiable on V. Then

/SF -dS = ///V(div F) daedyd-=.

REMARKS. (1) Sometimes, we write

/SF-dS:/V(divF)dV.

(2) Gauss’s theorem is in fact valid for any region V' which can be expressed as a union of finitely
many essentially disjoint symmetric elementary regions.

(3) We shall see that the proof of Gauss’s theorem is very similar to that of Green’s theorem.

SKETCH OF PROOF OF THEOREM 12D. Write F' = (Fy, Fy, F5). Then
(21) /F~dS :/((F1,070)+(07F2,0)+(0,0,F3)) -dS
s s

:/(Fl,O,O)~dS+/(O,F2,O)-dS+/(0,0,F3)-dS
S S S

and

F' F: F:
(22) /// (div F) dxdydz-/// (8 ! 8 =2 +863>dxdydz
z
F' F: F:
/// @dxd dz +/// OF: 4rdyds +// Oy 1rdydz.
Vv aZ
We shall show first of all that

(23) / (0,0, F3) - dS = /// @dxdydz

Since V' is a symmetric elementary region, it can be described in the form (20), so that

(24) / / / OFs \pdyds = / / ( / " % dz) dedy
or(zy) 0%
= [ (Futav. (o) = FaGey. 61 ) dady

On the other hand, the boundary surface S can be partitioned into six surfaces, with bottom surface

Sy ={(2,y,2) €R?: (x,y) € Rand z = ¢ (,y)},
top surface

Sy = {(2,y,2) €R3: (x,y) € Rand z = ¢o(x,y)},
and four side surfaces S3,S4, S5, 5¢ corresponding to the four edges of the elementary region R. The

normal vectors to the surfaces Ss, Sy, S5,S¢ are all horizontal, with no component in the z-direction.
Hence

/ (0,0,F)-dS = [ (0,0,F)-dS = [ (0,0,F)-dS = [ (0,0,Fy)-dS =0,
S3 Sa Ss Se
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and so

(25) /S(O,O,F3)~dS:/S (0,0,F3)~dS+/ (0,0, Fy) - dS.

Sa

The surface S; can be parametrized by
b R - RS : (xvy) = (xay7¢1(xay))v
with normal vector
01 01 0y Oy
te t, = 17 s T alv— = 7_37—71 .
X by < 08x>x<0 y ox oy

Hence @ is an orientation reversing parametrization of S7, and so

(26) /SI(O’O’F?’) -dS = _//R(O’O,F:S) ! (_%7_%3]-) dlL’dy: _//RF3(xayv¢1(xay))dxdy

The surface Sy can be parametrized by
V:R— R?) : (:an) = ($»y7¢2($7y))7
with normal vector

_ 0¢2 002\ _ (_0¢2 9%
ot (10,22 s (0,202) < (082,002 1),

Hence ¥ is an orientation preserving parametrization of So, and so

(27) AZ(anvFS)dS:/L(anvFS) (_%7_%3]-) dxdy://RF;;(x,y,gbg(x,y))dxdy

(23) now follows on combining (24)—(27). Similarly, we have

(28) /(Fl,0,0)-dS :/// %dxdydz and /(O,FQ,O) -dS:/// %dxdydz.
s v Ox s v Oy

The result now follows on combining (21)—(23) and (28). O

EXAMPLE 12.3.1. Let V denote the unit ball 22 + % 4+ 22 < 1. Then the boundary surface S is given
by 2% + y* + 22 = 1. Consider the vector field F(z,y, z) = (2z,y?, 2?). Let us first of all calculate the

integral
/ F.dS.
s

The surface S can be parametrized by
®:R—R>: (u,v) = (sinucosw,sinusinv,cosu),
where R = [0, 7] x [0, 27], and where

ty X t, = (sin ucos v, sin® usin v, sinu cosu) = (sinu)®(u,v).
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This is an orientation preserving parametrization, and so
/ F-dS = // F(sinu coswv, sinusin v, cos u) - (sin2 wcos v, sin? usin v, sin u cos u) dudw
s R
o . ) ) 2 ) ) . .
= (2 sinu cos v, sin“ usin® v, cos” u) - (sin” u cos v, sin” u sin v, sin u cos u) dudv

= // (2sin® u cos® v 4 sin® usin® v + sin u cos® u) dudv
R

T 27 T 27
=2 (/ singudu) (/ coszvdv> + (/ sin4udu) (/ singvdv>
0 0 0 0
T 27
+ (/ Sinucos3udu> (/ dv)
0 0

Next, note that

///V(divF)dxdydz:///V(2+2y+2z)dxdydz:2///V(1+y+z)dxdydz.

We can write

V={(z,y,2) ER3: 2% +9?> <land —\/1—22—92<2<1—a2—y?},

so that
1—x2—y?
/// zdxdydz—// (/ zdz) dzdy = 0.

24+y2<1 1— rz—y

Similarly
/// ydxdydz = 0.
1%

Hence

///V(divF) dzdydz = 2///V dzdydz = %ﬂ,

since the volume of the unit sphere is equal to 47 /3. This verifies Gauss’s theorem.

12-15

EXAMPLE 12.3.2. Let V be the cube with vertices (1,41, +1), with boundary surface S. Consider

the vector field F(z,y,z) = (z,y, 2). We have shown in Example 11.4.6 that

/F-dS:24.
s

// (div F) dedydz = 3 // dzdydz = 24.
v v

Now

This verifies Gauss’s theorem. In fact, we can generalize this observation. Suppose that S is the boundary

surface of any region V in R? for which Gauss’s theorem holds. Then

/r-dS:?)/// dzdydz,
s 1%

where r = (z,y, z) denotes any point on S.
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We conclude this chapter by proving the following famous result.

THEOREM 12E. (GAUSS’S LAW) Suppose that V. C R3 is a symmetric elementary region, with
boundary surface S oriented with outward normal. Suppose further that (0,0,0) € S. Then

g [4T i (0,000€V,
S 7’3 10 Zf (03050) ¢ V;
where v = (x,y,2) denotes any point on S, and r = ||r|| = (2 + y? + 22)V/2.

SKETCH OF PROOF. Suppose first of all that (0,0,0) ¢ V. Then the vector field

r3

is continuously differentiable on V', and so it follows from Gauss’s theorem that

-dS = d1V dxdydz
s 7'3
r
div (T ) =0

whenever r # 0. The desired conclusion therefore holds in this case. Suppose now that (0,0,0) € V.
Since (0,0,0) ¢ S, it follows that there exists € > 0 such that the open ball B(e), with centre (0,0,0)
and radius e, satisfies B(e) C V. Now let @ = V' \ B(e), the region V' with the open ball B(e) removed.
Clearly this region has boundary surface S U T, where T is the boundary surface of B(e) with normal
pointing towards (0, 0,0). Applying Gauss’s theorem to this region Q (note that Q is not an elementary

region), we have
/ I as +/ ~.dS= /// div (—r ) dzdydz = 0,
570 7T Q r?

It is easy to check that

so that

/57"_3 s = — Tr?’ -dS.

The boundary surface T can be parametrized by
®: R —R>: (u,v) — e(sinucoswv,sinusinv, cosu),
where R = [0, 7] x [0, 27], with
t, X t, = €2(sin? u cos v, sin® usin v, sin u cos u).

This is an orientation reversing parametrization, and so

sin u cos v, sin u sin v, cos u . . . .
— | —-dS= // ) - €2(sin? u cos v, sin? u sin v, sin u cos u) dudv
T

€3

= // (sin u cos v, sin usin v, cos ) - (sin® u cos v, sin” u sin v, sin u cos u) dudv

s 27
= // sinu dudv = (/ sinudu) </ dv) = 4.
R 0 0

This gives the desired conclusion. ()
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PROBLEMS FOR CHAPTER 12

1. In each of the following cases, verify Green’s theorem:

a) P(z,y) = zy?, Q(z,y) = —yz? and R is the disc with centre (0,0) and radius 1.

b) P(z,y) =z +y, Q(z,y) =y and C is the circle with centre (0,0) and radius 1.

¢) P(x,y) =y —sinz, Q(z,y) = cosx and R is the triangular region with vertices (0,0), (7/2,0)
and (7/2,1).

d) P(x,y) =22% -3, Q(x,y) = 23 + y3 and R is the disc with centre (0,0) and radius 1

e) P(z,y) = 2® — 2%y, Q(x,y) = zy? and R is the region bounded by the two circles z + y* = 4
and 22 + y? = 16.

2. Use Green’s theorem to find the area enclosed by each of the following:
2 42
a) The ellipse x_ +Z i

b) The cycloid parametrlzed by ¢ : [0,27] — R? : t + (t —sint, 1 — cost).

3. Use Green’s theorem to evaluate the integral / (ydz—x dy), where C is the boundary of the square
c
with vertices (£1,£1).

4. Let

Yy x
P(z,y) = —m and Qx,y) = m,

and let R be the disc in R? with centre (0,0) and radius 1, with boundary C followed in the
anticlockwise direction. Evaluate the integrals

(Pdx + Qdy) and oQ _or dzdy,
/. )5 - %)

and explain why they have different values.

5. Consider the paraboloid S = {(z,y,2) € R? : 22 = 22 + ¢? and z < 2}, with boundary curve C.
Consider also the vector field F(x,y, z) = (3y, —zz, yz?).
a) Show that curl F' = (2% + 2,0, —z — 3).
b) Let R = {(u,v) € R? : u? + v? < 4}. Show that

2, .2
d:R—R®: (u,v) — (u,v,u —;—v )

is a parametrization of S, and that

/b(curlF //< <

Using the substitution u = r cos § and v = rsin #, show that the integral above has value —20.

c¢) Suppose that the surface S is oriented with normal vector pointing towards the positive z-axis.
Determine whether the parametrization ® is orientation preserving or orientation reversing,
and write down the value of the integral

2 2 2
> +u2+u —;—v +3>dudv.

/S(curl F)-dsS.

d) Find a suitable orientation of the path C' which you must specify carefully, and verify Stokes’s
theorem.
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6.

10.

11.

12.

13.

In each of the following cases, verify Stokes’s theorem:

a) F(x,y,2) = (2%,2zy +z,2) and S is the disc 22 + y? < 1 on the plane z = 0.

b) F(z,y,2) = (2 —y, —yz?, —y?2) and S is the surface of the part of the sphere 2% +y%+ 22 = 1
with z > 0.

c) F(z,y,2) = (y — 2+ 2,yz + 4, —xz) and S is the surface of the cube [0, 2]? excluding the part
contained in the zy-plane.

d) F(z,y,2) = (vz,—y,2%y) and S is the surface of the region bounded by the planes x = 0,
y =0, 2=0and 2x + y + 2z = 8 excluding the part contained in the zz-plane.

Suppose that F(z,y, z) = (y + 2z, —rz,y?). Consider the region in R? bounded by the planes x = 0,
=0,y=2,z=0and 2z + z = 6. Verify Stokes’s theorem where S is the surface of the region
but excluding the part contained in
a) the plane z = 0; b) the plane y = 2; ¢) the plane 2z + z = 6.

In each of the following cases, use Stokes’s theorem to evaluate the integral / (curl ') - dS:
s

a) F(z,y,2) = (22 +y —4,3zy,2x2z + 2%) and S is the part of the sphere 22 + 3% + 22 = 16 above
the zy-plane.

b) F(z,y,z) = (v? +y — 4,3zy,2r2z + 2%) and S is the part of the paraboloid z = 4 — (2% + y?)
above the zy-plane..

c) F(x,y,2) = (2yz,2 —x — 3y,2? + 2) and S is the surface of the intersection of the cylinders
22 + 1% = a? and 22 + 22 = @ in the first octant x,y, z > 0.

Suppose that F(x,y,z) = (2vy + 3,22 — 4z, —4y).
a) Show that curl F = 0 everywhere in R3.
b) Choose any curve C from (3,—1,2) to (2,1, —1), and evaluate the integral / F-ds
c
¢) Suppose that C’ is a curve from (3,—1,2) to (2,1, —1) different from your choice in part (b).

Comment on the value of the integral / F - ds, and justify your assertion by quoting the

’

relevant results.

Consider two surfaces S; and S; with the same boundary. Describe with sketches how S; and S5
must be oriented to ensure that

/S (curl F) -dS = / (curl F') - dS.

Sa

Suppose that F(x,y,z) = (223 + 6y, 62 — 2yz, 32222 — 4/2).
a) Show that curl F = 0 in R3.

b) Evaluate the integral / F - ds, where C is any path from (1,—1,1) to (2,1, —1).
c

Suppose that b > a > 0, and that C is any path joining any point on the sphere 2% 4 y? + 22 = a2 to
any point on the sphere x? + y? + 22 = b%. Suppose also that F(x,vy,2) = 5r3r, where r = (z,y, 2)
and r = ||r|| = (2% 4+ y? + 2%)'/2. Use Theorem 12C to show that

/F-ds:b5—a5.
c

Suppose that F(x,y,2) = (4x,—2y%, 2%). Suppose further that V is the region bounded by the
cylinder 22 + % = 4 and the planes z = 0 and z = 3, and that S is the boundary surface of V
oriented with outward normal. Verify that

/SF-dS:///V(divF) dzdydz.



Chapter 12 : Integration Theorems _____  12-19

14.

15.

16.

17.

18.

19.

In each of the following cases, verify Gauss’s theorem:

a) F(x,y,2z) = (x,9,2) and V is the region bounded by the cylinder 2% + % = 9 and the planes
z=0and z = 3.

b) F(z,y,2) = (22 — z,2%y, —22?%) and V is the unit cube [0, 1]3.

c) F(z,y,2) = (2xy + z,y%, —x — 3y) and V is the region bounded by the planes z = 0, y = 0,
z=0and 2z 4+ 2y + z = 6.

d) F(z,y,2) = (22%y, —y?,422%) and V is the region in the first octant bounded by the plane
x = 2 and the cylinder y? + 22 = 9.

Consider Question 6, parts (g), (h) and (i), in Problems for Chapter 11. Verify Gauss’s theorem in
each case.

Suppose also that V is a symmetric elementary region in R?, with boundary surface S oriented with
outward normal. Suppose also that r = (z,v, z) and = ||r|| = (z® + y* + 2%)"/2. Show that

r 1
/Sr—2-dS:///Vr—2da:dydz.

Suppose that n is the outward unit normal at any point on the surface S of a region V. Prove that

the surface area of S is equal to
/// (divn) dzdydz.
1%

Suppose that S is the boundary of a region in R?. It is known that

/(curlF) -dS =0.
S

a) Explain this result in terms of Stokes’s theorem.
b) Explain this result in terms of Gauss’s theorem.

Suppose that f: R?> — R and g : R® — R are twice continuously differentiable functions. Suppose
also that V is a symmetric elementary region in R?, with boundary surface S oriented with outward

normal.
a) Prove Green’s first identity, that

/S(ng)-dS =///V(fv29+(w) -(Vyg)) dedydz.

b) Deduce Green’s second identity, that

/S (199 =908 = [[[ (1%~ ) drdyaz.
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